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ABSTRACT 

Condit ions in a single pore  of a ba t t e ry  p la te  were  s imula ted  by  using a 
cadmium chip of mi l l imete r  dimensions covered wi th  an e lec t ro ly te  film of 
micron  thickness.  In ~ t u  microscopy was appl ied  to s tudy  changes in the  
e lect rode morpho logy  dur ing charge  and discharge.  Pass ivat ion  and increases 
in par t ic le  sizes due to prec ip i ta t ion  and e lect rodeposi t ion of dissolved cad-  
mium species were  found to cause profound loss in e lec t rode  capaci ty  on r e -  
pea ted  charge  and discharge.  

Cadmium ba t t e ry  plates  of ten exhibi t  a g radua l  
decrease of thei r  capaci ty  when they  are  r epea ted ly  
charged and discharged (1). A cer ta in  par t  of the  
"lost" capaci ty  may  be regained  by  changing the con- 
dit ions of charging and discharging.  Another  par t  of 
the  capacity,  however ,  is lost i r revers ib ly .  The phe-  
nomenon is more  pronounced in sealed cells work ing  
wi th  a m in imum of e lec t ro ly te  than  in flooded, vented 
cells. 

Studies  of Cd ba t t e ry  plates  wi th  microscopy, x - r a y  
diffraction, and e lect ron microscopy techniques have 
shown tha t  the  decrease  of the plate  capaci ty  is related,  
at  least  in part ,  to changes in the  pla te  morphology  
(1-3).  Migra t ion  of Cd species f rom the  in ter ior  of 
the  p la te  to i ts surface accompanied by  an increase  in 
the  size of the par t ic les  has been demonstra ted .  This 
migra t ion  becomes more  pronounced as the  number  of 
cycles and the ra te  of charging and discharging in-  
creases. Recent ly  it was shown tha t  the  loss of capac i ty  
on cycl ing can be subs tan t ia l ly  reduced by  adding 
cer ta in  meta l  oxides to the  ba t t e ry  pla te  (4). 

Numerous  studies have deal t  wi th  the  mechanism 
of the  Cd electrode in bu lk  solutions of alkali .  These 
studies have es tabl ished the solubi l i ty  of Cd as a func-  
t ion of e lect rolyte  concentra t ion and t empera tu re  (5- 
7). No ful l  agreement  exists  wi th  regard  to the  na ture  
of the  dissolved Cd species. Authors  in the past  have 
a l t e rna te ly  proposed a d isso lu t ion-prec ip i ta t ion  (8- 
14) and  a so l id-s ta te  t r anspor t  mechanism for the  Cd 
elect rode (15-17). Recent  resul ts  obta ined wi th  a 
r ing -d i sk  e lect rode seem to show tha t  in concentra ted  
a lka l ine  solutions the  discharge occurs solely by  a 
d isso lu t ion-prec ip i ta t ion  mechanism and tha t  both 
mechanisms enter  when charging the e lect rode (18). 
The proposed mechanism involves the  format ion  of 
C d ( O H ) s -  ions as an in te rmedia te  species in solution 
(18-19) 

Cd Jr 3 O H -  ~--~-'-- Cd (OI-I)a- + 2 e -  [1] 

C d ( O H ) 3 -  ~ C d ( O H ) 2  + O H -  [2] 

The mechanism of the  Cd elect rode is compl ica ted  by  
the format ion  of pass ivat ing layers.  Cer ta in  exper i -  
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simulat ion.  

menta l  evidence suggests the  fo rmat ion  of CdO films 
as the  cause for pass ivat ion (20-21). However ,  CdO 
has so far  escaped posit ive identification. The mecha-  
nism is fur ther  compl ica ted  by  the format ion  of severa l  
phases of Cd (OH) 2 (22-25). 

The behavior  of ba t t e ry  p la tes  on cycl ing and the 
mechanism of Cd electrodes in bu lk  e lec t ro ly tes  have 
both  been studied. However ,  a gap exists  in our  unde r -  
s tanding  of the effects of r epea ted  charging  and dis-  
charging on the morpho logy  of smooth Cd electrodes 
in bu lk  e lec t ro ly te  and the mechanisms occurr ing in 
porous Cd electrodes such as Cd ba t t e ry  plates.  I t  is 
apparen t  that  the mechanism of a smooth Cd electrode 
in bu lk  e lec t ro ly te  m a y  differ subs tan t ia l ly  from the 
mechanism occurr ing in the pores  of a Cd ba t t e ry  
plate.  The nonuni form cur ren t  d is t r ibut ion  and changes 
in the  e lect rolyte  concentra t ion in the  pores dur ing  
charging and discharging a re  expected  to give r ise 
to such differences in mechanism. For  Cd electrodes 
covered wi th  e lec t ro ly te  films of 0.5-2 m m  thickness,  
nonuni form cur ren t  d is t r ibut ion  and changes in the 
e lec t ro ly te  concentra t ion dur ing  charging and dis-  
charging have, in fact, been demons t ra ted  to exis t  (26). 

The present  s tudy  is a imed  at  es tabl ishing the  effect 
of repea ted  charging and discharging on the capaci ty  
and morphology  of Cd electrodes in thin films of a lka -  
l ine electrolyte.  Condit ions in a single pore  of a ba t t e ry  
pla te  were  s imula ted  by  using a fiat min ia tu re  Cd elec-  
t rode covered wi th  a th in  film of electrolyte .  Such an 
e lec t rode  m a y  be considered as resul t ing  from un-  
winding  a hol low cy l inder  of inner  d iamete r  equal ing 
the pore  d iamete r  (26). With  the  except ion of the non-  
significant e lectrode width,  al l  dimensions were  chosen 
to approx ima te  those encountered  in ac tua l  ba t t e ry  
plates. The countere lec t rode was posi t ioned s ide -by -  
side r a the r  than  opposi te  to the  test  electrode.  This 
resul ted  in a h igh ly  nonun i fo rm cur ren t  d is t r ibut ion  
and minimiza t ion  of e lec t ro ly te  convect ion in vast  
contras t  to the  usual  condi t ions in bu lk  electrolyte .  
The geomet ry  permi t ted  in si tu microscopic examina -  
t ion of changes in the  morpho logy  dur ing  charging  and 
discharging.  Opt ical  microscopy was supplemented  by  
scanning e lect ron microscopy to iden t i fy  changes in 
the  morphology  dur ing  the ini t ia l  cycles. 
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Experimental 
Over-all arrangement.raThe film electrolyte experi-  

ments  were carried out in a cell positioned on the 
stage of a Leitz Ortholux microscope to allow exam- 
ining changes in the electrode morphology dur ing 
charge and discharge. The microscope stage was en-  
closed in  a polyethylene bag, cont inual ly  flushed with 
nitrogen, to reduce effects due to the diffusion of oxy- 
gen and carbon dioxide into the cell. The carbonate 
concentrat ion accumulat ing in the cell dur ing the 
max imum durat ion of an experiment  was determined 
by analysis as 0.13 moles of K2CO8 per l i ter of 6N KOH. 

Electronic instru~nentation.--Experiments were car-  
ried out under  conditions of controlled voltage or con- 
trolled current.  In  the former case, an electronic po- 
tentiostat  was used to apply potentials with a precision 
of ___1 mV between the test electrode and the reference 
electrode. In the lat ter  case, an automatic electronic 
cycling device was used to apply constant  currents  
between test and counterelectrode. The voltage-t ime 
transients  under  conditions of constant  charge and 
discharge currents  were recorded on a Hewlett  Pack-  
ard strip chart  recorder. The voltage limits dur ing 
charge and discharge could be set to various arbi t rary  
values. 

Cell design.--The experiments  were performed in a 
Lucite plastic cell of outer dimensions 3 X 3 cm • 0.6 
cm thick. A cross section of the cell is shown in Fig. 1. 
The counterelectrode is contained in a well of d imen-  
sions 2 X 2 cm • 0.3 cm deep. It  consists of a section 
of a nickel hydroxide bat tery  plate. The reference 
electrode is a self-contained hydrogen electrode as 
described elsewhere (27). I t  communicates wi th  the 
electrolyte in the well  via a capil lary with a 1 mm 
opening. The opening is located at a distance of 1-2 mm 
from the test electrode. The lat ter  consists of a copper 
strip of 1 mm width, 10 mm length, and 0.13 mm 
thickness. A cadmium oxide layer  of dimensions 1 X 1 
mm and a few micron thickness is deposited on the 
end of the copper strip adjoining the well. Shell Epon 
828 epoxy resin is used to cement the test electrode 
into the cell housing in such a way that its upper  sur-  
face is flush with the top of the Lucite cell housing. 
A spacer of silicone rubber  or polyethylene covers the 
entire r im of the cell housing except for the 1 • 1 mm 
layer of cadmium oxide on the copper strip. A glass 
Cover consisting of a microscope slide with 0.25 mm 
thickness is placed upon the spacer. Thus the spacer 
thickness determines the thickness of the electrolyte 
film covering the test electrode. 

Electrode preparation.--In all but  a few cases, test 
electrodes were prepared by electrophoretically de- 
positing a cadmium oxide-binder  composition on the 
copper substrate strips. The copper strips were cut 
from large specimens of electropolished copper foil. 
The strips were then amalgamated to fur ther  reduce 
the evolution of hydrogen dur ing cathodic experiments.  
The evolution of even small amounts  of hydrogen 
interferes with the microscopic examinat ions due to 
en t rapment  of bubbles  between the test electrode and 
the glass cover. Electrophoretic deposition resulted in 
cadmium oxide layers which were even and uni form 
down to thicknesses of a few microns. 

Cadmium oxide-binder  compositions were prepared 
by ball  mil l ing a mix ture  of 12 parts by weight cad- 
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Fig. 1. Cross section of electrolytic cell 

mium oxide with 1 par t  polyvinyl idene fluoride and 
63 parts dimethyl  acetamide (DMA). Thi r ty  parts 
DMA and 0.3 parts Cd(NOs)2 • 4H20 were added sub-  
sequently. Electrophoretic deposition of cadmium 
oxide was accomplished at room tempera ture  in  a cell 
containing a p la t inum anode and the copper substrate 
foil as the cathode. Typical ly the application of a 
voltage of 100V for 20 sec led to a cadmium oxide 
layer thickness of about 5~. The porosity and the theo- 
retical capacity of the cadmium oxide layers were 
calculated from exper imental  determinat ions of the 
film thickness and the weight. Porosities of 46-50% 
were calculated for cadmium oxide layers of 5-7~ 
thickness. The theoretical capacity referred to an area 
of 1 cm2 and a thickness of 1~ was calculated as 0.55 
A-sec/cm2/~. 

Experimental procedu~e.--After filling the self-con- 
tained hydrogen electrode with electrolyte and form- 
ing a sufficient amount  of hydrogen in the glass capil- 
lary, the cell was placed on the microscope stage and 
the well filled with electrolyte while  a reducing poten-  
tial of --150 mV was applied between the test electrode 
and the hydrogen reference electrode. The spacer and 
the glass cover were then placed on the cell housing. 
With ni t rogen flowing through the polyethylene bag, 
the residual current  t ransient  was recorded. When the 
residual  current  had decayed to only a few per cent ot 
the cycling currents,  typical ly after 1 hr, the cycling 
experiments  were started. Exper imental  runs  were 
te rminated  by using either of two procedures: (i) The 
KOH electrolyte was substant ia l ly  diluted with dis- 
t i l led water with a constant  potential  applied, followed 
by r insing with water  and drying with nitrogen. (if) 
The cell was disconnected from the electric circuit, 
the KOH solution immediate ly  discarded, and the cell 
r insed with distilled water  and dried with nitrogen. 
No discernible differences in morphology between 
these two procedures could be detected in micrographs 
at magnifications up to 20,000X. 

Results and Discussion 
El~ect of cycling on capacity and morphology of CdO 

fdms.--Changes in the capacity and morphology of 
cadmium oxide films during the ini t ial  ten cycles in 6N 
KOH were studied in detail, using scanning electron 
microscopy for increased resolution in addit ion to the 
in situ microscopic examinat ion.  After a given number  
of cycles, the electrode was removed from the cell, 
washed, dried, and kept in a dessicator unt i l  examined 
in the scanning electron microscope. A new experi-  
ment  was always started with a freshly prepared 
cadmium oxide film. Uniform layers of cadmium oxide 
on copper strips with thicknesses between 4 and 8~ 
were prepared by electrophoretic deposition as out-  
l ined in the exper imental  section. The experiments  
were carried out with a constant  electrolyte film thick- 
ness of 12.5~. A variat ion of the film thickness between 
12.5 and 500~ produced no significant changes in the 
experimental  results (27) from those obtained with 
12.5~ electrolyte films. 

Figure  2 shows the capacity vs. the number  of cycles 
for seven different electrodes from the first discharge 
to the eleventh charge. The first charge, result ing in 
the reduction of cadmium oxide to cadmium, is always 
accomplished at a constant  potent ial  of --150 mV. A 
determinat ion of the amount  of charge from an inte-  
gration of the cur ren t - t ime  t ransient  is unfeasible 
because of the s imultaneous reduct ion of oxygen and 
evolution of hydrogen immediate ly  following the fill- 
ing of the cell with KOH. Subsequent  charges and 
discharges are performed with a constant  current  den-  
sity of 1.4 mA / c m 2 to cutoff voltages of --200 and 300 
mV, respectively. The first discharge results in capaci- 
ties between 1.4 and 3.1 A-sec /cm 2. When  correction 
is made for variations in the cadmium oxide film thick- 
ness, dcdo, of these electrodes, the discrepancies be-  
tween the init ial  capacity values per un i t  area, C1/A, 
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Fig. 2. Capacities of seven 
different CdO film electrodes 
vs. number of cycles, using a 
constant 6N KOH film thickness 
of 12.5/~, applying •  #A/  
cm 2 between limits 3 0 0 / - - 2 0 0  
mV. 
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of the seven electrodes are much reduced. Table I pre-  
sents a summary  of the init ial  capacities per unit  area, 
C1/A, the capacities referred to 1~ cadmium oxide film 
thickness and 1 cm 2 area, Cz/Adcdo, and the ratios of 
subsequent discharge capacities to the ini t ial  capacities, 
Cn/C1. The table also shows the ratios of the initia] 
capacities to the theoret ical  values, C]/Ctheor and, in 
addition to the data obtained on electrodes 1-7 of 
Fig. 2, data obtained on an eighth electrode which was 
cycled more than 4000 t imes (see Fig. 3). 

As evidenced by Fig. 2 and Table I, a drastic loss 
in capacity occurs during the first ten cycles. Typical ly 

I a,- i  ~ 

" DISCHARGE 
o CHARGE 

( M  

§ -II-I 

4 0 0 4 7 0 0  4750 

Fig. 3. Capacity of 6# CdO 
film electrode (electrode 8) vs. 
number of cycles, ,sing 12.5~. 
film of 6N KOH and voltage 
limits 3001--200 inV. 

the capacities decrease to one- th i rd  of the initial values 
within five cycles and to one-fif th wi th in  ten cycles. 
Loss of capacity continues on fur ther  cycling, but at a 
smaller  rate, as shown in Fig. 3 for up to 4700 cycles. 
The shape of the charge and discharge curves remains 
approximate ly  the same during the init ial  ten cycles. 
This is shown in Fig. 4 for the first and tenth  cycles. 
The product  of chart  speed and t ime is plotted on the 
abscissa which is equiva len t  to the actual length of 
the curves on the recorder  chart.  The chart  speed dur-  
ing the first cycle was 0.25 in . /min  as compared to 1 
in . /min  for the tenth cycle. Hence the curves reflect 
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Fig. 4. Recorder traces of dis- 
charge and charge curves of 
electrode 8 after 1, 10, and 4000 
cyc|es, applying 4-1.4 mA/cm 2. 
Product of chart speed and time 
(identical to length on recorder 
chart) is p|otted on abscissa. 
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the large loss of capacity dur ing the first ten cycles as 
also evidenced by Fig. 3. While the discharge curves 
for the first and tenth cycles show a pronounced poten-  
tial arrest near  the Cd/Cd(OH)2 equi l ibr ium potential, 
such a potential  arrest is v i r tua l ly  absent in the dis- 
charge curve a f t e r  4000 cycles, obtained at a chart 
speed of 20 in. /min.  The voltage rises cont inual ly  dur -  
ing the entire discharge which means that  higher over-  
voltages are required for oxidation and reduction of 
the electrode. This suggests the formation of passivat-  
ing layers which were apparent ly  not formed to any 
large extent  dur ing the first ten  cycles. A different 
cause for the pronounced loss of capacity dur ing the 
first ten cycles must  therefore exist, and a careful 
study of the changes in morphology dur ing the first 
ten cycles was under taken.  

Figure 5 shows an optical micrograph of a cadmium 
oxide layer in dry condition immediate ly  after electro- 
phoretic deposition, obtained in dark field at a magni-  
fication of 220X. 1 Figures 6 and 7 are scanning electron 
micrographs (SEM) of the same surface obtained at 
magnifications of 2000X and 10,000X. The layer is 
uni formly brown, and the SEM's show a large number  
of well-developed cubic particles of sizes 0.1-1~. Many 
of these particles are covered with what  appears to 
be the binder. Exposure of a cadmium oxide layer  to a 
6N KOH film for 10 min  on open circuit  turns  the 
brown color of the deposit into a br ight  white color. 
This is shown in  the optical micrograph in Fig. 8. 
Only a few brown particles remain  at the surface after 
this exposure. The SEM's in Fig. 9 and 10 resolve the 
changes in the particle shapes caused by the exposure 
of the electrode to KOH. The formation of a large 

1 U n l e s s  o t h e r w i s e  s ta ted,  the  f o l l o w i n g  p h o t o m i c r o g r a p h s  were  
a l l  o b t a i n e d  in  d a r k  f ie ld  a t  a m a g n i f i c a t i o n  of  220X. 

Table I. Capacity of cadmium oxide film electrodes during 
first ten discharges 

Elec t rode  No. 1 2 3 4 5 S 7 8 

dcdo[/z]* 5 5 8 8 5.5 5 5.5 6 
C1/A[A-sec /cm 2] 1.63 1.40 3.08 2.53 1.70 1.56 1.93 1.85 
C1/ A doeo [A-sec /  

cm 2/L] 0.33 0.28 0.38 0.32 0.31 0.31 0.35 0.31 
C1/Ctheor 0.60 0.51 0.69 0.58 0.56 0.56 0.64 0.56 
C2/C1 0.63 0.56 0.86 0.52 0.53 
C5/C1 0.36 0.29 0.56 0.27 0.33 
Czo/Cz 0.18 0.35 0.18 0.17 

~ ~ I ~ ~  
3 4 S G T $ t 10 

CHART SPEEO m TIME [INCHES] - - - - ~  

number  of platelets, many  of them with hexagonal 
shapes, is evident. The lateral  dimensions lie in the 
range 3000 to 5000A. Undoubtedly  these particles are 
/~-Cd (OH) 2 (25). 

Figures 11-13 show the morphology of a surface 
which results when  exposing a cadmium oxide film to 

Fig. 5. Optical micrograph of CdO film as deposited by electro- 
phoresis (220X, dark field, dry). 

* dcdo = thickness; A = area of cadmium oxide fi lms; C1, C~, C~, Fig. 6. Scanning electron micrograph (SEM) of same CdO film 
C1~ = capac i t i e s  d u r i n g  1., 2., 5. a n d  10. d i scharge ;  Ctheor = theo-  
r e t i c a l  capacity, as Fig. 5 at 2000X. 
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Fig. 7. SEM of same CdO film as Fig. 5 at 10,000X Fig. 10. SEM of same surface as Fig. 8 at 10,000X 

Fig. 8. Optical micrograph of CdO film after exposure to 12.5~ 
film of 6N KOH on open circuit far 10 rain (220X, dark field, wet). 

Fig. 11. Optical micrograph of CdO electrode after reducing with 
--150 mV for 3 hr with 12.5~ film of 6N KOH. 

Fig. 9. SEM of same surface as Fig. 8 at 2000X 

6N KOH wi th  a reducing potent ia l  of --150 mV appl ied  
for 3 hr. Af te r  this reduction,  the  surface appears  uni -  
fo rmly  g ray  in the microscope (Fig. 11). A la rge  n u m -  
ber  of small ,  h igh ly  reflecting par t ic les  are  present ,  
but  the i r  shapes cannot  be resolved in the  microscope. 
The SEM's in Fig. 12 and 13 show tha t  the  c rys ta l  habi t  
has changed but  the  par t ic le  sizes have not (compare  
Fig. 6 and 7). The cubic par t ic les  in Fig. 7 are no longer  
visible in Fig. 13. Most of the  cadmium par t ic les  in 
Fig. 13 have  sizes be tween 2000 and 3000A. 

Dur ing  the first discharge, which  resul ts  in the 
format ion  of Cd(OH)2,  microscopic examina t ion  re -  

Fig. 12. SEM of same surface as Fig. 11 at 2000X 

veals  the  format ion  of da rk  areas  on the surface which 
u l t ima te ly  grow together.  The dist inct  da rken ing  of 
the  surface is the  only effect of d ischarge which can 
be observed in the  microscope. F igure  14 shows the 
surface af ter  complete  discharge at  a magnification 
of 220X. 

The SEM's in Fig. 15 and 16 show tha t  a la rge  num-  
ber  of wel l -def ined crystals ,  most ly  of sizes 1-2#, have 
been formed. The hexagona l  shape of these crysta ls  
identifies them as ~-Cd(OH)~ (25). In  addit ion,  a few 
needle - l ike  crystals,  most  l ike ly  7 -Cd(OH)2  (25), and 
dis t inc t ly  shaped par t ic les  wi th  sizes one order  of 
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Fig. 13. SEM of same surface as Fig. 11 at 10,000X Fig. 16. SEM of electrode 1 at 10,000X 

Electrode 3 was removed from the cell after the 
second charge while a potent ial  of --150 mV was 
being applied. According to Fig. 2 the second charge 
leads to a capacity which is 20% smaller  than  that  
recovered on the first discharge. Simultaneously  the 
microscope reveals a distinct br ightening of the sur-  
face, and the particle size appears to have grown (Fig. 
17). The SEM's in Fig. 18 and  19 show the formation 
of whisker- l ike  crystals of lengths up to 10~ and 
widths up to 1~. The formation of whisker- l ike  crys-  
tals "on charge" has apparent ly  never  been described 

Fig. 14. Optical mlcrograph of electrode 1 after first discharge 
with 1.4 mA/cm 2 to 300 inV. 

Fig. 17. Optical micrograph of electrode 3 after second charge to 
- -200 inV. 

Fig. 15. SEM of electrode 1 at 2000X 

magni tude smaller are visible. It  is suggested that  the 
crystals of ~- and 7-Cd(OH)2 are precipitated from 
the supersaturated electrolyte and that the small par t i -  
cles are Cd(OH)2 formed by solid-state oxidation of 
the cadmium particles of identical size as in Fig. 13. 
The micrographs in Fig. 14-16 were obtained on elec- 
trode 1 of Fig. 2 which was removed from the cell 
on open circuit after discharge at constant current  to 
300 mV. Electrode 2 in Fig. 2 was removed from the 
cell after the first discharge, while a potential  of 300 
mV was being applied. The morphology of this elec- 
trode was found to be identical to that of electrode 1. Fig. 18. SEM of electrode 3 at 2000X 
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Fig. 19. SEM of electrode 3 at IO,O00X 

before. The na ture  of these crystals was not identified 
in the present study. It is also evident  from Fig. 18 
and 19 that  many  of the hexagonal  particles formed 
dur ing the first discharge (compare Fig. 6) have re-  
mained unchanged dur ing  the charge. A great number  
of the small  particles of sizes 2000 to 3000A have also 
persisted. 

Electrode 4 was removed on open circuit from the 
cell after completing the fifth discharge to 300 inV. 
Figure 2 shows that  the capacity dur ing five discharges 
has decreased to 36% of its original value. The photo- 
micrograph in Fig. 20 reveals a coarsening of the sur-  
face compared to the appearance of the surface after 
the first discharge shown in Fig. 14. In  the higher reso- 
lut ion of the scanning electron microscope a great 
number  of hexagonal  crystals of sizes 2-4;~ are clearly 
visible (Fig. 21 and 22). Needle-l ike crystals can also 
be seen in these micrographs. Electrodes 5 and 6 were 
each cycled ten times. Emctrode 5 was removed from 
the cell on open circuit, electrode 6 after keeping the 
electrode at 300 mV for 16 hr following the ten cycles. 
Fur ther  coarsening of the surface of electrode 6 is 
evident  from Fig. 23 to 25. Figures 24 and 25 show 
that  the n u m b e r  of well-crystal l ized particles of sizes 
2-4~ have increased compared to Fig. 21 and 22. Exten-  
sive oxidation at 300 mV leads to a brownish appear-  
ance of the surface, as seen in the microscope, and to 
a disappearance of many  crystals (Fig. 26). At the 
same time, an erosion of the remain ing  crystals is 
evident  in  Fig. 27 and 28 in tha t  a distinct layer  s truc-  
ture  of the crystals has developed which was com- 
pletely absent before the extensive oxidation at 300 
mV (Fig. 25). No part icular  features in the SEM's can 

Fig. 21. SEM of electrode 4 at 2000X 

Fig. 22 SEM of electrode 4 at IO,O00X 

Fig. 20. Optical micrograph of electrode 4 after fifth discharge to 
300 mY. 

Fig. 23. Optica| micrograph of electrode 5 after tenth discharge 
to 300 inV. 

be associated with the brown color clearly observed 
in the microscope. 

Figures 29-31 show the effects of extensive reduction 
of the electrode. Electrode 7 was kept at --150 mV for 
16 hr after the l l t h  charge. The extensive charging 
leads to a considerable br ightening of the surface 
(Fig. 29). As evidenced by the SEM's in  Fig. 30 and 31, 
the large crystals formed dur ing  the ten preceding 
cycles (Fig. 16-28) have disappeared. The particles 
remaining on the surface have much less distinct 
shapes, and most of them have sizes between 2000 and 
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Fig. 24. SEM of electrode 5 at 2000X Fig. 27. SEM of electrode 6 at 2000X 

Fig. 25. SEM of electrode 5 at IO,O00X Fig. 28. SEM of electrode 6 at IO,O00X 

Fig. 26, Optical micrograph of electrode 6 after tenth discharge 
and anodic polarization at 300 mV for 13 hr. 

Fig. 29. Optical micrograph of electrode 7 after eleventh charge 
and cathodic polarization at - -150 mV for 16 hr. 

3000A. In  fact, the SEM in Fig. 31 looks very  similar  
to that in  Fig. 13 which was obtained after the first 
charge. 

Electrode 8 was cycled more than 4000 times with 
current  densities of 0.28 and 1.4 m A / c m  2. Figure 3 
shows that the capacity on cycling decreases cont inu-  
ally to values as low as 10 mA-sec /cm 2. The micro- 
graphs in Fig. 32-34 were obtained after more than  
4000 cycles, In  this case, the magnification of 220X is 
sufficient to resolve the shapes of a few very large 
particles (Fig. 32). The SEM's in  Fig. 33 and 34 show 

the very large crystals which have formed in  greater  
detail. Their sizes range up to 7~. The hexagonal  layer  
s tructure already seen in Fig. 27 is s tr ikingly evident  
in Fig. 34. As in the case of extensive oxidation, the 
electrode turns  brown on extensive cycling. 

The ini t ial  capacities of electrodes 1 to 8 in Table I 
amount  to between 50 and 70% of the  theoretical val-  
ues and are somewhat lower than the values obtained 
on pasted bat tery plates. This is most l ikely due to the 
much looser and more porous na ture  of the layer  re-  
sult ing from electrophoretic deposition as compared 
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Fig. 30. SEM of electrode 7 at 2000}( Fig. 33. SEM of electrode 8 at 2000X 

Fig. 31. SEM of electrode 7 at 10,000X 

Fig. 32. Optical micrograph of electrode 8 after 4700 cycles with 
___1.4 mA/cm 2 and 0.28 mA/cm 2 between limits 300/--200 mV. 

to pasting. Loss of contact between the particles and 
the substrate is thus expected to be a larger problem 
than with pasted plates and would account for the 
relat ively smaller initial capacities as well as for the 
more drastic loss of capacity during cycling. The less 
pronounced loss of capacity during cycling on pasted 
plates was actually demonstrated. Electrodes prepared 
by pasting cadmium oxide-binder mixtures of 63~ 
thickness on copper strips retained 88% of their initial 
capacity after ten cycles (27). 

Fig. 34. SEM of electrode 8 at 10,000X 

From the preceding detailed studies of the changes 
in the morphology during the first ten cycles, it is 
evident that the pronounced decrease of the capacity 
during these cycles (compare Fig. 2) is due to the 
observed formation of large Cd(OH)2 crystals, prob- 
ably caused by precipitation from the supersaturated 
KOH film during discharge. The supersaturation is 
favored by the consumption of hydroxyl  ions in the 
discharge reaction. The lower pH, which is expected 
to result in the KOH film, causes the solubility of 
cadmium species to decrease. Once formed, many of 
the larger Cd(OH)2 crystals do not appear to be 
reduced on continuous cycling (compare Fig. 18) and, 
hence, do not contribute to the capacity. During periods 
of extensive reduction, the large Cd (OH)2 crystals seem 
to dissolve (Fig. 31), and dissolved cadmium species 
may then be electrodeposited on the test electrode. Dis- 
solution of Cd(OH)2 crystals is favored by the forma- 
tion of hydroxyl  ions during charging, due to the in- 
creased solubility of cadmium species at high pH. This 
process leads to a prel iminary increase in the capacity 
up to factors of 3. 

E~ect of voltage on capaeity.--The effect of the mag- 
nitude of the (anodic) discharge voltage on the charge 
capacity and the effect of the magnitude of the 
(cathodic) charge voltage on the discharge capacity 
was studied on an electrode with an electrophoretic 
cadmium oxide film of 3.5~ covered with a KOH film of 
12.5~ thickness. 

The procedure adopted was as follows: in determin- 
ing the effect of anodic voltages on the charge capacity, 
a cathodic voltage of --200 mV was always applied for 
20 min between each new measurement. A given 
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anodic vol tage  was then appl ied  for 20 min  and the 
capaci ty  de te rmined  by  apply ing  a cathodic cur ren t  
dens i ty  of --0,28 m A / c m  2 unt i l  a cutoff vol tage  of --200 
mV was obtained.  Conversely,  the  effect of cathodic 
vol tages  on the discharge capaci ty  was de te rmined  by  
app ly ing  an anodic vol tage of 300 mV for 20 min, then 
app ly ing  the cathodic vol tage of in teres t  for 20 min  
fol lowed by  apply ing  an anodic cur ren t  dens i ty  of 0.28 
m A / c m  2 unt i l  a cutoff vol tage  of 300 mV was obtained.  

The resul ts  of these measurements  a re  shown in Fig. 
35. Above anodic vol tages  of 100 mV, the  charge ca-  
pac i ty  increases  l inear ly  wi th  the  oxidizing voltage. 
In  contrast ,  the  discharge capaci ty  for  vol tages more  
cathodic than  --100 mV is independen t  of the  magni -  
tude of the reducing voltage.  

The l inear  dependence  of the charge  capaci ty  on the 
magni tude  of the  discharge vol tage  was observed pre -  
viously when per forming  ident ical  exper iments  in 0.1N 
KOH bulk  e lec t ro ly te  (27). This behavior  had  been 
exp la ined  in te rms of the  format ion  of pass ivat ing  films 
dur ing oxidat ion  and the subsequent  t ranspor t  of ions 
th rough  these films. In  the  present  case, the or iginal  
l aye r  consists of ind iv idua l  cadmium oxide par t ic les  
r a the r  than  a cont inuous cadmium film. Hence, af ter  
the  first reduc t ion  to cadmium, it is appropr ia te  to 
th ink  in t e rms  of the format ion  of pass ivat ing films 
a round  each ind iv idua l  part icle .  The quest ion r e ga rd -  
ing the  na tu re  of these pass ivat ing  films must  be lef t  
open; they  m a y  consist of e i ther  Cd(OH)2 or  CdO. 
Since thei r  thickness  is found to be propor t iona l  to the  
amount  of charge  appl ied  to the electrode, Fig. 35 
signifies that  the  thickness  of the  film increases l inear ly  
wi th  the  vol tage  across the film. The deviat ion from 
the s t r a igh t - l ine  behavior  at vol tages be tween  0 and 
100 mV is ve ry  l ike ly  caused by  the increasing pene-  
t ra t ion  of the  e lec t ro ly te  film by the electr ic  field (28). 
The same phenomenon applies to the  discharge ca-  
pac i ty  as a funct ion of the reducing voltage.  The in-  
dependence  of the  discharge capaci ty  on the  reducing 
vol tage  be tween  --100 and --300 mV implies  tha t  
wi th in  the reduct ion  t ime of 20 min, al l  reducible  pa r -  
t icles were  in fact reduced wi th  vol tages  as low as 
--100 mV whi le  the  large Cd(OH)2  par t ic les  r ema in  
unreduced  dur ing  sho r t - t e rm  reductions.  "Reducible"  
a re  considered the smal l  par t ic les  (compare  Fig. 18) 
in good contact  wi th  the subs t ra te  surface. 

Mechanism for changes in capacity and morphology. 
- - T h e  resul ts  in this s tudy are  consistent  wi th  the  fol-  
lowing mechanism:  on discharge,  a so l id-s ta te  and  a 
d isso lu t ion-prec ip i ta t ion  mechanism occur s imul tane-  

ously, both  cont r ibut ing  to the  measured  capaci ty  and 
the  l a t t e r  leading  to the fo rmat ion  of la rge  crystals .  
The net  react ions may  be wr i t t en  as 

Cd -5 2 O H -  ~ Cd(OH)2 4- 2 e -  (solid s ta te)  [3] 

Cd -t- 3 O H -  ~--- C d ( O H ) 8 -  4- 2 e -  (dissolution) [4a] 

C d ( O H ) 3 -  ~ Cd(OH)2  4- O H -  (prec ip i ta t ion)  [4b] 

Many of the  prec ip i ta ted  par t ic les  have  poor contact  
wi th  the  substrate.  The par t ic les  oxidized via  sol id-  
s ta te  React ion [3] become sur rounded  by  a l ayer  of 
cadmium hydrox ide  which h inders  subsequent  charge 
t ransfe r  and requi res  increasing overvoltages.  This is 
ev ident  f rom those par t s  of the  discharge curves,  where  
the vol tage  rises s teeply wi th  fu r the r  discharge (com- 
pa re  curve  af ter  4000 cycles in Fig.  4). 

On charging,  the  ra te  and dura t ion  of charging is 
significant in de te rmin ing  the react ion mechanisms.  
On shor t  and  h igh- ra t e  charges, the  so l id-s ta te  Reac-  
t ion [3] (in reverse  direct ion)  dominates  and expla ins  
the  observed persis tence of the  la rge  prec ip i ta ted  
Cd(OH)2 crystals .  On prolonged and low- ra t e  charges, 
React ion [41o] leads  to the  observed  dissolut ion of 
Cd(OH)2 crystals .  In  this  case, sufficient t ime is ava i l -  
able  for this  slow process (18) to occur. The dissolu-  
t ion process is fu r the rmore  favored  by  the  increase in 
pH dur ing  charging  which  raises  the  so lubi l i ty  of cad-  
mia te  ions. The dissolution is fol lowed by  the  reverse  
of React ion [4a] which  leads to the  e lect rodeposi t ion 
of cadmium. In pa ra l l e l  to the  d isso lu t ion-e lec t rodep-  
osition process, the  so l id-s ta te  reduct ion  of many  pa r -  
t icles takes  place, in pa r t i cu la r  the  smal ler  ones which 
are  in good contact  wi th  the subs t ra te  surface. As this 
process proceeds, the  par t ic les  become sur rounded  
wi th  a conduct ing l aye r  of cadmium which  faci l i ta tes  
fu r the r  reduction.  This is ve ry  l ike ly  the reason why 
charging occurs wi th  smal le r  overvol tages  than  dis-  
charging.  

Cadmia te  ions are  expected  to diffuse and, dur ing 
discharge,  to migra te  t oward  the counterelectrode.  
Once they  have  left  the  smal l  vo lume of the  film elec-  
t rolyte ,  ve ry  long charging t imes  are  requ i red  to elec-  
t rodeposi t  them on the test  electrode. The areas  of the  
test  e lectrode near  the  e lec t ro ly te  wel l  are  p re fe r red  
sites for  deposition. The observed growth  of t r ee - l ike  
s t ruc tures  dur ing  pro longed  reduc t ion  is evidence for  
this  mechanism. 

C o n c l u s i o n s  
For  th in  films of concent ra ted  KOH under  condit ions 

of h igh ly  nonuni form cur ren t  d is t r ibut ion,  s imula t ing  

Fig. 35. Charge and discharge 
of 3.5/z C d O  fi lm electrode vs. 
prepo|arization, using a 12.5/~ 
f i lm of 6 N  K O H  and ___0.28 
m A / c m  2. 

4O 

T 
20 

~ 0 

-20 
tIC 

1 { I I I I 
8 0 -  

6 0 -  

- 4 0  - 
A 

- 6 0  - 

- 8 0  ' 
-300 

T I f I 1 I 

0 0 

J 
CAPACITY ON DISCHARGE TO 300mY 

I [ I I I I [ 
-250 -2oo -15o -Ioo -50 o 50 IOO 

PREPOLARIZATION vs. HYDROGEN REFERENCE rmVl 
L J 

t I I I 
150 200 250 300 



VoL 120, No. 1 MORPHOLOGY AND CAPACITY OF Cd ELECTRODE 11 

conditions in a single pore of a cadmium battery plate, 
we arrive at the following conclusions: 

1. The first discharge leads to the recovery of typi- 
cally 60% of the theoretical capacity, but the capacity 
decreases steeply during cycling, typically to 12% of 
the theoretical value in ten cycles. Discharge leads to 
the formation of large well-behaved crystals of 
~-Cd (OH)2 and some-/-Cd (OH)2 due to dissolution and 
subsequent precipitation of soluble cadmium species 
which is favored by the decreasing pH during dis- 
charge. 

2. The large crystals do not contribute to the ca- 
pacity on subsequent cycling and, hence, are responsi- 
ble for the pronounced loss of capacity observed during 
the initial cycles. 

3. The remaining capacity is due to the charge and 
discharge of particles of the original size via a solid- 
state transport mechanism. 

4. The formation of passivating films, probably cad- 
mium oxide, is suggested by the appearance of a brown 
film accompanied by a further decrease of the capacity 
on continued cycling. 

5. Prolonged reduction leads to the dissolution of the 
Cd(OH)2 crystals due to the increase in pH on charg- 
ing. E1ectrodeposition of cadmium leads to increased 
capacity on subsequent discharge. 

6. The method of preparing the electrode may have 
significant effects on the morphology and capacity. 
Pasted cadmium oxide electrodes display better co- 
herence between particles than electrophoretic cad- 
mium oxide electrodes and show considerably smaller 
loss of capacity on cycling. 
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Recent Results on Lead-Calcium Alloys as Grid Materials 
for Lead-Acid Batteries 

G. W. Mao, J. G. Larson, and P. Rao 
Gould Inc., Automotive Battery Division, Mendota Heights, Minnesota 55118 

ABSTRACT 

Pressure cast lead-calcium alloy positive grids for float applications can 
cause some unexpected service failures due to abnormal growth. Such 
failures have been interpreted as a result of irregular grain structure and 
weaker grain boundaries. Since lead-calcium is a precipitation hardening 
alloy, either heat-treatment or controlled solidification can yield favorable 
gram size and distribution of PbaCa precipitates in the matrix. The present 
investigation shows that controlled solidification of pressure cast grids can 
produce physically sound grids which are corrosion and growth resistant. Dif- 
ferences between industrial and automotive SLI grids cast by gravity and 
pressure casting techniques are revealed. The effect of casting temperature on 
the microstructure and anodic corrosion characteristics of lead-calcium alloys 
ranging from 0.01 to 0.1% calcium content is also presented. 

For many years the lead-acid battery industry has reactions that are deleterious to battery performance. 
manufactured batteries using lead-antimony alloy To avoid this problem, Bell Laboratories introduced 
grids; however, the presence of antimony leads to side lead-calcium alloy (i). Since then lead-calcium cells 

have been used exclusively in full-float service. A Key words: lead-acid battery, lead-calcium grids, corrosion 
morphology, pressure cast grids, major drawback of lead-calcium is its unpredictable 
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grid growth behavior. Excessive grid growth occurs 
in certain plates while other plates wi th in  the same 
cell are practically unaffected. Also, lead-calcium is 
difficult to cast and weld. 

Hardening of a lead-calcium grid does not take place 
immediately after casting, but  occurs later due to ag- 
ing. Limitat ions as to the other types of service in 
which lead-calcium grid bat tery can be used have not 
yet  been established. 

The uniqueness of lead-calcium for a grid alloy lies 
in its low rate of self-discharge and min imal  s tand loss. 
The calcium content  of such alloys has always been 
main ta ined  below 0.10%. Such grids are normal ly  
gravi ty cast, but  there is a t rend toward pressure cast- 
ing these grids. 

Howard and Will ihnganz (2) reported that  acceler- 
ated testing caused abnormal  growth and preferential  
grain boundary  corrosion of pressure cast positive 
lead-calcium grids with 0.07-0.08% calcium. They 
related these characteristics to the i rregular  grain 
s tructure and weaker  grain boundaries  of pressure cast 
positives. 

Townsend (3) revealed that the tensile strength 
of 0.05-0.09% calcium-lead is sensitive to the cooling 
rate of the solidifying alloy, and increased with in-  
creasing cooling rates. This is a direct consequence of 
precipitation from a greater degree of supersaturation.  
In other words, casting conditions would definitely in-  
fluence the over-al l  corrosion behavior of the alloy 
grid, since corrosion behavior  is sensitive to precipitate 
dis t r ibut ion within the matrix.  

Pressure casting is accepted in the indus t ry  to pro- 
duce lead-calcium negative grids because negative 
grids are not subject to the same anodic env i ronment  
as the positives. Pressure casting is favored because it 
is economically at tract ive and is amenable  to precise 
qual i ty control. 

In  1967 a program was init iated to obtain acceptable 
pressure cast lead-calcium positive grids by controll ing 
and optimizing various re levant  casting parameters.  
Fundamenta l  work on the lead-calcium system was 
s imultaneously carried out to establish the influence 
of composition and casting conditions on over-al l  cor-  
rosion behavior of the alloys. This was necessary to 
unders tand  and interpret  the differences in corrosion 
and growth behavior of pressure cast and gravi ty cast 
grids. The effect of anneal ing lead-calcium grids has 
been reported previously (4, 5). 

Experimental 
Alloy rod corros/on.--Alloy rods 0.63 cm in diameter  

were gravi ty cast from a molten metal  temperature  of 
750~ into a mold main ta ined  at 375 ~ and 500~ re-  
spectively. Anodic corrosion of these rods, having var i -  
ous calcium content  up to 0.09% was carried out at 2.8V 
constant  potential  in 1.115 sp gr H2SO4 at room tem- 
perature. The corrosion cells were 250 ml  Pyrex  
beakers covered with closely fitted Plexiglas lids. The 
test rod was mounted in the center of the cover and 
positioned vert ical ly in the electrolyte. This formed the 
anode. A pure lead sheet cathode was arranged con- 
centrically 3 cm from the anode. The ratio of ini t ial  
anode to cathode area was 1: 17. Details of similar rod 
corrosion exper iment  were described elsewhere (6). 

Optimized pressure casting.--A special pressure cast- 
ing machine was built. With it, various processing 
variables re levant  to the casting operation, such as 
mold temperature,  mol ten metal  temperature,  rate and 
flow path of metal  en t ry  into the mold cavity were 
optimized to yield physically sound grids having re la-  
t ively large grain size and proper precipitate dis t r ibu-  
tion. For example, industr ia l  bat tery grids were cast 
in  a cast i ron mold where the temperature  of both 
mold halves was controlled. The mol ten metal  en t ry  
into the mold was controlled so that  it entered at a 
very  low velocity with a m i n i m u m  amount  of t u rbu -  
lence. Vacuum was applied at the end of the mold 

cavity, directly opposite to the metal  en t ry  to minimize 
air en t rapment  in the solidifying grids. 

Efforts to optimize pressure casting parameters  was 
done only on industr ia l  type grids. 

Battery grid corrosion.--Grids having 0.06=0.07% cal= 
cium were cast by two different methods, i.e., gravity 
and pressure casting. Two types of grids were chosen: 
an industr ia l  type of rec tangular  design (25.72 cm X 
28.41 cm X 0.635 cm) and an automotive SLI type 
(14.29 cm X 13.49 cm X 0.178 cm).  

In  addition, 300~176 anneal ing  of pressure cast 
automotive and industr ia l  grids was done. In  the case 
of SLI automotive grids, both pasted and  bare grid 
cells were used; while in industr ia l  grids, only bare grid 
cells were used. 

Corrosion and growth studies on the industr ia l  posi= 
tives were performed on bare three-plate  cells in 1.210 
sp gr H2SO4. A positive potential  of 75 mV above the 
open circuit (1.185V) was main ta ined  for 60 days at a 
tempera ture  of 180~ (5). At the end of the test both 
microstructures and grid dimensional  changes were 
recorded. 

Corrosion studies in SLI unpasted grids were per= 
formed on 5 plate cells (2 positives/3 negatives) as= 
sembled in Plexiglas jars in 1.265 sp gr H2SO4 at room 
temperature.  These were anodically corroded at 2.8V 
for 12 weeks. Similarly, 5 plate (2 positive/3 negative) 
pasted SLI cells were subjected to 2.6=2.8V constant  
voltage overcharge. These pasted cells had 25 A=hr ca= 
pacity based on the 20 hour rate. Every week the cells 
were discharged at 44A which approximated a 50% 
depth of discharge. One week was counted as one cycle. 
The basic objective of these two tests was to accelerate 
the corrosion of both pasted and bare grids so that  their 
corrosion resistance and growth characteristics could 
be established. 

Experimental Results 
Anodic corrosion.--Weight loss of alloy rods due to 

anodic corrosion at 2.8V constant  potential  for 60 days 
is plotted as a function of calcium content  for two 
different casting mold temperatures  in Fig. 1. The curve 
represents the basic t rend from duplicated experiments.  
The weight loss here corresponds to the actual differ= 
ence in weights of the alloy rods before and after cor- 
rosion following removal  of all  adherent  corrosion 
products. 

For  the alloys cast in a 375~ mold, the weight  loss 
goes through a m i n i m u m  between 0.04 and 0.06% cal- 
cium. For alloys cast in a 50O~ mold, however, the 
weight loss goes through an extended min ima  between 
0.03 and 0.07% calcium. 

The absolute values of corrosion weight loss are of 
little significance unless they are discussed in  con- 
junct ion  with corroded microstructures,  indicat ing the 
morphology of corrosion attack. It is the na ture  of cor- 
rosion attack that determines grid growth character-  
istics and subsequent ly  positive plate life. For this rea-  
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Fig. 1. Effect of casting temperature and calcium content on the 
anodic corrosion weight losses of gravity cast lead-calcium alloy 
rods. 
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son, a thorough evalua t ion  of the micros t ruc tures  of 
the var ious  al loys was made.  

Micros t ructures  (Fig. 2) indicate  tha t  cast ing in 
lower  t empera tu re  molds  (375~ favors  the  deve lop-  
ment  of i r r egu la r  grains  and se r ra ted  gra in  boundar ies  
for all  var ious  calc ium alloys. The gra in  sizes become 
ex t r eme ly  fine as the  calcium content  increases beyond 
0.06%. Whereas,  cast ing s imilar  al loys in a h igher  t em-  
pe ra tu re  mold  (500~ promotes  the  deve lopment  of 
r e la t ive ly  large,  uni form grains  charac ter ized  by  

smooth boundaries,  i r respect ive  of the calc ium content.  
Fo r  al loys (Fig. 3) cast in a 375~ mold  wi th  less 

than  0.04% calcium, the  corrosion pene t ra t ion  is bas i -  
cal ly  in te rgranular ,  since the  ma t r i x  prec ip i ta t ion  is 
small ,  thus mak ing  high energy  gra in  boundar ies  more  
vulnerable .  

In  al loys wi th  0.04-0.06% calcium, the  vo lume f rac-  
t ion of prec ip i ta tes  is high and most  of it  is contained 
in the  lead r ich ma t r i x  and these m a t r i x  p rec ip i ta tes  
control  the  mode of corrosion. The switch in the  mode 

Fig. 2. Effect of casting temperature and calcium content on the microstructures of gravity cast lead-calcium alloy rods 

Fig. 3. Corrosion morphology of various lead-calcium alloys cast into molds maintained at 375 ~ and 500~ respectively 
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of attack from intergranular to a matrix dominated 
corrosion as the calcium content increases beyond 
0.04%, explains the observed minima in corrosion 
weight loss. However, fine but irregular grain size, to- 
gether with extensive precipitation in alloys beyond 
0.06% calcium combine to permit rapid consumption 
of grains, and this corrosion process accounts for the 
higher weight losses. 

On the contrary, the range of calcium composition is 
much wider for alloys that exhibit stable corrosion 
properties when cast in a 500~ mold. In these alloys, 
the volume fraction of corrosion active precipitates, 
and their distribution, control the rates and the mode 
of corrosion, while the grain boundaries play a secon- 
dary role. The basic corrosion process in alloys ex- 
hibiting minimal weight losses are similar to the alloys 
cast in a 375~ mold. More significant than the absolute 
values of anodic corrosion weight losses, is that alloys 
cast in a 500~ mold have alloy structures that exhibit 
remarkable stability to corrosion and thereby deter 
any tendency for preferential attack as revealed by 
their corroded microstructures. This characteristic 
should definitely contribute to improved growth re- 
sistance and thereby increase the reliability of grids in 
float service. 

This corrosion behavior has clearly established the 
necessity for controlling mold temperature while cast- 
ing lead-calcium grids to obtain grids exhibiting stable 
corrosion behavior. 

Industrial battery grid test.--The grid growth data 
arising out of accelerated corrosion testing at 180~ are 
shown in Fig. 4. Only the horizontal growth is com- 
pared. Pressure cast grids produced under optimized 
casting conditions grew at the same rate as the control 
gravity cast grid. Furthermore, when these pressure 
cast grids are annealed, the growth rate is slowed 
further. However, pressure cast grids cast without 
controlled process conditions show the highest growth 
rate. Although annealing did slow down the growth 
rate as shown in Fig. 4 and as shown by Cannoneet  al. 
(5), it was still slightly higher than the unannealed 
pressure cast grids produced under optimized condi- 
tions. 

Macrographs of grid sections taken at various por- 
tions of the grid reveal that grids cast under optimized 
process conditions are physically sound and free of 
large interconnecting pores and voids (Fig. 5), while 
the grid cast under unregulated process conditions re- 
veals large voids and a large degree of interconnecting 
pores (Fig. 6). Macrographs of grid sections taken 
from a gravity cast grid indicate that they are physi- 
cally sound, and quite similar to the grid cast under 
optimized pressure casting conditions. It appears that 

Fig. 5. Macrostructure of various sections of a pressure cast lead- 
0.065% calcium industrial grid, cast under regulated process con- 
ditions. 
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of unpasted lead-0.065% Fig. 4. Horizontal growth results 
calcium industrial grids. Accelerated growth test. 

Fig. 6. Macrostructure of various sections of a pressure cast lead, 
0.065% calcium industrial grid, cast under normal process con- 
ditions. 

lack of physical soundness in these pressure cast grids 
would curtail the strength of grid members and is 
primarily responsible for their undesirable growth 
characteristics. Any differences in metallurgical struc- 
tures arising from the pressure casting will have to play 
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Fig. 7. Corrosion morphology of lead-0.065% 

a secondary  role  in its corrosion or i ts growth  charac te r -  
istics. 

The corrosion morphology  of these grids s t r ik ing ly  
reflects the i r  ind iv idua l  growth  character is t ics  (Fig. 7). 
In the g rav i ty  cast grid, the p re fe ren t ia l  i n t e rg ranu la r  
t ype  a t t ack  is p redominant .  The gra in  b o u n d a r y  pene-  
t ra t ion  suggests tha t  since a ma jo r  por t ion  of the  in-  
duced stresses a re  developed in the  gra in  boundary ,  
g rowth  behavior  wi l l  become unpredic table .  Both an-  
nealed and unannea led  pressure  cast grids cast under  
opt imized condit ions revea l  tha t  the  corrosive  a t tack  is 
less severe  and more  uniform. 

Opt imized pressure  cast ing condit ions are  such tha t  
subs tan t ia l ly  fas ter  cooling ra tes  of the  sol idifying grid 
alloy, at  a defined mold tempera ture ,  a re  achieved 
than  in g rav i ty  cast methods,  resul t ing  in un i form p re -  
c ip i ta t ion  of the  corrosion act ive Pb3Ca precipi ta tes .  
This  reduces  the  sever i ty  of gra in  b o u n d a r y  corrosion 
pene t ra t ion  and renders  the  m a t r i x  corrosion more  
uniform. Both of these factors contr ibute  to s lower 
growth  rates.  

When  pressure  cast gr ids  free of in te rna l  defects  a re  
annealed,  i t  is known  tha t  some degree  of gra in  coars-  
ening occurs fol lowed by  red i s t r ibu t ion  of prec ip i ta tes  
wi th in  the  m a t r i x  (3). The presence of act ive p rec ip i -  
ta tes  wi th in  the  gra ins  wi l l  favor  m a t r i x  corrosion over  
localized grain boundary attack, since grain boundaries 
are left free of most of the active precipitates. Hence, 
annealed pressure cast grids exhibit relatively greater 
stability toward both corrosion and attendant growth. 

Automotive battery g~d test.--The five p la te  (25 A -  
hr )  cells were  in i t ia l ly  put  on a 2.6V constant  vol tage 
overcharge.  But at this  test  regime,  the  capaci t ies  of 
the  cells dur ing  week ly  discharges were  s lowly decl in-  
ing. I t  was, therefore,  decided to give them a 1.0A cur-  

calcium industrial grids. Accelerated growth test 

rent  boost charge  at  the seventh  cycle. Fol lowing this, 
the cells were  put  on a 2.8V overcharge  ins tead  of 2.6V. 
The switch was made  not  only  to minimize  capac i ty  
losses but  also to make  the  overcharge  more  severe  and 
consequent ly  accelera te  gr id  growth.  The week ly  dis-  
charge  capaci ty  has  been  p lo t ted  as a pe r  cent  of the  
or iginal  20 hr  ra ted  capaci ty  in Fig. 8. The r ap id  de-  
cline in capaci ty  dur ing cycl ing of al l  the  lead-ca lc ium 
cells appears  to be  re la ted  to loss of act ive mate r ia l  
due to shedding. However ,  al l  l ead-ca lc ium cells, i r r e -  
spect ive of the  method of grid casting, exhib i t  nea r ly  
ident ical  behavior .  The test  was  t e rmina ted  af ter  16 
cycles, s ince  most of the  cel ls  exh ib i ted  s teep r ises in 
end-o f -cha rge  cu r ren t  values.  Local ized short  c i rcui t -  
ing was  suspected in these cells and  was  confirmed 
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Fig. 8. Constant voltage overcharge performance of automotive 
lead-calcium cells. 
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upon examining  the posi t ive plates  af ter  d isassembly  
of cells. 

The unpas ted  cells consisting of five bare  grids (2 
posi t ives/3 negat ives)  were  anodical ly  corroded at  2.8V 
in 1.265 sp gr  acid for 12 weeks. This test was s ta r ted  
at the middle  of a pas ted  pla te  overcharge  test  to 
supplement  the  corrosion and g rowth  da ta  of pas ted  
cells. Higher  end-o f -cha rge  currents  in pas ted  lead-  
calcium cells over  those of s imi lar  but  unpas ted  cells 
become evident  (Fig. 9). The s imi la r i ty  in cur ren t  
var ia t ions  both in pas ted  and bare  grid cells, i r respec-  
t ive of the method  of gr id  cast ing is to be noted. 

The growth  da ta  of al l  the l ead-ca lc ium cells, both 
for pas ted  and  bare  grids, are  p resen ted  in Fig.  10. 
Pas ted  and cycled grids show la rger  g rowth  than  the i r  
corresponding bare  grid counterpar ts .  This is expected 
on account of the  inducement  of h igher  stresses on the  
under ly ing  grid s t ruc ture  by  the  act ive mater ia l .  
Grav i ty  cast grids, both in pas ted  and bare  gr id  con- 
di t ion show the least  growth.  Also, the  g rav i ty  cast 
gr ids  are  charac ter ized  by  re l a t ive ly  un i form growth.  
However ,  in pressure  cast and annea led  pressure  cast 
grids, excessive growth  seems to be occurr ing only in 
the  lower  half  of the  grid (area  away  from the  cast ing 
ga te) .  When  cross-sect ions were  examined,  the  lower  
par t  of the  grid was having in terconnect ing pores  and 
large  voids. Lack  of phys ica l  soundness in this region 
is p r imar i l y  responsible  for the  abnormal  g r o w t h - -  
more  so than  any meta l lu rg ica l  s t ruc tura l  differences 
ar is ing out of the pressure  cast ing operat ion.  Actual ly ,  
when these pressure  cast grids a re  annealed,  the 
growth  is accelera ted  (Fig. 10) ins tead of slowed. 
Upon annealing,  some in terconnect ing smal l  pores ag-  
g lomera te  and thus create  large voids. Since the  auto-  
mot ive  gr id  members  a re  r e l a t ive ly  th in  sections to 
begin with, the presence of such large  in te rna l  voids 
decreases the effective thickness  of the  gr id  members  to 
wi ths tand  the des t ruct ive  effects of corrosion and 
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Fig. 9. Current variations during 2.8V constant voltage overcharge 
of pasted and unpasted lead-calcium cells. 
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Fig. 10. Horizontal growth results of pasted and unpasted lead- 
0.065% calcium automotive SLI grids. 2.8V constant voltage over- 
charge test. 

cycling, t he reby  ser iously cur ta i l ing  both corrosion 
and growth  resistance. 

In pressure  cast grids, both meta l  turbulence  in the  
mold cavi ty  and r ap id  f reezing appea r  to give r ise to 
a i r  en t rapment ,  causing voids in the  solidified grid. In 
the  lower  half  of the  gr id  area, grains  are  mere ly  in 
in t imate  contact,  resul t ing in a p robab le  continuous 
fissure along the  gra in  boundaries .  Dur ing  corrosion, 
the g rea te r  the  vo lume of PbO2 l ibera ted  in and ad-  
jacen t  to these defects, the  grea te r  the  in te rna l  stress 
tha t  wi l l  act as a wedge  to force open the  grains.  This 
inev i tab ly  leads to expansion of the  grid, thus its 
growth.  

Now turn ing  to meta l lu rg ica l  s tructures,  i t  is seen 
that  la rger  gra ins  and smooth gra in  boundar ies  a re  
character is t ic  of g rav i ty  cast gr ids  whi le  fine grains 
wi th  se r ra ted  boundar ies  are  character is t ic  of pressure  
cast grids (Fig. 11). I f  m in ima l  growth  of phys ica l ly  
sound grav i ty  cast gr ids  is to be a t t r ibu ted  to coarse  
grains, then it was thought  tha t  anneal ing  to coarsen 
the grains  would  re l ieve  some of the abnormal  growth  
character is t ics  of pressure  cast grids. Al though  500~ 
anneal ing  of pressure  cast automot ive  grids led to ex-  
tensive gra in  coarsening (Fig. 11), anneal ing  did not  
cont r ibute  to any  growth  resis tance in these g r i d s - - u n -  
l ike  the phys ica l ly  sound annea led  pressure  cast in-  
dus t r ia l  grids. 

Discussion 
One of the ear l ie r  papers  (2) on anodic corrosion 

of pressure  cast grids re la tes  the  abnormal  growth 
to p re fe ren t i a l  a t t ack  and gra in  b o u n d a r y  sl ip along 
solute  impover ished  zones, pa r t i cu la r ly  ad jacen t  to 
gra in  boundaries .  I t  is our th ink ing  tha t  such im-  
pover ished zones or "prec ip i ta te  free zones" do not  
occur in the l ead-ca lc ium alloys. Norma l ly  such zones 
occur in overaged al loys and are  character ized by  loss 
of duc t i l i ty  or complete  embr i t t l emen t  of the  alloy. 

Townsend (3) indicates  tha t  in a l l  of the  l ead-  
ca lc ium alloys studied, the  s t rength  normal ly  increases 
wi th  increased aging t ime. Nei ther  we, nor  Townsend 
detect  any  loss in duct i l i ty  of aged lead-ca lc ium 
alloys. Our  observat ions  a re  based on the fact tha t  
upon accelera ted aging of pressure  cast l ead  --0.06 
calcium grids at  140~ for 4 months,  no hardness  losses 
were  detected.  F r o m  this  i t  is appa ren t  tha t  changes 
in meta l lu rg ica l  s t ruc ture  of al loys ar is ing out of aging 
are  not  contr ibut ing  to gr id  growth.  

On the other  hand, i t  has been shown through  fun-  
damenta l  corrosion studies on rods tha t  a l loy s t ruc-  
tures  exhib i t ing  grea t  s tab i l i ty  to p re fe ren t ia l  a t tack  
and growth  could be produced  by  control l ing the  cast-  
ing mold  tempera tures .  S imi la r  s t ruc tu ra l  fea tures  in 
indus t r ia l  ba t t e ry  gr ids  a re  a t ta ined  by  pressure  cas t -  
ing under  opt imized conditions. This accounts  for 
s lower  g rowth  ra tes  and  be t te r  corrosion resis tance 
of the  indus t r ia l  pressure  cast grids. 

Pressure  casting was not  opt imized dur ing  cast ing 
of automot ive  SLI  grids, since these grids a re  short  
l ived in contras t  to indus t r ia l  grids. Lack  of phys ica l  
soundness in pressure  cast gr ids  as the  p r i m a r y  cause 
for excessive grid growth  is be t te r  i l l u s t r a t e d  by  the 
test  resul ts  of automot ive  gr ids  than  th icker  indus t r ia l  
grids, since here  the beneficial effects of anneal ing  are  
obscured by  phys ica l  defects. However ,  s t ruc tura l  
changes resul t ing f rom anneal ing  does contr ibute  to 
growth  resis tance even in the  presence of in te rna l  
defects  as demons t ra ted  in the  pressure  cast indus t r ia l  
grids. 

In  conclusion this  s tudy has es tabl ished that :  

1. There  is a good corre la t ion  be tween  lead-ca lc ium 
a l loy  s t ructure  and corrosion morphology.  

2. Lack  of physical  soundness in cer ta in  regions of 
p ressure  cast grids is more  responsible  for excessive 
growth  than  any meta l lu rg ica l  s t ruc tura l  differences 
ar is ing out of pressure  cast ing operat ion,  and pa r t i cu -  
l a r ly  as the  grid thickness  decreases. 
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Fig. 11. Corrosion morphology of unposted lead-O.065% calcium automotive SLI grids. 2.8V constant voltage corrosion for 12 weeks 

3. Casting condit ions are  more cr i t ical  than  a pa r -  
t icu lar  cast ing technique to y ie ld  acceptable  lead 
--0.065% calcium al loy grids, since this  pa r t i cu la r  step 
controls  both  the act ive prec ip i ta te  d is t r ibut ion  and 
gra in  size in the alloy. By cast ing in a mold  held  at  a 
r e la t ive ly  h igher  t empera ture ,  l ead-ca lc ium alloys 
containing up to 0.07% calcium can be produced tha t  
are  charac ter ized  by  un i fo rm and s table  corrosion 
propert ies .  Such al loys also exhib i t  good resis tance 
to excessive growth  in grids. 

4. Under  severe  constant  vol tage conditions, even as 
high as 3.5%, grid growth  in automot ive  SLI grids 
does not  ser iously impa i r  e i ther  the  overcharge  life or 
capacity.  

Manuscr ip t  submi t ted  Apr i l  24, 1972; revised m a n u -  
scr ipt  received Aug. 21, 1972. This was Paper  19 p re -  
sented at  the  Cleveland,  Ohio, Meet ing of the  Society, 
Oct. 3-7, 1971. 

A n y  discussion of this  paper  wi l l  appear  in a Discus- 
sion Section to be publ i shed  in the  December  1973 
JOURNAL. 
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ABSTRACT 

The electrode potentials of the G e ( I I ) / G e ( 0 )  and G e ( I V ) / G e ( I I )  redox 
couples in fused LiC1-KC1 eutectic were found to be --0.792 and --0.665V vs. 
the s tandard molar  p la t inum reference electrode (SMPE). A vol tammetr ic  
s tudy of Ge (II) showed that potentials more negative than --0.80V are suffi- 
cient for electrodeposition of germanium. Chronopotentiometric reduction of 
Ge(I I )  on gold followed the Sand equation and gave evidence of alloy forma- 
tion. The cell Au-Ge  (12 weight per cent Ge, 1 ) /Ge( I I )  in LiC1-KC1/Ge(s) 
was studied, and the following parameters  were determined for the alloy: 
~S~ --- 14.2 eu, AG~ = --1.24 kcal/mole,  AH~ _-- +9.00 kcal/mole.  Optical and 
scanning electron metallographic studies were made of germanium deposited 
on a gold substrate. 

Literature Review 
Attempts  to electrodeposit ge rmanium have a long 

history. Winkler,  who discovered the element, electro- 
lyzed aqueous ammoniacal  ammonium tar t rate  solu- 
tions of it (1). Fur ther  study of the aqueous electro- 
chemical properties of germanium was instigated by 
the work of Tainton and Clayton (2) who found that 
small  amounts  of ge rmanium had a very adverse effect 
on the electrodeposition of zinc. Several a t tempts  to 
deposit ge rmanium from aqueous media have since 
been made, such as those of Hall  and Koenig (3) and 
of Schwarz, Heinrich, and Hollstein (4). A careful 
study by F ink  and Dokras (5) concludes that in any 
aqueous medium only a thin ini t ial  flash of metallic 
ge rmanium can be obtained. This is followed by hydro-  
gen evolution since the hydrogen overpotential  on ger- 
man ium is low. I t  is thus necessary to employ non-  
aqueous media to electrodeposit massive germanium. 

Organic baths have been used to electroplate ger- 
manium. Of these, the most popular  appear to be ethyl-  
ene glycol and propylene glycol. F ink  and Dokras (5) 
produced thick adherent  metal  plates from solutions of 
GeI4 in ethylene glycol. Solutions of GeC14 in propyl-  
ene glycol were used by Szekely (6). 

Fused salt media have been employed in the electro- 
winning  of ge rmanium from its oxide. Tressler and 
Dennis (7) formed metallic germanium by the elec- 
trolysis of GeO2 in mol ten  f luogermanate or cryolite 
baths. F ink  and Dokras (5) employed a fused te t ra-  
borate bath to obtain the metal  from GeO2. Barbier-  
Andr ieux (8) did an extensive s tudy of the electro- 
winning  of germanium from germanium dioxide in 
fused salts such as germanates,  borates, silicates, boro- 
silicates, phosphates, and fluorosilicates. Bockris, Diaz, 
and Green (9) have discussed the production of ger-  
man ium dendrites by electrolysis of a Na~B40~-GeO2 
melt. 

Experimental 
Mater~als.--Reagent grade l i th ium chloride and 

potassium chloride (Fisher Scientific Ltd.) were pur i -  
fied as previously described (10). Germanium rod 
(99.99%) was obtained from A.D. MacKay Inc., New 
York. The graphite rods used as electrodes were ob- 
tained from Union Carbide Corporation, New York 
(spectroscopic electrodes SPK).  Gold used in the ther-  
modynamic study of gold-germanium alloy formation 
was obtained in bar form from Johnson Matthey and 
Mallory Ltd., Toronto. 

Apparatus.--The apparatus used was similar to that 
previously described (10-12). The electrodes used for 

* Electrochemical  Society Active Member.  
K ey  words:  germanium,  germanium-gold  alloy, electrodeposition, 

fused chlorides. 

voltammetr ic  scans were made of tungsten  wire 5 mm 
long and 0.5 mm in diameter  sealed in u ran ium glass. 
Potentials  were measured with a Hewlet t -Packard  
Model 3400A digital voltmeter.  Voltammetric scans 
were made with a Metrohm-Polarecord 261 polaro- 
graph. Constant  potential  electrolyses were carried 
out with a Wenking Model 61RH potentiostat  using 
gold electrodes. 

Chronopotentiometric measurements  employed a 
gold foil electrode approximately 0.4 cm ~ in area. The 
counterelectrode and reference electrode were respec- 
t ively a carbon rod and a p la t inum ( I I ) / p l a t i n u m  (0) 
couple in separate isolation compartments.  The con- 
stant  current  was obtained from a Model 6525A d-c 
power supply (Hewlet t -Packard)  controlled by ap- 
propriate mercury-wet ted  relay switching circuitry. 
Traces were recorded on a Model 175A oscilloscope 
equipped with 1750B and 1781B plug- in  uni ts  and a 
196B camera (Hewlet t -Packard) ,  using ASA 3000 
Polaroid film. 

The gold-germanium alloy [eutectic composition, 12 
w/o (weight per cent) ge rmanium (13)] was prepared 
by placing appropriate amounts  of gold and germanium 
in a quartz boat which had been cleaned by  boiling 
in perchloric acid. The mix ture  was fused under  a 
flow of argon (dried by passage over magnes ium per-  
chlorate) in a L indberg-Hevi -Duty  54032A furnace 
in conjunct ion with a L indberg-Hevi -Duty  59344 tem- 
perature controller. In  the thermodynamic  study, the 
alloy was held in a Pyrex  cup which was attached to 
a glass rod. Electrolytic contact with the alloy was 
made with a tungsten wire sealed in u r a n i um glass. 
The germanium bar  used as a reference electrode was 
suspended from a p la t inum wire sealed in  a Pyrex  tube. 

The topography of the germanium deposit on a gold 
substrate was studied using both optical and scanning 
electron microscopes: a Carl Zeiss Ul t raphot ( I I I )  
Metallograph, a photographic metal lurgical  microscope 
(Carl Zeiss Oberkochen, Wuertt. ,  West Germany) ,  and 
a Stereoscan $4 scanning electron microscope (Cam- 
bridge Scientific Ins t ruments  Ltd., Cambridge, En-  
gland) .  

Procedure.--The procedure used for carrying out the 
coulometric oxidations and measurements  under  argon 
has been previously described (11, 12). The ger- 
m a n i u m  rod was anodized to give solutions of ger- 
m a n i u m ( I I ) ,  which could be fur ther  oxidized to ger- 
man ium (IV) at a carbon electrode after the germanium 
rod had been removed. Measurements of potential 
were made against a p la t inum (II) / p l a t i num (0) ref- 
erence electrode and all potentials given in this paper 
are with reference to the s tandard molar  p la t inum 
electrode (SMPE) (14). 

18 
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In  order to obtain reproducible voltammetric  curves, 
it was found necessary to hold the tungsten  micro- 
electrode at positive (chlorine evolution) potential  
for a few moments  before each scan. This was done 
in the bulk  melt. Similar  procedures were found 
necessary to obtain reproducible chronopotentiometric 
curves. The solutions of Ge(I I )  were prepared coulo- 
metrically. The gold electrode was anodized unt i l  all 
deposits of germanium were removed, i.e., unt i l  chlo- 
r ine evolution just  began. It  was necessary to carry 
out this procedure carefully and at low cur ren t  density 
(~50 m A / c m  2) to avoid appreciable anodization of 
gold into solution. The electrode was then momentar i ly  
anodized at this potential, the current  was shut off, 
and the compartment  stirred by rotat ion of the flag. 
Cathodic chronopotentiometric curves were all run  
30 sec after cessation of the anodic current.  

In  the thermodynamic  study of gold-germanium 
alloy formation, which was a study of the cell: Au-Ge  
a l loy /Ge( I I )  in LiC1-KC1/Ge, the previously pre-  
pared LiC1-KC1 eutectic was fused and filtered in 
order to remove any  magnes ium present, as magnesium 
r ibbon was used in melt  preparation. A 0.2M solution 
of Ge (II) was prepared in situ by electrolytic anodiza- 
t ion of germanium; the result ing solution was 
thoroughly st irred after cessation of Ge(I I )  genera-  
tion. The solution tempera ture  was monitored with a 
calibrated Chromel-Alumel  thermocouple sheathed in 
a Pyrex tube. The germanium bar, alloy holder, and 
thermocouple were placed as close together as possi- 
ble to minimize thermal  gradients. Potent ia l - t ime 
measurements  were made every 2 hr after a new 
tempera ture  setting had been made. The exper iment  
was conducted under  a static dry argon atmosphere. 
The thermocouple effect of the electrodes was deter-  
mined in a separate experiment,  and this potential  
was subtracted from the observed cell potential. 

The cross-sectional sample used in the optical micro- 
scopic examinat ion  was prepared by imbedding a 
ge rmanium-pla ted  gold specimen edgewise in plastic. 
The sample was then polished, progressing from a 
coarse abrasive to a polishing lap using 0.05 ~m A1203 
(Linde B). The germanium-pla ted  gold specimen was 
prepared by electrolytic reduction of solutions of 
Ge(I I )  at a constant  potential  of --0.86V. Ger-  
m a n i u m ( I I )  solutions were prepared by coulometric 
oxidation of a ge rmanium bar. German ium plate thick- 
ness was determined with a filar micrometer  eyepiece 
attached to a Tukon Tester (Wilson Mechanical Ins t ru -  
ment  Company, New York).  

Results 

Potentiometry.--A total of 27 concentra t ion-poten-  
tial data points were obtained from four separate 
coulometric oxidations of the ge rman ium bar  electrode 
at 450 ~ • I~ The concentrat ion of Ge(I I )  ranged 
from 0.001 to 0.1M. A plot of electromotive force as a 
funct ion of the logari thm of coulombs used was l inear  
and had a slope of 0.075 • 0.006 V/log unit,  in  agree- 
ment  with the theoretical value of 0.072 V/log uni t  
expected for a two-electron process at this tempera-  
ture. The potentials became stable rapidly, usual ly 
wi th in  5 min  after cessation of the electrolysis and 
gentle stirring. 

The s tandard  potential  was calculated in  the usual 
m a n n e r  (10) and is reported wi th  respect to the ap- 
propriate s tandard p la t inum electrode on the molar, 
molal, and mole fraction scales in  Table I. The con- 
ventions and s tandard states used in this table have 
been described elsewhere (14). 

F u r t h e r  coulometric oxidation of the ge rman ium(I I )  
solutions at a carbon rod produced visible bubbles  at 
the rod at polarization potentials significantly less than 
that  of chlorine evolution, suggesting the formation 
of volatile GeC14 (bp, 84~ Linear  plots of electro- 
motive force against logari thm of concentrat ion ratio 
could not be obtained or had unreasonably  low slopes, 

Table I. Standard potentials of germanium couples 

Standard 
C o u p l e  E ~ E ~ ~ E ~  d e v i a t i o n  

G e  ( I I ) - G e  ( 0 )  - -  0 . 7 9 2  - -  0 . 7 9 2  - -  0 . 7 9 2  0 . 0 0 8  
G e  ( I V )  - G e  ( I I )  * - -  0 . 6 6 5  - -  0 . 6 8 1  - -  0 . 7 7 1  - -  0 . 0 0 2  
G e  ( I V ) - G e  ( 0 )  t - -  0 . 7 2 8  - -  0 . 7 3 6  - -  0 . 7 8 1  - -  0 . 0 0 8  

�9 B a s e d  o n  a t w o - e l e c t r o n  p r o c e s s .  
t C a l c u l a t e d  f r o m  e x p e r i m e n t a l  f r e e  e n e r g i e s .  

as would be expected if GeC14 volatilized from the 
melt. Steady and rapid drif t ing of the observed poten-  
tials in  the negat ive direction also support this in te r -  
pretation. By taking values as rapidly as possible, this 
problem could be reduced but  not  avoided. Using eight 
points from two runs  taken under  the best possible 
conditions and assuming the two-electron oxidation, 
we calculate s tandard potentials of --0.664, --0.666, 
--0.664,--0.667V (Run I) and--0 .666, - -0 .667, - -0 .665,  
--0.663V (Run 2), these values being given in order 
of increasing generation. The average is --0.626V, 
s tandard deviation 0.022V. The systematic deviation 
is due to loss of GeC14. 

Attempts  to cathodize germanium metal  into solu- 
tion were not successful. The only reaction observed 
was l i th ium deposition on the germanium, at approxi-  
mately the s tandard potential  of the L i ( I ) / L i ( 0 )  
couple (14). 

Voltammetry.--A voltammetr ic  scan of the electro- 
lyte alone indicated a l imit ing anodic current  at about 
W0.2V (chlorine evolution),  a l imit ing cathodic cur-  
rent  at --2.6V ( l i th ium deposition),  and a sharp 
cathodic peak at --0.56 • 0.05V. This cathodic peak 
was not due to melt  impuri t ies  but  was highly sensi- 
tive to electrode t rea tment  and history. El iminat ion 
of the prescan anodization reduced the peak to about 
5% of its previous value. This peak is a t t r ibuted to 
the reduction of adherent  insoluble polymeric chloride 
films (15) formed when the tungsten  microelectrode 
was anodized in  the bu lk  melt. 

Addit ion of ge rman ium( I I )  to this melt  (by anod- 
ization of a germanium rod) produced an additional 
cathodic wave whose ha l f -wave  potential  was --0.76V, 
in reasonable agreement  with the s tandard potential, 
--0.79V, of the g e r m a n i u m ( I I ) / g e r m a n i u m ( 0 )  couple 
as shown in Fig. 1. The wave height increased with 
addition of ge rman ium( I I )  but  the relationship was 
not strictly linear. Curve A in Fig. 1 shows the lat ter  
stage in the reduction of the insoluble polymeric chlo- 
rides at potentials less than --0.74V, followed by 
Ge(I I )  reduction. Curve B represents a vol tammetr ic  
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Fig. I. Vo|tammetric scans of Ge(ll) in fused LiCI-KCI eutectic at 
450~ using a tungsten microelectrode. Curve A was obtained 
with preanodization of tungsten microelectrode; carve B is a re- 
peated scan, with no preanodization. 
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Fig. 2. Anodic voltammogram of electrodeposited germanium 
on the tungsten microelectrode. 
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Fig. 4. Plot of reciprocal current vs ~'A for the first transition in 
the chronopotentiometric analysis. Concentration of Ge(ll), 7.9 X 
10 -5  mole/cm3; electrode geometric area 0.4 cm 2. 

scan for which the tungsten microelectrode was not 
preanodized in the bulk melt. When the scan was first 
made toward more negative potentials, then reversed, 
an anodic process began to appear at about --0.75V, 
corresponding to the reoxidation of the deposited ger- 
manium (Fig. 2). This study indicates that constant- 
potential electrodeposition of germanium should be 
possible at potentials more negative than --0.8V. 

Chronopotentiometry.--In order to attempt to ob- 
serve the behavior of Ge(II) deposition in the melt 
under constant current electrolysis conditions, a 
chronopotentiometric study was carried out. Chrono- 
potentiometric curves were run at current densities 
between 12 and 40 mA/cm 2. A typical curve is shown 
in Fig. 3. The transition region indicated as B was well- 
defined in all cases. The transition (s) at C and beyond 
were poorly defined at low current densities but 
became more distinct at current densities greater than 
25 mA/cm 2. The length of the first transition was taken 
from the origin, A, to B, although an initial dip close 
to A was observed on all curves. We now believe that 
this initial dip is due to formation of surface Au-Ge 
alloy. The transition B is ascribed to the exhaustion 
of Ge(II) at the electrode surface in the usual man- 
ner. The Sand equation iz'/~ : J./z~',/2 nFADV~C is obeyed 
for this process as shown in Fig. 4, and from the data 
of Table II the diffusion coefficient of Ge(I I )  was 
calculated to be 2.2 X 10 -5 cm2/sec, in reasonable 
agreement  with values for other divalent  ions in this 
solvent (16). 

Using low cur ren t  densities, and careful observation 
of the electrode during chronopotentiometry,  it was 
observed that  the clean gold electrode took on a bright, 
mirror-Like silver finish soon after cathodic current 

flow began. With continued electrolysis the finish con- 
tinually dulled, until after the end of the first transi- 
tion, B, when massive black deposits began forming. 
These deposits, unlike the initial finish, did not adhere 
to the electrode and could be knocked off by gentle 
stirring. 

The data for the transitions observed is given in 
Table IT. Measurement of Er/4 data was difficult due to 
the fact that not all chlorine generated in the vicinity 
of the gold electrode could be removed. This led to 
varying initial values of potentials. To circumvent this 
problem, the "true" potential of this point was taken 
from the chronopotentiogram where the lowest current 
density was used to anodize the germanium from the 
gold electrode. All potentials were then measured from 
this point. 

At low current densities (less than 17 mA/cm 2) no 
transition other than the first could be defined. At 
higher current densities, other transitions became 
noticeable, especially a we11-defined second one. It has 
been shown by Berzins and Delahay (17) that the 
Sand equation for a second transition is given by 

(T1  "~- ~ 2 )  z/2 - -  "~1 I/z : -  ~./2nFAD~'~C/2i 

A plot of l l i  vs. ( 'e l  + ~2) ~ -- "el '/~ was made for the 
second transition, bu t  it was found that  no l inear  re la-  
tion existed, and hence the electrode process occurring 
was not diffusion-controlled. The formation of the 
black massive germanium deposit noted at the end of 
the first t ransi t ion (B in Fig. 2) permits  the non-  
l inear i ty  of the plot ( n  -{- z2) ~ --  T1 ~'~ vs. 1/i to be 
ascribed to the rapidly changing electrode area upon 

Table il. Chronopotentiometric data* 

C u r r e n t  ~z T! E~I/~, V ET2/~, V ETS/~, V 
( m A )  (sec) i'rl I/s (sec) ( S M P E )  ( S M P E )  ( S N I P E )  

-0.54 ..-:. 
@ 

E 
,~ -0.74 

' "  -0.94 o 
v 

~ -1.14 

Z 
u.~ - 1.34 

-I.54 
0 

I I I I I I / I 
2 4 6 8 10 12 14 16 18 

TIME (sec) 

Fig. 3. Chronopotentiogram of 1.0 X 10 - 3  M Ge(ll) taken in 
the fused LiCI-KCI eutectic at 450~ Current density was 30 
mA/cm 2. 

5 . 6 7  2 0 . 5  2 5 . 7  m - - 0 . 7 1  - -  m 
6.76 16.5  2 7 . 5  N - - 0 . 7 4  - -  
7 .70  11 .2  2 5 . 8  - -  - - 0 . 7 2  - -  m 
7 . 9 9  10.7  2 6 . 3  - -  --  0 . 7 4  - -  - -  
9.79 6.2 25.5 6 .9 t  -- 0.74 - -  

1 1 . 1 5  4 . 6 8  2 4 . 2  3 . 8  -- 0 . 7 4  -- 1 . 0 0  - -  1 . 2 t  
1 1 . 3 5  6 .00  2 7 . 8  5 .2  -- 0 . 7 4  -- 1 .06  -- 1 . 4 t  
12 .20  5 . 4 0  2 8 . 4  2 . 6 4  -- 0 . 7 7  -- 1 .03  
1 3 . 2 5  4 . 2 3  2 7 . 3  7 . 4 t  --  0 .77  -- 1 .05  - -  1 . 2 t  
13 .26  4 . 3 5  2 7 . 7  3.68 - -  0 . 7 7  -- 1 .04  
13 .31  4 . 2 0  2 6 . 8  3 .0  - - 0 . 8 0  - - 1 . 1 6  - - 1 . 4 t  
15 .46  2 , 5 0  2 4 . 5  3 ,4  -- 0 . 8 4  -- 1 .14  
15 .72  3 . 8 0  3 0 . 6  4 .5  -- 0 .80  -- 1 .08  -- 1 . 3 t  
1 6 . 7 8 t  5 . 0 0  2 7 . 6  ~ -- 0 .81  ~ 
2 0 . 2 1 t  1 .50  2 4 . 8  . . . .  

�9 C o n c e n t r a t i o n  o f  G e ( I I ) ,  7 .9  • 10  -5 m o l e / c m  s. E l e c t r o d e  g e o -  
m e t r i c  a r e a  0 . 4  c m  ~. ~'l,~,s r e f e r  t o  f i r s t ,  s e c o n d ,  a n d  t h i r d  t r a n s i t i o n  
t i m e s .  A v e r a g e  v a l u e  o f  c h r o n o p o t e n t i o m e t r i e  c o n s t a n t  iT1/z/C is 
8 ( •  X 102 A - s e e  1/~ c m  m o l e - L  

t T r a n s i t i o n  i l l - d e f i n e d .  
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which the germanium was being deposited. Third 
transit ions were noted at large current  densities. These 
were ill-defined, again probably due to rapid electrode 
area changes. 

Thermodynamics of gold-germanium alloy fovma- 
tion.--The gold-germanium phase diagram has been 
established (16) and shows simple eutectic formation 
at 12 w/o  germanium. Using this alloy composition, the 
potential  of the cell Au-Ge  (12 w/o Ge,1) /Ge(II )  in 
LiC1-KC1/Ge(s) was studied over the tempera ture  
range 400~176 A pre l iminary  s tudy of the cell 
showed that  Ge(I I )  is not stable in the LiC1-KC1 melt  
over extended periods of t ime when a flow of argon 
is main ta ined  above the cell assembly; germanium 
needles grew from the germanium bar  and the interior  
of the upper, cool portion of the apparatus became 
coated with a white material,  p resumably  GeC14. It  
was concluded that  Ge( I I )  disproportionates to Ge(IV) 
and the metal, i.e. 2Ge(II)  ~ Ge(0) -t- Ge(IV) ,  
where Ge(IV)  exists as germanium tetrachloride gas. 
F r o m  the s tandard potentials of the Ge ( I I ) /Ge (0 )  and 
G e ( I V ) / G e ( I I )  couples, the equi l ibr ium constant  for 
the disproportionation reaction is calculated to be 
1.69 • 10-" 1 mo1-1. Thus for a 0.02M solution of 
Ge( I I ) ,  a concentrat ion of Ge(IV)  equal to 7.0 • 
10-GM is required to main ta in  equi l ibr ium conditions; 
however, since Ge(IV) is volatile as GeC14, the dis- 
proport ionation reaction is slowly forced to the right. 
To minimize this effect a static argon atmosphere over 
the cell was necessary; otherwise, the Ge(I I )  concen- 
t rat ion was reduced to the point  where reversible 
potentials were not  obtained. 

The tempera ture-potent ia l  measurements  of the 
alloy cell are shown in Fig. 5. Data were taken by 
al ternately raising and lowering the temperature;  no 
hysteresis in the cell potential  was observed. The cel] 
potential  at any given tempera ture  was constant 
(within 0.1 mV over a 15-rain in terval) .  These facts, 
together with the observation that  the equi l ibr ium 
cell potential  recovered its ini t ial  value after passage 
of small  amounts  of current  in either direction through 
the cell, indicated that  the system was reversible. The 
potential  at both the Ge(s)  and Au-Ge  (12 w/o  Ge, 1) 
electrodes is dictated by the concentrat ion of Ge( I I )  
in  solution, since the extent  of the reaction 2Au + 
Ge(I I )  ~ Ge ~- 2Au(I )  is small  as can be seen from 
the s tandard potential  of the A u ( I ) / A u ( 0 )  couple, 
+0.205V (14). 

The entropy of alloy formation can be determined 
from the slope of Fig. 5 and the relationship AS = 
nF(dE/dT) ,  where n is the charge on the Ge(I I )  ion, 
F is Faraday 's  constant, and dE/dt is the slope of the 
potent ia l - temperature  plot. The s tandard free energy 
of alloy formation is directly calculable from the open- 
circuit potential  of the galvanic cell at 450~ (E~ The 
s tandard enthalpy of alloy formation, hH ~ is calculable 
from the free energy and entropy of alloy formation. 
For the alloy Au-Ge  (12 w/o Ge), the following 
parameters  were determined: hS~ -- 14.2 • 0.2 eu 
(dE/dT m 3.07(___0.04) • 10 -4 V / K ) ;  AG~ : --1.24 
• 0.02 kcal/mole;  and AH~ ~ 9.00 • 0.10 kcal/mole.  
By considering the Nernst  equations for the half-cells  
Ge(II)  -t- 2e-  -~ Ge and Ge(al loy)  --> Ge(I I )  q- 2e- ,  
it can be shown that  Ecell -- --2.303 RT/2F log 
aGe(alloy), where  Eeeli ---- 26.8 • 0A mV (after correction 
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Fig. 5. Plot of potential rs. temperature for the cell Au-Ge 
(12 w/o Ge,I)/Ge(ll) in LiCI-KCl/Ge(s). btonequilibrium values 
taken in separate run indicated by trianqles. 

for the thermocouple effect of +9.4 mV) at 723~ and 
aCe(alloy) is the activity of ge rmanium in the alloy, 
which was calculated to be 0.426 • 0.010. Defining 
as the activity coefficient of germanium in the alloy 
and X as the mole fraction of germanium in the alloy, 
then aGe(alloy) ---~ -yX(where X -- 0.270) gives a value 
of -y ~ 1.57 • 0.03. Table III  gives a comparison of 
the thermodynamic  properties measured in this work 
with those of other Au-group (IV) e lement  alloys (19, 
20). It should be noted that  the interact ion between 
gold and germanium is small  as are the interact ions 
between gold and t in and gold and lead. The dip shown 
at A in Fig. 3 corresponds to a shift of approximately 
50 mV in potential.  The open-circui t  potential  corre- 
sponding to the s tandard free energy of gold-ger-  
man ium alloy formation was found to be 26.8 mY. The 
gold-germanium composition at A is not exactly known 
but the 50 mV potential  shift at A strongly indicates 
gold-germanium alloy formation. 

Using a current  density of 50 m A / c m  2 for approxi-  
mately 3 sec, Ge( I I )  was plated on to the gold elec-  
trode and this plate was then anodized. The ET/4 for 
the anodic chronopotentiogram was --0.46V as com-  
pared to Er/4 for the reduct ion chronopotentiogram 
which was of the order of --0.84V. The potential  of 
the anodic chronopotentiogram did not rise sharply, 
i.e., oxidation of germanium was extended over a large 
period of time. This behavior is also indicative of alloy 
formation. 

Optical metallography of deposited germanium.-  
Figure 6 is a cross-sectional photomicrograph of ger-  
man ium deposited onto a gold substrate as previously 
described. The gold substrate, original ly 250 ~ n  in 
width, was found to be 160 ~m wide. The outer layers 
had a total width of 340 ~m. The germanium layer  is 
not pure germanium but  is a go ld-germanium eutectic 
as can be discerned by its s tructure (21) which re-  
sembles pearlite. In several regions the germanium 
had penetrated the gold band so that  both outer layers 
were connected; these connections were  blue-gray  in 
color. 

Table IIh Thermodynamics of gold-metal eutectic alloys, 450~ 

Eutect ic  corn- Ac t iv i ty  
posit ion,  m o l e  A G ~  A H ~  dE/~T, A c t i v i t y ,  coefficienL 

M e t a l  f r a c t i o n  m e t a l  k c a l / r n o l e  A S * ,  e u  k c a l / m o l e  m V / d e g  m e t a l  m e t a l  

Ge 0.270 - -  1 . 2 2  1 4 , 2  + 9 . 0 0  0 . 3 0 7  0 . 4 2 3  1 . 5 7  
Sn 0 . 2 9 4  - - 7 . 1 6 '  3 . 6 6  - - 4 . 5 1  ~ 0 . 0 7 9 5  6 . 9 7  X 1 0  "~* 0 . 0 2 3 7  e 
P b  0 , 2 7 0  - -  2 . 8 5 *  3 . 7 8  - -  0 . 1 2 "  0 . 0 8 2 0  0 . 1 3 7 "  0.507 s 

�9 Data  extrapo la ted  to 4 5 0 ~  
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reduct ion potent ia ls  of both have  been measured.  
Ge rman ium meta l  can be e lec t rodeposi ted  f rom this 
melt,  bu t  the  reduct ion process on gold is complicated 
by  a l loy formation.  The the rmodynamics  of this  al loy 
format ion  have been studied. 

Fig. 6. Photomicrograph of cross section of Ge deposited on gold 

Needle-like deposits of germanium were obtained 
in all experiments utilizing constant potential as the 
mode of electrodepositing germanium. The needles 
varied up to 1 cm in length and up to 200 ~m in width, 
and grew from the gold-germanium interface into the 
solution. 

Scanning electron microscopy o~ deposited ger- 
manium.--The samples  were  obta ined e i ther  by  a l low-  
ing the sample  to s lowly  cool in the eutectic as the  
eutectic froze, or by  wi thd rawing  the  sample  f rom 
the  eutectic mel t  and cooling it to room tempera ture .  
Samples  obta ined wi th  slow cooling were  much 
smoother  than  those obta ined on rap id  cooling. Use 
of more  reducing,  i.e., more  negat ive  potent ia ls  gave 
rise to rougher  surfaces than  use of a less  reducing 
potential .  

A photomicrograph  of a sample  obtained by  con- 
s t an t -po ten t i a l  e lec t roreduct ion  of a solut ion of G e ( I I )  
at  --0.85V fol lowed by  rap id  sample  cooling showed 
surface cracks. These cracks produced by  the  rap id  
sample  cooling were  at least  3 ~m deep and showed 
tha t  the  go ld -ge rman ium deposi t  was  layered.  

Conclusion 
The oxida t ion  states  of ge rman ium stable  in the 

LiC1-KC1 mel t  at  450~ are -[-2 and -{-4. The s tandard  
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Intergranular Corrosion of a Ferritic Stainless Steel 
R. P. Frankenthal *,1 and H. W. Pickering *'2 
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ABSTRACT 

The chromium-deple t ion  theory of in te rgranular  corrosion has been con- 
firmed for a ferritic stainless steel. The potential  range over which in ter -  
g ranu la r  at tack occurs is l imited by the passivation potential  of the matr ix  
and that  of chromium-f lee  iron. The concentrat ion of chromium in the de- 
pleted zone is less than 5% at most grain boundaries  and approaches 0% at a 
few. The width of the depleted zone is less than 1 ~m. Under  strongly oxidizing 
conditions another  form of in te rgranular  at tack occurs in both the sensitized 
and nonsensitized conditions. 

The in te rgranular  corrosion of ferritic stainless steels 
has been explained by numerous  models (1-4). B~iumel 
(4) suggested that the chromium-deple t ion theory, 
proposed by Strauss, Schottky, and Hinni iber  (5) in 
1930 and by Bain, Aborn, and Rutherford (6) in 1933 
for austenitic stainless steels, is also valid for ferritic 
ones. 3 This theory holds that sensitization to in ter -  
g ranular  at tack is due to a chromium-deple ted  zone 
along the grain boundary  result ing from the precipita-  
t ion of chromium carbide at the boundary;  if the 
chromium concentrat ion of the depleted zone is less 
than that  required to main ta in  passivity, i.e. ca. 13%, 
preferential  dissolution of the depleted zone will  occur. 

Bond (8) has results for ferritic steels that  are con- 
sistent with the chromium-deple t ion theory; but  they 
do not prove it. Also, the extent  of depletion, i.e, the 
chromium concentrat ion and the width of the zone, 
has yet to be determined for ferrit ic or austenitic 
stainless steels. 

Cihal and Prazak (9) suggested for austenitic s tain-  
less steels, e.g., Fe-18Cr-SNi, that  a chromium-deple ted  
zone should behave electrochemically like an Fe-Ni  
alloy; the passivation potential  of Fe-Cr -Ni  alloys 
becomes more noble with decreasing chromium con- 
centration. Thus the depleted zone should passivate 
only at potentials more noble than that  required to 
passivate the matrix.  Further ,  preferent ial  attack of 
the depleted zone should be l imited to a potential  range 
between the passivation potential  of the mat r ix  (maxi-  
m u m  possible chromium content)  and the passivation 
potential  of the chromium-free  Fe-Ni  alloy (min imum 
possible chromium content) .  Their  (9) exper imental  
evidence is not convincing, because much of the in ter -  
g ranular  corrosion takes place at a potential  at which 
the matr ix  is also dissolving, according to their  anodic 
polarization curves. However, Schfiller, Schwaab, and 
Schwenk (10) show that  one form of in te rgranular  
at tack is l imited to this potential  region. 

In  this paper the test of Cihal and Prazak (9) is 
applied to a sensitized ferritic stainless steel and ex-  
tended to obtain quant i ta t ive  data on the chromium 
content  of the depleted zone. In addition, the width of 
the zone is determined by scanning electron micro- 
scopy. 

Experimental 
The principal  alloy investigated was a vacuum-  

melted, hot-rol led 4 Fe-20Cr ferritic alloy with the 
following analysis in weight per cent (w/o) :  Cr-20.2; 
C-0.014; N-0.005; O-0.014; P-0.003; S-0.O05; Si-0.014; 
Mn-<0.005; Ni-<0.03; Cu-<0.01; Mo-<0.01; A1-0.008; 

* Electrochemical  Society Act ive  Member .  
2 P r e s e n t  address :  Bell Laborator ies ,  M u r r a y  Hill, New J e r s e y  

0Y974. 
2 Present address: Department of Material Sciences, Pennsylvania 

State University, University Park, Pennsylvania 16802. 
a The reader is referred to an excellent review by Wilson (7) 

for a discussion of other theories of intergranular corrosion in 
austenitie stainless steels. 

"A 3-in. ingot is heated to 1500~ six passes through rolls; re- 
heated; four additional passes. 

Key words: chromium, chromium-depletion, iron, passivity. 

Ti < O.01. Rectangular  specimens were machined from 
a 1.5-cm thick hot-rol led slab. Some specimens were 
used without fur ther  hea t - t rea tment ;  others were an-  
nealed at 1070~ for one week and quenched. 

In  addition to the above alloy, zone-refined iron and 
ferritic i ron-chromium alloys, containing 4.3, 9.6, and 
14 w/o chromium, were used for the determinat ion 
of the effect of chromium content  on the passivation 
potential. Each of these was hot-rolled, annealed  at 
1070~ for one week, and quenched. 

Two electrolyte solutions were used: 0.5M H2SO4 
(pH 0.3) and 0.5M NaC1, 0.05M H2SO4 (pH 1.1); they 
were deaerated with helium. The electrochemical cell 
and electrical circuit  have been described previously 
(11). 

All  specimens were polished with an aqueous sus- 
pension of 0.3 ~m particles of a lumina  prior to inser-  
t ion into the cell. The init ial  applied potential,  --0.5V 
(SHE), was sufficiently cathodic to reduce most of 
the a i r - formed oxide film (12). After  film reduction 
the potential  was switched to that  under  study. The 
current  and the potential  were monitored continuously. 
All  potentials are reported relat ive to the s tandard 
hydrogen electrode (SHE). All  experiments  were per-  
formed at room temperature,  296~ 

Scanning electron micrographs were taken  with a 
Cambridge Stereoscan microscope; to in terpret  prop- 
erly the spatial relationship between the attacked 
grain  boundary  and the precipitate decorating the 
boundary,  stereo pairs were obtained. 

The Strauss test for susceptibili ty to in te rgranula r  
corrosion was performed as follows: the specimen was 
immersed for two days in a boiling solution of 10% 
CuSO4" 5H20, 10% H2SO4. After  the specimen was 
removed from the solution, washed, and dried, it was 
l ightly polished with an aqueous suspension of 0.05 
~m particles of a lumina  to remove reduced copper and 
superficial surface attack; the specimen was then ex- 
amined microscopically. A modified Huey Test (16) 
was also performed. 

Results 
During microscopic examinat ion it was observed both 

for the hot-rol led and for the hot-rolled, annealed 
Fe-20Cr specimens that  most of the grain boundaries  
were decorated with quasi-cont inuous sheets of a pre-  
cipitate. The alloy was dissolved in b romine-methanol  
solution exposing the precipitate (Fig. 1). Conclusive 
identification was not possible. X- ray  diffraction pat-  
terns of the precipitate extracted from hot-rol led 
specimens were identified as (Cr, Fe)TCs, while those 
from hot-rolled, annealed specimens were identified 
as (Cr,Fe)23C6; however, electron diffraction pat terns 
could not be identified with either carbide. 

Steady-state  anodic polarization curves were mea-  
sured for the various hot-rolled, annealed  alloys and 
for annealed  iron in  the 0.5M H2SO4 solution. From 
the potent ia l -current  curves (Fig. 2) it is evident  that  
the passivation potential  is a strong funct ion of the 

23 
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Fig. I. Alloy has been dissolved in bromine-methanol solution ex- 
posing sheet-precipitates along grain boundaries. It can be seen 
that each side of a grain was bounded by one continuous sheet. 
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Fig. 2. Anodic polarization curves in the vicinity of the passiva- 
tion potential for various Fe-Cr alloys in 0.SM H2SO4. 

chromium content  of the  alloy. The Fe-20Cr a l loy in 
the hot- rol led ,  annea led  condit ion can be pass ivated 
also in the 0.5M NaC1, 0.05M H2SO4 solution, bu t  i ron 
and the Fe-4.8Cr and Fe-9.6Cr al loys cannot  be pas -  
sivated.  

The St rauss  test  showed tha t  the ho t - ro l l ed  Fe-20 
Cr a l loy was sensitized, i.e., gra in  bounda ry  a t tack  
occurred,  whereas  the  hot- rol led ,  annea led  one was 
not. The o ther  F e - C r  al loys and the i ron were  not  
sensit ized af ter  annealing.  The al loy in the ho t - ro l led  
and in the  hot- rol led ,  annealed  condit ion exhib i ted  
in t e rg ranu la r  a t t ack  in the  modified Huey  Test. 

The suscept ib i l i ty  to in t e rg ranu la r  a t tack  was also 
de te rmined  potent ios ta t ica l ly  in both solutions for the 
Fe-20Cr al loy in the  ho t - ro l l ed  and in the  hot - ro l led ,  
annealed  conditions. The resul ts  a re  summar ized  in 
Table I. For  the  nonsuscept ib le  specimens the s t eady-  
s ta te  cur ren t  dens i ty  in the  potent ia l  region of pass iv-  
i ty  was a lways  less than 1 ~A/cm2; for the  suscept ible  
specimens the  cur ren t  dens i ty  never  was less than 
about  10 ~A/cm 2. For  the la t te r  gra in  boundary  a t t ack  

Fig. 3. Scanning electron micrograph of boundaries corroded in 
0.SM H2S04 at 0.48V. The sheet-precipitates are clearly visible. 

could normal ly  be observed in the  optical  microscope 
af ter  less than  1 hr;  no a t t ack  was observed on the 
former  af ter  24 hr. I t  is c lear  tha t  in these exper iments  
the  suscept ible  boundar ies  never  became passivated.  

A typica l  example  of gra in  bounda ry  a t t ack  in the  
H2SO4 solution is shown in Fig. 3. The shee t -p rec ip i -  
ta tes  are  c lear ly  visible;  they  are never  a t t acked  under  
these expe r imen ta l  conditions. The bounda ry  be tween  
the  corroded area  and the m a t r i x  is a lways  smooth, as 
observed at  the specimen surface (Fig. 3). Specimens 
were  held  at po ten t ia l  for per iods  of t ime up to 24 hr. 
Measurements  on many  specimens and m a n y  bounda-  
r ies  indicate  tha t  the  m a x i m u m  width  of the  a t tacked 
zone is reached wi th in  2 hr. A t  0.48V the wides t  zone 
observed was 0.7 ~m and the  na r rowes t  was 0.05 ~m. 

A typica l  example  of corrosion in the  ch lor ide-based  
solut ion is shown in Fig. 4 and 5. The  a t tack  s tar ts  and 
propagates  along grain  boundaries;  but  it  also spreads 
away  from the boundaries ,  forming large  pits. The 
shee t -p rec ip i t a t e  is c lea r ly  vis ible  in Fig. 5; it  is never  
a t tacked  under  these expe r imen ta l  conditions. 

'Grain bounda ry  a t tack  at h igh potent ia ls  ( ~ l . 2 V )  
was not  inves t iga ted  fur ther ,  except  to de te rmine  tha t  
the ma t r i x  and not the  prec ip i ta te  was dissolved. 

Discussion 
The  resul ts  confirm the ch romium-dep le t ion  theory  

of in t e rg ranu la r  corrosion (5, 6), as app l ied  to ferr i t ic  
s tainless steels. The m a x i m u m  potent ia l  at which in-  
t e rg ranu la r  a t t ack  is observed in the  H2SO4 solution 
lies be low the passivat ion potent ia l  of i ron (Table I, 
Fig. 2) ; if the m a x i m u m  potent ia l  were  h igher  than  the 
pass ivat ion  potent ia l  of iron, the  ch romium-dep le t ion  
theory  would not  be app l icab le  (9). Other  theories 
(1-3, 7) are  not  consistent  wi th  these results,  inasmuch 
as they  cannot  predic t  the decrease in in t e rg ranu la r  
a t tack  wi th  increasing potent ia l  f rom 0.48 to 0.58V and 
the  absence of a t t ack  at  potent ia ls  f rom 0.60 to 1.20V. 

Table I. Susceptibility to intergranular corrosion 

Elec t ro ly t e  s o l u t i o n  T h e r m a l  h i s t o r y  P o t e n t i a l  (V) Resu l t s  

0.5M I-I~SOt H o t - r o l l e d  & a n n e a l e d  --0.05 --~ E --~ 1.20 No i n t e r g r a n u l a r  a t t a c k  
E ---~ 1.25 I n t e r g r a n u l a r  a t t a c k  

H o t - r o l l e d  E ---~ 0.48 I n t e r g r a n u l a r  a t t a c k  
E = 0.52 Some  i n t e r g r a n u l a r  a t t a c k  
E = 0.58 A f ew  b o u n d a r i e s  a t t a c k e d  

0.60 - -  E ---~ 1.20 No i n t e r g r a n u l a r  a t t a c k  
E ---~ 1.25 I n t e r g r a n u l a r  a t t a c k  

0.5M NaC1, 0.O5M H~SO, H o t - r o l l e d  & a n n e a l e d  O.10 ---~ E ---~ 0.60 No i n t e r g r a n u l a r  a t t a c k  
E - -  1.00 I n t e r g r a n u ] a r  a t t a c k  

H o t - r o l l e d  E ~> 0.00 I n t e r g r a n u l a r  a t t a c k  
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Fig. 4. Scanning electron micrograph showing grain boundary 
attack in solution containing 0.SM NaCI, 0.05M H2SO4. Attack 
starts at grain boundary but spreads away from the boundary at 
later stages in chloride-containing solutions. 

Fig. 5. Scanning electron micrograph showing grain boundary at- 
tack and subsequent pitting in solution containing 0.SM NaCI, 
0.0$M H2SO4. Sheet-precipitate (arrow) along grain boundary is 
clearly visible. 

From the results in  Table I and in  Fig. 2 a lower 
l imit  for the chromium concentrat ion of the depleted 
zone may be obtained. In  the H2SO4 solution at 0.52V, 
a potential  at which the passivity of the Fe-4.8 Cr 
alloy begins to decay, most of the grain boundaries 
were attacked; however, at 0.58V only a few bound-  
aries were attacked and at 0.60V none was attacked. It  
is concluded that  the min imum chromium concentra-  
t ion of the depleted zone is less than  5% for most 
boundaries;  for at least a few boundaries  the chro-  
mium content  must  be significantly less than  5% and 
perhaps approaches 0%. These concentrat ions represent  
the lower l imit  of the gradient  from the boundary  
toward the matrix. 

The results of the Strauss test are in agreement  
with the results of the potentiostatic experiments.  The 
electrode potential  of the specimens in the Strauss test 
is between 0.3 and 0.4V (13); in  this potential  range 
ferritic steels, or chromium-depleted zones, with chro- 
mium content  less than approximately 10% will  cor- 
rode (Fig. 2). 

Since the m a x i m u m  width (0.7 ~m) of the attacked 
zone across a boundary  did not change for corrosion 
periods from 2 to 24 hr, this width must  correspond to 
that fraction of the depleted zone that dissolves at 
0.48V. This width of 0.7 ~m is in agreement  with the 

fact that  the depleted zone could not be detected by 
the electron microprobe, which has a beam width of 
1 ~m. The large var iat ion in the width of the attacked 
zone, i.e., from 0.05 to 0.7 ~m, may indicate that  the 
degree of chromium depletion varies considerably from 
boundary  to boundary,  a condition that  could have 
arisen dur ing solidification and cooling of the ingot and 
could be an effect of the or ientat ion of the grains and 
of the precipitate. 

In the chloride-based solution the grain boundaries 
of the sensitized alloy are attacked at all potentials, 
while those of the nonsensit ized one are passive over 
much the same potential  range as in H2SO4. This is also 
consistent with the chromium-deple t ion  theory, inas-  
much as Fe-20Cr, but  not iron, Fe-4.SCr, or Fe-9.6Cr 
can be passivated in the chloride-based solution. 

The morphology of at tack (Fig. 4 and 5) in the 
chloride-based solution is much different from that  in 
H2SO4. This may be explained by the fact that al-  
though localized corrosion was init iated as a result  of 
chromium depletion, it propagates in  chloride solu- 
tions by another mechanism (14, 15) after the depleted 
zone has been dissolved. 

At potentials of 1.25V and higher, in te rg ranu la r  cor- 
rosion was observed both in the sensitized and in the 
nonsensitized alloy, potentiostatically and in  the modi-  
fied Huey Test. This, of course, cannot be ex- 
plained by the chromium-deple t ion  theory. Aust, 
Armijo, and Westbrook (16) have suggested that  in 
austenitic stainless steels this may be associated with 
continuous grain boundary  paths either of second- 
phase or of solute-segregated regions. Their  mecha-  
nism, however, is re levant  only at very  high poten-  
tials or under  strongly oxidizing conditions, such as 
are rare ly  encountered in practical situations. 

The quasi-cont inuous sheets of carbide, if indeed 
they are carbide, decorating grain boundaries  (Fig. 1) 
apparent ly  formed dur ing solidification and cooling of 
the ingot, as evidenced by the dendrit ic s t ructure of 
the sheets. Calculations show that  there was sufficient 
carbon (0.014%) in this alloy with its large grain size 
(approximately 0.05 cm diameter)  for these sheets to 
be carbide. In  any event  the sheets are Cr-rich, in 
view of neighboring Cr-depleted regions, the lat ter  
having been identified by the present  experimental  
results. 

Conclusions 
The chromium-deple t ion  theory of in te rgranutar  

corrosion has been confirmed for a ferritic stainless 
steel. A sensitized steel corrodes in te rgranula r ly  in a 
potential  range l imited by the passivation potent ia l  of 
the matr ix  (corresponding to ma x i mum possible chro- 
mium content)  and the passivation potential  of iron 
(corresponding to m i n i m u m  possible chromium con- 
tent) .  From a comparison of the anodic polarization 
curves of Fe-Cr  alloys of different chromium content  
with the potential  range over which the extent  of in -  
te rgranular  corrosion decreased to none, the mi n imum 
concentrat ion of chromium in the depleted zone was 
established to be less than  5% and at some boundaries  
to approach 0%. The width of the depleted zone varied 
from 0.05 to 0.7 ~m, as determined from scanning elec- 
t ron micrographs. 

At sufficiently high potentials,  above the range  in 
which no in te rgranula r  corrosion is observed, both the 
sensitized and the nonsensit ized steel exhibited in ter -  
granular  attack. This attack cannot be due to chro- 
mium depletion adjacent to the grain boundary.  
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A n y  discussion of this paper  wil l  appear  in a Discus- 
sion Section to be publ i shed  in the December  1973 
JOURNAL. 
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Structure of Sodium Chloride Films Deposited 
onto a Leading Edge on Fused Silica 

W. Robert Sinclair,* G. W.  Karnmlott, and R. A. Fastnacht 

Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 07974 

ABSTRACT 

Moving mask  deposi t ion can cons iderably  affect the s t ruc ture  of evapora ted  
NaC1 films on fused si l ica giving la rger  gra in  sizes and enhanced or ienta t ion 
in the  p lane  of the  substrate .  The dimensions of the  mask  slit, the  subs t ra te  
tempera ture ,  and the speed of the moving mask  are  impor tan t  variables .  The 
smal ler  the  wid th  of the  slit  in the  mask  the grea te r  the degree  of p re fe r r ed  
orientat ion.  An  in te rmedia te  t empe ra tu r e  (ca. 25~ gives the  larges t  gra in  
size enhancement  and the greates t  degree  of p re fe r r ed  orientat ion.  The speed 
of the  moving mask  must  be above the min imum va lue  to achieve these effects. 
Having  once formed an ordered  film of smal l  wid th  one can expand  the slit  
w id th  and preserve  the  orientat ion.  

There  have  been severa l  studies of the  effect on film 
s t ructure  of deposi t ing th rough  a moving mask  onto a 
leading edge. Nowak (1) has r epor t ed  the p repara t ion  
of s ing le -c rys ta l  films of silicon on amorphous  silica at  
1150~ by  e lect ron beam evaporat ion.  The film was 
seeded on a ba re  spot of a silicon wafer  and then led 
over  a t he rma l  oxide film whi le  s t i l l  ma in ta in ing  the 
s ing le -c rys ta l  a r rangement .  This maneuve r  was accom- 
pl ished using a s lot ted mask.  Unfor tuna te ly  only the  
abs t rac t  of an oral  p resenta t ion  is ava i lab le  and i t  is 
difficult to assess this work  especial ly  wi th  respect  to 
expe r imen ta l  details.  Ano the r  p rob lem posed is the 
na ture  of the  amorphous  silica. This is a film grown 
f rom silicon and st i l l  a t tached to the  silicon. Dis t ler  
et  al. (2) in var ious  papers  c la im tha t  such films can 
d i sp lay  a "memory"  effect which reproduces  the  elec-  
t r i ca l  potent ia l  a t  the  silicon surface. Thus, if this 
effect were  operative,  the  evapora ted  sil icon would  not  
have been deposi ted on a t ru ly  amorphous  surface. I t  
should be noted, however,  tha t  the  findings of Dis t ler  
and his var ious  co-workers  have been chal lenged by  
Chopra  (3). 

Brauns te in  (4) s tudied the  deposi t ion of silicon onto 
fused silica, s ing le -c rys ta l  sapphire,  or silicon using a 
mask  sys tem s imi la r  to the  one indica ted  in Fig. 1. 
Brauns te in  was  able  to obta in  s ing le -c rys ta l  silicon 
on sapphire  and on silicon at  ll0O~ F i lms  deposi ted 
onto fused silica at  ll0O~ were  po lycrys ta l l ine  wi th  
ve ry  sl ight  indicat ions of p re fe r r ed  orientat ion.  A t  
room tempera ture ,  silicon deposi ted onto fused silica 
was amorphous  whereas  use of sapphi re  at room t e m -  
pe ra tu re  led to s ing le -c rys ta l  films. These films were  
p repa red  b y  vacuum evapora t ion  using r f  heat ing 
of a carbon crucible,  by  e lect ron beam evaporat ion,  and 
by  chemical  vapor  deposit ion.  
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In  l a te r  exper iments  Brauns te in  (5) obta ined s ingle-  
c rys ta l  films of silicon by  evapora t ing  silicon onto a 
fused silica subs t ra te  which  had  been p rec lad  wi th  gold 
film and was he ld  at  800~176 dur ing  evaporat ion.  
This expe r imen t  was in effect a combinat ion  of the 
V. L. S. technique (6) as used by  Nielsen (7) and  F i l -  
b ry  and Nielsen (8) wi th  the  moving mask  technique.  
Brauns te in  et al. (9) have also r epor t ed  on this subject.  

C la rk  and Al ibozek  (10) p repa red  s ing le -c rys ta l  
sil icon areas  b y  spu t te r ing  onto subst ra tes  held  at  
20O~ The subst ra tes  were  mechanica l ly  pol ished sil i-  
con or  t he rma l ly  oxidized sil icon (1~ th ick) .  These 
authors  showed tha t  the moving mask  subs tan t ia l ly  
improved  the  orientat ion.  They also sput te red  th rough  
a moving mask  but  wi thout  the  V-shaped  fixed mask  
and obta ined  a h ighly  or iented film. 

These references  represent  the  l i t e ra tu re  of which  
the  authors  are  aware  on the  subjec t  of s t ruc tura l  
effects resul t ing  f rom film p repa ra t ion  by  deposi t ion 
th rough  a moving mask  system. The genera l  idea  of 
minimiz ing  the number  of nuclei  by  masking  is in-  
tu i t ive ly  appeal ing.  The resul ts  of Cla rk  and Al ibozek  

~ M O V A B L E  T O P  MASK 

r . . . . .  - 1  

' ! o ,  
T R A V E L  I I I 

STATIONARY BOTTOM MASK 
(IN CONTACT WITH SUBSTRATE) 

Fig. 1. Typical moving mask assembly used by Braunstein (4) 
featuring stationary bottom mask in contact with substrate and 
movable top mask. 
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are, we feel, inconclusive in demonstrat ing the effi- 
cacy of moving masks per se in  that  possibilities of 
changing the film orientat ion by electric charge effects 
are also present  (11, 12). The experiments  of Braun -  
stein and others where  silicon was deposited onto a 
gold film are also open, we feel, to various in terpre-  
tations. Here the possibility of thermal  gradients 
caused by par t ia l ly  blocking radiat ion from the evapo- 
ration source must  be considered. 

Despite what  we consider to be the inconclusive na-  
ture of previous experiments  involved with the moving 
mask concept we have felt there is potent ial  in the 
idea and that  fur ther  study is warranted.  Our objective 
in this paper is to present  some init ial  results of a con- 
t inuing  study of the significant parameters  involved in 
moving mask deposition. The ul t imate  aim of the work 
is to prepare single-crystal  films on nonideal  surfaces 
(i.e., surfaces which are not  single crystal and which 
do not satisfy the often stated requirements  of close 
matching of lattice parameters  between film and sub- 
strate).  The system studied here is sodium chloride on 
fused silica. Sodium chloride was chosen because such 
films are easy to deposit and analyze; fused silica be-  
cause it is in a sense ideally nonideal  (i.e., random 
structure with no grain boundaries)  with no compli- 
cating features such as exsolution which occurs with 
some of the more complex glasses on heat - t rea tment ,  
Because so many  variables  in th in  film work are in ter -  
related it is usual ly difficult to assess definitively the 
effects of changing a single parameter.  The study pre-  
sented here is aimed main ly  at obtaining some infor-  
mat ion on the effects of vary ing  substrate temperature  
and velocity, and varying  mask dimensions and shapes. 

Experimental Apparatus and Procedures 
The apparatus used is depicted schematically in Fig. 

2 and 3. Sodium chloride was evaporated downward 
from a baffled t an ta lum heater through a double mask 
system onto the fused silica substrate. In  most of our 
experiments  the top mask was fixed and the lower 
mask and substrate moved together. Keeping the posi- 
tion of the top mask fixed has the advantage of keeping 
the angle of deposition onto the substrate  fixed. We 
have followed Nowak's (1) terminology and refer to 
this process as p lanar  edge growth (PEG).  

We have used a var ie ty  of sizes and shapes of lower 
masks in geometries similar to that  shown in  Fig. 1 
where the lower mask is in contact with the substrate. 
We find that with either metal  or mica masks the mask 
edge in contact with the glass substrate acts as a nu -  
cleating agent leading to much more random poly-  
crystal l ini ty than  in experiments  with a mask ar range-  
ment  as shown in Fig. 3 where the lower mask is not 
in direct contact with the glass substrate. A straight 
slit was chosen over the flare type of Fig. 1 to simplify 
interpreta t ion of the results. Usually, diffraction pat -  
terns were obtained only in the region near  the end 

EVAPORANT 
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F~. 2. Vacuum station assembly used in PEG experiments 
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Fig. 3. Detailed drawing of moving mask assembly from Fig. 2 
(side view) and diagram of masks usually employed. The slit width 
labeled on the bottom mask is the dimensional variable referred to 
in the body of this paper. 

of the evaporated line. In  other words, we present  no 
information here of how quickly in the deposition 
process changes occur in the s tructure of the film but  
s imply what  the s t ructure  is at the end of the deposi- 
tion. 

The sodium chloride used was from shattered Har -  
shaw single crystals. The substrate was dr iven by 
means of a rotat ing screw powered by a motor out-  
side the vacuum system and equipped with an adjust-  
able gear train. Linear  velocities were available in 
steps from 3.0 c m / m i n  to 3.2 X 10 -4 cm/min .  The glass 
slide tested on a metal  plate whose temperature  could 
be controlled and measured using an attached thermo-  
couple and associated circuitry. It  is the tempera ture  
of this metal  plate which is referred to herein  as the 
substrate temperature.  A conventional  vacuum system 
with an oil diffusion pump was used. The pressure dur -  
ing evaporation was 0.5-2 X 10 -2 Torr. The deposition 
was monitored with a quartz crystal thickness gauge. 
The rate of deposition was controlled manual ly .  Dur-  
ing a r un  the substrate was moved only after the rate 
was fixed and stable. Lit t le ad jus tment  was required 
during a run.  

At the conclusion of an exper iment  the slide was 
removed, sectioned, and inserted into the electron dif-  
fraction apparatus for s t ructure  determinat ion by re- 
flection electron diffraction (RED). In  some cases the 
l ine broadening in these RED pat terns was measured 
to enable est imation of the particle size using the 
Scherrer  equation and the procedure outl ined by Bar-  
t ram (13). It  is recognized, of course, that  the RED 
technique samples only the outer surface region of 
the film and we must  specifically assume that  the 
changes in the structure of this outer surface region are 
symptomatic of similar changes in the bu lk  of the film. 

Results and Discussion 
Sodium chloride deposited on glass at room tem-  

perature by usual  evaporation techniques (i.e., 90 ~ 
evaporation with no masking) at a rate of 200 A/ra in  
gives a RED pat te rn  indicating no preferred orientat ion 
in the plane of the substrate as shown in Fig. 4a. This 
is in accord with results obtained by Schulz (14) some 
years ago. The results for substrate temperatures  of 
--100 ~ and +200~ are similar  with respect to or ienta-  
t ion differing only in the sharpness of the lines. 

If now we deposit NaC1 films at +200% 25 ~ , or 
--100~ using the masking a r rangment  of Fig. 3 we 
find that  different results can be obtained depending 
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(a) 25~ substrate, no substrate move- 
ment. 

(b) 200~ substrate, 1.5 mm bottom 
mask slit width, 3 mm/min substrate 
speed. 

(c) 25~ substrate, 1.5 mm bottom 
mask slit width, 3 mm/min substrate 
speed. 

Fig. 4. RED patterns obtained from NaCI films 
prepared in various ways. 

(d) 25~ substrate, 0.05 mm bottom 
mask slit width, 3 mm/min substrate 
speed. 

(e) 25~ substrate, bottom mask as 
shown in Fig. 5, 3 mm/min substrate 
speed. 

on exper imental  conditions. We shall consider first two 
variables, substrate temperature  and the slit width of 
the bottom mask, keeping deposition rate (200 A/min )  
and substrate velocity (3 m m / m i n )  constant. Inspec- 
t ion of the RED pat tern  shown in Fig. 4b obtained from 
a film deposited at 200~ with a bottom mask slit 
width of 1.5 m m  shows that  PEG can indeed affect the 
orientat ion of the film in the plane of the substrate as 
judged by the breakdown of some of the RED semi- 
circles in Fig. 4a into arcs. The degree of or ientat ion of 
the films has been estimated by measur ing the angular  
dispersion of selected reflections. To take a par t icular  
example, for the arc going through the point of the 620 
reflection one finds angular  dispersions of 180 ~ , 20 ~ , and 
50 ~ for --100 ~ 25 ~ and 200~ respectively. This maxi -  
mization of the orientat ion effect at an intermediate  
tempera ture  appears to be general ly t rue but  is not al- 
ways as dramatic as the chosen example. Comparison 
of Fig. 4b and 4c il lustrates the effects obtained. 
Changes are also noted in  the particle size as deter-  
mined from the l ine broadening. In  general, for a given 
substrate temperature  the particle size is increased 
when the PEG procedure is used with the max imum 
enhancement  achieved at the intermediate  tempera-  
ture, 25~ For example, for a substrate  velocity of 3 
ram/ra in  the particle size is ca. 40A at --100~ ca. 60A 
at ~200~ and ca. 100A (our upper  l imit of particle 
size determinat ion by l ine broadening using 40 keV 
electrons) at 25~ If the PEG procedure were not 
used the particle sizes would be 25A or less depending 
on temperature.  

The effect of the slit width of the bottom mask on 
film structure has been studied at --100 ~ 25 ~ and 
200~ In  general  the RED pat terns  indicate that  orien- 
tat ion in the plane of the substrate is enhanced with 
decreasing slit width down to slit widths of 0.05 mm at 
least. At 0.05 m m  slit width and a 25~ substrate tem- 
perature arcing of the higher order reflections has es- 
sential ly been replaced by a spot pat tern  and the arc- 
ing of the low index planes is of very low intensi ty  
compared with the spot pat tern as shown in  Fig. 4d. 

Comparison of Fig. 4c and 4d shows the substant ia l  in-  
crease in orientat ion resul t ing from decreasing the slit 
width from 1.5 to 0.05 mm. 

In  another group of experiments  we have investi-  
gated the effect of substrate speed. Here temperature  
was fixed at 25~ the deposition rate at 200 A/min ,  
and the slit width of the bottom mask at 1.5 mm. At a 
speed of 0.48 m m / m i n  or less the film has a random 
structure  in the plane of the substrate yielding RED 
pat terns similar to Fig. 4a. At 3 m m / m i n  an arced pat-  
tern is obtained as shown in Fig. 4c. At  30 m m / m i n  
some further  enhancement  of the orientat ion is ob- 
tained. Since the possibility exists that  we were seeing 
here a film thickness effect ra ther  than an effect due to 
the speed of mask movement,  the dimensions of the 
upper  mask opening were changed to increase the 
film thickness and likewise the substrate was stopped 
dur ing  deposition to allow film bui ld-up  on the area 
to be analyzed. From these experiments  it was shown 
that  the film thickness was not the impor tant  variable 
but  ra ther  the speed of the substrate dur ing deposi- 
tion. Schulz also (14) found the s tructure of NaC1 
films on glass to be independent  of thickness in this 
thickness range (up to 2000A) in his non - P EG  experi-  
ments. 

Final ly,  some exper iments  were done using a bottom 
mask as shown in Fig. 5. These differ from Braun-  
stein's (Fig. 1) in that our bottom mask does not  touch 
the substrate and we also have a long narro-r162 section. 
The specific dimensions are given in the legend of Fig. 
5. With NaC1, at least, this added narrow section is 
significant since without  it no preferred orientat ion is 
obtained in a PEG experiment.  Using the mask of Fig. 
5, depositing NaC1 onto fused silica at 25~ with a 
substrate  velocity of 3 ram/ra in  a spot pat tern  as shown 
in Fig. 4e is obtained which appears to be a mixture  
of only [020] and [011] oriented crystallites. 

In  order to correlate these exper imental  observa- 
tions we have developed a simple quali tat ive picture 
of what  processes are operating to give these results. 
We assume that  at the advancing edge of the film 
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Fig. 5. Top view and side view of mask system used to allow 
flaring out of deposited film. The narrow neck is I mm wide x 10 
mm long. The slot flares out at 45 ~ to a final 12.5 mm wide slot. 

there are adsorbed single molecules or groups of mole-  
cules (e.g., dimers) which do not immediately attach 
firmly to the substrate but  have mobil i ty in the plane 
of the surface. Those which move away from the ad- 
vancing film edge have the opportuni ty  to merge with 
other wander ing adgroups, to become firmly attached 
to the substrate and, to act as nuclei  for crystal growth. 
The slower the advancing film proceeds the greater  
the oppor tuni ty  to form randomly  oriented nuclei. For 
a given rate of deposition there should also be mask 
speeds which would be so great that  there would not 
be a leading edge as such but  ra ther  a collection of 
nucleat ing sites which would lead to polycrystall inity.  
This has not been observed as yet. With respect to the 
effects of temperature  on structure noted previously 
and exemplified on Fig. 4b and 4c we would say that 
at --100~ there is very li t t le mobil i ty  of the admole- 
cules or possibility of reorientation. Therefore, a 
min imal  effect on film structure  occurs. Contrariwise, 
at 200~ we would say that  the adgroup mobil i ty is so 
great that nuclei  can be formed in front of the leading 
edge. An intermediate  tempera ture  can be expected 
to be optimal. 

None of this explains the mask width effects noted 
and we have no satisfying picture of what  is happen-  
ing here. For the moment  we shall assume that we are 
observing a t y r a n n y  of large numbers.  Certainly the 
crystalli te size is quite small ini t ia l ly and by cutt ing 
the width from 1.5 to 0.1 m m  we are reducing the n u m -  
ber of crystallites competing for growth by a factor 
of 15 which may be significant. 

The remarks of the preceding two paragraphs are 
admit tedly vague and qualitative.  This is, however, 
inevitable when such items as the molecular  species 
being evaporated from this nonequi l ibr ium source, 
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the adgroup mobilities, and the critical size of a nucleus 
are unknown.  

Finally,  we would like to remark  as to whether  these 
results are in opposition to the general  ideas of epi- 
taxy wherein one expects to match substrate sym- 
met ry  and bond lengths to the symmetry  and bond 
lengths of the film. In  our opinion these results do not 
contradict epitaxial  theory. If one can assume that  a 
glass surface is an approximation to an equipotential  
surface, then the only way that  the glass surface can 
direct the adsorbed NaC1 molecule is in  a direction 
perpendicular  to the surface. Therefore, by properly 
manipula t ing  the experiment,  we are allowing the 
sodium chloride to epitax on itself at the leading edge 
of the film. 

Summary  
1. Moving mask deposition can considerably affect 

the s t ructure  of evaporated NaC1 films on fused silica 
giving larger grain  sizes and enhanced orientat ion in 
the plane of the substrate. 

2. The dimensions of the mask slit, the substrate 
temperature,  and the speed of the moving mask are 
important  variables. The smaller  the width of the slit 
in the mask the greater the ordering. An intermediate 
temperature  (ca. 25~ gives the largest particle size 
enhancement  and the greatest ordering. The speed of 
the moving mask must  be above a m i n i m u m  value to 
achieve these effects. 

3. Having once formed an ordered film of small 
width one can expand the slit width and preserve the 
orientation. 

Manuscript  submit ted Oct. 4, 1971; revised m a n u -  
script received Aug. 9, 1972. This was Paper  18 pre-  
sented at the Washington, D.C., Meeting of the Society, 
May 9-13, 1971. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the December 1973 
JOURNAL. 
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ABSTRACT 

The morpho logy  of zinc electrodeposi t ion was inves t iga ted  f rom a lka l ine  
zineate solutions on single gra ins  of known or ienta t ion in po lycrys ta l l ine  zinc 
electrodes under  potent iosta t ic  control.  The effect of overpotent ial ,  solution 
composition, and subs t ra te  or ienta t ion  were  examined.  The deposi t ion mor -  
phology was observed with  a scanning e lec t ron microscope. I t  was found 
possible to d isrupt  the deposi t ion r epea ted ly  for microscopic observat ion,  and 
then cont inue deposi t ion At  low overpoten t ia l  (50 mV) ep i tax ia l  l aye r  type  
growth  was observed;  the width  of the macros teps  increased  l inear ly  wi th  
time. A theory  expla in ing  the l inear  step widening  is proposed, which can also 
account for the observed effect of subs t ra te  or ientat ion.  At  100 mV, "boulders"  
were  observed,  not  al l  of which were  ep i tax ia l  wi th  the  substrate.  They are  
suggested to be or ig inated  by nucleation.  The boulder  densi ty  per  cm 2 is first 
sha rp ly  increasing,  then s lowly  decreasing wi th  time. A s ta t is t ica l  ca lcu la -  
t ion for this is given, based on the model  tha t  large boulders  consume the 
smal ler  ones. With  fur ther  deposi t ion a smal l  f ract ion (ca. 0.1%) of the  
boulders  develop into dendri tes,  the i r  number  being l imi ted  by  the  avai lab le  
total  current .  Exper imen t s  were  car r ied  out to different ia te  be tween  over -  
potent ia l  and cur ren t  control  of morphology;  overpoten t ia l  was  found to be 
the  cri t ical  var iable .  

Electrodeposi t ion react ions of meta ls  form a special  
class of e lect rochemical  reactions,  since, in addi t ion to 
the  usual  e lect ron t ransfer  processes and surface chem-  
ical  reactions,  the crys ta l l iza t ion step has also to be 
taken  into account in the t r ea tmen t  of the kinetics.  
Inves t igat ions  of these react ions can be divided in two 
groups. To obtain knowledge  concerning processes on 
the angs t rom- leve l  deposit ion,  the  change of surface 
due to format ion  of new crysta ls  can be avoided wi th  
the use of pulse  techniques, and the kinet ics  and 
mechanism of the  react ion (under  the  surface condi-  
t ions of the or iginal  subs t ra te)  can be invest igated.  
On the  micron  level, on the other  hand, it is jus t  the 
changes of the  surface (morphology)  which is i tself  
the subject  of research.  Recent  rev iews of both areas  
are  ava i lab le  (I ,  2). 

The ear ly  mechanism of E r d e y - G r u z  and Volmer  (3) 
consist ing of repe t i t ive  nucleat ion and the subsequent  
spread  of steps was not found consistent  wi th  the ex-  
pe r imenta l  facts. I t  r equ i red  a min imum overpoten t ia l  
for  deposi t ion (not observed) ,  and also fai led to p re -  
dict a Tafel  t ype  cu r ren t -po ten t i a l  relat ionship.  This 
difficulty was overcome by the appl ica t ion  of F r a n k ' s  
theory  of g rowth  (4) to e lectrocrystal l izat ion,  which 
in t roduced the screw dislocat ion as an inexhaust ible ,  
ro ta t ing growth  step. This development ,  and the theory  
of bunching (5, 6) which expla ins  the  fo rmat ion  of 
macros teps  from atomic steps, were  successful in ex -  
p la in ing  most of the  observed ep i tax ia l  g rowth  fea tures  
such as layers,  ridges, pyramids ,  spirals,  t runca ted  
pyramids ,  and  blocks (7-11). The macros teps  a re  usu-  
a l ly  bounded by  low energy,  high atomic densi ty  ( low 
index)  p lanes  (12, 13). In  spite of the  genera l  (but  
qual i ta t ive)  success of the  dislocation theory,  o ther  
sources of g rowth  steps should not be neglected.  I t  has 
been shown (10) that  microsteps caused by  misor ien ta -  
t ion of the  actual  surface f rom perfect  l ow- index  
c rys ta l  p lanes  can be a ma jo r  source of g rowth  lines; 
and the nucleat ion mechanism has recen t ly  been shown 
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to app ly  to dis locat ion free surfaces (14, 15), and  is 
also expected to p l ay  a par t  in deposi t ion at  high over-  
potent ia ls  (16-17). 

Nonepi tax ia l  growth  and deve lopment  of p re fe r r ed  
or ienta t ion ( tex ture)  is much less c lear ly  understood.  
The two preva i l ing  theor ies  a re  the  nucleat ion theory  
[e.g., Ref. (18)] expla in ing  t ex tu re  by  the appearance  
of nuclei  having the  smal les t  energy  of formation,  and 
the e lect rochemical  theory  (19) based on the different  
e lec t rochemical  g rowth  ra te  and different  e lec t rosorp-  
t ion character is t ics  of the  different  crys ta l  planes.  

A number  of invest igat ions  have  been made  on the 
morphology  of zinc deposi t ion from acidic zinc sulfate 
solutions. A de ta i led  t r ea tmen t  of deposi t ion habi ts  on 
single crysta ls  has been repor ted  (20) and the t ex tu re  
of po lycrys ta l l ine  deposi ts  has been examined  (21-23). 
Deposi t ion f rom a lka l ine  solutions has been s tudied 
ma in ly  wi th  respect  to dendri t ic  growth  (24-33) and 
only l imi ted  observat ions  were  made of nondendr i t ic  
t ype  deposits  (24, 25, 30, 32), and t ex tu re  (33). The 
degree  of mechanis t ic  unders tand ing  is small .  

A be t te r  unders tand ing  of the zinc deposi t ion mor -  
phology from a lka l ine  solutions is desi rable  not only 
because of its re levance  to fundamen ta l  e lec t rochem- 
i s t ry  but  also because of the impor tance  of the  a lka l ine  
zinc/zinc oxide electrodes in high energy  dens i ty  s tor-  
age batteries.  Thus, z inc-a i r  cells (34) a re  among the 
most promis ing e lec t rochemical  energy  s torers  for  
e lectr ical  t r anspor ta t ion  but  the i r  deve lopment  is 
h indered  by  a lack of unders tand ing  of the  e lect rode 
processes involved.  An  angs t rom level  kinet ics  and 
mechanism s tudy was recent ly  r epor ted  (35). In  the 
present  work  the morphologica l  aspects of deposi t ion 
are  discussed. 

Experimental 
Electrodeposi t ion was car r ied  out onto l a rge -g ra ined  

zinc electrodes (wi th  known crys ta l lographic  or ien ta -  
tion of some selected grains)  f rom a lka l ine  zincate  
solutions, under  potent iosta t ic  control.  The morphology  
of the deposit  was inves t iga ted  in situ with  Nomarsk i  
optical  microscopy,  and af ter  deposi t ion by  scanning 
electron microscopy. 

Electrode preparation.--The electrodes were  ma-  
chined f rom 99.999% pure  zinc, into 3 m m  d iam rods. 

30 
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Large grains were grown, after machining,  with the 
following technique. The working surface of the elec- 
trode was mechanical ly polished (180-320-600 silicon 
carbide papers, followed by 1~ a lumina  on cloth). The 
electrode was heat- t reated at 330~ for 20 hr  under  
purified ni t rogen atmosphere to allow recrystall ization 
and gra in-growth  to proceed (36), followed by slow 
(8 hr) cooling. The electrode was finally electropolished 

in a solution containing 50 volume per cent (v/o)  
conc. orthophosphoric acid and 50 v /o  ethylalcohol 
(37, 38). The electrode was held in a Teflon holder 
exposing only the surface to be polished and was 
positioned horizontal ly below a flat p la t inum counter-  
electrode. The potential  was kept below that  of gas 
evolution, which would hinder  the polishing process. 
The polishing was occasionally in ter rupted  and the 
surface examined for smoothness wi th  a metal lurgical  
microscope equipped with Nomarski in terferometry  at-  
tachment.  Polishing times between 2 and 4 hr  were 
usual ly sufficient to produce a smooth surface. 

The grain  s t ructure  of the electrode surface could 
be observed with the microscope in polarized light 
(39) ; an example is shown in Fig. 1. A large grain was 

selected on each electrode and its crystallographic ori- 
entat ion was determined by x - r ay  (Laue back reflec- 
t ion) method (the other areas of the surface were 
masked by lead foil). All  exper imental  observations 
were carried out on these selected grains only. The ori- 
entat ion of the selected grain on each electrode used 
in this s tudy is shown in stereographic projection in 
Fig. 2. 

After  this preparat ion the electrodes were stored 
in  a desiccator. Just  before electrodeposition the sur-  
face of the electrode was given a final t reatment ;  it 
was a cathodic reduction, in the cell itself, in zincate 
free solution (cf. below).  This t rea tment  was previ-  
ously found necessary to produce an oxide film-free 
surface, on which acceptably reproducible kinetic data 
could be obtained (35). The surface was characterized 
by chronopotent iometry (35). Each of the electrodes 
was used in more than one experiment;  between the 
experiments  the electrodes were always electropolished, 
and before each experiment  the surface was reduced. 

Solution preparation.--High pur i ty  potassium hy-  
droxide-zincate solutions were used which were  pre-  
pared via potassium and zinc amalgams. The details 
of the process are given elsewhere (35). Most of the 
experiments  were carried out with solutions contain-  
ing 2M KOH and 0.1M zincate, in  some cases a zincate 
concentrat ion of 0.02M was used. For the cathodic 
reduction of the electrodes a s imilar ly prepared 0.1M 
KOH solution was used. 

Fig. 1. Electrode No. 2 viewed in polarized light. The mask rep- 
resents 1 ram. 
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Fig. 2. Crystallographic orientation of selected grains on the 

electrodes, shown in stereographic projection. 

The cel l . - -A cell was designed to allow in situ micro- 
scopic observation with short working distance (0.4 
ram) objectives. The basic concept of the cell has been 
reported before (40), and a detailed description of 
the design is given elsewhere (41). A zinc sheet (7.5 
• 10 -3 cm thick) was used as a counterelectrode, it  
was positioned 22.5 • 10-3 cm above the working 
electrode. The reference electrode was a 1 m m  diam 
zinc wire immersed in the test solution (the pur i ty  of 
all zinc used was at least five 9's). For  the cathodic 
reduction t rea tment  of the electrode an auxi l iary 
p la t inum counterelectrode was used, placed in the 
ceil outlet. 

Deposition techniques.--General procedure.--The 
cell was assembled on the microscope stage (placing 
the observation hole of the counterelectrode over the 
grain, to  be examined) and was blown free of air by a 
stream of purified nitrogen. The 0.1M KOH solution 
was introduced under  ni t rogen pressure and the work-  
ing electrode was galvanostatically reduced at  a cur-  
rent  density of 50 m A / c m  2 for 8 min. The cell was 
drained under  ni t rogen atmosphere, then flushed and 
filled with the test solution. Deposition was carried 
out potentiostatically (Wenking 61 TR) while the cur-  
rent  was cont inuously recorded on a str ipchart  re-  
corder. The overpotential  was controlled at 50, or 100 
mV, and in one exper iment  at 200 mV. All  deposition 
was carried out at room temperature,  f rom unst i r red 
solutions. After  the desired amount  of charge was 
passed (in the range of 0.3-40 C/cm 2) the cell was 
flushed with distilled water  and blown dry wi th  ni t ro-  
gen. The cell was disassembled and the electrode 
t ransferred to a nitrogen-fi l led desiccator where it  
was kept unt i l  the electron microscopic investigation. 

Interrupted deposition.--In a number  of tests the depo- 
sition was repeatedly in ter rupted  for electron micro-  
scopic investigation, and then continued. The same pro- 
cedure as given above was repeated in each case, in -  
cluding the reduction of the electrode before deposi- 
tion. Between operations, the electrode was kept and 
t ransported in a ni t rogen filled desiccator. 

Deposition-dissolution-deposition series.--In some 
cases of the in terrupted tests, an anodic dissolution of 
the deposit was substi tuted for a cathodic deposition 
step. The dissolution was carried out galvanostatically,  
at a current  density below that  of passivation. In  the 
present  test solutions 1.3 m A / c m  ~ was found satisfac- 
tory. 

Observation methods.--Optical in situ observation.- 
This method of observation of the deposition was car-  
ried out using a metal lurgical  microscope (Zetopan-M, 
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Fig. 3. SEM picture of deposition at 10 mV overpotential. The 
mark represents 5~. 

Reichart ,  Aus t r i a ) ,  equ ipped  wi th  Nomarsk i  i n t e r -  
f e romet ry  and contras t  a t t achments  (42, 43). Pe r iod-  
ica l ly  pic tures  were  taken  of the  surface wi th  a 
Polaro id  camera  equipped wi th  an e lec t romagnet ic  
shut ter  and automat ic  exposure  control  (Watson, En-  
g land) .  The cur ren t  efficiency of hydrogen  evolut ion is 
ve ry  low in this  system (35), and i t  d id  not  in te r fe re  
wi th  optical  observations.  

Electron microscopy.--After the deposition, the elec-  
t rode  surface was inves t iga ted  wi th  a scanning electron 
microscope (JSM-U3,  JEOLCO, J apan ) .  P ic tures  were  
taken  at  two or ientat ions  of the electrode:  (i) The 
e lect rode rod was a l igned lengthwise  wi th  the  optical  

axis  of the  e lect ron microscope,  or (ii) the  "c" axis of 
the  gra in  under  invest igat ion was a l igned wi th  the 
opt ical  axis of the electron microscope. In  the  la t te r  
mode, the fea tures  of the deposi t  a re  expected  to 
appear  para l le l  wi th  each o ther  and be in hexagonal  
s y m m e t r y  (120 ~ angles)  if the  deposi t  is ep i tax ia l  wi th  
the substrate ;  in this  case, the  or ienta t ion  of the  fea-  
tures  could also be  de termined.  Occasionally,  s tereo-  
pa i r  pictures  were  taken.  The e lect ron beam intensi ty  
was kept  at the  min imum value  which  sti l l  a l lowed 
good qua l i ty  observation,  to avoid con tamina t ion  of 
the surface in the  microscope. 

Results 
General description of the morphology of the de- 

posits.--Detailed tests were  ca r r i ed  out  a t  50, and 100 
mV overpotent ials ,  wi th  an  addi t ional  test  at 200 mV; 
the genera l  morpho logy  of the  deposi ts  was different  
in each case. At  50 mV layers  or r idges  were  found, 
whi le  a t  100 mV the deposi t  could be best  descr ibed 
as consist ing of "boulders ."  At  200 mV, dendri t ic  
g rowth  was observed.  (During some p re l im ina ry  ex-  
per iments  mossy growth  (27) was observed at 10 mV 
overpotent ial ,  as shown in Fig. 3.) The opt ical  micros-  
copy [wi th  Nomarsk i  i n t e r f e romet ry  and  cont ras t  
a t tachments  (42, 43)] did  not  p rove  fu l ly  successful 
in this  invest igat ion,  for the  fol lowing reasons. The 
large  number  of g rowth  fea tures  (~107/cm ~) caused 
the in te r fe romet r ic  pa t te rns  to overlap,  and the  tech-  
n ique was not  usable.  The  in ter ference  cont ras t  t ech-  
nique al lowed the cont inuous observat ion  of the  depo-  
sition in situ, but  because the  scale of the deposi t  fea-  
tures  was close to 1~, border ing  the  resolu t ion  and 
depth  of focus of the  opt ical  system, only an ove r -a l l  
impression of the  type  of deposi t ion could be obtained 
but  detai ls  were  not resolvable.  The da ta  p resen ted  
in the fol lowing sections are  based on e lect ron micro-  
scopic observat ions.  

Deposits at 50 m V  overpotential from 0.1M zincate 
solution.--The deposi t ion was of layer  (or r idge)  type  
on al l  electrodes,  as shown in Fig. 4. Occasional ly 

Fig. 4. SEM pictures of deposi- 
tion at 50 mV. The mark repre- 
sents 20~. A, Electrode No. 1, 
16.5 C/cm~'; B, electrode No. 3, 
1].5 C/cm2; C, electrode No. 4, 
14 C/cm2; D, electrode No. I, 
20 C/cm ~. 
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Fig. 5. SEM picture of deposition at 50 inV. The "c" axis of 
substrate is aligned with the optical axis of microscope. The mark 
represents 4~. Electrode No. 1, 16.5 C/cm ~. 

boulders  appeared  on layers,  some can be seen on Fig. 
4a. At  the  gra in  boundaries ,  a smooth t rans i t ion  exis ted  
be tween  the different ly or iented l aye r  s t ructures  (Fig. 
4d).  On photographs  t aken  wi th  the "c" axis of the 
gra in  a l igned wi th  the  optical  axis of the  microscope 
(Fig. 5) the  deposi ts  a lways  appeared  as l ayer  type,  
and were  ep i tax ia l  wi th  the  substrate.  The  most  

p rominen t  p lane appear ing  was the  (0001), bounded 
in each case by  side surfaces of planes  belonging to 
the [1120] zones. If  the  edges a re  pe rpend icu la r  to the  
layers  (e.g., Fig. 6a,b) the bounding planes  wi l l  be 
[1100]. A d rawing  of the deposit ion,  indica t ing  the  
orientations,  is shown in Fig. 7. Occasionally,  the  edges 
were  more  complex,  as shown in Fig. 6c,d, and the  
or ientat ions  could not  be de te rmined  f rom the  presen t  
data;  t hey  were  presumed to be low orde r  p y r a m i d a l  
faces. 

F rom in te r rup ted  deposi t ion studies, a re la t ion  be-  
tween  the average  layer  wid th  and the th ickness  of 
the  deposit  (expressed  as C /cm ~) was found, and is 
shown in Fig. 8. 

Deposits at 100 mV overpotential from 0.1M zincate 
solution.--At this overpotent ia l ,  the deposi t  consisted 
of boulders.  The first boulders  were  observed  wi th  the  
opt ical  microscope af ter  10-15 sec of deposit ion,  and 
they  appea red  in increas ing numbers  unt i l  the  surface 
was comple te ly  covered, then  the i r  number  decreased.  
The size of the boulders  cont inual ly  increased dur ing 
the course of the  deposit ion.  A typica l  photograph  
series is shown in Fig. 9. They first appear  to have 
the shape of a sphere,  then t u r n  into i r r egu la r ly  shaped 
boulders,  and f inal ly develop we l l -o r i en ted  crys ta l l ine  
faces dur ing the deposition. At  this  l a t te r  stage, many  
of them have s tepped sides (Fig. 10) and seem to con- 
sist of layers.  Before they  comple te ly  cover the  surface 
of the  electrode, occasional ly a l a y e r - t y p e  growth  is 
vis ible  beneath  the  boulders  (Fig. 11, 15a). There  is a 
tendency for the boulders  to segregate  at  grain 
boundar ies  of the  or iginal  subs t ra te  (Fig. 15). Pho to -  
graphs,  taken  wi th  the "c" axis of the  crys ta l  a l igned 
wi th  the  opt ical  axis of the microscope (Fig. 12), 
revea l  that  not  al l  of the  boulders  a re  ep i tax ia l  wi th  
the  subs t ra te  (note the smal l  misa l ignment  of sides 
in the  circles) .  The m a j o r i t y  of them is epi taxial .  
These are  comprised  of layers ,  pa ra l l e l  to the  (0001) 

Fig. 6. Effect of observation 
angle. Electrode No. 4. 50 mV. 
Mark represents 4~ for A,B, 
and 10~ for C,D. A,B, (14 C/  
cm2); tilt: 32~ B rotated 180 ~ 
compared to A. C,D, (2.5 C/  
cm2); tilt: 36~ C rotated 114 ~ 
compared to D. 
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Fig. 7. Schematic representation of deposition shown on Fig. 5. 
A, Direction of lines; B, cross-sectional view. 
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Fig. 8. Dependence of average step width on charge. At 6 mA/cm 2, 
1C is equivalent to 167 sec. x, electrode No. 1; O ,  electrode No. 3. 

plane of the substrate,  and  are  bound  by  side planes  
containing l ines pa ra l l e l  to the  <1120> directions.  

F r o m  the test  series wi th  i n t e r rup ted  deposi t ion 
(e.g., Fig. 9), the  var ia t ion  of average  boulder  densi ty  
and size were  de te rmined  as a funct ion of deposi t ion 
thickness (C/cm2),  and are  shown in Fig. 13 and 14. 
F rom these data, the  charge needed for thei r  fo rma-  
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t ion can be es t imated  (assuming that  the  boulders  are  
cubes) ,  and compared  to the ac tual  charge  densi ty  
used in the deposi t ion (Table  I ) .  

E~ect of the crystallographic orientation of the sub- 
strate on the morphology of the deposit.--The or ienta-  
t ion of the subs t ra te  had no effect on the qual i ta t ive  
charac te r  of the  deposit.  A t  50 mV, layers  were  ob-  
served  on al l  electrodes,  and at  100 mV boulders  ap-  
peared  on eve ry  electrode.  There  were  quant i t a t ive  
differences in the number  and ra te  of g rowth  of the 
fea tures  of the  deposit.  These are shown in Fig. 8, 
13, and 14. 

Redeposition oy dissolved deposit.--The resul ts  of 
one such series (see above) ,  wi th  the  deposi t ions ca r -  
r ied out at  100 mV overpotent ia l ,  is shown in a photo-  
g raph  series in Fig. 15. 

Deposition from O.02M zincate solutions.--Limited 
number  of tests  were  car r ied  out, only  to de te rmine  
the type  of deposi t  at  each overpotent ia l .  Laye r s  were  
found at 50, boulders  at 100, and dendr i tes  a t  200 mV 
(Fig. 16). 

Current-time behavior.--The current ,  at  constant  
overpotent ial ,  was cont inuously  recorded dur ing  depo-  
sitions, a typica l  cur ren t  t race  is shown on Fig. 17. 
The average  cur ren t  densities, observed  at  different  
overpotent ia l s  in different  solutions, a re  given in Table 
II. A t  the  lower  zincate  concentra t ion  the  cur ren t  was 
under  mass  t r anspor t  control,  both  at  50, and 100 mV 
overpotent ia ls .  At  the  h igher  zincate concentra t ion the  
cur ren t  was under  mixed  ac t iva t ion-mass  t r anspor t  
control  at 50 mV, and under  mass  t r anspor t  control  at  
100 mV. 

Discussion 
Comparison oy optical and electronoptical observa- 

tion techniques.--Both techniques have been  wide ly  
used in e lec t rocrys ta l l iza t ion  studies (44). Transmis -  
sion electron microscopy offers a be t te r  resolution, bu t  
at  the price of arduous  repl ica t ion  technique,  which 
l imits  the  observat ion  to the  end resul t  of a deposit ion;  
fur ther ,  the  possibi l i ty  of recrys ta l l iza t ion  be tween  
deposi t ion and observat ion  is a lways  present .  Light  
microscopy, especia l ly  coupled wi th  modern  in t e r -  
ferometr ic  methods  (42, 43), has  the advan tage  that  
it  a l lows a cont inuous in situ observat ion  of the  deposi-  
tion, its resolut ion is, however ,  l imi ted  to about  1# 
horizontal ly,  and to about  0.02~ ver t ica l ly ;  for a s t ruc-  
ture  l ike  the s tepped boulders  (Fig. 10) whe re  the 
wid th  of the steps is less than  1~, i t  is not  appl icable .  
The  recent  deve lopment  of the  scanning e lect ron 

Table I. Data of boulder growth 

B o u l d e r  C h a r g e  % C h a r g e  
E lee -  C h a r g e  A v e r a g e  d e n s i t y  r e p r e -  r e p r e -  
t r o d e  d e p o s i t e d  b o u l d e r  p e r  crn~ s e n t e d  b y  s e n t e d  b y  
No.  ( C / c m  2) s ize  (/D ( x 10 -~ ( C / c m  2) b o u l d e r s  

1 0.4 0.75 5.8 0.053 13 
9.4 3.5 9.7 9.09 97 

18.4 4.5 7.6 15.13 82 
2 0.4 1.0 1.1 0.024 6 

1.5 1.0 31 0.67 45 
4.0 1.5 42 3.07 77 
8.5 2.0 29 5.03 59 

20.5 4.0 8.7 12.2 60 
40.0 6.0 3.6 17.0 43 

3 0.3 0.75 5.0 0.046 16 
2.8 2.0 25 4.37 156 
9.0 3.0 12 6.80 78 

17.0 4.0 8.3 11.60 68 

Table II. Representative current densities 

Z i n e a t e  c o n e e n -  O v e r p o t e n t i a l  C u r r e n t  d e n s i t y  
t r a t i o n  ( too l / l i t e r )  ( m V )  ( m A / c m = )  

0.02 50 2.6 
0.02 100 2.8 
0.02 200 2.9 
0.1 50 0 
0.1 100 14 
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Fig. 9. SEM pictures af deposi- 
tion at 100 mV as function of 
charge. Electrode No. 3. The 
mark represents 5~. A, 0.3 C/ 
cm2; B. 2.8 C/cm2; C, 9 C/cruZ; 
D, 17 C/cm 2. 

microscope al lows a compromise  be tween  the two 
methods.  A resolut ion of 0.02~ is possible wi th  direct  
observat ion of the surface. Labor ious  repl ica t ion  is 
not needed, and since the sample  is not destroyed,  the 
deposi t ion can be cont inued af ter  the microscopic in-  
vestigation.  Therefore,  while  in situ observat ion  is not 
possible, the deposi t ion can be r epea ted ly  in te r rup ted  
for observation.  A number  of quest ions remains  to be 
answered,  however :  

(i) Does recrys ta l l iza t ion  t ake  place significantly, 
af ter  the  current  had  been swi tched off (especial ly  in 
the case of high exchange cur ren t  densi ty  processes) ? 

(ii) Does the surface change (e.g., by  oxide film 
format ion)  in the t ime be tween  r emova l  f rom the  cell  
and observat ion in the  microscope? 

(iii) Wha t  is the effect on cont inued deposi t ion of 
the  in terrupt ions ,  and e lect ron microscopic inves t iga-  
t ion? 

There  can be  no genera l ly  val id  answers  to these 
questions. Fo r  the present  w o r k  the fol lowing obser -  
vat ions  are  re levant :  

(i) At  the end of one deposi t ion the l ight  micro-  
scope was focused on some c lear ly  vis ible  fea tures  at  
the  highest  magnif icat ion (780•  and the deposi t  was 
observed for 15 rnin af ter  switching off the  current .  
No changes were  observed.  Since in the  ac tua l  exper i -  
ments  the  cel l  was  d ra ined  in less t han  30 see af ter  

Fig. 10. SEM pictures of deposition at 100 mV. Electrode No. 2. Fig. 11. SEM picture of boulders over layers. Electrode No. 1 
20.5 C/cm 2. The mark represents 5~. 100 mV, 9.5 C/cm 2. The mark represents 16~. 
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Fig. 13. Boulder density as function of charge. At 14 mA/cn~, 
1C is equivalent to 71 sec. x, electrode No. 1; O ,  electrode No. 2; 
I-I, electrode No. 3. 

5 

tu rn ing  off the potentiostat, recrystall ization problems 
are not expected. The corrosion of the zinc in the test 
solution is also known to be negligible (35). 

(ii) The oxidation rate of zinc in dry air at room 
temperature  has been reported (45) as 20 • 10 -8 cm/48 
hr. Since the electrodes were s to red  under  dry  ni t ro-  
gen, and were exposed to air  only for minutes  between 
deposition and microscopic observation, the th in  oxide 
film formed should not affect the observations. This 
film was then removed before fur ther  deposition by 
cathodic reduction in 0.1M KOH. 

(iii) Two results obtained here are re levant  to the 
third question. Deposit ion-dissolution-deposit ion series 
(such as shown in Fig. 15) allows the observation of 
specific boulders as they diminish and grow in size, 
indicating that they remain active in spite of the inter- 
ruption and electron microscopic exposure. Further- 
more, depositions carried out with numerous interrup- 
tions for observation, and ones carried out without 
any interruption, gave the same morphology at a given 
coulombs/cm 2 both qualitatively (type of deposition) 
and quantitatively (number and size of growth fea- 
tures). 

Layer growth.--Crystallographic orientation of lay- 
ers . - -Layer  growth is a common type of deposit, its 
appearance is explained by bunching of monoatomic 
steps into macrosteps (1, 2). This is applicable to the 
present  case. 

x 

/oJo 

0 

Fig. 12. SEM pictures of deposition at 100 mV. The "c" axis of 
the substrate is aligned with the optical axis of the microscope. 
Electrode No. 3. 16 C/cm 2. The mark represents 10~ for A, and 
50~ for B. 
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Fig. 14. Average boulder size as function of charge. At 14 mA/ 
cm ~, 1C is equivalent to 71 sec. x. electrode No. 1; � 9  electrode 
No. 2; I-1, electrode No. 3. 

The crystallographic orientation of the layers was 
the same in all experiments. It should be noted here 
that the appearance of the layers is similar only when 
viewed along the <0001> direction, otherwise rather 
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Fig. 15. SEM pictures from a deposition-dissolution-deposition 
experiment. The mark represents 16~. A, after deposition of 1.2 
C/cm2; B, after dissolution of 0.3 C/cm2; C, after further deposi- 
tion of 1.4 C/cm 2. 

different ("ridge" or "pencil" type) structures appear 
as il lustrated in the triple grain boundary picture (Fig. 
4d). This apparent difference, however, is due to the 
different orientation of the "c" axis of the grains and 
the epitaxial deposit with respect to the observation 
angle. The effect which can be created this way is 
i l lustrated in Fig. 6, which shows the same deposits 
viewed from different angles. 

Fig. 16. SEM pictures of depositions from 0.02M zincate solu- 
tion. Electrode No. 1. The mark represents 10~. A, 50 mV, 17 C/  
cm2; B, 100 mV, 13 C/cm2; C, 200 mV, 13 C/cm g. 

The appearance of the (0001), [1100], and low order 
pyramidal  planes is expected, based on Bravais's law 
of crystal growth (13, 46) and Stranski 's calculation 
of equilibrium forms (12). A detailed study of zinc 
deposition morphology from acidic zinc sulfate solu- 
tions (20) has shown similar results. Deposition was 
carried out on a large number of single crystal faces 
and the resulting facets were analyzed by optical goni- 
ometry: the (0001) plane was the most prominent, 
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Fig. 17. An example of current-time behavior. Electrode No. 3. 
50 inV. 

with weaker  reflections from the [10h]  planes, other 
planes were found only in minor  amounts.  An analysis 
revealed that  in each case, the most closely packed 
planes appeared. The appearance of the deposit was 
described as "layer," "ridge," or "pencil" type, de- 
pending on substrate orientatign. On this basis, the 
appearance of hexagonal  pyramids would be expected 
when the substrate is parallel  to the basal  (0001) plane, 
and these were indeed observed (24, 30, 32). The ap- 
pearance of layers has also been reported for deposi- 
tions from alkaline zincate solutions (24, 25) but  their 
or ientat ion has not been determined. 

Mechanism o.f layer growth.--The sources of steps have 
been postulated as being dislocations (5). Recently, it 
has been shown (10) that  in the case of copper deposi- 
tion, on a (100) plane, the source was a slight misori-  
entat ion of the examined surface from the crystal 
plane. The results of the present  work offer the possi- 
bi l i ty of differentiating between these sources of steps. 
A higher index plane can be visualized as being formed 
of steps bounded by low index planes, and the two 
electrodes, on which detailed data were obtained on 
layer growth (Fig. 8), are in such orientat ion that  
both surfaces can be represented by steps bounded by 
(0001) and (1100) planes only (these are the planes 
which were found predominant  in layer growth),  but  
their  t i l t  with respect of the "c" axis is different. If 
the sources of steps are the microsteps due to the 
crystallographic orientat ion of the substrate, a theory 
based on this hypothesis should predict the observed 
differences in  step growth (cf., Fig. 8). 

The exper imental  data show a l inear  increase of 
step width with t ime (charge) but  the rates are differ- 
ent  for the two electrodes. For electrode 1, the ra te  is 
2.2 Msec and for 3 it is 1.6 #/sec. Such a l inear  widen-  
ing of steps has been observed before (10), but  no 
theoretical explanat ion is given in  the l i terature.  The 
following model of step widening is suggested. 

Let us assume that at the start  of the process the 
surface is comprised of "n" pre l iminary  steps which 
are already multiatomic high, 20-30 • I0 -8 cm or 
higher, as shown in Fig. 18. (This assumption will be 
discussed later.) Metal is being deposited to both sur- 
faces of the steps and they are moving simultaneously 
outwards and laterally across the surface. Consider 
first the outward movement only, proceeding with an 

Ul 

I t 
W = - -  

n 

> �89  

Fig. 18. Schematic representation of step growth 

average rate of vl (#/sec). Step widening will  occur if 
a fraction of the steps (pin, where pl < 1) wil l  move 
slower than the average speed (81~1, where 81 < 1). 4 
A slow step wil l  be overtaken by a neighboring fast 
step when  

Vlt = h -~- ~IVlt [1] 
or at a t ime 

h 
t = [2 ]  

v1(l -- 51) 

It  is assumed that  at this t ime the two steps wil l  join 
and cont inue to move forwards as one step, thereby 
el iminat ing a step. Since there are pin such pairs, the 
rate of decrease of the number  of steps can be wri t ten  
as 

-- [ d ~  ] ~ _ [ A~ ] = p l n r l ( 1 - -  51) [3] 
1 1 h 

The total current  flowing to the surface wil l  be 
divided in  two parts, one causing the outward, and 
one causing the lateral  growth. Since the exchange 
current  densities of the two growth planes are near ly  
equal  (47) the rate of ou tward  growth, at a total 
cur rent  density of i, can be expressed as 

to 
vl = a i - -  [4] 

h §  

where a is a constant  convert ing current  density to 
l inear  growth velocity. Furthermore,  the ratio of step 
width to step height will  remain  constant dur ing the 
process, according to the model used 5 

tO 
-- = C [5] 
h 

Combining [3], [4], and [5] gives the rate of dis- 
appearance of steps as 

- -  = p l ( 1  - -  51) a i n 2 [ 6 ]  
-~-  i l / C  + 1 

An exactly analogous treatment can be made for 
the lateral  motion, giving (using index 2 for this case) 

- -  = p2(1  - -  52) ai  n ~ [7 ]  
"~" 2 C + 1  

The total rate of step disappearance is then 

- -  1 ~ ] [ 8 ]  dt 2 

Combining Eq. [6], [7], and [8] and solving the di f-  
erent ial  equation gives finally 

1 [ 
---w= p l ( 1 - -  81) a~ .  
n I/C + 1 

1 "=1 

J t + too [9] + p2(1 - - 5 2 )  a i  C + 1 

This is the sought relation between step width and 
time; in agreement with experimental data, the rela- 
tion is linear. In order to compare the slopes of the 
lines, a further assumption has to be made. It is 
assumed that the nature of the processes taking place 
on the (0001) and (1100) are similar (they are the 
first and third most closely packed planes) and there- 
fore pl ~ ~, and 51 ~ 82. Equation [9] can then be 
simplified 

t o = { p ( 1 - - 8 )  ai} C ( C + I )  +(IIC+ lJ't" -btoo [I0] 
(1/C + 1) (C + 1) 

In the expression for the slope, the parameters in 
the brackets are the same for electrodes 1 and 3, since 

4 A distribution of propagation rates could result, e.g, ,  from sta- 
tistical fluctuation of impurity adsorption. 

5 The constancy of this ratio was experimentally observed for 
copper (10). 
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the growth faces are (0001) and (1100) in each case, 
and the experiments  were conducted under  identical 
conditions. The difference in slopes therefore can arise 
only from the difference in the value of C. This can be 
obtained with the following argument .  The pr imary  
steps are produced by the bunching of the monoatomic 
microsteps originally present on the surface. If one 
assumes that  the microsteps are present due to the 
crystallographic or ientat ion of the substrate (and not 
due to dislocations) the value of C is obtained as the 
cotangent of the angle of incl inat ion of the surface to 
the "c" axis of the substrate (cf. Fig. 7). This angle 
is 29 ~ for electrode 1, and 47 ~ for electrode 3. There-  
fore, the theoretical ratio of the slopes of the lines of 
Fig. 8 can be calculated as 1.56 (ratio of electrode 
1 to electrode 3). The exper imental  value is 1.35. The 
agreement  is satisfactory, confirming the hypothesis 
that the origin of the microsteps is indeed the crystal-  
lographic orientation, ra ther  than pairs of dislocations. 
That  is, they are present on the surface because, as a 
high index plane, it consists of monoatomic steps of 
low index planes [cf. Ref. (1), Fig. 26]. 

The mechanism of the formation of the "pr imary"  
steps from the microsteps has not yet been treated. 
The kinematic  theory is not applicable in the present 
case. Because of the high angle of incl inat ion of the 
surface to the "c" axis, the width of the microsteps is 
only about 1-2 atomic length; the surface can be 
described rather  as an atomically rough surface and 
not as one containing smooth terraces, as would be 
needed for the application of the kinematic theory. It 
is easy to show, however, that the bunching of the 
microsteps will be energetically favored. The edge 
energy per atom is always larger than the surface 
energy, and therefore, the coalescing of microsteps 
will decrease the total energy of the surface by de- 
creasing the number  of edges. It  is possible that  this 
occurs dur ing the t ime the cell is filled with test solu- 
tion, before the potentiostat  is tu rned  on, due to the 
high exchange current  density of the electrode reac- 
tion (85). 

Boulder  g rowth . - -Or ig in  of bou lde r s . - -A t  the higher 
overpotential  (100 mV),  the main  crystallographic fea- 
ture  of deposition is boulder growth [see also Ref. 
(25)]. Under  the same conditions, dendrites were re-  
ported earlier (28, 29), but  were observed only after 
a considerable "ini t iat ion time." The present  work 
refers to surfaces formed at times shorter than  the 
ini t iat ion t ime of the dendrites, and therefore den-  
drite growth was avoided (though occasionally some 
were observed).6 

At low coulomb/cm 2 values, a duplex- type  deposi- 
t ion was observed: a layer growth, similar to that  
observed at 50 mV, was par t ia l ly  covered by boulders 
(Fig. 11, 15a), with most of the deposited material  
going ini t ia l ly into layers and only about 10% con- 
t r ibut ing to boulder  growth (Table I) .  At a later  time 
(ca. 3 C/cm 2) the boulder  growth takes completely 
over (Fig. 9, and Table I) .  The appearance of layers 
can be explained as in the above section. The boulders 
may be init iated by growth at screw dislocations, or 
by nucleation. Their  appearance from either source 
could be expected because of the higher overpotentials 
(as compared with overpotentials  associated with 
layer growth).  With increased overpotential,  the 
distance between the turns  of a spiral decreases which 
leads to localized growth as compared to the wide 
overlapping spirals at low overpotentials, which leads 
to a uni form growth (1). At the high overpotentials 
the edge-energy will  also be overcome and nucleation 
becomes a feasible process (1, 16-17). A numerical  
est imation of the m i n i m u m  overpotential  of nucleat ion 
can be made. Such a calculation was carried out earlier 
for silver (48). Since some of the parameters  (equil ib-  
r ium adion concentration, surface diffusivity of adions) 

A t  higher potentials  dendrites  w e r e  readily formed at short t imes 
(cf. Fig. 16c). 

needed for the calculation are not know n  for zinc, the 
results reported for silver will  be used as a first ap- 
proximation. It was shown that  nucleat ion becomes 
possible at an overpotential  of little above 100 mV at 
a step width of 7 • 10 .5  cm [cf. Ref. (48), Fig. 8]. In  
the present  experiments,  the first boulders were ob- 
served after the passage of 0.1-0.2 C/cm% If one 
assumes t that  the s tep-width relations of Fig. 8 are ap- 
plicable to 100 mV, and at such low charge, it can be 
estimated that boulders appeared on steps of 5 • 10 -5 
cm width, in reasonable agreement  with the above 
theoretical prediction, indicat ing that  nucleat ion is a 
possible explanat ion of boulder  growth. 

A distinction be tween the two mechanisms of 
boulder growth can be obtained from the crystal-  
lographic orientat ion of the boulders relat ive to the 
substrate. If growth originates from screw dislocations 
complete epitaxy is expected, while  some deviation 
from epitaxy can arise if the boulders are nucleated. 
The preferred orientat ion of the nucleated boulders 
will be that  of the substrate, since the epitaxial  nuclea-  
tion energy is less than  that of the nonepitaxial ,  but  
the appearance of some nonepi taxial  nuclei  can occur. 
If, therefore, some of the boulders are found, upon 
determinat ion of their  orientation, to be nonepitaxial ,  
this would show that  nucleat ion mechanism was opera- 
tive. This indeed was the case. The crystallographic 
orientation of the boulders can be determined from 
the present data after ca. 15 C/cm 2 charge has passed 
and well  developed faces appear. A preferred orienta-  
tion, epitaxial  with the substrate, can be observed with 
numerous  exceptions (Fig. 12). Note the misor ienta-  
tion of the edges of the boulders in the circles on Fig. 
12, as compared to the other (epitaxial) boulders. 

Nucleation can occur randomly  on the surface or at 
specific sites (e.g., impurities, dislocations). In  the 
deposit ion-dissolution-deposit ion exper iments  (see 
above) it was at tempted to dissolve and renucleate  
the boulders to differentiate between random and 
specific sites. No conclusive results  were obtained. The 
preferred nucleat ion at grain boundaries  (Fig. 15), 
however, indicates specific sites; both impuri t ies  and 
dislocations tend to segregate at grain boundaries.  
No data are available to allow selection between im-  
pur i ty  and dislocation sites. 

The  change of boulder  dens i ty  w i t h  t i m e . - - T h e  experi-  
menta l  data are presented on Fig. 13. The following 
model is suggested. The boulders are nucleated pro- 
gressively with a constant  ra te  of v (boulders/cm2sec). 
The boulders are growing under  l inear  diffusion con- 
trol  and therefore, the current  into a part icular  
boulder is proport ional  to its cross-sectional area (this 
is a good approximation once the surface is near ly  
covered by the boulders, el. Table I).  As a first approx- 
imation the boulders are taken as hemispheres with a 
radius of r. The current  into a boulder  is then, at i 
m A / c m  2 total current  density: r2ni. If a gives the vol-  
ume of mater ia l  deposited, in cm3/sec, for each 
m A / c m  2, the change of volume of a boulder  with t ime 
wil l  be 

dV 
= i a r2~ [11] 

dt 

The volume of a boulder is 

2n 
V -- --~ [12] 

3 
and 

dV = 2~ r2dr [13] 

Subst i tut ing into [11] gives 

dr 1 
= - -  i a [14] 

a t  2 
and 

1 
r : - -  ~ at  [15] 

2 
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That is, the rate of increase of the radius of the boulder  
is independent  of the size of the boulder, and a small 
one meeting a larger one will  be consumed as shown in 
Fig. 19. The small  boulder will  be considered as con- 
sumed when the perimeter  of the larger one reaches its 
midpoint.  As a boulder is growing it will  consume all 
other ones in its way which are younger  than itself 
(these are cont inuously nucleat ing around it  with a 
rate of v),  unt i l  it reaches a larger one and wil l  be it- 
self consumed. The number  of boulders the i th boulder 
will  consume in  ~ sec as a function of its age (~) is 

f N'i -" o V �9 2~rdr [16] 

subst i tut ing r and dr from [14], and [15], and integrat -  
ing gives 

N'i : ~ (i a )2w 3 [17] 

At t ime t there are boulders with ages ranging from 
0 to t (being nucleated at a rate of v), so summarizing 
over-al l  boulders gives the number  of consumed 
boulders (N'cons) as a funct ion of t ime 

~ ( iav )2 t  4 [18] 
~g 

N' c o n s  - -  V N'i(T) d T =  24 

This expression, however, overestimates the number  
of boulders consumed because it assumes that  all 
boulders cont inue to consume others up to t ime t, but  
once a boulder is consumed it ceases to consume 
others. Further ,  a boulder  being at a specific point  of 
the surface wil l  be counted as consumed every t ime the 
perimeter  of a larger boulder passes that  point, bu t  in 
reali ty it can be consumed only once. 

Correction can be made using Avrami ' s  statistical 
formula (49, 50), which has been used extensively in  
electrochemistry for the problem of film formation on 
electrodes (51). This formula was derived for a spe- 
cific overlap problem, that  of three-dimensional ly  
growing nuclei  in a solid-state phase transformation,  
but  it is general ly  valid for overlap problems. In  the 
phase t ransformat ion the volume fraction of the t rans-  
formed mater ial  can be easily calculated knowing the 
rate of nucleat ion and the rate of growth of the nu -  
cleated grains, but  only up to the point  when  the 
grains start to overlap. Avrami  has shown that  when 
overlap occurs the t ransformed volume traction can be 
calculated as 

Vtr l _ e x p  ( V'tr) 
V -- T [19] 

w h e n  Vtr is the t ransformed volume, V is the total 
volume of the solid, and V'tr is the calculated t rans-  
formed volume neglect ing overlap. 

The present  problem is analogous, and Eq. [19] can 
be rewri t ten  as 

Neons ( N' ) 
- -  -- 1 -- exp cons [20] 

Nn Nn 

where Neons is the number  of boulders consumed in 
t ime t, N'cons is the calculated number  of boulders con- 
sumed in t ime t, neglecting overlap, and Nn is the total 
number  of boulders nucleated in t ime t given by  

Fig. 19. Schematic representation of a large boulder consuming a 
smaller one. 

Nn -- v t [21] 

The number of boulders remaining on the surface 
(N) will  be obtained as 

N : Nn -- Ncons : Nn exp ( N'cons)  [22] 
Nn 

And combining [22] with [18] and [21] gives the 
final results 

N = v t e x p  - - - - i  ~a  ~ v t  3 [231 
24 

Equat ion [23] describes the curves of Fig. 13 with 
a reasonable agreement.  I t  predicts a near ly  l inear  rise, 
an exponential  fall, and a ma x i mum at 5 C/cm ~ (~ : 
350 sec) and N : 34 • 106 boulders /cm 2 (calculated 
with v : 1.4 X 105 boulders cm -~ sec -1, taken from 
the ini t ia l  slope of the curves on Fig. 13). This agree- 
ment  between observed and calculated number  of  
boulders gives support to the suggested model consist- 
ing of continuous nucleation, and consumption of the 
smaller  boulders by the larger ones. 

Evolution of dendrites from boulders.--Previous work 
(28) on dendrit ic growth, carr ied out under  similar ex- 
per imental  conditions, can be connected with the 
present results. Since deposition at longer t imes results 
in  densities, the boulders can be assumed to be the 
dendri te  precursors. On the basis of extrapolat ion of 
the curves of Fig. 13 to the dendri te  ini t ia t ion t ime 
[ca. 50 rain (28)] one would expect the number  of 
dendrites to be in  the order of 106/cm% E~cperimentally 
only about 10Z/era 2 were observed (28). The critical 
radius of curva ture  needed for dendri te  growth has 
been shown for zinc (28) to cover a range  of over 
two orders of magnitude,  and therefore differences in  
the radius of curvature  of boulder  tips cannot  account 
for this discrepancy. It is suggested here that, under  
the present  exper imental  conditions, the number  of 
dendrites is controlled by the total  current .  I t  has 
been estimated (28) that  the growing dendri te  tip 
draws 1.2 ~,A, and since the total  current  is 14 m A / c m  2 
(still being controlled by l inear  diffusion since the 
height of the boulders is negligible compared to the 
diffusion layer thickness) the possible m a x i m u m  n u m -  
ber of dendri tes is 1.2 • 104/cm 2. Fur thermore,  the 
tip current  was found to be only a few per cent of the 
total (28), the rest  flowing to the sides of the dendrites 
and to the substrate, therefore a dendri te  density of 
103/era 2 is quite reasonable. 

In summary:  while there are a large n u m b e r  of 
precursors fulfilling the radius of curvature  require-  
ments, only a small  fraction (~0.1%) wil l  develop 
into dendrites, due to the l imitat ions imposed by the 
total current.  These will  be the ones which, being nu -  
cleated first, are higher than average and so are able to 
draw current  away from their  neighbors. 

Qualitatively,  s imilar  results were observed by 
Naybour  (25) (though under  different experimental  
condit ions),  i.e., only a small  traction (less than  1%) 
of the original  nuclei  grew into dendrites. 

The controlling factor: current or potential?--In 
theories of electrodeposition (1, 2) it is recognized that  
overpotential,  ra ther  than  current  density, is the con- 
troll ing variable  of morphology (though sometimes it 
is assumed that  changes in current  density cause mor-  
phological changes).  Exper imenta l  indication is lack- 
ing, since the two variables change together according 
to the But ler -Volmer  equation, and their  effect is not 
at once separable. In  the present  work, a possibility 
arose to obtain exper imental  evidence by which the 
effects can be separated. Par ts  of the data were taken 
under  (or near  to) diffusion l imit ing conditions, where 
the potential  could be increased without  considerable 
coupled increase of the current .  By lowering the zinc- 
ate concentration, it was possible to reach a si tuation 
where currents  at 50 and 100 mV overpotentials were 
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essentially the same (Table II).  The morphology of the 
deposits obtained under this condition paralleled ex- 
actly that obtained at the high zincate concentration, 
where the current more than doubled with the increase 
of overpotential from 50 to 100 mV. The overpotential, 
not the current density, determined the nature of the 
deposit. 
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ABSTRACT 

Cur ren t  d is t r ibut ion  at the  ro ta t ing  disk e lec t rode  has been expe r imen ta l ly  
eva lua ted  by  severa l  techniques including single and double  reference  probe  
potent ia l  mapping,  r i ng -d i sk  e lect rode collection efficiency and res is t ive  in-  
teraction,  in t e r rup te r  and  s t eady-s ta te  res is tance measurements ,  and auto-  
matic ohmic compensat ion methods.  Mapping  exper iments  are  in quant i ta t ive  
agreement  wi th  the predict ions  of Newman ' s  theory  for this sys tem and were  
fur ther  confirmed by  resis tance de te rmina t ions  and theore t ica l ly  based cor-  
rect ion methods.  The  impl icat ions  of the  da ta  for  var ious  r i ng -d i sk  and non-  
s t eady-s ta te  exper iments  and also the u t i l i ty  of an app rox ima te  approach  
to es t imat ing  the degree of nonuni form cur ren t  d i s t r ibu t ion  a re  examined.  

The uni form accessibi l i ty  of the ro ta t ing disk 
electrode (RDE) to mass t ransfe r  (1) was impl ic i t ly  
assumed to produce a uni form cur ren t  dens i ty  unt i l  
Newman  (2) showed theore t ica l ly  tha t  the re  wi l l  
genera l ly  not  be a r ad ia l ly  independent  cur rent  dis-  
t r ibut ion  because of the solution ohmic potent ia l  drop. 
The shape of the cur ren t  funct ion vs. rad ia l  dis tance 
and the potent ia l  contours in solut ion depend on the 
re la t ive  in terac t ion  of solut ion ohmic drop, surface 
and concentra t ion overpotent ia l s  across the  disk for 
the given solution, e lec t rode  geometry,  ro ta t ion speed, 
and  e lec t ron t ransfe r  kinetics.  We are  concerned in 
this  work  with  fu r the r  exper imen ta l  informat ion on 
the cur ren t  d is t r ibut ion  at  the RDE for test ing the  
theory  and its impl icat ions  for var ious  RDE and 
ro ta t ing  r ing -d i sk  electrode (RRDE) applications.  

Radia l  nonuni formi ty  of RDE cur ren t  has been most  
sa t i s fac tor i ly  detected and compared  to theory  by  
direct  measurement  of the  thickness dis t r ibut ion of 
an e lect rodeposi ted  meta l  (3, 4). These exper iments  
wi th  copper  deposi t ion gave profiles subs tant ia t ing  
Newman ' s  theory.  

The detect ion of nonuni form cur ren t  d is t r ibut ion  
f rom reference probe  potent ia l  or apparen t  ohmic 
res is tance contours idea l ly  requi res  measurements  
close to the RDE itself  (2, 5). Angel l  et al. (6) have  
mapped  isopotent ia l  contours wi th  a reference  elec-  
t rode  for severa l  d i sk- insula t ing  annu la r  mant le  geo- 
metries,  descr ibing the separa t ion  of isopotent ia l  l ines 
as qua l i t a t ive ly  in  accord wi th  Newman ' s  predic t ions  
(2, 7). Resistance measurement  through current  in te r -  

rupt ion  reflects only the  value  corresponding to a 
p r i m a r y  cur ren t  dis tr ibut ion,  regardless  of that  ac tu-  
a l ly  obtaining before in te r rup t ion  (8). McIn tyre  and 
Peck (9) found in t e r rup te r  de te rmined  resis tances 
independent  of current ,  in suppor t  of Newman 's  con-  
clusion (8).  

A quant i ta t ive  comparison of e i ther  i n t e r rup te r  
values  or potent ia l  mapp ing  to theory  has not been 
made  at  the  RDE, to our  knowledge.  Nor has a test  
been made  of the  na tu ra l  conclusion fol lowing f rom 
the above tha t  only  ohmic measurements  made  dur ing  
cur ren t  flow b y  appropr i a t e ly  located probes can 
detect  the  na tu re  of the  preva i l ing  cu r ren t  d i s t r ibu-  
tion. Nanis and Kesse lman  (10) have  ca lcula ted  tha t  
the average  resis tance of the solution be tween  disk 
and nonpolar izable  countere lec t rode  would  be 1.08 
t imes  h igher  for a uni form than  a p r i m a r y  cur ren t  
dis tr ibut ion.  They  imply  (10) tha t  this would  be 
detec table  f rom in t e r rup te r  comparisons of the  cur ren t  
for  "on" and "oft" switching directions. 

A l b e r y  and Uls t rup  (11) suggested that  r ad i a l l y  
increas ing as opposed to uni form currents  a t  the 
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disk should be de tec table  th rough  h igher  than  theore t i -  
cal col lect ion efficiencies (12) at  an RRDE. This ex-  
pec ta t ion  has been confirmed (4, 5, 13), a l though a 
quant i ta t ive  in te rp re ta t ion  has not yet  been given. 
The comparison of cur ren t  densi t ies  at r ing  and disk 
electrodes (sect ioned e lect rodes) ,  when  they  a re  in-  
dependen t ly  held  at  the same potential ,  s imi la r ly  
affords a test  of rad ia l  cu r r en t  un i fo rmi ty  (4, 14). 
In terac t ions  of r ing and disk th rough  the ohmic drops 
f rom the  p reva i l ing  currents  have  been genera l ly  dis-  
regarded.  Ring potent ia ls  a re  shif ted only  by  a l t e r ing  
disk current ;  changes in disk potent ia l  wi thout  chang-  
ing s teady disk current ,  as is possible  at a d isk  l imit ing 
current ,  have no effect on the  r ing potent ia l  (15). 
Potent iometr ic  r ing  exper iments  (16) would  be 
sensit ive to res is t ive coupling of r ing  and disk through 
the  solut ion and offer a new w a y  to test the  effect in 
the context  of Newman ' s  theory.  

Severa l  exper iments  are descr ibed in this  work.  
Potent ia l  mapp ing  wi th  a single reference  p r o b e  (6) 
has been repea ted  in a m a n n e r  giving quant i ta t ive  
compar ison to Newman ' s  theory.  Mapping  technique 
has  also been ex tended  to a double  probe configura-  
t ion capable  of fu r the r  refining the detect ion of non- 
un i form cur ren t  dis tr ibut ion.  These exper iments ,  in 
turn,  have  been corre la ted  to measurements  of RRDE 
collection efficiency. The de te rmina t ion  of d i sk - r ing  
ohmic interact ions,  compar ison of in t e r rup te r  and  
cur ren t  flow resis tance measurements ,  and automat ic  
ohmic compensat ion techniques based on Newman ' s  
theory  a re  also repor ted.  Effects of va ry ing  electrode 
geomet ry  and solut ion proper t ies  a long wi th  charac te r -  
izat ion of the  Levich behavior  of the e lectrodes em-  
p loyed a re  also considered.  

The s tudies  we re  car r ied  out  wi th  the  Hg~++/Hg  
couple in perchlor ic  acid solution. The exchange  cur-  
ren t  of this  couple is sufficiently high (17) tha t  con-  
cen t ra t ion  overpoten t ia l  (~c) becomes the only factor  
to counteract  the p r i m a r y  d is t r ibut ion  under  al l  our 
conditions. Al lowing  for the  revers ib!e  case not being 
the genera l  one, we feel tha t  examining  the concent ra -  
t ion overpo ten t ia l -ohmic  drop in teract ion provides  a 
r ead i ly  manageab le  and significant test of the  theory  
of overpo ten t ia l  contr ibut ions  to cur ren t  un i formi ty  
at  the  disk. 

Theoretical 
Disk current  d is tr ibut ion . - -From the calculat ions of 

Newman  (2),  the  shape of the  full  rad ia l  cur ren t  dis-  
t r ibu t ion  can be approx ima ted  [cf. Fig. 2 and 3 of 
Ref. (2)]  if the  ra t io  i/i~v 1 at  the  center  of the  d isk  
(r  : 0) is specified. This  s ta tement  must  be qualified 
to the extent  tha t  except ions exist  for which Newman  
found m a x i m a  or o ther  effects in the rad ia l  cur ren t  
dis tr ibut ion.  Fo r  example ,  such max ima  appear  in 

1 Symbols  are tabulated fol lowing the text. 
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some cases of Tafel kinetics at appreciable fractions 
of the l imit ing current  (2). 

The quant i ty  (i/iav)r=0 itself varies only wi thin  
the limits of 0.5 (pr imary)  to 1.0 (uniform).  Albery 
and Hi tchman (13, 18) have presented an approxima- 
t ion to the extended Newman theory by correlat ing 
a quant i ty  p, the ratio of the ohmic to the dynamic 
charge t ransfer  plus concentrat ion overpotential  resist- 
ances, to the Newman parameters  J and ~5 and 
thence to the (i/iav)r=o obtained from the complete 
theory (2). The mathemat ical  difficulties of the lat ter  
are formidable and no less so for the reversible case. 
A suitable approximation is distinctly desirable. We 
have used the p method as well as extended computer 
calculations to obtain a theoretical (iliav)r=o for our 
comparisons and discuss justifying evidence additional 
to that presented by A1bery and Hitchman (13, 18). 
We require (i/iav)r=0 because our experimental design 
has concentrated on measurements in the axial direc- 
tion below the disk center where the potential profile 
is best defined spatially and least sensitive to electrode 
mantle effects. 

We summarize first the parameters of Newman (7) 
necessary to describe the ohmic drop in solution for 
the primary current distribution. For the two probe 
directions experimentally examined here, the axial 
(z at r = 0) and the radial (r at z = 0), Newman's 

quant i ty  ~ is given by Z/to and N/~T/%)2 _ 1~ respec- 
tively. The solution of Laplace's equation (7) gives 

2 
= 1 - -  ~ t a n  -1 ~ [1] 

~o 

The ohmic resistance of the solution (disk to counter-  
electrode at ~ -* ~ ) is 

1 
R~ : [2] 

4roK 

We define f = 2/~ tan  -1 ~ ---- 1--r162 a dimensionless 
probe position. In  the case of a pr imary  current  distri-  
but ion f is the fraction of the solution resistance R~ 
sensed from just  outside the diffusion layer  at the 
disk to a probe at ~. The potential  from the disk to a 
probe moved in the axial direction, E~, will, in p r imary  
current  theory, have intercepts at ~f equals 0 and 1 
of 0 and IR| respectively. 

Apparent  deviations of slope and intercept in an 
E~-S plot when cell and electrode requirements  are 
satisfied are then  a t t r ibutable  to disk overpotentials 
and to the concurrent  change in current  distribution. 
However, even when the current  distr ibution becomes 
uniform, the slope of the plot will  be near ly  indis-  
t inguishable from the pr imary  case for ~ > 1 (beyond 
about one radius away in the z direction).  In the case 
of Hg/Hgs + + where ~ls - -  0, the extrapolat ion of the 
straight l ine port ion of the E~-S plot to ] = 0  wil l  give 
an intercept approximating the concentrat ion over- 
potential  calculated with the average current  flowing 
through the disk. 

When two probes (fs ~ f l )  with fixed separation 
are used, the potential  hE between them in the pr imary  
case is given by  (f2 -- Sl)IR| If the distance between 
the probes is greater than  %, the probe at fs should 
detect little or no deviation from a p r imary  current  
dis t r ibut ion as a funct ion of z. The potential  hE for 
varying  hf may then be translated to an fl coordinate 
by using the quant i ty  hE + (1 -- f2)IR| which repre-  
sents the ohmic drop between fl and a second probe 
at ~ .  

Using subscripts a and  c for anodic and cathodic 
disk current,  respectively, the quant i ty  AEa,o/IR| 
where hEa,o is the value of AEa q- (1 -- f2)IR| extrapo- 
lated to f~ = 0, gives a direct measure of the relat ive 
increase in resistance equivalent  to the r ordi- 
nate in  Newman 's  (2) Fig. 5. This factor ranges from 
1.000. (pr imary)  to 4/n ---- 1.273 in  the uniform case, 
corresponding to the change of (i/iav)r=o from 0.500 
to 1.000 The cathodic tests were made at the l imit ing 
current,  where the current  dis t r ibut ion should be 

uniform. Consequently,  a second test of the same 
relat ive increase is given by a direct comparison of 
AEc.o/IR| with the value 4/x. 

The abscissa of Newman 's  Fig. 5 is (i/iav)r-.o, and 
it is here that  we have applied the approximate 
method (13, 18), instead of specifying N, 8, and J 
and solving the necessary set of s imultaneous differ- 
ential  equations. The parameter  p may be calculated 
from the ratio of R| to the slope of the /R-free  
current -potent ia l  curve at the specified total current .  
In  the general  case, we may differentiate the expon-  
ential  i-~ls relation, using the form of Newman (Ref. 
( 2 ) ,  Eq. [ 2 7 ] )  

Co ~v ~ ~nF exp -  

A comparison to a full  scale calculation can be 
taken from the (i/iav)r=o points of the three radial  
distr ibution curves calculated by Marathe and New- 
ma n  (3) for copper deposition. In  this cathodic Tafel 
ease, Eq. [3] can be rewri t ten  as 

and differentiated after solution for ~s to yield 

" 7 /  -~n'-ff T +iL i 
Using (3) ~s = 0.25, ro = 0.25 cm, iL - -  --85 mA/cm 2 and 
respective fay values of 0.194, 0.495, and 0.69 times iL, 
we obtain 1/A(O~s/ai) = 22.84, 11.48, and 11.3 ohms. 
R| is given as 19.6 ohms, yielding p values of 0.86, 1.71, 
and 1.74. From a plot of p vs. (i/fay)r=0 constructed from 
the tabulation of Albery and Hitchman (13, 18), we 
read (i/iav)r=0 values of 0.875, 0.80, and 0.795 which 
compare quite exactly to the respective intercepts (3) 
from the detailed theory of 0.878, 0.802, and 0.793. 2 

The apparent success of the p approach in reproduc- 
ing these values is clear. It is also of interest that the 
entire radial distribution curves of the two nearly 
equal (i/iav)r=o and p values are close to superimpos- 
able. However, we have also calculated cases related 
to the three curves just  considered with conditions 
deliberately shifted to be  similar to those earlier 
referred to from Newman (2) in  which calculations 
show maxima in radial  cur rent  dis t r ibut ion (and 
much lower currents  at the edge of the disk than  
one would expect from the p value) .  The calculated 
cases here involved manipula t ing  some of the par-  
ameters (~, N, J) four different ways to keep a given 
p of 4.6 constant  wi th  i a v / i  L = 0.9. The predicted 
identi ty of (i/iav)r=O from the four calculations with 
constant  p was found to show an average deviat ion of 
less than 2% from that  derived from the p value 
although each radial  current  curve had a maximum.  
The magni tude  of the deviation depends on the calcu- 
lat ional  details but  seems small  enough to suggest 
that  the estimate from p remains  very good in spite 
of such fur ther  effects (here produced when the sur-  
face concentrat ion approaches zero wi thin  the disk 
radius) that  modify the ful l  radial  curve. 

Following through with the p calculations applicable 
to the mercury  system, we feel that  exper imental  
confirmation substantiates both the general  theory and  
the approximate approach in  the l imits tested. 

For the Hg/Hg2 + + case where  ~s ~- 0, only differen- 
t iat ion of the ~c-i curve following from 

RT Co 
~c = In m [6] 

2F C~ 
In the  calculation of p, t+ for copper, requi red  b y  the N e w m a n  

theory and not specified in ]Ref. (3), was ignored by us as being 
accounted for experimentally in iL and iav. Complete computer cal- 
culations following Newman show a change of only i0 -8 in (i/iav)r=o 
for  a t+ range  of 0-0.15. 
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is necessary. This sequence gives for both anodic and 
cathodic cases 

RT ln ( iL -- i ) 
~c ---- 2F x ~ [7] 

a n d  ,(o.) ) 
X i - i L  [8] 

Inspection of Eq. [8] indicates that, for a given ia, 
the most uni form situation of current  dis t r ibut ion 
occurs for iL = 0, i.e., anodization into a metal - f ree  
solution usual ly  considered when  applying the RDE 
and RRDE to corrosion studies. Natural ly,  in the 
anodic case, R~ must  still be minimized to keep p near 
zero and (i/iav)r=0 near  1. 

Ring-disk electrode.--Collection efficiency.--If the 
r ing is set to collect Hg2 + + by  reduction at the l imi t -  
ing current  in a Hg2 + + containing solution, then for 
the three conditions of zero, cathodic ( - - ) ,  and anodic 
(-{-) cur rent  at the disk, ir will be given by the 
following 

I ir 
- -  i r L  ~ N c  I 

O i r L  

q- irL + NaI 

In the first case, the disk current ,  when  cathodic a n d  
limiting, is expected to be radial ly  uniform and Nc 
equal to Nt. If the anodic current  dis t r ibut ion is also 
uniform then Na=Nc=Nt; otherwise Na > Nc. 

Ring-disk potentials.--Albery, Bruckenstein,  and 
Napp (16) showed that for a r ing and disk of metal  
M, anodization of the disk to M + n while ir = 0 produces 
a potential  between r ing and  disk 

RT Nt 
ER D : In  ~ [9]  

nF #J/3 

The expression was confirmed (16) for various I and 
values where  ohmic drops were negligible. 

Experimental 
Apparatus and materiaIs.--The galvanosta t -poten-  

tiostat (19) and motor control-~ 1/2 scanning and 
modulat ion circuitry (20) have been described earlier. 
Potentiometric measurements  between disk, ring, and 
references in  appropriate pairs have been made with 
follower amplifiers or high impedance-floating input  
digital voltmeter.  In te r rup te r  measurements  were 
made with a summing point electronic switch (Burr -  
Brown 9859) at the control amplifier of the galvanostat  
configuration (19). Switch resistance was taken into 
account for cur ren t  level. A Wavetek 114 function 
generator  was used to t u rn  the switch on and off and 
s imultaneously provide a trigger pulse for a storage 
oscilloscope (Tektronix 564 with 3A3 and 3B4 plug- 
ins).  The circuitry for the isosurface concentrat ion 
vol tammetry  (ISCVA) experiments  has been de- 
scribed (20). 

The RRDE construction (19) was of gold, amalga-  
mated with mercury  before use. The six other elec- 
trodes employed were gold disks which were s imilar ly  
mercury  wetted and spun at high speed to remove 
excess mercury.  The configurations of the electrodes 
are given schematically in  Fig. 1 and in detail in 
Table I. R is a cylindrical  RRDE of dimensions ident i -  
cal to those used extensively in this laboratory. The 
other configurations vary  from A1, a relat ively small 
cylindrical  shape, through various mant le  designs 
which conform better  to the requirements  of hydro-  
dynamic theory (21).3 

s A n g e l l  e t  aL, h a v e  s h o w n  t h a t  i s o p o t e n t i a t  con tou r s  a b o v e  t h e  
p lane  of the  d i sk  are  those  e x p e c t e d  f r o m  e lec t rode  geome t ry .  Our  
m a p s  h a v e  c o n c e n t r a t e d  on the  ax i s  b e l o w  the  cen te r  of the  d i sk  
w h e r e  i t  is  expec t ed  m a n t l e  effects w o u l d  be the  l eas t  a nd  w h e r e  i t  
h a s  been  ou r  p rac t i ce  [ in  t h e  r e g u l a r  cell  p i c t u r e d  in  Ref. (22)] to  
p lace  t he  c o n v e n t i o n a l  L u g g i n  cap i l l a ry .  B y  also o b t a i n i n g  the  l i m i t -  
i n g  c u r r e n t  b e h a v i o r  of  a l l  our  e lec t rodes ,  we  h a v e  c o m p a r e d  b o t h  
c u r r e n t  (Levieh)  a n d  p o t e n t i a l  i d e a l i t y  of these  r e fe rence  p lace -  
ments ,  

I 

- -  r o 

- - ~  ~ - - r  c 

r m 
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RADIUS = O.318cm 
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Fig. I. Electrode configurations 

To approach the theoretical requi rements  of a 
counterelectrode at infinity with practical dimensions, 
we employed the a r rangement  shown in Fig. 2 with 
a cell based on a three neck, round bottom 1 l i ter  
flask and 1 li ter cell volumes. The counterelectrode 
(Hg pool), contacted by  a Pt  wire, had a m i n imum 
surface area of 28 cm 2. The reference probes were 
gold wires insulated for the last several cm with epoxy 
and te rmina t ing  in an amalgamated 0.05 cm tip. Only  
the near ly  planar  mercury  surface of the wire was 
exposed. The single probe could either be the upper  
part  of that pictured or a separate single tip e lec t rode:  
Some experiments,  par t icular ly  for RRDE measure-  
ments, were carried out in the cylindrical  J -cel l  (22) 
of approximately 250 ml capacity normal ly  used i n  
this laboratory. 

Interference with fluid flow by our reference probes 
is not detectable in  l imit ing current  measurements  at 
different probe locations, though these data might  
not be sensitive to very local effects. Typical values 
of the diffusion layer thickness are 10 -3 cm in these 

The  t r e a t m e n t  of  B a r n a r t t  (23, 24) i n d i c a t e s  a m i n i m u m  d i s t a n c e  
of  2 x 0.05 = 0.1 cm to w h i c h  a n  o p e n  e n d  L u g g i n  c a p i l l a r y  of  
0.05 cm d i a m e t e r  can be b r o u g h t  w i t h o u t  a f fec t ing  t he  f ield a p p r e -  
c i ab ly  u n d e r  c u r r e n t  f low to  a l a rge  d i sk  (to >=> 0.05 cm) .  In  gen-  
era l ,  ou r  m e a s u r e m e n t s  we re  b e g u n  a t  a b o u t  t h i s  d i s t ance  w i t h  t he  
m e t a l  probes .  The  d o u b l e  p robe  (AE) e x p e r i m e n t s ,  because  of t h e  
1.11 cm p robe  sepa ra t ion ,  h a v e  an  a d d i t i o n a l  i n s e n s i t i v i t y  to  such  
s h i e l d i n g  effects. Our  c u m u l a t i v e  e x p e r i e n c e  sugges t s  t h a t  s h i e l d i n g  
was  a n e g l i g i b l e  fac tor .  

Table I. Geometric parameters of electrodes 

Elec t rode  ro (cm) rc (cm) rm (cm) 

A1 0.148 0.317 m 
.4.2 0.148 - -  1.265 
B1 0.318 0.377 
B2 0.318 - -  1.252 
B3 0.318 n 0.796 
C 0.635 n 1.289 
R 0.239 0.414 

= 0. 63 
0.324 i 

Note :  re r e fe r s  to the  i n s u l a t e d  c y l i n d r i c a l  sha f t  e x t e n d i n g  a l l  t h e  
w a y  d o w n  to  the  p l a n e  o f  the  d i s k ;  r =  r e f e r s  t o  a c a s e  i n  w h i c h  
the  i n s u l a t e d  s h a f t  r a d i u s  < : <  rm. 



Vol. 120, No. I CURRENT A N D  P O T E N T I A L  D I S T R I B U T I O N  45  

PI I D/N2 "le ~---RDE '112 REFERENCE 
M 0 ~ ELECTRODE(S) 

1 1 [ 1 ~  ~ ~  GOLD wIRFS 

~ L ~  ~ ~ . LITER FLASK ]- 

SINGLE PROBE 
IK 

I ~ _ _ ~  i00 K 

DOUBLE PROBE 

refo2 

r e f ~  

R 

R 

-refl I IOK 
IOK 

OR -- 
Af=f I ~= IOK 

Af=f~ Rg= 5K 
2 

I 
Fig. 2. Cell arrangement. Cell motions in micrometer mount as 

indicated at bottom. 

experiments.  Generally,  potential  comparisons using 
equal currents  of opposite sign which stressed extrap-  
olation of data to the disk surface showed no sys- 
tematic per turbat ions  a t t r ibutable  to proximity  effects 
on either field or flow. 

The cell was mounted  in a clamp that was movable 
by screw adjustments  in the three modes indicated in  
Fig. 2. The disk plane was fixed throughout  the experi-  
ment, and the reference probes were rigidly set into 
one neck of the cell. To avoid magnification errors 
from the round cell walls, the reference probe tip 
was brought  to the disk surface to establish z -~ 0.0000 
cm and thereby viewed identical ly for all z. Cathetom- 
eters of 0.0001 cm resolution were employed. Radial 
mapping in the z = 0 plane was not a t tempted at less 
than the outer epoxy radius of an electrode to avoid 
z > 0 errors. Fu l l  mapping tests were only practical 
in the z direction. Effects on resistance due to changes 
in  the disk-pool separation dur ing z change were 
min imal  and neglected. 

Solutions were prepared from tr iply distilled water  
and reagent-grade  perchloric acid and mercurous 
nitrate.  All experiments  employed an [H+]/ [Hg2 ++] 
ratio required for a support ing electrolyte case, and 
the presence of n i t ra te  was of no influence. Mercurous 
solutions were analyzed volumetr ical ly  with sodium 
chloride to a potent iometr ic  end point. Electrodes were 
polished to a 0.3~ Linde A finish before amalgamation.  

Conductivi ty was measured on a Beckman RC-19 
bridge (___0.25%) in a cell of constant  100.6 cm -1. All  
measurements  were made at ambient  tempera ture  
(23 + • 2~ wi th  care that  conductivi ty data were 
taken as near  to cell temperature  as possible. Potentials  
were read on digital voltmeters of --~0.1% full scale 
accuracy (Hewlet t -Packard  3430A and Heath EU-805). 
Limit ing currents  were also read digitally. 

Automatic ohmic compensation methods to be 
described were carried out with the analog circuitry 
shown in Fig. 3. At upper  left is the scheme for feed- 
back with a single reference probe. At lower left is 
the equivalent  mode for the double probe potential  
difference as feedback. Point  A is the common con- 
nection for either method to the analog correction 
circuit at right. 

Fig. 3. Automatic ohmic com~nsotian r 

Results and Discussion 
Levich constant.--Limiting current  characterization 

of the electrodes is shown in Fig. 4 and Table II. 
Electrodes are grouped in the figure by common disk 
radius (4 values) .  Over the speed range to 2500 rpm 
there is differentiation among mant le  designs wi th in  
a group only at the low end. (At higher speeds than  
2500 rpm significant turbulence  and air en t rapment  
begin to distort the results, s tar t ing with the larger 
mantles) .  The ordinate is normalized to un i ty  wi th in  
each set to show per cent  changes readily, but  
inspection of Table II also reveals that  the absolute 
values of the iL/~l/2C| factor are given to a precision 
of 1% (standard deviation) including slight differences 
arising from 1M and 0.2M HC104 electrolytes. 

These data confirm other discussion (25) of the 
relative insensi t ivi ty of the RDE to hydrodynamic 
ideali ty of design in the l imit ing current  measurement .  
For the purposes of this paper we exclude effects on 
comparative current  dis t r ibut ion that might  be at t r i -  
buted to such variation. The data are also of practical 
significance for application of the ISCVA technique 
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Fig. 4. Normalized iL/c~ 1/= vs. c~�89 plots. Electrodes as identified 
in Table I. 
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Table II. Limiting disk current behavior 

10 -~ iL/O;~/z C| 
l / w ~12, m A - c m -  

E lec t rode  A, cm= mA-rpm-~/~ rpm-~/~-mole -~ S o l u t i o n  

A1 0.0688 0.0140 35.4 I 
A2 0.0688 0.0138 34.9 I I  
B1 0.3177 0.0634 34.8 I 
B2 0.3177 0.0630 34.5 I I  
B3 0.3177 0.0628 34.4 I I  
C 1.267 1.005 34.5 n I  
R 0.179 0.0352 34.3 I 
I 1M HClO4, 5.74 m M  Hg~+2 
n 0.2M HCIO~, 5.74 m M  Hg~ +2 
I I I  1M HCIO~, 22.96 m M  Hg2 +~ 

F r o m  these  data ,  the  a v e r a g e  v a l u e  o f  DHg 2 + 2  h3 I M  HCIO4 at  

23" ~- 2~ w i t h  v = 0.00863 crn~/sec is  8.2 • 10 -~ cm~/sec, 

(26) in  which a constant  surface concentrat ion through 
control of the I /~ 1/2 ratio at varying I is assumed. 
The lowest values of ~/2 and therefore of current  at 
which this constancy holds correspond to the min i mum 
potential  per turbat ion  from equi l ibr ium accessible for 
the fixed surface concentrations. 

Single probe mapping.--Three typical Ez-f plots 
obtained for varying solution conditions, current  
direction, p parameter,  and electrodes are shown in 
Fig. 5. The data points are well  described by theoretical 
l ines drawn between intercepts ~c and ~1c + IR| calcu- 
lated from [7] and [2]. The dimensions of the three 
electrodes restrict  the data at low f values. The p 
parameters  of 0.57 (A2), 1.3 (B1), and 4.0 (BJ) suggest 
them all to have vary ingly  nonuni form current  distri-  
butions. Figure 5 indicates that ohmic compensation 
with fiR| determined by means of an axial probe at 
position f and known conductivi ty ought to give good 
extrapolat ion to the values of overpotential  at the 
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Fig. $. Single probe potential Ez vs. f. 

I, mA p 
V A2, --0.25 mA 0.57 
0 BI, - -  1.00 mA 1.3 
�9 B3, +2.00  mA 4.0 

All runs with 0.2M HCIO4, 5.74 mM Hg2 +2 solution. K = 0.0692 
mhos-cm -1 ,  ~ = 1600 rpm. Dashed lines are drawn with slopes of 
measured IR| 

surface calculated assuming the average current  across 
the electrode in spite of the predicted nonuniformity .  
Fur ther  quant i ta t ive  indication of the actual  (i/lay)r=o 
values from probes at low f is not evident  with experi-  
ments  of the l imited accuracy of Fig. 5. 

Assuming a general ly  accurate ~c calculation, we 
have plotted various data including a sample of every 
one of the electrodes in the form of an fexp vs. f correla-  
t ion in Fig. 6. The estimate of Rz/R| or fexo is calcu- 
lated from 1 -- (E|174 where E| : IR| + ~ic 
and nc is obtained with [7], implici t ly assuming i = i a v  
at r : 0. The range of parameters  covered in Fig. 6 
is shown in Table III. The straight l ine is fexp -- f. We 
can conclude from both Fig. 5 and 6 that the agree- 
ment  between ]exp and the geometric ] based on z 
and ~ provides confirmation for all electrode geometries 
tested of the Newman resistance theory (7) for the 
RDE. 

Measurements  in  the r direction at z : 0 for aU the 
electrodes general ly  support  the conclusions from Fig. 
5 and 6. The calculated sum of ~c + fiR| is always 
reproduced wi th in  a few mV except for certain cases 
with the cylindrical  designs A1, B1, and R, where  the 
measured values tend to be lower. This conforms to 
expectation with the reduced insula t ing region around 
the disk (6). Also, with the l imited range of radial  f 
values accessible due to the mant le  start ing point, we 
restrict  fur ther  quant i ta t ive  presentat ion to the axial 
direction. However, it may also be pointed out that  
some axial and radial  mapping was carried out in  the 
J-cel l  and, even with the more restricted dimensions 
involved, the slopes and extrapolations followed very  
closely the conclusions of the above measurements  in 
the more ideal cell. This holds t rue also for the auto- 
matic compensation techniques to be described. 

Double probe potential difference.--In the single 
probe studies summarized in Fig. 6, a 1-mV error 
ranges from 2-16% of IR| With the addit ional ~1c 
uncertainty,  it is difficult to achieve resolution sufficient 
to define the region close to the electrode where 
changes due to nonuni fo rmi ty  may be detected. The 
double probe method is, in principle, free of the non-  
ohmic potentials and contains only the fur ther  
assumption, now documented in Fig. 5 and 6, that  the 
potential  between the second probe at f2 and ~ may 
be calculated from (1 -- f2)IR| The most suitable 
electrode for detailed s tudy was C, with the largest 
radius, approachable to fl of < 0.1 at two probe tip 
diameters. We thus report  only such data for this 
electrode except for supplementary  results from R 
in r ing-d isk  experiments.  

Six runs  yielding hE ~ (1 -- y~)IR| vs. Yl plots are 
shown in Fig. 7, with p variat ion obtained for  the 
single solution through ~1/2 control of iL. The IR| 
intercept  is obtained with [2] and AiL values. The 
pair  of hE values shown was taken at each position 
before the cell was moved. Data were taken for in-  
creasing z at least unt i l  the decreasing hEc and hEa 
values were wi th in  0.1 inV. (Fur ther  increase of 
gave hE decreasing to essentially zero in accordance 
with theory.) The plots can be compared directly to 
the theoretical curve in Fig. 1 of Smyrl  and New- 
ma n  (5). 

Extrapolat ion of the exper imental  hE + (1 -- f2)IR| 
to fl = 0 yielded the necessary hEa.o and hEc.o to 

Table III. Experimental and calculated parameters of Fig. 6 

I, IAiL[, ZR| I~cr, 
S y m b o l  m A  m A  m V  m V  p 

• 3.00 0.71 15.7 21.2 1.51 
�9 7.00 2.50 17.2 17.1 1.82 
�9 2.00 2.47 22,8 7.60 3.96 
o -- 1.00 2.47 11.4 6.65 1.30 

1.00 0.55 24.1 13.2 2.91 
V -- 0.250 0.55 6.02 7.73 0.57 
�9 2.00 2.53 22,8 7.46 4,01 

-- l.OO 2,53 11.4 6.44 1.35 
r 2.00 1.42 31.4 11.3 4.14 
�9 40.0 40.0 50.8 8.90 7.90 
�9 0.I00 0.026 20.2 20.2 1.98 
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calculate hEa,o/IR| and AEc,o/IR| The intercepts and 
calculations from Fig. 7 are collected in Table  IV 
along with the Pa factors obtained through [2] and 
[8] and the corresponding (i/iav)r=o. The six values 
each of ~Ee,o/IR| and AEa.o/IR| are used for the 
ordinates of Fig. 8 points, where the solid l ine is the 
theoretical one of Newman 's  (2) Fig. 5. For  each 
anodic point  are plotted two values of (i/iav)r=o 
calculated, respectively, from pa and from a computer 
program using the extended Newman  theory. (The 
cathodic points all have (i/iav)r=o of unity.)  The data 
are in  good consonance with the predictions of the 
theory. The agreement  is considered to affirm both 
the Newman theory and the approximate Albery-  
Hi tchman calculation for the disk center. 

Two experiments  similar to the above but  with hE�9 
and ~Ec measured as a function of I up to +_IAiL] for 

AEc 
two fixed z values are plotted in  Fig. 9. Both ~ and 

AEa 
hE~ + (1 - f2)ZR= 

are given in the ordinate vs. I/AiL. 
~ E � 9  + (1 - -  ~2)IR| 
Also shown as abscissa is the ratio ( ia / i r  0 c o r r e -  
spond ing  to each point, from p calculations as previ-  
ously. Pa at I = --ALL is 10.8, giving (iJi~v)r=~ : 0.60. 
The pa and pc values become equal as I -~ 0. The 
correspondence between the double probe potential  
ratios and the change in the (ia/ic)r=-O ratio clearly 

Table IV. Experimental and calculated parameters of Fig. 7 

A n o d l c  (~,/~av) r--o AEa, 0 AEc,o 
F r o m  F r o m  [IR|  AEa,o, --AEe,o, 

pa pa computer  m Y  m V  m V  IR| IR| 

1.91 0.783 0.737 12.3 14.5 15,7 1.179 1,276 
2.86 0.733 0,686 18.96 21.7 24.5 1.145 1.292 
3.83 0.697 0.653 24.8 27.7 32.1 1.126 1,305 
5.80 0.653 0.612 37.3 4_2.9 4"/.6 1.150 1.276 
7.66 0.627 0.590 49,2 54.5 65.0 1.108 1 . 3 2 1  
9.58 0.605 0.5' /5 63.52 68.2 83.0 1.074 1.307 

I 

& g 
&$ 

I I I 
0.7 0.8 0.9 1.0 

Fig. 6. Experimental f vs. 
theoretical f. X: A1, 1M 
HCIO4 - -  5.74 mM Hg2+2; V :  
B2, 1M HCIO4 - -  5.74 mM 
Hg2+2; e :  BI, 0.2M HCIO4 - -  
5.74 mM Hg2+2; O :  BI, 0.2M 
HCIO4 - -  5.74 mM Hg2+2; A :  
A2, 0.2M HCIO4 - -  5.74 mM 
Hg2+9-; V :  A2, 0.2M HC|O4 - -  
5.74 mM Hg2+2; I1: B3, 0.2M 
HCIO4 - -  5.74 mM Hg2+2; I-h 
B3, 0.2M HCIO4 - -  5.74 mM 
Hg2+2; ~ :  R, 0.2M HCIO4 - -  
5.74 mM Hg2+2; A :  C, IM 
HCIO4 - -  22.96 mM Hg2+2; ~ :  
B3, 0.01M HCIO4 - -  0.0574 mM 
Hg2 +2. ~ = 1600 rpm, all runs. 
See Table Ill. 

shows how the shifts in current  dis t r ibut ion with 
current  level (6 in  the Newman theory) may be 
detected in this manner .  The values of the hE -k 
(1 -- f2)IR| ratios, 1.148 and 1.097, at the fixed fl 
of 0.243 and 0.448, respectively, follow reasonably the 
predicted 1.194 ratio at fl = 0 for (ia//av)r--0 = 0.60. 

Automatic IR compensation.--Compensation of re-  
sistance between the reference probe and disk, 
assuming the pr imary  cur ren t  t-R| relation, was 
carried out automatical ly  in two ways with the cir-  
cuitry of Fig. 3. With a single probe, a cathetometer 
measurement  of z was used to calculate Rz/R| from 
and then Rz was determined when R| was gained 
from a conductivi ty measurement  and [2]. The appro- 
priate fraction of current  follower output  equivalent  
to a continuous correction IRz was then fed back and 
subtracted from the reference potential.  The 1K re- 
sistor current  follower output  is divided by 1000, 
giving a 1 ohm correction modified by the gain of the 
analog stage, which here can correct for Rz of 0.5 to 
more than 100 ohms. 

The second technique util ized the double probe with 
known separation and a cathetometer-der ived fl and 
thus ~2. AE between the probes senses a fraction of 
IR| equal  to hS. Two convenient  analog correction 
conditions are to set the distance from the disk for 
fl ----- h] or ]1 ---- 2h], whence either hE or 2hE is the 
correction required for the nearer  probe as disk 
reference. R| de terminat ion is not required with double 
probes. 

Both techniques were successfully applied and 
double probe resistance compensation with the ISCVA 
technique (20, 26) is shown in  Fig. 10, with both 
l inear - t ime ~1/2 scanning and square wave modulation.  
In  these methods, I/~ 11~ is held constant  while I is 
varied, and the measured Ez is plotted vs. I (or vs. 
time, taking data in  the steady-state  region, for con- 
stant  hI/,~l12 under  modulat ion) .  The (OEz/OI)e or 
(hgz/hI)c outputs corresponding to scan or square 
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(1 - -  f2)lR| I vs. f l . 0 ,  cath- 
odic (at limiting current) and - ~  
e ,  anodic (at the same magni- 
tude of current). Rotation speed ~ H 45 
adjusted for desired I - -  I ,4iL I ~_N 
value. C, 1M HCI04 - -  22.96 - '  
mM Hg2 +s, K ---- 0.320 mhos- + 
cm -- 1. <~ 40 

I,mA pa 
I - -  10.0 1.91 
2 - -  14.92 2.95 
3 - -20 .0  3.83 
4 - -  30.3 5.80 
5 - -40 .0  7.66 
6 - -50 .0  9.88 
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( i/ioV)r =0 

(r 
vs. calculated Fig. 8. Experimental values of ~ - " - ~ /  r=o 

calculation after Newman ( O ) ,  solid line from theoretical plot 
given by Newman [Fig. 5 of Ref. (2)]. Same data as in Fig. 7 and 
Table IV. 

wave control are the sum of IRz and the desired 
electron t ransfer  resistance, which for the HgfHg~ + + 
electrode under  the exper imental  C (5.74 mMC| + 
11.4 mM from I/~1/2) is < 0.02 ohm. This being negl i -  
gible in  comparison to the ohmic resistance to be 
compensated, about 1.4 ohm, the desired result  is an 
exper imental  slope or modulat ion of near  zero. 

In  Fig. 10, traces A and C are the uncompensated 
slope and ~E/AI outputs (measured at 1.42 and 1.35 
ohm, respectively) for a setting of Af = f l /2  at the 
probes. [R| = 2.46 ohms, 2Ay = 0.586, and 2AfR~ = 1.44 
ohms]. Correction of Ezl by 2AE (Rs ---- 5k) gives traces 
B and D which exhibit  the desired compensation. 
Equivalent  results not shown here were obtained by 
the single probe method. 

Ring-d isk  electrode s tud ies .~Poten t iometr ic  mea-  
surements . - -The  mercury  disk of R was anodized at 
various currents  into mercury- f ree  0.2M HC104, and  the 
potential  between r ing and disk was measured. The 
theoretical (IR-free) value (16) of the potential  
Ea D from [9] with Nt -- 0.366 and ~ t  2/3 = 1.1085 is 
14.17 inV. The measured ER D up to an I of 5 mA (28 
m A / c m  2) is given in Fig. 11. Least squares analysis 
of the l ine gives an intercept at I -- 0 of 14.03 _ 0.05 
mV, in satisfactory agreement  with theory, and a 
slope of 6.46 ___ 0.02 ohms. Since R~ is 14.85 ohms from 
[2], the indicated values of ] and ~ corresponding to 
the r ing as probe are 6.46/14.85 and 0.78, respectively. 
The radial  distance equivalent  to this ~ is 

s The  ca l cu l a t ed  v a l u e  (12) of  Nt  f r o m  the  go ld  d i m e n s i o n s  is  0.350 
a n d  the  v a l u e  c o n s i s t e n t l y  f o u n d  in  p rac t i ce  is  0.366 "4- 1%. Effects  
of  o u t w a r d  m o t i o n  of ro a n d  r~ due  to t he  r o t a t i n g  m e r c u r y  f i lm of 
l e s s  t h a n  2% w o u l d  a c c o u n t  f o r  the  dif ference .  T h i s  effect  t e n d s  to  
cance l  in  fit2/8 w h e r e  1.108 wa s  m e a s u r e d  a n d  1.108 ca lcu la ted .  

I.O4 

1,00 ~ I I I I I 
0 0 ,2  0 , 4  0 .6  0.8 1,0 

I 

Fig. 9. Ratio of double probe potentials for cathodic and anodic 
t 

applied current vs. ~ .  
I AiL I 

zl ,cm f l 
�9 0.200 0.448 
�9 0.200 
0 0. ! 00 0.243 
Z~ 0.100 

. and O ordinate I - ~ "  I 

AEc + (1 - -  f.~)/R, t 
�9 and A ordinate AEa + (| ~ " J 
R, 1M HCIO4 - -  53.3 mM Hg2 +2, K • 0.3031 mhos-cm -1.  ~ ad- 
justed for iL : --20.0 mA. 

~/[(0.78)2 + 1] 2 ro 2 = 0.302 cm. The r ing radii  are 
0.263 and 0.324 cm, bracket ing this distance. 

For the seven points shown in Fig. 11, the p values 
increase with current  from 0.11 (near ly  uni form cur-  
rent)  to 5.8 [ ( ~ / i a v ) r = 0  = 0.67]. In  spite of the change 
i n  current  distr ibution,  a constant  ohmic correction 
factor seems applicable to this experiment.  Equat ion 
[9] was shown to hold (16) for the Ag/Ag + couple 
independent  of I and ~1/2 in 0.1M HC10,, where ohmic 
drop effects on ER D were negligible (I ~ B0 ~A). In 
the present case, with ~1/2 scanned over wide limits 
(20-90 rpm I/2) at current levels common to Fig. Ii, 
the ER n values were constant at each I to ___0.5 inV. 
The difference between experiment and [9] is still the 
ohmic drop. No difference in current distribution is 
expected in the mercury-free solution as a function 
of ~I/2 since iL ----- 0 at all speeds. 
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Fig. 10. ISCVA Ez! potentials with B2, IM HCIO4 -- 5.74 mM 
Hgs+ ~.. I / ~  = 0.125 mA-rpm -~/2, zl = 0.413 cm, fx = 2Af = 
0.586. Traces A and B vs. I, C and D vs. time. A: uncompensated 
scan; R: as A, except compensated as in text; C: uncompensated 
square wave modulation of ~�89 or I amplitude indicated by hori- 
zontal marker above A(A~ = 45.2 - -  35.2 rpml/g); D: as C, except 
compensated as in text. 
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Fig. I1. ER D vs. I. R, 0.2M HCI04, ~ = 1600 rpm. Least squares 
intercept 14.03 ~-_ 0.05 mV, slope 6.46 • 0.02 ohm. 

With the same system, the potential ER ref was mea- 
sured over three decades of disk current and therefore 
of Hg2 ++ surface concentration. In this one experi- 
ment, the probe was a fine=tip Luggin capillary with 
a saturated calomel reference since the solution was 

initially mercury-free. The results are the data points 
(a) in Fig. 12. The reference probe was at an axial 
of 2, and thus for R| = 14.85 ohms, an Rz of 10.5 

ohms. In conjunction with the disk-ring resistance 
from Fig. 11 of 6.50 ohms, this indicates an ohmic drop 
between ring and reference due to disk current of 
(10.5-6.5)L Applying such a correction to 12 (a) gives 
the set of points 12 (b). An automatic correction to ER ref 
is suggested by making Rz equal to the slope of Fig. 
11, i.e., ~ = 0.80, z = 0.191. The best correspondence 
to a 2.303 RT/2F slope for the upper two decades of 
disk current was experimentally found at z = 0.182 
cm. Two sets of data obtained for ER rer for that 
reference position are shown as (c) in Fig. 12. The 
line is a theoretical 29.5 mV/decade I plot. Deviations 
at the lowest currents are mostly due to accumula- 
tion of small amounts of Hg~ + + in solution from re- 
peated runs. 

Reverse effects to those considered above, namely 
of ring current on EDref~ may be readily investigated 
since the flow pattern is such as not to cause an 
alteration in the surface concentrations (and Nernst 
potentials) at the disk by ring processes. ED ref was 
measured with the axial probe far removed (f --) 1.0) 
and as a function of anodic and cathodic ring current 
up to 5 mA in Fig. 13. The ring limiting current in the 
22.90 mM Hg2 + +-IM HCIO4 solution was --6.07 mA. 
The slopes are 1.48 ohm (anodic) and 1.09 ohm 
(cathodic) in a solution giving R| = 3.37 ohms. 
The difference in slopes possibly arises ~rom the 

changing current distributions in cathodic and anodic 
directions at the ring. Since the ring is not uniformly 
accessible and tends to infinite current density at the 
inner edge, overpotential effects will cause a shift 
of current toward the outer edge. From [8] it is 
seen that a cathodic current is more effective in con- 
tributing polarization resistance than an equal magni- 
tude anodic current. Effects in this direction at the 
ring make ED ref larger in the anodic case where the 
current should be relatively higher near the disk- 
probe axis than for equal cathodic current. 
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Fig. 12. ER ref vs. log I. R, 0.2M HCIO4, saturated calomel refer- 
ence (ring is positive). (o = 1600 rpm. (a), �9 z = 0.478 cat; (b), 
�9 a corrected for 4.0 I volt drop; (c), O z = 0.182 cm. 
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Fig. 13. [EDret I vs. [ir[. R, IM  HCI04 - -  22.96 mM Hg2 +s, ,~ -- 
1600 rpm, z large (f -~ 1.0). @, anodic ir - -  least square slope 
1.475 - -  0.02 ohm; C), cathodic ir - -  least square slope !.09 
0.05 ohm. 

var iab le  anodic cur ren t  d is t r ibut ion  and a uni form 
s t eady-s t a t e  cathodic cur ren t  was  appl ied  wi th  elec-  
t ronic switching in make  and b reak  directions.  

The scope pictures  have  been exac t ly  t raced  and 
are  shown, for clar i ty,  as the  composites for  I "on" 
(Fig. 14) and  I "off" (Fig. 15). The four  values  of 
AR' de te rmined  f rom the  ins tantaneous  change are  
l is ted in Table VI, They a re  wi th in  the  scope reading  
e r ror  of each o ther  and the theore t ica l  va lue  of 6.7 
ohms for  the  p r i m a r y  resis tance R| t imes  2/~ ( tan  -1 ~s 
-- t a n - 1  h ) ,  confirming Newman ' s  predic t ions  quan t i -  
ta t ively.  The s t eady-s ta te  values,  hR, f rom the scope 
pictures  compare  wel l  to DVM data  t aken  in con-  
junct ion and reflect the  p reva i l ing  cur ren t  d is t r ibut ion  
in the  manner  ear l ie r  discussed. For  this  case pa = 
8.6 which gives a (ia/iav)r=0 of 0.62. 

The  t ime constant,  ~, of the  cu r r en t  decay  af te r  the  
ins tantaneous drop of the  cathodic cur ren t  in Fig. 15 
( t ime  to 1/e decrease)  is about  120 ~sec. The predic ted  

40  

Coordinated mapping and collection e~ciency 
studies.--Studies were  made  wi th  e lectrode R of 20 
AE q- (1 --  ]2)IR| vs. 5 plots  and of the  values  ob-  
ta ined  for collection efficiencies Nc and Na at  the  
same anodic and cathodic currents,  _+A[iL[. The resul ts  ~ = 0 

UJ are  summar ized  in Table  V. The value  of (i/iav)r=o <3 
for the  anodic case is ca lcula ted  f rom p and f rom the 
three  exper imen ta l  in tercepts  fol lowing the p rocedure  
of Fig. 7, except  tha t  the  ex t rapo la t ion  of the  s t ra ight  -2~0 
por t ion  of the  plots  was used for IR| The condit ions 
were  se lected for a high pa and thus a r a the r  non-  
uni form anodic current .  The ra t io  Na/Nc ---- 1.066 
reflects the  h igher  concentra t ion grad ien t  at  the  disk - 4 0  
edge as sensed in collection efficiency by  this pa r t i cu la r  
r ing geometry.  Na/N t de te rmina t ions  for R in m e r c u r y -  
free perchlor ic  acid solutions of var ious  concentrat ions,  
as p rev ious ly  done for s i lver  (4), shows a t rend  wi th  
the  p p a r a m e t e r  of about  the  same level  as shown 
wi th  the  cur ren t  reversa l  exper iment .  A combinat ion 
of these approaches  offers a quant i ta t ive  means  to test 
the  re la t ion  be tween  disk cu r ren t  dis t r ibut ion,  a l tered 
sys temat ica l ly ,  and the resul t ing collection propert ies .  
In  the  absence of a complete  theory,  the apparen t  
corre la t ions  wil l  not  be pursued fu r the r  here.  

Interrupter experiments.--The double probe con- 
f igurat ion offers a nea r ly  ideal  w a y  to s tudy the 
t rans ien t  bu i ldup  and decay of the  ohmic res is tance 4 0  
drop  wi th  fast  i n t e r rup te r  methods  since the  changes 
are  not obscured by  o ther  sources of potent ia l  va r i a -  
t ion at  the  disk electrode itself. The total  change of 
~E is be tween zero and the corresponding s teady-s ta te  20 i 
values,  I (Rz~ --  Rzz). The l a t t e r  is wha t  was measured  
in the double  probe  mapping  exper iments  and the 
difference in resis tance wil l  be cal led hR here.  We ~, 
wish to compare  ~R to the  ins tantaneous  in t e r rup te r  ~ 0 ! 
values  for cur ren t  make  and break,  AR'on and AR'of f hJ 
(anodic and cathodic) ,  to compare  the  ~R' to the  <] 
p r i m a r y  d is t r ibut ion  predic t ion  of Newman,  and to 
observe the  t ime constant  for  the  change ~R' <--> ~R. - 2 0  
The previous  technique of using ___AliLI to select  

Table V. Collection efficiency and double probe potential plot 
data R with ~- I AlL I at disk and Er = - -0 .60 V vs. Hg reference 

53.3  m M  H E r  ~ -- 1M HCIO4, m = 1600 r p m .  N t  = 0.366 ~- 1% 

F r o m  ~ E  + (1 -- J~) IR~ p l o t  
a n d  F i g .  8 ( r i n g  o p e n  c l r e u l t )  

Ne = 0.369 

Na = 0.393 

0.635 

Oe = O pa=8.3 

(i/lay) ,:o 1.00 0.620 

_AiL, m A  i t ,  m A  

--15.15 --11.15 
> 5.69 

0 - 16.74 
> 6.96 

+ 15,15 - - 22 .70  

N~IN~ = 1.066 

f 

I I I I I I I I I I 
0 40  80 120 160 2 0 0  t~sec) 

Fig. 14. Interrupter experiments. Double probe potential transient 
for disk current turned "on". C, 0.1M HCI04 - -  4.59 mM Hg~ +2, 

= 0.03565 mhos-cm - 1 ,  m adjusted to give iL = - -5 .00 mA, 
~f  = 0.610. Middle trace: zero current level; lower trace, cathodic 
current "on" ( - -5 .00  mA); upper trace: anodic current "on" 
( +  5.00 mA). 
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Fig. 15. Interrupter experiments. Double probe potential transient 
for disk current turned "off." Same electrode and conditions as in 
Fig. 14. Trace: I ,  cathodic current on at steady state; 2, cathodic 
current "off"; 3, zero current level, all traces; 4. anodic current 
"off"; 5, anodic current on at steady state. 
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Table VI. Experimental and theoretical values of resistance 
from interrupter experiments 

I n t e r r u p t  S t e a d y  s ta te  
+ on  + off -- on -- off -- I + I 

Ohms,  ref .  to 6.4 6.4 6.5 6.6 8.8 7.2 (Scope) 
d i sk  8.7 7.0 (DVM) 

Af R~, ohms  6.7 6.7 6.7 6.7 
Ohms ,  ce l l  11.3 11.3 11.5 11.3 

(8) e �9 ~- roCp/4K, Cp ------- 28 ~f/cm 2 is reasonable  for the 
idea l ly  polar ized surface ( l imit ing cur ren t )  in 0.1M 
HC104. 

Also shown in Table VI a re  the resul ts  of i n t e r rup te r  
measurements  be tween  d isk  and mercu ry  pool. The 
four resis tances obtained are  ident ical  wi th in  exper i -  
menta l  error .  The average  value,  11.35 ohms, is an 
exper imen ta l  measure  of R| which, f rom [2], is 
i1.04 ohms. This is sa t i s fac tory  confirmation of the 
geometr ic  assumptions  about  the cell. However ,  the 
suggestion ( i0)  that  i n t e r rup te r  da ta  wil l  demons t ra te  
the  increased average  resis tance for uniform cur ren t  
appears  incorrect ;  only  the p r ima ry  R| value wi l l  be 
measured,  as fol lows f rom Newman  (8). The value  
for uni form current ,  1.08 R| ( i0 ) ,  is not  ex t rac tab le  
f rom the  t rans ien t  da ta  af ter  in te r rup t ion  either,  since 
the  polar iza t ion  and charging processes at  the elec-  
t rodes obscure it. 

I n t e r rup te r  measurements  give the correct  uncom- 
pensa ted  ohmic drop sensed by the reference when 
cur ren t  I is flowing in the  expe r imen ta l ly  l imi t ing 
case of a s t eady-s ta te  p r i m a r y  cur ren t  d is t r ibut ion  
or where  the  design of cell  and electrodes is such tha t  
this is coincident  wi th  the uni form case. Techniques 
were  employed  in this paper  which gave good apparen t  
automat ic  compensat ion at a RDE in si tuat ions where  
the  cur ren t  d is t r ibut ion  was nonuniform. In such 
cases the  in te rp re ta t ion  of the resistance correc ted  
potent ia l  in te rms of e lect rode processes is not  un-  
ambiguous.  Unfor tunate ly ,  in the ro ta t ing  disk sys tem 
it  is not a lways  possible to avoid ohmic drop re la ted  
nonuniformit ies  even wi th  ana ly t ica l ly  sized disks and 
fa i r ly  conduct ive solutions. In  the l ight  of the u t i l i ty  
of the p parameter ,  which is fu r ther  documented  in 
this  paper ,  the  d iag ram of A lbe ry  and Hi tchman (13, 
18) corre la t ing  the K, to, and a~/ai requ i rements  to 
keep p ~ 0.I (uni form cur ren t )  deserves  special  
at tention,  pa r t i cu l a r ly  considering the ca lcula t ional  
difficulties of employing  the full  Newman  theory  (2) 
in a convenient  manner .  

Summary 

Potent ia l  and  resis tance measurements  wi th  we l l -  
defined probes have fu r the r  quan t i t a t ive ly  subs tant i -  
a ted  the  Newman  theory  for cur ren t  and potent ia l  
d is t r ibut ion  at the RDE. Comparisons of i n t e r rup te r  
and s t eady-s ta te  res is tance measurements  have  in-  
dicated that  t rans ient  behavor  of the  cur ren t  d is t r i -  
but ion dur ing  the  acquisi t ion of the  s teady s tate  is 
both  a poss ibly  significant exper imen ta l  factor  and 
another  w a y  to detect  the  na ture  of the  s t eady-s ta te  
dis tr ibut ion.  For  both mapping  and resistance methods,  
the double  p robe  technique is pa r t i cu l a r ly  effective. 
Successful  au tomat ic  compensat ion of resis tance based 
on the feedback f rom precise ly  located probes through 
Newman ' s  model  is demonstra ted ,  s imul taneous ly  
corrobora t ing  the theory.  Observat ion  of nonuni formi ty  
of cur ren t  by  potent ia l  measurements  has been cor-  
re la ted  to increases in collection efficiency in a RRDE. 
The app rox ima te  t r ea tmen t  of Newman ' s  theory  
th rough  the p p a r a m e t e r  method  of A lbe ry  and Hi tch-  
man  is shown throughout  this work  to be a significant 
and  val id  simplification. 

A r e v i e w e r  has  i n f o r m e d  us  of a r ecen t  a d d i t i o n  of the  f a c t o r  
o f  a b o u t  4 to  t he  o r i g i n a l  e q u a t i o n .  The  c o m p a r i s o n  of t h e  l i m i t i n g  
c u r r e n t  of a fas t  r e ac t i on  a n d  idea l  p o l a r i z a t i o n  is r e c o g n i z e d  as  
poss ib ly  d o u b t f u l .  
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LIST OF SYMBOLS 
A elec t rode  disk area,  cm 2 
a,c subscr ipts  denot ing anodic or  cathodic 

direct ions of cur ren t  at  disk 
C,  di f ferent ia l  capacitance,  ~f/cm~ 
Co concentra t ion of reac tan t  at  e lec t rode  

surface, mo le / cm 3 
C| bu lk  concentrat ion,  mo le / cm 3 
E R  D open-c i rcui t  potential ,  d isk  to ring, V 
E D  ref open-c i rcu i t  potential ,  re ference  to disk, V 
ER ref open-c i rcu i t  potent ial ,  reference to ring, V 
Er r ing potent ia l  (vs. reference) ,  V 
Ez single probe potent ia l  sensed at  z, V 
• double  probe  potential ,  V 
AEc.o, AEa.o ex t rapo la t ed  values  of double probe  

potent ia l  to disk surface, V 
f f ract ion of probe poten t ia l  sensed at  ~, V 
YexD expe r imen ta l  1 
F F a r a d a y ' s  constant,  cou lomb/equ iv  
I total  d isk  current ,  A (cathodic cur ren t  

defined as negative,  anodic posi t ive)  
i local d isk  cur ren t  density,  A / c m  2 
iav average  disk cur ren t  density, A / c m  2 
iL cathodic l imi t ing cur ren t  density,  A / c m  2 
io exchange  cur ren t  density,  A / c m  2 
i r ,  i rL  total  r ing and to ta l  r ing  l imi t ing current ,  

A 
J dimensionless  exchange  cur ren t  densi ty  

[see Ref. (2) ] 
K conduct ivi ty  of solution, mhos / c m 
n number  of e lectrons t r ans fe r red  per  mole  

of react ion 
N dimensionless  l imi t ing cur ren t  densi ty  

[see Ref. (2) ] 
Nt theore t ica l  collection efficiency 
R universa l  gas constant,  j ou l e /mo le -deg  
Rz ohmic resistance,  disk to probe  at  z, ohms 
R| ohmic resistance,  d isk  to probe  at z ---- ~ ,  

ohms 
Re ohmic resistance, d isk  to probe  at  ~, ohms 
r r ad ia l  dis tance (at  z = 0), cm 
ro e lect rode disk radius,  cm 
r l  e lect rode inner  r ing  radius,  cm 
r2 e lect rode outer  r ing radius,  cm 
rc e lect rode cy l indr ica l  radius,  cm 
rm elect rode mant le  radius,  cm 
T absolute  t empera ture ,  ~ 
t + t ransference  number  of reac tan t  

ro ta t ion  speed, r p m  
z ver t ica l  dis tance from disk, cm 
1,2 identif icat ion of nea re r  p robe  (1) and  

fa r the r  probe  (2) 
a,~,~ kinet ic  pa rame te r s  [see Ref. (2) ] 
fit theore t ica l  irL/AiL [see Ref. (12) ] 
8 dimensionless  average  cur ren t  densi ty  

[see Ref. (2) ] 
ro ta t ional  el l ipt ic coordinate  [see Ref. 
(7)]  

~c concentra t ion overpotent ia l ,  V 
ms surface overpotent ia l ,  V 
r e lectrostat ic  potent ial ,  V 
Co ex te rna l  potent ia l  ex t rapo la t ed  to elec-  

t rode  surface, V 
p rat io  of ohmic to to ta l  dynamic  charge  

t ransfe r  plus concentra t ion overpoten t ia l  
resis tances [see Ref. (13) or  (18)] 
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Electrocatalysis of Oxygen Reduction by 
Sodium Tungsten Bronze 

I. Surface Characteristics of a Bronze Electrode 

J. McHardy *'1 and J. O'M. Bockris *'2 

Department of Chemistry, University of Pennsylvania, Philadelphia, Pennsylvania 19104 

ABSTRACT 
When a metallic crystal  of the nonstoichiometric compound sodium tung-  

sten bronze, NaxWO3, was used as an oxygen electrode in  acidic solution, 
sodium was lost from the crystal by anodic dissolution, leaving a th in  semi- 
conducting layer on the surface. The composition change in the surface layer 
corresponded to a decrease in  x from ,~0.7 to ,~0.25 for a crystal free of in-  
tent ional  impurities,  and from ~0.7 to ,~0.05 for a crystal  containing traces of 
plat inum. The difference may result  from more rapid hole injection in the 
lat ter  case, associated with the enhanced rate of oxygen reduct ion observed. 
The response of the bronze electrode to light revealed a bandgap of ,~2 eV 
and a flatband potential  of 0.5-0.6V vs. RHE for the semiconducting layer, 
both apparent ly  independent  of p la t inum content. Donor concentrat ions in the 
surface layer determined from 1/C~ vs. E (Mott-Schottky) plots were in good 
agreement  with sodium concentrat ions determined by ion probe mass spec- 
troscopy. 

Sodium tungs ten  bronze, NaxWO~, is a nonstoichio- 
metric compound with x a continuous variable from 
0 to 1. The compound comprises a WOs mat r ix  con- 
ta ining interst i t ial  sodium ions and an equivalent  n u m -  
ber of quasi-free electrons (1). When x exceeds 0.25, 
the electrons occupy a conduction band and bestow 
metall ic conductivi ty on the compound (2). As x in-  
creases from 0 to 1, the crystal s t ructure passes through 
a series of transformations,  each represent ing an in -  
crease in symmetry  (3). Cubic symmetry  in the form 
of a defect perovskite s tructure is normal ly  restricted 
to the composition range  0.4 ~ x ~ 1 but  has been 
extended to considerably lower x values by chemically 
removing sodium from a crystal ini t ia l ly  in the normal  
cubic composition range (4). 

Metallic crystals of sodium tungs ten  bronze pre-  
pared by electrolyzing a mol ten mix tu re  of Na2WO4 
and WO3 were reported to exhibit  electrocatalysis for 
oxygen reduction comparable with p la t inum (5), but  
subsequent  work demonstrated that  the high catalytic 
activity required the presence of about 100 ppm pla t i -  
n u m  in the crystals (6). In  the course of experiments  
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nect icut  06457. 
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designed to elucidate the role of p la t inum in  electro- 
catalysis by NaxWOs, it became apparent  that  the sur-  
face of a bronze electrode behaves more like a semi- 
conductor than a metal, and this paper describes an 
invest igat ion of its semiconducting behavior. 

Experimental 
Preparation o] bronze electrodes.--Tungstic oxide 

obtained from K&K Laboratories was of 99.5% purity.  
Baker Analyzed sodium tungstate  dihydrate  was dried 
for a m i n i mum of 24 hr at 120~ before use. 

On the basis of p re l iminary  work, a lumina  was se- 
lected as the crucible mater ia l  and  McDanel ACN high- 
pur i ty  a lumina  crucibles were used throughout.  At 
first, 40 ml  crucibles were used but  later  on 100 ml  
crucibles were adopted. The crucible was placed in-  
side a quar tz  cell which was surmounted  by  a Pyrex  
cap and an O-r ing  seal as described previously (7). 
Gold wire electrodes (1 mm diameter, 99.99% pure) 
were sheathed in McDanel h igh-pur i ty  a lumina  tubes 
and mounted  vert ical ly through the cap of the cell by 
means of Beckman Teflon tube fittings. Spectroscopic 
analysis revealed no contaminat ion  of the bronze crys- 
tals by gold. The cell was heated in a vert ical  tube 
furnace (Electro-Applications Inc. No. 620) and the 
melt  tempera ture  main ta ined  at 800 ~ ___ 3~ with a 
Barber  Coleman Model 427P Control Uni t  and  a Chro- 
mel -Alumel  thermocouple in  a closed a lumina  sheath. 
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Sodium tungstate and tungstic oxide were weighed 
directly into an alumina crucible which was immedi- 
ately lowered into the quartz cell. The reagents were 
fused and allowed at least 4 hr to equilibrate. 

A slightly tapered seed crystal about 1.5 • 1.5 • 5 
mm cut from a previous crystal with a diamond wheel 
(Micro-Mech. Inc. Precision Wafering Machine Model 
WMSA 810) was attached to a gold wire by beating 
out the tip of the wire into a foil and wrapping it 
around the wider end of the seed. The seed and a 
counterelectrode of coiled gold wire were lowered into 
the melt and allowed a few seconds to warm up. 

The constant current employed to grow a crystal 
was generated by a Dressen Barnes Model 3-150L d-c 
power supply in series with a Clarostat decade power 
resistance box. The seed crystal was initially driven 
anodically at about 10 mA cm -s to clean the surface. 
The current was then reversed and increased periodi- 
cally to maintain a cathodic current density of about 
5 mAcm -s on the crystal. 

The value of x in the bronze crystal increases with 
the ratio of [Na + ] to [WO3] in the melt, but the rela- 
tionship is not a simple one (8). In most cases, the 
melt composition was 42 m/o (mole per cent) 
NasWO4:58 m/o WO3 and yielded crystals with a 
sodium content corresponding to x ~ 0.7. Electrolysis 
was continued for about two days and yielded a 
crystal with (100) faces (cubic morphology) approach- 
ing 1 cm on an edge. 

Platinum and other impurity elements were intro- 
duced into a crystal during its growth by continuous 
codeposition, a small concentration of the impurity 
being maintained in the melt by anodic dissolution of 
the appropriate element. In the case of platinum, for 
example, the anodic current was divided between the 
inert (gold) electrode and a 1 cm s platinum electrode. 
The crystal was grown at a fixed total current of 15 
mA with a certain fraction of that current passing 
through the platinum anode. The platinum content of 
the crystal increased with the fraction of the current 
passed by the platinum anode, up to a maximum of 
,-,400 ppm at ipt = 8 mA. Attempts to exceed this con- 
centration resulted in a spongy platinum deposit that 
stifled further crystal growth. 

Upon removal from the melt, crystals were allowed 
to cool in air and were then cleaned of solidified melt 
with boiling water. Crystals were mounted in Teflon 
as described previously (9). 

Analys/s.--Sodium concentrations were determined 
by measuring the lattice parameter, a, and applying 
the equation (in angstroms) (10) 

a = 0.0819x -{- 3.7846 [1] 

The lattice parameter of a crystal was measured by 
the x-ray powder diffraction method using a Phillips 
Spectrometer and CuK~ radiation. 

Platinum concentrations were determined by spark 
emission spectroscopy. Analytical standards were pre- 
pared by heating the calculated weight of chloropla- 
tinic acid with a mixture of 3Na2WO4:2WOs:W in 
nitrogen at 900~ for 2 hr. The ratiO of the three re- 
agents was chosen empirically to yield a bronze of 
x-value close to 0.7 by the reaction (11) 

(_:)  a.WO,§ ('-'- ) wo. 
(-:) + W = Na=WO3 [21 

The technique had a precision of • and a lower 
detection limit for Pt of 50 ppm. Other, more precise 
techniques such as x-ray fluorescence, atomic absorp- 
tion, and activation analysis suffered from interference 
by tungsten or sodium. 

Optical experiments.--Crystals mounted in Teflon 
were given a metallographic polish. No special polish- 

ing procedure was required until the final stage, when 
1~ diamond paste was used instead of alumina. The 
polishing materials were removed from a crystal by 
washing it successively in boiling 30% HsOs and boil- 
ing conductivity water. The specimen was then 
mounted in the Teflon assembly (Fluorocarbon Inc. 
Union Elbow Reducer) shown in Fig. 1. 

The test solution was 0.1N HCIO4 prepared from 
reagent grade 70% perchloric acid and conductivity 
water. The Vycor cell which featured a quartz 50 
mm optical window appears in Fig. 2. The reference 
electrode was the Pd/H electrode, prepared by the 
method of Fleischmann and Hiddleston (12). PotentiaLs 
quoted here have been corrected to the scale of a 
reversible hydrogen reference electrode in the same 
solution. 

A freshly polished specimen was conditioned prior 
to test by cycling it 20 times between 0.5 and 2.0V at 
50 mV sec -I. This procedure was found sufficient to 
stabilize the current vs. potential trace during a sweep. 
All experiments were performed at room temperature 
(25 ~ __ 2~ 
The light sources were a series of high-intensity 

Osrarn arc lamps operated from a Spectroline Model 

| 

Gloss 

~ Tef Ion 

~ Copper wire 

Fig. 1. Teflon and glass crystal mount for optical experiments 

Quar tz  Collimator 

Cell  

Iris 
D----- - - - 0  

Diophrogrn 

RMT. 

Fig. 2. Apparatus for reflectance spectroscopy 
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1500 power supply. Each arc lamp put out essentially 
the l ine spectrum of a single gaseous element. Mono- 
chromatic l ight was achieved by filtering out all but  
one l ine of the spectrum with Spectroline glass filters. 
The intensi ty  of an arc lamp tended to driEt gradual ly 
with time, and it was necessary to measure the in ten-  
sity every few minutes  dur ing each experiment.  An 
RCA 1P-21 photomult ipl ier  tube (p.m.t.) in  a Schoeffel 
D-500 housing was used to measure l ight intensities. 
The tube was operated at an anode voltage of 500V in 
conjunct ion with a Schoeffel Model M-400 photometer. 
Both the electrochemical experiments  and the mea-  
surements  of light intensi ty  were performed on an 
optical bench. P re l iminary  tests showed that  for dis- 
tances greater than about 3 cm a lamp could be treated 
as a point  source of light. 

A potassium ferrioxalate chemical act inometer  (13) 
was employed to calibrate the response of the p.m.t. 
to the two mercury  lines at 245 and 365 nm, respec- 
tively. The response at other wavelengths was then 
obtained from the published curve of relative spectral 
response for this type of p.m.t. (14). 

Reflectance spectra were obtained with the ar range-  
ment  shown in Fig. 2. The weakness of typical reflected 
intensities necessitated the performance of this par t  
of the work in a dark box. The collimated beam of 
monochromatic light was reflected into the p.m.t. 
either by the bronze electrode or by a front surface 
mirror  which was mounted  on a hinge so that  it could 
be swung into position in  front of the cell window. 

Using a t r iangular  voltage sweep generator  as the 
reference input  to the potentiostat, the potential  of 
the test electrode was swept at 50 mV sec -1 between 
--1.5 and +2.0V. The potential  was also applied to the 
X input  of an XY recorder. The intensi ty  of the beam 
reflected from the electrode surface was measured 
with the p.m.t, and photometer. A d-c voltage from 
0 to 5V put  out by  the photometer in proportion to the 
meter  reading was applied to the Y input  of the XY 
recorder. The reflected intensi ty  was normalized by 
comparison with the intensi ty  reflected from the front 
surface mirror.  Absorption by the quartz window and 
the HC104 solution was negligible. Potentials  were con- 
trolled by a Tacussel PIT 20-2 potentiostat  and mon-  
itored with a Data Technology 350 digital voltmeter.  
In  order to measure the current,  the p.d. across a 
resistor in series with the counterelectrode was fed 
into a potentiometric electrometer. The output  from 
the nul l  meter  of the electrometer was recorded on 
a 10-in. strip chart  recorder to p rov ide  a continuous 
record of the current .  A capacitance box in  paral le l  
with the measur ing resistor could be adjusted from 
0 to 200 ~f to damp out unwanted  oscillations in  the 
recorder trace. 

Photocurrents  were measured under  s teady-state  
potentiostatic conditions. In  many  cases, the photo- 
current  was smaller than  the dark  (background) cur-  
rent  and the following procedure was developed to 
measure it. The voltage signal from the cu r ren t -mea-  
suring resistor was backed off by the potentiometer  
dials of the electrometer so that  the nu l l  meter  could 
be set on a more sensit ive range (typically correspond- 
ing to 10-?A) for a ful l  scale deflection. The recorder 
could thus register small  variat ions in  a relat ively 
large current .  T h e  l imit  of what  could be achieved in 
this way was governed by "a-c noise." To some extent,  
the a-c noise could be damped out by a sui table choice 
of capacitance in parallel  with the measur ing resistor, 
but  RC combinations with t ime constants larger than  
20 sec required too long to register the photocurrent.  
In  practice, the smallest photocurrent  that  could be 
accurately measured was about 1% of the dark current .  

Capacitance measurements.--Crystals were prepared, 
polished, mounted in a Fluorocarbon Inc. straight 
union reducer (9), and stabilized as above. The test 
solution was 0.1N HC104 prepared from ul t rapure  acid 
and t r iple-dis t i l led water. The solution was prepared 

and pre-electrolyzed in a closed glass system that  
included the test cell (15). Prepurified ni t rogen was 
passed through copper tu rn ings  heated to 400~ and 
two columns of molecular  sieves (Linde 13X) before 
being admit ted to the test solution. 

Differential capacitance was measured as a function 
of potential  by means of galvanostatic charging curves, 
using the circuit  shown in  Fig. 3. 

.Charging curves were obtained by first connecting 
both the galvanostat  and the potentiostat  to the cell 
and then rapidly (10 .9  sec) opening the circuit be-  
tween the potentiostat  and the counteretectrode by 
means of the mercury  switch. The change in potential  
produced by the galvanostatic step funct ion (typically 
20 mA cm -2) was recorded on a storage oscilloscope. 
Capacitance was calculated from the init ial  port ion of 
the trace (<10 ~sec) using the equation 

C = [3] 
dV  

dt  

The oscilloscope was triggered by the output  of the 
potentiostat  which rapidly went  into sa turat ion upon 
disconnection from the cell. Charging curves were 
obtained every 100 mV, star t ing from 2.00V and going 
down. 

Ion probe mass spectroscopy.--Specimens for analysis 
were prepared from unmounted  crystals in the follow- 
ing way. Each crystal was metal lographical ly polished 
on one face, cleaned in isopropanol vapor, r insed in 
conduct ivi ty  water, and suspended in 25 ml  of 0.1/V 
HC104 solution so that  only the polished face was im-  
mersed. The stabilizing procedure described above was 
applied to each crystal in a fresh sample of solution. 
The samples of solution were subsequent ly  analyzed 
for sodium by atomic absorption spectroscopy on a 
Perk in  Elmer  Model 300 spectrometer. After  stabiliz- 
ing, a crystal  was cut down to yield a polished speci- 
men about 0.7 cm square by 0.25 cm thick. Final ly,  
each specimen was cleaned in isopropanol vapor and 
rinsed in boiling conductivi ty water. 

Analysis was performed on the CAMECA Ion Ana l -  
yzer (16). The ins t rument  has the following capabi l-  
ities: (i) mass spectroscopic analysis of an area only 
a few microns in  diameter;  (ii) the creat ion of ion 
images with an optical magnification of 350X; (i{i) 
the determinat ion o f  concentrat ion profiles with depth 

I MPS U51 

Fig. 3. Circuit for gatvanostafic charging curves. A, Data Tech- 
nology Model 350 digital voltmeter. B, Tacusse! Model PIT 20-2 
potentlostat. C, Potter and Brumfle|d mercury wetted relay. D, Tek- 
tronix Model 564 storage oscilloscope with 3A7 and 3B3 plug in 
units; (a) signal input, (b) trigger input. E, Keithley Model 600B 
electrometer (used as an ammeter). F, Cathodic galvanostat (de- 
signed by B.D. Cahan). G, Cell; (a) counterelectrode, (b) reference 
electrade, (c) working electrode. 
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of any  selected e lement  wi th  a resolut ion of 50-1'00A. 
Techniques (i) and (ii) were appl ied  to the  s tudy of 
p la t inum dis t r ibut ion  and tha t  work  is covered in Pa r t  
I I  of  the  paper  (6). Only  the  appl ica t ion  of technique 
(iii) to the  s tudy of sodium dis t r ibu t ion  is descr ibed 

here.  
The mass spec t rometer  provided  a char t  of re la t ive  

in tens i ty  (of Na + ions in the  secondary  beam) vs. 
t ime, corresponding to the  sodium concent ra t ion  of 
the surface as ma te r i a l  was cont inuously  sput te red  
away.  The in tens i ty  was ca l ibra ted  by  assuming tha t  
the  s teady  value, no rma l ly  reached wi th in  a few sec- 
onds, cor responded to the  bu lk  sodium concentra t ion 
de te rmined  f rom x - r a y  diffract ion data.  The p e n e t r a -  
t ion was ca l ibra ted  f rom the depth  of the  c ra te r  at 
the  end of a "burn"  which was measured  by  Nomarsk i  
polar iza t ion  in t e r f e romet ry  (17). 

Results 
Optical e~'periments.--Photocurrents were  a lways  

anodic and depended  on wave leng th  and in tens i ty  of 
the incident  l ight  and on e lect rode potent ial .  The cur -  
rents  did  not  depend on the h is tory  of an e lec t rode  
or  whe the r  the  solut ion was  sa tu ra ted  wi th  oxygen  or  
ni t rogen.  

In  a l l  cases, the  photocur ren ts  increased in d i rec t  
propor t ion  to the inverse  square  of the  optical  pa th  
length  (corrected for the  re f rac t ive  index of the solu-  
t ion) be tween  the l amp  and the electrode.  A typica l  
example  appears  in Fig. 4. Since the  l amp  behaved  
l ike a point  source, the  pho tocur ren t  was thus  a l inear  
function of l ight  intensi ty.  The slope of the  l ine  in 
Fig. 4 corresponds to a quan tum yie ld  (~) equal  to 
1.3% or 0.013 electrons per  incident  photon. 

Typica l  plots  of ~ vs. l ight  f requency  at  constant  
e lect rode potent ia l  appea r  for crysta ls  wi th  and wi th -  
out  p la t inum,  respect ively,  in Fig. 5. Curves d rawn  
through  the  th ree  points of such curves  al l  ex t rapo la ted  
to ~ --  O at  a f requency  of 5 �9 1014 sec -1, cor responding 
to a photon energy  of about  2.0 eV. 

The var ia t ion  of r wi th  e lect rode potent ia l  is shown 
for crys ta ls  wi th  and wi thou t  p la t inum,  respect ively,  
in Fig. 6. The fo rm of the  curve  was  essent ia l ly  the  
same in each case, but  the va lue  of ~ at  any  given 
potent ia l  was lower  for  the  crys ta l  containing pla t inum.  

Results  of the  reflectance exper iments  a re  i l lus t ra ted  
by  the  absorbance  vs. potent ia l  curve in Fig. 7. The 
curves  were  s imi lar  for al l  specimens and al l  f re -  
quencies, the absorbance  showing no var ia t ion  except  
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Fig. 7. Variation of absorbance with electrode potential (v ----- 
S'iO 14 sec-1; Pt = 430 ppm). 

in the  potent ia l  range  where  color changes  have  been 
observed v i sua l ly  (15, I8) .  The  shape of a curve  did  
depend somewhat  on the di rect ion in which  the po ten-  
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Table I. Average currents and dissolution rates during illumination Table II. Donor concentrations calculated from Mott-Schottky plots 

/ tA / tmoles  h r  - t  P t  conten t  D o n o r  c o n c e n t r a t i o n ,  E q u i v a l e n t  
i n  p p m  ND, in  c m  -3 x - v a l u e  

D a r k  c u r r e n t  (ID) 68 - -  
T o t a l  c u r r e n t  (IT) 113 - -  
P h o t o c u r r e n t  (IT -- ID) 45 
S o d i u m  d i s s o l u t i o n  r a t e  13.4 ( c a l c u l a t e d )  0.050 
T u n g s t e n  di s so lu t ion  rate  - -  0 ,088 

0 2.5 X 102l 0.14 
70 2.3 ~ 10 "~ 0 .13 

120 2.9 ~ 10 ~ 0,16 
290 1.2 • 10 = 0.06 
390 0.8 X 10 ~ 0.04 

( S p e c i m e n  a r e a  0.3 cm2; P t  c o n t e n t  430 p p m ;  E = 2.05V;  un f i l -  
t e r e d  H g  a r c  l i gh t . )  

t ia l  was changing,  an  observat ion suggest ing tha t  the 
color changes resul t  f rom a so l id-s ta te  p rocess .  

In order  to de te rmine  wha t  processes were  respons i -  
ble  for the  photocurrent ,  the fol lowing exper imen t  
was performed.  Using condit ions tha t  favored a la rge  
pho tocur ren t  i l lumina t ion  was cont inued for 7.5 hr. 
Every  2.5 hr  a 50-ml sample  of the tes t  solution was 
removed  and replaced  by  50 ml of the  stock solution. 
The sample  was subsequent ly  analyzed  for sodium by 
atomic absorpt ion and for tungsten as the  th iocyanate  
complex  by  spec t rophotomet ry  (19). Resul ts  of the  
expe r imen t  expressed  as average  cur ren ts  are  given 
in Table I. They show tha t  sodium dissolution accounts 
for ~30% of the  photocur ren t  at  2.05V. 

Capaci tance  m e a s u r e m e n t s . - - A t  potent ia ls  above 
1.OV, the  different ia l  capaci tance of a bronze electrode 
obeyed the Mot t -Scho t tky  equat ion (20) which  may  
be wr i t t en  (making  the usual  assumpt ion tha t  the  
ent i re  Galvani  p.d. acts across the  space charge  region)  

1 8~ 
: ~ [ (E - -  Efb) - - k T / e ]  [4] 

C "~ eNDs 

where e is the electronic charge, ND the donor con- 
centration, ~ the dielectric constant, and Efb the fiat- 
band potential. The slope of a 11C ~ vs. E plot thus 
yields the donor concentration, and the intercept yields 
the  f la tband potent ial .  Represen ta t ive  plots  of I / C  ~ vs. 
E (Mot t -Scho t tky  plots)  for crysta ls  wi th  and wi thout  
p la t inum,  respect ively,  appear  in Fig. 8. A compute r  
l eas t - squares  fit of the  expe r imen ta l  points  f rom 2.0 
th rough  1.2V was used to de te rmine  the slope and 
in tercept  of each Mot t -Scho t tky  plot, and  the resul ts  
for five crysta ls  appear  in Table  II. 

No da ta  were  avai lab le  on the dielectr ic  constant  of 
NaxWO~, so a va lue  for WOs, der ived  by  Ki r ' i a shk ina  
et al. (21), was used. They measured  dielectr ic  pe rmi t -  
t ivi t ies  of compressed powders  as a function of densi ty  
and obta ined  a mean  va lue  for the  rat io  o f ,  to p ( the  

2C 

u 

' / of~ 
~ = 

,/l o,f~ 

i 

0.8 1.0 1.2 14  1.6 1.8 2,0 

E - -  VOI| I  vI,  RHJE. 

Fig. 8. Mott-Schottky plots: @ crystal free of Pt; �9 crystal con- 
taining 290 ppm Pt. 

dens i ty  in g r am-cen t ime te r  - s  ) of 6.93. The  densi ty  of 
WOo wi th  the  cubic bronze s t ructure  (es t imated  by  
subst i tut ing x - -  0 in Eq. [1]) is 7.2 g -cm -3 and hence 

is about  50. The presence of sodium undoubted ly  
a l ters  e, but  since the surface layer  is so deple ted  in 
sodium, the e r ror  is p robab ly  not  serious. 

At  potent ia ls  below 1.0V the different ia l  capaci tance 
of a bronze e lec t rode  rose r ap id ly  wi th  decreas ing 
potential ,  reaching values  of severa l  hundred  ~f-cm -2 
which were  too la rge  to pe rmi t  accura te  measurement .  

Ion probe mass  spec t roscopy . - -Typ ica l  resul ts  of 
sodium concentra t ion vs. depth  for crys ta ls  wi th  and 
wi thout  pla t inum,  respect ively,  a re  reproduced  in Fig.  
9. There  was a sod ium-dep le ted  surface in both  cases 
but  the  deple ted  layer  was  t h inne r  and much lower  
in sodium for crys ta ls  containing pla t inum.  The ini t ia l  
peak  resul ts  f rom chemical  enhancement  of the  sodium 
emission by  adsorbed  oxygen  (22). The peak  height  
was used to es t imate  r e l a t ive  sodium concentra t ions  
where  they  were  too low to read  off the chart .  Data  
ca lcula ted  f rom the concentra t ion profiles and the  
sodium analyses  of test  solut ions are summar ized  in 
Table III. The two sets of da ta  agree  in genera l  to 
wi th in  half  an order  of magni tude .  

Discussion 
S o d i u m  d i s t r ibu t ion . - -Bo th  ion probe  analysis  of a 

c rys ta l  and atomic adsorpt ion analysis  of the  solution 
i t  was tested in demons t ra ted  tha t  sodium was lost 
f rom the surface. The var ia t ion  of sodium concent ra-  
t ion wi th  depth  approx ima ted  to a step function, where  
the  r is ing par t  of the  s tep had  a slope d x / d l  of about  
10 e cm -1 (Fig. 9). Fo r  a p l a t i num- f r ee  crys ta l  of 
Na0.~WO3 the composit ion of the surface layer  af ter  a 
s tabi l izat ion t r ea tmen t  corresponded to x _~ 0.25 and 
its depth  was be tween  50(} and 200OA. For  a c rys ta l  of 
the  same bu lk  sodium content  but  containing pla t inum,  
the  surface layer  had  an x va lue  of about  0.05 and a 
depth  be tween  200 and  400A. 

0 I0 20 30  40  50  60  70 80 9 0  I00  
Time in seconds 

h _  r 

E l  : - -  I I I I I I 1 I I I 
0 10 20 30 40 50 G0 70 80 90 100 

Time in seconds 

Fig. 9. Sodium cOncentration profiles: A, crystal free of Pt; B, 
crystal containing 59 ppm Pt. 
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Table I!1. Comparison of ion probe analysis of sodium depleted 
layers with sodium analysis of the test solutions 

Sodium lost in # g  cm-~ 

Depth  x-Value  F r o m  F r o m  
Pt  content  of depleted in depleted ion probe analysis  of 

in ppm layer  i n  A layer  resul ts  the solution 

0 1370 0.26 4.1 8.8 
0 460 O. 16 1.6 ~ ,  
O 480 0 .19  1 . 5 J  2 .3  
0 400 0.28 1.2 6.0 
0 1870 0,30 5.1 4.2 

54 0.04 1.8 
59 ~o 0.03 1"3 3.6 
62 2"/0 0.06 1.2 5.7 
76 ~ 0.05 - -  28.4 

165 - -  - -  - -  7.4 

* Two areas  were  e x a m i n e d  on one crystal .  

A sodium ion that  moves out from the bu lk  of the 
crystal to the bu lk  of the solution must  pass through 
three distinct regions: (i) the metal /semiconductor  
interphase in the crystal, (ii) the semiconductor region, 
and (iii) the semiconductor /solut ion interphase. The 
passage through each region wil l  have its own rate 
constant, kl, k2, ks, respectively, and the relative mag-  
ni tude of the three constants will  govern the qual i ta-  
tive form of the sodium concentrat ion profile; some of 
the possibilities are sketched in Fig. 10. The type of 
reasoning employed in constructing these hypothetical  
profiles was as follows. Consider the case k8 > kl,k2: 
this means that  passage of sodium through regions (i) 
and (ii) is difficult, but  that  anodic dissolution of 
sodium out of the surface is easy. Concentrat ion gradi-  
ents will  therefore bui ld up across regions (4) and (ii) 
but  the concentrat ion of sodium just  inside the surface 
wil l  be vanishingly  small. 

Comparison of Fig. 9 and 10 reveals that  the surface 
of a P t - f ree  crystal is characterized by the relat ion 
k2 > kl,k3, while the surface of a crystal containing 
Pt  is characterized by the relat ion kl < kz, ks. In  both 
cases, k, is small  and k2 is large. The major  difference 
is in the rate  constant  for the electrochemical step, 
ks, and a possible explanat ion in terms of hole injec-  
tion is proposed in the next  section. 

Formation of a semiconducting layer.--Hole injection, 
i.e., the removal  of electrons from the valence band  of 
a semiconductor, is t an tamount  to the breaking of 
molecular  bonds, and f requent ly  results in oxidative 
decomposition of the semiconductor (23). In  the case 

of compound semiconductors, decomposition occurs by 
anodic dissolution of the most electronegative element,  
e.g., holes generated in a zinc oxide electrode by 
i l luminat ion  cause decomposition by the reaction 

Z n O  + 2 h  + -> Z n  2+ + 1/2 0 2  [ 5 ]  

In  this example, the holes are created by exciting elec- 
trons from the valence band  into the conduction band 
of the semiconductor, but  holes may be generated in 
the dark if highly oxidizing species are present  on the 
semiconductor surface. For  example, "OH radicals 
formed on the surface of gal l ium phosphide during the 
reduction of H20~ can be fur ther  reduced by reaction 
with electrons from the valence band  (24). 

Sodium tungsten bronze is metallic for x values 
down to 0.25 (2) and no shortage of "holes" exists to 
l imit  the init ial  ra te  of sodium dissolution. Below x 
= 0.25, however, the mater ia l  is an n - type  semicon- 
ductor (4), and holes are scarce. Immersion of metall ic 
NaxWO3 in acidic solution wil l  therefore result  in a 
loss of sodium by a corrosion mechanism unt i l  x in the 
surface reaches 0.25 

NaxWO8--) Nao.25WO8 + (x - -  0.25)Na + 
+ ( x - -  0 .25)e ,  [6] 

H + + e - - ~ � 8 9  [7] 

Thereafter,  fur ther  sodium loss from the bronze will  
be limited by solid-state diffusion. If now a supply of 
holes is provided, x can fall below 0.25 as sodium is 
lost by the reaction 

1 1 
- -NaxWOs + h + -> Na + -t- - - W O s  [ 8 ]  
X X 

The source of holes may be the excitation of valence 
electrons into the conduction band by i l luminat ion  
(vide infra) ,  or possibly the reduction of highly oxidiz- 
ing species on the electrode surface. Such species could 
be formed as reaction intermediates  in  the reduction 
of oxygen to water. Hole inject ion wilI then be more 
rapid into a crystal containing p la t inum than  into 
one free of p la t inum because oxygen reduct ion pro- 
ceeds thousands of times faster when  p la t inum is 
present  (6). Consequently,  the sodium concentrat ion 
in  the surface should fall  to lower values for a crystal  
containing p la t inum than for one free of plat inum. 

Properties of the semiconducting layer.--A min imum 
photon energy of 2 eV was required to produce a 

Fig. 10. Hypothetical sodium 
concentration profiles for various 
relative diffusion and dissolution 
rote constants. The ordinate 
represents x in NoxWOs. 
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photocur ren t  in a crystal i r respect ive  of p l a t i num con-  
tent, and this energy  threshold  undoub ted ly  corre-  
sponded to the  bandgap  of the semiconductor .  By com- 
parison, the  bandgap  of WOs, also an n - t y p e  semi-  
conductor,  is about  2.7 eV (25). 

The form of ~-E curves  (Fig. 6) is qua l i t a t ive ly  con- 
sistent  wi th  the fol lowing regime:  

(i) E lec t ron-hole  pai rs  exci ted  b y  the  incident  l ight  
are  d r a w n  apar t  by  the  electrostat ic  field in the  semi-  
conductor.  

(i~) The  e lect ros ta t ic  field wi l l  depend  on the  t e rm 
(E --  Erb) where  Efb is the  f la tband potent ial .  When  
E --  Efb the  field is zero and recombina t ion  is ve ry  
rapid.  Above  Efb the concent ra t ion  of holes in the  sur -  
face wi l l  increase exponent ia l ly  wi th  (E --  Efb). 

(iii) Holes at  the  surface wi l l  par t ic ipa te  in e lec t rode  
react ions at  a ra te  p ropor t iona l  to thei r  concentrat ion.  
The photocur ren t  wi l l  thus  be zero at  the  f la tband 
potent ia l  and then increase exponent ia l ly  wi th  po ten-  
t ia l  unt i l  i t  approaches  the  ra te  a t  which holes a re  
generated.  Thereaf te r  a l imi t ing cur ren t  wi l l  be ob-  
served.  

The photocur ren t  on a c rys ta l  containing Pt  was 
severa l  t imes  smal ler  than  tha t  on a P t - f r ee  crystal .  
The difference corre la tes  wel l  wi th  the  effect of 
p l a t inum in lowering the sodium concentra t ion in the 
surface, and confirms tha t  the  photoreact ion is sodium 
dissolution according to Eq. [8]. Above  the revers ib le  
OER (oxygen  evolut ion react ion)  potent ial ,  however ,  
the  poss ibi l i ty  of oxygen  evolut ion by  hole capture  
must  be considered 

2HsO q- 4h + --> O2 § 4H + [9] 

The dis t r ibut ion  of the  photocur ren t  be tween reac-  
t ions [8] and [9] m a y  be  es t imated for the  case of a 
c rys ta l  at  2.05V from the  da ta  in Table I. Since sodium 
dissolution accounted for 30% of the  to ta l  photocur-  
rent,  oxygen evolut ion by  hole cap ture  appa ren t ly  
cont r ibu ted  ,-~70%. In  Fig. 6, ~ increases  th ree fo ld  
be tween 1.23 and 2.00V. It  fol lows tha t  the  photocur-  
rent  due to sodium dissolut ion at  2.05V is equal  to the  
total  photocur ren t  a t  1.23V (where  Reaction [9] can 
make  no contr ibut ion)  and therefore  tha t  the  sodium 
dissolution ra te  is independent  of po ten t ia l  in this  
range.  Tungsten p robab ly  enters  the  acidic solut ion as 
colloidal  WO3 formed when  sodium concentrat ions  in 
the  surface drop  be low the level  needed to s tabi l ize 
the  cubic la t t ice  (4) and the s t ruc ture  collapses. 

By  ana logy  wi th  Dewald ' s  resul ts  on zinc oxide (26), 
the  Mot t -Scho t tky  behavior  of e lectrode capaci tances  
at  anodic potent ia l s  character izes  the  bronze surface 
as a wide  bandgap  n - t y p e  semiconductor ,  bu t  Mot t -  
Schot tky  behavior  has not  prev ious ly  been repor ted  on 
such heavi ly  doped mater ia l .  In  spite  of this  fact, the  
Mot t -Scho t tky  resul ts  (Table  I I )  a re  in reasonable  
agreement  wi th  the  resul ts  of ion probe  analysis  (Table 
I I I ) ,  confirming both the absolute  magni tude  of the  
surface x -va lues  and: the  tendency  for x to decrease as 
p la t inum is introduced.  3 

The  electrode potent ia l  at  which photocur ren ts  
ceased to be manifes t  on bronze electrodes provides  an 
es t imate  of the  f la tband potent ia l  Efb of 0.5-0.6V. By 
contrast ,  Mot t -Scho t tky  plots give Efb as 0.8-0.9V; the  
d iscrepancy is discussed below. 

Surface redox reactions.~(i) High potentials.~Dis- 
cont inui t ies  in Mot t -Scho t tky  plots  at  1-1.2V (Fig.  8) 
suggest  tha t  a sharp  decrease in donor  concentra t ion 
occurs as the  potent ia l  is raised. This is the reverse  of 
the  normal  effect, e.g., for WO3 (27), in which  cer ta in  
donor levels  are  ac t iva ted  only at  high potentials .  F u r -  
thermore ,  resul ts  to be presented  in P a r t  I I  (6) indi -  
cate  tha t  the  surface of the  bronze e lec t rode  undergoes  
a reversible oxidation reaction close to the oxygen 

s The surpris ing s u c c e s s  of  t h e  M o t t - S c h o t t k y  e q u a t i o n  in  d e s c r i b -  
I n g  the behavior  of h igh ly  doped s e m i c o n d u c t o r s  m a y  re f lec t  t h e  
" e x h a u s t i o n "  of  t h e  s u r f a c e  b y  m o b i l e  c a r r i e r s  a t  p o t e n t i a l s  w h e r e  
the equat ion applies. 

electrode potential. The value of Ero obtained by ex- 
trapolating Mott-Schottky plots from potentials above 
1.2V thus pertains to the "oxidized" bronze surface. 
The fact that Efb from Mott-Schottky data exceeds 
E~ from optical data supports the idea of a lower 
donor concentration at the higher potentials (28). 

The reversibility of the surface reaction and its 
close correspondence with the OER betoken a mecha- 
nism in which oxygen atoms in excess of the normal 
stoichiometry enter and leave the lattice 

HsO -{- nNa~WOa ~=~ 2H + q- 2e- -{- nNaxWO(~+l/~) [i0] 

The excess oxygen present at high potentials would 
lower the apparent donor concentration. Ingold and 
DeVries (29) found that sodium tungsten bronze can 
exist with O:W ratios that range from 3 to 3.5, thus 
the value of n in Eq. [10] could be as low as 2, in 
which case the reaction would involve one electron 
transfer per unit cell, or approximately 10 -4 coulombs 
cm -2 per rnonolayer of NaxWO3. 

(ii) Intermediate potentials.--Unlike the  C-E curve of 
the  zinc oxide e lec t rode  (30) which  levels  off at  the  
capaci tance of the  Helmhol tz  double layer ,  the  bronze 
capaci tance cont inued to rise wi th  decreas ing potent ial ,  
reaching severa l  hundred  #f -cm -s .  Such la rge  values  
signify the presence of a pseudocapaci tance,  ar is ing 
f rom a faradaic  adsorpt ion equi l ibr ium.  The coverage 
by  adsorbed species, 0, is a funct ion of potent ial ,  and 
since each va lue  of 0 corresponds to the  accumulat ion  
of a cer ta in  charge, the var ia t ion  of 0 wi th  potent ia l  
gives r ise to a pseudocapaci tance.  

Bockris  and  K i t a  (31) showed tha t  la rge  capaci tances  
observed on i ron  e lect rodes  dur ing  galvanosta t ic  
t rans ients  could be expla ined  in t e rms  of the quasi -  
equ i l ib r ium 

H + -{- e -  ~ H a d s  [11] 

Al though  proton discharge according to React ion [11] 
is un l ike ly  to occur at  potent ia ls  high enough to ac-  
count for the  large  capaci tances  observed,  a react ion 
involving surface po ly tungs ta te  groups could produce 
the same effect, e.g. 

- - W - - O -  ~- H + z:~ B W - - O H  [12] 
I 1 

Analogous react ions have been  advanced  to expla in  
the  pH dependence  of the  f la tband poten t ia l  of ge r -  
man ium electrodes (32). 

(iii) Low potentials.BStandard equi l ib r ium potent ia ls  
according to Pourba ix  (33) for redox  react ions in the  
W - O - H  system are  l is ted in Table IV. Since al l  the  
redox potent ia ls  l ie close to 0.0V, the  color changes 
undergone  by the bronze sur face  in this  reg ion  might  
resul t  f rom one of these reactions.  A fu r the r  possible  
reaction,  pos tu la ted  in a s imi lar  system by  Hobbs and 
Tseung (34), involves the  format ion  of hydrogen  
tungsten bronze 

xH + ~- x e -  -~ WO~ ~=~ HxWO3 [13] 

but  Arms t rong  et al. (35) c la im tha t  no hydrogen  
enters  the lat t ice unless the  potent ia l  is be low --0.2V. 
Both the complex shape of the  reflectance vs. potent ia l  
curve  (Fig. 7) and  the  v isual  detect ion of severa l  dis-  
cre te  color changes (15, 18) indica te  tha t  more  than  
one redox  reac t ion  may  occur. The color change  close 

Table IV. Standard equilibrium potentials for the W-O-H 
system in acid solution (33) 

EO vs .  N I I E  
R e a c t i o n  in  vo l t s  a t  25~  

W + ZH~O ~ WO~ + 4H+ + 4e -  
2WO~ + H 2 0 ~  W~O5 § 2H + + 2e-  
W20~ + H~O-~  2WOs + 2H+ + 2e -  
W + 3 H 2 0 - ~  W O s  + 6 H +  + 6 e  

- -  0 . 1 1 9 - 0 . 0 5 9  p H  
- - 0 . 0 3 1 - 0 . 0 5 9  p H  
- -  0 . 0 2 9 - 0 . 0 5 9  p H  
- 0.090-0.059 pH 
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to 0.0V m a y  resul t  f rom a react ion such as 

W 6+ + e -  ~=2W 5+ [14] 

and color changes at  lower  potent ia ls  m a y  involve 
hydrogen.  The hysteresis  in the reflectance curve could 
m a r k  the la t te r  react ion as being r e l a t ive ly  slow. 

(iv) Implications for the OER.--The precise iden t i ty  
of each redox react ion undergone  by  the  surface of a 
bronze e lect rode be tween  --1.0 and -t-2.0V vs. RHE 
has not been established, but  there  a re  at  least  th ree  
processes involved.  At  oxygen evolut ion potent ia ls  the 
surface layer  enters  a h ighly  oxidized state, perhaps  
analogous to the  per tungs ta te  ion, W207 =. Between 
the revers ib le  potent ia ls  of the  OER and the HER, 
surface groups react  wi th  protons in solution, and at 
lower  potent ia ls  one or more  react ions  cause color 
changes. Unsuccessful  a t tempts  e l sewhere  to detect  
ac t iv i ty  for oxygen reduct ion by  nons teady-s ta te  t ech-  
niques undoub ted ly  fai led because the  OER was 
masked  by  react ions involving the substrate.  No such 
difficulties arise under  s t eady- s t a t e  conditions. 

Manuscr ip t  submi t ted  May 15, 1972; revised m a n u -  
script  rece ived  Aug. 10, 1972. 

A n y  discussion of this paper  wil l  appear  in a Discus- 
sion Sect ion to be publ ished in the December  1973 
JOURNAL. 
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ABSTRACT 
The rate of oxygen reduction at a given potential  on a sodium tungsten  

bronze crystal  increased by up to four orders of magni tude as p la t inum was 
introduced into the crystal  and at the ma x i mum p la t inum concentrat ion 
achieved (~400 ppm),  the rate approached that on metallic plat inum. The 
rate of oxygen reduction increased m proportion to the cube of p la t inum con- 
centration, Cpt, while the rate of oxygen evolution increased l inearly with CPt. 
Ion probe mass spectroscopy indicated that  the p la t inum was incorporated 
preferent ial ly  at impur i ty  particles in the bronze but  the macroscopic aver-  
age p la t inum concentrat ion in a crystal varied little with depth. Assuming that  
the p la t inum in a crystal was present in metall ic form, its specific activity 
for oxygen reduct ion was over 103 times that  of bulk  plat inum. The results 
are consistent with a model in which "spillover" of adsorbed intermediates  
from p la t inum to the bronze gives rise to an enhanced rate of oxygen re-  
duction on the plat inum. 

The work of Sepa et al. (1) indicated that  crystals 
of the nonstoichiometric compound sodium tungs ten  
bronze NaxWO3 (where x can take any  value be tween 
O and 1) catalyzed the electrochemical reduct ion of 
oxygen to water  almost as well as p la t inum which is 
the best catalyst known  for that reaction in acid solu- 
tion. The finding held the promise of significant prog- 
ress for both the theory and application of electro- 
catalysis, and s t imulated considerable interest  (2). 
Subsequent  work (3) demonstrated that the high 
catalytic activity observed by Sepa required traces 
of p la t inum in the crystals, and this paper  describes an 
investigation of the effect. 

Experimental 
The dis tr ibut ion of p la t inum in a crystal  was ex- 

amined by ion probe mass spectroscopy (4). Test solu- 
tions were prepared from tr iple-dist i l led water  and 
u l t rapure  acids. Either  sulfuric or perchloric acid was 
used and except for mechanistic work on pH depend-  
ence the solution strength was close to 0.1N. The pur i -  
fication of gases, the pre-electrolysis  of solutions, and 
the preparat ion and  analysis of bronze electrodes have 
all been described previously (4). The exper iments  
were performed in a s tandard  three-compar tment  glass 
cell (5) thermostated at 25 ~ _ 0.1~ by means of a 
water  jacket. The solution was saturated with oxygen 
for all  tests. Electrochemical measurements  were made 
under  steady-state galvanostatic conditions, using the 
bat tery and resistor circuit described by Genshaw (6). 

The bronze electrode, having been suspended above 
the solution during pre-electrolysis, was lowered into 
the solution. An anodic current  was applied such that  
the potential  rose to about 2V and when the potential  
became steady (less than  1 mV min  -1 drift) ,  its value 
was recorded. The current  was reduced in steps to 
zero, the steady-state potential  being noted each time. 
A cathodic current  of 1 mA cm -2 was then applied and 
a decreasing sequence followed in the same way as for 
anodic currents.  Except where noted, the same results 
were obtained if currents  were started at zero and in-  
creased, but  steady state at each point  general ly took 
longer to reach. Even with the more rapid procedure, 
the low current  points on the cathodic l ine sometimes 
required a period of hours to reach steady state. 

* E l e c t r o c h e m i c a l  Soc ie ty  Active Member. 
1 P r e s e n t  addres s :  The  F l i n d e r s  U n i v e r s i t y ,  B e d f o r d  Pa rk ,  S o u t h  

Australia 5042, A u s t r a l i a .  
P r e s e n t  addres s :  P r a t t  a n d  W h i t n e y  A i r c r a f t ,  M i d d l e t o w n ,  Con-  

n e c t i c u t  06457. 
K e y  w o r d s :  s y n e r g i s m ,  sp i l love r ,  ion probe mass spectroscopy. 

For a number  of electrodes the effects of varying 
pH and oxygen part ial  pressure were studied. The pH 
was varied by star t ing with strong sulfuric acid in 
the solution reservoir and successively di lut ing it with 
more and more distilled water. The exact pH value 
was determined after each test by t i t rat ion against 
s tandard KOH solution. 

Baker Company cal ibrat ion mixtures  containing 10 
and 1% of oxygen, respectively (balance ni t rogen) ,  
were used to study the effect of oxygen part ial  pres- 
sure on electrode kinetics. 

Results 
Ion probe analysis.--The polished surface of a crys- 

tal seen under  low power magnification manifested 
numerous  i r regular  regions 3 a few microns across 
which were of l ighter color than the matrix.  The mass 
spectrum obtained on a l ight-colored region in a 
crystal  containing 165 ppm Pt  is compared with that  of 
the matr ix  in  Table I. Smal l  differences in in tensi ty  
for a given ion (e.g., Fe +) are probably  not significant, 
but  the inclusion part icle was clearly r icher in  the 
elements A1 and Pt. In  the absence of in te rna l  s tand-  
ards, no estimate of relative concentrat ions of different 

8 A s  a rough estimate, the regions occupied a to t a l  of a b o u t  1% 
of  the  su r face  area.  

Table I. Major peaks (arbitrary units) in the mass spectra of two 
regions on a crystal of Na~W03 containing 165 ppm of 

platinum 

R e l a t i v e  i n t e n s i t y  
Mass No. Ion  M a t r i x  Inclusion 

16 O + 4.7 1.5 
23 Na + > 100 > 100 
25 NaA1 -~+ > 100 > 100 
27 AI+ 2.9 55 
39 NaO + 58 8.8 
40 Ca+ 1.26 0.38 
43 A10+ 0.05 1,09 
46 Na2 + >100 41 
52 Cr  + 0.97 0.83 
56 Fe  + 1.42 0.82 
62 Na~O+ > 100 39 
70 A120+ 0 0.64 
86 A1202 § 0 1.32 
91 W 2+ 0.04 0.23 
98 Mo+ 0.31 0.76 

183 W+ 6.70 12.80 
194 pt+ 0.03" 0.20 
195 P t  + 0.04" 0.25 

* Not  u n e q u i v o c a l l y  i den t i f i ed  because  p e a k  h e i g h t  was  c o m p a r a b l e  
with b a c k g r o u n d  noise,  
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Table II. Impurity analysis of a typical sodium tungsten 
bronze crystal 

Table III. Summary of E-log i data on NaxWOa at 1 atm 
02 pressure, pH = 1.5, and 25~ 

Elemen t*  p p m  Noble  m e t a l  -- l og  io,gv -- log  i~(=) -- log  i~. 0v 
c o n t e n t  ca thod ic  ca thod ic  anod tc  

N --~5 
A1 i000  0 8.7 
S i  --~5 0 9.3 
C1 5 < S 0  p p m  P t  8.2 
Ca 40 55 p p m  P t  7.7 
T i  20 70 p p m  P t  7.6 
V 20 120 p p m  P t  7.0 
Cr 40 120 ppm Pt 6.5 
Fe 30 160 ppm Pt 6.6 
Cu 40 190 ppm Pt 6.2 
Zn 2 290 ppm Pt 5.7 
A s  20 390 ppm Pt 5.4 
Mo 130 <500 ppm Ir 8.5 
T a  40 <500 ppm Ir 8.0 

<500 ppm P,h 8.2 
<500 ppm P,h 8.4 

* Concentrations of impurities not listed were <0.5 ppm. <500 ppm Pd 7.5 
1100 ppm Pd 6.5 
5400 ppm Ag 7.0 
8600 ppm Ag 7.4 

elements is possible, because the intensi ty of a g iven Pure ptcb) 5.4 
peak also depends on such factors as volat i l i ty  and 
stabil i ty of the ionic species. The quant i ta t ive  mass 
spectroscopic analysis of a typical  crystal  (kindly ob- 
tained for us by B. C. Gerstein at Iowa State  Unive r -  
sity) given in Table II shows that  the most predomi-  
nant  impur i ty  was aluminum. This impur i ty  un-  
doubtedly originated f rom the a lumina crucible  in 
which crystals were  grown, and it is l ikely that  the 
main component  of an inclusion part icle was alumina. 

Two series of ion images produced by the CAMECA 
Ion Analyzer  are reproduced in Fig. 1. The Pt  images 
which were  very  weak, almost invar iably  coincided 
wi th  A1 images. A rare  exception is i l lustrated in Fig. 
l a  by the Pt  image in the center  of the photograph. 
Instead of coinciding with  an A1 image, it is associ- 
ated with  a br ight  spot in the W image. The site is 
probably one where  a drop of the Na2WO4/WO3 mel t  
was occluded during crystal  growth and then subse- 
quent ly  exposed by polishing. Dark spots in the Na 
and W images occurred whe reve r  A1 images were  
observed. 

Results of the  ion probe work  thus provide strong 
evidence that  the incorporat ion of p la t inum in a crystal  
occurred preferent ia l ly  (if not exclusively)  at inclu-  
sion particles. 

- -  6 . 0  

- -  6 . 1  
4 . 6  5 . 3  

- -  5 . 2  

- -  4 . 7  
5.2 4.7 

5 . 3  5 . 0  
4.4 4.7 
4.6 4.2 
4.7 4.2 
- -  4.6 
- -  4 . 0  

- -  4 . 3  

- -  4 . 2  
- -  4 . 9  

- -  3 . 8  

- -  4 . 4  
- -  4.5 
2.7 3.0 

(a) iL = d i f fus ion  l i m i t e d  c u r r e n t  ( e s t ima ted ) .  A b n o r m a l l y  l ow  
v a l u e s  on c rys ta l s  c o n t a i n i n g  P t  s u g g e s t  t h a t  on ly  a s m a l l  fraction 
of the  su r face  a c t i v i t y  ca ta lyzes  o x y g e n  r educ t ion .  

(b) See Fig .  5. 

Electrode kinetics.--No differences were  observed 
whe ther  a crystal  was tested "as grown" (suspended in 
the test solution by the gold wire  upon which it  was 
grown)  or af ter  mount ing  in Teflon, grinding, and 
polishing it (7). The effects of p la t inum and other  im-  
purit ies on OER (oxygen electrode reaction) kinetics 
are summarized in Table III. The addition of 390 ppm 
of pla t inum improved act ivi ty  for O2 reduct ion by al-  
most four  orders of magnitude.  The values of log i at 
E : 0.gv and E = 1.gv were  selected as the cri teria for 
catalytic act ivi ty  to avoid the long extrapolat ions of 
the Tafel  regions required in est imating /o. The cata-  
lytic activities for oxygen reduct ion (0.9V) and oxygen 
evolut ion (1.9V) are  plotted against log CPt in Fig. 2; 
the straight lines d rawn through the data points corre-  
spond to the empir ica l  equations 

and 
i0.9 cr (Cpt)~ [I] 

i1.0 r162 Cpt [2] 

Fig. I. Ion images of regions 
175~ in diameter on two crystals 
of sodium tungsten bronze. (a) 
Average Pt content 290 ppm. (b) 
Average Pt content 390 ppm. 
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Fig. 2. Log-log plots of catalytic activity vs. Pt concentration for 
oxygen evolution (1.9V) and oxygen reduction (0.gv), respectively. 

Very similar  results were obtained when compari-  
sons were made at other potentials. 

Of the several impuri t ies  tested, only the noble 
metals improved the catalytic activity of sodium tung-  
sten bronze, and among the noble metals, p la t inum 
had the largest effect. From the l imited data obtained, 
the order of meri t  among the noble  metals  in  this con- 
text  appeared to follow the relative activities of the 
pure metals. 

At tent ion is d rawn to the column of Table III  in 
which approximate values of diffusion l imit ing cur ren t  
are compared. The l imit ing current  on a crystal con- 
ta in ing p la t inum is only about 1% of that  anticipated 
for a homogeneous electrode, e.g., solid plat inum. 

Kinetic parameters  with respect to potential, oxygen 
part ial  pressure, and pH are summarized in  Table IV. 
The anodic reaction order with respect to pH is ques- 
t ionable because the anodic Tafel slope tended to in-  
crease as the strength of the sulfuric acid decreased. 
Subsequent  work was performed in perchloric acid in 
case this tendency might reflect a part icipation of 
SO4 = ions in the OER (8), but  the Tafel slopes still 
increased with decreasing acid strength, and the reac- 
t ion order remained obscure. 

In  successive tests, the catalytic activity of a crystal  
for oxygen reduction increased slightly and then 
leveled off. When the usual  anodic t rea tment  was 
omitted, the ini t ial  cathodic performance was ex-  
t remely poor. Typical cathodic curves showing the dif- 
ference between ini t ial  and final activities appear in 
Fig. 3. In  paral lel  with the improvement  in cathodic 
activity, the form of the anodic l ine changed with t ime 
as shown in  Fig. 4. A departure from l inear i ty  occurred 
at about  10-5 A-cm -9- on a fresh crystal  whereas no 
such depolarization was observed above 10-? A - c m - 2  

Table IV. Kinetic parameters for the oxygen electrode reaction on 
sodium tungsten bronze 

Bronze - - • - • - / I • H  PO= 8 2)H /z ~o~ , , ~ log POe . 

Anodlc Cathodic 
(b~) (be) Anodic  Cathodic Anodic  Cathodic 

2RT 2RT 1 I 
Na0.~WO= 0 1 

F F 2 2 

2RT 2RT 1 1 
Nao.~WOa 0 I 
(290 p p m  Pt)  F 7 -2  2 

1.2 

Q 8  

I -  

> (16 

o 

g. o4 

0 . 2  

l e 

Froth Crys 

I I 
8 7 6 

- I o g i  [ A  cm- ' ]  

Fig. 3. Effect of aging on cathodic E-log i behavior 
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Fig. 4. Effect of aging on anodic E-log i behavior 

on a wel l -aged crystal. These results ful ly support 
the view expressed in Par t  I (4) that  the "aging" of 
a crystal  actual ly involves anodic dissolution of so- 
d ium from the surface. The dissolution rate rapidly 
diminishes and apparent ly  levels off at about 10 -7 
A-cm-% The anodic depolarization is un l ike ly  to re-  
flect the oxidation of impuri t ies  because no such 
depolarization was observed on a Pt  electrode (Fig. 5). 

A phenomenon observed on p la t inum-free  crystals 
after anodie t rea tment  is i l lustrated in  Fig. 6. When 

2.2 

1,8 

..i 1.4 : r  

w 

OE 

C~ 

I I I iI l[ I 
tO "~~ I0 -= IO "= 10 -7 I0 -= 10 -6 I0"* I0 -s 

Current density A m p  cm -z 

Fig. 5. E-log i curves for the OER on platinum before ( . . . .  ) 
and after ( .) pre-electrolysis. 
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Fig. 6. E-log J behavior for a crystal free of platinum showing the 
ephemeral cathodic line obtained after anodic treatment. 

IO -a 

the cathodic curve was plotted by star t ing from zero 
current  and working up, an ephemeral  Tafel l ine that  
resembled a high i0 oxygen reduction l ine was ob- 
tained. A finite quant i ty  of electricity, q, was associ- 
ated with the ephemeral  process, and q increased ap- 
proximately l inear ly  with anodic pre t rea tment  poten-  
tial as shown in Fig. 7. When a cathodic charge equal 
to q had passed, the potent ial  at a given current  den-  
sity dropped to a point  on the normal  cathodic line, and 
the ephemeral  behavior could be reproduced only after 
fur ther  anodic t reatment .  The reversible oxidation of 
the bronze surface involved in the ephemeral  behavior  
was discussed in Par t  I (4). The fact that  an ephemeral  
cathodic l ine was not observed on crystals containing 
p la t inum probably  indicates that  the cathodic process 
was too rapid to permit  detection by the steady-state 
techniques employed in this investigation. 

Discussion 
Mechanism of the oxygen e~ectrode reaction.--The 

anodic and  cathodic parameters  in Table IV are not 
consistent with a single mechanism (7), but  they do 
permit  two important  deductions. First, the mecha-  
n i sm for each reaction (O2 evolution and reduction, re-  

I, gE 

0 

/ 
I I I [ I I I 
I 2 3 4 5 6 7 

Charge  in coulombs x D -~ 

Fig. 7. Charge associated with the ephemeral line as a function 
of anodic treatment petential. 

spectively) is unal tered by  the addition of p la t inum 
to a crystal. Second, the only type of mechanism for 
O2 reduction that  can give a Tafel slope of - -2RT/F 
and uni t  part ial  pressure dependence is one where 
the first electron t ransfer  step is rate determining.  
The evident  involvement  of hydrogen ions in the rds, 
albeit a complex one, suggests then that the rds may 
be the one widely postulated for other electrodes in 
acid solution (9) 

02 + H + + e -  -* (adsorbed intermediates)  [3] 

Platinum distribution.--On a macroscopic scale, the 
dis tr ibut ion of p la t inum was essentially uniform a s  
evidenced by the fact that  mechanical  removal  of the 
original  surface by gr inding and polishing did not 
al ter  the catalytic activity (7). On a microscopic scale, 
however, ion probe analysis  revealed that  most of the 
p la t inum (at least in  a crystal  of relat ively high Pt  
content)  was associated with a lumina  inclusion par -  
ticles. 

It  is not immediate ly  obvious why the p la t inum in  
a crystal should concentrate at an inclusion particle. 
There is no reason, for example, why p la t inum elec- 
trodeposited on the bronze surface should migrate  
toward alumina,  but  a quali tat ive and speculative ex- 
planat ion is possible in terms of colloid chemistry. A 
colloidal a lumina  particle, eroded by the melt  from 
the crucible, is l ikely to acquire a negative charge by 
the equi l ibr ium 

A1203 + WOe = ~ A1204 = + WO3 [4] 

hence at tract ing cations to its surface. P la t inum ions 
wil l  be prone to accumulate on the surface because 
of their  (presumably)  4 4  charge. Colloid particles 
which settle out onto the growing crystal will  be dis- 
charged, and the p la t inum associated with the colloid 
will  be reduced to the metal. The concentrat ion of 
p la t inum in the crystal  will  thus depend on the con- 
centrat ion both of p la t inum ions and of colloid par-  
ticles in the melt. Quali tat ive confirmation of this pre-  
diction was obtained recent ly (10): a bronze crystal 
grown in a p la t inum crucible was found to become 
more active after a lumina  powder was added to the 
melt. 

Models 5or the e~ect aS platinum on catalytic activ- 
ity.--Electronic models.--As a working hypothesis dur-  
ing the exper imental  phase of the project, the influence 
of p la t inum on the catalytic activity of sodium tung-  
sten bronze was a t t r ibuted to an effect of p la t inum on 
electronic levels in the semiconducting surface of the 
bronze (3). Attempts  to construct specific models, 
however, met  wi th  l imited success (11). In  particular,  
p la t inum had no effect on the bandgap or the flatband 
potential  of the semiconducting surface layer (4), a 
fact that conflicted sharply with the basic requirements  
of such models. Fu r the r  evidence against an elec- 
tronic role for the p la t inum was the observation that  
the donor concentrat ion in  the  surface layer  agreed 
closely with the concentrat ion of sodium (4). 

The failure of electronic models, and the results o f  
ion probe analysis, both point  to a model in which 
p la t inum metal, in some special state, is the active 
catalyst. 

Platinum-centered modeIs.--The first problem fac- 
ing a p la t inum-centered  model is to explain the re-  
markable  amplification in specific activity of the plat i-  
n u m  over that  of the bu lk  metal.  If the rate of oxygen 
reduction on a crystal conta ining 0.039% Pt  were 
referred to 0.039% of the surface area, 4 the apparent  
activity would be over l0 s t imes that  of oxide-free 
bu lk  p la t inum ( (Table  III) .  

A tr ivial  model  which postulates gross inhomo- 
geneity of the p la t inum distr ibut ion such tha t  the 

4 F o r  a m i c r o s c o p i c a l l y  uni form distribution,  a b u l k  P t  concentra-  
t ion o f  0 . 0 3 9  w / o  { w e i g h t  p e r  c e n t )  w o u l d  correspond t o  a n  area 
concentrat ion of  about  0.02% of the  surface.  
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surface of a crystal is enriched in p la t inum can be dis- 
carded on several counts: no change in activity was 
observed when the original surface was removed by 
gr inding and poAshing, and a large area of p la t inum 
on the surface is inconsistent with both the dis tr ibu-  
tion observed by ion probe analysis and the low l imit-  
ing currents  for oxygen reduction (Table I I l ) .  

The next  simplest type of model is one that  a t t r ib-  
utes the amplification in catalytic activity to geometri-  
cal or crystallographic effects. As no information is 
available on the size or shape of the p la t inum particles, 
the amplification could reflect either a large effective 
surface area of the p la t inum resul t ing from micro- 
scopic roughness (or porosity) of the inclusions, or an 
intrinsic superiori ty in activity of the p la t inum par-  
ticles, resul t ing perhaps from the predominance of 
cer ta in  crystal faces. This type of model fits most of 
the exper imental  observations, but  cannot be recon- 
ciled with Eq. [1]; the discrepancy will  be brought  
out below. 

Synergistic models.--Two models may be proposed in 
which the enhanced catalysis arises from synergism 
between the p la t inum and the matr ix;  the models are 
known as "adlineation" and "spillover," respectively. 
The thesis of adlineation, first advanced in 1926 by 
Schwab and Pietsch (12), is that  the active sites in 
a two-phase catalyst are the l inear  boundaries between 
the phases. An  electrochemical example of adlineation 
appears in  the work of F le ischmann et at. (13) in 
which the rate of hydrogen evolut ion was found to be 
l0 T times greater around the edge of a ru then ium film 
on mercury  than  on top of the film. 

Spillove r is a te rm coined by Boudart  (14) to de- 
note surface diffusion of reaction intermediates from 
a catalyst to its "support." In  the present context, 
adsorbed intermediates  produced by Reaction [3] 
would diffuse from the p la t inum to the bronze and 
there undergo fur ther  electrochemical reduction to 
water. 

Comparison of prediction ]rom the models with ex- 
per /ment . - - I f  catalysis were due simply to p la t inum 
metal, both anodic and cathodic activities should in-  
crease l inear ly  with the effective area of plat inum. 
Assuming first that the diameter  of the p la t inum par-  
ticles remained constant, the number  of particles and 
hence the total  area would increase l inearly with 
concentration. At the other extreme, were the number  
of particles to remain  constant, the  area would vary  
as the concentrat ion to the 2/3 power. In  the general  
case, where both the n u m b e r  and size of the particles 
changed, the area would vary  with (CPt )  u where 
2/3 ----- u ~-- 1 (15). The simple, p la t inum-centered  type 
of model can thus account satisfactorily for the de- 
pendence of anodic activity on Cpt, bu t  not for the 
cathodic dependence. 

Following the same type of a rgument  as above, the 
adl ineat ion model would predict a dependence for 
both anodic and cathodic activities o n  ( C p t )  v where 
1/3 --~ v --~ 1, and is no more  able to account for the 
observed cathodic dependence than  was the simpler 
model. Since the spillover model involves factors other 
than  geometry, it is not  subject  to the same l imitat ions 
as the previous models and can be reconciled (vide 
infra)  wi th  a dependence of the activity on (Cpt) w 
where w ~ 1. 

Development o~ the spillover model.mEnhanced 
catalytic activity by  spillover normal ly  requires that  
the rds be a reaction involving two adsorbed species. 
One of the species adsorbs directly onto the support  
while the other is generated by a reaction on the 
catalyst and spills over onto the support. The oxygen 
reduct ion reaction does not fulfill this requirement ,  
but  there is a way in which spillover could affect the 
rds on p la t inum (Eq. [3]). At potentials between 0.8 
and 1.0V, the adsorption of oxygen species on plat i-  
num is governed by the Temkin  isotherm (16), where-  

by the adsorption energy decreases l inear ly  with the 
fractional  coverage, 0. i n  view oK the fact that activa- 
t ion energy ~or an adsorption step decreases approxi-  
mately l inear ly  with increasing adsorption energy 
(17), the rate of Reaction [3] should depend strongly 
on 8. Spillover of adsorbed species from the p la t inum 
to the bronze will  result  in  a lower value of 8 on the 
Pt, and hence an increased velocity of the rds. 

Using the data of Wroblowa et al. (18) an estimate 
can be made of the possible increase in  rate at a given 
potential  arising from a decrease in 0. The var ia tmn of 
adsorption energy, --AHads, with 0 is described by the 
relat ion 

--AHads = 12(1 -- s)kcal mole -I [5] 

and at 0.9V, # is about 0.5 (referred to a saturat ion 
coverage on F t  of 110 ~C-cm-2) .  If spillover reduces 
e to almost zero, the adsorption energy would increase 
by 6 kcal mole -1. Assuming a Br~nsted factor of 0.5, 
the activation energy would thus decrease by 3 kcal 
mole-1, and the reaction rate would increase by  about  
150 times. 

The spillover model alone cannot therefore explain 
the observed amplification (>103 ) in the catalytic 
activity of p la t inum for oxygen reduction, and a com- 
binat ion of spillover with some other model is indi-  
cated. Before going on to discuss this possibility, 
however, it is convenient  to consider the catalysis of 
oxygen evolution. 

At potentials above 0.95V, the surface of a p la t inum 
electrode is covered with an  oxide film (19), and 
spillover will  have relat ively little effect on the total 
coverage by oxygen species, or on reaction rates. A 
graph of per cent Pt activity vs. per cent Pt  concentra-  
tion from the anodic data in  Table II is plotted in 
Fig. 8. Although the data show considerable spread, 
the graph is essentially linear, as predicted by Eq. [2], 
and has a slope (act ivi ty/concentrat ion)  of about 160. 
The l inear  dependence indicates that  the surface area 
of p la t inum particles also increases l inear ly  with con- 
centration. Such a dependence can be obtained only 
if the diameter of the particle s remains  constant, and  
their  number  increases in direct proportion to concen- 
t rat ion (15). The slope is a measure of the amplifica- 
t ion in  catalytic activity of p la t inum for oxygen evolu- 
tion. The amplification may reflect either geometric or 
crystallographic factors, but  the avai lable data do 
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Fig. 8. Linear plot of catalytic activity for oxygen evolution at 
1.9V (as a percentage of that far pure platinum) vs. Pt concentra- 
tion. 
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not distinguish between these possibilities. Whatever 
the origin of the amplification, it seems reasonable to 
assume that it will also apply to oxygen reduction. 
Phenomenologically, the ennanced activity may be 
discussed in terms of an "effective" area of platinum 
on the surface of a bronze crystal. 

From Fig. 8 the effective platinum surface area for 
a crystal containing 0.039% (390 ppm) platinum is 
is about 6% of the total area. The maximum rate of 
oxygen reduction on the crystal predicted from the 
spillover model is therefore (6/100) X 150, or about 
nine times that on an equal area of solid platinum. In 
point of fact, the cathodic activity of the crystal was 
somewhat less than that of oxide-free platinum: 
4 ~A-cm-~ at 0.gv compared with about 10 #A-cm -2 
for platinum under equivalent conditions (9). The 
difference between predicted and observed activity 
could result from: (i) a decrease in 0 that was less 
than 0.5, or (ii) inability of some of the platinum par- 
ticles to participate in the process of spillover. 

If one assumes that the difference arises from (ii), 
it becomes possible to rationalize the observed de- 
pendence of cathodic activity on platinum concentra- 
tion. Consider an inclusion particle as a fiat region 
with a circular boundary, Fig. 9. Since there is no 
evidence in the literature that oxygen species can spill 
over from platinum to alumina, only those platinum 
particles lying in a continuous path to the edge of the 
inclusion are likely to lose adsorbed oxygen to the 
bronze surface. All the "active" platinum will thus be 
located in an annular zone around the edge of the 
inclusion. If the radius of the inclusion is r, and the 
average width of the active zone is z, then the frac- 
tional area of the platinum particles involved in spi11- 
over will be about 2~rz/xr ~ or 2z/r. The area of active 
platinum, h*, per unit area of crystal will thus be 
given by 

2z 
A* ---- A [6] 

r 

where A is the total fraction of the surface occupied 
by platinum. Now h varies linearly with the number 
of platinum particles and hence with Cpt, but z is a 
more complex function of these quantities. The width 
of the active zone depends on the probability that 
several platinum particles will be in contact with each 
other. For example, a dependence on (CPt) 2 would 
arise if z were governed by the probability of two 
particles being in contact. The activity of a crystal, 
being proportional to the product of h and z, would 
then vary a s  (CPt) s, as observed in Eq. [1]. 

A final piece of evidence supporting the spillover 
model is the finding that anodic dissolution of sodium 

ACTIVE 

w 

Fig. 9. Schematic diagram of an inclusion particle 

out of the surface is enhanced if a crystal contains 
platinum (4). More rapid hole injection during oxygen 
reduction was invoked in Part I (4) to explain the 
effect, and that is precisely what is likely to occur 
during reduction of the reactive species which spill 
over from the platinum to the bronze. 
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Electrochemical Generation and Measurement of 
Sulfide Ion in Molten LiCI-KCI Eutectic 

C. H. Liu, 1 A. J. Zielen, and D. M. Gruen 
Chemis t ry  Divi~on, Argonne National Laboratory, Argonne, Illinois 60439 

ABSTRACT 

A n  elect rode composed of the  eutectic mix tu re  of n ickel  sulfide (NiS) and 
n ickel  (1:1 mole  ra t io )  has been  shown to be useful  for  coulometr ica l ly  
genera t ing  sulfide ion (S - s )  in mol ten  l i th ium ch lor ide-po tass ium chlor ide  
eutectic.  A shiny nickel  e lec t rode  coated wi th  n ickel  sulfide functions re -  
ve rs ib ly  as an electrode of the  second k ind  for sulfide ion. Wi th  this  indi -  
ca tor  electrode, the  so lubi l i ty  product  of nickel  sulfide in the  t empe ra tu r e  r ange  
375~176 has been determined,  and the hea t  of react ion for  the  so lubi l i ty  
equ i l ib r ium NiS(s )  ~ N i ( I I )  q- S -2 has been calculated.  The solubi l i ty  be -  
hav ior  of l i th ium sulfide in the  same t e m p e r a t u r e  range  has  also been in-  
vest igated.  

There is considerable current interest in the solution 
chemistry of sulfide ion in molten salt solvents. Thus, 
the interaction of elemental sulfur with S -2 in melts 
has been the subject of several recent studies (1-3). 
A variety of species such as Sx -2, Ss-, and Ss- have 
been proposed to account for results of electrochemical 
and spectroscopic studies of the equilibria involved in 
the reactions. A key requirement to making further 
progress in studying the solution chemistry of this sys- 
tem is the development of a method for the preparation 
of molten salt solutions containing known initial con- 
centrations of S -s. Due to the hygroscopic and corro- 
sive nature of alkali sulfides and the difficulty in their 
preparation in pure form, the addition of such salts to 
the melts is neither a satisfactory nor a convenient 
solution to this problem. In numerous studies, coulo- 
metric generation of the chemical species of interest 
has been shown to be a highly useful technique in 
molten salts. Bodewig and Plambeck (3) generated 
S -s by cathodizing a sulfur pool in contact with LiCI- 
KCI eutectic using a graphite electrode. If a solution 
of S -s in the absence of sulfur is desired, the electro- 
lytic reduction of a slightly soluble metal sulfide would 
appear to be a more convenient method. 

Fur the rmore ,  for measur ing  the  sulfide ac t iv i ty  in 
situ, a sulfide indica tor  e lec t rode  is of considerable  
value.  Bodewig and  P l ambeck  repor ted  tha t  the  l iquid 
sulfur-sulf ide  couple showed Nerns t  behavior  for a 
two-e lec t ron  process in mol ten  l i th ium ch lor ide -po tas -  
sium chlor ide  eutectic and tha t  polysulf ides were  
formed (3). Thompson and Flengas measured the 
potential of the ce11, Ag/AgsS/AgCl/graphite/S(va- 
por), over the temperature range 490~176 and ob- 
served Nernst behavior (4). The emf of the cell, 
Ag(s)/Agl(s)/Ag2S(s)/S(1)/graphite, was used to 
calculate the free energy of formation of silver sulfide 
by Kiukkola and Wagner (5) and by Reinhold (6). 
From an experimental point of view, we felt that a 
metal sulfide-metal electrode system acting as an 
electrode of the second kind for sulfide would have 
certain advantages over the other electrode systems 
described in the literature. Laitinen and Bhatia found 
that several metal oxide-metal systems showed re- 
versible behavior as electrodes of the second kind to- 
ward dissolved oxide in the lithium chloride-potassium 
chloride eutectic melt at 450~ (7). However, the metal 
oxides are too soluble for these systems to be generally 
useful as oxide indicator electrodes. 

In the present work, pure NiS and NiS containing an 
excess of the metal, have been tested as electrode ma- 
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te r ia ls  for the coulometr ic  genera t ion  of S -~ in mol ten  
l i th ium chlor ide-potass ium chlor ide  eutectic. Known  
amounts  of S -2  can be added  coulomet r ica l ly  using the  
NiS-Ni  e lect rode as a genera t ing  electrode.  The nickel  
sulf ide-nickel  system has been found to be a sat isfac-  
to ry  indicator  e lect rode for S - s  in this  solvent.  Wi th  
the aid of this  e lec t rode  system, the  solubi l i ty  be -  
havior  of nickel  sulfide and l i th ium sulfide over  the  
t empe ra tu r e  range  375~176 have  been studied. 

Experimental 
Solvent.--The eutectic mix tu re  consist ing of 40.9 m / o  

(mole per  cent)  potass ium chlor ide  and 59.1 m / o  l i th -  
ium chlor ide  was obta ined  f rom Anderson  Physics  L a b -  
oratories,  Urbana,  Il l inois.  In  the  p repara t ion  of the eu-  
tectic, ana ly t ica l  reagen ts  were  mixed  in the  appro-  
p r i a te  proport ions,  vacuum desiccated, mel ted  under  
d ry  hydrogen  chloride,  pu rged  of the  hydrogen  chlor ide  
by repea ted  flushing wi th  d ry  argon fol lowed by  
evacuation,  t r ea ted  wi th  mol ten  l i th ium which  was de-  
posi ted f rom the mel t  on a porous tungsten electrode,  
f i l tered through a quar tz  f r i t t ed  filter, and sealed 
under  argon. 

Apparatus.--Furnace and temperature control.--A 
massive  stainless steel  core wi th  a 2V4 in. opening at  
the  top was hea ted  by  four 500W F i r e rod  hea ters  
(Wat low Electr ic  Manufac tur ing  Company,  St. Louis ) ,  
two of which  were  cont ro l led  by  a Wheelco Capaci t rol  
t empe ra tu r e  control ler .  The core and insula t ing ma te -  
r ia ls  were  enclosed in a s tainless  steel  case  wi th  cooling 
furnished by  running  wa te r  through 1/4 in. copper  t ub -  
ing we lded  to the  case. By  appropr ia te  selection of 
Variac settings, the  mel t  t empe ra tu r e  could be con- 
t ro l led  to wi th in  I~ The furnace  was moun ted  on a 
s l iding base  wi th  counterweights  so tha t  i t  could be  
easi ly  lowered  for observat ion of the  e lec t ro ly t ic  cell. 

Electrolytic cell.--The cell  consis ted of an outer  quar tz  
or  P y r e x  jacke t  a pp rox ima te ly  14 in. long and 2 in. OD 
wi th  a 55/30 male  jo in t  a t  the  top. S ix  t he rmomete r  
adapte rs  (Ace Glass, Inc., Vineland,  New Je r sey)  were  
sealed to the  top of a 55/50 female  joint.  A vacuum 
stopcock wi th  Teflon plug sealed to the  side of the 
jo in t  served as an out le t  for the  argon flow. Dur ing  an 
exper iment ,  the  ma le  and female  jo in t s  w e r e  sealed 
wi th  b lack  wax. A flow of d ry  argon was main ta ined  
th rough  an in le t  tube  provided  wi th  a Teflon plug 
vacuum stopcock. This tube  also served as the  connec-  
t ion to the  vacuum line. A l l  electrodes,  a thermocouple  
tube  for moni tor ing  the me l t  t empera ture ,  and  the 
argon inlet  were  in t roduced th rough  the  t he rmomete r  
adapters .  Tightening nylon bushings  agains t  O-r ings  
p rov ided  vacuum- t igh t  seals.  A t  the  end  of an  expe r i -  
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ment,  the cell was opened by mel t ing the wax seal. 
The LiC1-KC1 eutectic was contained in a large quartz 
beaker. Inserted in the quartz beaker were several 
smaller compartments  consisitng either of quartz tubes 
with fri t ted disks, or of beryl l ia  (National Beryll ia  
Corporation, Haskell, New Jersey) ,  thoria or mag-  
nesia crucibles (Norton Company, Worcester, Massa- 
chusetts).  The compartments  were heated to 450~ for 
a few hours, cooled, and kept in a dry N2 atmosphere. 
The compartments  were weighed before the experi-  
ment  and with the melt  contents after the experi-  
ment.  In  some cases, the melt  contents were also deter-  
mined by argentometr ic  t i t ra t ion of the chloride pres- 
ent  (8). Determinat ion of the amount  of melt  present 
in each compar tment  by weighing agrees to 1-2% 
with determinat ion by argentometric t i t ra t ion provided 
that  the compar tment  has been washed free of the 
melt  on the outside and redried at 250~ before weigh- 
ing. The volume of melt  present at various tempera-  
tures was calculated from the weights determined and 
the densities of the melt  at these temperatures  (9). 

Electrodes.--Nickel sulfide-nickel eutectic electrodes 
were made as follows. Sulfur  distilled twice from cp 
reagent  under  a stream of dry argon, and analyt ical  
reagent nickel shot were mixed in a 1:2 g-atom ratio 
in a quartz reaction tube, evacuated, vented to approxi-  
mately  200 mm Hg of argon, and sealed. The nickel 
shot was placed in the middle port ion of the tube, 
which was then horizontally clamped and heated with 
a Meeker burner .  The sulfur was dr iven with a hand 
torch back and forth over the heated nickel un t i l  the 
brown vapor completely disappeared. A silvery melt, 
which is the eutectic mix ture  of nickel sulfide and 
nickel with a mel t ing point  of 637~ (10), was ob- 
tained and was left in  a furnace at approximately 
750~ for several hours with occasional shaking to in-  
sure complete reaction and thorough mixing. After 
cooling, the si lvery product was removed from the re-  
action tube  and cast into rods of about 4 m m  OD in 
quartz tubes after evacuation and vent ing  to argon 
atmosphere. The rods were then cut into 2 in. lengths 
and a small  hole was dril led ul trasonical ly at one end. 
A nickel or p la t inum wire was then tied securely to 
each rod through the hole and served as the electrical 
contact. Before use, each electrode was polished with 
fine emery paper, washed with detergent, r insed 
thoroughly with distilled water, acetone, and tr ichloro- 
ethylene, and vacuum dried. Pure  NiS electrodes were 
made similar ly by react ing 1:1 g-atom value of the 
elements at a tempera ture  of 10O0~ 

The p la t inum and  nickel electrodes were made from 
high pur i ty  (at least 99.99%) metal  foils or wires in 
coil form. Analyt ical  reagent  copper foils and wires 
were sometimes used as the auxi l iary electrodes. 

The reference electrode (8) consisted of a p la t inum 
coil immersed in an ~0.01M, solution of coulometri-  
cally generated P t ( I I ) .  For the purpose of correlat ing 
results from different experiments,  measured poten-  
tials were extrapolated to values vs. a 1M P t ( I I ) - P t  
electrode by the application of the Nernst  equation. 

Procedures.--The electrolytic cell was assembled in 
a glove box under  dry  ni t rogen and then  placed in the 
furnace. A rapid flow of argon was main ta ined  while 
the cell top and the jacket were sealed together with 
sealing wax and the electrodes were introduced. The 
system was then evacuated to a pressure of 2-5~ Hg 
and heated to 400~ After the melt  levels in the com- 
par tments  had equalized, the system was .vented to 
argon and kept under  argon flow. A P t ( I I ) - P t  refer-  
ence electrode was then prepared by anodization at a 
constant  current  with coulometric measurement  of the 
amount  of electricity passed (8). A copper or nickel 
electrode in a separate compar tment  served as the 
auxi l iary electrode in all electrolyses. 

Two procedures were used to measure the sulfide 
concentrat ion dependence of the nickel sulfide-nickel 

electrode potential. A nickel sulfide-nickel eutectic 
electrode and a shiny nickel electrode were placed in 
the same compartment.  The "eutectic" electrode was 
cathodized to generate a known amount  of S -2 and 
the shiny nickel was anodized slightly to provide some 
nickel sulfide on the surface. The potential  at the 
nickel electrode was then measured against the Pt  ( I I ) -  
Pt  reference. More S -2 was generated successively, and 
the potential  was measured after each addition. The 
solubili ty of NiS in the melt  was negligibly small  com- 
pared to the analyt ical  concentrat ions of S -2 in these 
measurements.  It  tu rned  out that  the solubil i ty of Lies 
was relat ively low in the eutectic salt melt  and equil i-  
brat ion after each period of generat ion of S -~ was 
quite slow at the higher sulfide concentrations. A better  
procedure was to generate a large quant i ty  of S -e, let 
the solution equil ibrate for 20-30 min, and measure the 
final stable potential. Nickel(II)  was then coulometri-  
cally generated at the nickel electrode (or the eutectic 
electrode) to precipitate NiS, and the potent ial  was 
measured after each period of generation. Equi l ibr ium 
was reached very  rapidly at points around the equiv-  
alence point of the t i trat ion.  The current  efficiency of 
the electrode reaction, NiS W 2e-  ~ Ni 0 ~ S -2, was 
checked in three ways. First, the eutectic generat ing 
electrodes were weighed before and after the passage 
of measured amounts  of electricity. The weight losses, 
due to dissolution of S -2, were then compared to the 
equivalents  of electricity passed to determine the n 
value. Second, mel t  in  the sulf ide-containing compart-  
ment  was dissolved in 0.1M NaOH-1M NH8 under  ni t ro-  
gen and t i t rated argentometr ical ly (11). Third, the S -e  
generated was potent iometr ical ly t i t rated in situ with 
Ni( I I )  coulometrically generated at a nickel electrode; 
the reverse t i t rat ion of known amounts  of Ni (II) with 
S -2 coulometrically generated at the eutectic electrode 
was also performed. 

To determine the solubil i ty of Lies in the eutectic 
melt  in the temperature  range 375~176 a large ex- 
cess of sulfide was generated at the eutectic generat ing 
electrode at 500~ After two or three hours, with oc- 
casional st irr ing by hand using the electrode, the tem- 
perature  was lowered to 475~ After al lowing 30 min 
for init ial  equilibration, the potential  at the Ni in-  
dicator electrode was measured at 30-min intervals  
unt i l  no shift was observed in three successive mea-  
surements.  The temperature  was then lowered in 25 ~ 
steps and the potential  measurements  were repeated. A 
stable potential  was usual ly  reached after 1~/2 hr  of 
equilibration. Essentially the same potentials were  ob- 
served when the tempera ture  was raised although a 
much longer period was required for equilibration.  The 
solubil i ty of Lies was then easily calculated from the 
s tandard potential  of the NiS-Ni electrode system de- 
termined at each temperature.  

Results and Discussion 
The sui tabi l i ty  of several materials  as containers for 

S -2 in the melt  was investigated. Etching of quartz and 
Pyrex glass in contact with S -2 occurred quickly. In 
the case of thoria crucibles, there was evidence of re- 
lease of 0 -2 from the container  as a result  of replace- 
ment  by S -e. Beryll ia and magnesia crucibles were 
both satisfactory, showing no evidence of at tack by 
S -2 over a period of 72 hr. Most of the exper imental  
results reported here were obtained in  magnesia cru-  
cibles. 

Although S -2 could be generated by cathodization 
of the pure NiS electrode the results are not as satis- 
factory as those obtained with the eutectic electrode. 

In  the coulometric generation of S -2 at the eutectic 
electrode the electrochemical reaction, NiS -t- 2e -  ~=~ 
Ni~ ~- S -2, takes place in  the potential  range  --1.5 
to 1.6V vs. the 0.01M P t ( I I )  reference electrode. In  
this potential  range the residual  current  density of the 
melt  at a shiny p la t inum electrode amounts  to 0.05 
m A / c m  2 (cathodic). This residual current  level, typical 



Vo/. 120, No. I SULFIDE ION IN MOLTEN LiC1-KCl  EUTECTIC 6 9  

of properly purified melts, must  be taken into con- 
sideration to account for the amount  of S -2 generated 
to an accuracy of bet ter  than  1% (12). The in situ t i-  
t rat ion of S -2 with coulometrically generated Ni ( I I )  
gives very large potential  breaks at the equivalence 
point. Ti t rat ions were performed at 25 ~ in tervals  be-  
tween 375 ~ and 475~ Figure 1 represents the t i t ra t ion 
curves at 375 ~ and 475~ These t i t rat ions and the re-  
verse t i t ra t ion of Ni( I I )  with coulometrically gener-  
ated S -2 yielded analytical  results wi th in  1% of values 
calculated theoretically. In  four replicate de termina-  
tions of the weight losses of the eutectic electrodes 
after the passage of measured quanti t ies  of electricity 
in the generat ion of S -~, n values of 1.86, 1.82, 1.96, 
and 1.89 were obtained for a theoretical two-electron 
process. The slightly lower exper imental  n value is 
consistent with the expectation that  a small  amount  of 
the Ni produced would fall off the electrode in  the 
washing process before weighing. Argentometr ic  anal-  
ysis in ammoniacal  solution (11) of the S -2 produced 
yielded a recovery of 96.7% of the theoretical amount.  
These results show that  the reduct ion of NiS is a two- 
electron proces yielding S-2 and that  the current  effi- 
ciency for the process is essentially 100%. 

The potential  of the electrode of the second kind, 
Ni /NiS/S  -2, is given by the Nernst  equation 

RT 
E = E ~  ~ - l n a s - 2  [1] 

2F 

where E is the potent ial  in volts, E~ is the s tan-  
dard potential, a s -2  is the activity of S -2, and R, T, 
and F have their  conventional  signficance. Previous re- 
ports (8) as well  as the present work indicate that  ac- 
t ivi ty may be convenient ly  replaced by  concentrat ion 
for dilute solutions in mol ten salt solvents. Molari ty is 
used to express concentrat ion in  this work. The s tan-  
dard state for a soluble species is uni t  molarity. For a 
pure solid, the s tandard state is defined as its physical 
state at the operating temperature  under  1 a tm of 
pressure and taken as unity. The s tandard potential  of 
the Pt  ( I I ) - P t  system is arbi t rar i ly  assigned the value 
O.O00V and serves as the reference point. E N i S _ N i  iS re-  
lated to ENim)-Ni, the s tandard potent ial  of the Ni ( I I ) -  
Ni system through the solubil i ty product of NiS, Ksp 
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Fig. I. Potentiometric titration of 6.39 coulombs of S -2  with 
coulometrically generated Ni(|l), The weight of eutectic in the 
compartment was 14.65g. 

Table [. Solubility products of NiS at various temperatures 

T e m p e r -  
a t u r e ,  ~  E~ V E~ V ~K=p  

3 7 5  - - 0 . 7 8 6  -- 1 , 7 8 3  15 .50  
4 0 0  - - 0 . 7 9 0  -- 1 .777  14 .78  
4 2 5  -- 0 . 7 9 4  -- 1 .773  14 .12  
4 5 0  - - 0 . 7 9 7  -- 1 . 7 6 8  13 .54  
4 7 5  -- 0 .801  -- 1 .764  12 .96  

RT 
E~ : E~ -t- In Ksp [2] 

2 F  

Points  on the t i t ra t ion curves in Fig. 1 before the 
equivalence point can be used to calculate E~ by 
extrapolat ing the S-~ concentrat ion to 1M. E~ 
can be obtained by extrapolat ing the Ni +2 concentra-  
tions to 1M at points on these curves beyond the equiv-  
alence point. Similar  values of E~ and E~ 
were also obtained in other experiments  where Ni +2 
and S -2  were coulometrical]y generated in separate 
compartments.  In  measurements  involving Ni ( I I ) ,  
both shiny and NiS-coated Ni electrodes were used. 
These measurements  were made in the temperature  
range 3750-475 ~ in  25 ~ steps and Ksp values were cal- 
culated from the data with the aid of Eq. [2]. Table I 
lists the results. The E ~ value of E~ obtained at 
450 ~ agrees well  with that  reported previously by 
Lai t inen  and Liu (8). 

I t  was found that  Eq. [1] was obeyed by  the NiS-Ni 
electrode at the temperatures  investigated. Figure 2 
presents the results at 450~ from five ent i re ly  inde-  
pendent  sets of measurements  (different symbols) us- 
ing five different batches of melt. With in  each experi-  
ment, the theoretical  Nernst  slope was very  well  
obeyed for measurements  at different concentrations.  
Somewhat  larger deviations in E~ and E~ 
were observed from exper iment  to experiment.  The 
E~ listed in Table I were obtained by extrapolat ing 
all measurements  to 1M solutions by applying the 
theoretical Nernst  slope and averaging the results. This 
procedure was chosen ra ther  than  a least squares anal -  
ysis of all the results from different exper iments  at 
each temperature  since Nernst  behavior was observed 
for each experiment.  The range of E~ at 450 ~ for 
17 measurements  in the concentrat ion range 0.0013- 
O.012M was 9 mV with a s tandard  deviat ion of 3 mV. 
For  concentrat ions less than 0.001M positive deviations 
were observed. E~ showed a range of 7 mV for 
17 measurements,  in the concentrat ion range 0.0035- 
0.067M with a s tandard  deviat ion of 2 mV at 450~ 

m 
I I I I 

- 1 3 . 0  

- 1 3 . 5  

- 1 4 . 0  

2 
~' - -14.5 

- -15.0  
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[ I I ] [ 
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I / T  x 103 

Fig. 2. Temperature dependence of the solubility product of 
HiS. 
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Fig. 3. Nernst plot for the NiS-Ni electrode 

Posi t ive  devia t ions  occurred be low 5 • 10-4M. Com- 
parab le  resul ts  were  obta ined  at  the  o ther  t e m p e r a -  
tures. The pKsp'S l is ted in Table  I were  measured  wi th  
cons iderably  more  prec is ion than  the  E~ since the  d i f -  
ference be tween  E~ and E~ f rom the same 
exper imen t  was involved in the  calculat ion.  The range  
of pKsp was  0.05 uni ts  f rom the  same poten t ia l  m e a -  
surements  to de te rmine  the  E~ NiS 

A plot  of log Ksp vs. 1/T yields  a s t ra ight  l ine and is Ni 
shown in Fig. 3. The hea t  of react ion for the  equi l ib-  Sx ffi 
r i um NiS ~:~ Ni +2 -t- S -2  can be ca lcu la ted  wi th  the  S2-  

S s -  a id  of the  van ' t  Hoff equation.  A va lue  of 55.9 kca l  S = 
was obtained.  Ag  

Table  II  l ists  the  solubi l i ty  of Li2S at  var ious  tern-  AgzS 
peratures .  The solubi l i ty  was de te rmined  by  direct  po-  AgC1 
ten t iomet ry  wi th  the  NiS-Ni  indica tor  electrode.  The NaOH 
t empera tu r e  dependence  of the  solubi l i ty  is shown in NH3 
Fig. 4. Consider ing tha t  devia t ions  of 3-4 mV in the  M 

E* potent ia l  measurements  have  been observed,  these  re -  R 
suits a re  p robab ly  accura te  to •  which  is about  'T 
the  l imi t  of d i rec t  po ten t iomet ry  in mol ten  salts. The n 
solubi l i t ies  l is ted in Tab le  I I  are  much lower  than  the F 
concentra t ion levels  examined  by  Bodewig and P l a m -  ha 
beck  in the i r  e lec t rochemical  inves t igat ion of the sul-  Ksp 
fur-sul f ide  sys tem (3).  Obviously,  the  in terac t ion  of mV 
S wi th  S -2  increases the  solubi l i ty  immensely.  These kca l  

S in teract ions  are, as ment ioned  previously,  ve ry  com- 
p lex  and w a r r a n t  fu r the r  studies. 
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Transference Number of NaCIO, in Dimethyl 
Sulfoxide and Dimethyl Sulfite 

Alphonzo G. Nelson and Douglas N. Bennion* 
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University of Cali]ornia, Los Angeles, Calilornia 90024 

ABSTRACT 
The t ransference  number  of Na ions in NaC104 solutions in d imethy l  

sulfoxide var ied  f rom 0.310 at  0.499M to 0.357 at  0.0750M using the  moving 
bounda ry  method.  The t ransference  number  of hyd ra t ed  Cu ions in the fo l low-  
ing solution var ied  from 0.280 at 0.223M to 0.326 at 0.0343M. The t ransference  
number  of Na ions in NaC104 solutions in d imethy l  sulfite was 0.18 at  0.151M. 
Al l  measurements  were  at 32~ 

The moving boundary  method  has been used to 
measure  the  t ransference  numbers  of NaCIO4. and 
Cu(C104)2.6H20 in d imethy l  sulfoxide and NaC104 
in d imethy l  sulfite. The h y d r a t e d  copper  ion was used 
in the  fol lowing solut ion because it fo rmed  a s table 
bounda ry  and made  the bounda ry  visible. At t empts  
to form a s table  boundary  using LiC104 in the leading  
solution were  not successful, mul t ip le  boundar ies  be-  
ing formed. 

Use of h y d r a t e d  copper  perch lora te  in the  fol lowing 
solut ion requ i red  some minor  changes in the equations 
prev ious ly  presented  by  Bearman  (1) and by  Milios 
and Newman  (2). The changes are  necessary  because 
the  anode chamber  is a two-sa l t  system, hyd ra t ed  and 
nonhydra ted  cupric perchlorate ,  r a the r  than a s ingle-  
salt  as t r ea ted  in previous  analyses.  The hyd ra t ed  
cupric  perch lora te  is the  only sal t  in i t ia l ly  in the  anode 
chamber.  However ,  as e lectrolysis  proceeds, i t  is non-  
hydra t ed  copper  which is produced.  A schematic  
represen ta t ion  showing the var ious  solutions and 
boundar ies  is p resented  in Fig. 1. A third,  p robab ly  
indistinct ,  boundary  wil l  form be tween  the or iginal  
ano ly te  solution and the solut ion being produced  at  
the  anode as electrolysis  proceeds.  

The  equat ion of cont inui ty  is val id  for any  species 
in the  solut ion 

Oci - -0  (civi) 
- - =  [1] 
at ax 

The cur ren t  can be  expressed  in t e rms  of the  fluxes as 

i : F ~ zicivi [2] 
i 

The equat ion of e l ec t roneu t ra l i ty  is 

Z zici : 0 [3] 
i 

Final ly ,  a modified form of the  S t e f an -Maxwe l l  equa-  
t ion is used to re la te  diffusive fluxes to chemical  
po ten t ia l  dr iv ing  forces 

= RT ~ cic_._~ (vj - -  vi) [4] 
Ci ~X j CTDij 

The definitions of  the  symbols  used are  given at  end o f  
the  paper .  

The above  equations are  solved for  the leading  
solut ion and fol lowing solut ion in a manne r  s imi lar  
to  Milios and Newman  (2) y ie ld ing  the equat ion  

Fzs C3 
I [ C o ( V o  - -  V b )  ] z = - - |  [ 5 ]  tl~ --" i Co z : - |  

Fzs C3 
[ [Co(Vo - Vb) Ix== [6] t 2 ~  T co x=| 

* Electrochemical  Society Act ive  Member .  
Key words:  t ransference  numbers ,  sodium ions, copper ions, di-  

methy l  sulfoxide,  d imethy l  sulflte. 

o r  

tl ~ [c3/Co]== -= 
[7] 

t~ o =  [c3/co]~== 

Equat ion [7] is the  Kohl rausch  regu la t ing  function. 
Equat ion [6] is not  used direct ly.  In the  above fo rmu-  
lation, the notation, x = -  r162 refers  to a posi t ion 
above the boundary ,  far  enough away  from the 
bounda ry  so tha t  only sal t  solut ion A ( the leading 
solution) is p resen t  and  far  enough away  from the 
e lec t rode  tha t  0~13/ax = 0. Likewise,  x----o0 refers  
to a posit ion far  enough below the bounda ry  tha t  ~ 
is constant  wi th  only sal t  solution B present  but  st i l l  
wi th in  the  Kohl rausch  r egu la t ed  concentra t ion  region 
(see Fig. 1). h o and t2 o are  t ransference  numbers  o f  
cations 1 and 2 in leading and fol lowing solution, 
respect ively,  r e la t ive  to the  solvent,  as pointed out  by  
Milios and Newman  (2). 

In  o rder  to calculate  the solvent  velocity,  a ma te r i a l  
balance is made  in the anoly te  chamber  for a volume 
be tween  an a r b i t r a r y  control  p lane cal led the  solvent  
plane, x, moving wi th  the  solvent  velocity,  Vo, and the 
solid e lect rode in ter face  (see Fig. 1). The ra te  of 
change of the  volume bounded by  the solvent  p lane 
and closed electrode,  Vo, is 

dVo d ~ "  IMe 
" = - -  J V  dV = - - v o A  [8 ]  

dt dt o zmFpe 

Z o 
I'-r~ 
~=__. 
mO 

we~ 

SOLUTION A OF 
IONS 1 & 3 

2-SALT 

BOUNDARY 

SOLUTION BOF 
IONS2&3 

SOLVENT 

PLANE 

CONCENTRATION 

BOUNDARY 

SOLUTION C OF 
IONS 2, m, & 3 

ELECTRODE 
CHAMBER 

OBSERVED BOUNDARY 

STATIONARY 
WITH RESPECT 
TO SOLVENT 

ELECTRODE 

Fig. I. Closed electrode with electrode material different from 
positive ionic species originally in solution. 
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where A is the cross-sectional area, I is the total 
current  passing through the electrode (negative for 
anode),  Me is the atomic weight of the metal  anode, 
pe is the density of the metal  electrode. A mater ia l  
balance on the solvent gives 

d 
*'V[o codV : 0 [9] dt 

Due to the dissolution of the electrode which pro- 
duces a species not original ly present  in the following 
solution, two different positive ions are present  in  
the following solution, the original one being desig- 
nated by 2 and the metal  ion being designated by m. 
Material  balances on both of these ions yield the 

d S V  It2 ~ --~ c2dV = [10] 
o z2F 

d ~V~o CmdV - - I  
= ZmF 

following 

[11] 

It  is assumed in this analysis that  the boundary  of the 
mixed solution of ion 2 and m never  reaches the solvent 
plane. This assumption is justified in the present  study 
because the distance between the anode and the con- 
centrat ion boundary  is relat ively large compared to 
the two-sal t  boundary  movement .  Otherwise, Eq. [11] 
would need to be replaced by the equation 

d { "  Itra ~ I 
"-~ JVo crndV - ~ ZmF [12] 

Since the solution in the anode chamber  is a mixture  
of two salts, one can assume the density of the two- 
salt region below the solvent plane is l inearly related 
to the concentrat ion of both salts present. 1 

pc = po ~ BBC23 + Bmcm3 [13] 

Here cga is the concentrat ion of the salt composed of 
ions 2 and 3, and Cm3 is the concentrat ion of the new 
salt formed by the metal  dissolution, i.e., of ions m 
and 3. 

The exact expression for the density in this region is 

pc = MBC23 -~- MmCm3 -'~ MoCo [14] 
Therefore 

Co = Co ~ -~- bBC28 -~- bmCm3 [15] 
where 

Co ~ = po/Mo 
bB = (BB - -  MB)/Mo 

bm = (Bm -- Mm)/Mo 
Since cz3 = c2/v~, and cruz = Cm/vm, Eq. [15] becomes 

bBCs bmcm 
Co : Co ~ + ~ -{- ~ [16] 

P2 P m  

Equat ion [9] then becomes 

d f v  bB d f Co ~  dV q- c2dV 
at o 

bm d f v  + - - ~  cmdV : 0 [17] 
V m  dt o 

Substitution of Eq. [8], [10], and [11] with rearrange- 
ment yields 

- - i [ M e  bBt2 o bm ] 
Vo = ~ Zr~e Co%2Z--------2 + - -  [18] Co~ 

The expression for Vo, when subst i tuted into Eq. 
[5] and [6], yields a set of equations which, when 
solved, give the expression 

1For the copper perehlorate system studied it was found that po = 
1.093 g/cm~, Bs : 0.197, Bm = 0.2 for p in grams per cubic centi- 
meter and ca and cms in mole/liter. 

--Co~ I I Fvb t2 o = 
Co x=~ i 

-Me bm ] 
- -  -~ - -  [19 ]  

"~- peZm Co~ 

and by means of the Kohlrausch r e l a t i o n  

t,o ~Co~ I [ F V b  

Co z= -| i 
Me bm ] 

+ ~ 4 - -  [2O] 
peZm Co%mZm 

These equations are the final expressions needed 
for the calculation of the t ransference number from 
exper imental  data. When they are compared to the 
Milios and Newman (2) results, the two sets are 
seen to differ only in the last term which, in this case, 
represents the influence of the metal  ion produced in 
the anode chamber being different than the following 
cation. 

Experimental Equipment and Procedures 
Solutions.---' The solutions used in the present  study 

were prepared from either dimethyl  sulfoxide or 
dimethyl  sulfite. The dimethyl  sulfoxide was supplied 
by Crown Zellerbach Company, and the dimethyl  
sulfite was supplied by  Aldrich Chemical Company. 
Due to the very hygroscopic na ture  of dimethyl  
sulfoxide, the water  content of as-received dimethyl  
sulfoxide is on the order of 1076 ppm (3). Two other 
impuri t ies  also present  insignificant quant i t ies  are 
dimethyl  sulfide (DMS) and dimethyl  sulfone 
(DMSO2) (4). The as-received dimethyl  sulfite was 
also found by Kar l  Fischer analysis to have a water  
content  of 200 ppm. NMR analysis of the dimethyl  
sulfite indicated the presence of two major  impurit ies 
each representing about 0.5% of the total weight, 
nei ther  of which have been identified (5). The purifi- 
cation of solutions was accomplished by first placing 
the as-received dimethyl  sulfoxide or sulfite in a 
flask containing Linde 4A molecular  sieves. The flask 
was shaken approximately 3 hr, after which the con- 
tents were allowed to stand overnight.  The result ing 
liquid was then  centrifuged for 2 hr to remove the 
last traces of molecular  sieve, and then t ransferred to 
a disti l lation column. Dimethyl  sulfoxide was distilled 
at approximately 33 mm Hg pressure and  40~ The 
dimethyl  sulfite was distilled at 45 mm Hg pressure 
and 52~ Karl  Fischer t i t rat ion of the product distillate 
indicated that the water  content  had been reduced to 
30 ppm for dimethyl  sulfoxide and 70 ppm for dimethyl  
sulfite. NMR analysis r un  on distilled DMSO indicated 
that  no detectable organic impuri t ies  were present. 
NMR tests on distilled DMSU showed the disappear- 
ance of one of the peaks; the other peaks remained 
unchanged.  

The three solutes used in this s tudy were anhydrous  
purified NaC104 (City Chemical Corporation),  anhy-  
drous LiC104 (G. F. Smith Chemical Company, pur i ty  
97.4%), and reagent  grade Cu(C104)2.6H20 (Aldrich 
Chemical Company, pur i ty  97-99%). The NaC104 was 
recrystall ized three times by Yao (3). The salt was 
dried in vacuum at 70~ for three days; LiC104 was 
used as received. A Kar l  Fischer analysis r un  on the 
LiC104 indicates that  approximately 1.74 molecules of 
water  are present for every 10 molecules of salt. The 
Cu (C104)2.6H20 was used as received. 

Leading and indicator solutions were prepared by 
weight on a double pan balance (Volmer & Sons, Inc., 
New Rochelle, New York) inside of an argon filled 
Dr i -Lab iner t  atmosphere glove box (Vacuum Atmo- 
sphere Corporation, Hollywood, California).  The Dri-  
Lab was equipped with a uni t  through which the 
argon atmosphere could be cont inual ly  recirculated 
for removal  of oxygen and water. A Ni -Tra in  un i t  
consisting pr imar i ly  of a t i t an ium furnace was also 
provided with the Dri -Lab for the removal  of nitrogen. 
These argon pur i fying units  are capable of main ta in ing  
impur i ty  levels between 1 and 5 ppm. 
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Electrodes.--"Baker Analyzed" copper wire 0.02 in. 
in diameter (J. T. Baker Chemical Company, pur i ty  
99.9%) was the anode. The vertical  anode consisted 
of 24 strands of copper wire looped t ightly together. 
Triple distilled mercury  served as the cathode for the 
NaC104-Cu(C104)2.6H20 tests. Contact was made to 
the mercury  by a p la t inum wire sealed in  soft glass. 

Apparatus.--Boundaries were formed using a 
Tiselius cell (Perkin  Elmer)  with metal  support stand 
and side electrode chambers. The channels of the cell 
were 0.2 cm thick, 1.5 cm deep, and 7 cm in length. 
A detailed description of the channel  is given else- 
where (6). 

In  the present  study, the boundary  was followed by 
means of a cathetometer (Central  Scientific Company) ,  
of accuracy • mm located outside of the Dri-Lab. 
The bluish hue of the following cupric solution made 
it possible to observe directly the boundary  formed 
between the two solutions. The boundary  formed was 
visible down to about 0.03 molar  in Cu(C104)2.6H20, 
below which visual  loss of the boundary  occurred along 
the channel.  Timing of the boundary  was accomplished 
by means of ant imagnet ic  stopwatches (Clark Stop- 
watch Company),  of accuracy 0.005 min. 

Velocity measurements  recorded through a par t icular  
cell section are directly converted to volume displace- 
ments by mult ipl icat ion of the cross-sectional area of 
the channel.  The area was found by cal ibrat ion of 
the cell with double-dis t i l led water  to be 0.3057 _ 
0.0055 cm ~. 

A Heath Kit  regulated power supply (Model number  
IP-32) in series with a high impedance decade resist- 
ance box General  Radio Company, was set so that 
the current  remained constant to wi thin  • mA 
regardless of the boundary  position up the channel. 
The current  readings were read on an ammeter  (Simp- 
son Electric Company).  

The glass cell parts, electrode chambers, and syringes 
were cleaned in warm potassium hydroxide followed 
by dilute chromic acid. Finally,  parts were r insed 
with distilled water  followed by acetone. The electrode 
chambers and syringes were stored in a vacuum oven 
at 375~ The quartz cell was stored in a drawer. 

Preparation i o r a  run . - -Af te r  assembly of the cell 
in its support  stand in air, the apparatus was t rans-  
ferred into the Dri-Lab. Temperature  control to • 1 7 6  
was accomplished by means of a Ful l  Kontrol  heater 
(Precision Scientific Company),  and a temperature  

regulator  (The Chemical Rubber  Company, West 
Germany) .  These ins t ruments  were connected to a 
control relay box (Precision Scientific Company) ,  
mounted  outside the Dri-Lab.  

The apparatus was filled with solution by first 
filling the bottom section of the Tiselius cell with the 
copper perchlorate following solution just  up to the 
flanged joint. A syringe reserved for the copper solu- 
tion was used. The bottom cell section was then dis- 
placed relat ive to the mid-sect ion so that the bottom 
was completely full  of the following solution. The 
solution in the left channel  was removed by the same 
syringe reserved for the copper solution. Next, the 
right side was filled up to the point where the liquid 
level was even with the r ight  side opening of the top 
portion of the cell. The anode chamber  was then filled 
unt i l  the level in  the top cell port ion was to the top. 
A Teflon plug was then inserted into the top carefully 
so no gas spaces were created. The plug had previously 
been coated l iberal ly  with Dow Corning Silicone 
grease. After  the plug had been inserted, the anode 
chamber was filled up to the top and the chamber  
closed off by means of the Teflon stopcock located at 
the top of the chamber.  

The cathode was prepared by inser t ing the p la t inum 
wire into the cathode chamber and then filling the 
chamber  with triple distilled mercury  up to the point  
where the p la t inum wire was completely submerged. 
Finally,  the chamber and the left channel  of the cell 
were filled with leading solution. 

After the apparatus was connected to the electrical 
circuit, possible solution leakage from channel  to 
channel  through the sliding joints was checked. Prob-  
lems with this type of leakage at the bottom portion 
during filling of the anode section necessitated this 
check. If a current  was observed, the system was taken 
apart  and the flanged joints recoated with Dow 
Corning vacuum seal grease and the procedure was 
started over. 

After the leakage test, the potential  was switched 
off and the bottom section of the cell carefully aligned 
with the middle section forming the sheared boundary.  
The boundary  was given approximately 2 min  for 
stabilization after which the cell was switched into 
series with the power source. 

Operating procedure.--Average boundary  velocities 
were recorded over 10-20 min  intervals  as the boundary  
progressed up the channel.  When the boundary  
velocity had reached a constant  value, four measure-  
ments  were taken from which transference numbers  
were to be calculated. When the boundary  had moved 
up through the top cell flange, the ceil circuit was 
opened and the middle port ion of the cell closed off 
by manipula t ion  of the top and bottom cell sections. 
This procedure left a column of adjusted following 
solution closed off from which a sample could be 
drawn by syringe for later analysis by atomic absorp- 
tion. 

Results 
Na(Cl04) in DMSO.--Stable boundaries were ob- 

served with sodium perchlorate as the leading solution 
and copper perchlorate hexahydrate  as indicator and 
following solution. The data indicated a general  t rend 
of high boundary  velocities near  the s tar t ing point  
with decreasing boundary  velocities with progression 
up the channel  unt i l  a stable velocity was reached. 
Figure 2 shows the var iat ion for a typical  run. The 
init ial  high boundary  velocity could have been due 
to the s tructure of the channel  at the joint  or could 
have been due to ini t ial  ad jus tment  of the following 
solution concentration. 

In  calculating the transference number  of the lead- 
ing cation, Eq. [20] was used. The calculation of the 
transference number  of the following solution was 
accomplished by Eq. [19]. The calculated transference 
numbers  are given in Table I. 

NaCl04 in DMSU.--The results of a single r un  
made on a 0.1508M solution of Na(C1OD in dimethyl  
sulfite are also given in Table I. The transference 
number  is given without  correction for the solvent 
velocity due to unavai labi l i ty  of density data. The 
value is substant ia l ly  lower than sodium ion t rans-  
ference numbers  obtained in  dimethyl  sulfoxide. This 
suggests that  a larger solvation sheath exists around 
the sodium ion in dimethyl  sulfite than  in dimethyl  
sulfoxide. 
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Fig. 2. Transference number at various channel positions for 
0.2880M NaCl04 in DMSO. 
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Table I. Cation transference numbers at 32~ NaCI04 and Cu(CI04)2 �9 6H20 in dimethyl sulfoxide 

A* k- -  A** X - t  
c c NaC104 ClOt- NaC10,  CIO,- 

NaCIO, Cu (CLOD ~. 6H~O mho-cm~/  mho-cm2/  mho-cm~/  mho-cm~/  
molll ts=+o molll tcu+*o equiv, equiv, equiv, equiv. 

0.499 0.310 0.223 0.280 22.45 15.49 19.39 13.38 
0.402 0.312 0,198 0.298 24.56 16.89 21.29 14.64 
0.288 0.328 0.135 0.301 27.10 18.21 23.58 15.~. 
0.183 0.332 0.082 0.296 29.85 19.94 26.07 17.41 
0.150 0.339 0.068 0.304 30.88 20.41 27.00 17.84 
0.075 0.357 0.034 0.326 33.87 21.78 29.64 19.06 

NaC10, and  Cu(C1OD=.6HsO in d ime thy l  sulfite 
m (NaCIO,) 

m o l / k g  solv. t.~=*r 
0.151 0.182 

* Data  in terpola ted  f r o m  Table I I  of Yao and Bennion  (3) for  32~ 
** Data  in terpola ted  f r o m  Table  I I  of Yao and  Bennion (3) for  25~ 

t Column 2 t imes  column 7 g i v i n g  es t imate  of )~- a t  25~ 
$ Not corrected for  solvent  velocity.  

N o t e :  The t e r m  bmlco o pm Zm represen ted  about  a 7% correc t ion .  

Error  ana ly s i s - -The  per  cent  uncer ta in ty  in the 
calcula ted t ransference  numbers ,  for the  leading  solu-  
tion, can be a t t r ibu ted  to the  per  cent unce r t a in ty  in 
the measured  quant i t ies  Vb, I, C8/Co, and  A. If  the  e r ror  
in the  bounda ry  velocity,  Vb, and  cross-sect ional  area, 
A, is t aken  to be the  mean  devia t ion  of these quanti t ies,  
the  unce r t a in ty  in the  current ,  I, t aken  as the  least  
count  of the  ammeter ,  and the uncer ta in ty  in the  con- 
cent ra t ion  ratio,  cJco, t aken  to be the  uncer t a in ty  in 
the  weight  of the  salt,  the  total  or m a x i m u m  uncer -  
t a in ty  in the  t ransference  number  can be re la ted  to 
that  of the separa te  quant i t ies  as follows 

Uncer ta in ty  (t)  Uncer ta in ty  (Vb) 

t avg Vb avg 

Uncer ta in ty  (I)  Uncer ta in ty  (w) 

I avg W avg 

Uncer ta in ty  (A) 
+ 

A avg 

The l e f t -hand  side is the  m a x i m u m  per  cent e r ror  of 
the  ca lcula ted  t ransference  number .  Summat ion  of 
the  contr ibut ions  f rom each of the r i g h t - h a n d  te rms  
gives a m a x i m u m  uncer ta in ty  of 0.7%. A comparison 
of the ca lcula ted  per  cent  er rors  and the pe r  cent  
deviat ion using var ious  readings  dur ing  a single run  
of the  t ransference  numbers  shows tha t  the observed 
var ia t ions  are  essent ia l ly  the  same as the  er rors  est i -  
ma ted  f rom uncer ta in t ies  in the ind iv idua l  measured  
quanti t ies.  A more de ta i led  e r ror  analysis  is given 
e lsewhere  (4). 

The ma in  cont r ibu t ion  to the e r ror  in the  ca lcula ted  
t ransference  number  of the  fol lowing solut ion ar ises  
f rom the uncer t a in ty  in  the  measured  concentra t ion 
of the  salts. The uncer t a in ty  in the measurement  of 
the  fol lowing solut ion concentra t ion arises because 
the ac tua l  syr inge  sample  taken  f rom the solut ion 
beneath  the  bounda ry  m a y  have been di lu ted  by  the 
leading  solut ion lef t  at  the  inner  spaces of the  flanged 
joints.  Also, in severa l  tests  a sample  of the  fol lowing 
solut ion was d rawn  by st icking the syr inge th rough  
a l ayer  of leading  solution. This method  was used 
when the  bounda ry  was not run  comple te ly  up the 
channel  so tha t  a sample  of leading solut ion could 
also be taken.  

Discussion 
Della Monica et aL (7) have recently published 

transference number data for AgCIO4 in DMSO based 
on Hittorf cell measurements. They calculated the 
limiting equivalent conductance for perchlorate ions 
using two ex t rapola t ion  techniques. Yao and Bennion 
(3) ex t rapo la ted  equiva len t  conductance da ta  to in-  
finite di lu t ion for NaC104 in DMSO and de te rmined  
the l imi t ing  equiva lent  conductance for perch lora te  
ions based on the  assumpt ion  that  t r i i soamy lbu ty l a m-  
monium ions and t e t r apheny lbor ide  ions have equal  
l imi t ing equiva lent  conductances.  

The t ransference  number  da ta  de te rmined  in this 
paper  have  been ex t rapo la ted  to infinite d i lu t ion using 
the procedure  suggested by  Longswor th  (8) 

t + ~ V '  c 
t+ o ' -  - ' t +  = + bc 

A" = Ao - (~Ao + 2~) x /c  

Using the DMSO properties reported by Yao and 
Bennion (3) give a --  0.5041 and p = 17.55. The resul ts  
are  shown graph ica l ly  in Fig. 3. The concentrat ions  
used a re  r a the r  high for  such extrapola t ions .  The mean  
devia t ion  is 0.9%. The l imi t ing equiva lent  conductance 
for the  perch lora te  ion was found using the l imi t ing 
equiva lent  conductance repor ted  b y  Yao and Bennion 
(3) at  25~ In  this  calculat ion i t  was assumed the  
t ransference  number  is independen t  of t empera tu re  
be tween  32 ~ and 25~ Examina t ion  of t ransference  
number  t empera tu re  var ia t ions  as repor ted  by  Yao 
and Bennion (3) indicates  tha t  this assumpt ion p rob -  
ab ly  produces  an e r ro r  of about  0.5%. Since this  
e r ror  is less than  the  ex t rapo la t ion  error,  no correct ion 
was made. 

A compar ison of the  three  de te rmina t ions  of the 
l imi t ing ionic equiva lent  conductance for perch lora te  
ions in DMSO at  25~ is shown in Table  II. I t  appears  
as if the  procedure  used by  Yao and Bennion (3) gives 
a s l ight ly  high va lue  for ~_o. However ,  the  er rors  in 
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Fig. 3. Extrapolation of transference number data to infinite 
dilution using Longsworth equation (8). 0 data this work; A dote 
of Yao and Bennion (3). 
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Table II. Limiting equivalent conductance of C104- in 
DMSO at 25~ 

~o 
mho-cm21equiv.  Reference 

24.48* 7 
24.42 3 
24.24 This work  
24.12 7 

* Extrapolat ion procedure  ve ry  questionable as discussed by Della 
Monica e t a l .  (7). 

ex t rapo la t ing  the t ransference numbers  to infinite 
di lut ion may  account for the  discrepancy.  

SYMBOLS 
A 
BB 
B m  
bB 
bm 
Ci 
Co o 
CT 
D, 
F 
i 
I 
Mi 
R 
t 
tio 

T 
V 
~b 
Vi 
X 

Zi 

vl 

cross-sect ional  a rea  of cell  channel ,  c m  2 
constant  defined in Eq. [13] 
constant  defined in Eq.  [13] 
defined wi th  Eq. [15] 
defined wi th  Eq. [15] 
concent ra t ion  of species i, mol/cmS 
concentra t ion of pu re  solvent,  m o l / c m  a 
to ta l  solut ion concentrat ion,  mo l / cm 3 
diffusion coefficient, cm2/sec 
F a r a d a y ' s  constant,  96,493 coul /equiv .  
cu r ren t  density,  A / c m  2 
current ,  A 
molecu la r  weight  of species i, g / tool  
universa l  gas constant,  j / m o l - d e g  
t ime, sac 
t ransference  number  of species i re la t ive  
to solvent  
t ransference  number  of species i at  infinite 
dilution 
temperature, deg K 
volume, cm s 
veloci ty  of two-sa l t  boundary ,  cm/sec  
veloci ty  of species i, cm/sec  
distance up  channel ,  cm 
charge number  of species i 
e lect rochemical  potent ia l  of species i, j / t oo l  
number  of cations or anions of species i 
p roduced by  the dissociation of one mole-  
cule of pa ren t  salt 

Pe 
PC 

Subscripts 
0 
1 
2 
3 
b 
e 
m 

A 
B 
C 
+ 

dens i ty  of e lec t rode  mater ia l ,  g / cm s 
dens i ty  of fol lowing solution, g / cm s 

solvent 
leading cation 
fol lowing cat ion 
common amon  
two-sa l t  bounda ry  
e lec t rode  
anode meta l  ion 
eva lua ted  in solut ion A at  concentra t ion  
requ i red  by  Kohl rausch  re la t ion  
eva lua ted  in solut ion B at  concentra t ion 
requ i red  by  Kohl rausch  re la t ion  
salt  solut ion composed of ions 1 and 3 
salt  solut ion composed of ions 2 and 3 
salt  solut ion composed of ions 2, 3, and  m 
cat ion 
anion 

Manuscr ip t  submi t ted  Feb.  9, 1972; rev ised  manu-  
script  received Aug. 10, 1972. 

A n y  discussion of this  paper  wi l l  appea r  in a Discus- 
sion Section to be publ i shed  in the  December  1973 
JOURNAL. 

REFERENCES 
1, R. J. Bearman,  J. Chem. Phys.,  36, 2432 (1969). 
2. P. Milios and J. Newman,  J. Phys. Chem., 73, 298 

(1969). 
3. N. P. Yao and D. N. Bennion, This Journal, 118, 1097 

(1971). 
4. W. H. Smyrl ,  "Proper t ies  of Dimethy l  Sulfoxide as a 

Solvent  for  Inorganic  Compounds,"  Dept  of Chem. 
Engr., Univ. of Calif., Berkeley,  NOLC In te rna l  
Technical  Repor t  ( J a n u a r y  1963). 

5. N. P. Yao, E. D'Orsay,  and D. N. Bennion, This Jour- 
nal, 115, 999 (1968). 

6. A. G. Nelson, "Measurement  of Transference  Num-  
bers  in Nonaqueous Solvents  by  the Moving 
Boundary  Method," M.S. Thesis, Univers i ty  of 
California,  Los Angeles  ( June  1971). 

7. M. Del la  Monica, D. Masciopinto, and G. Tessari, 
Trans. Faraday Soc., 66, 2872 (1970). 

8, L. G. Longsworth,  J. Am. Chem. Soc., 54, 2741 
(1932). 

Overpotential Behavior at Pt Cathodes in Stabilized 
Zirconia Solid Electrolyte Fuel Cells 

F. A. Kroger* 
Department of Materials Science, University of Southern California, 

University Park, Los Angeles, Cali]ornia 90007 

Etsel l  and Flengas  (1) showed tha t  appl ica t ion  of 
voltages be tween  0.5 and 2V to cells of the  type  
Pt  (porous) ,  A r  q- O2[ZRO2 -- CaO[Pt, O3 at  700 ~ and 
l l00~ wi th  the  l e f t -hand  e lect rode negative,  led to 
sa tu ra ted  currents .  The cur ren t  was propor t iona l  to 
the  oxygen pressure  in the  a rgon-oxygen  mixture .  The 
authors  expla ined  this by  assuming tha t  the cur ren t  
was l imi ted  by  the diffusion of O2 in the  gas phase  in 
the  pores of the  P t  electrode. For  average size pores,  
this  mechanism can be ra te  l imi t ing only wi th  O2- 

* Electrochemical  Society Act ive  Member.  
K ey  words:  fuel  cell, solid electrolyte, overpotential ,  l imit ing cur-  

rent,  Pt  cathode, oxygen diffusion. 

iner t  gas mixtures .  Wi th  pu re  03, diffusion is rep laced  
by  viscous flow, i.e., a wind, which m a y  const i tute  a 
l imi t ing step only if the  pores  have submicron d iam-  
e ters  (2) ; in  pu re  O2 overpo ten t ia l  was in fact  not  ob-  
se rved  (1). 

Exper imen t s  by  Klei tz  (3) and Yanagida  e t a I .  (4) 
on s imilar  cells wi th  iner t  gas -oxygen  mix tures  wi th  
0.21 a tm ~ PO2 ~ 10 -4  a tm at t empera tu re s  be tween  
520 ~ and 800~ show a l imi t ing cur ren t  cc pO~1/2, be -  
l ieved  to be de te rmined  by  diffusion of "oxygen atoms 
th rough  the p l a t inum near  the  t r ip le  phase  boundar ies  
(4);  exper imen t s  wi th  nonporous  foi l  e lect rodes  at  
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Fig. 1. Comparison of experi- 
mental values for the limiting 
current density with values cal- 
culated from Eq. [1] and [2] 
for three values of pO~ and two 
different porosities. 
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temperatures  between 520 ~ and 685~ support this 
model (5). This mechanism is not  l imited to Os-inert  
gas mixtures,  as witnessed by the S-shape of the O2 
curve in Fig. 5 of Brook et al. (5). 

All  authors report  rapidly increasing currents  at 
higher voltages, related directly or indirect ly to elec- 
tronic conduction promoted by the increased polariza- 
tion. As we shall see, the differences in the results at 
low voltages do not represent  a discrepancy, but  are 
due to a change in  mechanism with changes in  tem-  
perature, oxygen pressure, and porosity. Figure 1 
shows values as a funct ion of tempera ture  for the 
current  as l imited by diffusion of O in P t  and as l imited 
by gas-phase diffusion of O3, each for various oxygen 
pressures and for two different porosities. In  each 
case the limits shown in Fig. 1 were calculated from 
the expressions for the l imit ing current  as given in  
Ref. (2) and (4) 

(h) os(s) : 4 F c Dos(g) (=/tl) In (1 -- x) -1 A / c m - 2  [1] 

( i l )  O(Pt) - -  2 F DocPt)/~ p O 2  I /2  f ] / 8  A / c m  - 2  [2] 

Equat ion [1] (List of Symbols is at end of note) 
holds for conditions under  which composition changes 
in  the gas outside the porous layer are prevented. 
If this is not  the case, [1] still is valid, but  with 
I and ~ replaced by l" = I + ~, and ~, respectively, 

being the thickness of the gas layer in  which depleo 
t ion of oxygen has occurred, and :c an effective, aver-  
age porosity. ~ can be estimated as follows. The re-  
moval  of the oxygen at the pore entrance sets up con- 
centrat ion gradients in the gas outside the pore near  
the pore entrance. The equiconcentrat ion planes will  
be approximately spherical close to the pore end, but  
will become planar  at the distance ~ from the pore 
end (Fig. 2a). In a rough t rea tment  we can approximate 
the flow pa t te rn  by one with flat isoconcentration 
planes inside a cone with 90 ~ top angle with the top 
at the pore end (Fig. 2b). The particle current  of oxy- 
gen Jo2 through the gas in  front  of one pore is 

1 dp02, x 
3 0 2 -  Do2 A = -  

R T  dx  

IOZOz/Ar 

air 

(i4) ~ , 

rr : 5xl() s 

air 

Argon + O 2(pO ) 

/ J 
. / -  

I I I 
1.2 1.1 1.0 

I 0 0 0 / T  

/ ~ " _ - - . - - - ' *  5 x  IO Oz/Ar 

e - -  

Tr=5• "s) 

Data 
Reference 

I i 
4 
5 

I I I i 

0.9 0.8 0.7 

with Ax the area of a section through the cone at x. 
If r is the pore radius 

Ax : :~* {(x + r) 2 -  r 2} = ~*x (x  + 2r) 

=* indicating pi. Under  stat ionary conditions this cur-  
rent  is constant, independent  of x. Then the oxygen 
pressure gradient  over the gas layer with thickness 

is 

fpO _ 

76 

pore 
(a) 

Fig. 2a. A pore in the porous platinum layer and equieoncentra- 
tion lines for 02 in the gas outside, near the pore (schematical). 
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Fig. 2b. Approximate flat isoconcentration lines inside an in- 

verted cone on top of the pore. 

R T  ~ -1  d x  
(ApO2)x = -- Jo2 n*Do'--~ ~ ~  x ( x  -~ 2r) 

Using the tabula ted  solution for the integral  

R T  1 l n 2 r + x l  x 
(Ap02)~. = JO2-'~'~2Do 2 X 2"-'~ m ] o = 

J~ ~v  z (2r W k) 

The same Jo2 can be formulated in  terms of a diffusion 
with a l inear  gradient  through a cylindrical  channel  
with an effective cross section Ae 

1 (APO2) X. 
Jo2 -- -- Do2 Ae - -  [4] 

RT 

For N pores per cm 2 = ~/x*r~, the effective porosity 
of the gas layer with thickness ~ is x' = NAe.  Subst i-  
tut ion of Ae using [4], and el iminat ion of Jo2 with 
[3], remember ing  that  n = x*r2N 

{ 2r~" 1 ~  [5] 
~ ' / ~ = 2 X / r  In 2r-~  

The effective average porosity of the combinat ion of 
the gas layer  and the Pt  layer, ~ is found from 

(~ + tD/-~ : (X/~') + ( t l /~)  [6] 

The gas layer  will only be current  l imit ing in cells in  
which the Pt  layer is very thin. 

In  constructing Fig. 1, we have used Eq. [1] and [2] 
with t ~ 1.5, ~ ~ 100~, ~ : 5 • 10 -~, and 5 = 5 and 
15~ (note that  ~ and  5 are related) .  DTo2~g) cc T ~ is 
calculated from D29~O2N 2 : 0.22 cm2/see, D~93O2,A~ = 
0.20 cm2/sec, using for n the average values for the 
corresponding self-diffusion exponents (6); typical 
values of n are be tween 1.66 and 1.81. 

In  O2-Ar mixtures  Do2 varies from 1.16 cm 2 sec-~ 
at 500~ to 2.55 cm ~ sec-~ at 1000~ for O2-N2 the 
corresponding var iat ion is from 1.19 to 2.56 cm 2 sec -1. 
According to Ref. (5), DoCPt,Rh)K = 2.2 • 10-~6 exp 
(--  0.94 eV/kT) g-atom em -~ see -~ atm -~/2. The val-  

ues for pure Pt  may be 10 X larger. Recent measure-  
ments  of Do2(Pt) and the solubil i ty of O in  Pt  (7) lead 
to a completely different expression DocPt~K = 
(2.4 • 0.67) 10 ~0 exp ( - -  8.45 • 2.55) e v / k T  g-atom 
cm -1 sec -1 atm -1/2 which gives values for D o K  at 
500~ that  are 10~s-105t smaller  than  the ones cal-  
culated from the expression from Ref. (5) [which are 
in t u rn  smaller  than  values reported by Hoare (8)].  
We have used the data from Ref. (5). It  is obvious 
that our conclusions would be largely in  error should 
one of the other sets of data prove to be the correct 
one. 

As seen in  Fig. 1, the exper imenta l  values  for il in 
air as de termined in Ref. (4, 5) fall close to the curve 
calculated from [2] for a highly porous layer  using 
reasonable values of the parameters.  Since the values 
of D K  used were taken from experiments  on nonpor-  
ous films, the agreement  lends support  to the assumed 
model. 

The data of Ref. (1) on the other hand, can be rep-  
resented by [1] with l ~ 100~ only if we assume a low 
porosity, ~ ~ 5 • 10 -8 with t = 1.5, or ~ = 5 • 10 -2 
with t ~ 15; the observed tempera ture  dependence is, 
however, sl ightly larger than  the theoretical one. 
Since Etsell and Flengas describe their  Pt  layer  as a 
porous one, it seems a priori,  unl ikely  that  the porosity 
was so small. We then have to consider the possibility 
of a larger effective thickness corresponding to de- 
pletion of the gas mix ture  outside the P t  layer. The 
combinat ion ~' = 1 mm, ~ = 0.1, corresponds to ~ = 
2 • 10-2; only the combinat ion ~ = 0.5 and l' as large 
as 1 cm gives ~ = 0.2. Thus it seems that  we have to 
accept a low value for ~ with probably depletion 
restricted main ly  to the pores. 

The difference in the tempera ture  dependence and 
oxygen pressure dependence contained in [1] and [2] 
leads to a change in  mechanism wi th  a change in tem-  
perature  and /or  pO2, the change occurring at a pres- 
sure pO2* at a cur ren t  density il* de termined by the 
condition 

(il)O2(g) = (il)O,Pt = i1". For x = pO2 ~ 1, In (1 -- 
x) ~ x and 

pO2* = DocPt)K ~ t l /2c  Do2~s)~5 [3] 

i1" : F D2o(Pt)K 2 ~]2 tl/Do2(g) 52 mg [4] 

ii* " �9 1 / T a s  drawn in  Fig. 1 f o r ~  5 • 10 -3 , sepa- 
rates the field at the right where gas diffusion is rate 
l imit ing from the field at the left where diffusion in 
Pt  is rate limiting. The boundary,  observable only at 
low pO~ and /or  low porosity is indicated in  the 850~ 
data of Ref. (1) by a t ransi t ion from a dependence 
cc pO2n w i t h n  = 1 a t  pO2 : 10 -3 atm to n < 1 at 
pO~ = 5 • 10 -~ atm. Fur ther  work on cathodes for 
which the s tructure is bet ter  known is necessary to 
test the various models on variat ions in other param-  
eters. 

Manuscript  submit ted Feb. 28, 1972; revised manu-  
script received Ju ly  27, 1972. 

Any discussion of this paper will appear in  a Discus- 
sion Section to be published in  the December 1973 
JOURNAL. 

LIST OF SYMBOLS 
F Faraday  = 96,493 coulomb/g equiv. 

porosity = ratio of the contact area gas/ZrO2 
to the total contact area 
fractional contact area Pt/ZrO2 ~ (1 -- ~) 

Do2r diffusion coefficient of O~ in the gas mix ture  
Do(Pt) diffusion coefficient of O in Pt  
K equi l ibr ium constant  of the reaction determin-  

ing the solubili ty of oxygen in  Pt:  1/2 O2(g) 
-~ O(Pt )  

pO2 oxygen pressure in the gas mixture  
c molar  density of the gas mix ture  = P / R T  
l total thickness of the Pt  layer 
5 effective thickness of the Pt;  at high porosity, 

8 ~ gra in  size, at low porosity 8 -> l for 
J~'r 0. 
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X 

tortuosity of the pores ~ average ratio of the 
actual  length of pore channels over the length 
of the vector connecting its ends 
mole fraction of 02 in the gas mixture ;  for a 
total pressure P ----- 1 atm, x -- pO2 
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Electrochemical Properties of RbAg41  Solid Electrolyte 
III. Chargeable Cells 

Bruno Scrosati* 

Laboratorio di Chimica Fisica ed Elettrochimica, Universit~ di Roma, Rome, Italy 

The organic semiconductors commonly known as 
"charge transfer  complexes" (CTC) (1), possess a 
number  of intrinsic properties which make them a 
very promising class of materials  to use as halogen 
electrodes in solid-state cells. A CTC may be defined 
(1) as a system involving two components, one acting 
as electron donor (typically polycyclic aromatic com- 
pounds) and the other acting as electron acceptor 
(typically halogens).  The most interest ing property 
of the CTC is that their  resist ivity remains  very  low 
for a wide range of halogen composition (2). This 
circumstance promises their  funct ioning as halogen 
electrodes in solid-state batteries. Furthermore,  due 
to their low resistivity, the CTC may be used as elec- 
trodes without  addition of inert  components to assure 
good electronic conductivity, as is the case of the so 
far most used cathodes in solid-state cells. This results 
in immediate  specific energy advantages. 

In  a previous work (3), it has been shown that the 
CTC, in addition to the above-ment ioned advantages, 
also behave as reversible electrodes in solid-state 
cells. In  part icular  it has been shown that  the iodine- 
perylene (I2-P) complex behaves as a reversible elec- 
trode in the RbAg415 solid electrolyte cell 

Ag/RbAg4Is/I2-P [ 1 ] 

This reversibi l i ty  was tested both by micropolarization 
curves and by the successful charge of the cell 

Ag/RbAg4Is/AgI,P [2] 

which is the ful ly discharged version of cell [1]. The 
charge process of cell [2] in fact leads to the forma- 
tion of the I2-P complex at the positive and the deposi- 
tion of silver at the negative. The charge-discharge 
efficiency of celI [2] is very satisfactory, about 79%, 
as shown in Fig. 1. This is an interest ing result  since 
cell [2] may be stored for any desired length of t ime 
and activated just  before use. The shelf life of this 
"reserve type" solid-state cell should be therefore very 
long (3). 

The satisfactory behavior  of cell [2] suggested fur-  
ther  study to improve its technological properties. The 
results of this study are reported in  this work. 

Experimental 
The electrolyte was prepared in the usual  way (4). 

The positive electrode mix ture  was formed by mixing 
si lver-iodide and perylene in such a proportion to 
originate, after a complete AgI to I2 conversion, an 
I2-P complex of 2/3 molar  ratio. To reduce interracial  

" E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  Member .  
K e y  w o r d s :  so l id  e lec t ro ly te ,  c h a r g e a b l e  cells.  

effects (3), to 1 part  of this mixture,  3 parts of electro- 
lyte were then added. The cell components were 
pressed into a single pellet with the following pro- 
cedure. First  a certain amount  of powdered zinc (or, 
a l ternat ively graphite) was slighty pressed in a s tain-  
less-steel dye. Then the plunger  was raised up and 
on the top of the zinc pellet was added a moderate 
amount  of electrolyte and pressed at higher pressure. 
Then the plunger  was raised up again and a small 
amount  ( typically 0.07g) of the positive eIectrode mix-  
ture was added. The pressure was then raised to about 
3000 kg/cm 2 to obtain the final pellet where  the elec- 
trode materials were uni formly  and int imately  in con- 
tact with the electrolyte. The pellet obtained in this way 
had a diameter  of 1.26 cm and average thickness and 
weight of 0.2 cm and 0.8g, respectively. The cell was 
finally assembled into a Teflon container with gold- 
plated terminals.  

The polarization studies were performed by using 
a silver wire as reference electrode. This was inserted 
into the electrolyte by heat ing the wire in order to 
melt  the electrolyte locally. S tandard  equipment  was 
used to determine current-vol tage  curves and to regis- 
ter the charge-discharge cycles. 

Results and Discussion 
Since cell [2] is assembled in  the discharge state, 

it is not strictly necessary to use silver as the nega- 
tive. Any  other mater ia l  on which silver may  deposit 
a charge can be used as alternative.  If this mater ia l  
is inexpensive, as for instance zinc or graphite, the 
over-al l  cost of the cell would be reduced. In  fact the 
silver utilized in the discharge would be that  obtained 
from the conversion of silver iodide during charge. 

To test this, the cell 

Zn/RbAg4Is/AgI,P [ 3 ] 

has been assembled. Cell [3] was submit ted to 18 hr 
charge at 0.05 mA. The following discharge, at 0.1 mA, 
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Fig. 1. Charge-discharge cycle of cell [2] at 25~ 
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was satisfactory, giving a utilization (at 0.3V cut off) 
higher than 50% and being very fiat in shape. This 
cycle is shown in Fig. 2A. In Fig. 2B is shown another 
cycle realized by charging a cell similar to [3] at 0.1 
mA and discharging it at 0.2 mA. This cycle also was 
satisfactory, giving an efficiency of 53%. These results 
indicate that cell [3] also is chargeable with a rea- 
sonably good discharge efficiency. Figure 3 is a photo- 
graph of the positive side of a cell similar to cell [3] 
charged with a rectangular current collector up to 
70% of its complete charge. The black color of the 
Is-P complex (3) is evident over the clear color of the 
original AgI, P mixture. This is a further indication of 
the chargeability of cell [3]. 

Figure 4 shows current-voltage curves of the AgI,P 
electrode used in cell [3] (curve A) and of an electrode 
similar to the previous one but without Agl in it. In 
the latter (curve B) appreciable current, obviously 
due to electrolyte decomposition, flows at potentials 
ranging from 0.8 to 0.9V. One may therefore exclude 
electrolyte decomposition during charge of cell [3] 
if the charging voltage is maintained below 0.8V. 

Cell [3] was submitted to continuous charge-dis- 
charge cycles which are shown in Fig. 5. Indications 
of cell deteriorations are evident even at the third 
cycle. The cell was disconnected and examination 
under the microscope showed deposition of silver in 
dendritic form on the negative electrode surface. Scro- 
sati and Butherus (5) have shown that planar silver 
electrodes behave reversibly at low-current levels. 
When a considerable amount of charge is passed 
through the cell, however, one may obtain dendritic 
deposition of silver at the negative. It has been sub- 
sequently shown by Butherus (6) that irreversible 
degradation on cycling takes place when the cycle 
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Fig. 2. Charge-discharge cycles of cell [3] at 25~ 
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Fig. 5. Continuous charge-discharge cycles of cell [3] at 25~ 
Charge current: 0.1 mA; discharge current: 0.2 mA. 

regime involves a layer of silver thicker than 0.2#. 
This undoubtedly represents the most serious limiting 
factor to the rechargeability of the RbAg415 cells 
which has to be limited to shallow cycling regimes 
only. Under these conditions in fact, Butherus has been 
able to cycle RbAg415 cells several thousand times (6). 

Finally the charge-discharge curve of the cell 

C/RbAg4IJAgI,P [4] 

where zinc has been substituted by graphite as the 
silver electrode support, is shown in Fig. 6. The charge 

Fig. 3. Microphotograph (6X) of the positive electrode surface 
of a charged cell [3].  
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Fig. 7. Microphotographs (6X left and 25X right) of the negative side of a charged cell [4] 

voltage rose slowly to a ra ther  high stable value, i.e., 
0.72V, and the subsequent  discharge gave a uti l ization 
of about 40%. A cell similar to [4] was disconnected 
after charge and microphotographs of its negative side 
are shown in Fig. 7. Deposition of silver in dendrit ic 
form is par t icular ly  evident  here. 

Conclusions 
The main  purpose of this work is to show that  cells 

having the s tructure [3] or [4] may  be successfully 
used as "reserve type," reduced-cost solid-state cells. 
The results of Fig. 2 and 5 indicate that  this is indeed 
the case. Therefore the shelf life of these cells should 
be very  long as might not  be the case of p r imary  
RbAg415 iodine cells because of the we l l -known iodine 
diffusion through the polycrystal l ine electrolyte (7, 8). 
It  does not seem to be possible, however, to obtain 
many  deep cycles with cells [3] and [4] because of 
the tendency of silver to deposit in dendri t ic  form, a 
process which results in a lack of contact points at the 
electrode-electrolyte surface and, ult imately,  in an in-  
crease of cell in terna l  resistance. This was also found 
by Raleigh in his studies on electrodeposition of silver 
from solid AgBr on various electrodes (9). In  fact he 
reported that  Ag electrodeposition onto Pt  involves 
smooth bui ldup of monolayers while  nucleated deposi- 
t ion occurs on graphite, resul t ing in dendrit ic growth. 
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Continuous Flow Dielectrophoresis 
R. H. Kirchoff and A. Hamdi 1 

Department of Mechanical Engineering, University of Massachusetts, Amherst, Massachusetts 01002 

Previous work (1, 2) has established the use of the 
dielectrophoretic force to separate a solute from its 
solvent and to perform filtration in a continuous m a n -  
ner. Particles of various materials  suspended in  l iquid 
dielectrics have been separated in a cell of cylindrical  
geometry under  the action of nonuni form fields (1). 
Transformer  oil has been purified to a breakdown 
strength of 100 k V / m m  in a continuous flow dielectro- 
phoretic cell. Carbon particles of a few tens of A have 
been removed (2). Fur ther  applications of the dielec- 
trophoretic force may be found in Ref. (7). 

In  this work, the equat ion of motion of a particle in 
a continuous flow dielectrophoretic separator has been 

1 Present  address: Moharem Bey, United Arab Republic. 
Key  words:  dieleetrophoresis,  deposition. 

solved under  certain assumptions. The results have 
been expressed in terms of dimensionless parameters  
in order to provide a design curve for such a filter. 
Based on previous exper imental  work, l imits on the 
range of the operating parameters  of the cell have been 
indicated. 

Analysis 
A continuous-flow cylindrical ly symmetric  separator 

is shown in Fig. 1. The fluid suspension enters at the 
top with velocity Vz(r) ;  in the presence of the non-  
uni form field, particles with a dielectric constant  
greater than  that  of the fluid will  be attracted to the 
central  electrode. The dielectrophoretic force on a par-  
tiele in a cell of this geometry is given as (3) 
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ra tor  in Ref. (1) Pr was found to be on the order of 
10-*Sm. Ignoring the acceleration term and rearrang-  
ing the equation of motion in the r direction, the par-  
ticle velocity may  be wri t ten 

Vr : 2R2~oV12Kl(K2 -- K1)/3#r 3 in (Ku + 2K1) 

[4] 
The equation of motion in the z direction is 

d V ,  
m ---- 6~#R ( V z -  U) [5] 

at  

where U (r) is the mean fluid velocity in the annulus. 
Equation [5] may  be rearranged as 

mVz ~ dVz 
- -  - -  = (Vz -- U) V~ 
6 ~ R V z  dt 

Let P ,  = mVz2/6~RVz.  When Pz is small, the New- 
tonian acceleration in the z direction may  be neglected 
which implies that  the particle velocity and the fluid 
velocity are identical in the z direction. For the condi- 
tions of the separation in Ref. (1) Pz was found to be 
on the order of 10-18m. For laminar flow in an annulus 

Fig. i. Cylindrical separation cell 

(4) U is given as 

(5) + (o. 2 -- b 2) In 

Fe --  --4z~R3eo K1 (K2 -- K,) V12 - ro [1] 
(K2 + 2K1) r 3 in a 

where eo is the permitt ivi ty of free space; r is the dis- 
tance of the particle f rom the central axis; R is the 
radius of the particle; K1.2 is the relative dielectric con- 
stant of the liquid and the particle, respectively; V1 is 
the potential of the inner cylinder; Vo is the unit radius 
vector; and a,b outer and inner cylinder radii, respec- 
tively. 

The equation of motion for a particle is wri t ten un-  
der the following assumptions: (i) the particle is as- 
sumed to be a point mass; (//) the flow is laminar; 
(i/i) the particles do not strongly interact; (iv) gravi-  

tational forces and electrostatic forces are neglected; 
(v) the resistance of a particle is given by  Stokes law. 

The equation of motion in the r direction may be 
wri t ten as 

d r ,  
m -  , - Ve -- Vd [2] 

dt 

where m is the particle mass and Fd is the Stokes drag 
law for a spherical particle Fd -- 6~RVr.  Combining 
Stokes law with Eq. [1] and [2] 

mVr  2 dVr 

6n/~RVr dt 

-.. 4~RaeoV12KI(K2 - -  KI) -- 1 I Vr ~ [3] 

] r 3 in 6 ~ R V r ( K 2  -t- 2K1) 

Let Pr  = (mVrU) / (6~RVr)  the ratio of the particle 
kinetic energy to the drag force in the r direction. 
When Pr is very  small, the left side of Eq. [3] may  be 
neglected which is equivalent to ignoring the New-  
tonian acceleration. This is justified when the inertia 
force on a particle is much less than the viscous drag 
force. Pr is a parameter  having the dimension of length; 
it is equal to the distance the particle will t ravel  be- 

and the volume flow rate in the annulus is 

W -- ~ a 4 -- b 4 -- (a 2 -- b 2) in [7] 

In the subsequent analysis Eq. [6] and [7] are  used to- 
gether to eliminate (~p /hz ) .  

The opt imum length of the dielectrophoretic con- 
tinuous flow filter is the minimum length for the sepa- 
ration of the axial flowing particle suspension. In Fig. 1 
for a particle start ing at (O,a) and ending at (L,b) 
the opt imum length is the particle path projection L on 
the z axis. A similar particle starting at some radius 
r < a will be collected in some length z less than the 
optimum length. 

To find this opt imum length, let Vz = dz/dt  and Yr 
= --dr/dt;  eliminate the parameter  t (time) and 
integrate along the particle path 

-- ~ dz = K s radr -- M f b  r5dr 
a 

s + N r a l n  ( r / b ) d r  [8] 

K, M, N are constants. Performing the integration 

L = A  

where 

A =  

[9] 

8d4(ln d) 8 ~W (K2 -t- 2KD 

( (d 4 -- l ) In(d)  - -  ( d  2 - -  I ) 2 e o V I 2 R 2 K 1 ( K 2  - -  K I ) ~ )  

AI = (d2/16) b 2 
A2 = (3(d 2 -- 1)/32 I n d ) b  2 
A3 = ((12d21n d -- 3d 2 + 3)/(128 In d) )b  2 
A 4 =  ((3d 2 - 4 d  2 1 n d - 3 ) / ( 1 2 8 1 n d ) ) b  2 
d = a/b 

Substitute the constants A, A1, A2, A3, A4, and d into 
Eq. [10] and rearrange to get 

LFe 
= F(d) [I0] 

Wm 
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Wm is a form of mechanical  work Wm ---- (8/g) 
~W(b/R)  2 having the dimensions of Newton-meters .  
And Fe is an electric force 

K1 ( K 2  - -  K D  ~oV12 
F e =  

(K2 + 2KI) 

having the dimension of Newton. F (d) is a dimension-  
less shape factor. 

( ln  d ) 2 ( 4 d  e - -  1)  i n  d - -  3 ( d  5 - -  d 4 - -  d 2 --I- 1) 
F(d) = 

128 ( (d  4 -  1) l n d  - - 3 ( d  2 -  1)~) 

L is the opt imum filter length. Equation [10] is plotted 
in Fig. 2 which contains all the informat ion necessary 
to select a filter of opt imum length. The bottom line in 
Fig. 2 is for 1O0%particle collection. An analysis simi- 
lar to the foregoing was used to predict the filter length 
necessary to collect x% of the incoming particles. 
These results are also indicated on Fig. 2. 

By changing the limits of integrat ion on Eq. [8] from 
O to Z and from a to r the particle path may be gen- 
erated for 100% particle collection in length L. This 
particle path is shown in Fig. 3 together with the par -  
ticle paths for less than 100% collection. Figure  3 is 
plotted for d ---- 10 only. 
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For the conditions of the exper iment  described in 
Ref. (1) in which almost 100% separation was ob- 
served, the curve of Fig. 2 predicts an opt imum filter 
length from 3 to 12 cm depending on the applied volt-  
age. The actual filter in Ref. (1) was estimated (5) to 
be about 19 cm in  length. This reasonable agreement  
is t aken  as sufficient evidence that  Eq. [10] can be 
used to design a continuous flow dielectrophoretic sepa- 
rat ion cell. 

L imi ta t ions  
There are a number  of l imitat ions reported in the 

l i terature (1, 2) which place some constraints on the 
parameters  in Eq. [10]. 

In  order to e l iminate  particle charging and subse- 
quent  electrostatic repulsion at the center  electrode, 
that  electrode should be coated with Teflon, plastic 
foam, or another  suitable insulat ing material.  

The field s trength at the central  electrode should be 
less than 2 X 106 V/m. Greater  field strengths have the 
effect of drastically reduced collection at the central  
electrode. There is a m i n i mum central  electrode voltage 
of a few hundred  volts below which no dielectropho- 
retic action takes place. 

The period of the applied-voltage signal to the elec- 
trodes should be much less than the t ime constant  e/5 
of the dielectric suspension in order to prevent  the de- 
cay of free-charge density and the collapse of the non-  
uni form field in the separation cell. 

There is a ma x i mum residence t ime for which the 
fluid should remain  in  the separator. For residence 
t ime tr = L/Vz longer than this maximum,  ionic charg-  
ing of the fluid has been observed to take place wi th  a 
subsequent  decrease in particle collection (6). This 
t ime for ionic charging has been given in Ref. (6) as 

eoPlp$ 

p2 ~ pt 

where pl and ~ are the resistivities of the l iquid and 
the particles, respectively. In  order to avoid ionic 
charging tr < ts. 

Conclusion 
All the parameters  involved in the design of a di-  

electrophoretic separator have been presented on a 
single dimensionless curve from which opt imum filter 
parameters  may be selected. Limitat ions on these pa- 
rameters  which have been observed in previous ex- 
per iments  have been included for completeness. 
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Predicting Current Efficiency of Industrial 
Aluminum Smelting Cells from Laboratory Measurements 

W. E. Haupin* 
A~uminum Company ol America, Alcoa Research Laboratories, New Kensington, Pennsylvania 15068 

Curren t  efficiency tests are  costly and difficult to con- 
t rol  in indus t r ia l  cells. On the  other  hand, cur ren t  effi- 
c iency based on a luminum recovered f rom labora to ry  
cells is a lways  low. Cammaro ta  and Schlain (1) dem-  
ons t ra ted  tha t  meaningfu l  cur ren t  efficiencies can be 
obtained in l abora tory-s ize  cells by  using boron n i t r ide  
for the  cell  sides and cover, and by  correct ing for  cer-  
ta in  me ta l  losses. A t  the  end of each run  they  found it 
necessary to: (i) cool the cell  qu ick ly  to avoid con- 
t inuing losses, (ii) analyze  the  frozen e lect rolyte  for 
reduced species, and  (iii)  machine  away  the outer  
surfaces of the  graphi te  cathode and boron n i t r ide  
wal ls  and analyze each for  reduced  species. The a lumi -  
num equiva lent  of the  reduced species found by  anal -  
ysis  was then included along wi th  the  a luminum ac- 
tua l ly  recovered to calcula te  cur ren t  efficiency. Un-  
for tunate ly ,  l ibe ra l  use of boron n i t r ide  in cell  con- 
s truct ion made  the i r  cell  expensive,  and machining 
away  par t  of the  surface  af ter  each run  l imi ted  its 
life. 

Thonstad (2) gives an excel len t  s u m m a r y  of the 
var ious  sources of cur ren t  efficiency loss in an a lumi -  
num smelter .  The correct ions  made  by  Cammaro ta  and 
Schlain  were  both necessary and val id  when one 
evalua tes  each loss as a function of cell size, age, and 
length  of run.  

Sources of Current Efficiency Loss 
The pr inc ipa l  cur ren t  efficiency loss in an a luminum 

smel t ing cell  resul ts  from CO2 reoxida t ion  of reduced 
meta l  species dissolved or  suspended in the  e lec t ro-  
lyte.  An ac t iv i ty  of meta l  is ma in ta ined  in the  e lec t ro-  
ly te  by  the fol lowing equi l ibr ia  

A1 + 3NaF ~ A1F~ + 3No [1] 

2A1 + A1F3 ~ 3AIF [2] 

NaF, A1F3, A1F, and Na are presen t  in the e lec t ro ly te  
at less than unit  activity.  Reduced species subsequent ly  
are  reoxidized by  CO~ formed at the anode by  the fol-  
lowing, or similar,  react ions 

3AIF + 3CO2-> AI20~ q- 3CO + AIF~ [3] 

6A1F -t- 3CO2 --> 2A120.~ + 3C + 2A1F3 [4] 

6No + 2AIFs + 3CO2 --> A1203 -~ 6NaF + 3CO [5] 

12No ~- 4A1F3 + 3CO= --> 2A1208 + 12NaF -~ 3C [6] 

Al though  this reoxida t ion  loss m a y  be affected by  cell  
design, i t  does not appear  to be a funct ion of cell size 
or age. Therefore  no correct ion is required,  p rovided  
the design factors (anode-ca thode  distance, gas - r e t en -  
t ion t ime, etc.) a re  adequa te ly  s imulated.  

Some invest igators  bel ieve vapor iza t ion  of reduced  
species f rom the e lec t ro ly te  occurs only in l abo ra to ry  
tests. We bel ieve  it occurs also in indus t r ia l  cells but  
these vapors  a re  reoxidized by  ai r  and CO2. The loss is 
ma in ly  Na but  includes a minor  amount  of A1F. I t  is 
measured  by  analyzing the  condensed fume for reduced  
species wi thout  exposure  to air. I ts  magni tude  depends 
on ba th  composition, t empera ture ,  degree of e lec t ro-  
ly te  agi tat ion,  and  gas veloci ty  over  the  e lectrolyte .  
These factors  can be measured  and made  equivalent  to 

* Electrochemical Society A c t i v e  M e m b e r .  
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r e n t  efficiency. 

condit ions present  in indus t r ia l -ce l l  operation.  Velocity 
of gas leaving  the anode at equiva lent  cur ren t  densi t ies  
is less in a smal l  cell  than  in a large cell  because of the  
increased ra t io  of a rea  to per imeter .  The purge gas, 
however ,  can be ad jus ted  to compensate  for the  veloc-  
i ty  difference. Since vapor iza t ion  loss f rom an indus-  
t r i a l  cell is small ,  a fa i r  degree  of equivalence wi l l  be 
adequate.  

Some of the meta l  produced is absorbed by  the cell  
l ining in the  form of No, A14C3, and to a lesser  extent,  
A1. This represents  a ma jo r  loss in l abora to ry  cells due 
to the  large  su r f ace - to -vo lume  ra t io  and shor t  per iod  
of electrolysis.  In indus t r ia l  cells the l ining soon be-  
comes saturated,  and the loss th rough  absorpt ion  be-  
comes negl igible  over  the  ma jo r  por t ion of the  cell 's  
life. Therefore,  in small  cells wi th  short  per iods  of 
operation,  absorpt ion  loss mus t  be measured  and added 
to the  product ion to make  the resul ts  comparab le  to 
commercia l  production.  

Sodium, A14Cs, A1F, and A1 tha t  dissolve or disperse  
in the  mol ten  e lec t ro ly te  represen t  a considerable  pa r t  
of the total  product ion in runs  last ing only a few hours. 
In  indus t r ia l  operat ion,  however,  the  meta l  held by  the 
e lec t ro ly te  is smal l  compared  to to ta l  production.  
Therefore,  the  A1 equiva lent  of A14Cs and reduced 
species in the  e lec t ro ly te  mus t  be added  to the  ac tua l  
A1 produced to make  smal l  scale runs  comparab le  to 
commercia l  production.  

Regardless  of bow carefu l ly  the e lec t ro ly te  is p re -  
dried, i t  st i l l  contains mois ture  af ter  melt ing.  This 
wa te r  is e lect rolyzed to form H2 and CO2 and r ep re -  
sents a loss of cur ren t  efficiency in l abora to ry  cells 
tha t  would not be present  in indus t r ia l  cells af ter  the  
first few days. Some loss by wa te r  m a y  continue at  a 
low level  in indus t r ia l  cells because a smal l  amount  of 
mois ture  m a y  be added whenever  A1208 is fed. Loss 
in cur ren t  efficiency due to w a t e r  is eva lua ted  by  ana-  
lyzing the  H2 content  of the  cell  gas and correct ing i t  
for H2 evolved f rom hydrocarbons  f rom the anode. 
Wi th  p rebake  anodes, the  hydrocarbon  correct ion is 
dependent  on the  anode baking  tempera ture ,  and is 
usua l ly  minor.  In  the  case of Soderberg  anodes, i t  is 
more  significant. 

In  summary ,  both  e lec t ro ly te  and cell  l in ing quickly  
become sa tu ra ted  in  the  indus t r ia l  cell  and cease to 
t rap  addi t ional  metal .  Therefore,  it  is val id  to measure  
these  losses in a l abo ra to ry  cell and add the i r  stoichio- 
met r ic  A1 equiva lent  to the  A1 ac tua l ly  recovered.  
F u r t h e r  correct ion m a y  be requ i red  for the  loss caused 
by  moisture.  Other  losses pa ra l l e l  indus t r ia l  exper i -  
ence. 

Alternate Cells 
Boron n i t r ide  absorbs reduced species to a lesser 

ex ten t  t han  graphi te  but  s t i l l  has to be sacrificed and 
analyzed  to obtain a correct ion factor.  Therefore,  less 
expensive  graphi te  was used as an a l te rna te  since the 
only pena l ty  was a la rger  correction. Table  I, column 1, 
shows the resul ts  from electrolysis  in a graphi te  con- 
ta iner  using t h e  cel l  design i l lus t ra ted  in Fig. 1. In  all 
runs  the  e lec t ro ly te  was na tu ra l  Gree land  cryol i te  plus 
6% reagent  grade CaF2, wi th  Alcoa A1Fa and smel t ing 
grade  A120~ added  to give the  analys is  shown in Table  
I. Use of a gas-col lect ion hood over the  anode and a 
purge  gas reduced the res idence t ime of gas produced  
by  the cell, mak ing  observat ion  of changes in gas flow 
and gas composi t ion possible dur ing  the run.  Ratios 
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T a b l e  I .  Comparison of electrolysis in nickel with 
electrolysis in graphite 

Container 
ConditiOns Graphite Nickel Nickel 

NaF/AIFa wt ratio (start) 1.50 1.50 1.20 
NaF/AIFs wt ratio (end) 1.43 1�9 1.22 
Al~Os (start) 5.50% 6.04% 6.12% 
AhOa (end) 2.81% 2.89% 2.74% 
AltOs (average) 4.15% 4.46% 4.48~ 
Bath wt (start) 600 g 350 g 350 g 
Bath wt {end) 558 g 338 g 336 g 
Bath temp ~  980 977 960 
Amperes 5~ 50 50 
Minutes S9 25 25 
Approx. anode-cathode sep. 25 mm 25 mm 25 mm 
A/cm ~, anode 1.82 2.15 2.15 
A/cm 2, cathode 0.339 0,385 0,386 

% Faraday equivalent 
~. Aluminum recovered 44.6 82.5 90.8 

�9 Metal vapor loss 2.4 1.9 0.9 
A1 + Na in electrolyte 5.8 1.6 1.O 

. A14C3 in electrolyte 6.7 0.8 1.7 
e. AI + Na in graphite 14.8 - -  - -  
f. AhC8 in graphite 10.4 
g. Reoxidized by CO_- 12.5 12.4 
h. H~ evolved 2.5 0.9 0.5 

% Current efficiency 
Ai~_Os consumed 84.1 86.1 92.0 
a + c + d + e + f + h 84.8 85.9 94.0 100 -- b -- g 85.1 85.7 94.0 

of CO a n d  CO2 f lows  to t h e  m e t e r e d  a r g o n  f low w e r e  
d e t e r m i n e d  b y  g a s  c h r o m a t o g r a p h i c  a n a l y s i s .  T h e  ga s  
w a s  also p a s s e d  t h r o u g h  a n  a b s o r p t i o n  t r a i n  s i m i l a r  to 
t h a t  d e s c r i b e d  b y  C a m m a r o t a  a n d  S c h l a i n  (1) ,  to c h e c k  
t h e  c h r o m a t o g r a p h  a n d  to d e t e r m i n e  H2. A r g o n  flow 
w a s  h e l d  p r o p o r t i o n a l  to  c u r r e n t  and ,  in  t h e  e x a m p l e s ,  
e q u a l  to  t h e  F a r a d a y  e q u i v a l e n t  fo r  CO2. T o t a l  A - h r  
w e r e  o b t a i n e d  w i t h  a n  e l ec t ron i c  i n t e g r a t o r .  

I t e m s  a t h r o u g h  f in  T a b l e  I h a v e  b e e n  e x p l a i n e d  u n -  
de r  t h e  h e a d i n g ,  S o u r c e  of c u r r e n t  e f f ic iency loss.  I t e m  
g, t h e  a l u m i n u m  e q u i v a l e n t  of  m e t a l  r e o x i d i z e d  b y  CO2 
e x p r e s s e d  as  a p e r  c e n t  of  t h e o r e t i c a l  m a x i m u m  a l u m i -  
n u m  p r o d u c t i o n ,  w a s  c a l c u l a t e d  

g -- 50 CO/(CO + C02) 
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w h e r e  CO ---- g r a m  m o l e  of CO e vo lve d ,  CO2 = g r a m  
m o l e  of C02  evo lved �9  

I t e m  h, a l u m i n u m  e q u i v a l e n t  of  w a t e r  e l e c t r o l y z e d  
or m e t a l  r e o x i d i z e d  b y  m o i s t u r e  e x p r e s s e d  as  a pe r  
c e n t  of  t h e o r e t i c a l  m a x i m u m  a l u m i n u m  p r o d u c t i o n  
w a s  c a l c u l a t e d  

h : 100 WH2/O.O1864Ih 

w h e r e  WH2 ---- g r a m s  of H2 e v o l v e d ;  Ih = a m p e r e  h o u r s  
c u r r e n t  p a s s e d ;  0.01864 ---- F a r a d a y  e q u i v a l e n t  of  H2. 

C u r r e n t  e f f ic iency b y  AI2Os c o n s u m e d  e x p r e s s e d  as  
a p e r  c e n t  of  t h e o r e t i c a l  m a x i m u m  w a s  c a l c u l a t e d  

CE : I00 (FIW1- F2W2 + A)/O.6340Ih 

w h e r e  F1 : f r a c t i o n  A1203 in  e l e c t r o l y t e  a t  s t a r t ;  F2 : 
f r a c t i o n  A1203 i n  e l e c t r o l y t e  a t  f in i sh ;  W1 : g r a m s  of 
e l e c t r o l y t e  a t  s t a r t ;  W2 : g r a m s  of e l e c t r o l y t e  a t  f in-  
ish;  A : g r a m s  of  A1203 a d d e d  d u r i n g  r u n ,  if a n y ;  
0.6340 : F a r a d a y  e q u i v a l e n t  of  A1203. 

T h e  i t e m  a + c + d + e -I- f W h is t h e  s u m  of  
a l u m i n u m  r e c o v e r e d  p l u s  t h o s e  losses  in  a s m a l l  cel l  
t h a t  w o u l d  h a v e  b e e n  n e g l i g i b l e  in  a l a r g e  ce11. T h e  
i t e m  100 - -  b - -  g r e p r e s e n t s  100% c u r r e n t  ef f ic iency 
m i n u s  t h e  t w o  lo s ses  m e a s u r e d  i n  a s m a l l  cel l  t h a t  a p p l y  
a lso  to a n  i n d u s t r i a l  cell. 

A l t h o u g h  t h e  c o r r e c t i o n  fo r  m e t a l  a b s o r b e d  b y  t h e  
g r a p h i t e  l i n i n g  w a s  l a r g e r  t h a n  t h a t  r e q u i r e d  b y  a cel l  
m a d e  f r o m  BN, t h e  c o r r e c t e d  c u r r e n t  e f f ic iency w a s  
c o m p a r a b l e  to t h a t  o b t a i n e d  in  b o r o n  n i t r i d e  ce l l s  (1) 
a n d  also a g r e e d  w e l l  w i t h  i n d u s t r i a l  p r a c t i c e  fo r  s i m -  
i l a r  c ond i t i ons .  I f  a n o n p e r m e a b l e  s ide  l i n i n g  w e r e  
a va i l a b l e ,  t h e  l i n i n g  c o r r e c t i o n  w o u l d  be  e l i m i n a t e d .  
S inc e  no  n o n m e t a l l i c ,  i m p e r m e a b l e ,  m o l t e n  f l uo r ide -  
r e s i s t a n t  m a t e r i a l  w a s  k n o w n ,  Fe  a n d  Ni  w e r e  t e s t e d  
as  c o n t a i n e r s .  N i c k e l  w a s  m o r e  r e s i s t a n t  to CO2 o x i d a -  
t ion.  T h e  cell  d e s i g n  fo r  Ni  is  s h o w n  in  Fig.  2. F r o z e n  

- - O - ~  + CURRENT LEAD 
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Fig. 1. Cell design for graphite Fig. 2. Cell design for nickel 



Vol. 120, No. 1 P R E D I C T I N G  

electrolyte was easily removed after the run  by tapping 
the nickel crucible. Residual electrolyte was removed 
by immersing the crucible in mol ten NaC1 unt i l  it was 
clean, then removing, cooling and washing it free of 
NaC1 with water. A l u m i n u m  production was taken as 
the weight gain of the nickel crucible. 

At first it was feared that this technique reduced 
the A1 activity, and hence produced excessively high 
current  efficiencies. Current  efficiencies obtained, how- 
ever, looked reasonable, and the counter electromotive 
force measured in this cell was comparable to that of 
cells with graphite linings, indicat ing similar  A1 activ- 
ities. Cells of Ni, in fact, reached a stable counter  
electromotive force more quickly than cells of graphite, 
suggesting that  a period of electrolysis was required 
to establish Na impregnat ion of the graphite surface 
before a coating of A1 was obtained. It  was concluded 
that A1 diffused so slowly into Ni that dur ing elec- 
trolysis A1 remained on the surface at essentially uni t  
activity. There must  be some m i n i m u m  C.D. below 
which this is not true, but  the level is well below com- 
mercial  levels. If electrolysis is continued too long, the 
melt ing point  of the crucible wil l  be lowered exces- 
sively by alloying, and it wiIl perforate. This can be 
avoided by l imit ing electrolysis to 25 A / h r  or less in a 
250 ml crucible with a 0.7 mm wall. The results, using 
nickel crucibles, are shown in Table I, columns 2 and 3. 
It was still necessary to add the A1 equivalent  of the 
reduced species contained in  the frozen electrolyte 

CURRENT E F F I C I E N C Y  85 

(measured by H2 evolution) to obtain agreement  with 
industr ia l  current  efficiencies. Agreement  wi th  indus-  
trial  practice was better  when  correlation was based 
on cathode current  density ra ther  than anode current  
density. The most significant improvement  of current  
efficiency resulted from lowering the NaF/A1F3 ratio of 
the electrolyte which also lowers the l iquidus tempera-  
ture  allowing a lower operating temperature.  

It is believed that water  removal  by pre-electrolysis 
below the A1 deposition potential, but  above the H2 
deposition potential, would be an improvement  in tech- 
nique. Another  possible improvement  is to add a small 
measured quan t i ty  of A1 at the start  of electrolysis to 
quickly establish a metal  pad, establish uni t  A1 activ- 
i ty and, if pre-electrolysis is not employed, to remove 
moisture. 

Manuscript  submit ted May 15, 1972; revised m a n u -  
script received Ju ly  28, 1972. This was Paper  152 pre-  
sented at the Houston, Texas, Meeting of the Society, 
May 7-11, 1972. 

Any  discussion of this paper will  appear in a Discus- 
sion Section to be published in the December 1973 
JOURNAL, 
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Hydrogen Evolution Reaction on Platinum 
in Liquid Ammonia 

C. Larnarre* and A. K. Vijh* 
Hydro-Quebec Inst i tute  o~ Research, Varennes, Province o~ Quebec, Canada 

In  our recent  at tempts to synthesize e thylamine by 
cathodic reduction of an aldimine in liquid ammonia  
by means of an hypothetical  reaction 

CH3 -- CH=NH ~- 2NH4 + Jr 2e 

CH3 -- CH~ -- NH2 ~- 2NH3 

it was observed that  the above reduction does not 
proceed in practice. The reduction of aldimine was 
at tempted on p la t inum in solutions containing NI-I4CI 
dissolved in liquid ammonia.  For obtaining the general  
background informat ion on the system, potentiostatic 
and potent iodynamic polarization studies were con- 
ducted on p la t inum cathodes in (NH4C1 in NH3) solu- 
t ions in several runs,  before a t tempting the actual  
synthesis in (CHa -- C H : N H  q- NI-I4C1 + NHa) solu- 
tions. 

The data obtained in the  (Nt~C1 in NH~) solutions 
are reported here since they reveal some features of 
the hydrogen evolution reaction (h.e.r.) on p la t inum 
in liquid ammonia,  a problem on which there is no 
previous information, it is believed, available in the 
l i terature.  Since these studies were not conducted with 
the aim of examining the detailed mechanism of h.e.r., 
they are necessarily quite brief in nature.  

Experimental 
The exper imental  procedures have been described 

in detail in a recent publicat ion in  which anodic be-  
havior of several materials  in l iquid ammonia  (1) 
was examined. Smooth p la t inum cathodes were used. 

* Electrochemical  Society Act ive  Member.  
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A varie ty  of counterelectrodes was tried and the least 
corroding were found to be those fabricated from pyro-  
lytic carbon. The electrode potentials in the following 
results refer to the hydrogen electrode in the same 
solution, i.e., lg  NI-I4C1 in 150 ml of l iquid ammonia.  

Results and Discussion 
On cathodization of smooth p la t inum in  (NI-I4C1 in 

NHs) solutions, hydrogen evolution is observed to 
occur. In  Fig. 1, potentiostatic current -potent ia l  re la-  
tionships, both in the ascending and descending direc- 
tions of potential, for the h.e.r, are presented. The 
Tafel slope observed is ca. 140 mV and hence roughly 
equal to 2.3 • 4 RT/F since 2.3 • 2 RT/F in this sys- 
tem (--73~ is 79 inV. 

In  the potent iodynamic profiles conducted over a 
wide range of potentials and at a number  of sweep 
rates, no peaks are observed thus indicating that  the 
electrode is not appreciably covered by adsorbed hy-  
drogen during the h.e.r. A typical potent iodynamic 
profile is shown in Fig. 2. 

The hydrogen evolution in this system would occur 
by means of the over-al l  reaction 

2 NH4 + -~ 2e ~ 2 NH3 -~ H2 [1] 

which may be assumed to proceed via the following 
e lementary  steps 

P t + N H 4  + + e ~ P t - - H + N H s  [2] 

followed by 

P t - - H + N H 4  + + e - ~ P t - t - H 2 + N H 3  [3] 
o r  

Pt -- H +  P t - -  H-* 2 Pt  + H2 [4] 
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Fig. 1. Potentiostotic, steady-state (point-by-point) current-po- 
tential relationships for the electrolytic hydrogen evolution reaction 
on smooth platinum in (Ig NH4CI in 150 ml of liquid ammonia). 
The Tafel slope, both in the ascending and descending direction 
of potential is ca. 140 mV, i.e., 2.3 X 4 RT/F at the temperature 
of the experiments ( - -73~ 
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Fig. 2. A typical potentiodynamic profile on platinum in (Ig NH4 
CI in 150 ml of liquid ammonia). Absence of any adsorption-desorp- 
tion peaks may be noted. Sweep rate is 0.15 V sec - ] .  

Since no electrode coverage is indica ted  in the  po ten-  
t iodynamic  profiles (Fig. 2), the ini t ia l  discharge step, 
i.e., react ion [2] above may  be deduced as the  r a t e -  
de te rmining  step (rds) on the basis of genera l  elec-  
t rode-k ine t ic  considerat ions (2-4). However ,  the  Tafel  
slope consistent  wi th  this  suggestion would  no rma l ly  
be expected to have a va lue  of 2.3 X 2 RT/F, as con-  
t ras ted  to the expe r imen ta l  slope of 2.3 X 4 RT/F. The 
expe r imen ta l ly  observed Tafel  slope has an anoma-  
lously high value  in the sense tha t  the usual  theore t ica l  
procedures  (2, 3) a lways  give values  equal  to or lower  
than 2.3 X 2 RT/F, both under  Langmui r  and Temkin  
condit ions of adsorption.  Severa l  explanat ions  are 
avai lable  in the  l i t e ra tu re  (2, 3) for  ra t ional iz ing the 
values  of Tafel  slopes as high as 2.3 X 4 RT/F and 
some of them are: presence  of a solid film on the elec-  
trode; po ten t i a l -dependen t  adsorpt ion  of impuri t ies ,  
which appears  un l ike ly  in the  present  case ( though not  
conclusively excluded)  since e labora te  care  was taken  
(1) to minimize  the presence of impur i t ies  in the  pres-  
ent  system; significant par t ic ipa t ion  of proton tunne l -  
ing (2, 5). In  our case since the  exper iments  were  
conducted at  low tempera tu res  (--73~ it is possible 

that  pro ton  tunnel ing  p lays  a significant role. The 
theore t ica l ly  predic ted  Tale1 slope for the  ini t ia l  d is-  
charge step occurr ing via  a tunnel ing  mechanism,  as 
suggested here, has been der ived  by  Conway (5) to be 
2.3 X 4 RT/F, i.e., close to the  exper imen ta l  value  re-  
por ted  here. 

The observed Tafel  s lope can also arise if fi lming of 
the  e lect rode takes  place, e.g., by  means  of a react ion 
such as 

P t  + NH4 + + e-~ P t - -NH4 [2a] 

Such a fi lming process is indeed somewhat  suggested 
by  the  hysteres is  in the  ascending and descending cur -  
r en t -po ten t i a l  re la t ionships  in Fig. 1. Here,  i t  is not 
impl ied  that  react ion [2a] is the  only process by  which 
fi lming can occur; in  fact any conceivable  process l ead-  
ing to a film (e.g., chemisorbed radica ls )  wi l l  resul t  
in the enhancement  of the  2.3 • 2 RT/F slope. For  ex-  
ample,  react ion [2a] could, at  least  hypothet ica l ly ,  be 
fol lowed by  a chemical  s tep such as 

P t - -NH4 ~ P t - -NH2 + H2 [5] 

wi th  the  filming effect now ar is ing f rom the chemi-  
sorbed --NH2. 

It  is perhaps  re levan t  to comment  fur ther  on the 
significance of Fig. 2. Fo r  depict ing the  complete  
potent iodynamic  profile, as in Fig. 2, over  the potent ia l  
region ca. 0.0 to --1.5V, i t  was necessary to employ  low 
sensi t iv i ty  on the cu r ren t  scale. In  the  ac tual  exper i -  
ments, however ,  the var ious  regions of the profile were  
v i sua l ly  examined  a t  high sensi t ivi t ies  in o rder  not  
to miss any  capaci ta t ive  currents .  One is thus qui te  
safe in deducing the lack  of apprec iab le  e lect rode cov- 
erage by  adsorbed hydrogen  under  s t eady-s ta te  e lec-  
t rolys is  in the  present  system. 

Conclusion 
In  the  hydrogen  evolut ion react ion on smooth p la t i -  

num in l iquid ammonia  (at  --73~ a Tafel  slope of 
ca. 2.3 X 4 RT/F is observed and an absence of appre -  
ciable e lectrode coverage by  adsorbed hydrogen,  as 
deduced from potent iodynamic  profiles, is indicated.  
These resul ts  have been concluded to be consistent  
wi th  a mechanism in which the h.e.r, proceeds  wi th  
ini t ia l  d ischarge s tep as the rds. The discharge occurs 
e i ther  via  a proton tunnel ing  mechanism or, a l t e rna-  
t ively,  it  proceeds onto a filmed electrode. 
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Dimensionless Correlation of Mass Transfer 
in Wire Electroplating Cells of Various Designs 

Aladar  Tvarusko* 
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A large portion of past fluid flow, heat, and mass- 
t ransfer  studies in  and around cylinders was made in 
simple geometries to facilitate the correlation of the 
results. Some of the technologically impor tant  systems, 
such as wire  electroplating, are usual ly  more complex 
and difficult to interpret .  The purpose of this note is 
to correlate the diffusion-limited mass- t ransfer  rates 
measured at a horizontal wire in cells of various designs 
in terms of dimensionless parameters.  

The fluid flow in various wire electroplating cells 
with axial, normal,  radial, or tangent ia l  fluid inlets 
and outlets has been described earlier with details of 
the cell designs (1). The l imit ing current  densities, 
IL, were also measured (2) in these cells as a function 
of volumetric flow rate, Q, dur ing the reduction of 
ferr icyanide ions in a large excess of support ing elec- 
trolyte at a stationary, horizontal, n ickel -wire  elec- 
trode. It was found that (i) the fluid velocity and its 
uni formi ty  near  the wire was greatly influenced b y  the 
cell design, (ii) log IL increased l inear ly  with log Q 
in all cells, and (iii) the rate of this increase and the 
magni tude  of IL were cell-design dependent  in view of 
point (O. 

The IL values were measured in an alkal ine solution 
of potassium ferro/ferr icyanide which is well  suited 
for the measurement  of the diffusion-limited mass- 
t ransfer  rates but  not  for wire electroplating. These 
results, however, can be generalized with the help of 
dimensionless groups containing several variables and 
thus applied to the e]ectrodeposition of metals on wire. 
The various dimensionless numbers  are very  useful for 
the correlation of exper imental  data and development  
of funct ional  relationships, and are widely used in fluid 
dynamics, heat, and mass- t ransfer  studies. 

The flow of fluids in geometrically similar systems is 
characterized by the Reynolds number ,  Re which is the 
ratio of inert ia  force to the viscous (friction) force. It 
is given by Re = UL*/~ where U is the average fluid 
velocity, L* is a characteristic length of the system 
(e.g., diameter  or length of a body),  and v is the kine-  
matic viscosity of the fluid. The average fluid velocity 
is given by U ---- Q/S, where S is the free cross-sec- 
t ional area of the plat ing chamber normal  to the domi- 
nant  flow direction. 

A cursory inspection of the various cells in Fig. 1 
[see (1, 2) for details] indicates that  the cells are 
geometrically not similar. This means that  the f ie -  
quent ly  used equivalent  dimension will  give only a 
first approximation and the ul t imate  correlations will 
have to take into consideration several geometric 
factors. 

The Scbmidt number ,  Se is widely used in problems 
of diffusion in flow systems and depends only on the 
properties of the medium. It is given by Sc ---- z,/D 
where ~ is the kinematic  viscosity and D is the molecu- 
lar diffusivity; Sc is large (,-, 103) for aqueous solu- 
tions. 

The mass- t ransfer  rate is characterized by Sherwood 
number,  Sh. For a solution with an excess of support ing 
electrolyte it is given by Sh -- ILL*/zFDCo where L* 
is a characteristic l inear  dimension, Co is the bulk 
solution concentration, and the rest have their  usual  
meanings.  It is clear that  the IL values may be obtained 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
Key  w o r d s :  m a s s  t r ans fe r ,  i n f l uence  of f lu id  flow, cel l  des ign ,  w i r e  

e l ec t rop la t ing ,  d i m e n s i o n l e s s  cor re la t ion .  
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Fig. I. Schematic illustrations of various cell designs 

f r o m  the Sherwood  numbers  fo r  any  concentra t ion in 
the same or  o ther  solut ion. 

The diffusion coefficient of the ferricyanide ion, D, 
and the kinematic  viscosity, v, of the solution were 
calculated from the equations of Gordon et aZ. (Eq. 
[30] and Eq. [26], [27], respectively in (3)) to be 
D ~- 6.19 • 10 .-6 cm2/sec and v --  0.0107 cm2/sec which 
were used for all calculations. These values compare 
favorabIy with the values of Bazan and Arvia  (4):  
D ---- 6.84 • 10 -6 cm2/sec and ~ ---- 0.0110 cm2/sec. 

Results and Discussions 
The [L values in simple tubu la r  cells were found to 

decrease with increasing cell length, L (2). Dimension-  
less correlations for beat and mass t ransfer  in circular 
tubes or annul i  show that  the Sh is a function of Re, Sc, 
and geometry (5, 6). According to Ross and Wragg (5), 
log Sh l inear ly  depends on log (Re �9 Sc �9 de~L) and the 
slope of the line is influenced by the na ture  of the 
fluid flow and its intercept by  the annulus  radius ratio. 
This l inear  correlation can be clearly seen in Fig. 2 for 
the axial  flow in tubular  cells. The slope of the regres- 
sion l ine should be either 0.33 for a ful ly developed 
laminar  flow or 0.50 for a developing laminar  flow (5). 
The slope of the experimental  line, B, however, is 0.41 
(Table I),  which is equidistant  from both values indi-  
cating the presence of a laminar  flow in various stages 
of development.  This is not surpris ing since the short 

Table I. Regression llne constants for various cell designs 

Y = A  + B X  
95% Conf idence  l i m i t s  fo r  

F l o w  L ine  A B R 

A x i a l  - -  0.861 ~ 0.081 0.410 ~ 0.014 0.987 
R a d i a l - a x i a l  6 0.91 + 1.74 0.39 _ 0.27 0.529 
R a d i a l - a x i a l  5 0.54 ~ 0.23 0.43 ~-_ 0.045 0.987 
M i x e d  7 0,254 ~ 0.007 --0.604 ___ 0.016 0.999 

N o r m a l  4 --0.167 ~ 0.020 --0.510 ~__ 0.913 0.998 
R a d i a l - r a d i a l  2 --0.148 ~ 0.045 --0.538 "4- 0.022 0.995 
R a d i a l - r a d i a l  3 --0.059 ~ 0.037 --0.542 ___ 0,021 0.996 

T a n g e n t i a l  1 --0.036 ~ 0.027 --0.471 ___ 0.017 0.997 
J e t  - -  --1.89 __. 0.50 1.04 _ 0.19 0,940 
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Fig. 2. Mass transfer in axial or predominantly axial-flow (radial 
inlets, axial outlets) regimes as a function of dimensionless groups 
containing the Reynolds and Schmidt numbers, the equivalent 
diameter and length of the tubular cell. The regression line con- 
stants ore given in Table I. 

doughnut-shaped reservoirs at the fluid entrance and 
exit are not ideal hydrodynamic ent ry  regions for 
either case. 

In  view of the absence of a well-defined flow condi- 
t ion in the tubular  cells, the intercept is not expected 
to correspond to that  predicted for either flow. The 
correlation of Ross and Wragg for a developed lam-  
inar  flow (Eq. [9] in (5) in logarithmic form) predicts 
0.554 for the intercept at our annulus  radius ratio of 
0.0131 and the exper imenta l ly  obtained intercept is 
0.861. This means that  the experimental  values are 
higher by a factor of approximately 2 than those pre-  
dicted for a developed laminar  flow. 

A simple circular tube has a well-defined character-  
istic l inear  dimension, e.g., length or diameter and the 
latter is usual ly  preferred for the calculation of Re and 
Sh. The more complex conduits can be characterized by 
a number  of l inear  dimensions but  their use is cumber-  
some. Therefore, a simple characteristic l inear  d imen-  
sion, the so-called equivalent  diameter, de is preferred. 
The choice of the equivalent  diameter is critical and 
must  be characteristic for the system. In  the case of 
annulus,  de simple equals the difference of the outer 
and inner  diameters and this was used in Fig. 2 for 
the axial flow correlation. 

The plat ing chamber  of an electrochemical cell with 
predominant ly  axial fluid flow can be considered as a 
closed conduit  and its equivalent  diameter can be 
easily obtained. It  is 4 t imes the hydraulic  radius which 
is the ratio of the cross-sectional area to the wetted 
perimeter  of the plat ing chamber of constant  cross 
section (7). If the cross section of the horizontal 
chamber (filled with fluid) is nonuniform, as in the 
case of the cells with radial  inlets and axial outlets 
(Fig. 1), the volumetric hydraul ic  radius is used which 
is defined as the ratio of the volume of free space to 
the area of wetted surface (7). The results for two 
cells with radia l -axia l  flow are also shown in Fig. 2 
and were obtained using the following data: Line 5--  
de -- 1.59 cm, L ---- 5.28 cm, S ---- 0.158 cm2; Line 6--de 
---- 1.49 cm, L ---- 5.26 cm, S ---- 0.633 cm 2. The correlation 
for all these axial flow cells is remarkable  especially 
in view of the different designs and simple geometrical 
characterization. 

The mass t ransfer  in cells with dominant ly  axial 
flow was treated as that  in a conduit  of certain 
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Fig. 3. Correlation of Chilton-Colburn j-factor for mass transfer 
in cells with normal, radial, or tangential flows. The regression line 
constants ore given in Table I. 

diameter and lengths (Fig. 2.) The mass- t ransfer  data 
for cells with flow normal  and radial  to the wire 
surface are correlated separately owing to the na-  
ture  of the fluid flow and are shown in  Fig. 3. The 
diffusion-limited mass- t ransfer  data are expressed as 
the Chi l ton-Colburn  j -factor  for mass t ransfer  (6) 
which is the ratio of the Sh to Re �9 Sc ]/3 and is widely 
used in mass- t ransfer  studies. The j-factor is inde-  
pendent  of the characteristic length since it is present 
in both Sh and Re. The j -factor  is correlated as a 
function of Re in  which the wire diameter  is the char-  
acteristic length. Figure 3 reveals that  the correlation 
is remarkable  for these cells of various designs. 

A comparison of the present results with the avail-  
able ionic mass- t ransfer  data at large cylindrical  elec- 
trodes in normal  flow (8, 9) reveals that  the B-values  
(Fig. 3, Table I) are similar to those published (--0.44 
to --0.58). The coefficients of the exponential  term 
(corresponding to the intercept values in Table I) are 
within the range of 0.557-0.920 which are similar to 
those in the l i tera ture  [0.48 to 1.2 (8, 9)].  In  view of 
the resemblance of the cell with a t ransverse flow in 
al ternate directions (Line 4) to that  used by Rao et al. 
(9), these two results will  be compared. In  order to 
account for the observed influence of the wire diameter, 
they (9) use ~/dLE for the characteristic length in  Re, 
where d is the diameter  and LE the length of the elec- 
trode. The correlation obtained with this Re for the 
aforementioned cell is given by j = 1.493 Re -~ which 
is comparable to their  correlation j ---- 0.987 Re -~ 

In the case of the jet  cell with three slots, the slope 
of the log I'L -- log Q is near  un i ty  (2) and thus the 
j - factor  -- Re correlation would be of little use. The 
data can be advantageously represented by Sh/Sc ]/~ ---- 
0.0127 Re TM where Re is based on the wire diameter. 
It  is interest ing to note that  Davies and Ting (10) 
s tudying the absorption of CO2 into water  j e t s  found 
the mass- t ransfer  ra te  to be proport ional  to Re 1.05 for 
tu rbu len t  jets exit ing from "s" type nozzles with small 
length to orifice diameter ratio. 

Table I shows the numerica l  values of the regression 
line intercepts and slopes and the results of the sta- 
tistical analysis. The l inear regression analysis of all 
data is statistically significant at greater than 99.9% 
with the exception of Line 6 (>99.0) which is pre-  
sented for the sake of completeness. The coefficients 
of correlations are high with the exception of the afore- 
ment ioned Line 6 and the jet  cell with slots which was 
studied in a nar row range of fluid flows. The following 
can be said with 95% confidence: (i) The slopes are 
the s a m e  for cells with axial  or predominant ly  axial 
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fluid flow (Fig. 2) and the in tercepts  are s l ight ly  di f -  
ferent;  (ii) For  cells wi th  nonaxia l  flow (Fig. 3) the  
regression l ine constants  are different  and depend  on 
the pa t t e rn  of the fluid flow. The three  subgroups are  
indicated by  the dashed lines. At  h igher  confidence 
levels the differences would be significantly smaller ;  
and (iii) The cell wi th  fluid je ts  is d is t inct ly  different  
f rom the other  cells in which the wi re  is sur rounded  
by  a large  volume of solution. 

Conclusion 
Mass- t ransfer  resul ts  obta ined in wire  e lec t ropla t ing  

cells were  corre la ted  and general ized wi th  the  help of 
appropr ia te  dimensionless  numbers .  As a first approx i -  
mation, the flow regimes in cells of var ious  designs 
were  charac te r ized  by  Re number  and a geometr ic  fac-  
tor  and the correla t ions  are  significant. No single cor-  
re la t ion has been obta ined for the  three  cell  groups of 
different flow regimes due to the  s imple  represen ta t ion  
of complex  cell  geometr ies  and absence of hydro -  
dynamica l ly  wel l  defined fluid flows in the  pla t ing 
chambers.  These results,  however,  can serve as the 
basis for sca le-up  and model ing of wi re  e lec t ropla t ing 
processes and be d i rec t ly  appl ied  to smal l  scale wire  
e lec t ropla t ing  l ines used, e.g., for  the  electrodeposi t ion 
of Ni -Fe  alloys for magnet ic  p la ted  wi re  memories.  
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ABSTRACT 

Under combined bias and tempera ture  stress, the silicon-silicon dioxide 
interface is altered by the introduct ion of more surface states. This effect has 
been investigated in metal-oxide-semiconductor  structures formed by a variety 
of oxidizing, anneal ing and metalizing procedures. In  most cases, stress of 
10 e V/cm at 300~ caused a surface-state peak to appear in the lower half  of 
the bandgap. The surface-state vs. energy curves vary  with the oxidation con- 
ditions, but  they are reproducible when sample preparat ion is reproduced. The 
influence of the following parameters  was investigated: dry oxygen and steam 
oxidation, Cr -Au and A1 contacts, e -gun  and filament evaporat ion and post- 
metal izat ion annealing.  The surface-state density increases l inear ly  with ap- 
plied field, and it increases in  proportion to the logari thm of time. The na ture  
of the distr ibution also depends on the anneal ing procedures, and on the con- 
tact metal. 

I t  is wel l  known that  fixed positive charge and fast 
surface states are created in Si-SiO2 interfaces when 
negative bias is applied at elevated temperature  to the 
gate electrode of an MOS capacitor (1-4). Deal et al. 
(1), in invest igat ing the kinetics of this process, found 
that  approximately equal amounts  of surface charge 
and surface states are created. Arnold (5), using an 
IGFET conductance technique, discovered a sharp sur-  
face-state peak at 0.32 eV below midgap after negative 
bias had been applied to the sample at 250~ 

The purpose of the present work was to obtain more 
detailed information on the na ture  of stress induced 
surface states in oxides prepared in  various ways. A 
rapid technique for evaluat ing surface-state dis t r ibu-  
tions, the quasi-static C-V technique (6, 7) was utilized 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
1 P e r m a n e n t  a d d r e s s :  I n s t i t u t  f t i r  A n g e w a n d t e  F e s t k S r p e r p h y s i k  

d e r  F r a u n h o f e r - G e s e l l s c h a f t ,  7800 F r e i b u r g  1, B R ,  G e r m a n y .  
K e y  w o r d s :  r e l i a b i l i t y ,  s e m i c o n d u c t o r s ,  e l e c t r o n  i n s u l a t o r s .  

in  these studies. In  addit ion to the changes of su r f ace -  
state densities, changes of flatband voltage upon aging 
were investigated. 

Preparation of Samples 

Metal oxide silicon samples were prepared by  twelve 
different process sequences. Multiple samples were 
prepared in many  cases, so that  23 samples were in-  
vestigated in total. Most of the samples were made 
with ~100~  n- type  silicon, al though ~111~  and p- 
type samples were also tested. 

The twelve processes are detailed in  Table I. All  of 
the oxides were grown to a thickness of 1000A, and 
the first six (Roman I-VI)  were prepared in  horizontal 
tube  furnaces using standardized, semiproduction con- 
ditions. This group includes both steam and dry oxides, 
and a var ie ty  of low-tempera ture  anneals. 

Table I. MOS sample preparation 

O x i d a t i o n  A n n e a l  C o n t a c t  A n n e a l  

A t m  
T e m p  

(~ A t m  
T e m p  M e t a l  

T i m e  (~ (A) S o u r c e  A t m  T i m e  
T e m p  

(~ 

I O~ 1100 H2 30 350 200 Cr  
3000 A u  j F i l a m e n t  - -  - -  

I I  02  1100 - -  - -  ~ 2000 A1 e - g u n  H2 30 350 
I I I  02  1100 ~ ~ - -  3000 A1 F i l a m e n t  H2 30 350 
IV  S t e a m  950 ~ - -  - -  2000 A1 e - g u n  H2 30 350 
V S t e a m  950 - -  - -  - -  200 Cr  1 

3000 A u  ~ F i l a m e n t  - -  - -  - -  
VI  O~ 1100 ~ - -  ~ 200 Cr  ~ F i l a m e n t  - -  - -  - -  

3000 A u  
H E  1 02  1000 H e  30 1000 200 Cr  ~ ~ F i l a m e n t  H2 30 350 

( C o l d - W a l l )  ( C o l d - W a l l )  3000 A u  
H E  2 02  1000 He  30 I000  2000 A1 e - g u n  Hj  30 350 

(Co ld -WaID ( C o l d - W a l l )  
I-I~-I 02  1000 I ~  30 1000 200 Cr  ~ F i l a m e n t  H2 30 350 

( C o l d - W a l l )  ( C o l d - W a l l )  3000 A u  J 
H~-2 02  1000 H2 30 1000 2000 A1 e - g u n  H~ 30 350 

(Co ld -WaD)  ( C o l d - W a l l )  200 T i  N~ 30 350 
D I  1 SiO~ + Al2Os 2000 A1 

(see t e x t )  
D I  2 SiO~ + Al tOs  N2 30 1100 200 T i  N2 30 350 

2000 AI  

90 
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The four oxides identif ied by  He and H~ were  grown 
under  l abo ra to ry  conditions, using a co ld-wal l  system, 
wi th  an rf  hea ted  silicon susceptor and a wa te r -coo led  
quar tz  envelope. Pe rhaps  more  significantly, al l  these 
samples  received a h i g h - t e m p e r a t u r e  annea l  in e i ther  
he l ium or hydrogen.  

The final pair  of samples  (DI 1 and 2) were  p repared  
at Bel l  Laborator ies ,  Allentown,  Pennsylvania .  These 
samples  had a t w o - l a y e r  dielectric,  1000A of steam 
grown SiO2 covered by  500A of pyro ly t ic  A1203. These 
films were  produced according to the  procedures  de-  
scr ibed by  Tung and Caffrey (9), and the i r  e lect r ica l  
proper t ies  were  descr ibed  by Nigh (10). The two sam-  
ples differ by  the inclusion of a h i g h - t e m p e r a t u r e  iner t  
gas anneal  be tween  the silicon oxidat ion  and a lumina  
deposi t ion in the  p repara t ion  of lot DI 2. 

This  d iverse  group of oxides  was subjec ted  to the 
exper imen ta l  aging evaluat ions  descr ibed in the  next  
section. 

Procedure  for  Stress A g i n g  and Eva lua t ion  
Fundamenta l ly ,  the exper imen ta l  procedure  con- 

sisted of two steps: accelera ted  aging of the MOS 
capaci tors  under  combined electr ic  and the rma l  stress, 
and evaluat ion  of changes in in terface  propert ies .  

F igu re  1 shows the appara tus  in which  the  t empera -  
ture  and bias s tressing was done. The silicon slices 
wi th  MOS capaci tors  were  p laced on the hea ted  stage 
and bias was appl ied  to the meta l iza t ions  wi th  wire  
probes. Fo r  most of the exper iment ,  the  s tandard  
s t ress-aging  condit ion was 30 min at 300~ wi th  --10V 
appl ied  to the  f ield-plate.  Not vis ible  in Fig. 1 is the 
s ta inless-s teel  cover which was used over  the probe  
system; dur ing the  stressing, this  cover was in place 
and the  sys tem was fed a s teady flow of line ni trogen.  

The eva lua t ion  of in terface  proper t ies  included shifts 
of f la tband vol tage and changes of the energy  d i s t r ibu-  
t ion of sur face-s ta te  density.  Sur face-s ta te  dens i ty  was  
ex t rac ted  from plots  of the h igh-  and low- f requency  
C-V curves  using a quas i -s ta t ic  (sweep ra te  be tween  
50 and 100 mV/sec)  low- f requency  curve and a 1 MHz 
h igh- f requency  curve  on the  same capacitor.  Accord -  
ing to Ref. (6) and  (7) those two capaci tance  va lues  
can be used to obta in  sur face-s ta te  densi ty  Nss 

[ CL, CH, ] C o x  

NSS --" Cox - -  CLF Cox = CHF qA 

Fig. 1. A photograph of the stress-aging apparatus, with the 
cover removed to show the heater in the center, and probes mounted 
an magnets. 

O F  S U R F A C E  S T A T E S  9 1  

w h e r e  CLF = low f requency capacitance,  CHF = high 
f requency capacitance,  Cox ---- oxide  capacitance,  A --  
a rea  of contact, and q --  e l emen ta ry  charge. The va l id -  
i ty  of this equat ion is l imi ted  on one side of the  energy 
gap by  the onset of invers ion and on the  o ther  side by  
the fact that  surface states wi th  short  t ime constants  
contr ibute  to the  h igh- f requency  capacitance,  F igure  2 
shows a typica l  group of h igh-  and low- f requency  
curves, f rom which  sur face-s ta te  densi t ies  have  been 
extracted.  

In  order  to ex tend the range  of the measuremen t  and 
check consistency of results,  s tressing for most  ox ida-  
tion condit ions was done on n - t y p e  as wel l  as p - t y p e  
samples. The resul ts  were  in good agreement ,  as the  
next  section wil l  show. 

Surface  potent ia l  is obta ined f rom the low-f requency  
curve  by  in tegra t ion  as descr ibed  by  Berg lund  (11). 
The unde te rmined  addi t ive  constant  was found in one 
of two ways:  The in tegra t ion  was car r ied  f rom accu-  
mula t ion  to invers ion and the to ta l  in tegra ted  surface 
potent ia l  was compared  to the bandgap  of 1.1 eV. Since 
the band  edges are  never  qui te  reached,  the  to ta l  
in tegra ted  surface potent ia l  was lower  than 1.1V. The 
difference be tween  the  two was d iv ided  by  two and 
added to the  measured  surface potent ial .  This p ro -  
cedure assumes tha t  the surface potent ia l  comes 
equa l ly  close to the  band edges in the flat capaci tance 
por t ions  of accumulat ion and strong inversion.  Good 
agreement  was found be tween  this  me thod  and an-  
o ther  in which a point  be tween  f latband and invers ion 
was selected on the h igh- f requency  C-V curve  and its 
surface potent ia l  obta ined by  comparison wi th  the  
ideal  curve. The f la tband point  per  se is not  too sui t -  
able  for this  ad jus tment  because at  this point  some 
surface states may  follow the appl ied  h igh- f requency  
signal. 

TYP'E II 
1.o - L~F i / ~ -  

0.5 

I I I I 

-- LE ~ 

(b) 

LO - -  LF 
0.5~ 

o 

1.0 

5 

0.5 
N 

z 

(a) 

I I I 

f ~  

(c) 

I J J I I I I 
- 4  - 3  - 2  -1  0 1 2 3 4 

FIELD PLATE BIAS (VOLTS)  

Fig. 2. Row experimental carves from the stressing of the Type II 
oxides on n-silicon. The high-frequency curves (HF) are taken at 
I MHz, and the low-frequency curves are taken using the quasi- 
static technique. 
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ENERGY FROM CONDUCTION BAND IN e v  

Fig. 3. Surface-state densities calculated from pairs of curves 
like those shown in Fig. 2. These results pertain to the type II 
oxide, which is grown d./, then contocted with e-beam eval~rated 
AI, and annealed. 

I t  was found tha t  in the  sys tem used  for aging the  
oxides, hea t  alone affected the oxides  under  cer ta in  
conditions. This was pa r t i cu la r ly  t rue  of oxides I, V, 
and VI, which had C r - A u  contacts;  as contacted all  
these samples  had  room t e m p e r a t u r e  hysteres is  and a 
re la t ive ly  high sur face-s ta te  density.  These faul ts  were  
e l imina ted  by  a ve ry  br ief  hea t ing  to 300~ in nitrogen.  
Consequently,  al l  these samples  were  brought  to a 
s tandard ized  ini t ia l  condit ion by  a short  exposure  to 
300~ in the  stressing chamber.  

S u m m a r y  of Results 
The most  m a r k e d  fea tu re  of the  stress aging is the  

deve lopment  of a broad,  but  r ead i ly  identif iable peak  
in sur face-s ta te  densi ty  near  midgap.  This is i l lus t ra ted  
by  Fig. 3, which shows sur face-s ta te  densi t ies  both 
before  and af ter  s tressing for p -  and  n - t y p e  samples  
of the devices from group II. These curves were  cal -  
cula ted  f rom data  l ike  that  shown in Fig. 2. These pa r -  
t icu lar  resul ts  show two dist inct  peaks;  this  is seen 
in cer ta in  o ther  samples  as well,  but  for the  most pa r t  
the  aging wi l l  be character ized by  the energy  and 
ampl i tude  of the h igher  peak. Examples  of the  more  
p reva len t  stress induced sur face-s ta te  dis tr ibut ion,  a 
single peak, are  shown in Fig. 4. These dis t r ibut ions  
were  observed af te r  stressing the  h igh - t empera tu re  
annealed oxides. 

Table  I I  gives a summary  of the test  resul ts  on sam-  
ples I -VI  and the two DI samples, and Table  I I I  sum-  
marizes the  tests on the samples  p repa red  and an-  
nealed in the  co ld -wal l  system. These tables  give  br ief  

-o 
x 

-% 
s 

HIGH TEMPERATURE ANNEALED OXIDES 

He (I)= IO00oC ANNEAL IN He ,  3 0 M I N  
Cr -Au  CONTACTS, 3 0 M I N  ANNEAL IN H 2 A T ~ O ~  

H2(I)= I O 0 0 " C  ANNEAL IN H2, 50 MIN 
Cr -Au  CONTACTS, 50 MIN ANNEAL IN H 2 AT 35(7 C 

/ - H e  (I) 
/ AFTER 

_// STRESS 

I I I | I I 
0.2 0 3  0.4 0.5 0.6 0.7 0.8 0.9 

ENERGY FROM CONDUCTION BAND eV 

Fig. 4. Experimental surface-state distributions observed after 
stress aging dry, high-temperature annealed Si02. These oxides 
were annealed at iO00~ in either helium, sample He(]), or hydro- 
gen, sample H2(]). After contacting with CrAu they got a final 
anneal at 350 ~ in hydrogen. 

summaries  of the processing, values for the surface- 
state densities and fiatband voltages before and after 
stressing, and the apparent center energy of the largest 
induced surface-state peak. Two regularities are quite 
apparent when the surface-state data are scrutinized. 
The first has been observed frequently in the past; the 
largest increase in surface-state density is correlated 
with  the largest initial density. Figure 5 i l lustrates this 
by a plot of final Nss  values  against initial Nss  for 
all twenty- three  test slices. Also shown is the ( loga- 
rithmic)  regression line for this data. The correlation 
is very  good, and the slope is s ix  t imes larger than 
the standard deviation about the regression line. 

Table II. 

O x i d a t i o n  c o n d i t i o n s  No. S u b s t r a t a  

Nss (cm -~, eV-D 
Before  A f t e r  
stress stress 

Peak of 
Nss (eV) 

a f t e r  s t ress  

F l a t b a n d  v o l t a g e  (V) 
Before  A f t e r  
s t ress  s t ress  

Type  I :  
d r y  O~, 
H= annea l ,  
C r - A u  contac ts  

T y p e  II: 
d ry  O~, 
e - g u n  A1, 
H= a n n e a l  

T y p e  I I I :  
d r y  O=, filM- 
A / .  H2 a n n e a l  

Type  I V :  
s t e a m  oxide ,  
e - g u n  At,  
H= a n n e a l  

T y p e  V: 
s t eam o x i d e ,  
C r - A u  con tac t s  

T y p e  VI :  
d r y  O~ 
C r - A u  contac ts  

T y p e  DI :  
SiO~-Al~08 
double layer 

I-I 
I-2 
I-3 
II-1 
II-2 
II-3 
II-4 

III-I 
111-2 
IV-I 
IV-2 
IV-3 
IV-4 

V~ 
V-2 

VI-1 

DI~I 
DI-2  

~(lOO) 
n (100) 
pC100) 
m(100) 
n (100) 
p (100) 
p ( 1 1 1 )  

n(lO0) 
lo(100) 
n (100) 
n(lO0) 
pC100) 
p ( l l l )  

n(lO0) 
pC100) 

pC100) 

n(lO0) 
m (100) 

5 .3  • 10  TM 3.1  • 10  n 
4 .6  X 101o 2 .2  X 1 0 n  
9 . 3  X 101o 4 .5  X 10  u 
1 .4  X 10 lo 1 .5  • 10  n 
1 .66  X 10  lo 1 .3  X 10  u 
2 .5  X 10  lo 1 . 3  • 10  n 
1 .1  X 1011 4 .3  • 10  ~ 

9 X 101o 1.8 • 1011 
9 x 101o 2 .3  • 1011 
2 .5  x 101o 3 . 5 5  • 1011 
2 • 101o 3 .1  X 10  l l  
5 x 10xo 3 . 9 5  • 1011 
8 • 101o 4 .2  • 1011 

- -  6 . 5  • 10 u 
2 . 4  X 1011 1 .07  x 10  is  

1 .7  X 10  ~ 3 .2  X 10  u 

1.8 X 101~ 5.5 X 101~ 
8 x 10 o 2 .35  x 10 lo 

0.77 --0.40 --0.50 
0.77 -- 0.30 -- 0,40 
0.79 -- 1.50 - -  1 , 6 0  

0.60 - -  0.50 - -  0.95 
0.60 --0.40 --0.95 
0.60 - -  1.15 -- 1.80 
0.59 - -3 .0  - -4 .80 

0.60 -- 0.50 -- 0,65 
0.65 -- 1.75 - -  1.55 
0.47 --0.80 --2.40 
0.47 --0.80 --2.55 

(0.47) --2.0 --3.80 
(0.45) - -3.30 - -7.30 

0.71 - -  - -1 .95 
0.74 - -  3.30 - -  3.80 

(0 .72 )  --0.30 --0.40 

0.57 + 0.58 + 0.40 
0.57 + 0.2 + 0.1 
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Table III. High-temperature annealed dry oxides 

A n n e a l i n g  
a n d  c o n t a c t s  S a m p l e  

Nss  (era -2, eV-D 

B e f o r e  A f t e r  
S u b s t r a t e  s t r e s s  s t r e s s  

P e a k  o f  F l a t b a n d  v o l t a g e  (V) 
Nss  (eV) B e f o r e  A f t e r  

a f t e r  s t r e s s  s t r e s s  s t r e s s  

He ,  1000~ C r - A u  H e - 1  
He,  1000~ e - g u n  A1 H e - 2  
I%, 1000~ C r - A u  Hs-1 
H~, IO00~ e - g u n  A1 H~-2 

p ( 1 0 0 )  4 .9  x l 0  lo 2 .51 x 10 '-1 
p ( 1 0 0 )  2 .4  x 10 lo 0.1 x 10 lo 
p ( 1 0 0 )  6.7 x 10 lo 1.57 x 10 "n 
p ( 1 0 0 )  1.6 x 101~ 7 .8  x 1 0 ~  

0.73 - -0 .66  - -0 .81  
0.66 -- 1.33 -- 1.0 
0.71 -- 0.70 -- 0.76 
0.62 -- 1.24 -- 1.20 

The second regu la r i ty  is less expected.  The energies  
of the peaks  fal l  into dist inct  groups by  metal .  F igure  
6 i l lus t ra tes  this  by  present ing  the peak  locations for 
all  the  samples.  The energies  fa l l  into four  groups 
with  the fol lowing mean  energies:  0.47, 0.57, 0.61, and 
0.75 eV. These me ta l  dependences  m a y  be re la ted  in 
some w a y  to the contact  dependent  sur face-s ta te  densi -  
t ies seen wi th  ve ry  thin oxides (12). 

Measurements  were  also made  with  posit ive bias, 
but  the  sur face-s ta te  changes were  much more  modes t  
wi th  posi t ive bias, a l though increases were  observed. 
This exper imen t  was made more  compl ica ted  by  the 
exis tence of posit ive ion contaminat ion in many  of the 
samples. The consequences of stress and ion dr i f t  were  
separa ted  by  lower ing the t empe ra tu r e  to 90~ and 
apply ing  negat ive  bias af ter  posi t ive bias stressing at  
300~ Because the  ion t r app ing  at  the  Si-SiO2 in t e r -  
face is ve ry  w e a k  (13), the  ions could be  swept  away  
wi thout  affecting the stress results.  

Shifts  in f la tband vol tage were  also measured,  and 
these resul ts  appear  in the  last  two columns of Table  II. 
Whi le  these resul ts  are  more  suscept ible  to ion con- 
taminat ion,  there  are some fa i r ly  clear  tendencies  in 
the  data. These are  i l lus t ra ted  by  the h is tograms of 
Fig. 7. Al though they  are  super ior  in most o ther  re -  
spects, the  samples  wi th  e lect ron beam evapora ted  
a luminum contacts, show large and erra t ic  shifts in 
f latband voltage. This can be a t t r ibu ted  to la tent  
damage  (14) f rom the  soft x - r a y s  associated wi th  
electron impact  on the target .  Though the x - rad ia t ion  
effects appear  to be to ta l ly  removed  by  the  l o w - t e m -  
pe ra tu re  hydrogen  anneal,  the  appl ica t ion  of negat ive  
bias, t empera tu re  stress leads to a "slow t rapp ing"  type  
of instabi l i ty .  On the other  hand, there  seems to be  
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Fig. 5. A scatter plot of all the observed final surface-state densi- 
ties as a function of the initial surface-state densities, showing the 
degree of correlation between initial and final values, The logarith- 
mic slope of the best fit line is 0.72, i.e., the rate of increase is 
slightly sublinear in the initial Nss. 

no la tent  damage  in those samples which  were  t rea ted  
at high t empera tu re  af ter  oxidat ion.  

A corre la t ion analysis  has been  done to ascer ta in  the 
in te r - re la t ionsh ip  in this  exper imen t  be tween  the sur-  
face-s ta te  creat ion and the f la tband shift.  The corre la-  
t ion is ve ry  slight,  and  s ta t i s t ica l ly  insignificant.  

The sur face-s ta te  genera t ion  has  been  examined  
more closely; the  vol tage  and t ime dependence  of sur -  
face state dens i ty  were  eva lua ted  using type  II  oxides 
(d ry  the rma l  oxides wi th  e - b e a m  At  contacts) .  For  
the  vol tage dependence  measurements  the stressing 
condit ions were  15 rain at  300~ in i t ia l ly  unstressed 
dots receiving stress at var ious  voltages. Typical  sur -  
face-s ta te  d is t r ibut ions  are  shown in Fig. 8, where  a 
sequence of peaks  can be seen emerging near  midgap.  
If  the  surface-s ta te  densi ty  in the  highest  peak  is 
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F/g. 6. A diagram showing how the stress induced surface-state 
peak locations are grouped in the bandgap, according to the proc- 
essing, particularly metalization. 
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Fig. 7. A histogram showing the grouping of slow-trapping flat- 
band shifts. Note the relative positions of high-temperature an- 
nealed oxides, and e-beam evaporated samples. 
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I I I 
0 I0 20 30 

VOLTS 

Fig. 9. A curve showing the essentially linear dependence of sur- 
face-state densities on stressing voltage. There does not appear to 
be a threshold for this effect. 

plotted against voltage, a l inear  relat ionship emerges, 
as i l lustrated in Fig. 9. 

Walden (15) has shown that the t ime evolution of 
charge crossing a barr ier  because of a high electric 
field f requent ly  follows a log (t/to) law. Following 
this principle, the increase in surface-state density as 
a function of t ime has been plotted in Fig. 10 against 
the logari thm of time. The log behavior  is strongly 
indicated at both 250 ~ and 300~ Since the reciprocal 
of the zero intercept  t ime (to)-1 carries the field and 
tempera ture  dependence of the current  transport,  the 
intercept times for 250 ~ and 300~ have been used to 
estimate the activation energy of the process of sur-  
face-state formation to be 1.4-1.5 eV. 

Discussion of Results 
Although a var ie ty  of results was obtained in  the 

course of this experiment,  the stress-aging behavior  
of MOS devices prepared in the same way was quite 
consistent. There are other effects, l ike disequi l ibr ium 
dur ing low frequency measurements  (16) and gross 
nonuniformit ies  (17, 18) which can give the appear-  
ance of surface-state peaks. These two possibilities 
can be ruled out; the first because the ramp measure-  
ments  were made at a sufficiently slow sweep rate  to 
assure equi l ibr ium conditions, and the second because 
any nonuniformit ies  would have to arise from random 
defects. Excel lent  sample- to-sample  correlations of 
surface-state density profiles precluded any  explana-  
tions based on random nonuniformities.  Thus, the re-  
sults and conclusions in the following paragraphs are 
all a t t r ibuted to surface-state effects. The formation 
of surface states under  stress also correlated very well  
with the ini t ial  surface-state density of the interface. 
During the course of the oxide preparation,  several 
samples had high surface-state densities due to dry 
oxidation (19) or due to x- i r radia t ion  by the electron 
gun  dur ing  electrode metalizations. Subsequent  to 
these processes the samples were annealed in  hydrogen 
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Fig. 10. The time development of surface states under stress at 
106 V/cm at 250 ~ and 300~ A best fit log (time) line is shown 
for each set of points. 

at 350~ this process has been shown to be par t icular ly  
effective in reducing surface-state densities when  
a luminum field plates are present  (20). Deal et aL (21) 
have shown the anneal ing is associated with the diffu- 
sion of a contact activated species to the interface 
where it either compensates or annihi lates  the surface 
states. The results quoted in Table II indicate surface 
states are actually annihilated,  because the most stable 
of the oxides I -VI  is II, which received both dry oxi- 
dation and a large dose of soft x-rays.  Had the surface 
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states created in these two processes mere ly  been com- 
pensated,  sample  II  would  have  been ve ry  unstable.  
I t  has not  been es tabl ished whe the r  a longer  anneal  
would  have e l imina ted  the f la tband ins tabi l i ty  seen 
in this sample;  i t  is l ike ly  tha t  this  is a resu l t  of res id-  
ual  radia t ion  damage.  This example  serves to i l lus t ra te  
that  the  defects responsible  for surface s tates  are  
e i ther  chemical ly  or s t ruc tu ra l ly  different  f rom those 
leading to f latband shifts by  slow t rapping.  

Surface-State Distributions 
The sur face-s ta te  d is t r ibut ions  for the  var ious  types  

of oxides show dis t inct  fea tures  which appear  r ep ro -  
duc ib ly  in p -  and n - t y p e  samples  p repared  in the  
same way. The s t ruc ture  in the  curves and the s trong 
dependence  on the detai ls  of processing suggest  com- 
p lex  processes at  the  interface.  The fol lowing observa-  
tions can be made by  inspection of the  curves:  (i) Al l  
t he rmal  oxides wi th  one except ion develop a surface-  
state densi ty  peak  or at  least  a h igher  sur face-s ta te  
densi ty  in the lower  half  of the  gap. (ii) The only 
except ion is t ype  IV which is a s team oxide wi th  e-gun 
evapora ted  a luminum.  (i/i) The contact  meta l  in-  
fluences the posit ion of the induced peak. ( iv) The d ry  
the rmal  oxide ( type  VI) is the  only one showing an 
increase  of the sur face-s ta te  dens i ty  wi thout  d is tor t ion 
of the  dis t r ibut ion.  (v)  I t  can be observed tha t  the  
p - t y p e  samples  have  a h igher  sur face-s ta te  dens i ty  
than  the  n - t y p e  ones. This is in agreement  wi th  Ref. 
(1). (vi)  <111> samples  have the  same sur face-s ta te  
dis t r ibut ions  as <100>  samples. Their  f la tband change 
is much more  than for <100> as is wel l  known (Table  
I) ,  bu t  the change of sur face-s ta te  densi ty  is different  
only  for the  high qual i ty  type  II  oxide and not for 
type  IV. (vii) Double - l aye r  insulator  films develop 
a peak  of sur face-s ta te  dens i ty  at midgap.  (vi~)  In 
h igh - t empera tu r e  annea led  oxides the type  of contact  
has more  influence than the anneal ing  ambient .  

Time Temperature and Field Dependence 
The kinet ics  of sur face-s ta te  g rowth  dur ing  stress 

are  s imi lar  to those of surface charge inves t iga ted  p re -  
viously. F rom Fig. 9 we recognized tha t  the  peak  
sur face-s ta te  dens i ty  increases l inear ly  wi th  field for 
fields below 2 X 106 V/cm. This l inear i ty  has also 
been observed for f la tband vol tage changes in Ref. (1) 
and (4). Jus t  as in the case of f latband shift, there  
appears  to be no threshold  vol tage  for the  effect. 

F rom Fig. 8 it  is obvious that  the  dis t r ibut ion du r -  
ing stressing does not  s tay the  same. Two peaks  of 
sur face-s ta te  densi ty  are  observed to emerge  at  differ-  
ent  rates. One which is be tween 0.4 and 0.5 eV appears  
to be  growing rap id ly  at  lower  fields. At  h igher  fields 
it is outgrown by another  peak  be tween  0.6 and 0.8 eV. 
I t  should be noted tha t  the  same change of the  densi ty  
dis t r ibut ion can also be observed at  constant  field wi th  
increasing time. Therefore,  it  appears  tha t  the two 
peaks  could be independent ;  one develops r ap id ly  and 
saturates,  and the other  develops s lowly and continues 
to high densities. 

The energet ic  posit ions of the  sur face-s ta te  peaks  
of Fig. 8 a re  seen to move to h igher  energies.  This is 
p robab ly  not  re la ted  to intr insic  proper t ies  of surface 
states, but  i t  arises f rom the superposi t ion of two 
independent  peaks  of changing  magni tude .  

The logar i thmic  t ime dependence  observed for the 
sur face-s ta te  densi ty  increase is ve ry  much l ike  tha t  
observed by  Rossel et al. (22) for the  f ie ld- induced 
change in threshold  vol tage  in MOS transis tors .  The 
behavior  was expla ined  quan t i t a t ive ly  on the basis of 
a model  involving the tunnel ing of carr iers  f rom the 
silicon into the oxide. Walden ' s  work  has shown tha t  
log( t )  charge  dependence  is common to many  o ther  
charging processes; a l l  tha t  is r equ i red  is tha t  t he  p a r -  
t icle cur ren t  be s t rongly  dependent  on the interface 
field, and that  the  charged car r ie rs  become t r apped  
near  the  interface,  reducing the  field. Possible  means  

by  which the t r apped  defects  could form surface states 
inc lude the charge  model  (23), and  a chemical  model,  
which requires  an a l te ra t ion  of the  chemical  bond to 
form a defect  capable  of t r app ing  electrons and holes 
(24). 

I t  is un l ike ly  tha t  the format ion  of surface states is 
as s imple as the  t r app ing  models  cited above. I f  a 
t r apped  hole could be associated wi th  each surface 
state, then a modest  change in VFB on n - type  samples  
would be r ead i ly  exp la ined  b y  the format ion  of donor-  
l ike  states near  midgap,  because these would  be neu t ra l  
under  f la tband conditions.  However ,  on p - t y p e  sam-  
ples, donor - l ike  states near  midgap  would  be sub-  
s tan t ia l ly  ionized under  f la tband voltage.  Whi le  on the 
average,  AVFB on the p - t y p e  samples  is s l ight ly  l a rge r  
than  that  on n- type ,  the increase is insufficient to 
jus t i fy  an assumption of induced donor - l ike  states;  
neu t ra l  s tates  a re  more  probable .  

Evaluation of Oxide Qual i ty 

The two pa ramete r s  most  d i rec t ly  re la ted  to the 
qua l i ty  and s tab i l i ty  of an oxide a re  change of f la tband 
vol tage and sur face-s ta te  dens i ty  af ter  stress. These 
two quant i t ies  have  been combined in a single plot  
in Fig. 11. The sur face-s ta te  dens i ty  a f te r  a s t andard  
stress  of 30 rain at  300~ and 10V is p lot ted  agains t  
change of f la tband vol tage  due  to stress. The best  
oxides are those closest to the  origin. Es t ima ted  un-  
cer ta in ty  of the  points  is indica ted  by  circles. I t  is 
obvious tha t  the most  s table  films are  the  double  l ayer  
insulators.  I t  is also in teres t ing to note tha t  a l l  the 
points  are  in the  upper  lef t  ha l f  of the  graph.  This 
means  that  it  is possible to have increase  of surface-  
s ta te  dens i ty  and no change of f la tband voltage, but  
tha t  a change of f la tband vol tage  is a lways  accom- 
panied  by  an increased sur face-s ta te  density.  

The h igh - t empera tu re  annealed  oxides were  not in-  
cluded in this g raph  because they  were  exc lus ive ly  
p- type ,  and i t  was observed that  ionic contaminat ion  
in t roduced dur ing  evapora t ion  influenced the i r  f la tband 
voltages. 

The quest ion arises as to why  the double  l ayer  in-  
sulators  are  so stable.  A possible explana t ion  lies in 
the fact that  they  were  especia l ly  wel l  annea led  (25). 
The a lumina  deposi t ion step involves anneal ing  at  
900~ in hydrogen.  The impor tance  of this  s tep can 
be seen by compar ing  the  DI 1 resul ts  (Table  I I )  wi th  
the h i g h - t e m p e r a t u r e  hydrogen  annea led  oxide H2-2 
(Table  I I I ) .  Both behave  ve ry  wel l  dur ing  stress. A n  
even be t te r  in terface  in sample  DI-2 (Table  I I )  is 
probab ly  due to the  l l00~ N2 anneal  which i t  received.  
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Fig. 11. This diagram summarizes "oxide quality." The oxides 
are plotted according to their poststress surface-state densities and 
flatband voltage shifts. The most stable oxides appear in the lower 
left corner, and the "worst" are diagonally opposite. 
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Conclusions 
This investigation increases our knowledge about 

the formation of surface states in stressed interfaces. 
It  was shown that  the oxidation ambient,  na ture  of 
metal  contacts and postmetalization anneal ing are of 
importance for the stressing behavior. The exact phys-  
ical model of the stress-induced surface states remains  
uncertain,  although some correlat ion with charge 
t ransport  across the interface region is likely. Simple 
charge t rapping appears to be unl ikely  as an explana-  
tion for surface states, because the net apparent  charge 
is too small. 

The work reported here is strongly indicative both 
of the processing to use for stable oxides, and of the 
course of investigation to follow in order to elucidate 
the aging process. 
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Electrolytic Behavior of CaF  Crystals under 
Reducing Conditions 
J. W. Hinze *,1 and J. W. Patterson* 

Department of Metallurgy and Engineering Research Institute, Iowa State University, Ames, Iowa 50010 

ABSTRACT 

Solid CaF2 was studied from 550 ~ to 800~ with fluorine chemical po- 
tentials ranging from Ni,NiF2 to Ca,CaF2 coexistence. Measurements  of a-c 
conductivi ty and  galvanic cell emf's lead to the conclusion that  the ionic t rans-  
ference number  for CaF2 is essentially un i ty  over the range  of conditions 
studied and hence CaF2 may be employed as a solid electrolyte therein. 

Calcium fluoride has been used extensively (1-4) 
as the solid electrolyte in galvanic cells designed to 
determine the free energy of formation of various com- 
pounds. These measurements  have been under taken  
over wide ranges of fluorine activity and temperature  
without a very certain knowledge as to the l imitat ions 
of CaF2 as a solid electrolyte (5, 6). In  this connec- 
t ion it is of interest  to establish log PF2 -- 1/T ranges 
(7, 8) beyond which positive hole and /o r  excess elec- 
t ron conduction achieves a magni tude  equal to or 
greater than about 1% of the total (ionic plus elec- 
tronic) conductivity. On the basis of Wagner 's  theory 
(9-11) of mixed conduction, m a n y  experimental  
measurement  schemes may be devised to shed light 
on this mat te r - -ch ie f  among these are: a-c (total) 
conductivi ty determinat ions  (11-13) (as a funct ion of 

* Elect rochemical  Society Act ive  Member .  
1 Presen t  address: Sys tems  Research  Laborator ies ,  Dayton,  Ohio 

45440. 
K e y  word~: solid electrolytes,  calc ium fluoride, electronic con- 

duet ivi ty ,  ionic conduct ivi ty ,  ionic t ransference  number ,  open-ci rcui t  
emf,  oxygen  doping. 

fluorine activity and temperature) ,  open circuit  emf 
measurements  (14, 15) and d-c polarization measure-  
ments  (13, 16-18). "Coulometric t i t rat ion" variat ions 
of the polarization technique have also been developed 
more recently (19-21). 

The need for such studies for CaF~ has been pointed 
out previously (5, 6) but  none have been reported to 
date. Wagner  (22), however, has used color center  
migrat ion data by Mollwo (23) in a theoretical analysis 
to provide an in tent ional ly  excessive estimate of the 
conditions wherein  n- type  conduct ivi ty  becomes 
appreciable in CaF2. The relationship of Wagner 's  
analysis (22) to the present investigation is developed 
more fully below. 

Previous conductivi ty vs. tempera ture  studies on 
CaF2 by Ure (24) and others (25, 26) are not very 
per t inent  in the present  context p r imar i ly  because 
no efforts were made to establish a well-defined 
fluorine activity dur ing the experiments.  For the 
present  purposes of deducing the electronic contr ibu-  
tion to the total conductivity, it is necessary to not 
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only fix the fluorine activity in each experiment,  but  
also to fix it at different preselected values (at each 
temperature)  so that  the dependence of the total 
conductivity on fluorine part ial  pressure PF2 and 
tempera ture  can be determined. The question as to 
whether  electronic contr ibutions to the total conduc- 
t ivi ty  are significant in CaF2 has been left v i r tua l ly  
unresolved by the previous conductivi ty studies. A 
recent s tudy by Matzke (27) of the diffusivity of 
fluorine in CaF2 indicates that the electrical conduc- 
t ivi ty of CaF2 is due pr imar i ly  to fluorine ions as Ure 
had concluded, but  again no at tempt was made to 
control the fluorine activity. 

In  addition to Wagner 's  analysis (22) previously 
reported open-circui t  emf data provide the most direct 
evidence that the electrical conductivi ty of CaF2 is 
predominant ly  ionic over wide ranges of temperature  
and fluorine part ial  pressure. Interest ingly,  the use of 
CaF~ in many  of these emf studies was justified on the 
basis of Ure's conductivi ty study. 

The purpose of this paper is to present a-c conduc- 
t ivi ty and open-circuit  emf data which indicate that 
the t ransference number  for excess electron (n- type)  
carriers in CaF2 is negligible even under  the most 
reducing conditions. 

Experimental Procedures and Apparatus 
Fluorine activities were established by using metal, 

metal  fluoride coexistence electrodes. Standard-f ree  
energy of formation data, ~G~ for the various fluorides 
were used to calculate the fluorine activity which i s  
represented in terms of the effective part ial  pressure 
PF2 of fluorine gas. Whenever  possible, emf data were 
used in conjunct ion with calorimetric data of Rudzitis 
et  al. (28) to establish the ~G~ values required. 
Markin 's  value (1) of --232.4 • 0.6 kcal /mole  for 
hG~ at 600~ was combined with ~S~ 
deduced from standard emf vs. temperature  plots by 
Hamer et al. (29) to give hG~ values over 
the temperature  range from 500 ~ to 850~ This 
~G~ determinat ion combined with emf mea-  
surements  reported by Lofgren and  McIver (2), Heus 
and Egan (3), and Rezukhina (4) served to establish 
~G~ data for CoF2, ThF4, NiF2, and Y F 3  over the 
temperature  range studied. The measurements  of Heus 
and Egan (3) were made only at 600~ thus, ~S~ 
values from Hamer  et al. (29) were combined wi th  
these emf's to provide the desired ~G~ values. Experi-  
mental  open-circui t  emf data were not available for 
Mn,MnF2 or Ca,CaF2. Therefore, AG~ data obtained 
from Hamer 's  compilation (29) were used to deter-  
mine  the PF2 values for the Mn,MnF2 electrode. Data 
from the JANAF table (30) for ~G~ were used 
to determine the PF2 values for Ca,CaF2 coexistence. 

Optical quality, high pur i ty  CaF2 single crystal  
specimens were used in this study. The 1/8-in. thick 
specimens were purchased from the Harshaw Chemical 
Company as optically polished disks cut from a single 
crystal rod 3/4-in. in diameter  with the [111] direc- 
tion lying along the longi tudinal  axis of the rod. 

The total conduct ivi ty  of the CaF2 single crystals was 
determined from measurements  made on a number  of 
symmetrical  cells of the type 

M,MFnl CaF21M,MFn [Cell I] 

Both coexistence electrodes in this two-probe method 
are compacts fabricated from the same metal, metal  
fluoride mixture.  The coexistence electrodes: Co,CoF2; 
Ni,NiF2; Mn,MnF2; Th,ThF4; Y, YF3; and Ca,CaF2 were 
employed in the a-c conductivi ty studies from 550 ~ to 
800 ~ C. Open-circui t  emf measurements  were performed 
on nonsymmetr ic  cells of the type 

CaICaF~ITh, ThF4 [Cell II] 

from 400 ~ to 815~ Encapsulat ion of the more volatile 
electrode consti tuents was achieved by means of 
graphite and stainless-steel cups pressed against the 
CaF2 specimens. 

All measurements  were performed in purified hel ium 
atmospheres. The a-c conductivi ty measurements  were 
made with the use of a Wayne Kerr  t ransformer  ratio 
arm bridge operated at 1592 Hz while open-circui t  
emf's were measured with a conventional  potentiometer  
and a h igh- impedance nul l  detector. The temperature  
was determined from the emf of a cal ibrated P t - P t  
10% Rh thermocouple. Light spring pressure held the 
electrodelelectrolytelelectrode sandwich in place in an 
a lumina  cell holder. 

Results 
The total conductivi ty vs. temperature  dependences 

for the various coexistence electrodes are shown in 
Fig. 1. These data are replotted as log a vs. log PF2 
isotherms in Fig. 2. For comparison, the log �9 vs. log 
PF2 isotherms predicted from Wagner 's  analysis (22) 
are shown as dashed lines in Fig. 2. The results of three 
open-circuit  emf runs  on cell II are shown on Fig. 3 
along with the thermodynamic  emf (sold line) pre-  
dicted from ~G~ values for ThF,  and CaF2. Also 
shown on Fig. 3 are the open-circuit  emf's (dashed 
lines) that would result  from combining t he  same 
thermodynamic  •176 data wi th  Wagner 's  analysis (22). 
The disagreement with Wagner 's  estimate is not a 
serious mat ter  pr imar i ly  because that  estimate w a s  

in tent ional ly  formulated to maximize the magni tude  

-2.0 

-3.0 
...Z 

'7 

? 

~ou -4.0 
s 

(9 
o 

850 800 750 700 650 600 550 TO(:: 
I I I 1 I I I 

_ o 2 Y, 3 

_ c~ y,  yF 3 ~ ~ TK,TEF 4 
-5.0 - -  �9 Th,ThF 4 ~ 

�9 Mn, MnF 2 ~- -~  
�9 ~ NI,NIF 2 --  NI, N|F 2 

: ~ Mn, MnF 2 o Co,CoF 2 
Co,CoF 

-+.0 ~ l ~  ~ l L t l  . l l L l l l J l t 2 t  I 
9.0 10.0 11.0 12.0 

IO4Z eK-5 

Fig. 1. Plot of the total conductivity of CaF2 as a function of 
1/T for e number of reversible electrodes. 
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various temperatures. 
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Fig. 3. Open-circuit emf vs. temperature for the cell CalCaF2{ 
Th,F4. 

of excess e lec t ron  conduct ion in CaF2 at  low fluorine 
pa r t i a l  pressure.  

Discussion 
The log ~ vs. log PF2 da ta  p lo t ted  in Fig. 2 do not 

indicate  any rise such as would  be expec ted  from the 
onset of electronic conduct ivi ty  at ve ry  low values  of 
PF2. The 800~ isotherm remains  flat al l  the  way  down 
to Ca,CaF2 coexistence which is the  s tabi l i ty  l imi t  of 
CaF2. This is indicat ive of an ionic conduct iv i ty  which 
is independent  of PF2 and is in accordance wi th  theo-  
re t ical  predic t ions  (22). This i sotherm shows no evi-  
dence of the n - t y p e  conduct ion which could have 
occurred.  

The gent le  r ise at  the low PF2 end of the lower  
t empe ra tu r e  isotherms is in te rp re ted  to be an extr insic  
effect and is not  associated with  the  onset of excess 
e lect ron conduct ivi ty.  For  example ,  the  slope of the  
550~ isotherm is only  on the order  of --1/16 and 
hence is qui te  removed  from the va lue  --  1/2 which  is 
to be associated v, i th the  onset of n - t y p e  electronic 
conduction. Also, the  emf vs. t empera tu re  data of Fig. 
3 do not  exhibi t  any  large decrease in emf at  low 
tempera ture .  Such a decrease would be expected if 
the observed conduct iv i ty  r ise were  due to some form 
of electronic conduction. For  the~e reasons the  observed 
conduct ivi ty  increase is bel ieved to be ionic in na ture  
and is thought  to be a contaminat ion  effect. 

Contaminat ion  by  cat ions from the electrodes might  
appear  to be a possible explanat ion;  however,  cation 
diffusivities in CaF2 are  known to be ex t r eme ly  low 
(24, 31-34), and this tends to rule  out the cat ion con- 
tamina t ion  possibil i ty.  Rather,  it  is suspected tha t  
t race amounts  of oxygen f rom the specimen envi ron-  
ment  are  incorpora ted  into the CaF2 specimens, the reby  
augment ing  the ionic conductivi ty.  Conduct ivi ty  and 
other  effects due to oxygen  incorpora t ion  into CaF2 
crys ta ls  have  been observed  and discussed by  previous 
authors.  (24, 35-37). 

To supplement  the foregoing evidence for the p r e -  
dominant  ionic conduct ivi ty  of CaF2 under  reducing 
conditions, the  emf vs. t empe ra tu r e  da ta  of Fig. 3 are 
also offered. The solid line gives the  emf that  would  
be predic ted  for cell  II  if CaF2 had an ionic t rans fe r -  
ence number  of un i ty  (averaged over  the fluorine 
ac t iv i ty  range  f rom Ca,CaF~ coexistence to Th,ThF4 
coexis tence) .  An uncer t a in ty  of •  mV in the the r -  
modynamic  emf l ine was obta ined by s imply  adding  
the uncer ta in t ies  in al l  the  the rmodynamic  values 
used. 1 The measured  emf values  p lot ted  in Fig. 3 are 
scat tered more  or less r andomly  about  the  predic ted  
the rmodynamic  values  and fal l  wi th in  the • mV 
uncer ta in ty  band. Thus, wi th in  the uncer t a in ty  l imits  
of exis t ing the rmodynamic  data, i t  appears  tha t  the  
usefulness of undoped CaF2 as a solid e lec t ro ly te  ex-  
tends down to its s tab i l i ty  l imi t  over  the t empera tu re  
range  400~ 
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Residues Remaining after RF Plasma Photoresist Removal 
H. G. Hughes, W .  I.. Hunter,* and K. Ritchie 

Motorola Inc., Semiconductor Products Division, Central Research Laboratories, Phoenix, Arizona 85008 

ABSTRACT 

A method of photoresist stripping in which oxygen plasma supplies the 
activation energy necessary for the rapid oxidation of the photoresist has 
gained widespread use. Oxygen plasma alone, however, does not remove in- 
organic impurities present in some resists. Recently obtained evidence in- 
dicates that interactions between these inorganic impurities and various 
substrates may result in modification of chemical properties and/or  physical 
characteristics of the substrate surfaces from which the photoresist is removed. 

RF oxygen plasma ashing is a method of photoresist 
removal in which rf  energy converts oxygen to an 
active species which in turn oxidizes the photoresist 
to volatile products (1). An impediment to the use of 
oxygen plasma alone is present when photoresists con- 
tain inorganic impurities (2) such as tin compounds. 
This residue is an undesirable contaminant (Fig. 1). 
Observations suggest that  the physical and/or  chemical 
characteristics of the substrate may be altered by the 
foreign materials. 

Results and Discussion 
The residue in photoresist "A" was identified from 

spectrographic analyses as comprising mainly tin com- 
pounds. Residues remaining after ashing a 3000A 
thick film of photoresist "A" are shown in Fig. 2 and 
3. Adhesion of the residue to the SiO2 substrate tends 
to increase with longer ash time, greater oxygen flow, 
and greater rf  power. Figure 2 shows that the deposit 
could be removed by gentle scraping with a tweezer 
point. Another area of the same wafer is depicted in 
Fig. 3, following a twofold increase in ash t ime and rf  
power. Scraping similar to that  used in Fig. 2 pro-  
duced no observable movement of the residue indicat- 
ing a marked increase in adhesion. 

The adhesion of the residue was further demon- 
strated by its resistance to ultrasonic cleaning with 
various reagents (Table I ) .  This seemed to indicate 
that the residual material  was not organic (due to 
incomplete ashing) nor was it elemental tin. The real- 

* Elec t rochemica l  Socie ty  Act ive  Member ,  
Key words: RF ashing, impure resists, inorganic residue. 

due could be removed slowly with hot 20% aqueous 
KOH and etched off readily with buffered HF, both 
of which also attack the SiO2 surface. Hot sulfuric 
acid, which is used as a reagent in the morin test for 
tin and tin oxide (3), failed to strip the residue. The 
residual matter was also not held electrostatically 
since an ultrasonic aqueous sodium chloride bath did 
not dislodge the particles. 

The form in which tin is present in photoresist "A" 
is not known with certainty. However, since stannic 
chloride is often used in the cyclization of natural rub- 
ber (4), and would be converted to tin oxide by oxy- 

Fig. 2. Mobility of residue on Si02 substrate (iOOX) 

Fig. 1. Inorganics left on Si02 substrate after 02 plasma ash Fig. 3. Immobility of residue on Si02 substrate after a twofold 
(dark field. IOOX). increase in ash time and RF power (IOOX). 
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Table I. Solvents used for residue removal 

Cleaning 
period (min) Solvent  Resul t  

lS Hot J-100 Residue 
5 Hot  A-20 Residue 
5 Hot H~SO4 Residue 
5 Dilute HCI Residue 
5 Dilute  H ~ O 4  Residue 
2 Hot Chromic  Clean Residue 
1 20% K O H  at R,T. Residue 
1 20% K O H  at  50~ Residue 
5 20% K O H  at 75~ Most res idue off 

I0 20% K O H  at  75~ Residue off 

gen plasma, the effect of these compounds on thermal  
oxide was investigated. 

A thermal  oxide wafer was dipped in a 1% SnC14 �9 
5H20-xylene solution. After  oxygen plasma ashing for 
30 min  at 450W and 400 cc O2/min, the wafer substrate 
appeared "cracked" in  areas (Fig. 4). Although some 
of the residue could be mechanical ly  dislodged, the 
"cracked" areas that  appeared dur ing ashing could 
not be removed by scraping with a tweezer point. 

No apparent  surface effect was noted with the SnO2- 
xylene suspension dip. Af t e r  ashing, most of the t in  
oxide residue could be wiped clean. However, isolated 
areas were found which were difficult to dislodge 
mechanical ly (Fig. 5). It  appears, therefore, that  should 
either of these compounds be present  in a photoresist, 
the surface of the thermal  oxide may  become altered 
dur ing oxygen plasma ashing. 

A luminum substrates were also investigated. After  
ashing, nei ther  light microscopy (dark or light field) 
nor  scanning electron microscopy (Fig. 6a and 6b) 
could detect any obvious residue or other surface dis- 
t inction between ini t ia l ly photoresist-covered and bare 
areas of the same wafer. The presence of residual 
mater ial  was detected chemically, however. A l u m i n u m  
deposited on silicon oxide was pat terned with photo- 
resist "A" and processed in the normal  manner .  No 

Fig. 4. Si02 substrate (dipped in SnCI4"5H20-xylene solution) 
after 02-plasma ash (dark field, 200X). 

Fig. 6a. SEM of aluminum, ashed photoresist side (6500X) 

Fig. 6b. SEM of aluminum, ashed nonphotoresist side (6500X) 

etching was done prior to resist removal  by oxygen 
plasma. After  ashing, the "clean" wafer was placed in 
a potassium ferr icyanide-potassium hydroxide a lumi-  
num etchant and a pat tern  formed even though 
no photoresist was present  (Fig. 7). The residual  con- 
taminated areas appeared to etch more slowly. The 
grid step observed was estimated by Dektak measure-  
ment  to be 100-200A deep after 8 sec etch time. Upon 
fur ther  etching the pat tern  slowly disappeared. It  was 
fur ther  noted that  when  powdered t in  or t in  oxide 
was mixed with powdered a luminum metal, the reac-  
t ion rate of the metal  with hydrochloric acid or alu-  
m i num etchant increased, whereas on the substrate 
the t in  oxide seemed to form a protective layer  on 
the a luminum oxide surface. 

In  all cases, photoresist "B" (essentially free of inor-  
ganics) was processed along with photoresist "A." No 
residual  mater ial  nor  detr imental  effect was observed 
(Fig. 8 and 9). A l u m i n u m  processed with photoresist 
"B" followed by ashing did not show any preferent ial  
etching. 

Conclusion 
In  conclusion, it is noted that  the residual  film left 

from oxygen plasma ashing of photoresist "A" is 
main ly  inorganic mater ial  which may be adsorbed or 
bonded to the oxide surface in various degrees. With 
a luminum substrates, preferent ial  etching can occur 
which was not observed on SiO~ substrates. The con- 
taminants  can lead to undesirable effects in subsequent  
diffusions and passivation.  

Fig. 5. Si02 substrate (dipped in SnO2-xylene suspension) after 
ash (dark field, 200X). Fig. 7. Aluminum etched after oxygen-plasma ash (IOOX) 
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Fig. $. SiO2 substrate (processed with photeresist "B") after 02  
plasma ash (dark field, 200X). 

Manuscr ip t  submi t ted  Nov. 15, 1971; revised m a n u -  
script  received Aug. 21, 1972. 

Any  discussion of this  paper  wil l  appear  in a Discus- 
sion Sect ion to be publ i shed  in the  December  1973 
JOURNAL. 
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Impurity Striations in Czochralski Grown AI-Doped Si Single Crystals 
B. K. Jindal, V. V. Karelin, 1 and W. A. Tiller 

Department o~ Materials Science and Engineering, Stanford University, StanSord, California 94305 

ABSTRACT 

Exper imen ta l  and theoret ica l  s tudies of in ter face  shapes and s t r ia t ion  
s t ructures  were  done on A l - d o p e d  Si single crystals .  The interface shapes were  
observed to be complex,  var iab le  and wi th  no evidence of a single cent ra l  facet. 
Many of the character is t ics  of the s t r ia t ion  s t ructure  a re  s imi lar  to those ob-  
served  by  Wi t t  and Gates,  and  some addi t iona l  fea tures  are  also described.  
Based on theoret ica l  calculat ions of var ia t ion  of A1 concentra t ion in the  c rys ta l  
as a function of var ia t ions  of c rys ta l  g rowth  rate,  it  is deduced  tha t  the 
l ike ly  mechanism of interface atomic a t t achment  is b y  l a y e r  motion. Effects 
of t he rma l  fluctuations and fluid flow are  also considered. 

Single  crysta ls  pul led  from al loy mel ts  by  the  Czo- 
chralski  method genera l ly  exhibi t  impur i t y  s t ructures  
(1-7) which a re  re la ted  to fluctuations in the  c rys ta l -  
g rowth  ra te  (1-5).  The present  pape r  deals  wi th  some 
expe r imen ta l  observat ions  of impur i t y  s t r ia t ions in 
A l - d o p e d  Si crystals ,  and a theore t ica l  assessment of 
the  impur i ty  fluctuations in te rms of assumed f luctua-  
tions in growth  velocity.  F r o m  these considerations,  i t  
seems most  reasonable  to conclude that  the occurrence 
of the  veloci ty  fluctuations is d i rec t ly  re la ted  to er ra t ic  
layer - f low behavior  on the interface.  

Experimental Procedure 
Si single crys ta ls  containing 1016-1018 A1 a toms/cc  

were  grown using a Czochra l sk i - type  appara tus  f rom a 
mel t  containing 2.5 • 10-1-2.5 • 10-2 weight  per  cent  
(w/o)  A1 (semiconductor  grade Si and 99.999% pure  
A1). Using (100) seeds, al l  c rys ta ls  were  pu l led  at  5 
c m / h r  at a seed ro ta t ion  ra te  of 14 r p m  and a crucible  
rota t ion ra te  of --12 rpm ( reverse  d i rec t ion) .  The 
grown crysta ls  were  cut  in the  midd le  along the growth  
axis to expose a ( l lO) plane which was then polished 
wi th  Linde  B abras ive  (part ic le-s ize,  0.05~) and the 
final polish was a lways  per formed  in a direct ion pe r -  
pendicu la r  to the  s t r ia t ion direction. Next,  the  speci-  
mens were  r insed  wi th  dis t i l led wa te r  and chemical ly  

~Present address: Moscow State University, Chemistry Depart- 
ment, Moscow, B-234, U.S.S.R. 

Key words: silicon, crystal growth, impurity striations, defects 
in crystals, Czochralski growth. 

pol ished using CP-4  (5 par t s  HNO3, 3 par t s  CHaCOOH, 
and 3 par t s  HF) .  Etching ut i l ized a CrO3 solut ion mixed  
wi th  H F  (1 par t  48% H F  to 1 par t  33% CrO3 solution) 
that  was p repa red  immedia t e ly  pr ior  to use. 

Experimental Results 
Macroscopic in terface  s h a p e s . ~ T y p i c a l  shapes of the  

c rys t a l / l i qu id  interface,  as revea led  by  suddenly  pu l l -  
ing the  crys ta l  out  of the  melt ,  are  p lo t t ed  in Fig. 1 
and, as revea led  by  the s t r ia t ion  pat terns,  are  shown 
in Fig. 2. These different  shapes are  obta ined  as a 
resul t  of the different  t empe ra tu r e  d is t r ibut ions  in 
the  furnace.  Compar ing  these shapes wi th  the  theo-  
re t ica l  work  of Kobayash i  and Ar izumi  (8), i t  is seen 
that  the  in ter face  is not a lways  un i fo rmly  concave or 
convex but  can assume a complex configuration; the  
shape in Fig. 1 (b) resembles  more  closely the  t empera -  
ture  isotherms in the l iquid phase  as calcula ted by  
Kobayash i  and Ar izumi  (8). The  observat ion  tha t  the  
shape of the  in ter face  var ies  dur ing  the growth  of a 
par t i cu la r  c rys ta l  leads one to conclude tha t  the  micro-  
scopic growth  ra te  is not  a lways  the  same over  the  
ent i re  crys ta l  cross section. Also, a single macroscopic 
facet  in the  center  is not  observable ;  the  absence of 
a macroscopic facet in A l - d o p e d  Si has also been re -  
por ted  by Mil 'v idski  and  Berkova  (9).  

Striation structure.--The genera l  s t r ia t ion  pat tern ,  
wi thout  magnification, is shown in Fig. 2. F igures  3-5 
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Fig. 1. Typical interface shapes as revealed by rapid pulling of 
the crystal out of the melt. 

of the centra l  facet  wi th  the  off-facet  reg ion  (5).  In  
our case, a d iscont inui ty  in s t r ia t ion  s t ruc ture  is ob-  
served even though there  is no evidence of a single 
cent ra l  facet. 

(iii) The  s t r ia t ions  tha t  ex tend  f rom the  outer  into 
the centra l  pa r t  are  of var iab le  length  and in tens i ty  
(Fig. 4, 5). Some s t r ia t ions  l ie  en t i re ly  wi th in  the 
cent ra l  pa r t  (see Fig. 6). These are  also of va r i ab le  
length  and intensi ty.  In  the  cen t ra l  par t ,  the  s t r ia t ion  
f requency shows a sl ight  decrease in going towards  
the  c rys ta l  center  and  is va r iab le  along the  ver t ica l  
axis (Fig. 5). The in tens i ty  of any  one s t r ia t ion  is 
not  constant  over  its ent i re  length;  for s t r ia t ions  that  
l ie  en t i re ly  wi thin  the cent ra l  pa r t  of the crysta l ,  the  
in tens i ty  is high in the s t r ia t ion 's  cent ra l  por t ion and 
decreases towards  its ends (see Fig. 6). 

(iv) In  l ight ly  doped crystals ,  the  s t r ia t ions  are  
qui te  difficult to observe. In  these crystals ,  the s t r ia t ion 
f requency is l a rger  when the c rys ta l  d iamete r  is de -  
creasing and smal le r  when  the crys ta l  d iamete r  is 
increasing (Fig. 7). 

Discussion 
Since the  s t r ia t ions are be l ieved  to be caused by  a 

fluctuation in the c rys ta l  g rowth  rate,  to unders tand  
the  detai ls  of t he  s t r ia t ion  format ion  mechanisms,  le t  
us s tudy the fol lowing aspects of the  problem:  (i) effect 
of c rys ta l  growth  ra te  var ia t ion  on solute incorpora-  
tion; (ii) in ter rac ia l  atomic a t t achment  mechanisms 
opera t ing  under  condit ions of requ i red  growth  ra te  
var iat ions;  (iii) effect of the rmal  f luctuations on c rys ta l  
growth  rate;  and (iv) consequences of fluid motion. 

Solute redistribution.--Considering the l iquid-solu te  
profile i l lus t ra ted  in  Fig. 8, w e  wish to calcula te  the  
var ia t ion  of solute concentra t ion in the solid associated 
wi th  a f luctuation in freezing velocity.  By this  path,  we  
shal l  de te rmine  the  necessary veloci ty  f luctuation con- 
sistent wi th  the  expe r imen ta l l y  observed impur i ty  

Fig. 2. General striation pattern on (110) plane. Note the change 
in interface shape from convex in upper part to concave in lower 
part. Arrows point to regions shown magnified in respective figures. 
(No magnification.) 

show en la rged  views of the  pa r t i cu l a r  areas  m a r k e d  
in Fig. 2. F rom these figures i t  is seen that :  

(i) There  is no evidence of a single centra l  facet  
and the s t r ia t ions appear  as s t ra ight  lines of va ry ing  
lengths  and not  necessar i ly  per fec t ly  pa ra l l e l  to each 
other. 

(it) In  going f rom the  outer  to the  cen t ra l  pa r t  of 
the  crystal ,  at  a distance of about  2-3 m m  from the 
edge, there  is a r ap id  and discontinuous decrease in 
s t r ia t ion f requency  (Fig. 3, 4). A discont inui ty  in the  
s t ructure  of both  ro ta t ional  and nonrota t ional  s t r ia -  
t ions has been  observed in the  growth  of InSb crystals ,  
which somet imes appears  to be located at  the  bounda ry  

Fig. 3. Striation pattern in the outer regions of the crystal. Many 
striations end about 2 mm from the edge. Some striations extend 
deeper into the central part. (Magnification. 100 • .) 
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Fig. 6. The striation bounded by arrows lies entirely within the 
central part. (Distance between arrowheads ~ 3 mm.) 

Fig. 4. Striation pattern at the boundary of the outer and central 
parts. (Magnification, lOOX.)  

Fig. 5. General striation pattern in the central part of the crystal. 
(Magnification, 100 X .) 

fluctuation. Assuming the interface part i t ion coeffi- 
cient to be equal to the phase diagram part i t ion co- 
efficient ko, the liquid concentrat ion at the interface, 

Fig. 7. Striation pattern in a lightly doped crystal. (No magnifica- 
tion.) 

eL(0), is given by 
k 

CL(0) = C L ( ~ )  [1] 
k0 

where CL(~O) is the bulk  l iquid concentration, and k 
is the effective solute dis t r ibut ion coefficient given by 
(10) 

k : [2] 
k0 + (1 -- k0) e -v~c/D 

where 5c is the solute boundary  layer  thickness and D 
is the solute diffusion coefficient in the liquid. 

We wish now to consider the change in Cs(x)  as- 
sociated with a change in freezing velocity from V to 
V'. Since k / ko  ~ 1.1, 8r ~ 10 -.2 cm (11), and the width 
of a str iat ion is less than  10 -~ cm in our experiments,  
for an approximate analysis we may choose CL(0) 
CL (oo) and use the diffusion only init ial  t ransient  ap- 
proximation of Til ler  et al. (12) to describe Cs(~), 
where ~ is the distance measured from the beginning 
of the change to V'. In Fig. 9, Cs(~) /CL(oO)  is plotted 
vs. ~ for several values of V'  (V = 1.4 X 10 -z  cm/sec).  
Here, we note that a fluctuation of 5-10% in C s ( D /  
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Fig. 8. Schematic of concentration profile in the system after 
pulling a crystal of length L. 
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Fig. 9. Effect of variation of growth rate from V to V' on impurity 
i n c o r p o r a t i o n  in t h e  c r y s t a l .  

e L  (00) over a distance of a few microns requires a 

velocity fluctuation V'/V ~ 103. 

Interface attachment.---Since some of the striations 
are several mil l imeters  in length, it is most l ikely that  
to obtain V'/V ~ 10 ~, growth occurs by a layer-flow 
mechanism at these small  dr iving forces ra ther  than  
by a uni form at tachment  mechanism. Consider Fig. 
10(a) in which the layers flow across the interface in 
a very  regular  way as the position of the freezing point  
isotherm changes due to steady pull ing of the crystal. 
Suppose that, due to an adsorption event  or a tempera-  
ture  fluctuation at the layer edge, the edge cannot con- 
t inue to flow across the surface. We note that, as i l lus-  
trated in Fig. 10 (b), the layer height increases at e and 
a zone of supercooling grows at the face ] over the 
region ee'. If, at some later time, the layer edge at e 
breaks away from its locking point, a multistep height 
layer  will  flow across the surface at greater  than  the 
average passage velocity. Initially,  it wil l  create a 

I Direct ion of Pull ing 

CRYSTAL 

: _  __?  ~ ~ Solidif_!c(!tion ,sotherrn - - ~  - - -  1 -  ~ : -  -" : -  " 

. . . . . . . .  _._ Growth DireCtion -- 
- - - -  MELT . . . . . . . . .  

- (a) . . . . . . . . . .  

=====================: :: 
(b) - - - MELt -- 

Fig. 10. Schematic representation of interface microstructure 
and solidification isotherm. 

type of ini t ia l  t ransient  solute dis t r ibut ion which could 
be from less than  a micron to mil l imeters  in length 
depending on the step height and the passage velocity. 
It should eventual ly  reach a type of steady-state 
bui ld-up,  and then, as the velocity slows down because 
of approach to the freezing point isotherm, the solute 
excess decreases to zero. This is consistent with the 
type of behavior  observed in the present  experiments.  

Thermal fluctuations.--It is necessary to dist inguish 
be tween those growth-ra te  fluctuations which are due 
to the passage of a thermal  fluctuation from the bulk  
liquid to the interface, and those that  are microscopic 
in na ture  and originate at the interface dur ing the 
consumption of a local zone of undercoole d liquid. With 
respect to the thermal  fluctuations in  the bu lk  l iquid ,  
let us consider a fluctuation of magni tude  aT and fre- 
quency n Hz at a distance 5T from the interface, where 
ST is the thickness of the thermal  boundary  layer. The 
temperature  fluctuation ATi at the interface due to the 
above fluctuation in the l iquid is given by (13) 

= - ~ ~T J [3] 

where aL is the thermal  diffusivity of the liquid. Let-  
t ing n = 1 Hz, =L ~ 10-1 cm-1,  ST ~ 0.25 cm, aT = 
5~ we get ATi ~ I~ To see the effect of these ther-  
mal fluctuations on microscopic growth rate, let us 
recall that  in the previous section the interface was de- 
picted with many  more layer edges per un i t  area in 
the peripheral  section of the crystal  than  in  the central  
section. Thus in  the peripheral  section, crystal  growth 
is l imited only by layer motion whereas in the central  
section the growth may have to wai t  the freeing of a 
p inned layer  edge or the generat ion of a new one. 
Since the motion of a layer from an existing layer edge 
requires much less driving force than  the generat ion of 
a new edge, therefore fluctuations of ATi ~ I~ would 
cause variat ions of microscopic growth rate more often 
at the crystal per iphery than  at the crystal  center. 

For the case of a temperature  fluctuation originating 
at the interface, if one considers the microscopic zone 
of a supercooled liquid, it is clear that a layer  of solid 
~10~ thick could readily form from a layer of l iquid 
10 -1 cm thick which is supercooled by a few degrees. 
Th~ latent  heat of this layer  of solid is essentially 
dumped into the remaining  zone of l iquid e l iminat ing 
its supercooling. In  this case, there is no thermal  l imi-  
tat ion on the rate at which this heat evolution can 
occur so that velocity fluctuations of several orders of 
magni tude could occur via this mechanism. Some of 
the mechanisms by which thermal  fluctuations at the 
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interface can occur have been discussed by Morizane, 
Witt, and Gatos (1-5). 

Hydrodynamics.--Cochran's (14) exact solution of 
the hydrodynamic equations for an infinite disk pro- 
vide the following picture of the fluid motion. Far  
from the rotat ing disk, the fluid moves towards the 
disk, and in a thin layer immediate ly  adjacent  to its 
surface, the l iquid acquires a rotat ing motion. The 
angular  velocity of the fluid increases as the surface of 
the disk is approached unt i l  the angular  velocity of 
the rotat ing disk is f inally attained. In addition, the 
fluid also acquires a radial  velocity under  the influence 
of the centrifugal  force. We may expect some diver-  
gence from the exact solution due to having a disk of 
finite radius and due to having a disk that  is not flat. 

When the diffusion problem was first formulated for 
the Cochran flow, it was assumed that  the solute con- 
centrat ion is only a function of distance from the disk 
surface and not  a function of radius r or the angle 
around the disk. However, the distr ibution of s t ream- 
lines at a disk surface has been shown to exhibit  a 
spiral pa t te rn  (15) such as i l lustrated in Fig. 11. These 
streamlines move across the surface, and for a flat un -  
t ransforming disk, give a constant  t ime-average mo-  
m e n t u m  and solute distr ibution that  is independent  of 
r and r However, for a t ransforming interface, such 
as we have under  consideration, we must  consider that  
rotat ing spiral-shaped oscillations of the momen tum 
and solute boundary  layers occur to influence the local 
growth conditions. In  addition, since the spiral arms of 
the solute dis t r ibut ion are more widely spaced as r in-  
creases, the concentrat ion fluctuation that  sweeps 
across the interface like a const i tut ional  supercooling 
wave is largest at large r. 

t ' i I((c J / I ! 
',, t ,, ', \ 

\~k s/I 

Fig. 11. Spiral streamlines at the surface of a rotating disk 

Combining the above with the section on interface 
attachment,  we can expect that  the rotat ing concentra-  
tion fluctuation acts somewhat like a tr igger to release 
the adsorption-locked layer at point e of the interface 
(see Fig. 10). Thus, the amount  of adsorption-induced 
undercooling needed before layer  movement  is s t imu-  
lated decreases with increasing r so that  the striation 
spacing should be less at larger r. Of course, some 
allowance must  be made for interface shape effects. 

The present  model suggests that, at decreasing 
Ca ( ~ ) ,  the dr iving force for tr iggering the layer mo-  
t ion decreases, and if the absorption of a minor  con- 
s t i tuent  is fixed, striations will  still occur but  will  be 
errat ical ly spaced because of the reduced trigger s t imu- 
lus. If adsorption also decreases with CL ( ~ ), the entire 
str iat ion effect should disappear. Of course, one should 
also expect to see some spiral solute pat terns even 
without adsorption for such a postulated streamline 
pattern.  Some of the results of Gatos and  Witt  (1-5) 
tend to support this expectation. In  addition, for a pure 
melt, the fluctuations of the m o m e n t u m - b o u n d a r y  
layer will affect the tempera ture  distr ibution slightly 
and will  give rise to small but  regular  fluctuations of 
interface temperature.  
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Influence of AsH , PHi, and B H6 on the Growth Rate and Resistivity 

of Polycrystalline Silicon Films Deposited from a SiH -H2 Mixture 

F. C. Eversteyn and B. H. Put 
Philips Research Laboratories, Eindhoven, Netherlands 

ABSTRACT 

The deposi t ion r a t e  of po lycrys ta l l ine  sil icon f rom a SiH4-H2 mix tu r e  is 
s ignif icant ly influenced by  the  addi t ion  of ASH3, PH3, and B2H6. A t  a dep-  
osition t empera tu re  of 680~ AsH3 causes a decrease by  a factor of 7, PH3 
causes a decrease by a factor  of 2.5, whi le  a two t imes h igher  deposi t ion ra te  
is obta ined with  B2H6 addition. Out of these three  dopant  hydr ides  AsH~ and 
PH3 do not affect the  act ivat ion energy of the  deposi t ion react ion compared  to 
undoped growth  (37 kca l /mole ) .  The Ar rhen ius  plot  for  the deposi t ion of 
silicon f rom a B2H6-SiH4 mix tu re  shows two act iva t ion  energies:  20 kca l /mole  
at T = 620~176 and 7 kca l /mo le  below 620~ The expe r imen ta l ly  found 
min imum values  of the  res is t iv i ty  of doped polycrys ta l l ine  silicon can be ex-  
p la ined  in terms of solid solubi l i ty  and ca r r i e r  mobil i ty .  At  deposi t ion t em-  
pe ra tu res  below 700~ wi th  and wi thout  addi t ion of dopants  the  po lycrys ta l l ine  
silicon surface is mi r ro r - l ike .  Significant differences have, however,  been 
observed by  e lect ron microscopy.  Compared  to undoped growth  boron was 
found to lower  the etch ra te  of the  po lycrys ta l l ine  si l icon film marked ly .  

Increas ing interes t  is being shown in the  use of 
po lycrys ta l l ine  silicon in silicon device technology. The 
appl icat ion of polycrys ta l l ine  silicon films is compat ib le  
wi th  silicon device processing where  polycrys ta l l ine  
silicon is ma in ly  used as gate ma te r i a l  in MOS s t ruc-  
tures  (1) (se l f -a l igned gate) .  

Po lycrys ta l l ine  sil icon can be deposi ted in different  
ways:  by  evaporat ing,  by  sput ter ing,  and by  chemical  
vapor  deposition. Chemical  vapor  deposi t ion is super ior  
because it permi ts  uni form deposi t ion over  oxide steps. 
To obtain a mi r ro r - l i ke  surface, which  enables  ve ry  
fine pa t te rns  to be etched in it, comparable  wi th  those 
in silicon oxide, the  gra in  size of the po lycrys ta l l ine  
silicon film should be as smal l  as possible. DeLuca (2) 
has found tha t  the gra in  size of the po lycrys ta l l ine  si l i -  
con film decreases wi th  decreasing tempera ture .  How-  
ever, the deposi t ion ra te  also decreases wi th  decreasing 
tempera ture .  At  650~176 an acceptable  compromise 
be tween  growth  ra te  and grain  size is realized. In  this  
t empe ra tu r e  region most  po lycrys ta l l ine  silicon films 
sui table  for  high resolut ion I.C. processing are grown. 

In the  case where  polycrys ta l l ine  silicon is used as 
the  gate ma te r i a l  for MOS structures,  i t  may  be de-  
posi ted undoped and  subsequent ly  doped by  impur i t y  
diffusion. In  the case where  design considerat ions p ro-  
hibi t  h i g h - t e m p e r a t u r e  processing af ter  po lyc rys ta l -  
l ine silicon deposition, doping by  codeposit ion becomes 
necessary.  

The present  paper  repor ts  on the growth  of doped 
polycrys ta l l ine  silicon films by  codeposit ion of silicon 
and e i ther  arsenic, phosphorus,  and boron f rom the 
corresponding hydr ides  using hydrogen  as a car r ie r  
gas. In  pa r t i cu la r  the t empe ra tu r e  dependence  of the  
growth  ra te  was studied. The effects of deposi t ion t em-  
pera tu re  and dopant  concentrat ion on growth  ra te  and 
res is t iv i ty  are  discussed. 

Experimental 
The polycrys taUine  silicon films were  p repa red  in 

an uncooled ver t ica l  reactor.  The subst ra tes  were  posi-  
t ioned on a c i rcular  g raphi te  susceptor  coated wi th  
pyrographi te .  A pancake - shaped  rf  coil was placed on 
top of the f ia t -bot tomed cy l indr ica l  silica bel l  jar .  The 
dis tance be tween  the rf  coil and the susceptor was 
about  13 mm. Before deposi t ion the  susceptor  was 
coated wi th  silicon. Dur ing  the deposi t ion process the  
susceptor was  ro ta ted  and the  gases entered  the reactor  

Key words: polycrystalline silicon, doping, act ivation energy,  thin 
films, silane. 

th rough  a sil ica inject ion tube  conta ining slits which  
were  posi t ioned 5 m m  above the susceptor.  The gas 
supply  unit  pe rmi t t ed  the  in ject ion of any  appropr ia te  
mix tu re  of pa l lad ium-di f fused  hydrogen,  hydrogen  
containing 5% SiH~, hydrogen  containing 200 ppm 
B2H6, hydrogen  wi th  250 ppm PH3, and hydrogen  wi th  
300 ppm AsHs. The  silane concentra t ion in the  reactor  
was kept  below the  value  where  homogeneous  gas-  
phase decomposit ion occurred (3). The t empe ra tu r e  of 
the  silicon slices was measured  wi th  an Ircon 600 
radia t ion  the rmomete r  correc ted  for emiss iv i ty  of si l i-  
con and absorpt ion of si l ica wal l  (emit tance  63%).  

The subst ra tes  were  mechanica l ly  pol ished silicon 
slices pa r t i a l ly  covered with  silicon oxide. Before each 
exper imen t  the subs t ra tes  were  cleaned for 15 rain in 
a boi l ing mix tu re  of 2 par ts  H2SO4 (sp gr  1.84) and 1 
par t  H20~ (30%),  r insed in deionized water ,  and then  
spun dry.  

The thickness of the  po lycrys ta l l ine  sil icon film de-  
posi ted on silicon oxide was measured  wi th  a Tay lo r -  
Hobson Talysur f  af ter  the po lycrys ta l l ine  silicon on 
silicon oxide had  been local ly  removed.  This was done 
by  masking  and subsequent  etching of the  po lycrys -  
ta lI ine silicon in an etch mix tu re  conta in ing 1 par t  H F  
(49%) and 1 par t  CrO3 solut ion (500g CrO3 in 1000 ml  
wa te r ) .  At  room t e m p e r a t u r e  the etch ra te  of undoped 
polycrys ta l l ine  silicon deposi ted in the  t e m p e r a t u r e  
range  of 590~176 amounts  to 2-5 ~m/min,  which 
m a r k e d l y  differs f rom the etch ra te  of silicon oxide in 
this etch mix tu re  which is 0.18 ~m/min.  The thickness  
of the  po lycrys ta l l ine  silicon film deposi ted on silicon 
was de te rmined  f rom the  s tep height  be tween  the 
po lycrys ta l l ine  silicon deposi ted on sil icon and the 
silicon substrate.  For  this  purpose,  near  the  oxide s t ep  
present  at  the  subs t ra te  surface, the  po lycrys ta l l ine  
sil icon deposi ted  on sil icon oxide was local ly  removed  
fol lowed by  subsequent  etching of the  under ly ing  si l i -  
con oxide wi th  HF. 

A big difference in etch ra te  be tween  sil icon oxide 
and po lycrys ta l l ine  sil icon in the above-men t ioned  etch 
mix tu re  has also been observed for polycrys ta l l ine  si l i -  
con deposi ted in the  presence of AsHs and PI-Is. How-  
ever, po lycrys ta l l ine  silicon films grown in the  pres -  
ence of B2H6 show a much lower  etch ra te  of 0.2 #m/  
min  in this etch mixture .  For  these layers  the  thickness 
was measured  b y  bevel ing  (4). The res is t iv i ty  of the  
po lycrys ta l l ine  silicon films was de te rmined  by  using 
the four -po in t  probe technique.  

106 
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Results 
The growth  ra te  of po lycrys ta l l ine  silicon f rom a 

SiH~-H~ mix tu re  var ies  l inear ly  wi th  the  SiH~ con- 
centrat ion.  This is also the  case when  dopants  are  
added.  The reby  the thickness  increases l inea r ly  wi th  
deposi t ion t ime and no induct ion per iod  has been ob-  
served. No difference is found in the  deposi t ion r a t e  of 
po lycrys ta l l ine  silicon on silicon and on silicon oxide. 
For  al l  exper iments  the growth  is expressed in microns  
per  minu te  pe r  percentage  SiH~ in the  ca r r i e r  gas, be -  
cause the  exper imen t s  have  not  a l l  been ca r r i ed  out 
at the  same SiH~ concentrat ion.  This  normal ized  va lue  
of the  g rowth  ra te  character izes  the  deposi t ion ra te  at 
a cer ta in  t empe ra tu r e  since the growth  ra te  var ies  l in-  
ea r ly  wi th  the  SiI-I4 concentrat ion.  

The growth  ra te  of undoped polycrystaII ine  silicon 
at a deposi t ion t empe ra tu r e  of 680~ amounts  to 0.1 
~m/min  % Sill4. The res is t iv i ty  of these layers  is so 
high that  i t  can be measured  only on po lycrys ta l l ine  
silicon films over  1.5 #m thick. Values  over  500 ohm-cm 
are  obtained.  This value  does not change on subsequent  
hea t - t r ea tmen t  at 1150~ 

E~ect of dopant addition.--When to the  SiH4-H2 
mix tu re  one of the hydr ides  of As, P, or B is added, 
the growth  r a t e / %  Sill4 varies  as a function of the  
rat io  of dopant  atoms at  silicon atoms in the gas phase 
as represen ted  in Fig. 1-3, for a deposi t ion t e m p e r a t u r e  
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of 680~ I t  turns  out tha t  the  observed decrease in 
growth  r a t e  compared  to undoped g rowth  is the most  
pronounced for AsH3 (factor  of 7) and less pronounced  
for PH3 (factor  of 2.5). Fo r  B2H6 an increase in growth  
ra te  by  a factor  of 2 is found. 

The res is t iv i ty  of the  polycrys taI l ine  sil icon films 
decreases wi th  dopant  addi t ion in tha t  region where  
dopant  addi t ion also influences the deposi t ion ra te  and 
remains  at a constant  level  whe re  dopant  addi t ion  does 
not  influence the  growth  rate.  

The surface qua l i ty  of the  po lycrys ta l l ine  silicon 
films is not influenced b y  the  addi t ion  of dopants.  Only 
at  high B2H6 concentra t ion (B/S i  > 35 �9 10 -4) the  
surface becomes rough, p r o b a b l y  due to the  high dep-  
osition rate.  

Influence of depos~tion temperature.--For these ex-  
per iments  the  atomic rat io  of dopant  a toms to silicon 
a toms in the  gas phase  was chosen in the  region where  
growth  ra te  is p rac t i ca l ly  independent  of this  va lue  
(see Fig. 1-3). F igure  4 gives the  resul ts  of these ex-  

periments .  
I t  appears  tha t  for undoped growth  the  deposi t ion 

ra te  is not  t empe ra tu r e  dependent  at  t empera tu re s  over  
830~ When  B2H6, PHr or  AsHs are  added  to the  gas 
s t ream the t e m p e r a t u r e  at  which t e m p e r a t u r e - d e -  
penden t  g rowth  passes into t empe ra tu r e - i ndependen t  
g rowth  increases. This  is most  s t r ik ing for ASH3. Fo r  
undoped growth  as wel l  as for g rowth  in the presence 
of AsH3 and PI-I~ the  t e m p e r a t u r e - d e p e n d e n t  g rowth  
can be descr ibed wi th  an act ivat ion energy  of 37 k c a l /  
mole. For  B2H6, however ,  the  region of t empera tu re -  
dependent  g rowth  can be  d iv ided  into two par ts :  a 
region f rom 900~176 wi th  an ac t iva t ion  energy of 
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10 t z~ B2N 5undOped B/Si:'376xlOs 
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Fig. 4. Influence of deposition temperature on the growth rate 
of po)ycrystalline silicon films without and with additional doping 
of ASH3, PH3, and B2H6. 
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20 kcal /mole and a region below 620~ with an activa- 
t ion energy of 7 kcal/mole. Although less pronounced 
a lower value of the activation energy below 620~ has 
also been observed for PI4_~ and for undoped growth. 

The resistivity of boron-doped polycrystal l ine sili- 
con films as a function of deposition temperature  is 
given in Fig. 5. The resistivity of as-grown polycrys-  
tal l ine silicon changes significantly at a deposition tem- 
perature  of 620~ Below 620~ a much higher value of 
the resistivity is obtained compared to deposition above 
620~ This difference, however, disappears after an 
addit ional hea t - t rea tment  for 30 min  at 1150~ 

The surface qual i ty of the layers changes with dep- 
osition temperature.  Below 700~ a mir ror - l ike  surface 
is obtained with and without  dopant addition when the 
deposition rate is kept below 0.07 ~,m/min. At deposi- 
t ion temperatures  over 700~ the surface of the film 
gradual ly becomes rough, whether  doped or not. 

Discussion 
In the experiments  described in this paper  all the 

substrates were treated before deposition in  a boiling 
mix ture  of hydrogen peroxide and sulfuric acid fol- 
lowed by a r insing t rea tment  in deionized water  which 
leaves an oxide film of about 15A (5) on the silicon 
substrate. The hydrogen t rea tment  in the reactor before 
deposition dur ing the warming-up  period does not re-  
sult in  an oxide-free silicon surface and  a reaction 
between the oxide present  on the silicon slice and the 
under ly ing  silicon to produce the volatile SiO is not 
to be expected either (6). This means that  no differ- 
ence in the early stage of deposition on silicon and on 
silicon oxide should be expected because, in both cases, 
the silicon is covered with oxide. This was experi-  
menta l ly  verified. I t  has been found by Kramer  (7) 
that the presence of this th in  oxide layer  between 
mono-  and polycrystal l ine silicon does not  result  in a 
higher contact resistance. 

A great influence is observed on the growth rate  
when dopants (AsI-I3, PI-I3, B2H6) are added to the 
SiH4-H2 mix ture  from which the deposition of poly- 
crystal l ine silicon is carried out as represented in  Fig. 
1-4 

Without dopant addition as well as with the addition 
of ASH3, the growth rate in the tempera ture-dependent  
region can be described with an activation energy of 
37 kcal /mole  as also has been found by Joyce and 
Bradley (8) for the growth of undoped silicon. If the 
deposition rate G is determined by react ion kinetics 
at the surface of a substrate then according to G ---- A 
exp ( - -E /RT)  (9) the effect of AsH3 on the deposition 
rate must  be a t t r ibuted to a decrease of A. The pre-  
exponential  factor A represents the density of nuclea-  
t ion or growth sites and consequently, the effect of 
arsenic on the growth of polycrystal l ine silicon appears 
to be a blocking of the growth sites as also has been 
concluded by Farrow and Fi lby  (10). A difference in 
growth mechanism can also be observed from electron 
micrographs. In  Fig. 6 electron micrographs produced 
with the carbon-carbon replica technique are given 
for a polycrystal l ine silicon layer deposited without  
extra dopant addition and with the addition of ASH3. 
Both layers have been deposited at the same deposi- 
t ion temperature  and the layer thickness is, in both 
cases, near ly the same. A clear difference in surface 
texture  is found. In  the case of polycrystal l ine silicon 
layers deposited without  dopant addition a smooth sur-  

Fig. 6. Carbon-carbon replica electron micrographs of polycrystalline silicon deposited from Sill4 without additional doping and deposited 
in the presence of PH3, ASH3, and B2H6. Substrate: oxidized silicon, a, Without addition of dopants. Layer thickness 0.59 ~m; deposition tem- 
perature 680~ b, With AsH3 addition. As/Si ratio in the gas phase 41 • 10-4;  layer thickness 0.74 ~m; deposition temperature 680~ 
c, With PH3 addition. P/Si ratio in the gas phase 34 • 10-4;  layer thickness 0.65 ~m; deposition temperature 680~ d, With B2H6 ad- 
dition. B/Si ratio in the gas phase 54.8 • 10-4;  layer thickness 0.75 ~rn; deposition temperature 680~ e, With B2H6 addition. B/Si ratio 
in the gas phase 37.6 X 10-4;  layer thickness 2.15 ~m; deposition temperature 530~ 
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face is obtained which is not the case when the film is 
doped with arsenic. Here a faceted growth is observed 
which confirms the aforementioned blocking action of 
arsenic on the growth of polycrystal l ine silicon. 

The influence of PH3 is similar to that of ASH3. How- 
ever, the magni tude  of the effect is less. While AsH3 
addition causes a decrease in the growth rate by a 
factor of 7 (see Fig. 1) the max imum effect observed 
with PH3 is a decrease by a factor of 2.5 in the growth 
rate when the deposition temperature  in both cases is 
680r (see Fig. 2). The electron micrograph also looks 
l ike the one obtained wi th  AsH3 as regards its surface 
roughness (see Fig. 6). Only the effect on surface 
roughness is less than  in the case of ASH3. It should 
be noted that  although polycrystal l ine silicon layers 
doped with AsH3 and PH3 have a ra ther  rough surface 
on electron micrographs, the surface looks mir ror- l ike  
and visual ly cannot be distinguished from mechani-  
cally polished silicon slices. 

T h e a d d i t i o n  of B2Hs dur ing deposition of poly- 
crystall ine silicon causes the opposite effect from that  
obtained with AsH3 or PH3. As given in Fig. 3 at a 
deposition tempera ture  of 680~ B2H6 addition to the 
gas stream increases the deposition rate by a factor of 
2. By determining the growth rate as a function of 
deposition temperature,  when B2H6 is added, we ob- 
serve a decrease in activation energy compared to un -  
doped growth or doping during growth with PH3 and 
ASH3. In  the tempera ture  region of about 620~176 
the deposition rate of polycrystal l ine silicon grown in 
the presence of B2H~ can be described with an activa- 
tion energy of 20 kcal /mole  while a much lower value 
of 7 kcal /mole is found below 620~ 

The change in act ivation energy compared to un-  
doped growth can be explained by a s t ructural  change 
of the polycrystal l ine silicon film due to the presence 
of boron. This is supported by the observation that 
polycrystal l ine silicon films deposited in the presence 
of B2H6 show a much lower etch rate (10 times) in a 
CrO3-HF solution compared to undoped layers or 
layers deposited with AsH3 or PH~ addition. The ex- 
per imental  result  that  above and below 620~ another  
value of the activation energy is found, means that 
there should be also a change in film structure  near 
this temperature.  

The electron micrographs of polycrystal l ine silicon 
layers deposited in the presence of B2H~ at tempera-  
tures of 680 ~ and 530~ are represented in Fig. 6. Com- 
pared to polycrystal l ine silicon deposited in the pres- 
ence of PHs and AsH~ it is significant that  B2H6 addi- 
tion dur ing growth results in a smoother surface tex-  
ture. 

The resistivity of polycrystal l ine silicon deposited 
in the presence of ASH3, PHi, and B2H6 has been given 
in Fig. 1-3 and 5. It has been observed that at a certain 
deposition temperature  there is a region in which the 
addit ion of more dopant in the gas phase gives no 
decrease in  the resist ivity of the deposited layer. From 
the solid solubili ty data and taking into account the 
lower value of the mobil i ty in  polycrystal l ine silicon 
the lowest value of the resistivity can be calculated. 
The results are given in Tables I and II for polycrystal-  
l ine silicon deposited between 700 ~ and 1000~ in the 
presence of PH3 and B2H6. As can be seen from the re-  
sults given in Table I and II the exper imental  value 
of the resistivity is close to the calculated value. This 
means that  the m i n i m u m  observed value of the re- 
sistivity of polycrystal l ine silicon layers deposited be-  
tween 700 ~ and 1000~ in the presence of PI-I3 or B2H6 
can be explained with the solid solubil i ty data of P and 
B in polycrystal l ine silicon in accordance with the re-  
sults of Cowher and Sedgwick (16). Below a deposi- 
tion temperature  of 620~ we observe in the case of 
B2H6 addition a sharp increase in resistivity (see Fig. 
5). This can be ascribed to a sharp decrease in  carr ier  
mobility, as found by Ford (17), due to a change in 
film structure near  this temperature.  This effect disap- 

Table ]. Resistivity of polycrystalline silicon layers deposited from 
Sill4 in the presence of B2H6 

mono-Si 
Solid Expected Exper imenta l  

Deposition solubility g poly-Si value value 
temp (~ (II) (era -a} (12) (ohm-cm) (ohm-cm) 

I000 1.8 X I0 m 1.3 1 • 10 7 1 X 10-3-2 X I0 -3 
900 I.I X i0  m 1.3 2 • i0  ~ 3 • I0-3-4 • I0-:~ 
800 5 x 10 TM 1.3 3 • i0  -n 3 x 10-3-4 X I0 -:~ 
700 1,8 X 1013 1.3 8 • i0 -~ 4 X 10-3-5 X 10 -~ 

Table II. Resistivity of polycrystalline silicon layers deposited from 
Sill4 in the presence of PH3 

/L mono-Si  Experi-  
Solid Expected men ta l  

Deposition solubility /~ poly-Si value value 
t emp (~ (cm -3) (16) (ohm-cm) (ohm-cm) 

i000 I0 ~t (13) 7 2 X 10 -3 3 x 10 -3 
900 6 x I0 ~~ (13} 7 2.2 • 10 -3 5 • 10 -3 
850 4 X 10m (14) 7 2.6 X 10 -3 5 x 10 -3 
S00 1.5 )< I0 '~ (15) 7 4.2 • I0 -a 6 • I0 -~ 

pears after an addit ional  hea t - t rea tment  for 30 rain at 
l l50~ probably due to a s t ructural  change of the 
poIycrystall ine silicon film. 

For polycrystal l ine silicon layers doped dur ing 
growth with AsH3 the mi n i mum value of the resistiv- 
ity cannot be calculated since no data concerning the 
solid solubility of arsenic in silicon below 1000~ are 
available. However, postulating that also for arsenic- 
doped polycrystalline silicon the minimum value of the 
resistivity can be calculated from solid solubility and 
mobility, as is the case for B and P, the solid solubility 
of arsenic in silicon can be calculated from the values 
of the resistivity at different deposition temperatures. 
This results in solid solubility values of arsenic in 
silicon between 700 ~ and 1000~ of 2-5 x 1019 cm -3. 

Conclusions 
It is shown that  at a deposition temperature  of 680~ 

AsH3 and PHa decrease the growth rate of polycrystal-  
line silicon from a SiH4-H2 mix ture  markedly  (for 
AsH3 and PH3 a factor of 7 and 2.5, respectively).  Com- 
pared to undoped growth AsH~ and PH3 do not alter the 
activation energy of the deposition reaction and their  
effect on deposition rate is a t t r ibuted to a blocking ac- 
t ion of the growth sites. For  B2H8 at a deposition tem- 
perature of 680~ an increase in growth rate by a fac- 
tor of 2 is found. The activation energy of the decom- 
position reaction of Sill4 is decreased by the addition of 
B2H6. This is explained in terms of a change in film 
structure due to the presence of boron. It  thus seems 
that the polycrystal l ine silicon layers deposited in the 
presence of B2He have a denser s tructure compared to 
undoped growth or when  grown in the presence of 
AsH3 and PH3. 

The resistivity of the polycrystal l ine silicon films 
decreases with increasing addition of AsHa, PHi, or 
B2H6. The resistivity, however, reaches a m i n imum 
value which can be explained in the case of B~H6 and 
PH3 by the solid solubil i ty of B and P and the carrier 
mobil i ty in polycrystal l ine silicon. The resistivity of 
polycrystal l ine silicon deposited in the presence of 
B2H6 increases markedly  at temperatures  below 620~ 
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Arsenic Glass Source Diffusion in Si and Si02 

M .  G h e z z o *  a n d  D. M .  B r o w n *  

General Electric Corporate Research and Development, Schenectady, New York  12301 

ABSTRACT 

The diffusion proper t ies  of As in Si and SiO2 using As~O3-SiO2 chemical -  
vapor  deposi ted glass-diffusion sources made  f rom the oxidat ion of Sill4 and 
AsH3 are  examined.  Data on the glass-deposi t ion rate,  which decreases r ap id ly  
when the  mola r  percentage  of AsH3 in the  react ive  mix tu r e  is g rea te r  than  
10%, etch ra tes  in buffered HF, and As diffusion da ta  in O2 and A r  ambien ts  
are presented.  The  As concentra t ion where  the glass becomes damaged  dur ing  
diffusion at  l l00~ [7 mole  per  cent (m/o)  As203 in Ar  and 3 m/o  As203 in 
O2] is also examined.  

Doped glass-diffusion sources deposi ted on hea ted  
Si subst ra tes  in the presence of 02 and gaseous 
hydrides ,  Sill4, B2H6, and PH3 have been prev ious ly  
inves t iga ted  and have been ut i l ized for semiconductor-  
device manufac tur ing  (1-6).  However ,  most  As diffu- 
sions unt i l  recent Iy  have been done using sealed-  
capsule diffusions wi th  As -doped  Si powders  (7-9). 

Surpr is ingly ,  As-doped  glasses have  not  ye t  r e -  
ceived much a t ten t ion  except  as a component  of the  
P20~-As203-SiO2 t e rna ry  glass system discussed by  
Kato  et al. (10-11), and the GeO2-SiO2-As203 system 
ut i l ized by  Abe et  al. (12). As20~-SiO2 glasses using 
AsC13 and Sill4 (13), or AsCI~ and organosi lanes  (14- 
17), have been studied,  but  ve ry  l i t t le  work  has been 
repor ted  using As203-SiO2 glass-diffusion sources 
formed from the oxidat ion  of Sill4 and ASH3. This 
paper  describes the  resul ts  of such an invest igat ion.  

E x p e r i m e n t a l  T e c h n i q u e s  
The glasses were  deposi ted on (100) p - t y p e  1 ohm-  

cm Si wafers  at  500~ using Sill4 and AsHs, each 
di lu ted  to 1% in A r  and pure  O2. Argon  was used as 
the  buffer gas at  a to ta l  flow ra te  of 3200 cc/min.  The 
O2 flow ra te  was fixed at  80 cc/min,  the 1% Sill4 at  
360 cc/min,  and  the 1% AsH3 was var ied  be tween  2 
and 70 cc/min.  The deposit ion system has been des-  
cr ibed prev ious ly  by  Brown and Kennicot t  (6). The 
thickness of the  deposi ted glasses was 6000 _ 200A. 
Both the thickness  of these glasses and the the rmal  
oxides used to s tudy As diffusion th rough  SiO2 were  
measured  e l l ipsometr ical ly .  

Deposition rate.--The glass-deposi t ion ra te  of As 
doped SiO2 vs. mole per  cent AsH3 in the reactants ,  
and mole  per  cent  As203 in the glass, is p lo t ted  in 
Fig. 1 for  a subs t ra te  t empera tu re  of 500~ The rap id  

* Electrochemical  Society Active Member.  
Key  words: arsenosilicate glass, diffusion, glass damage,  arsine, 

silicon, silicon oxide. 

decrease in deposi t ion ra te  for the  h igher  concent ra -  
tions is p re sumab ly  caused by  the inhibi t ion of si lane 
pyrolys is  by AsHz as discussed by  F a r r o w  and F i lby  
(18). A more  de ta i led  s tudy  of this phenomenon as a 
function of subs t ra te  t empera tu re  is shown in Fig. 2 
which shows the m a x i m u m  a l lowable  mole  pe r  cent 
AsH3 curve for observable  film deposi t ion (growth  
ra te  --~ 50 A / r a i n ) .  This fea ture  l imits  the prac t ica l  
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Fig. 1. Growth rate at 5000C vs. molar per cent AsH3 in gaseous 
reactants and molar per cent As203 in glass. Flow rate of 1% ar- 
gon-diluted mixture of Sill4 is kept constant at 380 cc/min. 



Vol. I20,  No. 1 A R S E N I C  D I F F U S I O N  IN Si  A N D  SiO~ 111 

15 
t ~  
I .--  
Z 

I - -  
r  

.2 

0 

I I I I I - - I  I ~ '  I I 1 

NULL REGION DEPOSITION . /  

Y 
/ ' ~  FILM DEPOSITION 

REGION 

I I I I I I I l I I I 

300 400 500 
SUBSTRATE TEMP (%) 

Fig. 2. Maximum molar percentage of AsH3 in the reactive mix- 
ture for obtaining film deposition vs. substrate temperature. Flow 
rate of 1% argon-diluted mixture of Sill4 is kept constant at 380 
cc/min. 

a t t a inment  of As203 concentrat ion to about  10 mole per  
cent (m/o)  using this system. Concentrat ions  as high 
as 20 m / o  have been a t ta ined  using the AsCla/SiH4/02 
system (13). 

As~Os concentrat ion. - -An IR cal ibra t ion  curve  for 
these glasses in te rms of glass composit ion is p lo t ted  
in Fig. 3. This curve  given by Wang and Ghezzo (13) 
appl ies  equa l ly  wel l  to arsenosi l icate  glasses p repa red  
from oxidat ion  of s i lane and ars ine as it  was exper i -  
men ta l l y  verified in some samp~.es. Use of this  curve 
al lows a fast  and accurate  de te rmina t ion  of the 
As203 concentra t ion in glasses made f rom different  
mole per  cent AsHa in the  reac tants  by  measur ing  the 
absorp t ion -band  peak  rat io of the  As-O 930 cm -1 
v ibra t ion  to the  Si -O 1060 cm -z  v ibra t ion  in the glasses 
as deposited.  Besides, Fig. 3 provides  exper imen ta l  
informat ion on the corre la t ion be tween  the molar  
percentage  of AsH3 in the  reac tan ts  and the molar  
percentage  of As203 in the  glass, appear ing  roughly  
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Fig. 3. Ratio of absorbance of the As-O hand at 930 cm - 1  to 
that of Si-O band at 1060 cm - t  of as-deposited arsenosillcate 
glasses (IR ratio) vs. molar per cent ASH:} in gaseous reactants and 
molar per cent As2Oa in glass [after J. Wang and M. Ghezzo, Ref. 
(13)] .  

in a 2:1 ratio, as expected according to the molecular  
formula  of these compounds and a complete  oxidat ion  
of AsH3 and SiH~. 

Etch ra te . - -The  etch ra te  in buffered H F  af te r  glass 
densification at  ll0OOC in argon is p lo t ted  vs. As 
concentra t ion in Fig. 4. A near ly  two- fo ld  increase in 
the  dissolution ra te  wi th  increasing As concentra t ion 
up to 8 m/o  As208 is observed.  The ra tes  are  compar -  
able  to tha t  of undoped  SiO~ and these glasses a re  
therefore  easi ly pa t t e rned  using s tandard  photoresis t  
techniques.  

Glass damage . - -N- type  glass-diffusion sources are  
much more  suscept ib le  to mechanical  damage than  
the  p - t y p e  borosi l icate  glasses for a number  of reasons. 
The phosphosi l icate  and p robab ly  the  arsenosi l icate  
glass systems do not  form a continuous range  of solid 
solutions l ike the borosi l icate  system, as indica ted  f rom 
a comparison of thei r  phase d iagrams (19, 20). Hence 
there  is a much grea te r  tendency for phase separa t ion  
and crys ta l l iza t ion especia l ly  at high concentrations.  
These glasses also have  a grea te r  t endency  to c rack  
or detach from the Si subs t ra te  because of a g rea te r  
degree of t he rma l  mismatch  wi th  Si. This p rob lem 
has been discussed by  Ara i  and Terunuma (17) and 
s tudied by  Wang (21). Some of these problems  p rob-  
ab ly  led to the  use of the  t e r n a r y  glass systems used 
by  Kato  et aL (10) and Abe  et at. (12). 

Glass damage using the type  of As glass p repared  
by  the methods  descr ibed above is observed for high 
concentrat ions of As2Os af ter  extensive heat ing at 
high tempera tures .  For  instance, a f te r  diffusion in A r  
the  film which is a 7.3 m / o  As203 glass shows clusters  
of i r regu la r  shape as shown in Fig. 5. As  the  con- 
cent ra t ion  of As203 is reduced  below 7 m / o  the occur-  
rence of these r andomly  sca t tered  damaged  regions is 
avoided completely.  I t  is in teres t ing  to compare  the  
na ture  of this  damage and its threshold  af ter  hea t -  
t rea tments  at  llOO~ in Ar  wi th  the damage  in As 
glass films deposi ted wi th  a different  method.  Wang 
and Ghezzo (13) who deposi ted films f rom an arsenic 
t r ichlor ide  source found tha t  damage s tar ts  at much 
lower  concentrat ions  (1 m / o  As ia3)  and appears  as 
c i rcu la r - in te r fe rence  fr inges (Fig. 6) which  a re  due 
to glass de tachment  f rom the substrate.  Hence for As 
glasses the degree and na ture  of the damage depends 
on the  glass-fi lm p repa ra t ion  method.  

The  use of 02 ins tead of Ar  as the  diffusion ambien t  
changes the na ture  of the  damage as shown in Fig. 
7 where  a 3.9 m/o  As203 glass shows isolated crys ta l l ine  
clusters  about  40# in d iamete r  which are  at  least  five 
t imes la rger  than  those in Fig. 5. W h e r e v e r  damage  
in the  glass occurs, associated damage  in the  unde r -  
ly ing  Si also occurs. The onset of damage is reduced 
for diffusion in 02 at  l l00~ to 3 m/o  As208 whi le  in 
A r  this l imit  is 7 m / o  as s ta ted  above. The glass darn- 
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Fig. 5. Microgroph of arsenosilicate glass surface deposited from 
an arsine source on silicon after heat-treatment in argon at ] 100~ 
for $ hr. Damage appears in the form of clusters of irregular shape. 
Mole per cent As203 in the as-deposited glass is 7.3 (IR ratio = 
0.32). 

Fig. 6. Micrograph of arsenosilicate glass surface deposited from 
an arsenic trichloride source on silicon after heat-treatment in ar- 
gon at 1000~ for 10 rain [gef. (21)]. Damage appears in the form 
of circular interference fringes due to lifting of the glass film on the 
substrate. Mole per cent As2�9 in the as-deposited glass is 3.6 (IR 
ratio - -  0.19). 

age region is noted on several of the diffusion data 
curves that  follow. 

Di~usion propert ies . - -Arsenic  diffusion from these 
glass sources in Si and through thin SiO2 layers was 
done at l l00~ in Ar and O2. These studies are pre-  
sented in  two groupings: (i) diffusion in Ar or 02 
without  barr ier  oxides, and (ii) diffusion in Ar or O2 
through barr ier  oxides. Since As is a slow diffusant 
in  Si, junct ion  depths were about 1~ using a diffusion 
time of 5 hr at ll00~ Diffusion through thermal  SiO2 
and into bare Si was in most cases measured s imul-  
taneously by  star t ing with thermal ly  oxidized wafers, 
removing the oxide from half of the wafer 's surface 
and then coating the entire wafer with doped glass. 
Glass damage occurring after diffusion was also 
monitored, and as discussed previously, general ly no 
glass damage occurs for Ar  or O2 diffusions when the 
glass contains less than 7 or 3 m/o  As203, respectively. 

Di~usion in Si in A r  and Oz ambien t s . - -Shee t  resist-  
ance, Rs, and junct ion depth, xj, vs. mole per cent 
As203 in  the glass for glass diffusions in  Ar on bare 
Si are shown in Fig. 8. xj shows essentially no var ia-  

Fig. 7. Micrograph of arsenosilicate glass surface deposited from 
an arslne source on silicon after heat-treatment in oxygen at 
1100~ for 5 hr. Damage appears in the form of individual crystal- 
line clusters with a diameter of about 40/~. Mole per cent As2Os in 
the as-deposited glass is 3.9 (IR ratio = 0.20). 
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Fig. 8. Sheet resistance, Rs, and junction depth, xj, of the diffused 
layers in Si vs. molar per cent As2�9 in the glass after diffusion in 
argon for 5 hr at 1100~ with the As-doped glass in contact with 
Si. After removal of all the glass in HF the silicon surface appears 
hydrophobic for As2�9 concentrations lower than ! m/o and hydro- 
philic for higher concentrations. 

tion with concentrat ion which indicates that the diffu- 
sion constant is re la t ively invar ian t  for the range of 
surface concentrat ions covered here (1 to 6 X 10zg/ 
cc), as shown in Fig. 9, whose data were obtained from 
those of Fig. 8 assuming a complementary  error-  
function concentrat ion prof i le .  This method of data 
reduct ion is approximate, because the complementary 
error function does not match the As diffusion profiles 
in  Si (22, 23), bu t  was used here because of the 
absence of another  well-establ ished model. The d i f f u -  
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Fig. 9. Surface concentration, Cs, and diffusion coefficient, D, in 
Si at 1100~ in argon vs. molar per cent As203 in the glass as com- 
puted from the Rs and xj data of Fig. 8 assuming a complementary 
error-function diffusion profile. 

sion constant  shown in Fig. 9 indicates values of 
1.5 to 2.0 X 10 -i4 cm2/sec at l l00~ which are in good 
agreement  with the data of Ful ler  and Ditzenberger 
(24) (2.7 X 10 T M  cm2/sec), Armstrong (25) (2.0 • 
10 -i4 cm2/sec), Raju et al. (26) (1.6 X 10 -14 cm2/sec), 
and Masters and Fairfield (27) (2.4 • 10 -14 cm2/sec). 

The relat ive max imum in Rs for glass diffusion on 
bare Si which occurs for a 2.5 m/o  As203 diffusion 
source is very surprising. This observation was repro-  
duced several times by repeated experimentat ion,  bu t  
we can offer no explanat ion for its occurrence. Another  
observation was made on these samples. After  diffu- 
sion, the Si surface after glass removal  in HF was 
hydrophobic in the region where  the As2Os concentra-  
t ion in the glass was <1 m/o  but  hydrophilic for 
greater concentrations. The hydrophilic na ture  of the 
surfaces that  had been diffused using the higher con- 
centrat ions of As203 in the glass suggests the presence 
of an insoluble surface layer. Since the surface con- 
centrat ions obtained here (Fig. 9) are well  below the 
solid-solubil i ty l imit  (1.8 X 10~1 cm-3)  (28) the 
presence of a second phase like that  observed for 
solid solubil i ty l imited boron (29) or phosphorus (30) 
diffusions is unlikely.  This surface layer might  be free 
As, however, which would indicate that for diffusions 
in  argon As is ar r iv ing at the Si-glass interface much 
faster than it can be absorbed by the SiJ  The formation 
of an "arsenic-phase layer" was recent ly  reported too 
by Parekh et al. (31) using arsenosilicate glass pre-  
pared by thermal  decomposition and oxidation of 
TEOS (tetraethoxysilane) and AsC18. Plots of junct ion 
depth and sheet resistance vs. t z/2 are given in  Fig. 10. 

Diffusions done in  O3 instead of Ar  show slightly 
different characteristics. These data are shown in  
Fig. 11 and 12. Figure 11 gives ~cj, Rs, Cs, and D vs.  
As203 concentrat ion for a 5 hr l l00~ diffusion. In 

1 T h i s  l a y e r  h a s  a lso  b e e n  o b s e r v e d  d u r i n g  d e v i c e  f a b r i c a t i o n  a n d  
is  n o t  r e m o v e d  by  b u f f e r e d  I-IF. H o w e v e r ,  i t  h a s  b e e n  r e m o v e d  suc -  
c e s s f u l l y  by  t h e  use  of u l t r a s o n i c  c l e a n i n g .  I t  s h o u l d  be  n o t e d  h o w -  
e v e r  t h a t  t h e  i n f o r m a t i o n  i n  F i g  8 s h o w s  t h a t  t h i s  a n o m a l o u s  f i lm 
c a n  be  a v o i d e d  b y  u s i n g  L I m / o  As2Oa g la s ses  w i t h o u t  l o w e r i n g  
the  s h e e t  r e s i s t a n c e .  
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Fig. 12. Sheet resistance, Rs, and junction depth, xj, vs. square 
root of diffusion time after diffusion in oxygen at 1100~ from an 
As-doped glass of 5.8 m/o As203 in contact with Si. 

comparison with Fig. 8, the junc t ion  depth in Fig. 11 
for low As20~ concentrat ions i s  again about  0.7~ but  
increases to 1.5~ at 7 m/o  As203. Normal monotonic 
changes in sheet resistance are also shown in Fig. 11 
together with surface concentrat ion and diffusion- 
constant  data obtained assuming a complementary  
error function. A n  increase in the diffusion constant 
at l l00~ from 1.0 • 10 -14 to 3.5 X 10 -14 cm2/sec in 
the 1019 to 1021/cc surface-concentrat ion range is 
observed. Finally,  Fig. 12 gives the junct ion depth 
and sheet resistance vs. the square root of diffusion 
time using a 5.8 m/o  glass source. 

Dif]usion in SiO2.--Diffusivity of the As carrying 
species through SiO2 was studied in the same manne r  
as that used for As diffusions on unoxidized Si. A study 
of surface concentrat ion vs. mole per cent As203 in  
the glass was carried out and separate experiments  
were util ized to determine the diffusivity in SiO2 using 
the mathemat ical  model of Sah et al (32). Here again 
an Ar or O2 ambient  was utilized. 

Di~usion in Si02 in Ar  ambient.--Figure 13 plots 
sheet resistance, surface concentration, and junct ion 
depth in the Si after diffusion through 1250A of 
thermal  SiO2 vs. mole per cent As20~ in  the glass. 
Notice that in this instance the presence of the barr ier  
oxide has removed the nonmonotonic  changes in sheet 
resistance that  are observed in Fig. 8. Notice also that  
the junct ion depth is only slightly decreased over those 
values observed in Fig. 8. This indicates that As is a 
relat ively rapid diffuser in SiO2 for these conditions. 
Similar  behavior is observed in the plot of Fig. 10 
where the sheet resistance and junct ion depth are 
plotted vs. the square root of t ime using data obtained 
from experiments  uti l izing a 5.8% glass and unoxidized 
and  oxidized wafers. The penetra t ion t ime for l140A 
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after diffusion in argon for 5 hr at 1100~ through a barrier ther- 
mal oxide layer of thickness Xo ---- 1250/~. 

of oxide is only 0.25 hr at ll00~ Experiments  for 
various barr ier  oxide thicknesses, Fig. 14, also show 
the mult iple  behavior in Rs like that observed in Fig. 
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of 4.6 to 5.8 m/o As2Oz. After removal of all the glass in HF, the 
silicon surface appears hydrophilic for Xo smaller than 800J, and 
hydrophobic otherwise. 
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8 where  the  wafers  were  not  oxidized. A hydrophobic -  
hydrophi l ic  na ture  of the surfaces was also observed.  
Samples  wi th  less than  800A of ba r r i e r  oxide were  
found to have hydrophi l ic  surfaces, whereas  those 
above 800A had hydrophobic  surfaces af ter  diffusion 
and af ter  the glass was removed.  This observat ion  
agrees wi th  the t rans i t ion  that  occurs wi th  increasing 
As203 concentra t ion shown in Fig. 8. The decrease of 
Rs wi th  increasing oxide thickness  in the 0-800A oxide 
region is another  surpr is ing  aspect  of As glass diffu- 
sions. Teshima et al. (15) have observed the same 
phenomenon,  and, in addition, r ecommend  the use of 
ba r r i e r  oxides to p reven t  the occurrence of Si surface 
damage  dur ing  diffusion. The junct ion depth  data  in 
Fig. 14 were  ut i l ized to de te rmine  the diffusivity f rom 
Sah's  (32) mathemat ica l  model  in the same w a y  that  
Brown and Kennicot t  (6) used s imilar  data  to de te r -  
mine the diffusivity of B in SiO2. The diffusivi ty was 
de te rmined  to be 3.5 • 10 -~5 cm2/sec at l l00~ in Ar.  
As indica ted  in Fig. 13 there  is an indicat ion tha t  
there  might  be only a smal l  concentra t ion dependence  
for glasses containing up to 6 m / o  As203. 

Di~usion in Si02 in 02 ambient.--Diffusivity data  
for As diffusion th rough  ba r r i e r  oxides when the diffu- 
sion is car r ied  out in an O2 ambien t  at l l00~ are 
shown in Fig. 15. These data  give a diffusivity of 1.5 
• 10 -16 cm2/sec, which  is smal le r  t han  tha t  observed 
in Ar. This is reasonable  since in Ar  the  diffusion 
species might  be free As whereas  in 02 it most  p rob-  
ab ly  would  be As2Os, since any reduct ion of As203 
would  be inhibi ted  in 02. 

The fact  that  the glass layers  were  at least  6000A 
thick did not p rec lude  the bu i ld -up  on Si and cont in-  
uous doping of an addi t ional  1000A of glass dur ing  
diffusion in an oxidizing ambient ,  wi th  a consequent  
reduct ion in junct ion  depth  of the diffused layers  due 
to increased the rmal  oxide masking  thickness and 
movement  of the SiO2-Si boundary .  Nevertheless ,  
as the  junc t ion-dep th  reduct ion is the  same for a l l  
the  wafers,  because they  were  diffused under  the  
same conditions, the  slope of xj vs. Xo in Fig. 15 is 
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not  affected hy  the oxide bu i ld -up  and therefore  this  
phenomenon can be neglected in the computat ion of 
the As diffusivi ty in SiO2 in an O2 ambient .  

S u m m a r y  a n d  C o n c l u s i o n  
Arsenosi l ica te  glass layers  deposi ted at  low t empera -  

tures  (500~ from A r  di lu ted  mix tures  of Sill4, 
O2, and  AsH3 have been inves t iga ted  as As sources 
for As diffusion in Si and SiO~. The film deposi t ion ra te  
decreased sharp ly  for an AsH3 concentra t ion l a rge r  
than  10% in the  react ive  mixture ,  l imi t ing the molar  
percentage  of As203 in the  glass. Fur the rmore ,  as the 
deposi t ion t empe ra tu r e  changed, the  highest  AsH3 
concentra t ion al lowing film deposi t ion changed accord-  
ingly  in a monotonic relat ionship,  dropping  to only 
1 m / o  AsH~ at 300~ Etch ra te  of the densified films 
in buffered HF increased wi th  As concentra t ion in the 
glass becoming 1500 A / m i n  at  7 m/o  As203, which is 
nea r ly  twice the etch ra te  of pure  SiO2 (800 A / m i n ) .  
Diffusion in Ar  f rom glasses of different  As208 concen- 
t ra t ions  gave anomalous  resul ts  for the sheet  res is t iv i ty  
of the diffused layers,  which af ter  an expected drop 
wi th  increasing As concentra t ion in the glass source 
increased again to a re la t ive  m a x i m u m  corresponding 
to 2.5 m/o  As203 before  resuming the negat ive  slope. 
This phenomenon did not occur in diffusions in an O2 
ambient .  Arsenic  concentra t ion  in the  glass was found 
to be re la ted  to the onset of damage in the  glass dur ing  
hea t - t r ea tment ,  which for the  diffusion condit ions of 
5 hr  a t ' l l0O~ appeared  at  7 m / o  As203 in Ar, and at 
3 m/o  As203 in 02. Besides, diffusion in O2 enhanced 
the junct ion depth  and the surface concentra t ion of 
the  diffused layers  in comparison to s imi lar  Ar  diffu- 
sions wi th  an increase f rom 1.O to 1.5# for  xj, and f rom 
5 X 1019 to 8 X 102o cm -3 for Cs in glasses containing 
7 m / o  As203. 

Diffusivities of As in SiO2 were  also invest igated 
by means  of diffusions at  1100~ in Ar  and in O~ ambi -  
ents through the rma l  oxide bar r ie r s  of different  th ick-  
ness. The resul ts  showed tha t  the  ambien t  is ve ry  
impor tan t  in de te rmin ing  the As diffusivi ty in SiO2, 
because using the same glass-source composit ion the  
diffusivi ty in Ar  was over  one order  of magni tude  
higher  than  in 02 at  l l00~ (3.5 • 10-15 cm2/sec in 
Ar  vs. 1.5 • 10-18 cm2/sec in 02 with  a 5.8 m / o  
As20~ glass source) .  
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Impurity Atom Transfer during Epitaxial 
Deposition of Silicon 
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Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 07974 

ABSTRACT 

When epi tax ia l  silicon is deposi ted on h igh ly  doped substrates,  impur i ty  
atoms t ransfer  f rom the subs t ra te  to the  growing ep i tax ia l  film. This t ransfer ,  
usua l ly  re fe r red  to as autodoping,  m a y  establ ish a lower  l imi t  on the  dopant  
concentra t ion in the epi tax ia l  film and may  preven t  the format ion  of an ab rup t  
doping profile. We  have s tudied the t ransfe r  of arsenic dur ing the deposi t ion 
of ep i tax ia l  silicon by  the pyrolys is  of si lane at  a t empera tu re  of 1050~ The 
amount  of autodoping is de te rmined  from the fiat por t ion of the  doping p ro -  
file and has been s tudied as a funct ion of the  subs t ra te  dopant  concentrat ion.  
The da ta  are in te rpre ted  in te rms of so l id-s ta te  diffusion theory  by  assuming 
tha t  dur ing  deposi t ion the arsenic diffuses to the back  of the  substrate ,  
evapora tes  f rom the  back  surface, t ransfers  in the  gas phase  to the f ront  
surface, and  then is incorpora ted  into the  film. Calculat ions indicate  tha t  0.9% 
of the  arsenic that  evapora tes  from the back  surface is deposi ted into the epi-  
t ax ia l  film. Our resul ts  show tha t  autodoping is l inear ly  dependent  on the  
subs t ra te  doping concentra t ion and becomes significant when  the arsenic 
concentra t ion is g rea te r  than 2 • l0 TM cm -3. The autodoping can be reduced  
by  a factor  of about  five by  masking  the back  of the  subs t ra te  wi th  silicon 
oxide or by  heat ing the subs t ra te  at  a high t empera tu re  for  a few minutes  to 
al low the arsenic near  the  back  surface to evapora te  p r io r  to deposit ion.  

Many  cur ren t  silicon device s t ructures  requi re  the 
deposi t ion of l ight ly  doped ep i tax ia l  layers  over h ighly  
doped subst ra tes  or over  h ighly  doped diffused areas. 
In  these structures,  the  t ransfer  of dopant  from the 
subst ra te  to the  growing ep i tax ia l  l ayer  may  be an 
impor t an t  source of impur i t ies  in the  ep i tax ia l  film. 
In some cases, this  t ransfe r  of impur i t ies  m a y  even 
establ ish a lower  l imi t  on the  dopant  concentrat ion in 
the  epi tax ia l  film and m a y  prevent  the  format ion  of 
an abrup t  change in dopant  concentra t ion at  the  film- 
subs t ra te  interface.  The dopant  t ransfer  that  occurs 
when  the ep i tax ia l  l ayer  is formed by  the hydrogen  
reduct ion of silicon te t rachlor ide  or  t r ichlorosi lane has 
been repor ted  (1-8).  However ,  there  is no deta i led 
s tudy  of the  dopant  t rans fe r  when the layer  is de -  
posi ted by  the pyrolys is  of silane. In  fact, it  has been 
repor ted  that  for the si lane process the t ransfer  of 
dopant  m a y  not  occur (9) or that  the  t ransfer  can be 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
Key words: autodoping, diffusion, e p i t a x y ,  s i l ane ,  silicon. 

e l imina ted  by  mask ing  the back of the  subs t ra te  with 
silicon oxide. (10). We  have s tudied the t ransfer  of 
dopant  dur ing  the  deposi t ion of ep i tax ia l  sil icon by  the 
pyrolys is  of si lane for subs t ra tes  doped wi th  arsenic.  
The exper imen ta l  resul ts  a re  presented  and discussed 
in this paper .  

The ini t ia l  observat ion of a dopant  t ransfe r  dur ing  
ep i tax ia l  deposi t ion f rom silicon te t rach lor ide  was 
made  by  Basseches et al. (1) who suggested tha t  the  
impur i t ies  were  t r ans fe r red  f rom the  back  of the  sub-  
s t ra te  wafer .  Thomas, Kahng,  and Manz (2, 3) r epor ted  
tha t  the dopant  concentra t ion in the  ep i tax ia l  film 
decreased with dis tance f rom the interface.  These 
authors  proposed a model  in which the dopant  t r ans -  
fers f rom the  subs t ra te  surface to the  gas phase, mixes  
wi th  the reac tan t  gases, and is then  incorpora ted  into 
the growing film. A mathemat i ca l  expression was de-  
r ived  which accounted for the  observed impur i ty  p ro-  
files. Grossman (4), who used the t e rm "autodoping,"  
de r ived  an expression for the  t ime dependence  of the  
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epitaxial reaction and suggested that impurities were 
released during a transient etching of the substrate 
at the beginning of the deposition. Grove et al. (5) 
studied epitaxial depositions on boron- and antimony- 
doped substrates, and Abe et aL (6) investigated auto- 
doping in layers deposited on arsenic-doped samples. 
Both groups of authors concluded that the impurity 
profiles could be accounted for by solid-state diffusion 
of impurities from the substrate into the epitaxial 
film; autodoping effects were not required to explain 
the profile shape. In these previous investigations, the 
epitaxial layers were deposited by the hydrogen reduc- 
tion of silicon tetrachloride at temperatures near 
1200~ Joyce, Weaver, and Maule (7) studied dopant 
transfer during the hydrogen reduction of trichloro- 
silane at similar temperatures using radiotracer tech- 
niques. They concluded that the proposed etch-back 
mechanism (2-4) was unlikely and that the impurities 
were transferred from the back of the substrate. They 
also found that autodoping was not important unless 
the doping level in the epitaxial layer was less than 
5 X 1014 cm -~. Recently, Shepherd (8) has presented a 
model of autodoping that assumes that impurities 
evaporate from the back of the substrate into the gas 
stream and then deposit in the epitaxial film. Gupta 
and Yee (10), who determined the experimental  con- 
ditions necessary to obtain abrupt impurity profiles 
for silane-deposited epitaxial films, found that auto- 
doping could be reduced by growing an oxide on the 
back of the substrate prior to the deposition. 

Most previous workers have inferred the presence 
or absence of autodoping by comparing the shape of 
the doping profile with shapes calculated for thermal 
diffusion of impurities from the substrate into the 
epitaxial layer. Since it is very difficult to accurately 
measure and compare profile shapes, most previous 
studies have not given quantitative information con- 
cerning the magnitude of the autodoping effect. In 
addition, the dopant concentration in the substrate has 
not been systematically varied in many of the previous 
studies; consequently, there are few experimental data 
concerning the dopant transfer as a function of the 
impurity atom concentration in the substrate. In the 
work reported in this paper, autodoping is measured 
from the flat portion of the doping profile rather than 
from a comparison of profile shapes. In addition, auto- 
doping has been studied for arsenic-doped substrates in 
which the dopant concentration ranges from 5 X 1014 
to 4 X 10 TM cm -s.  

Experimental 
The epitaxial  layers have been grown in a single- 

slice, water-cooled, vertical flow system which is 
induction heated using a high-puri ty graphite sus- 
ceptor. The system has been previously described (11). 
The substrate, which is 3.1 cm in diameter, is mounted 
vertically so that the sample is approximately parallel  
to the gas flow. The epitaxial  layers are formed by the 
pyrolysis of silane at an optical temperature of 1000~ 
The actual temperature, obtained by correcting for 
emissivity and reflection from the quartz reactor walls, 
is estimated to be 1050~ (12). The silane concentra- 
tion in the reaction chamber is 0.2%; the carrier 
gas is hydrogen which has been purified with a 
pal]adium diffuser. The gas flow through the reaction 
chamber is 2.13 l /rain;  the linear velocity is 1.80 cm/ 
sec. The observed growth rate for these conditions is 
0.35 ~m/min. Thicknesses of the epitaxial films are 
typically 4-7 ~m. Prior to the deposition, the substrates 
are cleaned by degreasing with organic solvents fol- 
lowed by a rinse in hydrofluoric acid. Final  cleaning 
is performed in the reaction chamber by an in situ etch 
with 0.1% hydrogen chloride at an actual temperature 
of 1050~176 The etch rate is less than 0.02 ~m/min. 
The epitaxial  layers are deposited on the ( I l l )  or the 
(100) orientations; no differences between the two 
orientations have been observed. 

Schottky diodes are formed on the epitaxial layers 
by evaporating gold to form circular dots which are 
0.508 mm in diameter and 1000A thick. The majori ty 
carrier concentration in the epitaxial film is deter-  
mined from measurements on the Schottky diodes 
using the CIP technique (13, 14) with the modifications 
reported by Thibault (15). The validity of the Schottky 
diode and the CIP measurements has been established 
by also making planar and mesa diodes on some sam- 
ples and by obtaining capacitance-voltage measure- 
ments on the different diodes. The agreement among 
the different diodes and the different measuring tech- 
niques is excellent. Majority carrier concentrations 
are converted to impurity atom concentrations using 
the equations reported by Kennedy et aL (16, 17). 

Results 
Typical profiles as measured by the CIP technique 

on Schottky diodes are shown in Fig. 1. These profiles 
show the measured majori ty carrier  concentrations and 
have not been converted to impuri ty atom concentra- 
tion (16, 17), thus the actual doping profiles are much 
sharper than the measured profiles shown in Fig. 1. 
Except for small changes in the deposition time, the 
epitaxial layers have been deposited under identical 
conditions for each sample; the only intentional vari-  
able is the substrate doping which is given for each 
curve. It should be noted that the doping concentra- 
tion in the epitaxial  film is nearly constant with dis- 
tance from the surface except at the substrate-film 
interface. This implies that during growth, the dopant 
is introduced at a nearly constant rate. In these ex- 
periments, there is no intentional doping of the epi- 
taxial  layer; consequently, the steady-state doping 
level is a direct measure of the background doping 
level in the system during a part icular  experiment. 
The background impurity concentration is the sum 
of the impurities in the gases (the silane and the 
hydrogen) plus the impurities in the system (the gas 
line, the reactor walls, and the susceptor) plus the 
impurities from the substrate (the autodoping). Data 
such as that in Fig. 1 strongly suggest that the back- 
ground doping level is often established by the ira- 
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Fig. 1. Doping profiles as measured by the CIP technique for epi- 
taxial layers deposited on three different arsenic-doped substrates. 
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purities from the substrate; the impuri t ies  f rom the 
other two sources are negligible. Before this conclu- 
sion can be accepted it is necessary to rule out the 
possibility of random fluctuations in  the background 
doping level that  might affect the results. 

The absence of fluctuations has been established by 
correlating the epitaxial dopant concentrat ion with 
changes in  the substrate doping level. When the con- 
centrat ion of arsenic in the substrate is systematically 
increased or decreased, it is observed that  the epitaxial 
dopant concentrat ion also increases or decreases. When 
the substrate doping concentrat ion is varied in a r an -  
dom manner ,  the epitaxial  doping still correlates with 
the substrate doping. Results from such an exper iment  
are shown in Fig. 2 which gives the concentrat ion of 
dopant in the epitaxial layer for seven consecutive 
depositions in which the only var iable  is the arsenic 
concentrat ion in the substrate (listed on the r ight  in 
Fig. 2). When the arsenic concentrat ion in the sub- 
strate is 5 • 1014, 8 X l0  TM, or 4 X 10 TM cm -3, the 
dopant concentrat ion in the layer on the substrate is 
6 X 10 is to 1 • 1014 cm -8, 3 X 1014 cm -3, or 1.5 X 10 TM 

cm -8, respectively. The reproducibil i ty in the epitaxial  
dopant concentrat ion rules out the possibility of ran-  
dom fluctuation in the background impur i ty  concen- 
trat ion and shows that autodoping often establishes 
the background doping level. 

In  general  we find that when l ightly doped sub- 
strates are used and autodoping is not significant, the 
background doping varies from 5 • 10is to 1 • 1014 
cm-S. This variat ion probably results from changes in 
the impurit ies released from the system since the same 
gases are used in all the experiments.  This variat ion 
in the impurit ies from the system does not change any 
of our conclusions since the autodoping effects cause 
the epitaxial  layers to be doped at concentrat ions much 
higher than this background doping. 

The results from several experiments  with arsenic- 
doped substrates are plotted in Fig. 3, which shows the 
epitaxial  doping vs. the substrate doping. In  each case 
the dopant concentrat ion in the epitaxial  film is mea-  
sured from the flat portion of the doping profile. The 
substrate doping is obtained by four-point  probe mea-  
surements  using Irvin 's  curves to convert resistivity to 
impur i ty  concentrat ion (18); in some cases this has 
been checked by measuring the position of the plasma 
min imum in the infrared reflectance spectrum (19). 
Again the agreement  is excellent. In  the experiments  
shown in Fig. 8, the background doping level (shown 
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Fig. 3. Epitaxial  dopant  concentrat ion for arsenic-doped sub- 
strates. The  background doping level is 5 •  10 TM cm - 3 .  

by the horizontal line) has been established to be 
5 X 1013 cm -'~ by depositing on substrates doped to 
5 • 10 i4 cm -8. The sloping l ine is d rawn for the case 
in which the epitaxial  doping is directly proportional 
to the substrate dopant  concentration. The data are 
consistent with this model. It  is clear from this figure 
that autodoping effects are not significant unless the 
arsenic concentrat ion in the substrate is greater than 
2 • 10 TM cm -8. 

Several experiments  have been performed in an 
effort to elucidate the autodoping mechanism and to 
determine if autodoping can be reduced or eliminated. 
In some experiments  a heavily doped epitaxial  layer, 
3 ~m thick, was deposited on a l ightly doped sub- 
strate. The arsenic concentrat ions in the epitaxial  layer 
and in the substrate were about 1 X 1019 cm -~ and 
5 • 1014 cm -8, respectively. The sample was cut in 
half  and an "undoped" epitaxial layer was deposited 
on the front of one par t  and on the back of the other 
part, after the back surface had been polished smooth. 
When the epitaxial film was deposited on the heavily 
doped layer, the dopant concentrat ion in the undoped 
l a y e r  was an order of magni tude  less than when the 
undoped epitaxial  film was deposited on the original 
substrate with the heavily doped region at the back. 
This shows that  most of the dopant atoms that  are 
t ransferred from the substrate to the growing epitaxial  
layer originate from the back of the substrate as orig- 
inal ly  suggested by Basseches et al. (1). Such a result  
is reasonable since the back of the substrate is in  con- 
tact with the hot susceptor and is probably at a higher 
tempera ture  than  the front of the sample so that  im- 
purit ies evaporate from the back at a faster rate than 
from the front. Th i s  result  indicates that  autodoping 
will be reduced when the epitaxial  layer  is deposited 
over highly doped regions such as in bur ied layer 
structures. However, our data do not pertain to the 
possible lateral  t ransfer  of dopant, which may be the 
dominant  mechanism in these structures (20). 

The autodoping effect should be reduced or el im- 
inated by masking the back of the substrate with a 
mater ial  which is impervious to the dopant. Epitaxial  
layers have been deposited on substrates with 15,000A 
of steam oxide on the back. In  this case the autodoping 
is reduced by a factor of about five but  not eliminated. 
This agrees with previous reports in which similar 
results have been presented (7, 10). In  these experi-  
ments, the arsenic must  be t ransferred through the 
oxide. This transfer has been demonstrated by Joyce, 
Weaver, and Maule who measured the t ransfer  of 
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radioactive arsenic from samples that  were completely 
covered with a thick oxide (7). 

The impur i ty  atom distr ibution across the sample 
has been determined by measuring Schottky diodes on 
different parts of the same sample. The results show 
a slightly higher dopant concentrat ion at the edge than 
at the center. This effect, which has been observed 
before (7, 8), has been used to argue that impurit ies 
are t ransferred from the back, over the edges, and 
toward the center of the sample (7). We have observed 
differences in dopant concentrat ion between the center 
and the edge that are about the same as those reported 
by previous workers (7, 8). However, our differences 
are not consistent or reproducible; this may result  
from different gas flow pat terns over different areas 
of the sample. 

It is possible that  autodoping results from the forma- 
tion of volatile chlorides of the dopant atoms; the 
chlorine may come from residual  hydrogen chloride 
that is not removed from the reaction chamber in the 
time between the vapor etch and the deposition. This 
possibility has been el iminated by performing experi-  
ments  in which the epitaxial layers are deposited 
without  the hydrogen chloride vapor etch. There are 
no significant changes in the doping level in the epi- 
taxial  film. This shows that  volatile chlorides are not 
necessary for the t ransfer  of impurit ies and implies 
that  autodoping results ent i rely from thermal  effects. 

Discussion 
The exper imental  data indicate that most of the 

autodoping originates when  impurit ies are t ransferred 
from the back of the sample. This is reasonable since 
the front of the sample rapidly becomes covered by the 
growing epitaxial film and diffusion of impuri t ies  from 
the substrate to the front of this film does not normal ly  
occur. The condition required to prevent  diffusion 
through the growing film is that  the growth rate be 
much greater than the rate of diffusion, or 

G t  > >  ( D r )  '/~ 

where G is the deposition rate, t is the time, and D is 
the diffusion coefficient. If we consider a growth rate 
of 0.35 F,m/min (5.83 • 10 -7 cm/sec) and use the l i t-  
erature value for the diffusion coefficient of arsenic 
at  1050~ 2 X 10 -14 cm2/sec (21), then the two terms 
are equal after a deposition t ime of 5.9 • 10 -2 sec. 
After  5 sec of growth, G t  is near ly  ten times greater 
than ( D t )  ~/2, showing that  for our deposition times the 
growth rate is much greater than the rate of diffusion 
and that  diffusion through the growing film is negli-  
gible. 

Our discussion of autodoping considers the case 
where impuri t ies  diffuse from the bu lk  to the back 
surface of the sample, evaporate from the back sur-  
face, t ransfer  in the gas phase to the front of the sam- 
ple, and deposit in the growing epitaxial  layer. The 
presence of a gas phase t ransfer  as opposed to surface 
diffusion has been established since autodoping effects 
are reported to be much greater in the direction of 
the gas flow (7, 20). If the rate l imit ing step in the 
autodoping process is the rate at which impuri t ies  
diffuse out of the substrate, then the rate of impur i ty  
incorporation in the epitaxial  film is proport ional  to 
the rate of out-diffusion from the sample and the auto- 
doping effects can be described in terms of solid-state 
diffusion theory. 

Smits and Miller (22) have studied the diffusion of 
impurit ies from silicon. They give the following ex-  
pression for the case in which the impur i ty  concentra-  
t ion in the gas phase is zero and the silicon is ini t ia l ly  
uni formly doped 

N ( y , z )  = No - -  No exp (--y2) {exp (y2) erfc (y) 

-- e x p [ ( y  + z)~]erfc(y + z)} 
where 

y = x / 2  (Dr) '/2 

and 
z .=  ( D t )  ' / , K / D  

The ini t ial  impur i ty  concentrat ion in the silicon is No; 
N is the concentrat ion at some time, t, and at some dis- 
tance from the surface, x; D is the diffusion coefficient; 
and, K is a first-order rate constant  for the~evaporation 
of impurit ies from the silicon surface. Integrat ing this 
expression from x ---- 0 to oo and subtract ing from the 
total number  of impur i ty  atoms ini t ial ly present  gives 
the number  of impur i ty  atoms which have diffused out 
of the silicon (22) 

N ( t )  -----2N0(Dt)~'~{~ -V2 -- [ 1 -  e x p ( z 2 ) e r f c ( z ) ] / 2 z }  

Differentiating with respect to time gives the rate at 
which impur i ty  atoms diffuse out of the substrate 

d N  
R --  - -  N o K  e x p ( z 2 ) e r f c ( z )  

d t  

In the model we are considering, the amount  of auto- 
doping is proportional to the out-diffusion rate, R; 
the proport ionali ty constant is the fraction of impur i ty  
atoms that t ransfer  to the growing epitaxial  layer. At 
long times (z > >  1), the rate of out-diffusion can be 
approximated by 

R ~- No ( D / ~ t )  '/2 

Under  these conditions, the rate of out-diffusion is 
l imited by the rate at which impuri t ies  diffuse to the 
back surface. Our equation for the rate of out-diffu- 
sion has the same form as the equat ion given by 
Shepherd (8). The difference is in the pro-exponent ia l  
factor. In our equation this factor is based on an ex- 
per imenta l ly  measured rate constant. In Shepherd's 
equation, the pro-exponent ia l  factor is based on the 
activity coefficient of the dopant  and a gaseous transfer  
coefficient. Our equations are derived for the case 
where the impur i ty  concentrat ion in the gas phase is 
zero. This should not be a serious l imitat ion in a flow 
system where the gas is cont inuously removed. 

A plot of the calculated rate of out-diffusion vs.  time 
is shown in Fig. 4. The value of D (2 X 10 -re  cm ~ see -1) 
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Fig. 4. Calculated rate of out-diffusion vs. time for arsenic-doped 
substrotes and for a deposition temperature of 1050~ The dashed 
line shows the diffusion-limited case. 
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has been taken from the data of Masters and Fairfield 
(21) for a temperature  of 1050~ The value of K (7 X 
10 -9 cm sec -1) is the value reported by Abe et al. (6) 
at 1250~ corrected for the different tempera ture  by 
assuming that K has the same temperature  dependence 
as D, as suggested by Lehovec e ta [ .  (23). The dashed 
l ine in Fig. 4 shows the rate of out-diffusion for the 
diffusion-limited case, which is valid at long times; also 
shown are the t ime intervals  for the different steps 
in the epitaxial  process. The silicon removed during 
the hydrogen chloride etch has not been considered in 
calculating the rate of out-diffusion. Calculated curves 
for different values of D and K are shown in Fig. 5 
and 6. Variations in D do not affect the ini t ial  rate; 
however, they cause a displacement of the curves at 
long times. This is reasonable since at long times the 
rate of out-diffusion becomes diffusion l imited and is 
independent  of K and ioroportional to the square root 
of D. Increasing the value of K only affects the init ial  
part  of the rate curve (Fig. 6) since the lat ter  portion 
is diffusion l imited and independent  of K. Decreasing 
the value of K causes the rate of out-diffusion to 
decrease because the rate of out-diffusion is now l im-  
ited by the rate of evaporat ion rather  than the rate of 
diffusion to the surface. 

Before discussing our data we briefly consider two 
additional aspects of this model. First, the fraction of 
impur i ty  atoms t ransferred to the epitaxial  layer can 
be determined by combining the measured impur i ty  
concentrat ion in the film with the calculated number  
of impur i ty  atoms that have diffused from the sample. 
Integrat ion of the rate of out-diffusion between times 
of 1800 and 2400 sec gives 3.7 X 10 TM atoms of arsenic 
that have diffused from 1 cm 2 of silicon with an init ial  
arsenic concentrat ion of 4 X 10 TM cm -s  and at a tem- 
perature of 1050~ The epitaxial  doping concentrat ion 
corresponding to this substrate doping is 9.4 X 1014 
cm -3 (Fig. 3). Thus the number  of arsenic atoms per 
square cent imeter  of an epitaxial  film 3.5 ~m thick 
(corresponding to a deposition rate of 0.35 ~m/min  and 
a 10 min deposition time) is 3.3 X 1011 atoms/cm -s.  
Therefore, only 0.9% of the arsenic that diffuses out 
of the sample is incorporated in the epitaxial film. 
Shepherd found that  0.3% of the impur i ty  atoms were 
t ransferred (8); however, he was working with much 
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higher gas flows so the lower fraction is not unreason-  
able. 

The impur i ty  profiles that  result  from thermal  out- 
diffusion are shown in Fig. 7. It  can be seen that  the 
out-diffusion is confined to the region near  the surface. 
Essentially all of the atoms that  evaporate from the 
silicon come from within a few tenths of a micron of 
the surface. Although the surface concentrat ion may 
become very low prior to the deposition, this evapora-  
t ion of impurit ies from the substrate normal ly  has 
only a slight effect on the shape of the final substrate-  
epitaxial  film profile as shown by Abe et al. (6). 
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Fig. 7. Calculated substrate doping profiles resulting from evap- 
oration of arsenic at 1050~ The heating times in seconds are 
given for each curve. 
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In the model we are presenting, the rate  of out-  
diffusion is directly proport ional  to the init ial  impur i ty  
concentrat ion in the silicon substrate. Consequently, 
the dopant  concentrat ion in the epitaxial  film should 
also be proport ional  to the substrate impur i ty  concen- 
trat ion provided that  the fract ion of impur i ty  atoms 
transferred to the epitaxial  film is independent  of the 
substrate doping level. Such a l inear  relationship be-  
tween the dopant concentrat ion in  the epitaxial  film 
and in the substrate is shown in Fig. 3. At very high 
substrate dopant concentrations, the autodoping may 
no longer be directly proport ional  to No because the 
diffusion coefficient is concentrat ion dependent  (21). 
However, it is obvious that the exper imental  data ap- 
proximate a l inear  relationship. When the substrate 
doping is less than about 2 • 10 ~8 cm -3, the number  
of arsenic atoms t ransferred is less than the back- 
ground dopant concentrat ion and autodoping effects 
are not observed. Basseches et al. (1) found a similar 
dependence of the epitaxial  impur i ty  concentrat ion on 
the substrate dopant concentration; however, a quant i -  
tat ive relationship was not established. 

The shape of the doping profile in regions which 
are not near  the substrate-epi taxial  interface is deter-  
mined by changes in the rate of out-diffusion. From 
Fig. 4, it can be seen that  for depositions between 1800 
and 2400 sec, the change in the impur i ty  concentrat ion 
throughout  the epitaxial  layer is about  12%. However, 
part  of this change is obscured by the high concentra-  
tion of impurit ies that diffuse from the heavily doped 
substrate into the l ightly doped epitaxial  layer, and 
the region near  the surface is not measured because 
of the bu i l t - in  depletion layer of the Schottky diodes. 
Thus the total change in dopant concentrat ion that  can 
be observed should be about 5%. Such a small  change 
is consistent with our measured profiles (Fig. 1) and 
explains the observation that the dopant concentrat ion 
is near ly  independent  of thickness. Our model should 
also apply to the previous reports in the l i terature 
where flat doping profiles have been observed (5, 7, 10). 

In some experiments  we have el iminated the hydro-  
gen chloride etch and the hydrogen flush from the epi- 
taxial deposition procedure and have deposited imme-  
diately after a short hydrogen anneal.  For these deposi- 
tions, which typically occurred between times of 180 
and 780 sec, the observed dopant concentrations de- 
creased with distance from the interface by a factor 
of about two. This is consistent with the changes in 
the rate of out-diffusion as given in Fig. 4. The curves 
in Fig. 4 show that most of the arsenic escapes prior to 
the deposition. If we consider a 10-min deposition oc- 
curr ing between times of 1800 and 2400 sec, then only 
18% of the arsenic atoms diffuse out of the substrate 
during the deposition. The remaining 62% diffuse out 
during the hea t - t rea tments  before the deposition and 
are swept out of the system. This is consistent with 
the data of Joyce, Weaver, and Maule (7) who found 
that most of the impur i ty  atom transfer  occurs prior 
to the deposition. 

This part icular  model provides a quant i ta t ive ex- 
planat ion for the flat profiles and for the concentrat ion 
dependence of the autodoping. We now briefly consider 
a quali tat ive extension of this model to explain some 
observations that have been reported in the l i terature.  
There are reports of doping profiles result ing from 
autodoping that are not fiat (2, 3). This may result  
from evaporated impuri t ies  being absorbed on the sus- 
ceptor or the reactor walls prior to deposition and 
being slowly desorbed during deposition, thus causing 
a net decrease in the gas phase impur i ty  concentrat ion 
dur ing deposition. In our experiments  we have at- 
tempted to minimize these effects by using a small  sus- 
ceptor and by cleaning and coating the susceptor prior 
to each deposition. Another  explanat ion for the sloping 
profiles is the possibility of silicon slowly depositing 
on the back of the sample in addition to the more 
rapid deposition on the front. If this deposition occurs 

then the rate of out-diffusion will  decrease with t ime 
more rapidly than shown in Fig. 4 and the doping pro- 
files will not be flat. A slow deposition on the back of 
the substrate has recent ly been observed (24). 

A possible method of reducing the autodoping is 
to heat the sample at high tempera ture  prior to deposi- 
tion and thus deplete the silicon near the back surface. 
We have calculated the rate of out-diffusion for sub-  
strates with an arsenic concentrat ion of 4 • 1019 cm -~ 
which are heated at 1200~ for 20 rain and then heated 
at 1050~ for 10 rain immediate ly  prior to deposition. 
For these conditions the calculated rate of out-diffusion 
at the start of the deposition is 1.0 • 1010 atoms/cm -2 
sec -1 as compared to an out-diffusion rate of about 
7 • 1010 a toms/cm -2 sec -1 when the predeposition 
hea t - t rea tments  are performed at 1050~ (Fig. 4). This 
h igh- tempera ture  t rea tment  may reduce the autodop- 
ing by a factor of seven; however, these calculations 
assume that D and K have the same tempera ture  de- 
pendence and that the tempera ture  changes are abrupt, 
so that any quant i ta t ive interpretat ion must  be con- 
sidered tentative. 

Pre l iminary  data indicate that  ant imony-doped sub- 
strates exhibit  less autodoping than arsenic-doped 
samples. The decreased autodoping may result  because 
the rate of evaporation is less for an t imony  than  for 
arsenic, since the diffusion coefficients for arsenic and 
an t imony are near ly  the same (25). A lower l imit  for 
the rate of evaporation of an t imony from silicon at 
1050~ can be obtained from the data of Grove e t a l .  
(5), (K > 1 X 10 - l ~  a toms /cm-2  sec-1).  For small  
values of K, the rate of out-diffusion can be approxi-  
mated by NoK, so that the out-diffusion rate is about 
4 • 109 a toms/cm -2 sec -1 at the lower l imit  of K. 
This is an order of magni tude less than the rate for 
arsenic given in Fig. 4 and may explain the decreased 
autodoping for an t imony-doped samples. 
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Effects of Heat-Treatment on Composition of CVD Films: 
The Case of Binary Arsenosilicate Glasses 

J. Wong 
General  Electric Corporate Research and Development, Schenectady, New York  12301 

ABSTRACT 

By following the chemical composition and integrated intensity of the 
combined Si-O and As-O bands in the region 1400-800 cm -I of the infrared as 
a function of thermal history of CVD (chemical vapor deposition) arseno- 
silicate films, it is found that structural changes and not composition varia- 
tions are responsible for the observed shifts in band frequency and maximum 
absorbance in the resultant heat-treated films. This result indicates that loss 
of As203 to the ambient due to out-diffusion from low As20~-content arseno- 
silicate-glass source (<I mole per cent (m/o) As203) may be minima], if 
not negligible, in the process of drive-in diffusion of arsenic into silicon at 
I000~ and up. 

Infrared absorption spectroscopy is a powerful  
technique for the characterization and s t ructural  evalu-  
at ion of dielectric th in  films on silicon (1-14). Aside 
from its usual  abil i ty to identify chemical entit ies 
present  in the film, it is also capable of furnishing 
quant i ta t ively  chemical compositions of mul t icompon-  
ent  films in a nondestruct ive manner .  The lat ter  
application has been used to advantage recently to 
determine nondestruct ively the composition of as- 
deposited CVD (chemical vapor deposition) films of 
b inary  arsenosilicate (12) and borosilicate (13) in the 
range 0-20 mole per cent (m/o)  As20~ and 0-100 m/o  
B203, respectively. 

A recent report (15) from this laboratory shows 
that  hea t - t rea tment  in  an inert  argon atmosphere 
causes quite a marked variat ion in the vibrat ional  
spectra of b inary  arsenosilicate films vapor deposited 
on silicon from a one-l iquid source SiH4-AsCI~-O2-Ar 
system. The Si-O band at 1060 cm - I  shows a positive 
frequency shift to I080 cm - I  accompanied by an 
increase in optical density (absorbance) of about 
25-30%. The As-O band at 920 cm - I  shifts to 930 
cm - I  and is accompanied by a decrease in optical 
density. Because of large differences in thermal  and 
evaporat ion characteristics of the As203 and SiO2 
end components in this b inary  system, it is impor tant  
to establish whether  reduction in the As-O band 
intensi ty  is due to evaporat ion loss of As2Oa to the 
ambient  during hea t - t rea tment  at high temperatures,  
or s t ructure changes wi thin  the glassy network without  
change in composition. The composition variation, or 
otherwise, of these films is re levant  to the under -  
s tanding of out-diffusion of arsenic species from the 
glass to the ambient  in the process of dr ive- in  diffu- 
sion of arsenic for the formation of N + diffused layers 
in  silicon. 

In  an a t tempt  to elucidate the correlation between 
changes in infrared band  intensi ty  and film composi- 
tion and/or  s t ructural  variation, the compositions of 
CVD arsenosilicate films before and after hea t - t rea t -  
ment  were followed by quant i ta t ive  chemical analysis. 

Key words: CVD films, arsenosilicate, infrared intensity, heat- 
treatment. 

The integrated intensit ies of the Si-O and As-O vibra-  
t ional bands in the range 1400-800 cm -1 were studied 
as a function of film thermal  history. Spectral var ia-  
tions resul t ing from chemical t rea tment  of the film in 
boiling water  and conc HC1 were also obtained for 
comparison. 

Experimental 
Binary  arsenosilicate glass films were prepared on 

silicon wafers by a CVD technique using argon- 
diluted mixtures  of SiH4-AsC13-O2 at 450~ Details 
of the deposition procedure and composition deter-  
mina t ion  of as-deposited films from the infrared spec- 
tra have been reported elsewhere (12, 15). A Sartorius 
microbalance sensitive to 20 ~g was used to obtain film 
weights by difference. Fi lm compositions were deter-  
mined by an x - r ay  microprobe technique. This tech- 
nique enables the same film to be analyzed before and 
after heat - t rea tment .  Fi lms were heat- t reated at 
800~ for 15 min  in  Ar (flowing at 1 ft 3 per hr -1) 
using a conventional  horizontal furnace. Infrared 
spectra were recorded with a Pe rk in -E lmer  457 
double-beam recording spectrophotometer. Scan rates 
of 400 cm -1 per rain and 200 cm - i  per rain were used 
in  the range 4000-2000 cm -1 and 2000-250 cm -1, 
respectively. All  spectra were taken at room tempera-  
ture. The area under  the Si-O and As-O vibrat ional  
bands in the f requency range 1400-800 cm -1 was 
measured with a calibrated OTT compensating polar 
planimeter.  

Results and Discussion 
In  Fig. 1, the infrared spectra of a series of arseno- 

silicate films deposited on silicon wafers are plotted 
as l inear  absorbance vs. wave number  in the range 
1400-800 cm -1. The dotted curves are those for the 
as-deposited films while the solid curves are those 
for the corresponding films heat- t reated in Ar at 800~ 
for 15 min. It is evident  in  all cases that  upon heat-  
t rea tment  the Si-O band at 1060 cm - I  shows a positive 
frequency shift of ~--20 cm -1 accompanied by  an  
increase in absorbance at the band maximum.  The 
As-O band at 920 cm -~ also shows a positive f requency 
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Fig. I. Infrared spectra of a series of as-deposited and heat- 
treated arsenosilicate films in the region of the Si-O and As-O 
stretching vibrations. Heat-treatment: 800~ in Ar for 15 rain. 
Thickness of as-deposited samples: (a) 0.52~; (b) 0.82#; (c) 0.70~; 
and (d) 0.90/z. 

shift of ~10 cm -1 but  with a decrease in  absorbance 
at the band maximum.  Spectral variat ions of the Si-O 
band  in a pure CVD SiO2 (Fig. la)  are similar to 
those in  the b inary  films. 

The total area (see Footnote b under  Table I) under  
each of the absorption curves shown in Fig. 1 is 
given in Table I. In  the b inary  films (samples 2-4 in  

Table I 

T o t a l  area(b) u n d e r  
absorpt ion bands  

Mole  i n  t h e  r a n g e  M i c r o p r o b e  analysis(~} 
per c e n t  1400-800 cm-1 A s / S i  a t o m i c  ratio 
As2Os(=) As- C h e m -  Esti- 

S a m -  ( a s - de -  d e p o s -  H e a t -  i c a l l y  A s - d e -  H e a t -  m a t e d  
p le  pos i t ed )  i t e d  t r e a t e d  t r e a t e d  p o s i t e d  t r e a t e d  error 

1 p u r e  SiO2 '13 "/S 
2 4 146 147 0.080 0.08s •  
3 14 94 94 0.33t 0.351 ~0 .010  
4 21.5 119 117 88 (~  0.568 0.53s --~_-_0.020 
5 19.0 89 89c,~> 

(=) Determined from the IR spectra of  as-depOSited films using a 
previously reported chemical calibration curve (12). 

<b) Strictly speaking, the integrated intensity of a band is given by 

1 1 
j'banaa0,'--)'d~ = (A  ~ )  X -- d~ = - -  f A  ('~u} d"Y- 

t t 

w h e r e  a ( ~ )  a n d  A(~)  a re  the absorpt ion coef f ic ien t  a n d  absorbance 
at  f r e q u e n c y  ~ ' - r e spec t ive ly ,  a n d  t is  t h e  f i lm  t h i c k n e s s .  T h e  i n t e g r a l  
] A ( u ) d v  t h e r e f o r e  d e n o t e s  t h e  a r e a  u n d e r  an  a b s o r p t i o n  b a n d  w h e n  
a b s o r b a n c e  i s  p l o t t e d  w .  w a v e n u m b e r .  S i n c e  w e  a r e  i n t e r e s t e d  
p r i m a r i l y  in  t h e  to ta l  a b s o r p t i o n  of  t h e  s a m e  f i lm b e f o r e  a n d  a f t e r  
h e a t - t r e a t m e n t ,  t h e  t e r m  " t o t a l  a r e a "  can  he  u s e d  i n t e r c h a n g e a b l y  
w i t h  i n t e g r a t e d  i n t e n s i t y  b e c a u s e  t is  a c o m m o n  fac to r .  

co> Films exposed to cone HCI ~or 20 hr; or to boiling water for 
3 rain. 

(~) Films exposed to 100% R.H. for 670 hr. 
(e} High purity silicon and GaAs were used as standards for Si 

and AS. 

Table I) there is essentially no change in integrated 
intensi ty  after hea t - t rea t ing  at 800~ in Ar for 15 
min. This suggests that the total Si-O and As-O 
oscillators in each film remain  invar ian t  after heat-  
t rea tment  and that there is no change in film composi- 
t ion due to volati l ization loss of As2Oa. Fur thermore,  
a film of pyrolyt ic  SiO2 deposited at 450~ shows no 
change in integrated intensi ty  (sample 1 in Table I) 
in the same spectral region after identical hea t - t rea t -  
ments. This implies that the shift to higher frequency 
and narrowing of the half -width  of the Si-O band at 
1060 cm -1 in  pyrolyt ic  SiO2 is merely  a manifestat ion 
of s t ructural  changes in the silica network brought  
about by thermal  anneal ing (1). Angular  reor ienta-  
t ion of the St-O-St centers (16) and /or  fur ther  con- 
densation of hydrogen- te rmina t ing  Si-O chains (17) 
are possibilities of these s t ructural  changes. I t  is of 
interest  to note that  there is no fur ther  change in the 
SiO2 spectrum upon hea t - t rea tment  beyond 800~ in 
the range  900~176 

The invar iance of integrated intensi ty  of the com- 
bined Si-O and As-O bands in  the b inary  films and 
that  of the Si-O band  in pure pyrolytic SiO2 in the 
range 1400-800 cm -1 before and after hea t - t rea tment  
is informative.  This seems to indicate that  the ob- 
served As-O band  in the spectra of as-deposited b inary  
films has a substant ia l  "borrowed" intensi ty  from the 
Si-O band  in  the region below 1000 em -1. This 
borrowed intensi ty  is reduced when the Si-O band 
narrows and shifts to higher frequency upon heat-  
t rea tment  [see Fig. l ( a ) ] .  The decrease in intensi ty 
of the As-O band  in the heat - t rea ted  films appears 
therefore to be due to a reduct ion of this borrowed 
intensi ty  and not  to a reduct ion of As203 content  in 
the film. 

The above conclusion is substantiated by chemical 
analysis on the same films before and after heat-  
t rea tment  at 800~ In  Table I, x - ray  microprobe data 
on the same b inary  films used for the infrared study 
are given. Fi lm compositions determined by this 
technique are expressed in terms of the atomic ratio 
of As/St. I t  can he seen that, wi th in  ins t rumenta l  
error, there is no change in film composition after 
heat - t rea tment .  Another  series of arsenosilicate films 
containing 1.8-16.0 m/o  As203 (as-deposited) showed 
no changes in film weight after hea t - t rea tment  for 15 
rain at 800~ in  Ar (Table I1). 

For  completeness, effects on film composition by  
chemical t rea tment  in various envi ronments  have also 
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Table II. Weights of arsenosilicate films before and after 
heat-treatment at 800~ in Ar 

Mole per  cent 
As2Os Fi lm we igh t  (a) ( m g )  

Sample  (as-deposited) As-deposi ted  Hea t - t rea ted  

5 1.8 1.41 1.41 
6 4.5 1.37 1.37 
7 8.5 1.67 1.67 
8 13.4 1.85 1.85 
9 16.0 1.43 1.43 

~a> Obtained by sub t rac t ing  we igh t  of silicon wafer .  

been studied. Var ia t ions  in the in f ra red  absorpt ion  in 
the range  1400-800 cm -1 are  given in Fig. 2 for films 
containing about  20 m/o  As203 (as-depos i ted) .  Each 
of these films was separa te ly  exposed to a control led  
humid i ty  (100% R.H.) at  room tempera ture ,  t rea ted  
in boil ing wa te r  and in conc HC1. The spectra l  changes 
in these chemical ly  t r ea ted  films are  qua l i t a t ive ly  
s imilar  to those tha t  occurred in the  hea t - t r ea t ed  films 

1400 1300 1200 I I00 I000 900 800 
I I I [ I 

% .  ]/ 
"%, // _ 

// 

0.6 - 
(o) 100% R.H. FOR 675 HR. v 

0.8-  
__ =='.=, ~ . . . .  - ~ -  

0.2 _ " i " ~  

L "% // ', / ~ 0 . 4 !  
o I' "-" 

" l\  t' 0 . 6 -  
(b) 3 MIN. IN BOILING WATER I ~ I  

~ J  

0.8 

~.\ II \ .  I 
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(c' 20 HR" 'N CONC" HC'g i ' J  
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WAVE NUMBER, cm -I 
Fig. 2. Infrared spectra of chemically treated arsenosilic~e 

films. The dotted curves represent spectra of the as-deposited films. 
Film composition (as-deposited): (a) 19 m/o As203; (b) and 
(c) 21.5 m/o As203. 

shown in Fig  1. For  films t rea ted  in boil ing wate r  and 
conc HC1, however,  the  to ta l  a rea  under  the  combined 
Si-O and As-O bands  decreases by  about  25% (Table  
I) f rom the "as-depos i ted"  values,  showing tha t  there  
is loss of As203 in the  t r ea ted  films. This is conceivable  
in l ight  of the high solubi l i ty  of As~O3 in both wa te r  
and conc HC1, whereas  pure  SiO2 is p rac t ica l ly  not 
e tchable  by  e i ther  of these reagents.  A film exposed 
to 100% R.H. at room t empera tu r e  shows no change 
in in tegra ted  in tens i ty  imply ing  tha t  there  is no 
leaching of film mate r i a l  by  this t rea tment .  

Conclusion 
The combined da ta  on in f ra red  in t eg ra ted  intensi ty,  

chemical  and grav imet r ic  analyses  indicate  that  there  
is no composit ion change due to volat i l izat ion loss of 
A S 2 0 3  at 800~ in A r  from CVD b inary  arsenosi l icate  
glass films containing as much as 20 m/o  As~O3. Loss 
of As203 to the  ambien t  due to out-diffusion f rom low 
As203-content  arsenosi l icate  glass source (<1  m/o  
As203) may  be  minimal ,  if not negligible,  in the 
process of d r ive - in  diffusion of arsenic into silicon 
at  1000~ and up (18). This is no doubt  due to a 
lower ing  of the  As203 ac t iv i ty  (vapor  pressure)  in low 
As203-content  mixtures .  

Resul ts  f rom chemical  t r ea tments  show that  the 
combined in tegra ted  in tens i ty  of over lapping  in f ra red  
absorpt ion  bands  intr insic  of the  ma te r i a l  of in teres t  
is a good measure  of composi t ion conservat ion or 
otherwise  in b ina ry  systems. 
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The Growth of Niobium on Perfect and Imperfect Sapphire 

J. J. Cuomo* and J. Angilello 
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ABSTRACT 

Niobium p repa red  by r f  sput te r ing  has been found to nuclea te  and grow 
dif ferent ly  on the basal  p lane  of low dislocation dens i ty  (chemical  vapor  
deposi ted)  and high dislocation dens i ty  (Czochra l sk i -grown)  sapphire  
(~-A120~) wafers.  The low dislocat ion a-A1208 showed th ree  different  or ien-  
ta t ions re la ted  to each other  by  a threefo ld  axis:  (110) Nb/ / (0001)  a-A1208 

Nb / / a t ,  
-.> 

and [110] a2, a8 a-A1203, while  those films grown on more  imper -  
fect, high dislocation substrates,  genera l ly  showed only one or ientat ion:  (111) 
Nb//(O001) a-A1203 and [110] N b / / [ l l 2 0 ]  a-A12Os. 

The or ienta t ion dependence  of gold on a i r - con tami -  
nated and uncontamina ted  sodium chloride has been 
deta i led by  Mat thews  (1). Robbins  and Rhodin (2) 
found a re la t ionship  be tween  the m a x i m u m  number  
of gold nuclei  on MgO and the crys ta l  from which the 
MgO was cleaved. I t  was concluded, tha t  the  number  
of gold nuclei  depends  on the difference in the  number  
of point  defects such as impur i t ies  in the MgO sub-  
strates.  In  both instances, a corre la t ion be tween  nu-  
cleat ion dens i ty  and surface defects  has been demon-  
strated.  Mat thews '  work  fur ther  shows the preference  
for  one or ienta t ion to nucleate  and another  to grow, 
thus producing  a change in or ienta t ion  a n d / o r  c rys ta l -  
l in i ty  wi th  nucleat ion density.  

This work  repor ts  on the growth  of n iobium films 
by  rf  sput te r ing  technique on the basal  p lanes  of 
"perfect"  and " imperfec t"  sapphire/(o,-A12Os) hav-  
ing low and high dislocat ion densities,  respect ively .  
In  order  to improve  the single c rys ta l l ine  qua l i ty  of 
n iobium on sapphire,  CVD sapphi re  was chosen as 
a subs t ra te  due to i ts low dislocation density.  How-  
ever, we found the films grown on low dislocation 
subst ra tes  showed th ree  different  or ientat ions re la ted  
to each other  by  a threefo ld  axis, whi le  those films 
grown on more  imperfect ,  high dislocation, subst ra tes  
genera l ly  showed only  one orientat ion.  

Experimental Procedures 
Low dislocat ion sapphi re  boules p repa red  by  

chemical  vapor  deposi t ion were  purchased  f rom Lex-  
ington Laborator ies ,  Lexington,  Massachusetts.  They  
were cut into 10 rail  th ick  wafers  and  polished to a 1 
~in. finish by  Insaco Corporation,  Quaker town,  P e n n -  
sylvania.  High dislocat ion sapphi re  wafers  were  cut  
and  pol ished by  Insaco Corpora t ion  f rom crys ta ls  p re -  
pa red  by  the  Czochralski  g rowth  technique.  A l l  sam-  
ples p r io r  to deposi t ion were  examined  b y  the  x - r a y  
topographic  techniques developed by  Lang  (3, 4) and  
Schwut tke  (5). The or ienta t ion  of the subs t ra tes  used 
in this  work  were  (0001). Niobium was deposi ted by  r f  
sput te r ing  using the fol lowing procedure.  The chamber  
was pumped  to 4 • 10 - s  m m  of Hg and the subs t ra tes  
were  then hea ted  to 450~ Argon  was in t roduced to 
15 • 10 -8 m m  of Hg and the system was p respu t t e red  
by  sput te r ing  niobium onto a shut te r  for 30 rain. The 
subst ra tes  were  exposed to the n iobium atom flux at  
a power  dens i ty  of 7.4 W / c m  2. With  the  anode ta rge t  
grounded,  the n iobium accumula t ion  ra te  was about  
10 A/sec .  The subs t ra tes  and  film were  examined  
af ter  deposi t ion by  x - r a y  back-ref lec t ion  Laue  t ech-  
niques and film or ientat ions  were  confirmed by  x - r a y  
pole figure invest igat ions.  Both types  of sapphi re  sub-  
s t ra tes  were  deposi ted on s imul taneously;  therefore,  
the  condit ions for g rowth  were  identical .  The niobium 
films used dur ing  this invest igat ion were  of high 
qual i ty  as indica ted  by  the high resis tance rat ios  (6) 
and the bu lk  superconduct ing proper t ies  (7) shown. 

* Elect rochemical  Society Act ive  Member .  
Key  words :  n iobium,  epi taxy,  sapphire, sputtering, nucleation.  
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Results 
Pr io r  to n iobium deposit ion,  x - r a y  topographs  were  

taken  of the substrate .  F igure  l a  shows the topograph 
of low dislocation, perfect  sapphire.  The number  of 
dislocation etch pits  as revea led  by  pol ishing and 
etching techniques (9) is of the  o rder  of 50/cm 2. 
F igure  lb  is an opt ical  photograph  of the pi ts  in one 
of the  highest  dens i ty  areas  on the low dislocation 
wafer .  The t ransmiss ion x - r a y  topograph  of the  high 

Fig. |a. Transmission x-ray topograph of low dislocation CVD 
sapphire (0001). Approx. 4X.  

Fig. lb. Dislocation etch pit pattern of the highest density area 
on low dislocation CVD sapphire (0001). 78X. 
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the Verneu i l -g rown  sapphi re  showed subs tan t ia l ly  
the same resul ts  as the  Czochra l sk i -grown sapphire.  

A p p r o x i m a t e l y  6000A of n iobium was desposi ted by  
rf  sput ter ing  on both CVD (low dislocation) and 
Czochralski  (high dislocat ion) substrates.  F igures  3a 
and 3b are  x - r a y  back-ref lec t ion Laue  photographs  of 
low dislocation, perfect  sapphi re  before  and af ter  
n iobium deposition, respect ively.  The or ienta t ion of 
the n iobium is threefo ld  he teroepi taxia l ,  tha t  is, (110) 

.-> --> --> 

Nb / /  (0001) a-A1203 and [110] Nb / /  al, as, az 
a-A1203 giving r ise to a h igh ly  t ex tu red  po lycrys ta l l ine  
film. A schematic  depic t ing  the or ienta t ion  re la t ionship  
of the n iobium on (0001) of ~-A1203 is shown in 
Fig. 3c. The 120 ~ ro ta t ional  s y m m e t r y  of the  (110) 
Nb on the (0001) p lane  of ~-AI~O~ accounts for  the  
threefo ld  s y m m e t r y  shown in the Laue photograph.  A 
la t t ice  over lay  for a single set of spots is shown in 
Fig. 3d. The misfit is ca lcula ted  to be 1.8% for the 
[1120] direction.  

F igures  4a and 4b are  Laue  pa t te rns  of high dis-  
locat ion imperfec t  sapphi re  before (Fig. 4a) and af ter  

Fig. 2a. Transmission x-ray topograph of high dislocation density 
Czochralski sapphire (0001). Approx. 3 X.  

Fig. 2b. Dislocation etch pit pattern of high dislocation Czochral- 
ski sapphire (0001). 78X. 

dislocation, imperfec t  sapphire  is shown in Fig. 2a. 
The number  of dislocations represen ted  by  this topo-  
graph,  a n d  the pi t  densi ty  shown in Fig. 2b, is of 
the  order  of 104-105/cm 2. 

The resul ts  of an emission spectrographic  analysis  
of chemical  vapor  deposi ted a-A1203 and Czochralski -  
grown a-A1208 are  shown in Table  I. The impur i t ies  
found in both mate r ia l s  above the de tec table  l imits  
were  Si and Mg, which were  s imi lar  for the two types  
of mater ia ls .  Verneu i l -g rown  sapphire  was also ex-  
amined  and showed about  10 ppm Ti in addi t ion  to 
the other  impuri t ies .  Wi th  the except ion of the  Ti 
content  and  some shal low angle gra in  boundaries ,  

Table h Emission spectrographic analysis of CVD and 
Czochralski grown ~-AI203 

CVD a-Al~O8 Czochra l sk i  V e r n e u i l  
l ow  d is lo-  a-AleO3 h i g h  ~-A12Oa h i g h  

I m p u r i t i e s  ca t ion ,  pPm d is loca t ion ,  p p m  d is loca t ion ,  p p m  

Si  3 3 3 
M g  0.3-I 0.3-1 0.3 
Ti  N.D.* N.D. 10-30 

* No t  de tec ted .  

Fig. 3a and b. X-ray back-reflectlon Laue patterns of the low 
dislocation CVD sapphire (0001) before and after Nb deposition 
respectively. 
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in the number  of emergence points of dislocations 
between the two materials  would be insufficient to 
cause the difference in the nucleat ion a n d  growth 
observed. Previous discussions (1) have shown that  
dislocation densities of the order of 105/cm 2 are far 
below the nucleat ion density 10t2/em 2 needed to 
effect the preference for nucleat ion of a part icular  
orientation. The result  found is related to differences 
in the nucleat ion density between (111) and (110), 
to differences in surface defect concentrat ion and type, 
and to interfacial  surface energy difference between 
(111) and (110). Indeed, one must  consider the 
orientat ion with the lowest interfacial  surface energy 
since it will  have the highest nucleat ion density (1)o 

Fig. 3c. Schematic of the orientation of (110) Nb on (0001) 
a-AI20~. 
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Fig. 3d. Lattice overlay of ( I I0)  Nb on (0001) =-A1203 for on~ 
of the orientations. 

(Fig. 4b) the niobium deposition. In  this case, the 
n iobium is heteroepitaxial  and single crystall ine with 
the (111) Nb / /  (0001) a-A120~ and the [110] Nb / /  
[1150] a-A1203. In some instances, small quanti t ies of 
polycrystal l ine (110) Nb / /  (0001) a-A1203 was also 
found. Figure 4c schematically demonstrates the film 
substrate relationship and Fig. 4d is the lattice overlay 
of (111) Nb on (0001) =-A1203. The lattice misfit 
between Nb-Nb and A1-A1 (8) is 1.8%, the same as 
in the previous case. It  is interest ing to note that  in 
both cases the [110] direction of the Nb is parallel  
to the [1120] direction of the =-A1203 in the plane of 
the wafer. 

Discussion 

It is unknown  at this t ime how defects contr ibute  
to the difference in  nucleat ion and growth of n iobium 
on the CVD and Czochralski sapphire. The difference 

Fig, 4a and b. X-ray back-reflection Laue patterns of Czochralski 
sapphire (0001) before and after Nb deposition, respectively. 

Nb DEPOSIT 

AI2 03 SUBSTRATE 

Fig. 4c. Schematic of the ( I ] I )  Nb on the (0001) ~-AI20~ 
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Fig. 4d. Lattice overloy of the ( i]1) Nb on (0001) a-AI203 

Fur ther  work is needed to distinguish among the 
various possibilities in part icular  studies dur ing the 
ini t ial  stages of growth. 
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On the Anodic Sectioning of Vanadium 
II. Studies on Anodic Sectioning 

M. R. Arora* and Roger Kelly* 
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ABSTRACT 

Anodic sectioning can be accomplished with vanad ium almost as readi ly 
as with A1, Mo, and W, the main  problem being the instabil i ty of the anodic 
film. The basic technique consists of forming films in an electrolyte based on 
acetic acid (as was shown possible by Keil  and Salomon) and then removing 
the films with aqueous KOH. The thickness calibrations were obtained sepa- 
ra te ly  for high and low sectioning voltages, the results for high voltages being 
as follows: total metal  removed in units  of ~g/cm 2 equal to 5.5 -t- 0.64 • volts 
(for voltages :~ 4) ; thickness of oxide in uni ts  of ~g/cm 2 equal  to 2.0 -t- 1.14 • 
volts (for voltages ~ 7.5). Par t icular  a t tent ion was paid to extending the 
calibrations to low sectioning voltages. In  the case of the oxide thickness, the 
approach used can be regarded as an al ternat ive to ellipsometry, being based 
on a three-step procedure in which a film is formed, 20 or 40-keV Kr  s5 ions 
are implanted,  and the film is stripped with aqueous KOH. The fraction of the 
Kr s5 activity which is t ransmit ted can be shown, using amorphous stopping 
theory, to give direct informat ion on the film thickness. The low-voltage 
calibrat ions were as follows: total metal  removed in uni ts  of ~g/cm 2 equal  to 
1.O + 1.78 • volts; thickness of oxide in  uni ts  of ~g/cm ~ equal to --5.1 -t- 2.09 
• volts. 

A major  problem in the use of ion implanta t ion is 
that  a detailed knowledge of the depth distr ibution of 
the ions is required. For example, with implanted 
semiconductors the depth dis tr ibut ion directly deter-  
mines the junct ion depth, peak impuri ty,  concentration, 
and the base width (1) and indirect ly determines the 
depth of amorphization (2). A closely related problem 
is that  of determining diffusion profiles under  ext reme 
conditions. For  example, self-diffusion in the bcc 
metals Ti, U, V, and Zr is found to have two com- 
ponents (3) and there has therefore been recent in ter -  

* Electrochemical Society Active Member. 
Key words: vanadium, anodization, thin films, depth distributions. 

est in extending diffusion measurements  with other 
bcc metals  to the lowest possible temperatures  (4). In  
other work there has been concern with near-surface  
diffusion anomalies which arise (it is assumed) clue to 
Gibbs adsorption, i.e., attract ion or repulsion of solute 
atoms from the surface (5). In all cases, the thicknesses 
involved are extremely small  (0-10,000A) and section- 
ing can be difficult. 

The most sensitive sectioning technique probably 
still remains  that in which a thin, uniform layer  of 
the specimen is converted electrochemically to an 
anodic oxide which is subsequent ly  stripped. Layers 
with thicknesses as low as 15A can be removed in  this 
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way (6); by contrast, backscattering techniques, which 
are often regarded as depth probes par  excellence, 
have a resolving power of perhaps 100-200.% with the 
usual  detectors used (7). The only problem with  anodic 
sectioning is that it has been fully perfected for only 
two metals [(A1 (8) and W(6) ]  and par t ly  perfected 
for only a fur ther  five (Ag, Au, Cu, Nb, and Si). Thus 
in the lat ter  cases the following faults can be cited: 

Ag (9) 
and Cu (10): current  at fixed voltage remains 

constant. 
,%u (11): current  at fixed voltage remains  

constant and current  efficiency is low 
(,~2%). 

Nb (12): dissolution end point  ( in the sense 
of the present Fig. 3) is imperfect. 

Si (13-15): current  efficiency is low (1-2%);  
thickness calibration depends on 
electrolyte. 

We have therefore under taken  a cont inuing study to 
develop anodic-sectioning techniques for additional 
metals. ,% method suitable for Mo has already been 
described (16), while the present work is concerned 
with V. Nb and Ta will  be discussed in Par t  III (17). 

Actually, there is already a good precedent for anod- 
izing V in view of the  work of Keil  and Salomon (16, 
19) and Keil  and Ludwig (20). These authors estab- 
lished what  appears to be the only known electrolyte 
that  will  permit  V to be anodized (see below). In  ad- 
dition, they described the basic electrochemical prop- 
erties of V, including the facts that the anodization was 
close to 100% in efficiency, tha t  the anodic current  
obeyed the expected exponential  law, and that the film 
had a stoichiometry similar  to VOw. The principal 
contr ibutions of the present  work will  be seen to lie 
in the t rea tment  given to stripping and to thickness 
calibration, nei ther  of which was treated previously 
( 1 8 - 2 0 ) .  

Anodic  Sect ioning of  V a n a d i u m  
Anodizing step.--The anodic sectioning of V is closely 

similar  to that  for Mo (16). Polycrystal l ine specimens, 
with dimensions of 15 x 20 x 0.1 m m  and with a pur i ty  
claimed to be 99.98%, were used. They were cleaned 
using a sequence of petroleum ether, dilute nitr ic acid, 
and distilled water  and were then anodically sectioned 
at least 4 t imes at 50 volts. The electrolyte was the 
same as that used for Mo (16) and similar to that pro- 
posed by Keil  and Salomon (19), namely  glacial acetic 
acid such that  each li ter of solution contained 0.02 
moles of Na2B407 �9 10H20 and 1.0 mole of addit ional 
water. The electrolyte was not protected from air as 
in the previous work (18-20) and was therefore dis- 
carded after 8-10 anodizings or 2 hr, whichever came 
first. The cathode was either a Pt  cyl inder with an 
inside diameter  of 2.5 cm or a 2.5 x 2.5 cm Pt square 
spaced 0.8 to 1.0 cm from the specimen, the choice 
depending on whether  the exper iment  was concerned 
with both sides of the specimen (e.g., a gravimetric  
cal ibrat ion) or only one side (e.g., a depth dis t r ibu-  
t ion).  All  anodizings were made at 25 ~ __ I~ wi th  a 
power supply such that  l imits to both the current  and 
voltage could be preset (Hewlet t -Packard Model 
6186B). Voltages refer to the total voltage from anode 
to cathode. 

,% crucial step in the anodizing (in those instances 
where a permanent  film was desired) was that  in which 
the specimens were dried in a jet  of compressed air 
immediate ly  after wi thdrawal  from the electrolyte, for 
without such drying the films were unstable. The in-  
stability, as evidenced by changes in the interference 
colors, set in at about 60 sec, a result  similar to that  
obtained previously with Mo (16). The instabi l i ty  is 
inherent  to the oxides on V and Mo and not to the elec- 
trolyte, for films formed on Nb, Ta, or W in this electro- 

lyte have the same high stabil i ty as films formed on 
these metals using aqueous ammonium pentaborate.  

E~ect of stirring.--Galvanostatic measurements  with 
stirred and unst i r red electrolytes showed that  st irr ing 
affects the rate of film growth such as to lower the 
voltage-vs.- t ime curves (Fig. 1). Such an effect, which 
increases with increased st i rr ing and decreased cur-  
rent  density, has also been observed with Bi (21) and 
W (22) and has been explained in terms of the st irr ing 
prevent ing  dissolved oxide from accumulat ing near  
the surface. All  anodizings were therefore carried out 
in unst i r red electrolytes. 1 

Effect of current density.--,% second group of experi-  
ments  was under taken  to explore the na ture  of the 
"anodizing end point," i.e., the discontinuity in current  
which occurs when both current  and voltage are preset 
and which is i l lustrated in Fig. 2. The object was to 
see if anodizing under  these conditions, which are par-  
t icular ly controllable, was practical; in fact, anodizing 
with only the current  preset [as with ,%g (9), ,%u (11), 
Cu (10), and Si (13-15)] is not correct with V since, 
as a result  of the low conductivi ty of the electrolyte, it 
leads to nonuni form film thicknesses. (The lat ter  result  
followed by noting the interference colors during the 
course of an anodizing at 2.0 m A / c m  2 without  voltage 
limitation.) The results (typical examples are included 

�9 An effect of stirring as in Fig. 1 has been confirmed also for 1~Io. 
It is therefore important to note that the thickness calibrations of 
Ref. (16) were made without stirring. 
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Fig. 1. Effect of stirring on anodization of V. The results show 
that stirring lowers the voltage-versus-time curves in an undesirable 
way. The cylindrical cathode was used. 
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Fig. 2. Effect of initial current density on the anodizing end point. 
(i.e., current discontinuity) and on the time for the interference 
colors to become uniform (marked with arrows). The results, which 
were obtained with a preset voltage of 50 volts, suggest that re- 
producible sectioning would be obtained with an initial current 
density of either 2.0 or 4.0 mA/cm 2 and a time of at least 6 rain. 
The cylindrical cathode was used. The examples given are "typical" 
of a total of 14 curves. 
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in Fig. 2) confirmed that  init ial  cur rent  densities of 
4.0 and 2.0 mA/cm 2 gave excellent anodizing end points, 
with the value 2.0 m A / c m  ~ being chosen for subse- 
quent  work. 

The lack of an anodizing end point for 0.25 m A / c m  e, 
which is equivalent  to a lack of voltage rise, wil l  be 
recognized as being in agreement  with previous work 
(19). 

E~ect of time.--Davies et al. (23) found with Si that  
there was a loss of Si to the electrolyte which was 
l inear  in the anodizing time, namely  

Loss ---- 0.04 -F 0.017train # g / c m  2 

This effect is far more pronounced with V, as can be 
shown from a series of experiments  in which films 
were formed with a preset current  of 2.0 m A / c m  2 and 
a preset voltage of 50 volts, and were then measured 
gravimetr ical ly 

Anodizing time (min)  : 6 10 20 30 60 
Total metal  removed 

(~g/cm 2) : 3 8 . 0  43.2 49.5 57.2 80.0 
Thickness of oxide 

(~g/cm2): 60.0 62.5 64.7 65.5 69.2 

There is thus a cont inuing removal  of metal  dur ing 
prolonged anodization at a fixed voltage whereas oxide 
formation is near ly  independent  of time. If the oxide 
thickness is re-expressed in units  of ~g/cm 2 of metal, 
an estimate of the metal  loss dur ing  anodization is 
obtained 

Loss (if oxide is VO2) ---- --2 + 0.66train ~g/cm 2 
Loss (if oxide is V205) ---- 0 + 0.69train ~g/cm~ 

In a fur ther  group of experiments  it was shown that  
an anodic film formed with 2.0 m A / c m  2 and 50 volts 
was uniform, as evidenced from the interference colors, 
s tart ing at 5.5 min. Results for other ini t ial  current  
densities are marked with arrows in Fig. 2. 

These experiments  would suggest that  a 6 min  anod- 
izing t ime is optimum, since it is short enough to min i -  
mize metal  loss yet long enough to yield uniform films 
and to take advantage of the anodizing end point. In 
summary,  the anodizing procedure proposed here thus 
involves a temperature  of 2 5  ~ ___ I~ an anode-cathode 
spacing of 0.8-1.0 cm, conditions in  which both current  
and voltage are preset, no stirring, an init ial  current  
density of 2.0 mA/cm ~, a total anodizing time of 6 min, 
and (when a permanent  film is desired) the use of an 
air jet  to dry the specimens. Relaxing any of these con- 
ditions wil l  to some extent  inval idate  the thickness 
calibrations to be described below. 

Stripping step.--Anodic films can be formed with 
perhaps 20 different elements but  in only six cases (Ag, 
A1, Au, Cu, Mo, and W) is reliable stripping possible. 
This is because of the problem of the "dissolution end 
point," such that  the reagent used to dissolve the film 
should not attack the under ly ing  metal. To determine 
the na ture  of the dissolution end point with V, speci- 
mens were labeled wi th  30-keV Kr  s5 to a dose of 5 X 
1015 ions/cm 2 and then anodized; the specimens were 
now al ternate ly  counted and exposed to 0.1% aqueous 
KOH (Fig. 3). I t  is seen that  the films dissolve in  ~30  
sec; the attack on the under ly ing  V, by contrast, occurs 
at the negligible rate of 0.3 A/min ,  as can be deduced 
by comparing curves as in Fig. 3 (but  extended to 25 
rain) with an integral  depth distr ibution as in Fig. 7, 
"dashed" (but  for 30 keV). 

Fur ther  experiments  showed that  also higher KOH 
concentrat ions could be used for stripping. For ex-  
ample, the rate of attack on the under ly ing  V was 
still negligible (about 1.0 A / m i n )  using saturated 
KOH. 

In  a complementary  series of experiments,  specimens 
of V were first anodized to 12 volts and only then 
labeled with 40-keV Kr  85 and exposed to 1% KOH. The 
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Fig. 3. Dissolution of anodic films on V in 0.1% KOH as inferred 
by the loss of activity. The activity was introduced prior to anodiz- 
ing as 5x1015 ions/cm 2 of 30-keV Kr sS. 

object was to determine the extent  to which a t rans-  
mission technique (24) could be used for obtaining 
depth distr ibutions in the anodic film formed on V. The 
results (Fig. 4) showed that  two problems arose, 
namely  loss of film by sput ter ing and decreased solu- 
bility. They may be summarized as follows: 

~ 4  X 1 0 1 4  sputter ing loss 
ions/cm ~ unimpor tan t  

1 to 4 • 1015  sput ter ing loss 
ions/cm 2 of ~2  ~g/cm 2 2 

8 to 16 X 1015 sputter ing loss 
ions/cm ~ of ,-,4 ~g/cm 2 

3.2 X 10 TM sput ter ing loss 
ions/cm 2 undeterminable  

It was also shown that  the use of saturated KOH gave 
li t t le or no increase in  the dissolution rate. Transmis-  
sion experiments  are thus practicable only for doses 
of -----4 X 10 H ions/cm 2. 

The marked sputter ing loss found, which is untypical  
for an oxide (25), agrees with recent sputtering-coeffi- 
cient measurements  with anodized V (12), while the 
decreased solubil i ty is undoubtedly  related to the re- 
sult that  high-dose bombardment  of V205 or VO2 leads 
to preferential  oxygen loss and eventual  formation of 
crystal l ine V203 (26). Decreased solubilities following 

The s p u t t e r i n g  loss was  e s t i m a t e d  b y  c o m p a r i n g  Fig .  4 w i t h  a 
d e p t h - d i s t r i b u t i o n  c u r v e  cons t ruc t ed  u s i n g  the  ox ide  t r a n s m i s s i o n  
da t a  of Fig.  8. 

dissolution t ime 
--~3 rain 

dissolution time 
--11 min  

dissolution t ime 
,,~21 min  

film insoluble 

1.0 ~ --: ~ '~ o i ~ l r~ I I 

3.2 x I016 

O. 8x105  
o 
<~ J5 

2 xl~ f Ii xlOI5 

40-KEV Kr-V 
4x1014 [ 3 ~  (IMPLANTED AFTER ANODIZING) 

) ~  ~ x l O  14 

0.0 ' 4' I / ] 12l I 16l I 20 I / 4 

STRIPPING TIME (rain) 

Fig. 4. Dissolution of 12-volt anodic films on V in 1% KOH as 
inferred by the loss of activity. The activity was introduced follow- 
ing onodizotion as various doses (indicated in units of ions/era 2) of 
40-keY Kr sS. 
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ion impact have also been confirmed for Nb205 (12, 
17), Ta20~ (17), and WOs (12). 

Structure of the anodic o x i d e . ~ A  l imited amount  of 
work on the s tructure of the anodic film formed on V 
was under taken  using the reflection electron diffraction 
at tachment  for a Philips EM-300 microscope. The film 
as formed was amorphous, and in this respect V thus 
resembles A1, Mo, Nb, Ta, and W. The amorphous 
structure was preserved to at least 370~ (10 min) ,  
while at 400~176 (1O min)  crystall ization went  to 
completion. By way of comparison, the crystall ization 
temperatures  for anodic Nb205 and Ta205 are, respec- 
tively, 475 ~ and 550~ (27). The temperatures  found 
here for the anodic film on V will be noted to apply 
to films which were still attached to the metallic sub- 
strate and it is l ikely that, as with Nb and Ta (27), the 
free oxide would crystallize at perhaps 100~176 
higher. The diffraction pat tern of the crystallization 
product could be shown (17) to infer the stoichiometry 
V60~3 (26), a result  in quite satisfactory agreement  
with Keil  and Salomon's (19) proposal of VO=. 

Thickness Cal ibrat ions 
Gravimetric dete~minations.~The thicknesses of 

anodic films formed on V at ~10  volts can, since there 
is a good dissolution end point (above),  be easily deter-  
mined using the convent ional  weight-loss method. The 
results are included in Fig. 5 and 6, and can in addition 
be represented as follows 

Total metal  removed (~--4 volts) 

-- 5.5 + 0.64 • volts ~g/cm 2 of metal  [1] 
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Fig. 5. Total V removed in an anodizing-stripping sequence under 
the standard conditions as summarized in text. Shown for compari- 
son are the curves for Nb (25) and Ta (29) as deduced indirectly 
from measurements of oxide-film thickness. 
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Fig. 6. Thickness of oxide film formed by anodizing (hut not 
stripping) V under the standard conditions of text. Shown for com- 
parison are the curves for Nb (25) and Ta (29). The present work 
does nut establish the behavior between 0 and 3 volts. 

Thickness of oxide (--7.5 volts) 

= 2.0 + 1.14 X volts #g/cm 2 of oxide [2] 

These relations are valid only to ,--110 volts, as elec- 
trical breakdown occurred at higher voltages. 

The corresponding curves for Nb (25) and Ta (29) 
have been included in Fig. 5 and 6 as they serve to 
emphasize the systematic behavior  of the three group 
5B metals. Note that the amounts  of metal  removed 
(Fig. 5) are, in the cases of Nb and Ta, based on the 
oxide-film thickness ra ther  than  on t rue  anodic sec- 
tioning. 

Metal-removal thicknesses from depth distributions. 
- - A n  accurate knowledge of the meta l - removal  thick- 
nesses for 1-15 volts is essential to a sectioning tech- 
nique such as is being described here, yet  it general ly 
presents serious problems. We will  therefore show how 
it is possible to estimate the meta l - removal  thicknesses 
for low voltages as a function of those for higher volt-  
ages. The method is related to that used for Mo (16) 
though with marked improvements.  

As a first step, 39 specimens were bombarded with 
20-keV Kr  s5 to a dose of 5 X 10 t5 ions /cm 2. With  3 
specimens the residual activities were determined 
after repeated 3-volt sectionings. The result  was a 
t rue depth-dis t r ibut ion curve (Fig. 7, dashed) with 
depth expressed in uni ts  of volts, the curve serving to 
show that  there is no discontinui ty in the depth dis- 
t r ibut ion unt i l  ~9  volts. With the r emain ing  36 speci- 
mens the residual activities were de termined after 
a single sectioning at various voltages. The result ing 
curve (Fig. 7, solid), when interpreted in the light of 
the true depth-dis t r ibut ion curve (Fig. 7, dashed),  re-  
veals the following three features about the thick- 
ness-voltage calibration: (i) the zero-voltage in ter -  
cept is close to zero, (ii) the calibration is "wel l -be-  
haved" start ing at about 1 volt, and (iii) there is a 
discontinuity at 4 +__ 0.5 volts. 

To get fur ther  information, 26 specimens were bom- 
barded under  the same conditions as above and the 
residual activities were determined after repeated sec- 
t ionings at 1-15 volts. Reference to Fig. 7 (solid) then 
enabled the meta l - removal  thicknesses to be expressed 
as a function of those for higher voltages, with detailed 
results as in Table I and an analyt ical  expression as 
follows 

Total metal  removed (1 ~ voIts ~ 4) 

= 1.0 + 1.78 • volts ~g/cm 2 of metal  [3] 
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Fig. 7. Integral depth distributions in V for 20-keV Kr s5 implanted 
to a dose of 5x1015 ions/era 2. The depth scale is given in units of 
the sectioning voltage. Dashed: curve obtained after repeated 3- 
volt sectionings and which, except for the untypical depth scale, is 
a true depth distribution. Solid: curve obtained from a series of 
specimens, each sectioned once at a different voltage. Taken to- 
gether, these curves demonstrate that there is a discontinuity at 
4 __+ 0.5 volts in the thickness-voltage calibration. 
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Table I. Metal-removal thicknesses for low anodizing voltages 

Thickness  
T h i c k n e s s  i n  i n / t g / c l n  2 
terms of  t h a t  a s s u m -  

A n o d i z -  N u m b e r  fo r  a s ing le  i n g  t he  
i n g  of sec- R e s i d u a l  h i g h - v o l t a g e  v a l i d i t y  

voltage tionings act ivi ty  sectioning* of  Eq. [1] 

1 7 0.139 --  0.005 (1/7) ( r~ .D 2.7 • 0.1 
2 5 0.139 • 0.001 (1/5) (x~.D 3,8 ~--- 0.0 
3 4 0.079 --  0.007 (1/4) (x~o.s) 6.3 --~ 0.2 
4 3 0.080 • 0.012 (1/3) (X3e.D 8.4 + 0.5 
5.5 2 0.108 - -  0.010 (1 /2)  (x=5.4) 10.9 - -  0.5 
7 2 0.079 4- 0.004 (1/2) (x3o.s) 12.6 - -  0.3 
8.5 2 0,083 --+- 0.010 (1/2) (X~.s) 12.3 ~ 0.7 

10 2 0.071 • 0.002 (1/2)  (x32.e) 13.2 - -  0.1 
15 2 0.048 ____- 0.003 (1/2) (x~.~) 15.3 ~--- 0.4 

* The  n o m e n c l a t u r e  "xm.4" m e a n s  " m e t a l - r e m o v a l  thickness  ac-  
complished in  a single sect ioning a t  21.4 v o l t s . "  

Oxide - f i lm  th icknesses  f r o m  dep th  d i s t r ibu t ions . - -A  
re la ted procedure, based on depth-distr ibutions,  has 
been used for est imating the thicknesses of anodic films 
formed at low voltages. It  is in many  respects an 
a l ternat ive  to ell ipsometry,  which could in any case 
not be used wi th  V due to lack of knowledge of the 
optical constants. Fi lms were  formed at 2-15 volts and 
the specimens were  only then labeled wi th  20-keV or 
40-keY Kr  85 to a dose of about 1.5 X 1014 ions /cm 2 
(higher doses, as shown above, cause a part ial  sput-  
ter ing of the films). The  Kr  $5 act ivi ty  was now mea-  
sured before and after  dissolving the films in 1% KOH, 
wi th  typical  results for 40 keV as follows: 

voltage: 3 6 9 12 15 

fract ional  
transmission 
of activity:  0.967 0.629 0.170 0.0353 0.00380 

--+0.008 +--0.029 ___0.003 +-0.0019 -+0.00010 

The basis of the thickness determinat ion lies in recog- 
nizing that  the  fract ional  act ivi ty  t ransmit ted  through 
an amorphous film of thickness x is given, according 
to amorphous stopping theory (30), by 

C mt. (x) ~ - -  erfc $(x) 
2 2~ ( < h x 2 > )  1/= 

1 
= erfc [A ' x  -- B'] 

2 

Here  C~nt.(x) stands for integral  concentrat ion (i.e., 
fract ional  transmission of act ivi ty) ,  < x >  is the mean 
projected ion range, <-~x2> is the mean square pro-  
jec ted  ion straggling, and f (x) is a factor [see Ref. (31) 
for  its form] which has been here  taken as unity. This 
means that, provided the relat ion for oxide thickness 
is of the type 

x : A W B �9 volts [4] 

in any vol tage interval,  the fract ional  transmission 
measurements  can be plot ted to yield straight lines by 
using the re la t ion  

e r f - l [ 1  -- 2Cint.(x) ] ----- A ' x  -- B' 

= A'  �9 B �9 volts -5 A '  �9 A -- B'  

where  erf  -1 stands for inverse er ror  function. The 
results are shown in Fig. 8 and serve to establish (i) 
that  the thickness-vol tage relat ionship is "wel l -  
behaved"  start ing at about 3 volts, (ii) that  there  is a 
discontinuity at 7.5 • 0.5 volts, and (iii) that  the 
slopes are given by 

(slope for -----7.5 v o l t s ) / ( s l o p e  for ~7.5 volts) 

---- 1.83 +_ 0.04 

This along with  Eq. (2) is sufficient information to 
al low the constants A and B in Eq. (4) to be deter -  
mined at low voltages 
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Fig. 8. The quantity erf - I  [1 - -  2Cint'(x)] vs. oxide thickness, 
with thickness expressed in units of the anodizing voltage. If the 
relation for oxide thickness is of the type x = A -5 B.volts, then 
the slope of such a plot follows as being proportional to B. In the 
particular case there is evidently a discontinuity in B at 7.5 • 0.5 
volts such that B is larger by 1.83 ___0.04 below this voltage. 

Thickness of oxide (3 ~-- volts --~ 7.5) 

---- --5.1 -5 2.09 • volts ~g/cm 2 of oxide [5] 

El~ect of radiat ion damage on the ca l ibra t ions . - -Al l  
anodizings except  those of the section on Meta l - re -  
moval  thicknesses f rom depth distributions were  made 
with  unbombarded specimens. To invest igate whe ther  
bombardment  causes a change in the anodic sectioning 
of V, 12 specimens were  implanted with  10-keV Kr to 
various doses and were  then  anodized at 10 or 40 volts. 
Af te r  making suitable corrections for the weight  of the 
implanted Kr, it was found that, to wi th in  an uncer-  
ta inty  of about 5%, there  was no effect of radiat ion 
damage on the  behavior  of V (Table I I ) .  

Such a result  is similar to that  previously obtained 
for Mo (16) and Si (23), and is, in fact, probably 
ra ther  general. 

Reproduc ib i l i t y  of  the  ca l ib ra t ions . - -Wi th  a meta l  
such as V, where  anodic films are unstable  and where  
such apparent ly  t r iv ia l  exper imenta l  details as st irr ing 
or electrode spacing affect the  anodizing behavior,  it 
might  be expected that  the calibrations would be un-  
reliable. In fact, the exper imenta l  scatter was con- 
sistently small, having an average of 4% for Fig. 5, 5% 
for Fig. 6, and 4% for Table I (final column).  By com- 
parison, a 5% uncer ta in ty  has been claimed for A1 (8) 
and 2% for W (6). 

Discussion 
The anodic sectioning of V proves  to be a far  s impler  

process than might  be anticipated. The main problem 
is the instabil i ty of the anodic film, though this can 
be overcome provided a correct electrolyte is chosen 
[namely, similar  to that  of Keil  and Salomon (19)] and 
provided the specimens are dried wi th  an air jet  (i.e., 
in those instances where  a pe rmanent  film is desired).  
Vanadium is then found to behave like A1 (8), Mo 
(16), and W (6) in near ly  every  respect:  (i) we l l -de -  
fined "anodizing end point," i.e., a sharp discontinuity 
occurs in the current  when  both the cur ren t  and vol t -  
age are preset;  (ii) well-def ined "dissolution end 

Table II. Effect of radiation damage 

Dose of  To ta l  m e t a l  r e m o v e d  Tota l  m e t a l  r e m o v e d  
10-keY K r  in  a 10-vol t  sec- i n  a 40 -vo l t  sec-  
( ions /cm 2) t i o n i n g  ( ~ g / c m  2) t i o n i n g  (/~g/cm ~) 

zero 14.5 -- 0.1 32.5 _ 0.3 
5 • 10 TM 14.0 ~ 0.1 33.8 • 0.7 
4 x i0 le 14.1 • 0.1 32.7 • 0.2 
4 x 1017 13.7 __- 0.3 35.0 ~ 0.0 
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point," i.e., a sharp discontinuity occurs in the rate of 
dissolution of the specimen when the oxide-metal  
interface is reached; (iii) possibility of removing layers 
of metal as thin as 50A, this being the approximate 
value for a 1-volt sectioning; (iv) possibility of using 
sectioning voltages up to ~llO, thence of removing lay-  
ers of metal with thicknesses up to 1300A. 

Considering the group 5B metals together (i.e., V, 
Nb, and Ta), perhaps the main similarities in anodiz- 
ing behavior are that the anodic oxides are amorphous 
though crystallize in the region of 400~176 and 
that the extents of metal  removal or oxide formation 
for a given voltage vary systematically (Fig. 5 and 6). 
Rather different results are obtained with regard to 
stripping, as the dissolution end point following film 
formation with conventional electrolytes is of a poor 
quality with Nb and is vir tual ly nonexistent with Ta 
(12, 17). 
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Technicall Notes 

Electron-Microprobe Characterization of 
Vapor-Grown InAs, ,Px Layers 

James R. Buckmelter and John K. Kennedy 
Air Force Cambridge Research Laboratories, Air Force Systems Command, 

L. G. Hanscom Field, Bed]ord, Massachusetts 01730 

InAsl-xPx alloys have a broad range of energy gaps 
which make them potential candidates for infrared 
detectors in the 0.94 to 3.6~ range (1). These alloys 
can be tailored to provide peak response at any discrete 
wavelength within the applicable range by choosing the 
proper As to P ratio, since the energy gap is a direct 
function of the composition. InAsl-xPx alloys can be 
grown from the melt (2), by liquid phase epitaxy (3), 
or by vapor-phase deposition (4). Vapor-phase growth 
offers the advantage of closely controlled growth rates, 
high purity, orientation, and the abili ty to vary com- 
position and doping with time. However, compositional 
analysis of vapor-grown films is difficult because of the 

Key words: microprobe, InAsz-zPz, epitaxy, vapor. 

generally thin layers, the different composition of the 
substrate, and the possibly graded layers. 

A convenient technique for the analysis of layers as 
thin as 2500A is electron-probe microanalysis at low 
accelerating potentials where the depth of penetration 
of the electron beam is low (5). The area to be ana- 
lyzed can also be easily varied from a 1;~ diameter spot 
to any arbi t rary  size; thus making it possible to focus 
on grain boundaries, particulates, or large areas. 
Homogeneity can be rapidly checked by moving vari-  
ous areas of the sample under the electron beam and 
noting any changes in characteristic x - ray  intensity. 
Homogeneous and pure standards such as InAs, InP, 
GaAs, GaP, and others, are readily available and suffi- 
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cient since correction procedures for intermediate  com- 
pounds are reasonably well known (6, 7). 

The electron microprobe was util ized to determine 
the As to P ratio of 24 ungraded InAsl -xPx epitaxial 
layers. These layers were  deposited on InAs substrates 
by a vapor-phase growth method similar to that  de- 
scribed by Tiet jen et al. (4). The epitaxial  layers were 
approximately 10~ thick over a substrate area of ap- 
proximately  1 cm 2. The analyses of these layers were 
based on the dead-t ime and background corrected x- 
ray intensit ies of the samples compared to standards 
of InAs or InP. These relat ive x - r ay  intensities or "k- 
ratios" were first calculated for various a rb i t ra ry  
compositions at an e lect ron-beam potential  of 10 keV 
and an x - r ay  takeoff angle of 52.5 ~ by a computer  
program (MAGIC IV) (8) which performs all the 
necessary corrections. The k-rat ios were then plotted 
as a function of composition as in Fig. 1. Several  sam- 
ples were checked for stoichiometry by measur ing the 
k-rat ios of all elements present, but  once the samples 
were determined to be stoichiometric, the composition 
could be defined by measur ing the k-rat io of only one 
element. The pK~ l ine was used since the x - ray  in -  
tensi ty of this line was sufficient for counting statistics, 
yet e lectron-beam penetrat ion did not exceed 1~ at 10 
keV. Those samples with greater than 25 mole per cent 
(m/o)  As were also analyzed for As content. Each 
sample was analyzed at least twice by counting at 10 
places for 40 sec each for every analysis. Background 
was determined on InAs for pKa and on InP  for AsL~I 
and this agreed with the background as determined by 
wavelength scans on InP  and one of the alloys. Preci-  
sion in the worst case for 3 analyses on one sample 
was 4% of the average measurement,  but  precision was 
usual ly bet ter  than  2% of the average measurement.  
The major  l imitat ion on precision was the microscopic 
surface texture  of the material.  The uneven  surface 
na ture  of some samples, especially of the arsenic-rich 
compositions, made it difficult to focus the sample with 
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the light optics for the crystal  spectrometer, leading 
to a loss of precision (9). 

Figure 2 is a plot of the m/o  P measured by this 
technique vs. the m/o  PH3 in the vapor phase as cal- 
culated from the gas-flow rates. In  this graph only the 
group V elements of the epitaxial  layers and gas 
mixtures  were taken into account for the calculation 
of mole percentages. Figure 2 agrees with the results 
reported by Tiet jen et aL, (4) who used the more tedi-  
ous destructive method of wet chemical analysis (10) 
to determine the composition of the epitaxial  layers. 
Thus a direct physical, nondestructive,  microprobe 
analysis technique can be applied to calibrate a vapor-  
phase growth system capable of producing any desired 
alloy of InAsl-xPx.  

Manuscript  submit ted May 30, 1972; revised m a n u -  
script received Aug. 23, 1972. 

Any  discussion of this paper  wil l  appear in a Dis- 
cussion Section to be published in the December 1973 
JOURNAL. 
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The Use of Metalorganics in the Preparation of 
Semiconductor Materials 

V. The Formation of In-Group V Compounds and Alloys 

H. M. Manasevit* and W. I. Simpson 
Research and Technology Division, North American Rockwell Corporation, Anaheim, California g2803 

The feasibility of using various metalorganic-  
hydride combinations in the preparat ion of I I I -V 
(1-5) and II-VI (6) compounds and alloys has pre-  
viously been demonstrated in our laboratories. We now 
wish to report  on the extension of the process to the 
formation of s ingle-crystal  films of the In -Group  V 
compounds and alloys. 

In  1960 Didchenko and co-workers (7) studied the 
reaction between t r imethyl ind ium (TMI) and PHs 
in vacuo and in solution and prepared InP  powder 
by heating a yellow reaction product to 250~176 
Harrison and Tompkins in 1962 (8) reacted SbH3 with 
TMI at low pressures (2 and 30 mm) and produced 
crystal l ine InSb by heating the orange product  of 
their  reaction in a sealed tube at I50~176 

However, in our studies, which are directed toward 
the preparat ion of epitaxial  thin films by chemical 
vapor deposition (CVD), the source of In was chosen 
to be t r ie thyl indium (TEI),  which is a l iquid at room 
temperature  (mp --32~ bp 144~ rather  than  t r i -  
methyl indium, which is a solid at room tempera ture  
(mp 88.4~ bp 135.8~ 

The apparatus used in these studies is essentially 
similar to the s ingle- temperature-zone vertical  reactor 
apparatus previously described for producing other 
semiconductor compounds (2). However, because TEI 
and AsH~ were found to react at room temperature  to 
form a yellow liquid with low-vapor  pressure, the 
reactor was redesigned to include a side tube near  
the top of the reactor in order to admit the Group V 
hydride into the reactor in lines separate from the 
TEI line. A center tube was also added to the reactor 
chamber  in order to concentrate and direct the re-  
actants toward the substrate. The center- tube con- 
figuration seemed to be beneficial for controll ing 
InAs, InP, and InAsl-~Px growth but  optional for 
prepar ing Gal-xInxAs films. The presence of t r imethyl -  
gall ium (TMG) in the gaseous atmosphere seemed to 
enhance the uniformity  of the deposit as compared 
with that  obtained for pure InAs. 

Most of the growth studies were devoted to the 
formation of InAs and Gal-xInxAs on A120~ and GaAs. 
Electrical data were obtained for films of these ma-  
terials. Only a few experiments  were performed in 
preparing the P-conta in ing  compounds; these studies 
were in terrupted when the pre l iminary  goal was 
achieved, i.e., when the feasibili ty of epitaxy was 
demonstrated. 

The epitaxiaI growth of the In -Group  V compounds 
and alloys on commercial ly polished (0001)A120~ 
was found to be much more sensitive to the procedures 
used for substrate surface preparat ion than is the 
growth of GaAs on these substrates. The best growth 
seemed to be achieved on A120~ substrates which had 
been cleaned with organic solvents such as trichloro- 
ethylene and acetone. 

The deposition procedure used most often involved 
growth in a H2 atmosphere containing As and/or  P 
produced by decomposing the appropriate hydr ide(s)  
(10% in H2) at the hot pedestal prior to the intro-  
duction of TMG and/or  TEI into the reactor. 

In  the preparat ion of InAs, typical flow rates were 
a s  follows; 10% AsHs-in-H2, 75-100 cm~/min; H2 car- 

e Elec t rochemica l  Soc ie ty  Act ive  Member .  
K e y  words :  c rys ta l  g rowth ,  he t e roep i t axy ,  films, insu la t ing  sub-  

s t ra tes ,  chemica l  vapor deposit ion.  

t ier  through the TEI bubbler  (at room temperature) ,  
1000 cm3/min; total H2 through the reactor, 10 l i ters /  
rain. These conditions led to InAs growth at rates from 
0.04-0.05 ~m/min  in  the reactor with the center- tube 
configuration. In  prepar ing the Gal-xInxAs alloys, the 
AsH3-in-H2 flows were typically 50-75 cm~/min; the H2 
carrier  for the TEI, 1000-1600 cm~/min; the H2 through 
the TMG bubble r  (at 0~ 2-3 cm~/min; and the total 
H2 flow through the reactor, 10 l i ters /min.  

Following deposition, the epitaxial  layers were 
rout inely examined by optical microscopy, Laue back- 
reflection x - ray  diffraction, and reflection-electron 
diffraction (RED). Selected films were analyzed 
electrically using a Hall-effect "bridge sample" photo- 
etched in the epitaxial  layer;  inconsistent results were 
obtained using the van  der Pauw (9) technique, 
perhaps because of inhomogeneities in the films. 
Optical data were obtained from t ransmit tance scans 
usual ly  made on polished surfaces with a Beckman 
DK-1A double-beam recording spectrophotometer. 
Electron-microprobe techniques were employed to 
determine the composition of the deposited films. 
Composition data were obtained by direct comparison 
of the excited characteristic x - rays  of bulk  GaAs and 
InAs with those of the deposited films. 

Properties of InAs Films 
The electrical properties of 0.5-1.1 ~m thick 

InAs films formed on (0001) A120~ at 650 ~ C 
and 700 ~ had measured resistivity values of 
0.003-0.006 ohm-cm, carrier  concentrations from 1.4 
to 1.6 • I(} 1~ cm -~, and average mobilit ies from 6,700 
to 11,200 cm2/V-sec. Measurements at 77~ showed 
only small reductions in carrier  concentrat ion and 
slight increases in  mobility, thus indicating relat ively 
poor qual i ty mater ia l  in these th in  films. 

The Laue x - ray  diffraction pat tern reproduced in 
Fig. 1 was obtained from an InAs film grown directly 
on (0001)A120~; upon analysis the pat tern was found 
to be that  of ( l l l ) I n A s  growth on (0001)Al~O3. 

InAs growth studies on the (111) "A" faces, (111) 
"B" faces, and (100) orientat ions of polished GaAs 
substrates and on 15-25 /~m thick GaAs films grown 
on (0001)A1203 and ( l l l ) - o r i e n t e d  MgAI~O4 wafers 
indicated the growth rates to be essentially the same 
on these orientations, as measured on angle- lapped 
samples. The as-grown films were n-type.  Quali ta-  
tively, the growths seemed bet ter  on ( I l l ) G a A s  than  
on (100)GaAs. The surface structure of a ( i l l ) -  
oriented InAs film grown on a ( l l l ) G a A s  film which 
had been grown on (0001)A1203 is shown in the photo- 
micrograph of Fig. 2. Typical (111) crystallographic 
growth features dominate the surface. 

Growth of Gal-xlnxAs Films 
Following the successful achievement of the growth 

of InAs on A1203 and on GaAs, studies were begun 
on producing the Gal-xInxAs alloy. All  subsequent 
alloy growth experiments  utilized premixing of t r i -  
methylgal l ium (TMG) and TEI to obtain a homo- 
geneous gas mixture  prior to mixing with AsH~. 

The electrical properties of some of the bet ter  films 
formed directly on (0001)A1208 substrates are recorded 
in Table I. Two different TMG and AsH3 gas sources 
were used with the same TEI gas source. Those are 
reflected in the different carrier concentrations ob- 
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Fig. 1. Laue pattern for (11 |)lnAs/(0001)Al20-a composite 

tained, ,-~10 is cm -3 and --1017 cm -3. The spread in 
mobilities probably is due to the fact that  deposition 
and substrate-surface conditions were not optimized 
dur ing this l imited study. 

The compositions given in Table I are based on 
electron-microprobe data. The bandgap energies are 
approximate values based on the location of the 
absorption edge obtained from optical t ransmi t tance  
curves; these bandgap energy determinat ions are un -  
corrected for fi lm-thickness effects or other complica- 
tions. There was relat ively little variat ion in  the 
composition of the alloy for films grown to various 
thicknesses on A120~ under  nominal ly  identical growth 
conditions. The uncorrected bandgap values also 
reflect the compositional change of the alloy film for 
the samples listed in the table. 

The l imited mobil i ty  data in Table I suggest 725~ 
to be a good temperature  for growth directly on 
A120~, at least for the alloy with E~ ~ 0.7 eV. All  of 
the films were grown in the reactor without  a central  
tube. The preferred temperature  for growth of the 
alloy films on Cr-doped ( l l l ) G a A s  seemed also to 
be 725~ An average mobil i ty  of 4500 cm2/V-sec was 
obtained for an 11.7 ~m-thick alloy film (Eg = 0.68 
eV) at a carrier concentrat ion of 7.6 • 10 ~ cm-3. For 
reasons as yet unidentified, the mobilities of epitaxia] 
Gal-xInxAs films grown on the "A" and "B" faces of 

Fig. 2. Surface structure of (I 11)-oriented InAs film on (111)GaAs/ 
(0001)AI20a. 

(111) GaAs were lower than those for films formed on 
(0001) A1203. 

A plot of the bandgap energy vs. film composition 
for the films recorded in Table I and other films grown 
using a reactor with a center tube is shown in Fig. 3. 
Values for the room-tempera ture  bandgap energies 
of GaAs and of InAs are also shown on the graph. For 
comparison purposes, a dotted l ine represent ing a 
l inear  dependence of bandgap energy upon film com- 
position between the two b inary  compounds is also 
shown. The exper imental  data obtained on these 
relat ively few alloy films show some scatter and are 
seen to depart  somewhat from the straight l ine drawn 
between the bandgap energies for the two pure 
compounds. They appear to fall  along a smooth empir i -  
cal curve such as has been d rawn in  the figure. 

A similar concave-upward dependence of bandgap 
upon composition was also observed in the InAs-  
GaAs system by Abrahams et al. (10) using bulk  
materials, and by Antypas  (11), and Wu and Pearson 
(12), who grew alloy films by l iquid-phase epitaxy. 
Woolley et al. (13) obtained an essentially l inear  
var ia t ion  in  energy gap in bu lk  alloys with composi- 

Table h Properties of Gal-xlnxAs films grown by CVD on (0001)AI203 substrates 
(all films grown in reactor without a central tube) 

Deposition F i l m  G r o w t h  B a n d g a p  C a r r i e r  Carrier 
t e m p e r a t u r e  F i l m  t h i c k n e s s  r a t e  e n e r g y ( a )  R e s i s t i v i t y  c o n c e n t r a t i o n  m o b i l i t y  

(~ composition (~m) {#m/rain) (cV) (ohm-cm) cm-2) (cm~/V-sec) 

675 - -  4 .8  0 .08 0.73 6.4 • 10 -1 1.4 x 10 m 690 
- -  5.3 0.09 0.72 1.8 5.7 X 10 TM 600 

7 0 0  G a o . s ~ I n o . e l A s  2 .6  0 . 0 9  0 . 7 6  1 0 . 4  x 10-2  1 .2  • 10  i7 4 9 0 0  
G a o , ~ I r ~ . e ~ A s  3 .9  0 , 1 2  0 . 7 1  35  x 10-2  4 .1  x 10  le 4 3 0 0  
Gao.~Ino,  e~As 7.9 0.13 0,64 9.0 x 10-2 8.8 x 10 TM 7900 

3.3 0.06 0.81 4.8 • 10 -2 4.2 x 10 i~ 3100 
4,6 0.08 0.76 I .I  • 10-i 1.2 x I0 TM 4450 

725 G~.~Ino.~TAs 7.0 0.11 0.58 5.0 x 10-2 1.5 x i0~ 8300 
G a o , ~ I n o . ~ A s  9.1 0.15 0 .53 7.1 • 10 -2 9.1 x 1O ~ 9800 
Gao.s4Ino.16As 5 .0  - -  1 . 2 4  - -  ~ - -  

~ )  O b t a i n e d  d i r e c t l y  from optical transmittance c u r v e .  
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Fig. 3. Band gap energy vs. alloy composition for Gal-xlnxAs 
heteroepitaxial films on (0001)AI203 substrates. 

tions up to about  80 mole  per  cent  (m/o)  GaAs fol-  
lowed b y  a more  r ap id  increase up to the gap cha r -  
acterist ic  of GaAs. Dzhakhutashvi l i  and co-workers  
(14) de te rmined  that  the  dependence  of the energy gap 
on composit ion becomes much more  l inear  as the 
qual i ty  of the samples  improves.  

I t  has been found expe r imen ta l ly  tha t  the  method 
used for es tabl ishing optical  bandgap  energies  for 
Ga l -x InxAs  films, i.e., g raphica l ly  locat ing the  room-  
t empera tu re  bandgap  energy  f rom optical  da ta  by  
selecting the ze ro- t ransmi t t ance  ( m a x i m u m  absorp-  
tance)  in tercept  of the max imum-s lope  por t ion of the  
t ransmi t tance  curve, is r e l a t ive ly  accurate  for films 
~ 5  ~m in thickness.  For  th inner  films la rger  in tercept  
energy values  resul t ;  for example ,  the bandgap  energy 
for a ~17 #m film was 0.66 eV; a va lue  of 0.77 eV 
was found when the film was th inned to ~2.5 ~m. For  
this reason, the  da ta  points  for films of thickness ~ 5  
~m were  given reduced  weight  in es tabl ishing the  
smooth exper imen ta l  curve d rawn in Fig. 3. 

Also, since TEI and AsH3 react  at  room t e m p e r a t u r e  
but  TMG and AsH3 do not  (at  least  no evidence for 
react ion has been observed  dur ing  ini t ia l  mix ing) ,  it  
is also p laus ib le  tha t  the ea r ly  stages of g rowth  
involve the  format ion  of a l aye r  of Ga l -x InxAs  of 
g raded  composition. Such a layer  could resul t  in the  
observed var ia t ion  in uncorrec ted  bandgap  energies 
wi th  film thickness.  

Growth of InP and InAsl-xpx Films 
As prev ious ly  indicated,  the  studies re la t ing  to InP 

and InASl-xPx growth  have been ve ry  l imi ted  to date. 
InP  growth  was achieved on A120~ and GaAs by  mix -  
ing vapors  of TEI (H2 flow was 1000 cm3/min th rough  
TED and PH3 ( typ ica l ly  250 cm3/min of the 10% mix -  
ture)  and  decomposing the i r  reac t ion  product  at 650 ~ 
660~ in a H2 a tmosphere  containing excess PH3. The 
film of InP on (0001)A1203 was ra the r  dul l  appearing,  
wi th  no dis t inguishing surface characterist ics,  but  
t r i angu la r  c rys ta l lographic  s t ructures  suggest ive of 
(111) g rowth  did develop on ( l l l ) G a A s  substrates,  
and RED did confirm the films to be single c rys ta l  at 
the  surface. I t  was found to be more  difficult to control  
the  InP growth  on A1203 than  that  of InAs, p resum-  
ably  because of the  g rea te r  ins tabi l i ty  of InP. The 

addi t ion of a r b i t r a r y  amounts  of AsH3 (5-12 cm3/min 
of the  10% mix tu re )  to the  gas s t ream led to the for-  
mat ion  at 660~ of I nAs l -xPx  films on A1203, GaAs, and 
InAs. F i lms  wi th  bandgaps  of 0.5-0.9 eV were  grown 
dur ing  this l imi ted  study.  

Conclusion 
The me ta lo rgan i c -hyd r ide  method  has been suc-  

cessfully ex tended  to the format ion  of films of severa l  
of the I n - G r o u p  V compound semiconductors  and a l -  
loys. InAs, InP, Gaz-xInxAs, and InAs l -xPx  have been 
grown on insula t ing and semiconductor  subs t ra tes  
using t r ie thyl indium,  t r imethylga l l ium,  ASH3, and PH3 
as the  sources of In, Ga, As, and P, respect ively.  The 
versa t i l i ty  of this  genera l  process for film format ion  
has again  been  demonst ra ted .  Cer ta in ly  fu r the r  studies 
in this a rea  are  w a r r a n t e d  and are  in progress  in our 
laboratories .  
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Vapor-Phase Deposition of Beta-Silicon 
Carbide on Silicon Substrates 
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Silicon carbide is one of the semiconductors which 
have potential  application for electron devices that  can 
operate at high temperature  and for blue l ight-emit -  
t ing diodes. Cubic silicon carbide (~-SiC) crystals 
have been grown by precipitation from solutions (1-5), 
chemical vapor deposition (6-9), or by chemical con- 
version of Si (10-13). The growth of ~-SiC by chemical 
vapor deposition onto Si substrates, or by chemical 
conversion of Si, can be done at temperatures  lower 
than for the case of a-SiC by sublimation. They are 
suitable for obtaining SiC crystals with large areas 
because large Si wafers are commercial ly available. It 
is, however, difficult to obtain thick films of ~-SiC by 
chemical conversion of Si. 

This note reports our results of vapor-phase deposi- 
t ion of ~-SiC by hydrogen reduction of SIC14 and CC14 
onto the substrates which had been prepared by 
chemical conversion of Si. 

Substrate Preparation 
Substrates were prepared by chemical conversion 

to fi-SiC of Si wafers with (111) orientation, and 
heated in a mixed gas of CH4 or CC14 and Ar or H2 
at a temperature  of 1300~ ~-SiC crystals, obtained by 
this method, up to a round 1000A thick do not have 
homogeneous structure. Near the surface of the crys- 
tal  they have single crystal l ine structure, but  near  the 
interface between ~-SiC and Si they have polycrystal-  
l ine structure, a t t r ibutable  par t ly  to the mismatch of 
lattice constants (fi-SiC: 4.358A, Si: 5.430A), and 
par t ly  to the growth of new fl-SiC at the interface 
between the Si substrate and the previously grown 
E-SiC by diffusion of carbon through ;3-SIC layer to 
the interface (12). 

On the ~-SiC surface, a mesh-l ike pa t te rn  whose size 
is up to around 100~ is observed. This pa t te rn  seems 
to have resulted from the growth of fl-SiC nuclei  on 
the Si surface and becomes finer with increase of par-  
tial pressure of CH4 or increase of ratio Ar/H2 in the 
carrier gas. As the surface pa t te rn  becomes finer, the 
diffraction pat tern of electrons reflected from the sur-  
face resembles more that  of single crystals. This fact 
shows that  the amount  of disorder in E-SiC increases 
as  the nuclei  grow larger. 

Apparatus and Deposition Technique 
The substrate was placed upon a SiC-coated graphite  

pedestal which was heated by rf oscillator in water -  
cooled 64 m m  ID quartz tube. Substrate temperature  
was measured with an optical pyrometer  and corrected 
for the emissivity of the substrate and the absorption 
by the reaction tube. 

Hydrogen was purified by passing it through a palla-  
d ium diffuser. Desired mole ratio of tetrachloride gases 
to hydrogen was achieved by passing hydrogen sepa- 
rately through two saturators held at 0~ which con- 
tained SIC14 and CC14, respectively. The normal  mole 
concentrat ion of both SIC14 and CC14 to hydrogen was 
fixed to 0.1 mole per  cent (m/o) .  The total  hydrogen 
flow was 1-2 1/min. The deposition temperature  was 
between 1300 ~ and 1360~ The deposition period was 
in the range of 1-48 hr. 

1 Present  address:  The Musashino Electrical Communicat ion Lab-  
oratory,  Nippon Telegraph and Telephone Public Corporation, To- 
kyo, Japan.  

Key  words:  silicon carbide, vapor  deposition, chemical  conversion, 
epitaxial  films, nucleus.  

Results 
Deposition rate.--Figure 1 is a cleaved surface which 

is perpendicular  to the direction of deposition. The 
thickness of the ~-SiC layer of the substrate is negli-  
gibly th in  as compared with that  of the deposited layer. 
In  Fig. 1 the interface between ~-SiC and Si is clearly 
seen, so the thickness of the deposited layer can be 
seen directly under  an optical microscope. But, the 
layer  thickness cannot be determined accurately, firstly 
because the layer  has a very  rough surface, and sec- 
ondly because the layer thickness takes different values 
from point  to point wi thin  the same sample. Under  the 

Fig. 1. Cleaved surface of a sample 

Fig. 2. Effect of concentration of SiCI4 and CCI4; (a) 0.1 m/o, 
(b) 0.5 m/o. 

Fig. 3. Effect of preparation period of substrate; substrate orienta- 
tion (111); preparation temperature 1325~ CCI4 concentration 
0.2%; preparation period (a) 30 min, (b) 10 min. 

138  
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Fig. 4. Deposition on silicon; 
mbstrate orientation (a) (111), 
(b) (i10), and (c) (100). 

condition of the deposition period of 48 hr, a layer  up 
to about 40~ was deposited and the deposition rate was 
0.4-1 ~/hr. 

Effect of concentration of SiCl4 and CCI4.--As the 
concentrat ion of SIC14 and CC14 in hydrogen increases 
from 0.1 to 0.5%, the polycrystal l ine character in-  
creases in the reflection electron-diffraction pa t te rn  of 
the deposited layer surface. Figure 2 shows the effect of 
the concentration. As far as electron-diffraction pat-  
te rn  is concerned, the crystal l ine state of many  sam- 
ples which were deposited under  the condition of the 
concentrat ion of 0.1% seems to be more ordered than 
that of the substrates. 

E~ect of preparation period of substrate.--~-SiC 
layers were deposited s imultaneously on several sub-  
strates which were prepared under  the same conditions 
except for the preparat ion period. Figure 3 is a part  
of the results. As the preparat ion period of the sub- 
strates decreases, grain size of the deposited layer 
grows larger, and spots in the electron-diffraction pat-  
tern grow sharper. E-SiC layers were deposited on the 
silicon substrate directly as a case of the l imit of very 
short preparat ion period of the substrate,  but  this case 
did not always produce a satisfactory sample. 

Deposition on silicon without E-SiC film on the sur- 
face.--Figure 4 shows the electron-diffraction pat terns 
of the layers deposited on silicon substrates with (111), 
(110), and (100) orientations at the same time. The 
crystal l ine state of the layer on (100) surface is com- 
parat ively better. The deposition on the silicon sub- 
strate does not have good reproducibili ty,  and the de- 
pendence on substrate orientat ion cannot be wel l -de-  
fined. 

E]]ect of nucleus size of substrate.--To investigate 
correlation between the layer feature and the nucleus 
size of the substrate, t~-SiC layers were deposited on 
two kinds of Si substrates, whose surfaces had been 
chemically converted to E-SiC. The first is a substrate 
having fine E-SiC nuclei  with high density, and the 
second is a substrate having large E-SiC nuclei  with 
low density. In  Fig. 5, it is shown that the grain size of 
the deposited layer is in relation to the nucleus size of 

Fig. 5. Effect of nucleus size of substrate; deposition tempera- 
ture 1320~ deposition period 40 hr; concentration of SiCI4 and 
CCI4 0.1%; (c) deposited layer on (a), (d) deposited layer on 
(b). 

the substrate, that  is, the gra in  size of the layer  on the 
fine nuclei of the substrate is small, and that  on the 
large nuclei of the substrate is large. But differences 
between the electron-diffraction pat terns of two kinds 
of samples are not  clearly seen. 

As ment ioned above, the electron-diffraction pat-  
tern of the deposited layer grows sharply with decrease 
of the preparat ion period of the substrate. In  this ease, 
if the preparat ion period of the substrate is very  short, 
the t~-SiC film does not cover the silicon surface com- 
pletely, but  nuclei  of p-SiC grow like islands. An in-  
vestigation of the deposited layer on such a substrate 
shows that the regions upon the nuclei  of the substrate 
have a thicker t~-SiC layer than the regions correspond- 
ing to the space between the nuclei  or silicon surface. 

Deposition at temperature of 1550~ 
were prepared by chemically convert ing surfaces of 
Si substrates to E-SiC and by depositing a t~-SiC layer 
of several microns on them. Then the Si par t  of the 
substrates was etched off chemically and remaining  
t~-SiC films were used as substrates in the deposition 
experiments  at 15500C. Oriented pat tern  of the 1550~ 
layer  is clearly seen when the layer is deposited on 
the 1300~ substrate whose grain size is large and whose 
electron-diffraction pa t te rn  is sharp. A smooth surface, 
however, cannot be obtained by elevating the deposi- 
tion temperature,  if the surface of the E-SiC substrate 
is rough. 

Discussion 
The surface of the deposited layer is very rough, and 

the t~-SiC layer deposits selectively upon SiC nuclei  of 
the substrate, so that  the grain  size of the layer corre- 
sponds to the nucleus size of the substrate. These re-  
sults indicate that on the nuclei  of the substrate, E-SiC 
layers deposit selectively with a comparat ively rapid 
deposition rate, but  on the regions corresponding to the 
space between nuclei  or silicon surface, E-SiC layers 
deposit with very  low deposition rate, and that  the 
deposited regions are hard to spread sideways. The 
amount  of disorder in /~-SiC increases as the nucleus 
grows large. Therefore, the crystal l ine state of the re-  
gions upon the nuclei  of the substrate grows better  
with the decrease of the preparat ion period of the sub-  
strate. Judging  from the electron-diffraction pattern, 
the crystal l ine state of grown layers seems to be more 
ordered than  that  of substrates. This fact means that  
well-crystal l ized regions are thickly deposited and 
these regions main ly  contr ibute  to the electron dif- 
fraction. 

To obtain a smooth surface, it is necessary to speed 
up the deposition or to use substrates with uniform 
t3-SiC layers. In  order to speed up the deposition, it is 
necessary to raise the concentrat ion of SIC14 and CCI4, 
or to elevate the deposition temperature.  But, if the 
concentrat ion of SiCla and CC14 is raised above 0.5%, 
only a polycrystal l ine layer is obtained, and the ele- 
vat ion of the deposition tempera ture  above 1414~ 
melts silicon under  the t~-SiC substrate. So, it seems 
difficult to obtain a E-SiC layer of higher qual i ty  by 
this method and uni form SiC substrates must  be used 
to obtain better  results. 
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Wall Profiles Produced during 
Photoresist Masked lsotropic Etching 

R. G. Brandes 
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and R. H. Dudley 

Bell Telephone Laboratories, Incorporated, Allentown, Pennsylvania 18103 

Many processes for the definition of pat terns in 
metal  and dielectric th in  films utilize photolithographic 
masks and chemical etching. When a second film is to 
be deposited over a previously etched film, the profile 
of the etched wall  has a strong influence on the abil i ty 
of the second film to conform (1). The purpose of this 
paper is to describe two simple idealized models of 
masked etching which predict the slope of an etched 
wall  as a funct ion of etching time and to present  ex- 
per imental  results which test these models. 

Most metal  or dielectric films of interest  in semicon- 
ductor or thin-f i lm technologies are ei ther  polycrystal-  
line or amorphous. Thus, if chemical composition and 
physical properties of the films are uniform, the attack 
by etchants should be isotropic. However, some effects 
such as l imitat ions in mass transport,  variat ions in 
mechanical  agitation such as in spray etching, local 
variat ions in etchant properties with etch depth or t ime 
may impose directional nonuniformit ies  in etch rate. 
Additionally,  the adhesion of the par t icular  photoresist 
used as a mask can influence its abil i ty to protect the 
surface of the film. The following treatment ,  though 
idealized, is in tended to provide a simplified base line 
from which common deviations from ideality such as 
compositional gradients can be considered. 

Two conceptually simple models are considered for 
the development of wall  profiles dur ing isotropic over-  
etching by the immersion technique. In  one, the mask-  
ing mater ial  continuously lifts from the film being 
etched as the etch front proceeds, exposing fresh sur-  
face, producing a moving center of curvature,  and thus 
a constant radius of curvature  of the etched wall. The 
second model assumes that  the masking film remains  
intact, fixing the center of the isotropic etching front 
and producing an increasing radius of curvature.  These 
two models are presented schematically in  Fig. l ( a )  
and i (b),  respectively. 

Movable center of curvature model.--Because of the 
fixed radius of curvature,  the shape of the etched wall  
of the first model would not change with t ime and 
would have an average slope of 45 ~ at all t imes after 
breakthrough of the etched film. 

Key words: etching, masking, photolithography. 

Fixed center of curvature modeL--The fixed center 
of the curvature  model is shown in  Fig. 1 (b). A film of 
thickness, h, is protected by a mask such as a layer  of 
photoresist which contains an opening where etching is 
desired. Assuming that there is no enhancement  or re- 
tardat ion of the etch rate at the mask-f i lm interface 
and that  the rate of etching of the film is completely 
isotropic, the etch front  can be assumed to advance in 
two dimensions as a circle with center  at O, located at 

\xr / P ~  
\ / FILM 

/ 

:-~ XT 2 

f 'O r./Ib I I I. 
h ~/~'~Jt ,, / t  2 / t 3  I t4 

" 9 FILM . / . . > I "  / . 

. . . .  

i I I ) ] I 
0 I 2 3 4. 5 

X T =-~-- 

b 

Fig. I. (a) Schematic model of a wall profile for a movable center 
of curvature during overetching. (b) Schematic model of a wall 
profile for a fixed center of curvature during overetching. 
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Table I. 

X T  0 

1.0 45.0 
1.5 69.1 
2.0 75.0 
3.0 80.3 
4.0 82.8 
5.0 84.2 
6.0 85.2 
7.0 85.9 
8.0 86.4 
9.0 86.8 
I0.0 87.1 

the edge of the resist, and with radius r which is pro- 
port ional  to the t ime of exposure to the etch. At t ime to, 
no etching has occurred, and r ---- 0. At time tl, at the 
ins tant  of breakthrough,  the distance of undercut t ing  
of the resist equals the film thickness or h and the 
average angle (0) of slope from the horizontal  is 45 ~ As 
the front advances fur ther  and the radius increases, it 
is evident  from Fig. 1 (b) that  the slope becomes pro- 
gressively steeper at t2, ta, etc. 

90 

5 0  

45 
0 

80 
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v 

=, 70 
Z 

n 
0 
N 6o 

y 
I I I I 
2 4 6 8 
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(§ Fig. 2. Plot of XT - -  vs. slope angle 

I 
LO 

Using O as the origin and let t ing r be the distance of 
advance of the etching front, the equation for the two 
dimensional  etch front is that  of a circle 

a9 -t- ya -- rg [1] 

I t  is convenient  to normalize all dimensions to the 
film thickness by dividing them by h, thus 

X 2 _}_ y2 -- R2 
where 

and 

[2] 

h 
Y y - - _ _  
h 

1" 

h 

The points of interest  are the intersections of the etch 
front with the two surfaces of the etched film a and b 
in Fig. l ( b ) .  At the top surface YT : O and XT = R. 
At the bottom surface 

YB -- --1 and XB -- (XT 2 -- 1) */2 [3] 
also 

1 
t an  0 - -  X T  - -  X B  [ 4 ]  

Table I contains the results of calculations of a for XT 
from 1 to 10. These data are plotted in Fig. 2. 

Discussion of Fixed Center of Curvature Model 
From Fig. 2 of the second idealized model, it is evi- 

dent  that  al though the slope at breakthrough is 45 ~ , 
it steepens rapidly as it is etched for longer times. At 
1.5 t imes breakthrough time, the angle approaches 70~ 
at double the breakthrough time, the angle is 75 ~ . This 
implies that, in  general, etch slopes wil l  be steeper 
than  45 ~ since nonuniformit ies  in  thickness and/or  
etch rate will necessitate excess etching time to assure 
complete etching over the ent i re  substrate  surface. 
Thus, the areas first to break through will  be subjected 
to overetching in order to assure that other areas are 
cleared. 

Experimental 
A 1V4 in. diameter  silicon slice wi th  6000A of steam- 

grown oxide was coated with KMER (1: 1) at 12,000 

Fig. 3. Scanning-electron micrographs of Si02 edge profile 
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rpm providing a 5000A resist coating. This resist was 
exposed to u.v. through an Ealing test array mask 
(Group II 10-100 cycles/ram patterns)  and the image 
developed. The slice was then quartered. Each quarter  
was etched for a different length of t ime by immersion 
in a commercial buffered HF solution having an SiO2 
etch rate of 1000 A/min.  The etching times were 6, 8, 
10, and 12 min;  i.e., up to a factor of 2 overetching. 

Each quarter  slice was then carefully scribed on the 
back side to break perpendicular ly  through the 10 
cycle /mm bar  pattern.  These fragments  were coated 
with 500A of a luminum to avoid charging effects, and 
then scanned normal  to the fracture surface in a Cam- 
bridge Stereoscan Electron Microscope following the 
technique described previously by Brandes and Curran  
(2). 

Results and Conclusions 
The etched-edge profiles viewed at 90 ~ and at a mag-  

nification of 10,000 times for each of the etching times 
are presented in Fig. 3. It  is evident  that  the resist did 

not lift dur ing this experiment  and that the edge pro-  
file steepened with overetching in qual i ta t ive agree- 
ment  with the fixed center  of curvature  etching pro- 
file model of Fig. lb. Thus, at least through a factor of 
2 overetching, this mechanism is followed dur ing  ther-  
mal silicon dioxide etching. One may conclude that 
in etching contact windows, where a gentle edge 
gradient  is desirable to permit  uniform metalization, 
the etching should be careful ly controlled to avoid 
overetching which produces steep walls. 

Manuscript  submit ted Ju ly  28, 1972; revised m a n u -  
script received Sept. 20, 1972. 

Any discussion of this paper  will  appear in a Dis- 
cussion Section to be published in the December 1973 
JOURNAL. 
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Electron Microscopy of Electrolytically Etched Silicon Surfaces 
M. J. Hill 

Brown Boveri Research Center, CH-S401 Baden, Switzerland 

During investigation of the conditions for je t-electro-  
chemical th inn ing  of silicon to prepare t ransmission-  
electron microscope (TEM) specimens, heavy etching 
of the surfaces was observed. Fur ther  studies revealed 
various types of etching when the specimens were 
examined in the TEM, and in view of the recent in ter-  
est in  electropolishing of n - type  silicon (1, 2) and 
electroetching (3, 5) these etching results are pre-  
sented here. 

The etch figures take the form of holes or tunnels  
penetra t ing into the bulk  silicon, the form and depth 
of the tunnels  being dependent,  among other param-  
eters, on the resist ivity p of the silicon and the voltage 
V applied across a simple electrolytic cell. On a much 
coarser scale electrolytic etching effects have previ-  
ously been reported in Ge (4) and in Si (1, 3, 5) and 
also in GaP on the TEM scale (6). 

Experimental 
The simple electrolytic cell used here is shown in 

Fig. 1. The specimens were 3 mm diameter  disks about 
200 ~m thick, sui table for the TEM specimen holder. 
Electroless nickel was deposited on the back surface 
of the disks and an Au wire bonded to the nickel. The 
specimens were mounted  in the holder with "picein" so 
that  the electrolyte reached only the chemically pol- 
ished front  surface. The cathode was a strip of plat i-  
num at a distance of 1 cm from the specimen, a n d  a 
voltage of between 3 and 100V d.c. was applied across 
the cell for t imes of between �89 and 6 rain. The elec- 
trolyte used throughout  these experiments  was 1 part  
40% HF in 19 parts H20, and the silicon was always 
positively based. The star t ing mater ial  had a dislocation 
content of less than  3 • 104 cm -~ with (111) oriented 
surfaces, and was ei ther  n - type  phosphorus-doped of 
resistivity between 0.1 and i00 ohm-cm or 10 ohm-cm 
p- type boron-doped. Pr ior  to etching, the specimen 
surfaces were prepared by fine mechanical  polishing 
followed by chemical polishing to remove at least 30 
~m. Before mounting,  the specimens were thoroughly 
cleaned in organic solvents followed by t r ip ly  distilled 
water, and before etching they were soaked in the 
electrolyte for 10 rain. During etching the current  was 

Key words: anodic dissolution, etch channels,  silicon, crystal  ori- 
ented at tack.  

usual ly unstable, and only the ma x i mum and mini -  
mum values were recorded. The measured currents  
varied between 0.5 and 20 mA depending only 
slightly on voltage and resistivity. Fur ther  experi-  
ments  have shown that  there is a very  large edge 
effect with increased etching and presumably  in-  
creased C.D. wi thin  about  0.5 mm of the edge. The ob- 
servations reported here are from areas wi th in  0.5 mm 
of the centers of the disks, but  it is clear that  no value 
of C.D. can be assigned to the etching process. 

After  etching, the nickel film was removed and the 
disks were chemically th inned from the back side 
using a variat ion of the s tandard jet  method (7). This 
gave areas of approximately 100 ~m diameter, suitable 
for examinat ion in the TEM. 

Results 
The form of the etch figures developed dur ing the 

anodic etching depended on several parameters  includ-  

PVC HOLDE 

Au BOND 7~ PICEIN 
SILICON,~- 
Pt CATHODE 
ELECTROLYTE-- 

h 

Fig. 1. Schematic of the electrolytic cell 
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Fig. 2. Typical examples of the etch figures of type A to D re- 
ferred to in Table I. (a) to (d) show types A to D respectively. (e) 
is an enlargement of a type D etch figure. 
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Table I 

A p p l i e d  v o l t a g e .  V 

Resist ivi ty  
and t y p e  3 6 10 20 45 100 

0.1 o h m - e r a ,  n D n B - -  - -  
1.2 o h m - e r a ,  n B,  D A,  D n E E-  

l 0  oh rn -cm,  n A A, B ,  D D D D C 
I00 o h m - e r a ,  n F A A A A E 

10 o h m - c m ,  p F F A - -  - -  - -  

ing resistivity p, applied voltage V, and etching time. 
The t ransmission-electron microscope observations on 
specimens of several resistivities are summarized in 
Table I, where  the following symbols are used: A, 
small rounded tunne ls  having some directional char-  
acter; B, sharp t r iangular  etch pits; C, over-al l  re-  
moval  of Si, but  surface rough on the TEM scale; D, 
sharp tunnels  lying in <100~ directions with branches 
also lying in the same directions; E, surface optically 
rough with large approximately t r iangular  holes too 
coarse to s tudy by TEM; and F, no etching detected. 

Typical examples of these various Types A to D are 
shown in  Fig. 2(a) to 2(d) .  Types A and B are both 
par t ia l ly  developed figures where the voltage was too 
low to produce the sharp figures of Type D. The ex- 
ception to this is 0.1 ohm-cm etched at 10V where  the 
t r iangular  holes may well be due to over-al l  removal  
of Si competing with the production of Type D figures. 
Figure 2 (c) shows only thickness contours where  each 
fringe corresponds to ~2-20 ~ 750A surface unevenness  
due to the electropolishing. Figure 2 (e) is an enlarge-  
ment  of one sharp star-shaped figure of Type D. 
Many branches and sub-branches  are seen, all lying in 
~100> directions. This was determined by t i l t ing the 
specimen 54 ~ in the microscope goniometer stage, unt i l  
one main  arm of the tunnels  was parallel  to the elec- 
t ron beam. A (100) pole was then also parallel  to the 
electron beam. 

Since the etch figures observed in the TEM were 
always in the form of tunnels  where mater ial  had 
been preferent ial ly  removed, the contrast was ob- 
tained from these by using an approximately 3 or 4 
beam-diffract ing condition close to the (111) pole. 
The variat ions of total specimen thickness through 
which the electrons pass due to the empty regions in-  
side the sample are then seen as intensi ty  variat ions 
relat ive to the background. In the examples shown 
here the diffracting conditions were chosen to give 
dark  figures on a l ighter background. Stereoscopic 
pairs of micrographs were taken of several Type D 
etch figures and the complete three-dimensional  tunne l  
s tructure could be clearly seen. The depth to which 
the tunne l  networks penetrated below the Si surface 
was measured from such stereoscopic pictures using a 
Zeiss Standard Spiegelstereoskop N 2, and for in-  
stance in the case of 10 ohm-cm n- type  Si etched at 
45V for 6 min, this depth was 9500A __ 500A. Speci- 
mens thicker than  about 1 ~m are difficult to study in 
a 100 keV TEM as used here. The depth of the deepest 
tunnels  was proportional to the etching t ime as ex- 
pected. 

A few samples were etched for much longer times 
than required for TEM specimens, and these contained 
a low density of much deeper tunnels  similar to those 
reported previously (5). Metallographic cross sections 
from these specimens were examined by optical mi -  
croscopy and the tunne l  directions determined by Laue 
x - r ay  photographs to be ~100> and not ~110~  as 
reported in Ref. (3, 5). Uhlir  (4) has also reported 
preferent ial  attack along ~100~  directions in anodi-  
cally etched Ge. 

In  the major i ty  of specimens the dis tr ibut ion of etch 
figures was apparent ly  random. In  some cases, how- 
ever, this was not so, and one example is shown in 
Fig. 3 where  Type D etch figures are associated with 
an optically visible scratch caused dur ing mounting.  

Fig. 3. An example of nonuniform distribution of etch figures, 
due to the presence of a surface scratch. 

In  the few TEM specimens which happened to con- 
tain a dislocation, an etch figure formed at the in ter-  
section of the dislocation with the surface, but  these 
etch figures were not different from the many  others 
in surrounding dislocation-free areas. 

Discussion 
At low voltages electrochemical attack at a Si-elec- 

trolyte interface is clearly not uniform. Assuming that  
electrical inhomogeneities do not  exist in the elec- 
trolyte, then the etching at the interface must  be due 
to inhomogeneities in the silicon. Obviously lattice 
strain or broken bonds result ing from surface damage 
provide nucleat ing sites for at tack (Fig. 3) but  other 
smaller  crystal defects must  be capable of doing this 
in the absence of grosser defects. We have seen that  
dislocations are certainly not the cause of the etching 
figures, as the dislocation density was orders of mag-  
ni tude smaller  than the densi ty of etch figures seen 
here. 

Once the etching has started an explanat ion for the 
preferential  etching in  ~100> directions can be found. 
The (100) type surface has a higher density of free 
bonds than  other planes, and the chemical dissolution 
rate is known to be proport ional  to the density of free 
bonds (8). In  the case of electrochemical dissolution 
it has been pointed out (4) that  at a concavity in a 
surface, the electric field is increased and therefore 
the necessary dissolution conditions are reached pref-  
erent ia l ly  at such points. Thus a combinat ion of these 
two factors could provide a feasible explanat ion for 
the details of the figures and their  voltage dependence. 

No at tempt  has been made here to unders tand  the 
etching process in detail as has been done previously 
(9, 10). For  instance, only the total voltage across the 
cell was measured and no reference electrode was 
used. We may conclude however from the above re-  
sults that t ransmission-electron microscopy is a useful 
method for examining  electroetched surfaces of semi- 
conductors, and that if the etching conditions are care- 
ful ly controlled, then it is l ikely that  useful  informa-  
t ion concerning the homogeneity of the electrical prop- 
erties at a si l icon-electrolyte interface can be ob- 
tained. 
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Fina l ly  i t  should be ment ioned tha t  the  j e t - e l ec t ro -  
chemical  th inning  of Si specimens for  the  TEM now 
operates  en t i re ly  sat isfactori ly.  An  e lec t ro ly te  of 20 ml 
40% H F  -}- 8g NaF  in 1 l i ter  H20 is forced th rough  a 
0.5 m m  d iamete r  je t  onto the  specimen and 300V 
is appl ied  be tween  specimen and a tungsten wi re  in 
the jet .  S t rong  i l lumina t ion  speeds up the dissolution 
and is necessary for high res is t iv i ty  n - t y p e  samples. 
Thinning t imes  v a r y  be tween  10 and 30 min for speci-  
mens of ~400 ~m thickness.  The method is ex t r eme ly  
re l iab le  and control lable  producing specimens wi th  
more  than  100 ~m d iamete r  t r anspa ren t  areas  every  
t ime. The  only  ma te r i a l  which  cannot  be th inned is Si 
h ighly  doped wi th  heavy  metals,  i.e., with  very  short  
ca r r ie r  l ifetimes. 
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Resistivity of Doped Polycrystalline Silicon Films 
A. L. Fripp* 

Langley Research Center ,  Hampton,  Virg in ia  23365 

and L. H. Slack 
Department of Metals and Ceramics, Virginia Polytechnical Institute and State UniversSty, 

Blacksburg, Virginia 23601 

Chemical  deposi t ion of po lycrys ta l l ine  silicon on 
oxidized silicon wafers  is an impor tan t  process in the  
fabr icat ion of silicon gate (1) and shielded silicon 
gate (2) MOSFET's ,  two-phase  CCD's (3), and dielec-  
t r ica l ly  isolated circuits  (4). Sil icon has been deposi ted 
on oxidized silicon wafers  by  the pyroly t ic  decomposi-  
t ion of silane. Diffusion (5), oxida t ion  (6), Hal l -effect  
(7), and pre fe r red  or ienta t ion (8) invest igat ions  have 

been made  on polycrys ta l l ine  deposi ts .  The res is t iv i ty  
of undoped  polycrys ta l l ine  (9) and amorphous  films 
(10) has been measured.  The purpose  of this  com-  
municat ion  is to r epor t  the  res is t iv i ty  dependence  on 
the  doping concentra t ion in polycrys ta l l ine  silicon 
films. 

Experimental 
The wafers  were  pol ished 1 ohm-cm single crysta ls  

or iented wi th in  2 ~ of the  (111) face. They were  oxi -  
dized in a quar tz  tube furnace at l l00~ by  the we t -  
oxidat ion  process. The oxide  films were  app rox ima te ly  
6000A thick. To p reven t  possible e r rors  in measur ing  
resis t ivi ty,  boron-doped  wafers  were  used for phos-  
phorous deposi ts  and phosphorous-doped  wafers  were  
used for boron deposits. 

The  films were  deposi ted by  the  pyro ly t ic  decom-  
posi t ion of si lane in a horizontal ,  induct ion-heated ,  
reactor.  The films were  doped dur ing  deposi t ion by  
adding e i ther  phosphine or diborane,  in regu la ted  
quantit ies,  to the  gas s t ream. The s i lane flow ra te  was 

" Electrochemical  Society Active Member.  
Key words: polyerystalline silicon, microelectronics, resistivity. 

50 cm3/min and it was mixed  wi th  hydrogen  to produce  
an a tmosphere  of 0.37% by  volume of silane. 

Data  were  t aken  on runs  made  at  t empera tu re s  of 
i070 ~ and i170~ for phosphorous-doped  films and at  
I070~ only for boron-doped  films (correc ted  from op-  
t ical  py rome te r  measurements ) .  The wafers  were  
given a 4-rain, I170~ p rehea t  in hydrogen  before  dep-  
osition. The deposi t ion t ime of I0 rain produced  a 
film app rox ima te ly  7~ th ick  for the I070~ runs  and 
app rox ima te ly  3~ th ick  for the  l l70~ runs. Af t e r  
deposition, and a 1 min flush, the  wafers  were  cooled 
r ap id ly  in hydrogen.  

The s tandard  four -po in t  p robe  technique was used 
to measure  res is t ivi ty .  F i l m  thickness  was  measu red  
by  bevel ing;  no staining was necessary since the  ox ide-  
silicon interface was qui te  distinct.  

The doping concentra t ion in the  polycrys taI l ine  films 
was a r r ived  at  by  s imul taneous ly  deposi t ing an epi-  
t ax ia l  l ayer  on a s ing le -c rys ta l  substrate.  The re -  
s is t ivi ty  of the ep i tax ia l  l ayer  was  measured  and the 
doping concentra t ion obta ined  by  re fer r ing  to I rv ine ' s  
graphs  ( i1 ) .  Since both the  clean s ing le-crys ta l  and  
the oxide-coa ted  wafer  are  at  the same t empe ra tu r e  
and both offer a silicon surface, af ter  the in i t ia l  dep-  
osition, for reac t ing  the doping gas, it  is assumed tha t  
both wi l l  have  the  same doping concentra t ion wi th in  
the  normal  var ia t ion  of ep i tax ia l  depositions.  

Results and Discussion 
The res is t iv i ty  as a function of impur i t y  concent ra-  

t ion for both  po lycrys ta l l ine  and s ing le -c rys ta l  films 
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Fig. 1. Resistivity dependence of both single-crystal and poly- 
crystalline silicon on doping concentration. 

are shown in  Fig. 1. The legend indicates impur i ty  type 
and tempera ture  of deposition. These data indicate that 
at concentrat ions above 101~ a toms/cm s the concentra-  
t ion dependence of the resistivity substant ia l ly  de- 
creases and approaches the single-crystal  dependence. 

The data present ly  available are insufficient to con- 
clude that  the value of concentrat ion dependence in 
polycrystal l ine silicon becomes the single-crystal  
value. However, since resistivities of polycrystal l ine 
silicon are not expected to be lower than  an equal ly 
doped single crystal, such a decrease in  doping level 
dependence would be expected. 

The grain boundaries in polycrystal l ine silicon offer 
possible sinks for both doping atoms and charge car-  
riers. Carrier t rapping in silicon has been discussed 
by others (7, 12) as being defect-induced, bu t  fur ther  
work is needed in which the s t ructure  of the films is 
modified and carr ier-act ivat ion energy, especially in 
the low doping concentrat ion region, is measured be-  
fore commencing upon model development.  
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Diffusivity Summary of B, Ga, P, As, and Sb in Si02 

M. Ghezzo* and D. M.  Brown* 

General Electric Corporate Research and Development, Schenectady, New York 12301 

Many investigations have reported data on the dif- 
fusivity of semiconductor dopants in SiO2. However, in 
many  of these papers these data have usual ly not been 
considered of pr imary  importance and there was a 
need for a paper, like this, which summarizes the dif- 
fusivities of these impurit ies in SiO2. 

A difficulty in the earlier and present  l i terature 
is that the diffusivities of those elements in SiO2 can be 
extremely concentrat ion and ambient  dependent.  B is a 
fine example of this since its concentrat ion dependence 
and ambient  dependence are definitely marked. In  
fact, after a pre l iminary  investigation on the oxide- 
masking properties done by Frosh and Derick (1) the 
diffusivities of I I I -V impurit ies or their carrying spe- 
cies in SiO2 were determined by m a n y  authors using 
widely different exper imental  conditions. 

The summary  of diffusivities in SiO2 is presented in  
Table I, which was prepared using the same format 
of Kendal l  and DeVries (2) in their tabula t ion of 
diffusion coefficients in Si. Whenever  the pre-expo-  
nent ia l  diffusion constant, Do, the activation energy, Q, 
or the diffusivities at 1100 ~ and 1200~ were not ex- 
plicitly given in a reference, the exper imental  data 
were fitted to an Arrhenius  curve using the least 
squares method, and the above parameters  were de- 
rived therefrom. Also included in Table I are the do- 
pant  concentrat ions at which the experiments  were 

* Electrochemical  Society Act ive  Member .  
K ey  words:  diffusion coefficients, si l icon oxide, silicon. 

performed, the type of source utilized, and the dif- 
fusion ambient.  

Inspection of Table I shows that the values of the 
activation energy for B diffusivity in SiO2 are rather  
consistent among different investigators and average 
3.5 eV, the only exceptions being the values of Thurs-  
ton et al. (3) (2.38 eV) and Schwenker  (4) (2.82 
eV). The pre-exponent ia l  diffusion constant is highly 
dependent  on the boron concentrat ion in the diffusion 
source, regardless whether  it is a vapor or a glass, and 
increases near ly  three orders of magni tude  in  passing 
from low to high B concentrat ion diffusions, as ap- 
parent  from the data of Brown and Kennicot t  (5) and 
Schwenker  (4). In  an earlier work Horiuchi and 
Yamaguchi (6) reported an increase of the B dif-  
fusivity in SiO2 at 1200~ from 3.2 • 10 -16 cm2/sec to 
6.2 • 10 -15 cm2/sec due to an increase of the B208 
vapor pressure, and a t t r ibuted this phenomenon to a 
change in the composition of the diffused oxide layer  
resul t ing in the formation of a "glassy layer." Simi- 
lar ly Brown and Kennicot t  (5) referred to B diffusions 
through SiO2 from borosilicate glass sources containing 
more than 18 mole per cent (m/o)  B~O3 as rapid "melt  
through SiO2 diffusions" as explained by relat ive de- 
creases in viscosity and the B203-SIO2 phase diagram 
(7). Yet oxide masking can still be used in  "melt  
through" diffusions with a borosilicate glass source 
because the t ransformat ion of a thick oxide layer into 
glass by the "melt  through" process is l imited by the 
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dilution of the B203 concentrat ion in the glass and 
fur ther  B penetra t ion through the oxide is achieved 
at a B diffusivity at least two orders of magni tude 
smaller. Furthermore,  three orders of magni tude  in-  
crease in diffusivity of B in SiO2 have been reported 
by Grove et ak (8) whenever  diffusions are carried 
out in H2 ambients.  The importance of e l iminat ing H2 
from diffusion ambients  whenever  B-doped polysili- 
con gate devices are formed cannot therefore be over-  
emphasized. 

The diffusivity of Ga in SiO2 reported by Grove 
et al. (9) is by far the largest in Table I, assuming a 
value at 1100~ of 5�9 • 10 -11 cm2/sec, which is from 
2 to 6 orders of magni tude  larger than the diffusivities 
of B, P, As, or Sb in SiO2. Besides Ga diffusivity in 
SiO2 is higher than in Si [1.7 • 10 -13 cm2/sec at 
1100~ according to Kurtz  et al. (10)] prevent ing  the 
use of SiO2 as a mask for Ga in device fabrication�9 

Diffusion constants and activation energies for P 
diffusions in SiO2 are widely scattered, the only rea-  
sonable agreement  existing between the activation en-  
ergy values computed from the data of Thurs ton et aI. 
(3) (4.21 eV) and Barry  (11) (4.03 eV). At 1100~ the 
diffusivities reported by Allen et al. (12) (1.4 X 10 -1~ 
cm2/sec) and by Thurston et al. (3) (1.7 X 10 -15 cm2/ 
sec) for similar surface concentrat ions of P in Si 
closely match, but  are about five times larger than 
Barry 's  value (11) (2.9 X 10 -16 cm2/sec) and over two 
orders of magni tude smaller  than the value of Sah 
et al. (13) (2.0 X 10 -13 cm2/sec). A justification for 
this exceedingly high diffusivity reported by Sah et al. 
can be sought in the high P205 vapor pressure used in 
these experiments,  which resulted in the formation of 
a glassy compound by reaction of P205 with the SiO2 
barr ier  as in the "melt  through process" described for 
boron. Phosphorous glass "melt  through" diffusions 
have also been discussed by Okabe and Tanikawa (14). 
A comparison with the P diffusivity in Si at l l00~ 
given by Ful ler  et al. (15) (3.0 X 10 -13 cm2/sec) shows 
that at low P concentrat ions the P diffusivity in SiO2 is 
over two orders of magni tude  smaller than  in Si, 
but  at high P concentrat ions the two diffusivities are 
near ly  equal. 

Recent investigations of As diffusion through SiO2 
from an arsenosilicate glass source (16) gave results  
consistent with those previously reported by  Hsueh 
(17). The activation energy is 4.9 eV for low As con- 
centrat ion diffusions and decreases to 4.0 eV with an 
increase of the As203 concentrat ion in the arsenosili-  
cate glass source. The smaller  increase of As diffusivity 
with concentrat ion at l l00~ in Ar (from 2.6 X 10 - i s  
cm2/sec to 3.5 • 10 -15 cm2/sec) in comparison to B or 
P suggests that a "melt  through process" is unl ikely  
for high concentrat ion As diffusions, considering also 
the l imitat ion on As203 percentage in the glass re-  
quired for avoiding damage. The diffusion ambient  
affects the As diffusivity in SiO2, which is drastically 
reduced in the presence of oxygen as discussed at 
length by Ghezzo and Brown (18) in a paper on As 
diffusion properties in Si from arsenosilicate glass 
sources prepared by s imultaneous oxidation of AsH3 
and Sill4. In any  case, As diffusivity in SiO2 is always 
smaller  than  in Si, where at l l00~ in Ar it is close 
to 1.5-2.0 • 10 -14 cm2/sec (19, 20). 

The only data available on Sb diffusivities through 
SiO2 at different temperatures  are given by Thurs ton 
et al. (3). A computat ion of the activation energy from 
these data results in  a value of 8.75 eV, which is near ly  
twice as large than  the second highest in Table I (4.9 
eV) corresponding to As. Thus a change in  diffusion 
temperature  from 1100 ~ to 12000C corresponds to a 
very large increase in diffusivities (from 9.9 X 10 -17 
cm2/sec to 1.5 X 10 -14 cm2/sec) and a reduction of 
the difference be tween Sb diffusivities in SiO~ and Si 
due to the smaller value of the activation energy for 
Sb diffusion in Si [3.95 eV in Ref. (15)]. 
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Summary 
Avai lab le  diffusivi ty da ta  on B, Ga, P, As, and Sb in 

SiO2 have  been summar ized  and discussed. Agree -  
ments  and discrepancies  in the l i t e ra tu re  have been 
pointed out along wi th  the  impor tance  of ambien t  and 
source conditions. These da ta  have an impor tance  to 
genera l  device technology and a few examples  of this 
have been pointed out  in the  text.  

Manuscr ip t  received Sept. 8, 1972. 

Any  discussion of this paper  wil l  appear  in a Discus- 
sion Section to be publ i shed  in the December  1973 
JOURNAL. 
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ABSTRACT 

The hexamethonium-s i lver  iodide solid-state cell has a highly competit ive 
cost, as compared with those having the RbAg415 as electrolyte. In  addition, it 
seems to possess the characteristic of reversibi l i ty  and a much less polarizations 
phenomena at the positive electrode. The results obtained on the cell confirm 
the property of the hexamethonium-s i lver  iodide as a solid electrolyte. 

In  a recent paper ( i )  a new series of compounds of 
the type I -  R3N+-(CH2)n-+NR3 I -  and in part icular  
the hexane - l , 6 -b i s - t r ime thy lammonium iodide (hexa- 
me thon ium iodide, (CH3) 3N +- (CH2) 6- + N (CH3) 3 2 I -  
hereinaf ter  given as HexI2), capable of forming solid 
electrolytes with Agl  and having the peculiar char-  
acteristic of high electrical conductivi ty (comparable 
to that of compounds of the type M Ag415 where  M = 
Rb, K, NI-I4) has been described. These compounds, as 
compared with the electrolytes of the type RbAg4Is, 
known to date, have a highly competit ive cost. 

It was, however, necessary to find out whether  these 
new solid electrolytes were suitable for forming a cell; 
that is if, in addition to the characteristic of a high 
ionic conductivity, they also had a small  amount  of 
electronic conductivity. 

In this paper we report  the experiments  carried out 
to verify some electric characteristics of these new solid 
electrolytes and in part icular  the behavior of the 
Ag-I2 electrical cell made with it. 

The cell in its essential s t ructure  may be represented 
thus 

Ag/HexAg12114/I2, C [1] 

Considering the value of the emf and the na ture  of 
the end product  of the reaction, we believe that  the 
prevai l ing over-al l  reaction which takes place in 
cell [1] is 

A g +  ~ I 2 ~ A g I  

The theoretical value of the emf is 0.688V derived 
from the thermodynamic  free energy of formation of 
silver iodide. 

Exper imental  
All the chemicals used were reagent  grade (Fluka) .  

The solid electrolyte HexAg12114 was prepared accord- 
ing to the method described by De Rossi and co-workers 
in  a previous paper (1). Voltage and current  values 
were determined by a Keithley Model 610 C with high 
in terna l  impedance (1014 ohms). The conductivity 
measurements  were carried out with a 4896 Tinsley 
conductivi ty bridge with oscillographic resett ing (545 
B Tektronix) .  

The main  problems in cell [1] are the contact 
polarizations which have been reduced, in the present  
case, by the use of an anodic mixture  made of pow- 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  w o r d s :  s o l i d - s t a t e  e l e c t r o c h e m i s t r y ,  so l id  e l ec t ro ly t e ,  so l id -  

s t a t e  b a t t e r y ,  s i l v e r  iod ide ,  h e x a m e t h o n i u m  iodide .  

dered silver and electrolyte and of a cathodic mix ture  
made of powdered graphite, iodine, hexamethonium 
iodide and electrolyte. 

The function of HexI2 in the cathodic mix ture  is to 
make addit ion compounds with iodine in  order to pre-  
vent  reactions by free iodine on the electrolyte when 
the cell is not operative (2, 3). Iodine is released by 
HexI2 dur ing discharge and retained dur ing  charge. 

The actual cell [1] s t ructure is therefore 

Ag/HexAgl2114/I2, HexI2, C [2] 

The cell [2] s t ructure is shown in Fig. 1. The cell 
consists of a th in  silver disk in contact with a silver 
powder and electrolyte pellet in  the ratio of 1:1 (diam- 
eter ~ 2.5 cm; thickness ~ 0.1 cm). Another  pellet 

0 
| 

Fig. 1. Cell structure, where a is a polyvinyl-Chloride container; 
b, b' are the external electrical contacts; c o silver disk; d the 
anodic mixture; e the solid electrolyte; f an insulating ring of 
PVC; g the cathodic mixture; h the graphite disk. 

149 
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made of the electrolyte alone is compressed on top of 
this one (diameter  ,-- 2.5 cm; thickness ~ 0.1 cm).  The 
anode and the electrolyte so formed are put  in contact 
with the cathodic mixture  pellet (iodine, HexI2, graph- 
ite, and electrolyte in the weight ratio respectively of 
2: 1:4:7; diameter  ,,-2.2 cm, thickness ~ 0.1 cm).  The 
electrolyte and the cathodic mixture  are par t ia l ly  in-  
sulated by a polyvinyl-chlor ide r ing in order to pre-  
vent  possible contacts between the electrodes. A graph-  
ite cathode contact te rminal  electrode is used to com- 
plete the cell. The actual weights of the cell com- 
ponents are: lg of silver powder anode; 1.2g of cathodic 
mixture ;  2.8g of the electrolyte pellet. 

Results 
The specific conductance of the solid electrolyte has 

been found to be 0.029 (ohm • cm) -1, the same value 
as that reported in a previously ment ioned paper (1). 

The Ag + t ransport  n u m b e r  in HexAg12114 at 25~ 
has been determined by passing a known amount  of 
charge through a cell made of two silver electrodes in 
contact with a solid electrolyte pellet and comparing 
the corresponding coulombs with those obtained by 
measur ing the loss in weight of the anode. This method 
is s imilar  to the one used by Bradley and Greene for 
the KAg4I~ solid electrolyte (4). The t ransport  number  
of the Ag + thus determined is 0.99 _ 0.01, a value that 
shows how the contr ibut ion to the passage of the cur -  
rent  wi th in  the electrolyte is essentially due to migra-  
tion of Ag + ions alone. 

Figure 2 shows a typical  current -vol tage  curve, ob- 
ta ined at 25~ with the electrolyte compressed be-  
tween two p la t inum electrodes. The decomposition 
potent ial  of HexAgnI14 is 0.67 _+ 0.01V, obtained by 
back-extrapola t ing the l inear  part  of the curve. 

The OCV of cell [2] is 0.635V at 25~ and its var ia-  
tion with tempera ture  is shown in Fig. 3. The tempera-  
ture  dependence is 0.0002 V/~ in the range --40 ~ to 
+ 5 0 ~  

From current -vol tage  plots at room temperature  
(Fig. 4) the in terna l  resistance of the cell has been 
determined at about 15 ohms. Such value is consid- 
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Fig. 2. Current-voltage curve for HexAg12114 at 25~ (platinum 
electrodes). 
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Fig. 3. Temperature dependence of the OCV of cell [2]  
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Fig. 4. Current-voltage curves for cell [2]  at  room temperature 

erably in excess of the resistance due to the pellet 
alone (about 2 ohms), so that  it can be concluded that  
the remain ing  in te rna l  electric resistance of the cell 
(about 13 ohms) is due to the effects of contacts to the 

electrodes. 
Figure 5 shows typical  discharge curves through var -  

ious loads relat ing to the component  weights as men-  
tioned before; therefore the silver anode efficiency is 
10 to 5% from highest in tensi ty  discharge rates to the 
lowest ones. 

F igure  6 shows a charge-discharge cycle at 25~ and 
at a constant  cur ren t  of 0.2 mA. 

From the data here reported it can be inferred that 
the polymethonium-s i lver  iodide compounds (in this 
case HexAg]2114) have a high electrical conductivi ty 
almost exclusively ionic. Fur thermore,  the cell made 
with it shows reversibi l i ty  characteristics and can be 
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Fig. 6. Charge-discharge cycle of cell [2] at 0.2 mA constant cur- 
rent and at room temperature for efficiency determination. 

discharged and charged wi thout  appa ren t ly  a l te r ing  
the efficiency and the s ta te  of the  opera t ive  potent ia l  
at  least  wi th in  a consistent  number  of cycles  (so far  in 
our exper imen t  20 complete  ident ical  charge  and dis-  
charge cycles have been carr ied  out) .  

The capac i ty  output  based on iodine has been 90% 
on the  average  and tha t  in  energy h igher  than  89% 

wi th  a va lue  of the  average  opera t ive  vol tage  of 0.646V 
in charge  and 0.595V in discharge.  The s tab i l i ty  in the  
charged  state of the  cell  has been checked at  the  end 
of each cycle. The cell  in the  charged  s ta te  presents  
a r e m a r k a b l e  s tab i l i ty  even af te r  severa l  cycles  which 
in addi t ion  to the  discharge curves  of the  cell  show the  
solid e lec t ro ly te  charac te r  of the  substance we have 
studied. Exper iments  a re  in progress  in o rder  to de te r -  
mine the  best  weights  of the  e lectrode mate r i a l s  and 
the over -a l l  efficiency of the  charge-d i scharge  cycles of 
the  cell. 

Summary 
A sol id-s ta te  r evers ib le  cell  of the  type  A g /  

HexAgt2114/I2, HexI2, C has been developed.  The anodic 
and cathodic contact  polar iza t ions  have  been reduced 
by  the use of a mix tu re  of powdered  s i lver  and elec-  
t ro ly te  and the  use of a sui table  mix tu re  of hexa -  
methonium iodide, iodine, g raph i t e  and  electrolyte ,  
respect ively.  The cell  has an open-c i rcu i t  vol tage of 
0.635V at 25~ an  in te rna l  res is tance of 15 ohms, and 
is r echargeab le  wi th  high couIombic efficiency. The 
above exper iments  were  car r ied  out in o rder  to confirm 
the p rope r ty  of the  HexAgt2Ii4 as a solid e lectrolyte .  
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ABSTRACT 

A theore t ica l  analysis  of in i t ia l  cur ren t  d i s t r ibu t ion  in the  porous lead  
dioxide  e lect rode is made  by  appl ica t ion  of the  macrohomogeneous  model  for 
porous electrodes.  The pa rame te r s  in the model  have been de te rmined  exper i -  
men ta l l y  for the  inves t iga ted  l ead-d iox ide  ba t t e ry  plates.  The theore t ica l  
resul ts  a re  in good agreement  wi th  expe r imen ta l  de te rmina t ions  by  means  of 
e lec t ron microprobe  analysis  of the  PbSO4-dis t r ibut ion  wi th in  p a r t l y  dis-  
charged  posi t ive l ead-ac id  plates.  The expe r imen ta l  s tudies  of cu r ren t  d is-  
t r ibu t ion  shows tha t  at  high cur ren t  densi t ies  the e lec t rode  react ion takes  
place ma in ly  in the  outer  l ayers  of the  electrode.  At  low discharge currents ,  
the  ini t ia l  cur ren t  d is t r ibut ion  is un i form whi le  a f te r  the  first qua r t e r  of dis-  
charge, the  outer  layers  a re  more  ut i l ized than  the inner  parts .  A mechanism 
for the  pass ivat ion  of the posi t ive pla te  in t he  l ead-ac id  ba t t e ry  is proposed.  

The behavior  of porous ba t t e ry  electrodes is to a 
la rge  ex ten t  governed  by  cu r ren t  d i s t r ibu t ion  and  
reac tan t  depletion.  Opt imizat ions  of porous electrodes 
must  therefore  be based upon some model  able to p re -  
dict how these phenomena  influence the  discharge be-  
havior.  Dur ing  the last  decade var ious  mathemat ica l  
models  have  been proposed for the  theore t ica l  analysis  
of e lec t rode  react ions in porous media  (1-4).  Whi le  

K e y  w o r d s :  l e a d - a c i d  b a t t e r y ,  p o r o u s  e l e c t r o d e ,  c u r r e n t  distri-  
bution.  

the  theore t ica l  work  in this  field has been extensive,  
compara t ive ly  few appl ica t ions  of these  models  have, 
however ,  been made  to prac t ica l  electrodes.  In  the case 
of the  p rac t ica l ly  impor t an t  lead  dioxide electrode,  
used as posi t ive e lec t rode  in the l ead -ac id  cell, theo-  
re t ica l  and expe r imen ta l  invest igat ions  of cur ren t  dis-  
t r ibu t ion  have  given con t rad ic to ry  resul ts  (5-9).  

The purpose  of the  present  paper  is to s tudy the cur -  
ren t  d is t r ibut ion  in the  porous lead  dioxide  electrode 
in solut ions of sulfuric  acid  theore t i ca l ly  and exper i -  
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mental ly,  and to offer an explanat ion for the earlier 
contradictions between theory and experiments.  

Choice and Description of Theoretical Model 
Various theoretical models have been used to de- 

scribe the processes in flooded porous electrodes mathe-  
matically. Winsel  (2) has suggested a model consisting 
of circular cylindrical  pores with constant  radius, 
parallel  to each other and perpendicular  to the outer 
surface. Other authors (1) have used a model repre-  
sented by electrical equivalent  circuits. In  this way the 
behavior of the electrode can be s imulated with a ne t -  
work of ohmic and charge- t ransfer  resistances. 

These two models both have their  disadvantages. The 
first model cannot be used with electrodes of cylindrical  
shape or with electrodes which must  be considered as 
two-dimensional ,  since in these cases complications 
arise concerning the direction of the pores. 

The second model has been applied by Euler  to some 
practical electrodes, among them the lead dioxide elec- 
trode (6). However, this model makes use of a l inear-  
ized polarization equation and is thus realistic only 
for small  current  densities, while it becomes unrealist ic 
for large current  densities where the polarization equa-  
t ion is of exponent ial  type (3, 10). Fur thermore  it is 
difficult to include the influence of concentrat ion 
changes in the electrical model. 

Most of the disadvantages of the two ment ioned 
models are el iminated in the so-called continuous or 
macrohomogeneous model (3, 4). This model disre- 
gards the actual  geometric detail of the pores and de- 
scribes the porous electrode as a superposition of two 
continuous phases, l iquid and solid. This model resem- 
bles real electrodes when  particle and pore dimensions 
a r e  of the order of micrometer.  Under  these circum- 
stances the concentrat ion of the electroactive species 
depends only on time and distance from the outer sur-  
face of the electrode. 

Because of its ment ioned advantages, the macro-  
homogeneous model will  be used in this study. The 
average pore diameter  in the type of lead dioxide 
plates used in  this work was determined by means of 
mercury  porosimetry to 0.3-0.4 #m and the electrodes 
can therefore be regarded as macrohomogeneous media 
in accordance with the concepts of the model. 

A complete analysis of the discharge behavior of the 
positive plate in the lead-acid cell requires rather  
rough approximations concerning the composition of 
the electrolyte and the basic equations for mass t rans-  
fer. Fur thermore  the formation of a passivating reac- 
tion product, lead sulfate, in the pores complicates the 
analysis of the t ransient  behavior. However, an exact 
analyt ical  solution for the current  dis t r ibut ion can 
easily be obtained in the simplified case of uniform 
concentration, un i form porosity, and uniform specific 
surface area, corresponding to the ini t ial  moments  of 
discharge. The comparison between theoretical and 
exper imental  determinations,  which is the pr imary  
goal in this work, will  therefore be restricted to this 
special case. 

It is easy to show that under  these circumstances 
the current  distr ibution is governed by the following 
two equations (see Appendix)  

i2 --~ K1~2 V E /  (~I Jr K2) -~- K2 i /  (K1 + K 2) [1] 

V �9 i2 = SI(c,E) [2] 

The first equation gives the current  density, i2, in the 
pore electrolyte as a function of the electrode potential  
gradient, VE and the effective conductivi ty of the elec- 
trode matrix,  K1, and the pore electrolyte, K2. 

In  the second equation f(c, E) is an electrode kinetic 
expression of Volmer /Erdey-Gruz  type or simply an 
empirical relat ion calculated from the polarization 
curve. 

Before the ini t ial  current  dis t r ibut ion can be cal- 
culated from these two equations, the actual values of 

the parameters  appearing in the equations above must  
be determined by suitable experiments.  

Experimental Determination of the Parameters in the 
Model 

The electrodes investigated in this study were posi- 
tive plates manufac tured  for use in automobile bat -  
teries. These electrodes are manufac tured  with grids 
of lead-al loy as current  collectors. 

To determine actual current  distr ibutions from the 
equations given above, knowledge is required about the 
parameters  ~i, ~2 and the rate  of the charge t rans-  
fer process. The actual  values of these parameters  
were determined exper imenta l ly  for the electrodes 
under  investigation. 

Determination of ~1.--Lead dioxide is a semiconduc- 
tor with almost metallic conductivity. However, the 
conductivi ty of the porous mat r ix  in the electrode de- 
pends also on the contact between the particles. A 
rough estimate of this effective conductivi ty of the 
porous lead dioxide was made by simply measuring 
the voltage drop across a piece of electrode mater ia l  
of known dimensions, when a current  of known magni-  
tude was forced through this specimen. For fully 
charged plates the conductivi ty was measured by this 
method to about 5-20 mho/cm. The order of magni tude  
is in good agreement  with an effective resistivity of 
0.1 ohm-cm reported by Euler  (6). 

Dur ing  discharge the conductivi ty of the electrode 
mater ial  decreases. 

The conductivi ty measured for ful ly charged plates 
is, however, prevai l ing up to more than  25% of com- 
plete discharge and will  therefore be sufficient for the 
analysis of the ini t ia l  current  distribution. 

Determination of Kz.--The effective conductivi ty of 
the electrolyte phase in porous electrodes depends on 
the conduct ivi ty  of the free electrolyte, the porosity of 
the electrode, and the tortuosity of the pores. The sim- 
plest way to measure this parameter  has been de- 
scribed by Euler and Rieder (11). They proposed that 
the effective resist ivi ty of the electrolyte in  the pores 
could be determined by measur ing the electrolyte po- 
tent ial  difference between the two sides of the elec- 
trode when a direct current  passes through the electro- 
lyte in the pores. The potential  difference is measured 
by two reference electrodes with Luggin-capi l lar ies  
and is corrected for the voltage drop in the free elec- 
trolyte. The disadvantage of this simple method is that  
a certain fraction of the cur ren t  passes through the 
solid electrode phase by an anodic electrode reaction 
on one side of the electrode and a cathodic reaction on 
the other side. At small  currents  this fraction is, how- 
ever, ra ther  small. Romanova and Selitsky (12) deter-  
mined it to less than  5% for potential  differences 
smaller  than 20 mV. A correction for this fraction is 
not made in this work since the var iat ion of the effec- 
tive conductivi ty with different cycles proved to be of 
much greater  magnitude.  

A graphical representat ion of potential  difference vs. 
current  density yielded a straight l ine (Fig. 1). The 
effective conductivity,  K2, can be calculated from the 
slope, K, of this l ine by using the formula 

K2 ~- 2 L / K  

where 2L is the thickness of the electrode. The con- 
duct ivi ty of 5M H2SO4 in the positive plates used in 
this study was determined to 0.07 _+ 0.01 mho/cm. The 
great uncer ta in ty  is due to variat ions from cycle to 
cycle and from electrode to electrode. The measured 
average of the conductivi ty is in good agreement  with 
the results of Romanova and Selitsky (12), while it 
is three t imes greater than the value reported by Euler 
(6). The measured effective conductivi ty is thus only 
about a tenth of the conductivi ty of the free electrolyte. 
This great reduction is probably due to oxygen left in 
the pores after excess charge. Romanova and Selitsky 
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Fig. 1. Voltage drop across a positive lead-acid plate as a function 
of applied current density in the pore electrolyte. 

(12) thus observed a doubling of the conductivity, 
after the removal  of oxygen at reduced pressure. 

The Current-Overvoltage Relation for the 
Lead Dioxide Electrode 

There are fairly many  reports in l i terature  on the 
kinetics of the cathodic discharge of the lead dioxide 
electrode in  sulfuric acid 

PbO2(s) -5 4H + -5 SO42- -5 2 e -  
PbSO4(s) -5 2H20 (1) 

The results are, however, par t ly  divergent  and a 
definite rate equat ion cannot  be found. New experi-  
ments  were therefore carried out, with the restricted 
goal to determine the prelogari thmic Tafel coefficient 
in the region of high overvoltage. The experimental  
method was galvanostatic discharge of a lead dioxide 
surface formed by anodic oxidation of a smooth lead 
sheet (analyt ical  grade from MERCK, Darmstadt)  in 
5.0M H2SO4 (analyt ical  grade in bidisti l led water) .  
The electrode was subjected to repeated cycles of 
charge and discharge to increase the thickness of the 
lead dioxide layer and consequently decrease the self- 
discharge of the electrode. The anodic oxidation was 
carried out with 1.0 mA/cm~ for successively increas- 
ing times up to 1 hr for the last formation cycles. Care 
was taken to avoid excess charge leading to flaking of 
the electrode surface. The self-discharge of the thus 
formed test electrode was equivalent  to a cathodic 
current  of less than 0.01 m A / c m  2. Microscopic invest i -  
gations showed, however, that  the lead dioxide surface 
formed in this way was porous, something which is 
mostly unsui table  in  kinetic studies. The thickness of 
this porous layer  is, however, very  small  (about 0.01 
ram),  and thus the current  dis t r ibut ion in this layer  
may be expected to be uniform. (This case corresponds 
to a very  low value  of the parameter  a, appearing in 
the equation for current  dis t r ibut ion in  the next  sec- 
tion.) 

This very  th in  porous electrode may thus be ex- 
pected to give lower overvoltages than  a smooth lead 
dioxide electrode but  the same Tafel slope at high 
overvoltages. 

As a fur ther  control of the Tafel slope, the same 
experiments  were also carried out with a nonporous 

lead dioxide surface formed by electrodeposition of 
#-PbO2 on a smooth (polished) Pt-surface  from a 
solution of Pb(NOs)2 (10 g/ l i ter)  and HNOs (15%). 
The deposition was carried out in 15 rain with 3 
mA / c m 2. The deposit was checked by x - r a y  diffraction 
to be #-PbO2. 

The galvanostatic discharges were carried out at 20 ~ 
_ l~ and the electrode potential  was measured 
against a mercury-mercurous  sulfate reference elec- 
trode with a digital voltmeter.  The overvoltage was 
defined as the difference between the maximum,  ra ther  
constant  electrode potential  obtained after the ini t ial  
drop of potential  at the beginning  of discharge and the 
equi l ibr ium open-circui t  potential. Correction was 
made for the ohmic potential  drop between the surface 
and the end of the Luggin capillary. The results are 
i l lustrated in Fig. 2. The electrode formed by anodic 
oxidation of a lead surface proved to give much lower 
overvo]tages than the electrode formed by deposition 
of #-PbO2 on plat inum. This is just  what  might  be ex- 
pected in  consideration of the much larger t rue  surface 
area for the former electrode. However, the slope of 
the logarithmic polarization curve was found to be 
near ly  the same for both electrodes, 30 __ 5 mV/decade. 
F rom the exper imental  results above follows that  the 
rate equation for the electrode reaction 

PbO2(s) -5 4H + + SO42- + 2e 
~:~ PbSO4(s) -5 2H20 (1) 

may be wri t ten  

J ---- --Jo" exp[--2F~]/(RT) ] [3] 

for overpotentials be tween 30 and 90 mV and Eq. [2] 
may consequently be wr i t ten  

V �9 i2 ---- --Sjo exp[--2F~/(RT) ] [4] 

Theoretical Analysis of the Initial Current Distribution 
The equations given above can now be applied to 

the lead dioxide plates under  investigation. These elec- 
trodes are of gr id-type and would therefore require a 
complicated two-dimensional  representat ion in a co- 
ordinate system (Fig. 3). 

However, the effective conductivi ty of the ful ly 
charged porous mat r ix  was shown above to be about 
a hundred  times greater than that  of the electrolyte 
in the pores. In  comparison to the electrolyte the solid 
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Fig. 2. Tafel plots for lead dioxide electrodes in 5M H2S04. 
Pb02 formed by: 0 ,  anodie oxidation of Pb and A,  electrodeposi- 
tion of #-PbO,2 on Pt. 
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Fig. 3. Porous lead dioxide electrode with grid. 

phase can therefore be regarded as an equipotential  
surface, and the electrode may consequently be re-  
garded as one-dimensional ,  at least dur ing the first 
quar ter  of discharge. The coordinate x is taken = 0 at 
the center of symmetry  of the electrode and = L and 
-- L respectively at the two outer surfaces. 

Let us now consider the condi t ions  at the first 
moments  of discharge, after the electrolytic double 
layer  has been charged, but  before the concentrat ion 
has changed significantly from its ini t ial  uniformity.  
The current  is cathodic, I ~ 0. 
Since now 

Ks ~ ~I and  d E / d x  - -  dl l /dx 

Eq. [1] can be wr i t t en  

i2 = K2 (d~l/dx) [5] 

while the rate equation, Eq. [4] can be expressed 

dis /dx  --- --Sjo exp[--2F~l/  (RT)  ] [6] 

By differentiating Eq. [6] and e l iminat ing  d~/dx,  one 
obtains 

d 2 i2/dx 2 J r -  2 F / ( R T  ~2)/2 di2/dx "-- 0 [7] 

TO use dimensionless variables instead, the quanti t ies  

z = x / L ,  i = i2/I and a = - - 2 F I L / ( R T ~ 2 )  

are introduced, whereupon Eq. [7] is t ransformed into 

d2i/dz 2 -- ai d i /dz  = 0 [ 8 ]  

The boundary  conditions are then i = 0 at z = 0 and i 
= 1 at z = 1. The solution to this nonl inear  differential 
equat ion is 

i = ~ /2d/a  tan  (x /ad /2  z) [9] 

where d = di /dz  at z = 0. 
A finite cur ren t  density in  the electrode requires that  

0 ~ ~/ad/2  ~ ~/2 

The current  dis t r ibut ion is obtained by  differentiating 
Eq. [9] 

di /dz  = d sec ~ (x /ad/2  z) [10] 

The value of d is not given for the nonl inear ,  boundary  
value problem, Eq. [10] and  must  therefore be caI- 

culated. Put t ing  z = 1, i -- 1 in Eq. [9] gives an equa-  
tion for d 

d = aco t  ~ ( k / a d / 2 ) / 2  

from which d can be calculated by  means  of some 
numer ica l  method, for example the Newton-Raphson 
i terat ion method. 

The ini t ial  cur ren t  dis t r ibut ion in a porous PbO2- 
electrode at different discharge rates calculated from 
Eq. [10] is shown in  Fig. 4. From the graphs we see 
that for low current  densities (small a),  the current  
distr ibution is ra ther  uniform, while for higher cur-  
rent  densities ( increasing a) the electrode reaction 
takes place main ly  near  the outer surface of the elec- 
trode. 

Exper imental  Invest igat ion of the In i t ia l  Current 
Distr ibut ion 

To determine the val idi ty of the applied theoretical 
model, the calculations for the case of constant  con- 
centrat ion made above, must  be compared with experi-  
mental  determinat ions  of the ini t ia l  current  dis t r ibu-  
tion. For this purpose there is obviously a need for a 
practical specification of the concept "initial." In  the 
case of the porous lead dioxide electrode the ini t ial  
conditions may be regarded as prevai l ing up to 25% 
of the total discharge time. There are two arguments  
for this interpretat ion:  (i) The first fourth of the dis- 
charge curve is ra ther  flat. (ii) Keeping the acid con- 
centrat ion constant  by pumping  electrolyte through 
the pores does not produce significant deviations from 
the normal  discharge curve dur ing  the first fourth of 
discharge. 

This in terpre ta t ion allows a direct comparison be-  
tween the theoretical results in Fig. 4 and the experi-  
menta l  results by Haebler, Panesar,  and Voss (9), who 
measured the distr ibution of the reaction product, 
PbSO4 wi th in  par t ly  discharged positive lead-acid 
plates using a scanning x - r ay  microprobe with sulfur-  
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Fig. 4. Reduced current distributions for different current densities, 
L = 0.09 cm, ~2 = 0.07 mho/cm. 
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Ka radiation. These experiments  showed that  the dis- 
charge to PbSO4 in the first fourth of discharge (with 
--180 mA/cm2) took place main ly  in the inter ior  of 
the plates. The microprobe analyses made by Bode, 
Panesar,  and Voss (8) gave distr ibution curves which 
decreased s tr ikingly near  the outer surfaces of the 
electrode at all  discharge rates. 

Obviously these exper imenta l  results reveal  a com- 
plete fai lure of the theoretical predictions. Fur thermore  
the measured dis t r ibut ion curves can hardly  be ex-  
plained at all on the basis of convent ional  theories of 
current  distribution. This serious contradiction be-  
tween theory and exper iment  can, however, also be 
a t t r ibuted to some exper imental  error. 

It was thus found necessary in this work to invest i -  
gate whether  the preparat ion of the specimens for 
analysis, i.e., soaking of the sulfuric acid in the pores 
with distilled water, might  affect the original d is t r ibu-  
t ion of lead su l fa te .The  under ly ing  idea was that  when  
electrodes containing sulfuric acid of 1-5M are soaked 
in distilled water, the sulfuric acid concentrat ion at the 
interface will  become very low. The reversible elec- 
trode potential  will therefore be much lower (up to 100 
mV) at the outer surface than  in the depth of the 
pores. This would produce leveling currents  result ing 
in charge of the outer parts of the electrode and dis- 
charge of the inner  parts. By this process the dis t r ibu-  
tion of sulfate would be shifted to lower values at the 
interface and higher values in the interior  of the elec- 
trode. This hypothesis would also explain the strange 
fall of the distr ibution curves wi th in  a zone of about 
0.2 mm depth, observed by Bode et al. (8). 

Experimental Procedure 
The cell used in the exper imental  investigations con- 

sisted of a positive plate of gr id- type with dimensions 
50 • 50 • 1.8 mm placed symmetr ical ly  between two 
negative (Pb - - )  plates in 5.0M H2SO4. The electrolyte 
was in great excess to keep the concentrat ion in the 
bulk  almost constant. The potential  of the positive 
plate was recorded against a mercury-mercurous  sul-  
fate electrode, and the end of discharge was defined to 
be at a total  overvoltage of 1V. To keep the current  
load symmetr ical  on the two sides of the electrode, two 
different galvanostatic circuits were used, one for each 
side of the positive electrode and the corresponding 
counterelectrode. Positive plates were discharged to 
25% with --100 m A / c m  2 on each side at 21 ~ • I~ 
After discharge a port ion of the positive plate was 
soaked in a beaker with periodically renewed distilled 
water  for two days. The plate was dried and a sample 
from the middle of the plate was subsequent ly  ex- 
amined using an electron microprobe. The lead sulfate 
dis t r ibut ion across the electrode was measured by the 
intensi ty  of the S-K~-radiat ion.  

To investigate the effect of pre t rea tment  other por- 
tions of the electrode were freed from sulfuric acid in 
another way. The method consisted in moulding a 
piece of the par t ly  discharged electrode in an epoxy 
resin, gr inding and polishing the cross section of the 
sample, and then soaking with periodically renewed 
distilled water  for two days. With this method the level-  
ing currents  are acting in a direction perpendicular  to 
the cross section of the electrode, thus affecting the 
absolute height of the dis t r ibut ion curves, but  not their  
form. 

Results 
The exper imental  results, Fig. 5, appeared to be de- 

pendent  on the method of pretreatment .  Conventional  
soaking of the electrode gave a ra ther  uniform dis- 
t r ibut ion of lead sulfate, in accordance with the results 
obtained by Haebler  et al. (9). The other method, how- 
ever, gave a dis t r ibut ion in good agreement  with the 
theoretical prediction. Both methods were checked by 
ana]yses of samples from completely charged, electro- 
lyte-fi]led electrodes, giving low, uni form intensities. 
These results led to the impor tant  conclusion that  

0 0 .9  1. 
0 ISTANCE (mrn) 

Fig. 5. The dependence of the method of soaking on the obtained 
distribution curves of sulfur. (a) "Conventional" soaking with H20 
and (b) soaking perpendicular to the cross section. 

convent ional  soaking of the electrode strongly affects 
the distr ibution of lead sulfate wi thin  the electrode. 

The exper imental  results reported below were 
therefore obtained with samples soaked with distilled 
water  in  the direction perpendicular  to the cross sec- 
tion. 

The measured distr ibutions of lead sulfate in  PbO2- 
electrodes discharged with two different current  den-  
sities to 25% are i l lustrated in Fig. 6. These curves are 
in good agreement  with the theoretical calculations of 
ini t ia l  current  dis t r ibut ion (dashed l ines).  

Changes in current distribution during d i scharge . -  
It may be expected that the current  dis t r ibut ion u n -  
dergoes considerable changes dur ing discharge. The 
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Fig. 6. Reduced current distributions at low- and high-current 
densities. Comparison between theoretical (dashed lines) and ex- 
perimental (solid lines) results (L ---- 0.09 cm, K2 ~ 0.07 mho/cm). 
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distr ibution of lead sulfate was therefore measured 
also at higher degrees of discharge. The results ob- 
tained at different discharge rates are i l lustrated in 
Fig. 7 and 8. 

It is evident  from Fig. 7 that  in cases of high current  
densities it is re levant  to introduce the concept of a 
"reaction layer," proceeding from the interfaces of the 
electrode into the interior  parts dur ing discharge. At 
lower current  densities the distr ibution of lead sulfate 
is un i form at the beginning  of discharge, while the 
outer parts are somewhat preferred after the first 
quar ter  of discharge. 

Discussion 
The maerohomogeneous model for porous electrodes 

proves to be a valuable mathemat ical  tool for the pre-  
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Fig. 8. PbSO4-distribution within positive plates discharged with 
--2.5 mA/crn ~ to: 1, 25%; 2, 50%; 3, 75%; and 4, 100%. 

diction of ini t ial  current  dis t r ibut ion in  porous lead 
dioxide electrodes. 

The accuracy of the theoretical calculations of init ial  
current  distr ibution is l imited by the accuracy with 
which the input  parameters  can be exper imenta l ly  
determined. In  the present  case the greatest uncer-  
ta in ty  lies in the determinat ion of the effective con- 
ductivi ty of the electrolyte, which varies considerably 
(up to 15%) from cycle to cycle and from electrode to 
electrode. 

In  this work the electrode kinetics is represented by 
a Tafel expression. As pointed out by Grens and Tobias 
(13) such an approximation may be dangerous, since 
the overvoltage exist ing over much of the depth of the 
electrode may be too small  to permit  the disregarding 
of the reverse react ion term in  the Volmer expression. 
It is therefore necessary to check that  the calculated 
local overvoltage is everywhere wi th in  the range of 
the val idi ty of the Tafel approximation. In  this work 
the calculated overvoltage profiles were found to be 
wi th in  the Tafel region for the current  densities used, 
al though at the smallest current  density (2.5 m A / c m  2) 
the electrode interior  was operating near  the lower 
l imit  of this region. 

Exper imenta l  invest igat ion of the current  d is t r ibu-  
t ion by means of analysis of the distr ibution of the re-  
action product, PbSO4, proved to be successful only 
under  conditions where soaking with distilled water  
does not produce local concentrat ion cells which redis-  
t r ibute  the lead sulfate in the direction perpendicular  
to the interfaces of the electrode. 

The exper imental  studies of current  dis t r ibut ion 
lead to some impor tant  conclusions concerning the 
mechanism of the passivation of positive plates in 
lead-acid batteries. At  high discharge currents  a reac- 
t ion layer  is moving inwards into the electrode due to 
gradual  insulat ion of the surface by covering lead sul- 
fate crystals. From Fig. 7 it is clear that  this reaction 
layer  has not reached the interior  parts before the 
voltage has broken down. Thus, the capacity at high 
current  loads is not l imited by a complete passivation 
of the electrode surface, since there is still active ma-  
terial  left in the depth of the electrode. This fact leads 
to the conclusion that  the acid in the depth of the pores 
is depleted (locally or extensively) dur ing discharge, 
thus loosing its conductive property. The current  can 
no longer reach the remain ing  active mater ia l  in the 
inner  parts, nor  be t ransferred across the electrode 
surface in the outer parts insulated by lead sulfate 
crystals, so the voltage consequently breaks down. 

At low current  densities the total uti l ization of the 
active mater ial  is higher than at high current  densities. 
However, even at low current  densities there still re-  
mains active mater ial  in the middle of the electrode 
after the discharge is completed. This is probably due 
to plugging of the pores. 
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LIST OF SYMBOLS 
--2ILF 

a 
K2RT 

d Integrat ion constant for ini t ia l  cur ren t  d is t r ibu-  
t ion 
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E Electrode potential ,  V 
F F a r a d a y ' s  constant,  96 491 As /equ iva l en t  
i t  Current  dens i ty  in ma t r i x  phase,  based on over -  

all  apparen t  porous electrode area, A / c m  2 
~2 Cur ren t  dens i ty  in e lec t ro ly te  phase, A / c m  2 

Total  apparen t  cur ren t  densi ty  appl ied  on one 
side of the  porous electrode, A / c m  2 

i Dimensionless  current ,  i2/I 
j. Local  ra te  of charge  t ransfer ,  A / c m  2 
~o Exchange  cu r ren t  density,  A / c m  z 
L Thickness of one symmetr ic  half  of the  porous 

electrode, cm 
R Universa l  gas constant,  jou le /mole -deg .  
S Specific active in ter rac ia l  surface area  pe r  unit  

volume, c m -  1 
T Tempera tu re  ~ 
x Distance coordinate  f rom the s y m m e t r y  p lane  of 

the  porous electrode,  cm 
z Dimensionless distance, x / L  
~1 Overvol tage,  V 
Kt Effective conduct iv i ty  of the m a t r i x  phase, m h o /  

c m  
K2 Effective conduc t iv i ty  of the  e lec t ro ly te  phase, 

m h o / c m  
r Poten t ia l  of ma t r i x  phase,  V 
~2 Poten t ia l  of pore  electrolyte ,  V 

A P P E N D I X  

Derivation of Eq. [1] and [2] 
The cur ren t  dens i ty  in the  matr ix ,  il, is given by  

Ohm's  l aw 
i't : --KIVr [ A - l ]  

In  the case of uni form concentra t ion the cur ren t  den-  
s i ty in the  pore e lectrolyte ,  i2, is also given by  Ohm's  
law 

~'2 : --K2Vr [A=2] 

The conservat ion of charge  requi res  tha t  the  sum of 
these cur ren t  densi t ies  is equal  to the total  appa ren t  
cur ren t  dens i ty  I 

+ h =T  [A-3] 
The electrode potent ia l  is defined as E = r --  r and  
consequently,  wi th  Eq. [ A - l ] ,  [A-2] ,  and  [A-3] 

i2 : KIK2 VE/ ( K1  + K2) -'[- /r + g2) [1] 

Final ly ,  the  re la t ion  be tween  ~ and E is given by  the 
ac tual  e lec t rochemical  kinet ic  express ion 

V . ~  = Sf(c,E) [2] 

Equat ion [2] expresses  the ra te  of the e lec t rode  reac-  
t ion per  unit  vo lume of the  e lec t rode  as p ropor t iona l  
to the specific act ive surface area, S, and  to an ap -  
p ropr ia te  expression for the local ra te  of charge  t r ans -  
fer, f(c,  E ) .  The appropr i a t e  boundary  condit ions are  
at  the  current  col lector  T2 = 0 and at  the in terface  of 
the e lect rode i2 = I .  
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Monolayer Formation in the Reduction of Nickel 
and Silver Ions from the LiCI-KCI Eutectic 

G. J. Hills,* D. J. Schiffrin, 1 and J. Thompson 2 

Chemistry DepaTtment, The University, Southampton, England 

ABSTRACT 

The deposi t ion of n ickel  and s i lver  on p l a t inum from the LiC1-KC1 eutectic 
at 400~ has been s tudied using the ehronopotent iometr ie ,  cyclic vol tammetr ic ,  
and potent ia l  s tep techniques.  A n  observed predepos i t ion  of nickel  on p l a t i -  
num was observed to take  place  at 0.5V anodic to the  equi l ib r ium poten t ia l  
be tween  nickel  in bu lk  and the solut ion of i ts ions. The predeposi t ion  process 
was s tudied  b y  an a-c  impedance  method and de l inea ted  as the  format ion  of 
an adsorbed  monolayer .  A s imi lar  but  less wel l -def ined  predeposi t ion  step was 
observed wi th  s i lver  at 0.1V anodic to the  revers ib le  potent ial .  No twi ths t and-  
ing the  predeposi t ion  phenomena,  diffusion coefficients for both  meta l  ions were  
de te rmined  by  each of the  vo l t ammet r i c  techniques and found to be in r ea -  
sonable agreement  wi th  each o ther  and wi th  prev ious ly  r epor ted  values.  

Elec t rode  processes involving the deposi t ion of 
meta ls  f rom mol ten  salt  systems are  known to be 
k ine t ica l ly  ve ry  fast, and many  previous  studies have 
therefore  been concerned main ly  wi th  the  evalua t ion  
of the  diffusion coefficient of the meta l  ions involved 

* Electrochemical Society Active Member. 
1 I.N.T.I., Libertad 1235, Buenos Aires, Argentina. 
~Eleetrochemistry Research Laboratories, S c h o o l  of  Chemistry, 

The University, Newcastle-upon-Tyne, England. 
Key words: electrodeposition, molten salts, monolayers, silver, 

nickel. 

(1) employing  a va r i e ty  of vo l t ammet r i c  techniques 
(2). 

In  aqueous systems, the  deposi t ion of a monolayer  of 
the meta l  at potent ia ls  s ignif icant ly anodic to tha t  of 
the bu lk  deposi t ion has been  observed  in many  in-  
stances, e.g., for T1 + on s i lver  (3);  Cu 2+ on p la t inum 
(4), and Ag  +, TI +, and CU 2+ on gold (5).  The same 
type  of phenomenon has been recognized for many  
years  in  the  hyd rogen  evolut ion  reac t ion  on pla t inum,  
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where a monolayer  of adsorbed hydrogen atoms is a 
stable precursor to the hydrogen evolution reaction. 

Monolayer formation processes in molten salts were 
briefly considered by Schmidt (6) as part  of a study 
of the deposition of Ag +, Pb 2+, Ni 2+, and Cd 2+ ions 
on p la t inum from a LiC1-KC1 eutectic melt, using 
a l ternat ing square current  pulses. 

The purpose of the present  work was the s tudy of 
both monolayer  formation and metal  deposition proc- 
esses for Ni 2+ and Ag 2+ in a LiCI-KCI eutectic melt  
at 400~ The reduction of these ions in  this melt  has 
been previously studied using polarographic (7), 
chronopotentiometric (8), and l inear  sweep methods 
(9, I0). 

Experimental 
LiC1-KC1 eutectic (59:41 mole per cent (m/o)  mel t -  

ing point, 352~ was prepared from "Analar" grade 
KC1 and reagent grade KC1, using a purification tech- 
nique similar to that  of Lai t inen et al. (11). A known 
weight of eutectic mix ture  was heated to 200~ over-  
night  in vacuum to remove excess water. This was 
followed by t rea tment  for several hours with dry HC1 
gas (B.D.H. 99%) dur ing which period the temperature  
was gradual ly  increased to above the mel t ing point  
of the eutectic. HC1 was removed by evacuation and 
replaced by dry nitrogen. Following this dehydrat ion 
procedure, metal  ion impuri t ies  were next  removed by 
pre-electrolysis under  vacuum for 4 hr at 2.5V, using 
a stainless steel cathode and a carbon anode. During 
this t ime the residual  current  decreased to 0.1-0.2 
m A c m  -2 and this was assumed to be an  acceptable 
level of reducible impurities.  No other test was made 
for the absence of other impurities.  Final ly,  the melt  
was filtered through a porosity 4 silica frit  directly 
into a silica pot si tuated in the bottom of the cell 
assembly. The filtration un i t  was removed and the cell 
head, containing sockets for the reference, working 
and counter  electrodes, Chromel -Alumel  thermocouple, 
and ni t rogen bubblers  were attached. 

A P t / P t  2+ (0.01M) reference electrode was used in 
the studies of the nickel system, and was prepared by 
anodizing a Pt  wire into a cal ibrated volume of melt  
contained in  a small compar tment  separated from the 
bu lk  melt  by a glass frit. For the silver deposition 
work, a Ag/Ag + (0.OlM) reference electrode was 
employed and prepared in a similar manner .  In  both 
cases, a carbon rod counterelectrode was used, also 
contained in a separate compar tment  and joined to 
the bu lk  melt  by a glass frit. P l a t inum electrodes, both 
in  the form of th in  wires and small  spheres, were 
sealed into Pyrex  glass after being first cleaned with 
HC1 and annealed at whi te - red  heat for 1 hr using a 
d-c voltage applied directly across a length of p la t inum 
wire. 

Silver ions were introduced into the melt  by a 
quant i ta t ive  anodization of a Ag wire, and nickel was 
added as anhydrous  NiC12 following the dehydrat ion 
of NiC12 6H20 with dry HC1 gas. 

Potentiostat ical ly controlled experiments  were car-  
ried out using a potentiostat  (Chemical Electronics, 
Type 70/2A) in conjunct ion with a waveform gen-  
erator (Chemical Electronics, Type R.B.1). Cyclic 
vol tammograms at slow sweep rates were recorded on 
a Y-T recorder (Bryans) and at high sweep rates on 
a storage oscilloscope (Tektronix,  Type 564). Photo- 
graphs of the t ransients  were taken with a Polaroid 
camera (Tektronix, Type C 30). A simple constant  cur-  
rent  source for the chronopotent iometry measurements  
consisted of a high-voltage dry ba t te ry  connected in 
series with decade resistors; chronopotentiograms were 
recorded on an oscilloscope (Tektronix, 545B), and 
photographed with a Thompson-Land polaroid camera. 

For the s tudy of the electrode impedance of the 
nickel system, a potentiostat  and phase-sensit ive detec- 
t ion system were employed (12, 13). Although the 
uncompensated resistance was very low (a convenient  
feature of mol ten-sa l t  systems), a small  amount  of 

positive feedback was employed (12) to render  negli-  
gible the in-phase component of the current  at a poten- 
tial sufficiently anodic to that  of the monolayer  forma- 
t ion peak. The a-c signal generator  was an oscillator 
(Associated Ins t rument  Manufacturers,  A.I.M., Type 
P.F.O.) general ly operating at I000 Hz and which pro- 
vided also the in-phase  and quadra ture  reference 
channels  for the phase-sensi t ive detector (A.I.M., Type 
P.S.D. 122) used. The potentiostat  was constructed 
from Phi lbr ick operational amplifiers, and its design 
will be described elsewhere (14). A block diagram of 
the measuring circuit  is shown in Fig. I. The potentio- 
stat ensures that  a current  flows across the interface 
of magni tude sufficient to force the reference electrode 
potential  to follow the applied a-c signal. We represent  
the interface as a paral lel  combination (Fig. 2a), since 
the potential  is the controlled variable, and the current  
is the measurable quanti ty.  If the current  were con- 
trolled and the potential  measured, then a series com- 
binat ion would be a more convenient  representat ion 
of the interface. Since the ins t rument  had originally 
been designed to be used with a dropping mercury  
electrode (14), the former configuration was employed. 
The P.S.D. output  gives the components of the current  
both in-phase and in quadra ture  with the exciting 
potential. When the uncompensated resistance is zero, 
the current  flowing across the interface is given by 

P olarising 
Circuit X X-Y Recorder 

Potentiostat . ~  

I Wave Form 
Generator [ I 

J f i li Iq Phase 
Sensitive 
Detector 

'1 
Fig. I. Block diagram of the potentiostatic-phase detection 

system used for the impedance measurements. W --  working elec- 
trode; C = counterelectrode; E = reference electrode; li = in- 
phase reference channel; Iq = quadrature reference channel; X 
potential; Y = P.S.D. output. 

| 

Cp 
I I  

Rp 

| 

C1 
II 

Cf  Rf 

Fig. 2. (a) Parallel components of the interfacial impedance 
directly measurable by the potentiostatic-phase detection method. 
(b) Model of the interface for the hydrogen ionization equilibrium 
[6]; C1 --  double-layer capacitance; Cf ---- pseudo-capacity, and 
Rf = charge transfer resistance. 
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(Fig. 2a) 

i--V --~-p -Fj=Cp [1] 

where V is the applied potential, Rp and Cp are the 
equivalent  paral lel  interracial  resistance and capaci- 
tance, and ~, is the angular  frequency. The P.S.D. out-  
puts are thus 

Vq = ( G V )  w Cp [2] 
and 

1 
Vl : (GV) [3 ]  

Rp 

where Vq and Vi are respectively the quadrature and 
in-phase potential outputs of the P.S.D., and G is the 
instrumental gain. For a given a-c signal amplitude, 
the product (GV) is a constant of the instrument, 
easily evaluated with a dummy cell made of precision 
components. 

From [2] and [3], it is seen that it is a simple matter 
to record directly, either on an X-Y recorder or with 
a data logger, the parallel components of the imped- 
ance. This technique has been described here in some 
detail because of its patent  applicabil i ty to mol ten-sa l t  
studies and because it involves s tandard items of 
equipment.  In  the present case, Cp and 1/Rp were 
directly recorded on an X-Y recorder at different fre- 
quencies. 

Results and  Discussion 

Nickel 

Chronopotentiometry.--Chronopotentiograms at sev- 
eral current  densities were obtained for the reduction 
of Ni 2+ at 400~ at three different concentrations:  6.3, 
8.8, and 18.4 mM. A typical t ransient  is shown in  Fig. 
3. A small t ransi t ion is noted occurring at potentials 
~0.4V anodic to the main  reduction wave. The t rans i -  
tion t ime corresponding to the main  reduction process 
is plotted against the reciprocal current  in Fig. 4, and 
the expected l inear relationship predicted by the Sand 
equation (15) is observed, i.e. 

z~'/,FAcD~ 
"~'/= = [41 

2i 

where z is the number of electrons involved in the re- 
duction, F is the faraday, A the electrode area, c is the 
concentration, D the diffusion coefficient, and i the cur- 
rent. From the results presented in Fig. 4, the value 
of ~*/2/Ac was found to be constant within 3%, and the 

- 1-2 
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E/V  

I 
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I I 
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Fig. 3. Chronopotentiogram for the reduction of Ni 2§ on Pt 
from a LiCI-KCI molten eutectic. Concentration = 6.3 raM; tem- 
perature = 400~ current density = 3.94 X 10 - 3  A cm -2 .  

Table I. Diffusion coefficient of nickel ion, DNi2+, in LiCI-KCI 
eutectic at 400~ 

10 5 DNI 2+/cm2 s-1 

Cyc l i c  P o t e n t i a l  C h r o n o p o -  
CNi~+/mM v o l t a m m e t r y  s t ep  t e n t i o m e t r y  R e f e r e n c e  

8.30 0.79 1.10 1.11 T h i s  w o r k  
8.83 0.78 1.12 1.25 T h i s  w o r k  

18.35 1.08 1.08 1.20 T h i s  w o r k  
M e a n  0.88 • 0.14 1.10 q- 0.01 1.18 +-- 0.05 T h i s  w o r k  

8-30 1.26 (450~ 10 
30-50 2.4 (450~ 6 

2.5-15 4.14 (SO0~ 7, 8 

calculated diffusions coefficient values  are given in 
Table I. 

The t ransient  observed before the main  deposition 
wave, was studied in greater detail by using much 
lower current  densities. Some typical  galvanostatic 
curves are shown in Fig. 5. St i rr ing of the solution 
dur ing the recording of the t ransient  was found to 
have no effect on the t ransi t ion t ime or on the shape 
of the chronopotentiogram for the predeposition step, 
indicat ing that this process is not diffusion controlled 
and  that  the definition of the t ransi t ion t ime in the 
usual  sense cannot  be used. For this reason, the t rans i -  
t ion t ime was taken as the t ime for the potential  to 
scan from --0.1 to --0.6V (vs. the P t / P t  2+ electrode), 
in order to evaluate the monolayer  charge. These 
potential  l imits were chosen so as to exclude both the 
oxidation of p la t inum and the deposition of nickel in 
bulk. These potential  l imits were also evident  from 
tile admit tance measurements.  Table II shows the 
calculated monolayer  charges (Q,,) at different cur-  
ren t  densities for the three concentrat ions studied. The 

1 a 

1C 

I I I I 
1 2 :~ 4 5 

Fig. 4. Test of Sand's equation for the reduction of Ni 2§ on Pt 
from a LiCI-KCI molten eutectic. Concentrations: A ,  6.3 mM; D ,  
8.8 raM, and O ,  18.4 mM NiCI2. 

- 0 - 8  

- 0 - 4  

E /V  

I I I | 
2 4 6 8 

Fig. S. Chronopotentlogram of Hi 2+ monolayer formation on Pt 
from LiCI-KCI eutectic at 400~ Current densities (from top to 
bottom) = 2.2; 1.9 and 1.6 X 10 - 3  A/cm 2. Potentials vs. a Pt/  
Pt 2+ O.01M reference electrode. 
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Table II. Monolayer charge (Qm) for Ni 2+ in LiCI-KCI eutectic at 
400~ obtained from chronopotentiometric transition times 

M o n o l a y e r  c h a r g e  Q m / ~ c o u l o r n b  crn-S 
A p p l i e d  

c u r r e n t ,  i / ~ A  6.3 m M  N i  +'-' 8.8 m M  N i  s+ 18.4 m M  N i  s+ 

20 740 
30 708 756 710 
40 755 725 694 
50 788 678 670 
60 662 567 567 
70 552 615 607 
80 630 630 

100 690 690 646 
120 650 650 568 
140 630 620 505 

Qm values should be compared with that  calculated on 
the assumption of a close packed layer  in  which one 
atom of deposited metal  effectively covers a square on 
the electrode surface of side 2ra (ra -- atomic radius) 
(16). This is given by 

g e  
Qm = ~ [5] 

(2ra) 2 

where e is the electronic charge. Taking ra = 1.15A for 
nickel (17), then Qm -- 606 ~coulombs cm -2. This 
value compares reasonably well  with the exper imental  
quant i ty ;  Qm results in Table II were calculated from 
the apparent  electrode area of the p la t inum sphere 
used without  taking surface roughness effects into con- 
sideration. Qm is seen to be fairly independent  of both 
the concentrat ion and the current  density Which is in 
support  of the formation of a close packed monolayer.  
There is, however, a definite decrease in  Qm with  in-  
creasing values of the current  density. Several  effects 
might  be responsible for this: (i) the presence of 
trace impuri t ies  in  the melt  (notice that  the values 
of the current  used here are very low);  (ii) slowness 
of the a t ta inment  of equi l ibr ium in  the last stages of 
complete coverage, and (iii) a certain degree of diffu- 
sion of the deposit into the p la t inum substrate favored 
by the high tempera ture  at which the exper iment  is 
performed. It is not possible from this work to dis- 
t inguish be tween  these possibilities. 

Potential step method.--Potential step t ransients  
were recorded for the same three nickel ion concentra-  
t ions as before. The cur ren t - t ime  t rans ient  for cy l in-  
drical diffusion at short times of electrolysis is given 
by (15) 

i -- zFADc ~'12DV2t'12 -b [6] 

where ro is the radius of the wire used. Linear  plots of 
i vs. t-'l, were obtained (Fig. 6) having finite extrapo- 
lated intercepts at t = oo in agreement  with the pre-  
dictions of Eq. [6] for the t imes of electrolysis con- 
sidered. The diffusion coefficients evaluated from the 
slopes of Fig. 6 are seen to be in good agreement  with 
the chronopotent iometry results (Table I).  However, 
in  any exper iment  where a wire of finite length is used, 
the electrode geometry cannot be equated to a semi- 
infinite cylinder, and the diffusional problem should 
approach that of a sphere. In  this l imit ing case though, 
the intercept is twice that  of a semi-infini te cyl inder 
and therefore, in any real situation, the intercept 
should lie somewhere between these two extremes. 
However, it should be noted that  for the 18.35 mM 
solution a value of D of 1.25 • 10 -5 cm ~ sec -1 can be 
calculated from the value of intercept assuming cyl in-  
drical diffusion which is in reasonable agreement  with 
the evaluat ion from the slope. 

The formation of a monolayer  would be expected to 
result  in  a cur ren t - t ime  growth t ransient  showing a 
max imum when  the potent ial  is stepped to a value 
corresponding to monolayer  formation. This type of 
t ransient  is a common occurrence in  the electrochem- 
ical formation and growth of films (18, 19) and  the 
corresponding theory has been extensively discussed 

1 

I I I l I 

0.2 0 '4  0"6 0"8 1.0 

Fig. 6. Potentiostatic current vs. ( t ime}- ~/2 plots for the deposi- 
tion of Hi 2+ from the LiCI-KCI eutectic at different concentrations: 
A, 6.3 raM; I I ,  8.8 raM; e, 18.4 mM NiCI2. 

(20). However, in the present  case, at all the over-  
potentials studied in the monolayer  region, falling 
t ransients  were observed, even at very short times 
after pulsing the potential  (~100 ~sec). I t  might  be 
concluded that  a large number  of nuclei  are formed 
at short times, resul t ing in a l imited two dimensional  
step l ine propagation growth of patches (20) but  no 
direct evidence of this was observed. There was some 
indication of a slow a t ta inment  of the final equi l ibr ium 
for times greater than  4 msec, a result  in  agreement  
with the lower values of Qm obtained at high current  
densities in the galvanostatic study (cf. below, the 
results from cyclic vo l tammetry) .  

Cyclic voltammetry.--Cyclic vol tammograms were 
recorded at different sweep rates between 0.04 and 200 V 
sec -1 for the same concentrat ions that  were used in  
the chronopotentiometric work. Figures 7a, b, c, and d 
show typical vol tammetr ic  scans for this system at 
several sweep rates. F rom the integrat ion of the cur-  
rent,  it was found that  all the charge deposited in the 
cathodic sweep was anodically stripped. The sharp 
anodic dissolution peak is similar to that  observed for 
other systems (3). Here, diffusion control is unl ike ly  
to occur, and the current  will  increase un t i l  all the 
deposited metal  is stripped (21). At fast sweep rates, 
a prepeak corresponding to monolayer  formation is 
observed (see below),  at ~0.5V anodic to the main  
peak, as previously reported (6). 

The main  cathodic peak potential  (Ep) was found to 
be constant  up to sweep rates of 4-8 V sec -1, bu t  an 
appreciable change was noted at higher sweep rates. 
It is unl ike ly  that  this is caused by the uncompensated 
resistance between working and reference electrodes. 
For  example, the peak current  for the 18.4 mM solu- 
t ion at a sweep rate of 322 V sec -1 was 1.76 mA, and 
the uncompensated resistance of the order of 1 ohm or 
less, thus int roducing an ins t rumenta l  uncer ta in ty  of 
at most 2 inV. The reason for the change in Ep at high 
values of v is unclear:  little evidence has been found 
to indicate the existence of a significant nucleat ion 
overpotential,  as is observed for other systems (22), 
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Fig. 7. Cyclic voltammograms of NiCI2 in LiCI-KCI eutectic at 

400~ Concentration = 18.4 mM; electrode area ~ 0.0105 cm 2. 
Potentials vs. a Pt/Pt  2+ (0.01 M) reference electrode: sweep rates: 
(a) 0.16 V sec-1;  (b) 8 V sec-1;  (c) 32 V sec-1;  (d) 192 V sec -1 .  

although in the galvanostatic t ransients  a very small 
crystall ization overpotential  can be seen after the 
monolayer  formation t ransi t ion t ime (Fig. 3). Also, 
no growth region at overpotentials slightly cathodic 
to the Ni deposition potent ia l  was observed. A probable 
reason for this discrepancy could be the nonuni formi ty  
of the deposit. 

As predicted by the theory for the reversible deposi- 
tion of a solid metal  (23), the peak current  was found 
to be a l inear  function of the sweep rate, as shown in 
Fig. 8. The peak current  is given by (23) 

0.610 z 8/2 F s/2 A c D 1/2 v 1/2 
ip = [7] 

R1/2 T1/2 

2 

1_ 

O r7 

I I I 
2 4 6 

Fig. 8. Cyclic voltammetric peak currents (ip) vs. (sweep rate) 1/2 
for the reduction of Ni ~+ on Pt in LiCI-KCI eutectic at 400~ at 
different concentrations: A ,  6.3 mM; [-], 8.8 mM; and O ,  18.4 
mM NiCI~. Electrode area = 0.0105 cm ~. 

where ip is the peak current  and v the sweep rate. The 
values of the diffusion coefficients calculated from the 
slopes in  Fig. 8 and Eq. [7], are given in Table I, and 
are in good agreement  with those obtained by the other 
techniques. A difficulty in this analysis is in the cor- 
rect subtract ion of the capacitance current  which can 
be large; this is par t icular ly  impor tant  for the high 
sweep rate scans, which l imited the range of values of 
v that  could be used in this analysis. 

Figure 9 shows the monolayer  region in greater de- 
tail. There are two points to notice here: (i) the peak 
current  is a l inear  function of the sweep rate (Fig. 10), 
as would correspond to a pure capacitative current,  
and (ii) the peak potent ial  is a function of the sweep 
rate. This would be unexpected if the equivalent  cir- 
cuit corresponding to a monolayer  formation could be 
regarded as an addit ional  pure  capacitance in paralle] 
with the double layer. This is considered to be the case 
in the adsorption of some organic compounds on mer-  
cury (15) but  it is clearly not t rue  when  the adsorp- 
t ion process involves the siraultaneous t ransfer  of 
charge. 

The charge deposited between --0.2 and --0.6V ob- 
tained by integrat ion of the vol tammograms was found 

104i /amp 
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I I I I I 
- 0 - 2  - 0 - 3  - 0 - 4  - 0.5 - 0 .6  

Fig. 9. Cyclic voltammograms for the monolayer formation region 
in the reduction of Ni 2+ on Pt in a LiCI-KCI eutectic at 400~ 
Sweep rates (from top to bottom) ~ 8; 16; 24; 32; 40; 48; 56; and 
64 V sec -1 .  Electrode area = 0.0105 cm 2. 
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Fig. 10. Peak current as a function of sweep rate far the mona- 
layer formation region in the Ni 2+ reduction. Electrode area ---~ 
0.0105 cm 2. 

to be lower than that  obtained from chronopotentiom- 
etry and some sweep rate dependence of Qm was noted. 
Values obtained ranged from 480 to 420 ~coulombs 
cm -~ for sweep rates from 5 to 64 V sec-Z. The reason 
for this difference is not altogether clear, but  it should 
be noted that  the cyclic vol tammetry  results refer to 
much faster t ransients  than those recorded in the 
chronopotent iometry experiments,  and some of the 
effects earlier discussed might be responsible for this. 

Electrode impedance.--A close correlation can be 
established between the present case and the hydrogen 
ionization equi l ibr ium since both involve the same 
kind of e lementary  process. In  this context, if the 
equivalent  circuit for the hydrogen ionization equi-  
l ibr ium is considered (24) (Fig. 2b), it is easy to see 
that  Ep should now depend on sweep rate [see also 
Ref. (25)]. Figure 11 shows the parallel  components of 
the interracial  impedance measured at 1000 Hz. The 
Cp values were found to have a considerable scatter 
with frequency which was later traced to defects in 
the phase-shift ing system. The in-phase  measurements  
leading to Rp were not affected and it is possible to 
compare 1/Rp with the same quant i ty  for the hydrogen 
ionization equi l ibr ium calculated from data in the 
l i terature  (26) (cf. Fig. 12). At infinite frequency 1/R l, 
at the potential  of the peak (--0.4V) extrapolates to a 
value of ,-,4 ohm -z cm ~ leading to a value of the ex- 
change current  of 0.2-0.3 A cm -~. It is an interest ing 
coincidence that  the value of the charge transfer  re-  
sistance is of comparable magni tude in both cases (Fig. 
12), especially when  it is considered that they corre- 
spond to completely different temperatures,  solvents, 
and systems. The results from this work while of only 
semi-quant i ta t ive  significance nevertheless show the 
usefulness of data-acquisi t ion phase-detection tech- 
niques. It  should be pointed out also, that  the differ- 
ence between the shapes of the voltammetric  waves 
and the admit tance results, is due to the different 
equivalent  circuits to which these two methods refer; 
the lat ter  measures the components  of the impedance 
of the interface taken as a parallel  combination, 
whereas the former measures the over-al l  electrical 
response of the actual interface (Fig. 2b, when the 
solution resistance can be neglected) to a voltage 
range. The relationship between the two will  not be 
discussed here. 
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Fig. 11. Parallel components of the electrode impedance for the 
monolayer formation region for the reduction of Ni 2§ at 400~ 
(a) Parallel conductance and (b) parallel capacitance both deter- 
mined at 1000 Hz. Electrode area ---- 0.0105 em 2. Concentration ----- 
8.4 mM NiCI2. Potentials vs. a Pt/Pt 2+ O.01M reference electrode. 

I 
I~ 12 14 t 6 

Fig. 12. Frequency dependence of the parallel conductance for the 
nickel monolayer formation region at --0.4V. 0 ,  Ni2+ case; I I ,  
hydrogen ionization (note that different values for 1/Rp have been 
quoted for this case, depending an the surface treatment of the 
electrode (24)). 

Silver 

A voltammetric  study was also made of the reduc- 
t ion of Ag + in the LiC1-KC1 eutectic at 400~ Figure 
13a shows a typical  t ransient  at slow sweep rates and 
the presence of a small  prepeak is again observed but  
at a potential  less anodic, i.e., N100 mV to the peak 
potential  corresponding to bulk  deposition of Ag +, 
than  in the case of nickel. At higher sweep rates (Fig. 
13b) the close proximity  of the prepeak to the main  
peak is seen to distort the shape of the lat ter  and a 
quant i ta t ive  analysis of peak currents  at higher sweep 
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Fig. 13. Cyclic voltammograms of Ag + reduction in LiCI-KCI 
eutectic at 400~ Concentration ---- 12.8 mM. Electrode area - -  
0.0252 cm 2. Potentials vs. Ag/Ag + (0.01M) reference electrode. 
(a} Sweep r~te : 0.12 V sec-1; (b) sweep rate : 12.0 V sec - z .  

_15 10s'P~r~ 

~ " ~  v~/v-~2 ~ 

I 
0"1 0'2 0-3 0"4 

Fig.  14. Cyclic vo|tammetric peak currents (ip) v s .  v 1/2 for the 
reduction of Ag + on Pt in LiCI-KCI eutectic at 400~ at different 
concentrations: A, 1.06 mM; II, 4.25 mM; O, 8.50 mM; [~, 12.8 
raM. Electrode area : 0.0252 cm 2. 

rates is therefore made difficult. Consequent ly  Fig. 14 
shows a plot of ipv'/2 only for sweep rates in the range 
0.01-0.35 V sec -z where a l inear  relat ionship is ob- 

Table III .  Diffusion coefficient of silver ion, DAg+, in LiCI-KCI 
eutectic at 400~ 

l0  t DAg+/cm2 S-1 

Cyc l i c  P o t e n t i a l  C h r o n o p o -  
c ~ s + / m M  v o l t a m m e t r y  s t e p  t e n t i o m c t r y  R e f e r e n c e  

1.06 2.37 
4.25 2.69 3.19 (5.08) T h i s  w o r k  
8.50 2.42 2.96 (5.11) T h i s  w o r k  

12.76 2.51 3.53 (5.19) T h i s  w o r k  
M e a n  2.50 ----- 0.10 3.23 ~ 0.20 (5.13 -~ 0.04} T h i s  w o r k  

2-50 2.6 (450~ 27 
30-50 3.3 (450~ 6 

4.6 (480~ 8 

served. The intercept  on the ip axis at v = 0 is not 
properly understood but  is again probably associated 
with the prepeak. At these sweep rates the peak poten- 
tial was found to be independent  of sweep rate. 

From the gradients  of the ip vs. v 1/2 plots the diffu- 
sion coefficient of Ag + was calculated from Eq. [7] at 
each concentrat ion and is presented in Table III. 
Potent ia l  step cur ren t - t ime  transients  were recorded 
from potentials in the region of the prepeak to those 
cathodic to the ma in  peak. In  the potent ial  region 
of silver predeposition, no growth characteristics cor- 
responding to monolayer  formation were  observed 
indicating an ins tantaneous nucleat ion process at all 
available sites on the surface. At potentials cathodic 
to the bu lk  deposition step, normal  diffusion-controlled 
t ransients  were obtained giving l inear  i vs. t-~/2 plots 
from which the diffusion coefficient was again calcu- 
lated using Eq. [6] (Table I I I ) .  

Chronopotentiometric t ransients  did not exhibit  a 
pretransi t ion since the two steps were insufficiently 
separated, and hence it was not possible to calculate 
the charge required for the predeposition step. For 
this reason also an impedance analysis could not be 
performed. Diffusion coefficients were calculated from 
the gradients of l inear  plots of t*/~ vs. i -1 using Eq. 
[4] and are presented in Table III  for three concentra-  
tions. Although the values of DAg+ obtained by each 
technique at different concentrations are self consistent, 
Table III  shows some discrepancies between the dif- 
ferent techniques. While the value of DAg+ obtained 
from cyclic vol tammetry  and the potential  step method 
are in reasonable agreement  wi th  other reported val-  
ues, the chronopotentiometric diffusion coefficient is 
rather  higher. Although it is not possible to quant ify 
the effect of the predeposition the most reasonable 
explanat ion in this case, in view of the self consistency 
of the chronopotentiometric data, is an error in the 
measurement  of effective electrode area. This was also 
indicated by a separate exper iment  carried out at 
470~ when a value for DAg+ of 3.87 • 10 -5 cm 2 sec -1 
was obtained. Assuming an approximate value of 4 
kcal mole -1 for the activation energy of the diffusion 
process this leads to a value of 3.0 • 10 -5 cm 2 sec -1 
for DAg+ at 400~ which agrees more closely wi th  the 
values reported in Table II. 
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Capacitance Measurements on Lithiated Nickel Oxide Electrodes 

Dennis M. Tench *,I and Ernest Yeager* 

Chemistry Department, Case Western Reserve University, Cleveland, Ohio 44106 

ABSTRACT 

Differential capacitance measurements  have been used to s tudy mosaic 
l i thiated nickel oxide electrodes and to obtain informat ion concerning the 
potent ial  distr ibution between the space charge region wi th in  the semicon- 
ductor and the Helmholtz layer in the electrolyte. Plots of 1/C 2 vs. E have 
been found to exhibit  l inear  behavior over substant ia l  ranges of potentials in 
accord with the Mott-Schottky t reatment .  The slopes are somewhat higher 
than expected from the Li content  al though they approach the Mott-Sehottky 
values for electrodes prepared with shorter Li doping times. At potentials 
anodic to 1.0V-0.059(pH)V re SHE the change in electrode potential  appears 
pr incipal ly  across the Helmholtz plane. 

The unders tanding  of the electrochemical properties 
of a semiconductor requires a knowledge of the poten-  
tial distr ibution across the interface and the space 
charge characteristics wi th in  the semiconductor. This 
paper involves the use of capacitance measurements  
to gain such informat ion for l i thiated nickel oxide 
electrodes. 

Nickel oxide is a semiconductor of the mixed valency 
type usual ly with p- type  conduction occurring by 
electron transfer  between Ni +2 and Ni +3 states (1). 
Introduct ion of un iva len t  cations such as l i th ium into 
the lattice at cation sites results in the formation of 
Ni +3 states in  a 1:1 ratio to main ta in  charge neutral i ty .  
In  a recent review article, Adler (2) has summarized 
the existing theoretical models for conduction in NiO 
and has examined their applicabili ty in terms of the 
available exper imental  data. Adler concludes that  the 
conduction process probably involves a band structure. 
The dependence of the Hall  mobil i ty  on temperature,  
however, is still in doubt and at the present  time the 
exact na ture  of this band structure cannot be un-  
ambiguously ascertained. 

The intr insic vol tammetr ic  behavior  of mosaic 
NiO(Li)  electrodes in  aqueous solutions has been 
investigated by  Rouse and Weininger  (3), Yohe et aL 
(4, 5), and also in this work. This electrode exhibits 
two vol tammetry  peaks in both acidic and basic solu- 
tions when no easily oxidizable or reducible species 
are present. These peaks are of considerable impor-  
tance to the in terpre ta t ion of the capacitance measure-  
ments. In  1.0N H2SO4 (see Fig. 1), one peak occurs 
at 0.95V re SHE (peak I) and the other at 1.4V (peak 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
1 P r e s e n t  addres s :  F r i t z  H a b e r  In s t i t u t e ,  t ier  M a x  P l a n c k  Gese l l -  

shaf t ,  Wes t  Be r l in ,  G e r m a n y .  
K e y  w o r d s :  n i c k e l  ox ide ,  s e m i c o n d u c t o r  e lec t rodes ,  s pa ce - cha rge  

effects capac i t ance  m e a s u r e m e n t s .  

II) .  Both have a pH dependence of --60 mV/decade 
over the pH range 0-14 (5). At slow sweep rates (4 
V/min)  these peaks have been found to be reversible 
(i.e., anodic and cathodic peak potentials coincide). 
Even at sweep rates up to 1.0 V/sec, the peak separa- 
t ion is still less than  50 mV (6). 

Yohe et al. (4) have compared the vol tammetry  
results with the thermodynamic  data compiled by 
Pourbaix  (7) and concluded that  peaks I and II 
probably correspond to the oxidation of Ni +2 to Ni +~ 
and Ni +3 to Ni +4, respectively, coupled with the re-  
moval  of protons from adjacent  oxygen ions. These 
reactions appear to occur only at the electrode surface 
since the total charge under  both peaks corresponds 
to less than a monolayer  (65%) of the charge for the 
(100) plane, assuming one electron per Ni 2+ ion and 
an idealized (100) surface orientat ion with no surface 
roughness. The difficulty of convert ing all surface Ni 2+ 
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Fig. 1. Linear sweep voltammetry curve at 4.0 V/min for mosaic 
NIO(0.36 cation % Li) in He-saturated 1.0N H2SO4 at 25~ Elec- 
trode area: 0.128 crn 2. 
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ions to a higher valency state is not surprising since 
complete conversion would probably involve very  
large surface excess charge. 

Both Rouse and Weininger  (3) and Yohe et al. (4, 
5) have reported capacitance data for NiO(Li)  elec- 
trodes in acid sulfate solutions at potentials anodic to 
the reference reversible hydrogen electrode (RHE). 
The capacitance passes through a max imum at a 
potential  near  that  of vol tammetry  peak I and de- 
creases with increasing frequency in the audio range. 
This capacitance max imum also was observed in the 
present  work and is presumably  related to the faradaic 
p r o c e s s  occurring in this potential  region. Neither of 
the aforementioned authors extended their  capacitance 
measurements  to more cathodic potential. Rouse and 
Weininger  (3) observed an appreciable cathodic fara- 
daic current  near  the reversible hydrogen potential 
and, therefore, did not extend their capacitance mea-  
surements  cathodic to this potential. In  the work of 
Yohe et al. (4, 5) and also the present  study, however, 
the NiO(Li)  electrode was found to remain  ideally 
polarizable even at very cathodic values (e.g., in 1.0N 
H2SO4 out to --0.hV re SHE). The hydrogen reduc- 
tion current  observed by Rouse and Weininger  was 
probably due to impuri t ies  on or in  the electrode, 
which provided adsorption sites for hydrogen atoms 
or possibly disturbed the semiconductor space charge 
layer. These workers used p la t inum to line the cruci- 
bles employed in the doping process (8) at tempera-  
tures 1500~176 and it is probable that  this proce- 
dure resulted in some p la t inum contaminat ion of the 
NiO (Li).  

Experimental 
Electrode Sabrication.--Mosaic NiO crystals were 

prepared by the method of Cech and Alessandrini  (9), 
i.e., hydrolysis of NiBr~ at elevated temperatures  with 
the epitaxial  growth of NiO on a (100) facet of single- 
crystal MgO. Details have been given elsewhere (4, 
10). After  str ipping by dissolving the MgO in 20% 
H2SO4 at 95~ the NiO was doped by diffusion of 
l i th ium at high temperatures  (~1500~ in  sealed 
a lumina  crucibles containing l i thiated NiO powder, 
using a furnace with a lumina  walls. The mosaic crystals 
used for electrodes were rectangular  with an area of 
about 0.1 cm 2 and thickness of 80-150~. 

Electrical contact was made to the rear  side of the 
NiO (Li) electrode in the following way. A th in  layer 
of silver (500-100A) was evaporated in vacuo (<0.5~ 
Hg) onto the backside of the mosaic crystal at room 
temperature.  The Ag was diffused into the surface 
by thermal  t rea tment  at 960~ in a hel ium atmosphere. 
This side of the crystal was then painted with Ag- 
epoxy resin and an Ag-coated copper wire was 
attached. 

Evidence exists that this procedure yields an ohmic 
contact. The ferr i -ferrocyanide couple was found to 
exhibit  l inear  plots of In [i/(id -- i ) ]  VS. E over the 
anodic branch with the slope and intercept  indepen-  
dent  of rotat ion rate using the rotat ing disk method 
(id = diffusion l imit ing current  densi ty) .  This con- 
stancy of slope and intercept  is only possible if there 
are no appreciable voltage drops wi th in  the semi- 
conductor or the electronic contact to the rear surface. 
Such was not t rue in the earlier work in  the authors '  
laboratory (5). 

The mosaic crystals were molded into Ke l -F  cylin-  
ders so that  the electrode surface was flush with the 
end of the cyl inder (6). The l i thiated NiO electrodes 
were then usual ly  cleaned by a dissolution t rea tment  at 
O.95V re SHE in  hel ium saturated 1.0N H2SO4 at 9O~ 
for 30 rain. This t rea tment  in most instances had no 
effect on the intrinsic vol tammetry  curves in acid 
solution but  for some electrodes it improved the 
reproducibil i ty of the vol tammetry  curves. 

The chemical analysis of the NiO for Li was carried 
out by flame spectrophotometry on a 10 mg sample of 
mosaic NiO(Li)  dissolved in azeotropic HC1. The 
flame spectrophotometric measurements  had a relative 
precision of ___10% and were performed by Union 

Carbide Corporation (Parma Technical Center, Parma. 
Ohio). 

Electrolytes.--All  electrolytes were prepared from 
doubly recrystall ized salts, t r iply distilled water, and 
redistil led acid. Before use, each solution was t reated 
overnight  with cocoanut charcoal (Barnebey-Cheney)  
which had been purified with azeotropic HCI in a 
Soxhlet extractor for at least four weeks. All  electro- 
lytes were saturated with hel ium which was passed 
through hot copper turn ings  to remove O~ and traps 
containing Linde molecular  sieves (3A and 13X) at 
liquid N2 temperatures  to remove other contaminants.  

Electrochemical celL--The main  compartment  of the 
cell (Fig. 2) contained the NiO (Li) working electrode 
and a mercury  pool counterelectrode (12 cm 2 area) 
in contact with 40-50 ml of electrolyte in this com- 
partment .  Separate compartments  for the reference 
electrode and Pt  auxi l iary  counterelectrode were con- 
nected to the main  compar tment  through sintered 
glass plugs. Triply distilled mercury  (Bethlehem 
Apparatus,  Inc., Hellertown, Pennsylvania)  was used 
for the in terna l  counterelectrode. A hel ium atmosphere 
was main ta ined  inside the cell by bubbl ing  this gas 
through the solution. 

The impedence was measured between the NiO (Li) 
electrode and the Hg pool counterelectrode, located 
about 2 cm apart. Since the area of the Hg pool was 
many  times (100-200) larger than  that of the NiO (Li) 
electrodes, its contr ibut ion to the total impedance was 
negligible. The Pt  external  counterelectrode was used 
to control the d-c potential  of the NiO(Li)  electrode. 

E~ectronic e q u i p m e n t - - T h e  a-c impedance be tween 
the NiO(Li)  electrode and Hg pool counterelectrode 
was determined with an audio frequency Wheatstone 
bridge a r rangement  (6). The balance point  was de- 
tected by means of a Tektronix  Type 543 oscilloscope 
with a Type 1AT pre -amp unit.  At the nul l  point, the 
a-c signal across the working and counter ( internal)  
electrodes was always less than  5 mV and usual ly 
less than  2 mV. Measurements of the potential  differ- 
ence between the working and reference electrodes 
were made with a Hewlet t -Packard  419A voltmeter.  

For some of the impedance measurements  the Hg 
pool counterelectrode was biased to cathodic potentials 
(using the external  counterelectrode) with a Wenking 
Model 61R potentiostat  to e l iminate  the possibility 
of anodic dissolution of the Hg counterelectrode under  
some circumstances. The same results were obtained, 
however, regardless of whether  the Hg pool was biased 
cathodically or not. Therefore, since potentiostat ing 
of the Hg counterelectrode increased the noise level, 
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Fig. 2. Pyrex a-c impedance cell. a, NiO(Li) working electrode; 
b, Hg pool internal counterelectrode; c, Pt wire; d, Pt foil external 
counterelectrade; e, electrolyte level; f, Teflon enclosed brass tube 
with concentric Cu wire; g, sintered glass plugs; h, Teflon plugs in 
standard taper joints; i, spring-cap electrical contact. 
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it was not used for all of the measurements.  Those in oJ~! 
1.0N H2SO4 were obtained with the Hg pool biased at / 
--1.00V re SHE and the other measurements  were 
made with the Hg pool unbiased. The addit ion of 
10-~M Hg2SO4 to the sulfate solutions (pH = 2.9) oJr 
had no effect on the impedance of a NiO(0.21 cation 
% Li) electrode over the accessible potential  range. 

Reierence e lec t rodes .~In  the acidic solutions the o.oe 
Hg/Hg2SO4 electrode was used with the same solution '~&" 
as the support ing electrolyte in the cell, whereas a e, 
saturated calomel electrode was used in the neutral  
solution. All potentials are reported relative to the ~":o.o6 
standard hydrogen electrode (SHE). 

U 
Z Experimental Results 

The series capacitance at 1 and 20 kHz for a ~o.o4 
mosaic NIO(0.48 cation % Li) electrode is plotted as a_ 
a funct ion of electrode potential  in Fig. 3 for sulfate 
solutions of vary ing  pH values. The same trends also 
were observed at 2 kHz but  these curves are not shown 0.02 
because the overlap of points would cause serious 
complications in the graph. The data in Fig. 3 extend 
to much more  cathodic potentials than  those reported 
heretofore (3-5) for this system. In  agreement  with 
the earlier work, the capacitance-potential  curves 
exhibit  a peak which is less pronounced at the higher 
frequency. The frequency dispersion in the present 
work is less than that observed by earlier workers, 
however, perhaps because of the nonohmic electrical 
contact to the NiO(Li)  in the earlier work. 

The inverse square of the capacitance at various 
frequencies is plotted vs. electrode potential  in Fig. 
4 for an NiO(Li)  electrode in 1.ON H2SO4. At all 
frequencies, a straight line is obtained from --0.5 
to +0.3V re SHE, and at more anodic potentials the 
plots deviate from linearity.  The slope increases with 
frequency with relat ively little difference between 
the results at 1 and 2 kHz. Similar  behavior has been 
found also in potassium sulfate solutions of pH 2.9 
and 6.5 (see Fig. 5 and 6). The intercept with the 
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potential  axis does not change wi th  frequency for this 
- NiO(Li)  electrode with 0.48 cation % Li but  with 

electrodes containing less l i thium, the intercept as 
- well  as the slope are f requency dependent  (see Fig. 

7 and 8). The slope is essentially independent  of pH 
in contrast  to the earlier findings of Rouse and Wein-  

1.6 inger  (3). The intercept shifts approximately 0.1 V/pH.  
The l i thium concentrat ion dependence of the 1/C 2 

vs. E plots is shown in Fig. 9 for 1 kHz. Lower l i th ium 
concentrat ions are not represented because the large 
frequency dispersion at lower concentrations in ter -  
feres with such a comparison. Both the slopes and the 
intercepts are dependent  on the l i th ium concentration. 

The addition of 10-3M ZnSO4 or KI  to a solution 
of 0.495M K~SO4 + 0.005M H2SO4 had no detectable 
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effect on the capacitance of a NiO(0.21 cation % Li) 
electrode in  this system over the potential  range from 
0.95 to 1.25V re SHE. This implies that Zn +2 and I -  
ions are not strongly specifically adsorbed on the 
NiO(Li)  surface, at least at potentials cathodic to 
peak I. 

The total series resistance was found to decrease 
with increasing frequency and also slowly with in-  
creasing anodic potentials. These trends are i l lustrated 
in Table I for a NIO(0.48 cation % Li) electrode in 
1.0N H2SO4. The same general  behavior was ob- 
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served for samples containing less Li except the 
resistance at a given potential  was higher; e.g., 31 
ohm-cm 2 at 1 kHz for NiO(0.13 cation % Li) in 1.0N 
H2SO4. 

On the basis of the cell geometry and the resistivity 
of the electrolyte, the resistance value of 1.3 ohm-cm 2 
listed in Table I for 1.27V and 20 kHz appears to 
correspond to only the electrolyte resistance. Ohmic 
drop wi th in  the bulk  of the electrode phase should 
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Table I. Series resistance for NIO(0.48 cation % Li) in 
1.0N H2SO4 as a function of frequency at various potentials re SHE 

Res i s tance  ( o h m - c m  -~) 

E (V) 1 kHz 2 kHz 20 kHz 

--0.53 4.3 2.9 1.5 
0.07 4.0 2.8 1.4 
0.67 3.6 2.6 ].4 
1.27 2.3 1.8 1.3 

be negligible for such a high Li concentrat ion and thin 
electrodes (~100;~). If this series resistance is sub- 
tracted from the other resistances listed in Table I, 
the resistance values so obtained should be associated 
with the electrode-electrolyte interface provided the 
metal-oxide rear  interface makes no appreciable 
ohmic contr ibut ion to the measurements.  The diffuse 
metal  junct ion used to make electronic contact to 
the NiO(Li)  should el iminate such ~ contribution. 
The values of t an  6 (6 = phase angle) have been 
calculated from the capacitance data and the resist- 
ance values in Table I after subtract ing the resist- 
ance of the electrolyte. In  the l inear range of Fig. 5, 
t an  5 is 8 ___ 1 X 10-2 at frequencies of 1 and 2 kHz. 
The resistance data at 20 kHz are not sufficiently 
accurate to permit  the evaluat ion of t an  5 after sub-  
traction of the electrolyte resistance from the values 
in Table I. 

Rouse and Weininger  (3) also observed a decrease 
of the series resistance with increasing frequency for 
essentially the same l i thium concentrat ions and poten- 
tials, but  the resistance values were approximately 
three t imes higher than  those reported here after 
correction for electrolyte resistance. The phase factor 
tan 5 also was not constant in their  work. The slopes 
of their plots of 1/C2 vs. E differed by several fold 
from those found in the present work and were 
strongly pH dependent.  These differences may be due 
to nonuni form distr ibution of l i thium, nonohmic 
electrical contact to the NiO(Li) ,  and /or  p la t inum 
contaminat ion in the work of Rouse and Weininger.  
Also, it should be noticed that  Rouse and Weininger  
obtained data only at relat ively anodic potentials 
where, in the present  work, large deviations from the 
Mott-Schottky approximation were found to occur. 

Discussion of Results 
A simplified equivalent  circuit for the semiconduc- 

tor-electrolyte interface is shown in Fig. 10, where 
RB and Ro represent  the bu lk  resistance for the semi- 
conductor and solution, respectively; Rsc is the space 
charge resistance; Csc, CH, and Cdl are the capacitances 
of the space charge region, Helmholtz layer, and dif- 
fuse part  of the ionic double layer, respectively; and 
Css and Rss are the capacitance and resistance due to 
surface states. In the present  work Cn and Cdl are 
large compared to Csc in the l inear  1/C 2 vs. E poten-  
tial range, and hence do not contr ibute appreciably 
to the observed capacitance over this range. 

The l inear  1/C 2 vs. E behavior observed at more 
cathodic potentials suggests that an exhaustive de- 
pletion layer is involved with the observed differential 
capacitance corresponding to Csc. In  the exhaustive 
depletion range, C~c is expected to follow the Mott- 

Csr 

Fig. 10. Equivalent circuit for the semiconductor-electrolyte in- 
terface. (Symbols defined in text.) 

Schottky equation 

1 . 8~ E -- E~ -- [I] 
Csc 2 esceN 

where E is the electrode potential vs. a suitable refer- 
ence, Efb is the fiatband potential, esc is the dielectric 
constant in the space charge region, N is the concen- 
tration of charge carriers, and ] = F/RT where F is 
the Faraday constant. The existence of an exhaustive 
depletion layer is supported by the behavior of various 
electrochemical couples on NiO(Li) electrodes. Studies 
of a number of electrochemical processes on such 
electrodes (4, 6, 11) indicate that oxidation as well 
as reduction processes do not proceed at appreciable 
rates at potentials cathodic to voltammetry peak I 
by more than ~0.2V until the onset of H~ evolution 
at 0.5V re SHE. 

The deviation from linearity in the 1/C 2 vs. E plots 
at more anodic potentials is probably caused principally 
by the faradaic capacitive component associated with 
voltammetry peak I. 

Possible sources of frequency dispersion.--The fre- 
quency dependence of the capacitance data seriously 
complicates the in terpre ta t ion of the data. Measure- 
ments  over a much wider frequency range are needed 
to establish the na ture  of this frequency dependence. 
Possible sources of this frequency dispersion include 
the following: (i) nonun i fo rm a-c dis tr ibut ion on the 
electrode due to edge effects, (ii) impedance contr ibu-  
tions from the electrical contact to the rear  of the 
NiO (Li) electrode, (iii) grain boundary  effects associ- 
ated with the mosaic na tu re  of the NiO (Li),  (iv) slow 
surface states, and (v) slow response of some of the 
charge carriers in  the space charge region to the 
applied a l ternat ing potential.  

Flat  electrodes mounted  flush in an insulator  exhibit  
f requency dispersion at audio frequencies as a conse- 
quence of nonuni form a-c dis t r ibut ion on the electrode 
surface. Randin  and Yeager (12) have examined such 
frequency dispersion on pyrolytic graphite electrodes 
of dimensions and capacitance per square centimeter 
comparable to those involved with the NiO(Li) 
electrodes represented in Fig. 4-6. For an electrolytic 
solution (0.9M NaF) of resistivity close to that in- 
volved in Fig. 6 the capacitance was found to decrease 
by 11% between I and 20 kHz because of nonuniform 
a-c distributions. The decrease in capacitance within 
the linear 1/C 2 vs. E range in Fig. 6 is comparable. 
On the other hand, the frequency dispersion is much 
greater at lower Li concentrations corresponding to 
smaller capacitances. If only nonuniform current dis- 
tribution were responsible for the frequency disper- 
sion, it should become less as the capacitance decreases. 
Thus more than just nonuniform current distribution 
is involved. 

The electrical contact to the rear of the NiO(Li) 
electrode is not a likely source of frequency disper- 
sion since no appreciable impedance is expected with 
the diffuse metal junction used in the present work. 
The kinetic studies cited earlier provide some evidence 
to support this view for NiO(Li) electrodes with Li 
concentrations greater than 0.1 cation %. At lower 
Li concentrations, the contact is probably still ohmic 
but it is difficult to verify this from the kinetic studies 
because of appreciable ohmic drop within the bulk 
of the NiO (Li) electrode. 

Grain boundaries and space charge effects associated 
with these boundries may lead to a complex distrib- 
utive impedance for the bulk of the NiO(Li) elec- 
trodes. This source of frequency dispersion would be 
expected to become more pronounced at lower lithium 
concentrations because of the higher resistance com- 
ponent within the bulk of the semiconductor and the 
greater extent of the space charge regions within the 
individual grains or crystallites. At high lithium con- 
centrations (>0.1 cation % Li), this source of fre- 
quency dispersion is probably not important since the 
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total resistance loss wi th in  the bulk  of the NiO(Li)  
is very low (<10 -1 ohm-cm2). 

Surface states are expected to contr ibute substan-  
t ial ly to the capacitance over only a relat ively l imited 
potential  range (e.g., a few tenths of a volt) .  Further ,  
such states do not contr ibute appreciably to the ob- 
served capacity over the potential  range where a 
l inear  1/C 2 vs. E plot is obtained since otherwise 
such a l inear  relationship would not be observed. 
Thus slow surface states are probably not a major  
source of the frequency dispersion over the l inear  
1/C 2 vs. E range. 

Bosman and Crevecoeur (13) have shown that  the 
activation energy for conduction in NiO(Li)  is due 
pr imar i ly  to the charge carrier dissociation process 
and not to the low mobil i ty of the carriers. A slow 
ionization step can cause frequency dispersion but, 
in view of the small  dissociation energy (0.3 eV), such 
frequency dispersion would be expected only at 
frequencies much higher than involved in the present 
work. 

Protons probably penetrate  from the solution into 
the NiO lattice at least a distance large compared to 
the very th in  space charge region involved in the 
present study. The mobil i ty  of protons wi thin  the 
lattice would be much less than  that  of the Ni 3+ 
p-carriers  and the t rapping energy for protons on 
oxide ions adjacent to Li + cations is probably greater 
than  the dissociation energy of Li+-Ni  3+. Conse- 
quently, protons wi th in  the lattice may be relat ively 
slow in their  response to the a-c field and may cause 
audio frequency dispersion. 

Of these various factors, nonuni form a-c distr ibution 
and the slow response of protons in the space charge 
region of the NiO(Li)  seem the most l ikely sources 
of the frequency dispersion. If this is correct, the 
measurements  at the lower frequencies should be the 
more suitable for comparison of the 1/C 2 vs. E slopes 
with the l i th ium concentrations. The current  distri-  
but ion should become more uniform at lower f requen-  
cies as the interface impedance ra ther  than  electrolyte 
resistance becomes controlling. Furthermore,  the 
l i th ium concentrat ion corresponds to the sum of the 
Ni 8+ carrier plus proton concentrat ions and only at 
low frequencies will  the full  contr ibut ion of the 
protons to the capacitance be realized. 

While it would have been desirable to have capaci- 
tance data below 1 kHz, this f requency is probably 
sufficiently low for at least a semiquanti ta t ive com- 
parison of the slopes of the 1/C2 vs. E plots with the 
l i th ium concentrat ion for the NiO electrodes contain-  
ing more than 0.2 cation % Li. These electrodes have 
quite small  f requency dispersion between 1 and 2 
k H z .  

Mott -Schot tky  slopes.--In Table II the carrier con- 
centrations (expressed in cation per cent) determined 
from the Mott-Schot tky slopes at 1 kHz are compared 
with the Li concentrations as determined by flame 
spectrophotometry. The values obtained from the 
capacitance data are smaller  than those from chemical 
analysis in every case. Since surface roughness has 
not been taken into account, the difference may be 
even somewhat larger. Nonetheless, moderately good 
agreement  is found in Table II for short l i th ium doping 
times ( <  30 hr) and relat ively th in  electrodes (e.g., 

Table II. Comparison of values for cation % Li determined by 
a-c impedance in 1.0N H2S04 and from flame spectrophotometric 

analysis for NiO(Li) crystals doped at 1500~ 

Doping  
Doping  m i x t u r e  Crysta l  Cation % Li  

Run  t ime  cation th ick-  
No. (hr) % Li  ness (~) Impedance  Analys is  

I ~12  1 80 0.25 0.29 
2 30 5 125 0.48 0.55 
3 31 10 145 0.30 0.43 
4 41 20 90 0.36 0.49 
5 41 5 100 0.13 0.29 

runs  1 and 2). Weininger  (8) has determined the 
doping profile of l i th ium in mosaic NiO(Li)  crystals 
by flame spectrophotometric analysis of mater ial  
sand-blasted from the crystal surface. He found that 
for long doping times ( >  25 hr) the surface was less 
doped than the center  of the crystal. It was assumed 
that  this inversion was caused by a depletion of l i th ium 
inside the crucible with time, followed by loss of 
l i th ium from the mosaic crystal surface. In  order to 
prevent  loss of l i th ium through chemical attack of 
the a lumina doping crucibles by Li20 vapor, Weininger  
l ined them with p la t inum metal. This practice was 
not employed in the present work because of the 
possibility of contaminat ion of the NiO(Li)  surface 
with plat inum. It is probable, therefore, that  the 
surface region of the NiO(Li)  used for the present  
studies was less highly doped than  the bulk. This 
explains why the value of the doping level obtained 
from the Mott-Schottky slope is smaller  than  the 
value determined by chemical analysis. 

Mott -Schot tky  intercept .--The intercept of the 1/C 2 
vs. E plot with the potential  axis becomes more 
cathodic as the doping concentrat ion of the electrode 
decreases (see Fig. 9 but  not the plots in Fig. 8 which 
have a large frequency error) .  This intercept is ex- 
pected to depend on the doping concentrat ion when  
carrier recombinat ion becomes important  but  to a 
much less extent  than observed. Electrostatic in ter -  
actions between the charge carriers and surface pro- 
tons as well as some residual frequency dispersion 
offer possible explanations for the large dependence 
of the intercept  on doping concentrations. At poten- 
tials cathodic to peak I (and to a less extent  at anodic 
potentials) ,  the NiO(Li)  surface is covered with a 
layer of protons (associated with oxygen ions) which 
tend to repel charge carriers electrostatically in  the 
vicinity of the surface. The thickness of the space 
charge in the semiconductor becomes smaller (for 
the same electrode charge) as the doping concentrat ion 
becomes greater. This results in greater electrostatic 
repulsion of p-carr iers  by the adsorbed protons for 
higher doped samples. Thus it requires more anodic 
potentials to a t ta in  the flatband condition for samples 
with higher doping concentrations. 

From the preceding considerations the intercept  
with the potential  axis should become more anodic 
at lower pH values since the degree of surface pro- 
tonat ion should increase. At the intercept, all of the 
potential  drop should be across the Helmholtz plane 
and hence ideally the potent ial  dependence should be 
0.059 V / p H  uni t  [see, e.g., Ref. (3)].  The observed 
dependence from a comparison of Fig. 4-6 is ,~0.10 
V / p H  unit.  

The determinat ion of the t rue "flatband" potential  
for NiO(Li)  is complicated by the presence of surface 
states associated with vol tammetry  peak I. Extrapola-  
tion of 1/C2-E plots to potentials anodic to this peak 
is not valid since the potential  distr ibution is changed 
by  the formation of Ni +3 states at the surface. These 
surface states can compensate much of the charge in  
the Helmholtz plane as the potential  is changed, thus 
making the effective thickness of the space charge 
layer smaller. The flatband potential, in this case, is 
more cathodic than predicted from the Mott-Schottky 
intercept and probably  occurs in  the vicinity of peak I. 

Potential distribution across the interface.--If  the 
effects of carrier recombination, surface states, and 
the ionic double layer are neglected, then the potential  
drop across the Helmholtz layer is given by (14) 

"~ 2driest 
Cs -- r ---- ___+ 

IeHLsc 
[exp ](r -- Cs) -- ](r -- Cs) --1IV, [2] 

where Cs -- r and CB -- Cs represent  the potential  
drops across the Helmholtz layer  and semiconductor 
space charge layer, respectively, (see Fig. 11); dH is 
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Fig. 11. Potential distribution at the semiconductor-electrolyte 
interface for a p-type semiconductor with a space charge depletion 
layer. The distance of closest approach of p-carriers to the surface 
is taken as the interface and is represented by Xs, whereas, the 
Helmholtz plane is represented by distance x2. Inner potentials 
~B, ~s, q~2, and ~o are the values for the bulk of the semiconductor, 
distance of closest approach of p-carriers to the surface, Helm- 
holtz plane, and bulk of the solution, respective|y. 

the thickness of the Helmholtz layer, ~H and esc are 
the dielectric constants in the Helmholtz layer and 
space charge region, respectively; and Lsc is the 
Debye length of the space charge region and is given 
by 

L s c = (  ~sckT ) '/" [3] 

The carrier concentrat ion in the NiO(Li)  electrode 
used in the present  work is very high (1019-102o car- 
riers/cm~). Under  these circumstances Eq. [2] can 
only be considered semiquant i ta t ive at best. Nonethe-  
less, it is still useful for establishing in what  region 
most of the potential  change between the electrode 
and solution phase should occcr. For a 0.40 cation % 
Li electrode (N ---- 2.4 • 1020 carrier/cm3),  the value 
of Lsc is calculated by Eq. [3] to be 2.6A at 25~ if 
the dielectric constant in the space charge region is 
taken to be 12, the same as in  the bulk of the semi- 
conductor (15). The value of eH is assumed to be 6, 
reflecting the estimate of Bockris (16) for water be- 
tween the Helmholtz plane and a metal  electrode 
surface. The value of dH has been taken as 3A in the 
absence of specific adsorption. The potential  drops in 
the space charge region and Helmholtz layer, calcu- 
lated from Eq. [2], are plotted as a funct ion of the 
rat ional  electrode potential  (relative to the flatband 
potential)  in Fig. 12. At potentials anodic to the fiat- 
band potential  (Efb) most of the change in potential  
is manifested across the Helmholtz layer. Cathodic to 
Efb, comparable potential  drops occur in the space 
charge region and the Helmholtz layer with that  in 
the space charge region larger at rat ional  electrode 
potentials cathodic to about --0.5V. 

In  the absence of surface states or other mit igat ing 
effects, Fig. 12 indicates that only at extremely cathodic 
potentials (<  --2.0V) will  most of the potential  
change occur across the space charge region. None- 
theless, the l inear i ty  of the 1/C 2 vs. E plots over a 
substantial  range of potentials indicates that such 
does occur at much less cathodic potentials. This dis- 
crepancy may be caused by the fact that  Eq. [2] does 
not take into account the protonation of the lattice 
O = ions at the interface. The O = ion is a very strong 
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Fig. 12. Potential drops in the space charge region (~B - -  ~s) 
and Helmholtz layer (~s - -  42) vs. electrode potential (neglecting 

- -  9~o) according to Eq. [4]  for NiO(0.40 cation % Li). Lsc ~- 
2.6~,; ese ~-- 12; dH ~-- 3A; eH ~ 6. 

base and hence the surface O = ions of the lattice 
normal ly  should be protonated. The abnormal  surface 
charge density arising from this adsorption of protons 
should strongly repel the p carriers (Ni ~+) from the 
surface region and hence increase the fraction of the 
potential  drop across the space charge region. Other 
specifically adsorbed cations would have a similar  
effect. Apparent ly  this effect is sufficiently great that 
an exhaust ive depletion layer si tuation is approached. 
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A Solid-State Reserve Battery 

John H. Kennedy,* Fred Chen,* and Ronald C. Miles* 
Department of Chemistry University of California, Santa Barbara, CaliJornia 93106 

ABSTRACT 

A solid-state reserve bat tery concept has been demonstrated in which anode/  
electrolyte and cathode/electrolyte components are separated during storage 
and pressed together for activation. The concept was shown using the cell Ag/  
Ag~SBr/AuBrx where x ---- 2.4 __+ 0.1. The open-circui t  voltage of 0.84V was 
achieved at a pressure of about 1 psi. Pressures of about 25 psi were required to 
reach 96% of high-pressure performance during current  drain. The cell could 
store about 10 W - h r / l b  of electrical energy. 

Unti l  recently,  the conventional  approach to a long 
storage life bat tery  has been the "reserve" type in 
which the bat tery  is kept inactive dur ing storage. The 
inactive state is normal ly  accomplished by storing the 
electrolyte separately from the electrodes. With the 
advent  of high current  density solid-state batteries 
using electrolytes of RbAg415 (1), Ag3SI (2), or 
(CH~)4NI:4 AgI (3), a new type of long storage life 
bat tery  now exists since a solid-state ba t te ry  can often 
be kept in its active state for a long period of time. 

Our work has focused on still another possibility, a 
solid-state reserve battery.  Many, otherwise accept- 
able, solid-state batteries cannot be stored for long 
periods of time because of low level electronic con- 
duction through the electrolyte, either intr insic or 
caused by impurities. Self-discharge can also occur by 
electrode mater ial  diffusing through the electrolyte 
reaching the other electrode and reacting chemically 
(4). Inact ive storage of such batteries makes them 
feasible for application and could improve storage life 
of all  solid-state batteries. The inactive state is ac- 
complished by forming anode/electrolyte and cathode/  
electrolyte sections with the electrolyte layers sepa- 
rated dur ing storage. Activation is accomplished (as 
shown in Fig. 1) by simply pressing the electrolyte 
layers together under  a moderate pressure of a few 
lb / in .  2. This type of reserve ba t te ry  may  be activated 
and deactivated many  times, unl ike most conventional  
reserve batteries. 

The si lver/gold bromide electrochemical cell was 
used for demonstrat ing the reserve bat tery concept. 
Gold bromide was chosen since it met  the require-  
ments  that  a cathode mater ial  should: (i) be highly 
oxidized, so that the voltage of its reaction with silver 
will  be reasonably high; (ii) be unreact ive with the 
electrolyte; (iii) support  reasonable cur ren t  densities 
dur ing bat tery  discharge, and (iv) exhibit  a low vapor 
pressure at room temperature.  Silver was chosen as 
the anode since the current  was carried by silver ions 
in the electrolyte. 

The theoretical voltage of an Ag/AuBr3 cell is c a n  
culated from the following couples using free energies 
of formation 

3Ag-> 3Ag + -}- 3e -  (anodic reaction) 

3Ag + -~ AuBra + 3e -  --> Au ~ 3AgBr 
(cathodic reaction) 

* Elect rochemical  Society Act ive  Member .  
Key  words:  gold bromide,  r e se rve  bat tery ,  solid-state bat tery ,  

s i lver  sulfide bromide ,  solid electrolyte.  

with Ag + migrat ing through the electrolyte to the 
cathode and reacting with B r -  to form AgBr. The 
over-al l  cell reaction is 

3Ag ~ AuBr3 ~ Au ~ 3AgBr E = 0.91V [Ref. (5) ] 

A possible reaction taking place s imultaneously is 

Ag -~ AuBr--> Au ~- AgBr E ---- 0.83V [Ref. (5)] 

The theoretical energy density of an Ag/AuBr3 cell is 
43.5 W-hr / lb .  In place of AuBr3, KAuBr4 was con- 
sidered as a cathode material.  Its advantage would be 
a lower vapor pressure, bu t  its theoretical  energy 
densi ty with a silver anode is only 33.8 W-hr / lb .  Some 
of the cathode couples that  have been used with silver 
electrolytes are listed in Table I with their voltages 
and energy densities. 

Silver sulfide bromide was chosen as the solid elec- 
trolyte because of its higher decomposition potential  
than those of silver iodide complex salts (0.84V vs. 
0.67V) (1, 2, 9). 
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Fig. 1. Solid-state reserve battery concept 
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Table I. Theoretical voltage and energy density of 
representative silver/cathode cells 

E n e r g y  d e n s i t y  
Electrode coup l e s  E ~ (V) ( W - h r / l b )  R e f e r e n c e  

A g / B r ~  0.904 64.3 6 
AglAuBra 0.91 43,5 Present study 
Ag/KAuBr4 0.82 33.8 Present study 
A g / T e  0.217 15.4 l c  
A g / S e  0.265 22.3 l c  
A g / I 2  0.687 35.5 lb ,  lc ,  7 
A g / R b I s  0.635 22.6 la ,  8 
A g / C s l s  0.314 20.4 8 
A g / I ~  + Rb2.AgIa 0.68 33.7 8 

Experimental 
Gold bromide was prepared by treating gold powder, 

99.99% (Wilkinson Company), with excess liquid 
bromine for 5 days at 60~ After this period of time, 
excess unreacted bromine was removed by flowing dry 
nitrogen through the reaction vessel Any residual 
bromine present was removed by evacuating (<10~ 
pressure) the reaction vessel for 5 days. The dark 
brown gold bromide crystals were then ground and 
stored over silica gel until used. The amount of bro- 
mine that reacted with gold was calculated from 
weight gained by the gold and by weight loss when 
a known amount of gold bromide was decomposed at 
200~ for more than 12 hr. The average nonstoichio- 
metric composition was found to be AuBr2.4• 

Gold bromide obtained by treating gold powder with 
liquid bromine at room temperature gave variable gold 
to bromine ratios ranging from 0.85 to 2.6. In addition 
to this variability, these samples lost bromine with ease 
when placed under vacuum. Only gold bromide pre- 
pared at elevated temperatures was stable under 
vacuum. 

Si lver  sulfide bromide  was p repa red  as previously  
repor ted  (9). S i lver  powder  was obta ined  f rom Engel -  
ha rd  Industr ies .  Anhydrous  gold t r i b romide  and po-  
tassium t e t r a b r o m o a u r a t e ( I I I )  were  obta ined from 
Research Organ ic / Inorgan ic  Chemicals,  Sun Valley,  
California.  Graphi te  powder  was t rea ted  wi th  Dur i te -  
5143 (Borden  Company)  in order  to m a k e  it p ressable  
(10). 

The anode /e lec t ro ly te  and ca thode /e lec t ro ly te  pe l -  
lets  were  p repa red  wi th  a Perkin-IK.Imer evacuable  
KBr  die (186-0025), 13 m m  diameter .  As an  example  
of anode /e lec t ro ly te  pel le t  p repara t ion :  0.2g of s i lver  
and 0.2g of s i lver  sulfide bromide  were  mixed  and then 
pressed at  6000 psi. On top of the  pellet ,  0.2g of s i lver  
sulfide b romide  was added  and pressed at 6000 psi and  
f inal ly a p ressure  of 60,000 psi was appl ied  to the  
whole  pellet .  

A n  example  of ca thode /e lec t ro ly te  pel le t  p repara t ion  
is as follows: 0.2g of s i lver  sulfide b romide  was pressed 
at  6000 psi, fo l lowed by  press ing 0.4g of a gold bromide,  
s i lver  sulfide bromide,  and  graph i te  mix tu re  at 6000 
psi, and f inal ly app ly ing  a pressure  of 60,000 psi to the  
whole pellet .  The gold bromide,  s i lver  sulfide bromide,  
and graphi te  mix tu re  had  an  8:8:1 weight  ratio.  The 
exact  weight  ra t io  composit ions for the cathode mix -  
ture  were  a rb i t r a r i l y  chosen for l abo ra to ry  conven-  
ience a l though based on other  ba t t e ry  studies. The 
cathode and  anode mix tu res  were  mixed  wi th  a Cres-  
cent Denta l  Company "Wig-L-Bug"  for about  a minute  
before pressing. 
To discharge the battery, the anode and cathode 

components were placed in a plastic jig with graphite 
current collectors. A representation of the cell is shown 
in Fig. 2. Test cells were usually 1.6 mm thick, weighed 
1.2g, and contained about 120 C of charge based on one 
electron/bromine atom in the gold bromide. The en- 
ergy densi ty  of a typica l  test  cell  wi th  AuBr2.4 as 
cathode ma te r i a l  was de te rmined  to be 9.7 W - h r / l b  
based on the cathodic charge and the  weight  of the  
electrodes plus electrolyte .  Wi th  AuBr3 as the  cathode 
mater ia l ,  the energy  dens i ty  of the  test  cells was de te r -  

Graphite Cathode (AuBrx+AgsSBr+C / 
L e a d ~  l\\\\~\\\\\\\\~xx] k~l -I-Polyethylene 

I v %Y ~ Electrical 
I I I  I ~t ~ " P - -  Lead 

Electrol/~e ~ I An~~ (Ag+Ag'sSBr) 
(Ag.SBr) I 

o Graphite 

Fig. 2. Schematic diagram of a cell during discharge 

mined to be 10.4 W-hr/Ib. These energy density values 
are comparable to the energy densities of other solid- 
state batteries. 

X-ray powder diffraction patterns of gold bromide 
were taken with a Philips x-ray diffraction unit with 
CuKa radiation. A Philips Type 52572 scintillation 
counter with chart recorder was used for x-ray dif- 
fractometer measurements. 

An Associated Testing Laboratory SW-5101 environ- 
mental chamber was used for temperatures other than 
ambient. A General Radio Incorporated 1650 Impe- 
dance Bridge with an 0.5V rms and 1 kI-Iz signal was 
used for resistance measurements, and General Radio 
Decade Resistors Type 1433-P were used as resistance 
loads. The open-circuit voltage and voltage during 
discharge of the batteries were measured with a 
Hewlett-Packard VTVM Model 412A. A Hewlett- 
Packard 7100B strip-chart recorder with 17501 plug- 
ins was used for recording voltmeter output. 

Results and Discussion 
Gold bromide.--X-ray diffract ion da ta  for commer -  

cial  anhydrous  AuBr3 and AuBr2.4 are given in Table  
II. AuBr3 and AuBr2.4 were  found to decompose in a 
ve ry  s imi lar  way  when heated.  Firs t ,  they  decomposed 
into a ye l low compound, which according to Campbel l  
(11) was gold monobromide.  The ye l low compound 
subsequent ly  decomposed to metal l ic  gold. Both AuBr3 
and AuBr2.4 were  hygroscopic and somewhat  soluble 
in acetone and ethanol.  

Ag~SBr reac ted  read i ly  wi th  l iquid and gaseous 
bromine,  and aqueous HBr:  

Table II. X-ray diffraction data for AuBr3 and AuBr2.4 

AuBrs AuBr~.~ 
d (A) I/Io I/Io 

8.04 37 9 
6.28 7 
6.06 26 4"2 
5.94 10 12 
5.79 44 64 
5.71 18 29 
5.40 -- 7 
5.09 35 48 
4.64 7 -- 
4.37 7 -- 
4.04 9 18 
3.96 -- 9 
3.75 7 7 
3.66 15 13 
3.52 100 10O 
3.47 22 19 
3.43 18 
3.36 " 9  6 
3.00 15 8 
2.95 16 16 
2.90 25 20 
2.88 19 
2.84 15 
2.80 9 
2.74 13 9 
2.67 9 
2.62 41 
2.50 7 7 
2.44 7 6 
2.41 9 7 
2.30 9 
2.36 21 
2.34 9 
2.29 15 
2.21 13 9 
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Ag3SBr -~ Br2 ~ 3AgBr W S [1] 

Ag3SBr ~- 2HBr ~ 3AgBr ~- H2S 

These reactions were exothermic and proceeded readily 
at room temperature.  The decomposition reaction of 
Ag3SBr with Br2 is analogous to the decomposition 
reaction of Ag3SI with I2 (7). However, Ag3SBr did 
not react (no decomposition was observed from x - ray  
diffraction pat terns after several months  at room tem- 
perature)  wi th  anhydrous  AuBr3 or with AuBr2.4. 

The crystal s tructure of AuBr3 has not been reported 
in the l i terature,  however, AuBr3 has been reported 
by Burawoy and Gibson (12) to be a dimer 

Br Br Br 
~ A u  / ~ A u  ~ 

B r /  ~ B r /  ~ B r  

Burroway and Gibson based their results on ebull io-  
scopic measurement  in the elevation of bromine 's  
boiling point when  a known amount  of AuBr3 was dis- 
solved in bromine. 

The similari ty in properties of AuBr2.4 and AuBr~ 
suggests that  AuBr2.4 may also be a dimer. The lower 
ratio of B r : A u  may be due to the formation of bro- 
mide vacancies (O) such as 

B r , ~ A u / B r  Au ~tBr or O ~ A u / B r ~ A u ' / B r  

B r /  ~ O  / ~ B r  Br I ~ B r  ~ ~ B r  

Battery characteristics.--Little pressure was needed 
to activate the batteries. The relationship between ap- 
plied pressure, open-circui t  voltage, and voltage of a 
cell with a 50 k-ohm load is shown in Fig. 3. Under  
high pressure, the open-circuit  voltage was 0.84V, 
about equal to the decomposition potential  of the elec- 
trolyte, the highest value which can be obtained under  
equi l ibr ium conditions. As can be seen, at less than  1 
psi the open-circuit  voltage was over 90% of the cell 
voltage at high pressure. However, this was not the 
case when a load was applied to the cell. Even at a 
pressure of 1 psi the cell voltage under  50 k-ohm load 
was only 40% that observed under  an applied pressure 
of 1000 psi. The voltage under  load rose rapidly above 
1 psi, and a pressure of 25 psi was sufficient to activate 
the bat tery  for current  drain  (96% of the voltage 
observed at high pressure).  This pressure of about 25 
psi needed to activate the battery, i.e., for the cell to 
have a good electrolyte/electrolyte interface contact, 
was still much less than the 60,000 psi pressure needed 
to achieve a good electrode/electrolyte contact (9). 

Deactivation of the bat tery was accomplished by 
removing the applied pressure. Even cells that  were 
activated with pressures of 2000 psi were deactivated 
with extreme ease. 

Reactivation of a cell required less pressure than  in 
the init ial  activation. Electrolyte surfaces at the elec- 
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t rolyte/electrolyte  interface had been conditioned by 
the applied pressure during the init ial  activation and 
apparent ly  were not damaged dur ing cell deactivation 
and storage. 

The a-c resistances of several batteries are listed in 
Table III. Usually nonreserve batteries had lower 
resistances than  the reserve batteries by about 2 ohms. 
This difference in  resistance was at t r ibuted to the 
electrolyte/electrolyte interface of the reserve bat -  
teries. In  general, after a ba t te ry  had been completely 
discharged, its resistance increased to about 7000 ohms. 
The increase in resistance was a t t r ibuted  to the pres- 
ence of AgBr produced in the cathodic reaction. 

Several  cells were discharged unt i l  their  voltages 
were 0.1V. The per cent bat tery  charge recovered for 
the cells is listed in  Table IV. Four  different nonstoi-  
chiometric gold bromides were used as cathodes. Best 
results were obtained with AuBr2.4 for which effi- 
ciencies of up to 80% were obtained. The per cent of 
anodic charge that was recovered when the anode was 
the l imit ing reactant  was above 80 %. 

The voltages of cells under  cont inuous load dis- 
charge at 0 ~ 21 ~ and 40~ are shown in Fig. 4-6. Load 
curves for temperatures  between --30 ~ and W40~ are 
shown in  Fig. 7. 

Table Ill. Resistance of solid-state reserve battery cells 

Resis tance ,  
C o m p o s i t i o n  of cel l  o h m s  

A g  + AgsSBr /AgsSBr*/AgzSBr  + AuBr2.4 + C 28 
A g  + A g 3 S B r / A g 3 S B r / A g 3 S B r / A g 3 S B r  + AuBr2.4 + C 30 
A g  + A g s S B r / A g s S B r / A g s S B r / A g 3 S B r  + AuBr2 + C 1200 
A g  + A g s S B r / A g 3 S B r / A g ~ S B r / A g s S B r  + AuBr3 + C 90 
A g  + A g s S B r / A g s S B r / A g 3 S B r / A g 3 S B r  + KAuBr4  + C 2500 

* The  a m o u n t  of Ag3SBr  u sed  fo r  the  e l ec t ro ly te  l aye r  of t h i s  cell  
was  twice  the  a m o u n t  fo r  i n d i v i d u a l  e l ec t ro ly te  l aye r  of the  o t h e r  
cells. The to t a l  a m o u n t  of e l ec t ro ly te  u sed  i n  a l l  ce l ls  was  the  same.  

Table IV. Cathode and anode efficiencies of solid-state battery 
cells 

A u B r z  Ca thode  A n o d e  
c a t h o d e  I n i t i a l  charge,  C u t i l i z a t i o n  u t i l i z a t i o n  

x Ca thode  A n o d e  % % 

0.87 112 225 36.1" 18.9 
2.5 155 225 37.9* 26.1 
2.0 270 225 47.1 56.4* 
2.0 270 225 59.5 71.5" 
2.0 108 225 63.2* 30.4 
2.0 108 225 55.2* 26.5 
2.0 108 225 58.6* 28.1 
2.4 243 225 71.1 76.7* 
2.4 243 225 69.3 74.6* 
2.4 119"* 111 78.2 84.0* 
2.4 119"* 111 80.6 85.4* 

* L i m i t i n g  reac tan t .  
** Ca thodes  also c o n t a i n e d  g raph i t e .  
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Cathodic reaction.--Two mechanisms can be pro- 
posed for the cathodic reaction 

AuBrx ~ AuBrx- i  -t- Br (g) 

I A g + + e  - 
> AgBr [A] 

AuBrx + Ag + ~ e -  ~ AuBrz-1 ~- AgBr [B] 

The first step of mechanism [A] is the formation of 
gaseous bromine atoms followed by their reaction with 
silver ions and electrons. In  mechanism [B], the cath- 
odic reaction is a solid-state reaction and proceeds 
whenever  there is a silver ion and an electron pres-  
ent at a reaction site. 

According to mechanism [A], less stable gold bro-  
mides with high vapor pressures should perform better  
as cathodes than AuBr2A or AuBr3. However, at room 
temperature,  all gold bromides had about the same 
average power output. In  addition, the per cent cath- 
odic charge recovered with AuBr2.4 was significantly 

more than the other gold bromides (Table IV).  Aside 
from AuBre.4, the poor performance of the other non-  
stoichiometric gold bromides was due to their  in-  
stabili ty with the formation of bromine gas, which was 
lost by diffusion to the atmosphere and by reacting 
with the electrolyte, reaction [1]. Although the for- 
mat ion of bromine gas with the unstable  gold bromides 
supports the possibility of reaction via mechanism [A] ; 
mechanism [B] must  be the predominant  cathodic re- 
action with the more stable gold bromides, considering 
the amount  of charge that  was recovered (Table IV), 
and the fact that  AuBr2.4 and AuBr3 did not react with 
Ag3SBr while the less stable gold bromides did. 

The presence of bromide vacancies in the proposed 
structure of AuBr2.4 should facilitate the migrat ion of 
bromide ions to the reaction sites. An al ternative mech- 
anism would be the possible abil i ty of silver ions to 
migrate  into the AuBr2.4 because of the bromide ion 
vacancies. These might explain the better  performance 
of AuBr2.4 under  load compared to AuBr8 (Fig. 5). In 
contrast, KAuBr4, a compound without bromide va-  
cancies, behaved poorly as cathode material.  In  Fig. 8 
the voltage of a cell with KAuBr4 as the cathode 
mater ia l  is shown as a function of time. 

The crystal s t ructure of KAuBr4 has been reported 
by Cox and Webster (14). They found AuBr4-  to be 
p lanar  with the gold ion bonded covalently to four 
bromides. The passivity of KAuBr4 may be due to the 
stabil i ty of the AuBr4-  ion in the solid-state since the 
reaction 

AuBr4-  -t- 3Ag--> Au + 3AgBr ~ B r -  E ~ --- 0.79V 

is thermodynamical ly  favorable in acid solution (5). 
The passivation of the KAuBr4 cathode took place after 
all the loosely bound bromide ions ini t ia l ly present  at 
reaction sites were used. The stability of the AuBr4-  
ion structure prevented the formation of any  mobile 
bromide ions, and the absence of bromide vacancies 
made it difficult for any loosely bound bromide in the 
bulk  to migrate  to the reaction sites and form AgBr. 

Conclus ion  
Although the solid-state reserve concept was demon-  

strated on only one cell system, there is no reason why 
it could not be applied to any solid-state bat tery  in 
which electrolyte/electrolyte contact can be made at 
relat ively low applied pressure. 

Pu t t ing  the concept into practice requires an activa- 
tion technique which will va ry  with specific applica- 
tion. Single cells can be manua l ly  activated and deac- 
t ivated easily, but  batteries require a separator in the 
electrolyte which can be effectively removed when the 
bat tery is activated. One technique which was suc- 
cessful for 4-6 cell batteries was to use compressible 
plastic spheres positioned in grooves in the electrolyte 
layers. The applied pressure was sufficient to activate 
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Fig. 8. Discharge curve for Ag ~ Ag3SBr/Ag3SBr/Ag3SBr/ 
KAuBr4 -f- Ag3SBr -I- C cell under 500 K ohms load at 21~ Initial 
cathode charge was 250C. 
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the bat tery while  the sphere's elasticity was sufficient 
to deactivate the bat tery when the applied pressure 
was removed. 
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On Accelerated Pitting and Crevice Corrosion Tests 
J~rgen Degerbeck 

Uddeho~ms AktieboLag, Hag~ors, Sweden 

ABSTRACT 

Accelerated electrochemical and chemical pi t t ing and crevice corrosion tests 
have been carried out in order to gauge the val idi ty of the tests in predict ing 
the corrosion resistance of stainless steels in a specific sea-water  envi ronment  
and to determine the relationship between the tests performed. The relat ion-  
ship was investigated by means of regression and correlation analyses. Num-  
ber of steels investigated, tests performed, and parameters  measured were 20, 
10, and 20, respectively. 

The purpose of this report  is to contr ibute to the 
recent discussion [e.g., (1-4)] concerning different ac- 
celerated pit t ing corrosion tests, chemical and electro- 
chemical, and their val idi ty in predicting the perform- 
ance of stainless steels under  working conditions in 
sea-water  environment .  

Some twenty  austenitic and ferr i t ic-austenit ic  s tain-  
less steel grades, s tandardized and  nonstandardized,  
have been investigated in ten different tests, i.e., field 
test and accelerated chemical and electrochemical pi t-  
t ing and crevice corrosion tests, and the relationship 
between the tests has been investigated by means of 
regression and correlation analysis. 

When deciding on a selection of laboratory tests and 
their evaluation, consideration has been given to their 
ease and speed of performance as well  as their  preva-  
lence. 

It  has not been possible to s tudy the relationship 
between all combinations of test measurements  made 
for all  combinations of steels. Only  the relationship 
found to be of the greatest interest  after a ra ther  short 
init ial  survey of the results of the corrosion tests has 
been examined and discussed. 

Materials 
The mater ial  used in the investigatio.n was grouped 

into the following types: Type 18/9, Type 18/13-3 Mo, 
Type 18/14-4 Mo, Si-al loyed 18/8 steel, Type 18/20-4 
Mo, Type 20/25-Mo-Cu, and ferr i t ic-austenit ic  s tain-  
less steels. 

The steels wi thin  the different groups were alloyed 
wi th  more or less varying  contents of Ni, Mo, Si, Cu, 

K e y  w o r d s :  s t a i n l e s s  s teel ,  t e s t  m e t h o d s ,  p i t t i ng ,  c r e v i c e  e o r r o -  
s ion ,  sea  w a t e r .  

Ti, Nb, and N. Table I shows the grouping and com- 
position of the different grades. 

The test mater ia l  was taken from sheet and flat bars 
originating from production and laboratory heats. The 
production heat mater ia l  was in the as-delivered con- 
dition, i.e., solution heat- t reated and pickled, and the 
laboratory mater ial  was solution heat-treated,  1050 ~ 
and 980~ for the austenitic and ferr i t ic-austenit ic  
material,  respectively, and pickled in the laboratory. 
The austenitic steels were pickled in  an HF/HNO3 bath 
and the ferr i t ic-austenit ic  steels in an HF/H2SO4 bath. 

As regards the austenit ic and ferr i t ic-austenit ic  
steels, the results of the metallographic examinat ion 
were to a great extent  as expected for respective 
grades and no specimen had a structure that  differed 
from a representat ive solut ion-annealed s t ructure  for 
its grade to such an extent  that  exclusion from the 
investigation was justified. 

Dimensions and surface t rea tment  of the specimens 
for the different tests: see the section on Exper imenta l  
and Table II. 

Experimental 
All corrosion tests performed in this investigation 

are listed in Table II, regarding type of test, test 
designation, test duration, test conditions, specimen 
condition, and measurements  made. The tests can be 
divided into three main  groups: field test, test A; elec- 
trochemical pi t t ing potential  tests, tests B, C, D, E, F; 
and chemical pi t t ing and crevice corrosion tests, tests 
G, H, I, K. Within the electrochemical pi t t ing potential  
test group the differences in test conditions were not  
very large. This is shown later  on. Except for the field 
test only one test, K, included crevices. 
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Table I. Grouping and composition of steels 

February 1973 

Chemical analysis 
G r a d e  UHB* S tee l  

G r o u p  s t a in le s s  Heat* * No. C Si  M n  Cr  N i  Mo N Cu  Ti  Nb S x 10 a 

18/9 3MM L 1 0.059 0.47 1.89 18.1 
18/13-3Mo 24L D 2 0.025 0.44 1.84 18.1 

24LN D 3 0.030 0.59 1.83 18.6 
24LN + Nb L 4 0.028 0.47 1.83 18.0 
624 D 5 0.048 0.47 1.89 18.0 

18/14-4Mo 34 D 6 0.046 0.56 1.69 17.5 
34L L 7 0.023 0.46 1.74 17.2 

S i -aUoyed  L 8 0.048 2.1 1.61 18.3 
18/8 L 9 0.027 3.6 1.93 18.2 

L 10 0.029 3.6 1.94 16.8 
L I I  0.020 1.95 1.8 18.4 
L 12 0.020 2.1 1.8 18.2 

18/20-4Mo L 13 0.020 0.60 1.93 17.7 
L 14 0.920 0.37 1.85 17.7 

20 /25-Mo-Cu  904L D 15 0.022 0.90 1.80 19.9 
D 16 0.031 0.37 0,77 19.2 

F e r r i t i c - a u s -  44 L 17 0.082 0.48 0.95 25.1 
t en i t i c  L 18 0.025 1.22 1.37 19.2 
s tee l s  44L L 19 0.025 0.48 0.96 25.2 

44L L 20 0.030 0,51 0.97 25.1 

9.2 - -  0.065 
12.3 3.2 
13.4 2.8 0.20 
13.3 2.7 0.18 
13.0 2.6 
14.5 4.2 
14.5 4.3 0.040 
18.1 0.053 
14.0 0.053 
15.5 2.3 0.053 
12,1 -- 0.16 
14.2 2.2 0.18 
24.1 4.3 0.041 
19.4 4,4 0.14 
25.3 4.7 
23.8 2,8 

5.5 1,6 0,071 
4.8 2.8 0,029 
5.1 1.63 0.14 
5.0 1.56 0.16 

1.54 
2.2 0.37 

A] O 
0.006 0.026 
0.010 0.010 
0.004 0.017 

~0 .014  0.013 

0.31 
0.56 

7 
11 

9 
13 
11 

8 
17 

9 
6 
9 
3 
6 

15 
4 

I1 
14 

7 
10 

9 
13 

* U H B  = T r a d e  m a r k  of  U d d e h o l m s  AB, 
** D = P r o d u c t i o n  heat ,  L = l a b o r a t o r y  heat .  

The e lect rochemical  tests were  supposed to give in-  
format ion  about  the resis tance to p i t t ing  ini t ia t ion by 
measur ing  the potent iodynamic  p i t t ing  potential ,  
whereas  the  field test  and the chemical  l abora to ry  tests 
were  supposed to give the to ta l  effect of resistance to 
pitting initiation and pit propagation by measuring 
the number of pits (indicative of resistance to passiv- 
ity breakdown) and pit depth and weight loss (both 
to a greater or lesser extent related to propagation 
resistance). More elaborate measures as "mean value 

of pi t  depth" or "percentage  a t tacked  crevice area  of 
to ta l  crevice area"  have not been used. 

Before  expla in ing  the  different  tests pe r fo rmed  some 
genera l  informat ion concerning specimen condi t ion and 
test solution wil l  be given. 

A n  impor tan t  fact  concerning this inves t igat ion is 
that  for each grade  os steel  the  l abora to ry  specimens 
for all  the tests were  taken  f rom the same piece of 
sheet or flat bar, i.e., f rom the field test  specimens. The 
flat surfaces of the  specimens, which  have in a l l  cases 

Table II. Tests performed 

Tes t  Type  of tes t  

Tes t  c o n d i t i o n s  S p e c i m e n  

Corrosive 
environment 

Temp, 
~ 

S t a r t  p o t e n -  
t ia l ,  m V  EscE/ Pol. ra te ,  D i m e n -  

D u r a t i o n  t i m e , m i n  m V / m i n  sion,  m m  

A 

D 

E 

F 

G 

F i e l d  N a t u r a l  sea wa te r ,  l m  
b e l o w  the  surface ,  nea r  
t h e  shore.  Sa l t :  3 .4%,  
p H :  8.1, Os: 6.5 mg /1  

P o t e n t i o d y n a m i c  5% HC1, N2 
p i t t i n g  p o t e n -  
t i a l  

P o t e n t i o d y n a m i c  5% HC1, N~ 
p i t t i n g  p o t e n -  
t i a l  

P o t e n t i o d y n a m i c  5% NaCI, O=, pH:  6 
p i t t i n g  p o t e n -  
t i a l  

P o t e n t i o d y n a m i c  5% NaC1, 02, pH:  6 
p i t t i n g  p o t e n -  
t i a l  

P o t e n t i o d y n a m i c  5% NaC1, N=, pH:  6 
p i t t i n g  p o t e n -  
t i a l  

C h e m i c a l  p i t t i n g  10% F e C h ,  p H  = 1.3 

2-18 

30 

40 

60 

60 

60 

30 

One y e a r  ~ - -  200/100 x 
40 x 2 

- -600/10 20 13 • 13 • 2 

- -600/10 20 13 • 13 • 2 

- -  Corr,  p o t e n -  10 13 • 13 • 2 
t i a l / 5  

- -  Corr .  p o t e n -  10 13 x 13 • 2 
t i a l / 5  

- -  - -1500/5  200 13 • 13 • 2 
(up to 

--  300 m V  
Esc~) 

--  300/15 10 
4 h r  ~ - -  Approx .  

50 x 20 x 2 

H 

I 

K 

Chemical p i t t i n g  0.33 tool /1  A13+, 0.30 tool /1  
F e ~ ,  1.81 mol /1  CI-, 3.8 
tool /1  H20. S o l v e n t :  50 
vo l  % e thano l ,  50 vo l  
% g lyce ro l  

C h e m i c a l  p i t t i n g  2% HC1 
a n d  g e n e r a l  
corrosion 1 5 %  HCI 

C h e m i c a l  crevice  S y n t h e t i c  s e a - w a t e r  
cor ros ion  (ASTM-D 1141-52) 

+ 10 g/1 Ks[Fe(CN)6]  
+ 10 g/1 K4[Fe(CN)6]  

22 

22 

35 

2 h r  

140 h r  

24 h r  

24 hr  

1 0 • 2 1 5  

A p p r o x .  
50 • 20 • 2 

Approx .  
50 • 20 x 2 

* C = c rev ice  cor ros ion ,  P = p i t t i n g ,  G = g e n e r a l  corros ion.  
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been the main  or the only test surfaces, have always 
been parallel  to the prior flat surfaces, i.e., the rolled 
surfaces of the hot rolled sheets or bars. 

The specimens were washed and degreased in 
ethanol. 

Passivation t rea tment  was performed in 20% HNO3 
at 40~ for half an hour. 

The electrolytes were made from deionized water  
and reagent  grade chemicals. 

Deaeration of electrolytes was achieved by bub-  
bl ing ni t rogen through the solution for half an hour 
prior to the test. 

The accuracy of the electrolyte temperature  was 
_ l ~  

The electrochemical experiments  were performed 
by using a Wenldng 61 KTR potentiostat. 

The specimens for the electrochemical tests, 13 X 
13 X 2 mm, were mounted in plastic resin I with a 
single exposed surface, ground, surface treated, and 
finally masked with plastic resin i to a surlace of 10 • 
10 mm. The test surface was prepared not to get pref- 
erential  at tack at the interface between sample and 
plastic mount.  Still some specimens were attacked at 
these areas, possibly because of crevices. However, the 
test results of these specimens were excluded and new 
tests were performed. 

The specimen with its polyethylene-sheathed copper 
conductor was mounted  together with a p la t inum 
counterelectrode, a Luggin capil lary connected to a 
saturated calomel reference electrode (SCE), and a 
gas dispersion tube in the all-glass cell as shown in 
Fig. 1. One exception to the a r rangement  shown in 

i S c a n d i p l a s t  9101, S c a n d i n a v i a n  D i a m o n d  P r o d u c t s ,  V i p p e r o d ,  
D e n m a r k .  
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\ 
I ] 

Fig. 1. Electrode assembly for electrochemical investigations. 1, 
Specimen; 2, plastic mount; 3, platinum counterebctrode; 4, poly- 
ethylene-sheathed copper conductor; 5, glass tube; 6, Luggin capil- 
lary; 7, gas dispersion tube; 8, hot plate. 

Fig. 1 appeared when investigating the pit t ing poten- 
tial in 5% HC1, tests B and C. In  these cases the test 
surface was vertical  and with the Luggin capil lary as 
close to the specimen as in the "horizontal case," i.e. 
approximately 2 mm. 

The different tests performed were as follows: 

Field  test ,  t es t  A.--This  test and its results are re-  
ported in Ref. (5). A short survey os the exper imental  
procedure is given below. 

Plate dimension was: long samples with drilled 
holes, 18 mm diameter, for suspending the plate speci- 

c o n d i t i o n s  
N u m b e r  
of  s p e c . /  

S u r f a c e  S u r f a c e s  t r ia l s  p e r  
t r e a t m e n t  P a s s i v a t i o n  t e s t e d  g r a d e  

T y p e  
of  cor -  M e a s u r e m e n t s  
ros ion*  m a d e  R e m a r k s  

O n e  f la t s ide  g r o u n d  HNO~ 20%, Al l  s u r -  3 ocea -  
on  220 p a p e r  a n d  40~ 0.5 f a c e s  s ion-  
t h e  o t h e r  p i c k l e d  h r  a l ly  1 
in  H F / H N O 8  

G r o u n d  on  600 p a -  HNO~ 20%, 1 f latside 1 
per  40~ 0.5 10 • 10 

h r  m m  

G r o u n d  on 600 p a -  H N O ~ 2 0 % ,  1 f la t s ide  1 
per  40~ 0.5 10 x 10 

h r  m m  

G r o u n d  on  600 p a -  H N O z  20%,  1 f l a t s ide  3 
per  40~ 0.5 10 x 10 

h r  m m  
M e c h a n i c a l l y  p o l -  Ai r ,  2 or  3 1 f la t s ide  5 

i s h e d  a n d  e t c h e d  d a y s  10 x 10 
(V2A) m m  

M e c h a n i c a l l y  p o l -  Ai r ,  2 or  3 1 f la t s ide  5 
i s h e d  a n d  e t c h e d  d a y s  10 • 10 
(V2A) m m  

M e c h a n i c a l l y  p o l -  H N O s  20%, Al l  s u r -  1 
i s h e d  40~ 0.5 f ace s  

h r  

M e c h a n i c a l l y  p o l -  Ai r ,  24 h r  1 f la t s ide  1 
i s h e d  

G r o u n d  on  150 p a -  H N O 8 2 0 % ,  Al l  s u r -  2 
per  40~ 0.5 f a c e s  

h r  
2 

G r o u n d  on  220 p a -  HNO3 20%,  Al l  s u r -  5 
per  40~ 0.5 f ace s  

h r  

C M a x  d e p t h  of  a t t a c k ,  
m m :  A1 

M e a n  n u m b e r  of  a t -  
t a c k s ,  :~0.2 m m  p e r  
s p e c i m e n :  A2 

P Cr i t i c a l  a n o d i c  c u r -  
r e n t  d e n s i t y  p A /  
cm2: B1 

P i t t i n g  p o t e n t i a l  m V  
ESCE: B2 

P Cr i t i ca l  a n o d i e  c u r -  
r e n t  d e n s i t y  ~ A /  
c m 2 : C 1  

P i t t i n g  p o t e n t i a l  m V  
Esc~:  C2 

P P i t t i n g  p o t e n t i a l  
M e a n  v a l u e  
m V  Esc~: D1 

P P i t t i n g  p o t e n t i a l  
Min .  v a l u e :  E1 
M e a n  v a l u e :  E2 
M a x  v a l u e :  Es 

P P i t t i n g  p o t e n t i a l  
Min .  v a l u e :  F1 
M e a n  v a l u e :  F2 
M a x  v a l u e :  Fs  

P N u m b e r  of  p i t s  p e r  
cm2 

Rol led  s u r f a c e s :  G i  
Al l  s u r f a c e s :  G2 
W e i g h t  loss,  g / m 2 . h r :  

Gs  
P N u m b e r  of  p i t s  p e r  

0.5 cm2: H i  

P a n d  
G 

C 

W e i g h t  loss,  g / m 2 . h r ,  
in  2% H C I :  I i ,  15% 
H C I :  I2 

R e l a t i v e  r e s i s t a n c e  
a c c o r d i n g  to n u m -  
be r ,  d e p t h ,  a n d  
a r e a  of  a t t a c k :  K1 
T h e  l o w e r  t h e  
v a l u e  t h e  b e t t e r  
r e s i s t a n c e  

V e r t i c a l  s p e c i m e n s .  C r e v i c e s  
s t e e l -  s tee l  / P V C .  H e a v y  
f o u l i n g  b y  s e a  o r g a n i s m s  

P i t t i n g  P o t e n t i a l :  t h e  p o t e n -  
t i a l  a t  w h i c h  t h e  cu rr en t  
s t a r t s  to i n c r e a s e  ( i nde -  
p e n d e n t  of  t h e  cu rr en t  
v a l u e )  

P i t t i n g  p o t e n t i a l :  t h e  p o t e n -  
t i a l  a t  w h i c h  t h e  c u r r e n t  
s t a r t s  to  i n c r e a s e  ( i nde -  
p e n d e n t  o f  t h e  cu rr en t  
v a l u e )  

P i t t i n g  p o t e n t i a l :  t h e  p o t e n -  
t i a l  a t  w h i c h  t h e  c u r r e n t  
d e n s i t y  e x c e e d s  10/~A/cm~ 

Tes t ,  p a r t l y  a c c o r d i n g  to (1) 

T e s t  p a r t l y  a c c o r d i n g  to (6) 

C r e v i c e s  f o r m e d  t h r o u g h  a 
c lose  c l a m p i n g  of  a fiat 
P V C  s p e c i m e n .  (20 • 10 
x 2 r a m ,  g r o u n d  on  80 
p a p e r )  to t h e  s t ee l  b y  
r u b b e r  b a n d s  
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mens, 200 X 40 • 2 mm. Short  samples without  drilled 
holes, 100 • 40 • 2 mm. 

One or, in a few cases, both the flat sides of the 
pickled samples were ground with 220 paper. All  the 
samples were then passivated in 20% HNO3 at 40~ 
for 0.5 hr. 

Measurements of surface roughness of the pickled 
and ground surfaces showed that the ground surfaces 
on an average were smoother. The average of the 
roughness value CLA was approximately 1.0 for the 
pickled surfaces and 0.5 for the ground surfaces. 

Two types of specimen were used, single specimen 
and double specimen. The double specimen consisted 
of two samples, one long and one short, of the same 
grade joined by put t ing two ground flat sides together. 
The crevice between the ground surfaces was intended 
to give an idea of the tendency of the steel to crevice 
corrosion. The two plates were joined together by 
wire, 1.5 mm diameter  in grade UHB 2) SS 24. 

The single sample consisted only of a long specimen. 
The test plates were mounted in a frame by speci- 

men holders consisting of two rods, 13 mm diameter, 
covered with PVC-tubing.  The rods were threaded 
through the drilled holes of the plates and each speci- 
men was fixed on to the specimen holder by middle-  
pieces made from coarse PVC-tubing.  Both the sam- 
ple holder and the extension casing were manufactured  
from UHB SS 24, 17/12-3 Mo. The sample holder was 
placed in the frame so that  the longi tudinal  direction 
of the samples was vertical. 

A description of the samples and their a t tachment  to 
the specimen holder is given in Fig. 2. 

With reference to the crevice geometry it should be 
pointed out that  no more was known for the different 
crevices than the fact that  these had been formed 
through a close clamping of steel to steel and PVC to 
steel. 

The test s ta t ion ,  Bohus-MalmSn, is situated on the 
west coast of Sweden. The raft to which the test frames 
were fixed was anchored approximately 5m from the 
shore where the depth is approximately 3m. 

The specimens were lowered approximately l m  
below the surface and the tests for the austenitic s tain-  
less steels lasted from the end of September 1968 to 
mid-Augus t  1969. The ferr i t ic-austenit ic  steels were 
lowered into the sea just  after the austenitic steels had 
been taken up and they were tested almost exactly one 
year, i.e., they were taken up in mid-Augus t  1970. 

2 Trade  m a r k  fo r  U d d e h o l m s  A k t i e b o l a g .  

Conditions in these coastal waters are: at a depth of 
less than 5m the salt content  varies between 2.2 and 
2.8% with a tendency to a higher salt content dur ing 
the coldest month (February) .  The pH of the water is 
approximately 8 and the tempera ture / t ime  curve 
reaches a trough of 2~ around February-March  and 
a peak of 18~ around July-August .  

After  a year 's testing the fouling was very heavy. 
On the whole the test surfaces were completely cov- 
ered by various sea organisms. The predominant  spe- 
cies were balanids, ~ mussles, and algae. 

The different grades of steel and surfaces had more 
or less the same degree of fouling by the various species 
of sea organisms. 

Electrochemical tests, tests B-F . - -A l l  of the electro- 
chemical tests performed aimed at investigating the 
potent iodynamic pit t ing potential  in 5% NaCI or 5% 
HC1. The critical anodic current  density was also 
investigated in the HC1 tests, tests B and C. 

The only difference in test condition between these 
two tests, B and C, was the temperature,  30 ~ and 40~ 
respectively. 

The potent iodynamic pit t ing potential  in HC1, when 
scanning in the noble direction with a rate of 20 mV/  
min  from --600 mV ESCE, was defined as the potential  
in the passive region at which the current  starts to 
increase sharply and not as the potential  at which the 
current  density exceeds a certain value; for the NaC1- 
tests, 10 ~A/cm 2. This is because of the ra ther  varying 
current  densi ty-potent ia l  curves in the passive region 
for the different steels investigated in HC1. 

Of the three tests performed in NaC1, D, E, and F, 
tests D and E differed only in respect to surface t reat-  
ment, number  of trials per grade, and measurements  
made. See Table II. Otherwise the temperature  of the 
oxygen-satura ted NaC1 solution was 60~ and the 
scanning in the noble direction started at the corrosion 
potential  and at a rate of 10 m V / m i n  for these two 
tests. Test F, par t ly  performed according to (1), was 
performed in oxygen-free NaC1 solution at a scanning 
rate of 200 m V / m i n  between --1500 and --300 mV 
ESCE and 10 m V / m i n  thereafter. At --300 mV ESCE 
there was a holding t ime of 15 rain. Except from oxy- 
gen concentrat ion and electrochemical parameters  this 
test was identical with test E. 

Chemical pitting and crevice corrosion tests, tests 
G-I, K.--Tes t  G was performed in 10% FeCls, pH 1.3, 

s B a r n a c l e  of  the  g e n u s  Ba lanus .  

f 

a~ "k 

I I 
% I 

] 
Drilled surface, crevice 
steel-PVC 

Surface round drilled hole, 
crevice steel-PVC 

Surfaces forming creviee 
steel-steel 

V " 
, \ , ' ~ \ \ \ \ ~ \ \ "  
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/ , Double specimen 

/ / ~/J ~ t~ard each other 

\ Specimen holder, 13 mm ~, 
\ covered with pVC-t~ing 

~ Spaoer of PVC-tubing 

Fig. 2. Mounting of field test specimen; Fig. 2a (right) is double specimen section 
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at 30~ for 4 hr with one specimen per steel, 50 X 20 
X 2 ram, and all surfaces mechanical ly polished and 
passivated. Measurements made were number  of pits 
on all surfaces, on rolled surfaces, and weight loss. 

Test H was par t ly  performed according to (6). The 
test media consisted of 0.33 mol A1 ~ N/liter, 0.30 mol 
FeS+/liter, 1.81 mol C1-/ l i ter ,  and 3.8 mol H20/ l i te r  
in a solvent of 50% ethanol and 50% glycerol. Solution 
tempera ture  was 22~ and test durat ion 2 hr. The 
specimen was mounted  in plastic resin like the speci- 
mens for the electrochemical tests. Thus, one flat side 
of the specimen was tested. Surface finish was mechan-  
ically polished and measurement  made was number  of 
pits per uni t  area. 

Test I was performed in 2 and 15% HC1 at 22~ with 
specimens, 50 X 20 X 2 mm, ground on 150 paper and 
passivated. Test durat ion for the 2 and 15% HC1 solu- 
tion was 140 and 24 hr, respectively. Total weight loss 
was measured. 

Test K was the only one of the chemical tests which 
included crevices. These were formed through a close 
clamping of a flat PVC specimen, 20 X 10 X 2 mm and 
ground on 80 paper, to one of the flat surfaces of the 
steel specimen, 50 X 20 X 2 mm and ground on 220 
paper, by means of rubber  bands. The test was per-  
formed in synthetic sea water according to ASTM-D 
1141-52 and with 10g K~[Fe(CN)6] / l i te r  and 10g 
K4[Fe(CN) 0]/li ter added to the water. The tempera-  
ture  was 35~ and the test durat ion 24 hr. 

Measurements made were number  of corrosion at-  
tacks under  the PVC-plate  and rubber  bands and the 
relative strength of these attacks. The attacks belong- 
ing to the worst ones according to depth and area got 
the value 3 and those belonging to the intermediate  
group and the best group, hardly noticeable attacks, 
got the value 2 and 1, respectively. All  attacks on the 
five tested specimens per investigated steel were 
divided into these three groups and the number  of 
attacks was mult ipl ied by its group value. Final ly  
these three amounts  were added giving the total mark  
for the steel investigated: e.g., a steel having 3 heavy, 
5 medium, and 4 weak attacks got a total mark  of 
3 X 3 + 5 X 2 + 4 X  1----23. 

The regression and correlation analysis was per-  
formed in a computer, assuming l inear  relationship 
between the different quanti t ies measured. The four 
ferr i t ic-austenit ic  steels were excluded from this anal -  
ysis. 

Results and Discussion 
The results of the corrosion tests performed are 

shown in Table III, and those of the regression and 
correlation analysis, i.e., correlat ion coefficient (r),  
intercept, regression coefficient, and standard error of 
estimate in  Table IV. 

Field test ,  tes t  A.- -Al l  attacks had taken place on 
surfaces which dur ing  the exper iment  had formed 
crevices between steel-PVC tubing and steel-steel and 
on surfaces covered by balanids, i.e., crevice corrosion. 
Other surfaces were completely free from local corro- 
sion. The crevice corrosion had taken place main ly  
round the surface of the drilled holes which had 
formed a split with the PVC-spacer tubing. Crevice 
corrosion on the dril led surface itself, crevice steel- 
PVC, and on the ground surfaces forming a crevice 
steel-steel was not quite so common. 

Normally, the crevice corrosion on the surfaces of 
the drilled holes covered a comparat ively small  part  
of the circumference while the corrosion on the sur-  
faces forming crevice steel-steel was comparat ively 
widespread. In  some cases the corrosion on the surfaces 
of the drilled holes consisted of deep pits in areas with 
crevice corrosion. Crevice corrosion under  fouling 
organisms, i.e., balanids, took place pr imar i ly  on the 
Si-al loyed 18/8 steels. 

With regard to max imum depth of attack and n u m -  
ber of attacks the following applies to the austenitic 
stainless steels. 

The best group had no attacks with a depth > 0.1 
mm. The austenitic steels with Ni contents varying 
between 13 and 25% and alloyed with Mo combined 
with N, N plus Si, or Cu were included in this group, 
i.e., steels 4, 12, 15, and 16. 

The second group with few attacks and a maxi-  
mum depth of corrosion of 0.2-0.4 mm consisted of the 
18/8 steels alloyed with Mo combined with N or Si, 

i.e., steels 3, 10, and 14. 
The third group consisted of 18/8 steels alloyed 

only with Mo and the steel 18/18-2 Si. It  should be 
noted that the steel 18/24-4 Mo is also included in 
this comparat ively poor group, despite its high Ni con- 
tent. The max imum depth of at tack for these steels was 
between 0.5-1.0 ram. The number  of attacks was rela-  
t ively large. Steels 2, 5, 6, 7, 8, and 13 belonged to this 
group. 

The 18/8 steels without  fur ther  alloying or alloyed 
with only Si and /or  N were clearly the worst group 
with max imum depth of at tack of 1.5-2 mm and a 
large number  of attacks. Steels 1, 9, and 11 belonged 
to this group. 

The correlation between max imum depth of attack, 
which is related to propagation resistance, and number  
of attacks, which is indicative of resistance to passiv- 
ity breakdown, was rather  good, r = 0.80. 

The we l l -known beneficial effect of molybdenum as 
to pi t t ing ini t iat ion and propagation [there are certain 
similarities between the mechanism of formation of 
pi t t ing and crevice corrosion (7, 8)] and molybdenum 
combined with ni t rogen and /o r  silicon as to pittirig 
ini t iat ion (7, 9-12) is thus clearly shown in this field 
test, although smaller discrepancies occurred within 
the groups mentioned, e.g., steel 3 (18/13-3 Mo-N) 
was somewhat better  than steel 14 (18/20-4 Mo-N) 
with a higher molybdenum content, and steels 6 and 
7 with approximately the same composition differed 
rather  widely in respect of max imum depth of attack. 
One reason for these discrepancies might  be that  dif- 
ferences in steel s t ructure and composition and dis- 
t r ibut ion of slag inclusions overshadow the effect of 
minor  deviations in steel composition. 

This rather  good agreement between the field test 
results and those expected with regard to the composi- 
tion of the steels and the important  fact that the labo- 
ra tory specimens had been taken out from the field 
test specimens, i.e., practically the same test surface 
for all tests performed, make it interest ing to let the 
field test results serve as a reference for the results of 
the laboratory tests. 

It  is, however, not quite clear that other sea-water  
environments,  higher temperatures,  longer testing 
times, other evaluat ion techniques, etc., would have 
given exactly the same sequence when rat ing the steels 
in order of merit. 

For more detailed information of the field test 
results, see (5). 

Elec t rochemica l  t e s t s . - - T h e  scatter, ma x i mum value-  
m i n i mum value, of the pit t ing potential  results from 
the tests performed in NaC1 was large: mean scatter 
value of approximately 150 mV. 

One contr ibutory explanat ion of this could be that 
the specimens, due to their small  test area, might or 
might not expose especially weak points in respect to 
pi t t ing initiation, e.g., sulfide slag inclusions of dan-  
gerous type, i.e., manganese-r ich  ones. The negative 
effect of sulfides, especially the duplex and manganese-  
rich ones as to pit t ing resistance is clearly shown 
(13-17). 

Although the scatter was large, the results can be 
regarded as reasonably consistent. This is supported 
by the good correlation between the tests with large 
scatter; tests E (5% NaC1, 02) and F (5% NaC1, N2). 
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Table III. Results of corrosion tests 

February 1973 

Stee l  
No. Type  ana ly se s  

F i e l d  tes t  

A 
C a l m  sea w a t e r  

Ma x  
d e p t h  of  N u m b e r  

a t t ack  of a t t a c ks  
A1 A~ 

P o t e n t i o d y n a m i c  p i t t i n g  p o t e n t i a l  tes t s  

B 
5% HCI, 30~ 

/Cri t$  Zpw 
B I '  10 -8 B~ 

D E 
5% NaC1, O~ 5% NaCI,  02 

C G r o u n d  E t c h e d  sur face  
5% HC1, 40~ sur face  Epw 

Ic~. t~ Epw Epw Min.  Mean  Max  
CI' I0 -~ C2 DI El E~ E8 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 

18/9 1.5 5 
18/12-3Mo 1.0 3.5 4 
18/13-3Mo-N 0.3 1 2.5 
18 /13-3Mo-N-Nb --~0.1" 0 4.2 
18 /13-3Mo-Nb 1.0 3 5.4 
17/14-4Mo 1.0 3 1.4 
17/14 4Mo 0.5 3.5 1.9 
18/18-2Si  0.8 >lO** 52.7 
18/14-3.5Si  ~2 .0  > 10"* 77.0 
17/15-2Mo-3.5Si  0.2 0.5 4.4 
18 /12-2St -N 1.4 > 1 0 " *  61.7 
18 /14-2Mo-2Si -N ~---0.1" 0 3.6 
18/24-4Mo 0.8 0.5 1.9 
18 /20-4Mo-N 0.4 1.5 1.4 
20 /25 -5Mo- l . 5Cu  ~0 .1"  0 0.6 
19 /24-3Mo-2Cu-Ti  --0.1" 0 1.2 
25/5-1 .5Mo 2.5 3.5 -- 

1 9 / 5 - 3 M o - l S i  1.7 3.5 - -  
25/5-1 .SMo-N 2.0 2.5 - -  
25 /5-1 .5Mo-N 1.2 7 -- 

t t t 200 45 103 271 
194 1.0 86 225 121 139 173 
927 0.6 856 770 174 216 320 
765 0.9 96 339 144 167 213 
562 0.9 80 248 42 93 110 
930 0.2 550 585 112 139 205 
892 0.4 453 359 230 252 296 

0 14.0 0 246 86 176 445 
--50 25.0 --90 205 20 50 93 
952 1.2 40 256 209 331 376 

--75 22.0 --80 218 30 55 103 
940 1.1 456 283 109 292 398 
923 0.3 194 425 185 301 364 
926 0.2 938 929 270 303 318 
900 0.2 928 400 270 285 313 
938 0.8 180 423 342 835 911 

- -  - -  - -  287 131 156 207 
- -  - -  - -  225 109 121 156 
- -  - -  - -  723 207 596 875 
- -  - -  -- 730 203 268 790 

* i.e. 0.1 in  t he  s t a t i s t i c  ana lys i s .  
** i.e. 10 in  the  s t a t i s t i c  ana lys i s .  

t No p a s s i v a t i o n  occur red .  
$ Cr i t i c a l  a n o d i c  c u r r e n t  dens i ty ,  ~A/cm% 

P i t t i n g  p o t e n t i a l  m V  Esc~.. 

Correlation coefficient, r, for minimum,  mean, and 
max imum pit t ing potential  was 0.79, 0.96, and 0.90, 
respectively. 

Out of the three tests performed in NaC1, i.e., tests 
D, E, and F, not one agreed very well  with the field 
test results if one sees to the mean value of pi t t ing 
potential  and number  of attacks on the field-test speci- 
men;  r --0.42, --0.55, --0.65, respectively. Test D was 
least good, probably  due to the smaller n u m b e r  of 
specimens tested. 

The correlation between number  of attacks and 
max imum value of pit t ing potential  is still worse: r 
--0.40 and --0.49 for tests E and F, respectively. The 
agreement  is, however, not too bad when comparing 
the min imum value of pi t t ing potential  with the n u m -  
ber of attacks in  the field test, r --0.68 and --0.83 for 
tests E and F, respectively. 

The probable reason for the m i n i m u m  value of pit-  
t ing potential  being more valid than  the mean  or 
max imum value of pi t t ing potential  is connected to 
the distr ibution in the steel of weak points in respect 
to pit t ing initiation, e.g., sulfides, and the differences 
in specimen area used in the field test and the electro- 
chemical tests, respectively. As the area of the electro- 
chemical specimens was much smaller than  the crevice 
area of the field-test specimens and as the smaller the 
test area the less risk of exposing a weak point belong- 
ing to the most dangerous ones, the electrochemical 
specimen having the lowest pit t ing potential  value 
ought to correspond better  to the crevice surfaces 
attacked in the field test in respect to weak points than 
the electrochemical specimens having the highest pi t-  
t ing potential  or pi t t ing potentials in the range of 
mean value. 

The tests performed in HC1, tests B and C, agreed 
very well  as far as the critical anodic current  density 
is concerned, r 0.99, and these current  density values 
correlated not too badly with the max imum depth of 
at tack in the field test; r 0.75 and 0.76 for tests B and C, 
respectively. Both these measured values are to a 
greater or lesser extent  related to propagation re-  
sistance. 

The correlation between the pi t t ing potential  in 
HC1, according to test B, and number  of pits in the 
field test (both values related to pi t t ing ini t iat ion 
resistance) was good, r --0.91. This is surprising, con- 
sidering the fact that  the pit t ing potential  according 
to the other HC1 test, test C, correlated badly with the 
n u m b e r  of pits in the field test, r --0.52. The only dif- 
ference between test B and test C was the temperature,  
30 ~ and 40 ~ , respectively. 

Having in mind  that the tests in HC1 were only 
performed with one specimen per steel, that  the high- 
est correlation coefficient related to pi t t ing ini t iat ion 
was achieved with results from the HC1, test B, and 
that electrochemical tests in HC1 give information 
about propagation resistance, it seems as if HC1 is at 
least as interest ing a test solution as NaC1. 

The potent iodynamic pit t ing potential  tests per-  
formed in HC1 and NaC1 did not agree very well, r 
values about 0.5. 

Chemical tests.--The results of the accelerated chem- 
ical pi t t ing and general  corrosion tests did not corre- 
spond very well  with those of the field test. The cor- 
relat ion coefficients investigated varied between 0.14 
and 0.72. Best results were obtained with the ferric- 
chloride test, but  then only with the value "number  
of pits on rolled surfaces," and  the chemical crevice 
corrosion test K performed in synthetic sea water:  

Number  of attacks in  the field test against relative 
resistance according to test K, r 0.70. 

Maximum depth of attack in the field test against 
number  of pits on rolled surfaces in  FeCI~, r 0.67. 

Maximum depth of at tack in the field test against 
relat ive resistance according to test K, r 0.65. 

The ferric-chloride test gave some interest ing results. 
When evaluat ing the results the following was mea-  
sured: number  of pits per square cent imeter  on rolled 
surfaces, G1, number  of pits per square centimeter  of 
total  surface, G2, and weight loss, G3. As mentioned 
before, G1 correlated rather  well  with the results of 
the field test, while G2 and G3 did not. The correlation 
between G1 and G2 was ext remely  poor, r 0.04, and that 
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Min. 
Fx 

C h e m i c a l  p i t t i n g  and  crevice  corrosion tests  

G 
F 10% FeCI~ at  30~ p H  1.3 

5% NaC1, Ns N u m b e r  of p i t s  pe r  cm 2 
Epw Rol led  A l l  W e i g h t  loss 

Mean  Ma x  sur faces  sur faces  g / m  s �9 hr 
F~ Fa Gz G2 G~ 

H K 
A18+, FeB% a n d  I S y n t h e t i c  
CI- in  e t h a n o l  HCI sea w a t e r  
a n d  g lyce ro l  W e i g h t  loss, I~ /4 [Fe  (CN)e] 

N u m b e r  of  p i t s  g / m  2 �9 hr ,  in  R e l a t i v e  
per  0.5 cm~ 2% HC1 15% HC1 resistance 

Hz I 1 '  103 Is K1 

--221 - -3  113 3.6 10.2 6.7 
104 I10 138 0.38 18.0 5.1 
146 182 188 0.26 0.61 0.24 
139 149 228 0.25 6.5 0.12 

84 136 145 0.27 45.1 12.8 
188 228 245 0.00 0.51 0.19 
108 195 222 0.67 8.2 1.5 

--93 I0  199 0.52 2.6 2.0 
--106 ~ 9 2  57 5.5 7.3 2.4 

211 254 388 0.00 0.72 0.77 
--200 -- 124 74 0.52 7.9 1.1 

63 178 185 0.00 0.10 0.10 
260 291 302 0,27 6.9 0.86 
142 294 304 0.00 0.00 0.19 
253 263 292 0.00 0.00 0.12 
280 976 995 1.9 2.3 0.16 

60 127 136 8.9 12.5 1.3 
79 101 111 8.8 17.2 3.2 

208 225 280 0.00 0.00 0.00 
308 427 728 0.00 0.00 0.05 

1859 673 2.5 25 
292 3 2.3 34 
259 2 2.5 22 
105 1 2.2 13 
594 2 3.I 22 
117 1 1,3 22 
44 3 1.0 13 

375 163 0.74 26 
440 253 2,7 22 

27 343 2.9 12 
2304 410 3.7 25 

33 1 4.2 5 
12 4 0.34 6 
11 2 0.44 11 
5 2 0.24 17 

183 3 0.38 3 
899 0 37.6 15 

1033 3 21,9 20 
3 1 36,9 4 

407 0 39.6 21 

between  G2 and G~ qui te  good, r 0.93. Obviously  the 
no rma l ly  much less p i t t ing- res i s tan t  edge surfaces 
contr ibute  to the poor corre la t ion be tween  Gz, the  
s tandard  value  measured  for this t ype  of test, and the 
resul ts  of the  field test.  I t  is, however,  somewhat  sur -  
pr is ing that  the  re la t ive  effect of a l loying elements,  
i.e., different  steels, on the p i t t ing  resis tance is not  
the same for the  ro l led  surfaces and the  edge 
surfaces of the specimen. There  are  possible rea -  
sons for this. One could be tha t  when  the flat, 
e longated slag inclusions, i.e., sulfide slag inc lu-  
sions, are to a more  or less ex ten t  dissolved dur ing  
the  passivat ion t r ea tmen t  in ni t r ic  acid, dangerous  
crevices wil l  be formed on the edge surfaces and not 
on the flat surfaces. Thus the type, shape, dis tr ibut ion,  
and number  of inclusions could be of much grea ter  im-  
por tance  to the resul t  than  the  chemical  composit ion of 
the steel. 

The chemical  pi t t ing test  H, i.e., corrosion in a solu- 
t ion of A13+, Fe  3+, and C1- ions in e thanol  and glycerol  
and especial ly  the chemical  pi t t ing and genera l  corro-  
sion test  I, i.e., corrosion in HC1, seemed to be of l i t t le  
value.  

The correspondence between the different  accelerated 
chemical  p i t t ing  and crevice corrosion tests was poor. 
None of the  calcula ted corre la t ion  coefficient values  
exceeded 0.55. 

Relation between electrochemical and chemical tests. 
- - A  comparison of e lect rochemical  and chemical  tests 
shows tha t  the  re la t ionship  be tween the two types  of 
test  is not  ve ry  good, rrnax 0.76. 

Some of the  more  in teres t ing re la t ionships  a re  l is ted 
below: 

Mean value  of p i t t ing  potent ia l  in NaC1, test  E, 
against  r e l a t ive  resis tance according to chemical  c rev-  
ice corrosion test  K: r --0.76. 

Min imum value  of p i t t ing  potent ia l  in NaC1, test  
E, against  re la t ive  res is tance according to chemical  
crevice corrosion test  K: r --0.69. 

P i t t ing  potent ia l  in HC1, test  B, against  number  of 
pits  in chemical  p i t t ing  test  H: r --  0.66. 

Minimum value of pitting potential in NaCl, test 
E, against number of pits in chemical pitting test H: 
r - -0 .59 .  

Mean value of pitting potential in NaCI, test E, 
against weight loss in FeCI~, test G: r --0.38. 

Mean value of pitting potential in NaCI, test F, 
against number of pits on rolled surfaces in FeCl3, 
test G: r --0.18. 

Comparison o~ tests when  rating the steels in order  
of mer i t . - -As  could be expected  from the genera l ly  
poor corre la t ion  be tween  the different  tests, the  se- 
quence when ra t ing the  steels in order  of mer i t  differs 
r a the r  wide ly  when compar ing the  tests. 

I t  seems tha t  the  difference in content  of a l loying 
e lements  has to be r a the r  grea t  to achieve a good 
agreement  be tween  the tests. Thus when  steels No. 1 
(18 Cr-9 Ni) ,  No. 2 (18 Cr-12.5 Ni-3 Mo),  No. 7 (17 
Cr-14.5 Ni-4.5 Mo),  and steel No. 14 (17.5 Cr-19.5 
Ni-4.5 Mo-N)  a r e  r anked  in o rder  of mer i t  according 
to the different  test  va lues  measured,  the sequence wil l  
be the  same for 18 out of 20 test  values.  Those test  
values  which did not agree  wi th  the  others  were  I1, 
i.e., weight  loss in HC1, G1 and G2, i.e., number  of pits 
according to the  test  in FeC13, and Es, i.e., m a x i m u m  
value  of p i t t ing  potent ia l  in NaC1. 

If  another  steel  wi th  a composit ion wi th in  the  range 
of the  composit ion of the above-ment ioned  group of 
steels or wi th  somewhat  o ther  content  of a l loying ele-  
ments,  e.g., silicon and nitrogen,  is  inc luded in the  
comparison,  p roblems  would  arise. 

Conclusions 
According  to the  resul ts  of this  inves t igat ion the 

effect of minor  devia t ions  in content  of a l loying ele-  
ments  in stainless steels on the resistance to localized 
corrosion in calm na tu ra l  sea wa te r  cannot  be eva lu-  
a ted wi th  any  degree  of ce r ta in ty  by  means  of the  
accelera ted e lec t rochemical  or  chemical  tests pe r -  
formed.  

The  agreement  be tween  the tests is not acceptable  
unless the difference in steel  composit ion is at  least  
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Table IV. Results of correlation and regression analysis 

Corre- 
lation Standard 
eoeWi- R e g r e s s i o n  e r r o r  of 

Tes t  c i e n t  I n t e r c e p t  coeff icient  e s t i m a t e  

A 4 - A z  
A1-BI 
A I - C I  
AI-E= 
A 4 - F ~  
A I - G 4  
A t - G 2  
A I - G 3  
A i - I i  
A i - I 2  
A I - K I  
A 2 - B 2  
A~ -C~  
A=-Dz 
A~-Ez 
A2-E2 
Aa-E8 
A~-FI 
A2-F~ 
A s - F 3  
A 2 - G I  
A 2 - G s  
A 2 - G a  
A ~ - K ~  
A z  A ~ - E I  
A~ A~-E~  
A I  A ~ - E s  
A4 A ~ - F I  
A~ A~-F.2 
A I  A ~ - F z  
A t  A ~ - G 4  
A i  A ~ - K ~  
BJ.-Cz 
BI-E2 
BI-F2 
BI-G~ 
B~-K4 
C1-E2 
C4-F~ 
C i - K i  
D4-E2 
D*-F2 
D ~ - K ,  
E4 -F~  
E 4 - K I  
E2-F2 
Es-Gi 
E2-K4 
E~ -F~ 
E s - K i  
G I - B 2  
G I - F 2  
G I - G ~  
G ~ - K ~  
G~-C~ 
G~-E.~ 
G ~ - K I  
G~-C~ 
G s - E 2  
G ~ - G 2  
G~-K~ 
H i - A z  
H ~ - A ~  
H I - A ~  �9 A-- 
H I - B ~  
H ~ - B 2  
H4 -E4  
H ~ - F ~  
H ~ - G I  
H ~ - K I  

0 . 8 0  0 . 3 0  1 ,2 5 5  - 10  -4 0.36 
0 . 7 5  0 .4 1  0 .2  �9 10  -4 0 . 3 8  
0 . 7 6  0 . 4 2  0 .1  �9 10-~ 0 . 3 8  

- - 0 . 6 3  1 ,17  - - 2 0  - 10-~ 0 . 4 7  
- - 0 . 6 2  0 . 9 8  - - 1 5  - 10  -4 0 . 4 8  

0 . 6 7  0 . 4 8  2 , 5 3 3  , I 0 -~  - -  
0 . 3 6  
0 . 4 5  
0 . 5 6  0 . 5 2  1 6 , 0 6 6  �9 10 -4 0 . 5 0  
0 . 2 7  0 . 4 8  1 , 2 0 8 .  10 -4 0 . 5 8  
0 . 6 5  - - 0 . 1 1  4 8 9  �9 10  -4 0 . 4 6  

- - 0 . 9 1  8 .5 7  - - 8 5  �9 10 -4 1 .63  
--0.52 4 . 8 2  - -55  . 10 -4 3.36 
- - 0 . 4 2  6 . 0 1  - - 7 3  - 10-~ 3 . 4 8  
--0.68 7.11 --261 , 10 -4 2.81 
--0.55 5.78 - -110 �9 10 -~ 3.20 
--0.40 5.54 - -76  �9 10 -4 3.52 
- -  0.83 4.86 -- 194 �9 10 -4 2.14 
- - 0 . 6 5  5 . 0 6  - - 9 7  �9 1 0  -4 2.93 
- - 0 . 4 9  5 .3 3  - - 8 3  �9 10-~ 3 .35  

0 . 5 0  
0 . 1 4  
0 . 2 2  
0.70 -- 2.32 3,308 - I0-~ 2 . 7 5  

- - 0 . 5 9  1 0 . 1 4  - - 4 1 9  �9 10-~ 4 . 3 5  
- - 0 . 5 3  7 . 7 6  - - 1 6 6  . 10-*  5 . 1 2  
- -  0.45 8.02 -- 135 - 10 -4 5.38 
--0.79 6.35 --291 �9 10-~ 3.68 
--0.61 6.63 --145. 10 -4 4.77 
--0.46 7.06 --125 �9 10-~ 5.34 

0 . 7 2  
0.59 - -3 .46  4,388 �9 10 -4 4.88 
0 . 9 9  1 .0 4  �9 10 a 0 . 3 0 3  3 . 1 7  - 103 

- - 0 . 4 4  2 9 . 6  - 103 - - 6 0 , 4  2 4 . 0  - 10  a 
- - 0 . 5 9  2 7 . 2  - 10a - - 6 0 . 5  2 1 . 7  �9 10 ~ 

0 . 6 6  6 . 4 9  - 108 1 2 .0  �9 103 
0 . 5 3  - - 1 3 . 5  - 103 1 .7 5  - 103 2 2 . 7  �9 103 

- -  0 . 4 4  9 . 2 2  �9 104 - -  191  9 . 8 8  �9 104 
- - 0 . 5 6  8 .5  - 10~ - - 1 9 3  9 . 1 3  �9 10~ 

0 . 5 0  - - 4 . 3  �9 104 5 .5  �9 103 9 .21  �9 104 
0 . 2 6  3 1 3  2 . 9 5  . 10-J  2 1 2  
0 . 3 5  3 2 4  3 . 0 4 .  10-J  2 0 5  

- -  0 . 2 4  4 9 1  --  6 . 5 2  2 1 3  
0 . 7 9  1 0 9  9 . 4 7 7  6 1 . 9  

- -  0 . 6 9  2 9 2  -- 8 , 4 9  7 2 , 6  
0 . 9 6  9 6  9 . 7 2 0  5 5 .6  

--0.12 
-- 0.76 535 -- 18.0 152.3 

0 . 9 0  1 0 0  0 . 8 1 0  8 5 . 9  
- -  0 . 6 3  5 6 8  -- 1 5 .7  1 5 6 .2  
- -  0.48 
- - 0 . 1 8  

0 . 0 4  0.839 6 .1  - I 0  -:~ 
0 . 2 3  

- 0 . 3 8  
- 0 . 3 4  

0 . 3 2  
- 0 . 3 5  
- - 0 . 3 8  

0.93 7.0 �9 10-2 0 . 2 8 4  
0 . 4 5  
0 . 6 2  
0 . 6 0  
0 . 6 0  
0 . 6 3  

- - 0 . 6 6  9 2 5  - - 0 . 9 3 3  
- - 0 . 5 9  
- - 0 . 4 7  

0 . 3 4  
0 . 5 5  

as great  as that  be tween  the fol lowing steels: 18/9, 
18/13-3Mo, 17/15-4.5Mo, and 18/20-4.5Mo-N. 

The ra the r  poor corre la t ion be tween  most of the  
test  combinat ions  thus makes  it difficult to predict  the  

corrosion resistance in the  sea -wa te r  env i ronment  in 
question on the basis of just  one accelera ted test  or to 
r e la te  different  tests  to each other.  

Assuming  the resul ts  of the field test  are  r ep re sen ta -  
t ive  of the  inves t iga ted  steels in most s ea -wa te r  en-  
vironments ,  the  fol lowing seems to be t rue  for the 
accelera ted  tests pe r formed  in regard  of thei r  re l iab i l -  
i ty  in rank ing  steels in o rder  of mer i t  for s ea -wa te r  
service:  

The electrochemical  tests are to be chosen in p re f -  
erence to the chemical  tests, when  resistance to passiv-  
i ty b reakdown  is to be invest igated.  

The min imum value  of p i t t ing  potent ia l  is more 
re l i ab le  than the mean or m a x i m u m  values.  

P i t t ing  potent ia ls  obta ined in hydrochlor ic  acid 
a re  p robab ly  more  va l id  than  those obta ined in sodium 
chloride.  

When  invest igat ing the resis tance to pi t t ing and 
crevice corrosion of flat products  and tubes in 10% 
FeC13 (pH 1, 30~ it is impor t an t  tha t  the effect 
produced on the specimen surfaces perpendicu la r  to 
the  ro l led  surfaces is exc luded  f rom the final eva lua-  
tion. 

Manuscr ip t  submi t ted  Apr i l  17, 1972; revised manu-  
script  received Aug. 7, 1972. 

Any  discussion of this  paper  wi l l  appear  in a Dis-  
cussion Section to be publ ished in the  December  1973 
J O U R N A L .  
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An Optical Study of the Growth and Oxidation 
of Nickel Hydroxide Films 

M. A. Hopper* and J. L. Ord* 
Department oS Physics, University o] Waterloo, Waterloo, Ontario, Canada 

ABSTRACT 

The formation and oxidation of nickel hydroxide films under  a variety of 
exper imental  conditions are studied using in situ ellipsometric measurements .  
Two forms of the hydroxide, which we assume to be the a and ~ forms re-  
ported by other workers, are found. The a- and fl-hydroxide layers are both 
t ransparent  with real refractive indices of 1.52 and 1.46, respectively, at 
6328A. Upon oxidation the two forms of hydroxide convert  to different oxides, 
both of which absorb light. The process involved in the conversion of the 
~-hydroxide appears to be similar to the process postulated for the charging 
of the nickel bat tery  electrode. 

The complex conversion processes that  occur dur ing 
the charging and discharging of the nickel electrode 
in a nickel-a lkal ine  bat tery  have been the subject of 
extensive study over the past fifty years (1). Only 
recently, however, were some of the details of the 
mechanism elucidated. In  par t icular  x - r ay  (2, 3) and 
infrared (4) techniques were applied, with some suc- 
cess, to the determinat ion of the structure and modifi- 
cations that  occur in the solid-state phases involved 
in the conversion reaction. 

Electrochemical investigations of the system are gen- 
erally performed on nickel electrodes covered with 
relat ively th in  films of oxide or hydroxide. The films 
on the nickel surface are formed using a var ie ty  of 
techniques including deposition of hydroxide from 
solutions of nickel n i t ra te  (3, 5) and direct oxidation 
and reduction of the electrode (6, 7). The variat ion in 
the behavior reported for the different methods indi -  
cates that the properties of the films formed may 
depend on growth conditions. 

In  contrast  to the extensive studies using ellipso- 
metric methods on the formation of anodic films on 
nickel in acidic solution (8, 11), only Chernykh and 
Yakovleva (12, 13) have presented results obtained 
in strongly basic solution. The present  investigation 
using in situ ellipsometrie measurements  combined 
with simultaneous studies of the electrical behavior  
was carried out to determine whether  optical tech- 
niques could supply addit ional informat ion on the 
na ture  of the process of oxidation of nickel hydroxide 
in basic solution. This process is of fundamenta l  im- 
portance to the unders tanding  of the conversion reac-  
tions that  occur on charging and discharging the nickel 
bat tery electrode. In addition it was hoped that optical 
methods could determine if the films of nickel hydrox-  
ide formed under  different conditions showed a similar 
behavior when  oxidized and reduced in basic solution. 

Experimentat 
The self-nul l ing ellipsometer used in this investiga- 

t ion has been described in detail elsewhere (14). The 
ins t rument  has a resolution of 0.01 ~ and a typical  nu l l -  
ing t ime of 1 sec for the films formed on nickel in 
this study. A low-power he l ium-neon  laser is used as 
the light source for the ins t rument  and all refractive 
indices reported in this paper are per t inent  to its 
wavelength,  6328A. All  optical measurements  were 
taken with an angle of incidence of 60 ~ The ellipso- 
metric data were analyzed using a computer  program 
wri t ten  in BASIC and run  on the laboratory HP 2114B 
computer. 

An  equilateral  hollow glass prism fitted with s tan-  
dard- taper  joints for mount ing  the electrode holder, 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  w o r d s :  e l l i p so rne t ry ,  anodic oxidation, n i cke l .  

pla t inum counterelectrode, mercurous sulfate refer-  
ence electrode (fitted with a 0.1N K2SO4 salt bridge),  
and a gas dispersion tube was used as the electrochem- 
ical ceil. Argon could be bubbled through the solution 
but  this was not found to have an appreciable effect on 
the exper imental  results. All  experiments  were per-  
formed at room temperature  (23 ~ 

Single-crystal  and polycrystal l ine samples of nickel 
were prepared in the form of cylinders and mounted 
between Teflon washers in the electrode holder. A flat 
on one side of the cylinder was used as the surface for 
optical studies. In  this configuration approximately 1.2 
cm 2 of the metal  surface is exposed to the electrolyte. 
No differences were detected between results obtained 
with the two types of sample. 

Prior to each exper iment  the nickel surface was 
chemically polished and then cathodically reduced in 
the celt to remove any oxide formed on the electrode 
dur ing the polishing process. In  the experiments  involv-  
ing deposition of hydroxide from nickel ni t rate  solu- 
tions, a special procedure was adopted to ensure that 
the optical readings were dis turbed as little as possible 
after completing the deposition and commencing the 
oxidation. The method involved dra in ing  the cell with 
the electrode in place, r insing with distilled water, 
then adding the solution to be used in the oxidation 
studies. 

The electronic circuitry used with the cell consists 
of a set of five operational amplifiers, three of which 
are used to apply constant currents,  constant potentials, 
and l inear potential  sweeps to the cell. Of the remain-  
ing two, one is used in the current - to-vol tage  converter 
mode to monitor  the cell current  and the other as a 
potential  follower. 

Results and Discussion 
The first experiments  were designed to determine the 

characteristics of the layers formed directly on a nickel 
substrate by oxidation and reduction in a 5N KOH 
solution. The optical and electrical data obtained on 
anodically oxidizing the electrode at a current  density 
of 40 #A/cm e followed by cathodic reduction at the 
same current  density are shown in  Fig. 1. In the upper  
section of the figure the polarizer nul l  readings, P, 
are plotted vs. the analyzer  nu l l  readings, A. In  the 
lower section of the figure the var iat ion of the poten-  
tial with time is recorded. The data points start  at 
point A and trace out the curve A - B - C- D - E  on oxida- 
tion and E - F - G  on reduction. 

On anodic polarization the optical data show two 
distinct regions, the section A-B and the section 
C-D-E. This indicates that layers of different index 
are formed on the surface in these two regions. On 
reduction the optical data (E-F)  almost retrace the 
curve C-D-E but  the end point  of the reduction, point 
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Fig. !. Anodic oxidation (A-B-C-D-E) and reduction (E-F-G) of 
nickel at 40/~A/cm 2 in 5N KOH. 

G, lies at a much lower value of P than either points 
A or B. Fur ther  reduction after point G results in no 
change in the optical data, implying that at this point 
the surface is covered by a layer of mater ia l  that  can- 
not be removed by cathodic reduction. 

The largest optical changes are observed to occur 
along CD and EF, corresponding to the plateaus in the 
potent ia l - t ime plot. Optical changes of this type are 
normal ly  interpreted as resul t ing from growth along 
CD of a layer of constant  index, and removal of the 
layer along EF. A range of refractive index values 
can be found which enable  the data to be fitted to a 
process of this type. The values are all complex, indi-  
cating that  if a film grows along CD it must  absorb 
light. The k values in the complex index, n --  ik ,  are 
on the order of un i ty  for all but  the lowest values of n. 

Other explanations of the optical data in Fig. 1 are 
possible. (The major  difficulty in in terpret ing results 
obtained in  ellipsometric studies of thin films is that a 
unique in terpre ta t ion of the data is usual ly impossible.) 
The charging and discharging of the nickel bat tery 
electrode are general ly thought to involve conversion 
between nickel hydroxide and a higher oxide by a 
mechanism involving proton diffusion (1, 5). Regions 
CD and EF in Fig. 1 can be fitted to a conversion proc- 
ess, but  many  parameters  can be varied in such a proc- 
ess, and no definite conclusions can be drawn from the 
fitting. 

To decide whether  the process is one of layer con- 
version rather  than  layer growth and removal, it is 
necessary to obtain optical data on thicker films. Using 
thicker films it is possible to determine unique  refrac- 
tive index values for the layers involved, thus per-  
mi t t ing a dist inction to be drawn between growth and 
conversion processes. 

We found that  much thicker layers could be grown 
on nickel in 5N KOH by a process involving prolonged 
reduction of the electrode combined wi th  repeated 
cycling between the reduced and oxidized forms of the 
film. (Prolonged oxidation was found to cause little 
layer growth.) The optical results obtained using the 
above procedure to grow thick films are presented in 
Fig. 2. Points A, E, and G correspond to the same 
points plotted in Fig. 1. The electrode was subjected to 
cathodic polarization at 100 ~A/cm 2 for a minute  fol- 
lowed by anodic oxidation at 40 ~A/cm ~ to oxygen 
evolution, and reduct ion at this current  density unt i l  
hydrogen evolution begins. This procedure was then 
repeated with progressively longer periods of cathodic 
polarization at 100 ~A/cm ~. Although ellipsometric 
readings were recorded continuously dur ing the ex- 

42 4 /  I I I I I / / A~( I -6  - 0"117 i) 
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Fig. 2. Optical data on the growth of thick films an a nickel 
electrode produced by cycling between oxidation (triangles) and 
reduction (circles) in 5N KOH. 

periment,  only the loci of the optical readings obtained 
in  the ful ly oxidized state, curve VWZ, and in the state 
produced on reduct ion at 40 ~A/cm 2, curve VH5, are 
plotted in Fig. 2. The data obtained in the reduced 
state (curve VHJ) are shown fitted to the growth of 
a film of index 1.46-0.0i. The points for the oxidized 
state (curve VWE) are fitted to the growth of a layer 
having an index of 1.60-0.117i. The value of the refrac- 
t ive index used for the nickel substrate was 2.13-4.31i. 

The results summarized in  Fig. 2 show that  the 
process involved in the oxidation and reduct ion of a 
nickel electrode in 5N KOH is a conversion from one 
layer into another of different index, ra ther  than  film 
growth and dissolution. The thickness of both forms 
increases as the exper iment  progresses which would 
indicate that  very  l i t t le film dissolution occurs. Using 
the values of the refractive index that  give the best fit 
to the locus of the exper imental  points we find that 
the thickness of the layer remains  almost constant on 
cycling between the oxidized and reduced forms. For 
thicknesses greater than  400A the oxidized layer ap- 
pears to be th inner  than the reduced layer by approxi-  
mately  10%. 

The th in  film optical results can be explained by the 
conversion mechanism using the refractive indices de- 
termined from the thick film results. The optical data 
from Fig. 1 are replotted in Fig. 3 along wi th  theo- 
retical curves for the growth of layers having refrac- 
t ive indices of 1.46-0.0i (curve VH) and 1.60-0.11Ti 
(curve VW) corresponding to the reduced and oxidized 
forms of the film, respectively. The l ine shown con- 
necting points D and F is the locus the optical results 
would take if the process involved uniform growth of 
a higher oxide film to a thickness of 180A at the ex- 
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Fig. 3. Optical data from Fig. 1 fitted to the theoretical curves 
from Fig. 2. G-D is the curve traced out if 180~ of hydroxide are 
converted to 180.~, of oxide. 
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pense of a layer of hydroxide of ini t ial  thickness 180A 
and zero final thickness. The exper imental  data in re- 
gions CD and EF fall approximately on this line, in-  
dicating that even the first oxidat ion-reduct ion cycle 
involves conversion between layers of near ly  equal 
thickness. The theoretical conversion curve in Fig. 3 is 
not sensitive to which layer is next  to the metal  and 
which is next  to the electrolyte. To t ry  and answer this 
question it is necessary to consider the conversion of a 
thicker film. 

Figure 4 is a plot of the optical data recorded during 
the oxidat ion-reduct ion cycle whose end points are 
plotted at H and W in Fig. 2. The cycle begins at H 
with 800A of hydroxide on the surface, and the data 
trace out H-C-W on oxidation at 40 ~A/cm 2. The thick- 
ness of the oxidized film at point W is 730A. The data 
trace out W-R-H on reduction at 40 ~A/cm 2 to hydrogen 
evolution. The curves plotted in Fig. 4 are the theo- 
retical loci expected for two models of the conversion 
process. Curve H-S-W results from a process in which 
the conversion is init iated at the film-electrolyte in ter-  
face and proceeds by sweeping the boundary  between 
the oxidized and reduced component  layers across the 
film toward the metal  surface. Curve H-B-W results 
from a similar process init iated at the metal  surface and 
proceeding outward toward the electrolyte. 

The data in Fig. 4 fit nei ther  of the plotted processes 
very closely. Both the oxidation and reduction data 
exhibit  a curvature  similar to curve H-B-W over most 
of the conversion region. The only segment of the data 
at all s imilar  to curve H-S -W is the final segment of 
the reduct ion data. The curvature  in the data appears 
to favor a model for the conversion process which 
places the hydroxide layer  next  to the electrolyte and 
the oxidized layer  next  to the metal, with the interface 
between them moving toward the electrolyte on oxi- 
dation and toward the metal  on reduction. If the data 
are interpreted as support ing this model, two reasons 
can be advanced for their  poor fit to the model: the 
presence of a third component  not treated in the anal-  
ysis, and nonuni fo rm progress of the conversion proc- 
ess. 

The design of the ellipsometer enables it to detect 
certain types of nonuni formi ty  in surface films. The 
stepping-motor drive uni ts  produce mechanical  v ibra-  
tions which cannot be damped completely. The v ibra-  
tions pose no serious problem when uniform films are 
studied, but  with nonuni form films the photomultipl ier  
signal at nul l  has a microphonic component.  The re- 
corded data show no evidence of this, but  the operator 
is very conscious of the microphonic signal, having to 
set the photomult ipl ier  gain and level detector hys-  
teresis to take account of it. The photomult ipl ier  out- 
put  has a microphonic component  across the middle of 
the conversion regions in Fig. 4, bu t  not at the end 
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Fig. 4. Conversion of an 800~, film of hydroxide on oxidation 
(H-C-W, circles) and reduction (W-R-H, triangles) in 5N KOH. 
The curves represent conversion processes with the higher oxide 
under (H-B-W) or on top of (H-S-W) the hydroxide film. 

points, indicating that dur ing the conversion the sur-  
face film is not made up of two component  layers of 
uni form thickness. If the process does not proceed un i -  
formly, no theoretical curve can be calculated for the 
process, and any conclusions d rawn from data ob- 
tained dur ing conversion are open to question. 

One might expect the oxidation of an anodic oxide 
film to a higher oxidation state to begin at the interface 
with the electrolyte, the source of the extra  oxygen re-  
quired. In  our exper iments  we start  with a film of 
hydroxide which can be oxidized without  the addition 
of oxygen from the electrolyte. The hydrogen ions 
which are also products of the oxidation reaction are 
thought to migrate to the electrolyte by a diffusion- 
l imited process (1, 5). If this model is valid for the 
conversion process the oxidation of the hydroxide layer  
would start at the metal  surface and proceed outward 
toward the electrolyte as the hydrogen ions diffuse out 
of the film. The interpreta t ion of the data in Fig. 4 as 
favoring a model with the hydroxide next  to the elec- 
trolyte and the higher oxide next  to the metal, al- 
though open to some question, does support  a model of 
this type for the conversion process. 

Very similar results to those presented in Fig. 2 
were found on applying the same growth procedure 
to a nickel electrode in  0.2N KOH. This was taken as 
indicating that the same oxidized and reduced forms 
occur in this solution as occur in  5N KOH. 

Bode et al. (3) have shown that  nickel hydroxide 
exists in two forms designated a and/~. They state that 
the a-hydroxide converts into the /~-hydroxide on 
standing in  strong KOH solution. In  order to determine 
whether  the reduced form of the layer  produced in the 
experiments  described above was of the a- or E-form, 
we next  studied the deposition of a-nickel  hydroxide 
films from solutions of nickel nitrate.  

The optical data on the growth of a-nickel  hydroxide 
obtained dur ing cathodic deposition at 100 ~A/cm 2 are 
presented in Fig. 5. The film growth starts from point  
A and traces out the loop A-B-C-D-E  as the layer 
thickens. At point E the optical data have almost re-  
tu rned  to the ini t ial  conditions, behavior characteris-  
tic of a rea l - index film. Such a film, if grown uni -  
formly, gives cycles of optical data which retrace the 
ini t ial  loop. The data in Fig. 5 retrace the first cycle 
except at high values of P. We at t r ibute the failure 
to retrace at high P-values  to nonuni formi ty  in the 
deposition, and fit the data to the curve in the figure 
for the growth of a film of index 1.52-0.0i. This curve 
fits the data well  up to a thickness of about 1500A 
(point C). Each optical cycle represents the deposition 
of over 3300A of a film of this index, and we feel that 
our assumption of film nonuni fo rmi ty  on the second 
and third cycles is reasonable. 

The index of the hydroxide determined in the above 
exper iment  is higher than  that  which we found for the 
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Fig, 5. Three cycles (circles, then triangles, then squares) of 
optical data on the cathodic deposition of nickel hydroxide onto a 
nickel suhstr=te from o nickel nitrate solution. 
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reduced form produced in KOH solutions. This result  
and the work of Bode et al. (3) and MacArthur  (5) 
lead us to assume that  the reduced form produced in 
KOH solution may be identified with the fl-hydroxide. 

MacArthur  (5) has shown that it is possible to oxi- 
dize the a-hydroxide to a species called ~-NiOOH in 
KOH solution, but that  repeated cycling between the 
oxidized and reduced forms is not possible due to the 
conversion of the a-hydroxide to the /~-form. Figure  6 
presents the results of an exper iment  to determine the 
optical changes that  occur on oxidizing a-Ni(OH)2 in 
5N KOH solution. The small  loop A-B-C shows the 
optical results obtained dur ing the cathodic deposition 
of approximately 3200A of ~-Ni(OH)2 on the nickel 
electrode. This curve is shown fitted to the growth of 
a layer of index 1.52-0.0i on a substrate of index 2.12- 
4.02i. The solution of nickel ni t ra te  was then drained 
from the cell and replaced by a 5N KOH solution, wi th-  
out al tering the optical a l ignment  of the electrode. On 
anodic oxidation of the deposited hydroxide at 40 
~A/cm 2 in  the KOH solution the optical results  trace 
out the curve D-E-F.  Approximate ly  the same path is 
retraced in the direction F-E-D on reduction of the 
layer  back to the hydroxide form. 

Results of experiments  similar to that  plotted in Fig. 
6 bu t  starting with different thicknesses of Ni(OH)2 de- 
posited on the electrode give different values for the re-  
fractive index of -y-NiOOH. The real components  fall in 
the range from 1.5 to 2.1 and the imaginary components 
are all  quite significant ranging between 0.4 and 0.8. 
The var iat ion in the refractive index indicates that  the 
oxidized form is not a homogeneous layer  of -~-NiOOH. 

The curve D-E-F  proved impossible to fit using any 
relat ively simple theoretical model that  could describe 
the conversion process. Following MacArthur  (5) and 
Bode et al. (3) we assumed that  the conversion is 
probably from the a-Ni (OH)2 form to ~-NiOOH. Using 
this model we at tempted to fit the observed optical data 
assuming a two-layer  model and allowing uniform 
conversion of the hydroxide of index 1.52-0.0i to the 
oxidized form both by the formation of an absorbing 
film on top of and undernea th  the existing hydroxide. 
No choice of the thickness conversion ratio for the two 
forms allows the exper imental  data to be fitted with 
this model. In  addition, a model assuming that  the 
whole layer converts uni formly  from an index cor- 
responding to that  of the hydroxide to that  of the oxi- 
dized form cannot fit the data. 

In  view of the difficulties described above in deter-  
min ing  the refractive index of ~-NiOOH, an al ternat ive 
method of growing this phase was sought in the hope 
that  this might  help determine its optical properties 
with greater certainty. Guided by the results of experi-  
ments  we have carried out on nickel electrodes in 
solutions of different pH, we chose a 0.1M sodium 
borate solution for an at tempt at growing ~-NiOOH. 
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Fig. 6. Cathodic deposition of nickel hydroxide from nickel nitrate 
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The optical and electrical results  obtained on oxidiz- 
ing, at 20 ~A/cm 2, reducing at the same current  density 
and reoxidizing a nickel  electrode in 0.1M sodium 
borate are presented in Fig. 7. The optical results are 
presented in the upper  port ion of the figure and the 
potent ia l - t ime results in the lower section. The results 
trace out the curve A-B-C-D on oxidation, D - E-F  on 
reduction, and F - G - H - J  on reoxidation. Unl ike  the 
oxidation of nickel in 5N KOH solution (Fig. 1) there 
is no evidence of a conversion plateau in the potential-  
t ime plot on the first oxidation cycle. The plateau is 
seen to appear on the first reduct ion and second oxida- 
t ion cycles. The lack of a plateau in  the potent ia l - t ime 
plot for the first oxidation cycle suggests that  little 
Ni(OH)2 forms on the surface in  the region A-B-C.  
In  the region C-D a considerable optical change is ob- 
served presumably due to the direct formation of an 
oxide of nickel. On reduction it appears that  the oxide 
is reduced to what  is probably  a hydroxide. Prolonged 
reduct ion does not r e tu rn  the optical results to point A 
(the "bare" substrate start ing point) and it must  be 
concluded that  some nonreducible  layer remains  on 
the electrode. The second oxidation traces out the 
curve F - G - H - J  and little optical change is observed 
unt i l  point G is reached. A rapid optical change is ob- 
served in the region G-H followed by a slower change 
from H to point J. If anodic polarization is continued 
after point  J optical changes are still observed; these 
cont inue for m a n y  hours. 

Prolonged oxidation of nickel  in  the sodium borate 
solution results in the formation of a black film cover- 
ing the surface. Figure 8 presents the results of an 
optical exper iment  on the formation of the thick film 
by prolonged oxidation. In  addit ion to de termining the 
locus of the optical results for the oxidized film, we 
reduced the film at intervals  dur ing the oxidation to 
determine the optical properties of the reduced form of 
this oxide. The curve A-B-C-D in  Fig. 8 shows the re- 
sults obtained for the oxidized species formed in so- 
dium borate, and the curve A - E - F  shows the results 
for the reduced layer. The reduced form is fitted to the 
growth of a film of index 1.52-0.0i on a substrate of 
index 2.14-4.02i. This index is identical to that  deter-  
mined for the film deposited onto nickel from nickel 
ni t ra te  solutions, and we assume the reduced form of 
the layer formed in  sodium borate to be a-Ni(OH)2. 
The curve traced out by the oxidized form produced in  
this solution cannot  be fitted to the growth of a un i -  
form layer of constant  refractive index. This oxidized 
layer  exhibits optical behavior  similar to that  of the 
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layer formed by oxidation of the cathodically deposited 
a-Ni(OH)2, and, al though a definite value cannot  be 
determined for the refractive index in either case, we 
conclude that both films are inhomogeneous layers 
made up main ly  of 7-NiOOH. Curve A-B-C-D in Fig. 8 
is produced by the growth of the 7-NiOOH layer  in 
borate electrolyte whereas curve D-E-F  in Fig. 6 is 
produced by conversion of deposited a-Ni(OH)2 to 
7-NiOOH. 

Conclusions 
Using ellipsometric measurements  we have shown 

that  two different forms of Ni (OH)2 may be grown on 
a nickel substrate under  appropriate conditions. The a- 
form, of refractive index 1.52-0.0i, may be grown by 
cathodic deposition from solutions of nickel ni t rate  or 
by reduction of the film produced by prolonged oxida- 
tion of a nickel electrode in sodium borate solution. 
The E-form, of refractive index 1.46-0.0i, may be pro- 
duced by direct oxidation and reduction of a nickel 
electrode in concentrated solutions of KOH. 

On anodic oxidation the two forms of nickel hy-  
droxide are converted into absorbing films with differ- 
ent refractive indices. The ~-Ni(OH)2 converts to an 
inhomogeneous film which absorbs light strongly, but  
whose index we are unable  to determine. We assume 
that this layer  is composed main ly  Of ~-NiOOH. The 
~-Ni(OH)2 converts to a layer of refractive index 1.6- 
0.117i which we assume to be /~-NiOOH. During con- 
version of the ~-Ni(OH)2 the optical analysis is com- 
plicated by nonuni formi ty  in the thicknesses of the 
component layers, but  the data general ly  favor a model 
with the /~-Ni(OH)s next  to the electrolyte and the 
~-NiOOH next  to the metal. 
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Our conclusions differ from those reached by Cher- 
nykh  and Yakovleva (12, 13) in a s tudy of the potentio- 
static oxidation of nickel in 2N KOH carried out using 
a conventional  ellipsometer with light of wavelength 
5461A. A comparison of our work with theirs i l lus- 
trates the problems involved in in terpre t ing thin-f i lm 
ellipsometric data. They follow the approach which 
Bockris, Reddy, and Rao (9) used in interpret ing 
optical data obtained in acid electrolyte. In  this ap- 
proach, the surface is assumed to be covered by a 
single layer whose thickness, real index component, 
and imaginary  index component  can all vary  with 
potential.  They assume an unspecified value between 
2.8 and 3.3 for the real component  of the index of the 
layer  formed in 2N KOH, and conclude that (i) the 
layer  thickness increases considerably as the potential  
is raised, and (ii) the imaginary  index component  first 
decreases then increases due to a change in the nature  
of the conductivi ty as the potential  is raised. In our 
analysis of thin-f i lm data, we use refractive index 
values determined from measurements  on thicker films 
and find that  the data fit a process in which one 
layer converts to another  of approximately the same 
thickness. 
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Passivity and Pitting of AI, Ni, Ti, and 
Stainless Steel in CHDH + H, SO, 

Florian Mansfeld* 
North  Amer ican  Rockwe l l  Science Center,  Thousand Oaks, California 91360 

ABSTRACT 

The polarization behavior of Ti and Ti alloys, Ni, A1 6061, stainless s t e e l  
Type 304, Fe, Cu, and Pt has been studied in methanolic solutions containing 
sulfuric acid. As in solutions of CH3OH + HC1 + H20, pi t t ing occurs on Ti 
alloys in solutions of H2SO4 in CH3OH. Addit ion of 1% H20 to 0.1N H2SO4 in 
CH3OH leads to a broad region of passivation. Addit ion of 1% H20 to 0.1N 
H2SO4 in CH3OH does not effect the polarization curves of nickel in the 
cathodic region and the region of active dissolution. The water  addition leads, 
however, to passivation on fur ther  anodic polarization. Pi t t ing is observed 
after polarization in the transpassive region. Iron cannot be made passive in 
0.1N H2SO4 in CH3OH with additions of up to 10% H20. Stainless steel is 
readily passivated in 0.1N H2SO4 in CH~OH without  addition of water, but  
pi t t ing is observed after polarization in the transpassive region. A1 6061 suffers 
from severe pit t ing when polarized anodically in 0.1N H2SO4 in CH3OH free 
of water  additions. Copper shows no active-passive t ransi t ion in CIQOH-H2SO4 
solutions. Exper iments  with Pt  show that  methanol  is decomposed at potentials 
higher than  W1.0V vs. SCE. Contrary to susceptibility in aqueous solutions 
containing halides, Ti is more susceptible to pi t t ing in CH3OH containing H2SO4 
t h a n  A1 6061, Ni, and stainless steel 304. 

In  a previous paper (1), it was shown that  water  
plays a crucial role in de termining whether  t i t an ium 
can become passive in solutions of CI-I3OH and HC1. In 
anhydrous solutions Ti could not be passivated even 
upon anodic polarization. Upon addit ion of s m a l l  
amounts  of water, passivity was observed but  pi t t ing 
occurred at potentials only slightly noble to the cor- 
rosion potential. With increasing water  content, the 
pi t t ing potential  became more noble. It  has also been 
shown elsewhere that water  has a pronounced effect on 
the stress corrosion cracking (SCC) behavior  of Ti 
alloys (2). Depending on the stress level and the re-  
sult ing type of failure, water  can increase or de- 
crease the rate of crack propagation (3). 

The studies concerning the anodic behavior of Ti 
alloys have now been extended to methanolic solutions 
containing sulfuric acid. These solutions are of part ic-  
ular  interest, since it was shown by Marl and co-work-  
ers (4) that  SCC of Ti occurs in methanol  solutions 
containing HC1 or H2SO4. On the other hand, it is 
usual ly believed that  chloride ions but  not sulfate ions 
cause SCC and a patent  has been issued (5) which de- 
scribes inhibi t ion of SCC of Ti alloys by adding oxy- 
anions such as sulfate to aqueous or methanolic solu- 
tions containing chlorides. Studies of passivation char-  
acteristics in  these solutions are also of interest, since 
they might  indicate whether  the oxygen used to form 
the passive film comes from the sulfate ion as sug- 
gested by Evans (6) or from the water  molecule. 

Since ini t ial  experiments  with Ti in 0.1N H2SO4 in 
CHaOH provided some rather  unusua l  results, addi- 
t ional experiments  were carried out with Ni, Fe, Cu, 
A1 6061, and stainless steel 304. The results of these 
investigations are reported in this paper. 

Experimental 
Unlike the case of methanolic solutions containing 

HC1, anhydrous  solutions of CHaOH + H2SO4 cannot  
be prepared. The solution of 0.1N H2SO4 in CH3OH 
used for most tests contains only 0.04% He O, while a 
solution of 1.0N H2SO4 in CHaOH contains 0.4% H20 a s  
determined by Karl  Fischer t i tration. 

Potentiostatic polarization curves were obtained by 
increasing the potential  stepwise every 30 sec in  10, 20, 

* Electrochemical  Society Act ive  Member.  
Key  w o r d s :  su l f a t e  p i t t i n g ,  a c t i v e  d i s so lu t ion ,  anod ic  a nd  ca thod ic  

polarization curves,  effect  of  water  additions, photomicrographs.  

or 40 mV increments;  the step height depending on the 
rate of the anodic or cathodic reaction. In  most experi-  
ments  a cathodic polarization curve was recorded first, 
the potential  was then made more positive, and a n  
anodic curve was recorded. Solutions were either air 
saturated (but  unst i rred)  or deaerated and stirred by 
argon. All potentials were measured vs. SCE, which 
was positioned in a separate compar tment  to avoid 
contaminat ion of the electrolyte by chloride ions or 
water. A Luggin capil lary was used to minimize the 
iR-drop. After each exper iment  the electrodes, which 
were in the form of cylinders, were examined in a n  
optical microscope. 

Results 
Ti tanium and Ti al toys.--Polarization curves were 

obtained for pure Ti (iodide), Ti-75A, and Ti-6A1-4V. 
No significant differences in the polarization behavior 
were observed for different alloy compositions. Figure 
1 shows polarization curves for pure Ti in 0.1N H~SO4 
in CH3OH. In the absence of water  s tar t ing from the 
corrosion potential, a cathodic polarization curve has 
been obtained with a Tafel slope of bc ~ 0.09V. This 
cathodic polarization apparent ly  resulted in reduc- 
t ion of the surface oxide and a lowering of the hydro-  

J IODIDE Ti 
j /  CH30H + O.IN H2SO 4 

+].2 / . . . . . .  NO H?O ADDED +0.8 / I~ H20 ADDE0 , ,  

~" +0.4 

> ~ 0 S t " ~  .......................... "11"I"/ 
04== 
-0.8 

10 102 103 104 105 
i (uA/cm 2) 

Fig. 1. Potentiostatic polarization curves for pure Ti in 0.1N 
H2S04 in CH3OH, argon stirred. 
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gen overvoltage as can be seen from the cathodic 
curve obtained on shifting the potent ial  in the more 
noble direction. This effect might also result  from for- 
mat ion of Ti hydrides which are assumed to have a 
hydrogen overvoltage lower than  oxide covered Ti 
(16). On the anodic branch  of the curve, a short region 
of passivity can be detected, at about --0.24V vs. SCE 
a sharp increase of the current  occurs. Examinat ion  
of the electrode after the exper iment  showed that  lo- 
calized attack in  the form of pi t t ing had occurred 
(Fig. 2). 

When 1% of water  was added to the test solution, the 
Ti electrode apparent ly  was in the passive state. The 
anodic current  remained small  and constant  up to 
about +0.TV (Fig. 1). At higher potentials the current  
increased steadily, bu t  not as sharply as in water  free 
solutions. These findings are similar to those reported 
for CI-I3OH + HC1 (1). 

Nickel.mFigure 3 shows the effect of water  on the 
polarization behavior  of pure nickel (99.9%) in 0.1N 
I-I2SO4 in CH3OH. The cathodic branches and the anodic 
branches of the polarization curves were identical up 
to +0.2V for solutions with 1% H20 and without  added 
H20. A decrease of the current  was observed upon 
fur ther  anodic polarization indicating passivation in 
the solution containing added water, while only a very 
small  decrease of the current  was observed at +0.35V 
in solutions where no water  had been intent ional ly  
added. These results show that  water  has no influence 
on the kinetics of the hydrogen evolution reaction 
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Fig. 4. Potentiostatic polarization curves for nickel in 0.1N 
H2SO4 in CH3OH and 2N H2SO4 in CHaOH. 

(HER) and on active dissolution. The water  plays, 
however, a decisive role in passivation. Figure  4 shows 
the effect of H2SO4 concentrat ion in methanol.  While 
an increase in acid concentrat ion leads to an increase 
in the crit ical cur rent  density (C.D.) for passivation, 
it also leads to a decrease of the passive C.D. The 
la t ter  effect most l ikely results from the higher water  
content inherent  in the solution of 2N H2SO4 in 
CH.~OH. Pi t t ing of the electrode was observed after the 
anodic polarization experiments  in  2N H2SO4 in 
CI-I3OH (Fig. 5). 

Iron.--The next  t ransi t ion metal  studied was pure 
iron. No passivation occurred in 0.2N H2SO4 or 2N 
H2SO, in methanol  up to a potential  of +0.8V vs. SCE. 
The effect of water  addit ion is different than  that  in 
the case of Ti or Ni. Additions of water  up to 10% 
did not produce passivation upon anodic polarization, 
but  increased the rate of anodic dissolution reaction 
(Fig. 6). The corrosion rate of i ron in 0.1N H2SO4 in 
CH~OH was very high compared to that  of Ti or Ni 
in the same medium. Using polarization resistance 
measurements  and extrapolat ion of potentiostatic po- 
larization curves to the corrosion potential, an average 
corrosion C.D. of 0.32 m A / c m  2 was measured for iron, 
which corresponds to 800 todd (mg/dm 2 day).  

Fig. 2. Pits on surface of Ti after anodic polarization in 0.1N 
H~SO4 in CH3OH without water addition. Magnification approxi- 
mately 180X. 
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Fig. 3. Potentiostatic polarization curves for nickel in 0.1N 
H2S04 in CHsOH with and without addition of 1% H20, argon 
stirred. 

Fig. 5. Pitting on nickel after test in 2N H2SO4 in CHsOH. Mag- 
nification approximately 180X. 
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Fig. 6. Potentiostatic polarization curves for Fe in solutions of 
0.2N H2S04 + X% H20 (X ---- O, 1, or 10) in CHaOH. 

Stainless steel Type 304.--Contrary to iron, s tain-  
less steel Type 304 is readily passivated at ra ther  low 
potentials in 0.1N H2804 (Fig. 7) or 1.0N H2804 in 
CH3OH. The active to passive t ransi t ion in Fig. 7 is 
only observed after cathodic reduct ion of the surface 
film formed in air or in solution. At potentials higher 
than -t-l . lV vs. SCE a rapid increase of the current  
was observed. Microscopic observation of the surface 
of the test specimen showed that pi t t ing had occurred 
(Fig. 8a). The area around the pits appears to be 
attacked as shown in  Fig. 8b, unl ike  the results for Ti, 
A1, and Ni. 

Al 6061.--The corrosion rate of A1 6061 in 0.1N H2SO4 
in CH3OH was low (about 0.2 mdd) .  The potentiostatic 
polarization curve is shown in Fig. 9. When the speci- 
men is polarized in the cathodic direction, the current  
starts to increase continuously with t ime at potentials 
more negative than --1.0V. This leads to the loop in 
the cathodic polarization curve shown in  Fig. 9. Upon 
anodic polarization, the A1 alloy is in the passive state 
up to about 0.0V when the current  increases very 
sharply due to pitting. Gas evolution from the pits is 
observed under  these conditions. Very large pits are 
observed as shown in Fig. 10. Similar  results were ob- 
tained in 1.0N H2SO4 in  CH~OH. The effect of water  
additions has not yet been studied. 

Copper.--The anodic polarization curve for Cu (Fig. 
11) was similar  to that  observed in  aqueous H2SO4. 
No active-passive t ransi t ion was observed up to an 
applied potential  of +2.0V. The anodic current  at 
potentials more noble than  about 0.0V vs. SCE 
increased when the solution was st irred by argon, 
indicating that the anodic process is l imited by mass 
transport  in this potential  region. 
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Fig. 7. Potentiostatic polarization curves for Type 304 stainless 
steel in 0.1N H2SO4 in CHsOH, argon stirred. 

Fig. 8. Pitting on Type 304 stainless steel after anodic polariza- 
tion in 0.1N H2SO4 in CH3OH (Fig. 7). a (top). Magnification ap- 
proximately 45X. b (bottom). Magnification approximately 180X. 

Platinum.--Experiments on p la t inum were carried 
out in  order to investigate the stabil i ty of the electro- 
lyte. Figure 12 shows a polarization curve which was 
started at --0.8V vs. SCE. Tafel behavior  with a Tafel 
slope of be : 45 mV is observed over 4 decades, the 
deviations at higher C.D. are most l ikely due to uncom- 
pensated /R-drops. The anodic cur ren t  remains  low 
up to about ~-I.0V, from where it increases cont inu-  
ously. This is most l ikely due to oxidation of methano] 
as also observed by Stolica on Pt  in LiC1-CH3OH-H20 
solutions (7). No oxygen evolution has been observed 
on Pt  or any  other metals studied. 

Discussion 
Since only potentiostatic polarization curves have 

been presented here, no conclusions concerning the 
mechanisms of the hydrogen evolution reaction, passiv- 
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Fig. 9. Potentiostatic polarization curves for AI 6061 in 0.1N 
H~SO4 in CH~OH, argon stirred. 
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Fig. 12. Potentiostatic polarization curves for Pt in 0.1N H2604 
in CH3OH, argon stirred. 

Fig. I0. Pitting on AI 6061 after anodic polarization in 0.1N 
H~SO4 in CH3OH, argon stirred. Magnification approximately 45X. 
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Fig. i l .  Potentiostatic polarization curve for Cu in 0 . iN H~SO4 
in CH3OH, deaerated. 

ity, and /or  pi t t ing can be drawn. The results obtained 
here and in Ref. (1) have shown, however, that  studies 
in methanol  containing H2604 or HC1 can result  in 
valuable  contr ibutions toward a bet ter  unders tanding 
of basic corrosion reactions. 

E~ect of water.--In a recent  paper (1), it has been 
shown that  for Ti in  CHsOH -t- HC1 the oxygen needed 
for the formation of the passive film comes from the 
water  molecule. Exper iments  on Ti in 0.1N H2604 in 
CH3OH (Fig. 1) show that water  also has a passivat-  
ing effect in these solutions. It  cannot be decided un -  
ambiguously whether  the small  region of passivity ob- 
served in 0.1N H2604 in CH~OH containing about 0.04% 
H20 results from adsorption of the oxygen from the 
sulfate or from the water. By analogy with the results 
obtained in HCl-CH3OH solutions and because of the 
large effect of the addition of 1% H20 on passivity, it 
seems logical that  the init ial  step in the passivation 
reaction on Ti is 

Ti -t- H~O -+ Ti �9 O a d s  "~" 2H + -t- 2e-  [1] 

where T i .  Oads represents oxygen adsorbed on Ti. 
The results obtained for Ni (Fig. 3) support  the 

assumption that  water  is responsible for passivation. 
For iron, on the other hand, no passivation could be 
observed even wi th  water  additions of up to 10% (Fig. 
6). Additions of water  in fact increased the anodic dis- 
solution current  in the potential  range studied. A sim- 
i lar behavior was found by Kiss and co-workers (8) 
for iron in  acetic acid containing 0.5M HC~COONa or 
0.SM HC104. Additions of water in each case acceler- 
ated the rate of active dissolution. The authors con- 
cluded that  in sodium acetate solutions passivation 
occurs only in the presence of water, while in solutions 
containing perchloric acid passivation occurred only in 
the absence of water. For stainless steel 304 it was 
found in the present  study (Fig. 7). that  very  small 
amounts  of water  (about 0.04%) are sufficient for 
passivation. These results show that  m a n y  factors 
determine the abil i ty of a metal  to passivate. These 
may include the electronic s t ructure  (14), the relative 
affinity to oxygen (9), and the characteristics of ion 
pairs formed in solution (8). 

When the results for nickel and iron are compared, 
it becomes evident that  water  molecules also have a 
different effect on the region of active dissolution of 
these metals. While the rate of the  anodic dissolution 
reaction is not affected by water  in the case of nickel 
(Fig. 3), it increases with increasing water  content  
in the case of i ron (Fig. 6). An  increase in the acid 
concentrat ion apparent ly  increases the rate of anodic 
dissolution of nickel and the critical C.D. for passiva- 
tion (Fig. 4). In  the passive region, the passivating 
effect of the higher water concentrat ion is stronger 
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than  the act ivat ing effect of the h igher  acid concentra-  
t ion in 2N H2SO4 in CH3OH. 

Pitting produced by sulfate ions.--It has been ob-  
served in this invest igat ion tha t  al l  meta ls  which 
undergo passivat ion also suffer f rom localized a t tack  
in the  form of pitt ing. This is a ve ry  surpr is ing  resul t  
since pi t t ing  is usua l ly  observed only in the  presence 
of halides, especia l ly  chlor ide  ions. Anions  l ike sulfates, 
ni trates,  perchlorates ,  and chromates  have  been shown 
by  Uhlig and co -worke r s  to inhibi t  p i t t ing  of i ron (10), 
18Cr-SNi stainless steel  (11), and  A1 (12) in aqueous 
solutions containing halides. Tou~ek (13) recent ly  
pointed out, however ,  tha t  there  is no apparen t  reason 
w h y  some of these anions should not l ead  to pit t ing.  It 
was shown (13), that  under  cer ta in  condit ions pi t t ing 
can be produced by  sulfates on iron and nickel  in aque-  
ous acid solutions containing both sulfate and chlor ide 
ions. Tou~ek also ment ions  briefly tha t  "some sort 
of pi t t ing corrosion" by  sulfate ions occurs in a solu- 
t ion of 2N H2804 and 2% H20 in CH3OH resul t ing in 
a polar izat ion curve  which  is s imilar  to that  shown in 
Fig. 4. 

Since pi t t ing  on nickel  and stainless steel  is observed 
at  potent ia ls  where  methanol  decomposi t ion occurs 
(r > 1.0V) as shown on P t  (Fig. 12), it  cannot  be 
concluded solely f rom the increase of the anodic cu r -  
ren t  tha t  localized a t t ack  has occurred.  Microscopic 
observat ion  (Fig. 5 and 8) has confirmed, however,  
tha t  p i t t ing  occurred in both cases. The possibi l i ty  of 
react ion be tween  oxidat ion products  of methanol  
(HCHO, HCOOH) and the passive film has not ye t  

been studied. 
I t  is qui te  r e m a r k a b l e  tha t  Ti, which is so res is tant  

to p i t t ing  in aqueous solutions containing halides, is 
more  suscept ible  to p i t t ing  than  A1 6061, nickel, and 
stainless steel  in H2SO4-CH~OH. The degree of sus- 
cept ib i l i ty  of Ti is s imilar  in H2SO4-CH3OH and HC1- 
CH3OH (1). Al though this author  does not bel ieve 
tha t  SCC resul ts  f rom a p i t t i ng - type  attack,  there  is 
a s t r ik ing resemblance  in the  suscept ib i l i ty  of Ti to 
p i t t ing  and SCC in these solvent  systems. This behavior  

suggests that  the  na ture  of the passive film and its 
ra te  of format ion  is different  in aqueous solutions 
(NaC1) and methanol ic  solutions containing small 
amounts  of water .  Recent  resul ts  by Smi th  and Mans-  
feld (15) have  shown, however ,  no differences of film 
proper t ies  in these two media,  as measured  by  e l l ip-  
sometry.  
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ABSTRACT 

The t ime dependencies  of capaci tance and diss ipat ion factor,  for a luminum 
specimens suppor t ing  a i r - fo rmed  or anodic films, have  been measured  at 
103 Hz dur ing  immers ion  in n e a r - n e u t r a l  chromate,  d ichromate ,  chloride,  
bromide,  iodide, fluoride, and sulfate  solutions. Suppor t ing  observat ions  have  
been made  using optical  microscopy and scanning and convent ional  e lect ron 
microscopy.  Behavior  in chromate  and d ichromate  solutions is in t e rp re ted  in 
te rms of the heal ing of "mechanical"  flaws or ig ina l ly  present  in a i r - fo rmed  films 
and the th inning of anodic films down to a passive film thickness  of about  25A. 
Results  in bromide,  iodide, and especial ly  chlor ide  solutions are in te rp re ted  in 
t e rms  of p i t t ing  by  dissolution of t r ans i en t ly  exposed meta l  at the  bases of 
flaws and subsequent  unde rmin ing  of the surface oxide film, which  p lays  a 
r e l a t ive ly  iner t  role th roughout  the  process. A quant i ta t ive  model,  descr ibing 
the effects of pit  deve lopment  f rom flaws on measured  specimen impedances,  is 
presented.  Re la t ive ly  l i t t le  a t t ack  occurs in sulfate  solution, whereas  in fluo- 
r ide  solution the impedance  changes are  consistent  wi th  r ap id  removal  of the  
surface oxide film and its r ep lacement  by  a complex  oxyfluoride.  The genera l  
degree of aggression of the  anions toward  oxide-coa ted  a luminum increases 
in the  order  of dichromate ,  chromate,  sulfate,  iodide, bromide,  chloride,  fluo- 
ride.  

P ryo r  and co -worke r s  (1-5) have inves t iga ted  
changes in the  dielectr ic  proper t ies  of anodic a lumina  
films, immersed  in var ious  inhibi t ive  and corrosive 
media,  p resent ing  the i r  da ta  l a rge ly  in t e rms  of re -  
s is t iv i ty  vs. thickness profiles. In  te rms of the capac i -  
tance and diss ipat ion factor  of the  films, P ryo r  et al 
have  observed the fol lowing changes in proper t ies  of 
240A b a r r i e r - t y p e  anodic films, fo rmed in neu t r a l  
t a r t r a t e  solution, af ter  exposure  to n e a r - n e u t r a l  M 
chromate,  halide, and sulfate solutions: 

1. In chromate  solutions the anodic films th inned  
un i fo rmly  down to the passive film thickness,  wi thout  
any  evidence of p re fe ren t ia l  a t tack.  A i r - f o r m e d  films 
th ickened  s l ight ly  by  anodic polar iza t ion  appea red  to 
have  developed crys ta l l ine  oxide  on the outer  surface, 
which  affected the  impedance  character is t ics  at  l0 s Hz 
but  not  at 105 Hz. 

2. In  chlor ide  solution, subs tant ia l  increases  in mea -  
sured diss ipat ion factor  of the  films occurred at  108 Hz 
wi thout  any  accompanying  change in capacitance.  No 
such changes were  observed at 105 Hz, nor  was  any 
change in surface topography  of the  films revea led  
by  e lect ron microscopy in 25 hr. 

3. In  fluoride solution, immers ion  for per iods  of 10- 
300 rain revea led  substant ia l  increases in both m e a -  
sured diss ipat ion factor  and capaci tance  at  103 Hz, 
accompanied  by  the g rowth  of a gross (up to 7000A) 
contaminat ing  phase on the meta l  surface. This phase 
consisted of nonuni formly  d is t r ibu ted  crysta ls  of an 
oxyfluoride.  

4. In  sulfa te  solution, l i t t le  or no change in measured  
dissipat ion factor,  capacitance,  or surface topography  
occurred in 25 hr. 

P r y o r  et al. (1-5) have  in te rp re ted  the i r  f i lm- th in-  
n ing  in chromate  resul ts  in t e rms  o f  a deta i led  dis-  
t r ibu t ion  of la t t ice  defect  s t ruc ture  th rough  the anodic 
film, involving four  zones. Their  da ta  in corrosive solu-  
tions have been in te rp re ted  as involving ion-exchange  
processes be tween  the aggressive hal ide  species in solu-  

1 P r e s e n t  address :  Uni lever  Resea rch  Po r t  Sun l igh t  L a b o r a t o r y ,  
P o r t  Sunl igh t ,  Wirra l ,  Cheshire ,  Eng land .  

K e y  words :  impedance ,  p i t t ing ,  aluminum, hal ide .  

t ion and oxide  ions in the  oxide lattice,  resu l t ing  in 
the creat ion of an excess ively  n - t y p e  deficient oxide 
lattice, and  a consequent  lower ing  in ionic res is tance 
of the anodic alumina.  The film does not  change vis ib ly  
dur ing  an " induct ion" per iod  whi le  ion pene t ra t ion  
occurs, but  the rea f t e r  local ized p i t t ing  in the  case of 
chloride, or more  genera l  a t t ack  in the case of fluoride, 
is said to es tabl ish i tself  at regions of pa r t i c u l a r l y  low 
ionic resistance.  Sul fa te  ions a re  not  considered able  
to exchange with  oxide ions f rom the  latt ice,  and thus 
do not  reduce the  corrosion resis tance of the  film. 

In  contrast ,  the  present  paper  discusses the  changes 
in impedances  of a i r - f o r m e d  and anodic aluminas,  p ro-  
duced upon immers ion  in aggressive ha l ide  solutions, 
in te rms os a r e l a t i ve ly  s imple  model  (8, 7) involv ing  
both  pene t ra t ion  and l a t e r a l  a t t ack  of t r ans i en t ly  r e -  
vea led  meta l  a t  the  bases of p re -ex i s t i ng  flaws in the  
r e l a t ive ly  iner t  surface oxide  films. Behavior  in in-  
h ib i t ive  or less aggressive media,  such as chromate  and 
sulfate  solutions, is also descr ibed in s imi lar  terms.  

Experimental 
Specimens of 99.99% aluminum,  of at  least  6 cm 2 

area,  were  masked  on the edges wi th  Lacomi t  and 
were  then p repa red  and coated wi th  a i r - fo rmed  or 
240A anodic films (6). Elec t ropol ish ing was  not  used 
as a pr ior  t r ea tmen t  because of possible complicat ions 
in the  proper t ies  of the  subsequent  films (8). 

Impedance - t ime  measurements  were  made  at  l0 s Hz 
only, because the  effects are  more  pronounced  at  r e l a -  
t ive ly  low frequencies.  The da ta  a re  presented,  uncor-  
rec ted  for measur ing  solut ion and double  l aye r  losses, 
to pe rmi t  compar ison wi th  ea r l i e r  results.  The inh ib i -  
t ive or corrosive med ium in quest ion was used as the 
measur ing  electrolyte .  

Data  for a i r - fo rmed  films were  obta ined f rom t r ip l i -  
cate  specimens of a rea  0.193 cm 2, which were  immersed  
ind iv idua l ly  in 80 ml  of the  nomina l ly  s tagnant  
medium,  contained in a covered 100 ml  beaker  at  25~ 
A p la t inum countere lec t rode  of a rea  25 cm 2 was in-  
ser ted  into each beake r  when  requ i red  and the  dis-  
s ipat ion fac tor  and capaci tance  were  recorded.  This 

193 



194 J. Electrochem. Soc.: E L E C T R O C H E M I C A L  SCIENCE AND T E C H N O L O G Y  February I973 

approach prevented any  al terat ion to the properties 
of the a i r - formed film by washing and drying. Im-  
pedance- t ime data for anodic films were obtained by 
immersing each of a batch of 30 identical  specimens of 
area 6 cm 2 as for the a i r - formed films. At appropriate 
times, triplicate specimens were removed, washed in 
distilled water, dried, and stopped off to 0.193 cm 2 
with tape. Their capacitances and dissipation factors 
were measured directly in a cell conta in ing the test 
medium as a measur ing electrolyte. Care was taken 
to select areas for measurement  typical  of the whole 
surface. However, for specimens in fluoride solution, 
measurements  were made on triplicate specimens, 
masked with tape to 0.193 cm 2 prior to immersion as 
for the a i r - formed films, thus al lowing the very rapid 
changes in the impedance to be followed. 

When dissipation factor and capacitance are plotted 
as a function of t ime in certain of the diagrams, scatter 
bands are sometimes used to give the most representa-  
tive results. However, the outlines of the scatter bands 
are themselves individual  curves for specimens show- 
ing extreme behavior. 

Results and Interpretation 
Immersion in chromate and dichromate solutions.-- 

Air-formed films.--The capacitance of specimens cov- 
ered by air - formed films, when  immersed in M sodium 
dichromate solution, adjusted with M chromate solu- 
tion to pH 6.0, (Fig. la ) ,  or sodium chromate solution, 
adjusted with M dichromate solution to pH 7.0, (Fig. 
lb) ,  showed lit t le or no t ime-dependence,  beyond a 
slight over-al l  decrease after long immersion periods. 
Generally,  the values for the pH 6.0 solution were 
perhaps slightly lower than the corresponding mea-  
surements  in the pH 7.0 solution. The dissipation fac- 
tors in both solutions (Fig. la  and b) were ini t ia l ly 
irreproducibIe at about 0.15 • 15%, exhibited a marked 
reduction with time, and reached reproducible l imit ing 
values of 0.085 • 0.002 in pH 6.0 solution (within 10 
hr) and 0.089 • 0.002 in pH 7.0 solution (within 8 hr) .  
The specimen electrode potential  t rends general ly cor- 
related with the dissipation factor changes. 

240A anodic films.--The capacitances and dissipation 
factors general ly exhibited slight bu t  reproducible in-  
creases ini t ia l ly in both pH 6.0 and 7.0 solutions (Fig. 
lc  and d). Thereafter,  they exhibited sharp, but  i r re-  
producible, increases as the film thinned,  and the 
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a. Air-formed films in sodium dichromate solution, pH 6.0 

metal-oxide interface was approached. The irrepro-  
ducibil i ty can be a t t r ibuted to the differing th inn ing  
rates of nomina l ly  identical specimens. In  the two 
cases where  th inn ing  appears to have proceeded to 
completion, (Fig. lc and d), the final capacitance 
and dissipation factor values were reproducible and 
comparable to the l imit ing values obtained for the 
a i r - formed films (Fig. l a  and b) .  The film potential  
gave t rends (6) consistent with the impedance changes, 
showing itself more sensitive than  impedance in  sens- 
ing changes wi th in  flaws in  the original  film but  less 
sensitive to thickness changes. Replica electron 
microscopy of par t ia l ly  th inned  films showed that  the 
th inn ing  process was not very  uniform, par t icular ly  
when the solution was not replenished frequently.  

The measured impedances in Fig. lc and d there-  
fore showed an apparent  dependence on film thick- 
ness as the sample thinned,  which it did more rapidly 
in pH 7.0 than in pH 6.0 solution. However, when  such 
data are corrected for solution and double layer losses 
(6), the film dissipation factors are th ickness- inde-  

pendent.  

Immersion in chloride solution.--Air-formed f i lm . -  
The capacitances of all  specimens carrying air - formed 
films, when immersed in M potassium chloride solu- 
tion, adjusted to pH 6.0 with a few drops of 0.01M 
hydrochloric acid, showed a slight rise dur ing the 
early stages of immersion, but  remained fairly steady 
thereafter,  displaying a slight tendency to fall in the 
later  stages of immersion (>300 hr) (Fig. 2a). The 
dissipation factors of all specimens were v i r tua l ly  in-  
var iant  with t ime of immersion (Fig. 2a). 

The pits visible optically on all specimens, after 
about 500 hr immersion, were relat ively few in n u m -  
ber ( < l / c m2) ,  and were relat ively small. The pits 
often showed a definite tendency to be associated with 
scratch lines in the metal  surface. The pits showed no 
systematic preference for the edges of the specimen. 
Specimens were not removed for examinat ion during 
the runs, so it is difficult to say when  the pits first 
appeared. 

Anodic /~lm.--The capacitances and dissipation factors 
of the corresponding specimens wi th  240A anodic films 
were identical to those measured in chromate and 
dichromate solutions ini t ial ly (Fig. 2b). After  more 
than 25 hr immersion the impedances were strongly 
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Fig. 2. Capacitance and dissipation factor as a function of time 
in potassium chloride solution, pH 6.0. 

dependent  on the degree of b reakdown of the surface, 
and thus on the pa r t i cu la r  specimen area  selected for 
measurement .  Three  genera l  types  of behav ior  could be 
discerned:  

1. Specimens wi thout  opt ica l ly  vis ible  signs os b r e a k -  
down genera l ly  exhib i ted  v i r tua l ly  ident ica l  capaci -  
tances and diss ipat ion factors  as the  a s - fo rmed  films. 
Occasionally,  however,  such a specimen was found to 
exhib i t  a s l ight  increase in capacitance,  accompanied 
by  a d i spropor t iona te ly  la rger  increase  in diss ipat ion 
factor  than  tha t  expected  f rom film thinning.  

2. Specimens wi th  slight, but  visible,  signs of b r e a k -  
down exhib i ted  increases in capacitance,  accompanied 
by d i spropor t iona te ly  large  increases in dissipat ion 
factor. 

3. Specimens wi th  re la t ive ly  severe  b r eakdown  (i.e., 
many  pits)  showed capaci tances  and dissipat ion factors 
s imi lar  to those observed for specimens car ry ing  a i r -  
fo rmed films, immersed  in potass ium chlor ide  solut ion 
at pH 6.0. 

Refer r ing  genera l ly  again to Fig. 2b, the  ini t ia l  film 
b reakdown  was therefore  reflected, if at all, in sub-  
s tant ia l  increases  in diss ipat ion factor,  wi th  r e l a t ive ly  
sl ight  increases in capacitance.  Thereaf ter ,  as b r e a k -  
down proceeded,  the  diss ipat ion factors cont inued to 
increase toward  a va lue  character is t ic  of the  corros ion-  
affected a i r - fo rmed  film, and b reakdown  progress ive ly  
affected the  capaci tances  of the  specimens more. 
Eventual ly ,  the capaci tance increases "caught  up" the 
increases in dissipat ion factor, and the net  impedance  
af ter  500 h r  was charac ter i s t ic  of a corrosion-affected,  
a i r - fo rmed  film for al l  specimens. For  per iods  up to 
80 hr, even though by  now all  specimens showed signs 
of b reakdown  somewhere  on the i r  surface, areas  of 
surfaces could be  se lected for impedance  measure -  
ments  wi th  ident ical  dielectr ic  p roper t ies  to the  as-  
formed films. 

The presen t  resul ts  differ f rom the previous  shor t -  
t e rm (up to about  17 hr )  resul ts  of P r y o r  and co- 
workers  (1-4) on th ree  counts:  

(a) The impedances  of specimens remained  un -  
affected for immers ion  per iods  less than  25 hr. 

(b) Where  effects were  observed,  no specimen 
underwen t  the  impedance  change descr ibed by  P r y o r  
et al., namely  a subs tant ia l  increase in diss ipat ion fac-  
tor  wi thout  any  corresponding change in capacitance.  
Some specimens did, however ,  a lmost  show this  be -  
havior,  d i sp lay ing  a subs tant ia l  increase  in d iss ipa-  

t ion factor  accompanied  by  only s l ight  increases in 
capacitance.  

(c) The impl ica t ion  of P r y o r  et al. tha t  immers ion 
in neu t r a l  chlor ide  solut ion causes continuous,  and  
re la t ive ly  reproducible ,  increases in the dissipation 
factors  of anodic films contrasts  sha rp ly  wi th  the p res -  
ent  findings. Here, the  impedance  changes were  errat ic,  
grossly i r reproducible ,  and dependent  on the test  a rea  
selected. 

Al l  specimens were  qui te  heav i ly  p i t t ed  af te r  500 
hr  immers ion  and indeed pits  were  opt ica l ly  visible 
on m a n y  specimens after  more  than  33 hr. I t  is v i r t u -  
a l ly  impossible  to assess the vis ible  pi t  dens i ty  af ter  
500 hr, owing to the  grea t  va r ia t ion  f rom specimen to 
specimen, and indeed f rom area  to area, on any  pa r -  
t icular  specimen. Genera l ly ,  more  pi ts  were  vis ible  
on anodized specimens than  on specimens ca r ry ing  a i r -  
fo rmed films, a l though the  pits  tended to be smal ler  
and showed less p re fe ren t ia l  associat ion wi th  e i ther  
scra tch  l ines or specimen edges (7).  

Immersion in bromide and iodide solut ions.--Air-  
formed f i lm.--In potass ium bromide  solution, w i th  pH 
ad jus ted  to 6.0 wi th  a few drops of 0.01M potass ium 
hyd rox ide  solution, the  capacitance,  a f te r  an ini t ia l  
s l ight  rise, d ropped  to about  2-2.5 ~F /cm 2 over  500 hr, 
whi le  the  diss ipat ion factor r ema ined  v i r tua l ly  con- 
s tant  (Fig. 3a).  Af te r  500 hr  the  specimens showed 
only sl ight  signs of pi t t ing,  re la t ive  to the chlor ide-  
t r ea ted  specimens. Typical ly ,  a cent ra l  "pit" was sur -  
rounded  by  a "r ing" of mounds  of corrosion product ,  
which were  p robab ly  hyd ra t ed  a lumina  and below 
which smal l  pi ts  p robab ly  resided.  Also, the  center  
surface around the  corroded region was covered by  a 
th in  film of hyd ra t ed  alumina,  giving r ise to in te r -  
ference colors when  v iewed optical ly,  p robab ly  ex-  
p la in ing the observed t ime-dependence  of impedance.  
A fal l  in capaci tance wi thout  corresponding change in 
diss ipat ion factor  indica ted  e i ther  over -a l l  film th ick-  
ening, via some type of f ie ld- induced "e lec t rorecrys-  
ta l l izat ion" mechanism,  or more  l ike ly  localized film 
thickening,  resul t ing  from hydrolys is  and prec ip i ta t ion  
of in i t ia l ly  soluble corrosion products.  Thus, the  resul ts  
for b romide  solutions suggest  tha t  p i t t ing  was much  
s lower than  in chlor ide  solutions. 

In  potass ium iodide solution wi th  pH ad jus ted  to 6.0 
wi th  a few drops  of hydr iodic  acid (Fig. 3b),  the  
capaci tance showed a dis t inct  r ise to about  5.5-6.5 
~F /cm 2 over  500 hr, w i th  the  diss ipat ion factor  r ema in -  
ing re la t ive ly  constant.  F rom the outset, the  specimens 
showed signs of localized b rown staining, wi th  the 
stain "nuclei" developing l a te ra l ly  wi th  t ime  into ex-  
tensive s ta ined patches.  Over-a l l ,  the  surfaces appeared  
to suffer genera l  corrosion r a the r  than  pit t ing,  con-  
sistent  wi th  the  previous  work  of P r y o r  (9). The 
stains were  obviously  due to free iodine, and indeed 
the bu lk  solut ion changed color f rom colorless to 
s t r aw-ye l low  over the 500-hr period,  so inval ida t ing  
any direct  compar ison wi th  the chlor ide  and bromide  
results.  Mounds of hyd ra t ed  a lumina  corrosion product  
were  again evident,  benea th  which were  p robab ly  
pits. The surface appea red  to be coated genera l ly  wi th  
a film of corrosion product ,  wi th in  which  cracks  and 
holes were  evident .  The m a r k e d  increase  in capaci -  
tance wi thou t  any  no tab le  increase  in diss ipat ion factor 
points  to an increase in rea l  area  of the  specimen 
dur ing  immersion,  as a resul t  of "genera l"  r a the r  
than  "localized" corrosion. 

Anodic f / /m.- -Dur ing  300 hr  in b romide  solution, l i t t le  
if any  change in the  capaci tances  was evident,  except  
for a sl ight  rise if a p i t ted  a rea  was selected for mea -  
surement  (Fig.  3c). The diss ipat ion factor,  however ,  
tended to r ise to values  typical  of the  corros ion-  
affected, a i r - fo rmed  film af ter  about  25 hr. Indeed,  in 
bromide  solutions impedance  changes of the P ryo r  
type  (1-4) in ch lor ide  solutions were  evident ,  namely  
a dist inct  r ise  in diss ipat ion factor  wi thout  any  corre-  
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Fig. 3. Capacitance and dissipation factor as a function of time 

sponding change in capacitance.  Af te r  500 hr  the 
specimens were  only s l ight ly  p i t t ed  re la t ive  to chlo-  
r i de - t r e a t ed  specimens, and  the  corrosion was s imi lar  
to tha t  on surfaces suppor t ing  a i r - fo rmed  films. 

Capaci tance and diss ipat ion factor  measurements  in 
iodide were  h igh ly  dependent  on the  area  selected for 
measurement .  Li t t le  iodine s ta ining was evident  before 
about  50-hr immersion,  when  l i t t le  or no change in 
capaci tance and only s l ight  increases in dissipat ion 
factor  were  evident.  Thereaf ter ,  however ,  as the  s ta in-  
ing increased,  areas  of high capaci tance and diss ipa-  
t ion factor  (over  s ta ined regions) ,  or low capaci tance 
and diss ipat ion factor  (over  intact  fi lm),  could be 
selected. Even af ter  500 h r  cer ta in  areas  showed li t t le,  
if any, impedance  change. As wi th  a i r - f o rmed  films, 
the  iodine s ta ining phenomenon commenced at  inc ip-  
ient  points  on the surfaces and spread  la te ra l ly ,  r a the r  
than  in depth.  The morpho logy  of a t t ack  was much 
the  same as for a i r - fo rmed  films. 

Immersion in fluoride soZution.--Air-Sormed f i l m . -  
Rapid  rises in both capaci tance  and diss ipat ion factor  
were  observed f rom the  ve ry  poin t  of immers ion  in M 
potass ium fluoride solut ion at  pH 8.5 which  p roved  
difficult to follow accura te ly  on the a-c  bridge.  A re l i -  
ab le  balance  was not  poss ible  unt i l  af ter  about  30 sec 
had  elapsed, by  which  t ime  the capaci tance and dis-  
s ipat ion factor  values  (Fig. 4a),  were  both  high r e l a -  
t ive  to values  for  specimens suppor t ing  a i r - fo rmed  
films in other  solutions. Subsequent ly ,  bo th  showed 
drops  to min ima  af te r  3-4 rain. The  m i n i m u m  capaci -  
tance  value  corresponded to an anodic oxide film th ick-  
ness of about  70A, a l though the  corresponding mea -  
sured  diss ipat ion factor  was  much h igher  than  ex-  
pec ted  for such a film. Af t e r  about  3-4 min  immersion,  
both  the  capaci tance and pa r t i cu l a r ly  the  dissipation 
factor  values  showed a dis t inct  rise. The  dissipation 
factor  gave a m a x i m u m  of 0.7-0.8 a f te r  about  100 min, 
showing a g radua l  decl ine to 0.4 thereaf ter ,  dur ing  a 
pe r iod  of r e l a t i ve ly  constant  capacitance.  Correspond-  
ing potent ia l  measurements  (10) exh ib i ted  an ini t ia l  
act ive surge (corresponding to the  high capaci tance 
and diss ipat ion factor  values) ,  fo l lowed by  a surge 
in the  noble  di rect ion (corresponding to  the  mi n imum 
in capaci tance and diss ipat ion factor)  before  s t eady-  
ing out. Thereaf ter ,  the  potent ia l  tended to move 
s l ight ly  in the  act ive direction.  

Repl ica  e lec t ron microscopy sugges ted  that ,  immedi -  
a te ly  af te r  immersion,  a c rys ta l l ine  "film" nuclea ted  
at discrete sites, growing in th ickness  and  l a te ra l ly  
until ,  a f ter  about  10 min,  the  ent i re  surface was cov-  
ered. At  this stage, changes  in surface morpho logy  
were  not visible optically.  Af t e r  about  100 min, r e l a -  
t ive ly  gross areas  of white,  flocculent corrosion p rod -  
uct appeared  on the specimen surfaces, tending  to mask  
the c rys ta l l ine  order  of the  film beneath.  These g rad -  
ua l ly  th ickened and spread  until ,  a f ter  40 hr, r e l a t ive ly  
gross corrosion had  obviously occurred.  

Anodic fil~n.--Both capaci tance and diss ipat ion factor 
values  measured  immedia t e ly  af ter  immers ion  in fluo- 
r ide  solut ion agreed  ve ry  closely wi th  the  cor respond-  
ing values  measured  in chromate  or o ther  ha l ide  solu-  
tions (Fig. 4b).  Thereaf ter ,  both  pa rame te r s  showed 
an eve r - r i s ing  r a t e  of increase  to m a x i m u m  values,  
coincident  in t ime wi th  an ac t ive  peak  in corrosion 
potent ia l  (10), af ter  about  6-7 rain immersion.  As wi th  
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the corrosion potential, the t ime dependencies of both 
capacitance and dissipation factor beyond 6-7 rain 
were similar to those for surfaces original ly support-  
ing a i r - formed films, excepting the absence of a peak 
in the t ime-dependence of dissipation factor for the 
surface support ing a 240A anodic film originally. 

Replica electron microscopy and visual  observation 
confirmed similar morphological changes on the sur-  
face to those on specimens with a i r - formed films, al- 
though changes perceptible to the naked eye appeared 
to take longer with the anodized specimens so that, 
even after 100 min, the "film" consisted almost exclu-  
sively of the "crystall ine" material.  However, the 
flocculent mater ia l  gradual ly  aggregated and, after 40 
hr, both types of specimen appeared identical, with 
evidence of gross over=all corrosion. 

Immersion in sulfate solution.--Air-formed f i l m . -  
The capacitance and par t icular ly  the dissipation fac- 
tor values both showed slight drops dur ing the very 
early stages in M sodium sulfate solution with pH 
adjusted to 6.0 with a few drops of 0.01M sodium 
hydroxide solution, comparable  to behavior in chro- 
mate and dichromate solutions (Fig. la  and b).  Both 
parameters  then showed little or no t ime-dependence 
throughout  a 50-hr immersion period. Subsequently,  
some general  corrosion did occur but  this was accom- 
panied by complicated microbiological effects. No 
changes in the specimens were evident  visual ly or by 
electron microscopy up to 50 hr. The relat ive insolu- 
bil i ty of sodium fluoride and potassium sulfate in 
water  precluded the use of salts wi th  a common cation 
for all the experiments.  

Anodic film.--The capacitance and dissipation factor, 
originally at values typical  of a 240A film as ini t ia l ly 
measured in any other solution, showed lit t le or no 
increase dur ing  about the first 80-hr immersion. Sub-  
sequent ly some more general  corrosion of a compli-  
cated na ture  occurred. 
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Discussion 

Impedance models for pitted electrodes.--Before dis- 
cussing the effects of immersion in the various solu- 
tions on the general  impedance characteristics, an 
impedance model is developed for a film containing 
flaws to cover the case where the flaws are developing 
into pits, propagating beneath  the surface film. Con- 
sider an oxide-coated a luminum surface beneath which 
pits have been developing dur ing na tu ra l  immersion 
in an aggressive medium. The specimen is removed, 
washed and dried, and placed in a measur ing cell to 
determine its impedance. It  is assumed in Fig. 5a and 
the corresponding equivalent  circuit in Fig. 5b that  
the typical pit exhibits crystallographic morphology, 
that  the surface oxide film over its mouth remains  
intact apart  from the original flaw beneath which 
propagation has occurred, and that, after removal  and 
drying, the pit surface is covered by an air-formed 
or passive a lumina  film, 25A thick (7). 

The impedance change produced by immersion in 
the aggressive medium can be re la t ively easily cal- 
culated. In what  follows, it  is impor tant  to distinguish 
measured impedance data from corrected data, i.e., 
measured data to which corrections for solution and 
double layer  losses have been applied. The following 
corrected data (6) have assumed for the a lumina  film 
on the pit surface; Cs (pit) = 3.0 ~F/cm 2, Rs (pit) ---- 
4.6 ohm �9 cm 2, Rp (pit) ---- 600 ohm �9 cm ~, and tan  
5 (pit) ---- 0.088. I t  is assumed that  the data obtained 
at l0 s Hz for a p la t inum electrode in the measur ing 
solution (6) provide the best avai lable estimate of R~ 
(flaw), i.e., the resistance of the solution wi th in  the 
flaky, when  sui tably corrected for the flaw length and 
area. These data have been treated as follows to pro- 
vide a predicted measured value of the impedance of a 
pitted surface, carrying a 240A. film: 

and 

Cp 1 

Cs 1 + tan  2 

Rp tan s 8 -t- 1 
= _ _  

Rs tan  s 8 

4. Rp (pit q- flaw) and Cp (pit q- flaw) values are 
then compounded with Rp (film) and Cp (film) values 
(i.e., corrected values) for a 240A film. Thus cor- 
rected Rp (pitted film) and Cp (pitted film) values 
are obtained for a 240A film containing a pit beneath 
one of its flaws. F rom these lat ter  values a corrected 
tan 8 (pitted film) is calculated using relat ionship [1]. 

5. F ina l ly  the corrected parameters  for the pitted 
film thus obtained are compounded with the R (solu- 
tion) value for the measur ing  electrolyte between 
working and counterelectrodes in the measur ing cell, 
giving predicted measured values of the impedance of 
the measur ing cell, containing a pitted oxide electrode. 
Against  these values the exper imental  data, such as 
Fig. 2, may be assessed. 

Calculations have been performed for the following 
systems: 

(a) A 240A film containing a single p i t / cm ~, var i -  
able in  surface area in the range  10-1~ -1 cm 2, be-  
neath  a single flaw, variable in  surface area in the 
range 10-1~ cm 2. The predicted measured tan  5 
and capacitance values for the pitted, filmed surfaces 
are plotted against pit area in Fig. 6a-g. To put the 
data in context, an area of 10 -1~ cm 2 is the average 
area of a typical "residual" flaw in an anodic film (6). 
Some of the larger areas of flaw are included to i l lus- 
t ra te  possible effects of larger "mechanical" flaws. Also, 
a large pit area/f law area ratio is quite possible in 

[2] 

[3] 
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Fig. 5a. Section of model of pit used in impedance calculations 

C (oxide) 

Fig. 5b. Equivalent cir- 
cuit for pit model shown in 

1. The value of Rs (pit) is added to Rs (flaw) to give 
an Rs (pit -t- flaw) value. 

2. F rom Rs (pit + flaw) and Cs (pit) for the pit sur-  
face, a value of t an  ~ (pit + flaw) can be calculated 
from the relat ionship 1 

t an  8 = - -  -- ~CsRs [1] 
~RpCp 

3. Corresponding Cp (pit + flaw) and Rp (pit + 
flaw) values are calculated using the equations 
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Fig, 6, Calculated effect of pit area beneath flaw on measured capacitance and dissipation factor of a 240,~ anodic film 

practice, par t icular ly  where  crystal lographic pi t t ing 
and tunnel ing are evident.  

Closer inspection of Fig. 6a-g shows that  the (pit -4- 
flaw) combinat ion functions largely  as a capacitor at 
low pit areas (i.e., its impedance resides largely at its 
base) but, as the pit a rea / f law area ratio increases, the 
combinat ion tends to a more  resis t ive impedance (i.e., 
the  impedance is de termined to a grea ter  extent  by the 
resistance of the flaw itself) .  This manifests  i tself by 
changes in tan G ra ther  than in capacitance. Large  in-  
creases in tan 8 are possible wi th  l i t t le  or  no increase 
in capacitance occurring. 

The (pit + flaw) combinat ion functions as a low-  
loss capacitance at low flaw areas and as a low-loss, 
h igh valued capacitance at high flaw areas, via a me-  
d ium-va lued  but high-loss capacitance. Thus, the 
degree of resist ive or capaci tat ive impedance offered 
by the combinat ion is crucia l ly  dependent  on the re la -  
t ive pit  and flaw areas. 

(b) A 240A oxide film containing a var iab le  number  
of p i t s /cm 2 of area 10 -1 cm 2 beneath  flaws of area 
10 -5 cm 2. The predicted measured  tan 5 and capaci-  
tance values for the pi t ted film surface are  plotted 
against pit density in Fig. 7. The capacitance of the 
pi t ted film increases l inear ly  wi th  pit  density and thus 
wi th  total  pit  area, whi le  the measured  tan 8 value  
rises steadily at first, level ing out at that  value  typical  
of an a i r - formed film. In more  general  terms, these cal -  
culations show the effect of va ry ing  the total  area 
affected/cm 2 at a constant pit  a rea / f law area ratio. 
Thus, they apply whe the r  the pit populat ion density 
itself increases, or mere ly  the absolute area of an in- 
dividual  pit  or pits. 

(c) The effect of having a single p i t / c m  2 of var iable  
area beneath  a flaw of area 10 -6 cm 2 in a 2000.& anodic 
film. The predicted measured impedance data are 
plotted as a function of pit  area in Fig. 8. Upon com- 
paring the results wi th  those for a 10 -6 cm 2 area flaw 
in a 240A film (Fig. 6), it is clear that  much larger  
effects are evident  for a g iven pit  a rea / f law area ratio 
in the case of the 2000A film. This means that  the 
effects of a given pit are detected at an earl ier  stage 
when  the anodic film is thicker.  

(d) The effect of having a single p i t / cm 2 of va r i -  
able area, support ing faradaic processes, beneath  a 
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flaw of known area. Data are presented for flaw areas 
of 10 -10 cm 2 and 10 -e  cm 2 in Fig. 9a and b, respec- 
tively. The appropriate data for faradaic processes are 
those obtained using a p la t inum electrode (6). 

For  small  flaws, much the same pat te rn  emerges as 
with an oxide-coated pit, but  the changes in tan  5 are 
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evident  at much lower pit area/f law area ratios. Thus, 
very small pits would give a large increase in  tan  5. 
For  larger flaws, massive increases in tan  ~ and capaci- 
tance are observed. Such models with faradaic proc- 
esses are probably not par t icular ly  realistic for a lumi-  
num samples which have been removed and dried prior 
to measurement ,  nor  are they expected to cover large 
areas of propagat ing pit surfaces. They are, however, 
applicable where  "bare" metal  in  pits or at flaw bases 
is obtained t rans ient ly  as a result  of c rack/heal  type 
processes, or possibly when the pH has dropped to a 
very  low level in a propagating pit. They could also 
be more re levant  for other metals  whose surfaces do 
not repassivate or oxidize so readily, or where  the 
passive film is removed rapidly in  the measur ing cell. 

Immersion in chromate and dichromate solutions.-- 
There is little doubt that  in  the case of anodic films, 
increases in capacitance without corresponding changes 
in corrected dissipation factor, dur ing immersion in 
both solutions, resul t ing from film th inning.  For air-  
formed films, however, substant ia l  decreases in  dissi- 
pation factor wi thout  corresponding changes in ca- 
pacitance, dur ing  the early stages of immersion in both 
solutions, suggest healing of flaws, ra ther  than  film 
thickness changes. Significantly, the dissipation factors 
of th inned  anodic films, and a i r - formed films sub- 
jected to prolonged immersion in chromate/dichromate  
solutions, are v i r tua l ly  identical. Immersion,  and ano- 
dizing, would thus appear to effect the same s t ructural  
changes in an a i r - formed film, and the most l ikely 
effect of both is considered to be a reduct ion in ini-  
t ial ly available flaw area. The lat ter  is perfectly con- 
sistent with the slight reduction in capacitance of air-  
formed films, resul t ing from immersion in the chro- 
mate /d ichromate  solutions. As the available flaw area 
reduces, so also does the consequent contr ibut ion of 
double layer or semiconducting oxide capacitance at 
the flaw bases to the total measured capacitance. The 
available evidence (6, 11, 12) suggests that  there are 
two types of flaws in surface films, one associated 
with regular ly  dis tr ibuted residual  defects in the metal  
surface, e.g., impur i ty  segregates, inclusions, etc., and 
the other with less evenly distributed, grosser defects 
of a more "mechanicaI" nature,  e.g., scratches, rough 
areas of surface, step edges, etc. Ai r - formed films 
contain many  more mechanical  flaws than  anodic films, 
although all films contain "residual" flaws, the density 
of which is less dependent  on the na ture  or thickness 
of the surface film. It  is considered that the impedance 
changes suffered by a i r - formed films dur ing the early 
stages of exposure in chromate or dichromate solutions 
are associated with the heal ing of largely mechanical  
flaws. 

The mechanical  flaws are not  persistent bare metal  
but  ra ther  occur by crack-heal  type processes upon 
immersion of the filmed sample. Healing occurs by 
passivation of the bare  meta l  and part ial  plugging of 
the mechanical  flaws with alumina.  Eventua l ly  less 
crack/heal  events occur as stress is relieved. The im-  
pure oxides at the bases of residual  flaws, although 
healed by contact with chromate or dichromate solu- 
tions, remain  largely semi-conduct ing in character 
and act as cathodes ini t ia l ly  in  any electrochemical 
reactions, although they can in  t ime become sites for 
corrosion too. There are, of course, a complete range 
of flaws, incorporat ing features of the basic mechanical  
and residual  types, giving a complete spectrum of be-  
havior with respect to healing in  chromate solution or 
corrosion in  halide solutions. Throughout  any sequence 
of events, the oxide covering the main  surface of the 
electrode, between the flaws, is considered to play a 
relat ively iner t  role, funct ioning largely as an in-  
sulator (7). This is par t icular ly  true for anodic films 
but  would also apply to any films produced by over-  
all th ickening of a i r - formed films in the corrosive 
solution. 
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Heine and Pryor  (5) thickened the passive film on 
a luminum to around 40A by anodizing in chromate 
solution and then obtained resistivity profiles through 
the thickened film at 103 and 105 Hz by making im- 
pedance measurements  dur ing th inn ing  in chromate 
solution, pH 7.0. Their  measurements  indicated that  the 
outer regions of the thickened film exhibit  a higher 
resistance at 105 Hz than a thermal  film of the same 
thickness but  a remarkab ly  lower resistance at 103 Hz. 
Following the theory of their  earlier papers (2-5) they 
at t r ibuted the low "ionic" resistance of the thickened 
passive film at l0 s Hz to the formation of crystal l ine 
7-A1203 of very low ionic resistance at the oxide-elec- 
trolyte interface, and the high "electronic" resistance 
at 105 Hz to the inclusion of some protons in the passive 
film. 

Their in terpre ta t ion is open to two major  criticisms: 
1. Only slight thickening of a passive film by ano- 

dizing would heal m a n y  weak spots present in  the 
original film. Even if weak spots are considered to be 
absent, it does not follow that  the s tructure of the 
anodic film would reflect the properties of the pre-  
existing passive or a i r - formed film. 

2. The resistance-thickness profiles are uncorrected 
for solution and double layer  losses, whereas sub- 
stantial  correction to the measured profiles is required 
for 40A films at both l0 s and 103 Hz (6). It  is doubtful  
whether  any  significant contr ibut ion from the oxide is 
sensed at all at 105 Hz, in view of the large contr ibut ion 
of the resistance of the measur ing solution to the total 
measured impedance at that  f requency (>95%) .  

Immersion in chloride solution.--On the basis of the 
strong evidence for flaws presented elsewhere (6, 10- 
12), and the morphological evidence from scanning 
electron microscopy (7), pi t t ing is considered to ini-  
tiate at the bases of flaws in the surface oxide film. 
Mechanical flaws are considered to support anodic at-  
tack more readi ly than  residual flaws, which are pre-  
dominant ly  cathodic in nature,  at least initially. Once 
bare metal  is exposed, albeit t ransiently,  the meta] 
either repa~sivates, as in chromate or dichromate solu- 
tions, or active dissolution of the exposed area com- 
mences as suggested for chloride solutions. Thus, pi t -  
t ing attack is considered to proceed from the very point 
of immersion in the chloride solution, as is fur ther  evi-  
denced by potential  measurements  (10, 13, 14). Pi t t ing 
then proceeds by a process of unde rmin ing  of the rela-  
t ively ine r t  surface oxide film. 

Thus, a surface support ing an anodic film exhibits 
the following changes in impedance, upon exposure to 
a pi t t ing envi ronment :  

1. In i t ia l ly  there is no measurable effect but  the 
first changes become evident  in the measured tan  8 
value as the active pit areas increase, and the impe-  
dances of (pit + flaw) combinat ions are determined by 
the flaw dimensions in the surface film over the pit 
mouth. 

2. As the pits increase in  size, and the surface films 
over their  mouths becomes less intact  due to rupture  
etc., the impedance of the pitted film tends to become 
more capacitative, and the lat ter  value rises. 

3. As the pits become still larger, and the overlying 
surface film less intact, the impedance of the specimen 
is "seen" merely  in the pits themselves, and the lat ter  
"short-out" the remainder  of the anodic film. At this 
stage, the specimen shows characteristics typical  of a 
corrosion-affected a i r - formed film and indeed, on 
heavily pit ted surfaces, the capacitance of the specimen 
might  well exceed that  characteristic of the geometric 
area. 

All  three phenomena  described above are realized in 
practice, and are preferred to a l ternat ive  explanations 
of the phenomena such as field-induced anion ingress 
(16) or anion exchange (1-4). Fur ther  changes ob- 
served are scarcely due to over-al l  th inn ing  of the 
oxide film on the surface, par t icular ly  as Khan  (15) 
has shown that  the thickness of unpi t ted oxide does not 

change, even upon prolonged exposure to neut ra l  
chloride solutions. 

Rather, the observations of Pryor  et al. (1-4) con- 
st i tute a special case of the more general  t rends in im-  
pedance var iat ion demonstrated here. They represent  
the measured effects of tiny, largely resistive (pit + 
flaw) combinations on the impedance of an apparent ly  
unpit ted,  anodized specimen. Furthermore,  the correla- 
tion between impedance data from etched and electron 
microscopical data for electropolished surfaces, invoked 
by Pryor  et al., are not considered valid for two rea-  
sons: 

(a) Films stripped from pitted surfaces at the rela- 
tively early stage, and examined by transmission elec- 
tron microscopy, would not be expected to show any 
signs of pitting, in view of their  being undermined  
ra ther  than  dissolved dur ing pitting. 

(b) Electropolished a luminum (10) or stainless steel 
(17) surfaces are known to possess somewhat different 
pi t t ing characteristics from etched or mechanical ly 
polished surfaces. 

In  an at tempt  to simulate the conditions considered to 
prevail  dur ing the experiments  of Pryor  et al. (1-4), a 
specimen support ing a 240A anodic film was scratched 
minute ly  with a razor blade, thus rup tur ing  the surface 
film. The film was then th inned in chromate solution, 
pH 7.0, and the var iat ion in measured capacitance and 
dissipation factor with t ime dur ing th inn ing  is shown 
in Fig. 10a. These data are replotted in the form of 
average resist ivity as a funct ion of thickness in Fig. 
10b. During the early stages of film thinning,  healing 
of the base of the mechanical  rup ture  in the film occurs 
simultaneously,  giving an init ial  decrease in measured 
dissipation factor, associated with an increase in mea-  
sured capacitance. A comparison of the data of Fig. 
10b wi th  those of Heine, Keir, and Pryor  (4) points 
strongly to the presence of small  mechanical  flaws 
(i.e., pits) in the anodized surface, ra ther  than an 
anion-exchanged film. 

Finally,  to establish the val idi ty of the present  model 
further,  an anodized surface was subjected to galvano- 
static polarization for a sequence of consecutive t ime 
intervals  at 1 ~A/cm 2. The measured capacitance and 
dissipation factor are shown as a function of charge 
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passed (an approximate measure of the degree of 
pit t ing of the surface) in Fig. 10c. Comparison of Fig. 
7 and 10c yields good evidence for the proposed model. 

Immersion in bromide and iodide solutions.--Gener- 
ally, the considerations of the previous section apply. 
Under conditions of "natural"  immersion, there is little 
doubt that  the case of breakdown of oxide-coated 
a luminum proceeds in the order 

C1- > B r -  > I -  

Not surprisingly, therefore, the bromide results re- 
flect in general  the early stages of breakdown of air-  
formed and anodic aluminas,  in the former case lo- 
calized film thickening ra ther  than increased specimen 
area due to pi t t ing being observed in the capacitance, 
and in the lat ter  the type of impedance changes de- 
scribed by Pryor  et al. for chloride solution, and as- 
sociated with t iny  pits beneath flaws in the anodic 
film. A complicating feature of breakdown in iodide 
solutions is that  they are known to oxidize spontane-  
ously in  the presence of dissolved oxygen to l iberate 
free iodine (18), according to the reaction 

4 I -  -{- 02 + 2H20 ~- 212 -}- 4 O H -  

The l iberated iodine, ra ther  than the iodide ion itself, 
appears to be the cause for the "anomalously" high cor- 
rosion rates observed for a luminum in iodine solutions 
[see also Ref. (9)].  Probably  the iodine attacks the 
basis metal, ra ther  than  the surface oxide film itself, 
in  view of the extensive use of alcoholic iodine for 
str ipping a lumina  films. 

Immersion in ]Zuoride solution.--The surface oxide 
once again plays a relat ively inert  role throughout  the 
corrosion ini t ia t ion process. Attack commences at flaws 
in the existing surface film and rapidly spreads la ter-  
al ly beneath  the original  film, completely undermin ing  
it and removing it from the metal  surface. Attack is 
extremely rapid and is supported by hydrogen evolu- 
t ion (20), even in relat ively neut ra l  solutions. The 
original surface film is completely replaced on the 
metal  surface by an insoluble crystal l ine film, which 
appears to consist of a complex a luminum oxyfluoride 
(1, 2, 19), wi th in  a few minutes  of immersion. The lat-  
ter film then determines ent i rely the subsequent  be-  
havior of the specimen, and the na ture  of the initial  
oxide film soon becomes irrelevant.  The corrosion rate 
is so fast because of the abil i ty of the fluoride ion, un -  
l ike any  of the other aggressive species considered, 
to complex a luminum,  giving a series of well-defined 
complex salts with fluoride ions that  range from A1F 2 + 
to AIF68- (21). 

The proposed mechanism is considered consistent 
with the data of Fig. 4. The capacitance and dissipation 
factor in Fig. 4b measured immediate ly  after immer-  
sion in fluoride solution, are a funct ion of the presence 
of still par t ia l ly  intact  original oxide film on the metal  

surface. As attack proceeds, the area of contact of the 
original  oxide film with the surface decreases, and the 
corresponding area of the newly  formed oxyfluoride film 
increases. Thus, the capacitance and dissipation factor 
increase, reflecting at their  ext reme values complete 
removal  of the original  surface film and the presence 
of a very thin layer  of crystal l ine oxyfluoride film on 
the metal  surface. The t ime required to reach the ex- 
t reme values is longer for the anodic film (Fig. 4b) 
because of the smaller  number  of flaws at which attack 
can commence. As t ime proceeds beyond that  required 
for complete removal  of the original  surface film 
(about 20 sec for a i r - formed films, 6-7 rain for 240A 
anodic films), the new surface film thickens to its 
l imit ing value. The capacitance and dissipation factor 
are then a funct ion of the dielectric properties of the 
crystal l ine mater ia l  and both decrease to l imit ing 
values as the film thickens. Later, corrosion would be 
expected to proceed at flaws, intercrystal l ine regions, 
etc., in  the new surface film, and the longer - te rm 
processes of hydrolysis, deposition of hydrolyzed prod- 
ucts, local pH changes, etc., to establish themselves, 
with consequently less reproducible effects on the ca- 
pacitances and dissipation factors. 

In  an at tempt  to provide support ing evidence for 
the proposed theory 240A anodic films were stripped 
from a luminum surfaces and immersed in  fluoride 
solutions. Transmission electron microscopy revealed 
li t t le or no change in s tructure or degree of intactness 
of the film for periods of immersion up to 10 min. Cer- 
ta in ly  no crystall ization of the film was evident, nor 
any gross thinning.  Thereafter,  the film tended to dis- 
integrate into small  fragments, and presumably  ul t i -  
mately  to dissolve in the fluoride solution. 

It is therefore difficult to explain the drastic changes 
which occur in oxide-coated a luminum electrodes, dur-  
ing the very early stages of immersion, merely  on the 
basis of chemical "modification" and "contaminat ion" 
of the surface oxide film, involving extensive anion 
exchange between fluoride ions and the surface oxide 
ions (1, 2). Fur thermore,  the previous workers  do not 
appear to have detected or reported these very  sig- 
nificant init ial  changes in both capacitance and dissi- 
pation factor. Nor are the present  results consistent 
with other studies, in which it was concluded that di- 
rect solution of the surface film is responsible for the 
ini t iat ion of corrosion in fluoride solutions (20). 

Immersion in sulfate solutions.--Ignoring the com- 
plicated, apparent ly  microbiological, corrosion in the 
late stages, it is evident  that  sulfate solution does not 
cause rapid corrosion of a luminum for long periods 
because no significant changes in dielectric properties 
or film appearance can be detected. Presumably  the 
anion permits passivation at the bases of mechanical  
flaws, or else the rate of at tack is too low to be de- 
tected. 

Conclusions 
1. In chromate and dichromate solutions, mechanical  

flaws originally present  in a i r - formed films tend to be 
healed and anodic films are th inned to the passive film 
thickness. Little at tack is detected in sulfate solution 
unt i l  after long periods. 

2. In  chloride solution, and to a lesser extent  bro- 
mide and iodide solutions, pi t t ing commences rapidly 
by preferential  dissolution of metal  t rans ient ly  exposed 
at flaw bases in a i r - formed or anodic films. Unde rmin -  
ing of the relat ively iner t  surface film occurs. Good 
agreement  is obtained between measured impedance 
data and values developed from a model in which pits 
develop from flaws. 

3. In  fluoride solution, the oxide film is removed, ap- 
parent ly  largely by undermining ,  and is replaced by 
a complex oxyfluoride. 

4. The general  degree of aggression of the anions in 
the order dichromate, chromate, sulfate, iodide, bro- 
mide, chloride, fluoride, al though complications occur 
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with sulfate  a f te r  long per iods  and wi th  iodide as a 
resul t  of the re lease  of free iodine. 
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Cathode-Overpotential and Electrosorption Effects of 
Additives Containing Divalent Sulfur 

R. O. Loutfy ~ and A. J. Sukava* 
Chemistry Department, University of Western Ontario, London, Ontario, Canada 

ABSTRACT 

The  ca thode-overpo ten t i a l  and e lec t rosorpt ion effects dur ing  e lec t rodeposi -  
t ion of copper  of some Simple compounds containing d iva len t  sulfur  (thiols, 
thioacids, and mercap toac ids ) ,  under  galvanosta t ic  condit ions at  cur ren t  den-  
sities up to 20 m A - c m - 2 ,  show a behavior  consistent  wi th  the s imple blocking 
theory,  according to which overpoten t ia l  increments  ar ise  d i rec t ly  f rom in-  
creased t rue  cur ren t  densi ty  due to addi t ive  adsorpt ion.  The ca lcula ted  free 
energies  of adsorpt ion indicate a net  repuls ive  in teract ion be tween  adsorbed 
par t ic les  and a s trong specific in terac t ion  be tween  the  su l fur -conta in ing  func-  
t ional  group and the copper  surface. The adsorpt ion  behav ior  of the mono-  
funct ional  thiols and thioacids agrees  to a first approx imat ion  wi th  the  s imple 
Traube ' s  rule  predic t ion  for homologous series. The  b i funct ional  mercaptoacids ,  
wi th  funct ional  groups at  t e rmina l  carbons, show an a l t e rna t ion  in adsorb-  
ab i l i ty  wi th  increasing length  of hydroca rbon  chain, indica t ing  tha t  the  r e l a -  
t ive adsorbabi l i ty  is enhanced by  an odd number  of carbon atoms in the mole-  
cule. The  cis-configurat ion in such cases p r e sumab ly  resul t s  in  specific ad-  
sorpt ion of both  funct ional  groups. Adsorp t ion  free energy  cont r ibut ions  of 
the s t ruc tura l  units  of the  addi t ive  molecules  were  es t imated.  

Previous  repor ts  (1-3) have  indica ted  tha t  the  
ca thode-overpo ten t ia l  effects dur ing e lect rodeposi t ion 
of copper  of low molecu la r  weight  monocarboxyl ic  
acids can be unders tood in te rms of s imple adsorpt ion 
and blocking theory.  The assumption is made  that  
the  only significant effect of such addi t ives  at low 
surface coverages,  and under  galvanosta t ic  conditions, 
is to increase the  t rue cur ren t  densi ty  by  blocking par t  
of the e lect rode surface. This has the  effect of increas-  
ing the  cha rge - t r ans fe r  overpoten t ia l  when  the e lec t ro-  
deposi t ion condit ions fal l  in the Tafel  region, i.e., when 
charge t ransfe r  is ra te  control l ing.  The free energy 
of adsorpt ion  is regarded  as the  sum of separa te  con- 
t r ibut ions  by  the ca rboxyl  and me thy lene  groups in 

* Electrochemical  Society Active Member.  
1 Present  address: Univers i ty  of Guelph,  Guelph, Ontario, Canada. 
Ke y  words:  adsorption, homologous additives,  repuls ive in ter -  

action, f ree  energy.  

the addi t ive  molecule  (a f te r  correc t ing  for l a te ra l  in-  
te rac t ion) .  

The present  r epor t  deals  wi th  overpoten t ia l  incre-  
ments  caused by  the more  s t rongly  adsorbed  sulfur  
compounds of cor respondingly  s imple monofunct ional  
and bifunct ional  s t ructure.  Shor t -cha in  thiols, th io-  
acids, and mercaptoac ids  were  used to compare  be -  
havior  wi th  tha t  of monocarboxyl ic  acids, and also as 
a fu r the r  test  of the  b locking theory.  Three consecu-  
t ive  and homologous me mbe r s  of each series of com- 
pounds were  chosen for study,  wi th  the number  of 
carbons va ry ing  f rom two to four in each case. 

Experimental 
The expe r imen ta l  procedure,  wi th  cathode overpo-  

tent ia ls  measured  under  galvanosta t ic  condit ions by a 
Lugg in -p robe  technique,  was the  same as descr ibed 
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prev ious ly  (2),  except  that  special  precaut ions  were  
employed  in p repar ing  the solutions. The su l fu r -con-  
ta in ing compounds were  found to form precip i ta tes  
wi th  the  copper  sulfate  e lec t ro ly te  if they  were  added  
in pure  form. To preven t  this  precipi ta t ion,  the  add i -  
t ives  were  in t roduced in d i lu te  form by  dissolving the  
requis i te  amount  in the  t r i p ly  dis t i l led  w a t e r  tha t  was 
used in p repa r ing  the solutions. Al l  compounds  were  
obta ined commerc ia l ly  except  th iobutyr ic  acid, which 
was p repa red  in this  labora tory .  The produc t  was dis-  
t i l led twice and a fract ion was collected to agree wi th  
l i t e ra tu re  specifications (4). Al l  o ther  addi t ives  were  
redJst i l led before use. 

Copper  anodes wi th  ,a r e l a t i ve ly  la rge  surface area  
were  used to p reven t  any  possible oxidat ion  of the  
sulfur  compounds dur ing  electrolysis.  This was ac-  
complished by  using copper  wi re  coiled in a spiral .  
Copper  wi re  cathodes, about  2 m m  in diameter ,  were  
used in al l  case's. These were  c leaned before  each 
exper imen t  by  a dip in 50% nitr ic  acid fol lowed by  
a thorough r inse with dis t i l led water .  

S t eady- s t a t e  cathode overpoten t ia l  measurements  
were  made  at  25 ~ __. 0.1~ and wi thout  s t i r r ing  the  
solutions, i.e., al lowing only free convection at  the  
cathode. Measurements  made  at var ious  cur ren t  densi -  
ties up to 20 m A - c m  -2  showed that  the  Tafel  region 
occurred with nonacidif ied 0.5M copper  sulfate  solution 
(see next  section) at  cur ren t  densi t ies  grea ter  than  
about  14 m A - c m  -2. Accordingly ,  the  20 m A - c m  -2  
cur ren t  dens i ty  for which  da ta  are  r epor ted  falls  in 
the  Tafel  region. At  this  cur ren t  density,  the s t eady-  
s ta te  cathode surface is polycrys ta l l ine ,  character is t ic  
of the  e lec t ro ly te  composit ion and the tempera ture .  

Results 
The three  thioacids, thioacet ic  (TAA) ,  thiopropionic 

(TPA) ,  and th iobutyr ic  (TBA) ,  and also mercap to -  
acetic acid (MAA) ,  showed a d is t inc t ly  different  be -  
havior  f rom most  organic addi t ives  in that  they  caused 
a depolar izat ion,  i.e., a decrease in cathode overpoten-  
tial, dur ing e lect rodeposi t ion of copper  f rom acidified 
copper sulfate  solut ion (0.SM CuSO4 and 1.0M H2SO4). 
[This depolar iza t ion  by  mercaptoacet ic  acid has been 
noted before  (5)] .  However ,  all  of these  compounds 
behaved  as normal  polarizers ,  i.e., they  increased the  
cathode overpotent ia l ,  if the  e lect rodeposi t ion was ca r -  
r ied  out f rom neu t ra l  copper  sulfate  solution conta in-  
ing no added sulfuric  acid. On the o ther  hand, the  
three  thiols, e thanth io l  (ET),  p ropanth io l  (PT) ,  and 
bu tan th io l  (BT),  and the other  two mercaptoacids ,  
~-mercaptopropionic  (MPA) and ~/-mercaptobutyric  
(MBA),  caused only an increase  in cathode over -  
potent ia l  whe the r  the  solut ion was acidified or not. I t  
was found as wel l  tha t  the  overpoten t ia l  increments  
wi th  the la t te r  group of compounds were  essent ia l ly  
independent  of the  sulfuric  acid concentrat ion,  depend-  
ing only  on the  na tu re  and concentra t ion of the  add i -  
t ive at  a given cur ren t  dens i ty  and tempera ture .  Ac-  
cordingly,  the  present  r epor t  is based on da ta  obta ined 
wi th  nonacidified 0.SM copper  sulfate  solut ion in which 
al l  the thiols, thioacids, and mercaptoac ids  caused the  
cathode overpoten t ia l  to increase. The overpotent ia l  
increments  shown in Fig. 1-3 were  obta ined from 
s t eady-s t a t e  to ta l  overpotent ia l s  reproduc ib le  to +_5%, 
at  an apparen t  cur ren t  densi ty  of 20 m A - c m  -2, at  25 ~ 
+_ 0.1~ and wi th  free convection at the  cathode.  
These increments  were  obta ined by  subt rac t ing  from 
the total  overpoten t ia l  wi th  addi t ive  present  the  to ta l  
overpoten t ia l  (50 ~ 2 mV) obta ined under  the  same 
expe r imen ta l  condit ions wi th  neu t ra l  add i t ive - f ree  
0.5M copper sulfate  solution. 

As the  da ta  indicate,  the  overpoten t ia l  increased 
wi th  increased concentra t ion of addi t ive  in every  case. 
The monofunct ional  thiols and thioacids  caused a r eg -  
u lar  increase in overpoten t ia l  wi th  increas ing length  
of carbon chain,  whi le  the  bi funct ional  mercaptoac ids  
showed evidence of a l t e rna t ion  in re la t ive  effectiveness 
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Fig. 2. Overpotential increment vs. logarithm of concentration, 
thioacids: A,  TAA; I-I, TPA; O ,  TBA. 

with  increas ing number  of carbon atoms in the  mole-  
cule. A s imi lar  a l t e rna t ion  has been observed wi th  
s t ra igh t -cha in  d icarboxyl ic  acids wi th  the  ca rboxyl  
groups at  t e rmina l  carbons (6), indicat ing tha t  b i func-  
t ional  compounds in such a homologous series contain-  
ing an odd numl~er of carbon a toms are  more  effective 
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in  increasing the cathode overpotential  than  those 
with an even number .  This is par t icular ly  noticeable 
in the data for fl-mercaptopropionic and ~-mercapto-  
butyric  acids in Fig. 3. 

Discussion 
Methylene group adsorption and Traube's ru l e . -  

When the overpotent ia l - increment  and addi t ive-con-  
centrat ion data are plotted in the form An vs. log C as 
in Fig. 1-3, it is seen that  the monofunct ional  thiols 
and thioacids behave in much the same m a n n e r  as the 
normal  monocarboxylic acids discussed previously (2). 
To a first approximation,  and wi th in  the accuracy of 
the data, the A~] vs. log C curves in  Fig. 1 and 2 are 
parallel, indicat ing that Traube 's  rule is obeyed in 
the adsorption of these homologous compounds on a 
copper cathode. Therefore, assuming this parallel ism 
to be correct, u an equation can be wr i t t en  by means 
of which the adsorption f ree-energy contr ibut ion of 
each methylene  group in such molecules can be cal- 
culated directly from appropriate  additive concentra-  
tions. This is done as described in Ref. (2), i.e., by 
subtract ing Eq. [5] in that  reference for any  two addi-  
tives in  a homologous series at a given overpotential  
increment.  Accordingly, one can write for additives 1 
and 2 in such a series, the simple equation 

(x2 -- xl)  -~G~ = RT log (CJCI) [1] 

where AG~ is the s tandard  free energy of adsorp- 
t ion of each methylene  group, including the te rminal  
methyl,  xi is the number  of methylene  groups present 
in the molecule of additive i, and Ci is the concentra-  
t ion of i corresponding to a given An. Application of 
Eq. [1] to the data in  Fig. 1 and 2 gives the value of 
AG~ for the thiols and for the thioacids as about 
--760 and --790 cal/mole,  respectively, which, consid- 
ering the accuracy of the data, are in reasonably good 
agreement  with the value --704 cal /mole  found for 
monocarboxylic acids (2). 

2 I t  s h o u l d  be  n o t e d  t h a t  the  A~? v s ,  log  C c u r v e s  w o u l d  be ex-  
pec ted  to d e v i a t e  f r o m  p a r a l l e l i s m  i f  the  a d s o r h a h i l i t y  of the  m e t h -  
y l ene  g r o u p  is suf f ic ien t ly  s e n s i t i v e  to the  change  i n  ca thode  p o t e n -  
t i a l  r e p r e s e n t e d  by  A~?. The  e x p e r i m e n t a l  d a t a  in  t h i s  s t u d y  are no t  
suf f ic ien t ly  accu ra t e  to  g i v e  c o n c l u s i v e  e v i d e n c e  of such  an  effect. 

The A*l vs. log C curves for the mercaptoacids in Fig. 
3 show that a greater, or enhanced, relat ive adsorb- 
abil i ty occurs when  the two funct ional  groups at 
te rminal  carbons in  such molecules are in c/s-config- 
uration, as they are in fl-mercaptopropionic acid. This 
suggests that  a s imultaneous specific adsorption of 
both functional  groups probably takes place, in con- 
trast  to compounds like mercaptoacetic and ? -mer -  
captobutyric acids in which the te rmina l  functional  
groups are in trans-configuration, and in which these 
groups can therefore be expected to be more or less 
incapable of similar  s imultaneous specific a t tachment  
to the surface. It  is interest ing to note that  if this 
in terpreta t ion is at least approximately  correct, and 
if the adsorptive capabili t ies of the same structural  
uni ts  in MAA and  MBA molecules are at least near ly  
the same, then the over-al l  adsorbabili t ies of these two 
compounds as indicated in  Fig. 3 would be expected 
to differ pr imar i ly  because of their  difference by two 
methylene  groups. Accordingly, in view of the approxi-  
mate paral lel ism of the corresponding A~I vs. log C 
curves in Fig. 3, Eq. [1] can be applied at any  arb i t ra ry  
A~I to give the adsorption free energy contr ibut ion per 
methylene  group. The value found is --710 cal/mole, 
which, once again, is in good agreement  with the values 
found for thiols, thioacids, and monocarboxylic acids. 

Calculation oi standard free energy of adsorption.- 
If the blocking equation (7, 1, 2) 

~0 = 1 -- exp(--A*l/b) [2] 

can be applied to the data obtained for the divalent  
sulfur  compounds in  the present  study, then the sur-  
face coverage e can be calculated from the overpoten- 
tial increment  A~I and the Tafel slope b (b was ap- 
proximately 52 mV in these experiments) .  Then, in 
turn,  the over-al l  s tandard free energy of adsorption 
can be calculated if an appropriate adsorption isotherm 
can be chosen. In  previous work with homologous 
monocarboxylic acids (2), use was made of a modified 
version of the Bockris-Swinkels  isotherm (8) 

0 {O -[- n(1 - -  O)}n-1  

(1 - -  o ) -  n n 

C 
= exp (-- AG ~ a/RT) [3] 

55.5 

in which a coverage-dependent  parameter  g (0) was in-  
cluded by wri t ing 

AG~ = AG~ -k x AG~ + g(~) [4] 

where AG~ is the s tandard free energy of adsorption 
of the polar funct ional  group, AG~ the free energy 
contr ibut ion of each methylene group, x the number  
of methylene  groups present, and g(0) a coverage- 
dependent  apparent  s tandard free energy a t t r ibutable  
to lateral  interact ion between adsorbed molecules (2, 
3, 9). A ny  potential  dependence of the free energy of 
adsorption is considered in  Eq. [4] to be incorporated 
pr imar i ly  in the term AG~ (3), since, to a first ap- 
proximation, AG~ can be considered sufficiently in -  
sensitive to potent ial  change to the extent  that  the 
paral lel ism of the h~l vs. log C curves such as those in 
Fig. 1 is correct. This means that  AG~ in [4] is cov- 
erage-dependent ,  along with g (8), because the cathode 
potential  (viz., h~) is directly dependent  on coverage 
under  galvanostatic conditions. 

Application of Eq. [2] and [3] to the sulfur  com- 
pounds in the present  study gave the results shown in 
Fig. 4 for ethanthiol,  thioacetic acid, and mercapto-  
acetic acid. Free energy values were calculated at 
various coverages, taking the solvent displacement 
number  as 2 since the projected cross-sectional area 
of these molecules can be expected to be near ly  the 
same as for monocarboxylic  acids (2). Free energy 
values were then calculated as well  for n = 1, to give 
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a comparison wi th  wha t  amounts  essent ia l ly  to use of 
the  F r u m k i n  isotherm (10) 

0 C [ --AG~ ] 
1 --  0 55.5 exp RT ~- 2aO 

in which the in teract ion te rm 2a0 corresponds to our 
--g(O)/RT. The two separa te  curves  for each com- 
pound are shown in Fig. 4. 

An  impor tan t  observat ion ar is ing f rom Fig. 4 is that  
thiols, thioacids, and mercaptoac ids  undergo a net  
repuls ive  in terac t ion  when  they  are  adsorbed on cop- 
per  f rom neu t ra l  solution. The magni tude  of the poten-  
t ia l  dependence  of AG~ has not been determined,  but  
if i t  can be assumed that  l a te ra l  in terac t ion  is the  
dominant  influence in causing the coverage dependence  
of aG~ as ca lcula ted  f rom Eq. [3], then g(0) in [4] 
wi l l  be opposite in sign to AG~ and AG~ for the  
sulfur  compounds used�9 This is in contras t  to the  net  
a t t rac t ive  in terac t ion  found in the  adsorpt ion  of mono-  
carboxyl ic  acids f rom acidified copper  sulfate solut ion 
(2), where  g(0) has the same sign as aG~ and ~G~ 

Mutual  l a te ra l  repuls ion  be tween  adsorbed par t ic les  
is easi ly understood,  and  can in fact be expected,  in 
the  case of thioacet ic  and mercaptoacet ic  acids in 
neu t ra l  solution�9 These compounds,  in view of the i r  
acid ionizat ion constants  which are  4.7 X 10 -4 and 4 
X 10 -4, respect ively ,  (4), wi l l  occur p r i m a r i l y  in 
ionic form in the neu t ra l  copper  sulfa te  solution and 
at  the  concentrat ions  used in our  exper iments .  Ac-  
cordingly,  a dominant  ion- ion  repuls ion  can be ex-  
pected in the  adsorbed phase. The free energies  of 
adsorpt ion  of the funct ional  groups in these compounds,  
i.e., aG~ in Eq. [4], should therefore  be considered 
as apply ing  to the anionic r a the r  than  the molecular  
form (see es t imated  values  be low) .  On the other  hand, 
the  much lower  ac idi ty  of ethanthiol ,  for which K ---- 
2.5 • 10-11 (4), means  tha t  the  dissolved species at  
our  expe r imen ta l  concentrat ions  is p r imar i l y  the  
molecular  form 3 and so the  net  repuls ive  in teract ion 
as seen in Fig. 4 might  be specula t ive ly  a t t r ibu ted  pe r -  

s Ethanthlol  would  be only about  0.3% ionized at  2.5 x 10 -~ mole /  
li ter,  the lowest  concentrat ion used  in this  s tudy.  

haps to pa ra l l e l  or ienta t ion  of dipoles, as would  be 
the case if the  molecules were  adsorbed wi th  the 
dipoles  pe rpend icu la r  to the  surface�9 This point, ad-  
mit tedly ,  requi res  fu r the r  s tudy and clarification. 

The rough ex t rapola t ions  in Fig. 4 give es t imates  of 
AG~ at zero coverage.  These in tu rn  give es t imates  of 
the l imi t ing zero-coverage  va lue  of hG~ in Eq. [4] 
since hG~ is known f rom Eq. [1] and  since g(0) 
approaches  zero as e approaches  zero. The AG~ 
obta ined correspond to the  ca thode-po ten t i a l  s tate (3) 
at which  the overpoten t ia l  is expe r imen ta l l y  fixed at  
50 • 2 mV, the va lue  found for the  add i t ive - f r ee  
neu t ra l  copper sulfate  solut ion at the expe r imen ta l  
cur ren t  dens i ty  and tempera ture .  The roughly  approx i -  
mate  values  for n ---- 2 are, in ca l /mole :  - -SH,  --6580; 
--COS-, --7300; and H S - - - - C O O - ,  --7740. For n = 
1 they are: --SH, --6930; --COS-, --7660; and 
HS . . . .  COO-, --8090. The magnitudes of the free 
energies are indicative of physical adsorption forces. 
They indicate as well a relatively strong interaction 
between the functional groups in these additives and 
the copper surface. 

Due to some uncertainties, no satisfactory explana- 
tion can be offered at present for the apparent maxi- 
mum and the subsequent downward trend with in- 
creasing coverage in the .curves for n ~ 2 in Fig. 4. 
Further study is required to examine not only the re- 
liability of the experimental data but also the possible 
extent to which the blocking theory, Eq. [2], is inap- 
plicable to charged adsorbates as in the present case 
(see below). In addition, information is required on 
the coverage (potential) dependence of aG~ Cer- 
tainly, this kind of change from repulsive to attractive 
interaction would not be expected with thioacetic and 
mercaptoacetic acids if lateral interaction remains the 
dominant influence in the coverage dependence of 
adsorbability. These compounds are about 85 and 75% 
ionized, respectively, at the concentrations correspond- 
ing to the maxima in the curves in Fig. 4, and, accord- 
ingly, ion-ion repulsion would be expected to continue 
as a dominant effect in the adsorbed phase. Change in 
orientation of ethanthiol molecules might occur to 
account for a change in the nature of the interaction, 
but speculation of this kind is scarcely justified with 
present data. 

Real and apparent surface coverage.--Ionic adsorb-  
ates such as the  thioacids and mercaptoac ids  used in 
the  present  s tudy can be expected  to affect the  surface 
ac t iv i ty  of Cu 2+ ions wi th in  the  charge field of the 
adsorbate  particles�9 The resul t ing  effect on the  t rue  
cha rge - t r ans fe r  cur ren t  dens i ty  over  uncovered  por -  
tions of the  ca thode  surface in such instances wi l l  
mean  tha t  appl ica t ion  of the blocking theory  to ga l -  
vanostat ic  overpoten t ia l  increments  wil l  give surface 
coverages that  are  apparen t  r a the r  than  real.  The 
adsorpt ion free energies  es t imated for these compounds 
in this  work  should therefore  be r ega rded  as apparen t  
to the extent  tha t  the adsorbate  charge  is important �9 
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Cathodic Reduction Pathways of Haloaromatics 
III. Halonitrobenzenes 
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ABSTRACT 

All  of the monohalogenated ni t robenzenes have been studied in nonaqueous 
media using various electrochemical and spectroscopic methods. A mechanism 
involving halide el iminat ion and hydrogen atom abstraction from the solvent 
to form ni t robenzene was verified by deuterat ion experiments  employing elec- 
t ron paramagnet ic  resonance measurements.  In addition to formation of ni t ro-  
benzene, azoxybenzenes and ni t robiphenyls  could be generated under  differ- 
ent  exper imental  conditions. Possible electrosynthesis studies are also pro-  
posed based on these data. 

Several  years ago, Holleck and Becher noted anom- 
alous polarographic waves in the reduction of p- 
bromo- and p- iodoni t robenzene (1). Earlier, Maki 
and Geske had also observed anomalous behavior 
with p- iodoni t robenzene and had been unable  to 
obtain an electron paramagnet ic  resonance (EPR) 
spectrum for the reduced compound (2). Subse- 
quently,  several pa thways  were proposed for the 
electrochemical reduction of monohalogenated n i t ro-  
benzenes in  nonaqueous media (3-7). Except for 
minor  differences, they all entailed an over-al l  t rans-  
fer of three electrons and the expulsion of a halide ion 
after the first electron transfer. Nitrobenzene anion 
radical was identified as the final product. 

More recently, a l ternate  pathways have been sug- 
gested based on data showing clearly that the over-al l  
process involves two electrons and not three as pre-  
viously proposed. This possibility was ini t ia l ly proposed 
by Seo and Nelson (8) and expanded upon by Lawless 
and Hawley (9). Basically, the electrode process was 
found to involve an ini t ial  one-electron reduction to 
the haloni t robenzene anion radical; the ensuing de- 
composition reaction consists of a loss of halide ion 
and extraction of a hydrogen atom from the electro- 
chemical medium (8, 9), not necessarily in that order. 
The halogen el iminat ion step has been proposed to be 
a reversible equi l ibr ium process (9). Fur ther  studies 
are reported herein concerning the source of the 
abstracted hydrogen atoms and al ternate reaction 
pathways of the in termediate  n i t rophenyl  radicals. 

Experimental 
Chronoamperometric  and chronopotentiometric mea-  

surements  were made by using a transistorized version 
of a mult ipurpose ins t rument  designed for experi-  
ments  in electrochemistry (10). Data were recorded 
on a Hewlet t -Packard  Model 7035A X-Y plotter; 
shor t - t ime data were displayed on a Tektronix  Type 
535A oscilloscope with Type "D" p lug- in  uni t  and 
photographed. Control led-potent ia l  electrolyses were 
carried out using a Wenking 61RH potentiostat  and 
associated ins t rumenta t ion  (11). 

The purification of the solvents, acetonitri le (AN), 
N,N-dimethylformamide (DMF), and propylene car- 
bonate (PC), has been described (12, 13); benzonitri le 
was vacuum distilled and stored over Linde 4A molec- 

* Electrochemical  Society Active Member .  
K ey  words:  halonitrobenzenes,  halide elimination, hydrogen  ab- 

straction, radical  anions, deuterat ion.  

ular  sieves. The support ing electrolyte was te t raethyl-  
ammonium perchlorate (TEAP).  Electrochemical cell 
design and electrodes have been described (12). All  
the halogenated ni t robenzenes were obtained from 
commercial sources and purified through recrystall iza- 
tion or distillation. Deuterated acetonitri le (99%) and 
deuter ium oxide (99.9%) were obtained from Bio-Rad 
Laboratories and U.S. Nuclear Corporation. 

The electron paramagnet ic  resonance studies were 
carried out using a Varian Associates Model E-3 
spectrometer. In situ electrolyses in the microwave 
cavity were carried out at a p la t inum-gauze  working 
electrode. The electrolysis cell for use in the solution 
compartment  of a Cary Ins t rumen t  Model 14 spectro- 
photometer has been described (14). 

Results and Discussion 
Electrochemical studies.--The data from cyclic 

vol tammetry,  chronoamperometry,  and chronopoten- 
t iometry experiments  carried out with all the isomeric 
halonitrobenzenes are summarized in Table I. The 
hal f -peak potentials, Ep/2, are in reasonable agreement  
with reported values obtained in AN at p la t inum (9) 
and DMF at a mercury  working electrode (5, 7) ; some 
differences are to be anticipated from solvent and 
electrode effects due to the influence of chemical re-  
actions associated with the e lectron- t ransfer  processes 
(15). From the ipV-I/2C -1, itl/2C -1, and iT1/2C -1 data, 
one can est imate the n u m b e r  of electrons involved in 
the first reduction step relative to nitrobenzene, a 
reversible one-electron redox process under  the con- 
ditions of our experiments  (16, 17). Note that  the peak 
current  and the chronoamperometric  and chronopoten- 
tiometric quot ient  for most of the halonitrobenzenes 
approximate those of nitrobenzene.  Also, cyclic volt-  
ammograms of these compounds show peak current  
ratios (cathodic to anodic) that  are close to unity.  
The data indicate that  these ni t robenzenes undergo a 
reversible (in an electrochemical sense) one-electron 
reduction to form their respective anion radicals. 
Verification is provided by EPR spectra obtained for 
these compounds by in situ electrolysis experiments;  
the spectra are readily in terpre table  in terms of the 
pr imary  haloni t robenzene anion radicals (2, 3, 7, 16, 
18, 19); slight variat ions in hyperfine split t ings are 
a t t r ibutable  to solvent effects. 

The other haloni trobenzenes exhibit  electrochemical 
behavior  that differs from that  of ni t robenzene;  for 
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Table I. Electrochemical data for halonitrobenzenes 

- Ep/ ,~,a i p v - l l 2 C - 1  ' b i t l l 2 C - 1  ' v iT1/'2C-I,eZ 
NO. R V V s .  SCE /~A V -1/2 secl/2 m F - i  ~A seci/2 m F - i  g A  secl/2 mF-1 k ,  e sec-1 

1 o -F  1.10 256 65.0 106f O.OO4q 
2 m - F  1.13 248 64.0 107 O.002g 
3 p - F  1,13 248 64.0 106 0.603~ 
4 o-Cl  1.10 248 63.04 108r 0.009 
5 m-C1 1,04 240 60.0 1O3f 0.003~ 
6 p-C1 1,66 259 63.54 108t 0.006 
7 o-Br 1.15 ~ 442-488J 126 ~ 212 ~ 20.0 
8 m - B r  1.00 232 58.0 1O2f 0.005 
9 p - B r  1.03 232-248J 60.54 1OOf 0.012 

10 o - I  1.13 ~ 449-465J 127~ 203 ~ > l O 0  
11 m - I  1.02 { 232-263 63.04 1O2t 0.057 
12 p - I  1.04~ 248-294J 61.0 �9 105f 0.64 
13 H 1.14 267 65.0 110 - -  

M e a s u r e d  in  AN/O.1F T E A P ,  P t  w o r k i n g  e lect rode.  
b M e a s u r e d  a t  scan ra tes  f r o m  6.033 to 0.33 V see -1. 
c C h r o n o a m p e r o m e t r i c  da t a  o b t a i n e d  f r o m  c u r r e n t - t i m e  c u r v e s  (pen and  ink ) ,  

C h r o n o p o t e n t i o m e t r i c  da ta  o b t a i n e d  f r o m  p o t e n t i a l - t i m e  c u r v e s  (pen a n d  i n k ) .  
e F i r s t - o r d e r  ra te  cons t an t s  fo r  h a l o n i t r o b e n z e n e  decompos i t i on .  Va lues  c i t ed  are •  
r Inc reases  w i t h  d e c r e a s i n g  c u r r e n t  dens i ty .  
g Too s low to be  m e a s u r e d  in  AN. Da ta  o b t a i n e d  i n  P C / 0 . 2 F  TEAP.  
4 Inc reases  s lowly with t ime .  

P o t e n t i a l  i s  s h i f t e d  by  the  chemica l  r eac t ions ;  E p / 2  v a r i e s  w i t h  scan rate.  
J Inc reases  w i t h  d e c r e a s i n g  scan rate .  

L i m i t i n g  t w o - e l e c t r o n  v a l u e .  

example, the value for the peak current  function, 
ipv-l/2C -1, increases with decreasing scan rate. Such 
behavior can be ascribed to an ECE (electrochemical- 
chemical-electrochemical)  mechanism where  the in-  
termediate step (chemical reaction) is relat ively 
slow (20). 

The ipv-v~C -1 values for o-bromo- and o-iodonitro-  
benzenes are almost twice that for a one-electron 
process. This result  is characteristic of a fast ECE 
process (the chemical reaction essentially goes to 
completion dur ing  the t ime span of the measurement)  
where both electrochemical steps involve a one- 
electron transfer.  Both electrochemical steps occur 
at near ly  the same potent ial  or, in a reduction, the 
second occurs at less negative potential.  The signifi- 
cance of these peak current  data is that  a total of two 
electrons are involved in  the over-al l  process. 
Previously reported mechanisms required three elec- 
trons in the over-al l  reductions. The two-electron 
data from cyclic vol tammetry  are supported by ex- 
haust ive control led-potent ia l  electrolysis. The major  
product is n i t robenzene anion radical. 

In  Fig. 1, the chronopotentiometric quotient,  
iT~/2C -1, is plotted as a function of current.  The figure 
graphically i l lustrates the variat ions in chronopoten-  
tiometric behavior. All  the compounds except o- 
iodonitrobenzene exhibit  or approach one-electron re-  

duction behavior  at short t ransi t ion t imes (high 
cur rents ) ;  the one-electron reduct ion corresponds to 
the first electrochemical step, the first "E" of the 
ECE process. The figure provides a qual i tat ive picture 
of the relat ive stabilities of the intermediate  reduct ion 
product (halonitrobenzene anion radical) .  The more 
stable the intermediate,  the lower the current  at 
which one-elect ron behavior is attained. 

The data are consistent wi th  the ECE mechanism 
previously proposed (8, 9) in which the haloni tro-  
benzene undergoes (i) electrochemical reduct ion to 
its anion radical, followed by (ii) el iminat ion of halo- 
gen and formation of nitrobenzene,  and (iii) electro- 
chemical reduct ion of the resul t ing ni t robenzene to 
its anion radical. Identification of the lat ter  anion 
radical by EPR leaves no doubt as to its formation;  
this was done for all  the isomers, al though for several  
of the derivatives (1-6, 8) ra ther  prolonged electrolysis 
was necessitated. 

Control led-potent ia l  electrolyses were carried out 
with the three iodonitrobenzenes because these com- 
pounds undergo very rapid e l iminat ion reactions, 
therefore permit t ing easier product analysis. None of 
the electrochemical or spectroscopic techniques de- 
tected the presence of any organic compound other 
than  ni t robenzene and its anion radical as final product  
at low concentrat ions (10 -3 M or less) of parent  halo- 
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nitrobenzene.  Neither isolation and analysis of pro-  
ducts nor  th in- layer  chromatography of the electrolyte 
solution after exhaust ive electrolysis indicated com- 
pounds other than start ing materials  and nitrobenzene.  

The proposed mechanism is as shown in Eq. [1]-[4] 
above for p- iodonitrobenzene;  all  the ha loni t roben-  
zenes have similar reduction behavior. 

The equi l ibr ium in Eq. [1] has been inferred from 
more recent studies involving the coupling of anions 
with electrolytically generated n i t rophenyl  radicals 
(22) and is still debatable. In addition, the order of 
halogen el iminat ion and hydrogen atom abstraction 
has not been unequivocal ly  established, but  it is 
clear that  this process is a first-order ECE process 
with the chemical step involving decomposition of the 
haloni t robenzene anion radical and each electron 
transfer  process being one-electron in nature.  The 
rate constants for the intermediate  decomposition re-  
action were measured with chronoamperometric  data 
using digital s imulat ion working curves (22, 23). 
Although the chemical redox process shown in Eq. 
[4] is of some importance in  these systems based on 
the redox potentials of ni t robenzene and the halo 
derivatives, the working curve for the K = O/o case 
was used. This case neglects the effects of any ECC 
(electrochemical-chemical redox-chemical)  complica- 
tions such as in Eq. [4] and considers the process as 
a pure ECE. The rate constants obtained are given 
in Table I; the values are --+20% for the very fast and 
very slow reactions, with bet ter  precision for the 
in termediate  rates. Since the effect of the ECC 
"nuance" is not being accounted for, the absolute 
values of the rate constants are not completely valid; 
however, relat ive rates in the series can be examined 
with a good deal of confidence. In  addition, these data 
cannot  be compared directly with those of Hawley 
and co-workers since their  rate measurements  were 
done in the presence of added halide (9), or in DMF 
as solvent (24). The anion radicals of all three fluoro- 
ni t robenzenes and m-chloroni t robenzene have decom- 
position rates that  are too slow to be measured in  
acetonitrile before convection sets in (10-12 sec). 
These compounds were studied in the more viscous 
solvent propylene carbonate. There is cer ta inly a 
solvent effect on the rate constant  values (9), but  
since the k's for these compounds are only reported 
to one significant figure this is not considered a serious 
problem. The decomposition rate for the o-iodonitro-  
benzene system, on the other hand, is too rapid to be 
followed potentiostatically.  Studies using ro ta t ing-  
disk electrode techniques for the determinat ion were 
unsuccessful due to fouling of the disk by electrolysis 
products. 

The data correlate nicely with the chronopotentio-  
metric curves in Fig. 1. In  terms of isomers, the rate 
constants follow the order, km < k~ < ko; in terms of 
the halogen substi tuent,  they follow the order, kF 
kcl < kBr < k~. For chloro-and fluoronitrobenzenes, 
the respective ortho- and para-isomers exhibit  com- 
parable decomposition rates, with the ortho-isomer 

having a slightly greater rate because of steric effects. 
However, the ratio of rate constants, ko/kp, increases 
substant ia l ly  with the bromo and iodo isomers. 

EPR studies.--A series of EPR experiments  were 
devised in order to determine the source of the ab-  
stracted hydrogen atoms. When  the various halo- 
ni t robenzenes are electrolyzed in situ in the EPR 
spectrometer cavity, n i t robenzene anion radical  ap- 
pears after vary ing  electrolysis times. For  the more 
stable haloni t robenzene anions, several hours are 
required before ni t robenzene anion radical  is ob- 
served. For species with intermediate  pr imary  radical 
stability, one obtains mixed spectra represent ing the 
haloni t robenzene anion radical and a gradual ly  in -  
creasing amount  of ni t robenzene anion radical. Pro-  
longed electrolysis leads to a spectrum of only the 
lat ter  radical. When el iminat ion is rapid, only the 
ni t robenzene anion radical spectrum is seen. Figure 
2 shows a typical spectrum resul t ing from o-iodonitro-  
benzene reduction. The resolution is not outstanding, 
but  the spectrum is undoubtedly  that of ni t robenzene 
anion radical. 

To determine if the loss of halide followed by hydro-  
gen abstraction from water  (or vice versa) represented 
the proper mechanism, experiments  were carried out 
in which several of the halonitrobenzenes were electro- 
lyzed in acetonitri le containing small  amounts  of 
deuter ium oxide. If deuter ium abstraction by a ni t ro-  
phenyl  radical occurred, deuter ium would be incor-  
porated into the ni t robenzene molecule and the EPR 
spectrum of the secondary anion radical would be 
different from that  of n i t robenzene anion radical. A 
proton ( I  = 1/2) gives a doublet  EPR splitting, 
w h e r e a s a  deuter ium (I = 1) in the same subst i tuent  
position gives rise to a tr iplet  with a coupling constant  
about 1/6th that  of the proton. Therefore, if a deuter-  
ium were incorporated into the position of the el im- 
inated halogen, a spectrum for deuterated n i t roben-  
zene anion radical should result. Figure 3 shows the 
spectrum obtained from m-iodoni t robenzene in AN 
containing 1% deuter ium oxide by volume. The amount  
of deuter ium oxide is far in excess of the amount  of 
water present  in purified AN. Smaller  amounts  (0.1 
to ] %) of D~O gave similar results. Although a solvent 
effect results from the presence of deuter ium oxide, 
changing the coupling constants slightly, the spectrum 
obtained is that  of ni t robenzene anion radical; deuter-  
ium is not  incorporated. Identical  results were obtained 
for o -  and p-iodonitrobenzenes.  

Electrolysis of the three iodonitrobenzenes in per-  
deuteroacetonitrile,  CD3CN, led to spectra that  could 
not be interpreted in terms of ni t robenzene anion 
radical. Figure 4 shows the spectrum obtained from 
electrolysis of m-iodoni t robenzene in CD3CN; the 
spectrum is different from that  of n i t robenzene anion 
radical and can be interpreted as that of m-deute ro-  
ni t robenzene anion radical. Similar  results were ob- 
tained for the o- and p- iodoni trobenzenes in CD3CN. 
In  all cases, exper imental  spectra agreed with com- 
puter-plot ted curves; over-modulated spectra were 

o-lo~on~tc~k~azeae ~n CH3CN 

Fig. 2. EPR spectrum 
iodonitrobenzene (1.0 x 
gauze electrode. 

obtained from in situ electrolysis of o- 
IO -~F )  in AN/O.1F TEAP at a platinum 
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Fig. 3. EPR spectrum obtained from in situ electrolysis of m- 
iodonitrobenzene (1.0 x 10-~F) in AN/0.1F TEAP containing 1 
volume per cent I)20. This is the secondary radical spectrum ob- 
tained at a platinum gauze electrode. The parent radical spectrum 
is observed first, but it is slowly replaced by the spectrum shown in 
the figure. 

ident ical  wi th  those of Ward  obta ined from authent ic  
deuteroni t robenzenes  (25). 

Electrolysis  of n i t robenzene in CD3CN produced  only 
n i t robenzene anion radical ,  thus excluding rap id  ex-  
change of deu te r ium be tween  the solvent  and some 
ni t robenzene species. 

Electrosynthesis considerations.--It was ment ioned  
ear l ie r  that  the  only product  detected in these systems 
is n i t robenzene;  in fact, this is t rue  only under  ve ry  
l imi ted  conditions, namely  A N / T E A P  wi th  concen- 
t ra t ions  of ha loni t robenzene  at  or below the mi l l imola r  
level. As the  concentra t ion is increased the y ie ld  of 
n i t robenzene diminishes  m a r k e d l y  and the system 
becomes more  complicated.  Since the  n i t rophenyl  
radical  is a possible in te rmedia te  in these systems it 
was ant ic ipa ted  tha t  at  h igher  concentrat ions  of 
ha loni t robenzene  one might  observe coupling to form 
4,4 ' -dini t robiphenyl .  In  fact, the presence of 4,4'- 
d in i t rob iphenyl  was verif ied ear ly  in the e lectrolysis  
at  these concentra t ion  levels  (10-~M) by  its cha r -  
acteris t ic  rad ica l  EPR and vis ible  absorpt ion  spectra  
(purp le  rad ica l ) .  However ,  when  10 -~ and 10-1M 
solutions of p - iodoni t robenzene  in A N / T E A P  were  
exhaus t ive ly  e lec t ro lyzed no 4 ,4 ' -d in i t robiphenyl  could 
be isolated, a l though the color of the  solutions sug- 
gested its presence ear ly  in the electrolysis.  This is 
pa r t i a l l y  exp la ined  by  the  observat ion  tha t  e lectrolysis  
of authent ic  samples  of 4 ,4 ' -d in i t robiphenyl  p roduced  
a va r ie ty  of color changes and it was apparen t  that  
the  sys tem was not comple te ly  revers ible ;  in the t ime 
scale of a mass  e lectrolysis  any  4 ,4 ' -d in i t robiphenyl  
formed could decompose and thus not be isolated. 

In  an a t t empt  to remove  the source of hydrogen  
atoms and force genera t ion  of the  d in i t robiphenyl ,  
severa l  e lectrolyses  were  run  in benzoni t r i le /NaC104 
solutions. Benzoni t r i le  is a ve ry  poor solvent  for 
e lec t rosynthes is  studies, p r imar i l y  because it is so 
difficult to remove  af te r  electrolysis.  The EPR spect ra  
run  on these solutions indica ted  the  presence of a 

m-lodonitrobenzene in CD3CN 

t 
5G I 

Fig. 4. EPR spectrum obtained from in situ electrolysis of m- 
iodonitrobenzene (1.0 x 10-3F) in CD3CN/0.1F TEAP at a platinum 
gauze electrode. 
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rad ica l  other  than  tha t  of n i t robenzene;  a great  deal  
of fine s t ruc ture  was presen t  on a spec t rum consist ing 
bas ica l ly  of a 3 • 3 X 3 pat tern .  I t  was suspected tha t  
the  in te rmedia te  n i t ropheny l  rad ica l  was a t tack ing  
the benzoni t r i le  to form a subs t i tu ted  n i t rocyanob i -  
phenyl ;  a l though the EPR spec t rum was r ich in fine 
structure,  it  could not  be sufficiently resolved for 
in te rpre ta t ion .  This type  of reac t ion  p a t h w a y  had  
been prev ious ly  specula ted  upon in the e lec t rochemical  
reduct ion of o-ha loni t robenzenes  (9) and is in keeping 
wi th  repor ts  of the p ropens i ty  of n i t rophenyl  radicals  
for aromat ic  sys tems (26). 

In  an effort to ver i fy  this  p a t h w a y  by  genera t ing  a 
known compound,  p - iodoni t robenzene  was e lect rolyzed 
in 50:50 mole per  cent AN/benzene .  P r e l i m i n a r y  EPR 
and cyclic vo l t ammet r i c  studies indica ted  that,  in fact, 
4 -n i t rob iphenyl  was being formed in apprec iab le  
amounts  in mi l l imola r  solutions; spectra l  and e lec t ro-  
chemical  da ta  were  pos i t ive ly  matched  wi th  an 
authent ic  sample  of 4-n i t robiphenyl .  Control led-  
potent ia l  e lectrolyses  of 10-~M solutions y ie lded  a 
20% yie ld  of the 4 -n i t rob ipheny l  f rom p- iodon i t ro -  
benzene. The same process was also verif ied by  EPR 
when p- iodoni t robenzene  was e lec t ro lyzed in MeCN/  
toluene.  Thus, this  appears  to be a r a the r  genera l  
react ion p a t h w a y  in which the in te rmedia te  n i t ro-  
phenyl  radical  a t tacks  subst i tu ted benzenes to form 
the corresponding ni t robiphenyls .  F u r t h e r  studies are  
in progress  to maximize  yie lds  in these systems and 
define the  types  of products  tha t  can be formed by  
this method.  

I t  had been noted in ear ly  studies on these systems 
tha t  in cases where  the  ha logen did not  appear  to 
e l imina te  under  e lec t rochemical  condit ions n i t roben-  
zene was formed by  fu r the r  reduct ion of the ha lo-  
n i t robenzene  anion rad ica l  (3). This has been fu r the r  
verif ied by  Lawless  and Hawley,  who reduced  p -  
b romoni t robenzene  in D M F / T E A P  and found that  at 
--2.0V di lu te  solut ions (10-31Vf) y ie lded  apprec iab le  
amounts  of n i t robenzene (27). In  AN/TEAP,  however ,  
p -b romoni t robenzene  yields  n i t robenzene  anion rad ica l  
upon pro longed  electrolysis  past  the  first reduct ion  
wave  (verified by  EPR) as shown in Fig. 5. Exhaus t ive  
electrolysis  of di lute  solut ions of p -b romoni t robenzene  
at --2.0V in A N / T E A P  also yields  n i t robenzene as the  
p r i m a r y  product ,  bu t  as the  concentra t ion of the  
ha loni t robenzene  is increased to 10-2M and above 
the presence of another  product  becomes increas ingly  
prominent .  Compar ison of IR spectra,  mel t ing  points, 
and  cyclic vo l t ammet r i c  curves  of the  e lectrolysis  
p roduc t  wi th  an authent ic  sample  showed it  to be 
4,4 ' -dibromoazoxybenzene,  fo rmed in a second-order  
process. This is obviously  a mul t i - e l ec t ron  process and 
no a t t empt  was made  to invest igate  the  mechanism.  
In addition, the  y ie ld  of the  azoxybenzene is cont in-  
gent  upon the appl ied  poten t ia l  and n-va lue ,  but  is 
typ ica l ly  about  50-60%. These condit ions were  not  
t r i ed  wi th  any o ther  haloni t robenzenes ,  bu t  i t  is l ike ly  
tha t  the same p a t h w a y  wil l  app ly  to any of the  sys-  
tems where  the  halogen e l iminat ion  ra te  is slow. 

5G 

Fig. 5. EPR spectrum obtained from in situ electrolysis of p- 
bromonitrobenzene (1.0 x 10-~F) in AN/0.1F TEAP at a platinum 
gauze electrode. Spectrum was recorded after 45 min electrolysis 
at --1.2V. The arrowed lines are due to nitrobenzene anion radical; 
the spectra are asymmetrical due to different g-values. 
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Fig. 6. Products obtained or potentially obtainable from halo- 
nitrobenzenes on a synthesis scale. 

It  has also been shown previous ly  (24) that  anions 
such as C N -  and NO2- can be added  to the in te r -  
media te  n i t rophenyl  radicals  to form subst i tu ted  n i t ro-  
benzenes. This type of react ion was not a t t empted  on 
a synthesis  scale, but  studies are  now in progress  
toward  this end. 

A t t empt s  to genera te  apprec iable  yields  of 4,4'- 
and 2 ,2 ' -d ini t robiphenyls  from the corresponding ha lo-  
n i t robenzenes  have  been s ingular ly  unsuccessful.  In 
order  to do this, one would  have to work  in a solvent  
wi th  a ve ry  low hydrogen  a tom ava i lab i l i ty  (such as 
l iquid SO2) to avoid n i t robenzene formation.  How-  
ever, at  concentrat ions  sui table  to e lectrosynthesis  
work, the  compet ing react ion of azoxybenzene fo rma-  
tion m a y  become significant. Since the d in i t robiphenyls  
can also be synthesized in high yields  by  simple 
Ul lmann  react ions  involving the  chloroni t robenzenes  
this  does not  appea r  to be a promis ing  e lec t rosynthes is  
area.  

F rom the v iewpoin t  of synthesis  studies, then, the 
haloni t robenzenes  appear  to be wel l  sui ted to ob ta in-  
ing different  products  under  var iab le  e lectrolysis  
conditions. The products  obtained,  or po ten t ia l ly  ob-  
ta inable  on a synthesis  scale, are  summar ized  in Fig. 
6. Studies  are  now in progress  to improve  the y ie lds  
in these systems and extend the range of products  
tha t  can be obtained.  
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ABSTRACT 

The preparat ion of vanad ium by mol ten-sa l t  electrolysis of a commercial 
vanad ium carbide (VC) containing 84% vanad ium was investigated. An elec- 
trolytic process was developed for the extraction of vanad ium from VC in an 
LiCl-NaC1-VCl2 electrolyte contained in a he l ium-atmosphere  cell at 650~ 
The effects of electrolyte composition, vanad ium depletion of the VC, and 
cathode cur ren t  densities on the process, as well  as the effects on the qual i ty  
of vanad ium products, were determined. Vanadium of 99% puri ty  was pre-  
pared with an 65% recovery of vanadium and a cathode current  efficiency of 
70%. The vanad ium contained approximately 0.60% oxygen and had a 100 
Rockwell B hardness. High-puri ty ,  ductile vanad ium was prepared from the 
VC by electrorefining the extraction products in  a separate cell or by com- 
b in ing  the extraction and electrorefining processes in a single cell. In  the com- 
bined process, the vanadium was first extracted from the VC and deposited 
on a cylindrical  electrode; this vanad ium was then electrorefined and deposited 
on a central  cathode rod. Both methods yielded vanad ium of 99.9% pur i ty  
with 35-40 Rockwell B hardness. With l imited tests in the combined process, 
58% recovery of ductile vanad ium from the VC was achieved. 

Ductile vanad ium (1-7) and vanad ium with pur i ty  
higher than  99.9% (8-12) have been prepared from 
various materials  containing vanadium. A star t ing 
mater ia l  for the production of vanad ium is vanad ium 
carbide, which is produced commercial ly for use as a 
replacement  for fe r rovanadium in the steel industry.  
The preparat ion of a vanad ium carbon alloy from 
vanadium oxides for use as a steel additive was in-  
vestigated by Downing and Merkert  (13). Current  
commercial production of vanad ium carbide is of the 
VC-type. This carbide contains approximately 14% 
carbon and 84% vanadium, with iron, nitrogen, and 
oxygen as the chief impurities.  

A mol ten-sa l t  electrolytic process was developed 
by the Bureau of Mines to extract  and prepare ductile 
vanadium having a pur i ty  ranging from 98 to 99.6% 
from a commercial  V2C-type carbide containing 10% 
carbon, 85% vanadium, and 5% of other elements, in-  
cluding chromium, iron, and oxygen (14). Electro- 
lytic efficiency in the process decreased as the anode 
composition changed from V2C to VC as a result  of 
the vanad ium extraction. When metall ic impuri t ies  
such as chromium and iron were present  in V2C, they 
contaminated the vanad ium product. Low electrolysis 
efficiency as well as deteriorat ion in product qual i ty 
also occurred in  the electrorefining of vanad ium pre-  
pared by carbothermic reduct ion of V205 (15). This 
was a t t r ibuted to the change of anode composition 
from a carbide phase rich in vanad ium to a VC phase. 
The successful preparat ion of vanad ium from vana-  
d ium-carbon  alloys was dependent  on the development  
of an efficient process for t reat ing VC-type carbide. 

The phase diagram of the vanad ium-carbon  system 
(16) indicates that the carbon-satura ted VC-type car- 
bide is VC0.ss. Extract ion of vanad ium from the carbide 
should be feasible since it will  not increase the carbon 
content  of the VC0.ss phase. The reaction and free 
energy change (17) are 

VC0.ss-> V + 0.88C, and AF~ = + 23 kcal [1] 

The energy requi rement  for the reaction to proceed is 
furnished by electrolysis. 

Experimental 
Vanadium was prepared by  electrolysis of VC in a 

hel ium-atmosphere,  electrolytic cell shown in Fig. 1. 
The cell consisted essentially of a lock, a slide valve, 

K e y  words :  v a n a d i u m ,  v a n a d i u m  carbide,  electrolysis,  prepara t ion,  
molten-sal ts .  
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Watercooled lock 

lead 

Slide 

LU ~ 
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i l r -Gaske' 
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"aphlte anode boske~" 

Fig. 1. Schematic diagram of the electrolytic cell 

and an electrolyte chamber. The chamber  was con- 
structed of Hastelloy, 1.3-cm thick, 15-cm ID, 76-cm 
high, and equipped with a graphite l iner  encased by 
a molybdenum crucible. The slide valve provided a 
gas-t ight seal between the chamber  and the lock. The 
lock was used to cool the vanad ium deposit. The cath- 
ode was a 1.1-cm diam molybdenum rod. 

The vanad ium carbide, in the form of 1.9 • 1.3-cm 
briquettes, was supplied by the Union Carbide Corpo- 
ration. It was crushed into chunks of minus  3-, plus 
4-mesh size and charged into a concentric graphite 
basket, l l .5 -cm OD, 9-cm ID, and 30-cm high. The 
anode assembly was placed in  the bottom of the graph- 
ite liner. Table I shows the analysis of the vanad ium 

Table I. Analysis of VC, % 

Combined  Free  
C C Fe N O V 

14.02 0.16 0.05 0.04 1.45 84.25 
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carbide.  The chief  impur i t ies  in the  carb ide  were  i ron 
and oxygen,  to ta l ing 1.5%; minor  meta l l ic  impur i t ies  
were  a luminum and chromium. The majo r  component  
was identif ied by  its x - r a y  diffract ion pa t t e rn  as VC. 

The elec t ro ly tes  were  composed of VC12 dissolved 
into mol ten  mix tu res  of a lka l i  chlorides, and  a lka l ine -  
ea r th  chlor ides  wi th  a lka l i  chlorides, and VBr2 dis-  
solved in a mol ten  mix tu re  of NaBr  and KBr.  Vana -  
d ium dichlor ide  and b romide  were  formed by  di rec t  
ch lor ina t ion  and b romina t ion  of vanad ium at 750~ 
into the  respect ive  mol ten  salt  mix tu res  in separa te  
cell  chambers  (7, 18). The solid e lec t ro ly te  was t r ans -  
f e r red  to the  e lec t ro ly t ic  cell, hea ted  to 400~ in a 0.01 
Tor t  vacuum, and then  mel ted  under  a he l ium a tmo-  
sphere.  A p p r o x i m a t e l y  7-9 kg of the  e lec t ro ly te  were  
used in the  cell. 

The direct  cur ren t  for e lect rolys is  was furn ished  by  
a 15V, 30A constant  vol tage  power  supply,  and  by  a 
15V, 150A fu l l -wave  se lenium rectifier wi th  var iab le  
output .  The e lect rolyt ic  reac t ion  for the p repa ra t ion  of 
vanad ium by electrolysis  of VC, wi th  X represen t ing  
the chlorine or b romine  atom, was as fol lows 

Anode: VC + 2X- -* VX2 + C + 2e- [2] 

Cathode: VX2 + 2e- ~ V + 2X- [3] 

On completion of 60 A-hr of electrolysis, the deposit 
was withdrawn from the electrolyte and cooled to 
room temperature (25~ in the lock. The slide valve 
was closed and the deposit removed. A new cathode 
was attached and placed in the lock; the lock was then 
evacuated and filled with helium. The slide valve was 
opened and the cathode lowered into the electrolyte 
for starting another deposition. A test in this report 
refers to the preparation of a single electrolytic dep- 
osition of vanadium on the cathode; a series refers to 
all depositions made with a single charge of the VC 
material, varying from 1-3 kg; and the term cathode 
current density refers to initial cathode current den- 
sity. 

The vanad ium deposi t  was immersed  for 12 h r  in a 
2% hydrochlor ic  acid solut ion to leach out most  of 
the  e lectrolyte .  The vanad ium was s t r ipped  f rom the 
cathode, washed  wi th  water ,  then  acetone, and dr ied  
at 75~ Prev ious  vanad ium research  (7, 14) indica ted  
that  the  minus  80-mesh vanad ium fract ion of such de-  
posits contained a h igher  propor t ion  of i m p u r i t y  e le-  
ments;  therefore,  the  cathode product  was sized by  
screening into plus and minus  80-mesh fractions.  

The carbon in the  v a n a d i u m  carbide  r ema ined  in the  
anode baske t  as a skele ton fo rm of the or iginal  
br iquet te .  The carbon was r emoved  from the  cell  upon 
remova l  of the  anode baske t  at the  complet ion of a 
series. 

Results 
Electrolyte composition.--Although an average  of 

81% v a n a d i u m  recovery  was achieved in the  elec-  
t rolys is  of a V2C carbide  in a BaC12-KC1-NaC1-VC12 
e lec t ro ly te  at  670~ (14), e lectrolysis  of VC in the  
same e lec t ro ly te  y ie lded  only a 50% vanad ium recov-  
ery. Low recover ies  were  also obta ined  wi th  the  use 
of o ther  e lect rolytes :  17% in a KC1-LiC1-VC12 at 
620~ 21% in an MgC12-KC1-CaC12-VC12 at  720~ and 
44% in a KBr-NaBr -VBr2  at  700~ Increased  recov-  
eries of v a n a d i u m  were  obta ined in the  electrolysis  
of VC in e lect rolytes  composed of a mix tu re  of NaC1 
and VC12 wi th  o ther  a lka l i  chlorides.  These e lect rolytes  
contained, in weight  pe r  cent ( w / o ) :  (i) 90 NaC1, 10 
VC12; (ii) 51 KC1, 39 NaC1, 10 VC12; (iii) 50 CsC1, 40 
NaC1, 10 VCI2; and  (iv) 45 LiC1, 45 NaCI, 10 VC12. 

The effects of these e lec t ro ly tes  on the ex t rac t ion  
process a re  compared  in Table  II. A series of tests 
was pe r fo rmed  wi th  each electrolyte ,  using 1.5-2.0 kg 
of VC. Potent ia l s  r ang ing  f rom 0.1-0.6V, and ini t ia l  
cathode cur ren t  densit ies f rom 460-4600 A / d m  2 were  
used for electrolyses.  Each series was  t e rmina t ed  when  
cathode cur ren t  efficiencies of ind iv idua l  tests  d ropped  

Table II. Effect of electrolytes on the electrolysis of VC 

E le c t r o ly t e *  

KCl- CsCl- LiC1- 
NaCI NaCI NaCl NaCl 

T e m p e r a t u r e ,  ~ 780 750 720 650 
V a n a d i u m  r e c o v e r y ,  % 91 83 72 93 
Plus 8 0 - m e s h  vanadium, % 32 36 24 50 
M i n u s  8 0 - m e s h  v a n a d i u m ,  % 68 64 76 50 
C a t h o d e  c u r r e n t  e f f i c i ency ,  % 72 70 46 60 

* All electrolytes contained 1O wlo VCh. 

below 30%. The da ta  in Table II  show tha t  the  LiC1- 
NaC1-VC12 e lec t ro ly te  was super ior  to the  other  e lec-  
t ro ly tes  wi th  respect  to lower  opera t ing  t empera tu re ,  
be t te r  vanad ium recovery,  and a l a rge r  y ie ld  of plus 
80-mesh vanadium.  Al though  cathode cur ren t  efficien- 
cies of 70 and 72% were  obta ined  in the  KC1-NaC1- 
VCI2 and NaC1-VC12 electrolytes ,  respect ively ,  the 
y ie ld  of plus 80-mesh v a n a d i u m  was lower  compared  
wi th  tha t  in the LiC1-NaC1-VC12 electrolyte .  Wi th  the 
except ion  of a low opera t ing  t empera tu re ,  the  CsC1- 
NaC1-VC12 e lec t ro ly te  was not as efficient as the  other  
electrolytes .  

The average  analyses  of a l l  the  plus 80-mesh and 
minus  80-mesh products  p r epa red  in each e lec t ro ly te  
are  shown in Table  III. The chief  impur i t ies  in the  
product  were  i ron and oxygen.  Higher  i ron contam-  
inat ion occurred in the  products  p r epa red  in the  NaC1- 
VC12 and KC1-NaC1-VCI2 electrolytes .  The advantage  
of employing  a l o w - t e m p e r a t u r e  e lec t ro ly te  for  the 
p r epa ra t i on  of v a n a d i u m  was  indica ted  b y  the lower  
carbon and oxygen  contents  of the  products  produced 
f rom the LiC1-NaC1-VC12 electrolyte .  The products  
f rom the l a t t e r  e lec t ro ly te  were  >99% vanadium,  
whereas  those p r e p a r e d  wi th  o ther  e lec t ro ly tes  were  
a pp rox ima te ly  98% pure.  

Vanadium depletion.--The effect of increas ing ex-  
t rac t ion of vanad ium f rom VC on the e lect rolyt ic  
process and the  qua l i ty  of vanad ium products  was 
de t e rmined  in two separa te  series of tests  wi th  the  
LiC1-NaC1-VC12 electrolyte ,  using 1.4 and 2.6 kg  of 
VC. Each deposi t  in the series was made wi th  a con- 
s t an t - cu r ren t  e lectrolysis  of 20A, corresponding to an 
ini t ia l  cathode cur ren t  dens i ty  of 3200 A / d i n  2. Each 
series was t e rmina ted  when  a pp rox ima te ly  90% of the  
vanad ium had been removed  from the anode. F igures  
2 and 3 show the  effects of v a n a d i u m  ex t rac t ion  on 
potent ial ,  ca thode cur ren t  efficiency, the  y ie ld  of plus  
80-mesh vanadium,  and the dragout  of e lec t ro ly te  
wi th  deposits.  The  po ten t ia l  r equ i red  for main ta in ing  
a cons tan t -cur ren t  e lectrolysis  va r i ed  s l ight ly  wi th  the  
ex t rac t ion  of vanadium.  The cathode cur ren t  efficiency, 
product ion  of plus  80-mesh vanadium,  and m e t a l - t o -  
sal t  d rag -ou t  ra t io  of deposi ts  decreased wi th  increas-  
ing ex t rac t ion  of v a n a d i u m  f rom the VC. When  the 
quan t i ty  of VC was increased,  the  efficiency of the 
e lec t ro ly t ic  process improved  and resul ted  in lower  
potent ia l  requirements ,  be t t e r  cathode cur ren t  effi- 
ciency, h igher  y ie ld  of plus  80-mesh vanadium,  and 
less e lec t ro ly t ic  d rag-ou t .  F igu re  4 shows vanad ium 

Table Ill. Analyses of vanadium products prepared with 
various electrolytes, % 

E l e c t r o l y t e *  

NaC1 K C l - N a C l  C s C l - N a C l  L iC1-NaCl  

Carbon 0.12 0.02 0.04 O.O1 
I r o n  0,20 0.22 0.07 0.08 
Nitrogen 0.01 0.01 0.01 0.01 
Oxygen 1.07 0.96 0.98 0.50 
V a n a d i u m  98.50 98,20 98.32 99.22 

* Al l  e l e c t r o l y t e s  c o n t a i n e d  10 w / o  VCI2. 
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cathode current efficiency. 
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Fig. 3. Effect of vanadium extraction on (A) yield of plus 80- 
mesh vanadium and (B) metal-to-electrolyte drag-out ratio, 

deposits  p r epa red  at  5 and 90% vanad ium ext rac t ion  
f rom 1.4 kg of VC. 

The pur i ty  of the  vanad ium p repa red  by  electrolysis  
of VC was governed by  its i ron and oxygen contents.  
F igure  5 shows the var ia t ions  of iron and oxygen  con- 
tent  of the  vanad ium wi th  vanad ium extract ion.  The 
VC contained 0.05% iron and 1.45% oxygen. Contami-  
nat ion of the  vanad ium products  by  these impur i t ies  
was highest  in the  first 20 % of vanad ium ex t rac ted  and 
lowest  be tween  21 and 75%, then  increased g radua l ly  
wi th  increas ing deple t ion  of vanad ium f rom the VC 
anode. The best  qua l i ty  vanad ium was produced in the 
middle  of the  ex t rac t ion  tests. A n  increase  in the in i -  

Fig. 4. Vanadium deposits prepared at (left) 5 %  and (right) 
9 5 %  vanadium extraction. 
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Fig. 5. Variation of iron and oxygen contents of vanadium with 
vanadium extraction. 

t ia l  quan t i ty  of VC ava i lab le  for e lectrolysis  lowered  
both the  i ron and oxygen  content  in the vanad ium 
products.  The average  i ron and  oxygen  content  of al l  
products  was 0.12 and 0.70%, respect ively ,  for the ex -  
t rac t ion of the  1.4 kg charge, and  0.07 and 0.58%, re -  
spectively,  for ex t rac t ion  of the  2.6 kg charge. 

Cathode current dengt~es . - -The  use of var ious  ca th-  
ode cur ren t  densi t ies  for the  e lectrolyses  of VC affected 
the  cathode cur ren t  efficiencies and y ie ld  of plus 80- 
mesh vanadium,  as i l lus t ra ted  in Fig. 6. The values  in 
the graphs  were  the average  values  obta ined  in each 
series  of e lectrolyses  conducted  wi th  cu r ren t s  of 5, 15, 
20, 25, and 35A in the LiC1-NaC1-VC12 electrolyte .  Each 
series was t e rmina ted  af ter  app rox ima te ly  85% of the 
vanad ium had been ex t rac ted  f rom 1 kg  VC. The  ca th-  
ode cur ren t  efficiencies increased wi th  cathode cur ren t  
densi t ies  f rom 990-3100 A / d i n  ~, reached a m a x i m u m  at 
3200 A / d i n  2, and decreased  the rea f te r  wi th  cathode 
current  densi t ies  grea ter  t han  3300 A / d i n  s. The y ie ld  of 
plus  80-mesh v a n a d i u m  products  was r e l a t ive ly  con- 
s tant  wi th  cathode cu r ren t  densi t ies  ranging  f rom 930 
to 3700 A / d m  e, then  increased wi th  increasing cathode 
cu r ren t  densit ies.  

The plus 80- and minus  80-mesh products  p repa red  
in each of the  series were  s imi lar  in quali ty.  The plus 
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80-mesh products were 99.2% vanadium,  and the 
minus  80-mesh products were 98.8% pure vanadium.  
The qual i ty of vanad ium prepared with cathode cur-  
rent  densities higher than 3700 A / d m  2 was slightly 
bet ter  than wi th  lower cathode cur ren t  densities, be-  
cause larger quanti t ies of plus 80-mesh vanad ium were 
produced with the high cathode-current  densities. 

Optimum parameters for electrolyses.--The prepara-  
tion of vanad ium by electrolysis of VC was conducted 
in an LiC1-NaC1-VC12 electrolyte at 650~ using the 
operating data show in  Table IV. The opt imum param-  
eters had been determined in preceding tests. Eighty-  
five per cent of the vanad ium was extracted from the 
VC. The average drag-out  ratio of metal- to-electrolyte  
in the deposits was 0.6-1.0. The qual i ty  of the vana-  
dium is shown in Table V. The process yielded an aver-  
age of 99% vanad ium by reducing the carbon, nitrogen, 
and oxygen contents of the VC. The vanadium was 
not  ductile. 

High-purity, ductile vanadium from VC.--High- 
purity,  ductile vanad ium was prepared from VC by 
electrorefining the extraction products in a separate 
cell or by combining the extraction and electrorefining 
processes in a single cell. In  the first procedure, vana-  
d ium deposits which were  obtained by electrolysis of 
VC in an LiC1-NaC1-VC12 electrolyte were electro- 
refined in a KC1-LiC1-VC12 electrolyte at 620~ Elec- 

Table IV. Operating data, electrolysis of VC in 
an LiCI-NaCI-VCI2 electrolyte 

N u m b e r  of  t e s t s  49 
P o t e n t i a l ,  V 0.2-0.3 
C u r r e n t ,  A 20-25 
C a t h o d e  c u r r e n t  d e n s i t y ,  A/rim'- '  3200-3700 
E lec t ro lys i s ,  A - h r  2960 
V a n a d i u m  c a r b i d e  a d d e d ,  k g  2.74 
V a n a d i u m  d e p o s i t e d ,  k g  1.97 
P l u s  8 0 - m e s h  v a n a d i u m ,  % 68 
M i n u s  8 0 - m e s h  v a n a d i u m ,  % 32 
C a t h o d e  c u r r e n t  e f f i c iency ,  % 70 

Table V. Analysis of vanadium prepared 
by electrolysis of VC, % 

V a n a d i u m  p r o d u c t s  

P l u s  M i n u s  
8 0 - m e s h  8 0 - m e s h  

Fig. 7. Extracted vanadium deposit (right) and refined vanadium 
deposit (left). 

trolyte was not leached from the deposit prior to elec- 
trorefining. Previous research (9) showed that a mix-  
ture of KC1, LiC1, and VC12 was the best suited elec- 
trolyte for electrorefining vanadium. Figure  7 com- 
pares an extracted vanad ium deposit with an electro- 
refined deposit. The extracted deposit was made with a 
cathode current  density of 4600 A / d m  2 from VC in 
which 87% of the vanad ium had been removed. The re- 
fined deposit was made with a cathode current  density 
of 1300 A / d m  2. In the extract ion 60 A - h r  of electrolysis 
was used and in the electrorefining 32 A - h r  of elec- 
trolysis was used. The extracted deposit contained 
approximately 35-40g of vanadium,  which was refined 
to yield 29g of pure metal. Typical analysis of the ex- 
tracted and refined vanad ium is shown in Table VI. 
Electrorefining reduced the carbon, iron, nitrogen, and 
oxygen contents of the extracted products and pro- 
duced 99.9% plus vanad ium with a 35 Rockwell B 
hardness. 

In  the combined process, the vanad ium was first ex- 
tracted from the VC and deposited on the inside of a 
cylindrical  electrode; this vanad ium was then electro- 
refined and deposited on a centra l  cathode rod. Figure 
8 shows the cyl indrical  electrode which was made of 
molybdenum sheet 0.08-cm thick, 13-cm OD, and 56-cm 
high. One end of the electrode was attached to a nickel 
flange, and a mo lybdenum cup was loosely fitted over 
the other end. The funct ion of the cup was to prevent  
the extracted vanad ium deposits from fall ing to the 
cell bottom and to permit  the electrolyte to enter the 
center  of the cylinder. This assembly was installed 
between the flanges of the chamber  and the slide valve 
of the molybdenum- l ined  electrolytic cell. The VC 
was contained in a perforated graphite  tube, 5.5 cm 
diam X 32 cm long, which was suspended in the center  
of the cylindrical  electrode. Extract ions were made 
with potentials of 0.2-1.2V, currents  of 23-90A, and  
1500-2300 A - h r  to deposit the vanad ium on the cyl in-  
drical electrode. The VC anode container  was removed 
and replaced with a 1.1 cm diam molybdenum rod. 
Electrorefining of the extracted vanad ium was made 
wi th  a potential  of 0.08V, a current  of 10A, and 70 A-h r  
of electrolysis to deposit purified vanad ium on the 
molybdenum rod. Opt imum operating parameters  were 
not determined in the combined process. Limited tests 
showed that the process was capable of producing 400g 
of refined vanad ium from 850g of VC. Typical refined 
vanad ium deposit from the combined process is shown 
in Fig. 9. The drag-out  ratio of metal- to-electrolyte  in 

Table VI. Analysis of extracted and 
refined vanadium, % 

Vanadium, Vanadium, 
e x t r a c t e d  r e f i n e d  

C a r b o n  0.008 
I r o n  0.05 
N i t r o g e n  0.002 
O x y g e n  0.45 
V a n a d i u m  99.42 
H a r d n e s s ,  RB 95 

0.02 
0.10 
0.002 
0.84 

98.74 
100 

C a r b o n  0.05 0.001 
I r o n  0.10 0.03 
N i t r o g e n  0,002 0.001 
O x y g e n  0.98 0.01 
V a n a d i u m  98.72 99.92 
H a r d n e s s ,  R s  - -  35 
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Table VII. Analysis of vanadium from the combined process, % 

Carbon <0.005 
Iron 0.006 
Nitrogen 0.0006 
Oxygen 0.02 
Vanadium 99.86 
Hardness, RB 40 

Fig. 8. Cylindrical molybdenum electrode 

Fig. 9. Refined vanadium deposit 

the  deposi t  was  3 to 1. Analys i s  of the  v a n a d i u m  is p r e -  
sented in Table VII. In  essence, the  two-cyc le  e lec t ro l -  
yses of VC in this  combined process produced a duct i le  
vanad ium of app rox ima te ly  99.9% pur i ty  in a s ingle-  
cell  system. 

Conclusions 
The p repa ra t ion  of vanad ium by mol ten - sa l t  elec~ 

t rolysis  of a commerc ia l  vanad ium carbide  was demon-  
s t ra ted  in a he l i um-a tmosphe re  e lec t ro ly t ic  cell. An 
LiC1, NaC1, and VC12 mol ten  salt  m ix tu r e  was the  best  
e lec t ro ly te  tes ted for the  prepara t ion .  A process was 
developed for the ex t rac t ion  of 99% pure  vanad ium 
by  electrolysis  of VC wi th  cathode cur ren t  densi t ies  
f rom 3200-3700 A / d m  2 in an LiC1-NaC1-VC12 elect ro-  
ly te  at  650~ The vanad ium recovery  at  the  cathode 
was 85% wi th  70% cur ren t  efficiency. 

High-pur i ty ,  duct i le  vanad ium was p repa red  from 
the VC by electrorefining the vanad ium deposi ts  from 
the ex t rac t ion  process in a separa te  cell  or by  combin-  
ing the  ex t rac t ion  and electroref ining processes in a 
s ingle cell. Both procedures  y i e lded  v a n a d i u m  of 99.9% 
pur i ty  wi th  35-40 Rockwel l  B hardness.  

Manuscr ip t  submi t t ed  March 23, 1972; revised m a n u -  
scr ipt  received Aug. 14, 1972. 

A n y  discussion of this paper  wi l l  appear  in a Discus- 
sion Sect ion to be publ i shed  in the  December  1973 
JOURNAL. 
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Thermal Behavior of a Plasma-Heated Tungsten 
Probe in the Presence of Tungsten Vapor 

Paul Meubus 
Chemical Engineering Department, Universit~ du Quebec ~ Chicoutimi, Chivoutimi, Province of Quebec, Canada 

ABSTRACT 

A tungsten meta l  probe is hea ted  in an argon p lasma conta ining var iab le  
amounts  of tungsten vapor.  I t  is observed tha t  the  meta l  surface t e m p e r a -  
tu re  subs tan t ia l ly  decreases when the  vapor  concentra t ion increases  in the  gas. 
Al l  o ther  condit ions being equal,  the  difference res id ing in the presence of 
meta l  vapor  in the  plasma, the  in t roduct ion of about  0.7% vapor  in the argon 
gas decreases  the probe  surface t e m p e r a t u r e  by  18%, whi le  the presence 
of 8% meta l  vapor  decreases the  surface t empe ra tu r e  by  28%, the gas t e m p e r a -  
ture  a round  the  probe  surface being respec t ive ly  9000 and 10,000~ An  
equat ion is found, showing the  probe  t empe ra tu r e  var ia t ions  in t e rms  of the  
to ta l  tungs ten  par t ic le  concentra t ion as wel l  as the  gas t e m p e r a t u r e  immed i -  
a te ly  a round  the  probe. A possible exp lana t ion  is given for the phenomena  
observed which involves  the exis tence of a pro tec t ive  shield of tungsten a toms 
and ions in equ i l ib r ium along the  sa tura t ion  vapor  curve for tungsten.  Also, 
the  presence of solid condensed par t ic les  a round  the probe,  wi th  r e l a t ive ly  low 
thermionic  work  function, may  provide  a protect ive,  pos i t ive ly  charged  shield 
against  posi t ive ion b o m b a r d m e n t  of the  probe.  This in te rpre ta t ion  is sup-  
por ted,  to a cer ta in  extent ,  by  the equat ion found. 

Thermal  pro tec t ion  of solid surfaces submi t ted  to 
ve ry  high t empera tu re s  has been ex tens ive ly  studied, 
especia l ly  in view of a tmospher ic  r e - e n t r y  p rob lems  
associated wi th  bal l is t ic  missiles and also for the  p ro -  
tect ion of j e t  propulsive devices, t u rb ine  blades, etc. 
Abla t ion  effects have been s tudied by  S la t t e ry  (1) and 
others, whi le  ceramics and r e f r ac to ry  oxide coatings 
have  been made  the object  of considerable  work  (2). 

Also, hea t  exchange phenomena  occurr ing in the 
presence of corona discharges  (3), as wel l  as hea t  
effects a round  anodes in arc discharges,  have been 
s tudied (4). However ,  the  case of the  t he rma l  p ro-  
tect ion for a r e f rac to ry  meta l  exposed to ve ry  high 
t empera tu re s  (p lasma  gas) ,  by  means  of a me ta l  vapor  
of low vapor  pressure  at  e levated  tempera ture ,  does 
not seem to have  been considered.  

In  the present  work, a tungsten probe  is used, one 
end of which is cooled at  a constant  r a t e  whi le  the 
other  ex t r emi ty  is p lunged  in an argon plasma. The 
p lasma  gas t e m p e r a t u r e  a round the probe  is obta ined 
by  a spectroscopic method  using the  in tens i ty  emis-  
sion rat io  of argon l ines 4158.6A and 4259.4A as de-  
scr ibed in a previous ar t ic le  (5). The solid surface 
t empera tu re  is recorded by  pyromet r i c  observat ions  
and the va l id i ty  of this method,  which  could be a l t e red  
by  the presence of a cont inuum emission f rom argon, 
has been control led  and found acceptable,  using a 
method  descr ibed e lsewhere  (6). 

Tungsten vapor  is suppl ied  to the gas s t ream issuing 
f rom the p lasma  torch by  means  of a second tungsten 
probe  exposed to the  p lasma  flame and posi t ioned be -  
tween the gun out le t  and  the expe r imen ta l  probe 
prev ious ly  described.  The meta l  vapor  is then re leased  
at a ra te  which is contro l led  by  the gas t empe ra tu r e  
and by  the re la t ive  posi t ion of the expe r imen ta l  probe.  
Also, the  ra te  of cooling wa te r  used for avoiding rap id  
des t ruct ion of the  probe  m a y  be used as a pa r ame te r  
for changing the amount  of tungsten vapor  present  in 
the main  argon gas. F ina l ly  a p lasma m a y  be obta ined 
wi th  var iab le  amounts  of tungs ten  vapor,  i t  being pos-  
sible to change the t empe ra tu r e  of the gas sur rounding  
the  expe r imen ta l  tungs ten  probe. As the resul t ing  gas 
flows a round  the expe r imen ta l  probe, the  re la t ionship  
be tween meta l  vapor  concentra t ion and probe  surface 

K e y  words :  hea t  protect ion by  means  of me ta l  vapor,  heat  pro-  
tection at v e r y  h igh  t empera tu res ,  heat  t r ans fe r  in h i g h - t e m p e r a t u r e  
gas -meta l  vapor  mix tu res ,  hea t  protection by the rmion ic  emiss ion 
from high-temperature  particles.  

t empe ra tu r e  can be studied. Using the argon plasma, 
ident ica l  s i tuat ions a re  compared,  except  for the p res -  
ence of tungs ten  vapor  at different  concentra t ion  levels.  

The purpose  of this  s tudy is to examine  the possi-  
b i l i ty  of using meta l  evapora t ion  techniques in o rder  
to provide  the rmal  protect ion to v i ta l  equipment  par t s  
submi t ted  to very  high tempera tures ,  in isolated con- 
dit ions when  hea t  sinks are  not  avai lable .  Pieces of 
me ta l  adequa te ly  posi t ioned could supply  the  necessary 
protec t ive  vapor  component .  

Theory 
Determination of tungsten vapor concentration 

around the experimental probe.--Referring to Fig. 1, 
consider  an argon p lasma je t  P of cy l indr ica l  sym-  
m e t r y  and the tungsten cy l indr ica l  probes  R1 and R2 
descr ibed in the sect ion on Appa ra tu s  and Mode of 
Operation.  The amount  of tungs ten  vapor  in the main  
argon s t ream is ob ta ined  by  evapora t ion  f rom probe  R1 
and the t empera tu re  Ts of the  probe  surface S is modi -  
fied by  e i ther  changing the probe  posi t ion along the 
p lasma axis  or  by  va ry ing  the power  suppl ied  to the  
p lasma jet.  

A ve ra ge  rad ia l  spectra l  read ings  are  made,  immed i -  
a te ly  above the tungsten surface S, for the  exper i -  
menta l  probe  R2. In this way, average intensi t ies  are 
recorded for argon l ines 4158.6 and 4259.4A. The rat io  
of these intensit ies,  a f te r  correct ion for absorpt ion  and 
sens i t iv i ty  variat ion,  leads to the  knowledge  of an 
average gas t empe ra tu r e  above S. The t empe ra tu r e  
being known, one can now proceed to the  de t e rmina -  
t ion of tungsten vapor  concentra t ion a round  the probe 
R2 when  the choice is made  of a sui table  tungs ten  emis-  
sion line. In  the case of the presen t  study,  the atomic 
exci ta t ion emission at  4008.8A for tungsten is used. 

Genera l ly  speaking,  the  absolute  emission intensi ty  
for a g iven t rans i t ion  leading to an emission at  f re -  
quency ~ and t empera tu re  T, modified for absorpt ion 
by  a factor  L, is g iven by  

for tungs ten  
LwA wgwhvwnwe- Ew /kT 

Iw = 
Zw(T)  

for  argon 
LArAArgArhvArnAre-EA'/kT 

IAr  = 
ZAr (T) 

[1] 

[2] 
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Fig. 1. View of the plasma, 
tungsten vapor source, and ex- 
perimental probe. 

Dividing [1] by [2] and affecting the results by indices 
1 and 2 so as to describe two distinct tempera ture  
situations one obtains 

( lw ) : ZAr(T1)LwAwgw~w 
IAr 1 ZW (T1) LArAArgAr~'Ar 

1 
-- _ _  (Ew--E,ir) 

( ~ A r ) l  e kT1 [ 3 ]  

1 
-- - -  (Ew--EAr) 

ZAr(T2)LwAwgwvw(nw)__ e kTa 

Zw (T2) LArAArgArvAr nAr  2 
[41 

When ~w and VAr are close enough and Iw comparable 
in in tensi ty  to IAr, then Lw ~ LAr and division of [3] 
by [4] results in  the following expression 

(nAr) 2 (/W) 2 (IAr) IZAr (T1) ZW (T2) 
(nw)2 = (nw)l  

( nAr ) 1 (Iw) 1 (IAr) 2ZAr (T2) Zw ( T1 ) 

Ew-E., ( 1 1 )  
k Ts T~ 

e Is] 

Then, if one value for nw can be ascertained, the con- 
centration of tungsten neutral atoms nw can be ob- 
tained from Eq. [5] for a set of experimental condi- 
tions, where temperature and tungsten total atom con- 
centration are varied, provided (TtAr)2 is known. It is 
to be noted that neither transition probabilities nor 
absolute spectral emission intensity values have to be 
known. 

The following equations may be written: 

I. Saha constant at temperature T for the system 
W---> W+ + e 

(he) (nw+) 
Kw = 

n w  
7.98 

= 2 Zw+(T) ( 2xmekT ) 3/2 e kT [6] 

Zw(T) h 2 

2. Saha constant  at temperature  T for the system 
Ar  --> Ar  + + e 

K A r  - -  
(nAt+) (l~e) 

nAr 
15.76 

---- 2 ZAr+ (T) ( 2~mekT ) �9 e kT 
ZAr (T) h 2 

3. Total n u m b e r  of particles at tempera ture  T 

K = (nAr) + (nAr+) + (nw) + (nw+) + ne = 

[7] 

P 

k T  

[8] 
P being the pressure of operation. 

4. Conservation of charge 

nat+ + nw+ -- ne [9] 

if the assumption is made of negligible second ioniza- 
tion, which is quite valid in the considered study. 

5. Dropping index 2 in Eq. [5], nw can be ob- 
tained provided nAr/(nAr)1 is known. As a first evalua-  
tion, nAr can be calculated using Eq. [7], [8], and [9] 
wr i t t en  for argon only. As a result, a first approxima-  
t ion of nw is available. 

From Eq. [6] to [9] together wi th  the value at hand 
for nw, one can wri te  

[nw(KAr -- Kw) -- KKAr] n2w+ + 2KwKArnwnw+ 
+ K2wn~w = 0 [10] 

Solving [10] for nw+ (discarding the negative root),  
the total n u m b e r  of tungsten  particles nww can be 
wr i t ten  

n W  ~- n w +  = nw w  [11] 

F rom the knowledge of nw and nw+, together with 
Eq. [6], [7], and [8], a value of nAr should be found 
which is identical  to the assumed one and an iteration 
method is applied unt i l  this requi rement  is fulfilled. In 
this way, a final value is obtained for nwT in the 
plasma gas mixture.  

Energy dissipation around the experimental probe.- 
Referr ing to Fig. 2 which shows the subl imation and 
vapor equi l ibr ium curve for tungsten,  point  B is repre-  
sentat ive of a s i tuat ion in the plasma above the solid 
surface S at tempera ture  (Ts)B, the corresponding gas 
temperature  being TB and the total tungs ten  particles 
concentrat ion (nWT)B. Since the flow conditions are 
turbulent ,  (Ts)B and (nWw)B ma y  be considered as 
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Fig. 2. Vapor and sublimation equilibrium curve for tungsten. 
Definition of an average value, for the total number of tungsten 
particles nwT(Avg) in the boundary layer, for a given concentration 
("WT)B of total tungsten particles in the main gas stream. 

the upper  l imit conditions for, respectively, the tem- 
perature  and tungsten  concentrat ion in the boundary  
layer adjacent  to the surface S. With in  this layer, 
(nWT)B remains  constant  while temperature  is de- 
creasing unt i l  the equi l ibr ium curve is met. Then tung-  
sten vapor starts condensing and solidifying if equi-  
l ibr ium conditions are met. 

An average value for nWw wi th in  the boundary  layer 
may be wr i t ten  

nWT dT [12] nwT(AVg) -- T B -  (Ts)B TS>B 

Considering the si tuation wi th in  the boundary  layer  
gas metal  vapor, the collision frequency of argon and 
tungsten  particles wil l  depend on nww and on the cross 
section for unl ike  particles. When m o m e n t u m  is t rans-  
ferred from argon to tungs ten  atoms, the lat ter  are 
either repelled out of the boundary  layer or con- 
densed when enter ing a region of lower temperature.  
Thus, a possible means for avoiding direct heat t ransfer  
with the surface S is available. Assuming a maxwel l ian  
velocity dis t r ibut ion (which is approximate because of 
the presence of ions and species of different kinds) ,  the 
collision frequency for unl ike  particles, at a given tem- 
perature, should be for one argon particle 

VA~w = :~nwTd2Ar w (V~Ar + V2W)i/2 [13] 

The thermal  velocity vw is equal to VAr~/mAr/mW SO 
that Eq. [13] can be wr i t t en  

NAr-W --~ 1.12~nwTd~Ar.WVAr [ 14] 

When argon particles only are present, the collision 
frequency is 

NAr --~ 1.41~(nAr + nW T) d2ArVAr [15] 

Taking into account that  dAr = 1.82A and dA~-W ---- 
1.62A, then the per cent collision wi th  tungsten  par-  
ticles is of the order of 7% for a 10% tungs ten  con- 
centration. The collisions between unl ike  atoms of the 
considered kind lead ul t imately,  as already mentioned, 
to m o m e n t u m  transfer  to solid tungs ten  particles, as 
well  as to ionic recombination,  both effects adding up 
to avoid direct heat t ransfer  with the probe surface. 

Also, thermionic emission may  possibly contr ibute  to 
the thermal  protection of the tungsten  surface S. Con- 
sidering a solid particle formed by tungsten  vapor con- 
densation, the current  emission per uni t  surface is 
given by the Richardson equation 

j : UT2e -~/kw [16] 

where j is the current  emission per un i t  surface, while 
U and ~ are, respectively, a constant  and the therm-  
ionic work funct ion for the considered emissive ma-  
terial. In  the case of tungs ten  Eq. [16] becomes 

j : 60.2T2e-4.s2/kT [17] 

If the electrons escaping from the tungs ten  surface 
are assumed to take ini t ia l ly  the average velocity 
corresponding to the surface temperature,  then the 
electron concentrat ion at the surface may be obtained 
from 

nes = ~/eve [18] 

and electrons wil l  evaporate from the solid when  
nes > he, w h e r e  ne is the electron concentrat ion around 
the particle, leaving a positively charged surface which 
can play the role of a protective shield for the probe 
submit ted to ion bombardment .  This aspect is con- 
sidered in the section on Results and Discussion. 

Apparatus and Mode of Operation 
The power supply, control panels, and plasma torch 

used have been described elsewhere (5). Referring to 
Fig. 3, the torch generates a p lasma of cylindrical  sym- 
metry  and is enclosed in a chamber  C provided with 
quartz windows for spectroscopic observations. The 

Fig. 3. Layout of the experi- 
mental set-up used, with a view 
of the plasma and probe projec- 
tion on the monochromator 
screen E. 
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chamber  is connected to a hel ium gas supply as well 
as to a vacuum pump so that  it can be scavenged and 
filled with hel ium prior to operation. 

Referring to Fig. 1, two tungsten probes R1 and R2, 
made of cyl indrical  rods 3.8 cm long and 0.32 cm diam- 
eter, are mounted  on calorimeters and installed in such 
a way that  the vert ical  p lane of symmet ry  of the 
plasma contains the probe axes. Also, the position of 
rod R2 is adjusted so that  its upper  horizontal surface 
S contains the axis of symmetry  of plasma P. The 
probe R1 is positioned across the flame and near  the 
plasma gun outlet as indicated in Fig. 1. This probe is 
used to supply var iable  amounts  of tungs ten  vapor to 
the main  gas stream. 

Highly tu rbu len t  conditions allow a rapid mixing of 
the metal  vapor and plasma gas as may be concluded 
from relat ive tungsten  vapor average concentrat ion 
measurements  along the plasma axis, in the down- 
stream direction. Probes R1 and R2 are cooled at a 
constant  cooling water  flow rate in order to avoid rapid 
destruction and also to ma in ta in  identical conditions 
during the whole set of experiments.  The water  flow 
rates are 600 cm3/min for R~ and 80 cm3/min for R2. 

The pIasma is operated at 760 m m  Hg and various 
power levels, varying between 4.5 and 6.5 kW, and the 
argon mass flow rate  is kept constant  at 500 g /h r  for all 
the experiments  made. For a given power input,  R2 is 
adjusted at three positions along the plasma axis, re-  
spectively, at 1.9, 2.5, and 3.1 cm from the probe R1 
which remains  in a fixed position at 1.9 cm from the 
plasma gun nozzle. The geometrical conditions already 
stated are respected in all  cases. As a result, various 
gas temperature  conditions around R2 may be obtained 
while the metal  vapor concentrat ion is also varied. 

A screen E (Fig. 3) is placed in front of a mono-  
chromator (Jar re l l -Ash 75-150), close to the slit plane, 
and a magnify ing lens L projects an image of the 
plasma and probes on screen E. Prior  to the experi-  
ments, rods RI and R2 are adjusted in the plasma 
vertical  p lane of symmetry.  Position along the plasma 
axis and adjus tment  of height are made from outside 
the chamber  and can accurately be adjusted by viewing 
the image projection on screen E. Transverse and ver-  
tical motions of chamber  C allow a given radial  line 
in  the plasma to be focused on the slit and spectro- 
scopically analyzed. Spectrograms are recorded im- 
mediately above the surface S of probe R2, at ~D 
(Fig. 1 and Fig. 3), whose actual size is 1.25 mm in 
diameter  (magnified two times on screen E) and 
through which a radial  average spectrogram is taken. 

In  this way, intensit ies are recorded for neutra l  
argon lines 4158.6 and 4259.4A and for an atomic ex- 
citation l ine for tungs ten  at 4008.8A. The wave]ength 
proximity for these lines as well  as the comparable 
magni tude  of their in tensi ty  in many  cases, validates 
the assumption that  total absorption is similar for all 
the considered lines. An example of recorded spectro- 
gram is given in Fig. 4. The argon lines 4259.4 and 
4158.6A are used for the gas tempera ture  de termina-  
tion, while the 4158.6A l ine is used as a reference line 
for tungs ten  concentrat ion determinat ions  by means of 
tungsten  l ine 4008.8A. 

Pyrometr ic  readings (Leeds and Northrup 8131F in-  
s t rument)  are made on ~S' (Fig. 1) near  the edge 1 
of surface S and the observed tempera ture  is con- 
sidered as equal to the temperature  existing on the 
probe surface S. The val idi ty  of the pyrometr ic  read-  
ing, which could possibly record solid surface and gas 
cont inuum emissions at high gas temperatures,  has 
been verified by using a method described elsewhere 
(6). 

Results and Comments 
Varying the heat ing conditions for probe Rz as well  

as the position of probe R2 resulted in  the obtaining of 
a set of spectroscopic data for t ransverse readings just  
above the probe R2, an example of which is given 
on Fig. 4. Also, pyrometr ic  readings were taken  in  

~ 1 7 6  

8C ARGON IVlA.SS FLOVV RATE 
SOOgJ'hr 
(760mm, Hg.) 
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z 
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Z D I-- 
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s.ooo 4.soc~ 4.oog - ~sog 
Fig. 4, Example of spectrogram taken immediately above the 

experimental probe surface and showing the 4259.4 and 4158.6.4 
lines for argon and 4008.8~t for tungsten. 

order to obtain the associated surface temperature  
Ts. Considering Eq. [5], the par t i t ion functions for 
atomic and ionized tungs ten  between 1500 and ll ,000~ 
were calculated using energy levels from Ref. (7) and 
the correction for ionization potential  lowering (8) 
was found negligible for the electron concentrat ions 
met in all the experiments  made. The part i t ion func-  
tion values are found in Table I. For  argon, the par-  
t i t ion functions, wi th in  the useful  tempera ture  range, 
were available in the l i terature.  The energy t ransi t ion 
for the 4008.8A emission was found equal to 3.10 eV. 

The reference conditions identified by index 1 in 
Eq. [5] were taken at 6600~ The argon l ine 4158.6A 
was taken for defining (IAr)l and more general ly 
(IAr)n- Then, in order to evaluate  (nw)~ or (nw)n, an 
evaluat ion of (nw)1 was made. From the projection of 
probe R~ on screen E (Fig. 3) and measurement  of an 
average temperature  for the area exposed to plasma 
P, it could be found that a tungsten  area of 3.22 cm 2, 
at a tempera ture  of 3500~ was available for tungsten  
evaporat ion in the argon main  stream flowing at a rate 

Table I. Partition functions calculated for atomic and ionized 
tungsten between 1500 ~ and | 1,000~ 

Par t i t ion  funct ion 
Temper -  Atomic  Singly ionized 
ature ,  ~ tungsten,  Zw tungsten,  Zw + 

1,500 2.60 13.40 
2,000 3.53 14.40 
3,000 6.20 16.90 
4,000 9.35 20.12 
5,000 12.78 23.60 
6,000 16.'/7 28.10 
7~000 21.92 32.90 
8,000 27.38 38.35 
9,000 34.20 44.00 

10,000 42.26 50.30 
11,000 52.20 56.60 
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of 500 g/hr.  The vapor pressure at 3500~ is equal to 
7.52 dynes /cm 2 (9) so that the total number of tung-  
sten particles, nww, in the gas stream above 3500~ 
can be calculated, assuming rapid evaporation equil ib-  Probe Gas tem- 

surface perature 
rium attainment. ( n W w ) l  w a s  found equal to 2.13 X temper-  above 
1014 partic les /cm 3. Application of E q .  [10]  a n d  [11] ,  Test ature, probe, 

No. T~, ~ TB, ~ 
with  nWT being known instead of nw, and using the 
iteration method already described, led to the value 
( n w )  1 ---- 1.30 X 1013, the values of KAr, Kw, and K 1 2100 8,000 
being represented on Fig. 5. 32 20402~176 6,8007,600 

With this result at hand, all intensity measurements,  4 1750 9,800 5 1750 10,200 
at different temperatures, of the tungsten line 4008.8A 6 2000 8,700 

7 2050 8,000 could be replaced by concentration values  T&w T from 8 1920 10,000 
which total tungsten particle concentrations nww could o 1950 6,400 
be determined in the argon stream. 10 1850 6,300 11 2120 9.500 

The parameters used for describing the probe sur- 12 2040 8,400 
13 2050 8,500 face temperature Ts were the gas temperature TB and 14 2000 8,700 

an average ~ww(Avg) value  for the tungsten particles 15 2120 7,700 
in the so-called boundary layer, as defined in Eq. [12]. 18 2120 7,700 17 1850 10,000 
The results obtained for the experiments  made are 18 1900 6,700 

19 1900 7,200 
shown in Table I I  which includes the gas temperature 20 2100 6,900 
TB immediate ly  above the probe surface and the cor- 21 2300 7,700 

22 2400 8,300 
responding average concentration nww(Avg) as we l l  23 2300 8,600 
as the surface temperature Ts. 24 2200 7,800 

25 2400 7,700 
To  obtain nww(Avg) ,  it was necessary to determine, 26 2400 9,000 

for tungsten, the  sublimation curve obtained from data 27 2500 lo,ooo 
in Ref. (10), whi le  the vapor equil ibrium curve was 
calculated by means of Kistiakowsky's (11) equation 
for nonpolar substances 

AHT ---- 8.75T + 1.987T In T [19] 

together wi th  the Clausius-Clapeyron equation for 
small  temperature ranges 

(nWT)a _ AHa,b ( 1 1 ) 

In (nWT) b 1.987 Ta Tb [20] 

The complete equil ibrium curve is shown in Fig. 2. 
The variation of Ts with respect to nww(Avg) for 

different constant values of TB appears on Fig. 6 whi le  

K 
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~OO ~8 

KA,. " "_~-~, (cm-3)_ 
l iAr 

o o 
- Q K w . nw* n , ,  (cm-3)_ 

n w  

K = TOTAL NUMBER OF PARTICLES 
iN PLASMA AT 7 U m m  Hg _ 

TEMPIERATURE OK 
-5,OOI I I I I7 

1,5OO 2,500 5 0 0 0  10.OOO 

Fig. 5. Soha constants for argon and tungsten and total number 
of particles in the plasma, for different temperatures at a pressure 
of 760 mm Hg. 

Table II. Effect of tungsten vapor on probe surface temperature 

Tungsten particle Average  tungsten 
concentration concentrat ion 
in gas s tream in "boundary 
around probe, layer," 

atoms/cmS,  atoms/cm3,  
(nw~) B nw~ (Avg) 

3.3 x I0 TM 2.3 x I0 TM 

8.4 x 1014 5.8 x i0  I~ 
1.4 • 1014 7.0 x 1014 
1.4 x i 0  ~7 8.6 x 101~ 
1.6 x I0 IT 7.1 x i017 
8.8 x 10 TM 6.0 X I0 TM 

I . I  x I0 TM 7.7 X 1014 
8.4 x I0 TM 5.9 X I0 TM 

1.7 X i0  i~ 2.5 X I014 
1.6 X 10 I~ 9.4 X 1013 
9.1 X 10 TM 5.0 X 10 TM 

5.6 x i015 4.0 X I0 TM 

9.3 X 10 ~5 6.5 X 10 TM 

1.4 X I0 Is 9.0 X I014 
2.0 x 10 TM 6.0 X 10 m 
1.3 x 10 TM 9.1 X 1014 
1.5 x 1017 1.0 X I0 ~-7 

0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 

the derived rate of variation OTs/OTB is shown on Fig. 
7 as a function of log nww (Avg) .  It can be seen that, up 
to a value for nww(Avg) of approximately  nwT(AVg) 
---- 1.5 X 1015 particles and for temperatures TB be- 

2'4c~ f 

\ / 
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1.600 ~ I I ~ i 
14 15 16 17 18 

LOG nwT(AV), (cm -3) 

Fig. 6. Probe surface temperature Ts as a function of the average 
number of total tungsten particle concentration (log) in the 
boundary layer, for different main gas stream temperatures, TB, 
above the probe. 
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Fig. 8. Probe surface temperature, Ts, as a function of the main 
gas stream temperature, TB, above the probe, for different values 
of the average number of total tungsten particle concentration 
in the boundary layer. 

tween 6600 ~ and 8200~ the probe surface t empera tu re  
Ts increases wi th  TB. For  nww(Avg) > 1.5 • 1015 and 
t empera tu re s  h igher  than  app rox ima te ly  7000~ Ts 
decreases when  TB increases. F igu re  8 shows the va r i -  
a t ion of Ts as a funct ion of TB for different  constant  
values  of nwT(AVg). On the same figure, the var ia t ion  
of Ts against  TB is shown when argon only is present  
and it can be  seen tha t  Ts does increase cont inuously 
when  TB increases up to 10,000~ Ts increasing welI  
beyond the m a x i m u m  at ta ined  by  this t empera tu re  
when  tungs ten  vapor  is present.  A t  9000~ the pres-  
ence of about  5 X 1015 tungs ten  par t ic les  per  cubic 
cent imeter ,  or  0.7% tungs ten  in the  gas mixture ,  de-  
creases the  probe  surface t empe ra tu r e  by  18%, all  
o ther  condit ions being equal.  

F igure  9 shows the  var ia t ion  of the ra te  of change 
(OTs/~ log nww(Avg))  as a funct ion of log nww(Avg),  
the  t rend  being s imi lar  to the one a l r eady  observed.  Ts 
goes th rough  a m a x i m u m  when  nww(Avg) increases 
and then  s tar ts  decreasing,  the ra te  of decrease  being 
h igher  when  the  t empe ra tu r e  increases.  F ina l ly ,  Ts 
goes th rough  a m a x i m u m  for nww(AVg) = 1.5 X 1015 
and TB = 7800~ 

F r o m  Fig. 6 and 8, i t  m a y  be deduced tha t  

Ts = [ l (nww(Avg) )  TB n L ]2(nww(AVg)) [21] 

Ts = /3(TB) log nwT(AVg) -t- ~4(TB) [22] 

f rom which  
02TS d f l  ( n w T  (Avg) )  

= [23] 
aT]3 alog nWw (Avg) d log nWT (Avg) 

and 

'o 
• 4 7 

-B,C 

T$ iNCREASES WHEN T S DECREASES WHEN 
- -  nwlr( Av )iNCREASES = , I ~ ( A v  )iNCREASES , 

~ . . . . ~ . ~ _  .~RG(~N MASS FLOVV RATE 5OOg/hr(7EJO~ Hg) 

Fig. 9. Rate of variation ( 0 r s  ) Olog nWT(Avg) ' as a function of TB 
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a 2 T s  d53 ( T B )  
- -  - [ 2 4 ]  

aTB alog nWT (Avg) dTB 
so tha t  

dJl (nWT ( A v g ) )  dJ3 (Ts)  
- -  a [ 2 5 ] ,  [ 2 6 ]  

d tog nwT (Avg)  dTB 

where  a is a constant .  
As a resul t  

Ts = ( a l o g n w T ( A v g )  ~- b)TB -b f2 (nwT(Avg))  [27] 

Ts = (aTs -{- bl) log nwT(AVg) + f4(TB) [28] 

F rom the iden t i ty  of Eq. [27] and [28], one can wr i te  

Ts = aTB log nwT(AVg) -~ bl log nwT(Avg) ~- bTB [29] 

Using the  expe r imen ta l  da ta  avai lable ,  i t  can be found 
that  

Ts = --0.0217TB log nWT (Avg)  

-~ 127.91ognwT(AVg) + 0.340TB [30] 

Table  I I I  shows expe r imen ta l  values  for Ts and the 
corresponding values  calcula ted f rom Eq. [30], together  
wi th  the devia t ion  f rom the p red ic ted  mean,  this  devi -  
at ion being included be tween  m a x i m a  of --8.2 and 
9.5% from the pred ic ted  mean, the  average  deviat ions 
being ~-4.2 and --4.4%. 

Considering the possible  thermionic  effects from 
solid tungsten part icles,  the electronic concentra t ion 
nes has been ca lcula ted  f rom Eq. [18] for a point  t em-  
pe ra tu re  a round  3500~ in the  bounda ry  layer .  Table  
IV shows, for these tempera tures ,  the  e lect ron equi-  
l ib r ium concentra t ion ne in the gaseous phase at a point  
L, together  wi th  7tes, the  ra t io  nes/n~ nWT, and TB. I t  
can be seen tha t  nes is at least  two orders  of magni tude  
higher  than  ne, so tha t  it  m a y  be expected tha t  posi-  
t ive ly  charged  solid par t ic les  are  present  around the 
surface probe, thus y ie ld ing  a pro tec t ive  shield against  
ion bombardment .  The impor tance  of the shield de-  
pends, of course, on the to ta l  number  of par t ic les  hav -  
ing condensed at  point  L, o r  [ ( n w w ) B - - ( T / , W T ) L ] ,  
which for a l l  prac t ica l  purposes  is equal  to ( n W T )  B. 
In Table IV, nes/ne measures  the  t rend  toward  fo rma-  
t ion of pos i t ive ly  charged solid par t ic les  whi le  (nww)B 
is a measure  of the  total  thermionic  effect pe r  uni t  gas 
volume, assuming constant  average  par t ic le  dimension 
in al l  cases. 

Final ly ,  the  r i g h t - h a n d  side m e m b e r  of Eq. [30] is 
made  up of two express ions  which  m a y  be briefly ana -  
lyzed. 

(a) F1 = --O.0217TB log nwT(AVg) [31] 

The funct ion F1 accounts for  the  m o m e n t u m  and 
thermionic  effects a l r eady  descr ibed in the  section on 
Theory  and is essent ia l ly  re la ted  to the  concentra t ion 

Table IlL Deviation between experimental value and predicted 
value from Eq. [30] for probe surface temperature, Ts 

Probe surface 
t e m p e r a t u r e .  Ts, ~  

Calculated 
Test Exper i -  f r o m  Deviat ion,  Deviation, 
No. m e n t a l  Eq.  [30] ~  % 

1 2100 2027 79 3.9 
2 2080 2037 48 2.4 
3 2040 2078 --28 -- 1.4 
4 1750 1910 - -  156 - - 8 . 2  
5 1750 1887 -- 132 --7.0 
6 2000 2018 --12 --0.6 
7 2050  2050  + 8 + 0.4 
8 192,0 1912 + 15 + 0.5 
9 1950 2029 --  74 - - 3 . 6  

10 1850 2025 -- 171 --8.4 
11 2120 1943 + 184 + 9.5 
12 2040 2017 + 29 + 1.4 
13 2050 2005 + 51 + 2 . 5  
14 2000 2030 --25 --1.2 
15 2120 1993 + 129 + 6.5 
16 2120 2041 + 86 + 4.2 
17 1850 1895 --40 --1.2 
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Table IV. Parameters ties/tie and (tiWT)B defining possible thermionic effects 

(nWT)B o r  a p p r o x .  

P o i n t  c o n c e n t r a t i o n  of 
t e m p e r a t u r e  in ne~, he,  ne~ c o n d e n s e d  t u n g s t e n  P r o b e  s u r f a c e  M a i n  s t r e a m  gas 

T e s t  b o u n d a r y  l aye r ,  e l e c t r o n s / c m ~  e l e c t r o n s / c m ~  p a r t i c l e s  a t  L ,  t e m p e r a t u r e ,  t e m p e r a t u r e ,  
No, T~,, ~ a t  p o i n t  L a t  p o i n t  L ne p a r t i c l e s / c m  3 Ts, ~ TB, ~ 

1 3600 2.0 • 10 I~ 6.5 • 1011 3.1 • 10 ~ 3.3 • 10 TM 2100 8,000 
2 3400 1.0 • 1014 9.6 • 10 lo 1.4 X 10 a 8.4 • 101~ 2080 6,800 
3 3500 1.6 • 10 ~ 2.5 • 1011 6.5 • 102 1.4 • 10 z~ 2040 7,600 
4 3600 2.0 • 101~ 5.8 • 10 u 3.5 • 102 1.4 X 10 z7 1750 9,800 
5 3400 1.0 • 101-~ 1.8 • 1011 5.6 x 102 1.6 x 1017 1750 10,200 
6 3600 2.0 • 1014 8.3 • 10 n 2.4 x 10~ 8.8 x 1015 2000  8,700 
7 3500 1.6 x i014 3.2 • lOn 5.0 x i0  ~ I . I  • i0  m 2050 8,000 
8 3600 2.0 x i0,~ 6.6 x lOn 3.0 x I02 8.4 x 10 TM 1920 I0,000 
9 3500 1.6 x lOJ~ 3.4 • 1011 4.7 x i02 1.7 x i0  I~ 1950 6,400 

10 3400 1.0 X I0 I~ 1.3 x 1011 8.0 x 10 ~ 1.6 X 10 I~ 1850 6,300 
11 3600 2.0 X I014 I . I  x I0 ~ 1.8 x I0~ 9.1 X i0  TM 2120 9,500 
12 3300 7.0 x I0 TM 4.7 X 101o 1.5 X lO s 5.0 x i0  TM 2050 8,400 
13 3600 2.0 x I014 1.1 x 10 TM 1.8 X I0~ 9.3 x I0 TM 2050 8,500 
14 3500 1.6 X I0 I~ 4.2 x I0 n 4.0 X i02 1.4 x I0 I" 2120 6,700 
15 3500 1.6 X I0 I~ 3.7 X i0  n 4.3 x I02 2.0 X I0 ze 2120 7,700 
16 3500 1.6 • I014 3.3 x I0 n 4.9 x 10 z 1.0 X 1017 2120 7,700 

nWT (Avg) in the boundary  layer. If nWT (Avg) is high, 
then the number  of solid particles should also be high, 
thus increasing the thermionic protective effects de- 
scribed. But  this effect should increase with an in-  
crease of ion content  in the medium, which is a func-  
t ion of TB and this justifies the presence of TB in F1. 

(b) F2 = 127.glognww(Avg) + 0.340TB [32] 
o r  

F2 = 1Og[nww (Avg) ] 127.9 [2.19] TB 

Equat ion [32] implies an increase of heat exchange 
with the probe and consequently an increase of Ts, all 
other conditions being equal. This is, of course, related 
to an increase in t ransfer  effects normal ly  expected 
when the gas temperature  increases. Larger heat t rans-  
fer rates may also be the resul t  of a thermal  conduc- 
t ivi ty increase wi th  tempera ture  for par t ia l ly  ionized 
argon (12). Obviously, Eq. [32] is valid only for a t em-  
perature  range such that  6000~ < TB < 10,000~ 
which has been used in the present investigation. 

The probe surface tempera ture  Ts has been deter-  
mined by means of pyrometric  measurements  so that 
an error of ___2% may be expected, which is well within 
the m a x i m u m  (around 2400~ and m i n i m u m  (around 
1700~ temperatures  recorded. The gas temperature  
should bear an error of ___5% which is normal ly  ex- 
pected for spectroscopic measurements  made in this 
experiment.  This does not essentially affect the con- 
clusions of the present study. 

Conclusions 
The surface tempera ture  of a tungs ten  probe heated 

by an argon plasma has been investigated in the pres- 
ence of a metal  vapor ( tungsten)  mixed in the plasma 
gas. The gas temperature  near  the tungsten  surface was 
varied between 6000 ~ and 10,000~ while the total tung-  
sten atom and ion concentrat ion var ied between 1014 
and 1017 part ic les/cm 3 (at 760 mm Hg) or roughly 
0.01 and 7% of the plasma gas. Similar  tests have been 
conducted with the argon plasma alone. 

Star t ing from 6000~ the probe surface temperature  
goes through a max imum when the metal  vapor con- 
centrat ion is about 1.5 X 1015 part ic les/cm 3 (approxi-  
mately 0.2%) and the gas temperature  around 7800~ 
At 9000~ the presence of 5 X 1015 tungs ten  part icles/  
cm 3 decreases the surface tempera ture  by 18% when 
the lat ter  is compared with identical conditions em- 
ploying argon alone. It is concluded that the presence 
of tungsten vapor contr ibutes to a form of thermal  pro- 
tection. The reasons for this behavior  are a t t r ibuted 
to the formation of solid condensed particles which 
absorb energy, favor recombinat ion effects, and may 
build up a protective layer  of positively charged solid 
particles by means of a thermionic effect. 
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NOMENCLATURE 
A transi t ion probabili ty,  sec -1 
a constant  in Eq. [25] to [29], cmz 
A angstroms 
b constant  in Eq. [27] and [29], dimensionless 
bl constant  in Eq. [28] and [29], ~  3 
dAr diameter  of argon atom, A 
dw diameter of tungsten  atom, A 
dAr-W average diameter (dAr -f- dw)/2 defining the 

cross section of the sphere of influence for 
unl ike collisions between argon and tungsten  
particles, A 

e symbol for electron or base of naper ian  
logari thms 

E excitat ion energy level or ionization potential, 
eV 

fl, f2 functions of nWw (Avg) in Eq. [21] 
f3, f4 functions of TB in  Eq. [22] 
F1, F2 functions of nwT(AVg) and TB in Eq. [31] and 

[32] 
g statistical weight 
h Planck 's  constant, 6.624 >< 10-27 erg-sec 
I total spectral emissive power emitted per uni t  

volume and uni t  f requency 
j thermionic current  emission, A / c m  2 
k Boltzmann's  constant, 1.380 • 10 -19 e rg /~  
K total concentrat ion of particles in plasma, 

c m - 3  

KAr Saha equi l ibr ium constant  for argon, cm -3 
Kw Saha equi l ibr ium constant  for tungsten,  cm - s  
L combined geometrical and spectral absorption 

constant in  Eq. [1] and [2] 
mass of particle, g 

n concentration, par t ic les /cm 3 
nes concentrat ion of thermionic electrons corre- 

sponding to the emit t ing surface temperature,  
e lectrons/cm s 

N collision frequency, sec -1 
p plasma pressure, dynes /cm 2 
T temperature,  ~ 
U constant  in Richardson's thermionic current  

equation (U = 60.2 A/cm2-~ 2) 
v average speed for particles, or ~/8kT/~me 
Z(T) part i t ion funct ion wr i t ten  as a funct ion of 

tempera ture  
~b thermionic work function, eV 
v spectral emission frequency, sec -1 
AHT enthalpy of vaporization at T (~ ca l /g-mole  
A H a , b  average enthalpy of vaporization between 

temperatures  Ta and Tb, cal /g-mole  
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Subscripts 
Ar per ta ining to argon 
a, b per ta ining to different temperatures  
Ar -W identifies the cross section of the sphere of 

influence for unl ike  collisions between argon 
and tungs ten  particles, or average atomic 
diameter  (dAr -5 dw)/2 

B situation in the Dlasma main  stream, immedi-  
ately above the p-robe surfaces 

e per ta ining to electrons 
L part icular  points in  the plasma 
S per ta ining to the probe surface 
T total 
W per ta ining to tungsten  
1, 2 related to distinct situations in the plasma 

Superscript  
-5 first ionization 

Abbrevia t ions  
in  naper ian  logarithms 
log decimal logari thms 
Avg or Av average 
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Solvent Equilibria of AICI -NaCI Melts 
L. G. Boxall,* H. L. Jones, and R. A. Osteryoung* 

Department of Chemistry, Colorado State University, Fort  Collins, Colorado 80521 

ABSTRACT 

The solvent acid-base properties of A1C13-NaC1 melts  containing 50-70 
mole per cent A1C13 at temperatures  of 175~176 are fully described by the 
use of three equi l ibr ium constants  

2AICl3(1) = A12C16(I) Ko 
AICl4- 4- AICI3 = A12Cl7- K2 
2AICI4- = AI2CI~- -5 Cl- KM 

At 175~ the K values on the mole fraction scale are 2.66 X 107, 2.4 X 104, and 
1.06 X 10 -7, respectively. The AH and AS values for each equilibrium were 
found to be temperature independent and calculated values for previously 
unreported formation constants for the liquid NaAIC14, NaAI2CI7, and A12CIe 
species are reported. Emf data for the aluminum electrode 

AlCh- -5 3e -  -- Al$ + 4CI- 

determined as a function of the mole per cent AICI3, are used to evaluate the 
equilibrium constants. In the calculations it was necessary to use a variable 
AIC14- activity coefficient when the mole per cent AiCls exceeded 50%. An 
experimental nondestructive in situ procedure for the determination of the 
exact composition and pCl of any melt is described. This procedure is essential 
when working in volatile melts. 

The A1C13-NaC1 melt  can be considered as an acid- 
base system in which an acid is defined as a chloride 
ion acceptor and a base is defined as a chloride ion 
donor. The dissociation of the melt  into Na + and 
A1C14- ions leads to an equi l ibr ium involving A1C14- 

2A1C14- = A12Cb- -5 C1- [1] 
Base Acid 

The electrode reaction at an a luminum reference elec- 
trode in these melts can be wr i t ten  as 

A1C14- + 3e -  = AI$ -5 4C1- [2] 

and the electrode potential  is given by 

RT (ac l - )  4 
E : E ~ -- in [3] 

3F ( aA1c14 - ) 

Several other electrode reactions can be wr i t ten  for 
this electrode; however, the inclusion of the appropri-  

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  M e m b e r .  
K e y  w o r d s :  f u sed  salts ,  A1Ch-NaC1 me l t ,  a l u m i n u m  electrode, 

a c i d - b a s e  mel t s .  

ate equi l ibr ium constants in the E o term wil l  reduce 
them to the simpler form given above ( I ) .  The A1C14- 
activity is approximately constant  in the composition 
region near  50 m/o  (mole per cent) A1C13; hence, in 
this region the a luminum electrode becomes a pC1 
electrode. The term mole per cent A1C13 throughout  
this paper refers to the over-al l  mel t  composition ex- 
pressed in terms of the relat ive number  of moles of 
A1C13 and NaC1. The amount  of t rue chemical species 
in the melt  is referred to as mole fractions. Several  
groups of workers  have demonstra ted that  the response 
of an a luminum electrode to a change in pC1 in the 
equimolar  melt  can be as large as 300 mV for a change 
in the mole per cent A1C13 from 50.0 to 50.4 (1-3). 
This response becomes less pronounced in the A1C13 or 
NaC1 rich melts, i.e., the mole per cent  A1CI~ is > 
50.2% or < 49.8%, respectively. This behavior  is 
analogous to the pH behavior  in an aqueous strong 
acid-base titration. 

The high volat i l i ty of the A1C13 inhibi ts  the prepara-  
t ion of a melt  of accurately known composition and a 
reference electrode wi th  a known potential.  The po- 
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tent ial  of an a luminum reference electrode in a melt  
saturated with NaC1 (ca. 49.7 m/o  A1C13 at 175~ is 
extremely slow to stabilize and temperature  depen- 
dent. The exact reason for the slow equi l ibrat ion is 
unknown;  however, a slow rate of dissolution of NaC1 
is suspected. 

The purpose of this work was to calculate, at several 
temperatures,  the thermodynamic  constants required 
to completely describe the A1C13-NaC1 melt  ovjer a com- 
position range  from the NaC1 saturated melt~ to the 70 
m/o  A1C13 melt. The design of our electrochemical cell 
could not contain the high A1CI~ vapor pressure which 
is present over melts containing more than  about 70 
m/o  A1C13. The NaCl-r ich melts are ini t ia l ly t i t rated 
by the electrical anodization of a luminum into the melt  
and then by the addition of solid A1C13. A mathemat i -  
cal procedure is developed which enables one to ac- 
curately determine the composition of the melt, as 
well  as to adjust  the composition of the melt  to any 
desired value. 

Experimental Section 
Dried Fluka  (A.G., anhydrous,  iron free) a luminum 

chloride and F luka  (A.G.) sodium chloride were quan-  
t i tat ively weighed out into a Pyrex  cell in a n i t rogen-  
filled dry box. The details of the cell and the electrol- 
ysis purification procedure are described elsewhere (4). 
The final melt  (ca. 50:50 m/o)  was completely color- 
less and exhibited no irregulari t ies in the cur ren t -  
voltage curves using a microtungsten indicator elec- 
trode. A large tungsten counterelectrode and an a lu-  
m i n u m  reference electrode compar tment  were then 
sealed into the cell by means of machined Teflon. A 
second 19-mm fri t ted compartment,  which was 
changed for each trial, was used to isolate the a lumi-  
num electrode under  examinat ion  from the rest of the 
system. The working a l u m i n u m  electrode (99.999% 
puri ty)  served both as a source of a luminum for the 
electrical t i t ra t ion port ion of the exper iment  and as 
one-half  of the a luminum concentrat ion cell potentio- 
metric measurement .  

The A1C13 concentrat ion in the working compar tment  
was increased to about 51 m/o  in small  increments  
by constant current  anodization. The potential  of the 
working a luminum electrode vs. the a rb i t ra ry  a lumi-  
num reference electrode was recorded after each in-  
crement  in the A1C18 concentration. Above 51 m/o  
A1C13, small  weighed amounts  of A1Cla were added 
unt i l  the melt  contained ca. 70 m/o  A1CI~. Cyclic vol t-  
ammetry  showed no appreciable change in the melt 's  
impur i ty  level after these additions. The melt  was 
weighed after solidification to determine the exact 
amount  of melt  in the working compartment .  No hys-  
teresis in  the equi l ibr ium potentials was observed 
when the A1CI~ mole per cent in the melt  was cycled 
several  t imes between 49.9 and 50.5 by the electrical 
addition or removal  of a luminum.  The potential  of the 
a luminum electrode reached a constant  value wi thin  
2 min  after each addition of a luminum and remained 
constant  for up to 10 hr (• mV).  At high A1CI~ 
concentrat ions (>65 m/o ) ,  there was a slow downward 
drift  in the potential  due to the diffusion of the A1C18 
through the frit  and the increased volati l i ty of t h e  
melt. 

A proport ional  thermoelectric controller was used to 
control the tempera ture  of the melt  to _+0.5~ The 
tempera ture  was measured using a Chromel -Alumel  
Pyrex-shea thed  thermocouple and an L&N potent iom- 
eter. The precision of the L&N Student  Potent iometer  
was better  than • mV compared to a precision volt-  
age source. 

Results 
The following electrochemical cell was used to deter-  

mine  the equi l ibr ium constants for the A1CI~-NaC1 sys- 
tem 

A1/A1C13(Cref), NaC1/Frit ted Pyrex/A1Cl~(C),  
NaC1/A1 [4] 

w h e r e  Cref is a constant  but  unknow n  reference elec- 
trode system. For the same reasons as those outl ined 
by Torsi and Mamantov (2), the liquid junct ion  poten- 
tial across the Pyrex  frit  may be neglected in all of 
the calculations. Only  the Na + ion needs to be con- 
sidered in the theoretical calculation of the l iquid junc-  
tion potential  since its mobil i ty  is much larger than 
that of the bulky anions in the melt. The Na + concen- 
t rat ion in the 50 m/ o  A1C13 melt  is about double that  
in the 66 m/o  A1C13 melt. A Na § concentrat ion profile 
of this magni tude  in n i t ra te  melts  produces a junct ion  
potential  of about 1 mV (5), hence neglecting the junc-  
tion potential  appears to be justified. Then from Eq. 
[3] the potential  for cell [4] is given by 

RT [ (aAICZ4--) ] 4RT [ (acl-)ref ] 
E = ~ I n  + In  

3F (aA1C14-) ref 3F (ac l - )  
[5] 

It has been shown that the mole fraction activity 
coefficient for ions in melts remains  constant  provided 
that  N, the mole fraction, remains  below 0.1 (6). For  
regular  solutions, 7N may  be expressed as 

RTln (Ts) = WT(1 -- N) 2 [6] 

where WT is the work constant  at tempera ture  T. I t  
has been shown exper imenta l ly  that  Eq. [6] is valid 
for mul t icomponent  melts, as well  as the simple b inary  
melts (5). In  our system the A1C14- concentrat ion 
traverses the 1.0-0.1 mole fraction region and a 7 value 
for the A1C14- species must  be considered in  all  the 
calculations. (Although the A12C17- mole fraction 
reaches a m a x i m u m  value of approximately  0.7 in  the 
66.6 m/o  A1Cla melt, the inclusion of any significant 
value for the A12CI~- species in  the calculation pro- 
duced a parabolic deviation between the calculated 
curve and the exper imenta l  curve in the 55-65 m/o  
A1C13 region. The best least squares fit to the experi-  
menta l  data was obtained by the use of only the A1C14- 
7 variation.) Equat ion [5] can now be simplified to 

RT [ ~/(NA,cz4-) ] 
E = i n  

3F '%'ref (NA1cI4-) ref 
4RT 

In [ ! [7] 
(Nc l - )  r,~ ] 

+ 3F" (Ncl-) .l 

Other workers (1-3) have postulated that the AlCl3- 
NaCl melts contain the following species 

AICIs AICI4- Na + 
A12C16 A12C17- Cl- 

A13CI,o- 

Since the AlsClz0- anion exists only in melts of very 
rich A1CI~ content, we found its inclusion unnecessary 
for our system calculations. The following set of ther-  
modynamic  equil ibria  were used to interrelate  these 
species in the various melts 

2A1Cla~D = A12C16~D Ko [8] 

A1C14- + A1C13 = A12Clv- K2 [9] 

2A1C14- ----A12C17- + C1- KM [10] 

The Ko values were calculated from vapor pressure 
data utilizing the procedure outl ined by King et al. (3). 
The KM value was determined from the "S" port ion of 
the t i t ra t ion curve (49.7-51.0 m/o  A1CI~) and the K2 
value from the A1C13-rich portion of the curve (51-70 
m/o  A1C18). The KM determinat ion  is almost indepen-  
dent  of the ini t ia l  estimate for the Ke value, whereas 
the K2 determinat ion is moderately  dependent  upon the 
KM value. I terat ive procedures involving the KM deter-  
minat ion  followed by the K2 (and WT) determinat ion 
were repeated several times to give the best least 
squares fit to the exper imenta l  data. 

The mathemat ical  procedure outl ined in Appendix  I 
is used to calculate the composition of the melt  at each 
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Fig. 1. Comparison of experimental end calculated olumlnum 
electrode potential in o AICI3-NaCI melt at 175 ~ ~ 0.5~ as o 
function of melt composition (49.75 "~ m/o AICI3 "~ 51). 

exper imental  point  along the electrical t i t ra t ion curve. 
The mathematical  procedure given in Appendix  II  is 
now used to obtain a KM value which gives a m i n i m u m  
least squares deviation between the calculated and ex- 
per imental  a l uminum electrode potentials. A final KM 
value is obtained by taking the average of the KM 
values determined from at least four independent  ex- 
periments.  The data from all the independent  experi-  
ments  are combined by adjust ing the potentials to 
one common reference electrode, i.e., A1 in a NaA1C14 
(50: 50) melt. The set of combined data in conjunct ion 
with the procedure given in Appendix  III is used to 
calculate least square values for K2 and WT. Since the 
original KM determinat ion relied, to a small  degree, on 
the estimated K2 and WT values, the entire computat ion 
was repeated unt i l  changes in the calculated KM and 
K2 values between two successive iterations were all 
<0.1%. 

The calculated curve for the "S" port ion of the t i-  
t rat ion curve is compared to the exper imental  data 
in Fig. 1 and the fit for the entire composition range 
is given in Fig. 2. A port ion of the final computer p r in t -  
out for all the data at 175~ is given in Appendix IV. 
The final results for all of the measurements  are sum- 
marized in Table I along with a comparison with the 
KM values reported by Torsi and Mamantov (2). 

The tempera ture  dependence of WT is larger in this 
melt  than that observed in other melts (6). This may 
be due in part  to s t ructural  changes in the melt  with 
temperature  (Fig. 6) which may not be present  in sim- 
pler melts. The relat ively large error in the determi-  
nat ion of WT would also account for much of this ap- 
parent  temperature  dependency. The decrease in the 
WT value with increasing temperatures  is consistent 
with observed behavior in  other melts (6). 

The changes in entropy and enthalpy for the reac- 
tions [8], [9], and [10] were calculated using the re la-  
t ionship 

~ G  ~ : --RT l n K  [11] 
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Fig. 2. Comparison of experimental and calculated aluminum 
electrode potential in a AICI3-NaCI melt at 175 ~ ~ 0.5~ as a 
function of melt composition (49.75 ~ m/o AICI3 ~ 70%). 
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Fig. 3. Gibbs-Helmholtz plots for the determination of A H  for 
the equilibria indicated; K0 (2AICI3~AI2CI6), K2 (AICId- -}- 
AICI3~AI2CI7-), and KM (2AICId-~AI2CI7- + CI-). 

and the Gibbs-Helmholtz  equations 

OaG 
AS = -- \ ~ / p  [12] 

and 

AH : IO00 ( O(AG/T) ) .  [13] 
O(lOO0/T) p 

The appropriate plots are given in Fig. 3 and the 
results are summarized in Table II. Cubic equations 
were used to fit the JANAF tempera ture  dependency 
of the thermodynamic  data (7) for NaC1, A1C13, and 
NaA1C14. The values given for the solid NaA1C14 in the 
JANAF Tables are estimates based on the data for solid 
KA1C14. No heats of fusion were given for the te t ra-  

Table I. Mole fraction equilibrium constants for the AICI3-NaCI melt 

T e m p e r a t u r e  ( ~  ~--- 0 .5  ~ 1 7 5  2 0 0  2 5 0  3 0 0  3 5 5  

K0  [ c a l c d ,  Re~ .  ( 3 ) ]  2 . 8 6  x 107 9 . 4 0  • 108 1 .49  • 108 3 .85  • 105 2 . 7 2  • 106 
K 2  2 .4  • 10  4 1 .3  • 10~ 3 .4  • 10  3 1 .0  • 10  8 4 .0  • 1 0 ~  
E r r o r  i n  K 2  +--0.1 • 10  4 ~-O.1 • 10  4 •  x 10"  __+0.2 • 10  8 •  • 10  2a 
KM 1 .0 6  • 10 -7 2 . 2 3  • 10  -~ 8 . 5 5  • 10  -7 2 . 3 7  • 10 -8 5 . 8 3  • 10  -6 
E r r o r  i n  K ~  +-0 .2  • 1O -8 -----0.2 • 10  - s  + - 0 . 3  • 1O -s  •  • 1O -s  + 5  • 10  - s  
K •  [ R e f .  ( 2 ) ]  7 .9  • 10 -8 - -  5 .0  X 10  -7 2 . 0 6  X 10  -8 5 .0  X 10  -Sb 
WT (cal  m o l e - D ~  1400 14OO 700 0 0 a 
ESD ( m V ) ~  2 .9  3 . 7  1 .9  2 . 9  3 .2  

= E s t i m a t e d  v a l u e .  
b V a l u e  f o r  3 5 0 ~  
* S t a n d a r d  d e v i a t i o n  i n  E .  

+--100 e a l  mole  -1. 
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Table II. Thermodynamic constants for AICI3-NaCI equilibria, 
175~176 

R e a c t i o n  A H  ~ A S  ~ A G  ~ a t  2 0 0 ~  
( l i q u i d  s t a t e s )  ( k c a l  m o l e - D  ( c o l  m o l e  -1 d e g - ~ )  ( k c a l  m o l e - D  

2 A 1 C l a  = A12C16 - - 1 7 . 6 6  -4- 0 . 0 0 5  - - 5 . 2  ~ 0 .8  - - 1 5 . 2  - -  0 .4  
N a A 1 C I ~  + A 1 C l a  = NaA12C17 - 1 3 . 0 0  -+ 0 . 0 0 5  - - 8 . 9  -4- 0 . 6  - 8 . 8  ----- 0 . 3  
2 N a A 1 C 1 4  = N a C 1  + N a A 1 2 C l ~  1 2 . 5 4  • 0 . 0 0 5  - - 4 . 1  -4- 0 .3  14 .5  ~--- 0 .1  
N a C 1  + A 1 C l a  = N a A 1 C h  - 2 5 . 5 4  -4- 0 . 0 0 5  - - 4 . 8  ~ 0 .5  - - 2 3 . 3  - -  0 .2  

Table III. Temperature dependence of the formation constants 
for the species in the AICI3-NaCI melt, 175~176 

X = a  + b T  • 1O-'-' 
+ c T  2 • 10-4 + dTa  • 10-sd 

S p e c i e s  
( l i q u i d  s t a t e )  C o n s t a n t r  a b c d E r r o r  

i l a  

N a  a 

C]a 

N a C l  a 

A i C h  a 

N a A ] C 1 4  

NaA12CI7  

A l2Cl6  

A H f  ~ 1 .3 7  0 . 3 0 0  - - 0 . 0 2 3  0 . 0 6  -~-5.2 b 
S ~ - 3 . 0 8  5 . 4 9 3  - 0 . 6 4 7  3 .3 2  -~-0.1 b 
A H f  ~ 0 O 0 0 "4-0.1b 
S ~ 1 .57  5 . 9 7 9  - - 0 . 7 4 1  3 . 8 3  ~-O.1 b 
A H f  ~ 2 8 . 5 9  0 . 1 0 1  0 . 0 0 4  - - 0 . 0 4  _+0.01 b 
S ~ 3 1 . 6 4  3 . 6 8 3  - - 0 . 4 1 9  2 .1 1  "4-0.01b 
A H f  ~ - - 8 2 . 0 8  - - 6 . 6 0 0  1 .3 2 7  - - 8 . 6 1  - - 0 . 2  b 
S ~ 5 .4 6  7 . 9 7 2  - - 0 . 8 5 7  4 .2 2  ~-O.1 b 
A H f  ~ -- 1 6 6 .4 2  2 . 3 2 7  - - 0 . 2 5 2  1 .65  -~0 .2  b 
S ~ - - 2 . 2 5  2 0 . 3 9  - - 2 . 2 5 9  10 .9  "4-0.1 b 
AH~ ~ - - 2 7 4 . 0 0  - - 4 . 2 7 3  1 .0 7 5  - - 8 . 9 9  + 0 . 4  
S ~ --  1 .60  2 8 . 3 6  - - 3 . 1 1 6  5 . 8 7  --+0.6 
A H f  ~ - - 4 5 3 . 4 6  - - 1 . 9 4 6  0 . 8 2 3  - - 9 . 3 7  -+0 .6  
S ~ --  1 2 .7 2  4 8 . 7 5  --  5 . 3 7 5  6 .5 2  +---0.8 
A H f  ~ - - 3 5 0 . 5 0  4 . 6 5 4  - - 0 . 5 0 5  3 . 3 0  ---+0.3 
S ~ - - 9 . 6 7  4 0 . 7 8  - - 4 . 5 1 8  2 1 . 8  -~-1.0 

O b t a i n e d  f r o m  J A N A F  T a b l e s .  
b E s t i m a t e d .  

5 H f  ~ i n  k c a l  m o l e - l ;  S ~ i n  c o l  m o l e  -1 d e g - L  
d T i n  ~  

chloroaluminate  salts. The interpolated JANAF values 
and the reaction values given in Table II enabled us to 
calculate energies of formation for all the species in the 
A1C13-NaC1 melt. The temperature  dependencies of 
these thermodynamic values are given in Table III. 

Discussion 
The a luminum electrode is the reference electrode 

most extensively used in the published electrochemical 
studies on melts containing a luminum chloride. This 
electrode offers the advantage of a potential  which is 
stable with respect to time and simplicity of construc- 
t ion and operation. The major  disadvantage is the de- 
pendence on the melt  composition as i l lustrated in Fig. 
1 and 2. Fortunately,  the major  portion of the pub-  
lished work has been carried out in the 2:1 A1Cla-NaC1 
melt  in which the a luminum electrode is relat ively in-  
sensitive to small changes in the A1CI~ concentration. 
In  a 2:1 melt, a 25 mV change in potential  corresponds 
to a change of 100 mg of A1C13 per gram of melt. Since 
the melts are usual ly prepared by mixing given 
amounts  of NaC1 and A1Cla, the high vapor pressure 
of the A1C13 dur ing the fusion process and the un-  
certainties in the weights of the salts, due to moisture 
and/or  impurities, prevent  the accurate preparat ion 

of a precisely equimolar  melt. In  order to obtain a re- 
producible 1:1 melt  (•  mV rel iabi l i ty  in the refer-  
ence electrode), the weights must  be accurate to at 
least 20 ppm with no volati l ization of the A1CI3. This 
procedure is equivalent  to a t tempting to dissolve solid 
NoaH in concentrated HC1 to produce a pH 7.0 ___ 0.1 
solution. Our experience indicates that  dur ing  the 
purification procedure, enough A1CI~ is lost to produce 
a melt  having a composition of approximately 49.8 
m/o  A1CI~ and a reference potential  of ca. 169 and 160 
mV vs. an a luminum reference in  the 1:1 melt  at 175 ~ 
and 200~ respectively. Increasing the tempera ture  be- 
yond 250~ results in addit ional loss of a small amount  
of A1C13 (ca. 0.25 m/o) .  

The use of an a luminum electrode in a NaC1 satu- 
rated melt  [ca. 49.75 m/o  A1Cla (2)] is unat t rac t ive  
due to a slow NaC1 solubili ty equil ibrium. In  addition, 
the melt  composition is temperature  dependent  
[49.75% at 175~ 49.3% at 300~ (2)].  

With the Es0 program (Appendix I),  an accurate 
nondestruct ive determinat ion of the exact composition 
of the melt  in the working electrode compartment  can 
be performed. The ease and accuracy of the a luminum 
electrolysis addit ion method enables the ad jus tment  
of the melt  composition to any  desired value wi th in  the 
50 m/o  region. However, at higher A1CI3 concentrations 
it is necessary to use the less accurate and less con- 
venient  method of solid A1C13 addition. The printout  
from the Es0 program directly predicts the electrolysis 
t ime required to obtain an equimolar  melt  by the addi- 
t ion or removal  of a luminum.  

The K values determined in this work at 175~ are 
compared with the previously published values in 
Table IV. All  of the new K values are flanked by the 
published values which contain errors of at least twice 
those quoted for our values. The computat ional  meth-  
ods used here permit  a bet ter  than •  mV theoretical 
fit to the exper imental  emf data. The simpler pro- 
cedure used by  Mamantov (2) gives a reasonable fit 
for only the equimolar  region ( •  and generates a 
190 mV error in the 2:1 melt. King (3) uses two semi- 
empirical equations to fit the emf data (•  mV) over 
the concentrat ion ranges of 51-71 m/o  A1CI~ and 
49.8-50.4 m/o  A1C13. The concentrat ion range of 50.4-51 
m/o  A1C13 is not covered by King's  semiempirical 
equations and there appears to be a definite deviation 
between the fitted curve and the exper imental  data at 
the higher A1Cla concentrations. Even though King 

Table W. Mole fraction equilibrium constants for the AICI3-NaCI system, 175~ 

S o u r c e  K o  a K2 b 
W r  e 

K8 ~ K M  a ( c o l  m o l e - D  

T h i s  w o r k  2 . 8 6  X 107f ( 2 . 4  ~--- 0 . 1 ) 1 0 4  
T r e m i H o n ,  R e f .  (1 )  - -  : r  
l X q a m a n t o v ,  R e f .  (2 )  - -  ~ 
K i n g ,  R e f .  (3)  2 . 0  • 107f 2 . 5  • 104 

(5 .5  • 0 .5 )  104J 
(1 .5  ___ 0 .3 )  104t  

O~ ( 1 0 . 6  +-- 0 .2 )  10  - s  1 4 0 0  
0~' ( 13 .3  i 1 .5)  10  -s~ Og 
O~ (8 .0  "~- 1 .8)  10 -8 0r  

--~10 a 7 . 77  X 10 - s t  0o 

a E q u i l i b r i u m  c o n s t a n t  f o r  2 A 1 C l a  = A12C16. 
b E q u i l i b r i u m  c o n s t a n t  f o r  AIC13 Jr A 1 C h -  = A12C17-. 

E q u i l i b r i u m  c o n s t a n t  f o r  A 1 C l s  + A12C17- = A l z C l l o - .  
d E q u i l i b r i u m  c o n s t a n t  f o r  2 A 1 a h -  = C1-  + A12C17-.  

F r o m  t h e  e q u a t i o n  R T  l n ( , ~ A 1 C h - )  = W ( 1  - -  NAICI4-)2 .  
r C a l c u l a t e d  f r o m  t h e  J A N A F  T a b l e s .  

D e f i n e d .  
C o n v e r t e d  f r o m  t h e  m o l a l  c o n c e n t r a t i o n  s c a l e .  

4 C a l c u l a t e d  f r o m  M a m a n t o v ' s  d a t a  [ R e f .  ( 2 ) ] .  
J C a l c u l a t e d  b y  K i n g  f r o m  v a p o r  p r e s s u r e s .  
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gives an upper  bound for K3, he does not use it in  his 
calculations. We observed an identical t rend in our 
fit unt i l  we included the activity coefficient te rm for 
A1C14- species. Species composition diagrams con- 
structed using the first part  of the KM program (Ap- 
pendix II) are presented in Fig. 4 and 5. These dia- 
grams are similar to King 's  (3) except that they show 
far greater detail in the equimolar  region. Figure 5 
shows that Mamantov 's  two assumptions (that the 
A1C14- concentrat ion remains  constant  and that  the 
melt  contains no neut ra l  a luminum chloride) were in-  
correct, as he suggests at the end of the paper (2). 
His assumptions were reasonable for the equimolar  
region but  not for the A1Cl~-rich melts. This is borne 
out by the increasing deviation between his calculated 
emf values and the exper imental  values. The KM values 
determined by Mamantov are equal to ca. 70% of our 
values over the entire experimental  tempera ture  range 
(Table I).  Possibly at higher A1Cla concentrations 
(>70%),  it may be necessary to acknowledge the 
presence of AlsCll0- species as suggested from Raman 
work (8). 

The melt  composition temperature  dependencies for 
both the 1:1 and 2:1 melts are i l lustrated in Fig. 6. As 
would be expected, both the NaC1 and the A12C16 
species become more predominant  with an increase in 
temperature.  For the reaction 

A1CI~ -t- NaA1C14 ---- NaA12C17 [ 14] 

the free energy becomes positive at about 325~ 
whereas for the reaction 
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Fig. 4. Mole fraction of the species in the chloroaluminate melt 
at 175 ~ • O.YC as a function of the net AICI3-NaCI ratio 
(49.75 ~ m/o AICi3 - -  51). 
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Fig. 6. Temperature variation of the composition of the 1:1 and 
2:1 AICI~-NaCI  melts. 

A1Cla + NaC1 -- NaA1C14 [15] 

aG remains negative unt i l  about 480~ The useful 
temperature  range for the equimolar  melt  is ca. 150 ~ 
500~ but  for the 2:1 melt  it is 115~176 where the 
lower temperature  limits are l i tera ture  mel t ing points 
(14). The magni tude  and temperature  dependency of 
the ~ values are in  accord with that observed for other 
fused salt systems (5). 

The heat of fusion for NaAICI4 is estimated to be 
3.6 kcal mole-1 from the entropy values. In  the JANAF 
Tables, the ~H ~ values for solid NaA1C14 (which were 
estimated from the KA1C14 values) appear to be about 
10 kcal mole -1 too positive. Previously unreported 
thermodynamic values for the liquid NaA1C14, NaA12C17, 
and A12C16 species are summarized in Table III. 

'The abil i ty to vary  the concentrat ion of the chloride 
ion and the A1Cla species over four or five orders of 
magni tude  provides a powerful  tool to s tudy various 
equil ibria in these melts. A l u m i n u m  chloride melts  
are used in  many  organic reactions (9) and organic 
radical cations are stabilized in these melts (10). The 
acid-base character of amines can be easily studied 
by the variat ion of the pC1 of the melt. Hames and 
Plambeck (11) report that  the monovalent  Cd and Hg 
species are stabilized by the 2:1 A1C13-alkali metal  
chloride melt. Our investigations show that  this is not 
the case in the equimolar  melts (4). It appears that  
the stabilization of these lower valency states is 
directly related to the acidity of the melt, i.e., the 
concentrat ion of the A1Cla and A12C16 species. The 
presence of these low valency states complicates the 
interpreta t ion of electrochemical results and causes 
unstable  potentials (11). The main  disadvantage of the 
equimolar  system is that  it is a completely unbuffered 
system which complicates any dynamic measurement .  
It  may be possible to buffer this system by the addi-  
tion of a weak acid or base such as ZnC12 or an organic 
chloride. 

Numerous other inorganic salts (e.g., SbCIa, FeCI2, 
SnC14) have vapor pressures high enough to produce 
the same uncer ta in ty  in melt  composition as observed 
in the A1C13 melt. Workers in these melts must  be 
aware of these problems and how they can affect the 
concentrat ion of ions analogous to the C1- and A1Cla 
species. Bauer et  al. (12) have investigated the SbCI~ 
melts containing A1Cla and KC1 in  which SbCla acts as 
a base 

SbCla ---- SbC12 + + C1- [16] 

K = [SbC12 +] [C1-] = 1.2 • 10 -1~ 
(mole fraction scale) [17] 
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However, they assume that A1C14- exhibits no chlo- 
ride ion donor or acceptor property. The K values for 
the A1C14- system indicate that  the amount  of C1- 
ion originating from the A1C14- would be ca. 1000 fold 
greater than that from the SbC13. Fortunately,  the con- 
centrat ions used and the accuracy claimed for their 
measurements  minimize the seriousness of this over-  
sight. 

The experimental  techniques and mathematical  pro- 
cedures developed here elucidate many  of the prop- 
erties and difficulties encountered in the use of the 
A1C13-NaC1 melt. The abil i ty to determine the exact 
melt  composition by a nondestruct ive means, as well as 
to adjust  the acidity of the melt  to any desired value, 
makes this melt  useful as a high tempera ture  system 
in which to study numerous  organic and inorganic 
reactions. In  addition, the characteristic abil i ty of this 
melt  to dissolve most of the refractory metal  oxides 
will  greatly facilitate the quant i ta t ive analysis of those 
oxides (13). These techniques should be applicable to 
other acid-base fused salt systems. 
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APPENDIX I 
The following symbols are used throughout  the 

mathematical  derivations to differentiate between the 
number  of moles and the mole fraction of a given 
species (see List of Symbols) .  

nNac1 : number  of moles of NaC1 [A-I-1] 

[NaC1] : N : mole fraction of NaC1 [A-I-2] 

In the equat ion 
(nNac,) i 

[NaC1] : ,  [A-I-3] 
Ti 

Ti equals the total number  of moles in the i th composi- 
tion of the system. The two neut ra l  forms of A1C13 in 
the melt  are interrelated by Eq. [8], hence 

(nAl2Cl6) i KO 
: [A-I-4] 

(nAIC13) i 2 Ti 

The total amount of neutral aluminum chloride ex- 
pressed in terms of AiC13 is given by the equation 

TNi : 2(nAl2C16)i -~- (nA1C13)i [A-I-5] 

Equat ion [9] relates the amount  of A1C13 to the ionic 
species according to 

(nA12Cl7--) iTi 
(nAlcl3) i = [A-I-6] 

(nAIC14--) iK2 
From Eq. [A-I-4],  [A-I-5],  and [A-I-6] 

{2Ko(nA12C17-)i } { (nA12ClT-)iTi } 
TNi : 

K2 (nAicl4--) i ~ 1 K2 (nAlcl4--) i 
[A-I-7]  

The number  of moles of AICl3 and Al2C16 are, re-  
spectively 

--1 -5 A/l -}- 8KoTNi/Ti 
(nA1Cl3) i = [A-I-8] 

4Ko/Ti 

and 
(nA12C16)i = Di = I/2{TNi -- (nAIC13)i} [A-I-9] 

The chloride ratio between two different melt  com- 
positions, 1 and i, can be calculated from Nernst  (Eq. 
[7] ). Let E1 be the potential  of the a luminum electrode 
in melt  composition 1 vs. a reference electrode and Ei 
the a luminum electrode potential  in melt  composition 
i vs. the same reference electrode. 

In  the 50 m/o  A1C13 region (___1%), the activity coeffi- 
cient for A1Ch-  ion can be considered to be un i ty  and 
Eq. [7] can be rearranged to 

(nc1-) i  Ti ( [  
- -  -- exp E1 -- Ei 

Ri ( n c l - )  I T, 

< (nAlCl4-)lTi } ] 3F } RT In [A-I-10] 
- -  3"--F- (nA1C14--) iT1 

In  order to simplify the calculations, all  of the ex- 
per imental  data are normalized with respect to 1 mole 
of NaAIC14 plus QT moles A1C13. The electrolysis data 
are normalized by dividing the electrolysis t ime by a 
factor calculated by dividing the ini t ial  weight of the 
melt  by (191.8 + QT (133.4)) where QT is the excess 
A1Ch in the original melt. In diagram [A-I-12],  E0 
represents the original melt  in the normalizat ion pro- 
cedure. During the first i terat ion QT is assumed to be 
zero since it is not known; however, in each successive 
iteration, the calculated QT value is used in the nor-  
malizat ion procedure at the beginning of each iteration. 
If 3Qi faradays of anodic electrical cur rent  are passed 
through the cell, the following wil l  occur 

Qi 
3NaC1 + A1 -- 3e -  > A1Ch + 3Na+l ' [A-I-11] 

with 3Qi moles of Na + ions leaving the frit ted com- 
partment .  The mobil i ty of the sodium ion is sufficiently 
greater than any of the other ions in the system to per-  
mit  the assumption that  it is the only current  carrier 
in the system. The net  result  of the electrolysis is then 
the gain of Qi moles of A1Ch and the loss of 3Qi moles 
of NaC1 from the half cell. 

The computat ion procedure can be more easily un -  
derstood by the use of the following potent ia l -com- 
position diagram 

QT ) [ Q, 

Eso Eo 

Q2 
> 

Q3 

) 

E1 E2 E3 [A-I-12] 

Experimental ly,  three potentials, El, E2, and E3, sepa- 
rated by two electrolysis periods, Q2 and Q3 - Q2, are 
required for each determinat ion of QT and Es0. At any 
Ei the melt 's  over-al l  composition can be expressed as 

(1 -- 3Qi)NaC1 + (1 + QT + QOA1Ch [A-I-13] 

and the chemical reactions required to produce an 
equi l ibr ium condit ion are 

Al 
C1- + A1Ch > A1Ch-  

Jl 
C1- + 2A1Ch > A h C b -  

Dl 
2A1Ch ) A12Cle 

The total number  of moles in the system are 

where 

[A-I-14] 

[A-I-15] 

[A-I-16] 

Ti = 2 -}- Q T  -- 2Qi - Ai -- 2Ji -- Di [A-I-17] 

(nA1C14--)i = Ai 
(nAl2C17--)i = Ji 

(~::l-)i = 1 -- Ai -- Ji -- 3Qi 
TNi = I + QT + Qi--  AI - -  2Ji 

[ 2KoJt ] [ JiTi ] 
TNI -- [ ~ 2 A i  -l- 1 j L~2Ai J 

[A-I-18] 

[A-I-19] 

[A-I-20] 

[A-I-21] 

[A-I-22] 
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since 
Al  = 1 -5 QT  + Qi - 2Ji - TNt  [A-I-23] 

therefore 
(~%Cl--)i : Ji -5 TNi -- 4Qi - QT [A-I-24] 

Using the equilibrium expression for Eq. [i0] and 
Eq. [A-I-10], [A-I-18], [A-I-19], [A-I-23], and 
[A-I-24], the ionic species in the melt are interre- 
lated by the expressions 

(J,) (J, + TN, -- QT) (Ji) (Ri) (J1 4- TNI -- QT) 

(AI) 2 (Ai) 2 
[A-I-25] 

J1 (Ai) ~ 
Ji --  -- S i l l  [A-I-26] 

Ri(AI) 2 

Combining Eq [A-I-10], [A-I-24], [A-I-26], and solv- 
ing for QT gives 

Jl(Ri -- Si) Jr RiTNI -- TNi Jr 4Qi - 4QIRi 
QT = 

and 

J1 = 

( R i -  1) 
[A-I-27] 

(Rs -- I) (TN,R2 -- TN2 -5 4(Q2 - R2QI)) - (R2 - 

4(Qi - RiQ1) 
Q T  -- [A-I-42] 

R i  - -  i 

--KIn(A,) 9" 
J1 = QT -5 4QI [A-I-43] 

The location of the data points on the titration curve 
dictated which set of equations, [A-I-13] to [A-I-27], 
for the AICh-rich portion and [A-I-38] to [A-I-43] for 
the NaCl-rich portion was used. An iterative procedure 
was repeated utilizing the appropriate set of equa- 
tions until the change in Jl  became less than 0.01% of 
the previous J1 value. Once this was accomplished, the 
QT and E50 values were added to their respective sum- 
mations in order to provide average values at the end 
of the experimental data. 

The final computer program input requires the tem- 
perature, the weight of the melt, the current used in 
the electrolysis, and estimates for the three equilibrium 
constants. The experimental data consists of pairs of 
points, the observed emf, and the cumulat ive  electrol-  
ysis t ime in  minutes.  Every possible combinat ion of 

I) (TNIR3 -- TN3 -5 4(Q3 - RsQI) ) 
[A-I-28] 

(R2 - -  I )  ( R s - -  S s )  - -  ( R s  - -  

I n  melts containing 50 m/o AICh or less the con- 
centrations of the neutral species are at least four 
orders of magnitude smaller than those of the ionic 
species and can be neglected. The procedure outlined 
above has limited usage in the NaCl-rich portion of 
the titration since it becomes necessary to find small 
differences between large numbers. 

In order to obtain an equimolar melt from a NaCI- 
rich melt the required amount of aluminum to be 
added to the melt by electrolysis is 

--QT 
Qs0 = ~ [A-I-29] 

4 

The ionic concentrations in the equimolar melt would 
be 

f %  

-- i -5 -~ QT [A-I-30] Ts0 

TN~o : 0 [A-I-31] 

( 1  - -  3A QT) (--2Kin -5 x/Km) 
Jso : [A-I-32] 

1 -- 4Kin 

[A1Ch-]  -- (1 Jr ~A Q T  --  2Jso)/T5o = A5o/Tso 

[A-I-33] 

[A12C17-] = Js0/T~0 [A-I-34] 

[CI - ]  = Jso/Tso [A-I-35] 

and the a l u m i n u m  electrode potential, E50, vs. the ref-  
erence electrode is 

_RTln A, 4} 
Eso=E1 3F L "A--~-so ( T---~'o, (T1 /3  (ncl-Js~ 1 ) 

[A-I-36] 
K m  A12 

(ncl-), -- - -  [A-I-37] 
J1 

The procedure above (Eq. [A-I-13] to [A-I-27]) 
indicates that if at least two of the data points are in 
the NaCl-rich portion of the titration curve an alter- 
nate procedure must be used [i.e., the over-all number 
of moles of NaCI(I -- 3Qi) exceeds the over-all num- 
ber of moles of A1C13 (1 + QT + Qi) ]. 

In  this case only reaction [A-I-14] needs to be con- 
sidered and the following equations result  

Ai = 1 -5 QT + Qi [A-I-38] 

(ncl-)i -=- --QT -- 4Qi [A-I-39] 

Ti : I -- 3Qi [A-I-40] 

Q T  + 4Qi 
R i  : [ A - I - 4 1 ]  

Q T  + 4Q1 

I) (R2 -- $2) 

three points is used to calculate the best average values 
for the entire data set. On the first pass, only every 
fourth combinat ion is used to arrive at an estimate 
for the final Es0 and Q T  values. In  the second pass, 
every combinat ion is used; however, if the results for a 
combination differ by  more than 20% from the esti- 
mated values, they are not included in  the final aver-  
aging procedure. The final results are printed out in 
terms of the observed emf and the required electrol- 
ysis t ime to obtain the equimolar  melt. Since this pro-  
cedure relies more on the shape of the curve than the 
exact values of the equi l ibr ium constants, usual ly  
i terat ion of two or three times uti l izing the K values 
determined in Appendices II and III was sufficient to 
obtain invar ian t  values (•  The calculation of 
the melt  composition at each of the data points is now 
possible. 

These calculations were originally programmed in 
Focal-12 and then as an assembly program for a 
PDP-12 digital computer. 

APPENDIX II 
The calculations used to calculate the concentrat ion 

of the various species in  the A1C13-NaC1 melt  at any 
given A1Ch: NaC1 ratio are based on the equations 

1NaA1C14 Jr QT A1Ch (moles) [A-II-1]  

L 
A1Ch + A1Ch-  > AI2CIT- [A-II-2]  

J 
2A1Ch- > C1- Jr A12C17- [A-II-3]  

D 
2A1Ch ) A12Cle [A-II-4] 

The total n u m b e r  of moles, T, and the total number  
of moles of neut ra l  a luminum chloride, TN,  expressed 
in terms of A1Ch, are 

T : I -k QT -- L -- D [A-II-5] 

T N  = QT -- L [A-II-6] 

The amounts  of the various species in  the melt  at 
equi l ibr ium are 

(nAICl4--) ~--- 1 -- L -- 2J [A-II-7] 

(?tAI2CI7-) ---- L Jr J [A-II-8] 

(ncl-)  = J [A-II-9] 

(nAiC13) = Q T  -- L -- 2D [A-II-10] 

(nAl2Cl6) = D [ A - I I - I I ]  

From the NaAIC14 dissociation equi l ibr ium [I0] and 
the definitions 

M = L - -  4KM {L -- 1} [A-II-12] 

N : 4K~ {L -- 1} 2 {i -- 4KM} [A-II-13] 
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the  value of J is g iven by 

--M + ~/M2 + N 
J : [A-II-14] 

2 -- 8KM 

The subtraction round-off error in the calculation of 
the AI2CIT- concentration is avoided by the use of the 
dissociation equilibrium [i0]. Equations [A-I-7] and 
[A-II-6] are then used to calculate the total amount of 
unreacted neutral aluminum chloride and to approxi- 
mate L, respectively. This is repeated until the change 
in L between two successive iterations is <0.01% of L. 

If N/M 2 is less than 0.001 (i.e., in melts containing 
more than 50.8% AICl3), all the significance of the N 
term in the square root term is lost. Therefore, in 
these aluminum-chloride-rich melts, a different set 
of equations is required to maintain significance in 
the calculations. In this instance, J is approximately 
zero and its contribution in Eq. [A-II-7] and [A-II-8] 
can be neglected. The value for L must be between 0 
and I, and the mole amounts of the major species are 
given in Eq. [A-I-8], [A-I-9], and 

(nA1ca-) = 1 -- L [A-II-15] 

(nA12Cl~--) : L [A-II-16] 

The equi l ibr ium constant K2 is used to set up an 
equation which can be solved for L in order to mini-  
mize the error  Z. 

4LKo 
Z ---- K2 -- [A-II-17] 

{i -- L}{--I + ~/i + 8KoTN/T} 

0 --L < 1 [A-II-18] 

The J value is given by 

KM{I -- L} 2 
J : [A-II-19] 

L 

Finally, the concentrat ions of the neutral  a luminum 
chloride species are calculated f rom Eq. [A-I-8]  and 
[A-I-9] .  

The calculat ion of the a luminum electrode potential  
is achieved by first calculat ing the species compositions 
for the equimolar  melt  (QT = 0), then the composi-  
tion of mel t  in question and substi tuting these values 
into Eq. [7]. 

The change in the A1Ch-  act ivi ty  coefficient is com-  
pensated for in all the calculations whereve r  [A1Ch-]  
appears by mul t ip lying all the [A1C14-]i values by ~i 

7i = exp _-:-:- 1 - -  [A-II-20] 
Ti 

~i is uni ty  for melts  containing less than 51 m / o  AIC13; 
therefore,  there  is no need to consider it in the KM 
calculations. 

The data for the S port ion of the t i t rat ion curve 
(49.7 ~ m / o  A1C13 ~ 51) are used to obtain the best 
KM and Es0 values. These two parameters  are adjusted 
according to the average deviations be tween the cal-  
culated and the exper imenta l  emf values (Ec and EE, 
respectively,  unti l  a min imum standard deviat ion in E 
is obtained. The exper imenta l  error  in the mel t  com- 
position determinat ion necessitates the use of the per -  
pendicular  distance between the exper imenta l  curve 
and the calculated curve, par t icular ly  in the 50 m / o  
region. The perpendicular  distance automat ical ly  
weights  the var iable  which has the largest  effect in the 
calculated error  and prevents  an over -ad jus tment  in 
the QT values in the steep portion of the t i t rat ion 
curve. This perpendicular  value  is obtained by mul t i -  
plying the vert ical  value (Ec - -  E E ) i  by a weight  fac- 
tor, WFi, to obtain the correct  error  value, ERi. For D 
data points, the correct ion applied to E5o in each i te ra-  
tion is 

D 

~r ERi 
i-= l 

Es0 -- Es0 [A-II-21]  
D 

and for KM 

8 X 2.303 
KM : KM exp D 

i=l [Eel -- E501 
where  

ERi : (Eci -- EEl)WFi 

[A-II-22]  

[A-II-23] 

[A-II-24] 

[A-II-25] 

Calculated Results 
E (mV) Deviat ion in E (mV) % A1Clz 7A1C14- 
-- 156.5 +2.4 49.83 1.00 
- -  146.6 + 0.7 49.86 1.00 
- -  129.4 -- 1.4 49.90 1.00 
- -  53.2 +0.8 49.98 1.00 
§ 53.3 +5.7 50.02 1.00 
+ 124.5 +0.6 50.09 1.00 
+ 177.5 + 0.4 50.25 1.00 
+ 282.5 + 2.1 51.71 1.01 
+ 299.9 -- 1.9 52.29 1.01 
+416.4 --4.8 62.35 1.73 
+484.9 + 1.9 69.90 3.35 
� 9  52 additional points 
S.D. in E : 2.92 mV K2 : 2.36E + 04 

LIST  OF SYMBOLS 
equi l ibr ium constant for the ith chemical  re-  
action 
e lect romotive  force 
gas constant 
t empera ture  in degrees Kelv in  
Faraday  constant 
thermodynamic  act ivi ty  of the ith species 
act ivi ty  coefficient on the mole fract ion scale 
mole fract ion of the ith species 

gi 

E 
R 
T 
F 
a i  

7N 
Ni 

FQT = ]50 -- m/o AICI3[ 

WFi = I, if FQT > 0.289 
otherwise 

WFi = 18.637 (FQT) 3 -- 19.888 (FQT) 2 

+ 6.8227(FQT) + 0.1817 [A-II-26] 

The standard deviation in E, ESD, is given by 

ESD : i = i  (D -- I) [A-II-27] 

APPENDIX III 
The calculated Eci and ERi values are determined by 

the same procedure as outlined in Appendix If. The 
KM and Es0 values are kept constant and the K2 value 
is varied to obtain a minimum standard deviation be- 
tween the observed and calculated potentials�9 The ad- 
justment to K2 at the end of each iteration is given by 

K2 : K2 exp D i= 1 

The W value for the act ivi ty  coefficient calculation is 
then var ied manual ly  by units of 100 cal mole -1 unti l  
an over -a l l  m in imum in the standard deviat ions is 
realized. 

A P P E N D I X  IV 

Partial Computer Printout from K2FIT Program 
(Data for AICI3-NaCI System at 175~ 

KO = 2.865E7 
K2 = 2.38E4 
KM = I0.61E-8 
TEMP = 175 
W -- 1400 
El: 1 ---- 0.0 

EMF and % AICh 
- -  158.9 49.83 
- -  147.3 49.86 
- -  127.9 49.90 

�9 60 additional points 
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WT 
G 
S 
H 
ni 
[i] = Ni 
Ti 

TNi 

D~ 

QT 

Ri 

Qi 

Ei 

Eso 

Ai, Ji 

Si 

Qs0 

D , J , L  

M 
N 
Z 
WFi 

work constant at temperature  T 
Gibbs free energy 
entropy 
enthalpy 
the number  of ith species 
= mole fraction of ith species 
total number  of moles in the ith melt  composi- 
t ion 
total number  of moles of nonionic A1C13 in the 
ith melt  composition 
number  of moles of A12C16 in the ith melt  
composition 
number  of moles of AIC13 in excess equimolar  
A1C18-NaC1 melt  in the ini t ia l  melt  at the be-  
ginning of the experiment  
ratio of the number  of moles of C1- in the ith 
melt  composition to that  in the composition 
designated as 1 
the number  of moles of A13+ added electrically 
to the melt  to change its composition from its 
init ial  value to that  of the ith composition 
the emf of an a luminum electrode in the melt  
after Qi moles of A1 ~ + have been added 
the emf of the a luminum electrode in an equi- 
molar  melt  
the number  of moles reacting according to the 
given reaction to reach equi l ibr ium in the ith 
melt  composition 
the ratio between A12CI7- concentrat ions in 
the ith and 1 melt  compositions 
number  of moles of A13+ to be added in order 
to reach the equimolar  composition 
the number  of moles reacting in a given melt  
composition 
defined by Eq. [A-II-12] 
defined by Eq. [A-II-13] 
defined by Eq. [A-II-17] 
the weight factor to be applied to the error in 

ERi 
the calculated fit of the ith data point 
weighted error in the calculated fit of the ith 
data point  
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The Kinetics of Chlorine Evolution and Reduction 
on Titanium-Supported Metal Oxides 

Especially Ru02 and IrO  

A. T. Kuhn and C. J. Mortimer 
Department of Chemistry and Applied Chemistry, University of Salford, Salford, Lancashire, England 

ABSTRACT 

Current -vol tage  curves were determined on precious metal  oxide-coated 
t i tan ium electrodes under  conditions re levant  to the chlor-alkal i  industry.  
Electrodes in which the oxide coating was of a base metal  or only par t ly  of a 
precious metal  were also studied. Clear electrocatalytic effects were found, 
though in general,  l inear  Tafel behavior was not observed. A possible ex- 
planat ion for the lack of l inear  Tafel  plots in terms of a semiconducting oxide 
coating was suggested. 

Recently there has been a growing interest  in the 
electrochemical behavior of metal  oxide films on a 
passive metal  support such as t i t an ium (1-6) follow- 
ing the introduct ion of electrodes using RuO2 films into 
the chlor-alkal i  industry.  Claims have been made that 
such films are semiconductive in na ture  (1, 2) but  this 
is at variance with much conductivi ty data on RuO2 
(7, 8). To elucidate the role of the oxide film, the ki- 
netics of chlorine evolution, and in some cases reduc-  
tion, have been studied on thermal ly  deposited films 
of RuO2, IrOn, their mixtures  with TiO~, and on films 
of TiO2 with other metal  oxides. There are clear elec- 
trocatalytic effects dependent  on the na ture  of the 
oxides. Some of the data in both anodic and cathodic 
directions may suggest specifically semiconducting 

Key words: semiconducting electrodes, chloralkali anodes, electro- 
catalysis. 

properties. Whereas work is still continuing, it is felt 
appropriate to present  some of the data obtained to 
date as this presents a significantly different picture to 
the only other study (9) yet  published. 

Experimental Procedure 
Instrumentation.--The anodic polarization measure-  

ments  were carried out galvanostatically.  This was 
permissible as no cases of passivation have been ob- 
served. The current  was provided by a transistorized 
galvanostat  capable of providing currents  from 10 ~A 
to 1A. 

Since the cur ren t  densities on different electrodes 
varied from 1 ~A to 10 A �9 cm -2 various ar rangements  
were used for e l iminat ing the ohmic component of 
the s teady-state  measured overvoltage. For current  
densities up to 10-1 A .  cm -2 a conventional  Luggin 
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capi l lary was used (tip diam ca. 0.5 ram).  Where  
necessary ohmic correction was applied by in ter rupt ing  
the current  wi th  a Hg reed switch (ERG H A / W )  and 
recording the  potential  decay transient  in the usual 
manner  on a storage oscilloscope (Hewle t t -Packard  
141A). This technique was, however ,  inadequate  at 
the higher  current  densities since the very  active 
na ture  of the electrodes and the re la t ive ly  high re-  
sistivity of sodium chloride solutions means that  the 
correction to be applied becomes large in comparison 
with the value of ~lact. Moreover,  since the capacitance 
of the electrodes was not high in comparison with 
their  activity, the init ial  rate of decay is large when 
such a t ransient  is measured (for a typical  capacitance 
of ca. 100 ~ F .  cm -2, and a current  density of 10 
A .  cm -2, dV/d t  = 105 V .  sec-1) .  Such a rate of 
change cannot  be fol lowed by a fine Luggin capil lary 
because the t ime constant of the capi l lary is included 
in the reference e lec t rode-working  electrode measur -  
ing circuit. A coarse capi l lary is therefore  necessary 
(tip diam ca. 1 mm) and this must  be placed at least 
2 mm from the surface to avoid shielding effects. The 
result  is now that  the sensit ivi ty of the oscilloscope 
when used in the convent ional  manner  must  be low 
to avoid overloading the amplifier wi th  the total 
s teady-state  overvoltage.  For  this reason the oscillo- 
scope input  was switched, as suggested by Fl inn (10), 
with a field effect t ransistor  (FET) switch and a unity 
gain operat ional  amplifier as a buffer, the lat ter  capa- 
ble of fol lowing 107 V �9 sec -1, in the reference circuit. 
Both the FET and the oscilloscope were  t r iggered by 
the rise in potential  across the galvanostat  when this 
was open-circuited.  All  leads to the cell were  kept 
as short as possible, and the leads in the current  car ry-  
ing working electrode counterelectrode circuit  were  
twisted together  to reduce r inging caused by stray 
inductances in the current  carrying circuit. Subst i tu-  
t ion of a graphi te  counterelectrode for a Pt  one 
changed the nature of the r inging f rom a damped 
oscillation to a cri t ical ly damped decay which was 
more difficult to separate, presumably  due to the higher  
resistance in the circuit. With this circuit  the value  
of Tlact could be read direct ly  f rom the oscilloscope and 
was independent  of the position of the Luggin, even 
when this was at distances of 1 cm. Measurement  of 
the overvol tage  by this technique does not necessarily 
separate potentials in the oxide film from those in the 
solution since the decay of t h e  potential  in the oxide 
film will  also be associated with  a R.C. t ime constant. 
In v iew of the high capacitance of anodic films on Ti 
(16) it is l ikely that  potentials in the film are included 
in the measured overvoltages.  Fur the r  work  is being 
carried out in an a t tempt  to clar ify this point. Fai ta  
and Fior i  (9), in a s imilar  study, used the method of 
short circuit ing the working electrode to the counter-  
electrode ra ther  than open circuit ing them. Whereas  
this wil l  reduce stray capacitances to a minimum, the 
value of the ohmic overpotent ia l  recorded wil l  be in 
er ror  since the current  wi l l  be in er ror  because the 
current  wil l  not decay to zero, but ra ther  take up some 
value  in the other  direction. It  is simple to show that  

(1 + final cell voltage) 
~apparent - - -  11  " 

init ial  cell vol tage 

where  init ial  and final re fer  to the instant  preceding 
and following the short circuiting. Thus the va lue  of 
the ohmic drop measured wil l  be a function of the 
cell resistance and the nature  of the counterelectrode.  

CelL--The cell design was similar  to that  used prev i -  
ously in this laboratory  (11). The electrolyte  was 
mainta ined saturated with  chlorine, and was slowly 
flowed through the cell to prevent  any bui ld-up of 
chlorate. The counterelectrode was of such a size that  
the main react ion occurring on it was chlorine reduc-  
tion. The addit ion of a tap at the top of the Pt/C12 
reference compar tment  enabled electrolyte to be drawn 

up into the reference  compar tment  from the main 
body of the cell and held  there  in a C12-saturated state. 
All  connections, taps etc., in contact wi th  the electro-  
lyte were  of glass or PTFE and greaseless. 

Trial  runs on a rotat ing disk electrode showed that  
the  only effect of rotat ion was to displace the ~1 vs. log 
i curve to slightly lower values of log i, indicating a 
slightly greater  surface area avai lable  on the rotat ing 
electrode. Individual  measurements  of 1]act were  also 
sl ightly more reproducible.  However  it was felt  that  
in v iew of the number  of electrodes studied, the ad- 
vantage  to be obtained was too small. In runs on 
s tat ionary electrodes the lowest  va lue  of ~act measured 
consecutively at a given current  density was taken as 
the value most representa t ive  of the bare surface. 

Chemicals.--Brines were  made up f rom GPR grade 
NaC1. No change in the polarizat ion curves was found 
f rom those in an init ial  exper iment  using Analar  grade 
NaC1. Chlorine was commercial  grade f rom a cylinder.  

Electrodes.--The electrodes were  prepared  from 
commercia l  CP t i tanium. Plate  electrodes were  spot 
welded onto Ti wire  supports. All  electrodes were  
etched in 10% oxalic acid at 100~ for 30 min  to pro-  
vide a key for the coating. Coatings were  applied by 
brush and from solutions of precious meta l  chlorides 
in propanol, and anhyd. TIC14 or Ti (OEt4) in propanol.  
In applying mul t i layer  coatings the individual  layers 
were  fired in air at 400~ for 5 min and the whole elec- 
trode for a definite period after  that  (usually 6 hr) .  
The area of the electrode was defined by covering the 
support  wi th  heat  shr inkable  PTFE (Raychem Ltd.).  
In this manner,  wi th  1 mm wire, electrodes down to 
0.05 cm 2 can readi ly  be obtained. 

Resu l ts  
Since most of the patent  l i te ra ture  (1-6) refers to 

oxide coatings based on mixtures  of RuO2 and /o r  TiO2; 
coatings of RuO2 and IrO2 alone were  invest igated to 
define the base f rom which to study other  coatings. 

Ruthenium oxide. - -Two series of electrodes were  
prepared to invest igate  both the effect of the firing 
t ime and the coating thickness for RuO2 coatings. 
Series (i) electrodes (No. 1-4) were  coated with  6 
coats of 0.4M RuC18 in propanol  fired at 400~ for 
1, 5, 20, and 50 hr  respectively.  Series (ii) electrodes 
(No. 5-8) were  coated wi th  2, 4, 6, and 8 coats of RuC13 

as before and fired at 400~ for 20 hr. 
There was no systematic var ia t ion in the act ivi ty of 

electrodes 1-4, and only a margina l  increase in act ivi ty  
of electrodes 5-8 in that  order. A typical polarization 
curve is shown in Fig. 1 for 5M brine at 20~ 

The curve  in Fig. 1 is seen to have two regions, a 
curved section below ~ = 85 mV and a Tafel  l ine of 
95 mV/dec ,  slope above that. Analysis shows that  the 
curved section is longer than would be expected f rom 
a mechanism in which the forward  and reverse  reac-  
tions were  controlled by a slope of 2RT/F, without  
any change of mechanism above the reversible  poten-  

2 5 0  

2OO 

7 mV 
150 

50  

~ 0 

- 2 l o g  i -1 o 

Fig. 1. Anodic polarization curve on RuO2-coated Ti electrode in 
CI2 sat. 5M NaCI, 20~ Current density in this and all subsequent 
figures is given in A.cm -2 .  
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tial. This is confirmed by the fact that  the calculation 
of the exchange current  on similar  electrodes (see 
below) f rom the value  of the t ransfer  resistance (rt) in 
the l inear  port ion of the ~ vs. i plot 

R T  

nF �9 rt 

gives a value  of log io = --2.2 • 0.5. A tangent  d rawn 
f rom this point to the curve  has a gradient  of about 
RT/2F.  For  the eight electrodes studied the value of 
the Tafel  slope was 108 -+- 12 mV/dec,  and the value 
of log io ---- --1.41 ~ 2. The reproducibi l i ty  of the polar-  
ization curve  on any given electrode is of the order of 
slope + 5  mV and log io • 0.15. 

The behavior  of such electrodes at different t em-  
peratures  in 5M brine is shown in Fig. 2. It is seen 
that  the 2 R T / F  slope moves to higher  values of io 
as expected and that  the potential  at which it starts 
rises from about 60 mV at 20~ to 80 mV at 80~ 
Measurements  of log io from the near  equi l ibr ium 
transfer  resistance show that  this varies  ve ry  l i t t le 
with temperature ,  which is consistent with the change 
in potent ia l  at which the 2 R T / F  slope becomes ra te  
controlling. 

At tempts  to study such electrodes at progressively 
more and more dilute brine strengths encounter  a 
problem in so far  as these electrodes catalyze the 
formation of chlorate  to a greater  extent  than a 
p la t inum electrode. Thus as the brine becomes more 
dilute the rest potential,  wi th  respect  to the revers ible  
C1-/C12 electrode on Pt, becomes more  cathodic owing 
to the spontaneous reactions 

6HCIO -t- 3H20 --> 3/2 02 -t- 4C1- 

2C108- -t- 12H + W 6e -  
and 

2 e -  -t" C12-> 2C1- 

Bubbles of oxygen can be seen rising from the elec- 
t rode at the rest  potent ial  in ch lor ine-sa tura ted  0.1M 
brine. These reactions account for the position of the 
curves in Fig. 3. 

Current  efficiency measurements  to be published 
elsewhere (18) show that  the amount  of current  going 
to 02 is ca. 4% in 1M brine over the current  range of 
Fig. 3, and 8% in 0.4M brine, before diffusion l imi ta-  
tion of C1- sets in. In 0.1M brine diffusion l imitat ion 
of C1- occurs at current  densities above 0.8 A cm -2. 
With respect to a RuOu counterelectrode 

di for 5M > [C1-] > 0.5M 
0 

d(C1-)~l a n d / <  100 mA �9 cm-2  

Figure  4 shows the tempera ture  var ia t ion of the over -  
potential  in 1M brine. It  is seen that  at low brine 
tempera tures  the overvol tages at current  densities > 
0.1 A �9 cm 2 are much higher  in 1M br ine  than in 5M 
brine, but  that  at 80~ there  is no significant differ- 
ene e. 

~ o '  a 

150~ b 

7 mV c 
100" 

50 

-2  -i  Log i b 

Fig. 2. Anodic polarization curves on RuO2-coated Ti in CI2 sat. 
5M NaCI at (a) 20~ (b) 40~ (c) 60~ (d) 80~ 
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Fig. 3. Anodic polorization curves on RuO2-coated Ti in CI2 sat. 
brines. (a) 5M, (b) 1M, (c) 0.1M. 
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Fig. 4. Anodic polarization curves on RuO~-coated Ti in Cl2 sot. 
1M NaCI at (a) 20~ (b) 40~ (c) 60~ (d) 80~ 

Ir idium oxide . - -Figure  5 shows the polarization curve 
of an electrode coated with  IrO2 in 5M NaC1 at 20~ 
Such an electrode is black. It is interest ing to note that  
this polarization curve may  be compared direct ly wi th  
that  for br ight  Ir  which also exhibits a slope of 2RT/F.  
From this it can be concluded that  the roughness factor 
of such electrodes is about 70 • that  of a br ight  elec- 
trode. Such a comparison cannot be made for Ru since 
Ru meta l  becomes coated with a thick coat of RuO~ 
when chlorine is evolved on it  (17). It  is of interest  
that  if the electrode is reduced to Ir  wi th  hydrogen 
at about 500~ the resul tant  polarization curve is 
identical  to that  in Fig. 5, as Js the polarization curve  
of an IrO2 coating on Ir  reduced as above. 

2soJ 
200 

7 mV! 
150- 

100- 

50" 

0 

a 

b 

2 1 Log i o 

Fig. 5. Anodic polarization curves on (a) bright Ir and (b) IrO2- 
coated Ti in CI2 sat. 5M NaCI at 20~ 
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Mixed oxides.--Since much of the technical data 
have been concerned with mixed oxides it was decided 
to investigate coatings with different ratios of 
(Ru/Ti)O2. A comparison of their  activity using io 
derived from the transfer  resistance near  n ~ 0 gave 
results depicted in Fig. 6. It is to be noticed that  with 
a Ru content  greater  than about 40 mole per cent 
(m/o)  there is no significant change in the value of io. 
Also, that  whereas a rise in temperature  increases io 
on the electrodes poor in RuO2, it has an insignificant 
effect with RuO2 concentrat ions greater than  15-20 
m/o  RuO2. However, when  the whole polarization 
curves are plotted the picture is somewhat different 
(Fig. 7). It is to be noticed that there seems to be a 
current  l imit ing phenomenon on the electrodes con- 
ta ining TiO2 and they no longer exhibit  the 120 mV 
slope. The difference between the polarization curves 
for pure RuO2 and the mixtures  with RuO2 20% be- 
come much less with increasing temperature  (Fig. 8). 
To investigate whether  the effect was caused by the 
film resistance electrodes were prepared with TiO2 
coatings (8 coats) both over and under  RuO~ coatings 
(3 coats). I t  was found that  placing the TiO2 under -  
neath  resul ted in an electrode with the activity of a 
pure RuO~ coating. Thus simple resistance of these 
films would seem to be discounted. The result  of plac- 
ing the TiO2 on top was rather  surpris ing in that the 
result  was as active as an electrode containing about 
20% Ru. Presumably  considerable diffusion must  have 
taken place dur ing the firing (20 hr at 400~ Similar  
results were found for electrodes of IrO2 and TiO2. 

In  order to invest igate a wider  range of oxides a 
series of coatings were prepared containing 90 m/o  Ti 
and 10% of the second metal.  These were compared 
with RuO2 and TiO2 coatings (Fig. 9). It is interest ing 
to note the current  densities on thermal ly  deposited 

Loc 

3,5' 

�9 l e  

4.Sl  
2 0  ' 

%Ru 
Fig. 6. Dependence of log i on mole per cent RuO2/Ti02 coatings. 

Values at 20~ Values at 60~ (a-e refer to electrodes on which 
temperature variations were studied). 
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Fig. 7. Anodic and cathodic polarization curves in Ci2 sat, 
5M NaCI at 20~ for electrodes coated with RuO2/Ti02 mixtures. 
(a) O, (b) 0.1, (c) 0.5, (d) 1.0, (e) 5, (f) 20, (g) 80, (h) 100 m/o 
Ru02. In the cathodic direction - - -  indicates the diffusion limited 
current on electrode (f) and - -  the curve when vigorously stirred. 
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Fig. 8. Anodic polarization curves in CI2 sat. 5M NaCI - -  at 
20~ and - - -  at 80~ for RuO2/TiO~ coated electrodes. (a) 100, 
(b) 80, (c) 40 m/o Ru02. 

-6 -s -4 -3 . -2 -i o 
Log i 

Fig. 9. Anodic and cathodic polarization curves in CI~ sat. 
5M NaCI at 20~ Electrodes coated with oxides containing (mole 
per cent cation) (a) 10% Pt, 90% Ti; (b) 100% Ti; (c) 10% Co, 
90% Ti; (d) 10% Cr, 90% Ti; (e) 10% Pt, 90% Ti; (f) 10% Ru, 
90% Ti; (g) 10% Ir, 90% Ti; (h) 100% Ru or Ir. 

TiO2 films. On anodically formed TiO2 films the cur-  
rent  densities are very much smaller. 

'Cathodic polarization curves.--Although the cathodic 
chlorine reduction curves on these electrodes are l im- 
ited by chlorine diffusion in the case of the active 
electrodes, the less active electrodes show behavior 
which is difficult to explain on any  simple basis (Fig. 
8-10). There is, on electrodes containing up to 10% 
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Fig. 10. Anodic and cathodic polarization curves in 5M NaCI at 
20~ for an electrode coated with (0.5% gu 99.5% Ti) oxide (a) 
in a solution purged with 1/20 arm CI2 in N2 and (b) in CI2 sat. 
solution. 

RuOe, a definite current  l imitat ion in the cathodic 
sense; that this is not diffusion l imited is demonstrated 
both by the diffusion l imited curve (f) on Fig. 7, and 
by the fact that  such curves are insensi t ive to stirring. 
Working with an electrolyte main ta ined  at 1/20 atm 
by C12 by means of a stream of C12/N2 it is seen that 
the order of reaction on one of these electrodes is 
almost un i ty  (0.8) at constant E, for values of E be- 
tween 1.3 and 0.6V NHE. 

Int roduct ion of t r i -  and pen ta -va len t  impurit ies into 
the oxide layer  to al ter  the semiconducting properties 
of the film only complicates the polarization curve, 
and both sets of impurit ies increase the activity in 
the anodic sense (Fig. 11). 

Discussion 
Although there are still many  problems in defining 

the activity of these electrodes with any accuracy 
since the activity of various batches can vary  consid- 
erably, especially with electrodes containing only a 
few per cent of the p la t inum metal, a general  picture 
has emerged. Only the pure IrO2 and RuO2 coatings 
show any Tafel behavior  and then only in 5M brine. 
In general  the activity of the electrodes in the cathodic 
direction is considerably less than in  the anodic direc- 
tion, but  Fig. 9 shows interest ing variat ions in this 
effect amongst different metal  oxide mixtures.  

As with any electrode a basic problem is the surface 
roughness. Trassati  (12) asserts that this is not greater 
than that  of the under ly ing metal, but  our results on Ir 
would seem to contradict this, and would suggest a 

7v:f 
-0-2- 

-0"4- 

-0-6- ~ a  
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- 1.0- 

-1.2- 

- 4  Log i -~  - 2  

Fig. 11. Anodic end cathodic polarization curves in 5M NaCI at 
20~ for electrodes coated with (a) (1% Ru, 99% Ti) oxide (b) 
(1% Ru, 5% AI, 94% Ti) oxide (c) (1% Ru, 5% Sb, 94% Ti) oxide. 

surface roughness of the order of 70• that of bright 
Ir. A krypton BET that  was done on ca. 10 cm 2 of RuO2 
coating on a Ti rod gave the surface roughness as 240. 
This would seem to be in good agreement  if every sur-  
face atom is considered to be a krypton site, but  only 
1/3 of them sites for chlorine evolution on the Ir or 
Ru atoms, assuming that  the stoichiometry of this solid 
extends to the surface. 

A second problem concerns the electrical na tu re  of 
the surface. Whereas both RuO2 and IrO2 in the pure 
crystal l ine state are metallic conductors due to overlap 
of the inner  d -band  electrons the si tuat ion for the 
RuO2 films is ra ther  different. Fletcher  et al. (13) found 
that  RuO2 powder prepared by dehydrat ion of precipi- 
tated RuO2 at 650~ takes up water  on exposure to 
air. The resistivity of the hydrate  is about 0.3 ohm-cm 
when compressed to 40% theoretical density, as com- 
pared with 6 • 10 -3 ohm-cm for the dry powder at 
50% theoretical density. (The resist ivity of the pure 
RuO2 is 3.5 • 10 -5 ohm-cm) (7, 8, 12). These values 
for the resist ivity will  not produce any simple ohmic 
resistance in a film of 1-2 ~m thick but  do suggest that  
the films must  be classed as semiconductors, and it 
would be reasonable to assume semiconductors as a 
n-type.  A further  confirmation of this hypothesis is 
that the conductivity of RuO2 films on silica is sensitive 
to the firing tempera ture  and has a positive tempera-  
ture coefficient (14). As the proportion of TiO2 is in-  
creased, moreover, it would be expected that the 
resistivity would increase. The polarization curves 
can thus be accounted for by the fact that in a semi- 
conductor there will  be a diffuse double layer  of charge 
in the solid. The potential  across the layer  will  increase 
as the number  of carriers in the semiconductor de- 
creases in  much the same manner  as in dilute electro- 
lytes owing to the depletion of carriers in the layer. 
The potential  across this layer is not separable from 
that across the Helmholtz double layer since it is also 
associated with capacitance. For a n - type  semicon- 
ductor this potential  will  increase as the electrode 
becomes more anodic and the increasing charge on 
the Helmholtz layer, and the increasing number  of 
surface states deplete the interface of charge carriers. 

The behavior of pure RuO2 and IrO2 can be ac- 
counted for by assuming that their  conductivi ty is 
still high enough to exhibit  essentially metallic be- 
havior. This would explain the identical na ture  of the 
polarization curves on a layer of black IrO2 and that  
on the same oxide when it has been reduced, and is 
presumably only covered with a monolayer  of oxide. 

The fact that a thick film of coherent oxide grows 
on Ru (17) when chlorine is evolved on it suggests 
that  the oxide may have a lower conductivi ty when 
grown in this manner .  

In  the more dilute brines where there will  be an 
increasing tendency to absorb oxygen or hydroxyl  
ions on the surface, the addit ional number  of surface 
states may account for the change in behavior of RuO2 
to that observed on the less active electrodes in 5M 
brine. 

The behavior of the RuO2/TiO2 mixtures  can be 
divided into two types. When RuO2 is greater than 20% 
the difference in activity from that  on pure RuO2 is 
slight at low current  densities. On increasing the cur-  
rent  density an addit ional overpotenital  is found, which 
is greater the greater the concentrat ion of TiO2. How- 
ever, this lat ter  overpotential  decreases on raising the 
temperature.  This is what  would be expected if this 
potential  were located in the film since raising the 
temperature  will increase the number  of charge car- 
riers. On these electrodes the effect of temperature  on 
the low densi ty region is slight as on the pure RuO2 
electrode, and one can assume the overpotential  in this 
region to be in the Helmholtz layer. On the inactive 
electrodes RuO2 < 5% the effect of tempera ture  on 
their activity is marked even at low current  densities 
(Fig. 6). On these electrodes the major  par t  of the 
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overpotential  observed may lie in the film, and is thus 
decreased with increasing temperature.  

Indust r ia l ly  it is known that  electrodes such as those 
may fail by oxide growth at the Ti /coat ing interface 
if used at too high an overpotential  which would also 
suggest potentials in the film. 

The fact that  the film seems to have rectifying char-  
acteristics in the cathodic direction may be due to the 
shift from a mechanism in which electrons are being 
donated to the conduction band, to one in which they 
are being accepted by the valence band  (15), but  such 
a hypothesis is extremely tentative. 

Trasatt i  has studied the amount  of charge involved 
in charging and discharging a RuO2 coating in HC104, 
obtaining values of "q" the charge-to-change electrode 
potential  from 1.54 to 0.3V between 20-90 mC. This 
charge depended l inear ly  on the thickness of the films 
and it was suggested that  this represents some change 
in the bulk  of the film. Such charging, involving be- 
tween 2-7% of the Ru atoms in the crystal might  also 
account for the cathodic behavior observed by chang-  
ing the stoichiometry of the oxide and therefore its 
conductivity from one type to another, as the amount  
of Ru IH increases. 

Generally,  similar results have been noted on anodic 
TiO2 films where the capacitance of thick films may be 
greater than the double layer  capacity and increases 
with the thickness of the film (16). In  the lat ter  study 
the capacitance was decreased by cathodic polarization 
apparent ly  by protonat ion of the film. However, the 
film could be restored by anodic polarization without  
any apparent  change in the film thickness. We have 
noted a general  tendency for films to become less active 
when taken to high anodic potentials, this activity is 
restored by cathodic polarization without any  ap- 
parent  permanent  damage. Changes in the proton con- 
tent  of the film and thus the RunX/RuIV balance as 
envisaged by Trasatt i  might account for this. 

The difference between this work and that of Faita 
and Fiori (9) can, we believe, be explained as fol- 
lows: (i) the method for ohmic correction that they 
used may have affected their results especially at low 
current  densities, (ii) they worked in a cell that was 
not  saturated with chlorine, but  had a steam of N2 
flowing over the top, presumably  to protect the rotat-  
ing disk mechanism. This means that the readings at 

the lower current  densities will be referred to a more 
cathodic reversible potential  than the reading at higher 
current  densities. Such a curve may be seen in the 
anodic direction in Fig. 10, and would suggest a Tafel 
slope of about RT/2F over at least two decades of cur-  
rent. It  is otherwise difficult to explain why their  elec- 
trodes should have such high overpotentials in com- 
parison with general ly similar electrodes in this 
study at low current  densities, i.e., 50 mV vs. 5 mV at 
1 mA �9 cm -2 in 5M NaC1 at 20~ 
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ABSTRACT 

The "piezogalvanic effect" is an electrical response produced by the applica- 
tion of an asymmetric external  force to a symmetrical  solid electrolyte cell. 
An exper imental  study of this effect in a solid ionic conductor has been con- 
ducted. Parameters  controlling the effect were found to be fabricat ion pro- 
cedures, electrodes, and stress produced by the applied force. Tests demon-  
strated that the effect was present  under  both static and cyclic conditions. 
Observations lead to the conclusion that  the piezogalvanic effect is established 
by an interfacial  (faradaic) process rather  than any process associated solely 
with the mechanical  and physical properties of either the electrolyte or the 
electrode. 

When a unidirect ional  force is applied to one face 
of a symmetrical  solid electrolyte cell such as Ag / A gI /  
Ag a potent ial  is generated and a current  flows in an 

* E l e c t r o c h e m i c a l  S oc i e ty  A c t i v e  M e m b e r .  
K e y  w o r d s :  p i e z o g a l v a n i c  ef fec t ,  so l id  e l e c t r o l y t e  c y c l i n g  test .  

external  circuit connecting the two electrodes. This 
pressure- induced potential  in solid electrolytes was 
reported by Mrgudich (1) in an exper imental  study 
and a theoretical explanat ion was put forward by 
Hunger  (2) in terms of the defect s t ructure of the 
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solid e lect rolyte  (AgI ) .  We have t e rmed  this  effect 
the  "piezogalvanic effect." This refers  to the potent ia l  
difference and the accompanying flow of cur ren t  in-  
duced by  unsymmet r i ca l  stress on the electrodes of a 
galvanic  cell. This definit ion is appl icab le  to galvanic  
cells employing  l iquid and solid electrolytes .  

The effect of stress on electrodes in aqueous solu-  
tions has been s tudied by  a number  of invest igators  
(3-24) and the  effect of stress on ionic conduct ion in 
crysta ls  has also been considered (25-32). New ob-  
servat ions  on s t ress - induced  effects in solid e lect rolytes  
should, of course, be re la ted  to these pr io r  studies. 

In this  report ,  exper iments  that  (i) evaluate  fabr ica-  
t ion parameters ,  (if) determine  the sign and magni tude  
of the  potent ia l  and current ,  and (iii) assert  the  r ep ro -  
ducib i l i ty  of the  signal  obta ined in solid e lec t ro ly te  
cells are  described.  A second paper  wi l l  deal  wi th  the 
theore t ica l  in te rp re ta t ion  of the effect. 

Exper imenta l  
Celt construction.--The cell under  invest igat ion con- 

sists of a Ag  electrode, a AgI  e lectrolyte ,  and another  
Ag  electrode.  The  electrodes were  made  f rom pressed 
Ag  powder  or vacuum-depos i t ed  Ag  metal .  The AgI  
used in this  s tudy  was obta ined commerc ia l ly  and 
purified in our l abo ra to ry  except  where  otherwise  
indicated.  "Purif ied" AgI  f rom Fisher  Scientific Com- 
pany  was washed severa l  t imes wi th  hot deionized 
wate r  and dr ied  at 125~ for 24 hr. Ag electrodes were  
p repared  f rom different  types  of mater ia l ,  p rec ip i ta ted  
Ag powder,  Ag paste, and "l iquid" Ag, a viscous sus- 
pension of finely d iv ided  Ag  in organic solvents. A l l  
e lectrode mate r ia l s  were  used wi thout  any  fur ther  
purif icat ion or t rea tment .  Press ing of powders  was 
accomplished wi th  a 24-ton hydrau l ic  press wi th  an 
evacuable  die  11/4 in. in diameter .  

A number  of techniques for fabr ica t ing  the  cells were  
explored:  (i) pressing of ind iv idua l  layers  of Ag  and 
AgI  powder  and subsequent  assembly  of the  three  
pressed disks, (if) consecut ively compact ing the th ree  
ind iv idua l  layers  fo l lowed by  press ing of the complete  
cell, (iii) method  (ii) except  that  the die was heated 
to about  120~ dur ing  pressing, (iv) vacuum deposi -  
t ion of Ag onto pressed AgI, (v) cement ing of p re -  
pressed Ag  electrodes onto the  pressed AgI  d isk  wi th  
conduct ive Ag  filled epoxy  resin, and  (vi) pain t ing  
and subsequent  firing of A g  paste  a n d / o r  "l iquid" Ag  
onto a pressed AgI  disk. 

Methods (ii) and (iv) were  most successful and used 
for studies r epor ted  here. In  a p re l imina ry  study,  the  
influence of "forming pressure"  was evaluated.  No 
significant advan tage  was observed wi th  using a hot 
die  [method (iii)]. A typica l  cell  p repa red  by  method  
(if) contained 10g of AgI  and 3g of Ag powder  for each 
electrode. The complete  cell measured  3.1 cm in d iam-  
e ter  and 2.3 m m  thick. A typica l  cell p r epa red  by 
method (iv) contained 10g of AgI  and v a c u u m - d e -  
posi ted electrodes 4000• thick. Thin Ag wires  were  
soldered to the  electrodes wi th  ind ium for electr ical  
measurements .  

Cell Testing 
Static measurements . - -The cell  was moun ted  on the 

base p la te  of a John  Chati l lon and Sons Model HTC 
press  as p ic tured  in Fig. 1. The cell  was placed on a 
recessed l ip  2.3 m m  in width.  Force  was appl ied  
through a P lex ig las  rod. A Brown and Sharpe  deflec- 
tion gauge with  a deflection sens i t iv i ty  of 2 X 10 -4 
cm/div is ion  was mounted  in contact  wi th  the  sam-  
ple  5.6 m m  from the point  of appl ica t ion  of the  force 
(Fig. 2). No s t ra in  measurements  or calculat ions were  
made;  only deflection data  were  used. The open-c i r -  
cuit  vol tage and the res is tance of the cells were  mea -  
sured. Cell  vol tages were  measured  wi th  a high imped -  
ance Ke i th ley  Model  610 e lect rometer .  

A typica l  vo l t age- t ime  response tha t  describes the  
t ime f rame of the  effect is shown in Fig. 3. The mea -  
surement  was pe r fo rmed  by  loading the cel l  wi th  a 

Fig. 1. Test apparatus 

Fig. 2. Close-up view of test apparatus 
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Fig. 3. Voltage-time response curve 

2-kg force and then  dropping  a 1-kg weight  on a 
p la te  a t tached to the  top of the  test  appara tus .  This 
technique of pre loading  the cell  was only used in this  
pa r t i cu la r  measurement  in order  to avoid possible lag 
in the  apparatus .  The vol tage  rises to a peak  at  about  
1 rain af te r  d ropping  the weight  and then  decays to 
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a new equi l ibr ium under  constant load in approxi-  
mately  40 rain. Tile peak or m a x i m u m  voltage is used 
in all data presented in this work. 

Electrical resistances given in this report, except 
where noted, were measured on a ESI Model 250 DA 
impedance bridge operated at 1 kHz frequency. In sev- 
eral experiments  the resistance under  cyclic stress, 
the dynamic resistance, was measured by observing 
the resistance necessary to reduce the cell voltage to 
one-half  the open-circuit  value. The dynamic resist- 
ance was measured at a frequency of less than 1 Hz. 

The temperature  dependence of the piezogalvanic 
potential  and cell resistance was measured over the 
range of 24~176 Cells were mounted  in an oven and 
stress was applied through the top of the oven by 
means of weights. 

Cyclic Testing 
"Cyclic testing" similar  to that  reported by 

Mrgudich (1) was conducted in order to evaluate the 
mechanical  behavior  and reversible character of cells 
over an extended period of time. The apparatus used 
for the cyclic testing is shown in Fig. 4. The cell was 
mounted on a cold-rolled steel bar  (1 x 17 x 0.045 in.).  
The motors housed in boxes were Gleason Avery  
synchronous 30 rpm r igh t -hand  rotat ion motors. A 
Hewlet t -Packard  Model 7100B strip chart recorder 
(Model 17501A plug- in  units)  with a voltage range 
of 1.0 mV full  scale recorded the piezogalvanic poten- 
tial change. The one most successful technique for 
attaching cells to the oscillating steel bar  consisted of 
at taching the cells directly to the bar  by a noncon-  
ducting epoxy resin. The samples were tested by con- 
t inued oscillation for a period between 200-300 hr 
without interrupt ion.  

Results 
Evaluation ol cell preparation methods.--The influ- 

ence of forming pressure on the following properties 
was evaluated: (a) densi ty of pressed electrolyte, (b) 
breaking force of the cell, (c) piezogalvanic signal at 
a 3 kg (arbi t rary)  load, and (d) m a x i m u m  piezo- 
galvanic signal at the breaking load. 

Table I summarizes these electrical and mechanical  
properties of the cell with two types of electrodes, 
vacuum-deposi ted and pressed Ag powder. Samples 
with deposited electrodes and with AgI pressed with 
a force of 22 tons/ in.  2 show the max imum voltage 
response. For cells with deposited electrodes the maxi-  
mum voltage output due to an applied force and the 
force needed to break the cell increased with forming 
pressure. Cells prepared using pressed electrodes 
showed essentially no change in  the voltage response 
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Table I. Summary of the electrical and mechanical properties of 
cells with varying types of electrodes 

Fig. 4. Apparatus used for cyclic testing 

Vol tage  
Per  change  Vol tage  

cent  u n d e r  c h a n g e  a t  
F o r m i n g  s ing le  a 3 k g  B r e a k i n g  b r e a k i n g  

S a m p l e  Type  of p r e s su re  c rys ta l  force force  p o i n t  
No. e l ec t rode  (tons) dens i t y  (mVl  (kg) (mV) 

AgI -1  Depos i t ed  1 88.2 0.55 4.00 0.68 
AgI -2  Depos i t ed  4 95.2 1.70 3.75 2.40 
AgI -3  Depos i t ed  8 97.2 1.40 5.00 2.80 
AgI -4  Depos i t ed  12 98.6 1.84 5.50 3.41 
AgI -5  Depos i t ed  16 99.3 1.52 5.00 2.56 
Agi-6  Depos i t ed  20 98.8 1,85 9.50 5.00 
AgI -7  Depos i t ed  22 99.3 1.85 10.50 4.60 
AgI -8  Pressed  1 0.20 6.50 1.25 
AgI -9  P res sed  4 0.05 15.50 0.63 
AgI -10  P res sed  8 0.09 13.25 0.41 
AgI-11  Pressed  12 0.10 16.00 0.53 
AgI -12  P res sed  16 0.06 16.50 0.41 
AgI-13  Pressed  20 0.13 18.00 0.69 
AgI -14  P res sed  22 0.07 20.00 0,57 

as a function of forming pressure. Cells so prepared 
exhibited higher breaking forces than cells prepared 
with deposited electrodes due to the greater amount  
of mater ial  (Ag) incorporated into the cell. 

The density of the compacted AgI was measured as 
a function of forming pressure using cells prepared 
with 10g of AgI and with vacuum-deposi ted electrodes. 
The density of the pressed electrolyte asymptotically 
approaches the theoretical with increased forming 
pressure. A ma x i mum density of 5.64 g �9 cm-~ equiva-  
lent  to 99.3% of the single crystal densi ty for AgI (33) 
was achieved. 

Dependence of Signal on Deflection and Force 
Cells with varying  amounts  of AgI electrolyte were 

constructed using deposited Ag electrodes. The test 
stand and deflection gauge shown in Fig. 1 were used 
to determine the peak voltage response as a function 
of applied force and deflection of the cells. A potential 
difference is developed across the cell dur ing  fabrica- 
tion. This potential  difference is referred to here as the 
bias voltage. The bias voltage associated with the cells 
tested ranged from a few tenths of a mill ivolt  to as 
much as 10 mV. All  voltage changes reported have 
been normalized for the existing bias voltage. Figures 
5 and 6 show the piezogalvanic response for cells of 
varying thicknesses of electrolyte material.  In  Fig. 5 
there is a l inear i ty  between voltage response and de- 
flection. In the thicker cells, the curves are offset from 
zero but  exhibit  the same slope, that  is, 1.8 mV/~. This 
offset is a t t r ibuted to a portion of the applied force 

7 L 

--> 5 - -  �9 C �9 B A 

L u  3 -- 

o I I I l 1 I [ 
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.6 x I0 - 3  

DEFLECTION (cm) 

Fig. 5. Plot of voltage increase vs. sample deflection in centi- 
meters. Curve A, cell thickness 1.50 mm; bias voltage -t- 1.10 mV. 
Curve B, cell thickness 3.20 mm; bias voltage -I- 2.00 mV. Curve C, 
cell thickness 2.40 mm; bias voltage - -  0 .30 mV. 
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Fig. 6. Plot of voltage increase vs. applied force for cells of 
various thickness. Curve A, cell thickness 4.20 ram; bias voltage 
--3.15 inV. Curve B, cell thickness 3.20 ram; bias voltage -I- 2.00 
mY. Curve C, cell thickness 2.40 mm; bias voltage - -  0.30 inV. 
Curve D, cell thicl~ness 1.85 ram; bias voltage -t- 1.30 mY. Curve E, 
cell thickness 1.50 ram; bias voltage -F 1.10 mY. 

going into compressing the electrolyte ra ther  than 
bending the entire cell. Figure 6 demonstrates l inear i ty  
of voltage response as a funct ion of applied force for 
cells of varied thickness. The sensit ivity or slope for 
Fig. 6 is greatest for the th inner  sample. For example, 
a cell 4.2 mm thick shows a slope of 0.50 mV/kg,  while 
a cell of 1.5 mm exhibits 2.5 mV/kg.  

Temperature dependence oi cond~ctivity and voltage 
response.--The electrical conductivi ty and the voltage 
response of cells was measured over the range 24 ~ 
212~ AgI (99.999% pure) from Semi-Element  Corpo- 
rat ion was used as the electrolyte and the electrodes 
were vacuum-deposited.  Ar rhen ius - type  plots are 
shown in Fig. 7 from which activation energies may be 
estimated. 
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Fig. 7. Temperature dependence of conductivity and piezogalvanic 
voltage. Curve A, plot of voltage increase vs. 1~temperature. Curve 
B,  plot of conductivity vs. 1/temperature. 

The activation energy for the conduction process, 
~E*c is calculated from 

- - A E * ~  

O" - -"  o ' o e  R T  

where �9 is the conductivi ty and ~o is an exper imental ly  
determined constant  (34). The rapid change in the 
slope of the curve at about 150~ is due to the ~ ~ 
phase t ransi t ion of AgI. Using the slope of the curve 
from 100 ~ to 147~ an activation energy of 15.5 kcal 
was calculated. This agrees wi th  the activation energy 
of 15.7 kcal reported in the l i terature  for conduction 
in ~-AgI over the temperature  range of 20~176 (35). 

The activation energy for the piezogalvanic poten-  
tial, hE*p was calculated from 

- - A E e p  

AV = AVoe zzr 

where ~V is the piezogalvanic potential  at temperature  
T and Ag"o is a constant. The activation energy derived 
from the low tempera ture  data (from 24 ~ to 100~ is 
13.4 kcal. Above about 100oc the process becomes 
almost temperature  independent  with an activation 
energy of less than  1 kcal. From Fig. 7 it is evident that  
there is no corresponding increase in piezogalvanic 
signal above 150~ to correlate wi th  the ~ ~ ~ phase 
transition. 

Cyclic behavior of cells.--Cells were tested for ex- 
tended periods of t ime with stresses exerted in  a cyclic 
manner  with the apparatus shown in Fig. 4. A typical 
trace from a recording is shown in Fig. 8. In  this ex- 
per iment  the cell was mounted  12.7 cm, and the drive 
attachment,  35.5 cm from the point of attachment.  The 
ampli tude of the bar  swing was 3.8 cm. The symmetry  
of the voltage oscillation is evident  from this curve as 
is the l inear i ty  of the effect with stress. During the 
testing period of over 200 hr, no appreciable change in 
open-circuit  voltage output  occurred. The dynamic re- 
sistance of the cells were also measured and deter-  
mined to be approximately 200 ohms. 

Cells with dissimilar electrodes.--Cells were pre-  
pared with the following configurations 

Ag /AgI /Ni  and  A g / A g I / A u  

Forces were applied to the Ag and Ni (or Au) elec- 
trode side of the sample by the apparatus shown in 

I I I I I 

I~  2 my 

C!COND 

I I t t I I 

Fig. 8. Cyclic behavior of the piezogalvanic potential 
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Table II. Piezogalvanic effect with cell of dissimilar electrodes 

Force 
(kg) (mV~ (mV) 

~VAg(st res sl.dl :~Vxi (stressed 
S a m p l e  No. 1 A g / N i  

( fo rmed  at  22 tons~ 1 0.60 0.20 
2 1.40 0.60 
3 1.95 1.10 

~VAg(stressed) AVAu(stressed, 
S a m p l e  No. 2 A g / A u  

( fo rmed  at  20 tons} I 0.50 0.10 
2 1.35 0.20 
3 1.15 0.40 

Fig. 1. Table II shows the behavior of these cells with 
applied forces up to 3 kg. 

The behavior of the cells depended on the electrode 
receiving the applied force. Changes in voltage were 
consistently larger when the Ag electrode received the 
applied force rather  than  the Ni or Au electrode. 

Discussion 
The progress in unders tanding  the piezogalvanic 

effect has been hampered by a lack of quant i ta t ive  in-  
formation with respect to the parameters  determining 
the magni tude of the effect (both voltage and cur-  
rent) .  This research was intended to correct that  
si tuation and from these experiments  it is possible to 
make certain observations. 

In  the l i terature describing potential-stress experi-  
ments in aqueous solutions two types of effects have 
been reported. The first has been that of the t ransient  
type wherein a t ransient  voltage peaks and decays in 
times less than 1 sec after the electrode is plastically 
strained. Such an effect has been reported by F u n k  
et al. (9). The second type described by Fryxel l  and 
Nachtrieb (12) consists of a "stable and reversible" 
voltage response persisting for many  minutes  after 
plastic strain. The effects reported in this study are in 
the second category. On sudden loading the voltage 
rises rapidly to a peak in about a minute  and decays 
over an extended period of time up to 1 hr. 

The magni tude  of the piezogalvanic effect depends 
on the method of preparat ion and the mechanical  
properties of the cell. It  is of part icular  interest  that  
the voltage signal is determined in a significant way 
by the type of electrode. Cells constructed with vac- 
uum-deposi ted electrodes yield voltage signals greater 
by an order of magni tude  than  those prepared with 
pressed powder electrodes. This would tend to make 
unrealist ic a theoretical explanat ion based only in 
terms of the electrolyte. 

A systematic study of the dependence of the signal 
on deflection and force showed that  the effect is l inear 
with force. Sensitivity, in terms of millivolts per 
kilogram loading, is a function of cell thickness. Sensi- 
t ivi ty in terms of mill ivolts  per micron deflection, 
however, is independent  of cell thickness. Equal 
changes in electrode deflection, regardless of sample 
thickness, produced equal piezogalvanic voltages. 
(The slopes of the curves in Fig. 5 are essentially 
equal.) Cells containing thicker electrolytes appear 
less sensitive than ones containing th inner  electro- 
lytes because more force is required to achieve the 
same deflection change. This implies that electrode 
and/or  interface stress plays a major  role in the effect. 

The tempera ture  dependence of the piezogalvanic 
voltage change when compared with the tempera ture  
dependence of conductivi ty yields two significant con- 
clusions. The conductivi ty in  solid AgI increases when 
the beta form is t ransformed into the alpha form at 
146~ However, a corresponding increase in piezogal- 
vanic voltage is not observed. Thus, the piezogalvanic 
effect is not determined by the conductivi ty of the solid 
ionic conductor. The dynamic resistance of the cell is 
larger than the cell (AgI) resistance. These resistances 
were measured at different frequencies. The frequency 

dependency of resistance should provide a significant 
clue to the theoretical basis of the effect and for that 
reason is now under  investigation. 

The activation energies for both the conduction 
process and the piezogalvanic effect appear to be simi- 
lar at low temperatures.  The energies are such as to 
suggest a diffusion process as the ra te  l imit ing process. 
However, above 100~ the piezogalvanic effect shows 
a very low activation energy and apparent ly  processes 
that  l imit  the rate at the lower tempera ture  do not 
occur at the higher temperature.  

The cyclic tests demonstrate  that  the effect is rever-  
sible. On this basis it is difficult to at t r ibute the effect 
ent i rely to the composition of the electrolyte. Hunger  
(2) has proposed that the source of the piezogalvanic 
effect resides in the crystal lattice itself. According to 
Hunger 's  mechanism, the mechanical  force produces 
edge dislocations. The impuri t ies  within the crystal 
exist as impur i ty - ion-ca t ion  vacancy complexes. The 
movement  of edge dislocations breaks up these com- 
plexes and produces point defects (cation vacancies) 
which increase the mobil i ty of silver ions. To our 
knowledge there is no evidence for such a process be- 
ing reversible. Rather, it would be expected that  the 
defects would tend to coalesce or migrate  to the sur-  
face. The similari ty of the piezogalvanic effect ob- 
tained with l iquid and solid electrolytes also provides 
evidence against a t t r ibut ing the effect to crystal struc- 
ture. On the other hand, an interfacial  process would 
be reversible. 

Cells fabricated wi th  electrodes other than Ag in-  
dicated that  the magni tude  of the signal is related to 
an electrode couple, i.e. 

Ag -- Ag + + e -  

in the case where the Ag electrode in contact with the 
AgI electrolyte receives the force. This suggests a 
faradaic process with current  passing through an in ter-  
face. If the source of the piezogalvanic effect was en-  
t irely in the solid ionic conductor, the magni tude  of the 
signal should be independent  of the na ture  of the metal  
electrode. Such is not the case. 

These observations lead us to conclude that  the 
piezogalvanic effect is established by an interfacial 
(faradaic) process ra ther  than  any process associated 
solely with the mechanical  and physical properties of 
either the electrolyte or the electrode. 
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Electrogenerated Chemiluminescence 
XI. Electrochemistry and Electrogenerated Chemiluminescence in 

Scintillator Dye Melts 

Csaba P. Keszthelyi* and Allen J. Bard** 
Department of Chemistry, The University of Texas at Austin, Austin, Texas 78712 

ABSTRACT 

Melts of sc int i l la tor  compounds which are  solid at  room tempera ture ,  
such as 2 ,5-diphenyloxazole  (PPO) and 2 ,5-diphenyloxadiazole  (PPD) con- 
ta ining severa l  qua te rna ry  ammonium salts as suppor t ing  electrolytes ,  were  
examined  as solvents  for e lec t rochemical  and e lec t rogenera ted  chemi lumines-  
cence (ECL) studies. Al though the  resistance of these solutions was high, 
cyclic vo l t ammet ry  of 9 ,10-diphenylanthracene and rubrene  in PPO showed the  
product ion  of s table radica l  anions and cat ions for both  compounds,  and the  
ECL emission was essent ia l ly  the same as the fluorescence emission of these 
compounds in PPO. ECL of rubrene  was also observed in mol ten  phenan-  
threne,  PPD, th ianthrene ,  and p - te rpheny l ,  as wel l  as in mix tu res  of PPO wi th  
1- or 2 -methy lnaphtha lene .  

There  has been much interest  in recent  years  in the 
appl icat ion of nonaqueous  solvents  in e lec t rochemis t ry  
(1). Many of these solvents have  the advan tage  of 
r a the r  wide  potent ia l  l imits  before  the solvent  i tself  or 
the suppor t ing  e lec t ro ly te  undergoes  reduct ion or 
oxidat ion  at  an iner t  electrode;  these solvents are  also 
often less l ike ly  to react  wi th  e lec t rogenera ted  species. 
Most solvents employed  are  l iquid at  room t empera tu re  
[e.g., N,N-d ime thy l fo rmamide  (DMF),  acetoni t r i le  
(ACN)]  while  severa l  l iquefy at low tempera tu res  
(SO2, NH3). Only a few studies of organic systems 
have employed as solvents  compounds which  are  solid 
at  room tempera tu re ;  these include d imethylsu l fone  
(rap 127~ (1,2) ,  mol ten  e thy lammonium chloride 
(3), and the A1CI~-KC1 mol ten  salt  sys tem (4). Recent  
studies involving aprot ic  solvents include e lec t rogen-  
e ra ted  chemiluminescence (ECL) of aromat ic  com- 

pounds, whe re  e lec t rogenera ted  radica l  anions (R T) 
+ 

and radica l  cations (R' ~ react  to form exci ted state 
species 

R : W R ' + - - > R *  + R '  or R'* + R  [1] 

* Electrochemical  Society S tudent  Member .  
**Electrochemical  Society Act ive  Member .  
Key  words :  nonaqueous  solvents,  e levated t empera tu re ,  lumines -  

cence, spectroscopy, scintil lators,  cyclic vo l t ammet ry ,  chemi lumines -  
cence. 

We have recen t ly  repor ted  on the ECL of the  scint i l -  
l a to r  ma te r i a l  2 ,5-diphenyl- I ,3 ,4-oxadiazole  (PPD)  
wi th  th ian th rene  in acetoni t r i le  solutions (5) and also 
on the  ECL of severa l  o ther  scint i l la tor  mater ia ls ,  in-  
c luding 2,5-diphenyloxazole  (PPO) ,  2 ,5-diphenylfuran  
( P P F ) ,  and p - t e r p h e n y l  (PTP)  (6). 

Because PPO has a low mel t ing  point  (70~ we 
thought  it  of in teres t  to inves t iga te  the  ECL of mol ten  
PPO itself, using a qua t e rna ry  ammonium salt  as a 
suppor t ing  electrolyte .  We had addi t ional  reason to 
invest igate  ECL in mol ten  PPO itself, because, a l -  
though the ECL of PPO in nonaqueous  solvents  is of a 
ve ry  unsa t i s fac tory  na ture  (6), showing low in ten-  
sity, uns table  spect ra l  d is t r ibut ion  of the  emi t ted  l ight  
and poor s tabi l i ty  of the  e lec t rogenera ted  cat ion rad i -  
cals, we  have also found tha t  the  presence of a 10-fold 
molar  excess of PPO wi th  respect  to DPA increases the 

+ 
D P A  ECL in tens i ty  when  only  D P A  ~ and D P A  u are  
e lec t rogenera ted  in an ACN-0.1M TBAP solution. In  
the  course of these studies we also inves t iga ted  PPO 
and re la ted  compounds as solvents  for e lec t rochemical  
and ECL studies of o ther  organic species. Al though 
mol ten  scint i l la tor  compounds have been used as nu-  
clear  reactor  coolants (7), to our knowledge  they  have  
not been used prev ious ly  as solvents  for e lec t rochemi-  
cal or spectroscopic studies. 



242 J. Electrochem. Soc.: ELECTROCHEMICAL SCIENCE AND TECHNOLOGY February 1973 

Experimental 
Chemicals.--Scintillation grade 2,5-diphenyloxazole 

(PPO) was obtained from Aldrich Chemical Company 
and from Nuclear Equipment  Chemical Corporation 
(NEC). Phenanthrene,  98+%, obtained from Aldrich, 
was purified by four recrystall izations a l ternate ly  us-  
ing spectroscopic grade methanol  and hexane. A por- 
t ion of this purified sample was vacuum sublimed with 
no detectable improvement  in  the phenanthrene  sam- 
ple. Thianthrene  (TH) was obtained from Aldrich, and 
it was used without  fur ther  purification after its prop- 
erties were compared with specially purified th ian-  
threne samples (5). The p- te rphenyl  (PTP),  scinti l la-  
tion grade, was supplied by NEC. Scint i l lat ion grade 
2,5-diphenyl-l ,3,4-oxadiazole (PPD),  rubrene  (puriss),  
and one of the 9,10-diphenylanthracene (DPA) sam- 
ples were obtained from Aldrich. A second sample of 
DPA was obtained from City Chemical Corporation. 
The 1- and 2-methylnaphthalene  were obtained from 
Aldrich, and together with the scintil lation grade 
compounds, they were used without  fur ther  purifica- 
t ion after no electrochemical or fluorescent impurit ies 
could be detected. Because vacuum subl imation ac- 
tual ly  leads to considerable decomposition of rubrene  
and DPA, that technique was abandoned in favor of 
recrystall ization from spectrograde hexane. Several  
experiments  were conducted using as-received rubrene  
or DPA and there was no observable difference be- 
tween these results and data obtained using samples 
purified by recrystall ization from spectrograde hexane. 
Tet raphenylporphin  (TPP) was obtained from Mad 
River Chemical Company and was used without  fur-  
thur  purification. T e t r a - n - b u t y l a m m o n i u m  perchlorate 
(TBAP),  t e t rae thy lammonium perchlorate (TEAP),  
t e t ramethy lammonium perchlorate (TMAP),  t e t r a -n -  
bu ty lammonium fluoborate (TBABF4), and te t ra-  
me thy lammonium fluoborate (TMABF4), all polaro- 
graphic grade, were obtained from Southwestern Ana-  
lytical Chemicals, Inc., and used without fur ther  pur i -  
fication; they were dried for 48 hr at 90~ in a vacuum 
oven and stored in a desiccator over anhydrone.  In  
most exper iments  TBAP was used as a support ing 
electrolyte, although all other support ing electrolytes 
(except those containing chloride anion) behaved 
satisfactorily in mol ten PPO. 

Apparatus.--For pre l iminary  and spectroscopic ex- 
periments  a cell having a detachable Pyrex or quartz 
ground glass bottom compartment,  a central  electrode 
compartment,  and a vacuum adapter (8) was used; 
when luminescence was a result  of optical excitation, 
the central  section housing the electrodes was removed, 
so that the possibility of interference with the right 
angle excitat ion process could be eliminated. The cell 
used in most ECL experiments  is shown in Fig. 1 (a 
silver wire reference electrode, similar in size and posi- 

Sea led  u n d e r  ,,:10 - 5  t o r r  _ ._   n/w w , r .  

. . . .  . . . . . . . . . . . . . . . . . . . .  

Fig. !. Electrochemical and EC/cell. 

t ion to the p la t inum working and auxi l iary electrodes, 
is not shown in the drawing) .  Through a vacuum 
adapter  the cell can readily be evacuated to 10 -6 Torr 
when empty due to the absence of the more numerous  
ground glass joints used in usual cell construction. 
Since the solvent-support ing electrolyte system is 
solid at room temperature,  the usual f reeze-pump-thaw 
deaeration procedure is replaced by a pump-me l t -  
freeze (PMF) cycle; the pressure over the ECL mix-  
tures was reduced to ~10 -5 Torr by several PMF 
cycles. We have previously reported (9) that  a silver 
wire was an acceptable reference electrode in the case 
of d imethyl formamide-TBAI solutions; the use of a 
silver reference electrode in mol ten salt electrochem- 
istry has also been described (10). The applied poten- 
tial or current  was controlled using a PAR Model 170 
Electrochemistry System (Princeton Applied Research 
Corporation) which could be l inked with a Wavetek 
Model l14-G function generator  for fast electrogenera- 
tion. The ECL emission was detected using an Aminco-  
Bowman spectrophotofluorometer (SPF) in conjunc-  
tion with a Hamamatsu  TV Corporation R-456 photo- 
mult ipl ier  tube (PMT) which is required for spectral 
measurements  extending beyond 580 nm. To detect the 
very low intensi ty ECL of TPP the SPF was modified 
to allow operation of the PMT at l l00V d.c. ra ther  than  
at the original 700V d.c. The ECL cell was placed in a 
temperature-control led cell compar tment  (Aminco- 
Bowman part No. 4-8262) and hot water was circulated 
using a Labl ine-control led tempera ture  bath. In  the 
case of phenanthrene  it was found necessary to boost 
the heat ing rate obtained from the constant tempera-  
ture  bath by using a heat ing tape powered by an auto 
transformer, around the constant temperature  cell 
compartment  in addition to the hot water. The signal 
from the SPF was fed either into a Moseley 7005A X-Y 
recorder, or to a Tektronix  storage oscilloscope 
equipped with a Polaroid camera. An al ternate  heat-  
ing arrangement ,  main ly  used for electrochemistry and 
visual observation of ECL, involved use of a small 
Pyrex bath filled with water or minera l  oil, and heated 
with an immersed Nichrome coil. In  a typical experi-  
ment  the constant  tempera ture  bath and the controlled 
temperature  cell compartment  of the SPF are heated 
to reach the desired temperature  (commonly 95~176 
for the Labline bath and 75~176 for the cell com- 
par tment  heated by the circulating hot water)  while 
the clean cell is evacuated on a vacuum line to a pres- 
sure less than 10 -6 Torr. The solid compounds are 
next  introduced (usually 1.000g PPO, 0.100g TBAP, 
and 10.0 mg DPA or rubrene) ,  and the cell is evacu- 
ated again. Several PMF cycles are carried out before 
the cell is pe rmanent ly  sealed using a na tu ra l  gas-oxy- 
gen torch. Cells so prepared remain  in an  apparent ly  
contaminat ion-free  state for as long as 18 months as 
attested by essentially identical electrochemical and 
ECL results obtained at various t ime intervals.  The 
stabil i ty of the silver wire reference electrode in these 
systems appeared very satisfactory. 

Results and Discussion 
Electrochemistry of the melts.--In selecting a solvent 

for electrochemical work, it is necessary that  the po- 
tential  l imits of the solvent-support ing electrolyte 
system, i.e., the potentials at which the eIectrode-soI- 
vent  system shows reduct ion and oxidation, are wide 
enough to encompass the potential  region of interest. 
The potentials at which several of the scintil lator com- 
pounds and solutes of interest  reduce and oxidize in 
ACN solutions containing 0.1M TBAP are shown in 
Fig. 2. (The structures of these compounds and other 
compounds that are discussed in this work are shown 
in Fig. 3.) These potentials suggest that the pure scin- 
t i lator compounds, such as PPO and PPD, will  have 
sufficiently wide potential  ranges to be useful solvent 
systems. Some of the more useful mol ten  solvents and 
their approximate potential  ranges are given in Table I. 
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Fig. 2. Oxidation-reduction potentials of scintillator dyes and 
solutes. Electrochemistry in solutions of 0.1M TBAP in CH3CN at a 
platinum electrode vs. a Ag wire reference electrode (except for 
PTP which was reduced in propylene carbonote-0.1M TBAP). The 
oxidation and reduction limits of DMF and ACN vs, the Ag refer- 
ence electrode ore Jr1.7 to 2.8 (DMF) and Jr2.3 to --2.9 
(ACN-TBAP). 

~ 
' ~  190 

V v s  

Fig. 4. Cyclic voltammogram of rubrene in molten PPO-TBAP. 
Sweep rate was 100 mV/sec; rubrene concentration was 3 mM. 

POO Thianthrene PPO 

PTP 

DPA Ruff . . . .  ( )  

P h e n a u t h r e n e  1- m e t h y l n a p h t h a l e n e  TPP 

Fig. 3. Structural formulas, Accepted abbreviations ( l | )  ore used 
where possible in naming the compounds. 

In ECL exper iments  a t tempted in the mol ten scintil-  
lator solvent systems without  added solutes other than 
supporting electrolytes (e.g., Table II, 5 and 18), no 
light emission was observed. 

Electrochemistry  of rubrene and DPA in me l t s . - -The  
melts  could be employed as solvents for the aro- 
matic hydrocarbons rubrene and DPA conventional ly 
used in ECL studies. Typical cyclic vo] tammograms in 
mol ten P P O - T B A P  are shown in Fig. 4 and 5. These 
vol tamrnograms are similar  in shape to those found in 
DMF and ACN and show that  the radical anion and cat-  
ion of rubrene  and DPA are  stable in PPO under  these 

Table I. Some of the molten solvents used and their useful potential 
ranges 

S o l v e n t  (MP) E lec t ro ly t e  

O x i d a t i o n -  
r e d u c t i o n  l i m i t  
( V  v s .  A g  re fe r -  
ence e lect rode)  

P P O  (70-72) T B A P  + 1 .5 / - -2 .2  
PPD (140-141) T B A P  + 1 .8 / - -2 .0  
T H  (154-6) T B A P  + 1 .1 / - -2 .4  
T B A P  (217-8) -- + 2 . 8 / - - 3 . 0  
P H E N  (I00-I) T B A P  + 1.4 / - -2 .2  

-2,15 

V vs. Ag 

Fig. 5. Cyclic voltammogram of 9,10-diphenylanthracene in molten 
PPO-TBAP. Sweep rate was 100 mV/sec; DPA concentration was 
3 mM. 

conditions. The differences of the peak potentials of the 
forward  and reversa l  waves are la rger  than those for 
nernst ian electrode reactions at these tempera tures  
(e.g., for rubrene  reduct ion Epc -- Epa ---- 400 mV 
(exp) ;  compared to 67 mV [ theoret ical] ) .  However ,  
the resistance of these solutions is high so that  uncom- 
pensated resistance effects are probable. The cyclic 
vo l tammograms all show an increase in peak currents  
under  continuous cycling (which is opposite to the 
usual behavior  observed for mult iple  scans) as well  as 
a decrease in the separat ion of the forward and rever -  
sal Ep-values. This effect may be caused by some kind 
of filming of the p la t inum wire  electrode in molten 
PPO, a film which is being removed under  continuous 
cycling, accompanied by an increase in the active area 
on the electrode. It  is also possible that  the  stable elec-  
trogenerated cations and anions make a contribution 
to the total  ionic populat ion of the solution, especially 
in the vicini ty of the electrode and decrease the un-  
compensated JR. 

The re la t ively  high resistance of these mol ten solu- 
tions was evidenced by very  high uncompensated iR 
losses; for example,  when  currents  as low as 200 ~A 
were  passed, the ful l  iR compensation of the PAR had 
to be applied. 

ECL in mol ten  so lven ts . - -The  major  effort in this 
research was directed toward a study of ECL in the 
mol ten systems. Impor tant  requi rements  in observing 
ECL are that  the exci ted state species formed by the 
radical  ion annihilat ion react ion [1], are not quenched 
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to a large extent by the solvent molecules and that 
the solvent does not absorb the emitted radiation. To 
investigate these effects a study of the fluorescence of 
the solvent PPO, and of solutions of rubrene  and DPA 
in PPO was undertaken.  The fluorescence spectrum ob- 
tained in molten PPO itself, shown in Fig. 6, consists 
of a single peak shifted to the red with respect to PPO 
emission obtained in dilute solutions at 3800 nm. In 
cyclohexane solutions upon change of the PPO concen- 
trat ion from 0.1 to 25 g/liter,  the fluorescence emis- 
sion peak decreases in height and broadens toward the 
red region of the spectrum (11); this broadening, 
which is usual ly a t t r ibuted to excimer formation, is not 
found in the pure PPO melt. The a t tenuat ion of certain 
wavelengths of the emission beam in t raversing the 
ca. 6 mm of molten PPO from the center of the cuvette 
where excitation occurs may also be a factor. It  is also 
possible that  the observed fluorescence is caused by a 
trace impur i ty  in the PPO, al though the shape of the 
fluorescence emission spectrum is independent  of ex- 
citation wavelength from 2800-3800 nm. Both DPA 
and rubrene  exhibit  fluorescence spectra in PPO (Fig. 
7 and 8) which are very similar to those seen for these 
compounds in dilute solutions of ACN. 

When the p la t inum working electrode in a molten 
PPO-TBAP solution containing either DPA or rubrene  

+ 
is pulsed between potentials where R :  and R" are 
formed ECL results; typical  ECL emission spectra for 
pulse lengths of 0.05-1 sec are shown in Fig. 9 and 10. 
The ECL spectra are v i r tual ly  the same as the fluores- 
cence spectra in PPO and hence, near ly  the same as 
the ECL spectra in ACN and DMF, so that there is no 
evidence for interact ion between the PPO and the ex- 
cited states. Neither is there a temperature  effect on 

f 

I I I I I I 

�9 3 .4  $ .6 .7 .8 /~ 

Fig 6. Fluorescence spectrum of molten PPO. Peak at 0.34/~ 
represents scatter of ~. excitation. 

I 13 14 15 16 17 I 

Fig. 7. Fluorescence spectrum of %10-diphenylanthracene in 
molten PPO. DPA concentration was 3 mM; ~. excitation ~ 400 nm. 

the ECL spectra for DPA or rubrene  in  PPO as com- 
pared to ECL in ACN or DMF, although there is a 
small shift of the rubrene  ECL peak toward the red. 
The emitted ECL light was very steady with t ime on 
repeated cycling for both rubrene  (Fig. l l a )  and DPA 
(Fig. l l b ) ,  showing stabili ty of the radical  ion species 
in this medium. Exper iments  involving other support-  
ing electrolytes (TBABF4, TEAP, TMAP) in PPO and 
other scinti l lator melts  (PPD, PTP, TH, PHEN) are 
shown in  Table II. We also tried molten supporting 
electrolytes (e.g., TBAP, TBAC1) themselves as sol- 
vents. The electrochemical behavior of rubrene  and 

i r -  i i i i ! i 

.2 ,3 .4  ,5 .6 .7 .8 p 

Fig. 8. Fluorescence spectrum of rubrene in molten PPO. Rubrene 
concentration was 3 mM; peak at 0.40~ represents scatter of 
~. excimUon. 

,j 

, ' ' ' I ,  �9 .3  .4  .5 .6 �9 .8 /~ 
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�9 2 .3 .4  o5 .6  .7 .8 /L 

Fig. 9. Spectral distribution of the %10-diphenylanthrncene ECL 
emission in molten PPO-TBAP. Potential steps between --2.15 and 
~1.55 (V vs. Ag reference electrode) at 0.5 Hz (top) and 5 Hz 
(bottom); DPA concentration was 3 mM. 
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I ~ 2 . 5 s e c  p u l s e s  
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o.5 s e c o n d  pulses  > 
Fig. i l .  Intensity-time characteristics of the rubrene (a, top) and 

9,10-diphenylanthracene (b, bottom) ECL emission at the wave- 
length of spectral maximum in molten PPO-TBAP. 

a s  the variat ion of the ECL intensi ty  with applied po- 
tentials that  are still short of the foot of the wave, 
similar to what  we have found in the case of th ian-  
threne pre-annih i la t ion  ECL (5), may also involve 

Fig. 10. Spectral distribution of the rubrene ECL emission in 
molten PPO-TBAP. Rubrene concentration was 3 raM. Top: voltage 
pulses with ~4 .00 / - -2 .50  limits at 1 Hz; bottom: potential steps 
between --1.90 and -t-1.40 (V vs. Ag reference electrode) at I0 Hz. 

DPA in these was general ly unsatisfactory and no ECL 
was observed with them. In  molten TBAP the cyclic 
voltammetric  behavior of both DPA and rubrene  was 
characterized by irreversible waves and unstable  radi-  
cal ions. In  molten TBAC1 the reduction of DPA 
shows reversible cyclic vol tammetr ic  behavior at 
--1.4V vs. Ag reference electrode; the oxidation back- 
ground l imit  of TBAC1 occurs at ~ l . 5 V  vs. Ag refer-  
ence electrode, so that  oxidation of DPA or rubrene  to 
the cation radical  cannot  be observed. As shown in 
Table II, all of the following molten scint i l la tor-TBAP- 
rubrene  systems produced ECL: PPD, TH, PHEN, and 
PTP. Not all compounds with seemingly acceptable 
properties were usable, however; N,N-diphenylform- 
amide, for example, was found to be unsui table  to ob- 
serve rubrene  ECL. Also, the P P D - / T H  + pair, which 
has good ECL characteristics in ACN-TBAP (5), was 
found to yield no detectable luminescence in molten 
PPO-TBAP.  No luminescence was observed in b inary  
PPO-TBAP,  PPD-TBAP,  TH-TBAP, or PHEN-TBAP 
under  any conditions in the absence of DPA or rubrene.  

In  some experiments  "pre-annihi la t ion"  ECL was 
observed for PPO-TBAP solutions containing rubrene  
or DPA, when  the potential  was stepped to one where 
the anion (or cation) radical was produced and then 
stepped to potentials insufficient to produce the op- 
positely charged species. For example, when rubrene  
cation radical was produced first, l ight could be de- 
tected when  the electrode was stepped back to po- 
tentials more negative than  --1.0V vs.  Ag, although 
rubrene  anion radical  is not produced unt i l  --1.7V. 
Similar pre-annih i la t ion  effects were found for initial  
production of rubrene  anion and DPA ion radicals. 
Some unusua l  effects on the pre-annih i la t ion  ECL, such 

nonuni form current  densities and uncompensated i R  
effects in  these highly resistive media. 

As seen from experiments  23 and 24 in Table II, the 
addition of 25% by weight of 1- or 2 -methylnaphtha-  
lene to the PPO-TBAP solution resulted in an ap-  
proximately  two-fold increase in rubrene  ECL emis- 
sion compared to PPO solutions not containing methyl -  
naphthalene.  We have noticed similar increases in ECL 
intensities upon addit ion of less polar solvents, such 
as benzene or toluene, to ACN solutions (6). A sys- 
tematic investigation of the effect of solvent on ECL 
efficiency is cur rent ly  under  way. 

Although the experiments  described using the usual  
three-electrode, potential  step, technique are most ap- 
propriate for obta ining electrochemical data, ECL can 
also be produced in the two-electrode mode, em- 
ploying voltage or current  steps. In  fact in some cir- 
cumstances, par t icular ly  at higher frequencies or when 
reaction products can cause shifts in the potential  of 
the silver wire reference electrode, the two electrode 
mode, with the voltage span adjusted empirical ly to 
give ma x i mum l ight  output  and the applied program 
an asymmetric square wave with the potentiostat  refer-  
ence and auxi l iary leads connected together, can pro- 
duce larger ligh~ intensit ies than  the three-electrode 
mode. In  practical devices employing ECL, the two- 
electrode mode would, of course, be preferred. 

Although this work was not concerned with the con- 
struction of ECL devices, some possible applications of 
molten scintillator systems can be mentioned. The 
melt ing point of these compounds, or of their  mixtures, 
is constant  wi thin  a few degrees centigrade, and a 
range from room tempera ture  to over 200~ can be 
covered by varying  the composition. The ohmic resist- 
ance of a frozen mixture  is very high while the melts 
have a much lower resistance (less than 1000 ohms in 
the cells used here).oso that  a circuit incorporating one 
or several of these mixtures  can behave as a tempera-  
ture sensing device. Addit ion of DPA or rubrene  to 
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Table It Summary of electrogenerated chemiluminescence experiments 

Temper- 
No. Solvent a Electrolyte Solute(s) b ature c (~ Experimental conditions 4 Results and remarks, 

1 T B A P  - -  - -  220 CV; p o t e n t i a l  s teps ;  v o l t a g e  No  l u m i n e s c e n c e  d e t e c t e d  
pulses  

2 T B A P  - -  R U B  220 CV; p o t e n t i a l  s teps ;  v o l t a g e  No l u m i n e s c e n c e ;  u n s t a b l e  R U B  
pu l ses  ca t ion  & a n i o n  

3 T B A P  - -  D P A  220 CV; p o t e n t i a l  s teps ;  v o l t a g e  No l u m i n e s c e n c e ;  u n s t a b l e  D P A  
pu l ses  ca t ion  & a n i o n  

4 T B A C l  - -  D P A  80 CV; p o t e n t i a l  s teps  No l u m i n e s c e n c e ;  s tab le  D P A - ,  
TBAC1 u n s u i t a b l e  fo r  DPA+ 

5 P P O  T B A P  - -  80 P o t e n t i a l  s teps;  v o l t a g e  pu l se s  No l u m i n e s c e n c e  
6 P P O  T B A P  R U B  80 CV S tab le  R+ and  R-  
7 P P O  T B A P  R U B  80 P o t e n t i a l  s teps  R U B  ECL de tec t ed  
8 P P O  T B A P  R U B  80 Vol tage  pu l se s  R U B  ECL, b r i g h t e r  t h a n  above  
9 P P O  T B A P  R U B  80 Vol tage  pu l ses  (s ine wave )  at  R U B  E C L  for  30 days  c o n t i n u -  

60 cps ous, i n t e n s i t y  fe l l  
10 P P O  TBABF4 R U B  80 Vol tage  pu l ses  R U B  E C L  
11 P P O  TMABF4 R U B  80 Vol tage  pu l se s  R U B  ECL 
12 P P O  T E A P  R U B  80 Vol tage  pu l ses  R U B  E C L  
1 3  P P O  T M A P  R U B  80 Vol tage  pu l ses  R U B  E C L  
1 4  P P O  T B A P  TH & P P D  80 P o t e n t i a l  s teps  No l u m i n e s c e n c e  
15 P P O  T B A P  D P A  80 CV; p o t e n t i a l  s teps ;  v o l t a g e  S tab le  R + & R-;  D P A  ECL;o 

pu l ses  D P A  ECL 
1 6  P P O / P P D  T B A P  R U B  115 Vol tage  pu l ses  R U B  ECL 
1 7  P P O / P T P  T B A P  R U B  95 Vol tage  pu l ses  R U B  ECL 
18 TI-I T B A P  - -  150 CV; p o t e n t i a l  s teps  No l u m i n e s c e n c e  
1 9  T I t  T B A P  PPD 150 P o t e n t i a l  s teps  No l u m i n e s c e n c e  
20 P H E N  T B A P  R U B  100 Vol tage  pu l se s  R U B  E C L r  
21 P P D  T B A P  R U B  140 Vol t age  pu l se s  R U B  ECL 
22 P T P  T B A P  R U B  220 Vol t age  pu l se s  R U B  ECL 
23 P P O / 1 - m e t h y l -  T B A P  R U B  80 P o t e n t i a l  s teps ;  v o l t a g e  pu l se s  R U B  ECL;  b r i g h t e r  t h a n  u s i n g  

n a p h t h a l e n e  PPO a lone  
24 P P O / 2 - m e t h y l -  T B A P  R U B  80 P o t e n t i a l  s teps ;  v o l t a g e  pu l se s  R U B  ECL;  b r i g h t e r  t h a n  u s i n g  

n a p h t h a l e n e  P P O  a lone  
25 N , N - d i p h e n y l -  T B A P  R U B  80 Vol tage  pu l se s  No l u m i n e s c e n c e  

f o r m a m i d e  
26 P P O  T B A P  T P P  80 CV; p o t e n t i a l  s teps ;  vo l t age  T P P  E C L  of  v e r y  l ow  i n t e n s i t y  

pu l se s  

a The  t y p i c a l  r a t i o  of s o l v e n t  to  e l ec t ro ly te  to  so lu te  was  100:10:1, r e s u l t i n g  in  so lu t ions  a p p r o x i m a t e l y  5 m M  in  solute .  W h e n  a m i x e d  sol-  
v e n t  was  used,  the  c o m p o n e n t  added  to P P O  was  a p p r o x i m a t e l y  25% by we igh t .  

b RUB = r u b r c n c ;  D P A  = 9 ,10 -d iphcny l an th r a c e ne .  
c E s t i m a t e d  s a m p l e  t e m p e r a t u r e s  in  the  v i c i n i t y  of the  e lec t rode .  The b a t h  t e m p e r a t u r e  w a s  c o n s i d e r a b l y  h i g h e r  t h a n  these  va lues ,  e . g . ,  in  

the  case of m o l t e n  T B A P  the  b a t h  had  to be h i g h e r  t h a n  235~ to p r e v e n t  so l id i f ica t ion  of  t he  sample  in  the  v i c i n i t y  of the  e lect rode.  S ince  
the e lec t rodes  are good h e a t  conductors ,  the  t e m p e r a t u r e  in  the  v i c i n i t y  of the  e lec t rode  is l o w e r  t h a n  t h a t  of  the  res t  of the  ECL so lu t ion .  

d Vol tage  pu l ses :  two  e lec t rode  mode  of e l e c t r o g e n e r a t i o n  (see t e x t ) ;  CV: cycl ic  v o l t a m m e t r i c  e x p e r i m e n t ;  p o t e n t i a l  s teps ;  t h r ee  e lec t rode  
mode ;  p o t e n t i a l  is  s t eppe d  b e t w e e n  f irs t  r e d u c t i o n  a nd  f irs t  o x i d a t i o n  process.  

e Visua l  o b s e r v a t i o n s  in  case of  h i g h - t e m p e r a t u r e  e x p e r i m e n t s  by the  d a r k  a d a p t e d  eye, 
f Mol t en  p h e n a n t h r e n e  was  f o u n d  to s u b l i m e  e xc e s s ive ly  in  the  ECL cell  d u r i n g  e x p e r i m e n t s .  
g D P A  E CL i n  P P O  is a p p r o x i m a t e l y  tw ice  as i n t e ns e  as t h a t  o b t a i n e d  in  A C N  u n d e r  s i m i l a r  condi t ions .  

these mixtures  would  also result in the emission of 
light upon melt ing when  a cyclic signal is applied to 
the electrode and this process is a reversible  one fol-  
lowing the sol id-l iquid phase transitions. 
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Kinetics of Iron Deposition on a Rotating Platinum 
Disk Electrode 

A. A. El Miligy, F. Hilbert, and W. J. Lorenz* 
Institute of Physical Chemistry and Electrochemistry, University o~ Karlsruhe, Karlsruhe, Germany 

ABSTRACT 

The kinetics of iron deposition f rom acid solutions under  s teady-state  con- 
ditions have been studied using a rotating plat inum disk electrode. The data 
obtained in the pH range be tween 1.8 and 3.8 can be explained on the basis of 
two react ion mechanisms. The noncatalyzed mechanism is applicable at pH 

2.4, while  the catalyzed one is applicable at pH ~ 3.3. In be tween  there  is a 
transit ion f rom one mechanism to the other. Measurements  of electrochemical  
reaction order as a function of the pH indicate the existence of the catalyzed 
mechanism at pH ~ 3,3. In this pH-range  the ferrous ion discharge takes place 
in the charge t ransfer  region of the HER and consequent ly the pH at the elec- 
trode surface is the same as in the bulk of the  solution. At  pH H 2.4 such 
measurement  shows that  the pH at the electrode surface is different from 
that  in the bulk of the solution. This is a t t r ibuted to the fact that  the ferrous 
ion discharge takes place at the onset of the t ransfer  controlled region of the 
HER. These results are in good agreement  with an earl ier  invest igation on the 
iron deposition on a rotat ing gold disk electrode. 

The kinetics of iron dissolution and deposition are 
of considerable interest.  Consistency, however,  of ob- 
tained results  and hence offered reaction mechanism 
remained a subject of controversy.  The reasons for 
this inconsistency and an exper imenta l  method for its 
avoidance have been offered and carried out (1, 2). 
Gold in the form of a rotat ing disk electrode (RDE) 
was used in the cathodic iron deposition invest igation 
(2). It  is suitable as a working electrode for such 
cathodic studies because of low value for the exchange 
current  of the hydrogen evolut ion react ion (HER),  
which constitutes a big hindrance in such studies. Also 
on gold the iron deposition takes place in the Tafel  
range of the HER. Consequently the hydrogen ion con- 
centrat ion wil l  be the same at the electrode surface as 
that in the bulk of the solution. This is very  important  
because the kinetics of iron deposition is a function 
of the pH at the electrode surface. 

Taking this dependence into consideration the kinetic 
data obtained on gold showed the existence of two 
reaction mechanisms. The noncatalyzed mechanism, 
first proposed by Bockris et al. (3), takes place in a 
pH range between 1.8-2.4 and the catalyzed one, ini- 
t ially proposed by Heusler  et al. (4), be tween pH 
3.3-3.8. 

Beyond pH = 3.8, the hydrolysis products will  in ter-  
fere and below pH = 1.8, the HER is dominating to a 
great  extent. The agreement  between the kinetic data 
obtained on gold exper imenta l ly  and those calculated 
theoret ical ly  is good. 

Another  feature  in such studies may then arise when 
using pla t inum as a working electrode. One reason is 
that  the exchange current  of the HER on pla t inum is 
re la t ively  high compared to that  on gold and, second, 
the iron deposition wil l  probably take placer in the 
diffusion-controlled range of the HER. Consequently 
there wil l  be an overlap be tween  the ac t ivated-con-  
t rol led iron deposition and the diffusion-controlled 
discharge of protons and HSO4- - ions  (5). This will 
lead to a pH difference be tween the electrode surface 
and the bulk of the solution. An  insight in the char-  
acteristics of the iron deposition under  such conditions 
may then be obtained. 

Experimental 
Solutions, cell, apparatus, and exper imenta l  pro-  

cedure have  been described in detail  ear l ier  (2). It 

* Electrochemical  Society Active Member.  
Key words:  corrosion, iron deposition, charge t ransfer  mechan ism 

of iron, p la t inum substrate,  rotat ing disk electrode. 

remains here  to ment ion t b ~  the working electrode 
is a rotat ing disk of pIat ir  ~m having a radius of 0.375 
cm. The rotat ing speed was 4140 rpm. Evaluat ion  of 
the results has been carr ied out only for the steady 
state, the current  densities are referred to square 
cent imeter  and the potentials to normal  hydrogen elec- 
trode. All  exper iments  were  carried out at 25~ 

The part ial  cur ren t  densities for iron deposition were  
est imated by potentiostatic anodic str ipping method, 
which is described elsewhere (2). The anodic str ipping 
potent ial  is 100-150 mV more positive then the corro- 
sion potential. In this range  pract ical ly the whole cur-  
rent  is used for the anodic dissolution of iron, because 
the stripping potential  is more negat ive than the equi-  
l ibr ium potential  of the H2/H +-electrode in the same 
solution. This was confirmed by spectroscopic mea-  
surements.  

Results 
Figure  1 shows the behavior  of the measured total  

current  density, i - ,  total, as a function of the electrode 
potential, ~, for different pH values of the solution 
be tween 1.8-3.8. It can be seen that  there  are three 
types of behavior.  The first is represented by curves 
1, 2, and 3 for solution pH ~ 1.8, 2.08, and 2.4, respec- 
tively, where  the curves show at the beginning a 
gradual  increase of the C.D. wi th  potential. The second 
type is represented by the curves 4, 5, and 6 for solu- 
tion pH = 3.3, 3.5, and 3.8, respectively,  where  the 
curves show at first an almost l inear  behavior  followed 
by a sudden rise in C.D. before reaching a kind of 
plateau. The third type, represented by curves 7 and 8 
for pH = 2.77 and 2.96, shows a behavior  lying between 
the first two types. Here  the curves show a gradual  
increase in C.D. over  larger  period of potent ial  than 
the first group and the rise to the plateau is not as 
sudden as in the second one. As wil l  be seen later, this 
rise is at t r ibuted to an increase in the absolute value  
of the part ial  current  density (P.C.D.) of iron, i -  Fe + +, 
as compared to that  of hydrogen, i - ,  H+. It may also 
be noticed on Fig. 1 that  at the very  beginning of all 
the  curves where  i - - , F e + +  ~ H  i--.H+, a correlat ion 
be tween the HER and the pH of the solution may be 
observed, i.e., i - ,  total decreases when  the pH of the 
solution increases. 

The P.C.D.'s for the discharge of iron and hydrogen 
were  calculated using the results obtained from the 
potentiostatic anodic str ipping method described in 
detail  e lsewhere (2). 
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Fig. 1. Total current density-potential curves under potentiostatic 
steady-state conditions depending on the pH. Electrolyte: 0.1M 
FeSO4 -t- 0.875M Na2SO4. Curve 1, pH ~ 1.8; curve 2, pH ----- 
2.08; curve 3, pH ~ 2.4; curve~4, pH ~ 3.30; curve 5, pH ~ 3.5; 
curve 6, pH = 3.80; curve 7, pH ---- 2.77; curve 8, pH ---- 2.96 
(T = 298~ 

Figure  2 shows the P.C.D.-potential  curves i - ,  Fe § § 
and i - , ~ +  vs. ~ obtained f rom curves 1, 2, and 3 of 
Fig. 1. The charge t ransfer  control led iron deposition, 
as represented by Tafel  lines, lies at the onset of the 
diffusion-controlled range of the HER, which means 
that  the pH at the electrode surface is a function of 
the electrode potential  and not equal  to that  in the 
bulk of the solution. The Tafel  lines have a slope of 
b - , F e + +  -~ --85 ~- 3 mV. The exper imenta l  results 
seem to show an increase of the P.C.D, of iron with 
the pH of the solution in the range of t ransport  con- 
trolled HER. Possibly this effect is due to a powdery 
deposition of the meta l  (6). The resul t ing roughness 
of the electrode surface wil l  lead to turbulent  flow 
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Fig. 2. Partial current density-potential curves under potentio- 
static steady-state conditions depending on the pH. Electrolyte: 
0.1M FeSO4 ~ 0.875M Na2SO4. pH ~- 1.8. 2.08. 2.4 (T ---- 298~ 

1000 

of the  solution and hence an increase of the l imit ing 
diffusion current  density (L.D.C.D.). 

The P.C.D.'s i - , F e + +  and i--,H+ obtained from 
curves 4, 5, and 6 of Fig. 1 are shown in Fig. 3. Here, 
as in the case of gold as a RDE discussed elsewhere, 
the ferrous ion discharge takes place mainly  in the 
charge t ransfer  controlled range of the HER. The 
slope of the Tafel  lines of the HER has the expected 
value  of b -  H+ ---- --115 ~- 5 mV (7) whereas  that  for 
the ferrous ion discharge shows a value of b - ,  Fe § + ---- 
--36 ~- 4 mV in agreement  with earl ier  results obtained 
on gold (2). The sudden rise of the i -  Fe+ + is due to 
nonstabi l i ty of the pH at the electrode surface when 
the L.D.C.D. for the HER is reached. The scattering 
of the results for the HER in the L.D.C.D. region may 
be a t t r ibuted to this behavior  and possibly also the 
above-ment ioned  increase of roughness of the electrode 
surface. Contrary  to the above-ment ioned  case for pH 
< 2.4 in Fig. 2, the deviat ion of the L.D.C.D. for iron 
discharge lies wi thin  the exper imenta l  error.  Here, 
however,  there  is a decrease in the magni tude  of 
L.D.C.D, wi th  increasing negat ive  potential. This be-  
havior,  which may  be correla ted to electron tunnel ing 
f rom the electrode surface and thereby decreasing the 
iron yield, is discussed thoroughly elsewhere (6, 8). 

Figure  4 shows the P.C.D.'s obtained f rom curves 7 
and 8 f rom Fig. I. The slope of the Tafel  l ine is 
b- ,Fe+ + = --56 mV and --76 mV, respectively.  It  
shows a systematic change between the two ment ioned 
ranges. The change of i - ,  fe § + f rom charge t ransfer  to 
diffusion control takes place gradual ly  and the mag-  
ni tude of L.D.C.D. for the ferrous ion agrees satisfac- 
tori ly wi th  those f rom Fig. 3. 

F igure  5 shows the logar i thm of the par t ia l  current  
densities i - ,  Fe § + as a function of the pH of the solu- 
tion at constant electrode potentials. F rom the slope 
one can get the electrochemical  reaction orders related 
to the pH. 
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Fig. 3. Partial current density-potentlal curves under potentio- 
static steady-state conditions depending on the pH. Electrolyte: 
0.1M FeSO4 -I- 0.875M No2SO4. pH ---- 3.30, 3.5, 3.8 (T ---- 298~ 
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Fig 4. Partial current density-potential curves under potentio- 
static steady-state conditions depending on the pH. Electrolyte: 
0.1M FeSO4 + 0.875M Na2SO4. pH = 2.77, 2.96 (T ---- 298~ 
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Fig. 5. Partial current densities i--,Fe+ + as a function of pH for 
determination of the electrochemical reaction order of iron deposi- 
tion related to pH. Electrolyte: 0.1M FeSO4 + 0.875M Na2SO4 
(T = 298~ 

For pH > 3.3, the value for n - ,  pH : 1.4 _+ 0.2. For 
pH < 2.4 n-pH has a value which deviates from zero 
in the positive direction, but  is, however, too small  to be 
determined accurately (about 0.17). 

Discussion 
It has been shown in Fig. 2 that  for pH < 2.4, the 

ferrous ion discharge takes place at the onset of the 
L.D.C.D. of the HER. Consequently the concentrat ion of 
protons in the double layer  is decreasing, i.e., the pH 
at the electrode surface is not constant, which must  be 
taken into consideration in derivat ion of the kinetic 
equation. 

The noncatalyzed mechanism (3) is given by the 
following sequence 

Fe++aq + H20~FeOH + + H + [i] 

+ e- * (FeOH)ads [2] FeOH + 

(FeOH)ads + H + + e- ~.-~- Fe + H20 [3] 

Steps [1] and [3] are fast reactions while step [2] is 
a slow one and hence the RDS. The current  densi ty-  
overvoltage relat ion lor this mechanism is given by 
(1, 2) 

iFe+ +--" 2 i0,2 [ ~ e x p  ( ( 1  -t- a2)F~l .) 
RT 

--Cexp (--(l--~2)l~q )] [4] 
RT 

where n is the total overvoltage. 
The expressions for A, B, and C are 

aFe a-H20 aH + aFeOH + 
A: _----- , B :  , C:-~-------- 

aFe aH20 aH + aFeOH + 

The expression C can be replaced by the following 
terms according to the chemical equilibrium [I] 

aFe + + aH20  aH+ 1 
C: -- :D "-- 

aFe + + aH20 aH + B 

Under  the condition 1 

ai = ai 

[5] 

i.e., A, B, C, D ---- 1 then the overvoltage is only charge 
transfer  overvoltage (n -- ~t) 

iFe+ + m 2 i0,~ exp RT 

--exp(--,(l--~ )] [6] 
RT 

From Eq. [6] the Tafel slope for the cathodic proc- 
ess 01 << 0) can be obtained 

b - ,  F e +  + = " -  

0 l og / i - ,  Fe+ +/  ai=~i 
2.303 RT 

-- --118.3mV [7] 
(I -- a 2 ) F  

with a2 ---- 0.5 and T ---- 298~ 
From Eq. [4] the electrochemical reaction orders 

related to the pH or to the activity of Fe + +-ions can 
be derived 

( Olog/i--,Fe++/ ) 
: + 1 [8] 

- - ,  pH : O pH ai,  c 

( Olog/i--,Fe++/ ) 
n--,Fe++ : -- -~-1 [9] 

0 log aFe + + ai, e 

Under  the conditions 

aFe : aFe 

aH20 : aH20 

aFe+ + : aFe+ + 

all+ ~=aH+ 

from Eq. [4] follows 

{Fe+ + ---- 2 iO,Z exp RT 

1 
-- -- exp 

B RT 
z~,  = e q u i l i b r i u m  a c t i v i t y  of t h e  spec ie s  i a t  e = co. 

[lO] 
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The cur ren t  densi ty-overvoltage relat ion for the 
cathodic process (n < <  0) is given by 

i ((l--a2)F~]) [ii ] 
i -  Fe + + ~ --2 i0,2 " "~- " exp ~ 

o r  

R T  
11 = (ln2i0,~ - -  l n / / - - , F e + + / - -  l n B )  [12] 

(1 -- ~ ) F  

For all+ ---- a l l+,  i.e., B ---- 1, it follows ~1 = nt and from 
Eq. [12] the same Tafel slope as in Eq. [7] is obtained. 

On the other hand for B ~ 1 the Tafel slope will be 
derived from Eq. [12] as follows 

( Ologli--.Fe++/ ) _ 1 ___ 
a t l  a i  b - 

(l--a2)F (OlogB), [13] 

2.303 RT O~l ai 

This will be the case, if the s imultaneous HER is con- 
trolled by charge transfer  and diffusion. 

For the HER 
1 

H + + e - , - -  ~-H2 [14] 

the current  densi ty-overvol tage relat ion for the 
cathodic process (*1 < <  0) is given by 

( ( 1 - - a H ) ' l ~ )  [15 ] 
i--,H+ ---~0, H " B e x p  -- RT 

or 
RT 

-- (lni0, H -- l n / i - - ,H+/+  l n B )  [16] 
(1 -- aH)F 

Only in a certain overvoltage range, where B ~ 1, i.e., 
: "~t -~- ~d for the HER, then Eq. [13] shows that 

b - ,  Fe+ + will  be changed. Considering only the over-  
potential  range for which i - ,  H + = i--,L.D.C., H+ = 
constant the var iat ion of B is given by 

( OlogB ) _ (I--~H)F 
~ a~ 2.303 RT [17] 

Subst i tu t ing Eq. [17] in  Eq. [13] one gets the Tafel 
slope of the i ron deposition reaction in this overvolt-  
age range 

2.303 R T  2.303 R T  
b - ,  Fe+ + = [18] 

( 1  - -  ~ 2 ) F  ( 1  - -  ~ H ) F  

For == = =H = 0.5 and T = 298~ then  b - , F e +  + = 
--59.2 inV. 

The exper imental  results for pH < 2.4 showed that  
the measured range of the curves lies just  at the onset 
of the diffusion-controlled range of the HER. Conse- 
quently,  the contr ibut ion from the second term on the 
right side of Eq. [13] will be relat ively small compared 
to the case when the L.D.C.D. of the HER is fully 
reached. Therefore the measured slope, b - , F e + +  = 

--85 • 3 mV of the Tafel lines is between the calcu- 
lated above, b - , F e +  + ---- --60 mV and that  for charge 
transfer  controlled HER, b-,Fe++ ---- --120 mV (2). 
Also the fact that the determinat ion of the electro- 
chemical reaction order n--,pH in this pH range is 
ra ther  difficult may be considered as a confirmation for 
the difference between the electrode surface pH and 
that in the bu lk  of the solution. 

The catalyzed reaction mechanism which is supposed 
to explain the results of pH > 3.3 is given by (1, 2) 

Fe + +aq "~- H20 ~ FeOH + + H + [1] 

[Fe(FeOH)]  + FeOH + + 2e-  
[Fe(FeOH)]  + Fe + O H -  [19] 

and the parallel  reaction to [19] 

Fe -t- FeOH + + e -  ~ [Fe(FeOH)]  [20] 

The current  densi ty-overvoltage equation under  
steady-state conditions for this mechanism, taking into 
consideration that step [19] is the RDS is given by 
(1,2) 

iFe+ + = i0,19 . . . . . . . .  exp 
aK B R T  

aK . C exp [21] 
aK RT 

with K ---- [Fe(FeOH) ]. 
For ~ < <  O one can write 

aK ( 2 ( 1 - -  al9)FTI ) 
i - - , F e +  + ~ - - i 0 , 1 9  " ~ " C exp -- [22] 

aK RT 

Under  s teady-state  conditions 

daK i20 
. . . .  0 [23] 

dt z2o �9 F 

The expression for iuo is 

i20 = i0,20 - - - - -  exp 
aK R T  / 

aF~ . C . e x p  ( ( 1 - - ~ 2 o ) F ~ l ) ]  [24] 

ave RT  

From Eq. [23] and [24] using [5] one can write 

a K _  D aFe e x p (  1~ ) [25] 

aK B aFe R T  

Subst i tu t ing [25] into [22] one gets 

aFe ( D )  2 
i--,Fe+ + ~-~ --i0,19 " ~ " ~" 

O~Fe 

( [ 1 +  2 ( 1 - -  a19)]F~l ) [26 ] 
�9 exp -- R T  

From [26] one derives the following kinetic data 

( 0~t ) 
b - , F e  + + = 

0 log l i-,Fe + + l ai=~i 

2.303 R T  
__-- -- ---- --29.6 mV [27] 

[1 + 2(1 - -  a 1 9 ) ] F  

with a19 = 0.5 and T = 298~ fur thermore 

( O l o g i i - ' F e + + [ )  = +2 [28] 
n-mH = 0 pH abe 

( 01og'i-- ,Fe++l )a 
n--,Fe+ + = = + 2  [29] 

0 log aFe + + i,e 

Following the same procedure as above in the case 
of the pH at the electrode surface not being constant, 
for the Tafel slope b - , F e +  + = --20 mY when put t ing 
a19 = ce H = 0.5 at T = 298~ Assuming, however, that  
the pH is constant at the electrode surface, which is 
the case when the ferrous ion discharge takes place 
in the charge transfer  controlled range  of the HER, 
then the Tafel slope according to Eq. [27] is found. 

The agreement  is satisfactory between the measured 
Tafel slopes and the calculated value based on the last 
assumption�9 From Fig. 5 follows an electrochemical re-  
action order related to the pH of n--,pH = -~ 1.4 • 0.2. 
This value is not in good agreement  with the calcu- 
lated one according to Eq. [28]. The deviation is pos- 
sibly due to the fact, that  the absolute value of mea-  
sured slope for the Tafel lines is somewhat higher than 
the theoretical one, which may  be a t t r ibuted to an 
~19 ~ 0�9149 However, the exper imental  value n--,pn is not 
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equal to one, which may then correspond to the non-  
catalyzed mechanism. Therefore the measured Tafel 
slopes as well  as the determined electrochemical re-  
action order related to the pH indicate the existence 
of the catalyzed mechanism. 

Conclusions 
The comparison between the results obtained in this 

work and those in the previous one (2) shows 

1. The substrate of the working electrode (gold or 
p la t inum) has obviously no influence on the mecha- 
nisms of the iron deposition reactions themselves. 

2. On the contrary the substrate influences the HER, 
because the exchange current  density of the hydrogen 
electrode is much greater on p la t inum than on gold 
or iron. Therefore in the case of p la t inum electrode 
at pH < 2,4 the HER is part ial ly controlled by diffusion 
in the potential  range of iron deposition. 

3. Consequently the s imultaneous deposition of iron 
and evolution of hydrogen lead in the case of p la t inum 
at pH < 2.4 to an increase of pH at the electrode sur-  
face. This does not change the iron deposition mecha- 
nism, however, the measurable electrochemical kinetic 
data will  be changed. 

4. Under  our measur ing technique (2) in the case of 
p la t inum at pH < 2.4 the electrode coverage with iron 
is apparent ly  incomplete under  steady-state conditions. 
The measured iron efficiency values are very small in 
this range, i.e., ] i - - , F e +  + ]  < <  li--,H+ + [. 
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Techn ca]l Notes 

The Triangular Voltage Sweep Method for 
Determining Double-Layer Capacity of 

Porous Electrodes 
Part I. Theory 

L. G. Austin *'1 and E. G. Gagnon *'2 
Material Sciences Department, The Pennsylvania State University, University Park, Pennsylvania 16802 

Scientific analysis of the behavior of porous bat tery 
electrodes is greatly aided by a knowledge of the elec- 
trochemically active area of the electrode. The mea-  
surement  of double- layer  capacity in concentrated 
electrolytes is the most direct measurement  of the 
electrode area in  contact with electrolyte. If the 
double- layer  capacity of an electrode is compared to 
that of a known, smooth area of the same material,  a 
relative measure of area is obtained. The capacitance 
per unit  area (1) for clean negat ively charged metal  
surfaces is 15-20 gF /cm 2, and for positively charged 
surfaces is 30-40 ;~F/cm 2. In  general, this comparison 
is best made under  the same conditions of electrolyte 
concentration, voltage, temperature,  etc. However, a 

" E l e c t r o c h e m i c a l  S oc i e ty  A c t i v e  M e m b e r .  
i P r e s e n t  a d d r e s s :  D e p a r t m e n t  of  C h e m i c a l  E n g i n e e r i n g ,  The  U n i -  

v e r s i t y  of  N a t a l ,  D u r b a n ,  R e p u b l i c  of  S o u t h  A f r i c a .  
�9 z P r e s e n t  a d d r e s s :  E l e c t r o c h e m i s t r y  D e p a r t m e n t ,  R e s e a r c h  L a b o r a -  

to r ies ,  G e n e r a l  M o t o r s  C o r p o r a t i o n ,  W a r r e n ,  M i c h i g a n  48090. 
K e y  w o r d s :  d o u b l e - l a y e r  c a p a c i t y ,  p o r o u s  e l ec t rodes ,  v o l t a m m e t r y .  

major  problem in the measurement  of double- layer  
capacity for porous electrodes is the effect of distr ib-  
uted capacity. Ohmic resistance in electrolyte in the 
pores has the effect of making it easier for the mouth 
of the pore to charge, or discharge, while the back of 
the pore lags behind (2). Another  problem is to el imi- 
nate  or allow for faradaic current,  which is often 
caused by processes which are complex and difficult to 
describe mathematically,  such as the removal  of im-  
purities at an electrode or the adsorption of species 
present  in the electrolyte. 

A number  of cases have been treated by Posey and 
Morozumi (3), but they do not treat the case of l inear  
or t r iangular  voltage sweep in the presence of a sig- 
nificant external  IR drop. It will  be shown that  this is 
a par t icular ly  useful technique since it enables an ap-  
proximate correction to be made for faradaic current .  
Johnson and Newman (4) have formulated general  
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mass and current  balances, but  the equations are too 
complex to be of use for simple double- layer  capacity 
measurement;  when reduced for the case considered 
here, their expressions lead to our start ing equation. 

Physical Mode l  and Assumptions 
Consider the physical si tuation i l lustrated in Fig. 1, 

where a Luggin capil lary is positioned a distance, d, 
from the surface of a porous electrode having a thick- 
ness, L. Only one face of the electrode is exposed to 
the electrolyte to ensure un i form current  through the 
face. I t  is assumed that  the porous system is so highly 
inter l inked that  the concentrat ion of species dissolved 
in the electrolyte flooding the pores of the electrode is 
constant over plane x in  the electrode. Similarly, the 
electrode potential  is constant  over plane x. It  is fur-  
ther assumed that  the potential  gradients are one- 
dimensional  (along x),  which is t rue when  the thick- 
ness, L, of the electrode is much greater than  the pore 
diameters (10 to 20 t imes).  It  is assumed that  the elec- 
tronic conductivi ty of the electrode mater ia l  is large 
compared to the ionic conductivi ty of the electrolyte 
wi th in  the pores, so that  the absolute potential  of the 
electrode mater ial  is constant  along x. The electrolyte 
is assumed to be concentrated, so that  diffuse double-  
layer effects are negligible. In the absence of faradaic 
current,  there are no changes of concentrat ion of 
species along x. These assumptions are reasonable for 
many  cases of practical interest. 

Theory  
The differential equation (2, 3) governing the dis- 

t r ibut ion of potential  in one-dimensional  porous elec- 
trodes with the above assumptions is given by 

OV(x,t)/Ot = (L/pC) (02V(x,t) /Ox 2) [1] 

L is the thickness of the electrode (cm) ; p is the effec- 
tive resistance of the electrolyte in the porous system 
of the electrode (ohm-cm) ;  C is the double- layer  
capacity per un i t  external ,  plane area of electrode 
(farads/cm 2) ; V (x,t) is electrode-electrolyte potential  
at position x (volts).  (If the t rue double- layer  per 
uni t  surface area is c, and the specific surface area is a, 
then C = caL.) At t > 0, the current  density through 
the face at L is i, and i = i (L, t)  = ( l /p ) [OV(x , t ) /  
OX]~=L. 

When a l inear ly  increasing voltage is applied from 
rest conditions, the ini t ial  condition is V(x,0) = con- 
stant = Vo, and the boundary  condition is Vm = kt  -t- 
Vo. The resistance, Re, between test electrode and ref-  
erence tip includes that  of the electrolyte between the 
face of the electrode and the tip (see Fig. 1), and V~ = 
Vm -- iReA, where A is the plane area of the electrode. 
Then 

i = (Z/p) [oV(x,t)/OX]x=L = (Vm -- V~)/ReA 
o r  

[OV(x,t)/OX]~=L + h(V~ - Vm) = 0 
where 

0 

en  

E3 
0 
n-  
l - -  
0 LU 
.-J 
W 

[[ - _ _ _. _ _:'_m . . . . . . . . . .  

1.~ LUGGIN C A PI L--L-AR-Y " 

L -1= d 
x=O x=L 

Fig. I .  Illustration of test electrode assembly 

h = p/ReA [2] 

The effective specific resistance is p = ~pfree, where 
is the labyr in th  factor. If Re is due main ly  to the elec- 
trolyte path of length d between test-Luggin tip, ReA 
= Pfree d ,  and h = t /d .  

The solution of Eq. [1] for these conditions (5) is 

Ir 2 -- x 2) + 2L] 
V (x,t) - -  V0 = kt  - -  

2h (L/pC) 

2hk ~ exp (--tLan2/pC) cos anX 

- t -  (L/pC) an'~[(h 2 -~- an2)L -'1- h]COS anL [3] 
n = l  

where an values are the positive roots of antan(~nL) 
= h. Hence 

i ---- i(L,t)  = ~kC [4] 
where 

~=I-- ~exp(---- 
n:l 

t mn 2 ) 
pCL 

2r ] [4a] 
mn2[~2 -~= mn 2 -~- ~] 

with 
mn = L~n 

mn tan mn = ~) 
= Lh = Lp/ReA 

The values of /~ vs. t/pCL as a function of ~ (cal- 
culated by digital computation) are given in  Fig. 2. It  
is readily shown (6) that  Eq. [4] reduces to the wel l -  
known result  

i = kC[1 -- exp ( - - t /ReC)]  [5] 

for ~ small, that is, a very th in  electrode and to 

8kC ~ (--i)" 
i =  kC ~2 ( 2 n +  1) 2 

n = 0  

. e x p ( - - ( 2 n + 1 ) 2  ~2 t . _ ~ ) ( s i n (  2 n + l  ) ~ )  
4 pCL 2 

[6] 

for ~ large, that  is, Re small, the case similarly treated 
by Posey and Morozumi (3). 

If the direction of voltage scan is sharply reversed 
at some voltage, that is, a t r iangular  voltage pulse is 
used, the general  solution to the following voltage- 
dis tance-t ime curve is complex (7), and is obtained 
from 

Vm(tl) - V(x , t )  = u(x , t )  + w(x, t )  

where Vm (tl) is the controlled potential  at the Luggin 
tip at the t ime tz of voltage reversal, t is t ime measured 
from tl and 

1.0 

0.8 

0.6 

0.4 

0.2 

0.01 0.1 1.0 I0 

t /pCL 

Fig. 2. Values of fl in ic = ~kC before voltage scan reversal 

I I ojo,,oll 
I00 
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k [ h ( L  2 -  x 2) + 2L] 
w (x,t) - -  kt - -  

2h (L/pC) 

2hk x-~~ exp (--tLan2/pC) cos anX 
+ 

(L/pC------~ n2"vl ~n2[(h 2 -5 a,2)L -5 h]cos ~,L 

u(x , t )  - - 2  ~ exp (--k~n2t) 
tl-----1 

h 2 -4- a,, 2 i "L 
cos ~nX .,I o S (x) cos , , x d x  

(~n 2 -5 h2)L -5 h 
with 

y(x) = Vr , (h)  -- V(X,tl) 
---- (ktl -5 V0) -- V(x,  tl) 

k[h (/-2 -- x 2) -5 2L] 

2h (L/pC) 

2hk ~ exp ( -- tLan~/pC) cos anx 

(L/pC) /'~ an2[ (h 2 -5 an2)L -5 h]cos anL 

This general  solution is considerably simplified when 
the ini t ial  voltage sweep is mainta ined long enough 
for the summat ion te rm in  Eq. [3] to become negligible 
(~ -~ 1), giving the voltage dis t r ibut ion through the 
electrode at t ime t~ as 

k [ h ( L  2 -- x ~) -5 2L] 
f ( x )  = 

2h (L/pC) 

Then, it can be shown that  

i = i(L, t )  = ~kC [7] 

where ~ is obtained from Eq. [4a] and 

;~2 : exp --ran 2 
.=1 mn2 -5 ~2 -5 

( m - ~ - )  sin2mn [7a] 

The limits for long time are ~1 = 1, ~2 = 0, and for 
zero time, Pl ---- 0, /~2 ----- 1; so after voltage gradient  
reversal the current  goes from kC at t = 0 to - -kC at 
long time. Values for 7 are shown in Fig. 3, again as a 
function of t /pCL and ~. 

Discussion 
Figure 4 i l lustrates a typical set of values. It is clear 

that  in the absence of faradaic cur ren t  it is easy to 
determine C from an exper imental  result  of this form, 
using the constant values of i. In  addition, by matching 
the exper imental  values of/3 vs. t ime against the theo- 

T R I A N G U L A R  V O LTA G E SWEEP METHOD 
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Fig. 3. Values of 7 in ic = "ykC after voltage scan reversal 
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Fig. 4. Example of variation of capacitive current with time 
[A = 0.3 cm 2, L = 0.05, ~. = 2, d = 0.1 cm, pfree = 20 ohm 
cm, C = 0.05 farads/era ~, k = 40 mV/sec. 

retical results of Fig. 2, it is possible to estimate the 
best value of the unknown,  p. Then, since 

p - -  P f r e e  ~. [ 8 ]  

the labyr in th  factor k can be calculated. Alternat ively,  
knowing rough estimates of the parameters  it is possi- 
ble from Fig. 2 to estimate the time at which ~ tends 
to one, t~ say, and hence determine the sweep rate 
necessary to obtain C from constant i values for a 
given voltage excursion, ~V 

k = ~V/ t l  [9] 

Part  II of this paper will show that there is good agree- 
ment  between theory and experiment,  in the absence 
of faradaic current.  

On the other hand, it is commonly observed that  the 
current  does not always reach a t ru ly  horizontal value 
(Fig. 5) due to faradaic current  which increases as 
the voltage scans from the zero-current  s tar t ing point. 
Such faradaic current  rare ly  behaves as if an ideal 
faradaic resistance were present. This makes it im-  
possible to determine C from a horizontal portion, just  
as it would be impossible to determine it from a 
galvanostatic test which did not give a l inear  V- t  curve 
after some time. However, the t r iangular  voltage 
sweep enables an estimate of C to be made, as follows. 

At the point at which the voltage gradient  reverses, 
the faradaic current  is about the same before and just  
after the reversal. Thus, if if is not too large compared 
to ic 

il ---- ir -5 kC 
i2 ~ ( - - ' v )  k C  - -  i f  

a n d  
i l  - 5  i2  ~ kC(1 -- ~) [10] 

f rom which C can be estimated by  a t r ia l  and error 
matching of the exper imental  results with the theo- 
retical values. A tr ial  estimate of C is made as shown 
in Fig. 5, and by comparing the results with Fig. 2 a 
value of ~ can also be estimated. Assuming that  a small 
faradaic current  does not  change Fig. 3 much, the 
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" - - ' - - - Z  

0 
T T I M E  

Fig. 5. Illustration of i / t  result fur triangular voltage sweep in 
presence of faradaic current. 

value of 7 at t2 is estimated, and a second estimate of 
C made using Eq. [10], and so on. 

It  will  be shown in a later publication that these 
techniques work well  when the faradaic current  at 
the point of reversal  is not too large compared to the 
capacitive current.  Often this can be achieved experi-  
menta l ly  by  keeping the voltage excursions small. 

It will  not, of course, e l iminate  a reversible pseudo- 
capacity due to a reversible bu i ld -up / remova l  of 
species on the surface, S + R + + e -  ~ S[R], since 
faradaic current  due to a reversible process of this 
kind will  reverse as the voltage gradient  reverses. 

Acknowledgment 
We grateful ly acknowledge the financial support of 

the National Science Foundat ion for this work. 

Manuscript  submit ted Ju ly  25, 1972; revised m a n u -  
script received Oct. 10, 1972. 

Any  discussion of this paper will  appear in a Discus- 
sion Section to be published in  the December 1973 
JOURNAL. 

REFERENCES 
1. A. N. Frumkin ,  in  "Advances in Electrochemistry 

and Electrochemical Engineering," Vol. 1, P. Dela- 
hay, Editor, p. 65, Interscience Publishers, Inc., 
New York (1961). 

2. L. G. Austin, Fuel  Cells, NASA SP-120, Washington, 
D. C. (1967). 

3. F. A. Posey and T. Morozumi, This Journal, 113, 177 
(1966). 

4. A. M. Johnson and J. Newman, ibid., 118, 510 (1971). 
5. H. S. Carslaw and J. C. Jaeger, "Conduction of Heat 

in Solids," p. 127, 2nd ed., Oxford Univers i ty  Press 
(1959). 

6. E. G. Gagnon, Ph.D. Thesis, The Pennsy lvan ia  State 
University, Universi ty  Park, Pa. (1970); and 
HDL-065-4, Contract No. DAAG 39-67-C-0065, 
U.S. Army Materiel Command, Harry  Diamond 
Laboratories, Washington, D. C. (1971). 

7. H. S. Carslaw and J. C. Jaeger, "Conduction of Heat 
irL Solids," p. 120, 2nd ed., Oxford Universi ty  
Press (1959). 

Influence of Steric Effects upon Redox Potentials 
of Cyanine Dyes 

Tadaaki  Tani  

Research Laboratories, Ashigara, Fuji Photo Film Company, Minami-ashigara, Kanagawa, Japan 

In  earlier reports (1, 2) it has been indicated that 
the lowest vacant  electronic energy levels ely and the 
highest occupied ones eho of simple cyanine dyes cal- 
culated by H/ickel-approximation molecular  orbital  
(HMO) method can be related to their  reduction 
potentials Ered, oxidation potentials Eox, excitation 
energies Eex by the following equations 

~iv : --Ered + C [i] 

'ho : --Eo~ + C' [2] 

hc 
'Iv -- 'he = Eex -- [3] 

~rnax 

where ~max is the wavelength of maximum absorption 
of a dye, and C and C' are electrochemical constants. 

Although some sterie effects are thought to exist in 
monomethine cyanine dyes, they are not amenable to 
the HMO treatment (i). In this paper, rather strict 
comparison has been made between the calculated and 
experimental values of simple cyanine dyes with vari- 
ous methine chain lengths in terms of Eq. [i]-[3], in 
order to obtain knowledge of the influence of sterie 
effects upon the electronic structures of the cyanine 
dyes. The eyanine dyes studied are as follows 

Key w o r d s :  s t e r i c  effect, redox  potential ,  cyanine  dye. 

n ---- O; 2,2 '-quinocyanine (2Q0) 
n -  1; 2,2 '-quinocarbocyanine (2Q1) 
n -~ 2; 2,2 '-quinodicarbocyanine (2Q2) 
n = 3; 2,2 ' -quinotr icarbocyanine (2Q3) 

H CfH s 

n ---- 0; thiacyanine (So) 
n ---- I; thiacarbocyanine ($I) 
n -- 2; th iadicarbocyanine ($2) 
n -- 3; th ia t r icarbocyanine (Ss) 
n ---- 4; th ia te t racarbocyanine ($4) 
n ---- 5; th iapentacarbocyanine  ($5) 

The exper imental  and calculated values of these dyes 
were already reported (1-5). 

Figure 1 shows the relations between reduction po- 
tentials and the lowest vacant  electronic energy levels, 
and between oxidation potentials and the highest oc- 
cupied levels of these dyes. As shown in this figure, the 
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Fig. 1. The relation between the calculated electronic-energy 
levels and the observed redox potentials of simple cyanine dyes. 
Xho and Xlv are (eho - -  a) /~  and (ely - -  a)/~', respectively. 

observed reduction potential  of 2,2 '-quinocyanine is 
more positive, and that of thiacyanine is more nega-  
t iv ,  than expected by the HMO method. On the other 
hand, the observed oxidation potential  of 2,2'-quino- 
cyanine is more negative, and that  of thiacyanine is 
more positive than  expected by the HMO method. 

Figure 2 shows the relat ion of the observed excita- 
tion energies with the magni tude  of the calculated en-  
ergy gap between the lowest vacant  and the highest 
occupied electronic energy levels of these dyes. The 
observed excitation energy of 2,2'-quinocyanine is 

> 
~9 

[n 

O 
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! 

J 
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! 
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E : l v -  Cho (-/9) 
Fig. 2. The relation between the observed excitation energies and 

the magnitude of the calculated energy gap between the lowest 
vacant and the highest occupied electronic-energy levels of simple 
cyanine dyes. 
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Fig. 3. The  e l e c t r o n i c - e n e r g y  level d iagram of 2 ,2 ' -qu inocyan ine  
and thiacyanine calculated by the HMO method and estimated by 
the experimental data, in terms of redox potentials. 

smaller, and that  of th iacyanine is larger than  ex- 
pected by the HMO method. This result  is thought  
consistent with the results shown in Fig. 1, under  the 
light of Eq. [1]- [3]. 

These results are thought  to suggest the existence of 
some steric effects in 2,2 ' -quinocyanine and thiacy-  
anine. Figure 3 shows the electronic-energy levels of 
these dyes given by the HMO calculation and their  
reported redox (reduction and oxidation) potentials. 
It is thought that  the calculated electronic-energy 
levels correspond to those of the dyes in the absence of 
the steric effects, and the energy levels est imated from 
the experimental  data correspond to those in the pres- 
ence of the steric effects. 

According to the x - ray  diffraction analysis by  Dam- 
meier and Hoppe (6), and by Nakatsu and co-workers 
(7), a 2,2 '-quinocyanine molecule is nonplanar ,  owing 
to its in t ramolecular  steric hindrance (the hindrance 
between hydrogen atoms at 3 and 3' positions). Since 
the highest occupied level was bonding, and the lowest 
vacant  one was antibonding,  according to the HMO 
method, the nonp lanar i ty  of this dye is expected to 
cause the unstabi l izat ion of its highest occupied level, 
and to cause its stabilization of the lowest vacant  one. 
This view is consistent with the results shown in Fig. 
1-3. 

According to Nakatsu and co-workers (8), a thiacya- 
n ine  molecule is planar,  and the distance between sulfur 
atoms in the molecule is 2.994A, being smaller than  the 
sum of the van  der Waals'  radii  of two sulfur  atoms 
(ca. 3.7A). This fact suggests the existence of the in te r -  
action of electronic orbitals between two sulfur  atoms 
in the molecule. Since it was suggested from the HMO 
method that  the molecular  orbital  interact ion between 
the two sulfur atoms in  the molecule was bonding at 
the highest occupied level, and ant ibonding at the 
lowest vacant  one, the interact ion is thought to cause 
the stabilization of the highest occupied level, and to 
cause the unstabi l izat ion of the lowest vacant  one. This 
view is consistent with the results shown in Fig. 1-3. 

Manuscript  received J u n e  26, 1972. 

Any  discussion of this paper will appear in a Discus- 
sion Section to be published in the December 1973 
JOURNAL. 
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The Error in Measurements of Electrode Kinetics Caused by 
Nonuniform Ohmic-Potential Drop to a Disk Electrode 

William H. Tiedemann* 
Energy and Kinetics Department, School of Engineering and Applied Science, 

University of California, Los Angeles, California 90024 

John Newman* 
Inorganic Materials Research Division, Lawrence Berkeley Laboratory, and Department of Chemical Engineering, 
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and Douglas N. Bennion* 
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Newman, in his t rea tment  of the current  distr ibution 
on a rotat ing disk electrode (1,2), has implied that  the 
nonuni form ohmic, potential  drop wil l  lead to errors 
in the determinat ion of kinetic parameters  unless spe- 
cial corrections are applied. Because the error will  be 
relat ively larger for high exchange-current  densities 
and low solution conductivities, l inear  electrode ki-  
netics have been chosen to assess the magni tude of the 
effect. The complexity of the results is simplified by re-  
stricting the analysis to the same geomet ry- -a  disk 
electrode of radius ra in a large insulat ing plane, with 
the counterelectrode at in f in i ty - -and  ignoring concen- 
trat ion variations. The apparent  surface overpotential  
is taken to be that  measured by a reference electrode, 
with the ohmic-potent ial  drop being determined by 
in ter rupt ion  of the current.  Three part icular  reference- 
electrode positions are used to i l lustrate the effect. The 
results are qual i ta t ively applicable for other electrode 
geometries afflicted with a similar nonuni form ohmic 
potential  drop. 

Analysis 
The potential  in solution outside the doublelayer, in 

the absence of concentrat ion variations, satisfies La-  
place's equation 

0 [ (1.~_~2) 0~ ] 0 [ 0r ' ] 
0-"~ 0--~- + ~ (1 -- ~l 2) = 0 [1] 

On 

where  the rotat ional  elliptic coordinates n and ~ are 
related to cylindrical  coordinates r and z by 

Z : r o O I  r : r o [ ( l + ~ ) ( 1 - - ~ ) ]  1/2 [2] 

[see Ref (3) ]. The boundary  conditions adopted for the 
disk electrode are (1) 

0r 
: 9 at ~1 = 0 (on the insulat ing plane) 

On 

= 0 as ~--~ ~ (far from the disk) [3] 

well  behaved at ~ -- 1 (on the axis of the disk) 

* Electrochemical Society Active Member. 
1 Present address: Globe-Union, Incorporated Milwaukee Wiscon- 

sin 53201. 
Key words: ohmic-potential drop, electrode kinetics, disk elec- 

trode, current distribution. 

The solution to Eq. [1] satisfying boundary  condi- 
tions [3] can be expressed as (1) 

RT 
@ -- BnP2n (~1) M~n (D [4] 

F n = 0  

where P2n(n) is the Legendre polynomial  of order 2n 
and M2n(O is a Legendre funct ion with known prop- 
erties (1). 

For sufficiently small current  densities ( l inear po- 
larization),  the relationship between the surface over- 
potential  and the local current  density is 

i ( r )  = io(~a + ~e) ~ ns = --~|  at z = 0, r < ro [5] 

where i ( r )  refers to the local current  density, ~s refers 
to the local surface overpotential  (which is character-  
istic of the local current  density) and io (aa W ar  
relates to the local kinetics of the faradaic reaction, 
taken here to be linear. The IocaI surface overpotentiat  
is given by 

ns = V - r [6] 

where V is the electrode potential  (assumed to be un i -  
form) and ~(r,0) is the potential  in the solution just  
outside the double layer. 

The overpotential  measured exper imental ly  usual ly  
contains an ohmic contr ibut ion which must  be removed 
by either a numerica l  calculation (1,3) or use of an 
in ter rupter  technique (4). Newman (5) has shown that  
the ohmic potential  measured by the in ter rupter  tech- 
nique corresponds to an average potential  character-  
istic of the pr imary  current  distribution. A nonun i -  
formly charged double- layer  is associated with a non-  
uniform ohmic-potent ial  drop during the passage of 
current.  Immediate ly  after the current  is interrupted,  
the double layer remains  charged, and the potential  
just  outside the double- layer  changes by a uni form 
amount  over the entire surface of the disk 

V' -- r  = V - ~(r,0) [7] 

where primes denote quanti t ies  after interrupt ion.  The 
potential  at an arb i t ra ry  point in  the solution is 
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r  : ~(r ,z)  - r  [81 

where  �9 (r,z) represents  the  local ohmic drop  associated 
wi th  the  p r i m a r y  d is t r ibut ion  for the  same current .  
The surface overpoten t ia l  as measured  by  the  cur ren t  
i n t e r rup te r  method  with  the  reference  e lec t rode  at  r,z 
can be wr i t t en  as 

n~,~pp : g - ~( r ,z )  - r  + ~(r ,z)  [91 

I t  is assumed tha t  one who does not t ake  into account 
the  nonuni form cur ren t  d i s t r ibu t ion  would  calcula te  
an apparen t  exchange  cur ren t  density,  io,app wi th  the  
l inear  polar izat ion express ion based on the average  
cur ren t  dens i ty  and apparen t  surface overpoten t ia l  

F 
iavg ~- ~o,app (an -~ ac) R=---~]s, app [10] 

The difference be tween  Eq. [5] and  [10] is a conse-  
quence of the  nonuni form ohmic drop  to the  d isk  elec-  
t rode  which  is unavo idab ly  contained in Eq. [10]. Sub-  
s t i tut ion of Eq. [4] and [9] into Eq. [10] gives an ex-  
pression for the  er ror  one might  expect  in the exchange 
cur ren t  dens i ty  

m/ [ 4K| 
iQ/io.app = ---~ I 

where  

J = (=a + ,~c) - -  

F 
BO "--= _ _  

R T  

I ~  ~ Bn 
n = l ~  P2n(~l)M2n(~) ] 

[11] 

Froio 

RTK| 

I 

4~| 

and  the Bn values  have  been de te rmined  in Ref. (1). 
Equat ion  [11] is va l id  for  any  a r b i t r a r y  posi t ion of the 
reference electrode.  

Let  us now examine  three  special  cases. Wi th  the  
re fe rence  e lect rode at  infinity, Eq. [11] can be ex -  
pressed as 

~J  [ 4X| ] 
io/io.app --  - ~ -  I 1 [12] 

With  the  reference  e lect rode adjacent  to the  work  elec-  
t rode 

io/io,app = i (r)/iavg [13] 

a genera l  resul t  appl icable  to other  geometr ies  as well.  
P lac ing the  reference  e lec t rode  close to the  work ing  
e lect rode decreases the  ohmic-po ten t ia l  drop, bu t  i t  
also permi t s  the ex t remes  in the  e r ror  for the  ex-  
change-cur ren t  density.  Near  the  center,  i ( r )  has its 
smal les t  value,  and the er ror  can be expressed as 

 o/io,app = T g ,,=0 [14] 

Near  the  edge, i (r)  has its largest  value,  and 

nJ [ 4~=roV _ ~  Bn ] 
io/io.app = ~ I " ,=0 "~o P2n(0) [15] 

With  the reference e lect rode fa r the r  f rom the  surface, 
the  er ror  can ac tua l ly  be expected to l ie be tween  these 
extremes.  F igure  1 contains  the numer ica l  resul ts  of 
the  e r ror  in the exchange-cu r ren t  dens i ty  for severa l  
posit ions of the  reference  e lect rode as a funct ion of the  
dimensionless  exchange-cu r ren t  dens i ty  J. Fo r  the  
values  of J considered,  the  e r ro r  in io can  range  f rom 
--50 to more  than 300%. 

Discussion and Conclusions 
The most impor t an t  resul t  of the  paper  is tha t  serious 

er rors  in the  measuremen t  of e lectrode kinetic  p a r a m -  
eters  (i.e., io) can resul t  f rom an e lect rode which  is 
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~ . _ . . ~  FAR AWAY 
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40 

Fig. 1. Correction in io determination for linear polarization for 
various positions of the reference electrode relative to the disk 
electrode. Curve A approaches 0.5 for large J, while curve C ap- 
proaches infinity. 

charac te r ized  by  a nonuni form cur ren t  dis tr ibut ion.  
The magni tude  of this e r ror  depends  on the posi t ion of 
the  reference  e lec t rode  re la t ive  to the work ing  elec-  
trode.  For  the  cases shown in Fig. 1, the  er rors  as-  
sociated wi th  nonuni form cur ren t  d is t r ibut ion  are 
smal les t  when  the reference  e lec t rode  is located far  
f rom the disk. However ,  decreasing the  er ror  in this  
manner  increases the  ohmic drop which mus t  be  com- 
pensa ted  for by  an i n t e r rup t e r  technique.  Under  cer-  
ta in  expe r imen ta l  conditions,  the  compensated  ohmic 
potent ia l  can be as la rge  as 90% of the  to ta l  measured  
overpotent ial ,  wi th  a consequent  decrease in the ac-  
curacy  of the surface overpotent iaL There  are  cell  
designs (6, 7) which  provide  a un i form p r i m a r y  cu r -  
rent  d is t r ibut ion  over  the  surface of the  e lect rode and 
at the  same t ime posi t ion the  reference  e lec t rode  in the  
plane of the  work ing  e lec t rode  in such a manner  as 
not  to d is turb  the  local cur ren t  dis t r ibut ion.  Also, the  
use of a spher ical  electrode,  as pointed out  b y  Newman  
(2), can be used to e l iminate  cur ren t  d i s t r ibu t ion  p r o b -  

lems. 
A second resul t  of this  w o r k  is tha t  for the  reference  

e lec t rode  posit ions shown in Fig. 1, one needs only to 
measure  the value  of J for  the sys tem in quest ion to 
assess the  degree  of e r ror  in io. Fo r  o ther  re ference  
e lect rode positions, Eq. [11] can be eva lua ted  to assess 
the e r ror  in io. The resul ts  in this  paper  can be used 
qua l i t a t ive ly  to assess the  e r ro r  for configurat ions other  
than  the  disk electrode.  Equat ion  [13] can be used on 
any e lec t rode  sys tem prov ided  tha t  i ( r )  is known. 
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High-Temperature Dielectric Behavior of TiO2(Rutile) 
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ABSTRACT 

The dielectric behavior  of "a" and "c" orientat ion single crystals of TiO2 
(ruti le) was investigated as a funct ion of frequency, from 100 Hz to 500 kHz, 
and temperature,  over the interval  from 500 ~ to 1000~ The a-c conduct ivi ty  
at low applied voltages was found to be due to electronic carriers throughout  
the frequency and  temperature  range studied. The dielectric polarization 
processes occurring in this mater ia l  were found to depend on the tempera ture  
and frequency ranges being investigated. At frequencies above l0 s Hz, elec- 
tronic and lattice polarization was found to predominate  throughout  the 
tempera ture  in terval  investigated. The lower frequency data could be ra-  
t ionalized on the basis of a space-charge polarization model involving mobile 
point defects, which are blocked or par t ia l ly  blocked at the electrodes, and 
electronic carriers, which are able to pass through the electrode. At tempera-  
tures below 750~ the "c" orientat ion specimens were found to exhibit  an 
anomalous behavior that  was felt to be the result  of a th in  barr ier  layer  in  the 
vicini ty of the specimen electrodes. 

The rut i le  crystal l ine modification of TiO2 is a rep-  
resentat ive metal  oxide of commercial  importance 
which is also of interest  from a research standpoint.  
Various high-  and low-tempera ture  measurements  in-  
cluding conductivity (1-6), weight change (7, 8), 
thermoelectric power (3, 4), diffusion (9-11), t ransient  
conduct ivi ty  (12-14), Hall  effect (15-20), and dielec- 
tric measurements  (21-26) have been made for the 
purpose of elucidating its defect s t ructure and physical 
properties. 

High- tempera ture  measurements  (1-8) have qual-  
i tat ively confirmed the presence of nonstoichiometric 
defects result ing in n - type  behavior, although the 
species, concentration, and ionization states are still 
somewhat in doubt. 

Previous dielectric measurements  (21-26) on ruti le 
have been restricted to relat ively low temperatures.  
Most of this work has been performed at room tem- 
perature  after hea t - t rea tment  at elevated temperatures  
in  ei ther an oxidizing or reducing atmosphere. Dielec- 
tric dispersion and relaxat ion have been observed at 
room tempera ture  by several investigators, but  their 
data does not agree, and a consistent model has not 
been determined. The experiments  of von Hippel et al. 
(24) are an exception in that they were performed at 
temperatures  up to 500~ This temperature,  however, 
is still less than  one-four th  the melt ing point of rutile, 
and impurit ies and quenched- in  defects could play a 
major  role in controll ing the behavior. 

To avoid the inconsistencies evident  in the low- tem-  
perature investigations of rutile, dielectric measure-  
ments  were performed at as high a tempera ture  as 
feasible using a technique developed in our labora-  
tories. Under  these conditions the nonequi l ib r ium con-  
ditiom~ noted in the l i terature  could be minimized or 
possibly avoided. Analysis  of h igh- tempera ture  data 
should lead to informat ion about the defect s t ructure  
and its role in controll ing the dielectric behavior. 

Key words:  dielectr ic  behavior ,  TiO2 (ruti le) ,  polarization.  

Experimental Procedure 
In  our early at tempts to measure h igh- tempera ture  

dielectric behavior, it was noted that  the specimen 
conductance, Gsp, exhibits a much stronger tempera-  
ture  dependence than the specimen capacitance, Cs,. 
This results in a dissipation factor which increases 
significantly with increasing temperature.  For  rutile, 
tan  5 approached 103 to 104 at 1000~ and, therefore, 
a special technique had to be developed to perform 
the dielectric measurements.  This subst i tut ion tech- 
nique, where corrections are made for parasitic capac- 
itances and inductances associated with the system, 
was the subject of a previous paper (27). With this 
technique the capacitance of specimens having a total  
resistance o~ greater  than 100 ohms and a dissipation 
factor less than  104 can be measured to •  For 
mid- range  frequencies (1-50 kHz) the error  is less 
than •  

Single crystal t i t an ium dioxide boules purchased 
from the National  Lead Company (see Table  I) were 
oriented to wi th in  •  ~ of the "a" or "c" axis by the 
Laue back reflection x - r ay  technique. Specimens rang-  
ing in thickness from 0.23 to 0.6 cm and in sur-  
face area from 0.4 to 0.7 cm ~ were cut from 
boule slices. The surface area to thickness ratio ranged 
from 0.5 to 1 cm. All  surfaces were mechanical ly pol- 
ished with No. 600 grit silicon carbide or boron carbide 
to remove irregulari t ies  and to provide reproducible 
surface conditions. Three to five coats of Engelhard 
l iquid bright  p la t inum paint  No. 05 were applied to 
the plane parallel  surfaces perpendicular  to the ori- 
enta t ion direction and baked at 50O~ between each 
application. An additional three to five coats of Engel-  
hard fluxed p la t inum paste No. 6082 were applied to 
the surfaces and baked at 850~ between applications. 
Care was taken to use th in  coats of paint  and paste 
and to heat the specimen slowly so that  the layers 
would not  bubble  or crack. When the resistance be-  
tween any pair of points on the contact surface was 

259 
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Table I. Mass spectrographic analysis of boule of Ti02 
obtained from National Lead Company (ppmw) 

E l e m e n t  E l e m e n t  

L i  < 0 . 0 1  P d  <0.1 
Be <0.003 Ag <0.06 
B 0.02 Cd  < 6 . 0  
C (a) 1.0 In  <0.1 
N (a) 0.2 Sn <0.1 
O ma jo r  Sb <0.07 
F <0.06 Te <0.1 
Na (b) I <0.04 
Mg <0.3 Cs <0.04 
A1 0.1 Ba <0.06 
Si <0.6 La <0.05 
P <0.I Ce <i.0 
S < 0 . 6  P r  < 0 . 5  
C1 1.0 Nd <3.0 
K 1.0 Sm <0.2 
Ca O.B Eu <0.1 
Sc <0.02 Gd <0.2 
Ti m a jo r  Tb <0.6 
V < 0 . 2  D y  < 0 . 2  
Cr <0.6 Ho <0,06 
Mn <0.2 Er <0.2 
F e  0.6 T m  <0.06 
Co <0.2 Yb <0.2 
Ni 0.2 Lu  <0.06 
Cu <4.0 Hf <0.2 
Zn <2.0 Ta  --~0.4 
Ga <0.04 W <0.2 
Ge <0.1 Re <0.1 
As <0.02 Os <0.I 
Se <3.0 Ir <0.1 
Br <0.06 Pt <0.3 
R b  <0.05 Au (c) 
Sr  <0.04 Hg <0.3 
Y <0.03 TI <0.1 
Z r  < 0 . 0 6  Pb <1.0 
Nb <0.1 Bi <0.3 
M o  < 0 . 2  T h  <0.1 
R u  <0.I U <I.0 
Rh <0.03 

reduced to less than 1 ohm, the plat inum paste appli-  
cations were  terminated and the specimen placed into 
the holder shown in Fig. 1. 

The specimen was  a l lowed to equilibrate at t em-  
perature in various partial pressures of oxygen  pro-  
vided by oxygen-argon tank mixtures .  Equil ibrium 
was  assumed when  the capacitance and resistance 
changes over a several  hour period were  less  than 
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Fig. 1. Specimen holder 

those due to the variation in temperature. Measure- 
ments  of the capacitance and resistance were made at 
selected frequencies in the range 100 Hz to 500 kHz. 
The specimen temperature  was  increased or decreased 
at approximately  50~ intervals  and the above pro- 
cedure repeated. 

Results and Discussion 
Isothermal dielectric measurements  were performed 

in the range 100 Hz to 500 kHz over the interval 500 ~ 
1000~ at several  oxygen  partial pressures. The ap- 
parent dielectric constant, K', as a function of fre- 
quency for "a" and "c" orientations is shown in Fig. 2 
and 3, respectively.  No dispersion in conductivi ty  was  
noted over the ranges of frequency and temperature  
investigated; consequently,  isothermal conductivity vs. 
frequency data were not included. From Fig. 2 and 3 
it can be seen that the large apparent dielectric con-  
stant evident at l ow  frequencies decreases monotoni -  
cal ly  wi th  increasing frequency over  the entire range. 
At high frequencies a constant value  of K' is ap- 
proached, K'| which is independent of temperature.  
The decrease in K' with  frequency fo l lowed the rela-  
tionship K'a~, -x  where  x is 5/4 +__ 1/4. A m a x i m u m  
static dielectric constant, Ks, was  not obtained since 
the dielectric constant continues to increase wi th  de-  
creasing frequency. 

Figures 4 and 5 show the dependence of K' on recip-  
rocal absolute temperature  for "a" and "c" orienta- 
tions, respectively.  The linear segments  of these plots 
suggest that the apparent dielectric constant is con-  
trolled by a thermal ly  activated process. For the "a" 
orientation at low frequencies,  K' fo l lowed the rela-  
tionship K'a exp ( - - E / R T )  over the temperature range 
investigated. In contrast to this, K' for the "c" orienta- 
t ion exhibited a negative temperature  dependence in 
the range 500 ~ to approximately  750~ fol lowed by a 
posit ive temperature  dependence at higher tempera-  
tures. 

Two probe a-c (1 kHz) and d-c (Idc < 15 /~A) con- 
ductivit ies  vs. the reciprocal of absolute temperature  
for the "a" and "c" orientations are shown in Fig. 6 
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Fig. 2. K' vs. frequency over the range 709~176 for the "a" 
direction and Po2 = 0.5 arm. 
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Fig. 3b. K' vs. frequency over the range 730~176 for the "c" 
direction and Po2 = 1 atm. 

and 7, respect ively .  The  a-c  and d -c  conduct ivi t ies  for 
the "a" or ienta t ion  were  ident ical  and  exhib i ted  an e x -  
ponent ia l  t empe ra tu r e  dependence  wi th  an act ivat ion 
energy of 1.6 • 0.2 eV. The "c" or ienta t ion  behaved  
in a s imi lar  manne r  at  t empe ra tu r e s  above  750~ but  
below this t empera tu re  the  a-c  conduct iv i ty  ap -  
proached a constant  value,  whereas  the  d -c  conduc-  
t iv i ty  exhib i ted  an exponent ia l  t e m p e r a t u r e  depen-  
dence. Therefore,  at  t empera tu re s  be low 750~ the  con- 
duct iv i ty  is f requency  dependent .  These conduc t iv i ty  
da ta  were  reproducib le  to wi th in  +--2% upon thermal  
cycl ing except  for the  "c" or ienta t ion  da ta  be low 750~ 
which  was dependent  on history.  

The conduct iv i ty  and dielectr ic  constant  were  de -  
pendent  on oxygen  pa r t i a l  p ressure  over  the  range  
1-10-5 a tm at 950~ They were  propor t iona l  to Po2 -1/" 
where  n was app rox ima te ly  equal  to 6. This oxygen 
par t i a l  pressure  dependence  was not  ev ident  at  lower  
tempera tures .  This would  indicate  tha t  e i ther  
quenched- in  nonstoichiometr ic  defects or impur i t ies  
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Fig. 4. The logarithm of K' vs. 1/T over the range 500-100,000 Hz 
for the "o" direction and Pos = 0.5 arm. 

control led  the  conduct iv i ty  behav ior  of TiO~ at  lower  
tempera tures .  The fo rmer  seems more  a t t r ac t ive  due  
to the  agreement  of the  conduct iv i ty  da ta  wi th  p rev i -  
ous measurements  (6). Pa r t i a l  p ressure  studies were  
not cont inued because the  p l a t inum contacts  degraded  
wi th  fu r the r  reduc t ion  of the  specimen. The values  of 
dielectr ic  constant  and a-c conductivity did not exhib i t  
a dependence  on the magni tude  of the appl ied  a-c  field 
at less than  50 V/cm.  The  diss ipat ion factor  ca lcula ted  
f rom these da t a  a re  shown in Fig. 8 and 9. I t  is observed 
tha t  t an  8 is ve ry  large,  and also t ha t  t an  ~max is a 
s t rong function of t empera ture .  

A n  unders tand ing  of the  h i g h - t e m p e r a t u r e  die lec-  
t r ic  behavior of TiO2 may be obtained from the data 
presented in Fig. 2-9. The exponentially dependent a-c 
and d-c conductivities are in good agreement with 
four-probe d-c conductivities reported in the litera- 
ture (6), and this indicates that the platinum contacts 
acted in an ohmic fashion. The imaginary part of the 
dielectric constant, K", was always much greater than 
the real part, K', which suggests that the dielectric 
losses were associated with electronic conduction 
rather than relaxation processes. 

The variation of K' with frequency and tempera- 
ture at elevated temperatures indicates that similar 
polarization processes are responsible for the dielectric 
behavior in the "a" and "c" orientations. 

Electronic and atomic polarization mechanisms are 
active in rutile at all temperatures and frequencies of 
this investigation: The frequency and temperature in- 
dependent  dielectr ic  constant ,  K'| at  h igh f requencies  
is control led  by  atomic and electronic polar iza t ion  
processes. The h igh- f requency  dielectr ic  constants,  K*~, 
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Fig. 6. The logarithm of two-probe a-c and d-c ~ vs. I / T  for the 
"a" direction and Po2 = 0.5 arm. 

reported by Parker (28) at 1 MHz and 300~ were  170 
in the "c" direction and 88 in the "a" direction. These 
values compare we l l  wi th  the high-frequency data of 
this study. The low- frequency  data of this investigation 
were  analyzed in terms of barrier layer and space-  
charge polarization models  in addition to the constant 
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Fig. 7. The logarithm of two-probe a-c and d-c ~r vs. I / T  for the 
"c" direction and Po2 = 1 arm. 'o41 
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Fig. 8. Tan 5 vs. frequency over the range 777~176 for the "a" 
direction and Po~ = 0.5 atm. 

contribution expected from electronic and atomic po-  
larization processes. 

Various interracial barrier layer models  have been 
considered by Volger (29),  and others (30, 31).  Only 
two of the special cases considered by Volger could 
explain the large values of K' observed in this invest i -  
gation. In these l imit ing cases the dielectric constant of 
the barrier layer, K'I, and the bulk material,  K'2, are 
assumed to be identical. The large apparent dielectric 
constants are shown to result  from resist ivity and re-  
sistance differences between  the barrier layers  and 
the bulk of the specimen. When both the resist ivity of 
the interracial material,  pl, and the barrier layer re-  
sistance, #ldl/A, are much  larger than that of the bulk, 
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i.e., pi2di >> p22d~ and pld~ >> p2d2, the  rat io  of the  
stat ic to the bu lk  dielectr ic  constant  equals  the  ra t io  of 
the  bu lk  thickness,  d2, to the  ba r r i e r  thickness,  all, i.e. 

K ' .  d~ 
- -  = [1 ]  
K'| dl 

In  this  case a large  dispers ion in conduct iv i ty  is also 
predicted.  

In  the second model,  the  res is t iv i ty  of the  in ter rac ia l  
mater ia l ,  p~, is assumed to be much la rger  than  that  
of the bulk,  p2, i.e., pl2dl ~ >  p22d2, but  the  ba r r i e r  l ayer  
res is tance is negl igible  when compared  wi th  the bu lk  
resistance,  i.e., pldl << ~de. The ra t io  of the  stat ic to 
the  bu lk  dielectr ic  constant  equals  the  rat io  of the 
in ter fac ia l  to bu lk  resist ivit ies,  i.e. 

K's p12dl 
�9 '_- C2] 

K'~ ~ 2 d 2  

A conduct iv i ty  dispers ion is not  pred ic ted  for this  
si tuation.  

Space-charge  processes can also lead  to significant 
polar iza t ion  as the resul t  of the  mot ion of electronic or 
atomic point  defects in an in i t ia l ly  homogeneous m a t e -  
rial.  In  o rder  to have  space-charge  polarizat ion,  two r e -  
qui rements  must  be fulfilled. Charge -ca r ry ing  species 
must  be mobi le  and blocked or pa r t i a l l y  b locked f rom 
passing th rough  the specimen electrodes.  These charge-  
ca r ry ing  species could be electronic defects, in which  
case they  would  be blocked at the electrodes by  non-  
ohmic processes; or atomic defects, for which e lec t rode  
poros i ty  and slow ra tes  of chemical  reac t ion  would  
resul t  in cha rge -ca r r i e r  blocking. 

Jaffe (32), F r i au f  (33), Macdonald  (34-36), and 
Beaumont  and Jacobs (37) have developed theore t ica l  
re la t ionships  descr ibing the effect of space-charge  po-  
la r iza t ion  on the conduc t iv i ty  and dielectr ic  constant .  

Three  basic models  have been developed,  one of these 
involves  a single mobi le  cha rge -ca r ry ing  species which  
is blocked or  pa r t i a l l y  b locked at  the  spec imen elec-  
t rodes (37). The others  (32-36) deal  wi th  two mobile  
cha rge -ca r ry ing  species of opposite sign, whe re  e i ther  
both or only  one of the charged species are  blocked or 
pa r t i a l l y  blocked at  the  electrodes.  The s ing le -ca r r i e r  
model  requires  a dispers ion in the  conduct ivi ty ,  which 
was not  observed,  whi le  the  second case does not  ap-  
p ropr ia t e ly  descr ibe  the  observed  f requency  dispersion. 
The last  case is deemed the  most  appropr i a t e  when  
considering the high t e m p e r a t u r e  die lect r ic  behavior  
of TiO2 and wil l  be expanded  here. 

The model  as presented  by  F r i au f  involving two 
cha rge -ca r ry ing  species one of which  is b locked at  the  
specimen electrodes can r ead i ly  be appl ied  to the  ob-  
servat ions  for  TiO2. Nega t ive ly  charged  species a re  
assumed to pass th rough  the  electrodes whi le  posi-  
t ive ly  charged species are  b locked  at  the  electrodes.  
The equiva lent  pa ra l l e l  c i rcui t  capacitance,  C, and 
resistance,  R, pe r  uni t  a r ea  of  the  specimen can be 
expressed as a funct ion of frequency,  ~, as 

E 29. [3] 

Here, Dn and Dp are, respect ively ,  the  diffusion coeffi- 
cients of the negat ive  and posi t ive cha rge -ca r ry ing  
species of charge  e, co is the  equ i l ib r ium concentra t ion 
of defects, 2L is the specimen thickness,  and  ~n is the 
mobi l i ty  of the negat ive  species. I t  is to be noted tha t  
Eq. [3] was der ived  for a case where  both cha rge -ca r -  
ry ing  species have  a pp rox ima te ly  the  same mobil i ty .  
For TiO2, however ,  the  negat ive  cha rge -ca r ry ing  spe-  
cies a re  assumed to be electrons which would  have  a 
much la rger  diffusion coefficient than  the pos i t ive ly  
charged species which  are  assumed to be posi t ive ions. 
Using the inequal i ty ,  Dn > >  Dp, the  Einste in  equat ion 

Pn e 
- -  _ - -  [4] 
Dn kT 

along with  the re la t ionship  

Eq. [3] reduced to 

KPeo 
C --- - -  [5]  

2L 

[6]  
eoLkT 

Here,  K '  is the  effective dielectr ic  constant  and  eo is the  
pe rmi t t i v i ty  of f ree  space. 

The h i g h - t e m p e r a t u r e  (T > 750~ dielectr ic  be -  
havior  found for TiO2 could not be ra t ional ized using 
the concept of a th in  ba r r i e r  l aye r  having  a res is t iv i ty  
and resistance grea ter  than  tha t  of the bu lk  mater ia l .  
Al though  Eq. [1] does predic t  a large  dispers ion in K', 
no associated dispers ion in conduct iv i ty  was  observed. 

A model  involving a th in  ba r r i e r  layer ,  which  has a 
res is t iv i ty  grea ter  than  and resis tance less than  the 
bulk  mater ia l ,  also, does not  seem to exp la in  the  data.  
Firs t ,  it  is noted tha t  K '  does not  approach  a constant  
value,  K'~, at low frequencies  as p red ic ted  by  Eq. [2]. 
Nei ther  did  K' obey the  D e b y e - t y p e  dispers ion as p re -  
dicted by Volger (29). In  addit ion,  the increase  in the 
diss ipat ion factor  wi th  increasing t empera tu re ,  shown 
in Fig. 8 and 9, is not in agreement  wi th  this  l imi t ing 
case of the  ba r r i e r  l ayer  model�9 According to Volger, 
the  m a x i m u m  value  of t an  5 is dependent  only  upon 
the re la t ive  thicknesses of the  bu lk  and b a r r i e r  layers .  
A fu r the r  a rgument  discount ing this ba r r i e r  l aye r  
model  wil l  be p resen ted  when  the low t empera tu re  d i -  
electr ic  da ta  for the  "c" or ienta t ion  is discussed. 

The h i g h - t e m p e r a t u r e  dielectr ic  behavior  of TiO2 
seems to be best  descr ibed by  a space-charge  polar iza-  
t ion model  involv ing  two cha rge -ca r ry ing  species of 
opposi te  sign. Here,  e lect rons  are  assumed to be the 
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negat ive ly  charged species and are  able  to f ree ly  pass 
th rough  the  electrodes,  whi le  ionic point  defects  are  
t aken  to be the  pos i t ive ly  charged  species which  are 
blocked or pa r t i a l ly  b locked at the  specimen electrodes.  

According to Eq. [6] the  effective dielectr ic  constant  
should v a r y  as ~-8/2 at  high t e m p e r a t u r e  and low f re -  
quency where  ion migra t ion  can p redomina te  the  po-  
la r iza t ion  processes in TiO2. At  h igher  f requencies  di f -  
fusion distances would  be shor ter  and  atomic and elec-  
tronic polar izat ion mechanisms would  predominate .  
This qua l i t a t ive ly  agrees  wi th  wha t  is observed in Fig. 
2 and 3b. The  conduct iv i ty  as observed  in  Fig. 6 and 7 
would not  necessar i ly  v a r y  wi th  f requency  as de-  
scr ibed in Eq. [3] due to the large  electronic con t r ibu-  
t ion in TiO2. I t  is noted  tha t  K' var ies  wi th  ~-5/4---1/4 
as opposed to that  p red ic ted  by  Eq. [6]. This could be 
due to some degree  of electronic depolar izat ion,  unequal  
cha rge -ca r r i e r  mobil i t ies,  or the fact  tha t  the elec-  
t rodes  do not  to ta l ly  block the  pos i t ive ly  charged  
species. The degree  of cha rge -ca r r i e r  b locking would  
depend  upon the na ture  of the  diffusing species, e lec-  
t rode  mater ia l ,  and e lec t rode  react ions occurr ing in the 
specimen. If  decomposi t ion react ions of the type  [TiO2 

Tii + O2(g)]  and [TiL + O2(g) ~ TiO2] occurred  
at  the  specimen electrodes then  only pa r t i a l  b locking 
would result .  

The diffusion coefficient of the posi t ive c h a r g e - c a r r y -  
ing species could be ca lcu la ted  f rom Eq. [6] if its con- 
cent ra t ion  were  known. Since the na tu re  of the  mi -  
g ra t ing  point  defect  is unknown,  a quant i ta t ive  eva lu-  
a t ion of Dp using Eq. [6] is not  possible. I f  the  mobile  
point  defect  were  assumed to be an in ters t i t ia l  im-  
pu r i ty  or a quenched- in  in te rs t i t i a l  nonstoichiometr ic  
defect, an ac t iva t ion  energy of mot ion of 0.5 eV would 
be ob ta ined  f rom the var ia t ion  of K '  wi th  t empera tu re .  
This va lue  of energy  is consistent  wi th  the  values  
found for in ters t i t ia l  diffusion of Li  +1 and B +8 in TiO2 
(9, 10). The ca lcula ted  energy  of mot ion would  be sig- 
nif icantly less than  0.5 eV if a defec t - format ion  energy  
were  to be included in this  calculat ion (4, 6). This 
would  seem unreasonable  in l ight  of the prev ious ly  
repor ted  diffusion results.  

Thus, the  dielectr ic  behavior  of ru t i le  at  e leva ted  
t empera tu res  (i.e., f rom 500 ~ to 1050~ for the  "a" 
or ienta t ion and 700 ~ to 1050~ for the  "c" or ienta t ion)  
can be ra t ional ized  using the concept of f ie ld-enhanced 
atomist ic  migra t ion  and space-charge  polarizat ion.  I t  
should be  noted tha t  a l though the  type  of defects  (i.e., 
monovalent ,  ionic defects exist ing in equal  concent ra-  
t ions) which  were  assumed to be responsible  for  the 
space charge polar izat ion in F r i a u f s  analysis  are  not  
equiva len t  to the types  of defects expected  in ru t i l e  
(i.e., electrons and po lyva len t  pos i t ive ly  charged ionic 
defects exis t ing in unequal  concentra t ions) ,  the  f re -  
quency and t empe ra tu r e  t rends  exh ib i ted  by  the  da ta  
a re  st i l l  in reasonable  qua l i ta t ive  agreement  wi th  
theory.  

However ,  the dielectr ic  behavior  of the  "c" o r ien ta -  
t ion specimens be low app rox ima te ly  750~ d id  not  
follow al l  the  p rev ious ly  ment ioned  trends.  Al though  
K' increased wi th  decreas ing frequency,  the  l o w - f r e -  
quency values  decreased wi th  increasing tempera ture .  
The appa ren t  a-c  conduct iv i ty  became f requency  de-  
pendent  and t empe ra tu r e  independent  be low 750~ as is 
seen in Fig. 7. The d -c  conduct ivi ty ,  however ,  was  
found to main ta in  the  same exponent ia l  dependence  
tha t  exis ted  in the  h igher  t empera tu re  region. 

These da ta  seem to indicate  that,  at  lower  t e m p e r a -  
tures,  a ba r r i e r  l aye r  process as descr ibed by  Eq. [2] 
exists, i.e., pl >> ~ and R1 >> R2. However ,  as the  
t e m p e r a t u r e  is increased,  the  res is t iv i ty  of the ba r r i e r  
l aye r  decreases  unt i l  the  condit ions la id  out  for  Eq. [2] 
are  met, i.e., pl > p2 and R1 --~ R2. Upon fu r the r  in-  
crease in t e m p e r a t u r e  p~ approaches  p2 and the ba r r i e r  
l aye r  d isappears  completely.  I t  should be  noted tha t  
the  subsequent  increase of K' at h igher  t empera tu res  

could, thus, not  be accounted for  on the  basis  of bar- 
rier-layer polar izat ion.  

The high f requency  or bu lk  conduct iv i ty  in the  "c" 
di rect ion seems to be control led  by  impur i t ies  at  t em-  
pe ra tu res  be low about  750~ whi le  the  d-c  or b a r r i e r -  
l ayer  conduct iv i ty  fol lowed a s imi lar  behav ior  as ob-  
served  at h igher  tempera tures .  I t  has been observed 
that  for TiO2 a n to p t ransi t ion,  due to depar tu res  
f rom stoichiometry,  occurs in this  oxygen  pa r t i a l  p res -  
sure  and t e m p e r a t u r e  range  (4). Thus, acceptor  centers  
might  lead to compensa t ion  at  the  ex te rna l  face of the  
specimen.  This would  not  occur in the  in ter ior  of t h e  
specimen due to l imi ted  diffusion at  low tempera tures .  

The genera l  behavior  seen at  low t empera tu re s  in 
the  "c" or ienta t ion  was not  observed in the  "a" d i rec-  
tion. Severa l  factors  might  contr ibute  to this  difference. 
Firs t ,  the  a-c  da ta  in the  "a" di rect ion was not  t aken  
at as low a t e m p e r a t u r e  due to the s trong h is tory  de-  
pendence found in this  da ta  for the  "c" direction.  I t  is 
also noted tha t  a l though the  "a" and "c" or ienta t ion  
specimens were  cut  f rom the  same boule, the i r  absolute  
conduct ivi t ies  and, also, impur i t y  concentra t ion  might  
differ. Final ly ,  it  has been repor ted  that  diffusion oc- 
curs  in the  "c" d i rec t ion  more  read i ly  than  in the  "a" 
di rect ion (36, 39). Therefore,  any  ba r r i e r  layers  that  
might  form due to compensat ion  at  low t empera tu re s  
for the "a" or ien ta t ion  would  be  qui te  th in  and might  
not  be observed in the  measurements ,  i.e., pl > f~ but  
R1 <~ R2. 

A fur ther  exp lana t ion  for the  exis tence of a ba r r i e r  
l ayer  a t  low t e m p e r a t u r e  might  involve  a Schot tky  
ba r r i e r  (40). The l o w - t e m p e r a t u r e  da ta  r epor ted  here  
were  ve ry  dependent  on his tory  and, therefore,  fu r ther  
exper imen ta t ion  in this  region did not seem per t inen t  
to this invest igat ion.  

The effects of bias ing were  s tudied  at  800~ using the  
th ree  e lec t rode  configurat ion wi th  p la t inum electrodes 
shown in Fig. 10. I t  was genera l ly  noted tha t  upon 
biasing, the a-c  conduct iv i ty  and capaci tance at  low 
f requency  increased be tween  the midd le  and negat ive  
electrodes of the  specimen, whi le  the  reverse  occurred 
be tween  the middle  and posi t ive electrodes.  These ob-  
servat ions are  consistent  wi th  the  mul t ip robe  t rans ient  
conduct iv i ty  studies of B lumentha l  et al. (39). These 
resul ts  were  in te rp re ted  in te rms of posi t ive ions mi -  
g ra t ing  to the negat ive  end and ca r ry ing  along thei r  
associated electronic charge. Thus the  increase  in ca-  
pac i tance  observed in th is  s tudy could be  associated 
wi th  a l a rger  ion concentra t ion in the  v ic in i ty  of the  
negat ive  electrode whi le  the  increase  in conduct iv i ty  
would  be due to the  l a rge r  e lect ron concent ra t ion  in 
this  vicini ty.  

Along  wi th  the  above observations,  v o l t - a m p e r e  
character is t ics  using var ious  values  of constant  cur- 
rent were  recorded  be tween  var ious  p robe  pa i rs  as 

+ ELECTRODE 

~ ELECTRODE 

- ELECTRODE 
i 

Fig. i0. The three-probe d-c configuration. 
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Fig. 11. The three-probe voltage vs. current d-c data. 

shown in Fig. 11. These results,  a l though ve ry  h is tory  
dependent ,  p rov ide  a qua l i ta t ive  in te rp re ta t ion  con- 
s is tent  w i th  the  prev ious ly  discussed die lect r ic  be -  
havior.  I t  is noted tha t  the  da ta  can be charac ter ized  
by  th ree  dist inct  regions. In  region I Ohm's  law was 
obeyed and the inc rementa l  d-c  resistance,  hV/hI, was 
app rox ima te ly  equal  to the  a-c  resistance.  At  higher  
cur ren t s  a n d / o r  fields, a nonohmic region  exists, i.e., 
I ~ V n. In region I I I  the cu r ren t  is a l inear  funct ion of 
vol tage;  however ,  the  incrementa l  d -c  resistance,  hV/  
hi, was much smal le r  t han  the a-c  resis tance in this  
region which was equal  to the  incrementa l  d-c  re -  
sistance in region I. These da ta  a re  s imi lar  to p rev i -  
ously r epor ted  nonohmic studies for TiO2 (12). 

These resul ts  can also be in te rp re ted  in te rms of 
moving point  defects. In  region I the  cur ren t  is most  
p robab ly  due to e lect ron motion only and therefore,  
if no ba r r i e r  layers  were  present ,  one would  expect  
ident ical  ohmic behavior  for both  a-c  and d-c  con- 
duc t iv i ty  studies. The  nonohmic behavior  of the  type  
depicted in region II  was in te rpre ted  by  Greener  and 
Whi tmore  (12) as being due to space-charge- l imi ted  
currents .  However ,  the i r  in t e rp re ta t ion  requ i red  tha t  
the  mobi l i ty  of e lectrons in TiO2 be the  order  of 105 
cm2/V-sec, which is much grea te r  than  the  measured  
values  of 10 -1 cm2/V-sec (18). The behavior  observed 
in region II  might  also be in te rp re ted  as resul t ing  
f rom a combinat ion  of both e lect ron and ion currents.  
In  this  region the field impressed  across the  sample,  
and the  surface concentra t ion  of defects  could be of 
such a magni tude  tha t  the decomposi t ion react ions  
(TiO2 ~ Tii + O2(g))  and (TiL + O2(g) ~ TiO2) 
could be  d r iven  at  the  anode and cathode, respect ively .  
Thus, the  e lectrodes would  not  be to ta l ly  blocking to 
the flow of ions as was assumed in the  in te rp re ta t ion  
of the  a forement ioned  dielectr ic  studies,  i.e., a Fa rada ic  
type  component  of cur ren t  would  exis t  (41, 42). Re-  
gion I I I  might  then be in te rp re ted  as the  resul t  of 
e lectron and ion flow. The vol tage  in tercepts  obta ined 
upon ex t rapo la t ing  region I I I  to I = 0 would  be  a 
measure  of the decomposi t ion poten t ia l  r equ i red  to 
dr ive  the  e lect rode chemical  reactions.  F u r t h e r  qua l i t a -  

t ive in te rp re ta t ion  of this da ta  would  seem frui t less  
due to the  s t rong h is tory  dependence  encountered.  

Mitoff and Charles  (43) have  invoked the  concept 
of a Wa rbu rg  (44) impedance  to ra t ional ize  the  magn i -  
tude  of capaci tance and its d ispers ion which  they  ob-  
served in be ta  alumina,  soda- l ime glasses, and single 
crysta ls  of sodium chloride.  The  a rguments  presented  
by  these authors  were  exp lored  wi th  respect  to the  
resul ts  observed for TiO2 at  e leva ted  tempera tures .  
Mitoff and Charles  poin ted  out  that ,  if the  space charge 
polar izat ion model  is to be valid,  the  magni tude  of 
the  measured  capacitance,  Csp, should  lead  to a r ea -  
sonable  Debye  length.  The m a x i m u m  value  of capac-  
i tance  and the Debye  length,  LD, can be re la ted  by  the  
equat ion  

K'.eoA 
C s p m ~  = " ~  [ 7 ]  

LD 

Here, A is the  a rea  of the  specimen, eo is the  pe rmi t t i v -  
i ty  of free space, and  K'| is the  h igh- f requency  re la -  
t ive dielectr ic  constant .  The larges t  va lue  of specimen 
capacitance,  Cspmax, observed  for TiO2 in this  s tudy  was 
app rox ima te ly  0.5 ~f. Using the  appropr ia t e  values  of 
K'| ~ I00, A = 1 cm 2 and eo = 8.85 • I0 -12 Fcm - I ,  a 
va lue  of LD - -  2 • 10 -5 cm results .  This Debye  length  
is reasonable  and also suggests tha t  the  space-charge  
polar izat ion model  is appropr ia t e  at  e levated  t e m p e r a -  
ture  for TiO~. 

If  a W a r b u r g  impedance  is to be present ,  then  elec-  
t rode  react ions  of the type  M + + e ~:~ M ~ would  have  
to occur in the  v ic in i ty  of the  electrodes,  i.e., a F a r a -  
daic cur ren t  would  have to exist  (41, 42, 44). The in te r -  
p re ta t ion  of the  resul ts  of Fig. 11 suggests tha t  app re -  
c iable  e lectrode reac t ion  or Fa rada ic  cur ren t  does not 
exist  unt i l  a cr i t ical  vol tage or surface concentra t ion 
of defects is reached.  Therefore  at the  low vol tages  
used in the  dielectr ic  measurements ,  it  is expected 
that  the  W a r b u r g  impedance  would  not  be  an im-  
por tan t  cont r ibut ion  to the  dielectr ic  dispersions ob-  
served. 

Conclusions 

The dielectr ic  behavior  of TiO2 ( rut i le)  can be 
ra t ional ized  on the  basis of electronic and la t t ice  po la r -  
izat ion mechanisms at f requencies  above  105 Hz. In 
the  f requency in te rva l  102-105 Hz, dielectr ic  po lar iza-  
t ion for the  "a" or ien ta t ion  and the  "c" or ienta t ion  
above 750~ can be ra t ional ized on the  basis of a 
space-charge  polar iza t ion  m o d e l  Here, electrons,  the  
nega t ive ly  charged mobile  species, were  assumed to 
pass th rough  the electrodes,  whi le  posi t ively charged 
mobi le  ionic point  defects were  assumed to be blocked 
at  the  electrodes.  The na ture  of the  mobi le  ionic point  
defects  could not  be determined,  however ,  the i r  ac t iva-  
t ion energy for  mot ion was of the  order  of 0.5 eV. At  
t empera tu res  be low 750~ the dielectr ic  polar izat ion 
processes occurr ing in the  "c" or ien ta t ion  specimens 
seem to be control led  by  a t h i n - b a r r i e r  layer .  

The measured  a-c  conduct iv i ty  da ta  agreed wi th  
four -p robe  d -c  conduct iv i ty  da ta  r epor t ed  in the  l i t -  
era ture ,  where  electrons were  assumed to be the  charge 
ca r ry ing  species. The d-c  v o l t - a m p e r e  character is t ics  
for a "c" or ien ta t ion  specimen of TiO2 at  800~ were  
recorded.  Three  regions were  noted in this  curve. At  
low currents ,  Ohm's  l aw was obeyed  and the conduc-  
t iv i ty  was, again,  in agreement  wi th  prev ious ly  re -  
por ted  results.  A t  in te rmedia te  currents ,  a nonohmic 
behavior  was observed,  whi le  a t  h igher  cur ren t  values  
a second Ohm's  law region  appeared.  The conduct iv i ty  
ca lcula ted  for the  la t te r  reg ion  was found to be h igher  
than  tha t  for the  l ow-cu r ren t  region.  The conduct iv i ty  
at  low currents  can be ascr ibed  to electronic carriers .  
The la rger  conduct iv i ty  found in the  second Ohm's  law 
region can be ra t ional ized on the  basis of a Fa rada ic  
process or a decomposi t ion reac t ion  leading  to an ionic 
cont r ibut ion  to the  conduct ivi ty .  
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Charge Trapping in Polymers 
D. K. Davies and P. J. Lock 

Electrical Research Association, Leatherhead, United Kingdom 

ABSTRACT 

An investigation is described of the role of unsaturated groups in the 
molecular structure on charge trapping in synthetic polymers. An attempt has 
also been made to quantify the effect on carrier  migration of doping these 
materials with halogens. Using a surface charge decay technique carrier  mo- 
bil i ty has been determined in vacuo for a number of synthetic polymers and 
also for both high- and low-density polyethylenes doped with halogens. These 
data are presented together with an account of concurrent measurements of 
optical absorption in the same materials. The data indicate a tendency for 
"pure polymers" with known higher unsaturation content to exhibit a lower 
carrier mobility. Increased mobility was observed with either bromine or 
iodine impregnation of polyethylene. The optical data show that the iodine 
enters the polymer as neutral molecules most of which emerge under atmo- 
spheric conditions. The remainder, however, form charge exchange complexes 
at unsaturation sites in the polymer. The role of complexes in carrier  t rans-  
port is discussed. 

The charge storage property of insulating mater ia l s - -  
as exemplified in the electret-- is  becoming of wide- 
spread technological importance from microphones (6; 
and references therein) to prostheses (1). The elucida- 
tion of the underlying charge injection and carrier 

Key words: polymers, carrier mobility, conduction. 

migration processes in synthetic polymers is vital  to 
the future uti l i ty of these materials in almost any 
capacity. 

Modern experimental  techniques are yielding in- 
creasingly more definitive models of the basic mecha- 
nisms. It has been shown (3, 7) that  carrier mobility 
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in low conduct iv i ty  po lymers  is ex t r eme ly  small ,  the  
car r ie rs  being p redominan t ly  located in traps.  Car r i e r  
migra t ion  is descr ibed by  a hopping process. Recent ly  
publ i shed  da ta  (2) indicate  tha t  both  po lymer  crys-  
t a l l in i ty  and molecular  s y m m e t r y  signif icantly affect 
the e lect re t  s tabi l i ty ,  that  is, charge  t rapping,  and fu r -  
ther, tha t  pheny l  and unsa tu ra ted  groups in the  molec-  
u lar  s t ructure  can form traps.  Prev ious  work  (4) has 
also shown that  ca r r i e r  mobi l i ty  in these  mate r ia l s  
may  be g rea t ly  increased  by  impregna t ing  the  po lymer  
wi th  iodine. This effect has been in te rp re ted  b y  pos tu-  
la t ing charge exchange complex  fo rmat ion  in the  po ly -  
mer, the  complexes  effect ively reducing  t r app ing  
effects by  "handing-on"  the  carr iers .  A charge ex -  
change complex  in the present  context  means  an in te r -  
act ion be tween  two species, the  s t rength  of which lies 
be tween a ful l  chemical  bond and a smal l  orb i ta l  
overlap.  

The presen t  paper  describes an invest igat ion of the 
role  of unsa tu ra ted  groups in ca r r i e r  t r app ing  and an 
a t t empt  to quan t i fy  the  effects of doping on the t r ans -  
por t  mechanism. Using a su r face-charge  decay  tech-  
nique, ca r r i e r  mobi l i ty  has been de te rmined  in vacuo 
for a number  of synthet ic  po lymers  and also for both 
h igh-dens i ty  (HDPE) and low-dens i ty  (LDPE) po ly -  
e thylenes  impregna ted  wi th  halogens.  A n  account of 
concurrent  measurements  of optical  absorpt ion  in the  
same mate r ia l s  is also presented.  

The expe r imen ta l  resul ts  show a tendency  for ca r -  
r iers  in po lymers  wi th  known higher  unsa tura t ion  con- 
tent  to exhibi t  a lower  mobil i ty .  Car r ie rs  in po ly -  
methy lene  have a signif icantly h igher  mobi l i ty  than 
in e i ther  HDPE or LDPE but  the mobi l i ty  ex t rapo la t ed  
to room t empera tu r e  is st i l l  31/2 orders  of magni tude  
lower than  tha t  observed for octacosane (C2sHss). 

Mobi l i ty  increases  were  observed wi th  both  LDPE 
and HDPE doped wi th  e i ther  b romine  or iodine, the 
affect being grea te r  wi th  the  l a t t e r  impregnant .  Spec-  
t rophotomet r ic  measurements  in the u .v . /v is ib le  show 
that  iodine enters  the  po lymer  as neu t r a l  iodine mole-  
cules some of which form charge  exchange  complexes  
wi th  the  polymer .  Absorp t ion  measurements  in the 
in f ra red  range  show tha t  the  complexes  are  associated 
with  sites of unsa tura t ion  y ie ld ing  a p ic ture  consistent  
with the  da ta  obtained for the  "pure"  polymers .  

I t  is concluded f rom these mobi l i ty  and opt ical  ab-  
sorpt ion da ta  that  ca r r i e r  t r app ing  is associated, at  
least  in par t ,  wi th  unsa tu ra ted  sites in the  polymer .  
The ear l ie r  conclusion tha t  the  enhanced mobi l i ty  
produced by  doping resul ts  f rom charge  exchange 
fo rmat ion  is confirmed and the ca r r i e r  t r anspor t  model  
is e laborated.  

Exper imenta l  Techniques 
Mobility determination.--The method  of de te rmin ing  

car r ie r  mobi l i ty  in low conduct iv i ty  po lymers  has been 
descr ibed prev ious ly  (Davies, 1967). A surface charge 
is in jec ted  into the  free surface of the  po lymer  speci-  
men mounted  on the flat top of an ear thed,  t e m p e r a -  
tu re -con t ro l l ed  cell. The  specimen is ma in ta ined  at  a 
fixed t empera tu re  and the  r emanen t  charge on the 
surface is de termined,  using a ca l ibra ted  probe  tech-  
nique, at in te rva ls  app rop r i a t e  to the  r a t e  of d iss ipa-  
tion. The mobi l i ty  is ca lcula ted  d i rec t ly  f rom these 
charge  dens i ty  da ta  and the measurements  repea ted  
at severa l  t empera tures .  

Specimen preparation.--Specimens of al l  the "pure"  
mate r ia l s  examined  were  cut  f rom sheet  samples.  The 
specimens were  washed wi th  isopropanol  and  fixed 
onto the  cell  using Eccobond 59C e lec t r ica l ly  conduct-  
ing adhesive.  No significant differences were  observed 
in the  resul t s  ob ta ined  f rom specimens mounted  in this  
way  from those obta ined wi th  specimens r e l axed  onto 
the cell  as was done in previous  exper iments .  

Ha logen-doped  mate r i a l s  were  obta ined  b y  ma in -  
ta ining samples  in the  halogen vapor  at e levated t em-  
peratures .  The ac tua l  t e m p e r a t u r e  was  significant only  

in de te rmin ing  the ra te  of ha logen absorpt ion,  a va lue  
around 60~ being usua l ly  employed.  Doped specimens 
were  subsequent ly  cut, washed,  and moun ted  as de-  
scr ibed earl ier .  

Optical absorption measurements.raThe optical  ab -  
sorpt ion spect ra  of a l l  the  mate r i a l s  inves t iga ted  were  
obta ined  in both the  u .v . /v is ib le  and in f ra red  ranges  
using Beckman DB-GT and Grubb -Pa r sons  Spec t ro-  
mas te r  spectrophotometers ,  respect ively .  

Exper imental  Results 
"Pure" polymers.--Carrier mobi l i ty  has been de te r -  

mined  for HDPE, LDPE, octacosane, po lymethylene ,  
and  polypropylene .  The expe r imen ta l  va lues  of mobi l -  
i ty  in some of these mate r i a l s  are  p lo t ted  agains t  in-  
verse  of absolute t empe ra tu r e  in Fig. 1. Despi te  consid-  
e rab le  scat ter  in the  da ta  the re  a re  significant differ-  
ences in the  mobil i t ies .  I t  was concluded prev ious ly  
tha t  the  mobi l i ty  in HDPE was smal le r  t han  that  in 
LDPE owing to the  g rea te r  c rys t a l l i n i ty  of the  former .  
Some doubt  has been cast on this conclusion by  ob-  
servat ion  of a dens i ty  change f rom 0.96 to 0.98 in a 
sample  of HDPE held  at  120~ in vacuo for some days  
wi th  no apparen t  change  in mobil i ty .  

I t  is known tha t  HDPE contains some 1.5-2 t e rmina l  
unsa tura ted  groups per  1000 carbon atoms; each chain 
being t e rmina ted  by  1 v iny l  and  1 me thy l  group. In  
LDPE the  densi ty  is about  an order  of magn i tude  less 
a l though this ma te r i a l  also contains significant n u m -  
bers  of pendan t  unsa tu ra ted  groups. Both po lyme thy l -  
ene and polypropylene ,  which  should v i r tua l ly  con- 
ta in  no such groups, exhib i t  a h igher  mobil i ty.  I t  may  
be concluded, therefore,  tha t  the t e rmina l  v iny l  group 
contr ibutes  signif icantly to the  t rapping.  That  the  v iny l  
group only contr ibutes  to the  ove r -a l l  ca r r ie r  im-  
pedance is under l ined  by  the observat ion  that  the  mo-  
b i l i ty  in po lymethy lene  ex t rapo la t ed  to room t empera -  
ture  is st i l l  some 31~ orders  of magni tude  smal le r  than 
that  in octacosane. 
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Fig. 1. Average values of carrier mobility obtained for 1 poly- 
methylene, 2 LDPE (XDG33), 3 polypropylene, 4 HDPE (Rigidex 50), 
plotted against the inverse of absolute temperature. 
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Table I 

Mater ia l  p.o W (eV) 

Po lymethy lene  1.2 x 10 ~ 0.91 
WNC18~ T.~P~ 2.8 x 105 0.99 
X D G 3 3 J  . . . .  2.4 x 10 n 1.45 
'R ig idex '  50 ~ HDPE 1.3 X 107 1.2~ 
'R ig idex '  002.4"/~ 1.1 x 10 z~ 1.72 
Polypropylene  1.0 • 10 ~ 2.23 

Hopping carrier  transport  may be described by the 
expression, ~ = ~o exp ( - - W / k T ) ,  where W, k, and T 
are the activation energy, Boltzmann constant, and 
absolute temperature, respectively. The values of #o 
and W calculated from the experimental  data are given 
in Table I. 

In the simple "hopping" model the constant 
~o : e /kT  v/N 2/3, where N is the t rap density, e the 
electron charge, and v a lattice vibration frequency. 
Using conventional values for these parameters, the 
value of ~o obtained for polypropylene yields a t rap 
density of less than 1 cm -3. Clearly this is unaccept- 
able and hence the simple model is not valid. Exami- 
nation of the values of W and ~0 shows an interdepen- 
dence in these parameters, i.e., ~o : ~n (W).  This com- 
pensation affect is familiar for organic semiconductors 
(5). This could indicate a consistent transport  mecha- 
nism for all polymers with the hop distance being re-  
lated to the height of the potential barrier.  Clarification 
of this effect, however, must await more extensive 
data. 

Doped polymers.--Mobility increases were observed 
with both LDPE and HDPE doped with either bromine 
or iodine. The values of mobil i ty  obtained with doped 
HDPE ("Rigidex" 50) are plotted against the inverse 
of absolute temperature in Fig. 2, together with the 
data for the "pure" polymer. Clearly iodine has the 
greater effect. 
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Fig. 2. Average values of carrier mobility obtained for ! HDPE 
(Rigidex 50) doped with iodine, 2 HDPE (P, igidex 50) doped with 
bromine, Qnd 3 HDPE (Rigidex 50), plotted against the inverse of 
absolute temperature. 

Typically LDPE takes up 3-4% of iodine w/w, 
(weight for weight) this being reduced to an equilib- 
rium 1% weight increase on standing in air or on 
evacuating. The corresponding figures for HDPE are 
2.5% and 1.5-2%, respectively. The color changes which 
occur during this desorption show an interesting effect 
when examined spectrophotometrically. Figure 3 shows 
typical optical absorption traces in the u.v. visible ob- 
tained with iodine-doped HDPE, trace 1 being obtained 
immediately after doping and trace 2 with the same 
specimen after standing some 30 min in air. The ab- 
sorption peak centered on 515 nm, which decreases 
with time (cf. traces 1 and 2), is at tr ibuted to molec- 
ular iodine which has a broad absorption band cen- 
tered around 520 nm. This indicates that  the iodine 
diffuses into the polyethylene as neutral molecules--  
most of which re-emerge on standing in air. The other 
band centered around 270 nm, which is permanent, is 
interpreted as charge exchange complex fo~rmation be- 
tween iodine and the polymer. 

Optical absorption data in the infrared range ob- 
tained with the same materials are presented in Fig. 4. 
Trace (a) shows the spectrum in the 8-13 ~m range for 
the "pure" HDPE, the absorption peaks at about 11 ~m 
(910 cm -1) and 10 ~m (993 cm -1) being convention- 
ally assigned to vibrations of the terminal  double bond 
groups, --CH ---= CH2 (vinyl group). Traces (b) and 
(c) exhibit the effect of introducing iodine, the latter 
trace being obtained after a longer "soak" in the iodine 
vapor. The double bond group vibrations are reduced 
and eventually disappear while two new peaks are 
generated at 9.3 ~m (1079 cm -1) and 12.3 #m (812 
c m - i ) .  This is interpreted as indicating that  the com- 
plexes are formed in association with the terminal  
double bond groups. 

Bromination is also associated with the vinyl groups, 
similar changes being observed in the polyethylene in- 
frared spectrum. Witenhafer and Koenig (8), who 
brominated crystals of "Marlex" 6050, observed reduc- 
tions in the vinyl  band intensities and concluded that 
these unsaturated groups lay largely outside the crys-  
tal  lattice. 

The uptake of iodine is roughly equivalent to the un- 
saturation concentration in HDPE. It  is found that  the 
original mobility characteristics of the "pure" polymer 
can be measured on dissolving an iodine-doped speci- 
men in xylene and recasting a film. This confirms that 
the iodine forms loosely coupled complexes with HDPE 
rather  than react chemically forming a new species. 
In LDPE, however, the bond appears much stronger 
since the iodine-doped material  is insoluble in xylene. 

Conclusions 
It is concluded from these experimental  data that 

the terminal vinyl groups contribute significantly to 
carrier trapping in polyethylene. The earlier model of 
trapping being associated with the crystal l ine/amor-  
phous interface is reaffirmed, since the vinyl groups lie 
outside the crystall ine regions. The halogens clearly 
associate with the double bonds in the terminal groups. 
Their effect on the carrier  mobility is envisaged as 
releasing a "hole" into relat ively unimpeded motion 
along the molecule chain, this lying largely within a 
crystall ine structure. 

This is a "discrete" model, the trapping effects dis- 
cussed contributing only to the over-al l  carrier im- 
pedance. The "continuum" implied by a compensation 
effect, where trapping characteristics of all polymers 
are ident ical-- the individual properties of each mate-  
rial  being defined by an interrelated activation energy 
and hop distance---is intriguing. Within the lat ter  con- 
text, the model currently presented appears as a defect 
property of the materials. Fur ther  investigations of 
this compensation effect are indicated, the data allow- 
ing interpretation of the presently somewhat nebulous 
parameter,  ~o. 
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Fig. 3. U.V./visible absorption 
spectra of iodine-doped polyethy- 
lene: 1, immediately after dop- 
ing; 2, after standing for 30 rnin 
in air. 

Fig. 4. Infrared absorption 
spectra of polyethylene: a, un- 
doped; b, iodine-doped; and c, 
after longer soak in iodine. 
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Polymethyl Methacrylate as an Electron Sensitive Resist 

R. A. Harris 1 
Electrical Engineering Laboratories, University of Manchester, Manchester, M13 9PL, England 

ABSTRACT 

The effect of the molecular-weight  dis t r ibut ion of polymethyl  methacrylate  
on its performance as a resist mater ia l  for electron beam exposure is in -  
vestigated with the aid of gel -permeat ion chromatography. The solubil i ty of 
PMMA in a developer comprising a 3:1 ratio of isopropyl alcohol to methyl  
isobutyl  ketone is determined, and the need for post-development  washing 
of substrates in isopropyl alcohol is shown to be due, in part, to the l iberat ion 
of insoluble polymer molecules from the film dur ing development.  Removal of 
very high molecular  weight molecules, which are dominant  in de termining 
intr insic viscosity, is found to lend considerable improvement  to the rate of 
dissolution of PMMA in solvents, ease of filtration, and qual i ty  of spin-coated 
films. The opt imum molecular-weight  dis t r ibut ion is determined as being 
one which contains very  few molecules with weights below about 50,000 or 
above a few hundred  thousand. The preparat ion of PMMA with  such a dis- 
t r ibut ion by fractionation is outlined, and 10% concentrat ions of the resul t ing 
fractions are found to dissolve in methyl  isobutyl  ketone at 21~ in 2-3 rain. 
The effectiveness of fractionated PMMA as a resist against chemical etchants 
is also found to be considerably better  than that of broadly distr ibuted poly- 
mers. Baking of films prior to exposure is considered with regard to its 
effects on substrate adhesion, molecular-weight  distribution, and the rate at 
which films dissolve in solvents. P re l iminary  results on the use of polymer 
hydrolysis as a method of improving adhesion of the polymer to substrates are 
reported, an order of magni tude  improvement  being easily achieved. 

Electron beams are being used increasingly as a 
means of fabricat ing microelectronic devices (1). The 
use of convent ional  photoresists for e lec t ron-beam ex- 
posure has been investigated and their  resolution 
shown to be l imited (2, 3). However, several polymers 
which can be used as posit ive-acting resists have been 
described by Haller et al. (4), and one, polymethyl  
methacryla te  (PMMA) has been shown to be well  
suited to e lect ron-beam exposure. The polymer is cur-  
ren t ly  in general  use as an electron resist and several 
papers describing its use for the fabrication of devices 
with submicron l inewidths have been published dur ing  
recent  years, of which Ref. (5-7) are typical. 

The effect of radiat ion on po]ymers, including PMMA, 
has been described by Charlesby (8) and  an  invest i -  
gation of the effects of electron irradiat ion on PMMA 
has been reported by Shultz et al. (9). Ku  and Scala 
(1O) have discussed the effect of electron beams on 
polymers which can act either as positive or as nega-  
t ive resists and have shown that the molecular-weight  
dis t r ibut ion of a polymer  is an impor tant  factor in 
de termining  its performance as a resist material .  

This paper  describes the effect of the molecular-  
weight dis t r ibut ion of PMMA on its performance as an 
electron resist. P re l iminary  results on the use of hy-  

1Present address: GEC Ltd., Hirst Research Centre, Wembley, 
Middlesex, HA 9 7PP, England. 

Key words: molecular weight, adhesion, polymer, methacrylate, 
resist. 

drolysis as a method of improving adhesion are also 
reported. 

Method of Investigation 
Molecular-weight  distr ibution analysis by gel-per-  

meation chromatography (GPC) has been used for all 
results reported in  this paper and values are l imited in 
accuracy to about ~-10% by errors inheren t  in GPC. 
However all the results are self-consistent and good 
for comparison. Values for the number -averaged  mo- 
lecular weights Mn, weight-averaged molecular  
weights Mw, and weight dis t r ibut ion of molecular  
weights were obtained by computer  analysis of the 
chromatographs using the procedure described by 
Pickett  et at. (11). 

Degradation and Development 
The use of PMMA as a posit ive-acting resist is based 

on two effects: (i) degradation on exposure to an elec- 
t ron beam and (ii) removal  of the exposed areas using 
a developer based on the principle of soluble fraction. 
When PMMA is exposed by  an electron beam with an 
exposure charge density in the region of 5 • 10 -5 to 
5 • 10 -4 coulombs/cm 2, random scission of the molecu- 
lar chains occurs and the average molecular  weight  de- 
creases. The exact exposure range depends on a n u m -  
ber of factors of which the most significant is electron- 
beam accelerating voltage (3, 7). At high-charge den-  
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sities crosslinking is predominant  and the e x p o s e d  
areas are insoluble. 

Development  of the resist is achieved by using a poor 
solvent which will  dissolve away molecules of low 
molecular  weight but  leave unaffected those of high 
molecular  weight. Such a solvent can be obtained by 
mixing together a l iquid which is a good solvent for 
any  molecular  weight  of the polymer  with one which 
will  not dissolve even the very low molecular  weights. 
For PMMA a developer comprising isopropyl alcohol 
(IPA) as nonsolvent  and methyl  isobutyl  ketone 
(MIBK) as solvent is f requent ly  used, and Hatzakis 
(7) has referred to a solution comprising 1 par t  MtBK 
and 3 parts IPA as being "standard developer," the 
development  t ime being 11/~-2 min  at 21~ 

Charlesby (8) and Saito (12) have shown that  the 
dis tr ibut ion of the molecular  weights in a degraded 
polymer is largely independent  of the ini t ial  dis t r ibu-  
tion if the number  of scissions is large. This is the case 
for PMMA when  exposed with typical  charge densities 
and K u  and Scala (10) have calculated the most prob-  
able distr ibution for exposed PMMA and shown that a 
value of a few thousand for Mn is to be expected. 

The integral  molecular-weight  dis t r ibut ion of a 0.5 
~m thick film of PMMA exposed at 10 kV with 10 -4 
coulomb/cm 2, as determined by GPC, is shown in Fig. 
1 together with the dis tr ibut ion of the unexposed poly- 
mer. The degraded polymer sample was obtained by 
exposure of 625 separated mil l imeter  square areas on 
each of 20 substrates, this number  being necessary to 
obtain a sufficient weight of polymer  for GPC anal -  
ysis (5-10 mg).  Separat ion from the unexposed mate-  
rial  was achieved by developing the films for 1 �89 min  
at 21~ in s tandard developer and then soaking in IPA 
for 5 min, following the procedure out l ined by Hat -  
zakis. The polymer extracted by the two solutions was 
then combined to form the sample for analysis. To 
prevent  thermal  degradation dur ing  exposure each 
substrate was coated with 1 #m of a luminum to ensure 
rapid heat dissipation (13). Industr ia l  polymers often 
contain plasticizers and copolymers and to ensure that 
pure PMMA was used the original polymer was pre-  
pared by polymerizat ion of monomer  methyl  methacry-  
late using benzoyl peroxide as catalyst. 

The value of Mn for the degraded polymer,  deter-  
mined by analysis of the GPC data, is 2400 and the 
value of 3600 calculated following the method of Ku  
and Scala shows that  the theoretical calculation can be 
regarded as providing a good order of magni tude esti- 
mate  of the peak of the distr ibution of the degraded 
polymer. Figure 2 shows the theoretical integral  dis- 
t r ibut ion of the degraded polymer;  comparison with 
curve B in  Fig. 1 shows moderately  good agreement.  
The main  error in the calculation arises from the as- 
sumption of a uni form rate  of loss of energy of an elec- 
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Fig. 2. Theoretical molecular-weight distribution of a 0.5 /sin 
thick film of polymethyl methacrylate exposed at 10 kV with 10 -4  
coulomb/cm 2. (Initial Mn = 563,000; final Mn = 3600). 

t ron passing through the film. The actual  rate of loss 
increases rapidly wi th  depth (14) and accounts for the 
ra ther  broad GPC dis t r ibut ion which has a dispersity 
of 3.4 compared with a dispersity of 2 for the most 
probable distribution. A significant feature of the de- 
graded dis tr ibut ion is that  it extends to molecular  
weights in excess of 50,000. Although molecules of this 
weight have been extracted from the film by the devel-  
opment procedure it does not necessarily follow that 
they are readily soluble in developer. This point  will  
be discussed more ful ly in a later  paragraph. 

Due to the Gaussian cross-sectional density dis t r ibu-  
t ion of an electron beam and scattering in the polymer 
film the number  of scissions in the molecules at the 
edges of exposed areas falls gradual ly  to zero (14). 
Therefore at these edges a range of molecular  weights 
exists of which only some are soluble in developer; 
furthermore,  not all  of the soluble molecules are re-  
moved by the developer since some will  be held in 
place by neighboring high molecular-weight  molecules. 
Figure 3 shows the GPC distr ibutions of the PMMA 
remain ing  on the substrates after development.  Dis- 
t r ibut ion A is the polymer removed by spraying the 
substrates wi th  chloroform, which is a good solvent 
for all molecular weights. This procedure did not re-  
move all of the polymer from the substrates and dis- 
t r ibut ion B shows the remaining  polymer removed by 
prolonged soaking in chloroform. Spraying the sub-  
strates served to remove the most readi ly soluble 
PMMA and dis tr ibut ion A is largely comprised of those 
scission fragments  not removed by developer, whereas 
dis tr ibut ion B main ly  consists of unexposed polymer.  

Distr ibution A shows that  scission f ragments  with 
molecular  weights between the ini t ial  and degraded 
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Fig. 1. Change in molecular-weight distribution of a 0.5 ~m thick 
film of polymethyl methacrylate due to an electron dose of 10 - 4  
coulomb/cm ~ at 10 kV. A--Distribution before exposure (Mn 
5.63 X 10~; Mw ~ 2.26 X 106); B--distribution of exposed poly- 
mer removed by standard developer (Mn ~ 2370; Mw ~ 8160). 
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Fig. 3. Concentration of polymethyl methacrylate remaining on 
the substrates after development as a function of molecular weight. 
A--Polymer removed by spraying with chloroform (Mn = 5.6 X 
104; Mw = 1.32 X 10e); B--remaining polymer removed by soaking 
in chloroform (Mn = 2.47 X 105; Mw ~ 2.04 X 106). 
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PMMA distribution peaks are generated. These will 
mainly consist of the insoluble scission fragments 
formed round the edges of the exposed areas. Small 
peaks occur at a molecular weight of about 15,000 in 
both distributions. This value is well within the range 
extracted by the developer and corresponds to soluble 
scission fragments trapped by higher molecular-weight 
molecules. Few of the very low molecular-weight 
molecules are retained in this way since most are not 
directly adjacent to the bulk of the insoluble polymer. 

To investigate the solubility in standard developer 
PMMA with a range of molecular weights extending 
from 2,000-110,000 with a peak at 25,000 was prepared 
by fractionation, as described below. 0.5g of this poly- 
mer was completely dissolved in 500 ml of standard de- 
veloper by heating the solution to 50~ The solution 
was then allowed to cool over a period of 24 hr to the 
normal development temperature of 21~ During this 
time insoluble molecules were precipitated onto the 
walls of the flask. The solution containing the soluble 
fraction was decanted off and the PMMA precipitated 
by addition of excess methyl alcohol (nonsolvent). 

Figure 4 shows the integral molecular-weight distri-  
butions of the soluble and insoluble fractions together 
with the distribution of the initial polymer. Although 
50% of the initial polymer consists of molecules with 
weights above 25,000 these comprise only 30% of the 
soluble fraction, indicating that they are not fully 
soluble in the solution. The peak of the molecular- 
weight distribution of the soluble fraction occurs at 
20,000 and molecular weights above this must therefore 
gradually decrease in solubility with complete insolu- 
bil i ty of weights above about 65,000. 

The molecules with molecular weights above about 
50,000, which are extracted from the exposed resist by 
the development process, must, as suggested earlier, 
have a very low solubility in developer and are prob- 
ably washed away as insoluble particles. However, 
Fig. 3 indicates that many low solubility molecules re-  
main on the substrate and their removal will there- 
fore still  be in progress when the substrate is with-  
drawn from the developer. The presence of this mate-  
rial  must in part  account for the need to wash sub- 
strates in a nonsolvent, usually isopropyl alcohol, after 
development and before drying. Such a procedure 
serves to remove any loose insoluble material before it 
can become reattached to either the remaining film or 
the substrata. 

M o l e c u l a r - W e i g h t  D is t r ibut ion  
Table I lists GPC data on typical PMMA molecular- 

weight distributions. The polymers designated C1, C2, 
and C3 correspond to three of the most commonly 
used commercial forms of powdered PMMA in Britain. 
PMMA in sheet form has not been considered because 
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Fig. 4. Integral molecular-weight distribution indicating the 
solubility of polymethyl methacrylate in standard developer. A - -  
Initial polymer (Mn ~ 21,500; Mw ~ 27,000); B--soluble fraction 
(Mn -" 17,500; Mw ~ 21,000); C--insoluble fraction (Mn "- 
23,800; Mw "- 28,800). 

Table I. Typical molecular-weight distribution 
data for polymethyl methacrylate a 

Percen tage  
weight of 

Molecular  po lymer  wi th  
w e i g h t  molecular  w e i g h t  

Polymer Mn Mw range ~20,000 

C1 35 71 1-1,000 17.3 
C2 127 415 2-6,900 2.3 
C3 304 1064 6-17,000 0.6 
L1 191 516 15-17,000 0.5 
L2 663 2257 16-75,000 0.008 

Molecular weigh t s  in thousands. 

it takes appreciably longer to dissolve. Polymers L1 
and L2 were prepared in this laboratory using benzoyl 
peroxide as catalyst; L2 is the undegraded polymer 
used for the experiment on degradation described 
above. The percentage weight of each polymer with 
molecular weights below 20,000 provides an indication 
of the amount of each polymer that is readily soluble 
in standard developer at 21 ~ C. 

PMMA with only a small percentage weight of 
molecules soluble in developer will not exhibit pin- 
hole formation during development because the mole- 
cules will be held in place by the much larger number 
of insoluble high molecular-weight molecules. How- 
ever C1 is unsuitable for use as a resist and C2 was 
found to form pinholes when developed, especially in 
films of less than 3000A thickness. 

To avoid pinhole formation in thin films due to low 
molecular-weight material it is necessary to use poly- 
mer C3, L1, or L2. However, these all contain mole- 
cules of a very high molecular weight which are 
dominant in determining the intrinsic viscosity and 
solubility of the polymers in any solvent. The 
intrinsic viscosity ~ is related to the molecular 
weight M by ~ = KM a where K and a are constants 
for any one solvent and temperature (for methyl ethyl 
ketone at 25~ K -- 6.8 • 10 -5 and a -- 0.72). 

Methyl ethyl ketone or methyl isobutyl ketone are 
suitable as solvents for PMMA when preparing a solu- 
tion for spin-coating, although of the two MIBK is to 
be preferred since it evaporates more slowly during 
the coating process. However, the intrinsic viscosities 
of C3, L1, and L2 in MIBK are very high and they are 
very difficult to dissolve, prolonged heating and stir- 
ring being required (typically 12 hr) .  The high in- 
trinsic viscosities also result in the thickness of spin- 
coated films being nonuniform and nonrepeatable. The 
polymers dissolve more readily in MEK and film qual- 
ity is better but is limited by the faster evaporation 
rate of the solvent. Polymers Cl and C2 dissolve in 
MIBK in about 12 hr if left standing at room tempera- 
ture and both produce a good quality of film on sub- 
strates. 

Using the five types of PMMA, tests were made on 
undeveloped films of various thickness to examine the 
variation of etch resistance and adhesion with molecu- 
lar-weight distribution. These showed that decreasing 
Mn corresponds to better adhesion and a more pro- 
longed resistance to etchants. This is to be expected 
because of the better spin-coating characteristics of 
lower molecular-weight polymers. 

The optimum molecular-weight distribution of 
PMMA for use as an electron resist must therefore be 
a compromise between two conflicting requirements. 
Increasing the molecular weight reduces pinholes gen- 
erated during development and improves edge defini- 
tion, but causes a decrease in over-all etch resistance, 
adhesion, and film quality. Furthermore, the polymer 
becomes harder to dissolve and the resist difficult to 
filter. The best molecular-weight distribution of PMMA 
for use as a resist must therefore be one which has a 
narrow molecular-weight range with a sharp cutoff 
at both low and high molecular weights. 
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An opt imum distr ibut ion is one containing li t t le or 
no molecules with weights below 40,000-50,000 or above 
a few hundred  thousand and would ideally be mono-  
disperse ( i .e . ,  M w / M n  : 1). However, the most prob-  
able distr ibution for PMMA is a Poisson distr ibution 
with a dispersity of 2, although there are polymeriza-  
t ion processes which can produce near ly  monodisperse 
distr ibutions (15). The most readi ly available and the 
most s imply polymerized forms of PMMA have a dis- 
persity equal to or greater than  2, as can be seen 
from Table I, and narrow distr ibut ions are in general 
more convenient ly  obtained by fractionation. 

To investigate the performance of PMMA with na r -  
row distr ibutions as resist, 20g of polymer C1 was 
fractionated to remove the high molecular-weight  ma-  
terial and then refract ionated into the five fractions 
whose dis tr ibut ion data is given in Table II. The 
PMMA was dissolved in 2 liters of toluene and frac-  
t ionated by a combinat ion of nonsolvent  addition and 
cooling, with 40~176 petroleum ether as nonsolvent.  
For each fractionation the solution was ini t ia l ly raised 
to a tempera ture  sufficient to dissolve the PMMA fully 
(40~176 and then cooled to 25~ over a 24 hr  
period, after which the precipitated fraction was re- 
moved. 

A low star t ing concentrat ion is necessary in  order 
to obtain nar row fractions, and because of this it is 
difficult to fractionate quanti t ies  of PMMA in excess 
of 20g on a laboratory scale since the final volume is 
often about 10 liters. To obtain fractions of a usable 
quan t i ty  the ini t ia l  polymer  mus t  therefore be one 
whose dis t r ibut ion contains a large percentage weight 
of molecular weights in  the region of the desired frac- 
tion. Of the polymers listed in Table I only C1 is suit-  
able in  this respect but  because of its large content  of 
low molecular  weights, significant quanti t ies  have ap- 
peared in all the fractions. Fract ions 4 and 5 contain 
too much of this mater ia l  to be useful; however, fur-  
ther  fract ionation of fractions 1, 2, and 3 can be used 
to remove most of the low molecular-weight  material  
from them. 

An invest igat ion of the performance of these frac- 
tions as resists confirmed the trends found wi th  u n -  
fractionated polymers with respect to adhesion, etch 
resistance, and resolution. All  fractions produced films 
of a very high quality, well in excess of all types of 
unfract ionated PMMA. Furthermore,  all fractions were 
readi ly  soluble in MIBK; for example 10% concentra-  
tions of fraction 1 could be dissolved at room tem-  
perature  in 2-3 rain. The solutions were also easily 
filtered. This considerable improvement  in film quality, 
solubility, and ease of filtration, associated with the 
reduct ion in intrinsic viscosity, is sufficient to make 
the use of fract ionated PMMA highly advantageous. 
In  addition, some improvement  in adhesion is at tained 
and fur ther  fract ionation to remove most of the low 
molecular-weight  molecules el iminates pinhole forma-  
t ion dur ing development  and produces a resist with 
very good etch resistance and edge resolution. 

Table Ih Molecular-weight distribution data 
for fractionated polymethyl methacrylate 

P ercentage  
w e i g h t  

of  poly-  
mer  w i t h  

Molecular  molecu lar  W e i g h t  
Fract ion w e i g h t  w e i g h t  fract ion 
n u m b e r  Ma Mw r a n g e  <20,000 (g) 

1 61 91 4-650 5 4.92 
2 43 62 4-346 13 3.33 
3 38 51 2-346 12 3.46 
4 29 41 2-346 27 2.13 
5 21 27 2-113 37 1.84 

R e , d u e  15 19 1-68 76 1.04 

�9 Molecu l a r  w e i g h t s  are in  thousands.  

Baking 
Baking films at 170~ for 20-30 mi n  before exposure 

is general ly  used as a means of improving adhesion. 
At this temperature,  which is well  in excess of the 
glass- transi t ion tempera ture  of PMMA (typically Tg = 
100~176 the polymer exhibits a rubber - l ike  elas- 
ticity and molecules are able to slide over each other 
enabl ing strains generated dur ing  the coating process 
to be released. 

The ease with which the molecules slide increases 
with temperature.  Fi lms must  be heated to at least 
160~ before the polymer is sufficiently soft to allow 
solvent remaining  in the film after the coating proc- 
ess to be released (16). At temperatures  above 190~ 
the rate of thermal  degradat ion of PMMA becomes 
appreciable and 170~ therefore allows for solvent 
evaporat ion with a m i n i m u m  of thermal  degradation. 
GPC analysis of films baked at 170~ for 30 min  shows 
the amount  of degradation is insignificant. 

Baking films removes solvent, water,  or monomer  
present  in the polymer. This raises the glass-transi t ion 
temperature,  makes films harder  and more bri t t le  at 
temperatures  below Tg, and  reduces the surface area 
to weight ratio. A reduction in the rate of dissolution 
of the films in solvents results, and it is possible to use 
a developer with a higher solvent to nonsolvent  ratio 
without  increasing pinhole formation. Hatzakis (7) has 
described the use of 100% MIBK as a developer for 
films baked at 170 ~ for at least 1 hr. 

Adhesion 
Failures of PMMA resist in  etch baths are mainly  

due to the polymer film lift ing off the substrate be-  
cause of poor adhesion. Even when  baked the adhesion 
is still re lat ively poor and any  improvement  would 
lead to a reduct ion in resist fai lure in etch baths. I t  
should be noted, however, that the adhesion is ade- 
quate for the lift-off metal izat ion technique (4, 7); 
indeed an improvement  in adhesion might  be detr i-  
menta l  to the process. 

To compare adhesion of different PMMA samples a 
technique used by  Long (17) with purified photoresists 
was adopted. Fi lms are placed in  an ultrasonic water  
bath, preheated to 60~ and examined for evidence of 
l ift ing at regular  t ime intervals.  Fi lms of all types of 
PMMA listed in Table I and II were tested in this way 
and the increase of adhesion with decreasing Mn was 
established. After  15 rain about 50% of each 'film of 
polymer type L2 had lifted off glass substrates, but  
only 5% of each film of polymer type F5. However, Long 
reported photoresists which showed no l if t ing after 45 
min  after which t ime all types of PMMA film were al-  
most completely stripped. 

Photoresists general ly  contain molecules with lo- 
calized regions of high polarity;  in part icular  hydroxyl  
groups are often present  (18). The lat ter  form hy-  
drogen bonds wi th  the substrate  and thereby con- 
siderably increase molecular, and hence resist, ad- 
hesion. However PMMA, which has the s tructure 

H CH8 H 
--C C--C-- 

H CO H 
O 

CI~ 

contains no hydroxyl  groups. Furthermore,  the mole-  
cules have very  li t t le polarity, and Van Der Waals 
forces between them and the substrate are therefore 
very weak. This absence of any strong bonding be-  
tween the molecules and the substrate accounts for the 
relat ively poor adhesion of PMMA. 

The adhesion can be improved by introducing a 
n u m b e r  of hydroxyl  groups onto each molecule by 
hydrolysis. To investigate the effect of PMMA hy-  
drolysis on adhesion, two samples of polymer of type 
F1 in Table II  were hydrolyzed, one by acid hydrolysis 
using the procedure described by Robertson and  Har-  
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wood (19), and the o ther  by  base hydro lys i s  fol lowing 
the method  of Bains and Bevington (20). The adhesion 
of these two po lymer  samples  was then compared  wi th  
tha t  of the  ini t ia l  po lymer  using the technique  a l r eady  
described.  The ac id -hydro lyzed  sample  showed no sig- 
nificant improvemen t  in adhesion, but  films of the 
base -hydro lyzed  po lymer  showed no signs of l i f t ing 
after  ul t rasonic agi ta t ion for per iods  in excess of 2 hr. 
This represents  more  than  an order  of magn i tude  im-  
p rovement  in adhesion and i t  m a y  be concluded tha t  
hydro lys i s  is a powerfu l  method  for improving  ad-  
hesion. 

The resis t  sens i t iv i ty  and resolut ion were  found to 
be unchanged  by  hydro lys i s  but  etch resis tance was 
cons iderably  improved.  The reason for the fa i lure  of 
the  ac id -hydro lyzed  films was  found to be due to the  
presence of insoluble  submicron par t ic les  genera ted  
dur ing  hydrolysis .  More careful  control  of the process 
might  e l imina te  this p roblem;  a l te rna t ive ly ,  one of the 
m a n y  o ther  methods  descr ibed  in the  l i t e ra tu re  could 
be tr ied.  

Conclusions 
A genera l  indicat ion of the  effect of the  molecu la r -  

weight  d i s t r ibu t ion  of PMMA on its per formance  as an 
e lec t ron resis t  has been  given. I t  has been shown tha t  
a developer  compris ing 3 par t s  i sopropyl  alcohol to 1 
pa r t  me thy l  isobutyl  ketone used at  21~ wil l  r ead i ly  
dissolve molecules  wi th  weights  below 20,000, and tha t  
over  90% of po lymer  molecules  exposed at 10 kV 
wi th  a dose of  10 -4 cou lomb/cm have molecular  
weights  be low this value.  However ,  a smal l  quan t i ty  of 
molecules wi th  weights  of up to about  65,000 are  dis-  
solved by  the developer  and 1% of the  molecules  re -  
moved by  the deve lopment  process were  found to 
have  weights  above 50,000, wi th  some in excess of 
100,000. Therefore,  to avoid  pinhole format ion  dur ing  
deve lopment  it  is essential  to use PMMA which has a 
ve ry  low percentage of molecules  wi th  weights  be low 
20,000, and p re f e r ab ly  ve ry  few below 50,000. 

I t  has also been shown tha t  the  r emova l  of ve ry  
high molecu la r -we igh t  molecules, which are  dominan t  
in de te rmin ing  intr insic  viscosi ty in solution, produces  
PMMA wi th  proper t ies  which cons iderab ly  enhance 
its pe r fo rmance  as a resist.  I t  has the re fore  been con- 
c luded tha t  the  op t imum dis t r ibu t ion  of PMMA for use 
as a resis t  is one which  contains  l i t t le  or no molecules  
wi th  weights  below about  50,000 or above  about  600,- 
000, and the p repa ra t ion  of such a d is t r ibut ion  by  po ly -  
mer  f ract ionat ion has been outlined. 

Opt imizing the molecu la r -we igh t  d is t r ibut ion  has 
been found to cons iderab ly  improve  the ra te  of PMMA 
dissolution in solvent,  ease of resis t  fi l tration, film 
qual i ty ,  and  etch resistance.  I t  has also been es tabl ished 
tha t  h y d r o l y s i s  can provide  a means  by  which  the  ad-  
hesion of PMMA to a subs t ra te  is cons iderab ly  im-  
proved.  I t  is therefore  suggested tha t  hydro lyzed  
PMMA with  an opt imized molecu la r -we igh t  d i s t r ibu-  

t ion provides  a ma te r i a l  which  can be used as a ve ry  
high qua l i ty  e lec t ron resist.  Fo r  use wi th  the  l if t-off  
technique the use of resis t  which  has not  been hyd ro -  
lyzed  m a y  be prefer red .  
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Annealing Activation Energies of Sputtered Ge Films 
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ABSTRACT 

Ge films were sputtered on water-cooled substrates. Conductivi ty was 
measured during isothermal and s tep-anneal ing  experiments.  These mea-  
surements  indicate that activation energies for anneal ing  increase from about 
0.9-1.4 eV. A l inear  relationship was found between the activation energy for 
anneal ing and the change of conductivi ty at a certain reference temperature.  
The results are discussed and a mechanism is suggested in which a t rans-  
formation from microcrystal l ini ty  to r andomly  disordered networks occurs in 
the  low-tempera ture  anneal ing mode. 

Associated wi th  anneal ing of amorphous Ge films is 
a decrease in conductivity, which can be lowered by 
a few orders of magni tude  from its ini t ial  value (1-3). 
St, Te, and SiC behave in a s imilar  m a n n e r  (3-5). Al-  
though there is evidence that  this phenomenon is re- 
lated to an atoLfic reorientat ion process, the mecha- 
nism involved in the anneal ing  of the conductivi ty is 
still not quite understood. Activation energies of an-  
neal ing can give some insight to the process taking 
place during annealing,  and conversely models sug- 
gested for this process should predict the values found 
for the activation energies. Annea l ing  activation en-  
ergies for Ge evaporated films were found by Longini  
and Pansino to be in the range of 0.1 eV (6). This low- 
activation energy is compatible with a process involv-  
ing slight reorientat ion of atoms in the amorphous 
films. Mogab and Kingery  (5) found for SiC films the 
range  of activation energies for anneal ing  to be 0.4-2.3 
eV. This led the authors to the conclusion that a 
variety, and perhaps a continuum, of defect types or 
configurations are present  in their films. 

It is not clear from the research noted above whether  
there is a basic difference between the rea r rangement  
processes in Ge and SiC, or the low range of activation 
energies found for Ge is just  a part  of a wider spectrum 
similar to the si tuation for SiC. In  this paper we at-  
tempt to resolve this question and report  the results 
of annea l ing  activation energy measurements of Ge 
amorphous sputtered films. The results are discussed 
on the basis of an analysis introduced by P r imak  (7). 

Experimental 
The samples were prepared by r f -sput te r ing  of in -  

trinsic Ge on water-cooled glass or quartz substrates. 
The sputter ing took place in an atmosphere of 4 mTorr  
argon at a ra te  of 360 A/rain.  The temperature  of the 
film dur ing  sput ter ing was about 40 ~ C. The final thick- 
ness of the films was measured by an interferometric 
technique or calculated from IR interference fringes. 
The thickness was around 1.5 ~m for the different 
samples. The films appear smooth and shiny under  a 
Normarsky- in ter ference  Zeiss microscope; x - r ay  dif- 
fraction photographs of the films were taken and do 
not  show any  indication of crystallinity.  The optical 
constants near  the absorption edge were calculated, 
using a method proposed by Baldini et al. (8). These 
are plotted in Fig. 1 together with the values found by 
Dash and Newman (9) for Ge crystals, and those of 
Clark (10) and Donovan et al. (11) for amorphous Ge. 

From the above results we conclude that  our films 
are amorphous. This is common for films deposited at 
or below room temperature (12). The conductivity 
during anneal ing was measured between previously 
sputtered Mo electrodes using a lock-in amplifier. In  
order to form the Mo electrodes a tungsten  r ibbon  of 
about 0.7 m m  wide was placed on top of the glass sub- 

Key  words:  annealing,  amorphous,  germanium~ act ivat ion-  
energy, film. 

strate. The sputtered Mo formed two electrodes, the 
thickness of which was about 0.8 ~m. As some of the 
Mo was sputtered under  the edges of the ribbon, they 
were tapered towards the gap which was about 0.5 mm 
wide. The contacts between the Ge layer  (about 1 cm 
wide) and Mo electrodes were found to be ohmic be-  
fore and after  annealing.  No cracks or other i r regular i -  
ties could be detected in the contact regions. Some of 
the specimens were annealed in  an He atmosphere 
while  others were immersed in  silicon oil dur ing  an-  
nealing. No appreciable difference was found in  the 
general  behavior  of the conduct ivi ty  changes during 
annealing.  If there are differences, they are small in 
comparison to the conduct ivi ty  changes due to an-  
nealing. As some crystall ization might  occur even at 
low temperatures  (13) we did not exceed 220~ at any 
stage of annealing,  thus reducing the possibility of 
effects due to part ial  crystallization. 
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Fig. 1. Absorption constant of our sputtered Ge films before 
annealing. Curves of absorption constant of crystalline Ge reported 
by Dash and Newman (9), and those for amorphous Ge found by 
Clark (10) and Donovan et al. (11) are given for comparison. 
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Theoretical Considerations 
The calculations involved in  evaluat ing the acti- 

vat ion energies and the discussion of the results are 
based on the theory reviewed and developed by 
Pr imak  (7). 

We assume that  the conductivi ty is a property tha t  
is proport ional  to the concentrat ion of the possible 
kinetic processes that  take place dur ing  annealing.  
The conductivi ty ~ is a funct ion of t ime for isothermal 
anneal ing and is given by 

�9 ( t )  = f ; S o ( e ) O , ( e , t ) d e  [1] 

where t is the  t ime measured from the beginning  of 
the anneal ing;  �9 is the activation energy;  So(el is the 
conductivi ty dis t r ibut ion funct ion (the spectrum) at 
t = 0; an is termed the "characteristic i so thermal-an-  
neal ing funct ion" and is given by 

0n : [1 - -  (1 - -  n)Bte-Elkr] ll(1-nl [2] 

where n is the order of reaction; B is a quan t i ty  hav-  
ing the dimension of f requency and may depend on e; 
k is Bol tzmann's  constant;  T is the absolute tempera-  
ture. 

According to P r imak  (7), the dependence of B on 
can be neglected for a broad activation spectrum; the 
measured activation energy Ea is approximately equal 
to the energy eo at the inflection point  of 0n and is 
given by 1 

Ea ~ eo --~ kT In (Bt) [3] 
also 

d~ d~o 
- -  ~ --So(Co) ' [4] 
dt dt 

put t ing x -- In  t we have from [3] and [4] 

d~ 
= " k T  So (Co) [5] 

dx 

The characteristic act ivation energies of anneal ing 
can be measured by the s tep-anneal ing  procedure. The 
rate of anneal ing  Rz is measured at the end of an iso- 
the rma l -annea l ing  exper iment  at tempera ture  TI. The 
tempera ture  is raised rapidly to T2, s tar t ing a new 
iso thermal-anneal ing  process with a rate of anneal ing 
R~. Accordingly, eo is g iven approximately by 

T1T~ R~. 
eo --~ k In [6] 

T~ - -  T1 R1 

Results and Discussion 
I s o t h e r m a l - a n n e a l i n g  curves  f o r  a n u m b e r  of  spec i -  

mens  are g i ven  i n  F ig .  2. These spec imens w e r e  an -  
nea led  in  d i f f e ren t  a tmospheres  and  t empera tu res .  Tn 
Fig. 2 l l k T  (~/~o) is plotted against log t (~o is the 
conduct ivi ty  value at t = 0).2 

It is seen that  the slopes of all curves start  with 
small  values and  after anneal ing  reach a constant  value 
which is almost the same for all of them. According to 
Eq. [5], the slopes of the curves in  Fig. 2 should be 
proport ional  to the ini t ia l  conduct ivi ty-dis t r ibut ion 
funct ion at the characteristic activation energy ~o. 
This means that  the ini t ial  dis t r ibut ion funct ion so(el 
has very  small  values up to a certain value of e, then 
rises to a constant  value and remains  constant  in  the 
range of activation energies scanned by co. 

The activation energies for anneal ing were evaluated 
by the s tep-anneal ing  method using Eq. [6]. The con-  

1 This  is  because  the processes  h a v i n g  a c t i v a t i o n  e n e r g i e s  a r o u n d  
eo m a k e  the  m a x i m u m  c o n t r i b u t i o n  to t he  c h a n g e  of  c o n d u c t i v i t y .  

As  the  v a l u e  of r is  t e m p e r a t u r e  d e p e n d e n t ,  r is  u sed  he re  as 
a n o r m a l i z a t i o n  f ac to r  fo r  c o m p a r i n g  i s o t h e r m a l  a n n e a l i n g s  a t  
d i f f e r en t  t e m p e r a t u r e s .  T h u s  r is, to  a good  a p p r o x i m a t i o n ,  
i n d e p e n d e n t  of  t e m p e r a t u r e  fo r  a ce r t a in  s t a t e  of  a n n e a l i n g  of t h e  
spec imen .  More  accura te ly ,  i f  we  s ta r t  f r o m  t w o  i d e n t i c a l  speci -  
m e n s  and  a n n e a l  t h e m  a t  two  d i f f e ren t  t e m p e r a t u r e s  {for d i f f e r en t  
t i m e  l eng ths )  so t h a t  bo th  r each  the  same  cha rac t e r i s t i c  a c t i v a t i o n  
energy ,  we  a s s u m e  t h a t  b o t h  h a v e  the  same  v a l u e  of a/ao; a a n d  
ao are  m e a s u r e d  fo r  each  s p e c i m e n  a t  i ts  a n n e a l i n g  t e m p e r a t u r e .  

2~ = 

2(> •i. . . S-~4(134.9~ ~ , ~ 2 3 . 6  C) 

1 2 3 4 
LOG ! (t IN MINUTES) 

Fig. 2. Isothermal-annealing curves of normalized conductivity 
vs. log time for specimens S-31, annealed in on He atmosphere, 
S-33 annealed in transformer oil, and S-34 and S-35 annealed in 
silicon oil. Temperatures of annealing are given in the figure. 

ductivi ty data for sample 35 are given in  Fig. 3, and 
the calculated values of the activation energies Ea after 
each step of anneal ing  are plotted in Fig. 4 against 
the change in conductivi ty (ao -- a) at the reference 
tempera ture  of 84.3~ Here ~o refers to the conduc- 
t ivi ty at  the beginning  of the first step of the s tep-an-  
neal ing experiment.  

The activation energy Ea is seen to increase approxi-  
mate ly  l inear ly  with the change in conductivity.  From 
Eq. [4] one gets for an i so thermal-anneal ing  process 

d~ 
------ -So(Co) [7] 

deo 

This relat ion holds for each step of the s tep-anneal ing 

STEP-ANNEALING ~ .  (204.8~ 
_~ SAMPLE 35 

'~ ii\i 
(216.5~ ] l I ;  

)- (144.4oc) I -  

F- ~ (123.2~ ~ 
D g 
~ I (99.1%)! 
o B43"C) 

25'oo sooo ~oo ~o5oo i2~oo 
TIME (MINUTES) 

Fig. 3. Conductivity vs. time of annealing for a step-annealing 
experiment of S-35. Conductivities are measured at the annealing 
temperatures; these are indicated in the figure. 
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Fig. 4. Measured activation energies for annealing plotted against 
the change in conductivity at 84.3~ during a step-annealing ex- 
periment. 
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procedure. In  accordance with the assumption on which 
the s tep-anneal ing  procedure is based, there are no 
changes in  the spectrum taking  place while the tem-  
perature is raised between the steps, so that  Eq. [7] 
holds also for a s tep-anneal ing  procedure.~ The l inear  
relationship found in Fig. 4 follows from Eq. [7] if 
so(e) is constant  throughout  the range of act ivation 
energies that  eo acquires during the experiment.  From 
the first and last steps of annealing,  we get a value of 
about 0.9 eV for the ini t ia l  act ivation energy and about 
1.4 eV for the final value. The data of Fig. 3 are re-  
plotted in Fig. 5 to give 1 /kT  (r as a funct ion of 
log t, wi th  t -- 0 for the beginning  of each step of an-  
nealing. The curves of Fig. 5 are s imilar  to those for the 
different specimens given in Fig. 2, which is in  accord 
with the assumption that  so (E) is constant  in the given 
energy range. It  is to be noted that  put t ing t ---- 0 in  the 
beginning of each step is equivalent  to taking the ini-  
tial dis t r ibut ion funct ion as that  reached at the end of 
the former  step. This new dis t r ibut ion funct ion is 
different from So(E) main ly  in its low energy part. In -  
stead of a constant  value, it will  now have an increas- 
ing one. This accounts for the fact tha t  the curves in 
Fig. 5 reach their  l inear  part  only after some anneal ing  
took place. We plotted the activation energies calcu- 
lated from the s tep-anneal ing  exper iment  (Fig. 3) 
against  the absolute tempera ture  4 (Fig. 6). According 
to Pr imak  (7) a consequence of Eq. [3] is that  such a 

3We neglec t  the  change  of shape  of the  r i s ing  pa r t  o f  the  
spec t rum in the successive steps. 

~The t e m p e r a t u r e  associated wi th  each ac t iva t ion  ene rgy  is 
t aken  as the  average  of the annea l ing  t empe ra tu r e s  of the t w o  
steps f rom which  the ac t iva t ion  ene rgy  is calculated. 
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Fig. 5. Normalized conductivity data for step-anneallng experi- 
ment of S-35, where t ~ 0 for each step. Annealing temperatures 
for the various steps are given in Fig. 3. 
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Fig. 6. Activation energy vs. absolute annealing temperature for 
the step-annealing of sample S-35. 

plot would be l inear  for a constant  spectrum. Thus 
Fig. 6 gives fur ther  support  to the claim that  So(D is 
constant. 

From s tep-anneal ing  exper iments  the value of the 
frequency factor (B in  Eq. [2]) can be evaluated (7). 
Values of B calculated from the data of the different 
steps of anneal ing of sample S-35 given in Fig. 3 fall 
in  the range  3 • l0 s to 3 • 109 sec -1, with no apparent  
correlation to the tempera ture  of anneal ing or act iva- 
t ion energy. 

The cont inuous increase of the characteristic acti-  
vat ion energy and the corresponding decrease in con- 
duct ivi ty indicate that  (i) the process of anneal ing in 
the range of temperatures  investigated remained es- 
sent ial ly the same dur ing the various stages of an-  
nealing, and (ii) the anneal ing  mode characterized by 
a sharp i r reversible  increase in  conductivi ty was r~ot 
reached. 

The results given demonstrate  that  the behavior  of 
the anneal ing process in the beginning,  in  contrast  to 
the behavior  after a long time of annealing,  is essen- 
t ial ly dependent  on the history of the sample. Another  
consequence is tha t  the te rm "properly annealed" at a 
given tempera ture  occasionally used in  the l i terature  
has a doubtful  meaning as to the state of anneal ing of 
the sample, as long as the fal l ing par t  of So(r) is not  
reached. The fact that  no anneal ing seems to take 
place after a cer ta in  t ime of anneal ing  at a given tem-  
perature,  might  be due to the almost l inear  dependence 
of r on log t which changes slowly with time. However, 
it does not have an  asymptotic value characteristic of 
the anneal ing temperature.  The same reasoning ap- 
plies also to the evaluat ion of r from a plot of ~ vs. t. 
It  is suggested that  in  addit ion to other informat ion  
given about a specimen annealed for a long time, the 
value of the characteristic act ivation energy should 
also be used to characterize the state of anneal ing  of 
the sample. 

The discrepancy between our results and those of 
Longini  and Pansino (6) who found a range  of acti- 
vat ion energies a round 0.1 eV, may  be due to the fact 
that  their  specimens were evaporated on a l iqu id -n i -  
t rogen cooled substrate. Thus, the specimens were in 
an early stage of anneal ing  with Eo at very  low ener-  
gies. If the samples were not annealed  for a sufficiently 
long time, then low values of calculated activation 
energies are expected. 

The activation energies found wi th  anneal ing  range  
from about 0.9-1.4 eV and presumably  extend to higher 
values. This range is wi th in  that  found by  Mogab and 
Kingery  for SiC (5), namely  0.4-2.3 eV which might  be 
an indication that  a similar  mechanism of anneal ing 
operates in both materials.  

The high values of the characteristic activation 
energy indicates that  the mechanism of low- tempera-  
ture  anneal ing is not restricted to a slight "reordering 
diffusion process" as suggested by Longini  and Pans ino  
(6). It  seems that  the reordering process involves 

groups of atoms. 
In  a recent  paper  (14) Rudee and  Howie present  

evidence for the microcrystal l ine s tructure of amor-  
phous Ge in contrast  to the random ne twork  structure 
(15). According to Rudee and Howie, Ge amorphous 
films consist of hexagonal  microcrystall i tes of about 
14A. As the cubic phase is the stable one at low tem-  
peratures  and pressures, a stabilizing force is necessary 
for the existence of the hexagonal  phase. This force 
is provided by the g ra in -boundary  surface tension. 

We suggest that  the low-tempera ture  anneal ing  
process is associated with the collapse of the hexagonal  
microcrystallites. Thermal  agitat ion can reduce mo-  
menta r i ly  the distances of atoms on both sides of a 
grain boundary,  thus reducing the surface energy of 
the microcrystallite.  If this energy falls below a certain 
value, the atoms of the microcrystaUite wil l  rearrange.  
As the microcrystall i te is surrounded by randomly  
oriented neighbors, it wil l  not necessarily t ransform 
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into the  cubic s t ructure  but  r a the r  to a r andom ne t -  
work  wi th  a large  percentage  of second neares t  neigh-  
bors in or near  cubic positions. In  this  rear rangement ,  
the rebonding  of dangl ing bonds present  in the  gra in  
bounda ry  is easi ly  conceived. Dur ing  annealing,  is- 
lands  of r andom ne tworks  are  c rea ted  in the  film. The 
h i g h - t e m p e r a t u r e  anneal ing  process is associated wi th  
the  recrys ta l l iza t ion  of the  random ne tworks  to cubic 
crystal l i tes .  The ac t iva t ion  energies measured  a re  
thus the act ivat ion energies  in i t ia t ing the r ea r r ange -  
ment  process described.  These act ivat ion energies  wi l l  
depend on the  microcrys ta l l i te ' s  size and neighbors  
and as such are  expected  to fa l l  in a b road  spectrum. 
High-ac t iva t ion  energies  a re  qui te  reasonable  for this  
mechanism. The decrease in the n u m b e r  of unpa i red  
electrons found expe r imen ta l ly  (16,17) is also ex-  
plained. The diffract ion pa t t e rn  is not  expected to 
change much dur ing  anneal ing  as the  new a r rangemen t  
is also a r andom one, in accord wi th  expe r imen ta l  re -  
sults (6). 

An  expe r imen t  s imi lar  to tha t  of  Rudee and Howie 
(14) on films in different  stages of anneal ing  might  
confirm or  disprove our  model.  As  the  anneal ing  be -  
havior  of Si and SiC resembles  that  of Ge, it  is possible  
tha t  a s imi lar  mechanism of anneal ing  is opera t ive  also 
in these mater ia ls .  

Summary 
Act iva t ion  energies  for anneal ing of Ge films were  

found to be about  0.9 eV af te r  spu t te r ing  at  room t em-  
pe ra tu re  and to increase up to 1.4 eV af ter  annealing.  
This range  is s imi lar  to tha t  found for  SiC and can be 
expla ined  by  a d i s t r ibu t ion  of the  anneal ing  processes 
in act ivat ion energy.  A r ea r r angemen t  mechanism is 
suggested for  the  l o w - t e m p e r a t u r e  anneal ing  mode 
where in  a microcrys ta l l ine  s t ruc ture  is t r ans formed  
into groups of r andom networks .  
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Ce Activated Y AIs01  and Some of Its Solid Solutions 
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ABSTRACT 

The systems Y3-xCexA15012, Ys-~CexA15-zGazO12, and Y3-x-zGdzCexA15012 
were studied. I t  was found tha t  the  solid so lubi l i ty  of Ce 3§ in Y3A15012 var ies  
wi th  the  a tmosphere  dur ing  firing. Only  2 mole  per  cent  (m/o)  of Ce ~§ can be 
dissolved in the  y t t r i um a luminum garnet  in air  while  a lmost  6% Ce 3§ enters  
the  garne t  la t t ice  when  fired at  1450~ under  a hydrogen  atmosphere .  Com- 
plete  solid solutions were  observed in the systems Y3A15Ol~-Gd~A15012 and 
Y3A15012-Y3GasO12. The cathodoluminescence emiss ion-peak  posi t ion of the  
Ce 3§ ion in Y~A15012 host  shif ted to a longer  wave leng th  whi le  the  la t t t ice  
pa r ame te r  of the solid solution expanded  when Gd 3. ions were  subs t i tu ted  
for  y3§ On the other  hand, the  emiss ion-peak  posit ion shif ted to a shor te r  
wave length  when the garne t  host  contained Ga s§ ions in the  A13§ position. 
The la t t ice  p a r a m e t e r  of the  solid solut ion increased wi th  Ga concentrat ion.  

Ce s+ ac t iva ted  phosphors  a re  known  to have ve ry  
shor t  decay times. Most of the Ce 3+ ac t iva ted  phos-  
phors  show a b lue  or nea r ly  u l t rav io le t  emission band;  
however  in the  y t t r i u m  a luminum garnet  host  a ye l low 
band was repor ted  by  Blasse et al. (1), 

In  YzA15OI~ the ionic radius  s imi la r i ty  be tween  y3+ 
and Ce s§ suggests tha t  the  CeS+ ac t iva tor  ions wil l  
occupy the  Y~+ sites. Blasse et al. (1) r epor ted  tha t  1O 
atomic per  cent (a /o )  of Ce 3§ could be accommodated  

* E l e c t r o c h e m i c a l  Society Act ive  M e m b e r .  
Key words:  luminescence ,  phosphors,  rare earth activation. 

in the Y3A15012 solid solution and no difference in 
luminescent  p roper t i e s  were  observed whe the r  the  
ma te r i a l  was fired in air, oxygen,  ni trogen,  or  hyd ro -  
gen. No s tudy of different  ac t iva tor  concentrat ions  has 
been repor ted.  Hol loway and Kes t igan  (2) p repa red  
single crys ta ls  of y t t r i u m  a luminum garne t  solid solu-  
tions conta in ing La ~§ Lu s+, or  Gd s§ p r e s u m a b l y  in 
the  y3+ sites and Ga s§ in the  A13§ site. Al l  these 
single crys ta ls  were  ac tv ia ted  wi th  Ce ~§ of unknown 
concentrat ion.  I t  was found tha t  the  Ce 3§ emission 
peak  under  ca thode - r ay  exci ta t ion  shif ted in  these  



Ce 8+ ACTIVATED YsAIsO,2 

12,026 

27g 

solid solutions. Subst i tut ion by larger ions in  the y s +  
site shifted the emission peak to a longer wavelength 
while larger ions in  the A18§ sites shifted the emission 
peak to a shorter wavelength.  

Because of a specific application in this laboratory,  
the luminescence characteristics of the Ce 3§ activated 
Y~A1012 at different activator concentrat ions and the 
effect of the solid-solution compositions were studied. 

Experimental 
All compositions used in the s tudy were prepared 

using the coprecipitation method. All  s tar t ing mate-  
rials used were 99.9% pure or better. Mixtures of 0.4N 
metallic ni t ra te  solution in the determined cation ratio 
were added to 0.4N NH4OH solution. The final compo- 
sitions were checked wi th  x - r ay  fluorescence, com- 
paring with s tandard mixtures  of known concentration. 
The pH value of the final solutions were always kept 
at a value slightly higher than  9. For  the compositions 
containing Ga 3* the pH was kept at the value at which 
the Ga s+ has its lowest solubility. The precipitates were 
then filtered and dried without  washing. The dried 
powder was fired in an a lumina  crucible in a tube 
furnace with flowing gas at 300 ml  per rain. The 
gases used were nitrogen, hydrogen, or dry air. The 
fired samples were analyzed by x - r ay  diffraction. Cu 
Ka radiat ion with a graphite diffracted beam mono-  
chrometer was used on a Norelco diffractometer. The 
diffractometer was operated at a scanning rate  of %~ 
2e per rain for lattice parameter  determination.  The 
peak positions of the (116), (120), (128), (152), (178), 
and (180) diffraction lines were measured and results 
were plotted vs. cos~0 and extrapolated to 180 ~ 
The indexing of the garnet  lattice was taken from the 
ASTM card index. 

The cathodoluminescence (C.L.) data were obtained 
in a demountable  e lec t ron-beam gun system operated 
at 3 kV. Samples were mounted  at the focal point of 
an  optical system which then refocused the emit ted 
light on the entrance slit of a %m Czerny-Turner  spec- 
trometer.  The output  from a photomult ipl ier  (P.M.) 
tube, located at the exit slit of the spectrometer, was 
amplified by  means of a synchronous detector and dis- 
played on an  x -y  recorder.  The required periodic sig- 
nal  for the P.M. tube was obtained by applying a 13 
Hz square wave to the horizontal  deflection plates of 
the e lect ron-beam gun, thus providing a 50% excita- 
t ion duty  cycle on the sample. The same square-wave 
generator  provided the reference signal for the syn-  
chronous detector. 

The excitat ion spectra were taken in  a system uti l iz-  
ing a xenon light source focused through a mechanical  
light chopper onto the ent rance  slit of -a  %m spec- 
trometer.  The emission from the sample, coming from 
the exit slit, was recorded by means of a photomul t i -  
plier tube, the output  of which was amplified by means 
of a synchronous detector and displayed on an x -y  
recorder. Appropriate  filters were used in  front of the 
sample and the P.M. tube  and the spectra shown were 
corrected for system response. 

Results 
(i) Y3Al~O12:Ce. The solid solubil i ty of Ce ~* in 

Y3A15012 depends on the atmosphere in which the 
powder was fired. At 1450~ in  hydrogen, 6 m/o  of 
Ce 3§ can be accommodated in the YsA15012 lattice. At  
higher cerium concentrations, the perovskite phase, 
CeAtOs, appears together with the garnet  YsA15Oz~. 
The lattice parameter  increased with increasing Ce 8. 
concentrat ion as shown in Fig. 1. At 1450~ in air, the 
solid solubil i ty is only 2 m/o.  At higher cerium con- 
centration, the CeO~ phase was observed. However, 
wi th in  the solid-solubil i ty limit, the cerium ions exist 
in the t r iva lent  state because identical  emission spectra 
were observed for the samples fired in air and in  
hydrogen for the composition containing 2% cerium. 
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Fig. I. Ce 3+ concentration vs. lattice parameter for Y3AIsOl~: 
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The general  shape of the excitat ion and emission 
spectra of the Ce 8 activated y t t r ium a luminum garnet  
are given in Fig. 2. The emission peak position under  
C.L. excitat ion shifted to a higher wavelength at higher 
Ce 3. concentrat ion as shown in Fig. 3. 
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Fig. 2. Excitation and emission spectra for Y3AIsO12:Ce 3* 
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Fig. 3, Emission peak vs. Ce 3+ concentration for Y3AIsOz2:Ce 3+ 
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The electronic t ransi t ion in Ce s* has been assigned 
by Blasse et al. (1) as a 5d ~ 4f t ransi t ion and the two 
peaks in  the excitation band are a t t r ibuted to the split-  
t ing of the 5d levels of the Ce 3§ The dependence of the 
low energy exci ta t ion-peak position on Ce concentra-  
t ion in YsA15012:Ce is shown in Fig. 4. The high-  
energy peak (at  about 3470A) does not  shift appre-  
ciably as the Ce ~§ concentrat ion increases. 

Decay times were measured wi th  C.L. and u.v. ex-  
citations. It  was found that  the decay has 1/e t ime of 
about 70 nsec for C.L. excitat ion and  about 50 nsec 
for u.v. excitation. The u.v. excitation decay curve is 
very near ly  exponential ;  however the C.L. excitation 
decay curve is highly nonexponential ,  exhibi t ing a 
tail  which differs considerably depending on the firing 
method used in  the phosphor preparations.  A detailed 
discussion wil l  be published separately. 

(ii) The systems YsAl~O12 and GdsA15012 are known 
to crystallize in  the garnet  s tructure (3). The compo- 
sitions in  the system were fired at 1450~ in  hydrogen 
and furnace cooled. All  compositions contained 2 m/o  
of Ce 3+. The lattice parameter  data are given in Fig. 
5. As shown in this figure, a complete series of solid 
solution was observed with the lattice parameter  in-  
creasing from 12.017A for Y3A15012:Ce to 12.12A for 
the compound Gd3A15Oz2:Ce. As expected, the emis- 
sion peak of the Ce 8. under  C.L. excitat ion shifted to 
a longer wavelength.  The results are shown in  Fig. 
6. The in tensi ty  of the emission decreased with increas- 
ing Gd 3. concentration. The excitat ion spectra of the 
(Y, Gd)3Al~O12:Ce are the same shape as that  shown 
in Fig. 2 with the low energy peak position shift given 
in Fig. 7. Again, the shift of the high energy peak posi- 
t ion was not  appreciable. 

(iii) The system Y3A15-xGa~O12: Ce. Complete solid 
solution in this system with 2 m/o  Ce~* was observed. 
The lattice parameter  data are shown in Fig. 8. The 
lattice parameter  increases from 12.01A for the com- 
position YsA15012:2 m/o  Ce to 12.29A for the compo- 
sition YsGa5012:2 m/o  Ce. Figure 9 shows that  the 
emission peak positions of these solid solutions under  
C.L. excitation are shifted to a shorter wavelength  as 
the Ga 3* concentrat ion increases unt i l  the composition 
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containing 40 m/ o  Ga is reached. Beyond 40% Ga, the 
emission-peak position remained at a constant  wave-  
length even though the lattice parameter  kept increas- 
ing. In  the garnet  structure, there are two different A13. 
sites (3). For ty  per cent of the sites are six-fold co- 
ordinated and the other 60% are four-fold. I t  is there-  
fore assumed that  the Ga 8§ preferent ia l ly  occupies the 
six-fold site un t i l  all  such sites are filled, and that  the 
emission-peak position is only affected by the subst i tu-  
t ion of the Ga s§ in the six-fold site. The low energy 
exci ta t ion-peak position as a funct ion of the Ga s§ con- 
centrat ion is given in Fig. 10. It is observed that  the 
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break in the curve occurs at the same composition as 
in Fig. 9. 

Summary  
It has been shown that  the solubility of Ce s§ in 

Y3Al~O12 is highly dependent on the firing atmosphere, 
increasing from 2-6% when the atmosphere is changed 
from oxidizing to reducing. Also, the Ce 3§ emission 
and excitation peaks show a continuous shift with 
increasing Ce 3+ concentration. 
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These peak positions are also influenced by the sub- 
stitution of Gd 3§ for ys .  and Ga 8. for A1 s§ The GdS* 
substitution moves the Ce 3§ emission peak to longer 
wavelengths while the Ga 3§ substitution moves the 
emission peak to shorter wavelengths. The lat ter  effect 
appears to arise only from the influence of Ga s* in six- 
fold coordinated sites. 

Acknowledgment  
The authors wish to thank Carol Kelly and John 

Larson for their help on x - r ay  diffraction and x - r ay  
fluorescence work. 

Manuscript submitted July  12, 1972; revised manu- 
script received Oct. 9, 1972. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1973 
,JOURNAL, 

REFERENCES 
1. G. Blasse and A. Bril, Appl. Phys. Letters, 11, 53 

(1967). 
2. W. W. Holloway, Jr., and M. Kestigian, J. Opt. Sac. 

Am., 59, 60 (1969). 
3. R. W. G. Wyckoff, "Crystal Structures," Interscience 

Publishers, Inc., New York (1968). 



A High-Gain Light-Intensifying Device Incorporating a 
Fiber-Optic X-Ray Intensifying Faceplate 

Kenneth L. Reifsnider and Jesse J. Brown, Jr.* 
College of Engineering, Virginia Polytechnic Institute and State University, Blacksburg, Virginia 24061 

ABSTRACT 

The results of ini t ia l  at tempts to apply a new concept to the development  
of an x - r ay  sensitive image- in tens i fy ing device are reported. The new device 
consists of an x - r ay  sensitive fiber-optic faceplate which converts x - r ay  
photons into visible light. The fiber-optic fluorescent plate replaces the pow- 
der-fluorescent screen common to such techniques, with a subsequent  im-  
provement  in resolution and in the per cent of absorbed incident  radiation. 
The resolution and x - r ay  stopping power of the fluorescent fiber-optic plate 
are not coupled as is the case for powder-fluorescent screens. A resolution 
of 28 l ine pairs per  mil l imeter  ( lp /mm)  is demonstrated in the present  work. 

A number  of t ime-resolved x - ray  systems have been 
developed in the past and have recently been reviewed 
by Green (1). It appears that the mult iple-stage,  
image-intensifier  system coupled to a fluorescent screen 
is the most sensit ive to x- rays  and at present  is the 
"only t ru ly  ins tantaneous system" (1). This type of 
system, which includes commercial  medical radio-  
graphic devices, uses a powder-fluorescent screen 
which requires a trade-off between intensi ty  (enhanced 
by thick screens) and resolution (enhanced by thin 
screens). 

The present work reports the successful removal  of 
the polycrystal l ine fluorescent screen restrictions by 
replacing it with a fluorescent fiber-optic bundle.  The 
resolution of the bundle  is determined by the fiber 
size and is independent  of the thickness of the screen. 
The resolution and sensit ivi ty of the system are es- 
sential ly "de-coupled." 

Related Literature 
X-ray detection system.--The development  of suit-  

able equipment  to achieve a t ime-resolved display of 
x - r ay  diffraction images such as to allow immediate  
viewing (or recording) has been along three basic 
lines, all of which involve electro-optical devices and 
convert  an x - ray  photon image to a more intense image 
in  the visible spectrum. The first of these methods in-  
volves a raster device which is itself sensitive to x - r ay  
photons, e.g., a silicon diode ar ray  vidicon or lead 
oxide vidicon so called Plumbicon (2-4). These devices 
are re la t ively insensit ive to x- rays  but  the resolution 
can be very good, of the order of 15~. 

A second line of development  has resulted in  the 
use of raster tubes which are not x - r ay  sensitive, but  
are made so by coupling with a fluorescent screen 
which converts x- rays  to visible light at low intensity.  
Tubes such as the SEC vidicon, or the orthacon with 
a single state intensifier added in front, are used to 
process and display the image on a monitor  (5, 6). 
Such devices usual ly  have less resolution (of the 
order of 30-50~) and medium sensitivity to x-rays.  

The most sensitive of all types of systems (and the 
only t ru ly  t ime-resolved systems) use a h igh-gain  
optical image intensffier tube  coupled to a fluorescent 
screen which converts  x - rays  to visible light as in the 
raster systems (7-9). The resolution is l imited by the 
fluorescent screen that  converts the x-rays.  

Radiographic sensitizing screen.--The majori ty  of 
current  x - r ay  image conversion systems rely upon a 
phosphor to detect and convert  x - ray  photons to blue-  
violet-ul t raviolet  wavelengths,  with the qual i ty  and 
detail of the image l imited by the qual i ty  and con- 

* Electrochemical Society Active Member.  
Key words: phosphors, x - r a y  sensitizing screen, fiber-optic, 

light-intensification, radiography. 

struct ion of the sensitizing screen. The most common 
sensitizing screen is the powder (polycrystall ine) 
screen which is prepared by mixing  an x - r ay  sensitive 
phosphor with a suitable binder  and spreading the 
mix ture  on a th in  x - r ay  t ransparen t  substrate. By 
design, the thickness of the phosphor layer  upon dry-  
ing is of the order of 100-300~, which is arr ived at by 
balancing light output  and resolution. Typical  x - r ay  
generat ing machines emit radiat ion whose effective 
energy range is 30-70 keV. In  order to maximize light 
output, one would like to absorb near ly  100% of the 
incident  x - r ay  beam. This would require a bed of 
phosphor up to 1 in. thick, but  this thickness is pro- 
hibi t ive because scattering of the light (by reflection, 
refraction, dispersion, and absorption) emitted by the 
phosphor as it passes through the bed limits resolution. 
In  the case of CaWO4, a 100-300~ thick layer repre-  
sents a compromise. The resolution of about 10 line 
pairs per mil l imeter  ( ]p /mm) and the amount  of 
incident  x - r ay  energy absorbed by the phosphor is 
10-20%. Moreover, the energy efficiency, i.e., per cent 
of energy absorbed which is actually converted to 
visible radiation, of CaWO4 is about 3%, which gives 
an over-al l  efficiency for the system of only 0.3-0.6%. 
It is also noteworthy that there are other secondary 
factors that  contr ibute to resolution and light output  
such as phosphor efficiency and particle size of the 
phosphor. 

Other inorganic phosphors used in  sensitizing 
screens include lead-act ivated bar ium sulfate, and 
silver or copper-activated zinc (or z inc-cadmium) sul-  
fide. These phosphors have high mass-absorpt ion co- 
efficients, their  b lue-vio le t -u l t ravio le t  emissions and 
energy efficiencies ranging from 3% for CaWO4 to 
about 20% for ZnS:Ag.  (These numbers,  however, can 
be misleading because the abil i ty to absorb x- rays  is 
s trongly dependent  upon the energy of the x- rays  and 
varies greatly from phosphor to phosphor. Calcium 
tungstate,  for example, has an absorption band at 
about 70 keV and is a markedly  poorer absorber at 
lower energies.) 

A 1961 patent  (10) advanced a phosphor-binder  
combinat ion designed to reduce the in terna l  scatter 
of the emitted radiat ion by the use of tha l l ium-ac t i -  
vated alkali  iodides in a luminum stearate binders. This, 
together with the minimized in te rna l  scatter of the 
luminescence permi t t ing  thicker screens) enabled 
exposure t ime reductions of four over comparable 
CaWO4 screens. 

In  recent years considerable interest  has been di- 
rected towards rare  ear th-act ivated phosphors (11, 12). 
Of special interest  are matrices activated by ions which 
allow 5d to 4f electronic t ransi t ions such as the blue 
emit t ing Ce 3§ and divalent  rare  earth ions. The emis- 
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sions from these ions are broad band  with fair ly short 
lifetimes (decay times of a fraction of a microsecond). 

Because the scattering of light is one factor responsi-  
ble for the resolution l imit  in  polycrystal l ine screens, 
s ingle-phase materials  such as the single crystal  and 
the thick film are attractive. There are, however, 
basically two problems inherent  in these screens. 
Firstly, the production of luminescent  single crystals 
suitable for screens is very costly. Secondly, these 
screens also have a resolut ion dependency on thickness. 
This can be seen when  one considers the excitation 
mechanism (Fig. 1). The volume of phosphor excited 
by each x - r ay  photon is dependent  upon  the range of 
the secondary electrons (13) which in  t u rn  are related 
proport ionally to the energy of the incident  x - ray  
photon (14). For example, a 35 keV x - ray  might  pro- 
duce a channel  about 3~ long and 0.9~ in  diameter  in 
ZnS (13). The luminescent  flux density from such an 
emission channel  wil l  be considerably higher in the 
forward and reverse directions than radial ly  because 
of the fiber al ignment.  However, as the thickness of 
the screen increases from the 3~ level, dispersion of 
the emitted light wil l  result. Al though this provides 
an improvement  over the polycrystal l ine case, realistic 
single phase screens 300-500~ thick still possess an 
unsatisfactory inherent  resolution limit. 

The fiber-optic sensitizing screens, the third type of 
sensitizing screen and the type advanced in this paper, 
is constructed from small (20~ diameter)  luminescent  
glass fibers. The fibers are clad with a low refractive 
index glass, and pressed together under  mild heating 
to form bundles  with hexagonal  cross sections of about 
5 m m  diameter. These rods can subsequent ly  be 
pressed together in a similar fashion in any practical 
thickness. Slices �89 in. thick are then cut from these 
rods, which in  tu rn  are ground and polished, and one 
side receives a reflector coating. The result  is a fluor- 
escent fiber-optic faceplate that  can be used as an 
x - ray  sensitizing screen, (Fig. 2). 

This idea was first described by Hil ton and Squire 
(15) where they pointed out some of the advantages 
of a fiber-optic sensitizing screen. Jn essence, im-  
proved resolution is a result  of the channel ing (light 

Powder 

, 1  I~ 

Thick-f i lm 

1 ,~ 

F i b e r - o p t i c  

Io 

e = 35 kev X-rays 
Fig. 1. Schematic of the emission-intensity distributions from 

three types of x-ray sensitizing screens (top) and of the excitation 
channel formed by the incident x-ray photons (bottom). 

Fig. 2. Optical photograph of fluorescent faceplate. (Average 
fiber diameter approximately 15#.) 

piping) effect of the fibers. The excitation channel  in 
a sense is the l imit ing parameter  on the resolution. 
However, this l imit  is 3-4~ for a 35 keV x - ray  photon, 
and a screen made from fibers this small  would pro- 
vide resolution capabilities beyond the statistical l imit  
of most existing intensifying systems. Not only is the 
resolution improved by the fiber-optic screen, but  it 
is independent  of screen thickness. This results from 
the high t ransmission of l ight by the glass. Most sig- 
nificant is the fact that  the sensitizing screen can be 
made sufficiently thick to absorb all of the incident  
x - ray  photons wi th  only small  losses in resolution. 

Experimental Apparatus and Procedure 
Image intensification was provided by a modified 

RCA 8606 three-stage cascaded optical image intensifier 
tube. The tube is electrostatically focused and has a 
magnification of 1: 1. Details of the operat ion of the 
tube and the manner  in which it is incorporated into 
a t ime-resolved x - r ay  diffraction or radiographic de- 
vice have been described previously [see Ref. (16)]. 
The input  and output  faceplates of the image- in tens i -  
fier tube are fiber-optic bundles  which are flat on the 
exterior ends. In  order to convert  the x - r a y  image 
into a visible light image for intensification, an x - r ay  
fluorescent fiber-optic faceplate was mounted  in direct 
contact with the input  fiber-optic bundle  of the image-  
intensifier tube. The image intensifier tube  used for the 
present  work increased the luminous  flux of the visi-  
ble light image produced by the fluorescent fiber-optic 
screen by a gain of about 77,200. The on-center  mea-  
sured resolution of the tube itself was 36 I p / mm with 
a peripheral  value of 30 lp /mm.  The tube had a useful 
cathode diameter  of 37.5 ram. 

The results shown in the following section were 
obtained by direct photographic recording of the image 
which was displayed at the rear  of the intensifying 
tube. Various commercial  x - r ay  fluorescent fiber-optic 
faceplates were used which ranged in  thickness from 
2 to 10 ram, and in diameter  from 1 to 3 cm. The 
individual  glass fibers in the fiber-optic faceplates 
were about 7~ in diameter  and were placed on approxi-  
mate ly  15~ centers. The spacing of the individual  fibers 
sometimes varied up to as much as 25~. At the corners 
of these hexagonal  bundles  there are disturbances in  
the fiber spacing of up to 60~. Such a screen should 
have the abil i ty to resolve details spaced apart  by 
between 20 and 25#, i .e.,  it should be capable of a 
resolution of between 40 and 50 lp /mm.  

If the resolution of the x - r ay  fluorescent fiber-optic 
faceplate is taken to be 45 l p / m m  and the resolution 
of the image tube is taken to be 36 lp /mm,  then the 
resolution of the image system consisting of those two 
components used in  tandem should be about 28 lp /mm.  
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Such a sys tem would  be  expected to resolve deta i l  
spaced apa r t  by  s l ight ly  less than 35~. 

Exper imental  Results 
A series of tests  was run  to de te rmine  the  feas ib i l i ty  

of the  new concept in the  t ime- reso lved  x - r a y  devices 
descr ibed above. The object ives of these tests were  to 
de te rmine  the  resolut ion and sensi t iv i ty  of the  best  
avai lable  device at  this point  of development ,  since 
those characteristics are the most critical to applica- 
tions of the method. 

In order to check the resolution of the system accu- 
rately, several different types of tests were conducted. 
The most straightforward type of resolution test is 
provided by radiographic examination of wire meshes. 
The results of such a test are shown in Fig. 3. The 
wires in the screen were 51~ in diameter and spaced 
apar t  by  74~. Therefore,  the  resolu t ion  i l lus t ra ted  by  
Fig. 3 is be tween  20 and 25 lp /mm.  No wire  mesh 
screen was ava i lab le  to test  the exact  va lue  of 28 
l p / m m  pred ic ted  in the previous  section. A Cu ta rge t  
at  20 kV and a few mi l l i amperes  was used to obta in  the 
picture.  

A second test  of resolut ion  was made  in connection 
wi th  the  appl ica t ion  of t ime- reso lved  x - r a y  r ad iog-  
r a p h y  to the  s tudy of d y n a m i c - m a t e r i a l  response in 
our labora tory .  For  such tests, it  is useful  to have a 
t ime his tory  of the  chronology, durat ion,  and genera l  
charac te r  of the b reakage  of re inforcing fibers in the  
in ter ior  of opaque re inforced materials .  Such a b r e a k -  
age is shown in Fig. 4. The whi te  hor izonta l  region is 
the section of the  specimen which  was radiographed.  
The two da rk  ver t ica l  l ines in the  r ad iographed  section 
a re  "shadows" of two re inforcing fibers. The re inforc-  
ing fiber on the r ight  is b roken  as indica ted  by  the 
smal l  whi te  hor izonta l  ba r  in the  ver t ica l  shadow. A 
f iber-optic  f luorescent screen was used to make  the 
photograph  shown in Fig. 4a, and a powder- f luorescent  
screen used to make  the pho tograph  shown in Fig. 4b. 
I t  should be emphasized tha t  both images were  dis-  
p layed  on the rea r  of the  image- in tens i fy ing  tube wi th  
sufficient in tens i ty  to be  recorded  on cine film at  
s t andard  f raming  ra tes  (30 f rames / sec ) .  The  re inforc-  
ing fibers were  1 m m  d iamete r  tungs ten  wires  em-  
bedded  in a ma t r ix  of a luminum.  The specimens were  
p la te -shaped ,  so tha t  the  thickness th rough  which  the 
x - r a y s  were  passing was 1.56 mm. F igure  4b is the  

Fig. 3. Radiograph of wire mesh showing about 20-25 Ip/mm 
resolution taken using a fluorescent fiber-optic x-ray sensitive face- 
plate (X20). 

Fig. 4. Radiograph of 0.2 mm break in one of two adjacent fibers 
in a metal matrix composite tensile specimen, (a) taken using fluo- 
rescent fiber-optic faceplate (X20), (b) best previous radiograph 
taken using a powder screen (Xi4). 

best  previous  rad iograph  of the  b reakage  obta ined 
using a f luorescent -powder  screen in contact  wi th  the  
input  f iber-optic  bundle  of the  image- in tens i fy ing  tube  
used in the present  work  as descr ibed in Ref. (16). 
The rad iograph  in Fig. 4a, t aken  at 30 kV and 15 mA, 
shows a dist inct  improvemen t  in genera l  c lar i ty .  This 
is to be expected since the  resolut ion in Fig. 4a is 
about  three  t imes  tha t  of the  powder  screen in Fig. 4b. 
This increase in resolut ion is of cr i t ical  impor tance  to 
this  applicat ion,  since i t  is useful  to examine  the  
b reakage  of much smal ler  fibers than  those shown 
in Fig. 4. 

In  an effort to compare  resolut ion of the  present  
sys tem wi th  tha t  of another  sys tem previous ly  r e -  
ported,  a th i rd  test  was conducted.  A chip of the  same 
s i l icon-crys ta l  in tegra ted  c i rcui t  used by  Rozgonyi, 
et al. to demons t ra te  the resolut ion of the i r  s i l icon- 
diode a r r a y  camera  in Ref. (2) was k ind ly  suppl ied  by  
the au thor  of tha t  paper .  A n  opt ical  pho tograph  of 
par t  of tha t  in tegra ted  c i rcui t  is shown in Fig. 5a. 
On the basis of our previous  discussion, i t  would  be 
expec ted  that  the  presen t  sys tem should resolve  the  
38~ s t r ips  wi th  76~ spacing qui te  c lear ly.  In  the area  
where  the s tr ips  double  in number  so tha t  the  spacing 
be tween  s t r ips  drops to 19~, de l ineat ion  of tha t  deta i l  
would  requi re  g rea te r  than  30 lp /mm.  Hence, we  would  
not expect  these areas  to be c lear ly  de l inea ted  by  the 
presen t  system. F igure  5b shows a r ad iog raph  of the  
sil icon chip made  wi th  the  presen t  device. The x - r a y  
focal spot size was 0.4 • 0.4 m m  at a dis tance of 40 cm 
f rom the chip. As expected,  the  38~ str ips a re  qui te  
distinct,  bu t  the  deta i l  in the  area  of double  s t r ips  
cannot  be c lear ly  discerned. I t  should be ment ioned  
tha t  visual  observat ion  of this  pa t t e rn  as d isp layed 
on the r ea r  of the  image- in tens i fy ing  tube  using a 
microscope revea led  tha t  the  19~ spacings of the  38~ 
s t r ips  could, in fact, be c lear ly  observed and counted. 
However ,  the  ex t reme  cr i t i ca l i ty  of focus requ i rements  
for the  cameras  ava i lab le  to the authors,  which mag-  
nified the  image  to a much lesser degree,  served to 
p reven t  perfect  recording of tha t  detail .  A t  any  rate,  
the  resolut ion of the  presen t  sys tem is at  least  as 
high as the  va lue  pred ic ted  in the  previous  section. 
Considerable  care  was  t aken  to mount  the incident  
x - r a y  col l imator  and fluorescent f iber-opt ic  facepla te  
a lmost  in contact  wi th  opposi te  sides of the sil icon 
chip so as to insure  a 1:1 comparison be tween  d imen-  
sions observed  on the opt ical  pho tograph  and those 
d i sp layed  on the rad iographic  pat tern .  
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Fig. 5. Optical photograph (a), and x-ray radiograph (h), of 
silicon integrated circuit [same crystal as used by Rozgonyi et al., 
see Ref. (3)]. Radiograph was made using fluorescent fiber-optic 
x-ray sensitive facepfate. 

While questions of resolution can be settled by radio-  
graphic techniques, the questions of sensit ivi ty are 
more easily examined by at tempting to study various 
x - r ay  diffraction patterns. The sensit ivity of the present  
device has not yet been optimized, and is the subject 
of present  development  efforts. Using the 900 VA x- ray  
source available to the author, it was impossible to 
display ins tantaneously  x - r ay  topographs. Since the 
image on the image- in tens i fy ing tube used in the pres-  
ent system cannot be intensified by  integrat ing the 
input  over various t ime periods as has been done by 
various other investigators, no x - r ay  topographs could 
be recorded. However, Laue pat terns of various types 
were recorded using smaller x - r ay  target- to-specimen 
distances and less collimation than  is needed for topo- 
graphic work. An example of a recorded diffraction 
spot is provided in Fig. 6. Only  one diffraction spot was 
recorded, since the most sensitive fluorescent fiber- 
optic screen availab]e was only 1 cm in diameter. The 
crystal which produced the diffraction was 1.56 mm 
thick 5 nines a luminum,  and the pat tern  recorded 
was obtained using a s tandard  Laue t ransmission 

Fig. 6. Laue diffraction spot (on the right) and transmitted direct 
beam from a 1.56 mm thick aluminum single crystal shown on a 
photograph made using a fluorescent fiber-optic screen. (40 kV 
20 mA, 20 sec exposure on ASA 150 film from back of image intens- 
ifying tube) (X10). 

arrangement .  The x - r ay  target - to-specimen distance 
was 12 cm and the final coll imater size was 1 m m •  
0.5 ram. The x - r ay  tube was operated at 40 kV and 
20 mA. More complete Laue pat terns  with ellipses 
which can be analyzed for or ientat ion purposes have 
been obtained using somewhat less collimation. In te r -  
estingly enough, observation of Fig. 6 reveals that  the 
diffraction spot shows distinct intensi ty  variat ions and 
represents, in some sense, a topograph of that  area 
of the a luminum crystal. The real significance of the 
photograph in  Fig. 6, however, is to provide evidence 
of the sensit ivity of the present  method. Even at this 
point in development,  the conversion efficiency of the 
fiber-optic x - ray  fluorescent faceplates is sufficient to 
provide instantaneous t ime-resolved recording of very  
weak x - ray  diffraction patterns.  I t  is est imated that  
the present  low value of conversion efficiency for the 
fiber-optic screens results in a sensit ivity to x- rays  
which is about one order of magni tude  less than  that  
of the same system operating with a fluorescent- 
powder screen having about 10 l p / m m  resolution as 
described in Ref. (16). 

Discussion 
The successful application of a radical ly new type 

of x - r ay  sensitive fluorescent screen which converts 
x- rays  to visible light is described. The new screen 
differs from previous types in  that  the visible l ight 
image is created and conducted by fluorescent glass 
fibers which are assembled in  a bundle  in  a s tandard 
m a n n e r  to form a fiber-optic plate. In  the present  work, 
the fiber-optic x - ray  fluorescent plate was placed in 
direct contact with the fiber-optic bundle  which formed 
the faceplate of the input  end of an image-intensifier  
tube. The resul t ing system has a resolution of about 
28 l p / m m  and a sensit ivity sufficient for t ru ly  ins tan-  
taneous recording of x - r ay  radiographic and diffrac- 
t ion images. The sensi t ivi ty of the present  device is 
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about  one order  of magn i tude  less than  the  best  p re -  
viously  repor ted  system (16). The br ightes t  f iber-opt ic  
fluorescent facepla te  used in the  presen t  w o r k  was 
found to emit  11.4% of the whi te  l ight  in tens i ty  of a 
Dupont  Cronex Ligh tn ing  Special  powder-f luorescent  
screen wi th  ident ical  incident  x - r a y  flux. 

Whi le  sensi t iv i ty  is st i l l  being optimized, the  fact  
that  we have recorded t ransmission x - r a y  diffraction 
pa t t e rns  th rough  1.56 m m  th ick  a luminum single c rys -  
tals  at 800 VA indicates  tha t  even now the sys tem has 
be t te r  sensi t iv i ty  than  m a n y  other  ava i lab le  t ime-  
resolved systems. However ,  it  should be noted that,  
wi th  development ,  the present  sys tem has the  poten-  
t ia l  of being much more  sensi t ive to x - r a y s  than any 
sys tem using a f luorescent -powder  screen. Equa l ly  im-  
por tan t  is the  fact tha t  the present  system also has the 
potent ia l  to reach the theoret ica l  l imi ta t ion  on resolu-  
t ion imposed by  s tat is t ical  var ia t ions  in the  x - r a y  flux 
incident  on the  system. These potent ia l i t ies  come 
about  because of the  addi t ional  absorpt ion of the  
f iber-opt ic  screen. I f  the conversion efficiency of the  
glass fibers can be increased to a point  where  t hey  are  
jus t  hal f  as efficient in conver t ing x - r a y  photons to 
vis ible  l ight,  the  f iber-opt ic  screen would  then  be 
twice as sensi t ive to x - r a y s  as a powder  screen wi th  
even 10 l p / m m  which  absorbs, a t  most, 25% of the  
x - r a y s  incident  upon it. There  is eve ry  reason to 
bel ieve  tha t  glass fibers wi th  convers ion efficiencies at  
least  tha t  high can be developed.  If  such sensi t iv i ty  
is obtained,  the  quan tum stat is t ical  var ia t ions  in the  
incident  x - r a y  beam wil l  be the  l imi t ing factor  on 
image formation.  This ] imi ta t ion is de te rmined  by  the  
theoret ica l  s igna l - to-noise  rat io  which can be obta ined 
for a given de ta i l  spacing wi th  a specified number  of 
photon events  in the p ic ture  e lement  area  (17). No 
amount  of intensification by  subsequent  image  systems 
wil l  exceed this  limit.  The theore t ica l  h igh-cont ras t  
resolut ion  l imi t  for  x - r a y  intensi t ies  common to appl i -  
cat ions discussed in the present  work  is about  35 
l p / m m  [see Ref. (11)] .  A f iber-opt ic  fluorescent face-  
p la te  wi th  a resolut ion which  exceeds this  va lue  could 
easi ly be constructed.  

The per  cent  of incident  x - r a y  photons absorbed,  and 
the conversion efficiency of the f iber-opt ic  fluorescent 
screen are of equal  impor tance  in the face of s ta t is t ical  
f luctuations in the  incident  image to resolut ion a rgu-  
ments. If  it  is assumed tha t  the var ia t ion  in the  inci-  
dent  x - r a y  photon flux with  t ime is given by  a Poisson 
d is t r ibut ion  (as is commonly  done) ,  then  the photo-  
emission (output )  of the fluorescent l aye r  can be 
charac te r ized  by  a s igna l - to -noise  ra t io  (SNR) given 
by  the fol lowing expression,  SNR : (o • ~-)'/2, where  
,I is the conversion efficiency of the  fluorescent fibers 
(defined as the  p robab i l i ty  tha t  an opt ical  photon wil l  
be emi t ted  when  an x - r a y  photon s t r ikes)  and ~ is 
the  average number  of x - r a y  photons which s t r ike  
the  fluorescent fibers per  uni t  t ime. The conversion 
efficiency consists of two parts,  the  percentage  of 
incident  photons s topped (or  absorbed)  b y  the fibers 

t imes  the  quan tum efficiency of conver t ing  the  ab-  
sorbed x - r a y  photons into vis ible  l ight  photons. 

The system repor ted  here  is p resen t ly  be ing  used 
to moni tor  fiber b reakage  in f iber-composi te  re in -  
forced specimens dur ing  continuous test ing rad io-  
graphical ly ,  and  to record  the  changes in diffract ion 
pa t te rns  dur ing continuous deformat ion  of a l u m i n u m  
single crystals .  
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Measurement of Si Epitaxial Thickness Using a 
Michelson Interferometer 

Paul F. Cox and Arnold F. Stalder* 
Texas Instruments Incorporated, Corporate Research and Engineering, Dallas, Texas 75222 

ABSTRACT 

A system has been designed to measure the thickness of silicon epitaxial 
material using a scanning Michelson interferometer rather than a conven- 
tional dispersive IR spectrometer. The sampling capacity of this system with 
a 5-6 sec sampling time exceeds that of several dispersive instruments. The 
long-term precision on a single machine (3~) is ___ (0.05 ~m + 0.005t), where 
t is the film thickness. Computer processing of the reflection interferogram 
from an epitaxial wafer provides film thickness data by a Fourier transform 
method. This method is shown to he mathematically equivalent to the method 
used for dispersion spectrometers as given by ASTM procedure F95-68T. The 
two measurements are in agreement within the published interlaboratory pre- 
cision of the ASTM method: _ (0.25 #m + 0.025t) for P-type material and 
___ (0.25 + 0.005t) for N-type. The lack of moving mechanical parts in the 
interferometer system contributes to making this type of instrument very 
reliable. Down time due to system failure has been minimal, and two systems 
have been in operation a total of over 4 machine years. 

Silicon and ge rmanium have been commonly used 
in semiconductor device fabrication. Recent develop- 
ments  in the optoelectronics area have introduced new 
materials  such as GaAs, GaP, and GaAsP. Epitaxial  
s tructures have been used with all of these materials.  
Effective use of this type of mater ia l  requires knowl-  
edge of the epitaxial  layer  thickness as well  as the 
electrical properties of the material .  The system de- 
scribed in this paper was intended for use with sili- 
con epitaxial  material ,  al though the same method could 
easily be applied to other materials. 

Kane and Larrabee (1) have described several ways 
to measure silicon epitaxial  film thickness. One type 
of destructive determinat ion involves angle lapping 
and staining the material.  If a selective stain is chosen, 
the layer thickness can be determined with a cali- 
brated microscope, or an interference microscope. A n-  
other method involves the use of an etch solution that  
etches selectively along crystal defects and exposes 
the source of stacking faults. In  epitaxial  mater ia l  a 
great number  of faults will  originate at the layer-  
substrate interface, and the size of the etch pits asso- 
ciated with these may be used to determine the layer 
thickness. 

The substrates general ly  used for epitaxial  layer 
growth are quite heavi ly  doped, with resistivities on 
the order of 0.005-0.020 ohm-cm. The layer  mater ial  
is much less heavily doped. The presence of high dop- 
ing levels in the substrate causes an abrupt  change in 
the optical properties of the mater ia l  at the l ayer - sub-  
strate interface, in the infrared region of the spectrum. 
This change in the ext inct ion coefficient caused by free 
carrier absorption is only apparent  at long wave-  
lengths in  the infrared, and is difficult to observe at 
wavelengths less than 10 ~m. The change in the optical 
properties of the epitaxial  mater ia l  at the interface 
permits nondestruct ive optical interference methods to 
be used for film thickness measurements.  Ell ipsom- 
etry at 54.6 ~m has been employed by Hil ton and Jones 
(2). Despite the potential  of ellipsometry, the lack of 
a strong monochromatic radiat ion source in the long 
wavelength IR region has limited its use to laboratory 
experiments.  

The method most commonly employed to measure 
epitaxial  thickness has been IR in ter ferometry  using 
the reflection interference spectrum obtained on an 
IR spectrometer. This method was reviewed recent ly  

* Electrochemical Society A c t i v e  M e m b e r .  
K e y  w o r d s :  s i l icon,  e p i t a x i a l ,  f i lm t h i c k n e s s ,  i n t e r f e r o m e t e r .  

by Sever in  (3) and has been exploited extensively 
dur ing  the last 10 years (4-10). A standardized pro- 
cedure based on IR interference has been adopted by 
the American Society for Testing Materials (11). 

Even though IR interferometric measurements  have 
done a great deal to simplify the measurement  of epi- 
taxial  films, a few disadvantages do exist where  a large 
number  of samples must  be measured routinely. The 
time required for a manua l ly  operated ins t rument  and 
the simplest data processing is approximately 1 rain 
per sample. Even a commercial  system using a com- 
puter  coupled scanning spectrometer requires 30 sec 
to measure one sample. 1 The t ime is determined by 
that  required to scan the spectrum. However, coupling 
4 spectrometers to the computer allows a very good 
measuring rate of 8 samples /min  to be attained. 

One problem not al leviated by computer  data proc- 
essing is that  of mechanical  wear  caused by repeated 
rapid cycling of the spectrometer mechanism. Ten 
years of experience at the authors '  company coupled 
with the informat ion obtained from others in the semi- 
conductor indust ry  indicate that  this is a very  serious 
problem. Even the best commercial spectrometers suf- 
fer a great deal of down time after extended use, in 
spite of extensive main tenance  programs. 

The advantages of using the nondestruct ive IR in ter-  
ferometric technique can be retained while  v i r tua l ly  
el iminat ing the problem of mechanical  wear  and long 
sampling t ime if the data are collected with a scanning 
Michelson interferometer.  The data handl ing  with this 
system requires  Four ier  analysis to extract  all  of the 
available spectral information, but  if an automated 
system using a small  computer  is desired this is no 
handicap. The only moving part  in  the scanning Mi- 
chelson interferometer  is the t rans la t ion drive on the 
scanning mirror.  In  the case of one commercial  in ter -  
ferometer, this is composed of the solenoid drive 
mechanism from an audio speaker and has proven to 
be very reliable under  normal  operating conditions. 2 
The spectral resolution of the least expensive scan- 
n ing Michelson systems capable of reasonable scanning 
rates is very low, around 20-40 cm -1, but  for the epi- 
taxial  thickness measurement  this is no drawback. The 
optical system in a Michelson interferometer  offers 
two advantages over a conventional  dispersive system 
which greatly enhance the signal/noise ratio and allow 

1 B e c k m a n  D a t a  P r o c e s s o r  S y s t e m ,  M o d e l  565151, u s i n g  a m o d i f i e d  
B e c k m a n  IR-20  s p e c t r o m e t e r .  

D ig i l ab ,  Inc . ,  M o d e l  196TC. 
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the data to be collected very  quickly (12-14). Since 
no restrictive slit mechanism is required and a reason- 
ably wide angular  aper ture  can be used without  im-  
pair ing performance, the radiat ion throughput  of the 
system is quite large. In  addition, Fellgets mul t ip lex 
advantage is applicable. All  wavelengths are viewed 
s imultaneously by the detector, and in  a detector noise 
l imited system this mul t ip lexing of the spectrum will  
greatly improve the signal/noise ratio. 

A complete system for the measurement  of epitaxial  
layer thickness uti l izing a scanning Michelson has been 
developed in this laboratory. A similar  system has sub-  
sequent ly been marketed  commercially.3 

Application of the Micheison Interferometer to 
Epitaxial Measurements 

A schematic of the optical system used for IR in ter -  
ferometry wi th  a Michelson interferometer  is shown in 
Fig. 1. The single beam incident  upon the sample is 
split into beams A and B upon reflection from the 
epitaxial  sample. Beam B is out of phase with A by an 
amount  4, due to the path through the layer  and 
phase shifts upon reflection at both surface and layer-  
substrate interfaces. The beam split ter (Ma) in the 
interferometer  splits each beam into two equal am- 
plitude components.  These go to either the fixed mirror  
(Ms) or the scanning mir ror  (M~) where  they are re-  
flected back to the beam splitter. The beams recombine 
at this point and travel  to the detector (D). The scan- 
n ing mirror  t ranslates  about the point at which the two 
paths in  the interferometer  are of equal length. The 
scanning range of the mir ror  must  be able to introduce 
a phase difference between the two legs of the in ter -  
ferometer that  exceeds the phase difference 4 in t ro-  
duced by the sample. Since each beam traverses a leg 
of the interferometer  twice, it means that  the mir ror  
must  t ravel  a distance that introduces a phase shift of 
___h/2, in order to be useful in making  an epitaxial 
measurement .  The m a x i m u m  sample thickness that  can 
be measured is determined by the l imits of the mir ror  
travel.  The range  can be extended on some ins t ru-  
ments  by adjust ing the mirrors  so that  the scanning 
is done only on one side of the equal path position, 
thus doubling the useful  thickness range for a given 
scanning distance. 

An  example of an interferogram produced by a sys- 
tem such as that  described in  Fig. 1 is shown in Fig. 2. 
The a-c signal intensi ty  is plotted vs. the phase shift 
introduced by the scanning mirror.  The phase shift is 
related to mir ror  movement  by the relationship 

2=x 
phase shift = ---- 2~vx [1] 

where  x is the optical path difference in the in te r -  

8 Dig i l ab ,  Inc .  F i l m  T h i c k n e s s  G a u g e .  
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Fig. 2. Unprocessed interferogram of reflection from a 12.5 ~m 
epitaxial film. 

ferometer, L is the wavelength  of the radiation, and 
v ---- 1/}.. A ma x i mum signal occurs at the point where 
the phase shift for most wavelengths is zero. This 
would occur where  x ---- 0, if no distortion were present  
in the signal. Signal  distortion has caused the asym- 
met ry  in the interferogram shown in  Fig. 2. The satel- 
lite peaks occur where  the phase shift introduced by 
the interferometer  is ~h ,  and cancels that  introduced 
by the sample. Beams As and B1 combine to produce 
a satellite at + 4 ,  and Az and BI produce the peak at 
- - A ,  

The mir ror  position at any  point  in a scan can be 
accurately determined,  and hence locating the satellites 
relative to the central  peak wil l  yield a measured value 
of 4. If the phase shifts introduced upon reflection at 
the surface and layer-subs t ra te  interfaces were the 
same, the film thickness could be derived from the sim- 
ple equat ion 

4 
t - [ 2 ]  

2~z cos 6 

where nl  is the refractive index of the film, t the film 
thickness, and 0 the angle of refraction. 

For epitaxial  semiconductor mater ia l  a phase shift 
correction is necessary to obtain an accurate film thick- 
ness measurement.  The phase shift at the layer -sub-  
strate interface for silicon epitaxial  mater ia l  and the 
general  method for correcting the thickness measure-  
ment  made with a dispersion spectrometer have been 
published (9, 11). Thickness measurements  using an  
interferometric spectrometer must  also include a simi- 
lar  correction for reflection phase shifts to obtain 
accurate measurements  and to be compatible with 
existing measurement  techniques. 

Experimental 
The epitaxial  film thickness monitor  constructed at 

Texas Ins t ruments  was called the EPILOG system. A 
block diagram of the EPILOG system is shown in  Fig. 
3. Data collection was handled by the optical unit,  
which included the source, source optics, and Michel- 
son interferometer.  The amplified signal was converted 
to digital data and stored in a computer  memory.  The 
film thickness extracted from the data was presented 
on a digital readout or pr in ted  by  a typewri ter  or strip 
printer .  

The development  of the EPILOG system has so far 
resulted in two systems. The second system, EPILOG 
II, surpassed the first model  in performance and only 
this system will  be described in  detail. Data from both 
systems, however, will  be shown later  to demonstrate 
the improvements  obtained with the more advanced 
system. A third model, EPILOG III, using a more com- 
pact and faster computer  4 is cur rent ly  under  con- 

T e x a s  I n s t r u m e n t s  M o d e l  960A. 
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struction, but  will  be essentially the same in all per-  
formance parameters  as EPILOG II, the only ex- 
ception being in that  a faster computat ion in EPILOG 
III might sl ightly shorten the sampling time. 

The optical schematic for the second system is shown 
in Fig. 4. In  this case a 1:1 image of the globar was 
formed on the sample surface, with no prefiltering of 
the radiation. The radiat ion reflected from the sample 
was par t ia l ly  collimated before being sent into the 
interferometer.  The interferometer  used was again 
the Block 196TC. The image of the globar on the sam- 
ple was about V4 • 3/4 in. Provisions were made to re-  
duce this to 1/4 • 1/2 in. for profiling the thickness over 
a large slice. The data processing in this case was 
handled by a Texas Ins t ruments  Model 861 process 
control computer, with a 24 bit, 8K memory, and 
hardware  arithmetic. The addit ional  computat ional  
capabil i ty permit ted a fairly sophisticated calculation 
of the film thickness, using a Four ier  t ransform tech- 
nique. The details of this computat ion will  be described 
in the next  section. F i lm thickness was displayed on 
a digital display, with the option of a permanent  record 
on a strip printer.  In  this system the interferometer  
scanned 4 times per second and the number  of scans 
averaged before data processing was 16. The compu- 
tat ion t ime varied somewhat from one slice to another, 
depending on the film thickness, but  the average t ime 
required to measure a film thickness was ,~6 sec. 

The rel iabi l i ty  of both systems has been excellent. 
The Michelson interferometer  heads which are kept 
under  a dry  ni t rogen purge have caused no down time 
at all. The EPILOG I system was put  into extensive 
use in June  of 1969, and EPILOG II in Ju ly  of 1970. 
Both are cur rent ly  still in use. 

Fourier Transform Analysis 
The computer  used for the EPILOG II system per-  

mit ted the use of a sophisticated data analysis. The 
method developed utilized the Cooley-Tukey (16) fast 
Fourier  t ransform (FFT) algorithm and can be shown 
to be mathemat ical ly  equivalent  to the ASTM pro- 
cedure. 

INTERFEROMETER i TOROID 

AR 

% 
MIRRO 

EP[TAXIAL 
SAMPLE 

Fig. 4. Source and collection optics for EPILOG II 

When a single beam of radiat ion enters a Michelson 
interferometer,  the signal at the detector is a function 
of the frequency distr ibution of the radiation, A(v) ,  
and the phase difference between the components 
which are separated and recombined in the interferom- 
eter. This signal intensi ty can be expressed by 

I (x )  ~ A(v) cos (2nvx) [3] 
12 

where x is the optical path difference between the two 
rays in the interferometer  and v is the optical fre-  
quency, 1/L 

For the system shown schematically in Fig. 1, the 
radiat ion enter ing the Michelson interferometer  con- 
sists of two beams, differing in phase by an amount  
/~. The signal intensi ty  at the detector in this case is 
given by 

I (x )  -- ~ (A(v) q- B(v) ) cos (2~vx) 
P 

+ ~ 2~/A (v) B (v) cos (2~vx "+- A) [4] 
P 

where A (v) and B(v) are the frequency distr ibutions 
of the radiat ion reflected at the first surface and layer-  
substrate interface, respectively. The first te rm in the 
summation produces the center feature shown in the 
interferogram in  Fig. 2. The satellites shown at phase 
shift of ~_A in Fig. 2 are generated by the second term 
in Eq. [4]. Equations [3] and [4] imply that  the in ter-  
ferogram should be symmetr ical  about x = 0; the data 
shown in Fig. 2 obviously are not. Some of the asym- 
metry  can be at t r ibuted to imperfect compensation in 
the interferometer  optical system but  most is the re-  
sult of distortions in the detector electronics at the 
high-scan velocities used. The distortions are most 
apparent  at h igh-s ignal  frequencies, which are gen- 
erated by shorter wavelength  radiation. An  optical 
Alter was used on the EPILOG I system to remove 
most of these high-frequency components and permit  
accurate identification of features in  the interferogram 
with a m i n i m u m  of computation. 

In  the EPILOG II  system it was desired to include 
the shorter wavelength radiat ion in the analysis to 
permit  the measurement  of th inner  samples. In  this 
case it was necessary to remove the distortions seen in 
Fig. 2 prior to data analysis. The properties of the 
Fourier  t ransform can be easily uti l ized to remove 
these phase distortions and generate an idealized, sym- 
metrical  interferogram. The original  interferogram 
consisted of 1024 data words collected at 1.0 ~m in-  
crements  of interferometer  path difference. The 
Fourier  t ransform of this raw interferogram yielded a 
complex funct ion of v. 

I (x )  -- ~ (N(v) --P iM(v ) ) e  -27rivx [5] 
Y 

These complex coefficients occur because there is no 
wave length- independent  content  in  the distorted in ter-  
ferogram. These complex coefficients were then re-  
placed by the real ampli tude of the vector they repre-  
sent. The t ransformed interferogram was apodized 
to remove contr ibut ions from wavelengths shorter 
than  8 ~m since no information of the epitaxial  layer 
thickness can be obtained in this spectral region. The 
reverse t ransform on the real, apodized coefficients 
yielded a symmetric,  filtered interferogram. The data 
used to generate Fig. 2 is shown again in Fig. 5 after 
symmetr izat ion and filtering. While most of the data 
analysis t ime was spent in  this step, the t ime required  
was more than  offset by improved signal/noise ratio 
and hence reduced sampling time. Since the interfero-  
gram was then symmetr ical  and contained no contr ibu-  
t ions from wavelengths  shorter than  8 ~m, it could at 
that point  be described by a single sided interferogram 
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of 128 points; each point corresponding to 4 #m incre-  
ments  of interferometer  path difference. 

The accurate analysis of the reflection interfero-  
gram depends critically on the isolation of the satellite 
fringes from the central  fringe. All of the information 
concerning the epitaxial  layer thickness is contained 
in the satellite fringes, and their complete character-  
ization is very important .  The sample used to generate 
the interferograms in Fig. 1 and 5 had a 12.5 #m epi- 
taxial  layer, and the central  and satellite fringes were 
well separated. The satelli te fringes can be easily iso- 
lated and identified in  this case. However, samples with 
th inner  epitaxial  layers wil l  exhibit  satellite fringes 
shifted toward the central  fringe, and when the layer  
becomes th in  enough the three fringes will merge and 
location of the satellites will  be impossible without  
further  data manipulat ion.  This merging of the fringes 
occurs with film thicknesses less than 8 #m. Extract ion 
of film thickness information for thin samples can only 
be carried out after the contr ibut ion of the central  
fringe is removed from the interferogram. 

The central  fringe is composed of radiat ion reflected 
from both the first surface and the epitaxial l ayer - sub-  
strate interfaces. The ampli tude and wavelength dis- 
t r ibut ion of the central  fr inge depend on the optical 
constants of the epitaxial layer and the substrate and 
hence on the impur i ty  type and resist ivity in both 
areas. It  has been found that the central  fr inge of a 
wide var ie ty  of samples can be approximated by  a 
l inear  combination of the reflection interferogram from 
a clean high-resist ivi ty silicon slice and an average 
of the central  fringes of thick samples previously mea-  
sured on the system. In  this case thick samples are de- 
fined as having a layer thicker than 10 ~m. The coeffi- 
cients for the l inear  combinat ion are chosen so that  
after subtract ion from the sample interferogram the 
signal ampli tude at the zero mir ror  displacement posi- 
tion and at a wavelength of 8 ~m are both zero. The 
ampli tude at 8 ~m is determined from the Fourier  
t ransform of the interferogram. The residual  noise left 
in the center of the interferogram after this subtract ion 
is very small  relat ive to the satellite amplitude. The 
satellites can be easily located after this subtraction 
step, and samples as th in  as 0.6 ~m have been analyzed 
reliably. For samples th inner  than  0.6 #m the  satellites 
themselves overlap at the center of the interferogram, 
and they cannot  be separated by any  computations 
cur rent ly  in use in this system. Physically, at this point 
the optical thickness of layer  is less than 1/2 the wave-  
length of the observing radiat ion and no strong inter-  
ference effects can be characterized. 

The mathemat ical  representat ion of a single satel- 
lite can be given by 

I(x) SAT = ~ 2~/A (v) B (~)cos (2~vX - -  4) [6] 
P 

The term h can be expanded to 

h = r - -  r + 2nvnlt cos e [7] 

where r ---- n is the phase shift at the a i r - layer  in ter-  
face, r is the phase shift at the layer-subs t ra te  in ter-  
face, nl  is the refractive index of the layer, t the film 
thickness, and 0 the angle of refraction. 

Both ~b~2 and B (v) are functions of the optical con- 
stants of the substrate, n2 and k2, where these are the 
real and imaginary  parts of the refractive index. At 
this point the mathemat ical  representat ion of the 
satellite can be better  expressed in complex notat ion 
as 

I(X)SAT = ~ G(nl ,  n2, k2, v) H(nl, t, 0) [8] 
P 

where 

G (nl, 7t2, k2, v) = 2A/A (v) B (v) e -t(~b01 - -  ~b12) [9] 

and 
H(nl, t, 8) : e -2~ri(z-nl t cos e) [10] 

The function G will  determine the shape of the satel- 
lite; it is independent  of film thickness but  dependent  
on the optical constants of the substrate. The func-  
t ion H will determine the location of the satellite as 
determined by the film thickness and refractive index, 
but  it is independent  of the substrate parameters.  In  
Fig. 6 the change in satellite shape with substrate ma-  
terial  is shown for both P-  and N-type material.  This 
demonstrates the effect of the funct ion G. In  Fig. 7 
the thickness independence of the satellite shape, again 
expected from the funct ion G in Eq. [8], is demon-  
strated. The data shown in Fig. 6 and 7 are measured 
data, after symmetr izat ion of the interferogram and 
central  fringe removal. 

The satellites shown in Fig. 6 and 7 are quite asym- 
metric for the most part. This asymmetry  made it im- 
possible to use any single feature of a satellite to de- 
fine its location. The asymmetry  in this case was due 
to the phase-shift  difference between the surface and 
layer-subst ra te  reflections rather  than  the measure-  
ment  system as discussed previously. The phase shift 
correction factors have been calculated and published, 
and can be used when the substrate type and resistivity 
are known (9, 11). 

N/N-+ P/P§ 

. o l q  0HJ4-04 .Olq I~I-~-EI'I 

12.5 M]CROMETEB EPJTI4XIAL LATER 

Fig. 6. Satellite shape at constant thickness and various substrate 
resistivities. 
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Fig. 7. Satellite shape for various thicknesses and constant sub- 
strate resistivity. 

Using these published values for ~12, we can define a 
function P, such that  

P ( x )  : ~=r e +i($01-d~) [11] 
P 

The convolution of P (x) with I (x)SAT will yield 

P ( x )  * I ( X ) S A T  : ~ 2~/A(v) B(~) e - 2 v i ~ ( x - n l t c ~  0) 
. [12] 

This function, P(x) *I(X)SAT, is symmetric with its 
maximum at 

Xmax : nit cos 0 [13] 

The effect of the convolution is shown in Fig. 8, with 
measured data of both P -  and N-types. The location of 
the satellites was then easily accomplished by locating 
the point of max imum signal intensity.  This location 
was used to derive the film thickness from Eq. [13] 

Xmax 
t -- [14] 

~1 COS 

UNCORRECTED PHASE CORRECTED 

Fig. 8. Satellite shape after convolution. 

For rout ine measurements,  it is not desirable to re-  
quire that  the operator enter  the type of resistivity of 
each sample. In  many  cases, the operator may only 
know the type and a resistivity range for a given lot 
of epitaxial  samples. It  was found that an excellent 
correlation exists between the relat ive ampli tude of 
the reflection from the layer-subs t ra te  interface at a 
given wavelength and the calculated phase shift (9) 
at that  wavelength. A plot of this empirical correlation 
at 16 ~m is shown in Fig. 9. These data include both 
P-  and N-type material,  so that  nei ther  type nor  re-  
sistivity need be entered by the operator. This em- 
pirical est imation of the reflection phase shift is now 
used on all rout ine measurements  with the EPILOG 
systems. 

Results and Conclusions 
The use of a scanning Michelson interferometer  to 

measure epitaxial film thickness is s imply a modifica- 
t ion of s tandard IR interferometry.  An evaluat ion of 
the method can best be made by comparing the results 
from an EPILOG type system with those obtained 
using ASTM procedure F95-68T. To expedite this com- 
parison a set of samples including both P-  and N-type 
mater ia l  was collected. The reflectance spectra were 
obtained on a Pe rk in -E lmer  221 spectrometer with 
KBr optics, and film thicknesses calculated according 
to the ASTM procedure. In  Table I the ASTM thick- 
nesses are compared with those obtained on both 
EPILOG systems. The term f51 is the magni tude  of the 
difference between an ASTM and EPILOG measure-  
ment.  The in ter laboratory precisions (3a) given for the 
ASTM procedure are ~ (0.25 ~m -{- 0.025t) for P- type  
mater ial  and ~-(0.25 #m -{- 0.005t) for N-type. The 

Table h Comparison of epitaxial film thickness measurements 

S a m p l e  A S T M  EPI  I I 8 I E P I  I I  I 8 J 
R e s i s t i v i t y / T y p e  (~m) (~m) (f~'n} (~m) (~m) 

0,006 o h m - c m / P P +  24.16 24.10 0.06 24.23 0.07 
0,006 o h m - c m / P P +  12.07 12.12 0.05 12.01 0.06 
0.006 o h m - c m / P P +  5.89 5.77 0.12 5.82 0.07 
0.006 o h m - c m / P P +  3.05 3.05 0.00 2.82 0.23 
0.018 o h m - c m / P P +  24.77 24.02 0.15 25.15 0,38 
0.018 o h m - c m / P P +  12.24 12.22 0.02 12.22 0.02 
0.018 o h m - c m / P P  + 5.72 5.69 0.03 5.82 0.10 
0.018 o h m - c m / P P +  3.12 3.20 0.08 3.07 0.05 
0.009 o h m - c m / N N +  25.91 26.00 0.18 26.04 0.13 
6,009 o h m - c m / N N +  12.14 12.04 0.10 12.04 0,10 
0.009 o h m - c m / N N +  6.27 6.35 0.08 6.32 0.05 
0.000 o h m - c m / N N +  3.48 3.58 0.10 3.51 0.03 
0.018 o h m - c m / N N +  24.71 24.87 0,16 24.84 0.13 
0,018 o h m - c m / N N +  12.50 12.60 0.10 12.70 0.20 
0.018 o h m - c m / N N +  6.38 6.30 0.08 6.32 0.06 
0.018 o h m - c m / N N +  3.71 3.56 0.15 3.61 0.10 
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I R  E P I L O G  I E P I L O G  II 

T h i c k n e s s  r a n g e  1.0-100 ~ 30-70.0 /tin 0.75-70.0/~m 
Sampling t i m e  30 sec-15 ra in  5 sec 6 sec 
P rec i s ion  (3~) • (0.25 /tin + 0.02St) • (0.15 ~m + 0.015t) ----- (0.05 ~ m  + 0.00St) 
P r o f i l i n g  c a p a b i l i t y  yes no yes  

numbers  obtained with both EPILOG systems fall 
wi thin  this range. The precisions obtained with the two 
EPILOG systems were somewhat bet ter  than  the in-  
ter laboratory precision for the ASTM method. Re- 
peated measurements  on a set of four P- type  samples 
over a period of several months yielded 3~ precisions of 

(0.15 -t- 0.015t) for EPILOG I and • (0.05 ~ 0.005t) 
for EPILOG II. 

The computat ional  procedure used with the EPILOG 
systems was actually mathematical ly  equivalent  to the 
ASTM calculation, with the exception of the empirical  
determinat ion of the phase shift correction. 

Some of the impor tant  features of the EPILOG sys- 
tems are compared to the standard IR method in Table 
II. The upper  thickness limit is determined by the 
available resolution in the IR technique. In an in ter-  
ferometer the resolution is l imited by the available 
mirror  travel. Hence the upper l imit  for the EPILOG 
system is less than  that  of a good IR spectrometer, al- 
though it is of no practical importance since li t t le ma-  
terial thicker than  70 ~m is used in device fabrication. 
The shortest sampling t ime for an IR spectrometer is 
probably available in the Beckman system, al though a 
manua l ly  scanned system followed by a full ASTM 
calculation would probably take about 15 min. This ac- 
counts for the wide range of sample times shown for 
the IR technique in Table II. 

In summary,  it appears that a computer  data process- 
ing station coupled to a scanning Michelson in ter -  
ferometer can provide rapid and accurate epitaxial  film 
thickness measurements.  Where the sample volume can 
just ify the ini t ial  equipment  investment,  the improve-  
ment  in hardware  rel iabil i ty and measurement  speed 
is well worthwhile.  The precision that arises out of 
computer data processing exceeds that  possible with 
the s tandard ASTM procedure carried out manual ly .  
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Photoresist Cleaning 
F. P. Laming 1 and R. E. Straile 

Bell Laboratories, Murray Hill, New Jersey 07981 

ABSTRACT 

Fi l t ra t ion and eentr i fugat ion methods for c leaning KTFR and KMER photo- 
resists have been quant i ta t ive ly  compared using a l ight-scat ter ing technique 
to monitor  both processes. It was found that  mater ial  of a given pur i ty  can 
always be prepared more easily by centrifugation. In  particular,  KMER, com- 
parable in pur i ty  to KTFR, can readi ly be prepared without  adjust ing resist 
viscosity prior to centrifugation, though centr ifuging times are reduced by 
di lut ion of the material .  Typically, centr i fugat ion for 25,000 g-hr  produces 
good qual i ty  KMER from 1:1 material.  Centrifuged KMER is capable of 
resolving better  than 1~ lines. Because of the superior adhesion of KMER, 
compared to KTFR, it should prove useful in applications where high resolu-  
t ion is required. 

Photoresist cleanliness is a major  factor influencing 
the resolution of the photolithographic process. Clearly, 
the presence of large particles of polymeric mater ia l  or 
foreign mat ter  will  result  in severe degradation of the 
developed image. The most common method of reduc- 
ing part iculate contaminat ion of the resist is filtration 

1 P re sen t  addres s :  IBM Corpo ra t i on ,  Eas t  F i s h k i l l  Fac i l i t y ,  Hope -  
w e l l  J u n c t i o n ,  New York  12533. 

K e y  w o r d s :  n e p h e l o m e t r y ,  p h o t o l i t h o g r a p h y ,  f i l t r a t ion .  

immediate ly  prior to application. Natura l ly  the ef- 
ficiency of this c leaning method depends on the ease of 
filtration, which, in some cases, can prove a major  
obstacle. Undi lu ted  Kodak Thin Fi lm Resist (KTFR),  
for example, can only be convenient ly  filtered through 
a 14~ filter, or through a 1.2~ filter if di luted 1: 1. F i l t ra -  
t ion is even more difficult for Kodak Metal Etch Resist, 
and is v i r tua l ly  impossible with undi lu ted  material ;  
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therefore, unpurif ied KMER is not used for high-reso- 
lut ion work in spite of its greater adhesion (1) as com- 
pared to KTFR and consequent potential  for high- 
resolving power. A somewhat complex purification pro- 
cedure to prepare usable KMER was developed a few 
years  ago by Harrel  of Texas Ins t ruments  (2). 

In  this work we describe a quant i ta t ive  comparison 
between filtration and centr ifugation techniques for 
cleaning both KTFR and KMER. The cleanliness of the 
resists was determined and monitored dur ing the 
course of cleaning by measur ing the intensi ty  of light 
scattered from the solutions. Light scattered in this 
way is pr imar i ly  a funct ion of particle size and con- 
centrat ion;  contr ibutions from the solvent are relatively 
small  and could be ignored. Since cleaning of the resist 
is largely a mat ter  of e l iminat ing pre-crossl inked ma-  
terial and particles of foreign matter,  light scattering is, 
thus, a good measure of resist cleanliness. 

The truth of this proposal can readi ly  be ascertained 
from Fig. 1, where scat tering-fi l t rat ion data are com- 
pared for old and new samples of KTFR. Presumably  
the difference between the curves results from the fact 
that  the old sample contains thermal ly  cross-l inked 
material.  

Experimental 
The light scattering apparatus has been described in 

detail elsewhere (3). In  this work a He/Ne laser operat- 
ing at 6328A was used as a light source and scattering 
measured at a fixed angle of 90 ~ All  scattering in-  
tensities were normalized against the intensi ty  mea-  
sured at the same angle for pure xylene. The s tandard 
was measured before and after each resist measure-  
ment. 

Fi l t ra t ion is normal ly  performed immediate ly  prior 
to resist application, using syr inge-mounted  filters op- 
erated by hand. This was not a practical solution here 
because we wished to use fine porosity filters and to 
filter relat ively large volumes. We, therefore, designed 
a filter holder capable of operating to pressures of 500 
psi. Nitrogen was used as the pressurizing gas, and 
solutions were filtered directly into a glass-scattering 
cell having three windows positioned at 0 ~ 90 ~ and 
180 ~ to the incident  light. 

For centr i fugat ion we used a small  centrifuge ca- 
pable of producing 1300g at the center of 50 ml  cen- 
tr ifuge cells. In i t ia l ly  we used conventional  glass tubes, 
the mater ia l  subsequent ly  being t ransferred to the 
f i l trat ion-scattering cell for monitor ing purposes. This 
method resulted in  spurious readings because the solu- 

tions were unavoidably  disturbed dur ing transfer  so 
that centrifuged residue reappeared in suspension. This 
problem was overcome by using the specially designed 
centr i fuge-scat ter ing cells i l lustrated in  Fig. 2. The 
three quartz windows were mounted  from the inside 
and supported by shoulders to wi ths tand the centr if-  
ugal pressure; the body of each cell was machined 
from a luminum,  anodized, and dyed black to reduce 
in terna l  reflections. In  operation each cell was filled to 
at least one cent imeter  above the top edges of the 
windows in  order to reduce reflections from the 
l iquid-ai r  interface. Covers were used to minimize 
evaporation. 

Results 
Because filtration of resists through fine porosity 

filters is v i r tua l ly  impossible even at high pressure, 
each resist was diluted to 5% of its original concentra-  
t ion for these experiments.  This diluted mater ia l  was 
then filtered sequential ly  through seven filters varying 
in pore size from 3-0.05~; scattering in tensi ty  was de- 
termined after each filtration step. Figure  1 shows 
the results of such an exper iment  for one sample 
tested immediate ly  after receipt from the manufac-  
turer, and for another  after three years of storage. 
The difference between the two is readily apparent  
and is clearly due to presence of thermal ly  cross-l inked 
mater ia l  in the old sample. Notice that after filtration 
through a 0.8~ filter, however, there remained li t t le dif- 
ference between the two samples. 

The filtration curve for KMER is shown in  Fig. 3, 
together with scattering data from the centr ifugation 
experiment.  Again, these results were obtained from 
5% solutions, but  here the l imit ing filter size was 0.2#, 
through which KMER passed only with great dif- 
ficulty even at a pressure of 500 psi. The curves clearly 
demonstrate  that  the resist cleanliness, at tained only 
with difficulty by filtration, is a t ta ined in 1/2 hr and 
with ease by centrifugation. 

A similar result  is obtained when filtration and 
centr ifugation are compared for KTFR, as in Fig. 4. 
Again, the centr ifuged mater ia l  seems to equal in 
cleanliness that  obtained with greater t ime and dif- 
ficulty by filtration. 
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Fig. 1. Scattering data from KTFR 5% filtration 
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Fig. 2. Centrifuge-scattering cell 
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Fig. 3. Comparison of scattering from filtration and centrifuga- 
tion of 5% KMER. 
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Fig. 4. Comparison of scattering from f i l t rat ion and centr i fuga-  
tion of .5% KTFR. 

So far  we have  described cleaning procedures which  
would result  in material which could not be used di- 
rect ly for photol i thography because the solutions are 
too dilute. In practice it is more usual to use material  
which has been di luted to only 25 or 50% of the sup- 
pl ied concentration. The greater solids content and 
higher  viscosities of such solutions would then result  
in both centrifugation and filtration being more diffi- 
cult. Dilute resist solutions can be re turned  wi thout  
degradation to their original concentrations by vacuum 
distillation, but this procedure  would be inconvenient  
to accomplish in production. An a l te rna t ive  solution is 
to use brute force methods to clean the resists at their 
normal  concentrations. For  KTFR, as has been pre-  
viously described, filtration can be used in this way 
with  moderate  success, but for KMER filtration at 
high-concentration levels  is impossible. In both cases, 
however,  centr i fugat ion of the more concentrated ma-  
terial produces excel lent  results; though naturally 
longer times are required for the higher  viscosities. 

Scattering curves  for centrifuged samples of var ious 
concentrations of KTFR and KMER are shown in Fig. 
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Fig. 6. KMER centrifugation rates 

5 and 6, respectively.  The maxima observed in the 
KMER curves result from mult iple  scattering; the ma-  
terial is so dirty that both the incident-scattering beam 
and the scattered l ight are severely attenuated prior to 
purification, so that an apparent increase in scattering 
intensity is observed at first as the resist is purified. 
A similar, but less pronounced, m a x i m u m  can be seen 
in the KMER data of Fig. 3. It is apparent that the 
cleaning process is still  progressing even at these high 
viscosities. In fact, the curves level  off at v irtual ly  the 
same degree of cleanliness, taking into account the 
difference in particle concentration and therefore final 
scattering intensities at different dilutions. Thus, a 
scattering intensity of 0.57 from a 5% solution of 
KMER after 21 hr centrifuging would be equivalent  to 
an intensity of 5.7 from 1:1 solution, providing scatter- 
ing is directly proportional to concentration. In fact, 
the 1:1 KMER solution had a scattering value  of 8.5 
after 19 hr centrifuging. 

The solids content of solutions used in these studies 
were determined by evaporation of weighed samples 
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Fig. 7. Variation of solids content of KMER and KTFR during 
filtration of 5% solutions. 

in small  a l uminum containers.  The effect of filtration 
on solids content  of 5% solutions of KMER and KTFR 
is i l lustrated in  Fig. 7. The nonfiltered values shown 
here correspond to weight per cent (w/o)  solids con- 
tent  in the undi lu ted  solutions of 28.0 for KMER and 
29.6 for KTFR. The manufac turer  gives values in the 
range of 24.7-27.3 for KMER and 27.2-28.8 for KTFR. 
Fi l t ra t ion does not seem to affect the solids content of 

KTFR, and this is confirmed by the scattering data of 
Fig. 1 (for the new sample).  Apparen t ly  there are not 
many  particles larger than 0.2~ in  crude KTFR. The 
solids curve for KMER is also in good agreement  with 
scattering data (see Fig. 3) and suggests that  a con- 
siderable proport ion of this mater ia l  consists of par -  
ticles sized in  the range 0.2-0.65~. The weight per cent 
solids content  of KMER after filtering through the 
0.2~ filter has been reduced to 11.6 (computed for the 
ini t ial  concentrat ion) .  Such a reduction might  be ex- 
pected to have an adverse effect on adhesion; how- 
ever, our measurements  indicate that  centrifugated 
KMER is superior in  adhesion to KTFR by a factor of 
approximately  2. We have also demonstrated that the 
purified KMER is at least capable of matching  KTFR 
for pa t te rn  generation. Clean 1~ lines have been 
resolved. 

Conclusion 
We have demonstrated that light scattering can be 

used as an effective monitor  of photoresist cleanliness. 
The technique was used to follow in detail, and to com- 
pare, filtration and centr i fugat ion procedures for clean- 
ing both KMER and KTFR. 

Results are most significant for KMER which is 
impossible to clean effectively by filtration but  which 
can be easily and effectively cleaned by centr i fuga-  
tion. The mater ia l  may be centrifuged at the same 
di lut ion at which it would normal ly  be employed, e.g., 
KMER diluted 1:1 would require  centr ifuging for ap- 
proximately 25,000 g-hr. 

We recommend the use of centrifuge cleaned KMER 
in all applications where KTFR would normal ly  be 
used for high-resolut ion work. 

Manuscript  submit ted June  16, 1972; revised m a n u -  
script received Sept. 25, 1972. 

Any  discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1973 
JOURNAL. 
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Optical Properties of Silicon Nitride 
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ABSTRACT 

The optical properties of silicon ni tr ide layers formed by the pyrolysis of 
a mix ture  of Sill4 and NH3 are presented. These results are used together 
with published data for SiO~ materials  to formulate a bonding model for 
SiNx and SiOxN~ which quant i ta t ively  describes their optical characteristics. 
The basic uni ts  of this structure are Si te t rahedra of the type Si-(SixOyNz) 
in which the distr ibution of atoms for all possible x W y -~ z ~ 4 is statistical 
for any given atom ratio. 

The use of silicon ni tr ide films in semiconductor 
technology has prompted a number  of investigations 
concerning their  electrical and chemical character-  
istics (1, 2). The optical properties of this material,  on 
the other hand, are relat ively unknown.  This is due in 
part  to the fact that  the spectral region where these 
layers absorb light strongly is in the vacuum u l t r a -  
violet, and this wavelength  range is not accessible 
with convent ional  measur ing equipment.  In  addition 

Key  words:  reflection spectra,  optical constants,  silicon oxyni-  
tride, bonding model.  

there is no theory for this absorption and thus such 
data, even if available, would appear to have little 
analyt ical  value. 

In  a recent paper (3) we presented and discussed 
the optical properties of noncrystal l ine SiOx materials  
for x ---- 0 ~ 2. The data could best be interpreted by 
assuming the bonding to be of the type Si-(Si~O4-~) 
where tbe four atoms bonded to each Si are determined 
by statistics for any given atom ratio. We related the 
presence of Si-Si  and Si-O bonds in these materials  
with certain rather  general  optical characteristics. In  
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addition we were  able to correlate  the presence of like 
bonds of the dimension of a S i - (S iO  and Si-(O4) 
te t rahedron with  more specific optical s t ructure  which 
shows up in the data and which is a prominent  and 
distinguishing feature  of the curves for amorphous 
silicon and quartz, respectively,  in bulk. This point of 
v iew had not been considered previously.  

The present  invest igat ion (4) was under taken  in 
the expectat ion that  the simple concepts outl ined above 
might  prove  useful in the discussion and comparison 
of silicon ni tr ide films made under  var ious conditions 
and having different stoichiometries.  By evaluat ing 
those optical characterist ics par t icular  to S i -N bonds 
and util izing our knowledge of the propert ies  of Si -Si  
and Si-O bonds, we may  be able to account for the 
optical effects which show up in silicon ni tr ide layers 
containing excess Si (5, 6) or new atom consti tuents 
such as oxygen (1). Thus the position of the absorp- 
tion threshold or the value of the index of refract ion 
could have quant i ta t ive  significance in characterizing 
such materials.  

To test this approach, the optical propert ies  of silicon 
nitride must  first be documented. This is the main task 
of the present  paper. It  is accomplished by analyzing 
a var ie ty  of data including that  obtained f rom reflec- 
tance and transmission studies and by util izing the 
Kramers -Kron ig  relations (7) to find a consistent set 
of optical parameters  for the range of photon energies 
where  silicon ni tr ide absorbs strongly. For  complete-  
ness, photoelectric data were  also obtained which 
enables the electron affinity to be est imated (8). 

The mater ia l  selected for this s tudy is noncrystal l ine 
silicon ni t r ide formed on silicon or quartz  substrates 
at 1000~ by reaction of a gaseous mix ture  of silane 
and ammonia in the ratio 1 to 40,000 (1). Such layers 
have  a s toichiometry very  near  to that  of crystal l ine 
Si3N4 yet  possess at most only short range atomic 
order ing (2). Thus we are able to re la te  the propert ies  
we find to a ra ther  localized envi ronment  of S i -N 
bonds. This feature is essential to the discussion of 
SiOxN,~ mater ia ls  which we  envision as made  up of a 
ne twork  of Si atoms te t rahedra l ly  bonded to other 
Si, N, or O atoms where  the distribution of different 
Si-(Si~OyN~) te t rahedra  for all possible x -5 y -5 z 
= 4 is statist ically determined for any given atom 
ratio. 1 We wil l  show that  this model  (3) is vast ly 
superior in explaining the observed optical propert ies 
than the one general ly  considered (9) which treats 
such mater ia ls  as mixtures  of Si, Si3N4, and SiO2 com- 
pounds. We shall use data obtained on chemical  vapor  
deposited samples of SiO~Ny prepared as above but 
wi th  the addition of NO gas (1) to help support this 
conclusion. 

Procedures and Results 
The optical propert ies of any mater ia l  may be de- 

scribed by the complex f requency dependent  dielectric 
constant s ---- el W is~ which in tu rn  is re la ted to the 
optical constants n and k by sl ---- n 2 -- k s and s2 ---- 2 n k  
(10). The ext inct ion coefficient k describes the a t tenua-  
tion of the electromagnet ic  wave  as it t raverses  the 
material .  It  is s imply related to the absorption coeffi- 
cient by ~ -~ 4 ~ k / k  where  k is the wave leng th  of the 
light in vacuum. The real  part  of the index of refrac-  
tion n has par t icular  significance in the region of 
optical t ransparency where  it describes the propaga-  
tion velocity of the l ight  wave.  These parameters  can 
be evaluated f rom transmission and reflectance studies 
which take into account in terference effects and the 
presence of a substrate (11). 

In the present  study reflectance data were  obtained 
from silicon nitr ide layers on polished silicon substrates 
(i) in the region 6 to 24 eV where  this mater ia l  is 
opaque and ( i i )  in the region 1 to 6 eV where  these 
layers  are t ransparent  and the position and magni tude 

1 T h e  n u m b e r s  x a n d  y u s e d  to d e n o t e  a r a n g e  of s t o i c h i o m e t r y  in  
SiOz,  SiNz,  a n d  SiOxN~ m a t e r i a l s  a r e  no t  r e l a t e d  to t h e  i n t e g e r s  
x,  y, a n d  z w h i c h  d e s c r i b e  pos s ib l e  t e t r a h e d r a  types .  

20 
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Fig. 1. The spectral dependence of the reflectance of silicon 
nitride. 

of in ter ference  minima enable n and hence the re-  
flectance R for silicon nitr ide to be evaluated.  2 The ex-  
per imental  procedures used here  have been described 
previously (10, 12). The uncer ta in ty  in the smooth 
curve of reflectance shown in Fig. 1 is est imated to be 
less than 5% in the region 1-10 eV and possibly larger  
at h igher  energies. F rom this curve initial values of n 
and k were  computed in the range 1-24 eV using the 
Kramers -Kron ig  relat ion 

O ( O ; o ) = ~ _ ~ f o  ~ dlnR (~) 
d~ 

which connects 

( n -  1) z -5 k 2 

In - -  d~ [ i]  

- -2k 
R -~ Ir] 2 ~- and t a n 0 -  

(11, -5  1) 2 -5 k 2 n 9 -~- k 2 --  1 
[2] 

where  r -~ ( n  - -  i k  - -  1 ) / ( n  -- i k  4- i)  ---- ]r[e i~ This 
procedure is described in more detai l  e lsewhere  (13). 

Transmission data were  obtained in the range 4-8 eV 
for silicon ni tr ide layers of various thicknesses on 
quartz  substrates to independent ly  and more accurately 
evaluate  k in this energy span. For absorption coeffi- 
cients greater  than 103 cm -1 these results are reason- 
ably precise (--+5%) and are presented in the curve  
for absorption given in Fig. 4 below. These values were  
used to correct  those obtained above and a second 
Kramers -Kron ig  analysis was performed using 

~'(~o) ~ d a ( w )  o~ -5 ~o 
! n(~o) ---- 1-5 --':'-:- ,, d,o In ~ d~ [3] 

~ ~O 

to again compute n (and thus R) for the region 1-24 
eV (7). These procedures were  repeated unti l  a set of 
values for n and k were  obtained which best agreed 
with  the exper imenta l  reflectance and transmission 
measurements  and were  consistent wi th  both Kramers -  
Kronig causality relations. The results for el and s2 are 
shown in Fig. 2, More detai led graphs of the index of 
refract ion and absorption coefficient for selected energy 
ranges are presented in Fig. 3 and 4. 

Photoelectr ic  data were  obtained for silicon ni tr ide 
layers on silicon substrates using sealed-off vacuum 
tubes with LiF windows)  The techniques employed 
here have  been described previously (8). The photo-  
electric yield curve is plot ted in Fig. 5. 

Transmission and index of refract ion data were  ob- 
tained on a series of films, 6000A thick, on quartz  sub- 
strates prepared in the manner  previously described 
but wi th  the addit ion of various amounts of NO gas 
to the silane and ammonia  mix tu re  (1). This intro-  

2 T h e  n a n d  k v a l u e s  of t he  s i l i con  s u b s t r a t e  u s e d  i n  th i s  d e t e r -  
m i n a t i o n  w e r e  t a k e n  f r o m  1K. R. P h i l i p p  a n d  E. A. T a f t ,  Phys. Rev., 
120, 37 (1960). 

a T h e s e  s a m p l e s  w e r e  e x p o s e d  to  t h e  a t m o s p h e r e  p r i o r  to m o u n t i n g  
in  t h e  tube .  T h e  s u r f a c e s  a r e  t h u s  n o t  u n i q u e l y  c h a r a c t e r i z e d ,  a n d  
t h e  r e s u l t s  s h o u l d  be  c o n s i d e r e d  a p p r o x i m a t e .  
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Fig. 2. The spectral dependence of the real and imaginary parts 
of the dielectric constant, ~1 and E2, for silicon nitride. 
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Fig. ].  The spectral dependence of the real part of the index of 
refraction, n, for silicon nitride. 

duces oxygen into the mater ial  and forms silicon oxy- 
nitride, SiOzN~. The photon energy at which the t rans-  
mission is 10% and the index of refraction for l ight of 
wavelength 6000A are shown in Fig. 6 as a function 
of the per cent of injected NO gas. The amount  of 
oxygen introduced into the films by this process ap- 
pears to saturate with increasing NO percentage at a 
lower value than expected. We do not unders tand  this 
effect since the "pyrolytic" decomposition of silane and 
NO gas alone produce layers of SiO~ whs do not  ab-  
sorb wi th in  the energy scale of Fig. 6 and have an 
index of about 1.45. It  could be an exper imental  art i-  
fact due to the par t icular  way the gases are introduced 
in the apparatus employed or to some u n k n o w n  or pre-  
mature  chemical reaction taking place somewhere in 
the sample chamber. The situation, however, does not 
affect the results or the discussion below in any known 
way. 
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Fig. 4. The spectral dependence of the absorption coefficient for 
silicon nitride. 
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Discussion 
We shall take the point  of view that  the fundamenta l  

bonding uni t  in materials  like SiNx and SiOzNy is the 
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Si te t rahedron and that  the atom consti tuents form 
bonds with Si on a statistical basis with no dominant  
rules of selection. 4 That  is, for any given atom ratio, 
the numbers  of each kind of atom in the network of 
Si-(SixOyNz) te t rahedra for all possible x ~- y ~ z 
~-~4 are determined by chance and O-O, N-N, and 
N - O  bonds are assumed not to occur. This is called 
the random bonding model. The amount  of each con- 
s t i tuent  present  in these materials  depends on the 
method of fabrication and in our case on the types of 
gases present and their pressures, sample temperature,  
etc. This complicated aspect of the problem is beyond 
the scope of this discussion. We will  make the reason- 
able assumption, however, that  where the amount  of 
silane in the gas mixture  is extremely small, there is 
no excess Si present and we must  only consider 
Si-(O,jN4-y) te t rahedra  in this network.  In  the ab-  
sence of NO gas in the mixture  and for arbi t rary  silane 
to ammonia  ratios we obviously only consider 
Si- (SiyN4-,) tetrahedra.  

An  ent i re ly  different point of view is taken in the 
analysis of x - r ay  and electron scattering experiments  
where  these materials  are considered to be mixtures  
of "pure compounds" (9). They claim SiN~ is com- 
posed of 10 to 20A particles of Si and Si3N4 and SiO is 
really a mix ture  of Si and SiO~. I t  should be pointed 
out, however, that the exper imental  radial  distr ibution 
functions from which these results are deduced can be 
equally well  explained using our model (3) provided 
we make the very reasonable assumption, which is 
actual ly inherent  in this model, that  the individual  
bond distances are about the same as in the pure mate-  
rials. The argument  is that  in such non-ordered  sys- 
tems each scattering event  can be considered inde-  
pendent ly  of all others and tbus the contr ibut ion from 
one Si-N bond is the same whether  this silicon is 
bonded to other ni trogens as in a Si-(NN3) te t ra-  
hedral  grouping or to other silicons as in  Si-(NSi~) 
or to some random distr ibut ion of atoms as in 

4 The  use  of t he  w o r d  t e t r a h e d r o n  or  t e t r a h c d r a l  he re  a n d  be low 
is no t  m e a n t  to  i m p l y  a n y  p a r t i c u l a r  ang le  b e t w e e n  b o n d s  b u t  
s i m p l y  a c o o r d i n a t i o n  n u m b e r  of 4. Such  t e t r a h e d r a  m i g h t  we l l  be  
g r ea t l y  d i s t o r t e d  in  these  ma te r i a l s .  We also recognize  t h a t  the  b o n d  
ene rg ie s  are d i f f e r en t  and  t h a t  the  f o r m a t i o n  of  some b o n d s  m a y  
be " e a s i e r "  t h a n  o thers .  

Si-(SiyN4-y).  The radial  distr ibution funct ion counts 
only the number  of atom pairs of each part icular  kind 
and in most cases this number  would be the same for 
both the mixture  and random bonding model. Differ- 
ences would actual ly exist in the radial  distr ibution 
funct ion calculated for the two models which might 
distinguish between them, however, this would re- 
quire a more precise analysis than has been heretofore 
attempted. 

More significantly however, the mixture  mode l  fails 
in several impor tant  aspects. It  is difficult to cite a 
mechanism for the growth of such particles especially 
in materials  made at relat ively low temperature  as in 
glow discharge deposition apparatus. In  addition this 
model is not able to explain the optical properties and 
other basic characteristics of these materials. Particles 
10-20A in diameter  should exhibit  the same optical 
properties as materials  in bulk. Thus the position of 
infrared bands, the threshold for intrinsic absorption, 
etc., should essentially stay fixed as the composition is 
varied since this is the consequence of the existence of 
these particles. Actual ly these "markers" and others 
vary smoothly and cont inuously with changes in com- 
position (1, 6). The magni tude  of these absorptions (or, 
for example, the value of the dielectric constant) should 
vary  l inear ly  with the amount  of each component in  
the mixture  while in real i ty  they are often observed 
to be grossly nonlinear.  We thus conclude that  the atom 
species are blended on a finer scale such that  these 
properties cannot be accounted for by the simple 
addition of bulk, pure compound characteristics. 

We found (3) that  data for SiOx materials  could best 
be interpreted where this b lending is on an atomic 
scale. This result  was achieved by postulat ing there 
was some reasonable size to a grouping of Si-Si  or 
Si-O bonds which would indeed have the essential 
optical properties of these bonds in  bulk. We calcu- 
lated the density of such clusters, which had the di- 
mension of a S i - (SiD and Si-(O4) te trahedra re- 
spectively, on the basis of our random bonding scheme 
and found that the magni tude of the absorption near 
threshold (and thus its apparent  position) and the 
position and intensi ty  of a prominent  absorption peak 
at much higher energy could be correlated with this 
density. The same reasoning should apply to SiN~ and 
SiOxNy. We will  demonstrate below that  data for the 
lat ter  material  shown in Fig. 6 are consistent with the 
random bonding model and the assumption that  a 
group of Si-N bonds the size of a Si-(N4) te t ra-  
hedra has approximately the optical properties of 
SIN4/3 in bulk. The results of Fig. 6 cannot  be ex- 
plained on the basis of the mix ture  model. 

The optical properties of the te t rahedral  bonding 
arrangements  considered in  our model are difficult to 
predict. We can, however, make use of certain sum 
rules on e2, which are completely general  and valid 
for any arbi t rary  system (10) to help clarify various 
aspects of their  expected behavior. The first of these 

neff -- ~, ~2 (~) d~ [4] 
m 

is for "neff, the effective number  of electrons per  atom 
or molecule of density N contr ibut ing to the optical 
properties in the energy range to-17~o ----- Eo. Thus ac- 
cording to Eq. [4] the electrons of importance in  
the bonding of these te t rahedra contribute a definite 
amount  to the integral  of ~e2 although we cannot off 
hand  specify the energy range involved except for 
the case where these electrons or bonds are considered 
in bu lk  and this equation can be evaluated experi-  
mental ly.  5 For silicon (3) this integral  saturates near  

In  th i s  d i scuss ion  and  e l s e w h e r e  we  cons ide r  i n d i v i d u a l  bonds  
(for e x a m p l e  a S i -N bond)  to  possess  " o p t i c a l  p r o p e r t i e s . "  We do 
n o t  m e a n  to i m p l y  by  th i s  t h a t  a b s o r p t i o n  processes  are g o v e r n e d  
b y  some p a r t i c u l a r  m e c h a n i s m  or are  loca l ized  to t h i s  degree  bu t  
r a t h e r  t h a t  t h r o u g h  Eq. [4] a def in i te  e2(w) ex i s t s  for  these  b o n d i n g  
e lec t rons .  In  a s im i l a r  w a y  a Si  t e t r a h e d r o n  can be t h o u g h t  of as 
h a v i n g  op t i ca l  p r o p e r t i e s  as do b u l k  s am p le s  w h i c h  con ta in  m a n y  
bonds .  
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4 electrons per atom or 2 electrons per Si-Si  bond at 
16 eV with most of the contr ibut ion occurring in the 
region 3 to 10 eV. For quartz this integral  reaches 
8 electrons per SiO2 molecule or 2 electrons per Si-O 
bond at --24 eV with the largest contr ibut ion being 
in the region 12-20 eV. These are the characteristics of 
electrons in a collection of similar bonds of m i n i mum 
size corresponding to that of a Si-(Si4) or Si-(O4) 
te trahedra respectively. Each of these would contribute 
8 electrons per te t rahedral  uni t  to the integral  of Eq. 
[4] for energies to --24 eV. The integrated contr ibut ion 
should also be 8 electrons per uni t  for mixed te t ra-  
hedra, Si-(Si~O4-~) al though the spectral dependence 
can no longer be precisely specified. A Si-Si bond in a 
mixed te t rahedron has a higher threshold for absorp- 
t ion ('2) than  a Si-Si bond in Si-(Si4) and the con- 
t r ibut ion to neff occurs main ly  in the 4-10 eV range 
rather  than  between 3 and 6 eV as in silicon (3). On 
the other hand, an Si-O bond in a mixed tetrahedra 
appears to absorb in near ly  the same energy span as an 
Si-O bond in Si-(O4) although it does not have the 
sharp features associated with absorption in quartz. 
Unfortunately,  the theoretical f ramework for any 
analysis of this behavior is ent i rely lacking and the 
most we can present is an empirical picture based on 
exper imental  observations. 

The second sum rule 

eo,eff = 1 JC T w - l ' 2 ( w ) d ~  [ 5 ]  

is for So.elf, the contr ibut ion to the dielectric constant  
associated with optical absorption in the energy range 
to Eo = -h~o. This formula describes the effect on So of 
changes in mater ial  density or in the spectral de- 
pendence of absorption (possibly associated with var ia-  
tions in composition or methods of preparation, etc.). 
We shall use Eq. [5] to estimate the composition of the 
SiOxNy mater ia l  described in Fig. 6. The curve of "2 for 
silicon ni tr ide shown in Fig. 2 has a broad max imum 
near 9 eV and falls off slowly at higher energies de- 
creasing below 1 above 19 eV. The ,2 curve for SiO2 
(3) has a sharp max imum at 10 eV and a similar fall 
off at higher energies decreasing below 1 above 19 eV. 
Although the threshold energy for absorption in these 
materials  is different, as will be discussed further  be- 
low, we note that  the main  absorption for groupings of 
both Si-N and Si-O bonds is relegated to the same en-  
ergy region and has roughly the same spectral shape. 
If we now make the reasonable assumption that  elec- 
trons associated with individual  Si-N bonds in  Si- 
(O~N4-y) te trahedra contr ibute  to an absorption 
spectrum having these same gross characteristics, 
which, as ment ioned earl ier  appears to be the case for 
individual  Si-O bonds, then "2 for SiO~Ny would depend 
l inear ly  on the density of Si-O and Si-N bonds present. 
Thus from Eq. [5] we should have simply esioxs~ = 
]SiO2eSiO2 -~ ~SiN4/3r where ]SiO2 -~- ~SiN4/3 = 1 are 
the equivalent  fractions of the mater ia l  (based on the 
densi ty of Si -N and Si-O bonds present)  which are 
SiOe and SiN4/s respectively. That  is, the dielectric 
constant is a l inear  funct ion of composition and the 
index data, Co = n2o, of Fig. 6 can be used to approxi-  
mate the composition of our SiOxNy material.  Knowing 
this we can calculate the distr ibution of the five possi- 
ble te t rahedron types, Si-(OyN4-y) for y = 0-4, as- 
suming the atoms to be statistically placed.6 

The absorption of SiOxNy should be lower in magni -  
tude than  that  of SIN4/3 in  the region of the threshold 

e The ratio of density  to f o r m u l a  we igh t  is p ropo r t i ona l  to the 
n u m b e r  of a toms  co r r e spond ing  to this  f o r m u l a  p re sen t  in a un i t  
vo lume of the  mater ia l .  If  this  q u a n t i t y  de t e rmined  for  SiN4/~ and  
SiO2 is mul t ip l i ed  b y  the  f rac t ion  of the  u n k n o w n  mate r i a l  w h i c h  is 
SiN4/a a n d  SiO2 respec t ive ly ,  as ca lcu la ted  f r o m  the  die lect r ic  con-  
s tant ,  the composition can be determined. Each SIN4/3 and each SiO2 
formula unit present contribute 4 Si-N and 4 Si-O bonds respec- 
tively to the material. Since these are the only bonds considered 
here, their probabilities of formation may be found and thus the 
dis t r ibu t ion  of t e t r a h e d r o n  types  s imp ly  ca lcula ted .  

of absorption in SiN4/3, 4.5-5.5 eV, by an amount  equal 
to or greater  than  the ratio of the densi ty of Si-N 
bonds in the two materials.  This is due to the fact that  
in SiOxNy, Si-N bonds are replaced by Si-O bonds 
which contr ibute to absorption only at much higher 
energy. If absorption processes in these materials  are 
localized to an essentially atomic basis, that  is, if the 
optical characteristics of single Si-N bonds are inde-  
pendent  of their environment ,  then the absorption in 
SiOxNy should be lower than  that for SiN4zs by exactly 
the Si-N bond density ratio. In  this case the mixture  
model would describe these optical properties even 
though clusters of "pure material"  10-20A in extent  
were not present. However we found in our work on 
SiO~ (3), that  absorption processes are not atomically 
localized but  ra ther  extend to a larger un i t  of the di-  
mension of a silicon te t rahedron and that  wi thin  this 
dimension some averaging of possible single bond op- 
tical properties takes place. If this is also valid for 
SiOxNy then we would expect that  the threshold ab-  
sorption characteristics of Si-(NxO4-~) te trahedra 
would be progressively shifted to higher energy as the 
n u m b e r  of oxygen bonds is increased, a t ta ining the 
characteristics of quartz, with an absorption threshold 
near  9 eV, when all the bonds are to oxygen as for 
Si- (04) tetrahedra. Thus the absorption in macroscopic 
SiO~Ny in the region 4.5-5.5 eV compared to that  for 
SiN~/3 would be given by the relat ive density of 
Si-(N4) te trahedra in the materials  and for higher en-  
ergies would decrease from this ratio as tetrahedra 
containing oxygen atoms commence their  contr ibut ion 
to the optical absorption. At still higher energy, near  
and above 11 eV, the Si-N bond contr ibut ion in all 
te t rahedra should be closely the same, as discussed 
previously in connection with Eq. [5]. Since Si-O and 
Si-N bond absorption are also comparable here, the 
absorption of all SiOxNy materials  should be roughly 
the same at these energies. 

We can test the above reasoning using the data of 
Fig. 6 and 7. We find from Fig. 6 that a SiOxN~ layer 

10 5 

'w 

~- 1114 

i 
10 3 

I0 ! 

I I ~ I I I I 

$i 

t I ! I I  

3 4 5 
ty  (eV) 

I I I 

6 7 8 9 

Fig. 7. The spectral dependence of the absorption for Si, SiO 
(labeled SIN4/9), SIO1.5 (labeled SIN4/5), and SiO2 obtained from 
Ref. (3). The basis for relobeling the curves for SiO and SIO1.5 is 
given in the text. The curve for SIN4/3 is obtained from Fig. 4. The 
data point for SiO0.96N~.70 and the extension of this curve to lower 
energies is described in the text. 



300 J. Electrochem. Soc.: S O L I D - S T A T E  SCIENCE AND T E C H N O L O G Y  February 1973 

formed at 10% injected NO has an index of 1.68 (co ---- 
2.82) and an absorption coefficient of 4 • 104 cm -1 at 
7.09 eV. This point is indicated by the circle in Fig. 7. 
From the index we estimate 6 the composition to be 
SiO0.96N0.70 and the probabi l i ty  of forming a Si-N bond 
to be 0.52. Thus the fraction of te t rahedra which are 
Si-(N4) is 0.073. This value is slightly smaller than  the 
exper imental  ratio of absorption at 7.09 eV which, 
according to Fig. 7, is N0.1. Unfor tuna te ly  the data of 
Fig. 6 are for relat ively thin samples. For this large 
a value of absorption coefficient and for an energy far 
from threshold (4.5 eV), the exper imental  ratio should 
be lower than that calculated since absorption due to 
Si-N bonds in mixed atom te t rahedra  may be con- 
tr ibuting.  We can extend the curve for 8iO0.96N0.70 to 
lower energies by assuming that the ratio of absorption 
in this mater ial  compared to that  in SIN4/3 is propor- 
t ionally the same for corresponding values of absorp- 
t ion coefficient as that  of SiO compared to Si where 
for SiO the probabil i ty  of a Si-Si  bond is 0.5. This ex- 
trapolation is shown in Fig. 7 and we note that in  the 
region of ~ = 102 to 10~ cm -1, this curve is lower than 
the one for SIN4/3 by  the ratio N0.04. It  is this value 
which should be compared to the calculated one of 
0.073. The agreement  is very good considering the sim- 
plicity of the analysis. We thus conclude that SiOxN~ 
is not a simple mixture  of SiO2 and Si3N4 particles but  
ra ther  the atoms are blended on an atomic scale and 
like bonds of the dimension of a Si-(N4) te t rahedra 
have the same optical properties as these bonds in bulk. 

In  discussing SiNs we shall assume that  Si-Si  bonds 
have the same properties in SiN~ as in SiO~. That is we 
assume that  for energies below ,~5 eV all the absorp- 
t ion is due to the presence of Si-Si bonds and that this 
absorption is not appreciably influenced by the exis- 
tence of Si-N compared to Si-O bonds nearby. Thus, 
neglecting density changes, the absorption curve for 
SIN4/9 should be identical to that of SiO since the 
probabil i ty  of a Si-Si bond in each case is 1/2. The curve 
for SIN4/5 should be identical to that of SiO1.5 where 
the probabi l i ty  of a Si-Si bond is 1/4. These curves are 
drawn in Fig. 7 using the results of (3). It should also 
be noted that  the dielectric constant  of SiNs is not  a 
l inear funct ion of the "equivalent" amount  of Si and 
Si3N4 present. This is due to the fact that  as the n u m -  
ber of Si-Si  bonds increases not only does the absorp- 
t ion (~2) increase, but  it occurs at lower energy and 
each of these factors contr ibute  to Eo according to Eq. 
[5]. Thus we might expect e S i N x  : ( 1  - -  3X/4)nesi -~ 
(3X/4)eSI3N4 where n ~ 2, is the number  used for SiOx. 

Finally,  we can utilize the absorption and photoelec- 
tric data to estimate the electron affinity of SIN4/3. The 
photoelectric threshold fixes the valence band relat ive 
to the vacuum level and the optical absorption edge 
corresponds to the valence-conduct ion band  separation. 
The difference is the electron affinity which for SIN4/3 

is ,~2 eV. However, in  the absence of a quant i ta t ive  
theory which assigns a un ique  threshold energy to 
the valence band photoemission data and to the op- 
tical absorption data, this value is an estimate. 

The point of view taken in the above discussion is 
an obvious oversimplification of the complex factors 
which control the bonding and optical absorption 
processes in these materials. It  is hoped that this ap- 
proach has some analyt ical  value in classifying sub- 
stances like SiNx and SiOxN~. There are a number  of 
other experiments,  in addit ion to those employed here, 
which would help clarify the bonding in  these mate-  
rials. These include the measurement  and analysis 
of infrared bands for various SiNx and SiOxNy com- 
positions and new work of a more precise na tu re  con- 
cerning the measurement  and interpreta t ion of x - ray  
and electron scattering experiments.  It  should also be 
emphasized that at the present  t ime there is no theo- 
retical f ramework for the discussion of these mate-  
rials. It  is fur ther  hoped that  this paper will s t imulate 
this important  and much needed activity. 

Manuscript  submit ted Jan. 14, 1972; revised manu-  
script received Sept. 25, 1972. 

Any  discussion of this paper  will appear in a Dis- 
cussion Section to be published in the December 1973 
JOURNAL. 
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ABSTRACT 

EMF measurements  have been made on Cu-Sn, Sb-Sn,  and Cu-Sb-Sn  
mol ten alloys using molten SnC12 electrolyte in st irred H-cells. Deviations 
from the approach to the slope of Raoult 's  law by emf and vapor pressure data 
in dilute metallic solutions are discussed. In  this case the deviations can be 
ascribed to a need to correct for reaction between SnC12 and Cu, al though 
known corrections do not account for similar deviations in all cases. Effects 
of l iquid s t ructur ing are discussed in relat ion to the solution activity equations. 
A heat of formation of SnC12 of ,~ --81 kcal /mole  (as selected elsewhere) is 
supported. Solute-solute interactions between Sb and Cu have little effect on 
the t in activity. Possible fine s tructure in Sb-Sn  solutions as suggested by 
earlier work is not supported. 

Many solution theories describe activities, logarithms 
of activity coefficients, freezing points, heats of mix-  
ing, etc., by mathemat ica l -power  series involving the 
solute composition. A single set of constants is as- 
sumed to apply over a broad range of solution com- 
positions, and one constant  is assumed to be obtainable 
by extrapolat ing the measurements  to infinite dilution. 

Especially for mol ten alloys (but  also for some aque-  
ous electrolytes (1,2), e.g., divalent  sulfates) precise 
measurements  now show that solutions often behave 
contrary to the assumptions of the theories. For  one 
thing, as pointed out elsewhere (3), in most cases the 
published activities are not consistent with the con- 
stant  evaluated at infinite dilution. Also, instead of 
demonstrat ing slowly varying behavior, the alloys fre- 
quent ly  show sharp changes of behavior;  often a two- 
term power series with one set of constants will  apply 
over a few per cent in composition, and then abrup t ly  
(within one tenth  of a per cent in composition) a new 
set of constants will be needed. Furthermore,  there can 
be l iquid-phase nucleat ion problems. Sometimes a 
phase is observed for many  days in metastable equi-  
l ib r ium at a composition beyond its region of t rue  
stability. 

We use the te rm "structural  complexity" to describe 
the abrupt ly  changing behavior  and metastabil i ty.  
Such complexity has been demonstrated by vapor-  
pressure studies, calorimetry, emf work, viscosity be-  
havior, solution densities, electrical conductivities, 
metal lography on quenched alloys, and x - r ay  studies. 
References to this work can be found elsewhere (3, 4). 

In  spite of numerous  failures, the theories work very 
well in some cases. When t in  is used as the reactive 
solvent in  Sb-Sn  (5), Ag-Sn  (5, 6), and A u - S n  (5, 6) 
solutions as measured by emf with molten SnCI2 elec- 
trolyte, the calculated activities fall very  close to regu- 
lar solution behavior with its asymptotic approach to 
the slope of Raoult 's  law. This relat ionship holds even 
though s t ructural  complexity is definitely shown in 
the A u - S n  data (6). For cadmium solutions, using 
mol ten salt emf techniques (7-9), the measurements  
for Ni-Cd, Au-Cd, and Pd-Cd all indicate very  near ly  
the same l imit ing slope, and this l imit ing slope can be 
brought  into Raoult 's  law by assuming corrections for 
Cd2 + + formed by the reaction of Cd + + with cadmium 
(7). Ag-Cd and Cu-Cd behaviors (9) are also perhaps 

* Electrochemical  Society Act ive  Member.  
Key  words:  activity,  s t ructure,  interactions,  Raoult, enthalpy.  

consistent with regular  solution theory if other cor- 
rections are applied to the data. 

In  view of the conflicts in  detail  between the earlier 
theories and the s t ructural  complexity, it becomes im- 
portant  to unders tand  why the older theories worked 
as well  as they did. As discussed earlier (3, 4) par t  of 
the answer seems to lie with trends of ent ropy and 
enthalpy which pass closely through the complexity;  
in effect, the complexity often can be treated as a 
"fine structure" which is imposed on the general  ther-  
modynamic trends. Thus, the earlier theories (though 
simplistic) often can give a good description of the 
solution behavior al though the exact behavior  may be 
quite different (e.g., a constant  evaluated as zero at 
infinite dilution may be far from zero at finite concen- 
trat ions).  

Because so many  of the earlier measurements  were 
either imprecise or widely spaced in composition, they 
cannot  answer the question of whether  the detailed 
behavior  was approaching Raoult 's  law asymptotically. 
Therefore the present detailed emf work wi th  Cu-Sb-  
Sn alloys was under taken  to examine (i) the solvent 
behavior  in two-component  alloys and (ii) the effect 
of interactions between solute atoms upon the solvent 
behavior  in three-component  systems. 

Earl ier  emf studies with Cu-Sn solutions (10) had 
shown a shift of relationship between solvent activity 
and composition at ~0.07 mole fraction of copper, and 
metallographic studies of very rapidly quenched speci- 
mens (11) showed-that  the shift of behavior  was as- 
sociated with an equi l ibr ium two-l iquid  region. Thus 
another  purpose (iii) was to examine the effect of 
an t imony  on the shift of behavior. Regarding the Sb-Sn  
solutions, the earlier work [(5), as wil l  be plotted later] 
seemed to indicate s t ructural  complexity. Finally,  the 
possibility of important  interactions be tween differ- 
ent kinds of solute atoms in mol ten alloys has been 
emphasized recently, e.g., in Ref. (12-14). 

Equipment and Procedures 
The usual  stirred H-cell  procedures [e.g., (6-8, 10)] 

were followed. Reagent grade copper and an t imony 
were used without  fur ther  purification. Molten reagent  
grade t in was washed wi th  boiling SnC12. Reagent 
grade SnC12 hydrate  was dried, then vaporized in vac- 
uum 3 times ( including once in contact with molten 
t in) .  The cell volume was used to estimate closely how 
much SnCI2 was added. Argon was condensed in l iquid 
nitrogen, frozen by evaporat ive cooling, then distilled 

301 



302 J. Electrochem. Sac.: SOLID-STATE SCIENCE A N D  TECHNOLOGY February 1973 

Table I. Emf-composition relationships for Cu-Sn, Sb-Sn, and 
Cu-Sb-Sn alloys 

C o m p o n e n t s  E M F  
No, S n  (g) Cu  (g) Sb  (g) T~  (#V) 

R u n  1 
1 46.0010 0.2499 661.4 268.3 a 
2 0.4850 662.6 515.3 
3 0.7623 662.2 793.2 
4 1.0228 661.6 1044.3 
5 1.2942 661.1 1299.8 
6 1.4328 661.7 1428.8 
7 1.5678 662.0 1548.2 
8 1.7106 661.6 1678.0 
9 1.8571 661.0 1804.8 

10 2 .0068 660,1 1933,5 
11 2.1442 662.9 2050.1 
12 2.4345 663.1 2290.0 

R u n  1 r e a d i n g s  are  2.7 /LV l e s s  t h a n  t h e  m e a s u r e d  v a l u e s  t o  c a r -  
rec t  for  t in  vs.  t i n  o r i g i n a l  b i a s .  

Run 2 
1 46.0005 0.2391 662.6 142.0b 
2 0.4904 662.6 296.0 
3 0.6951 663.2 420.7 
4 0.9470 663.1 570.4 
5 1.1128 663.2 672.0 
6 1.2666 663.2 767.7 
7 1.5217 663.0 921.0 
8 0.2524 661.9 1181.2 
9 0.4928 662.3 1420.5 

10 0.7668 662.8 1691.3 
11 1.0240 662.4 1929.7 
12 1.2919 662.0 2177.2 
13 1.4315 661.9  2302 .8  
14 1.7089 662.6 2541.4 
15 1.8548 662.4 2661.5 
16 2.0037 662.6 2790.0 
17 2.1401 662.3 2904.0 
18 2.4299 663.0 3139.2 
19 2.7164 662.9 3361.7 

b R u n  2 r e a d i n g s  are 167.3 ~V less t h a n  the  m e a s u r e d  v a l u e s  to 
c o r r e c t  fo r  t he  bias.  

into the H-cell. Tin and SnC12 were melted together in 
the cell before solute was added. The H-cell  had three 
legs: (i) t in reference, ( i i )  weighed t in to which 
weighed copper would be added, and ( i i i )  weighed t in 
to which weighed an t imony and then weighed copper 
would be added. All  solute additions were introduced 
i n  s i t u  from sidearms on the cell. 

Results and Comments 
Table I gives the results of the emf measurements.  

Figure 1 shows a simple act ivi ty-mole fraction plot, 
based on a calculation of activity using n ---- 2 in AF _-- 
- -nF~ ,  and on mole fractions from the metals added. 

Figure 2 uses the more sensitive plot of (log 7sn)/Ncu 
vs .  Ncu. Linear i ty  on this plot corresponds with the 
equation 

log "ysn = alNcu + a2NCu 2 [1] 

al is zero only if the intercept  is (0,0). As calculated 
then, the intercept is nonzero. [Elliott and Lemons (6) 
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were not justified in assuming that  their  l imit ing slope 
lay on Raoult 's law.] Agreement  with Sutliff et al. (10) 
is excellent in  the most dilute solutions, but  there are 
small  differences in the slope of the line, and finally, 
the phase change observed by Sutliff e t  al. is not ob- 
served in the present  results. (The error bar  for •  
~V is shown in Fig. 2 for the composition indicated. 
By the right end of the figure, _ 1 ~V is smaller than 
the data points.) 

Figure 3 shows the present Cu-Sn, Sb-Sn, and Cu- 
Sb-Sn  data with the lat ter  system plotted in two ways, 
i.e., (log "ysn)/(Ncu + N s b )  or (log 7sn)/Ncu VS. the 
solute mole fraction. The lat ter  plot superimposes the 
Cu-Sn and Cu-Sb-Sn  data. 

Discussion 
Superposition of the Cu-Sn and Cu-Sb-Sn  plots in 

Fig. 3 shows that the t in  activity is not strongly in-  
fluenced by mixed solute-solute interactions. This be- 
havior was not necessarily to be expected in view of 
the mixed solute interactions in three-component  
alloys, as already ment ioned (12-14). 

The large bias subtracted in Run 2 appears not  to 
have affected the measurements  significantly. Although 
any large bias is undesirable, the worst uncer ta in ty  
arises from the bias if a temperature  coefficient is 
taken. For tunate ly  in this case it was not necessary to 
take a temperature  coefficient. 

We do not have thermodynamic data for an ac- 
curate calculation of the reactions Cu + 1/2 SnC12 ---- 
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CuC1 -t- 1/2 Sn and 1/3 Sb 4- 1/2 SnC12 = 1/3 SbCla 
-F 1/2 Sn. We can, however, roughly predict the extent  
of these reactions using data from Brewer et al. (15). 

For  the Sb, the exchange reaction should be trivial. 
AH~ data for the formation of CuC1 and SnC12 are 
given as --32.6 and --81.1 kcal/mole, and one can use 
9.8 and 29 eu for (~F -- AH~ in the salt melt. 
Then by assuming uni t  activity coefficients in the melts, 
one would predict about 0.025 for the mole fraction dis- 
t r ibut ion ratio of the copper between the mol ten salt 
and the alloy. 

The distr ibution ratio would lead to ~2.5% removal 
of the alloy copper, and it would produce a similar  di- 
lut ion of the SnC12. These di lut ion effects would lead 
one to anticipate about a 5% apparent  deviation from 
the l imit ing Raoult 's  law slope. In  fact, this apparent  
intercept is (log ~sn)/Ncu ~-- 0.025, or the deviation is 
(0.025) (2.303) (100) ~ 5.8%. 

Thus one can, in this case, account for the whole 
deviation from the apparent  l imit ing Raoult 's  law 
slope as being due to reaction between copper and 
SnC12. Such a reaction would also account for the dif- 
ference in slope between our data and Sutliff's; the 
proportions of Sn and SnC12 were not identical in the 
two cases. (This is a very sensitive plot, and the ab-  
solute agreement  between our data and Sutliff's is 
good. For example, at Ncu = 0.01 the difference is ~1 
~V.) 

With reservations one can t u rn  this a rgument  around 
the other way also. Accepting as a tentat ive generaliza- 
t ion for t in  solutions that  the t in  activities closely ap- 
proach a Raoult 's  law slope at these dilutions (in spite 
of the s t ructur ing) ,  and accepting the uni t  activity co- 
efficients as not in gross error, then Brewer 's  choice of 
--81.1 kcal /mole  for SnC12 seems good (15). This value 
did need confirmation (and still needs fur ther  con- 
f irmation);  it was a value which was included in the 
original paper (15) which offered estimates and values 
from meager data in order to present a comprehensive 
whole; it was not certain enough, however, to in-  
elude in the tables in "Thermodynamics" (16) which 
were l imited to well-established values. 

The plot of (log "ysn)/(Ncu 4- Nsb) is not applicable 
in this case (Fig. 3) because only the Cu is being ex- 
tracted into the SnC12. The Sb is necessary on the 
abscissa however. 

In  this ease we did not see the phase t ransformat ion 
observed by Sutliff et al. at Ncu ~ 0.07 and seen (11) in 
metallographic studies of very  rapidly quenched 
alloys at Ncu ~ 0.07. Nucleation of the second phase 
can be difficult, and l iquid metastabi l i ty  can be per-  
sistent, as was shown by Sutliff et al. We do not con- 
sider that  there is any contradiction between our re- 
sults and those of the others. 

This phase metastabi l i ty  clouds the issue of the 
effect of the an t imony on the Cu-Sn  phase t ransforma-  
tion. We did not see the t ransformation with Sb pres- 
ent, but  we do not know if the dilute phase was ex- 
tended stably or metastably with the added Sb. 

Figure 4 compares the present  Sb-Sn  data with those 
of Yanko, Drake, and Hovorka (5). The rise at the left 
of this plot in the earlier data suggested the possibility 
of fine structure in the Sb-Sn  system, and their data 
at other temperatures  showed the same trends. Our 
results, however, seem to rule  out fine s tructure in 
this ease; there is no indication of a change of be-  
havior of a different slope where the lines of earlier 
data were lost. 

Summary 
In  spite of other evidence for s t ructural  complexity, 

the mol ten Cu-Sn  solutions appear to lie very close 
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Fig. 4. Comparison of the present and earlier data for Sb-Sn 
solution emf's. No fine structure is indicated for Nsb < 0.02 in the 
present case. 

to regular  solution behavior. By comparison with 
other work, extensive metastabi l i ty  in Cu-Sn  solutions 
is demonstrated. Sb -Sn  solutions showed no s tructural  
complexity. Interact ions between Sb and Cu atoms do 
not influence the solvent t in  activity. 
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Oxygen Diffusion in Liquid Gallium and Indium 
K. A. Kiinedinst and D. A. Stevenson* 

Department of Materials Science, Stanlord University, Stanlord, California 94305 

ABSTRACT 

A potentiostatic electrochemical technique was used to determine the dif- 
fusion coefficients of oxygen in l iquid Ga and In, for temperatures  between 
750 ~ and 950~ The oxygen diffused radial ly outward in cylindrical  samples 
contained in the bottoms of y t t r ia-doped thoria and calcia-stabilized zirconia 
electrolyte tubes. The exper imental  results are expressed by the following 
equations 

/ 

Do(Ga) -- (3.68 _ 0.42) (10 -~) exp ( 
k 

Do(In)  = (8.22 __. 1.87) (10 -4) exp ( 

- -8 .37_ 0.25 '~ 
cm2/sec ; RT 

--12.6 __. 0.5 '~ 
cm~/sec ; RT 

The large observed difference between the magni tudes  of Do(Ga) and Do(In)  
is not predicted by current  theories of impur i ty  diffusion. 

Relatively few investigations of the diffusion of 
oxygen in l iquid metals  have been reported in the 
li terature, par t icular ly  in systems in which the oxygen 
solubili ty is low. There is, however, both fundamenta l  
and practical interest  in such systems. There is in ter-  
est in diffusion phenomena as a basis for models con- 
cerning the s tructure and t ransport  properties of l iq- 
uids. Furthermore,  in the use of l iquid metals as coolant 
materials or as solvents in the growth of semiconduct- 
ing th in  films by l iquid epitaxial methods, the role 
of oxygen in the melt  is important .  In  the present 
study, the diffusion coefficients of oxygen in l iquid Ga 
and in l iquid In  were determined using a potentiostatic 
electrochemical technique. 

Studies of the diffusion coefficients of oxygen in both 
solid and l iquid metals have been reported in which 
potentiostatic techniques were employed with calcia- 
stabilized ziconia (CSZ) as the solid oxide electrolyte. 
Rickert and Steiner (1) reported measurements  of the 
diffusion coefficient of oxygen in solid silver, and 
Pastorek and Rapp (2) reported measurements  of the 
diffusion of oxygen in  solid copper. In  both of these 
studies, a l inear  cell geometry was used. Rickert and 
E1 Miligy (3) determined the diffusion coefficients of 
oxygen in liquid silver and copper, using a cylindrical  
cell geometry. The metals used in all of these studies 
possess relat ively high oxygen solubilities and form 
oxides wi th  relat ively high decomposition pressures. As 
a consequence, the ranges of oxygen chemical potential  
encountered in the diffusion studies were wi thin  the 
electrolytic domain of CSZ [ZrO2 containing 7.5 weight 
per cent (w/o)  CaO] (4). 

The metals Ga and In  form quite stable oxides, and in 
part icular  the decomposition pressures of ~-Ga203 at 
temperatures  of interest  in  this study are close to the 
lower electrolytic domain boundary  for tbe CSZ elec- 
trolyte (5). Therefore, a sufficiently broad range  of 
oxygen activity for a s tudy of the diffusion of oxygen 
in l iquid Ga would involve oxygen part ial  pressures 
outside of the electrolytic domain of CSZ. As a con- 
sequence, yt t r ia-doped thoria (YDT) (ThO2 contain-  
ing 7.0 w/o  u whose electrolytic domain encom- 
passes much lower oxygen part ial  pressures than  does 
that  of CSZ (4), was used as the electrolyte in this 
work. However, CSZ was used in some of the experi-  
ments  with l iquid In  samples. 

Experimental 
The electrochemical cell used in this work, shown in 

Fig. 1, was similar to that  described in  a previous ar t i -  

* Electrochemical  Society Act ive  Member.  
K ey  words:  oxygen diffusion, impur i ty  diffusion in liquid metals .  

gallium, indium. 

cle (5). Vacuum-t ight  YDT and CSZ tubes, containing 
7.0 w/o Y303 and 7.5 w/o CaO, respectively, were ob- 
ta ined from the Zirconium Corporation of America. 
The tubes were about 46 cm long and were closed on 
one end. The outer diameter of the tubes was about 
0.95 cm, and the wall  thickness was about 0.045 cm. 
The inner  diameter of the tubes varied from 0.689 to 
0.722 cm. The tubes were always hel ium leak-checked 
before and after every experiment.  Gal l ium and indium 
of 99.999% puri ty  were purchased from Eagle-Picher  
Industries,  Incorporated, and Cominco American,  re-  
spectively. The l iquid metal  was melted in the bottom 
of the electrolyte tube and formed a cylindrical  column 
about 10 cm high. A porous p la t inum electrode (made 
from Englehard unfluxed p la t inum paste, No. 6926) ex- 
tended from the bottom of the electrolyte tube to a 
height of about 10 cm, to coincide with the height of 
the column of l iquid metal. Electrical contact with the 

ALUMINA TUBE 

PLATINUM- | III I I ~'~QUARTZ TUBE 
13~176 ~ III I I"I ~ELECTROLYTE TUBE 

III I'~-~ ALUMINA TUBE T HERMOCOUPLES q ~ [ ~ N U  M LEAD WIRE 

Fig. 1. Schematic diagram of the electrochemical cell assembly 
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l iquid metal  was made using a short piece of tungsten 
wire spot-welded to the p la t inum lead wire. 

Two pla t inum-13% rhodium thermocouples were at-  
tached to the extremities of the p la t inum electrode and 
were used to determine the sample temperature  and 
the temperature  gradient  along the column of l iquid 
metal. The cell was heated with a Marshall  resistance- 
heated furnace, 61 cm long with a 5 cm bore. Tempera-  
ture  control of • 1 7 6  was achieved using a Barber-  
Colman Model 357A Digiset nu l l  balance controller. 
The thermocouple potentials were measured using a 
Leeds and Northrup K-3 potentiometer and a Leeds 
and Northrup 9834 nul l  detector. Externa l  shunt  re-  
sistors were used to adjust  the furnace temperature  
profile to produce a tempera ture  gradient  of about I~ 
along the length of the l iquid metal  sample with the 
hotter region on top in order to e l iminate  possible 
thermal  convection (6). The p la t inum side of one of 
the two thermocouples was used to carry the cell cur-  
rent  while the other thermocouple was being used to 
measure the cell temperature .  

Argon gas, purified by passing through a column of 
activated Linde 4A molecular  sieve and a column of 
t i tanium metal  sponge heated to 850~ was slowly 
flowed through an a lumina  tube and over the surface 
of the l iquid metal  (to prevent  contaminat ion of the 
metal  by gaseous oxygen).  Using an oxygen gauge 
with a YDT electrolyte and porous p la t inum electrodes, 
the oxygen content  of the argon was determined to be 
about 10-25 atm. 

In  most experiments,  the reference oxygen part ial  
pressures were established with a high pur i ty  CO-CO2 
gas mixture,  prepared by Liquid Carbonic, Incorpo-  
rated. The CO-CO2 mixture  was flowed through an 
a lumina  tube and over the porous p la t inum electrode 
at a rate of 5-10 cc/min.  The ratio of the part ial  pres- 
sure of CO2 to that of CO, determined by I205 analysis 
of several different samples of the gas mixture,  was 
12.50. In  some experiments,  pure oxygen was used as 
the reference gas as described below. The oxygen, ob- 
tained from Liquid Carbonic, Incorporated, was ma in -  
tained at a pressure of one atmosphere. It was pur i -  
fied by passing through an Englehard Deoxo gas pur i -  
fier and a column of activated Linde 4A molecular  
sieve. 

A schematic diagram of the electrical circuit used 
in the potentiostatic measurements  is given in Fig. 2. 
Constant  voltages were provided by the output  of a 
Lambda  Model LA50-03B regulated power supply. The 

+ 

- - r P O T E N T I O S T A  T - I - -  

IRECORDER] A MMETER I 

- , - - - - - -  E L E C T R O L Y T E  

= PLAT INUM 
E L E C T R O D E  

~ LIQUID M E T A L  

Fig. 2. Schematic diagram of the circuit for potentiostatic mea- 
surements. 

output  voltage could be ins tantaneously  changed by 
the use of a cal ibrated decade resistor wired into the 
output  circuit of the power supply. Voltages were ac- 
curately measured with the K-3 potentiometer  and 
nul l  detector. Currents  were measured using a Keithley 
602 electrometer and were recorded as a function of 
t ime with a Hewle t t -Packard  Model 7101B strip chart 
recorder. 

In  a typical  experiment,  a weighed amount  of solid 
gall ium or ind ium was placed in the bottom of an 
electrolyte tube. The cell was then assembled in the 
furnace, and the tube was a l ternate ly  evacuated and 
filled with the purified argon gas. The cell tempera-  
ture  was slowly raised to between 850 ~ and 90O~ 
With the reference gas flowing over the p la t inum elec- 
trode and the argon flowing over the surface of the 
l iquid metal, an emf was applied to the cell so that  the 
oxygen activity in the metal  was reduced to a value 
several orders of magni tude  lower than  that  corre- 
sponding to the equi l ibr ium between the metal  and 
its most stable oxide ( in  order to insure  tha t  any 
residual oxide was dissolved). This deoxygenation was 
cont inued for at least 12 hr  and unt i l  the cell current  
had reached a value of about 10-5A. 

The cell temperature  was then adjusted to the de- 
sired value and an emf was applied to the cell, corre- 
sponding to an  oxygen activity in  the metal  slightly 
lower than  that  at which the most stable oxide of the 
metal  forms. After  the cell had equil ibrated at this 
tempera ture  and applied emf value, the emf was in-  
s tantaneously changed to a va lue  corresponding to an 
oxygen activity in the metal  between 10 -2 and 10 -4 
t imes the equi l ib r ium value. Oxygen then  diffused out 
of the metal, and the diffusion-limited current  was 
measured and recorded as a function of time. An anal -  
ysis of the t ime dependence of the current,  for long 
times, resulted in the determinat ion of Do in  the metal  
at the cell temperature.  An  equi l ibrat ion t ime of at 
least 3 hr was allowed between consecutive out-diffu- 
sion runs. 

Out-diffusion experiments,  with either gal l ium or 
indium as the l iquid metal, were performed using YDT 
as the electrolyte with the CO-CO2 reference gas 
mixture.  In addition, some experiments  were per-  
formed, with ind ium as the l iquid metal,  in  which 
CSZ was the electrolyte and either the CO-CO2 mix-  
ture  or pure O2 served to fix the reference oxygen 
part ial  pressure. The CO-CO2 reference gas mix ture  
was used with the YDT electrolyte, ra ther  than a 
meta l -meta l  oxide mixture,  in order to avoid possible 
errors result ing from anodic polarization. 

Calculations 
Values of the oxygen part ial  pressures in  equi l ibr ium 

with the CO-CO2 gas mixture,  p(O2,CO-CO2), were 
calculated from the data of Wicks and Block (7) and 
are listed in  Table I for temperatures  be tween 750 ~ 
and 950~ The authors have previously determined 
the oxygen part ial  pressures in equi l ibr ium with Ga 
and In  and their  most stable oxides, p(O2,Ga-/~-Ga2Os) 
and p(O2,In-In2Os,In~O), respectively (5, 8). These 
values are also listed in the table. 

The Nernst  equation expresses the relationship be-  
tween the emf applied to the electrochemical cell, the 
reference oxygen part ial  pressure, and the activity of 
atomic oxygen in the l iquid metal  

Table I. Equilibrium oxygen partial pressures 

log[p (0=,  l o g [ p  (0~ ,  l o g [ P  (02 ,  
CO-CO=) Ga-~-Ga~Os) In-ln~Os,In20) 

T ( ~  ( a t m )  ] ( a t m )  ] ( a t m )  ] 

7 5 0  - - 1 7 . 5 3  - - 2 5 , 7 5  - - 2 0 . 1 4  

8 0 0  - -  1 6 . 1 9  - - 2 4 . 0 2  --  1 8 . 6 7  

850 -- 14.96 --22.48 -- 17.58 

9 0 0  - -  1 3 . 8 4  - - 2 1 . 1 0  --  1 6 . 7 0  

9 5 0  - -  12 .81  - -  1 9 . 7 9  ~ 15 ,82  
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R T  p(O2,ref) ~/~ 
emf = In [ 1 ] 

2F ao (M) 

Here, P(O2.ref) is the reference oxygen partial  pressure 
[p(O2,CO-CO2) or 1.00 atm, corresponding to the 
CO-CO2 gas mixture  and pure 02, respectively], ao (M) 
is the activity of atomic oxygen in the l iquid metal  
M, R is the ideal gas constant, F is the Faraday  con- 
stant, and T is the absolute temperature.  In  the l imit-  
ing case of a saturated solution of O in Ga or In, the 
following identities hold 

ao (Ga) satn -- P (O2,Ga-~-Ga203) ~/2 [2a] 

ao (In) satn = P (O2,In-In203,In20) 1/2 [2b] 

Radial diffusion in a cylindrical  sample can be 
treated as if the sample were of infinite length if the 
ratio of the sample length to its radius is large enough 
to cause the distortions in the diffusion flux vs. t ime 
curve (resul t ing from end effects) to be negligible. It 
was assumed that this was the case in the present 
work, since the sample length was about thir ty  times 
larger than the sample radius. 

The mathematical  solution of the diffusion equation 
for radial  diffusion in an infinitely long cylinder has 
been reviewed by Rickert and E1 Miligy (3). The diffu- 
sion equation in cylindrical  coordinates 

= - -  - -  rDo [3] 
Ot r Or Or 

must  be solved for the following potentiostatic bound-  
ary  conditions 

C = C o  0 < r < a  f o r t = 0  
[4] 

C = O  r m a  f o r t > 0  

Here, C is the concentrat ion of dissolved oxygen, Do is 
the diffusion coefficient of oxygen in the liquid metal, 
Co is the init ial  concentrat ion of dissolved oxygen 
(assumed to be uni form),  r is the radial  coordinate, a 
is the sample radius, and t is the time. 

For sufficiently long times, the solution of the diffu- 
sion equation can be expressed as (3, 9) 

Mt 4 ( a 1 2 D o t )  
-- 1 -  exp [5] 

.,u174 a l  2 a 2 

where Mt is the amount  of oxygen that  has diffused 
out of the cyl inder  in  t ime t and is given by 

M t  - "  " ~ "  I d t  [6] 

M| is the amount  of oxygen that has diffused out of 
the cyl inder in the l imit  of infinite time (equal to the 
total amount  of dissolved oxygen) and al is the first 
root of the Bessel funct ion of zero order (having the 
numerica l  value, 2.405), and I is the cell current.  

Differentiation of Eq. [5] with respect to t results in 
the following expression for I as a function of t 

I_8FDoM| ( --a12 Dot '~ 
a~ exp ~ [7] 

a 2 ] 

Thus the value of Do can be calculated from the slope 
of a plot of log I vs .  t. It  should be noted that  the 
cylindrical  cell geometry allows the determinat ion of 
Do without a prior knowledge of the init ial  equi l ibr ium 
concentrat ion of oxygen in the liquid metal  (i.e., with-  
out knowing the activity coefficient for dissolved oxy- 
gen as a function of temperature) .  

An impor tant  test of the above solution may be 
achieved by using a series of potential  changes to 
init iate the out-diffusion process. Assuming that  the 
step change in potential  is large enough to approxi-  
mate the second boundary  condition, the calculated 
value of Do should be independent  of the actual 

magni tude of the potential  change. If the calculated 
Do values appear to be functions of the magni tude  of 
the potential  step (for sufficiently large steps), then 
it is probably safe to conclude that the I vs. t curve is 
at least par t ly  determined by some process other than 
the diffusion of oxygen in the l iquid metal. 

Results  and Discussion 
Potentiostatic experiments,  in  which the YDT elec- 

trolyte was used and the CO-CO2 mixture  served as 
the reference gas, were performed on samples of l iquid 
Ga, for temperatures  between 750 ~ and 950~ For 
sufficiently long times, the plots of log I vs.  t were 
l inear  to a good approximation. A typical log I vs.  t 
plot is shown in  Fig. 3. Values of Do(Ga) ,  calculated 
from the slopes of such plots, were independent  of 
the size of the potential  step used to init iate the out- 
diffusion process (for steps corresponding to out- 
diffusion interracial  activities between 5 • 10 -2 and 
5 • 10-z times the equi l ibr ium activities). 

The init ial  equi l ibr ium activities used were usually 
slightly smaller than the saturat ion values as given by 
Eq. [2a] and Table I. However, as expected for diffu- 
sion of a very  dilute solute, changes in the init ial  
oxygen activities were found not to affect the calcu- 
lated Do (Ga) values. 

Assuming that the temperature  dependence of 
Do (Ga) can be expressed by an equation of the form 

Do(M) = A exp ( - - E / R T )  [ 8 ]  

a least-squares analysis of the data resulted in the 
following analyt ical  representat ion for the diffusion 
coefficient of oxygen in l iquid Ga 

Do(Ga) = (3.68 • 0.42) (10 -3) 

( --8"37• ) cm2/sec [9 ] 
exp R T  

1023 < T < 1223 K 

The indicated uncer ta int ies  correspond to two standard 
deviations, and the activation energy is given in units  
of kcal/mole. 
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Fig. 3. Semilogarithmic plot of I as a function of t for the diffu- 
sion of oxygen in liquid gallium at 850~ 
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Similar  potentiostatic experiments were performed 
on samples of l iquid In, using the YDT electrolyte and 
the CO-CO2 reference gas mixture.  The equi l ibr ium 
activities used were slightly smaller than  the satura-  
t ion values given by Eq. [2b] and Table I. As in the 
case of diffusion in l iquid Ga, the plots of log I vs.  t 
were l inear  for long enough times. A typical log I vs. t 
plot is shown in Fig. 4. As seen from the figure, the 
slopes of these plots and the derived values of Do (In) 
were much smaller than the corresponding quanti t ies  
for diffusion in l iquid Ga. 

Addit ional  experiments  were performed with liquid 
In, using CSZ as the electrolyte and either CO-CO2 
or 02 as the reference gas. The resul t ing values of 
Do(In)  were in agreement  with the values obtained 
in the experiments  with YDT as the electrolyte. 

In  all  of the experiments  with l iquid In, Do(In)  
values were found to be independent  of the magni tude 
of the potential  step used to init iate out-diffusion, for 
steps corresponding to out-diffusion interracial  oxygen 
activities between 5 X 10 -2 and 5 X 10 -~ times the 
init ial  equi l ibr ium activities. 

The tempera ture  dependence of Do(In)  can be rep- 
resented by the following expression obtained from a 
least-squares analysis of the experimental  values 

Do(In)  = (8.22 • 1.87) ( 1 0 - 4 )  

exp ( - - 1 2 " 6 - - 0 " 5 ) c m 2 / s e c  [10] 
R T  

1023 ~ T < 1223 K 

The indicated uncertaint ies  correspond to two standard 
deviations, and the activation energy is expressed in 
units  of kcal/mole.  The larger uncertaint ies  in Do(In) ,  
as compared with Do(Ga) ,  resulted pr imari ly  from 
the difficulties encountered in obtaining the diffusion 
coefficient from the much smaller  slopes of the log I vs.  
t plots. 

In  Fig. 5, Do(Ga) and Do(In)  are plotted semi- 
logari thmically as a function of 1/T.  The points shown 
are those given by Eq. [9] and [10], and the error bars 
indicate two s tandard deviations. The figure shows 
clearly the large difference between the rates of diffu- 
sion of oxygen in  l iquid Ga and in l iquid In. This 
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result  is not predicted by any of the current  theories 
of impur i ty  diffusion in l iquid metals. 

The most impor tant  theories of diffusion have re-  
cently been crit ically reviewed (10). What  emerged 
from this review was the fact that almost all of the 
theories assume that the diffusing atoms and solvent 
atoms can be treated as noninteract ing hard spheres. 
This assumption may be acceptable for the derivation 
of self-diffusion coefficients. However, these theories 
should not be expected to accurately estimate diffu- 
sion coefficients in systems such as Ga-O and In-O, 
where strong interatomic potentials are present (as 
evidenced by the formation of quite stable oxides). 

The factors leading to the large difference between 
the measured diffusion coefficients of oxygen in Ga 
and In  are not known. However, some insight might 
be gained by investigating the diffusion of oxygen in 
l iquid Ga- In  alloys, as a function of temperature  and 
composition. To the best of our knowledge, the diffu- 
sion of an impur i ty  atom in a b inary  metall ic alloy 
system has never  been studied by an electrochemical 
technique, as a function of alloy composition. In  a 
recent  investigation, it was found that  the Ga- In  sys- 
tem is near ly  regular  (11). Also, heats of mixing  have 
been shown to be small (amount ing to about 275 
cal /mole  for an equimolar  mixture)  (12, 13). The re la-  
tive thermochemical  simplicity of this system should 
increase the chances of such a study producing useful 
insights into the na ture  of impur i ty  diffusion in liquid 
metals. 

In order to successfully observe diffusion-limited 
currents  in potentiostatic experiments,  it is necessary 
to use an electrolyte with a sufficiently low in ternal  
resistivity. Since CSZ has often been used in such 
experiments,  a comparison of the ionic conductivity 
of YDT with that  of CSZ was sought. Such a com- 
parison has been made by other investigators (14), 
using samples they prepared containing the same 
amounts  of Y203 and CaO as those used in this work. 
It was shown that the ionic conductivi ty of CSZ is 
only about three or four times that of YDT, for tem- 
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pera tures  be tween 800 ~ and 1000~ This fact, and  the 
fact tha t  the  Do (In)  values  obta ined  in this  work  using 
both CSZ and YDT as the  e lec t ro ly te  were  in agree-  
ment, indicates  tha t  YDT can be safely used as a 
rep lacement  for CSZ in such measurements .  

However ,  it  was found in the  course of our exper i -  
ments  tha t  most  of the  YDT tubes obta ined f rom the 
Zirconium Corpora t ion  of Amer ica  could not be used. 
The in te rna l  res i s t iv i ty  of the  tubes was much higher  
than  expected,  as evidenced by  the fact  tha t  the magn i -  
tude  of I, for  a pa r t i cu l a r  value  of t, was  roughly  p ro-  
por t ional  to the  emf appl ied  to the cell. Fur ther ,  the 
log I vs. t plots  were  not l inear  for these tubes. 

In an effort to expla in  these observations,  e lect ron 
microscope and e lect ron microprobe  analyses  of the  
high res is t iv i ty  YDT tubes  were  car r ied  out. I t  was 
found that  the  tube surfaces were  pa r t i a l ly  covered 
with needle-shaped crystallites of Y203, indicating that 
a partial segregation of the electrolyte constituents had 
occurred, probably during the firing process. Since the 
ionic conductivity of the oxide electrolytes varies sig- 
nificantly with the concentration of the dopant, such 
segregation would be expected to result in conductiv- 
ities lower than those observed in the absence of segre- 
gation. 

Summary 
A potent iostat ic  e lec t rochemical  technique was used 

to de te rmine  the diffusion coefficients of oxygen in 
l iquid Ga and In, for t empera tu re s  be tween  750 ~ and 
950~ The oxygen diffused rad ia l ly  ou tward  in cy -  
l indr ica l  samples  contained in the bot toms of YDT and 
CSZ electrolyte tubes. The experimental results can 
be expressed by the following equations 

Do(Ga) -- (3.68 ___ 0.42) (10 -3) 

( --8"37-----0"25 ) cm2/sec 
exp RT 

Do(In)  - -  (8.22 ___ 1.87) (10 -4)  (--12.6__.0.5) 
exp cm2/sec 

RT 
1023 ~ T ~ 1223 K 

The large  observed difference be tween  the magni tudes  
of Do(Ga)  and Do(In)  is not pred ic ted  by  current  
theories  of impur i ty  diffusion. A s tudy of the  diffusion 
of oxygen in l iquid Ga- In  alloys, as a funct ion of a l loy 
composit ion and tempera ture ,  might  lead  to some 
insight  into the na tu re  of oxygen impur i ty  diffusion in 
l iquid metals.  
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Residual Chlorine in 02:HCI Grown SiO.  

Ronald L. Meek* 
Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 07974 

Workers  in a number  of labora tor ies  (1-4) have  
found tha t  inclusion of smal l  amounts  of ch lor ine-  
bear ing  species (C12, HC1, or C2HC13) in the  oxidizing 
ambien t  (O2 or  H20) used for  t he rma l  oxidat ion  of 
silicon resul ts  in improved  oxide propert ies .  In  pa r -  
t icular,  sodium, or other  posi t ive fixed charge, appears  
to be reduced,  and, perhaps  more  impor tant ,  the  s ta-  
b i l i ty  of the oxide to b i a s - t empera tu re  stress aging is 
improved.  In o rder  to unders tand  these effects as wel l  
as effects on the  oxidat ion  kinet ics  it  is useful  to know 
the amount  and d is t r ibut ion  of chlor ine  incorpora ted  
into the oxide. In  this  note, resul ts  of direct  measu re -  

* Elec t rochemica l  Socie ty  Act ive  Member .  
Key words: silicon oxidation, silica, ion scattering, chlorine in 

silica. 

ment  of the  chlorine d is t r ibut ion  by  He + ion sca t te r -  
ing are  repor ted.  

For  these exper iments  1000A th ick  sil ica films were  
grown at  l l00~ in 1% HC1 in 02 on ~111>  phos-  
phorus -doped  10 ohm-cm silicon wafers  which  had  
been prec leaned using a procedure  involving NH4OH 
and H202 (5). Fo r  control  purposes,  oxides were  also 
grown at  l l00~ in pure  d ry  oxygen.  

The chlor ine d is t r ibu t ion  in the  oxide  was de te r -  
mined by  measur ing  the energy  spec t rum of back-  
scat tered 2 MeV He + ions. The Ruther fo rd  backsca t -  
to t ing  technique  (6-8) for chemical  analysis  is now 
wide ly  used and here  only a br ie f  discussion wil l  be 
necessary.  
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For  energetic ions undergoing Ruther ford  scat ter-  
ing f rom a target  atom the scattering yield per unit 
solid angle is given by 

: s i n - ~  [1]  
d~ 16 

where 
ZIZ2e 2 

b = [2] I ( M1M2 ) v2 
2 M1 + M2 

Z1 and Z2 are  the  atomic numbers  of incident part icle 
and target  atom, M1 and M2 are the respect ive masses, 
and 0c is the center  of mass-scat ter ing angle, e is the 
electronic charge, V is the veloci ty of the incident ion, 
no is the number  of incident ions, and N is the number  
of target  atoms cm -2. The center  of mass and labora-  
tory scattering angles are re la ted by 

MI 
s i n  (oe - -  OL) : �9 s i n  OL [3]  

M2 

Since the scattering is elastic, ions scattered f rom a 
target  atom of given mass at a given OL have a charac-  
teristic energy, E, given by 

E M1 ~ { 
-- "-- COS ~L 
Eo (M~ + M2) ~ 

(M,~ sin=eL~ } ' [4] "F k M12 /1/2 

where  Eo is the ion energy before the scattering event.  
For scattering f rom target  atoms of given mass dis- 

t r ibuted in a substrate, the energy scale may  be con- 
ver ted  to a depth scale by use of the kinematic  energy 
loss and the specific energy loss ra te  in the mater ia l ;  
namely  

( Eout ~ 
A t : ' ~ Z  { (-~ )Ein \---~in ] 

(dE ~ 1,}-' 
J r "  ~ / E o u t  ICOS eLl 

[5] 

which relates the energy shift ~E to thickness incre-  
ment  At. 

In these exper iments  a beam of 2 MeV He + ions 
col l imated to --0.05 ~ through two Ta coll imators 1 m m  
in d iameter  about 2m apart  was used. The back-  
scat tered He ions were  detected at ~L = 177 ~ in a 50 
m m  2 surface-barr ier  detector having an energy resolu-  
tion of 16 keV. This energy resolution corresponds to 
a depth resolution of about 200A. Secondary electron 
suppression and p i le -up  reject ion electronics were  
used. Samples were  surrounded by a baffle cooled to 
l iquid ni t rogen tempera ture  and were  mounted in a 
two-axis  goniometer.  The scattering chamber  was 
maintained at 10 -6 Torr and the He ion fluence was 
typical ly 10~ cm -2. 

Typical  backscat tered ion spectra from an as-grown 
oxide, or iented wi th  the crystal  silicon substrate in a 
random and a <110> axial  channel ing direction, are 
shown in Fig. 1. The arrows labeled O and Si denote 
the energy of ions scattered f rom oxygen and silicon at 
the surface. The arrows labeled C1 denote the range of 
energies for ions scattered from chlorine in the oxide 
film. For  this sample the total chlorine concentrat ion 
is 5.4 (10) ~ cm -~, and varies f rom sample to sample in 
the range 5-7 (10)1~ cm-2.  Spectra  f rom control  wafers  
show only a few isolated counts in the energy region 
corresponding to scat ter ing from chlorine. 

The oxide thickness, 1000A, can be checked using the 
width of the silicon and oxygen peaks corresponding to 
scattering from the oxide and in this way accurately 
position the end points for the depth scale correspond- 
ing to chlorine in the oxide. Thus we can inver t  the 
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Fig. 1. Backscatterecl ion spectrum for 2 MeV He ions scattered 
from a 02:HCI grown silicon dioxide film on silicon. Ion yield (as 
counts per channel) vs. ion energy. 

observed scattered ion yield f rom chlorine to a volume 
distribution for chlorine in the oxide. In doing this one 
must  be cognizant of the fact that  chlorine has two 
abundant  isotopes, 3aC1 (75.5%) and ~TC1 (24.5%). 
Scat tered ions f rom the two at the same depth are 
separated in energy by 32 keV. The chlorine concen- 
t ra t ion in the oxide is given in the insert  to Fig. 1. The 
distr ibution is always found to be peaked at about 
200 __ 100A from the silicon-silica interface at a level  
of about 1020 cm -3, and drops below 10 TM cm -3 at 500- 
800A from the interface. It  should also be noted that  
impuri t ies  heavier  than  chlorine are absent in both 
pure  O2 and O2: HCI oxides. The sensit ivi ty for detec-  
t ion of heavier  species is about 1013 cm -2 for mass 
numbers  near  Cu, and about 1012 cm -2 for mass n u m -  
bers near  Au. 

If a given wafe r  is annealed at l l00~ in argon to 
improve  MOS properties, no change in the chlorine 
distribution is observed. Also, oxides have been bias- 
t empera ture  stressed at 200 ~ and 300~ wi th  a voltage 
on the field plate (A1 or Au) corresponding to ___106 
Vcm -1. Again no shift  in the chlorine distr ibution is 
observed. However,  it does appear that  bombardment  
wi th  1014 cm -2 1 keV Ar + can shift the chlorine since 
in that  case we find all of both chlor ine isotopes wi thin  
200A of the silicon-silica interface. This la t ter  observa-  
tion is of significance to the in terpreta t ion of impuri ty  
profiles in insulating films which are obtained by pro-  
gressively sputter ing away the film since several  im-  
pur i ty  species, apparent ly  including C1, are  known to 
become mobilized. 

Finally, it is noted that  Kr ieg le r  (9) recent ly  found 
from radiotracer  Na 22 studies that  the ions in HC1 
oxides still migra ted  to the vicini ty of the si l icon-sil i-  
con dioxide interface, but  had no effect on the surface 
potential,  presumably  because they became neut ra-  
lized through some interact ion with  the chlorine con- 
taining species. In fact, af ter  drif t ing to the interface, 
the Na 22 distr ibution was found to be peaked at 200A 
from the interface, dropping off by an order of mag-  
ni tude at the interface and about 500A from the inter-  
face. 
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Procedure for Polishing PbS and PbS1_xSex 
G. A. Ferrante, M.  C. Lavine, T.  C. Harmon,  and J. P. Donnelly 

Lincoln Laboratory, Massachusetts Institute of Technology, Lexington, Massachusetts 02173 

For  the fabr ica t ion  of qual i ty  p - n  junct ion diodes 
in PbS  and PbSI-zSex,  an e tchant  which  leaves a 
smooth, undamaged,  f i lm-free  surface is necessary.  The 
etchant  procedures  (1-4) prev ious ly  repor ted  in the  
l i t e ra tu re  were  found to e i ther  bad ly  pi t  the surface 
or to leave an insoluble  film. Using the e tchant  tech-  
nique descr ibed below, smooth, damage - f r ee  clean 
surfaces have been obtained,  and high qual i ty  photo-  

Key words: PbS, PbSz-xSez, polishing, etching, IV-VI compounds, 

diodes in PbS  and PbS0.~sSe0.42 have been fabr ica ted  
(5). 

The PbS  and PbSI -xSez  crysta ls  used in these ex-  
per iments  were  grown by the  Br idgman  method.  Both 
p and n - type  crystals ,  appropr i a t e ly  annealed  in e i ther  
a chalcogenide or meta l  - r ich  a tmosphere ,  were  used. 
For  example ,  the  p - t y p e  PbS  crysta ls  were  annealed  
in a su l fur - r ich  PbS  a tmosphere  for 7 days  at  700~ 
and an addi t ional  7 days  at  500~ They had  a p - t y p e  

Fig. 1. PbS sample: (a) after lapping with 0.1 /~m grit, showing scratches and particles, dark field, 300X; (b) after etching for 15 min 
in agua regia at 40~ and rinsing in distilled water showing sulfur particles in film, dark field, 300• (c) after rinsing in CS2, CCL4, and 
absolute CH3OH, dark field, 300X ; and (d) as in (c), bright field, 300 X.  Results for PbSxSel-x are similar. 
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carrier concentrat ion of 3 x 10 is cm -3 and a mobil i ty  
of 9000 cm2/V-sec at 77~ The etch-pit  density of 
these crystals was about 107/cm 2. 

Slices were cut using a 5 mil  wire saw. Both un-  
oriented and (100) oriented slices were used. After  
slicing, approximately 25 ~m was removed from each 
side of the sample by polishing with 2 #m grit. An  
addit ional 5 ~m was then removed by using 0.1 #m 
alumina.  

Each sample was then etched in a solution of aqua 
regia (3 parts HC1, 1 part  HNO3) heated to between 
35 ~ and 45~ During etching the aqua regia was vigor- 
ously agitated using a Teflon-coated magnetic st irr ing 
bar. The sample being etched was held close to the 
st irr ing bar  bu t  away from the center of rotat ion 
using a pair  of Teflon-coated tweezers. The agitation 
close to the sample was found impor tant  to minimize 
film formation. The etch rate was found to be 7 ~m per 
minute  at 35~ and 10 ~m per minu te  at 45~ About  
150 ~m was removed from each side of the sample dur-  
ing etching. This appears to be more than sufficient to 
remove any surface damage introduced by lapping and 
sawing. On removal  from the aqua regia the sample 
was rinsed in a s tream of distilled water  to dislodge 
any film formed dur ing etching. The sample was then 
rinsed in carbon disulfide for ~30 sec to remove any 
residual sulfur  film or specks that  were left on the 
surface. Following the carbon disulfide r inse the sam-  
ple was further  r insed sequential ly in  carbon te t ra-  
chloride, methanol,  and finally deionized water. The 
surface of each sample was then examined under  a 
metal lurgical  microscope. If necessary, the above pro- 
cedure was repeated. Dislocation etch measurements  
indicate that no addit ional bulk  strain was introduced 
by holding the samples with the Teflon tweezers. 

P bS  AND PbSI-=Se= 311 

Figure  1 is a series of photomicrographs showing the 
surface of a p- type  PbS sample after lapping, after 
etching for 15 min  at 40~ in aqua regia, and after 
cleaning in carbon disulfide, carbon tetrachloride, and 
absolute methanol.  As can be seen, the final surface 
is polished with a roughness of the order of 0.1 ~m. 
Similar  results have been obtained on n - type  material.  
These surfaces have been found suitable for fabricat ing 
shallow p -n  junct ion  diodes by ion implanta t ion (5). 
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ABSTRACT 

Water  vapor loss rates were determined from simulated and imperfectly 
sealed alkal ine cells in the vacuum environment .  The observed rates were 
found to be in agreement  with a semi-empirical  equation employed in  vacuum 
technology. Results thereby give support for using this equation for the pre- 
diction of loss rates of bat tery gases and vapors to the aerospace environment .  
On this basis it was shown how the equation can be applied to the solution 
of many  heretofore unresolved questions regarding leaks in batteries. Among 
these are the max imum permissible leak size consistent with a given cell life 
or conversely the max imum life consistent with a given leak size. I t  was also 
shown that  loss rates of these cells in the terrestr ial  env i ronment  are several 
orders of magni tude  less than  the corresponding loss rates in  the aerospace 
environment .  

At the present t ime there is no reliable method for 
establishing whether  a sealed cell is sufficiently leak 
tight such that  it can operate unat tended and effec- 
t ively for a prescribed period of t ime (1). The phenol-  
phthalein leak test (2) is purely quali tat ive and gives 
no indication whatsoever of the magni tude  of the leak 
or its effect on cell life. The vacuum- type  "helium" 
leak test and the "rate of pressure rise" test (3) do give 
some measure of the size of a leak but, as above, 
nei ther  of these tests indicate what  effect the leak wil l  
have on cell life. What is clearly needed to resolve 
this problem are two addit ional sets of information. 
The first is the relationship between leak size, as 
measured by one of the above or other techniques, and 
loss rate of leakable components. The second is the 
relationship between the loss of these components 
and the cell's electrical characteristics. 

The lack of this type of information is explained by 
the apparent  lack of a need for it in the past. This, in 
turn, is a t t r ibuted to the fact that  leaks b a r e  not here-  
tofore represented the pr imary  l imitat ion to cell life. 
Rather, the life of these cells has been l imited by the 
prior occurrence of degrading chemical and electro- 
chemical phenomena such as dendri te  growth, passiva- 
tion, slumping, and separator degradation. 

During the past several  years progress has been 
made in delaying the onset and also reducing the 
severity of degradative phenomena in  sealed cells. As 
a result  it is now quite possible that  the life of some 
of these cells may now very well  be l imited by leaks 
ra ther  than the other phenomena.  In  this regard some 
models of the n ickel -cadmium cell have been shown 
to exhibit  satisfactory electrochemical performance for 
over ten years. On this basis then, the leakage studies 
take on renewed importance in that  they may very 
well determine the degree of improvement  that  may 
be obtained in ul t imate  life expectancy and the rel ia-  
bil i ty of a cell, especially dur ing  the lat ter  stages of 
its electrochemical life. This information is needed in 
many  applications of sealed cells, such as in aerospace 
applications, wherein  rel iabil i ty and life are of pr ime 
concern. 

* Electrochemical  Society Act ive  Member .  
K e y  words :  leaks,  sealed cells. 

This paper deals with the former of the above leak- 
age problems, which is the loss rate of the leakable 
gases and vapors and pr imar i ly  for the condition of 
the aerospace or vacuum environment .  The pr imary 
objective is to test the applicabil i ty of a previously 
developed mass- t ransfer  equation for the prediction of 
loss rates under  these conditions. Having established 
this point it wil l  then be possible to determine the 
cumulat ive loss of each component  based on the known 
or measured leak size as indicated above. The major  
emphasis is on a test of the equation for the t ransport  
of water  vapor in tbat:  (a) this compound is one of 
the key leakable components in this type of cell, (b) 
the t ransport  of water  vapor has not heretofore re- 
ceived much study under  the conditions as described 
herein, and (c) the equat ion has already been shown 
to be applicable to the t ransport  of other leakable 
gases, H2 and O2, under  similar conditions as described 
herein. 

The equation of concern was original ly derived by 
Guthr ie  and Waker l ing in 1949 and was later  modified 
by  Ochert and Steckelmacher in 1951 (4, 5). As shown 
below, it gives the mass flov,; or leak rate, Q, of a gas 
through a small  hole with a diameter  D and length L. 
The gas pressure on one side of the hole is given by P 
and the pressure on the other side is zero or a hard 
vacuum. The terms kt through k4 are constants depen-  
dent  on tempera ture  and the physical properties of 
the gas including viscosity and molecular  weight 

QL : klD4P 2 + k2D3p Jr k3D ~ In (1 Jr k4DP) [1] 

Heretofore, Eq. [1] has been used pr imar i ly  for its 
in tended application which has been in the study of 
leaks in high vacuum systems. Therein it has proved 
useful in design of variable and fixed leaks for cal ibra-  
t ion purposes and for est imating leak rates of gases, 
including H2 and O2, other than  those for which a 
leak has been calibrated. 

The following section describes exper imental  studies 
aimed at confirming the applicabil i ty of Eq. [I] for 
the prediction of water  vapor leak rates from alkal ine 
cells to the vacuum environment .  The studies were 
carried out in s imulated alkaline cells and over a wide 
range of the indicated parameters,  including hole 
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length and diameter  as wel l  as e lectrolyte  concentra-  
tion and temperature,  both of which affect water  vapor 
pressure. 

Exper imental  
A ~chematic d iagram of the simulated cell assemblies 

is given in Fig. 1. These consisted of small  glass con- 
tainers each of which was equipped with  a fill tube, a 
leak assembly, and two vent  pipes which communicated 
with an adjacent  cold trap and vacuum manifold line 
through a th ree -way  stopcock. One of these tubes was 
used for degassing the electrolyte  and the other  for 
t ransmit t ing the water  vapor  which passed through the 
leak assembly. The leak assemblies consisted of 1.0 cm 
sections of 0.635 cm diameter  stainless steel tubes of 
which one end was at tached to the glass container  by 
a Kovar  seal and the other end was sealed off with 
stainless steel disks of various thicknesses and with 
holes of accurately known size in their  centers. The 
disks and their  holes were  prepared ei ther  by machin-  
ing a disk f rom stainless sheet stock and then laser 
dril l ing a hole in its center  or by slicing segments of 
special tubing which had been drawn previously on 
small d iameter  wires. The former  method was em-  
ployed for thin disks wi th  small  holes and the lat ter  
method was employed for thicker  disks and somewhat  
larger  holes. In ei ther case the disks were  electron 
beam-welded  to the tubes and the complete  assem- 
blies were  hel ium leak checked after temporar i ly  
blocking off the holes. 

The first step in a leak ra te  determinat ion consisted 
of connecting the assembly to the manifold of a vacuum 
system and then par t ia l ly  filling the container wi th  
KOH solution of known concentration. The solution 
was then degassed in the frozen state by placing a 
Dewar  of l iquid ni t rogen around the container followed 
by turning the t h r ee -way  valve  to open the degas tube 
to the vacuum. The Dewar  was then removed and the 
solution allowed to melt ;  on reaching room tempera-  
ture, the complete assembly was removed and accu- 
ra te ly  weighed on an analyt ical  balance. The assembly 
was then reinstal led on the vacuum system and a run 
was init iated by turning the t h r ee -way  valve  to open 
the leak assembly to the vacuum. After  a given period 
of time, which was accurately measured with a stop 
watch, the  run was te rminated  by removing the assem- 
bly f rom the vacuum and weighing it once again on 
an analytical  balance. Water  loss rate  was then calcu- 
lated on the basis of the observed weight  loss and the 
elapsed time. Time under  test was selected to be suffi- 
cient to obtain a measurable  and accurate  weight  loss 
of at least 50 mg but yet  not so long as to cause a 
change in the KOH concentrat ion of more than a small 
fraction of 1%. On this basis the test t imes ranged from 
several  minutes for the larger  sized holes to several  

WELDED DISC WITH 
,MEASURED HOLE 
IN CENTER 

STAINLESS STEEL TUBE / KOVAR SEAL 

FILL POINT 

TO VACUUM SYSTEM 

4 

3 WAY VALVE 

~GLASS ASSEMBLY 

~KOH SOLUTION 

Fig. 1. Schematic diagram of simulated alkaline cell containing 
known leak size. 

Table I. Summary of experimental and 
theoretical water loss rates 

E x p e r i -  Theo-  
m e n t a l  r e t i ca l  

D i a m  L e n g t h  Conc T e m p  loss ra te  loss ra te  
(cm) (cm) (% KOH)  (~ (g /h r )  (g /h r )  

0.0150 0.051 30 20 0.0612 0.1110 
0.0150 0.127 30 20 0.0350 0.0480 
0.0150 0.254 30 20 0.0185 0.0229 
0.0150 0.254 30 20 0.0185 0.0229 
0.0150 0.254 40 20 0.0060 0.0090 
0.0150 0.254 45 20 0.0043 0.0048 
0.0150 0.254 30 0 0.0005 0.0008 
0.0150 0.254 30 20 0.0185 0.0229 
0.0150 0.254 30 50 0.1910 0.3410 
0.0011 0.025 30 20 0.0003 0.0002 
0.0019 0.025 30 20 0.0008 0.0006 
0.0051 0.025 30 20 0.0033 0.0051 
0.0102 0.025 30 20 0.0353 0.0443 

hours for the smal ler  sized holes. The  pH of water  
condensed in the adjacent  cold trap was measured 
periodically to insure that  there  was no KOH entra in-  
ment  in the evolved vapors. The runs at low and high 
tempera ture  were  carried out in a similar manner  to 
the above but in a bell  jar  vacuum assembly located in 
an envi ronmenta l  chamber.  

Test  Results 
Table I gives a summary  of the exper imenta l ly  deter-  

mined water  loss rates in terms of g rams /hour  for the 
indicated values of the parameters.  Also shown therein 
are the corresponding theoret ical  water  loss rates, in 
the same units, obtained by substi tuting the appropri-  
ate values in Eq. [1]. Figures 2 through 5 give graph-  
ical representat ions of these rates as a function of each 
of the parameters.  The water  loss rates in these figures 
are expressed in terms of g r ams /yea r  to facil i tate sub- 
sequent ba t te ry  life estimates. The effect of hole length 
on loss rate is given in Fig. 2 for the case of a hole 
diameter  of 0.015 cm and wi th  30% KOH at 20~ The 
effect of electrolyte concentrat ion on loss rate is given 
in Fig. 3 for the case of hole length and diameter  of 
0.254 cm and 0.015 cm, respectively,  and at 20~ The 
effect of tempera ture  on loss rate  is given in Fig. 4 for 
the case of hole length and diameter  of 0.254 cm and 
0.015 cm, respectively,  and with  30% KOH. The effect 
of hole diameter  on loss rate is given in Fig. 5 for the 
case of hole length of 0.025 cm and with 30% KOH at 
20~ The pH of condensed vapor  samples was found 
to be in the range of 6 to 7 so that  there was l i t t le if 
any KOH entrainment .  

Discussion 
Examinat ion of Fig. 2 through 5 reveals  good corre-  

spondence between the exper imenta l ly  determined 
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Fig. 2. Effect of hole length on water vapor loss rate 
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Fig. 3. Effect of electrolyte concentration on water vapor loss rate 
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Fig. 4. Effect of temperature on water vapor loss rate 
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Fig. 5. Effect of hole diameter on water vapor loss rate 

water loss rates and those predicted by Eq. [1]. Values 
of the exper imental  and theoretical rates are noted to 
correspond within  a factor of two, and usual ly much 
less, over the complete range of each parameter.  Figure 
2 indicates that  the exper imental  water  loss rate is 

inversely proportional to length of the hole in accord 
with Eq. [1] and there is good agreement  in the actual 
magni tude  of the exper imental  and theoretical water 
loss rates especially for hole lengths greater than 0.1 
cm. Figure  3 reveals that  the loss rate declines in an 
essentially l inear  manne r  with increase in KOH con- 
centration. This t rend is in accord with theory in that  
vapor pressure is known to decrease in an essentially 
l inear  manner  with KOH concentrat ion in this range 
(6) and fur thermore that loss rate is proportional to 
the first power of pressure under  these conditions. The 
lat ter  follows from the fact that under  the given con- 
ditions the flow is of the molecular  type and the rate 
is pr imar i ly  dependent  on the second term in Eq. [1] 
(5). There is also good agreement  in the magni tude of 
the exper imental  and theoretical water  loss rates over 
the indicated range of KOH concentration. Figure 4 
reveals that the loss rate increases sharply with in-  
crease in temperature.  This is in accord with theory in 
that vapor pressure, and hence loss rate, is known to 
be an exponential  function of temperature.  Good agree- 
ment  is noted in the magni tude  of the experimental  
and theoretical water  loss rates, at ]east at temperatures  
below 30~ Figure 5 reveals that the loss rate also 
increases sharply with increase in hole diameter. De- 
tailed examinat ion of this curve indicates that  the loss 
rate is approximately proport ional  to the third power 
of diameter. This t rend is in accord with theory in that 
molecular flow again predominates under  these condi- 
tions and the rate is therefore pr imari ly  dependent  on 
the magni tude  of the second term in Eq. [1] (5). With 
much larger diameter  holes the flow will  be of the 
viscous type and the rate will  be pr imari ly  dependent  
on the magni tude of the first te rm in Eq. [1]. Under 
these conditions the rate wil l  be proport ional  to the 
fourth power of the diameter. 

Having established applicabil i ty of Eq. [1] to the 
prediction of instantaneous water  loss rates, it wil l  now 
be applied to the problem of determining cumulat ive 
water  loss of imperfectly sealed cells as a funct ion of 
t ime in the aerospace environment .  This problem is 
quite straightforward and involves integrat ion of the 
instantaneous rates, taking into account the var iat ion in 
rate with t ime due to the changing electrolyte concen- 
t ra t ion and hence vapor pressure dr iving force. The 
process is most convenient ly  carried out by in tegrat -  
ing the losses over assumed short intervals  of time 
wherein concentrat ion and vapor pressure, and hence 
loss rate, remain  relat ively constant. 

As an example of the above the cumulat ive  water 
loss of a 20 A-hr  aerospace Ni-Cd cell was calculated for 
each of three different assumed leak sizes. The leaks 
were assumed to consist of small  holes located in  the 
cell's stainless steel cover with assumed thickness of 
0.0"/6 cm (0.030 in) .  To simplify the numerica l  calcula- 
tions it was decided to define the leak size in terms of 
the hole diameter  ra ther  than  the more commonly em- 
ployed hel ium leak rate. Either  of these characteristics 
would have been sufficient, however, in that  they are 
mutua l ly  dependent  for a given hole length as shown 
by Eq. [1]. The diameters which were selected for this 
example were 0.001, 0.003, and 0.010 cm (10, 30, and 100# 
respectively).  On the basis of Eq. [1] the correspond- 
ing hel ium leak rates are calculated to be 1.3 • 10 -3, 
6.6 • 10-2, and 6.6 cm 8 atm He/sec, respectively. Ini t ia l  
electrolyte content  was arbi t rar i ly  taken as 80 cm 8 of 
30% KOH. This electrolyte level may perhaps be some- 
what  high for cells of this type, but  is at least within 
a workable range. Results shown in Fig. 6 reveal a 
marked difference in  the cumulat ive losses for the re la-  
t ively narrow range of hole diameters. For example, 
the t ime required for loss of 20g of water  is noted to 
increase from 2.0 • 10 -1 yr to 3.5 • l0 s yr  as the 
diameter is decreased from 100 to 10~. Although not 
shown in Fig. 6 it was also determined that  the corre- 
sponding t ime for a loss of 20g with a 1.0~ hole is 4.0 
• 105 yr. By way of this example, it has thus been 
shown how Eq. [1] can be applied to the determinat ion 
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Fig. 6. Predicted cumulative water loss of a typical 20 A-hr 
aerospace Ni-Cd cell in the space environment. 

of cumulat ive losses over a wide range of leak sizes 
and operating conditions. 

The cumulat ive loss results, such as above, are di- 
rectly applicable to the problem of predicting maxi-  
mum permissible life of a cell with a known leak size 
or conversely the max imum leak size for a given cell 
life. All that is necessary to know, as described above, 
is the relationship between cumulat ive loss and cell 
performance. This lat ter  relationship may, as shown in 
a subsequent paper (7), be derived analyt ical ly  but  
is best obtained by exper imental  data on actual cells. 
Figure  7 presents such data for an actual Ni-Cd cell 
which is similar to the one described in the above 
example. Capacity of this cell was 20 A-hr,  as in the 
above example, and its electrolyte consisted of 66 cm 3 
of 33.8% KOH, which is not too different than in the 
above example. Wall thickness, 0.076 cm, was the same 
in both examples. Curve A gives the ini t ial  discharge 
characteristics of this cell in the as-received condition. 
Curves B, C, and D give the discharge characteristics 
after having removed the indicated amounts  of water  
by vent ing the cell and exposing it to vacuum. Results 
indicate a gradual  decline in  capacity with water  loss 
to about 20g as shown by curve C, where the cell can 
deliver about 75% of its init ial  capacity. Thereafter,  
the results indicate a sharp decline in capacity with 
water  loss to about 28g as shown by curve D, where 
the cell has essentially lost all  of its capacity. Based 
on these performance results in Fig. 7 and the cumula-  
tive loss results in Fig. 6, it is now possible to arrive 
at quant i ta t ive estimates to the above questions. For 
example, if it is known that  this cell has a 30~ hole 
in its case it can be shown by  Fig. 6 and 7 that  its 
max imum life will  be approximately 12 years in a 
space env i ronment  if it is to deliver at least 75% of its 
init ial  capacity. Alternatively,  it could be stated that 
the m a x i m u m  permissible leak size would be 30~ if 
the cell is expected to re ta in  at least 75% of its capacity 
for 12 years. By way of this example it has been shown 
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Fig. 7. Effect of water loss on output of typical 20 A-hr aerospace 
type Ni-Cd cell. 
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how the previously developed relationships may be 
employed to determine max imum cell leak size con- 
sistent with a specified performance level and life. 

The above life estimates apply only to the indicated 
20 A-hr  Ni-Cd cell. Extrapolat ion of the procedures to 
the solution of life estimates for other types and sizes 
of cells is possible. These extrapolations must  consider 
the per t inent  differences in  these cells which affect 
loss rate, i.e., cell dimensions and init ial  electrolyte 
content  and concentration. 

Finally,  it  is worthwhile  to briefly examine the 
analogous expression to Eq. [1] which describes the 
rate of water  loss to the terrestr ial  ra ther  than  the 
space environment .  This will give some basis for judg-  
ing the severity of leaks in aerospace cells which may 
be subjected to long periods of storage before use or 
in cells which are in tended for commercial  or indus-  
trial  use. The per t inent  equation, which accounts for 
the inhibi t ing effects of air, is given (8) 

QL : k5APt(P1 -- P2/Pra) [2] 

In Eq. [2] the terms Q and L again refer to the water 
loss rate and length of leakage path as in  Eq. [1], Pt 
represents the total system pressure which in this case 
is 1.0 atm, and P1 represents the vapor pressure of water 
inside the cell which can, of course, be determined 
with l ~ o w n  temperature  and electrolyte concentration. 
P2 represents the vapor pressure of water  in the sur-  
rounding air which can be determined with the known 
temperature  and relat ive humidity.  Pm is the loga- 
ri thmic mean pressure of the water  vapor which can 
be determined directly with known values of P1 and/ '2 .  
Finally,  the factor k5 is a constant which can be deter-  
mined from known values of the diffusion coefficient 
of water  in air, the gas constant, and the temperature.  

The magni tudes  of the leak sizes predicted by Eq. [2] 
are found to be appreciably lower than those predicted 
by Eq. [1] for the same size leakage path. For example, 
the predicted water  loss rate from a cell with 30% 
KOH at 20~ and with hole diameter  of 100~ and 
length of 0.1 cm is calculated to be 4.6 • 10 -2 g /y r  to 
the terrestr ial  env i ronment  with 0% relat ive humidi ty  
and 1.0 • 10 +2 g/yr,  or over three orders of magni -  
tude more, to the aerospace environment .  In  actual 
practice the rate predicted by Eq. [2] may be some- 
what  high due to the existence of normal ly  higher 
relative humidi ty  than the above and also the impedi-  
ment  to flow that  will  most l ikely result  from car- 
bonate formation in the hole. On this basis, then, it 
may  be concluded that water  loss rates in the ter-  
restr ial  envi ronment  are several orders of magni tude 
less than  those in the space envi ronment  and hence 
max imum permissible leak sizes or operating lives of 
imperfect ly sealed cells will be appreciably higher in 
the terrestr ial  than the space environment .  

Conclusions 
It  has been shown that a previously developed mass 

t ransfer  equation is applicable to the problem of pre-  
dicting loss rates of leakable gases and vapors from 
imperfectly sealed alkal ine ceils in the vacuum en- 
vironment .  Exper imental  confirmation of this point  
was demonstrated for the ease of water  vapor loss 
from simulated alkal ine cells in  a vacuum chamber. 
On this basis it was shown how the equation can be 
used to obtain quant i ta t ive  estimates to many  hereto- 
fore unresolvable  questions regarding max imum per-  
missible leak size and life of such cells in the aero- 
space environment .  Finally,  it was shown that  the loss 
rate from a cell with a gi~ en size leak will  be several 
orders of magni tude  less in  the terrestr ial  envi ronment  
than  in  the aerospace environment .  
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SYMBOLS 

cross sectional  a rea  of leakage  path,  cm 2 
diamete r  of leakage  path,  
constants  in Eq. [1] 
constant  in Eq. [2] 
length  of leakage  path, cm 
vapor  pressure  of wa te r  inside cell  in Eq. [1], 
m m  Hg 
vapor  pressure  of wa te r  inside cel l  in Eq [2], 
m m  Hg 
vapor  pressure  of wa te r  outside cell  in Eq. [2], 
m m  Hg 
log mean  vapor  pressure  of wa te r  in Eq. [2], 
m m  Hg 
total  pressure  in Eq. [2], m m  Hg 
wate r  vapor  loss rate,  g / y r  
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The Electrochemistry of Iron in 1M Lithium Hydroxide 
Solution at 22 ~ and 200~ 
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Research Chemistry Branch, Whiteshell Nuclear Research Establishment, Atomic Energy oS Canada Limited, 

Pinawa, Manitoba, Canada 

ABSTRACT 

The electrochemical  behavior  of i ron in 1M LiOH solut ion at  22 ~ and 200~ 
has been inves t iga ted  using cyclic vo l tammet ry ,  galvanosta t ic  charging,  and 
s t eady-s ta te  polar izat ion techniques.  At  22~ the  da ta  are consistent  wi th  the 
ini t ia l  format ion  of Fe804 and Fe  (OH)2 on the surface fol lowed by  the ox ida-  
t ion of i ron to -y-Fe~O3 or Fe (OH)s .  The anodic behavior  of i ron at  200~ can 
be expla ined  by  the  fol lowing processes 

F e  + 3 O H -  -+ H F e O z -  + H~O + 2 e -  [1] 

3Fe + 8 O H -  ...* FesO4 + 4H20 -I-- 8 e -  [2] 

3HFeO2-  ~ FesO4 "-I- HsO -I- O H -  -}- 2 e -  [3] 

Li  + -{- H F e O z -  -* LiFeO~ W H + W e -  [4] 

whe re  process [1] accounts for active dissolution of iron, [2] for the  direct  
fo rmat ion  of the  base oxide l aye r  f rom the metal ,  and [3] and  [4] for the 
nucleat ion and growth of the  "uppe r - l aye r "  oxide crystals. 

The behavior  of i ron and carbon steel  in hydrox ide  
solutions at  t empera tu res  g rea te r  than  100~ is of 
prac t ica l  in teres t  to the e lectr ical  energy producing 
industries,  since m a n y  of the  nuclear  and fossil fueled 
power  stat ions employ  di lute  hydrox ide  solutions as 
heat  t r anspor t  media.  L i th ium hydrox ide  is the  most  
commonly used a lkal iz ing agent  in nuclear  reactors,  
since l i th ium gives r ise to fewer  rad ia t ion  problems  
than  other  a lkal i  ions. The use of l i th ium hydrox ide  
has also been suggested by  Bloom (1) as a means  of 
avoiding boi ler  p i t t ing  due to localized concentra t ion 
of the  feed wa te r  alkali .  This a lkal iz ing agent  is of 
fundamenta l  interest ,  since a number  of studies (1-4) 
have suggested tha t  the corrosion mechanism of mi ld  
steel  in LiOH solution at e levated t empera tu re s  is dis-  

1 ]Present address: Department of Chemistry, Victoria University 
of Wellington, Wellington, New Zealand. 

Key words: electrochemistry, autoclave, corrosion, lithium hy- 
droxide, iron. 

t inc t ly  different  f rom that  in NaOH under  the  same 
conditions. 

The present  s tudy was unde r t aken  to define more  
c lear ly  the  e lectrochemical  behavior  of i ron and car -  
bon steel  in l i th ium hydrox ide  solut ion at  22 ~ and 
200~ The e lect rochemical  techniques used include 
cyclic vo l tammet ry ,  which  is a convenient  method  of 
"mapping"  the genera l  behavior  of solid electrodes 
(5-9), and  the more  convent ional  potent iosta t ic  and 
galvanosta t ic  methods  for s tudying  active to passive 
transit ions.  The e lect rochemical  studies were  supple-  
mented  by deta i led  examina t ion  of the  oxide films 
formed on i ron and carbon steel  surfaces using scan-  
ning e lec t ron microscopy. 

Experimental 
Electrochemical studies.--The h igh - t empera tu r e  elec-  
t rochemical  cell  used for polar iza t ion  s tudies  of i ron 
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Fig. 1. High-temperature electrochemical cell 

in 1M LiOH at 22 ~ and 200~ is shown in Fig. 1. The 
pressure vessel was constructed f rom t i tanium and 
used wi thout  a liner. Analysis of the autoclave con- 
tents by atomic absorption spectroscopy after polari-  
zation runs lasting up to 10 days failed to detect any 
t i tanium in solution (i.e. < 0.5 ppm).  The working 
electrode was insulated f rom the autoclave body by a 
fired alumina tube. In order to avoid contamination of 
the solution by aluminate  ions, direct contact be tween 
the alumina tube and the alkali  solution was pre-  
vented  by a Teflon sleeve. The working electrode as- 
sembly was made pressure t ight by compressing the 
spring washers  at the top of the alumina tube. 

The autoclave was heated by an a-c furnace coupled 
to an automatic control ler  which al lowed tempera tu re  
to be regulated to • I~ Since the working electrode 
was grounded via the potentiostat,  it was necessary 
to isolate the autoclave and furnace f rom ground and 
from the rest of the system. 

The reference electrode assembly used is shown in 
Fig. 2. A porous asbestos plug was employed to main-  
tain electrolyte  contact be tween the autoclave con- 
tents and the external  reference electrode which was 
maintained at room temperature.  By careful ly adjust-  
ing the compression nut the rate  of flow of solution 
across the pressure drop (,~ 250 psig at 200~ could 
be reduced to less than 1 ml /week .  Init ial  exper iments  
showed that  in ter rupt ion  of the electrolyte  column 
f requent ly  occurred and resulted in the loss of po- 
tentiostatic control. The interrupt ions were  a t t r ibuted 
to vapor bubble formation in the Teflon capillary, 
especially at the low pressure side of the system. This 
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Fig. 2. High-temperature reference electrode bridge 

problem was el iminated by cooling the asbestos plug 
and by insert ing asbestos str ing into the Teflon capri- 
lary  to act as a wick. The tip of the Luggin probe was 
held 1 m m  from the surface of the working electrode 
by a Teflon spacer. All  potential  measurements  were  
made with  reference to a Hg/Hg2SO4/K2SO4 (sat.) 
electrode. This reference electrode was chosen in 
preference to the more convent ional  calomel system 
to el iminate possible diffusion of chloride ions into 
the autoclave. Chloride ions are  known to affect the 
electrochemical  behavior  of metals  in hydroxide  solu- 
tions at e levated tempera tures  (10, 11). 

Potentiostatic and cyclic vo l t ammet ry  studies were  
performed using an electronic potentiostat  coupled 
to a motor  potentiometer .  Potentials  were  measured 
with  a high impedance e lect rometer  and the polariza- 
tion curves were  recorded on an x -y  recorder.  Gal-  
vanostat ic  exper iments  were  per formed using a d-c 
constant current  power  supply. 

Corrosion s tudies . - -A  series of exper iments  were  
performed in which 2.54 cm diameter  carbon steel 
disks were  rotated in 1M l i thium hydroxide  solution 
at 200~ for one to four days. The apparatus consisted 
of an autoclave and heater  assembly similar  to that  
described in the previous section. The autoclave head 
was fitted with  a pressure- t ight  gland and s t i r rer  
connected via a be l t -pul ley  a r rangement  to a constant 
speed motor. The disk was rotated at 43.5 rad sac - I  
(415 rpm) in all experiments.  This veloci ty corre-  
sponds to a m a x i m u m  Reynold 's  number  (Eq. [A] 
of , -  7 • i0 3 

e a r  S 

Re -- [A] 
y 

where  ~ is the rotat ional  velocity, v the kinematic  
viscosity ( taken as 1 • 10 -2 cm 2 sec-1) ,  and r is the 
radius of the disk. This value  is wel l  below the lower 
l imit  for transi t ion to turbulent  flow (12) and the 
corrosion process occurs in the laminar  flow regime. 

In order to el iminate possible precipitat ion of cor-  
rosion products on the meta l  surface during cool-down, 
the solution was removed from the autoclave at 200~ 
via a cooling coil. The disks were  then rotated in the 
vapor  space for a brief  t ime to r emove  any adher ing 
liquid. Af te r  cooling, the disks were  removed and 
examined using scanning electron microscopy. Surface 
charging effects were  al leviated by evaporat ing a film 
of gold onto the corroded surface prior to microscopic 
examination.  

MateriaIs . - -Iron electrodes, 0.635 cm in d iameter  
and 1.27 cm long, were  machined f rom commercia l ly  
pure  material .  Spectrographic analysis revealed the 
fol lowing impuri t ies  in ppm: C 20, Cu 75, Mn 18, and 
Ni 80. The area exposed to solution (2.85 cm ~-) was 
polished on a lathe wi th  No. 600 gri t  silicon carbide 
paper. The iron electrodes were  degreased wi th  ace- 
tone immedia te ly  before exposure  to the solution. A 
number  of exper iments  were  per formed with  vacuum 
annealed e lec t rodes  (670~ for  24 hr)  which were  
e tch-cleaned in 5M HNOa before  polarization. Unless 
otherwise noted the  electrochemical  work  reported 
here refers to the abraded electrodes. 

Carbon steel  disks, 2.54 cm in diameter  and 0.635 cm 
thick, were  machined f rom commercia l ly  avai lable 
material .  Spectrographic analysis revealed the fol low- 
ing major  consti tuents (besides iron) in weight  per  
cent: C 0.3, Ni 0.09, Cr 0.1, Sn 0.015, Mo 0.1, A1 0.034, 
Cu 0.11, Mn 0.75, and Si 0.33. The surface was abraded 
as described above and washed with  acetone and dis- 
t i l led water  immedia te ly  before commencing an ex-  
periment.  

Li th ium hydroxide  solutions were  prepared  f rom 
reagent  grade l i thium hydroxide  monohydra te  and 
doubly distilled water.  The alkal ini ty  of each solution 
was checked  by t i t ra t ing to neut ra l i ty  wi th  standard 
hydrochloric acid. All  solutions were  purged in situ 
with  pure  ni t rogen (99.999%) or hydrogen (99.99%) 
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gas before the start  of each experiment.  No specific 
effects of either gas were noted. 

Results 
G e n e r a L - - A t  room temperature  (22 ~ _+_ I~ an iron 

electrode in  contact with 1M LiOH spontaneously 
adopted a corrosion potential  of --750 to --800 mV 
vs. the Hg/Hg2SO4/K2SO4 (sat.) reference electrode 
used in  this work. During heat -up  (,~ 3~ the 
potential  at first changed slowly unt i l  the tempera ture  
reached ,-, 100~ and then rapidly to --1420 _ 10 mV 
at ~ 125~ No fur ther  change in potential  with tem- 
perature was noted during the rest of the hea t -up  
period. The electrode main ta ined  this potential  for a 
certain time and then changed to a stable corrosion 
potential  of --1250 mV. The t ime taken from the end 
of the hea t -up  period unt i l  the electrode adopted the 
stable corrosion potential  was found to be highly de- 
pendent  on the previous history of the autoclave. If 
the interior  walls of the autoclave were freshly sand- 
blasted this t ransi t ion frequent ly  took several days 
to occur. However, if the autoclave walls were covered 
with a layer of i ron oxide from previous runs  the 
t ransi t ion would occur in  a few minutes.  

A scanning electron micrograph of the oxide film 
formed on carbon steel in 1M LiOH at 200~ for 24 hr  
is shown in  Fig. 3. The film is similar to that  reported 
previously by others (13, 14) and consists of two 
layers: a base layer with little apparent  s tructure at a 
magnification of 1200X and an upper  layer of octa- 
hedral  crystals. The highly developed crystallographic 
faces suggest growth from solution as suggested by  
Castle and Mann  (15) and Moore and Jones (16). 
Similar films were formed on iron electrodes exposed 
to the same oxidizing conditions and at the stable cor- 
rosion potent ial  of ~1250 mV. Further ,  the morphol-  
ogy of the oxide film did not depend on whether  or 
not the solution was removed from the autoclave prior 
to cooling. This discounts the possibility that  deposi- 
t ion of corrosion products dur ing  cool-down contr ib-  
utes to the observed morphology. If the corroding 
surface was removed from the solution before the 
potential  decayed from --1420 to --1250 mV, only a 
single layer film was formed which was similar  to the 
base layer shown in Fig. 3. High magnification showed 
that  this layer  consisted of small  ( <  200A) cubic 
particles separated by deep channels extending well  
below the surface. Field et al. (17) found that  the 
base layer formed on carbon steel surfaces in  15% 

NaOH at 315~ had a porosity of 10-15% and that the 
oxide grains ranged in size from 250 to 5000A. 

Elec t rochemis t ry .  ~ Cycl ic  v o l t a m m e t r y .  ~ Cyclic 
vol tammetry traces for iron electrodes in 1M LiOH at 
22 ~ and 200~ are shown in  Fig. 4 and 5, respectively. 
In  both cases the potentials at which peaks occur on 
the anodic and cathodic sweeps were highly repro- 
ducible. However, the current  passed at any  given 
potential  was not very reproducible from r un  to r un  
and par t icular ly  so for the low temperature  experi-  
ments. It was found that  reproducibi l i ty  improved by 
first briefly holding the potential  of the electrode 
well  into the hydrogen evolution region in order to 
reduce oxides which form spontaneously on the metal  
surface. A similar procedure was used by Asakura 
and Nobe (18) in a recent potential  sweep study of 
iron in 1M KOH at room temperature.  In  the present 
work at 22~ the electrode was held at --1800 mV 
for 10 min  prior to sweeping the potent ial  of the 
electrode to oxygen evolution and back. At 200~ the 
electrode was held at --1700 mV for 2 m i n  prior to 
sweeping; the shorter time and lower potential  being 
dictated by the greatly increased rate of hydrogen 
evolution at the higher temperature.  The sweep be-  
havior was not affected by fur ther  increasing the 
potential  cathodically nor  by holding the potential  
for longer times. 

Double layer  capacities (Cdl) for metal  electrodes 
in aqueous solutions are usual ly less than  100 /~F/cm 2 
(19). Thus, for an area (A) of 2.85 cm 2 and a sweep 
rate of 0.0139 V/sec (i.e., 50 V/hr )  the nonfaradaic 
contr ibut ion [Cd lA(dE /d t ) ]  to the total current  
should not exceed 4 • 10-6A. This is several orders 
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of magni tude  less than the observed current  (Fig. 4) 
and can be ignored. Thus the observed cur ren t  arises 
almost ent i rely from charge t ransfer  for processes 
which occur at the metal  surface. 

As seen in  Fig. 4, i ron exhibits five clearly defined 
peaks on cyclic sweeping between hydrogen evolution 
and oxygen evolution at 22~ Three peaks (I, II, and 
III) occur on anodic sweeping and two (IV and V) on 
the reverse cathodic sweep. The cur ren t /vo l tage  traces 
show that  on repeti t ive sweeping the charge con- 
sumed at peaks I, II, and V decreases while that con- 
sumed at peaks III  and IV increases. Further ,  if the 
sweep is reversed after each anodic peak (Fig. 6) 
then both peaks I and II result  in a single reduction 
process at --1650 mV (i.e., peak V). However, if the 
sweep is reversed after peak III both peaks IV and V 
occur on the cathodic sweep. Annealed  electrodes gave 
similar results, except peak I was greatly reduced in 
size relat ive to peak II and peaks II and V showed little 
variat ion on repeti t ive sweeping. 

The cyclic vol tammetry  behavior of i ron in 1M 
LiOH at 200~ is i l lustrated in Fig. 5. These experi-  
ments  tended to be more reproducible than  those at 
22~ This probably  reflects enhancement  of rate pro- 
cesses due to the higher temperature.  The electro- 
chemical behavior  of i ron at 200~ is markedly  dif- 
ferent from that  at 220C. At 200~ a single, large peak 
(VI) occurs at --1360 mV on anodic sweeping followed 
by a broad peak (VII) from --1250 to --500 mV which 
is characterized by erratic current  fluctuations. On the 
reverse sweep from oxygen evolution the cu r ren t /  
voltage trace tends to follo~- the anodic sweep, in-  
cluding a region of cur ren t  fluctuations (VIII) and a 
small  anodic "loop" (IX) close to the potent ial  at 
which peak VI occurs. Fur ther  cathodic sweeping re- 
suits in  a large reduction peak (X) at --1600 mV. If 
the anodic sweep is reversed immediate ly  after peak 
VI the reduction peak (X) still occurred at --1600 
inV. Multiple sweeps resulted in a slight decrease in 
peak current  ( <  10%) for peaks VI and X on the 
second and third sweeps. Fur ther  cycling produced 
super- imposable traces. Finally,  the existence of anodic 
peaks on the reverse sweep (i.e., peaks VIII and IX) 
are indicative of reactivation processes involving 
charge t ransfer  reactions which produce ionic prod- 
ucts. It is interest ing to note that  Bignold (6) could 
find no evidence for similar processes on iron in 0.1- 
10M NaOH at temperatures  between 200 ~ and 250~ 

Cyclic vol tammetry  studies were carried out at 
22 ~ and 200~ using sweep rates of 20, 50, 60, and 150 
V/hr.  At  both temperatures  the peak currents  were 
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Fig. 6. Cyclic voltarnmetry of iron in 1M LiOH at 22~ dE/dt  = 
50 V/hr. The sweeps were reversed at --1450, --1230, and --880 
mV. 

found to increase markedly  with sweep rate as has 
been observed for other systems at 25~ (9, 16). Un-  
fortunately,  the peak currents  were not sufficiently 
reproducible at room temperature  to allow a quant i -  
tative determinat ion of the funct ional  dependence of 
peak current  on sweep rate. At  200~ however, re-  
producibil i ty was sufficiently good that this functional  
dependence could be ascertained and it was found that 
the peak currents  for peaks VI and X were propor-  
t ional to the square root of the sweep rate. The same 
functional  dependence has also been observed during 
room tempera ture  studies of i ron in 1M KOH (18) 
and polycrystal l ine lead in  sodium hydroxide solution 
(9) and indicates that  the charge t ransfer  process is 
mass t ransport  controlled, probably through the dif-  
fusion of hydroxyl  ions to the metal  surface. Finally,  
it was found that at both 22 ~ and 200~ the potential  
differences between conjugate oxidat ion/reduct ion 
peaks increased significantly with sweep rate. This 
indicates that the charge t ransfer  processes occurring 
on the electrode surface are not very  reversible (20). 

Galvanostatic charging studies.--Anodic and cathodic 
charging curves for iron in 1M LiOH at 22 ~ and 200~ 
are shown in Fig. 7 and 8, respectively. Ini t ia l  surface 
t rea tment  consisted of polarizing the electrode cath- 
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Fig. 7. Galvanostatic charging curve for iron in IM LIOH at 22~ 
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Fig. 8. Galvanostatic charging curves for iron in 1M LiOH at 
200~ The electrode was polarized cathodically at  100 mA for 2 
rain prior to anodic charging. 
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odically un t i l  the potential  remained constant. The 
current  was then  reversed and the potential  recorded 
as a funct ion of time. When the potent ial  had reached 
a preselected value (usual ly at oxygen evolution) the 
current  was again reversed and the potential  recorded 
on the cathodic sweep. In  a few experiments  the 
sequence described above was repeated over a number  
of cycles (usual ly five). 

Two clearly defined potential  arrests were observed 
on both anodic (E2 and E3) and cathodic (E4 and E5) 
sweeps at  22~ (Fig. 7). Improved t ime resolution 
indicated the existence of an addit ional  arrest  (El) 
at about --1500 mV dur ing  anodic polarization. The 
potentials at which the arrests occur on galvanostatic 
charging are close to the  peak potentials observed in 
the cyclic vol tammetry  studies (Fig. 4). This suggests 
that  both the potential  arrests and current  peaks re-  
flect the same electrochemical processes at the metal  
surface. Addit ional  support  for this hypothesis is 
gained from cyclic charging studies in  which it was 
found that  the charge consumed dur ing the arrests at 
F_~ and E4 increased, while  that  at E5 decreased, on 
successive cycling. This is precisely the behavior of 
the corresponding peaks in  cyclic vo l tammet ry  (Fig. 
4). 

The galvanostatic charging curves for i ron in  1M 
LiOH at 200~ are i l lustrated in  Fig. 8. On anodic 
polarization the potential  changes rapidly to --1420 .• 
10 mV followed by  an arrest  (E6) which extends to 
about --1300 mV. The lat ter  stages of this arrest are 
characterized by the onset of erratic potential  fluctua- 
tions. These potential  fluctuations cont inued as the 
potential  of the electrode drifted to --600 inV. The 
potential  then changed rapidly to oxygen evolution. 
On cathodic polarization from oxygen evolution the 
potential  changed rapidly to --1450 mV with a brief 
arrest (ET) at --650 mV. This arrest  is shown more 
clearly by a cathodic t ransient  at 0.1 mA obtained 
by first polarizing the electrode anodically at this 
cur ren t  for 2 min. Again, there is a close corre- 
spondence between the galvanostatic charging be-  
havior and cyclic voltammetry.  Thus, the arrest E8 
observed on anodic charging occurs at the same po- 
tential  as peak VI dur ing the anodic sweep shown in 
Fig. 5. Further ,  the region of potential  instabil i ty 
shown in  Fig. 8 corresponds closely wi th  the region of 
current  instabi l i ty  exhibited dur ing cyclic vol tam- 
metry. This is expected in  view of the interdependence 
of current  and potential. 

Steady-state polarization studies.--Galvanostatic and 
potentiostatic polarization curves for i ron in 1M LiOH 
at 200~ are presented in Fig. 9. Polarization experi-  
ments  from the stable corrosion potential  at --1250 
mV were carried out as follows: the electrode was 
first held potentiostatically at --1700 mV for 10 min  
to reduce any  oxide on the metal  surface and to pro- 
vide a reproducible ini t ial  state. The potentiostat  was 
then turned  off and the potential  allowed to decay for 
a preselected t ime before determining the cu r ren t /  
voltage curve for the  electrode. The potential  first 
decayed rapidly to --1420 • 10 mV and held this 
value for a t ime which depended on the previous his- 
tory of the autoclave as described earlier. This was 
followed by a rapid decay to --1250 mV. The polariza- 
t ion curves were obtained by increasing the current  
(galvanostatic) or petent ial  (potentiostatic) in incre-  
ments  of 0.05 mA or 50 mV, respectively, every 2 rain. 
In  both experiments  it was found that  the potential  
and current ,  respectively, changed only very slightly 
after 2 min  at each setting. Thus, the polarization ex- 
per iments  were performed under  very  near ly  steady- 
state conditions. Potentiostatic polarizations were 
carried out 1, 19, and 47 hr  after cathodic pre t rea tment  
of the electrode. No reproducible dependence of the 
cur rent /vol tage  curves on the t ime between ini t ial  
cathodic t rea tment  and the start of polarization was 
noted (Fig. 9). Galvanostatic polarization from --1250 
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Fig. 9. Steady-state galvanostatic and potentiostatic polarization 
curves for iron in IM  LiOH at 200~ 

mV was performed 1 hr after cathodic pre t rea tment  
of the electrode. Both the potentiostatic and galvano- 
static polarization experiments  init iated at -- 1250 mV 
exhibit  a typical active to passive t ransi t ion at --600 
mV, i.e., the same potent ial  as the small  arrest  (ET) 
on cathodic charging. Fur ther ,  the active region ex-  
hibited considerable fluctuations in current  and po- 
tent ial  and this phenomenon became more pronounced 
as the potential  approached --600 mV. This is precisely 
the potential  region where  similar  fluctuations are 
exhibited in  cyclic vo l tammetry  and anodic charging 
studies. 

Galvanostat ic polarization from the metastable  car- 
rosion potential  of --1420 ___ 10 mV was carried out 10 
min  after cathodic pre t rea tment  of the electrode. The 
potential  at first changed very  slowly unt i l  the current  
was increased to 1 mA. At this point the potential  
drifted rapidly to oxygen evolution. An at tempt  was 
made to obtain a potentiostatic polarization curve 
from --1420 mV. However, at any potential  between 
- -1420  and --1250 mV the cur ren t  decreased cont inu-  
ously to very small  values and no steady-state  po- 
tentiostatie curve could be obtained in  this region. 

Discussion 
I~oom temperature study.--A number  of previous 

studies on the behavior  of i ron in  alkal ine solution at 
room temperature  have been reported (18, 21-26). 
Attempts have been made to identify the surface 
oxides using x - ray  and electron diffraction (22-25) and 
electrochemical methods (18, 21, 26), pr incipal ly  by 
comparing potential  arrests obtained on galvanostatic 
charging with equi l ibr ium potentials calculated from 
thermodynamic  data (27). These studies have re-  
ported the existence of Fe(OH)e,  FesO4, ~,-Fe20~, and 
7-Fe203-H20 on iron surfaces which have been ex- 
posed to highly alkal ine solutions. 

The cyclic vol tammetry  and galvanostatic charging 
studies reported here show that two charge t ransfer  
processes occur on iron in 1M LiOH at 22~ between 
hydrogen and oxygen evolution. Further ,  the depend- 
ence of peak potential  on sweep rate, and the large 
potential  differences between the anodic and cathodic 
peaks, suggests that  the charge transfer  processes are 
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quite irreversible and significant overpotentials are 
required to oxidize or reduce the compounds on the 
metal  surface. Since overpotentials  are not included 
in equi l ibr ium potentials calculated from thermody-  
namic data there is every reason to expect that  experi-  
menta l ly  observed potential  arrests in  charging studies 
or current  peaks in  cyclic vol tammetry  will  differ 
from the calculated values. However, the overpotential  
(E -- Eo), where Eo is the equi l ibr ium potential, is 
positive and negative for anodic and cathodic pro- 
cesses, respectively. Thus, the conjugate oxidat ion/  
reduction processes must  satisfy the following in-  
equali ty 

E~ > Eo > Ec [B] 

where Ea and Ec are the potentials at which the po- 
tential arrests or current peaks occur on oxidation and 
reduction. 

The first charge transfer process, which gives rise 
to peaks I and V, is probably the oxidation of iron to 
Fe(OH)2 

Fe + 2 OH- = Fe(OH)~ + 2e- [i] 

The equilibrium potential for this reaction at pH = 4 
is --1490 mV which satisfies inequality [B] since Ea 
and Ec are --1470 and --1650 mV, respectively. The 
Fe(OH)2 is then oxidized to magnet i te  (reaction [2]) 
result ing in peak II 

3Fe(OH)2 + 2 O H -  ~ Fe804 + 4H20 + 2e-  [2] 

The equi l ibr ium potential  for this reaction is --1640 
mV which suggests that considerable overpotential  is 
required for the forward process, i.e., reaction [2] 
represents a highly irreversible process. The above 
scheme accounts for the similar response of peaks I 
and II (consecutive reactions) to repeti t ive sweeping 
and is consistent with previous findings that  Fe(OH)2 
(26) or both Fe(OH)2 and FesO4 (22) are the ini t ial  
oxidation products formed on i ron in  alkal ine solu- 
t ion at room temperature.  

The third charge t ransfer  process results  in peaks 
III  and IV at --1150 mV (Ea) and --1480 mV (Ec), 
respectively. Further ,  the charge consumed at these 
peaks increased on repeti t ive sweeping, while that  
consumed at peaks I, II, and III  decreased. This indi-  
cates that  the products ini t ia l ly  formed on the surface 
at peaks I and II are not major  precursors for the 
oxidation which takes place at peak III, i.e., the charge 
transfer  processes responsible for peaks I and II and 
for peak III occur in  parallel  and not consecutively as 
is apparent ly  the case for peaks I and II. Thus, it is 
reasonable to conclude that  peak III arises from the 
direct oxidation of metall ic iron. Electron diffraction 
(23-25) studies have indicated that  7-Fe203 forms 
spontaneously on iron in alkal ine solution. The equi-  
l ibr ium potential  for reaction [3] 

2Fe + 6 O H -  = 7-Fe203 + 3H20 + 6e-  [3] 

was calculated from the free energy data of Wicks 
and Block (28) and found to be 1450 mV. This value 
barely satisfies Eq. [B]. However, reactions [1]-[3] 
all consume hydroxyl  ions. Thus, the concentrat ion of 
O H -  close to the electrode surface wil l  be less than 
in the bulk  solution and the equi l ibr ium potential  for 
reaction [3] will become more positive by 59 mV/pH 
uni t  (27). Alternat ively,  peaks III  and IV may be due 
to the formation of ferric hydroxide, Fe(OH)3, at the 
metal  surface 

Fe + 3 O H -  ---- Fe(OH)z + 3e -  [4] 

Reaction [4] has an equi l ibr ium potential  at pH ---- 
14 of --1380 mV (27) which therefore satisfies Eq. 
[B]. The ferric hydroxide may then transform to 
7-Fe203 dur ing  or prior to electron diffraction exam- 
inat ion (29) 

2Fe (OH),  = 7-Fe203 § 3H20 [5] 

Since no crystal l ine phase of ferric hydroxide appears 
to exist (30), it would not be detected on the electrode 
surface by diffraction techniques. 

High-temperature  s tudy . - -The  electrochemical 
studies reported here on the behavior of i ron in  1M 
LiOH at 200~ demonstrate that  iron will  adopt one 
of two corrosion potentials depending on the previous 
history of the autoclave. With a "clean" autoclave the 
iron electrode adopts a corrosion potential  of --1420 +_ 
10 mV. However as soon as the autoclave walls become 
covered with i ron oxide the corrosion potential  drops 
suddenly to --1250 mV. The galvanostatic and po- 
tentiostatic polarization studies reported in this work 
show that i ron corrodes in an active mode at both 
corrosion potentials. The sudden drop in potential  
from --1420 to --1250 mV appears to coincide with 
the nucleat ion and growth of octahedral crystals on 
the base oxide layer on the metal  surface. 

Thermodynamic  calculations (31) show that  the 
stable ionic species in  alkal ine solutions at 200~ is 
the dihypoferr i te  ion, HFeO2-,  and it seems reason- 
able to assume that  the anodic reactions in the active 
corrosion states at --1420 and  --1250 mV involve this 
species. Further,  previous studies (4, 17, 32) have 
shown that  the oxide formed on iron and carbon steel 
under  similar conditions is magnetite,  Fe804, with the 
possible inclusion of a small  amount  of LiFeO2 (4). 
We have found that  both FesO4 and LiFeO2 crystals 
nucleate and grow on p la t inum in 1M LiOH at 285~ 
in the presence of a corroding carbon steel surface 
(33). These crystals were found to have a similar 
morphology to the crystals which form the "upper 
layer" on the corroded steel surface. Accordingly, the 
following set of reactions is proposed to account for 
the anodic and corrosion behavior  of iron and carbon 
steel in 1M LiOH solution at elevated temperatures 

Fe + 3 O H -  --> HFeO2- + H20 -{- 2e -  [6] 

3Fe + 8 OH- -> Fe30~ + 4H20 + Be- [7] 

3HFeCh- --> FesO4 + H20 + O H -  -5 2e-  [8] 

Li + + HFeO2- -~ LiFeO2 + H + + e -  [9] 

Townsend (31) has recent ly shown that as the poten- 
tial of iron is increased anodically it becomes thermo- 
dynamical ly  possible for reactions [6], [7], and [8] 
to occur in  the order listed above. 

On galvanostatic polarization from --1420 mV iron 
first dissolves as the ion HFeO2- with the concurrent  
formation of magneti te  on the surface by the direct 
oxidation of the metal  according to reaction [7]. The 
oxide layer  produced corresponds to the base film 
observed by scanning electron microscopy. The pro- 
posed origin of the layer is consistent with the previ-  
ous observation (13, 17) that  the film is formed by the 
meta l /oxide  interface receding into the metal  phase. 
Marker  experiments  (13, 17) have shown that  this 
oxide layer is formed wi th  zero volume change from 
the original metal. Since the number  of iron atoms 
per uni t  volume is less in magneti te  than in metall ic 
iron the excess iron must  leave the oxide. This occurs 
by dissolution of i ron through pores in the oxide layer 
according to reaction [6]. Fur the r  galvanostatic po- 
larization from --1420 mV (Fig. 9) causes increased 
blocking of the metal  surface by magnet i te  and the 
potential  of the electrode shifts slightly in  the anodic 
direction. At a total cur ren t  of about 1 mA reactions 
[6] and [7] are no longer able to consume the charge 
being forced across the interface and the potential  
shifts rapidly  to oxygen evolution at + 100 inV. The 
gradual  blocking of the freely corroding surface by 
magnet i te  is supported by the potential  behavior of 
the electrode dur ing  arrest E6 on anodic charge (Fig. 
8). Thus, at the start of the arrest (--1430 mV) the 
potentiaI increases smoothly bu t  as the amount  of 
charge passed increases the potential  becomes u n -  
stable. Since the potential  is determined par t ly  by the 
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current  density due to reaction [6], fluctuation in the 
area available for free dissolution due to the increas- 
ing formation of magneti te  on the surface would pro- 
duce the observed fluctuations in  potential. 

The processes described above also account for the 
active dissolution behavior on polarizing the electrode 
from the stable corrosion potent ial  of --1250 mV. 
However, the electrode surface is now essentially 
covered with magneti te  and free dissolution of metal  
is restricted to in te rgranula r  pores in the base oxide 
film. Thus, the potential  fluctuations exhibited on 
anodic charging (Fig. 8) from --1430 to --1250 mV 
continue to --600 mV and the erratic current  fluctua- 
tions observed on potentiostatic polarization (Fig. 9) 
occur over the same range of potential.  Since the 
porosity of the base film is now quite low [10-15% 
(17)], the current  density due to free dissolution wil l  
be high. This leads to the concentrat ion overpotential  
effects exhibited by both the potentiostatic and gal- 
vanostatic curves above a total cur ren t  of 0.1 mA 
(Fig. 9). Fur ther  polarization results in  an active to 
passive t ransi t ion at --600 mV after which the poten-  
tial on galvanostatic polarization drifts rapidly to 
oxygen evolution and the current  on potentiostatic 
polarization drops sharply to less than  0.1 mA. Al-  
though no clearly defined potential  arrest  occurs at 
--600 mV on  anodic charging (Fig. 8), a small  one 
does exist at --650 mV on cathodic charging from the 
passive state at 0.1 mA. The amount  of charge passed 
dur ing  this arrest is small  and probably much less 
than is required to convert  all of the oxide on the 
metal  surface to another  oxidation state. However, in 
order to passivate the electrode it would only be 
necessary to produce an oxide [possibly ~-Fe20~ or a 
l i th ium iron spinel oxide (4)] impervious to free 
dissolution at the base of the pores and the amount  of 
charge required would be small. It  is interest ing to 
note that the total charge consumed on oxidizing the 
electrode is considerably greater than that required to 
reduce it back to the original potential  (Fig. 8). The 
difference in charge is accounted for by dissolution 
since the product of this process (reaction [6]) diffuses 
away from the electrode surface and will not be re-  
duced on cathodic polarization. 

The shift in corrosion potential  from --1420 to 
--1250 mV, which appears to coincide with nucleat ion 
and growth of the octahedral crystals on the base 
layer, can be accounted for by electrocrystall ization 
of HFeO2- to form Fe304 and LiFeO2 (i.e., reactions 
[8] and [9], respectively) exert ing part ial  control over 
the corrosion potential. Evidence for the nucleat ing 
and growth of these crystals from solution has been 
assembled by Castle et aL (15, 34). Addit ional  evi- 
dence has been obtained in this laboratory (33) in -  
cluding the observat ion of growth steps (Fig. 10) on 
the faces of crystals grown on iron and carbon steel 
in 1M LiOH at 200~ The potential  dependence of the 
origin of the octahedral crystals was i l lustrated ex- 
per imenta l ly  by potentiostat ing an iron electrode at 
--1400 mV for 24 hr  at 200~ Examinat ion  of the 
surface did not reveal any  "upper layer" oxide crystal.s 
even though the conditions chosen were such that  
nucleat ion would have occurred in a few minutes on 
open circuit. Instead, a single layer  of oxide was 
formed and was considerably thicker than the base 
layer produced on free corrosion. However, the poten-  
tial was controlled slightly anodic to the metastable 
corrosion potential  at --1420 • 10 mV and a small  
anodic current  (,-- 0.02 mA) was passed for the dura-  
t ion of the experiment.  The increased thickness of the 
oxide layer  probably results f rom the part ial  consump- 
t ion of this charge by  reaction [7]. 

Finally,  we have observed that if the corrosion tests 
are performed in a "clean" autoclave a single layer 
oxide film is first produced but  as soon as the auto- 
clave walls become covered with corrosion products 
then octahedral crystals nucleate on the base oxide 

Fig. 10. Growth step on the face of an "upper layer" octahedral 
crystal grown on carbon stee| in 1M LiOH at 200~ for 24 hr 
( X 18,000). 

layer and the corrosion potential  shifts from --1420 to 
--1250 mV. This suggests the existence of a source/  
s ink relationship between the corroding electrode and 
the autoclave walls. Thus, when  a freshly cleaned 
autoclave is used the flux of HFeO2- from the elec- 
trode to the autoclave walls is sufficiently large that  
the concentrat ion of this species at the base layer / so lu-  
tion interface does not exceed the value necessary to 
nucleate the octahedral crystals. However, when the 
autoclave walls become covered with corrosion prod- 
ucts the sink for HFeO2- no longer exists and the 
concentrat ion of this species in the bulk  solution 
quickly increases to the value necessary for nucleat ion 
on the corroding surface. However, iron metal  is 
thermodynamical ly  less stable than magnet i te  (and 
most l ikely LiFeO2) so the concentrat ion of HFeO2- 
derived from reaction [6] at the electrode surface will  
be greater than the equi l ibr ium values for reactions 
[8] and [9]. At this point  the nucleat ion and growth 
of the octahedral crystals on the corroding surface 
becomes thermodynamical ly  possible. 

Manuscript  submit ted Auri l  24, 1972; revised manu-  
script received Sept. 18, 1972. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1973 
JOURNAL. 
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Measurement of Zincate Permeation in a Polyethylene Battery 
Separator with Controlled External Hydrodynamic Conditions 
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Philadelphia, Pennsylvania 19104 

ABSTRACT 

A rotat ing disk geometry has been used to characterize solution-side t rans-  
port resistance in measurements  of zincate permeation in Ag-Zn bat tery sep- 
arator material.  The apparent  diffusivity of zincate was 1.2 • 10 -7 cm 2 sea -1 
at 25~ in a polyethylene, acrylic acid grafted and divinylbenzene cross-l inked 
membrane,  and was independent  of zincate concentrat ion up to 0.57M ZnO in 
40% KOH. In  the temperature  range 11~176 the activation energy for diffu- 
sion of zincate in the membrane  is 6.1 kcal/mol.  

The alkaline silver-zinc secondary bat tery is of con- 
siderable interest  for space and other applications be- 
cause of its potential ly high energy output  per uni t  
weight and volume. Broader application of this ba t -  
tery has been limited because of l imited cycle life. De- 
velopment  of a bat tery separator which will improve 
the performance and life of alkal ine cells has been 
and continues to be the focus of concerted efforts in 
polymer science, in both formulat ion and production 
of new materials. 

The characterization of separator performance in-  
cludes the important  factor of permeabi]i ty of the 
membrane  to electrolyte ion constituents. The perme-  
ability, in turn, reflects the diffusivity of ionic species 
through the membrane  matr ix  and any interaction be- 
tween permeant  and membrane.  In  conjunction with 
measurements  such as electrical conductivity and 
porosity determination, the effective ionic diffusivity 
can ul t imately  be used to correlate membrane  micro- 
s tructure and bat tery performance. Measurement  of 
membrane  permeabil i ty  requires knowledge of per-  
meant  ion concentrat ion at both sides of the membrane  
in the membrane  phase, as well as the flux through the 
membrane,  from which effective diffusivity can be cal- 
culated from knowledge of membrane  thickness. Un-  
fortunately,  these membrane  concentrat ions are not 
available from direct measurement,  and concentrat ion 
in the bu lk  solution on either side of the membrane  
are used, requir ing an accounting of t ransport  re-  

* Electrochemical  Society Active Member.  
1 Present  address: Westinghouse Electric Corporation, Pi t tsburgh,  

Pennsylvania  15200. 
Key words: zincate, diffusivity, permeat ion,  membrane ,  rotat ing 

disk, mass t ransfer  resistance. 

sistance effects caused by depletion of diffusant in a 
solution-side boundary  layer adjacent to the mem-  
brane surface. For the usual  two-compar tment  ar range-  
ment, the membrane  is properly considered as a t rans-  
port resistance in series with two solution-side film 
resistances. Clearly, the ideal situation is one in which 
the solution-side resistances are negligible in com- 
parison with the diffusion rate control provided by the 
membrane.  Unless this is known a pr/ori, however, 
considerable error may be introduced by neglecting the 
boundary  layer resistances, par t icuIar ly in  the very  
viscous solutions characteristic of bat tery electrolytes. 
Furthermore,  as the goal of more permeable separator 
materials  is approached, the effect of boundary  layer 
resistances becomes increasingly important.  

Techniques for the measurement  of the diffusion of 
electrolyte consti tuents through membranes  have been 
discussed by Harris, Dirkse, and Lander  in separate 
chapters of a compilation of screening methods for 
alkaline silver-zinc bat tery separators (1). Each of 
the three methods for diffusion measurements  con- 
siders essentially a two-compar tment  cell separated by 
the membrane.  Two of the three ar rangements  pro- 
vided for rapid st irr ing on the dilute side with no 
st irr ing in the concentrated solution compartment,  
while the third method provided for no st irr ing what-  
ever. The lack of definition of the mass t ransport  con- 
ditions in the liquid immediately adjacent to the mem-  
brane is undesirable,  since the t ru ly  fundamenta l  pa- 
rameter  of importance is the apparent  diffusivity of a 
part icular  ion in the separator. Stirring, per se, cannot 
be assumed to remove the l iquid resistances, unless 
repeated runs  at several s t i rr ing rates show no effect 
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on ion flux. A classical technique in chemical engineer-  
ing to determine such parameters  is the Wilson plot 
(2), which is usual ly found in the heat t ransfer  l i tera-  
ture. An  application of this method to membrane  per- 
meabil i ty  was made by Leonard and Bluemle (3) for 
artificial kidney dialysis membranes.  Their  data 
showed that  even with rapid st i rr ing in  aqueous solu- 
tion, the boundary  layer resistances were not negli-  
gible. To our knowledge, no application of this tech- 
nique to bat tery membranes  has been made. The 
method requires quite lengthy determinations,  since 
repeated runs at many  st i rr ing rates must  be made. 
Furthermore,  in order to properly characterize mem-  
brane  behavior, the apparent  diffusivity should be mea-  
sured over a tempera ture  range in order to obtain an 
estimate for the activation energy. By comparison of 
such membrane  results with the free l iquid diffusivity 
and activation energy, valuable insights may  be de- 
rived concerning the nature  of ion -membrane  chemical 
interaction, if any. 

A second approach, which has been used in  the 
present investigation, is to adopt a configuration for the 
permeation cell in which the boundary  layer resist- 
ances are known a pr/or/ or measured in a separate 
experiment.  The membrane  permeabil i ty  can then be 
calculated by subtract ing the solution-side resistances 
from the over-al l  resistance which includes the mem-  
brane. The geometry used here is that  of a membrane  
which rotates at a fixed speed while s imultaneously 
serving as a divider between two compartments.  For 
this rotat ing disk geometry, the film resistance may be 
computed from a knowledge of the membrane  disk 
radius, the rotational speed, and the solution viscosity. 
In  addition, the free l iquid diffusivity of the ion should 
be known. Using such an apparatus, we have investi-  
gated the permeation of zincate ion in 40% KOH solu- 
tion through a polyethylene membrane.  The membrane  
material,  designated as SWRI-GX, was manufactured  
by the Southwest Research Inst i tute  for the Jet  Pro-  
pulsion Laboratory. It is polyethylene, grafted with 
acrylic acid, and cross-l inked with divinylbenzene.  

Experimental 
Permeation cell.--The apparatus has been adopted 

from that used by Litt  and Smith (4) to study sodium 
chloride permeation through ion-exchange membranes.  
In a pre l iminary  study, Smith (5), using a "membrane"  
of solid benzoic acid, showed that  the rotat ing mem-  
brane seal conformed quite closely to the prediction of 
mass t ransfer  theory for this geometry, after making 
suitable allowance for edge effects. The technique was 
successful in separating boundary  layer from mem- 
brane resistances and in determining interactions be- 
tween membrane  and diffusant from temperature  de- 
terminations.  

For  the present  s tudy of zincate ion permeation in 
polyethylene, the two-compar tment  cell with rotating 
membrane  used by Smith and Litt  (4) was modified 
slightly for compatibil i ty with concentrated caustic 
solutions. The apparatus is shown in cross section in 
Fig. 1. The membrane  support is machined of poly- 
methyl  methacryla te  (Lucite) with a removable center 
section (B and B') which holds the membrane  (A). A 
Lucite r ing  (C) screws flush against the surface of B to 
clamp the membrane  tightly, so that  the exposed di- 
ameter  of membrane  is exactly 1 in. An "O" r ing seals 
the membrane  against leaks. An a luminum ring gear 
(D), machined from a standard t iming belt  gear, is 
glued with epoxy to the outer surface of the membrane  
holder. The gear was first coated with Kymar,  an alkali-  
impervious v inyl idene  fluoride resin, to protect the 
gear in case of leaks. 

The membrane  holder seals to the faces of the Lucite 
support (E) with neoprene "O" rings (F).  During runs, 
the "O" rings are lubricated with Dow Corning FS1281 
lubr icant  to provide smooth rotation. Dow Corning 111 
lubricant  was used as sealer for the plastic components. 
Pressure of the rotat ing membrane  against the "O" 

Fig. !. Schematic arrangement of rotating permeation cell 

rings is provided by a fixed r ing (G).  Two Lucite 
chambers with volumes of 259 (H) and 295 (J) ml, 
respectively, form the solution compartments,  which 
are held to the center support  (E) with flanges and 
gaskets. Each compar tment  is in te rna l ly  jacketed (not 
shown) for temperature  control of the bulk  electrolyte 
by water pumped from a constant temperature  bath. A 
separate jacket adjacent  to the "O" r ing seal was used 
to mainta in  constant temperature  and to remove fric- 
t ional heat in the vicini ty of the membrane  (not 
shown).  Each electrolyte compar tment  was also pro- 
vided with a nylon stirrer (K) to main ta in  bu lk  con- 
centrat ion constant when taking samples and adding 
electrolyte. The main  rotor assembly was turned by a 
variable speed 0-3600 Servotek motor and Boston gear 
25:1 speed reducer coupled to the r ing gear (D) by a 
t iming belt. With this apparatus, speeds up to 25 rpm 
could be main ta ined  with smooth operation, with tem- 
peratures mainta ined constant  to •176 Chromel-  
Alumel  thermocouples were used to monitor  tempera-  
ture, using a Keithley Model 160 digital voltmeter. 

Procedure.--Membranes were presoaked in 40% 
KOH solution for 24 hr prior to use. After  clamping 
of the membrane  in the holder (B), both chambers 
were filled with 40% KOH, and the membrane  was set 
to rotate at a speed of 21.5 rpm. An impulse response 
technique for step changes in  the concentrated solution 
compartment  was used to decrease the number  of 
separate runs  needed to evaluate a given membrane.  
The permeation of zincate into the di lute compartment  
was monitored by analysis of discrete samples removed 
at regular  intervals. At the start  of a typical run, a 
step change of zinc concentrat ion was introduced into 
the concentrated compartment  (H, henceforth called 
compartment  1) by wi thdrawing a 100 ml sample of 
solution and s imultaneously replacing the same volume 
of 0.8M ZnO in 40% KOH. The stirrers (K) were ac- 
t ivated for 1 min  to promote uni form mixing. 

For a given concentrat ion in compartment  1, permea-  
tion was allowed to proceed for 30 min. Samples of 
1 ml were taken from compartment  2 at 2-min in ter -  
vals (started from zero time) in the first 6 min and 
and then at intervals  of 5 min  for the rest of the run. 
One mill i l i ter  of 40% KOH was replaced for each sam- 
ple removed from compartment  2 to mainta in  a con- 
stant  chamber  volume. At the end of 30 min, a second 
concentration step in compartment  1 was accomplished 
by removal  of a 100 ml  volume rapidly followed by 
replacement with another 100 ml volume of 0.8M ZnO- 
40% KOH to provide a second step rapid change. A 
third step was similarly accomplished. 
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Samples (1 ml) were  also taken f rom compar tment  
1 in order to monitor  the step change of concentration. 
For each tempera ture  studied, permeabil i t ies  were  ex-  
amined for the three zincate concentrat ion steps in a 
single run, provided that  no leakage had occurred and 
that  the continuously moni tored tempera ture  was in 
control wi th in  +_0.5~ from the set value. The absence 
of leaks was verified at the  end of a run by the absence 
of coloration in compar tment  2 fol lowing the addition 
of a few drops of methy lene  blue to side 1. The step 
changes in side 1 and result ing changes in compar t -  
ment  2 are shown in Fig. 2 for a typical  run at 21.5~ 

Zincate analysis .--A Varian AA-120 atomic absorp- 
tion spectrophotometer  was used for analysis of zinc 
concentration. For calibration with  known concentra-  
tions and for use with actual samples, a neutral izat ion 
procedure was fol lowed to prevent  at tack of the 
t i tanium burner  slit by hot alkali. The 1 ml samples 
were  added to 19 ml of 2.4% nitric acid and were  wel l  
mixed, neutral izing the alkali  and reducing the vis-  
cosity of the result ing solution, thus avoiding attack 
and clogging of the AA-120 burner  slit. The 20-fold 
dilution of the zinc was still wel l  wi th in  the sensit ivity 
of the analysis. To fur ther  reduce analytical  error, at 
least three aliquots of the diluted sample were  sprayed 
into the machine consecutively, wi th  the absorption 
signal monitored continuously on a s t r ip-char t  re-  
corder. The average value  of the three readings was 
then used to determine Zn concentrat ion by comparison 
with a standard cal ibrat ion curve. A new calibration 
was prepared for each series of determinat ions to com- 
pensate for changes in lamp and flame conditions. 
Calibrat ion curves of absorption vs. concentrat ion were  
linear, facil i tat ing interpolation. 

Measurement  o~ membrane  th ickness . - -The wet  
membrane  thickness is of importance in determining 
the s teady-state  concentrat ion gradient  and thus the 
permeat ion flux. A simple microscope method was used 
to determine the thickness of a wet, swollen membrane  
wi thout  actual contact. A piece of optically flat glass 
marked with  black ink on both sides was used to cali- 
brate the microscope height  measurement .  By focusing 
the microscope on the bot tom and top surfaces of the 
glass plate, a scale reading was measured  correspond- 
ing to the thickness of the glass plate (measured by 
micrometer  to 0.0001 in.). At a magnification of 262.5, 
ten scale divisions of the height  adjus tment  corre-  
sponded to 0.001 in. The dry membrane  thickness was 
measured by micrometer  to be 0.0011 in. To measure  
the thickness of the wet  membrane,  the microscope 
was focused a l ternate ly  on the top surface of the sup- 
port ing glass plate and on the top surface of the wet  
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Fig. 2. Concentration vs. time for permeation at 21.5~ 

membrane  placed on the glass plate. The scale differ- 
ence so obtained indicated that  the wet  (40% KOH) 
thickness of the wet  membrane  was 0.00204 in. at 25~ 
The polyethylene GX mater ia l  is reported to have a 
typical wet  thickness of 0.0014 in. when  measured by 
contacting methods which may cause compression of 
the wet  membrane.  Accordingly,  the present computa-  
tions of diffusivity are based on the optically deter-  
mined wet  thickness as a t ru ly  representa t ive  param-  
eter. 

In order to de termine  any effect of zincate concentra-  
tion on wet  thickness, measurements  were  made on 
membranes  soaked for at least 24 hr  at 25~ in 0.2M 
ZNO-40% KOH, 0.4M ZNO-40% KOH, and 0.6M ZnO- 
40% KOH. No change in the thickness of the mem-  
brane was detected over  this concentrat ion range. This 
result  is fortunate,  since it implies that  there  wi l l  be 
no unequal  expansion of a membrane  which has a 
concentrat ion gradient  of zincate ion during active 
permeat ion in the apparatus. Also, the thickness of 
both the dry and the wet  membrane  does not measur-  
ably change with  temperature ,  as determined at 16 ~ , 
25 ~ and 28~ 

Results 
In general, if two we l l -mixed  chambers  wi th  the 

concentrat ion of a permeant  species in the first com- 
par tment  much greater  than that  in the second com- 
par tment  are separated by a membrane,  the concen- 
t rat ion of permeant  in the second chamber  will  in- 
crease wi th  time. After  an init ial  uns teady-s ta te  period 
during which the concentrat ion gradient  wi thin  the 
membrane  is established, a steady-state,  or rather,  
pseudosteady-state  period will  ensue and last as long 
as the concentrat ion in the first chamber  is much 
greater  than that  in the second. This was found to be 
the case in all runs, as indicated by a l inear  increase 
of side 2 zincate concentrat ion with  time. Therefore,  
depletion of side 1 is of no concern. The max imum 
concentrat ion of zincate in side 2 at the end of a run  
is still three orders of magni tude  less than the con- 
centrat ion in side 1, so that  v i r tua l ly  constant boundary 
conditions at ei ther side of the membrane  are assured. 
Thus, the rate of change of zincate in the second cham- 
ber (side 2) is given by 

V2dc2 
- -  -- K A ( c l  -- c2) [1] 

dt 

where  cl ---- zincate concentration, mol cm -3, in cham- 
ber wi th  volume V1 (side 1); c2 ---- zincate concentra-  
tion, mol  cm -3, in chamber  wi th  volume V2 (side 2); 
K = over -a l l  permeabil i ty,  including resistance of 
membrane  and boundary layers  on e i ther  side, cm 
sec-1;  and A ---- membrane  area, cm 2. The factor K in- 
cludes the effective diffusivity and wet  thickness plus 
similar  terms for the solution resistances. No detailed 
information is needed for the actual zincate concen- 
t rat ion just  at the membrane  surfaces. Since the flux is 
identical through each region, i.e., boundary  layer in 
side 1, membrane  and side 2 boundary layer, Eq. [1] 
considers the net dr iving force as the concentrat ion 
difference (cl -- c2) across the three t ransport  resist- 
ance regions in series. Equat ion [1] may  be fur ther  
simplified, because c2 < <  cl at all t imes and for all 
exper iments  repor ted  here. Also, dc2/dt is essentially 
constant, so that  Eq. [1] becomes, solving for K 

dc~ 
V2 

dt 
K -- [2] 

Ac~o 

where  clo is the concentrat ion in compar tment  1 after 
introduction of the step, and d c J d t  is obtained as the 
slope of a regression l ine fitted to the data, after cor-  
recting for the vo lume changes involved  in taking 
samples. Correlat ion coefficients for the slopes were  all 
bet ter  than  0.99, indicating excel lent  fit. Values of K 
for the three different tempera tures  and concentrations 
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Table I. Membrane transport parameters 

Din,? 
clo • 10-4, * K • 105, K m  • 105, * *  cm~/sec  

T, ~ /Lg Z n / m l  c m / s e c  c m / s e e  x 10 s 

11 2.45 1 . 3 2 1 ~ 0 . 0 1 6 5  1.405 7.28 
17 1.845 1 . 9 5 3 ~ 0 . 0 4 1  2.149 11.15 
17 2.793 1 . 7 3 9 ~ 0 . 0 4 3  1.889 9.80 
17 3.52 2 . 0 7 7 ~ 0 . 0 8 9  2.295 11.90 
21.5 1,868 1.929 ~ 0.073 2.114 11.05 
21.5 3.06 1.706 -+- 0.073 1.850 9.60 
21.5 3,75 1.880 ~ 0.173 2,058 10.80 
27 1.868 2 . 3 7 6 ~ 0 . 0 6 6  2.6S3 13.85 
27 3.06 2.338-+'0.250 2.618 13.60 

* A c o n c e n t r a t i o n  of 2.45 • 104 ~g Z n / m l  co r responds  to  0.375M 
ZnO. 

** K m =  P e r m e a t i o n  coeff icient  of z inca te  t h r o u g h  m e m b r a n e .  
t D m =  Di f fus ion  coeff ic ient  of z incate  t h r o u g h  m e m b r a n e .  
,+ R a n g e  ca l cu l a t ed  for  95% conf idence l i m i t s  of s lope of r egres -  

s ion l ine .  

of zincate are given in Table I. A separate membrane  
sample was used for each temperature.  

Calculation of membrane permeabiIity.--The over-  
all coefficient K in Eq. [2] is re la ted to the  membrane  
permeabi l i ty  by the relat ion 

1/K : 1~Kin Jr 1/Kbl q- 1/Kb2 [3] 

where  gm is the membrane  permeabi l i ty  and Kb is the 
mass t ransfer  coefficient in the boundary layer  on 
ei ther side of the membrane.  

The rotat ing disk system has permit ted  theoret ical  
predict ion of the mass t ransfer  coefficient, Kb, in the 
fluid adjacent  to the membrane,  if the dimensions of 
the system, rotat ional  speed of the disk, and fluid prop- 
erties are known (5). The mass t ransfer  correlat ion is 
given in terms of the dimensionless Reynolds, Sher -  
wood, and Schmidt  numbers  as 

Sh -- 0.544 Re 1/2 Sc 1/3 [4] 

where  Sh ---- Kbr/D; Re ---- r2~/v; Sc ---- v/D; Kb ---- mass 
transfer  coefficient through the boundary layer,  cm 
sec-1; r ---- radius, cm; D ---- diffusivity of zincate in 
liquid, cm 2 sec-1; ~ _-- rotat ional  speed, sec-1; and 
v ---- kinematic  viscosity, cm 2 sec -1. 

The numerical  coefficient 0.544 in Eq. [4] differs 
sl ightly f rom that  for a rotating disk in an infinite 
medium (0.662) because of edge effects, and is based 
on the work  of Smith (5). 

In order to precalculate  the mass transfer  coefficient, 
Kb, for zincate in the boundary layer, the fol lowing 
proper ty  values were  used. The density and viscosity 
of the KOH-H20 system at tempera tures  of 25 ~ and 
75~ have  been reported by Klochko and Godneva (6). 
Dirkse (7) has reported the density and viscosity of 
saturated solutions of ZnO in aqueous KOH at 25~ 
Using these sparse data for the propert ies  of ZnO/  
KOH-H20 solutions, and assuming that  the density and 
viscosity vary  l inear ly  wi th  the content  of zinc in the 
aqueous KOH solution and, further,  that  they do not 
change very  much in the tempera ture  range of 11 ~ 
27~ it is possible to apply Eq. [4]. For  obtaining Kb 
from the Sherwood number,  the value of 5.3 • 10 -6 
cm 2 sec -1 for the diffusivity of zincate ion was used as 
found by Lu (8) using a rotat ing disk method  with  
0.25M ZNO-23.4% KOH at 23~ The value 5.1 • 10 -6 
cm 2 sec -1 at 25~ is used for the present calculation of 
the mass t ransfer  coefficient by adjust ing Lu's  result  
for the viscosity of the 40% KOH solution. For  the 
tempera ture  range 11~176 and for the three zincate 
step concentrations up to 0.57M ZnO in 40% KOH, 
solution density was essentially constant, ranging from 
1.42 to 1.45 g cm -8 depending on tempera ture  and zin- 
cate concentration. Likewise, the kinematic  viscosity 
was est imated to range f rom 0.0307 cm 2 sec -1 at 17~ 
for 0.27M ZnO in 40% KOH to 0.0344 cm 2 sec -1 at 
0.57M ZnO in 40% KOH. Because Eq. [4] involves 
fractional powers of the Schmidt  and Reynolds num-  
bers, the variat ions in propert ies such as viscosity and 

density over  the range of t empera tu re  and zincate con- 
centrat ions studied are not grea t ly  significant. Accord-  
ingly, the te rm Re 1/2 varies f rom 10.7 (at l l~  0.27M 
ZnO) to 10.2 (at 27~ 0.57M ZnO). The t e rm Sc 1/3 
varies f rom 18.4 to 19.0 in the same range. At the ro-  
tational speed of 21.5 rpm, the Sherwood number  varies 
even  less in this range, f rom 107 to 105, and the side 1 
mass t ransfer  coefficient is t aken  for all  computations 
as an average value of 4.27 • 10 -4 cm sec -1. The mass 
t ransfer  coefficients in side 2 do not va ry  because the 
concentrat ion of zinc is so small  that  the t ransport  
propert ies  of 40% KOH were  used to compute a value  
of 4.5 • 10 -4 cm sec -1 for gb2. Al though the approxi-  
mations used here are rough, they are justified given 
the sparsity of proper ty  data, since the values of the 
solution-side coefficients are roughly twenty  t imes 
greater  than the over -a l l  permeabil i ty,  so that  small  
errors in Kbl and gb2 wil l  not great ly  influence the 
calculated values of Kin. 

Calculation o[ membrane permeability.--The perme-  
ation coefficient of the membrane  can be calculated 
from the measured over -a l l  permeat ion coefficient and 
the mass t ransfer  coefficients (Kbl and Kb2) through 
the boundary layers by using Eq. [3]. In the present 
study, the correction for the l iquid boundary  layers is 
a non-negl igible  10%. The effective diffusivity can be 
calculated, therefore,  by mul t ip ly ing  the membrane  
permeat ion coefficient by the wet  membrane  thickness. 
It is understood that  the resul t ing values of effective 
diffusivity include not only the actual diffusivity of 
permeant  in the membrane  matrix,  but also any effect 
of distribution or part i t ion coefficient between the free 
solution phase concentrat ion and the membrane  phase 
concentration. If such an effect is large, one might  ex-  
pect to find a large dependence of Km on zincate con- 
centration. Average  values of the  effective diffusion 
coefficients for each tempera ture  are shown in the last 
column of Table I to be on the order of 10 -7 cm 2 sec -1. 
The diffiusivity of zincate ion in the membrane  is less 
than the free l iquid diffusivity by a factor of about 
twenty.  

Al though there  is considerable scatter in the results, 
which is most probably due to using a different m e m -  
brane sample for each temperature ,  it is clear that  
diffusivity of zincate in the membrane  increases wi th  
increasing temperature ,  but  appears to be independent  
of zincate concentrat ion over  the range used. From the 
data, the best value of diffusivity act ivat ion energy is 
6 _ 3 kca l /mol  (p ---- 0.05). Because of the wide con- 
fidence interval,  no definite s ta tement  can be made 
about pe rmean t -membrane  interaction, since the value 
straddles the range for free l iquid diffusivities, and 
more definite s tatements  wil l  have  to await  compilat ion 
of additional data. If it can be assumed that  no per -  
mean t -membrane  interact ion takes place, the reduct ion 
in diffusivity can be a t t r ibuted to reduced area for 
permeation, or to average pore lengths being increased 
due to tortuosi ty in the membrane,  or both. A tor -  
tuosity factor of 2 would indicate a ten-fold reduct ion 
in free permeation cross section, which is of the same 
order of magni tude  reported by Smith (5) for poly-  
e thylene and ion exchange membranes.  There are no 
independent  data on tortuosity or pore size for the 
membrane  used in this study with  which to compare 
these results. Such data would be ex t remely  useful and 
will  be obtained in future  studies. 

Summary and Discussion 
Effective diffusion coefficients of zincate ion through 

an acrylic acid grafted and divinylbenzene cross-l inked 
polyethylene membrane  in 40% KOH solution were  
determined as a function of tempera ture  wi th  various 
zincate concentrat ion gradients across the membrane  
by using an impulse-response technique on a rotat ing 
disk system. This technique permits  determinat ion of 
the diffusion coefficient in a suitably short t ime on the 
order of 30 min  once the equipment  is assembled. Ex-  
t remely  useful features of the method are (i) the abil-  
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ity to precalculate the solution-side transfer  resistance, 
(ii) the capabil i ty of s tudying concentrat ion effects for 
the same membrane,  and (iii) the capabili ty of s tudy-  
ing the same membrane  at various temperatures.  These 
features are helpful  in characterizing the qual i ty of 
bat tery separator material.  

There is a scarcity of polyethylene membrane  per- 
meation data against which to compare the present  re- 
sults. Lander  (1) has determined the permeation rate 
of zincate ion in 45% KOH solution through a low den-  
sity polyethylene membrane  grafted with acrylic acid 
at room tempera ture  by using a s tat ionary diffusion 
cell. From the data, an average permeation coefficient 
o f  2.4 • 10 -6 cm sec -1 is calculated. This value is 
about ten times smaller than the present  results but  is 
not strictly comparable, since (i) the mater ial  studied 
by Lander  was cross-l inked first and then grafted, and 
(ii) no st irr ing was provided on side 1. A closer com- 
parison may be made with data obtained by Adams 
and Harlowe (9) for the typical SWRI produced GX 
polyethylene used in the present study. They used an 
a r rangement  similar to that  of Lander  (1) but  included 
stirring for both side 1 and side 2 (10). Using the wet 
thickness reported by Adams and Harlowe (1.4 mil)  
with their measured (25~ permeation rate of 2.39 X 
10 -6 mol cm -2 sec -1, the effective diffusivity is 2.2 X 
10 -8 cm 2 sec -1. Using their  permeat ion rate with the 
present optically determined wet thickness (2.04 mil) ,  
the effective diffusivity is 3.2 >< 10 - s  cm 2 sec -1, about 
one-fourth of that  reported here, interpolat ing from 
the data in Table I for 25~ This discrepancy may be 
due part ly to solution-side resistances which could not 
be completely el iminated in the apparatus of Adams 
and Harlowe. It is unl ikely  to account for the entire 
difference, since such a large solution-side resistance 
in their study would imply a large (1 cm) film thick- 
ness, which is improbable given that  some st irr ing is 
reported to have taken place. The remaining  difference 
is no doubt due to variat ions in material,  even if pre-  
pared in a similar manner .  Adams and Harlowe report 
large differences in zincate permeabi l i ty  with small  
changes in amount  of grafting and cross-l inking agents, 
so that differences of the order of magni tude noted 
would not be unusual .  

It is clear, however, that  a t tent ion should be directed 
to improved characterization of the solution-side re-  
sistances. The present ly  used disk a r rangement  has, in 

addition to known values of Kbl and Kb2, the advantage 
of uniform accessibility or constant  boundary  layer 
thickness (constant K) over the entire membrane  sur-  
face (5). Other types of flow cells may also be used 
to predetermine Kb based on known mass t ransport  
geometries such as unidirect ional  flow in a flat channel  
past a flat plate (11). Local variat ions in gb  such as 
the grea ter - than-average  value at the leading (up- 
stream) edge of a sheet membrane  are a minor  penal ty 
compared with the great advantage of predictabil i ty 
of Kb. 
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Phase Equilibria in Lithium-Chalcogen Systems 
III. Lithium-Tellurium 

P. T. Cunningham, S. A. Johnson, and E. J. Cairns* 
Argonne National Laboratory, Chemical Engineering Division, Argonne, Illinois 60439 

ABSTRACT 

The equi l ibr ium phase diagram of the l i th ium- te l lu r ium phase system has 
been investigated. Eutectic points occur at 179.9~ and greater than 99.0 atomic 
per cent (a/o) l i thium, 448.5~ and 35.7 a/o li thium, and 423.1~ and 10.5 a/o 
li thium. Two intermediate  phases, Li2Te and LiTes, are present  having mel t ing 
points of 1204.5 ~ and 459.9~ respectively. 

The interest  in h thium-chalcogen phase equil ibria 
result ing from development  work on high-specific- 
power, high-specific-energy secondary cells has been 
outl ined in the two previous papers of this series (1, 2). 
The l i th ium/ te l lu r ium couple is not usual ly considered 
as a candidate for such cells because of the weight of 
tel lurium, but  the possible use of te l lur ium as an addi-  

* Electrochemical Society Active Member. 
Key words: lithium, tellurium, phase equilibria, cathode. 

tive to se lenium or sulfur cathodes (3) and the de- 
sirabil i ty of completing study of the phase equil ibria 
in the l i th ium-chalcogen series led us to investigate 
this system. 

The l i th ium- te l lu r ium phase diagram has not been 
previously reported. The intermediate  phase Li2Te has 
been prepared in  l iquid ammonia  (4) and by directly 
combining stoichiometric quanti t ies of the elements in 
a BeO crucible at 950~ (5). Li2Te has an antifluorite 
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structure with a lattice constant of 6.517 (4). The free 
energy of formation of Li2Te at 798~ has been deter-  
mined by emf measurements  to be --77.9 kcal /mol  (6). 

Experimental 
Mater ia ls . - -The te l lur ium used was a special high- 

puri ty  semiconductor grade (99.999-F %) obtained from 
American Smelt ing and Refining Company, South 
Plainfield, New Jersey. The l i th ium was h igh-pur i ty  
reactor grade (99.98%) obtained from the Foote Min-  
eral Company, Philadelphia, Pennsylvania .  Both ele- 
ments  were used without  fur ther  purification. Li2Te 
was prepared in 1-10g batches using the method pre-  
viously described for Li2Se (1) except that the l i th ium 
was placed in a tungsten crucible and the final reaction 
temperature  was 650~ The LieTe obtained was gen- 
erally a light gray color but  a large amount  was also 
formed as l ight yellow t ranslucent  crystals. The x - r ay  
powder pat terns produced by this mater ial  were very 
sharp and agreed with previously reported data for 
Li2Te (4). LiTe3, an intermediate  phase found in this 
study, was prepared in a purif ied-hel ium-atmosphere 
glove box (7) by direct addition of stoichiometric 
amounts  of l i th ium to molten te l lur ium contained in 
a tungsten crucible. The reaction is quite violent and 
l i thium must  be added in very small  quantities. Sam- 
ples of various compositions used in subsequent  ex-  
periments were prepared by mixing Li2Te with the 
appropriate te rminal  phase. Samples were contained in 
quartz, tungsten, niobium, and graphite depending on 
the sample composition and max imum temperature  of 
the experiment.  

Apparatus  and Procedures . - -Most  of the data were 
obtained using thermal  analysis (heating and cooling 
curves) and differential thermal  analysis (DTA). The 
apparatus and the procedures used for cal ibrat ion and 
data collection have been previously described (1). 

A p l a t inum-wound  resistance furnace was used in 
determining the mel t ing point of Li2Te. The sample 
was placed in a tungsten  crucible and could be ob- 
served at temperature  with a small  telescope and 
suitable optics. The temperature  was measured with a 
calibrated optical pyrometer  at the instant  when the 
sample was observed to melt. 

Chemical analysis of selected samples was used to 
verify composition. In  most cases, l i th ium was analyzed 
by flame photometry and te l lur ium was obtained by 
difference. Check analyses, in which te l lur ium was 
also determined by s tandard gravimetric  methods, con- 
firmed the accuracy of this procedure ( •  of the 
l i thium weight) .  X- ray  diffraction powder photo- 
graphs were obtained for a number  of samples of 
various compositions and thermal  histories using a 
114.6 m m  Debye-Scherrer  camera with CuK~ radiation. 
Density measurements  were made on samples of LiTea 
using a Beckman Model 930 air-comparison pycnometer  
operated inside a hel ium-atmosphere  glove box. 

Results and Discussion 
The presence of the intermediate  phase LiTe3, which 

had been tentat ively reported by Foster et al. (8), has 
been confirmed. X- ray  powder pat terns obtained on a 
sample of LiTe3 prepared by direct combinat ion of the 
elements are consistent with a body-centered-cubic  
structure with a lattice constant  of 6.162A. The strong- 
est lines of the Li2Te pat tern appeared very faint ly in 
the pa t te rn  produced by the LiTe3 sample and chemical 
analysis showed the l i th ium content  to be 26.3 • 1.0 
a/o. The density of the sample, as measured with the 
air-comparison pycnometer,  was found to be 5.29 
+_ 0.25 g/cm 3, which is in  good agreement  with the 
calculated density of LiTe3 (5.531 g/dm a) based on the 
x - ray  data. Powder pat terns were obtained for a n u m -  
ber of other samples having a var ie ty  of compositions 
and thermal  histories. In  all cases, the observed lines 
could be fully explained by Li2Te, LiTe3 and the termi-  
nal  phases. 

Thermal  analysis results are presented in Table I. 
The te l lur ium-r ich  samples had a strong tendency to 
undercool and vigorous stirring was required to obtain 
reproducible results for the heating and cooling curves. 
Composition changes in the sample due to vaporization 
losses from the open sample crucibles did not appear 
to be a problem. Chemical analysis of numerous sam- 
ples indicated that the over-al l  compositions listed in 
Table I are accurate to • a/o. The DTA tempera-  
tures tabulated were all taken from the intersection 
of the base-l ine extension and the leading slope of the 
peak on the heating cycle. Accurate determinat ion of 
the l iquidus crossings was general ly not possible from 
the DTA curves. 

The thermal  data for samples of over-al l  composi- 
tion on the l i th ium-r ich side of Li2Te indicate a eutectic 
point at 179.9 ~ • 0.1~ and more than 99.0 a/o lithium. 
This temperature  is 0.6~ below the l i th ium melt ing 
point and well  outside the estimated uncer ta in ty  of 
these measurements.  Thermal  effects were observed 
using DTA at 812 ~ ___ 5.0~ for three samples with com- 
position between 91 and 80 a/o li thium. It is tentat ively 
suggested that  these effects are due to a monotectic 
reaction taking place at 812~ but  the possibility that 
they are caused by a t e l lu r ium-n iob ium corrosion 
product has not been ruled out. 

The melt ing point of Li2Te was observed to be 1208~ 
using DTA and 1201~ in the resistance furnace with 
visual observation of melting. The agreement  of the 
two methods is considered satisfactory considering the 
difficulties associated with accurate h igh- tempera ture  
measurements.  The mel t ing point  of Li2Te-is taken to 
be 1204.5 ~ ___ 7~ 

Thermal  effects observed for samples of over-al l  
composition between Li2Te and te l lur ium appear to be 
completely consistent with the phase relations shown 
in Fig. 1. The eutectic point  between LizTe and LiTe3 
occurs at 448.5 ~ _ 1.2~ and 35.7 ___ 1.0 a/o l i th ium 
whereas the eutectic point between LiTe3 and te l lur ium 
occurs at 423.1 ~ ----- 0.7~ and 10.5 _ 1.0 a/o lithium. The 
mel t ing point of LiTe3 is found to be 459.9 ~ • 0.7~ 
and that of te l lur ium 449.8 ~ _ 0.3~ 

The stable intermediate  phase LiTe3 contrasts 
sharply with the extensive miscibil i ty gaps observed 
for the chalcogen-rich regions of the l i th ium-sul fur  
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Table I. Summary of thermal analysis data 
on the lithium-tellurium system 

March 1973 

O v e r - a l l  M a x i m u m  
compos i t ion ,  C o n t a i n e r  t e m p e r -  T e m p e r a t u r e  of t h e r m a l  effects 
a/O Li in Te Method (a) material ature (~ (~ 

100.0 (Li) T A  W 220 
1O0.0 (Li) D T A  Nb 230 
100.0 (Li} D T A  W 270 

98.9 D T A  W 325 
94.9 D T A  W 825 
93.7 D T A  Nb 860 
90.6 D T A  Nb 860 
89.0 D T A  W 815 
88.2 D T A  Nb 860 
80,0 D T A  N b  865 
66.7 (Li~Te) Vi sua l  W 1300 
66.7 (Li2Te) D T A  Nb 1245 
46.1 D T A  W 810 
42.0 D T A  g r a p h i t e  675 
38.4 T A  qua r t z  500 
37.2 T A  qua r t z  580 
36.3 T A  q u a r t z  470 
35,8 T A  q u a r t z  495 
35.8 TA q u a r t z  495 
35.1 TA qua r t z  500 
34.9 T A  qua r t z  550 
33.1 T A  qua r t z  495 
32.1 D T A  g r a p h i t e  475 
31.0 T A  qua r t z  550 
29.8 T A  qua r t z  600 
29.4 TA qua r t z  495 
27.9 T A  q u a r t z  505 
26.9 T A  qua r t z  515 
25.0 D T A  g r a p h i t e  480 
25.0 T A  q u a r t z  495 
25.0 TA qua r t z  510 
25.0 T A  q u a r t z  485 
23.8 T A  qua r t z  425 
20.4 T A  qua r t z  495 
20.0 D T A  g r a p h i t e  475 
19.7 T A  q u a r t z  480 
17.5 T A  q u a r t z  505 
15.1 T A  q u a r t z  505 
15.0 D T A  Nb 480 
12.0 T A  qua r t z  540 
11.2 T A  q u a r t z  500 
10.0 D T A  Nb 480 

7.4 T A  q u a r t z  465 
7.0 TA qua r t z  435 
5.0 D T A  N b  475 
5,0 D T A  g r a p h i t e  475 
4.5 T A  q u a r t z  485 
4.1 T A  qua r t z  505 
0.0 (Te) D T A  Nb 475 
0.0 (Te) D T A  g r a p h i t e  480 
0.0 (Te) T A  qua r t z  505 

1201 
1208 

814 

814 
8 0 9 ~  

454.0 

455.0 
457.6 
457.5 
458.0 
459.3 
461.0 
459.2 
459,2 
460.1 
459.0 
455.2 
459.0 
455.5 

450.0 
449.8 
449.5 

449.2 
445.0 
449.5 
448.6 
449.2 
449.1 
448.7 
449.3 
449.0 
447.5 
448,0 
450.0 
447.5 
449.0 

447.0 
449.0cc) 

448,5 
441.6 

430.7 

433,7 
435.0 
437.4 

443,5 
439,0 

180.5 
180.5 
180.2 
179.8 
179.9 
176.0(b) 
179.9 
179.9 
176,0~b) 
180.0(~o 

422.4 (=) 
422.5(c~ 
422.0 
421.5 
423.0 
423.3 
422.3 
422.7 
423.7 
423.3 
423.4 
424.2 
423.8 
423.4 
423.9 
423.8 
423.2 
423.6 

~) The m e t h o d s  used  were  h e a t i n g  or  c o o l i n g  curves ,  (TA),  w h e r e  the  t e m p e r a t u r e s  r e p o r t e d  are  those  of  t h e r m a l  a r res t s  or  b reaks ;  a n d  
d i f f e r e n t i a l  t h e r m a l  ana ly s i s  (DTA),  w h e r e  r e p o r t e d  t e m p e r a t u r e s  are those  of  the  in te r sec t ion .  

~bJ These  t e m p e r a t u r e s  are i n a c c u r a t e  because  of r a p i d  h e a t i n g  and  are r e p o r t e d  fo r  c o m p l e t e n e s s  only.  
(c} Very  w e a k  effects. 

(2) and l i th ium-se len ium (1) systems. This t rend  is 
s imilar  to that  observed for the sodium-chalcogen sys-  
tems for  which a misc ib i l i ty  gap on the su l fur - r ich  side 
of the  sod ium-su l fur  system (9) gives way  to a pe r i -  
tect ical ly  mel t ing  NaSes phase for the  sod ium-se len ium 
system (10) and f inal ly to the  eutect ic  form with  the 
congruent ly  mel t ing  NaTe3 in the sod ium- te l lu r ium 
system (10). The exis tence of o ther  s table chalcogen-  
r ich phases in the sodium series confuses the analogy 
somewhat.  That  the decreasing tendency  for the fo rma-  
tion of po lymer ic  species wi th  increasing atomic num-  
ber  in the  chalcogens is a significant factor  in the 
t rends  pointed out above is an in teres t ing possibil i ty.  
The use of addi t ives  that  inhibi t  po lymer  format ion  to 
the cathode of l i th ium-se len ium and l i th ium-su l fu r  
cells m a y  el iminate  the  immisc ib i l i ty  and the reby  im-  
prove mass  t ransfer  in the  cathodes o f  these cells. 
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Ion Selectivity and Diffusion Potentials in Corrosion Layers 
PbSO Films on Pb in HSO 

4 ~ 4 

P. Ruetschi* 
Leclanch~ S.A. ,  Y v e r d o n ,  S w i t z e r l a n d  

ABSTRACT 

The behavior of PbSO4 corrosion layers on Pb in H2SO4 solutions is shown 
to resemble that of perm-seleetive PbSO4 precipitation membranes, prepared 
by interdiffusion of IJb +" ions and SO4 -'~ ions into cellophane foil. DiRusion 
potentials in these precipitation membranes follow, over a wide pH-range, the 
equation 

A ~ d -  ( R T / F )  In (aH+l ) / (aH+2)  

and can reach values of several hundred  mV. The lower l imit  of that  e l e c -  
t r o d e  potential  range where PbO (and/or  ~-PbO2) forms in the  interior  of the 
corrosion film, undernea th  a perm-select ive PbSO4 layer, that is, --0.4V (or 
+0.5V) vs.  Hg/Hg2SO4, can be predicted theoretically in a proper manne r  
by taking into account the diffusion potential  in  the film. 

Diffusion Potentials 
Anodic corrosion films on Pb in aqueous H2SO4 ex- 

hibit, when formed wi th in  a certain potential  range, 
a characteristic mul t i -phase  structure. Such films then 
consist in  their  exterior part  (against the solution) of a 
layer of PbSO4 and in  their  inter ior  part  of tetragonal  
PbO and/or  a-PbO2 ( l -10) .  The limits of the electrode 
potential  range where PbO, and/or  a-PbO2, is found to 
be present undernea th  a protecting PbSO4 layer have 
been fairly well  established exper imental ly  by means 
of x - ray  and electron diffraction. PbO occurs above 
--0.40V and a-PbO2 above +0.50V vs.  Hg/Hg2SO4 
(that is above +0.25 and +l .15V vs.  STP H2, respec- 
t ively).  These limits depend somewhat on H2SO4 con- 
centration, temperature,  and length of anodizing t reat -  
ment. Basic lead sulfates may be present along with 
tetr. PbO. Below --0.40V vs.  Hg/Hg2SO4 the anodic de- 
posit is no longer mult i-phased,  but  consists largely 
of PbSO4. Above +0.50V vs. Hg/Hg2SO4, the interior 
part  is composed of mixed mater ia l  PbO-a-PbO2, above 
1.1V of a-PbO2. Above 1.1V the exterior part  consists 
of ~-PbO2 instead of PbSO4. 

Electrode potential  measurements  dur ing ( inter-  
rupted)  anodization (11, 12) and dur ing  depassivation, 
or cathodic stripping, (3, 4, 6-8, 10, 13, 14) have also 
been used in the past to obtain diagnostic information 
on the types of corrosion products present in anodic 
films on Pb. For meaningful  studies of this sort it is 
imperative to exclude carefully any oxygen from the 
cell, to work with highly purified solutions, and to em- 
ploy voltage recording equipment  of very large input  
impedance (4, 13). As discussed in  this paper, the in ter -  
pretat ion of any exper imenta l ly  observed potential  ar-  
rests in galvanostatic or depassivation studies, or of 
current  peaks in potentiodynamic experiments  (15) 
and their correct assignment to specific corrosion prod- 
ucts, requires the consideration of possible membrane  
diffusion potentials existing in the corrosion film. 

PbO is thermodynamical ly  stable only above a cer- 
ta in  pH, the stabil i ty l imit  depending on the concen- 
trat ion of SO4 -2 ions (4, 16). The presence of PbO in 
the interior of corrosion films means that  it is pro- 
tected against the H2SO4 solution by a layer of PbSO4, 
practically impermeable to H2SO4. As the PbSO4 film 
builds up in thickness, the following equil ibria suc- 
cessively determine the pH in the interior  of the film 
(16). 

* Electrochemical Society Active Member. 
Key words: anodization, corrosion, diffusion potential, lead-acid 

battery, lead. 
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H2SO4 
Pb +2 + SO4 -~ 
log  apb+2 + log  a s04 - 2  
PbSO.~ + 2HzO 
log aHPbO2-- + 10g a s04-2  
pH 

= SO4-2 + 2H + 
= PbSO4 
= --7.8 
-- HPbOe-  + 3H + + SOt -e  
= --36.0 + 3 pH 
= 12.0 + (1/3) log aHPbO2-- 

+ (1/3) log aso4-2 
[1] 

2Pb +2 + SO4 -2 + H20 = 
2 log apb+2 + log aso4-2 = 
PbO PbSO4 + 3H20 

2 log aHPbO2- + log aso4-2 = 
pH = 

PbO PbSO4 + 2H + 
1.0 - -  2 pH 
2HPbO2- + 4H + 
+ SO4 -2 
--55.2 + 4 pH 
13.8 + (1/2) log aHPbO2-- 
+ ( 1 / 4 )  log aso4-2 

[2] 

4Pb + 2 + SO4- 2 + 4H20 -- 
4 log apb+2 + log aso4 = 
3PbO PbSO4 H20 + 4H20 = 

4 log aHPbO2-- + log aso4-2 = 
pH 

3PbO PbSO4 H20 + 6H + 
21.2 -- 6 pH 
4HPbO2- + 6H + 
+ SO4 -z  
--91.2 + 6 pH 
15.2 + (2/3) log aHPbO2-- 
+ (1/6) log aso4-2 

[3] 

5Pb +2 + 7H20 = 5PbO 2H20 + 10 H + 
log apb+2 = 12.6 -- 2 pH 
5PbO 2H20 + 3H20 = 5HPbO2- + 5H + 
log aHPbO2- = - -15.5  + 1 pH 
pH = 15.5 + log aHPbO2-- 

[4] 

Individual  PbSO4 crystals in the outer layer have di-  
mensions in the order of 0.1 to 10 ~m, (6, 7, 9, 1O, 14, 17- 
21). The layers become impermeable  to SO4 -2 and 
HSO4- when they have reached a thickness of 1 to 
several #m. The pores are then practically closed. The 
same behavior is observed with AgC1 films on Ag (22). 
Fur ther  corrosion of Pb then occurs by  dissociation of 
H20 undernea th  the PbSO4 layer, precipitat ion of the 
anodically generated Pb +2 in form of PbO, and mi-  
gration of the H + ions away from the electrode in ter -  
face. The potent ia l -de termining  couple Pb /PbO is 
thus exposed to a basic environment .  

Under  these conditions one would theoretically ex- 
pect the existence of a considerable diffusion potential  
across the outer PbSO4 layer, this lat ter  exhibit ing the 
characteristics of a precipitat ion membrane  with pro- 
nounced ion selectivity (23). It  appears that  diffusion 
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potentials in corrosion films have received little a t ten-  
tion hitherto. 

Generally,  membrane  potentials due to concentration 
differences between opposite sides may, at vanishing 
matr ix  charge and vanishing current,  be expressed by 
(24) 

~ d  = -- ( R T / F )  1 ( t i /Z i )  d In ai [5] 
I I  

where 
ti = t ransport  number  
Zi = valency 
ai = activity of ions of type i 

Equat ion [5] follows from the condition of equi l ibr ium 
for those ions i for which the membrane  is permeable. 
If the completely formed PbSO~ membrane  becomes 
essentially nonpermeable  to SO4 -2, HSO4-, and Pb +2 
ions, so that  the diffusion potential  ~a arises ent irely 
from the H+, or O H -  ion concentrat ion difference, one 
derives with (a l l+)"  (aoH-) : const 

~'~d = ( R T / F )  In (aH+ ) l / ( a n +  )2 [6] 

At 25~ the diffusion potential  amounts  thus to 59.16 
mV per uni t  of pH difference. 

In  the interior of a corrosion film containing PbO, the 
pH can be expected to reach a value of 9.34, corre- 
sponding to equal activities of Pb +2 and HPbO2- 
(25, 26). With a pH of 0 in the HuSO4 bulk  solution, 
the diffusion potential  would then amount  to 553 mV 
(Fig. 1). 

When the electrode potential  of the Pb /PbO in ter -  
face in the interior of the film, exposed to the local pH 
of 9.34, is being measured exper imental ly  by means of 
a Hg/Hg~SO4 reference electrode, located, e.g., in 0.1M 
H2SO4 bulk solution of pH 1, the diffusion potential  is 
included in the measured value. For an exper imental ly  
measured potential  of, e.g., --0.500V, the actual, local 
potential  for the Pb /PbO interface in the interior of 
the corrosion layer would be --0.993V vs. Hg/Hg2SO4. 

Measurements with BaS04 and PbS04 
Precipitation Membranes 

In  the light of the foregoing, it appeared of interest  
to simulate corrosion film behavior on lead with art i-  
ficially prepared precipitation membranes.  

Huber  (22) had been able to separate corrosion films 
of A1203 on AI, and of AgC1 on Ag, from the substrate 
and to measure Donnan  equi l ibr ium potentials of such 
isolated anodic membranes,  inserted between two elec- 
trolyte compartments  of different concentration. How- 
ever, such measurements  are difficult to carry out ex- 

perimentally.  Easier to handle  are precipitation mem-  
branes in cellophane, as studied by Hirsch-Ayalon 
(27), and Honig and Hengst (28). These authors found 
BaSO4 membranes  to be highly ion-selective, being 
nonpermeable  for Ba +2, SO4 -2 and HSO4- ions, but 
permeable for H +, OH- ,  and H20. The two-compart -  
ment  cell used in the present  study (Fig. 2) consisted 
of 2 precisely machined Teflon blocks, clamped together 
by 8 threaded bolts. The electrolyte cavity in each 
block had a volume of 50 cm 3, the horizontal connect-  
ing bore had a diameter of 15 mm. The cellophane 
membrane,  du Pont  193 PUDO, (thickness 12 ~m) 
was sealed tightly between the two compartments  by 
means of a Neoprene O-ring. 

The precipitation membranes  were formed by filling 
compartment  I with 0.1M H2SO4, compar tment  II with 
0.1M Ba (C104)2 for BaSO4 membranes,  and with 0.1M 
Pb(CIO4)2 for PbSO4 membranes.  A mi n i mum time 
of 24 hr was allowed to complete the precipitation in 
the membrane.  Thereafter  the forming solutions were 
carefully removed through suction by means of evacua- 
tion pipes, and the solutions to be studied were then 
introduced into the cell. After insert ion of the refer-  
ence electrodes, which had previously been equili-  
brated during at: least 24 hr with the corresponding 
solutions, the potentials were read and the measure-  
ments  continued for several hours. Reference elec- 
trodes were Hg/Hg2SO4 in H2SO4 solutions, and 
Hg/HgO in sat. Ba(OH)2 solutions (29). In  those ex-  
periments  where the pH was var ied systematically by 
dilution, a H +/H2 reference was employed. 

Figures 3 and 4 show electron micrographs of a PbSO4 
membrane.  To prepare the membrane  for electron 
microscopy, it was washed quickly in distilled water, 
dried in air, coated on the side to be studied with a 
carbon film, then shadowed with chromium (Balzers 
h igh-vacuum equipment) .  

The carbon layer was reinforced with paraffin and 
the cellophane subsequent ly  dissolved with Schweizer's 
reagent dur ing 24 hr. After  watering, the paraffin- 
reinforced carbon layer was collected onto a copper 
screen carrier, whereupon the paraffin was removed by 
chloroform vapor extraction. Pictures were taken with 
a Siemens electron microscope at 60 kV. 

From Fig. 3, showing the side exposed originally to 
the Pb(C104)2 solution, it is apparent  that the PbSO4 
crystals resemble in morphology those found in cor- 
rosion films (20, 21). They exhibit  pr imari ly  the 
diamond-shaped basal pinacoid. The humps in the sur-  

] [[ 

0.6 
: >  

0.5 
. .J 

z O~ 
uJ 

o 
0_ 

0.3 
z 
o 

co 0.2 
LL I, 

0.1 

0 

,..J <c o 

10 

9 

8 

7 
6 - -  

5 

4 
3 

Pb 

 o. sq 

~ ' P b O .  Ps 

[ ebOIEl~ PbSO, ~ , ~ ~  

0 1 2 
DISTANCE (pro) 

HzSO 4 

Fig. 1. Schematic representation of the diffusion potential in a 
multiphase corrosion layer on lead. 
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Fig. 2. Electrolytic cell for membrane-potential measurements. 
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Fig. 3. Electron mlcrograph of PbS04 precipitation membrane. 
Side against Pb(CI04)2 forming solution. Magnification: 40,O00X. 

ION SELECTIVITY AND D I F F U S I O N  P O T E N T I A L S  333 

-OA t r t r I ] 
[: 0.1 M H 0 4 ~ HglHgzSO 4 

-0.6 --If: x M H2SO 4 or x M Be(OH) 2 - -  H+IHz 

oWa'O:ELW -1.0_ -- ~ --  

- 1.2 - -  

z - 1 . 4  - -  
I.iJ 
i - -  
o 
o.. 

-1.6 - -  
I r I I I I I 

0 2 4 6 8 10 12 1.6 16 
pH 

Fig. 5. Electrode potential of o H+/H2 electrode in solutions of 
varying pH (compartment II) against a Hg/Hg2S04 electrode in 
0.1M H2S04 (compartment I). BaSO4-membrane. 

Fig. 4. Electron micrograph of PbS04 precipitation membrane. Side 
against H2S04 forming solution. Magnification: 40,000• 

face are due to PbSO4 crystals which had developed 
just  below the surface in the cellophane membrane.  On 
the H2SO4-side (Fig. 4) the PbSO4 crystals are much 
larger and the cellophane surface appears smooth. This 
indicates that SO4 -~ ions diffuse more rapidly than 
Pb +2 ions during formation of the precipitation mem-  
brane. 

Figure 5 refers to results obtained with a BaSO4 
membrane.  For this series of measurements  compart-  
ment  I was filled with 0.1M H2SO4, equipped with a 
Hg/Hg2SO4 reference, compar tment  II was filled with 
successively diluted solutions of H2SO,t, and finally 
with increasingly concentrated solutions of Ba(OH)2, 
and was equipped with a H+/H2 reference electrode. 

The measured potential  difference (curve A) be- 
tween the two electrodes remained invar ian t  at 
--0.735V __ 5 mV, irrespective of the pH in compart-  
ment  II. Theoretically, the H+/H2 potential  should 
have decreased by 59.16 mV per pH unit,  as indicated 
by the line B. The pH dependence of the H+/H2 elec- 
trode was therefore exactly compensated by the pH 
dependence of the diffusion potential  in the membrane,  
the lat ter  following Eq. [6] over a very wide pH range. 
Similar  results were obtained with PbSO4 membranes  
for the pH range 0-5. 

In  the presence of foreign ions, such as C104- or K+, 
the measured potential  difference is no ]anger inde-  
pendent  of pH in compartment  II. The results of Fig. 6 
were obtained by again filling compartment  I with 0.1M 
H2SO4. In  compartment  II the pH was varied system- 

A 

W 
(.~ 
Z 
LU 

t lJ 

t L  

O 

Z 

UJ 

n 

-0.4 / t i 
I o.1 M H=SO, I l I , , - Hg/Hg SO  I 

-0,6~--- II HCI04/ Ba(ClO4)z/Ba(OH) z ~ H+/Hz 
/ 

0 t- --... 
- 1.0 - -  ~ ,  . ' "  - -  

-1.2 - -  ~ - -  

-1,/, - -  ~ - -  

" 1 6 - 1  ] I I I I I - 
o 2 /, 6 8 10 12 1, 16 

pH 
Fig. 6. Electrode potential of a H +/H2 electrode in solutions of 

varying pH containing CIO4- onions (comportment II) against a 
Hg/Hg2SO4 electrode in 0.IM H2SO4 (compartment I). BaSO4-mem- 
brane. 

atically by di lut ing 1M HC104 with 0.1M Ba (C104)2 or 
by di lut ing Ba(OH)2 sat. W 0.1M Ba(C104)2 with 0.1M 
Ba (C104)2. The diffusion potential  is decreased in  pro- 
portion to the relative importance of the t ransport  
number  of C104-. 

Figure 7 i l lustrates the influence of K + ions on the 
membrane  potential.  Here, compar tment  I was filled 
with Ba(OH)2 sat. and was equipped with a Hg/HgO 
reference electrode (29). The pH in compartment  II 
was varied by di lut ing 1M H2SO4 + 0.1M K2SO4 with 
0.1M K2S04 or by diluting 1M KOH -b 0.1M K2SO4 
with 0.1M K2SO4. As in the case of the C104- anion, 
the influence of the transference number  of the K + 
cation is most pronounced around pH 7 where the con- 
centrations of H + or O H -  ions are smallest. 

It~ conclusion, one can state that  BaSO4 and PbSO4 
precipitation membranes  are highly selective, being 
nonpermeable  for SO4 -2, HSO~-, and Ba +2, or Pb +2, 
but  being permeable for H +, O H - ,  and at least par t ly  
permeable for C104- and K +. 

The results confirm that very large diffusion poten- 
tials (over 700 mV) can indeed exist over prolonged 
t ime periods (several days or weeks) in precipitation 
membranes.  An analog behavior  can be expected for 
PbSO4 corrosion films on Pb. 

In  order to carry the analogy to a corroding electrode 
as far as possible, the cell of Fig. 2 was used to mea-  
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Fig. 7. Electrode potential of a H+ /H2  electrode in solutions of 

16 

different pH containing K + cations (compartment II) against a 
Hg/HgO electrode in 8a(OH)2 sat. solution (compartment I). 
BaSO4-membrane. 

sure directly the potential  difference of the following 
system 

Ba(OH)2 sat. PbSO4- H2SO4 /Hg2SO4/Hg 
P b / P b O  + PbO sat. BaSO4 0.1M 

pH 1 3 . 2  membrane  pH 1 

The pH of a sat. Ba(OH)2 solution (pH ~ 13.2) is of 
course considerably higher than the value expected in 
the interior of corrosion films containing PbO(pH 
9.34). However, the Ba(OH)2 sat. + PbO sat. electro- 
lyte provided the desirable conductivi ty for reproduci-  
ble measurements  and contained, as required for the 
bui ld-up of a max imum diffusion potential, beside O H -  
only nonpermeat ing  ions. The effect of the increased 
pH on the Pb /PbO potential  was compensated by a 
correspondingly larger diffusion potential  in the mem-  
brane. Indeed, the measured voltage of the above 
system, --0.49V, was very  close to the experimental  
value for the depassivation plateau at --0.50V of a 
corroding Pb electrode in 0.1M H2SO4 (4). Using Eq. 
[6] for the diffusion potential, (13.2 -- 1) • 59.16 mV, 
one calculates theoretically for the above system, with 
the value of 0.676V for the Hg/Hg2SO4 electrode in 
0.1M H2SO4 vs. STP H2 (4), and with the standard 
potential  of 0.260V for P b / P b O  the following voltage 

E : 0.260 - -  (13 .2  X 0.05916) --]- (13.2 - -  1) 
• 0 .05916  - -  0.676 : --0.48V 

o t-I\ 

1 . o ~  J_____A - -  PbSO ,Pb - 

0 20 40 60 80 100 120 140 160 

TIME (MINUTES) 

Fig. 8. Self-depassivatien of lead electrodes after potentiostatic 
anadization at different potentials (--0.5, +0.8 ,  +1.14,  +1.18,  
+ i . 3 0 ,  and -I-1.40V vs. Hg/Hg2SO4) for 24 hr in 4.2M H2SO4. 

Interpretation of Depassivation Potential Plateaus 
Lead electrodes, anodized in H2SO4 at different con- 

stant  potentials and then put on open circuit, show 
during depassivation on open circuit at least 4 charac- 
teristic plateaus (3, 4, 7-9, 14). Typical voltage-t ime 
curves on open circuit are reproduced from Ref. (4) 
in Fig. 8. 

Taking into account the diffusion potential  in the 
corrosion film, these plateaus may now be interpreted 
and assigned to electrochemical processes in an unam-  
biguous manner .  The interpreta t ion given earlier (4) 
must  be qualified as being valid only in the absence of 
diffusion potentials. 

Plateau potentials may be computed theoretically by 
calculating the reversible potential  of the presumed 
potent ia l -de termining couple (e.g., PbO/Pb)  at the 
local pH in the interior  of the film, using the proper 
pH-potent ial-dependence,  and then adding the diffu- 
sion potential  in the PbSO4 film (this is the product 
of the pH difference across the film with 59.16 mV).  

In  order to express the potential  against the Hg/  
Hg2SO4 electrode one must  subtract  the potential  dif- 
ference between the STP H2 electrode at pH 0 and the 
Hg/Hg2SO4 electrode in the corresponding H2SO4 solu- 
tion. For 4.2M H2SO4, pH 0.48, this amounts  to 0.620V 
(4). 

Table I presents calculations made on this basis for 
experiments  in 4.20M H2SO4. The formulat ion of Bode 
and Voss (16) was retained for the basic sulfates and 
for hydrated lead oxide. Using PbO instead of 5 PbO �9 

Table I. 

E x p e r i m e n t a l  E lec t rode  r eac t i on  p H  at  p o t e n t i a l  F i l m  d i f fu-  Ca lcu l a t ed  
p l a t e a u  p o t e n t i a l  [see Ref.  (4), d e t e r m i n i n g  s ion  p o t e n t i a l  p l a t e a u  p o t e n t i a l  

P l a t e a u  v s .  Hg/Hg2SO~ (V) Tab le  II]  s i te  (V) v s .  Hg/Hg2SO4 (V) 

I 1.12 PbC>,, + SO4 -2 + 4H+ + 2e- = --0.48 0 1.120 
PbSO4 + 2H20 (4.2NI H2SOD 
E = 1.685 -- 0.1183 pH + 0.0295 
log aso~ -2 

I I  ~ 0 . 5 0  2PbO2 + SO4 -= + 6H+ + 4 e -  = 6.35*  0 .405 0.588 
P b O . P b S O a  + 3H=O ( log  aso,  -= = - - 3 .9 )  
E = 1.422 -- 0.0886 pH + 0.0147 
log aso~ -~ 
5PbO~ + 10H+ + 10e- = 9.34** 0.586 0.478 
5PbO'2H20 + 3H~O 
E = 1.070 -- 0.0591 pH 

III --0.38 5PbO.2H~O + 1OH + + 10e- = 9.34** 0.586 --0.332 
5Pb + 7H=O 
E = 0.260 -- 0.0591 PH 
P b O . P b S O ,  + 2H+ + 4e-  -- 6.35* 0.405 --0.443 
2Pb  + SO~ -2 + H20 (log aso4-= = --3.9) 
E = --0.099 -- 0.0295 pH 
--0,0148 log  aso~ -~ 

IV --0.96 PbSO~ + 2e-= --0.48 0 --0.970 
Pb + SOn-= 
E = --0.356 (4.2M H2SO*) 
--0.0295 log  aso4 -~ 

* E q u i l i b r i u m  v a l u e  for coexistence  of PbSO~ a nd  PbO.PbSO4,  a t  a su l f a t e  a c t i v i t y  corresponding to the  s o l u b i l i t y  p r o d u c t  of PbSO~(as04 --~ 
= aPb~2 = 10-3.9). 

** E q u i l i b r i u m  value for PbO(aPb += = aHPb%-). 
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2H20 the calculated values remain practically un-  
changed. 

Excellent agreement  exists between observed and 
calculated plateau potentials. During depassivation of 
an electrode with PbO2 film, the following stages are 
successively reached. First  a sulfate layer starts to 
form on the PbO2 film by  a self-discharge mechanism 
described earlier (4, 30, 31), while the electrode poten- 
tial is determined by the PbO.,/PbSO4 couple. As the 
sulfate layer increases in thickness, the pH in the 
interior rises abrupt ly  due to hindered H2SO4 diffusion. 
The self-discharge of PDO2 proceeding rapidly at this 
point, the electrode passes then quickly through the 
sequence of potent ia l -de termining couples: (i) PbO2/ 
PbO �9 PbSO4, ( i i )  PbO2/3PbO �9 PbSO4 �9 H20, ( i i i )  
PbO2/PbO. (In Table I only the first and the last of the 
plateau potentials are calculated since the second falls 
in-be tween the two others).  At the potential  of the 
PbO/Pb  couple it can remain for a considerable time, 
depending only on the diffusion of H2SO4 into the film. 
Finally, when the PbO is (completely) sulfated, the 
potential  decreases to the value of the PbSO4/Pb cou- 
ple. In Fig. 8 it is apparent  that for thin-corrosion films 
(1.30 and 1.40V) the amount  of PbSO4 formed during 
self-discharge is insufficient to protect properly the 
region of high pH in the interior, and the plateau at 
--0.4V is absent. Although some ~-PbO2 is apparent ly  
formed in the film, as predicted theoretically, at poten- 
tials as low as +0.hV vs .  Hg/Hg2SO4 (8), it does not 
seem to be potent ia l -determining,  possibly because 
sufficient PbO remains  in contact with the under ly ing  
Pb at all times. 

It had been pointed out by different authors (3, 6-8, 
12, 14) that the depassivation plateau at --0.4V vs .  
Hg/Hg2SO4 (+0.25V vs .  H2) coincides with the value 
one would expect theoretically for P b / P b O  at pH of 
about 0. However, at this low pH, PbO is unstable,  and 
at a high pH its theoretical potential  is lower than the 
exper imental ly  observed value. This di lemma had led 
earlier to the suggestion that  the plateau at --0.4V was 
due to the PbO2/PbO couple in alkaline solution (4). 
Now, taking account of the diffusion potential  in the 
film, the coincidence of the exper imental  plateau with 
the hypothetical  P b / P b O  potential  at pH 0 is readily 
explained. 

Since, for the couple 

P b O + 2 H  + + 2 e -  = P b + H 2 0  
[7] 

E = 0.260 -- 0.05916 pH 1 ( v s .  STP H2) 

and for the diffusion potential  in the film, when the pH 
in the solution is 0 

~ d  = +0.05916 pH 1 [8] 

the external ly  measured value becomes 

gexp = E + &~d = 0.260V ( v s .  STP H2) [9] 

corresponding to the P b / P b O  value at pH 0. 
It  is to be noted that  the cancellation of the pH 

dependence of the potent ia l -determining couple is only 
complete if the potential  of this lat ter  varies with 
0.05916V per pH uni t  (as e.g.  in [7]).  For  potent ial-  
determining couples with different pH-dependence,  
(see Table I) ,  the exper imental ly  measured potential  
cannot then be expected to be close to the standard 
potential. 

Cathodic Stripping 
During cathodic str ipping of corrosion films on Pb, 

one observes characteristic potential  plateaus (4), cor- 
responding to those obtained dur ing self-depassivation. 
The plateaus are, however, displaced in the cathodic 
direction. The plateau at --0.4V, e.g. ,  due to the P b O / P b  
couple may thus be found at --0.8V vs .  Hg/Hg2SO4. 
Using the data of Ref. (4) and the present theory on 
diffusion potentials in corrosion films, the mul t i -phase  
structure of the films, after potentiostatic anodization 

Local  pH in the interior of the corrosion film. 

in 4.2M H2SO4 during 24 hr, can be represented sche- 
matically as shown in Fig. 9. This i l lustrat ion differs 
from an earlier model (4), in that  a-PbO2 may  now 
be expected to be present in the film only above +0.hV 
vs .  Hg/Hg2SO4 and that below this voltage the inner  
layer consists essentially of PbO, in agreement  with 
(8) and (9). 

Interpretation of Potentiodynamic Studies 
The diffusion potential  in the corrosion film is also 

of importance for the assignment of current  peaks to 
specific electrode couples dur ing  l inear anodic and 
cathodic potential  sweep. In  fact, a reduction peak, 
observed at --0.8V vs .  Hg/Hg2SO4, that is slightly 
above the PbSO4/Pb peak (15), should, on the basis 
of the present theory, be a t t r ibuted to the reduction 
of PbO to Pb  at pH 9.34 and. not to the reduction of 
a-PbO2 to PbO. 

Implications with Respect to Lead-Acid 
Storage Battery Technology 

Plate f o r m a t i o n . - - - U n f o r m e d ,  cured bat tery plates, 
made with a paste of PbO, Pb, and H2SO4, show in 1M 
H2SO4 a potential  of about --0.6V vs .  Hg/Hg2SO4. This 
means that the potential  is about 350 mV above the 
theoretical value for the Pb/PbSO4 couple. Upon 
formation at low current  the potential  of the negative 
plates may remain  for a considerable length of time 
above the expected value (--0.97V vs .  tIg/Hg2SO4) 
while the potential  of the positive plates may stay 
several hundred  mV below the value of the PbO2/ 
PbSO~ couple, ( +  1.1V v s .  Hg/Hg2SO4). This behavior, 
which is i l lustrated in Fig. 10, may readily be ex- 
plained by the fact that the interior of the plates stays, 
during the ini t ial  hours of formation, in an alkaline 
condition, due to the presence of PbO (pH 9.34). A 
surface film of PbSO4 prevents  the acid from penetra t -  
ing into the plate. In  this way Pb  in the negative plate 
and PbO2 in the positive plate are formed under  alka- 
l ine conditions, where the potential  is higher, or lower, 
respectively. For the same reason, a high proportion 
of ~-PbO~ is found in the positive plate (13, 30-35). 

From Table I it may be seen that  5 PbO �9 2 H20 could 
theoretically be oxidized to PbO2 already at 0.478V vs .  
Hg/Hg2SO4, and 5 PbO �9 2 H20 could be reduced to Pb 
already at --0.332V vs .  Hg/Hg2SO4. In  a solution of pH 
9.34 the formation voltage is only 0.81V. In  acid solu- 
tion one has at aso4-2 = 1 and pH 0 a formation volt-  

"'r lo - pPbO,  Pbo, PbSO, pH-O )_ 

o~ / ~ PbOz/Pb O'P bSO~oH 635) 

o pPbO.PbSO; NIIIII 
> 0 .~ I P b O ' P b S O 4 " ~ ~ ~  PbO/Pb(pH9.34) 
~ -0.5~-- ~ P bO, PbSO,/Pb(pH635)- 

/ 
P b S ~  - 

I Pb I H,SO  
.1 sLELEC'rRODE~ 

0 1 2 3 Z, 5 
DISTANCE (jura) 

Fig, 9. Schematic representation of the multi-phase corrosion layer 
at different electrode potentials. (Layers formed during 24 hr at 
constant potential in' 4.2M 1"12S04). 
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Fig. 10. Potential of positive (A) and negative (B) storage battery 
plates (12 A-hr) during initial, very low-rate formation (200 mA) in 
2.2M H2SO4. 

age of 

2 PbSO4 + 2H20 = Pb + PbO2 + 2I-I2SO4 

E ---- 2.041V 

since the energy of the  sulfat ion process 

PbO + I-I2804 : PbSO4 + H20 AG = --28 kcal  

hE _-- 0.61V 
must  be added to each electrode. 

Grid corrosion on open circuit.--If posit ive storage 
ba t t e ry  plates  are  s tored in a pa r t ly  or comple te ly  dis-  
charged condition, a r e la t ive ly  high pH can develop 
undernea th  the  PbSO4 films on the grids. Se l f -d is -  
charge of posi t ive plates  due to react ion be tween PbO2 
in the active ma te r i a l  and Pb in the grid (30, 31) is 
then h ighly  accelerated.  I t  should be noted tha t  the 
present  discussion has been l imi ted  to Sb - f r ee  grids. 
On P b - S b  alloys, the  sulfate films are p robab ly  less 
dense, due to the  h igher  solubi l i ty  of the basic Sb-  
sulfates. The PbSO4 layers  m a y  then be less p e r m -  
selective, the  diffusion potent ia ls  poss ibly  somewhat  
decreased, and  ~-PbO2 would  be able to form even at  
lower potent ia ls  than  +0.5V vs. Hg/Hg2SO4. I t  would 
be of in teres t  to measure  expe r imen ta l ly  diffusion 
potent ia ls  in mixed  PbSO4 --  (SbO)2 �9 SO4 prec ip i t a -  
t ion membranes .  
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ABSTRACT 

Samarium, europium, gadolinium, yt t r ium,  dysprosium, holmium, erbium, 
and y t te rb ium metal  rods (99.9% pure) were anodized in a 0.1N solution of 
sodium aluminate  (15~ at constant  current  density of 0.16 A /cm 2. Anodic 
barr ier  film effects and dielectric breakdown (sparking) were observed with 
all of the metal-electrolyte  combinations investigated. Powder x - r ay  dif- 
fraction pat terns and diffuse reflectance spectra in the near  u.v. to visible 
range were obtained for the anodic oxidation products. The anodic spark 
reaction process produced perovskite s tructured coatings on the lower atomic 
number  samarium, europium, and gadolinium metals. Mixtures of perovskite 
and garnet  s t ructured coatings were produced on the higher atomic number  
dysprosium, holmium, erbium, and y t te rb ium metals including yt tr ium. 

A variety of a luminate  compounds having different 
structures are formed when the rare earth sesquioxides 
and/or  Y203 react with A1203. The two most common 
varieties are the perovskite (1:1) and garnet  (3:5) 
structures. Many ABO3 compounds conta in ing  the rare 
earths and small t r ivalent  ions such as a luminum have 
been the subject of intensive and detailed studies. The 
ABO3 compounds containing l an thanum closely re-  
semble an ideal perovskite structure but  those com- 
pounds containing smaller rare earths form a distorted 
perovskite. Keith and Roy (1) studied the 1:1 a lumi-  
nates of l an thanum through samarium and classified 
them as perovskites with LaA103 being nearly cubic. 
Goldschmidt et al. (2) first prepared YA103 and con- 
sidered it to have the perovskite structure. However, on 
the basis of substantial  differences in optical and pow- 
der x - r ay  diffraction data, Keith and Roy (1) classified 
this compound as having a distorted perovskite struc- 
ture. Geller and Bala (3) and Bertaut  and Forrat  (4) 
carried out an extensive investigation of the ABO3 rare 
earth compounds. They considered all these compounds 
to be of the perovskite type having an orthorhombic 
distorted structure. 

Yoder and Keith (5) unexpectedly synthesized the 
first rare  earth a luminate  (3:5) garnet.  They invest i-  
gated the extent  of the subst i tut ion of y+3 -5 At+3 
for Mn +2 -5 Si +4 in  the garnet  Mn3A12(SiO4)3. A gar- 
net  having a formula Y3A]2 (A104)~ was produced cor- 
responding to complete substi tut ion of the y+8 and 
A1 +3 ion. In terms of molar composition the formula 
Y3A12(A104)3 corresponds to 3Y203 �9 5A1203. Bertaut  
and Forrat  (4) prepared a luminum garnets only with 
rare earths smaller than samarium but  no studies were 
made with europium compounds. They showed that 
gadolinium, dysprosium, yt tr ium, and erb ium garnets 
can be produced. Warshaw and Roy (6) and Schneider 
et al. (7) agree that a luminum garnets can be formed 
with the smallest rare earths between thu l ium and 
lute t ium but  no a luminum garnets are formed with 
europium and gadolinium. NdA103 to DyA103, YA103, 
TbA103 (8) single crystals were prepared from various 
flux compositions in some cases by slow cooling and in 
others by evaporation of the flux at constant tempera-  
tures. It is noted that  YbA103 thus prepared (8) co- 
exists with the garnet  phase, Yb~A15012. The usual  pro- 
cedure for the preparat ion of polycrystal l ine a luminum 
perovskites or garnets involves firing a rare earth oxide 
with a luminum oxide at temperatures  over 100O~ 
This investigation was under taken  to study the prep-  
aration, structure, and composition of rare earth a lumi-  

�9 E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
Key  w o r d s :  r a re  e a r t h  meta l s ,  r a re  e a r t h  a l umina t e s ,  anod ic  oxi-  

dation, anodic spark reaction. 

nates by the anodic spark reaction of rare earth metals 
in sodium aluminate  solution. 

The phenomena of anodic sparking has been ob- 
served by many  investigators and was described in 
detail in the work of Guntherschulze and Betz (9). 
The effect appears when the voltage across an anodic 
barr ier  film is raised to a point where film thickness 
can no longer increase uni formly and any small increase 
in voltage results in a large increase in current.  The 
excess current  is carried by scintillations, hence, di- 
electric breakdown. The anodic spark reaction has been 
utilized for the protection of light metals, i.e., magne-  
sium by the HAE (10) and Cr-22 (11) processes. In  the 
HAE and Cr-22 process, a hard adherent  layer contain-  
ing a mixture  of refractory magnesium compounds is 
deposited on the magnesium surface. The solution in 
the HAE process which contains OH- ,  PO4 -3, F - ,  
A102-, and MnO4 -2 ions produces an alkaline coating 
whereas the Cr-22 solution which contains CrO4 -2, 
HPO4 -2, and F -  ions produces a nonalkal ine  coating. 
Cadmium niobate (12) was prepared by anodic spark- 
ing of cadmium in potassium niobate solution. Anodic 
spark reactions were made with a variety of metals 
(13) in sodium aluminate,  sodium tungstate,  and so- 
d ium silicate solutions. The pr incipal  spark reaction 
products were c~-A1203 and spinels, i.e., MgA1204 with 
a luminate  solutions, monoclinic WO~ with tungstate 
solutions, and crystal l ine silicates or metals dispersed 
in amorphous material  with silicate solutions. Cad- 
mium sulfide was also synthesized by the anodic spark 
reaction of cadmium in Na2S �9 9H20 solutions (14). 

Although many  studies have been made with the 
rare earths, electrochemical studies of the rare earth 
metals have been limited. In 1963, Greene and Lee (15) 
studied the electrochemical characteristics of the rare  
earth metals in dilute phosphoric acid solution up to 
4V in the noble direction. He found anodic polarization 
curves of the rare earth metals to be typical of metals 
which form oxide barr ier  films at their  interfaces, i.e., 
aluminum, zirconium, and tantalum. Most recently, 
Heller et al. (16-18) studied cathodic and solution elec- 
troluminescence of t r ivalent  rare earth ions. Solutions 
of inorganic cations in phosphorus oxychloride elec- 
troluminesce when  a direct current  is passed through 
the liquids. The electroluminescence originates at the 
surface of the cathode. 

Experimental 
The rare earth metals in rod form were mounted in 

t ight-fi t t ing Teflon sleeves. These sleeves serve to 
mask the anode at the air-electrolyte interface and to 
fix the area for anodization. Prior  to anodization the 
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metals were polished with a series of silicon carbide 
abrasive papers down to a 3/0 emery and finally with 
microcut polishing paper (GRITs600  soft) and washed 
with absolute ethanol. Samarium, europium, gado- 
l inium, yt tr ium, dysprosium, holmium, erbium, and 
y t te rb ium metal  rods (99.9% pure) were anodized in 
a 0.1N solution of reagent grade sodium aluminate.  A 
current  density of 0.16 A/cm~ was employed in all re- 
actions. The reaction cell was thermostated at 14.5 ~ • 
0.5~ The cell was equipped with a magnetic st irrer 
and a p la t inum cathode whose area was at least equal 
to the anode surface area in all experiments.  

The voltages were monitored by an Electronic Mea- 
surements constant  current  power supply and a Hew- 
le t t -Packard 410c voltmeter  and recorded on a Speedo- 
max strip chart  recorder. 

The analyses of the anodic spark reaction products 
were performed on the insoluble mater ial  which was 
ejected from the anode surface during the spark reac- 
tion. X- ray  diffraction pat terns were obtained on all 
samples using a Debye-Scherrer  114.59 mm camera 
(Norelco) and a Norelco basic x - ray  diffraction uni t  
employing nickel filtered copper K~ radiation. The re- 
sults of powder x - ray  diffraction analysis on the anodic 
products are shown in Table I. 

Diffuse reflectance spectra between 220-700 m~ were 
obtained for the anodic spark products using a Cary 
Model 14 Spectrophotometer equipped with a Model 
1411 diffuse reflectance (r ing collector) accessory. 

Results 
Anodic barr ier  film effects and dielectric breakdown 

were observed with all of the rare earth metal-elec-  
trolyte combinations investigated. The composite volt-  
age-t ime curves for the anodic reactions of seven rare 
earth metals and yt tr ium, in sodium a luminate  solu- 
tion, are shown in Fig. 1. The curves of Sm, Gd, Y, Dy, 
Ho, and Er are typical of metals which form oxide- 
barr ier  films at their interfaces, i.e., A1, Ta, and Zr. 
Steeply rising slopes are evident occurring within the 
first 15-20 sec of anodization corresponding to the 
growth of thin t ransparent  insulat ing films. In  the re- 
gions of the steeply rising slope up to the point of di- 
electric breakdown y t t r ium apparent ly  divides the 
curves (except europium) of the low and high atomic 
number  rare earth metals. 

Most studies were made with erb ium metal  and in 
the init ial  stages of the anodic reaction up to 20V, the 
very rapid rise of voltage is accompanied by a film 
which exhibits a sequence of interference colors corre- 
sponding to increases in thickness. As the anodic film 
increases in thickness the 20V film which is gray-whi te  
has the tendency to become cloudy although an iri- 
descence can be seen at 500V. 

Yb and Eu have the tendency of deviating from the 
trends which exist with the other rare  earths, i.e., 
atomic volumes, mel t ing points, densities, etc. A similar 
effect was noted w i th - the  voltage-t ime curves. The 
curves are somewhat typical of valve metals except 
that a much longer period of t ime was required to 
achieve dielectric breakdown. An unusual  effect was 
noted with europium in the NaA102 solution. Euro-  
pium being very reactive, reacted to form a bulky 

Table I. The anodic spark reaction products of the rare earth 
metals when anodized in sodium aluminate solution 

Metal  P roduc t s  

S a m a r i u m  SmAIO3 
E u r o p i u m  EuAIOa 
Gado l in ium GdAIO3 
Yt t r i um YAIO3 

YsAhOI~ 
Dyspros ium DyA103 

DysAlsO,2 
Holmium HoAIO3 

HosAl~O12 
Erbium ErAIO3 

Er~A150,~ 
Yt te rb ium YbAIOa 

YbsAhO12 

Y ~.~.z.S m 
y 

~ ~  ~ D y  

I00  

0 ~ '  t ~ t 
0 I 2 3 

T I M E  ( M i n . )  

Fig. 1. The composite voltage-time curves for a variety of rare 
earth metals and yttrium anodized in 0.1N NaAI02 solution. 

l ime-green coating during polishing, water  rinsing, and 
dur ing immersion in the NaA102 solution just  prior to 
anodization. As current  was passed through the cell, 
the voltage rose slowly with time. This was followed by 
a rapid rise in voltage to about 75V. At this point, a 
shoulder formed represent ing a slow rise in voltage with 
time. At about 100V an anodic reaction occurred which 
is somewhat typical of those metals which form oxide- 
barr ier  films at their interfaces. Although europium is 
very reactive in sodium aluminate  solution it appears 
to undergo two anodic reactions evident ly  forming two 
separate barr ier  films. The final spark reaction coating 
formed on the europium surface prevents  reaction of 
the europium metal  with either water  or sodium a lumi-  
hate solution. 

Electroluminescence was observed with all of the 
metal-electrolyte combinations investigated except 
with europium. The electroluminescence appeared over 
the entire anodic film at voltages below the spark po- 
tential  and was present with spark discharges at 400V. 
The color of the electroluminescence varied from one 
rare earth metal  to another  but  no color variat ions 
were noted with increases in  voltage. 

The appearance of sparking was noted with all of the 
rare earth metals including yt tr ium. The sparks were 
as described by Guntherschulze (9) increasing in size 
and becoming less mobile as the voltage increased 
toward the maximum. The potentials at init ial  and 
highly energetic sparking and the final potentials are 
given in Table II. The final potentials were obtained 
from the constant current  density experiments  per-  
formed manua l ly  after 30 mi n  of anodization. The 
voltages at which highly energetic sparking became 
apparent  for each rare earth metal  were taken at the 
base of the knee of the curve at the point of deviation 
from linearity. Since small  highly mobile scintil lations 
precede the highly energetic sparks the change in slope 
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Table II. The potentials for initial and highly energetic sparking 
and the final anodizotion potentials for rare earth metals 

anodized in sodium aluminate solution 

Potent ia l  (volts) 

High ly  energe t ic  
Metal Ini t ia l  sparking sparking Final 

S a m a r i u m  271 423 555 
Europ ium 203 385 502 
Gadolinium 263 423 550 
Y t t r i u m 251 422 555 
Dysp r o s i u m 250 415 543 
Ho lmi u m 220 413 543 
Erb ium 183 412 550 
Yt t e rb ium 175 407 555 

prior to the knee of the curve was taken as the point 
where scintillations begin. 

The very strong adherent  anode coatings display 
striking colors characteristic of the individual  rare 
earth cations under  the influence of visible light. The 
colors are best described in Table III. These coatings 
were very hard and had the appearance of fired ce- 
ramics. 

The anodic spark reaction process produced perov- 
skite coatings (see Table I) on the lower atomic n u m -  
ber samarium, europium, and gadolinium metals. Mix- 
tures of perovskite and garnet  coatings were produced 
on the higher atomic n u m b e r  rare earth metals in -  
cluding yt t r ium. These results show the component (s) 
of the spark reaction products are derived from the 
anion consti tuent  of the electrolyte. It  is possible 
that noncrystal l ine compounds may also be present but  
are unaccounted for by x - r ay  diffraction analysis. In  
some patterns,  i.e., yt te rb ium products, a few extrane-  
ous and weak lines were present. Since only a few 
lines are left unaccounted for, it is very difficult to as- 
sign them to a definite compound. These lines, how- 
ever, do not correspond to y t te rb ium sesquioxide. 

Diffuse reflectance spectra in the near  uv to visible 
range were obtained for the spark reaction products. 
The reflectance spectra for europium, holmium, and 
y t te rb ium products are shown in Fig. 2. In  these re-  
gions of the spectrum the sharp absorption peaks 
characteristic of the rare earth ion were observed. 
These peaks are in t ra  f-f  transit ions of predominant ly  
electric dipole character (19) result ing from spin-orbi t  
interactions and to a lesser extent  due to the extent  of 
the crystal l ine field. For  the samarium, europium, and 
gadol inium products the spectra contained slightly dis- 
placed peaks from the corresponding peaks of similar 
sesquioxides. In  addition, in the region of strong optical 
absorption only a single absorption edge was observed 
for the perovskite products, indicative of a single com- 
pound. The spectra for yt tr ium, dysprosium, holmium, 
erbium, and y t te rb ium products in  addition to the 
slightly shifted peaks contained some extra  peaks when 
compared to the corresponding sesquioxides. The ob- 
served spectra in the region of strong optical absorp- 
tion for the perovski te-garnet  products is suggestive of 
the existence of two absorption peaks as is found in a 
mechanical  mixture.  This data apparent ly  confirms the 
results of the x - ray  diffraction study that single com- 
pounds exist in the anodic products of the lower atomic 
number  rare earth metals and mixtures  exist in the 
anodic products of the higher atomic number  rare earth 
metals when  these metals  are anodized in sodium alu-  

Table III. Color description of the anodic coatings deposited on the 
rare earth metals by the anodic spark process 

Metal  Color 

S a m a r i u m  D a r k  t a n - b r o w n  
Europ ium Light  ye l low-green  t in t  
Gadol in ium Ligh t  tan 
Yt t r ium Tan  
Dyspros ium Ligh t  tan 
H o l m i u m  Salmon 
Erb ium P i n k  (orange-purple  tints) 
Y t t e rb ium Yellow (with pale green) 

A) EUROPIIJM ALUMINATE 

(S} EUROPIUM SESOUIOXIDE 

J [ I I 

== 

as  

(A) HOLMIUM A~ UMINATE 

(B) HOLMIUM SESOUIOXIDE 

I i 

1.5 B (A} YTTER2iUM ALUMINATE 

(S) YTTERBIUM SESQUIOXIDE 

LO A A 

05 

~ ~;o 4;o ~;o 6; . . . .  
W A V E L E N G T H  (mg)  

Fig. 2. Comparison of the diffuse reflectance spectra of the spark 
reaction products of europium, holmium, end ytterbium metals with 
the reflectance spectre of the sesquioxides of these metals, respec- 
tively. 

minate  solutions. In  addition, many  of the peak in ten-  
sities of the perovskite and perovski te-garnet  products 
increase and /or  decrease from similar  peaks found in 
the sesquioxides. 

Discussion 
When a rare earth ion such as Yb +s is added to a 

rare earth sesquioxide lattice, i.e., ErsO3, no interactions 
take place between the erb ium and y t te rb ium cations 
in the solid solutions (20). The electrostatic field gen- 
erated by the Yb +3 ion in the erb ium oxide lattice has 
no effect on the erb ium ion. In  other words, the erbium 
ion when in  the ground state is completely independent  
of the y t te rb ium ion. However, when A1 +3 is added to 
a rare earth sesquioxide lattice the t ight ly bound f 
electron levels are no longer shielded from the changes 
in the electrostatic field produced by the addition of 
A1 +3 to the rare earth oxide lattice. This was observed 
in the diffuse reflectance spectra of the rare earth 
aluminates  where the f-f  t ransi t ion absorption peaks 
were shifted. In  addition, there are variat ions in  the 
occupancy of the levels as indicated by the increases 
and/or  decreases in some of the peak intensities. Where 
mixtures  occurred as with perovski te-garnet  products 
the extra peaks as ment ioned under  results are merely 
the absorption peaks of two compounds some of which 
are superimposed upon each other and others are 
shifted when compared to the rare  earth oxide ab-  
sorption peaks. 

We note in  Table II that  both the ini t ial  spark po- 
tent ial  and highly energetic spark potentials decrease 
with a decrease in  size of the rare  earth metal  atom. 
Europium is an exception but  the general  t rend is ap- 
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parent. This decrease in the spark potentials from Sm 
to Yb is similar to the decreasing values for the s tan-  
dard oxidation potentials of the rare earths described 
by the equation (21) 

RE(s) ~---RE+3(aq) -6 3e-  

The high values of the s tandard oxidation potentials 
which are in accord with their electropositive char-  
acter places y t t r ium metal  between gadolinium and 
dysprosium metals. The values of both the init ial  and 
highly energetic spark potentials also place y t t r ium 
metal  between gadolinium and dysprosium. The chem- 
istries of the rare  earths (22) in the -63 oxidation state 
are near ly  identical although slight quant i ta t ive differ- 
ences exist varying systematically from lan thanum 
through lu te t ium with y t t r ium being placed approxi-  
mately between dysprosium and holmium. 

X- ray  diffraction analyses showed that the anode 
metal was found chemically combined in the crystal-  
line spark reaction products forming stable perovskite 
or perovski te-garnet  rare earth compounds (Table I).  
This was true with all rare earth metals studied. Ano- 
dization studies of e rb ium metal  at a voltage (150V) 
below the spark potential  revealed the existence of 
two coatings. The outer coating was a white  opaque 
glassy material  identified by x - ray  diffraction to be 
~-A1203 �9 3H20. The inner  portion of the anode coat- 
ing is p ink erbium oxide produced by oxidation of the 
erbium anode. Continuat ion of anodization into the 
sparking region produces a series of glassy pink beads 
at each spark site in the white coating. These pinkish 
beads were identified by x - ray  diffraction as the prod- 
ucts given in Table I for erbium. Fur ther  continuation 
of sparking (30 min)  produces on the anode surface the 
final pinkish colored products described in Table III. 

The growth mechanism which apparent ly accounts for 
the compositions of the anodic coatings formed in so- 
dium aluminate  solution is similar to that  reported by 
McNeill and Gruss (23) who studied anodic film growth 
by anion deposition in sodium aluminate  solution. The 
present study showed that e rb ium metal  and presum- 
ably the other rare earth metals and y t t r ium form a 
film of oxide of the anode metal  prior to the deposi- 
tion of the anion constituent. The metal  oxide film is 
apparent ly  the anodic barr ier  film which is common to 
anodes such as A1, Ta, and Zr which exhibit  strong 
tendencies to form such barrier  films in most electro- 
lytes. This, of course, is followed by accumulat ion and 
precipitation of the anion consti tuent  on the anode 
surface that is ~-A1203 �9 3H20. At this point it is un -  
certain whether  the barr ier  film remains as the metal 
oxide ini t ia l ly formed or has been modified by the 
deposition of the anion constituent. Upon precipitation 
of the anion consti tuent on the anode surface sparking 
induces the interaction of the metal  oxide film and the 
precipitated anion constituent. It is uncer ta in  whether  
the metal-oxidat ion and/or  anion deposition reactions 
continue when sparking commences. However, since 
spark reaction products are ejected from the anode 
surface followed by healing at the site of ejection, it 
is believed that both reactions continue. In  addition to 
the reactions described, there are undoubtedly  other 
anodic phenomena occurring s imultaneously at the 
anode. 

The crystall ine spark products obtained from the 
anodic reactions of Sm, Eu, Gd, Y, Dy, Ho, Er, and Yb 
metals in 0.1N sodium aluminate  solution are quite 
similar to the solid solutions produced by Schneider 
et al. (7). In the study of Schneider et al. equimolar  
amounts  of 8m203, Eu203, Gd203, Y203, Dy203, Ho203, 
Er_~O3, and Yb203 were respectively mixed with A1203, 
pressed into pellets, and fired in an atmosphere using 
a program controlled furnace at 1650~ for 6 hr. Equi-  
l ibr ium was at tained when x - ray  pat terns of a speci- 

men showed no change with successive hea t - t rea t -  
ments. Perovskite structures of SmA10~, EuA103, and 
GdA10~ were produced for equimolar  compositions 
heated to 1650~ for 6 hr. These results were also ob- 
tained by Geller and Bala (3). Perovskite and garnet  
mixtures  having the general  formulas of (RE)A103 and 
(RE)zA15012 (RE ---- rare earth) respectively were pro- 
duced for dysprosium, holmium, yttr ium, and erbium. 
Only garnets were produced with ytterbium. Most of 
these mixtures  also contained an unknow n  or c-type 
oxide. Garton and Wank lyn  (8) in their  work with the 
rare earth atuminates reported that  YbAtO3 prepared 
coexisted with the garnet  phase which is comparable 
to our results (see Table I) .  

The lattice parameter  of the Yb~A15012 garnet  which 
we prepared by the anodic spark reaction was calcu- 
lated to be 11.8962A. This value is in agreement  with 
the t rend demonstrated by Bertaut  and Forrat  (4) 
showing decreasing lattice parameter  values in going 
from gadolinium to erbium. 

Manuscript  submit ted Sept. 5, 1972; revised m a n u -  
script received Oct. 27, 1972. This was Paper  15 pre-  
sented at the Houston, Texas, Meeting of the Society, 
May 7-11, 1972. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1973 
JOURNAL. 
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pH Optimization Studies on a Basic Ammoniacal Citrate Ni-Fe 
Plating Solution for Use in Plated Wire Memory Production 

R. L. Barauskas* and A. E. Guttensohn 
GTE Automatic  EZectric Laboratories Incorporated, Northlake, Illinois 60164 

ABSTRACT 

Plated wire was produced from a basic ammoniacal  citrate Ni-Fe plating 
solution. The solution pH and solution aging characteristics were investigated 
vs. plated wire material,  device, and memory  properties. An opt imum operating 
range of this solution was found to be between pH = 8.4 and 8.6. A group of 
equations was developed which accurately predicted both the device and the 
memory  characteristics of the plated wire from only the materials data and 
solution pH. 

The electrodeposition of zero magnetostrict ive Ni-Fe 
alloys for plated wire memory applications has been 
successfully accomplished with either acid or basic 
Ni-Fe electrolyte solutions (1, 2). Both solution types 
were also tried in our laboratories. A preference was 
found after extensive exper imentat ion with both. The 
basic ammoniacal  citrate solution was found more 
acceptable for the following reasons: (i) The evapora-  
tion rate of deionized water  from the Ni-Fe baths was 
lower for the basic bath which was operated between 
18~176 than for the acid sulfate baths which were 
operated between 45~176 The advantage of the 
lower evaporat ion rate is that the concentrat ion level 
of the various ionic species present  in the bath is more 
stable with time. (ii) After a two-day "age in" the 
oxidation of Fe + + to Fe + + + in  the basic solution is 
complete. In  the case of the acid sulfate solutions, the 
oxidation aging is a cont inuing process which necessi- 
tates daily bath analysis and appropriate additions. 
After  two days only pH adjus tments  have to be made 
to the basic solution. This is accomplished by additions 
of NH4OH. The Ni and Fe levels in  the basic solution 
are monitored every two weeks and mainta ined by 
additions of nickel and iron (III) citrate. By using this 
technique we were able to main ta in  a bath for two 
and one-half  years. (iii) No stress relievers were 
necessary. (iv) Bath analysis and main tenance  are 
simpler which result  in lower costs for bath upkeep. 

In  the process of working with the basic bath as 
described in Stephen's  patent  (2), it was found that 
concentrat ion changes and Ni-Fe ratio changes were 
required in  order to produce zero magnetostrict ive 
films with our  p la t ing l ine (3). The 5 to 1 Ni-Fe 
ratio which Stephen proposes had to be changed to 
9 to 1 because of our solution flow rates and cell cur -  
rents. Also the suggested pH range of 9.2-9.25 at our 
operating conditions and the new concentrat ion levels 
produced some undesirable  plated wire device and 
memory  properties. Therefore, it became of interest  to 
characterize fully, for the conditions of use, the basic 
ammoniacal  citrate Ni-Fe plat ing solution in terms of 
the material,  device, and memory properties of the 
plated wire. The characterization led to a new and 
more stable pH operat ing range and the development  
of a group of equations which allowed us to predict 
the device and memory  properties of the annealed 
plated wire from only the materials  and pH data. 
Results from these equations were spot checked with 
an  off-line memory  tester. Agreement  was close 
enough to allow us to el iminate an on- l ine  memory  
test screening station and replace it with a few simple 
off-line materials  tests. A very simple on- l ine  device 
test setup which displayed eout vs. Iw (see Fig. 1) was 
also used to aid in wire screening. By using these 

�9 E lec t rochemica l  Socie ty  Act ive  Member .  
K e y  words: electrodeposition, al loys pe rmal loy ,  Ni-Fe  films, 

p la ted  wire ,  pH.  

equations and the on- l ine  device test setup we were 
able to screen out wires or wire  lots which were 
unwor thy  of any off-line memory  testing. 

Experimental Procedure 
The basic plat ing l ine setup uses Lexan and Lucite 

plat ing cells with various exposure lengths and solu- 
t ion flow rates. Our plat ing line consisted of the fol- 
lowing steps (3): an anodic electroclean solution 
(Enbond 160) operated at 70~ arid 6.5 A/dm~; a 5% 
H2SO4 solution operated at 65~ an anodic electro- 
polish solution consisting of 2 to 1 parts by volume 
phosphoric acid to glycerin operated at 55~ and 8 
A/din2; a 50% methanol  water  rinse operated at room 
temperature;  a pyrophosphate dip consisting of 540 
g/I i ter  of Unichrome S-13 in  water  operated at pH = 
9, and room ambient ;  a cathodic pyrophosphate copper 
strike consisting of 540 g/ l i ter  of Unichrome S-12 in 
water  operated at pH ---- 9, room ambient  and 20 A/  
dm2; a cathodic br ight  acid sulfate copper plate con- 
sisting of 655g CuSO4-5H20, 107 ml conc H2SO4, 15 ml  
U B A C  No. 1 brightener,  enough HC1 to make the 
total chloride ion concentrat ion 30 rag/liter,  and de- 
ionized water  to make the total volume 3000 ml, 
operated at room ambient  and 50 A/dm2; an anodic 
etch consisting of 2 to 1 parts  by volume phosphoric 
acid to water  operated at room ambient  and 40 A/din2; 
four identical NiFe plat ing cells operated between 
18~176 with a flow rate of 1.5-2 l i ters / ra in  and a 
current  density of 1O A/dm2; a deionized water  rinse 
cell; an on- l ine  anneater  which was operated be tween 
225~176 with a n i t rogen gas atmosphere; and a 
l imited on-l ine device test station. All plat ing ce l l s  
were followed by a water  rinse cell except electro- 
polish, pyrophosphate, and NiFe cells. The specifics 
on the geometry of each of our plat ing cells is pro- 
prietary. 

Seven plated wire lots, each containing 120 pieces 
of 9-in. long plated wire, were made at seven different 
values wi th in  the pH range of 8.23-9.61 of the basic 
ammoniacal  citrate NiFe plat ing solution. The re-  
sul tant  NiFe plate was then evaluated for material,  
device, and memory  characteristics (see Fig. 1). In  
all, twenty- two characteristics were evaluated. The 
materials  characteristics included He, Hk, skew, dis- 
persion, hysteresis of the Belson trace, film thickness 
as calculated from the hard  axis sense voltage output  
for a sinusoidal dr ive field large enough to completely 
saturate the film in the hard  axis direction, and alloy 
composition in terms of torsional s t ra in sensitivity. 
The device characteristics included output, uni formi ty  
of output  as a/output,  where ~ is the ,standard devia- 
tion of sampled outputs from a 9-in. long piece of 
plated wire, t ime durat ion of the output, initial  
switching, in termediate  switching, final switching, 
output  symmetry,  switching symmetry,  IHc, maximum 
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interrogate,  flux, f lux/fi lm thickness, output, film 
thickness, and Barauskas '  parameter.  Barauskas '  
parameter  is a quotient  of two digit currents.  The 
numera tor  is the digit cur rent  which when  combined 
with a word current  of 600 mA causes the output  from 
the plated wire to be reduced by �89 of its ful ly 
switched value. The denominator  is the digit current  
which when combined with zero word current  pro- 
duces 0.9 of the fully switched output  value. It  was 
verified that wires with smaller  Barauskas '  pa ram-  
eter values had a better  chance of passing the half-  
digit dis turb creep related memory  test than those 
with larger values. The single memory  characteristic 
which was tested was half-digit  disturb. Previous 
work showed that  some characteristics, even though 
they varied significantly, produced little or no effect 
on the memory qual i ty of the wire. These character-  
istics are termed noncritical. The remain ing  charac- 
teristics were critical and are  re ferred  to as such: 
skew, dispersion, Hk, uni formi ty  of output, Inc, maxi -  
mum interrogate,  init ial  switching, Barauskas '  pa ram-  
eter, and half-digi t  disturb. These were fur ther  
broken down into three  groups of three with the last 
three  characteristics being the most critical to the 
funct ioning of the wire as a memory  element, the mid-  
dle three being less critical, and the first three being 
the least critical. 

The ammoniacal  citrate plat ing solution (Ni /Fe  ---- 
9) contained the following; Par t  1: 900g of NiCO.% 
1504g of (NH4)2HC6HsO7 (ammonium citrate),  and 
1250g of HOC(CH2CO2H)2CO2H-H20 (citric acid 
monohydrate)  diluted to 11 liters with deionized 
water;  Par t  2: 49.5g of iron dust, 223.3g of 
(NH4)2HCcHsO~ ( smmonium citrate),  and 191.6g of 
HOC(CH2CO2H)2CO2H.H20 (citric acid monohy-  
drate) di luted to 5.5 liters with deionized water. 

Results and Discussion 
The aging mechanism of this ammoniacal  citrate 

n ickel- i ron plat ing solution was investigated. Upon 

mixing, all iron is in the ferrous (Fe ++) state and 
oxidation to the ferric (Fe + + +) staLe starts immedi- 
ately (see Fig. 2). When the solution is brought up in 
pH by additions of NH4OH this oxidation takes place 
more rapidly. Data in Fig. 2 were taken immediately 
after the NH4OH addition. As the 2Fe + + + H20 -{- Yz 
02-~ 2Fe + + + + 2(OH)- reaction neared completion, 
both film thickness and output increased and the 
magnetic properties approached those characteristic 
of wires plated from a used or aged ammoniacal 
citrate nickel-iron plating solution. The Fe ++ was 
monitored hourly by titration. The reaction took two 
days to reach completion. Wires were taken hourly 
and materials tested. It was found that as Fe + + de- 
creased, both output and thickness increased. The rate 
of Fe ++ oxidation to Fe + ++ when the solution was 
agitated (about 1.5 liters/min flow) was an order of 
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Fig. 2. Grams/liter of Fe ++ vs .  time for ammoniacal citrate 
nickel-iron plating solution. Solution temperature -t-16 ~ Fe ++ 
determined by the dichromate method�9 
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magni tude  greater than  that for the nonagitated state 
(see Fig. 2). The increased oxidation rate is due to 
the larger surface area of solution exposed to the 
atmosphere when  the solution is agitated. The iron 
plates out from some Fe + + + complex rather  than 
from a complex of Fe + +. The effective magnetic thick- 
ness tells us when  the solution is ready for plating. 
When the effective magnetic plat ing thickness reaches 
0.8 ~m at s tandard operating conditions, the solution 
is then producing wire characteristic of an aged solu- 
tion. This oxidation aging process can be avoided by 
using ferric citrate. 

The efficiency study of the ammoniacal  citrate 
n ickel- i ron plat ing bath was done under  the following 
conditions: nickel to iron ratio was 9, the nickel- i ron 
solution temperature  was 17~ the pH of the solution 
was 9.2, the cathode was the bery l l ium copper wire, 
the current  density was 9.873 A/d in  2, the anode was a 
p la t inum helix, the flow rate of the solution was 1.6 
l i ters/min,  four 1-inch cells were used, the wire speed 
was 3 in . /min,  and the anneal ing temperature  was 
225~ 

Thickness measurements  were made using a B-H 
loop tracer which measures integrated voltage output  
from the film vs .  drive field (see Fig. 1). From these 
film thickness measurements  we were able to deter-  
mine  efficiency of the plat ing solution. 

The resul t ing efficiency of the basic ammoniacal  
citrate NiFe solution was calculated to be 30.6%. 

In  making plated wire it was found that  in order 
for the wire to work as a memory element, the mate-  
rials and device parameters  had to assume certain 
values. Thus we were able to predict good memory 
properties with a high probabi l i ty  using just  materials 
and device test ing results. Barauskas '  parameter  cor- 
relates highly with the half-digit  disturb test (95% 
confidence level).  If Barauskas '  parameter  was 40 or 
less, there was then a high confidence that  the wire 
had good memory  properties (passing, or near ly  so). 

An a rb i t ra ry  value of 100 or less for Barauskas '  
parameter,  (anything over 100 was fail ing),  was used 
to define testworthy wire. These testworthy wires 
were found to have predictable properties, while  un-  
testworthy wires (those which failed Barauskas '  
parameter)  were found to have nonpredictable  prop- 
erties and were not worth device and/or  off-line 
memory testing. 

We then constructed a matr ix  of materials,  de- 
vice, and memory parameters  using 49 lots of wire, 
including both testworthy and untes tworthy wires. 
Using regression analyses between highly correlating 
parameters,  we defined values of all other parameters  
in terms of just  passing Barauskas '  parameter  with a 
value of 100 or less ( testworthy wires) and having a 
value of 40 or less for Barauskas'  parameter  (memory 
value) .  The results are given in Table I. 

To get the most out of our data, we developed 
equations to predict device and memory characteristics 

Table I. Regression analyses 

( R e f e r  to F ig .  1) 

T e s t w o r t h y  M e m o r y  
P a r a m e t e r  w i r e  v a l u e  v a l u e  

I n i t i a l  s w i t c h i n g  ~-~0.74 ~-0.95 
M a x i m u m  i n t e r r o g a t e  ~--560 m A  ~ '830  m A  
H y s t e r e s i s  ~:20 m A  ` : 1 1  m A  
Hk --~7.4 oe ` : 5 . 7  o e  
I~  e L 1 9 5  m A  ~ 1 5 5  m A  
D i s p e r s i o n  - -25  m A  "~19 m A  
C u r r e n t  to h a l f  w r i t e  ` : 7 6  m A  ` : 4 8  m A  
O u t p u t  -----15 m V  ~---20 m V  
Hc ` :6 .1  oe - : 4 . 5  o e  
M a x i m u m  c u r r e n t  to 

d i s t u r b  ~---31 m A  ~---28 m A  
T h i c k n e s s  0 .83-0 .87  ~r 0 .83-0 .67  /tin 
U n i f o r m i t y  `:10% ` : 5 %  
C o m p o s i t i o n  •  m A / d e g .  +--0.5 m A / d e g .  

o f f  Z M C  off Z M C  
S k e w  0 • 0.5 m A  0 - -  0.5 m A  
O u t p u t / t h i c k n e s s  17 m V / / t m  24 mV/p~n  
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from materials  data. Since the extensive device and 
off-line memory tests are t ime consuming, wire lots 
can be screened for this testing by the quick mater ia ls  
and on-l ine device tests. The one qualification that had 
to be imposed was that  only testworthy wires (with 
Barauskas '  parameter  less than  100) could be used to 
predict device and memory values with any accuracy 
using the developed equations. From these equations 
one can tell  that  a wire is untestworthy,  but  one can- 
not characterize it, so that in this case the equations 
can be used to screen but  cannot  be used to predict 
values. The testworthy wires followed the equations 
closely. 

The development  of the equations was straight-  
forward, but  assessing their worth was time consum- 
ing. Initially,  we had the 28 testworthy lots in a matr ix  
and ran correlations among the device, materials, and 
memory  characteristics. After making sure that  the 
correlation was l inear  by runn ing  a scatter diagram, 
we picked the highest correlation between a materials 
and memory/device  characteristic and ran  a regression 
analysis for the part icular  materials and memory de- 
vice characteristic. We picked the next  highest cor- 
relat ion and repeated the procedure unt i l  we had all 
of the device and memory parameters  in terms of 
mater ial  parameters.  We then compared values for the 
device and memory characteristics using the devel-  
oped equations and the actual values obtained when 
they were tested. Most of the equations were found 
to be unsatisfactory. The highest correlat ing param-  
eters were fair ly close. Our hope to keep the equations 
simple was gone. We then ran  a mul t ip le  regression 
with each device and memory parameter  against all 
five of the materials  parameters  to get equations of 
the form: y ---- a l x l  § a2x2 . . . .  + anXn + b. These were 
found to be quite satisfactory except in one case, 
half-digit  disturb. We did a mult iple  regression ana ly-  
sis for half-digi t  disturb in terms of both materials 
and device parameters.  The equation which resulted 
was found to be useful. Therefore, if one had only 
materials parameters,  one could calculate the device 
parameters  and then use these values in  the equa-  
tion for half-digit  disturb. 

The last refinement of the equations was the addi-  
t ion of a process parameter,  namely  NiFe solution pH, 
to the matrix. This refinement came after we had seen 
that lots r u n  at pH's significantly different from 8.5 
(our operat ing pH) were not as close in  their  cal- 
culated to actual  values as those run  at a pH of 8.5. 
To make these equations useful for the range of pH's 
studied we ran  mult iple  regressions with each memory 
and device parameter  against all five materials  param-  
eters and pH (for the half-digi t  disturb materials  
parameters,  pH and device parameters  were  included).  
Upon comparing the mult iple  regressions, we found 
that for some device and memory characteristics, add- 
ing pH to the equation did not produce an increase 

Table II. Equations developed 

I n i t i a l  s w i t c h i n g  

C u r r e n t  to  h a l f - s w i t c h  

O u t p u t  

B a r a u s k a s '  p a r a m e t e r  

M a x i m u m  i n t e r r o g a t e  

I x  c 

M a x i m u m  c u r r e n t  to 
d i s t u r b  

H a l f - d i g i t  d i s t u r b  

- -0 .081  Hk -- 0 .0066 h y s t e r e s i s  + 0.0015 
d i s p e r s i o n  -- 0.0126 p H  + 0.038 Hc + 
1.203 

- -9 .03  Hk -- 0 .435 h y s t e r e s i s  + 2.13 d i s -  
p e r s i o n  + 19.69 p H  + 18,93 Hc -- 154.3 

1.12 Hk -- 0.31 h y s t e r e s i s  -- 0.373 d i s p e r -  
s i o n  - -  6.18 p H  -- 2.41 Hc + 82.58 

19.07 Hk + 1.92 h y s t e r e s i s  -- 0.836 d i s -  
p e r s i o n  + 1.53 p H  -- 11.26 He --  37.35 

- -192 .14  Hk -- 19.97 h y s t e r e s i s  + 1.1 d i s -  
p e r s i o n  + 84.7 p H  + 194.4 He + 382.6 

- -11 .03  Hk + 1.14 h y s t e r e s i s  + 0.55 d i s -  
p e r s i o n  + 13.7 p H  + 32.9 Hc -- 74.2 

8.23 Hk -- 0.9 h y s t e r e s i s  -- 0.85 d i s p e r -  
s ion  + 12.1 He -- 70.6 

- -0 .0066  B a r a u s k a s ' *  + 0.00048 l , c *  + 
0.235 Hk + 0.00002 m a x i m u m  i n t e r r o -  
ga te*  + 0.014 h y s t e r e s i s  -- 0.031 d i s -  
p e r s i o n  + 0.57 i n i t i a l  s w i t c h i n g *  -- 
0 .119 p H  --  0 .0175 He + 0.0035 T S S  -- 
0 .00076 

* T h e  * p a r a m e t e r s  c a n  e i t h e r  be  a c t u a l  o r  c a l c u l a t e d  v a l u e s .  
T S S  is  t o r s i o n a l  s t r a i n  s e n s i t i v i t y .  
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in accuracy of the equation. The final equations are 
listed in Table II. 

Figures 3-14 show the mater ial  and device charac- 
teristics from the 49 wire lots (seven lots at each of 
seven different pH levels between 8.23 and 9.61 pH 
units)  plotted vs. pH. From these data the operat ing 
range of 8.39 to 8.5 was defined, since more threshold 
values were passed in this range than in any other. 

To show the usefulness of the equations developed 
to predict device and memory  characteristics from 
materials  parameters,  we have graphed both actual 
and predicted values of the device and memory param-  
eters for the pH mapping, (see Fig. 7-14). 

Since only on-l ine anneal ing was done and no long- 
term aging studies were performed on the plated 
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Fig. 3. Torsional strain sensitivity vs. pH for citrate Ni-Fe plating 
solution wires. (~ ----- Observed. 
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Fig. 4. Skew vs. pH for citrate Ni-Fe plating solution wires. (~ 
Observed. 
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Fig. 5. Dispersion and hysteresis vs. pH for citrate Ni-Fe plating 
solution wires. 0 ----- Observed dispersion, /k ~ observed hyster- 
esis. 
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Fig. 6. He and Hk vs. pH for citrate Ni-Fe plating solution wires. 
O ----- Observed. 
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Fig. 7. �89 Digit disturb vs. pH for citrate Ni-Fe plating solution 
wires. @ ~ Observed,  �9 ~ calculated. 
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Fig. 8. Average maximum ID vs. ,oH for citrate Iqi-Fe plating 
solution wire. O = Observed, �9 ~ calculated. 

wires produced from this basic ammoniacal  citrate 
bath, it is difficult to say anyth ing  quant i ta t ive  about 
radial  or circumferent ial  compositional gradients in 
our wires. However, others have found that  the first 
roughly 1200-1500A of plate is very iron rich, usual ly  
40-60% instead of 20% Fe (4, 5). If these gradients do 
in fact exist in our wires (6), we feel that  they could 
be e l iminated by changes in the NiFe solution flow 
pat te rn  around the wire and /or  by the superposition 
of an a-c cur ren t  on the d-c NiFe plat ing cur ren t  (7). 

Conclusion 
The usual  9.2-9.25 pH range for the basic ammo- 

niacal  citrate Ni-Fe plat ing solution has been found 
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Fig. 9. IHc vs. pH for citrate Hi-Fe plating solution wires. 0 = 
Observed, �9 = calculated. 
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Fig. 12. Output vs. pH for citrate Ni-Fe plating solution wires. 
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Fig. 13. Current to half switch IDW vs. pH for citrate Ni-Fe plat- 
ing solution wires. O =- Observed, �9 -= calculated. 
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Fig. l l .  Barauskas' parameter vs. pH for citrate Ni-Fe plating 
solution wires. 0 = Observed, �9 ---- calculated. 
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Fig. 14. Initial switching vs. pH fur citrate Ni-Fe plating solution 
wires. 0 = Observed, �9 = calculated. 

less acceptable for producing memory  quality plated 
wire than the 8.39-8.5 pH range (solution Ni  Fe = 9). 

For this particular plating solution a group of 
equations was developed which accurately predicted 
the resultant device and memory  characteristics of 
annealed plated wire from the materials and pH data 
alone. This approach proved to be a valuable  t ime 
saver prior to off-l ine memory  testing as it served 
as a very effective screener of good, bad, and marginal  
qual i ty  memory  wires. Studies to note changes in the 
developed equations brought about by wire aging and 
a combined a-c to d-c plating current had been 
planned but to date have  not been accomplished. 
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Anodic Oxidation of N,N,N'-Triphenyl-o-Phenylenediamine 
Peter Berkenkotter' and Robert F. Nelson* 

Department of Chemistry, University oJ Idaho, Moscow, Idaho 83843 

ABSTRACT 

The anodic oxidation of N,N,N' - t r iphenyl -o-phenylenediamine  in acetonio 
tr i le  at p la t inum leads to 5,10-dihydro-5,1O-diphenylphenazine in near  quan-  
t i tat ive yields via an int ramolecular  cyclization reaction. This reaction is the 
key intermediate  step in the formation of dihydrophenazines from substi-  
tuted diphenylamines.  Selection rules are presented for these reactions de- 
fining the s t ructural  requirements  and electrolysis conditions necessary. 

H 

The oxidative cyclization process of certain sub- 
sti tuted diphenylamines  to form the corresponding di-  
hydrophenazines has been known for some time. This 
reaction was first effected chemically by Wieland using 
either permanganate  or lead dioxide (1, 2). Recently, a 
number  of investigators have studied the electrochemi- 
cal oxidation of a series of substi tuted diphenylamines  
and have found that in some cases this same pathway 
is followed. This possibility was first suggested by 
N~mec and co-workers (3) for d i -p- to ly lamine  and 
later verified for a number  of 4,4'-disubstituted di- 
phenylamine  derivatives (4). Subsequent  studies of 
Cauquis and co-workers have further  established the 
validity of this process in d iphenylamine  systems 
(5, 6). Thus, there is little doubt that the over-al l  
process is as shown below 

R r 
+ 4 H  + + 4 e  

R r 
R 

The detailed mechanism is still somewhat in doubt; 
this communicat ion is intended to identify the in ter-  
mediate in this remarkable  reaction and provide a set 
of selection rules for formation of dihydrophenazines. 

Exper imenta l  
The N,N,N' - t r iphenyl -o-phenylenediamine  (TPOPD) 

was prepared by the method of Welzel (7), mp 94.5 ~ 
95 ~ (lit. 93~ Acetonitr i le (MeCN) was purified by 
drying for several days over CAM2, followed by distil la- 
t ion twice from P4010; for the distillations, only the 
middle 60% fraction was retained. The te t rae thylam-  
monium perchlorate (TEAP) was prepared from tetra-  
e thy lammonium hydroxide and perchloric acid, fol- 
lowed by recrystall ization four times from water. The 
ins t rumenta t ion  and electrodes used were s tandard and 
all potentials reported are vs. an aqueous SCE. An  au-  
thentic sample of 5,10-dihydro-5,10-diphenylphenazine 
(DPPZ) was donated by Professor Henry Gilman. 

Preparative electrolysis of TPO PD.--The TPOPD (84 
mg) was dissolved in MeCN/0.1F TEAP (200 ml)  in 

* Electrochemical  Society Active Member.  
Present  address: Depar tmen t  of Chemistry,  Ohio State Univer-  

sity, Columbus, Ohio 43200. 
Key  words: diphenylamines,  dihydrophenazines,  N,N,N'- t r iphenyl-  

o-phenylenediamine,  anodic cyclization. 

a commercial  two-compar tment  Sargent  electrolysis 
vessel; the working electrode was a p la t inum gauze 
and the auxil iary a carbon rod. At a cell potential  of 
+ l . 3V  the electrode process yielded an n -va lue  of 
4.1 ~ 0.1 Faradays /mole  of TPOPD. The oxidation 
process required roughly 40 rain for completion (1% 
of init ial  current)  and was followed by re- reduct ion  at 
--0.7V to convert  the product to the neutra l  form and 
electrolyze away protons generated in  the coupling 
reaction. The solvent was evaporated, (room tempera-  
ture) and the residue was extracted with benzene. This 
was combined with a small amount  of product scraped 
off the working electrode and the whole was chromato- 
graphed on Woelm neut ra l  a lumina  with benzene and 
recrystallized from benzene/pe t ro leum ether, mp 286 ~ 
287 ~ [lit. 2830-285 ~ (8)]. Cyclic voltammetric  curves 
established the absence of any parent  mater ial  follow- 
ing electrolysis and the isolated yield was 74 mg 
( 8 8 % ) .  

Results and  Discussion 
In  Fig. 1, cyclic vol tammetr ic  curves are shown for 

a mil l imolar  solution of TPOPD before and after ex- 
haustive electrolysis. There is some distortion of the 
TPOPD curves at different scan rates due to adsorption 

,!, oi, o!, o.ol .o~, 
E,  v o l t s  v s  S C E  

Fig. 1. Curve A: Cyclic voltammogram of 1.2 X 10-~F TPOPD in 
MeCN/TEAP Pt button working electrode, scan rate ---- 0.5 V/sec. 
Curve B: Cyclic voltammogram of the same solution following con- 
trolled-potential exhaustive electrolysis at -I-1.3V, scan rate ---- 
0.1 V/sec. 
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of the various species involved, but  the data shown are 
representative. Wave 1 is the pr imary  oxidation of the 
parent  TPOPD to the cation radical; the radical is 
moderately stable. At a sweep rate of 2 V/sec and a 
reversal potential  of W1.0V this wave is completely 
reversible. Waves 2, 4, 5, and 7 are due to the DPPZ, as 
can be seen in curve B, a scan of the solution follow- 
ing exhaustive electrolysis; curve B is identical to the 
cyclic vol tammogram of an authentic sample of DPPZ. 
Wave 3 is most l ikely the TPOPD cation-dication wave 
(its height decreases markedly  with decreasing scan 
rate),  although this must  be considered as speculative. 
Wave 6 is due to the reduct ion of protons released in  
the coupling reaction. 

Chronoamperometric data confirm the coulometric 
n-va lue  of four electrons per TPOPD molecule. Al-  
though some details of the oxidation process have not 
been delineated, the mechanism can be depicted as the 
following 

I 

DP PZ 

DPPZ l e  �9 le ,  O p p z + +  

Note that the cyclization is depicted as occurring in 
the dication state; however, in Fig. 1, curve A it can be 
seen that some DPPZ is present following the ini t ial  
oxidation process, i.e., following generat ion of the cat- 
ion radical. If the cyclization reaction does take place 
through the dication, then  the possibility of rapid dis- 
proport ionation of the cation radical to parent  and 
dication must  be considered. This is not unlikely, since 
the parent -ca t ion and cat ion-dicat ion waves are only 
separated by about 250 mV. Another  possibility is 
cyclization of the cation radical and subsequent  oxi- 
dation of this species to generate the DPPZ. Both of 
these mechanisms are tenable, but  it would be diffi- 
cult indeed to dist inguish between them at this time. 
It is also possible, as shown, that  some oxidation of the 
TPOPD cation occurs at the potential  where DPPZ 
shows up in curve A; upon formation of the dication 
there would be an immediate cyclization to the DPPZ. 
Chemical in tui t ion suggests a cyclization from the di- 
cation, but  all of the above pathways must  be con- 
sidered plausible at this time. 

This cyclization reaction going through a TPOPD- 
like intermediate is not at all general  for all d iphenyl-  
amines; in fact, there are several s t r ingent  structural  
l imitations to its facilitation. As can be seen, TPOPD 
could be generated from diphenylamine (DPA) by 
N-ortho intermolecular  coupling. However, previous 
studies of the electrolytic oxidation of DPA in MeCN 
have not cited the formation of DPPZ (4, 9,10), al-  
though in the presence of bases some N-r ing  coupling 
has been cited (10). It could be argued that since DPPZ 
is not obtained from DPA under  s tandard electrolytic 
conditions the cyclization reaction of TPOPD to DPPZ 
cannot strictly be analogized to the formation of sub- 
stituted DPPZ's from the corresponding diphenyl-  
amines. However, inspection of the reaction pathway 
shows that the subst i tuent  positions are relat ively re-  
mote from the cyclization site and so their effect would 
only be upon the rate of cyclization. In  addition, it is 
difficult to propose another  l ikely intermediate  in place 
of substi tuted TPOPD's for the d iphenylamine  systems; 
an intermediate  is almost a certainty, since it is not 

l ikely that the d iphenylamine-dihydrophenazine  path-  
way would go by a single concerted reaction. Fur ther  
spectroscopic studies are under  way to search for 
TPOPD-type  intermediates  in anodic oxidations of 4,4'- 
disubsti tuted DPA's in order to obtain quant i ta t ive 
kinetic data. 

Interest ingly,  this reaction does not occur with 2- 
aminodiphenylamine  (N-phenyl -o-phenylenediamine)  
(9, 11), al though it has been noted for a series of poly- 
fluorinated 2-aminodiphenylamines  (12, 13). It  was 
noted in these lat ter  systems that  a necessary condition 
for cyclization was a fluorine ortho to the NH group in 
the r ing not containing the amino function (12); the 
dihydrophenazine derivatives were oxidized on to the 
corresponding phenazines since the nitrogens were not 
protected. It seems to be general ly true that the ni t ro-  
gens must  be heavily substi tuted as in TPOPD in 
order to prevent  decomposition of the dihydrophena-  
zines once they are formed. 

An  extensive study of substi tuted diphenylamines  
(4) has revealed that  the following selection rules 
apply to the formation of the dihydrophenazines by 
electrolytic oxidation of substi tuted diphenylamines  in 
MeCN: 

1. Both para r ing positions must  be substituted. 
2. The para subst i tuent  must  not el iminate;  if this 

occurs para-para benzidines form (as with 4,4'-di- 
bromodiphenylamine) .  

3. The para subst i tuent  must  be strongly electron 
donating, neutral ,  or weakly electron withdrawing;  
substi tuents such as nitro and cyano inhibi t  formation 
of the corresponding dihydrophenazine. 

4. The amine ni trogen must  not be alkylated or ary l -  
atecL 

5. The yields in these reactions on a preparat ive 
scale are increased substant ia l ly  by electrolyzing at 
low current  densities. 

These points will be considered more ful ly in a later 
publication (14), but  they are presented here to pro- 
vide background informat ion for consideration of the 
decomposition pathway of TPOPD. 

The reaction pa thway for 4,4'-disubstituted di- 
phenylamines,  then, is as shown below 

kl ~_ + 4H + + 4e 
2 R ~  R slow R ~ R  

R 

N IH k2 
~ fast ) 2 H + + 2 e §  R 

The rate of the two coupling reactions are referred 
from electrochemical data on TPOPD and subst i tuted 
diphenylamines.  According to this scheme, these sys- 
tems should exhibit  second-order kinetics and the rate 
constants should be easily measurable (the "fast" rate 
constant in the second reaction is actual ly quite slow, 
estimated at about 1-10 sec -1 from cyclic vo]tammo- 
grams for TPOPD).  

The system is obviously complex, but  it is unique  in 
that  two discrete steps are involved and both reactions 
are slow compared to many  electrochemical processes. 
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Electrochemical Behavior of Blood Coagulation Factors 
Prothrombin and Thrombin 
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ABSTRACT 

Cyclic vol tammetry  was used to investigate the electrochemical behavior 
of prothrombin  (blood coagulation Factor II) and thrombin,  its product in the 
blood coagulation sequence. The results show that  these proteins undergo 
adsorption and charge transfer  reactions at the p la t inum electrode-sodium 
chloride solution interface. The electrochemical conversion of nro thrombin  to 
thrombin at constant anodic potentials was attempted. Pre l iminary  results 
indicate the possibility of intermediate  electrochemical steps in the over-al l  
blood coagulation reaction. 

Heart disease is the number  one killer in the United 
States. The heart  attack is the end result;  thrombosis is 
the real cause of the heart  attack. Thrombosis may be 
defined as the formation of a solid or semisolid mass 
from consti tuents of blood anywhere  wi thin  the heart  
or blood vessels dur ing life (1). A mass formed from 
the consti tuents of blood in vitro or within the cardio- 
vascular system after death is a clot (1). The throm-  
bosis reaction is catalyzed (i) at a site of i n ju ry  in 
blood vessels, (ii) in atherosclerotic vessels, or (iii) in 
vascular and heart  valve prostheses. 

The evidence accumulated wi th in  the last two dec- 
ades suggests that  thrombosis at the blood vessel wall  
or prosthetic mater ial-blood involves intermediate  
steps which are electrochemical in origin (2-8). The 
data published to date have shown the importance of 
the surface charge (and/or  potential  across the solid- 
electrolyte interface) of blood vessel wall  as well as of 
prosthetic materials  in  inhibi t ing or catalyzing blood 
clotting and /o r  thrombosis. Positively charged surfaces 
init iate thrombosis, while clean uniformly negat ively 
charged surfaces inhibi t  thrombosis. In  addition, a 
n u m b e r  of papers have been published describing the 
effect of electrolysis of blood and plasma in both in 
vitro and in vivo systems. While the work of our group 
and of several other workers gives evidence for the 
accelerated coagulation of electrolyzed plasma or blood 
(7-13), there are other authors who have presented 
work which gives somewhat conflicting results (14-16). 
Blood as well as plasma are far too complex systems to 
investigate the electrochemical phenomena taking 
place in the over-al l  thrombosis reaction, or in general  
in blood coagulation. 

The In terna t ional  Committee on Blood Clotting Fac-  
tors has recognized thir teen blood coagulation factors, 

* Electrochemica l  Soc ie ty  A c t i v e  M e m b e r .  
1 P r e s e n t  a d d r e s s :  Inst i tute  of E l e c t r o c h e m i s t r y ,  F a c u l t y  of  Tech-  
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most of which are involved in the over-al l  blood coag- 
ulation sequence (17). They are designated by Roman 
numerals  from I to XIII. The most common synonyms 
for these factors are given in Table I. The final step 
in the coagulation sequence is the conversion of 
fibrinogen to fibrin. The cel lular  elements (erythro- 
cytes, leukocytes, and platelets) are l inked by this 
fibrous s tructure in a blood clot or thrombus deposit. 
The fibrinogen-fibrin conversion reaction is cata- 
lyzed by the enzyme thrombin.  Thrombin,  in turn,  is 
formed from the blood coagulation factor prothrombin.  
There are two distinctive mechanisms by which the 
p ro th rombin- th rombin  conversion occurs. In  the in-  
trinsic mechanism, only the consti tuents of blood are 
involved. The extrinsic mechanism occurs outside the 
vascular  tree and requires tissue factors. The two 
pathways (18) are represented in Table II. 

Since the p ro th rombin- th rombin  conversion is an 
essential step in the over-al l  blood coagulation se- 
quence, the electrochemical behavior  of both these 
factors was determined in the present study. Pro-  
th rombin  was first isolated from bovine pro thrombin  

Table I. Roman numeral designation and most common synonyms 
for blood coagulatlonfactors (i) 

R o m a n  n u m e r a l  
designat ion M o s t  c o m m o n  s y n o m y m  

F a c t o r  I F i b r i n o g e n  
F a c t o r  I I  P r o t h r o m b i n  
Factor III Tissue t h r o m b o p l a s t i n  
Factor I V  C a l c i u m  ions  
F a c t o r  V P r o a c c e l e r i n  
Factor V I  N o t  ass igned 
F a c t o r  V I I  P r o c o n v e r t i o n  
Factor V I I I  A n t i h e m o p h i l i c  f a c t o r  
F a c t o r  I X  C h r i s t m a s  f a c t o r  
F a c t o r  X S t u a r t  f a c t o r  
Factor X I  P l a s m a  t h r o m b o p l a s t i n  

a n t e c e d e n t  
F a c t o r  X I I  H a g e m a n  f a c t o r  
F a c t o r  X I I I  F i b r i n  s t a b i l i z i n g  factor 
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Table II. Intrinsic and extrinsic pathways in blood coaguMtion 

In t r i n s i c*  E x t r i n s i c t  

contac t  
X I I  ~ XIIa  

XII~ 
XI  ~ XIa 

XIa 
X I  .. > IXa 
IXa + VI I I  + phospholipid + I V -  

C o m p l e x  A 
X ~ Xa 
Xa + V + p h o s p h o l i p i d  + I V  

Complex B 
P r o t h r o m b i n  ~ T h r o m b i n  

T h r o m l : i n  
F i b r i n o g e n  > F i b r i n  

C o m p l e x  A 

~ C o m p l e x  B 

I I  + VI I  + IV ~ Active product 1 
A c t i v e  p r o d u c t  1 + X * Xa 
Xa + phospholipid + IV > A c t i v e  p r o d u c t  2 
A c t i v e  p r o d u c t  2 + V + IV > P r o t h r o m b i n  a c t i v a t o r  
P r o t h r o m b i n  a c t i v a t o r  + P r o t h r o m b i n  + IV .~ T h r o m b i n  

T h r o m b i n  
F i b r i n o g e n  > Fibrin 

* F r o m  A. C. H e m k e r  a n d  M. J .  P, K a h n ,  Nature, ~15, 1201 (1967). 
t F r o m  R. B i g g s  and  R, G. Maefa r l ane ,  " H u m a n  B lood  C o a g u l a t i o n  

by Seegers et al. (19). The concentrat ion of prothrom- 
b in  in bovine plasma is 0.1-0.15 mg/ml .  Human  and 
bovine pro thrombin  are similar in most respects. The 
molecular  weight of purified prothrombin  is 68,000- 
68,500. The main  contaminants  in prothrombin prep-  
arations are Factors VII, IX, and X. These activities 
can be removed by chromatography on DEAE cellu- 
lose. The molecular  weight of bovine prothrombin  
complex (i.e., prothrombin  containing Factors VII, IX, 
and X activities) is 70,500. Bovine prothrombin  com- 
plex is ellipsoidal, of length l19A, and width 34_A. It 
contains 526 amino-acid residues. The amino-acid com- 
position of bovine pro thrombin  is given in Table III. 
The molecular  weight of the amino-acid fraction in 
bovine pro thrombin  is 58,800. Subtract ing this value 
from the molecular weight of purified thrombin,  a 
value of about 8.000 is arr ived at for the molecular  
weight of the carbohydrate fraction in prothrombin.  
This represents about 11.2% by weight. It is made up 
as follows: galactose 3.03%, mannose  1.53%, fucose 
0.09%, hexosamine 2.3%, and sialic acid 4.2%. In  8 mo- 
lar urea, 8 moles of disulfide were found per mole of 
bovine prothrombin.  The N- te rmina l  amino acid in 
pro thrombin  is alanine.  Two C-terminal  amino acids, 
tyrosine and glycine, were found in  nonchromato-  
graphed and on IRC-chromatrographed bovine pro- 
th rombin  complex. 

Thrombin  can be obtained from prothrombin  in  dif- 
ferent  ways. Its molecular weight is 33,700. The length 
of the molecule is 84A and its width is 30A. Its amino-  
acid composition is listed in Table III. Bovine th rombin  
contains 258 amino-acid residues, corresponding to a 
molecular  weight for this fraction of 28,400. There are 
2.15 moles of disulfide per mole of thrombin.  It has two 
N- te rmina l  amino acids, isoleucine and threonine. The 
total carbohydrate content  of thrombin,  9.68%, is made 
up as follows: galactose 2.34%, mannose  1.17%, fucose 
0.07%, hexosamine 2.2%, and sialic acid 3.9%. The 
physicochemical evidence indicates that th rombin  has 

Table Il l .  Amino-acid composition of bovine prothrombin and 
thrambin (1) 

Ratio of a p p e a r a n c e  u s i n g  
m e t h i o n i n e  as r e f e r ence  

A m i n o  ac id  P r o t h r o m b i n  Thrombin 

A s p a r t i c  ac id  9.0 7.0 
T h r e o n i n e  5.0 3.2 
S e r i n e  6.2 3.5 
G l u t a m i c  ac id  12.8 7.2 
Proline 5.8 3.5 
G l y c i n e  8.3 5.2 
A l a n i n e  6.0 3.0 
Cystine/2 2.0 1.5 
Va l ine  6.2 4.0 
M e t h i o n i n e  1.0 1.0 
I so leuc ine  3.3 2.7 
L e u c i n e  7.6 6.0 
Ty ros ine  4.2 2.5 
P h e n y l a l a n i n e  3.8 2.5 
L y s i n e  5.8 4.5 
H i s t i d i n e  1.6 1.3 
A r g i n i n e  8.2 4.5 
Tryptophan 1.8 1.5 

a n d  Its Disorders," B l a e k w e l l ,  O x f o r d  (1962). 

half the molecular weight of prothrombin.  It  has been 
hypothesized that the other half of pro thrombin  is 
composed of autoprothrombin III ( inactive Factor X).  
More recent investigations suggest that prothrombin 
might be a dimer of two thrombin  molecules (17). 

One method of obtaining information concerning the 
possible participation of electrochemical reactions in 
thrombosis is to determine the electrochemical be-  
havior of blood coagulation factors at metal -solut ion 
interfaces. These relat ively simple studies on the indi-  
vidual  factors should indicate whether  they are subject 
to electrosorption, and whether  they undergo charge 
t ransfer  processes. Electrosorption of some blood pro- 
teins and their  s t ructural  subunits  (amino acids and 
peptides) have been previously investigated (20-22). 
Electrochemical polymerization of fibrinogen (Factor 
I) yields a product quite similar to the enzymatical ly 
produced fibrin (23). 

Cyclic vo l tammetry  appears to be a convenient  
screening technique to give at least a quali tat ive pic- 
ture  of the electrochemical behavior of proteins. In the 
present  work, the electrochemical activities of pro- 
th rombin  and thrombin  were ascertained from such 
studies on a p la t inum electrode in 0.154N sodium 
chloride solutions containing one of these proteins. The 
biological activity of the electrochemically treated 
product, par t icular ly  with prothrombin,  was deter-  
mined. In  addition, the possibility of electrochemical 
conversion of prothrombin to a thrombin- l ike  product 
was investigated. 

Cyclic Yoltammetric Studies on Prothrombin and 
Thrombin 
Experimental 

It  is well  known that siliconization great ly enhances- 
the clotting times of blood in  glass tubes. Hageman 
factor (Factor XII)  is activated in unsiliconized glass- 
ware. It is not certain whether  prothrombin  is ac- 
t ivated in unsiliconized glassware. For this reason, ex- 
per iments  were carried out in both siliconized and 
nonsiliconized three-compar tment  glass cells. Silicon- 
ization was carried out using s tandard procedures with 
General  Electric Dr i -F i lm No. 9987. A smooth p la t inum 
wire, 1 cm 2 of geometric area, served as the test elec- 
trode. The test electrode was placed in the central  com- 
partment .  In  the side compartments,  separated from 
the central  one by closed stopcocks, the P t -counter  and 
reference electrodes (SCE) were placed. The physio- 
logical concentrat ion of sodium chloride (0.154N NaC1) 
was used as the supporting electrolyte. All  the experi-  
ments  were carried out in  an open air atmosphere so as 
to avoid denatura t ion of proteins which occurs in an 
inert  atmosphere. 

Voltammetric studies were carried out with a three-  
electrode potentiostatic circuit, using a Wenking Model 
61R potentiostat  and Elron Model CHF-1 signal gen-  
erator which provides potential  variat ion for cyclic 
single and mult iple  scans with a choice of different 
scan rates (from 10-2 to 102 V/sec).  The potential  of the 
test electrode was checked using a Keithley electro- 
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meter  (610B). Voltammograms were recorded for 
lower scan rates in a Hewlett  Packard Model 7001AM 
X-Y recorder, and for higher scan rates on a Tek- 
t ronix oscilloscope Model 564 with plug in uni ts  Model 
No. 3A3 for the horizontal and 2A63 for the vertical  
axes. 

Bovine prothrombin (obtained from "Sigma ''2) was 
studied at two concentrat ions (0.1 and 1 un i t / m l ) .  
Three concentrations of bovine th rombin  (obtained 
from "Upjohn")  were investigated (1, 10, and 100 NIH 
uni ts /ml) .~ 

Results and Discussion 
Adsorption and charge transfer reactions of pro- 

thrombin.--Voltammograms were first recorded in the 
supporting electrolyte. The change in t ransient  was 
recorded immediately after introducing the desired 
amount  of protein. Figure 1 shows the immediate  
change in I -V t ransient  after prothrombin was intro-  
duced into the support ing electrolyte making the bulk  
concentrat ion of prothrombin 0.1 un i t /ml .  4 Hydrogen 
peaks are suppressed, the current  in the p la t inum ox- 
ide formation region is lowered, and the area repre-  
senting p la t inum oxide reduction is reduced. Experi-  
ments  were repeated at least three times and the re- 
producibil i ty in current  at any potential  is wi thin  
10%. This is also the case with peak potentials. The 
change in vol tammogram can be at t r ibuted to the 
blocking of the electrode surface by adsorption of 
added species, reducing the electrode area available for 
the hydrogen adsorption and desorption processes and 
for p la t inum oxide formation. Dur ing  subsequent  cy- 
cling, a fur ther  decrease in the area represent ing oxide 
reduction was recorded. This behavior was observed at 
both concentrations, 0.1 and 1 un i t /ml .  At the higher 
concentrat ion (1 un i t /m l ) ,  however, a fur ther  change 
in the vol tammogram was observed with continuous 
cycling. In  saline solution containing no prothrombin,  
there was no change in the shape of the vol tammogram 
with repeated cycling over long periods of t ime ( >  48 
hr) .  Thus, the changes observed in  the vol tammogram 
when prothrombin  is present in solutions do indeed 
correspond to processes other than electrode surface 
processes. The vol tammogram recorded after 10 min  of 
continuous cycling at 50 mV/sec shows the develop- 

A c c o r d i n g  to speci f ica t ions  f r o m  the  company ,  the  to ta l  con t en t  
o f  Fac to r s  VII,  IX,  a n d  X is less  t h a n  0.01 u n i t s  pe r  u n i t  o f  p r o -  
t h r o m b i n .  

s The  a m o u n t  of  p r o t h r o m b i n  exp re s sed  as 1 u n i t  i s  the  a m o u n t  o f  
p r o t h r o m b i n  p r e s e n t  i n  1 m i  of  n o r m a l  h u m a n  blood,  i.e., the  p h y s i -  
o log ica l  c o n c e n t r a t i o n  of  p r o t h r o m b i n .  C o n c e n t r a t i o n  u n i t s  fo r  
t h r o m b i n  c a n n o t  be  based  on  p h y s i o l o g i c a l  c o n c e n t r a t i o n s  s i n c e  
t h r o m b i n  is n o t  n o r m a l l y  p r e s e n t  in  b lood.  T h e r e f o r e  1 N I H  u n i t  
o f  t h r o m b i n  is  no t  d i r ec t l y  c o m p a r a b l e  to  one  u n i t  of p r o t h r o m b i n .  
1 N I H  u n i t  i s  t he  a m o u n t  of t h r o m b i n  w h i c h  clots  f i b r i n o g e n  at  
37~ in  15 sec. E m p i r i c a l l y  1 u n i t  of  p r o t h r o m b i n  can be c o m p a r e d  
to  100 NIH u n i t s  of t h r o m b i n  (24). 

4 The I U P A C  s ign  c o n v e n t i o n  is fo l lowed ,  i .e . ,  anodic  c u r r e n t s  a r e  
pos i t ive ,  p o t e n t i a l s  anod ic  w i t h  respec t  to the  p o t e n t i a l  of  the  re f -  
e rence  e lec t rode  are pos i t ive ,  a n d  v ice  ve rsa .  The  oppos i t e  c o n v e n -  
t i on  is a d o p t e d  in  m o s t  p o l a r o g r a p h i c  texts .  
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Fig. 1. Voltammogram in saline (0.154N NaCI) before ( ), 
and immediately after ( . . . .  ) the addition of prothrombin (0.1 
unit/ml) at a scan rate of 50 mWsec. 

ment  of new peaks. There is no trace of a p la t inum 
oxide reduction peak, but  a new cathodic peak is re-  
corded at more positive potentials (+200 mV vs. SCE). 
There is also a significant change in the hydrogen re-  
gion. New peaks develop giving rise to much higher 
peak currents  than  can be a t t r ibuted to hydrogen 
peaks, the difference approaching one order of magni -  
tude after 60 min  of cycling. F rom the values of the 
peak currents  (Fig. 2), it is clear that  some Faradaic 
process is taking place. From the vo],tammogram re-  
corded at this stage, it appears that  at least two elec- 
trode reactions are taking place; one at positive and 
the other at negative potentials. 

It  was of interest  to determine the interdependence of 
electrode reactions and the potentials at which the 
electrode reactions are triggered. With continuous cy- 
cling in the positive potential  region (vs. SCE) for an 
addit ional 30 min, and then re turn ing  to the usual  
scan, the peak currents  showed a slight increase, but  
without any major  change (Fig. 3). By l imit ing scan- 
n ing only to the negative potent ial  region, the peak 
currents  displayed an immediate decrease. It therefore 
appears that the species part icipating in the electrode 
reaction at negative potentials is the product of the 
reaction, the reactant  (prothrombin)  undergoes in the 
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Fig. 2. Voltammogrom for prothrombln (! unit/ml) o(ter pro- 
longed scanning: 10 min ( . . . .  ), 60 rain ( ) at a scan rate of 
50 mV/sec. 

200 

,% 

o 

"- -200 

;~ - 4 0 0  I / "  

I / I 
~: i (  i _m - 6 0 0  

- 8 0 0  I 

- I 0 0 0  ! / ~  

i h i i I I I I I I 

-8OO - 6 0 0  - 4 0 0  - 2 0 0  200 400  600 800 IOOO 

P O T E N T I A L  [mV vs. S. C. E. ]  

Fig. 3. Effect of limiting potential scan to only positive and to 
only negative potential range: normal scanning region ( ), after 
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only in cathodic ( . . . . . .  ) potential range at a scan rate of 
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positive potential  region where, possibly, an in termed-  
iate is formed. Thus the reaction taking place at posi- 
tive potentials is a necessary step for the electrode re- 
action at negative potentials. 

To evaluate the nature  of reactions recorded in vol- 
tammograms, the scan rate was altered from 50 
mV/sec, which was general ly used throughout  the 
study, to lower and higher values in the range from 10 
mV/sec to 2 V/sec. Although the difference in poten- 
tial,s of cathodic and anodic peaks (~Ep) for lower 
scan rates is 57 mV (a criterion for the reversible 
charge t ransfer) ,  the shift of both peak potentials, 
(Ep)c and (Ep)a, with the change in scan rate, indi-  
cates a departure  from the reversible behavior, i.e., 
the degree of i rreversibi l i ty increases with the in-  
crease in scan rate. 

The shift of Ep vs. logari thm of scan rate (v) gives 
a slope of 30 mV per tenfold change in scan rate for 
both cathodic and anodic peaks in  the negative po- 
tent ial  region (Fig. 4). The criterion for the i rreversi-  
ble charge transfer  reaction, dEp/d log v = 30/an, 
thus gives the value ~ ---- 1, where ~ is the charge 
transfer  coefficient and n is the number  of electrons 
part icipating in  the charge transfer  reaction (25). 

The values of the peak currents  also change with the 
change in scan rate. The ratio of anodic to cathodic 
peak currents  (ia/ic) increases with log v (Fig. 5) but  
never  approaches unity. The fact that the ratio ia/ic 
gives lower values at lower scan rates and increases 
with the increase of scan rate might indicate that  a 
chemical reaction is interfer ing with charge transfer 
(26, 27). If it is assumed that  the chemical reactions 
are s l o w  compared to charge t ransfer  reactions, the 
observed effects on the ratio of peak current  at higher 
scan rates are understandable.  

The poorly pronounced post peak (Ep)a,1 (Fig. 2) 
following the anodic charge t ransfer  in the negative 
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potential  region shows the behavior expected for a 
strongly adsorbed reactant, i.e., increases with the in-  
crease in scan rate and diminishes at lower scan rates 
(27). However, addit ional studies would be necessary 
for the evaluat ion of this peak as well as for the other 
peaks appearing in the voltammogram. 

Adsorption and charge transfer reactions of throm- 
bin.--A similar study was under taken  with thrombin.  
Figure 6 shows that adsorption takes place immedi-  
ately after the introduct ion of thrombin  into the sup-  
port ing electrolyte, at concentrat ions as low as 1 NIH 
unit /m].  At a first glance, the I-V t ransient  resembles 
that with prothrombin.a Studies at low and intermedi-  
ate concentrations of th rombin  (1 and 10 NIH uni t s /ml )  
showed no significant changes in the vol tammograms 
with continuous cycling. At a high concentrat ion (100 
NIH uni t s /ml)  continuous cycling resulted in new 
peaks. Although resembling the shape of the vol tam- 
mograms recorded for prothrombin,  the peaks recorded 
in the negative potential  region are at more negative 
potentials for the same scan rate than is the case with 
prothrombin.  Only the resul tant  cathodic peak at posi- 
tive potential  appears to be close to the potential  of the 
peak (200 mV/SCE) with prothrombin  (Fig. 7). 

The influence of restricting the potential  scan only to 
the cathodic or anodic par t  is similar to that  observed 
with prothrombin.  Figure 8 represents the change in 
vol tammogram after 30 min  of scanning in the positive 

5 Cycl ic  v o l t a m m e t r i c  s t ud i e s  h a v e  been  conduc t ed  on some o t h e r  
blood  coagu l a t i on  fac to r s  a s  wel l  ( f ibr inogen,  Fac tors ,  V, VIII ,  a n d  
IX) .  The  v o l t a m m o g r a m s ,  t h e i r  t i m e  responses ,  v a r i a t i o n s  w i t h  scan 
r a t e s  a r e  q u i t e  specific fo r  each  o f  t h e  f a c t o r s  i n v e s t i g a t e d .  
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Fig. 6. Voltammogram before ( ) and immediately after 
( . . . .  ) the addition of thrombin (1 NIH unit/ml) to saline. 
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potential  region, the peak currents  increase; Figure 9 
shows the change dur ing the scan at negative poten-  
tials which resulted in a rapid decrease in peak cur-  
rents. 2OO  
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The shift of the peak potential  (Ep) with the loga- 
r i thm of scan rate gives a slope of 60 mV per tenfold 
change in the scan rate (Fig. 10). This gives an an 
value of 0.5. Speculating that the charge transfer  co- 
efficient ~ might  be of the same value for these two 
proteins (prothrombin and thrombin) ,  it appears that 
the number  of electrons involved in the charge t rans-  
fer process in the case of prothrombin  is twice the 
number  of electrons involved in  case of thrombin.  

The ratio of anodic to cathodic peak currents  (ia/ic), 
Table IV, shows that  the charge t ransfer  reaction is 
complicated by some chemical reaction. The ratio 
gives values lower than un i ty  throughout  the applied 
rates of scan, al though there is a steady increase with 
increase in scan rate. 

Some conclusions from the cyclic voltammetric 
studies.--Although the results presented in this work 
are essentially of quali tat ive value and addit ional re- 
search is necessary to unders tand  the mechanism of 
the reactions involving prothrombin and thrombin,  the 
present studies reveal that both proteins take part  in 
adsorption and charge transfer  processes. At the lower 
concentrations, adsorption effects predominate,  while 
at higher concentrations, the rates of charge transfer  
reactions are significant. The product of the charge 
transfer  reaction at anodic potentials takes part  in a 
fur ther  charge transfer  reaction at negat ive potentials. 

Some addit ional studies have been performed in an 
at tempt to obtain informat ion on the possible electro- 
chemical t ransformat ion of prothrombin  to thrombin.  

Electrochemical  Conversion of  Prothrombin to 
Thrombin? 

One of the simplest methods of de termining whether  
electrochemical activation causes a pro thrombin-  
thrombin  conversion is to check whether  there is any 
change in  the hematological activity after the electro- 
chemical t reatment .  After  the cyclic vol tammetry  ex- 
periment,  the effects of the solution samples on the 
clotting t ime of blood were determined. The tests 
showed a decrease in  clotting t ime and hence a reduc- 
tion in pro thrombin  activity but  did not reveal signifi- 
cant increases in thrombin  activity. The explanat ion 
for such a result  might be that  the conversion of pro- 
th rombin  into th rombin  was in minute  quanti t ies and 
as such could not be detected, or that  the conversion 
was not complete. Biochemical studies on prothrombin 
show that  the first stage of prothrombin  conversion 
yields three different species, one of which plays the 

Table IV. Effect of scan rate on the ratio of anodic to cathodic 
peak currents (ip)a/(ip)c with thrombin 

Scan r a t e ,  V / s e c  ( i p ) a / ( i v ) c  

lO-S 0.63 
5 x 10 -2 0.76 
10-I 0.78 
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role of an inhibi tor  in the further  conversion of two 
addit ional species to thrombin  (19). In  accordance with 
this, the electrochemical conversion of prothrombin 
could have stopped at the intermediates and thus did 
not reach complete conversion to thrombin.  

In  an al ternate  study, solutions containing prothrom- 
bin were exposed to electrodes mainta ined at constant 
anodic potentials. The same cell and supporting elec- 
trolyte, as in previous experiments,  were used. A 
platinized p la t inum electrode was used as the working 
electrode; its potential  was main ta ined  at one of sev- 
eral values from ~500 to 1200 mV/SCE. Prothrombin  
was at a concentrat ion of 0.1 uni t /ml ,  and a fresh solu- 
tion was prepared for each potential  applied. The test 
on the clotting t ime of fibrinogen was carried out with 
the samples of prothrombin  that  were taken after 15 
min  of main ta in ing  the electrode at a constant  poten- 
tial. Table V shows a decrease in clotting times of 
fibrinogen with samples being exposed to higher anodic 
potentials. The pH of each of the solutions was mea-  
sured. It was found that the pH decreased with in -  
crease of the potential  because solutions were not buf-  
fered. However, the shorter clotting time obtained for 
the solutions exposed to higher anodic potentials can- 
not be a t t r ibuted to the change in pH, since a lower 
pH inhibits  the clotting activity of thrombin  (28). 
Thus, one may conclude that during electrolysis at con- 
stant anodic potentials a product with thrombin- l ike  
activity was formed. The formation of this mater ial  is 
increasingly favored at more positive potentials. Since 
th rombin  is the only one of the proteins present  that  
causes clotting, these results indicate that the product 
formed is th rombin  and that electrochemical reactions 
are involved in the conversion of prothrombin  to 
thrombin.  It  is necessary to elucidate fur ther  the elec- 
trochemical path of prothrombin  to th rombin  conver-  
sion by identifying the intermediates or products of the 
electrochemical reactions. 
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ABSTRACT 

The adsorption and charge transfer  reactions of fibrinogen, one of the blo.~d 
coagulation factors, have been investigated using ellipsometric, potent iody- 
namic, and steady-state potentiostatic methods. The protein is adsorbed on 
p la t inum over a wide potential  range (--600 to ~-800 mV vs. SCE) even at 
very low concentrations. Steady-state potentiostatic studies show that  it is 
involved in anodic and cathodic charge t ransfer  reactions. Adsorption plays 
a prominent  role in the deve]opment of potentiokinetic peaks and in their  
shifts with scan rate variation. The observed charge t ransfer  reactions of this 
protein throw new light on the correlations between blood compatibil i ty of 
metallic materials  and their spontaneous potentials in blood. 

Fibr inogen plays a crucial role in blood clotting and 
in thrombosis. It is one of the thi r teen blood coagula- 
t ion factors (Table I) recognized by the In terna t ional  
Committee on Blood Coagulation Factors (1). Many of 
the proteins involved in the blood coagulation sequence 
are activated before they take part  in the blood coagu- 
lat ing scheme (2). F ibr inogen is present  at a concen- 
t rat ion of about 3 m g / m l  in blood, while some of the 
other blood coagulation factors are present  only in 
trace amounts (3). The polymerization of fibrinogen to 
fibrin is the last of the series of intermediate  steps in 
thrombosis and in blood clotting. The fibrin strands 
trap blood cells and other particles in blood leading 
to thrombus formation. The te rminal  conversion of 
fibrinogen to fibrin is one of the most fundamenta l  
steps in thrombosis. The preceding steps, leading to the 
formation of the fibrin in the normal  intact  vascular 
system, have been elucidated. In  the intrinsic pathway 
(4) the cascade process starts with activation of Hage- 
man  factor and involves various other proteins in  se- 
quent ial  steps. The f ibrinogen-fibrin conversion reac- 
tion is catalyzed by the enzyme thrombin.  This is not 
present  in circulating blood but  is formed from the 
precursor prothrombin.  The p ro th rombin- th rombin  
conversion can also take place by the extrinsic pa th-  
way (5) without  the surface activation of Hageman 
factor. The two pathways for blood coagulation are 
represented in Table IT. Irrespective of the type of ac- 
tivation, the last two steps of the blood coagulation 
scheme are the same, i.e., conversion of prothrombin  to 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
1 P r e s e n t  addres s :  I n d i a n  I n s t i t u t e  of Science,  Banga lo re ,  Ind ia .  
2 P r e s e n t  address .  I n s t i t u t e  of  E l ec t rochemis t ry ,  F a c u l t y  of Tech-  

no logy ,  U n i v e r s i t y  of  Zagreb ,  Zagreb ,  Yugos l av i a .  
Key  w o r d s :  adso rp t ion ,  charge  t ransfe r ,  b lood  coagu la t ion ,  blood 

pro te ins ,  f ib r inogen ,  e l l ipsomet rY,  p o t e n t i a l  sweep.  

Table I. Roman numeral designation and most common synonyms 
for blood coagulation factors (1) 

R o m a n  n u m e r a l  
d e s i g n a t i o n  Most  c o m m o n  s y n o m y m  

Factor I F i b r i n o g e n  
Factor I I  P r o t h r o m b i n  
Factor III Tissue thromboplastin 
Factor IV C a l c i u m  ions  
F a c t o r  V P roacce l e r in  
Fac to r  VI  No t  assigned 
F a c t o r  VI I  P r o c o n v e r t i o n  
F a c t o r  VI I I  A n t i h e m o p h i l i c  factor 
F a c t o r  I X  Christmas factor 
F a c t o r  X S t u a r t  factor 
F a c t o r  XI  P l a s m a  t h r o m b o p l a s t i n  

a n t e c e d e n t  
F a c t o r  X I I  H a g e m a n  fac to r  
Fac to r  x n I  F i b r i n  s t a b i l i z i n g  fac to r  

th rombin  and the polymerizat ion of fibrinogen to fibrin 
by thrombin.  

The reactions leading to thrombosis are in general  
catalyzed by materials used in cardiovascular implants.  
Metals, alloys, and insulator  materials  have been used 
in the fabrication of heart  valves and other vascular 
prostheses (6). The presence of the foreign material  
provides a new interface with blood, and this can cause 
or induce thrombus formation. Studies in this labora-  
tory on blood compatibil i ty of prosthetic materials  
have shown that insulators with a uniform negative 
surface charge in contact with blood are nonthrombo-  
genic, while those with a positive surface or with a 
nonuni form surface charge almost invar iably  induce 
thrombus formation (7). Metals which register spon- 
taneous negative potentials in normal  saline with ref- 
erence to NHE are thrombo-resistant .  Noble metals 

Table II. fntrinsic and extrinsic pathways in blood coagulation 

In t r i n s i c*  E x t r i n s i c t  

contact 
X I I .  > XIIa  

XI Ia  
X I  ; XIa  

XIa 
I X  > IXa 
IXa + VI I I  + phospholipid + IV 

C o m p l e x  A 
X > x a  

x a  + V + p h o s p h o l i p i d  + IV 
Complex  B 

P r o t h r o m b i n  > T h r o m b i n  
T h r o m b i n  

F i b r i n o g e n  > Fibrin 

C o m p l e x  A 

C o m p l e x  B 

I I  + VI I  + IV > Act ive  product 1 

Active  product 1 + X ~ Xa 

Xa + phospholipid + IV . > Act ive  product 2 
A c t i v e  p r o d u c t  2 + V + IV > P r o t h r o m b i n  activator 

P r o t h r o m b i n  a c t i v a t o r  + P r o t h r o m b i n  + IV ~ T h r o m b i n  
T h r o m b i n  

Fibrinogen > F i b r i n  

* F r o m  Ref.  (4). 
t F r o m  Ref.  (5). 

354 



Vol. 120, No. 3 EC BEHAVIOR OF BLOOD C O A G U L A T I O N  F A C T O R S  355 

that develop positive potentials in blood are thrombo-  
genic (8). When blood or plasma comes in contact with 
electronic conductors, only two basic reactions can 
occur, namely,  adsorption and charge transfer. Most of 
the proteins are large molecular  weight organic com- 
pounds containing mult iple  funct ional  groups with a 
number  of benzene rings (e.g., t ryptophan residues in 
fibrinogen).  They may be expected to be adsorbed on 
the metal  surface over a wide potential  range. Since 
plasma or whole blood contains, in addition to the blood 
coagulation factors, a lbumins  and globulins it cannot  
be used to investigate the electroactivity of individual  
blood proteins. Purified individual  blood coagulation 
factors, dissolved in  saline (0.154M NaC1), have been 
used in  some basic investigations. 

The blood proteins are very difficult to purify, espe- 
cially to remove completely the extraneous blood co- 
agulat ion factors. Even in the purest  preparat ions 
available, trace amounts  of other proteins are present  
as contaminants.  The fibrinogen used for the invest iga-  
t ion is free of plasminogen and plasmin but  contains 
trace amounts  of fibrin stabilizing factor and Factor 
VIII. Because of the difficulty of isolation and extreme 
labil i ty of some of these proteins, (e.g., Factors V, VIII) 
very li t t le is known about the s t ructural  aspects like 
the amino-acid content, amino-acid sequence, etc. Fi -  
brinogen, however, is a well-characterized protein. I t  
has a molecular  weight of 300,000. It  is a g lobular- type  
protein with about 3% carbohydrate content. Irrespec- 
tive of the source, i.e., human,  bovine, or canine, fi- 
br inogen has similar composition and molecular  
weight. The molecule contains about 18 amino acids of 
which glycine, lysine, tyrosine tryptophan,  and ar-  
ginine are a few. A large number  of molecules of each 
of these amino acids are present per molecule of fi- 
brinogen. For example, bovine fibrinogen contains in 
addition to other amino acids, 60 tryptophan,  55 lysine, 
and 84 tyrosine residues per molecule. F ibr inogen is 
believed to exist as a dimer with about 28 disulfide 
l inks in the molecule. H u m a n  fibrinogen was used in 
the present  work. 

Thrombin,  generated from its precursor prothrombin  
through the complex series of conversions acts on 
fibrinogen, polymerizing it to fibrin. The protein has a 
proteolytic effect on fibrinogen which is highly specific 
at four peptide bonds in fibrinogen. The sequence of 
steps leading to the final formation of a stable fibrin 
clot and the type and s t ructure  of flbrinopeptides re-  
leased dur ing this reaction have been elucidated (9). 

The results of el l ipsometry at constant  potentials, 
s teady-state potentiostatic and potent iodynamic meth-  
ods employed in an investigation of the adsorption and 
charge t ransfer  reactions of fibrinogen, are reported in 
the present  communication. 

Experimental 
Purity and Source ot Fibrlnogen 

Fibr inogen used for these investigations was pre-  
pared from human  plasma 3 (10) by a modification of 
glycine precipitat ion procedure of Kazal et al. (11). It 
is 97% clottable and is free from plasminogen and 
plasmin but  contains trace amounts  of fibrin stabilizing 
Factor VIII. Ul t ra-centr i fugal  analysis gives a main  
peak comprising 95% of total area with apparent  sedi- 
menta t ion  coefficient of 5.8 • 10 -13 and a smaller  peak 
of 5% area with sedimentat ion coefficient of 3.5 • 
10-13. 

Experimental Methods 
Ellipsometric studies.--The potential  dependent  ad-  

sorption of fibrinogen was determined using this 
method. Since fibrinogen is one of the most strongly 
adsorbed peptides, it is possible to use very small  con- 
centrat ions of the protein. The three concentrat ions 
used were 0.07, 0.03, and 0.0.07 m g / m l  of fibrinogen in 
normal  saline (0.154M NaC1). The lowest concentrat ion 

a T h e  p u r i f i e d  p r o t e i n  w a s  o b t a i n e d  f r o m  Dr .  G l e n  S t o n e r  and 
Miss  L o u i s e  W a l k e r  of  t h e  D e p a r t m e n t  of  M a t e r i a l s  S c i e n c e  a t  t h e  
U n i v e r s i t y  of  V i r g i n i a ,  C h a r l o t t e s v i l l e .  

corresponds to 1/400 of physiologic concentrat ion of the 
protein  in normal  human  blood. 

Experiments  were carried out with a Rudolph Model 
No. 436-200E ellipsometer which uses the mercury  
green line as the source and has the quar ter  wave plate 
after metallic reflection. The angle of incidence was ad- 
justed for 75 ~ and the azimuth of the re tardat ion plate 
was fixed at 135 ~ . Only orientat ions of the polarizer 
and analyzer  were varied dur ing  measurements.  The 
reflecting surface was a glass slide sputtered with 
p la t inum (10,000A thick) over t an ta lum oxide base 
(3000 A thick).  The electrical circuit consisted of a po- 
tentiostat, a s i lver-si lver  chloride reference electrode, 
a p la t inum foil counterelectrode, and the test electrode 
(the p la t inum sputtered glass s l ide) .  The potential  of 
the electrode was ini t ial ly set at --500 mV/Ag-AgC1 
reference electrode. The settings of the polarizer and 
analyzer  were adjusted for m i n i mum transmission and 
the readings were noted. Two sets of readings were 
taken in two different zones. These correspond with a 
b lank set before the addition of the protein. The po- 
tent ia l  was varied in  steps of 100 mV from --500 to 
+500 mV/Ag-AgC1. At each potential  the "blank" 
readings were taken 15 min  after impressing the po- 
tential. The protein was added and a similar set of 
readings were taken under  similar  conditions for each 
potential  setting from --500 to +500 mV/Ag-AgC1. 
During the period of 15 min, the var ia t ion of photo- 
intensi ty  was recorded with a Honeywell  Recorder 
(Electronic No. 194). The measurements  were made 
for three concentrat ions of the protein in solution. 

Potentiostatic studies.--In the potentiostatic study, a 
p la t inum foil of 1 cm 2 apparent  area was used as the 
test electrode. As in the previous case, the potentials 
were varied in steps of 100 mV from --800 to -p1000 
mV/SCE. The steady-state current  passing through 
the system was measured 15 min  after impressing the 
potential. A b lank  reading was taken with pure saline 
solution for the entire potential  range. The exper iment  
was repeated following addit ion of protein. Three con- 
centrat ions of the protein were studied, 0.007, 0.07, and 
3 m g / m l  in physiologic saline (0.154M). The highest 
concent ra t ion  corresponds to the physiologic concen- 
t ra t ion of the protein in blood. The exper iments  were 
carried out in a i r -sa turated solutions because the pro- 
teins undergo denatura t ion  dur ing the process of de- 
aeration by bubbl ing  N~. One exper iment  was con- 
ducted with deaerated saline solution to which fi- 
br inogen was added (concentrat ion of 0.07 m g / m l  of 
the protein) .  

Potentiodynamic studies.--The equipment  for the 
potent iodynamic study consisted of a potent ial  sweep 
generator  (Elron Model CHF1), a potentiostat (Wenk-  
ing Model 61TR), and an X-Y recorder (Hewlett-  
Packard Model 700 AM). P l a t inum electrodes were 
used; a calomel reference electrode was employed. The 
potential  range scanned was from --800 to +1050 
mV/SCE. The scan rate was varied from 10 to 300 
mV/sec. Multiple sweeps were employed; it was ob- 
served that  the sweeping must  be continued for at 
least an hour to reach a steady state. 

Three concentrat ions of the protein were used, 0.007, 
0.07, and 3 m g / m l  in saline. At each concentration, the 
system was swept at a constant  rate of 50 mV/sec for 
an hour, so as to develop a reproducible vol tammo- 
gram shape. To determine the shift of peak potential  
with scan rate, the scan rates were var ied from the 
10-300 mV/sec. At each scan rate, sweeping was con- 
t inued for the necessary t ime to obtain a constant shape 
of the voltammogram. The peak currents  and corre- 
sponding potentials were noted as a function of scan 
rate for the two higher concentrat ions of the protein. 

Results 
Ellipsometric Studies 

Under  the conditions of the ellipsometer geometry 
indicated, the shift in analyzer  settings is, to a first 
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Fig. 1. Change in ellipsometer analyzer setting (a measure of 
adsorption) as a fun~.tion of potential for three concentrations of 
fibrinogen in solutions; 0.07 (A) ,  0.03 ([~), and 0.007 ( 0 )  mg/ml. 
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Fig. 2. Coverage-potential relation deduced from ellipsometry 
for three concentrations of fibrinogen in solution: 0.07 (E]), 0.03 
( 0 ) ,  and 0.007 (Z~) mg/ml. 

approximation,  proport ional  to the film thickness. 
Hence the analyzer sett ing was plotted as a function of 
potential.  The curves for the different concentrat ions of 
the protein are shown in Fig. 1. 

The plots of the shift of analyzer settings as a func-  
tion of potent ial  indicate that  for all the concentra-  
tions of the protein there  is an increase of coverage as 
one passes over  from cathodic to anodic potentials. 
The var ia t ion of thickness is not so marked  for the 
lowest concentration. Not only is the var ia t ion with  
potential  much less for this concentrat ion but there  
also appears to be a min imum in the analyzer set t ing- 
potential  curve. 

To obtain more  quant i ta t ive  results, the ampli tude 
and phase changes were  deduced f rom the changes in 
the polarizer and analyzer settings. For  the part icular  
el l ipsometer  geometry,  f rom a consideration of the 
Poincare spherical representation,  it is seen that  the 
ampli tude (a) and phase (4) are re la ted to the two 
azimuths by 

A----2A-- 270 and ~----P [1] 

The changes in the ampli tudes and phases f rom the 
corresponding values in pure  saline are given by 

8A = ~-- 4o---- ~2A [2] 

5 V ~ = @ - - @ o = ~ P  [3] 

where  A and P are  the analyzer  and the polarizer  
azimuths. The angle of incidence was corrected for re-  
fraction at the air-glass and glass-solution interfaces. 
Knowing the wave leng th  of light used, the optical con- 
stants for platinum, (5461A and n = 2.450 and k -- 
3.460) and the ref rac t ive  index for fibrinogen, (n = 
1.600) assuming it to be nonabsorbing (12), the com- 
puter  was p rogrammed to give a set of a 's and @'s for 
a range of refract ive  indices of the film for each prob-  
able thickness of the film. The fibrinogen molecule is 
made up of three globules of diameter  50-60A and 
has a length of about 500-700A. Thus, a search for 
the closest fit of the exper imenta l  and computed values 
of the a 's and @'s was made over  the thickness range 
indicated. The closest fit for the A's and @'s gave the 
refract ive  index nf of the film. Assuming the re f rac t ive  
index of the fibrinogen (nf) to be 1.600 and the re-  
f ract ive index of the surrounding medium, saline (ns), 
to be 1.3317 the coverage 0 of the protein on the sur-  
face was deduced f rom the empir ical  relat ion (13) 

nf : onp + ( 1 - -  O) ns [4] 

The coverage was calculated for each potent ial  for all 
the concentrations of the protein. The coverage-poten-  
tial (0 -- E) relations, observed for the three  different 
concentrations of protein, are shown in Fig. 2. It is 
observed that  the 0 -- E behavior  is not ve ry  different 

from the plot of analyzer  sett ing as a function of po- 
tential. The essential features are the same. 

Potentiostatic Studies 
The i-E curves 4 for the three  concentrat ions of fi- 

br inogen in aerated saline are shown inIFig  3-5. The 
curve  of fibrinogen at a concentrat ion of 0.07 m g / m l  
in deaerated saline is shown in Fig. 6. 

Potentiodynamic Studies 
The vo l t ammogram 4 on a pla t inum electrode in nor-  

mal saline and with  the protein in solution at a con- 
centrat ion of 0.007 m g / m l  are represented in Fig. 7. 
The two revers ible  hydrogen peaks and the pla t inum 
oxide reduction peak are c lear ly  visible in normal  
saline, Fig. 7, curve 1, The addition of fibrinogen com- 
pletely el iminates the hydrogen peaks developed at 
the anodic and cathodic scans, Fig. 7 curve  2. The 
pla t inum oxide reduction peak, however,  is still ob- 
servable. For  the higher  concentrat ion of fibrinogen, 
0.07 m g / m l  (Fig. 8), one clear ly  sees the distinct de- 

The IUPAC sign convention, i.e., anodic currents are positive, 
potentials anodic with respect to potential of reference electrode 
are positive, and vice versa, is adopted in this paper. 
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3 mg/ml of fibrinogen ( 0 ) .  

ve lopment  of  a n e w  peak on the anodic scan at about 
--620 m V / S C E .  There is a high current peak on the 
cathodic scan at about --800 m V / S C E .  But this is not 
properly developed at all sweep rates, perhaps be-  
cause the currents are so high that the cell  resistance 
l imitat ions come into play. Thus, in some fast scan 
rates one observes only  a flattened portion of the curve 
in the h igh ly  cathodic region of the vol tammogram.  
These vo l tammograms  were  recorded at a scan rate of 
50 mV/sec .  At the physiologic concentration (3 m g / m l )  
(Fig. 9), the peak on the anodic scan is more  pro- 

nounced wi th  higher peak current and also there is a 
smal l  but distinct hump at -520 m V / S C E  on the 
cathodic scan. These two peaks are also vis ible  for 
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Fig. 6. Steady-state potentiostatlc current density (/)-potential 
(E) relations in deaerated saline (X) and in deaerated saline con- 
taining 0.07 mg/ml of fibrinogen (G ) .  
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Fig. 7. Voltammograms in saline 1, before and 2, after additions 
of fibrinogen (0.007 mg/ml) at a scan rate of 50 mV/sec. 
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Fig. 8. Voltammograms in saline 1, before and 2, after addition 
of fibrinogen (0.07 mg/ml) of fibrinogen at a scan rate of 50 mV/ 
sec .  

lower concentrations of fibrinogen at faster scan rates. 
The effect of cycl ing t ime on the deve lopment  of  peaks 
and the attainment of steady state is shown in Fig. 
10. The s low but complete  e l iminat ion of  the oxide 
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Fig. 9. Voltammograms in saline 1, before and 2, after addition 
of fibrinogen (3 mg/ml) at a scan rate of 50 mV/~c .  

reduction peak and its replacement  by a new peak at 
-~ 100 mV are clearly seen in this case. 

Since the potent iodynamic technique is applied to 
the study of high molecular weight compounds with a 
number  of functional  groups, it is worthwhile indicat-  
ing the specificity and reproducibil i ty of vo]tammo- 
grams observed with some blood proteins. Six blood 
coagulation factors have been investigated so far, i.e., 
fibrinogen, prothrombin,  thrombin,  Factors V, VIII, 
and IX. The potentials (Ep) at which peaks develop, 
their  peak currents  (ip), the var iat ion of Ep and ip 
with scan rates (v), the dependence of ip/v and i p /V  1/2 
on concentrations are clearly distinct for each one of 
the proteins. Hence, it is believed that the method is 
specific to the type of protein under  study. Many repl i -  
cations have been made for each of the proteins, using 
samples from different lots and the var ia t ion in peak 
current  is about 10%, while the shift of peak potential  
(AEp) with scan rate also shows about the same de- 
viation. From a hematological s tandpoint  even though 
these proteins are complex molecules, only some spe- 
cific peptide l inks are probably involved in the blood 
coagulation scheme. It  is l ikely that in electrochemical 
studies as well, only some specific sites are active. 
These may or may not be the same ones attacked 
enzymatically.  The present  studies, however, are not 
sufficient to localize the active sites in the molecule. 
The observed activity does not appear to be due to that  
of contaminants ,  because these are present  in very 
low concentrations ( ~ 1 % ) ,  and it is unl ikely  that  they 
can give rise to the recorded currents.  

Discussion 
Potential Dependent Adsorption of Fibdnogen on Platinum 

The adsorption behavior of the protein and its de- 
pendence on potential  are revealed by ellipsometric 
(Fig. 2) and steady-state potentiostatic studies (Fig. 
3-'6). The coverage-potential  curve passes through a 
m in imum at +300 mV/SCE for a concentrat ion of 
0.007 mg /ml  of the protein. The evidence from this 
s tudy is not sufficient to indicate any desorption at this 
potential  range for that par t icular  concentration. At 
higher concentrations the coverage steadily increases 
with increasing anodic po ten t ia l  This agrees with the 
surface excess-potential  behavior  of fibrinogen in elec- 
trocapil lary measurements  (14). 

At low concentrat ions of the protein in solution, 
s teady-state potentiostatic studies also show that  the 
decrease in current  over the entire potential  range is 
probably due to the fact that  fibrinogen is adsorbed 
over a wide potent ial  range from --600 to +800 
mV/SCE (Fig. 3). However, one cannot  exclude other 
possible causes such as modification of the double 
layer  s tructure or interact ion of the proteins with the 
reactants. With increase of concentration, charge t rans-  
fer reactions seem to take place at highly cathodic and 
over a wide range of anodic potentials (Fig. 4, 5). 

+120 

3' 
+60 

w - 6 0  
o 

--120 

o -180  

"<~k\ 

-8~o _8~o ,~o --20 . . . .  oo +,oo +6~o +8~o +,s 
POTENTIAL, mV/S.C.E.  

Fig. lO. Voltammagrams in saline containing fibrinogen (0.07 
mg/ml )  with prolonged scanning: 5 rain ( ); 10 rain ( . . . .  );  
]20  rain ( . . . . . .  ) after fibrinogen addition. 

The potentiodynamic investigations also indicate the 
influence of adsorption on the development of peaks. 
Unlike with the other methods, the presence of ad- 
sorption is not explicitly revealed here. In potentio- 
dynamic studies, the presence of adsorption is shown 
by the development of pre- or post-peaks in addition 
to charge transfer peaks. Such peaks are not developed 
for this protein and thus there is no direct evidence for 
the presence of adsorption. Some of the quantitative 
diagnostic criteria to establish the role of adsorption 
have been applied (15). Two of these are (/) the study 
of the variat ion of the peak current  functions i p / V  and 
i p /V  1/2 (V is the scan rate and ip is the peak current  
at that  scan rate) with scan rate. If adsorption is pres-  
ent, the former is constant  while  the lat ter  steadily 
increases; and (ii) determinat ion of concentrat ion de- 
pendence. If adsorption is present, ip/C will  increase 
with decrease of concentration, c, at the same scan 
rate. The results are shown in Tables III-V. It is seen 
that for both concentrat ions investigated, the anodic 
peak II and the cathodic peak obey both these criteria 
while the anodic peak I shows an increase of ip/C with 
decrease of c. 

Table III. Dependence of peak current function on scan rate, 
concentration of fibrinogen 3 mg/ml 

Scan 
r a t e  (v),  A n o d i c  p e a k  I 

V/sec io*/v ip/v 1/2 
(x i0 -8) (x 10 4 ) (x I0 ~) 

A n o d i c  p e a k  I I  C a t h o d i c  peak  
ip/v ip/vl/2 iplv ip/v~l 2 

(X I0 -4) (X I0 -2) (X I0 -4) (X I0 -2) 

I0 99 99 . . . .  
20 59.5 85 - -  ~ 
40 44.5 67.5 12.5 16.5 3 3  
76 41 64 16 42 16.6 44 

100 33 104 15.2 45 15.5 49 
200 27 119 15,4 69 10.5 47 
300 23 125 16 872 10 54.5 
400 - -  - -  16 102 10 65 

* Peak current ip is in A-cm -s. 

Table IV. Dependence of peak current function on scan rate, 
concentration of fibrinogen 0.07 mg/ml 

Scan 
rate (v), Anodic peak I 

V/sec  ip * lv  iplv  112 
(X IO -a) (X i0 -4) ( •  10 -2 ) 

Anodic  p e a k  II Ca thod ic  peak  
~p/v ip/•l/2 ip/V ip/v 1]2 

(x I0-~) (x I0 -~) (x iO -4) (X 10 -2) 

1 0  1 6 0  1 6 0  . . . .  

25 74.5 1 1 8  - -  - -  - -  

50 39 87 13.5 30 11 2 4  
75 28.4 77 12 33 12 33 

lO0 20 64 12 38 13.5 42.5 
250 13.2 65 11.4 57 11.4 59 

* ip is  i n  A-crn -s. 
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Table V. Variation of peak current (ip) with concentration 
of fibrlnogen 

ip*/c for 
Scan rate, C o n c e n t r a t i o n s  (c in  m g / m l )  of 

m V / s e c  Peak  3.0 0.07 0.007 

10 A n o d i c  p e a k  I 33 2300 
50 A n o d i c  peak  I 59 2800 5150 

I00 A n o d i c  peak  I I I 0  2860 
50 A n o d i c  peak  I I  17 950 2860 

10O A n o d i c  peak  I I  51 286 
300 A n o d i c  p e a k  I I  160 4070 

50 Ca thod ic  peak  22 770 - -  
100 Ca thod ic  peak  52 1930 - -  
300 Ca thod ic  peak  100 4070 

* ip is in A-crn-S. 

Charge Transfer Reactions of Fibrinogen at the 
Platinum-Saline Interface 

Informat ion regarding the charge transfer  reactions 
of the protein is obtained from steady-state potentio- 
static and potent iodynamic studies. The i-E curves for 
three concentrat ions of the protein (Fig. 3-5) indicate 
that at the lowest concentration, only adsorption reac- 
tions predominate over the entire potential  range be- 
cause the currents  in the solutions with protein are 
always less than that  in normal  saline. But if the 
concentrat ion of fibrinogen is increased (Fig. 4, fibrino- 
gen concentrat ion of 0.07 mg/ml ) ,  distinct changes are 
observed at cathodic potential  (more cathodic than 
--600 mV/SCE) .  There is a steep increase of cathodic 
currents  by more than  one order of magni tude over the 
corresponding values for b lank saline solution. Ellip- 
sometric study shows that the coverage 0 decreases 
with increase of cathodic potential. The increase of 
cathodic current  at potentials more negative than --700 
mV/SCE cannot be explained on the basis of desorp- 
tion alone. Either the protein is taking part in a direct 
charge t ransfer  reaction or the hydrogen evolution 
reaction on the p la t inum substrate is catalyzed by 
fibrinogen. 

To determine whether  the protein is directly in-  
volved in an electron transfer  reaction across the 
metal-solut ion interface at these potentials or hydro-  
genation of the molecule by the discharged hydrogen 
occurs, the s teady-state  potentiostatic studies were 
carried out in deaerated saline with the addition of 
fibrinogen. The results are presented in  Fig. 6. Even 
though the behavior of the protein on the anodic side is 
very different from the one observed for the same con- 
centrat ion in  a i r -saturated solution (Fig. 4), the cath- 
odic currents  below --600 mV/SCE are almost identical 
in pure saline and in saline containing the protein at 
the same potential. In  aerated solutions of saline, the 
dissolved oxygen in the system causes depolarization 
and hence the cathodic currents  do not increase steeply 
at the extreme cathodic potential. From the behavior in 
deaerated saline, it appears that  the protein undergoes 
an electrolytic hydrogenat ion reaction at the meta l -  
solution interface. This type of electrolytic hydrogena-  
tion of organic molecules has been reported earlier 
(16). This is the first t ime in which a physiologically 
important  blood protein has been shown to take part  
in such a type of reaction. From a knowledge of the 
structure of the fibrinogen molecule, the present  find- 
ings are not surprising. Even assuming in a crude way 
that the cathodic process does not lead to decomposi- 
tion of the molecule as a result  of the reduction proc- 
ess, the reaction can be accounted for due to the pres- 
ence of a large number  of t ryptophan residues. It is 
probable that  these are hydrogenated. It is also l ikely 
that the sulfhydryl  groups in the molecule may be 
hydrogenated. At present, the type of product formed 
as a result of the reaction is based only on speculation. 
Detailed amino-acid, N- and C- terminal  assays, and 
gel electrophoresis studies on the reduced product have 
to be carried out to characterize the product formed 
at these highly cathodic potentials. At physiologic con- 
centrat ion of the protein, not only at highly cathodic 

potentials but  also at anodic potentials, fibrinogen i s  
involved in electron t ransfer  reactions (Fig. 5). This 
increase of anodic current  from about --100 mV/SCE 
is visible even at the lower concentrat ion (0.07 mg/ml ,  
Fig. 4) but  is more marked at the higher concentra-  
tion (3 mg/ml )  of protein. This indicates that  fibrino- 
gen undergoes an anodic charge transfer reaction. This 
anodic reaction seems to take place over a wide range 
of potentials from --100 to 900 mV/SCE. It was shown 
previously that  fibrinogen undergoes electropolymer- 
ization to fibrin in the region from --200 to -{-100 
mV/SCE (17). This conclusion was arrived at by show- 
ing that the electron micrographs of the anodic prod- 
uct and of the enzymatical ly formed fibrin by addition 
of th rombin  to fibrinogen were quite similar. Also in 
the potential  range investigated, i.e., --200 to +100 
mV/SCE, the log current  was observed to vary  l inear ly  
with potential. The present  work shows that  the elec- 
tropolymerization reaction probably takes place over a 
much extended region of anodic potentials up to -{-900 
mV/SCE. At anodic potentials above -{-900 mV, the 
anodic current  is near ly  t h e  s a m e  a s  in pure saline 
probably  due to the influence of the oxide formation 
reaction and the desorption of the protein at such high 
potentials. 

The results of potentiodynamic studies for the three 
concentrat ions of the protein show that it takes part  in 
at least three charge transfer  reactions. The complete 
e l iminat ion of the reversible hydrogen peaks, the sup- 
pression of the oxide reduction peak at all but  the low- 
est concentrat ion of the protein, and the development  
of new peaks at dist inctly different potentials are seen 
in Fig. 8 and 9. The figures indicate the shape of the 
vol tammogram at a scan rate of 50 mV/sec. The anodic 
peak I appears at --620 mV/SCE and anodic peak II at 
--400 mV/SCE, while the cathodic peak is developed at 
about 0 mV/SCE. The pronounced anodic peak I at the 
more cathodic potential  masks the next  peak (anodic 
peak II) and it is more easily discernible at faster scan 
rates. On the anodic scan, at potentials more cathodic 
to --600 mV/SCE, there is a steep increase of current  
and the peak at this potential  region is not properly 
developed. At faster scan rates, one observes a t runca-  
t ion over a 100-mV region. It is interest ing to note that 
the position of the peak appears to be exactly at the 
same potential  where the second hydrogen reduction 
peak is observed for normal  saline without  protein 
addition. 

In  the light of the information obtained from ellip- 
sometric and potentiostatic studies, an examinat ion of 
the vol tammograms indicates the involvement  of the 
protein in  electrochemical reactions both at extreme 
cathodic and over a wide range of anodic potentials. 
Adsorption effects predominate  in the intermediate  
potentials. But the vol tammograms do not explicitly 
indicate these charge t ransfer  reactions by any pro- 
nounced peak or even a hump in the cathodic or anodic 
scans. The cathodic reaction is, however, indicated by 
the large increase of current  in  the highly negative 
regions. The recording of this in the vol tammogram 
is vit iated by external  factors like cell resistance and 
ins t rument  limitation. The currents  from --100 to 
-{-1000 mV/SCE in the anodic scan, suggests the occur- 
rence of an anodic charge t ransfer  reaction, although 
no peaks are visible in this region. The three clearly 
visible peaks (anodic peaks I and II  and cathodic peak) 
a r e  probably due to reactions of the products of the 
charge t ransfer  reactions visible in the steady-state 
potentiostatic measurements.  Thus,  it appears that the 
results of the potent iodynamic study complement those 
from potentiostatic measurements.  

The effect of scan rate var iat ion was investigated for 
the two concentrat ions of fibrinogen in which the de- 
velopment  of peaks is distinct (concentrations 3 and 
0.07 mg/rnl ) .  Several  of the diagnostic criteria devel- 
oped by Nicholson et al. (15) for stat ionary electrode 
polarography have been applied to this case, leading to 
some valuable conclusions regarding the na ture  of 
these reactions, the role of adsorption, and r e v e r s i b i l -  
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ity. The shifts of peak potential  as a funct ion of scan 
rate for anodic peaks and the cathodic peak are shown 
in Fig. 11. The anodic peak I has a shift of 30 mV/dec-  
ade of scan rate, while the second anodic peak and the 
cathodic peak have a shift of 60 mV for a tenfold in-  
crease of scan rate. The variat ion of the peak potentials 
with scan rate and the nonoccurrence of corresponding 
cathodic peaks show that  the reactions are probably 
irreversible. The other cri terion of total irreversibili ty,  
i.e., the peak current  function (iJv'/2) being indepen-  
dent of the scan rate is not fulfilled by these peaks 
(Tables III  and IV). Normally, the variat ion of peak 
potential  with scan rate and the current  function de- 
pendence are both to be considered for determining 
reversibi l i ty of the reaction. It is l ikely that complica- 
tions may arise due to the adsorption of the reactant  
and perhaps the product. The development  of pre-  or 
post-peaks which readi ly characterize adsorption is not 
clear in this case. Even the anodic peak II  cannot be 
considered as a post-peak as it shows a dist inctly dif- 
ferent shift of peak potential  with scan rate (Fig. 11). 
As discussed earlier, the application of quant i ta t ive  
methods for de termining the presence of adsorption 
shows the three charge transfer  reactions to be also 
associated with adsorption processes. No at tempt is 
made to calculate the number  of electrons involved in 
the charge t ransfer  reactions indicated by the three 
peaks due to the complexity of the system. 

Correlation Between Electroactivity of Fibrinogen and 
Blood Compatibility of Materials 

It is now necessary to examine the results in the 
l ight of some of clinical findings with materials  used 
for cardiovascular prostheses. The observation that 
fibrinogen is adsorbed on the surface over a wide range 
of potentials (potentiostatic and ellipsometric study) 
is fully corroborated with earl ier  research in  the field. 
Irrespective of the type of material ,  insulators, or 
metallic conductors, it is well known  that  fibrinogen 
is one of the first proteins to be adsorbed on to the sur-  
face (18). F ibr inogen adsorption seems to be the first 
step even during plate]et re tent ion studies in glass 
bead columns (19). Electrocapillary and capacity data 
also confirm its strong adsorption as found in the pres- 
ent work (20). The involvement  of fibrinogen in anodic 
and cathodic reactions at the metal-solut ion interface 
seems to throw new light on the behavior of metallic 
prosthetic materials. It  is general ly known  (21) that 
among metallic materials, noble metals, i.e., those that  
develop a spontaneous positive potential  in saline with 
respect to the NHE are thrombogenic, while the cor- 
rodible base metals are nonthrombogenic.  The metallic 
materials  so far exper imented with can be classified 
under  three headings, (A),  thrombogenic, (B) fair ly 
thromboresistant,  and (C) highly thromboresistant.  
Copper, silver, gold, and p la t inum belong to class A; 
stellites and other cobalt-chrome alloys, some types of 
stainless steels to class B; and pure a luminum and its 

alloys and magnesium to class C. A cursory examina-  
tion of their rest potentials in saline shows that  class 
A metals  have their  spontaneous potentials in the 
thrombogenic range. If  it is assumed that  the p r imary  
reaction in  thrombosis is the formation of a fibrin clot 
at the interface and the prime material  for this fibrin 
clot formation is fibrinogen, the importance of the po- 
tentiostatic studies and their  bear ing on the data of 
thrombogenici ty of metals becomes clear. The pre-  
dominant ly  thrombogenic metals fall in the potential  
zone in which electropolymerization is most l ikely to 
occur. The metals of class B fall in the middle range of 
potentials where fibrin formation does not appear to 
occur but  only adsorption of the protein predominates.  
In  this region, for some of the materials, kinetic factors 
may play a role in leading to thrombus formation. 
Thus, surface roughness, contamination, and similar 
problems may induce thrombosis as has been observed 
(22). In  the case of metals which belong to class C, 
their potentials are so highly negative that  either there 
is complete desorption of fibrinogen or it may undergo 
a cathodic charge t ransfer  reaction. Thus for a luminum 
the rest potential  in  saline is --800 mV/SCE. This falls 
in the zone where the cathodic reduction of fibrinogen 
possibly takes place. Probab~.y the cathodic product 
acts as an inhibi tor  in  the over-al l  thrombosis reac- 
tion. It was also observed that  blood treated with alu-  
m i n u m  powder shows a longer clotting time than  con- 
trols (23). 

To support the above quali tat ive conclusions on a 
solid quant i ta t ive  biological footing, it is necessary to 
conduct hematological correlations of these findings. It  
is necessary to compare N- te rmina l  assays of the elec- 
trolytically formed fibrin and the na tura l ly  formed 
fibrin. Similar ly on the cathodic side, it is necessary to 
determine the influence of the cathodically formed 
product on the normal  plasma clotting times. Such 
studies should yield useful information to the clinicians 
in addition to providing an insight on the mechanism of 
electropolymerization and fibrinolysis. 

Conclusions 
Investigations of the electrochemical reactions of one 

of the most impor tant  blood coagulation factors, fi- 
brinogen, by using some of the we l l -known electro- 
chemical and optical tools yield interest ing informa-  
tion. The molecule is adsorbed on the metal  surface 
over a wide potential  range even at a very low con- 
centrat ion of the protein. The presence of adsorption is 
shown by ellipsometric, potentiodynamic,  and potentio- 
static methods. This confirms the previous observations 
that  this protein adsorbs on most surfaces from plasma 
solutions. 

The results of the potential  sweep study are ra ther  
interesting. The investigations do not shed any new 
light on the charge t ransfer  reactions, as revealed by 
the potentiostatic method, but  show the occurrence of 
at least three charge transfer  reactions at different po- 
tent ials  in  the anodic and cathodic scans. These seem to 
be due to the products of the two pr imary  reactions 
(shown by potentiostatic method) taking part  in sub- 
sequent charge t ransfer  reactions. All  these reactions 
have significant adsorption contr ibutions and the shift 
of peak potentials with scan rate leads to a crude guess 
about the number  of electrons in the reactions. How- 
ever, due to the absence of more sophisticated infor-  
mation, no quant i ta t ive  conclusions can be d rawn from 
the present  results on this and on the type of adsorp- 
tion. 

The mater ia l  undergoes both anodic and cathodic 
charge transfer  reactions at the metal-solut ion in ter -  
face. The cathodic reaction occurs at highly negative 
potentials beyond --600 mV/SCE, while the anodic 
reaction seems to take place over a wide potential  
range. The anodic reaction has been studied earlier 
and its product  shown to be identical electron micro- 
scopically to enzymatical ly formed fibrin by the action 
of th rombin  (17). The present  work shows that  this 
reaction takes place over an extended potential  region. 
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The results of the potentiostatic study throws new 
light on the blood compatibil i ty of metallic prosthetic 
materials. They explain the previously known fact that 
the spontaneous potential  of the metal  in saline is an 
important  cri terion in assessing its blood compatibility. 
The extreme thromboresistant  property of metals with 
highly cathodic potentials in saline seems to be due to 
the involvement  of the protein in some cathodic reac- 
t ion at the interface and the product of this reaction 
may have an  inhibi tory effect on thrombus deposition. 
Correlative experiments  are essential to prove that  
s imilar  reactions occur in biological systems. 
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A New Technique for First-Drop Polarography 
E. Kirowa-Eisner, N. Tshernikovski, and U. Eisner 

Institute of Chemistry, Tel-Aviv University, Ramat-Aviv, Israel 

ABSTRACT 

A new ins t rument  for automatic "first-drop" polarography is described. 
The advantages of this system are shown in the evaluat ion of kinetic pa ram-  
eters of an electrode reaction. A detailed description of the operation of the 
ins t rument  is presented. 

It is well known that  in spite of the s t i rr ing effect 
caused by the falling of the mercury  drops, successive 
drops grow into a solution whose concentrat ion differs 
from that  to which the first drop at any part icular  po- 
tent ial  is exposed. Depletion of the diffusion layer and 
accumulat ion of intermediates near  the electrode sur-  
face may alter the character of the layer adjacent  to 
the drop and cause a change in the cu r ren t - t ime  char-  
acteristics. 

Advantages of first-drop measurements  were dem- 
onstrated by the Czechoslovak School of Polarography. 
Firs t -drop measurements  were achieved with the use 
of horizontal or tilted capillaries (1). Other devices 
were constructed by Hans et aL (2) and by N~mec (3). 

Despite its advantages mainly  in kinetic studies of 
electrochemical processes, the technique has not been 
general ly adopted for rout ine work by electrochemists. 

Key words: polarography, instrumentation, electrode kinetics. 

In  a recent  paper by Kirowa-Eisner  and Gileadi (4) 
a first-drop technique was used for the elucidation of 
the electroreduction of glycol aldehyde (GA).  In  these 
experiments  the potential  was kept at a less negative 
value where no electrochemical process took place and 
was then stepped up to a value corresponding to the 
plateau just  as a drop fell. In  this way measurements  
were conducted on what  electrochemically constitutes 
a first drop. 

The present  work describes an ins t rument  which en-  
ables one to carry out first-drop polarography con- 
venient ly  and automatically.  Its advantages are dem- 
onstrated with the use of some electrochemical proc- 
esses. 

Experimental 
Polarograms were recorded on a Yokogawa recorder 

Type 3046. Fast t ransients  were recorded on a Tek-  
t ronix  Type 564 storage oscilloscope. Lifetime of the 
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Fig. 1. Potential wove form and respective current of the polaro- 
graphic unit. 

drops was determined by a Radiometer Drop Lifetimer 
Type DLT1, currents  were measured with the aid of a 
home-made current  follower. Cell and electrodes were 
Radiometer, Copenhagen. 

Method of operation of the instrument.--General.-- 
The init ial  potential  is set at some value at which no 
electrochemical process occurs. The potential  is kept  
at this value for a predetermined number  of drops and 
is then stepped synchronical ly with the enforced fall 
of the next  drop, to the desired value. The potential  is 
held constant, again for a predetermined number  of 
drops, and then changed back to the init ial  value. 
(Fig. 1). 

The final potential  may be kept at a certain value 
thus permit t ing the recording of the current  to be re-  
peated as many  times as desired. 

In  a different mode of operation the potential  can be 
kept at the final value indefinitely. The ins t rument  can 
also operate as a regular  staircase generator for po- 
larographic measurements.  In  that case, its main  fea- 
ture  is the fact that the potential  does not change dur-  
ing the lifetime of the drop. A delay in the application 
of the pu]se for a predetermined t ime enables applica- 
t ion of the potential  toward the end of the drop life. A 
time sampler constructed in this laboratory connected 
to the present  generator  enables the operation of the 
ins t rument  in a "Tast" mode. This mode of operation 
and  the use of the ins t rument  for solid/electrode vol- 
t ammetry  will be discussed in subsequent  papers. The 
generator also can be used for the construction of 
electrocapillary curves. Results will  be reported later. 

Description of the instrument and its operation.--The 
ins t rument  comprises three main  parts: (i) central  
control unit, (ii), counter  and digi tal- to-analog con- 
verter  (D/A) ,  and (iii) output  stage 

The control unit .--The central  control uni t  (CCU) 
controls the funct ioning of the instrument .  It  contains 
a delay and a trigger uni t  which synchronizes the op- 
eration of the ins t rument  with the lifetime of the drop. 
The uni t  is activated by an external  pulse obtained 
from a drop dislodger (in this work the drop life t imer  
manufactured  by Radiometer was used).  Each drop is 
counted by one of two counters. One counts a certain 
predetermined number  of drops, m (1-9), to which the 
init ial  voltage is applied. The second counts another  
predetermined number ,  n (1-9), of drops to which the 
working voltage is applied. The values of m and n are 
chosen independent ly  by "4-bit" digital cornparators to 
which the counters are connected. 

The comparators control the state of a "flip-flop" 
circuit. The lat ter  chooses which of the two counters 
will  get the trigger pulses. It also controls the output  
stage. 

[ Reset 

Q R t I I 1 
b I 

s I ~ t  t f ]  
d I 

r - . ~ [ ~ - ~  D / A Counter 
J" .~ output 

switching 

Fig. 2. Block diagram of the control unit. o, Counter n; b, com- 
perator n; c, comperator m; d, counter m; e, delay; f, flip flop; g, 
delay. 

Theory of operation.--At the outset the flip-flop 
circuit is in its zero state, Q~0 ,  Q--1 (Fig. 2). Gate 1 is 
open and gate 2 is closed. The trigger pulses wil l  be 
counted by the m counter unt i l  the number  in the 
counter  equals m. At this point the m comparator will  
change the state of the flip-flop, Q - - l ,  Q--0. Gate 2 is 
then opened, gate 1 is closed, and the m counter  is 
reset to zero. The trigger pulses are counted by the 
n counter up to a value n. At this point the flip-flop 
will  r e tu rn  to its ini t ial  state and the n counter  is re-  
set to zero. At the end of each flip-flop cycle a pulse is 
sent to the D/A counter which is advanced by one. The 
role of the delay is to ensure that  the advance will  
occur while the output  is already at the init ial  voltage. 
The flip-flop connects the D/A while  the n counter  is on 
and the m counter is off. The D/A is disconnected when 
the m counter  is on and the n counter is off. 

The D/A unit (Fig. 3) . - -The  counter is a 9-bit 
b inary  counter which is made of an 8-bit  counter and 
a 1-bit counter. This a r rangement  permits one to obtain 
512 pulses with a voltage difference of ~V between two 
successive pulses or 256 pulses with a voltage differ- 
ence of 2• In  this work a hV of 2.5 mV was chosen. 
(If a larger potential  is desired, hV may be increased 
up to 5 mV in the output  stage.) The nine  b inary  out-  
puts of the counter are connected through nine  Nand 
gates to the D/A electronic switches. The second in-  
puts of all the gates are connected to the flip-flop in 
the control unit.  

When the m counter  is on, a "zero" appears on this 
l ine and all the gates will be in the "high state" which 
opens all the switches. When the n counter is on, a "1" 
will  appear on the line and the outputs of the gates will  
depend on the number  contained in the 9-bit  counter. 
This number  will be t ranslated to an analog current  
value by the switches and resistor network. 

The output stage (Fig. 4) .--The output  stage com- 
prises two operational amplifiers. The first is fed by 
two sources: (i) The current  output  from the D/A. This 
current  will  be either zero or proportional to the n u m -  
ber of measuring cycles passed, depending on the state 
of the control unit. (ii) A second source supplies the 
init ial  voltage which will be applied to the electrodes 

from Delo y~/ [ ~ J ~  

out put I_ 
o ] 

I I I I L I I c 1 a n a l o g  Current 
J tO oat put stage 

Fig. 3. Block diagram of digital to analog and logic converter 
(D/A unit), o, 8-bit counter; b, D/A switches; c, R, ZR resistor net- 
work; d, 1-bit counter. 
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Fig. 4. Block diagram of output stage 

in the m state. A second amplifier acts as an inver ter  
enabl ing one to obtain pulses of reversed polarities. 

Results and Discussion 
The behavior of the first and subsequent  drops are 

demonstrated for a few cases. 

Dif]usion-controlled process.--The system selected 
was Cd +2 in  KC1. 

1. The current  at the beginning of the drop life is 
different in the first drop from that in subsequent drops 
(Fig. 5). At the end of the drop life (2-4 sec) the cur-  
rents differ by less than 2%. 

2. A "true" first drop is obtained only when  three or 
more drops are released at the potential  where no 
faradaic current  flows (Fig. 6). 

3. The log i vs. log t plot for the first drop is l inear  
with a slope of 0.17 for a time less than  1 sec (drop life 
about 4 sec) (Fig. 7). This value differs from the slope 
of 0.19 obtained by others (5). The reason is that  under  
the conditions in our  experiment  (measurements  were 
carried out at the early stages of drop growth) the 
spherical correction is smaller and the value of the 
slope approaches 1/6 as is expected for l inear  diffusion. 

The reproducibil i ty of the cur ren t / t ime  curves is ex-  
cellent (better than 0.1%). Thus a log / / log  t plot (dur-  
ing drop growth) is proposed as a method to deter-  
mine whether  or not a process is diffusion controlled. 
This method is faster and more accurate than  the 
evaluat ion of the dependence of current  on the height 
of the mercury  column or the dependence of current  on 
the drop time (main ta in ing  the same height of mer-  
cury column and using different drop times by en-  
forced fall of the drops). 

Temperature e~ect .--As the temperature  is lowered 
the diffusion coefficient decreases, slowing down the 
equalizat ion of concentrat ions and one might  expect 
greater differences between the first and subsequent  
drops than at higher temperatures.  This difference, 
which is not very pronounced, can be seen from Fig. 8. 

Analytical aspects.--First-drop polarography for dif- 
fusion-control led processes has no advantage over 
classical polarography for rout ine polarographic 
analysis since calibration curves are general ly used. 

Fig. 6. Effect of the number of the drops at initial potential on 
the first drop. Upper curve, three drops at initial potential; lower 
curve, one drop at initial potential; other conditions as for Fig. 5. 
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Fig. 7. Log /-lag t dependence for first and third drops. 3 mM 
Cd + + in 1M KCL 

Fig. 5. First, second, and third drop. T ~ 4 sec, 3 mM Cd + +, 
1M KCI, h ~ 40 cm. X axis ---- 50 msec/cm, Y axis ---- 2.1 #A/  
cm, temperature = 4~ 

Fig. 8. Same as Fig. 6 but at 25~ and current density (Y axis) 
3.1 ~AJcm. 

Kinetic processes.--The reduction of glycol aldehyde 
(GA) is presented as an example of a kinetic process. 
The general  reduction scheme is 

k 
GAhydrated ''> GA (base catalyzed process [1] 

GA + 2e + H20 --> AA -t- 2 O H -  (AA acetaldehyde) 
[2] 

The detailed mechanism was studied by Kirowa-Eisner  
and Gileadi (4). 
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Fig. 9. First drop and second drop current-time curves throughout 
the drop life (4 sec) for GA. pH ~- 12.7. (Distortion of the curve at 
the beginning of the drop life is caused by an external capacitor 
connected in parallel with the resistor at the output stage for 
elimination of "noise.") 

The curve of the l imit ing current  as a function of pH 
has a max imum at pH ~ 12.7. 

This pH was chosen for the experiments  described 
below. The support ing electrolyte was LiC104 and the 
pH was adjusted by the addition of LiOH. As the po- 
tent ial  is applied and the cur rent - t ime curves are re- 
corded, the accumulat ion of O H -  near  the electrode 
surface results in an increase in pH which suppresses 
the l imit ing current  of the subsequent  drops. The cur-  
rent  for the first drop is higher throughout  the drop 
life (Fig. 9). When the pH of the solution is 11.5, the 
i-t curves for the first and subsequent  drops are es- 
sential ly the same. Depletion of GA in the vicinity of 
the electrode causes a decrease in the current,  but  this 
is compensated by the increase in pH. Thus the deter-  
minat ion of the kinetic parameters  of a reaction must  
be carried out on the first drop. 

The rate constant for the chemical step in the re-  
duction of GA was determined by Koutecky's  method 
with the use of i-t curves (4). 

The difference in  the behavior  of i-t curves will  be 
most pronounced for catalytic processes 

A ~ e--> B 

B ~  c - ~ A  

Accumulat ion of reaction products which affect the 
kinetics of the over-al l  process at the electrode sur-  
face will  result  in a large difference between the i-t 
curves of first and subsequent  drops. 

i-E curves.--The calculation of the Tafel slope (0E/ 
a log i) for electrochemical processes is essential 
for the evaluat ion of the mechanism of the process. 
Firs t -drop polarography is most convenient  in  this 
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Fig. 10. Tafel plot for formaldehyde 
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respect. The potential  is stepped automatical ly in the 
desired step heights. The potential  is constant dur ing 
the life of the drop as opposed to the case of classical 
polarography where it changes l inearly with t ime 
during the drop life. Figure 10 presents a Tafel slope 
for formaldehyde. 

Conclusions 
The ins t rument  described herein is a useful and con- 

venient  tool for the elucidation of the character of 
electrode reactions. It enables automatic measurements  
on first drops, thus avoiding the changes in the cur-  
r en t - t ime  curves which stem from depletion of reac- 
tants or accumulat ion of intermediates  near the elec- 
trode surface. It is, furthermore,  most suitable for eval-  
uat ion of the kinetic parameters  of kinetic, catalytic, or 
adsorption processes. It  is versatile, dependable, and 
simple to operate. 
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Electrode Filming in King Substituted Anilines 
Keith B. Pra ter *  

Department ol Chemistry, University of Texas at El Paso, El Paso, Texas 79968 

ABSTRACT 

The study of the electrode filming behavior  of a series of r ing subst i tuted 
anil ines has indicated that filming occurs only in those compounds containing 
several doubly activated r ing positions. This leads to the conclusion that  the 
films arise due to mult iple  r ing- r ing  coupling. 

Electrode filming is one of the banes of the electro- 
chemist 's existence. All too often, an interest ing com- 
pound is electrolyzed and found to yield an insoluble 
material  which rapidly coats the electrode and renders  
it nonconducting. Such filming makes obtaining electro- 
chemical data difficult at best, and usual ly  necessitates 
the use of very rapid t ransient  methods in which the 
data are (hopefully) collected before significant filming 
has occurred. More often, however, the compound is 
simply set aside and some more wel l -behaved com- 
pound is studied. 

It  is general ly  assumed that these films are poly- 
meric materials, but, to the author 's  knowledge, no one 
has considered the problem of why some compounds 
form such films and others do not. This paper reports 
the results of a survey of the filming properties of a 
series of r ing subst i tuted anil ines and suggests that  
these results are unders tandable  on the basis of the  
effects of the subst i tuents  on the activities of various 
r ing positions. 

Exper imental  
All solutions were prepared from acetonitri le which 

had been stored over Call2 and then t r iply distilled 
from P4010. The solutions were 0.1M in te t rae thylam-  
monium perchlorate. The r ing substi tuted anil ines 
were obtained from Eas tman-Kodak  and were used as 
received. The N,N-dimethylated anisidines were pre-  
pared from the corresponding anisidines by methyla-  
tion with t r imethylphosphate  (1). Solutions were ca. 
10-3M in the anilines. The working electrode was a 
p la t inum wire and the reference electrode was a silver 
wire. The potentiostat  and voltage scanner  were of 
s tandard design. 

Results and Discussion 
The results which were obtained for a series of r ing 

subst i tuted anil ines are summarized in Table I. There 
was little difficulty in  separating these compounds into 
the two categories shown in Table I on the basis of 
their cyclic voltammograms. Those compounds which 
were classed as nonfilming exhibited cyclics similar to 
that of o-anisidine as shown in Fig. 1. After s t i rr ing 
the solution, a second cyclic could be obtained which 
differed in peak height from the first by less than  2% 
and in  peak potent ial  by less than 30 inV. 

Those compounds which were classified as filming 
exhibited behavior  similar to that  of m-aminophenol  
shown in Fig. 2. The first cyclic on a clean electrode 
was characterized by a broad, rounded peak and a 
rapid decrease in current  after switching the direction 
of potential  scan. After  st irr ing the solution, the second 

* Electrochemical  Society  Act ive  Member .  
Key  words: filming, substituted anilines.  

Table I. Filming behavior of ring substituted anilines 

Nonfi lming Fi lming  

o-NH~ m-NH2 
o-OH m - O H  
o-OCI-Is m-OCH8 
o-C1 ~-CI (slight) 
o-NOs 
m-NO,8 

cyclic yielded a peak height significantly smaller than 
before and the peak potential  was shifted by several 
hundred  millivolts. After  wiping the electrode, a 
third cyclic was obtained. In general, the peak height 
for this third cyclic was much less than  had been ob- 
served on the clean electrode, but  the peak potential  
was close to that  obtained on the clean electrode. It 
should be pointed out that  examples of less severe 
filming were also observed. 

The obvious observation to be made from Table I is 
that filming occurs only when  the subst i tuent  group is 
electron donat ing and meta to the amine group. An  
electron donat ing group ortho to the amine does not 
cause filming, nor does an electron wi thdrawing group 
(--NO2) in  either position. The difference between 
these two groups of compounds is that, since electron 
donating groups ( including --NH2) activate the r ing 
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I - I O  

O 

Fig. 1. Cyclic voltammogram of o-anisidine in acetonitrile, o. 
Clean electrode; b, after stirring solution. 

s (VOLTS) IO 

o 
I 

o 

Fig. 2. Cyclic voltammogram of m-ominophenol in acetonitrile. 
a. Clean electrode; b. after stirring solution; c. after wiping elec- 
trode. 
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to electrophilic attack at the positions ortho and para 
to the subst i tuent  itself, a compound having two elec- 
t ron donating groups meta to one another  will  have 
three ring positions which are doubiy activated (see 
Fig. 3), whereas, if the two electron donat ing groups 
are ortho to one another, there are no doubly acti- 
vated positions. The presence of an electron wi th-  
drawing group anywhere  on the r ing would be ex- 
pected to decrease the susceptibility toward electro- 
philic attack. 

From these arguments,  one would conclude that the 
mechanism of the formation of the films involves 
mult iple  electrophylic attack, probably by electrogen- 
erated cation radicals, on such an activated r ing yield-  
ing a polymeric mater ial  containing units  such as is 
shown in Fig. 4. 

In  addition to the compounds listed above, the N,N- 
dimethylated o- and m-anis id ines  were investigated. 
As expected, the ortho isomer showed no signs of film- 
ing. The meta isomer was observed to film, but  much 

H H H H 

: ' o ~  o,m o,p o,o 
rn, p,m m,m ~___/fi..X 

p,m pc) 
Fig. 3. Activation of the ring by ortho and meta substitution of 

electron-donating Group X. 

Fig. 4. Supposed polymer unit 

less than  the corresponding anisidine; less even than 
m-chloroanil ine.  This result  could be taken as evidence 
that coupling through the amine ni t rogen is impor tant  
in t h e  filming process. Coupling through ni t rogen is 
well known in the oxidation of ani l ine (2). It hardly  
seems likely, though, that the amine ni trogen would be 
fur ther  activated by the meta subst i tut ion of an elec- 
t ron donating group. A more palatable explanat ion is 
that  the N-methyl  groups interfere sterically with at- 
tack on the positions ortho to the amine group and 
thus deter polymer formation. This is consistent with 
the fact that  l i t t le ortho-para or ortho-ortho benzidine 
is formed when N,N-dimethylani l ine  is oxidized elec- 
trolytically (3) even though MO calculations indicate 
only slight differences between the electron densities 
at the ortho and para positions in d imethylani l ine  (1). 

Conclusion 
This work strongly suggests that  electrode filming in 

r ing subst i tuted anil ines is due to the formation of 
polymeric mater ia l  result ing from mult iple  electro- 
philic at tack on molecules having several doubly ac- 
t ivated r ing positions. This immediately suggests sev- 
eral other studies including quant i ta t ive  correlation of 
filming with electron densities from MO calculations, 
tracer studies to prove that the polymers arise due to 
r ing- r ing  coupling and  to measure the extent  of this 
coupling, and the extension of such studies to other 
types of compounds. 
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Electroreduction of Vanadium(V) in the 
Presence and Absence of Chlorite ion 

Ronald L Birke* and Thomas D. Santa Cruz 

Department of Chemistry, University of South Flor/da, Tampa, F~orida 33620 

ABSTRACT 

Polarographic and vol tammetr ic  i vs. E curves have been used to s tudy 
the etectroreduction of ammonium metavanadate  solutions in IF  NHs, 1F 
NH4C1 at dropping and hanging drop mercury  electrodes. Polarographic ex-  
per iments  were also made in the same media with EDTA added. When chlorite 
ion is present in these systems, a catalytic current  is manifested, i n  the ab- 
sence of EDTA, the catalytic current  process appears to involve an equi l ibr ium 
reaction of the product  of the electrode reaction. In  the presence of EDTA, a 
normal  catalytic current  is found. The mechanisms of these processes are 
discussed and rate constants are measured. The average homogeneous rate 
constant calculated for the proposed electrode mechanism is 2 • 105 l i te r /  
mole-sec without  EDTA and 9 X 104 l i ter /mole-sec in  0.1F EDTA. 

The electroreduction of vanad ium(V)  on mercury  
electrodes in alkal ine media has been studied with po- 
larographic methods by several workers (1-3). There 
has been some confusion in the l i terature concerning 

* Electrochemical  Society Act ive  Member .  
K e y  words :  electroreduct ion,  vanad ium,  m e r c u r y  electrode.  

the polarographic behavior  of V (V) in ammonia,  am- 
monium chloride media. Lingane (2) found that  a 
1.58 • 10-3F solution of ammonium metavanadate  in 
1F NH~, 1F NH4C1 exhibited two closely spaced waves 
with a 3:1 ratio of wave heights. His interpretat ion 
was that  the first wave is due to the reduct ion of V(V) 
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to V(IV) and that  the second wave is due to the re-  
duction of V(IV) to V(I I ) .  Schmidt and Reilley (4) 
found that  sodium vanadate  in 1F NH4C1, 6F NH3 
shows a single wave up to concentrations of about 
5 • 10-4F and at higher concentrat ions a double wave 
appears. The first wave is not a function of total 
[V(V) ], whereas the total wave height is directly pro- 
portional to this concentration. Their  in terpreta t ion of 
the double wave is that  the first wave is caused by an 
inhibited electrode reaction where the product of the 
initial  reduction forms a film of vanad ium hydroxide 
of lower oxidation state on the electrode surface and 
presents a barr ier  to fur ther  reduction unt i l  the po- 
tent ial  is made more negative. 

Baumann  (5) has observed the same inhibi t ion effect 
with vanad ium(V)  concentrations above 5 X 10-4M 
in 1F NH3, 1F NH4C1 medium. It is somewhat surpris-  
ing that  often quoted tables of polarographic hal f -wave 
potentials (6) still list the first wave in this system as 
the V(V) to V(IV) reduction process and give a diffu- 
sion current  constant  for the first wave. Since the am- 
moniacal medium is convenient  for analytical  deter-  
minat ion of trace quanti t ies of vanadium (7, 8), it is 
important  to emphasize that only the plateau on the 
second wave corresponds to a diffusion controlled 
process. 

Recently Jedral  and Galus (9, 10) studied V(V) in 
2-8F NH3 and 0.1F NaC104 solutions. Their slow sweep 
voltammetric  and chronopotentiometric experiments  
give addit ional  evidence of film formation at higher 
[V (V)] which inhibits  the electroreduction. They pro- 
pose a mechanism in  which V(V) is i r reversibly re-  
duced and forms a monolayer  of V(OH)2, which is 
blocking, and at more negative potentials a thick dense 
film of V(OH)2 can be formed on the monolayer.  The 
formation of the lat ter  film is the process occurring on 
the second wave or peak of the i vs. E curve, and the 
first peak or wave is due solely to the inhibited i rre-  
versible electrode reaction. 

We have investigated the vol tammetr ic  behavior of 
the electroreduction of V(V) at concentrations above 
and below 5 • 10-4F in the 1F NH3, 1F NH4C1 buffer. 
This t rea tment  was under taken  because it was felt that  
V(OH)s  may also be involved in the mechanism since 
V(OH)3 is more insoluble than  V(OH)2. In addition, 
we have studied the polarographic catalytic current  
produced when chlorite, CIO2-, is added to the medium 
in the presence and absence of e thylenediammine te- 
traacetic acid (EDTA). Baumann  (5) has observed the 
catalytic process with NO2- in the V(V) system in the 
1F NH3, 1F NH4C1 buffer. We had previously (11) 
studied the oxidation kinetics of several ferrous com- 
plexes and cuprous amine  with C102- in 1F NH3, 1F 
NH4C1 by the catalytic current  method, and so it was 
na tura l  to extend the t rea tment  to the vanad ium sys- 
tem. 

Experimental 
The ins t rumenta l  setup used for polarographic and 

controlled potential  coulometry has been described 
previously (11). In  the present experiments  a Hewlet t  
Packard 7100B strip chart  with disk integrator  was 
used for integrations. Single and mult iple  cycle cyclic 
vol tammetry  was accomplished using a Wenking 68 
FR 0.5 potentiostat, a Chemtrix Model 800 waveform 
generator, and a Hewlett  Packard 7004B X-Y recorder. 
The electrolysis cell in this work was a Metrohm wa-  
ter- jacketed vessel (EA 874 and 876) with the micro- 
buret te  hanging mercury  drop apparatus (E 410). For 
some experiments,  a low resistance amalgamated Pt  
tip electrode was used to hang a mercury  drop ex- 
t ruded from the microburette.  A gas t ra in  for pur i fy-  
ing ni t rogen over copper at 350~176 was used in all 
measurements.  The reference electrode in every case 
was a Metrohm saturated calomel electrode, SCE. Ex-  
per imenta l ly  determined residual currents  were sub-  
tracted from all measured polarographic currents  in 
the catalytic current  study. 

All  reagents used were analytical  reagent  grade pu-  
rity. The sodium chlorite was purified by a procedure 
already described (11). A vanadium (V) stock solution 
was made up from ammonium metavanadate,  NI~VOs, 
by dissolving the salt in 1.0F NH3, 1.0F NH4C1. The 
stock solution was standardized by reduction with fer- 
rous solution, oxidation of excess ferrous with per-  
sulfate solution, and t i t rat ion of the V(IV) with 
KMnO4. Chlorite solutions were made up determin-  
ately. 

Error  limits for slopes of plots are rough estimates 
and those for rate parameters  are the standard devia- 
tions for the indicated number  of measurements.  

Results and Discussion 
Polarography  and cou lome t ry  of  NH 4 V 0 3  in 1F NH3, 

1F NH4CI . - - In  order to in terpret  the kinetic data for 
the catalytic current  produced by the chlorite oxida- 
t ion of a vanad ium species of lower oxidation state, 
it is necessary to consider the polarographic reduction 
of V(V) species in ammoniacal  media in the absence of 
chlorite. The polarographic current -potent ia l  curves at 
concentrations above 0.5 mil l imolar  [V(V)]  in am- 
moniacal  buffer exhibit  two waves. At 0.50, 1.0, and 2.0 
mil l imolar  [V(V)] ,  the ratio of total wave height to 
the first wave height is 2.0: 1, 2.4: 1, and 3.0: 1, respec- 
tively, with El/2 near ly  the same for each concentra-  
tion. Clearly, the changing ratio of the wave heights is 
not proportional to the number  of electrons transferred. 
If the concentrat ion is increased to around 5 mil l i -  
molar the current  t ime curves in the potential  region 
from --0.94 to --1.3V vs. SCE show a drastic decrease 
over the drop life indicating an adsorption process. 

A controlled potential  electrolysis, cpe, at a Hg pool 
electrode at --1.3V vs. SCE showed the number  of 
electrons exchanged as 2.05 and 2.02, indicating a 
V(V) --> V(I I I )  process. Jedral  and Galus (9) estab- 
lished that a V(II )  electrode product reacts with V(V) 
in ammoniacal  media to produce a V(I I I )  species so 
that cpe does not establish the product of the electrode 
reaction Assuming D ---- 5 • 10 -8 cm2/sec Jedral  and 
Galus (9) calculate n ---- 3 in a voltammetric  experi-  
ment. Calculations of n at -- 1.4V vs. SCE on the polaro- 
graphic diffusion current  plateau are ambiguous be- 
cause a value of n ---- 2.96 is found for a 1.00 mil l imolar  
V(V) using the above value of D whereas a value 
closer to two is found at lower concentrations. This 
apparent  dependence of n on concentrat ion results 
because of a nonl inear  relationship between id and 
V(V) concentrat ion (5). Thin layer vol tammetry  (9) 
in 6F NH3, 0.5F NaC104 indicates that electrode reac- 
t ion product is a V(II )  species. A similar process is 
most l ikely occurring in the 1F NHs, 1F NH4C1 buffer. 

A number  of interest ing phenomena occur upon cpe 
of NH4VO3 at a large Hg pool electrode at --1.3V vs. 
SCE. The exper iment  was performed with a DME 
placed in the electrolysis cell for recording i vs. E 
curves, and st irr ing was achieved with a Teflon st irr ing 
bar on the Hg pool surface. The solution turns  yellow- 
ish-brown as electrolysis proceeds and becomes very 
cloudy indicating colloid formation. An i vs. E curve 
taken  with the DME directly after the cpe (Fig. 1) 
shows a residual current  from +I .0V vs. SCE where 
Hg is oxidized to --0.8V vs. SCE where hydrogen is 
reduced. This i vs. E behavior appears to be caused by 
a passivating film on the Hg surface which is rather 
amazing in its blocking of Hg oxidation. There is some 
passivation of a DME in the pure support ing electro- 
lyte buffer, but  nothing like that  when colloidal V(I I I )  
is present. The decrease in  hydrogen overvoltage is 
most l ikely due to a catalytic process involving the 
reduction of a hydrogen ion located on the film. Both 
the potential  which corresponds to oxidation of Hg 
and that which corresponds to reduction of hydrogen 
become more negative with t ime after reduction. 

An addit ional exper iment  was performed on the 
colloidal solution of V(I I I )  obtained by  cpe. A solu- 
tion of 0.625 • 10 -2 millimoles of CIO2- was added to 
2.50 X 10 -~ millimoles of V( I I I ) .  The solution cleared 



368 J. E l e c t r o c h e m .  Soc.:  E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  M a r c h  1973 

Fig. 1. Polarogram run on 
50.0 ml of a 5.00 x 10-4F 
NH4V03 in 1.OF of NH3, 1.OF 
NH4CI after controlled potential 
reduction at --1.30V vs. SCE. 
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up immedia te ly  and a polarogram run on this solution 
was very  irreversible,  but  had an El/2 of --0.68V com- 
pared to --1.1V vs. SCE for the original 5 • 10-4F 
NH4VO3 solution before electrolysis. The positive shift 
in Eli2 after oxidation is evidence of the production of 
a V(IV)  species since V( IV)  --> V(I I )  is more revers i -  
ble than V(V)  ~ V(IV)  (9). A calculation using id 
showed that  n was approximate ly  2, which is another  
indication that  a 1:4 rat io of C10~- to V( I I I )  gives a 
V (IV) species. 

Polarography and cou lome t ry  of NH4V03  in 0.1F 
E D T A ,  1F NH3, 1F NH4CI . - - In  the presence of OAF 
EDTA, the i vs. E curves of NH4VO3 in 1F NH~, 1F 
NH4C1 show a morphology quite  different f rom the 
curves observed in the pure  supporting electrolyte 
buffer. The polarography of the V ( V ) - E D T A  system 
was or iginal ly  invest igated by Pecsok and Juve t  (18). 
These workers  describe the number  of waves  in the 
i vs. E curve  changing f rom 2 to 1 as the pH is var ied 
from 9.0 to 10.0. Figure  2 shows that  the  V ( V ) - E D T A  
system in 1F NH3, 1F NH4C1 has three  discernable 
polarographic waves. The exper imenta l  de termined pH 
is 9.44. The first wave  begins from the potential  of Hg 
oxidation. The second and the third waves  are i r re-  
versible wi th  EI/2 vs. SCE of --1.01V and --1.29V 

i(uA} 

J 
J 

I I -0.8 -1.0 -1,12 1.4 

Fig. 2. Polarogram of 1.02 x 10-4F NH4V03 in 1.OF NH3, 1.OF 
NH4CI, and 0.10F EDTA. T = 25~ m = 1.627 mg/sec. 
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E vs. s. c. E, 

respectively.  The EI/~ of the th i rd  wave  corresponds 
to the El/2 found by Pecsok and Juve t  (18) for the 
V(I I I )  to V( I I )  electrode process. The second wave  
appears as an i r revers ible  prewave  on the polaro-  
grams given by Pecsok and J u v e t  for the V ( V ) - E D T A  
system and was not reported by them as a separate 
wave. These authors, however ,  do discuss this pre-  
wave  as the V(IV)  to V( I I I )  reduction and the "main 
wave"  as the V( I I I )  to V( I I )  reduct ion in the polaro-  
gram of V ( I V ) - E D T A  solution at pH = 9.54. 

When the height  of the Hg column is raised to 73 cm, 
a m ax im um  develops on the rising portion of the third 
wave. The peak of the m a x i m u m  drops at --1.43V vs. 
SCE and is fol lowed by a sharp dip in the curve  which 
then rises to a current  level  sl ightly higher  than the 
peak of the maximum.  Addi t ion of Tri ton X-100 re-  
sults in complete  disappearance of the peak on the 
third wave  but a fourth wave  now appears wi th  Ell2 at 
about --1.6V vs. SCE. A plot of log i vs. log h, where  h 
is the Hg column height, was obtained over  the range 
of 32.8 to 72.8 cm. In  the absence of m a x i m u m  sup- 
pressor, the log-log plot gave coefficients of 0.44, 0.53, 
and 0.70 for currents  on the plateau of waves  one to 
three, respectively.  Since i cc h0.~0 for pure diffusion 
control, the pla teau currents  on the first two waves  
are close to diffusion controlled. The fact that  the 
coefficient is high for the third wave  might  be due to 
the contr ibut ion of the m a x i m u m  current.  However  
when  i vs. h was studied in the presence of 0.001% 
Tri ton X-100 the current  was proport ional  to h TM, h ~ 
and h 0.98 for the three waves, respectively.  The coeffi- 
cient in the case of the th i rd  wave  suggests an adsorp- 
tion process, however ,  this may  be due to the effect 
of m ax im um  suppressor. 

Coulometry  at a large Hg pool electrode was carr ied 
out on the V ( V ) - E D T A  system. A blank correction 
was made on each de terminat ion  and the  electrolysis 
stopped when the current  reached that  of the electrol-  
yzed blank. When the potent ial  was controlled at 
--0.70V vs. SCE and 1.936 • 10 -2 mil l imoles  of V(V)  
added, the number  of coulombs found was 1.968 giving 
an n = 1.05. On moving  the potent ia l  to --1.1V vs. SCE 
on the plateau of the second wave,  370 mil l icoulombs 
were  found for 1.938 • 10 -3 mil l imoles of V(V)  giving 
an n = 1.98. Control led potent ia l  reduct ion at --1.40V 
vs. SCE was not possible since a catalyt ic hydrogen 
wave  moved posit ive during electrolysis and the cur-  
rent  did not decay. This wave  is most l ikely the fourth 
wave  which appears when  Tr i ton  X-100 is added. 
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At the pH of our buffer the solution composition is 
a mixture  of the VO2EDTA 3- complex and polyvana-  
dates (19). The log formation constants (19, 20) of 
VEDTA 2-, VEDTA 1-, VOEDTA 2-, and VO2EDTA 3- 
are 12.7, 25.9, 18.4, and 18.1, respectively, indicating that 
all vanadium species are complexed. At  concentrations 
of V(V) larger than 10-3F, the i vs. t curves do not 
show the decrease with t ime which is present  when 
EDTA is absent. Complexation undoubtedly  prevents  
the inhibi ted electrode process which occurs when 
EDTA is not present. 

The ratio of the total wave height of the third wave 
to the second wave is 1.50 • 1.5% for three concentra-  
tions in the range 5 X 10-SF to 2 • 10-~F. The 
coulometry shows that  the process occurring on the 
plateau of the second wave is the reduction of V(V) 
to V( I I I ) ,  i.e., a two-electron transfer. The ratio of 
wave heights then indicates that  a V(II )  species is 
formed on the third wave. Thus the assignment  of 
stepwise reduction processes V(V) to V(IV) ,  V(IV) 
to V( I I I ) ,  and V(I I I )  to V(II )  can be made for the 
three waves. The actual  species involved in the elec- 
trode reactions have not been determined. In  fact. the 
first wave may be due to Hg EDTA 2-  produced by 
oxidation of Hg by NH4V08. 

Cyc l i c  v o l t a m m e t r y  of N H ~ V O s  in  I F  NHs,  I F  NH4CI. 
- - F i g u r e  3 is a cyclic vol tammogram of 1.00 • lO-ZF 
NH4VO3 in 1F NH3, F NH4C1. The hanging mercury  
drop area was 0.0491 cm 2 and the scan rate was 0.0278 
V/sec. There are two cathodic peaks at ECpI -- --1.05V 
and Ecp2 = --1.21V and a sharp anodic peak at - - 0 . 3 9 V  
vs. SCE. The two cathodic peaks correspond to the 
two waves in  polarographic scans. The sharpness of 
the second cathodic peak and the anodic peak indicate 
that a surface film is being electrolyzed in both cases. 
If the sweep is stopped at --1.0V vs.  SCE and held for 
60 sec and then continued, Fig. 4 is obtained. The peak 
current  on the second cathodic peak is now 22.5 ~A as 
compared with 15.0 ~A when the sweep was not stop- 
ped. The anodic peak current  has also increased from 
17.1 to 31.0 ~A. The lm'ge increase in current  can be 
explained assuming that V(I I I )  hydroxide film is the 

6 

- s  o 

, , , r 
1 .o  1.2 1,4 1.6 

- -  E vs. $ .  C, E. ( v o l u )  

Fig. 3. Cyclic voltammogram of 1.00 x I0 -~F  NH4VO3 in 1.0F 
NH~, 1.0F NH4CI. Scan rate of 0.0278 V/sec and hanging mercury 
drop area is 0.0491 cm 2. 
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Fig. 4. Cyclic voltammogram of 1.00 x IO-'~F NH4V03 in 1.0F 
NH3, hOF NH4CI where the scan is held at - - I . 1V  vs. SCE for 60 
sec and then continued. Scan rate is 0.0278 V/sec and hanging 
mercury drop area is 0.0491 cm 2. The current sensitivity was 
changed after the holding period to 10 #A/in. 

reduction product at --1.0V vs.  SCE. When the sweep 
is started again the surface quant i ty  of V (III) hydrox-  
ide is reduced to V(II )  hydroxide giving the sharp 
cathodic peak. Results of Carrels  (12) show that  the 
log solubili ty product constant is --15.4 for V(OH)2 
and --34.4 for V(OH)s  and that  at pH = 9.0 and a 
potential  of --1.24V vs.  SCE the V(OH)3 is the stable 
solid. At a potential  of ca. --1.3V vs.  SCE and pH 9.0, 
the V(OH)2 becomes the stable solid. Thus the cyclic 
vol tammetry  curves are in agreement  with thermo- 
dynamics in regard to the formation of surface layers 
of both (III) and (II) oxidation states. As we shall 
see, this is only the case at V(V) concentrations larger 
than 5 • 10-4F. The existence of a V(OH)~ species 
which is blocking is also in agreement  with the con- 
trolled potential  exper iment  in which a V (III) species 
passivated a dropping electrode over a large potential  
region. 

The fact that  the electrode reaction is inhibi ted by 
film formation is confirmed (Fig. 5) by a scan on a 
single hanging drop from --0.8V to --1.5V vs. SCE. The 
first cathodic peak disappears on the second cathodic 
scan indicating that  the film (which has not been oxi- 
dized off) inhibi ts  the electrode reduct ion in the poten-  
tial region - -0 .gv to --1.2V. A very similar curve is 
obtained if the scan is stopped at --1.1V, held for 10 
sec, re turned  to the init ial  potent ial  and then rescanned 
through the second peak. These results indicate that  
both V (OH)2 and V (OH)8 are blocking in the potential  
region - -0 .gv to --1.2V vs.  SCE. 

Another  exper iment  performed on the hanging drop 
electrode was to scan the potential  from --0.6V vs. SCE 
to --1.1V vs.  SCE and hold the potential  constant  for 
various lengths of time. The scan was then continued 
and the peak currents  on the second wave were plotted 
as a function of holding time (Fig. 6). A set of such 
runs  was made on an individual  drop which was 
cleaned between each run  by cyclic scanning in the 
anodic direction before the normal  cathodic scan. The 
reproducibil i ty of identical experiments  made Under  
these conditions was very good. The curve obtained 
(Fig. 6) tends to reach a constant  value of peak cur-  
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Fig. 5. Effect of repetitive 
voltammetric scan on 1.00 x 
10-3F NH4V03 solution in am- 
moniacal buffer. Hanging drop 
area is 0.0491 cm 2 and voltage 
scan rate 0.0149 V/sec. 
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rent  indicating that  there  is a monolayer  of V(OH)3 
plated out in agreement  wi th  the results of Jedra l  and 
Galus (10). 

The features of cyclic vo l t ammet ry  curves change as 
the concentrat ion of V(V)  is lowered. At  a concentra-  
tion of 4.5 • 10-4F, there  is a single peak at ca. - -1 .2V 
vs. SCE which does not disappear on cyclic scanning 
but does shift in a cathodic direction on repeated 
cycles. The peak current  is proport ional  to the 0.55 
power of scan rate  which is close to the 0.50 value for 
a diffusion controlled process. At  1.0 • 10-4F V(V)  
concentration, there is no shift on repeated cycling 
indicating that  at or below this concentration adsorp- 
tion on the electrode surface is negligible. 

Polarographic  catalyt ic  cur ren t . - - In  the presence of 
C102-, there  is a large increase in the polarographic 
current  (in a potential  region where  the C102- is not 
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Fig. 6. Peak current as a function of time held at --1.1V vs .  SCE. 
NH4V03 is 1.00 x lO-3F in ammoniacal buffer, hanging mercury 
drop area 0.0491 cm 2 and scan rate 0.140 V/sec. 

reduced) of a solution of NH4VO3 in 1F buffer as com- 
pared to the cur ren t  in the absence of C102-. Under  
these conditions the l imit ing current  is constant to 
+--0.5% as a function of mercury  column height  from 
30 to 90 cm. Both of these facts indicate a catalytic 
current  process wi th  a fast regenerat ion reaction. 

Table I gives data for the instantaneous l imit ing 
current  as a function of [C102-].  Since El~2 for the 
C102- polarographic wave  is --1.5V vs. SCE, it is 
necessary to keep [C102-] values low in order to 
reduce its reduction current  to a min imum in the 
region of the catalyt ic wave. The value of [C102-] was 
always equal  to or less than 10-3F. A plot of log i vs. 
log [C102-] at a total  vanad ium concentrat ion of 2.0 • 
10-SF has a slope of 0.58 +- 0.08 i l lustrat ing reaction 
which is first order in C102- since i c c  [C102-] Y= for 
this case (13). In addition, the table  shows that  at 
2.00 X 10-~F the values of i /[C102-] ' /= have a 6% 
deviat ion from the average value  and at 5.00 • 10-SF 
V(V) there  is only a 1.5% deviat ion f rom the average 
value. These data cer ta inly show that  i is proport ional  
to [C102-] ~ as is predicted for a catalytic process. 

A normal  polarographic catalytic process should 
show values of catalytic l imit ing current  divided by 
the diffusion current  measured in the absence of the 
catalytic mechanism that  are independent  of vanadium 
concentration. This is definitely not the case for this 
system since values of i/id decrease as the total  vana-  
dium concentrat ion increases as can be seen in Table 
II. The diffusion current  id was measured with  mass 
flow rate  m : 1.63 mg/sec  and drop t ime T ---- 7.50 sec, 
and it is direct ly  proport ional  to [V(V)]  in the con- 
centrat ion range of interest. The value  i*d is a value  
of diffusion current  conver ted  to capi l lary character-  
istics of the par t icular  catalytic current,  i. The data 
in Table II were  taken with  [C102-] ---- 1.00 • 10-~M 
and E ---- --1.25V vs. SCE. A log-log plot of i vs. 

Table I. Catalytic current of NH4VOs as a function of chlorite 
concentration Ca) 

[ V ( V )  ] [ C l O ~ - ]  i ( m A )  I I x / [ C I O = - ]  

2 . 0 0  x 10  -5 2 . 0 0  • 10-~ 0 . ' /2  0 . 5 2  • 102 
2 . 0 0  • 10 -~ 5 . 0 0  • 1 0 - t  1 . 3 9  0 . 6 2  • 102 
2.00 • 10-5 1.00 X 10-s 1.82 0.58 • 102 
5.00 X 10 4 5.00 • 10-~ 2.26 1.01 X 10 ~ 
5.00 • i0 -s 1.0 • i0 -8 3.22 1.04 X I0 ~ 

(a) T h e s e  d a t a  w e r e  t a k e n  a t  a t e m p e r a t u r e  o f  2 7 ~  m a s s  f l o w  
r a t e  m ,  o f  1 .07  r a g / s e e ,  d r o p  t i m e  v o f  5 . 6 8  sec ,  a n d  E = - - 1 . 2 5 V  
vs .  S C ~ .  
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Table II. Limiting current data for NH4V03 in 1.00 x 10 - 3  M 
chlorite 

E L E C T R O R E D U C T I O N  OF V A N A D I U M  

[V(V)  ] i ( # A )  m r m ~-187~/a id (a) id* i/~d* 

2.00 x 10 -5 1.82 1.07 5.88 1.41 0.160 0.115 15.8 
2.73 X 10 -5 2.40 1.89 1.83 1.69 0.220 0.191 12.6 
5.00 x 10 -5 3.22 1.07 5.88 1.41 0.400 0.289 I I . I  
5.46 x 10 -5 3.54 1.89 1.83 1.69 0.440 0,382 9.27 
9.09 x I0  ~ 5.75 1.89 1.83 1.69 0.733 0.669 8.89 
1.00 • lO-~ 4.90 1.07 5.88 1.41 0.812 0.587 8.34 

(a) ~ c a l c u l a t e d  f r o m  a c a l i b r a t i o n  c u r v e  w h e r e  m = 1.63 m g / s e c ,  
r ---- 7.50 sec ,  E = - -1 .25V vs. SCE.  

[V(V)]  at [C102-] : 1.0 • 10-3M has a slope sig- 
nificantly less than unity.  A slope of one would be 
expected for a reaction first order in the vanadium 
species which is oxidized in the catalytic process. 

A catalytic current  is also found in a V(V) solution 
of C102- in 1F buffer when 0.1F EDTA is added. In  
this case the values of i/id are independent  of V(V) 
concentrat ion as can be seen from Table III. Thus the 
mechanism of the electrode process in the presence of 
0.1F EDTA is the normal  catalytic process. 

It  is possible to derive a current  expression for a 
catalytic process which has the properties of the t rend 
in data of Table II. The mechanism upon which this 
current  expression is based is the situation where the 
product of the electrode reaction dimerizes (14). If it 
is considered that  monomer  and dimer are in a mobile 
equi l ibr ium and both react with C102-, the current  
expression (14) for a mechanism with two regenera-  
tion reactions, one first order in monomer  and C102-, 
the other first order in dimer and C102- is 

i : nFq](ao) [~b*klDa] v" H(u )  [1] 
with 

8DeKao 2k2Kao 
I(ao) = ao 1 ~- 3D------~ -}- 3ki 

2k2DeK2ao 2 ]V~ 

d- k l D a  

and 
Da 8DeDcKc* 

a o = ~ [ ( l +  )'/" -- 1 ] 
4KDe Da 2 

where n is the number  of electrons t ransferred per 
species in the electrode reaction, F is the Faraday con- 
stant, q is the electrode area, ~ is a stoichiometric 
coefficient, kl and k2 are the homogeneous rate con- 
stants for the monomer  species A and the dimer E, 
respectively. C stands for the electrode reactant  and B 
for chlorite. The lower case letters represent  the con- 
centrat ion of species; thus K = e/a 2 is the dimeriza- 
tion constant. Starred lower case letters represent bulk 
concentrat ions with b* = [C102-];  the Di's are the 
diffusion coefficients of the i - th  species, and ao is the 
concentrat ion of A at the electrode surface under  l im-  
iting current  conditions. The factor H(u)  in Eq. [1] 
depends on the deviation from pseudo first-order con- 
ditions and a very accurate approximation for this 
factor (15) is 

[ ( 1.504 nbi )V,] 
H(u)  = ~ 1~- 1 - - .  ani'd [2] 

where 

i'd : nbFqb* "~ /  
7Db 

v 

Table III. Data and rate constant calculations for VEDTA 2 -  
oxidation 

I V ( V ) ]  i ( # A )  id (#A)  ~]id H(u)  k 

1.02 x 10 -5 1.6 0.085 18.8 0.965 7.91 x lO t 
5.10 x 10-5 5.6 0.30 18.6 0.864 9.57 x 10 �9 
6.12 x 10 -5 7.2 0.38 18.9 0.814 11.1 x 104 
8.16 • 10 "s 8.1 0.50 16.2 0.783 8.84 X 104 
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Equation [1] can be put  in a more useful form by 
dividing it through by the diffusion current  in the ab- 
sence of C 1 0 2 -  

giving 

3•/ 7De 
id =.  ncFqc* 3 ~  

- -  - - - -  1.160(klb*a~Da/Dc) 1/2 (S (ao ) / c* )H(u)  [3]  
id n c  

This equation along with Eq. [2] can be used to calcu- 
late rate constants if the values of K and the Di's are 
known. 

The function $(ao) takes l imit ing forms as the value 
of K goes to zero and to infinity. Thus in the l imit  as 

since 

and as 

since 

D c  
K-* o J ( a D  -* c *  

Da 

D ~  
ao ,.-~ ~ c *  

D~ 

k2Dr ~1/~. 

K-> ~ ,  f(ao) -> kl 2DeDa ) c* 

D c C *  ~ 1 / 2  

a o ~  \ ' - ~ - ~ - e  ] 

Thus, both l imit ing cases yield i/id expressions which 
are independent  of c*. It is only for the case when  K 
is large and kl > >  k2 that i/id is a function of c* and 
decreases with increasing c*. For this case Eq. [3] be-  
comes 

_ , (  8De )1/4 H ( u )  
i n 1.160X/klb*a~ \ 9-~-e'jK / c .1/4 [4] 

i d  n c  

Equat ion [4] predicts that  if the mechanism is occur- 
ring, a log i/id VS. log C* plot will have a slope of 
--0.25. Such a plot for the data in Table II gives a 
slope of --0.37. Since Eq. [4] is an approximation of 
Eq. [3] for part icular  conditions which may not exactly 
hold, the exper imental  result  is considered in good 
enough agreement  with the theory to support the con- 
clusion that the mechanism involves an aggregation 
(dimerization) equi l ibr ium of the reduced form of the 

electroactive species. 

Mechanism and rate constant calculat ion.--In order 
to calculate a rate constant  for the C102- oxidation, 
the mechanism of the catalytic electrode process must  
be known. A value of nc = 3 indicating a V(II )  species 
as the product of the electrode reaction in the absence 
of adsorption is most consistent with the data. An in-  
dependent  value of the diffusion coefficient has not 
been determined making the calculation of nc = 3 from 
diffusion current  somewhat unsatisfactory. However, 
the thermodynamic  data already cited indicate that at 
voltages more negative than  --1.3V vs. SCE a V(I I )  
hydroxy species should be formed. In  an earlier paper 
(14), we concluded that  a V(I I I )  species was being 
oxidized. This conclusion was based on the controlled 
potential  data which showed a two equivalent  reduc- 
tion; however, the reaction between V(II )  and V(V) 
leads to this stoichiometry even if V(I I )  is formed at 
the electrode. The oxidation experiment  with C102- 
shows that a V(IV) species is the product of the homo- 
geneous oxidation so that  in  the catalytic current  Eq. 
[1], n = 2. 

The following proposed mechanism for the catalytic 
process is based on the above conclusions concerning 
oxidation states and a dimerization equi l ibr ium where 
only the monomer  is oxidized. 
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k e  

V(V) + 3e ) V( I I )  

2V(II)  ~ V2(II) 

kl 
2H20 % 2V(II)  % C102- ) 2V(IV) ~ C1- % 4 O H -  

k e  

V(IV) % 2e ) V( I I )  

V(I I )  ~ V(IV)  ~ 2V(II I )  

2V(II)  % V(V)  -> 3V(II I )  

wil l  most l ikely take place outside the reaction layer  
and therefore  are not considered to effect the mecha-  
nism. A similar electrode process wi thout  dimerization 
has been proposed for the catalytic reduction of NO2- 
in the same V(V)  system (5). 

In order to calculate a homogeneous rate constant 
a value of K for the equi l ibr ium constant must be used. 
A very  rough value of K can be found from the data by 
finding the smallest va lue  of K necessary to give the c* 
dependence of Eq. [4]. In this way, a value of K ---- 7 
• 10 ~ is found. Also we  make the not too unreasonable 
assumption that  Da ~--- Dc and assume spherical sym- 
met ry  so that  De/Da -~ 0.8. With the above values of K 
and Di's, nc = 3, n ~ 2, and ~ : 2, a value for the 
homogeneous rate  constant can be calculated using Eq. 
[3] and a value of H(u)  from Eq. [2]. Since we assume 
kl > ~  k2 only the first two terms of the f(ao) function 
are retained in the calculation. The values of kl are 
given in Table IV along with  k values calculated for 
the usual catalyt ic mechanism where  f(ao)/C* ~- 1. 
The average value of k is 4.0 • 2.2 • 104 l i t e r /mole-sec  
while the average value of kl is found to be 2.2 _+ 1.1 
• 105 l i ter /mole-sec .  The value of 2 • 10 ~ l i t e r /mole -  
sec of course is only a lower bound to the actual value 
of the ra te  constant which depends on K 1/4. 

When the solution is 0.1F in EDTA, there is no need 
to postulate an aggregat ion equi l ibr ium involving a 
lower oxidation state of vanadium since the value of 
i/id is independent  of c*. The effect of the EDTA is 
no doubt to complex the lower oxidation states of the 
vanadium central  ion reducing the hydrolyt ic  and ag- 
gregation equil ibrium. The catalytic process is found to 
take place on the third wave  which means that  it is 
the V ( I I ) - E D T A  species which is being oxidized by the 
C102-. Table III  gives the data and the values of k cal- 
culated. The [C10~-] was 1.00 • 10-~ M, ~ = 3.64 sec, 
and the measurement  was made at E ---- --1.40V vs. 
SCE. The average value of the ra te  constant is 9.4 
0.7 • 104 l i t e r /mole-sec  which shows bet ter  precision 
than in the absence of EDTA. 

The fact that  the rate constants for homogeneous 
oxidation of a V( I I )  species by C102- are about the 
same in the presence and absence of EDTA is consistent 
with the proposed mechanism involving dimerization 
in the absence of EDTA. The lat ter  rate constant was 
calculated with  an assumed value of K that  would only 
give a lower bound to the t rue rate constant. However,  
since both rate  constants are  found to be very  similar, 
if we assume an identical oxidation step the value 
of K used in the calculation must be of an order 
of magni tude  close to the t rue equi l ibr ium con- 
stant. Of course, the two rate constants in question can 
only be approximate ly  compared since they refer  to 

The reactions 

Table IV. Rate constant calculations for V(ll) oxidation 

c* b* i/ia* H(u)  l ( a o ) / c *  k k l  

2 . 0 0  • lO-~ 2 . 0 0  • 10-~ 6 . 2 5  0 . 8 9  0 .~9  3 .5  • 10~ 1 .4  x lO  s 
2 . 0 0  • 10-5  5 . 0 0  • 10-~ 12 .2  0 .9 2  0 . 4 9  5 .0  • 104 2 .7  • 105 
2 . 0 0  x 10 -5 1 .00  x 10 -4 1 5 .8  0 . 9 4  0 . 4 9  4 .0  x 10~ 1.7 x 10~ 
2 . 7 3  x 10-5  1 .00  X 10-a  1 2 ,6  0 . 9 4  0 . 4 4  8 .2  • 10~ 4 .1  • 105 
5 . 0 0  • 10 -5 5 .00  • 10 -4 7 .8  0 . 8 6  0 . 4 0  2 .4  • 10~ 1.5 x 105 
5 . 0 0  • 10-5 1 .00  • 10-a  11 .1  0 .9 1  0 . 4 0  2 .1  x 104 1.3 X 105 
5 . 4 6  x 10 -5 1 .00  x 10  -a 9 . 2 7  0 .9 1  0 . 4 0  4 . 9  • 104 3 .0  • 10~ 
9 . 0 9  x 10 -5 1 .00  • 10-3  8 .5 9  0 . 8 5  0 . 3 6  4 .7  • 1 0 '  3 .6  • 10  s 
1 . 00  • 10 -4 1 .00  X 10-8  8 . 3 4  0 . 8 4  0 . 3 4  1 .4  • 10~ 1 .12  • l 0  s 

Table V. Kinetic data for the oxidation of complexes by 
chlorite 

kay  ( T  = 2 7 . 0  ~ ) 
C o m p l e x  l i t e r / m o l e - s e c  R e f e r e n c e  

F e ( I I )  ( T a r ) n  z 6 .2  • 0 .2  • 10~ (11)  
F e ( I I )  ( C i t ) n  z 6 .3--+ 0 .5  • 104 (11)  
F e  E D T A  '2- 3 .0  ~ 0 .3  • 104 (11)  
F e  ( C N )  6 ~- t o o  s m a l l  t o  e s t .  (11)  
C r ( N H 3 ) ~ ( O H )  + 1.6 ~ 0 . 2  • 104 (15)  
C r ( E D T A )  ( H 2 0 )  2- 1 .8  ~ 0 .4  x 10  ~ (16)  
V ( I I )  ( O H } , ( N H a ) y  z 2 .2  ~ i . i  • 105 T h i s  w o r k  
V E D T A  'z- 9 . 4  + 0 .7  • 104 T h i s  w o r k  
C u  ( N H s )  ~+ 4 4 . 0  ~ 3 . 7  ( I  1 ) 

different vanadium species as reactants  in the oxida- 
tion. 

Rate constants for the oxidation of various com- 
plexes by C102- are compared in Table V. The rate  
constant for the Cr(NH3)5OH 2+ was calculated from 
the data g iven in an ear l ier  publicat ion (15). The data 
for the chromium system in the presence of EDTA has 
not been presented (16). The rate  constant in this case 
is an order of magni tude  smaller  than that  found in the 
absence of EDTA. From the table it can be seen that  
the high spin metal  complexes of Fe ( I I )  and Cr ( I I )  
which are substi tution labile show fast oxidation ki- 
netics. The low spin substi tution iner t  complex 
Fe(CN)64-  does not have a catalytic polarographic 
current  wi th  C102- and uv-v is  spectroscopy shows 
the reaction is very  slow. This reaction is the rmody-  
namical ly favored and it must be concluded that  both 
fast inner-sphere  substitution and outer -sphere  elec- 
tron t ransfer  do not operate in this case. 

In an earl ier  paper (11), it was suggested that  a 
general  mechanism for CIO2- oxidation of meta l  com- 
plexes involved inner-sphere  substitution. However,  
V(I I )  which shows fast kinetics is a d 3 ion and some- 
what  substitution inert  (17). If inner-sphere  substi- 
tution were  rate Controlling V (II) complexes should be 
oxidized much slower than Cr ( I I )  complexes which is 
not the case. A possible rate determining step for V(I I )  
oxidation may be an outer-sphere  atom transfer  of an 
oxygen atom in a two electron change. 

The complexes wi th  rate  constants from 103-105 
l i t e r /mole-sec  and their  oxidation products will  have 
H20 molecules in their  coordination sphere, and it is 
highly possible that oxidation by C102- in these cases 
involves either outer-sphere  oxygen atom transfer  or 
O -  ion transfer. Such a mechanism remains to be 
exper imenta l ly  verified. However ,  what  has been es- 
tablished is that  C102- shows fast oxidation kinetics 
with a wide var ie ty  of meta l  complexes of the first 
transition series. 
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Thermoelectric Powers and 
Transported Entropies in Aqueous Hydrochloric Acid 

Arthur D. Payton,* Bruce H. Boyd, C. Michael Houck, Edward H. Temple, and Albert H. Zimmerman 
Chemistry Department, Willamette University, Salem, Oregon 97301 

ABSTRACT 

The initial thermoelectric power (TEP) has been determined for hydrogen 
electrodes in aqueous HCI solutions as a function of molality from 0.002 to 0.6 
mol/kg and as a function of temperature for a 10 ~ gradient at mean tempera- 
tures of 20 ~ 25 ~ and 30~ For each mean temperature the TEP's are analyzed 
by fitting the data to an equation with three constants. At rounded molalities, 
the TEP's that were obtained from the 25 ~ equation have been combined with 
known values for the heat of transport of HCI in order to determine a single- 
ion property, the transported entropy of the hydrogen ion. By extrapolation 
the standard value of this property has been determined as 5.42 +_ 0.16 eu, 
which is in agreement with literature values. 

In order to determine the concentrat ion dependence 
of t ransported entropies of ions in aqueous electro- 
lytes over a wide range of concentration, we decided 
to measure init ial  thermoelectric powers (TEP) as a 
function of molali ty from 0.002 to 0.6 mol/kg. In  addi- 
tion, we wanted to determine the concentrat ion depen- 
dence of init ial  TEP's at several mean temperatures,  
since there is a lack of data on tempera ture-dependent  
experiments related to thermal  diffusion in solutions. 
Aqueous HC1 with hydrogen electrodes was chosen as 
the system to be investigated because the electrodes 
are excellent in terms of reproducibi l i ty  and because 
auxi l iary data on HC1 are readily available. Although 
we have measured these emf's at mean  temperatures  of 
20 ~ 25 ~ and 30~ we could determine the transported 

entropy Si at 25 ~ only, due to a lack of data for 
heats of t ransport  at other temperatures.  

In an electrolytic solution, Si is the entropy carried 
along by the ion to which the electrodes are reversible. 
It is made up of the sum of the part ial  molal  entropy 

^ 
Si and the entropy of t ransport  Si. The lat ter  quant i ty  

^ 
is equal to the heat of t ransport  Qi divided by the Kel-  

vin temperature  T. One fascinating aspect of Si is that  
it represents a single-ion property that  is not based on 
an arbi t rary  convention (1). For example, this is not 
the case when dealing with individual  ionic activity 
coefficients, ionic heats of transport,  and partial  molal 
ionic entropies. For individual  ionic heats of transport,  

^ 
the molar heat of t ransport  Q is usual ly  split into its 

^ 
ionic contributions using the convention (2) that QOci- 

^ 
-- 0 or Qcl-  (m -- 0.01) : 0. The superscript zero on 
the heat of t ransport  indicates the value at infinite 

* Electrochemical  Society Act ive Member,  
Key  words :  en t ropy  of t ransport ,  heat  of t ranspor t ,  hyd rogen  

electrodes, s ingle-ion proper ty ,  Soret  coefficient, t empera tu re  gradt-  
ent, t h e r ma l  diffusion. 

dilut ion and m the molality. For partial  molal  ionic 
entropies S o of neut ra l  salts are broken up using the 
convention that  S%+ = 0.0 (3), --5.5 (4), or --5.1 eu 
(5), in w h i c h  the superscript indicates the standard 
value (1 eu = 43.36 ~ V F / K  ---- 1 cal /K ---- 4.184 J / K ) .  

It turns  out that data of such quali ty as we obtained 
for HC1 with hydrogen electrodes are not needed in 
order to calculate t ransported entropies because the 
concentration dependence of the heat of t ransport  is 
not known that precisely. However, the ini t ia l  TEP's 
themselves should prove valuable  in elucidating the 
concentrat ion dependence of related quanti t ies in 
thermocells. 

For aqueous HCI the heat  of t ransport  may  be ob-  
tained from the Soret coefficient by means of the 
formula (2) 

A 
Qncl -~ 2r T~ [1 + (0 In 7_+/0 in m) ] [1] 

in which 7+- is the mean molal  ionic activity coefficient, 
R : 8.31434 J K- lmo1-1 ,  T ---- 298.15K, and 1 cal ~- 
4.184 J. The expression [1 + 0 In ~_+/0 In m] is usual ly  
called the " thermodynamic term." The Soret coefficient 

is defined as ( - - l / m ) ( S m / S T )  at the steady state 
(Soret equi l ibr ium) (1). This convention makes 
algebraically positive :for the normal  Soret effect (salts 
diffusing thermal ly  from hot to cold) and avoids the 
a t tendant  confusion in comparisons of values of Soret 
coefficients. In  place of Eq. [1], Breck, Cadenhead, and 

^ 
Hammerl i  (6) measured Q directly by obtaining both 
the init ial  and final thermoelectric powers of an aque- 
ous HC1 thermocel] with quinhydrone electrodes, be-  
fore thermal  diffusion had commenced, and at the 
steady state, respectively. They used the formula 

A A A 
F(~o -- e=) ---- 1/2 (SQ -- SH2r + (tCl-) (Q~cl/T) [2] 

in which tc l -  is the t ransference number ,  and (e0 -- ~,) 
is the difference between the ini t ial  and final thermo- 
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electric powers. They assumed that  one-ha l f  the dif-  
ference of entropies of t ransport  be tween quinone (Q) 
and hydroquinone (H2Q) is small and est imated its 
value to be 0.05 eu at all molalities. 

By use of Eq. [3] we corrected all observed emf's  so 
that  the hydrogen pressure in both the hot and cold 
electrode compar tments  was 760 Torr  ( =  1 atm = 
101325 N/m2).  The baromet r ic -pressure-  and vapor-  
pressure-correct ion factor was given by 

RTu B P  - -  Pu ~ APu 
k : ~ l n  

2F 760 

RTL B P  - -  PL -}- ~PL 
In [3] 

2F 760 

in which R = 8.31434 J / m o l  K, F = 96487 C/equiv,  BP 
is the barometr ic  pressure in Torr, and Tu and TL are 
the upper  and lower temperatures .  Here  Pc  and PL 
are the vapor  pressures of pure  water  and ~Pt~ and ~PL 
are the solvent vapor-pressure  lowerings at the upper  
and lower temperatures,  respectively.  At m = 0.1 
mol /kg ,  this correction was approximate ly  --200, --265, 
and --350 ~V for runs at 15~ ~ 20~ ~ and 25~176 
respectively.  This correction was added to the emf  
before division by the tempera ture  difference AT to 
obtain the TEP. For  the vapor  pressure of pure  water,  
we used the constants given in Lange's  Handbook (7) 
for Antoine 's  equation 

1750.286 
log P (in Torr)  = 8.10765 [4a] 

(T -- 38.15) 

At 25~ the fract ional  vapor-pressure  lowering was 
calculated by 

(5P /P )  = 10-4m (272.144 -t-271.016m -- 225.760m 2) 
[4b] 

derived from vapor-pressure  lowering data given in 
Ref. (8). At  25~ and the highest molal i ty  (ca. 0.6m) 
valid for Eq. [4b], the fract ional  vapor-pressure  lower-  
ing was calculated to be 0.021. This increased the value  
of k by 5.2 ~V, compared wi th  the value  obtained from 
Eq. [3] by neglecting aPu and aPL. This correction, 
al though small, was not ignored. 

In our calculation of the TEP, we have  considered 
nei ther  the increase in hydrogen pressure due to the 
depth of the bubblers  below the surface of the solu- 
tion nor the nonideal i ty  of hydrogen gas, ment ioned 
by Hills and I r e s  (9). 

We found the function N/m~(1 -J- x /m)  suitable for 
the abscissa of graphs of our results. At nine rounded 

values of this function we determined SH+ from our 
values of the TEP and f rom Breck, Cadenhead, and 

A 
Hammerl i ' s  (6) values of QHCl using the formula 

A 
SH+ = 1/2S~ - - ~ e  -{- ( t c l - )  (QHcl/T) -- F (TEP)  [5] 

in which S0n2 = 31.21 eu, the standard value of the 

entropy of hydrogen gas (3), and Se (Pt)  = 0.104 eu 
(10), the t ranspor ted  entropy of the electron in the 
nonisothermal  part  of the platinum. After  we  cor- 
rected these values for the mass-act ion term, using Eq. 
[6] 

S-H + (mod 1) : SH+ -~- ~g~ In m [6] 

they still showed a trend. However,  we obtained near ly  
constant values by including the mean molal  ionic 
act ivi ty coefficient and its t empera ture  derivative,  ac- 
cording to Eq. [7] 

~H+ (rood2) : ~ H +  (mod 1) -{- R ln.~/• + RT ,0 ln-~___ 
OT 

[7] 

as has been der ived by deBethune and Daley (11) [cf. 
Eq. 10 of Ref. (11)]. 

We also determined the concentration dependence of 
the TEP at mean tempera tures  of 20 ~ 25 ~ and 30 ~ by 
fitting the data to an equation of the form 

Y ---- A -- B ~ / m / ( 1  q- x /m)  + Cm [8] 

in which Y is defined by Eq. [Pal 

Y = TEP -- (R /F )  In m [Pal 

Here TEP is (1/AT) t imes the observed emf corrected 
for barometric  pressure and vapor  pressure according 
to Eq. [9b] 

emf(obs)  ~ k 
TEP = [9b] 

aT 

Other workers  (1, 6) have used Eq. [8] wi thout  the 
Cm term in their  cri t ical  evaluat ion of the nonideal  
behavior.  P re l iminary  graphs of the TEP vs. log m 
were  not sensitive enough to evaluate  our data, al- 
though at lower molali t ies the data approached the 
l imiting slope of (R /F)  In 10. 

Experimental 
ELectrical apparatus.--To measure  the emf's, a L&N 

Type K-3 potent iometer  was used with  the revised 
circuit for measurement  of high-resis tance emf's. In 
this circuit  the Ayr ton  shunt of the potent iometer  is 
shorted out and the unknown emf is put in series with 
the detector. For  nul l  detection a Boonton sensitive 
d-c meter  No. 95A (input resistance 10 megohm) was 
used. Standardizat ion was accomplished with  the 
normal  circuit  and a guarded constant voltage supply 
(Dynage Model No. 505A) and a p lug- in  s tandard cell 
(Dynage Model No. LVB-1) .  

Temperatures.--Temperatures were  measured at 20 ~ 
25 ~ and 30 ~ by means  of a Brooklyn Thermometer  
Company the rmomete r  graduated in 0.01 ~ (range 19 ~ 
34~ Since some of the tempera tures  were  outside this 
range, a 2- or 4-junct ion copper-constantan thermo-  
couple was used to determine  the other t empera ture  
(20~ ~ ---- 1615 /~V vs. a 4- junct ion table (12) value 
of 1628 ~V). We used 803 ~V for the 2-junct ion thermo-  
couple for 15~ ~ 811.5/~V for 20~ ~ and 819 ~V for 
25~ ~ . The two water  thermostats  were  regulated by 
Bronwel l  thermoregulator-c i rcula tors ,  which main-  
tained the tempera tures  to ~-0.01 ~ 

The bath tempera tures  were  always within  __0.1 ~ of 
15 ~ 20 ~ 25 ~ 30 ~ or 35~ Al though the mean tempera-  
ture for a run  was known to 0.01 ~ it could va ry  by 
up to 0.1 ~ from the values 20 ~ 25 ~ or 30 ~ Antoine 's  
equation (Eq. [4a]) was used in the tempera ture  range 
14.9~ ~ for the vapor  pressure of pure water.  Use 
of Eq. [4a] avoided the need for five different sets of 
constants for l inear interpolat ion wi th in  0.1 ~ of the 
five bath temperatures.  A deviat ion of 0.10 ~ from 25.00 ~ 
for the mean tempera ture  would cause TEP or Y to 
change by 0.2 gV/K, which is wel l  wi thin  our exper i -  
menta l  error  of ___2 gV/K.  This change was calculated 
f rom the tempera ture  der ivat ive  of the TEP as given 
in the next  section (dY /dT  = 2/~V/K).  

For  one of the 20~ ~ runs, the tempera ture  of the 
solution in the hot side of the cell was found to be less 
than 0.01 ~ lower than the bath temperature .  Since am-  
bient t empera ture  was ca. 25~ density instabil i ty 
causing convection in the solution would have reduced 
the solution t empera tu re  even far ther  below that  of 
the bath. Therefore,  the effect of convection was 
neglected, and we equate our bath t empera tu re  to that  
of the solution. 

One run was per formed using a 6 ~ tempera ture  dif- 
ference, instead of 10 ~ The resul t  of this run was not 
significantly different from our usual 10 ~ runs, al though 
the precision was not as good. Use of a t empera tu re  
difference, which is less than 10 ~ in order to avoid 
errors due to the tempera ture  dependence of the TEP, 
is probably unnecessary (13). Thus we identify our 
TEP as the t rue  TEP at the mean tempera ture  of the 
r u n .  
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Electrodes.--Each hydrogen electrode was con- 
structed by welding a 1 cm 2 (0.002 in. thick) piece of 
p la t inum to a length (ca. 80 cm) of No. 27 plat inum 
wire  wi th  an oxygen-gas  flame. The length of wire  
was then sealed in a 3-ram OD, soft glass tubing. This 
length of ex terna l  wire al lowed us to be certain that  
the tempera ture  gradient  of the metall ic connector 
was in platinum, ra ther  than in the copper part  of the 
lead that  was connected to the potentiometer.  P la t inum 
black was deposited on the electrode by reduction of 
a 2% platinic chloride solution that  contained 0.02% 
lead acetate (9). The electrolysis was carried out for 
a few minutes at a current  densi ty of 80 m A / c m  2, until  
the deposit appeared uni formly black. It was not 
necessary to reverse  the current  periodically as some 
authors recommend. 

Chemicals.mUltra-pure (99.9998% pure, Airco) hy-  
drogen gas was fur ther  purified by a "de-oxo"  car t r idge 
(J. T. Baker  Company) ,  which was at tached directly 
to the regulator.  The gas was then bubbled through 
deionized water  to saturate it with water  vapor  before 
it entered the solution in the cell. Reagent  grade HCI 
was used to make stock solutions, which were  then 
diluted to the desired concentrations with deionized 
water.  Titrat ions were  carr ied out on the solution that  
was removed from the cell fol lowing a successful run, 
when  the concentrat ion was above 0.02N. For more 
dilute solutions the concentrat ion was taken as that  
calculated from dilution of the standardized stock 
solution. One run was per formed using HC1 purified 
by distilling the constant-boi l ing azeotrope, but the 
result  of the run  was  not noticeably different from 
the other  runs. 

Cell and bubblers.--The cell was W shaped, with 
each compar tment  being 35 m m  diam by 40 cm tall. 
The compartments  were  connected with  12-ram OD 
Pyrex  tubing to which was sealed a side a rm and 
Teflon stopcock. The solutions in the compartments  
could then be d rawn together  by gentle suction, thus 
avoiding the stopcock. The design of an H-shaped cell 
(14) had been discarded because of the possibility of 
convection in the solution causing an error  in the tem-  
perature  difference. Treat ing our cell as a conductivi ty 
cell, we determined the cell constant to be 200 cm -1. 
Two electrodes and a bubbler  tube were  inserted into 
a rubber  stopper, which was sealed into the 34-mm 
diam end of a 34/45 standard taper joint. Apiezon W 
was used for the sealing of the electrodes, bubbler  
tube, and stopper. One of these assembled female joints 
was placed on top of each side of the W-shaped cell. 
The solution was never  al lowed to come in contact 
wi th  the l ight ly greased joint  (Apiezon N), since the 
grease was on the outside. 

Procedure.--To r emove  oxygen, prepurified ni trogen 
was bubbled through the saturator and cell  solution 
for 15 min, with the solution in each cell half  separated. 
Then hydrogen was bubbled for another  15 min, before 
the solutions were drawn together.  Usual ly  the emf 
became steady within  15-30 rain after  the solutions 
were  d rawn together.  The emf  was then recorded. In 
some of the runs this wait ing period had to be ex-  
tended to 1-2 hr unti l  "things settled down." The  non- 
steady results could usually be explained as being 
caused by an empty  saturator, not wai t ing long enough 

for equil ibrat ion of the electrodes in the solution, or an 
extra  gas-escape hole. Freshly  platinized electrodes 
sometimes caused errat ic results. For  concentrations 
above 0.O5N the electrodes had to be presoaked in a 
solution of that  concentrat ion for 20 hr  before the run. 
At concentrations below 0.05N the electrodes were 
merely  placed in deionized water  prior to use in the 
cell. With each pair  of electrodes, two readings were  
taken, first wi th  the current  in the forward direction 
and then in the reverse  direction. The more dilute the 
solution was, the larger  was the difference between 
forward  and reverse  readings. This is due to the 
resistance of the solution being comparable  to the 
input impedance of the null  detector (15). To el iminate 
any asymmetry  in the electrodes, bubblers, or solu- 
tion, the bubblers  were  disconnected, the cell phys-  
ically reversed, and bubbling started again. Four  read-  
ings were  again taken, making a total of eight in all. 
A slight difference in concentrat ion be tween  the solu- 
tions in each cell compar tment  would show up as a 
large difference in emf: a 0.1% difference in molali t ies 
causing an est imated 50 ~V difference in the two emf 
readings. It was found very  important  to have only 
one escape outlet  in the stopper for the hydrogen gas. 
Atmospheric  gases outside the cell tended to flow in 
through any other  opening and thus change the part ial  
pressure of hydrogen above the solution. If  the single 
escape hole were  covered temporari ly,  this could also 
be observed as a change in the emf of the thermocell .  

Results and Discussion 

Thermoelectric powers.--In all runs the polar i ty  of 
the thermocel l  was such that  the hot electrode was 
positive, except  for the three most di lute runs at 
15~ ~ . Our results are summarized in Fig. 1, in which 
curves are shown for the function Y --_ TEP -- 
(R /F)  In m at mean tempera tures  of 20 ~ ( lower curve) ,  
25 ~ (middle) ,  and 30 ~ (upper) .  Each of our actual data 
points is represented by a rectangle.  The  width  of 
each rectangle is twice as large as the est imated error  
of • in the molal i ty  function 100 ~/m/(1 -b ~/m) ,  
whereas  the height  of the rectangle approximates  the 
estimated error  of ___2 ~V/K (0.046 eu).  Approximate ly  
10% of our runs were  not within our est imated limits 
of precision and were  not re ta ined  in the final data 
analysis. The curve  shown for each set of rectangles 
was fitted by nonl inear  least squares to an equation 
of the form of Eq. [8]. The constants are given in 
Table I. From the three values for the A constant at 
the three  mean temperatures,  we determined the tem-  
perature  coefficient of Y~ (the l imit ing va lue  at infinite 
dilution) to be 2.19 ~V/K 2. 

Transported entropies at 25~ used Eq. [5] to 
calculate the transported entropy of the hydrogen ion 

SH+ at nine rounded values of the molal i ty  function 
100 \ / m / ( 1  + ~/m). Details of this calculation are 
found in columns 1 to 5 of Table II. 

The t ransported entropy of the counter  ion S c I -  may  
also be calculated, if one first determines 7-+, SHCl, and 

Ssc l  at the nine molalities. The mean molal  ionic act iv-  
ity coefficients were  calculated by Eq. [10] f rom 
Harned  and Owen (17) 

Table I. Results and constants based on the three-constant 
equation (Eq. [8])  for Y as a function of molality 

M e a n  M o l a l i t y  n ,  S t a n d a r d  
t e m p e r -  r a n g e ,  n u m b e r  e r r o r ,  a 

a t u r e ,  ~  m o l / k g  o f  r u n s  / ~ V / K  A B C 

20  0 . 0 0 1 6 - 0 . 6 1  5 0  1 .01  5 1 0 . 3 3  -4- 0 . 3 9  b 8 8 . 0 2  -+" 3 . 1 6  14 .76  • 2 . 6 4  
2 5  0 . 0 0 1 9 - 0 . 5 6  4 6  1 .10  5 2 1 . 3 7  ----- 0 . 5 2  1 0 1 . 6 8  ----- 3 . 9 1  2 0 . 0 3  -4- 3 . 1 4  
30  0 . 0 0 2 4 - 0 . 5 5  51  1 .27  5 3 2 . 2 4  "4- 0 . 5 7  1 1 6 . 3 0  + 4 . 4 3  1 9 . 5 9  ___ 3 . 5 0  

( S t a n d a r d  e r r o r ) ~  = [ Y ( o b s )  - -  Y ( c a l c ) ] - ~ / ( n  --  3 ) ,  s u m m e d  o v e r  a l l  n d a t a  p o i n t s .  
b T h e  e r r o r s  i n d i c a t e d  f o r  e a c h  o f  t h e  n i n e  c o n s t a n t s  a r e  t e r m e d  s t a n d a r d  e r r o r s ,  a n d  w e r e  c a l c u l a t e d  b y  t h e  m e t h o d  o f  D e m i n g  ( 1 6 ) .  
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Table II. Calculation of transported entropies 

100%/~- A 
m, QIICI,b 'y)C ~11§162 S|ICI)O ~'HCI ) r ~ol-)g 

(,1 + ~/m) mol/kg tc l - ;  cal/mol #,V/K e u  e u  e u  e u  

SH+,/t SII+, / SCI-,J SOl-, k 
(rood 1), (mod 2), (rood 1), (mod  2), 

e u  e u  e l l  e u  

5 0.00277 0.1767 3090 516.4 17.12 36.92 47.29 30.16 
10 0.0125 0.1742 3010 511.4 14.20 31.31 41.40 27.20 
15 0.0311 0.1716 3030 506.7 12.44 27.94 38.11 25.66 
20 0.0625 0.1694 3160 502.6 11.22 25.47 36.07 24.85 
25 0.111 0.1673 3360 498.2 10.27 23.48 34.75 24.49 
30 0.184 0.1654 3605 494.6 9.46 21.75 33.85 24.40 
35 0.290 0.1636 3860 491.6 8.75 20.21 33.23 24.48 
40 0.444 0.1620 4170 489.6 8.09 18.78 32.77 24.68 
45 0 . 6 7 0  0.1607 4480 489.0 7.43 17.42 32.44 25.02 

5.42 5.25 18.40 18.29 
5.47 5.13 18.47 18.13 
5.55 5.06 18.77 18.28 
5.71 5.07 19.34 18.70 
5.90 5.11 20.12 19.33 
6.09 5.16 21.03 20.10 
6.29 5.23 22.02 20.96 
6.48 5.29 23.07 21.88 
6 . 6 3  5.30 24.22 2 2 . 8 9  

a O b t a i n e d  b y  l e a s t - s q u a r e s  a n a l y s i s  o f  t r a n s f e r e n c e  n u m b e r s  in  Ref. 
b C a l c u l a t e d  f r o m  Eq. [2]; i n t e r p o l a t e d  v a l u e s  f r o m  Ref. (6). 
c V a l u e s  f r o m  Eq. [8] a n d  T a b l e  I. 
a F r o m  Eq. [5]. 
e F r o m  Eq. [12L 
f F r o m  Eq. [13]. 

F r o m  Eq. [13] ( co lumn  7 m i n u s  c o l u m n  5 o f  T a b l e  II) .  
F r o m  Eq. [6]. 
F r o m  Eel. [7]. 

I A n a l o g o u s  to  Eq. [6]. 
k A n a l o g o u s  to  Eq. [7]. 

Table III. Constants for determination of mean molal ionic 
activity coefficients and molarity of HCI using Eq. [10] and [1 ! ]  

M e a n  
t e m p e r -  
a t u r e ,  *C - - ~  A'a B~ D~ a b b b 

20 0.5033 1.414 0.1312 0.0063 0.9982 0.01805 
25 0.50755 1.4185 0,1292 0.0061 0.9972 0.01817 
30 0,51295 1.423 0.1272 0.0060 0.9958 0.01822 

D e t e r m i n e d  b y  a v e r a g i n g  v a l u e s  f r o m  Ref.  (17) a n d  f r o m  Ref. 

(23) (wi th  ~ = 4.33A). 
b From Ref. (17). 

-~ x/c 
log 7• -- ~- Bc + Dc 2 

1 q- A'A/q- 
-- log(1 W 0.03604m) [10] 

The molarity c is g iven by 

c / m  = a - -  b m  [11] 

The constants for Eq. [10] and [11] are shown in Table 
III. Comparison of the values for 7--+ determined from 
Eq. [10] with literature values (18) at ten rounded 
molalit ies  in the range 0.001-1.0 m o l / k g  yielded an 
excel lent  average error of 0.0005. After calculating ~• 

(17), p. 723. 

we next  obtained the partial molal  entropy of HC1 at 
the nine rounded values of the molal i ty  function by a 
formula similar to that of Haase, Hoch, and Schbnert 
(19) 

SHCl ---- S~ -- 2R I n m  - -  2R In 7• 

2RT[7• - -  7• 
-- [12] 

i0 'Y• 

in which T ---- 298.15K and S~ ----- 13.17 eu (3).  By use 
of Eq. [13] 

- -  - -  A 
SH + -~- ~Cl- = SHCI : SHCI -~- (QHcl/T) [13] 

we obtained Scl-. The results of these calculations are 
given in columns 7, 8, and 9 of Table II. 

Earlier, it was suspected (6, Ii) that the transported 
entropies, after correction for the mass-action term 
(R ]n m) ,  would vary only  s l ight ly  with mola]ity. 
Since our results did not confirm this, we  added two 

additional (negative)  terms to SH+ (mod 1) to obtain 

the quantity SH+ (rood 2), according to Eq. [7]. Column 
13 of Table II shows the results of a similar calculation 

to obtain S c l -  (mod 2). These values are not as nearly 

5SO 

Fig. 1. Function Y ~ TEP - -  ~ -  
(R/F) In m vs. the molality func- 
tion, 100x/m/( |  ~ ~/m). The 
three curves have been fitted by 
least-squares analysis according to 
Eq. [8] with values of constants 
from Table I. The mean tempera- 
tures are: 20 ~ (lower curve), 25 ~ 
(middle), and 30~ (upper curve). 

5fro 
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constant as those for SH+ (mod 2) in column 11. 

Error analysis for transported entropies.--The domi- 

nant  contr ibut ion to the error in both SH+ and 

SH+ (mod 1), calculated from Eq. [5] and [6], respec- 
tively, comes from the third te rm on the r igh t -hand  

^ 
side of Eq. [5], viz., ( tc , - )  (QHcl/T). This contr ibut ion 
was determined from Eq. [2]. An error of +--5 ~V/K for 
(e0 -- e~) in Eq. [2] corresponds to ___0.69 eu in the en-  

^ 
tropy of t ransport  of HC1, or • cal /mol  in Qncl (6). 
Our estimate of +-2 ~V/K in the TEP yields an addi- 
tional contr ibut ion of • eu for the error in both 

SH+ and SH+ (mod 1). Thus the total error comes out 
to be • eu for both t ransported entropies. 

In  calculating SHcl at 25~ we used the mean molal 
ionic activity coeffiecient 7-+ at 20 ~ 25 ~ and 30 ~ An 
error of =0.002 in  7-* leads to +--0.4 eu for the error in 
SHcl, calculated by Eq. [12]. This error then contr ib-  

utes to the error in both Scl -  and ;~cl- (mod 1). 

Although we calculated S c l - ( m o d  1) from Eq. [12] 
and [13], we estimated its error from an  equation 
analogous to Eq. [6]. An error of +-2 ~V/K in the TEP 
leads to +-0.046 eu for the error in  F (TEP).  The final 

significant term in the error of S c l - ( m o d  1) is 
^ 

( tn+)  (QHcl/T), although it does not appear explicit ly 

in our calculation of S c l - ( m o d  1). Because of the oc- 
^ 

currence of this term, ra ther  than (tc~-)(QHc~/T) as 
in  Eq. [6], this t e rm contributes • eu to the error 

in both ~Cl- and ~c l -  (mod 1). For these quanti t ies the 
total error is then --+1.08 eu. 

This error may be contrasted with a slightly smaller 

value of • eu for the error in S c , - ( m o d  2), result ing 
from the three sources just  mentioned. However, this 
time, the error contr ibut ion from the terms in the ac- 
t ivi ty coefficients is only +-0.2 eu instead of +-0.4 eu. 
The smaller value results from cancellation of terms 

in going from Scl-  (mod 1) to Sc , -  (mod 2). 

Comparison of results with other val~es.~From ex- 

trapolations to infinite di lut ion of SH+ (rood 1) and 

SH+ (mod 2) of Table II, we determined SoH+ as 5.42 
• 0.16 eu. This value compares well with the value of 
5.12 eu of Breck, Cadenhead, and Hammerl i  (6), which 
was determined using quinhydrone electrodes in aque-  

ous HC1. Our result  for SOn+ is in agreement  with the 
value 5.27 eu of deBethune and Daley (11), which was 
determined from thermocells with calomel electrodes. 

By extrapolat ion of S--c1-(mod 1) and S c l - ( m o d  2) 

of Table II to infinite dilution, we found S0c,- to be 
18.6 • 1.0 eu. This is in excellent agreement  with the 

value 18.69 eu for S0cl-, as determined by deBethune 
and Daley (11) using calomel electrodes. It  also com- 
pares well with the value 19.1 eu of Haase, Hoch, and 
SchSnert (19), obtained using si lver-si lver chloride 
electrodes. Our values are also in agreement  with 
those of Agar (1) and Temkin  and Khoroshin (10). 

A comparison may also be made of our TEP with the 
work of Goyan (20). He measured the init ial  emf of a 
hydrogen-electrode thermocell  containing 0.01M HC1, 
and obtained 1.41 mV for ~T ---- 9.90K. For this result  
the two temperatures  were centered at 25~ and the 
warm electrode was positive. We used a typical  value 
of k = --264 ;~V in Eq. [9b] and obtained TEP = 115.8 
gV/K for Goyan's result. Our value of 115.77 gV/K, 
calculated from Eq. [8] for 20~176 and for m ----- 
0.01003 mol/kg, is in excellent agreement  with this 
value. 

At  m = 0.1003 mol/kg,  our values of Y calculated 

from Eq. [8] and the constants from Table I are 490.66, 
498.94, and 505.78 ~V/K at mean temperatures  of 20 ~ 
25 ~ and 30~ respectively. From these values dY/dT  is 
calculated to be +1.656 and +1.368 ~V/K 2. These tem- 
perature derivatives compare favorably with those of 
Fales and Mudge (21), as calculated by deBethune, 
Licht, and Swendeman (22). Their  value for the tem-  
perature derivat ive of the TEP of a thermocell  at 
m = 0.1003 mol /kg  and 25 ~ using hydrogen electrodes 
and a saturated KC1 salt bridge, was 1.287 ~V/K 2. 
Considering the different exper imental  conditions and 
that  our bridge was 0.1m HC1, while Fales and Mudge 
used a saturated KC1 salt bridge, this is excellent 
agreement  indeed. 

SYMBOLS 

A intercept in Eq. [8] for Y as a funct ion of 
molal i ty 

A' constant  in first t e rm of Eq. [10] 
a constant  in first t e rm of Eq. [ I l L  for the 

molar i ty  to molal i ty ratio 

mean distance of approach for HC1 (---- 4.33 
angstroms) 

B coefficient of the "~/m/(1 + ~ / m ) - t e r m  in 
Eq. [8] 

B constant  in l inear term of Eq. [10] 
b constant in l inear  term of Eq. [11] 
BP barometric  pressure (corrected to 0~ Torr, 

(1 atm ---- 760 Torr  ---- 101325 newton me-  
ter-S)  

C coefficient in l inear  term of Eq. [8] 
c molarity, mols of solute per l i ter of solution 
D constant in quadratic term of Eq. [10] 
emf(obs)  the observed electromotive force of a ther-  

mocell, ;~V 
F Faraday constant, 96487 coulomb/equiv 
k correction factor for barometric and vapor 

pressure, ~V, calculated from Eq. [3], used in 
Eq. [gb] 

m molality, mols of solute per kilogram of sol- 
vent  

Molality Funct ion  ---- 100~/m/(1 + ~/m) 
N normali ty,  mols of H + ions per liter of solu- 

t ion 
Pu, PL vapor pressure of pure water  at temperatures  

Tu and TL, respectively 
^ 
Qi heat of t ransport  of a salt or ion, cal/mol, 

defined by Eq. [2] (1 cal ---- 4.184 Joule) 
R gas constant, 8.31434 J tool -1 K -1, 1.987175 

eu mo1-1 
Si molal entropy, par t ia l  molal  ent ropy of a salt 

or ion, eu mol-~, cal tool -1 K -1 
SOi standard value of Si 

Si transported entropy of an ion or salt, eu 
tool-* 

~0~ transported entropy of an ion in the hypo-  
thetical s tandard state with m -- 1 mol /kg  

^ 
Si entropy of t ransport  of a salt, eu tool - I  

Si(mod 1), S i (mod2)  "modified" t ransported entro-  
pies of an ion, eu mo1-1, defined by Eq. [6] 
and [7], respectively 

T Kelvin  temperature,  K 
ti Hittorf t ransference ( transport)  number  of 

an ion 
Tu, TL upper and lower thermostat  temperatures,  ~ 
TEP ini t ial  thermoelectric power, ~V/K, defined 

by Eq. [9b] 
Y thermoelectric ]~ower corrected for the mass-  

action term, defined by Eq. [9a], ~V/K 
y0 the value of Y at infinite dilution, ~V/K 
7-*(25) mean  molal ionic activity coefficient at 25~ 
aP  solvent vapor pressure lowering, in Eq. [4b] 
APu, APL solvent vapor ]~ressure lowering at Tu and 

TL, respectively, Torr  
aT temperature  difference between thermostats, 

K 
,0, ,~ init ial  and final thermoelectric power of a 

thermocell, respectively, ~V/K 
a Soret coefficient, K -1, ---- ( - - l / m )  (Sin/ST) 

at the steady state (---- Soret equi l ibr ium) 
constant  in  first t e rm of Eq. [10] 
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Kinetics of Anodic Oxide Growth on Sodium Tungsten Bronzes 
Jean-Paul Randin* 

Hydro Quebec Institute of Research, Varennes, Province of Quebec, Canada 

Sodium tungsten bronzes have been proposed as 
electrocatalysts for the oxygen reduction reaction. 
Their electrocatalytic activity has been the subject of 
numerous  studies (1-8) but  the oxide-growth kinetics 
on this mater ial  have not been reported. This aspect 
of the electrochemical stabili ty of the bronzes is of 
crucial importance if the material  is to be used in a 
practical device such as a fuel cell or a battery. In  
such devices, high anodic t ransients  may arise in the 
course of uti l ization which can give rise to anodic 
oxide growth, and hence change the init ial  properties 
of the electrocatalyst. The present  note reports on the 
oxide-growth kinetics on sodium tungsten  bronzes. 

Experimental 
The sodium tungsten  bronzes were prepared by 

electrolyses of fused mixtures  of sodium tungstate and 
tungsten trioxide in an a lumina  crucible (Coors). 
Analyt ical  reagent  grade Na2WO4 and H2WO4 (Baker 
Company) were used without fur ther  purification. 
Both reagents were previously dried at 200~ Gold 
wires, 99.99% purity,  were used as anode and cathode 

�9 Electrochemical  Society Active Member .  
Key  words:  sodium tungsten bronze, oxide growth,  anodic oxide.  

in the crystal  preparat ion where  no p la t inum was in -  
cluded. A p la t inum sheet, 99.99% purity,  was used as  
anode in electrolyses in which p la t inum incorporation 
was sought. The concentrat ion of p la t inum in the melt  
was therefore mainta ined by anodic dissolution of the 
metal. Galvanostat ic depositions were performed at 
720~176 with current  densities between 20 and 50 
m A .  cm -2, applied current  being altered appropri-  
ately during the growth. Large clusters of adherent  
crystals were obtained at the cathode. The cleaning 
procedure consisted of a l ternate  boiling in  dilute 
sodium hydroxide and t r iply distilled water. 

The sodium content  in the cubic tungsten bronzes 
was determined by x - r ay  measurements  of the lattice 
parameters  using Brown and Banks relat ion between 
the lattice parameter  and the sodium content  (9). The 
value of x in the cubic NaxWO3 varied from 0.58 to 
0.88 as the melt  composition was changed from 10 to 
50 mole per cent (m/o)  WO3. 

Crystals of sodium tungs ten  bronze were mounted  in 
electrodes by compression moulding wi th in  a Ke l -F  
holder, according to the method described by Yohe 
et al. (10). The apparent  surface area of the electrodes 
u s e d  in  the present  s tudy were about 0.2 cm ~ each. All  
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data are given with respect to the apparent  surface 
area of the electrode. Prior to the electrochemical 
measurements,  the bronze electrode was mechanically 
polished using different grades of a lumina  (Buehler 
Limited) down to 0.3~. 

An all-glass, three-compar tment  cell was used for 
the galvanostatic charging experiments.  The a-c im-  
pedance of the electrode-electrolyte interface was 
measured in a cell of the type described by Tench and 
Yeager (11). This cell has three compartments,  which 
contain the sodium tungsten  bronze electrode and a 
Hg pool counterelectrode ( in ternal  counterelectrode 
used only for the a-c impedance measurements)  spec- 
troscopic grade graphite auxi l iary counterelectrode 
(external  counterelectrode),  and the Hg/Hg2SO4 ref- 
erence electrode, respectively. 

All the potentials have been measured with respect 
to a Hg/Hg2SO4 reference electrode but  all the results 
reported in the present  study are given in V vs .  NHE. 

Hel ium was used to deaerate the solutions and to 
main ta in  an inert  atmosphere inside the cells. The gas 
was purified by passing it through a train, which in-  
cluded a BTS catalyst (BASF, Ludwigshafen-am-  
Rhein, Germany)  main ta ined  at 180~ to remove 
oxygen and CO, and Linde Type 3A and 13X molecular 
sieves to remove other impurities. 

The 1N sulfuric acid solutions were prepared by 
di lut ing H2SO4 Ultrex (J. T. Baker Chemical) in de- 
ionized and doubly distilled water, both distillations 
being over alkaline permanganate.  

Constant  current  d-c power supply (Hewlet t-  
Packard, Model 6 1 7 7 B ) w a s  used for the charging 
curves. The measurements  of the equivalent  series 
capacitances and resistances were carried out at 23~ 
with an a-c Wheatstone bridge and a d-c polarization 
circuit. The bridge was checked with s tandard resist- 
ance and capacitance components and found to con- 
t r ibute a negligible error in the experimental  condi- 
tions used in this study. The a-c voltage applied to the 
cell did not exceed a few millivolts. 

Results 
The general  behavior of sodium tungsten bronze 

during galvanostatic anodic charging is shown in Fig. 
1. In  order to improve the reproducibil i ty of the re-  
sults, galvanostatic charging curves were recorded 
after mechanical  polishing and cathodic prepolariza- 
tion at 13 mA �9 cm -2 for 200 sec. An arrest is obtained 
below 1V vs .  NHE, the detailed analysis of which wil l  
be presented in a future  publication. At about 2.3V vs .  
NHE, oxygen evolution is visible at the surface of the 
electrode. At low charging currents  (typically 5 m A /  
cm-2) ,  this potential  remains  almost constant  over a 
long period of time. When the charging current  w a s  

40[ 
g 

 O00 ' 
F 2 0  s e c . . - I  

T i m e  

Fig. 1. Effect of current density on anodlc charging curves for a 
sodium tungsten bronze (x ---- 0.65) electrode in helium saturated 
1N H2S04 at 23~ Electrode polished before each measurement 
and reduced at 13 mA �9 cm - 2  for 200 sec. Curve a, 4.25; b, 8.50; 
c, 12.8; d, 29.8; e, 59.6; f, 119; g, 183 mA �9 cm -2.  

greater than 5 mA �9 cm -2, the voltage increased rapidly 
following a period during which it remained c o n s t a n t  
at about 2.3V. This t ransi t ion time is shorter the 
higher the applied current  density. At a still higher 
current  density, a voltage bui ldup as high as 40V is 
reached during anodization, which is an indication that  
some electrically l imit ing layer is formed on the 
surface. 

The repeti t ion of the anodic charging experiment  
at high current  density, preceded by a short prereduc-  
tion at 13 mA �9 cm -2 for 200 sec, gives rise to a curve 
slightly different from the first one performed on a 
fresh electrode surface. The irreproducibil i ty between 
the first galvanostatic charging curve and the follow- 
ing one may mean  that the reduction of the layer 
formed at high anodic current  has not been removed 
or reduced up to the init ial  state. 

The rotation of the electrode has no significant effect 
on the potent ial- t ime measurements.  The electrode was 
rotated at low speed (1000 rpm) to help remove the 
oxygen bubbles from the bronzes surface. 

The relations between the electrode potential  and 
the t ime dur ing anodization at different constant cur- 
rent  densities are reported in Fig. 2. A logarithmic 
growth law is indicated. 

The impedance measurements  of the sodium tung-  
sten bronze/electrolyte interface have been made on 
an electrode previously anodized for 1 hr at 21 mA �9 
cm -2. Capacitance values between 4 and 6 #f" cm -2 
have been recorded at potentials between 2.7 and 
1.0V vs .  NHE. The capacitance values increase as the 
potential  decreases, whereas the series resistance de- 
creases with the applied potential. The NIott-Schottky 
plot calculated from a typical capacitance curve ob- 
tained in going from high anodic potentials towards 
more cathodic potentials is reported in Fig. 3. Two 
l inear regions are indicated, which suggest a change 
in the surface composition at potentials close to 1V. 
This change occurs 0nly on highly anodized electrode 
surfaces. The same measurements  performed on a 
nonoxidized surface give only one straight line, whose 
intersection with the potential  axis gives the same 
flatband potential  as that  observed at low potentials 
on the anodized electrode. 

The l inear section in the most anodic potential  
region of the Mott-Schottky plot gives a flatband 
potential  of about 0V vs .  NHE and a slope of 1.22 X 
10-2 #f-2 . cm 4 . V- I ,  from which a •D value of 2.6 • 
1020 c a r r i e r s - c m  - s  is calculated. The x value in 
NaxWO3 deduced from the lat ter  donor concentrat ion 
is 0.015 assuming that: (i) the donors are  all sodium 
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Fig. 2. Potential vs .  time relationship during galvanostatic anodic 
oxide growth on a sodium tungsten bronze (x ~ 0.65) electrode 
in helium saturated 1N H2S04 at 23~ same measurements as in 
Fig. 1. x, 12.8; O ,  29.8; A ,  59.6; A ,  119; D ,  183 mA �9 cm -~.  
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Fig. 3. Mott-Schottky plot for the sodium tungsten bronze 
(x = 0 .65 )  following anodic  axidation at 21 m A  " cm -2 for 1 hr in 
helium saturated 1N H2SO4 at 23~ A-C impedance measurements 
for the determination of capacitance volue~ performed at 1000 Hz. 

atoms and that (ii) the dielectric constant, ~, of the 
bronze is 50. The only available data  from which the 
dielectric constant  of sodium tungsten bronze can be 
estimated is found in a paper by Kir ' iashkina  et al. 
(12), who quote a va lue  for the ratio ~/p as 6.95 for 
WO3. From the density, p, for WO3 with the cubic 
tungsten bronze structure being about 7.2 g .  cm -3, it 
can be deduced that  e ~ 50. 

The small  l inear  section in the less anodic potential  
regions of the Mott-Schottky plot gives a flatband 
potential  of 0.6V vs. NHE and a slope of 2.5 • 10 -2 
~ f -2 .  cm 4 . V - l ,  which corresponds to a n D  value of 
1.25 • 1020 carriers �9 cm -3 and a x value (in NaxWO3) 
of 0.007, with the same assumptions as previously. 

The effect of the x value in NaxWO3, ranging from 
0.58 to 0.88, and the p la t inum concentrat ion from 2 up 
to 1200 ppm, has been studied. No significant effect of 
these two parameters  has been found on the general  
shape of the galvanostatic charging curves. The effect 
of the x value and the p la t inum concentration on the 
oxide growth-kinet ics  (curve E vs. log time) has been 
found to be wi thin  the experimental  errors of the 
measurements.  

Discussion 
The increase in voltage up to about  40V for high 

applied currents, the logar i thmic-growth law, and the 
a-c impedance measurements  suggest that  the electri- 
cally l imit ing layer formed on the bronze surface is 
most l ikely an oxide. A similar  oxide growth has been 
observed on valve metals, including tungsten  (13-14). 

A logarithmic law is general ly observed for the 
oxide growth of both semiconducting and conducting 
oxides. The rate of growth of a semiconducting oxide 
is expressed by the following equation (15-16) 

�9 k T  
L = ~ In Kt [1] 

4~ pe 2 L1 

where L is the thickness of the oxide, t is the time, 
is the dielectric constant, p is the density of trapped 

electrons (or holes) in the oxide; e is the electronic 
charge, L1 the thickness of the total space charge, K is 
a constant = B / c  exp ( - - e r  exp ( e x ~  exp 
( e C 1 / k T ) ,  in which B and c are constants, ~ is the 

work function of the metal  being oxidized, x is the ap- 
plied voltage across the metal-oxide interface, x ~ is 
the potential  drop that would hypothetically exist if 
the oxide thickness were zero, and C1 = --4ripe 2 L1/~. 

The rate of growth of a conducting oxide may be 
expressed by the following equation (15) 

R T  R T  R T A  ~G*o cFE 
L -- ~ l n  t + - - l n - -  ~ - -  [2] 

b b b b b 

where A, b, c are constants, hG*o is the s tandard free 
energy of activation for the oxide growth, R, the gas 
constant, T, the temperature,  and E, the electric field. 
At constant  field, the growth follows a logarithmic 
law. 

A direct proport ional i ty  between thickness and po- 
tential  has been frequent ly  observed [see, for example, 
Ref. (17, 18)], par t icular ly  with the valve metals (15). 
Assuming such a dependence in the case under  study, 
Fig. 2 shows that  the anodic oxide growth on sodium 
tungsten  bronze follows a logarithmic law. The a-c 
impedance measurements  from which l inear  Mott- 
Schottky plots have been calculated suggest the pres- 
ence of a semiconducting oxide, ra ther  than a con- 
duct ing one. 

The exact na ture  of the oxide grown at the surface 
of the sodium tungs ten  bronze during anodization is 
not known. However, some interest ing features of the 
present  work may be outl ined even though the fol- 
lowing discussion is somewhat speculative. 

It  has been ment ioned above that the repeti t ion of 
the anodic charging experiment  at high current  den-  
sity, preceded by a reduction period gives rise to a 
curve different from the first one measured on a 
freshly polished electrode surface. This behavior  sug- 
gests an irreversible change of the electrode surface 
after anodization. The analysis of the arrest measured 
at low potentials also suggests a change in the surface 
composition after prolonged anodization of the elec- 
trode (19). The change in surface behavior has also 
been noticed by McHardy (8) and at t r ibuted to a 
sodium depletion reaction. The same author (8) con- 
firmed by ion-probe analysis of an aged crystal that 
sodium was lost from the bronze surface. The sodium 
depletion reaction may be wr i t ten  as 

N a ~ W O ~  Na~WO3 ~ (x -- y )Na  + -~ (x  -- y ) e -  [3] 

The first process taking place during anodization of 
the sodium tungsten bronze electrode is believed to 
be the sodium depletion of the surface layer. Reaction 
[3] is confirmed by the a-c impedance measurements  
which give a very  small  value of y in NayWO3, i.e., 
smaller  than 0.02. 

In  the calculations of the x values of the surface 
layer from the a-c impedance measurements,  it has 
been assumed that  the only donor is the sodium atoms. 
This assumption is justified at x values greater than  
0.25 since bronzes with such a composition are known 
to have one free electron per metal  atom in the host 
lattice (20). A different mechanism of conduction is 
operative below 0.25, however. For a single crystal of 
sodium tungsten bronze of composition Nao.o25 WO3 
semiconductor- type behavior  has been established 
(21). The equivalent  x values, calculated from the 
a-c measurements  using the assumption that  the only 
donor is the sodium atoms, give very low values. 
Moreover, the calculations have been made using the 
capacitance values with respect to the apparent  sur-  
face area of the bronze electrode. If the ratio of the 
t rue to the apparent  area (not measured) could be 
taken into account the equivalent  x values would 
drop still fur ther  by the square of this ratio (probably 
at least 25 times).  At the very low values of x cal- 
culated from the a-c impedance data the sodium atom 
is most l ikely not the only donor. 

A second possible oxide growth reaction on the 
sodium tungsten  bronze whose surface has previously 
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been deple ted  in sodium may  be as follows 

WO3 + z HeO ~WOr -{- 2zH+ -b 2 z e -  [4] 

A negat ive  ionic charge  car r ie r  is in jected into the 
surface layer  of the oxide  wi th  ad jus tmen t  of the  
e lect ron concentrat ion.  The oxide growth  on sodium 
tungsten bronze is therefore  analogous to the  change 
of valence  observed in the surface region of nickel  or 
s i lver  oxide electrodes on anodic charging (22-24). 

Fol lowing the  preceding discussion, it  can be as-  
sumed tha t  the a-c  impedance  measurements  are  car-  
r ied out on a bronze e lec t rode  whose surface layer  is 
almost  comple te ly  deple ted  of sodium. These imped-  
ance measurements  (Fig. 3) suggest  tha t  the  surface 
composit ion changes wi th  the appl ied  potent ia l  since 
both the slope and the  potent ia l  at  the  intersect ion 
wi th  the y -ax i s  change wi th  the  appl ied  potential .  The 
l inear  section of the  Mot t -Scho t tky  plot  in the  low 
potent ia l  region is observed only over  a smal l  range  
of potent ia l  (0.2V) and the capaci tance values  in this 
potent ia l  range  are  too high (16-35 ~f per  apparen t  
cm 2) to be associated only wi th  a space-charge  
capacitance.  The da ta  ca lcula ted  from the low poten-  
t ia l  section of the  Mot t -Scho t tky  plot, therefore,  
should be in te rp re ted  ve ry  careful ly.  In  pa r t i cu la r  the  
f latband potent ia l  de te rmined  f rom the intersect ion of 
the potent ia l  axis wi th  the ex t rapo la ted  Mot t -Scho t tky  
plot  shifts f rom about  0 to 0.6V vs. NHE in goin~ from 
the high to the  low potent ia l  region. This fact is difficult 
to expla in  solely by  a change in the  oxide  s to ichiometry  
according to React ion [4]. On the contrary ,  the  change 
in car r ie r  concentra t ion  f rom 2 to 1 • 10 ~~ cm -3 
observed in going from highly  anodic potent ia ls  to 
cathodic potent ia ls  can be a t t r ibu ted  to a var ia t ion  of 
the  s to ichiometry  of the  oxide. At  high anodic poten-  
t ia ls  the  oxide is less s toichiometr ic  (oxygen-excess ,  
i.e., high values  of z) and consequently,  has a h igher  
car r ie r  concentrat ion.  On reaching  less anodic po-  
tentials,  the  oxide  becomes more  s toichiometr ic  ( smal l  
values of z) and has a lower  donor concentrat ion.  

The growth  ra te  of the  oxide  has not  been  found to 
depend signif icantly on the x value,  even if the  dens i ty  
of t r apped  electrons in the  oxide is contained in Eq. 
[1]. This m a y  be a t t r ibu ted  to the  fact that  the  oxide 
growth  (React ion [4]) occurs on a sodium deple ted  
surface layer .  In  these conditions, the  composit ion of 
the oxide formed at  the  bronze surface is not  be l ieved 
to depend signif icantly on the bu lk  composition. 
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with occasional addit ions of sal ts  such as CaF2, MgF2, 
LiF,  NaC1, and Li~A1F6 to the  system. The object  of 
this note is to corre la te  the  effect of the  components  
and the t e m p e r a t u r e  of the  cryoli t ic  systems wi th  a 
view to pred ic t ing  the e lect r ica l  conduct iv i ty  of the  
e lec t ro ly te  under  the  s i tuat ions no rma l ly  encountered  
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been deple ted  in sodium may  be as follows 

WO3 + z HeO ~WOr -{- 2zH+ -b 2 z e -  [4] 

A negat ive  ionic charge  car r ie r  is in jected into the 
surface layer  of the oxide  wi th  ad jus tmen t  of the  
e lect ron concentrat ion.  The oxide growth  on sodium 
tungsten bronze is therefore  analogous to the  change 
of valence  observed in the surface region of nickel  or 
s i lver  oxide electrodes on anodic charging (22-24). 

Fol lowing the  preceding discussion, it  can be as-  
sumed tha t  the a-c  impedance  measurements  are  car-  
r ied out on a bronze e lec t rode  whose surface layer  is 
almost  comple te ly  deple ted  of sodium. These imped-  
ance measurements  (Fig. 3) suggest  tha t  the  surface 
composit ion changes wi th  the appl ied  potent ia l  since 
both the slope and the  potent ia l  at  the  intersect ion 
wi th  the y -ax i s  change wi th  the  appl ied  potential .  The 
l inear  section of the  Mot t -Scho t tky  plot  in the  low 
potent ia l  region is observed only over  a smal l  range  
of potent ia l  (0.2V) and the capaci tance values  in this 
potent ia l  range  are  too high (16-35 ~f per  apparen t  
cm 2) to be associated only wi th  a space-charge  
capacitance.  The da ta  ca lcula ted  from the low poten-  
t ia l  section of the  Mot t -Scho t tky  plot, therefore,  
should be in te rp re ted  ve ry  careful ly.  In  pa r t i cu la r  the  
f latband potent ia l  de te rmined  f rom the intersect ion of 
the potent ia l  axis wi th  the ex t rapo la ted  Mot t -Scho t tky  
plot  shifts f rom about  0 to 0.6V vs. NHE in goin~ from 
the high to the  low potent ia l  region. This fact is difficult 
to expla in  solely by  a change in the  oxide  s to ichiometry  
according to React ion [4]. On the contrary ,  the  change 
in car r ie r  concentra t ion  f rom 2 to 1 • 10 ~~ cm -3 
observed in going from highly  anodic potent ia ls  to 
cathodic potent ia ls  can be a t t r ibu ted  to a var ia t ion  of 
the  s to ichiometry  of the  oxide. At  high anodic poten-  
t ia ls  the  oxide is less s toichiometr ic  (oxygen-excess ,  
i.e., high values  of z) and consequently,  has a h igher  
car r ie r  concentrat ion.  On reaching  less anodic po-  
tentials,  the  oxide  becomes more  s toichiometr ic  ( smal l  
values of z) and has a lower  donor concentrat ion.  

The growth  ra te  of the  oxide  has not  been  found to 
depend signif icantly on the x value,  even if the  dens i ty  
of t r apped  electrons in the  oxide is contained in Eq. 
[1]. This m a y  be a t t r ibu ted  to the  fact that  the  oxide 
growth  (React ion [4]) occurs on a sodium deple ted  
surface layer .  In  these conditions, the  composit ion of 
the oxide formed at  the  bronze surface is not  be l ieved 
to depend signif icantly on the bu lk  composition. 
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Table I. Sources of the preferred specific conductivity vs .  

temperature investigations for cryolitic systems 

Cryo l i e  s y s t e m  ( m o l t e n )  

T e m p .  
r a n g e  of 
o b s e r v a -  R e f e r -  
t ions ,  ~ I n v e s t i g a t o r  (s) e n c e  

NasA1FG-CaF2, A1Fa, L i F ,  MgF~, 1000 G r j o t h e i m  a n d  (1) 
N a t 1 ,  LiaA1F6 (b ina r i e s )  M a t i a s o v s k y  

NaaA1F6 ( U n i a r y )  1000-1060 M a t i a s o v s k y  e t ai. (2) 
Na3A1F0-AI~O3 10O0 M a t i a s o v s k y  et  aL (2) 
N a 3 A I F G - b a t h - w e i g h t  r a t i o  1000 F r a n k  a n d  F o s t e r  (3) 
N a ~ A I F ~ - h a t h - w e i g h t  r a t io -MgF- .  940-1080 B e l y a e v  et aL (4) 
Na,~AIF6-AI203-CaF~ 980-1020 Yira  a n d  F e i n l e i b  (5) 
Na~AIFe-AI~Os-MgF~ 1070 B e l y a e v  et  aL (6) 
Na~AIF6-AI~O~-NaC1 1000 M a t i a s o v s k y  et aL (2) 
Na~AIF6-AI~Os-LiF 10O0 M a t i a s o v s k y  et  aL (7) 
Na~A1F,-A1203-Li~A1Fe 1600 M a t i a s o v s k y  et aL (7) 
Na~A1F. -AIFs -L iF  1000 B e l y a e v  et  aL (8) 
NazA1Fe-A1F3-NaC1 1070 B e l y a e v  et  at. (9) 
Na~A1Fs-A1F~-MgF2 1000 B e l y a e v  et  aL (8) 
Na3A1F6-CaF~-MgF~ 1000 B e l y a e v  et  aL (8) 
Na3AIF6-MgF2-A1F3 1000 B e l y a e v  et  aL (8) 
NaaA1F6-NaC1-A1Fa 1070 V a k h o b o v  et aL (9) 
Na3AIF6-A1Fa-LiF 10O0 B e l y a e v  et aL (6) 
Na3A1F6-A1203-A1Fs-NaC1 1000 M a t i a s o v s k y  et  aL (1) 
Naz~dF6-A1F~-MgF2-CaF2 1000 B e l y a e v  et  aL (8) 
Na3A1F~-AI2Os-AIFa-MgF2-CaF2 10O0 B e l y a e v  et  aL (8) 
NasA1Fe-AI2Oa-CaF~-MgF~-LiF 1000 V a k h o h o v  et  aL (10) 

in the a luminum industry,  i.e., salt additions 0-I0 
weight per cent (w/o) ;  weight ratio of NaF/A1F3 
1.1-1.5, and the temperature  range 950~176 

Exper imental  investigations of the specific electrical 
conductivity of molten cryolite with additives have 
been carried out by numerous  observers in  the last 
three decades. The author feels that  due to the de- 
velopment  of more sophisticated methodology of 
measurements,  only the data from the investigations 
during the last 15 years are sufficiently rel iable to be 
cited. Table I summarizes the references for preferred 
specific conduct ivi ty- temperature  diagrams as selected 
from such investigations. During the choice of these 
data, part icular  emphasis has been placed on cells, 
electrode material,  design of measuring bridges, and 
the technique of measurement .  The results of these 
preferred conduct iv i ty- temperature  diagrams have 
also been examined from the point of view of validity, 
consistency, and accuracy. 

The tempera ture  dependence of the electrical con- 
ductivity of molten salts of predominant ly  ionic 
character has been given by Bloom and Heymann  (11) 
in the form of a basic Arrhenius  type of equation 

k = Ak exp ( - - E / R T )  [ I ]  

where k = specific conductivity,  ohm -1 cm-1;  Ak : 
coefficient related to the chemical composition of the 
melt; E = activation energy of conductance; T = t e m -  
perature  of the melt, in ~ R = universal  gas c o n -  
stant ,  8.3143 J real -1  K -1  = 1.987 cal mo1-1 K -1.  

Morrissey (12) suggested that  the coefficients in 
conduct iv i ty- tempera ture  Eq. [1] can be rear ranged 
to render  it advantageous to practical cryolitic sys- 
tems. The parameters  required for computing the 
coefficients can be chosen from the ones commonly 
encountered in  systems of a lumina  reduction cells. 
In the present  work, the contemplated condition has 
been met  by development  of an equation in the form 

In k : Ao ..~ AIX1 + A2X2 -}- A3X3 --~ A4X4 

+ A5X5 +A6Xe + A7X7 --}- A s / T  [2] 

where A0, A1, A2, etc. are constants and X's are  X1 = 
w/o A1203; X2 = w/o  CaF2; X3 = w/o MgF2; X4 = 
w/o LiF; X5 = w/o Li3A1F6; X6 = w/o  NaC1; X7 = 
bath-weight  ratio: NaF/A1F3; T = bath temperature,  
K. The expression of composition in weight per cent 
and ratio of weights has been chosen because these 
measures are in conformity with the normal  practices 
in industry.  

The unknow n  constants of Eq [2] were determined 
by a mult iple  "least squares" regression program per-  
formed by an 1130 IBM computer. A total of 305 
electrical conductivity values, covering the composi- 
tion range normal ly  used in cells for a luminum pro- 
duction, as extracted from the preferred conductivi ty-  
temperature  diagrams from the references given in 
Table I, and some taken from the direct measurements  
of Richards (13) in a 10 kA a luminum reduction cell, 
yielded the coefficients for the equation as given in 
the following electrical conductivi ty equation 

In k : 2.0156 -- 0.0207X1 -- O.005OX2 

- -  0.0166X3 + 0.0178X4 + 0.0077X5 -}- 0.0063X6 

-}- 0.4349X7 -- 2068.4/T [3] 

The regression program yielded the square of the 
mul t ip le  correlation coefficient (R 2) of 0.3744 which 
predicts the error in correlation, thus indicating that 

Table II. Comparison of the calculated electrical conductivities of cryolitic bath vs. the observed values 
( R e f e r e n c e s  fo r  kob,. a r e  s h o w n  in  p a r e n t h e s i s )  

kca]c. 
B a t h  a d d i t i v e s ,  w / o  N a F / A 1 F 8  kobs., f r o m  Eq.  [3],  

A1208 CaF2 MgF2 L i F  Li~A1F6 NaC1 w e i g h t  rat io  T e m p ,  ~ ohm-Z era-1 o h m  -z c m  -1 % error  

7.0 
2,0 
5.0 
5.0 
9.0 

10.0 
1.5 
3.0 
5.0 
5,0 

10.0 
6.0 

5,0 
2.0 
2.0 
2.5 
5.0 
5.0 
5.0 

3.1 
5.3 
8.0 
2.0 

8.0 
1.0 

1.50 1000 2.62 (2) 2.84 + 0.7 
1.29 1000 2.56 (3) 2.59 + 1.2 
1.16 1000 2,44 (3) 2.45 + 0.4 
1.25 1010 2.69 (5) 2.58 --4,1 
1.50 1020 2.94 (2) 3.02 + 2.9 

4.0 1,50 1000 2.47 (7) 2.57 + 2.5 
3,0 1.50 1000 2.87 (2) 2.76 --3,3 
7.0 1.50 1000 2.76 (2) 2.68 --3.1 

I0.0 3.0 1.38 1000 2.20 (5) 2.19 --0.1 
1.50 1000 2 .4t  (2) 2.36 -- 2.4 

2.0 1.50 1O00 2.35 (7) 2.34 - -0 .3  
1.50 978 2.76 (13) 2.67 --3.1 

8.0 1.50 980 2.43 (5) 2.50 + 3.0 
2.0 6.0 1.38 1000 2.20 (8) 2.17 --1.3 
9.0 1.0 1.38 1O0O 2.25 (8) 2.28 + 1.3 

4.0 1.35 1000 2.66 (7) 2.73 + 2 . 5  
10.0 1.50 1000 2.35 (7) 2.44 + 4.0 

3.0 1.50 1000 2.51 (7) 2.56 + 2.2 
7.0 1.35 1000 3.01 (8) 3.02 +0. I  

3.0 3.0 1.0 1.35 1000 2,42 (10) 2.35 +3.0 
2.0 1.50 1000 2.85 (8) 2.76 --3.3 

1.50 1020 2.64 (13) 2.79 --1.7 
7.9 1.41 992 2.44 (13) 2.47 + 1,1 

9.0 1.45 1000 2.75 (8) 2.65 --3.6 
5.0 5.0 1.38 1O00 2,20 (8) 2.18 --1.1 

1,0 1.38 100O 2.55 (1) 2.45 --4.0 
3.0 1.50 1000 2.88 (1) 2.99 + 4.0 

1.49 1018 2.80 (13) 2.71 - -3 .2  
7.9 1,42 988 2.32 (13) 2.32 0.0  

1,50 1020 2.53 (13) 2.47 --2.5 
5.0 1.50 1000 2.91 (7) 2.83 --2.7 
7.0 1.50 1O00 2,97 (1) 2.99 + 0 . 7  

3.5 4.7 1.27 970 1.92 (4) 1.89 - - 1 . I  
8.0 1.50 980 2.55 (5) 2.60 +2 .1  

10.0 1.35 1000 3.14 (g) 3.18 + 1.2 
2.0 1.35 1000 2,80 (9) 2.75 -- 1.6 
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37.4% of the var iat ion in  the dependent  variable 
(ln k) is due to the influence of the independent  
variables. The value of R (0.6119) indicates a fair 
closeness to a good fit (14) to the "least squares" 
plane. The mean  deviation from the observed values 
of the electrical conductivity is 0.1144 ohm -1 cm -1 
which is 4% of the accepted value (15) of 2.82 ohm -1 
cm -1 for pure  cryolite (3NaF-A1F3) at 1000~ Table 
II shows a comparison of some 36 representat ive 
electrical conductivi ty values as calculated from Eq. 
[3] with those observed by different investigators, 
from the total populat ion of 305 exper imental  points 
used to develop Eq. [3]. 

Since the electrical conductivity equation covers a 
broad range of compositions of practical cryolitic sys- 
tems, it can be recommended for use in a lumina  re- 
duction cells wi th in  the ranges of temperature  and 
chemical composition specified above and i l lustrated 
in Table II. 
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Polarographic Behavior of MoO  in Butyrolactone Solutions 
Luigi Campanella and Gianfranco Pistoia 

Instituto di Chimica Analitica and Instituto d~ Chimica Fisica, Universt~, Rome, Italy 

Molybdenum trioxide has been shown (1) to be a 
suitab• positive electrode in a nonaqueous secondary 
bat tery based on butyrolactone (BL) as solvent 

Li/LiA1C14 -- BL/MoO3, C [1] 

The reduct ion of MoOa in a cell [1] is more compli-  
cated than  the simple reduction to lower oxides 
(M0205, MOO2), as evidenced by thermodynamic  con- 
siderations, and the electrolyte seems able to par-  
ticipate in  some way in the process occurring at the 
positive electrode. 

With the aims of elucidating some aspects of these 
processes, a polarographic study of the cathodic be- 
havior of MoO3 dissolved in some BL solutions has 
been performed. Furthermore,  through coulometric 
analysis the n u m b e r  of electrons involved in the 
reduction process has been determined, by means of 
which the cathodic efficiency of cell [1] can be cal- 
culated. 

Experimental 
Apparatus.--Polarographic curves have been ob- 

tained with an AMEL Model 461 polarograph using a 
s tat ionary Pt  working electrode vs. a saturated calo- 
mel  electrode (SCE), connected to the working elec- 
trode half cell by means of a KNO3 agar bridge, suit-  
ably probe shaped in  order to reduce the ohmic drop 
due to the solution. The potential  scanning rate (from 
0 to negative values) was 0.1 V/min.  All  the polaro- 
graphic curves were reproducible wi th in  about 5%. 

Key words: nonaqueous batteries, MoOs, lithium. 

Techniques.--The saturated solutions of MoO8 in 
butyrolactone were prepared by equi l ibrat ing an ex- 
cess of M003 in stirred BL and then by filtering 
under  vacuum. The concentrat ion of MoO~ was deter- 
mined by spectrophotometric analysis for molybdenum 
and was of the order of 10-4M. The solvent  used for 
the equil ibrat ion also contained the support ing elec- 
trolyte. Four  different electrolytes at concentrat ion 
10-~M were employed:  LiAiC14, NaBF4, LiC]O4, LiC1. 
Their  influences on the solubil i ty of MoOz was small. 
The solutions to be polarographed were deoxygenated 
with pure N2. All the manipulat ions  and measurements  
were performed in a dry box under  a dry argon 
atmosphere, so that  the water  content  can be reason- 
ably assumed not higher than  10 ppm. 

Materials.--BL was purified by  f rac t ional -vacuum 
distillation. In  this way, according to Foley and Bogar 
(2), a product containing less than 10 ppm organic 
impurit ies and water  can be obtained. Commercial 
high pur i ty  NaBF4 and LiC1 were dried under  vac- 
uum without  fur ther  purification. Dry LiC104 was 
obtained by mel t ing under  vacuum the anhydrous 
commercial  product. LiA1CI4 was prepared according 
to the method described by Rao (3). 

Results and Discussion 
The reduction behavior of MoO~ is affected by the 

supporting electrolyte, the number  of involved e l e c -  
t rons  alone being always the same. In  fact, by coulo- 
metric analysis, all the reduction p r o c e s s e s  are  found 
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to involve two electrons, that  is, reduction proceeds 
from Mo(VI) to Mo(IV).  The cathodic efficiency was 
calculated to be 66% for cell [1] at 1 mA/cm 2 current  
density of discharge (1). 

In  LiAIC14 and NaBFa a quasi reversible (a ---- 0.9) 
reduction wave was only observed with Ell2 -~ 
--1.04V (vs. SCE). The adopted reversibil i ty criteria 
were based on the logarithmic analysis, on the values 
of the tempera ture  coefficient of the wave height 
(did/dT, where id is l imit ing current,  and T is tem- 
perature)  and half -wave potential  (dE1/2/dT), and on 
(E3/4 -- ELI4) values. 

In  LiC1 two waves were observed, the first of which 
was irreversible, having E1/2 = --0.32V (vs. SCE) 
and the second quasi reversible (a = 0.9) with Ell2 = 
--1.02V (vs. SCE). 

In LiC104 one wave is observed characterized by 
a = 0.5 and El/2 -~ --0.36V (vs. SCE). 

The exper imental  results can be explained by con- 
sidering the possibility that molybdenum is made 
complex by the anion of the supporting electrolyte. 
So when LiC104 is used as the supporting electrolyte, 
the reduction wave of free molybdenum is observed, 
whereas when LiA1C14 and NaBF4 are used only the 
complex molybdenum wave is recorded. In  LiC1, both 
the reductions, i.e., of complex and free molybdenum, 
were evidenced. 

The fact that the reduction is reversible for the com- 
plex and irreversible for the free molybdenum ac- 
counts for the exper imental  evidence that  a Li /  
LiC104-BL/MoO3, C bat tery  cannot be cycled. 

Chloride ions are wel l -known,  strong, complexing 
agents for molybdenum (4). The fact that  in LiA1C14 
(and NaBF4) the wave of free molybdenum is not 
observed while it is still recorded in LiC1 is in agree- 
men t  with the expected greater concentrat ion of C1- 
in the former electrolyte, due to the presence of A1C13. 
This assumption is also sustained by the following 
considerations. Because of the high-charge densi ty of 
Li + and CI- ,  a strong association occurs on LiC1, as 
shown for instance by the low conductivi ty of the 
solutions of LiC1 in cyclic esters, such as propylen-  
carbonate (PC) and BL (5, 6). In  PC the association 
constant of LiC1 was found to be 557, while LiClO4 is 
not associated (7). The same behavior is expected in 
BL which is characterized by a lower dielectric con- 
stant. A very low association, if any, must  therefore 
also be foreseen for LiA1C14 both in PC and BL be-  

cause of the reduced interact ion between Li + and the 
large anion A1C14-. Moreover, the equi l ibr ium 
A1C14- ~ A1C13 -t- C1- will  be present;  in PC and BL 
this equi l ibr ium will  be shifted to the right following 
the fact that the Lewis acid A1C13 is strongly coordi- 
nated by the negative dipole of the solvent (7). This 
coordination produces ions such as AI (PC)n  3+ and 
A1C14- and this lat ter  can fur ther  yield other C1- 
ions. The problem can be analogously discussed in  the 
case of NaBF4, on the basis of the s imilari ty between 
the anions A1C14- and BF4- 

Due to the fact that  MoOa is spar ingly soluble in 
LiA1Cla-BL (5.10-4M at 18~ a positive electrode 
based on this oxide would show considerable polariza- 
tion for discharge current  densities of 1-2 mA/cm ~- 
(1), if it had previously to dissolve and form com- 
plexes with the electrolyte. Thus it is probable that 
MoO3 discharges ini t ia l ly as such to Mo(IV) (prob- 
ably in a complex form);  by charging, Mo(VI) ,  in a 
complex and sparingly soluble form, could be gen- 
erated, and subsequently cycled. 

The hypothesis seems to be confirmed by the fact 
that the micropolarization test previously reported (1) 
gives a straight l ine (the cathodic side on the pro- 
longation of the anodic one) wi thout  any  appreciable 
hysteresis, only after three or four polarization cycles. 
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in pit development.  Rosenfeld and Danilov (1) have 
observed covered pits in several  austenitic stainless 
steels; destroying the covering film led to the deacti- 
vat ion of the pit. Isaacs (2) made similar observations 
on 304 stainless steel, but  found that  after a sufficient 
length of t ime disrupting the film did not necessarily 



384 J. Electrochem. Soc.: ELECTROCHEMICAL SCIENCE AND TECHNOLOGY March 19 73 

to involve two electrons, that  is, reduction proceeds 
from Mo(VI) to Mo(IV).  The cathodic efficiency was 
calculated to be 66% for cell [1] at 1 mA/cm 2 current  
density of discharge (1). 

In  LiAIC14 and NaBFa a quasi reversible (a ---- 0.9) 
reduction wave was only observed with Ell2 -~ 
--1.04V (vs. SCE). The adopted reversibil i ty criteria 
were based on the logarithmic analysis, on the values 
of the tempera ture  coefficient of the wave height 
(did/dT, where id is l imit ing current,  and T is tem- 
perature)  and half -wave potential  (dE1/2/dT), and on 
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the reduction wave of free molybdenum is observed, 
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were evidenced. 
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Chloride ions are wel l -known,  strong, complexing 
agents for molybdenum (4). The fact that  in LiA1C14 
(and NaBF4) the wave of free molybdenum is not 
observed while it is still recorded in LiC1 is in agree- 
men t  with the expected greater concentrat ion of C1- 
in the former electrolyte, due to the presence of A1C13. 
This assumption is also sustained by the following 
considerations. Because of the high-charge densi ty of 
Li + and CI- ,  a strong association occurs on LiC1, as 
shown for instance by the low conductivi ty of the 
solutions of LiC1 in cyclic esters, such as propylen-  
carbonate (PC) and BL (5, 6). In  PC the association 
constant of LiC1 was found to be 557, while LiClO4 is 
not associated (7). The same behavior is expected in 
BL which is characterized by a lower dielectric con- 
stant. A very low association, if any, must  therefore 
also be foreseen for LiA1C14 both in PC and BL be-  

cause of the reduced interact ion between Li + and the 
large anion A1C14-. Moreover, the equi l ibr ium 
A1C14- ~ A1C13 -t- C1- will  be present;  in PC and BL 
this equi l ibr ium will  be shifted to the right following 
the fact that the Lewis acid A1C13 is strongly coordi- 
nated by the negative dipole of the solvent (7). This 
coordination produces ions such as AI (PC)n  3+ and 
A1C14- and this lat ter  can fur ther  yield other C1- 
ions. The problem can be analogously discussed in  the 
case of NaBF4, on the basis of the s imilari ty between 
the anions A1C14- and BF4- 

Due to the fact that  MoOa is spar ingly soluble in 
LiA1Cla-BL (5.10-4M at 18~ a positive electrode 
based on this oxide would show considerable polariza- 
tion for discharge current  densities of 1-2 mA/cm ~- 
(1), if it had previously to dissolve and form com- 
plexes with the electrolyte. Thus it is probable that 
MoO3 discharges ini t ia l ly as such to Mo(IV) (prob- 
ably in a complex form);  by charging, Mo(VI) ,  in a 
complex and sparingly soluble form, could be gen- 
erated, and subsequently cycled. 

The hypothesis seems to be confirmed by the fact 
that the micropolarization test previously reported (1) 
gives a straight l ine (the cathodic side on the pro- 
longation of the anodic one) wi thout  any  appreciable 
hysteresis, only after three or four polarization cycles. 
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in pit development.  Rosenfeld and Danilov (1) have 
observed covered pits in several  austenitic stainless 
steels; destroying the covering film led to the deacti- 
vat ion of the pit. Isaacs (2) made similar observations 
on 304 stainless steel, but  found that  after a sufficient 
length of t ime disrupting the film did not necessarily 
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lead to a cessation of pit growth. In both of these in-  
vestigations the covering films were referred to as 
being exposed passive film mater ial  that  originally 
existed on the metal  surface. However, the composi- 
tion and structure of the films were not described or 
compared in any way with those o3 the passive film. 
It  was the purpose of the present  invest igat ion to ex- 
amine such films found over pits in ferritic and aus- 
tenitic stainless steels by means of transmission elec- 
t ron microscopy (TEM) and scanning electron micros- 
copy (SEM). In  addition, the SEM was equipped with 
an energy dispersive x - ray  detector making it possible 
to obtain a semiquant i ta t ive  analysis of the chemical 
composition of the films for elements above 11 in 
atomic number .  

In  order to prepare the films for study by the above 
methods, a technique was used which was similar to 
that employed by Yahalom and Weisshauss (3) in a 
recent investigation of pit t ing in nickel. When pits 
were allowed to penetrate  very thin rolled-sheet  speci- 
mens, they found that  films remained stretched over 
the resul tant  holes. These films were amenable  to study 
by TEM. 

Exper imenta l  
The materials  consisted of a series of high pur i ty  

ferritic Fe-Cr  alloys containing approximately 5, 12, 
and 19 weight per cent (w/o) Cr [analysis given in  
Ref. (5)] and two commercial austenitic stainless 
steels, AISI 304 and 316. Annealed thin-sheet  speci- 
mens of each alloy were electropolished in a per-  
chloric acid-glacial acetic acid solution to obtain re-  
gions thin enough for TEM examination.  

The samples were then passivated in  an N2 gas- 
purged, aqueous solution of 3% ammonium tartrate  
at the potentials shown in  Table I. The potentials were 
chosen to be above the values usual ly considered to be 
critical to init iate pi t t ing (4). An NaC1 (or NaBr) 
solution was then introduced yielding the C1- (or B r -  ) 
ion concentrations indicated in  Table I. Anodic po- 
larization was continued unt i l  the specimens were visi- 
bly perforated by pitting. 

Results and  Discussion 
When a pit perforated a foil, a film was typically 

observed to remain  over the resul tant  hole (Fig. 1). 
On TEM examinat ion the films were often found to 
consist, not of a single film, but of two overlapping 
films usual ly with entrapped particles or corrosion 
products (Fig. 1). One film (the back surface film) 
was the passive film which was exposed when the pit 
penetrated the foil to produce a hole. The other film 
(the front surface film) had its origin on the surface 
at which the pit initiated. An example of a pit with 
the front surface film visible is shown in Fig. 2. From 
observations of the broken edges of films their in-  
dividual  thicknesses were estimated to be on the order 
of 50A. 

Electron diffraction pat terns from films over pits in 
the austenitic 304 and 316 alloys consisted of four or 
five very broad and diffuse rings, suggesting an amor-  
phous structure. Corresponding TEM images at high 
magnification showed a fine grain- l ike morphology on 
the order of 20A. Front  and back surface films did not 
appear to be significantly different. Images of films 
from the ferritic alloys were similar to those from the 
austenitic alloys. However, the ferritic alloy films pro- 
duced distinct diffraction spots which, in the case of 

Table I. Conditions for pitting 

A n o d i c  p o l a r i z a -  
t i on  p o t e n t i a l  

A l l o y  H a l i d e  ion  conc.  ( m V  SCE)  

F e - 5 %  Cr  0 .1N C1- + 300 
F e - 1 2 %  0 .1N C1- + 300 
F e - 1 9 %  0.2N C1- + 700 
304 0 .1N C1- + 400 
316 1.0N C1- + 4 2 5  
316 0 .3N Br-- + 700 

Fig. 1. Transmission electron micrograph of film covering hole 
left by corrosion pit in 316 stainless steel. Two overlapping films 
are present. Corroding solution contained 0.3M NaBr. 

Fig. 2. Scanning electron micrograph of pit in 316 stainless steel 
corroded in 0.3M NaBr. A film has collapsed to the inside surface 
of the pit (dark area) and extends across the hole where the pit 
has penetrated the metal foil. 

the 12 and 19% alloys, were present  together with 
diffuse rings. The spot pat terns were usual ly  quite 
symmetrical  in appearance, suggesting a single-crystal  
structure. But, on studying dark field images of the 
films, it was found that  the spots were produced by 
very small  crystallites and that  different sets of crys- 
tallites, crystal lographically oriented with respect to 
one another, were responsible for the different diffrac- 
t ion spots. Similar  diffraction pat terns were obtained 
from the passive films on the metal  foil surface, indi -  
cating that by this measure the passive film and films 
over pits were the same. It  was not possible to deter-  
mine the crystal s t ructure of the films on the basis of 
the electron diffraction results because of the l imited 
number  of diffraction spots present and relat ively 
large scatter in the measured values. McBee and 
Kruger  (5) have studied passive films produced in 1N 
H2SO4 on the same series of ferritic alloys and found 
that  oxides with a spinel s t ructure were present. 

Semiquant i ta t ive analyses of the compositions of 
films from the 12% Cr, 304, and 316 alloys were ob- 
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tained by utilizing energy dispersive x - ray  analysis 
facilities attached to the SEM. To avoid spurious x - r ay  
signals from the metal, the films were cemented to 
thin tungsten wires and pulled from the foil pits. Fi lms 
were not successfully extracted from the 5% and 19% 
Cr alloys. For the films studied, the ratio of Cr to Fe 
ranged from approximately 2:1 to 5:1 or more, which 
is considerably larger than  the corresponding alloy 
composition ratio. A large scatter in results did not 
permit  a meaningful  quant i ta t ive comparison among 
films from different alloys to be made. Among the other 
elements found, chlorine was usual ly detected in films 
from alloys corroded in solutions containing that ele- 
ment.  However, bromine was not detected in films from 
the 316 stainless steel corroded in a solution containing 
NaBr. Molybdenum was detected in the 316 films, but  
nickel was not detected in the 304 or 316 films. 

In  conclusion, th in  films that covered corrosion pits 
in a series of ferritic Fe-Cr  alloys and two commer-  
cial stainless steels, 304 and 316, were studied by means 
of TEM and SEM. Corrosion pits completely penetrated 
the foils leaving holes that  were covered by two over-  
lapping f i lms--one from the ent rant  opening of the 
pit and the other exposed when the pit penetrated the 
back surface of the thin foil sample. The two films 
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appeared comparable in microstructure and produced 
similar electron diffraction patterns. Since the back 
surface film did not enter  into the pit t ing process and 
was the passive film exposed when penetrat ion oc- 
curred, these observations indicate that  films covering 
the en t ran t  openings of pits were original ly passive 
film. This is fur ther  supported by the fact that elec- 
tron diffraction results from passive films and films 
covering pits are similar. 
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Any discussion of this paper will appear in a Discus- 
sion Section to be published in the December 1973 
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The present  study was carried out as a basic inves- 
t igation of the mechanism and kinetics of the reduc- 
t ion reaction between metal  halides and magnesium. 
Examples of metal  halides reduced commercially with 
magnesium include zirconium tetrachloride, t i tan ium 
tetrachloride, hafn ium tetrachloride, and u ran ium 
tetrafluoride. Later studies of the zirconium or t i tanium 
te t rachlor ide-magnesium reaction with magnesium as 
the fuel bu rn ing  in an atmosphere of zirconium or 
t i tanium tetrachloride are planned. 

No data could be found in the l i terature on the igni-  
tion and combustion of magnesium in chlorine or other 
single halide atmospheres. Extensive data are available 
(1-5, 9, 1O) on magnesium ignition and combustion in 
several other gases; these investigations were carried 
out relat ive to propulsion and aerospace applications. 

Although ignit ion and combustion of magnesium in 
chlorine differs basically from that of magnesium in 
other gaseous oxidizers, the fundamenta l  approaches 
used in carrying out the studies are essentially the 
same. Theoretical studies and exper imental  work in 
combustion laboratories have shown that magnesium 
burns  in the vapor phase under  certain oxygen part ial  
pressures when  an inert  gas is used as a di luent  (1). 
This work is concerned with the fundamenta l  invest i-  
gation of ignit ion and combustion of magnesium metal  
in a chlorine atmosphere. 

* Elec t rochemica l  Society Act ive  Member .  
K e y  words :  combus t ion ,  magnes ium,  chlor ine,  igni t ion,  reac t ion ,  

mechan i sm.  

Experimental Techniques and Procedures 
Two approaches were employed to carry out the 

present investigations. In  the first tests, a t tempts were 
made to ignite magnesium ribbons by passing elec- 
trical current  though the sample. In  these tests com- 
bustion could not be sustained. The samples merely  
heated up unt i l  local melt ing broke the r ibbon and in-  
terrupted the heating current.  It was concluded from 
these tests that the ignition temperature  of magnesium 
in chlorine atmospheres is above the melt ing point of 
magnesium, 650~ In  oxygen atmospheres, magne-  
sium ignites below its melt ing point (2). 

In  the second series of tests, induction heating w a s  

used to ignite magnesium particles. Induct ion heat ing 
provides predominant ly  surface heat ing that  empha-  
sizes pre- igni t ion oxidation as would be found in prac- 
tice in reduction reactors. Magnesium particles of sizes 
ranging from 1-5 mm were placed on the surface of a 
pure calcium oxide bed in a Pyrex glass chamber si tu-  
ated within the work coil of the induct ion furnace. The 
gas wi thin  the chamber consisted of chlorine or a mix-  
ture of chlorine and inert  gas (argon or hel ium).  

In  addition to visual  observations, high speed, 
colored motion pictures and flame spectra were ob- 
tained. Tests were made at pressures up to 1500 Torr 
with compositions ranging from pure chlorine to al-  
most pure di luent  gas. 

Ignition temperature measurement.--A Chromel-  
Alumel  thermocouple with a 1/16 in. OD stainless steel 
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shield was used for the temperature  measurements.  
The temperature  was recorded using a 2-channel  tem- 
perature module, Model 17502A, made by Hewlett  
Packard Company. 

The magnesium sample was mounted  on the tip of 
the thermocouple but  supported by a 2.0 cm diameter  
ceramic disk that was in tu rn  supported by the stain-  
less steel thermocouple shield. The sample and the 
associated thermocouple were placed in a Pyrex glass 
tube which was positioned exactly at the center of the 
work coil of the induct ion furnace. In  these experi-  
ments  100% C12 at 500 and 760 Torr were used. 

Results and Discussion 
Ignition phenomenon oy magnesium in chlorine.--In 

the experiments  carried out under  different conditions 
of pressure and concentrat ion of chlorine in the total 
oxidizing gas mixture,  the magnesium particle was 
observed to ignite only after complete mel t ing as indi-  
cated by the formation of a spherical droplet of metal. 

In  a chlorine atmosphere it was observed that the 
magnesium formed a th in  chloride layer on its surface 
prior to ignition, similar to the oxide formed in com- 
bustion in an oxygen atmosphere. Although the sample 
was ini t ia l ly  cleaned in dilute hydrochloric acid, a very 
thin oxide layer was always present due to expo- 
sure to air. Thus it was concluded that the layer 
formed on the sample before ignit ion was a mixture  of 
magnesium oxide and magnesium chloride. However, 
positive identification by specific analytic techniques 
has not been under taken.  

Flashing or sparking from the metal  surface was ob- 
served just  before ignit ion took place for those cases 
where relat ively low pressures of the chlor ine- iner t  
gas mixture  was used i.e., < 760 Torr  total pressure. 
This phenomenon may be related to a pressure bui ld-  
up of magnesium vapor beneath the coating on the 
particle, although in no instance did the vapor pressure 
of magnesium equal the pressure in the container.  
Following flashing, the ent i re  sample was almost in-  
s tantaneously engulfed in flame. As the total pressure 
was increased (to 1000-1500 Torr) ,  the ignit ion proc- 
ess became more violent  and usual ly  the sample ig- 
nited so explosively that unreacted magnesium drop- 
lets spattered on the walls of the vessel. This was 
apparent ly  related to the protective qualities of the 
coating formed on the sample surface. Just  prior to 
ignition, fissures appeared in the molten coating on the 
magnesium which likely relates to the surface tension 
of the coating vis-a-vis the vapor pressure of the mag-  
nesium. This observation, coupled with the fact that  
magnes ium melts at 650~ and that  magnesium chlo- 
ride melts at 712~ provided visual evidence that  the 
ignit ion temperature  was greater than either of these 
temperatures.  The high speed, colored movies of the 
ignit ion sequence were used for most of the visual ob- 
servations. 

Measurement of ignition temperature.--Ignition oc- 
curred above the melt ing point of both the magnesium 
and magnesium chloride in all the runs  carried out in 
this part  of the work and under  all the conditions of 
the experiments.  This was an important  observation 
for it supported an explanat ion accounting for the 
fai lure of the resistance heating tests to provide com- 
bustion, namely,  that  the ignit ion of magnesium in 
chlorine took place above the melt ing point of the 
magnesium. 

Ignition, for the most part, occurred wi thin  a tem- 
perature range of 850 ~ to l l00~ as indicated below. 
Several variables seemed to have an impor tant  influ- 
ence on the ignit ion temperature:  

1. Heating rate: the ignition temperature  was ob- 
served to decrease from approximately 980 ~ to 860~ 
as the heat ing rate increased from approximately 50 ~ 
to 100~ This is not in agreement  with what  was 
concluded by Mellor (2) in  his exper imental  work in-  
volving the ignit ion of magnesium cylinders (2.38 cm 
diam by 3.8 cm length) and magnesium wafers (3.28 

cm diam by 1.59 mm thick) in oxygen atmospheres 
in an induct ion furnace in  which he stated that  any  
dependence on the heat ing rate was slight. It  is pos-  
sible that  sample size might  be responsible for some of 
these observed differences plus the fact that  MgO films 
are rigid and porous and therefore might be less effec- 
tive with increasing thickness than  an impervious film 
such as that  formed by MgCI2. In  the p r e s e n t  work 
where relat ively slow heating was employed, occa- 
sionally ignit ion of the sample did not occur below 
1000~ Possibly, at the high heating rates, some tem- 
perature  lag could have distorted the observed results, 
but  not by more than  40~ (See below).  Upon heat-  
ing the magnes ium specimens the thermocouple indi-  
cated the mel t ing point of magnes ium to be at o r  
slightly below the accepted value of 650~ the faster 
the heating rate, the lower the mel t ing point  indica- 
tion. Some samp:es, after heat ing to temperatures  of 
approximately 900 ~ without  ignition, exhibited 
freezing point  arrests at exactly 650~ on cooling. 

2. Sample size: The ignit ion tempera ture  increased 
general ly as the sample size decreased. Two sizes, how- 
ever, were used in these experiments,  3 and 5 mm 
cubes. The 5 mm size gave an average ignit ion tem- 
perature of 900~ while the 3 mm size gave an aver-  
age of 950~ This, however, seems to be a very small 
effect under  the present  exper imental  conditions. The 
work of Cassel and Liebman (6), and Mellor's work 
(2) showed this same effect in more detail over a wide 
range of sizes in other gases. 

3. Total gas pressure: The ignit ion tempera ture  was 
found to be somewhat dependent  on pressure, in-  
creasing from approximately 850 ~ to 980~ with an 
increase in pressure from 500 to 760 Torr under  con- 
s tant  heating rates. 

In  the ignit ion runs  conducted at h igh-hea t -up  rates, 
it was impossible to detect the ignit ion temperature  
within 20~176 and this temperature  range com- 
bined with an observed mel t ing point  lag of approxi-  
mately  10~ gave an uncer ta in ty  of as much as 50~ 
in  the ignition temperature.  

Because the ignit ion temperature  could be varied 
considerably by the heat -up rate, fur ther  work was 
abandoned in this area. The most significant result  
of this phase of the investigation was that Tlgn ~ >  
650~ 

EfJect of ambient pressure.--One of the more in-  
teresting factors influencing ignition was the total 
pressure of chlorine used. A series of experiments 
were carried out at ambient  pressures of 300, 500, 760, 
and 1000 Torr, all other exper imental  conditions being 
held constant. Thus a constant part ial  pressure ratio 
of chlorine to argon of 2: 1, constant particle size of 
magnesium (3 mm cubes), and constant heating rates 
were mainta ined throughout  the experiments.  

At comparat ively high pressures (760 and 1000 
Torr) ,  it took a longer time to ignite the samples than  
at 500 Torr. Thus, at the higher pressure, higher igni-  
tion temperatures  could be expected and accordingly 
were measured at 500 and 760 Torr as reported earlier, 
i.e., the ignit ion temperature  was 850~ at 500 Tort  
and 980~ at 760 Torr. 

In several experiments,  slow heating of the magne-  
sium led to great difficulty in ignit ing the sample; 
some samples were held for several minutes  at t em-  
peratures well  above 1000~ without  ignition. Under  
these conditions, the vapor pressure of the magnesium 
approached the total pressure in the vessel. This was 
thought to be due to the greater protection offered by a 
thicker chloride (-oxide) layer formed on the surface 
of the molten magnesium during the slower heat -up 
period. 

It was shown that an increase of the part ial  pressure 
of chlorine up to a certain l imit would speed up the 
ignit ion process, while an increase in the total  pressure 
at constant  chlorine content  retarded the ignit ion 
process. 
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Fig. l .  Variation in time of ignition with particle size end 
chlorine pressure. 

E]Iect of sample size on the time required for igni- 
tion.--Magnesium of 1, 3, and 5 mm sizes were ignited 
in 100% chlorine at pressures of 300, 500, 760, and 1000 
Torr. Each run  was repeated three times and the re-  
sults averaged. Time of ignit ion was taken from the 
start of power input  to the induct ion coil to the ignition 
point. The exper imental  results are shown in Fig. 1. 

From Fig. 1, it can be observed that for the constant 
pressure experiments,  the ignit ion time for small par-  
ticles was longer. This could be indicative of a higher 
ignition temperature  on one hand or a slower induc-  
tion heating of smaller particles with smaller surface 
area on the other hand. 

The sample surface to volume ratio used in the pres- 
ent work were 6, 2, and 1.33 mm -1 corresponding to 
1, 3, and 5 m m  cubes, respectively. Thus, the surface 
to volume ratio used in this work may be compared 
to the larger particle sizes that Mellor used in his ex- 
periments. Mellor (2) studied the ignit ion charac- 
teristics of magnes ium in oxygen and CO2 gases and 
found that by merely  changing the sample surface area 
to volume ratio, the ignit ion temperature  reverses its 
dependence on pressure. The present work does not 
show this relationship (see Fig. 1), if it is assumed 
that  the observed relationship between time of igni-  
tion and ignit ion temperature  is valid. 

Spectrographic observations and chemical reaction 
mechanism.--Spectrography can be used as a tool to 
investigate the combustion reaction and further, to 
postulate the reaction mechanism. Emission spectra of 
the flame of magnesium burn ing  in chlorine gas were 
recorded at different pressures and chlorine concentra-  
tions. Spectra were recorded for flames with 30-100 
volume per cent (v/o) Clz il. the gaseous oxidizer mix-  
ture of chlorine and helium, and 500-1000 Torr total 
pressure. 

Spectral features of MgC1 were observed resul t ing 
from the 2~_sz t ransi t ion at 3780, 3775, and 3770A. 
Also, the magnesium singlet at 4571.15A as well as 
other magnesium lines at 5167 and 5183A, were re- 
corded. 

In  addition, other lines and bands were recorded as 
impurit ies in the flame. The two Na lines at 5889.95 
and 5895.22A and the Ca line at 4227.73A were o b -  

served. Identification of the atomic and molecular 
spectra was carried out with the aid of tables (7). 

The existence of magnesium lines in the spectrum 
proved the existence of magnesium atoms in the vapor 
phase in the flame. 

The presence of MgC1 in the flame indicates that 
MgC1 in the vapor phase is most probably an in ter-  
mediate product in the combustion reaction. 

From the spectrographic results, the steps of the 
reaction mechanism have been postulated as follows 

Mg~c~ ~ Mgci~ --> Mg~v~ [1] 

The following reactions then occur in the vapor phase 

M g  + Cl~ --> MgC1 + C1 [2]  

Mg + C1--> MgC1 [3] 

M g C 1  -5 C12-> MgC12 -5 C1 [4] 

M g C 1  -5 CI-~ MgC12 [5] 

The dichloride vapor then condenses rapidly and 
exothermically as follows 

MgCl2cv)  = MgC12~c) [6]  

AH = - -  32.7 kcal (11) 

The over-al l  reaction can thus be wri t ten  

Mgce) + C12 = MgCI~(r 

&H = - -  153.2 kcal at 298~ ( 11 )  

Summary and Conclusions 
Visual observations, spectroscopy, and high-speed 

photography were the main  tools used in this study. 
The work may be summarized by the following points. 

1. Individual  magnesium particles were observed to 
ignite only after they had melted and formed droplets 
with a thin protective oxide-chloride coating covering 
their surface. 

2. The ignit ion temperature  of magnesium in chlo- 
r ine was measured at 760 and at 500 Torr and was 
found to be in the range of approximately 850 ~ 
l l00~ depending on the conditions of the experi-  
ment. 

3. Under  most conditions there was flashing from the 
metal  surface just  before ignit ion took place; this could 
be indicative of point ignition through the protective 
chloride layer but  where the vapor pressure of mag- 
nesium was not sufficient to sustain a flame. 

4. Up to the point of ignition, heat was cont inu-  
ously supplied to each droplet by the induct ion fur-  
nace. The temperature  and vapor pressure of the mag- 
nesium metal  wi thin  the droplet rose gradual ly  unt i l  
ignition, after which a stable flame was established. 
Thus magnesium burns  in chlorine by a vapor-phase 
diffusion phenomena in a manner  similar to that  of 
magnesium in oxygen as discussed by Coffin (8), 
Brzustowski and Glassman (1), and Sul l ivan (10). In 
all cases in oxygen-containing atmospheres, magne-  
sium ignites before melt ing occurs which indicates that  
the oxide-coating on magnesium metal  is porous and 
possibly quite rigid below the mel t ing point of magne-  
sium thereby facilitating diffusion of magnesium va-  
por from the hot magnesium surface. Magnesium va-  
por could also escape through faults in the oxide film. 

5. Studies of the physical phenomena of combustion 
of magnesium in chlorine were carried out in the pres- 
sure range of 100-1500 Torr. Exper imental  investiga- 
tions indicated that magnesium vapor plays the major  
role in ini t iat ing the reaction. 

6. A chemical combustion mechanism of magnesium 
in chlorine was suggested on the basis of the experi-  
menta l  results. Flame spectra revealed that  both MgC1 
bands and magnesium lines were present. The presence 
of MgC1 in the flame suggested that  MgCI is an in ter-  
mediate product in the combustion reaction whereas 
the presence of magnesium lines indicated the presence 
of magnesium vapor. 
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The s tudy carr ied  out in the present  work  has shed 
some l ight  on the  p rob lem of ignit ing magnes ium in 
chlorine. I t  is fel t  tha t  fu r the r  s tudies of the  s t ruc ture  
of the flame on the basis of flame models  in the l i t e ra -  
ture  m a y  be important .  Except  for the  ignit ion t em-  
pe ra tu re  measurements  carr ied out in this work, the 
s tudy was main ly  qual i ta t ive.  
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ABSTRACT 

A thermogravimetric technique was employed to investigate the oxidation 
of iron in oxygen over the pressure range 2.5 X 10-3-3.0 X 10 -I Torr at 
800~ The oxidation curves exhibited distinct intervals of linear kinetics fol- 
lowed by transitions to intervals of parabolic kinetics during exposures ex- 
tending to 125 min. Linear kinetics governed the growth of uniformly thick 
wustite scales; the linear rate constants showed a proportional dependence 
on oxygen pressure due to reaction control by a phase boundary reaction 
involving nondissoeiative adsorption of oxygen. The sticking coefficient of 
oxygen on wustite was equal to 0.067. Parabolic kinetics governed growth of 
wustite-magnetite scales containing magnetite as outermost layers. The values 
of the parabolic rate constants were independent of oxygen pressure since 
scale growth was directly dependent on the iron vacancy gradient in wustite 
established by the oxygen activities at the Fe/FeO and FeO/Fe304 interfaces. 

Several  investigations have been carried out to de- 
termine the influence of oxygen pressure on the oxida-  
t ion propert ies  of iron at t empera tu res  in the  range 
200~176 (1-6). The ear ly  oxidation stage involves 
processes for nucleat ion and growth of magnetite.  
Growth  of hemati te  on a developed magnet i te  layer  or 
separation of this layer  from the meta l  leads to a de- 
crease in the oxidation rate. Detailed informat ion is 
not available, however,  on iron oxidation propert ies at 
tempera tures  sufficiently high for format ion of wust i te  
as a scale consti tuent (7-12). Nucleat ion and growth  
of wust i te  occur in the ear ly  stage of the react ion at 
tempera tures  exceedin~ 6O0~ growth of wust i te  as a 
layer  being control led during exposures of short dura-  
tion by an oxide/gas  pha~e boundary reaction. Growth  
of a wust i te  scale at long exposures or the growth  of a 
mult i ]ayer  scale containing wustite, magnetite,  and 
hemat i te  is associated with  diffusional processes. I ron 
diffuses through wusti te and magneti te ,  while both 
iron and oxygen may diffuse through hemat i te  (13- 
15). 

Large discrepancies occur among results reported for 
the influence of oxygen pressure on the form of the 
oxidation curve  obeyed and the magnitudes of the 
reaction rates at t empera tures  in the range 600 ~ 
1000~ The results obtained at low pressures appear  
to be strongly affected by the iron pur i ty  and different 
t ransport  l imit ing factors depending on the exper i -  
menta l  conditions (16). We have therefore  sys tem- 
atically invest igated the oxidation of h igh-pur i ty  iron 
in oxygen atmospheres at pressures ranging f rom 2.5 
X 10 -~ to 3.0 X 10 - t  Torr  at 800~ 

Experimental 
Iron, 99.999 w / o  (weight  per cent) pure, was exposed 

to research-grade  oxygen, <25 ppm impurities,  in an 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
Key words:  iron oxidation, wust i t e -magnet i t e  scales. 

assembly containing a continuously recording micro-  
balance. Impur i ty  contents of the iron are  recorded in 
Table  I. 

Iron specimens were  prepared by cutting disks, 0.3-1 
mm thick, f rom the received, 1 cm diameter  rod. All  
surfaces of these disks were  subjected to abrasion on 
silicon carbide papers, a wax  lap impregnated  with  
15~ alumina, and a final polish on cloths impregnated  
wi th  6 and 1~ diamond pastes using kerosene as lubr i -  
cant. They were  then electropolished in a 5% perchloric  
acid-glacial  acetic acid solution and washed in distilled 
water  and acetone. F ina l ly  the specimens were  sealed 
in quartz  tubes containing h igh-pur i ty  argon and an- 
nealed for 18 hr  at 800~ The metal  grain size varied 
f rom 0.03 to 0.3 mm which corresponds to ASTM grain 
size No. 5. Before an oxidat ion test, an annealed speci- 
men was resubjected to electropolishing and washing. 

The the rmograv imet r ic  assembly is schematical ly i l-  
lustrated in Fig. 1. Weight gains of specimens were  
de termined  within  •  ~g by the  Cahn R. G. micro-  
balance. The pressures of oxygen at the entrance and 
exit  of the react ion tube were  measured by Pirani  
gauges. These measurements  were  used to calculate  the 
pressure over  the exposed metal  specimen assuming a 
l inear gradient.  During an experiment ,  oxygen was 
leaked f rom the supply tank and continuously al lowed 
to flow through the reaction tube by means of the open 
Pyrex  tube to the vacuum pump. A specimen was ex-  

Table I. Spectrochemical analysis of high-purity iron (in ppm) 

A1 C d  Cr  Co C u  M g  M n  Mo Si  T i  V 

T r  N d  T r  N d  10 30 T r  T r  30 T r  T r  

T r  = trace. 
N d  = not  detected.  
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Fig. 2. Oxidation curves for iron exposed at 800~ to oxygen 
over the pressure range 2.Sx10-3-3.0x10 - 1  Torr For periods up to 
125 rain. A curve is also given for oxidation in dry air at 1 atm 
pressure. 

Fig. I. Assembly containing a Cahn continuously recording R. G. 
microbalance. The oxygen pressure is determined by Pirani gouges 
at positions ( i)  and (2). 

posed to a vacuum of 3 X 10 -8 Torr  for 10 m i n  for 
stabilization of the tempera ture  upon raising the 
heated furnace around the reaction tube. The tempera-  
ture  was controlled to _2~ Up to 3 min  were re- 
quired to establish the constant  pressure gradient  upon 
admission of oxygen. A test was terminated by s imul-  
taneously lowering the furnace and evacuating the as- 
sembly. 

Oxidized specimens for microscopic examinat ion  
were mounted  in room-set t ing epoxy resin and meta l -  
lographically polished as described above. An ethyl 
alcohol solution containing 5% concentrated hydro-  
chloric acid was used as an etchant to distinguish 
wusti te from magnetite.  Identification of the oxide 
consti tuents was carried out by reflection x - r ay  ex- 
aminations using Cu-Ka irradiat ion with a graphite 
monochrometer  and the preferred orientat ion of wus-  
tite in  a scale determined by reflecting Mo-Ka x - ray  
i rradiat ion from the surface of a rotat ing specimen. 
Morphological features of the scales were determined 
by optical and scanning electron microscopy. 

Results 
The oxidation curves at pressures from 2.5 X 10 -~ to 

3.0 X 10 -1 Torr  are shown in Fig. 2 and 3 as weight 
change (mg O/cm 2) vs.  t ime (min) for periods up to 125 
min  (1 mg O/cm 2 ---- 7.2~ FeO). The curves of the 
weight change were constructed using the original di- 
mensions of a specimen. Five runs  at 1.2 X 10 -1 Torr 
were reproducible wi th in  --+5%. A typical curve ex- 
hibited ini t ial ly a region wherein the reaction rate con- 
t inual ly  increased, followed by a region of l inear  re- 
action behavior and finally by a region of cont inual ly  
decreasing rate. Considering Fig. 2 and 3, the effect of 
oxygen pressure on reaction behavior is impor tant  
par t icular ly  dur ing the first hour of exposure. 

It was found that small wusti te crystals developed 
over a th in  base film, their shape and populat ion being 
dependent  on the orientations of the under ly ing  metal  
grains. These crystals grew lateral ly and vert ical ly to a 
uni formly thick layer dur ing the init ial  period of con- 
t inual ly  increasing oxidation rate  before onset of l inear  
kinetics. An example of the dis tr ibut ion of these crys- 
tals is shown in Fig. 4. The composition and s t ructure  
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Fig. 3. Oxidation curves for iron exposed at 800~ to oxygen over 
the pressure range 2.Sx10-'~-3.0x10 - 1  Torr for periods of 10 min. 

of the base oxide film have not yet been determined 
(7). 

The metal  was covered by a uni formly thick wusti te 
scale dur ing  the period of l inear  reaction kinetics and a 
subsequent  part  of the in terval  described by the con- 
t inuously decreasing rate. A cross-section of this type 
of scale is presented in Fig. 5. As i l lustrated by the 
micrograph in Fig. 6, quenching of the scales which 
contained large 10-100~ wusti te grains, did not lead by 
disproportionation to observable amounts  of magnetite.  
Magnetite was also not detected by reflection x - ray  
examinat ions nor by scanning electron microscopy ob- 
servations at a magnification of X1000. These lat ter  
observations, as shown by the micrograph in Fig. 7, 
demonstrated that a scale developed by lateral  and 
vertical  growth of wustite platelets. 

Wustite grains in the scales also exhibited a pre-  
ferred texture. Examinat ion  of a scale 10~ thick 
showed a strong preferred orientat ion of the (311) 
wusti te  face parallel  to the metal  surface. Five thicker 
scales approximately 50~ thick showed the (110), (100), 
and (311) faces of wusti te lying in decreasing order of 
parallel  or ientat ion with the metal  surface. 
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Fig. 4. Scanning electron micrograph of wustite crystals on iron 
after an exposure for 3 min in oxygen at 2.5x10 -3  Torr (X3265). 

Fig. 7. Scanning electron micrograph of the surface of a wustite 
scale forming on iron exposed for 20 min in oxygen at 4x10 -2  Torr 
(X800). 

Fig. 5. Cross section of the wustite scale on iron exposed for 30 
min in oxygen at 2.5x10 -2  Torr (XilO). 

tite layer was completely covered by magneti te  dur ing 
the first 60 min at pressures in the range 7 • 10 -~- 
3.3 • 10 -2 Torr  and wi th in  the first 10 rain at pres-  
sures greater than  0.15 Torr. Figure  8 shows an area 
from a wusti te scale over which magnet i te  has com- 
menced to grow, while  Pig. 9 shows the magnet i te  
crystals in  a complete layer  at a more advanced stage. 
Apparent ly  magnet i te  preferent ia l ly  formed at ledges 
on the wusti te surface. The grains in a fully developed 
magnet i te  layer exhibi ted ledges and flat surfaces and 
they appeared to be smaller than  the under ly ing  wus-  
tite grains. The magnet i te  layer  never  did exceed 5% 
of a scale. This type of scale, as i l lustrated by the 
micrograph in Fig. 10, exhibited copious magnet i te  pre-  
cipitation in the outermost regions of the under ly ing 
wust i te  layer upon its quenching to room temperature.  
Nevertheless, hemati te  was never  detected in any of 
the x - r ay  diffraction pat terns of scales formed to oxy- 
gen pressures of 3.0 • 10 -1 Torr. 

Fig. 6. Cross section of the etched wustite scale shown in Fig. 5 
(X300). 

Magnetite was nucleated and it grew to cover the 
wusti te  layer in  the early period of decreasing oxida- 
t ion rate which became of shorter durat ion with in-  
creasing oxygen pressure. Using the scanning electron 
microscope, it was definitely established that  the wus-  

Fig. 8. Scanning electron micrograph of scale surface showing 
partial coverage of wustite by magnetite (X440). Exposure: 30 min 
in oxygen at 3.0x10 -2  Torr. The micrograph shows the partial 
coverage of the underlying large wustite crystals by on outermost 
layer consisting of small magnetite crystals. 
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Fig. 9. Scanning electron micrograph of the magnetite layer 
formed on wustite (X885). Exposure: 120 min in oxygen at 3.0x10 -1  
Tart. 

Fig. 10. Cross section of an etched wustite-magnetite scale on 
iron exposed for 170 min in oxygen at 3.0x10 -1  Torr (X290). The 
outermost layer and the precipitates in the outer region of the 
wustite layer are composed of magnetite. 

Discussion 
The dissociation pressures of wustite, magnetite,  and 

hematite at 800~ are 1.01 X 10 -16, 2.21 X 10 -15, and 
3.96 X 10 -7 atm, respectively (17, 18). Format ion of 
these oxides is therefore thermodynamical ly  feasible 
under  the experimental  conditions chosen. The present 
results have shown, however, that  the two lower oxides 
only formed under  kinetic conditions in  oxygen at 
pressures ranging from 2.5 • 10-~ to 3 • 10 -1 Torr 
for exposures up to 125 min. The oxidation curves ex- 
hibited ini t ia l ly an increasing rate followed by a t r an -  
sition to a constant rate which t ransformed to a de- 
creasing rate. Magneti te nucleated and grew dur ing the 
early intervals  of this lat ter  stage to cover the wusti te  
surface. Although this curve has not been observed 
before for the oxidation of iron in oxygen, it exhibits 
the same form as the curve obtained when iron is ox- 
idized in a carbon dioxide atmosphere (19-21). 

Charbonnier  et at. (22) investigated the growth of 
wusti te  in the early exposure stages of increasing oxi- 
dation rate by employing oxygen pressures ranging 
from 10 -6 to 10 -4 Torr at temperatures  in the range 
750~176 They were able to demonstrate that wus t -  
ite crystals expanded over a th in  base oxide film, the 
shape and populat ion of the crystals being dependent  
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upon the metal  crystallographic orientation.  These 
crystals had grown to form a uniform layer upon onset 
of l inear  kinetics. Our observations confirm these find- 
ings and they show that a uniform textured wusti te 
scale subsequent ly  grows dur ing periods of constant 
and decreasing oxidation rates. 

A scale consisting of a wusti te or of wusti te and 
magnet i te  layers grows by means of outward diffusion 
of iron via vacancies to react with oxygen. It is ap- 
propriate, accordingly, to correlate those regions of an 
oxidation curve exhibi t ing constant and continuously 
decreasing reaction rates with mechanisms for l inear  
and parabolic kinetics. The l inear  kinetics, Fig. 2 and 
3, are strongly dependent  on oxygen pressure and it 
can be shown that scale growth is determined by a 
phase boundary  reaction for adsorption and incorpora-  
tion of oxygen into wustite. On the other hand, the 
regions of decreasing oxidation rate show a much 
smaller  oxygen pressure dependence. Since this de- 
pendence is confined to intermediate  times, the de- 
creasing rate at long exposures can be shown to deter-  
mine the parabolic growth of a scale comprised of 
wustite and magnet i te  layers. 

Values of the l inear  oxidation constants, KL, at pres- 
sures in the range 2.5 X 10 -3 --3.3 X 10 -2 Torr  were 
obtained from the l inear sections of the oxidation 
curves in Fig. 2 and 3. They are plotted vs. pressure 
in Fig. 11. Since they show a proport ional  dependence 
on pressure, the expression 

KL = a(KL)theor ~- aPo~/(2nmkT)  112 [1] 

is used to calculate the fraction of impinging oxygen 
molecules, ~, incorporated into wustite. (KL)theor rep- 
resents the rate constant  assuming that all impinging 
molecules react, k is Bol tzmann's  constant, m is the 
mass of an oxygen molecule, and T is the temperature  
in ~ The calculated values, Table II, demonstrate 
that  the fraction of impinging molecules adsorbed is 
only 6.7% and independent  of pressure. These results 
are consistent with the conclusion that  the ra te-  
controll ing step dur ing  l inear  kinetics involves a non-  
dissociative oxygen adsorption mechanism. 

The oxidation curves have been plotted in parabolic 
form in Fig. 12. A typical curve exhibits a t ransi t ion 
from l inear to parabolic kinetics. It is to be noted that  
the periods for this t ransi t ion decrease with increasing 
pressure. Above 1.5 X 10 -1 Torr, the t ransi t ion also 
occurs at progressively smaller  weight gains with in-  
creasing pressure presumably due to more rapid nu -  
cleation and growth of magnetite.  Results are also in-  
cluded for oxidation in dry air in order to show that 
the rate of parabolic scaling remains  pressure inde- 
pendent  up to approximately  1 atm. This behavior  is 
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Fig. 11. Plot of the linear oxidation constant for wustite formation 
on iron vs. oxygen pressure over the range 2.SxlO-~-3.3x10 - 2  
Tom 
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Table II. Sticking coefficient, c~ ~ KL/(KL)theor ,  for oxygen on 
wustite at 800~ 

P r e s s u r e  x 1O~ 
(Torr )  a 

2.5 0.077 
2.9 0.058 
3 0.055 
S 0.06g 
g.8 0.067 
7 } 0,067 
7 0.068 
8.5 0.062 

12 0.079 
17.4 0.065 
23 0.067 
25.2 0.063 
33 0.066 

A v e r a g e  va lue :  ve = 0.067 _+ 0.012 

precisely shown by  the plot in Fig. 13 for the values of 
the parabolic constant  vs. pressure. The values from 
this investigation lie in agreement  to a previously de- 
termined value for zone-refined iron. They are also 
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Fig. 12. Oxidation curves plotted in parabolic form: (weight 
gain/unit area) 2 vs. time. 
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Fig. 13. Plot of the parabolic oxidation constants vs. oxygen 
pressure. The references are designated by the numbers in brack- 
ets. 

equal to calculated values, wi thin  the accuracy of the 
calculation, using independent  iron diffusivity mea- 
surements  in wusti te in the equation derived from the 
Wagner  theory for parabolic scale growth (19, 23). All  
these values are equal irrespective of oxygen pressure 
because wustite accounts for at least 95% of the scale 
thickness. The flux of iron for growth of the scale is 
then  directly related to the iron vacancy concentrat ion 
gradient  in  wusti te  established by the oxygen activities 
at the Fe /FeO and FeO/Fe30~ interfaces (19, 23). 

Conclusions 
I ron exposed to oxygen in the pressure range 2.5 X 

10-3-3 X 10 -1 Torr exhibits ini t ia l ly  an increasing 
oxidation rate followed by a stage of l inear kinetics 
before onset of parabolic kinetics. The first oxidation 
stage is associated with the growth of wusti te  crystals 
over an oxide base film while l inear  kinetics govern 
the growth of a uni formly thick wusti te scale. This 
scale exhibits a textured structure containing the 
(110), (100), and (311) faces of wusti te in the pre- 
dominant  parallel  orientations with the metal  surface. 
The magni tude of the l inear  rate constant  was pro- 
port ionally dependent  on pressure due to reaction con- 
trol by nondissociative oxygen adsorption; the sticking 
coefficient of oxygen was 0.067. Parabolic kinetics, 
which were not dependent  on oxygen pressure, gov- 
erned growth of duplex scales containing layers of 
wusti te and magnet i te  for exposures up to 125 min. 
Magnetite comprised less than 5% of scale thickness. 
Values of the parabolic constant at low pressures were 
equal to those at pressures near  1 atm because the iron 
flux for scale growth was directly related to the iron 
vacancy concentrat ion gradient  in wusti te  established 
by the oxygen activities at the Fe /FeO and FeO/Fe~O4 
interfaces. 
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Charge Formation Characteristics of Epoxy Resin Electrets 
P. K. C. Pillai and Malti Goel 

Indian Institute o~ Technology, New Delhi-29, India 

ABSTRACT 

Charge storage propert ies  of epoxy resin are invest igated in this paper. 
Thermoelect re ts  of the resin are prepared by externa l  thermal  and electrical  
t r ea tment  and resul tant  surface charges are measured for one month. Init ial  
heterocharges are  observed on both the surfaces of thick sample, but  a charge 
reversa l  takes place on anode surface depending upon the conditions of po- 
larizat ion such as polarizing field, polarizing temperature,  and polarizing time. 
For  thin foil electrets, posit ive surface charges are observed on both the sides. 
Permanent  charges of both thick and thin electrets are positive, on both the 
surfaces, suggesting hole conduction in this resin. Optical absorption studies 
have  been used as an exper imenta l  tool to detect  the changes taking place 
during polarization. 

Epoxidat ion of olefins was first reported in early 
1900. First, epoxy resin from Bisphenol was isolated by 
Schlack in 1933 in Germany.  This is used in casting 
adhesive. Charge-s torage phenomena in epoxy resin 
which is a mix ture  of diglycidyl e ther  of Bisphenol A 
(DGEBA resin) and polyamine has been invest igated 
by studying its thermoelec t re t  properties. Thermoelec-  
trets are permanent ly  polarized dielectrics, which 
were  first prepared by Equchi (1) from carnauba wax. 
Most of the work  on thermoelect re ts  has been done 
on waxes  and their  mixtures.  Recently, some plastic 
mater ia ls  were  used for electret  preparat ion and studied 
for their  stabili ty (2-6). Resins were  used for forma-  
tion of thermoelect re ts  for the first t ime by Mikola 
(7). Those electrets were  found to retain charges and 
showed peculiar  characteristics. 

The resin used in present invest igation is supplied by 
Ciba of India Limited. Its e lec t re t - forming propert ies 
have not been studied so far. Electret  effect is in-  
vestigated, since this resin is widely  used for insula-  
tion in electrical  instruments  and as a binder in some 
e lec t re t - forming materials.  Molded sheets of epoxy 
resin were  prepared and cut into slabs o£ 0.1 cm thick-  
ness and were  used for electret  preparation.  Thin foils 
were  also developed and used for the investigation. 
Heterocharges or homocharges are observed depend-  
ing upon conditions of po!arization. 

The structure of DGEBA resin is given below 

down vol tage of this molded substance was found to 
be 23 kV/cm at room temperature .  A slab of d imen-  
sions 1 cm X 1 cm X 0.1 cm was cut and kept  in be-  
tween a luminum electrodes and pressed t ight ly wi th  
the help of screws. The whole assembly was kept  in-  
side an electric oven, the tempera ture  of which can be 
adjttsted up to 240°C. 

The sample was heated to a desirable tempera ture  
and an electric field through a h igh-vol tage  stabilizer 
was applied to it for 2 hr at constant t empera ture  and 
for another 2 hr  during its cooling to room tempera-  
ture. The electric field was switched off at room tem-  
pera ture  and resul tant  surface charges of thermoelec-  
t ret  so formed, were  measured with  the help of Kei thley 
solid-state e lec t rometer  610C, which can measure 
charge down to 10 -13 coulombs. The charge measure-  
ments  were  then carried out after definite t ime inter-  
vals for approximate ly  1 month. Electrets  were  kept 
short circuited by wrapping in a luminum foil in desic- 
cated conditions be tween successive measurements.  
The ul t raviole t  and visible spectra of polarized and 
unpolarized foil were  taken from Unicam SP500 spec- 
t rophotometer .  

Results and Discussion 
Electrets  of 0.1 cm thickness show heterocharges on 

both sides of the electret  surface initially. These charges 
first decay very  rapidly and then regain  a constant 

0 CI~ OH CH~ 0 
I\ ~ \ /~--~ i ~ I ~ I\ 

CH~ -- CH~ -- 

Experimental 
Samples wi th  two different thicknesses were  used 

for polarizat ion by thermal  and electrical  t reatment.  
One was 0.1 cm thick sheet cut from a molded block 
and another  was 0.007 cm thick prepared in thin foil 
form. Resin was molded in block form by mixing the 
hardener  7% in volume in DGEBA resin at casting 
t empera tu re  of 60°C. The mix ture  was put into an 
a luminum casting and heated to 100°C at the rate of 
l °C/hr .  It was kept at 100°C for 4-5 hr  and later  
brought  down to room tempera tu re  at a rate  of I °C /  
hr. Anneal ing  was done for 15 hr  at 120°C. The break-  

Key words: epoxy resin, thermoelectret,  heterocharge, homo- 
charge. 

n----2 

value after  some time, which finally decays slowly to 
zero. Isothermal  surface charge decay of electrets pre-  
pared by 10 k V / c m  at 140 ° and 200°C are shown in Fig. 
1. Charge reversal  is observed on the anode surface in 
4 days for an electret  prepared at 140°C and in 9 days 
for an electret  prepared at 200°C. The final charges on 
both the surfaces are positive. Observat ion of initial 
he terocharge  and its subsequent reversal  to homo- 
charge indicates the presence of volume polarization 
in the polarized samples. 

The init ial  values of surface charges as a function of 
polarizing field are shown in Fig. 2. At 10 kV/cm m a x -  
imum charge is observed. As the field s t rength in-  
creases further ,  the magni tude  of charge is reduced. 
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Fig. 1. Surface charge decay 
of electrets of thickness 0.1 cm 
prepared at 10 kV/cm at differ- 
ent temperatures in 4 hr polariz- 
ing time. 
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This reduct ion in ini t ia l  he terocharge  is due to the  in-  
creased homocharge  component  a t  h igher  fields. The 
ini t ia l  charges of e lectrets  p repared  at different  t em-  
pe ra tu res  is shown in Fig. 3. These surface charges are  at 
shown to increase wi th  increasing polar izat ion t em-  
perature .  The polar iz ing t empera tu re  thus enhances ~. 
the volume polarization.  The electr ical  res is tance of ~ 
the resin decreases wi th  increasing tempera ture .  '.~ 

Dependence of surface charge on polar iz ing t ime is ~ 1 
shown in Fig. 4. The best  e lec t re t  of this ma te r i a l  is 
formed in 4 h r  when  the sample  is p repared  at 10 k V /  ~ o 
cm. By increasing polar izat ion time, e lect re t  p rope r -  
t ies are found to deter iorate .  -I 

In the  case of thin foil electrets,  pos i t ive-sur face  
charges are  only observed on both the  surfaces, and .~. 
no charge reversa l  takes place. The magni tude  of posi-  ~ -~ 
t ive charge is found to be grea ter  on the  anode surface 
than  on the  cathode surface. The charges decay ini -  -~ 
t ia l ly  for 2-3 days, than  rebu i ld  up to a high value,  
again decay slowly, and  f inal ly become constant.  I t  is -4 
found that  the magni tude  of surface charge as wel l  as 
the  t ime taken in acquir ing the m a x i m u m  bu i ld -up  of 
charge af ter  polar izat ion depend upon the polar iz ing 
field. The ini t ia l  surface charge as a function of appl ied  
vol tages for 0.007 cm th ick  foil polar ized at  140~ in 4 
hr  are shown in Fig. 5. There  exists  an op t imum value  
of polar izat ion field in this  case also, at  which max i -  

.~' 2.0[ 

,~ t.o 

o~ 

~ 

-0.5 

-TO 

J 

[ i i i 

5oo fooo 15oo 2000 

-2.1 

Fig. 2. Surface charge as a function of polarizing voltages pre- 
pared at 140~ in 4 hr polarizing time (thickness 0.1 cm). 

i 

Fig. 3. Surface charge as a function of polarizing temperature 
prepared at 10 kY/cm in 4 hr polarizing time (thickness 0.1 cm). 
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Fig. 4. Surface charge as a function of polarizing time prepared 
at 10 kV/cm and 140~ (thickness 0.1 cm). 
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Fig. $. Surface charge as a function of polarizing voltage pre- 
pared at 140~ in 4 hr (thickness 0.007 cm). A ,  cathode; G ,  
anode. 

m u m  polarization is obtained. Assuming that the effec- 
tive surface charge of an electret is given as 

O'eff ~ 11 - -  P 

~l is the component due to homocharge formation which 
may arise because of t ransfer  of charge from electrode- 
electret gap, molding, and str ipping charge. 

P is the component due to heterocharge formation, 
which may  be due to dipole al ignment,  t rapping of 
charge, and interracial  polarization. 

The observed surface charge will  depend on which 
of the two components is p redominant  at a given time. 
Bisphenol A is a complex molecule and therefore a 
mult iple  process of polarization can be expected in this 
material.  In  its molecular s t ructure a number  of perma-  
nent  dipoles are present, which orient and align them- 

EP O X Y  RESIN ELECTRETS 397 

selves in the direction of applied electric field. In  addi- 
t ion space charge t rapping and bulk  t rapping of charge 
are also taking place (8). Dipole relaxations,  ionic and 
electronic movements  are responsible for the charge 
reversal. F inal  charges on both the surfaces are posi- 
tive in this case indicating that  holes and positive ions 
are more predominant ly  trapped, while in  other elec- 
tret  forming plastic materials  (6, 9) predominance of 
electron conduction has been observed. 

The optical absorption studies have been carried out 
in ul traviolet  and visible range of spectrum for this 
resin. The absorption spectra of an unpolarized 0.007 cm 
thick sample are taken in the wavelength range 200-700 
r ~  as shown in Fig. 6a. A sample of 0.007 cm thickness 
is polarized at 140~ by a field s t rength of 20 kV/cm 
and its spectral characteristics are shown in Fig. 6c. 
Absorption spectrum of another  sample heated to the 
polarization temperature  of 140~ in the absence of 
electric field is also shown in Fig. 6b. It  is found that  
an unpolarized sample shows a broad transmission in 
the wavelength range 300 to 700 n~ .  On heating the 
absorption is increased and in wavelength range 300- 
340 m~ there is no transmission. This change is con- 
t r ibut ing to molding and str ipping charges observed 
dur ing surface charge measurements.  However, it  was 
found that  these surface charges decay quickly. On 
polarization the absorption is fur ther  increased as well 
as visible opacity of the sample is increased. This in -  
creased absorption is due to certain changes taking 
place in the structure par t icular ly  the - - O H - -  group of 
Bisphenol A. A more quant i ta t ive description is yet to 
be suggested. 

Summary and Conclusions 

1. Charge storage takes place in epoxy resin when 
it is heated under  electrical stress. This  charge is 
retained approximately for 15 days in thick sample 
and for 1 month  in th in  foil. 

2. There exists an opt imum value of polarization 
field polarization temperature  and polarization t ime 
for gett ing the ma x i mum polarization in case of this 
epoxy resin. 

3. The charge reversal on anode surface takes place 
from init ial  heterocharge to final homocharge depend- 
ing upon conditions of polarization. Pe rmanen t  hetero- 
charges are only observed on cathode surface. 
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Fig. 6. The ultraviolet and 
visible absorption spectra of 
epoxy resin foil of thickness 
0.007 crn before and after 
polarization, a, unpolar- 
ized; b, m . . . .  heated to 
140~ c, - . . . .  potarized at 
20 kV/cm and 140~ 
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4. The final charge of resin electrets is always posi- 
tive indicating that positive carrier is more predomi-  
nant ly  trapped in this resin. 

5. The optical studies in the ul traviolet  and visible 
region show the s t ructural  changes taking place in the 
polarized sample. 

Acknowledgment 
The authors are thankful  to Prof. K. L. Chopra and 

Prof. M. S. Sodha, Depar tment  of Physics, I.I.T., Delhi, 
for the encouragement  given to them during the course 
of these investigations. The financial aid given by the 
C.S.I.R., Government  of India is also gratefully ac- 
knowledged. 

Manuscript  submit ted May 1, 1972; revised ma nu-  
script received Sept. 14, 1972. 

Any  discussion of this paper will  appear in a Discus- 
sion Section to be published in the December 1973 
JOURNAL. 

REFERENCES 
1. M. Equchi, Phil. Mag., 49, 178 (1925). 
2. R. A. Creswell and M. M. Per lman,  J. Appl. Phys., 

41, 2365 (1970). 
3. R. A. Creswell, M. M. Perlman,  and M. A. Kaba-  

yama, "Dielectric Properties of Polymers," Ple-  
num Press, New York (1972). 

4. G. M. Sessler and J. E. West, This Journal, 115, 836 
(1968). 

5. P. K. C. Pillai, K. K. Jain, and V. K. Jain, Phys. 
Status Solidi, 6, K121 (1971). 

6. P. K. C. Pil lai  and Malti Goel, J. App. Phys., To be 
published. 

7. S. Mikola, Z. Physik, 32, 476 (1925). 
8. B. Gross, Proc. Conf. on Stat. Elect., Paper  4, p. 33 

(1971). 
9. P. K. C. Pillai and Malti Goel, Unpublished.  

Transport Numbers of Metal and Oxygen during the Anodic 
Oxidation of Tantalum 

J. P. S. Pringle* 
Chalk River Nuclear Laboratories, Atomic Energy of Canada Limited, Chalk River, Ontario, Canada 

ABSTRACT 

An oxide film on a metal  surface will  thicken only if metal, or oxygen, or 
both, migrate  across it. The relative magni tude of the metal  and oxygen mi-  
grations can be determined using markers,  and the possible results are re-  
viewed for the ideal case of a homogeneous oxide grown to uniform thickness 
on a plane metal  surface. Such experiments  reqmre  markers  that  are both 
inert  and immobile;  criteria are developed to establish that  these requirements  
have been met. Experimental ly,  it has been shown that the anodic oxidation 
of t an ta lum is a system close to the ideal, and that  the radioisotope of a noble 
gas is a good approximation for the required marker.  Radioactive noble 
gases were implanted by means of a mass separator into thin films of anodic 
t an ta lum oxide, and the t ransport  numbers  of the t an ta lum and oxygen mea-  
sured after thickening by further  anodization. The transport  numbers  were 
found to be 0.243 and 0.757, respectively, for anodizing conditions of 1 m A / c m  2 
at 25~ in 0.1M H2SO4. The noble gas concentrat ion profiles were observed to 
broaden on fur ther  anodizing, and this was interpreted as being due to the 
simultaneous movement  of t an ta lum and oxygen atoms dur ing the charge 
transfer  event. 

The oxidation of metals is f requent ly  a rather  com- 
plex process, and so the fundamentals  are best studied 
in a system that is as simple as possible. The anodic 
oxidation of t an ta lum meets this requi rement  admir-  
ably, for it requires little apparatus, can be performed 
at room temperature,  and gives a highly uniform and 
homogeneous oxide all over the metal  surface. Fur ther -  
more, the rate of oxidation can be controlled by the 
applied current,  and its extent  by the applied voltage. 

The anodic oxidation of t an ta lum has been studied 
many  times, mostly by means of electrical measure-  
ments  on the current-vol tage relationship. These have 
established the over-al l  kinetics of the process, and 
have shown that the current  passes through the oxide 
via the migrat ion of ionic species; they have, however, 
provided no information on the na ture  of these species 
or their migrations. In  particular,  they have been un -  
able to determine how much of the current  is carried 
by t an ta lum migrat ing toward the oxide/electrolyte 
interface, and how much by oxygen migrat ing in the 
opposite direction. 

The marker  experiments reported here were de- 
signed to investigate this problem, using the techniques 
reported elsewhere (1-3). 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  w o r d s :  t a n t a l u m ,  a n o d i c  o x i d a t i o n ,  m a r k e r s ,  t r a n s p o r t  n u m -  

ber ,  oxidation mechanism. 

Principle of Marker Experiments 
Possible mechanisms for oxide growth.--Under nor-  

mal conditions, almost all metal  surfaces are covered 
with a thin film of oxide. The oxidation system is one, 
therefore, in which the two reactants, metal  and 
oxygen, are separated by a layer of their  product. If 
fur ther  reaction is to take place, so that the product 
layer becomes thicker, either metal  or oxygen or both 
must  be t ransported across the existing film. There are 
then five possibilities. 

I. The metal  alone migrates, and the reaction to 
form new oxide occurs only at the oxide/oxygen inter-  
face. 

II. The oxygen alone migrates, so that the new oxide 
is formed only at the metal /oxide interface. 

IlL When both metal  and oxygen migrate, these two 
mechanisms could occur together, so that new oxide 
would be formed at both interfaces. 

IV. When both the metal  and oxygen migrate, how- 
ever, the new oxide does not have to be formed at the 
interfaces; it could be formed within  the existing oxide 
through the t ransport  of mater ia l  from each side. 

V. Since mechanisms III  and IV are not mutua l ly  
exclusive, the new oxide could be formed both wi th in  
the existing oxide and at the interfaces. 

Other metal  and oxygen migrations, not leading to 
oxide formation, could occur s imultaneously with any 
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of the above. Thus oxygen could be transported to the 
metal /oxide interface, and there dissolve in the metal  
instead of combining with it to form new oxide. Simi- 
larly, migrat ing metal  atoms could, by crossing the 
oxide/oxygen interface, be lost to the environment .  

Identification oj the possible mechanisms.--In the 
discussion that follows, an ideal oxide is assumed; one 
that is homogeneous, of uniform thickness, and grown 
on a plane metal  surface. It is also assumed that no 
oxygen dissolves in the metal  and that  no metal  atoms 
are lost to the environment .  

The five mechanisms can be dist inguished if it is 
possible to identify a part icular  plane in the oxide 
parallel  to the two interfaces; that  is, if the plane can 
be labeled with a marker.  The position of the marker  
after fur ther  oxidation then provides a measure of the 
fresh oxide laid down on either side of the reference 
plane. An experiment  of this kind is sufficient to dis- 
t inguish mechanisms I and II, but  the remaining 
possibilities can only be distinguished by labeling a 
series of reference planes so that  the marker  takes up a 
distr ibution in the oxide. The possible results of such 
an experiment,  assuming that the marker  is normal ly  
distr ibuted about the middle of the ini t ial  oxide, are 
i l lustrated in Fig. 1. 

For metal  migrat ion alone (I),  the marker  position 
relat ive to the metal /oxide interface remains  un-  
changed, since no new oxide is formed between it and 
the metal  surface. Accordingly, the marker  becomes 
deeply buried in the oxide. Similar  a rgument  shows 
that the marker  position will remain  unchanged rela-  
tive to the oxide/oxygen interface if oxygen alone 
moves (II) .  When both move, so that  the new oxide is 
formed only at the interfaces (III) ,  the marker  will  be 
found somewhere in the middle of the final oxide, its 
exact position depending on the relat ive amount  of 
oxide formed at each interface. In  all three mecha- 
nisms, the distr ibution of the marker  about its mean 
position remains unchanged;  it will  change only if new 
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Fig. I. Effect of metal and oxygen migrations on the position of 
inert, immobile markers in an oxide film. Roman numerals index 
the five possible mechanisms discussed in the text, and the result- 
ing marker profiles are shown at the side of each diagram. 

oxide is being formed wi th in  the marked  layer, as in 
mechanisms IV and V. 

In mechanism IV tbe distr ibution will  broaden, the 
nature  of the broadening depending on where the new 
oxide is being formed. If the oxide is homogeneous, it 
is reasonable to assume that  the new oxide will  be laid 
down uniformly throughout  the existing oxide; the 
marker  would then main ta in  the same relat ive position 
in the oxide, and the same relative profile across it. A 
combinat ion of I l l  with this form of IV would also lead 
to profile broadening, bu t  in  this case, (V), both the 
relat ive position and the relat ive profile would change 
as the oxidation progressed. 

It  must  be emphasized at this point that  these marker  
experiments  can only determine how much of the new 
oxide is being formed by metal  and /or  oxygen migra-  
tion; they cannot determine how the individual  atoms 
migrate. They cannot distinguish, for example, whether  
oxygen migrates across the oxide by some process of 
diffusion, or whether, having crossed the oxide/oxygen 
interface, it then migrates in one jump to some point 
at or near the meta l /oxide  interface. To distinguish 
between these possibilities, a marker  for oxygen itself 
is required; experiments  of this kind have been re- 
ported elsewhere [see (4) and the references cited 
therein].  

Criteria for selection of suitable markers.--The first 
requirement  for any marker  is that it should not  in ter-  
fere with the oxidation process; that is, it should be 
inert. Since the mere presence of a marker  is enough 
to per turb  the oxide in its immediate  vicinity, some 
interference is inevitable. The best that can be done, 
therefore, is to reduce the number  and size of the 
markers  as much as possible. 

The second requi rement  is that the marker  shall be 
immobile. The position of a marker  after oxidation can 
be interpreted in two ways. 

Hypothesis A: The marker  is immobile, and its posi- 
tion is determined ent i rely by the migrat ion of metal  
and oxygen around it. 

Hypothesis B: The marker  is not immobile, and its 
position is determined by its own migrat ion as well as 
that of the metal  and oxygen around it. 

If only the position of the marker  is known, these 
hypotheses cannot be dist inguished from one another. 
Since A is a much more r igorous condit ion than  B, the 
lat ter  is, at first sight, much more  likely. And if B is 
correct, then the relat ive mobili t ies of metal  and oxy-  
gen cannot be de termined from the experiment.  It  is 
therefore essential that  the marker  be immobile, and 
the pr ime difficulty with any marker  experiment  lies in 
establishing this fact. 

Evidence for the mobil i ty can be obtained by mea-  
suring the marker  profile, and by studying the changes 
in this profile as the oxidation proceeds. The profile 
must  broaden if the marker  migrates, due to statistical 
fluctuations in the distance traveled by individual  par-  
ticles. The absence of such broadening is conclusive 
proof that the marker  is immobile, but  its presence is 
not certain evidence for migration, since the profile 
could broaden for other reasons; through the formation 
of new oxide wi th in  the existing oxide, for example. 
If the profile broadens, then, the immobil i ty  of the 
markers  is still in doubt. 

The doubt can be resolved by not ing that  any t ru ly  
inert, immobile marker  wil l  behave in exactly the same 
way as any other t ru ly  inert, immobile  marker.  If two 
markers  are incorporated with exactly the same init ial  
distribution, and they are in fact t ru ly  inert  and im- 
mobile, then (a) they wil l  finish up at exactly the same 
position in the final oxide, and either (b) (i) their con- 
centrat ion profiles will not broaden at all, or (ii) they 
will  broaden by exactly the same amount.  

Measurement of transport numbers in anodic oxida- 
tion.--To define a measure for the relative migrat ion of 
metal  and oxygen, consider a reference plane in the 
oxide, parallel  to the two interfaces. The formation of 
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new oxide be tween this plane and the oxide /e lec t ro ly te  
interface can only occur if meta l  atoms are t ransported 
outward across it; similarly, oxygen atoms must  cross 
in the opposite direction to form new oxide between 
it and the metal  surface. If the total amount  of new 
oxide is proport ional  to the charge passed during ano- 
dization, the amount  of new oxide formed on each side 
of the reference  plane is proport ional  to the fraction 
of the charge carried by the migrat ing meta l  and 
oxygen atoms. In other words, the fraction of the new 
oxide formed on ei ther  side of the reference plane is 
proport ional  to the t ransport  numbers  of the metal  
(tin) and oxygen (to) across it. 

The position of an inert, immobile  marker  in the 
final oxide is thus determined by the t ransport  num-  
bers of the metal  and oxygen across the plane in which 
it is located. Accordingly,  the position of the marke r  
provides a measure  of the t ransport  numbers.  The pre-  
ceding discussions can then be recast in terms of 
t ransport  numbers, so that  cri terion (a) for the immo-  
bil i ty of the markers  becomes (a) the t ransport  num-  
bers measured by the different markers  must be ex-  
actly the same. 

The  characterist ics of the five mechanisms then be-  
come: 

I. Metal  migrat ion only: tm ---- 1, to ---- 0 for all planes 
in the oxide film. 

II. Oxygen  migra t ion  only: tm : 0, to ---- 1 for all 
planes in oxide film. 

III. Metal and oxygen migrat ion wi th  the new oxide 
being formed only at the interfaces: tm < 1, to < 1, 
with tm and to constant for all planes in the oxide film. 
This follows since the flux of, say, oxygen atoms cross- 
ing the oxygen /ox ide  interface must equal  that  a r r iv -  
ing at the ox ide /me ta l  interface. 

IV. Metal  and oxygen migrat ion wi th  the new oxide 
being formed uniformly within  the existing oxide: 
tm ---~ 1, to : 0 at the me ta l /ox ide  interface and tm ---- 0, 
to ---- 1 at the ox ide /oxygen  interface. The t ransport  
numbers  va ry  monotonical ly be tween these limits in 
such a way that, for a plane at a distance x f rom the 
meta l /ox ide  interface 

(t~,)x = (h  --  x ) / h  

(to) x = x / h  [1] 

where  h is the oxide thickness. 
Suppose that  the oxide thickens by an amount  hh, 

and that  x increa.~es by an amount  Ax. Then f rom the 
definition of t ransport  number  

(to)x ~- A x / h h  [2] 

Combining [1] and [2] 

(to)x---- ( x  + ~ x ) / ( h  + ~h)  = (to)x+~x [3] 

so that  the t ransport  number  across the given re fe r -  
ence plane remains constant with increasing oxide 
thickness. The t ransport  numbers  observed in a marker  
exper iment  would then be determined solely by the 
position of the marker  wi thin  the init ial  oxide, and 
would remain  constant as the oxide thickness in-  
creased. 

V. Metal  and oxygen migra t ion  with  new oxide be-  
ing formed both at the interfaces and within  the exist-  
ing oxide: at the meta l /ox ide  interface t'ra ~ 1 and 
t'o < 1, while at the ox ide /oxygen  interface t"o < 1 and 
t"m ~ 1; wi thin  the oxide, t'm ~ tm ~ t"m and t'o < to 
< t"o in the same way as IV so that  

(tm} x = t'm -- (t'm -- t"m) " ( x / h )  

(to)x ---- t'o § (t"o --  t'o) " ( x / h )  [4] 

A combination of [4] with [2] will  show t h a t ( t o ) x + a x  
cannot, except  fortuitously, be the same as (to)x; 
that  is, the t ransport  numbers  across a given plane 
will  vary  as anodization proceeds. In this case, there-  
fore, the measured t ransport  numbers  would be a func-  
tion of both the position ( x / h )  of the marker  wi thin  

the initial oxide, and of the increasing oxide thickness 
h. 

If new oxide is being formed wi th in  the existing 
oxide, the t ransport  numbers  of the metal  and oxygen 
must  change by equal  and opposite amounts at the 
planes where  it is being formed; the  rate of formation 
at plane x is, in fact, proport ional  to d t o / d x  ( =  - - d t m /  
d x ) .  When the t ransport  numbers  across two neigh-  
boring planes are identical, d t o / d x  : ~  0 between them; 
since no new oxide is being formed, the planes remain  
the same distance apart. Markers  located on two such 
planes will  also remain  the same distance apart, and 
so there  will  be no broadening of the marke r  profile. 
These conditions obtain in mechanisms I, II, and III, 
since d t o / d x  : 0 for all planes wi thin  the oxide. 

In mechanism IV, however  

d to /dX  = 1 / h  [5] 

and in mechanism V 

d t o / d x  ---- (t"o -- t ' o ) /h  [6] 

It can then be shown that  the breadth of the marker  
profile wil l  be proport ional  to h in mechanism IV, and 
to hi § (t"o --  t'o) (h  --  hi) in mechanism V, where  
hi is the initial thickness of the oxide film. 

Transport  number  measurements  using at least two 
marker  species can thus establish whe ther  the markers  
are immobile, and if so, where  the new oxide is being 
formed. These concepts have been applied exper imen-  
tal ly to a study of the anodic oxidat ion of tantalum. 

Marker Experiments in Anodic Oxidation of Tantalum 
I d e a l i t y  of  anod ic  t a n t a l u m  ox/de . - -The  preceding 

discussion has been based on the assumption that  the 
oxide is ideal, and so the application of its conclusions 
to a real  system is only as good as the approximation 
to ideality. For anodic tan ta lum oxide, the approxima-  
tion is indeed excellent.  All  avai lable  evidence [see (1) 
and the references cited therein] suggests that  anodic 
tan ta lum oxide is ve ry  highly homogeneous when 
formed in di lute aqueous electrolytes. The only i r regu-  
lari t ies are those result ing f rom impuri t ies  in the 
underlying tan ta lum or f rom fragments  of crystal l ine 
oxide, but these occupy a minute  fract ion of the sur-  
face area (1, 3). Fur thermore ,  the thickness uniformity  
is maintained during anodization and the under lying 
tanta lum surface is smoothed (1). No significant 
amount  of tan ta lum is found in the electrolyte  after  
anodizing (5), and internal  fr ict ion measurements  (6) 
show that  the diffusion of oxygen in tan ta lum is negl i-  
gible at room temperature .  

Choice  o] m a r k e r s . - - A s  already noted, the requi re -  
ment  that  the marke r  be inert  cannot be met  abso- 
lutely; the best that  can be done is to use markers  that  
are as small and as few as possible. Obviously, the 
smallest  possible marke r  is a single atom, and this fea-  
ture  has been provided in both this and p rev ious  work  
(5, 7) by using noble gases. Radioact ive isotopes sim- 
plify the problem of detection and diminish the num-  
ber of atoms required;  41Ar, ~9Kr, 125Xe, and 222Rn were  
used as markers  in the present  experiments .  Never the -  
less, it is still questionable whe the r  the radioact ive 
noble gases are completely  inert. 

Apar t  f rom 222Rn, obtained from the Radium Chemi-  
cal Company of New York, the isotopes were  all pre-  
pared by (n, 3') reactions on the stable precursors. They 
were  then  implanted in the oxide by means of a mass 
separator, whose use for this purpose has been de- 
scribed elsewhere (2, 8). The implantat ion of a radio- 
isotope is normal ly  accompanied by the implantat ion 
of a much larger number  of the neighboring stable iso- 
topes (2), and so the total  fluence is de termined almost 
exclusively by the latter. Beam current  measurements ,  
or counting data in the case of 222Rn, showed that  the 
implanted fluences were  about 1018 ions /cm ~ for Ar  and 
Kr, 1012 ions/cm 2 for Xe, and 1011 ions /cm 2 for 222Rn. 
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The implantat ions were  performed at low energy, 
so that the noble gas atoms were  concentrated in the 
region immedia te ly  adjacent  to the oxide surface; thus 
near ly  99% of the 125Xe+ implanted at 5 keV came to 
rest in the first 80A of oxide (3). Anodic tan ta lum 
oxide has a density of 8.03 (9), and so, assuming it is 
stoichiometric Ta205, it can be calculated that  each 
angstrom contains 7.63 • 1014 tan ta lum and oxygen 
a toms/cm 2. The implantat ion of 1012 ions /cm 2 of 124Xe + 
and 126Xe+ then produces a max imum concentrat ion of 
262 xenon atoms per mill ion mat r ix  atoms, while  act iv-  
ity measurements  show that  the max imum concentra-  
tion of the radioactive 125Xe is less than 8 atoms per 
million. 

Such concentrations are minute,  par t icular ly  when  
compared to the 1700 atoms per mil l ion of sulfur im- 
pur i ty  incorporated f rom the 0.1M H2SO4 electrolyte  
(10). The lat ter  has no detectable effect on the prop-  
erties of the oxide (1), and so it would seem reason- 
able to suppose that  the noble gases would behave 
likewise. Evidence for this has been presented else- 
where  (2), where  it has been shown that  implanta-  
tion fluences up to 1013 ions /cm 2 have no detectable 
effect on the anodic oxidation or on the oxide dissolu- 
tion rate. Since the noble gases are implanted, they 
must come to rest at the end of a damage trail ;  no 
effect that  could be a t t r ibuted to radiation damage 
has been detected (2). All  in all, therefore,  radioact ive 
noble gas markers  behave as though they were  effec- 
t ively  inert. 

Previous arguments  (5) supporting the immobil i ty  
of noble gas markers  can be summarized as follows. 
Of all the possible atomic markers,  the noble gases are 
the least l ikely to exist as charged species in the oxide 
matrix,  and hence are the least l ikely to move under  
the influence of the strong electric field present during 
anodization. The heavier  gases, at least, should be very  
much larger  than the tanta lum and oxygen atoms sur-  
rounding them, and should therefore  diffuse more 
slowly; evidence was presented to show that  they did 
not thermal ly  diffuse in the static oxide. Probabil ist ic 
arguments  of this kind are, however ,  unsatisfactory; 
in particular,  no evidence could be cited to support  the 
neut ra l i ty  of the noble gases wi th in  the oxide, and no 
evidence could be cited to support the absence of dif- 
fusion in the growing oxide. 

The application of cri terion (a) to results a l ready 
obtained with  125Xe (5) and ~22Rn (11) tends to sup- 
port the immobil i ty  of these markers.  In these exper i -  
ments, the noble gas atoms were  implanted at 5 keV 
(125Xe) and 6 keV (~22Rn) into chemical ly  polished 
tantalum, which is now known to be covered wi th  a 
layer of thermal  oxide some 30A thick (12); f rom the 
range studies reported e lsewhere  (3), therefore,  half  
the noble gas was implanted in this oxide and half  in 
the under lying metal. The specimens were  then anod- 
ized, and the position of the noble gas wi thin  the final 
oxide determined by ~-ray spectroscopy (13) for 12~Xe 
and by ~-ray spectroscopy (14) for 222Rn. The mea-  
sured values of to were  0.71 _+ 0.03 and 0.74 _ 0.025, 
respectively,  which agree within  exper imenta l  error;  
cri terion (a) is thus satisfied. No test under  cri terion 
(b) is possible, since ~-ray spectroscopy provides no in- 
formation at all on the concentrat ion profile, whi le  
a - ray  spectroscopy is insensitive to small  changes. The 
la t ter  did, however,  show that  all the 222Rn finished up 
in approximate ly  the same place, and hence that  the 
22~Rn implanted in the meta l  behaved in the same way  
as that implanted in the oxide. 

What was required,  therefore,  was an accurate 
method for measuring the noble gas concentrat ion 
profiles, so that  both criteria could be used to establish 
their  immobili ty.  Such a method is provided by the 
sectioning technique discussed in previous papers 
(1-3). 

Experimental Procedure 
Data collection.--Tantalum coupons, 3.5 • 1.0 X 

0.037 cm 3 were  cut f rom sheet supplied by the Fansteel  

Metal lurgical  Company, and a 0.05 cm diameter  tanta-  
lum wire spot welded on one corner  to provide elec- 
trical contact. The coupons were  cleaned, chemical ly 
polished, and dipped in concentrated HF almost satu- 
rated with NH4F to remove  any film left  by the chemi-  
cal polish (1, 15). They were  then anodized, normal ly  
to a thickness of about 880A, and wrapped in household 
a luminum foil, leaving the middle 2.0 • 0.4 cm 2 of one 
face exposed. Radioactive noble gas ions were  im-  
planted into the exposed port ion at an energy of 2 
keV (41Ar) or 5 keV (79Kr, 12~Xe, and 222Rn), and the 
coupons reanodized to the final thickness, normal ly  
3000A. All  anodizations were  performed at 1 m A / c m  2 
in 0.1M H2SO~ at 25~ using a constant current  ap- 
paratus devised by Walker  (16). In tegrated concentra-  
t ion profiles, as i l lustrated in Fig. 2, were  obtained by 
means of the procedure e lsewhere  described (3). 

The init ial  thickness was standardized at 880A as 
this was close to the bottom of the continuously mea-  
surable range (1). Low implanta t ion energies were  
chosen to obtain the best compromise between a nar-  
row profile and a complete normal  distribution (3); 
the former  enabled small changes in the breadth to 
be detected, while the lat ter  made for more  accurate 
analysis of the concentrat ion profiles. To make the 
transport  number  measurements  as precise as possible, 
it was necessary to anodize to a large final thickness. 
When the initial thickness was 880A and the final 
thickness 3000s the noble gas was found with a 
normal ly  distr ibuted profile at about 2450A from the 
meta l /ox ide  interface (Fig. 2). 

Analysis of concentration profiles using normal dis- 
tributions.--The PDP-5 program used to process the 
counting data in the previous paper (3) was replaced 
by an improved version wr i t ten  for a CDC G-20 com- 
puter. This corrected the N observed counts, I ---- 
1,2 ...... N, for counter  dead time, background, and decay, 
and expressed the results as percentages, Y( I ) ,  of the 
initial count; it also calculated the corresponding 
standard error, EY(I),  from the square root of the 
observed counts. The oxide thickness remaining, X ( I ) ,  
was computed in angstroms by interpolat ion from the 
calibration in (1); its standard error, EX(I),  was taken 
as 0.067 times the difference between the two "kick" 
wavelengths  (1), ra ther  than 1.8A as in (3). The quan-  
tities X(I) ,  Y(I) ,  EX(I),  and EY(I) were  then printed 
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Fig. 2. Experimental result of a transport number experiment. The 
marker was l~SXe implanted at 5 keV into an oxide 885A thick, the 
oxide being subsequently reanodized to 3024.~. On sectioning, the 
integrated profile shown was obtained; 95% confidence limits have 
been drawn around each experimental point. The smooth curve is 
an error function complement, which on differentiation gives the 
normal distribution describing the concentration profile itself. The 
significance of C(2) and Cs(2) is discussed in the text. 
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out, plotted o u t  as in Fig. 2, and punched out on IBM 
cards for subsequent  analysis by the fitting programs. 

The purpose of the analysis was to compare the con- 
centrat ion profiles of the noble gases before and after 
the anodization event. To that end, the experimental  
data were analyzed for two parameters;  one defining 
the noble gas position, and the other its dispersion 
about that  position. The ini t ial  range profiles could be 
adequately fitted by a normal  dis t r ibut ion (3), in 
which the mode defined the position and the s tandard 
deviation the dispersion. Fortunately,  the concentrat ion 
profiles after anodization could also be fitted by a 
normal  distribution, and so the parameters  before and 
after were directly comparable. 

The exper imental  data describe the integrated con- 
centrat ion profile, and  so the funct ion least squares 
fitted (3) was the integrated normal  dis t r ibut ion 

( X F I T U ) - - C ( 2 )  ) 
C(1) . erfc + B YFIT(I )  ---- ~ -X/2-" C(3) 

[7] 

where C(I) is a normalizing factor, approximately 
equal to Y(1); C(2) is the mode of the distribution, 
and C (3) its standard deviation; XFIT ( I ) and YFIT (I) 
are the fitted values of X(I) and Y(1), respectively; 
and B is a background correction. 

Since the noble gases were implanted at low energy, 
the background correction needed was that for the 40 
keV neutral tail (3), which has the form 

c(4) ( X F I T ( Z )  - - - 

B �9 erfc ~ . . . . . . . . . . .  ) 2 v~-- x / - ~ 0  2 + (c(3))2 - ~#) 
[8] 

where C (4) is a normalizing factor, similar to C (i) ; r4o 
is the modal range and ~4o is the standard deviation of 
the noble gas implanted at 40 keY; r is the modal 
range, and ~i the standard deviation at the implanted 
energy. 

Values for r40, er40, r, and ai were obtained from the 
range studies reported in the previous paper (3), and 
best values for the four parameters  C(1),  C(2),  C(3),  
and C (4) computed from the fit. 

The form of the final concentrat ion profile is deter-  
mined by the action of the broadening process on the 
init ial  profile. Since both init ial  and final concentrat ion 
profiles can be analyzed as normal  distributions, it 
follows that  the broadening process must  also give rise 
to a normal  distribution. Accordingly, the final s tan-  
dard deviation C(3) can be expressed as the sum of 
components 

( C ( 3 ) ) 2  - -  ~i2 af. a b n  2 [ 9 ]  

where ~bn is the s tandard deviation associated with the 
broadening. 

Correction Sot t runcat ion  of initiM range p ro / i r es . -  
Although the final concentrat ion profiles could all be 
adequately fitted by a normal  distribution, it is none-  
theless certain that  this cannot  be the correct descrip- 
tion. As discussed elsewhere (3), the ini t ial  range pro- 
files are probably not normal  distributions, but  can be 
treated wi thin  experimental  error as though they are. 
In  any event, they are not complete normal  dis tr ibu-  
tions because they are t runcated by the oxide surface. 
Normal broadening of a t runcated normal  dis t r ibut ion 
leads ,  as in  Fig. 3, to a final profile that  is almost, but  
not quite, normal;  the departure  from normal i ty  wil l  
increase with increased t runcat ion and decrease with 
increased broadening. Experimental ly,  the t runcat ion 
was less and the broadening more than  that for the 
sample illustrated, and so the departure  from nor-  
mal i ty  was actually very small. Nevertheless, it w a s  
significant for the experimental  accuracy achieved 
here, and therefore had to be taken into account. 

The most str iking feature of Fig. 3 is that  the mode 
of the fitted normal  dis t r ibut ion does not coincide with 
the mode of the initial  distribution. As the broadening 
increases, it corresponds more and more to the ini t ial  
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Fig. 3. Relationship between the initial truncated range profile, 
the same profile broadened after further anodizing, and the corre- 
sponding fitted normal distribution. The mode of the fitted normal 
distribution does not coincide with the mode of the initial profile, 
and so a truncation correction is required, In the example shown, 
the standard deviation associated with the broadening, cb, was 
taken equal to ~i. 
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mean rather  than the mode. The parameter  C(2) is 
therefore in error, and hence C(3) is also in error. An 
at tempt to define the correct mathematical  function 
led to an integral  that  could not be evaluated analyt i -  
cally, and so the funct ion was simulated numerica l ly  
by the procedure i l lustrated in Fig. 4. 

The init ial  concentrat ion profile was divided into 
elements of equal width, and then simulated by the 
equivalent  histogram shown in the top section of Fig. 
4. An init ial  profile in the form of a l ine element w a s  
assumed to broaden to a normal  distribution, and this 
too was simulated by the equivalent  histogram shown 
in the center section. By summing the broadened histo- 
grams for each element in the init ial  histogram, the 
final profile could be obtained as i l lustrated at the 
bottom of the figure. Despite the crudeness of the ex- 

r IN IT IAL  PROFILE r 
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Cs(2) C(2) 
\ /  

LI 

Fig. 4. Simulation of the broadening for a truncated normal dis- 
tribution. The * indicates the element corresponding to the original 
mode. 
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Fig. S. Diagram illustrating the position of o noble gas marker 
before (above) and after (below) further anodizntion, and the 
quantities required for the calculation of transport number. 
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ample, the final his togram is obviously close to a nor-  
mal distribution, and the shift in the mode is readi ly  
apparent.  For  the purpose of computation,  the  initial 
profile was split up into e lements  1A wide; the  re-  
anodized profile in Fig. 3 is an example  of the results, 
computed with  a s tandard deviat ion for broadening, O'b, 

equal to ~i = 10A. 
By summing the elements  of the final his togram in 

succession, starting, in Fig. 4, f rom the r igh t -hand  
end, the integrated concentrat ion profile can be ob- 
tained. The shape of this is determined by the re la t ive  
magnitudes of r, ~i, and ab; the first two are known 
from the range measurements  whi le  ab is a parameter ,  
Cs(3), that  must  be fitted. To make a least squares fit 
through the exper imenta l  points, a normalizing factor, 
Cs(1), is required as before for matching to the Y( I ) ,  
and a positioning factor, Cs(2), for matching  to the 
X ( I ) .  The positioning factor here corresponds exact ly  
to the  mode of the init ial  profile, and so no t runcat ion 
correction is needed. Finally,  a background correction 
for the neutra l  tail, involving the  adjustable  pa ram-  
eter, Cs(4), was made in the same way as before, 
using a sl ightly modified version of Eq. [8]. The least 
squares fitting procedure was then applied to obtain 
best est imates for Cs(1), Cs(2), Cs(3),  and Cs(4), to- 
gether  wi th  their  errors. It should be noted that  whi le  
Cs(1), Cs(2), and Cs(4) are essentially the same as 
C(1),  C(2),  and C(4),  Cs(3) is not the same as C(3) ;  
the former  is the standard deviat ion for the broadening 
alone, and thus corresponds to O'b n in Eq. [9]. 

The exper imenta l  data were  fitted by both the inte-  
grated normal  distr ibution and the s imulated dis- 
t r ibution to see which gave the bet ter  fit. No distinction 
was possible, however ,  since the fitting probabil i t ies 
determined from the x-square  test were  v i r tua l ly  
identical. Al l  fits, except  one for ~2Rn, were  accept-  
able; that  is, p(X2)N--4 was greater  than 0.025 (3). 

Calculation of transport numbers  and their  e r r o r s . -  
Assuming that  the noble gases are ideal markers,  the 
parameter  Cs(2) provides  a measure  of the t ransport  
numbers. Writ ing hi for the init ial  oxide thickness and 
hf for the final oxide thickness, it can be shown, as in 
Fig. 5, that  the oxide thickness formed outside the 
marked  layer  due to tan ta lum migrat ion is hf -- Cs(2) 

403 

-- r. Similarly,  the  thickness formed undernea th  the 
marked  layer  due to oxygen  migrat ion is Cs(2) 
r -- hi. The t ransport  numbers  for the tantalum, tin, 
and oxygen, to, are therefore  

tm -- (hf -- Cs(2) -- r ) / ( h f  -- hi) 

to : (Us(2) + r -- h t ) / ( h f  -- hi) [10] 

and the s tandard error  in each of these ratios is 

et = ~ / [ ( C s ( 2 )  -~- r - -  h i )  2 "  ( e ( h f ) )  2 

q- ( h f -  Cs(2) -- r) 2 �9 (E(hi)) 2 

-~- (hf -- hi) 2 �9 (s(Cs(2) -[- r ) ) 2 ] / ( h f  -- hi) 2 [11] 

where  
r = k / [  (0.00144hz) 2 -t- EHF 2] 
s(hi) = ~/ [  (0.00144hi) 2 W EHI 2] 
�9 (Cs(2) § r ) :  k/[(0.00144Cs(2))2 

+ (ECs(2))  2 + ERA 2] 

and EHF is the measured random error  in hf, EHI the 
measured random error  in hi, ECs(2) the computed 
error  in Cs(2), and ERA is the computed error  in r ob- 
tained f rom previous work  (3). 

The first te rm in the errors e(hf), ~(hi), and ~(Cs(2) 
~- r) is, in effect, a systematic error  due to uncer ta in ty  
in the exact  value  for the refract ive  index;  the factor 
of 0.00144 is calculated (1) f rom data by Young. These 
systematic errors are not independent  of one another, 
but have been t reated in the derivat ion of Eq. [11] as 
though they are: et is therefore  somewhat  of an over -  
estimate. 

Results 
Exper iments  were  per formed with  the radioact ive 

isotopes 41Ar, 79Kr, 125Xe, and 222Rn and the results 
are listed in Tables I, II, and III. The exper iments  
wi th  radon must  be considered less rel iable than the 
others for reasons which are unknown (3). 

Error in transport nu~mber measurements . - -Tables  I 
and II show that  the fluctuations in the measured 
t ransport  numbers  are genera l ly  consistent wi th  the 
standard errors calculated f rom [11]. 

Variation of transport  number  wi th  noble ga s posi- 
tion in initial ox ide . - -Mechanisms IV and V requi re  
such variat ion;  mechanisms I, II, and III do not. This 
was studied by implant ing 5 keV 125Xe into various 
thicknesses of initial oxide. Since the xenon was always 
implanted to the same depth, vary ing  the ini t ial  oxide 
thickness was equiva len t  to vary ing  its re la t ive  posi- 
t ion wi th in  the  oxide. Examinat ion  of Tables I and II 
shows that  the t ransport  numbers  did not va ry  sig- 
nificantly wi th  init ial  posit ion of the noble gas. 

Variation of transport  number  wi th  increasing oxide 
thickness  on reanodization.--  Mechanism V predicts 
such var ia t ion while  none of the others do. Table I 
shows that  no var ia t ion was observed. 

Table I. Variation of o" b and to with (hf - -  hi) 

Anodic  t a n t a l u m  ox ide  i m p l a n t e d  w i t h  5 keY  l ~ X e ( r  = 30.0 ~--- 2.0A, aJ = 20.2 -4- 0.7A) a n d  r e a n o d i z e d  a t  1 m A / c m 2  and  25~ in  0.1M 
H~SO4. Da ta  o b t a i n e d  by  leas t  squa res  fit  of  a t r u n c a t e d  n o r m a l  d i s t r i b u t i o n  that  had  been  b r o a d e n e d  by  t he  p r o c e d u r e  in  Fig .  4 u s i n g  e le-  
m e n t s  1A wide ;  fits accep tab le  i f  p(X2),v-4 ~ 0.625 (3). A l l  t h i c k n e s s  m e a s u r e m e n t s  h a v e  been r o u n d e d  to  t he  nea r e s t  a n g s t r o m ,  w h i c h  is 
w h y  they  do no t  s u m  proper ly .  S t a n d a r d  e r ro r s  quoted ,  

F i n a l  I n i t i a l  I n c r e m e n t a l  S t a n d a r d  d e v i a t i o n  T r a n s p o r t  C h i - s q u a r e  
t h i ckness ,  t h i ckness ,  t h i ckness ,  fo r  b r o a d e n i n g ,  n u m b e r  f o r  P o i n t s  u sed  p r o b a b i l i t y ,  

h f ( A )  hi  (A) (hf  -- h i ) ( A )  ~b(A) oxygen ,  to in  fit, N p(Xs)~-4 

1007 881 125 - -  0.735 +--- 0.025("> 14 0.465 ("> 
1112 875 237 9.6 •  0.73~ • 0.01~ 14 0.651 
1328 882 443 13.5 "4- 3.2 0.750 ~ 0.008 13 0.140 
1758 884 874 26.1 "*- 0.7 0.746 ----. 0.004 17 0.510 
2211 880 1330 29.6 "~ 1.6 0.741 - -0 .003  17 0,042 
2666 887 1779 35.7 ----. 1.3 0.752 "4- 0.003 13 0.526 
3023 885 2139 38.4 ----- 1.5 0.746 "~ 0.003 12 0.945 
3536 885 2651 41.8 -4- 2.9 0.747 "4- 0.002 13 0.422 
4092 (b) 221 3872 51.7 ~ 0.7 0.752 ~ 0.002 17 0.948 

~) F i t t e d  b y  in tegra ' t ed  n o r m a l  d i s t r i b u t i o n  as the  f inal  s t a n d a r d  d e v i a t i o n  was  less  t h a n  t he  in i t i a l .  
~b~ A n o d i z e d  i n  0.01M KI,  s ince th i s  t h i c k n e s s  c a n n o t  be  a t t a i n e d  in  0.1M H2SO~. 
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Table II. Variation of a b  and to with noble gas used 

The  e x p e r i m e n t a l  c o n d i t i o n s  we re  exac t ly  the  s a m e  as  those  ~or Tab le  I 

F i n a l  I n i t i a l  I n c r e m e n t a l  S t a n d a r d  d e v i a t i o n  T r a n s p o r t  C h i - s q u a r e  
th ickness ,  t h i ckness ,  th ickness ,  for  b r o a d e n i n g ,  n u m b e r  for  P o i n t s  used  probabi l i ty ,  

h t ( A )  h~ (A) (hf -- h~)(fix) 6b(A) oxygen ,  to in  fit, N p(X2)ir 

3024 881 
3019 880 

3020 895 
3019 894 

2378 373 
2377 377 
3024(r 885 
3026 885 
3023 (d) 905 

2016 220 
2895 223 
3802 221 

ca) P a r a m e t e r s  q u o t e d  are for  2 k e y  ~ K  (3). 
ca) R a n g e  v e r y  s m a l l  c o m p a r e d  to  r e su l t s  q u o t e d  in  (3); m e a s u r e d  in s a m e  i m p l a n t a t i o n  a s  t h a t  
(c~ I l l u s t r a t e d  i n  Fig.  2. 

n A r  i m p l a n t e d  a t  2 keY;  r : 15.2 "4- 3.2A, a l  : 20.2 -4- 1.3A(a) 
2134 54.7 • 0.4 0.740 ~ 0.003 19 0.995 
2139 55.8 --  0.3 0.742 --  0.003 19 1.000 

~gKr i m p l a n t e d  a t  5 keV;  �9 = 27.2 • 2.0A,(a) ~rl ---- 22.0 -~ 0.6A 
2125 46.4 • 1.2 0,744 • 0.003 14 0.905 
2125 46.2 --  1.3 0,742 --  0.003 14 0,774 

12~Xe i m p l a n t e d  at 5 keY;  r ---- 30.0 --  2.0A, r ---- 20.2 • 0.7A 
2005 37.5 ~ 0.6 0.745 -- 0.002 12 0.887 
2000 36.0 _ 0.8 0.748 ~ 0,002 12 0,763 
2139 38.4 ~ 1.4 0.746 _ 0.003 12 0.945 
2141 38.9 -- 1.0 0.746 -*- 0.003 13 0,987 
2118 37.2 _ 0.6 0.746 • 0.003 15 0.826 

~-'~Rn i m p l a n t e d  a t  5 keY;  r = 36,5 _ 1.9A,(e) r = 18.0 __. 0.4A 
1796 35.1 "*- 1.5 0.749 -- 0.002 12 0.000 
2672 42.5 -- 0.S 0.747 ~ 0.002 12 0.355 
3581 43.8 _ 0.9 0.750 ~ 0.002 13 0.472 

u s e d  for  the  r e a n o d i z a t i o n  e x p e r i m e n t s .  

(~) S p e c i m e n  o r i g i n a l l y  anod ized  to 2031A and  t h e n  s t r i p p e d  back  to 885A in  o r d e r  to r e m o v e  the  l a y e r  c o n t a i n i n g  s u l f u r  species  (9). 
(e) R a n g e  u n u s u a l l y  large;  r e a s o n  no t  k n o w n  (3), 

Variation ol profile broadening with increasing oxide 
thickness on reanodization.--Mechanisms I, II, and III  
predict  no broadening, IV that  the breadth of the 
marker  profile wil l  va ry  as hf, and V that  the increase 
in the profile breadth wil l  vary  as (hr -- hi). 

Table I shows that  there  is a broadening, but  that  
it is definitely not proport ional  to hr. To find out if the 
increase was proport ional  to (hf -- hi), the last eight  
samples of Table I were  fitted to an equation of the 
form 

(C(3) -- ~i) = c �9 (hf -- hi) [12] 

where  C(3) is used in place of Cs(3) because it is the 
observed breadth of the profile that  is being tested. 
The proport ional i ty  constant, c, was found to be 0.0095 
• but p(x2)7 was far less than 0.001; the fit was 
therefore unacceptable. Accordingly, the broadening is 
not proport ional  to (hf -- hi) either. 

The same samples were, however,  successfully fitted 
by an equat ion of the form 

C s ( 3 )  : ~ �9 ~ / (h f  -- hi) [13] 

wi th  ~ ---- 0.835 • 0.011, and p(x2)7 : 0.135; the lat ter  
is wel l  above the 0.025 reject ion level  (3). 

Variation ol transport number with noble gas u s e d . -  
If the noble gases are t ru ly  immobile, then, by cri terion 
(a), the t ransport  numbers  measured wi th  the different 
gases should be identical. The data in Tables II and III, 
however,  suggested that  there  was a slight variation. 
To find out whe ther  this var ia t ion was significant, the 
statistical t test was applied as follows. Assuming that  
there were  no significant differences between the in-  
dividual  variances for to, a pooled estimate for the var i -  
ance was obtained from 

S2to = ]s[(nl -- 1) �9 S21]/[~ni -- 3] 
I ! 

= (0.00127) 2 [14] 

Table ill. Summary of the positioning, to, and broadening, ~, 
parameters for the noble gases 

Values  of  to are  a r i t h m e t i c  m e a n s  of  t he  da ta  i n  Table  II,  q u o t e d  
w i t h  the  s t a n d a r d  d e v i a t i o n  a b o u t  t h o s e  m e a n s ;  ~ a n d  its e x t r i n s i c  
er ro r  are o b t a i n e d  f r o m  leas t  squa res  fits of ab = fl ' ~ / (hf  -- h~) to 

the  same data .  A l l  fits we re  accep tab le ;  i.e., p(X~)~-I :> 0.025. 

Noble  gas  to fl 

~ A r  0.7413 ----- 0.0017 1.196 --  0.013 
7~Kr 0.7432 ----- 0.0011 1.005 ~ 0.003 

~2~Xe 0.7461 -4- 0.0012 0.821 ~- 0.007 

where  I ---- Ar, Kr, Xe; nl are the number  of measure-  
ments  wi th  each gas and $2I are the individual  var i -  
ances. Three test values T were  then  formed by 

l :I ,J  : ( t o l  - -  t o J ) / [ S t o  " ~/(1/nl ~- 1 / n j ) ]  [15] 

where  I, J = Ar, Kr, Xe and I ~- J. The probability, 
P(zI,J)f,  of obtaining a value  of �9 as great  or greater  
than T],j was then computed for F ---- ni -~ n j  -- 2 
degrees of freedom, and found to be 

P( 'CAr ,Kr )2  ~-: 0.139 

P ( ~ K r ,  Xe )5  = 0 . 0 2 0  

p ( T X e , A r )  5 --= 0 . 0 0 3  [ 1 6 ]  

Since both the second and the third probabil i ty  is less 
than the acceptance level  of 0.05 for a one tailed test, 
the differences between argon and xenon, and krypton 
and xenon, are statistically significant. 

Variation ol profile broadening with noble gas used. 
- - I f  the noble gases are t ruly immobile, then, by cr i-  
ter ion (b),  their  profiles should e i ther  not broaden at 
all, or they should all broaden equally.  Tables II and III  
show that  al though they  all broaden, they do not do 
so equally. 

Discussion 
The results obtained, therefore,  are consistent with 

none of the mechanisms presented earlier, and the 
noble gases do not meet  the cri teria for immobile  
markers.  They must  therefore  be mobile, and the na-  
ture of their  mobil i ty  must  be elucidated before the 
oxidation mechanism can be discussed. 

Characteristics ol profile broadening.--Two features 
of the broadening process have been established ex-  
perimental ly.  First, the broadening can be described in 
terms of a normal  distribution, and second, the stan- 
dard deviat ion for the increase in the profile breadth, 
~b or Cs(3),  is proport ional  to ~/(h~ -- hi). Since more 
than one broadening process may occur, ~b can be ex-  
pressed in terms of its components by 

tt 

ab 2 -- ~ o'j 2 [17] 
Jffi l  

where  aj is the  standard deviat ion associated with the 
j th  process. Because of the squared dependence, the 
value  of ~b is determined mainly  by the magni tude of 
the largest  tj, and so this must  also vary  as X/(hf -- hi). 
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In fact, the broadening must be due to at least two 
processes. Measurement  of the concentrat ion profiles 
by means of the sectioning technique involves the re-  
moval  of thin oxide layers, and inevi tably these will  
not be completely uniform. If nonuniform layers are 
being removed, the measured profile wil l  be broader 
than the real  one. This type of broadening must  occur 
to some extent,  but  it is obviously not the dominant  
process; for if it were, the noble gas profiles would all 
broaden equally. The nature of the nonuniformit ies  has 
been studied in a previous paper (1), where  it was 
shown that  they are  so small as to be effectively negli-  
gible for the measurement  of concentrat ion profiles. 
The observed broadening must, therefore,  be due to 
some other process, or group of processes, that  de- 
pends on the nature of the noble gas itself. 

Interpretat ion of profile broadening.mIf  the noble 
gases are mobile, they  must be undergoing some form 
of diffusion. This would account ve ry  well  for the de- 
pendence on ~ / ( h f -  hi), and for the normalcy of the 
profile broadening. The dependence on %/hf -- hi shows 
that  the diffusion takes place only during anodization, 
thus confirming that  thermal  diffusion in the static 
oxide is negligible (5). Such diffusion could occur in at 
least three ways, as i l lustrated in Fig. 6. 

(i). The noble gas atoms could be forced to diffuse 
under the influence of the applied field because they 
are charged. Since they  differ in size and mass, and 
presumably also in degree of ionization, they may be 
expected to diffuse at substantial ly different rates. 
They would therefore  finish up at marked ly  different 
positions in the final oxide, and so the t ransport  num-  
bers actual ly  measured would depend on the noble gas 
used. 

As a first approximation,  one may assume that  noble 
gas ions diffuse in the same way  as the tan ta lum and 
oxygen ions. The first question is whether  the lat ter  
jump f rom one latt ice site to the next, or whe ther  they 
jump several  lattice sites at a time. Evidence presented 
in the next  paper (4) wil l  show that  the oxygen ions, 
at least, j ump  a distance corresponding to not much 
more than one in teroxygen distance; no evidence is 
present ly avai lable  on the migrat ion of the tan ta lum 
ions. 

The proposed model, then, is that  shown schemati-  
cally at the top of Fig. 6. Here the charge t ransfer  
event  is the movement  of an individual  ion f rom one 
lattice site to the next  as space becomes available, and 
so the migrat ion of tan ta lum and /or  oxygen ions is 
balanced by a flow of vacancies in the opposite direc-  
tion. The concepts of "vacancy" and "lat t ice site" are 
ra ther  difficult to define in an amorphous solid such as 
anodic tan ta lum oxide, but the usual concepts will  
serve as a basis for the present discussion. 

Some ra ther  simple arguments  can be used to predict  
the profile broadening that  would  result  f rom such 

M* o- 
FORCED RARE GAS o- o- M" Rn§ xe+ Kr* Ar + o- o- I [ I ] 

MARKER o ~ - ~  o- M, ~ 
DIFFUSION CHARGED o- M* o" o- 

M + 0 I l l  E 
DRIFT SINGLE O'/ O' r~ t ~', Rn 

DIFFUSION M*/O- ' o" " , - ;  o" ; ,, 
MOTION o . . . . . .  M" O" o" 

"BROWNIAN"  MASS o:-) o ~z . 0~,..~ '(~1 0") Xe i i K r 
M" ,, O- ~M" o ~  ~ ' ~  

MOTION MOTION on ,~.,M+ 0:..), o:~ 

Fig. 6. Three possible mechanisms to account for the broaden- 
ing of the noble gas profiles on further anodizing. The applied field 
is such that the metal atoms migrate to the left, oxygen to the right. 

diffusion. In discussing the "high field approximat ion" 
for  the motion of an ion in anodic oxide, Young (17) 
noted that  the most probable jumps would be those 
in directions close to the axis of the field, and in the 
forward  direction; the probabil i ty  of a j ump  in a back- 
ward  direction, against the field, would be remote.  The 
concentrat ion of the jumps  around the forward  axis 
of the field would mean that  if the jump distance was 
a, the average distance jumped along this axis would 
also be close to a, and hence almost constant from jump 
to jump. For simplicity, it may be assumed that  the 
jump distance along the axis of the field is constant 
and equal to a. 

Under  these conditions, the mean distance diffused 
by the noble gas atoms wil l  be a �9 n, where  n is the 
mean number  of jumps made. The constancy of the 
t ransport  numbers  in Table I requires  that  the distance 
diffused, d, be proport ional  to the thickness added dur-  
ing anodization, so that  

d = k .  ( h f - - h i )  - - - - a ' n  [18] 

where  k is a constant of proportionali ty.  The root 
mean square deviat ion about this mean wil l  be equal  
to the square root of the sum of the variances in n 
and a; the lat ter  is of course zero since a has been as- 
sumed constant. For  a series of uncorre la ted jumps, n 
follows a Poisson distr ibution with  mean  and var i -  
ance both equal  to n; if n is large, the Poisson dis- 
t r ibution approximates  to a normal  one. The standard 
deviat ion for the normal ly  distr ibuted profile broaden-  
ing, ab, can then be equated  with  the root mean square 
deviat ion in the distance traveled,  so that  

O'b = a �9 k / n  [19] 

provided n is large. Subst i tut ing [18] into [19] 

~ : x / ( a  �9 k) �9 ~/(he -- hi) [20] 

so that  ab has the observed dependence on (he -- hi). 
Combining [18] and [19] for two different gases, say 

argon and xenon, gives 

d A r  - -  dxe = (O'2Ar - -  a 2 X e ) / a  [21] 

since the proposed mechanism requires  that  a be the 
same for all  gases. The le f t -hand side of this equation 
is equivalent  to -- ( to(Ar) -- to (Xe))  �9 (he -- hi); sub- 
sti tuting [13] into the r igh t -hand  side, and el iminat ing 
(hi -- hi) gives 

- -  ( to(Ar) -- to (Xe))  = (~2Ar -- ~Xe) / a  [22] 

in which the only quant i ty  not de termined exper i -  
menta l ly  is a. When the values listed in Table  III are 
substi tuted into this equation, a is found to be 160A, 
which is an absurd result  for the model  chosen. To 
put it another  way, if  a is to be the expected in ter -  
atomic distance of about 3A, Eq. [22] requires  that  
ei ther Ito(Ar) -- to(Xe) l be about 0.25, or that  fl2Ar be 
near ly  equal  to ~2xe; both possibilities are  far  outside 
the exper imenta l  error  in the results. The noble gases 
do not therefore  move by jumping  one interatomic 
distance at a time. 

The possibility remains that  they might  move  more 
than one interatomic distance at a t ime; for example,  
they might  actual ly  move 160A at a time. Given the 
values for ~b in Tables I and II, it follows from [19] 
that  n would  be considerably less than  uni ty  in all 
cases. Few of the noble gas atoms would therefore  
move, and they would form a satell i te normal  dis- 
t r ibut ion 160A to one side of the original range profile. 
Similar  arguments  can be advanced to e l iminate  other  
distances. 

In  der iving [22], it was assumed that  the jumps 
were  all in the same direction, and that  they were  all 
of equal  length. Nei ther  of these assumptions is strictly 
true, but small  departures  theref rom wil l  not affect 
the conclusions reached. Large  departures  mean that  
the physical picture  of the motion is not as presented; 
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any other form of forced diffusion seems much less 
probable. Accordingly, forced diffusion can be el imi-  
nated as a possibility. 

(ii) .  The noble gas atoms could diffuse via a va-  
cancy mechanism even if they were uncharged. If they 
are to diffuse at all, they must  be capable of jumping  
into neighboring vacancies, and if they are uncharged, 
it seems reasonable to suppose they would jump with 
equal probabil i ty  in all directions. In  making their 
jumps, however, the noble gas atoms would have to 
compete for oxygen vacancies with neighboring oxygen 
ions, and the latter, being charged, would have a 
marked preference for jumping  downfield. The noble 
gas atoms would therefore tend to jump in the same 
direction because, as indicated in the middle of Fig. 6, 
there would be less oxygen competit ion for the vacancy 
labeled by the solid square than  for that  labeled with 
the pecked square. Similar  arguments  can be applied 
to the metal  vacancies, and so the net movement  of the 
noble gas atoms would be determined by a combinat ion 
of the two processes. 

The charge transfer  event  is therefore the same as 
before, and the noble gas atoms can be regarded as 
drif t ing along in the wake of the moving ions, instead 
of racing with them. Except in the event  that  the drifts 
in the two directions are equal, there will  be a net 
motion of the noble gas atoms in one direction or the 
other. Movement of the different noble gases will  de- 
pend as before on their  size and mass, and so the mea-  
sured transport  numbers  will again depend on the 
noble gas used. 

For the drifts in both directions to be equal, the 
ratio of the probabilit ies for jumping  into t an ta lum 
and oxygen vacancies must  be equal to the inverse 
ratio of the corresponding jump distances. Such a can- 
cellation would be highly unl ikely  for even one gas, 
and would be impossible for four. The noble gases 
would almost certainly j ump  into one kind of vacancy 
alone, and then only if it was immediately downfield. 
The mathematics would thus be the same as for forced 
diffusion, and so the same conclusion applies; it, too, 
must  be rejected. 

(iii).  A third possibility for the diffusion of the noble 
gas atoms arises if charge is t ransported through the 
oxide by the simultaneous movement  of a group of 
atoms. In  this model, i l lustrated at the bottom of Fig. 6, 
each moving atom carries a fraction of the charge 
a fraction of a "lattice spacing" in such a way that  the 
total effect is equivalent  to one charged atom jumping  
one "lattice spacing." Both t an ta lum and oxygen take 
part  in this process, so that  the lattice loses its r igidity 
dur ing the charge t ransfer  event. A noble gas atom 
situated in the middle of a group of moving tan ta lum 
and oxygen atoms must  collide with them, and will 
therefore be subjected to a form of Brownian  motion. 

True Brownian motion occurs when a particle under -  
goes a series of displacements, the displacements being 
of random length and direction. Mathematically,  the 
process can be described as a random walk, whose 
properties are well known (18). The mean  position of 
such particles remains  unchanged, but  their  dispersion 
about that  mean  position increases in proportion to 
the square root of the time; the concentrat ion profile 
therefore broadens, and the broadening follows a nor-  
mal  form. Furthermore,  it can be shown that the 
broadening should be approximately proportional to 
the square root of the reciprocal of the particle radius; 
that  is, the concentrat ion profile of the smallest par-  
ticles should broaden most. This has been confirmed 
exper imental ly  for colloidal particles in water (18). 

The most familiar  i l lustrat ion of Brownian  motion 
is that discovered by Brown himself; pollen grains 
suspended in water undergo continual  random dis- 
placements due to fluctuations in the number  of water  
molecules s tr iking them from each direction. The pro- 
posal here, then, is that noble gas atoms embedded in 
anodic Ta205 undergo similar displacements dur ing 
anodization, due to collisions with the moving tan ta lum 

and oxygen atoms. At constant  current ,  the increase in 
the oxide thickness, (hf -- hi), is directly proport ional  
to the anodization time; since the profile broadening 
is observed exper imenta l ly  to be proport ional  to 
~/(hf  -- hi), it is also proportional to the square root 
of the time, as required. Furthermore,  the profile of the 
smallest and lightest gas, 41Ar, shows the greatest de- 
gree of broadening, again as required. 

There  is, however, one impor tant  difference between 
ordinary Brownian  motion and that  postulated here. 
Water molecules s tr iking the pollen grains have a t ru ly  
random motion of their  own, and so the pollen particles 
may be expected to behave likewise. In  the anodic 
oxide, however, the motion of the t an ta lum and oxygen 
atoms will  be largely aligned with the axis of the elec- 
tric field, the t an ta lum ions jumping  toward the oxide/  
electrolyte interface, while the oxygen ions jump in 
the opposite direction. Under  these conditions, the 
noble gas displacements can hardly  be random; the 
inevitable consequence would be a small  net  motion 
superimposed on the random component.  Once again, 
therefore, the t ransport  numbers  actually measured 
would depend on the noble gas used. 

The magni tude  of this net  migrat ion is impossible 
to predict, but  since it is a consequence of the broad- 
ening process, it would presumably  be very small. If 
so, the differences between the various noble gases 
would also be very small, as observed experimentally.  
Calculations based on the data in Table III  show that 
the difference between the argon and xenon positions 
is 9.6 • 3.8A after reanodization by 2000A, whereas 
the corresponding difference in the s tandard  deviations 
is 16.8 • 0.5A. 

The broadening of the noble gas concentrat ion pro- 
files on fur ther  anodizing is therefore a t t r ibuted to a 
form of Brownian motion. 

Validity of noble gases as inert,  immobi le  m a r k e r s . -  
If this Brownian  motion hypothesis is true, no markers  
will be immobile dur ing  anochc oxidation of tantalum. 
All will  be subjected to this form of Brownian motion, 
and so all will  have a net migrat ion imposed on their 
random fluctuations. As the markers  get bigger and 
heavier, the fluctuations will  decrease, and hence the 
magni tude  of the net migrations wil l  also decrease. The 
differences in migrat ion rate will  therefore decrease 
unt i l  they are no longer exper imenta l ly  detectable as 
differences in the measured t ransport  numbers.  At this 
point, the markers  will  behave as though they were 
effectively immobile;  but  they may by then be so large 
that they are no longer effectively inert. That  is, their 
geometric interference with the oxidation system may 
be so great that  the final position of the marker  de- 
pends not on its migration, but  on its size. Results by 
Sachs (19) appear to i l lustrate this phenomenon ex- 
perimental ly.  

In  these circumstances, therefore, no t ru ly  inert,  
immobile marker  for the system exists. The best that 
can be done is to find that  set of markers  that  obeys 
criteria (a) and (b) most closely. Noble gas markers  
do obey these criteria ra ther  closely, bu t  it is uncertain,  
in the absence of comparable informat ion on other 
possible markers,  whether  they obey the most closely. 

Best  est imates for transport  numbers . - -The  data in 
Table III can be corrected for marker  migrat ion by 
assuming that the distance migrated is directly propor-  
t ional to the s tandard deviation for the broadening.  It 
is then possible to extrapolate the ~ vs. to data to ~ = 0, 
and hence calculate to for a noble gas marker  that 
undergoes no broadening at all; that is, one which 
undergoes no Brownian  motion, and is therefore t ru ly  
immobile. 

Three points are insufficient for a satisfactory least 
squares fit to a straight line, but  graphical extrapola-  
t ion gave to = 0.757, with a s tandard error that  may 
be estimated as about 0.003. This can be taken as the 
best estimate for the t ransport  number  of oxygen in 
anodic t an ta lum oxide under  the conditions stated; 
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25~ 1 m A / c m  ~, 0.1M H2SO4 electrolyte ,  and reanod-  
ization to add app rox ima te ly  2000A. The t ranspor t  
number  of the meta l  is therefore  0.243 • 0.003. 

Transport mechanism in anodic tantalum oxide.--If 
the broadening  of the m a r k e r  profiles can be accounted 
for en t i re ly  on the basis of Brownian  motion, mecha-  
nisms IV and V in Fig. 1 must  be el iminated.  Since the 
t ranspor t  numbers  a re  not 1 and 0, mechanisms I and 
II  must  also be el iminated.  Accordingly,  the  t r anspor t  
mechanism is best  descr ibed by  III, in which the new 
oxide is formed at  the  me ta l / ox ide  and ox ide /e lec t ro -  
lyte  interfaces only. 

Conclusions 
1. A m a r k e r  used for measur ing  t ranspor t  numbers  

dur ing  the oxidat ion of a meta l  must  be both immobi le  
and inert .  A n y  iner t  immobi le  m a r k e r  wil l  behave  in 
exac t ly  the same w a y  as any  other  iner t  immobi le  
marker .  

2. This definition has been used to test  the  sui tabi l i ty  
of the  radioact ive  noble gas markers ,  41Ar, 7~Kr, 12~Xe, 
and 22Rn dur ing the anodic oxidat ion of tanta lum.  A l -  
though these marke r s  a re  effectively inert,  they  are  not 
immobile.  

3. Their  smal l  mobi l i ty  has been a t t r ibu ted  to a form 
of Brownian  mot ion resul t ing  f rom collisions w i th  mi-  
gra t ing  t an t a lum and oxygen atoms. 

4. This necessar i ly  requi res  that  both t an ta lum and 
oxygen  migra te  dur ing  the anodic oxidation,  and that  
these migra t ions  occur s imultaneously.  

5. The oxide thickens  th rough  the format ion  of new 
oxide at the me ta l / ox ide  and ox ide /e lec t ro ly te  in te r -  
faces only. 

6. Best es t imates  for  the  t ranspor t  numbers  of the  
t an ta lum and oxygen are 0.243 ~ 0.003 and 0.757 • 
0.003, respect ively,  for anodizing condit ions of 25~ 
1 m A / c m  2, 0.1M H2SO4 electrolyte,  and 2000A thickness 
of oxide added. 

The significance of these conclusions wil l  be dis-  
cussed in a la ter  paper.  
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Gallium Arsenide Surface Film Evaluation by Ellipsometry and 
Its Effect on Schottky Barriers 

A. C. Adams* and B. R. Pruniaux 
Bell Telephone Laboratories, Incorporated, Murray H~ll, New Jersey 07974 

ABSTRACT 

To evaluate polishing and cleaning methods for gallium arsenide, the sur-  
face film thickness is est imated by ellipsometry. For measurements  made at a 
wavelength of 5461A, a refractive index of 1.9 is assumed for the film, and an 
extinct ion coefficient of 0.304 is assumed for the gal l ium arsenide. The film 
thickness is found to be correlated with the cleaning method and a simple 
and effective cleaning procedure is proposed. The refractive index and the 
extinction coefficient measured at wavelengths of 4375 and 5461A for gal l ium 
arsenide samples prepared by three commonly used polishing techniques are 
the same as those of freshly grown epitaxial  gal l ium arsenide. For clean sam- 
ples the thickness of the surface film increases when  the gal l ium arsenide is 
exposed to air unt i l  a final thickness of about 30A is reached after a few days. 
Exper imental  data describing the behavior of Schottky diodes on differently 
prepared surfaces are presented. The barr ier  height increases by 0.07 eV when 
the thickness of the film increases from 8.5 to 16A. The reverse bias current -  
voltage characteristics are explained by existing interracial  layer  theories. The 
anneal ing of a luminum oxide films on gal l ium arsenide is also reported. 

The use of el l ipsometry to study the chemical 
processing of silicon wafers has been previously de- 
scribed (1, 2). Because the ellipsometric measurements  
are rapid, nondestructive,  and very sensitive to small  
changes in the sample surface, this technique is ideally 
suited for s tudying the surfaces which result  after 
polishing and cleaning of semiconductiors (2). In  this 
paper, we describe the use of ell ipsometry to study 
and evaluate the polishing and cleaning of gall ium 
arsenide. In addition, results on the use of ell ipsometry 
to study thick, nonabsorbing films on gal l ium arsenide 
substrates and the behavior of Schottky diodes on 
differently prepared gal l ium arsenide surfaces are 
presented. 

Experimental 
The experimental  data have been obtained with a 

Gaer tner  Model Ll19 ellipsometer. The light source 
is a 150W xenon arc lamp which is used wi th  a 
Schoeffel quartz prism monochromator.  A photomult i -  
plier is used as the detector. The light source, mono-  
chromator, and ellipsometer are mounted on a metal  
table to reduce vibrat ion and el iminate errors due to 
misal ignment  of the components. The measurements  
are made in a dark, laminar  flow clean booth. The 
dark room is necessary to prevent  spurious results 
due to stray light enter ing the detector. The clean 
atmosphere prevents  par t iculate  contaminat ion of the 
samples during the measurements .  All  ellipsometric 
measurements  have been made at an angle of inci-  
dence of 70.00 ~ using radiat ion with a wavelength of 
4375 or 5461A. At both wavelengths,  extinction is 
measured at two settings of the polarizer and analyzer  
(zones 1 and 3) (3), and psi and delta are calculated 
from these settings using the equations for nonideal  
compensators (4). 

The samples are n - type  gall ium arsenide with a 
(100) orientat ion and a carrier concentrat ion of about 
1 • 1018 cm -3. The Schottky diode measurements  are 
made on epitaxial  gall ium arsenide deposited by the 
arsenic tr ichloride t ransport  process; the epitaxial 
layers have a (100) orientat ion and a carrier concen- 
t rat ion near  5 • 1015 cm-~. The Schottky diodes have 
been formed by evaporat ing a gold-germanium com- 
pound [12 atomic per cent (a/o) Gel  or pure gold at a 
substrate tempera ture  of 100~ to give a metal  film 
30O0A thick. 

* Electrochemical  Society Active Member.  
Key  words:  cleaning, dielectric films, interracial  layer,  oxidation, 

semiconductor  devices. 

Procedure 
The model used to in terpret  the ellipsometric data 

assumes that  the substrate, which has a complex re-  
fractive index, n2-ik2, is covered by a nonabsorbing 
film that is characterized by a real refractive index, 
nl, and a thickness, d. I t  is fur ther  assumed that  n l  is 
independent  of the film thickness, and that  the sub-  
strate-film and fi lm-air interfaces are flat and parallel. 
There are four variables in this model, n2, k2, hi, and 
d. Because the ell ipsometer measures only two quant i -  
ties, psi and delta, both of which may be functions of 
all four variables, it is necessary to independent ly  
measure the values for two of these variables before 
the remain ing  two can be calculated from the ellipso- 
metric  data. We have taken values for ks and nl  from 
the l i tera ture  and have calculated the real part  of the 
gal l ium arsenide refractive index, n~, and the film 
thickness, d, from the ellipsometric measurements .  For 
measurements  made at a wavelength of 5461A, the 
values of k2 and nl  are 0.304 and 1.9, respectively. The 
value of k is t aken  from the review by Seraphin and 
Bennet t  (5) and the recent paper by Lukes (6). The 
film on a gall ium arsenide sample which has been 
exposed to air is reported to be gal l ium oxide (7, 8) 
with a refractive index of 1.9 (9) or 1.8 (10, 11). 

The real par t  of the refractive index of the gall ium 
arsenide, n2, and the thickness of the film, d, are ob- 
tained from the measured values of psi and delta using 
the curves in Fig. 1. These curves, which show the 
values of psi and delta for values of n~ between 4.01 
and 4.15 and for values of d between 0 and 5OA, have 
been calculated using the computer program wri t ten  
by Cox (12). The exper imental  points are typi -  
cal data for gal l ium arsenide samples polished and 
cleaned using the methods reported in  this paper. The 
errors caused by using nl  = 1.90 and ks = 0.304 are 
given in Table I. If the film refractive index is between 
1.50 and 2.50 and the gal l ium arsenide extinct ion co- 
efficient is between 0.25 and 0.35, the errors caused 
by  assuming nl  = 1.90 and k2 = 0.304 are less than  
0.4 and 23% for n2 and d, respectively. Although this 
per cent error in d is large, the absolute error in  the 
film thickness is still less than 4.5A. Furthermore,  this 
is a systematic error so that  differences in  film thick- 
ness can still be precisely measured. 

The optical constants of the gal l ium arsenide sur-  
faces have also been measured at a wavelength of 
4375A. The values of psi and delta measured at 
4375A are corrected for the presence of the surface 
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Fig. 2. Delta vs. psi for refractive indices, n2 from 4.8 to 5.2 and 
for extinction coefficients, k2, from 1.1 to 1.5. The curves are cal- 
culated for a film-free sample (d = 0) and ~b = 70.00 ~ 

film using exact ellipsometric equations (13). The 
complex refractive index, n2-ik2, at a wavelength of 
4375A is determined from the corrected values of psi 
and delta using Fig. 2. This figure shows the values 
of psi and delta that would result  from measurements  
made on clean surfaces with the real part  of the re-  
fractive index between 4.8 and 5.2 and the imaginary 
part  between 1.1 and 1.5. 

The values for n2 and k2 obtained from Fig. 2 de- 
pend on the correction of the exper imental  values of 
psi and delta for the presence of the surface film. The 
magnitudes of the possible errors in n2 and k2 are 
given in  Table II. The calculations presented in Table 
I indicate a possible error of less than  5A in  the film 
thickness. An uncer ta in ty  of this magni tude  in the 
film thickness may cause an error of about 1% in the 
value for n2 and about 10% error in the value for k2. 

Resul ts  
Polishing.--Values for d and n2, which are obtained 

from Fig. 1, and for n2 and k2, which are obtained 
from Fig. 2, are given in Table III. Data are given for 
three polishing procedures and for freshly grown 

Table !. Possible errors in n2 and d caused by assuming values of 
1.90 and 0.304 for nl and k2 (calculated for d = 20~,, n2 = 4.050, 

~. = 5461A, and ~ = 70.00 ~ 

n l  (a) k9 (e) n2 d 

1.50 0.304 4.054 17.0 
1.75 0.304 4.052 19.0 
2.00 0.304 4.049 20.0 
2.25 0.304 4.042 19.0 
2.50 0.304 4.035 18.0 
1.90 0.250 4.041 15.5 
1.90 0.275 4.045 17.0 
1.90 0.304 4.050 20.0 
1.90 0.325 4.054 22.0 
1.90 0.350 4.060 23.5 

(") The  t a b u l a t e d  v a l u e s  of n l  a n d  k~ are used  to ca lcu la te  v a l u e s  
fo r  ~F a n d  A. Va lues  fo r  n~ and  d are o b t a i n e d  f r o m  the  ca l cu l a t ed  
v a l u e s  of  �9 a n d  A u s i n g  Fig.  1 w h i c h  a s sumes  t h a t  n~ a nd  k2 are  
1.90 a n d  0.304. The  e r ro r  is  o b t a i n e d  by  n o t i n g  the  d e v i a t i o n  of n.o 
a n d  d f r o m  4.050 and  20A. 

epitaxial  samples. Each ent ry  is an  average of at least 
four separate experiments.  Optical constants are not 
reported for samples polished by the hydrogen per-  
ox ide-ammonium hydroxide process because the com- 
putat ional  procedure is not valid for samples with film 
thicknesses greater than about 50A. 

The values for n2 and k2 near ly  agree with the 
values reported in the l i terature [n2 equals 4.09 at 
5461A (5); k2 equals 1.42 at 4375A (5); n2 is near  a 

Table II. Possible errors in n2 and k2 caused by errors in 
the film thickness 

A s s u m e d  
f i lm t h i c k -  Per  cen t  e r ro r  (~) 

ness,  A n2 k2 n2 k~ 

5 4.890 1.52 4.12 26.6 
10 4.965 1.42 2.65 18.3 
15 5.035 1,31 1.27 9.2 
20 5 .100 1.20 0.00 0.0 
25  5.145 1.08 0.88 10.0 

(a) Va lues  of  �9 a n d  A were  ca lcu la t ed  for  n l  = 1.90, d = 20A, n._, 
= 5.10, and  ~2 = 1.20. Va lues  fo r  n2 and  k~ were  t h e n  o b t a i n e d  
f r o m  Fig .  2 a f t e r  c o r r e c t i n g  ~I, a n d  A for  sur face  f i lm w i t h  the  d i f -  
f e r e n t  a s s u m e d  th icknesses .  

Table III. Gallium arsenide refractive index and the film 
thickness for different polishing techniques 

Sur face  p r e p a r a t i o n  d(a) n2(a) n2(b) k~(b) 

"Syton"-Br2(c)  23.6 4.065 5.096 1.178 
Br2 -m e thano l  (d) 27.3 4.052 5.079 1.223 
H202-NH4OH(e) 73.6 - -  
E p i t a x i a l  depos i t  11.0 4 . ~ 0  5,073 1.2"~5 

(~) D e t e r m i n e d  f r o m  m e a s u r e m e n t s  m a d e  a t  5461A u s i n g  Fig .  1. 
(b) D e t e r m i n e d  f r o m  m e a s u r e m e n t s  m a d e  a t  4375A u s i n g  Fig .  2. 
(~ S y t o n  is  p r o d u c e d  by  the  M o n s a n t o  C h e m i c a l  C o m p a n y ;  t he  

p o l i s h i n g  so lu t i on  con ta ins  5.7 m l  b r o m i n e  and  100 m l  m e t h a n o l  
in  1 l i t e r  of " S y t o n . "  The  p o l i s h i n g  ra te  is  10 /Lm/hr.  

(d) S a m p l e s  are po l i shed  w i t h  a 0.00916M so lu t ion  of b r o m i n e  in  
m e t h a n o l .  The p o l i s h i n g  ra te  is a p p r o x i m a t e l y  1 ~ m / m i n .  

(e) The  s amp le s  are po l i shed  w i t h  a so lu t i on  c o n t a i n i n g  1.41 m l  
of  a m m o n i u m  h y d r o x i d e  in  1 l i t e r  of  30% h y d r o g e n  peroxide .  The  
p o l i s h i n g  ra te  is  a p p r o x i m a t e l y  10 ~ m / h r .  
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maximum at 4375A and is greater than  4.93 (5)].  
There is no significant difference in the values of the 
optical constants for the different surface preparations. 
This agrees with previous work which reports that  
the optical constants of gal l ium arsenide are independ-  
ent of the polishing technique (14) and that  "Syton" 
polished sampms have the same reflectance properties 
as epitaxially deposited samples (15). 

The differences in the film thicknesses for the dif- 
ferent  polishing procedures should not be considered 
characteristic of the polishing process since these films 
can be easily removed by slight changes in  the final 
cleaning. The cleanest surfaces have been observed in 
freshly grown epitaxial layers which have films that 
are 8-12A thick. However, when  gal l ium arsenide is 
exposed to air, the film thickness increases with t ime 
so that these thicknesses are strongly dependent  on 
the t ime between the epitaxial  deposition and the el- 
lipsometric measurement .  For our measurements,  the 
epitaxial samples have been exposed to air for less than 
10 min. The film that  results from the H202-NH4OH 
polish can be easily removed with hydrochloric acid. 
When the films are removed from the samples polished 
by the H202-NH4OH technique, the optical constants 
of the resul t ing surfaces are the same as those re- 
ported in Table III. Except for the difference in film 
thickness, the ellipsometric data show that  there are 
no differences in the surfaces produced by the three 
polishing methods. Furthermore,  the surfaces obtained 
by these techniques are optically similar to the surface 
of an epitaxial  layer. 

Cleaning.--The results from several experiments  to 
determine changes in film thickness when  gall ium 
arsenide samples are immersed in various solvents 
are reported in Table IV. The numbers  give the film 
thickness in angstroms for samples immersed in the 
given reagent for times from 0 to 24 hr. In  general, 
the film can dissolve giving a decrease in film thick- 
ness or the gal l ium arsenide can react with the re- 
agents to produce a thicker film. The organic solvents 
listed in Table IV have only slight effects on the film 
thickness, even when  the samples are immersed in 
the solvents for 24 hr. The film thickness is also only 
slightly affected when gal l ium arsenide is immersed 
in water for 5 rain; however, the film thickness in-  
creases to about 100A after 1 hr. This indicates that 
the gal l ium arsenide reacts with the water  to form an 
insoluble film on the surface. The original films on the 
polished gall ium arsenide samples part ial ly dissolve in 
concentrated hydrochloric acid or sulfuric acid. For 
both reagents, the film thickness is reduced to 12 to 
13A after a 5 min treatment .  However, thicker films 
form when the gall ium arsenide remains  in the sul-  
furic acid for 24 hr; consequently, long contact times 
with sulfuric acid should be avoided. Finally,  hydro-  
fluoric acid and phosphoric acid both form a reaction 
product on the sample surface. In  the case of hydro-  
fluoric acid, this reaction is severe since the surfaces 
often become stained after 1 hr. 

Table IV. Film thickness for gallium arsenide samples immersed in 
different solvents 

F i l m  t h i c k n e s s ,  A 
R e a g e n t  0 r a i n  5 m i n  1 h r  24 hr 

T r i c h l o r o e t h y l e n e  25 36 33 28 
A c e t o n e  26 25 24 27 
M e t h a n o l  30 23 23 25 
E t h a n o l  27 26 28 27 
I s o p r o p a n o l  25 23 23 24 
C h l o r o f o r m  27 27 27 27 
W a t e r  25 22 101 

acid(ai~) H y d r o c h l o r i c  24 12 16 28 
Hydrochloric acid(b,  ~) 27 13 - -  
S u l f u r i c  acid(a ,  ~) 28 12 27  206 
P h o s p h o r i c  acid(=, d) 30 28 32 42 
H y d r o f l u o r i c  acid(=, ~) 17 22 230(e) - -  

(a) 30 sec w a t e r  r i n se .  
(b) 30 sec m e t h a n o l  r i n se .  
(~ S u r f a c e  w a s  s t a i n e d .  
r A c i d s  a r e  c o n c e n t r a t e d  r e a g e n t  g r a d e .  

The thicknesses reported in  Table IV are calculated 
by assuming that  the film refractive index is 1.90. This 
assumption is justified if the film is gal l ium oxide; 
however, other film compositions are likely for many  
of the reagents (gal l ium hydroxide, fluoride, sulfate, 
or phosphate are obvious possibilities, but  many  other 
compositions are also possible). However, as shown in 
Table I, the error in  the film thickness is less than 
3A when the film refractive index is between 1.5 and 
2.5. Consequently,  it is believed that the thicknesses 
in Table IV are accurate in spite of the var iat ion in 
film composition. 

The data in Table IV indicate that a suitable c lean-  
ing procedure for gall ium arsenide consists of r insing 
the sample in  organic solvents to remove possible 
organic contaminat ion followed by r insing in hydro-  
chloric acid and then r insing in water  or preferably 
methanol.  We have found that  this procedure gives 
surfaces with 12-14A of film. We have also at tempted 
to use this cleaning procedure wi th  hydrofluoric acid 
substi tuted for the hydrochloric acid rinse. In  this 
case, the film thickness ranged from 18 to 40A with 
most of the films being about 35A thick. This result  is 
consistent with the data in Table IV which shows 
that films form on the surface when  gall ium arsenide 
is treated with hydrofluoric acid. 

We have also examined a sample after it has been 
heated in vacuum for 1 hr at 420~ at a pressure of 
10 -e  Torr. The film thickness decreased from 27.5 to 
23.5A, indicating that  heat ing in vacuum under  these 
conditions does not produce effective cleaning of the 
sample. 

The film thickness increases when  clean gall ium 
arsenide samples are exposed to air. Data from two 
"Syton" polished samples cleaned with concentrated 
hydrochloric acid and rinsed with methanol  are given 
in Fig. 3. As in  the case of silicon and germanium (1), 
the thickness is a logarithmic function of t ime over 
much of the growth period. The slope of the curve is 
7.2A/decade which compares with 6.8 and 8.1A/decade 
for silicon and germanium, respectively (1). After 
several days, a l imit ing thickness of about 30A is 
reached. 

Schottky diodes.--Data from Schottky diode experi-  
ments  are given in  Fig. 4-7. The samples are all n - type  
epitaxial layers with carriers concentrat ions of about 
5 • 1015 cm-S grown on n + substrates wi th  a (100) 
orientation. The forward current -vol tage  characteris-  
tics for diodes made by evaporat ing a gold-germanium 
alloy on two parts of the same sample are shown in 
Fig. 4. Schottky diodes were made on E599A im- 
mediately after the epitaxial deposition; no cleaning 
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Fig. 4. Forward bias I-Y characteristics of Schottky diodes de- 
posited on two differently cleaned gallium arsenide surfaces. 

of the sample was performed and  a surface film 8.5A 
thick was measured by ellipsometry. However, the 
part  of the sample designated E599B was etched in 
bromine-methanol  solution and given a "pre-epi taxy" 
cleaning before making the diodes, and the remaining  
surface film was 16A thick. The curves show data for 
two diodes on each sample. The forward character-  
istics for both samples follow the classical thermionic 
emission law 

qV 
Jf = Js exp ( ~ - ~ )  

wibh the n factor very close to one (n  ~ 1.01). The 
electronic barr ier  height, calculated by extrapolat ing 
the current  to zero bias, is 0.58 eV for the freshly 
grown epitaxy and is 0.65 eV for the cleaned sample. 

The reverse characteristics given in Fig. 5, are even 
more interesting. As in the case of the forward bias, 
the current  for the freshly grown surface is about ten 
times higher than for the treated surface. Also for 
both samples, log Jr is proportional to the square root 
to the voltage (Fig. 6), as expected from the in ter-  
facial t ransi t ion layer theory (16, 17). According to 
this theory, the slopes of the curves in  Fig. 6 are given 
by 

( 2eND 
slope 

where ND is the donor concentration, es is the semi- 
conductor dielectric constant, and ~ is a proport ional-  
ity constant  that  depends on the thickness and di- 
electric constant  of the surface film and on the surface 
states density and dielectric constant of the semicon- 
ductor. The values of ~, obtained from the slopes of 
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Fig. 6. Log reverse current vs. the square root of the reverse 
voltage for the same Schottky diodes as in Fig. 4. 

the curves in Fig. 6 are 34 and 55A for E599A and 
E599B, respectively. 

The effects of surface preparat ion on the reverse 
characteristics of the Schottky diodes are fur ther  il- 
lustrated in Fig. 7. This figure shows the reverse cur -  
rent-vol tage characteristics for diodes made on six 
pieces of the same sample; each piece having been 
subjected to a different cleaning or storage procedure. 
The part icular  procedure used, the film thickness as 
determined by  ellipsometry, and the proport ionali ty 
constant, a, are listed in Table V. The reported film 
thicknesses are average values for samples which have 
been given the same t reatments  as listed in  Table V. 
As the film thickness increases, the value of a increases 
and the reverse current  decreases. The reverse cur ren t  
reaches a m i n i mum for samples 4 and 5 with film 
thicknesses of 35-45A and with values of ~ near  55A. 
A further  increase in film thickness causes the reverse 
current  to increase and a cannot be measured be- 
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parts of the same sample cleaned by different procedures. 

cause log Jr is no longer proportional to the square 
root of the voltage. 

These experiments indicate that the electronic bar-  
rier height is a funct ion of the thickness of the in ter -  
facial film between the metal  and the semiconductor. 
This subject will  be discussed in another paper. These 
e x p e r i m e n t s  a lso  i n d i c a t e  a c o r r e l a t i o n  b e t w e e n  t h e  
f i lm t h i c k n e s s  a n d  t h e  r e v e r s e  b ias  p r o p o r t i o n a l i t y  
c o n s t a n t ,  a. 

A c c o r d i n g  to t h e  i n t e r r a c i a l  l a y e r  t h e o r y  (17) ,  t h e  
p r o p o r t i o n a l i t y  f a c to r  is r e l a t e d  to t h e  f i lm t h i c k n e s s  
b y  

ES 

ei/di + 2qDs 

where ei and di are the dielectric constant  and the 
thickness of the film, Ds is the density of surface states, 
a n d  q is t h e  e l e c t ron i c  c h a r g e .  T h e  v a l u e s  of  a as  a 
f u n c t i o n  of  di a r e  p l o t t e d  in  Fig.  8 u s i n g  Ds as  a p a -  
r a m e t e r  a n d  a s s u m i n g  e~ ~ eo. T h e  t h e o r y  is s u c c e s s f u l  
i n  p r e d i c t i n g  t h e  m a g n i t u d e  of ~ a n d  a l so  t h e  v a r i a t i o n  
of ~ w i t h  f i lm t h i c k n e s s .  F r o m  th i s  c u r v e  a m e a n  
d e n s i t y  of  s u r f a c e  s t a t e s  of  5 • 10 ~2 c m - 2  e V - 1  is 
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Table V. Film thickness and proportionality constant, c~, for 
Schottky diodes on gallium arsenide 

Sample Film thick- 
No. Surface preparation ness, A Alpha, A 

I03, 
80C 
60C 

40C 

20G 

r 

<~ 
IOCr 

6C 

40 

Ic 

TENTATIVE FIT TO SURFACE LAYER 

~ = r I DS = ]0  I0 

~ 1012 ~ 

~ ~ ' - - - - - - ~ "  2X1012 

~/ y 4 X IO 12 

6XlO 12 ..,....-~o o o 

8 X 1012 

I0 20 30 40 50 60 70 
SURFACE LAYER THICKNESS (~) 

Fig. 8. Comparison between experimental and theoretical values 
of the reverse bias proportionality factor, a, as a function of film 
thickness with the surface-states density, Ds, expressed in cm - 2  
eV-1.  

deduced. The scatter of the data may be due to dif- 
ferent cleaning procedures leaving films of slightly 
different chemical composition and giving a different 
dielectric constant and different density of states at 
the semiconductor surface. Still, these results s trongly 
s u p p o r t  t h e  i n t e r f a c i a l  l a y e r  t h e o r y .  

Th ick  f i l m s . ~ T h e  u s e  of e l l i p s o m e t r y  to m e a s u r e  t h e  
t h i c k n e s s  a n d  r e f r a c t i v e  i n d e x  of  t h i c k  t r a n s p a r e n t  
f i lms  is w e l l  e s t a b l i s h e d  (18) .  T h e  m e t h o d  is b a s e d  
on  t h e  f a c t  t h a t  fo r  a g i v e n  s u b s t r a t e  psi  a n d  d e l t a  a r e  
d e t e r m i n e d  by  t h e  r e f r a c t i v e  i n d e x  a n d  t h i c k n e s s  o f  
t h e  fi lm. P l o t s  of  d e l t a  vs. ps i  fo r  f i lms  of c o n s t a n t  r e -  
f r a c t i v e  i n d e x  a n d  i n c r e a s i n g  t h i c k n e s s  a r e  g i v e n  in  
Fig.  9. T h e  c u r v e s  a r e  t h e  loci  of  p o i n t s  g e n e r a t e d  b y  
i n c r e a s i n g  t h e  f i lm t h i c k n e s s  w h i l e  k e e p i n g  t h e  f i lm 
r e f r a c t i v e  i n d e x  c o n s t a n t .  C u r v e s  a r e  s h o w n  fo r  r e -  
f r a c t i v e  i nd i c e s  b e t w e e n  1.1 a n d  3.5; c u r v e s  of  c o n -  
s t a n t  p h a s e  sh i f t ,  6, a r e  s h o w n  a s  d a s h e d  l ines .  T h e  
p h a s e  s h i f t  is  r e l a t e d  to t h e  f i lm t h i c k n e s s  b y  

UJ 

6 No cleaning 57 Not mea- 
sureable 

5 "Pre-epitaxy" cleaning,(~) 44 57 
stored in "Cobehn"(c) 

4 Acetone rinse 34 52 57 (=) 
3 "Pre-epitaxy" cleaning(~) 16 37 
2 "Pre-epitaxy" cleaning,(b) 12 34 

stored in hydrogen 
1 "Evaporation" cleaning(x) II 30 

(a) Measurements made on two samples. 
(~) Samples are heated in acetone, Cohehn, and then methanol; 

cleaned with hydrochloric acid and rinsed with methanol; etched 
with dilute sulfuric acid and rinsed with methanol; stored in meth- 
anol. 

(r Cobehn is produced by Cobehn, Incorporated, Fairfield, New 
Jersey. 

(d) Samples are heated in trichlorethylene and then in ethanol; 
dipped in hydrofluoric acid; dried with nitrogen. 

) 

PSI, DEGREES 

Fig. 9. Delta vs. psi for transparent films with refractive indices, 
nl, between 1.1 and 3.5 on gallium arsenide substrates. The curves 
are calculated for n2 = 4.050, k2 ----- 0.304, ~. = 5461.&, and 
r - -  70.00 o. 
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360 
: d (h i  2 -- sin 2 #) 1/2 

where ~ is the vacuum wavelength of the incident 
light, d is the film thickness, n l  is the film refractive 
index, and ~ is the angle of incidence. The curves in 
Fig. 9 are quite similar to the curves given by Zain in-  
ger and Revesz (19). The differences are due to the 
slightly different values used for the optical constants 
of the gall ium arsenide substrate. 

The curves for all values of the film refractive in-  
dex pass through a common origin. Consequently, the 
refractive index of the film cannot be determined if 
the film thickness is such as to give a value of 5 near  
0 ~ or 180 ~ The most accurate values for the film re- 
fractive index are obtained when 5 is near 90 ~ 

We have made measurements  to determine the 
thickness and refractive index of a luminum oxide films 
formed by the reactive evaporation of a luminum in a 
water vapor atmosphere (20) onto gal l ium arsenide 
substrates. The results for annealed samples are given 
in Table VI. The values of 5 are all near  90 ~ thus we 
expect high precision in the values for the film thick- 
ness and the refractive index. The thicknesses as 
measured by the Talysurf  and the ell ipsometer fall 
within the uncer ta in ty  of the Talysurf  measurement  
for samples which have been annealed. The refractive 
indices of the annealed samples increase with annea l -  
ing t ime and anneal ing temperature.  This is the ex- 
pected t rend if the films are losing water  dur ing the 
annealing.  The reported refractive indices at 5892A 
for A1203"3H20, A1203-H20, and A1203 are 1.58, 1.62, 
and 1.77, respectively (21). The slightly anomalous 
values for the refractive index and the thickness of 
unannea led  samples are not completely understood. 
The freshly deposited films may contain small  amounts  
of e lementa l  a luminum which cause the film to be 
absorbing. Since our analysis of the data assumes that 
the film is nonabsorbing,  the reported values for the 
refractive index and the thickness wil l  be in error if 
free a luminum is present. The a luminum may be con- 
verted to a luminum oxide by reaction with water  
dur ing the annealing.  

Discussion and Summary 
The ellipsometric data from the polished samples 

have been interpreted in terms of a simple optical 
model in which the values for the real par t  of the 
refractive index of the gall ium arsenide and the 
thickness of the surface film are obtained by assuming 
that the film refractive index is 1.9 and that the com- 
plex part  of the gal l ium arsenide refractive index is 
0.304. The optical constants at a wavelength  of 4375A 
have been calculated by correcting the ellipsometric 
data at this wavelength for the presence of the surface 
film. The values of these optical constants have been 
used to investigate the polishing of the gal l ium arse- 
nide. The ellipsometric technique is expected to be 
sensitive to variat ions in the gall ium arsenide surfaces 
because the light penetrates only a very small  distance 
into the sample. Thus the optical constants are meas- 
ured for gall ium arsenide at or near  the surface ra ther  
than  for the bulk  gal l ium arsenide. The penetra t ion 
depth can be defined as 

Table VI. Firm thickness and refractive index for aluminum 
oxide films on gallium arsenide 

A n n e a l i n g  R e f r a c t i v e  F i l m  t h i c k n e s s ,  A 
t r e a t m e n t  De l t a ,  ~ i n d e x  E l l i p s o m e t r y  T a l y s u r i  

As  d e p o s i t e d  114.8 1.610 3420 3000 
500~ 1 h r  85.8 1.571 3210 3300 
600~ 1 h r  93.9  1.590 3250 3230 
700~ 1 h r  110.0 1.720 3050 - -  
500~ 2 h r  02.0 1.579 3250 3230 
500~ 64 h r  88 .9  1.586 3200 - -  
600~ 3 h r  97.3 1.627 3170 - -  
A s  d e p o s i t e d  109.0 1.583 5580 5000 
850~ 2 m i n  85.5 1.677 4870 - -  

D = ~/4~k~ 

where ~. is the vacuum wavelength of light and k2 is 
the imaginary  par t  of the gal l ium arsenide refractive 
index (22). The penetra t ion depth will be smallest 
when  the imaginary  part  of the complex refractive 
index is at a maximum. For gal l ium arsenide, a maxi-  
mum occurs near 3900A (5). The penetra t ion depths, 
calculated using the optical constants in Table III, are 
1430 and 290A for wavelengths of 5461 and 4375A, 
respectively. The optical constants reported in Table 
III show no significant variat ion with different polish- 
ing techniques, indicat ing that  the surfaces are the 
same for the three different surface preparations, at 
least for penetra t ion depths of 300A. This s imilari ty 
is not surprising since the three polishing methods are 
all based on the chemical etching of the surface. If a 
mechanical  polishing technique had been used, dif- 
ferences in the optical properties of the surface might  
be observed (23, 24). 

The optical constants reported in Table III are in 
good agreement  with the values reported in the l i tera-  
ture  (5, 7, 11). However, the value of n2 at 5461A is 
higher than the value reported by Zaininger  and 
Revesz (n2 --: 3.923) who also used ellipsometric meas- 
urements  (19). The difference may result  because of 
different surface preparations on different crystallo- 
graphic orientations. Zaininger  and Revesz made meas- 
urements  on the (110) orientation; they state that the 
( l l i )  and (100) orientations give slightly different 
results, but  no data are reported. This possible dif- 
ference should be studied in more detail. 

Cleaning techniques have been evaluated by meas- 
ur ing the thickness of the surface film. On this basis, 
the cleanest surface observed has about 8A of film. 
This is near ly  the same thickness that  is reported for 
etched gal l ium arsenide (19) and probably represents 
between one and two monolayers  of oxide. This film 
slowly grows due to air oxidation and reaches a maxi-  
mum thickness of 30A. 

Alfano has also evaluated the cleaning of gal l ium 
arsenide by ellipsometry (25). However, he used the 
value of delta as a measure of the cleaning rather  
than actually calculating the film thickness. It  is im-  
possible to compare his data with ours because his 
angle of incidence is not specified. 

The Schottky diode measurements  indicate that the 
reverse current-vol tage characteristics are very sensi- 
tive to surface preparation. In  addition, there is a cor- 
relat ion between the thickness of the film that  remains  
after the different surface t reatments  and the alpha 
factor obtained from the slope of log Jr vs. the square 
root of the voltage. Such a correlation is predicted 
by the interfacial t ransi t ion layer  model (16, 17). 

Finally,  the use of ell ipsometry to measure the 
thickness and the refractive index of deposited t rans-  
parent  films on gall ium arsenide substrates has been 
demonstrated. High precision in  these measurements  
can be obtained by sui tably choosing the thickness and 
the angle of incidence so that  the phase shift, 8, is 
near  90 ~ . This technique should be par t icular ly  useful 
in the future  for s tudying the properties of insulat ing 
films on gal l ium arsenide. 
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The Effect of Dislocation Density on the Diffusion of Gold 
in Thin Silicon Slices 

F. A. Hunfley 1 and A. F. W. Willoughby 

Engineering Materials Laboratories, The University, Southampton, United Kingdom 

ABSTRACT 

The effect of dislocation density on the diffusion of gold in thin silicon 
slices has been investigated. Precision grinding together with 7-scintillation 
counting was used to measure concentration profiles of 198Au diffused, over 
a temperature range 900~176 into thin slices of both high-and low-dislo- 
cation density silicon crystals. U-shaped gold concentration profiles as ob- 
served by previous workers were obtained in all cases. Significant differences 
were observed between diffusion profiles in slices which had different initial 
dislocation content, but had undergone identical diffusion processing. This 
effect of dislocation density on gold diffusion is strong evidence to support the 
dissociative mechanism for gold diffusion in silicon. The differences between 
diffusion profiles in high- and low-dislocation density material are interpreted 
by means of a model in which vacancy generation occurs at climbing grown-in 
dislocations, but it is concluded that this may not be the only process deter- 
mining  the ra te  of gold up take  in thin slices. 

Considerable  in teres t  has been shown in recent  years  
in the diffusion of gold in silicon. This in teres t  has 
ar isen both from the needs of silicon device technology, 
and from the genera l  scientific need to t ry  to fill the  
many  gaps in our knowledge  of point  defects and im-  
pu r i ty  diffusion in silicon. 

Evidence tha t  gold diffuses in silicon by  the disso- 
ciat ive mechanism, first developed by  F r a n k  and Turn-  
bul l  (1) for copper diffusion in germanium,  was p ro -  
vided by the studies of Wilcox and LaChappe l le  (2). 
The dissociat ive mechanism involves the  fast in ters t i -  
t ia l  diffusion of the e lement  in quest ion accompanied 
by  the t rans i t ion  of in te rs t i t i a l  a toms into subs t i tu-  
t ional  sites by  annihi la t ing  lat t ice vacancies. Since this 
should cause the  vacancy concentra t ion to drop and 
hence may  cause vacancy genera t ion  at  dislocations 
and other  la t t ice  defects, the evidence that  the  diffu- 
sion of copper in ge rmanium is h ighly  sensit ive to the 
dislocation densi ty  (1) is perhaps  the s t rongest  evi-  
dence in suppor t  of the dissociat ive mechanism in this 
case. However,  unambiguous  evidence on this poin t  
has not ye t  been publ ished for gold diffusion in silicon, 

1 P r e s e n t  address :  Ins t i tu t  ffir Phys ik ,  M a x - P l a n c k - I n s t i t u t  f i ir  
Meta l l fo rschung ,  7 S t u t t g a r t  1, Azenbergs t r .  12, G e r m a n y .  

K e y  words: dislocation density,  v a c a n c y  genera t ion ,  nonequ i l ib -  
r i u m  dissociative diffusion. 

al though there  is evidence tha t  gold diffusion causes 
vacancy  genera t ion  at  g rown- in  dislocations (3, 4). A 
s tudy of the effect of dislocation densi ty  on gold diffu- 
sion in silicon is thus an essential  exper iment  to test  
the  va l id i ty  of the  dissociative mechanism for this 
system, and offers the  poss ibi l i ty  of ga ther ing  infor-  
mat ion  about  la t t ice vacancies in silicon. 

There are  two previous  reports ,  by  Yoshida and 
Saito (5) and L a m b e r t  (16), of exper iments  to de te r -  
mine the  effect of dislocation densi ty  on gold diffusion 
in silicon. In  ne i ther  of these studies were  gold con- 
cent ra t ion  profiles measured.  Yoshida and Saito (5) 
measured  average  diffused gold concentra t ion in slices 
of silicon crysta ls  grown by four different  techniques 
which they  cal led float zoned (FZ) ,  f loat-zoned defect  
free (FZDF) ,  pu l led  (CZ), and pu l l ed-defec t  free 
(CZDF).  Smal l  differences were  seen be tween  central  
concentrat ions  of gold, which was diffused into slices 
of the four different  mate r ia l s  for the same t imes and 
at the same temperatures .  However ,  differences were  
also seen be tween  cent ra l  concentrat ions of gold, in 
slices of the same mate r i a l  but  of different  thicknesses,  
diffused for the same t ime at  the  same tempera ture .  
This suggests tha t  the gold profiles in the  cent ra l  par t s  
of a t  least  some of the  specimens used to de te rmine  
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the gold concentrations were not flat, as had been as- 
sumed on the basis of the work of Mart in  et al. (7) 
and Sprokel and Fairfield (8). Differences in the gold 
concentrations, due to the different defect s tructures of 
the specimens, might  therefore have been masked by 
apparent  concentrat ion differences due to concentra-  
tion gradients. Lamber t  (6) has obtained a l imited 
number  of results from experiments  similar to those 
to be described here. However, as in the work of Yo- 
shida and Saito, only average gold concentrat ions were 
measured, by counting large parts of the specimens 
after neu t ron  activation. 

The experiments  reported here are an at tempt  to de-  
termine the effect of init ial  dislocation density on pro- 
files of gold diffused into silicon, and were designed 
to test the results of a previously published theory (9) 
in which vacancy ~eneration during gold diffusion was 
assumed to take place at jogs on cl imbing dislocations. 

Methods 
Disk-shaped slices of between 400 and 480 ~m thick 

and 2.5 cm in diameter were cut from two silicon crys- 
tals. Both crystals were N-type, phosphorous-doped, 
(111) orientation, and of resistivity between 6 and 10 
ohm-cm. One crystal had been grown by the float- 
zone process and had a fairly high dislocation density 
(EPD ~104 cm-2) .  The other crystal  was of the Mon-X 
type (Monsanto Chemicals Limited) and had been 
grown by a process that yields crystals with a low 
oxygen content  (as for FZ crystals) but  with a near  
zero density of g rown- in  dislocations as measured by 
etch-pit  techniques, and x - ray  topography. The FZ 
slices were lapped flat on both sides, and then polished 
on one face with a combined chemical /mechanical  
polish. In  order to preserve their init ial  perfection the 
slices of Mon-X crystals were not lapped after sawing, 
but  were heavily etched, removing about 25 ~m from 
each face. One face was then polished by a combined 
chemical /mechanical  tehnique. X- r ay  topographs of 
such as-polished slices indicated that the perfection 
of the start ing crystal had been well  preserved. 

A thin film diffusion source of mSAu, a few hundred  
Angstroms thick, was vacuum evaporated on the un -  
polished face of the slices. The ~gSAu was obtained by 
the thermal  neut ron  activation of spectroscopically 
pure metallic gold (the i rradiat ion was carried out at 
the Isotope Product ion Unit, A.E.R.E., Harwell) .  For 
diffusion, the slices were taken directly from the 
evaporator and placed horizontally on a fiat quartz 
boat, with the gold-evaporated side underneath,  and 
diffused in a horizontal, open- tube furnace. After  dif- 
fusion, the slices were quenched by removing them 
rapidly from the furnace into a quartz t ransfer  tube. 
A flow of dry ni t rogen was main ta ined  over the slices 
dur ing diffusion and quenching. 

As a precaution against possible edge effects, a 
disk of about 1 cm diameter  was cut from the center  
of each slice for the determinat ion of the gold concen- 
t rat ion profile. This disk was mounted on the plug of a 
microgrinding jig for the lapping of the polished face 
of the specimen. This face was aligned parallel  to the 
lapping surface by an optical interference technique 
by using the micrometer adjustments  on the jig feet. 
Successive sections of between I and 20 gm thick were 
then lapped from the specimen, start ing at the polished 
front face, and proceeding through the specimen, 
towards the rear face on which the gold diffusion 
source had been evaporated. The grindings were col- 
lected and assayed for 19SAu using v-scinti l lat ion count-  
ing. Careful cleaning of the jig and specimen was 
necessary between the cutt ing of each section in  order 
to prevent  cross contamination.  The thicknesses of the 
removed layers were measured directly to an accuracy 
of _+ 0.25 gm using an inductance probe, taking the 
back surface of the gr inding jig plug as a reference 
surface for each measurement .  

In  order to determine the specific activity of the 
19SAu, a known weight of the gold from each i r radia-  
t ion was dissolved in  aqua regia. The specific activity 

was calculated from the scinti l lation count-ra tes  of 
sui tably diluted aliquots of this solution. 

The gold concentrat ion in each section was then 
computed from the section thickness, the specimen 
area, the scint i l lat ion counter  data and the specific 
activity of the mSAu. Concentrat ion profiles were then 
plotted from these data. 

The only data in which large errors are suspected 
are those obtained within  50 gm of the rear  (gold-de- 
posited) surface of each slice, where concentrat ions 
apparent ly  exceeded the max imum solubili ty limit. 
The high concentrat ions are thought to be largely an 
artifact of the sectioning technique. When the remain-  
ing specimen had a thickness ot only about 50 ~m the 
mechanical  lapping process began to cause chipping 
round the per iphery of the slice. Consequent contami-  
nat ion of the removed section with part  of the evapo- 
rated gold film from the rear  of the slice apparent ly  
caused erroneously high gold concentrat ions to be mea-  
sured. 

Results 
In  order to make a comparison of gold diffusion in 

thin slices of different dislocation content, slices of 
both FZ and Mon-X crystals (high- and low-disloca- 
tion density respectively) were gold diffused for ap- 
proximately  10, 40, 100, and 400 min at each of four 
temperatures,  900 ~ 1000 ~ 1100 ~ and 1200~ The 
families of concentrat ion profiles are shown in Fig. 
1 to 8. Both before and after diffusion the defect s truc-  
ture of the slices was investigated using both x - ray  
topography, and infrared microscopy following copper 
decoration. Figure 9 shows an x - ray  topograph of a 
FZ slice after gold diffusion, reveal ing a density of 
p _~ 3 X 104 cm -2 of dislocations fairly uni formly dis- 
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t r ibuted in the slice, and  showing no evidence of gross 
cl imb of the grown in dislocations, such as helix for- 
mation, etc. No difference was obvious between topo- 
graphs of FZ slices taken before and after gold. diffu- 
sion. X- ray  topographs of the Mon-X slices both be- 
fore and after gold diffusion were featureless. How- 
ever, Sirtl  etching of the Mon-X slices before gold 
diffusion revealed roughly spiral striations of etch-pits. 
After copper diffusion (15 rain at 1000~ both topog- 
raphy and infrared microscopy revealed copper pre-  
cipitates with the same striated distr ibution as the 
etch-pits (Fig. 1O). Similar  results have been presented 
by de Kock (10), who suggested that  the cause of the 
etch-pits and the sites of nucleat ion of the copper pre-  
cipitates were vacancy clusters, perhaps stabilized by 
complexing with oxygen atoms. After  gold diffusion, 
changes in the form of the copper precipitates were 
observed, as discussed below. 

The form of the thin slice pro#les.--Despite differ- 
ences in the profiles for the two types of mater ial  
which are discussed below, the profiles shown in Fig. 
1 to 8 are all U-shaped and are similar to those seen 
by previous workers (7, 8) and to the theoretical pro- 
files obtained in  our earl ier  work (9). This over-al l  
U shape has been discussed in a previous paper by 
the present  authors (11), in  which it was pointed out 
that the rise, or " t ip-up" in  gold concentrat ion at the 
surface towards which the gold was diffused, as well 
as that on which the gold was deposited, had been ob- 
served under  a variety of conditions (7, 8, 12-14). 
Earlier work of the authors (11) has shown that, 
while rapid surface diffusion of gold on silicon cer- 
ta in ly  does take place on polished or lapped silicon 
surfaces, surface diffusion is l ikely to be only a con- 

t r ibutory  cause of this front surface " t ip-up" phe- 
nomenon in  oxidized silicon slices. Assuming that  gold 
diffuses by the dissociative mechanism, the following 
three types of process could lead to a "t ip-up":  

(i) A near  surface effect over a region much less 
than 1 ~m from the surface. In  this group are surface 
reactions, absorption effects, interface effects (at Si /  
SiOa interface).  Concentrat ions of gold, in "t ip-up" 
regions in this category, may  exceed the solid solubil-  
i ty limit. 

(ii) A bulk effect extending a few tens of microns 
from the surface, caused by vacancy diffusion from the 
surface in regions saturated with interst i t ial  gold. 
Gold concentrat ions in these cases should not exceed 
the solid solubility limit. 

(i//) A bulk  effect in  regions not saturated with in-  
terst i t ial  gold, caused by the t rue  dissociative diffusion 
of vacancies and gold from the crystal surface. In  this 
case the gold would be transported to the front surface 
solely by surface diffusion. Concentrat ions of gold in  
the "t ip-up" regions caused by this effect should not 
exceed the solid solubili ty limit. 

In  the present investigation unoxidized slices were 
used and it is thus impossible to rule out conclusivel~ 
mechanism (i//), as a contr ibutory cause of the "tip- 
up" extending over tens of microns. Whether (iii) or 
(ii) is dominant  depends on whether  interst i t ial  diffu- 
sion produces saturat ion before or after surface diffu- 
sion produces an effective source on the front surface. 
The data available at present is inadequate to make a 
clear conclusion on this point. In  the case of profiles 
obtained for diffusion in thick (1 era) silicon speci- 
mens, however, which also show a " t ip-up" near  the 
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front surface (15), the rise is thought  to be due pri-  
mari ly  to surface diffusion, since the conditions used 
make it unl ikely  that  full  sa turat ion with interst i t ial  
gold occurred. 

The efIect of dislocation density on the profile shape. 
- -A l though  an over-al l  U-shape of the profiles was 
found in all  cases, there were noticeable differences in 
the profile shapes for the two types of crystal. The 
Mon-X profiles were consistently more rounded than 
the FZ profiles, which had very fiat central  regions, as 
may be seen by comparing, for example, Fig. 5 and 6. 

These differences can be explained qual i ta t ively on 
the dissociative diffusion model assuming that, in most 
cases, the slices are saturated with interst i t ial  gold 
more rapidly than with the vacancies, and hence that  
the gold concentrat ion is controlled pr imar i ly  by the 
vacancy concentration. (This assumption is obviously 
not good in all cases, and will be discussed fur ther  
below.) If vacancy generat ion from cl imbing disloca- 
tions occurs in  the center  of the FZ slices, the vacan-  
cies diffusing from the surface wil l  make a smaller 
relative contr ibution to the total vacancy concentrat ion 
in this mater ia l  than in the low dislocation density 
Mon-X mater ial  [cf. Fig. 1 and 2 in Ref. (9) ]. Thus the 
deeper vacancy diffusion profiles in the Mon-X slices 
will  lead, on this model, to more rounded gold diffu- 
sion profiles than in the FZ slices. 

The second feature of the profiles worthy of note is 
that some of the profiles for the shortest diffusion times 
(10 min)  are not flat, bu t  show a gradient  away from 
the diffusion source. Again assuming that  interst i t ial  
gold diffusion is more rapid than vacancy diffusion, 
this can be understood if the diffusion time is too 
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Fig. 5. Concentration profiles of gold diffused into FZ silicon 
slices at 1100~ 

short to enable Ci --> Ci' throughout  the whole sample. 
This enables an estimate to be made for D1 if 

~ /Dl . t  ~ 1 (the slice thickness) 

For t = 10 rain, 1 = 450 ~m, a value of D1 = 3 X 10 -6 
cm2/sec is obtained, which agrees well  with that de- 
termined exper imental ly  by Wilcox and LaChappelle 
(2) over the tempera ture  range 900~176 and thus 
reinforces this interpretat ion.  The fact that the con- 
centrat ion gradient  in the central  region was pre-  
dominant ly  seen only in the FZ specimens can be ex- 
plained by the interst i t ial  to subst i tut ional  gold re-  
action not proceeding so fast towards the substi tut ional  
species in the Mon-X, as in the FZ material,  due to 
the lower vacancy generat ion rate in the more perfect 
crystal. The rate of conversion of interst i t ial  to sub- 
st i tut ional  gold might thus be expected to be slower 
in the Mon-X material,  and saturat ion with interst i t ial  
gold to occur faster than  in  the FZ material ,  thus 
removing the gradient. 

Effect o] dislocation densi ty  on central gold concen- 
trat ions.--Figure 11 compares gold concentrat ion pro- 
files in slices of Mon-X and fioat-zoned crystals, 
diffused at 900 ~ 1000 ~ and l l00~ for 40 min. At all 
three temperatures  the central  concentrat ion in the 
float-zoned slices was higher than  in the Mon-X slices. 
Lamber t  (6) has recent ly observed an effect of the 
same direction and similar magni tude for diffusion at 
835~ and although average gold concentrations in 
parts of the slices were measured, ra ther  than concen- 
t rat ion profiles, as in  the present work, these results 
are strong confirmation of the present  trends. These 
consistently observed effects of dislocation density, 
the first direct studies of this parameter  to be re-  
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ported, confirm qual i tat ively the predictions of the 
previously described dislocation climb model (9). The 
results provide strong evidence of the involvement  of 
dislocations in gold diffusion in silicon, and strongly 
support the contention that gold diffuses in  silicon by 
the dissociative mechanism. 

Central gold concentration time dependence.--The 
central  gold concentrations in slices of the two types 
of material,  over the temperature  range 900~176 
are plotted as a function of time from 10 to 400 rain 
in Fig. 12. As discussed above, the concentration in 
the float-zoned material  was higher than in the Mon- 
X mater ia l  in all cases, except for the two longer 
diffusion times at 1200~ In  these lat ter  cases the 
solubility l imit was apparent ly  being approached, 
showing a saturat ion effect as seen in Fig. 7 and 8. 
The solubili ty l imit  is not l ikely to be a function of the 
dislocation density. 

Two lines, labelled K and G, having the same slope 
as two families of theoretical solutions [in the regime 
unaffected by approach to the solubili ty l imit or to 
zero concentrat ion (9)], are also shown in Fig. 12 to 
allow comparison with the observed time dependences. 
The curve labelled K was obtained using the previ-  
ously published dislocation climb model (9) which, 
assuming again that interst i t ial  sa turat ion occurred 
rapidly compared with vacancy diffusion, led to the 
following expression for the time dependence of the 
central  goid concentrat ion 

Cs = Cs' {i -- exp(--2Kt)}I/2 [I] 

[The notation of this expression has been changed 
from the nondimensional form used in the earlier work 
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(9) to the dimensional  form used by Lambert  (6), 
for ease of comparison.] The parameter  K has the 
uni ts  (time) -1 and is a function of the dislocation 
densi ty of the crystal as 

D S d l v . L j . p  
K ---- [2] 

b 2 �9 (C,' + Cv') 

where Dsdlv is the self-diffusion coefficient by a va- 
cancy mechanism, Lj is the jog line density on the 
dislocations, p is the dislocation density, b is the dis- 
location Burgers vector magnitude, and Cs' and Cv' are 
the solubili ty l imits of .substitutional gold and va-  
cancies respectively. 

The previous theoretical work (9) showed that  the 
t ime dependence of the central  concentrat ion under  
conditions of zero generat ion rate would be quite dif- 
ferent  from Eq. [1]. As discussed below however, it is 
extremely unl ikely  that  the Mon-X mater ial  contained 
absolutely zero vacancy generat ing defects, and its 
behavior would thus be expected to conform to Eq. 
[1], as observed. 

The curve labelled G was obtained on the em- 
pirical model of Sturge (16) which assumed that  
vacancy generating sources in the bulk  obeyed first- 
order kinetics, unl ike  dislocations. This gave a time 
dependence of the form 

Cs = C,' {I -- exp ( - -g ' t )  } [3] 

Comparing the exper imental  and theoretical curves 
i n  Fig. 12 it can be seen that  the exper imental  curves 
have gradients  which lie closer to that  of the K curve 
than to that  of the G curve, as do those of Lambert  
(6) and Sprokel and Fairfield (8) shown in Fig. 13, 
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Fig. 10. Transmission x-ray topograph (220 reflection) of an 
Mon-X silicon slice after copper decoration (15 rain diffusion at 
1000~ 
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Fig. 9. Transmission x-ray topograph, (2ZO reflection) of an as- 
polished FZ silicon slice. 

thus supporting the vacancy generat ion model  pro-  
posed in the earl ier  work  (9). The range of values 
shown for the results obtained in this work  at the 

0 0.2 0-4 0.6 0-8 1.0 

Y = X/L  = 

Fig. 11. Concentration profiles of gold diffused into slices of both 
FZ and Mon-X silicon, at 900 ~ 1000 ~ and 1100~ 

shortest diffusion time, indicates the presence of con- 
centrat ion gradients in the central  region. At very  
short diffusion times the slope of the central  concen- 
t rat ion curve  can be expected to increase due  to local 
equi l ibr ium not being established in the I + V .~ S 
reaction. It can be shown (28) that  if the r a t e  of in-  
crease of the central  concentra t ion is l imited b y  the 
react ion ra te  of the I --> S transition, the s lope of the 
central  concentrat ion VS t ime curve should approach 
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tha t  of the  G curve.  This might  cause concentrat ions  
in slices diffused for short  t imes to be low in general ,  
as wel l  as containing concentra t ion gradients  as ex -  
p la ined  above. 

Quantitative test of dislocation climb modeL--Sub- 
s t i tu t ing the  measured  dependence of Cs on t ime into 
Eq. [1], together  wi th  gold so 'ub i l i ty  l imits  (18) for 
C~; enables  values  of K for each t e m p e r a t u r e  and ma-  
te r ia l  type  to be calculated which are  shown in Fig. 14. 

At  a given tempera ture ,  Eq. [2] shows that  K should 
be di rec t ly  p ropor t iona l  to the dislocation densi ty  (as-  
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Fig. 14. Temperature dependence of vacancy generation parameter 
K, as a function of material type. 

suming s imi lar  d is t r ibut ions  of Burgers  vectors, and 
jog densit ies in both mate r ia l s ) .  F igure  14 shows tha t  
the  K values for the  FZ mate r i a l  are a factor  of 2 to 6 
grea te r  than  those for the Mon-X mater ia l .  The rat io  
of K values thus implies  a s imi lar  ra t io  be tween  the 
dislocation densities, i.e., much smal ler  than  the rat io 
of dislocation densit ies of 104:~1 observed by  x - r a y  
topography  before  and af ter  gold diffusion. This d i f -  
ference be tween  the centra l  concentrat ions  found in 
the  h igh-  and low-dis locat ion  densi ty  mate r ia l s  was 
thus consis tent ly  smal ler  for al l  diffusion t empera -  
tures than  that  ant ic ipated  from the measured  disloca-  
t ion dens i ty  difference. I t  is to be expected,  however ,  
that  a large  propor t ion  of g rown- in  dislocat ions do not 
act as efficient vacancy genera tors  due to interact ions  
with impur i t ies  in i t ia ted  dur ing  the high t empe ra tu r e  
crys ta l  g rowth  process. This was confirmed by  the 
x - r a y  topography  s tudy which revea led  l t i t le  evidence 
of gross dislocation cl imb af ter  gold diffusion. 

Whi le  the  rat io  of K values  for the two types  of 
ma te r i a l  can be thus closely re la ted  to the differences 
in dislocation density, the  absolute  magni tude  of the  
K values  ca lcula ted  are  more  difficult to explain,  as 
pointed out  (9), and  discussed (19, 20), previously.  
Subs t i tu t ing  the  measured  values  of K in Eq. [2] 
lead to values of jog spacing of less than  10A which  is 
much smal ler  than  might  be expected using simple 
calculat ions of jog act ivat ion energies,  a lbei t  in this  
nonequi l ib r ium situation. Al though  the value  of Dsdlv 
used in this  calculat ion is subject  to much uncer ta inty ,  
the  t rue  va lue  cannot  be higher  than  the self-diffusion 
coefficient measured  by  t racer  methods;  and the jog 
l ine densi ty  ca lcula ted  using a lower  value  would  be 
even more  unreasonable .  I t  therefore  remains  to ex-  
p la in  a high apparen t  vacancy genera t ion  ra te  in all  
samples, upon which the effect of g rown- in  disloca-  
t ions is apparen t ly  superimposed.  Possible  explanat ions  
of this  appa ren t ly  high background  genera t ion  rate  
are  discussed fu r the r  below. 

Temperature dependence of thin slice di~usion.-- 
Figure  14 shows the ca lcula ted  values  of K plot ted  
against  t empera tu re  for both types  of ma te r i a l  used in 
this  work  and tha t  of Lamber t  (6). Both mate r i a l  types  
indicate  a dist inct  act ivat ion energy  of about  2.11 eV 
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in  the temperature  range of the measurements,  al-  
though there appears to be a discrepancy between the 
absolute values of K determined in this work, and by 
Lambert  (6). If reliable values of the activation energy 
for self-diffusion by a vacancy mechanism were avail-  
able [there is considerable doubt as to whether  the 
dominant  self-diffusion process in silicon is a mono-  
vacancy mechanism (21)] these measured activation 
energies could be used to test the model further,  by 
calculating jog formation energies. At present it is 
sufficient to note that  the activation of the vacancy 
generat ion process appears to be well established [by 
both the cur ren t  work and that of Lamber t  (6)] at 
about 2.11 eV, and that  this is not inconsistent with a 
dislocation climb process. 

Discussion 
In  this work small  but  significant differences in the 

diffusion behavior of gold have been found between 
two silicon crystals having different dislocation con- 
tent. It  must  first be discussed whether these differ- 
ences in diffusion behavior are associated with the 
differences in dislocation content, or whether  other 
differences, such as concentrations of trace elements 
(or even of original gold content) could have been 
responsible. While a l ternat ive explanations seem u n -  
l ikely even on a theoretical basis, perhaps the 
strongest argument  against such al ternatives is the re- 
markable  agreement  between the present work and 
that  of Lamber t  (6) since it is extremely unl ikely  that 
both studies would have used crystals with identical 
trace element  concentrations. 

Perhaps the most severe handicap in in terpre t ing 
the results of this work has been the lack of data 
concerning self-diffusion mechanisms and the proper-  
ties of nat ive  defects in silicon. It has been seen that, 
even for quali tat ive explanations of dislocation density 
effects, the relat ive diffusion rates of vacancies and 
interst i t ial  gold atoms really need to be known. It 
must  be pointed out, therefore, that the more quant i -  
tative explanat ions suggested in this paper are very 
tentative, and await  firm data on vacancy diffusion 
and concentrations for conclusive tests of the models. 

With these reservations it can be concluded that the 
positive effects of dislocation density afford strong 
evidence in favor of the dissociative mechanism for 
gold diffusion in silicon. It has been seen, however, 
that certain quant i ta t ive  correlations with a dislocation 
climb model are not fully satisfactory. It is possible 
that the climb model assumed previously (9) is not 
appropriate to this part icular  nonequi l ibr ium situa- 
tion. Even with the assumption that it is appropriate, 
an explanat ion is needed for the apparent  high vacancy 
generat ion rate. 

The possibility that vacancy generat ion at disloca- 
tions in the bu lk  is only a secondary ra te -de termining  
process cannot be ruled out, and the p r imary  process 
might be one of a number  of other processes, e.g., 
vacancy diffusion from bulk sources, in ters t i t ia l -sub-  
st i tut ional  gold t ransi t ion etc. The t ime-dependence 
behavior would appear to rule out the lat ter  in te rpre-  
tation, but  all a l ternat ives cannot be dismissed. 

Since the rapid penetrat ion of the dissociative im- 
pur i ty  cannot be ascribed to dislocation-pipe diffu- 
sion [the necessary flux per dislocation appears to be 
unreasonably  high, see F rank  and Turnbu l l  (1)] it 
seems unl ikely  that  the measured dislocation-density 
effect is due to pipe diffusion. Further ,  a much more 
dramatic difference than has been observed would be 
expected between the diffusion profiles in the two 
materials,  if dislocation pipe diffusion played a signifi- 
cant role. While it has been concluded from this work 
that there must  be a significant concentrat ion of va-  
cancy generat ion sources in  the Mon-X material,  there 
is certainly no dislocation network runn ing  through the 
whole specimen thickness as in the FZ material.  Since 
there can, therefore, be no pipe diffusion in the Mon-X 
material,  if pipe diffusion does take place in the FZ 
specimens a stronger asymmetry  in the FZ profiles 

would be expected, as well  as a greater difference in  
absolute magni tude of the diffusion profiles in the two 
materials. Such an effect was not observed, and hence 
dislocation pipe diffusion can be dismissed. 

The only comprehensive in terpre ta t ion in  terms of 
dislocations alone must  assume the presence of a large 
density of dislocations which were not detected by 
x - ray  topography. As discussed above, there was some 
indirect evidence for defects in the Mon-X material,  
which have been suggested to be vacancy clusters 
(10), formed perhaps dur ing the post-growth cooling 
of low dislocation density silicon crystals (22) due to 
the lack of vacancy sinks in the bulk. 

It has been proposed that, dur ing the h igh- tempera-  
ture anneals, vacancy clusters collapse to form ex- 
trinsic stacking faults surrounded by sessile disloca- 
t ion loops. Such defects have been reported (23-26) in  
silicon which has been diffused with gold or plat inum. 
In  each case it has been proposed that  the observed 
loops, up to a few hundred  microns in diameter, have 
arisen as a result  of the growth of similar, bu t  much 
smaller loops. Diffraction contrast studies, and double 
crystal topographs of the stacking faults indicate that 
they are extrinsic (23, 26), i.e., will grow if they emit 
vacancies. The growth of such loops is therefore con- 
sistent with the demand for vacancies caused by dis- 
sociative diffusion. 

It  thus seems possible that the effect of ini t ial  dis- 
location density is apparent ly  so small  because sig- 
nificant vacancy generat ion takes place at dislocation 
loops, as described above. In  addition to the direct 
evidence obtained by Iizuka (23), the present  copper 
decoration studies also imply that  copper precipitat ion 
nucleat ion sites are influenced by gold diffusion and 
are thus involved in the gold diffusion process. The 
copper precipitates observed in Mon-X slices before 
gold diffusion were in the form of complete, or part ial  
s ix-point  stars, as have been previously observed by 
other workers [for example Dale (27), and by Fier-  
mans  and Vennik  (28-30)]. An example of the com- 
plete star shape can be seen in Fig. 15 (labelled 1). 
In  fact Fig. 15 is a micrograph of precipitates in gold 
diffused Mon-X. The other two precipitates (labelled 
2 and 3) in this figure are examples of types found 
only after gold diffusion, and which have a more 
shadowy planar  form than  the star precipitates. The 
precipitate labelled 2 would appear to be a derivative 
of the star form, while the precipitate labelled 3 ap- 
pears to be more like a hexagonal loop. This evidence 

Fig. 15. Enlarged IR micrograph of copper precipitates in gold 
diffused Mon-X silicon slice. 
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is, however,  h ighly  indirect ,  as there  is no evidence 
that  the geomet ry  of the  observed copper precipi ta tes  
bears  any  fixed re la t ionship to the s t ructure  of the 
nucleat ing defect. 

Agains t  this  dislocation loop model  it  must  be 
pointed out that  no evidence for such loops was seen 
in f loa t -zoned material ,  and since the equivalent  dis-  
location dens i ty  in the loops must  be grea ter  than  the 
g rown- in  densi ty  i t  seems surpr is ing  that  no loops 
were  seen by  x - r a y  topography  af ter  gold diffusion. 
At  present ,  therefore,  vacancy generat ion at c l imbing 
dislocations cannot  be conclusively es tabl ished as the 
only r a t e -de t e rmin ing  process. Detai led explana t ion  
awai ts  more  da ta  on intr insic  defects in silicon and on 
the in teract ion of impur i t ies  wi th  dislocations and 
point  defects. 

Conclusions 
1. The dislocation densi ty  of thin silicon slices af-  

fects both the profile shape and the concentrat ion of 
gold diffused f rom one face. 

2. This smal l  but  significant effect of dislocation 
densi ty  on gold diffusion is strong evidence to support  
the  dissociat ive mechanism for gold diffusion in silicon. 

3. The differences be tween diffusion profiles in high 
and low dislocation densi ty  mate r ia l  are  sat isfactor i ly  
expla ined  by  a model  in which vacancy generat ion 
occurs at c l imbing dislocations. 

4. Vacancy genera t ion  at  c l imbing g rown- in  dis-  
locations is not the only process de te rmining  the ra te  
of gold up take  in the  th in  slices s tudied in this work.  
Other  processes, such as the growth  of diffusion-in-  
duced loops, a re  suggested to account for the  results.  
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ABSTRACT 

The s teady-sta te  d-c conduction propert ies  of silicon nitr ide films in the 
range of 50-100A are reported. The nitride films were  formed by vapor  dep- 
osition on degenerate  silicon substrates using the s i lane-ammonia  reaction. 
The temperature,  thickness, and field dependence of current  indicates that  a 
transi t ion in current  mechanisms occurs at a film thickness of approximate ly  
80A. Below this film thickness, the current  is character ized by low tempera tu re  
dependence and large thickness dependence. At film thickness above this value, 
the current  is proport ional  to exp [~Vl/2]. 

Due to their  importance in the semiconductor in-  
dustry, the electr ical  and physical propert ies of th in-  
film insulators have received considerable at tention in 
the l i terature.  Extensive studies have been made con- 
cerning the electrical characterist ics (mostly conduc- 
tion properties) of these insulators. Previous  works 
have established that  current  in thin insulating films is 
due to ei ther  a the rmal  or a tunnel ing mechanism 
which can be fur ther  divided into a bulk-l imited,  or an 
e lect rode- l imi ted process. 

In the case where  the insulator is ve ry  thin, i.e., less 
than 50A, several  authors have found direct tunnel ing 
to be the dominant  conduction mechanism either for 
MIM (1, 2) or MIS (3, 4) devices. For  films above 200- 
300A thick, it has been found (5, 6) that  the conduction 
mechanism is a Poo le -Frenke l  emission at high fields 
and temperatures.  However ,  the range of thicknesses 
between 50 and 200A has not received much at tent ion 
in the l i terature.  At  some thickness in this range, a 
transit ion f rom a bulk-control led  to an e lect rode-con-  
t rol led mechanism occurs. The purpose of this work  
has been to study this t ransi t ion in a vapor-deposi ted  
film of silicon nitride. 

Experimental Procedure 
The silicon nitr ide films were  deposited by chemical  

vapor deposition techniques (7) on degenerate  p-  and 
n- type  silicon substrates. The substrates were  polished, 
cleaned, degreased, and etched in concentra ted HF 
prior  to deposition of the films. A deposition rate  of 
40-60A/min was used with  a silane to ammonia  ratio of 
10-100 cm3/min in 500 cm3/min of hydrogen at a tem-  
pera ture  of 650~ Af te r  deposition, a luminum dots of 
2 mm diameter  were  deposited on the silicon nitr ide 
film at a vacuum of 6 • 10 -6 Torr. The devices were  
completed by depositing a luminum on the opposite face 
of the substrates. 

Current  vs. voltage measurements  were  made with  a 
Kei th ley  Model 602 e lect rometer  and a Darcy Model  
DM-440 digital  vol tmeter .  The thickness of the films 
was measured by the capacitance method. Current  vs. 
t empera ture  measurements  were  taken by immers ing a 
test f ixture wi th  the sample on it into a Dewar  flask 
filled with l iquid air (77~ A Chromel -Alume l  ther -  
mocouple measured the temperature .  

Experimental Results 
The current  vs. vol tage characteris t ics  of a MIS sam- 

ple which is 94A thick are shown in Fig. 1. The posit ive 
and negat ive  signs indicate the potential  of the meta l  
re la t ive  to the substrate. This plot shows the typical 
behavior  of p- and n-devices  thicker  than 90A. The 
l inear characterist ic indicates that  log I cc flVz/2 where  
fl is a constant. Figure  2 shows a log I vs. 1/T plot for 

Key words: steady state, thin films, silicon nitride. 

a device of l l 0 A  thick which also exhibits  this l inear  
behavior  on a Schot tky plot. Note here the strong 
tempera ture  dependence of the current  at room tem-  
perature.  

Other workers  (5,6) repor t  that  Poo le -Frenke l  
emission is the dominant  cur ren t  mechanism in silicon 
ni tr ide films at room temperature .  However ,  this type 
of emission does not show a polar i ty  effect (as in Fig. 
1) because it occurs f rom impur i ty  centers deep within 
the insulator. This polar i ty  effect, which the Poole-  
Frenkel  model  alone cannot explain, is accounted for 
by noting that  there  is always a thin layer of SiO2 on 
a silicon surface. Optical measurements  (7) have 
shown that  on a freshly etched surface of silicon, an 
oxide layer of 15-20A thick is formed in about 2 min 
of exposure to the atmosphere. Af te r  the samples used 
in this work  were  chemical ly  etched, they  were  ex-  
posed to the a tmosphere  for about 5 min. Capacitance 
measurements  on devices repor ted  here  indicate an 
oxide thickness vary ing  from 35 to 45A. This SiO~ film 
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Fig. 1. Current-voltage characteristics of MI$ device with 94A 
film thickness and n-type substrate. 
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Fig. 2. Current-temperature plot for a n-type substrate device 
which exhibits linear I -V behavior on a Schottky plot. 

modifies the conduction process from a Poole-Frenkel  
mechanism to a combinat ion of Poole-Frenkel  for the 
ni t r ide and tunne l ing  through the oxide (9). 

Frohman-Bentchkowsky and Lenzlinger (9) studied 
a similar case with thicker ni tr ide films for which they 
calculated theoretical current  vs. voltage character-  
istics using the two mechanisms ment ioned above. 
Their curves, although for thicker films, are similar to 
that shown in Fig. 1. 

All samples with behavior  similar to Fig. 1 exhibit  
l inear  behavior  up to breakdown. At breakdown, the 
current  shows t ransient  instabili t ies first, then increases 
several orders of magnitude.  Reducing the field at the 
onset of the t ransient  behavior prevents  the increase 
in current,  but  the original characteristics are not re-  
covered. 

The current  is t ime dependent,  and starts decreasing 
from the moment  the field is applied. A period of 10-15 
min  is necessary for the current  to reach its final value 
after each increment  in voltage. This effect is reduced 
at l iquid-air  temperatures.  

The samples with film thickness between 60-80A 
show different behavior. In  Fig. 3, which is typical of 
this range, conduction starts with a field of the order 
of 103 V/cm, while in devices similar to that  of Fig. 1, 
it starts near l0 s V/cm. In  devices with 60A films, the 
current  is about three orders of magni tude  greater for 
the same applied field than  in devices with 80• films, 
as a comparison between Fig. 3 and 4 shows. Such 
thickness dependence is indicative of a tunne l ing  
mechanism (10). 

In  Fig. 4, the curve corresponding to negative volt-  
ages is smooth, while that  corresponding to positive 
voltages shows structures due to the effect of the semi- 
conductor bandgap. 

Figure 5 shows the current  vs. tempera ture  charac- 
teristics of an 80A MIS device. Note here the small  
variat ion of current  with temperature  which is another  
characteristic of a tunne l ing  mechanism. 

Conclusion 
An analysis of the current  vs. voltage and tempera-  

ture characteristics of MNS devices leads us to the 
conclusion that we have observed a t ransi t ion of cur-  
rent  mechanisms in th in  silicon ni tr ide films. For the 
thicker films, the logari thm of the current  is propor- 
t ional to ~V 1/2 over several decades of current,  and the 
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characteristics and higher current densities of films below approxi- 
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Fig. 4. Current-voltage characteristics of 80~, n-type substrate 
MIS device which exhibits tunneling. 

current  is very temperature  dependent  at room tem- 
perature. This indicates that  the emission mechanism 
is a type of field-assisted, thermal  ionization of elec- 
trons into the conduction band of the insulator. The 
polari ty effect is due to a thin (40A) SiOs film between 
the ni t r ide and the semiconductor. 
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which exhibits tunneling. 

At thicknesses below 80A, the current  is due to di- 
rect tunne l ing  from metal  to semiconductor as shown 
by the small  temperature  and large thickness depen-  
dence of the current.  We were unable  to observe both 
mechanisms on the same device due to the large differ- 
ence in the field at which both occur. 

Manuscript  submit ted April  18, 1972; revised m a n u -  
script received Nov. 1O, 1972. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the December 1973 
JOURNAL. 
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Transfer of Mobile Ions from Aqueous Solutions to the 
Silicon Dioxide Surface 
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ABSTRACT 

The transfer  of mobile ions to the SiO2 surface was investigated by im-  
mersing thermal ly  oxidized Si wafers in aqueous solutions containing Na § 
and/or  H § ions. The number  of mobile charges at the SiO2 surface was deter-  
mined by electrical measurements  on MOS capacitors and the number  of Na § 
ions was determined by flame photometry. For deionized H20 and acid solu- 
tions, there is essentially no t ransfer  of mobile charge to the SiO2 surface. For 
neut ra l  NaC1 solutions, the number  of mobile charges t ransferred is propor-  
t ional to the Na § concentrat ion in solution, and comparable to the n u m b e r  of 
t ransferred Na + ions. For acidified NaC1 solutions, the1 number  of t ransferred 
Na § ions is comparable to the number  of neu t ra l  solutibns with the same Na § 
concentrat ion;  the number  of mobile charges is ini t ia l ly much smaller, but  
slowly increases. These observations are interpreted in terms of the kinetics 
of cationic adsorption from aqueous solutions at the SiO2 surface. It  is pro-  
posed that mobile Na + ions are physical!y or chemically adsorbed directly on 
an oxide surface, whereas immobile  Na ions are adsorbed on an acid-covered 
oxide surface. 

Mobile ions in SiO2 films can cause semiconductor- 
device instabilit ies at concentrations of about 1011 
singly charged ions/cm ~. This concentrat ion of ions is 
at, or below, the l imit  of detection of most available 
analytical  techniques. As a result  of the difficulties 
present in direct identification of the mobile ions, their 
identities were previously deduced from the na ture  
of the contaminat ing source. Metal-oxide-semicon- 
ductor (MOS) structures were used to study ionic 
conduction in SiO2 films. Results from SiO2 contam- 
inat ion experiments,  radiotracer experiments,  and 
electrical measurements  were interpreted to show that 
either alkali  ions (1-3) or H + ions (4-6) from HeO, 

* Electrochemical  Society Act ive  Member.  
K ey  words:  SiO.~ thin films, mobile ions, Na+ ions, H+ ions, sur face  

adsorption, MOS, SiO~-electrolyte interface. 

C2H5OH (7), and other organics are mobile in SiO2 
films. 

In  the present investigation, the n u m b e r  of mobile 
charges t ransferred to the SiO2 surface from various 
contaminat ing aqueous solutions was determined by 
electrical measurements  on MOS structures  and com- 
pared with the number  of t ransferred Na + ions deter-  
mined by flame photometry. The mobile ionic species 
has been identified and experimental  results are dis- 
cussed in terms of adsorption at the SiO2 surface from 
the aqueous contaminat ing solutions. 

Experimental 
Sample preparation and electrical measurements, m 

Si wafers (1.25 in. diameter, p-type, 2 ohm-cm, <100>,  
chem-mech polished) were cleaned in solutions of 
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NH4OH-H202, HCI-H202, and HF, then oxidized. An 
O2-steam-O2 oxidation cycle was used at 970~ to 
grow SiO2 films 5700A thick. Some exper iments  were  
per formed after removing  about 200A of the oxide 
surface in dilute (1:25) HF and then hydrolyzing in 
deionized (D.I.) H20 to form silanol groups. Thinner  
oxide films were  also grown in dry O2 at 1000~ Oxides 
1000A thick grown on n- type  Si wafers  were  used for 
contaminat ion exper iments  wi th  IN H2SO4. 

Reagent  or electronic grade chemicals were  used for 
contaminat ion experiments.  Solutions for contamina-  
tion of the SiO2 surfaces were  prepared by diluting 
concentrated solutions wi th  deionized H20. F lame 
photometr ic  analyses showed that  the deionized H20 
contained less than 0.3 ppb Na + ions. The concentrated 
HNO3 and HC1 acids each contained about 0.5 ppm 
Na +. The starting NaC1 or NaOH solutions were  
prepared by s tandard volumetr ic  procedures, and Na + 
ion concentrations were  determined by flame photo- 
metr ic  measurements .  Acid or alkali  concentrations 
were  determined by acid-base titrations. Contaminat-  
ing solutions containing both Na + and H + ions were 
prepared by combining 45 ml  of the Na + solution wi th  
5 ml of an acid of appropriate concentration. The solu- 
tions were  stored in plastic bottles and t ransferred 
using only cleaned plastic beakers and plastic gradu-  
ated cylinders. Contaminations of SiO2 at e levated 
tempera tures  were  carried out wi th  Teflon beakers. 
Quartz beakers were  used for the studies in which 
wafers  were  ul trasonical ly agitated during the con- 
tamination step. 

The SiO2 surface was contaminated by immersing 
the wafer,  SiO2 surface up, in a plastic beaker  con- 
taining 50 ml  of the contaminat ing solution. Gener-  
ally, this process was carried out at room tempera ture  
(22 ~ ___ 2~ for 5 rain wi th  no agitation of the solu- 
tion, but in some experiments,  periods of 15 sec, 4 hr, 
or 4 days were  employed. After  contamination, the 
wafers were  removed from the beakers and blown dry 
with warmed,  filtered N2 gas. No H20 rinse was used 
after the wafers  were  contaminated. Control wafers  
were  prepared omitt ing the contaminat ion step. 

Clean A1 electrodes (0.05 cm diameter,  5000A thick) 
were deposited on tbe SiO2 surface through meta l  
masks by e lect ron-gun evaporation. Blanket  Al  elec- 
trodes were  deposited on the backside of the Si wafer  
to improve the electrical contact when testing. The 
wafers  were  then annealed at 400~ for 20 rain in N2. 
In some experiments,  Au instead of A1 electrodes were  
evaporated onto the oxide surface. 

The electrical  MOS measurements  to determine the 
total number  of mobile charges per unit  area (Q/q) 
were  performed at 250~ with  d-c fields of 0.7 MV/cm 
for biasing. The number  (Q/q) was determined from 
capaci tance-vol tage measurements  (8) by obtaining 
the difference in flatband voltages before and after 
biasing MOS structures for 5 min. For  ~1013 mobile 
charges /cm 2, the charge- t ime (Q-t) technique (9) was 
used to make  a direct measurement  of the total mobile  
charge when the MOS structures were  thermal ly  
biased. Four  or more MOS structures were  examined 
on each wafer  for a par t icular  contaminat ion exper i -  
ment. 

Several  lots of oxides were  grown over  an extended 
period of t ime during which the described exper iments  
were  conducted. Mobi le-charge levels in control sam- 
ples of these oxides var ied  from 0.4-2.8 • 1011/cm2. 
However,  the scatter in this background mobi le-charge  
level  for oxides obtained from any part icular  oxida-  
tion lot was general ly  <1011/cm2. Negligible mobi le- ion 
contamination occurs during A1 metal l izat ion since 
thin oxides grown in dry O2 contained ~ 5  • 1010 
mobile charges /cm 2 after A1 electrode depositions. 
Oxides used for a re la ted group of contaminat ion ex-  
periments  were  grown in a single lot. Immers ion of 
the oxide for 5 min in deionized H20 f requent ly  re-  
duced the mobile  charge below that  of a nonrinsed 
control wafer.  

Flame photometric determination of Na + ions.l--The 
number  of Na + ions present at an oxide surface was 
measured by flame photometry.  About  200A of the 
SiO2 surface of a wafer  was etched away wi th  15 drops 
of diluted (1: 20) ul t rapure  (0.5 ppb Na +)HF.  The etch 
solution was t ransferred to a clean disposable plastic 
beaker. The wafer  surface was then rinsed with  de- 
ionized H~O. The rinse H20 was also t ransferred to 
the disposable beaker, giving a total of about 2 ml of 
solution. The total  number  of Na + ions was obtained 
from the solution weight  and the Na + concentrat ion 
measured wi th  the flame photometer .  The detection 
l imit  for Na + ions was about 1 ppb by weight  or 0.001 
~g/ml  of solution. When possible, lower  Na + levels 
were  determined af ter  solvent evaporat ion to increase 
the Na + concentrat ion of the solution. To facil i tate 
comparisons with the results of electrical  measure-  
ments, the flame photometr ic  data are expressed as 
the total number  of Na + ions per unit  area of oxide 
surface. For  example,  a weight  of 0.1 ~g of Na from 
the wafer  surface is equivalent  to 3.3 • 1014 N a / c m  2. 

Results 
Total mobile charge transferred to Si02 from con- 

taminating aqueous solutions.--Deionized H20.--To 
determine  whe ther  deionized H20 introduces mobile  
charge to the oxide, wafers  were  immersed into H20 
for varying times and temperatures,  after which the 
mobile charge was found by C-V measurements .  The 
data f rom these exper iments  are given in Table I. 
These results, which are contrary to those of Holstein 
(4) and in agreement  wi th  that  of Yurash and Deal  
(10), indicate that  SiO2 immersion into deionized H20 
does not increase the number  of mobile charges at 
SiO2 surfaces. 

Acid solutions.--Both HC1 and HNO3 solutions were  
used for contaminat ion studies over  a wide range of 
acid concentrations. In Fig. 1, the mobi le  charge pres- 
ent at the SiO2 surface after immersion in HC1 solu- 
tions for 5 rain at 22~ is shown as a function of H + 
ion concentration. Similar  results were  obtained after 
SiO2 immersion into HNO8 solutions and a 1N H2SO4 
solution. Essentially, no mobile charge is t ransferred 
to the oxides f rom these acids despite the large num-  
ber of H + ions present  at the oxide surface in solution. 

Solutions containing Na + ions . - -The effects of NaC1 
contamination of SiO2 surfaces f r o m  neutra l  aqueous 
solutions on the total  mobile  charge for an immersion 
t ime of 5 min at 22~ are shown in Fig. 1. The number  
of mobile charges present  at the SiO2 sur~face is pro- 
port ional  to the Na + ion concentrat ion in the neutral  
NaC1 solutions. Similar  results were  obtained after 
SiO2 immersion into NaC1 solutions at 22~ In Table 
If, the number  of mobile charges present at the oxide 
surface is given as a function of Na + concentrat ion for 
four different immers ion t imes at 22~ The rate  of 
adsorption of mobile ions is a function of Na + con- 

1 A l t h o u g h  f lame p h o t o m e t r y  does no t  d i s t i n g u i s h  b e t w e e n  Na 
a toms  and  Na* ions,  for  c o n v e n i e n c e  we  sha l l  r e fe r  to  the  species  
de t ec t ed  by  th i s  t e c h n i q u e  as the  Na+ ion,  s ince in  gene ra l  the  Na 
p r e s e n t  a t  SiO2 sur faces  is  i n  ion ic  fo rm,  

Table I. Effect of deionized H20 on total mobile charge at Si02 
surfaces 

Q / q  • 10-1~ 
I m m e r s i o n  t i m e  (era -2) 

D.I. H20 1 m i n  1.4 
22~ 5 min 0.9-i.I 

10 m i n  1 .0- i . I  
20 ra in  1.1-1.6 

1 day  0.5-0.7 
Toc  
22 0.9-1.1 

D.I. H20 50 0.7-1.4 
I m m e r s i o n  t ime  = 5 ra in  80 1.1-1.3 
Con t ro l  1.7 

D.I. H=O ---~ 14 m e g o h m - c m .  
Na § i n  H20 ~: 0.3 p p b  (f lame p h o t o m e t r y ) .  
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centrat ion and ini t ial ly is rapid but  decreases with 
increasing t ime of immersion. When the temperature  
of the contaminat ing NaC1 solution was increased 
from 22 ~ to 70~ the number  of mobile charges t rans-  
ferred to SiO2 was increased (Table III) .  

Figure 1 shows that  a neut ra l  NaC1 solution, with 
0.5 ppm of Na + ions (2.2 • 10-sN),  transferred 
between 1012-101~ mobile charges/cm 2 to the oxide sur-  
faces after an immersion t ime of 5 min  at 22~ Con- 
centrated HC1 and HNO3, which also contained 0.5 
ppm of Na + ions, t ransferred only about 1011 mobile 
charges/cm 2 to SiO2 under  the same conditions. This 
difference indicates that  there is a relationship be- 
tween the concentrat ion of H + ions in  NaC1 solutions 
and the t ransfer  of mobile charge to the oxide surface. 
A number  of experiments  were performed to examine 
this relationship. 

Wafers were contaminated by immersion into acidi- 
fied (1N HC1)NaC1 solutions at 22~ for varying  peri-  

Table II. Total mobile charge at Si02 surfaces as a function of 
immersion time in neutral aqueous solutions 

Q/q X 10 -11 (cm -~) 
C o n t a m i n a t i n g  

s o l u t i o n  N 1 5  sec 5 r a i n  4 h r  

C o n t r o l  0 .6-0.8 0.9-1.1 0 .7-0 .8  
10-~N NaC1 72-110 140-370 290-540 
10-sN NaC1 360-430 750-1,200 1 ,400-2,500 
10-~N NaC1 2 ,600-3 ,300  6 ,700-16 ,000  12,000-21,000 

T ~ 22~ 

Table III. Effect of ultrasonic agitation (U.A.) and elevated 
temperatures of contaminating solutions on mobile charge 

transfer to Si02 

Q/q • 10 -11 (cm-~) 

U .A.  No  U.A.  

C o n t a m i n a t i n g  s o l u t i o n  22~ 22~ 45~ 70~ 

10-31V NaCI -- 750-1200 -- 2800-4100 
10-s/q NaCI + IN HCI -- 1.3-1.6 580-830 1800-3300 
10-~N NaC1 + 0.1N I-l~Os 27-41 0.5 100-370 120-560 
10-4i~/NaC1 - -  140-370 ~ 340-2100  
10-4N NaC1 + O.IN HNOs 2.2-14.7 0.8-0.9 21-44 27-75 

I m m e r s i o n  t i m e  = 5 r a i n .  
- -  no  m e a s u r e m e n t  p e r f o r m e d .  
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Fig. 1. Total mobile charge at 
Si02 surfaces after immersion 
in aqueous HCI and neutral 
HaCI solutions, plotted as a 
function of the concentration of 
H + and Ha + ions in solution, 
respectively. 

ods of time. In  Fig. 2 the number  of mobile charges 
present  at the oxide surface is plotted as a funct ion of 
Na + concentrat ion for three different immersion times 
and compared with t ransfer  from neut ra l  NaC1 solu- 
tions for a 5 rain contaminat ion period. During immer-  
sion for 5 min  no mobile charges were t ransferred to 
the oxide from the acidic solutions unt i l  the Na + ion 
concentration reached 10-2N. As the t ime of wafer 
immersion is increased, the number  of mobile charges 
t ransferred to the oxide surface is also increased. 
After immersing wafers for 4 days in acidified NaCl 
solutions, the numbers  of mobile charges t ransferred to 
the oxides appear to be approaching the values ob- 
tained with neut ra l  contaminat ing solutions with the 
same Na + concentrations. These results indicate that  
in aqueous NaC1 contaminat ing solutions, which are 
1N with respect to HC1, the rate of mobile charge 
transfer to the oxide surfaces is decreased in compari-  
son with neutra l  contaminat ing solutions. 

The number  of mobile charges present at the SiO~ 
surface after immersion into aqueous NaCI solutions 
at 22~ was also measured as a function of acid con- 
centrat ion in the solutions. The time of wafer immer-  
sion was kept constant at 5 rain. 

The data from these experiments,  which are plotted 
in Fig. 3, show that  as the H + ion concentrat ion is 
decreased, i.e., as the pH is increased, the number  of 
mobile charges t ransferred to the oxide is increased. 
Considerable scatter in mobile-charge data was ob- 
tained for oxides immersed into NaC1 solutions acidi- 
fied with HC1 at concentrat ions between 10-2N and 
10-5N. These results fall between those of 10-~N HC1 
and neut ra l  solutions (D.I. H20) and are i l lustrated 
as a cross-hatched region in Fig. 3. At pH values 
greater than 7, solutions of NaOH, rather  than NaC1, 
were used for contaminat ion of the oxides. For Na + 
concentrations of 10-~N and above, the number  of 
mobile charges t ransferred in  5 rain was greater for 
the NaOH solutions than for the neut ra l  NaC1 solu- 
tions. When the acidified NaC1 solutions were u l t ra -  
sonically agitated, or when the temperatures  of the 
solutions were elevated dur ing the contaminat ion step, 
the numbers  of mobile charges t ransferred to the 
oxide increased. Data showing these results are given 
in Table III. 

Some of the room temperature  contaminat ion ex- 
per iments  with solutions containing Na + and H + were 
repeated with 500A oxides grown in dry 02. The re-  
sults were the same as those obtained for thick oxides. 
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Fig. 2. Total mobile charge at 
SiO2 surfaces after immersion 
in aqueous NaCl solutions, 
plotted against Na + concentra- 
tion in solution, for neutral 
solutions (from Fig. 1), and for 
solutions acidified with 1N HCL 
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Fig. 3. Total mobile charge at 1013- 
SiO~ surfaces after immersion , ~  
in aqueous NaCI solutions, I 
platted as a function of Na +, 
H +, and O H -  concentrations in --~ 
solution, o 1012 . 

1011 

T = 220 C 
Immersion Time = 5 minutes 
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I 

Control D.I. H20 

Similar  results in reducing mobile charge t ransfer  to 
the SiO2 were obtained when 1000A films (n-Si, 
<100>, 2 ohm-cm, oxidized in dry 02) were contam- 
inated by NaC1 solutions acidified with 1N H2SO4. The 
same effect of acid in reducing mobile ion transfer to 
SiO2 was obtained using Au rather  than A1 electrodes. 

Addit ional  experiments  were per:formed to deter-  
mine  whether  the SiO2 surface could be pretreated 
with acid to prevent  t ransfer  of mobile charge. Im-  
mersion of the wafers in acidic solutions was followed 
either by immersion in neut ra l  NaC1 solutions, or by 
evaporation of NaC1 onto the oxide surface. In both 
cases the acid t reatments  did not prevent  mobile-  

I I I I 1 I ~ I I I I  I I I I 

10-7N 10-6N 10-5N 10-4N 10-3N 10-2N 
[Na +] 

charge transfer  to the oxide surfaces. Annea l ing  the 
oxides in forming gas (H2:N2 -- 1:9) at 400~ for 20 
min  prior to immersion into neut ra l  NaC1 solutions 
also failed to reduce the number  of mobile charges 
t ransferred to the oxides. The reduction in the rate 
at which mobile charges are t ransferred to SiO2 from 
aqueous solution clearly requires both H + and Na + 
ions to be present  in  the same solution. The removal 
of mobile charges from SiO2 surfaces in tent ional ly  con- 
taminated with Na + ions was also studied. Initially,  
wafers were immersed into neut ra l  10-2N NaC1 solu- 
tions for 5 rain at 22~ After  drying the wafers with 
warmed  N2 gas, these contaminated oxides were then 
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Table I V .  Removal of mobile charge from contaminated 
oxides by rinsing 

Contamination 
pretreatment Rinse solution" Q/q x 1O -l' (cm-2} 

None (control) None 0.7-1.1 
10--~N NaC1 None 6,700-16,000 
10-2N NaC1 D.I. H20 3.1-5.9 
10-~N NaC1 O.IN HNO3 0.5-1.3 
10-':N NaC1 IN HNO~ 0.6-2.2 
1O-~N NaCI Conc. HNO3 10-13 
10--~ NaC1 0.1N HCI 1.6-2.5 
1O--~ NaCl IN HC1 3.1-7.7 
10-~N NaC1 Conc. HC1 22-27 

T = 22~ 
Immersion time = 5 min (with ultrasonic agitation}. 

i m m e r s e d  in to  50 m l  of u l t r a s o n i c a l l y  a g i t a t e d  so lu -  
t i ons  c o n t a i n i n g  d i f f e r e n t  c o n c e n t r a t i o n s  of HNO3. 
M o b i l e - c h a r g e  d r i f t  da ta ,  s h o w n  in  T a b l e  IV, i n d i c a t e  
t h a t  a 0.1N HNO3 s o l u t i o n  w as  t h e  m o s t  e f fec t ive  for  
r e m o v a l  of m o b i l e  c h a r g e  f r o m  t h e  SiO2 sur face .  S i m -  
i l a r  r e s u l t s  of e x p e r i m e n t s  u s i n g  HC1 a r e  a lso g i v e n  
in  T a b l e  IV. 

Total number  of Na + ions present at the Si02 sur]ace 
after immersion in contaminating aqueous s o l u t i o n s . -  
F l a m e  p h o t o m e t r y  w a s  u s e d  to d e t e r m i n e  t h e  n u m b e r  
of N a  + ions  I p r e s e n t  a t  o x i d e  s u r f a c e s  w h i c h  h a d  b e e n  
( i)  i m m e r s e d  in to  n e u t r a l  NaC1 so lu t ions ,  (ii) i m -  
m e r s e d  i n to  ac id i f ied  (1N HNO3)  NaC1 so lu t ions ,  or 
( i / i )  i m m e r s e d  i n to  ac id i f ied  (1N HNO3)  NaC1 so lu -  
t ions  a n d  s u b s e q u e n t l y  m e t a l i z e d  w i t h  A1. In  a l l  
cases  t h e  i m m e r s i o n  t i m e  w a s  5 m i n  a t  22~ T h e  
r e s u l t s  of t h e s e  a n a l y s e s  a r e  g i v e n  in  T a b l e  V w h e r e  
t h e y  a re  c o m p a r e d  w i t h  r e s u l t s  f r o m  e l ec t r i ca l  m e a -  
s u r e m e n t s  of m o b i l e  c h a r g e  p r e s e n t  on  t h e  ox ide  a f t e r  
t h e  s a m e  t r e a t m e n t .  F o r  SiO2 s u r f a c e s  i m m e r s e d  in  
n e u t r a l  NaC1 so lu t ions ,  t h e  t o t a l  n u m b e r  of Na  + ions  
d e t e r m i n e d  b y  f l ame  p h o t o m e t r y  is c o m p a r a b l e  to  t h e  
n u m b e r  of m o b i l e  c h a r g e s  f o u n d  e lec t r i ca l ly .  H o w -  
ever ,  t h e r e  is no  a g r e e m e n t  b e t w e e n  t h e s e  t w o  m e a -  
s u r e m e n t s  w h e n  t h e  c o n t a m i n a t i n g  s o l u t i o n  is acidified.  
I n  t h i s  case, t h e  e l e c t r i c a l  m e a s u r e m e n t s  s h o w  t h a t  
m o b i l e  c h a r g e s  w e r e  no t  t r a n s f e r r e d  to t h e  oxide,  
w h e r e a s  t h e  f l ame  p h o t o m e t r i c  a n a l y s i s  i n d i c a t e d  t h a t  
Na + ions  w e r e  p r e s e n t  a t  t h e  ox ide  sur face .  A f t e r  
A1 depos i t ion ,  t he  t o t a l  n u m b e r  of Na  + ions  m e a s u r e d  
b y  f l ame  p h o t o m e t r y  d e c r e a s e d  b y  a s m a l l  a m o u n t  b u t  
r e m a i n e d  o r d e r s  of m a g n i t u d e  l a r g e r  t h a n  t h e  n u m b e r  
of m o b i l e  c h a r g e s  f o u n d  e lec t r i ca l ly .  Th i s  d e c r e a s e  in 
t o t a l  N a  + ions  a f t e r  A1 d e p o s i t i o n  w a s  t h e  r e s u l t  of 
s c a t t e r i n g  of Na  + ions  b y  t h e  A1 e v a p o r a t e d  o n t o  t h e  
oxides.  I n  o r d e r  to  a v o i d  t h e  s c a t t e r i n g  of Na  + ions,  
c o n t r o l  w a f e r s  for  f l ame  p h o t o m e t r i c  a n a l y s e s  h a d  to 
b e  m e t a l i z e d  in  t h e  a b s e n c e  of o x i d e s  c o n t a m i n a t e d  
w i t h  NaC1. ( C o n t r o l  w a f e r s  fo r  e l e c t r i c a l  m e a s u r e -  
m e n t s  of m o b i l e  c h a r g e  w e r e  m e t a l i z e d  in  t h e  p r e s -  
e n c e  of  ox ides  c o n t a m i n a t e d  w i t h  NaC1. Th i s  d id  no t  
affect  t h e  m o b i l e  c h a r g e  leve l . )  

Discussion 
T h e  m o b i l e  ions  t r a n s f e r r e d  to SiO2 f r o m  t h e  d i f fe r -  

en t  a q u e o u s  so lu t i ons  a r e  iden t i f i ed  in  t h e  f irst  p a r t  
of t h i s  d i scuss ion .  I n  t h e  s e c o n d  pa r t ,  t h e  effects  of H + 
(or  O H - )  ions  in  s o l u t i o n  on  m o b i l e  ion  a d s o r p t i o n  
on to  SiO2 s u r f a c e s  a r e  cons ide red .  A q u a l i t a t i v e  m o d e l  
is p r o p o s e d  w h i c h  d i s t i n g u i s h e s  b e t w e e n  t h e  m o b i l e  
a n d  i m m o b i l e  N a  t r a n s f e r r e d  to SiO2 s u r f a c e s  f r o m  
a q u e o u s  so lu t ions .  

Identification of mobile ions transferred to SiOz.--  
N e g l i g i b l e  m o b i l e  c h a r g e  is t r a n s f e r r e d  to SiO2 w h e n  
i t  is i m m e r s e d  in  N a - f r e e  so lu t i ons  c o n t a i n i n g  v a r y i n g  
c o n c e n t r a t i o n s  of  HC1 (Fig.  1) or  HNO3, or  in  so lu -  
t ions  of 1N H2SO4, a less  vo l a t i l e  ac id  t h a n  HC1 or  
HNO3. S i m i l a r  r e s u l t s  w e r e  o b t a i n e d  w i t h  o t h e r  i n -  
o r g a n i c  [H20  (10) ,  NH4OH (11) ]  or  o r g a n i c  [ e t h a n o l  
(7) ,  t r i c h l o r o e t h y l e n e  (10) ,  a c e t o n e  (11) ,  i - p r o p a n o ]  
(11 ) ]  r e a g e n t s  c o n t a i n i n g  h y d r o g e n  b u t  f r ee  of a l k a l i  
ions.  I n  add i t i on ,  t r i t i u m  i n c o r p o r a t e d  in  t r i t i a t e d  
s t e a m - g r o w n  ox ides  does  no t  d r i f t  i n  a n  e l ec t r i c  field 
(12) .  T h u s  i t  a p p e a r s  t h a t  H in  SiO2 is i m m o b i l e  a t  

t y p i c a l  a p p l i e d  fields u sed  for  ox ide  s t a b i l i t y  s tudies .  
A p p r e c i a b l e  q u a n t i t i e s  of m o b i l e  c h a r g e  a re  t r a n s -  

f e r r e d  to SiOe f r o m  n e u t r a l  a q u e o u s  NaC1 (or  N a I )  
so lu t ions .  T h e  n u m b e r  of m o b i l e  c h a r g e s  is p r o p o r -  
t i o n a l  to  t h e  N a  + ion c o n c e n t r a t i o n s  in  t h e s e  s o l u t i o n s  
a n d  is a p p r o x i m a t e l y  e q u a l  to  t h e  n u m b e r  of t r a n s -  
f e r r e d  N a  + ions  ( m e a s u r e d  b y  f l ame  p h o t o m e t r y ) .  T h e  
p o l a r i t y  (A1-p)  of t he  a p p l i e d  b i a s  u sed  to s t r e s s  t h e  
M O S  c a p a c i t o r s  is c o n s i s t e n t  w i t h  ca t i on i c  dr i f t .  S ince  
t h e  so lven t ,  H20,  does  no t  t r a n s f e r  m o b i l e  c h a r g e  to 
t h e  SiO2, t h e s e  r e s u l t s  s h o w  t h a t  t h e  t r a n s f e r r e d  m o b i l e  
c h a r g e s  a r e  N a  + ions.  T h e  d i f f e r e n c e  b e t w e e n  N a  a n d  
H t r a n s p o r t  in  SiO2 in  r e s p o n s e  to a n  e l ec t r i c  f ield 
m a y  be  r e l a t e d  to a d i f f e r e n c e  in  p o l a r i z a b i l i t y  of t h e  
b o n d s  f o r m e d .  H o w e v e r ,  w h e n  c o m p a r i n g  t h e  m o b i l i t y  
of Na  a n d  H in  t h e  p r e s e n t  w o r k ,  i t  m u s t  b e  k e p t  in  
m i n d  t h a t  no  d i r e c t  e v i d e n c e  w a s  o b t a i n e d  fo r  t he  
p r e s e n c e  of H + ions  on  a n  SiO2 su r f ace  a f t e r  ac id ic  
so lu t i on  c o n t a m i n a t i o n  a n d  M O S  c a p a c i t o r  f a b r i c a t i o n .  

E x p e r i m e n t a l  d a t a  a r e  g i v e n  in  Fig. 3 for  t h e  n u m -  
b e r  of m o b i l e  ions  p r e s e n t  a t  t h e  SiO2 s u r f a c e  a f t e r  
i m m e r s i o n  i n to  c o n t a m i n a t i n g  so lu t i ons  c o n t a i n i n g  
b o t h  Na  + a n d  H + ions.  U n d e r  t h o s e  c o n d i t i o n s  in  
w h i c h  some  c h a r g e  t r a n s f e r  to  SiO2 is o b s e r v e d ,  t h e  
n u m b e r  of m o b i l e  ions  i n c r e a s e s  w i t h  a n  i n c r e a s e  in  
c o n c e n t r a t i o n  of N a  + ions  a n d  a d e c r e a s e  in  c o n c e n -  
t r a t i o n  of t h e  acid.  T h e  m o b i l e  ions  t r a n s f e r r e d  f r o m  
t h e  ac id i f ied  s o l u t i o n s  a re  a p p a r e n t l y  N a  + r a t h e r  t h a n  
H + ions.  

T h e  f lame p h o t o m e t r y  r e s u l t s  s h o w  t h a t  t h e  n u m b e r  
of N a  + ions  t r a n s f e r r e d  f r o m  ac id ic  (1N HNOa)  NaCI  
so lu t i ons  to  SiO2 is s i m i l a r  to  t h e  n u m b e r  t r a n s f e r r e d  
f r o m  n e u t r a l  NaC1 s o l u t i o n s  ( T a b l e  V ) .  H o w e v e r ,  t h e  
M O S  m e a s u r e m e n t s  s h o w  t h a t  r e l a t i v e l y  f e w  m o b i l e  
ions  a re  t r a n s f e r r e d  to SiO2 f r o m  t h e s e  ac id ic  so lu t ions .  
T h u s  Na  + ions  p r e s e n t  a t  t h e  A1/SiO2 i n t e r f a c e  can  
b e  e i t h e r  m o b i l e  or  i m m o b i l e  w h e n  a n  M O S  c a p a c i t o r  

Table V. Number of Na + ions (flame photometry) and mobile charges (MOS measurements) at Si02 surfaces after immersion in 
aqueous solutions 

Na + ions (era -2) 

Without A1 With A1 
Mobile 

C o n t a m i n a t i n g  s o l u t i o n  R u n  1 Run 2 Run 1 Run 2 charge (cm-'-') 

N e u t r a l  s o l u t i o n s  
1 0 - ~ N N a C 1  3 . 3  x 101'  2 .5  x 1013 ~ - -  5 . 9 - 8 . 9  x 101~ 
1 0 - S N  N a C 1  5 .2  x 10 TM 3 . 4  x 1014 - -  - -  3 . 0 - 8 . 3  x 10  TM 

1 0 - 4 N  N a C 1  1 .3  X 10  TM 5 x 10  TM - -  - -  1 . 4 - 3 . 7  x 101~ 
1 0 - s N  N a C I  < 3  • 10  TM < 3  x 10  TM - -  - -  3 . 1 - 1 2 . 3  x 1O I~ 

A c i d i f i e d  ( 1 N  H N O a )  s o l u t i o n s  
10-2N NaCI 4.3 X 10 TM 6.3 x 1014 1.8 X I0 I~ 2.5 x 1O It 1-7 x 1011 
10-aN NaCI 9.0 x 10 TM 1.3 x 10 TM 4.2 • I0 la 1.2 x i0 TM ---~I0 n 
10-~N NaCI <3 x 10 TM <3 • 10 TM -- -- ---~IO 11 

T = 2 2 ~  
Immersion time = 5 rain. 

n o  m e a s u r e m e n t  performed. 
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is stressed in an electric field at an e levated tempera-  
ture. 

Adsorption at the SiOz su~ace.--To explain the be- 
havior  of Na + ions at the SiO2 surface, we  propose that  
these ions are mobile if in solution they are adsorbed 
direct ly on this surface, but are immobile  if they are 
separated f rom the surface by a layer  of adsorbed acid 
molecules. 

A SiO2 surface provides approximate ly  1015 s i tes/cm 2 
for cation adsorption. The surface of an untreated 
thermal ly  grown film consists of s i loxane (Si -O-Si)  
groups, and adsorbed Na + ions deposited on such a 
surface by evaporat ion are mobile (2). If  a thermal ly  
grown film is etched wi th  HF and then immersed into 
H20 the surface consists of silanol (SiOH) groups. 
Our exper iments  show that  Na + ions t ransferred to 
this surface f rom neutra l  aqueous solutions are mobile. 
Thus Na + ions adsorbed direct ly  on the SiO2 surface 
are mobile whe ther  they are physically adsorbed at 
si loxane sites or chemical ly bound ( S i O - N a  +) at 
silanol sites. This conclusion is consistent with our 
observat ion that  Na + ions are mobile  on the surface 
obtained when a thermal ly  grown SiO2 film is im- 
mersed direct ly in H20 without  prior  etching in HF; 
in this case the re la t ive  numbers  of si loxane and silanol 
groups are  not wel l  established. 

For contamination of the SiO2 surface by neutral  
aqueous NaC1 solutions, identifying the mobi le-charge  
carriers as direct ly  adsorbed Na + ions permits  a 
s t ra ightforward interpreta t ion of the observed de- 
pendence of the number  of mobile charges on the 
immersion t ime (Table II) and on the Na + ion con- 
centrat ion in solution (Table II and Fig. I ) .  The in- 
crease in mobile charge with  t ime is due to the in-  
crease in the number  of adsorbed Na + ions as this 
number  approaches the equi l ibr ium value determined 
by the concentrat ion of Na + ions in solution. The rate 
of approach to equil ibrium, which increases wi th  
increasing t empera tu re  (Table III) ,  is probably deter -  
mined by the rates at which Na + ions diffuse through 
the solution and are adsorbed and desorbed at the 
oxide surface. After  any fixed immersion time, the 
number  of adsorbed Na + ions increases wi th  increas- 
ing Na + ion concentrat ion in solution and causes a 
corresponding increase in the number  of mobile 
charges. 

Strong acids in a lkal i - f ree  aqueous solutions modify 
SiO2 surfaces by inhibit ing dissociation of silanol 
groups and by becoming contact adsorbed (13) at the 
siloxane or silanol oxygen atoms, i.e., at the cationic 
adsorption sites. Anions from solution are subsequently 
adsorbed to form a layer  of acid molecules hydrogen-  
bonded to the SiO2 surface. A 1:1 complex between 
SiO2 (in solution) and HC1 has been reported by 
Sadek (14). 

If a SiO2 surface is immersed in an aqueous solution 
containing both H + and Na + ions, the two types of 
ions will  compete  for the cationic adsorption sites. 
Because of their  higher mobi l i ty  in H20, the H + ions 
tend to be more rapidly adsorbed than the Na + ions. 
Electrokinetic and H + ion adsorption studies on quartz 
and other  oxides have indicated that H + ions are 
potent ia l -de termining  (13); they rapidly  modify sur-  
face charge and become contact absorbed on an oxide 
surface in the presence of Na + or other  cations (13, 
16, 17). 

For contaminat ing solutions wi th  sufficiently large 
H + : N a  + ion ratios, the number  of mobile charges 
t ransferred to the SiO2 surface is init ial ly ve ry  small 
(Fig. 2) even though the number  of adsorbed Na + 
ions is appreciable (Table V). This observation can 
be explained by assuming that  in this case H + ions 
are ini t ial ly adsorbed on practically all  the adsorption 
sites on the SiO2 surface, an acid layer which com- 
pletely covers the surface is then formed by adsorption 
of anions f rom the solution, a n d  Na + ions from the 
solution are adsorbed on the acid layer. Finally,  the 
model  assumes that  the order of anion and Na + ion 

adsorption f rom solution is re ta ined during MOS 
capacitor fabrication and that  Na + ions adsorbed on a 
layer  of anions are immobile,  so that  they cannot be 
detected by MOS drif t  measurements .  

The proposed immobil i ty  of Na + ions adsorbed on an 
acid layer  probably results because the drif t  of these 
ions toward the SiO2 surface in an electric field is 
s terical ly hindered by the adjacent  sheet of large 
anions. Al ternat ively ,  the Na + ions might  be trapped 
ei ther  in the meta l  deposited to form the MOS struc- 
ture  or at the meta l -ox ide  interface, since the  flame 
photometric  data indicate that  Na scattering and en- 
t rapment  occur during meta l  deposition. However  it 
is not apparent  how this explanat ion could account for 
the proposed difference in mobi l i ty  be tween Na + ions 
adsorbed on an in termediate  acid layer  and those 
adsorbed direct ly on the SiO2 surface. Fur thermore ,  
Na + ions f rom acid solutions are immobile  in MOS 
structures made with  Au electrodes. Since this e lement  
is less l ikely than A1 to react  wi th  SiO2, this observa-  
tion suggests that  the metal  layer  does not play a 
critical role in immobil izing the Na + ions. 

Even for contaminat ing solutions that  are sufficiently 
acidic to make the init ial  t ransfer  of mobile  charge to 
the SiO2 surface very  small, the number  of mobile 
charges increases appreciably with  increasing immer-  
sion t ime (Fig. 2). According to our model, this ob- 
servation shows that  at equi l ibr ium an appreciable 
fraction of the adsorption sites on the SiO2 surface in 
these solutions is occupied by Na + ions. The increase 
in mobile charge occurs as equi l ibr ium is approached 
by the desorption of ini t ial ly adsorbed, immobile  H § 
ions and their  replacement  by Na + ions that  are mobile 
because they are adsorbed direct ly  on the SiO2 surface. 
This exchange process is s trongly accelerated by rais-  
ing the tempera ture  and by ultrasonic agitat ion (Table 
I I I ) .  

Decreasing the H + ion concentrat ion in acidified 
NaC1 contaminat ing solutions increases the amount  
of mobile charge t ransferred to the SiO2 surface dur-  
ing immersion for 5 min (Fig. 3). This change is due 
to the increased t ransfer  of direct ly adsorbed, mobile 
Na + ions which is made possible by decreasing the 
competit ion of H + ions for the adsorption sites on the 
SiO~ surface. 

Summary 
Alkal i - f ree  aqueous solutions containing H + ions 

do not t ransfer  mobile  charges to thermal ly  grown 
SiO2 films. In oxide contaminations wi th  neutra l  NaC1 
solutions, the number  of mobile charges t ransferred 
to SiO~ was proport ional  to the Na + ion concentra-  
t ion in the contaminat ing solution and approximate ly  
equal  to the total number  of Na + ions determined by 
flame photometry.  The ra te  of mobi le-charge  t ransfer  
to SiO2 was reduced by adding H + ions to the con- 
taminat ing solution and increased by adding O H -  
ions. To explain these observations, it is proposed that 
Na ions are mobile  if they are adsorbed from solution 
direct ly on the SiO2 surface but are immobile  if they 
are separated from the surface by a layer  of adsorbed 
acid molecules. The kinetics of competing H + and Na + 
ion adsorption and exchange on the oxide surface 
determine the rate of mobile  Na + ion transfer  to SiO2. 
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Striations Due to Compositional Variations in Czochralski-Grown 
(Pbl- Sn )l_  

J. R. Burke, J. D. Jensen, and Bland Houston 
Naval Ordnance Laboratory, Silver Spring, Maryland 20910 

ABSTRACT 

Compositional striations in (Pbl -xSnz)1-~T% crystals grown by the Czo- 
chralski technique in two different laboratories have been revealed by ap- 
plication of Norr 's electroetch. The striations appear as contours which deline- 
ate the prevail ing growth interface. In  crystals from both laboratories, the 
spacing of the contours is much too large and not sufficiently periodic to be 
accounted for by rotat ional  effects. The nonrotat ional  origin of the striations 
was confirmed by the observation that their intensi ty and spacing were not 
changed by stopping the rotat ion during growth. Electron-probe microanalysis  
studies show that  x varies by as much as 0.01 over distances of the order of 
10O ~m in the direction normal  to the striations. 

Solid solutions of (Pbl-~Snx)l--yTe,j are known to 
exist in the face-centered cubic s t ructure  for 0 --~ x ~ 1 
and for 0.50 ~ y --~ 0.51 approximately (the exact 
limits of y depend on x).  Each composition thus far 
investigated is a direct-gap semiconductor with con- 
duction and valence-band extrema at or near  the L- 
points of the Bri l louin zone. Considerable interest  
centers on this system from both a basic and device 
point of view, because (i) the bandgap is a strong 
funct ion of x, and (ii) this gap can be made arbi t rar i ly  
small by the proper choice of x. In  this paper we will  
present some of the metal lurgical  properties of single 
crystals grown by the Czochralski technique, and 
briefly ment ion  the results of Shubnikov-de  Haas ex- 
periments  which appear to be influenced by this 
method of growth. 

Crystal Growth and Surface Preparation 
Most of our studies were carried out on mater ial  

grown by the Electronic Materials Division of Bell and 
Howell Company (hereafter referred to as BH) (1). 
Some material  recently grown at our laboratory has 
also been examined. BH provided either complete as- 
pulled single crystals, or single crystal  slices that  had 
been annealed to alter their properties. The crystals 
were in general  pulled in a <111~ direction at 8 
m m / h r  with a seed rotat ion rate of 10 rpm. Becafise 
of the high vapor pressure of (Pbl -xSnx) l -yTey,  B203 
was used to encapsulate the melt. The slices were cut 
out with a wire saw and lapped to a thickness of about 
0.75 m m  before annealing.  

K e y  words :  s t r ia t ions ,  c rys ta l  g r o w t h  a n d  charac te r iza t ion ,  com-  
p o u n d  semiconductors ,  (Pbl-=Snx)l-~Te~, e lec t ropol ishing,  alloys. 

As-pul led crystals of (Pbl-~Snx)1-~Tey are charac- 
terized by hole concentrations of the order of 10 TM 
cm -3 produced by deviations from y ----- �89 In  order 
to obtain lower ~hole concentrations, the slices were 
annealed in evacuated ampoules in  the presence of a 
two-phase ingot with the same x, but  with y < 0.5. 
Equi l ibrat ion with the ingot takes place through the 
vapor phase. This is a well-establ ished procedure for 
the lead chalcogenides and the (Pbl -xSn=) l -yTey  al-  
loys (2, 3). 

To prepare a specimen for metallographic examina-  
tion, the following steps were applied to one of its 
surfaces: (i) rough grinding on 600 grit SiC paper 
with flowing water  as a lubr icant  unt i l  about 60 gm 
of mater ia l  was removed; (ii) fine gr inding on nylon  
cloth with Buehler 's  6 gm Metadi diamond paste and 
Metadi fluid as a lubr icant  for twice as long as neces- 
sary to remove the scratches from step (i);  (iii) 
polishing on Buehler 's  Microcloth using 1/4 gm diamond 
paste and Metadi fluid for twice as long as necessary 
to remove the scratches from step (i i) ;  and (iv) 
electropolishing and electroetching using the  solution 
and procedures developed by Norr (4). The electro- 
polishing t imes varied from about 2-10 rain. The 
striations were formed dur ing  this period, and usual ly  
2 min  were sufficient for them to be easily observable. 
This stage was followed by an electroetch for 15 sec 
to see if pits could be developed. 

Although Norr 's solution was designed for prepara-  
tion of PbTe surfaces and is not effective on SnTe, we 
have found that  the electropolishing procedure gives 
high polishes on ( P b l - x S n z ) l - y T e ,  surfaces for x as 
large as 0.30, and some polishing for x ---- 0.60. The 
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polishing action, and the degree to which the striations 
develop, do not depend strongly on the crystallo- 
graphic orientat ion of the surface. The electroetching 
procedure did not produce etch pits consistently, even 
on {100} surfaces and for x as small  as 0.13. 

Results of Etching Studies 
(Pbo.7oSno.3o)l-yTey.--Figure 1 shows a prepared 

(001) plane of a slice cut out of a [ l l l ] - g r o w n  BH 
single crystal with x ---- 0.30. The slice is about 0.75 
mm thick, and prior to our preparat ion had been an-  
nealed by BH at 583~ for 44 days. A well-defined 
pat tern  of striations is apparent.  They are always 
visible to the naked eye in fluorescent room light (note 
the low magnification in Fig. 1). Since the effective- 
ness of the electroetching technique decreases with 
increasing Sn content, it was suspected that the stria- 
tions are caused by variat ions in x. This has been con- 
firmed by the results of electron probe microanalysis.  

The side of this slice after electroetching is shown 
in Fig. 2. The normal  to the striations makes an angle 
of about 55 ~ with the [001] direction. Thus the str ia-  
tions lie approximately in {111} planes perpendicular  
to the [ l l l ] - g r o w t h  direction. 

Figure 3 is an  interference pat tern  showing the 
relief of the surface in Fig. 1. It was formed by placing 
this surface in contact with a 50% transmit t ing a lumi-  
num coating on an optical flat, and using the Hg 546.0 
nm line for i l lumination.  The hills (or valleys) are 
about 100 ;~m apart. There is a shift of approximately 
one fringe between a hil l  and a valley, corresponding 
to a height difference of about ~/4 ~m. 

Fig. 1. (001) plane of a single-crystal slice of (Pbo.7oSno.~o)z-y 
Tey after electroetching. 

Fig. 3. Interference pattern showing the relief of the surface shown 
in Fig. I. 

(Pbo.4oSno.8o)l-yTey.--Figure 4 shows a prepared 
(001) plane of a slice cut out of a [ l l l ] - g r o w n  BH 
single crystal  with x ---- 0.60. The slice is approxi-  
mately  0.75 mm thick, and prior to our preparat ion 
had been annealed by BH at 500~ for 49 days, 452~ 
for 17 days, and 405~ for 46 days. In  addition to stria- 
tions, scratches remaining  from preparatio n steps 
(i-iii) are also present. As ment ioned above, the elec- 
tropolishing rate for this mater ial  was significantly 
reduced due to the large amount  of t in  present. As a 
consequence the electropolishing t ime in  step (iv) was 
extended to 10 rain. Figure 5 is a magnified view of 
an area near the center of the upper edge of the slice. 
Figure 6 is an interference pa t te rn  obtained by the 
method described above. The microscope was slightly 
defocused so that both the striations and the in ter-  
ference pa t te rn  could be seen and compared. Higher 
magnification shows that there is a shift of about four 
fringes between a hill  and valley, which corresponds 
to a height difference of about 1 ~m. This is a factor 
of 4 greater than the corresponding difference on 
the x ---- 0.30 slice, but  the electropolishing t ime was 
also about 5 times longer. This suggests the possibility 
that the rates of preferential  etching are independent  
of average composition. 

Further studies.--Our laboratory has recent ly  ini-  
tiated a study of the growth of (Pbl -xSnx) l -~Tey 
crystals by the Czochralski technique. Figure 7 shows 
a crystal that was pulled at 8 m m / h r  using a crucible 
rotat ion rate of 10 rpm. It is not single but  composed 
of large single crystal sections. Prior  to preparation, 

Fig. 4. (001) plane of a single-crystal slice of (Pbo.4oSno.8o)z-y 
Fig. 2. (110) surface of the (Pbo.7oSno.30)l-~Tey slice Teu after electroetching. 
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Fig. 5. Magnified view of an area near the center of the upper 
edge of the surface shown in Fig. 4. 

Fig. 7. Electroetched plane of a (Pbl -xSnx) l -y  Tey crystal palled 
at this laboratory. The plane is parallel to the growth direction, 
which is vertical in this figure. 

Fig. 6. Interference pattern for part of the surface shown in Fig. 
4. Defacusing the microscope slightly revealed both the striations 
and the interference fringes. 

the plane shown was arbi t rar i ly  selected by grinding 
parallel  to the growth direction, which is vertical in 
the figure. The start ing composition of the me]t was 
x : 0.35, y ---- 0.50. The striations were revealed by the 
surface preparat ion previously described. Crystals 
pulled at the same rate, but  with seed rotation instead 
of crucible rotation, show essentially the same pattern. 
In addition to the regular  striations common to the 
BH material,  there is a superimposed mosaic s t ructure  
in Fig. 7 near  the end of the crystal  that  was last to 
grow. This may have been the result  of const i tut ional  
supercooling caused by an excessive growth rate. 

Striat ions in doped semiconductor crystals pulled 
from the melt  have been studied extensively (6). 
Both rotat ional  and nonrotat ional  striations are ob- 
served. The former are shown to be precisely periodic 
and caused by rotat ion of the crystal  in a melt  in  
which the temperature  gradient is asymmetric,  rela-  
tive to the axis of rotation. Nonrotat ional  striations 
are known to be caused by destabilizing thermal  gradi-  
ents. The periodicity of rotat ional  striations calculated 
from the pull  rate and rotat ion rate (6) used to grow 
our crystals and those of BH is 13 ~m, an order of 
magni tude smaller than the spacing between the ob- 
served striations. The nonrotat ional  origin of the str ia-  
tions in our mater ial  was confirmed by  stopping the 
rotation during growth. Their intensi ty  and spacing 
were found to remain  unchanged relat ive to those 
obtained during rotation. 

Electron-Probe Microanalysis 
In  order to determine the compositional changes 

causing the striations, a section of the slice shown in 
Fig. 1 was submit ted to the National Bureau of Stand-  
ards for electron-probe microanalysis. Figure 8 shows 
part  of this section after microanalysis was completed. 
The i l luminat ion and exposure t ime were adjusted so 
that both the striations and the spots made by the 
electron beam would be visible in  the photograph. 
The spots are due to surface contaminat ion by hydro-  
carbons broken down by the 20 keV electron beam. 
It was found that  if the beam were scanned over a 
spot 5 • 4 #m, a target current  of 50 nA could be 
used without damaging the sample. This was checked 
by repeating measurements  at the same point several 
times. Higher current  densities, e.g., 100 nA and a l~m 
diameter  spot, caused melting. 

Fig. 8. Section of the surface shown in Fig. 1 that was used for 
electron-probe microanalysis. 
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Measurements  were  made at 20 ~m intervals  over  
a distance of 1200 ~m beginning at the sixth spot to 
the r ight  of the large square spot indicated by the 
arrow. Under  microscopic examination,  the positions of 
the spots cored be correlated with  features of the 
striations and compared to the results of the micro-  
analysis. Correlat ion with  the microanalysis  of a 
number  of detailed features  of the striations not ap- 
parent  in Fig. 8 was possible. As anticipated, it was 
clear that  the hills were  associated wi th  excess tin and 
the val leys wi th  excess lead. 

Figure 9 shows the atomic fraction of each e lement  
at ad the measured points. The x - r a y  intensities for 
all three elements  were  s imultaneously measured with  
a three-spec t rometer  ARL microprobe having a take-  
off angle of 52.5 ~ LiF crystals were  used for analysis 
of Sn La and Te L~ lines whi le  an RAP crystal  was 
used for analysis of the Pb Ms (second order) line. 
These data were  then corrected for x - r ay  absorption, 
atomic number  effects, and secondary fluorescence. 
Since only re la t ive  changes were  of interest, the speci- 
men itself was used as a s tandard for the three ele-  
ments. The average of all counts for each element  was 
taken as the s tandard intensity for that  element,  and 
the corresponding chemical composition was assumed 
to be (Pb0.v0Sn0.30)0.~0Te0.~o. The Pb and Sn concen- 
trations in this formula  were  determined at BH from 
Vegard's  law which has been verified for this system 
(5). These compositions were  also checked at our 
laboratory by the same method. 

Neglect ing for the moment  monotonic changes as a 
function of position, there  is a good correlat ion be- 
tween the min ima in the Pb fraction and the max ima  
in the Sn fraction. The largest  changes in x are about 
0.01. The differences be tween  the atomic fractions of 
Sn in the peaks and val leys are significantly outside 
the corresponding -+-3r ranges, and the decrease in the 
atomic fraction of Sn is in ~eneral much larger  than 
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Fig. 9. Atomic fractions of Te, Sn, and Pb as a function of 
position on the surface shown in Fig. 8. 

that forced by the corresponding increase in the atomic 
fraction of Pb. The fluctuations in the atomic frac- 
tions of Pb and Te are comparable to ___3#. The large 

for Pb is due to the use of the second order Ma 
line and to a large background. However, the correla- 
tion of the Sn and Pb results suggests that the latter 
are significant. 

The monotonic changes in the atomic fractions 
shown in Fig. 9 were  observed in the raw data for the 
x - r ay  intensities. They are surprising because this 
specimen was taken f rom a slice in which the metal  
and Te concentrations should have  been homogenized 
by anneal ing (2, 3). F rom a l inear least squares fit to 
the Te data, the decrease in y over  1200 ~m is 0.01. 
Al though the width  of the solidus field has not been 
established for the alloy x = 0.30, this change in y is 
much larger  than  the solidus field width  for example  
of the alloy x = 0.27 (3). The change in the hole con- 
centrat ion corresponding to a change in y of 0.01 
would be about 6 • 1020 cm -3 (assuming one carr ier  
per ex t ra  atom).  To check this, we made Hall  co- 
efficient measurements  on a sample taken f rom the 
microanalyzed specimen. The sample was cut so that 
it included the spots shown in Fig. 8, and also so that  
its long dimension lay paral le l  to the gradient  indi-  
cated by the microanalysis. Measurements  were  made 
at several  points along the length of the sample. The 
results at 300 ~ and 77~ are given in Table I along 
with the hole concentrat ion 1/RvvoKe. The hole con- 
centrat ion is essentially uniform, and as anticipated, 
any var ia t ion is much less than required if the meas-  
ured change in the  atomic fractions is assumed to 
come from a change in composition of the al loy phase. 
Unless there is an error  in the e lec t ron-probe micro-  
analysis, these measurements  suggest that  electr ical ly 
inact ive precipitates are present. 

Shubnikov-de Haas Measurements  
Studies of the Shubn ikov-de  Haas effect in Czo- 

chra lsk i -grown (Pb l -xSnz ) l -yTey  alloys (7) suggest 
that  this par t icular  t ransport  phenomenon is ve ry  
sensit ive to the presence of striations. The Shubnikov-  
de Haas effect, which appears as oscillations in the 
resist ivi ty as a function of applied magnetic field, is 
used to study the geometry  of the Fermi  surface. The 
number  of component  frequencies  in the oscillations 
is normal ly  determined by the complexi ty  of this sur-  
face. In addition to those frequencies  which can be 
identified with  Fermi  surface geometry,  we have 
found that  ext ra  frequencies are present  in each alloy 
thus far  examined. These are the BH alloys wi th  x = 
0.13, 0.19, and 0.30 (7), and one sample wi th  x = 0.24 
taken f rom a crystal  grown at our laboratory.  Shub-  
n ikov-de  Haas oscillations observed in nonstr iated 
Br idgman-grown alloys having similar  compositions 
(8) do not exhibit  extra  frequencies.  We bel ieve that  
variat ions in carr ier  concentrat ion are the cause of the 
extra  frequencies in the Czochralski crystals, but  a 
correlat ion with  the detailed nature  of the striations 
has not been established. 
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Hoff of the mater ia ls  preparat ion group at this labora-  

Table I. Hall coefficient R and hale cancentration I/R77oEe of a 
sample taken from the microanalyzed specimen. The distance d of 

the Hall probes from one end of the sample is measured in the 
direction of the compositional gradient. Sample dimensions are 

0.61 mm x 0.82 mm x 4.34 ram. 

R(300~ R(77~ I/R77~Ke, 
d, mm cmS / C cm3 / C cm -3 

0.974 6.19 4.76 1.31 x lO TM 

1.341 6.21 4 .43 1.41 • 10 TM 

2.117 6.39 4.63 1.35 x 10 TM 

2.708 6.24 4 .65 1.34 x 1018 
3.400 6.43 4.66 1.34 x 10 TM 
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tory enabled us to observe the effects of changes in 
growth conditions on the striations. The efforts of 
Mr. R. L. Myklebust  of the Spectrochemical Analysis 
Section, Analyt ical  Chemistry Division, National  
Bureau of Standards, who carried out the electron- 
probe microanalysis, are greatly appreciated. Finally,  
we wish to thank  the Electronic Materials Division of 
Bell and Howell Company for the mater ial  which they 
provided. In  part icular  we are indebted to Mr. J. W. 
Wagner  for many  helpful  discussions. 

This work was supported by the Naval Ordnance 
Laboratory Independent  Research Fund  and by  the 
Naval Air Systems Command under  Task A31031OB/ 
292A/2R02103002. 
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Studies of Electret Effects on Polyvinyl Chloride in a Vacuum 

P. K. C. Pillai, Kamlesh Jain, and V. K. Jain 1 

Department of Physics, Indian Institute ol Technology, New Delhi-29, India 

ABSTRACT 

Details of an apparatus for the fabrication and measurement  of the sur-  
face charge of an electret in a vacuum is reported in this paper. The apparatus 
is useful in the preparat ion and preservat ion of the polarized sample under  
controlled conditions of humidity,  temperature,  and pressure. The effect of the 
polarizing field on the formation and characteristics of PVC(SRl l )  foil elec- 
trets under  vacuum conditions are investigated systematically. These in-  
vestigations confirm that a polarizing field is necessary to obtain pe rmanen t  
polarization in electrets. Charge reversal  was also obtained at low polarizing 
fields under  vacuum conditions. 

The investigation of dielectric properties has pro-  
vided an important  tool for the unders tanding  of the 
s tructure of matter.  Pe rmanen t  polarization (1, 2) will  
occur when  the electric field is applied to an insulator  
at an elevated tempera ture  and has solidified the dis- 
placed positive and negative charges in opposite direc- 
tions. To explain the electret effect more adequately, 
Pil lai  and Ja in  (3, 4) have added the contr ibut ion clue 
to the molding and stripping charges to the net  effec- 
tive surface charge calcutated by Peich and Handerek 
(5). 

In  the study of the electret effect, the measurement  
of the surface charge is of great importance due to its 
large number  of applications (6). Gubkin  et al. (7), 
and later  on Pil lai  and Ja in  (8), have reviewed the 
various techniques for the measurement  of the charge 
and they (8) have also developed a simple and accurate 
induct ion method for the charge measurement .  In  1949 
Gross (9, 10) employed the dissectible capacitor 
method for the polarization and measurement  of elec- 
trets. Recently Palia (11) has studied electrets under  
different pressures and found that the charge of the 
electret decreased as the pressure was  reduced from 
760 to 10 -2 Torr. 

Extensive studies have been made on electrets of 
various dielectrics in the form of slabs. But from the 
practical point of view foil electrets are more impor-  
tant. In  this article results obtained from PVC ( S R l l )  2 
foil electrets prepared under  vacuum conditions have 
been reported. For this purpose, an apparatus was de- 
signed and fabricated in which electrets could be made 
and the surface charge measured, in vacuum, without  

1 Present  address: Evaluat ion Group,  Solid-State Physics Labora-  
tory, Lucknow Road, Delhi-7, India. 

Key  words:  dielectrics, electrostatics. 
~Polyvinyl  chloride PVC(SRn) manufac tu red  by Sri Ram Vinyl 

and Chemical  Industries ,  Kota, India. 

removing the sample from the assembly. The apparatus  
is quite useful for s tudying the effect of different am- 
bient  conditions on the formation and characteristics of 
electrets. 

Apparatus 
The gadget for the polarization and measurement  of 

surface charge of foil electrets was enclosed in  a glass 
chamber  as shown in Fig. 1 (point 1). An unpolarized 
sample was kept in the cavity of a mica holder (point 
2, Fig. 1) which was screwed to a brass piece. This as- 
sembly  was supported with a horizontal  glass rod 
(point 3, Fig. 1). One surface of the sample was in con- 
tact with a metallic circular  disk (point 4, Fig. 1), 2.5 
cm in diameter and of 1 mm thickness, which was sup- 
ported with a collar (point 5, Fig. 1) and could be 
moved upward and downward by a rod (point 6, Fig. 
1) which passed through a vacuum seal. The vacuum 
seal was fixed at the center  of a 23 cm 2 brass plate of 1 
cm thickness. The motion of the lower electrode was 
restricted to 7 m m  in the vertical  direction from the 
horizontal axis of the glass rod (point 3, Fig. 1). The 
upper electrode (point 7, Fig. 1), of area �89 cm 2, was 
attached at the end of a movable  glass tube (point 8, 
Fig. 1). The upper  portion of the glass tube contained 
wax and particles of soft i ron so that  the electrode 
could be lifted by passing a current  through the sole- 
noid. Good contact between the upper  electrode and 
the surface of the dielectric was obtained due to the 
weight of the electrode system. The sample can be ro-  
tated from outside about its horizontal axis without  
dis turbing the vacuum in order to measure the surface 
charge on both sides of the sample. The rubber  tube 
(point  13, Fig. 1) was connected to the rotary and an 
oil-diffusion pump, and a vacuum of the order of 10 -4 
Torr  was obtained in  the glass chamber. 
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Fig. 1. (1) Glass chomber; (2) 
mica sheet; (3) glass rod; (4) 
circular brass disk; (5) collar; 
(6) vacucm seal; (7) upper brass 
electrode; (8) glass tube; (9) 
electromagnetic coil; (10) heat- 
ing system; (11) Cu-constantan 
thermocouple; (12) ground joint; 
and (13) rubber tube. 

| 

0 "-f l  " -  ,,- | 

A glass cyl inder wi th  a heating coil was placed in-  
side the glass chamber  around the electrodes (point 10, 
Fig. 1). The tip of the copper-constantan thermo-  
couple (point 11, Fig. 1) was fixed just  near  the elec- 
trodes to measure the temperature.  The upper  and 
lower electrodes were used for the polarization as well  
as for the surface-charge measurements.  All  the metal -  
lic parts of the system were connected to the ground to 
obtain good electrostatic shielding. The measurements  
of the surface charge on both sides were taken by the 
induct ion technique with the help of an EA810A elec- 
t rometer  amplifier (12) supplied by the Electronic 
Corporation of India Limited. 

Experimental 
A solution of polyvinyl  chloride (SRx1) was made in 

te t rahydrofuran  (Reidal make) and poured in a petri 
dish with a flat bottom. It was kept in a dust-free 
chamber at 35~ for about 15 hr to form a thin t rans-  
parent  PVC foil. Samples of size 4 • 4 • 0.04 cm were 
cut from this foil for polarization studies. Each sample 
was polarized at 95~ for 3 hr inside the vacuum 
chamber. After polarization, the samples were kept  in 
the same vacuum chamber  throughout  the period of 
investigation. After each measurement,  the sample was 
short-circuited and preserved (13) in the same vacuum 
chamber  for fur ther  studies. 

Results 
In  order to see the effect of a polarizing field on the 

characteristics of foil electrets, especially when it is 
prepared under  vacuum conditions, a series of samples 
were polarized under  different field strengths ranging 
from 1.25 kV/cm to 2.75 kV/cm. The decay characteris-  
tics of these samples were studied for about a month  
and the results are shown graphically in Fig. 2 and 3. 

Another  sample was prepared under  identical condi- 
tions but  without  the application of the forming field. 
A relat ively smaller  amount  of charge was obtained on 

both faces of this sample [Fig. 2 (1A)] which decayed 
to zero after a few days. This clearly shows that  it was 
merely  a surface phenomena due to the close contact 
between the dielectric and the insulator  (14, 15). How- 
ever, this helps in increasing the magni tude  of the 
ini t ial  heterocharge of the samples prepared with po- 
larizing fields. This investigation thus confirms that  a 

o U 3 ,'A~'O. 
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Fig. 2. Surface-charge density plotted as a function of time far 
PVC(SR1;) electret formed in 3 hr polarizing time at a polarizing 
temperature of 95~ Curve (A), zero polarizing field; Curve (B), 
1.25 kV/cm polarizing field 
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Fig. 3. Surface-charge density platted as a function of time for 
PVC(SRH) electret formed in 3 hr polarizing time at a polarizing 
temperature of 95~ Curve (C), 2.00 kV/cm polarizing field; 
Curve (D), 2.75 kV/cm polarizing field 

polar izing field is necessary to obta in  a pe rmanen t  
polarizat ion.  

The samples  p repa red  with  1.25 k V / c m  and 2.0 
k V / c m  [Fig. 2(1B) and 3(1C)]  show the presence of 
the  he te rocharge  on both sides of the sample. But  the 
cathode face of the  sample  p repa red  wi th  2.0 kV/cm 
[Fig. 3(1C)]  shows a reversa l  from he te rccharge  to 
homocharge.  By increas ing the polar iz ing field up to 
2.75 k V / c m  [Fig. 3 (1D) ] the  he te rocharge  on both faces 
reverses  to a pe rmanen t  homocharge.  The resul ts  of 
this invest igat ion confirm the  e lect re t  behavior  ob-  
ta ined  by  Gross (9) and Gemant  (16) for the  reversa l  
f rom hetero  to homocharge.  

Discussion 
The presence of he terocharge  can be expla ined  on 

the basis of the  two-cha rge  theory  es tabl ished by  
Gross (9) which has been accepted by  most of the re -  
cent workers  in this field. For  an e lect re t  there  are  two 
charge  dis t r ibut ions  of opposite polar i ty .  One of them 
is a surface charge, of the same po la r i ty  as tha t  of the  
ad jacent  forming electrodes,  which  is genera l ly  known  
as an homocharge.  The other  is due to the  in te rna l  
polarizations,  which produce a net  surface charge op-  
posi te  to that  of the  forming electrode, and is known 
as an heterocharge.  If a real  surface charge p redomi -  
nates  over  the charge  due to volume polarizat ion,  the 
resu l tan t  charge wil l  be an homocharge,  and vice 
versa. 

Gross (17, 18), and la te r  on Gubk in  (19) and Mat -  
s ionashvil i  (20), have  also given the phenomenological  
theories  to discuss a s imi lar  type  of results.  

I t  is possible tha t  when  a high field is appl ied  in the 
mol ten  sample,  the dipoles are  or iented in the  direct ion 
of the field, and these or iented dipoles in tu rn  a t t rac ted  
the excessive ions of opposite po la r i ty  from the bulk  of 
the  mater ia l ,  which wil l  be s tuck to the surface when 
the sample  is solidified. F rom the s tudy of the rmal  
degrada t ion  of po lyv iny l  chloride,  i t  was found (21- 
23) tha t  the weakes t  C-C1 bond wil l  be rup tu red  at 
a h igher  tempera ture .  This was fol lowed by  an ab-  
s t ract ion of an hydrogen  a tom from an adjacent  carbon 
and format ion  of a double  bond in the  chain. This wil l  
increase  the po la r izab i l i ty  of the  polymer .  The dif -  
ference of po la r i ty  reversa l  on the  cathode and anode 
surfaces might  then  be expla ined  by  the different  mo-  
bil i t ies of the  two types  of ions, especial ly  above the 
g lass - t rans i t ion  t empe ra tu r e  (80~ of the mater ia l .  
Above this g lass- t rans i t ion  tempera ture ,  the conduc-  
t ion in PVC is ionic (24) and these ions in tu rn  wi l l  be 

collected near  the  surfaces of the  sample  due to the 
a t t rac t ion  of the  dipoles. 

The measured  net  effective surface charge is the  
a lgebraic  sum of the  he terocharge  and homocharge.  
When  the e lec t re t  is shor t -c i rcu i ted  the  field wi th in  
the  sample  becomes negl ig ib ly  small .  And  the he te ro-  
charge decays only due to the rmal  motions, while  the  
homocharge  remains  r e l a t ive ly  constant  causing the 
observed reversa l  in po la r i ty  of the  net  surface charge.  

The presence of the homocharge  includes two more  
factors; one is due to the sp ray  of ions f rom the elec-  
t rode on the surface of the  dielectric,  and  the other  is 
due to the  b r eakdown  of a i r  inside the  chamber.  I t  also 
includes s t r ipping and molding charges (3, 4) as there  
is close contact  be tween  the dielectr ic  and the elec-  
trode. But the contr ibut ion  due to the  a i r  breakdown,  
in this  case, must  be cons iderably  smal le r  as the  sam-  
ples were  p repa red  in vacuum conditions. 
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Evaluation of HgCI  as a Transport Agent for ZnO 

M. Shiloh and J. Gutman 
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ABSTRACT 

The chemical vapor transport of ZnO by HgCI2 in a closed ampoule was 
evaluated exper imental ly  and theoretically. A diffusion-controlled mechanism 
does not explain the exper imental  results, except for the prediction of the 
correct order of magnitude,  which might  indicate that  diffusion is an impor tant  
ra te -de te rmin ing  step. The experiments  were performed in the tempera ture  
range, 1160~176 a total pressure range, 0.1-3 atm; and with temperature  
gradients of 70~ and 100~ Above a total pressure of 1.5 atm the measured 
t ransport  rate increases more slowly (with increasing total pressure) than the 
calculated rate based on a diffusion mechanism. Computer  calculated curves of 
the relationships between the source and crystallization chamber  temperatures,  
the total pressure, and the part ial  pressure difference of ZnCI2 in the two 
chambers, can serve as a guide for future experiments.  Single crystals of ZnO, 
average size 4 • 2 • 2 mm, were grown under  the conditions studied in the 
present  work, 

In previous studies on the growth of single crystals 
of ZnO (1), HgC12 was found to be a promising t rans-  
port agent. In  this system ZnC12 is responsible for the 
t ransport  process, in contrast  to t ransport  via Zn vapor, 
which is formed when NI-I4C1 is used as a t ransport  
agent. The different t ransport  mechanisms of these 
two agents were taken into account in selecting the 
one used to grow doped single crystals of ZnO (2). 

In  the present  work the ZnO-HgC12 system is eval-  
uated by comparing exper imental  results with calcu- 
lated thermodynamic  quantities, in a closed system. 
A quant i ta t ive  evaluat ion of the growth of ZnO in an 
open system by the reaction mix ture  Zn-H20, was 
published recently by Reisman (3). 

Experimental 
The exper imental  procedure was similar to that 

described in a previous publication (1). A set of sealed 
ampoules, each containing about 5g ZnO and different 
quanti t ies of HgCI~, were placed in  a horizontal  tube 
furnace with the desired temperature  gradient  be-  
tween the source chamber and the crystall ization 
chamber. 

The ZnO powder (B.D.H. Analar)  was calcined at 
1000~ before use, in order to el iminate traces of car- 
bonate and hydroxide. The ZnO was heated in the 
ampoule at 350~ and 10 -6 mm Hg before sealing. 
The upper part  of the ampoule was cooled with wet 
cotton to prevent  the loss of sublimed HgC12. 

Results and Discussion 
The data obtained from two sets of experiments,  

where  the source temperature  was the same but  the 
tempera ture  gradients differed (70 ~ and 100~ are 
given in Table I. 

The average dimensions of the crystals obtained 
were 4 • 2 • 2 mm. Some of the crystals are shown 
in  Fig. 1. 

In  order to correlate the results with an assumed 
diffusion-controlled t ransport  mechanism, the part ial  

Key  w o r d s :  Z n O  s ing le  crys ta ls ,  chemica l  v a p o r  t r anspo r t ,  t he r -  
m o d y n a m i c s  of the  ZnO-HgC12 sys tem,  

Fig. 1. Single crystals of ZnO grown with HgCI2 as a transport 
agent. 

pressures of the molecules, which are responsible for 
the t ranspor t  effect, have to be computed. 

The following equi l ibr ium was assumed for this sys- 
tem 

Kp 
ZnO(s)  + HgC12(g) ~ZnC12(g)  + Hg(g)  -}- YzO2(g) 

[ i ]  

The funct ion kr(w) for the equi l ibr ium given in  Eq. 
[1] was derived, from available thermodynamic  data 
(5, 6), by  combining the individual  AF(T) functions 
given in Table II for the following equil ibria 

Table h Transport data of ZnO in closed ampoules with different concentrations of HgCI2 

Source  c h a m b e r  T~ = 1260~ TI = 1260~ 
Crys t a l l i z a t i on  c h a m b e r  T2 = l 1 6 0 ~  T~ = l 1 9 0 ~  
Di f fu s ion  p a t h  ID = 1.0 e m  I D  = 1.25 cm 

L e n g t h  = 5.0 cm L e n g t h  = 3.7 c m  
T i m e :  334 h r  T i m e :  376 h r  

I n i t i a l  c o n c e n t r a t i o n  of HgClz 
[ m g / c m  8] 0.76 1.14 1.52 1.95 2.29 

Ra te  of  t r a n s p o r t  of Z n O  (T1 --> T~) 
[ m g / h ]  2.4 4.8 5.5 5.6 5.9 

438 

3.56 0,11 0.47 0.70 1.10 1.62 2.31 2.88 3.40 

6.3 2.64 3.05 4.70 5.20 8.43 9.'/2 9,96 0.85 
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Table il. Standard free energy of reaction (AF~ = 
A 4 -  BT Iog  T 4 -  CT) 

AF ~ in cat Temp.  
Reaction A B C range,  ~ Ref.  

ZnO(s) ~.~ Zn(g) + 1/202(g) 
Zn(g) + Ch(g) ~-- ZnCl:(g) 
HgCl:(g) ,~ Hg(g) + C12(g) 

115,400 10.35 --82.36 1170-2000 (6) 
--93,800 --9.44 38.6 1180-1800 (6) 

46,500 - -  --23.5 6 3 0 - 1 5 0 0  (5 )  

ZnO(s)  ~ - Z n ( g )  + YzO2(g) 
Zn(g)  + Cl2(g) ~ ZnCl2(g) 

HgC12(g) ~ Hg(g )  + C12(g) 
ZnO(s) + HgCls(g) ~ ZnCl~(g) + Hg(g) + u 

The resulting value of AF(T) for reaction [1] is 

AF(T) = 68,100 4- 0.91T log T -- 67.26T [cal/mole] [2] 

The equilibrium constant of Eq. [1] can be expressed 
by 

Kp - -  Pznc122"5 [3] 

PHgCI2 

where Pzncl2 and PHgCI2 are the equilibrium partial 
pressures of the corresponding halides. The total equi- 
librium pressure, in a c10sed system, is given by 

P T  ~- PHgC12 + 2.5Pzncl2 [ 4 ]  

Using Eq. [2], [3], [4] and  the  re la t ion  

AF = - -RT In Kp [5] 

one obtains the  fol lowing re la t ion for Pzncl2, PT, and T 

in 
Pzncl22"5 

PT -- 2.SPzncl2 

-- - -  0.91 log T 4- 67.26 
R T 

[6] 

Assuming a closed ampoule  of vo lume 2V ( l i ter)  half  
of which (V) is at T1 and half  at  T2, (T1 > T2), wi th  
an abrup t  t empera tu re  gradient  be tween them; an 
expression is de r ived  to re la te  the ini t ia l  amount  of 
HgC12 m (g) placed in the ampoule,  to the  equi l ibr ium 
total  pressure,  and the equi l ib r ium pa r t i a l  pressures  
of ZnC12 at T1 and T2 (designated P1 and P2, respec-  
t ive ly) .  The exper imen ta l  t empera tu re  gradient  
changed g radua l ly  along 10 m m  between the two re -  
gions. 

The ini t ia l  pressure  of HgC12, Pi, is expressed by  

Pi = PHgcl2 + Pznc~ [7] 

which, on subst i tut ion from Eq. [4] gives 

Pi = PT --  1.5Pzncl2 [8] 

Using the ideal  gas law, inser t ing the  corresponding 
values of the  gas constant  (0.082 l i ter  a tm) ,  the molec-  
ular  weight  of HgC12 (271.5) and Eq. [8] for Pi, one 
obtains 

[ PT- -1 .5P1  PT- -1 .5P2  ] 
ra = 3309V "T7 4- T2 [9] 

Using a computer  program,  values  of PZnC12 at  T1 and 
T~ (Pi  and P2, respect ive ly)  were  ca lcula ted  by  Eq. [6] 
for a given set of values  of PT. F rom these sets of 
values Fig. 3 and 4 were  constructed,  using the pa -  
ramete r  APzncI2 defined as the  pa r t i a l  p ressure  differ-  
ence of ZnCl2 be tween the two t empera tu res  (Pi  --  P2). 

The ini t ia l  amount  of HgC12, m, is calculated by  Eq. 
[9] for given values  of PT and the  corresponding 
values of PI and P2, ca lcula ted  by  Eq. [6]. The ini t ia l  
concentra t ion of IIgCl2 is given by  

m [ micromoles  ] 
C l = ~ X  10 3 [10] 

2VM c.c. 

41 I I I 

where  M is the  molecular  weight  of HgC12. 
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Fig. 2. The partial pressure difference of ZnCI2 and the total 
pressure as a function of the concentration of HgCI2 in a closed 
ampoule. T1 = 1260~ 7"2 = 1200~ V1 = V2 = 0.006 liter 
(V1 and V2 are the volumes of the ampoule at T1 and T~, respec- 
tively). 

For  constant  values  of V, T1, and T2 in the range of 
t empera tu res  and t empe ra tu r e  gradients  given in Fig. 
2-4, the values  of APZnC12 are smal l  compared  wi th  PI, 
P2, or  PT and therefore  t he re  is a l inear  re la t ionship  
be tween m, or Ci, and PT. 

F igure  2 shows the effect of increasing the ini t ia l  
concentrat ion,  Ci, of HgC12 (or the ini t ia l  pressure)  
wi th  a constant  t empe ra tu r e  difference be tween  the 
two chambers  of the  ampoule  (having equal  volumes of 
6 cm 3, V1 = V2, at T1 and T2, respec t ive ly) .  I t  is seen 
that  APznc12 increases more  r ap id ly  than PT. 

F igure  3 shows the dependence  of APzncl~ on the 
total  pressure  and source t empera tu re  (T1), for a con-  
s tant  t empe ra tu r e  grad ien t  (T1 --  T~ = 100~ be-  
tween  the source and crys ta l l iza t ion  chambers.  I t  is 
seen that  by  lower ing  the source tempera ture ,  keeping 
PT constant,  APznc12 is increased.  At  the  same t ime  AP 
changes more  s lowly wi th  PT at lower  source t empera -  
tures. F igure  4, const ructed f rom the same data, shows 
the fami ly  of curves of AP as a function of the  source 
chamber  t empera ture ,  a t  var ious  va lues  of PT. At  
higher  to ta l  pressure  the m a x i m u m  value  of AP shifts 
to a h igher  source tempera ture .  

A comparison of the exper imen ta l  t ranspor t  ra te  
resul ts  wi th  ca lcula ted  curves, as a function of total  
pressure,  is seen in Fig. 5. F o r  the  calculat ions diffu- 
s ion-control led  t r anspor t  was assumed, and the fol low- 
ing equat ion was used (4) 

APznm2 _ A 
R' = ~ T ~ -- 14.65 (rag ZnO/h) [11] 

PT L 

where T is the average temperature between the 
source and crystallization chambers, A is the cross- 
section area of the ampoule in the diffusion path, and L 
is the diffusion-path length. (The data are given in 
Table I.) In order to eliminate the geometrical factor, 
the rate values given in Fig. 5 were normalized to 1 
cm 2 cross-section area and 1 cm of diffusion path 
length 

L 
R = R' -- (rag ZnOlh cm) [12] 

A 



440 J .  EIectrochem. Soc.: S O L I D - S T A T E  S C I E N C E  A N D  T E C H N O L O G Y  March I973 

10 ~ 

10- I 

E 

id  2 

,:,2 <~ 

s 

i do.41 0.5 0.5 1.0 .5.0 5.0 IOO 

PT (atm) 
Fig. 3. The partial pressure difference of ZnCI2 as a function of 

the total pressure at different source temperatures. Vz "-  V2 = 
0.006 liter; Tz - -  7"2 ---- !00~ 

The ca lcula ted  curves  are  in good agreement  wi th  
the  expe r imen ta l  resul ts  only  in the  lower  PT range,  
below 1.5 atm. A diffusion-control led t r anspor t  mecha-  
nism and the assumptions  made  in the  der iva t ion  (4) 
of Eq. [4] p robab ly  overs impl i fy  the ac tual  mechanism. 
F igure  3 shows that,  wi th  the  t empe ra tu r e  profiles used 
in the present  work,  aP  (and hence the t r anspor t  ra te)  
wi l l  increase more  s lowly wi th  PT only at  much higher  
values  of PT (above the range s tudied in this work ) .  
One should note  tha t  the  ca lcula ted  curves  are  ve ry  
sensi t ive to the  numer ica l  values  of the  coefficients in 
Eq. [2], which were  der ived  from expe r imen ta l  da ta  
(5, 6). 

The s lower  change of R at  h igher  pressures  might  
show the heterogeneous  react ion to be the  r a t e - d e t e r -  
mining  step at  this  range.  

F igures  2-4, which present  the  computer  ca lcula ted 
values  of APznc12 as a funct ion of the  var ious  p a r a m -  
eters,  a re  ve ry  useful  as  a guide when searching for  
the  appropr i a t e  c rys ta l  growing conditions. One can 
es t imate  the  effect of var ious  exper imen ta l  pa rame te r s  
on APzncl2 and hence on decreasing as increasing the 
growth  ra te  in order  to control  the  nucleation.  

The effect of an addi t ional  equi l ibr ium, the  decom- 
posit ion of ZnO, was also calcula ted 

ZnO(s) ~ - Z n ( g )  + ~,/zO2(g) [13] 

The t empera tu re  dependence  of the  pa r t i a l  p ressure  of 
the Zn vapor  is given by  (7) 

IO ~ 4 I I I I I 

I 0 -= =5 atm 

e 

.?o Id a 
= ~ k ' ~ T  = 1.0 atm 

oP 
<~ 

I d 3 ~T =0.5 atm 

\ 

(727<'C) (827~ 
I "'*1 , , , , , , 
0800 1000 1200 1400 

Source chamber temperature T(~ 
Fig. 4. The partial pressure difference of ZnCI2 as a function of 

the source temperature, at different total pressures. V1 ---- V2 = 
0.006 liter; T1 - -  7"2 = 100~ 
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Fig. 5. The transport rate of ZnO as a function of the total 
pressure. Transport agent, HgCI2; source temperature, 1260~ 
(The data ore normalized for a transport path of I cm 2 cross- 
sectional area and 1 cm diffusion length). 

--16,173 
log P z n  - -  + 7.24 [14] 

T 

From this relation it was found that at the highest 
temperature used in the present work (1260~ the 
partial pressure of Zn is about 10 -6 arm. This will 
significantly affect the transport rate of ZnO only at a 
low total pressure, below 0.1 arm. 
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Preparation and Properties of II-Ln -S, Ternary Sulfides 
W. M. Yim,* A. K. Fan, 1 and E. J. Stofko 

RCA Laboratories, David Sarno~ Research Center, Princeton, New Jersey 08540 

ABSTRACT 

S o m e  50 t e r n a r y  sulfides of the  type  II-Ln~-S4 were  explored,  where  II  = 
(Zn, Cd, Mg, and Ca) and Ln = (Sc, Y, La, Ce, Pr,  Nd, Sm, Gd, Tb, Dy, Ho, 
Er, Tm, Yb, and Lu) .  The s t ructure  of the compounds, if they  were  formed, 
was inves t iga ted  wi th  x - r a y  diffract ion techniques using p r imar i ly  the ma te -  
r ia ls  synthesized in powder  form. Single crysta ls  were  subsequent ly  grown 
from the  powders  for several  compounds including ZnSc2S4 and CdSczS4 which 
were  found to have bandgaps  of 2.1 and 2.3 eV, respect ively,  at  room t e m p e r a -  
ture. Doping with  a va r ie ty  of impur i t ies  p rovided  conduct ing n - t y p e  speci-  
mens for both ZnSc2S4 and CdSc2S4, and for the  la t te r  p - t y p e  specimens were  
also obtained.  Weak  cathodoluminescence was observed from severa l  com- 
pounds including CaCe2S4 wi th  a g reen-ye l low and ZnLu2S4 wi th  a b lue -green  
emission color. 

Many t e rna ry  compounds of the type  IIB-III2-VI4 
(Group IIB e lement  ---- Zn,Cd,Hg; Group II I  e lement  
: A1,Ga,In; Group VI e lement  = S,Se,) have been 
synthesized prev ious ly  (1-3) and some of thei r  elec-  
tronic proper t ies  inves t iga ted  (4). In  contrast,  r e la -  
t ive ly  l i t t le  work  has been done on compounds of the  
s imi lar  type  II-Ln2-VI4 (II  --- Zn,Cd,Mg, Ca; L n  = Sc, 
Y, or a r a re  ear th)  (5-7).  Informat ion  is especial ly  
lacking regard ing  the s ing le-crys ta l  g rowth  and the  
electr ical  and optical  proper t ies  of such compounds.  

We have  explored  some 50 II-Ln2-S4 compounds 
which included many  of the  t e rna ry  sulfides involving 
Ca and Mg, in addi t ion to al l  of those involving Zn and 
Cd, wi th  Sc and Y and al l  but  two r a r e - e a r t h  e lements  
(Eu and Pm) .  The ma jo r i ty  of the sulfides was first 
synthesized in the  form of powders,  wi th  which we 
made  x - r a y  de te rmina t ion  of the  s t ruc ture  and also 
made  visual  examina t ion  of the  luminescence color 
under  ca thode - ray  excitat ion.  Severa l  compounds, pa r -  
t i cu la r ly  ZnSc2S4 and CdSc2S4, were  subsequent ly  
p repa red  in the form of s ing le -c rys ta l  platelets,  on 
which we measured  the opt ical  bandgaps  and electr ical  
conductivit ies.  The resul ts  show that  many  of these 
t e rna ry  sulfides have bandgaps  in the  visible region 
(e.g., 2.1 and 2.3 eV, respect ively,  for ZnSc2S4 and 
CdSc2S4), and that  e lect r ica l ly  conduct ing specimens 
could be obtained by  doping with  sui table  impuri t ies .  

Materials Preparation 
Powders  of Zn-Ln2-S4, Cd-Ln2-S4, Ca-Ln2-S4, a n d  

Mg-Ln2-S4 were  synthesized in flowing CS2 wi th  He 
car r ie r  gas at t empera tu res  be tween  1000 ~ and 1200~ 
using the appara tus  shown schemat ica l ly  in Fig. 1. The 
genera l  react ion scheme was as follows 

I I - S  Ln2-S3 
o r  9- or --> I I - L n s - S 4  

II-CO3 Ln2-03 

The carbonates  were  used for  the  t e r n a r y  compounds  
containing Ca or Mg, and for those containing Zn or 
Cd the reac tan t  b ina ry  sulfides were  ZnS or CdS pow-  
ders. The s tar t ing Ln2-S3 were  obta ined  by  the  reac-  
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i Pre-Doctoral AI~PA Summer Working Visitor from Brown Uni- 
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Key words: rare-earth ternary sulfides, crystal structure, bandgap, 

doping, cathodoluminescence. 

tion of cor responding sesquioxides Ln2-O3 wi th  CS2. 
The stoichiometric  propor t ions  of these reac tan t  pow-  
ders were  ground, mixed,  and reac ted  again  in CS2 
for to ta l  periods ranging genera l ly  be tween  3 and 6 
hr  unt i l  x - r a y  powder  pa t te rns  showed the product  
was a homogeneous, s ingle-phase  mater ia l ,  or unt i l  
no fur ther  change Occurred in the x - r a y  pa t te rns  upon 
longer  react ion t imes. 

Crys ta l  g rowth  of the II-Ln2-S4 compounds was in -  
ves t iga ted  by  c losed- tube  chemical  t r anspor t  at  ave r -  
age t empera tu res  of 1000~176 wi th  t empera tu re  
gradients  ranging be tween  5 ~ and 50~ using the pow-  
ders  synthesized as above. S ing le -c rys ta l  p la te le ts  as 
la rge  as 5 m m  on an edge wi th  thickness  ranging up 
to 200 ~m were  successful ly grown for ZnSc2S4 and 
CdSc2S4, and crys ta ls  of smal ler  sizes were  also ob-  
ta ined for ZnTm2S4 and ZnLu2S4; whi le  for the  re -  
ma inder  of the  II-Ln2-S4 compounds invest igated,  
only po lycrys ta l l ine  ma te r i a l  resulted.  Single  c rys ta l -  
l in i ty  was manifes t  in the  Laue  back-ref lec t ion pa t -  
terns  wi th  wel l -def ined diffract ion spots shown, for 
example,  in Fig. 2 for a (111) ZnSc2S4 single crystal .  
I t  is wor thy  of note tha t  among the  two t r anspor t  gases 
used (I2 and HC1), HC1 was found to give crysta ls  o f  
la rger  dimensions. In  general ,  the  c rys ta l  g rowth  w a s  
made  difficult by  react ions wi th  quar tz  of Ca, Mg, a s  
well  as the  m a j o r i t y  of the r a r e - e a r t h  elements.  Emis -  
sion spect rographic  analysis  showed tha t  the grown 

EXHAUST 

r'- -cs,§ 
%.. ~ 

1000-1200~162 ~ C S 2  
Fig. 1. CS~ reaction apparatus 
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Fig. 2. X-roy Laue back-reflection pattern of a (lll)-oriented 
ZnSc2S4 single crystal. 

crystals contained sometimes as much as 1000 ppm Si, 
probably from the quartz growth ampoule used. 

Crystal Structure 
Tables I -IV list crystal s tructures determined by 

x - ray  analyses (powder diffraction or Weissenberg 
techniques) of the major i ty  of the 15 possible com- 
pounds in each group of Zn-Lnz-S4, Cd-Ln~_-S4, Ca- 
Ln2-S4, and Mg-Ln2-S4, respectively, where Ln  : 
Sc,Y,La,Ce,Pr,Nd,Sm,Gd,Tb,Dy,Ho,Er, Tm,Yb, and Lu. 
For the first three groups we have at tempted to syn-  
thesize all the 15 possible combinations, but  for the 
Mg-Ln~-S4 group we explored only two possibilities 
(MgSc2S4 and MgY2S4). Those listed with ? marks 
denote the case where no stoichiometric compounds 

were found (in which case x - r ay  pat terns usual ly 
showed mixtures  of unreacted star t ing compounds),  or 
the observed structures were too complex to be readily 
identified. In  Ca-Ln2-S4 (Ln = Ho through Lu) the 
crystal s tructures were not analyzed but  were all iso- 
morphous (noncubic) ,  probably with an orthorhombic 
structure reported previously for these compounds (6). 
The present  lattice constants are general ly in good 
agreement  with previous values, as seen in Tables I -  
HI. 

The crystal s t ructure data are summarized in Fig. 3, 
which convenient ly  shows general  relationship be- 
tween the lattice constants of cubic compounds (spinel 
or Th3P4 type) and the ionic radii of Ln  elements (8). 
While we wil l  not at tempt to analyze these data in  any 
quant i ta t ive  manner ,  the following generalization 
emerges from an inspection of Fig. 3. The spinel struc- 
ture  is favored for the Ln  elements with small  ionic 
r ad i i~ th i s  is t rue for compounds involving Zn (0.74A), 
Cd (0.97A), and Mg (0.65A). The Th3P4 structure is 
favored for the Ln  elements of large ionic radii, par-  
t icularly in the compounds containing Ca (0.99A), 
while for the Ln of intermediate  radii  an or thorhom- 
bic structure exists. The lattice parameters  for the 
cubic forms as well as for the orthorhombic form, gen- 
eral ly decrease with decreasing ionic radii  of the Ln 
elements. This t rend holds t rue whether  covalent or 
metallic radii, instead of the ionic radii, are used. 

Optical Bandgap 
Optical absorption measurements  were made at 

300~ with single-crystal  platelets, whenever  avail-  
able, using a Cary Model No. 14 double-beam spectro- 
photometer. The measurements  were also made on 
some of the compounds obtained originally in  powder 
form, after cold-pressing these powders mixed in KBr 
binder. Although the absorption edges obtained for the 
KBr-pressed specimens were not sharp, approximate 
values of the bandgap could be derived from the ob- 
served edges. These values ranged from 1.8 eV for 
CdEr_~S4 to 3.1 eV for ZnDy2S4, and the largest bandgap 
value observed for the present II-Ln2-S4 compounds 
was 3.7 eV for ZnLu2S4, as listed in Tables I, II, and 
IV. 

Somewhat more detailed analyses of the optical ab-  
sorption data were made on ZnSc2S4 and CdSc2S4 with 
(111) -oriented single-crystal  platelets, 25-200 ~m thick. 
The optical absorption coefficient a was calculated, 
neglecting reflection, as ~ : ( l / t )  In (Io/I), where t 
is the thickness, and Io and I are the init ial  and t rans-  

Table I. Zn-L.2-S4 Compounds 

S t r u c t u r e  

T h i s  work P r e v i o u s  work 
Possible Bandgap (a) 

compounds Type ao (A) Ref. ao (A) (eV) CathodoluminJ b) Remarks 

Z n S c 2 S 4  S p i n e l  1 0 . 4 8 3  Sr (7) 10 .478  2 .1  n o n e  E g  o f  S c  (d) 
Z n Y 2 S 4  ? (e) . . . .  b l u e - g r e e n  - -  
Z n L a ~ S 4  ? . . . .  b r o w n  - -  
Z n C e ~ 4  ? . . . .  y - g r e e n  - -  
Z n P r 2 S 4  ? . . . .  b l u e  - -  
Z n N d ~ S 4  ? . . . .  n o n e  - -  
Z n S m 2 S ~  ? . . . .  b l u e  
Z n G d 2 S 4  ? . . . .  n o n e  - -  
Z n T b ~ S 4  ? - -  ~ - -  n o n e  
Z n D , ~ S 6  ? . . . .  ~',I d a r k  b l u e  E g  o f  K B r - p ( t ~  
Z n H o 2 S ~  ? . . . .  n o n e  
Z n E r 2 S ~  ? . . . .  n o n e  - -  

a = 7 . 7 3 4  
Z n T m 2 S 4  O r t h o r .  b = 1 3 . 2 2 7  - -  - -  3 .6  n o n e  E s  of SC 

c = 6 . 2 6 3  
Z n Y b 2 S ~  O r t h o r .  - -  O~g) (7) - -  ~2.5 n o n e  E 8  o f  K B r - p  

a = 7 . 6 5 8  
Z n L u 2 S 4  O r t h o r .  b = 13 .183  O (7) - -  3 .7  b l u e - g r e e n  E~  of SC 

c = 6 . 2 4 6  

(a) R o o m  t e m p e r a t u r e .  
(b~ R o o m  t e m p e r a t u r e ,  v i s u a l  e x a m i n a t i o n ,  n o  i n t e n t i o n a l  i m p u r i t i e s  a d d e d ,  c a t h o d o l u m i n e s e e n c e  could  be  due  to unreacted  start ing m a *  

t e r i a l s .  
(~) S p i n e l  s t r u c t u r e ,  cubic.  
(d) S i n g l e  c r y s t a l .  
(e) X - r a y  p a t t e r n s  a r e  ei ther  for mix tures  of the start ing materials  or a r e  v e r y  complex .  
(t) K B r - p r e s s e d  pellet .  
(g) O r t h o r b o m b i c ,  M n Y ~ S t  type .  
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mitted intensities, respectively. In al l  cases, weakly 
energy-dependent, low-background absorption was 
subtracted from the measured absorption in calculating 
the ~ values. 

In  Fig. 4 and 5 are shown the dependence of a upon 
wavelength ~ for ZnScsS4 and CdSc2S~ (111) single 
crystals, respectively, at 300~ The fundamenta l  ab-  
sorption edge is seen to occur near  6000A for the 
former and near  5300A for the latter, corresponding to 
a bandgap of 2.1 eV for ZnSc~S4 and 2.3 eV for 
CdScaS4. These data are consistent with the observed 
t ransparent  red to yellow colors of the respective sam- 
ples. 

It  is known that the absorption coefficient in the 
fundamenta l  absorption edge region obeys, in general, 
a power law of the form ~ cc (h~ -- Eg) ~, where h~ is 
the photon energy and Eg is the bandgap. The exponent  
n for a direct bandgap is Y2 if the electronic transit ions 
are that  of the allowed case, and for the forbidden 
case it is 3/2; for an indirect gap the n is 2 and 3, re-  
spectively, for the allowed and forbidden transit ions 
(9). We have at tempted to fit the present ~ to the 
various power laws; however, the results were incon- 

II-Ln2-S4 TERNARY SULFIDES 
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Fig. 3. Crystal structures and 
lattice constants of Zn-Ln2-S4 
(0 ) ,  Cd-Ln2-S4(o), Ca-Ln2- 
S4(A), and Mg-Ln2-S4. (S): 
spinel, (T): Th~P4, (0): orthar- 
hombic, (TR): trigonal, (M): 
monoclinic, and (?): no cam- 
pound formed or unknown struc- 
ture. Lower graph shows known 
3-b ionic radii of Sc, Y, and the 
rare earths [Ref. (8)]. In the 
upper graph, dashed lines ( . . . .  ) 
ore used merely for the purpose 
of grouping together the individ- 
ual group of II-Ln2-S4 having 
the same Group II element; 
while the heavy lines connecting 
data points represent actual vari- 
ations in the lattice constants of 
cubic-form (spinel and Th3P4 
type) II-Ln2-S4 sulfides. 

clusive, al though for both ZnSc2S4 and CdSe~S4 the 
direct-bandgap ~ oc ( h v  - -  Eg) 1/2 relat ion provided a 
somewhat bet ter  fit for the exper imental  points than 
did the other power dependences. It  is perhaps worth 
ment ioning in this regard that  calculations of the band 
structure of spinel- type semiconductors have been 
at tempted previously (10); however, only the valence 
band levels at the r points could be deduced with any 
certainty, leaving lower symmetry  points such as X or 
L uncertain,  wi th  the results that  unambiguous  deter-  
minat ion  of the type of the fundamenta l  bandgap was 
not possible. 

From the interference fringes obesrved with th in  
specimens, the refractive index in the wavelength 
region of 1-2 ~m was calculated to be 1.56 for ZnSc2S4 
and 2.39 for CdSc2S4. Thus the dielectric constant of 
the former is less than  that  of the latter, indicating 
that ZnSc2S4 is probably more ionic than  CdSc2S4. 

Doping Behavior  and  Electr ica l  Propert ies 
As-grown, undoped II-Ln2-S4 compounds investi- 

gated were all high resistivity, and consequently their 
conductivity type could not be determined. Efforts to 

Table II. Cd-Ln2-S4 Compounds 

S t r u c t u r e  

This work Previous work 
Possible Bandgap(s) 

compounds Type ao (A) Ref. ao (A) (eV) Cathodolumin, (b)  R e m a r k s  

CdSc2St S p i n e l  10.733 S(c) (6) 
Cd2Y2S, S p i n e l  11.172 S (5) 11.~96 
CdLa2S4 ThsP4 8.7033 T (a) (6) - -  
CdCe~S. ?(~) ~ T (6) - -  
CdPrsS~ Trigonal -- T (6) 
CdNdsS~ T r i g o n a l  a ~- 4.6 T (6) 

b ~ 8 . 0  
CdSmsS~ ? ~ T (6) 
CdGd~S,  Monocl.(~) ~ T (6) 
CdTb~S,  ? ~ T (6) 
CdDy~S4 ? T (6) 
CdHo2S4 S p i n e l  1 1 . ~ 7 4  S (6) 11.'~68 
CdEr2S4 S p i n e l  11.1347 S (6) 11.136 
C d T m 2 S ,  S p i n e l  11.00 S (5) 11.092 
CdYb~S~ S p i n e l  11.0684 S (6) 11.068 
CdLusS~ S p i n e l  11.045 S (6) 11.036 

O(o) (7) 

2.3 

~ 2 . 6  

~ 2 . 1  

~ 1 . 8  
~ 2 . 4  
~ 2 . 5  

b r o w n  

b r o w n  
w e a k  g r e e n  
n o n e  
n o n e  
n o n e  

n o n e  

none 
dark r e d  
n o n e  
n o n e  
n o n e  
d a r k  o r a n g e  

Es  of  S C ( ~  

E= of  K B r - p ( r )  

Es  of  I ~ r - p  

m 

E s of  K B r - p  

Eg of  K B r - p  
E s of  K B r - p  
E s o f  K B r - p  

(h) T h o r i u m  p h o s p h i d e  s tructure ,  cub ic .  
(~) Monoc l in ic .  
For  o t h e r  a b b r e v i a t i o n s ,  s ee  T a b l e  I .  
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Table III. Ca-Ln2-S4 Compounds 

S t r u c t u r e  

This work Previous work 
Poss ib l e  B a n d g a p  (~) 

c o m p o u n d s  T y p e  ao (A) Ref .  ao (A) (eV) Ca thodo lumin . (b )  R e m a r k s  

C a S e , S ,  ?(e) -- 7 (6) -- -- -- 

a = - 1 - 2 . 9 8  

CaY~S, Orthor. -- OU) (6) b = 13.11 -- -- -- 

c = 3.88 
CaLaiS4 ThsP4 8.66 T (s) (6) 8.687 -- -- -- 
CaCe~S4 Th~Pt  8.616 T (6) 8.615 -- g r e e n - y  -- 
CaPr2S4 Th3P~ 8.572 T (6) 8.578 ~ none 
CaNdsS4 ThsP4 8.534 T (6) 8.533 - -  n o n e  - -  
CaSm2S4 ThsP4 8.473 T (6) 8.472 -- n o n e  -- 
CaGdsS4 Th3P~ 8.42 T (6) 8 .423 - -  n o n e  - -  
CaTbsS4 Th3P4 8.402 T (6) 8 .400 -- n o n e  -- 
CaDy2S4 T h 3 P t  8.38 T (6) 8.376 -- n o n e  -- 

a = 12.90 
CaHo2S~ ? - -  O (6) b = 13.04 ~ n o n e  n o n c u b t c  

c = 3.86 

CaEr~S,  ? - -  O (6) 13.01 - -  n o n e  & 
3 . 8 5  

CaTm~S~ ? ~ O 16) 12.98 - -  n o n e  a l l  
3 .84 

CaYbsS t  ? - -  O (61 12.96 -- n o n e  
3.83 

CaLu~St  ? - -  O (6) 12.95 - -  d a r k  y i s o m o r p h o u s  
3.83 

(J) T h e  l a t t i c e  p a r a m e t e r s  g i v e n  h e r e  a r e  f o r  t h e  Yl>jS , - type  o r t h o r h o m i c  s t r u c t u r e ,  w h i c h  is  t h e  m o r e  s t ab l e  f o r m  a t  l o w  t e m p e r a t u r e s .  
T h e  s t ab l e  f o r m  a t  h i g h  t e m p e r a t u r e s  is  t h e  MaY.~S4-type o r t h o r h o m b i c  s t r u c t u r e ,  b u t  t h e  l a t t i c e  p a r a m e t e r s  a r e  n e a r l y  t h e  s a m e  as  t h a t  of  
t he  Yb3S4- type;  s ee  a r e v i e w  a r t i c l e  by  F l a h a u t  c i t e d  in  Ref .  (6) .  T h e  o n l y  e x c e p t i o n  is  CaY2S4 fo r  w h i c h  t h e  l o w - t e m p e r a t u r e  f o r m  is  t h e  
ThaP~- type  cub ic .  T h e  t e m p e r a t u r e  r a n g e  of t h e  p h a s e  t r a n s f o r m a t i o n  fo r  t h e  a b o v e - m e n t i o n e d  c o m p o u n d s  i s  b e t w e e n  900 ~ a n d  1200~ 

F o r  o t h e r  a b b r e v i a t i o n s ,  see  T a b l e  I. 

Table IV. Mg-Ln2-S4 Compounds 

S t r u c t u r e  

T h i s  w o r k  P r e v i o u s  w o r k  
Possible Bandgap(a) 

compounds Type ao (A) Ref. ao (A) (eV) Cathodolumin.(b) Remarks 

MgSc,~St Spinel -- S (~) (6) 10.627 ~3 none Z:~ of KBr-p(r) 

MgY~St Orthor. O(#) (6) ~ ~ = 12.60 - -  12.73 - -  - -  - -  
t c 3.77 

MgLa2St  n o t  m a d e  - -  ? (6) . . . .  
MgCesS~ n o t  m a d e  - -  ? (6) . . . .  
MgPr:~S4 n o t  m a d e  - -  ? (6) . . . .  
MgNd2S4 n o t  m a d e  - -  ? (6) . . . .  
M g S m 2 S ,  no t  m a d e  - -  ? (6) . . . .  
MgGd2S~ n o t  m a d e  - -  ? (6) . . . .  

MgTb~S~ n o t  m a d e  O (6) ( ~ = 12.62 - -  12.74 - -  - -  - -  

L e 3.78 

MgDy2S4 n o t  m a d e  O (6) ~ ~ = 12.59 - -  12.70 - -  - -  

L c 3.77 
{ -- 12.64 

MgHo~S~ n o t  made -- O (6) 12.66 - -  - -  
c 3.76 
a = 12.51 

MgEr~S4 not made -- O (6) b = 12.63 -- ~ -- 
c = 3.74 

MgTmsS4 not made -- S (6) 10.958 -- -- -- 
MgYbsS~ n o t  m a d e  -- S (6) 10.957 -- -- -- 
MgLu2S4 not made -- S (6) 10.949 ~ -- -- 

For abbreviations, see Table I. 

dope these materials low resistivity were concentrated 
on ZnSc2S4 and CdSc2S4, since single crystals of re la-  
t ively large dimensions were readily grown for them. 

It is probable that both ZnSc2S4 and CdSc2S4 have 
the normal  spinel structure, in which the Group II 
element (Zn or Cd) occupies the tetrahedral  sites and 
the Group III e lement  (Sc) occupies the octahedral 
sites. On the basis of valence consideration assuming 
a simple substi tut ion of elements at various lattice 
sites, possible p- type dopants are the elements in 
Groups I, II, IV, and V, and several divalent  transi t ion 
metals; possible n- type  dopants are the elements in 
Groups III and IV, and several t r ivalent  t ransi t ion 
metals. In addition, a consideration must  be given to 
the relative size of the doping ion and the host lattice 
ion to be substi tuted by it. Of a large number  of the 
possible dopants, we selected 17, and these were in-  
corporated into ZnSc2S4 and CdSc2S4 dur ing growth by 

closed-tube chemical t ransport  in the corLcentration 
range 200-5000 ppm, as shown in Table V. 

The results of Hall  effect measurements  2 on doped 
crystals in Table V show that Ga, Ag, or Cr doping 
provided n - type  materials  for ZnSc2S4 with carrier 
concentrations in the 10iT-101S/cm 3 range. N-type 
materials having carrier concentrat ions of 10 ~4-1015/cmz 
were also obtained for CdSc2S4 by doping with Ga or 
Li. To date, p- type mater ia l  was obtained only for 
CdSc2S4 by doping with Cr, which gave a hole con- 
centrat ion of 10~2/cm 3. Hall  mobilit ies for both the 
n- type  and p- type materials  ranged up to ~40 cm2/ 
V �9 s e c .  

It appears from these results that  Ag and Li are 
interst i t ial  donors since if they are subst i tut ional  im-  
purities, they would have acted as acceptors; on the 

Ohmic contacts were made with alloys of Zn-In arid Cd-In. re- 
specUvely, for ZnSc2St and CdSc~St. 
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Material 

Dopant E l e c t r i c a l  p r o p .  a t  300~ 

Conc. Cond. p ~t /~ 
Element Group (ppm)* type (ohm.cm) (cm -s) (cm2/V.sec) Remarks 

Z n S c s S 4  

CdSc=S, 

Cu I Strong ~ High - -  ~ All crystals prepared by closed- 
Ag I 5000 n 7.1 x 10 -1 1.2 x 10 TM 7.6 tube chemical transport. 
Li I Trace . . . . .  
Na I . . . . .  Very small crystals mixed with 

A12Os from alumina boat. 
Be I! 1000 ~ - -  ~ No crystal. 
Mg 1i soo0 - • ;- 
G a  I I I  5 0 0  n 2 . 5 3  8 
Cr VI 2 0 0  n 3 .1  X 10  -1 5 X 101~ 40 
Cu I 1 0 0 0  . . . .  No crystal. 
Ag I Strong - -  4 . 5  x 10  a - -  
IA I Trace n 1.1 x l0 s 1.4 x 10 x4 4 1  
Na I . . . . .  Very small crystals mixed w i t h  

Al=Os from a l u m i n a  b o a t .  
B e  II 300 . . . . .  
M g  I I  3 0 0 0  - -  2 . 5  x l 0  s ~ ~ 
Ca II 1 0 0 0  . . . . .  
A1 III 300 ~ 3.2 x 10 ~ ~ - -  
G a  III 1000 n 4.5 x 10 = 2 . 8  X 1 0  ~ 4 . 9  
I n  III 1 0 0 0  . . . . .  
Ge IV Trace . . . . .  
S n  IV 500 - -  1.8 x 10~ - -  - -  
Pb IV 500 - -  8.3 X 107 ~ - -  
As V Strong . . . . .  
P V Strong I 4.8 x 107 - -  - -  
Cr VI Strong p 7 x 104 2 X 10 TM 43 
Ni VIII Strong . . . . .  

* ppm by weight, determined by emission spectroscopic analysis; "strong" denotes the case of impurity concentration >10 t ppm, and 
"trace" denotes the case of impurity concentration <1 ppm. 

o t h e r  h a n d ,  it a p p e a r s  t h a t  G a  is a s u b s t i t u t i o n a l  d o n o r  
f o r  t h e  t e t r a h e d r a l  s i tes .  T h e  b e h a v i o r  of  C r  is s o m e -  
w h a t  p u z z l i n g  in  t h a t  i t  a c t ed  a s  a n  a c c e p t o r  in  
CdSc2S4, b u t  f o r  ZnSc2S4 it  a c t e d  a s  a d o n o r .  H a l o g e n s  
a p p a r e n t l y  do  n o t  p r o v i d e  c o n d u c t i n g  n - t y p e  s p e c i -  
m e n s ,  s i n c e  a l l  t h e  m a t e r i a l s  w e r e  g r o w n  in  a h a l o g e n  
a t m o s p h e r e  a n d  t h e y  w e r e  h i g h  r e s i s t i v i t y .  G r o u p  I V  
e l e m e n t s  a l so  a p p e a r  to  b e  i n e f f e c t i v e  d o p a n t s  s i nce  
a s - g r o w n  c r y s t a l s  c o n t a i n i n g  a l a r g e  a m o u n t  o f  Si, 
a s  w e l l  a s  t h o s e  c r y s t a l s  i n t e n t i o n a l l y  d o p e d  w i t h  Ge, 
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Fig. 4. The dependence of optical absorption coefficient (a) upon 
wavelength (~) at 300~ for (! ] 1) single-crystal ZnSc2$4. 

Sn,  a n d  Pb ,  w e r e  al l  h i g h  r e s i s t i v i t y .  S i n c e  G a  d o p e d  
b o t h  ZnSc2S4 a n d  CdSc2S4 n - t y p e ,  w e  a t t e m p t e d  to 
g r o w  n - t y p e  c r y s t a l s  o f  t h e s e  c o m p o u n d s  f r o m  G a  
s o l u t i o n s  b y  s l o w l y  c o o l i n g  t h e  m e l t s  f r o m  a b o u t  
1200~ H o w e v e r ,  o n l y  G a S  c r y s t a l s  r e s u l t e d ,  a n d  t h u s  
t h e  s o l u t i o n  g r o w t h  t e c h n i q u e  a p p e a r s  u n s u i t a b l e ,  a t  
l e a s t  w i t h  t h e  G a  s o l v e n t .  

O b s e r v a t i o n s  on C a t h o d o l u m i n e s c e n c e  
O n  al l  p o w d e r  s p e c i m e n s  s y n t h e s i z e d  w i t h o u t  i n t e n -  

t i o n a l  d o p i n g ,  w e  h a v e  m a d e  v i s u a l  e x a m i n a t i o n s  of  
t h e  l u m i n e s c e n c e  c o l o r  e m a n a t i n g  u n d e r  a c a t h o d e - r a y  
e x c i t a t i o n .  T h e  e m i s s i o n  co lo r  r a n g e d  f r o m  a b r o w n i s h  
r e d  to  a b lue ,  as  l i s t e d  in  T a b l e s  I - I V .  O f  t h e  s p e c i -  

I I I 

I . E -  I 
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Fig. 5. The dependence of optical absorption coefficient (a) upon 

wavelength (k) at 300~ for ( i11) single-crystal CdSc,~S4. 
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Fig. 6. Spectral distribution of cathodoluminescence with 12-kV 
excitation for ZnLu2~ and CaCe2S4 at room temperature. 

mens which showed a visible cathodoluminescence,  
v i r tua l ly  a l l  exhib i ted  less- than bandgap  emissions 
( judging from the emission colors) and  thus appeared  
to involve recombinat ion  at  deep levels  of unknown 
nature.  For  CaCe2S4 and ZnLu2S4 showing a ye l low to 
green emission which is of prac t ica l  impor tance  as 
phosphors, we measured  the emission spectral  dis-  
t r ibut ion  wi th  a 12-kV exci ta t ion at room t empera -  
ture, shown in Fig. 6. The observed ca thodolumines-  
cence for both mate r ia l s  was qui te  weak,  and so no 
quant i ta t ive  measurements  were  made to de te rmine  
the emission efficiency. I t  would be interest ing,  how-  
ever, to t ry  to act ivate  these phosphors wi th  sui table  
impur i ty  additions,  since the  emission colors observed 
were  in the  vis ible  spect ra l  range.  
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Silicon Oxynitride Films from the NO-NH3-SiH4 Reaction 
Myron J. Rand* and James F. Roberts 

Bell Telephone Laboratories, Incorporated, Allentown, Pennsylvania 18103 

ABSTRACT 

Silicon oxynitride films from the NO-NH3-SiH4 reaction in nitrogen at 850~ 
are  clear, adherent ,  amorphous  dielectr ics whose composit ion may  be  var ied  
over  the  ent i re  range be tween SiO2 and Si3N4 by  control l ing the  N H J N O  rat io  
employed.  The re f rac t ive  index is a convenient  and accurate  measure  of the  
composition. Over  much of the n i t rogen- r ich  range,  the Si content  is about 2% 
lower  than  stoichiometric,  and the  hypothesis  is made  tha t  one ni t rogen in 
three  is bonded to only two other  skele ta l  a toms instead of three,  and tha t  
s o m e  of these ni t rogens  bear  bonded hydrogen.  The N-H groups are  bel ieved 
to p l ay  a role s imi lar  to that  of O-H in silicas. Composit ions near  Si2ON2 are 
h ighly  res is tant  to ionizing rad ia t ion  under  bias, and are  excel lent  Na + ba r r i e r s  
at 300~ and 106 V/cm. However ,  they  are  not be t te r  ba r r ie r s  to Na + the rmal  
diffusion at  600~ than  SiO2. With  appropr ia te  p re -  and post-deposition chem-  
ical t rea tments ,  oxyni t r ide  films give low Si surface charge and smal l  nonionic 
shifts in f la tband vol tage wi th  b i a s - t empera tu re  aging. Other  proper t ies  in-  
ves t iga ted  for var ious  composit ions include etch rate,  i.r. spectrum, film stress, 
and cathodoluminescence spectra.  F i lms  f rom the NO-Si l l4  and NO-NH3-SiH4 
processes a re  compared.  

Sil icon oxyni t r ide  (SiON),  as used here, impl ies  
no definite s toichiometry,  and means  an amorphous  
po lymer  of silicon, oxygen,  and n i t rogen in va ry ing  

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  words: silicon oxYnitride, thin films, dielectric films, s i l a n e ,  

nitric o x i d e .  

amounts.  I t  is not a mix tu re  or  codeposit  of SiO~ and 
Si3N4. Never theless  these may  be considered the ex-  
t remes  of its composit ion range  in the  sen:;e that  many  
of the proper t ies  of a SiON are  consistent  wi th  its 
posit ion along the  composi t ion scale be lween  oxide 
and ni tr ide.  SiON films are  of in teres t  in device l ab -  
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rication to the extent  that  they re ta in  the favorable 
features of either SiO2 or Si3N4 while minimizing their 
drawbacks. Among the properties in which the two 
differ significantly are etch rate, reaction with mois- 
ture, resistance to sodium ion drift  and diffusion, re-  
fractive index, and MIS capacitor behavior (Si sur-  
face-state density, charge injection from the contacts, 
high-field conductivity,  dielectric constant, etc.). 

In addition to the possibilities for trade-offs in 
properties, SiON becomes of interest  for the case 
where oxide and nitr ide are both unsatisfactory but  in 
opposing directions. Two examples have already been 
reported (1-3). Grown or deposited SiO2 on Si is 
under  compressive stress, while SizN4 is under  even 
greater tensile stress. It  is possible to tailor a SiON 
film (SiOl.v~N0.2s) which will leave film and substrate 
stress-free. Another  application of the principle is the 
response to ionizing radiat ion under  electrical bias, 
where SiO2 accumulates a positive charge and Si3N4 
preferent ial ly  traps electrons. IGFETS in particular,  
and bipolar devices to a lesser degree, are thus sus- 
ceptible to degradation. Si2ON2 (i.e., SiON of about 
1.77 refractive index) insulat ing films in MIS struc- 
tures are insensitive to absorbed doses of 107-108 rad 
of 60C0-7's, and Si2ON2-passivated npn  transistors re- 
quire 30 times the radiat ion dose of those with SiO2 
for the same hFE degradation (3). 

The chemical-vapor  deposition of SiON films from 
silane and nitric oxide in ni trogen carrier has already 
been described (4). The SiON composition is con-  
trolled by the reactant  ratio, with low NO/Sill4 ratios 
giving a deposit richer in nitrogen. NO (which is 
thermal ly  stable) was chosen because whatever  hap- 
pens dur ing the reaction, probably a free-radical  
chain mechanism, the ni t rogen must  go along with 
oxygen if the N- -O  bond is not broken, or an active 
ni t rogen moiety must  be generated if the bend is 
broken. In  either case some ni t rogen should be in-  
corporated into the deposit. But if either N20 or NO2 
is used as the oxidant, oxygen is l iberated upon heat-  
ing, or can be easily abstracted by attack by silane, 
silyl radicals, or atomic hydrogen. At any rate, the 
product of these reactions is essentially SiO~ only. 

The NO-Sill4 process is not capable of covering the 
entire range between SiO2 and SigN4. At NO/Sill4 = 1 
the film composition is near  Si303N2; fur ther  lowering 
the reactant  ratio results in codeposition of Si, because 
there is not enough oxidant  to combine with all the 
thermal ly  decomposing silane. There are various ways 
to reach the ni t r ide-r ich SiON composition, most of 
which involve ammonia  and an oxidant  competing for 
the silane. Thermodynamical ly  the oxidation reaction 
is favored, so that an amount  of oxidant  so small as to 
be difficult to control often produces a product with 
more oxygen than nitrogen. In fact, from the physical 
properties reported by some investigators for pyrolytic 
silicon nitride, it is l ikely that their system contained 
enough oxygen or moisture to produce a SiON instead. 
The purest commercially available ammonia, Mathe- 
son Gas Products "Ultra High Purity," may require 
bleeding many liters from the tank before it will yield 
uncontaminated silicon nitride, as diagnosed by etch 
rate. We consider that  SisN4 deposited at 850~176 
should have a buffered HF etch rate of 11 • 2 A/ ra in  
at 25~ 

The systems which have been used to produce the 
full  range of SiON film compositions include SiH4- 
N20-NH3 (5), SiH4-CO2-H2-NH3 (6), SiH4-O~-NH3 
(6, 7), SiH4-NO-NH3 (8), SiCI4-CO2-NH3 (9), and rf  
reactive sput ter ing in N2 ~ N20 (10), or N~ ~- O2 (11) 
mixtures.  In  most of these, film composition was not 
known accurately, al though usual ly  it was inferred 
from refractive index or spectra. Evaluat ion was 
mostly concerned with electrical properties. Some 
products obviously contain excess silicon. Studying 
these papers it is again evident  that  NO is the most 
controllable oxidant, and the work of Brown et al. (8) 
has the most data on the ni t r ide-r ich SiON's. Their  

deposition was at 1000~ in ammonia at high flow 
rates, with no carrier gas diluent. 
In this paper, SiON films produced by the SiH4-NO- 

NI~ reaction are examined critically, particularly in 
the nitride-rich region inaccessible to the NO-Sill4 
reaction. Deposition temperature was usually 850~ 
in nitrogen ambient with ~8% NH~ (usually much 
less). This is a summary report, abstracting and gen- 
eralizing results, since at this writing about 200 
samples have been studied. 

Experimental 
Depositions were done in a vertical fused silica 

tube with a bulged section containing a graphite 
(preferably) or silicon cylindrical  pedestal heated in -  
ductively at 3 MHz. Substrates  were usual ly  1 in. 
diameter polished Si wafers of a thickness, type, and 
resist ivity appropriate for the tests to be performed. 
Reactant  gases entered through a jet  on the axis of 
the tube at the top; the coaxial jet  was impor tant  for 
thickness uniformity.  F i lm thickness was monitored 
dur ing growth using the device of Roberts (12). 

Tank  silane was supplied at 3% in nitrogen, NO as 
4% in nitrogen, and ammonia  was ul t rahigh pur i ty  
grade (5-9's min.) ; all were from Matheson Gas Prod- 
ucts. Stainless-steel tubing  was used throughout.  The 
NO was introduced into the carrier ni t rogen stream 
first and shut off last. The silane and ammonia  streams 
were mixed, and deposition t ime began with introduc-  
tion of this mixture  into the gas manifold. Total gas 
flow through the deposition chamber  was 1-3 l i ter /min,  
a l inear  velocity of about 3 cm/sec. Reaction appears 
to be confined to the close vicinity of the heated 
pedestal, since the reactor remains  quite clean for 
many  runs. 

SiON film composition was determined using the 
e lectron-beam microprobe (13), making  twelve ana ly-  
ses per sample; n i t rogen was by difference. Refractive 
index was measured ellipsometrically at 546 nm. In -  
frared transmission spectra 4000-250 cm -1 were taken 
using high resistivity, thick Si substrates polished on 
both sides, with a bare  substrate in  the reference 
beam. Fi lm-thickness  measurements  were made by 
constant angle reflection interference spectra (14), 
using reference standards measured by ell ipsometry 
and mul t ip le -beam interferometry.  Average film stress 
was measured by deposition on a thin, optically flat, 
elastic Si beam and observing the curva ture  in ter -  
ferometrically (15). Cathodoluminescence was invest i-  
gated in the apparatus described by Mitchell (16), at 
7 kV and 1 ~A beam current,  over the 200-600 nm 
range. MIS capacitors for s tudying various electrical 
properties were made by fi lament evaporation of 20 
mil  diameter A1 field plates through a mask, and also 
A1 back contacts on the Si. The quasi static technique 
(17) was used to determine interface-state densities. 
Procedures in s tudying sodium ion diffusion strongly 
influence results of the experiments,  and will  be de- 
scribed later in the appropriate section. 

Results 
All SiON films made from SiH4-NO-NH8 are clear, 

smooth, and t ightly adherent.  Electron diffraction 
shows no ordering >2OA (estimate).  

Composition.--In Fig. 1, which is part  of a three-  
component diagram, electron-microprobe analyses of 
various SiON films are plotted. All the points are from 
the SiH4-NO-NH~ system, which evidently can pro- 
duce any  composition between SiO2 and Si3N4. In  the 
oxygen-rich end, the points lie on the SiO2-Si~N4 tie- 
l ine up to a composition of Si803N2. This happens to be 
about the l imit of the SiI-I4-NO process (4), and is also 
a composition for which some evidence for compound 
formation has been reported (9). Beyond this point 
the analyses fall  slightly below the tieline, and aver-  
age ~2% Si low all the way to SizN4. The accuracy 
of the probe analysis is _2%,  but  the statistics and 
dis tr ibut ion of the results suggest a systematic slight 
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Fig. |. Microprobe analyses of S/ON from the SiH4-NO-NH3 
reaction. The tieline (solid) represents stoichiometric oxynitride and 
the dotted line the compositions accessible to the NO-Sill4 reaction. 
All the p o i n t s  a re  analyses of films from the NO-NHs-SiH4 reaction. 

Si deficiency from the expected oxynitr ide stoichiom- 
etry. It will  be shown below that  SiON's of apparent ly  
the same composition made by the two oxynitr ide 
processes do inaeed differ in certain properties. 

SiON compositions known at this wri t ing to have 
properties of interest  for device applications are lo- 
cated in  the te rnary  diagram in Fig. 2. These have all 
been reported earlier (1-4). 

Preparation of a desired composition.--The concen- 
trations of the three reactants  were varied independ-  
ent ly  in many  experiments,  bu t  the NHs/SiI-~ ratio 
was always >20, to avoid any possibility of Si code- 
position. The film-deposition rate depends solely on 
the Sill4 concentrat ion (see Fig. 3). The film composi- 
tion, on the other hand, is governed by the N H J N O  
ratio. In Fig. 4, the refractive index is plotted vs. this 
ratio; note that the abscissa scale is logarithmic. Figures 
3 and 4 are both for 850~ deposition, and wil l  prob-  
ably change somewhat with the deposition equipment  
used. The silane concentrations used in the runs  of 
Fig. 4 vary  over a factor of four. The scatter in the 
data is much reduced if a given Sill4 concentrat ion is 
selected. With all reactant  concentrat ions fixed, the 
reproducibil i ty of the refractive index has consistently 
been __+0.01. 

The close correlation between the refractive index 
and composition is shown in Fig. 5, where all the data 
points are from the SiI~-NO-NH3 reaction. The ab- 
scissa may be considered the atomic fraction of the 
oxygen of SiO2 which has been replaced by ni t rogen 
in proceeding along the SiON composition scale. The 
NO-Sill4 process, as shown, follows the same curve 
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Fig, 2. Locations of $iON's of special interest on the ternary 
composition diagram. 
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Fig. 4. Control of film composition by the NH3:NO ratio. Per cent 
Sill4 = 0.01-0.114. 

unt i l  the film becomes Si rich and n shoots up. Al-  
though we suspect differences in  s tructure of SiON's 
of the same analysis made by the two processes, the 
refractive index is apparent ly  insensit ive to any  such 
differences. 

Spectrum.--The variat ion in  infrared absorption 
max imum with film composition is shown in  Fig. 6. 
This is the strongest a rgument  for call ing SiON an  
"inorganic copolymer" rather  than  a "codeposit" or 
"mixture," since separate bands for Si-O and Si-N 
stretching do not appear, but  instead only a broadened 
band in some intermediate  position indicative of the 
composition. This is the result  obtained for SiON made 
by  any  process, vacuum or pyrolytic. The bending 
vibrat ion at lower frequency behaves the same way, 
progressing gradual ly  from the 450 cm -1 of SiO2 to 
the 485 cm -1 of SigN4 as the composition changes. 

The curve for the NO-Si I~  process SiON (Fig. 6) 
is sl ightly different, but  it lies well  outside the un -  
cer ta inty of the probe analysis. Thus here there is a 
detectable s t ructural  difference between supposedly 
identical SiON's. 

Figure  6 also shows the danger of judging silicon 
nitr ide pur i ty  by infrared spectrum. The film can have 
an O/N ratio up to 0.2 and still have an absorption 
ma x i mum at the same wavelength as pyrolytic SisN4. 
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Fig. 6. The infrared absorption maxima of SiON's of various com- 
position. 

In  addition to the skeletal vibrat ions given above, all 
SiH4-NO-NHs SiON's show weak absorption at 3360- 
3390 cm-Z, and weak, very broad absorption at ,-,1200 
cm -1. No absorption at the O-H or Si-H stretching 
frequencies has been seen. 

Etch rate.--Figure 7 shows the variat ion of buffered 
HF (7: 1) etch rate with SiON composition. The etch 
rate decreases smoothly over a factor of ,~10~ from 
oxide to nitride. Unlike examinat ion by  i.r. spectrum, 
the etch rate is able to detect slight oxygen contami-  
nat ion in Si3N4. The difference in  etch rate at n ~1.6 
for SiON's from the two processes (more than a factor 
of two) reinforces the belief that  there are funda-  
menta l  differences between these SiON's. Etch rate is 
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Fig. 7. The buffered HF etch rote of SiON's. Note that the 
ordinate is Iogorithmic. 

evident ly  a sensitive indicator of s t ructural  strain, as 
it is with various kinds of SIO2. 

IQPO4 (180~ etch rates have not been determined 
except at n = 1.77, where  the rate is 110 A/min .  The 
rate undoubtedly  decreases with increasing oxygen 
content. 

Film stress.--The average stress in films of SiON on 
Si is shown in  Fig. 8. Like SigN4 itself, n i t r ide-r ich 
SiON is under  high tension, and there is no drift  with 
time. The failure of the curves for the two processes 
to join smoothly can only provide fur ther  evidence of 
a fundamenta l  s t ructural  difference in the two SiON's. 
Note also that  al though NO-Sill4 process SiON is un -  
der much less stress, nevertheless it etches more 
rapidly (Fig. 7). Mechanical stress, at least in films 
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deposited at high temperatures ,  can hard ly  be  a major  
factor in etch rate, and probably is not a rel iable clue 
to bond strain in the film structure. 

S o d i u m  ion d i~us ion . - -NaC1 containing 22Nat1 was 
evaporated in a vacuum furnace onto the surface of 
slices coated wi th  2500-3400A of SiON. The outer ~/s in. 
was covered by A1 masks. About  a monolayer  was 
deposited and uniformity  of deposition was checked by 
au~oradiography. To minimize  evaporat ion losses the 
slices were  paired face to face, horizontally, and dif-  
fused for 22 hr  at 600~ in forming gas. Excess NaC1 
was rinsed off, and the back side of the wafers  was 
also etched, a l though this precaution removed very  
l i t t le  of the radioactivity.  The  samples were  etched Jn 
steps and the remaining act ivi ty  of the surfaces meas-  
ured using a scinti l lation counter and a Bai rd-Atomic  
Model 530 spectrometer,  counting the 0.51 MeV an- 
nihilat ion radiat ion gammas. 

With a thin, depletable film source diffusing into a 
semi-infinite body as a model, and neglecting the ab- 
sorption of the energetic gammas by the film, the 
residual act ivi ty  I as a function of penetrat ion depth 
x and diffusion t ime t is wr i t ten  (24) 

I ( x ,  t) = Io[1 -- e r r (x /2  ~ / D t ) ]  

where  D is the diffusion coefficient (cm2/sec).  At  x -- 
0, at the surface, I(0, t) = Io. This wil l  be taken to 
be the init ial  intensi ty after diffusion and rinsing off  
excess. 

Then 
I 

- -  = 1 -- e r f ( x / 2  ~/Dt)  
Io 

-- 1 -- erf  q 

so that  if there  is a single diffusion process, and D r 
f( t ,  conc.), a plot of q vs. x gives a straight line pass- 
ing through the origin of slope z/2~/Dt, from which 
D ~- x2/4tq  2 may be extracted.  Note that  in this plot 
a high q corresponds to a low residual activity, i.e., 
a steep slope indicates a good sodium barrier.  Fif ty  
per cent of original act ivi ty  corresponds to q --.: 0.48, 
and 10% to q = 1.16. 

While this model  is successful at high tempera tures  
in vitreous silica (25), it is of questionable applicabil-  
i ty at <700~ in thermal ly  grown silica. It  assumes a 
single-diffusion mechanism, a completely depletable 
source, no bui l t - in  electrical  field, no diffusant reach-  
ing the far  side of the medium, enough 2aNa+ or other  
cationic impur i ty  present  to exchange with  the 22Na+ 
to preserve  over-a l l  electroneutral i ty,  etc. Probably  
none of these is true, and indeed exper imenta l ly  a 
U-shaped sodium profile is found, with anomalously 
high Na + concentrat ion at both film interfaces (26). 
Li t t le  has been reported on sodium diffusion profiles in 
deposited insulator films; it is not known whether  
they behave l ike bulk materials  and follow the 
"residual  act ivi ty"  model  outlined above. 

Figure  9 is a q vs. z plot for SiON's of various com- 
positions, etching and counting unti l  about a third of 
the original film thickness has been etched away. The 
plots are not linear, and have a definite tendency to 
be steeper in the first 200A, i.e., as wi th  grown silica, 
there is Na + holdup at the surface. These SiON's 
are not par t icular ly  good Na + barriers;  none is as good 
as the best SiON (n -- 1.58) from the NO-SiI-Ir process, 
and some are not as good as freshly grown steam ox-  
ide. That  the best is n ---- 1.87 might  be predicted for a 
sample so close to pure nitride. Next  best, however,  are 
those compositions of n ~--1.6, just what  was found in 
the NO-Sil l4 system. Compositions of n ---- 1.7-1.8 are 
dist inctly inferior, indicating no direct correlat ion be-  
tween Na + barr ie r  propert ies  and ni t rogen content or 
radiat ion resistance. And n : 1.48, which is essentially 
850~ deposited oxide, is uni formly  permeated  with 
Na + throughout  its thickness ,  which is hardly  sur-  
prising. 
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Autoradiographs of the samples after  diffusion often 
show small  "hot spots" surrounded by a depletion 
zone, or, less often, the exact reverse.  The pat tern  of 
these spots was usual ly  repl icated in the other  wafer  
of the diffusion sandwich; also, the pat tern was still 
present  after etching away a third of the film. There 
is a strong suspicion that  there  are certain areas of the 
surface which for some reason at t ract  and t ight ly  hold 
Na +. Upon heat ing to 600~ nearby  Na + migrates  
rapidly over  the surface to these sinks, and subse- 
quent ly  diffuses into the film, here  as elsewhere.  

Sodium ion drif t  under  bias has been invest igated 
most ly for rad ia t ion-hard  SiON's i.e., n ,~1.77. This is a 
region of poor resistance to diffusion at 600~ never -  
theless, no unequivocal  example  of ionic drif t  under  
B-T aging at ~300~ has been found. In other  ex-  
periments,  22Na+ contaminated SiON surfaces were  
covered by evaporated A1 electrodes and at tempts  
were  made to drif t  in the sodium for 2 hr  at 160~ 
and 1.6 • 106 V/cm. After  removal  of the A1 and 
rinsing the surfaces no radioact ivi ty  remained, indi-  
cating no penetrat ion into the film. Such tests empha-  
size a discrepancy between h igh- t empera tu re  diffusion 
and drift  under  B-T  aging conditions; evident ly  the 
diffusion mechanisms can be marked ly  different. 

Radiat ion resistance; ca thodoluminescence  spec tra . - -  
The remarkable  resistance of compositions near  Si2ON2 
(n ~ 1.77) to ionizing radiat ion up to the megarad  
range has a l ready been reported (2, 3), and wil l  be 
summarized here only very  briefly. The buildup of 
posit ive space charge in SiO2 under  i r radiat ion is 
caused by hole-trapping,  while  the corresponding 
electrons, more mobile, drif t  out under  bias. Appar -  
ently Si2ON2 has an approximate  balance of deep traps 
for both holes and electrons, and an abundance of 
recombinat ion centers. Under  i r radiat ion there  is no 
bias instabil i ty at <3 • 105 V / c m  for negat ive bias 
(above which there  is negat ive charge inject ion by the 
metal  contact) and <1.5 • 106 V / c m  for posit ive 
bias. In ter face-s ta te  density, af ter  a hydrogen post-  
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deposition bake, is ~8  X 101~ near  midgap 
and rises only to ~-1011 after i r radiat ion with bias. 
Both bipolar and IGFET devices have been fabricated 
with SiON as the sole insulator, and much improved 
radiat ion resistance over devices using SiO2 has been 
demonstrated. 

Cathodomminescence spectra have been taken on a 
series of six samples ranging from deposited oxide 
through SiON to deposited nitride. In  Fig. 10 the light 
output  of the various compositions is shown at two 
wavelengths:  the C peak, 450 rim, which is the major  
output  in SiO2 films, and the B peak, ,-.,365 nm, which 
is present  in s team-grown oxide but  not in dry  O2 
oxide (16). The C peak is the strongest seen in  de- 
posited oxide (Sill4 -t- NO), but  it is weaker than in 
steam oxide, which is in  t u r n  weaker than  in  dry 
oxide. Figure 10 shows that  as soon as ni trogen is in-  
troduced into the film the light output  drops, and the 
B peak becomes the major  one. Luminescence is at a 
m in imum at n -= 1.77, the radia t ion-res is tant  composi- 
tion. At a high n it rises again, but  silicon ni tr ide gives 
essentially no signal. One addit ional  findng to be kept 
in mind  in s tudying Fig. 10 is that  the electron-beam 
radiat ion annihilates the B peak in a few seconds, and 
it takes 1 min  to sweep the spectrum from 200 to 600 
r i m .  

Electrical properties.~Most of the electrical evalua-  
tion of SiON has been on films of n ----- 1.72-1.80, the 
radiat ion-resis tant  composition. In  general, there are no 
surprises; SiON has properties in termediate  be tween 
those of SiO2 and Si3N4. For example, the 1 MHz 
dielectric constants for 850~ deposited materials  are: 
SiO2 (~% ---- 1.46), 3.8; SiON (n ---- 1.78), 6.4; SisN4 
(n ---- 1.98), 8.0. Again, SiON shows roughly one order 
of magni tude  higher d-c conductivi ty than SiO2, but  
not the high quasi-stable, nonohmic conduct ivi ty  of 
SigN4 at > 106 V/cm. 

For MIS evaluation, 2500-3000A SiON was deposited 
on ~5  ohm-cm n-  and p- type epitaxial  Si layers on 
<0.01 ohm-cm <111> substrates. When the silicon 
was cleaned in the conventional  way, i.e., with a 
procedure in which the last steps are HF, water  rinse, 
and spin dry, the fixed charge NFc was 2-3 X 1012/ 
cm 2, the n - type  invar iab ly  giving the lower figure. 
The interface-state density Nss was very high, prob-  
ably in the high 1012/cm2-eV range. 

Because of the persistently high NFC, the aging be-  
havior of SiON on HF treated Si was not studied in 
detail. The C-V curve is, however, fair ly stable, and 
can be scanned repeatedly to +--2 • 106 V/cm with 
shifts of less than 0.hV, in contrast to the large "hy- 
steresis loops" usual ly  seen with silicon nitride. Hold- 
ing the sample at 300~ for 24 hr with no bias does 
not affect the curve. 

Deposition of SiON over ~100A of thermal  silica, 
results in more useful MIS properties. NFC is now 
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Fig. 10. Cathodoluminescence of SiON's from the SiH4-NO-NH3 
system; 7 kY electrons. 

,~6 X 1011 (on n- type)  to 1012 (on p- type) .  Ns, is still 
high, bu t  may be reduced to ~2  X 101~ near  
midgap by several hours of hydrogen bake at 500~ 
These samples of SiON over th in  silica have been 
aged at 300~ and ~1.6 • 108 V/cm for 24-64 hr. 
Slow drifts of VFB of 3-4V in  the nonionic direction 
occurred. In te rven ing  silica layers >100A do not fur-  
ther  reduce NFC. On the few samples of <100> Si 
tried, NFc was somewhat lower. 

The most useful procedure of all for control of SiON 
MIS properties is t r ea tment  of the Si before deposi- 
t ion with a mixture  of aqueous ammonia  and hydro-  
gen peroxide. This procedure, first used to influence 
NFC of reactively sputtered SiO~ (29), works equally 
well  on all CVD insulators we have tr ied (SiO2, SiON, 
SigN4). Its effect is to reduce measured VFB, to an ex-  
tent  apparent ly  determined by the pH of the solution. 
HNOs-H202 has li t t le effect, but  NH4OH-H202 of 
pH ---- 9 reduces ArFC by ~2  X 10 TM. In  other words, 
VFB'S of the order of --20 for 2000A films can be 
shifted to zero or even a few volts positive. After  the 
peroxide treatment ,  Nss is still high, but  again a 500~ 
He bake for several hours reduces it to <1011 near  
midgap, and without  effect on the NFC shift. Bias- 
tempera ture  aging for 24 hr at 300~ and  106 V/cm 
typical ly produces a slow drift  in the nonionic direc- 
tion of ~3V (hNFc ,~5 X 1011/cm 9") which is propor-  
t ional to log time. Quite probably a sizable part  of 
this represents the development  of higher Nss. 

No bias drifts in the ionic direction have been ob- 
served on any SiON sample, wi th  the exception of 
one which had received a 900~ H2 bake. This lat ter  
t rea tment  was abandoned as soon as it was discovered 
that  Nss could be reduced, albeit more slowly, at 
500~ without introducing protonic instabili ty.  

Representat ive MIS results are summarized in  Fig. 
11. 

Discussion 
The SiH4-NO-NH~ system evident ly  will  produce 

good amorphous insulat ing films whose composition 
may be controlled readi ly and may be varied any-  
where between SiO~ and SisN4. Over the range SiO2 
to about Si~OsN2 (n ~ 1.62) the even simpler NO- 
Sill4 process will  serve, and no advantage is known for 
adding NH~ to make  these compositions. NH4 is es -  
sent ia l  for the ni t rogen-r ich end of the scale. However, 
microprobe analyses, spectra, etch rates, and stress 

SiON (n~,t.77) on < I l l >  Si 
AGED AT 1.5 X 106 V/cm., 3 0 0  =, 2 4 - 6 0  HRS. 

m P  ~ n  

NFC 30-1011 20  tO 0 -10 

B 

C 

D 

E 

F 

Fig. 11. Summary of typical MIS behavior. A - -  as deposited on 
Si with cleaning procedure ending with aqueous HF, rinse, and dry. 
B - -  deposited over IOOA of thermal silica. C = B, after negative 
bias-temperature aging. D = as deposited on Si with cleaning pro- 
cedure ending with 4% aqueous H202 -I- NH3, pH = 8. E - -  
same, pH = 9. F = E, after negative bias-temperature aging. 
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determinat ions all provide evidence that  these lat ter  
SiON's are not exactly Si +4, 0 -2, N -3 polymers, that  
their properties reflect this departure, and that  there is 
a significant difference in bonding structure in  the 
products of the two CVD reactions. The discontinuities 
in the etch rate and film-stress curves are par t icular ly  
noticeable. 

We propose that  in SiON's made with ammonia  
roughly one ni trogen in three is bonded to only two 
other atoms (Si or O) instead of three. Some or all 
these "divalent" ni trogens may  also have hydrogen 
atoms attached. This hydrogen would not be detected 
by the electron probe and would have scarcely any  
effect on the weight per cent of each component deter-  
mined. 

The probe could hard ly  dist inguish between Sil.s~ 
ON2 [38 atomic per cent (a/o) Si] and Si1.85ON2I-I0.v, 
but some of their  properties may be quite different. 
The presence of bound hydrogen in pyrolytic silicon 
ni tr ide was pointed out by Watanabe (18), and a 
trace of N-H in SiON has also been reported (8). The 
source of the hydrogen is undoubtedly  the ammonia;  
SiON's from NO-Sill4 show at the most only traces of 
OH or NH stretching vibrat ions in the i.r. spectrum. 
The refractive index curve is the same for SiON's 
made with or without ammonia,  but  sensit ivity would 
be poor because of the low atomic refraction of hy-  
drogen. 

The infrared spectrum can detect differences not 
only in  the skeletal vibrat ions but  in  the weak 3360-90 
cm -1 and 1200 cm -a absorptions. These are consistent 

H 
I 

with the presence of - - N - - .  Marchand et al. (19), re- 
porting the spectra of organosilazanes, R3SiNHSiR3, 
give 3350-3380 cm -1 for v (NH) and 1176-1179 cm -1 
for -y (NH). Similarly, when  NH3 adsorbs on SIO2, 
new bands at 3400 and 3320 cm -1 are at t r ibuted to 
asymmetric  and symmetric N-H stretching (20). 
Pyrolytic  SisN4 invar iably  shows 3330-3350 cm -1 and 
1200 cm -1, strongest where the most ammonia  was 
used in preparation, with parallel  intensi ty changes, 
and much diminished by  l l00~ baking (21). Si3N4 
made in a d-c plasma has nei ther  absorption. One 
note of caution in the picture is that  SiO2 also has a 
broad, weak absorption at 1200 cm -1 (22) which is 
probably a combinat ion band. Nevertheless, the case 
remains  strong for N-H binding in pyrolytic SigN4 and 
SiON's made using ammonia.  And these groups may 
well act as efficient electron traps, exactly as the OH 
sites of hydroxylated silica are believed to do (23). 

It is l ikely that  SiON's have some N-O bonding, but  
this v ibrat ion can have a very wide range of fre- 
quencies (30), and could easily be either inconspicu- 
ous or hidden among the combined Si-O and Si-N 
absorptions. Finally,  the absence of detectable Si-H 
absorption does not mean no Si-H bonds; thermal ly  
grown silicas do not show Si-H in conventional trans- 
mission measurements either, but it is present at 
~5 • 101S/cma (31). 

Structure and local stoichiornetric anomalies very 
likely influence diffusion of sodium ion at 600~ also, 
but speculation on mechanism must await more de- 
tailed study; even the case for SiO~ is not understood 
at this temperature, since it appears to follow a com- 
bination of at least two mechanisms (24). Although 
SiON is a deposited film, and therefore not formed by 
the diffusion of charged species through the growing 
film, the Na + profile follows no simple model. Like 
thermal silica, there is surface holdup, as though there 
were a surface zone in which the diffusion coefficient 
was considerably lower. The n = 1.48 sample, which 
is virtually a deposited oxide, is an exception; it is so 
permeable that after 22 hr the Na + is uniformly dis- 
tributed throughout its thickness. The fact that the 
n ~1.6 SiON is the best barrier, regardless of which 
process is used, is mysterious, especially since that 

from NO + SiI-Li is much better than that from the 
process including NI-I~. 

Concern about the thermal diffusion of Na + through 
SiON becomes academic, however, in the face of its 
impermeability to bias-aided Na + drift at 300~ a 
condition of greater pertinence to device operation. 
At least at n'= 1.7-1.8, no test has shown any net 
ionic drift at all, or any penetration of radiosodium. 
The barrier lowering by the feld is more than enough 
to compensate for the difference in temperatures in 
the two tests if the same diffusion mechanism were 
involved. We conclude that two different trapping 
centers for Na + may exist, or that ion charge neu- 
tralization phenomena may be quite different with 
bias-aided drift. At any rate, it seems there is no 
necessary correlation between a thermal diffusion 
test and B-T aging behavior of the film on Si; the 
latter should be a better approximation to real use. 
We believe that SiON's of substantial nitrogen con- 
tent are good sodium ,barriers under conditions perti- 
nent to device testing and operation. 

Autoradiograph hot spots are not believed to be 
decorated pinholes, or areas of different composition, 
since electron-microprobe analyses (twelve per sam- 
ple, analyzing a 2~ spot) have never shown such 
anomalies. SiON MIS capacitors seldom break down 
or show other evidence of weak spots in the dielectric. 
Pure SizN~ also shows hot spots, although often they 
are removed by 100A or so of etching. Hot spots are 
sometimes seen even in carefully prepared steam- 
grown silica. Finally there is the observation that 
these concentrations of sodium glass etch more slowly 
than the surrounding film. We think the evidence is 
best explained by areas of inchoate crystallinity of 
the film. Sodium ion would accelerate this devitrifica- 
tion. 

The cathodoluminescence experiments have added 
some provocative data to that already known for 
silica, but the structural features responsible for be- 
havior under irradiation are still unknown. In thermal 
silica the B peak (365 nm) emanates mostly from the 
outer part of the film and is destroyed by continued 
exposure; the larger C peak (450 nm) is concentrated 
near the Si-SiO2 interface, its intensity varies in- 
versely with the OH content, it is created by radiation, 
and is associated with positive space charge buildup 
(16). We can now add that as soon as nitrogen is 
introduced (or is it N-H?) the B peak begins to pre- 
dominate over the C peak, and at the radiation- 
resistant composition both are at a minimum. While a 
large number of recombination centers are required 
for our picture of radiation hardness, this recombina- 
tion is without luminescence, at least in the 200-600 
nm range. Finally, silicon nitride itself gives practi- 
cally no luminescent signal. An atom-scale model 
accounting for all these phenomena has yet to be 
proposed. 

The high surface charge observed when SiON is 
deposited on conventionally cleaned Si is common for 
vapor-deposited insulators, especially silica, in the 
absence of special pre- or post-deposition treatments. 
The difference in NFC with substrate type has been 
seen also in deposited silica (27) and A1203 (28); 
since the VFB difference is several volts as against 
a work function difference of 0.6V, it is not under- 
stood. 

The ammoniacal H202 treatment of the silicon be- 
fore deposition yields more attractive properties, i.e., 
low NFC and, with hydrogen baking, N~ <1011. What- 
ever the mechanism, the treatment acts as though it 
introduces into the native Si oxide negative charge 
which survives the 850~ deposition conditions. This 
oxide, typically ~10A thick on a freshly cleaned 
surface, is not significantly thickened by the peroxide 
treatment; ellipsometer measurements have shown 
increases of only 2-3A. Furthermore, the NFc dif- 
ference between Si types is preserved: both types 
shift the same amount. 



Vol. 120, No. 3 S I L I C O N  O X Y N I T R I D E  F I L M S  453 

The potent ia l  uses of SiON films evolve d i rec t ly  
f rom the proper t ies  they  possess tha t  o ther  insulators  
do not. So far  SiON of n ---1.76 is unmatched  for re -  
sistance to ionizing rad ia t ion  under  bias. The s tress-  
free composi t ion would  be useful  for unusua l ly  th ick 
films, or th inned  down or o therwise  f ragi le  substrates.  
SiON deposi ted on H F  cleaned Si, wi th  its stable, high 
negat ive  VFm m a y  be useful  as insula tor  in closely 
spaced diode arrays ,  as in the Picturephone@ camera  
tube. SiON, n ---- 1.7-1.8, on su r face - t rea ted  Si, looks 
promis ing as a B-T  stable, HF  etchable,  deposi ted in-  
sula tor  h ighly  res is tant  to Na + drif t ,  wi th  low, and 
adjustable ,  surface charge  and low fast  s tate densities. 
Final ly ,  the  close ad jus tmen t  and control  of com- 
posit ion ava i lab le  at  any  stage dur ing  deposit ion per -  
mits  ad jus tment  of etch rate,  and thus the  contour  
of a window. If  one wanted  a s teep-s ided  or even 
ver t ica l  window, say, for ve ry  precise del ineat ion of 
diffusion or ion implantat ion,  he could use s low- 
etching, h igh-n i t rogen  SiON graded  down to silica, 
and etch wi th  HF. A more  common profile, a beve led-  
edge window for metal izat ion,  could be etched out 
wi th  oxygen- r i ch  SiON over silica, or N-r ich  SiON 
graded down into O-r ich  SiON and using H3PO4 etch. 
Such shapes can be cut  wi th  presen t  technology, for 
example  using deposi ted silica over  the rmal  silica, 
but  an ex t ra  opera t ion  is usual ly  required,  or an 
ex t ra  photoresis t  s tep if the  profile is terraced.  The 
resis tance of oxyni t r ide  to Na + dr i f t  is a fur ther  
bonus. 

Conclusion 
Silane, ni t r ic  oxide, and ammonia,  d i lu ted  wi th  

nitrogen,  react  at  the surface of a subs t ra te  at  ,~850~ 
to chemical ly  vapor  deposit  a clear, adherent ,  th in-f i lm 
insula tor  which is a Si, O, N po lymer  conta ining also 
some H bound to the N. The O: N ra t io  of this  ma te r i a l  
is r ead i ly  control lable  over  the ent i re  range be tween  
SiO2 and Si3N4. Its H content  is bel ieved to make  this 
oxyni t r ide  somewhat  different in s t ruc ture  f rom tha t  
f rom the NO-SiI-I4 reaction, and  this difference is 
de tec table  in severa l  of its propert ies .  Oxyni t r ide  
composit ion may  be most easi ly  in fe r red  f rom the re -  
f ract ive  index. The composit ion near  Si2ON2, n ~1.76, 
has been most carefu l ly  studied, since this film is 
rad ia t ion  hard,  a ba r r i e r  to Na + dr i f t  under  bias, and 
qui te  s table  to b i a s - t empera tu re  aging as an MIS d i -  
electric. For  good character is t ics  in the la t te r  test  the 
silicon subs t ra te  must  be  p re t r ea t ed  wi th  ammoniaca l  
H202; then the  VFB wil l  be close to zero, and the 
in te r face-s ta te  densi ty  ~1011/cm2-eV af ter  hydrogen  
baking.  These t rea tments  do not  degrade  any of the 
o ther  proper t ies  of the  SiON. 
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ABSTRACT 

Vacuum-deposited th in  films of RbAg415 have been prepared exhibi t ing 
conductivities of 0.25 ohm-cm -1 at 25~ and an activation energy of 2.3 kcal /  
mole. The purest  films of RbAg415 were produced when the evaporat ion source 
composition was 83-85 mole per cent (m/o)  AgI. 

Electrolytic cells were prepared of the type Ag/RbAg4Is/Au and were 
studied by cyclic vol tammetry  with a silver reference electrode and as coulom- 
eters. Cells could be cycled electrochemically over 1000 times, but  coalescence 
of RbAg415 films eventual ly  led to loss of e ectrode contact. Degradation was 
accelerated when the cells were exposed to humid air. 

Techniques for vacuum deposition of th in  films 
have advanced greatly in  recent years as evidenced 
by extensive reviews on the subject by Behrndt  ( i )  
and Neugebauer  (2). Although the characteristics of 
metallic films such as gold and silver are well known, 
films of materials  which can serve as solid electrolytes 
have not been extensively investigated. Silver halide 
thin films have been prepared (3), and a thin-f i lm 
electrolytic coulometer using AgBr as the electrolyte 
has been reported (4). It  is a na tura l  extension of this 
work to at tempt the preparat ion of RbAg415 films, al-  
though this complex compound owes its stabili ty to 
its crystal lattice, and therefore, evaporation could 
lead to decomposition. Takahashi et al. (5) have re-  
ported the existence of RbAg415 films, but  we report  
here additional details on the preparat ion and electro- 
chemical properties of RbAg415 thin films. 

Experimental 
Preparation of RbAg415 evaporation source material. 

- - A  RbI (Alfa Inorganics) and AgI powder mixture  
[83-85 mole per cent (m/o)  AgI] was placed in an 
a lumina  crucible, and the crucible was placed inside 
a three-neck flask. AgI was obtained from precipita- 
tion by mixing together aqueous solutions of 1M 
AgNO3 and 1M KI. The three-neck flask was flushed 
with dry ni trogen gas for several minutes  and then 
evacuated (~40~ pressure).  While under  vacuum the 
mixture  was heated at a rate of 10~ unt i l  it 
reached 450~ The mixture  melt  had an orange color 
at 450~ After  heat ing at 450~ for about 1 hr  and 
after bubbl ing  had stopped, the sample was cooled 
slowly, and a light yellow solid was obtained. The 
source mater ial  was not removed from the crucible 
since the same crucible was used during vacuum 
evaporation. The crucible and source material  were 
stored over silica gel un t i l  used. 

Preparation of RbAg415 films.--The alumina  crucible 
with the RbAg415 source mater ia l  was placed inside 
a tungsten  crucible heater. The pressure of the 
chamber was then lowered to about 1 • 10 -6 Torr. 
The temperature  of the sample was increased slowly 
unt i l  it started to melt  around 250~ Ten minutes  after 
the source mater ial  had completely melted, the source 
temperature  was increased to 350~ at a rate of 5~ 
min. Bubbl ing by the melt  usual ly stopped within  5 
min, and the tempera ture  of the melt  was then in-  
creased to 500~ The shutter  protecting the substrate 
from spattering was removed and deposition on the 
substrate proceeded. The pressure of the chamber  
dur ing deposition was about 4 • 10 -4 Tort,  and the 
average deposition rate was about 1.6 • 103 A/min.  

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
K e y  words: rubidium silver iodide, t h i n  fi lms, cou lomete r s ,  vac -  

u u m  deposition, solid electrolyte c o n d u c t i v i t y .  

Preparation o] thin-film electrolytic cells.--The con- 
figuration of the electrolytic cells has already been 
described in a previous paper (4). A metallic film, 
usual ly gold, was deposited first on a clean glass slide. 
The gold film was about 1000A thick. The electrolyte 
film was deposited next  with a thickness of 80,000- 
200,000A. Finally,  another  metallic film, about 1000A 
thick, was deposited on top of the electrolyte film. If 
a silver film was used as the second metallic film of 
the cells, care was taken to ensure that  the deposition 
chamber was perfectly clean before depositing silver, 
otherwise the deposited silver film was tarnished quite 
readily by any residual oxidizing gas in the evapora- 
tion chamber. 

Electrolytic cells with a Ag reference electrode were 
prepared in  the same manner,  but  instead of using the 
electrolyte mask of 12 cells per slide, a 6 double-cell  
electrolyte mask was used. The reference electrode was 
prepared by electroplating one of the two gold elec- 
trodes in the cell with 15 or more monolayers of silver. 

Vacuum deposition equipment--Fairchild Ins t ru-  
ments vacuum deposition equipment  was used to pre- 
pare all  th in  films. The lowest pressure obtainable 
with this equipment  was 1 • 10 -7 Torr. A high nickel 
content, stainless steel sheet was wrapped around the 
interior  of the bell jar, and a dry  ice-acetone trap was 
installed between the diffusion and mechanical  pumps. 
The substrate was located about 12 in. above the evap- 
oration source mater ial  while a stainless steel shutter 
was placed about 8 in. above the source. A Sloan Tech- 
nology Corporation Ommi II system, with a deposition 
monitor and an SCR power controller, was used to 
monitor  (i) the ini t ia t ion of evaporation, (ii) the ap- 
proximate film thickness dur ing deposition, and (iii) 
the rate of deposition. 

X-ray d~raction equipment.--X-ray diffraction 
studies were made with a Philips Electronics x - r ay  
diffraction uni t  with Cuga  radiation. A Philips 52572 
scinti l lation counter with chart recorder was used for 
the x - ray  diffractometer measurements.  

Electrochemical equipment.--A General  Radio In-  
corporated 1650A impedance bridge with a 0.5V rms, 
1 kHz a-c signal was used for resistance measure-  
ments. A Wavetek voltage-controlled generator  was 
attached to the impedance bridge for resistance mea-  
surements  at frequencies other than 1 kHz. A Har-  
rison 6112A d-c power supply was used for residual 
current  determinations.  A Beckman Ins t ruments  Elec- 
troscan 30 was used for cyclic vol tammetry.  A Bissett- 
Berman Corporation E-Cell  Digital Coulometer was 
used for constant current -charging  of cells and for 
those experiments  designated as constant cur ren t  read-  
outs. A Bisset t -Berman Corporation EDR-300 E-Cell  
Digital Coulometer was used for pulse charge and dis- 
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Table h Calculated vapor pressures of Agl and Rbl 

T ~ PRb! ( T o r r )  PAgX (To r r )  

425 1.8 • 10 -4 6.3 • 10 4 
450 3.6 • 10 - t  1.6 • 10 ~ 
475 1.1 • l 0  -s 3.8 • 10-4 
500 2.6 • 10 -3 8.6 x 10- '  
525 5.6 • 10 -3 1.8 • i0-~ 
550  1.1  • 10  -2 3 .8  x 10 -3 

charge of cells. The uni t  was modified to deliver pulses 
of 1 ~coulomb in  place of the normal  100 #coulombs. 
Two Hewlet t -Packard  412A VTVM's attached to a 
Hewlet t -Packard  7100B str ip-chart  recorder with 
17501 plug- ins  were used for measur ing the potentials 
of the cell electrodes vs. a reference during the charge 
and strip cycles. 

An  Associated Testing Laboratories SW-5101 en-  
v i ronmenta l  chamber was used for temperatures  other 
than ambient.  

Results and Discussion 
Evaporation o~ AgI  and RbI mixtures.---Since 

RbAg415 owes its stabili ty to crystal- lat t ice energy, 
and especially an entropy effect from the random dis- 
t r ibut ion of silver ions, evaporation should lead to a 
mixture  of RbI and AgI. The preparat ion of RbAg415 
films will depend on the abil i ty of RbI and AgI vapors 
to condense on a substrate in this crystal l ine form. 
Obviously, it is imperative that  the condensing vapors 
main ta in  a stoichiometric ratio of 4AgI: RbI. It  is more 
important  to consider the condensation process stoi- 
chiometry than the stoichiometry of the source mate-  
rial. Appropriate source composition can be calculated 
from the vapor pressures of AgI and RbI. 

The approximate vapor pressures for RbI and AgI in 
the temperature  range used for vacuum deposition of 
RbAg415 can be calculated by extrapolat ing the equa-  
tion (6) 

logl0p _.--: (--0.2185 A / T )  + B 

where T is temperature  (~ and A and B are con- 
stants. For RbI between 748 ~ and 1304~ A ~ 38,072.3 
and B ~ 8.174712. For AgI between 820 ~ and 1506~ 
A ~ 37,340.1 and B ~ 7.48857. The calculated vapor 
pressures for RbI and AgI between the evaporation 
temperatures  of 425 ~ and 550~ are given in Table I. 

Assuming ideal behavior for the vapor mixture  of 
both evaporants, a 90-93 m/o  of AgI in the AgI + RbI 
melt  is needed in  order to obtain an ini t ial  vapor pres- 
sure ratio of 1:4 (PRbl/PAgI) in the 425~176 tem- 
perature range. However, with the evaporation of 4AgI 
for every RbI, the melt  would rapidly become richer 
in AgI, and excess AgI might  start  depositing on the 
suhstrate. When an ini t ial  4AgI: RbI melt  composition 
was used, an init ial  vapor pressure was obtained which 
was rich in RbI. The films produced in  this way, al- 
though containing pr imar i ly  RbAg4Is, had very low 
conductivity. To compromise between an ini t ia l  excess 

of RbI, or a later  excess of AgI, mel t  compositions be-  
t w e e n  83 and 85 m/o  AgI were chosen which resulted 
in a slight init ial  excess of RbI, but  did not lead to a 
large excess of AgI later  in the deposition. 

X - r a y  diffraction data for RbAg415 films are given 
in Table II. Several  features of the RbAgaI5 f i l m s  c a n  

be noted from the data: (i) the tendency for the 
RbAg~I5 films to deposit ini t ia l ly on gold along their  
(110) planes; (if) the preferred orientat ion along the 
(110) plane increased wi th  increasing substrate tem-  
perature at least up to 70~ (iii) the films reoriented 
toward their (110) planes by anneal ing them at 150~ 
( iv)  randomness  in  orientat ion increased with in-  
creasing film thickness; and (v) no diffraction peaks 
corresponding to RbI, Rb2AgI3, and AgI were observed. 

Takahashi et al. (5) have reported x - ray  diffraction 
results for RbAg415 films deposited on glass between 
25 ~ and 152~ Unfor tunate ly  they did not report the 
intensity, if any  was observed, of the peak at 11.3 ~ 
corresponding to the (110) plane. They did report 
that x - ray  diffraction pat terns  of films deposited at 
101~ or higher showed a peak around 24.5 ~ and the 
intensi ty  of this peak increased wi th  increasing sub-  
strate temperature.  However, this peak can be assigned 
to Rt~2AgI3 (5). 

Although it has been reported that RbAg415 decom- 
poses slowly into AgI and Rb2AgI3 in the presence of 
humidi ty  at temperatures  below 27~ x- ray  diffraction 
lines corresponding to AgI and Rb~AgI3 were not de- 
tected for films deposited at 20~ The detection l imit  
for x - ray  diffraction is about 1%, so that  traces of AgI 
and Rb~AgI3 could still be present. I t  is very l ikely 
that  they were indeed present  since electrolytic cells 
deposited at 20~ usual ly  had resistances 100 times 
higher than those deposited at 35~ 

E~ectrochemical characteris t ics .--The resistances of 
Ag/RbAg4Is/Au and Au/RbAg415/Au thin-f i lm cells 
were found to be frequency dependent  as shown in 
Fig. 1. Some of this frequency dependence and high 
resistances, compared to pressed powder samples, can 
be a t t r ibuted to the existence of silver iodide (or gold 
iodide) at the interface of the electrode that  was on 
top of the RbAg415 film. During the deposition of 
RbAg4Is, some of the AgI in the source boat decom- 
posed l iberat ing iodine gas, and par t  of the iodine gas 
might  have been trapped at the RbAg415 film surface 
which could then react with the electrode mater ial  
forming the iodides. The decomposition of silver 
halides dur ing evaporation with l iberat ion of halogen 
gas has also been observed by Vouros (3) ; and tarnish 
of the electrode deposited on top of RbAg415 samples 
has been observed by Breitweiser (7) and Scrosati (8). 

The conductivity of our RbAg415 films was deter-  
mined by using a var iat ion of Takahashi 's  method. 
Our cell consisted of 12 equally spaced gold electrodes 
with a RbAg415 film of known thickness deposited at 
40~ on top. A plot of the resistance between two 
gold electrodes vs. electrode separation distance is 

Table II. X-ray diffraction data for RbAg415 films 

S a m p l e  d e s i g n a t i o n  (1) (2) (3) 
Substrate gold gold gold 
F i l m  t h i c k n e s s ,  k A  1.20 8.3 20 
Deposition t e m p e r a t u r e .  ~ 20 20 20 
S p e c i a l  conditions 

(4) (5) (6) (7) (8) (9) 
go ld  go ld  go ld  go ld  go ld  p o w d e r  

8.3 2.5 5.2 5.2 IOO 
20 70 70 70 40 

Sample (2) annealed Sample (6) a n n e a l e d  R e f e r e n c e  
at 150~ for 20 hr at 150~ 6 hr  mater ia l  

(hkl)  p l a n e s  I/Io 
(110) lO0 99 36 
(221) 47 65 39 
(310) -- -- 2 
(311) 62 100 100 
(222) 15 20 17 
(411, 330) 10 14 21 
(332) 12 l 0  10 
(422) 10 l 0  12 
(430) 12 29 18 
(510, 431)  20 33 47 
(011, 333) -- 4 6 
(520, 432) 12 25 22 
(521) - -  16 16 
(441) 5 12 6 
( 5 2 2 . 4 4 1 )  5 10 6 

100 100 100 100 
53 52 38 31 

48 - -  53 44  
9 1 0  8 7 

- -  7 8 4 
3 - -  6 4 
8 -- 6 4 

27 1 2  31 24 
27 -- 20 14 

16 -- 11 9 
7 7 S 4 

13 5 17 14 
9 7 7 6 

31 w 
40 m s  

8 v w  
100 s 

9 w 
20  w 

7 w 
7 m w  

18 m w  
48 s 

5 vW 
19 m 
17 m W  

6 w 
6 w 
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Fig. 1. Frequency dependence of RhAg415 thin-film resistance, 
O ,  Au/RbAg415/Au; Q, Ag/RbAg415/Au. 
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Fig. 2, Resistance of Au/RbAg415/Au thin-film cell as a function 
of electrode separation. Area of electrolyte path (film width X 
film thickness) is 2.67 x |0 - 3  cm ~. 

shown in Fig. 2. In this way, no effects due to the  top 
surface of the  RbAg415 were  encountered.  The con-  
duct iv i ty  was ca lcula ted  f rom the slope and found to 
be 0.25 ohm-cm - I .  This conduct iv i ty  value  is s l ight ly  
h igher  than  the value  of 0.2 ohm-cm -1 repor ted  by  
Takahashi  (5) for films deposi ted at  25~ and com- 
pares  closely wi th  the  conduct iv i ty  of po lyc rys ta l -  
l ine RbAg415 of 0.26 ohm-cm -1 (9). The measured  
resis tance be tween  two gold electrodes was  also 

ever,  by  plot t ing the  measured  resis tances as a func-  
t ion of e lectrode separa t ion  and assuming tha t  the 
f requency  dependency  had  about the same effect on 
al l  measured  resistances,  the por t ion  of the  resistance 
tha t  was f requency dependent  would  only affect the 
in tercept  and  not the  slope. 

The conduct iv i ty  of RbAg415 films as a funct ion of 
t empera tu re  is shown in Fig.  3. The act ivat ion energy 
for conduct ion was 2.3 kcal /mole .  This value  is about 
0.6 kca l /mole  h igher  than  the act ivat ion energy re -  
por ted  for polycrys ta l l ine  RbAg415 (9), but  only  0.3 
kca l /mole  h igher  than  the ac t iva t ion  energy for Ag + 
t racer  diffusion in RbAg4Is (10). 

Blocking e lect rode studies wi th  the  A g / R b A g 4 I J A u  
cells gave res idual  cur rents  of <1  nA be tween  0.2 and 
0.6V. Assuming tha t  al l  the  res idual  cu r ren t  was due 
to electronic current ,  the  electronic conduct ivi ty  cal-  
culated wi th  Wagner ' s  equat ion (11) was <4  • 10 - l ~  
ohm-cm -1. Oxley  (12) has repor ted  that  the  elec-  
tronic conduct iv i ty  for po lycrys ta l l ine  RbAg415 to be 
~10-11 ohm-cm-1 .  

As wi th  pressed powder  samples  (13), RbAg4Is 
films were  found to be sensi t ive to humidi ty .  The 
resis tance of film cells increased from a few ohms to 
over  1,000,000 ohms in less than  7 days  when exposed 
to room atmosphere.  The increase  in cell  resis tance 
could be decreased by  storing the cells over  si l ica gel 
be tween 30 ~ and 35~ Even so, there  was an ini t ia l  
increase  of a few ohms dur ing the  first couple of 
days  of s torage as shown in Fig. 4. This increase  in 
cell resis tance can be  a t t r ibu ted  to coalescence of the  
RbAg4I~ film which made  i t  lose contact  wi th  the  
e lec t rode  films. Usually,  the  base e lect rode film be-  
came de tached  f rom the  glass sl ide when the RbAg4I~ 
film had comple te ly  coalesced. The ini t ia l  fi lm c rys -  
ta l l i tes  were  less than  4~ in d iameter ,  whi le  some of 
the  coalesced crysta ls  were  about  600~ long and 200~ 
wide wi th  an undefined shape. F igure  5a is a photo-  
micrograph  (250X) of a RbAg415 film 150,000A th ick  
over  glass and kep t  in the  no rma l  l abora to ry  en-  
v i ronment ,  t aken  3 days  af ter  i t  was deposited,  and  it 
shows tha t  coalescence had occurred at severa l  points. 
F igure  5b is another  photomicrograph  (250X) which 
shows complete  coalescence for a film 7 days  old. As 
can be observed,  the  coalesced crysta ls '  g ra in  bound-  
aries a re  very  wel l  defined. 

Owens and Argue  (13) r epor t ed  tha t  t races of AgI  
and Rb2AgI3 presen t  in powdered  RbAg415 samples  
can be e l imina ted  by  anneal ing RbAg415 pressed pe l -  
lets  at  160~ for  severa l  hours. However ,  dur ing  an-  
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Fig. 4. Dependence of Au/RbAg4l~/Au thin-film cell resistance 

(| kHz) on storage time. 

neal ing of film cells at 160~ for several hours the 
gold electrode lost contact with the glass slide. The 
loss of contact was probably due to differences in 
thermal  expansion between the gold film, the RbAg415 
film, and the glass slide. 

Cyclic voltamrnetry.--Cyclic vol tammetry  was used 
to examine the electrode reactions that took place on 
the gold electrode. The potential  of the gold electrode 
was measured vs. a silver reference electrode. In  
general, one cathodic peak near  0.0V and two small 
anodic peaks near  0.05 and 0.2V were observed dur ing 
the forward scan before the final cutoff, Fig. 6. Similar  
vol tammograms were obtained dur ing the succeeding 
cycles. 

An  ini t ial  applied potential  of 0.0V vs. the Ag refer-  
ence electrode caused a cathodic current  from Ag + 
reduction since the silver activity at the gold electrode 
was lower than at the silver electrode. The anodic 
peak near  0.05V can be at t r ibuted to the oxidation of 

Ag which had been plated on the gold while  the cur-  
rent  was cathodic. The anodic peak near  0.2V was at-  
t r ibuted to the oxidation of some trace impur i ty  such 
as oxide or sulfide ions at the gold surface. 

The final cutoff peak near  0.67V can be at t r ibuted to 
any  of the reactions describing the oxidation of gold 
vs. iodide such as 

Potential calcu~ 
R e a c t i o n  f a t e d  f r o m  A G ' t  

R b A g ~ I s  ~ R b I  + 3 A g I  § A g +  + ~ I s  + e -  E ~ = 0 . ' / 29  v s .  A E  

2 R b A g 4 I s  + A u  -~ R b 2 A g I s  + 0 A g I  + A g  § + A u l  § e -  E ~ = 0 . 6 4 2  v s .  A g  

R b A g d ~  + 4 A u  ~ R b I  + 4 A g +  + 4 A u l  + 4 e -  E ~ = 0 . 6 6 5  v s .  A g  

It  was interest ing to note that  the final cutoff peak 
started to rise around 0.45V. This was an  impor tant  
factor in  selecting the voltage of 0.45V as the cutoff 
potential  for t iming with RbAg415 coulometers. Hull  
and Pil la (14) reported that  iodine started to be 
l iberated in AgI systems wi th  p la t inum electrodes at  
0.46V. During the reverse scan a small  cathodic cur-  
rent  was observed around 0.2V which can b e  at t r ibuted 
to reduction of iodine still present  at the gold elec- 
trode. 

Coulometry . - -Coulometry  of Ag/RbAg4Is/Au cells 
was studied by techniques described previously (4). 
Accuracy of RbAg4I~ thin-f i lm cell coulometers was 
determined for charges of 20-2500 ~coulombs. The re-  
sults are tabulated in Table III. For constant  current  
readouts, the cutoff voltage was 0.45V. The average 
error was the average of ten  determinations.  In  gen- 
eral, higher deviations from the average error were 
observed for the first two determinations.  The larger 
errors for the first few determinat ions have been at-  
t r ibuted to the diffusion of silver along the grain 
boundaries into the gold electrodes (4). 

The use of pulsing techniques dur ing  charge and 
strip cycles did not improve the t iming accuracy of the 
coulometers, Table IIIb, but  errors were not greater 
on init ial  determinations.  A discussion of the pulsing 
technique has been made in a previous publicat ion (4). 

Pulsing techniques were also used to determine the 
charge storage capabilities of RbAg415 thin-f i lm cells. 
A charge of 500-1000 ~coulombs was plated on the gold 
and allowed to stand for several days before stripping. 
Figure 7 shows that  there was rapid loss of about  80 
~coulombs of charge dur ing  the first day, and then 
little addit ional loss. This can be explained again by 
the migrat ion of silver into the gold electrode along 
the gold electrode grain boundaries  with the gold 
electrode eventual ly  becoming saturated. A similar 

Fig. 5, Coalescence of RbAg41s 
films. (A) 150,000~ on glass 
after 3 days (250X); (B) 150,- 
000~ on glass after 7 days 
(250X).  



Table III. Timing accuracy for RbAg415 thin-film coulometers at 35~ 

A. Constant cur ren t  ~'eadout 
20 

A v g  S t d  
Current ,  error ,  dev,  

/LA % % 

1.0 +28.4 0.5 
3.6 +1.0 0,4 

10.0 +0.5 0.1 

Charge t ime, s ec  
50 100 250 

Av g  Std Av g  Std A v g  Std 
error,  dev, error,  dev,  error ,  dev, 

% % % % % % 

B. Pulse readout  

+ 1 4 . 8  0.5 + 7 . 9  0.7 + 3 . 4  1.0 
+0.7 0.4 +0.3 0.I  +0.2 0.I 
+0.1 0. I  --0.1 0.1 - 0 . 3  0.3 

100 
Avg  Std 

error,  dev, 
% % 

--4.0 0.8 

Charge, p.coulombs 
250 S00 1000 

Av g  Std A v g  Std Av g  Std 
error,  dev,  error,  dev,  error ,  dev, 

% % % % % % 

8 

--2.0 0.9 --0.7 0.2 --0.7 0.4 

sa tura t ion  va lue  was found for AgBr  thin-f i lm cells. 
I t  was not  surpr is ing tha t  the  sa tura t ion  values  for 
both types  of th in-f i lm cells were  about  the  same 
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Fig. 6. Cyclic voltammogram of RbAg415 cell. ,r rote, 2 mV/sec 

0 

_20L 

i I ] I I 
2 4 6 8 tO 12 

Time, days 
Fig. 7. Charge loss with storage of RbAg415 thin-film coulometers. 

Initial charge: e ,  500 #coulombs; C), 1000 #coulombs. 

since they  had essent ia l ly  the  same type  of gold 
electrode.  

Life of the  cells was reasonably  long considering the 
close electrode spacing. Some of the cells were  cycled 
cont inuously  wi th  200 #coulombs of charge for more  
than  1000 cycles wi th  no apparen t  damage.  However,  
the  cel l  l ife was  l imi ted  by  the coalescence of RbAg415 
which can des t roy  the contact  be tween  the  gold elec-  
t rode  and the RbAg415 film. Keeping  the cells in a d ry  
a tmosphere  is necessary if the  cells a re  to be used for 
more  than  a few days. 
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ABSTRACT 

The anodic dissolution of copper in chloride solutions was studied under  
laboratory conditions up to 101~ and up to 175~ in  a specially designed cell 
that  could be flanged into a pump loop. Under all conditions the anodm polar-  
ization curves demonstrated Ta~el behavior with slopes equal to 2.3 RT/F.  
The anodic process was under  diffusion control with the pr imary  dissolution 
product being CuC12-; no evidence of solid corrosion products was found at 
the highest current  densities employed. The anodic process  w a s  independent  
of  pH and between 0.124 to 1.24M C l -  depended on the square of the chloride 
ion concentration. Loop exper iments  showed that  under  fixed conditions the 
cur ren t  density was proportional to the 0.8 power of flow velocity. A simple 
kinetic expression based on the Nernst  equation and Fick's first law w a s  
derived which was in excellent agreement  with the experimental  results. 

Copper  and  its alloys find extensive use in sea  
water, and over the years a great wealth of empirical 
data concerning the corrosion of these materials  has 
accumulated. However there have been relat ively f e w  
systematic studies of corrosion mechanisms of copper 
or its alloys in chloride media. Of those that  have been 
reported most were conducted at temperatures  below 
10O~ 

Lal and Thirsk (1) appear to have been the first to 
demonstrate that the anodic dissolution of copper in 
sodium chloride solutions exhibits pure concentrat ion 
polarization and from 17 ~ to 60~ showed that  the 
anodic Tafel slope was equal to 2.3 RT/F. Hurlen  (2) 
also showed the anodic polarization of copper to be 
under  diffusion control. In  addition he showed that 
the potential  (E) at constant anodic current  varied 
with chloride concentrat ion according to the re la t ion-  
ship 

d log  (C1-) \ F 

at chloride concentrat ions up to about 1M but  at 
higher chloride levels the coefficient was 3 rather  than 
2. Boden (3) carried out anodic polarizations of cop- 
per in sodium chloride solutions from 30 ~ to 140~ 
He observed Tafel slopes of approximately 60 mV /  
decade in the temperature  range of 30~176 but  at  
higher temperatures  the slopes were 140-160 mV /  
decade. North and Pryor  (4) exposed copper speci- 
mens to boiling 0.5M NaC1 and concluded from their  
results that Cu20 formed as a direct anodic corrosion 
product. More recently Taylor (5) using a r ing-disk 
electrode demonstrated that copper anodically dis- 
solves in 0.5M NaC1 only by the generat ion of soluble 
cuprous ions over the range of 2.5 to 900 ~A/cm2. This 
lat ter  result  is consistent with the data of Lal and 
Thirsk (1) and Hur len  (2) since concentrat ion polar i-  
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zation would not occur if Cu20 were a direct corro- 
sion product. Thermodynamic  considerations at 25~ 
such as the solubility product of Cu20 (6), the stand- 
ard potential  for the formation of Cu20 (15), and the 
stabil i ty constant of the CuC12- complex ion (7) also 
indicate that  in  the range of the corrosion potentials 
of copper in sodium chloride solutions the in situ 
formation of Cu20 should not occur. 

In  many  dis t i l la t ion-type desalt ing plants copper 
alloys are exposed to sal t -water  solutions well  above 
100~ and al though their performance is general ly 
satisfactory little is known about their corrosion 
mechanisms at higher temperatures.  While pure cop- 
per is seldom used in desalt ing applications, an unde r -  
s tanding of the mechanism of copper corrosion is es -  
s ent ia l  if the mechanism of the corrosion of copper 
alloys is to be obtained. This paper presents the results 
of an electrochemical s tudy of the kinetics of the 
anodic dissolution of copper. The results presented 
here duplicate to a minor  extent  the work of Lal and 
Thirsk (1) and Hur len  (2) bu t  extend the tempera-  
ture range  to 175~ and include studies in flowing 
streams. In  addition our analysis of the data has re-  
sulted in the derivat ion of a simple kinetic expression 
which is applicable over the ent i re  tempera ture  range. 

Experimental 
Electrochemical studies were conducted in two dif- 

ferent  types of cells: conventional  laboratory glass 
cells and a cell mounted  in a recirculat ing pump loop 
which was constructed of Hastelloy C. In  the glass 
cell temperatures  up to atmospheric boil ing were in -  
vestigated and in the loop temperatures  were as high 
as 175~ Zone-refined copper was used in the labora- 
tory studies whereas s tandard electrical-conductor 
grade copper was used in the loop study. In  the zone- 
refined mater ia l  all  metall ic impuri t ies  were below 
the level of detection by emission spectrographic 
analysis. Based on the same method of analysis the 
electrical-conductor grade copper contained 300 ppm 
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Ag, 90 ppm Fe, and 40 ppm Ni as the major  impur i -  
ties. In the studies described here no detectabm dif- 
ference be tween  the two mater ia ls  was apparent.  

Al l  solutions were  prepared from reagent  grade 
chemicals wi thout  fur ther  purification. In the  labora-  
tory studies the chemicals were  dissolved in t r iply 
distil led water  and for the loop studies deionized 
water  wi th  a specific resis t ivi ty of > 106 ohm-cm was 
the solvent. Again the qual i ty  of the solvent made no 
apparent  difference. Solutions were  saturated with the 
appropriate  gas by sparging for several  hours before 
use. In these systems the corrosion of copper is pro-  
portional to the oxygen concentration, but, since most 
of our measurements  were  made at potentials well  
above the corrosion potential,  removal  of the last 
traces of oxygen was not essential. 

Both constant current  and constant potential  polar i -  
zations were  carr ied out. All  measurements  were  
taken at s teady state which was general ly  achieved 
within re la t ive ly  few minutes  af ter  changing ei ther  
the current  or potential.  An electronic potentiostat  
designed and buil t  at Oak Ridge National  Labora tory  
and an Anotrol  Model 4700 potentiostat  were  used in 
these studies. Both instruments  also included pro-  
visions for galvanostatic operation. In all cases cur-  
rents  were  measured as potential  drops across pre-  
cision resistors wi th  Kei th ley  Model 600A ba t te ry-  
operated electrometers,  the outputs of which were  re-  
corded with  Hewle t t -Packa rd  Model 7100B dual chan-  
nel recorders.  

Some of the laboratory  studies were  carried out in 
a Py rex  glass cell s imilar  to that  described by Kel ly  
(8). In these cases t empera tu re  control was _ 0.1~ 
of the specified value. However  most of the laboratory  
exper iments  were  per formed in a 3- l i ter  flask which 
had ground glass necks for admission of a test elec- 
trode, a polarizing electrode, a Haber -Luggin  capil-  
lary  probe, a tube for gas entry, a mercury  the rmo-  
regulator,  and a condenser. The condenser was equip-  
ped with  a wa te r -bubb le r  trap to prevent  back dif-  
fusion of atmospheric oxygen. Heat  was applied with 
an electric mant le  act ivated by the mercury  the rmo-  
regulator  through an electronic re lay  assembly. In 
this larger  flask tempera tures  were  usual ly wi thin  a 
degree of the specified value. With both cells the 
potential  of the test electrode was measured with  ref-  
erence to a saturated calomel electrode (SCE) in an 
externa l  compar tment  at room tempera tu re  ( ~  29~ 
connected to the cell via the Haber -Lugg in  capillary. 
The test specimens were  cut from 0.65 cm diameter  
rod stock and were  0.65-0.95 cm long. In both glass 
cells the electrodes were  mounted  on convent ional  
Teflon holders and ei ther  pla t inum or graphite served 
as the polarizing electrode. Gentle  s t i rr ing was pro-  
vided by means of  a magnet ic  s t i r rer  in the bottom of 
the cell. 

Polarizations in the Hastel loy C pump loop were  
carried out in a cell mounted  in a bypass l ine of the 
loop. Figure  1 is a schematic drawing of the cell  which 
consisted of a 1�89 diameter  schedule 80 t i tanium 
pipe wi th  six welded fittings through which the elec-  
trodes were  inserted. A heavy-wa l l ed  Teflon tube  
wi th  a 1-cm diameter  flow channel  fitted snugly in-  

Fig. 1. Schematic drawing of the polarization cell used in high- 
temperature flowing solutions. 

side the pipe section. The ends of the pipe and the 
caps (also t i tanium) were  threaded, and fiat Teflon 
gaskets prevented  leakage be tween the l iner  and 
the caps. The cell was mounted in the bypass line with 
flanges (not shown in Fig. 1) at tached to the caps. 

F igure  2 shows the manner  in which a specimen was 
mounted in the cell. The Teflon l iner was dri l led and 
threaded as shown and Teflon seal B was inserted. 
This seal was pe rmanen t ly  bonded to the l iner wi th  
Chemgrip (Chemplast  Inc., Wayne, New Jersey) .  The 
specimen was pushed through the opening, and Teflon 
seal A was then slid over the specimen. Tightening 
the gland nut  sealed the specimen in the vic ini ty  of 
the junct ion of the two seals. The four graphi te  polar-  
izing electrodes were  mounted  in near ly  the same 
manner.  The diameter  of the graphi te  was 0.64 cm, 
and the ends were  shaped so that  they could be 
mounted flush wi th  the inner surface of the Teflon 
liner. In contrast  to the specimen mount, the l iner was 
threaded throughout  its thickness as was the graphite.  
Both the graphite and the lower Teflon seal were  
permanent ly  bonded to the liner. Threaded into the 
short length of graphi te  was a 3 -mm diameter  copper 
wire  so that  the remainder  of the assembly was iden-  
tical to that  shown in Fig. 2. During polarizations, the 
four graphi te  electrodes were  connected in parallel.  
The reference electrode was in an external  vessel and 
was connected to the cell by a salt bridge as described 
by Bacarel la  and Sutton (9). The end of the salt 
bridge extended into the flow channel  and ended a 
short distance (1-2 mm) from the specimen. At the 
current  densities used no IR corrections were  neces- 
sary. 

The specimens used in the loop were  made f rom 
3.2-mm diameter  rods which were  coated with  epoxy 
cement  (Epoxi-Patch,  Hysol Division, Dexter  Cor-  
poration, Olean, New York) ,  and enclosed in a Teflon 
tube. The end of the rod to be inserted into the cell 
was ground flat so that  the exposed surface area of 
the specimen was its cross sectional area, 0.08 cm 2. 
The surface of the test electrode was essentially flush 
with the Teflon liner. 

The  loop was constructed of Hastel loy C and a 25 
gpm Hastel loy C pump dr iven by a var iable  speed 
motor  circulated the solution. In these studies the flow 
rate of solution past the specimen was ei ther 122 or 
244 cm/sec  (4 or 8 f t / sec) .  In all loop tests the solu- 
tion was 1M NaC1 with a pH be tween  6.3 and 7.0. The 
total  volume of solution in the loop was 3.7 liters, and 
this was refreshed at the rate of 1 1/hr by means of a 
pulse pump and le tdown valve.  Loop pressure was 
maintained at about 200 psig in most cases. Heat  was 
applied to the loop by electric heaters on the pipe 

EPOXY ~SPEC1MEN 
C O A T I ~ F L O N  SEAL A TEFLO. GLA"O .UT 

" TE 'LO" SEAL B 

i?lh~tx6<::~x~ ~ . . . I - T E  FLON 

Fig. 2. Method of mounting test specimens in high-temperature 
polarization cell. 
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walls and the desired tempera ture  was maintained 
within +_ 2~ by a pneumatic  controller  operated from 
a thermocouple  upstream from the cell. 

In both the loop and laboratory exper iments  polari-  
zation curves were  obtained by proceeding stepwise 
f rom the open-circui t  potent ial  in an anodic direction. 
However ,  revers ing the polarization sequence re-  
t raced the same curve. 

Experimental Results 
A typical polarization curve for copper in deaerated 

1.24M NaC1 at 30~ is shown in Fig. 3. The anodic 
process consists of the oxidation of copper and has a 
Tafel  slope of 60 mV/decade  which corresponds to 
2.3 RT/F. In this par t icular  case the cathodic curve 
represents  pr imar i ly  the reduct ion of water  to hydro-  
gen, but  at low current  densities some reduct ion 
process which appeared to be diffusion l imited can be 
detected. A future  communicat ion will  discuss the 
cathodic behavior  of copper in chloride solutions. 

Anodic polarization curves obtained with  zone- re -  
fined copper at different tempera tures  are shown in 
Fig. 4. All  of these were  obtained in 1.24M NaC1 using 
glass equipment  under  conditions of constant st irr ing 
and modera te  sparging with  H2 gas. In this figure 
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Fig. 3. Electrochemical polarization of copper in deaerated 1.24M 
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Fig. 4. Anodic polarization of copper in deaerated 1.24M NoCI 
at different temperatures. 

only exper imenta l  data in the Tafel  region are shown. 
Polarizations near  the corrosion potential  were  dif-  
ficult to in terpre t  because contributions from un-  
known cathodic processes were  included. For this 
reason corrosion potentials  at a given tempera ture  
were  not a lways reproducible.  On the other  hand, 
under  constant conditions the polarization curves in 
the Tafel  region were  very  reproducible  and the 
slopes were  equal  to 2.3 RT/F. 

Figure 5 shows anodic polarization curves obtained 
in 1.24M HC1 (pH = 0.04) at 29 ~ and 101~ The 
dashed lines are those obtained in 1.24M NaC1 (from 
Fig. 4). At 29~ the curve  at pH ----- 6.4 is displaced 
about 13 mV in the anodic direction f rom the curve 
at pH = 0.04. At a fixed potential  an increased dis- 
solution rate in the acid solution might  be inferred 
f rom these results, but  the increase is only apparent  
and represents  the difference in l iquid junction po- 
tentials (Ej2 - -  E j l )  where  Ejl is the 1.24M NaC1 I[ sat. 
KC1 junction and Ej2 is the 1.24M HC1 11 sat. KC1 
junction, both at 29 ~ . Using the Henderson equat ion 
(10) these junct ion potentials were  est imated to be 
about 14 mV for Ej2 and about 1 mV for Ejt which 
accounts for the observed difference be tween the two 
curves and shows that  the anodic dissolution process 
is independent  of pH. 

At 101~ the curve  obtained at a pH of 6.4 is dis- 
placed anodically about 28 mV from the  one at a pH 
0.04. At  the higher  t empera tu re  thermal  as well  as 
l iquid junct ion potentials existed in both cases. In all  
exper iments  described in this report  the reference 
electrode (SCE) was located in a separate vessel at 
29~ and was connected to the cell by a salt br idge 
filled with the par t icular  test solution, so that  the 
t empera tu re  of the l iquid junct ion was always con- 
stant regardless of the cell temperature .  Assuming 
the anodic dissolution rate  to be independent  of pH 
at 101~ as it was at 29~ the difference between the 
thermal  potentials for 1.24M NaC1 and 1.24M HC1, 
both with  a thermal  gradient  of 72~ is approxi-  
mate ly  15 mV. The data presented by Ikeda et aL (11) 
show that  the rmal  potentials are much greater  for 
HC1 than for NaC1 and most of the 15 mV difference 
must be due to the thermal  potent ial  developed in 
the 1.24M HC1 bridge. Other  polarization curves (not 
shown) were  obtained in 1.24M C1- at pH = 2.8. In 
these cases the curves were  usual ly wi th in  a few mil l i -  
volts of those obtained in L24M NaC1 (pH = 6.4) under  
the same conditions indicating that  both l iquid and 
thermal  junction potentials were  less significant than 
in the 1.24M HC1 and within the range of exper imenta l  
error. Thus in the t rea tment  of the data both junction 
potentials were  ignored except  in the 1.24M HC1 
solution. 

Figure  6 shows anodic polarization curves obtained 
over  a greater  t empera ture  range in the pump loop. 
The electrolyte  was 1.0M NaC1 at a pH of 6.3 and the 
solution flowed past the specimen at ei ther 122 or 244 
cm/sec.  The procedure  consisted of obtaining the 
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function of chloride ion concentration at 30 ~ and 101~ 

slightly on the potential.  At an arbi t rar i ly  chosen po- 
tential  of --0.400V vs. SCE the ratios of current  at 244 
cm/sec  to that  at 122 cm/sec  are 1.5, 1.7, 1.5, and 1.8 
at 25 ~ 75 ~ 125 ~ and 150~ respect ively (Fig. 6), and 
1.9 for the duplicate specimen at 75~ The average 
of these values is 1.7. Since in turbulent  flow the 
Reynolds number  (Re) is directly proport ional  to 
veloci ty at a given temperature ,  the current  increased 
a s  Re ~ 

Other exper iments  in the loop showed that  the 
reproducibi l i ty  of the data wi th  regard to the relat ive 
positions of the anodic polarization curves at different 
tempera tures  was very  good, but  the absolute values 
from specimen to specimen var ied by as much as 10 
to 15 inV. As the data in Fig. 6 clearly indicate the 
anodic process is diffusion controlled, and slight var ia-  
tions in mount ing the specimen in the loop with  re-  
sultant var ia t ion in fluid turbulence probably accounted 
for the slight differences observed in the curves for 
different specimens. 

The effect of chloride ion concentrat ion on the anodic 
dissolution current  density of copper is shown in Fig. 
7. The t empera tu re  was ei ther  30 ~ or 101~ the 
electrolyte was neutral ,  deaerated sodium chloride at 
concentrations of 0.124, 0.372, and 1.24M, and the 
electrode potential  was --0.250V vs. SCE. These data 
were  obtained in glass equipment  under constant st ir-  
ring conditions. The slope of the line through the data 
points, d log i /d  log (C1-) ,  is 2.0 indicating that  
copper dissolves as the CuC12- ion. 

The value of the standard redox potential  for the 
half  reaction 

Cu + 2C1- = CuC12- + e 

is --0.050V vs. SCE at 25~ (12), but its t empera ture  
coefficient was not available. Similar ly  activities of the 
ions involved are not known. In order to determine 
the tempera ture  coefficient the following exper iment  
was per formed at 30 ~ and 101~ A copper electrode 
was anodically polarized at a low constant current  in 
deaerated 1.24M NaC1 for various lengths of time, and 
after  each in terva l  the open-circui t  potential  of the 
copper electrode was measured. From the  coulombs 
of current  passed and the vo lume of solution the con- 

Fig. 6, Anodic polarization curves obtained with copper in flowing 
deaerated 1.0M NaCI. 

curve at the lowest t empera ture  and the lower  flow 
rate, then disconnecting the cell and increasing the  flow 
rate. Af te r  the electrode reached a s teady-state  open- 
circuit potential,  the curve at the higher  flow rate  
was obtained. The tempera ture  was then raised to 
the next  higher  level  and the procedure was repeated. 
Thus all of the curves shown in Fig. 6 were  obtained 
with the same electrode wi thout  removing  it f rom 
the loop. At the  highest t empera tu re  it was not pos- 
sible to control the tempera ture  at 8 f t / sec  in the exist- 
ing exper imenta l  equipment.  

Another  specimen was run under  conditions iden-  
tical to the previous run  except  that  the only curve  
obtained at 244 cm/sec  was at 75~ The agreement  
between the two specimens was excel lent  as i l lus-  
t ra ted in Table I, where  the coefficients of the equa-  
tions for the anodic Tafel  lines are shown for both 
specimens. These values were  obtained from least 
squares analyses of the data points in the Tafel  region. 
At the 95% confidence level  all Tafel  slopes (A in 
Table I) were  wi th in  _+ 2% of the reported values. I t  
is evident  f rom the table that  the slopes of the Tafel  
lines are ve ry  close to 2.3 R T / F  (0.059, 0.069, 0.079, 
0.084, and 0.089 V/decade  at 25 ~ 75 ~ 125 ~ 150 ~ and 
175~ respect ively) .  

Al though the slopes of the lines at the same 
tempera ture  were  near ly  the same at 122 and 244 
cm/sec ( turbulent  flow in both cases), there  were  slight 
differences. Hence a determinat ion of the increase in 
current  on going f rom 122 to 244 cm/sec  depends 

Table I. Coefficients for the equations of the Tafel lines, E ~ A log i -I- B, for the polarization curves shown in Fig. 6 and for 
similar curves obtained with a duplicate specimen under the same conditions 

Tafe l  s lope (A) I n t e r c e p t  (B) 
122 c m / s e c  244 c m / s e c  122 c m / s e c  244 c m / s e c  

Temp,  ~ Fig.  6 D u p l i c a t e  ~ig.  6 D u p l i c a t e  Fig .  6 Duplicate Fig .  6 Dup l i ca t e  

25 0.062 0.063 0.062 --0.032 --0.032 --0.042 
75 0.067 0.070 0.069 0.070 --0.114 --0.099 --0.121 

125 0.081 0.077 0.082 --0.154 --0.175 -- 0.165 
150 0.085 O.Ofl7* 0.082 --0,182 --0.206* --0.209 
175 0,089 --0,200 

- -0.120 

* A c t u a l  t e m p e r a t u r e  was  156~ 
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Table II. Apparent E o values for the half cell reaction Cu + 
2C I -  = CuCI2- -I- e -  obtained in 1.24M NaCI at 30 ~ and 101~ 

Temper- (CuCl2-), Potential, Apparent Eo, 
ature, ~ M V vs. SCE V vs. SCE 

30 3.17 x 10 -'~ - -0 .319  - -0 .038  
30 9.43 • 10 -5 - -0 .293  - -0 .040  
30 2.71 x 10-~ - -0 .268  - -0 .043  

101 2.61 x 10 -5 - -0 .424  - -0 .071  
101 5.51 • 10 -~ - -0 .400  - -0 .071  
101 1.05 • 10-a - -0 .380  - -0 .072  
101 1.98 • 10 -~ - -0 .360  - -0 .072  

centrat ion of CuC12- was calculated. Using the Nernst  
equation, apparent  E 0 values were calculated using 
concentrations instead of activities. Table II shows 
the results obtained at both temperatures.  

Reasonably constant values of E ~ were obtained, 
averaging --0.040V vs. SCE at 30~ and --0.071V at 
101~ Assuming that  the ratio of activity coefficients 
of CuC12- and C1- does not change significantly with 
temperature,  dEO/dT = --0.4 mV/deg;  this value was 
used in all subsequent  calculations. 

Discussion 
Our results, as well as those of other investigators, 

show that  the anodic dissolution of copper in  chloride 
solutions is diffusion rather  than activation controlled. 
The reactions of importance are 

Cu + 2C1- : (CuC12-)i + e -  [1] 
and 

rds 
(CuC12-) i ) (CuC12-) s [ 2 ]  

where the subscripts i and s refer to concentrations 
at the copper-solution interface and bulk  solution, 
respectively. The rate determining step [2] is the 
diffusion transport  of CuCI2- from the interface to 
the bulk  solution. The first step [1], the oxidation of 
Cu to CuC12- is assumed to be in equi l ibr ium for 
which the Nernst  equation 

RT (CuC12-)i 
E • E ~ -5 In [3] 

F ( C l - ) 2  

is applicable and from which (CuC12-)t is obtained 

F (E  - -  E o) 
(CuC12-)i = (C1-) 2 exp [4] 

RT 

Substi tut ing (CuC12-)i into the ra te -de termining  
diffusion transport  equat ion (Fick's first law) 

zFD ( CuC12- ) i 
i : [5] 

leads to the rate expression 

zFD F ( E  - -  E 0) 
i ---- (C1-)2 exp [6] 

5 RT  

In  Eq. [6] z, the charge on the species undergoing 
mass t ransport  (CuC12-), is 1; D is the diffusion co- 
efficient for CuC12- (cm2/sec); 5 is the diffusion layer 
thickness (cm), and the concentrat ion of (CuC12-)i is 
much greater than (CuC12-)s and is expressed in 
moles/cm 3. Since the diffusion coefficient is tempera-  
ture dependent  

--AHD* 
D = Do exp - -  [7] 

RT 

Equation [6] can be rewritten to include the apparent 
activation energy for diffusion transport, AHD* 

ZFDo --AHD* F (E -- E o) 
i : - -  (CI-)2 exp - -  exp [8] 

5 RT RT 

In  the above expression, E 0, the s tandard redox 
potential  for Eq. [1] is tempera ture  dependent.  De- 
fining overvoltage, ~], as E -- E 0 and expressing Eq. 

[8] in logarithmic form yields 

zFDo A H D *  F~l  

log i : l o g - - - ~  + 2 log (C1-) 2.3R--------~-i-2.3RT 

[9] 

From this equation the functional  dependence of the 
current  (log i) on overvoltage, chloride ion concen- 
tration, and temperature  is obtained 

/ 0 1 0 g i )  F 

T . C 1 -  : 2.3RT [10] 

( 01~ ) : 2 . 0  [11] 
0 log (C1-) r , ,  

010gi  ] 
--2.3R ~ = AH* : AHD* -- Fn [12] 

0 -~ Cl-., 

The val idi ty  of Eq. [10], the inverse Tafel slope, 
is shown by the data in  Fig. 4-6 and Table I up to 175~ 
Lal and Thirsk (1) showed a similar result  up to 
60~ and Hurlen 's  data (2) at 25~ were consistent 
with this relationship. The val idi ty of Eq. [11] is 
demonstrated by Fig. 7 which agrees with the results 
of Hur len  (2). Although Lal and Thirsk (1) also in-  
vestigated the dependence of the anodic process on 
chloride ion concentration, their  concern was with 
the effect of chloride concentrat ion on the deposition of 
CuC1 on the electrode surface. 

Equat ion [12] relates the temperature  dependence of 
the anodic process to the apparent  activation energy 
of diffusion transport  and the electrical work, F~. In-  
herent  in  Eq. [12] is the assumption that the diffusion 
layer  thickness, 5, is independent  of temperature.  In  
the case of the laboratory studies no estimate of the 
effect of temperature  on 8 could be made, and 5 was 
assumed to be constant. In  the case of the loop ex- 
periments  the hydrodynamic conditions were better  
defined and the effect of temperature  on 5 could be 
approximated. At either 122 or 244 cm/sec the solu- 
t ion was highly tu rbu len t  and for such conditions it 
has been shown (13) that  

5 oc R e - 0 . 9  p r - 1 / ~  [13] 

where Re is the Reynolds number  (the product of the 
diameter of the flow channel  and the velocity divided 
by the kinematic  viscosity) and Pr  is the Prand t l  
number  (the kinematic viscosity divided by the dif- 
fusion coefficient of CuC12- in this case). The average 
of our data indicated that  the current  density de- 
pended on the 0.8 power of Re which is in reasonable 
agreement  with Eq. [13] since the current  density 
is inversely proportional to 6. The values of all the 
terms involved in Eq. [13] are known (14) as a func-  
t ion of tempera ture  except the diffusion coefficient 
for CuC12-. Table III  shows the values of the Reynolds 
and Prandt l  numbers  under  the test conditions at 122 
cm/sec, and the value of Re -~ Pr  -1/3 assuming the 
diffusion coefficient of CuCle-  is 10 -5 cm2/sec at 25~ 
and at assumed activation energies of 3.5, 4.5, and 5.5 

Table III. Values of Reynolds and Prandtl numbers and the product 
(Re -~  Pr -1/3) using an assumed value of 10 - 5  cm2/sec for the 

diffusion coefficient of CuCI2- at 25~ and activation energies of 
3.5, 4.5, and 5.5 kcal/mole 

R e y n o l d s  P r a n d U  (Re-0.9 pr-~/s X 105) * 
T e m p ,  No. * No.  

~ x I0-~ x 10 3 3.5 k c a l  4 .5  k e a l  5.5 k c a l  

25 1.21 9 .63D -1 2.14 2.14 2.14 
75 2.72 4.28D-1 1.80 1.95 2.11 

125 4.43 2 .63D-I  1.78 1.94 2.24 
150 5.20 2.24D -~ 1.68 1.98 2.34 
175 5.70 2 .04D -1 1.72 2.08 2.51 

* A t  a v e l o c i t y  of 122 c m / s e c .  



464 J. Elec trochem.  Soc.: ELECTROCH EMI C A L SCIENCE AND TECHNOLOGY A p r i l  1973 

kcal/mole. Under  these conditions 8 is not very sen- 
sitive to temperature  at all of the assumed activation 
energies but  the m i n i m u m  spread over the temperature  
range is at an activation energy of 4.5 kcal/mole. Based 
on the above analysis 5 was considered independent  of 
tempera ture  in the t rea tment  of the data obtained 
from the loop. 

Figure 8 is a plot of the log of the dissolution rate 
(A/cm 2) vs. the reciprocal tempera ture  (~ -1) for 
the data presented in Table I. The upper  three curves 
were obtained at a constant ~ of --0.450V whereas 
the lower three were obtained at ~ = 0. E 0 is --0.050V 
vs. SCE at 25~ and dEO/dT, was assumed to be --0.4 
mV/deg over the entire temperature  range. The cur-  
rent  densities were determined from the equations 
for the Tafel lines, E = ~1 + E ~ = A log i + B with 
the values of A and B taken from Table I. From the 
least squares slopes of the upper three curves apparent  
activation energies of 14.6, 15.4, and 15.0 kcal /mole 
were calculated for two experiments  at 122 cm/sec 
and the one at 244 cm/sec, respectively. The agree- 
ment  among these three sets of data is excellent. 

It  is obvious from Eq. [12] that  the above activation 
energies are composed of the electrical work, F)l, and 
the activation energy for diffusion t ranspor t  of 
CuCI~-. The electrical work at ~ ---- --0.450V is equiv-  
alent  to --10.4 kcal /mole (23.05 kcal /mole .vol t  • 
--0.450 volt) which when subtracted from the above 
values results in apparent  activation energies of 4.2, 
5.0, and 4.6 kcal /mole  for the diffusion process. The 
same result  should be obtained from similar plots at 

---- 0, that is at the s tandard redox potential. The 
lower three curves shown in Fig. 8 were obtained in 
this manner ,  and from the slopes obtained by least 
squares analyses apparent  activation energies of 6.2, 
5.1, and 7.0 kcal /mole were obtained. These lat ter  
values are subject to greater error than  the former 
values because of the larger extrapolations of the 
polarization curves. This is reflected in the relat ively 
large scatter of the data points around the lower 
three curves in Fig. 8. 

Figure 9 shows similar plots of the data obtained 
from the laboratory studies at pH values of 0.04, 2.8, 
and 6.4 (Fig. 4 and 5). The current  densities were de- 
te rmined at ~ ---- --0.450V and ~l ---- 0 in the same way 
as for the loop data, and 8 was assumed to be inde-  
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pendent  of temperature.  At a pH of 0.04 only two 
temperatures  were studied, 30 ~ and 101~ At 101~ a 
correction of 15 mV was made because of the 
thermal  potential  as previously discussed, and at 
both temperatures  a l iquid junct ion potential  cor- 
rection of 13 mV was applied. A single l ine is d rawn 
through all the points at each overvoltage, The slope 
of the top curve (~ ---- --0.450V) corresponds to an 
activation energy of 14.7 kcal /mole;  subtract ing 10.4 
kcal /mole  (F~l) results in an activation energy of 4.3 
kcal /mole for the diffusion t ransport  of CuC12-. The 
apparent  activation energy obtained from the slope 
of the lower curve (0 ---- 0) is 4.3 kcal/mole.  

Figures 8 and 9 show the consistency of the data 
from the loop and laboratory experiments.  At ~ ---- 
--0.450V the average apparent  activation energy for 
the anodic dissolution of copper (both loop and lab-  
oratory data) was 14.9 kcal/mole.  Subtract ing the 
electrical work results in an apparent  activation 
energy for diffusion t ransport  of CuCI~- of 4.5 kcal /  
mole which is a reasonable value; a higher average 
value of 5.7 kcal /mole was obtained at n ---- 0, but  this 
value is less rel iable because of the large extrapola-  
tions involved. Considering the assumptions made, 
such as the absence of junct ion potential  (except as 
noted),  the constancy of the temperature  coefficient 
of E 0 and the tempera ture  independence of 5, and 
considering the s tandard errors inherent  in obtaining 
polarization data, the agreement  between the results 
and the proposed kinetic expressions is excellent. 

Although the mechanism postulated above indicates 
CuCla- as the p r imary  corrosion product, unreported 
data obtained by us have shown that th in  films of 
Cu20 developed on copper specimens exposed to flow- 
ing deaerated neut ra l  sodium chloride solutions at 
100~ and above. A similar observation has been re -  
ported in static tests (4). In  view of the mechanism 
postulated the reason for the presence of Cu20 on the 
freely corroding copper may be explained as follows. 

The s tandard potential  for the reaction 

Cu20 -~- H20 2r 2e~--2Cu 4- 2 O H -  

is --0.602V vs. SCE at 25~ and the tempera ture  co- 
efficient is --0.445 mV/deg (15). Thus at 100~ in 
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neutra l  solution the potential  of formation of Cu20 is 
--0.117V vs. SCE. In deaerated sodium chloride solu- 
t ion the corrosion potential  is well below this value. 
Therefore Cu20 could not be a pr imary corrosion 
product under  these conditions. 

A possible explanat ion for the presence of Cu20 is 
hydrolysis of CuC12- wi thin  the diffusion layer. The 
equi l ibr ium constant for the reaction 

CuC12- : Cu + -{- 2C1- 

is 2.8 • 10 -6 at 25~ (7), and the solubil i ty product 
of Cu20 is 1.25 • 10 -15 at the same temperature  (6). 
Using Fick's first law (Eq. [5]) and assuming a cor- 
rosion rate of i0 miles per year (mpy) i t  can be shown 
that Cu20 should begin to precipitate at a pH of about 
9.2 in 1M NaC1. In  the above calculation 8 and D for 
CuC12- were assumed to be 3 X 10 -3 cm and 10-~ cm2/ 
sec, respectively. No evidence of Cu20 was observed in 
the polarization experiments  at current  densities con- 
siderably greater than that corresponding to 10 mpy, 
but  this observation was made on an electrode on 
which the cathodic processes were suppressed. On a 
freely corroding copper surface both anodic and 
cathodic processes occur and both CuC12- and O H -  
are produced at equivalent  concentrations. Using the 
same assumptions as above and D o n -  ---- 5 X 10 .5  cm2/ 
sec, it can be shown that  at a corrosion rate  of 20 mpy 
the product of Cu + and O H -  at the specimen-solution 
interface would be approximately equal to the solubil- 
ity product of Cu20. Thus even at 25~ the appearance 
of Cu20 on corrosion specimens could occur if the 
corrosion rate is as high as 20 mpy. If either the dis- 
sociation constant for CuC12- becomes larger or the 
solubili ty product of Cu20 becomes smaller as the 
tempera ture  increases, Cu20 could appear at corre- 
spondingly lower corrosion rates. Unfor tunate ly  values 
of both constants are not known at temperatures  other 
than 25~ 

Summary 
The anodic dissolution of copper in 1M chloride 

solution proceeded by the formation of CuC12- at 
temperatures  as high as 175~ the highest tempera-  
ture investigated. Anodic polarization curves demon-  
strated Tafel behavior with slopes equal to 2.3 RT/F. 
The anodic process was under  diffusion rather  than 
activation control, and at chloride concentrat ions be-  
tween 0.124 and 1.24M depended on the square of the 
chloride ion concentration. With in  the range of cur-  

rent  densities investigated the process was independent  
of pH. At a fixed anodic potential  in the Tafel region 
with other conditions constant, the dissolution rate 
(current  density) increased as about the 0.8 power 
of the Reynolds number .  Using Fick's first law and 
the Nernst  equation a simple kinetic expression was 
derived which was in agreement  with exper imental  
results. 
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ABSTRACT 

Anodic polarization measurements  in iN H2SO4 and in iN H2SO4-0.1N 
NaCl were made on an l l  Cr-12 Ni martensi t ic  stainless steel in the as-rolled, 
as-quenched, and quenched and tempered conditions. Structural  changes on 
tempering between 100 ~ and 600~ were evaluated by hardness measurements,  
light metallography, and transmission electron microscopy. The basic shape 
of the anodic polarization curves was not significantly affected by cold work 
(75% reduction) or by the carbide precipitation, recovery and recrystall ization 
which occurred on tempering. The critical potential  for pit t ing was unaffected 
by tempering and chloride addition. The pr imary  passivation potential  became 
more active on tempering above 300~ for 1 hr. A 6000C temper, accompanied 
by significant recrystallization, resulted in severe transpassive region pit t ing 
when the steel was polarized in the presence of C1-. 

The anodic polarization behavior of austenitic s tain-  
less steels has been extensively evaluated by anodic 
polarization techniques (1-6). The anodic polarization 
behavior of tempered martensit ic stainless steels, on 
the other hand, has received little attention, although 
some studies have been made to correlate microstruc- 
ture and corrosion in quenched and tempered plain 
carbon steels (7) and quenched and tempered stainless 
(30% Cr) irons (8). For these two types of alloys, the 
corrosion rates passed through a max imum as temper-  
ing temperature  increased, presumably  as a result  of 
the development of a critical dispersion of carbide 
particles. 

This paper presents an evaluat ion of the effects of 
hea t - t rea tment  on the structure and anodic polariza- 
tion behavior  of a low-carbon martensit ic stainless 
steel. Emphasis was placed on the evaluation of the 
microstructure and fine-structure changes produced by 
systematically tempering an as-quenched lath mar -  
tensite to higher temperatures.  The structural  changes 
were then correlated with the anodic polarization 
behavior. 

Experimental 
The chemical analysis of the vacuum induct ion-  

melted martensi t ic  stainless steel used in this investi-  
gation is given in Table I. Final  hea t - t rea tment  was 
accomplished by anneal ing a 0.1-in. thick strip at 
982~ for 10 rain in an air atmosphere and by subse- 
quent  air cooling. After  annealing,  approximately 0.068 
in. was removed from each surface by grinding. The 
strip was then pickled and cold rolled to 0.020 in., a 
nominal  reduction of 75%. All samples were prepared 
by anneal ing at 1037~ for x/2 hr in  an argon atmo- 
sphere and then water  quenching. Tempering t reat-  
ments  were performed in an argon atmosphere for 1 
hr at the specified temperature.  

Samples for light microscopy were heat- t reated and 
then mounted in epoxy. The samples were mechan-  
ically polished through a 0.3 elm a lumina  s lurry and 
etched in a solution of 5g FeC13, 50 ml  conc HC1, and 
10 ml water  to reveal  the general  microstructure.  
Electrolytic etching in  a 10% oxalic acid solution was 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
1 p r e s e n t  a d d r e s s :  A l l e n t o w n  W o r k s ,  W e s t e r n  E l ec t r i c  C o m p a n y ,  

A l l e n t o w n ,  P e n n s y l v a n i a  18103. 
K e y  w o r d s :  s t a i n l e s s  s tee l ,  a n o d i c  po l a r i z a t i on ,  h e a t - t r e a t m e n t ,  

m i c r o s t r u c t u r e ,  p i t t i n g .  

Table I. Composition of the 11 Cr-12 Hi steel in per cent 

C M n  P S Si  C r  N i  N 

0.015 0.005 0.008 0.002 0.005 11.40 12.28 0.007 

used to reveal carbide precipitation. Current  densities 
of approximately 1 A /cm 2 provided good etching char- 
acteristics. 

Samples for electron microscopy were prethinned 
electrolytically to about 80 ~m in a 20:1 solution of 
acetic-perchloric acids. The thin foils were prepared 
by the Bollman technique (9) in a chromic-acetic acid 
solution. The resul tant  foils were mounted in copper 
grids and stored in ethyl alcohol prior to examinat ion 
in an electron microscope operating at 100 kV. 

The diamond pyramid hardness readings were taken 
on the metallographic samples with a Vickers micro- 
hardness machine at an applied load of 300g. 

The potentiodynamic polarization experiments  were 
performed using standard equipment  and techniques. 
The potential  of the anode was l inearly varied by a 
potentiostat  and a motor -dr iven  potentiometer.  The 
potential  of the anode was measured against a satu- 
rated calomel electrode (SCE) with an electrometer. 
The current  flowing through the cell was measured as 
a voltage drop across a 100-ohm resistor by a loga- 
ri thmic converter (dynamic range of 106: 1). The out-  
puts of the logarithmic converter  and electrometer 
were recorded on an x -y  recorder. 

The polarization cell was similar to those used by 
others (10, 11). Two bright  p la t inum sheets (each 29 
cm 2) served as counterelectrodes and were symmetr i -  
cally positioned on each side of the sheet sample. The 
2 cm 2 stainless steel samples were abraded through 
600 paper, pickled in a 10% conc HC1-2% conc HF (by 
volume) solution at 60~ and r insed in distilled water. 
The sample was mechanical ly mounted  such that the 
solution was only in contact with the sample material.  
Prior to the start  of polarization, the solutions were 
deaerated by bubbl ing  nitrogen gas. The commercial 
prepurifled nitrogen was fur ther  purified by passing it 
through a hot (500~ copper trap. After  3 hr, the 
sample was inserted in the electrolyte and bubbl ing  
was continued for 10 min. Subsequently,  the ni trogen 
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was bypassed to the cell atmosphere and the potential  
sweep was initiated. 

The solutions were prepared from distilled water  and 
reagent grade H2SO4 and NaC1. Solutions of 1N H2SO4 
and 1N H2SO4-0.1N NaC1 were used for the polariza- 
tion studies of each sample. The measurements  were 
made in a constant temperature  water  bath at 25 ~ ___ 0.2~ 

Results 
E~ect of sweep rate.--The effect of sweep rate v*aria- 

tion on the polarization curves was evaluated with 
samples tempered at 500~ Results for samples im- 
mersed in a solution of 1N H2SO4-0.1N NaC1 are shown 
in Fig. 1. The critical anodic current  density, Ic, i.e., 
the max imum current  density at ta ined prior to the 
start  of the formation of a passive film, increased with 
faster sweep rates. The pr imary  passivation potential, 
Epp, defined as the potential  at the critical anodic cur-  
rent  density, was slightly more noble at higher sweep 
rates. The critical potential, Vr defined as the potential  
above which the passive film begins to break down, 
was more pronounced and dist inguishable at lower 
sweep rates. The transpassive region, where dissolu- 
tion rate increases with increasing potential, has been 
a t t r ibuted to a breakdown of the passive film at very 
positive potentials. In  view of these and other results 
(12), the 10 m V / m i n  sweep rate was used for all 

subsequent  polarization studies. 

Microstructure.--The microstructure of the 11 Cr-12 
Ni stainless steel after quenching from 1037~ con- 
sisted of la th- type  martensi t ic  units  which formed 
parallel  to one another in a l imited number  of orienta-  
tions. Within  the parent  austenite grain structure 
(ASTM grain size of 5), regions consisting of parallel  
laths of martensi te  of different orientations formed 
and could be identified by their  etching differences. 
The martensi t ic  s tructure is clearly visible in the 
t ransmission electron micrograph shown in Fig. 2. 
The boundaries between the individual  martensi te  
plates are well  defined and the contrast  effects within 
the plates are due to the high dislocation densities 
associated with this type of martensi te  (13). No x- ray  
or electron diffraction evidence was found for retained 
austenite in the as-quenched samples. 

Tempering t reatments  below 400~ produced no 
observable differences in the microstructures of sam- 
ples etched with either FeCls-HC1 or oxalic acid solu- 
tions. The first evidence of carbide precipitation at 
prior austenite grain boundaries was observed after 
tempering at 400~ The former austenite  grain bound-  
aries serve as preferred nucleat ion sites for the pre-  
cipitat ion of carbides and localized attack by oxalic 
acid occurred at these areas. Transmission electron 

Fig. 2. Martensite plates and fine structure in as-quenched 
sample. Transmission electron micrograph. 13,600X. 
microscopy showed that two types of carbide dis- 
t r ibut ions were present in the samples tempered at 
500~ Carbides were present  at the lath boundaries 
of the martensite,  and as parallel  arrays in areas that  
no longer showed a typical lath structure. Examples 
of the latter type of carbide distr ibution are shown 
in Fig. 3. The strong contrast from the parallel  fea- 
tures was the only microstructural  evidence obtained 
for the presence of carbides. Figure  4 shows reduced 
dislocation densities and some areas where equiaxed 
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Fig. 1. Effect of sweep rate on polarization of a sample, tempered 
at 500~ in 1N H2SO4-0.1N NaCI. 

Fig. 3. Fine structure within a martensite plate. Sample tempered 
at 500~ Hate the low density of dislocations, low angle boundary 
(arrow), and carbide distribution. Transmission electron micro- 
graph. 24,500X. 
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Table II. Summary of anodic polarization results 

1N H2SO4 1N H2SO~-0.1N NaC1 

le ,  Epp, V Ie, Epp, V 
T r e a t m e n t  m A / c m  s (SCE)  m A / c m  2 (SCE)  

A s - r o l l e d  3.0 -- 0.30 7.0 -- 0.26 
A s - q u e n c h e d  2.5 -- 0.30 13.0 -- 0.28 
100~ t e m p e r  3.2 - -0 .30  10.0 - -0 ,26  
300~ t e m p e r  2.2 - -0 .30  10.0 - -0 .28  
500~ t e m p e r  2.3 - -0 ,32  5.3 - -0 .26  
600~ t e m p e r  20.0  - -0 ,34  16.0 - -0 .30  

Fig. 4. Partially recrystallized microstructure of sample tempered 
at 600~ Note the large equiaxed ferrite grain (A) and the sub- 
boundary (B). Transmission electron micrograph. 32,000• 

ferrite grains have replaced the laths of the as- 
quenched martensi te  after a 600~ temper. Part ial  
recrystall ization has obviously occurred. 

Hardness measurements.--Tempering above 200~ 
produced an increase in the hardness of the alloy as 
shown in Fig. 5. At 300~ large variat ions in the 
microhardness readings were observed, possibly be- 
cause of the localized na ture  of the tempering processes 
discussed in the previous section. Some areas may have 
experienced carbide precipitat ion while other areas 
may have undergone appreciable recovery. As temper-  
ing was accelerated by higher temperatures,  the struc- 
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zOO ZOO 300 400 SO0 600 

TEMPER ING TE MPERATURE, *C 

Fi 9. S. Effect of temperin 9 on Vicker's hardness. 95% confidence 
limits on measurements are shown. The as-rolled hardness was 
342 ___ 6.7. 

tural  changes became more uniformly distr ibuted and 
the variat ion in the hardness readings decreased. The 
fact that  the hardness increases to a ma x i mum after 
tempering between 400 ~ and 500~ strongly supports 
the s t ructural  evidence for carbide precipitation pre- 
sented in the previous section. Recovery and recrys- 
tall ization processes that  lower the dislocation density 
and replace the fine laths of martensi te  with a coarser, 
equiaxed grain s tructure would tend to lower the 
hardness, not increase it. This is conclusive evidence 
that carbide precipitation occurred on tempering.  

Anodic polarization measurements.raThe numerical  
data for the polarization studies conducted in 1N H2SO4 
and 1N H2SO4-0.1N NaC1 solutions are summarized in 
Table II. Data obtained from reproducibi l i ty  experi-  
ments  showed a l imit of error of _0.01V and _+0.1 
m A / c m  s for Epp and  Ic, respectively. 

In  the 1N H2804 solution, the polarization behavior 
of the as-rolled sample was not significantly different 
from that  of the as-quenched sample. The polarization 
parameters  were v i r tual ly  identical for the as- 
quenched sample and the as-rolled sample. Figure 6 
shows the polarization curves for the two extreme 
cases, i.e., as-quenched and quenched and tempered 
at 600~ From these two curves it is evident  that  
tempering has no effect on the critical potential  when 
polarization is conducted in 1N H2SO4; however, the 
other two parameters,  Ic and Epp, were  definitely 
affected by tempering. It  is evident from Fig. 6 and 
Table II that the pr imary  passivation potential  be- 
came slightly more active on tempering about 300~ 
A significant increase in Ic was noted when  the steel 
was tempered at 600~ where Ic increased almost 
tenfold. 

In  all samples, the addition of CI -  influenced Ic, Epp, 
and Vc to a greater extent  than tempering did. Figures 
7 and 8 show the effect of C1- additions on the polar- 
ization behavior of the as-quenched sample and the 
quenched and tempered (600~ sample, respectively. 
It  is obvious that chloride additions increased Ic in 
untempered samples or samples tempered at tem- 
peratures less than  500~ Chloride additions also en-  
nobled Ep,; however, the critical potential  Vc was 
unaffected by chloride additions. 
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Fig. 6. Polarization curves of as-quenched and quenched and 
tempered (600~ samples in 1N H2SO4. 
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Fig. 8. Polarization curves of samples, tempered at 600~ in the 
presence and absence of C I - .  

Comparison of Fig. 7 and 8 shows that tempering to 
600~ did not affect Vc, regardless of which solution 
was used. The behavior of Ic and Epp (in the presence 
of C1-) was somewhat erratic at in termediate  tem- 
pering temperatures.  Nevertheless, the 600~ sample 
had the most active value of Epp. 

When the 600~ samples were polarized in the 1N 
H2SO4-0.1N NaC1 solution, numerous  pits formed in 
the transpassive region. The pits ranged in size up to 
0.5 mm and were randomly distr ibuted on the sample 
surface. Some pits also formed in the passive region 
at a potential  of approximately 0.8V. Current  fluctua- 
tions were associated with this pit formation. A repeat 
of this experiment  with a different 600~ sample 
yielded similar results except that passive region pit-  
ting and its associated current  fluctuation occurred at 
0.4V as opposed to 0.8V ment ioned  above. The ini t ia-  
t ion of pit t ing during polarization in the passive 
region evidently involves a temporary and local- 
ized breakdown of passivity which is not repro- 
ducible from sample to sample. A small bridge 
of metal  was observed to span one of pits which 
formed dur ing polarization in the passive region. Ap-  
parent ly  the pit was repassivated before the bridge 
had time to dissolve. The fact that  this bridge re-  
mained after polarization suggests that the pit did 
not serve as a nucleus for future  transpassive region 
pitting. Bond and Lizlovs (14) experienced the same 
phenomenon in their investigation and associated the 
repassivated pits with small  regions of considerable 
composition differences from the bulk  composition; 

that  after these regions are removed the pits are too 
small to propagate at the potential  in question. 

Discuss ion  
The aforementioned results obtained with an 11 

Cr-12 Ni stainless steel show that  a relationship exists 
between polarization behavior and microstructural  
changes caused by tempering. The observed net 
changes in Epp and par t icular ly  Ic are indeed signifi- 
cant because of the excellent reproducibil i ty of these 
parameters (~0.01V for Epp and _0.1 mA/cm 2 for Ic). 
The parameters  Epp and Ic did not vary  in a systematic 
fashion with tempering temperature  in the presence 
of C1-. Since the general  effect of tempering may have 
been obscured by the C1- addition, the polarization 
behavior of samples in 1N H2SO4 will be discussed first. 

Some microstructural  changes, especially carbide 
precipitation, were observed in the alloy on tempering 
above 300~ Precipitates serve as cathodic sites and 
have been shown, in general, to enhance corrosion of 
carbon steel and austenitic stainless steels in aqueous 
media (1, 3, 15-18). It  is reasonable to assume that  
this induced heterogeneity will  cause specific changes 
in the polarization behavior since microstructural  
changes affect corrosion behavior and corrosion be- 
havior can be correlated with anodic polarization 
behavior (1, 3, 4, 14, 19). 

The microstructural  results have shown that pre- 
cipitation of carbides began to occur at and above a 
300~ temper. The pr imary passivation potential,  how- 
ever, was not significantly affected unt i l  the metal  was 
tempered above 400~ This precipitation was followed 
by a change in Epp in the active direction for samples 
tempered at 500~ No other parameters  exhibited a 
significant change unt i l  tempering was carried out at 
600~ Then the critical anodic current  density in-  
creased almost tenfold. It was found that  the only 
difference between the 500 ~ and the 600~ samples was 
the extensive recrystall ization occurring at 600~ The 
heterogeneity created by recrystall ization of varying 
degrees in adjacent areas may have been responsible 
for the observed increase in Ic. None of the tempered 
samples exhibited pit t ing or a change in the critical 
potential. 

It is interest ing to note that  the polarization behavior 
of the as-rolled sample differed little from that  of the 
as-quenched s, ample in 1N I-I2SO4. Perhaps this s im- 
i lari ty in behavior is due to the high concentrat ion of 
dislocations produced by both cold working and the 
martensi te  shear- type transformation.  Further ,  St rau-  
manis  and Wang (20) have shown that  cold working 
per se does not enhance the corrosion rate of alu-  
minum. 

According to Foroulis and Uhlig (18), cold working 
had little or no effect on the corrosion r.ate of zone- 
refined iron in HC1 solutions. They concluded that 
galvanic cells are formed only when cold working 
causes the precipitation of a second phase, a change 
in the crystal orientation, or the segregation of im- 
purit ies at imperfections. The energy imparted to the 
zone-refined iron by cold working was too small  to 
account thermodynamical ly  for the change in corro- 
sion behavior. In  view of these observations, it is not 
surprising that  the polarization characteristics of the 
stainless steel used in this invest igat ion were hardly 
affected by cold work because only a min imal  amount  
of carbide precipitat ion or impur i ty  segregation could 
have occurred during cold rolling of the sample. 

The only pit t ing experienced in this study occurred 
on samples which were tempered at 600~ and polar-  
ized in the presence of chloride ions. This result  sug- 
gests that  either the recrystallization, which occurred, 
induced the pit t ing or a critical size and /or  dispersion 
of carbide particles served as nucleation sites for t rans-  
passive and passive region pitting. However, the lat ter  
seems unl ikely  because no carbide particles were ob- 
served in the transmission electron micrographs taken 
of samples tempered at 600~ The higher temperature  
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t reatments  probably resulted in the solution of carbide 
precipitates. 

Manuscript  submit ted May 15, 1972; revised ma nu-  
script received Aug. 31, 1972. 

Any discussion of this paper will  appear in a Dis- 
cussion Section to be published in the December 1973 
J O U R N A L .  
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A Soft X-Ray Study of the Near Surface Composition 
of Cu30Zn Alloy during Simultaneous Dissolution 

of Its Components 
J. E. Holliday 1 and H. W.  Pickering *'2 

Edgar C. Bain Laboratory for Fundamental Research, 
United States Steel Corporation, Research Center, Monroeville, Pennsylvania 15146 

ABSTRACT 

For certain conditions, alloys composed of metals of different nobil i ty 
anodically dissolve without  noticeable preferential  dissolution of the less 
noble metal  (s imultaneous dissolution). In  principle, an induction period of 
disproportionate dissolution of the less noble metal  should precede simultaneous 
(nonselective) dissolution. In  the present  paper, the existence of the induct ion 
period is demonstrated by soft x - ray  spectroscopy of the alloy surface. Results 
are presented for anodically polarized Cu-30 atomic per cent Zn in an acidic 
sulfate solution. Analyses of the Cu Lii.iir, Zn Lii,m, and oxygen K band  spec- 
t ra  of these specimens for several accelerating voltages (corresponding to 
different depths into the alloy ranging up from 102A) show that the amount  
of e lemental  copper in the surface layer increases during an init ial  period of 
dissolution. It is concluded that Cu-enr ichment  of the surface is a necessary 
condition for simultaneous dissolution of the alloy. A model of simultaneous 
dissolution is presented which incorporates Cu-enr ichment  and a diffusion 
field in a shallow, alloy layer at the surface. 

In  prior investigations (1-4) it was found that  when 
one component of an alloy undergoes quasi-s ta t ionary 
preferential  dissolution in an electrolyte, i.e., when 
part ing of the alloy occurs, the surface and subsurface 
atom layers enrich in the more noble metal  and the 
surface area greatly increases. Preferent ia l  dissolution 
is expected and is well  known to occur in alloys in 
which the s tandard potentials, E o, of the components 
differ greatly (by many  times RT/F) .  Yet for certain 
conditions s imultaneous (nonselective) dissolution s of 
these alloys is the commonly observed stat ionary mode 
of dissolution. 

In  a recent  study (5) of brass-acidic sulfate systems 
it was found that  the s tat ionary mode of dissolution 

* E l ec t rochemica l  Soc ie ty  A c t i v e  Member .  
1 P r e sen t  address :  Research  L a b o r a t o r y ,  M c D o n n e l l  Doug las  Cor-  

po ra t ion ,  St. Louis, Missouri 63166. 
~Present address: Metallurgy Section, Department of Material 

Sciences, The Pennsylvania State University, University Park, Penn- 
sylvania 16802. 

Key words: alloy dissolution, corrosion, surface enrichment, par- 
tial currents. 

a Simultaneous dissolution is defined as when all components of 
an alloy dissolve at rates proportional to their mole fraction in the 
alloy; e.g., the rates of dissolution of Cu and Zn in tool cm-S sec-1 
from a single-phase Cu-30 a/o Zn alloy would be in the ratio of 7:3 
for the formation of divalent Cu and Zn ions. 

(simultaneous or preferential)  is main ly  determined 
by the Zn content of the brass and the electrode 
potential. The boundaries are not sharp. Preferent ia l  
dissolution more readily occurs at  the less noble poten-  
tials and in the Zn-rich brasses, and the converse is 
t rue for s imultaneous dissolution. 

In  principle, dissolution of brass by the simultaneous 
mode should be preceded by an induct ion period of 
preferential  zinc dissolution in view of the difference 
in nobil i ty of copper and zinc; s imultaneous dissolution 
would then occur when a certain level of enr ichment  
of copper is reached in the surface, and possibly sub- 
surface, atomic layers. 

Some data for s-brass  [Cu-30 a/o (atomic per  
cent) Zn] in acidic sulfate solutions are available which 
support this view. It was found by chemical analysis of 
the electrolyte that  during an induction period a dispro- 
portionate amount  of Zn dissolves prior to the a t ta in-  
ment  of s teady-state  s imultaneous dissolution; the 

"excess" copper on the surface amounts  to ~ 10 ~ atom 
layers (5, 6). 

Fur ther  studies are needed of alloys undergoing 
simultaneous dissolution in order to determine the 
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composition of the surface and the state (metallic or 
oxidized) and spatial distr ibution of the residual (more 
noble) component. In  the present paper, a soft x-ray 
technique is described which enables (a) a de termina-  
tion of the composition of the surface region from the 
first several atom layers to a depth of several hundred 
atom layers of the alloy and (b) the identi ty and mea-  
surement  of the relat ive amounts  of oxides on the 
surface. 

The effect of alloy composition and of oxide forma- 
t ion on the shape and wavelength of characteristic soft 
x - ray  emission bands (electron t ransi t ion from the 
valence band  to vacancies in inner  atomic core levels) 
from the elements, as well  as the exper imental  tech- 
niques for measuring these bands, has recently been 
reviewed (7). When a metal  or compound is bom-  
barded with electrons of energy up to 3 kV, soft 
x- rays  originating near  the surface are emitted; the 
depth from which the x- rays  come decreases with 
decreasing electron energy (decreasing accelerating 
voltage).  

For copper and zinc, the LII and Lui  bands (4s + 3d 
-> 2p transi t ions) occur in the soft x - r ay  region (Cu 
Lm at 13.3A, Zn Lm at 12.2A). The LII band is a (4s 
q- 3d -* 2p Ji/2) t ransi t ion and the LIH band  is a 
(4s § 3d -> 2p J3/2) transition. The spectra, each con- 
sisting of both bands for copper and for zinc, are usu-  
ally designated Cu LII,I~I and Zn LII.IIB respectively. 

Since the copper and the zinc emission band intensi-  
ties from Cu-Zn alloys are a function of alloy composi- 
tion as shown by Cur ry  and co-workers (8), a var ia-  
tion in composition as a function of distance from the 
surface of an alloy can be determined from the soft 
x - ray  emission bands by varying the accelerating volt-  
age. This is so since the x- rays  come from closer to the 
surface as one reduces the accelerating voltage. This 
method differs from that  of Curry and co-workers (8) 
in that their  data were obtained at constant voltage 
in accord with the use of specimens of different bulk 
composition. In  measur ing a series of alloys, there will 
always be the possibility of various ins t rumenta l  
changes from one specimen to another. T h i s  can be 
overcome by comparing the ratio of the peak intensi-  
ties of the components of b inary  alloy specimens, e.g., 
the ratio of the peak intensit ies of the Cu Lni  and 
Zn LHI bands of a Cu-Zn alloy. 

If a thin oxide is present on the surface, some fur-  
ther change in the Cu L i n / Z n  LIH ratio may occur as 
a result  of a difference in the ratio of the components 
in the oxide from that  in the alloy. The effect of oxide 
on the in tensi ty  ratio is usual ly  easily dist inguishable 
from an  alloy composition effect for the following rea-  
sons: the s t ructure  of the emission band  is different 
for the metallic and ionic states, and the LH/Lm in-  
tensi ty ratios are much higher for metal  in the oxi- 
dized than in the e lemental  form. 

In  the present experiments,  the Cu L m / Z n  LIH ratio 
should increase over that  of the undissolved sample 
if copper accumulates on the surface dur ing dissolu- 
tion. The Cu LIH/Zn LHI ratio should increase at a 
decreasing rate as a function of dissolution time, cor- 
responding to a thickening of the Cu-rich layer at an 
ever slower rate in the approach to a steady-state 
thickness; the ratio eventual ly  should level off at a 
h igh-value characteristic of the (average) composi- 
t ion of the layer at s teady-state s imultaneous dissolu- 
tion; and at all t imes the ratio should be a decreasing 
funct ion of the accelerating voltage. 

Experimental Procedure 
Data were obtained for ~-brass containing 30 a/o Zn 

(Cu30Zn) provided by American Smelt ing and Refin- 
ing Company. The alloy was homogenized at 873~ 
for 60 hr  in an evacuated capsule, rolled to 0.015 cm 
and annealed in vacuum at 873~ for 20 hr. Rectangu-  
lar specimens were cut with an area of N7 cm 2, and 
the specimens were then given a final anneal  in vac- 
uum at 873~ 

Surface preparat ion of the specimens consisted of 
dry mechanical  polishing. Wet polishing was avoided 
since it was found from the ratio of the Cu Lni  and 
Zn LIII intensit ies that  the surface was Cu-rich after 
normal  mechanical  polishing using aqueous suspen- 
sions of a lumina;  this is described fur ther  in the 
Results section. Specimens to be used in the controlled 
potential  runs, therefore, were only given a dry polish 
consisting of 600 and 3/0 emery paper, and contact 
with all l iquids prior to anodic dissolution was care-  
fully avoided following the 873~ anneal.  

The closed Pyrex  cell contained a p la t inum counter-  
electrode and a mercury-mercurous  sulfate reference 
electrode. The electrolyte, 1N Na2SO4-0.01N H2SO4 of 
pH 2, was made from reagent  grade chemicals and 
doubly distilled water. Prepurified hel ium was con- 
t inuously  passed through the electrolyte to remove 
oxygen. All runs  were at  room tempera ture  (297~ 
All potentials are on the s tandard hydrogen scale. 

The specimen was inserted in the cell at a set poten- 
tial in the potential  region of steady-state, s imul-  
taneous dissolution (0.20-0.30V) (5, 6). After  dissolu- 
tion at the control potential, it was wi thdrawn from 
the cell, r insed in distilled water  and in methanol,  
and air-dried. This procedure avoided any  redeposi- 
t ion of copper dur ing anodic dissolution. The potential  
range 0.20-0.27 corresponds approximately to the Tale] 
region for pure copper in acidic sulfate solution. The 
specimen was then stored in a desiccator prior to the 
soft x - ray  analyses. 

Some changes in composition of the uppermost  sur-  
face layer are inevi table  dur ing drying, exposure to 
air, and exposure to low pressures in  the soft x - ray  
apparatus. Waters of hydration,  hydroxides, and ox- 
ides will be removed or undergo changes in structure. 
As a result, only changes in the amount  of the more 
firmly bound oxygen will  be measurable  by the soft 
x - r ay  technique. It is also possible that  between the 
time the specimen is removed from the cell and then 
washed, copper ions in the adhering solution may 
deposit if the open-circui t  potential  is less noble than 
the copper potential.  This wil l  provide an added incre- 
ment  of copper to the surface, the amount  of which is 
independent  of the t ime of dissolution and, therefore, 
dist inguishable from copper enr ichment  which occurs 
dur ing the constant potential  dissolution experiment.  

Enr ichment  of copper in the first 102 atom layers 
was examined by the change in ratio of the Cu Lm 
and Zn LIII x - r ay  intensit ies as a function of accelerat- 
ing voltage of the incident  electrons. The depth from 
which the emission spectra ma in ly  come is about 100A 
at 1.5 kV and increases to several hundred  angstroms 
at the higher accelerating voltages, as roughly esti- 
mated from other experiments  where metal  layers of 
known thickness and density were examined (9, 10). 
The in tensi ty  dis t r ibut ion of the oxygen K (O K) 
and Cu LIT.nI and Zn LII.III band spectra of the anodi-  
cally dissolved specimens showed with which alloying 
element  the oxygen is bonded, and the intensi ty  of the 
O K band shows changes in the amount  of oxide as a 
function of dissolution time. The O K, Cu Ln,ui, and 
Zn Lii.In band  spectra were measured using a blazed 
grat ing analyzer  with 3600 grooves /mm in a spectrom- 
eter with a 50 cm radius of curvature  and a flow pro- 
port ional  counter as detector (11). Undissolved ~-brass, 
zinc, and copper specimens were used as standards. 
The main  source of contaminat ion is the residual 
vapors, such as hydrocarbons and CO, which may be 
cracked by the electron beam; some carbon, therefore, 
may accumulate on the specimen surface. Carbon con- 
taminat ion  has been reduced by using ion pumping and 
a cold finger around the specimen (7). A monolayer  
or so of carbon on the specimen surface is not  expected 
to affect significantly the metal  emission bands, and 
any influence it may have on oxygen bonding at the 
specimen surface could be revealed in the oxygen K 
spectra. 
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Results 
Metal emission speetra.--The single-phase Cu30Zn 

specimens were dissolved at E = 0.24V for t imes of 
0.5, 3, 5, 15, and 60 min. Simultaneous dissolution for 
this al loy-electrolyte system at E = 0.24V is obtained 
in less than  1 hr and sometimes as early as 10 min, 
according to chemical analyses of the electrolyte (5). 
Prior  to s imultaneous dissolution a disproportionate 
fraction of Zn 2+ ions enter  the electrolyte; the con- 

comitant  copper bu i ld -up  amounts  to ~ 102 atom 
layers (5, 6). A steady-state current  is obtained at or 
soon after the onset of s imultaneous dissolution; both 
the copper and zinc currents  are higher in the initial  
period (5, 6). The steady-state current  at E = 0.24V 
in the present  experiments  was about 0�9 mA cm -2. 

Typical metal  emission spectra are shown in  Fig. I. 
These copper and zinc spectra are from the undis-  
solved (standard) Cu30Zn specimen. For the undis-  
solved Cu30Zn specimens the Cu LIII/Zn L1zi ratio is 
about 2.6 (t = 0 in Fig. 2) at all accelerating voltages, 
except at the lowest voltage of 1.5 kV for which the 
ratio is larger. Similar ly  the Cu LHI/Zn Lm ratio for 
the pure elements at t = 0 did not vary significantly 
except at 1.5 kV. One possible explanat ion for the 
larger Cu L n i / Z n  LIn ratio at 1.5 kV is the closer 
proximity of the zinc excitation potential  (1.023 kV) 
to the 1.5 kV accelerating voltage than is the copper 
excitation potential  (0.922 kV). 

After  anodic dissolution at E = 0.24V (time > 0 in 
Fig. 2) higher Cu L m / Z n  Lm ratios are obtained. The 
greatest increase in the ratio as a funct ion of t ime of 
dissolution occurs at the lowest voltage corresponding 
to the shallowest depth of x - ray  emission, whereas 
a ra ther  small  change occurs at 4 kV. The ratio even-  
tual ly  levels off and then decreases slightly. The Cu 
L m / Z n  Lm ratio was determined at 2, 3, and 4 kV 
and found to be characteristic of the elemental,  ra ther  
than oxidized, form of copper. The absolute intensities 
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undissolved (standard) Cu3OZn specimen at on accelerating voltage 
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Fig�9 2. Cu LnI /Zn Lm ratio as a function of dissolution time 
for different accelerating voltages. 

60 

of the Cu Lnz and Zn Lni  bands go through a maxi-  
mum as a function of dissolution time; by 1 hr the in-  
tensi ty of the Cu Lm band  is somewhat higher and 
that  of the Zn Lm band somewhat lower than their  
respective ini t ial  values. 

Another  series of Cu30Zn specimens was dissolved 
at E = 0.22V for times of 5, 15, 40, 60, and 360 min. 
Simultaneous dissolution is at tained after 102 min, at 
this potential  according to chemical analysis of the 
electrolyte (5). The steady-state current  at E = 0.22V 
is ~" 5 #A cm -2. The Cu L n i / Z n  LzII ratios were 
determined for these specimens at accelerating volt-  
ages of 1.5, 2, 3, 4, and 5 kV. A plot of these data is 
similar to that  in Fig. 2. The ratios at  the lower volt-  
ages were always higher after dissolution and tended 
to increase and go through maxima prior to leveling 
off at the longest times of 60 and 360 rain. 

The surfaces of the specimens polarized at E = 0.22 
and 0.24V reta in  their  bright, metallic luster. Scanning 
electron microscopy examinat ions of s imilar ly po- 
larized Cu30Zn specimens (6) show that  a faceted 
(etched) structure, not unl ike  that  observed for pure 
metals in  the Tafel region (12, t3),  develops, i.e., the 
extent  of surface roughening is relat ively minor, being 
comparable to that  of a heavily etched pure metal;  this 
is in counterdist inct ion to the profuse surface roughen-  
ing which occurs dur ing quasi -s ta t ionary preferential  
dissolution (1-4), and which is expected in principle 
when  diffusion in the alloy is rate controll ing (14, 15). 

Wet mechanical  polishing also causes an increase in 
the Cu LIH/Zn L m  ratio of otherwise unreacted speci- 
mens. Comparison of the Cu LIII/Zn LIII ratios as a 
funct ion of accelerating voltage for a Cu30Zn speci- 
men given a wet (aqueous suspension of a lumina)  
mechanical  polish with those for another specimen 
which was prepared by the aforedescribed dry polish- 
ing technique showed that  for the wet-polished speci- 
men  the copper content  was significantly higher in 
the near-surface  region. Comparison of these ratios 
with those obtained from pure zinc and copper samples 
showed that the surface of the dry-polished Cu30Zn 
specimen was characteristic of the bu lk  alloy com- 
position�9 

Oxygen emission spectra.--The oxygen K emission 
band  was obtained for the anodically dissolved Cu30Zn 
specimens described above and in addition for speci- 
mens dissolved at E = 0.23 and 0.30V (Fig. 3). At 
E = 0.22, 0.23, and 0.24V the O K band is the same 
as that  from pure zinc oxide�9 The amount  of oxide 
on the surfaces of these anodically dissolved a-brass 
specimens is small  (est imated at a few monolayers) ,  
does not increase with dissolution time, and is actually 
less ( ~ 50 %) than  th.at present  on the specimen prior 
to dissolution. At E = 0.30V films are observed to form 
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Fig. 3. Oxygen K band spectra for Cu3OZn specimens showing 
oxygen bonded (a) with zinc atoms after dissolution at E z 0.23V 
(3 kV accelerating voltage) and (b) with copper atoms for E ---- 
0.30V (4 kV). 

on the specimen dur ing dissolution, in agreement  with 
other studies (5). For these specimens the O K band  
was that  of pure copper oxide, as shown in Fig. 3. This 
result  shows that  copper on the surface is converted to 
copper oxide only at relat ively high dissolution poten-  
tials. The O K band  intensi ty  which indicates oxygen 
content was much greater on these specimens than  on 
those polarized at the lower potentials. 

Discussion 
Soft x - r a y  resu~ts.--The Cu L~I.I~I, Zn L~uI~, and O K 

band spectra of the anodica]ly polarized specimens are 
all consistent with a bu i ld -up  dur ing dissolution of the 
elemental  copper content  at the surface�9 This is most 
directly indicated by the increase after dissolution of 
the Cu L i n / Z n  Lm ratio (Fig. 2). The O K band 
spectra and the L n / L m  ratios rule out an oxide effect 
since the former shows that the oxygen content  of the 
surface is less after dissolution at E ---- 0.22 and 0.24V, 
and the la t ter  are characteristic of copper and zinc in 
their e lemental  forms. The slight decrease of the Cu 
L n i / Z n  LIII ratio observed in the later dissolution 
periods at the lower accelerating voltages for both 
the E _-- 0.22 and the 0.24V runs  (Fig. 2) is not an 
expected composition effect, and may be related to area 
change or to cold work introduced by the surface 
preparation.  

The large increase of the Cu L m / Z n  Lm ratio dur ing 
the early dissolution periods at the lower accelerating 
voltages (Fig. 2) indicates a ra ther  sizable increase of 
the copper content  in the surface region. The depth 
of the zone of copper enr ichment  is est imated to be of 
the order of 102A. The dis tr ibut ion of copper in this 
zone is unknown�9 The soft x - ray  data are consistent 
both with a zone where the composition vs. distance 
profile is the same along all normals  to the surface, and 
with a zone involving patches of original alloy and 
pure copper. 

Enr ichment  model  of s imultaneous dissolut ion.--A 
satisfactory model of s imultaneous dissolution must  
take into account the induct ion period dur ing which 
the surface enriches in the more noble metal, and the 
presence of this enriched layer dur ing  s imultaneous 
dissolution. The salient points may be understood 
without calculations as follows. Let the alloy dissolve 
at a constant current  density, as may be provided by a 
galvanostatic ex terna l  circuit. At the start of dissolu- 
t ion of a b~ass of un i form composition, the rate  of 

preferential  zinc dissolution is highest; thereafter  the 
rate decreases as the surface coverage by copper atoms 
increases. 

Let us assume for the moment  that  interdiffusion of 
the components in a shallow region of alloy next  to the 
surface does not occur. Then a simplified description 
of the al ternatives is as follows: 

(a) In  the absence of surface diffusion, copper and 
zinc atoms at kinks a l ternat ively  enter  the solution 
without any enr ichment  of the more noble compo- 
nent.  

(b) When copper atoms at kinks do not enter  the 
solution, Zn atoms may pass from the uppermost  lattice 
plane into the solution so that  this lattice plane attains 
finally a very loose structure. Fur thermore,  zinc atoms 
in the next  lattice plane may pass into the solution 
and so forth. In  parallel,  sidewise motions of surface 
copper atoms may occur so that  two dimensional  
patches of copper are formed. Before these patches 
grow together by supply of copper from under ly ing  
lattice planes and form a complete "blocking layer," 
however, s imultaneous passage of zinc and copper 
atoms into the solution may  occur. 

Next, let us assume that  interdiffusion of the compo- 
nents  in a shallow region of alloy next  to the surface 
can occur because of an increase in  the vacancy con- 
centration. As in the case of quasi -s ta t ionary preferen-  
tial dissolution (1), vacancies may be formed by zinc 
dissolution from terrace sites in  view of the high over-  
potential  for zinc dissolution. In  this event, zinc atoms 
migrate  to the surface from subsurface positions (and 
copper atoms migrate  into the alloy), Fig. 4. Briefly 
the diffusive flux of zinc to the surface controls the 
extent  of preferent ial  dissolution; this flux is, there-  
fore, inversely proportional to the depth, 8, of the in-  
terdiffusion layer. However, since the surface recedes 
by dissolution of copper and zinc atoms, the interdif-  
fusion depth and flux of zinc to the surface reach 
steady-state values (the onset of s imultaneous dissolu- 
t ion) ;  i.e., the "front" of the interdiffusion layer  
moves into the alloy at a decreasing rate  unt i l  this 
rate equals that  at which the surface recedes. The 
velocity of the front does not decrease fur ther  since 
this wou!d lead to a decrease in the diffusion distance, 
which would be countered by disproportionate zinc 
dissolution unt i l  the two velocities were again equal. 
The rates of diffusion and dissolution therefore deter-  
mine  the steady-state thickness of the interdiffusion 
layer  and the t ime to reach steady-state  s imultaneous 
dissolution. 

The electrode potential  ini t ia l ly assumes a value 
sufficient for zinc dissolution but  below that  of cop- 

1 . 0  

0.7 

N 0 . :  

I I 

N ~ -  to  

a 

-' z o , , .  

o(tl) xo(t 2) 

TIME 

Fig. 4. Schematic illustration of the zinc and copper concentra- 
tion profiles in the approach to and during simultaneous dissolution. 
The effective thickness, 8, of the depletion zone increases during 
the induction period and is constant thereafter (slmultaneous dis- 
solution). 
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per dissolution. However, as the flux of zinc to the sur-  
face decreases the potential  assumes a more positive 
value so that anodic dissolution of copper, in addition 
to that of zinc, becomes thermodynamica l ly  possible. 
The overpotential  of copper dissolution is relat ively 
low. Thus copper dissolution is not retarded by some 
slow step once the electrode potential  is only slightly 
more positive than  the copper equi l ibr ium value. 

If the specimen is dissolved at a constant potential 
in the region of copper and zinc dissolution (as in ex- 
per iments  in this paper) ,  instead of at constant cur-  
rent, the aforementioned description needs some 
modification as follows. At the start  of dissolution 
copper, as well  as zinc, dissolves. As in the case of con- 
stant current  conditions, though, disproportionate zinc 
dissolution occurs ini t ia l ly  because of the difference in 
nobil i ty of copper and zinc, and decreases as the avail-  
abil i ty of zinc at the surface decreases unt i l  the ratio 
of Zn /Cu  enter ing the solution becomes equal to the 
ratio of Zn /Cu  in  the bu lk  alloy (simultaneous dis- 
solution).  

One may calculate the zinc concentrat ion profile next  
to the surface, the flux of zinc to the surface, and the 
depth of interdiffusion when the al loy/electrolyte in-  
terface moves at a steady rate in the following way 
according to Wagner  (16). Assume a p lanar  surface, 
although this is not quite t rue since faceting of the 
surface occurs dur ing the induct ion period, and one- 
dimensional  diffusion normal  to the surface. Fur the r -  
more assume that  the interdiffusion coefficient in the 
alloy is not extremely low. This lat ter  assumption is 
realistic only in a shallow surface region, and then 
only if excess monovacancies and/or  divacancies .are 
present  by vir tue of their  formation at the surface. 

Let the alloy dissolve with a constant current  den-  
sity, i, in which case the al loy/electrolyte interface 
recedes at a steady rate. Thus for x equal to the dis- 
tance from the original position of the interface and Xo 
equal to the instantaneous position of the interface, 
one has the following si tuation (16) 

t = 0: electrolyte ] all_oy__~ 
x - - -0  

t > 0: electrolyte I alloy 
X = Xo = u t  

The position of the interface as a funct ion of time 
is given by  

i 
Xo -- ut = Vm t [1] 

2F 

in which Vm is the molar  volume of the alloy and F is 
the Faraday constant. The factor 2 is valid for dis- 
solution of copper and zinc as divalent  cations. 

Since copper is much more noble than zinc, the mole 
fraction of zinc, Nzn, is assumed to vi r tual ly  vanish at 
the surface, x = Xo 

N z n = 0  at X = X o = U t  [2] 

For an interdiffusion coefficient independent  of com- 
position, D, Fick's second law reads 

ONzn 02Nzn 
- - - - D  a t  X > X o  o r  x > u t  [ 3 ]  

Ot Ox 2 

Assuming a un i form mole fraction of zinc at t = 0, 
one has 

Nzn = Nzn ~ at t = 0, x > 0 [4] 

Equations [2] through [4] are satisfied by 

Nzn=Nzn~ l-~exp(- u x - - u 2 t  ~ D  / 

[ x ut 1/2 ] 
�9 erfc 2 (Dt) 1/2 D1/2 

-- I/2erfc at x > u t  [5a] 
2 (Dt) 1/2 

For t >> Du -~, i.e., Xo >> Du -1, Eq. [5a] becomes 

 z   oz [l_oxo( 
D 

= N~ 1 - - e x p (  u ( x - - X o )  

a t x > X o = U t  [5b] 

According to Eq. [5b] a constant  zinc concentrat ion 
profile moves in the x direction as is i l lustrated in 
Fig. 4. 

The amount  of zinc dissolved per uni t  area at time 
t is 

A -  nzn XOV_.........~ NOzn ~ Sz~ 
_ ~- o(NOzn - Nzn)dx [6]  

Subst i tut ing Eq. [5b] and [1] into Eq. [6] gives 

nzn utN~ N~ ~ ( u ( x - - x o )  ) 
A -- Vm "~- ~ o exp ~ dx 

u t  N~ N~ D 
= -t- �9 - -  if Xo > >  Du -1 [7J 

Vm Vm u 

The second term on the right side of Eq. [7] may be 
called "excess" zinc dissolved, hnzn/A, due to diffusion 
of zinc to the electrolyte/al loy interface. Thus 

hnzn  N~ D 
[ 8 ]  

A Vm u 

Fur thermore,  one may define an effective thickness 
6 of the depletion zone in the alloy 

N~ D 
- -  - -  [ 9 ]  

8- -  (ONzn/Ox)x=xo -- u 

In the above reported experiments,  i = 5 • 10 -5 
A cm -2 at E = 0.24V. Hence, for Vm = 7.1 cm 3 mo1-1, 
Eq. [1] yields u = 1.8 • 10 -9 cm sec -1. 

If D is as low as 10 -16 cm 2 sec -1 or even less, and 
surface roughening does not occur, Eq. [9] yields a 
value of 5 which is of the order of, or less than, an 
atomic radius. For this condition, the foregoing calcu- 
lation has no physical significance. One obtains a vatue 
of 5 from Eq. [9] or Anzn/A from Eq. [8] which is 
re levant  only if D is much greater than 10 -zB cm 2 sec -1 
possibly due to the presence of excess mono-  or 
divacancies (1). 

If surface roughening has taken place, the stat ionary 
rate of movement  of local regions of the interface has 
to be calculated upon introduction of the t rue current  
density in Eq. [1]. Since for a rough surface the t rue 
current  density is less than  the apparent  current  den-  
sity (calculated as the quotient  of current  and the 
geometrical surface area),  lower values of u are ob- 
tained. Thus, lower values of D in Eq. [9] yield a 
value of fi which has physical significance. 

Since the situation is complex, the .above calculation 
of the amount  of excess zinc dissolved via diffusion to 
the electrolyte/al loy interface has been presented only 
in order to show how one may unders tand  qual i tat ively 
that zinc ini t ia l ly is dissolved preferentially,  and that, 
thereafter,  there is enr ichment  of copper in an alloy 
layer  next  to the surface when (simultaneous) dissolu- 
tion continues under  qu.asi-stationary conditions. 

Conclusions 
Soft x - r ay  data of the surface region of Cu30Zn 

alloy specimens show an induct ion period of dispropor- 
t ionate zinc dissolution prior to the a t t a inment  of 
steady-state s imultaneous (nonselective) dissolution 
of the alloy. The Cu Lu,m, Zn L n j n ,  and oxygen K 
band  spectra indicate the presence of excess e lemental  
copper in the surface region. These spectra show that  
the copper content  and depth of Cu-enr ichment  in-  
creases in the ini t ial  period, and that  the average 
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thickness of the layer  at steady state is on the order of 
10 -8 cm. Since the polarization conditions are such 
that s teady-state s imultaneous dissolution is eventu-  
ally obtained, it is deduced that  a Cu-rich surface layer 
is a necessary condition for s imultaneous dissolution 
of Cu30Zn. The oxygen K band spectra show that  the 
amount  of bound oxygen on the surface decreases dur-  
ing the first dissolution period and then holds con- 
stant  dur ing  subsequent  dissolution periods at E 
0.24V, and that  this oxygen is bound to zinc ions. 

These data show the uti l i ty of soft x - ray  spectros- 
copy for the investigation of alloying effects which 
occur very near  the surface. 

The Cu LILm and  Zn LILm band  spectra show that  
the usual  mechanical  polishing methods involving 
aqueous suspensions of a lumina  leave the surface of 
Cu30Zn alloy enriched in copper. Dry mechanical  
polishing methods are, therefore, recommended for the 
a t ta inment  of a more near ly  uni form composition 
between the bulk  and surface. 

A model of s imultaneous dissolution is presented. It 
shows how zinc may ini t ia l ly  be dissolved preferen-  
tially. Then, s imultaneous dissolution occurs in the 
presence of a Cu-rich alloy surface layer. 
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Surface Characterization of Sensitized 
and Activated Teflon 

N. Feldstein* and J. A. Weiner 
RCA Corporation, David Sarno~ Research Center, Princeton, New Jersey 08540 

ABSTRACT 

A t in sensitizer solution has been developed which is useful with hydro-  
phobic surfaces. Based on radiochemical tracer adsorption measurements  and 
convent ional  analytical  techniques, a chemical characterization of the surface 
was made following the sensitization and activation steps. Quant i ta t ive  results 
re la t ing to the surface concentrat ions of active components [t in (II) ,  t i n ( IV) ,  
and palladium] have been established. The surface concentrat ion ratio of 
t i n ( I I )  and t in ( IV)  was found to be about 3: 1. It  was also demonstrated that 
the t i n ( I I ) - p a l l a d i u m  (II) redox reaction is of low efficiency. 

In the plat ing of dielectric substrates, a pre t rea tment  
of the substrate is essential in order to effectively 
deposit metals by the electroless plat ing technique. Of 
the various procedures used commercially in meeting 
the above requirements,  a two-step immersion se- 
quence in acidic s tannous chloride solution followed 
by an acidic pal ladium chloride solution is commonly 
used. In  general, the first bath is referred to as the 
"sensitizer" solution while the second solution is the 
"activator." The net  result  of this sequence is the 
formation of finely divided pal ladium nuclei  which 
ini t iate  the autocatalytic plat ing process (1, 2). The 
formation of the pal ladium metal  nuclei  has been pro- 
posed to be due to a redox reaction (3-5) taking place 
between the stannous ions adsorbed on the surface 
and the pal ladium ions in the act ivat ing solution. 

The following simplified reactions probably account 
for some of the chemical and physical changes taking 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  words:  sensit izer,  e lectroless  p l a t i n g ,  t i n - l l 3 .  

place dur ing the sensitization and activation sequence: 
1. Sensit ization through stannous adsorption 

S* ~ Sn +~ (aq) ~ S* �9 Sn  +2 (ad) 

2. Activat ion through a galvanic replacement  

S* �9 Sn +2 (ad) ~- Pd +2 (aq) --> S* � 9  (ad) ~ Sn +4 

where S* refers to the dielectric substrate, and (ad) 
refers to an adsorbed state. Although the above proc- 
ess is widely used commercially, little data has been 
reported as to the efficiency of the reaction and the role 
of the substrate in  such reaction. 

In  recent publications (6-12) it has been demon-  
strated that the effectiveness of conventional  t in sensi- 
tizer solutions (SnC12/HC1) may  be altered through 
proper bath modification. Specifically, the incorpora- 
t ion of aged stannic chloride solutions was found to 
provide the improvements  in performance. During the 
aging process, a colloidal compound of t in ( IV)  was 
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formed. The colloidal compound is bel ieved to be 
~-stannic acid. It  was also found (6) that  the aged 
stannic chloride solution may be ei ther  added to con- 
vent ional  t in sensitizers or used in a separate step prior 
to the immersion in convent ional  tin sensitizers. In 
ei ther case, identical results were  obtained, both with  
respect to the uni formi ty  of metal l ic  coverage, and by 
an examinat ion of the resul t ing surface by contact 
angle measurements  (10). This improvement  was of 
special significance in the case of hydrophobic sub- 
strates. Based on the tendency for the interaction 
be tween t in ( I I )  and t in ( IV) ,  a model  has been pro-  
posed (11) which accounts for the mechanism of 
sensitization using the improved sensitizer. In the pro-  
posed model  (11), it was suggested that  the sensitiza- 
tion process is a two-s tep  sequence of adsorption of 
the aged t in ( IV)  component, fol lowed by the adsorp- 
tion of the t in ( I I )  component.  The adsorbed t in ( IV)  
component  provides a path for the  adsorption of 
t in ( I I ) .  The new path is based on the chemical  in ter-  
action of t in ( I I )  and t in ( IV)  (11). This sequence 
takes place whe ther  the aged t in ( IV)  and t in ( I I )  are 
present together  or are used separately. 

The choice of Teflon substrates was made in view 
of its great  degree of hydrophobici ty  (10). It  is also 
bel ieved that  the results of the current  invest igat ion 
would be applicable to other  hydrophobic substrates 
(e.g., photoresists) as was demonstra ted in the pre-  

vious work  on contact angle measurements  (10). 
In  the current  work, analyt ical  examinat ion  of the 

surface under  var ied  conditions was undertaken.  This 
work  was carried out to provide  verification of the 
proposed mechanisms (11) and to establish some quan-  
t i tat ive values re la ted to the concentrations of active 
components on the t reated surfaces in the course of 
the sensitization and act ivat ion sequence. 

Experimental Procedures 
Tracer soIutions.--Preparation and calibration.--The 

t racer  ( t i n - l l 3 )  solution of SnC14 was obtained from 
A m e r s h a m / S e a r l e  Corporation, Chicago, Illinois. The 
supplier 's  specification for this mater ia l  was: chemical  
form, SnC14 in 6.3N HC1; volume, 2.1 ml; and solids 
content, 0.181 mg Sn/ml .  

The t racer  solution (2.1 ml) was t ransfer red  to a 
100 ml  volumetr ic  flask using a freshly prepared 0.51M 
SnCla solution as the t ransfer  agent. Af te r  br inging to 
100 ml volume, the final concentrat ion was 0.50M 
SnC14. No appreciable effect on solution characterist ics 
was encountered due to the slight addition of acid. 
This solution was al lowed to age for about one week 
before use. 

Two mil l i l i ters  of the SnC14 tracer  stock solution 
were  diluted to 100 ml. Duplicate  2 ml  aliquots were  
removed,  placed into individual  1 dram screw-top glass 
vials and counted in a 2 • 2 in. NaI (T1) wel l - type  
crystal  coupled to a mul t i -channe l  analyzer. The aver -  
age count rate  of the two standards was adjusted by 
the appropriate  dilution factor to de termine  the act iv-  
i ty of the stock solution. It  was found that  the act ivi ty  
of the 100 ml  tagged stock solution was 6.50 • 10 e 
coun t s /min /ml .  As the stock solution was 0.50M with  
respect to the tin (IV), the equivalent  coun t s /min /mole  
of t in ( IV)  is 1.3 • 1010. 

The t racer  ( t i n - l l 3 )  solution of SnC12 was obtained 
f rom the  same supplier as above. The supplier 's  speci- 
fication of this mater ia l  was: chemical  form, SnC12 in 
6N HCI; volume, 0.38 ml;  and solids content, 1.32 mg 
Sn/ml .  

The t racer  solution was t ransfer red  to a 25 ml 
volumetr ic  flask and brought  to vo lume with 0.47M 
HC1. One mil l i l i ter  of this stock solution was added to 
a 50 ml  port ion of SnC12/HC1 solution for each 0.065 
mole / l i t e r  SnC12 present  in the 50 ml portion. The 
hydrochloric  acid was held fixed at 0.47 molar. 

A technique similar  to that  described for the tin (IV) 
t racer  calibration was used to determine  the act ivi ty  
of the 25 ml  stock solution. An activity of 1.17 • 107 

c o u n t s / m i n / m l  was found. This act ivi ty  level  corre-  
sponds to 3.6 • 109 coun t s /min /mo le  of t in ( I I ) .  

Substrate preparation and treatment.--The sub- 
strates used throughout  the radiochemical  measure-  
ments  were  Teflon rods 4 • 0.65 cm. The rods were  
cleaned in a mild  alkaline soap solution, rinsed well  
in deionized water ,  and then vapor  degreased with 
Freon TF| The rods were  immersed  to a constant 
depth of 2 cm in a vo lume  of 50 ml  of the sensitizer 
solution. This constant depth immersion was done so 
that  counting rates could be correlated to a solution 
of known t i n - l l 3  activity, which had a height  of 2 cm, 
in order to provide  identical  counting geometries  (area 
o f  4 .5  c m  2) in all cases. 

Sample counting.--Counting was done on a Packard 
Model 116 mul t ichannel  analyzer  in channels 1 through 
49 (10 to 490 keV).  Background radiations were  low 
and subtracted from the measured values. Each sample 
was counted for 30 rain, and the results are presented 
on a coun t /min  basis. Pr ior  to counting, the sensitized 
samples were  stored for 24 hr  to al low for a complete 
ingrowth of the In T M  daughter  f rom the deposited 
Sn 113, as well  as to allow the decay of any co-deposited 
In T M .  Counting of the same samples immedia te ly  
after  the sensitization step showed no In T M  peak. The 
following decay scheme (13) is provided represent ing 
the radiochemical  characterist ics of Sn 113. 

IT 
S n  113 ) S n  T M  

tl/2 = 118 days 

EC 
) 

tl/2 = 20 rain 

IT �9 
I n  T M  ) In 113 

t~/2 = 100 min  

where  EC = electron capture:  a mode of decay involv-  
ing capture  of an orbital  e lectron by its nucleus; IT = 
isomeric transit ion: the decay of a nuclide to an iso- 
meric nuclide by gamma radiat ion and /o r  internal  
conversion electron transition; and 7 = gamma radia-  
tion of In T M  ~ In 113 wi th  a peak at 392 keV. In all 
counting experiments ,  at least two runs were  made per 
composition used. The duplicate runs showed good 
agreement,  wel l  wi th in  •  

Chemicals and solution.--All chemicals used 
throughout  were  reagent  grade; the hydrochloric  and 
nitric acids used were  electronic grade. The wate r  used 
was deionized and then distilled. 

Etching and analysis oS surJace concentrations.--In 
this phase of the investigation, Teflon spheres were  
used. The spheres used were  0.094 • 0.001 in. in d iam- 
eter and supplied by Orange Products,  Inc., Chatham, 
New Jersey.  In all cases 2000 spheres were  used, pro-  
viding a surface area of about 360 cm 2. Fol lowing the 
cleaning procedure  described above, these substrates 
were  sensitized and activated in a s tandard fashion. 

For  est imating the pal ladium surface concentration, 
etching was done in both concentrated HC1 and in 1:1 
HC1/HNO3. A colorimetric technique (14) was em-  
ployed in est imating the rec la imed palladium. In order 
to est imate the surface chloride concentrat ion fol low- 
ing the sensitization step, the sensitized surfaces were  
etched in concentrated nitric acid, and the chloride 
was determined by nephelometry.  

Results and Discussion 
In invest igat ing the interact ion be tween  tin (II) and 

t in ( IV) ,  Browne  et aI. (15) studied the kinetics of 
exchange using a radiochemicaI t racer  technique. The 
t in ( I I )  and t in ( IV)  were  separated by the selective 
precipi tat ion of Cs~SnC16 by the addition of a CsC] 
solution. This technique, however ,  is applicable only 
in high concentrat ions of hydrochloric  acid and is not 
wi th in  the range of typical  sensitizing solutions. In 
10.0F hydrochloric  acid, the authors (15) found that  
the rate of the rmal  homogeneous exchange react ion 
(between 0 ~ and 25~ is given by 
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R = (Sn II) (Sn IV) • 4.5 • 107 
X exp (--IO,800/RT) l i ter  mole -1 min - j  

Fur thermore ,  at 25~ the rate constants in 9.0, 10.0, 
and 11.0F hydrochloric  acid were  found to be 0.38, 
0.55, and 0.73 l i ter  mole  -1 min  -1, respectively.  

In v iew of these findings (15), and the lack of 
knowledge of the exchange rate for solutions having 
less than 1.0F hydrochloric  acid (typical acid concen- 
trat ions present  in sensitizer formulat ions) ,  the sensi- 
t ization sequence for the current  work  was modified 
to provide additional information.  The over-a l l  sensi- 
t ization process was carr ied out in two consecutive 
steps (6, 10), each fol lowed by deionized wate r  rinsing 
(at room tempera ture  for 1 min) :  (i) immersion in 
aged stannic chloride solution with  added sodium 
chloride and (ii) immers ion in convent ional  sensitizer 
(SnC12/HC1). This approach was previously found (6) 
to give equivalent  results in comparison to a sensitiza- 
tion process in which the stannous and stannic com- 
ponents coexist in the same media. By adopting this 
procedure, the problem of homogenous exchange be- 
tween t in ( I I )  and t in ( IV)  was eliminated. The in- 
corporation of sodium chloride was made in view of 
the fur ther  improvement  in the wet t ing  of hydro-  
phobic surfaces as demonstrated previously  (6, 10). 

Table I provides the results of the radiochemical  
measurements .  As stated previously, these values cor- 
respond to the average  of duplicate runs. In Table IA, 
the effect is demonstrated of var ied  concentrat ion of 
aged stannic chloride on the surface concentrat ion 
adsorbed. Examinat ion  of the results reveals  no major  
variat ions al though the stannic concentrat ion is var ied 
over a five-fold concentrat ion range. Table IA indicates 
that the adsorbed stannic species (~-stannic acid) was 
adsorbed onto the Teflon surface to a final surface con- 
centrat ion which was essentially independent  of bulk 
concentration. F rom the values of Table IA, an average  
surface act ivi ty of 521 counts /min  was obtained. This 
value corresponds to a stannic act ivi ty  of 4.0 X 10 -2 
#mole/subst ra te  or 0.89 • 10 -2 ~,mole/cm 2 tin (IV).  

Table IB shows the net surface act ivi ty  after im- 
mersion in a fixed stannous chlor ide/hydrochlor ic  
acid solution for substrates which were  previously 
immersed in var ied concentrat ions of aged stannic 
chloride solutions. Once again, l i t t le  change is noted 
as the stannic concentrat ion was var ied  over  a tenfold 
range. Over  this range, an average value  of 419 -+ 9 
counts /min  was found. 

Based on the average results  of Tables IA and IB, 
there  is about a 20% loss in surface act ivi ty  of tin (IV) 
fol lowing the immersion in stannous ch lo r ide /hydro-  
chloric acid solution. 

In order to de termine  the effect(s) associated with  
varied immersion t imes in the aged stannic chloride 

Table I. Radiochemical adsorption measurements 

E x p e -  
r i m e n t  

A g e d  SnCI~ so lu t ion*  SnCI2 so lu t ion**  
Concen- Concen- 
tration I m m e r -  t r a t i o n  I m m e r -  
( m o l e s /  s ion  ( m o l e s /  s ion  

l i t er  t i m e  l i t e r  t i m e  
x I00 )  (min )  x I0)  (min )  

Counts/rain 
Sn(IV) Sn(II) 

A 0 . 5 0  1 .0  - -  - -  5 6 4  
1,O 1.O - -  - -  5 2 0  
2 . 5  1 .0  - -  ~ 4 8 0  

B 0 . 5 0  1 .0  1 . 3  1 .0  4 1 5  - -  
2.5  1.0 1.3 1.0 409 
5 .0  1 .0  1 .3  1 .0  4 3 3  - -  

C 2 . 5  0 . 2 5  1 ,3  1 .0  3 4 7  - -  
2 .5  1 .0  1 .3  1 .0  4 0 8  
2.5 5.0 1.3 1.0 411 

D 2.5 1.0 0.65 1.0 360 - -  
2.5 1.0 1.3 1.0 409 - -  
2 .5  1.O 1.9 1.O 304 
2.5 1.0 2,6 1.O 372 - -  

E 2 . 5  1 .0  1 ,3  1 .0  - -  3 0 5  
2.5 1.0 1.9 1.0 -- 351 
2 .5  1.0 2.6 1.0 - -  300  
2.5 1.0 1.3 15.0 -- 298 

* Al l  s o l u t i o n s  c o n t a i n e d  3M NaC1. 
** A l l  s o l u t i o n s  c o n t a i n e d  4.8 x 1O-IM HC1. 

solution, the results of TabIe IC are provided.  F rom 
the  values of Table IC, it appears that  for immersion 
t imes of about 1 min or grea ter  in SnC14 solution, the 
surface act ivi ty of t in ( IV)  is constant at a value of 
about 410 counts/min.  This value is in excel lent  agree-  
ment  with the average  results  of Table IB (419 __ 9 
counts /min) .  

In Table  ID, the net  surface act ivi ty  of t in ( IV)  is 
shown fol lowing an immers ion in acidic stannous 
chloride solutions of fixed hydrochloric  acid content, 
but var iable  stannous chloride contents. Over  a four-  
fold concentrat ion range of tin (II) ,  an average  value 
of 381 ___ 34 coun t s /min  was obtained, in good agree-  
ment  wi th  the averages  of Tables IB and IC. This 
result  suggests that  the fract ion of surface mater ia l  
[tin ( IV)]  desorbed during a 1-min immersion in acidic 
stannous solution is independent  of the stannous con- 
tent  of the solution. 

It is interest ing to note that  a 1-min immersion in 
a solution containing 0.47M HC1 (without  SnC12) 
resulted in a surface act ivi ty  [for t i n ( I V ) ]  of about 
200 counts/min.  In fact, de-wet t ing  of the Teflon sur-  
face takes place in the hydrochloric  acid wi th in  a few 
minutes. By contrast, immersion in the same hydro-  
chloric acid media  wi th  SnC12 (e.g., 0.13M) did not  
produce any de-wet t ing  of the surface after  several  
hours. 

In another  experiment ,  the sequence of immersion 
and t iming were  identical, but tagged stannous chlo- 
r ide solutions were  employed ra ther  than tagged 
stannic solution. As seen f rom the results of Table IE, 
the surface act ivi ty  of the stannous ion was inde- 
pendent  of the bulk concentrat ion used and had an 
average value of 314 __ 19. This corresponds to a sur-  
face concentrat ion of 8.9 X 10 -2 ~mole/substra te  or 
2.0 X 10 -2 #mole /cm 2 of t in ( I I ) .  It  should also be 
noted that  extended immers ion (15 min in the acidic 
stannous chloride solution) did not change the sur-  
face concentrat ion of the adsorbed stannous com- 
ponent. From the average  values of Tables IB, IC, and 
ID, a mean surface act ivi ty  of 387 ___ 29 was found for 
the t in ( IV)  after  brief  immersion (1 rain) in acidic 
t in ( I I )  solutions. F rom these results, the ratio of 
tin (IV) to tin (II) was approximate ly  1: 3. 

In Fig. 1 the net surface act ivi ty  for t in ( IV)  as a 
function of immersion t ime in a SnC12/HC1 solution 
is shown. Al though there  was an init ial  decrease in 
the surface concentrat ion of tin (IV), af ter  about 5 min 
an equi l ibr ium value was achieved, in the range of 
350 __ 25 counts /min/subs t ra te .  

This slight desorption of the  t in ( IV)  may  be due 
to ei ther  of the fol lowing factors operat ing singly or 
in combination:  (i) desorption and /o r  dissolution of 
the p-stannic oxide in the acid media  (ii) desorption 
due to the replacement  of adsorbed stannic component  
by the stannous ion. Based on the current  results it 
would seem that  the possible replacement  of adsorbed 
t in ( IV)  by t in ( I I )  does not take place to any appre-  
ciable extent ;  instead, the desorption of t in ( IV)  is 

500 
i 

- -  4 0  Z U.I 
-- k- 

u_ Z 

~ 3 0  

c- 2 

z 2 0 0  I 
0 50 

I l 
I 0 . 0  15 .0  2 0 0  

IMMERSION TIME IN STANNOUS SOLUTION (MINUTES) 

Fig. I. Surface activity of tin(IV) vs. immersion time in stannous 
solution. 
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probably due to the acidic nature  of the media and the 
chloride present. Yet it should be apparent  that  in a 
SnC12/HC1 solution an equi l ibr ium state is reached 
after which no fur ther  desorption of the adsorbed 
t in ( IV)  component  takes place. This stabilization of 
the surface suggests that  either a highly preferred 
configuration is established comprised of t in ( I I )  and 
t i n ( IV) ,  or a subsequent  reaction on the surface might  
have taken place forming a product which is insoluble 
in the media. In  this preferred configuration there is 
a fixed molar  ratio between the stannous and the 
stannic components. Hence, at equil ibrium, which is 
established (Fig. 1) after about 5.0 rain of immersion, 
the following are the surface concentrat ions for the 
t in components 

T in ( I I )  -- 20 • 10-3 ~mole/cm 2 

or 1.2 • 10 TM atoms/cm 2 

Tin (IV) -- 6.0 • 10-3 ~mole/cm 2 

or 0.36 • l0 TM atoms/cm 2 

This corresponds to a ratio of about  1 t in ( IV)  to 3.3 
t in ( I I )  existing in the mixed adsorbed layer. This 
configuration is quite stable and does not seem to 
change over a period of several hours. 

Table II provides a summary  of the changes in the 
surface concentrat ions of t in (IV) at each stage in  the 
cycle. 

Although in the current  work the measurements  
were obtained using the aforementioned technique of 
consecutive immersion in  stannic and stannous solu- 
tions, one exper iment  was conducted using a mixed 
solution of t in ( I I )  and t in (IV). The solution used was 
composed of 4.7 • 10-1M HC1, 1.3 • 10-1M SnC12, and 
SnC14 varied from 1.5 • 10 -3 to 1.5 • 10-1M. Tagged 
SnC14 was incorporated into a O.5M SnC14 stock solu- 
t ion which was aged and then used to prepare the 
mixed t in (II) - t in  (IV) solutions. 

Radiochemical measurements  revealed a surface 
concentrat ion which was independent  of the bulk  con- 
centrat ion of t in  (IV). The surface concentrat ion found 
was approximately 4 • 10 -3 ~mole/cm 2 t in ( IV) .  It is 
interest ing to note that this value agrees fairly well 
with the surface concentrat ion of t in  (IV) found under  
equi l ibr ium conditions (6 • 10 -3 ~mole/cm 2) using 
the two-step sequence. This may indicate that little 
homogenous exchange between t in ( I I )  and t in ( IV)  
takes place under  the conditions employed. This con- 
clusion is consistent with the reported (15) t rend of 
a lower homogenous rate  of exchange with decreased 
acidity. Also, these results reinforce the previous pro- 
posal (11) that  an identical over-al l  mechanism takes 
place regardless of whether  the aged stannic com- 
ponent  is used with conventional  sensitizers or is used 
as a separate immersion step prior to conventional  
sensitization. 

From the equi l ibr ium concentrat ion data for tin (II) 
and t i n ( IV) ,  it would seem that  both the adsorbed 
t i n (H)  as well as the  t in ( IV)  colloid must  be of 
several monolayers  in thickness, since a monolayer  is 
general ly 1015 atoms/cm 2. 

It was also found that  the surface activity (t in ( I I ) )  
of sensitized Teflon was not changed by subsequent  

Table II. Net radiochemJcal adsorption after each step* 
in the cycle 

A v e r a g e  c o u n t s / m i n  
Step fo r  t i n  (IV) 

A f t e r  i m m e r s i o n  in  aged  s t ann i c  so lu t ion** 521 
A f t e r  i m m e r s i o n  in  s t a n n o u s  solut ion*** 419 
A f t e r  l - r a i n  i m m e r s i o n  i n  p a l l a d i u m  ch lo r ide  413 

so lu t i on  (2.8 • 10-~M PdCl~ and  6 • 10~M 
HC1) 

* In  a l l  cases, l - r a i n  i m m e r s i o n  t i m e  wa s  used.  
** A v e r a g e  of  r e su l t s  of  Tab le  IA.  

*** A v e r a g e  of  r e su l t s  of  Tab le  IB.  

immersion in a PdC12 solution (1.0 g/1 PdC12 ~ 1.O 
ml/1 conc HC1). This t rend was demonstrated 
using different types of sensitization [one using com- 
bined t in ( I I )  and t in ( IV)  and the other using t in ( IV)  
followed by t i n ( I I ) ]  procedures. The per cent change 
in surface activity of t i n ( I I )  was below 5%, well 
within the accepted 90% confidence level. 

Analysis  for the chloride content  following the 
sensitization sequence revealed a chloride level of less 
than  3 • 10 -2 ~mole/cm 2. This upper l imit  is due to 
the l imitat ion in the nephelometric method of analysis 
used. Based on this result, the actual role of the chlo- 
ride ions in the sensitized film is not understood and 
requires addit ional  investigation. However, its use in 
the media has provided improved wett ing performance 
(10). 

Etching and analysis of the pal ladium following the 
activation step has resulted in  surface concentrat ions 
in the range of about 2 • 10 -3 to 4.5 • 10 -3 #mole/  
cm 2. These values correspond to about 10-25% of the 
surface concentrat ion of t i n ( I I ) .  It would thus seem 
that the proposed redox exchange reaction between 
t in (II) and Pd (II) takes place only to a l imited extent. 
This observation, while it may be puzzling at first, is 
not surprising since the sensitized surface [composed 
of t in ( IV)  and t i n ( I I ) ]  was shown to be a highly pre-  
ferred configuration which does not change with time. 
It should be pointed out that the extent  of oxidation- 
reduction observed for the present  system does not 
necessarily apply to other sensitizer media. In  fact, 
Cohen et al. (4, 5) have suggested that  in conventional  
sensitizers there is a complete exchange between 
t in ( I I )  and Pd ( I I )  using Kapton as the substrate. 
More recently, P. F. J. v.d. Boom et at. (16) have 
shown that no replacement  of t i n ( I I )  by Pd ( I I )  takes 
place using soda-l ime glass as the substrate. 

Conclusions 
The present  investigation, using radioactive t in - i f3 ,  

has provided quant i ta t ive  results for the adsorption of 
aged t in ( IV)  and t i n ( I f ) ,  the findings of which sup- 
port the proposed model for this system (11). More- 
over, it has been demonstrated that  prior to the activa- 
t ion step, the surface concentrat ion ratio of t in ( I I )  to 
t in ( IV)  is about 3: I. Although the exact surface con- 
figuration and bonding is not known, the resul t ing 
sensitized film is highly stable, probably  due to the 
chemical interact ion of the aged stannic component 
with the stannous ions. As was found previously ( i0) ,  
the aged stannic component  may be used as a distinct 
immersion step prior to the immersion in conventional  
sensitizers or be combined with the convent ional  sensi- 
tizer into one solution. In  either case, the surface con- 
centrat ion for the aged t in ( IV)  component was found 
to be near ly  the same. 

From a practical consideration of the current  sys- 
tem, it has been demonstrated that the surface concen- 
t ra t ion of active components is fair ly independent  of 
variat ions in  immersion times, concentrat ions of aged 
t in ( IV) ,  and concentrat ions of t i n ( I I ) .  This permits  
industr ia l  processes to be operated with wide margins  
in sensitizer make-up.  

It  would also seem doubtful  whether  the redox reac- 
t ion between t in ( I f )  and pa l lad ium(If )  does occur. 
As there has not been a significant decrease in surface 
activity (using tagged t i n ( I I ) )  after the activation 
step, it is possible that ei ther (i) the redox reaction 
does not take place and the pal ladium is adsorbed in 
an ionic state, or ({i) the redox reaction takes place 
resul t ing in t in  (IV) which is insoluble in the activator 
solution. Moreover, if the redox reaction does take 
place, its efficiency is, at best, 25%. 

In  view of the wide range of per cent efficiencies 
reported for the t i n ( I f ) / p a l l a d i u m ( I f )  redox reaction, 
future  work in this field should provide greater con- 
sideration of the sensitization system and the role 
played by the substrate. It  is believed that future  im-  
provements  in the sensitization of dielectric substrates 
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wil l  fu r the r  resul t  in improved  proper t ies  of thin films 
deposi ted by  chemical  p la t ing  techniques.  
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The Influence of Anions on the Structure 
of Porous Anodic Films Grown 

in Alkaline Electrolytes 

P. Neufeld and H. O. Ali 
Polytechnic o] the South Bank, London S E 1 0 A A ,  England 

ABSTRACT 

Porous, anodic A1203 films have been  grown in a va r i e ty  of a lka l ine  
electrolytes .  At  e levated  t empera tu res  film growth  beyond the normal  ba r r i e r  
thickness  and the deve lopment  of a wel l -def ined  pore s t ructure  is not un-  
common, but  only  bora te  solutions have been found to suppor t  the growth  
of films of a th ickness  comparab le  to commercia l  acid anodizing processes. 

A t rans i t ion  f rom porous film growth  to e lect ropol ishing has been observed 
in the  case of c i t ra te  solutions. 

The significance of the  resul ts  is discussed in re la t ion to presen t  theories  
of acid anodizing. 

Some e lec t ro ly te  solutions such as ammonium t a r -  
t ra te  and boric ac id -borax  mix tures  support  the 
growth  of th in  ba r r i e r  films of anodic oxide on a lu-  
minum. Others, such as sulfuric and chromic acids 
suppor t  the  growth  of thick, porous films, whi le  elec- 
t ropol ishing m a y  occur in others  such as phosphoric  
ac id -bu ty l  alcohol (1). The  s implest  classification of 
these e lect rolytes  has been in te rms of thei r  solvent  
abil i ty,  ba r r i e r  e lect rolytes  having the  least  dissolving 
power  on the oxide film. I t  has long been evident  that  
so lubi l i ty  a lone  does not expla in  al l  the  var ia t ions  of 
behavior  shown by anodized a luminum,  and the na tu re  
of the  anions present  has been shown to be impor tan t  
a s  wel l  as the  pH. Kissin  (2) and  Murphy  (3) sug- 
gested tha t  only d i -  or t r iva len t  acids would suppor t  
porous film growth,  though evidence for the growth  
of such films in sulfamic acid (NH2 SO3H) is found in 
the  work  of La Vecchia (4). 

The growth  of th ick  porous A1203 anodic films has 
t r ad i t iona l ly  a lways  been car r ied  out in acid e lec t ro-  
lytes. Thus theor ies  of film growth  have assigned im-  
por tance  to the  role of the  hydrogen  ion. Hoar  and 
Yahalom (5) suggested tha t  pro ton  en t ry  against  the 
field could reduce the film resis tance and lead  to in-  
creased cur ren t  flow, Joule  heating,  and pore in i t ia -  
tion. Brock and Wood (6), however,  r epor ted  heavy  

Key words: aluminum, anodizing, alkaline, anions. 

hydra t ion  and  lower ing of resis tance for films grown 
in a lka l i ne - t a r t r a t e  solutions. These ideas may  be 
harmonized  to some ex ten t  by  considering,  as did 
O 'Sul l ivan  and Wood (7), tha t  mobile  protons in the  
film would  be l ike ly  to be included in O H -  ions. Thus 
s t ruc tura l  modifications due to proton en t ry  in acid 
e lectrolytes  m a y  not  subs tan t ia l ly  differ f rom those 
produced by  hydroxy la t ion  in alkalies.  

Recent  work  by  Leach and Neufeld  (8) and Neufeld 
and Al l  (9, 10) has shown tha t  thick, porous, anodic 
films may  be grown in hot  a lka l ine  solutions conta in-  
ing bora te  ions. Heat ing is essential;  if the  dissolving 
power  of the e lec t ro ly te  is increased s imply  by  rais ing 
the pH, pi t t ing a t t ack  is induced. Act ive  par t ic ipa t ion  
by  the anions in the  anodizing e lec t ro ly te  is thus a ma-  
jor  factor in the  growth  of porous films in a lkal ine  
electrolytes.  The present  work  describes a s tudy of the 
effect of a va r ie ty  of anions in porous anodic A120 
growth  in a lka l ine  solutions at  t empera tu re s  above 
ambient .  

Experimental Techniques 
MateriaL--The mate r i a l  used was 99.99% pur i ty  

a luminum sheet, about  0.3 m m  thick. F l a g - s h a p e d  
specimens were  cut, 1 cm 2 in size, wi th  a long na r row 
"flag pole" which  was used for handl ing  and making  
electr ical  contact.  
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The specimens were cleaned and degreased in t r i -  
chloroethylene vapor. They were then chemically pol- 
ished in Phosbri te  159 at 105~ r insed in distilled 
water at 65~ desmutted in 50/50 nitric acid, and then 
rinsed in cold distilled water. 

Electrolytes.--The electrolytes used were prepared 
from research-grade reagents and distilled water. The 
various solutions used are tabulated as follows: 

Composit ion 
Electrolyte ( w e i g h t / v o l u m e  per cent) 

Sodium tetra-borate (borax) 5 
A m m o n i a  solution (sp gr  0.88) 8.8 (10% by volume)  
Sodium meta-s i l ica te  5 
Sodium carbonate  5 
Po ta s s ium sod ium ta r t r a te  5 
Sod ium ci trate  2 

Anodizing was carried out in a 1 liter Pyrex beaker 
immersed in a thermostatic water  bath which enabled 
the temperature  to be controlled wi thin  _0.5~ 

Electrical control.--The power source used had an 
automatic switchover from a controlled current  to a 
controlled voltage operation, enabl ing the anodizing 
sequence to be as follows: 

(i) F i lm growth was started at a constant applied 
current  unt i l  a preset cell voltage was reached. 

(ii) Anodizing was then continued at this constant  
voltage, the current  flow being monitored using a po- 
tentiometric recorder. 

Microscopy.--For t ransmission-electron microscopy, 
very thin oxide films were grown for short times vary-  
ing from 3 to 60 sec. These films, being fragile, required 
a special handl ing technique. Before dissolving away 
the metal  (using 5% iodine methanol  solution) the 
oxide on one side of the specimen was backed with a 
thin layer of cellulose acetate deposited from a 5% 
solution in acetone. An abrasive paper (emery paper) 
was used to make a small window, about 3 mm in 
diameter, on the other side of the specimen, unt i l  the 
under ly ing  metal  was exposed. A special apparatus 
(11) was used for dissolving away the exposed metal  
without  affecting the plastic backing on the other side 
of the specimen. 

Carbon was then vacuum-deposi ted onto the exposed 
oxide surface to provide mechanical  support when  the 
plastic was dissolved later. 

The doubly supported oxide was then removed from 
the surrounding metal  and placed in a folding electron- 
microscope grid. The plastic backing was dissolved 
away by submerging the grid in acetone for about 2 
hr. After  drying, the specimen was ready for micro- 
scopical examination.  These th in  specimens were also 
examined by electron diffraction to find out if there 
were any evidence of crystall inity.  

The electron microscope used was an A.E.I.E.M.6.G. 
Vacuum-deposi t ion was done using an A.E.I. 12 in. 
vacuum-coat ing unit. 

Results 
When the electrolytes were used at room tempera-  

ture, the current  density (for constant  voltage ano- 
dizing) sharply increased and then dropped to very 
low values; this indicates the formation of barr ier  
films only. With appropriate pH and temperature  ad- 
justments,  all these electrolytes (except the silicates) 
were found to support porous film formation; however, 
only borates allowed the growth of thick anodic films 
(up to 15~ in an electrolyte of pH 10 used at 70~ (2). 
The shapes of the cur ren t - t ime  curves obtained during 
anodizing in 5% borax solution (pH 10 at 70~ are 
general ly similar to those recorded dur ing  sulfuric 
and chromic acid anodizing (Fig. 1). This form of 
cur ren t - t ime  curve is diagnostic of porous film growth, 
following an init ial  barr ier-f i lm formation. Pore for- 
mation is confirmed by electron-optical  examinat ion of 
very thin films (Fig. 2). The pore s tructure showed 
a development with t ime in the early stages of growth. 
The general  t rend is for a fine s tructure of many  small 

SCIENCE AND T E C H N O L O G Y  April  1973 

u. 
< 
E.2c 
Ul 
t -  
O r~ 
E 10 
| 

a 

i Y f ' -  b 

~ . . . . . . . . . . . . . . . . . . . . . . . .  -d 

ib 3'o io io 6'o 
Anodizing Time, sec. 

Fig. 1. Current-time curves for different electrolytes. Curves a 
and c for 5% borax solution (pH 10, at 70~ at 50 and 20V, 
respectively; b for 15% by volume sulfuric acid at 20~ and IOV; 
d for 10% chromic acid at 40~ and 30V. 

Fig. 2. Transmission electron micrographs of specimens anodized 
in 5% borax, pH 10, at 20V and 70~ 

pores to develop into a coarser one with fewer but 
larger pores. 

The anion in the alkaline electrolyte seems to have 
very marked effects on both the electrical character-  
istics during anodic film growth, and the final film 
structure. Thus on anodizing in a 5% weight /volume 
sodium metasilicate solution (pH 12.5) at 70~ and 
50V, only a barr ier  film was obtained. The current  
density observed was in  the region of 0.3 m A / c m  2 
(Fig. 3) which is high for reported leakage currents.  
When the pH was increased to about 13.5 by adding 2 
g/ l i ter  solid sodium hydroxide, the current  density 
increased to about 0.7 m A / c m  ~ (Fig. 3), but  the resul t -  
ing oxide was still mostly a bar r ie r - type  film, with 
very few isolated t iny  pores (Fig. 4 III) .  

When anodizing was carried out in a solution of 5% 
weight /volume potassium-sodium tar t ra te  + 2 g/ l i ter  
solid sodium hydroxide (pH 12.5) at 70~ and 50V, the 
cur ren t - t ime  curve was indicative of porous film for- 
mation. After  the ini t ial  surge (Fig. 3) the current  
dropped and then steeply rose to a value of 35 m A / c m  2 
within  3 sec. The structure of the film obtained after 
anodizing for 15 sec showed channels  about 15.0-20.0 
nm wide (Fig. 4 II) .  After 1 min  of anodizing, pores 
having diameters of the order 15.0-20.0 nm were more 
apparent  al though some channels  can still be seen. 

The cur ren t - t ime  curve obtained during anodizing 
in the 8.8% weight /volume ammonia  solution (pH 11.3) 
at 70~ and 50V (Fig. 3) did not show a rise after the 
ini t ial  drop to a va lue  of 8-10 m A / c m  2. Few irregular  
pores were ini t ia l ly obtained, but  after 10 min  of 
anodizing these were replaced by large and more 
regular  ones (Fig. 4 I) .  

During anodizing in 5% weigh t /vo lume sodium car- 
bonate solution (pH 11.7), at 60~ and 50V, the current  
density dropped to about 50-60 mA / c m 2 (Fig. 3) and 
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Fig. 3. Effect of anion on current density 

the result ing structure was porous, with the pores 
showing large variat ions in  size and distr ibution 
(Fig. 5). 

On anodizing in a 2% weight /volume sodium citrate 
solution of pH 8.0, at 70~ and 50V, for 1 min, only a 
barr ier  film is formed (Fig. 6), al though the current  
density observed was about 0.6 m A / c m  2 which is rela-  
t ively high for nonporous films (Fig. 3). On prolonged 
anodizing, the current  densi ty showed a slow rise to 
about 0.7 m A / c m  2 (after 30 min  of anodizing) indicat-  
ing pore formation, which is indeed confirmed by elec- 
t ron microscopy (Fig. 6). On adding 1 g/ l i ter  of solid 
sodium hydroxide to the citrate solution (pH 12.5) a 
porous s tructure developed more quickly (Fig. 7b). 

With an increasing sodium hydroxide content, which 
increases the dissolving power of the electrolyte, larger 
pores were obtained (Fig. 7c). An extreme example 
was when 10 g/ l i ter  sodium hydroxide were added. 
The current  density increased to about 1 A / c m  2 (Fig. 
8), and the specimen was highly polished after anodiz- 
ing. The stripped oxide showed a cellular  s t ructure 
unde r  the electron microscope (Fig. ?d).  The visual 
contrast  was very  poor; the significance of this is dis- 
cussed later. In  the case where 2 g/ l i ter  sodium hy- 
droxide was added, the film grown for 1 min  was simi- 
lar  to that grown for 30 min  (Fig. 7e and f), which 
shows that no considerable thickening had taken 
place, and probably  a te rminal  thickness had been 
reached. 

All  the thin, anodic, oxide films obtained in the 
alkal ine electrolytes were examined by electron dif- 
fraction and gave broad diffuse rings; there was no in-  
dication of crystal l ini ty.  

Discussion 
Electrolyte temperature.--It is significant that at 

normal  ambient  temperatures  no films grown in alka-  

Fig. 4. Electron micrographs of specimens anodized at 50V and 
70~ in: I. 10% by volume ammonia solution for (a) 30 sec, (b) 10 
min; II. 5% weight/volume sodium potassium tartrate + 0.2% 
weight/volume sodium hydroxide for (a) 15 sec, (b) i min; III. 5% 
weight/valume sodium metasilicate -I- 0.2% weight/volume sodium 
hydroxide for 30 sec. 

Fig. 5. Electron micrographs of specimens anodized in a 5% 
weight/volume sodium carbonate solution at 50V and 60~ (a) 
anodized far 15 sec; (b) 30 sec; (c) different region in specimen 
(a); and (d) magnified portion of (c). 
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Fig. 7. Electron micrographs of specimens anodized at 50V and 
70~ in a sodium citrate solution containing various amounts of 
HaOH. a, b, c, and d anodized for 1 rain, �9 for 30 sec, and f for 
30 rain. 

Fig. 6. Electron micrographs of specimens anodized in 2% 
weight/volume sodium citrate solution (pH 8) at 70~ and 50V: 
(a) anodized for 1 mini (b) anodized for 30 rain. 

line electrolytes have been observed to develop a well-  
defined pore structure. A faint  i r regular  texture  may 
be observed in most barr ier  films, but  this does not 
develop further.  This implies that  preferent ial  dis- 
solution does not occur at surface sites, and hence that  
the chemical dissolving power due to the O H -  ion 
concentrat ion is not the controll ing factor in pore 
development.  

Pore development  is observed when  the temperature  
is raised. This leads to the conclusion that  the changes 
which produce pore formation occur due to adsorption 
or absorption of ionic species (anions in alkal ine solu- 
tions) by the oxide film. Electrolytes which operate 
when cold, such as sulfuric, phosphoric, ,and oxide 
acids, are known to incorporate significant concentra-  
tions of anions in the oxide (12-14). It must  be as- 
sumed that  under  alkal ine conditions sufficient modifi- 
cation of film properties by anions can only take 
place at temperatures  above ambient.  

Pore initiation.--The results obtained throw fur ther  
light on the earliest stages of pore formation. All 
workers are agreed that  the ini t ial  pore s tructure is 
much finer than that  which supports continued film 
thickening. The earliest texture  has been described as 
consisting of micropores (8) or as small, thicker (or 
more opaque) "islands" (7). Figure 4 (II and III) 
shows both types of feature to be present  on the same 
specimen. (This is less clearly visible in Fig. 4 III.) 

I r regular i ty  in s t ructural  modification can only be 
ascribed to i r regular i ty  in the original structure, hence 
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Fig. 8. Effect of sodium hydroxide content on current density. 
Anodizing carried out in o 2% weight/volume sodium citrate solu- 
tion containing: (o) 1 g/liter, (b) 4 g/liter, (c) 7 g/liter, and 
(d) 10 g/liter NaOH, and used at 50V and 70~ 

the ini t ial  barr ier  film cannot be regarded as amor-  
phous but  must  consist of crystallites. We believe that  
the less dense regions in electron micrographs of tex-  
tured barr ier  films represent  regions of hydrat ion or 
hydroxylat ion and possibly also penetra t ion by other 
anions as proposed by Murphy and Michelson (15) and 



Vol. 120, No. 4 POROUS 

O'Sul l ivan et al. (16). Where a micrograph shows 
dense "islands" these may not represent  regions of 
local growth, as proposed by O'Sul l ivan and Wood (17) 
but  ra ther  crystalli tes ent i rely surrounded by modified 
"grain boundary"  regions. Where "pores" are seen, this 
represents modification only at "tr iple points," while a 
s tructure as seen in Fig. 4 II represents an intermediate  
stage where modification has extended from triple 
points along some, but  not all, grain boundaries.  The 
crystall i te size as revealed by electron micrographs 
(10) is general ly in the range 2.5-5.0 nm which is too 
small  to give well-defined diffraction patterns. 

Field-assisted dissolution.--The earliest development  
of texture  in barr ier  films may be observed even with 
films which do not develop large pores later  on (Fig. 
4 II) .  Thus the effect of anions in modifying the pore 
s tructure and film growth is operative on the next  
stage of pore development  which involves the concen- 
t rat ion of current  through the film in local regions and 
field-assisted dissolution in these same locations. 
O'Sul l ivan and Wood (7) considered a mechanism 
which would give stoichiometric oxide dissolution at a 
pore base. This is unnecessary,  since under  irreversible 
conditions, oxyanions could not s imultaneously be 
moving into the electrolyte to give dissolution and  into 
the oxide to support  fur ther  oxidation. Recent tracer 
measurements  by Amsel and Siejka (17) support  the 
view that  oxygen in the lattice will  not pass into the 
electrolyte dur ing field-assisted dissolution. This 
leads to the conclusion that  only metal  ion dissolution 
needs to be considered in the mechanism of field- 
assisted dissolution. 

Under  acidic conditions a metal  ion which has entered 
the electrolyte wil l  be solvated as a cation and will  
move away from the interface by diffusion and migra-  
tion. Under  alkal ine conditions the metal  will  be sol- 
vated as an anion and migrat ion will  oppose diffusion. 
The concentrat ion of a luminate  ions will  thus tend to 
be very high near  the surface and wil l  impede fur-  
ther  dissolution. Since it has been shown that experi-  
menta l  results favor an in terpre ta t ion of the influence 
of anions in terms of modification of oxide properties 
dur ing field-assisted dissolution, it may be concluded 
that  this effect is produced by adsorption of anions at 
the pore base. Any  adsorption (which would be fa- 
vored at meta l - ion  sites on the surface) will  displace 
hydroxyl  ions and provide a more favorable environ-  
ment  for dissolving metal  to t raverse the double layer 
in the form of cations. All  the anions studied, except 
for silicate, show some development  of pore structure;  
in  the lat ter  case there is evidence that a resistant  
alumino-si l icate may form (18). The outstanding effect 
of the borate ion is not reflected in a par t icular ly  high 
boron content  of the anodic film (19), and must  be 
ascribed to adsorption. Borates are well known as 
corrosion inhibi tors  for a luminum and it can be as- 
sumed that  borax inhibi ts  pore-wal l  dissolution while 
permit t ing field-assisted cation escape at the pore base. 

Oxygen  entry . - -During porous film growth, oxyan-  
ions must  enter  the film and migrate under  the in -  
fluence of the field so as to contr ibute  to the formation 
of new A1208 at or near  the metal-oxide interface; 
only in this way can growth of oxide in between pore 
locations be explained. It  is likely, in view of the sub-  
stantial  evidence for hydrat ion of the anodic film (20), 
that  O H -  ions would be more mobile than O 2- ions 
(7). In  the case of acid electrolytes the oxygen con- 
t r ibut ing  to fresh oxide growth must  derive from H20 
molecules (17) and the pH of the solution at the pore 
base would tend to decrease. In  alkal ine solutions there 
is an abundance of O H -  ions and the simplest mecha-  
nism that can be proposed is one of direct en t ry  of 
hydroxyl  ions into the lattice under  the influence of 
the field. It may be ment ioned that  the mechanism of 
field-assisted dissolution proposed by O'Sul l ivan and 
Wood (7) can be modified by assuming that a single 
proton would attach to a surface oxygen anion, which 

ANODIC Al~O8 F I L M S  483 

would then become more mobile and re-enter  the 
oxide bulk. This is more l ikely than  the acquiring of a 
second proton and dispersal into the solution as a water  
molecule. 

Pore angle and terminal th ickness . - - In  the cases 
where the electrolyte did not support  the growth of a 
very  thick porous film (all alkaline electrolytes used 
except borate) ,  it may be suggested that  field-assisted 
dissolution at the pore base is weak, and that rela-  
t ively fast chemical dissolution occurs at the pore 
walls. Thus the te rmina l  thickness is established 
rapidly. When the pore-wal l  dissolution is not rela-  
tive]y fast ( in the case of borates) long pores and 
thick, anodic films are obtained. 

It  has been proposed (21, 22) that  chemical dis- 
solution of the pore wall  dur ing film thickening leads 
to a t runcated pore structure. The m a x i m u m  or ter-  
mina l  anodic film thickness is reached when the pore- 
mouth  diameter becomes equal to the diameter  of the 
cell containing it (Fig. 9). This would be expected to 
occur earlier when the dissolving power of the elec- 
t rolyte  is increased (e.g., when sodium hydroxide is 
added to a sodium citrate bath) .  Apparen t ly  the ter-  
mina l  thickness is reached after only 30 sec of anodiz- 
ing, since the film does not thicken enough to obstruct 
the electron beam even after 30 min  of anodizing (Fig. 
7e and f). Now consider two adjacent pores in an oxide 
film which has reached its t e rmina l  thickness (Fig. 9). 
When dissolution is not very  severe (i.e., 1 g/ l i ter  
sodium hydroxide added),  the pore would be expected 
to have a slightly s lant ing wall  (small q~ Fig. 9a). On 
increasing the dissolving power of the electrolyte (i.e., 
add 10 g/ l i ter  sodium hydroxide) ,  faster dissolution of 
the pore wall  takes place resul t ing in a more slant ing 
wall  (large ~) and a re la t ively th in  film (Fig. 9c). 

Electron micrographs (Fig. 7b, c, and d) confirm 
this effect of increased ~ and reduced film thickness. 
When ~ is relat ively srnall, the wedge-shaped oxide 
film between two neighboring pores obstructs the elec- 

i ~ Pm=C "1 

], 
( a )  

I" Pm =C 'l 

( b )  

I" P~=c q 

( c )  

Fig. 9. Film dissolution leading to polishing. Pb, pore base diam- 
eter; Pro, pore mouth diameter; C, cell size (diameter); ~ pore 
wall slant; "c terminal film thickness. 
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t ron beam substantially.  This oxide appears as very 
dark areas surrounding the light pores, producing a 
strong contrast. As r increases, the thickness of the 
oxide wedge decreases, and the contrast drops drasti-  
cally. This was the case when the sodium hydroxide 
content  in the citrate bath was increased to 10 g/li ter.  
The contrast is essentially due to the difference in 
thickness of the oxide wedge and that of the barr ier  
film. The thickness of the latter, under  the conditions 
used, was in the region of 5 to 15 nm. Significantly, this 
extreme barr ier  film th inn ing  (0.1-0.3 n m / V  -1) (19) 
was reflected in the very high current  density (about 
1 A /cm 2) which passed during the process (Fig. 8). 

I t  seems l ikely that  the observed electropolishing of 
a luminum is a form of porous type anodizing, where 
the angle ~ approaches 90 ~ 

Conclusions 
The results reported support the view derived from 

Murphy and Michelson (15) that  as-formed anodic 
A1203 consists of crystallites which become surrounded 
by hydrated regions. The early stages of pore ini t ia-  
t ion show features consistent wi th  increased current  
flow and field-assisted dissolution at these modified 
regions. 

While increasing the pH of alkaline electrolytes does 
not necessarily produce well-defined, porous, oxide 
growth, the raising of the electrolyte temperature  will 
induce such growth in electrolytes containing a vari-  
ety of anions. Thus the action of the anions in sup- 
port ing and modifying porous film growth is operative 
on the film properties ra ther  than on dissolved species. 

The powerful  effect of the anion in altering the 
morphology and thickness of porous A1203 films grown 
in alkal ine electrolytes may be tentat ively  explained 
in terms of the relative effects of adsorption on the 
rates of field-assisted dissolution and pore-wall  dis- 
solution. Only borate has been found to support film 
growth beyond a few microns and only metasilicate 
has been found to inhibi t  pore formation altogether. 

The t ransi t ion from porous oxide growth to electro- 
polishing has been observed in the case of citrate solu- 
tions. The change is not due to a fundamenta l  al tera-  
t ion in film structure, but  ra ther  to an increase in 
pore-wall  dissolution at increasing pH. 
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Pulse Electroplating of Silver-Tin Alloys and 
the Formation of Ag3Sn 

Henry Leidheiser, Jr.* and A. R. P. Ghuman 
Center yor Surface and Coatings Research, Lehigh University, Bethlehem, Pennsylvania 18015 

ABSTRACT 

Si lver- t in  alloys were electrodeposited at 50 ~ by pulse plat ing from a bath 
containing AgCN 0.020M; K2SnO3 �9 3H20 0.375M; KCN 1.40M; and KOH 1.25M. 
The major  variables studied were pulse cycle and current  density. In  the 
current  density range of 1.5-3 A/d in  2 with pulse on-t imes of 5-100 msec and 
off-times of 50-200 msec, the major  const i tuent  in the deposit was the in ter -  
metallic compound Ag3Sn. Several exper imental  conditions were determined 
in which the elemental  t in  and silver contents were small. The Ag~Sn coatings 
showed excellent integri ty at thicknesses up to 2 • l0 -3 em and were highly 
ductile. The tarnish resistance of the Ag3Sn coatings was superior to that  of 
pure silver. 

The work reported herein represents a cont inuing 
interest in the formation of intermetal l ic  compounds 
during corrosion and electrodeposition (1-5). I l lus-  

* Electrochemical Society Active Member .  
Key  words:  electrodeposition, intermetallic,  silver, tin. 

t rat ive of this interest  a method was given recently 
for the preparat ion of Ag3Sn coatings (5). This method 
was based on the observation that in stirred solutions 
the deposit composition was constant  over a range of 
current  densities and could be controlled by using spe- 
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cific si lver and tin concentrations. Concentrations of 
dissolved silver and t in in the plat ing bath which 
yielded a 3:1 atomic ratio of si lver and tin in the de- 
posit crystall ized as Ag3Sn. 

The chief disadvantage of the method was the fact 
that the deposit tended to become dendrit ic and non- 
compact in nature  for thicknesses in excess of 1.5 • 
10 -3 cm. Presumably  deposition was occurring near 
the l imit ing current  density for si lver deposition with 
the consequent difficulty of mainta ining a re la t ively  
uniform growth rate over  the ent ire  surface. It ap- 
peared that  pulse plat ing offered a means for c i rcum- 
vent ing this difficulty. The purpose of this study is 
therefore  to explore  pulse plat ing as a technique for 
forming useful Ag3Sn electrodeposits. 

Experimental 
All deposits were  made from a solution containing 

AgCN, 0.020M; K2SnO3 �9 3H20, 0.375M; KOH, 1.25M; 
and KCN, 1.40M. The bath was stirred during deposi- 
tion and the tempera ture  of the bath was maintained 
at 50 ~ by a thermostated water  bath. In the major i ty  
of cases copper substrates were  used, but in several  
cases steel substrates were  used. The counterelectrode 
was graphite.  

The pulsing unit  was similar to that  developed by 
Avi la  and Brown (6). The min imum pulse width ob- 
tainable was of the order  of 1.5 msec, but the mini-  
m u m  pulse width used in these studies was 5 msec. 
The cur ren t  pulses were  essentially square wave  in 
character  wi th  a ve ry  slight decrease in current  over  
the on- t ime period. 

X - r a y  diffraction examinat ions  of the deposits were  
made on unstr ipped coatings using conventional  elec- 
tronic recording of the diffraction lines. 

The composition of the  deposits was obtained from 
electron microprobe measurements  using both static 
beam and scanning beam techniques. The data were  
corrected for absorption and fluorescence effects using 
a computer  program. Inadequacies in the analytical  
method are apparent  from the fact that  the sum of the 
calculated tin and silver contents was always less than 
100%, general ly  being 97-98%. 

Results 
El~ect of pulse cycle.--Important data are summa-  

rized in Fig. 1-4 for pulse on- t imes of 5-100 msec, 
pulse off-times of 5 to 200 msec, and current  densities 
of 0.8 to 3.25 A / d m  2. It  should be noted that  the data 
are  given in terms of the intensity of the strongest line 
in the x - r ay  diffraction pat tern  for the three consti tu- 
ents of interest, silver, tin and Ag3Sn. Prefer red  orien-  
tation of the constituents was for tunate ly  not a com- 
plication as shown by the fact that  the re la t ive  inten-  
sities of the lines for each consti tuent were  always in 
approximate ly  the same ratios. Changes in the con- 
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Fig. 1. Changes in Ag3Sn, elemental silver, and elemental tin 
content in the electrodeposit as a function of pulse cycle with 
equal on- and off-times. Current density ~ 2.26 A/dm 2. The 
ordinate represents the intensity of the strongest line in the x-ray 
diffraction pattern. 
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Fig. 2. Changes in Ag3Sn, elemental silver, and elemental tin 
content in the electrodeposit as a function of on-time. The off- 
time is constant and equal to 100 msec. Current density ~ 3 
A/dm 2. The ordinate represents the intensity of the strongest llne 
in the x-ray diffraction pattern. 
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Fig. 3. Change in elemental silver content of the electrodeposit 
as a function of current density for various on-off cycles. The 
ordinate represents the intensity of the strongest line in the x-ray 
diffraction pattern of silver. 
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Fig. 4. Change in the tin content of the electrodeposit as a func- 
tion of current density for various on-off cycles. The ordinate rep- 
resents the intensity of the strongest line in the x-ray diffraction 
pattern of tin. 

centrat ion of each const i tuent  can be determined qual i-  
ta t ively  as a function of exper imenta l  variables, but  
no conclusions can be d rawn from these data alone 
concerning the re la t ive  amounts  of each consti tuent 
present  in the deposit. 

The generalizations can be made that  at fixed cur-  
rent  density, the concentrat ion of e lementa l  s i lver  in 
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Fig. 5. Current efficiency for the electrodeposition of silver-tin 
allays as a function of the composition of the deposit. 

the deposit decreases wi th  increase in the on- t ime and 
the concentrat ion of e lemental  t in in the deposit in- 
creases wi th  increase in on-time. For  fixed on-off cy- 
cles, the amount of e lemental  si lver in the deposit 
decreases wi th  increase in current  density and the 
amount  of e lemental  tin in the deposit increases with 
increase in current  density. The current  density re-  
quired to maximize  the amount  of Ag3Sn in the deposit 
is a function of the on-off cycle utilized. 

Current e]~iciency.--Current efficiencies were  calcu- 
lated f rom the composition of the deposit as obtained 
from microprobe measurements  and under the as- 
sumption that  t in was reduced f rom the te t ravalent  
state and si lver f rom the monovalent  state. Repre-  
sentat ive data from eleven different exper iments  are 
plotted in Fig. 5. It wil l  be noted that  the current  effi- 
ciency is a l inear  function of the weight  per cent of tin 
in the deposit. At the composition corresponding to that  
of Ag3Sn [27 weight  per cent (w/o)  tin] the current  
efficiency was 80%. The data summarized in Fig. 5 are 
consistent wi th  the conclusion that  s i lver  is deposited 
in excess of 100% current  efficiency and tin is deposited 
at approximate ly  15% current  efficiency. 

Homogeneity of deposits.--The cross sections of 
many  of the deposits were  examined by electron mi-  
croprobe and by scanning microscopy. In the case of 
compositions approximat ing Ag3Sn the composition 
was uniform throughout  the thickness and the dis- 
t r ibut ion of the two metals was homogeneous. X - r a y  
images of a 20~ thick deposit formed at a current  den-  
sity of 2.1 A/d in  2 wi th  an on- t ime of 100 msec and an 
off-t ime of 200 msec are given in Fig. 6a and 6b. This 

deposit had a composition approximat ing Ag3Sn but 
x - r ay  diffraction analysis showed the presence of 
small  amounts of e lemental  s i lver  and e lemental  tin. 
Both the silver and the tin x - r a y  images indicated 
homogeneity,  but the tin x - r ay  image was much more 
sensitive to small  compositional differences in neigh-  
boring regions. 

Mechanical properties of the deposits.--Knoop hard-  
ness measurements  were  made on cross sections of 
eleven deposits. Results are summarized in Fig. 7. The 
hardness of deposits containing approximate ly  100% 
Ag3Sn were  in termedia te  to those containing excess 
silver and those containing excess tin. 

Deposits general ly  were  made on steel substrates 
without  an in termedia te  strike of silver. Occasionally 
such deposits exhibi ted poor adherence and could be 
peeled from the substrate wi th  re la t ive  ease. The iso- 
lated deposit was ex t remely  ductile and could be bent 
back and forth without  fracture.  

Deposits could be polished to high luster with no 
difficulty. 

Tarnish resistance.--The tarnish resistance of the 
electrodeposited coatings re la t ive  to that  of electro- 
deposited silver was determined by exposure of metal -  
lographical ly polished and buffed samples to a gaseous 
envi ronment  containing 1% H2S-1% SO2-98% air at 
room temperature.  The samples containing Ag3Sn with 
minimal  amounts of excess si lver or tin and those con- 
taining excess tin exhibi ted tarnish resistance superior 
to that  of s i lver and to the Ag3Sn deposits containing 
excess silver. The  intermetal l ic  deposit discolored to 
a yel low or tan while a pure si lver electrodeposit  be- 
came dark blue to black in the same t ime interval.  
Quant i ta t ive  information on the rate  of tarnish film 
growth was not obtained. 

Discussion 
This study has shown that  pulse plating is a very 

effective technique for the electrodeposit ion of s i lver-  
t in alloys of fixed composition. It is a par t icular ly  effec- 
t ive technique for the preparat ion of high quali ty 
Ag3Sn coatings wi th  minimal  amounts of e lemental  
s i lver  and tin. Exper imenta l  conditions which lead 
to the m ax im um  Ag:~Sn content, as determined by 
x - r ay  diffraction analysis, are summarized in Table I. 

The question arises as to why  pulse plat ing is so 
effective in forming the intermetal l ic  compound Ag~Sn. 
As shown by Girard (7) pulse plat ing is more effective 
in maintaining a uniform composition over  the thick- 
ness of the deposit than is d-c plating. Our microprobe 
studies confirm that  the composition is very  uniform 
over  the thickness of the deposit (see Fig. 6a and 6b). 
Thus, it is to be expected that  once the exper imenta l  

Fig. 6a. Silver x-ray image of 2 x 10 -8  cm thick deposit formed 
at 2.1 A/dm 2 with a pulse cycle of 100 msec on-time and 200 msec 
off- time. (1000 X ) 

Fig. 6b. Tin x-ray image of 2 x 10 -8  cm thick deposit formed at 
2.1 A/dm 2 with a pulse cycle of 100 msec on-time and 200 msec 
off-time. (1000 X ) 
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Fig. 7. Knoop hardness of deposits as a function of composition. 

conditions are known for deposi t ing s i lver  and tin in 
a 3:1 atomic ratio, this  composit ion wil l  be main ta ined  
over  the thickness of the deposit  dur ing the deposi t ion 
time. 

Cheh (8) has calcula ted the l imit ing cur ren t  densi ty  
for pulse  p la t ing as a function of pulse cycle and the 
rat io  of ( o n - t i m e ) / ( t o t a l  pulse cycle t ime) .  The 
ma jo r i t y  of our exper iments  were  car r ied  out under  
condit ions where  the  l imi t ing cur ren t  densi ty  under  
pulse p la t ing  is ve ry  s imi lar  to tha t  for d-c  plat ing.  For  
example,  wi th  an on- t ime  of 50 msec and an off- t ime of 
100 msec, ex t rapola t ion  of Cheh's curves give a l imit ing 
current  dens i ty  under  pulse p la t ing not  g rea t ly  differ-  
ent  than  that  for  d-c  plat ing.  

F igure  5 indica ted  that  there  is a l inea r re la t ionship  
be tween the composit ion of the  deposit  and the cur ren t  
efficiency. If  the  curve is ex t rapo la ted  to 0% tin in the 
deposit,  the ca lcula ted  cur ren t  efficiency for s i lver  
deposit ion is app rox ima te ly  109%. The most  l ike ly  
explana t ion  for this  excess cur ren t  efficiency is that  
dur ing  the  off- t ime there  is a meta l  r ep lacement  reac-  
t ion be tween e lec t rodeposi ted  metal l ic  t in and si lver  
ions which diffuse to the  surface dur ing  the off-time. 

The impor tance  of the  off- t ime in control l ing the 
composit ion of the  deposi t  is demons t ra ted  by  Fig. 8. 
In al l  cases the weight  per  cent of s i lver  in the  deposit  

Table I. Optimum current density for maximum Ag3Sn content and 
minimal metallic silver and metallic tin content in deposit 

C u r r e n t  d e n s i t y  a t  w h i c h  
m e t a l l i c  s i l v e r  a n d  m e t a l l i c  

O n - t i m e  O f f - t i m e  t i n  c o n t e n t s  a r e  m i n i m a l  
m s e c  m s e c  A / d m  s 

5 20 ca.  2.8 
25 100 ca.  3 
50 100 1.6 

100 100 1.5 
25 200 3.5 ( c r u d e  e s t i m a t e )  
50 200 2.8 

100 200 1.8 
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Fig. 8. Composition of the deposit as a function of the coulombs 
passed during one cycle. 

is g rea te r  for a 200 msec off- t ime than for a 1O0 msec 
off- t ime at  equivalent  coulombs passed dur ing the 
cycle. Two reasons for this  resul t  are  proposed. First ,  
the longer off- t ime al lows grea ter  rep len ishment  of 
s i lver  complex  ions in the  cathode film. Second, 
the  longer  off- t ime al lows grea ter  react ion of metal l ic  
t in  in the surface of the deposit  wi th  ionic s i lver  in the 
adjoin ing liquid. The re la t ive  magni tude  of these two 
effects is unknown.  

Pu l se -p l a t ed  s i lver - t in  alloys, and pa r t i cu la r ly  those 
wi th  a composi t ion approx imat ing  Ag3Sn, show promise 
as decora t ive  coat ings since the  ta rn ish  resistance is 
g rea te r  than  that  of pure  silver.  The deposits  are 
ductile,  can be pol ished to high lus ter  and have a 
pleas ing appearance.  

Manuscr ip t  submi t t ed  Aug. 4, 1972; rev ised  manu-  
script  received Dec. 7, 1972. This was Paper  200 pre -  
sented at the  Miami Beach, Flor ida,  Meeting of the 
Society, Oct. 8-13, 1972. 

A n y  discussion of this paper  wi l l  appear  in a Dis-  
cussion Section to be publ ished in the December  1973 
J O U R N A L .  
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Diffusion Coefficients and Kinetic Parameters in 
Copper Sulfate Electrolytes and in Copper 

Fluoborate Electrolytes Containing 
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ABSTRACT 

Measured l imit ing currents  iL for the deposition of copper on a plat inum 
rotated disk electrode (RDE) were  used to calculate the diffusion coefficients 
of copper ions in h igh-pur i ty  aqueous copper sulfate and copper fluoborate 
electrolytes. The diffusion coefficient in a 0.100M CuSO4/1.0M H2SO4 electrolyte 
was found to be 5.23 -+- 0.13 X 10 -6 cmf/sec, while the diffusion coefficient in 
a 0.072M Cu(BF4)2/1.0M HBF4 electrolyte was found to be 9.88 _ 0.05 • 10 -6 
cm2/sec. The values of iL were  found to be direct ly proport ional  to the square 
root of the disk rotat ional  ra te  ~,, as predicted by theory. Consistent correlat ions 
be tween the kinetic parameters  controll ing copper depositions and the con- 
centrat ion of addit ion agents were  found for copper f luoborate electrolytes 
containing Cubath Hy, z thiourea, and gelatin. Genera l ly  both the t ransfer  
coefficients (ar and the exchange current  densities (io) were  found to decrease 
wi th  increasing concentrations of additives, in accord with  the hypothesis that  
addit ives re tard  p r imary  charge t ransfer  and the rate of copper deposition. 
Anomalous results were obtained at a thiourea concentrat ion of 3.3 • 10 -2 
g / l i t e r  and at a gelat in concentration of 3.2 • 10-2 g/ l i ter .  

The purpose of this work  was to invest igate  the 
deposition of copper f rom a copper f luoborate/f luo- 
boric acid electrolyte  and from fluoborate solutions 
containing various leve l ing /br igh ten ing  agents known 
to be effective in copper sulfate solutions. Emphasis 
was placed on obtaining the diffusion coefficient for 
Cu + + ions in the pure  solution, and in correlat ing 
changes in the kinetic parameters  ~c and io wi th  the 
concentrat ion of various addit ives employed. For  com- 
para t ive  purposes the values for Dcv++,  ac, and io 
were  obtained using a pure copper sulfa te /sulfur ic  
acid electrolyte.  

Experimental 
The apparatus used is depicted schematical ly in 

Fig. 1. A t ime swept ca thode/ reference  potential  
(2500 m V / m i n )  was generated through a potentiostat  
circuit  consisting of a motor  potent iometer  ( ramp 
genera tor) ,  operat ional  amplifier (OA),  and e lect rom- 
eter  to feed back the reference potential.  Cell current  
w a s  moni tored  by a current-sensing resistor and con- 
t inuously recorded on a strip char t  recorder  along 
with the potential  of the reference  electrode. With 
this equipment  the cathode potential  could be l inear ly  
increased from --0V vs. reference. 

The p la t inum rotated disk cathode 2 was cleaned 
prior  to each exper iment  by a chromic acid/HC1 
sequence wi th  mul t ip le  rinses. An exper imenta l  check 
of the actual cathode area using published (1) diffu- 
sion coefficient data for a A g N O J K N O 3  electrolyte  
agreed wi th in  1% with  the calculated geometr ic  area. 
The electrolyte  contained 8.379 • 10 -4 m/ l i t e r  of 

Key words: rotating disk, thioruea, ge la t in ,  Cuba th .  
z Proprietary leveling agent marketed by the Sel  Re x  Company, 

Nutley, New Jersey. 
2 M a n u f a c t u r e d  b y  the  P i n e  I n s t r u m e n t  C o m p a n y ,  G r o v e  City, 

Pennsylvania. 

AgNO3 and 0.2 m / l i t e r  of KNO3 and had a kinematic  
viscosity of 0.874 centistokes measured at 25.0~ 

The reference electrode was fabricated from 99.999% 
pure  OFHC copper wire  coiled in a buret te  containing 
the test solution and connected to the electrolysis cell 
by a capil lary tube. The capil lary was d rawn to a tip 
diameter  of ,,~0.2 mm, and the tip was located in the 
plane of the RDE as near to the electrode as was pos- 
sible. The electrolysis cell was immersed in a water  
bath (not shown on Fig. 1) mainta ined at 25.0 ~ • 
0.2~ Nitrogen gas was bubbled through the cell 
prior  to all runs, and a positive ni t rogen pressure was 
mainta ined over  the solution during experiments.  

All  electrolytes were  prepared using t r ip ly  distilled 
water.  Special  care was taken to purify the solutions 
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by HzO2 and carbon t reatments  and by pre-electrolysis  
at ~10 m A / c m  2 for about 15 hr. The Cu ++ concen- 
trat ion of the fluoborate electrolyte  was determined 
to be 0.072 moles / l i t e r  by atomic absorption spectro- 
scopy, and the kinematic  viscosity of the electrolyte 
was 0.876 centistokes at 25.0~ Titrat ions with EDTA 
established the Cu ++ concentrat ion as 0.100 moles /  
l i ter  in the sulfate electrolyte, while  measurements  
at 25.0~ resulted in a va lue  of 1.041 centistokes for 
the kinematic  viscosity. The fluoborate solution con- 
tained 1.0 moles / l i t e r  of fluoboric acid and the sulfate 
solution contained 1.0 moles / l i t e r  of sulfuric acid. All  
physical properties were  measured after the solutions 
were  purified and pre-electrolyzed.  

Procedure 
Determinat ion  of the l imit ing current  for copper 

deposition was conducted with approximate ly  450 ml 
of test solution that  had been purged wi th  ni t rogen 
gas for 45 min  minimum. After  purging, the potential  
of the RDE was adjusted to -t-50 mV re la t ive  to the 
reference electrode and held at that  value for 60 sec. 
The cathode potential  was then forced to negat ive 
values at a sweep rate of 2500 mV/min .  Electrolysis 
was continued unti l  the l imit ing deposition current  
was exceeded (as evidenced by the abrupt  slope in- 
crease of the i-E curve) ,  an operation which requi red  
about 30 sec. 

The kinetic parameters  ~c and io were  evaluated f rom 
that  port ion of the i-E curve  corresponding to the 
Tafel region (~ < --50 mV) (2). To obtain usable curves 
for analysis, the plat ing procedure was modified f rom 
that used in determining the l imit ing currents.  Pr ior  
to the determinat ion of the i-E relat ionship for the 
test solution, the pla t inum RDE was copper plated at 
~2  m A / c m  2 for 5 min  to effectively t ransform the 
pla t inum electrode to a copper electrode. (The poten- 
tial difference between the copper plated RDE and 
the copper reference electrode was measured as --3.9 
mV).  The RDE was then swept to negat ive potentials 
at 250 m V / m i n  unti l  a current  corresponding to ~0.1 
iL was reached. All  kinetic parameter  exper iments  
were  per formed at 900 rpm. 

Regressions of iL on w I/2 and log i on -- I~A were  
performed using a computer  CALL/360 STATPACK 3 
statistical package. 

Results and Discussion 
The di~us~on coe/]~cient of copper ions.--The dif-  

fusion coefficients of Cu ++ ions in the solutions 
studied were  calculated from the slopes of the iL VS. 
~1/2 relat ionship der ived by Levich (3), according to 
the fol lowing equat ion 

iL = 0.62 n F A D 2/3 v -1/9 CB oJ 1/2 [1] 

A family  of curves represent ing exper iments  using 
the 0.072 molar  copper fluoborate e lectrolyte  is shown 
in Fig. 2. Results of the regressions of iL on ~1/2 along 
with the values of Dcv+ + calculated f rom the regres-  
sion slopes are shown on Fig. 3 and contained in 
Table I. The regressions included a min imum of five 

a Provided by Service Bureau Corporation, Philadelphia, Penn- 
sylvania. 

Table I. Regression parameters and calculated diffusion 
coefficients for the Cu ++  ion from electrolysis of 

copper sulfate and fluoborate electrolytes 

R e g r e s s i o n  
coeffi-  R e g r e s -  C o r r e -  

c l e a t ,  b, s ion i n -  l a t i o n  
m A - s e c l / 2 /  t e r c e p t ,  a, coeWi- Dcu ++ X 106, 

E l e c t r o l y t e  e m  2 m A / e m  2 c i e n t  cm~/sec  

CuSO** 7.70 4.75 0.99 5.23 • 0.13 
Cu (BFD 2"* 8.79 5.45 0.99 9.88 ~ 0.05 

* 0.100M CuSO4/I.0M I-~SO4. 
"* 0.072M Cu(BFD~/I.0M HBF~. 

A-4000 rmp 
B-3600 rpm 
C-2500 rpm 

250 0-1600 rpm 
E- 900 rpm 

F-  400 rpm A 

0 i i 
0 -500 -1000 

CATHODE POTENTIAL VS COPPER REFERENCE ELECTRODE, MV 

Fig. 2. Polarization curves for a 0.072M Cu(BF4)2/1.0M HBF4 
electrolyte at a platinum RDE. 
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Fig. 3. Regression lines describing iL vs. wl/2 behavior for copper 
fluoborate and copper sulfate solutions electrolyzed at a RDE. 

iL values at 400, 900, 1600, and 2500 rpm. Rotation 
rates >2500 rpm produced turbulent  fluid flow at the 
surface of the disk (4). The area of the cathode was 
taken as 0.453 cm 2, the concentrat ion of Cu ++ ions 
was 0.072 molar  in the fluoborate electrolytes and 
0.100 molar  in the sulfate electrolyte,  and n was taken 
as 2. In both instances the iL values were  direct ly  
proport ional  to ~1/2 and obeyed an equation of the 
fol lowing form: 

iL = a § b ~1/2 
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where a and b were positive numbers.  The small  100.0 
values of a have no physical significance and are 
probably due to anomalous exper imental  effects dis- 
cussed by Adams (1) and Riddiford (5). 

The diffusion coefficient for the Cu ++ ion in the 
0.100M CuSO4/1.0M H2SO4 electrolyte was found to 
be 5.23 • 0.13 • 10 -6 cm2/sec at 25.0~ Because the 
deposition of copper from acidified solutions has been 
repeatedly used in recent years as an indicator reac- 
t ion for the determinat ion of mass t ransfer  coeffi- 10.0 
cients, comparisons of the value obtained in this 
work with values obtained by other experimenters  
was easily accomplished. The diffusion coefficient cal- 
culated in this work showed good agreement  with 
reported values obtained in similar CuSOa/H2SO4 
electrolytes, as shown in Table II. 

These results lend credibil i ty to the accuracy of 
the basic RDE technique employed in this investiga- 
tion. Bearing in  mind that  the diffusion coefficient 1.0 
obtained in the copper fluoborate electrolyte was 
9.88 • 0.05 • 10 -6 cm2/sec at 25.0~ and that  the 
techniques used for both sulfate and fluoborate elec- 
trolytes were identical, one must  conclude that  the 
observed difference in diffusivities is a real and ac- 
curate effect of the different electrolytes employed. 
No sound explanat ion of the cause of the difference in 
diffusivities can be formulated at this time. 

The kinetic parameters governing copper deposi- 
tion.raThe kinetic parameters  of deposition can be 
determined from examinat ion of the current -potent ia l  
characteristics of the electrolyte, which can be de- 
scribed by the following equation (2) 

[ --ac~AF aa~AF ] 
i ---= io exp "R'T" exp ~ [2] 

RT 1o.o 

If ~A is more negative than about 50 mV, the sec- 
ond term in  the brackets of Eq. [2] can be neglected, 
and taking logari thms yields 

RT RT 
in  io -- In i [3 ]  71A - -  

ac F ~c F 

The kinetic parameters  ~c and io can be obtained 
from the slope and intercept, respectively, of a plot 
of ~A VS. In i. The effect of addit ion agents on copper 
deposition should be embodied in the resul t ing kinetic 
parameters  for the process. 

Because of the procedure used in this work, it was 
more convenient  to prepare curves of log i vs. --~A 
for determinat ion of ac and /o. The slope of the log i 
vs. -- ~A curve equals aJ0.060 at 25.0~ while the 
intercept  at ~A ---- 0 yields log io directly. Values for 
-- ~A could be estimated to • 1 mV accuracy. Regres- 
sions of log i on -- ~A contained data from 10 dupl i -  
cate runs  for the pure copper sulfate electrolyte, 7 
duplicate runs for the pure fluoborate electrolyte and 
for each concentrat ion of Cubath Hy and thiourea in 
copper fluoborate, and 5 duplicate runs  for gelatin 
in copper fluoborate. Results are shown on Fig. 4 and  
5 and listed in Table III. 

The regression analysis performed on the log i / - -  ~A 
data for the 0.100M CuSO4/1.0M H2SO4 solution pro- 
duced values of 0.35 for ac and 1.09 mA/cm 2 for io. The 
value for ac is considerably smaller than the value of 
0.59 obtained by Johnson and Turner  (2) for a 1.0M 

Table II. Reported values of Dcu+ + for copper sulfate solutions 

CuSO4 I'I2SO~ 
Dcu § • 106, M e t h o d  of  Re fe r -  M o l a r -  Mola r -  T e m p e r -  

cm~/sec d e t e r m i n a t i o n  ence i t y  i ty  a ture ,  ~ 

5.2 $L at  r o t a t i n g  c y l i n d e r  6 0.07 1.50 25.5 
6.2 iL fo r  a f l owing  f lu id  7 0.10 1.47 25.0 

in  a t u b u l a r  e lec-  
t rode  

5.9 iL a t  a p l ane  v e r t i c a l  8 0.10 1,51 23.? 
e lec t rode  in  a st i l l  
s o l u t i o n  

A-O.1M CHSO4/1.0M H2SO 4 

B-O.O72M Cu(BF4J2/1.0M HBF4 
C-B PLUS 3.0 ML/L CuBATH Hy 

D-B PLUS 8.0 ML/L CuBATH Hy 

E-B PLUS 14.0 ML/L CuRATN By 

J A" 

- 0.453 CM 2 

o.1 , i i ~ I I , i i I i 
-I00 -200 

CATHODE POTENTIAL VS COPPER REFERENCE ELECTRODE, MV 

Fig. 4. The cathode potential-current relation for a 0.1M CuS04/ 
I.OM H2S04 electrolyte and a 0.072M Cu(BF4)2/i .OM HBF4 elec- 
trolyte with and without Cubath Hy. 

1.14:'<10 .3 ~ ~ " " " ~ G / L  T H I O ~ . . . . ~  

5.7x10 -4 G/L THIOUREA ~ ~  

i 7 ~ , ~  0.033 G/L THIOUREA 

0.1 .- 0.032 6/L GELATIN 

CATHODE AREA = 0.453 CM 2 

0.01 m t I i l t l s i I t 
-100 -200 

CATHODE POTENTIAL VS COPPER REFERENCE ELECTRODE, MV 

Fig. 5. The effect of thiourea and gelatin concentrations on the 
cathode potential-current relation for copper plating in a 0.072M 
Cu( }F4 )~ I .OM HBF4 electrolyte. 

CuSO~/1.0M H2SO4 solution, the values of 0.47-0.51 ob- 
tained by Hayashi and co-workers (9) for a 0.5M 
CuSO4 solution containing either 0.25M or 1.0M H2SO4, 
and the values of 0.41, 0.45, and 0.49 reported by Rado- 
vici and Vass (10) for copper deposition from elec- 
trolytes containing 0.05M, 0.25M, and 0.50M CuSO4, 
respectively, (1.0M H2SO4). The exchange current  
density could not be compared directly with l i terature  
values because of differences in the Cu ++ concen- 
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Table III. Summary of ac and io results for the reduction of 
Cu + + ions from aqueous fluoborate and sulfate electrolytes 

Slope, S t a n d a r d  error  
c u r r e n t  of  t h e  e s t i -  ~ ,  

E l e c t r o l y t e  d e c a d e / m V  m a t e ,  m A / c m  ~ ac  m A / e r n e  

CuSO4 5.88 x I0 -s 0.133 0.35 1.09 
Cu(BFD=** 5.06 • I0 -8 0.088 0.30 0.91 
Cu(BFD2** Plus... 

5.70 x 10 -4 g / l i t e r  
t h i o u r e a  4 .59 x 10 -5 0.373 0 .27 0 .84 

1.14 x 10 ~ g / l i t e r  
th iourea  5.34 • 16-s 0.108 0.32 0.60 

2.28 • 1 0 4  g / U t e r  
th iourea  4.55 • 10 -~ 0.088 0.27 0.66 

3.30 x 10-~ g / l i t e r  
t h i o u r c a  0.78 x 10 -s 0 .055 0.05 1.04 

3.20 x 10 ~ g / l i t e r  
g e l a t i n  6.28 x 10 -s 0.062 0.37 0.24 

3.0 m l / l i t e r  C u b a t h  
H y  4.18 x 10 -4 0.046 0.25 0.79 

8.0 m l / l i t e r  C u b a t h  
H y  3.05 • 10 -s 0 .040 0.18 0.84 

14 m l / l i t e r  C u b a t h  
H y  2.61 x 10 -a 0 .029 0.15 0.88 

* 0.100M CuSOUI.0M H~SO4. 
** 0.072M Cu(BFDs/1.0M HBF~. 

t rat ion be tween published work  and this work. How- 
ever, using the fol lowing equat ion presented by 
Lai t inen (11) 

io = n F Ks Ccu+ +ac [4] 

where  Ks (cm/sec)  is the heterogeneous rate constant 
for the deposition react ion and other  symbols have 
thei r  previously  designated meanings, modifications 
of the io value  obtained in this work  corresponding to 
the different Cu ++ concentrat ions reported in the 
l i tera ture  could be made, so that  the various values 
could be compared. Results of this analysis are con- 
tained in Table IV. A larger  value of ae would have 
resul ted in closer agreement  among published values 
and the one obtained exper imenta l ly  f rom the 0.100M 
CuSO4 electrolyte.  

The values of ac and io der ived f rom the fluoborate 
electrolytes could not be compared with  any pub- 
lished values, for no exper imenta l  data have been 
published. However ,  no significant difference existed 
be tween  ac ---- 0.30 and io = 0.91 m A / c m  2 obtained 
from the addi t ive-f ree  fluoborate electrolyte  and the 
corresponding values from the sulfate electrolyte.  
Correction of io to correspond to a Cu + + concentra-  
tion of 0.100M resulted in a va lue  of 1.02 m A / c m  2 
which is close to the 1.09 m A / c m  2 obtained from the 
CuSO4 solution. 

Results using additions of Cubath Hy to the pure  
copper  fluoborate electrolyte  have  been presented in 
Table III. Generally,  they were  consistent wi th  what  
was expected, i.e., increasing concentrat ions of Cubath 
Hy produced lower values of ac and io than were  ob- 
tained with  the pure  electrolyte.  The t ransfer  co- 
efficient was found to be more sensitive to changes in 
Cubath Hy concentrat ion than was the exchange 
current  density. For  example,  ar decreased f rom 0.30 
to 0.25 to 0.18 to 0.15 as the addi t ive  concentrat ion in-  
creased f rom 0 to 3.0 to 8.0 to 14 ml / l i te r ,  respectively.  
Because the Cubath Hy addit ive was propr ie ta ry  and 
of unknown composition, no analyses could be for-  
mulated.  

Table IV. Comparison of modified values of io (modified to 
compensate for different Cu + + ion concentrations) from 
0.1M CuS04 with reported values at different Cu + + ion 

concentrations 

CuSO4 
Molarity 

~ ,  m A / c m S  io, r n A / c m 2  
P u b l i s h e d  T h i s  w o r k  

H~SO4 v a l u e s  io, m A / c m  2 a d j u s t e d  
M o l a r i t y  ( R e f e r e n c e )  T h i s  w o r k  p e r  Eq.  [4I  

0.I0 1.0 None 1.09 1.09 
0.25 0.I 1-2 (12) 1.09 1.50 
0.50 1.0 2.5=3.6 (9) 1.09 1.92 
1.00 1.0 3.0 (2) 1.09 2.46 

The effect of thiourea on copper deposition f rom 
the fluoborate e lectrolyte  was less wel l -behaved than 
was the effect of Cubath Hy. The transfer  coefficient 
for copper plat ing remained fair ly constant as the 
concentrat ion of thiourea was increased to 2.28 X 10 -a 
g / l i te r ;  however ,  at a thiourea concentrat ion of 
3.30 X 10 -2 g / l i t e r  the t ransfer  coefficient changed 
abrupt ly  to a value of 0.05. On the other  hand, the 
exchange current  density was found to decrease to 
a value of ,--0.6 m A / c m  2 as the  th iourea  concentrat ion 
was increased to 2.28 X 10 -3 g/ l i ter ,  and then to 
abrupt ly  increase to 1.04 m A / c m  2 at a concentrat ion 
of 3.30 • 10 -2 g/ l i ter .  Johnson and Turner  (2) saw 
a s imilar  t rend in ac wi th  increasing thiourea con- 
centrat ions in a sulfate electrolyte,  i.e., ac decreased 
f rom 0.59 to 0.20 with  the  addit ion of 3 • 10 -2 g / l i t e r  
of thiourea to the electrolyte.  The corresponding ex-  
change current  density increased f rom ,~3 m A / c m  2 
(addi t ive- f ree  electrolyte)  to ,~10 m A / c m  2 at a thio-  
urea concentrat ion o f - ~ 1 0  -4 g/ l i ter ,  and then it 
gradual ly  decreased with  increasing thiourea to the 
original  va lue  at 3 • 10 -2 g / l i t e r  of thiourea. I t  is 
no tewor thy  that  io rever ted  to the original  values for 
both electrolytes at about the same thiourea concen- 
trations. The contrary  behaviors  at the in termedia te  
concentrat ions is unexplainable.  

It  is interest ing to note that  the concentrat ion of 
thiourea that  resul ted in the 0.05 value  for ae was 
very  near  that  concentrat ion found to produce dis- 
continuous copper electroplates in previously  con- 
ducted level ing abi l i ty exper iments  (4). It  was 
possible that  the cathode efficiency for copper plat ing 
in that  work was far less than that  for the pure  
copper fluoborate electrolyte  (as evidenced by the 
absence of plated copper f rom most of the cathode 
surface).  This suggests that  thiourea could have com- 
plexed cuprous ions as they were  formed to prevent  
complete reduct ion to metal l ic  copper. Also, it is pos- 
sible that  only a small percentage of the applied 
overpotent ia l  was being uti l ized to deposit copper, 
and that much of the applied overpotent ia l  could 
have been used to reduce thiourea to products that  
"poisoned" the cathode surface to copper deposition 

With the addit ion of 3.2 • 10 -2 g / l i t e r  of gelat in 
to the copper fluoborate e lectrolyte  the t ransfer  co- 
efficient increased to 0.37 and the exchange current  
density decreased to 0.24 m A / c m  2, compared to values 
obtained from the pure  electrolyte.  A similar  decrease 
in the exchange cur ren t  density had been observed 
by Johnson and Turner  (2). With the addition of 
3 X 10 -3 g / l i t e r  of gelat in to the i r  CuSO4 test solu- 
tion, they observed a tenfold reduct ion in io from the 
value of ~3  m A / c m  2 obtained in their  addi t ive- f ree  
solution. 
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ABSTRACT 

The adsorpt ion  and oxidat ion  of e thanol  has been s tudied in IN H2SO4 
on br igh t  p la t inum.  Adsorpt ion  of two species, one cathodica] ly  desorbable,  
the other  nondesorbable ,  has been found over  the  potent ia l  region 0.05-0.8V. 
The react ion ra te  is independent  of pH at constant  overpoten t ia l  and the 
reac t ion  is first order  in ethanol,  at  low concentrations,  tending toward  zero 
order  at  high concentrat ions.  The i-V curve shows current  inhibi t ion above 
about  0.6V. Possible react ion schemes are  discussed in the l ight  of the  findings. 

The mechanism of the oxidat ion of e thanol  at 
p l a t inum electrodes has been the subject  of a t tent ion 
dur ing recent  years  (1-4). P robab ly  the most  signifi- 
cant  studies are those of Rightmire  et al. (2) and 
F r u m k i n  (3). Rightmire  et al. (2) used quas i - s teady-  
state methods (slow potent iodynamic  sweeps) coupled 
wi th  chemical  product  analysis  to invest igate  the  reac-  
t ion in the potent ia l  range  up to 0.8V. They proposed 
a mechanism which involved an e lectrochemical  r a t e -  
l imi t ing step preceded  by  a chemisorp t ion /ox ida t ion  
step, viz. 

CH3 �9 CH2 �9 OH-> CH~ �9 CHOH + H + + 

and 

CHs �9 CHOH --> CI-I~ �9 CliO + H + + , 

F r u m k i n  (3) carr ied  out s imilar  studies wi th  the 
addi t ion  of exper iments  in which potent ia l  changes, 
fol lowing open-c i rcui t  decay from more anodic po ten-  
tials, were  made.  Among the products  found on ana ly -  
sis were  e thane  and methane.  F rom these resul ts  
F r u m k i n  deduced tha t  the  ini t ia l  chemisorpt ion step 
is ra te  determining.  In  addition, slow charging curves 
demons t ra ted  tha t  the chemisorbed species oxidized 
at  a ra te  two orders  of magni tude  lower  than did 
ethanol  i tself  and therefore  was rega rded  as a "poison" 

K e y  words:  ethanol,  oxidation, adsorbate.  

r a the r  than  an adsorbed in te rmedia te  in the  over -a l l  
reaction. F r a n k l i n  (4) in his studies showed tha t  the 
ra te  was first order  in ethanol  at  concentrat ions  <0.3M 
but  tended t oward  zero order  above this. 

In contras t  to methanol  (5, 6) except  where  formal -  
dehyde  is fo rmed only under  unusual  condit ions (7), 
and hydrocarbons  (8-11) where  carbon dioxide  and 
wa te r  are formed as sole oxidat ion  products,  e thanol  
(2) and h igher  alcohols (12) are  only pa r t i a l ly  oxi-  
dized to the corresponding aldehydes.  I t  is this  fact  
that  makes  the react ion an in teres t ing one. 

In the  present  work  the studies have been ex tended  
to examine  the na ture  of the  adsorba te  in te rms of 
ca thodical ly  desorbable  and nondesorbable  species in 
the potent ia l  range 0.05-0.9V. 

Two dist inct  species have been identif ied and thei r  
role in the over -a l l  react ion is discussed. 

Experimental 
Equipment - -The  elect rochemical  cell used has been 

descr ibed prev ious ly  (13). Potent ia l  profiles and poten-  
t ia l  sweeps were  obta ined  f rom a pulse genera tor  
designed in these laborator ies ,  the signal being fed into 
a Chemical  Electronics 1.6A valve  potentiostat .  The 
i - t  t rans ients  were  d i sp layed  on a Tek t ron ix  502A dual  
beam oscilloscope and photographed.  The oscilloscope 
was opera ted  in a t r iggered  t ime-base  mode at the 
beginning of the potent ia l  r a m p  or  step of interest .  
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The i-t t ransient  was displayed on the upper beam and 
the potential  ramp or step on the lower beam of the 
oscilloscope. All  measurements  were  made at 30 ~ C. 

Test eIectrode.--This consisted of a 0.0254 cm diam- 
eter pla t inum wire (Johnson-Mat they)  which was first 
cleaned in hot 1:1 v / v  (vo lume/vo lume)  H N O J H f S O 4  
fol lowed by washing with  distil led water,  and was 
then annealed in a hydrogen atmosphere at 700~ for 
7 hr. The electrode was then sealed into Pyrex  glass, 
a heat  sink being used to conduct the heat  away from 
the exposed wire, and the electrode again heated to 
450~ in a hydrogen atmosphere for 8 hr, and al lowed 
to cool in hydrogen unti l  required.  The exposed geo- 
metric area of the electrode was 0.075 cm 2 and the 
hydrogen deposition charge from 0.4V was 24.2 ~C- 
cm -2. This indicated a roughness factor of ca. 1.5 if 
210 ~C-cm -2 was taken as the charge for hydrogen 
deposition (14). 

All  charges are repor ted  on the basis of the t rue  
electrode area based on hydrogen deposition measure-  
ments and all potentials are re fer red  to the hydrogen 
electrode in the same electrolyte.  No correction to the 
potentials was necessary in the presence of ethanol. 

Electrolyte.--In all the studies, 1N sulfuric acid was 
used and was prepared by dilution of B.D.H. Aris tar  
grade with t r iply disti l led water.  Pre-elect rolysis  for 
48-72 hr at 0.48V was carried out in all experiments,  
vigorous argon gas st irr ing was applied during this 
period. The pre-electrolysis  electrode was raised into 
the gas space. Variation of greater  than 10% in the 
anodic or cathodic charges after 5-min adsorption at 
0.4V, wi th  respect to the charges corresponding to ad- 
sorption for 10 mill isec were  rejected. Argon purge 
gas was Air  Products  prepurified grade. 

Reactants.--Ethanol was B.D.H. Aris tar  grade and 
was used without  fur ther  purification. Ethanol  was 
introduced into the cell through Teflon tubing which 
had been previously cleaned with  1:1 v / v  HNO3/HfSO4 
followed by copious washing with t r iply distilled water  
and finally dried by purging with  argon for two days. 
The ethanol was introduced into a vessel where  it 
was purged with  argon for 1 hr  before the required 
volume was t ransferred to the cell via the Teflon tub-  
ing. A similar  procedure  was fol lowed for the intro-  
duction of the ethanol into the anolyte presaturator.  
The concentrat ion of ethanol  used in the adsorption 
exper iments  was 0.1M. 

Determination of current/voltage relationships.--A 
gas/e thanol  st irred system was again employed, the 
results being obtained by setting the potential  and then 
wait ing unti l  a steady current  was at tained before the 
next  potent ial  was set. A constant argon purge was 
mainta ined dur ing the determinat ion of the i -V curve 
so that  acetaldehyde did not build up to any significant 
extent  and itself become oxidized to acetic acid (2, 15). 
The i-V curve  was obtained at four temperatures,  and 
two concentrations at 30~ 

pH e~ect.--The reference electrode was a bubbling 
hydrogen electrode placed in the same electrolyte  as 
the anode. The ethanol concentrat ion was 0.1M. The 
base electrolyte  was 1N potassium sulfate and the pH 
monitored using a Pye  Dynacap. The pH's studied 
were  2.0, 3.5, 6.1, 7.4, 9.8, and 11.3. Steady-s ta te  i -V 
curves were  recorded. St i r r ing of the anolyte was 
achieved by means of an argon gas purge. 

Concentration ei]ect.--For these determinat ions 1N 
H2SO4 was used. Ethanol  concentrat ion was varied 
f rom 0.02 to 5M. The results presented were  obtained 
with  the aid of cyclic vol tammetry ,  wi th  a sweep rate 
o~ 0.048 V-sec-1.  

Results 
In the pH exper iments  the current  values at constant 

overpotent ia l  showed poor correlation, nevertheless  it 
was clear  that  (d log i/dpH)n ~ O. 

Concentration e~ect.--The variat ion of the logari thm 
of the current  as a function of the logar i thm of the 
concentration, over  the range 0.02-5.0M ethanol, is 
shown in Fig. 1 for 0.55V, wi th in  the approximate  Tafel 
region. It may be seen that  the ra te  starts off first order 
in ethanol, but approaches zero order as the concentra-  
tion increases above about 0.5M. This was also observed 
by Frankl in  (4). Steady-s ta te  measurements  also ver i -  
fied this and over  the potential  range 0.55-0.9V a 
similar concentrat ion dependence was observed. 

Current-potential relationship.--The steady-state  i-V 
curves for the oxidation of 1M ethanol on bright  
p la t inum at a series of tempera tures  are shown in Fig. 
2 and for comparison 0.1M ethanol  at 30~ is also 
shown. There is a l inear  Tafel  region below about 0.6V 
fol lowed by the appearance of a passivation region, 
which occurs below the potential  at which significant 
amounts of chemisorbed oxygen have been detected 
by optical (16, 17) or electrochemical  techniques (18, 
19). The oxidation reaction is not therefore  inhibited 
by chemisorbed oxygen in this region in the manner  
previously repor ted  (10). 

Characterization of adsorbate.--The data obtained, 
using the method described below, enable the coverage 
of the electrode by adsorbate to be characterized in a 
number  of ways. Thus, the total  coverage may  be ex-  
pressed as Qox (the amount  of oxidizable mater ia l )  or 
as e org, in which the adsorbate is defined in terms of 
the fraction of the electrode it covers. The results, ex-  
pressed in ei ther way, may be subdivided in terms of 
adsorbate which can be desorbed .at cathodic poten-  

i d  I . 

, 5 2  . 

l f f  ~ . 
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Fig. 1. Variation of the logarithm of reaction rate as a function 
of the logarithm of ethanol concentration. 
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Fig. 2. i-V for ethanol oxidation on bright platinum in 1N H2SO~ 
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tials (type I) and that  which cannot (type II) .  Fur -  ~4o. 

thermore, by use of Qox, i.e., 0anodic data, the quant i ty  
Ne may be defined, which is the number  of electrons 
required to oxidize the adsorbate expressed on a "per 
site" basis. 

The anodic charge Qox t~ w a s  shown to be inde- 
pendent  of the sweep rate over the range 140-1040 2oo 
V-sec -1 for adsorption times 500 millisec to 100 sec 
at 0.4V. I t  was noted, however, from the shape of the 
charging curve that  the t ransient  was not identical 
to the argon b lank  although the charge under  the 
curves were identical; this is probably a t t r ibutable  to 1so 
a double layer  effect. A sweep rate of 200 V-sec -1 was 
used for rout ine measurements.  Potential  sequence 
shown in Fig. 3A was used to obtain the anodic data. 
In the est imation of the charge corresponding to elec- 
trode coverage, QH t~ a sweep rate of 250 V-sec -1 ,~o 
was employed; no desorption of adsorbed ethanol  at 
this sweep rate being observed. Potential  sequence 
shown in Fig. 3A was again used. 

In  addition to the total charges, Qtotal, determined 
using sequence 3A, the charges corresponding to the 80 
oxidation of eathodically nondesorbable material 
(designated type II) were obtained using potential  
sequence shown in Fig. 3B. The desorbable material  
(designated type I) was then obtained by difference. 
In addition to this, charges corresponding to hydrogen 
deposition after hydrocarbon adsorption (QH ~ and 40 
subsequent  cathodic desorption (Q~nondes) were ob- 
tained (using the same potential  sequence). 

Figures 4 and 5 show the anodic and cathodic charge 
data after  adsorption to equi l ibr ium coverage. This 
was typically obtained after 600 sec, although it should 
be noted that  at 0.05 and 0.1V equi l ibr ium coverage 
may not necessarily have been achieved. The increase 
in cathodic charge with time, corresponding to type I 
and type II species at several potentials are shown in 
Fig. 6. Behavior was similar in the case of the anodic 
data, closely following the cathodic pat tern of adsorp- 
tion. It  may be seen from Fig. 4 and 5 that for poten- 
tials below 0.3V type II species predominate,  while at 
0.3V and above type I species predominate.  Type I 
species release significantly more electrons per site 
than the type II material.  

The charges corresponding to type II observed above 
0.TV may indicate the presence of adsorbed oxide due 
to the na ture  of the electrode pre t reatment  used in 
est imating the electrode coverage data. 

Above 0.5-0.6V the electron per site values were 
observed to fall to fractional values if resolution of the 
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two adsorbed species was attempted. The value of the 
electrons per site for type I and type II species are 
shown in  Table I. 
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Discussion 
There is little controversy regarding the over-al l  

oxidation mechanism of ethanol. It  is agreed by all 
authors that  the major  product of the oxidation process 
is acetaldehyde. Any acetic acid or carbon dioxide re- 
ported arise from conditions where significant quan-  
tities of acetaldehyde have been allowed to build up 
and separate studies on the oxidation of acetaldehyde 
(15) confirm this. 

The incidence of e thane or methane  as detectable 
products derived from ethanol arises when the elec- 
trode is taken (or decays on open circuit) to poten- 
tials where adsorbed hydrogen is present, and on this 
evidence, F rumk in  postulated that the adsorbate con- 
sisted par t ia l ly  at least of C H a d s  fragments, the result  
of cracking. The data presented here seek to verify the 
presence of such adsorbed fragments. 

Steady-state current-voltage data.--The results 
shown in Fig. 2 are in accord with F rumkin  (3) where 
the experimental  conditions make comparison possible, 
i.e., the Tafel slopes below 0.6V are similar, 90-110 mV. 
They disagree, however, with Rightmire (2) who ob- 
tained a rect i l inear  Tafel slope of 110 mV which ex- 
tended up to about 0.75V. I t  is perhaps better  appre-  
ciated now than formerly that  nonsteady-sta te  data 
has little significance and referr ing to Fig. 6 it will be 
seen that, over the period of 5 min  dur ing which 
Rightmire 's  sweeps (0.45-0.95V) were carried out, the 
amount  of adsorbate and the ratio of the two compo- 
nents  could change, and Tafel slopes so obtained are 
dependent  on the sweep rate. 

pH e~ects.--Regarding the poor correlat ion referred 
to in the results it should be noted that the possibility 
exists that aldehydic condensat ion or polymerization 
of the product, acetaldehyde, can occur which may ex- 
pla in  the observed behavior. Conclusions similar to this 
were made by Liang (4) on the basis of the lack of 
charge l inear i ty  as a funct ion of scanning frequency 
in solutions of high pH. 

Nature o] the adsorbate.--It is seen from Fig. 4 and 
5 that  the total charges for ethanol follow the char-  
acteristic bel l-shaped isotherm typical  of most hydro-  
carbons. Unusual ly  high coverages of ethanol are mea-  
surable, however, at potentials as cathodic as 0.05V, 
where  8ethanol = 0.67 for an adsorption t ime of 10 min  

Table I. Variation of electrons per site with potential 

P o t e n t i a l  Type  I species  Type  I I  s p e c i e s  

0.05 1.4 1.14 
0.1 2.8 1.0 
0.2 1.3 1.3 
0.3 1.fi 0.94 
0.5 1.3 0.6 
0.6 0.9 0.93 

and is still rising. At  this potential  OH -- 0.9 in the ab-  
sence of ethanol (20). This indicates, in general  terms, 
formation of a much more strongly bound adsorbate 
than is the case with hydrocarbons. At 0V, however, 
electrode coverage with ethanol is zero. 

The electron per site values remain  reasonably con- 
stant for the type II species, releasing 1.1 • 0.2e per 
site on oxidation at potentials 0.7V. The type I also 
remains  constant  yielding a somewhat  higher value .at 
most potentials. At 0.1V, however, a more highly re-  
duced species (type I) is noted at adsorption times >50 
sec, releasing ca. 2.8e per site. This is reflected in Fig. 4 
and 5 where it is seen that  adsorption maxima (anodic) 
and min ima (cathodic) occur. This suggests that, at 
0.1V pre-adsorbed hydrogen affects the mode of ad- 
sorption of ethanol. 

F rom Fig. 4 and 5 it may be seen that  the two ad- 
sorbed species are potential  dependent,  type II fall-  
ing to zero coverage at 0.6-0.8V and type I at a slightly 
higher potential. The e values required for the oxida- 
tion of adsorbed ethanol, acetaldehyde, and acetic acid 
are significantly higher than  those observed in this 
work. It is unl ike ly  that  these molecules in their un -  
cracked states, contr ibute  significantly to the adsorbate 
and it is, therefore, l ikely that  the adsorbed species are 
in part  cracked products of the parent  molecule. This 
postulate is necessary to explain the observation that a 
nondesorbable species occurs, and to explain the higher 
e per site values noted for the type I species. 

Kinetics of oxidation.--The following experimental  
facts need to be explained in  any reaction sequence 
which is considered. 

1. The rate of oxidation is substant ial ly independent  
of pH (with the reference electrode in the same solu- 
t ion).  

2. The reaction order with respect to ethanol over 
the init ial  concentrat ion range (<0.5M) is first order 
but  approaches zero order as the concentrat ion of 
ethanol is increased. 

3. The slope of the Tafel l ine progressively increases, 
except at potentials <0.6V where  90-110 mV is ob- 
served. 

4. The coverage with adsorbed species decreases as 
the potential  is increased from 0.3 -> 0.7V. 

Previously, Rightmire (2) proposed a reaction se- 
quence in which the second electron t ransfer  was rate 
determining although no quant i ta t ive  analysis was pre-  
sented, par t icular ly  with respect to the effect of pH 
or concentration. The reaction scheme proposed was 

C2HsOH + M'-> C2H5OM + H + + e [1] 

C2HsOM-> CH3CHO + H + -5 e -5 M [2] 

Piersma and Gileadi (21) derived kinetic equations 
assuming that  Eq. [1] was in pre-equi l ibr ium,  but  were 
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unable  to explain the reported exper imenta l  facts (4, 
22) concerning the effects of concentrat ion and pH. 

Reaction schemes as shown below can be envisaged 
to summarize the possible reaction pathways 

- -  C2HsOHbulk | 
CzHsOHad. 

! 

> C~HsOM (, ] 

/  OH.d. | 
CH3CHO + H + + e + M CH3CHO + H20 + 2M C(~ 

where A --> B proceeds either directly or via an asso- 
ciative adsorption step. 

B --> C proceeds either via a second dehydrogenation 
step or via reaction with OH. 

The main  mechanistic possibilities are summarized 
above with the unders tanding  that, as in  so many  
electro-organic reactions, the s imultaneous formation 
of a "poison" can slow any of the above reactions. 

Two distinct types of mechanism are suggested. 
(a) The first type involves dehydrogenat ion 

C2HsOH ~- free surface--> C2HsOM ~- MH [3] 

fast 
MH ) H + + M + e  [4] 

C2HsOM--> CH3CHO + M + H + -t- e [5] 

where Rightmire has suggested that  [5] is rate deter-  
min ing  

However, the question arises whether  ethanol as re-  
acting species is that to be found in the bulk solution 
or whether  it is physically adsorbed. In the lat ter  case 
in order to obtain agreement  with our exper imental  
results it would be necessary to postulate that  such 
physically adsorbed ethanol, even present  at appre-  
ciable coverage, is undetectable  by the t ransient  meth-  
ods used here. In  addition, it is necessary to explain 
why the reaction is not diffusion controlled, the rate 
under  all conditions being many  times smaller than the 
l imit ing current.  The rate of this reaction would 
therefore be determined by the concentrat ion of sur-  
face physically adsorbed ethanol and free surface. This 
mechanism would, however, give the observed para-  
bolic or similar  cur ren t  voltage curve. 

The observed first-order concentrat ion in ethanol  
tending to zero order, which holds over the entire po- 
tent ial  range studied here, can only be interpreted on 
the basis of a Langmuir  or a T e m k i n - F r u m k i n  (23, 24) 
isotherm applied to the physically adsorbed but  un -  
detectable ethanol. 

A second mechanism which involves bare metal  may 
be expressed by the following reaction sequence. 

slow 
C2HsOH -b M ) C2HsOM ~ H + -P e [6] 

fast 
C~HsOM ) CI-I3 �9 CHOW H + -p e + M [7] 

For Eq. [6] the rate  equat ion can be expressed in 
Langmui r  terms, viz. 

~VF 
~)IO -- kloCc2HsOH (I -- 0T) e x p - -  [8] 

RT 

where 0T is the total coverage with adsorbed species, 
the other terms having their  usual  significance. 

This predicts a Tafel slope of 120 mV, which is close 
to that observed below 0.TV. This reaction scheme as 
it stands, however, does not explain all the observed 
exper imental  facts, par t icular ly  the progressively in-  
creasing slope and the observed reaction order. Both 

these shortcomings can be overcome if a surface poison 
derived from ethanol  is postulated. 

The simplest case involves a "poison" produced by 
an electrochemical mechanism 

C2H~OH ~ "poison" + H + % e [9] 

coverage = Oe 

In  this hypothetical  reaction sequence it must  be as- 
sumed that the rate  of removal  of "poison" balances its 
formation in  order that  a "pseudo steady-state" is at-  
tained, the coverage potential  dependence of the 
"poison" resul t ing in  the increasing slope. Consider, 
therefore 

op VF 
- -  -- k9CC2HsOH exp [ 1O] 

RT 

VF 
kgCc2HsOH exp - -  

RT 
ep -- [11] 

VF 
1 oc kgCc2HsOH exp 

RT 
Subst i tu t ing for 0T ------- 0p in  [8] then 

VF 
ksCcsHsOH exp 

RT 
vl0 = kIoCc2HsOH 1 

VF 
1 -F kgCc2Hson exp ~ - -  

flVF 
exp,  [12] 

RT 

At low coverages with "poison" a Tafel  slope of 
2RT/F is predicted but  as the potential  increases and 
coverage with "poison" becomes impor tant  the slope 
observed will increase and eventual ly  in the l imit when 
k0 ~ >  1 the slope will become --2RT/F, i.e., inhibi t ion 
(25-27) will  be observed. 

The variat ion of the rate with pH could be clue to 
the formation of a "poison" which may explain the 
differences observed by F rank l in  (4); and in  this 
present  work, in passing from acid to alkaline elec- 
trolytes. 

If the reaction order (25) is defined as ( d l n i /  
d ln CC2H5OH)V,pH then using Eq. [8] and [9] the re- 
quired reaction order is predicted. This analysis in 
combinat ion with the exper imental  results could ex- 
plain the exper imental  facts. It must  be emphasized, 
however, that  no "poison" has been detected in  the ad- 
sorption studies, al though a similar  concept has been 
suggested by Brummer  for formic acid oxidation (28). 
It  is interest ing that  during experiments  to examine 
time-effects at 0.65V the region where a sharp re-  
duction in the oxidation rate occurred corresponded to 
the t ime where coverage with adsorbed ethanol became 
almost constant  (Fig. 7). This suggests that ethanol 
p redominant ly  undergoes oxidation on free surface [cf. 
Gi lman (29)]. It  is suggested, therefore, that  competi-  
t ion for the active sites will  be important .  

(b) The second mechanism is similar to that  widely 
accepted for a variety of anodic organic oxidations on 
p la t inum electrodes (10). Water  is oxidized to form a 
species such as an OH radical  which reacts on the sur-  
face with associatively adsorbed organic 

C2HsOHbulk --> C2HsOHads [13] 

H20--> H + + e + OHads [14] 

C2HsOHads -~- OHads-> C2HsOM -~ H20 [15] 

C2HsOM-> CH3CHO -P H + + e ~- M [16] 

In  the case of ethylene (10) which can be regarded 
as being strongly adsorbed, negative pressure effects 
support  the hypothesis that  increasing coverages with 
ethylene reduces the over-al l  reaction rate by reducing 

1 - -  8T 

If OT = Op then 
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Fig. 7. Variation of ethanol coverage and oxidation current as o 
function of reaction time. 

the coverage of the hydroxyl  radicals. For a weakly 
adsorbed species such inhibi t ion would not play such 
a dominant  role and first-order reaction kinetics in 
organic at low concentrat ion tending at higher con- 
centrations to zero order would be expected. Such a 
mechanism then can explain the reaction order in 
ethanol. The apparent  absence of adsorbate at higher 
potentials where the reaction is proceeding at a con- 
siderable rate can be explained on the same grounds as 
those used by Bockris et al. for the hydroxyl  radical, 
namely,  that al though the concentrat ion is small the 
rate per adsorbed molecule is extremely high. On this 
assumption step [14] might be considered to be rate 
determining and the observed i-V behavior could then 
be interpreted in terms of ever decreasing amounts  of 
adsorbate. Similar arguments  to those postulated by 
Bockris et al. (10) can be invoked to explain the pH 
effect observed here. One further  observation is possi- 
bly re levant  in considering Eq. [14] ; if this mechanism 
is rate determining then a Tafel slope of 2RT/F would 
be expected and indeed, if at each potential, the ob- 
served cur ren t  is normalized to uni t  coverage of or- 
ganic using the data shown in Fig. 5 a Tafel slope of 
2RT/F is obtained up to about 0.7V, beyond which 
values of e are too small  to be relied upon. This would 
suggest that OHads might  be involved in the rate deter-  
min ing  step. The normalized results are shown in 
Table II and in Fig. 2. 

Another  possibility is one in which ethanol is dis- 
sociatively chemisorbed and reacts with hydroxyl  
radicals according to Eq. [15] with Eq. [13] and [14] 
in pre-equi l ibr ium. This reaction sequence results in a 
Tafel slope (Langmuir  adsorption) at low coverage 
with hydroxyl  species of RT/2F leading to a l imit ing 
slope as the coverage with hydroxyl  species increases. 
This reaction sequence could explain the pH and con- 
centrat ion effects. 

Table II. Normalized results 

Deviation factor Relative reduction 
required to achieve i n  0Hads total 

Potential slope of 120 mV with potential 

0.50 0 0 

0.55 1.1 1.18 

0.60 1.52 1.57 

0.65 2.58 2.46 

0.7 4.9 4.0 

Conclusions 
Ethanol has been shown to adsorb on bright  plati-  

num over the potential  region 0.05-0.8V, the adsorbate 
in general  comprising a cathodically desorbable and 
nondesorbable species. These species give Ne values of 
1.2 __ 0.3 and 1.1 ~- 0.2 between 0.05V and 0.5-0.6V, 
respectively. A third species, cathodically desorbable, 
is indicated at  long adsorption times at 0.1V and re- 
leases 2.8 electrons per site. Above 0.5-0.6V fractional 
Ne values are noted. 

Two distinct mechanisms have been considered, de- 
hydrogenat ion and reaction involving hydroxyl  radi-  
cals. No single reaction scheme appears capable of ex- 
plaining the observed current -vol tage  behavior al- 
though the role of free-surface seems important,  in-  
dicating the possible formation of a "poison." 

Manuscript  submit ted Ju ly  18, 1972; revised manu-  
script received Nov. 21, 1972. 

Any  discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1973 
JOURNAL. 
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The Coexistence of Conductivity and Persistent 
Electrical Polarization in Polyelectrolyte Membranes 
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ABSTRACT 

Persistent  electrical polarization (heterocharged electret formation) and 
electrical conduction have been found to be compatible in polymer membranes  
consisting of mixtures  of sodium polystyrenesulfonate and various polar 
polymer matrices. This compatibil i ty is apparent ly  the result  of the fact that  
the mechanisms for these two phenomena are quite different. While the 
mechanism for conduction is probably electronic in this system, the persistent 
polarization is probably the result  of microscopic displacement of some sodium 
ions from their fixed sulfonate sites and stabilization of these ions in new sites 
by interact ion with surrounding molecules. 

The phenomenon of persistent electrical polarization 
in materials has been of interest  for many  years. The 
phenomenon was first conceived as an electrical analog 
of a magnet  by  Heaviside (1) in 1885 and was first 
exper imental ly  demonstrated by Eguchi (2) in 1922 
in studies involving carnauba wax. It has been postu- 
lated that such polarization phenomena underl ie  many  
biological processes (3-5) and, indeed, the phenomenon 
has been used in such commercial devices as micro- 
phones, electrophotography, electrometers, etc. (6-8). 

In  spite of the fact that  persistent electrical polariza- 
t ion phenomena seem to appear in such a wide variety 
of places, these phenomena are not too well under -  
stood. Since most of the early experimental  studies 
were made with carnauba wax, most of the theoretical 
work has gone into a phenomenological description of 
the na ture  of the process in carnauba wax and the 
dynamics of its decay (6, 9, 10). As a result  of this, 
most workers in the field still consider the phenomenon 
to take place essentially in dielectrics of a parallel  
plate condenser system (11). 

Based on our present  understanding,  two different 
types of phenomena can be distinguished. When polar-  
ization is established by charging electrodes and when 
the sign of the charge on the surface of the mater ial  
is the same as the charge on the adjacent electrode, 
the mater ial  is referred to as a homocharged electret. 
When the charge on the surface is opposite to the 
charge of the adjacent  electrode, the material  is re- 
ferred to as a heterocharged electret (2, 10). Since the 
rates of formation and decay of homocharged electrets 
and heterocharged electrets are quite different, it is 
possible to distinguish between them in the same 
material.  

Studies of homocharged electrets (12-14) indicate 
that  they are formed essentially by absorption of 
charges by dielectric breakdown of the gas in a space 
between electrode and dielectric. On the other hand, 
heterocharged e]ectrets have been shown to involve 
volume polarization (15) and have been shown to 
decay by mechanisms of dielectric relaxation (4, 11). 
In  most cases, it is not known whether  such hetero- 
charge formation is due to dipole orientation, ion dis- 
placement, electron trapping, or some combination of 
these. Most studies of heterocharged electrets have 
involved electrical insulators and workers have postu- 
lated their  formation to involve electron t rapping (16) 
in some cases, or ion displacement of ionic impurit ies 
in other cases involving insulat ing plastics (17). In 
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spite of the fact that  a report has appeared in which 
large amounts  of persistent  heterocharged polarization 
was observed in a polyelectrolyte-polyethylene mem-  
brane  that was a good electrical conductor (19) most 
workers in the field still state unequivocal ly  that  con- 
ductivi ty and electret formation are not compatible 
and that the electret phenomenon only becomes im- 
portant  when the resistance of the mater ial  increases. 
In  fact, however, the incompatibi l i ty  of electret forma- 
tion and conductivi ty has been demonstrated only in 
insulators and mostly for homocharges. 

It is the purpose of this report to present some 
results on heterocharge formation and conductivity in 
well-characterized polyelectrolyte-polar  polymer mem-  
branes in  which the polyelectrolyte is incorporated 
into the polar polymer matr ix  over a range of con- 
centrations. 

Experimental 
Polyelectrolyte membranes  were prepared with 

sodium polystyrenesulfonate (PSSNa) in a polar 
polymer matr ix  consisting either of poly (vinyl  alcohol) 
(PVA),  polyacrylamide (PAC),  or polyvinylpyr-  
rolidone (PVP).  All  polymers used were l inear  poly- 
mers and were purified by s tandard techniques typi-  
cally involving dialysis against distilled water. 

Membranes were formed by mixing appropriate 
amounts  of the PSSNa and  the par t icular  matr ix  
studied in distilled water  and casting on a plate of 
polystyrene, or by pouring into a polystyrene petri 
dish approximately 44 mm in diameter. The water was 
then allowed to evaporate in a dust-free envi ronment  
to form the membrane  approximately 0.05 mm thick 
and the membranes  were then preconditioned for 24 hr 
in a vacuum at 60~ to drive off most of the remaining 
water. The electrets were formed and characterized 
in a temperature-control led vacuum oven able to 
main ta in  a controlled temperature  to wi th in  •176 
in the range 35~176 The electrodes as well  as the 
chamber were machined of naval  bronze, and the 
electrode surfaces were coated with Aquadag (an 
aqueous carbon suspension from the Anderson Col- 
loids Company) to reduce corrosion of the electrodes 
and subsequent membrane  contamination.  

In  an experiment,  the membrane  was placed between 
the electrodes, the chamber was closed, and a vacuum 
was established. The chamber was brought  to the 
desired charging temperature  and the mater ia l  was 
polarized by placing a bat tery  in series with the mem-  
brane-electrode system for an  arb i t ra ry  time, usually 
90 rain. During the charging cycle and subsequently 
dur ing the stabilization and discharging cycle, the 
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current  flowing across the membrane  was monitored 
with a model 610-C Keithley Electrometer. After a 
fixed time of charging, the system was cooled to room 
temperature  at about 5~ per rain while main ta in ing  
the charging field intact. As in the formation cycle, 
the membrane  current  and temperature  were recorded 
throughout.  

At room temperature  the voltage was removed and 
the discharge current  measured. The discharge cur- 
rent, consisting of free capacitor charge and dielectric 
absorption not frozen in, decayed exponential ly by 
about 3 orders of magni tude  over the 90 min in which 
the decay current  was monitored. 

To measure the amount  of charge frozen in, the 
membranes  were reheated to 10~ above the tempera-  
ture  of polarization at the rate of 2~ per min. The 
depolarization current  was measured during the heat-  
ing process and  for an addit ional t ime required for 
the current  to decay at least 1.5 orders of magni tude 
from its peak value at the elevated temperature.  The 
measured current  integrated over the time of mea-  
surement  was taken as the amount  of frozen polariza- 
tion per uni t  area of the membrane.  In all depolariza- 
tion measurements,  the currents  flowed in the opposite 
direction from the charging currents, thus indicating 
heterocharge formation with no sign of homocharge. 

The membrane  conductivity was calculated from the 
polarization currents  measured at the end of the polar- 
ization period before cooling. The reported values are, 
therefore, for the ful ly polarized membrane  electret. 
Fur ther  details of the exper imental  techniques ut i l -  
ized may be found in Ref. (20). 

All data points presented represent  an average of 
at least 3 separate experiments,  with a reproducibil i ty 
of • 

Results 

Figure 1 presents the results obtained for both per-  
sistent polarization and conductivi ty for PSSNa-PVA 
membranes  polarized at 76~ and a charging field of 

o 

approximately 4.5 kV/cm for 90 min. Although there 
is a significant difference in the shape of the two 
curves, the main  point to be noted is that both per-  
sistent polarization (in this case heterocharge forma- 
tion) and membrane  conductivi ty increase together. 
Results for the PSSNa-PVA system were also obtained 
under  a wide var ie ty  of other operating conditions of 
temperature  and polarization field. Figure 1 is typical 
of the results obtained. 

Figures 2 and 3 represent  typical results obtained 
for the PSSNa-PAC system and the PSSNa-PVP sys- 
tem, respectively, under  the same conditions, namely, 
76~ and a field of approximately 4.5 kV/cm for 90 
min  to achieve polarization. Again, it must  be noted 
that although the shapes of the curves vary  consider- 
ably, the general  t rend is that  polarization and mem-  
brane  conductivity increase together. 

It might be noted from Fig. 1-3 that  there is a 
significant change in  shape for the curves as one in-  
creases the PSSNa concentrat ion beyond a mole frac- 
t ion of about 0.3. A detailed analysis of the shape of 
these curves has been presented elsewhere (21) and 
will not be repeated here. However, in summary,  what  
seems to be involved is an indication that the chief 
mechanism for heterocharge electret formation in-  
volves interactions between the polarizable groups 
on the PSSNa and adjacent molecules. At low concen- 
trat ions of PSSNa, the predominant  interact ion is 
between a PSSNa group and adjacent mat r ix  mole- 
cules. At  higher concentrat ions of PSSNa, the pre-  
dominant  interact ion involves two or more adjacent 
PSSNa groups. Since the na ture  of the interaction 
between PSSNa and the mat r ix  group is quite differ- 
ent when  the matr ix  is PVA or PAC or PVP, the 
variat ion in shape from Fig. 1-3 can be explained on 
this basis. It may be noted that  at higher PSSNa con- 
centrat ions all three systems approach a common 
behavior. 

An estimate of the stabil i ty of the electret presented 
in Fig. 1-3 can be made by taking the ratio of the total 
stored charge to the discharging current  just  prior to 
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mechanism for the persistent polarization observed is 
essentially ruled out. 

Figures 4 and 5 represent  results obtained for the 
amount  of persistent polarization and the membrane  
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Fig. 3. Membrane  polar izat ion and conduct iv i ty  vs.  mole f ract ion 
of  PSSNa in PVP. Polar izat ion was a t  7 6 ~  and 4.5 kV/cm for  
90 min. 

thermal  depolarization. Since the discharging current  
decreases with time, this ratio will  be an estimate of 
the lower l imit  of the t ime it would take totally to 
discharge the electret at room temperature.  Estimates 
of membrane  stabil i ty calculated in this way are pre-  
sented in Table I. From Table I it should be noted 
that  an increase in membrane  conductivity does not 
necessarily decrease the apparent  stabil i ty of the elec- 
t ret  and in m a n y  cases actually increases the stability. 
In  order to explain such results, one is forced to the 
conclusion that the mechanism of conduction and per-  
sistent polarization must  be different. In particular,  
space charge formation via conduction currents  as a 

Table I. Estimates of electret stability 

PVA matr ix 
Mole  f r a c t i o n  of P S S N a  S t a b i l i t y  x 10 ~ (sec) 

O 18.4 
0.059 19.8 
0.130 9.54 
0.218 15.0 
0.33O 19.0 
0.480 30.7 
0.630 19.2 

P A C  m a t r i x  
Mole f r ac t i on  of  P S S N a  S t ab i ] i t y  x 10 -6 (sec) 

0 14.9 
0.034 46.0 
0.10 8.50 
0.152 11.2 
0.20 16.5 
0.30 18.7 
0.387 26.8 
0.565 37.9 

P V P  m a t r i x  
Mole f r a c t i o n  of  P S S N a  S t a b i l i t y  x 10-6 (sec) 

0 12.1 
0.046 2.55 
0.140 1.2 
0.210 1,74 
0.330 0.50 
0.520 4.10 
0.710 29.0 
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conductivity, respectively, for a series of PSSNa-PVA 
membranes  of vary ing  composition at different tem- 
peratures between 66 ~ and 94~ The amount  of per-  
sistent polarization and the membrane  conductivi ty 
are both seen to increase substant ia l ly  as the tempera- 
ture is increased. The break seen in the curves for both 
polarization and conductivity correspond to the glass 
t ransi t ion temperature  of the system, known to be in 
the neighborhood of 86~ Above the glass t ransi t ion 
temperature,  Tg, the free volume for long-range corre- 
lat ion of segmental movement  is considerably greater 
than below Tg and a different mechanism of response 
to an external  force is possible. This change in response 
mechanism shows up as a change in slope on Fig. 4 and 
5. The slope on Fig. 4 and 5 can be thought of as a "heat 
of polarization" and a "heat of conductivity," respec- 
tively, by analogy to the van ' t  Hoff equation, in which 
a s tandard "heat of reaction" is determined from the 
temperature  dependence of a chemical equi l ibr ium 
constant. It should be noted that  above Tg there is a 
strong similari ty between the calculated heats for con- 
duction and polarization in  PSSNa-PVA membranes.  
The calculated heats are 24.5 • 1.4 kcal/mole, and 26.2 
• 1.1 kcal/mole for the conduction and polarization 
processes, respectively, above Tg. The similarities be- 
tween the two heats indicate a similari ty in the ther-  
mal response of the mater ial  to the two phenomena. 
It should be noted that  such a s imilari ty does not exist 
below Tg where the calculated heat for conduction is 
considerably higher than  that for polarization. 

Discussion 
From the results obtained in this study, it is clear 

that  the na ture  of the heterocharge in these polyelec- 
trolyte membranes  is that  of a volume polarization 
rather  than space charge formation. Clearly, space 
charge formation is incompatible with a conductive 
membrane  system. In  addition, it was observed that 
the position of the peak of the thermal  depolarization 
curve (current  vs. t ime) was found to be independent  
of applied field in tensi ty  for a constant  heating rate 
for near ly  all the membranes  studied. This would be 
expected for homogeneous volume polarization but  not 
space charge formation (22). Since the membranes  
were found to obey Ohm's law throughout  the volt- 
age range studied, with no rectification, and since all 
the experiments  were performed in vacuum, it is likely 
that the conduction mechanism is electronic. Therefore, 
the persistent polarization mechanism must involve 
a volume polarization in the vacuum independent  of 
the electronic conduction current.  

Clearly, different mechanisms must  be postulated 
for the polarization process and the conduction process 
al though each mechanism must  be dependent  on the 
same property of the material.  If the conduction phe- 
nomenon is electronic, the important  factors are the 
concentrat ion of electrons and their  mobil i ty (6). In -  
creasing the concentrat ion of PSSNa increases the 
polari ty of the mater ia l  as characterized by an in -  
crease in the dielectric constant. The higher the di- 
electric constant, the easier it is to ionize electrons 
from sites or valence bands into other sites fur ther  
down the field or into the conduction band, respec- 
tively. Electron inject ion from the electrodes is also 
facilitated if the dielectric is highly polar. Besides in-  
creasing the number  of electrons part icipat ing in the 
conduction process, an increase in PSSNa concentra-  
tion also increases the electron mobility. If the con- 
duction process is that  of electron hopping, then a 
higher density of sites (which are postulated to be 
PSSNa monomer  units)  would decrease the distance 
between hops and thus increase mobility. If the process 
is via a conduction band mechanism, the width of the 
band is increased at a higher density of polar sites 
because there is a more efficient overlapping of the 
electrostatic fields from one site to another. 

In the polarization process, on the other hand, the 
electrostatic uni ts  are postulated to be ensembles of 

sodium sulfonate groups of the PSSNa monomer. 
Under  an electric field these structures would form 
larger dipole structures in the general  direction of the 
field by ionizing the Na + ion to a neighboring site. The 
higher the concentrat ion of PSSNa, the larger is the 
dielectric constant  and, thus, the easier it would be to 
ionize the Na + ion from its parent  sulfonate group. An 
increase in PSSNa concentrat ion also increases the 
number  of sites available to receive the Na + ion and, 
thus, the stabili ty of the final electret structure. In  this 
model it is presumed that  matr ix  molecules also par-  
ticipate in stabilizing the electret structure. A detailed 
presentat ion of this model is presented in Ref. (21). 
Thus, polarization is characterized by the formation of 
electrostatic structures with the direction of the ap-  
plied electric field and which could form additional 
conductive pathways for electron conductivity. The 
possibility of polarization producing conductive chan- 
nels through the membrane  could explain why the 
conductivi ty of some membranes  increases with time 
(see Fig. 6). 

Since both the conduction and polarization process 
depend on the local electrostatic fields in the same 
way, and since the concentrat ion of PSSNa as well as 
the thermal  energy content of the system (that is, the 
temperature)  affect these fields, one should also expect 
that polarization and conductivi ty increase with PSSNa 
concentrat ion and the observation that  the heat for 
both of these processes is similar in a given tempera-  
ture  range is to be expected. 

Conclusions 
Experimental  results obtained on a series of PSSNa-  

polar polymer membranes  have demonstrated that  per-  
sistent polarization (heterocharged electret formation) 
and electrical conduction are compatible in the same 
system. This compatibil i ty is apparent ly  the result  of 
the fact that the mechanisms for persistent polariza- 
tion and electrical conduction are different. Although 
the mechanism for electrical conduction is probably 
electronic in  this system, the mechanism for hetero- 
charge electret formation probably involves micro- 
scopic displacement of some sodium ions from their 
fixed sulfonate sites and stabilization of these ions in 
new sites by interact ion with surrounding molecules. 
Historically, persistent  polarization and electrical con- 
duction in the same system have been thought to be 
incompatible. However, this conclusion was formed as 
a result  of studies on simple insulator  systems. 
Clearly, the mechanisms of electrical conduction and 
charge storage in such simple systems should be differ- 
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ent than the mechanisms for such phenomena in semi- 
conductors, complex biological systems, or the system 
studied in the work presented herein. The main  con- 
clusion of this work, therefore, must  lie in the inap-  
propriateness of assuming a basic incompatibi l i ty of 
persistent polarization and conduction, in genera], from 
results obtained on studies only of simple insulator 
systems. 
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Generative and Stabilizing Processes in Tin-Palladium Sols 
and Palladium Sol Sensitizers 

R. L. Cohen and K. W. West 
Bell Telephone Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

An extensive study of sol systems produced by the reduction of solvated 
Pd by Sn 2 + is presented. We show that  the reaction is ini t iated by the forma- 
tion of a polynuclear  Sn-Pd  complex, which is autoreductive, yielding sol 
particles of a Sn-Pd  alloy core with a stabilizing layer of Sn 2+ ions. The role 
of the Sn 2+ stabilizing layer in controlling particle size is discussed in  detail. 
We apply the knowledge of these systems to unders tand similar processes 
occurring in commercial Pd sol systems used for sensitizing insulat ing surfaces 
for electroless plating. The chemistry of the sensitizing layer generated by 
these systems has also been studied. The sol sedimentat ion rate has been 
studied by centrifugation. Most of the investigation has been carried out via 
MSssbauer spectroscopy; precise isomer shift parameters  for a number  of 
Sn -Pd  compounds are reported. 

Electroless plat ing to metalize insulat ing substrates 
general ly requires a pre l iminary  t rea tment  of the 
surface to make it catalytic (also called "active" or 
"sensitive") to initiate the deposition of metal  from 
the electroless bath. An overview of the approaches 
used has been given by Goldie (1). For many  years, 
the most common preparat ion process was a two-stage 
treatment,  in which the surface was immersed first in 
a dilute stannous chloride solution, and then in a 
dilute pal ladium chloride solution. We have recently 
reported (2, 3) a detailed description of the chemical 
processes and reactions of the two-step process, based 
on the results of MSssbauer spectroscopy measure-  
ments  on the t in  compounds and complexes formed. 

Key words: sensitization, colloids, tin chemistry, palladium chem- 
istry, MSssbauer spectroscopy. 

More recently, a number  of proprietary systems 
achieving "sensitization" with only a single-stage 
t rea tment  have become available. The advantage of the 
single-stage system goes beyond the el iminat ion of 
one bath; it makes possible the el iminat ion of inter-  
mediate washes, re-racking,  and drag- in  problems. A 
number  of proprietary 1 single-stage sensitizers are 
available; all involve t in  and palladium. Two of the 
systems (4, 5) are stated to be Pd sols stabilized by 
a "protective colloid." These systems are somewhat 
similar involving mixtures  of Sn 2+ and Pd 2+ ions, 
HCI, and water; the concentrat ions and order of addi- 
tion are varied. Tetravalent  t in  may be also added to 

1 The propr ie ta ry  single-stage sensitizers re fe r red  to are  the Ship- 
ley Corporation 6F sensitizer (4), the MacDermid Corporation Metex 
PTH 9070 sensitizer (5), and the Dynachem Corporation Activator 
101 and 120, 
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improve wet t ing of hydrophobic substrates. The evi- 
dence is that  the pal ladium colloid coats the substrate 
in the t rea tment  process, and subsequent ly  is the active 
agent that  nucleates deposition from the electroless 
bath. 

This paper reports the results of measurements  by 
Sn 119 NiSssbauer spectroscopy on the t in  components 
used in the pal ladium colloid, and an investigation of 
the colloid formation and stabilization. Special em- 
phasis is placed on the way the col loid-forming reac- 
tions determine the properties of the resul tant  sol. We 
also discuss the results of MSssbauer measurements  on 
the sensitizing layers themselves. An addit ional  ex- 
per iment  on centr ifugation of the commercial sensitizer 
systems has also been performed to give some idea of 
the particle size distribution. 

The patents describing preparat ion of two of the 
one-component  systems discuss procedures which are 
similar in outline, but  different in detail. Rather than 
following analyt ical ly  each of these "recipes," we have 
performed a series of experiments  which establish the 
basic chemical stages characterizing the over-al l  proc- 
ess. The preparat ion procedures of the individual  pat-  
ents can then be viewed in the light of the findings we 
present. 

This paper deals with a number  of very different 
aspects of the Sn-Pd  sol system, and we have modified 
the normal  order of presentat ion to mainta in  clarity. 
We begin wi th  a brief description of the experimental  
techniques used for the MSssbauer spectroscopy mea-  
surements,  and a discussion of the interpreta t ion of 
the spectra obtained. The next  section of the paper 
discusses the formation and identification of a t in-  
pal ladium complex which is critical to the colloid 
formation process. This is followed by a description 
of the colloid formation as the complex decomposes, 
and characterization of the components of the colloid 
from its MSssbauer spectra. In  the last third of the 
paper, the knowledge of the t in -pa l lad ium colloid sys- 
tem is used to unders tand  the "recipes" described in 
the patents for the commercial sol systems and the 
chemistry of the sensitizing layer deposited on the di- 
electric. In  the last part  of the paper, the relat ion be- 
tween solution chemistry and particle size in the col- 
loid is also discussed. 

MSssbauer Spectroscopy 
Experimental techniques and interpretation of spec- 

tra.--The exper imental  techniques used are essentially 
those discussed in Ref. (2) and (3), and are s tandard 
for t in  MSssbauer spectroscopy. The source consisted of 
about 8 mCi of Sn T M  in the form of BaSnO.~, and was 
kept at l iquid ni trogen temperature.  2 Absorbers were 
made by freezing the solutions in liquid ni t rogen in 
plastic capsules about 8 m m  deep. 3 These capsules 
were stored and the measurements  were made at liquid 
ni trogen temperatures.  A s tandard t ransmission-geom- 
etry MSssbauer spectrometer was used, with the source 
being moved by an electromagnetic drive system (8). 
Data were taken using t ime-mode up-down mult iscal-  
ing in a mul t ichannel  analyzer, and the figures shown 
here are traced from the analyzer  plotter output. 
Least squares analysis of the data, and "spectrum 
stripping" to reveal  minor  spectral components more 
clearly, were done as described in the text and figure 
captions. 

Both the systematics and details of the interpretat ion 
of Sn 119 MSssbauer spectra have been extensively dis- 
cussed in various reviews (9, 10). Only a few different 
types of t in-conta in ing  compounds are involved in this 

~-The i s o m e r  sh i f t  of  t h i s  source  w i t h  r e spec t  to  a h i g h - p u r i t y  
BaSnO~ abso rbe r  a t  78~ was  less t h a n  0.01 m m / s e c .  We are  g r ea t l y  
i n d e b t e d  to Dr. P. K. G a l l a g h e r  of t h i s  l a b o r a t o r y  for  s u p p l y i n g  
th i s  ma te r i a l .  

s We h a v e  r ecen t ly  d i scussed  the  necess i ty  of h a v i n g  g l a s s - f o r m ,  
i n g  sy s t ems  i f  " f rozen  s o l u t i o n "  M S s s b a u e r  spec t roscopy  e x p e r i -  
m e n t s  are used  to cha rac te r i ze  the  l i q u i d  phase  (6). In  the  sys t ems  
s t u d i ed  here,  the  p r e s e n c e  of 30% (or more)  HC1 in  the  so lut ions  
s e r v e d  as the  g l a s s - f o r m i n g  a g e n t  (7). We were  able  to v e r i f y  the  
ef fec t iveness  of  the  g l a s s - f o r m i n g  process  b o t h  by  v i s u a l  o b s e r v a -  
t i on  of the  so lu t i ons  d u r i n g  f r eez ing  a nd  a u x i l i a r y  e x p e r i m e n t s  w i t h  
a d d e d  g l y c e r o l  as  a g l a s s - f o r m i n g  agen t .  

Table I. Isomer shift and quadrupole splitting (in mm/sec) for 
Sn 110 in materials studied here 

I somer  Q u a d r u p o l e  
Mater ia l  shi f t  a sp l i t t ing  �9 

( Sno.osPd0.9~ 1.55 
A l l o y s  b ~ Sn0.09Pdo.91 1.53 

Sno.14Pdo.s~ 1.57 
(- Pd3Sn 1.87 - -  

I n t e r m e t a l -  ~ Pd2Sn 1.62 0.73 
l i cs f  ( ,  P d S n  2.01 0.62 

SnO2 �9 nH20  0.00 0.55 
( Sn  2+ in  30% HC1 c 3.56 1.13 

F rozen  solu-  J Sn  4+ in  30% HCI~ 0.32 0.43 
t ions  ~ P d ( I I )  �9 3Sn(I I )  com- 

t p l ex  i n  30% HCI 1.42 1.98 • 0.02 
" P d S n "  c o m p l e x  ~ 1.37 2.21 -+- 0.05 

a Quo ted  w i t h  r e s p e c t  to BaSnO~ at  78~ a l l  ab so rbe r s  were  a t  
78~ d u r i n g  the  m e a s u r e m e n t .  E r r o r  ~-0.04 m m / s e c .  

b I s o m e r  sh i f t  d i f fe rences  a m o n g  these  a l loys  are  signif icant,  b u t  
m a y  s i m p l y  ref lect  c l u s t e r i n g  p h e n o m e n a  in  these  d i s o r d e r e d  al loys .  

c These  m a t e r i a l s  con t a in  a n u m b e r  of d i f f e r en t  complexes ;  the  
p a r a m e t e r s  q u o t e d  s i m p l y  desc r ibe  a " b e s t  f i t "  of a doub l e t  of  the  
data,  and  do no t  charac te r i ze  a n y  p a r t i c u l a r  complex .  

~ F r o m  Ref. (15), e x t r a c t e d  as the  t e t r a m e t h y t a m m o n i u m  sal t .  
( I somer  sh i f t  v a l u e  c o n v e r t e d  a s s u m i n g  that  the  i s o m e r  shi f t  of 
a - t i n  is  2.00 m m / s e c  w i t h  respec t  to BaSnOs.)  

e O b t a i n e d  by  leas t  squa res  f i t t i ng  doub le t s  to  u n r e s o l v e d  b r o a d  
l ines.  E s t i m a t e d  accuracy  -4-0.2 m m / s e c ,  e x c e p t  for  P d ( I I )  �9 3Sn( I I ) .  

f These  da t a  are  in  fa i r  a g r e e m e n t  w i t h  those  of Ref. (11) i n s o f a r  
as i t  is  poss ib le  to c o m p a r e  them.  

study, and it is possible to identify them, and thus to 
use the spectra for analysis, by comparison with "stan- 
dards" of known composition. For convenience, the 
isomer shifts and quadrupole splitt ings determined 
have been listed in Table I. The major  features which 
repeatedly appear, and will  be important  for the in ter -  
pretat ion of the data, are: 4 

1. Sn 2+ ions, O H -  or C1- complexed, give a doublet 
in the absorption spectrum, centered near  +3.6 ram/  
sec (Fig. 1A). 

2. Sn 4+ ions, bare or complexed, give a broad ab-  
sorption l ine (Fig. 1B), near  zero velocity. 

3. Sn-Pd  alloys (11) 5 give a singlet or barely re- 
solved doublet, at about  1.5-2 mm/sec (depending on 
the Sn-Pd  ratio, see Fig. 1C and 1D and Table I).  

In all of the results, of course, the spectra are those 
of the Sn 119 component of the compound; the chemical 
state of the pal ladium can only be inferred from its 
connection with the tin. 

Results and Discussion 
Complex 5ormation.--The first part  of the experi-  

menta l  work  reported here was successful in elucidat-  
ing the details of the formation of the Pd colloid, and 
the intermediate  reactions. These results are very 
closely connected with the formation of a Sn -Pd  com- 
plex. The l i terature contains a number  of reports of 
t in -pa l l ad ium complexes, discussing the theoretical and 
s t ructural  chemistry (12, 15), 6 of this system as well  
as the applications (12, 14, 16). Briefly summarizing, 
the addition of Sn 2+ to HC1 solutions containing smal] 
quanti t ies of Pd 2+ ions results in the formation of a 
series of highly colored complexes, which are unstable  
(14). These are variously reported as being red, brown, 
yel low-green,  and bluish green, depending on the con- 
centrat ion of various species and the solution age. So 
far as we know, no crystal s t ructure determinat ion on 
a solid derivative of the P d - S n  complexes has been 
performed, and the structures shown in the research 
articles are either conjectural  or based on analogy 
with similar t ransi t ion metal  complexes. 

We investigated the complex by combining two solu- 
tions: 

The  m a j o r  c o m p l e x i n g  r eac t i ons  for  Sn  2+ and  Sn  4+ in  HCl  so lu-  
t ions  h a v e  been  s u m m a r i z e d  in  Ref. (3). 

5 We h a v e  also m a d e  S n - P d  a l loys  and  s eve ra l  P d - S n  in t e rmeta l -  
l ics  in  ou r  l abo ra to ry ,  a n d  the  spec t ra  of  these  m a t e r i a l s  are  s h o w n  
in  Fig.  1. Values  s h o w n  i n  Tab le  I come f r o m  m e a s u r e m e n t s  on 
m a t e r i a l s  m a d e  by  us. 

e B a r a n o v s k i i  et al. (15) g ive  q u a d r u p o l e  s p l i t t i n g  and  i s o m e r  
sh i f t  v a l u e s  fo r  a c o m p l e x  w h i c h  t h e y  i d e n t i f y  as (PdC12(SnCI3)2) ~-, 
e x t r a c t e d  f r o m  HC1 w i t h  h e x y l  a lcoho l  and  as t e t r a m e t h y l a m m o -  
n i u m  salts .  
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Fig. 1. MiJssbauer spectra of pure phases of some tin species en- 
countered in the solutions studied; for comparison with data in 
other figures. A and B, spectra of Sn 2+ and Sn 4+, respectively, 
complexed ions dissolved in 4M HCI. C and D, spectra of 
Sno.09Pdo.gz alloy and Pd3Sn. 

P d  soln .  100 m g  PdCI~ ( F i s h e r )  
(11 m M  10 m l  37% HC1 ( r e a g e n t  g r a d e )  
i n  P d  ~+) 20 m l  H.~O (dis t i l led}  

S n  soln.  A m o u n t  g i v e n  SnCL. (pu r i f i ed  to r e m o v e  
i n  t e x t  Sn  ~+) 
1 ml 37% HCI 
2 ml H~O (d i s t i l l ed )  

The solutions were made slightly above room tem- 
perature and cooled to --0~ (see below);  they were 
mainta ined under  ni t rogen gas at all times to prevent  
oxidation. The Pd solution had a pale orange color; 
the Sn solution was essentially colorless. These two 
solutions were combined with rapid stirring, and an 
intense reddish-brown color formed instantly.  

Figure 2A shows the MSssbauer spectrum of a sam- 
ple of the mix ture  taken and frozen within  10 sec after 
combining the Sn and Pd solutions. The most obvious 
feature of that  spectrum is that the doublet charac- 
teristic of SnC1 complexes (Fig. 1A) is not visible; it 
has been replaced by another  doublet, which our re- 
sults show arises from the red -b rown Sn-Pd  complex 
in HCI. We have explored a range of Sn -Pd  ratios and 
find that for Sn /Pd  < 3, all of the t in  is immediately 
complexed to produce the spectrum of Fig. 2A, while 
for Sn /Pd  > 3, addit ional components which can be 
identified as arising from SnC1 complexes [as in Fig. 
1A), appear. Thus each Pd ion complexes three Sn ions, 
and we conclude that the stoichiometry of the Sn-Pd  
complex is Pd( I I )  �9 3Sn(I I ) .  We abbreviate the dis- 
solved complex as (Pd-Sn)c  below. This is consistent 
with the results of Batley and Bailar (12) who suggest 
(PdC1) (SnClz)32- for the structure of the complex 
precipitated (from an HCl-methanol  solution) using 
te t raphenylarsonium chloride. 

Colloid generation.--The Pd colloid begins to form 
immediately after the complex is made, and we found 
it necessary to cool the Pd solution (as mentioned 
above) to make the reaction proceed slowly enough to 
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o OoO 

, o o ~  

1 B 

o o %0 o 

I 8 c: 

,oo:: 

hCOR E 

SOURCE VELOCITY (rrlm/s,.~(:) 

Fig. 2. Spectra of Sn-Pd complex solutions (Sn/Pd ratio 2:1) at 
(A) 0.2 rain, (B) 6 rain, (C) 30 rain, (D) 120 rain after mixing. 
The doublet in (A) is due to the Sn-Pd complex. This decomposes 
with time, producing complexed Sn 4+ due to the redox reaction, 
Sn-Pd alloy, a small amount of dissolved Sn 2+, and a line which 
we attribute to a protective Sn 2+ layer surrounding the Pd-Sn 
sol particles. 

be monitored conveniently.  As shown in the MSssbauer 
spectra (Fig. 2), the spectrum of the complex is 
gradual ly  replaced by three new components. These 
are identifiable (with the help of subsidiary experi-  
ments)  as (a) dissolved complexed Sn 4+, (b) the tin 
protective layer, and (c) Sn in P d - S n  alloy. While it is 
difficult to resolve the l ine arising from the alloy from 
that of the dissolved Sn 4+, the colloid can be separated 
(see below) either by coagulation or centrifugation. 
It is the spectra of separated materials that  allow the 
identification of the part iculate phase as Sn-Pd  alloy. 

Neglecting for the moment  the Sn component in the 
alloy, this decomposition to produce the Pd colloid 
would be expected to result  from 

(Pd-Sn)e-> Pdmetal 4- Sn 4+ 4- 2S n2+ [1] 

During this decomposition process, the red-brown 
color of the solution changes to a muddy  grayish- 
brown, and then eventual ly  to gray, corresponding to 
the destruction of the complex. This autoreduction of 
the S n - P d  complex is probably the cause for the dis- 
appearance of color with t ime in the use of the Sn-Pd  
complex test (14) for trace amounts  of Pd. 

It is instruct ive to consider four different ratios of 
S n / P d  describing the process. For S n / P d  = 1, the 
divalent  t in  is consumed in reducing the palladium, 
and the spectrum shows only lines a t t r ibutable  to 
dissolved Sn 4+ and Sn-Pd  alloy. There is no line 
a t t r ibutable  to stabilizing Sn 2+ visible in the spectrum, 
and the sol is in fact unstable  and coagulates rapidly. 

For  S n / P d  ---- 2, not all of the Pd is immediately 
complexed, since the stoichiometry of the complex 
is Pd: 3Sn. As the redox reaction [1] occurs, some Sn 2+ 
is re turned to the solution, where  it is immediately 
complexed by the remaining  Pd. Some Sn 2+, however, 
remains attached to the Pd metal. This Pd metal  can 
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become a nucleus for growth by attaching other Pd 
meta l - t in  clusters, and can grow unt i l  the Pd core is 
completely surrounded by Sn 2+ ions. At this point 
the growth ceases. This model provides (i) a mecha- 
nism for particle growth, and (ii) a mechanism for 
te rminat ing  the growth and prevent ing coagulation. 
Note that if, after the complex-reduct ion process is 
complete, the colloidal particles are not completely 
surrounded by Sn 2+ ions, they wil l  agglomerate. This 
process decreases the surface:volume ratio unt i l  the 
amount  of Sn 2+ present  is enough to coat the remain-  
ing particles. 

In the Centr ifugation section at the end of the paper 
we discuss the effects of the amount  of available Sn 2+ 
in controll ing the colloid particle size. The spectra of 
Fig. 2 show clearly that the complex decomposes com- 
pletely, leaving (dissolved) Sn 4+, a t in-pa l lad ium 
alloy phase, and  a th i rd  component, which we identify 
below as the Sn 2+ stabilizing layer. For the ratio 
Sn /Pd  ---- 2, there is just  enough divalent  t in  to reduce 
the Pd and stabilize the colloid; no dissolved Sn 2+ is 
observed after the reaction is complete. 

For Sn /Pd  ---- 3, all the t in and pal ladium are im- 
mediately complexed; the spectra again show the 
Sn-Pd  alloy phase, Sn 4+, and the t in  stabilizing layer, 
but  show addit ional lines, arising from dissolved Sn 2 +, 
after the complex has decomposed. 

For Sn /Pd  > 3, all the Pd is ini t ial ly complexed, 
and dissolved Sn 2+ is observed in the spectrum at all 
times. Figure 3A shows an example of such a solution, 
in which a substant ial  amount  of dissolved Sn 2+ is 
present after the decomposition is complete. 

Visual observations of the color change of the solu- 
tion show that the decomposition of the complex (as 
monitored by the disappearance of the red-brown 
color) is very much slower in t in-r ich solutions than 
in the mix ture  used for Fig. 2. This has been confirmed 
by MSssbauer spectroscopy of the frozen solutions. 

This probably results from two phenomena.  First, 
the presence of excess dissolved Sn 2+ forces reaction 
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Fig. 3. Spectra showing air oxidation of Sn-Pd sol, made as 
described in text, but with Sn-Pd ratio of 6:1. The bath was aged 
at room temperature in an open beaker; (A) 1/2 day, (B) 3 days, 
(C) 5 days after Sn-Pd mixing. Initially, most of the Sn 2+ is com- 
plexed in the HCI solution (compare Fig. 1A), and it tends to hide 
the line originating from the protective Sn 2+. As the dissolved 
Sn 2+ ions are progressively oxidized, the Sn 4+ line grows and 
begins to hide the Sn-Pd alloy line although the latter does 
remain constant in intensity. Note the line at ~ 3  mm/sec, due to 
the Sn protective layer. Coagulation occurred a few hours after 
sample (C) was taken. 

[1] to the left, increasing the amount  of complex at 
equil ibrium. (This residual  complex may provide the 
brownish color in the commercial sol sensitizers.) 
Second, if large amounts  of Sn 2+ are dissolved, they 
will immediately coat and passivate fresh sol particles 
which could otherwise act as nucleat ion centers for 
the accretion of additional Pd metal  and as catalytic 
centers for the Pd reduction reaction. At  a constant 
S n / P d  ratio, the rate of decomposition of the complex 
was not noticeably affected by increasing the star t ing 
concentrat ion by a factor of four over that described 
above. 

We have not been able to determine in detail the 
chemical mechanism that incorporates the t in in the 
colloid, but  a number  of redox reactions involving 
(Pd-Sn)  r ~ (Sn-Pd)ahoy + 2Sn 4+ would be possible. 

Composition of solid phase.--One preparat ion patent  
(5) states that the Pd colloid is stabilized by a "pro- 
tective colloid" of Sn 2+ ions. This picture is supported 
by the fact that  if the solution containing the colloid 
is allowed to oxidize by contact with air, the particles 
suddenly coagulate and precipitate just  as a MSssbauer 
spectrum of the frozen bath shows that all the dis- 
solved Sn 2+ ions in the bath have been oxidized to 
Sn 4+. This coagulation is characteristic of all of the 
commercial  systems. Figure 3 shows spectra taken 
during this a i r -oxidat ion process; lines from the dis- 
solved (C1- complexed) Sn 2+ ions are seen to de- 
crease while the Sn 4+ l ine grows in intensity. Just  
before precipitation, (Fig. 3C), no dissolved Sn 2§ is 
visible, but  another Sn 2+ line is visible. We at t r ibute 
this line to the protective Sn 2+ layer on the sol part i-  
cles. This interpretat ion is supported by the fact that 
we observe this line only in the colloidal suspensions, 
and that it disappears just  as the colloid coagulates. 
This, plus the fact that no ionic Sn compound com- 
posed of the available ions has a line in the position 
observed, provides strong evidence that the t in ions 
involved are at the colloid surface. A l ikely configura- 
tion for such a layer could be for (SnC13)- complexes 
(which were originally components of the Sn-Pd  com- 
plex) to be bonded to the Pd-Sn  alloy core via Sn-Pd  
bonds, with the C1- ions on the outside. 

After  coagulation, the supernatant  contains only 
Sn 4+ ions, while the coagulated solid phase consists 
of Sn -Pd  alloy, plus a small quant i ty  of Sn 4+ ions. 
Spectra of these materials are shown in Fig. 4. 
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Fig. 4. Spectra of (A) supernotant and (B) coagulated precipi- 
tate (washed with H20) immediately after coagulation of the col- 
loid following air oxidation of Pd sol used in Fig. 2. Note that no 
Sn 2+ ions remain in solution, and that the Sn 2+ line which we 
have ascribed to the stabilizing tin layer is no longer present. The 
Sn 4+ line visible in the precipitate is characteristic of the 
Sn02 �9 nil20 family of compounds and results primarily from pre- 
cipitation during the H20 wash. Coagulates washed with HCI have 
relatively little Sn 4+. 
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It is possible to observe the particulate phase much 
more clearly in colloids in which it has been concen- 
trated by centrifugation. Figure 5A shows such 
spectrum, and its resolution (17) 7 into Pd-Sn  alloy 
and the stabilizing Sn 2 + layer. Instead of washing the 
centrifuged mater ia l  to remove traces of electrolyte 
containing dissolved Sn ~+ and Sn 4+ ions, we have 
taken spectra of the superna tant  and subtracted 
small  fraction of the supernatant  spectrum from the 
spectrum of the sedimented material.  In  this way, we 
could el iminate the l ines due to dissolved t in ions 
without coagulating or otherwise changing the colloid 
in the process of making the absorber. Centrifugation 
did not coagulate the colloidal particles; they would 
redisperse spontaneously after s tanding for a few days. 
All  of the measurements  on the commercial sensitizers 
were done using the undi luted "stock solution" con- 
centration, as supplied by the manufacturers .  

Spectra such as those in Fig. 5A allow accurate 
determinat ions of l ine positions of the various com- 
ponents, and least squares fitting has shown small 
variat ions in  isomer shift and line width for both the 
core and stabilizing layer  components. Isomer shift 
values for the "Sn-Pd alloy" cores have been found 
to be up to 0.15 mm/sec  less than values for the 
metal lurgical ly prepared alloys shown at the top of 

7 W e  h a v e  p r e v i o u s l y  w r i t t e n  a brief report (17) of  the analysis 
of the particulate phase of  these s o l s .  
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Fig. S. Spectrum of sol particles (A), concentrated by centrifug- 
ing. This shows clearly the two lines which we attribute to the 
Pd-Sn alloy cores of the sol particles, and the broader line we 
ascribe to the stabilizing layer. This sample, made with a Sn/Pd 
ratio of 3, had finer particle size than the solutions shown in Fig. 
6, and would be expected to have a relatively large amount of tin 
in the stabilizing layer, (i.e., the smaller sol particles should have 
a large surface to volume ratio). Spectra of sensitizing layers (B 
and C) deposited on Kapton foil using MacDermid Metex PTH 
9070 in accordance with the standard MacDermid dilution instruc- 
tions. The (B) sample (688 layers) was rinsed with 0.SM HBF4 as 
an "accelerator" (5) and then with water after sensitization; (C) 
(456 layers) was rinsed in water. The additional spectral intensity 
in (C) just to the right of the Pd-Sn alloy peak could very well 
arise from the mixed-valence (Sn 2§ and Sn 4§ colloid shown in 
Fig. 6A of Ref. (3) (that material was produced by increasing the 
pH of a solution of Sn 2+ and Sn 4§ in HCI), or could be (3) 
SnO- 2H20. Thus, the role of the accelerator is to remove the 
divalent tin so that it is not precipitated when the pH is raised 
during the wash step (see footnote 4). We were able to verify that 
the fluoborate ion is a complex former with Sn 2+ in the concentra- 
tions used here. 

Table I. This is very l ikely due to the lattice contrac- 
tion occurring in very small particles. 

MSssbauer measurements  in very fine supported gold 
sols have already demonstrated the existence of this 
effect (18) and have shown that  the observed isomer 
shift is the same as would be expected if the decrease 
of the lattice constant  were produced by hydrostatic 
pressure (19). In the case of the Sn-Pd  alloys, experi-  
ments  on the variat ion of the isomer shift with (pres- 
sure- induced)  lattice contraction have already been 
performed (20). The decrease in the lattice constant 
in P d - S n  alloy under  pressure decreases (20) the 
electronic density at the t in  nucleus; this would pro- 
duce a smaller isomer shift under  lattice contraction, 
which is what  we observe. Using the results of Ref. 
(20), we can estimate that the change in isomer shift 
we observe in the smallest sol particles corresponds to 
a contraction that would be produced by pressures 
of 100-200 kbar. Such high pressures are in line with 
previous observations on gold sol particles of com- 
parable size (21). 

X- ray  measurements  were made to determine the 
lattice constant  and  structure of the coagulated sol 
particles. These showed a pa t te rn  with only very  broad 
lines, due to compositional inhomogeneities, small 
particle size, or strain. The lattice constant was ap- 
propriate for an alloy containing about 16% Sn in Pd, 
near  the solid solubili ty limit. 

Small  var iat ions in  the isomer shift and l ine width 
of the Sn 2+ stabilizing layer  would be expected to 
arise from changes in the site (on the P d - S n  core) to 
which the stabilizing t in was bound. 

We also observed a small  increase in isomer shift 
of the sol particle phase upon coagulation, and some 
precipitates actually had slightly larger isomer shifts 
than  the Sn-Pd  alloy. This probably arose from the 
incorporation of some of the Sn 2+ stabilizing ions into 
the outer layers of the sol particle; as can be seen 
from Table I, all of the intermetall ics containing more 
than  15 atomic per cent t in  had larger isomer shifts 
than the Sn-Pd alloy. 

Extension of  Results to Commerc ia l  Sensit izer Systems 

The results reported above are based on studies of 
solutions which differ in  various ways from those sold 
commercial ly ,  and we have at tempted to verify that  
the mechanisms that  we describe are valid for those 
solutions. We have done this both by ul t racentr i fuging 
(which concentrates the part iculate phase without  
coagulation) and by coagulating samples of the pro- 
pr ie tary baths to concentrate the solid phase, and tak-  
ing spectra of the precipitates. For  the 6F and 9070 
sensitizers, the colloid spectra were very  similar to 
those of Fig. 5A, with minor  differences a t t r ibutable  to 
different proportions between the Pd-Sn  alloy and 
stabilizing Sn 2+ components, and some uncer ta in ty  
arising from the background subtractions as described 
above. The superna tant  after centr ifuging always ap- 
peared to be a simple mix ture  of dissolved Sn 2+ and 
Sn 4+ ions, as in  Fig. 1A and lB. This confirms the 
generalization of our results to the commercial systems 
described in Ref. (4) and (5). 

We have also studied the reactions occurring in 
Sn-Pd  solutions in concentrated (i.e., 37%) HC1, and 
have found that the MSssbauer spectrum of the Sn-Pd  
complex produced is identical to that  shown in Fig. 2A; 
this is good evidence that  the complexes are identical. 
Although complex formation in the concentrated HC1 
is essentially instantaneous,  the autoreduction reaction 
[1] is slower, and is still fur ther  slowed if a large 
excess of Sn 2+ is present. Judging  from the color of 
the solution, however, most of the complex has decom- 
posed within 24 hr at room temperature.  The sol pro- 
duced from a t in - r ich  solution also contains a higher 
concentrat ion of t in  in the alloy, with the isomer 
shift of the coagulated particles approximately that of 
Pd3Sn. No other a t tempt  was made to stabilize the 
complex. 
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Sensit izat ion Mechan ism 
The information above is consistent with the over-all  

picture [discussed, e.g., in Ref. (4) and (5)] that 
sensitization occurs via the adsorption of Pd particles 
on the surface, and that the Pd alloy is the active agent 
in catalyzing deposition from the electroless solution. 
The detailed information above on the colloid composi- 
tion and stabilization may lead to some additional 
unders tanding of the adhesion process, and we have 
supplemented studies of the baths with measurements  
of the sensitizing layer on a plastic surface. 

Figure 5 shows MSssbauer spectra of many  layers 
of Kapton R plastic film, sensitized with a commercial 
bath, given various r inse treatments,  and dried in 
nitrogen. The surfaces were checked with a s tandard 
copper electroless solution to verify that sensitization 
had indeed occurred. The use of the "accelerator" wash 
dramatical ly increased the catalytic activity of the sur- 
face. The spectra are somewhat different from those 
of the sol particles; a strong line characteristic of 
stannic hydroxide appears, and the line (at tr ibuted 
in Fig. 5A to the stabilizing Sn 2+) is no longer present. 
Lines due to dissolved Sn ions are, of course, absent. 

The differences can be readily explained on the basis 
of what  is known about the chemistry of these colloids. 
When the substrate is immersed in the sensitizing bath, 
in addition to the adsorption of the sol particles, there 
will  be some oxidation of the Sn 2+ by oxygen adsorbed 
on the substrate and by dissolved oxygen in the solu- 
t ion used for surface pretreatment .  (Note that the 
amount  of Sn 2+ deposited corresponds to only ~ 1 
monolayer, assuming uniform coverage, so that only 
very small amounts  of dissolved oxygen suffice to pro- 
duce this oxidation.) The chemical reaction at the 
interface could possibly promote stronger adhesion of 
the colloid particles since ionic, ra ther  than van der 
Waals bonding, would then be operative. 

Cent r i fuga t ion  Experiments 
As a corollary to the MSssbauer experiments,  sam- 

ples of the concentrated commercial sensitizer formu- 
lations were centrifuged to determine quali tat ively 
their particle size and size distributions. The results 
of those experiments  are shown in  Fig. 6, as photo- 
graphs of the vials after centrifugation. The variat ion 
of optical density of the samples gives some indication 
of the particle size distribution. Note that  for all the 
commercial formulat ions shown, the top layer  of the 
vial is essentially colorless, indicating that the smallest 
particle size with substant ial  populat ion is ~ ~10A 
diameter, s However, the we l l -known  Stokes-law 
breakdown is significant in this size range, and, more 
important,  there is probably a large shell of C1- ions 
complexing the t in  protective layer, and this would 
greatly decrease the effective density of the particle. 
Thus, the lower end of the colloidal particle size dis- 
t r ibut ion is probably  about 20A in diameter. 

Earlier in the paper we discussed the l imitat ion of 
particle growth by the stabilizing layer of Sn 2+, and 
control of particle size by this mechanism. In the 
model presented, particles would grow and agglomer-  
ate unt i l  they were covered by a layer  of Sn 2+ ions 
[probably as (SnC13)- complexes], after which growth 
would stop. We have performed a critical test of this 
model, as follows: t in -pa l lad ium sols were made 
(start ing with 100 mg PdC12 in  10 ml  -~ 20 ml H20) 
using Sn /Pd  ratios of 1.2, 1.5, 2 and 2.5 and 3. The 
complex was allowed to decompose at room tempera-  
ture under  ni t rogen gas, to avoid oxidation. After  the 
decomposition was complete (12 hr) ,  some additional 
Sn 2+ (Sn /Pd  = 1) was added to decrease the sensit iv- 
ity of the solutions to oxidation, and the mixtures  were 
centrifuged. The results, in Fig. 7, show graphically 

8 We a s s u m e  t h a t  S n - P d  a l l oy  has  a dens i t y  of  10 g / c c  and  t h a t  
the  v i scos i t y  of  the  e l ec t ro ly t e  (at ~ 1 5 ~  is  the  same as t h a t  of  
w a t e r  a t  20~ U n c e r t a i n t i e s  a r i s i n g  f r o m  the  p re sence  of the  shel l  
of  s o l v a t i n g  ions  are fa r  l a r g e r  t h a n  these  a p p r o x i m a t i o n s .  E l ec t ron  
m i c r o g r a p h s  of  t he  sol  pa r t i c l e s  i n  ~he c o m m e r c i a l  sy s t ems  s h o w  
spher i ca l  par t ic les ,  t y p i c a l l y  ~ 1 0 0 A  in  d i a m e t e r  (22). 

Fig. 6. Photographs of vials con- 
taining commercial sensitizers after 
centrifugation at ll0,00OG at 
15~ Centrifuging times are (from 
top) 4, 21, and 29 hr; samples 
are (from left) MacDermid 9070 
and Shipley 6F. 

Fig. 7. Photographs of centrifuged Sn-Pd sols, made as described 
in text. With Sn/Pd = 1.5 and 1.8, coagulation occurred spon- 
taneously within o few hours. The photograph shows sols with 
Sn/Pd = 2, left, and Sn/Pd = 2.5, right. An additional experi- 
ment with Sn/Pd = 3 (not shown) produced still finer particles. 
The decrease in particle size with increasing Sn/Pd ratio supports 
the picture of sol formation and particle stabilization given in the 
text. Centrifugation conditions were 15 hr at 110,000G. Note that 
the sedimentation rate for the left vial is essentially the same as 
that of the MacDermid colloid (Fig. 6), which is also generated 
with Sn/Pd = 2. 

that the smaller the amount  of excess Sn 2+ present 
when  the sol was forming, the larger the particles grew 
before they were stabilized. This is exactly what  the 
model would have predicted. 

This approach can also be used to unders tand the 
differences in particle size distr ibution between the 
Shipley 6F and MacDermid 9070 sensitizer solutions. 
The Shipley process (4) generates the sol by mixing 
the Pd  solution into a solution containing a large 
excess of Sn 2+. This should provide the finest possible 
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particle size, as the sol particles are quickly covered 
by Sn 2+ from the solution, but  should not provide 
especially uniform particle size. In Fig. 6, the 6F mate-  
rial is seen to have both the finest particle size and a 
relat ively gradual  tai l ing off of the top of the sedi- 
mented column, symptomatic of a range of small par-  
ticle sizes. The MacDermid process (5), on the other 
hand generates the sol with a Sn /Pd  ratio of 2, and 
then adds stabilizing t in after the sol has formed. The 
result  should be somewhat larger sol particles than 
those made by the Shipley process, but  particles of a 
more uni form size limit. The centr ifuging results in 
Fig. 6 confirm this; the upper level of the sedimenting 
column is relat ively sharp for the 9070 bath. 

Thus, particle size analysis of the commercial sensi- 
tizers, and our own experiments  with particle size 
control, provide strong confirmation of our mechanism 
of particle size control in these colloid systems. 

Summary and Conclusions 
We have defined a number  of processes in the Pd-Sn  

sol system: 
1. The sol-generat ing reaction is ini t iated by the 

formation of a Pd -Sn  complex. 
2. The stoichiometry of the complex has been deter-  

mined to be Pd (II) �9 3Sn(I I ) .  
3. The complex is unstable  and autoreductive, yield-  

ing a Sn-Pd  alloy. 
4. The sol particle size is determined by a layer of 

Sn 2+, which limits fur ther  growth. 
5. The model developed here correctly predicts rela-  

tive colloid particle size, both in our test solutions and 
in the commercial sensitizing baths. 

6. The chemical processes occurring in the adhesion 
of the colloid to the sensitized surface have been 
described. 

7. Chemical changes due to air oxidation of the 
bath have been described. 

8. The colloid sedimentat ion rate has been deter-  
mined. 
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An Improved Model for Capillary 
Diffusion with No External Stirring 
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~BSTRACT 

Average capil lary concentrat ion as a function of t ime has been determined 
by computer s imulat ion of the diffusion process from a capil lary into an 
infinite s tat ionary medium. These results may be used as the basis for experi-  
menta l  determinat ion of diffusivity to el iminate the usual  errors associated 
with stirring, and to correct results obtained without  s t i rr ing but  using the 
zero concentrat ion boundary  condition solution. 

In  engineering practice, the diffusion coefficient 
enters into important  parameters  for mass t ransport  
correlations such as the Schmidt and Sherwood n u m -  
bers. The importance of diffusion coefficient to electro- 
chemical engineering is associated directly with the 
l imit ing current  densi ty of all electrode reactions. The 
several methods available for the calculation and 
measurement  of diffusivity have been amply reviewed 
(1-4). Of all the methods for diffusivity measurement ,  
the capil lary technique is the most universa l ly  adapt-  
able, provided some analytic method exists for the 
determinat ion of the chemical concentrat ion in the 
capil lary after a given time has elapsed. For this 
method, the problem of obtaining accurate diffusivity 
data is associated with the hydrodynamic conditions 
which prevail  at the capillary mouth. Anderson and 
Saddington (5) are general ly  credited with introduc-  
ing (1949) the capil lary method. They performed 
studies of diffusion without  stirring, but  analyzed re- 
sults according to a t rea tment  which implies a stirred 
fluid at the capil lary mouth. This procedure will  lead 
to calculated diffusivities which are less than the true 
value. Where at tempts have been made to utilize 
st irr ing to insure the proper concentrat ion boundary  
condition at the mouth of the capillary, fur ther  dif- 
ficulties have arisen because of hydrodynamic effects. 
When real liquids stream along an interface which 
suddenly gives way to a change in cross section such 
as at the lip of the capillary, a substant ial  pressure 
gradient  occurs, forcing l iquid into the capil lary and 
removing a small  amount  of more concentrated solu- 
t ion from the mouth. The apparent  diffusion coeffi- 
cient thus measured is invar iab ly  too great. This 
phenomenon is general ly known as the %1 effect and 
has been empirically studied by Borucka (6), Berne 
and Berggren (7), and Nanis, Richards, and Bockris 
(8). For very  long diffusion times, it would be ex- 
pected that  these two cases would converge. Such a 
recourse, however, would be exper imenta l ly  most in-  
convenient.  

An apparent  solution to this di lemma would be to 
use an exper imental  technique with no stirring, to 
el iminate the ~l effect, together with a model of the 
diffusion process which takes into account tSe true 
boundary  conditions at the mouth of the capillary. 
This paper  presents a method for precise prediction 
of the diffusion coefficients by using a capillary with-  
out stirring. A computer s imulat ion of the diffusion 
process without  st irr ing provides a procedure for the 
estimation of diffusion coefficients from the residual 
amount  in  the capil lary at any  time. The results may 
also be used to correct l i terature values of diffusivity 
where no st irr ing has been used exper imental ly  but  
results fitted to the "stirred" equation. 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  Member. 
1 C u r r e n t  address: Westinghouse E l e c t r i c  C o r p o r a t i o n ,  Pittsburgh, 

P e n n s y l v a n i a  15200. 
K e y  words: diffusion, capillary method, d i f f u s i v i t y ,  A! effect. 

Mathematical Formulation 
The diffusion of electrolyte from a capil lary to an 

external  bulk  solution as shown in  Fig. 1 is governed 
by Eq. [1], in which diffusivity is assumed to be con- 
stant and the following dimensionless parameters  are 
introduced 

c x y z Dt 

Co T '  ~ '  ~ '  L~ 

where c ---- concentrat ion of diffusant, co ---- ini t ial  
concentrat ion of diffusant inside the capillary, L == 
length of the capillary, D ---- diffusivity, and t ----- time. 

In the region 0 --~ ~1 < 1, the diffusion is assumed to 
be one-dimensional ,  governed by 

ar : [1] 
\ 0712 ] l  

The subscript 1 indicates the region where  one-di-  
mensional  diffusion prevails. The zero flux boundary  
condition at the closed end (~1 = 0) of the capil lary 
is 

2 % 

x ~ 1 1 /  1 

The init ial  condition is 

r  O - - ~ l ~  1, ' ~ = 0  [3] 

In  the region ~ > 1, for the absence of convection, 
the diffusion is three dimensional.  The th ree -d imen-  
sional version of the diffusion equation is 

= ~-~-s + ~ , - ~ - / 3  + ' , ~ T , ' 3  [4] 

The subscript 3 refers to the three-dimensional  re- 
gion. The boundary  condition is 

r = O; ~1"~ ~ ,  ~'--* ~ ,  / ~  oo, -c ="0 [5] 

The symmet ry  of diffusion perpendicular  to the 
axis of the capil lary gives 

0(00) = = 0 ;  ~ = 0 ,  / ~=0 ,  ~1>1, ~ 0  

[6] 

/ / / / / / ~  ~ . . . .  X = O 

Fig. 1. Diffusion of electrolyte from a capillary to an external 
bulk solution. 
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The init ial  condit ion is 

C a = 0 ;  ~ > 1 ,  0 - - ~ r  0 - - ~ / ~ - - ~ ,  T = 0  [7] 

At the mouth  of the capil lary (TI ---- 1), where  one- and 
three-d imensional  regions join, equal i ty  of fluxes gives 

atn---- 1 , 4 - -  O,/~---- O, andz - -~0  

The boundary conditions given here implici t ly con- 
tain the assumption that  the capi l lary mouth is a point 
source for the three-dimensional  region, ra ther  than 
an actual disk. The error  arising f rom this assumption 
wil l  be minimal  unless the capi l lary diameter  is a sig- 
nificant fraction (several  per cent) of the length. 

Finite Difference Formulation 
An explici t  form of the finite difference Eq. [9] 

was used to represent  Eq. [1]-[8] for both one-d imen-  
sional and three-dimensional  regions. 

Let i = index for the step movement  in x direction 
(i ----- 1,2,3,...), j ---- index for the step movemen t  in y 
direction, k = index for the step movement  in z direc-  
tion, n = time, AT ---- step increment  in dimensionless 
time, a~ = step increment  in ~ direction, A~ = step 
increment  in /3 direction, A~ ---- step increment  in ~ di- 
rection, M ---- 1/An : number  of grid points in the cap- 
illary, kl = A~/(A~) 2, k2 ---- A~/(A/~) 2, and ~3 -- AT/(A~) 2. 

For the one-dimensional  diffusion region, O ~ n < 1, 
Eq. [1] becomes 

~bi.l.l.n+l = [1 - -  2kl] ~bi.l.l.n 

-~- Xl [~bi- l . l . l .n  -4- ~bi+l.l.l.n] [9] 

where  1/An > i 
At  the closed end of the capil lary (i = 1), the zero 

flux boundary condition (Eq. [2]) leads to 

r "-- r [1O] 

The initial condition (Eq. [3] ) becomes 

r ---- 1 [11] 

For the three-d imensional  diffusion region, ~ > 1, 
0 ~-- ~ --~ oo, O --~/~ --~ ~ ,  Eq. [4] becomes 

r = (1 -- 2~q -- 2~.2 -- 2~-3) r 

JF" ~l (~ai--l,j.k.n + r l,j,k,n) "Jr- ~2(r + ~ai,j+ l,k,n) 

+ L3(r + r [12] 
for i > 1/An. 

Boundary conditions (Eq. [5], [6]) are 

r  0 as/--> ~ ,  j-~ ~ ,  k-> ~ [13] 

r : r [14] 

r = r [15] 

For  simplicity, the capi l lary is considered as a dri l led 
hole in a block. In order to account for the imperme-  
able plane at the mouth  level, ~ = 1, ~ > 0, fl > 0, the 
following s ta tement  allows for zero flux perpendicu-  
lar  to the plane by the use of imaginary  points below 
the plane, e.g. 

CM + l j .k .n = ~bM-1,.Lk,n [16] 

The initial condition given by Eq. [7] becomes 

1 
r162 as~- - -0 ,  i>~ ,0 - - - - - j - - - - -o~ ,0 - -~k- -~o~  [17] 

At  the junct ion of the one- and three-dimensional  
regions just  at the capi l lary mouth  (i ---- M, j ---- 1, 
k ---- 1), Eq. [8] becomes 

~bM--l.l.l.n "~ ~bM-I-l.l.l.n "4- CM.2.1.n + ~bM.1.2., 
~bM, l,l,n+ 1 

4 
[18] 

Equat ion [18] is based on implicit  finite difference 
approximation,  together  wi th  the assumption of equal  
spacing in the three-d imensional  region (An ---- A~ ---- 
• 

Computation 
Stabi l i ty  of the finite difference calculations re-  

quired (9) that  kl, k2, and ~-3 be smaller  than 0.5. Ten 
grid points in the capi l lary (A~l ---- 0.1) and a dimen-  
sionless t ime increment  of AT = 2 • 10 -4 were  first 
used for the calculation except  at early t ime (~ ~--0.001) 
where  twenty  grid points in the capi l lary were  used to 
improve the computat ion of the average  concentrat ion 
by smoothing the concentrat ion in the region 0 --~ ~ --~ 1. 
The same step size (An ---- A/~ _-- A~ = 0.1) was used in 
the three-d imensional  diffusion region (Eq. [12]-[17]).  
Computat ion of the dimensionless concentrat ion at all 
grid points was carr ied out as the dimensionless time, T, 
increased to 1.5. The dimensionless concentrations in 
the three-dimensional  diffusion region were  calculated 
step by step from the mounth  of the capi l lary to the 
infinite medium. However ,  computat ion was cut off and 
moved to the next  t ime step when the dimensionless 
concentration, r at grid points became less than a pre-  
set value which, in this calculation, was chosen as 
1.0 • 10 -4. Trial  and error  procedure showed that  this 
value  is the largest  which can be neglected without  
affecting the final result  for Cavg. In this way, the actual 
computing t ime was reduced to about a quar te r  of that  
requi red  to compute the concentrat ion at every  grid 
point out to n ---- 2.5. A computer  t ime of about 10 min 
was required to carry out the calculation to �9 = 1.5 
on the IBM 360/75. 

Convergence was tested by reducing the t ime in- 
crement,  k, checking for changes in concentrat ion pro-  
file and by checking the computed average concentra-  
tion in the capil lary as a function of dimensionless t ime 
with  the analytical  solution (Eq. [19]) for the case of 
diffusion with  st irr ing and also one-dimensional  dif-  
fusion along the axis of the capil lary without  st irring 
(Eq. [22]), the two l imit ing cases discussed below. 
The smallest  t ime increment  used (AT -- 1.5 • 10 -4) 
provided for convergence of numerical  results and also 
gave excel lent  agreement  wi th  analytic solutions for 
the fast and slow l imit ing cases. In Fig. 2, computer  
results are shown as points for comparison wi th  the 
analytic limits given by Eq. [22] for the slowest possi- 
ble bound and Eq. [19] for the fastest limit. 

Analytic Solutions for Fast Limit 
Anderson and Saddington (5) gave a solution to Eq. 

[1] wi th  Eq [2] and [3] as boundary conditions which 
describes the average concentrat ion remaining in the 
entire capi l lary at t ime t wi th  the concentrat ion at 
the mouth  of the capil lary maintained at zero. The 
solution, Eq. [19], permits  the evaluat ion of a diffu- 
sion coefficient, D, for the l imit ing case of fastest ex-  
t ract ion from the capillary. 

O.8 ~ " ~  

%e 
0.6 

0.4 

0.2 

I i 

0,001 0.01 ~ 0.1 1.0 

Fig. 2. Average capillary concentration vs.  time (~bavg VS T). 
No-stir, three dimensional, computed; no-stir, 

one dimensional, analytic; . . . . . .  stir, one dimensional, analytic. 
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= o  
8 ~ 1 - (2n + I)'-' r~ T 

Cavg : -- /-~ e [19] 
~2 n=o (2n -{- 1) 2 4 

A result  ent i rely equivalent  to Eq. [19] may be ob- 
tained by the use of Laplace t ransform methods (9) 
and is much more useful for small  time, although 
different in form. 

~bavg - -  I - -  2T I / 2  
'~1/2 

e - n n [20] 
-t- 2 ( - -1 ) "  - -  erfc 

n : l  ~1/2  T1/2 1~1/2 

It may be readily determined that the entire summa-  
tion in Eq. [20] may be ignored for times which are 
small, i.e., where the cri terion ~ < 0.06 is valid. The 
first term within the large brackets in Eq. [20] repre-  
sents the l imiting case equivalent  to diffusion out of 
a semi-infini te region. Thus, for small time, Eq. [20] 
simplifies to 

2 
Cavg = 1 -- T 1/2 [21] 

~:1/2 

Analytic Solution for Slow Limit 

By making no provision for sideways (radial) 
spreading of diffusant in the no-s t i r r ing case, an esti- 
mate  is possible for a hypothetical slowest extraction 
of diffusant as though it moved outside the capillary 
in a v i r tual  constrained tube wi th in  the exterior liquid. 
By the use of Laplace t ransform methods with the 
diffusion equation (Eq. [1]) together with only one 
boundary  condition, given by Eq. [2] (no restriction on 
the capil lary mouth  concentrat ion),  the concentrat ion 
as a funct ion of distance and t ime may be readily ob- 
tained. The solution is 

I; 1/2 r 1 
Cav~ = 1 ~1/2 1 e -- erfc. [22] 

-~1/2 

For small  times, the decreasing exponential  and com- 
p lementary  error function terms in Eq. [22] are very 
small  and may be ignored in favor of the approxima- 
tion 

-~1/2 

Cars = 1 - -  - -  [23]  
~1/2 

If it were possible to arrange the bounded one-d imen-  
sional diffusion into the external  liquid, Eq. [23] would 
describe the actual amount  remaining in the capil lary 
for small time. The diffusant actual ly spreads beyond 
the constraining envelope for the case of three-di -  
mensional  diffusion with no stirring, thus providing 
for a more rapid removal  of mater ial  than the one- 
dimensional  bound given in Eq. [22]. Thus, the "ac- 
tual" amount  remaining  given by Eq. [23] appears to 
be associated with a smaller apparent  diffusivity for 
the same Ca~g subst i tuted in  Eq. [21], valid for stir-  
ring. 

Using the "actual" diffusivity for the no-stir,  one- 
dimensional  t rea tment  as  ]9act in Eq. [23] and calling 
the apparent  diffusivity computed from Eq. [21] Dappt, 
equating amounts  in the capillary gives as a l imit at 
short t ime 

Dappt 
= 0.25 

Dact 

This bounding lowest possible value is indicated in Fig. 
4 and provides a l imit  for the negative error in D 
measurement  introduced by using Eq. [21] (incor- 
rectly) without  the necessary st irr ing conditions. 

Table I. Numerical results for Cavg vs. "c for three-dimensional 
diffusion without stirring 

~bavg 1" Dappt/Daet  s 

0.9398 0.0048 0.5929 
0.9228 0.0075 0.6241 
0.8848 0.0153 0.6810 
0.8219 0.0333 0.7480 
0.7737 0.0513 0.7840 
0.6972 0.0873 0.8249 
0.5077 0.2160 0.8778 
0.3339 0.3959 0.9078 
0.2231 0.5699 0.9175 
0.1470 0.7498 0.9228 
0.09684 0.9298 0.9261  
0.06034 1.134 0.9286 
0.03949 1.316 0.9309 
0.02605 1.496 0.9312 

* D a p p t / D a e t  o b t a i n e d  by  s u b s t i t u t i n g  c o m p u t e d  r162 i n  Eq. [20] 
or Eq. [21] to d e t e r m i n e  Dappt. 

Results and Discussion 
Table I gives the values from the numerical com- 

putat ion for three-dimensional  diffusion from a capil- 
lary into a s tat ionary bulk  solution. The results of the 
slowest possible bound, Eq. [22], and the fast-st irred 
bound, Eq. [20], are shown together in Fig. 2. There 
is a surpris ingly similar behavior of ~avg vs.  �9 for the 
true extremes of s t i r r ing (Eq. [20]) and the nonst i rred 
three-dimensional  computed result. As shown in Fig. 
3, curves of concentrat ion vs.  distance at selected 
values of z bear a close resemblance to the shape ex- 
pected for s t i rr ing conditions at the mouth. Even wi th-  
out stirring, the concentrat ion gradients just  at the 
mouth show a near ly  similar flux behavior. 

If s t irr ing is not provided in an actual experiment,  
the apparent  value of D computed using Eq. [20] (zero 
boundary  condition) will  clearly be less than the true 
value of the diffusion coefficient. These negative errors 
arising from misuse of Eq. [20] with r for no stirring 
are listed in Table I as  Dappt/Dact. A plot of Dappt /Dact  
vs.  ~avg is given in Fig. 4. The lower l imit  (for ~av~ > 
0.95) of the ratio was not determined because of pro- 
gram time interval  l imitations. Dappt/Dact increases 
from 0.6 to 0.93 as the concentrat ion of mater ial  re- 
maining  in the capil lary decreases toward zero. Thus, 
if sufficient t ime elapses, diffusivity measurements  may 
be made to wi thin  a close approximation of the cor- 
rect value even if an incorrect equation for ~avg vs.  T is 
used with no stirring, as expected. For a 3-cm long 
capillary and diffusion coefficient on the order of 
5 • 10 -6 cm2/sec, a misapplication of Eq. [20] for the 

1,0 

0,045 

O.8 

0.6 

O4 

Q2 

0 I I I I I I I 
\ 

0 0.2 0.4 ~7 0.6 Q8 1.0 

Fig. 3. Capillary concentration profiles for selected "~. 
No-stir, r --~ O, ~1 == 1; . . . . . . .  stir. r = O, ~1 = I. 



512 J. Electrochem. Soc.: ELECTROCHEMICAL SCIENCE AND TECHNOLOGY Apri l  1973 

0.8 

Doppt 
Doct 

(16 

OA 

THEORETICAL 
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0.2 I I I I 
,.0 01.8 0'6 1 4  I 012 0.0 

~Pave 

Fig. 4. Ratio of apparent to actual diffusivity obtained by using 
no-stir q~ave in Eq. [20]. 

nonst i r r ing case will  result  in less than  10% error only 
if the diffusion proceeds for longer than 375 hr. For a 
diffusion time of 32 hr, a 20% error will result  from 
misapplication of Eq. [20]. Using the results shown in 
Fig. 2 and 4, however, it is possible to back-correct  
data in the l i terature where Eq. [20] has been used 
incorrectly with no st i rr ing conditions. Furthermore,  
availabil i ty of these corrections implies that  experi-  
menta l  use of the capi l lary technique with no stir-  
r ing can be made to obtain accurate values of dif- 
fusivity and totally el iminate the ambigui ty  associated 
with s t i rr ing and the hl effect. Errors may still arise 
from na tura l  convection effects due to density differ- 
ences between the diffusing and bulk  solutions. For 
very dense solutions, such effects may be considerable 
and make st irr ing a preferable recourse. Pre l iminary  
results from an exper imental  test of the method indi-  
cate, however, that this problem can be overcome. Final  

results from that  study will  be the subject of a later 
communication. 
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Techn ca]l Notes 

Grain Boundary Attack of 3161 SS in 
Ammonia-Rich Environments 

J. M. A. Van der Horst* 

Surface Research, Incorporated, Olean, New York 14760 

Urea synthesis plants are often subject to very severe 
corrosion. The materials used most often are austenitic 
stainless steels of the types 316 and 317 (1). Ti tanium 
has been used but  it is also subject to corrosion (2). 
Zirconium has found limited application and appears 
to be completely inert. 

Two forms of corrosion should be distinguished in 
urea synthesis. First, corrosion in the reactor proper, 
which is mostly confined to the welds (3). This type of 
corrosion seems to be connected with the high level of 
carbamate in the reactor, or, as others claim, the 
presence of ammonium cyanate (4). At any rate, sigma 

Electrochemical  Society  Active Member.  
Key  words:  intergranular  corrosion, austenit ic  stainless steel,  

ammonia ,  ASTM tests, complexing.  

phase in the weld metal  is pr imar i ly  attacked and it 
can be reduced to relat ively low levels by employing 
a filler mater ial  which does not form sigma phase as 
rapidly as 316 or 317 (5). 

The second form of corrosion is found in areas ex- 
posed to the gas phase in urea synthesis. It is charac- 
terized by general  at tack of austenitic stainless steels, 
sometimes by preferent ia l  leaching of some of the con- 
s t i tuent  elements of the alloy or by in te rgranular  at-  
tack. This is the type of corrosion which will  be dis- 
cussed hereunder.  

The Huey test (ASTM A262C) has been specified 
for stainless steels used in urea  synthesis plants. This 
test is conducted at a high redox potential  and a low 
pH, whereas urea synthesis takes place at a low redox 
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potential  and a high pH. It would therefore appear in-  
appropriate to use the test for this purpose. 

Some l imited cases can be made for the Huey test in 
the case of the reactor, because this test also attacks 
sigma phase. For corrosion in areas exposed to the gas 
phase it is completely out of place (6), as will be dem- 
onstrated presently. 

Case Histories and Experimental 
Among internals  from the high pressure section of 

a urea synthesis plant  were present a series of collars 
consisting of two parts of 316L stainless steel welded 
together. A number  of these assemblies were found 
to have one of the two parts severely corroded, the 
other not (Fig. 1). This indicated the presence of some 
condition in  the part icular  part  of 316L making it more 
subject to urea corrosion than  the other part. The 
chemical analysis however did not show any sig- 
nificant differences: 

Ni Cr Mo 
Corroded portion (steel A) 13.92 17.05 2.36 
Noncorroded portion (steel B) 14.50 16.96 2.42 

The assembly was therefore sliced into segments and 
the individual segments subjected to the oxalic acid 

Fig. 4. 316L SS A (left) and B (right) after Huey test (ASTM 
A262C). 

Fig. 1. 316L SS A (left) and B (right) after simultaneous exposure 
to the gas phase in urea synthesis. 

Fig. 5. 316L SS A (left) and B (right) after Strauss test (ASTM 
A262E). 

test (ASTM A262A) (Fig. 2), the Streicher test 
(ASTM A262B) (Fig. 3), the Huey test (ASTM 
A272C) (Fig. 4), and the Strauss test (ASTM A262E) 
(Fig. 5). Fresh rnetal surfaces were exposed for the 
test. The grain-boundary etching visible in the cross 
section is due to metallographic preparation. 

Discussion 
It  is quite evident  that  while the urea synthesis en-  

v i ronment  can cause very severe in te rgranular  corro- 
sion in steel B, none of the ASTM in te rgranula r  cor- 
rosion tests does anyth ing  like it. 

The photomicrographs (Fig. 1-5) clearly show a 
s t ructural  difference between steels A and B. They 
react quite differently to the metallographic etch, no 

Fig. 2. 316L SS A (left) and B (right) after oxalic acid test (ASTM 
A262A). 

Fig. 3. 316L SS A (left) and B (right) after Streicher test (ASTM Fig. 6. SEM of partially leached out 316L SS; remaining metal 
A262B). lower left corner. 
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doubt due to a difference in heat - t rea tment .  This dif- 
ference however does not seem to have anyth ing  to 
do with Cr depletion at the grain boundaries, at which 
the tests of ASTM A262 are more or less aimed. Only 
the Strauss test (Fig. 5) caused considerable attack of 
steel B, but  this attack appears to follow the in terna l  
grain s t ructure  rather  than the grain boundaries.  

The s t ructure  in Fig. 6-8 may clarify the mat ter  
somewhat. Apparent ly  the corrosive env i ronment  we 
are dealing with in this case is an excellent solvent for 
Ni, a somewhat lesser solvent for Cr, and a poor 
solvent for Mo and Fe. This is also confirmed by the 
in te rgranular  attack shown in Fig. 9-10, where the 
grain boundaries are Ni enriched. One might wish to 
make a case for corrosion caused by low C, but  this 
would seem difficult. 

The sequence of dissolution corresponds to the order 
of al~inity for the formation of ammonia  complexes, 
which has been widely investigated by Professor Jan ik  
Bje r rum (7), who confirmed to the author that increas- 
ing concentrations of ammonia  are required to complex 
Ni, Cr, and Fe, in this order, while Mo is not complexed 
at all in this env i ronment  (8). These complexes are 
highly soluble in ammonia, and as a result  the protec- 
tive oxide layers of austenitic stainless steels become 
completely soluble. 

Since all the metals concerned dissociate water when 
unprotected, and some water is always present  in  urea 
synthesis, the cycle, complexing, dissolution, dissocia- 
tion, is continuous. At lower NH3 concentrations it is 
capable only of complexing Ni, the result  being prefer- 
ential  dissolution of areas with a high Ni concentra-  
tion. At somewhat higher NH~ concentrat ions both Ni 
and Cr are complexed and leached out of the matrix.  
At still higher NH3 concentrations, Fe is also com- 
plexed and the stainless steel dissolves completely and 
cleanly. 

Fig. 9. 330 stainless corroded in a urea process stream 

Fig. 7. Corroded assembly of 316L SS: inner circle rest of cor- 
roded tube, surrounded by partially corroded ring, and lower out- 
side part of corroded plate. 

Fig. 8. Backscatter of Fig. 6 for Fe (upper left), Mo (upper right), Fig. 10. Groin and grain-boundary composition of 330 SS for Ni, 
Ni (lower left), and Cr (lower right). Cr, and C (electron microprobe). 



Vol. 120, No. 4 GRAIN BOUNDARY A T T A C K  OF 316L SS 515 

Figure  6 shows a scanning electron micrograph of a 
piece of 316L SS (from the gas phase in urea synthesis) 
most of which is completely t ransformed into corro- 
sion product. Only the lower lef t -hand corner is still 
metal. The corroded assembly is shown in Fig. 7. It  
was removed from a location close to that of the mate-  
rial shown in  Fig. 1-5 and consists essentially of a 
tube, a ring, and a plate, only some of the r ing still 
being in the form of metal. 

In  Fig. 8 one sees backscatter shots for the principal  
elements involved of the same area as Fig. 6. Quite 
obviously Fe and Mo have hardly been moved by the 
corrosion process, Cr has been considerably reduced, 
and Ni has v i r tual ly  disappeared. 

In  another  case, dur ing testing in  the gas phase of 
urea synthesis, a specimen of 330 SS showed severe 
in tergranular  attack (Fig. 9). Electron-microprobe 
traces (Fig. 10) for Ni, Cr, and C show no variat ion in 
Cr content, high Ni, and low C. Cr depletion, al though 
obviously a cause, is apparent ly  not the only cause for 
g ra in -boundary  attack in  austenitic SS. Ni enrichment ,  
in the appropriate environment ,  can do the same thing. 

Conclusions 
The tests for in te rgranular  corrosion in austenitic 

stainless steels specified in ASTM A262 are not ap- 
plicable for this type of corrosion in highly ammoniacal  
environments .  1 

In te rgranula r  corrosion of austenitic stainless steels 
in highly ammoniacal  envi ronments  appear to be con- 

ASTM A262D not tested.  

nected with increased Ni concentrat ions at the grain 
boundary.  

The apparent  corrosive mechanism is complexing of 
protective oxides by  NH3, dissolution of these oxides 
into ammonia, and dissociation of water  by the unpro-  
tected metal. 

Manuscript  submit ted Nov. 1, 1972; revised manu-  
script received Dec. 14, 1972. 

Any discussion of this paper will appear in a Dis- 
cusslon Section to be pubUshed in the December 1973 
JOURNAL. 
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Simultaneous Determination of Instantaneous 
Corrosion Rates and Tafel Slopes from 
Polarization Resistance Measurements 

Florian Mansfe ld *  

North American Rockwell Science Center, Thousand Oaks, California 91360 

Instantaneous corrosion rates are most commonly 
determined by the use of an electrochemical technique 
first described by  Wagner  and Traud  (1) and Stern 
and co-workers (2, 3). This technique is now known as 
S te rn -Geary  technique, polarization resistance tech- 
nique, or incorrectly (4) as l inear  polarization method. 

It was shown by Wagner  and Traud (1) and by 
Oldham and Mansfeld (4, 5) that  for a polarization 
curve of the form 

I = /colt  e b~ - -  e be ) [1] 

the corrosion current  Icorr is proportional to the slope 
of the polarization curve at the corrosion potential  
~bcorr 

/ C O L T  - - -  - -  

2.3 ba -{- bc ~eorr 

1 babe 1 B 
-- - -  -- [21 

2.3 ba ~ bc Rp Rp 

where Rp is the polarization resistance. 
It is commonly believed that a serious limitation of 

the method discussed here is the fact that the actual 
current -potent ia l  measurement  only leads to the value 
of Rp, while the values of the Tafel slopes ba and bc 

* Electrochemical Society Act ive  Member. 
Key words:  t ime  dependence  of  corrosion rates and Tafe l  slopes,  

corrosion of  iron, curve  fitting. 

have to be guessed, taken from literature,  or be deter-  
mined  in  independent  experiments.  For  this reason 
Hoar (6) expressed the opinion that  the measurement  
of polarization resistance is superfluous in the electrical 
determinat ion of corrosion rates. He overlooks, how- 
ever, the important  advantage of the polarization re- 
sistance method, namely  that  the system is disturbed 
only very  little by the measurement  which is especially 
important  when  the t ime behavior of corrosion rates 
is studied. 

In  the following it will  be shown that the polariza- 
tion resistance Rp and the Tafel slopes ba and be 
can be determined s imultaneously from the mea-  
sured current -potent ia l  curve, thereby allowing c a n  
cuIation of instantaneous corrosion currents.  

Combinat ion of Eq. [1] and Eq. [2] leads to 

1 babe 1 ( 
2.3(~--~b ) 

2.3 ba 4- bc Rp 
2.3(cb--~corr) ) 

- -  e bo [3] 

which can be wr i t ten  after rear rangement  as 

babe ' ' 

%, e b~ be 2.3 RpI = -- e 
ba ~- bc 

[4] 

where Ar ---- r -- ~bcolT. 
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Fig. I .  Plots of right-hand side of Eq. [4] vs. A~b : ~b-~bcorr. 
(o, above left) Various combinations of Tafel slopes ba and bc, 
(b, left) bc = 0o (diffusion control), (c, above right) ba = be = 
b. 

It wi l l  be noted that the right hand side of Eq. [4] 
depends only on the Tafel slopes ba and bc. Figure 1 
shows a plot of the right-hand side of Eq. [4] vs. A~ for 
various combinations of Tafel slopes. It can be seen 
that the curvature of the plot depends on difference 
of the Tafel slopes ba and bc. Figure lb  shows a s im- 
ilar plot for the case where  the cathodic reaction is 
under diffusion control (bc ---- oo), whi le  in Fig. lc  it 
has been assumed that anodic and cathodic T afel slopes 
are equal (ba ---- bc ---- b). Note the different curvature 
at cathodic potentials (Aib < 0) in Fig. lb  and Fig. lc. 
These examples  show that different kinetic behavior 
of a corroding metal, as expressed by different com- 
binations of Tafel slopes, can be recognized based on 
plots according to Eq. [4]. 

The corrosion current Icorr can be calculated from the 
measured polarization curve in the fol lowing four 
steps which are based on Eq. [4] and Eq. [2] : 

1. Determine the polarization resistance Rp from 

- -  Rp-i 
~corr 

by drawing a tangent at ~bcorr. 
2. Multiply the current I measured at a certain 

value  Ar by 2.3 Rp and plot 

2.3 Rpl vs. A~ 

3. Determine from this plot the Tafel slopes ba and 
bc by curve fitting using theoretical curves calculated 
for various values of ba and bc. 

4. Calculate Icorr from Eq. [2] using the Rp value 
determined in Step 1 and the Tafel slopes determined 
in Step 3. 
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Fig. 2. Experimental polarization curves for iron in 1N H2S04 as 
a function of time. 

Experimental 
This new type of analysis of polarization curves of 

corroding metals, described above, has been used for 

i iron (99.9%, Johnson, Mat they & Company) corrod-  
ing in 1N H2SO4. The polarization curves have been 
measured in the potent iodynamic mode using a sweep 
rate  of 30 m V / m i n  and 4r = ~-25 mV. Durat ion of the 
exper iment  was 24 hr. Figure  2 shows some of the 
polarization curves obtained at various t imes of the 
experiment .  F rom these curves the polarization re-  
sistance Rp has been determined graphical ly by d raw-  
ing a tangent  at Ar --- 0. A plot  of 2.3 RpI vs. A~ was 
then constructed according to Step 2. It  was found 
using theoret ical  curves  that  the value of Rp could be 
determined within  •  An accurate  determinat ion 
of R,  is important  for the success of the proposed 
method. If the graphical ly  de termined  value of R,  is, 
for example,  too high, then both ba and bc found by 
curve fitting wil l  be somewhat  too low. Exper imenta l  
results are shown in Fig. 3a for the run recorded 
after 10 rain and in Fig. 3b for the run recorded after 
290 min. F rom Fig. 3a the values of ba and bc which 
fit the measured curve  best are found to be ba : 30 mV 
and bc -- 95 mY, whi le  f rom Fig. 3b one finds ba : 55 
mV and b~ ---- 105 inV. The values  of either the anodic or 
cathodic Tafel  slope used to calculate the theoret ical  
curves are var ied in steps of 5 mV, since the procedure 
described here is not proposed for a quant i ta t ive  deter-  
minat ion of Tafel  slopes but ra ther  for a qual i ta t ive  
determinat ion  for situations where  Tafel  slopes are 
not known or where  changes in Tafel  slopes and cor- 
rosion rates are to be fol lowed as a function of time, 
solution parameters,  etc. While the calculations neces- 
sary for Steps 1-4 could be carr ied out best using a 
computer,  the theoreticaI curves can be computed 
ra ther  fast using desk top calculators. Once a set of 
theoret ical  curves corresponding to the r ight-hand side 
of Eq. [4] has been calculated, they can be used for 
analysis of any recorded polarization curve. 

Results of the analysis of polarization curves for 
the system Fe /1N H2SO4 are summarized in Fig. 4. 
While there  are some fluctuations of the cathodic Tafel 
slope be, there  is a definite increase of the anodic Tafel  
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Fig. 3. Experimental curves (solid line) and theoretical curves, superimposed in order to obtain best values of ba and be. (a, left) 10 rain, 
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Fig. 4. Time behavior of corrosion parameters of iron in IN 
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slope ba with time. The factor B = babc/2.3(ba + bc), 
which correlates polarization resistance Rp and cor- 
rosion current  Icorr increases by about a factor of 2 
from 9.9 to 20.2 mV during the 24 hr test. 

Finally,  the values of the inverse polarization re- 
sistance R p  - I  and the corrosion current  I co r r  - -  BRp -1 
are shown in Fig. 4 for the 24 hr test. The corrosion 
current  increases by about a factor of 10 in the first 
6 hr of the exper iment  and then levels off. Similar  
results have been reported by Chin and Nobe (7) and 
Barnar t t  (8, 9). Since the factor B only increases 
slowly with time, the values of Icorr and Rp -1 show 
essentially similar behavior. 

The experimental  polarization curves, examples of 
which are shown in Fig. 2, have also been analyzed by 
a graphical method described recently by Oldham and 
Mansfeld (10). In  this method the curvature  of the 
polarization curve in the vicini ty of ~bcorr is used to 
obtain the corrosion current.  A knowledge of the Tafel 
slopes ba and bc is not required for the determinat ion 
of Icom In Fig. 5 corrosion current  densities (C.D.) 
obtained with the two methods of analysis are plotted 
as a function of time. While there are some differences 
in the absolute values of icorr, identical t rends are 
observed. The fluctuations of icorr between 200 and 400 
min  must  be real because they appear in both analyses. 
It cannot be argued that  they result  from inaccurate 
determinat ions of the Tafel slopes ba and bc, because 
corrosion currents  are determined directly from the 
measured polarization curve in the graphical method 
rather  than  being calculated from Tafel slopes and the 
polarization resistance. 

After completion of the 24 hr test, the solution was 
analyzed for iron by atomic absorption spectroscopy. 
The amount  of iron determined corresponds to a cor- 
rosion rate of 5700 mdd or a corrosion C.D. of 2.28 

I I I I I 

Fe/IN H2SO 4 

I I I 
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Fig. 5. Corrosion C.D. as a function of time obtained from two 
different analyses of experimental polarization curves and from 
chemical analysis of test solution. 

I 
]600 1800 

m A / c m  2. This is in  good agreement  with the average 
corrosion C.D. from the electrochemical measurements  
especially when these are analyzed by the graphical 
method. 

Barnar t t  using a galvanostatic procedure to obtain 
polarization curves which are then analyzed by a 
three-point  method (11) has reported a similar time 
behavior of the corrosion parameters  of i ron in 1M 
NaHSO4 (pH ---- 0.48) (8, 9). 

Since the main  purpose of this paper is to i l lustrate 
the new type of analysis of polarization curves of cor- 
roding metals, no at tempts are being made to explain 
the observed variat ions of the Tafel slopes and corro- 
sion rates with time. A complete analysis of the time 
behavior of all parameters  of a corroding metal, would, 
however, cer tainly lead to a bet ter  unders tanding  of 
mechanisms of corrosion. 

Summary 
It  has been shown that  polarization resistance values 

as well  as Tafel slopes can  be determined simul-  
taneously from polarization curves in a potential  re- 
gion close to the corrosion potential  so that  ins tan-  
taneous corrosion currents  can be calculated. This 
new analysis of polarization curves is demonstrated in 
a study of the t ime dependence of the corrosion param-  
eters of the system Fe/1N H2SO4. 

Manuscript  submit ted Aug. 29, 1972; revised manu-  
script received Nov. 27, 1972. 

Any discussion of this paper will  appear in  a Dis- 
cussion Section to be published in the December 1973 
JOURNAL. 
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Brief Common,cat ,on 

A Copper Ion Conducting Solid Electrolyte by 
Substitution of Silver in RbAgJ0 

Bruno Scrosat i *  

Laboratorio di Chimiea Fisica ed Elettrochimica, Universit~ di Roma, Rome, Italy 

The advantages of RbAg415 as a solid electrolyte are 
well known. The practical use of this electrolyte, 
however, has been limited, main ly  because of the cost 
of the anodic material.  This in  fact has to be silver 
since the conduction through the electrolyte is due to 
silver ion movements. It  is therefore obvious that an 
electrolyte with comparable properties but  conduct- 
ing via copper ions would be of great interest  because 
of the low cost and large avai labi l i ty  of copper. I will 
report  here very pre l iminary  results obtained in our 0.s0 
laboratory in  a program for the development  of a cop- 
per solid electrolyte. 

One possible candidate is cuprous iodide. It is known 
in fact that  CuI possesses predominant  ionic conduc- 0.60 
t ivi ty at low temperature,  provided that  there is not 
excess of halogen (1, 2). This conductivi ty is very low a 
and assumes high values only above 300~ (1). There-  
fore cuprous iodide cannot be used as such since the ~ o.~ 
main  requisite for a useful  solid electrolyte is a rea-  
sonably good ionic conductivi ty at room temperature.  
To approach this condition, we have tried to substi-  
tute to a certain extent  the silver ions with copper 0.~ 
ions in  RbAg4Is. To realize this we have assembled t h e  
cell 

Ag/RbAgsI4/Cu [ 1 ] 

by pressing into pellets a mixture  of powdered copper 
and electrolyte, the electrolyte, and a mixture  of 
powdered silver and electrolyte. The electrolyte was 
added to the electrode materials  to reduce interracial  
polarization effects (3). The surface of each pellet was 
1.25 cm 2, and the thickness was about 0.15 cm. 

Cell [1] was polarized with the copper electrode as 
positive and main ta in ing  the voltage below the decom- 
position potential  of RbAg415 [0.67V at 25~ (4)].  
Under  these conditions, since the electronic conduc- 
t ivi ty  of RbAg415 is very low [about 10 - l l  o h m - l - c m  -z 
at 25~ (3, 4)],  if copper did not dissolve in the elec- 
trolyte in the form of ions, the result ing current,  under  
s teady-state  conditions, would be almost negligible. 
This is not the case, as shown by the current -vol tage  
curve of cell [1], which applies to the init ial  behavior 
of the cell, reported in Fig. 1. Therefore a cell similar 
to [1] was submit ted to cons tan t -cur ren t  electrolysis 
and a typical result, at I : 0.05 mA, is shown in Fig. 
2. The rise in voltage is probably due to increase in o.a 
cell resistance because of dendrit ic deposition at the 
negative with consequent loss of electrode/electrolyte T~ 
contact (5, 6). Genera l ly  after a few coulombs were >o 0.6 
passed through the cell (four in the case shown in 
Fig. 2), the electrolysis was in ter rupted  and the silver ~ o.4 
electrode was replaced by an iodine-benzidine (I2-B) 
charge- t ransfer  complex pellet. The iodine charge- ~> 
transfer  complexes act as iodine electrodes with re-  o.2 
duced iodine vapor pressure (6). The resul t ing cell 

Cu/Cu~-RbAg4-xIJI2-B [2] o 

had at room tempera ture  an open-circui t  voltage of 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
K e y  words:  solid e lectro lyte ,  copper  ions  c o n d u c t i v i t y .  

about 0.6V. Cell [2] was then discharged at constant 
currents  and showed good discharge capabilities, as 
indicated by the discharge curves reported in  Fig. 3. 
These are fur ther  indications that  Cu + ions are present  
and mobile in the "substi tuted" RbAg4Is. Therefore 
it is reasonable to admit that  silver can be, at least 
partially, substi tuted with copper in RbAg415. 
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Fig. I. Typical current-voltage carve of cell [1] at 25~ 
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Fig. 2. Typical constant-current electrolysis (I = 0.05 mA) of 
cell [1] at 25~ 
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Fig. 3. Discharge curves of cell [2] at 25~ 
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The study reported here is still in the very  pre-  
l iminary  stage and fur ther  work is certainly needed to 
definitely characterize this electrolyte and determine 
the amount  of silver which may be substi tuted with 
copper. Nevertheless, it seemed to be worthwhile to 
report  these results since they tend to indicate that 
it could be possible to enhance the ionic conductivity 
of CuI by the formation of a double salt, as has been 
the case of AgI. Work in this direction is in progress 
in our laboratory and will  be reported in a subsequent 
paper. 
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Errata 
In the paper "Transient  Mass Transfer  at the Rotat- 

ing Disk Electrode" by Leonard Nanis and Irving Klein 
which appeared on pp. 1683-1687 in the December 1972 
JOURNAL, Vol. 119, No. 12, Eq. [14] should read as fol- 
lows 

Cb 
Jlim "- 1.58 nFD 

5c 

The omission of the constant factor in no way affects 
the conclusions or any other equations. 

The last sentence of the first paragraph in the Results 
section on page 1685 should read: "Data of Arvia  (2) 
were used for the ratio of diffusion coefficients of the 
redox species." 

In the paper "Electron Injection into Anodic Valve 
Metal Oxides. II. Fur ther  Exper imental  Results for 
Ta205, Nb205 and A12Oa" by N. I. Jaeger, G. P. Klein, 
and B. Myrvaagnes which appeared on pp. 1531-1538 in 
the November  1972 JOURNAL, Vol. 119, No. 11, the elec- 
tric field should be MV/cm (M = mega) not mV/cm. 
Thus, the captions to Fig. 2, 3, 4, and 7 should read as 
follows: 

Fig. 2. Current - t ime characteristic of the activation 
process for: 1, Nb/1960A Nb2Os/200A Fe20~ electrode, 
activation field F' = 3.5 MV/cm; 2, Ta/1960A Ta2OJ 
200A Fe203 electrode, act ivation field F'  = 5.2 MV/cm; 
3, A1/1630A A12OJ200A Fe2On electrode, activation 
field F' : 6.2 MV/cm; 4, reanodization curve of Nb/  
1960A Nb20.~ anode following activation (curve 1) and 
subsequent  dissolution of the Fe203 layer. F' = 3.5 
MV/cm. 

Fig. 3. Rate of activation as a function of the applied 

field F" = V / d  for Nb/1960A Nb205/200A Fe~O3 elec- 
trodes at 20~ field range: 3.52-3.73 MV/cm. 

Fig 4. Rate of activation as a function of the applied 
field F' :-  V / d  for Ta/1740A Ta2Os/200A Fe2Oa elec- 
trodes at 41.5~ field range: 4.60-4.94 MV/cm. 

Fig. 7. Slope of activation curves at constant  applied 
field (F ---- 4.81 MV/cm) vs. 1 / T  for Ta/1740A Ta205/ 
200A Fe203 electrode. 

On page 1533, second column, second paragraph, the 
text should read: To obtain similar slopes the applied 
field had to be increased from 3.5 MV/cm for Nb205 
to 5.2 MV/cm for Ta205 and 6.2 MV/cm for A1208, 
which corresponds to the decrease of the ionic conduc- 
tivities of the anodic oxides given in the l i terature (5). 

On page 1534, second column, first paragraph, the 
text should read: Log s vs. 1 /T  was plotted in Fig. 7 
for constant  field F = 4.81 MV/cm in Ta205 using the 
data from Fig. 6. 
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Charge-Coupled Devices Fabricated Using Aluminum-Anodized 
Aluminum-Aluminum Double-Level Metalization 

D. R. Collins,* S. R. Shortes,* W. R. McMahon, R. C. Bracken,* and T. C. Penn 
Texas Instruments Incorporated, Dallas, Texas 75222 

ABSTRACT 

This paper describes a novel double-level meta]ization technique to fab- 
ricate charge-coupled devices (CCD's) where both metal levels are aluminum 
and the insulation between the two metalization levels is aluminum oxide 
formed by anodization. Anodization provides a simple, quick, method for 
forming the double-level system insulation. This technique relaxes the 3 ~m 
(0.12 mil) electrode separation tolerance required for single-level metaliza- 
tion, since the thickness of the Al203 forms the interelectrode gap. The charge- 
transfer efficiency and stability of devices fabricated using this technique 
compare favorably with results obtained on devices fabricated using single- 
]eve] metalization. A comparison of the AI-Al203-A1 system with other 
double-level metalization systems indicates advantages in ease of fabrication 
and reliability, along with the capability of high speed operation of large 
arrays. 

Charge-coupled devices (1-3), (CCD's) are semi- 
conductor analog shift registers fabricated on a un i -  
formly doped semiconductor substrate. The basic 
charge-coupling principle consists of storing minor i ty  
carriers in potential  wells at the semiconductor surface 
and t ransport ing these carriers along the surface by 
t ranslat ing the potential  wells. The basic device struc- 
ture  is very  simple and consists of a thermal ly  oxi- 
dized semiconductor substrate with single-level metal  
electrodes on the oxidized surface. A cross section of 
the basic CCD structure is shown in Fig. 1 where sili- 
con is the substrate material.  The potential  wells are 
produced by applying a voltage to the metal  elec- 
trodes. The original, and the simplest, method of 
t ranslat ing the potential  wells along the silicon surface 
is to connect every third electrode to a separate clock 
line. Three electrodes then comprise an element: one 
electrode to hold and t ransmit  the charge, the second 
electrode to receive the charge, and the third electrode 
to provide directionali ty to the charge flow. A three-  
phase pulse sequence may then be applied to the clock 
lines to t ransport  a whole t ra in  of charge packets along 
the device surface. Diodes are general ly used to inject 
charge into the potential  wells at the input  and to 
detect the presence of minor i ty  carriers at the output. 
The basis of the charge t ransport  is the coupling of po- 
tential  wells under  adjoining electrodes so that  the 
minor i ty  carriers may be t ransferred from under  one 
electrode to the next. For reasonable substrate dopings 
and oxide thicknesses, this coupling requires elec- 
trode separations of approximately 3 ~m or less. This 
metal  separation is approximately four times narrower  
than present MOS production standards and presents 
one of the major  problems in  fabricat ing CCD's. 

In addition to the tight metalization tolerances re- 
quired, the single-level metal, three-phase system has 
two other drawbacks. The interconnection of three 
phases requires the use of a diffused tunne l  to connect 

* Electrochemical  Society Active Member.  
Key words: high frequency operation, charge- t ransfer  efficiency. 

one of the sets of electrodes to the clock lines. Fur ther -  
more, the exposed oxide between the electrodes causes 
device operation to be sensitive to ambient  effects. On 
a SiO2 surface exposed to the ambient,  ionic charges 
tend to accumulate and migrate  under  the influence of 
the electric fields. These migrat ing ions cause mirror  
charges in the silicon substrate which modify the po- 
tent ial  barr ier  at the Si-SiO2 interface, causing changes 
in the operating characteristics of the device. The 
problem of the close separation between metal  elec- 
trodes can be alleviated by going to a double-level 
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Fig. 1. Cross section of the basic CCD with surface potential 
diagrams 
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metal  system (4, 5). In  addition, a two-level  system 
effectively seals the oxide surface from ambient  effects. 
A double-level metal  system has na tura l  two- or four-  
phase symmetry.  The two-phase system may be either 
a t rue two-phase, which uses a spatial asymmetry,  or a 
pseudo two-phase system in which four electrodes ac- 
tual ly  are used for each element. True two-phase 
operation may be obtained by introducing an asym- 
met ry  in the fabricat ion process such as nonuniform 
oxide thickness (4-6) or an ion- implanted  barr ier  (7). 
All of these two- or four-phase schemes have their own 
drawbacks, including addit ional processing steps. An 
excellent review article by Tompsett  (8) provides a 
current  evaluat ion of CCD development  over the past 
two years. 

This paper describes a novel double-level metali-  
zation technique in which both metal  levels are a lumi-  
n u m  and the insulat ion between the two metalization 
levels is a luminum oxide produced by anodization. The 
anodizing technique provides a simple, quick, method 
for forming the double- level  system insulation. The 
insulat ion thickness of the A1203 forms the interelec- 
trode gap, which allows normal  metalization definition 
tolerances to be used. The double-level  s tructure also 
seals the interelectrode gap from ambient  effects and 
provides a coplanar, but  overlapping, high conductivity 
metalization system. 

Processing Concepts 
The conversion of the surface of metallic intercon- 

nects to an insulat ing oxide by the process of anodiza- 
t ion is used to form the interlevel  insulator in this 
work. A l u m i n u m  has been chosen as the interconnect  
metal  not only because of its capabili ty of being 
anodized, but  also because of its high conductivity. Any 
anodizable metal  could, however, be used in the spe- 
cific s t ructure described above. 

Aqueous and nonaqueous solutions of dibasic acids 
with finite solubili ty for the anodic oxide of a luminum 
have been used in this work. The resul tant  s tructures 
are assumed to be those modeled by Keller, Hunter,  
and Robinson (9). In this work, oxide thicknesses were 
determined by the product of current  density and time, 
and the control parameter  was that  of time. Care must  
be exercised to el iminate extraneous current  paths 
during the anodic process if adequate and simple con- 
trols are to be implemented.  Specific details of the use 
of various electrolytes and the electrical character-  
istics of the anodization process are described by 
Young (10) and McMahon (11). Electrolytes which do 
not exhibit  solubili ty for the anodic oxide may also be 
used to an advantage in that oxide thickness is then 
determined solely by the applied voltage and is found 
to be approximately 13.8 A / V  (12). 

To ensure uniform rates of anodic conversion and 
uni form thickness of oxide coating, all surfaces sub- 
jected to the anodic processing must  be at an equi-  
potential  dur ing the anodization. In  semiconductor 
processing this can be accomplished by connecting all 
clock electrodes to be anodized to a common potential  
and cur ren t -d is t r ibu t ion  bus dur ing anodization. The 
distr ibution bus may be protected from the oxidation 
process by a photoresist coating dur ing the anodie con- 
version. The lack of a protective oxide on the surfaces 
of such buses allows for their selective removal  by 
etching dur ing subsequent  processing steps without  
additional masking operations. 

Since the anodie oxide is grown atomistically from 
the metal  itself, the adhesion between the metal and 
its oxide is excellent. It  is also noteworthy that all 
surfaces exposed to the anodization condition, regard-  
less of their  topology or geometric orientation, are 
coated uniformly,  since the propagation of the oxide- 
metal  interface is perpendicular  to the applied electric 
field. In  addition, anodic processes are inherent ly  self- 
healing, inasmuch as the max imum rate of conversion 
is found at the points of max imum field across the 
oxide film, i.e., the thinnest  oxide areas and pinholes 

in the oxide film are self-el iminating.  The thin gate 
oxides exposed to the electrolyte and the applied field 
encountered in the anodic port ion of the fabrication 
process are not affected if care is exercised in the selec- 
tion of electrolyte and external ly  applied potentials. 

A l u m i n u m  oxide is a recognized dielectric, .and the 
electrical properties of the anodic form are well  ref- 
erenced in  Young (10). Results of this work indicate 
that the anodic oxide of a l u m i n u m  has a resistivity in 
excess of 10 TM ohm-cm and a dielectric constant  of ap- 
proximately 8.6, with very little f requency dependence. 
Anodized films ranging from 700 to 6000A are rout inely 
grown in the fabrication of CCD's, and the breakdown 
strength of the films exceeds 6 • 106 V/cm (42V across 
700A). The pinhole density is less than 3/cm 2 with 
5O00A of AI20~. 

Device Fabrication 
The process steps used to fabricate a CCD using 

the a luminum-a luminum oxide-a luminum double-level  
metalization system are i l lustrated in Fig. 2; after 
the thick oxide is formed, the source-drain diffusion 
is made and the thin gate oxide is grown, (a), a 
layer  of a luminum is evaporated over the entire 
wafer; (b), the a luminum is then pat terned to form 
the first-level electrodes; (c), Pa t te rn ing  may be per-  
formed using s tandard photoli thography techniques 
so that the m i n i m u m  length of the electrodes and the 
separation between electrodes may be 10 ~m (0.4 miD, 
as present ly used in volume MOS production processes. 
Next, selected portions of the a luminum are covered 
with photoresist; these portions include, via holes from 
the first to second level, metal  for bond pads and the 
anodizing connections. In a double- level  metalization 
system there is no need for the clock electrodes to con- 
tact the semiconductor substrate; however, the elec- 
trochemical anodization process requires electrical 
contact to the CCD electrodes dur ing  anodization. The 
electrically isolated na ture  of the CCD electrodes in 
the finished device thus requires a temporary  electrical 
connection to the anodizing contact. Typically, this 
anodizing contact (bus) is an extension of the first- 
level metal  which is run  to the scribe line. The first- 
level metal  is then anodized; the portions covered with 
photoresist remain  unanodized. In Fig. 2 (d), the 
anodizing converts an outer layer of the a luminum 
electrodes to A1203. The protecting photoresist is then 
stripped, and the second layer  of a luminum is evapo- 
rated over the entire wafer. In  Fig. 2 (e), this second 
level of a luminum is then pat terned using s tandard 
photolithographic methods and acidic subtractive 
etching. In  Fig. 2 (f), the pa t tern ing is performed so 
as to inter leave the second-level CCD electrodes be- 
tween the first-level CCD electrodes. The result ing 
s tructure consists of a set of coplanar, but  overlapping, 
electrodes separated by a layer of anodized a luminum. 
During the pa t te rn ing  of the second-level electrodes, 
the anodizing contact (bus) to the first-level metal  
is also removed. The entire fabrication process can be 
accomplished with only one more addit ional photo- 
mask, the second-level metal  photomask, than  used 
to fabricate a single-level  metal  CCD. A reversal of 
the photomask normal ly  used to open the protective 
oxide overcoat in the bond pad areas may be used 
to protect portions of the first-level metal  from anodiz- 
ing. The process of protecting the bond pads dur ing 
anodization and of removing the bus bar  along with 
second-level metal  is i l lustrated in Fig. 3. 

A photomicrograph of a finished device is shown in 
Fig. 4. The device was fabricated on 20 ohm-cm 
<111> n- type  silicon using s tandard MOS techniques 
through the thin oxide growth step. The device shown 
is an eight-bit,  four-phase, CCD shift register. The 
upper  level metal  (white in appearance) forms an 
interdigitated pa t te rn  consisting of the phase-one (91) 
and phase-three (r electrodes. The lower level metal  
forms an interdigi tated pa t te rn  consisting of phase-two 
(r and phase-four (r electrodes. Input  and output  
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Fig, 2. Fabrication steps in the AI-AI203-AI double-level metal- 

izotion system: (a), thick and thin oxides prior to metalization, 
ohmic contact region shown; (b), aluminum layer evaporated for 
first-level metal; (c), first-level metal patterned (including bus); 
(d), first-level metal anodized, photoresist protects via holes and 
bus; (e), aluminum evaporated for second-level metal; (f), second- 
level metal patterned. 
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Fig. 3. Process of removing bus bar while protecting bonding pads: 
(a), bus bar and bond pads coated with photoresist prior to anodiz- 
ing; (b), first-level metal after anadization and removal of photo- 
resist; (c), second-level metal definition and bond-pad protection 
with photoresist prior to etching the second-level metal; (d), fin- 
ished device. 

width is 250 ~m (10.0 mils).  The device was designed 
to test-fabricat ion concepts and for comparison with 
existing single-level metal izat ion devices; no at tempt 
was made to minimize bit  size. 

diode connections, along with transfer electrodes, com- 
plete the structure. The electrode length (measured in 
the direction of current  flow) is 25 ~m (1.0 mil) and the 

Electr ica l  Evaluat ion 

The drive circuitry shown in Fig. 5 was used to 
operate the eight-bi t  CCD shift register at data rates 
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~TART 

Fig. 4. Photomicrograph of eight-bit, four-phase AI-AI203-AI 
double-level metalization CCD shift register. 

ranging from 100 kHz to 6 MHz. 1 Figure 6 shows the 
output  of the shift-register, eight-clock periods after 
five "ones" are read into the register. The upper trace is 
the phase-one clock, the middle trace is the envelope of 
the input  data, and the lower trace is the output. The 
output of five major  pulses is followed by a small t ra i l -  
ing pulse, i l lustrat ing the charge-transfer  inefficiency 
associated with CCD (3). The charge-transfer  ineffi- 
ciency (percentage of charge not t ransferred from one 
electrode to the next)  of this device is approximately 
1.0 • 10 -a at 2 MHz. At 6 MHz the charge- t ransfer  in-  
efficiency increased to 7.0 • 10 -3. The departure  from 
the ideal case of zero charge- t ransfer  inefficiency is 
predicted by the t ime required for the thermal  dif- 
fusion of minor i ty  carriers across an electrode of 25.4 
~m (1.0 mil)  length (13). The clock voltage used 
ranged from 9 to 15V, with the 15V necessary to ob- 
ta in  good charge- t ransfer  efficiency at frequencies 
greater than 1 MHz. The stability of this device in an 
uncanned state was excellent. No change in operating 
parameters  was observed over a testing period which 
extended over 1 month. The performance of a similar 
three-phase, single-level, metal  shift register exhibited 
significantly poorer charge-transfer  efficiency and sta- 
bility. The three-phase device was fabricated in an 
identical manner  to the double-level  anodized device, 
except for the meta]ization, and had identical elec- 
trode geometry with 2.5 #m (0.1 mil)  electrode sepa- 
ration. 

Discussion 
The pr imary  advantage in using a double- level  

metalization system for the fabrication of CCD's is the 
el iminat ion of the photolithographic requi rement  for 

1 In  the  c i r cu i t  s h o w n  in  Fig.  5, each c lock phase  is o v e r l a p p e d  
b y  the  p r e c e d i n g  and  f o l l o w i n g  clock pulse  in  a con t ro l l ed  m a n n e r .  
At  " s t a r t , "  a p h a s e - o n e  pu l se  appea r s  first  and  a t  " s t op , "  a phase -  
fou r  pulse  appea r s  last .  The  c i rcu i t  is s e l f - co r r ec t i ng  f rom any  of the  
e igh t  d i f f e ren t  e r ro r  s ta tes  w h i c h  m i g h t  occur  due  to noise  t r a n s i e n t s  
or  w h e n  power  is f i rs t  appl ied .  R e p e t i t i o n  ra te  and  o v e r l a p  are in -  
d e p e n d e n t l y  ad jus t ab l e .  Only  fou r  c o m m o n  TTL i n t e g r a t e d  c i rcu i t s  
( two SN7473, one SN7410, and  one  SN7400) are used  for  i n p u t  pu l se  
ra tes  r a n g i n g  f r o m  0.1 Hz to 24 MHz. The  o u t p u t  phases  are t h u s  
a v a i l a b l e  u p  to S MHz w i t h  o v e r l a p  equa l  to  the  w i d t h  of the  i n p u t  
pulse  f rom the m a s t e r  p u l s e  genera to r .  

MASTER PULSE GENERATOR 

Fig. 5. Four-phase clock generator. 

Fig. 6. Performance of anodized aluminum, double-level metal- 
ization, four-phase, eight-bit CCD shift register at 2 MHz, 25 ~m 
(i.0 mil) electrode length, 15V clocks. 

close spacing between metal  electrodes (<3 ~m). How- 
ever, if a significantly greater number  of fabrication 
steps is required, or the technical problems involved in 
fabricating the double-level  metalization system 
greatly exceed those encountered with single-level 
metalization, then little is gained by using a double- 
level system. The A1-A1203-A1 system provides a sim- 
ple fabrication method in which the separation be- 
tween electrodes is determined by the A120~ thickness, 
not by photolithography, giving 3000A rather  than 3 
~m electrode separation. Only one photomask, two 
photoresist definitions, one metal-etching step, and the 
anodizing are required in addition to the processing 
normal ly  used for single-level  metal  devices. The 
anodization itself is quick, inexpensive, and simple. 
No high- tempera ture  processing (>500~ is necessary 
after the thin oxide growth. Both metalization levels 
are high-conduct ivi ty  a luminum, and both levels have 
the same gate- insulator  thickness, result ing in sym- 
metric clock voltages. The insulat ion is quite reliable 
since the voltage used to form the A1203 is normal ly  
far higher than any voltages used in device operation. 

The improved operating characteristics of the 
double-level  metal  anodized device shown in Fig. 6 
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may be at t r ibuted to the close electrode separation on 
the n - type  substrate. The narrow gap produced in the 
A1-A1203-A1 system allows the fr inging fields from the 
electrodes to suppress the potential  barr ier  at the semi- 
conductor surface. The removal  of the barrier,  in turn, 
allows a more complete t ransfer  of charge to take 
place from one electrode to the next. The improved 
stabili ty of the A1-A1203-A1 system over the single- 
level A1 system is explained by the sealed condition 
of the SiO2 surface between electrodes. The SiO2 sur-  
face between the electrodes in the A1-A1203-A1 system 
is covered with a layer of A12Oa which is covered with 
an equipotential  layer of A1. Thus, surface migrat ion 
of charged ions on the SiO2 surface is prevented. 

In  addition to the A1-A1203-A1 system, two other 
methods of fabricating CCD using double-level  met-  
alization have commonly been used. The first is the 
moly-SiO2-aluminum (or the moly-SiO2-moly) system 
(4). In  this technology, one first deposits moly on the 
surface, pat terns the moly, then insulates the first- 
level moly with a deposited oxide of some type. Fi-  
nally, a second-level metal, either moly or a luminum, 
is deposited and patterned. In  general, deposited oxides 
are less reliable than  grown oxides and are subject to 
pinholes. Furthermore,  the amount  of insulat ion be- 
tween two metal  levels is critical, especially at the 
edges of the first-level moly, where the sharp corners, 
combined with high electric fields at these edges, have 
a tendency to cause breakdown in  the weak deposited 
oxides. For reasonable fabrication yields, the deposited 
oxide must  be at least as thick as the metal  which it 
is covering. This would require approximately 2000A 
of deposited oxide over the first-level metal  and in 
the gap separating the first-level metal  electrodes. This 
additional gate-oxide thickness under  the second-level 
electrodes would necessitate asymmetric  clock drives. 
Furthermore,  since the higher oxides of moly are water  
soluble, any pinholes in the deposited oxide could 
cause rel iabil i ty problems in a nonhermetic  package. 
This system does have fair ly high conductivi ty metal  
on both levels; and, as discussed below, with this sys- 
tem at reasonable frequencies we do not encounter  
the problem of two clock pulses getting out of phase 
as they travel  down long electrodes. Because of the 
fabrication problems associated with this system, no 
large-scale MOS manufac turer  is considering using it. 

The second type of double-level  system is the doped 
polysilicon-SiO2-A1 system (5) which is used exten-  
sively in  MOS device manufacture.  The attractive 
feature of this technology is that  the insulator  between 
the polysilicon and the a luminum is a uni formly  grown 
insulator rather  than a deposited insulator. This growth 
of the insulator  makes it possible to have a reasonably 

thin insulat ing layer of SiO2 of high integrity, as op- 
posed to the deposited oxides, which never  approach 
the integri ty of a grown oxide. The problems with 
polysilicon revolve essentially around two aspects. 
First, due to the two oxide thicknesses, there is an 
asymmetry  in the clock voltages necessary to run  the 
device in a four-phase system. However, this system 
can be used very convenient ly  in a pseudo two-phase 
system where the polysi l icon-work function differ- 
ence, combined with the slight difference in oxide 
thickness under  the two metalization layers, gives 
directionality. 

The second problem with this system real ly lies in 
the difficulty of doping polysilicon to values near that 
of the conductivity of metal. The normal  doping range 
of the polysilicon in MOS structures is in the 15-30 
ohms per square range, which is approximately three 
orders of magni tude  more resistive than a luminum. 
This high resistivity, along with an increased capaci- 
tance, causes clock pulses on different metalization 
levels to get out of phase. The propagation delay of a 
clock pulse in the distr ibuted R C  t ransmission line 
represented by the clock electrodes is approximately 
R C ,  where R and C are the lumped values of the line 
resistance and capacitance, respectively. Then 

R [ ] l  ~wl [] 8.8 X 10 - e  
R C  = ~ = --  R 

w - - / -  d d ( a )  [] 

for 1 = 200 mils ( = 5080 ~m) 

5.5 • 10 -5 
R 

d(A)  [] 

for 1 ---- 500 mils ( -- 12,700 ~m) 

where l is the length of the clock line, w is the width 
of the clock line, ~ is the dielectric constant, and d is 
the thickness of the oxide under  the clock line. In  order 
to main ta in  proper phase relat ion between first- and 
second-level clock lines, the R C  t ime constants for 
the two levels must  differ by no more than a small 
fraction of the clock period. Assume a sheet resistance 
of 30 ohms/sq for for polysilicon, 3 X 10 -2 ohms/sq 
for A1, and 5.7 X 10 -5 ohms/sq for Mo. As shown in 
Table I, this requi rement  is best satisfied by the 
anodized a luminum electrode structure. The time con- 
stants associated with the polysilicon system will re- 
strict operation to approximately 2 MHz for 200 mil 
long electrodes, and 300 kHz for 500 mil  long elec- 
trodes. Since ul t imate clock speeds of CCD's might 
exceed 5 MHz, this propagation delay is an important  
consideration in device layout. One could, of course, 

Table I. Propagation delay along transfer electrodes, calculated as a distributed transmission line 

d I ; s~o~ ( 

T i m e  c o n s t a n t  o f  f i r s t - l e v e l  R1C1 ( s e c )  T i m e  c o n s t a n t  o f  s e c o n d - l e v e l  R2C2 ( s ec )  
S y s t e m  l = 2 0 0  m i l s  ( 5 0 8 0  g r n )  l = 5 0 0  m i l s  ( 1 2 , 7 0 0 / ~ m )  1 = 2 0 0  m i l s  ( 5 0 8 0  # m )  l = 500  m i l s  ( 1 2 , 7 0 0  # m )  

A l - ~ 1 2 0 3 ~  8 .8  • 10-11 5 .5  • 10  - m  8 .8  • 1 0 -  ~ 5 .5  x 10-1~ 
P o l y - S i - S i O 2 - A 1  8 .8  • 10  - s  5 . 5  • 1 0 -  7 7 .5  • 1 0 -  ~ 4 .7  x 10-1~ 
M o l y - S i O 2 - A 1  1.6 • 10 -lo 1.1 x 10 -~ 5.3 • 10 -~- 3.3 X 10 - l ~  

C a l c u l a t e d  a s s u m i n g  
A1 = 3 X 10 -~ o h m / s q ,  M o  = 5 .7  x 1 0  -2 o h m / s q ,  p o l y - S i  = 30  o h m / s q  

and 
(ZIAI_A ! = dlMo_A 1 -.~ d lpo l y_S i_A l  ,= 3000A d~AI_A1 = 3 0 0 0 A ,  d2Mo_A l = 5000A, d2polT_slo_Al ---- 3500A 
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contact the polysilicon system with periodic ohmic 
contacts to a parallel  metal  electrode runn ing  along- 
side the polysilicon, thereby decreasing the resistivity. 
However, the use of ohmic contacts is a very ineffi- 
cient use of area, and a polysilicon system that relied 
on a metal  electrode runn ing  parallel  with it to provide 
high conductivi ty would have such a large bit size as 
to preclude use of this system in the fabrication of 
large arrays. 
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Anodic Oxidation of Silicon in Organic Baths 
Containing Fluorine 
M. Croset* and D. Dieumegard 

Laboratoire Central de Recherches, THOMSON-CSF/Corbeville, Orsay (91), France 

ABSTRACT 

The anodic oxidation of silicon in organic solvents containing fluorine 
traces has been investigated by using nuclear  mieroanalysis and electrical 
measurements.  The results obtained show that the fluorine incorporation into 
the oxide NF increases with the oxide thiclmess No and with the fluorine con- 
tent  of the bath IFJ following the experimental  law NF ---- k ~/No �9 IFI. Most 
of the fluorine incorporated is located in a region close to the Si-SiO,2 interface; 
its surface distribution, studied by ion microprobe mass spectrometry analysis, 
appears to be uniform. The fluorine incorporation probably obeys a two-step 
mechanism. The breakdown field of the anodic layer decreases as a function 
inversely proportional to the fluorine contaminat ion of the layer. The C-V 
measurements  of the contaminated layers after anneafing in H2 show that  the 
density of charges at  the Si-SiO2 interface is about 1011/cm 2. By comparing 
composition and electrical measurements,  one may predict that  fluorine is 
l inked to silicon atoms as is oxygen in silicon oxide. 

Anodic oxidation of single crystall ine silicon samples 
in an organic electrolyte was proposed for the first 
t ime in 1957 by Schmidt (1). Since then the influence 
of the na ture  of the oxidation bath on the mechanism 
and kinetics of oxidation has been the subject of a 
number  of studies (2-6). These studies have revealed 
the fundamenta l  part  played by traces of water  pres- 
ent in the organic electrolyte and have shown the 
possibility of incorporating in the oxide impurit ies 
such as phosphorus, by contaminat ing the oxidation 
bath with phosphate ions. No systematic study has 
been under taken  concerning the presence of fluorine 
compounds in the electrolyte. Schmidt (1) pointed 
out that  oxidation in an organic bath containing fluo- 
r ine ions increases the current  yield of the oxidation. 
The considerable chemical affinity of the F -  ion for 
silicon oxide justified a detailed study of the effect of 
fluorine on the kinetics and mechanism of the anodic 
oxidation of silicon. In the work described in this 
paper, two aspects of contaminat ion were envisaged 
depending on whether  the oxidation was conducted in 

* Electrochemical  Society  A c t i v e  M e m b e r .  
Key words:  silicon dioxide,  anodic oxidation,  f luor ine ,  o x y g e n ,  

contamination,  breakdown voltage,  C-V measurements .  

an organic bath in tent ional ly  or not contaminated 
with fluorine. The addition of salts which could l imit  
the effect of this contaminat ion was envisaged and will 
be described in detail in a forthcoming article. The 
localization of the fluorine incorporated in the oxide 
was also studied. 

We shall briefly describe the exper imental  tech- 
niques of cleaning, oxidation, and characterization 
used. The results which will  be presented relative to 
the quant i ta t ive determinat ion of traces of fluorine 
incorporated in the oxide by the use of the technique 
of microanalysis by direct observation of nuclear  re -  
actions (7-9). This technique, developed by Amsel and 
co-workers permits quant i ta t ive  determinat ion of the 
oxygen and the fluorine contained in the silicon oxide. 
All the nuclear  measurements  were carried out on the 
Van de Graaf accelerator of the Groupe de Physique 
des Solides of the Ecole Normale Sup~rieure de Paris. 

Experimental 
Oxidation technique.--The electrolytes were pre-  

pared from the same organic solvent: diethylene glycol 
containing potassium nitr i te  or a luminum nitrate. The 
choice of potassium nitri te was justified by past studies; 
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its concentrat ion (4.7 X 10 -5 mole / l i t e r )  assured a 
sufficient electrical conductivity.  The a luminum nitrate  
had been selected for its possible effect on the fluorine 
ions contained in the bath, in v iew of the great  affinity 
of a luminum and fluorine. The wate r  content of the 
bath was adjusted to its opt imum value (0.4% by 
weight)  and verified by Karl  Fischer determination.  
The f luorine-rich solutions were  prepared by an addi- 
tion of potassium fluoride. In order to e l iminate  the 
error  due to a chance fluorine contaminat ion of the 
start ing glycol, the oxidation baths were  prepared 
from the same batch solution of diethylene glycol and 
potassium nitrite. 

Samples of N- type  silicon supplied by Hoboken were  
used, with a resist ivi ty close to 5 o h m .  cm and ori- 
entation (1.0.0.), their  surface being polished by a 
mechano-chemical  process (11). Before oxidation, they 
were  subjected to a cleaning cycle, the efficiency of 
which is discussed fur ther  on. The oxidation technique 
used was described in detail  in Re]. (6). The Pyrex  
oxidation cell enables the sample to be placed as the 
anode opposite to a pla t inum cathode. The bath is 
homogenized throughout  the oxidation by magnet ic  
stirring. The electr ical  contact wi th  the samples is 
effected by means of tan ta lum clamps previously oxi-  
dized at a voltage higher  than that  selected for the 
oxidation of the silicon. The contact surfaces of the 
clamps cleaned up with a file enable a satisfactory 
electrical contact to be obtained. The oxidation was 
performed at a constant current  (most f requent ly  1 
m A / c m  2) up to a prede te rmined  voltage and was then 
followed by a stage at constant voltage. The final cur-  
rent  was al lowed to decrease to about 40 ;~A/cm 2 for 
all samples. Af te r  oxidation, the samples were  rinsed 
in hot water  and then in hot acetone. 

Characterization of the layers obtained.--The com- 
position of anodic SiO2 films was characterized by 
nuclear  measurement  methods, their  electrical proper-  
ties were  studied by C-V measurements  and break-  
down vol tage determinations.  

The growth law of the anodic film was studied by 
quant i ta t ive  determinat ion of the oxygen contained 
in the film as a function of the oxidation voltage; 
determinat ion of the fluorine enabled the contamina-  
tion of the silicon oxide in relat ion to a certain num-  
ber of parameters  (bath composition, oxidation vol t -  
age, etc.) to be followed. The O 1~ was determined by 
using the reaction 016 (d,p) O 17. init iated by a deu- 
terons beam of 830 keV, the protons emit ted being 
analyzed at a detection angle of 150 ~ The F TM was 
determined by using the reaction F 19 (p,a) 016 ini- 
t iated by a proton beam of 1270 keV, the ~ particles 
emit ted being analyzed at a detection angle of 150 ~ 
The sensit ivi ty calculated is 11 X 1014 atoms of F19/cm 2 
for a layer giving 100 counts for an irradiat ion of 200~ 
Cb and a solid detection angle of 0.12 steradians. The 
absolute oxygen standard was provided by a film of 
tan ta lum anodic oxide, the number  of O t8 a toms/cm 2 
was known with an accuracy of about 3% (10). The 
absolute fluorine standard was a vacuum-deposi ted  
film of CaF2 on a silicon substrate, known with an 
accuracy of about 7% (9). 

C-V measurements  were  achieved on Si-SiO2-Hg 
structures obtained by pressing an Hg drop at the 
oxide surface. This Hg probe technique permit ted  
avoiding any change in the Si-SiO2 interface state 
density and charge due to accidental thermal  t rea t -  
ment  during electrode deposition. Breakdown field 
determinat ions needed the use of well-defined capac- 
itance geometry;  Si-SiO2~A1 structures were  obtained 
for the purpose by A1 evaporat ion (1 ~m thick, under 
a 10 -~ Torr  vacuum) and photoli thographic localiza- 
tion of 650 ~m diameter  A1 dots. 

Results 
Contamination of the surface of the silicon before 

oxidation treatment.--Influence of different cleanings. 

- - T h e  fluorine contaminat ion of valve  metal  surfaces 
has a l ready been studied by several  authors (12-14). 
In the case of silicon, Kern  (12) using F 18 as a t racer  
showed that  the surface immersed in HF solution 
adsorbs 1016-10 iv F atoms/cm2; nevertheless,  the major  
part  of this contaminat ion disappears by rinsing in 
cold water. Larrabee  et al. (13) found contaminations 
of the order of 2 >< 1014 a toms/cm 2 on silicon samples 
steeped in a buffer solution of fluorine (NH4HF2 + 
HF W H20) and rinsed in water .  We have tr ied to 
reduce this contaminat ion and to localize it. The re-  
sults obtained after various types of cleaning are 
shown in Table  I. It  appears that  the natura l  fluorine 
content on the surface of the silicon as del ivered by 
the supplier is actual ly of the order of 1014 a toms/cm 2, 
wha tever  the origin of the silicon and the type of 
surface polishing used. This value thus seems typical 
of chemical post t rea tments  of the surface ra ther  than 
of its crystal lographic state. The contamination does 
not disappear by simple dipping in solvents such as 
acetone and t r ichlorethylene.  It increases after t reat -  
ment  in nitric acid but  may drop below 1013 a toms/cm 2 
af ter  t rea tment  in HF followed by rinsing in hot 
deionized water  and acetone (durat ion of t rea tment  in 
water  was extended from 3 to 15 rain without  the 
fluorine content rising again above 1019 atoms/cm2).  
Owing to these results, one may suppose that  the 
fluorine is more probably incorporated in the layer of 
natura l  oxide at the surface of the silicon than located 
at the Si-SiO2 interface or adsorbed on the natural  
oxide surface. 

Fluorine contamination of the anodic oxide prepared 
in nonintentionally contaminated electrolytes.--The 
organic baths used for the oxidation were  of the fol- 
lowing composition: bath 1, diethylene glycol + 
(4.7 �9 10-2 mole / l i t e r )  of KNO2 and bath 2, diethylene 
glycol -{- (6.7 �9 10 -3 mole / l i t e r )  of A1 (NO3) 3 " 9H20. 

Bath 1 enables a formation voltage of 250-300V to 
be obtained without  microbreakdown.  At higher vol t -  
ages, the oxide deteriorates,  most f requent ly  by the 
formation of pit t ing and local attack. Actually,  the 
limit formation voltage V f l i m  iS not absolute; it depends 
in part icular  on the silicon used (source, polishing, 
etc.). Thus certain samples of silicon free of disloca- 
tions enabled formation voltages of 350-400V to be 
reached in bath 1 wi thout  microbreakdown.  In order 
to avoid these sources of irreproducibil i ty,  the mea-  
surements  made were  carried out on the same batch 
of silicon. Bath 2 enables distinctly higher  voltages 
to be obtained which may exceed 600V without  micro-  
breakdown. 

The fluorine content  of the oxide layers, shown in 
Fig. 1, indicates that  the incorporation increases wi th  
the formation voltage. The representat ive  points of 
the l inear part  of the curves correspond to oxide lay-  
ers which have no defects detectable by examinat ion 
by optical dark field microscope. In that  area, the 
amount  of fluorine incorporated is proport ional  to the 
layer  thickness, the F / O  ratio being 2 .  10 -4 . With 
high values of oxidation voltage (Vf --~ 250V), an 
excessive fluorine incorporation is found as compared 
with  the l inear law found previously. This excessive 
incorporat ion is associated with the occurrence of 
microbreakdowns which locally destroy the oxide 
layer. 

Table I. Influence of different cleaning methods on fluorine 
contamination of silicon surface 

a b c d 

Specimen c l e a n i n g  1. A c e t o n e  1. A c e t o n e  1. A c e t o n e  1. C ~ H C l s  
2. H F  2. H F  2. H N O a  
3. H_~O 3. H 2 0  3. H 2 0  
4. A c e t o n e  4. A c e t o n e  4.  A c e t o n e  

5. H N O a  
6. H,_,O 

Ato ms  F l O / c m 2  10  �9 10  TM < 1 0  ta 10 �9 10  TM 20  �9 10 TM 
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Fig. 1. Fluorine contamination of the silicon anodic oxide pre- 
pared in nonintentionally contaminated electrolytes as a function 
of the oxidation voltage and the oxygen content of the layers. 
( e )  Bath 1: diethylene glycol ~- (4.7 �9 10 -2  mole/llter) of KNO2. 
( A )  Bath 2: diethylene glycol ~ (6 .7 .10  -3  mole/liter) of 
AI(N03)3, 9H20. 

The important  effect of the a luminum ion on the 
l imitat ion of contaminat ion of the layers can be seen 
clearly in Fig. 1. It permits assuming that  a stable 
a luminum-f luor ine  complex is formed in the oxidation 
bath. This effect, which occurs here in only slightly 
fluorine contaminated baths (natura l  contaminat ion) ,  
shall be studied in detail for highly contaminated 
baths in a forthcoming publication. 

Anod~c oxidation o5 silicon in organic baths con- 
taminated with 12uorine.--The effect of electrolyte com- 
position on the oxidation process and oxide composi- 
tion has been studied in a more quant i ta t ive  way by 
varying the fluorine ion concentrat ion in the oxidation 
bath. Potassium fluoride has been selected to contam- 
inate the bath, essentially because it yields a salt hav- 
ing the same cation as potassium ni tr i te  and because 
its solubili ty l imit in diethylene glycol permits  high 
contaminat ion levels. 

The variat ion in fluorine content of layers prepared 
in baths with different KF concentrations is shown in 
Fig. 2 as a function of the oxygen content  of the 
layers and their  formation voltage, Vr. The same 
monotone variat ion of incorporation with oxide thick- 
ness as that in Fig. 1 is found qualitatively. Excessive 
incorporation at high thicknesses is associated in all 
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Fig. 2. Fluorine contamination of the silicon onadic oxide pre- 
pared in intentionally contaminated electrolytes as a function of 
the oxidation voltage and the oxygen content of the layers. ( e )  
Both: diethylene glycol ~ KNO2 (4.7. 10 -2  mole/liter) + KF 
(2" 10 -6  mole/liter). (17) Both: diethylene glycol -~- KNO2 
(4.7. 10 -2  mole/llter) + KF (2" 10 -7  mole/liter). (A )  Both; 
diethylene glycol ~ KNO2 (4.7 �9 10 -2  mole/llter) + KF (2 �9 10 -s  
mole/liter). 

cases with the occurrence of microbreakdowns during 
oxide growth. It appears that  microbreakdowns occur 
for oxide thicknesses decreasing when bath contam- 
inat ion increases; however the highest quant i ty  of 
fluorine which may be incorporated in the oxide with-  
out occurrence of microbreakdown is an increasing 
function of bath contamination. Thus, quanti t ies  up 
to 1015 atoms of fluorine per square centimeter  can be 
incorporated in undis turbed oxide layers 100A thick. 
In  such layers, the average fluorine content  defined 
by the ratio F /O reaches F / O  ~ 2 - 1 0  -2. It  should 
be pointed out that  the proport ionali ty between fluo- 
r ine  incorporation and oxide thickness for oxidation 
in a nonin ten t iona l ly  contaminated bath (Fig. 1) no 
longer applies to oxidation in contaminated baths. 
Here it seems (Fig. 2) that incorporation is propor- 
t ional to the square root of oxide thickness, whatever  
the fluorine content of the electrolyte. Assuming that 
oxide thickness and bath contaminat ion are inde-  
pendent  variables, such incorporation may then be 
expressed by a law of the type 

Nr = k .  ~ /No"  g (JFt) [1] 

where NF and No are the quanti t ies of fluorine and 
oxygen, respectively, contained in the oxide layer; g 
(!FI) being a function of the independent  parameter  
IF] expressing the fluorine concentrat ion in the bath. 

The effect of the value of JF[ has been studied over 
a wide range of concentrations from 2 �9 10 -~ to 2 �9 10 - s  
mole/ l i ter  of KF. The results obtained are shown in 
Fig. 3 which gives the var iat ion in the ratio NF/x/No 
for increasing formation voltages Vf vs. the bath com- 
position. For potassium fluoride concentrations of the 
order of 10 -5 mole/ l i ter  and over, the ratio NF/X/No 
becomes saturated: the oxide layer formed is then fully 
disturbed. A typical aspect of a surface oxidized under  
these conditions is shown in Fig. 4; detachments of 
the oxide layer are noticeable and may result  in cor- 
rosion of the silicon. In  this region, the value of the 
ratio NEll/No is approximately 3% and can therefore 
correspond to the average l imit  composition of the 
nonadher ing contaminated oxide layer. At KF  concen- 
trations in the bath below 10 -5 mole/l i ter ,  the fluorine 
incorporation law is 

NF 
= k x/IFI [2] 

~/No 

This law is ascertained for various values of the oxida- 
tion voltage from 20 to 150V (Fig. 3). It confirms and 
defines Eq. [1] more accurately. The val idi ty of the 
formula [2] for various oxide thicknesses permits  as- 
suming that the mechanism of fluorine incorporation 
in the oxide may be studied as a function of two 
parameters:  the composition of electrolyte and the 
t ransport  of the fluorine in the layer. These two 
parameters  seem to be independent  of each other. 
However, it should be noted that  they seem to have 
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Fig. 3. Dependence of the NF/X/No ratio on the KF concentra- 
tion in the bath. 
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Fig. 4. Typical surface aspect of a silicon oxide layer obtained 
in highly fluorine contaminated electrolyte (Vf = IOOV; IKFI = 
2 �9 10-5  mole/liter). 

a different action on the max imum fluorine incorpora- 
t ion into the oxide. This fact will  be discussed fur ther  
o n .  

The mean value of the oxidation yield has been 
obtained by comparing the electrical charge used 
throughout  the phases at constant  current  and voltage, 
and the quant i ty  of oxygen fixed. Results are shown 
in Fig. 5 vs. the fluorine content of the oxidation bath. 
For KF  values below 10 -5 mole/ l i ter ,  oxidation yield 
increases s]ightly. For  KF  values above 10 -5 mole /  
liter, efficiency increases rapidly but  such increase is 
associated with disturbances in the oxide layer and 
an excessive incorporation of fluorine. 

Locating the fluorine in the oxide layer .~Locat ion  
of fluorine atoms in the layer has been obtained by 
determinat ion of the total quant i ty  of fluorine remain-  
ing in the contaminated layer dur ing chemical dis- 
solution steps. In  such experiments,  the layer of sili- 
con oxide had to be sufficiently contaminated to permit  
determining the fluorine content  with sufficient accu- 
racy; it had to be sufficiently thick to permit  dissolv- 
ing by steps. 

Several  experiments  using silicon of different origin, 
have enabled fairly thick layers to be obtained (Vf 
-- 170V) with a sufficient contaminat ion level (bath 
o-f 2 • 10 -6 mole/ l i ter  of KF)  and an adequate surface 
condition after oxidation. Oxidations were carried out 
on large silicon samples which were then cut out in 
several pieces, each of which was dipped for increas- 
ing dissolving times in  a 1% HF solution. The fluorine 
contaminat ion of the oxide surface by this dissolution 
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Fig. 5. Variation of the oxidation yield as a function of the KF 
concentration in the bath for Si02 films formed at Vf = 50V. 

bath has been estimated by part ial  chemical dissolu- 
t ion of thermal  and anodic silicon oxide layers. No 
contaminat ion could be evidenced on anodic films con- 
ta ining about 1018 F atoms/cm2; with thermal  layers 
containing less than 1013 F a toms/cm 2, one could detect 
a possible level of contaminat ion in the 1013 F atoms/  
cm ~ range. The curve d rawn on Fig. 6 shows the var ia-  
t ion in the fluorine quant i ty  remaining  in the layer 
vs. the remain ing  oxide thickness. The figure also 
shows the total quant i ty  of fluorine incorporated in 
oxides during their growth in the same contaminated 
bath vs. their  thickness. Results given by these two 
types of experiments  are very similar. They are on 
good accordance for films thicker than 200A; for thin 
layers a slight deviation may exist which may be due 
to various exper imental  irreproducibilities,  such as 
nonhomogeneous dissolution, cumulat ive contamination,  
or irreproducibil i ty of bath composition. The analysis 
of the shape of the curve shows that the greatest 
part  of the fluorine is located in a region close to the 
silicon-silicon oxide interface, with a thickness not 
exceeding 100A (expressed in stoichiometric silicon 
oxide). Assuming that contaminat ion of this layer is 
homogeneous, its fluorine content  is of the order of 
F /O ~ 4%. This result  is comparable with that found 
as a l imit contaminat ion of the disturbed layers (see 
above). Since the layers analyzed in Fig. 6 correspond 
to a ma x i mum contaminat ion prior to the occurrence 
of microbreakdowns, it can be assumed that micro- 
breakdowns occur when fluorine contaminat ion of the 
interface region reaches this l imit  value of F /O ~ 4%. 
It appears that  except for interface region, the fluorine 
content  of the oxide layer  is low and seems homo- 
geneously distr ibuted in the layer. From the slope of 
the curve, one can evaluate this content to about F /O 
-= 0.25%. 

Owing to the similari ty of the results obtained by 
part ial  dissolution and  direct growth, it may be sup- 
posed that fluorine incorporated in the oxide layer 
moves in a similar manner  to oxygen, either during 
the oxide growth phase or dur ing the current  decay 
phase. Then, the inhomogeneous distr ibution of fluo- 
rine in the layer would imply two successive incorpo- 
ration mechanisms. These assumptions will be dis- 
cussed fur ther  on. 

Electrical characterization o] the layers . - -Deter-  
mination of the breakdown ]ield.--Circular a luminum 
dots, 650 ~m in diameter, separated by 1 mm were dis- 
t r ibuted  over the whole surface of the SiO2 layer to 
be tested. A voltage ramp (durat ion 0.5 msec) was 
applied across the MOS capacitance in a direction 
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Fig. 6. Variation of the fluorine content in silicon oxide layers 
formed in glycol containing 2" 10 - s  mole/liter of KF. The (A) 
distribution is obtained by determination of the fluorine quantity 
remaining in on oxide layer formed at VF = 170V during its 
".hemicol dissolution by steps. The (O)  distribution is obtained by 
counting the total quantity of fluorine incorporated as o function 
of oxide thickness. 
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such (positive bias on meta l  grid) that  it created 
electron enr ichment  of the Si surface. The capacitance 
charging current  i ( t )  was stored and recorded imme-  
diately a f te rward  on an XY recorder.  The duration 
of this t ranscript ion (about 10 sec) enabled about  a 
hundred MOS structures to be tested fair ly quickly 
on each sample. Depending on the layers studied, 
various types of current  vs. prebreakdown voltage 
curves are obtained, as shown in Fig. 7. For  a given 
value of the breakdown voltage VA of the oxide, the 
curve  may  exhibi t  (curve a) a first current  peak cor- 
responding to the first nondestruct ive  microbreakdown. 
The increase of the electric field in the layer then 
causes breakdown Tv'D to occur. Note that  the saturated 
value  of the current is then defined by the electronic 
memory  amplifier and has no exper imenta l  significance. 
Curve b corresponds to an exponential  current  increase 
up to breakdown VD, with  no appearance of p re -micro-  
breakdown. Purposely  contaminated layers (KF bath) 
lead to type a curves in all cases; layers prepared in 
nonintent ional ly KF-con tamina ted  baths yield type a 
or type b curves. 

F igure  8 is a breakdown field histogram taking 
electric field intervals  of 1.  106 V .  cm -1 for layers 
sl ightly contaminated with fluorine and intervals  of 
0.1. 106 V - c m  -1 for contaminated layers. The thick-  
ness of the layers approximated 1000A. The layers with 
a low level  of contamination (about 1.4 • 1014 a toms/  
cm 2) has a max imum number  of capacitors with a 
b reakdown field within 6 and 7 • 106 V .  cm -1, this 
result  is in agreement  with those found by other 
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Fig. 7. Typical voltage current characteristics of AI-SiO2-Si 
capacitance structures. 

authors (15-17). The results achieved on highly con- 
taminated layers show that  the breakdown field de- 
creases as a function inversely  proport ional  to the 
fluorine content of the layer. This is i l lustrated in Fig. 
9 giving the var ia t ion of Ea and Ed (at hN/N  = 30%) 
with the fluorine content of the layer. The small  scat- 
tering of the values of Ea and Ed for the contaminated 
layers implies that  the fluorine distribution at the 
Si-SiO2 interface is homogeneous, at least at the scale 
of a c ircular  surface 650 ~m in diameter.  

C-V measuremen~s.--As is known, plott ing of the 
curve  C = f (V)  of a MOS capacitance is an easy way 
of analyzing the propert ies of silicon oxide and of the 
Si-SiO2 interface (18). This method has been widely  
described and used by many authors, and a few essen- 
tial results wil l  be recalled here. The translat ion ~V 
between the theoret ical  and exper imenta l  capacitance 
vs. voltage curves is characterist ic of the presence of 
electric charges Q moving wi th in  the dielectric and 
of the presence of a surface state Qss located at the 
interface. A distortion of the exper imenta l  curve  im- 
plies the presence of acceptor or donor traps Nss 
located in or near  the interface. 

Measurements  were  made at a f requency of 50 kHz. 
Contact with silicon was achieved through a silver 
lac, the meta l  grid on the silicon was most of the t ime 
produced by compression of a mercury  drop. Jus t  after 
oxidation, the capaci tance-vol tage curves obtained on 
contaminated layers are  t ransla ted and distorted with 
respect to the theoret ical  curve; a hysteresis effect is 
sometimes observed. The re la t ive  position of the curves 
obtained is at random with  the fluorine content  of the 
layers. 

The effect of anneal ing t reatments  between 400 ~ and 
500~ in hydrogen has been studied using SiO2 films 
900A thick containing about 1015 fluorine a toms/cm 2. 
Nuclear  measurements  of layers before and after 
thermal  t rea tment  at 500~ did not evidence any fluo- 
rine content variat ion;  no redistr ibution could be evi-  
denced by using a CAMECA ion microprobe mass 
spectrometer  which gave similar fluorine profiles in 
SiO2 before and af ter  annealing. The C-V curves ob- 
tained after different types of t rea tment  (duration 
and tempera ture)  are shown on Fig. 10; the exper i -  
menta l  and theoret ical  curves  appear to be parallel  
and t ranslated by a low amount  (~V _~ 1V for the 
lowest saturat ion value)  which corresponds to a den-  
sity of charges at the Si-SiO2 interface of about 
10n/cm% 

Discussion 
The essential subject of this work  was to study the 

effect on anodic silicon oxidat ion of the presence of 
fluorine traces in the oxidation bath. The results 
obtained re late to layers obtained by oxidation at con- 
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Fig. 8. Typical breakdown field distribution curves for AI-SiO2-Si X 1014 atoms F is I c m  2 

structures. The full and dotted lines correspond respectively to 
VD and VA defined on Fig. 7. a. Si02 layer 1000~. thick containing Fig. 9. Variation of breakdown field as a function of fluorine in 
14" 1013 atoms FZ9/cm 2. b. Si02 layer 1000.~ thick containing Si02 film. The values Ed and Ea correspond, respectively, to VD 
66 �9 1013 atoms FZ9/cm 2. and VA defined on Fig. 7. 



Vol. 120, No. 4 ANODIC O X I D A T I O N  OF SILICON 531 

! , v i ' 1  

I 1.0 

0 ........................ ~.... ~ i �9 o.5 :t | / - 

u I / - - -  
" : .'~ _._ 5 " / - -  SOO'CllS mini 

_ .  thsoretical c~r~ 

| | h | I | 0-5 ,. 5 
Vo Volts 

Fig. 10. Capacitance-voltage characteristic curves of MOS 
structures contaminated with fluorine. Influence of temperature 
and duration of annealing treatments in hydrogen ambient. 

stant  current  followed by a phase at a voltage kept 
constant up to achievement of oxidation currents  as 
low as 40 ~A/cm 2. The influence of the value of the 
final oxidation current  on the fluorine incorporation 
has not been studied in this work. A few pre l iminary  
oxidation experiments  seem to show that  incorpora- 
tion is only slightly dependent  on the value of the 
final current.  Note that excessively long periods at 
constant voltage, seem to be associated with extra 
fluorine incorporation which might  correspond to a 
recrystall ization step of the oxide layer. More precise 
studies are being carried out on this subject. 

In general, it was found that contaminat ion of the 
electrolyte with fluorine results in a fluorine contam- 
inat ion of the silicon oxide obtained. This incorpora- 
t ion may be affected by the ini t ial  surface condition of 
the silicon sample, the oxidation parameters, and the 
electrolyte composition. Most of the oxidations have 
been c a r r i e d  o u t  a t  a c u r r e n t  density of 1 mA/cm2; 
experiments  at oxidation current  densities varying 
between 0.5 and 10 mA/cm2 have not evinced a sig- 
nificant variat ion in fluorine incorporation; it should 
be noted that  in these cases the current  decay phase 
may have masked possible differences associated with 
the ini t ial  value of the oxidation current.  

The results obtained in the section on Contaminat ion 
of the surface of the silicon show that  na tura l  con- 
taminat ion of the silicon surface of the order of 1014 
atoms/cm 2 may be reduced to less than 1013 atoms/cm 2 
by cleaning. It should be noted that exposure of such 
surface to the air results in the slow reconsti tut ion of 
an oxide layer and in the restoration of the contamina-  
t ion level which depends on the envi ronmenta l  condi- 
tions. It seems that fluorine is incorporated in this 
na tura l  oxide layer. Silicon surfaces, thus covered 
with their  na tura l  oxide, containing about 1014 fluorine 
a toms/cm 2, retain their  contaminat ion ratio, even after 
h igh- tempera ture  hea t - t rea tment  in an oxidizing 
atmosphere. Thus, about 1014 atoms/cm2 of fluorine 
are found again in a 1400A oxide layer  generated either 
at 1000~ in water  vapor, or at I100~ in dry oxygen. 
Oxidation under  the same conditions of noncontam-  
inated surface (less than 1013 atoms/cm 2) yields no 
noticeable incorporation of fluorine. Consequently, 
na tura l  contaminat ion of the silicon surface may be 
considered as stsble and associated with the presence 
of a na tura l  oxide layer. Anodic oxidations have all 
been carried out on surfaces free from such con- 
tamination.  

The results obtained in the sections on Fluor ine con- 
taminat ion  and on Anodic oxidation of silicon show 
that the max imum oxidation voltage Vnim seems to 
depend on the origin and pur i ty  of the electrolyte. In 
particular,  the addition of a fluorine salt involves a 

reduction of Vfli  m due to the early occurrence of micro- 
breakdowns. The variat ion of Vflim vs. the level of 
contaminat ion of the electrolyte ( through addition of 
KF)  permit ted us to evaluate the order of magni tude  
of random contaminat ion in the bath  1. The value 
found, about 10 -9 equivalent  mole/ l i ter  of KF, shows 
the predominant  role of the handl ing of said baths on 
the oxidation results. In  particular,  their  exposure to 
air in the laboratory, without  precaution, may be the 
source of mul t iple  irreproducibilities. In  this work, 
all the oxidations were carried out in a sealed enclo- 
sure protected from the air; likewise, each series of 
experiments  for the s tudy of a given parameter  has 
been carried out from the same batch solution of 
electrolyte. 

F luor ine  incorporat ion into the oxide increases with 
the oxide thickness and the fluorine content  of the bath. 
Microbreakdowns of the oxide layer occur when the 
fluorine content of said layer  reaches a l imit  value re-  
lated to the bath contamination.  Oxidation is then re-  
placed by a corrosion of silicon due to successive 
periods of oxide formation and str ipping of said oxide 
exposing local silicon areas which become oxidized in 
turn. The fluorine content  of the disturbed oxide layer  
thus created (F/O = 3%), is unaffected by the fluorine 
content  of the bath over the range studied. This l imit  
content  seems to be associated with the oxide str ipping 
effect. It  should be noted that  there is a difference 
between contaminat ion level of the oxide associated 
with the occurrence of microbreakdowns, which de- 
pends on the bath composition, and that associated 
with silicon corrosion, which does not seem to be re-  
lated thereto over the concentrat ion range considered. 
Fluor ine incorporation into the oxide increases as the 
square root of the fluorine content  in the electrolyte. 
This result  may be due to a dissociation balance of the 
fluorine salt according to the law of mass action 

where 
KF~-F- + K + 

iKFi 
IF-I = K c  

IK+I 
and 

IF-I  = IK+I 
Hence 

IF-I  -- %/Kc" IKFI 

where only ionized fluorine fraction IF-[  participates 
in the incorporation effect. The part  played by the 
a luminum salt, l imit ing fluorine incorporation, may be 
at t r ibuted to the creation of an a luminum-f luor ine  
complex which no longer participates either in  full  or 
part, in the incorporation. It should be noted that the 
variat ion of fluorine incorporation in the layers vs. in -  
tent ional  contaminat ion of bath 1 with KF  (Fig. 3) 
permit ted the definition of the contaminat ion level of 
bath 1; the result  obtained (about 10 -9 a tom-gram/  
liter) is in agreement with the value estimated by 
analysis of the variat ion of VfHm. 

The results of the section on Locating the fluorine 
show that the fluorine distr ibution in the layer ob- 
ta ined by direct oxidation is very similar to that  ob- 
tained by step dissolution. However, it should be em- 
phasized that  the oxide layers of the same thickness 
thus compared (by direct oxidation or after dissolu- 
tion) have not been subjected to the same current  de- 
cay phase at constant  voltage. The model proposed 
below therefore presupposes that  this final oxidation 
phase has a negligible effect on fluorine distribution. 
This point has to be verified. The result  found means 
that  the quant i ty  of fluorine contained in a wel l -de-  
fined fraction of the oxide thickness (e.g., within  the 
first 100A from the Si-SiO2 interface) do not depend 
on the thickness of silicon oxide which covers this 
fraction; in other words, the quant i ty  of fluorine in  a 
silicon layer, Xo thick, remains  unchanged whether  this 
layer is obtained by direct oxidation to xo or by oxida- 
t ion to Xo + ~x and th inned  by hx, whatever  the value 
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of ~x. Note that  this interpretat ion is a schematic of 
the results which neglects the scattering of measure-  
ments  clearly evinced in Fig. 6. It implies that at least 
the essential part  of the fluorine incorporated during 
the growth is fixed at the very surface of the oxide in 
contact with the electrolyte and consequently that the 
fluorine does not migrate through the oxide layer by a 
long range migrat ion mechanism. 

Fluor ine in the oxide exhibits a highly inhomo- 
geneous distr ibution; the impor tant  par t  of the fluorine 
located at the Si-SiO2 interface is fixed during the ini-  
t ial  phase of the oxidation (corresponding to SiO~ 
layer 100-150A. thick) and is not the result  of an ac- 
cumulat ion mechanism at the Si/SiO2 interface dur ing 
growth of thicker oxide film. I t  may be assumed that  
this high fluorine concentrat ion in a region close to the 
Si-SiO2 interface is associated with the existence in 
said region of silicon oxide layers more or less crystal-  
lized, such as that found for s team-grown oxide (19). 
This result  seems to indicate the existence of two 
separate incorporation mechanisms, one affecting only 
an init ial  layer with a thickness approximating 100A, 
the other affecting the remainder  of the layer. In  such 
a hypothesis, the square root dependence of fluorine in-  
corporation on oxide thickness derived from Fig. 2 
and 6 might  only be the over-al l  result  of these two 
successive steps. Then, both steps might  independent ly  
obey a ~/IF I law imposed by the electrolyte. 

A separate study of the interface layer  and of the 
bulk  of the oxide would be required to define the 
fluorine incorporation mechanism more precisely. 

The results obtained in  the section on Electrical 
characterization show that after anneal ing of the MOS 
structures, the C-V curves have never  exhibited an 
interface charge density higher than  101~ cm -2. By 
comparing this value to the high concentrat ion of 
fluorine atoms in this interface region (about 1015/ 
cm 2) and since anneal ing is associated with no detect- 
able fluorine movement,  one may suppose that fluorine 
is l inked to silicon atoms, as is oxygen in silicon oxide. 

It should be emphasized that  the hysteresis of the 
C-V curves, from the viewpoint  of an exchange of 
electrical charges between silicon and silicon oxide, 
confirms the existence of a disturbed interface whose 
composition and, probably, s t ructure are different from 
those of the bulk  silicon oxide. 

The decrease in the dry breakdown field associated 
with fluorine incorporation into the layer was found 
to be very important .  The uniform distr ibution of the 
breakdown field at the surface of the contaminated 
silicon oxide has shown, at least at the 650 ~m scale, 
that  surface fluorine distr ibution was homogeneous. 
Such a result  has been complemented by ion micro- 
probe mass spectrometry analysis of a thin silicon 
oxide layer highly contaminated with fluorine (3 �9 1015 
atoms/cm2). The layer  thickness, about 140A, corre- 
sponded approximately to the thickness of the highIy 
contaminated interface region. The image of the fluo- 
r ine dis tr ibut ion was obtained with a CAMECA ion 
microprobe mass spectrometry apparatus which has a 
surface resolution of 1 ~m; this image evidenced a 
uni form fluorine distr ibution on such a surface. 

As a conclusion, this study has demonstrated that  
fluorine incorporation into silicon anodic oxide in-  
creases with the oxide thickness and with the fluorine 
content of the electrolyte. The essential fraction of 
fluorine incorporated is located at  the Si/SiO2 interface 
and has a uniform surface distribution. The fluorine in-  
corporation obeys probably a two-step mechanism 
which is still under  study. The fluorine contaminat ion 
disturbs the growth kinetics of the oxide and its elec- 
trical properties. 
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Electrically Active Stacking 
Faults in Silicon 

K. V. Ravi, C. J. Varker,* and C. E. Voik* 
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ABSTRACT 

The influence of oxidat ion induced stacking faults on the electrical  char-  
acteristics of p-n  junctions in silicon has been studied by employing scanning 
and transmission electron microscopy in conjunct ion with  electr ical  measure-  
ments. Diodes were  fabricated with a junct ion depth Xj = 4 ~m and an 
integrated boron concentrat ion of ~3  • 10 TM cm -2 in 1-3 ohm-cm n-type 
epi taxial  silicon. 

The presence of decorated stacking faults in the field region of the diodes 
examined is found to introduce excess reverse leakage currents  in the junction. 
However  not all faults introduce the same degree of leakage and the electrical 
act ivi ty of the faults is found to vary.  The concept of the "threshold vol tage" 
of a stacking fault  is introduced which is a measure  of the specific electrical 
act ivi ty of the fault. Electr ical ly active faults introduce excess reverse  currents  
in the diodes which are characterized by a relat ionship be tween the reverse 
log I /V  ratio measured at low voltages and the characterist ic "threshold 
vol tage" of the faults. The electrical  act ivi ty  is re la ted to both the size and 
the structure of the faults. The smaller  faults which are also more prone to 
impur i ty  decoration are electr ically more act ive than larger  faults which are 
decorated to a lesser degree. Models are presented to account for the electrical 
act ivi ty  of the faults. These models are based on the strain effects of the 
decorated faults and on the distortions produced in the p -n  junctions by the 
presence of faults. 

In the manufac tu re  of semiconductor  devices crys-  
tal lographic defects such as dislocations, stacking 
faults, etc. are often introduced into the single crystal  
mater ia l  as a result  of the various thermal-diffusional  
steps associated with  the processing sequence. The 
types of defects introduced at various stages in the 
process have been wel l  characterized (1-5). The elec- 
tr ical  effects associated with  these defects however  
have not been unambiguously  demonstrated.  Apar t  
f rom statistical correlat ion be tween the presence of 
certain defects and the at tendant  electrical  aberrat ions 
(6-8) most of the discussion in the l i tera ture  is specu- 
lat ive and ambiguous. The difficulty is usually of an 
exper imenta l  nature  in that  the interact ion between a 
part icular  defect in the semiconductor and the deple-  
tion field of the  p -n  junct ion cannot be observed di- 
rect ly  by any of the conventional  techniques. Fu r the r -  
more there has been a tendency to rely on low resolu-  
tion techniques such as x - r a y  topography (6, 7) and 
surface decorat ion methods (8) to detect  the presence 
of defects that  might  be influencing the junction char -  
acteristics. These techniques can at best provide  a 
rough correlat ion between the presence or absence 
of a defect and the electr ical  characterist ics of the p-n  
junction. More recently,  the application of the scan- 
ning electron microscope has permit ted the direct ob- 
servation of electrical  effects such as charge carr ier  
generat ion and recombinat ion in semiconductor de- 
vices containing a p -n  junction. However,  the detailed 
s tructure of the defects and the nature  of the in ter-  
action wi th  the depletion field of the p -n  junct ion are 
not understood or correlated. 

In a t tempt ing to bet ter  unders tand defect interac-  
tions with p-n  junctions a number  of questions need to 
be answered. A first requi rement  is to determine the 
s t ructure  of a par t icular  defect on an atomic scale. For 
instance, if a dislocation is suspected of influencing 
the junction properties,  it is necessary to know if the 
dislocation is "clean" or decorated by a second phase. 
It  has been suggested that  dislocations decorated by 
metal l ic  precipitates,  which cut across p-n  junctions, 
are responsible for factors such as excessive reverse  
currents  below the normal  avalanche breakdown vol t -  

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
Key words: oxidation, diffusion, boron, diodes, precipitation. 

ages of the junctions, emi t ter -col lec tor  pipes in bipolar 
transistors, etc. 

Dislocations have  also been suggested as providing 
paths for locally enhanced diffusion and hence cause 
leakage be tween the emit ter  and collector of shallow 
diffused transistors (8, 9). A contrary viewpoint  (10) 
indicates that grown-in,  or the so-cal led p r imary  dis- 
locations, are general ly  decorated with  other impurit ies 
and are hence incapable of functioning as diffusion 
pipes during subsequent operations. 

The problem becomes more complex if details of the 
decoration process around the dislocations are im- 
portant  in the electrical ramifications of this part icular  
type of defect. If decoration is necessary then the ques- 
tion arises whe ther  the decoration is due to metal l ic  
impuri t ies  or nonmetal l ic  insulating precipitates such 
as the oxides of silicon. Dislocations can function as 
heterogeneous nucleat ing sites for both metals dis- 
solved in the silicon as wel l  as for silicon oxides (11). 

In  the present  work  we have  a t tempted to determine 
the electrical  act ivi ty  associated with  oxidation in- 
duced stacking faults. It has been demonstrated that  
e levated tempera ture  oxidation of silicon in both dry 
and wet  envi ronments  can generate  stacking faults in 
the surface (4, 12). The nucleation and growth of these 
faults have  been l inked to the formation of second- 
phase particles in the bulk silicon, the second phase 
being an oxide of silicon (13). By employing a combi-  
nation of scanning and transmission e lec t ron-micro-  
scopy in conjunction with  measur ing the I-V char-  
acteristics of diffused p -n  junctions in the presence of 
stacking faults, the nature  of the electrical act ivi ty  of 
stacking faults has been investigated. Models are pro- 
posed to account for the exper imenta l  observations. 

Experimental Procedure 
The wafers  used for diode fabrication consisted of 

2 ohm-cm n- type  epitaxial  films (thickness ~20 #m) 
deposited on ~111~  oriented chemica l -s lur ry  polished 
silicon substrates of 0.005 ohm-cm resistivity. The 
wafers  were  oxidized in a steam ambient  at 1100~ to 
obtain an SiO2 film thickness of 0.5 ~m. The boron 
diffused diodes (~0.1 • 0.1 cm) were  fabricated with 
a junct ion depth Xj ~ 4 ~m at a diffusion tempera ture  
of ~1250~ with  an in tegrated boron concentrat ion 
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Q ~ 3 x 10 TM cm -2. The dislocation density of the sub- 
strate and epitaxial  layer  was <2 X l0 s cm -2. 

Ful ly  processed wafers containing diode arrays were 
electrically characterized by uni t  probe testing. Single 
data point measurements  of individual  diodes were ob- 
ta ined to determine the dis tr ibut ion and n u m b e r  of 
diodes exhibi t ing excess reverse leakage currents  be-  
low the avalanche voltage. Typical diodes were se- 
lected for more complete electrical measurements  and 
for subsequent  s t ructural  analysis. The units  were 
selected to cover the total range of I-V characteristics 
representing a given wafer. All  diodes having anoma-  
lous reverse leakage currents  due to process mask 
defects and surface damage were eliminated. Struc-  
tural  mapping and analysis was done nondestruct ively 
with the scanning electron microscope (SEM) util izing 
the electron beam induced current  mode (EBIC) (See 
Appendix I for a discussion of the EBIC technique) .  

The exper imental  procedure consists of mapping all 
selected devices at 0 bias to determine the total n u m -  
ber of stacking faults. At relat ively low magnifications, 
the complete diode structure is examined at 40 kV with 
a beam current  of typically 5 nA. Under  these condi- 
tions, the local recombinat ion of beam generated elec- 
t ron-hole  pairs produces sufficient contrast at 0V bias 
to reveal clearly the individual  stacking faults. The 
total n u m b e r  of faults wi th in  the perimeter  of each 
diode was recorded. Voltage-dependent  current  mul t i -  
plication sites were observed at specific stacking faults 
in all diodes having a reverse leakage current  above 
the nominal  level for diodes selected at random. The 
current  mult ipl icat ion effects were observed to occur 
only at certain faults and these faults are termed 
"electrically active" faults. Electrically active faults 
were identified by applying a reverse bias less than or 
equal to the avalanche voltage. 

Structural  mapping of the electrically active faults 
at low magnifications was followed by a more detailed 
analysis of individual  faults at higher magnifications. 
Ins t rument  parameters  for the SEM (i.e., electron 
beam energy, probe current  and magnification) were 
determined ini t ia l ly by optimizing display conditions 
and subsequent ly  held constant throughout  the in-  
vestigation. This permit ted a relat ive comparison of 
the cur ren t  mult ipl icat ion effects in terms of the 
"threshold voltage" of individual  stacking faults. This 
"threshold voltage" is defined as the diode reverse 
voltage required to obtain local current  enhancement  
at an active fault  which corresponds to a video signal 
~10% above the average background EBIC display 
level. This does not necessarily imply that  a fault  is 
inactive below the "threshold voltage" but  that the 
current  mult ipl icat ion effects due to the fault  are suffi- 
ciently small  that the relative signal level is reduced 
by  the noise generated in the device when biased. 
Fur ther  analysis with the SEM established the l inear  
dimensions of individual  faults  and helped to detect 
the second phase particles associated with these de- 
fects. 

The final detailed s t ructural  analysis at sub-micron 
resolution with the transmission electron microscope 
(TEM) required the preparat ion of thin silicon samples. 
The experimental  technique consisted of chemical 
th inning  selected regions of the diode with a jet  pol- 
ish assembly. Thin electron t ransparent  regions per-  
mit ted an extensive investigation of the defect struc- 
ture and the second phase precipitates. 

Experimental Results 
Oxidation-induced stacking faults.--Transmission 

electron micrographs of a typical oxidation induced 
stacking fault  are shown in Fig. 1. Figure 1 (a) shows 
the fault  fringes and the bounding part ial  dislocations 
in contrast while (b) shows the fringes out of contrast. 
Impur i ty  precipitation is evident  around the partials. 
These precipitates are very  l ikely to be oxides of sili- 
con which init iate and propagate the stacking faults 
(13). It is also observed that  the precipitation around 

Fig. 1. Two beam bright field transmission electron micrographs 
of an oxidation induced stacking fault. The top micragraph shows 
the fault and the bounding dislocation in contrast. The bottom 
mlcrograph shows fault out of contrast. 

the partial dislocation has resulted in the generation 
of other dislocations. It has been demonstrated else- 
where that oxidation-induced stacking faults can func- 
tion as dislocation generating sources in silicon (22). 

The stacking faults were typically ~I ~m in length 
and ~0.5 #m in depth following the oxidation process. 
However, the faults have been observed to grow during 
the subsequent diffusion operation, with the eventual 
size of the fault being related to the time and tempera- 
ture of diffusion, i.e., to the depth of the p - n  junction.  
The following exper imental  results are obtained on 
boron diffused p -n  diodes having a junct ion depth 
Xj ~ 4 #m. 

Figure 2(a) is a typical  fault  as observed in the SEM 
operated in the EBIC mode. In  the micrograph shown 
the scan direction is from left to right. As the beam 
encounters the fault, localized carrier recombinat ion 
effects result  in a decrease in signal and hence the 
fault  has a dark leading edge. Since the d-c signal ob- 
tained has been capacitance blocked a bright  t rai l ing 
edge results as the beam moves away from the fault. 
Consequently recombinat ion effects due to the presence 
of crystallographic defects result  in the type of con- 
trast shown in  Fig. 2(a) .  A fur ther  point  to be noted 
here is the presence of the two dark regions at the 
terminat ions  of the stacking fault. This dark contrast  
results from the presence of second phase particles 
decorating the part ial  dislocation bounding the fault. 
This is more clearly evident  in  the t ransmission elec- 
t ron micrographs of a portion of the fault  shown in 
Fig. 2(b)  and (c). The micrographs show two beam 
images of the fault  and the precipitate at the t e rmina-  
tion. In  Fig. 2(a) both the fault  and the precipitate 
are in contrast  whereas Fig. 2(c) shows the fault  out 
of contrast while the precipitate contrast remains.  

Electrical activity of stacking faults.--Figure 3 illus- 
trates EBIC displays of a diode having excess reverse 
leakage currents  below the avalanche voltage. The 
individual  stacking faults are evident  in the 0V bias 
display as ell iptically shaped recombinat ion centers 
oriented along <110> directions. The reverse biased 
displays reveal the electrically active faults as local 
current  enhancement  sites while  the inactive faults 
remain  in a quiescent state with the bias applied. 
These displays show that the number  of active faults 
in a given diode can be considerably less than the total 
number  of stacking faults. Sirtl  etch studies on sire- 
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Fig. 2. Structure of a stacking fault following the formation of a 
p-n junction. (a) Fault as observed in the SEM operated in the 
EBIC mode; (b) and (c) show transmission electron micrographs of 
the fault and the precipitate decorating the partial dislocation at 
the fault terminations. 

has been observed that a diode containing fewer 
stacking faults will  often exhibit  the greater leakage 
currents  at a given voltage. These observations are 
more easily understood in view of the present results 
which suggest that the impor tant  parameter  is more 
l ikely to be the n u m b e r  of electrically active faults. 
However, the "threshold voltage" for each fault  within 
a given diode varies considerably. The diode shown 
in Fig. 3 contains ,-,55 faults of which eight are elec- 
tr ically active with "threshold voltage" levels dis- 
t r ibuted from ~4  to 20V. This series of micrographs 
suggests that in addi t ion to the number  of active 
faults, the "threshold voltage" for current  mult ipl ica-  
t ion effects also represents a significant parameter  
regarding excess leakage currents.  

Test results are i l lustrated graphically in Fig. 4 
which shows the reverse I-V characteristics of five 
diodes. The units  were selected to sample the total 
range of I-V characteristics for a single wafer. The 
dark current  l imit represents the nominal  character-  
istics of a diode containing no stacking faults, selected 
at random and represents the lower l imit  of leakage 
current  for the ambient  conditions existing during 
the measurements.  The graph indicates the experi-  
menta l ly  determined numerica l  values corresponding 
to the "threshold voltage," the number  of active faults 
and the total number  of stacking faults for each 
respective diode. 

Note the poor correlation between the total number  
of stacking faults per diode, indicated at the end of 
each curve, and the current  at a given voltage. For 
example the diode containing five faults has a reverse 
current  of ~50 ~A at 60V, whereas, the diode contain-  
ing three faults has a current  of ~200 ~A at the same 
voltage. An even greater discrepancy exists between 
the two upper curves which are separated by less than 
an order of magni tude  in current  but  differ by a 
factor of 18 in the number  of faults. 

A more convincing t rend exists between the number  
of electrically active faults indicated .at the center of 

Fig. 3. EBIC displays of a diode with OV bias and increasing re- 
verse voltages to 20V illustrating the concepts of electrically acHve 
faults and the "threshold voltage" of a fault. The I-V plot corres- 
ponding to this diode is shown at the top of Fig. 4. 

i lar s tructures indicate tha t  a ra ther  poor correlation 
exists between the total number  of stacking faults in 
a given diode and the magni tude of the reverse leak- 
age current  at a given test voltage. Furthermore,  it 
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each curve, but  data obtained on a large number  of 
diodes do not support a strong correlation. The values 
of "threshold voltage" indicated on this graph corre- 
spond to the stacking fault  having the lowest "thresh- 
old voltage" for current  mult ipl icat ion in the electri- 
cally active group of each diode. A strong correlation 
between the "threshold voltage" and the reverse leak- 
age current  is indicated. The diodes containing faults 
of lowest "threshold voltage" display the greatest 
reverse leakage currents.  

In  Fig. 5 the reverse biased diode characteristics 
in decades of current  per volt are plotted against the 
min imum "threshold voltage" Vth for a var ie ty  of 
diodes. A l inear relationship is obtained with a nega-  
t ive slope which suggests a direct correlation between 
the "threshold voltage" of individual  stacking faults 
and the excess leakage currents  expressed in terms of 
reverse diode conductance. Moreover, the relationship 
indicates a current  hogging effect which is dominated 
by the stacking fault  having the lowest "threshold 
voltage," since many  individual  diodes contain more 
than one active fault. 

Figure 6 shows a sequence of EBIC displays il lus- 
t ra t ing an electrically active fault  as monitored under  
test conditions in the SEM. At 0V bias the fault 
exhibits pr imari ly  recombinat ion contrast evident  by 
the dark leading edge normal  to the beam direction. 
At 15V a contrast reversal  has occurred in a circular 
zone surrounding the fault  which is characteristic of 
the current  enhancement  effect. With increased bias, 
annu la r  contrast zones appear which are not presently 
understood in detail. A conservative calculation based 
on the geometry of the enhancement  zone and on the 
current  voltage characteristics of a low voltage fault  
indicates that  a power density in excess of ~104 
W/cm 2 can be realized locally. This high-power density 
may account for the particu]ar type of contrast effects 
observed around the faults when biased. 

Stacking fault structure and electrical activity.--In 
order to fur ther  unders tand  the details of the elec- 
trical activity of stacking faults the detailed structure 
of the fault  and the na ture  of the defect-depletion 
field interact ion have to be examined. To i l lustrate 
this point, observe the fault  displays in Fig. 7. Five 
distinct faults are shown with 0V bias on their respec- 
tive diodes. The contrast observed in the EBIC dis- 
play at 0V bias results from the recombinat ion field 
of the stacking fault  and the surface morphology of 
the fault par t icular ly  when second phase particles are 
present near  the silicon surface. In Fig. 7 well-defined 
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Fig. 6. Sequence of EBIC displays showing electrical activity 
associated with an active stacking fault. 
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Fig. 5. Reverse biased diode characteristics in decades of current 
per volt plotted as o function of the minimum threshold voltage 
for electrically active faults. 

Fig. 7. EBIC displays showing the relation between stacking 
fault length and associated threshold voltages. 

second-phase particles are evident  at the ends of the 
stacking fault  where the bounding partial  dislocation 
intersects the silicon surface. The curved contrast 
ridge between the decorated ends of the part ial  dis- 
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location results from the orientation of the stacking 
fault  on a specific (111) type plane. The angle between 
the fault  plane and the surface normal  with respect 
to the beam direction will  determine the geometry 
of the contrast  ridge separating the leading and the 
trai l ing edge. Note the relationship between the mea- 
sured value of "threshold voltage" which is indicated 
adjacent to each display and the l inear  dimensions of 
the faults. This observational t rend which indicates 
that  a correlation exists between fault length and 
"threshold voltage," is verified exper imental ly  by the 
measurements  plotted in Fig. 8. 

The data cover the range of fault  lengths (14 to 28 
~m) for electrically active stacking faults in these 
structures. The "threshold voltage" measurements  
which correspond to these values range from 4 to 70V 
respectively. The upper  l imit  of "threshold voltage" 
(,~70V) represents N70% of the nomina l  avalanche 
voltage for these diodes (see Fig. 4). The extrapolated 
portion of the graph indicates that electrically inactive 
faults are represented by stacking faults having a 
length >30 ~m (a "threshold voltage" approaching the 
avalanche limit of the diode). The lower value of 
"threshold voltage" (~4V) is apparent ly  established 
by the detectabil i ty l imit  of the SEM util izing the 
EBIC technique, par t icular ly  the signal to noise ratio 
inherent  in the display. The greater data point scatter 
observed at the higher "threshold voltage" levels re-  
sults from reduced sensitivity due to the increased 
noise level of the diode at voltages approaching the 
avalanche voltages. 

Figures 5 and  8 reflect the strong correlation between 
the stacking fault  length  and the reverse diode con- 
ductance (decade of current  per volt ratio).  For exam- 
ple a factor of 2 decrease in the stacking fault  length 
will  increase the reverse diode conductance by one 
order of magni tude  neglecting the current  l imit ing 
effects which occur at higher current  levels. 

The significance of the defect s tructure on the degree 
of "electrical activity" for stacking faults in silicon 
requires  a more detailed analysis of stacking fault  
structure. Figure 9 shows a series of TEM displays 
of four stacking faults with lengths ranging from 
~0.7 to 3.4 ~m. The smallest  faults (0.7 ~m) consist 
of a part ial  dislocation loop bounding a faulted zone, 
both of which are heavily decorated with fine precipi-  
tates. The precipitates decorating the faults are 
thought to be predominant ly  silicon oxides and boron. 
Carbon can be el iminated as a l ikely candidate in view 
of the slower diffusion rates as compared to oxygen. 
Metallic impurit ies were ruled out by  bulk  phosphorus 
gettering (14) the diodes containing stacking faults 
and detecting no change in the excess reverse con- 
ductance before and after gettering. These micrographs 
were obtained following the diffusion of boron to 

establish the p - n  junction.  The decoration at the faults 
increases after the diffusion process. This is most obvi- 
ous when the small  fault  in Fig. 9 is compared with 
the fault  in Fig. 1. The fault  shown in Fig. 1 shows 
the structure after oxidation and prior to boron diffu- 
sion. This effect of the diffusion on the fault  and the 
resul tant  effect of the fault  on the diffusion front is 
an important  factor in de termining the electrical activ- 
ity of the faults as discussed subsequently.  Note also 
the displacement-fr inge contrast surrounding the fault  
which indicates the presence of local precipitate strain 
fields. The longer stacking faults are similarly decorated 
with precipitates; however, the decoration is in the 
form of well developed second-phase particles at the 
part ial  dislocation while the faulted region is general ly 
free of precipitates. The bounding partial  dislocation 
encloses a fault  on an inclined (111) plane. The two 

Fig. 9. Transmission electron micrographs of stacking faults of 
different lengths showing the effect of fault length on the degree 
of decoration of the fault. 
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longer faults are only part ial ly visible because of the 
limited film thickness which is less than the fault depth 
after sample preparation, and consequently only the 
upper 0.4 ~,m of the fault  is visible. Nevertheless, the 
common st ructural  characteristic of these faults is 
the heavy precipitation, par t icular ly at the partial  
dislocation and the a t tendant  s t ra in field. If one con- 
siders the fault  structure in relationship to the metal -  
lurgical p -n  junct ion of the diode we have the follow- 
ing observations; the upper l imit for electrically active 
stacking faults in these diodes was 28 #m in length. 
Stacking faults greater than 28 am in length were 
electrically inactive below the avalanche voltage. Be- 
cause the junct ion depth Xj ~ 4 am, the faults lie 
well wi thin  the depletion field of the p -n  junction.  
Furthermore,  the larger faults extend to a depth 
below the depletion edge at the avalanche voltage, 
the lower edge of the smaller faults will terminate  
wi thin  the dep]etion field. Since considerable experi-  
menta l  evidence has shown that  the part ial  dislocation 
is decorated along its entire length, it seems highly 
probable that  the second phase precipitates and their 
associated strain fieIds are interact ing directly with 
the depletion field. However, since the growth and 
development of the fault  is interrelated with the dif- 
fusion process itself, the complete physical model 
must  include the mutua l  effects of both. Consequently 
hypothetical  models are presented which at tempt to 
visualize the mutua l  interact ion which must  include 
diffusion and precipitat ion processes occurring con- 
current  with the growth and development  of these 
faults. 

Discussion 
The presence of decorated stacking faults in silicon 

has been shown to directly influence the reverse leak- 
age characteristics of p -n  junctions. The influence of 
the faults, however, is not straightforward in that 
not all faults in the active area of a diode interact  
with the depletion field of the junct ion and the degree 
of electrical activity is dependent  on fault  length. The 
concept of the "threshold voltage" of a stacking fault  
enables the specific electrical activity of a fault  to be 
discussed in quant i ta t ive terms. 

In  order to develop a physical model for electrically 
active stacking faults it is necessary to consider the 
specific "threshold voltage" associated with individual  
faults. Fur thermore  the variat ion of "threshold volt-  
age" with fault  length also indicates that  electrical 
activity is a function of the detailed structure of the 
fault. It was shown that  the electrical activity of a 
fault  varies with fault  length, the smaller faults being 
more active than the larger faults. 

The electrical effects associated with dislocations in 
the diamond cubic lattice have been dealt with theo- 
retically (15) and exper imental ly  (16) by the mea-  
surement  of Hall  mobilities in deformed crystals. The 
direct interact ion between dislocations and charge car- 
riers introduced in silicon by an electron beam has 
been reported previously (17). The existence of a 
one-dimensional  energy band  along edge and screw 
dislocations has been postulated to account for the 
electrical activity of dislocations (15). These models, 
however have been applied to fresh, undecorated dis- 
locations. An oxidat ion-induced stacking fault is in-  
var iably  formed in conjunct ion with a second phase. 
It  has been observed that  diffusion of boron into a 
surface decorated by these faults results in a fur ther  
increase in the degree of decoration of the fault. Con- 
sequently the cur rent ly  available theoretical t reat-  
ments  of dislocation-charge carrier interact ion cannot 
be applied to the case of decorated stacking faults 
since the faulted region, the partial  dislocation enclos- 
ing it, and the impur i ty  decoration at the fault  and at 
the dislocation introduce their own per turbat ions in 
the electronic structure of the otherwise perfect lattice. 

The threshold voltage represents the onset of cur-  
rent  mult ipl icat ion at the stacking fault. Calculations 
on depletion layer width for 4 ~m junct ions suggest 
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that the base of an active fault  lies wi thin  HI #m of 
the upper edge of the depletion field at the threshold 
voltage of the fault  (18). The base of the active fault 
is represented by  the region where the Burger 's  vector 
of the bounding part ial  dislocation is approximately 
parallel  to the electric field of the depletion region. 
This analysis assumes a planar  diffusion front whose 
geometry is independent  of the presence of stacking 
faults. However, since the growth of stacking fault  is 
dependent  on the diffusion process, the boron concen- 
t rat ion profile in the vicini ty of the fault  is perhaps 
modified by the stacking fault  s t ructure and impur i ty  
decoration. Consequently, a simple analysis which 
assumes a planar  diffusion front with a gaussian or 
erf distr ibution cannot be rigorously applied to deter-  
mine  the depletion-field width in the vicinity of the 
fault. Furthermore,  severe contouring of the transit ion 
region may result  from concentrat ion profile anomalies 
which introduces geometry correction factors for the 
electric field in the depletion region. An added con- 
sideration is the degree of precipitat ion associated 
with stacking faults of different size, and the magni -  
tude of the strain fields surrounding the part ial  dis- 
locations. Based upon these hypotheses different 
models are discussed in an at tempt to explain the 
experimental  observations. 

The schematic sketches in  Fig. 10 show the two 
possible direct interactions of a stacking fault  with 
the p - n  junction. Since the junct ion  is formed by the 
diffusion of boron into a surface covered with deco- 
rated stacking faults local contouring of the junct ion 
beneath the stacking fault  can occur as shown in Fig. 
10-1. The presence of precipitat ion at the fault  (pos- 
sibly SiO2 precipitates) can retard the diffusion front 
by directly blocking the boron atoms, perhaps en-  
hanced by the greater solubili ty of boron in the oxide 
precipitates. The accumulat ion of boron at the fault 
is also possible as a result  of the differences in solu- 
bi l i ty of boron in the faulted and unfaul ted regions of 
the crystal, i.e., the Suzuki effect (19), although this 
is probably a secondary effect. The curvature  in t ro-  
duced in  the junct ions can result  in  excessive reverse 
leakage currents  (20). 

In the event that  the fault  does not funct ion as a 
block to the diffusion front, leakage can also be intro-  
duced in the junct ion due to the strain fields associated 
with faults as shown in Fig. 10-2. Elastic strains have 
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Fig. 10. Schematic sketches illustrating two passible direct inter- 
actions of stacking faults with the p-n junction. 
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been demonstrated to generate leakage currents  in 
p -n  junct ions (21). The precipitation at the fault  re-  
sults in strong elastic strain fields in the lattice owing 
to the different specific volume of the precipitating 
phase (SiO2) as compared to that  of silicon. These 
strains can extend to considerable depths into the bulk  
of the mater ial  and interact  with the depletion field 
of the junction.  

A str iking result  of this s tudy was the observation 
that the electrical activity of a fault  was related to 
the fault  length in an unexpected manne r  in that  the 
smaller faults introduced greater leakage currents  
than  the larger faults. The two models discussed above 
can be shown to account for this fact. 

Figure 11 shows schematically the geometry of a 
diffused p -n  junc t ion  beneath a stacking fault  which 
is decorated both at the part ial  dislocation and within  
the fault. The physical p -n  junct ion is curved all the 
way along the fault  owing to the diffusion retarding 
effect of the decorated fault. The result ing structure 
of the fault  is shown in the transmission electron 
micrograph in Fig. 11. The part ial  dislocation and the 
fault  are observed to be decorated by a second phase. 
Such faults are typically small and extend to depths 
no greater than .~1 ~m into the bulk. As discussed 
before they have also been observed to exhibit  low 
"threshold voltages." Figure 12 shows schematically 
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Fig. 11. Schematic of the contouring effect a decorated stacking 
fault has upon a p-n junction diffused into the faulted region. The 
TEM display shows a typical fault which is characterized by 
impurity decoration both at the bounding partial and within the 
fault. 

Fig. 12. Schematic of the contouring effect clue to a fault which 
is decorated only at the bounding partial. The TEM display shows 
a typical fault of this kind. 

the contouring effects of large faults  where the second- 
phase decoration is pr imar i ly  at the part ial  disloca- 
tions and not wi th in  the fault. The diffusion front is 
retarded only along the terminat ions  of the fault  and 
not wi thin  the faulted region. The transmission micro- 
graph shows a large fault  as observed after boron 
diffusion. The micrograph only shows a portion of the 
fault  which can extend to considerable depths into the 
bulk. The terminat ions  of the part ial  dislocation at the 
surface are profusely decorated whereas the fault  is 
clean. The contouring introduced in the junct ion by 
such a fault  is less severe than  that  due to small  faults 
and hence the degree of leakage as a result  of such 
faults is also less. 

I t  must  be emphasized that  the process of diffusing 
impurit ies past a faulted region into the bu lk  results 
both in the modification of the diffused junct ion  by 
the fault  and a modification of the fault  by the diffusing 
atoms. It  has been shown elsewhere (22) that  the 
diffusion process forces fault  growth. Therefore the 
smaller  stacking faults are more f requent ly  found in 
diodes with shallow p - n  junct ions whereas deep junc-  
tions with their  a t tendant  long diffusion cycles force 
fault  growth. Since the fault  size and the distr ibution 
of segregated impur i ty  in the fault  are interrelated, 
the electrical activity is obviously related to both 
these factors. Furthermore,  the position of the deco- 
rated fault  in the depletion region of the p -n  junct ion  
will also be related to the size and degree of decora- 
t ion of the fault  since the physical distortion in t ro-  
duced in the junct ions will  be a function of the fault  
size and associated impur i ty  precipitation. 

Faul t  growth can proceed by a combinat ion of im-  
pur i ty  precipitation and the diffusion of subst i tut ion-  
al ly diffusing atoms (boron) from wi th in  the fault  
into the surrounding silicon. Consequently large stack- 
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ing faults which have at tained their  final size as a 
result  of the boron diffusing out of the faulted region 
are also prone to be tess subject  to decoration than 
the smaller  faults which still have a large part  of the 
accumulated boron decorating them. Consequently 
the electrical activity of smaller faults would be 
greater than  large faults. The present study has been 
confined to the examinat ion of the electrical activity 
of stacking faults on relat ively deep p -n  junct ions 
(,-,4 ~m). The effects of faults on shallow junct ions 
(<1 ~m) will  be discussed in a subsequent  publication. 
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APPENDIX 

The electron beam induced current  (EBIC) mode 
(23-25) is i l lustrated schematically in Fig. A-1. A 
focused electron beam is scanned in a square raster 
p a t t e r n  on the surface of diffused p -n  diode. Directly 
under  the focused electron spot (typically 0.01-0.10 
~m in diameter)  electron-hole pairs are generated 
wi thin  a volume defined by the practical range of the 
electrons in silicon at the part icular  beam energy. In  
the range of 5-50 keV which is typical for an SEM, 
the penetra t ion range for electrons in silicon is ap- 
proximately  0.4-17 ~m. The number  of charge car- 
riers generated wi thin  this volume is proportional to 
the number  of penetra t ing electrons and their energy 
dissipation. When the diffusion length of the induced 
carriers is greater than  the distance from the point of 
generat ion to the under ly ing  p -n  junct ion a fraction 
of the total number  of charge carriers will  be swept 
across the space charge region of the p - n  junction. 
The sampling resistor and voltage source shown in 
Fig. A-1 are connected in series with the p -n  diode. 
The operational amplifier which is connected across the 
sampling resistor in a d-c mode provides the necessary 
gain to modulate the brightness of a display CRT 
scanned in synchronism with the electron beam. When 
the diode structure contains relat ively perfect crys- 
tal l ine mater ia l  the beam-genera ted  charge carriers 
produce a s teady-state  d-c current  which results in 
a scan raster of un i form intensity. 

However, when  the semiconductor crystal contains 
localized surface and bulk  imperfections such as dis- 
locations, precipitates, or stacking faults within or 
near  the diffused p -n  junction,  localized charge-carrier  
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Fig. A-1. Schematic of the electron beam induced (EBIC) mode 
of operation. 

recombinat ion occurs. This reduces the number  of 
charge carriers in the vicinity of the defect thereby 
reducing the net  flow of charge carriers at the space- 
charge region. In  this manner ,  the recombinat ion proc- 
esses associated with the defects modulate the charge- 
carrier flow, at the space-charge region revealing the 
s t ructural  imperfections of the diode in the video dis- 
play. 

With a reverse bias applied to the diode the elec- 
trical interact ion between the defect and the depletion 
field can be investigated. The mechanism is a t t r ibuted 
to charge carrier mult ipl icat ion which increases the 
net flow of charge carriers in the depletion region. 
This effect produces a local cur ren t  enhancement  sig- 
nal  at the defect site which is dependent  on the mag-  
ni tude of the depletion field voltage and the degree 
of electrical activity of the part icular  defect. As a 
result  of this interaction, electrically active defects 
are easily dist inguished from electrically inactive 
sites, enabl ing a direct correlation be tween specific 
I-V characteristics and the associated defect centers. 

The opt imum electron beam energy depends on sev- 
eral considerations which involve the practical range 
of the electrons in the sample and the zone of maxi-  
m u m  energy dissipation. These factors depend pri-  
mari ly  on the density and thickness of the com- 
posite s tructure (i.e., oxide layer  and silicon). Addi-  
t ional considerations are the depth and distr ibution of 
the crystal  defects with respect to the space charge 
region of the p - n  junct ion and the minor i ty  carrier  
diffusion length near  the point of generat ion of the 
beam-induced carriers. 

When the depth of the defect is small compared 
to the metal lurgical  junct ion  depth, low beam voltages 
are desirable for opt imum resolution of the defects 
providing sufficient beam current  is available to over- 
come the signal to noise l imitat ions of the video 
amplifier including the sample. High-contrast  displays 
often require a compromise of spacial resolution when 
increased beam current  or voltage is required to im-  
prove the signal to noise ratio of the display. Prac-  
tical considerations often involve the magni tude of 
leakage currents  in diode structures containing de- 
fects. The leakage currents  associated with the defects 
introduce current-vol tage instabili t ies in a biased p -n  
diode result ing in scan rate dependent  video noise. 
This requires a reduction of the video bandwidth  by 
capacitive coupling or other means necessitating 
larger beam currents  and voltages to increase the sig- 
nal  level at the sample. 

In  a typical EBIC display the reference voltage or 
ground for the video circuit is selected to obtain the 
desired signal polari ty on the CRT when the beam 
crosses the vertical edge of the p - n  junction. To avoid 
ambigui ty  in the interpreta t ion of contrast the diode 
terminals  are selected to provide an increased screen 
brightness when the p - n  junct ion currents  increase 
dur ing the scan. Consequently,  in the d-c coupled 
mode, the br ighter  areas of the display correspond 
to larger beam-induced currents  at the p -n  junction. In  
the capacitor-coupled EBIC display the bright  and 
dark contrast levels correspond to the t ransient  cur-  
rents  generated at regions where  the junct ion cur-  
rents change abruptly.  The video circuit t ime constant 
is chosen to provide a display which approximates a 
time derivat ive of the d-c coupled display as i l lus- 
t rated in  Fig. A-2. 

The diodes used in this investigation have a p -n  
junct ion depth Xi ~ 4.0 ~m. The stacking faults were 
typically 14-28 ~m in length at the surface with a 
hemispherical boundary  consisting of a part ial  disloca- 
tion enclosing the fault  on the {111} planes. The depth 
of the fault  measured normal  to the surface is ~12 ~m. 
For opt imum interaction between the part ial  disloca- 
t ion at the base of the faulted zone a beam energy of 40 
keV was utilized. The electron penetra t ion at this 
energy is ~12 ~m. This energy was selected to insure 
that electron-hole pairs are generated near the base 
of the stacking fault. Since the depth of the stacking 
fault  is greater than the metal lurgical  junct ion depth 
X t ~ 4 ~m, a back diffusion of charge carriers is re-  
quired to display the electrical interaction between 
the stackin~ fault  and mobile charge carriers prior t o  
their  collection at the space charge region. 

The capacitance coupled display was used exclu- 
sively to el iminate the d-c current  instabilit ies of the 
reverse biased diode. A sampling resistor of 10 ~ ohm 
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Fig. A-2. Schematic showing single line response of the EBIC 
display when used in the d-c and the capacitive coupled modes. 

with  a coupling capaci tor  of 0.02-0.05 ~f p rov ided  
adequate contrast at a nominal  scan ra te  of 10 msec /  
line, wi th  a beam cur ren t  of ~_ 1 nA at 40 keV. 
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Submicron Epitaxial Films for GaAs 
Field Effect Transistors 

R. D. Fairman *'1 and R. Solomon* 

Fairchild Research and Development Laboratory, Palo Alto, California 94306 

ABSTRACT 

Uniform submicron epitaxial films have been prepared by an optimized 
vers ion of the AsC13, Ga, H2 process. F i l m  requi rements  and proper t ies  of films 
necessary for high per formance  GaAs FET's  are  discussed. Growth  rate  
dependences  of the Ga source and subs t ra te  t empera tu re  are shown. Growth  
ra te  dependence  upon the AsC13 mole fract ion and mass t ranspor t  effects 
a re  shown in the range  of interest .  Effects of the  the rmal  gradient  imposed 
dur ing deposi t ion are re la ted  to the film thickness and doping uni formi ty  
obta ined wi th  a 5~ and 0.5~ process. Vapor  doping f rom HsS and 
Sn-doped Ga sources is discussed and re la ted  to the  charac ter  of the epi tax ia l  
doping profile. Epi tax ia l  films grown by this technique have been produced 
in the  range of 0.2-0.4~ wi th  var ia t ions  in film thickness and doping of < --+10%. 

In recent  years,  GaAs S c h o t t k y - b a r r i e r  field-effect 
t ransis tors  have a t t rac ted  much in teres t  as an active 
device wi th  usable gain  at microwave  frequencies.  

Recently,  our device research  group has developed a 
device wi th  a cutoff f requency  >30 GHz and a un i -  
l a te ra l  gain of l0 dB at  10 GHz (1). These devices 
have a theoret ical  f r equency-ga in  slope of 6 dB/oc tave  
and a ve ry  low noise figure. 

* Electrochemical  Society  A c t i v e  Member .  
1 Present  address: Varian Associates,  Palo  Al to ,  C a l i f o r n i a  94303. 
Key words: gal l ium arsenide ep i t axy ,  t h i n - f i l m  g rowth .  

The GaAs S c h o t t k y - b a r r i e r  FET is a t r ans i t - t ime -  
l imi ted  device which  operates  in the deplet ion mode. 
The vol tage requ i red  to pinch off conductance in the 
channel  is given by the fol lowing expression 

q 
Vp ---- Vo -J- ~ (NDt s) 

Ze 
[1] 

where  Vo is the bu i l t - i n  voltage, ND the donor concen- 
t rat ion,  and t the film thickness.  F igure  1 shows the 
re la t ionship  be tween  donor concentra t ion and film 
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Fig. l. Epitaxiol film doping, film thickness relationship with 
pinch-off voltage, Vp, as a parameter. 

th ickness w i t h  the p inch -o f f  vo l tage  as a parameter .  A 
desirable range of pinch-off voltages for an  amplifier 
operating at 10 GHz lies between 4 and 10V. The use- 
ful range of donor concentrations in 6-10 • 1016 cm -3. 
The upper  end of this range is delimited by the gate 
breakdown voltage, whereas the lower end is con- 
s trained by backside gating from the semi- insula t ing 
substrate. Useful donor concentrat ion and thickness 
combinations are shown in the cross-hatched t rape-  
zoidal region in  Fig. 1. F i lm thicknesses lying between 
the dotted lines, i.e., in the range from 0.28 to 0.44~, 
have approximately an 85% probabi l i ty  of meeting the 
pinch-off voltage specification. In  practice, we can 
extend the upper  l imit  somewhat since thicker films 
can be etched into the useful range. 

E x p e r i m e n t a l  
The basic epitaxial process used to grow films for 

the GaAs FET is the AsC13, Ga, H2 system (2). The 
AsC13 process has produced the highest pur i ty  vapor 
epitaxial  GaAs to date (3). The prinmpal  reactions in  
the process are as follows 

1. 4AsC18 + 6H2-> As4 + 12HC1 (400~176 

2. 12HC1 -F 12GaAs ~ 12GaC1 -{- 3As4 -{- 6H2 (800~ 

3. 6GaCI -t- As4 ~ 4GaAs -F 2GaC13 

AsC13 is reduced to As4(g) and HClcg~ in the presence 
of H2 at 400~176 Both As4cg~ and HCI(s~ are t rans-  
ported over a Ga source held at 800~ unt i l  the source 
is saturated with As; following saturat ion a GaAs skin 
grows covering the As-saturated Ga source (4). Sub-  
sequent HC1 passed over the saturated Ga source reacts 
with the GaAs skin as shown in  Reaction 2 above. 
Thermodynamic calculations of the AsC13, Ga, H2 sys- 
tem indicate that  for source temperatures  of 800~ and 
deposition temperatures  of 750~ the deposition re-  
action is simply the reverse of Reaction 2. The contri-  
but ion to deposition from the disproportionation Re- 
action 3 is negligible for the HC1 concentrations in-  
volved in the present AsC13 process (5). 

The exper imental  process parameters  are as follows: 
gall ium source temperature,  800~ GaAs substrate 

temperature,  760~ hydrogen flow rate, 200 cc/min;  
reactor tube diameter, 40 mm; AsCI~ mole fraction, 1.0 
X 10 -2- 

The background doping of the process is controlled 
by  the AsC18 mole fraction used (6). The residual 
background impur i ty  is Si arising from a series of re-  
actions between HC1, He, and Ga with the quartz re-  
actor equipment  (7). With an AsCI~ mole fraction of 
1 X 10 -2 a net background doping of ,~1 X 1014 car- 
riers cm -8 is experienced. The present work will  deal 
with the optimization of the growth variables which 
affect growth rate and epitaxial  film uni formi ty  for 
films grown on (100) Cr-doped GaAs. 

In  order to achieve thickness control in the range 
from 0.25 to 0.5~, it is desirable to operate at low 
growth rates so that  reasonable deposition times can 
be used. The growth rate dependence on the Ga source 
tempera ture  is shown in Fig. 2 for Ga source tempera-  
tures in the range  from 770 ~ to 810~ The substrate 
temperature  for these experiments  was held constant 
at 760~ and the wafer was positioned in a thermal  
gradient  of 5~ The AsC13 mole fraction was main-  
tained at 10 -2. At this value the background donor 
concentrat ion is several orders of magni tude  lower 
than the final donor concentration. The growth rate 
is a ra ther  steep exponential  funct ion of source tem- 
perature  in the range measured. The dependence is 
similar to that obtained by Araki  et al. (8) in the same 
range. 

The growth rate dependence on the substrate dep- 
osition tempera ture  is shown in Fig. 3 for substrate 
temperatures  over the range of 760~176 The Ga 
source temperature  was held constant  at 800~ and the 
wafer was positioned in a thermal  gradient  of 5~ 

The init ial  indication was that  a substantial  growth 
rate reduct ion could be made by a reduction of the 
Ga source temperature  and by use of higher substrate 
temperatures.  However, a vapor etch rate reduction 
occurs for substrate temperatures  <800~ Therefore 
a m i n i m u m  source temperature  of 80O~ is maintained.  
Vapor etching of the substrate prior to thin film growth 
is required to el iminate interface states, traps, residual 
surface impurities, and to remove a thin surface film of 
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par t ia l ly  decomposed GaAs generated by As loss at 
800~ Thus, low growth rates are most easily achieved 
by increasing the substrate temperature.  In  the pres- 
ent work, a substrate temperature  of 760~ was used, 
yielding an average growth rate of 0.1 ~/min. 

For substrates held parallel  to the gas flow direction 
an epitaxial  film thickness gradient  is observed in the 
direction of gas flow. This gradient  is related to the 
hT imposed along the length of the substrate. Figure 4 
shows the epitaxial  film thickness gradient  evaluated 
by Schot tky-barr ier  profiling along the length of a 
wafer for a 5~ and a 0.5~ thermal  gradient. 
The epitaxial thickness gradient  produced by the 5~ 
cm thermal  gradient  would reduce an FET device yield 
to ~15%, whereas the 0.5~ gradient  would allow 
a yield closer to 90%. The shallow thermal  gradient  
also reduces the growth rate by a factor of 3 which 
greatly improves the growth rate reproducibili ty.  The 
growth rate dependence on the AsC13 mole fraction is 
shown in Fig. 5. Changes made in the AsC13 mole frac- 
tion over the range of 6-9 • 10 -3 mf makes a change 
in  the growth rate of <10%. The growth rate depen-  
dence on the flow rate, with fixed AsC13 mr, is shown 
in Fig. 6. The independence of the growth rate  on the 
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flow rate in the region of operation suggests that  the 
process is not mass t ransport  l imited in this region. 
The decrease in growth rate with flow rates greater 
than 300 cc /min  is related to the completion of the Ga 
source reaction. 

Table I summarizes the results of a series of deposi- 
tions performed with a 0.5~ gradient, indicating 
the epitaxial  film uni formi ty  of both doping and thick- 
ness for two different dopants. The film thickness uni- 
formity across a wafer and the corresponding pinch-off 
voltage uniformity  are summarized in columns 3 and 
4. The average doping variations are less than • 
and the reproducibil i ty is excellent. The yield on these 
films shows a combined 70% yield on both film doping 
and thickness. 

The Sn vapor doping was accomplished by the use of 
a Sn-doped Ga source (9) and the S doping was 
achieved by meter ing H2S into the reactor between the 
Ga source and the deposition region (7). 

The epitaxial doping profile is another impor tant  fac- 
tor in successful device processing. The film doping at 
the interface should drop an order of magni tude in 
approximately 0.1~ from the plateau of uni form doping 
as shown in Fig. 7. The doping profile for the Sn-doped 
case shows an extremely abrupt  change in doping at 
the interface and a very uni form layer  doping. In 
general, S-doped layers show a more graded profile 
as compared to the Sn-doped films. Both Czochralski- 

Table I. Epitaxial film uniformity for H2S and Sn dopants 

R u n  s e r i e s  A v g  ND -- NA (cm -~) t e l e e t .  (/zm) VP (V) D o p a n t  

29-6  t h r u  15 
Fig. 4. Epitaxial film thickness gradient across the wafer as (lO) 

31-4  t h r u  12 
produced by two different deposition temperature gradients. (8) 

6.9 • 10 TM ----- 11 .2% 0.39 -~ 6 .5% 5.2 -4- 0.7 

8.2 • 10 TM _ 7.3% 0.36 • 8 .7% 6.5 + 0.8 Sn  
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and boat -grown crystals have been used successfully. 
Figure 8 shows how the character of the substrate in-  
fluences the shape of the doping profile. The sharp 
peaked profile (B) has been observed in selected lots 
of both Czochralski- and boat-grown substrates. 
Anomalous tails (A) are only observed for certain 
lots of Czochralski substrates. The epitaxial  process 
variables have been monitored by a l ternat ing sub-  
strates from different lots and the doping profile 
anomalies have borne a 100% correlation with specific 
crystal lots ra ther  than  an uncontrol led process var i -  
able. We have not been able to determine which sub- 
strate defects are responsible for the graded profiles. 

Figure 9 shows an example of the extremely thin 
film growth that  is possible with this process, showing 
an electrical thickness of less than 0.1~. The bu i l t - in  
surface barr ier  prevents  us from profiling the flat 
portion of the profile. However, the mobil i ty of this 
film is only about 10% lower than  the average mobil i ty  
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Fig. 9. Epitoxial doping profile of extremely thin film growth 
showing the capability of the vapor phase process. 

for thick films which suggests that  doping uniformity  is 
still fairly good. 

Hall mobilit ies of 4500 cm2/V-sec have been mea-  
sured on thin films at room temperature,  and doping 
with either Sn or S to 1 • 101T cm -a. Thus reasonably 
high mobilit ies suitable for FET fabrication with high 
cut-off frequencies can be obtained with carrier den- 
sities as great as 1017 cm -s. 

In  summary,  it has been shown that  careful control 
over substrate and source temperatures,  tempera ture  
gradient, flow rate, and AsC13 mole fraction, can yield 
uniform films down to 1000A. Devices fabricated from 
these films have exhibited cutoff frequencies of around 
40 GHz with a noise figure of 2 dB at 3 GHz. 
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Iron Oxide See-Through Photomasks 
Miles V. Sullivan 

Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 07974 

ABSTRACT 

The decomposition of Fe(CO)5 in an oxidizing atmosphere was employed 
to obtain a film of Fe20:l 2600A thick on a glass substrate. Using standard 
photoresist technology with dilute HCI as the etchant, see-through photomasks 
with 1 ~m pat terned elements were obtained. 

Photoresist processing often involves the positioning 
of a photomask over a part ial ly completed device in 
such a manner  that  the mask is aligned with certain 
features of the device. This a l ignment  is greatly facili- 
tated by a see-through mask: that is, a mask which is 
capable of t ransmit t ing  visible light to aid in the al ign- 
ment  process and also of blocking the actinic radiat ion 
(predominant ly  uv) necessary for photoresist work. 

The semiconductor industry  is becoming more in-  
terested in a good see-through mask because: 

1. The t rend toward smaller  geometries has made 
a l ignment  more critical, and the see-through charac- 
teristic allows direct observation of the most critical 
elements of a device pat tern  rather  than depending on 
remote registration marks. 

2. The trend toward the use of positive resists has 
resulted in an increased number  of masks which are 
mostly opaque and, therefore, more difficult to align 
with s tandard techniques. Recent developments in pro- 
jection photoli thography have accelerated this trend. 

3. The masking is due to absorption of the un-  
wanted light ra ther  than  reflection (as in Cr masks) 
of the unwanted  light and consequently minimizes 
halat ion effects and enhances contrast  to reflecting 
substrates. 

4. The t rend toward larger scale integrat ion and 
smaller  features puts a high p remium on low defect 
density, and defects such as pinholes are reduced con- 
siderably by  the use of the new see-through mate-  
rials. 

Ear ly  at tempts to design such a mask made use of 
sputter ing to form a thin inorganic oxide film on a 
glass substrate (1). In  this phase of the work it was 
determined that  a desirable combinat ion of optical, 
mechanical,  and chemical properties could be obtained 
from iron or vanad ium oxides or mixtures  of the two. 

The next  phase was concerned with finding the most 
practical fabrication techniques. Several  existing tech- 
niques were evaluated and  none appeared attractive. 
Therefore, a new chemical vapor deposition (CVD) 
technique based on Fe(CO)5 was developed and 
proved to be very  effective (2). 

Cont inuing work on the sput ter ing technique 
brought  to light some modifications which have made 
that  method much more at tract ive than  it originally 
was (3). Speed of sput ter ing has been increased by 
almost an order of magnitude,  sputter  cleaning of 
the substrates before deposition has reduced film de- 
fects, and control of the chemical and  physical com- 
position of the film has resulted in control of etch- 
abil i ty (related to resolution).  

There are other competit ive techniques for making 
thin films of iron oxide for masks, e.g., a spin-on proc- 
ess described by Reid and Cukor (4). However, these 
films do not seem to have as desirable a combination 
of durabil i ty,  etchability, and freedom from pinholes 
as have CVD films. 

The purpose of the present article is to describe the 
CVD method of making  a see-through photomask. A 

Key words: photoresist, transparent photomask, lithography, pho- 
tolithography. 
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th in  uniform semit ransparent  film of Fe203 on a glass 
plate was obtained by react ing Fe(CO)5 vapor with O2 
on or near  the surface of the glass which was ma in -  
tained at 100~ This film was then etched with di lute 
HC1 using photoresist techniques to obtain a useful 
photomask. 

Deposition chamber.--In the original development 
of the CVD process (2), the deposition chamber  con- 
sisted of a bell jar  on a hot plate as shown in Fig. la. 
In  an effort to minimize defects caused by particles, 
this system has been inver ted as shown in Fig. lb. 
Figure 2 is a densitometer trace across a 2-in. plate 
with Fe203 deposited in a chamber such as shown in 
Fig. lb. Since the plate is supported by the edges, very 
little deposit forms there and the transmission at the 
edges is quite high. 

For applications where  it was desirable to have dep-  
osition all the way to the edges, the plate was sup- 
ported as shown in Fig. lc or ld. Both of these systems 
gave uniform deposition. Figure  3 is a densitometer 
trace of a plate with iron oxide deposited in a chamber 
such as Fig. lc. 

In  order to reduce the t ime required to obtain gase- 
ous steady state, the chamber size has been succes- 

(a) (b) ~ T E R  
INPUT 

f \ \  / /  
u HAUST \ \  / /  

HEATER U U 

- -  INPUT 

EXHAUST 

--INPUT 

EXHAUST 

VACUUM (d), 

EXHAUST 

Fig. 1. (a) Bell jar on hot plate, 4 plates deposited simultaneously. 
(b) Inversion of system shown in Fig. 1 to minimize dust fall-out 
and reduction to one plate at a time. (c) Similar to Fig. lb but 
plate supported by pins at the corners. This gives edge-to-edge 
coverage. (d) Similar to Fig. lb but plate supported by a vacuum 
chuck in the beater block. 
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Fig. 2. Densitometer trace across a Z-in. plate deposited in a 

system such as in Fig. lb. Note that transmission is high at the 
edges because of the method of plate support. 
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Fig. 3. Densitometer trace across a 2-in. plate deposited in a 
system such as in Fig. lc. 

sively reduced from over  1000 cc down to 10 cc. In this 
smallest chamber  the gas was introduced along one 
edge and removed along the opposite edge as shown in 
Fig. 4a. With a high velocity of gas across the face of 
the plate, it was difficult to main ta in  un i form dep- 
osition. (The gas is not preheated  but must be brought  
up to tempera ture  by the glass plate on which dep-  
osition is taking place.) 

The chamber  that  gave most consistently good re-  
sults was funnel -shaped with  the gas enter ing at the 
stem of the funnel  and passing through a baffle as 
shown in Fig. 4b. The gas exited at the top edge in a 
symmetr ica l  fashion. The chamber  had a volume of 25 
cc, and was made out of Plexiglas so that  the deposi- 
t ion process could be moni tored visually. To minimize 
deposition on the chamber  walls they were  water  
cooled or coated with  a simple minera l  oil. This not 
only makes visual  observation easier but  also increases 
the deposition rate on the desired area by mainta ining 
a higher  reactant  concentrat ion in the gas stream. 

Heater.--The heater  was a block of a luminum 1 • 
6 • 6 in. in which was embedded a heat ing element,  a 
controll ing thermistor,  and a thermometer .  Since op- 
erat ing tempera tures  were  wi thin  the range 80~176 
very  l i t t le the rmal  insulation was necessary. A thin 
(0.03-0.0T cm) Teflon sheet placed between the a lumi-  
num block and the glass plate served two purposes: 
(i) it could be readi ly  removed for cleaning, and (ii) 
it was a more uniform hea t - t ransfer  medium than the 
var iable  air gap that  occurred be tween  the imperfect  

COMPRESS ISLE ~ / / / / / / / / / " ~  
GASKET ~w~ ~" - ~ ,  ~/,, 

INPUT EXHAUST 

(a )  

Fig. 4a. "Laminar" flow chamber with small volume (about 10 cc) 

E X.AUST  XT----"AUST 

t 
INPUT 

(b) 

Fig. 4b. Most "successful" chamber design 

glass plate and the polished meta l  surface of the heat -  
ing block. 

A proport ional  control ler  main ta ined  the a luminum 
heat ing block wi th in  one degree of the desired t em-  
perature,  and in a typical run the side of the glass on 
which deposition took place arr ived within  five degrees 
of this tempera ture  in 27 sec (see Fig. 5). 

Gas composition.--The two most essential gaseous 
ingredients  for reasonable deposition rates are  
Fe(CO)5 and 02. The use of an inert  gas carr ier  adds 
convenience, control, and increased safety. In the  work  
reported earl ier  (2), Ar  was always used as the inert  
carr ier  gas. It  was suggested, however,  that  CO2 be 
considered as a substitute for Ar  on the  basis of reduc-  
ing the explosive range  of CO-O2 mixtures  (CO is 
a product of the react ion).  It was grat ifying to dis- 
cover  that  upon substi tut ing CO2 for the Ar, the depo- 
sition rate  increased significantly. The deposition rate 
was so high that  it was often desirable to have a 
diluent gas in the system to l imit  the deposition rate. 
Typical  sets of operat ing conditions are shown in 
Table I. Under  these conditions and with  the glass 
plate held at 100~ the deposition t ime is 2�89 min for 
a film 2600A thick. 

The deposition rate  can be increased or decreased 
by varying the O2 flow rate  as shown in Fig. 6. Optical 
transmission of these films are the same for equal  film 
thickness. It is assumed, therefore,  that  they are s im- 
ilar chemically. Very low deposition rates (below 7 0 0  
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Fig. 5. Temperature of the outside surface (surface being coated) 
of O.060-in. thick soda-lime glass plate in contact with a 125~ 
heating plate as measured with a O.O03-in. diameter thermocouple 
wire. 
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Fig. 6. Deposition rate as a function of oxygen flow at a constant 
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A/min )  were of no part icular  interest  and therefore, 
not investigated. At very high rates (over 1800 A/min )  
it became increasingly difficult to main ta in  uniformity  
and reproducibil i ty of the film. However, at higher 
deposition temperatures  (140 ~176 good films were 
obtained at rates as high as 9000 A/rain.  This rate 

Table I. Some typical flow compositions 

Composi- Gas flow in cc/min 
t i o n  N o .  CO~* O~ N2 A i r  

i 300 15 25 
2 3 0 0  '7 - -  3 0  
3 2 0 0  10 -- -- 

* Bubbled through liquid Fe(CO)~ at room temperature. 
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CARBON DIOXIDE FLOW, CC/min 

Deposition rate as a function of C02 carrier gas flow at a 
oxygen flow rate of 10 cc/mi..  

means that  a completed film can be deposited in about 
20 sec. 

The flow rate of the carrier  gas also affects the depo- 
sition rate as shown in Fig. 7. The m a x i m u m  in the 
curve seems to be real and may  result  from the cool- 
ing of the glass plate at high flow rates. It  may also 
result  from the decrease in Fe(CO)5 concentrat ion 
at high flow rates because of the evaporative cooling 
of the liquid in the bubbler  and the result ing decrease 
in  vapor pressure of the Fe(CO)s.  For  higher deposi- 
tion rates, the tempera ture  of the bubbler  and chamber  
may be raised. Only a modest increase can be tolerated 
because of the low tempera ture  at which the desired 
reaction takes place (80~ 

Nitrogen is also an effective carrier gas for the car- 
bonyl, and its subst i tut ion in  place of the Ar used 
earlier increased the deposition rate still further. In -  
deed, when N2 at 20 cc /min  was bubbled  through 
Fe(CO)5 and mixed with oxygen at 5 cc /min  the 
deposition rate was too fast to control easily. Therefore, 
such compositions are not recommended unless one is 
considering a continuous system for production. 

The reason for the increased deposition rates with 
CO2 or N2 as compared with Ar is not clear. They 
both have higher the rmal  conductivi ty and higher 
specific heat than Ar, but  to what  degree this is re- 
sponsible is not known. 

Deposition temperature and etching.--Fez08 is not 
general ly soluble in  the dilute minera l  acids that  are 
most compatible with the photoresist processing. The 
oxide that is deposited from the CVD process is very 
difficult to dissolve in any concentrat ion of HC1 if 
the deposition tempera ture  is over 180~ or if the film 
is given a postdeposition hea t - t rea tment  of over 400~ 
Therefore, for ease of etching (and, thus, bet ter  pat-  
te rn  resolution) the tempera ture  of deposition is kept 
below 160~ and all subsequent  baking (before pat tern 
delineation) below 200~ Figure  8 is a graph showing 
the dependence of etching t ime (for a film 1700A 
thick) on the deposition temperature.  (See the section 
on Chemical analysis for a possible explanat ion of 
this relationship.) Resolution improves as the etch 
t ime becomes shorter, and the best resolution has been 
obtained at the lowest deposition tempera ture  that has 
been used (80~ The deposition rate, however, is 
relat ively low at this temperature  and also the absorp- 
tion cutoff shifts too far toward the uv. Table II and 
Fig. 9 i l lustrate this shift in absorption cutoff. Optical 
t ransmission at 4000A is plotted as a function of film 
thickness for films deposited at 100 ~ 120 ~ and 140~ 
If t ransmission of 1% or less is desired in  the spectral 
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region below 40005,, a film 1600A thick will do if 
deposited at 140~ but  2600A will  be required if 
deposited at 100~ This shift in spectral transmission 
may be associated with the observed increase in what  
is assumed to be a carbonate content  in the film (see 
section on Chemical analysis) .  Although some 4000A 
light leaks through Fe203 films, absorption at 3600A 
is very strong as indicated in Table II. Therefore, high 
contrast photomasking can be obtained with Fe20~ by 
using visible cutoff filters (e.g., Corning 5840) in the 
exposing source. 

The transmission in the region 5500-7000A is notice- 
ably affected by interference and accounts for the occa- 
sional increase in transmission as the film gets thicker. 
This effect can be seen in Table II and also in Fig. 10. 

Figure 10 is a graph of the transmission of a film 
about 2750A thick which was deposited at I00~ After 
photoresisting, a mask pa t te rn  was etched in this film 
in 1�89 rain using 6N HC1 (1: 1, concentrated HCI: water)  
at room temperature.  A typical test pat tern obtained 
under  these conditions is shown by optical microscopy 
in Fig. 11 and by scanning electron microscopy in Fig. 
12. 

Because of the high vapor pressure of HC1 it was 
also possible to use a vapor-etching process. It  was 
satisfactory but  did not seem to offer any real ad- 
vantage over the simpler aqueous system. On the other 
hand, there are t imes when vapor etching can be very 
bothersome. For example, when  exper iment ing with 
deposition chambers in which the glass plate would 
get a deposit on both sides, it was necessary to remove 

0.1 

I I I J I I , 
0 I000 2000 3000 4000 5000 

THICKNESS OF FILM,ANGSTROMS 

Fig. 9. Optical transmission at 4000.~ as a function of film 
thickness for films depositel at 100 ~ 120 ~ and 140~ 

the deposit from one face with an etchant. If aqueous 
HC1 was used as the etchant it was necessary to seal 
off the good Fe2Oa face to prevent  its removal  by HC1 
vapor along wi th  the unwanted  deposits. This was 
accomplished with an air cur ta in  but  a much more 
satisfactory solution to the problem is to use ortho- 
phosphoric acid which has a very  low vapor pressure. 
The glass plate can readily be treated on one face 
only by saturat ing a filter paper with the acid and 
placing the plate on the filter paper. The etching rate 
is a little slower than for HC1. 

Chemical analyses of FezOs films.--In earlier work 
(2) it was indicated that the compositions of the CVD 
films "approximate that  of Fe203 with possible minor  
concentrations of carbon and silicon." Specifically, it 
was noted that a film which was deposited at 155~ 
had 0.89% carbon, whereas a 200~ film had none. 

Table II. Optical characteristics of iron oxide films of various thicknesses deposited at 100 ~ and 120~ 

D e p o s i t i o n  D e p o s i t i o n  I n t e r f e r e n c e  T h i c k -  Pe r  cent  t r a n s m i s s i o n  a t  
t emp ,  ~ t ime ,  r a in  Orde r  Color  ness,  A 3600A 4000A 6000A 

100 0.5 - -  ~ 308 42 51 84 
100 0.8 - -  - -  500 21 32 65 
1 O 0  1.1 1 Ye l low 950 8 19 63 
100 1.4 1 Red  + 1275 2.5 9 76 
100 1.7 1 G r e e n  1562 1.2 5.5 67 
100 2.0 2 Ye l low + 1935 0.45 3 52 
1O0 2.3 2 Red  2370 0.15 1.5 57 
100 2.6 2 G r e e n  2750 0.03 0.7 59 
100 2.9 3 Ye l low + 3260 <0 .02  0.35 45 
100 3.2 3 Red  3750 <0 .02  0.15 48 
100 3.5 3 G r e e n  4100 <0 .02  0.08 49 
100 3.8 3 G r e e n  + 4312 <0 .02  0.04 41 
120 0.3 - -  - -  220 64 72 90 
120 0.4 -- -- 420 39 47 81 
120 0.5 - -  525 25  33 69 
120 0.8 1 -  Y e l l o w  900 5 14 63 
120 1.I  I G r e e n  1640 0.7 3.5 58 
120 1.4 2 Red  2280 0.1 1.0 51 
120 1.7 2 G r e e n  2810 <0 .02  0.3 47 
120 2.0 3 Red  3310 <0 .02  0.1 42 
120 2.3 3 G r e e n  4030 <0 .02  <0 .02  38 
120 2.6 4 Red  4640 <0 .02  <0.02  35 
120 2.9 5 Red  5400 <0.02  <0.02  29 
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Fig. I0. Optical transmission of a 2750A thick film of Fe203 
deposited at 100~ 

Fig. 11. Optical photograph of an Ealing test pattern contact 
printed in Fe203 using AZ 1350 photoresist. 

However,  the great  solubility difference between those 
two films was not a t t r ibuted to this difference in carbon 
content but was a t t r ibuted to the more crystal l ine 
character  of the higher  t empera ture  film. 

More recently, Sinclair  (5) has made some additional 
analyses that  suggest a mechanism involving the carbon 
which may also account in part  for this solubility dif- 
ference. Infrared spectra were  measured in the range 
1-15~. In the case of the CVD films this was done on 
very  thick films which had spalled off of the glass sub- 
strate. With  sputtered films (75% CO-25% CO2 ambi-  
ent) ,  a calcium fluoride optical flat was used as the 
substrate. In both cases absorption was noted at about 
6.7 and 7.4 #m which is consistent wi th  the presence 
of carbonate or oxalate. Spot tests for oxalate were  
negat ive and chemical  analyses for carbonate have 
been made by dissolving iron oxide films in 6M HC1 

Fig. 12. Scanning electron microscope pattern of Ealing test 
pattern contact printed in Fe203 using AZ |350 photoresist. 

followed by gas chromatographic analysis of the lib- 
erated CO2. The results are collected in Table III. 
These were unexpectedly large amounts of COs. 

On the basis of these data it is suggested that the 
greater solubility of the CVD films and of the films 
sputtered in CO2 as compared with films sputtered 
in Ar-O2, may be due in part to the presence of a 
"carbonate" in the film. (The exact form of the com- 
pound from which the COs was generated is not known. 
Fe2 (CO3)~ is not a recognized compound.) This mecha- 
nism would also account for the rapid conversion 
from the soluble to insoluble form by subsequent heat- 
treatment since the "carbonate" would decompose on 
heating. Such a treatment may be useful to decrease 
the solubility or increase the durability of the finished 
mask. I t  must  be noted that  the "carbonate"  content  
is proposed as a possible influence on etching in addi- 
t ion to the crystal  size influence described earl ier  (2). 
It is not obvious at this t ime which is the more im-  
portant. 

Defects.--Early in the development  of the CVD 
process it was anticipated that  the Fe203 film would 
have less tendency to form pinholes than the current ly  

Table III. Analyses for CO2 evolved from Fe203 films 

mg CO~ evo l ved /g  
Sample description of film 

100 ~ C V D  f i lm 
F i l m  s p u t t e r e d  in  100% CO~ 
F i l m  s p u t t e r e d  in  75% C O - 2 5 %  CO~ 
F i l m  s p u t t e r e d  i n  90% A t - 1 0 %  O~ 

99 .8  
106  

' /8 .6  
3 .6  
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popular  Cr films. This view was based in par t  on the  
h igher  degree  of s imi la r i ty  between the Fe203 and 
the glass subs t ra te  and  in pa r t  on the  bel ief  t ha t  the  
fluid precursor  of the Fe203 may  spread  on the glass 
before the final reaction. Simple optical  inspection as 
wel l  as photoresis t  e tching exper iments  designed to 
ampl i fy  pinholes  indicate  that  the  Fe20~ films have 
fewer  than  0.5 p inholes /cm 2. A more  serious p rob lem 
at present  seems to be  "ant ipinholes ,"  tha t  is, areas  
tha t  etch wi th  more  difficulty than the ma jo r i t y  of the  
film and thus  tend to leave is lands of unetched mate -  
r ia l  behind. Elo (6) has compared  Fe20~ films wi th  
cu r ren t ly  avai lab le  Cr films and has suggested that  
"par t i a l  ant ipinholes"  a re  due  to res idual  photoresis t  
ar is ing f rom severa l  sources. This is consistent  wi th  
the  observat ion tha t  f reshly  deposi ted films dissolve 
un i fo rmly  in acids whereas  a f te r  days of storage, 
ant ipinholes  a re  noted. In other  words, clean fresh 
films a r e  reasonably  free of defects, whi le  films which  
have been exposed to possible contaminants  (grease 
f rom a i rborne  par t ic les  or bits of photoresis t  f rom 
poor processing) tend to show antipinholes.  Al l  Fe203 
masks  (~-250) made  over  a t h r ee -mon th  per iod were  
examined  by a technique capable  of detect ing 2 ~m 
defects. I t  was repor ted  in that  s tudy that :  "The 
R.M.S. concentrat ion of defects 2 ~m or la rger  in size 
is 0.5 defec t /cm 2 in Fe208 films." Elo concluded that :  
"A significant reduct ion in the  defect level  (v i s -a -v i s  
evapora ted  Cr) appears  possible wi th  Fe~O~ semi-  
t r anspa ren t  masks."  

Summary and Conclusions 
The decomposit ion of Fe  (CO)5 and oxidat ion of the 

decomposi t ion product  at  100~ in an 02 or air  ambi -  

SCIE N CE  A N D  T E C H N O L O G Y  April  1973 

ent  produces a films of Fe203 about  2600A th ick  in 1-3 
min. This film wil l  b lock most of the actinic l ight  
employed  wi th  commercia l  photoresists .  Using s tan-  
dard  photoresis t  techniques and HC1 as the  etchant,  
photomasks  have been made  with  1 ~m features.  

The main  advan tage  of such a pho tomask  is the 
see- through character is t ic  which g rea t ly  simplifies 
a l ignment  procedures  in semiconductor  processing. In 
addition, these masks  have  an impress ive  combinat ion 
of o ther  desi rable  qualit ies.  Fo r  example,  they  are  
comparable  to chromium masks  in resis tance to 
scratching, they  have  less ha la t ion  effect than  chro-  
mium, they  are  easier  on the opera tor ' s  eyes than  chro-  
mium because of lower  refiectivity,  and f inal ly the 
defect  densi ty  is low. 

Manuscr ip t  submi t ted  Aug. 15, 1972; revised m a n u -  
script  received Nov. 2, 1972. This was Paper  126 pre -  
sented at the Los Angeles  Meet ing of the  Society, May 
10-15, 1970. 

A n y  discussion of this  paper  wi l l  appear  in a Discus-  
sion Section to be publ i shed  in the December  1973 
JOURNAL. 
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The Epitaxial Growth and Properties of Silicon on 
Stoichiometric Spinel and Sapphire Substrates 

Using Silane-Helium Mixtures vs. Silane-Hydrogen 
Mixtures 

Y. S. Chiang* and G. W. Looney 
RCA Laboratories, Princeton, New Jersey 08540 

ABSTRACT 

Epi tax ia l  growth  of silicon on (111) and (100) s toichiometr ic  spinel, (1102), 
(0001), and (1123) sapphire  using si lane in he l ium has been studied. (100) Si 
seems to be more  compat ib le  wi th  sapphire  than (111) St, and exac t ly  the  
opposi te  is t rue wi th  s toichiometr ic  spinel. Higher  growth  ra te  is p re fe r red  
for ep i tax ia l  growth  on sapphi re  and lower  growth  ra te  is favored for growth 
on stoichiometr ic  spinel. Silicon films grown in hydrogen  tend  to have  a 
smoother  surface than  that  grown in helium, but  l a rge r  contaminat ion  and 
interdiffusion effects. Lower  op t imum growth  t empera tu res  have also been 
observed for the  silicon growth in he l ium than in hydrogen.  

Effects of var ious  growth pa rame te r s  on the proper t ies  of the  silicon layer  
using si lane in he l ium were  invest igated.  Hal l  mobi l i t ies  comparab le  to bu lk  
Si were  real ized in p - t y p e  films on (111) spinel. Hal l  mobi l i ty  dependence,  for 
both  holes and electrons, on film thickness  was found to be nea r ly  constant  for 
Si layers  on spinel  beyond 1 ~m. The effect of stress on the mobi l i ty  of (111) 
and (100) Si has been discussed. 

The usual  method of single c rys ta l l ine  Si deposit ion 
involves the  s i l ane-hydrogen  system, where  the depo-  
sit ion ra te  decreases to ve ry  low values  below 1000~ 
S i l ane-he l ium system, on the other  hand, has been 

* Electrochemical  Society Act ive  Member .  
Key  words:  silicon epitaxy,  insulating substrate heteroepi taxy,  

spinel, sapphire,  ep i taxy by SiH4-He system. 

shown to give qui te  a high deposi t ion ra te  (0.1 ~m/  
min or higher)  at 900~ both on Si (1) and on sapphi re  
(2, 3). Fur the rmore ,  as discussed later ,  cer ta in  surface 
problems  are  a lways  encountered  in growth  of Si on 
(111) s toichiometr ic  spinel  using hydrogen  as the 
car r ie r  gas which are  not found wi th  helium. Thus, 
the use of he l ium as a car r ie r  gas ins tead of hydrogen  
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might be advantageous. However, the growth param-  
eters and properties of the silicon change markedly  
when hel ium is subst i tuted for hydrogen. 

In this study, a var ie ty  of growth parameters  such 
a s  surface t rea tment  of substrate, growth temperature,  
and growth rate have been investigated using helium 
as the carrier gas. Comparison of the experimental  
results for silicon epitaxial  growth on sapphire and 
stoichiometric spinel, as well  as in hydrogen vs. helium, 
is made and discussed. 

Exper imenta l  
The growth system used in this study has already 

been described in an earlier report (4). The silane 
source was 5% in He unless otherwise specified. The 
c a r r i e r  g a s  w a s  ul t rahigh pur i ty  helium, passed 
through two molecular  sieves at 77~ and then filtered 
through a 0.8 ~m filter. The dopant gases used were 
diborane and arsine of a concentrat ion of 100 ppm in 
helium. Dilution of either of the dopants was effected 
by mixing  the 100 ppm source gas with more u l t ra -  
high pur i ty  hel ium in a glass mixing bulb. Fractions 
of the diluted mixtures  were then bled into the re-  
actant gas stream, while the rest was vented through 
an exhaust. In  this manner ,  a few orders of magni tude  
of dilution of the dopant gas could be readily and 
reproducibly achieved in the resul t ing carrier gas 
stream. 

The Czochralski stoichiometric spinel and sapphire 
were obtained from Linde Division of Union Carbide. 
All the sapphire wafers were cut and polished by 
Insaco (Quakertown, Pennsylvania) ,  whereas the 
spinel wafers were polished either by our own in-house 
facilities or by Linde or Insaco. The finished wafers have 
been examined by electron diffraction for crystal l ini ty 
and constitution. A cleaning procedure composed of 
tr ichloroethylene degreasing, alcohol rinsing, Caro's 
acid (5 parts H2SO4, 1 part  30% H202, and 1 part  H20) 
cleaning, distilled water  rinsing, and spin drying is 
used with all the substrates just  prior to insert ion into 
the growth chamber. 

Layer thicknesses were determined exclusively by 
IR interference ( transmission mode) technique (5) 
using a Cary 14 spectrophotometer. We have employed 
the Hall mobil i ty  of the major i ty  carrier as the quali ty 
indicator of the electrical properties of the epitaxial  
Si films similar to many  other investigators. 

Results 

Silicon on Czochralski Stoichiometric Spinel 

Effect of substrate treatments prior to growth.--For 
both (111) and (100) oriented wafers, no apparent  
differences in Hall mobil i ty can be distinguished from 
Si films grown on substrates mechanical ly polished by 
different sources. In  addition, fur ther  chemical polish- 
ing of the substrates by phosphoric acid or borax fails 
to improve the Si films deposited on them. 

Few in situ anneal ing schemes at elevated tempera-  
tures either in hydrogen or hel ium have been experi-  
mented. The effect of these t reatments  on Si films sub-  
sequently grown on (111) and (100) spinel is given in 
Tables I and II, respectively. For (111) Si on (111) 
spinel, the results indicate clearly that  no predeposi- 
tion anneal ing  is necessary. Hydrogen anneal ing  at 
1000~ however, has no adverse effect on Hall  mobil i ty 
for p- type  films but  slightly increases the acceptor 
concentration. More important,  the hydrogen t rea tment  
produces a smoother surface of the Si deposit. Higher 
temperature  hydrogen anneal ing is very undesirable  
even for p- type films. A 1040~ anneal ing would cause 
the Hall  mobil i ty  to decrease by 50%, and from ll00~ 
upwards microcracking of the (111) spinel substrate 
would be observed. 

In  contrast  with the (111) spinel, the (100) oriented 
substrate needs hydrogen or hel ium anneal ing for a 
smoother surface of the Si deposit, as well  as higher 
Hall mobility. Hydrogen anneal ing is slightly more 

Table I. Effect of surface treatment of melt-grown (11 I)  
stoichiometric spinel on epitaxial silicon films grown from 

silane-helium mixtures 

Surface  t r e a t m e n t  

A. P - t y p e  f i lms 

T h i c k -  Accep to r  Hall  
Depos i t i on  ness  of concert- m o b i l i t y  

t e m p e r -  Si l aye r  t r a t i o n  (cm~/ 
a tu re  (~ (#m) (cm -~) V-sec) 

H~, 1 h r  a t  1000~ 1040 1.8 3 x 10 TM 310 
H~, 1 h r  a t  1040~ 1040 0.8 2 x 10 TM 160 
No a n n e a l i n g  1040 0.8 3 • 10 TM 350 

1.0 1 • 10 TM 370 
He, 20 m i n  a t  1040~ 1040 0.8 3 x 10 TM 320 

B. N - t y p e  f i lms 

Sur face  T h i c k n e s s  of  Donor  eoneen-  Ha l l  m o b i l i t y  
t r e a t m e n t  Si  l ayer  (~m) t r a t i o n  (cm -~) (cm2/V-see) 

No a n n e a l i n g  1.0 3 x 10 TM 535 
H~ a n n e a l i n g  
(1 h r  a t  1020~ 1.0 2 • 10 TM 400 

Table II. Effect of surface treatment of melt-grown (100) 
stoicbiometric spinel on epitaxial silicon films grown from 

silane-helium mixtures 

Sur face  
t r e a t m e n t  

A. P - t y p e  f i lms  

T h i c k n e s s  of  Aecep to r  coneen-  H a l l  mobi l i ty  
Si  l aye r  (#m) t r a t i o n  (cm -3) (cm~/V-sec) 

H._, a n n e a l i n g  
(1 h r  a t  1000~ 1.0 9 x 101~ 135 
No a n n e a l i n g  1.0 4 X 10 TM 120 

B. N - t y p e  films 

T h i c k n e s s  o f  D o n o r  concen-  Ha l l  m o b i l i t y  
Sur face  t r e a t m e n t  Si  l a y e r  (/zm) t r a t i o n  (cm ~-~) (cm2/V-sec) 

No a n n e a l i n g  1.3 2 x 10 TM 70 
H y d r o g e n  a n n e a l i n g  
(1 h r  a t  1000~ 1.4 5 • 10 TM 320 
H e l i u m  a n n e a l i n g  
(1 h r  a t  1000~ 1.3 3 • 10 TM 355 

favorable than hel ium anneal ing for obtaining a 
smooth surface of the silicon layer. 

Influence of growth conditions.--The opt imum epi- 
taxial growth temperature  on (111) spinel is found to 
lie around I020~176 For p- type films, the Hall  
mobil i ty  at a growth temperature  of 960~ is only 
one-half of that  obtained in the opt imum range, while 
at 1070~ three-quarters  of the opt imum value is ob- 
tained. In general, growth made at the higher end of 
the opt imum tempera ture  range tends to yield more 
uniform and smoother Si deposits. 

The opt imum growth temperature  on (i00) spine] 
is located similarly at 1020~176 But the surface 
smoothness of the Si deposit i s  much inferior to that  
obtained on (111) spinel; and at temperatures  outside 
the opt imum range, the appearance of the Si film is 
significantly degraded. 

The Hall mobil i ty of p- type Si films on (i11) spinel 
grown at high silane concentration and hel ium flow 
rate is invar iably  much lower than  that  grown at low 
silane concentrat ion and hel ium flow rate. The same 
is t rue  for n - type  Si films on (111) spinel as well as 
both n-  and p- type  Si films on (I00) spinel except that 
inhomogeneity is also being introduced. 

Resulting electrical properties of the Si films.--The 
Hall mobil i ty of holes and electrons is measured and 
found to be essentially independent  of carrier concen- 
t ra t ion in the range of 1015-1017 cm -8 for Si films on 
both (111) and (100) spinel. 

P- type  Si layers on (111) spinel yield an almost 
l inear  dependence of Hall  mobil i ty on thicknesses 
from 0.2 to 0.8 ~m (see Fig. 1). For 0.8 ~m and thicker 
films, the Hall  mobil i ty  of holes is approximately the 
value for bulk  silicon (high 1015 to low 1017 acceptors/ 
cm3). Oxidation of the Si films at l l00~ for 1 hr 
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Fig. 1. Dependence of Hall mobility of holes in as-deposited (100) 
and (111) silicon on stoichiometric spinel and sapphire as a function 
of film thickness (carrier concentration: 3 to 8 X 10 TM cm -3) 
using silane-helium mixtures. 
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Fig. 2. Dependence of Hall mobility of electrons in as-deposited 
(100) and (111) silicon on stoichiometric spinel and sapphire as a 
function of film thickness (carrier concentration: 3 to 8 >( 1016 
cm -3)  using silane-helium mixtures. 

usual ly  would not degrade the Hall  mobil i ty value as 
exemplified by the few samples listed in  Table III. On 
the other hand, a silicon layer grown in the same 
apparatus, but  using hydrogen as the carrier gas, 
gives a Hall  mobil i ty  of 60 at a 1 ~m thickness (2 X 
1017 acceptors/cm3), about one-fifth of that obtained 
from films grown in helium. 

The dependence of Hall  mobil i ty on film thickness 
of n - type  films on (111) spinel is depicted in Fig. 2. 
At a thickness of 1 ~m and more, the Hall  mobil i ty of 
electrons becomes independent  of film thickness with a 
value of about 600 cm2/V-sec. 

The dependence of Hall  mobil i ty  on film thickness 
of p- and n - type  Si films on (100) spinel is very sim- 
i lar to that  of Si on (111) spinel described above. 
Details of them are shown in Fig. 1 and 2, respectively. 
In  contrast with the case of (111) spinel, excellent 

Table III. The effect of thermal oxidation of p-type si(icon 
epitaxial films on (111) melt-grown stoichiometric spinel 

A f t e r  o x i d a t i o n  a t  
A c c e p t o r  1106~ f o r  1 h r  

T h i c k n e s s  c o n c e n -  H a l l  m o b i l -  A c c e p t o r  H a l l  m o b i l -  
of  S i  t r a t i o n ,  i ty ,  /ev, conc. ,  i ty ,  ~p, 

l a y e r  (#m) NA, c m ~  e m 2 / V - s e c  N~, cm-~ cm-~/V-sec 

0.6 4 X 10 TM 245 2 X 10 TM 195 
1.3 5 X 1015 330 2 • 101~ 345 
1.4 1 X 10 TM 295 6 • I0 Is 2"/5 

epitaxial silicon films on (100) spinel can be grown 
in hydrogen at 1085~176 (as compared with 1020 ~ 
1050~ in hel ium).  The Hall mobilities of the films 
grown in hydrogen and hel ium are the same. For ex- 
ample, a 1.8 ~m thick p- type film grown in hydrogen 
gives a Hall mobil i ty of 140 cm2/V-sec at an acceptor 
concentrat ion of 3 • 10 TM cm -a. A n - type  film grown in 
hydrogen has a Hall  mobil i ty  of 300 cm2/V-sec at a 
film thickness of 1 gm and a donor concentrat ion of 
1 X 1017 cm -3. 

Silicon on Sapphire 
E~ect of substrate treatments prior to growth.--The 

phosphoric acid chemically polished substrates were 
observed to offer no advantage over the normal  me-  
chanically polished wafers for growth of silicon films 
on sapphire. Among the various predeposition in situ 
t reatments  evaluated, hydrogen anneal ing at elevated 
temperatures  (above 1200~ is the most desirable 
process for both (1102) and (1123) oriented sapphire. 
And sulfur hexafluoride etching of the substrate in 
hel ium was found to be not as desirable as the hydro-  
gen annealing.  

Influence o] growth conditions.--For (11-02) and 
(1123) oriented sapphire, the opt imum growth tem- 
perature was found to be 950~176 and for (0001) 
sapphire, 1030~176 As growth temperature  de- 
parts  more from the opt imum range, the surface 
smoothness suffers. 

Higher silane concentrations and higher flow rates 
of hel ium (higher deposition rate) are observed to 
be more favorable growth conditions in  distinct con- 
trast  to the case of growth on spinel. 

Resulting electrical properties of the Si films.--The 
dependence of Hall  mobil i ty on film thickness for p- 
and n - type  (100) Si layers on (1102) sapphire is shown 
in Fig. 1 and 2, respectively. For p- type  films, no 
appreciable increase in Hall  mobil i ty with film thick- 
ness can be seen for fi]m thicknesses exceeding 1 ~m. 
Also, the value of the measured Hall  mobil i ty of holes 
for hel ium-deposited films approximates closely the 
value of the Si film grown in hydrogen in the same 
epitaxial  system with the same film thickness. In  turn,  
the Hall mobilities measured on films grown in hydro-  
gen agree well with the values reported (6). If the Si 
film grown in hel ium is oxidized at l l00~ for 1 hr, 
hardly any  change in the value of the Hall mobil i ty 
occurs. For example, a Hall  mobil i ty  of 130 is mea-  
sured from a 1.1 ~m thick film at an acceptor concen- 
t rat ion of 5 X 10~6; a Hall  mobil i ty  of 120 is measured 
after the oxidation. The n - type  (100) Si films on 
(1102), on the other hand, yield Hall  mobilities ever 
increasing with film thickness up to 5 ~m, the thickest 
film we have grown. 

The dependence of Hall mobil i ty on film thickness 
for p- type (111) Si on (0001) sapphire is also shown 
in Fig. 1. The Hall mobil i ty  cont inual ly  increases with 
increasing thickness of the silicon layer. Epitaxial  
silicon films grown in the same system, but  using 
hydrogen as the carrier gas, usual ly  yield a comparable 
but slightly higher Hall  mobil i ty  value than those 
grown in helium. For example, a 1.2 ~m thick Si film 
grown in hydrogen at 1030~ gives a Hall  mobil i ty 
of 170 cm2/V-sec (at an acceptor concentrat ion of 
9 X 10 TM cm -3) vs. 140 cm2/V-sec for a hel ium grown 
film. 

Similar  to the case of (100) Si on (11-02) sapphire, 
the Hall mobil i ty  of n - type  (111) Si on (1123) sapphire 
rises with thickness of the layer  as depicted in Fig. 2. 
The dependence of Hall mobil i ty  on thickness is 
almost l inear  throughout  the range of practical in ter -  
est, i.e., 0.5-3.5 ~m. 

Discussion 
The Hall mobil i ty of holes for (111) Si on spinel is 

invar iab ly  greater than  that  of (100) Si on spinel. And 
at a film thickness exceeding 0.9 ~m, the hole mobil i ty  
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of (111) Si on sapphire is always larger than (100) Si 
on sapphire (see Fig. 1). These observations can be 
accounted for by a model of the effect of stress on the 
film properties (7, 8). Schlotterer (7) and Heywang 
(8) have postulated from theoretical considerations 
that  stress enhances the hole mobil i ty in (111) silicon 
but  degrades the electron mobil i ty in  (100) silicon. 
The stress in the Si film is generated through the 
different thermal-expansion coefficient of silicon and 
the substrate. As the lattice mismatch between silicon 
and stoichiometric spinel is very small, i.e., 0.3-0.9% 
(9), the stress effect is observed in the case of spinel 
from the very  beginning.  On the other hand, the larger 
lattice mismatch between silicon and sapphire, 4-12% 
(9), dominates at small  thicknesses, and only at thick- 
nesses greater  than 0.9 ~m does the stress effect be- 
come apparent  in silicon on sapphire films. 

Just  as in the si tuation for p- type films, the n - type  
(111) Si on spinel invar iab ly  has a greater Hall mobil-  
ity than that  of (100) Si, and the n - type  (111) Si on 
sapphire at first shows a lower mobil i ty  value than  
that of (100) Si, and subsequent ly  surpasses the value 
of the lat ter  at thickness greater than 2 ~m (see Fig. 2). 
The effect of stress on the film properties as postulated 
by Schlotterer (7) and Heywang (8) is once again 
being observed. 

Silicon films grown on the two sapphire orientations 
in either hydrogen or hel ium give very comparable if 
not identical results. But  for Si on (111) spinel, the 
hole mobil i ty for films grown in hydrogen is only about 
one-fifth of that grown in helium, suggesting a probable 
surface reaction of hydrogen with the substrate. Fu r -  
thermore, comparable hole mobil i ty is measured from 
the Si films on (100) spinel grown either in hydrogen 
or in helium. It seems that the (111) oriented spinel 
possesses a much higher surface react ivi ty with hydro-  
gen than the (1O0) oriented material.  

Surface t reatments  of the substrate, both sapphire 
and stoichiometric spinel, are of crucial importance in 
obtaining good qual i ty silicon films. For sapphire, a 
prior in situ high- tempera ture  anneal ing in hydrogen 
is necessary for growing a smooth silicon layer  with 
acceptable Hall  mobility. For (100) spinel, again an 
in situ high- tempera ture  anneal ing in hydrogen or in 
hel ium is necessary to subsequent ly  obtain a silicon 
film with reasonable appearance. As for (111) spinel, 
no in situ predeposition h igh- tempera ture  anneal ing is 
necessary, and hydrogen anneal ing invar iab ly  degrades 
the electron Hall mobility. 

In  most aspects, epitaxial  growth of Si on stoichio- 
metric spinel and sapphire are very similar. For  in -  
stance, the opt imum growth temperatures  (in hel ium) 
lie in the range of 950~176 for both kinds of sub- 
strates. But the opt imum silane concentrat ion and 
hel ium flow rate for the two kinds of substrates are 
drastically different. Higher growth rate (higher silane 
concentrat ion and hel ium flow rate)  is more desirable 
for growth of Si on sapphire. And lower growth rate 
(lower silane concentrat ion and hel ium flow rate) is 

more favorable for growth of Si on stoichiometric 
spinel. This is most likely related to the much reduced 
crystallographic mismatch of silicon to stoichiometric 
spinel than silicon to sapphire (9). Contaminat ion by 
the consti tuents of the substrate is consistently less for 
stoichiometric spinel than  for sapphire, as has been 
observed for a lumina- r ich  spinel and sapphire (10). 

The silicon films grown in helium, with the exception 
of Si on (111) stoichiometric spinel, are often not as 
smooth as that  grown in hydrogen. On the other hand, 
the Si films grown in hel ium resist the degradation of 
Hall mobil i ty by oxidation much better  than those 
grown in hydrogen. The former is possibly caused by 
the larger amount  of homogeneous nucleat ion in the 
gas phase of silicon in hel ium than in  hydrogen, and 
the lat ter  may be related to the inclusion of a reactive 
gas (hydrogen) in the Si film. The opt imum growth 
temperature  on sapphire as well  as on stoichiometric 
spinel is usual ly 50~176 lower when  helium is used 
instead of hydrogen as the carrier gas. In  general  the 
Si films grown in  he l ium also have less contaminat ion 
from consti tuents of the substrate. But they are much 
more sensitive to oxygen leaks in the epitaxial growth 
systems than their hydrogen counterparts.  
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Heteroepitaxial Growth of SixGe,_x Alloys by 
Thermal Decomposition of Sill4 and GeH4 
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ABSTRACT 

Epitaxial  layers of Si~Ge,-x alloys have been grown on germanium sub-  
strates by the simultaneous thermal  decomposition of Sill4 and GeH4 in 
hydrogen. Growth was in the 800~176 temperature  range at growth rates 
on the order of 0.1 ~m/min  for alloy epitaxy. Using the back-reflection Laue 
method, the alloys were determined to be single crystal with the substrate 
orientation, while x - ray  diffractometer measurements  indicated alloy composi- 
tions with x in the range 0 < x ---- 0.25. The defect density of lower Si con- 
centrat ion alloys ranged from 104 to 197 cm -2. Hall  measurements  of alloy 
layers without in tent ional  doping indicated p- type alloy, material  with Hall 
(hole) mobil i ty in the 250-400 em2/V-see range at carrier concentrations of 
2-5 X 1017 cm -3 for 4-5 atomic per cent Si in the alloy. Current -vol tage  
characteristics of p -n  heterojunctions formed between alloy and substrate 
were found to be rectifying while p-p  heterojunctions were weakly rectifying. 
A frequency dependence of the junct ion capacitance was observed which 
presumably  is a result  of defect states at the interface between the substrate 
and alloy. 

Germanium and silicon have the same crystal struc- 
ture  (diamond-cubic)  and their lattice constants differ 
by 4% at room temperature.  It  is well known that Si 
and Ge form solid solutions over the entire range of 
composition where, presumably,  the atomic positions 
are random (1). In  the late 1950's and early 1960's 
SixGel-x alloys were made covering the full range of 
composition (2-6). However, these crsytals were grown 
from the melt  and single-crystal  mater ia l  was obtained 
only for the alloy represented by the extreme Si and 
Ge ends of the phase diagram. Sandulova et al. (7) in 
1962 reported growth over the entire alloy range from 
the vapor phase using Se as a carrier in a closed tube 
system. The method proved impractical  because of 
growth times requir ing 2-5 days and the poor control 
associated with the closed tube process. 

Also in 1962, Miller and Grieco (8) reported epi- 
taxial growth of Si-rich alloys containing up to 30 a/o 
(atomic per cent) Ge by the simultaneous vapor-phase 
reduction of SIC14 and GeC14. Si wafers were used as 
substrates and hydrogen carrier  gas was bubbled 
through a solution of SiC14-GeC14 which then carried 
the halides to the reaction chamber. Different composi- 
tions were obtained by varying the proportions of the 
halides. X- ray  diffraction and electron diffraction mea-  
surements  indicated that the films were epitaxial. The 
dislocation count was on the order of 107 cm -3 al- 
though the films were not extensively characterized. 
Results complementary to those of Miller and Grieco 
were obtained in 1963 by Newman and Wakefield (9). 
At tempting to deposit Si onto Ge substrates by the dis- 
proport ionation of SiI2, they actually produced 
SixGel-x alloys in which x varied appreciably. They 
reported appreciable cavity formation in the resul tant  
material.  

Recent work in the U.S.S.R. (10, 11) has reported 
growth of sil icon-rich SixGel-x alloys over an appre- 
ciable composition range by hydrogen reduction of 
GeC14 and SIC1, Separate evaporators were used for 
the two chlorides which were then mixed before en-  
tering the reaction chamber. Litt le has been reported 
on the vapor-phase growth of Ge-rich alloys, however 
Feucht (12) recently reported growth of Ge-rich alloys 
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with x ---- 0.1 by the s imultaneous pyrolytic decom- 
position of GeI~  and Sill4. 

The purpose of this paper is to define growth con- 
ditions for achieving germanium-r ich  Si~Gel-~ epi- 
taxial  alloys in the range  0 < x --~ 0.25 by thermal  de- 
composition of Sill4 and GeH4 in H2 and to discuss the 
growth and mater ia l  characteristics of the alloy mate-  
rial. This par t icular  method is potential ly advanta-  
geous for alloy growth since (i) undesirable impur i ty  
t ransport  does not occur because the thermal  decom- 
position of silane and germane is not a reversible proc- 
ess, (ii) epitaxial growth processes using both silane 
and germane occur at relat ively low temperatures  
which minimize substrate and impur i ty  out-diffusion, 
and (iii) the alloy composition may be easily changed 
by varying the gas stream concentrat ions of the hy-  
drides. 

Experimental 
Epitaxial reactor system.--The epitaxial  growth sys- 

tem used was a vert ical  reactor un i t  2 in which the 
process gases pass downward,  perpendicular  to the sub- 
strates. All  gas lines in  the reactor are of 316 stain-  
less steel and valves and regulators are stainless steel 
with Teflon packing. The reaction dome is constructed 
of quartz and is air cooled. The essential features of 
the epitaxial  reactor are shown schematically in Fig. 1. 
Purification of the hydrogen is accomplished by pass- 
ing it through a pal ladium purifier. Specified concen- 
t rat ion of GeH4 in H2, Sill4 in H2, and HC1 were ob- 
tained commercially in cylinders. The graphite sus- 
ceptor, 5 in. in diameter, is heated by a pancake coil 
located directly below the susceptor and energized by 
a 10 kHz, 15 kW motor-generator  set. 

Growth procedure.--The SixGel-x alloys were grown 
epitaxially by the simultaneous thermal  decomposition 
of Sill4 and GeH4 in H2. The substrates were chemi- 
cal ly-mechanical ly  polished single-crystal  germanium 
wafers. Prior to epitaxy the substrates were boiled in 
a 50:50 mix ture  of ethyl alcohol and trichloroethylene, 
boiled in a saturated potassium hydroxide-deionized 
water  solution, consecutively immersed in hydro-  
fluoric acid, deionized water, and ethyl alcohol, and 
then blown dry with nitrogen. The growth process 
consisted of the following procedures: with the sub- 
strates in place, the reaction chamber was ini t ia l ly 
purged with nitrogen. Hydrogen was then introduced 

2 Phoen ix  Mater ia ls  Corporation,  Ki t t ann ing ,  Pennsylvania, 
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Fig. 1. Essential features of epitaxial reactor used in Si~Gel-x 
alloy growth. 

into the chamber and the germanium substrates heated 
to 850~ for 15 min. HC1 was then admitted for 10 min 
to etch the substrates. The reaction chamber was then 
purged with H2; the temperature  adjusted to the 
growth temperature;  and Sill4, GeH4, and H2 intro-  
duced into the reaction chamber for the SixGel-x alloy 
growth. After  completion of the growth, the chamber 
was purged with H2 unt i l  the substrates cooled to room 
temperature.  The reaction chamber was then purged 
with N2 and the substrates removed. 

Measurement techniques.--The temperature  was 
measured using an infrared optical pyrometer.  The 
ins t rument  was ini t ia l ly calibrated by heating a pol- 
ished Ge wafer to its mel t ing point  in the reactor 
chamber with an emissivity setting corresponding to 
Allen's  (13) emissivity data for Ge. In  this work all 
temperatures  correspond to the germanium substrate 
temperature  prior to the alloy growth since some 
clouding of the dome prevented accurate monitor ing 
of the temperature  during growth. 

The percentages of GeH4 and of Sill4 in the gas 
stream were computed using the specified concentra-  
tions of GeH4 and SiI-Ia in H2, and the flow rates of 
the hydrides and main-s t ream hydrogen which were 
measured using calibrated glass tube-ba l l  flowmeters. 

Measurement  of the alloy thickness was determined 
by the cylindrical  grooving method (14). In  most 
cases, the alloy sample did not have to be chemically 
stained to see the boundary  l ine between the alloy and 
substrate. 

The crystal l ini ty of the epitaxial layer was estab- 
lished by back-reflection Laue and x- ray  diffraction 
techniques. The back-reflection Laue method was pr i -  
mar i ly  used to establish the single-crystal  na ture  of 
the alloys; however, information concerning crystal 
distortion was obtained as well. A copper x - ray  tube, 
operated at 30 kV and 22 mA, was used as the x - ray  
source which results in a depth of penetrat ion of the 
x - ray  beam of about 25 ~m in pure germanium. 

The alloy composition was determined using a Gen-  
eral Electric XRD-6 x - ray  diffractometer. A cobalt 
tube was used as the x- ray  source and operated at 
24 kV and 10 mA. The diffraction peaks of both the 
alloy and the Ge substrate were observed for the Kal, 
Ka2, and Kfl radiation. The K# peaks were used to de- 
termine the lattice constant of the alloy. Because the 
lattice constant varies slowly with Si concentrat ion 
(15), accurate a l ignment  of the sample is normal ly  re-  
quired to determine the concentration. However, since 
the epitaxial  growths were thin (2-7 ~m), the re- 
sponses from both the alloy and the substrate were 
observed. The difference in the 28 angle between re-  
sponse peaks and the known 28 angle of the Ge sub-  
strate was used to determine the in terp lanar  spacing 

(16) of the alloy and thus its composition. Following 
Culli ty (17) we calculate that for Ge using Co K# 
radiation, 30% of the total diffracted intensi ty  origi- 
nates in the first 2.4 ~m of material,  67% in the first 
7.7 ~m, and 99% in the first 20.6 ~m. The diffracted in-  
tensi ty for the alloy would not be expected to differ 
markedly  from these values and thus diffraction from 
the substrate would be expected to be observed. 

Room temperature  resistivity, conductivi ty type, 
concentrat ion and mobil i ty  were determined from Hall 
effect measurements  on alloys which were electrically 
isolated from the substrates (those grown on n- type  
substrates since all deposits were p- type) .  Both Stan-  
dard and Van der Pauw d-c methods (18, 19) were 
used for Hall measurements  with a magnetic field of 
2.5 kgauss and a current  of 1 mA. Current  and voltage 
leads were attached using silver contact paint  3 and 
cured at 60~ for 15 min  in air. Resistivity was also 
measured by the s tandard four-point  probe method. 

Dislocations were delineated by etching the sam- 
ples in 30% H202 at room tempera ture  for periods on 
the order of 1 hr. 

S i x G e l - J G e  heterojunctions were fabricated from 
epitaxial alloys grown on polished Ge wafers. Small 
pieces of the wafer, usual ly  about 2.5 m m  square, were 
obtained by scribing and breaking. The small pieces 
were then dip etched, cleaned, and the Ge side bonded 
to a transistor  header. Contact to the alloy was made 
using a silver contact paint. The silver contact area, 
lead wires, and header leads were then waxed, etched, 
and rinsed in deionized water. The etching was allowed 
to proceed unt i l  all unmasked areas of the alloy were 
etched away. 

A transistor curve tracer was used for quali tat ive 
observations of the I-V characteristics at room tem- 
perature  with and without incandescent  (microscope 
light) i l lumination.  C-V measurements  were made 
using a Boonton Model 71A capacitance/ inductance 
meter, at 1 MHz, and a signal level of 15 mV peak to 
peak. Measurements at 500 and 100 kHz were ob- 
tained using a Boonton Model 75C capacitance bridge. 

Results and Discussion 
Si~Ge1-~ epitaxial growth characteristics.--Both n 

and p conductivity type Ge substrates of (100) and 
(110) orientations respectively were etched in situ at 
850~ in mixtures  of up to 7% HC1 in H2. The resul tant  
surfaces were mirror-smooth and structureless. The 
etch rate was l inearly proport ional  to both HC1 concen- 
t rat ion and time at a hydrogen flowrate of 10 l i ters /min.  

The past history of the reaction chamber  was found 
to be important  to the appearance of the wafer after 
etching. When the reaction chamber had been thor-  
oughly cleaned after a prior SixGel-x growth or had 
been used exclusively for Ge growth, the Ge substrate 
remained highly polished and structureless during 
etching. However, if the reaction chamber was not 
cleaned after an alloy run,  a deposit was seen to form 
on the Ge substrate during the etching cycle. It was 
found that by allowing the etching to cont inue unt i l  the 
susceptor was etched clean of the previous SixGel-x 
growth, the deposit could then be completely etched off 
the substrate surface. It  is thought that  the deposit 
which grows on the Ge substrate during the HC1 etch 
step is a SixGel-.~ alloy which occurs through the use 
of HC1 as a t ransport  agent. 

It was found that single-crystal  epitaxial layers could 
be grown without  HC1 etching prior to epitaxy pro- 
vided that care was taken during substrate cleaning 
and subsequent  handling. However, without  the HC1 
etching step the alloy layer usual ly was not electrically 
isolated from the substrate, since four-point  probe and 
Hall  measurements  were characteristic of the substrate 
layer while the heterojunct ion devices did not rectify. 

SixGel-z alloys were epitaxially grown onto n- type  
and onto p- type Ge substrates with (100) and (110) 
crystallographic orientations, respectively. Experi-  

8 Materials for Electronics Inc., Jamaica, New York. 
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Table I. Gro~vth and moterio| characteristics of 5 ixGel-x alloy for different process conditions 

A l l o y  

S u b s t r a t e  L a y e r  Res i s -  
To ta l  t h i c k -  G r o w t h  t i v i t y  Compo- 

Process  R e s i s t i v i t y  Or i en -  % G e I ~  in  % Si l l4  in  T e m p  flow ra te  ness  ra te  (ohm-cm)  s i t i o n  
r u n  Type  (ohm-cm)  r a t ion  gas  s t r e a m  gas  s t r e a m  (~ ( l i t e r s / r a in )  (/~m) ( /zm/min)  (center)  (x) 

1 n 0.5 (100) 0.14 0.004 800 10 3.5 0.12 0.12 0.03 
2 p 0.5 (110) 0.14 0.004 800 10 3.0 0.10 - -  0.03 
3 n 0.5 (100) 0.14 0.004 800 20 7.6 0.26 0.11 0.04 
4 n 0.5 (100) 0.14 0.004 800 30 6.0 0.40 0.40 - -  
5 n 0.5 (100) 0.14 0.008 800 i0 4.0 0.13 0.07 0.05 
6 n 0.5 (100) 0.075 0.004 800 I0 2.4 0.08 0.II 0.04 
7 n 0.5 (100) 0.14 0.004 820 20 4.3 0.28 0.16 0.02 
8 n 0.5 (100) 0,14 0.004 850 20 3.0 0.20 0.03 0.03 
9 n 0,5 (100) 0,037 0.016 800 10 5,6 0.13 0.13 0.22 

10 p 0,5 (110) 0.037 0.016 800 10 5.5 0.12 - -  0123 
11 n 0.5 (100) 0.037 0.016 830 10 4.6 0.12 0.20 0.25 
12 p O.S (110) 0.037 0.010 840 10 4.6 0t12 - -  0.24 

ments  were conducted to determine the effects of proc- 
ess variables on the growth and mater ial  character-  
istics of the alloy layers. Table I lists the results of 
process runs  for which analysis of the Si~Gel-x layers 
were made. The data shown in this table will  be re-  
ferred to in  the following paragraphs. 

An examinat ion  of Table I indicates that at constant  
flow rates and consti tuent  concentration, the growth 
rate is reasonably independent  of tempera ture  (com- 
pare runs  3,7; 9,11; and 10,12), and that  the growth 
rate is the same for (100) and (110) surfaces under  
similar conditions. In Fig. 2, it is seen that at fixed 
composition in the gas stream, the growth rate is 
l inearly dependent  on the total flow rate at constant  
temperature  (runs 1-4). These data would indicate 
that  the growth process of the Ge (since it  is the major  
component of the alloy) is mass t ransfer  controlled. 
Joyce and Bradley reported (20) that below l l00~ 
(to 950~ the growth rate of Si by the pyrolytic de- 
composition of Sill4 onto Si substrates is surface-re-  
action controlled. They suggest that  surface reaction is 
l imited by the rate of removal of hydrogen from the 
growth surface. 

If the growth rate were limited by the rate of re -  
moval  of hydrogen from the surface, it would be ex- 
pected that for our case it would inhibi t  the growth of 
Ge and of Si. If, however, the Ge growth rate were 
mass- t ransfer  controlled while the growth of Si were 
surface-reaction controlled, it would be expected that  
for an increase in flow rate at constant  gas composi- 
t ion and temperature  the alloy growth would become 
more Ge-rich, while for an increase in temperature  
with gas composition and flow rate fixed the Si content  
would increase. An examinat ion of Table I shows that  
these do not happen, indicating that the growth rate 
of both Si and Ge are mass- t ransfer  controlled. It must  
be emphasized, however, that  this is merely a ten ta-  
tive conclusion since the range of temperature  and 
flow rate used is small. 
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Fig. 2. Growth rate as a function of total flow rate at fixed 
composition and temperature. 

Material characterization.--The surface character-  
istics of the SizGel-x alloy layers were observed by 
optical microscopy. The surfaces, in general, have a 
sandy appearance as shown i n  Fig. 3a. Surfaces of al- 
loys grown on p- type  (110) wafers appear to have a 
somewhat smoother and less textured surface than 
those grown on n - type  (100) wafers. In  general, as 
the growth rate was increased, the surfaces of low 
silicon concentrat ion alloys (x ~ 0.05) became more 
textured. As the alloy concentrat ion or growth rate 
was increased the temperature  of the growth process 
became the most impor tant  parameter  with respect 
to surface appearance. For example, clusters or prot ru-  
sions of the type shown in Fig. 3b were obtained for 
a 22 a/o Si alloy growth process at 800~ ( run  9). 
Keeping aI1 other process parameters  constant  bu t  rais- 
ing the temperature  to 830~ ( run  11) el iminated all 
the cluster defects and resulted in a surface compar-  
able to that shown in Fig. 3a. Surface protrusions were 
also observed for runs  3 and 4 which were grown at 
800~ at growt.h rates of 0.26 and 0.40 ~m/min,  re-  
spectively. However, run  7 which was grown under  
similar conditions to r un  3, except that  the tempera-  
ture  was raised 20~ (to 820~ did not have surface 
protrusions. The el iminat ion of these surface pro t ru-  
sions for higher growth temperatures  is thought to be 
due to the fact that  at the higher temperature  the 
surface mobil i ty  of the silicon is larger. Thus the sili- 
con atoms are able to diffuse more readily to the 
"growth steps" and complete growth planes rather  
than result  in growth from localized nucleat ion sites 
associated with low surface mobility. 

Etch-pi t  counts revealed dislocation densities from 
104 to l0 T cm -3 for alloys of low Si concentration. For 
higher Si content, the defect density was much higher 
than this; however the concentrat ion could not be de- 
termined because of the tendency for the defects to be 
clustered. 

From Laue back-reflection analysis it was deter-  
mined that  the Si~Gel-x growth was crystal l ine with 
the same crystal  or ientat ion as the substrate. In  gen-  
eral, the spots were sharp. However, for those crys- 
tals which had surface protrusions as shown in  Fig. 3b, 
part ial  Debye rings were observed indicat ing some 
lattice distortion. 

Lattice parameters  were determined from diffrac- 
tometer measurements.  All  the alloys were found to be 
highly oriented with two distinct diffraction peaks cor- 
responding to the alloy layer  and the germanium sub-  
strate. Figure 4 shows a diffractogram, for cobalt radi-  
ation, of an alloy layer  with x = 0.25 grown on (100) 
Ge substrate. The peak at 20 ~ 71 ~ results from dif- 
fraction in the alloy while that  near  70 ~ results from 
the Ge substrate. 

Also in Fig. 4, it can be seen that  the alloy diffrac- 
t ion peak is somewhat  asymmetric.  I t  was determined 
that  the asymmetry  was not due to misal ignment  of 
the diffractometer. It may be that the asymmetry  is 
due to a t rans ient  var iat ion in  the SiI-I4 and GeH4 flow 
rates at the start  of the epitaxy process. The hydrides 
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Fig. 3. Surface of SixGel-x epitaxial allay layer with (a, left) orientation (110), x ~ 0.25 and 
(b, right) orientation (100), x = 0.22. (Magnification • 155.) 

were not cont inual ly  purged prior to their introduc-  
tion into the reaction chamber and it is expected that 
a t ransient  period is required before the flow rates at-  
ta in  their  steady-state values. Thus, during the 
t ransient  period the alloy growth layer  would differ in 
composition from the remaining part  with a resul tant  
asymmetry  in the ahoy diffraction peak. 

It is also seen in Fig. 4 that  there is some broaden-  
ing of the diffraction peak of the SixGel-x alloy in 
comparison to the Ge substrate peak. This type of 
broadening was observed for all of the alloy peaks and 
is thought to be due to the presence of some nonuni -  
form strain in the alloy layer  (17). We believe that this 
results from two effects: the mismatch in the lattice 
constant of the two materials and tbe different coeffi- 
cients of thermal  expansion. The lat ter  would create a 
strain as the sample is cooled from the growth tem- 
perature even if crystal defects are introduced during 
growth to reduce the strain resul t ing from lattice mis- 
match. 

For samples grown at growth rates 0.08-0.13 ~m/min  
with low Si concentrat ion (less than 5 a/o) the two 
peaks could be resolved using an input  slit angle (1~ 
exit slit (0.05~ and high resolution Soller slits. How- 
ever, for samples grown more rapidly than  this, the 
alloy peak was broadened and the exit slit had to be 
reduced to resolve these peaks. An  exit slit of 0.02 ~ 
coupled with an entrance slit of 2 ~ was adequate. We 

~ ( 4 O O ) G e  
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Fig. 4. X-ray diffractogram showing Kfl(400) Sio.25Geo.75 and 
(400) Ge diffraction peak for cobalt radiation. 

tenta t ively  at t r ibute this broadening to strain due to 
defects introduced dur ing growth at these higher 
growth rates. 

Although no impur i ty  was in tent ional ly  introduced 
into the reaction chamber, Hall effect and thermal  
probing measurements  indicated that  the alloy was 
p-type. The alloy resistivity could be measured only 
for growths on n - type  substrates since these cases 
provided the necessary junct ion isolation between the 
epitaxial  growth and the substrate. The resistivity as 
measured with a four-point  probe was general ly on 
the order of 0.10 ohm-cm and reasonably indepen-  
dent  of process parameters.  The uniformity  across a 
wafer surface was better  than  10%. Some of the runs  
in which the HC1 etch was not used gave considerable 
var iat ion of resistivity with position. It  is thought that  
this results from poor isolation at the interface and an 
influence of the substrate on the measurements.  

From standard Hall measurements,  the alloy re-  
sistivity was found to be comparable to that  obtained 
from four-point  probe measurements.  The carrier con- 
centration, obtained from the Hall  data under  the as- 
sumption that the ratio of drift  to Hall  mobil i ty was 
unity, was determined to be 2-5 • 1017 cm -8 with a 
Hall  (hole) mobil i ty  in the 250-400 cm2/V-sec range 
for 4-5 a/o Si in the alloy. In  general, the resistivity 
and Hall mobil i ty were somewhat larger as deter-  
mined by the Van der Pauw method. This is thought 
to be a consequence of the fact that  the contacts were 
not points nor were they located exactly on the 
boundary  of the sample. This results in an additive 
error as shown by Van der Pauw (18, 19). 

At a carrier concentrat ion of 3 • 1017 cm -~, the Hall 
mobilities of p- type Ge and Si are approximately 800 
cm2/V-sec and 200 cm2/V-sec (21,22), respectively. 
Since our measurements  were made on alloys of 4-5 
a/o Si we would expect the mobilit ies to be approxi-  
mately equal to those of Ge instead of the measured 
values of 250 to 400 cm2/V-sec. This reduced hole mo- 
bi l i ty could result  from the increased carrier scattering 
expected from random positions of the Si atoms. How- 
ever, it may be that  the increased scattering is asso- 
ciated with the large defect concentration.  

The origin of the p- type conductivity is not known. 
Acceptors may be introduced during growth from the 
reaction chamber  (although depositions using GeCl4 
and SIC14 at higher temperatures  result  in high re-  
sistivity layers).  Al ternate ly  they may be introduced 
from the gas streams or may  result  from the defects 
which occur in the growth, or from the strain in t ro-  
duced upon cooling. It  is reported that regions of high 
deformation in germanium tend to be p- type  (23). 

Device characteristics.--Although without HC1 etch- 
ing just  prior to growth, there appeared to be many  
regions of electrical shorting between the alloy and 
substrate, devices made from those runs in which the 
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HC1 etch step was included yielded heterojunctions 
with electrical characteristics which seem to be quali-  
tat ively consistent with predictions based on hetero- 
junct ion  theory (24). S izGel-x /Ge p-n  heterojunct ions 
were found to be rectifying while p-p  heterojunctions 
were found to be weakly rectifying and in some cases 
their I -V  characteristics were not reproducible from 
uni t  to unit. The weakly rectifying characteristic ob- 
served for the p-p heterojunctions is expected because 
of the small discontinui ty in the valence band edge and 
defect states at this interface (25). Some of the non-  
l ineari ty of the I -V  characteristics can be at t r ibuted 
to the silver contacts used. 

It  should be pointed out, however, that  if the ac- 
ceptor is a typical shallow acceptor atom, considering 
the temperatures  and times associated with the growth, 
it would be expected that  the acceptor would diffuse 
into the Ge, creating a p -n  junct ion in n - type  sub- 
strates wi th in  the Ge and merely a p-p junct ion  at the 
interface. If the p- type  conductivity results from de- 
fects, on the other hand, negligible diffusion would be 
expected and the junct ion  would be expected to be at 
the interface. 

In Fig. 5 1/C 2 vs. voltage is plotted for a p-n  
SixGel-x /Ge heterojunct ion (x ---- 0.22) at three fre- 
quencies. The effective carrier  concentrat ion was cal- 
culated from the slope of the 1 MHz data and found to 
be 3 • 101"5 cm -~. This corresponds to the substrate 
doping level. This is as expected since the epitaxial 
layer is much more heavily doped than the substrate 
and so the depletion region would be expected to ex- 
tend predominately  into the lower doped substrate. 
The reverse breakdown (avalanche) voltage was also 
characteristic of the substrate doping level as ex- 
pected. 

A decrease in 1/C 2 or an increase in capacitance 
under  i l luminat ion with a microscope light was also 
observed at 1 MHz as shown. The carrier  density as 
calculated from the slope, however, remained un-  
changed. Similar  increases in capacitance with i l lumi-  
nat ion were observed at the other frequencies. The 
frequency dependence of the capacitance is not ex- 
pected from simple ]unction theory. However, Van 
Opdorp and Kanerva  (26) have shown that interface 
states in heterojunctions can lead to such a dependence 
of capacitance on frequency. The influence of i l lumina-  
t ion on capacitance has been reported by Yawata and 
Anderson (27) and Oldham and Milnes (25) who at- 
t r ibute  this effect to interface states. From this we 
conclude that enough interface states exist in our 
junct ion to affect the electrical properties. The origin 
of these states is not clear however. They may result  
from the lattice mismatch between alloy and ger- 
manium substrate, the strain introduced during cool- 
ing due to the different thermal  coefficients of expan-  
sion or perhaps by defects present on the germanium 
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Fig. 5. I /C  2 vs. voltage for p-n SixGel-x/Ge heterojunction 
device with x ~ 0.22. 

substrate surface as growth started. These all have 
been reported to result  in interface states. 

Summary 
Si~-Gel-~ alloys with 0 < x ~ 0.25 were grown epi- 

taxial ly on Ge substrates by simultaneous thermal  de- 
composition of Sill4 and GeH4 in hydrogen in the 800 ~ 
850~ temperature  range. A vertical reactor was used 
in which the process gas passes downward and per-  
pendicular  to the substrate. The epitaxial  growth proc- 
ess of both Si and Ge is thought to be mass- t ransfer  
controlled although the data is insufficient to conclude 
this. The surface morphology of low Si concentration 
(x < 0.05) layers was found to be dependent  upon the 
growth rate at 800~ For SixGe~-z alloys with 0.22 ~ x 
--~ 0.25, growth at 800~ resulted in the formation of 
defect clusters on the surface; increasing the tempera-  
ture  to 830~ yielded surfaces comparable to those of 
low Si concentration. Using the Laue back-reflection 
technique the alloys were found to be single crystal 
with the substrate orientation. Alloy compositions 
were determined using the x - ray  diffractometer tech- 
nique. Sharp spots in the Laue back-reflection pat-  
terns indicate that the strain in those films grown at 
less than  0.13 ~m/min  is not severe. However, partial 
Debye rings in the Laue pat terns and broadening of 
diffractometer peaks indicate that strain is present in 
films with surface protrusions, e.g., those grown at 
increased rates. 

Although epitaxial  growth occurs with or without 
in situ HC1 etching, only those runs in which this 
etching step was included resulted in electrical isola- 
tion between substrate and growth. All  deposits were 
p- type although no intent ional  doping was introduced. 
The origin of the p- type  impur i ty  is not known al- 
though it may  be the high defect concentrat ion as 
revealed by etch-pit  counts (104-10 v cm -2 on alloys of 
low Si content) .  

S i .~Gel-JGe p-n  heterojunctions were found to be 
rectifying and the general  shape of the current-vol tage  
characteristics are in quali tat ive agreement  with 
heterojunct ion theory. The p-p  heterojunctions were 
found to be weakly rectifying which was presumably 
due to the small  potential  barr ier  and defect states at 
the interface. The reverse breakdown voltage of the 
p -n  s tructure and the slope of the 1/C2-V character-  
istics are characteristic of the substrate region as 
expected since the deposits were of higher net doping 
concentration. 

The junct ion capacitance was found to be frequency 
and light dependent  and presumably  this effect is a 
result  of lattice defect states at the interface. 
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ABSTRACT 

The kinetics of the chemical vapor deposition of tungsten by the hydrogen 
reduction of WF8 were studied over the system pressure range from 6 to 60 
Torr and over the temperature  range from 500 ~ to 870~ to determine the 
operative rate controlling mechanisms. Within the pressure and temperature  
ranges studied HF desorption from the substrate was determined to be rate 
l imit ing for lower pressure- temperature  combinations. An  activation energy 
of 7300 cal /mole was associated with this mechanism. At higher pressure- 
temperature  combinations WF6 diffusion to the substrate was rate controlling. 
The activation energy for this process was found to be 1650 cal/mole. 

The production of tungsten either in the form of 
coatings or f ree-s tanding shapes by chemical vapor 
deposition (CVD) has, in the last ten years, become an 
important  manufac tur ing  process. The over-all  chemi- 
cal reaction most usual ly associated with tungsten dep- 
osition and the one considered throughout  this paper 
is given by 

WF6~g) + 3H2(g) : W(s) ~- 6HF~g) [1] 

A per t inent  problem associated with this reaction is 
the nonuni formi ty  of deposit thickness that is obtained 
when a substrate of considerable surface area (such as 
a removable mandre l  or an i tem to be coated) is ut i -  
lized. Deposit nonuni formi ty  is the result  of variat ions 
in reaction rate throughout  the system. These var ia-  
tions are related to differences in temperature,  pres-  
sure, and gas composition. To achieve deposit un i -  
formity it is thus essential that  the kinetics of the 
process be understood. 

Holman and Huegel (1) have measured tungsten dep- 
osition rates under  conditions of presumed negligible 
HF concentrat ion and concluded that  an unspecified 
surface process was rate controlling over a wide range 
of temperature  and pressure. Data from the highest 

* Electrochemical  Society Act ive  Member .  
K e y  words :  tungs ten  fluoride (WF0), tungs ten  prepara t ion,  de-  

sorption, diffusion, coat ing  mater ia ls .  

pressure- temperature  combinations could not  be ex- 
plained by this analysis and were thought to represent 
the effect of inadequate supply of reactants. Haskell 
(2) developed a model in  which the rate controll ing 

mechanism for tungsten deposition was assumed to be 
HF desorption from the substrate. The model was 
checked by comparing its pressure dependence to that 
of a portion of Holman and Huegel 's data for which the 
gas composition was considered to consist of essentially 
all hydrogen. Brecher (3), using the rate data of 
Berkeley et al. (4) obtained in a relat ively high- 
pressure static system, has at tempted to formulate a 
sorption-surface reaction model  of the tungsten dep- 
osition process. 

The work presented here is an investigation of the 
total  range of pressure (6-60 Tort)  and tempera ture  
(500~176 normal ly  associated with this CVD proc- 
ess. Rate-control l ing mechanisms and involved species 
were tentat ively identified by an analysis based on 
active-site theory. These findings were verified and a 
model was found to explain the exper imental ly  deter-  
mined behavior noted in both the high and low pres- 
sure- tempera ture  subregions. 

Experimental Procedure 
The equipment  used in this study is shown sche- 

matical ly in  Fig. 1. An Inconel  718 deposition chamber  
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Fig. 2. Typical data used in calculation of gas composition 

Fig. 1. Schematic drawing of CVD equipment 

w a s  heated by a surrounding clamshell resistance 
furnace whose three heat ing zones were each powered 
by a saturable core reactor and whose temperature  
was monitored with a Chromel-Alumel  thermocouple. 
The downstream portion of the Inconel  chamber was 
filled with stainless steel tubing and heated to approxi-  
mately 700~ with a second clamshell furnace. This 
a r rangement  allowed this portion of the uni t  to serve 
as a str ipping chamber wherein  WF6 not reacted in 
the deposition chamber  could be spent to prevent  its 
condensation fur ther  downstream in the system. Dep- 
osition pressure was controlled by the valves located 
forward of the mechanical  vacuum pump and was 
measured with a diaphragm gauge. HF product gas was 
t rapped in the water  scrubber  to prevent  its discharge 
to the atmosphere. The uni t  was equipped wi th  an in-  
tegral high vacuum system to permit  it being hel ium 
mass spectrometer leak checked prior to the start of a 
deposition trial. 

Controlled flows of reactant  gases entered the dep- 
osition chamber through an "O"-r ing sealed, water  
cooled flange. Other features of the chamber  included a 
removable, stainless steel l iner tube and a thermo- 
couple well equal in length to that  of the tube. 

The 4.88 cm ID l iner  tube, which served as the dep- 
osition substrate, was degreased and weighed prior to 
being inserted into the chamber. Fur ther  cleaning was 
provided during heat -up in flowing hydrogen to the 
deposition temperature.  Hydrogen and WF6 were ad- 
mitted to the chamber at the respective rates of 2000 
cc /min  and 300 cc /min  (STP).  Temperatures  between 
500 ~ and 870~ and pressures between 6 and 60 Tort  
were investigated. During deposition, temperature  was 
measured as a function of axial position wi thin  the 
tube. A temperature  profile was prepared from these 
data. Following deposition, the coated tube was re- 
moved from the chamber and its weight gain measured 
and compared with that  calculated from the WF6 flow 
rate and t ime of deposition. Tungsten  was then re-  
moved from the tube along a l ine runn ing  90 ~ from 
vertical  either by cutt ing a section from the coated 
tube and selectively dissolving the stainless steel or 
by repeated chipping of the nonadherent  tungsten  
following cracking by application of a radial com- 
pressive force. Tungsten thickness was determined as a 
function of tube length to provide deposit thickness 
profiles as typified by  the plot of Fig. 2. 

The fur ther  use of a plot of this type to obtain the 
data necessary for kinetics analysis is best shown by 
the following sample calculation involving a tungsten  
thickness measurement  at the position 28 cm from the 
inlet  of the substrate indicated by the vertical  dashed 
l ine in Fig. 2. Since the total amount  of WF~ injected 
dur ing the 53-rain run  period was accounted for by the 
weight gain of the substrate tube, the fraction of WFe 
reacted at the 28-cm position was given by the area 
beneath the tungsten  thickness profile from the point  
of its origin up to the 28-cm point (27.5 arbi t rary  area 
units)  divided by the total area beneath the curve 

(152.5 arb i t ra ry  uni ts) .  This calculation gave a value of 
0.18 for 4, the fraction of WFe reacted. (A plot of this 
parameter  is included in Fig. 2) 

Since the inlet  gas flows (2000 cc /min  hydrogen and 
300 cc /min  WF6) are in the ratio 6.7 to 1, the over-al l  
equation describing the deposition process can be 
wr i t ten  as follows 

(6 .7  - -  3 ~ ) H 2 ( g )  ~ (1 - -  ~ ) W F s ( g )  
: ( r  (6~I,)HF(g) [2] 

The system pressure of 11 Torr was thus propor- 
t ional to the sum of the coefficients for the terms in-  
volving gases (7.7 + 2~). Thus the part ial  pressure 
of hydrogen, for example, was given by 

( 6"7- -3~  ) 11Torr  [3] 
PH2 ---- 7.7 ~ 2~I, 

which for the appropriate value for r of 0.18 gave 6.41 
Torr. In  a similar manne r  the part ial  pressures for 
WF6 and HF were found to be 1.12 and 1.47 Torr, re-  
spectively. 

The deposition rate, R, in cc /min  • 108 was found 
by division of the appropriate value for the tungsten  
thickness (150 m m  • 103) by the run  time of 53 rain 
to yield R • 103 of 2.83. 

The corresponding tempera ture  was read from the 
measured tempera ture  profile (superimposed on tung-  
sten thickness profile in Fig. 2) and found to be 
575~ 

Results 
Numerous temperature,  gas composition, and deposi- 

t ion rate combinations were found within  a single 
deposition trial. This large amount  of data made it 
possible to crit ically analyze the kinetics of tungsten 
deposition. 

The deposition process was considered to consist of 
five steps as follows: (i) gas phase diffusion of reac- 
tants to the substrate, ( / /)adsorption of reactants at 
the substrate, (i/i) chemical reaction of reactants  on 
the substrate, (iv) desorption of gaseous product at 
the substrate, and (v) gas phase diffusion of gaseous 
product from the substrate. 

Steps (ii), (iii), and (iv) were examined with the 
aid of active site theory (5). With adsorption being the 
rate-control l ing mechanism, an increased concentra-  
tion of reactants due to a pressure increase would in-  
crease the deposition rate. Adsorption control is nor-  
mal ly  associated with low system pressure. At higher 
pressure the substrate surface would tend toward 
saturat ion with reactants. If the adsorbed molecules 
react faster than the product gas can be desorbed, de- 
sorption would become rate controlling. Desorption 
rate is dependent  only on the fractional surface cover- 
age of gaseous product and is independent  of reactant  
concentrations. Thus, the deposition rate, if controlled 
by desorption, should be essentially independent  of 
changes in system pressure (6). If chemical reaction 
of neighboring adsorbed species is the controll ing 
mechanism at this same higher pressure, the deposition 
rate at a fixed ratio of reactant  concentrat ions would 
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be pressure dependent  while for a fixed value of pres- 
sure the deposition rate as a function of reactant  con- 
centrations should pass through a maximum. 

To apply this means of analysis to the vapor deposi- 
t ion of tungsten  by the hydrogen reduction of WFB, 
exper imental ly  determined deposition rates were 
plotted as a function of pressure for two combinations 
of reactant  concentrat ion ratios and temperature  (Fig. 
3). The observed strong dependence of reaction rate on 
pressure at very low pressures (less than 6 Torr) sug- 
gests adsorption control in this region. In  the pressure 
range of interest  in this work (6-60 Torr) reaction 
rate is essentially independent  of pressure in  the 
lower portion of the range. This suggests that  desorp- 
tion is the rate-control l ing mechanism there. The low 
activation energy for HF desorption in comparison to 
that for F2 desorption (2) suggests the former mole- 
cule to be important  for this mechanism of rate con- 
trol. The critical tests for chemical reaction control 
suggested above failed to identify this mechanism as 
rate controlling in this pressure- temperature  region. 
It  is reasonable to assume that for the higher pres- 
sures gas phase diffusion is the rate- l imit ing process 
(7, 8) and, since it is the least mobile molecule, WF6 
is the species of interest. 

The val idi ty  of the two rate-control l ing mechanisms 
(WF6 diffusion and HF desorption) and their respec- 
tive pressure- temperature  region of dominance were 
ascertained by comparing exper imental ly  determined 
deposition rates with rates predicted from models of 
each mechanism. 

Following the analysis of Haskell (2), a model for 
HF desorption was formulated based on the equation 

H(x) + F(x) = HF(g) [4] 

where the subscript x denotes atoms attached to sites 
on the substrate. Use was made of the postulate of 
absolute reaction rate theory that the reactants are in 
equi l ibr ium with the activated complex HF(x) which 
decomposes to the product HF(g). The flux of HF from 
the substrate (which is proportional to the tungsten 
deposition rate) is the product of the concentrat ion 
of surface sites occupied by  the activated species and 
their f requency of v ibrat ion in a direction normal  to 
the substrate surface. By combining all the constants 
and tempera ture-dependent  terms into a single term, 
Cde~, it was possible to express the deposition rate, R, 
in terms of the part ial  pressures of the reactants as 
follows 

R w  = C d e s  P H 2  I / 2  P W F 6 1 / 6  [ 5 ]  

Part ial  pressure data from three temperatures  (510 ~ , 
625 ~ and 705~ were reduced to the appropriate 
values dictated by their  fractional powers in Eq. [5]. 
Plots of actual deposition rates vs. PH21/2PwF61/6 are 
shown for each of the three temperatures  in Fig. 4 
through 6. Each data point, before being plotted, was 
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first checked for agreement  with the WFe t ranspor t  
model to be discussed subsequently.  Only those points 
not fitting the lat ter  model were used in this analysis. 
Good agreement  between exper imental ly  observed 
deposition behavior and that  described by the model is 
indicated by each figure. To obtain a meaningfu l  value 
for the activation energy of the HF desorption Ar-  
rhenius plots were made at constant  values of con- 
centrat ion (constant PH21/2pWFB1/B). F r o m  these plots 
(Fig. 7) an activation energy of 7300 cal /mole was ob- 
tained. 

The data which did not  fit the desorption model 
were general ly from the higher pressure trials. It was 
reasonable to assume, therefore, that gas-phase diffu- 
sion was the ra te - l imi t ing  step in the process for the 
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1 .3  

experimental  conditions associated with  these data. 
WFs was assumed to be the diffusing species of inter- 
est because it is the heaviest  and largest molecule in 
the system. 

A model  which  considered nonequimolar counter- 
diffusion (8) was used. Thus, the diffusion-controlled 
deposition rate is g iven by the relation 

..,Rw : k l k g A y  [6 ]  

Here kt is a proportionality constant, kg is a mass 
transfer coefficient, and ay is the diffusion potential. 
Evaluation of these terms (described in the Appendix)  
led to the final relation 

R = C d i f f  P W F 6  T I / 2 / P  [7] 

in which P is the total pressure and C d i f f  is the com- 
bined proportionality constant. 

The experimental ly  determined deposition rates 
which were not described by the desorption model were 
plotted against corresponding values of PWF6 T1/2/P 
(Fig. 8). The WFG diffusion model  is seen to describe 
the rate data fairly well .  Two minor deviations from 
model-predicted behavior are noted: the very low dep- 
osition rate data are not represented by the l ine of best 
fit nor does this l ine pass through the origin as it 
should. 

Arrhenius plots at constant gas composition (repre- 
sented by constant values of PwF6/P) yielded an acti- 
vation energy of 1650 ca l /mole  for diffusion of WF6 
to the substrate surface (Fig. 9). 

Discussion 
The experimental  results show that the kinetics of 

tungsten deposition by the reaction of WFs and hy-  
drogen in the pressure and temperature ranges of 6-60 
Tort and 500~176 respectively,  are wel l  described 
by a model  based on WF6 transport to the substrate 
for high temperature-pressure combinations and by a 
model  of HF desorption from the substrate at lower 
temperature-pressure combinations. 
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The two regions of deposition control are separated 
by a boundary  occurring at a pressure of approxi-  
mately 20 Torr  at 500~ and decreasing to approxi-  
mately 6 Torr at 870~ 

HF desorption.--Tungsten deposition at the lower 
pressure- temperature  combinations wi thin  the ranges 
studied is controlled by the rate of HF desorption from 
the substrate. This finding is in agreement  wi th  Has- 
kell 's analysis of the lower pressure- temperature  data 
of Holman and Huegel for the same reaction. However, 
the lat ter  investigators have calculated an activation 
energy of 16,000 cal /mole for the process as compared 
to the 7300 cal /mole found in the present study. At 
least part  of this discrepancy is due to the manner  in 
which Holman and Huegel plotted their rate data. 
They chose to plot the logari thm of the deposition rate 
as a function of the reciprocal of the absolute tempera-  
ture  in order to obtain the activation energy. This 
procedure is strictly correct only where the reactant  
concentrat ion terms in the rate equation are constant. 
That  this condition was obtained in their  work is very 
doubtful. Their  rate equation 

R m  = C exp (--16,000/RT)P I/2 [8] 

contains only one concentrat ion related term, p1/2. 
(The concentrat ion of a single gas in  a mixture  of gases 

is given by the ideal gas law as N / V  : p / k T  where N 
is the number  of molecules and V is the volume.) Such 
an expression would be expected to be a reasonable 
approximation only where the gas phase is predomi-  
nan t ly  comprised of a single species. Thus, only for 
the conditions of high init ial  H2/WF6 ratio and low 
reaction temperature  would this expression be reason- 
able and the activation energy value obtained there-  
from be meaningful .  

Several calculations were made to determine the 
magni tude  of the adjus tment  to Holman and Huegel 's 
gas compositions necessary to bring their value for ac- 
t ivation energy in l ine with that  found in the present 
work. The required fractional depletions of WF6 neces- 
sary to effect this adjus tment  are greatly in excess of 
any value which would be considered reasonable in 
view of Holman and Huegel's experimental  setup. 
Therefore, the difference in values for activation en-  
ergy can only be part ial ly explained by Holman and 
Huegel 's not correcting their  gas composition by allow- 
ing for WF6 depletion. 

Consideration was given to the possibility that  the 
difference in activation energy was a t t r ibutable  to dif- 
ferences in experimental  conditions, namely,  deposi- 
tion efficiency and temperature  of the deposition 
gases. In  the present work, the efficiency was very 
high, and the gas temperature  was likely high owing to 
a relat ively long period of contact with the hot sub- 
strate. In  Holman and Huegel 's setup both efficiency 
and gas temperature  would necessarily be low. 

To examine this effect fur ther  the deposition data of 
Shroff (10) were evaluated and compared (Fig. 10) 
to that of the investigations already discussed. Since 
Shroff employed a WF0 flow of only 50 cc/min, the effi- 
ciency of his system would be expected to be high. 
However, judging from a description of his experi-  
menta l  setup (11), it would also be expected that the 
gases would be only moderately heated by the sub- 
strate. Thus, it could be considered that Shroff's ex- 
per imental  conditions were approximately in termedi-  
ate to those of the other two investigations. Since the 
Shroff deposition rates were general ly of intermediate 
value for fixed deposition parameters  of temperature  
and PH21/2pWF6 I/6 product (Fig. 10) it would appear 
that experimental  conditions do influence the rate of 
the deposition process. The activation energy of 10,000 
cal /mole determined for the Shroff work fur ther  estab- 
lishes this influence. 

Based on the comparisons made here it seems rea-  
sonable to presume that the activation energy for the 
desorption-controlled deposition process is inversely 
related to the temperature  of the deposition gas. 
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Brecher's formulat ion of a model of sorption-surface 
reaction rate control produced the rate expression for 
tungsten deposition 

Rw : kr XWF6 XH2 3 [9] 

where X is the mole fraction of the reactant  at the sub- 
strate and kr is the reaction rate constant given by 

kr = AP 2 exp ( - - B / T)  [10] 

The dependence of kr on p2 is not well established. 
This relation was obtained from rate data taken at 100- 
760 Torr and at temperatures  between approximately 
480 ~ and 820~ It was shown in the present work, 
however, that  in  this pressure- temperature  regime 
sorption-surface reactions are not rate controlling. 
Instead, for these conditions, deposition is l ikely con- 
trolled (at low mole fractions of WF6 at least) by WF6 
diffusion to the substrate or near the upper  l imit  of 
pressure, even possibly by convection transport.  The 
activation energy for Brecher's unspecified sorption- 
surface reaction (27,000 cal /mole)  is therefore not 
easily interpreted.  

WF6 transport rnodeL--From Fig. 8 it is noted that 
the data are not all represented by  a straight line pass- 
ing through the origin as required by the expression 
for deposition controlled by WF6 transport  (Eq. [7]). 
Two minor deviations from the behavior predicted by 
the model are responsible. In  the formation of the 
model it was assumed that the diffusion coefficient was 
proportional to T 3/2 in agreement  with kinetic theory 
for gases. It has been shown in  actuality, however, 
that a T ~/4 dependence is more realistic (12). Use of 
this lat ter  value yields a corrected rate equation given 
by 

R w  = C d i f f  PWF6 T~ [11] 

This correction offsets the data plot of Fig. 8 sufficiently 
to permit  its passage through the origin. 

The second deviation from predicted behavior is 
constituted by the failure of the measured rates cor- 
responding to very low PwF6TI/2/P values to equal those 
predicted by the model. The one feature common to 
each of these deviant  data points is the very low asso- 
ciated values of PwF6 and PHF. Thus at low Rw values 
the presence of hydrogen cannot be ignored as it was 
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in the formulat ion of the WF6 transport  model since 
in this region the rate of WF6 diffusion through hydro-  
gen ra ther  than through HF is controlling. 

The activation energy for WF6 transport  in this sys- 
tem has not been previously determined. The value of 
1650 cal /mole  obtained in the present work is reason- 
able since gas-phase diffusion is general ly associated 
with very  low activation energies. 

It is interest ing to note that WF6 diffusion controlled 
the deposition kinetics for the higher pressure- tem- 
perature combinations. This result  is in disagreement 
with that  of Holman and Huegel (1) who, for the 
same pressure- temperature  regime, a t t r ibuted control 
of the deposition rate to the same surface reaction 
that they found controll ing at lower pressure- tem- 
perature combinations. In  their  work an inadequate 
supply of reactants was offered as the cause of the 
difference in deposition rate dependence on tempera-  
ture  on going from the lower pressure- temperature  
regime to the higher. 

Conclusions 
It is concluded from the results of this work that 

two tungs ten  deposition rate-control l ing mechanisms 
are operative in the pressure and temperature  ranges 
usual ly associated with hydrogen reduction of WF6. 
At the lower pressure- temperature  conditions HF de- 
sorption is the controlling step in the process, while 
for higher pressure and temperature,  WF6 gas-phase 
diffusion is the ra te- l imi t ing  mechanism. 

APPENDIX 

Formulation of Model for WF6 TranspDrt 
If it is assumed in the system of gases WF~-HF-H2 

that the hydrogen can be ignored (and such is the case 
as is shown subsequently in this development)  the rate  
of tungsten deposition as a function of the nonequi -  
molar counterdiffusion of WF6 and HF to and from the 
substrate  is given by the relation 

Rw = kl kg ~y [A- l ]  

where kl is a proport ionali ty constant, kg is a mass 
transfer coefficient, and Ay is the diffusion potential. 

The diffusion potential  (determined from the Stefan-  
Maxwell  equations) for WF6 transport  in this system 
is given by (9) 

1 1-- (l--x) Xsl 
Ay _-- In [A-2] 

1 - - x  1 - -  ( 1 - - x ) X g l  

where x is the ratio of molar flow to the substrate to 
the molar flow away from the substrate ( taken to 
equal 1/6 from the stoichiometry of the deposition 
reaction) and Xg, and Xs, are, respectively, the mole 
fractions of WF6 in  the gas stream and at the substrate 
surface. With the assumption of negligible WF6 at the 
substrate (owing to the greater rate of the surface 
reaction as compared to the rate of WF6 transport)  
and subst i tut ion of the value 1/6 for X, ay can be 
expressed as 

6 1 
hy = ~ In  [A-3] 

5 1 -- 5/6Xgl 

For the small  X~I values investigated (X~ ~ 0.13), 
Eq. [A-3] can be rewri t ten  within an error of 1% as 

6 
Ay ~ - - ~ I n  (I -- 5/6Xgi) [A-4] 

5 

Substitution of pWF6/P for Xgl and again utilizing 
the fact that only small molar fractions of WF6 are be- 
ing considered permits the diffusion potential to be 
written as 

~y ---- Xgl ----- pWF6/P [A-5] 

The mass t ransport  coefficient is given by 

kg = D12P/ZRT [A-6] 

where  Z is a geometric constant and D12 is taken to be 
the concentrat ion dependent  diffusivity of the pair  
WF6-HF in the WF6-HF-H2 mixture.  Recalling the as- 
sumption that  the hydrogen can be ignored in this 

part icular  case and assigning the subscript 3 to this 
gas permits  D12 to be expressed as follows (13) 

X3 D13 -- DI2 [A-7] 

D12 : D12 1 + X,Z)23 + XfZ),3 + X3D12 

Here Xi and Mi are the mole fraction and molecular 
weight of species i, respectively, and Dij is the binary 
diffusivity in the system i-j and is virtually indepen- 
dent of composition. 

Dij values were calculated from Bird's expression 

1 

Z)ij = 0.0018583 [A-8] 
P~ij2~'~ ~)ij 

Maximum and mi n i mum values for the dimension-  
less parameter  12 were calculated for the range of 

~)ij 
temperatures  covered in this investigation and found 
to be 1.01 and 0.92, respectively. Thus in the calcula- 
tion of ~)ij values it was reasonable to take s2 j equal  

to unity. The other Lennard-Jones  parameter  appear-  
ing in Eq. [A-8], ~ij, can be considered to be a collision 
diameter equal to 1/~ (~i -5 ~j). Calculations of these 
collision diameters and the subsequent evaluat ion of 
each ~ij value permit ted the reduction of Eq. [A-7] 
to the form 

{ 1.11X3 } [A-9] 
D12 = ~12 1 -- 8.51X1 -5 7.28X2 -5 1.84X~ 

Since the composition of the gas mix tu re  is given 
by the chemical reaction (where r is the fractional 
amount  of WF6 reacted) as 

(1 - -  4')pWF6 -5 (6.7 - -  3r -5 (6r 
= (7.7 -5 2,1,)P [A-10] 

and the condition 

X1 -5 X2 -5 X3 : 1 [A-11J 

must  be satisfied, D12 can be wri t ten solely as a function 
of f)12 and e~. 

In the current  study the value of r ranged from 0.42 
to essentially 1.0 to give a corresponding range of D12 
values of 0.818Z)12 to 0.918Zh2. Thus over the range of 
gas compositions studied D12 is essentially a fixed frac- 
tion of DJz (taken to be 0.868fh2) and thus the earlier 
assumption that  the hydrogen can be ignored is sup- 
ported. That  such an assumption would be invalid over 
all possible gas compositions (represented by r vary-  
ing in value from zero to 1.0) is shown by the corre- 
sponding calculated values of D12 of 0.643Z)12 to 
0.918~)12. 

Using the relat ion 

D12 = 0.868~12 [A-12] 

the diffusivity of WF~ in  the system (DwF6) can be 
wr i t ten  as 

DWF6 = D12 : 0.868(1.84 • lO-5)T3/2/P [A-13] 

Fur ther  subst i tut ion into [A-6] yields for the mass 
t ransport  coefficient 

0.868 (1.84 • 10 -5) T 1/~ 
kg : [A-14] 

ZR 

Subst i tut ion of [A-14] and [A-5] into [A- l ]  com- 
bined with a consolidation of constants into Cdiff yields 
the final relation for the WF6 diffusion l imited deposi- 
tion rate 

Rw : CdiffpwF6T1/2 / P [A-15] 

SYMBOLS 
Rm tungsten  deposition rate  (maximum) ,  m m /  

min  
Rw tungsten deposition rate, m m / m i n  
p part ial  pressure, Torr 
D concentrat ion dependent  diffusion coefficient 

for gaseous pair, cm2/sec 
T absolute temperature,  ~ 
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P 
N 
V 
k 
kr 
X 

Sd 
M 
No 
R 
kg 
AH 
Z 

~) 

~9 
X 

X g l  
Xsl 
A , B , C  
kl, k2, k3 

g 
S 
X 
des 
diff 
1 
2 
3 

total pressure of system, Torr  
number  of molecules 
volume, ee 
Bol tzmann's  constant  
reaction rate constant 
mole fraction 
number  of particles per un i t  volume, l i ter -1 
average particle cross section, mm 2 
molecular  weight, g/mole 
Avogadro's number  
gas constant, cal /mole ~ 
mass t ransfer  coefficient, g/sec cm 2 
diffusion potential, (dimensionless) 
characteristic dimension of system, cm 
fractional amount  of WFs reacted, (d imen-  
sionless) 
b inary  diffusivity (concentrat ion indepen-  
dent) ,  cm2/sec 
Lennard-Jones  parameter  (collision diam- 
eter),  cm 
Lennard-Jones  parameter,  (dimensionless) 

ratio of molar flow to substrate to molar flow 
from substrate 
mole fraction of WFs in the gas stream 
mole fraction of WF6 at substrate surface 
constants 
constants 

Subscripts 
gas phase 
solid phase 
substrate site attached species 
desorDtion 
diffusion 
WFs 
HF 
H2 
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Dissolution Kinetics of Precipitates of Divalent 
Cadmium in Sodium Chloride Studied by means of 

Ionic Thermoconductivity 
Rosanna Capeiletti and Emico Okuno 1 

Istituto di Fisica dell'UniversitY, Parma-Italia 
Gruppo Nazionale di Struttura della Materia del C.N.R., Parma, Italy 

ABSTRACT 

In OH- "free" NaCh Cd system the isothermal time evolution of the solu- 
tion process of LV. (impurity-vacancy) dipoles to achieve the thermodynam- 
ical equilibrium was studied by means of the I.T.C. (ionic thermoconductivity) 
method in the annealing temperature range from 323 ~ to 423~ Two stages 
were found, both described by a monomolecular first order kinetics. The early 
fast stage and the subsequent slow one are characterized by activation energies 
of e, -~ 1 eV and e2 ~ 0.8 eV, comparable with the activation energy for im- 
purity diffusion, and pre-exponential frequency factors v01 -~ 6 X 1011 and 
~o2 -~ 3 X I0 G see -I. The sources of LV. dipoles in the two stages were tenta- 
tively identified with dipolar precipitates responsible for the additional peaks 
in I.T.C. spectrum. The energy required to decompose one kind of the above 
mieroprecipitates ,s ~.. 0.24 eV is close to the solution energy of LV. dipoles. 

B 
The role of preanneal ing on thermodynamical  equi l ibr ium value ns and on 
the solution kinetics was also analyzed. 

Recent precipitation and solubil i ty measurements  
(1-8) show that the knowledge of the aggregation 
state of divalent  cation impurit ies in alkali halides is 

1 On leave f r o m  Inst i tu to  de Fisiea da Unive r s idade  de S.Paulo 
a n d  Ins t i tu to  de Energ ia  At6mica,  S.Paulo, Brazil. 

Key  words :  alkal i  halides, solution of impur i t ies ,  dielectric prop-  
erties,  dissolution kinetics.  

pre l iminary  to both optical and electrical studies. In -  
formation about precipitation phenomena is still re- 
stricted and sometimes contradictory (1-6), chiefly 
with regard to the nature  of the first precipitation 
products. The occurrence of an init ial  stage of dimeri-  
zation (4) of I.V. ( impur i ty-ca t ion  vacancy) dipoles 



566 J. Electrochem.  Soc.: S O L I D - S T A T E  SCIENCE AND T E C H N O L O G Y  Apr i l  1973 

was recently discussed by Crawford (9, 10) and Wintle 
(11): the lat ter  has shown that a diffusion-controlled 
dimerization reaction can simulate the third order 
kinetics, exper imenta l ly  detected by many  authors by 
means of various techniques in different alkali  halide 
systems (1-6, 10). Precipitat ion of divalent  impurit ies 
out of the solid solution is accompanied by the growth, 
in addition to microprecipitates, of larger aggregates 
of metastable phases and stable segregated ones, which 
were detected by means of x - ray  diffraction (12), elec- 
t ron microscopy (13), and MSssbauer spectroscopy 
(14). 

On the other hand the solution of the impurit ies can 
supply a complementary  view on the na ture  of the 
precipitates. The study of the thermodynamical  equi-  
l ibr ium (8, 15) concentrat ion of I.V. dipoles vs. tem-  
perature gave considerably lower solution activation 
energies for I.V. dipoles of the order of 0.1-0.2 eV in 
various systems. Moreover it was shown that the ther-  
modynamical  equi l ibr ium value is reached quite 
slowly even at ra ther  high anneal ing temperatures.  

In  our opinion a detailed analysis of the isothermal 
t ime evolut ion of I.V. dipole concentrat ion in the solu- 
tion process can throw light both on the dynamics of 
the solution reaction and on the na ture  of I.V. dipole 
sources. Moreover additional information can be 
gathered from the solution kinetics by affecting the 
na ture  and distr ibution of the early precipitates by 
submit t ing the sample to suitable preannealing.  

To monitor  the I.V. dipole concentrat ion we em- 
ployed the ionic thermoconduct ivi ty  method (16) 
which, due to its high sensitivity, allows the detection 
of relaxation peaks associated with even low concen- 
t rat ion of dipolar microprecipitates. Moreover I.T.C. 
runs  are performed at temperatures  below 273~ so 
that the point defects si tuation determined by anneal -  
ing at higher temperatures  can be frozen in. We chose 
NaCI:Cd system because precipitation measurements  
(4) suggested that defect mobil i ty is high, so the ther-  
modynamical  equi l ibr ium concentrat ion can be 
achieved in a reasonably short time. 

Experimental Procedures 

The samples were grown in our laboratory by means 
of the Kyropoulos method in controlled atmosphere 
(dry ni t rogen) in order to minimize contaminat ion by 
OH- ,  H20, and oxygen (17), which are present in air 
and affect solubility and precipitation phenomena (18). 
Cadmium dichloride salt was added to the molten NaC1 
in percentages ranging from 10 -4 to 10-2 by weight. 

In  order to get samples with very low O H -  concen- 
t rat ion (<1014/cm3), the start ing powders were sub- 
mitted to a suitable procedure. An al ternat ive t reat-  
ment  with C12 followed by HC1 (at the pressure of 
~250 m m  Hg) is very efficient in e l iminat ing O H - ,  
O - - ,  B r - ,  and I -  if the gases react in the powdered 
salt at about 700~ i.e., about 100~ below the melt ing 
point of NaCI (19, 20). 

The I.T.C. measurements  were performed by the 
usual technique (16). The crystal slab (area: 2-3 cm~, 
thickness: 0.5-1 mm) was polarized in a static electric 
field ( ranging from 104 to 3 X 104 V/cm) for 3 min  at 
the temperature  Tp and then cooled down to the tem- 
perature Tf, general ly 120~ after which the field 
was switched off. During these steps the dipoles be-  
come polarized at saturat ion and remain  orientated in 
the same configuration obtained at the polarization 
temperature,  because at low temperature  the re laxa-  
t ion t ime is practically infinite. The crystal was then 
warmed up at the near ly  constant  rate of 0.1~ 
the dipole relaxat ion t ime for orientat ion gets shorter 
and the dipoles lose their  preferred orientat ion giving 
rise to a depolarization current.  This was detected at 
l inear ly  increasing temperature  by a vibrat ing reed 
electrometer (Cary 31V) and recorded by Speedomax. 
The apparatus can measure currents  as low as 10-16A. 

E 20 

C~ 10 

A 

B C 

z 
150 170 190 210 230 250 270 

T E M P E R A T U R E  l in  K]  

Fig. 1. Ionic thermocurrent of NaChCd (OH- free): the polariza- 
tion temperature is indicated by an arrow. 

The procedure followed in order to obtain solubility 
and precipitation curves is described in detail in a 
previous paper (8). 

The aging of samples at temperatures  below 530~ 
was performed directly in the measur ing cryostat; in 
order to "quench" the sample the cryostat was filled 
with dry N2 and cooled down to 273~ in a t ime shorter 
than 4 min. 

Two cryostats with different performances were em- 
ployed: the former, with vertical identical shaped alu-  
minum electrodes assured the mi n i mum temperature  
gradient  through the sample; in the latter, with hori-  
zontal gold electrodes, the top one can be put in con- 
tact with l iquid ni trogen in order to get a very fast 
quenching of the sample. The electrical contact be- 
tween sample and electrodes was improved with col- 
loidal graphite. The reproducibil i ty of measurements  
was wi th in  2%. 

Results 
The ionic thermoconduct ivi ty  curve for a sample of 

NaCI: Cd "chlorinated" as described above, and polar-  
ized at Tp = 252~ shows three principal  peaks at 
174 ~ 220 ~ and 250~ The activation energies for ori-  
entat ion of the dipole responsible for the three peaks 
are 0.4, 0.67 (16), and 0.62 eV. The peak at 220~ (peak 
A) is due to LV. dipole relaxation, the peak at 174 ~ 
(peak B) is related to microprecipitates, and that at 
250~ (peak C) was usual ly detected in  samples with 
very high Cd concentrat ion (8). The curve in  Fig. 1 
corresponds to the I.T.C. of a sample "as received," 
i.e., after aging for a long t ime at room temperature.  
The isothermal t ime evolution of I.V. dipole concentra-  
tion to achieve the thermodynamical  equi l ibr ium 
value was studied by measur ing the I.V. dipole concen- 
t rat ion 2 as a function of the aging time at a given 
temperature,  unt i l  a saturat ion is reached. 

The isothermal t ime evolutions of I.V. dipoles were 
studied for anneal ing temperatures  Ta: 323 ~ 331 ~ 340 ~ 
346 ~ 353 ~ 364 ~ 374 ~ 390 ~ 405 ~ and 423~ In  Fig. 2 
are shown the solubili ty curves at Ta = 353~ for peak 
A (curve 1) and for peak B (curve 2) in a sample 
aged only at temperatures  lower than  346~ Solubili ty 
curves always at Ta = 353~ for peak A (curve 3) and 
peak B (curve 4) are related to the same sample 
but  annealed at room temperature  after obtaining 
curves 1 and 2. Figure 2 exemplifies the behavior of 
solubil i ty curves in the anneal ing  temperature  range 
between 323 ~ and 374~ both for first and second run. 
It must  be pointed out that the higher the anneal ing 
temperature  Ta, the faster the saturat ion value was 
achieved. A change in the solubili ty curve behavior  

T h e  c o n c e n t r a t i o n  can  be e v a l u a t e d  f r o m  the  a rea  u n d e r  d ipo le  
peak  or  f r o m  the  h e i g h t  i f  the  w a r m i n g  r a t e  d u r i n g  I.T.C. m e a s u r e -  
m e n t s  is  he ld  c o n s t a n t  (8). 
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Fig. 2. Solubility curves at Ta = 353~ Intensity of peak A 
(carve 1) and peak B (curve 2) vs. annealing time in a sample 
aged only at temperatures lower than 346~ (first run). Curve 3 
and 4, the same as above, but related to same sample annealed at 
R.T. after getting curves 1 and 2 (second run). 

occurred between 374 ~ and 390~ as can be observed 
in Fig. 3, where the I.V. dipole concentrat ion normal -  
ized to the saturat ion value at each Ta vs. anneal ing 
t ime are compared for Ta = 364 ~ 374 ~ and 390~ 
respectively curves a, b, and c. On going from 374 ~ to 
390~ the solubili ty process was slowed down and the 
saturat ion value was at tained in a longer time. Star t -  
ing from T~ = 390~ the rate of solution became 
again faster by increasing the anneal ing temperature.  

The isothermal t ime evolution of the solution proc- 
ess was strongly affected by the " thermal  history" of 
the sample. In Fig. 4 are shown the precipitat ion and 
solubili ty curves at Ta : 331~ Curve a shows the 
precipitation of I.V. dipoles after quenching from Tq 
= 470~ curve b, the solubil i ty after quenching from 
Tq ---- 470~ followed by a precipitat ion at room tem-  
perature;  curve c (open circles), the solubili ty of a 
sample annealed at room temperature  after obtaining 
curve a; curve c (full circles), the solubili ty of a 
sample annealed previously at the same Ta and left at 
room temperature.  Both curves a and c show a mono-  
tonic decrease and increase, respectively, to the satura-  
t ion value ns, while curve b shows an init ial  overshoot 
followed by a smooth decrease to ns. 

From Fig. 2 and 4 it turns  out that  the same satura-  
t ion value ns at a given Ta is obtained independent ly  
of the previous " thermal  history" of the sample. 

The results reported above were checked on differ- 
ent samples. 

Discussion 
Influence of preannealing on the solution reac t ion . -  

The exper imental  results show that  the solution proc- 
ess at a given Ta is a complex one depending on the 
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Fig. 3. Solubility curves (first run) at different annealing tem- 
peratures Ta for I.V. dipoles (peak A). The dipole concentration 
was normalized to the saturation value at each annealing tempera- 
ture. Curve a: Ta ~ 364~ curve b: Ta ~ 374~ and curve e: 
Ta = 390~ 

co 

C) 

r 
cz 
:s 

120 

80 

x Na Cl." Cd 
ix z~ Ta :331K 

- - , x _  __ 

I I I I I _ _ 1  I 
20 40  60 80  100 6oo 700  

4o~ 

I 
0 

A n n e a l i n g  t i m e  ( h o u r s )  

Fig. 4. Precipitation and solubility curves far I.V. dipoles at 
Tp ---- 331~ Curve a: precipitation, after quenching from Tq = 
470~ (only a part of curve is drawn for the sake of convenience; 
the ordinate at t ---- 0 is ,~1200; curve b: solubility after quench- 
ing from Tq ---- 470~ followed by precipitation at R.T.; and curve 
c: (open circles) solubility of the sample annealed at R.'F. after 
getting curve a; (full circles) solubility of the sample annealed at 
R.T. after getting curve  c (open circles). 

thermal  history of the sample, even if the saturat ion 
value ns is the same, as one would expect for thermo- 
dynamical  equi l ibr ium situation. As shown in Fig. 2 
the I.V. dipole concentrat ion grows monotonical ly with 
the anneal ing t ime while dipoles responsible for the 
small  peak B decrease to a saturat ion value in both 
runs. This behavior  supports that  peak B must  be 
related to precipitates, whose dissolution contributes 
to the I.V. dipole growth. The saturat ion value of I.V. 
dipole concentrat ion is reached more quickly in the 
second annealing,  for instance, at T a m  353~ the 
saturat ion is obtained after ,--15 hr and after 11/2 hr 
in the first and second runs, respectively, fur ther  
runs  show practically the same features as the second 
one. The disparity between the first and second run  in 
the early stage of the solution reaction can be ex- 
plained by different kinds and distr ibution of the pre-  
cipitates in the sample, due to different preannealing.  
In fact at the beginning of the second r un  (also at 
higher Ta) the concentrat ion of B dipoles is always 
higher than that  at the beginning of the first run. 

The role of preanneal ing  is still more evident  in Fig. 
4, where the overshoot which appears in curve b can 
be interpreted as follows: dur ing the anneal ing at 
room temperature  after quenching from Tq, the thermo- 
dynamical  equi l ibr ium among I.V. dipoles and micro- 
precipitates is not yet  achieved, due to the low mobil-  
ity of defects. The lat ter  ones are in excess with respect 
to the thermodynamical  equil ibrium, so the subsequent  
anneal ing at Ta > room tempera ture  breaks readily 
the microprecipitates to give I.V. dipoles in concentra-  
tion higher than ns at Ta; ns is then reached by pre-  
cipitation of I.V. dipole excess. Moreover it is note- 
worthy that ns is reached more quickly by solution 
process than by precipitat ion from supersaturated 
solution (curves a and c) even if the early stage of 
precipitation is extremely fast. 

Analysis of solubility curves.--As reported in a pre-  
vious work (18) dissolution of I.V. dipoles to reach 
thermodynamical  equi l ibr ium value ns in K B r : S r  at 
relat ively high temperature  (334~ takes long an-  
neal ing times (~100 hr) and can be described by the 
simple law 

n = no + ( n s - -  no) [1 -- exp ( - - t / r ) ]  [1] 

where n, no are the actual and init ial  I.V. dipole con- 
centration, t is the time, and �9 the t ime constant. A 
logarithmic plot vs. anneal ing t ime t of ns -- n ob- 
tained from our solubility data at Ta ranging from 346 ~ 
to 423~ does not show a behavior as simple as that  
predicted by [11. Curve a of Fig. 5 exemplifies the 
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solution react ion (first run) in our NaCI: Cd at Ta = 
353~ Two straight lines instead of one alone fit the 
exper imenta l  data wel l  enough. The solution reaction 
appears more complex, wi th  a "fast" early stage fol- 
lowed by a slower one. Hence the exper imenta l  results 
suggest that  solubili ty reaction is bet ter  described by 
introducing two t ime constants ~1 and T2 for the "fast" 
and "slow" stages, respectively.  The second run data 
always at 353~ repor ted  for comparison in Fig. 5 
(curve b) show surprisingly that  the ear ly  "fast'; 
stage predominates  and now the reaction appears to 
follow closely the simple equat ion [1]. The inset in 
Fig. 5 shows the logari thmic plot at various Ta, for 
second run solubi]ity data. The occurrence mainly  of 
a "fast" stage in the second run can be explained by 
the presence of small microprecipitates.  These, grown 
during the former  annealing at Ta and subsequent  pre-  
cipitation at room temperature,  are easily and rapidly 
broken during the la t ter  annealing at Ta. The "slow" 
stage can be a t t r ibuted to the slow dissolution of 
"hard" and larger  microprecipitates.  Hence the whole 
isothermal t ime evolution of I.V. dipoles is assumed 
to be governed by the fol lowing monomolecular  
kinetics combination 

ns -- n = AI (ns -- no) exp ( - - t /~ l )  
4- A2(ns - -  no) exp (--t /~2) [2] 

where  A1 + A2 : ~, A1 and A2 are the statistical 
weights of the "fast" and "slow" stages, respectively.  
Moreover  A1 and A2 can be related to the concentra-  
t ion of different kinds of microprecipitates:  the easily 
and the hardly  soluble ones. It is wor thwhi le  noticing 
that  the drastic change in the solubili ty curves be- 
tween 374 ~ and 390~ in Fig. 3, can be interpreted as 
follows: at 390~ the fast stage contributes at com- 
para t ive ly  lower extent  to the solution reaction, while  
the slow stage fractional contribution increases. This 
effect wil l  be bet ter  understood in the light of differ- 
ent kinds of precipitates, discussed in the section on 
1VIicroprecipitates and thermodynamical  equil ibrium. 

�9 i and ~z charac ter i s t i c s . - -From Fig. 5 it turns out 
that  the information about ~1 and ~2 can be more con- 
venient ly  obtained util izing data from second and first 
runs, respectively.  The values of l/T1 and 1/~2 are then 
reported in the Arrhenius  plot shown in Fig. 6: act iva-  
tion energy E1 ,-- 1 eV and ~2 " 0.8 eV and pre -expo-  
nential  factor ~01 -- (T01)-1 ~ 6 • 1011 sec -1 and ~02 - 
(~01)-1 ~ 3 X 106 sec -1 are evaluated for the first and 
second stage, respectively.  The activation energy va l -  
ues are comparable with ed = 0.92 eV, the activation 
energy for diffusion, i.e., the exchange energy (21), 
chiefly if one takes into account that  the data for the 
~2 calculation are not precise enough. 3 Therefore  one 
can assume that  the solution process is ruled by diffu- 
sion of impur i ty -vacancy  dipole far from the precipi-  
tates in a similar way as that  proposed by Wintle  (11) 
for the precipitat ion reaction in a supersaturated solid 
solution. An appreciable insight on the nature of pre-  
cipitates is pursued by comparing v01 and v02. The 
ra ther  high value of v01 permits  the assumption that  
only a few atomic jumps are required to release the I.V. 
dipole from the parent  microprecipitate,  and to give 
it the reor ientabi l i ty  necessary to be monitored by 
I.T.C. technique. On the other  hand v02 is at least five 
orders of magni tude  lower than vol, indicating that  a 
convenient  sequence of events able to l iberate  the I.V. 
dipole occurs wi th  a very  low probabil i ty  and requires  
a ve ry  large number  of atomic jumps. These results 
are consistent with the assumption that  the solution 
stage character ized by ~1 involves the b reak-up  of 
simple I.V. clusters, so the free dipoles can escape 
easily enough. The ex t remely  long sequence of atomic 
jumps which precedes the solution of a I.V. dipole in 
the stage described by T2 can be accounted for if large 
and "hard"  precipitates are the only I.V. dipole sources 
still present. Geometr ical  and correlat ion factors can 
play a ve ry  important  role in determining the most 
favorable  jump sequence. 

3 I t  m u s t  he  o u t l i n e d  t h a t  i n  t h e  t e m p e r a t u r e  r a n g e  3 4 6 ~ 1 7 6  
t h e  v a l u e s  o b t a i n e d  f o r  v~ do n o t  s h o w  a de f i n i t e  t e m p e r a t u r e  d e -  
p e n d e n c e ,  pos s ib ly  d u e  to  a m i x i n g  of d i f f e r e n t  p rocesses ,  
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Microprecipitates and thermodynamical equilibrium. 
- -The  study of thermodynamical  equi l ibr ium concen- 
trat ion of dipoles responsible for peak A, B, and C vs. 
anneal ing temperature  can throw light on the na ture  
of microprecipitates involved in the solution process. 
In Fig. 7 the logarithmic plot of the saturat ion value 
of peak B is reported vs. 1000/Ta as obtained from the 
present work; for comparison the similar plot for peak 
A (I.V. dipoles) and peak C are drawn from Ref. (8). 
The behavior of peak A was also checked by using the 
present data. Moreover the temperature  ranges where 
T~ and T2 were more convenient ly  measured, are indi-  
cated. In  thermodynamical  equil ibrium, the dipoles 
responsible for peak B decrease with increasing tem- 
perature, fur ther  supporting the assumption that  they 
are microprecipitates and I.V. dipole contributors. At 
anneal ing temperatures  higher than  375~ the B dipole 
contr ibut ion becomes negligible. Peak C after a mod- 
erate growth till 365~ shows a sharp decrease in 
tempera ture  range between 365 ~ and 415~ It is 
worthwhile noticing that in the tempera ture  ranges 
where z~ and T2 were more convenient ly studied, there 
occurs the decrease of peak B and C, respectively. 
This coincidence strongly supports that B and C 
dipoles are the principal  sources of I.V. dipoles dur- 
ing the fast and slow stages, respectively. In  the 
section on Results it was pointed out that on raising 
the anneal ing temperature  from 374 ~ to 390~ the 
solution process is slowed down: this can be under -  
stood by considering that  decomposition of B dipoles 
contributes to I.V. dipole solution for a smaller frac- 
tion, and the thermodynamical  equi l ibr ium concentra-  
t ion n~ can be achieved only by the slow dissolution 
of the hard microprecipitates. From the straight line 
of Fig. 7 an activation energy of 0.24 eV is obtained 
for the B dipoles dissolution, which is quite close to 
the I.V. dipole solution energy ~s I-v- : 0.235 eV (8). 

Conclusions 
The accurate analysis of the time evolution of I.V. 

dipole concentrat ion to achieve the thermodynamical  
equi l ibr ium value has shown that: 

1. The saturat ion value does not depend on the pre- 
vious thermal  history of the sample, as thermody- 
namical  equi l ibr ium requires. 

2. The saturat ion value is reached more readily if 
the solution process is preceded by a proper prean-  
nealing which breaks the hard precipitates and allows 
the growth of the simpler ones. 

3. At least two stages can be distinguished in the 
solution process: the early one is much faster than 
the subsequent  one. Both can be separately described 
by a first order monomolecular  kinetics, in  which the 
t ime constants T1 and T2 are temperature  dependent.  The 
difference in activation energy for diffusion (21) is 
wi thin  8 and 13% of the activation energies of our 
fast and slow stages, so the time evolution of the solu- 
tion process is assumed to occur through a diffusion of 
I.V. dipoles from precipitates, in fact the energy to re-  
lease an I.V. dipole from precipitates, i.e., ~s I.v. turns  
out to be considerably less (0.235 eV) (8). Both the 
relat ively high diffusion energy and the pre-exponen-  
tial factors of ~1 and chiefly of T2 explain why the solu- 
tion reaction is so slow even at moderately high tem- 
peratures. 

Moreover the s tudy of thermodynamical  equi l ibr ium 
values vs. anneal ing tempera ture  of dipoles responsi- 
ble for peak B and C suggests that: 

I. The growth of I.V. dipoles in the fast and in  the 
slow stage can be related mainly  to the decay of B and 
C dipolar precipitates. 

2. The activation energy for the thermal  decomposi- 
tion of B dipoles is the same as the solution energy of 
I.V. dipoles (8) as expected if a single I.V. dipole is re-  
leased from the dipolar microprecipitate B. 

From the above results one has the general  im-  
pression that the precipitation and dissolution of im-  
purities in  solids is a ra ther  intr icate phenomenon.  
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centration of A(I.V.), B, and C divoles vs.  1000/T. The dotted lines 
are taken from Ref. (8). The temperature ranges, where the time 
constants "~1 and "~2 were measured more conveniently, are indi- 
cated. 

In  order to unders tand  it, a careful and detailed study 
of its behavior is necessary avoiding schematic and 
oversimplified descriptions. 
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Galvanic Cell Studies Involving Calcium Carbide Solutions 
D. R. h4orris, *,~ C. Aksaranan, *-2 B. S. Waldron, and S. H. White 8 

Department o] Chemical Engineering, University of New Brunswick, Fredericton, New Brunswick, Canada 

ABSTRACT 
The galvanic cell 

Fe[C](s) I CaC2, CaCl2(,) [ Cos) 

has been studied in detail in the temperature range 800~176 using elec- 
trodes containing carbon at different activity levels. Calcium metal, the elec- 
troactive species, is present in the electrolyte by virtue of the heterogeneous 
equilibrium 

CaC2(soln) ~ Ca(sore) + 2C(electvode or~ruclble) 

The electromotive force of an electrode couple is given to a precision of about 
1% by the Nernst equation for the theoretical emf in terms of the ratio of 
calcium activities, and hence indirectly of the ratio of carbon activities, at 
the electrodes. 

An electronic conduction model has been developed to describe the observed 
irreversible behavior. A time-independent electromotive force is achieved 
when an external current, equal to that predicted by the model, is imposed 
upon the cell. 

In ear l ie r  w o r k  wi th  the  cel l  (1) 

Fe[C]cs) I CaC2, CaC12(1) ICes) [I] 

where  [C] represents  carbon in solid solution, the  cell  
react ion was pos tu la ted  to be 

Cos) ~ [C] [i] 

and the cell electromotive force to be given by 

RT 
E I  - "  - -  ~ In ac [2] 

F 

However ,  possible problems  wi th  the cell  were  indi-  
cated by  (i) cell  vol tages corresponding to carbon 
activi t ies lower  by 0-10% than  those f rom gas equi l i -  
bra t ion  studies using CO/CO2 and CH4/H2 gas mix -  
tures  (2), (ii) a need to in t roduce a nickel  gauze pa r -  
t i t ion be tween  the electrodes to p reven t  carburizat ion,  
and (iii) the  possibi l i ty  of less than  equi l ib r ium vol t -  
ages because of electronic conduct ion in the mel t  as 
has been discussed for s imi lar  cells (3-5) .  

In  this paper  we presen t  evidence tha t  the  galvanic  
cell  is more  complex than  is impl ied  by  [I] ;  tha t  it  is 
more accura te ly  represen ted  by  

anode Fe[C] (s) I Ca, CaC2, CaCl2(1), 
a'c ] a'ca 

Ca I C(s) cathode 
a"ca I a"c [II] 

This evidence is founded upon a the rmodynamic  a rgu-  
men t  (6), and is suppor ted  by  unpubl i shed  chrono-  
potent iometr ic  and vo l tammet r ic  studies of the  e lect ro-  
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* Present  address: Depa r tmen t  of Chemical  Engineering,  Univers i ty  

College London,  London, England (sabbatical leave 1972-1973). 
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Key  words:  galvanic  cells, calcium carb ide  so lut ion ,  i r o n - c a r b o n  

s y s t e m ,  e l e c t r o n i c  c o n d u c t i o n  model.  

ly te  used in the  galvanic  cell, and by  exper iments  upon 
the mul t ip l e  cel l  

.~ [III]  

Fe Ca, CaC~, CaC12(D 
C a ( s a t )  C a C 2 ( s a t )  
calc ium elect rode 

a~ 

Fe  [C] (s) 

aus teni te  
e lectrode 
a'c a'ca 

I CaC2, CaC12(1) 
I 
I C a e 2 ( s a t )  
I 
I 

[IV]. . > 
CaC2, CaC12(D C(s) 

C a C 2 ( s a t )  
carbon 

elect rode 
a"c a"ca 

in which the calc ium elect rode and carbon elect rode 
were  in t roduced into the  e lec t ro ly te  a l te rna te ly .  In  the  
above  represen ta t ion  Fe represents  the i ron th imble  
conta ining the  calc ium me ta l - s a l t  mix tu re  const i tut ing 
the  ca lc ium e lec t rode  and the dot ted  line, the  porous 
meta l  diffusion barr ier .  Fur ther ,  we show tha t  the  ob-  
served i r revers ib le  behavior  is consistent  wi th  a model  
in which  it is assumed tha t  electronic conduct ion occurs 
in the  e lectrolyte .  

Experimental 
Equipment 

Two types  of e lect r ica l  furnace  have  been used  in the  
expe r imen ta l  work.  These were,  (i) a "cold wal l"  
vacuum furnace  which employed  a t an t a lum heat ing  
e lement  d rawing  a cur ren t  of the  order  102-103A. The 
t empera tu re  was contro l led  using a t ungs t en - rhen ium 
thermocouple  s i tuated in the  hot  zone coupled to a 
sa tu rab le  reac to r -con t ro l  circuit ,  and  (ii) a ver t ical ,  
wi re -wound,  tube  furnace  fi t ted wi th  an Inconel  vac-  
uum envelope;  the  hea t ing  cur ren t  was of the order  
100-10iA, a.c. or d.c. The t e m p e r a t u r e  was control led 
using a C h r o m e l - A l u m e l  thermocouple  posi t ioned close 
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to the furnace windings, coupled to a Eurotherm con- 
troller. Because oxide and boron ni tr ide crucibles react 
with Cat2, steel, nickel, and graphite crucibles were 
used. The design of the steel crucible used in the 
"cold wall" furnace is shown in Fig. 1; this crucible 
permit ted the s imultaneous measurement  of the emf 
of 7 anode/cathode couples including the steel crucible /  
cathode couple. Simple cylindrical  crucibles of steel, 
nickel, or graphite were also used. Exper iments  were 
conducted with and without  the part i t ion described by 
Hawkes and Morris. When a graphite crucible was 
used, it also served as the cathode of the galvanic cell. 

The cell emf was measured by the use of a poten-  
t iometer (Leeds and Northrup 8691), a digital volt-  
meter  (Solartron LM 1420.2), or by a Keithley Elec- 
t rometer  Model 601 used in conjunct ion with a two- 
channel  "YEW" (Yokogawa Company) recorder. The 
input  impedance of the electrometer was of the order 
1014 ohms. The cell temperature  was measured by 
P t / P t  13% Rh thermocouples positioned in the wall  of 
the crucible or placed inside a nickel thimble im-  
mersed in the electrolyte. The cell temperature  fluctu- 
ation was _+2~ 

Electrodes 
The carbon cathodes (3.2 m m  diameter)  were ma-  

chined from a h igh-pur i ty  graphite (Grade AUC) sup- 
plied by Union Carbide or from spectra pure graphite 
supplied by Johnson Matthey and Company Incorpo- 
rated. The austenite  electrodes of known composition 
were supplied by the British Iron and Steel Research 
Association and by the Guest, Keen and Nettlefold 
Company, Limited, England.  These were machined to 
a diameter  of 3.2 mm, approximately 8 cm long. 

The design of the calcium electrode for cell [III] 
was similar to that  used by Bronstein (7) for various 
meta l /meta l  halide electrodes. It was fabricated from 
a steel thimble 6.4 mm ID, 9.5 mm OD, by 7 cm long, 
in the side of which were incorporated two layers of 
steel felt (Fel tmetal  Grade FM 1501 rolled to about 
65% density ex  Huyck Metals Company).  A steel cover 
plate with a 0.25 mm diameter  hole was welded to the 
steel th imble  over the steel felt. Steel was used for 
the construction of this electrode as calcium does not 
alloy with iron (8). Prior  to use, the thimble was 
purified by placing it in a closed steel crucible contain-  
ing a quant i ty  of calcium metal. The crucible and con- 

Ni gauze filter 

thermocouple 
pockets 

cathode compartment 

/ I/ 

/ 
/ 
/ 
/ 
/ 
/ 
/ 

a node compartment 

1" 
I I 

Fig. 1. Design of multicompartment steel crucible 

tents were mainta ined at a temperature  of 900~ for 
75 hr under  an argon atmosphere. The thimble was 
then washed with boiling distilled water  and diluted 
hydrochloric acid, and the purification process re- 
peated. Calculation indicated that  this would be suffi- 
cient t ime to remove more than  90% of the carbon con- 
tained in the steel thimble.  This procedure also re-  
moved many  other impur i ty  elements from the steel 
(e.g., S, O, N). Finally,  the thimble was again washed 
in boiling dilute hydrochloric acid, boiling water, then 
dried, and heated to 950~ under  vacuum. The thimble 
was closed by a threaded plug, incorporating a bleed 
hole to ensure pressure equality. A steel rod was at- 
tached to the plug to serve as the electrode lead. The 
th imble  was charged with 2.5g dried calcium chloride, 
0.5g of calcium, and 0.5g calcium carbide. These quan-  
tities were sufficient to saturate the calcium chloride 
with calcium (9) and wi th  calcium carbide (10). 

Two types of electrode suspension have been used: 
(i) an assembly in which the electrodes were sup- 
ported by "fired" pyrophyll i te  legs suspended from a 
water-cooled metal  tube a r rangement  passing through 
a vacuum seal installed in the furnace closure flange 
(1). The electrical resistance between the elec- 
trodes, and between an electrode and ground, with the 
electrodes in the raised position at the cell operating 
temperature  was of the order 10 v ohms, and the 
leads to the electrodes were of p la t inum wire; and (ii) 
an assembly consisting of precision glass tubular  slid- 
ing joints (Jencons Limited, England)  situated on a 
water-cooled brass head (11), the electrodes being 
supported by steel rods which were also used as the 
electrode leads and where the order of magni tude  of 
the electrical resistance between the electrodes in the 
raised position at the operating tempera ture  was 4 • 
10 s ohms By the use of either assembly, the electrodes 
were immersed into the molten electrolyte approxi-  
mately 2.5 cm, and raised at the completion of the ex- 
periment.  

Electrolyte 
Calcium chloride (reagent grade, J. T. Baker Chemi- 

cal Company) was dried by heating stepwise in an 
oven to 200~ for approximately 6 days, after which it 
was t ransferred to a vacuum furnace in which the 
temperature  was raised stepwise to the mel t ing point. 

Two modes of preparat ion of the electrolyte solution 
have been used, (i) by the addition, to the prefused 
CaC12, of CaC2 synthesized from the elements, accord- 
ing to the procedure described by Aksaranan  (12), and 
(ii) by the addition, to the prefused CaC12, of Ca metal  
and carbon in the stoichiometric proportions. Fur ther  
Ca metal  was added to the electrolyte in some experi-  
ments. In  those crucibles in which a part i t ion had been 
fitted, the CaC2 or the Ca and C mixture  was added 
to the carbon electrode compartment .  A t ime period 
of the order of hours was allowed for reaction and, or 
solution prior to immersion of the electrodes. 

Samples of the electrolyte were analyzed for calcium 
carbide, oxide, chloride, calcium metal, and carbon ac- 
cording to the procedure of Aksaranan et al. (6). The 
samples were taken either by dri l l ing the solidified 
electrolyte as quickly as possible to minimize contact 
with air, or by use of a graphite sampling crucible 
which could be dipped into the melt  and withdrawn.  

Results 

Galvanic Cell [11] 
Exper iments  conducted in steel crucibles . - -Exper i -  

ments  conducted in the "cold wall" furnace using 
mul t icompar tment  steel crucibles (Fig. 1) were char-  
acterized by a fair ly rapid (of the order of 2-4 hr) 
a t t a inment  of approximately the same emf by all the 
Fe[C] -C couples, irrespective of the init ial  anode 
composition. Further ,  it was observed that  this emf 
was some 10-20 mV above the emf of the steel cru-  
cible-C couple. This observation suggested that  all the 
austenite electrodes had at ta ined the same composition. 
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1.2 

Fig. 2. Results of typical ex- 
periment (BSW 11) using multi- 
compartment steel crucible. (For 
austenite electrode ref. No. see 
Table I.) I-1, BISRA V1827; V ,  
BISRA $345; O ,  BISRA V1664; 
O ,  GKN66; A ,  GKN2; O, 
GKN37; C, crucible; . . . . . . .  t 

temperature history of experi- 
ment; -, elec- 
tronic conduction modeh cal- 
culations based upon tempera- 
ture of 860~ mean value AG ~ 
line 1, initial C conc 0.72 
weight per cent (w/o) C; line 2, 
initial C conc 0.51 w/o C; 
line 3, initial C cone 0.20 
wlo C. 
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This was verified by chemical  analysis. The results of a 
typical exper iment  are summarized in Table I. It is 
no tewor thy  that  electrodes of re la t ive ly  high carbon 
concentrat ion had par t ia l ly  decarburized. This be- 
havior  was observed irrespective of the detail  of the 
cell assembly or anci l lary equipment.  The results of 
the typical exper iment  are presented in more detail  
in Fig. 2 as a plot of the surface carbon concentrat ion 
of the austenite electrodes as a function of time. The 
carbon concentrat ion was calculated from the mea-  
sured emf and tempera ture  using Eq. [2] in conjunc-  
tion with  the correlat ion given by Ban-ya,  Elliott, and 
Chipman (13) for ac based upon gas equi l ibr ium 
studies 

3770 3860 
log ac ---- ~ + 2.72 log T -- 10.525 + - - 7  Yc + log Zc 

[3] 

This procedure has been adopted to demonstrate  the  
response of the cell emf to the concentrat ion (activity) 
of the carbon in the austenite electrode. It is seen that  
the surface carbon concentrat ion is essential ly inde- 
pendent  of t ime and temperature,  some 2-4 hr  after 
insert ion of the electrodes into the electrolyte.  This 
calculated carbon concentrat ion is in reasonable agree-  
ment  wi th  the results of chemical  analysis of "bulk"  
samples of the electrodes taken  f rom that  par t  of the 

Table I. Typical experiment conducted in multicompartment 
steel crucible (BSW 11) 

F i n a l  a n a l y s i s  
E m f  of  F e [ C ] - C  of  e l e c t r o d e  C, 

coup le ,  m V  w e i g h t  p e r  cent 
A b o v e  B e l o w  

Austenite C, we ight  T i m e  T i m e  T i m e  E l e c t r o l y t e  
electrode per cent as zero 1 hr 2 hr Sur- Sur- 
r e f .  No.* r e c e i v e d  825~  850~ 860~  face?  f a c e t  

G K N  37 0.72 9 41 58 0.72 0.58 
B I S R A  V1664 0.72 6 72 74 0.79 0 .60 
G K N  2 0.51 48 63 71 0.55 0.55 
B I S R A  $345  0.50 48 63 70 0.53 0.53 
G K N  66 0.20 87 87 86 0.19 0.44 
B I S R A  V1827 0.21 76 72 74 0.21 0.47 
C r u c i b l e  - -  66 64 62 - -  - -  

* G K N :  Gues t ,  K e e n  N e t t l e f o r d .  
B I S R A :  B r i t i s h  I r o n  a n d  S t e e l  R e s e a r c h  A s s o c i a t i o n .  

t A v e r a g e s  of d u p l i c a t e s  w h i c h  a g r e e d  w i t h i n  t h e  l i m i t s  of  error 
of  t h e  a n a l y t i c a l  t e c h n i q u e ,  

A n a l y s e s  p e r f o r m e d  i n  t h e  l a b o r a t o r i e s  of  t he  D e p a r t m e n t  of 
Energy, Mines and Resources, Ottawa. 

electrodes which  had been immersed  in the electrolyte  
(see Table I).  

Experiments conducted in nickel or graphite cruci- 
bles.--The results of exper iments  conducted in nickel 
or graphi te  crucibles were  qual i ta t ively  the same; 
character ized by the a t ta inment  of an emf of the 
Fe [C] -C  couple near  zero corresponding to essen- 
t ially complete carburizat ion of the austenite electrode 
as confirmed by chemical  analysis. The results of 
typical  exper iments  conducted in a graphite crucible 
are presented in Fig. 3 and in a nickel crucible in Fig. 
4, again as a plot of the calculated surface carbon 
concentrat ion of the austenite electrodes as a function 
of time. The asymptotic approach of the carbon con- 
centrat ion in the electrode to the saturat ion concentra-  
tion at the operat ing tempera ture  is seen. The final 
calculated carbon concentrat ion agrees closely to that  
de termined by chemical  analysis. 

During the course of the exper imenta l  work, con- 
siderable effort was directed toward the el imination 
of electrical  in terference upon the galvanic cell  f rom 
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Fig. 3. Results of typical experiment (CCA 14) using graphite 
crucible, i-% Experimental points. Austenite electrode initial 
conc 0.12 w/o C, final cone 1.19 w/o C; . . . . .  , C saturation 
composition of austenite at operating temperature; - -  
electronic conduction model, t ~ 860~ Line 1, calculations 
based upon (AG ~ - -  8400); line 2, calculations based upon 
AG~ line 3, calculations based upon (AG ~ + 8400). 
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Fig. 4. Results of typical experiment (CCA 19) using nickel 
crucible at a temperature of 830~ O ,  experimental points 
austenite electrode initial conc 0.30 w/o C; /% experimental points 
austenite electrode initial cone 0.21 w/o C; . . . . .  , C saturation 
cone of austenite at operating temperature; ~ electronic 
conduction model: calculations based upon AG ~ line 1, 0.30 w/o 
C electrode; line 2, 0.21 w/o C electrode. 

external  sources, e.g., the furnace heat ing circuits. 
Thus some experiments  were conducted using a d-c 
power supply to the furnace and the whole assembly 
was independent ly  earthed. The adoption of such pro- 
cedures made no substant ial  difference to the be-  
havior of the galvanic cell. The fitting of a gauze par-  
t i t ion between the electrodes had li t t le influence. 

Multiple Galvanic Cell [111] and [IV] 
The mult iple  cell exper iment  was conducted using 

a nickel crucible to contain the electrolyte which 
consisted of fused calcium chloride containing an ex- 
cess of calcium carbide. The experimental  procedure 
was to immerse the carbon and austenite electrodes 
in the electrolyte at t ime zero and record E~w] as a 
function of time. After  approximately 5 hr, the carbon 
electrode was raised clear of the electroIyte and the 
calcium electrode immersed. E[ni] was recorded con- 
t inuously  as a funct ion of t ime and Euvj measured 
upon momenta ry  immersion of the carbon electrode. 
The results are presented in Fig. 5. It  is seen that  in 
the first period E[w] declined with time; in the second 
period E[m] declined with time, but  Euv], measured 
intermit tent ly,  increased. This cycle was reproducible. 

Theore t ica l  Analysis 
It  is well  known that calcium metal  is soluble in its 

halides, possibly in  the form of a molecule- ion Ca~ 2+ 
(14). The results of chemical analysis of calcium car-  
bide-chloride solutions equi l ibrated in graphite cruci-  
bles have been interpreted using a thermodynamic  
argument  based upon equi l ibr ium [4] (6). Chronopo- 
tentiometric studies by White (11) and vol tammetr ic  
studies by Dosaj (15) have been interpreted in terms 
of a dissociative equi l ibr ium preceding the electro- 
chemical step at low current  densities. 

A model is postulated for the galvanic cell in which 
calcium metal  in  solution is viewed as the electro- 
active species, and at the electrode-electrolyte phase 
boundary  there exists the chemical equi l ibr ium 
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Fig. 5. Multiple galvanic cell experiment (CCA 40) conducted in 
nickel crucible at a temperature of 815~C. e ,  Fe[C]-C couple, 
period I, E[IV:]; O ,  Fe[C]-C couple, period II E[Iv]; ~ ,  
Ca-Fe[C] couple, period II, ErIH]. 

CaC2(soln) ~ Ca(soln) -]- 2C(eleetro~e) [4] 

and the electrochemical equi l ibr ium 

Ca(soln) .~ Ca 2+ (soln) -[- 2e [5] 

Cell [I] is therefore more accurately represented by 
cell [II] in which the calcium metal activities at the 
two electrodes are determined by equi l ibr ium [4]. It  
is thus similar to the bimetallic cells with alkali metal  
anodes in which Hesson et at. (5) have found an ir-  
reversible (non-Faradaic)  t ransfer  of alkali  metal  
from the anode to the bimetallic cathode to take place. 
They termed this t ransfer  the self-discharge of the 
cell and presented a theoretical analysis of the cell 
based upon the equations of irreversible thermody-  
namics. They concluded that the self-discharge was 
largely due to the presence of dissolved alkali  metal  in 
equi l ibr ium with alkali metal  ions and electrons in the 
electrolyte resul t ing in part ial  electronic conduction in 
the electrolyte. They fur ther  stated that  the predic- 
t ions of the theory were in  qual i tat ive agreement  
with their  exper imental  results. I t  is of interest  to 
apply this theory to cell [II]. 

Carbon concentration at the etectrode surJaee.--Fol- 
lowing Hesson et at. (5) and Heyne (16) an equation 
may be derived assuming the electrolyte is of uniform 
composition in CaC2, for the carbon flux, jc at the 
austenite electrode surface, by noting the equivalence 
of the carbon flux to the electron current  density. The 
equation is 

jc RT~i in [ KeK1/2al/2cac2(a'c)-l-b ~i ] [6] 
F2BA KeK1/2al/2cac2(a,c)-1 + r 

The concentrat ion of carbon at the electrode surface 
as a function of t ime is given by an appropriate solu- 
t ion to Fick's second law. Neglecting the change in 
the diffusion coefficient of carbon in iron with chang- 
ing composition, the solution is (17) 

4 ['cs 2(cs -- ci)f(Cs) -- (cs -- ci)~f'(cs) 
Dct d(cs) 3, 3 ci f3 (es) 

[7] 
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Equation [7] may be shown to be valid for t ~> 15, 4.5, 
and 1.0 hr at 800 ~ 900 ~ and 1000~ respectively (18). 

Emf of the galvanic celL--The cell emf may be 
shown to be 

RT in  "( a'c ") _ ~ A B  ( i t -  ie) [8] 

For it • 0 (open-circuit  condition) the second term in 
Eq. [8] is small (approximately 10 -2 times) relat ive 
to the first term; it is zero when it : ie. The current  in 
the external  circuit is then given by 

i = itA Ke RT K1/2al/2cac2 ( 1 . . . .  1 ) [9] 
B F a"c a'c 

Interpretation of Results 

Galvanic Cell [11] 
It is apparent  from Eq. [6] that  the magni tude and 

sign of the carbon flux is determined by the relative 
magnitudes of a'c and a"c. In the simplest case with 
a"c ---- 1 (graphite crucible-cathode) the carbon flux 
is to the austenite anode. The results of a typical  
computat ion are shown in Fig. 3 including the un-  
certainty limits due to the uncer ta in ty  in K. It is seen 
that the surface composition calculated from the mea-  
sured cell potential  is within these limits. 

The use of steel or nickel crucibles will  lead to fluxes 
between the various cell components. The additional 
assumption was made that the dominant  flux was that  
between the electrodes and the crucible. This is just i -  
fied in view of the large mass (102-108 times) and large 
surface area (101-102 times) of the crucible relative 
to the electrodes, then a"c ---- exp(--FE~r/RT). For 
nickel crucibles, Ecr was zero +_ 20 inV. This is a con- 
sequence of the relat ively high solubil i ty of calcium 
in nickel (19) whence it may be shown that the nickel 
crucible is identical to a graphite crucible in the sense 
that a"c ---- 1. The results of typical computations for 
an experiment  using two austenite electrodes and a 
graphite cathode are shown in Fig. 4. The effects of the 
eccentricity of the geometrical a r rangement  were not 
taken into account. It is seen that the surface composi- 
tions of the austenite electrodes calculated from the 
measured cell potentials are in good agreement  with 
those calculated by the above procedures. In the case 
of steel crucibles, Eer was typically in the range 50-100 
inV. The observed rate of change of this emf was small  
relative to the rate of change of the emf of the austen-  
ite test electrode. The results of a typical computation 
for an experiment  using the mul t icompar tment  steel 
crucible (Fig. 1) are shown in Fig. 2. The model pre-  
dicts carburization (a'c < a"c) or decarburization 
(a'c > a"e) of the austenite  electrodes in accord with 
exper imental  observation. The computed steady-state 
compositions at tained by the electrodes agree closely 
with the results of chemical analysis (see Table I).  

Multiple Galvanic Cell [111] and [IV] 
The mult iple  cell experiment  represents an excellent 

quali tat ive demonstrat ion of the influence of the cal- 
cium activities at the reference electrode (graphite or 
calcium) relat ive to the calcium activity at the austen-  
ite electrode, upon the cell emf (see Fig. 5). Thus in 
the first period of the experiment  in which the austen-  
ite and carbon electrodes were immersed in the elec- 
trolyte, a'c < a"c (and hence a'ca > a"ca) and carbur-  
ization of the austenite  electrode will  ensue. In the 
second period in which the calcium and austenite elec- 
trodes were immersed, a~ > a'ea leading to decarbur-  
ization of the austenite electrode. These deductions 
from the model are in accord with experiment.  

Fur ther  it should be noted that  the emf of the cal- 
c ium-carbon couple should correspond to E~ ~--- 
hG~ and is given by 

E~ = EEIlI] + EtlV] [10] 
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neglecting terms accounting for the finite electronic 
conductivity of the electrolyte (c~. Eq. [8]). From Fig. 
5, E ~  iS found to be 350 ___ 40 mY; from ~G ~ E ~  
is calculated to be 360 ___ 40 mV. The large s tandard 
deviation on the exper imental  value is a consequence 
of the short periodic time of immersion (approximately 
30 sec) of the carbon electrode in the second period. 

Influence of External Current 
According to Eq. [8], EEI,1 equals the theoretical 

emf when it = ie; Eq. [9] gives I, the current  in the 
external  circuit, in terms of the carbon activities of the 
electrodes and other re levant  quantities. 

In  order to test these predictions, an experiment  was 
performed using a graphite crucible-cathode and a 
single, central ly located, austenite electrode of known 
composition. External  circuitry was assembled con- 
sisting of a Hew!ett Packard Model 6206 B d-c power 
supply operating in the constant  current  mode, and 
a s tandard 10 ohm resistor connected in series with the 
electrode terminals.  Upon immersion of the electrode, 
the current  in the external  circuit was adjusted such 
that the theoretical emf calculated according to Eq. [2] 
and [3] was attained. The cell emf was observed to 
remain  constant. The current  in the external  circuit 
was calculated from the measured potential  drop 
across the s tandard resistor. This procedure was re-  
peated at several temperatures.  The results of this 
experiment  are summarized in Table II, in the fourth 
column of which are also shown the values of I cal- 
culated from Eq. [9]. The agreement  between the 
measured and calculated values of I is seen to be 
excellent. 

Conclusions 
1. The electromotive force of a Fe [C] -C  couple 

immersed in an electrolyte of calcium carbide dis- 
solved in molten calcium chloride is a function of the 
tempera ture  and the carbon activity in the alloy elec- 
trode, and the electronic conductivity of the electrolyte. 

2. The part icular  form of the irreversible process in 
this galvanic cell is associated with the partial  elec- 
tronic conductivity of the electrolyte due to the finite 
concentrat ion of calcium in the electrolyte. 

3. A mechanism of the galvanic cell has been pro- 
posed based upon the chemical equi l ibr ium CaC2 ~ Ca 
+ 2C and the electrochemical equi l ibr ium Ca ~ Ca 2+ 
+ 2e in solution. 

4. A mathematical  model to calculate the carbon con- 
centrat ion at the surface of the austenite electrode as 
a function of t ime has been constructed. Results show 
a close agreement  to those obtained from the measured 
emf of the galvanic cell. 

5. The model predicts that by supplying current  from 
an external  source, a t ime independent  emf can be 
achieved. This has been demonstrated. Fur ther  the 
magnitude of the current  agrees closely with that  cal- 
culated from the model. 

6. The exper imental  results of Hawkes and Morris 
who used this cell to measure the carbon activity in 
Fe[C] alloy, have not been confirmed. The reasons for 
this are not known. 

Table II. Influence of current in external circuit 

Temp,  ~ 

Theoret ical  emf of External  current  I, m A  
Fe[C]-C couple 

f rom Eq. [2] and Experi-  Calculated 
[3], mV menta l  f rom Eq. [9] 

810 137 --10.60 -- 10.41 

843 158 -- 14.76 -- 16.35 

874 176 -- 22.40 --23.70 

387 183 -- 26.90 --27.32 

902 190 --32.30 --31.63 

Exper imen t  No.: CCA 51. 
Austeni te  electrode: BISRA 0.27 weight  per cent C. 
Crucible (cathode): graphite.  
Electrolyte composition: 5.0 mole % CaC~. 
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LIST OF SYMBOLS 
a activity a o, a', a", per ta ining to indicated 

electrode 
A surface area of austenite electrode, m 2 
B geometrical factor, m -1 
ci, Cs ini t ial  and surface concentrat ions of carbon, 

mole m -3 
De, Dc electron and carbon diffusion coefficients, m 2 

sec- 1 
D~ constant  (Eq. [A-2], m 2 sec-* 
E, Ecr cell and crucible emf, V 
E~ standard emf of formation of CaC2, V 
f (cs)  : - 8cl~x; f ' (cs)  : 818cs [$(c~)] 
F Faraday constant, 9.648 • 104 C mole-~ 
AG ~ standard free energy change. (Eq. [4]) J 

mole-~ 
AG ~ -- AG ~ ~- 8400 = (28500 + 2.9T 

+ 11.6T log T)  _ 8400 (6) 
ie, it electron and total current  density at austen-  

ite electrode, A / m  -2 
I cur rent  in external  circuit, A 
Jc carbon flux at austenite electrode, mole-m -2 

s e e - 1  
k Bol tzmann constant, 1.38 • 10-23 J K -1 
K equi l ibr ium constant, exp ( -- AG o/RT) 
Ke, K" constants, see Eq. [A-4] and [A- l ]  
ne electron concentration, m -3 
q electron charge, 1.602 • 10-19C 
R gas constant, 8.314 J real -1 K -1 
t time, s e c  
T temperature,  K 
Tb normal  boiling temperature  of metal  K 
ue electron mobility, m s V -* sec-  1 
~: distance into austenite  electrode from sur-  

face, m 
yc nc/nFe atom ratio of carbon to iron 
Zc nc/(riFe -- nc) lattice ratio 
�9 e, ai electron and ion conductivity, ohm-Z-m-1  

APPENDIX 
Estimation of Constant Ke 

In  order to calculate Ke it is assumed that conduction 
electrons are formed in  the electrolyte by equi l ibr ium 

[5] and h e n c e  
ne -- K'  aCa 1/~ [A- l ]  

According to Rice (20) electron movement  in  meta l /  
metal  salt solutions proceeds by a hopping mechanism 
akin to diffusion with activation energy of 4kTb. Hence 
the electron diffusion coefficient De may be wri t ten  

De -- D~ exp (--4Tb/T) [A-2] 

Use of this relation with the Einstein relation Ue = 
q De/kT, and the defining relation ~e = ne q Ue, gives 

K' q2 DOe exp (--4Tb/T) 
O'e ---- a�89 [A-3] 

kT  

Dworkin et al. (14) have measured the electrical con- 
duct ivi ty of solutions of calcium in calcium chloride 
at 1128~ The conductivity was found to increase with 
increasing concentrat ion of metal. Assuming the ex- 
cess conductivi ty is due to electrons, a relat ion of the 
form of Eq. [A-3] is readily verified. For aca = 1 
(saturated solution),  T = 1128~ Tb ---- 1756~ ee = 
40 o h m - l - m  -1, Eq. [A-3] becomes ~e = Ke al/2ca with 

2.28 X 107 
Ke- exp (--4Tb/T) ohm-Z-m -* [A-4] 

T 
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Oxidation of GaP in an Aqueous 
Solution 

B. Schwartz* and W .  J. Sundburg 

Bel~ Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

The oxidation of GaP in aqueous H202 has been accomplished by both 
galvanic action at ~I00~ and by external ly  applied anodic reaction at room 
temperature.  Fi lms as thick as 1400 and 3500A, respectively, have been pre-  
pared using these two approaches. A detailed examinat ion of the kinetics of 
galvanic oxide growth indicates that: (i) the oxidation mechanism involves 
predominant ly  the t ransfer  of holes, (ii) the ra te-control l ing step in the 
growth mechanism involves the diffusion of the oxidant, through the grown 
oxide, (iii) the index of refraction of the grown oxide is 1.58 • 0.01, and (iv) 
a drying procedure to remove the water  of hydrat ion is necessary in order 
that  the passivating amorphous oxide required for device use may be 
obtained. The growth of an oxide by external ly  applied anodic bias has 
resulted in the facts that: (i) the oxide thickness is l inearly dependent  on the 
applied bias up to about 100V, with the constant of proport ionali ty being 12 
A/V, (ii) an upper forming voltage of about 200V has been found for obtaining 
uni formly  colored (i.e., thickness) films, and (iii) the index of refraction of 
the grown films depends on the forming voltage used, and (iv) a drying pro- 
cedure to remove the water  of hydrat ion is necessary in order to obtain a 
stable amorphous oxide. 

The achievement of controlled oxidation of silicon 
surfaces has been a major  factor in the a t ta inment  of 
the very complex integrated circuits available today 
on the open market.  With the advent  of compound 
semiconductor devices as a commercial reality, it was 
obvious that  the question of the availabil i ty of equiv-  
alent nat ive surface oxides would be asked. It  has not 
been obvious, however, that totally equivalent  nat ive 
oxides do exist (1, 2). 

In  a recent paper, Schwartz (3) described the results 
of a pre l iminary  study on the oxidation of gal l ium 
arsenide and gall ium phosphide. When GaP was placed 
in room-tempera ture  water  for seven days, approxi-  
mately 60A of amorphous oxide was grown on the 
surface; this is to be compared with a nat ive oxide of 
only ,--25A on a freshly polished surface. When GaP 
was exposed to a concentrated 1 solution of H202 for 
seven days at room temperature,  approximately 250A 
of an amorphous oxide was grown. 

In  this paper some additional studies on the oxida- 
t ion of GaP will  be described. 2 Two techniques have 
been pursued: (i) boiling the GaP in concentrated 
H202 and (ii) anodic oxidation of GaP in concentrated 
H202 at room temperature.  Thick oxides (>1000A) 
have been obtained by the two techniques. The influ- 
ence of conduct ivi ty type and the effect of a nonreac-  
t ive ohmic contact will be shown. A l inear  dependence 
of the oxide thickness on forming voltage with a slope 
of about 12 A/V, as well as an apparent  upper form- 
ing voltage l imit  of about 200V, has been found in  the 
anodic approach. 

To be able to measure the oxide thickness it has been 
necessary to develop the reference curves for the 
ellipsometer, and reference will  be made to these data. 

Experimental Procedure 
Oxidation in boiling hydrogen peroxide.--A 30% 

aqueous solution of H 2 0 2  boils at about 106~ Since 
the explosion hazard with this mater ial  is min imal  
[see Ref. (4)] it was decided to go directly to this 
temperature  for the first phase of this study. 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
Key  w o r d s :  c o m p o u n d  s e m i c o n d u c t o r  surfaces ,  n a t i v e  oxides ,  an-  

odiza t ion .  
1 The  c o n c e n t r a t e d  H202 s o l u t i o n  r e f e r r e d  to i n  t h i s  p a p e r  w a s  

sold u n d e r  the  t r ade  n a m e  S u p e r o x o l  (CP) b y  Merck  & C o m p a n y ,  
R a h w a y ,  New Je r sey ,  and  is n o m i n a l l y  a s t ab i l i zed  30% a q u e o u s  
so lu t ion .  

A l l  the  o x i d a t i o n  da ta  i n  t h i s  pape r  were  o b t a i n e d  on Br2-CI-hOH 
pol i shed ,  P - faces  of ( l l l ) - o r i e n t e d  G a P  sl ices  cut  f r o m  l i q u i d  en-  
c a p s u l a t e d  C z o c h r a l s k i - g r o w n  ingots .  

A simple a l l -quar tz  system was used, consisting of a 
1000 ml  ta l l - form beaker, a watch glass, a sample 
holder 3 (see Fig. 1B) and a commercial heating mantle.  
Because the beaker always extended well  beyond the 
hot zone of the heating mantle,  a simple reflux system 
was operative and the open pour spout acted as the 
pressure release. In  this configuration, when the beaker 
was filled to the top of the heating mant le  (approxi- 
mately  500-600 ml) with concentrated H202 and boil- 
ing commenced, it took about 2 hr for the surface of 
the solution to fall about 1/a-Vz in. (about 50-100 ml of 
loss); at this point, fresh H202 solution was added to 
the beaker. A check of the temperature  of the system 
during a continuous 6-hr boi l ing-and-ref i l l  operation 
showed that the temperature  of the solution always 

s A n u m b e r  of  k i n d s  of  s a m p l e  ho lde r s  were  cons t ruc ted ,  b u t  o n l y  
h o l d e r  B in  Fig.  1 was  used  for  the  o x i d a t i o n  of G a P  sl ices;  the  
o the r  two  ho lde r s  we re  c o n s t r u c t e d  fo r  use  on p a c k a g e d  devices .  

Fig. 1. Photograph of the simple beaker oxidation system used 
early in the studies. The quartz holders in the foreground are for 
use with (A) TO-18 packages, (B) slices, and (C) V-packages. 
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ranged between 105 ~ and 106~ This very  narrow 
boiling range was taken to indicate that there was 
re la t ively  li t t le composit ion change of the H 2 0 2  solu- 
tion and that  prolonged boiling of this kind was feasi- 
ble. 4 

In order that  oxidat ion-ra te  data might  be obtained, 
samples were  prepared from a slice of n-type,  sulfur-  
doped GaP (ND ~--- 101S/cm 3) which was polished and 
then broken into nine pieces. One piece was put aside 
as the reference and the other eight were  placed in 
holder B, Fig. 1, and immersed in boiling H20~. One 
piece was then removed  every  hour, 5 rinsed in 15 
megohm deionized water,  and blot dried. All  of the 
samples, including the reference piece, were  then put 
through the standard bake-dry ing  procedure (see sec- 
tion on Sample  drying procedure) and subsequently 
measured with an el l ipsometer  to determine the thick-  
ness of the grown film. 

Thickness measurement.--The method of de te rmin-  
ing film propert ies by et l ipsometry is to characterize 
a beam of monochromatic  polarized l ight before and 
after  the beam has been reflected from a test surface 
at some angle of incidence. The parameters  that  char-  
acterize the reflected l ight are ~, the arctan of the 
ratio of the electric vectors of the beam in the per-  
pendicular  to the plane of incidence, and 4, the phase 
difference be tween them. From the values of these 
two angles the thickness and index of refract ion of the 
film can be determined.  

Before one can do much in el l ipsometry it is neces- 
sary to generate  a series of reference  curves for any 
new mater ia l  which plots @ and h as a function of film 
index of refraction. This was done for GaP using a 
computer  program developed by Cox (5), the funda-  
mentals  of which wil l  be found in the Appendix.  Once 
these curves have been developed, the exper imenta l ly  
determined r and h for each sample is plotted on these 
reference  curves. The par t icular  curve  on which the 
point falls corresponds to the index of refract ion of 
the film, and the position along that  curve, or the 
value of 8, indicates the thickness of the film. 

Figures 2 and 3 are computer -genera ted  curves  for 
~. = 5461 and 6328A, respectively, and for fixed thin 
film ref rac t ive  index nl ---- 1.58. 6 The two curves are 
not identical  because the index of refract ion of the 
substrate changes wi th  the wave leng th  of the imping-  
ing radiation; the values for n and k of the substrate 
were  obtained from the l i tera ture  (6, 7) and are indi-  
cated on each figure. Segments  of curves for nl ---- 1.57 
and 1.59 are also presented to indicate the sensit ivi ty 
of the function to the input  information. Total  curves 
were  not drawn because they  converge for all values 
of nl as 8 gets small  and would  only confuse the 
diagram. 

The thickness and index of refract ion of the films 
under  study were  measured with  an Ll19 Gaer tner  
(5461A) and a 200E Rudolph (6328A) ell ipsometer.  
Both instruments  were  ar ranged in the manner  de- 
scribed by Archer  (8) wi th  a constant angle of inci- 
dence of 70 ~ . More than one wavelength  was used 
because proximi ty  of the bandgap of GaP to that  of 
the avai lable l ight sources (i.e., 2.26 eV for GaP at 
room temperature,  as compared with  2.28 eV for the 
5461A source and 1.97 eV for the 6328A source) offered 
the possibility of errors associated with  rapidly chang- 
ing substrate optical properties near  the band edge. We 
shall see that  there  is ve ry  good agreement  between 
the two sets of measurements ,  and that  this potential  
source of error  is unimportant .  

4 M. L.  M c N a m a r a  of B e l l  L a b o r a t o r i e s ,  R e a d i n g ,  P e n n s y l v a n i a ,  
i n f o r m s  us  t h a t  i f  a s m a l l  q u a n t i t y  ( a b o u t  25-50  ml )  of  c o n c e n -  
t r a t e d  H20~ is  bo i l ed  f o r  a b o u t  1 to 2 h r ,  e n o u g h  w a t e r  is  b o i l e d  
off to cause  a n  i n c r e a s e  of t h e  H~O~ c o n c e n t r a t i o n  w e l l  i n t o  t h e  
e x p l o s i v e  r a n g e ;  a s i m p l e  r e f l ux  c o n d e n s e r  s y s t e m  e l i m i n a t e s  t h i s  
h a z a r d  a n d  i s  n o w  the  s t a n d a r d  r e a c t o r  fo r  a l l  h i g h  t e m p e r a t u r e  
o x i d a t i o n s .  

5 T h e  l a s t  t h r e e  s a m p l e s  w e r e  r e m o v e d  a t  2 - h r  i n t e r v a l s .  
6 A c o m p l e t e  se t  of  c u r v e s  h a s  b e e n  c a l c u l a t e d  fo r  e a c h  w a v e -  

l e n g t h  a n d  f o r  n l  v a r y i n g  f r o m  1.2 to  2.4, b u t  t h e  c u r v e s  a r e  n o t  
i n c l u d e d  b e c a u s e  of t h e i r  b u l k y  n a t u r e .  T h e  c u r v e s  c a n  be  g e n -  
e r a t e d  f r o m  t h e  i n f o r m a t i o n  in  t h e  A p p e n d i x  a n d  i n  Ref .  (5-8) .  

Sample drying procedure.--Because the oxidizing 
solution under study is an aqueous solution of hydro-  
gen peroxide, it was thought  ve ry  probable that  the 
formed oxide would contain an appreciable quant i ty  
of water  in the as-grown condition. An  examinat ion 
of the effect of baking freshly prepared oxidized sam- 
ples at 200~176 for a short t ime (a few hours) 
always indicated that  the films became about 20-25% 
thinner. In order that  the baking process might  be 
examined, a slice of n-type,  Te-doped GaP with  ND ~- 
1018/cm3 was pulverized in an agate mor ta r  and pestle. 
The GaP powder  was then divided into two equal  
parts. One part  was not t rea ted further,  but the second 
port ion was oxidized in boiling H202 for about 61/2 hr, 
then filtered and air dried at room tempera tu re  on the 
filter paper. Samples of oxidized powder  and unoxi-  
dized powder  were  then sent for both the rmograv i -  
metr ic  and thermomass spectrographic analyses. An-  
other set of equivalent  powder  samples was sent for 
infrared absorption analysis. The lat ter  measurement  
was inconclusive because of (i) the lack of a t tenuat ion 
due to the l imited mass of oxidized mater ia l  on the 
surface of the powder  and (ii) the hindrance by the 
obviously incorporated H20 in the wavelength  region 
of interest. However ,  thermogravimet r ic  analysis 
showed (see Fig. 4A) that  for the H202-oxidized pow-  
der there was a small weight  loss up to about 250~ 7 
after  which the weight  of the sample stabilized and 
remained constant. Meanwhile,  the unoxidized powder 
nei ther  lost nor gained weight  when exposed to the 
same tempera ture  excursion (see Fig. 4B). During the 
t ime the oxidized sample was being heated so that  the 
weight -change  data could be obtained, the output gas 
was collected and passed into a mass spectrometer.  
The major  component  measured was water,  indicating 

7 T h e  t e c h n i q u e  u s e d  is  to r a i s e  t h e  t e m p e r a t u r e  1 0 ~  w h i l e  
m o n i t o r i n g  the  m a s s  of t h e  s a m p l e ;  see Ref .  (9) f o r  de ta i l s .  
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weight as a function of temperature for oxidized GaP powder (A), 
and for nonoxidized GaP powder (B). 

that a drying of the oxide film was indeed taking place. 
As a consequence of all these findings, an arbitrary 
drying procedure was instituted, except where  other- 
wise noted, for all subsequent oxidations which con- 
sisted of drying the samples in a nitrogen-purged oven 
at 95~ for 1 hr, at 150~ for 2 hr, and then at 250~ 
for 2 hr. 

A nodic oxidation.--Since all  oxidation-reduction 
reactions involve  electron transport, one can also 

April  1973 

envision the reaction as an electrochemical cell, and 
it is a natural extrapolation to attempt to substitute 
external electrical driving forces for the thermal con- 
ditions described in the preceding section. A study of 
the anodic oxidation of GaP at room temperature was 
undertaken with concentrated H202 as the electrolyte. 
The choice was made to investigate a constant voltage 
system with a plat inum cathode (see Fig. 5) and to 
monitor the current with time. The decay of current 
with t ime in Fig. 6 is a clear indication of the growth 
of a resistive oxide on the surface of the GaP anode. 
An examination of the anodized samples showed that 
very uniform oxides were grown over the entire ex -  
posed surface area. 
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Fig. 7. Plot of oxide thickness as a function of time in boiling 
30% H202 for chemical (noncontacted, curve A) and galvanic 
(contacted, curves B and C) oxides. 

Results and Discussion 
Boiling HzOz.--The results of the exper iment  to de- 

te rmine  the oxidation rate  of GaP in boiling H 2 0 2  a r e  

shown as curve A in Fig. 7. Merely  raising the t em-  
pera ture  of the oxidizing system from 25 ~ to 106~ 
did not produce an increased oxide film thickness. 
However ,  when  another  ( l l l ) - o r i e n t e d ,  n - type  slice 
(i.e., Se-doped to an ND ----- 5 X 1017/cm 3) containing a 
large area Au-S i  ohmic contact on the Ga face was 
exposed to boiling H202 for periods up to 9 hr, the data 
shown as curve B of Fig. 7, 0-9 hr, s were  obtained; the 
difference be tween  the contacted and noncontacted 
situation is striking. Repeat ing this procedure on a 
p - type  3 • 1017/cm ~, Zn-doped slice containing a large 
area Au-Be  ohmic contact on the Ga face resulted in 
the data shown as curve  C, Fig. 7, t ime 0-9 hr. As a 
verification that  the data of curves B and C were  mean-  
ingful, two other  slices, one f rom each of the same 
ingots used to obtain curves B and C, were  equiva-  
lent ly contacted and boiled in H202 for 8 hr, then re-  
moved, r insed in D.I. water,  blot dried, stored over -  
night  at room tempera tu re  in a laminar  flow hood 
before being boiled in fresh H 2 0 2  for 6Vz hr the next  
day, and then baked. These two data points are in-  
cluded in curves B and C of Fig. 7 as the 14�89 hr values. 
Since the lat ter  two points fall  on the curves pro-  
jected f rom the init ial  data points, the oxidation t imes 
appear  to be additive. 9 

The explanat ion of the effect of the ohmic contact 
is ve ry  s traightforward.  Without  the ohmic contact the 
entire surface is oxidized, and because the oxide is a 
"dielectric," the cathodic component  of the oxidat ion-  
reduct ion react ion is quenched and oxidation ceases. 
With the nonreact ive  ohmic contact in place, the ca th-  
odic reaction proceeds on the noble meta l  surface 
and thus acts to dr ive the oxidation of the GaP for- 
ward. This is, in effect, a galvanic action, and we  wil l  
therefore  refer  to the oxide grown in boiling H202 
with  the contact present  as the galvanic oxide. 

It  should be noted here that  the measurements  of 
and ~ used for obtaining curves B and C of Fig. 7 

s M u l t i p l e  da ta  p o i n t s  fo r  a g i v e n  g r o w t h  t i m e  ind i ca t e  t h a t  the  
sample  was  m e a s u r e d  a t  d i f f e r e n t  p o s i t i o n s  on the  su r face  or a t  
d i f f e r e n t  w a v e l e n g t h s .  The  v e r y  close a g r e e m e n t  i n  the  v a l u e s  i m -  
p l i e s  t h e  g o o d  u n i f o r m i t y  a c h i e v e d  i n  ox ide  t h i c k n e s s  o v e r  t he  su r -  
face as we l l  as the  h i g h  degree  of  p r e c i s i o n  m e a s u r i n g  the  t h i c k n e s s  
a t  bo th  5461 and  6328A. I t  has  been  e s t i m a t e d  t h a t  t he re  is  an 
error  of  o n l y  a b o u t  2% caused  b y  e r rors  in  r e a d i n g  the  e l l i p s o m e t e r  
or  the  c o m p u t e r - g e n e r a t e d  curves .  

9 A d d i t i o n a l  e x p e r i m e n t s  i n d i c a t e  t h a t  the  o x i d a t i o n  t i m e  is  a d -  
d i t i v e  on ly  i f  t h e  d r y i n g  b a k e  is p e r f o r m e d  a t  the  c o n c l u s i o n  of  
the  s e r i e s  of  o x i d a t i o n s  a n d  is  n o t  i n t e r p o s e d  b e t w e e n  t w o  s u c c e s -  
s i v e  o x i d a t i o n s .  

are shown in Fig. 2 and 3. The data indicate that  the  
index of refract ion of the galvanic oxide is 1.58 _+ 0.01 
independent  of conductivi ty type of the GaP. 

We can now look at curves B and C of Fig. 7 and 
obtain two more  points of understanding.  The first is 
that  the p - type  specimen clear ly  oxidizes faster than 
the n - type  specimen. An  oxidation react ion can be 
wr i t ten  as an electron loss, or a hole addition, or a 
combinat ion of both. Therefore,  it would  not be sur-  
prising to see conduct ivi ty  type and /or  charge concen- 
t ra t ion effects in the oxidation of GaP. Since we  have 
evaluated  only one carr ier  concentrat ion in this study, 
we cannot comment  fur ther  on the effects of doping 
level  except  to note that  such an effect has been re-  
ported for the oxidation of GaAs in H20 (10). How-  
ever, the p r imary  influence of hole concentrat ion pre-  
viously repor ted  in the anodization of ge rmanium (11) 
is clearly evident  in the data of Fig. 7. The second 
point concerns the fact that  curves B and C look very  
much like a square root of t ime relat ionship which is 
normal ly  found in diffusion-controlled reactions; f rom 
the p-  and n- type  data of Fig. 7, the exponents  have 
been found to be 0.6 and 0.4, respectively.  Combining 
this information with  the fact that  the GaP ratio is 
constant in depth into the oxide film, as determined 
f rom a Rutherford  scattering analysis of thick gal-  
vanic films (12), we  can conclude that  diffusion of the 
ionic oxidant  through the oxide is the ra te-contro l l ing  
step in this process. 

Anodic oxidat ion.--Let  us consider the data obtained 
on the anodically grown oxides. Table I presents the 
results of a study of the effect of voltage on oxide 
thickness. On examinat ion  of these data, three factors 
become obvious: (i) the oxide thickness is l inear ly  de- 
pendent  on vol tage wi th  a slope of about 12 A / V  up to 
about 100V, (ii) the index of refract ion appears to de- 
crease as the films get thicker, and (iii) there  seems 
to be an upper  anodization vol tage above which uni -  
formly  colored films cannot be grown. 

The l inear  dependence of the oxide thickness on 
vol tage is a s tandard phenomenon wel l  known for 
silicon and germanium anodization (13). The observa-  
tion that  the index of refract ion changes wi th  thickness 
(i.e., forming voltage) is consistent wi th  the observa-  
tion f rom Ruther ford  scattering analysis (12) that  the 
composition of the film is not uniform in depth. 
Whereas  the galvanic oxide was uniform wi th  a stoi- 
chiometric  analysis of approximate ly  Ga~Oa �9 P20~, the 
anodic oxide appears to be depleted of the Ga203 com- 
ponent  at the oxide semiconductor  interface and this 
region is bel ieved to be almost exclusively vi t reous 
P205. Studies are under  way that  should produce a 
bet ter  unders tanding of this phenomenon. It is bel ieved 
that  a s tudy of the influence of field on the composi- 
tion of the oxide grown anodically should explain the 
upper  vol tage l imit  on uniform oxide growth. 

General resul ts . - -With  reference to the composition 
of the oxides, it is wor th  noting that  all attempts, [i.e., 
x - r a y  diffraction, reflection electron diffraction, t rans-  
mission electron diffraction (14), etc.] to de termine  

Table I. Effect of voltage on oxide thickness 

A n o d i c  A p p a r e n t  
bias* T h i c k -  r e f r a c t i v e  

(volts} ness** (A) i n d e x  I n t e r f e r e n c e  co lor  

10 125 1.70-1.7S None  
25 300 1.70-1.75 None  
50 525 1.68 B r o w n i s h  

100 1125 1.61 B l u e  
100 1230 1.63 B lue  
160 3500t  ~1 .2  G o l d  

~--~-225 - -  - -  M o t t l e d  sur face  o v e r  
p u r p l i s h  r a n g e  

* C o n s t a n t  o x i d a t i o n  t i m e  of 2000 sec a t  cons t an t  speci f ied  bias.  
** S a m p l e s  n o t  bake -d r i ed .  

t Because  of the  l a rge  change  in  the  r e f r a c t i v e  index ,  t h i s  v a l u e  
is to be u sed  on ly  as a n  a p p r o x i m a t i o n .  
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if there was any crystal structure to the galvanic or 
anodic oxides once they had been properly baked have 
shown that the film was amorphous (i.e., of ordered 
dimension less than 20A). It  was found that baking 
caused the films to get th inner  and water to be lost; 
in addition, the dielectric properties of the oxide were 
found to improve greatly (15). It  has been determined 
that heating either of these films, galvanic (12) or 
anodic (16), to temperatures  of 650~ and above for 
short times in ni trogen results in the appearance of 
polycrystal l ine GaPO4 in the x - ray  diffraction pattern.  
It is interest ing to speculate that in the as-grown con- 
dition the oxide is a hydrated "gel" and that baking at 
250~ results in the formation of a metastable "vitre- 
ous" composite; subsequent  heating at the higher tem- 
perature  (>650~ merely causes a t ransformation to 
the crystal l ine modification. 

It  should also be noted that the nat ive oxide, once 
grown, either by the galvanic or the anodic technique, 
and subsequently baked, appears to be attacked by 
many  mineral  acids and inorganic bases, but  is insolu- 
ble in most organic solvents. 

Conclusions 
The results of this s tudy may be summarized as 

follows: 

1. Native oxide films of the order of 1000A or more 
can be grown on GaP in aqueous H202 .  

2. Both a galvanic system, operating at ~106~ and 
an anodic system, operating at 25~ can be used to 
grow thick oxides on GaP. 

3. The ra te- l imi t ing step in the growth of the gal- 
vanic oxide is the diffusion of the oxidant  ion to the 
oxide-semiconductor interface. 

4. The oxide as ini t ia l ly grown, by either the gal-  
vanic or the anodic technique, is rich in water, and 
adequate drying is required before a useful oxide is 
achieved. 

5. The predominance of the hole t ransfer  mechanism 
in the oxidation of GaP is shown by the higher oxi- 
dation rate of p- type  GaP over n - type  GaP. 

6. There is a l inear  dependence of the anodic oxide 
thickness on forming voltage (i.e., 12 A/V)  up to a 
l imit ing voltage of about 200V. 

7. The index of refraction of the galvanic oxide is 
1.58 • 0.01. 

8. The index of refraction of the anodically grown 
oxide varies from over 1.7 to about 1.2, depending on 
the forming voltage. 

9. When these films are heated to 650~ and above 
for short periods of time, crystall ine GaPO4 appears. 

I0. These oxides are soluble in many  mineral  acids 
and common bases, but  is not attacked by the standard 
Br2-CHaOH etchant. 

I t  is obvious that  much more work is required before 
the system reported on here can be fully understood. 
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APPENDIX 

The following equations, taken from Archer (8), 
may prove useful in constructing a computer program 
to generate curves such as those shown in Fig. 2 and 3 
for other values of nl. 

The fundamenta l  equation of ell ipsometry in  terms 
of the Fresnel  reflection coefficients is 

r i p  -}- r2pe -2i~ 1 -~- r l s r2se  -2i~ 
tan  ~be iA ~__ [A- l ]  

1 -~- r lp r2pe  -2i5 r l s  -~- r2se -2 i6  
when 

J 360 
% 

8 ---: ( ~ Xo (nl 2 -- sin2~)1/2 [A-2] 

In Eq. [A-2], )~ ---- the wavelength of measur ing light, 
Xo ---- the oxide thickness, ~ : the angle of incidence, 
and nl  ---- the index of refraction of the film. 

In  the equations above, the subscript numbers  1 and 
2 refer to the film and substrate, respectively, and the 
subscript letters p and s refer to the electric vector of 
the light in and perpendicular  to the plane of in -  
cidence. 

The general  Fresnel  equation for reflection of light 
from a surface "b" into a medium "a" can be wri t ten  
a s  

na C05 ~bb -- nb COS ~ba 
rp : [A-3] 

na  cos ~bb -~- nb COS ~ba 

na COS ~ba -- nb COS ~bb 
rs ---- [A-4] 

na  cos Ca -]- nb COS Cb 

where na and nb are indices of refraction of the two 
media and in general  are complex. Ca and Cb are the 
angles of incidence and reflection, respectively. Since 
these angles can be related by Snell 's  law, the Fresnel  
coefficients of Eq. [A- l ]  can be wri t ten  in terms of the 
optical constants of the film and substrate. Equations 
for ~ and ~ may be obtained by substi tut ing Eq. [A-2]. 
[A-3], and [A-4] in Eq. [A- l ]  and separating the re-  
sult ing expression into real and imaginary parts. 
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Auger Spectra of HCI Vapor-Etched 

n + GaAs {100} Substrates 

R. L. M o o n *  and L. W .  James 

Central Research Laboratories, Varian Associates, Palo Alto, California 94303 

Often incorporated into the procedures used for 
vapor-phase epitaxy (VPE) of I I I -V materials is an 
etching phase to ensure a clean substrate prior to 
growth. The effect of this etching is usually judged by 
the final device characteristics or by  carr ier -concentra-  
tion profiles. During the course of our investigations of 
possible contaminants  present on the surface of vapor-  
grown GaAs, we examined the effects of HC1 etching 
on the Auger spectra of n + GaAs {100} substrates. 

Our procedure consisted of preparing the GaAs sub- 
strate for VPE, taking an Auger spectrum, etching 
with HC1 and H2 in the vapor reactor, and finally tak-  
ing a second Auger spectrum. Auger  analysis was 
performed with a Varian Cylindrical  Mirror Analyzer  
system at a vacuum of 1 • 10 -10 Torr. Substrates were 
Czochralski grown {100} GaAs doped to about 1 • 1018 
cm -3 with Si, Sn, or Te. Final  substrate preparat ion 
before beginning the test included, besides the appro- 
priate intermediate  rinses, a hot t r ichlorethylene and 
acetone degrease, a 5H2SO4: H202:H20 etch, :and a Br2-  
methanol  etch. The wafer was placed in  methanol  for 
transfer between the various stages. 

At least for short periods, immersion of GaAs wafers 
in electronic-grade methanol  does not appear to affect 
the surface- impur i ty  distr ibution wi th in  the sensit ivity 
of the Auger  analysis. Besides Ga and As, only C and 
O peaks are seen; oxygen will  always disappear with 
heating. Sulfur  is the next  most common contaminant  
seen, but  only when the wafer is stored in methanol  
for several hours. Pu t t ing  the methanol  in a dry ni t ro-  
gen atmosphere did not el iminate the sulfur  contami-  
nation. The source of the sulfur  is unknown.  

Vapor etching was carried out in a vapor reactor 
designed for the GalAsHalHC1 process (1). The wafer 
was inserted through an H2-purged antechamber  into 
the hot zone of a reactor held at temperature.  Approxi- 
mately 3-5 min  were required for the wafer to reach 
the steady-state tempera ture  of 780~ Then the wafer 
was etched for 10 min, followed by a 3 min  wait  be- 
fore removing the sample. An etch rate of 0.3 ~m/min  
was obtained with flow rates of 4 cmS/min of a 10% 
HC1/H2 mixture  plus 1000 cm3/min of H2. 

A typical Auger  spectrum for GaAs {100} substrates 
just  before etching is seen in Fig. 1. (This part icular  
spectrum is from a Sn-doped wafer.) Substrates placed 
into the hot reactor with only H2 flowing produce the 
same spectrum. 

Some samples, after receiving the HC1 etch, produce 
a different type of Auger  spectrum. Figure 2, taken 
from a Te-doped sample after etching, shows an essen- 
t ial ly unchanged spectrum. The same results are ob- 
tained from Si-doped substrates. Only C, O, N, Ga, and 
As peaks are seen. For Si-doped wafers, at energies 
above the final As peak, the spectrum is again feature-  
less even when the sensit ivity and sweep t ime are in -  
creased by a factor of 5; in particular,  at secondary 
energies between 1500 and 1650 eV, where  Si peaks 
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doping. 

are expected, nothing is seen. Tin-doped samples after 
etching produced the Auger spectrum seen in Fig. 3. 
In  this case, an accumulat ion of Sn on the surface is 
noted. 

Although this behavior may seem anomalous at first 
glance, it is unders tandable  upon examinat ion of the 
thermodynamic data of the dopants. Looking first at 
the vapor pressure of the dopants (Table I) at 800~ 
(2) it is apparent  that  Te would not be expected to 
accumulate on the surface because of its high vapor 
pressure. However, from vapor pressure considerations 

GaAs Sn DOPED SUBSTRATE 

Go As 

0 200 400  0 600 800  IOOO 1200 1400 

SECONDARY ENERGY(eV) 

Fig. 1. Typical Auger spectrum of a n + GaAs {100} substrate 
before HCI etching in a VPE reactor. The substrate used in this 
case was Sn doped to 1 x 1018 cm -3.  

GaAs Te DOPED 
SUBSTRATE AFTER 
H CI ETCH 

o 

200 400  600 8 O I000 1200 1400 

SECONOARY ENERGY (eV) 

Fig. 2. Auger spectrum seen after etching Te and Si-doped GaAs 
substrates in HCI vapor. Shown here is a spectrum taken from a 
Te-doped substrate. 
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Go As Sn DOPED SUBSTI 
AFTER H CI VAPOR ETI 

' I L I IO I ' 4 ' I ' i , I 
200 400 600 800 I000 1200 1400 

SECONDARY ENERGY(eV) 

Fig. 3. Auger spectrum of a Sn-doped GaAs substrate after etch- 
ing at 780~ in HCI vapor. 

alone, Si, not Sn, would be expected to segregate on the 
surface. 

The behavior  of Si and Sn becomes clear when the 
stabilities of their  chlorides are taken into considera- 
tion. Standard  free energies at 800~ for the produc- 
t ion of 1 mole of metal  chloride were obtained by cal-  
culat ing the standard enthalpy and entropy (3), ~H~ 
and ~S~ respectively, for the reaction and then com- 
put ing the free energy, AG~ from A H ~  - -  T ~ 3 ~  

Since both aH~ and aS ~ are functions only of the 
change in heat capacity and of the temperature,  a 
change in one tends to cancel the change in the other, 
thus not greatly affecting AG~ (4). Data for the 
thermochemical  computations are from JANAF (5) 
and NBS (6) tables. From the equi l ibr ium constants 
for the formation of the divalent  and te t ravalent  
chlorides, it is apparent  that the equi l ibr ium pressures 
are always greater for the Si chlorides than for the Sn 
chlorides (Table II) .  In  the case of te t ravalent  chlo- 
rides for example, Psici4/Psncl4 is 107, assuming the 
Henry 's  Law constants for Sn and Si in the solid are 
the same. If HC1 is considered to react with the metal  
oxides ra ther  than the elemental  metal, a stabilization 
against metal-chlor ide formation is seen. Since all 
s tandard energies of formation are positive, while the 
entropies of formation of MCl4 and MC12 are negative 
and positive, respectively. 

These observations should help in clarifying the re-  
lationship between substrate dopant and I - layer  for- 
mation when undoped GaAs is grown by vapor epi- 
taxial  methods. Wolfe et al. (7) have shown that  a 
high-resistance region appears at the undoped GaAs 

Table I. Vapor pressure of Te, Si, and Sn at 800~ 

T e  S i  S n  ( I )  

Vapor pressure (Tort) at 8 O 0 ~  102  1 0  -1 .  7 x 1 0  -7  

Table II. Standard heat and entropy of formation at 298~ 
and equilibrium constants at 800~ for the formation of divalent 

and tetravalent chlorides of Si and Sn from HCI by the 
following reactions: 

n 
M + nHCI -~ MCIn -I- - -  H2 where n = 2 or 4 

2 

A H ~  ca l /deg  
k c a l / m o l  p e r  m o l e  K s o o o c  

SIC14 - 6 9 . 0  - 4 1 . 4  1 9  ~ 
SnCh - 2 4 . 7  - 4 0 . 9  8 • 1 0 4  
S I C 1 2  + 4 . 4  + S . S  2 . 0  
SnCl~ > 4 . 4  ~ 5 . 0  < 2 . 0  

layer/Si-doped GaAs substrate interface when growth 
takes place in a low As4-pressure atmosphere. At low 
arsenic pressures silicon outdiffusing from the sub- 
strate will  be preferent ial ly  incorporated into arsenic 
sites, hence acting as an acceptor. Since the Ga in any 
Ga/AsC13/H2 reactor requires a short period to resatu- 
rate as a result  of dissolution and exposure of fresh 
Ga to the decomposed AsCI~ vapor (8), the init ial  
growth of high pur i ty  GaAs is always at low As4 pres- 
sures unless special precautions are taken. These re-  
sults have been substant iated by the work of Hirao 
and Nakashima (9) and also Saito and Hasegawa (10) 
who have shown that  a critical pressure of arsenic 
vapor of about 3 Torr is necessary before I - layer  
formation is prevented. Of part icular  relevance are 
etching experiments  (9) performed on Si, Sn, and Te- 
doped GaAs substrates with an impur i ty  concentrat ion 
of ~1 >< 10 TM cm -~ where high resistance regions were 
formed in all cases if growth commenced before ar-  
senic saturat ion was complete. If the Ga was saturated 
and the substrates vapor etched, high resistance re-  
gions were not observed for layers grown on sub-  
strates doped with Sn or Te, but  a slight dip in carrier 
concentration was seen for those doped with Si. 

During growth, some HC1 is always present  as a 
result  of incomplete reaction with the GaAs crust. 
Silicon chlorides can then form at the surface, thereby 
reducing the number  of Si atoms available for the pre-  
ferred Ga site when the As4 pressure is high. A region 
having a lower donor concentrat ion results. Fur ther  
evidence support ing the idea of silicon chlorides being 
very stable in a GaAs VPE reactor is shown in another  
study by Hasegawa and Saito (11) where  the final 
carrier concentrations of films grown from a Si-doped 
GaAs source or a Si-Ga mixture  were always lower 
than those of the source; values of Nd -~- NA for films 
grown with a Ga-Si  or just  a Ga source were almost 
the same. 

In  the same work (11), Sn-doped layers with a 4-6 
X 10 TM cm -3 carrier concentrat ion deposited on a 2 X 
10 TM cm -8 Sn-doped substrate showed a peak rather  
than a dip in carr ier  concentrat ion near the interface. 
This is consistent with our observation of Sn accumu- 
lation on the surface after etching. The reason for the 
beneficial behavior of Te-doped substrates is not as 
clear, but  is probably related to its totally donor nature  
and the stability of both GaTe and As2Te~. 

Complete clarification of the relationship between 
I - layer  formation, HC1 etching, As4 pressure, and sub- 
strate doping will require more detailed experiments.  
From our evidence here, coupled with carr ier-concen-  
t ra t ion profiles (7, 9, 11), substrates doped with Sn 
appear to be superior to those doped with Si and 
possibly even to those doped with Te because of Sn 
accumulat ion at the surface dur ing  etching. 
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Current-Controlled Growth and Dopant Modulation 
in Liquid Phase Epitaxy 

M. Kumagawa, 1 A. F. W i t t , *  M.  Lichtensteiger, and H. C. Gatos* 
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A crys ta l  growth  method is repor ted  which uses 
Pe l t i e r  cooling at the  c rys t a l -me l t  interface (asso- 
ciated wi th  the flow of electric cur ren t  from seed to 
solution) to ini t iate  and sustain l iquid phase  ep i tax ia l  
g rowth  whi le  the t empera tu re  of the  ove r - a l l  g rowth  
system is ma in ta ined  constant.  

"Rate  s tr iat ions" (1), which pe rmi t  the  de t e rmina -  
t ion of microscopic growth  rates  and  the  interface 
morphology  dur ing the  growth  process, were  in t ro-  
duced ( through cur ren t  pulses of shor t  dura t ion)  both 
in regu la r  ep i tax ia l  g rowth  obta ined  by  decreasing 
the t empera tu re  of the  sys tem and in ep i tax ia l  growth  
induced by  Pe l t ie r  cooling. The wid th  and in tens i ty  
of these s tr ia t ions can be control led by  the ampl i tude  
and dura t ion  of the  current  pulses. Thus cur ren t  pulses 
were  also used to modula te  the  growth  ra te  and  con- 
sequent ly  the  dopant  concentrat ion.  

The method  was appl ied  to the  g rowth  of InSb l ay -  
ers (doped wi th  te l lu r ium)  on InSb  subst ra tes  f rom 
ind ium and an t imony solutions. The appara tus  used 
is shown in Fig. 1. The growth  cell  is s imilar  in design 
to those commonly employed  (2), however,  it  permi t s  
cont ro l led  flow of electr ic  cur ren t  th rough  the growth  
interface.  

In  a g rowth  exper iment ,  seed-solut ion contact  is 
es tabl ished af ter  t he rma l  equi l ibra t ion  by  app rop r i -  
a te ly  posi t ioning the boron-n i t r ide  sl ide be tween  the 
seed and the solution. 

Represen ta t ive  resul ts  wi th  ra te  s t r ia t ions in t ro-  
duced in ep i tax ia l  layers  obta ined wi th  control led  
furnace  cooling at a ra te  of approx ima te ly  0.1~ 
and 0.04~ respect ively,  are shown in Fig. 2 and 
3. The "rate  s tr iat ions" ( revea led  by  etching) (3) were  
in t roduced by  cur ren t  pulses (56 A / c m  2) of 1 sec 
dura t ion  appl ied  at in terva ls  of 17.5 (Fig. 2) and 20 
rain (Fig. 3) wi th  the  first pulse  t r ansmi t t ed  11 and 
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32 min af ter  s ta r t ing  the respect ive  cool -down cycles. 
These s tr ia t ions del ineate  unambiguous ly  the  mor-  
phology of the  in terface  dur ing the g rowth  process 
and permi t  the  de te rmina t ion  of the  microscopic 
growth  ra te  f rom the known repe t i t ion  ra te  of the  
cur ren t  pulses and the spacing of the  striations.  

In  the  case of Fig. 2, i t  can be seen tha t  at constant  
cooling rate, the  microscopic g rowth  ra te  changed 

Fig. 2. Epitaxial layer of InSb (B) on InSb substrate (A) grown 
from a 75 atomic per cent (a/o) In and 25 a/o Sb solution at a cool- 
ing rate of 0.096~ The rate striations were introduced by cur- 
rent pulses across the growth interface (see text). X270. 

Fig. 1. Schematic diagram of epitaxial growth system 

Fig. 3. Epitaxial layer of InSb (B) on InSb substrate (A) grown 
from a 75 a/o In and 25 a/o Sb solution at a cooling rate of 
0.039~ (see text). X330. 
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Fig. 4. Epitaxial layer of InSb grown by Peltier cooling (at 
constant furnace temperature) from a 60 a/o In and 40 a/o Sb 
solution (see text). • 

from 1.5 ~m/min  at the beginning to 0.45 ~m/min  
toward the end of the growth. In the case of Fig. 3, 
seed-solution contact was established while the tem- 
perature  of the system was slightly higher than its 
equi l ibr ium value. Consequently a small  fraction of 
the seed was dissolved and a flat seed solution interface 
was formed. Upon lowering the temperature  (by about 
1.2~ to its equi l ibr ium value (457.0~ a new ir-  
regular  interface was formed. It is seen from the 
morphology of the rate striations that this i r regular  
interface becomes smooth upon ini t iat ion of growth 
and remains smooth throughout  the growth process. 
The rate striations in Fig. 2 and 3 indicate clearly pro- 
nounced differences in the microscopic growth be- 
havior with the growth rate going through a m i n i m u m  
in Fig. 2 and decreasing steadily in Fig. 3. 

Epitaxial  growth achieved by passing electric cur-  
rent  across the seed-solution interface at constant fur-  
nace tempera ture  is shown in Fig. 4. The unidentified 
precipitates at the original growth interface, which as 
can be seen do not interfere with epitaxial growth, are 
presumed to be the result  of inadver tent  oxidation 
dur ing equilibration. The three growth regions B1, Be, 
and B3 seen in the figure were obtained by passing 
continuous electric current  of 0, 5.5, and 1 A/cm 2, re-  
spectively, through the growth interface. In  all three 
regions rate striations were introduced by superimpos- 
ing current  pulses of 0.1 sec durat ion (100 A/cm 2) at 

a repeti t ion rate of 0.01, 0.02, and 0.01 sec, respectively. 
The growth irregulari t ies upon t ransi t ion from regions 
B2 to B~ (changing interface morphology) are as yet 
unexplained and are subject to fur ther  investigations. 
It is seen that in the first growth region (B1) where 
only in termi t ten t  pulses were applied but  no "base 
current"  was passed, the growth was very limited. 
Over a period of 5000 sec, an epitaxial layer  of a total 
thickness of 25 ~m was in te rmi t ten t ly  formed (due to 
cooling brought about by the pulses) at a net  growth 
rate of 3 • 10 -1 ~m/min.  A base current  of 5.5 A/cm 2 
for a period of 1200 sec (middle region) led to a layer 
(B2) of a total thickness of 1.25 ~m at an average 
growth rate of about 6 ~m/min.  It  should be noted that 
in this region the growth rate during the superposi- 
t ion of each pulse was about 4000 ~m/min  (as deter-  
mined from the width of the rate striations associated 
with the 0.1 sec pulse durat ion) ,  i.e., about 670 times 
greater than the average growth rate. The epitaxial 
region obtained at a base current  density of 1 A/cm 2 
(B3 in Fig. 4) grew at an average rate of 3 ~m/min;  
dur ing the superposition of the pulses the rate was 
approximately 1500 ~m/min.  

In  the region grown at a base current  of 5.5 A /cm 2 
the rate striations resul t ing from the pulses appear as 
bands rather  than  lines. This result  reflects a high 
growth rate induced by the base current  which is 
further  increased by a factor of close to 700 for the 
durat ion of each high current  density pulse. This sud- 
den increase in growth rate shouId lead to a substantial  
increase in dopant concentration, which in tu rn  is ex-  
pected to be a t tenuated wi th in  the durat ion of the 
pulse, because of boundary  layer  depletion. Such a 
segregation behavior is indeed observed through the 
etching characteristics of the bands (4) which reveal 
pronounced concentrat ion increases at their  lower edge 
(beginning of pulse) and gradual  transit ions on their 
upper  edge ( terminat ion of pulse).  Thus, controlled 
modulat ion of chemical composition may be achieved 
by the appropriate choice of pulse shape and duration. 

It is shown that Pelt ier  cooling associated with cur-  
rent  flow across the growth interface can be success- 
fully used to achieve controlled crystal growth. Super-  
imposed current  pulses can serve for the introduction 
of rate striations as well as for localized modulat ion of 
dopant segregation. 
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Resistivity Characterization of Semiconductor Crystal Ingots 
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The resistivity characterization of semiconductor 
crystal ingots is an important  step in the manufacture  
of slabs or slices suitable for device manufacture.  Such 
characterization is usual ly performed by a two-point  
probe or four-point  probe measurement  on the ingot 
surface. Such resistivity measurements  are usually 
found not to be in agreement  with each other and 
with subsequent  measurements  performed on slices ob- 
tained from the ingot. It is the purpose of the present 
work to demonstrate that four-point  probe and two- 
point probe measurements  performed at the same loca- 
tion on an ingot surface, can be used to estimate more 
accurately the resistivity profile of the ingot than 
either of the measurements  independently.  The pres- 
ence of a radial resist ivity gradient  is first shown to 
affect the resistivity derived from a two-point  probe 
resistivity measurement  and hence to be a reason for 
discrepancy between two-point  probe and four-point  
probe resistivity measurements.  Correction factors to 
the two-point  probe resistivity measurement  are then 
calculated for two different radial  resistivity pro- 
files. Finally,  it is shown that, assuming a given radial 
resistivity profile, combined two-point  probe and four-  
point probe resist ivity measurements  can be used to 
evaluate the axial resistivity of the semiconductor 
ingot but  cannot be used to deduce the local radial re- 
sistivity gradient. 

Influence of a Radial Resistivity Gradient on 
Two-Point Probe Resistivity Measurement 

Let us consider a two-point  probe resistivity mea-  
surement  ar rangement  as shown in Fig. 1. The crystal 
ingot will be assumed to have a uniform diameter 2R, 
a uniform resistivity along the crystal  axis, and a 
radial gradient  with cylindrical  symmetry.  It will  be 
further  assumed that current  is supplied to the crystal 
at two equipotential  planes normal  to the cylinder 
axis and located at distance from the probes much 
larger than the crystal diameter. Under  these assump- 
tions the equipotential  surfaces in the crystal will be 
planes normal  to the crystal axis and the crystal elec- 
trical properties can be described by an infinite n u m -  
ber of concentric cylinders of resistivity, p(r) ,  thick- 
ness, dr, and cross-sectional area, 2 ~rdr. If V is the po- 
tent ial  existing between two probes separated by a 
distance, l, the current  density, i, flowing in a cylinder 
of radius, r, will  be 

i ---- v /p ( r ) l  [1] 

where p (r) is the resistivity of the cylinder considered. 
The total current,  I, flowing in  the crystal  is 

s I = 2~irdr [2] 

Hence, by combining Eq. [1] and [2] it is clear that  

v / I  : 1/2~ p (r) [ 3 ]  

Since the resist ivity p2 derived from a two-point  probe 
measurement  is equal  to 

p2 ---- ~R~v / I l  [4] 

we conclude that  p2 is equal  to 

p 2 = R ~  2 p(r) [5] 

* Electrochemical Society A c t i v e  M e m b e r .  
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It  thus appears that  the resistivity of an ingot as de- 
duced from two-point  probe resistivity measurements  
can be significantly affected by the radial  resistivity 
profile of the ingot. This might  explain the often en-  
countered discrepancies occurring between resistivity 
measurements  performed at the same location of an 
ingot surface by the four-point  probe and the two- 
point probe techniques. Most four-point  probe systems 
use a probe spacing of 40 mils and therefore the re- 
sistivity deduced from such a technique will  reflect 
the ingot surface resistivity provided that the crystal 
diameter  is very large compared to 40 mils. If one 
denotes by p4 the resistivity deduced from such a four-  
point probe resistivity measurement,  one can write 
that 

p4 - p(R) [6] 
and thus in general  

p4~p2 [7] 

We will now show that Eq. [6] and [5] can be used to 
estimate both the resistivity of an ingot along its axis 
and the radial  resistivity gradient. 

A Technique for Estimating Ingot Axial Resistivity and 
Radial Resistivity Gradient 

As noted in the preceding section, four-point  probe 
measurements  and two-point  probe measurements  per-  
formed at the same location on an ingot surface will  
general ly disagree as a result  of the radial, nonun i -  
formity of the ingot resistivity. The purpose of this 
section is to demonstrate that  this difference in de- 
duced resistivity can be used to more accurately char-  
acterize the ingot provided one has a knowledge of 
the functional  dependence of the radial  resistivity pro- 
file. This knowledge is required, as demonstrated by 
Eq. [5], if one desires to relate the resistivity deduced 
from a two-point  probe resistivity measurement  to the 
resistivity at a given point of the crystal radius. 

Most semiconductor crystals produced today exhibit  
small (0-30%), uniform radial  resistivity profiles. As a 
result, a semiconductor slice resistivity is usual ly  char-  
acterized by the resist ivity at the center of the slice 
and an average radial  resist ivity gradient  (1). Let us 
assume thus that  through experience one has gathered 
information on the functional  dependence of the radial  
resistivity gradient  and that  al though the magni tude  
of this gradient  may vary  from crystal to crystal its 
functional  dependence is fair ly constant. This is a good 
assumption since the radial  resistivity gradient  is a 
representat ion of the growth conditions which should 
be fair ly reproducible for a given crystal growth 
a p p a r a t u s .  

V 
1 

Fig. I. Two-point probe resistivity measurement 
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Through experience it has been found in our labora-  
tory that  two types of functional  dependence of the 
radial resistivity profiles are usual ly  encountered: the 
l inear  and the quadratic profiles. These two simple 
radial resist ivity distr ibutions will be used to i l lustrate 
the proposed technique. 

L i n e a r  p r o f i l e . - - I n  this case, it is assumed that, if po 
is the axial  resistivity, the resistivity of the ingot at a 
distance, r, from its axis is given by 

p(r)  : po + ar  [8] 

combining Eq. [8] and [5] yields 

p 2 : - - 7  a R  - -  po ln  1 +  [9] 
po 

and, since p4 : po + aR,  we have 

p4 
- -  : 2 ( 1 +  x )  [x  - -  l n  ( 1 W  x )  ] / x  ~ [10] 

P2 
and 

Po : p4/(1 -~- X) [11] 

where x ---- aR/po is the radial  resistivity gradient. 
Equations [10] and [11] demonstrate  that four-point  
probe and two-point  probe resistivity measurements  
performed at the same location on a crystal ingot sur-  
face can be used to estimate the resistivity of the ingot 
axis as well  as the radial  resistivity gradient. Figure 2 
shows a plot of the resistivity gradient  x vs.  the ratio 
p4/p2 as given by Eq. [10]. 

Q u a d r a t i c  p r o f i l e . - - I n  this case it is assumed that, if 
po is the axial resistivity, the ingot resistivity at a dis- 
tance, r, from its axis is given by 

p (r) : po-t- ar  z [12] 

Following the above t rea tment  one deduces that  

(1 + x )  
p4/p~ -- - - i n  ( i  + x )  [13] 

x 

and that po is given again by Eq. [11]. Figure 2 also 
shows a plot of the resistivity gradient  x vs.  the ratio 
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Fig. 2. Variation of the ratio p4/p2 vs. radial resistivity gradient x 
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p4/P2 as given by Eq. [13]. Note that  in this part icular  
case the gradient  n is equal to a R2/po. 

Examinat ion  of Eq. [10], [11], and [13] reveals that, 
provided a radial  resistivity profile is assumed, the 
radial  resistivity gradient, x, and the axial resistivity 
profile, po, can be determined from simultaneous two- 
point probe and four-point  probe resistivity measure- 
ments  performed on the ingot surface. In practice, pro- 
vided a set of measurements  p4 and p2 one would first 
evaluate the radial  gradient  x by use of appropriate 
curve shown on Fig. 2. Having done so, one would sub- 
sequently use Eq. [11] to determine the axial resistivity. 

An estimate of the errors encountered in  the deter-  
minat ion  of the axial resistivity and of the radial  re-  
sistivity profile can be obtained through an error cal- 
culation performed on Eq. [10], [11], and [13]. It  can 
readily be shown that the relat ive error existing on the 
value of the axial resistivity is equal to the relative 
error existing on either the four-point  probe or two- 
point probe resist ivi ty measurements  provided that 
these two relat ive errors are equal. As evidenced by 
Ref. (1) this is a good approximation. 

Similar  error calculations can be performed to ob- 
tain the relative error on the deduced radial resistivity 
gradient. Figure 3 shows the results of such calcula- 
tions for both types of radial  resistivity profiles pre- 
viously considered, when the total relat ive error re-  
sult ing from the two-point  probe and four-point  probe 
resistivity measurements  is taken to be equal to 10% 
(1). Note that  the proposed technique does not offer 
a great deal of accuracy toward the determinat ion of 
the ingot radial  resist ivity gradient. Typical silicon 
crystals for example may exhibit  a radial  resistivity 
gradient  of up to 30%. The proposed technique will  
only enable a one to 200% accuracy in the de termina-  
t ion of the radial  resist ivi ty gradient  of such crystals. 

Experimental  Ver i f ica t ion  of  the Techn ique  
In  order to verify the applicabil i ty of this technique, 

silicon crystals were grown in  the laboratory. These 
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Fig. 3. P, elotive error on the deduced resistivity gradient vs. de- 
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crystals were grown using the Czochralsld method 
from a 4 kg charge and had a nominal  diameter  of 2.25 
in. Pul l  rate was main ta ined  at one thousand of an 
inch per second dur ing the whole growth. These crys- 
tals prior to resistivity characterization were center-  
less ground to 2 in. diameter  to insure that  diameter  
fluctuations would not give rise to erroneous readings. 
The crystals were subsequently heat- t reated to dissolve 
oxygen donors and stabilize the resistivity. Two-point  
probe and four-point  probe resistivity measurements  
were subsequent ly  performed along the ingot axis at 
well-defined locations. Slices 20 mils in thickness were 
subsequent ly  obtained at these locations and their  re-  
sistivities characterized using a four-point  probe tech- 
nique. The  various resistivities obtained from these 
measurements  are shown on Fig. 4 for a typical  crystal 
together wi th  the values deduced from the four-point  
and two-point  probe resist ivi ty measurements  by as- 
suming a l inear  or quadratic functional  dependence of 
the radial  resist ivity profile. Note that, assuming a 
l inear  resistivity profile, the resistivity along the crys- 
tal  axis can be found to correlate reasonably well  
with the resist ivity subsequently measured at the cen- 
ter of the slices: namely  both set of data points are 
wi thin  --+5% of each other. 

T h e  radial  resistivity gradient  deduced from these 
measurements  is compared on Fig. 5 with the resist iv- 
i ty gradient  subsequently measured on slices. Note 
there, as predicted, the agreement  between any two 
sets of data points is poor. This technique should cer- 
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Fig. 4. Comparison of resistivity dote obtained on on experimental 
crystal. Dote designated by A represent measurements performed 
along the ingot surface using a colinear four-polnt probe. Data 
designated by [ ]  represent measurements performed along the 
ingot surface using o two-point probe. Axial resistivities deduced 
from the two above measurements by assuming a linear radial 
resistivity profile are represented by 0 while resistivity deduced 
under the assumption of a quadratic radial resistivity profile are 
denoted by � 9  Resistivities measured at the center of slices cut 
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Fig. 5, Radial resistivity gradient vs. distance. The �9 indicate 
values measured on slices; the 0 indicate values deduced assum- 
ing a linear profile, the �9 indicate values deduced assuming a 
quadratic profile. 

ta inly  not be used to estimate the magni tude  of the 
radial  resistivity gradient. 

Conc lus ion  
The influence of a radial  resist ivity gradient  on two- 

point probe resist ivity measurements  along a semi- 
conductor crystal ingot has been considered. The rela-  
t ionship existing between two-point  probe resistivity 
measurements,  four-point  probe resistivity measure-  
ments, and radial  resist ivity variat ion was derived in 
the case of two typical resistivity profiles. Finally,  an 
empirical technique was proposed to evaluate the re-  
sistivity gradient  as well as the axial resist ivity of an 
ingot. This technique was finally used to characterize 
an exper imental  crystal. It was found that  for the par-  
t icular crystal considered use of a l inear  resist ivity 
profile gave results for the crystal axis resistivity 
wi thin  at most 8.5% of the value measured on sub- 
sequently cut slices. This type of agreement  can be 
considered as quite acceptable in  view of the fact that  
four-point  probe and two-point  probe resistivity mea-  
surement  techniques have a basic accuracy of ___5% 
(1). Finally,  it was shown that, although the proposed 
technique results in a good determinat ion of the ingot 
axial resistivity, this technique should not be used to 
evaluate the radial  resistivity gradient  of an ingot 
because of its inherent  inaccuracy. 

Manuscript  submit ted Sept. 14, 1972; revised m a n u -  
script received Nov. 20, 1972. 
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Growth of Low Strain GaP by Liquid-Encapsulation, 
Vertical-Gradient Freeze Technique 
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Liqu id-encapsu la ted  Czochralski  c rys ta l  pul l ing 
(LEC) was first descr ibed by  Metz et aL (1) in 1962. 
In  1967 Bass et al. (2) showed how this technique can 
be used for the growth  of single crys ta l  gal l ium phos-  
phide. Since then severa l  manufac tu re r s  have been 
marke t ing  high pressure  Czochralski  pul lers  able to 
wi ths tand  the pressures  (>35 a tmospheres)  and tem-  
pera tu res  (~1500~ requ i red  for the single crys ta l  
growth  of this compound, and growth  in these pul lers  
has become the "s tandard"  means  for p repar ing  single 
crys ta l  GaP. The exper imen ta l  procedures  of LEC 
growth  have been descr ibed adequate ly  by  Bass and 
Oliver  (2) and Nygren  et al. (3). 

Wi th  the  increasing interes t  in devices made from 
GaP, most especia l ly  l igh t -emi t t ing  diodes, there  is 
a t rend  to produce la rger  d iamete r  crystals  for the 
obvious advantage  these could offer the  manufac tu r -  
ing process. However,  the  LEC growth  of GaP in-  
va r i ab ly  produces crysta ls  that :  (i) are  highly 
strained,  (ii) have high dislocation densit ies (104-106/ 
cm2), (iii) are  somewhat  difficult to g row wi th  a un i -  
form diameter ,  (iv) exhibi t  growth striae, and (v) 
requi re  r e la t ive ly  close at tent ion dur ing  the growth  
cycle. When  large d iamete r  (~35 mm) crysta ls  are  
grown most of the  above problems  are  even more  
severe. These difficulties were  descr ibed recent ly  by 
Nygren  (4) who showed that  a knowledge  of the com- 
p lex  the rmal  proper t ies  of the  high pressure  ambien t -  
GaP melt-B203 encapsulant  system must  be combined 
wi th  a knowledge  of the  cooling processes tha t  are  
no rma l ly  found in the Czochralski  growth  system in 
order  to successful ly design a system for the growth  
of large  crysta ls  of control led diameter .  Crysta ls  so 
grown wil l  sti l l  exhibi t  s t ra in  and wil l  have  dislocation 
densit ies  in the  in ter ior  of the  ingot of 104-105/cm 2. 

We have developed and tested a technique that  has 
produced  GaP single crysta ls  that :  (i) can be grown 
wi th  v i r tua l ly  no at tent ion dur ing the growth  period, 
(ii) are  un i form in diameter ,  (iii) are significantly 
less s t ra ined than the convent ional  LEC grown GaP, 
(iv) have dislocation densit ies  that  are  ,,-103/cm 2, i.e., 
one to three  orders  of magni tude  less than LEC grown 
GaP, and  (v) exhibi t  no growth  striae.  The technique 
we have  used is a combinat ion of the  pr inciples  of 
l iqu id-encapsula t ion  and ve r t i ca l -g rad ien t  freezing. 
The ent i re  appara tus  can be enclosed in a re la t ive ly  
s imple pressure  vessel. The vessel should be sufficiently 
s tu rdy  to contain an opera t ing  pressure  of about  1000 
psi of neu t ra l  gas and be fitted wi th  the appropr ia te  
r f  and thermocouple  feedthroughs.  A schematic  r ep re -  
sentat ion of the  appara tus  we used is shown in Fig. 1. 
The gal l ium phosphide polycrys ta l l ine  ingot  we used 
was obtained by  a synthesis  method previously  de -  
scr ibed by  us (5). The ingot along with  the boric oxide 
encapsulant  and a single c rys ta l  GaP seed is p laced 
wi th in  a bora l loy  (pyro ly t ic  boron ni t r ide)  crucible 

* Electrochemical  Society Act ive  Member.  
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light-emitting diodes, liquid encapsulation. 

as shown in Fig. 1. The crucible  is posi t ioned within 
the  susceptor and  the system is closed, evacuated  to 
remove  the air, and backfi l led to 900 psi of nitrogen.  
The susceptor is heated by  500 kHz rf  and the t em-  
pe ra tu re  wi th in  the  susceptor is moni tored  by  the rmo-  
couple (TC1) and control led by  a convent ional  L&N- 
CAT control  system. The t empera tu re  at  the ingot-seed 
interface  is brought  to a few degrees above the GaP 
mel t ing point in order  to effect wet t ing  of the  seed 
crystal .  The t empera tu re  at the  top of the melt,  at the 
B20~-melt  interface (TC2), is app rox ima te ly  50~176 
above the mel t ing tempera ture .  Freezing of the  mel t  
is obta ined  by  s lowly lowering the control  t empera -  
ture  (TC1) unt i l  the  top of the mel t  (TC2) is below 
the GaP mel t ing point. The system is then cooled 
s lowly to room tempera ture .  Typica l ly  the  crys ta l  is 
grown at  about 1 in . /h r  and the solidified ingot cooled 
to room tempera tu re  in about 1 hr. This method  has 
produced a crys ta l  that  is v i r tua l ly  s t ra in  free. A 
t ransmission micrograph  of a pol i shed- l iquid  encap-  
sulation, ve r t i ca l -g rad ien t  freeze (LE-VGF)  wafer  
t aken  be tween  crossed Nicol pr isms is shown in Fig. 2 
wi th  two convent ional ly  grown LEC wafers  for com- 
parison. In  addition, a t ransmiss ion micrograph  of a 
wafer  cut pa ra l l e l  to the growth  direct ion shows the 
crys ta l  to be s t r iae  free. LEC crysta ls  a lways  exhibi t  
s t r iae whose spacings obey the f /~  relat ionship.  
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Fig. 1. A schematic representation of the apparatus used to grow 
single crystal gallium phosphide by the llquid-encapsulation, verti- 
cal gradient, freeze technique (LE-VGF). 
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Fig. 2. Transmission micro- 
graphs taken between crossed 
Nicol prisms. The samples are 
transverse cuts of 1, 1.5 cm 
diameter crystal grown by LE- 
VGF, 2, and 3, 1.1 cm and 
1.5 cm in diameter crystals, 
respectively, grown by conven- 
tional LEC. 

The dislocation density of crystals grown by the LE- 
FGF technique and by conventional  LEC were ob- 
tained by etching polished <111> wafers with the 
fer r icyanide-KOH-H20 etch (%. Dislocation densities 
of about 103/cm 2 were obtained in the LE-VGF crystal 
and >104/cm 2 in LEC crystals. 

Crystals grown by the LE-VGF technique are appre- 
ciably less strained, lower in dislocation density, ex- 
cellent in diameter  control, and easier to grow than 
the conventional  LEC GaP. 

Manuscript  received Nov. 2, 1972. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the December 1973 
JOURNAL. 
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Use of Sirtl Etch for Silicon-Slice Evaluation 

W .  A. Porter, A. Gupta,  and D. L. Swindle 

Electrical Engineering Department and Activation Analysis Research Laboratory, 
Texas A & M University, CoIIege Station, Texas 77843 

In  recent years research on the influence of crystal-  
lographic defects on devices has been done to establish 
that  yield problems are definitely related to mater ial  
defects, and the importance of having defect-free s tar t -  
ing mater ial  has been recognized by many  researchers 
(1-3). The advent  of LSI has given added importance 
to obtaining high qual i ty start ing material  because of 
the inherent  larger chip sizes and shallower base 
widths associated with LSI arrays. Gupta and Lathrop 
(4) have recently discussed this problem. As devices 
and their geometries become more complicated, the 
importance of having a nondestruct ive technique for 
evaluat ing silicon star t ing material,  before device proc- 

Key words:  crystal defects,  surface damage,  defect measurement .  

essing is begun, cannot be overemphasized. Some of 
the more common nondestruct ive techniques for eval-  
uat ing silicon are x- ray  diffraction, infrared spectrom- 
etry, and electron microscopy. In  general, these tech- 
niques are unsui table  during mass production because 
of the t ime and expense associated with their use. 
This note describes the results of an investigation into 
the possibility of using Sirtl  etch as a "nondestructive" 
evaluation step for categorizing silicon wafers before 
device fabrication is begun. It is known that chromium 
is deposited as a residue during the chemical reaction 
associated with etching silicon in Sirtl etch (5, 6). The 
detection of chromium as a cation contaminat ion has 
been explained as due to either an  irreversible electro- 
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Fig. 1. Chromium content on silicon slice 

chemical reaction at the si l icon-l iquid interface, or by 
reversible physical absorption (6). Contrary to the 
usual concern about the use of Sirtl  etch result ing in 
chromium diffusing into the silicon slice during subse- 
quent  h igh- tempera ture  processing steps, this note 
reveals that the residual chromium resides only on 
the surface of the slice and can easily be removed. 

Experimental 
Chemically polished silicon slices grown in the [111] 

direction were Sirtl  etched for varying time periods. 
The amount  of residual  chromium on the slice after 
etching was determined by using neutron activation 
analysis. Gamma- ray  spectrometry was used to detect 
the 320 keV v-rays emitted by radioactive Cr 51 pro- 
duced by neut ron  bombardment .  

Results 
The 1 in. diameter silicon slices ini t ia l ly had less 

than  101~ atoms of chromium. After  Sirtl  etching, the 
total number  of chromium atoms on the slice was 
4 X 1016. This indicated that chromium is deposited 
on the slice surface during Sirtl  etching. Figure 1 
shows a comparison "r-ray spectrum of two irradiated 
silicon slices; only one slice was Sirtl  etched while the 
other was also subjected to irradiat ion and counting to 
establish any chromium background. 

The slices were subsequently given various t reat-  
ments  to remove the chromium. Both the standard 
slice-cleaning procedure of hot (water-ni t r ic-water  
cycle) and an aqueous solution of saturated KOH and 
30% H202 in equal volumes, were sufficient to remove 
all the chromium deposited dur ing Sirtl  etching. 

Hence, the residual chromium is easily removed from 
the silicon surface. It was also found that it is sufficient 
to Sirtl  etch for only 2 min  to reveal all the defects on 
the slice. Surface defects are revealed wi th  a much 
shorter etch time. In  order to record the presence of 
both surface and bulk  defects the wafer should be 
etched in 15 see intervals  and inspected at each in-  
terval  (7). 

It  has been found during this investigation that 
wafers that  are Sirtl  etched from both sides result  in 
low yields when MOS devices are subsequently fab- 
ricated. On the other hand, wafers that are Sirtl  etched 
from the backside only have been successfully used to 
repeatably bui ld s tandard yield MOS devices. Appar-  
ently, when the silicon wafer is etched from the front 
side the general  flatness of the mater ia l  is not ma in-  
tained and the resul t ing fabrication problems asso- 
ciated with bowed wafers reduce the yields (8). 

The use of Sirtl  etch from the backside only has not 
yet  been proven to be a definitive technique of ident i -  
fying the start ing qual i ty of the wafer. However, the 
abi l i ty  to fabricate devices with good yields on silicon 
mater ial  that has been Sirtl  etched renders the possi- 
bili ty of using Sirtl  etch as a "nondestructive" evalua-  
t ion technique more feasible than  it is general ly ac- 
cepted to be. Nondestructive here is used in the sense 
that operational semiconductor devices can still be fab- 
ricated on the mater ia l  after etching. Thus, it has been 
shown that  chromium impurit ies can be successfully 
removed, and operational MOS devices with standard 
yields fabricated, after the silicon mater ia l  is exposed 
to the chromium atoms dur ing a chemical-etch evalua-  
tion. 
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Report of the Electrolytic Industries for the Year 1971' 
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Chlorine--Caustic Soda 

I. Production.--U.S.  chlorine output declined in 1971 
for the first t ime in  10 years. 1971 production was 
9,308,500 tons, down 4.2% from 1970, the highest year 
on record. This total does not include production from 
a major  new plant  that  went  into production in Puerto 
Rico dur ing 1971. Canadian production was 860,900 
tons, up about 1% from 1970 (1). 

At the year 's end, production rates were increasing. 
U.S. operations dipped to 84.9% of capacity in May and 
increased over 92.2% in November and December. The 
average operating rate was about 87.9%. In  Canada, 
operations rose from a low of 82.8% in May to a high 
of 91.4% in September. In  the United States, new ca- 
pacity offset shutdowns during the year and as of 
December 1, 1971, capacity was 29,005 tons/day,  es- 
sential ly unchanged from 1970. Canadian capacity in-  
creased 5% to 2,769 tons (1). 

The high demand for caustic cont inued for the second 
year. As a result, caustic prices, which were being dis- 
counted in 1970 from $66/ton for 50% caustic, were 
firm at $71-$76/ton ($81/ton west of the Rockies). 
Chlorine which is "loose" is cont inuing at $75/ton with 
probable discounting (6, 9, 10, 11, 14). 

PPG Industr ies  provides the following breakdown of 
recent caustic sales, which is close to the indust ry  total: 
chemical process industries, 45%; a luminum and pe- 
troleum, 19%; pulp and paper, 15%; soaps and deter-  
gents, 5% ; textiles, 1% ; and miscellaneous and export, 
14% (5). 

The drop in chlorine demand is due to the slump in 
its major  marke t  areas; chlorinated hydrocarbons such 
as v inyl  chlorides, PVC and chlorinated solvents, 
chlorinated pesticides, and paper (5-7). 

The drop in chlorine demand, together with p lant  
shutdowns and a lagging economy were held re-  
sponsible for the caustic shortage, ra ther  than any 
radical growth in demand for any of caustics applica- 
tions. Some producers disagree and feel users who 
switched from other sources of a lkal ini ty  will  not 
switch back (16). The use of caustic soda to replace 
soda ash is occurring in  the glass and a lumina  proc- 
essing industr ies (19). 

1 T h i s  r e p o r t  is  s p o n s o r e d  b y  t h e  I n d u s t r i a l  E l e c t r o l y t i c  D i v i s i o n  
of  T h e  E l e c t r o c h e m i c a l  Soc i e ty .  W h i l e  i t  i s  p r i m a r i l y  a s u m m a r y  of  
p r o d u c t i o n  a n d  d e v e l o p m e n t s  in  t he  c h l o r - a l k a l i  i n d u s t r y ,  r e p o r t s  
o f  o t h e r  e l e c t r o l y t i c  i n d u s t r i e s  a r e  i n c l u d e d .  

T h e  m a t e r i a l  p r e s e n t e d  h e r e i n  h a s  b e e n  g a t h e r e d  f r o m  m a n y  
sou rce s ,  as  n o t e d  in  t h e  r e f e r e n c e s ,  a n d  does  n o t  n e c e s s a r i l y  r e p r e -  
sen t  t h e  o p i n i o n s  of  t h e  a u t h o r s .  

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  

H. Shutdowns and Expansions (2-5, 8, 12, 20) 

Company and Type of  Capacity Completion 
Location Cell tons/day date 

A. Shutdown 

BASF Wyandotte Mercury 150 M a r c h  1971 
Wyandotte, Mich. 

American Magne- Magnesium 175 July 1971 (tern- 
slum Corp. porary for al- 
Snyder, Texas terations) 

Sobin Chemicals, All Cls pro- 40 February 1972 
Inc. duction 
Niagara Fails, 
N.Y. 

Ol in  Corp .  A l l  C b  p r o -  300 M a r c h  1972 
Sa l tv i l l e ,  Va.  d u c t i o n  

D o w  C h e m i c a l  of  Al l  H g  cel l  700 E a r l y  1973 
C a n a d a  Cls p r o d u c -  
S a r n i a ,  O n t a r i o  t i on  

G A F  Corp .  M e r c u r y  235 O c t o b e r  1971 
L i n d e n ,  N. J .  

B A S F  W y a n d o t t e  M e r c u r y  150 1973 
G e i s m a r ,  La .  

H o o k e r  C h e m i c a l  
Corp .  
Taf t ,  La .  

B. Production Started 

H o o k e r  54  120 
D i a p h r a g m  

D o w  C h e m i c a l  Co. D o w  D i a -  - -  
F r e e p o r t ,  T e x a s  p h r a g m  

PPG Industries DeNora 500 
G u a y a v i l l e ,  Mercury 
P u e r t o  Rico  

D o w  C h e m i c a l  Co. D o w  D i a -  - -  
M i d l a n d ,  Mich .  p h r a g m  

S t a n d a r d  C h e m i c a l  U h d e  M e r -  220 
Ltd .  c u r y  
B e a u h a r n o i s ,  
Q u e b e c  

H o o k e r  C h e m i c a l  H o o k e r  S3B 220 
Co. D i a p h r a g m  
M o n t a g u e ,  Mich .  

H o o k e r  C h e m i c a l  H o o k e r  D i a -  100 
Co. p h r a g m  
N a n i m o ,  B.C.  

H o o k e r  C h e m i c a l  H o o k e r  D i a -  500 
Co. p h r a g m  
N o r t h  V a n -  
c o u v e r ,  B.C. 

N L  I n d u s t r i e s ,  Inc .  
G r a n t s v i l l e ,  U t a h  

P P G  I n d u s t r i e s  
L a k e  Char l e s ,  La .  

H o o k e r  C h e m i c a l  
Corp .  
N i a g a r a  Fal l s ,  
N . Y .  

P a r t i a l  2rid 
Q u a r t e r  1971, 
B a l a n c e  2nd  
h a l f  1971 con-  
v e r s i o n  to  
D S A  

1971 Expansion 

2nd Quarter 
1971 

1971-1972 
M o d e r n i z a -  
t ion  

F e b r u a i ' y  1971 

1971-1972 C o n -  
v e r s i o n  to  
D S A  p l u s  
e x p a n s i o n  

1971-1972 C o n -  
v e r s i o n  $4  t o  
H2 a t  h i g h e r  
l o a d  

1971-1972 Con-  
v e r s i o n  to  
D S A  p l u s  
e x p a n s i o n  

C. Building or Planned 

B A S F  M a g -  45,000 T / y r  E a r l y  1972 
n e s i u m  M a g n e s i u m  

S0,000 T / y r  
C% 

P P G - D e N o r a  1,500 N o t  A n -  
B i p o l a r  n o u n c e d  

H o o k e r  D i a -  1,000 1973~1976 
p h r a g m  M o d e r n i z a -  

t i on  

7C 
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B A S F  Wyandot te  Diamond  Dia= Two plants  Modernizat ion 
Corp. p h r a g m  350 each 
Geismar ,  La. 

DoW Chemical  of Conver t  Mer-  700 Early 1973 
Canada.  Ltd. cury  to 
Sarnia,  Ontar io  D i a p h r a g m  

Vulcan Mater ia ls  Hooker  Dia-  275 Conver t  to 
Co. p h r a g m  DSA May 
Wichita,  Kan.  1972 

D i a m o n d - S h a m r o c k  D i a p h r a g m  - -  Conver t  to DSA 
Deer  Pa rk ,  Texas  

n o w  Chemical  Co. n o w  Mag-  24,000 T / y r  1st Quar te r  
nal lesport ,  Wash. nes ium Magnes ium 1975 

50,000 T / y r  
CI~ 

III. Deve lopments .mA.  Metals anodes . - -Meta l  Anode 
Associates, a joint  ven ture  of Union Carbide  Corpora-  
t ion and Engelhard  Minerals  and Chemical  Corpora t ion  
announced w i t h d r a w a l  from meta l  anode field in De-  
cember  1971 (17). 

A new t i t an ium anode for chlorine cells has been 
jo in t ly  developed by  Olin and ICI 's  Imper ia l  Metal  In-  
dustries,  L imi ted  (Birmingham,  England) .  Olin wil l  
ins ta l l  the first commercia l  system at Augusta,  Georgia.  
The anodes are  made f rom t i tanium, ut i l izing ad-  
vanced technology in t i t an ium fabr ica t ion  and surface-  
coating techniques, and  wil l  be used with  the  new 
Olin anode adjus ter  (18). 

Electrode Corpora t ion  reports  tha t  50% of the  Nor th  
Amer ican  mercury-ce l l  capaci ty  has expanded  capaci ty  
using the h igher  cur rent  densi t ies  avai lable  wi th  Di-  
mens iona l ly  S tab le  Anodes wi th  (DSAr) .  DeNora, 
Uhde, Solovay, and Olin mercu ry  cells of var ious  sizes 
are sat isfactor i ly  opera t ing  with  DSA in 18 me rc u ry  
cel lrooms using sodium and potass ium salts. Elec-  
t rode Corporat ion 's  new DSA's  account for 3 mi l l ion 
tons chlorine capac i ty /yr ,  or 30% of U.S. chlor ine 
capaci ty  (13). 

DSA insta l la t ions  in d iaphragm cells are  expanding  
rap id ly  th rough  the association be tween  Electrode 
Corpora t ion  and Hooker  Chemical  Corporation.  Hooker  
has Nor th  Amer ican  r ights  for conversion of Hooker  
Diaphragm cells. Using DSA's  in d iaphragm cells re -  
sults in savings in power  and labor  because of less 
f requent  maintenance,  longer d iaphragm life, and be t -  
te r  cell  efficiency. 

Modern  mercu ry  cells genera l ly  opera te  at  cur rents  
f rom 100,000-300,000A. Diaphragm cells wi th  graphi te  
anodes opera te  to 60,000A. The first d iaphragm cells 
using DSA's  opera ted  at  70,000-80,000A (20). 

DSA's  are  being suppl ied to a number  of companies  
developing new design of chlorine cells. Commercia l  
tests a re  being eva lua ted  to use DSA's  for chlorate,  
hypochlori te ,  copper, and nickel  product ion (13). 

B. N e w  cell  designs.raThe env i ronmenta l  p rob lem 
wi th  mercu ry  has resul ted  in the  deve lopment  and 
perfect ion of new types  of d i aphragm cells. Hooker  
Chemical  Corporat ion has developed a new H-2 d ia-  
ph ragm cell  using DSA's. The new cell operates  at 
90,000A and test  cells have been opera ted  at  150,000A 
(2O). 

The new bipolar  cell announced in 1970 and de-  
veloped jo in t ly  be tween  P P G  Indust r ies  and DeNora 
has been named the Glanor  V cell. Af te r  successful 
testing, it  is ava i lab le  in two sizes; 11/22 ra t ed  at 36 k A  
and 11/44 ra t ed  at 72 k A  (15). 

Other  cells offered with  meta l  anodes include the 
Diamond-Shamrock ,  Elcinore Cell  and  two from Japan  
manufac tu red  by  Showa Denko and Nippon Soda (21). 

C. N e w  hypochlorite  c e l l . ~ F o u r  companies have de-  
veloped cells to produce sodium hypochlor i te  using 
sea wate r  as cell  feed ins tead of brine. New York  City 
is p lanning  to test  3 systems to disinfect  effluents f rom 
the  ci ty 's  sewage t r ea tmen t  plants :  (i)  the  Pepch lor  
uni t  made  by  Pacific Engineer ing and Product ion  Com- 
pany  of Henderson, Nevada;  (ii) the Sea-ce l l  m a n u -  
fac tured  by  A. Johnson and Co., Limited,  of London, 
England,  and  marke ted  by  Pa rkson  Corporation,  For t  
Lauderdale ,  F lor ida ;  and (iii) the Sanilec cell made  
by  D iamond-Shamrock  Corporation,  Cleveland,  Ohio. 

Est imates  for  product ion f rom the new units range  
f rom 3-5.5r for hypochlor i te  compared  to 13r 
at  present  m a r k e t  pr ice  (16). 

Sodium hypochlori te ,  genera ted  on site, wi l l  be used 
as a bacterec ide  at the Depa r tmen t  of the In ter ior ' s  
desal t ing p lan t  at Wrigh tsv i l l e  Beach, Nor th  Carolina.  
Enge lhard  Minerals  and Chemicals  wi l l  ins ta l l  one of 
is chloropoc plants  at  Wrightsv i l le  (22). 

D. Mercury . raThe  widespread  publ ic i ty  given to 
mercu ry  in the  environment ,  and the hea l th  hazards  of 
me rc u ry  in 1970 cont inued in 1971. Mercury  cell 
ch lo r -a lka l i  producers,  in an increclibly short  per iod of 
time, found ways  and means  to reduce  the  mercu ry  
content  of p lan t  wastes. These programs were  con- 
t inued and per fec ted  in 1971. These p rograms  cost 
money. The p rob lem of removing  past  accumulat ion 
of me rc u ry  f rom the beds of downs t ream lakes  and 
r ivers  of these p lants  is difficult, or in some cases im-  
possible, to solve. The resul t  is tha t  many  mercury  
cell  p lants  have been, or are  being, closed (21). 

Proposed a i r -emiss ion  s tandards  for mercu ry  were  
publ ished in the December  7, 1971 Federa l  Regis ter  
by  the  Env i ronmenta l  Pro tec t ion  Agency.  The s tan-  
dard  requi res  mercu ry  cell chlor ine p lants  and pr i -  
m a r y  mercury  p lants  to l imit  emissions to a m a x i m u m  
of 5 lb of me rc u ry  over  a 24 hr  per iod (23). 

The 1971 consumption of mercu ry  was es t imated  
at 54,000 flasks, a decline of 12% from 1970. The largest  
decreases f rom 1970 were  in agr icul ture ,  catalysts,  
e lectrolyt ic  chlor ine production,  and indus t r ia l  ins t ru-  
ments. The use of mercury  for gold product ion ceased, 
and the  use of mercur ia l  s l imicides in the  pulp and 
paper  indus t ry  was negligible.  Gains were  regis tered  
for pa in t  and e lect r ica l  appara tus .  

U. S. product ion of mercury  in 1971 was the  lowest  
since 1964. Eighteen thousand flasks were  produced 
f rom about  60 mines compared  to 27,303 from 79 mines  
in 1970. By the end of the  yea r  only  about  30 mines 
were  active. Abou t  16,000 flasks of mercu ry  became 
avai lable  due to the  closing of severa l  mercu ry -ce l l  
chlor ine p lants  and  releases by  the Genera l  Services  
Adminis t ra t ion .  Cal i fornia  produced 73% of the mer -  
cury,  Nevada  7%, wi th  the  r ema inde r  f rom Alaska,  
Arkansas ,  Idaho, Oregon, and Texas. 

Impor t s  were  up to 27,000 flasks compared  to 21,672 
in 1970. Canada suppl ied 60%, Mexico 15%, Spain  
13%, Turkey  5%, and I ta ly  less than  1%. 

The GSA expor ted  5,700 flasks of mercu ry  to India  
under  p rograms  of the  Agency  for In te rna t iona l  De-  
velopment .  

The average  New York  pr ice was es t imated  at $295/ 
flask compared  to $407.77 last  year.  Year  end prices 
were  in the  $250-$260/flask range. 

Other Alkalis and Electrolytic Processes 
Caustic potash . - -Caus t ic  potash product ion in 1971 

was 186,819 tons, up 7% over 1970 product ion (24). 
P P G  Industries,  Incorpora ted  announced in Decem- 

ber  that  t hey  had  conver ted  the i r  8,000 t o n / y r  l iquid 
caus t ic -potash  facil i t ies at Natr ium,  West  Virginia  to 
produce l iquid caustic soda. The company wi l l  con- 
t inue to produce both l iquid and flake caustic potash 
at  Corpus Christi, Texas (25). 

Under  terms of a proposed agreement  be tween  
Hooker  Chemical  Corpora t ion  and Sobin Chemical  
Company,  the mercu ry -ce l l  uni t  at Hooker ' s  Niagara  
Fal l s  p lan t  wi l l  continue in operat ion producing  
chlor ine and caustic potash (28). Sobin plans to shut  
clown its Niagara  Fal l s  plant,  wi th  a caustic potash 
capaci ty  of 23,000 tons/yr ,  in F e b r u a r y  1972 (3). The 
Hooker  faci l i ty  has a 36,000 t ons /y r  capacity.  

In  May, Sobin Chemicals  in i t ia ted  a pr ice increase  
for caustic potash f rom west  coast te rminals  to $7/cwt. 
for 50% liquid, FOB terminal ,  whi le  others  posted $6.70 
and $6.77 (26). On Ju ly  5, all  p roducers  were  at  $7.00 
(27) 

Soda ash . reProduct ion  of na tu ra l  sodium carbonate  
in 1971 to ta led  2.8 mi l l ion short  tons va lued  at  $62.5 
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million, an increase of over  7% in quan t i ty  and near ly  
11% in value  over  1970, according to the Bureau  of 
Mines. The t rona  mines  of Wyoming  suppl ied a ma jo r  
por t ion of the  output,  and the r ema inde r  came from 
d ry  lake  beds in Cal i fornia  (29). Synthe t ic  soda ash 
product ion  in 1971 was 4.3 mi l l ion  tons, down 3.2% 
from 1970. Produc t ion  included 1,829,769 tons synthetic,  
light, and 2,337,037 tons, dense (30). 

About  half  of the  to ta l  sodium carbonate  p roduced  
in the U. S. goes to the  manufac tu re  of glass, 40% to 
the manufac tu re  of o ther  chemicals,  and  8% to the  
processing of wood pulp into paper .  About  4-6% of 
product ion is expor ted  (29). Some rep lacement  of 
soda ash by  caustic soda is occurr ing in the  glass and 
a lumina  processing industr ies  (31). 

Year end soda ash prices were  quoted at $2.35/100 lb 
for light, and $2.40-$2.45/100 lb for the  dense. Bulk soda 
ash in car lots  was quoted at $1.65/100 lb for light,  and 
$1.65-$1.80/100 lb for dense (29). However ,  increases of 
$2.50/ton for l ight  and dense soda ash have been pro-  
posed, but  must  be approved  by  federa l  officials under  
the  te rms of the  price freeze ru l ing  in the  U. S. (32). 

Hooker  Chemical ' s  $20 mi l l ion  p lan t  at Sear les  Lake, 
Cal i fornia  wi l l  use a new solar evapora t ion  process to 
produce  borax,  soda ash, and potass ium sulfate  f rom 
minera l  deposits  in the area  (33). 

Al l ied ' s  Green  River,  Wyoming  soda ash p lan t  is 
undergoing a 550,000 tons /y r  expansion which wil l  
boost Green  River ' s  annual  capaci ty  to about  4.2 mi l -  
l ion tons by  ear ly  1973. This represents  an increase of 
roughly  50% in to ta l  U. S. capac i ty  for na tu ra l  soda ash 
(34). 

Olin Mathieson has closed down its Solvay process 
soda ash p lan t  (300,000 tons /y r )  at Saltvi l le ,  Virginia  
as a resul t  of s tate legis lat ion reducing permiss ib le  
effluent chlor ide  levels  The  ava i lab i l i ty  of cheap soda 
ash in the  United Sta tes  apparen t ly  made  it uneco-  
nomical  to modi fy  the  p lant  to reduce chlor ide levels  
(35). This was  appa ren t ly  the  reason for  P P G ' s  de -  
cision to shut down its Barber ton,  Ohio, Solvay system 
soda ash faci l i ty  (36). 

Sodium chlorate.--U. S. product ion of sodium 
chlora te  in 1971 was 196,469 tons, down 1% from 1970 
product ion of 198,460 tons (30). 

Product ion  facil i t ies in the U. S. are  (37) : 

Sodium.--Metallic sodium production in 1971 
totaled 153,075 short tons, a decrease of about 10% 
from 171,190 tons in 1970 (39, 40). 
The decrease is undoubtedly due to the decline of 

the manufacture of lead alkyls for gasoline additives 
in the U. S. Exportation of tetraethyl lead and tetra- 
methyl lead have also declined as the European and 
Japanese manufacturing facilities have been expanded, 
thereby affecting the production rate of sodium in the 
U. S. (40, 41). 

Pr ices  for sodium were  increased dur ing  the yea r  
and are quoted at $0.27�89 for  regu la r  fused m a -  
ter ia l  in drums (Reactor  grade $0.32). The 12 lb 
br icks  a re  up $0.04-$0.30/lb. Smal le r  b r icks  are  up 
$0.05-$0.35/lb for 5 lb bricks,  $0.40/lb for 2.5 lb  bricks, 
and  $1.06/lb for 1 lb br icks  (42, 43). 

F l u o r i n e . - - F l u o r i n e  is der ived  from the minera l  
fluorite, commonly known as fluorspar. Three grades  
of f luorspar a re  genera l ly  recognized: Me ta l l u rg i ca l - -  
60, 70, and 72.5% effective calcium fluoride (CaF) ;  
Ceramic--85-96% CaF; and A c i d - - m o r e  than  97% CaF. 

Cryolite (N~AIF6) is a fluorine mineral required 
by the aluminum industry to dissolve alumina in the 
process of reducing alumina to aluminum by elec- 
trolysis. Greenland is the only known natural source 
of the na tu ra l  mineral .  However ,  large quant i t ies  a re  
produced synthe t ica l ly  from caustic soda, a lumina,  
and hydrofluoric  acid. 

In  1968, the  U. S. produced 118,000 tons fluorine, or 
18% of total  U. S. demand.  The remain ing  82% is im-  
ported,  chiefly f rom Mexico, or suppl ied  f rom s tock-  
piles. U. S. dependence  on foreign suppl ies  has exis ted 
since 1952 and is increasing (44). 

Consumption patterns 
(Based on 1968 figures) 

A. Form used Per  cent 

Fluorspar  44 
Cryolite 18 
Hydrofluoric acid 35 
Finosilieates 3 

10O 

1,000 Tons 
B. Use fluorine Per cent  

Capacity 
Company ( tons/yr)  

Hooker  Chemical  Corp. 15,000 
Niagara  Falls, N . Y .  65,000 
Columbus, Miss. 

Amer ican  Potash & Chemical  Corp. 60,500 
Hamilton,  Miss. 
Henderson,  Nev. 

Penn-O11n Corp. 31,000 
Calvert  City, Ky.  

Penwal t  Corp. 15,000 
Portland,  Ore. 

PPG Industries,  Inc. 15,000 
Lake  Charles, La. 

Huron Chemicals Co. 11,000 
Butler,  A1. 
Riegelwood, N. C. 

Georgia-Pacific Corp. 5,000 
Bell ingham, Wash. 

Brunswick Chemical  Co. 7,000 
Brunswick, Ga. 

Pacific Engineering & Production Co. 6,000 
Henderson, Nev. 

230,500 

Hooker  Chemical  announced plans  to bui ld  a new 
45,000 t o n s / y r  p lant  at  Taft, Louisiana.  The p lan t  wi l l  
use rad ica l ly  new cel l  design which was 4 y r  in de -  
velopment .  The site was chosen to be near  the southern  
pulp and paper  industry.  This indus t ry  uses about  70% 
of the chlorate production to make chlorine dioxide 
bleach. Hooker anticipated increased demand as a 
result of the Hooker "SVP" (single vessel process) 
chlorine dioxide generating system which is said to 
produce lower cost product with no acid effluent (37). 

Sodium chlorate prices for pulp and paper grade 
product was lowered from $140/ton to $134.50/ton 
which continued throughout the year (38). 

Refrigerant ,  aerosols, sol- 
vents ,  and plastics 228 35.3 

Steel  fluxing 215 33.3 
A u m i n u m  114 17.6 
Elect rometa l lurgy flux 30 4.6 
Gas opacifler and flux 16 2.5 
Iron foundry  flux 12 1.9 
Ferroal loy and non-fer rous  

flux 11 1.7 
Other* 20 3.1 

646 100 

* Other uses include cement  production, wa te r  fluorination, ura- 
nium isotope separation, catalyst  for high octane gasoline produc-  
tion; polymerization,  esteriflcation, acidifying oil wells to increase 
oil production, ext ract ing silica f rom carbon and graphi te  electrodes 
and m a n y  other  processes. 

The fol lowing da ta  concerns f luorspar (45). In  1971, 
14 companies shipped 269,000 tons of finished f iuorspar 
f rom mines  in 7 states. Two firms in I l l inois  p rovided  
over  half  the  to ta l  shipments.  Twelve  o ther  firms in 
Illinois, Colorado, Montana, Nevada,  and Utah  p ro -  
v ided  the rest. 

Fluorspar statistics 
(!,000 Tons) 

1968 1969 1970 1971" 

Product ion 252 183 266 269 
Imports :  Acid grade 638 695 676 697 

Metallurgical 412 455 416 341 
Exports:  Ceramic and acid 13 4 15 15 
Consumption:  Acid grade 678 736 767 650 

Metallurgical and ce- 
ramic  565 621 605 670 

Price:  Average  mine  value 
per ton $46.18 $46.07 $61.00 $62.00 

* Estimated.  
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Imports  were from Mexico, 76%, Spain 14%, Italy, 
8%, other, 2%. 

At 1971 production rates, the U. S. has a 25 yr  supply 
before deposits are depleted. 

A luminum.mOutpu t  of p r imary  a luminum metal  was 
estimated at 3,935,000 tons, just  slightly below the 
production level in  1970 of 3,976,148 tons. Domestic 
a luminum demand was slightly higher in 1970. Im-  
ports of a luminum in crude form increased 60% to a 
record 750,000 tons while exports dropped precipitously 
from 612,000 tons in 1970 to 300,000 tons in 1971, chang- 
ing the balanced trade established in 1969 and 1970 
(46). 

Total inventories of a luminum metal  in all  forms 
increased to an estimated 2.5 mil l ion tons, up from 
2.2 mill ion at the end of 1970. The low demand level 
for pr imary  metal  resulted in the shutdown of reduc- 
t ion lines to reduce output. By year end, approximately 
15% of available capacity was shut down (46). 

Two new pr imary  a luminum plants  were started 
early in 1971. In  February,  Noranda Aluminum,  In-  
corporated started production at New Madrid, Missouri, 
mark ing  an ent ry  of the tenth  pr imary  a luminum pro- 
ducer in  the United States and the twenty-e ighth  
plant. In  March, Gulf  Coast A l u m i n u m  Corporation, 
a subsidiary of Swiss Aluminum,  Limited, started pro- 
duction at its new plant  at Lake Charles, Lousiana 
(47, 48). 

A luminum Company of America is starting a new 
a luminum potline at its Warwick plant  in Evansville, 
Indiana. The 50,000 tons /y r  line, bui l t  earl ier this year 
but so far unused, will  raise the annua l  capacity of the 
facility to 190,000 tons/yr .  Total capacity at Warwick 
is 275,000 tons/yr .  

Two older potlines were closed because of a coal 
shortage. These two lines, with an annua l  capacity of 
85,000 tons/yr ,  remain  closed, but  a third l ine with a 
capacity of 45,000 tons /y r  reopened in late November 
(49). 

Amax Pacific postponed the s ta r t -up  of its proposed 
$120 mil l ion two-pot a luminum reduction plant  at 
Warrenton,  Oregon. Construction for this 150,000 tons /  
yr  plant  is scheduled to begin in the spring of 1972 
with completion by the spring of 1974 (50). 

The Battelle Development Corporation is tout ing 
a luminum alloy electroplating as an attractive a l terna-  
ti-Je to cadmium plat ing in terms of corrosion resist-  
ance and the absence of pollution. Licensed from Na-  
tionaI Steel Corporation, Battelle fur ther  developed the 
process. Incorporat ing 10-18% manganese  results in a 
smooth, dense, but  dull  coating. Increasing manganese 
to 20-30% results in a bright  fine grain coating. Coating 
is done in a fused salt at 350~ Compared with cad- 
mium plating, the economies are a trade-off. Capital 
costs are higher for the alloy system, but  raw ma-  
terials are cheaper (51). 

Magnesium.~The production of pr imary  magnesium 
in 1971 is estimated at 115,000 short tons, up slightly 
from 1970. Shipments  for the first three quarters  were 
up 4% from 1970 and output  was up 13% for the same 
period. Imports  of magnesium from Janua ry  through 
September were 2,362 tons and exports were 19,685 
tons. Product ion of magnesium compounds decreased 
from 1970. Magnesite, brucite, and olivine production 
remained at  about the 1970 level (52, 53). 

Imports of caustic-calcined magnesia for J anua ry  
through October were 10,967 tons, while in the same 
period importat ion of dead-burned  and grain magnesia, 
and periclase totaled 126,008 tons, up from 30,000 tons 
in 1970 (53). 

The General  Services Adminis t ra t ion continued the 
disposal of magnesium metal  in the nat ional  stockpile; 
at the end of the third quar ter  99,790 tons remained 
in the stockpile. 

New magnesium plants  and expansions announced 
include Alcoa's proposal to build a plant  in Addy, 
Washington and NL Industr ies 45,000 ton /y r  plant  in 
Utah. The magnesium will  be cast into ingots following 

recovery from electrolytic cells (54). Norsk Hydro 
plans to invest  $14 mill ion in a 7,000 ton /y r  plant  at 
its magnesium operation at Heroya, Norway, br inging 
production up to 47,000 tons/yr .  The expansion will  
incorporate a newly developed Norsk-Hydro process 
using magnesium chloride br ine  as the raw mater ia l  
and yields chlorine as a by-product  (55). 

Manganese.mThere  was no production of manganese 
ore concentrate, or nodules, containing 35% or more 
manganese in the U.S. in 1971. However, mangani f -  
erous ore continued to be produced in Minnesota and 
New Mexico. Domestic consumption of ore containing 
35% or more manganese, expected to total 2 mil l ion 
short tons, was lower than in 1970. Consumption of 
ferromanganese and silicomanganese also dropped 
(56). 

Major manganese ferroalloy producers reported 
progress in their instal la t ion of equipment  to reduce 
air pollution. Foote Mineral  Company announced that 
it was phasing out its Knoxville,  Tennessee electrolytic 
manganese  operations in favor of its newer  New 
Johnsonville,  Tennesee plant. 

The GSA was authorized to dispose of 4,424,840 short 
tons of metal lurgical  grade manganese  and 4,805 short 
tons of synthetic manganese dioxide from nat ional  
stockpiles. GSA policy continued to l imit  deliveries 
of metal lurgical  manganese  to 300,000 short tons per 
year, divided evenly between quarters  (56). 

The price of metal lurgical  ore containing 46-48% 
manganese  was increased from 56-59C/ton to 59-63r 
ton. Standard high carbon ferromanganese (74-76% 
manganese)  cont inued to be priced at $184.50/long ton, 
FOB producer plant, and 78% mi n i mum grade con- 
t inued at $190. Imported s tandard ferromanganese 
was quoted by Metals Week at $180/long ton unt i l  
March, then increased to $182-$184. Standard  elec- 
trolytic manganese metal  sold at 33.25r FOB pro-  
ducer plant  for shipment  of 30,000 lb or more (56). 

Imports  of manganese ore (35%) from Brazil and 
Gabon were expected to approach 2 mill ion short tons, 
over half of total U. S. imports. Fer romanganese  im-  
ports were comparable to those of 1970 with the 
Republic of South Africa and France as principal  
suppliers, followed by India. Manganese metal  im-  
ports were considerably increased from those of 1970, 
pr incipal ly  from the Republic of South Africa (56). 

Two subsidiaries of Armcor, Metallorp, Limited and 
Ferrometals,  Limited announced a $42 mill ion expan-  
sion program in the Republic of South Africa which 
will m, ake Amcor one of the world's  largest ferroalloy 
producers (56). 

Bureau of Mines RI 7473, "Processing Manganiferous 
Sea Nodules," reported Bureau research on manganese  
nodules from both the Atlant ic  and Pacific ocean floors. 
RI 7051, "Autoclave and Ambient  Pressure Leaching 
of Lake Superior Manganiferous Ores," reported leach- 
ing studies on ores from three Cuyuna  Range mines 
(56). 

The commercial potential  of ocean nodules has at-  
tracted some 18 commercial and governmenta l  or- 
ganizations in  5 countries. Deapsea Ventures, Incor-  
porated appears to hold the lead, and has already 
spent $20 mil l ion on exploration and development, and 
anticipates an addit ional $200 mil l ion to achieve pro- 
duction. Plans call for progressive scale-up from pres- 
ent 1 ton /day  pilot plant, to 75 and 750 ton pilot plants  
before bui lding a full scale 3,000 ton /day  plant. By 
processing 1,000,000 tons /y r  of nodules they expect to 
produce 12,600 tons nickel, 10,009 tons copper, 2,400 
tons cobalt, and 260,000 tons manganese. 

The present process involves an HC1 reaction, leach- 
ing, ion exchange, stripping, electrolysis, crystalliza- 
tion, and metal  reduct ion (57, 58). 

Bery l l ium. - -The  consumption of bery l l ium ores de-  
creased slightly in  1971, from 6,000 tons in  1970. Of the 
total consumption, 53% is used in  electrical equipment,  
21% in electronic components, 18% in nuclear  reactors, 
and 8% for miscellaneous uses (59). Domestic produc- 
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tion was f rom 3 states and consisted almost  en t i re ly  of 
ber t randi te .  

Imports ,  l a rge ly  f rom Brazil,  decl ined in 1971 and 
are es t imated  at 4,200 tons and va lued  at  $1.5 mill ion.  
Midyear  government  stockpile inventor ies  included 
21,0.08 tons of be ry l  (11% BeO equiva len t ) ,  7,367 tons 
of be ry l l i um-coppe r  mas te r  alloy, or me ta l  from 1970 
inventories.  

Kaweck i  Berylco Industr ies,  Incorpora ted  ins ta l led  
a 4 ft revers ing  mil l  producing the widest  be ry l l ium 
meta l  sheet  avai lable.  Kawecki  have also formed a 
jo int  ven ture  wi th  Tref imetaux GP to produce  and 
m a r k e t  b e r y l l i u m - c o p p e r  products  in Europe.  

Brush Wellman,  Incorpora ted  p lanned  to begin min-  
ing in new open pit  reserves  near  thei r  present  pi t  in 
Utah (60). 

The Envi ronmenta l  Pro tec t ion  Agency has proposed 
an emissions ceiling of 10g per  day  per  p lan t  to ma in -  
tain an ambien t  ceiling of 0.01 ~g/m 3 on a 30 day  ave r -  
age. This wi l l  main ly  affect faci l i t ies tha t  ex t rac t  be ry l -  
l ium from ore (61). 

Chromium.--The U. S. cont inued to re ly  on impor ts  
and purchases  f rom government  stockpiles for  its 
chromi te  requ i rements  (62). 

U.S. Salient Chromite Statistics (63) 
(Short tons) 

Impor t s  for 
Year consumpt ion  Expor ts  Consumpt ion  

1970 1,405,527 40,877 1,400,538 
1971 1,298,886 34,818 1,086,229 
% Change -- 7.6 -- 14.9 -- 22.0 

U.S. Consumption and Stocks of Chromite by Industry (63) 
(Short tons) 
Consumpt ion  

Year Metal lurgical  Refrac tory  Chemical  Total  

1970 911,697 277,646 213,195 1,402,538 
1971 719,779 186,524 179,926 1,086,229 

Stocks at end of year  

Year  Metal lurgical  Ref rac tory  Chemical  Total 

1970 387,572 309,616 110,792 807,980 
1971 606,638 229,908 119,620 1,016,166 
% Change + 72.0 --25.7 + 8.0 + 25.8 

Various grades  of chromite  were  offered for sale 
dur ing the yea r  by  the Genera l  Services  Admin i s t r a -  
tion. However ,  only re f rac tory  grade  was sold, 21,048 
tons for nonre f rac to ry  use and 8,300 tons for re -  
f rac tory  use. 

Union Carbide was author ized in October by  the  
Depa r tmen t  of the Treasury  to impor t  150,000 tons of 
chromite  f rom Southern  Rhodesia which was pa id  for 
pr ior  to United Nations economic sanctions. To date 
only 26,000 tons have  been imported.  

Pub l i shed  prices for chromite  ore for  1971, pe r  long 
ton de l ivered  at  At lant ic  ports  were  as follows: 

Pr ice  
Country  % Cr2Os Ratio S/ ton 

Tu rk i sh  48 3-1 55-50 
So. Afr ican  Transvaa l  44 no rat io 25-27 

Russian 
Chromite  (quoted per  metric  ton FOB loading point) 

48 4-1 51.50-55.00 
55 - -  5 9 - 6 3  

Ti tan ium.mThrough  October  1971, sponge-meta l  
product ion  had  d ropped  26% below the corresponding 
per iod for 1970, and  2 of the 3 domestic  producers  had  

closed down. Stocks of sponge and scrap increased 25 
and 16%, respect ively,  dur ing  the ten month  per iod as 
ingot product ion dropped  18% (64). 

Metal  product ion 
(short tons) Metal consumpt ion  (65) 

Type  1970 1971 % Change 1970 1971 % Change 

Sponge --34% 16,413 12,145 --26% 
Ingot  24,331 18,450 --24% 
Scrap 7,242 6,149 -- 15% 

There  are  10 consumers of sponge, 15 of scrap, and  
18 of ingot (64). Es t imated  indus t ry  capacit ies a re  65 
mil l ion l b / y r  for  ingot  and 30 mil l ion l b / y r  for sponge 
(66). Product ion  of i lmeni te  was down 21%, whi le  im-  
ports  were  down 32%, f rom 1970. No rut i le  was p ro-  
duced domest ica l ly  and imports ,  most ly  f rom Austral ia ,  
decl ined by  24%. Impor ta t ion  of t i t an ium sponge, 
most ly  from Japan,  to ta l led  3,905 short  tons, a de -  
crease of 40.5% f rom 1970 (65). Expor ts  of sponge were  
expected to total  about  1,500 tons for the y e a r  re -  
flecting a decrease of about  48% from the  1970 level.  
Expor ts  of wrought  t i t an ium and mi l l  products  were  
down 78% (64). 

The Genera l  Services  Admin is t ra t ion  s tockpiles  re -  
ma ined  unchanged  at  35,015 tons of sponge and 56,525 
tons of ru t i l e  (64). 

Domestic prices for t i t an ium sponge (99.3% pur i ty )  
r ema ined  unchanged from the  previous  yea r  at  $1.32/lb 
whi le  the same grade  Japanese  and United Kingdom 
sponge was $1.20-$1.25. The price of ru t i le  p igment  at  
yea r  end was 26-27r 

F i r s t  quar te r  indicat ions of an increased demand  for 
t i t an ium disappeared  wi th  the e l iminat ion  of the Boe- 
ing SST and lower  than  ant ic ipated  product ion of both  
mi l i t a ry  and commercia l  aircraft .  

Addi t ional ly ,  the t i t an ium p igment  indus t ry  capaci ty  
decreased by  36,000 tons wi th  the  closing of Amer ican  
Cyanamid ' s  P iney  River,  Virginia  p lan t  and PPG ' s  
shu tdown of its Natr ium,  West  Virginia  chlor ide  process 
plant .  NL announced abandonmei l t  of the  chlor ide 
process of TiO2 manufac tu red  in the Uni ted  Sta tes  and 
Canada wi th  closing of p lants  at Sayrevi l le ,  New J e r -  
sey, St. Louis, Missouri, and Varennes,  Quebec (64, 67). 

At  the  same time, du Pont  has announced develop-  
ment  of a process to produce anatase  TiO2 pigments  
using the  chlor ide route. The new deve lopment  pe r -  
mits  manufac ture  of both  anatase  and ru t i le  c rys ta l  
forms of TiO2 p igment  by  one process (67). 

Other  in teres t ing  deve lopments  include the marke t -  
ing of the  Benil i te  Process by  Cabot to reduce the  
manufac tur ing  cost of upgraded  t i t an ium ores and ex -  
panded  uses of diffusion bonding processes (68, 69). 

The Soviet  Union is bui ld ing its largest  sulfa te  
process TiO2 p lan t  to date (about  20,000 t o n s / y r ) ,  which 
wil l  double  USSR sulfate process TiO2 (65). 

The Amer ican  Smel t ing  and Refining Company an -  
nounced deve lopment  of a new i lmeni te  mine  in New 
Je r sey  expected to begin product ion in 1973 at  a ra te  
of 150,000 t ons /y r  of concentrate.  

The Ceylon Mineral  Sand  Corpora t ion  is expanding  
the  i lmeni te  ex t rac t ion  p lan t  at Pu lmodda i  Beach and 
in tegra t ing  i t  wi th  a ru t i le  and zircon recovery  plant .  
The expans ion  wil l  enable expor ts  of 60,000 metr ic  
t ons /y r  of i lmeni te  and  11,0,00 metr ic  tons of ru t i le  by  
mid  1975 (70). 

L i th ium.mDomest ic  product ion  of spodumene and 
l i th ium carbonate  was the larges t  ever  repor ted.  
Domestic  and in te rna t iona l  consumption of l i th ium 
products  was at an al l  t ime  high. 

Three  domestic  companies  cont inued to process p r i -  
m a r y  l i th ium products  (product ion da ta  not  ava i lab le)  : 
(i) Foote Minera l  Company,  Sunbright ,  Virginia,  and 

Si lver  Peak, Nevada;  (i~) Amer i can  Potash  and Chemi-  
cal Corporation,  Trona, Cahfornia;  and (iii) Li th ium 
Corpora t ion  of American,  Bessemer  City, Nor th  Cal i -  
fornia.  
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The Great  Salt Lake Minerals and Chemical Cor- 
poration, formed by Li th ium Corporation of America 
and Salzdetfurth, A.G., West Germany,  harvested salts 
from the Great Salt Lake in Utah, but  do not have 
facilities to recover l i th ium (71). 

Honeywell,  Incorporated announced the development 
of a small h igh-energy l i thium bat tery  for industr ial  
applications requir ing long term storage. Developing 
markets  for l i th ium included large scale use of l i th ium 
carbonate by the a luminum indus t ry  and increased use 
of l i thium hypochlorite for bleaches as a sanitizing 
agent for swimming pools. Other domestic industr ia l  
uses were in ceramics, glass, welding and brazing 
fluxes, air condit ioning equipment,  rubber,  and phar-  
maceuticals. 

United States Imports of Lithium, 1971 (72) 

Quant i ty  Value ($) 

A. Minerals :  short  tons 
Brazi l  5,292 225,899 
Republic of South Afr ica  1,115 82,613 

6,407 308,512 
B. Compounds :  lb 18,200 51,257 
C. Li t h i u m meta l :  lb 53 459 
D. L i t h i u m salts:  lb 33 1,166 

Exports of l i th ium hydroxide (9 months)  were 227 
tons valued at $228,648. Figures for minera l  and metal  
exports were not available. December 1971 prices for 
l i thium products were (71) : 

Li thium metal, 1,000 lb lots $8.18/lb 
Li thium carbonate, carload lots $0.50 V2/lb 
Li th ium chloride $0.89/lb 

Copper . - -During 1971, the domestic copper indus t ry  
experienced curtailed mine, smelter, and refinery out-  
puts due to labor strikes at most plants  dur ing  July, 
August, and September. In  addition to production lost 
as a result  of strikes, several mines curtai led operations 
dur ing  the la t ter  part  of the year due to util ization of 
smelter capacity for processing accumulated stocks 
of copper concentrates. 

Mine production was 1.533 mill ion tons, a decrease 
of 11% and the smallest output  since 1968. Smelter  out-  
put  from domestic ores was 1.470 mil l ion tons, a de- 
crease of 8.4% from the record high of 1970. Refinery 
production was 1.41 mill ion tons from domestic ores 
and 0.181 mill ion tons from foreign ores for a total of 
1.591 mil l ion tons of pr imary  metal, down 10% from 
1970. Secondary metal  production was 0.40 mil l ion tons 
(73). 

Demand for refined copper was sluggish at the start 
of the year, increased to a relat ively high level dur ing 
the second quarter, and  then slumped dur ing the labor 
strikes in  the third quarter.  The total consumption of 
refined copper dur ing 1971 was 2.00 mil l ion tons, down 
1.5% from 1970 (73, 74). 

U. S. imports of unmanufac tu red  copper totaled 
359,431 short tons for 1971, down 8% from 1970. U. S. 
exports of refined and scrap copper totaled 206,100 
short tons, down 13% from 1970 (74). 

Stocks of refined copper decreased from a level of 
130,000 tons in J anua ry  to 75,000 tons by the end of 
December. Fabricators '  stocks of copper in all forms 
decreased from 515,000 tons at the start  of 1971 to 
487,000 tons by the end of October (73). 

Price cutt ing by several copper companies in late 
November underscored the pessimism in the indus t ry  
dur ing the last quar ter  of 1971. Several  of the larger 
producers indicated that  they did not expect the prob-  
lems of overcapacity and low prices to improve soon. 
Domestic producers changed prices three times dur ing  
1971 with a net decrease of 2.5r to a year  end quote of 
50.25-50.5r Prices on the London Metal Exchange 
increased from an average of 45.2r equivalent  for 
J anua ry  to 56.3r for April,  then declined errat ical ly to 

46.7~ in December (73, 75). At one point the LME price 
was as low as 44.625r 

With copper demand off, prices down, new restric- 
tions on air pollution, and previously announced facili- 
ties coming on stream, there was no significant expan-  
sion activity dur ing 1971. Newmont  Mining Corpora- 
tion announced that  their Magma Copper Company 
permanent ly  closed its Superior, Arizona smelter  in 
July. Magma will  process all  concentrates at their  en-  
larged San Manuel, Arizona smelter  (73, 76). 

Amer ican  Smelt ing and Refining announced a $300 
million, 5 year program to boost production Of copper, 
lead, zinc, and silver at its Mount  Isa, Austral ia  com- 
plex (76). Noranda announced a $19 mil l ion prototype 
continuous copper smelter as part  of a $123 mill ion 
expansion in Quebec. This uni t  will  add 55,000 tons /y r  
smelt ing capacity for Noranda's  Gaspe Copper Mines. 

A continuous copper smelt ing process that is eco- 
nomical  and does not pollute the air will  be used in 
Japan 's  Onahama Smelt ing and Refining Company in a 
1,500 metric t on /mon th  plant. The process runs con- 
t inuously using a converter  which is higher than  the 
furnace and slag flows downward while copper matte  
moves upward.  SO2 generated dur ing smelt ing is com- 
pletely recovered (83). 

A new factor in  copper production is ecology which 
has already deterred exploration operations in the 
western U.S. Str ingent  new regulations on sulfur emis- 
sions from copper smelters imposed by Arizona, Mon- 
tana, and Nevada require that  producers install  equip- 
ment  and have it operable by 1974. A number  of proc- 
esses have been proposed and are undergoing pilot-  
p lant  evaluat ion for removal  of sulfur  oxides from 
stack gases. Among the processes being considered are 
continuous resmelting, making it easier and more eco- 
nomical  to couple to an acid plant  requir ing continuous 
gas feed, electrostatic precipitation, caustic or ammo- 
nia scrubbing, catalytic oxidation and reduct ion to 
elemental  sulfur, chemical refining of ores, and ab- 
sorption techniques for smoothing out of the flow and 
composition of the smelter off-gases (77-82). 

NickeL--Nickel  consumption, excluding secondary 
nickel, was approximately 130,000 tons, down 18.7% 
from 1970. Nickel imports were about 145,000 tons, 
and domestic mines produced 17,000 tons of nickel 
laterite ore. The year was marked by a substant ia l  
excess of supply over demand and unusua l ly  high im-  
ports in the form of ferrous nickel (84). 

On February  10, 1971, the Office of Emergency Pre-  
paredness announced that  the nickel nat ional  stock- 
pile objective was changed from 55,000 tons to O. Thus, 
40,096 tons became excess to stockpile needs. Congress 
did not enact the laws necessary to dispose of the ex- 
cess nickel. Under  the Strategic and Stockpiling Act, 
congressional approval of sales plans is necessary to 
protect producers, processors, and consumers against 
disruption of their  usual  markets.  American Metal 
Climax, Incorporated (AMAX) purchased the Port  
Nickel Refinery at Braithwaite,  Louisiana in February.  
Original ly buil t  in 1959 to process nickel concentrates 
from Cuba, the plant  had been main ta ined  in  s tandby 
condition since 1960 due to the Cuban nationalizat ion 
of U.S. owned mines (84). 

In terna t ional  Nickel Company of Canada announced 
production cutbacks of 7% in August  followed by an-  
other 15% in November, necessitated by the sharp de- 
cline in nickel sales in  1971 (85). 

Zinc.--U.S. mine  production of recoverable zinc de- 
clined 8% from 1970 to 491,419 tons, the lowest for any 
year since 1961. Only 19 states reported mine  produc- 
t ion of zinc in 1971; 4 states registered increases, 15 
showed decreases, and no production was reported for 
Kansas or Oklahoma (86, 87). 

Smelter  product ion of zinc slab was 840,178 tons, 
down 12% from 1970. Imports  of ores and concentrates 
dropped to 342,600 tons, down 35% from the previous 
year. However, imports for consumption jumped  from 
a deficit of 22% for the year at the end of August  to a 
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plus of 32% in Sep tember  when  204,445 tons of zinc in 
concentrates  was w i t h d r a w n  f rom bonded warehouses  
pursuant  to a notification by  the Secre ta ry  of the  
Treasu ry  exempt ing  al l  warehouse  entr ies  pr ior  to 
Augus t  16, 1971, f rom the  su r tax  if w i t h d r a w n  f rom 
the  warehouse  before  October  1, 1971 (86). 

Impor t s  of slab zinc increased to 319,072 tons in 1971, 
an increase of 18.5% over  1970. Expor ts  of zinc slab 
increased f rom 289 tons in 1970 to 13,347 tons in 1971. 
Expor ts  of scrap were  projec ted  to decrease to 2,000 
tons for 1971, a decrease  of 34% from 1970. 

U. S. consumpt ion of zinc in 1971 is indica ted  below: 

Tons 

B a s i s :  r e c o v e r a b l e  P e r  c e n t  
z i n c  c o n t e n t  1970 1971 c h a n g e  

Production of electric energy (90, 91) 
(Million-kWhr) 

Production by electric utilities 
Coal fired plants 
Gas fired plants 
Oil fired plants 
Nuclear plants 

Total fuel burning 
Hydroelectric 

Total 
Private industy, self-generated 

Total U. S. power consumption 

1970 1971 % C h a n g e  

706.1 714.8 + 1.2 
372.0 375.9 + 1.0 
182.5 218.2 + 19.6 

21.8 37.9 + 73.9 

1,282.3 1,347.6 + 5,1 
247.3 266.3 + 7.7 

1,529.5 1,613.9 + 5.5 
108.4 103.5 --4.5 

1,638.0 1,717.5 + 4.9 

Installed generating capacity (90) 
(Million-kW) 

Z i n c  s lab  1,186,591 1,259,043 + 6.1 
O r e s  124,781 123,400 -- 1.0 
Z i n c - b a s e  s c r a p  93,451 87,600 --6.2 
C o p p e r - b a s e  s c r a p  160,027 135,200 -- 15.5 
A1-Mg b a s e  s c r a p  6,386 6,000 --6.0 

T o t a l  1,571,596 1,611,243 + 2 . 5  

The mount ing  cost -pr ice  squeeze, p reva len t  th rough-  
out the  zinc producing industry,  was a ma jo r  factor  
cont r ibut ing  to the  loss of a lmost  one- four th  of all  
U. S. s lab-zinc smel ter  and ref inery capacit ies  in 
1971, according to the Bureau  of Mines, U. S. Depa r t -  
ment  of the  Inter ior .  F ive  mines  and 4 s lab-zinc p ro -  
ducing p lants  were  shut  down dur ing  1971. However ,  
wha t  is r epo r t ed ly  the  larges t  single zinc min ing  op-  
e ra t ion  in the  U. S. was  opened in Balmat ,  New York  
by  St. Joe Minerals  Corporation.  This should help ease 
an increas ing dependency  on the use of impor ted  con- 
cent ra tes  and metals  (88). St rong demands  for ga lva -  
nized products  in construct ion and die cast ing for the  
automobi le  and appl iance  m a r k e t s  were  evident  in the  
first hal f  of the  year.  

Compar ing  the  pr inc ipa l  b road  use categories  for 
1971 wi th  1970, galvaniz ing was up 8%, brass  and 
bronze up 14%, and  zinc base al loys up 7%. The minor  
uses declined, including rol led zinc by  22%, zinc oxide 
by  4%, and other  uses by  8%. 

Genera l  Services  Admin i s t r a t ion  (GSA)  sales of 
zinc cont inued dur ing  the year  amount ing  to 2,017 
tons th rough  December,  leaving 20,580 tons in the  ex-  
ist ing disposal  authorizat ion.  Sales to government  
agencies amounted  to 90 tons; 22,097 tons r ema in  of 
the or iginal  50,000 tons author ized for government  use 
in 1965. 

The need for  the  zinc indus t ry  to reduce costs and 
control  pol lu t ion  has put  more emphasis  on e lec t ro ly t ic  
product ion  of the  metal .  Elec t ro ly t ic  product ion  now 
accounts for  about  60% of the  total .  Significant im-  
p rovements  and  modif icat ions in e lec t ro ly t ic  pract ices  
should fur ther  reduce costs and upgrade  recoveries.  
Such modifications include fluid bed roasters,  Jaros i te  
leaching process for i ron removal ,  automat ic  and  con-  
t inuous purif icat ion of leaching solution, and improved  
electrolysis  and  cathode s t r ipping  (89). 

P r ime  wes te rn  zinc was quoted at  17r at the end 
of 1971. Dur ing  the  yea r  2�89162 increases and a 1r in-  
crease were  posted. The average month ly  London 
Metal  Exchange  pr ice var ied  be tween  12.33 and 13.05r 
lb (U. S. equivalent )  J a n u a r y  th rough  June  and be -  
tween  14.05 and  14.62r Ju ly  th rough  December.  

The foreign producers  price increased f rom 13.93 to 
16.46r in June  which remained  unchanged th rough  
the  end of the  year.  Changes in the  s ter l ing exchange  
ra te  caused f rac t ional  changes in the  average mon th ly  
U. S. equiva lent  price. 

Electrical Energy 
U. S. generation.--The fol lowing tables  summar ize  

the  product ion and consumption of e lectr ical  energy 
for the  12 mon th  per iod  J a n u a r y  th rough  December  
1971: 

1970 1971 

P u b l i c  o w n e d  c a p a c i t y  
S t e a m  35.6 42.8 
H y d r o  36.3 36.8 
N u c l e a r  6.5 0.9 

T o t a l  78.4 80.5 
I n v e s t o r  o w n e d  c a p a c i t y  

S t e a m  238.2 260.0 
H y d r o  18,8 19.1 
N u c l e a r  5.7 7.8 

T o t a l  262.7 286.9 
T o t a l  e l ec t r i ca l  u t i l i t y  

i n d u s t r y  c a p a c i t y *  341.1 367.4 

* No t  i n c l u d i n g  p r i v a t e l y  o w n e d  c a p a c i t y .  

Fuel consumption--electric utility (90) 
(12 months ending Dec. 31, 1971) 

1970 1971 % C h a n g e  

C o a l - - m i l l i o n s  of  t o n s  322.36 327.93 + 1.73 
G a s - - b i l l i o n s  of  cu  f t  3894.00 3992.98 + 2.54 
O i l - - m i l l i o n s  of  b a r r e l s  332.10 396.24 + 19.31 
Coal  a n d  coa l  e q u i v a l e n t - -  583.14 618.16 + 6.0 

m i l l i o n s  of  t o n s  

Sales to ultimate consumers (90, 91) 
(12 months ending Dec. 31, 1971) 

T o t a l  i n d u s t r y  ( m i l l i o n - k W h r )  

1970 1971 % C h a n g e  

R e s i d e n t i a l  465.9 499.1 + 7.1 
C o m m e r c i a l  306.4 328.6 + 7.2 
I n d u s t r i a l  570.4 589.3 + 3.4 
O t h e r  48.0 50.6 + 5.4 

T o t a l  1,390.7 1,468.1 + 5.6 

On December  1, 1971, electr ic  u t i l i ty  coal stocks on 
hand for product ion of electr ic  energy  to ta led  76.1 
mi l l ion tons, or an 88 day  supply,  compared  wi th  70.8 
mi l l ion  tons, or an 80 day  supply,  as of December  1, 
1970. Stocks of oil  as of December  1, 1971 were  50 mi l -  
l ion barrels ,  or  a 37 day  supply,  compared  wi th  38 
million, or  a 40 day  supply  a yea r  ear l ie r  (92). 

Fue l  p roblems  resul t ing  f rom the coal  miners '  s t r ike 
affected a number  of coa l -burn ing  power  plants,  and  
coal stocks at  some locations are  now low enough tha t  
serious shortages of e lect r ic i ty  could occur in some 
areas  if coal product ion  and del iver ies  cannot  be ma in -  
t a ined  at  a sufficiently high ra te  to compensate  for  
low stockpiles  (93). 

The Fede ra l  Power  Commission 's  Nat ional  Power  
Survey  Task Force on Envi ronment  has u rged  the 
electr ic u t i l i ty  industry,  as a whole, t oward  resolving 
env i ronmenta l  p roblems  associated wi th  energy sup-  
ply. Env i ronmenta l  conflicts are  only one source of 
ma jo r  threa ts  to the  na t ional  power  supply,  according 
to the  task  force. Others  include fossil fuel  shortages,  
equipment  fai lures,  and underes t imated  forecasts  of 
demand.  The  task  force also poin ted  out  the  de lays  in  
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new power plants  may result  from changes in air  and 
water qual i ty  standards. 

While it might  be assumed that  the present ly de- 
creasing populat ion growth would slow the rate at 
which demand for electric power is growing, this ef- 
fect may be offset by increased family incomes and 
rising standards of l iving; reflected in  increased per 
capita consumption of electric energy. Additionally, 
envi ronmenta l  requirements  will  place a heavy de- 
mand  on available energy supplies (94). 

Federal  Power Commissioner, P inkney  Walker, has 
stated that  a fundamenta l  of the current  energy prob- 
lem is that  it is becoming increasingly difficult and 
costly to obtain incremental  increases in the domestic 
supply of p r imary  fuels. This results from the basic 
economics of exploiting finite na tura l  resources. The 
most accessible and promising fossil-fuel reserves were 
exploited first and now the industry  faces developing 
those reserves which are not so accessible or promis-  
ing (108). 

Nuclear power . - -Only  2.2% of our present electrical 
energy requirements  are provided by nuclear  power, 
up from 1.3% in  1970. This may increase to 15% or 300 
Mwe. by  1985. This is equivalent  to 8.5 mil l ion bar re ls /  
day of oil, or 55 bil l ion cu f t /day  of na tura l  gas (95). 

During 1971, 21 new nuclear  uni ts  with a total de- 
sign capacity of 20,810 Mw of electricity were ordered 
by U. S. utilities. The AEC licensed 2 nuclear  power 
reactors for fuel-power operation and  4 uni ts  for 
fuel loading and /or  low power testing and issued con- 
struction permits for 4 others (96). 

At the end of 1971, the status of nuclear  power plants 
in  the U.S. was as follows (97, 98) : 

10,040,800 Mwe. 

45,779,000 Mwe. 

51,571,000 Mwe. 

23 operable plants 

54 being buil t  

52 ordered 

Total 129 107,390,800 Mwe. 

Of the plants ordered, 39 have not yet received con- 
struct ion permits. 

During 1971 the AEC undertook a major  reshaping 
of its regulat ing process for nuclear  facilities; the ob- 
jectives being a proper regard for envi ronmenta l  
quality, increased efficiency in licensing and regulat ion 
of nuclear  power plants, and more effective part icipa- 
t ion of the public in the licensing process (99). 

As a result  of this new policy the licensing of plants  
from the AEC is becoming more and more difficult as 
the AEC switches from its "booster" to "neutral"  role, 
deciding to abide rather  than contest a circuit court 's 
judgment  in  favor of environmental is ts .  Under  this 
ruling, the AEC is required to conduct a thorough re-  
view of any such plants '  envi ronmenta l  effects, includ-  
ing thermal  effects, before grant ing a license for con- 
struction or operation (100). Environmental is ts  be- 
lieve one result  of this will  be a requi rement  by the 
AEC that  nuclear  plant  operators install  cooling towers 
or cooling ponds (101). 

Although 1971 wil l  be the first year in which more 
than half of newly orderd electrical generat ing ca- 
pacity will  be based on nuclear energy, the near - te rm 
outlook is for a slowdown in the t rend to nuclear  
power generation. What this slowdown means to the 
chemical process industries is: (i) a slowdown in de- 
mand  for fuel, coolants, moderators, and other com- 
ponents of nuclear  plants, (ii) higher costs of fossil 
fuels (coal, petroleum, and na tura l  gas) and fossil fuel 
derivatives, and (iii) spot shortages of low cost in ter -  
ruptable  power for a luminum smelters, chlor-alkal i  
plants, and other large users of electrical energy (100). 

The annua l  growth of nuclear  power since 1957, 
when the first commercial p lant  (Shippingport,  P e n n -  
sylvania)  went  into operation has been (102) : 

January 1973 

Nuclear  un i t s  Instal led 
Year  ordered  capaci ty  (Mwe.) 

1971 21 20,810 
1970 14 14,252 
1969 7 7,225 
1968 lS 13,955 
1967 31 26,233 
1966 20 16,384 
T h r u  1965 21" 8,532 

Total  129 107,391 

* Excludes  6 smal l  prototype plants  no longer  in o p e r a t i o n  o r  
which  are now used only for  expe r imen ta l  work.  

Demand for nuclear fuel . - -According to the AEC, 
the U. S. nuclear  power capacity will  rocket from 
10,000 Mwe. now, to possibly 150,000 Mwe. by 1980, 
and demand for u ran ium will  rise from 2,658 tons in 
1968 to 63,400 tons in  the year 2000, according to the 
U. S. Bureau of Mines (103). The demand for u ran ium 
will present additional demands on reprocessing plants. 
Assuming 1 ton /day  fuel reprocessing capacity for 
every 10,000 Mw of generat ing capacity, this will cre-  
ate a demand for at  least 15 tons /day  of reprocessing 
capability. Two new reprocessing plants  now under  
construction will  more than double today's commercial 
capacity of about 5 tons/day.  Without any recovery 
process, u r an ium stocks would dwindle  rapidly, be- 
cause fissionable U-235 makes up only 3-4% of nuclear  
fuel. The remainder  is nonfissionable U-238 (104). 

The AEC has ended its 1967 ban  on pr ivate  research 
on u ran ium enrichment;  however, u r an ium enrich-  
men t  technology wil l  r emain  classified under  terms 
of an AEC contract. No federal funds wil l  be avail-  
able to assist the private work (105). 

New developments.--In the next  decade, U. S. elec- 
tric utilities wil l  not only have to double their  gen- 
erat ing capacities, but  also their existing transmission 
capacity. Consolidated Edison and Cleveland Electric 
I l luminat ing  Company are instal l ing short t ransmis-  
sion lines of very high voltage that  are insulated with 
sulfur hexafluoride (SFs). Because of the gas insula-  
tion, these 345 kV lines can be placed so close together 
that  they will  occupy as li t t le as 1/20 of the normal  
space. 

The technology also applies to ut i l i ty  substations. 
Generally,  an SFe station is expected to cost anywhere  
from 20-100% more than conventional  ones, not count-  
ing savings on land costs, which are expected to be a 
significant factor in  the years ahead (106). 

Fue l  cell systems have been developed to generate 
electricity from na tura l  gas at the point of use. The 
uni t  feeds on na tu ra l  gas and reforms it to produce 
hydrogen which goes to a hydrogen-a i r  fuel cell. The 
d-c electricity output  can be converted to a-c in an 
inver ter  (107). 

Manuscript  received October 16, 1972. This report 
was presented at the I n d u s t r i a l  Electrolytic Division 
Luncheon at the Houston, Texas, Meeting of the So- 
ciety, May 7-11, 1972. 

Any discussion of this report  will  appear in  a Dis- 
cusslon Section to be published in  the December 1973 
JOURNAL.  
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The scope of this paper  is b roader  than  it sounds. 
Clearly,  i t  is the essence of e lect rochemical  engineer -  
ing. L ike  al l  engineer ing disciplines, i t  combines two 
ingredients,  theory  and practice,  or, if you will ,  science 
and art.  Historical ly,  the  ar t  has preceded the science 
by  decades. We have been mak ing  chlorine and caustic 
soda by  electrolysis  long before we  unders tood elec-  
t rode kinetics. We have been making  a luminum long 
before we unders tood the chemis t ry  of fused-sa l t  
baths.  We have been e lec t ropla t ing gold and s i lver  
long before  we had  knowledge  of complex ions and 
ligands. 

Theory  is at  last  catching up wi th  pract ice and it is 
now possible to th ink  in t e rms  of apply ing  theory  to 
prac t ica l  e lec t rochemis t ry  in ways  previous ly  ignored. 
So, i t  behooves the presen t  genera t ion  of e lec t rochem- 
ical engineers  to have a work ing  knowledge  of theory.  
My remarks ,  however,  wi l l  be focused on the appl ica-  
tion. I t h ink  it wor thwhi l e  to first consider  the funda-  
menta l  difference be tween  a pu re ly  chemical  reactor  
and an e lect rochemical  reactor,  tha t  is, a cell. 

In a chemical  reac tor  (Fig. 1), the var ious  react ion 
steps are  l imi ted  to those which are  t he rmodynamic -  
a l ly  possible. The se lect iv i ty  and the space- t ime yie ld  
are foreordained  by  tempera ture ,  pressure,  the com- 
posit ion of the  reactants,  and the cata lys ts  tha t  m a y  be 
present.  

In  an electrochemical  reactor  (Fig. 2), react ions tha t  
are  a priori t he rmodynamica l ly  impossible  are  forced 
by  supply ing  the missing free energy at  the electrodes. 
The react ions take  place on a heterogenous surface 
which is capable  of accepting or donat ing electrons to 
the  react ing species in accordance wi th  F a r a d a y ' s  law. 

* Electrochemical  Society Active Member.  

CHEMICAL REACTOR 

R E A C T A N T S  I : ' . . "  "., � 9  " ."  I 

I I~ 
PRODUCTS 

ZX H ~ ~ G ~ 

k cal k cal 

N 2 + 5 H e ~ 2 NH 5 - 2 2 . 0 8  - 7 . 9 5  

Fig. !. Chemical reactor. To obtain products, the free energy 
change must be negative. 

ELECTROCHEMICAL REACTOR 

Cl s H s 

t 4 
NoCI, HsO ~ NoOH, Na CI ,  HsO 

AH*  AG~ E a 

k col kcal volt 

+ 106,8 + 100.9 - 2.18 2 NoCI + 2 H=O ~ 2 NoOH + CIs*  H s 

2 FARADAYS x CELL VOLTAGE " ENERGY INPUT - 166.0 " 166.0 * 3.60 

EXCESS ENERGY USED - 5 9 . 2 -  55.1 * 1.42 

Fig. 2. Electrochemical reactor. To obtain products, the free 
energy change is made negative by applying energy at the elec- 
trodes. 

The se lec t iv i ty  depends on the  usual  laws of mass  
t ransport ,  but  the action takes  place in the  incred ib ly  
a t tenuated  layer  ad jacent  to the electrode. The elec-  
t r ica l  energy consumed is i nva r i ab ly  grea ter  than  the 
Gibbs ian  f r ee -ene rgy  requirement ,  the excess depend-  
ing on the efficiency of the t r anspor t  processes requi red  
to br ing  reac t ing  species up to the e lect rode and to take  
away  the react ion products.  

To reduce this to a quickly  grasped metaphor ,  chem-  
ical reaction,  l ike politics, is the  ar t  of the possible; 
e lect rochemical  reaction, l ike mi l i t a ry  tactics, is the  
art  of overr id ing  the impossible  by  apply ing  electr ical  
force. 

The Scope of Industrial Electrolysis 
Before we get too involved in our  subject,  I must  

caut ion you that  i t  covers a ve ry  broad field, as shown 
in Table  I. You can classify e lectrolyt ic  systems in 
many  a rb i t r a ry  ways,  as i l lus t ra ted  in Table  II. Every  
prac t ica l  indus t r ia l  cell  represents  a par t i cu la r  com- 
b ina t ion  of these eight  categories.  There  are  over  200,- 

Table I. Same industrial applications of electrolysis 

Category Examples  

1. Inorganic  chemicals,  p repara t ive  Chlor-alkali;  chlorate 
2. Inorganic  chemicals,  purification NaOH 
3. Metals, e lec t rowinning AI, Mg, Na, Mn, Ni 
4. Metals, electrorefining Cu. Pb, Zn 
5. Metals, electroplatlng Ag, Cu, Ni, Cr 
6. Metals, e lect roforming Steel, alloys 
7. Metals, e lec t romaehining Steel, alloys 
8. Metals, electropolishing Steel, alloys 
9. Metals, anodizing AI, Ti 

10. Organic chemicals,  p repara t ive  Adiponitri le;  p-aminophenol ;  
fluorocarbons, TEL 

11. Electrodialysis Desal t ing/conc 'n .  saline wa t e r  
12. Batteries Pr imary ,  secondary 
13. Fuel cells H~/O2, Na /S  
14. Films, electrophoret ic  deposition Rubber  latex 

g 
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Table II. Cells classified by various functions 

By mode 

Charge 
Discharge 
Reversible 

By polari ty 

Monopolar assemblies 
Bipolar assemblies 
Combination assemblies 

By type of anode 

Example  

Electrowinning cells, power  consumed 
Prim. batteries,  fuel  cells, power  genera ted  
Sec. batteries,  power  stored 

Example  

Hooker  C1 cell 
Erco chlorate cell 
Dow Cl cell 

Cell type Anode 

Consumable AI pot Carbon 
Soluble, solid Ni cell Nickel matte 
Soluble, liquid A1 ref. Molten A1 
Insoluble, solid C1/Alk. cells Graphite ,  DSA 
Insoluble, porous Phillips ECF Carbon 
Insoluble, packed particles Nalco TEL Pb 
Insoluble, fluidized particles Newcastle,  CN remova l  Metal, graphi te  

By type of cathode Cell type Cathode 

Rigid meta l  Metal win.,  refln. Start .  me ta l /p la ted  meta l  
Rigid meta l  C1/Alk. (dia.) Steel mesh 
Rigid porous solid Fuel, H2/O2 C, graph.,  meta l  
Packed particles C1/Alk., Hg Graphi te  in decomposer  
Fluidized particles Newcast le  Metal, graphi te  
Liquid metal C1/Alk. (Hg) Amalgam 
Liquid metal Chlor metal (Na) Molten Pb/Na 
Liquid metal Ford Na/S bat, Liquid Na 

By type  of electrolyte Example  

Aqueous solutions 
Nonaqueous organics 
Nonaqueous inorganic 
Homogenous combinations 
Heterogenous emulsions 
Fused salts 
Solid electrolytes, (liq./liq3 
Solid electrolytes, (gas/gas) 

By type of divider 

Brine 
THF, DMSO, EtsO plus support,  electrolyte 
HH~F8 
Monsanto EHD, H20, QAS, A N / A D N  
Phillips EHD, H~O, buffer salt, DS, A N / A D N  
NaCI, CaCI~, MgCI2, LiCI/KCI 
Ford Na/S,  beta  Al~0s 
G.E. H2/O2, stab. ZrO2 

Type of cell Divider  

Undivided cells Chlorate cells None 
Par t ly  divided 

Curtain walls MEL Mg Ceramic 
Baffles, screens Downs Na St. steel mesh  

Isolated by fluid meta l  C1/Alk., Mercury  
Chlormetals  Na Molten Pb 

Permeable  d iaphragms 
Rigid, porous Wet batteries,  fuel  cells Ceramic,  meta l  
Flexible, porous CI/Alk. ; Mn Asbestos; textiles 

Ion selective me mbra ne s  
Organic Electrodialysls, desalt ing Anionic, cationic 

Electro hydrodimer iza t ion  Cationic 
Solid electrolyte Ford Na/S bat te ry  Beta alumina,  Na § 
Solid electrolyte G.E. H~ generator Stabilized ZrO~, O= 

By hierarchy Cell type Products 

Cell products = electrode products  
Cell products  formed by secondary 

chem. react,  away  f rom electrodes 
Combinations of above 

By change of state at electrode 

No change, prods, sol. in bath 
Gas is evolved 
New liquid phase forms 

Heav ie r  than  bath 
Lighter  than  bath 

Solid phase forms 
Adheren t  deposit 
Nonadheren t  deposit  

Chlor-alkali  C12, NaOH, H2 
Hypo cells Na OC1 
LeDuc Ethylene oxide 
Erco, Krebs  NaCIOs 

Examples  

At  anode At cathode 

Oxidation Reduction 
O~, CI~ H~ 

A1, Mg 
S (Ford bat.) Na, Mg 

PbOs Mn 
MnO~ Mg(OH)s 

000 combinat ions of these categories,  but  the indus-  
t r i a l ly  impor tan t  types  p robab ly  number  less than  50. 
This suggests that  there  is p len ty  of room left  for 
innovat ive  designs, and  a l ternate ,  but  not  necessar i ly  
economic, cell designs for making  even the commonly  
produced electrolyt ic  products.  

I t  is cer ta in ly  wor thwhi le  to evalua te  the advances  
made  in one branch of e lec t rochemis t ry  in te rms of 
appl ica t ion  to another  branch.  Fo r  example :  

(i) The po la rograph  is an ana ly t ica l  tool which 
makes  separa t ions  on a scale measured  in mic roam-  
peres  (Fig. 3). Some of these separat ions  have been 
dupl ica ted  in commercia l  ama lgam cells in the  mu l t i -  
k i loampere  range (Fig. 4). 

(ii) New close-coupled cell geometries, found use- 
ful in oxyhydrogen fuel cells (Fig. 5), are now being 
applied in reverse, to oxyhydrogen generators (1). 

(iii) Porous, carbon anodes, long useful  in the a i r -  
depolar ized zinc ba t te r ies  of commerce,  find appl ica-  
tion in cells for Phi l l ips  Pe t ro leum Company 's  new 
ECF process for the  e lect rochemical  f luorination of 
hydrocarbon  vapors  (2). We wil l  t ake  a closer look 
at these later .  

(iv) The Ford  sod ium/su l fu r  rechargeable  ba t t e ry  
(Fig. 6), employing  a E-alumina solid electrolyte ,  
which is selective to sodium ions, is a t t rac t ing  a t ten-  
t ion as a possible new way  of making  metal l ic  sodium 
(Fig. 7) (3).  
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Fig. 3. Basic electrical circuit for polarography. This is a mer- 
cury cell in its simplest form. Current is usually in the microampere 
range. 

Fig. 4. A mercury cathode chlor-alkali cell. This cell, of the 
DeNora type, can handle currents up to 450 kA. 

H a + ELECTROLYTE 

0 a + ELECTROLYTE 

BIPOLAR PLATE 

ANODE 

ASBESTOS MATRIX 

UNIPOLAR (END) PLATE 

CATHODE 

0 2 CAVITY 
H i CAVITY 

GASKETS 

ELECTROLYTE & WATER 

PLASTIC BORDER 

Fig. 5. Oxygen-hydrogen generator. A type of cell, proposed by 
Allis-Chalmers, for running a fuel cell in the charge mode. 

Fig. 6. A small Na-S secondary battery. The solid electrolyte is 
polycrystalline beta alumina. (Courtesy Ford Motor Company.) 

No CI Ct 2 

1 o 

[ ~ \ . . . \ \ \ \  . . . . . .  \ ~ \ \ \  \\--~ r No 

I 
0 

�9 AICI 3 

(• Na 

/ ,/ . / . /  / / / I  . . . . . .  .~ / ~ A i20s  

.., ; (Hg)  T / / / / / / / / r / / / / / / / ' . / ]  
I 

| 

No (Hg) 
FROM AMALGAM) 
CELL 

TWO SCHEMES FOR RECOVERING SODIUM FROM NQCt 

I )  FROM NoCI RICH MELT OF NoCt , A I C I  3 

2) FROM NO (Hg) MADE IN AMALGAM CELL 

Fig. 7. Two schemes for recovering sodium from NaCI. Upper, 
from NaCI rich melt of NoCI �9 AICI3; lower, from Na(Hg) mode 
in amalgam cell. 

(v) The discovery tha t  organic free radicals  can be 
genera ted  in cer ta in  kinds of nonaqueous e lectrolytes  
led to a new commercia l  process for  mak ing  t e t r aa lky l  
lead (4). 

(vi) The deve lopment  of ion exchange membranes  
for the  desal inat ion of wa te r  is now being put  to use 
to produce salt, and ch lo r -a lka l i  f rom seawater  (5) 
(Fig. 8), and also tonnage electro-organics ,  l ike  adi-  

poni t r i le  (6). 
Since i t  is obviously imprac t ica l  to cover the  whole  

field of appl ied  e lec t rochemis t ry ,  I wi l l  devote  the  
rest  of m y  paper  to specific examples  of (i) advances  
in design concepts, and (ii) advances  in mate r ia l s  
ava i lab le  to ca r ry  out those concepts. 
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l MULTI STAGE FLASH 1 FRESH WATERI= SEAWATER L DISTILLATION 

I CONC. SEAWATER (2.5x SALINITY) 

] ELECTRODIALYSIS l DILUATE. 

CONC. BRINE (20 % NaCl) 
r f l  SATURATION 

PURIFICATION I 
I 
I ~ SAT'D. BRINE 
I ] ELECTROLYSIS I IL C,, 
I DIA. CELLS IL H 2 
I 
, 
~eSOLI0 No CI t CONCENTRATION 

50 % No OH LIQUOR 

Fig. 8. A Japanese scheme for making chlor-alkali from sea- 
water. This scheme combines seawater desalination with the dia- 
phragm cell process for chlor-alkali. 

Techniques of Design and Scale-Up 
In  1962 I presented a pioneering paper in Electro- 

Chemical Technology on the problems of scale-up of 
electrolytic processes (7). The processes considered 
were the preparat ive ones, in  which power is used to 
make chemicals or to win metals. Within this field, the 
recommended procedures were fairly comprehensive, 
and are jus t  as applicable today as then. This pr imer  
was extended, in 1964, to include electro-organic 
processes (7). 

In  a magnificent paper Eisenberg covers the pr inci-  
ples of design and scale-up of fuel cells (8). The tech- 
niques are equal ly applicable to r unn ing  cells in the 
charge mode to make chemicals. 

I will  now ment ion a number  of new techniques 
which have come to l ight since 1962. I will  first deal 
with those only indirect ly related to materials of con- 
struction. 

Porous electrodes.--These have been with us for a 
long time, but  modeling what  takes place inside is 
extremely complex. Much work has been done, and 
some progress made, in developing models for mass 
transport,  cur rent  distribution, and heat t ransport  
(9, 10). Flow regimes may be dead-ended, as in most 
fuel cells, or f low-through (the electrolysis zone), as 
in  making chlorohydrin from ethylene, or flow-by, as 
in the cells for the Phill ips ECF process already re-  
ferred to. 

The flow-by concept is new and seems to involve 
action at a distance like a gravitat ional  field (Fig. 9). 
A specie of e lemental  fluorine, identified as a C...F com- 
plex, is generated at the surface of the anode, yet  is 
quite effective in fluorinating hydrocarbon gas flowing 
by, even as far away as 1 or 2 cm. The electrolyte, 
KH2Fs, is repelled by surface-tension effects and very 
li t t le penetrates into the pores. The gas is free to rise 
through the porous anode like flue gas up a chimney. 
The system has been modeled and simulated on a com- 
puter. Naturally,  exper imental ly  determined design 
factors have to be fed into the program, in order to 
use the program for design purposes. 

Extended surface electrodes.--The idea of carrying 
out electrolysis in fluidized beds ~f solid particles was 
conceived by  our British friends at the Univers i ty  of 
Newcastle upon Tyne (11). They have come up with a 
number  of interest ing applications, and have also 
learned something about its limitations. Being good 
electrochemical engineers, they have modeled the tech- 
nique and are presenting papers on this subject later 
in this symposium. One ext raordinary  result  has been 
to increase the voltage gradient to the point where 
each (conducting) particle acts as a bipolar  electrode. 

Forced circulation of electrolyte.--There is real ly  
nothing conceptually new in  boosting l imit ing current  

CLAli 
RINI 

CIRCI 

FEED 
ANOOE 

:CTOR 

P RING 
ID 
)E BUS 
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_1 
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Fig. 9. Experimental fluorination cell. This illustrates the flow- 
by technique for electrochemical fluorination of hydrocarbon gases 
in a porous carbon anode. (Courtesy Phillips Petroleum Company.) 
See This Journal, 118, 1248 (1971). 

density by increasing turbulence in the electrolyte 
flowing past an electrode. You can spin the electrode, 
or promote circulation by the gas-lift  effect created 
by gas evolved on the electrode. Or you can force the 
electrolyte to flow by at high velocity. The diffusion 
film thickness depends on the velocity. The only re- 
markable  thing is that  cell designers have made so 
little use of forced circulation. 

Certain electro-organic syntheses would have little 
commercial interest  without forced circulation at 
velocities in the range 0.5-1.5 m/sec. This is par t icu-  
lar ly t rue in EHD cells for making  adiponitrile. These 
cells are expensive, and since forced circulation per-  
mits higher current  density, it also cuts capital cost. 
Lastly, a great light has dawned on electro-organikers:  
the selectivity of the electrode toward the desired 
product often depends on shear velocity. I speak from 
experience. 

Anode e~ects.--These annoying  interrupt ions  in an 
otherwise smooth electrolysis are more f requent ly  en-  
countered at graphite or carbon anodes, in fused-salt  
baths, par t icular ly  in fluoride baths. The cause and 
cure of anode effects, when  they occur, has been pret ty 
well mastered in an a luminum-ce l l  pot line. It  is gen- 
eral ly the signal to stir more a lumina into the 
cryolyte bath. 

In oxide-free systems, the anode effect is general ly 
more serious. In  an ECF cell, the voltage may suddenly 
rise from 7 to 70V, the porous anode may be "electro- 
machined" in places where free fluorine is generated, 
and the free fluorine, in contrast to the C...F complex, 
may cause the coking of the hydrocarbon gases being 
fluorinated. The cure is quite simple: when the anode 
effect occurs, force full current  through the polarized 
electrode for about 1 min, then drop the current  to 
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zero. Within  seconds, normal  e lectrolysis  m a y  be r e -  
sumed. The technique has been ex tended  to mul t ip le  
anode cells and  for series c i rcui ts  of such cells, wi thout  
undu ly  complicat ing the  rectifier. Incipient  anode 
effect can be detected and cured by  inducing the anode 
effect by  momen ta r i l y  increasing the cur ren t  supply  to 
the  sick anode (12, 13). 

Current reversal and pulsing.--The effect of super -  
imposing a l te rna t ing  cur ren t  on direct  cur ren t  has 
been a favor i te  pas t ime for  inquisi t ive e lectrochemists  
for years,  usual ly  wi th  d isappoint ing results.  The a.c. 
cont r ibutes  no Faradays ,  only  I2R heat. I f  you t ry  to 
depassivate  p l a t inum-coa ted  t i t an ium anodes by  this 
scheme, you quickly  lose the  pla t inum.  

On the  other  hand, per iodic  reversa l  of the  d.c. in 
b ipolar  cells is somet imes qui te  useful. I f  both elec-  
t rodes  are  a l ike  in size and materials ,  as in a b ipolar  
chlora te  cell  wi th  graphi te  electrodes,  occasional per i -  
odic reversa l  evens wear  and prolongs life. In  b ipolar  
cells wi th  s imi lar  e lectrodes which  corrode while  
anodic (e.g., lead) ,  f requent  and automat ic  cur ren t  
reversa l  can be used to prevent  the  accumulat ion  of 
adheren t  oxide films which lead to to ta l  polarizat ion,  
or shorts, or b lockage  to flow of e lec t ro ly te  (12). 

Current ly ,  there  is g rea t  in teres t  in the  use of e i ther  
d-c reversa l  or pulsed d.c. in the  e lec t ropla t ing  of 
meta ls  (14). I t  has been demons t ra ted  tha t  the 
technique gives smooth, level  deposi ts  at  high cur ren t  
density, and it r e l axes  the  usual  bu i l t - in  stresses of 
e lec t ropla ted  metal .  In  fact, two papers  on this tech-  
nique are  being presented  at  this  sympos ium (15). Fo r  
indus t r ia l  application,  the  c i rcu i t ry  and power  supply  
are  not  wi thout  the i r  problems,  but  the  answers  do not  
seem undu ly  complicated.  

Halide polyanions.--The equi l ib r ium between free 
halogen and halogen ion to form polyanions  is p re t ty  
wel l  known. Among these, B r s -  and I~- are  qui te  
stable. This p roper ty  can be put  to good use in new 
kinds of bat ter ies ,  for  example  the  H / B r  cell. On 
charge, the  l ibera ted  Br2 is s tored as LiBrs. 

On the other  hand, if you set out to electrolyze NaBr  
in an o rd ina ry  d i aph ragm cell, most  of the  bromine  
stays in the  br ine  as NaBr3, and af ter  passing through 
the d i aphragm is reduced  back  to NaBr  at  the  cathode. 
Result :  impossibly  low current  efficiency. Addi t ional ly ,  
g raph i te  anodes a r e  in te rca la ted  b y  bromine  and fa l l  
apart .  If  you are  stil l  in teres ted  in making  tonnage 
bromine  in a d i aphragm cell, do not  give up. You only 
have to shift  the  polyanion  equi l ibr ium.  If  you run  
the  cell  at the  boil ing point,  ve ry  high current  effi- 
ciencies are  obtained.  If  you subst i tu te  amorphous  car -  
bon for graphite ,  you achieve reasonable  anode life 
(12). 

Enhancement of heat transfer on gas-evolving elec- 
trodes.--The enhancement  of mass  t ransfer  by  gas 
evolut ion has been much studied. I t  seems na tu r a l  to 
expect  a s imi lar  enhancement  of heat  t ransfer .  The 
degree  of enhancement  has now been measured,  and i t  
is of the  o rder  of threefold.  Occasional ly  an e lec t ro-  
chemical  engineer  has  need of cell  cooling for t em-  
pe ra tu re  control, pa r t i cu l a r ly  when chemical  reac-  
tions, fol lowing e lect rode reactions,  l ibera te  excessive 
heat. Now cooling of electrodes is an old technique.  
Making use of the enhancement  factor  is new (Fig. 10) 
and has led to some innovat ive  and economical ly  opt i -  
m u m  cell designs (16). 

Conformal plotting as an aid in predicting current 
distr~bution.---Conformal plot t ing is an old technique, 
much used by  civil  engineers  to predic t  d is t r ibut ion  of 
fluid flow through porous soils, and  by  mechanica l  
engineers  for predic t ing  d is t r ibut ion  of heat  flow. Elec-  
t rop la te rs  have t r ied  to use i t  for  pred ic t ing  cur ren t  
d is t r ibut ion  and deposit  thickness.  There  are compl i -  
cations: when  the overvol tages  are  an apprec iab le  per -  
centage of the  over -a l l  potent ia l  differences, you have 
to a l low for the  fact  tha t  overvol tage  is usua l ly  not a 
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Fig. 10. Cell used to demonstrate enhancement of heat transfer 
on a gas evolving electrode. The evolution of H2 gas on the heat 
transfer surface enhances the coefficient of heat transfer by a 
factor of about 3. See This Journal, 118, 1582 (1971). 

l inear  function of cur ren t  dens i ty  (17). Fo r  some elec-  
t rode  configurations, a ma themat ica l  solution is be -  
yond  the ken of the  average  engineer.  Fo r  the  average  
person, conformal  p lot t ing is easy, and  gives surpr i s -  
ingly  real is t ic  results.  F igures  11-14 show how this 
was done in a H a l l - t y p e  cell  for  producing mol ten  
u ran ium meta l  f rom uran ium oxide. Where  overvol t -  
age is a complication,  the  t r i ck  is to change the shape 
of the  areas  be tween  the intersect ing flux and poten-  
t ia l  l ines f rom squares to app rop r i a t e ly  p ropor t ioned  
rectangles.  Three -d imens iona l  es t imates  a re  no p rob-  
lem (12). 

Shock removal of metal from cathodes.--There are  
p len ty  of problems in the  e lec t rowinning of man-  
ganese metal ,  tha t  is, pu t t ing  a good deposi t  onto a 
s tar t ing cathode. Get t ing the  deposit  off, and recon-  
di t ioning the s ta r t ing  sheet, is another.  Foote  Minera l  
has developed a neat  w a y  of doing this, by  sonic 
shock in a wa te r  bath.  The shock is produced by  a sud-  
den electr ical  arc discharge f rom an  eIectr ical  con- 
denser  (18). This technique  has  grea t Iy  simplified cel l  
house practice.  The lesson is, not  al l  e lec t rochemical  
p rob lems  are  confined to the  cells proper .  

Computer simulation in cell design.--Computer 
s imulat ion of a lmost  anyth ing  has become "old hat." 
The p rogram shown in Fig. 15 was  a p ioneer  effort in 
1970, to do this for an old s tyle  Hooker  d i aph ragm 
cell  (19). The computer  p r in t  out did  not te l l  us much 
in the  way  of resul ts  tha t  we did not know before. To 
set up the  program,  however ,  forced us to invest igate  
in detail ,  and for the  first t ime, the  many  separa te  re -  
lat ions be tween  the  var iables .  The computer  mere ly  
solved the p rob lem of how all  these separa te  r e l a -  
t ions interacted.  

I h igh ly  recommend the discipl ine of computer  s imu-  
lation, because i t  so often br ings  to the  surface many  
embarrass ing  problems of which  we have  been bl iss-  
fu l ly  ignorant .  The solut ion of these problems a lways  
leads to improved  design. 

Directive salts.--In the  e lec t ro -hydrod imer iza t ion  of 
acry loni t r i l e  to produce adiponi t r i le ,  var ious  a lky l  
qua t e rna ry  ammonium sal ts  a re  added  to the ca tholy te  
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Fig. 11-14. Conformal plotting as a means of estimating current distribution. A proposed high temperature fused salt cell for reduc- 
tion of U02 to liquid uranium metal, uses multiple graphite anodes, common cathode. Fig. 11. A typical module is first selected. Fig. 12. 
Flux and equipetential lines are sketched in for side view. Fig. 13. Flux and equipotential lines are sketched in far end view and plan. 
Fig. 14. The results for 3 dimensions are tabulated. 

to control selectivity (current  yield) of the desired 
product. The na ture  of the cathode is also important.  
Neither factor taken separately is self-sufficient. A 
proper combination can lead to very high cur ren t  
yields indeed. Clearly, we are dealing with surface 
chemistry and catalysis. Some theories of reaction 
mechanisms have been advanced, but  are not too help- 
ful (20). The point is, here is a new tool for improv-  
ing electro-organic reactions, that  could spell the 
difference between success and failure for industr ia l  
exploitation. 

Exotic fields for metal deposition.--We ordinari ly  
th ink of metal  as being plated out on a cathode in an 
electric field. That is, there is a voltage gradient  be-  
tween bulk  solution and cathode, and with it, an as- 
sociated concentrat ion gradient. Unt i l  recently, l i t t le 
thought has been given to the possible effect of other 
kinds of energy fields. The following effects have now 
been studied, some of them with beneficial results in  
electroplating: 

(i) Thermal  field---Should the cathode be hotter  or 
colder than the bulk  solution (21)? 

(ii) Magnetic f ield--Should this be paral lel  or per-  
pendicular  to the plane of deposition (22)? 

(iii) Acoustic f ie ld--What  wave length is most effec- 
tive (23) ? 

Mater ia ls  for Cel l  Construction 
The engineer 's  t e rm for this is "hardware." Tradi-  

tionally, cells have been buil t  of the best materials 
available at the time. You recall  the couplet about the 
bridal  gown, which consists of 

"Something old, something new, 
Something borrowed, and something blue." 

Cells are like that. The something blue is often pure 
whimsy, like a blue garter. 

The way a cell is fashioned invar iab ly  reflects the 
properties, and especially the l imitat ions and cost of 
the available materials. The way a cell performs is 
thus a compromise, general ly somewhere between a 
"solid gold Cadillac" and a " t in  Lizzie." 

A more sophisticated approach, if you have the time, 
is to first design an ideat cell, write the specifications, 
and then hunt  for the materials. If you cannot buy them 
you invent  them, which of course means  research and 
development. Some of the recent spectacular advances 
in chlor-alkali  cell design were made possible by the 
ul t imate success of a deliberate ten year campaign to 
find another kind of anode, bet ter  than graphite. 
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Some new, or at least different, mater ia l s  for  cell  
components  are:  

Anodes.--Graphite sti l l  p lays  an impor tan t  role  in 
indust r ia l  cells, pa r t i cu la r ly  in fused salt  systems. For  
aqueous systems, the qual i ty  of anode graphi te  is be t -  
ter  than  ever. The old s tand-by,  l inseed oil impreg-  
nated graphite,  was never  good enough for mercu ry  
cells, but  Nippon Carbon Company has come up wi th  
a v inyl  po lymer  impregnant  that  gives about  70% 
longer  life in actual  cells running  at 10 k A / m  2 (24). 

Some other  forms of carbon, qui te  expensive  and 
not necessar i ly  be t te r  for anodes, are:  pyro ly t ic  carbon,  
glassy carbon, and filaments, felt, and woven cloth of 
both carbon and graphite .  You can get  superdense  
graphite,  and  porous graphi te  composites  which in-  
c lude bu i l t - in  cata lys ts  and  surface- tension control  
agents. You can even "ruthenize"  g raph i te  and a r r ive  
at  a compromise  be tween  o rd ina ry  graphi te  and DSA's  
in performance.  And  lead dioxide, e lec t ropla ted  onto 
a graphi te  or  meta l  substrate,  is used ex tens ive ly  in 
chlorate,  perchlorate ,  and hypochlor i te  cells. 

The most  exci t ing new kind  of anode is of course, 
the  d imensional ly  s table anode, or  DSA@, which con- 
sists of a meta l  substrate,  usual ly  t i tanium, on which 
an adheren t  cata lyt ic  coating is deposi ted (25). The 
t i tan ium is qui te  s table  in oxidizing aqueous solutions, 
but  i t  is a va lve  metal ,  and of no use as an anode by  
itself. P la t inum,  and other  meta ls  of the  same group 
wil l  ac t ivate  the  t i tanium. However,  these are  not  good 
enough, and  the loss of the  noble me ta l  is p rohib i t ive  
in most applications,  l ike  chlor-a lkal i .  There  are a 
number  of meta l  oxides which are  good electronic con- 
ductors,  and some of these exhibi t  r e m a r k a b l e  res i s t -  
ance to corrosion. Ruthen ium dioxide is one of the 
best  (26). Various other  oxides are used in combina-  
t ion with  RuO2, to reduce cost. The pa ten t  and tech-  
nical  l i t e ra tu re  on meta l  anodes is by  now extens ive  
and known  to most  of you. DeNora  wi l l  te l l  you, la te r  
on, about  the  new Glanor  d i aphragm cell, which em-  
ploys DSA's  (27). A few per t inen t  points  to keep in 
mind  are:  (i) Comple te ly  new and more  advantageous  
cell geometr ies  are  possible. (i/) Higher  cur rent  dens i -  
ties, and /o r  lower  cell  vol tages  are  possible. (iii) The 
field of appl ica t ion  is much wider  than  chlor-a lkal i ,  
bu t  there  a re  some l imitat ions.  (iv) Watch out for 
n i t rogen compounds in the e lect rolyte-- - they could 
s t r ip  the  coating. (v) DSA's  cannot  be  used in an -  
hydrous  fused salt  ba ths  that  contain halides. Under  
these conditions, the t i t an ium anodica l ly  dissolves. 

Cathodes.--In elec t ro-organic  synthesis,  the choice 
of meta l  is impor tan t  (28). Hydrogen  overvol tage  can 
be used as a rough guide in selecting the  proper  metal .  
Having  made  a choice, f rom tests in vitro,  the  cell  
des igner  must  be careful  to exclude other, less noble 
meta ls  f rom the cell  par ts ,  feed materials ,  and  the 
system in general ,  tha t  might  p la te  out on top of the 
selected cathode and reduce or des t roy  its selectivity.  

In  d i aphragm type  chlor ine cells, the  cathode is most  
commonly  a woven steel  wire  screen. The hydrogen  
overvol tage  on steel is an apprec iable  component  of 
the  to ta l  cell  voltage. A number  of other  meta ls  are  
ava i lab le  tha t  exhibi t  lower  H2 overvoltage.  When  
these are  used as cathodes they  do not  r emain  active, 
because it is a lmost  impossible  to e l iminate  i ron as 
a t race impur i ty  in the system. One possible w a y  of 
reducing the  vol tage is to depolar ize  the  cathode wi th  
air. This is not  new, of course, and lots of technology 
can be bor rowed  from the fuel cell  experts .  

Ion exchange membranes.mA grea t  va r ie ty  of these 
are  now avai lable ,  and much progress  has been made  
a long these lines: (i)  Mechanical  s trength,  bu i l t - in  
glass fiber reinforcement .  (ii) Grea te r  s tabi l i ty  in 
aggressive environments ,  h igher  range  of tempera ture .  
A recent  example  is duPont ' s  new cation exchange 
membrane ,  a modified f luorocarbon po lymer  (29). (iii) 
Improved  se lect iv i ty  at h igher  e lec t ro ly te  concent ra-  
tions, where  se lect iv i ty  has here tofore  been too low to 

be interest ing.  (iv) Specific se lec t iv i ty  to pa r t i cu la r  
ions. 

Past  a t tempts  to use cat ion exchange  membranes  in 
place of pe rmeab le  d iaphragms  in chlorine cells have 
been frust ra t ing,  using the membranes  then avai lable .  
A recent  news item, perhaps  only a rumor,  seems to 
indicate  that  Asahi  Chemical  Indus t ry  Company is 
more optimist ic  about  such an appl ica t ion  (30). 

Permeable  diaphragms.--I have  l i t t le  new to repor t  
here, except  tha t  i t  is a sad ly  neglected subject  and 
wor thy  of a t ten t ion  (31). Asbestos  d iaphragms  have 
wide usage, but  nobody seems to know why  they  work  
as wel l  as they  do, or  how to m a k e  them work  better .  

Synthet ic  fibers have  la rge ly  rep laced  cot ton duck 
for separa tors  and anode bags in many  meta l  winning 
and refining cells. Woven PVC cloth can be hea t -  
sh runk  to give the  des i red  low pe rmeab i l i ty  in com- 
merc ia l  per iodate  cells. 

Solid electrolytes.mThis is an exci t ing new develop-  
ment  in sol id-s ta te  science, which opens up new vistas 
of appl icat ion in e lectrochemical  technology. Sol id 
e lectrolytes  are usual ly  po lycrys ta l l ine  ceramic mate -  
r ia ls  which, in cer ta in  ranges  of tempera ture ,  a re  good 
conductors  for cer ta in  ions, whi le  being subs tan t ia l ly  
nonconduct ive to electrons.  They a re  also, ideal ly ,  im- 
permeable  to l iquids and gases. 

As a first example ,  there  is ~-alumina,  essent ia l ly  
Na20.11A1203,  and ~"-a lumina,  Na20"  5AlzOs, usu-  
a l ly  doped wi th  minor  amounts  of MgO or other  oxides. 
These are  excel lent  conductors  for sodium ions, at  
300~ and over. In  the  Ford  sod ium/su l fu r  bat tery ,  
the ceramic m e m b r a n e  separa tes  l iquid sodium on one 
side f rom l iquid sodium polysulf ide on the other. The 
open-circui t  vol tage  is about  2V, and on discharge Na 
reacts  wi th  sulfur  to form Na2Sx. On charge, metal l ic  
sodium and S are  regenerated,  al l  at  100% cur ren t  effi- 
ciency. The use of E-alumina for the  e lec t rowinning of 
sodium is a dis t inct  possibil i ty.  The m e m b r a n e  can be 
modified to conduct  other  a lkal i  meta l  ions (32). 

As a second example  there  is z i rconium oxide usu-  
a l ly  doped with yt t r ia ,  which is an excel lent  conductor  
for oxygen ions O = at  t empera tu res  above 900~ (33). 
This ma te r i a l  is used in a new type  of fuel cell, and 
also in new types  of ins t ruments  tha t  measure  the 
oxygen content  of l iquid meta ls  (34). I t  has also been 
proposed  as a way  to m a k e  cheap hydrogen,  b y  the  
electrolysis  of superhea ted  steam. The wa te r  vapor  
dissociates, the oxygen is ionized at a cathode and 
passes th rough  the solid electrolyte ,  then  gives up its 
electrons at  an anode  to form oxygen  gas. The hydro -  
gen is left  behind, and is easi ly  separa ted  f rom the 
s team (35). 

As  a th i rd  example ,  there  is the  double  salt  RbAg4Is, 
which easi ly conducts  s i lver  ion even at  room t empera -  
ture. This forms the basis for a new type  of ba t t e ry  
(36, 37). 

These are  but  the  first indicat ions of the  possible 
deve lopment  of a wide class of so l id-s ta te  mater ia ls ,  
engineered  for  use in indus t r i a l ly  impor t an t  e lec t ro-  
lyt ic  cells. 

Baths.--Although not p rope r ly  par t  of the  hardware ,  
the na tu re  of the  e lec t ro ly te  used is a de te rmin ing  
factor  in cell  design. The ba th  can be engineered  as 
wel l  as the  ha~:dware. Suppor t ing  e lec t ro ly tes  a re  
added  to increase conduct ivi ty;  hydrotropes ,  to in-  
crease solubi l i ty  of aromat ic  organics;  d i rec t ive  salts  
to control  select ivi ty;  and buffers, inhibitors ,  levelers,  
and so on. Cations can be complexed  into anions, and 
vice versa. 

Tanks.~Concrete, a poor ma te r i a l  at  best, can be 
g rea t ly  improved  in s t rength and corrosion resistance 
by  including resins in the  mix. He t -c re te  (38) is 
such a mater ia l ,  which contains a ch lor ina ted  polyes ter  
resin. Epoxy- sand  mixtures ,  a re  useful. Sol id PVC 
plast ic  tanks  a re  in use in per ioda te  cells. Glass fiber 
re inforced plast ics  can be used standing,  or as l iners  
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for steel  tanks.  T i tan ium or t i t an ium-c lad  steel is 
sometimes used. F lex ib le  plast ic  bag l iners  have also 
been used in concrete tanks,  or even wood tanks,  in 
place of lead. 

For  low t empera tu r e  fused salt  baths,  cells of carbon 
steel  or a l loy steel  a re  often qui te  sat isfactory,  if ma in -  
ta ined  cathodic in respect  to the  bath.  For  h igher  t em-  
peratures ,  brick, carbon or graphi te  l inings are  s tand-  
ard. There are  cases where  "skulls"  of frozen bath  
have been used to protect  exposed metal .  

Cover and seals.--Tank covers need not  be rigid. De- 
Nora ama lgam cells have two-p ly  flexible covers, the 
inner  p ly  to resis t  chlorine,  the  outer  to resist  air  oxi-  
dation. I t  is also commonplace  to br ing  anode conduc-  
tors r igh t  into the anode chamber.  I f  these are  of cop- 
per, they  can be pro tec ted  wi th  sIeeves of ceramic,  
v iny l  polymers,  or they  m a y  be t i t an ium clad. F lex i -  
ble seals can be made  of neoprene,  PVC, or poly  
v inyl idene  fluoride. 

Insulators.--There are  many  new ceramic mater ia l s  
tha t  have proved thei r  wor th  in such difficult spots as 
thermocouple  wells, reference  cell  probes, or s imply  as 
insulators  in aggressive envi ronments  where  glass, 
alumina,  or plast ics have proved  unsui table .  Boron 
n i t r ide  is one such ceramic (39). 

Bus and conductors.--Aluminum is now wide ly  used 
in place  of copper. Joints  should be welded if possible, 
and good bol ted joints  must  be careful ly  engineered.  
Sodium in a steel  p ipe  makes  an excel lent  bus. Sodium-  
filled po lye thy lene  p ipe  is qui te  acceptable  and inex -  
pensive for underground  cable. 

Conclusion 
Electrochemical  engineer ing has indeed es tabl ished 

a foothold as a scientific discipline. There  seem to be 
endless oppor tuni t ies  for more advanced  design of cells 
and mate r i a l s  of construct ion for producing chemicals  
f rom energy or energy f rom chemicals  on the indus t r ia l  
scale, and in the  service of mankind.  This paper  marks  
the end of m y  own l i fe t ime effort in this  field, and I 
hope that  some of m y  own opt imism about the fu ture  
has rubbed  off onto the competent  people tak ing  par t  
in this wonder fu l  sympos ium a r ranged  by  m y  good 
f r iend  Dr. Wrangl~n.  
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ABSTRACT 

The phase diagram of the Li2Se-Se-(LiBr-RbBr eutectic) system at 360~ 
has been determined using data obtained from a variety of physicochemical 
measurements  and emf studies. Of part icular  interest  is a large region of 
three- l iquid equil ibrium. 

Phase-equi l ibr ia  studies on systems comprised of 
alkali metals, chalcogens, chalcogenides, and alkali 
halide salts have been investigated extensively in this 
laboratory (1-5). Interest  in these systems stems pr i-  
mar i ly  from their  application in the development  of 
high-specific-energy, high-specific-power secondary 
cells based on alkali  metal-chalcogen couples utiliz- 
ing molten alkali  halide electrolytes (6-10). In  this 
paper we describe results of physicochemical studies on 
the pseudoternary system Li2Se-Se-(LiBr-RbBr eu- 
tectic) and related systems using solubility, thermal  
analysis, centrifugation, and quenching techniques. 
The following article (11) in  This Journa l  presents 
results of electromotive force (emf) measurements  for 
the Li2Se-Se-(LiBr-RbBr eutectic) pseudoternary sys- 
tem and related systems. The physicochemical and emf 
data are herein interpreted in terms of a t e rna ry  
phase diagram in  which the eutectic salt mix ture  is 
considered as a single component.  

Experimental 
Materials.--The selenium (99.999+ % purity,  ob- 

tained from American Smelt ing and Refining Com- 
pany, South Plainfield, New Jersey) and l i th ium 
(99.98+ % purity,  obtained from Foote Mineral  Com- 
pany, Philadelphia)  were used as received. The Li2Se 
was prepared from the elements by a method that  has 
been described elsewhere (1). The compositions of 
the alkali metal  halide eutectic mixtures  used in these 
studies are listed in Table I together with their mel t ing 
points. They were prepared from the anhydrous  salts 
in  a pur i f ied-hel ium-atmosphere  glove box (13) in  
which the max imum concentrat ions of H20, 02, and N2 
are less than 1, 5, and 10 ppm, respectively. The pre-  
parative procedure consisted of contacting molten 
mixtures  of the eutectic compositions with l i th ium for 
several  hours to remove any water  and to reduce 
heavy metal  ions, followed by filtration of the eutectic 
through a double quartz frit  filter. The LiC1, LiI, LiBr, 
and RbBr were obtained from Anderson Physics 
Laboratories, Champaign, Illinois, and were report-  
edly 99.99% pure. The LiF was single-crystal optical 
grade obtained from Harshaw Chemical Company, 
Cleveland. 

* E l e c t r o c h e m i c a l  S o c i e t y  Active I ~ e m b e r ,  
K e y  w o r d s :  s e l e n i u m ,  l i t h i u m  s e l e n i d e ,  a l k a l i  h a l i d e ,  p h a s e  d i a -  

g r a m ,  c a t h o d e .  
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Solubility studies.--The solubil i ty studies were car-  
ried out in a furnace well  attached to the floor of a 
hel ium-atmosphere  glove box (13). Samples were 
equil ibrated in quartz tubes 460 m m  long and 13 m m  in 
diameter. These tubes were inserted into a 16-mm- 
diameter  hole dril led to a depth of 150 m m  in a copper 
block which was positioned in  the hot zone of the fur -  
nace well. In  all cases an excess of the solute mate-  
rial  was provided so that the solvent phase would be 
saturated. Enough solute plus solvent mix ture  was 
added to fill the sample tube to a depth of about 100 
mm. After  equi l ibrat ion for 4-6 hr with periodic st ir-  
ring, a 3 -mm-diamete r  quartz extract ion tube  with a 
fine quartz frit  fused in the lower end was immersed 
into the phase to be sampled using a vernier  depth 
gauge. The entire assembly was then allowed to come 
to thermal  equi l ibr ium and a sample was drawn into 
the extraction tube. The extraction tube was then 
wi thdrawn from the hot zone and the sample above the 
frit  was submit ted for chemical analysis. 

Centrifugation studies.--A high- tempera ture  centri-  
fuge similar in design to one described by Fr iedman 
(14), was constructed for the centr ifugation studies. 
A drawing of the centrifuge has appeared elsewhere 
(15). Samples of the desired composition were loaded 
into quartz tubes, sealed under  vacuum, and equil i-  
brated at temperatures  of about  400~ in a rocker fur-  
nace for times in excess of 24 hr. The equil ibrated 
samples were then removed from the quartz tubes, 
ground to fine powder, and loaded into special quartz 
ampules, which were placed in  the metal  holding 

Table I. Compositions and melting points for 
LiF-LiCI-Lil and LiBr-RbBr eutectics 

E u t e c t i c  corn-  M e l t i n g  
pos i t i on ,  m / o  po in t ,  ~ 

L i F  - -  1 1 . 7 ~  
LiC1 - -  2 9 . 1 ~  340.9 
L i I  - -  5 9 . 2 J  

L i B r  m 59 277 a R h B r  41 J 

a T h i s  v a l u e  i s  18 ~ h i g h e r  t h a n  t h e  v a l u e  r e p o r t e d  b y  G r o m a k o v  
a n d  G r o m a k o v a  (12) .  
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buckets  of the  centr ifuge.  The samples  were  hea ted  to 
360~ and centr i fuged for per iods  of 8-10 h r  at  speeds 
in excess of 1200 r p m  and wi th  a m in imum cent r i fuga l  
force on the sample  of 100g. The t empera tu re  in the  
sample  compar tmen t  of the  centr i fuge was found to 
v a r y  by  less than 2~ dur ing  operation.  Af te r  cen t r i fu-  
gation, the  holding buckets  (containing the  ampules)  
were  removed  from the cent r i fuge  and immersed  in 
l iquid nitrogen.  In  most cases a l l  of the  samples  could 
be r emoved  f rom the cent r i fuge  and quenched in less 
than  2 rain f rom the  t ime at  which  the furnace  was 
opened. The ampules  were  then t rans fe r red  to the 
he l ium-a tmosphere  glove box for examina t ion  p r io r  
to analysis.  

Analytical procedures.---Solid samples  obta ined in 
solubil i ty,  centr i fugat ion,  and quenching exper iments  
were  subjec ted  to chemical  analyses  using the fo l low- 
ing genera l  procedure.  The samples  were  first d igested 
in glacial  acetic acid for severa l  hours, Selenium 
present  in the  e lementa l  form appeared  as a p rec ip i ta te  
whereas  se lenium presen t  as  selenide evolved as gas-  
eous hydrogen  selenide, which was recovered in a n i -  
tr ic acid trap.  The prec ip i ta ted  se lenium was recov-  
ered f rom the  acetic acid solut ion and combined wi th  
the  se lenide in the  HNO3 t r ap  b y  dissolution. The r e -  
sul t ing solut ion (now containing al l  of the  se lenium) 
was spot -checked  for halogen (none was ever  found)  
and analyzed  for  se lenium using the  s tandard  potas-  
s ium iodide method  (16). The acetic acid  solut ion from 
the digest ion step (now free of selenium) was ana-  
lyzed  for b romide  amperomet r i ca l ly  using a s i lver  
e lect rode and for l i th ium and rub id ium using flame 
photometry .  For  samples  containing the LiF-LiC1-Li I  
eutectic, no a t t empt  was made  to analyze  for the  ha lo-  
gens. 

Other procedures.--The methods  used in mount ing  
and polishing the samples  for microscopic examina -  
t ion as wel l  as procedures  used for  different ial  t he rma l  
analysis  (DTA) have  been descr ibed e l sewhere  (1).  
The  expe r imen ta l  procedures  used in the  emf studies 
a re  descr ibed in deta i l  in the  fol lowing paper  (11). 

Resul ts  
Solubility studies.--Prior to examina t ion  of t e rna ry  

samples  conta ining l i th ium selenide (Li2Se), se lenium 
(Se) ,  and  salt  eutectic (LiX) ,  a series of so iubi l i ty  
studies was conducted to de te rmine  impor tan t  phase 
re la t ionships  for  the  Li2Se-LiX and Se -L iX b ina ry  
systems. The phase boundar ies  for  the  Li2Se-Se sys-  
t em were  known  f rom the  work  of Cunningham et al. 
( I ) .  

A s tudy of the  solubi l i ty  of Li2Se in three  l i th ium 
ha l ide-con ta in ing  eutectics indica ted  tha t  the amount  
of Li2Se dissolved in these mol ten  sal ts  does not  ex-  
ceed 1 m/o  (mol per  cent)  for t empera tu res  below 
450~ These da ta  a re  given in Fig. 1. The points  for 
the  a l l - l i t h ium hal ide  eutectics appear  to l ie  on a 
s t ra ight  l ine wi th  a slope corresponding to a hea t  of 
solution of 13.3 kca l /mol .  Data for the L iBr -RbBr  
eutect ic  l ie on a l ine of n e a r l y  the  same slope bu t  d is-  
placed to signif icantly lower  solubi l i ty  values.  

Results  of a series of measurements  of the  solubi l i ty  
of se lenium in two l i th ium ha l ide-conta in ing  eutectics 
a re  given in Table  IL Al though  the re  is considerable  
scat ter  in the  da ta  for  the LiF-LiC1-Li I  eutectic, it  is 
c lear  that  the  solubi l i ty  of e lementa l  se lenium in these 
eutect ics is less than  0.1 m / o  at  t empera tu re s  be low 
500~ A l inear  leas t  squares  analysis  of the  da ta  for  
the  LiF-LiC1-Li I  eutect ic  y ie lded  the equat ion 

logl0nse ---- 2.628 - -  2776/T 

where  rise is the  mole  f rac t ion of se lenium and T is 
t empera tu re  in degrees Kelvin.  The single de te rmina-  
t ion for the  L i B r - R b B r  eutectic indicates  tha t  the  
se lenium solubi l i ty  is not  apprec iab ly  affected by  
changing the const i tuents  of the  eutectic. 

TEMPERATURE, ~ 
IO 600 500 400 300 

0 L iF -  LiCl 
~x , .  A LiBr -RbBr 

,-,,,0 E] LJF- LiCl-Lil 

~ 1,0 - -  

-1 

.2" 
"a 0.I 

o,o, I I I I I I I . . . . . . . . . . . .  

I.I 1.3 L5 I.? 

IO001T, T in K 

Fig. 1. Solubility of Li2Se in eutectics containing lithium halides 

A single measuremen t  was made  of the  solubi l i ty  
of a mol ten  salt  eutectic in selenium. In this exper i -  
ment  the  quan t i ty  of L i B r - R b B r  eutectic dissolved in 
se lenium at 394 ~ +_ 10~ was  found to be less than  
0.01 m/o.  F r o m  this  resul t  and  the da ta  given in Table  
II  for se lenium solubil i t ies in l i th ium hal ide-con-  
ta ining eutectics, i t  appears  tha t  at  360~ an extensive 
misc ib i l i ty  gap exists  in the  pseudobinary  systems 
S e - ( L i B r - R b B r  eutect ic)  and  Se - (L iF -L iC1-L i I  eu- 
tectic)  ex tending  f rom <0.1 m / o  selenium to >99.9 
m / o  selenium. 

P r e l i m i n a r y  studies of the  solubi l i ty  of Li2Se-Se 
mix tures  in L iX indicated tha t  the  quant i t ies  of 
se lenium dissolved in the  salt  were  enhanced consid-  
e rab ly  by  the presence of Li2Se. For  example ,  the  r e -  
spect ive solubil i t ies of Li2Se and Se separa te ly  in 
L i B r - R b B r  eutectie a re  only 0.030 and 0.026 m/o  at  
363~ but  a L i B r - R b B r  sample  equi l ibra ted  at  364~ 
wi th  a Li2Se-Se mix tu r e  (moles Se /mole  Li2Se ---- 4.0) 
was found to contain  1.45 m / o  selenium. This observa-  
t ion of increased selenium solubi l i ty  in the  sa l t - r ich  
phase for samples  containing both Li2Se and Se p ro -  
v ided  the basis  for  a c leare r  unders tand ing  of the  emf 
and phase -equ i l ib r ium resul ts  which follow. 

Eraf studies.--Typical emf results,  such as those p re -  
sented in Fig. 3 th rough  7 of the  fol lowing p a p e r  (11), 
were  in qual i ta t ive  agreement  wi th  resul t s  expected 
f rom the phase equi l ibr ia  for the Li2Se-Se b ina ry  sys-  
tem (1) in tha t  composit ion ranges  for which emf was 
decreasing or  constant  at  a given t e m p e r a t u r e  had  a 
one- to -one  correspondence wi th  those regions of the 
phase d iagram where  such var ia t ion  was expected on 
the  basis of the  phase  rule. However ,  the  composit ions 
at  bounda ry  crossings w h e r e  the  slope of emf-vs . -  
composit ion plots changes ab rup t ly  did not  agree wi th  
the composit ions of corresponding boundar ies  as de te r -  
mined  by  other  methods.  

Table II. Solubility of selenium in LiBr-RbBr 
and LiF-LiCI-Lil eutectics 

T o t a l  d i s s o l v e d  
Eutect ic  T e m p ,  ~ s e l e n i u m ,  m / o  Se  a 

L i F - L i C l - L i I  378 0.009 
379 0.034 
429 0.078 
432 0 .093 
483  0.071 
484  0 .080 
516 0.119 
516 0.115 

L i B r - R b B r  364 0.030 

~ m / o  Se = ( m o l e s  o f  s e l e n i u m  • 1 0 0 ) / ( m o l e s  o f  h a l i d e  + moles 
of  s e l e n i u m ) .  
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Table III. Summary of emf data from Li/LiBr-RbBr(eutectic)/Li in Se cells at 360~ 

Cell No. 

Composition 
r ange ,  

~ n t t  
( r iL l  + rise) 

Loca t ion  of  
b r e a k s  in  e m f  _ _  m / o  Li2Se a t  phase  b o u n d a r y  loca t ions  _ 

vs~  log  XLi, (Li,2Se (s) 
rise/ a t o m  f rac -  (L~ + L~) (Li2Se (s) (L~ + I~) (L1 + L2+ L3) + L2+ L3) (L1 + I ~  + L~) 

(nse + hE) t ion  L i  --L3 + L3) -Ls - (LI+Ls+L~) -- (L2 + L3) -- (L2 +L3) -- (LI +L2) 

129 0-0.28 0.0838 0.105 0.493 . . . . .  
147 0-0.21 0.160 ~0 .21  ~2 .13  - -  . . . .  
189 0-0.46 0.188 0.24, 0.335 2.96 4.72 . . . .  

18 0-0.47 0,384 0.19, 0.27, 0.32 - -  - -  4,50 7.10 9.03 - -  
72 0-0.12 0.714 0,04 -- -- 1.64 -- -- -- 
32, 41 0-0,375 0.835 0.023, 0.252, 0,298 - -  - -  0.98 13,82 17.43 - -  

5 0-0.21 0.903 0.008, 0.152 - -  - -  0.326 - -  - -  8.28 

In view of the  so lub i l i ty - s tudy  results  and of the  
d iscrepancy noted above be tween  the ear ly  emf data  
and the phase equi l ibr ia  found for the  Li2Se-Se b ina ry  
system, it was concluded tha t  the  behavior  of L i / L i B r -  
RbBr  ( eu t ec t i c ) /L i  in Se emf cells should be in te r -  
p re ted  in te rms of a pseudote rnary  system. A summary  
of the da ta  on the locations of phase boundar ies  based 
on emf measurements  for L i / L i B r - R b B r  ( eu tec t i c ) /L i  
in Se cells at  360~ is given in Table  I I I  and the loca-  
tions are  shown in Fig. 2. 

The emf cells were  opera ted  so tha t  the a tom frac-  
t ion of l i th ium wi th  respect  to se lenium in the cathode 
was va r ied  whi le  the  a tom fract ion of se lenium wi th  
respect  to the  e lec t ro ly te  was constant.  The values  for 
these a tom fract ions are  l is ted in columns 2 and 3 of 
Table  III. The a tom fract ions of l i th ium at the  b reak  
points, which a re  l is ted in column 4, were  conver ted  
to mole p e r  cent  Li2Se for  p lot t ing on Fig. 2. The con- 
stant  se lenium to eutectic rat io  in the  emf cell  means 
that  the  da ta  f rom any one cell  l ie on a l ine para l le l  to 
the  Se-Li2Se boundary  of the  phase  diagram.  

DTA, quenching, and centrifugation studies.--To 
fur ther  character ize  the  pseudo te rnary  systems, a 
series of DTA curves were  obta ined for samples  of 
var ious  composit ions containing the  L i B r - R b B r  eu-  
tectic. The resul ts  a re  p resen ted  in Table  IV. These 
da ta  show three  the rmal  effects a t  about 280 ~ 249 ~ and 
220~ which are  apparen t ly  associated wi th  the  dis-  
appearance  of L3, L2, and L1, respect ively.  The the rmal  
da ta  provide  qua l i ta t ive  l imits  to the  range  of com- 
posit ions covered by  L2 and  L3. Fo r  example,  for com- 
posit ions ly ing  near  the  l i th ium se lenide-se lenium 
binary,  the  the rmal  effect associated wi th  the  d i sap-  
pearance  of L3 is not  observed.  This would  indicate  
tha t  L2 extends  far  enough into the  phase d i ag ram to 
prevent  format ion of L3 f rom these compositions. 

# 

/ /  i o  L2+L  

LiBr-RbSr Se 

Fig. 2. Li2Se-Se-(LiBr-RbBr eutectic) pseudoternary phase dia- 
gram at 360~ 0,  Phase boundary locations determined by emf 
measurements. C), Phase boundary locations for the binary systems 
determined by solubility studies and from Ref. (I). A ,  Phase 
boundary locations determined by chemical analysis. �9 and [],  
regions found to contain the number of phases indicated by quench- 
ing and emf methods, respectively. ~ ,  Compositions examined by 
DTA. See text for explanation of shading. 

These da ta  a re  also p lo t ted  on Fig. 2 using d iamond-  
shaped symbols  which  are  shaded at  the  bottom, 
middle,  or top indicat ing the rmal  effects at 220 ~ 249 ~ 
and 280~ respect ively.  A fu l ly  shaded d iamond would  
indicate  tha t  a l l  t h ree  effects were  observed.  

An effort was made  to de te rmine  the degree  to which 
L2 and L3 ex tend  into the  phase  d iagram by  equi l ib ra -  
t ion and quenching of samples  having  composit ions 
ly ing  wi th in  the  th ree - l iqu id  region. Microscopic ex-  
aminat ion  of the quenched samples  showed that, in 
addi t ion to L1, there  were  indeed two o ther  l iquid 
phases present,  but  thei r  densi t ies  were  apparen t ly  
qui te  s imi lar  and  separa t ion  was not adequate  to pe r -  
mit  chemical  analysis.  Other  quenched samples  having 
composit ions in the two- l iqu id  region be tween  L2 and 
L3 were  examined and were  found to contain two l iq-  
uid  phases, as expected.  

In  view of the difficulties encountered  in separa t ing  
the three  l iquid phases, L1, L2, and L3 dur ing quench-  
ing studies, an a t t empt  was made  to accomplish this  
separa t ion  using a h igh - t empera tu re  centr i fugat ion 
technique. Cent r i fuged samples  consis tent ly  showed 
near ly  quant i ta t ive  separa t ion  of al l  of the  const i tuent  
phases. The se len ium-r ich  liquid, L1, was  a lways  found 
to be the  most dense phase w i th  the  selenide phase, L2, 
in termedia te ,  and  the sa l t - r ich  phase, L3, the  lowest -  
dens i ty  phase. In cases where  solid Li2Se was present ,  
i t  appeared  in the  upper  por t ion of the sa l t - r ich  l iquid  
phase. Normal ly ,  four  samples  were  cent r i fuged  si-  
mul taneous ly  for each composition. The phases of two 
of these samples  were  separa ted  at  the  interfaces  be -  
tween the phases and were  submit ted  for chemical  
analysis.  The other  two samples  were  mounted,  pol-  
ished, and examined  microscopical ly.  By examining  
composit ions nea r  the  upper  bounda ry  of the  L1 + I ~  

Table IV. Summary of DTA data on Se, Li2Se, LiBr-RbBr 
eutectic and their binary and ternary mixtures 

Composition (m/o) Peak temperatures of endo- 
Li~Se Se Eutectic thermic effects noted (~ 

I00 1302~ 
I00 221 

lO0 280 
23.4 76.6 223 352 ~ 
16.2 66.3 23.5 221 247 275 
22.1 71.4 6.5 221 245 (267) 

70.0 30.0 221 283 
93.0 7.0 221 284 

10.0 85,0 5.0 222 247 (270) 
20.0 75.0 5.0 222 246 (270) 
30.0 65.0 5.0 221 244 (260) 

6.0 80.5 13.5 222 247 277 
14.9 69.8 15.3 221 247 280 
21.2 63.8 15.0 225 246 (263) 
26.2 58.7 15.1 221 247 282 

4.7 65.8 29,5 222 247 277 
16.0 51.8 32.2 222 247 276 
22.8 50.1 27.1 228 247 272 
52.4 47.6 278 
10.7 86.8 2.4 222 248 (274) 
30.4 67.5 2.1 223 246 
17.4 14.2 68.4 245 274 

a The  exac t  t e m p e r a t u r e  of  a r e a c t i o n  is d i f f icul t  to  d e t e r m i n e  
u s i n g  DTA.  Here  we  c o n s i s t e n t l y  r e p o r t  p e a k  t e m p e r a t u r e .  U n c e r -  
t a i n t i e s  of  • 1 7 6  due  to  c h a n g i n g  p e a k  size m i g h t  be  expec ted ,  
Va lues  in  ( ) a re  s h o u l d e r s  (not  peaks)  a n d  m a y  be assoc ia ted  w i t h  
a l i q u i d u s  cross ing,  

b The on ly  effect  seen is the  m p  of  Li2Sc a t  1302~ This  v a l u e  
i s  conf i rmed  b y  o t h e r  m e t h o d s  (1). 

The  L i - S e  b i n a r y  h a s  a m o n o t e c t i c  r e a c t i o n  a t  350~ (I) .  
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+ L3 field and near the lower boundary of the Li2Se (s) 
+ L2 + L3 field (see Fig. 2) we were able to determine 
the boundaries of the L2 + L3 field from chemical 
analyses. 

Discussion 
The experimental  data in Fig. 1 and Tables I through 

IV, as well as results of other solubility studies dis- 
cussed above, are consistent with the pseudoternary 
phase diagram for the Li2Se-Se-(LiBr-RbBr eutectic) 
shown in Fig. 2. The determination of this diagram 
started with a consideration of the binary systems 
from which it is constituted. The Li2Se-Se system has 
been well-studied by Cunningham et al. (1). The 
terminal phases melt at 1302~ (Li2Se) and 220~ 
(So). There are no intermediate phases and the system 
has a simple monotectic structure. Starting from the 
Li2Se phase, the upper liquidus drops sharply with the 
liquid which becomes L2 in the pseudoternary system 
undergoing monotectic reaction at 350~ to i'orm the 
selenium-rich liquid, LI, and Li2Se(s). The mono- 
tectic composition is about 22 m/o Li2Se. The L1 phase 
freezes at 220~ with considerable tendency to under-  
cool. Both the tendency to under-cool and the freezing 
point (indistinguishable from that of pure Se) confirm 
the very slight solubility of Li2Se in Se. The miscibility 
gap between L1 and L2 extends from about 22 m/o 
Li2Se to less than 0.5 m/o  Li~Se and has very steep 
boundaries. The phase boundaries in the Li2Se-Se sys- 
tem at 360~ obtained from the work of Cunningham 
et al. (1) are indicated in Fig. 2. Phase relationships in 
the LiX-Se and Li2Se-LiX binary systems as deter-  
mined from the solubility studies 1 are also indicated in 
Fig. 2. 

Results of the solubility studies, the centrifugation 
experiments, and the Li2Se-Se phase-diagram work 
locate the corners of the L1 + L2 + L3, L2 + Ls, L2, 
and L3 regions as shown in Fig. 2. The emf data in 
Table III establish the boundaries of L3 and locate 
the boundaries between two- and three-phase regions 
implied by the other studies. The compositions corre- 
sponding to boundary crossings as given in Table III  
are shown in Fig. 2. When microscopic or chemical 
analyses were performed, the nature of the phases 
present was always consistent with Fig. 2. In part ic-  
ular, both microscopic and chemical analyses of equi- 
l ibrium samples from the L~ + L2 + L3 field obtained 
in centrifugation experiments clearly showed the pres- 
ence of all three liquid phases. 

The phase diagram of this pseudoternary system is 
part icularly interesting because of the region of three- 
liquid equilibrium and the presence of a salt phase, Ls, 
which can contain appreciable quantities of dissolved 
selenium-bearing species. The single-phase regions, L1, 
L2, and L3, probably expand monotonically across the 
diagram with increasing temperature. Coincidentally, 
the L2 + L3 region would be expected to expand 
steadily in the direction of the three-phase fields, 
LI + L2 + L3 and L2 + L3 + Li2Se~s), while giving 
way lateral ly to L~ and L3 and eventually disappear- 
ing. With decreasing temperature (from 360~ the 
salt-rich phase, L3, must retreat  rapidly since that 
phase was shown (by DTA) to freeze within a few 
degrees of the freezing point of pure LiBr-RbBr eu- 
tectic (277~ 

The exis tence  of Rb~Se~ compounds  m a y  not  show up  in the  
solubil i ty studies.  E m f  s tudies  (i1) s h o w  ef fects  possibly a t t r ibu t -  
able to these compounds  but  the i r  l imi ted  presence does not seem 
to inva l ida te  the  assumpt ion  os pseudo te rnary  behavior .  

The pseudoternary phase diagram of the Li2Se-Se- 
(LiBr-RbBr eutectic) system is important to the un- 
derstanding of the operation of the Li /LiBr-RbBr (eu- 
tect ic) /Se cell (6-9), which has been investigated as 
a rechargeable electrochemical power source. The ex- 
tent of the L3 phase is related to the degree of (unde- 
sirable) transfer of selenium to the lithium electrode 
(9). Steps have been taken to reduce the extent of 
L3 by decreasing the activity of selenium through the 
use of thallium (17). 
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Thermodynamic Studies of the Lithium-Selenium System 
by an EMF Method 
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Argonne Nationa~ Laboratory, Chevnicat Engineering Division, Argonne, ILlinois 60439 

ABSTRACT 

Emf measurements  on cells of the type L i / l i th ium halide eutectic mix tu re /  
Li in  Se have been used to determine thermodynamic  quant i t ies  for the Li-Se 
system. For low l i th ium concentrat ions in the cathode, the over-al l  cell re-  
action can be wri t ten  as 2Li + xSe -~ Li2Sez. From the cell data, the activity 
coefficient of l i th ium was calculated to be 6 X 10 -32 in  the dilute Li region; 
the s tandard free energy of formation of Li2Se at 360~ was calculated to be 
- -  94.0 kcal/mol.  

The thermodynamics  of l i th ium-se len ium mixtures  
are of interest  in  connection with the chemistry of 
alkali  meta l -conta in ing  b inary  systems having com- 
ponents of widely differing electronegativities because 
of the applicabil i ty of these systems to electrochemical 
energy conversion (1,2). A study of secondary cells 
involving l i th ium-chalcogen couples has been under -  
way  at this laboratory for several  years. The potential  
of these cells in various applications requir ing high-  
specific-energy, high-specific-power batteries has been 
discussed (1-5). The phase diagram of the l i th ium-  
selenium system has been previously reported (6) and 
phase equi l ibr ia  in  pseudoternary systems of selenium, 
l i th ium selenide, and alkali  metal-hal ide mixtures  are 
presented in the preceding paper (7). In  this paper we 
report  the results of a series of emf measurements  on 
cells of the type Li /LiF-LiC1-LiI  (eutec t ic ) /Li  in Se, 
and L i /L iBr -RbBr  (eutec t ic) /Li  in Se, and the ther-  
modynamic  quanti t ies  calculated therefrom. 

Exper imental  
The sources and purit ies of l i thium, selenium, and 

the electrolyte salts have been described in the pre-  
ceding paper  (7). The emf data were obtained from 
cells of two different designs. 

The type I cell, shown in Fig. 1, consisted of a l i th-  
ium reference electrode and a l i th ium-se len ium-al loy  
electrode, which were positioned in  separate compart-  
ments  and immersed in  the mol ten-sal t  electrolyte. 
The l i th ium electrode was a porous stainless steel 
cyl inder  (~lO m m  in diameter  and 10 m m  high) 
saturated wi th  li thium, which was retained wi th in  the 
voids of the porous meta l  s t ructure by surface-tension 

* Electrochemical Society Active Member. 
Key words: lithium, selenium, emf measurement ,  l i thium selenide. 
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forces. The l i th ium-se len ium-al loy  electrode was pre-  
pared by mixing  selenium pellets with the desired 
amount  of powdered Li2Se. The Li2Se was prepared 
by the reaction of se lenium vapor with l i th ium metal  
(6). The selenium-Li2Se mix ture  was placed in  a nio-  
b ium cup (700 mm 3) which had a t ight-fi t t ing niobium 
lid containing a porous A1203 wick to insure contact 
between the mix ture  and the electrolyte. Two different 
eutectic salt mixtures  were used as electrolytes: 59 
m/o  (mole per cent) LiBr-41 m/ o  RbBr (mp 277~ 
and 11.7 m/o  LiF-29.1 m/ o  LIC1-59.2 m/o  LiI (mp 
340.9~ The type I cell was operated in a furnace 
well  attached to the floor of a h igh-pur i ty -he l ium-  
atmosphere glove box (<2  ppm 02 and N2, <1 ppm 
H20) (8) in which the cell was assembled. This type 
of cell has been used pr imar i ly  to study the effect of 
temperature  variat ion on cell emf for various fixed- 
cathode-alloy compositions. 

The type II cell, which is shown in  Fig. 2, util ized 
a three-compar tment  quartz housing. The l i th ium elec- 
trode was again a porous stainless steel cylinder im-  
pregnated with lithium. The selenium alloy electrode 
was contained in the lower end of one leg of the hous- 
ing and was contacted with a n iob ium wire coil which 
served as a current  collector. The compartments  were 
loaded with weighed amounts  of l i thium, selenium, and 
electrolyte in the hel ium-atmosphere  glove box and 
sealed. The cell was operated outside the glove box 
in a molten NaNO3-KNO3 bath to insure temperature  
uniformity.  The he l ium atmosphere inside the cell was 
main ta ined  at a slight positive pressure to l imit dif- 
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Fig. 1. EMF cell of type I 
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Fig. 2. EMF cell of type II 
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fusion of impuri t ies  into the cell. The type II cell was 
used pr imar i ly  to s tudy the effect of changing com- 
position on cell emf at constant temperature,  al though 
some tempera ture-var ia t ion  studies were performed 
wi th  this type of cell. The cell was usual ly started 
with pure selenium, and the composition of the alloy 
electrode was changed by electrochemical t ransfer  of 
l i th ium into the alloy, keeping count of the number  of 
coulombs involved. The ratio of selenium to electrolyte 
was also varied over a wide range from one cell to 
another so that  the effects of the solubil i ty of se lenium- 
bear ing species in the electrolyte (7) could be evalu- 
ated. For cells with a large selenium-to-electrolyte  
ratio, the details of the H-cell  construction were modi-  
fied slightly from those shown in Fig. 2 so that  the 
volume of the selenium compartment  could also be 
varied. Thus the increased volume of the l i th ium- 
selenium alloy with increasing l i th ium content  could 
be accommodated without al ter ing the electrolyte 
level wi thin  the selenium electrode compartment.  Cor- 
rosion of cell parts by reactants, products, or electro- 
lyre was not detected. 

The emf measurements  were made with a Hewlet t -  
Packard Model 3420B differential d-c voltmeter  having 
an input  impedance of 1010 ohms (some early measure-  
ments were made with a Keithley Model 630 having 
10 ~ ohms input  impedance) .  Indiv idual  measurements  
had a precision of 1.0 mV or bet ter  and the accuracy of 
the measurements  is estimated to be _10 mV or better. 
The current  for changing the composition of the lith- 
ium-se len ium alloy was supplied by a Wenking Model 
61RS potentiostat connected as a galvanostat  and was 
measured with a s tandard resistor and a L&N Type 
K-3 potentiometer.  Ceil tempera ture  was measured 
using Chromel-Alumel  thermocouples and the K-3 po- 
tentiometer.  All data were monitored on s t r ip-chart  
recorders as appropriate. 

Results and Discussion 
Typical results for emf as a funct ion of temperature  

for various mole ratios of l i th ium to l i th ium plus 
selenium [nL~/(nLi -~ riSe) ] for the selenium alloy elec- 
trode are shown in Fig. 3. The data points for the 
composition nLi/(nLi--~ rise) : 0.10 through 0.276 have 
been el iminated for clari ty because they are too nu -  
merous and closely spaced to be shown. The data used 
in this figure were taken from a cell using the LiBr-  
RbBr eutectic as electrolyte and having a mole ratio 
of selenium to selenium plus electrolyte in the alloy 
compar tment  [nse/(nse + nE)] equal to 0.384. In  Fig. 
4 results are shown for emf as a function of l i th ium 
content of the alloy electrode at 360~ and for 
? ~ S e / ( r ~ s e  - t -  T ~ E )  again equal to 0.384. 

Four  general  types of behavior can be noted based 
on the data shown in Fig. 3 and 4: (i) for l i th ium 
mole ratios less than about 0.19 [i.e., nLi/(nL~ + riSe) 
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Fig. 3. Typical results for cells having the LiBr-RbBr eutectic as 
electrolyte showing emf as a function of temperature for various 
lithium contents of the alloy electrode. 
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Fig. 4. Typical results for cells having the LiBr-RbBr eutectic 
electrolyte showing emf as a function of the lithium content of the 
alloy electrode at 360~ 

<0.19], (aE/OT) is positive and (OE/a In XLi) is equal 
to RT/2F; (ii) in  the range of l i th ium mole ratio from 
about 0.19 to about 0.28, (OE/OT) and (OE/8 In XL0 are 
both zero; (iii) in the range of l i th ium mole ratio from 
about 0.28 t o  about 0.32, (aE/~T) is probably negative 
and (oE/OlnXLO certainly negative; and (iv) for 
]i thium mole ratios greater than  0.32 and up to at 
least 0.46, (aE/OT) is negative and (8E/OlnXLi) is 
zero. 

The significance of these four regions is clear when 
considered in connection with the pseudoternary phase 
diagram presented in the preceding paper (7). The 
results shown in Fig. 4 represent  the emf of the cell 
as the composition progressed across the phase dia- 
gram along a l ine parallel  to the Li2Se-Se side and 
intersected the (L iBr -RbBr) -Se  side of the diagram at 
a point corresponding to 0.384 mole fraction selenium. 
The discontinuous change of slope at 0.188 mole frac- 
tion l i th ium in Fig. 4 corresponds to the point in  the 
pseudoternary phase diagram located at 4.4 m/o  Li2Se, 
33.9 m/o  Se, and 61.7 m/o  LiBr-RbBr  which lies on 
the boundary  between the L1 + L3 and L1 + L2 + L3 
regions (see Fig. 2 of the preceding paper) .  The addi- 
t ional slope discontinuities correspond to the crossing 
of other phase boundaries.  

As the extent  of the  solubil i ty of the l i th ium-sele-  
n ium alloy electrode in the l i th ium hal ide-containing 
electrolyte became clear (7), the modified H-cells 
described above were used to obtain data where  the 
mole fraction of selenium with respect to electrolyte 
[nSe/(~'~Se -I- n E ) ]  was made as large as the cell design 
would permit.  Results from three such cells are shown 
in Fig. 5 and are quite similar to those shown in Fig. 
4. In Fig. 5 the composition is plotted on a log scale in 
the low l i thium range to emphasize the observed rela-  
t ion OE/O In XLi ---- RT/2F and on a l inear  scale in the 
high l i thium range to prevent  crowding so that the 
four distinct regions are apparent.  In  the two regions 
corresponding to three-phase equil ibrium, however, 
there is a definite negative slope to the emf-vs . -com- 
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Fig. 5. Results showing emf as a function of lithium content in 
the alloy electrode for cells using LiBr-RhBr eutectlc as electrolyte 
and for which nse/(nse -~ hE) has been maximized. 



Vol. 120, No. 5 THERMODYNAMIC STUDIES OF L i -Se  SYSTEM 597 

position plot instead of a zero slope l ine as expected 
for a three-phase region in a three-component  sys- 
tem. This variat ion is a t t r ibuted to exchange of ru-  
b idium and l i thium at the electrolyte-cathode interface 
in the cathode chamber. The formation of some Rb2Sex 
would be expected to lower the cell potential  slightly 
as the l i th ium concentrat ion increases in the cathode 
alloy. This in terpreta t ion is also supported by the ob- 
servation that, for cells using only l i th ium cations in 
the electrolyte, negative slopes were not obtained in 
the three-phase regions for nse/(nSe Jr hE) up to 0.53. 

Typical emf-vs . - temperature  and emf-vs.-composi-  
tion curves for cells in which the LiF-LiC1-LiI eutectic 
was used as electrolyte are shown in Fig. 6 and 7. 
The resemblances to the corresponding figures for the 
LiBr-RbBr  eutectic are clear. Data were obtained us- 
ing this eutectic in a number  of cells having different 
selenium to selenium plus eutectic mole ratios. The 
information obtained relat ing to phase equil ibria and 
the location of phase boundaries at 390~ is presented 
in Fig. 8. In  this figure the data have been tentat ively 
interpreted in terms of a pseudoternary system similar 
to that presented in the preceding paper (7) for the 
LiBr-RbBr eutectic containing system. 

As stated above, the data for low-l i th ium regions 
(such as the data presented in Fig. 4, 5, and 7) corre- 
spond to OE/O In x u  ---- RT/2F, indicating that two 
electrons and two l i th ium atoms are involved in the 
over-al l  cell reaction, which may be ~vritten 

2Li + xSe-> Li2Sex 

The corresponding Nernst  equation (with pure l i thium 
as the reference electrode) is then 

RT 
E -- - -  in 'YLi2XLi2 

2F 

2.2C 

2.1C 

uJ 

0.030 
O. IOO 

O. 150 

~ - - - ~ v ~  ~ -..~ ~ ~ 0 . 5 o 0  

2.0( 0.350 

0.400 
@ 

,.90 ~ J i ~ L 1 J 
300 350 400 450 SO0 550 

TEMPERATURE, ~ 

Fig. 6. Typical results for cells having the LiF-LiCI-Lil eutectic 
electrolyte showing emf as a function of temperature for various 
lithium contents of the alloy electrode. 
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Fig. 7. Typical results for cells having the LiF-LiCI-Lil eutectic 
electrolyte showing emf as a function of alloy electrode lithium 
content at 390~ 
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Fig. 8. Phase equilibrium data and phase boundary locations 
determined by emf measurements on cells using the kiF-LiCI-Lil 
eutectic electrolyte. Data are tentatively interpreted in terms of a 
pseudoternary system. 

The activity coefficient ('YLi2) of l i th ium in liquid L1 
at 360~ has been calculated using data from Li /  
L iBr -RbBr(eu tec t i c ) /L i  in Se cells. The activity co- 
efficient was found to be 6 • 10 -32 and is quite in-  
sensitive to var iat ion in  composition in the region 
where L1 and L2 are in equil ibrium. 

From the emf in the Li2Se(s) + L2 + L3 region, 
and the knowledge that the l i th ium activity in Ll 
saturated with L2 (and L3) is equal to the l i th ium 
activity in L2 saturated with L1 (and L3), it was pos- 
sible to apply the Gibbs-Duhem equation (assuming 
that  the activity coefficient of the salt in L2 and L3 was 
constant) in correcting the free energy of formation 
of Li2Se to uni t  activities of l i th ium and selenium. At 
360~ ~G~ (Li2Se) ~- --94.0 kcal/mol.  
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Mathematical Characterization of Corrosion Currents 
in Local Electrolytic Cells 
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ABSTRACT 

A previous mathematical  analysis of Simmons et al. related to the cor- 
rosion currents  in local rectangular  electrolytic cells is extended here to the 
more realistic case of circular cells which develop in pi t t ing processes. The 
present work is based on a typical  local electrolytic cell, in which the anode 
and cathode are represented by coplanar concentric circles. The cell cur rent  
is calculated as a function of the anode and cathode radius, thickness, and 
conductivi ty of electrolyte, potential  difference between anode and cathode at 
zero current  flow, and a l inear  polarization parameter.  The present results are 
then compared with the theoretical results of Simmons et al. and with ex- 
per imenta l  data obtained in this study for a system of two coplanar circular 
electrodes made of Fe and  Ni in  an  0.01N NaBr aqueous solution. 

Many corrosion reactions proceed through an elec- 
trochemical mechanism based on the action of local 
electrolytic cells (1, 2). The local cells are developed 
due to the electrochemical heterogeneity of the metal  
surface or of the electrolyte, The causes of electro- 
chemical heterogeneity of the metal  include: hetero- 
geneous metal  structure, grain boundaries,  pores in 
protective films, nonuni form deformations, etc. 

The mechanism of such corrosion processes, mainly  
the pit t ing reaction, has been extensively studied 
(3-5). Nevertheless, so far, only two theoretical at-  
tempts  have been made to characterize quant i ta t ively  
the corrosion cur ren t  of local electrolytic cells (6, 7). 

Waber  et al. (6, 8) used a one-dimensional  model, in 
which the anodes and cathodes of the local cells were 
described as an array of a l ternate ly  infinitely long 
electrodes. They calculated the cur ren t  of the cell as a 
function of the width of the electrodes, thickness of 
the electrolyte layer, the conductivi ty of the electro- 
lyte, and the polarization parameters.  

In  1967 Simmons et al. (7) generalized the one-di -  
mensional  geometry employed by  Waber  et al., and 
calculated the current  for a cell in which the cathode 
and anode are described as coplanar concentric rec- 
tangulars.  

However, in  many  actual cases of local corrosion 
the geometry of the anode is much closer to a cir-  
cular  cross section than to a rec tangular  one. There-  
fore, the aim of the present  analysis is to quant i ta -  
t ively characterize the corrosion cur ren t  of a local cell 
with a circular geometry. 

Cell Geometry 
The geometry of the local electrolytic cell used in 

this analysis is i l lustrated in Fig. 1. The anode and 
cathode are coplanar, and  are represented by two 
concentric circles, wi th  radii  a and b, respectively. The 
electrolyte thickness is designated by c, and it repre-  
sents the height of the cyl inder  formed. Therefore, the 
mathematical  t rea tment  is done wi th  cylindrical  co- 
ordinates, whose origin is located at the center  of the 
upper  plane, where  Z ---- 0, so that  the anode and  cath- 
ode lie in the plane Z : --c. This model represents a 
typical (statistically averaged) circular electrolytic 
cell analogous to cell models employed in, for instance, 
statistical thermodynamics  (9). or hydrodynamics  (10). 

The expected corrosion current  of the celt, Itota~, is to 
be derived as a funct ion of the following parameters  

/total -" ~ ( a, b, c, E, r k)  

where:  a --  radius of anode; b = radius  of cathode; 

1 Department of Computer Science. 
Key words: pitting, mathematical model, localized corrosion. 

c ---- electrolyte thickness; E = potential  difference be- 
tween anode and cathode at zero cur ren t  flow; ~ : con- 
duct ivi ty  of electrolyte; and k : l inear  polarization 
parameter,  k = ~(dV/d i ) ,  where  dV/di  represents the 
slope of the polarization curve at the operating cur-  
rent  densities (for fur ther  elucidation of k see the 
following assumptions).  

The following simplifying assumptions employed in 
this work are similar  to those employed by Waber 
et al. (6) and Simmons (7). 

1. Variations in the composition of the electrolyte, 
of ceil geometry, and of surface conditions of the elec- 
trodes, dur ing  the corrosion process, are neglected. 

2. The polarization parameter  k is the same for both 
electrodes, and is independent  of the cur ren t  density. 
This independence is a result  of the assumption of a 
l inear  relat ion be tween potential  and current  density, 
so that  dV/di  -- const. For  m a n y  practical cases these 
assumptions may be considered as reasonable approxi-  
mations. 

3. The envelope r : b, as well  as the upper  plane of 
the cyl inder Z = 0, are perfect insulators (i.e., no cur-  
rent  flows between the numerous  electrolytic cells on 
the metal  surface).  

Governing Equations and Boundary Conditions 
1. The total cell cur ren t  can now be derived by inte-  

gration of the equation describing the local cur ren t  
distribution, over the area of the anode or cathode. 
This integrat ion is based on the aforementioned as- 
sumptions. 

z=O 

z=_c  

Fig. 1. Geometry of the mathematical model for an electrolytic 
cell. 
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2. The local current  flow to or from the electrodes, 
is characterized by the potential  distr ibution through 
Ohm's law, i.e. 

--6 O__~.# [11 I(r,L-c) = OZ (r,~,-c) 

where r, Lz are the cylindrical  coordinates and 0r 
the local gradient  of the potential  normal  to the metal  
surface. 

3. The potential  dis t r ibut ion in the cell is governed 
by the Laplace equation 

~72~ : 0 [2] 

The solution of this equation with suitable boundary  
conditions, should give the dis tr ibut ion of the potential  
in the cell. 

Equat ion [1] stems from the Poisson law, which 
states that the relat ion between potential  and charge 
density is given by 

4~p' 
divgrad ~ : V2~ -- [3] 

e 

where / is the charge density a n d ,  the dielectric con- 
stant. 

Since the net charge in an electrolytic cell is zero, 
p ' = O a n d V 2 ~ = O .  

In cylindrical  coordinates the Laplace equation be- 
comes 

82~b 1 8~b 1 82~b 82~b 
---- : 0 [4] 

V2~b= 0r 2 J-"7-~r _L r2 0~ 2 _t OZ 2 

The total  expected cell current  will be derived by 
solution of Eq. [4], differentiation of the solution with 
respect to z to obtain Or subst i tut ion of O~/8z in Eq. 
[1] to obtain I(r,~,-c), and integrat ion of the resul t ing 
equation of 1(~,~,-c) over the anode surface area as fol- 
lows 

I t o t a l : Y ~ ( a n o d e )  I ( r , L - c ) d S : y : X ( r , - - C )  2~rdr 

4. The boundary  conditions used for the solution of 
Eq. [1] are 

8r 
: 0  [5] 

O r / r : b  
and 

8 ~  
= 0 [6] 

Oz/z = 0 

Equations [5] and [6] stem from the assumption that  
the envelope of the cyl inder  describing the typical cell 
(except the metal  planes of the electrodes) are in- 
sulators. 

The thi rd  boundary  condition is derived as follows: 

On the cathode area (i.e., a < r < b) 

8~ 
~(r,~,,-c) = Ec J_ k .  [7] 

Oz/z : - -c  

where Ec is the open-circui t  single potential  of the 
cathode. 

5. Choosing the potential  scale so that  Ec = 0 we 
obtain 

k 8~ ~cr,~,-c) : ~ [8] 
Oz/z : --c 

for a < r < b. 
On the anode (i.e. at r < a) 

~b(r,~,-c) : E .l_ ~ [9] 
Oz/z : -- c 

where E is the difference between E~ (open-circuit  
single potential  of the anode) and E~. 

Equations [8] and [9] can thus be combined to give 

k 8~b r : ES(r )  .L - -  [10] 
Oz/z : - -c  

82~ 

Or,2 i 

and 

where S(r )  is a step function with the properties 

S( r ) - - - -0  a < r < b  

S ( r )  - - 1  r < a  

Mathemat ica l  Solution 
Equation [4] is solved by the separation of variables 

technique, i.e., by assuming that  the solution is given 
as a product of three separate functions, each being 
dependent  on a single var labm 

r = R(r)O(~')Z(z)  [11] 

Int roducing now the dimensionless parameters  

a c r Z k 
a* =-- ,b c * - -  b '  r* ------b, z* =~--,  k*----~-- 

the Laplace equation and its boundary  conditions take 
the form 

i 8@ 1 82~ 82~ 
l .L : 0 [12] 

r* {gr* r .2 0~ 2 @z .2 

where 

0~ 
- - 0  [13] 

8 r * / r * : l  

0~ 
- - 0  [14] 

Oz*/z* = 0 

r : ES( r*)  _L k* - -  [15] 
Oz*/z* = --c* 

f a 

1 r*<~ 
S(r*)  = [16] 

0 ~ - < r *  < 1 

Equation [11] is thus represented as 

r = R(r* )  X o(~) X Z ( z * )  [17] 

By subst i tut ing Eq. [17], and its derivatives, in Eq. 
[12], and dividing by ROZ, we obtain 

I [ d2R l d R ]  1 d20 d2Z 

-R L dr*2 _L r-- ~- dr----- J .L r,2---- ~ d~ 2 _t Z d z ,  2 

which can be rewr i t ten  as 

R" 1 R' 0" 1 Z" 
- -  X ~ / - - : O  

R _L r* R _L o r .2 Z 
Since 

- -0  

[18] 

[19] 

Z" J 
_-- k2 const [20] 

Z 

Z ---- cle -~z* • e2e -~z* [21] 

where cl and c2 are constants. 
Now 

0"  
- -  - - v 2  [ 2 2 ]  

0 

and 
0 = cse i~ J_ c4e -iv~ [23] 

where c3 and c4 are constants. 
Equat ion [19] can be wr i t ten  now (after mul t ip ly ing 

by r*2/R) as 

r*2R" i r*R' _t ( ~2r.2 -- u2)R = 0 [24] 

subst i tut ing x ---- kr* in  Eq. [24] we obtain 

d2R dR 
xg dx 2" _t x "~x .L ( x2 -- v2)R ---- 0 [25] 

Equat ion [25] is a Bessel equat ion whose regular  solu- 
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tions at x ---- 0 are Jr(x) ,  the Bessel functions. There-  

fore R(r*)  ,-~ J~(~r*). 
Since the problem is axi-symmetr ic  (no dependence 

on D, v = 0 and, therefore 

0(~) : 1 [26] 

R(T*) -., Jo(~r*) [27] 
and 

r : R(r*)Z(z* )  : Jo(~r*) [el ~z* .i. c2e -~z*] 
[28] 

Boundary  condition [13] gives 

dR(r*)  / __ d 
t dr* r*=l dr* [Jo(~r*)]r*=l -- 0 [29] 

using the identity 

J'o (x) : - d z  (x) [30] 
Eq. [30] becomes 

at* So&r*) = = o [3l] 
r * = l  

The solutions kn of [31] are the zeroes of dl (x).  
Boundary  condition [14] demands that  for any n 

d ,  [ _ --=az(z*) c ~ . -  c2~: o [32] 
dz* J z*=O dz* 

so that  cl : c2. 
The potential field (Eq. [28]) will be given by 

v( r* ,z*)  = ~ C j o ( h n r * )  cosh (~r • Co [33] 
" n = l  

--~ O~ L 2 
Icr*.-c*) : -- ~ I : ~ a*E~ 

b Oz* z*=-c* b 

,=z [Jo(kn)]2[cosh (~nc*) .L k"*~:nsinh (~.c*)]'-- 

1 
X [coth (~r .]_ (k*~,~)] [38] 

and the total corrosion current  by 

f a * b  

/total -- 2n I(r*, - -c*) r*dr*  
1 1 0  

: 4na*2bE~ 
[Jl(~.a*)]s 

. = ~  [Jo(~.) ] 2 

1 
X [coth i~cnc*) -k k *~c . ] k .  [39] 

For the integration step we used 

f x.J.-~ (x)dx = x~J.(x) 

/total had been computed f rom Eq. [39] by employ- 
ing a digital computer, as described in Appendix A. 
The analysis of the error involved in computing /total 
is also given in Appendix B. 

To express/total for a wide spectrum of systems, in- 
dependently of specific values of E, a, and ~, one can 
t ransform Itotal to the dimensionless expression 

k/total k/total 
/*total - -  - -  - -  [40] 

4E82~ 4Jd~ (anode area) 

The above series are the Dini series and by differ- 
entiation of Eq. [33] with respect to z*, at --c*, and by 
substituting in boundary  condition [15], we obtain 

ES(r*)  = ~ CnJo(~nr*) cosh (~C,C*) 
n = l  

• k*~n sinh (~nc*) .L Co [34] 

C,  will be calculated by differentiation of Eq. [34] 
with respect to r* with the use of identity [31], and 
the relation 

I2 2 Jt(~nr*)Jt(k~r*)r*dr* , ~: ]2 = S m ~ [ J l ( , . )  [35] 

where 

J'l (~c,) = Jo (~m) and 5ran is the Kronecker  delta 

f 1 m - - ~  
8ran= 

0 m # n  
This gives 

28* E J1 (~na*) 

Cn = [jo(~c,~)]2~n[cosh (~r • ~*~:nsinh (~nc*)'] 
[36] 

Since the expansion [34] is a Dini series, Co -- Ea .2. 
Substituting Cn and Co into Eq. [33] we obtain 

r  -- 2a*E 

~-~ Jo(~, r*)  cosh [k~*]J1  (/end*) 
• 

,=i~ [Jo~/~n)]2]~n[cosh ( Icnc*)•  ]~*~r (~r 

• Ea .2 [37] 

The current  density on the electrode surface is thus 
given by  

Results and Discussion 
The dependence of I'total on a*, c*, and k*, is given 

in Fig. 2. This figure shows that/*total increases with c* 
for various values of k* and a* up to a saturation level. 

Figure 3 shows the dependence of the cell current, 
Itotal, on the anode radiuS, a, the polarization parameter,  
k, and the electrolyte thickness, c. Itotal increases with 
c up to a saturation level. 

Comparison o~ the results of the present model with 
the results of Simmons et al. (7).--To compare the re-  
sults obtained by the present model with the results 
of Simmons et el. (7), /*total was computed from Eq. 
[40], for different values of a*, k*, and c* (see Table 
I) .  The error, R, involved in the above computations of 
I'total is related to N, the number  of terms employed 
in the calculation of the series which appears in Eq. 
[39]. In the present study N was taken as 1000. The 
error  involved can be calculated as follows: 

According to Eq. [A-B-9] of Appendix B one obtains 
that  for a* > >  10 -8, R L 1/a* • 10 -4. 

Therefore, for a* : 0.5, R ~ 0.0002; and for a* -- 0.1, 
R ~ 0.001. 

I 

a * =  0.1 

a *  = 0 . 5  

I O0 
f 

o3o . . . ~ ' ~ - "  �9 _ _  - -  Km=lO0 

*..-,- o6o ~ f . f ~  

040 ~ i  ~ " 1 1 " ' I  

0 . 2 0  

o . . . . . . .  

o . o o l  o . o l  o J  L O  

C" 
Fig. 2. Dependence of dimensionless cell current/*total on k*, e*, 

and c*. 
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Fig. 3. Dependence of cell current/total on polarization parameter 
k, anode radius a, and electrolyte thickness c. 

The terms in the series were  computed with an ac- 
curacy of 10 -7 , therefore,  the accumulat ive t runcat ion 
error, which can have a positive or negat ive value, 
would not exceed a value  of 10 -4. Therefore,  the total 
error  R must  be for a* ---- 0.5, 0 < R < 0.0003; and for 
a* ---- 0.1, 0 < R < 0.0011. 

Since R > 0 the exact  value of / * t o t a l  is to be within 
the in terval  [/*total, /*total -~- R]. 

In general, as the value of a* decreases, the number  
of terms employed in the calculation of the series in 
Eq. [39] should increase, in order to obtain a given 
accuracy (q.v. Eq. [A-B-9] - [A-B-11]  in Appendix  B). 

Table I gives the values thus computed, compared to 
the values of I ' t o t a l  computed by Simmons et al. The 
comparison shows that  there is a good agreement  be- 
tween the predicted results of the two analyses at 
re la t ively  high values of a*, k*, and c*. The discrep- 
ancy between the two models grows with a decrease 
of c* and k*. This implies that  there  is a greater  effect 

of the cell  geomet ry  on the computed cell  current  for 
low polarization and thin electrolytes, than for high 
polarization and thick electrolytes. 

Exper imenta l  Compar ison  
An exper imenta l  system was buil t  for the purpose of 

comparing the theoret ical  predictions with an actual 
system. The system was designed to enable measure-  
ment  of the current  of an electrochemical  cell wi th  a 
defined geometry  as a function of the parameters  em-  
ployed in the theoret ical  analysis. The exper imenta l  
results are then compared wi th  the predicted values of 
the analytical  model  at the same operat ing conditions. 

The exper imenta l  set up is described in Fig. 4. It  
includes a galvanic cell made of two circular co- 
planar  concentric electrodes. The anode is made of 
Swedish Pure  Steel  0.4 cm in diameter  and the cathode 
is made of 99.85% nickel 0.8 cm in diameter.  The two 
electrodes are isolated by a thin Teflon tape of 0.01 
cm thickness. The plane of the electrode surfaces is 
mainta ined above and paral le l  to the bot tom of the 
solution container.  A micrometr ic  screw enables va ry-  
ing the distance be tween  the electrode plane and the 
plane of the glass vessel bottom. In this way the elec- 
t rolyte thickness c can be varied. 

/ to ta l ,  the cell current,  is measured as the potential  
drop on a known resistance using a Hewle t t  Packard 
V.T.V.M. Model 412A and an amplifier wi th  a 1012 ohm 
impedance, Knick Model 72Z. / t o t a l  was measured as a 
function of c. 

The following parameters  of the cell needed for the 
computat ion of/total w e r e  measured:  

E the open-circuit  potential  was measured using 
the Hewlet t  Packard  V.T.V.M. and the Knick amplifier. 

the conduct ivi ty  of the solution was measured by 
using a standard conductivi ty measur ing system pre- 
viously cal ibrated wi th  a KC1 solution of similar  con- 
ductivity.  

k the polarization paramete r  has been deduced 
from the anodic polarization curve  of the Swedish Pure  
Steel. The polarization measurements  were  carr ied 
out in a standard polarization cell. The approximated 
slope, M, of the V vs. i curve was used in the estimation 
of k (k ---- ~M).  It is assumed that  because of the 
smaller  anodic area the reaction is anodically con- 
trolled (also concentrat ion polarization effects in the 
cathodic react ion are not expected since / to ta l  was re-  
corded shortly after  the circuit  was closed). 

Table I. Values for I*totaz based on the present model and 
as obtained by Simmons et al. (7) 

a*  = 0 .5  u *  = 0 .1  

/*total,  /*total,  
I 'total  S immons  Z'total S immons  

c*  = 1.000 
k *  = 100.0 0 .744 0.75 0.969 0.99 
k *  = 10.0 0.730 0.73 0.962 0.98 
k *  = 1.0 0.616 0.61 ~).904 0.92 
k *  = 0.1 0.367 0.26 0.599 0.60 
k *  = 0.01 0.052 0.054 0.171 0 .18 
k *  = 0.001 0.006 0.0084 0.024 0.033 

c*  = 0.10 

k *  = 100.0 0.741 0.74 0.969 0.99 
k *  = 10.0 0.706 0.70 0.958 0.98 
k *  = 1.0 0.495 0.47 0.880 0.89 
k* = 0.1 0.172 0.17 0.562 0.56 
k*  = 0.01 0.037 0.04 0.161 0.17 
k *  = 0.001 0.0050 0.0068 0.023 0.031 

c* = 0.01 

k* ---- 100.0 0.708 0.70 0.961 0.99 
k *  = 10.0 0.505 0.48 0.901 0.91 
k* = 1.0 0.192 0.19 0.658 0.65 
k *  = 0.1 0.058 0.061 0.278 0.28 
k* = 0.01 0.014 0.018 0.0172 0.0188 
k* = 0.001 0.0022 0.0041 0.0114 0.020 

c* = 0.001 

k *  = 100.0 0.505 0.48 0.901 0.91 
k *  = 10.0 0.192 0.19 0.660 0.65 
k *  = 1.0 0.059 0.062 0.283 0.28 
k *  = 0.1 0.016 0.020 0.080 0.097 
k *  = 0.01 0.003 0.0062 0.015 0.031 
k* = 0.001 0.0003 0.0018 0.009 0.0092 

T e f l o n  I 

-  oode 

~ ~ N i  Cathode 

distance in ,  tar 

,z.;Oo?oTk ? i 

r ren t )  

Stand 

Ea 

Fig. 4. Experimental setup for measurement of electrolytic cur- 
rent as function of electrolyte thickness. 
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Table II. Experimental data for calculation of/total 

k ,  c m  M,  o h m - c m  ~ r o h m - l - c m - ~  E,  V b,  c m  a ,  cra 

0.80 55.5 0 .0145 0.175 0.4 0.2 

The measurements  were carried out in an aque- 
ous solution of 0.01N NaBr buffered to pH ---- 2.2 with 
a 0.05M sulfate buffer. (The bromide solution was 
chosen because of its relevance to a study on the me-  
chanism of corrosion by bromine which was studied at 
the same time.) Table II  summarizes the measured 
parameters.  

/total was computed by Eq. [39] using an  Elliott 503 
computer. In  each computat ion 1000 terms of the series 
in Eq. [39] were summarized. The comparison of ex- 
per imenta l  and theoretical results of /total as a function 
of c is given in  Fig. 5. 

Figure 5 shows that  the theoretical and exper imental  
curves are qual i ta t ively similar. Quant i ta t ively the 
theoretical and exper imental  results differ by a factor 
up to 2. This discrepancy probably stems par t ly  from 
the simplifying assumptions employed in the deduction 
of the analytical  model, as well  as from the experi-  
menta l  errors involved in  the measurements  of the 
parameters.  As to the simplifying assumptions, the one 
involving a l inear  reIat ion between the potential  and 
the current  densi ty is probably the  weakest one, since 
it is theoretically justified only for small  values of 
cur ren t  density. In  our  experiments,  the current  den- 
sities were of the order of 1 mA/cm2 and were still 
in  the approximate l inear  region. Variations of k due 
to nonl inear i ty  of the extension of the curve are of the 
order of +--30%. The reproducibil i ty of k, for the same 
current  density and different polarization curves, was 
in the range of _+20%. (A typical polarization curve 
for the system studied is given in Fig. 6.) While the 
aforementioned variat ions of k introduce inaccuracies 
in the computed cell currents ,  they do not account for 
the entire discrepancy between the essentially exact 
theoretical results and the exper imental  ones, as can 
be judged from Fig. 3. Other factors, such as the as- 
sumption that  the whole electrode area acts as an 
anode, or cathode, contr ibute to the discrepancy. A 
large n u m b e r  of exper imental  data, under  various 
operating conditions, is required in order to dis- 
t inguish between the influence of the various indi- 
v idual  factors. 

APPENDIX A 

Computation of total cell current itotat 
/total is computed from Eq. [39]. The number  of terms 

in  the series is dictated by the chosen degree of ac- 
cutcacy (see Appendix  B).  

~,~ which are the zeroes of J i  have been computed by 
a combinat ion of the regula falsi and bisection methods 
using the asymptotic expression 

i 0  "3 
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Fig. 5. Comparison of experimental and theoretical results for 
effect of electrolyte thickness on cell current. 
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Fig. 6. Anodic polarization curve for Swedish Pure Steel in O.01N 
NaBr, oH 2.2 

(') ~ n - -  n. l_-~-  n l  O n and  the inequal i ty  

n ~ < ~ c n <  n •  ~ for n = l ,  2 . . . .  

An appropriate n u m b e r  of ~n were computed with 
an accuracy of 7 decimals and stored on the computer 
tape. The stored values were used for any computat ion 
of /total. 

Jo(x) and Jl(x) were computed up to 8 decimals. 
The computat ion was carr ied out by an  Elliott  503 

computer.  

A P P E N D I X  B 

Evaluation of the error in computing Itotat 
/total is computed from Eq. [39] which contains a 

series that can be expressed as 

where 

a , = 4 k  

A - -  ~ a n  
n = l  

[A-B-l] 

[ Jl(~cna*) ]2 . 1 

Jo(~Ca) [coth (k~c*) l k *  " ~c,]~c,, 
[A-B-2] 

The t runca t ion  error in  the computat ion of an is of 
the order of 10 -7 , while  the round off error  is much 
smaller. Therefore in order to achieve a chosen ac- 
curacy the necessary number  of terms in  the series A 
has to be determined.  

In  the following the "tail" of the series 

R.= Z=I an [A-B-3] 
n=NL1 

is estimated. 
The following asymptotic expression is valid for 

the Bessel function 

[A-B-4] 
therefore 

f _ 3 V ,  a*~cn J1(a*~n) I cos L T~]• (na*)J 

Jo(~n) 

Using 

We obtain  

[A-B-5] 

1 1 
[A-B-6] 
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Jl(a*b~) 
Jodr 

--- m 

o r  

COS 
1 

-1 

m 

[Jl(a*~.) ]2_~ 
Jo(k.) 

Therefore  

4k* 
la.t = a . - ~ - -  a *  

1 1 .L O [ ( n a * ) - 3 / 2 ]  

a" ( ~ >  
l t O  

1 I. O(na*)-~l~ 

f c o t h  ( ~ c * ) . t  - k * [ (  

[A-B-7] 

4 
N --~ - -  [A-B-11] 

n2R a * 

Since/*total  <~ 1, R wil l  a lways  be R < 0.1 and there-  
fore condit ion [A-B-11] is sufficient. 

Manuscr ip t  submi t t ed  A p r i l  3, 1972; revised manu-  
scr ip t  received Dec. 14, 1972. 

A n y  discussion of this paper  wil l  appear  in a Discus-  
sion Section to be publ ished in the December  1973 
JOURNAL. 
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Effects of Molybdenum on the Pitting Potentials of Ferritic 
Stainless Steels at Various Temperatures 

A. P. Bond* 
Research Laboratory, Climax Molybdenum Company of Michigan, Ann Arbor, Michigan 48106 

ABSTRACT 

Pi t t ing  potent ia l  measurements  were  pe r fo rmed  by  potent iodynamic  scan- 
ning at  200 m V / h r  in 1M NaC1 and in 1M NaBr, each sa tu ra ted  wi th  ni trogen.  
Over  the  ent i re  t empera tu re  range  studied, 1~176 mo lybdenum addi t ions  up 
to the  l imi t  of solid solubi l i ty  caused a cont inuous increase in the  p i t t ing  po-  
tent ia ls  of 18% Cr ferr i t ic  s tainless steels. Exposure  tests were  also pe r fo rmed  
in var ious  chlor ide-conta in ing  environments ,  and it was found tha t  pi t t ing 
r a t e  decreased as the  molybdenum content  increased.  

I t  has  been suggested that  a t  low t empera tu re s  
mo lybdenum addi t ions  m a y  not be beneficial to the  
pi t t ing resistance of austeni t ic  stainless steels exposed 
to chlor ide solutions (1). Data  have also been presented  
indicat ing tha t  above room tempera ture ,  the  beneficial  
effects of mo lybdenum on resis tance to pi t t ing m a y  
decrease  (2). Fur the rmore ,  i t  has  been repor ted  tha t  

* Electrochemical  Society Act ive  Member.  
Key  words: corrosion, polarization. 

molybdenum addi t ions  are  ineffective in sodium bro -  
mide  solutions (2, 3). 

In  view of the  present  in teres t  in mo lybde num-con -  
ta in ing ferr i t ic  stainless steels, it  was thought  impor -  
tan t  to invest igate  these questions and establ ish more  
c lear ly  the  r ange  of condit ions under  which  mo lybde -  
num content  has a favorable  effect on pi t t ing  res is t -  
ance of fer r i t ic  s tainless steels. To do this, p i t t ing  po-  
ten t ia l  measurements  were  unde r t aken  on a series of 
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18% chromium steels containing 0-5% Mo. These mea-  
surements  were  made in 1M NaC1 and 1M NaBr  over  
a tempera ture  range f rom 1 ~ to 70~ Concurrently,  
some exposure tests were  performed in various media 
containing chlorides or bromides. 

Experimental  
The exper imenta l  alloys were  produced by induc-  

t ion-mel t ing  in an argon a tmosphere  using the split-  
heat  technique. By this technique, the base composi- 
tion was mel ted and part  of the mel t  was poured off to 
produce an ingot. To the balance of the melt, the re-  
quired molybdenum addit ion was made and the next  
ingot was cast. This process was repeated unti l  the de- 
sired compositions were  cast. By this procedure, the 
impur i ty  levels  were  held near ly  constant wi thin  each 
series. The compositions of the steels produced a r e  

given in Table I. 
The resul t ing ingots were  hot-forged and hot- rol led  

to 0.76 cm thick strips and then cold-rolled to 0.38 cm 
thickness. All  strips were  given a 1-hr anneal  at 815~ 
and wate r -quenched  before the test specimens were  
prepared.  

The electrodes for the potent iodynamic studies were  
mounted  in epoxy plastic wi th  a single exposed sur-  
face paral le l  to the roll ing plane. Electr ical  contact 
was made by soft-soldering a nickel wi re  to the back 
of the electrode. Contact be tween the solder or lead 
wire  and the electrolyte  was excluded by the plastic 
and glass tube. The 0.5 by 0.6 cm exposed surface was 
polished by using s tandard metal lographic techniques, 
finishing with  a disti l led wate r  s lurry  of 0.3~ alumina. 
The edges of the electrode were  masked with  clear 
Glyptal  varnish  to prevent  crevice corrosion. 

T h e  coupons for the exposure tests, 2.5 by 2.5 by 
0.3 cm, were  surface ground and then polished through 
No. 600 wet  silicon carbide paper. They were  solvent 
degreased and rinsed in methanol  before exposure. 

The potent iodynamic scanning exper iments  were  
per formed using standard equipment  and techniques. 
The pla t inum auxi l iary  electrode was isolated from 
the test solution by means of a glass flit .  The solution 
used was n i t rogen-sa tura ted  1.0M NaC1 or 1.0M NaBr. 
Al l  potential  measurements  were  made using a satu-  
rated calomel reference electrode. The scans were  
s tar ted at --0.7V and continued in the noble direction 
at 200 mV/hr .  The tempera ture  was controlled within  
m0.5~ of the reported temperature .  Below room 
tempera tu re  an ice bath was used, while the e levated 
tempera tures  were  maintained by a heating mant le  
and tempera tu re  controller.  

Results and Discussion 
A typical pi t t ing potential  determinat ion is shown in 

Fig. 1. It  can be seen that  the current  rise correspond- 
ing to pit t ing is ex t remely  sharp. This was t rue  at all 
t empera tures  investigated. It can also be seen that  
ve ry  short pulses of current  were  sometimes observed 
as the pi t t ing potent ial  was approached. As discussed 
previously (4), these pulses correspond to formation 
of very  t iny pits that  do not propagate if the potential  
scan is stopped below the pit t ing potential  for t ime 
periods up to 24 hr. 

The effect of var ia t ion in the rate of potential  scan 
was checked for the 18% Cr-2% Mo alloy (Table II) .  

Table I. Compositions of steels tested 

C o m p o s i t i o n  (%) 
D e s i g -  
n a t i o n  Cr Mo Ni  Si  M n  C N 

4354A 17,61 0.035 0.091 0.22 0.55 0 .028  0.032 
4354B NA (a) 0.96 NA NA NA NA NA 
4354C N A  2.06 N A  N A  N A  N A  N A  
4354D N A  3.51 N A  N A  N A  N A  N A  
4354E 17.31 4.67 N A  N A  NA 0.031 0.033 
4073A 18.45 1.97 0 . I I  0.13 - -  0.034 0.045 

(=) N A  = n o t  a n a l y z e d ,  bu t  a s s u m e d  to  be i n  t he  r a n g e  of  t h e  
series. 
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Fig. 1. Polarization curve obtained on scanning a masked electrode 
of alloy 4354D (3.5% Mo at 200 mV/hr in nitrogen-saturated 1.0M 
NaCI at 70~ 

No significant difference in pit t ing potential  was ob- 
ta ined when  the scan rate  was increased f rom 200 to 
2000 mV/hr .  This is in contrast  to results obtained in a 
previous study of an 18% Cr-14% Ni-3% Mo aus- 
tenitic steel (4). This austenitic steel showed a signifi- 
cant decrease in pit t ing potential  as scan rate increased. 
In general, it has been observed that  pit t ing potentials 
of ferr i t ic  steels are less affected by variat ions in ex-  
per imenta l  conditions than are pit t ing potentials of 
austenitic steels of similar chromium and molybdenum 
content. 

Af te r  each run, the electrode was examined under  
the microscope. Only if wel l -deve loped  pits, away from 
the masked edges, were  present  was a run accepted 
as valid. In many  cases, there was simultaneous at tack 
at the edges where  crevices may have existed, but this 
was disregarded if distinct pits were  visible. The 
crevice attack was more  l ikely to occur as the test 
t empera tu re  decreased. At  70~ most electrodes were  
free of any crevice attack, while at I~ most elec- 
trodes suffered crevice at tack as wel l  as pitting. This 
effect may  be par t ia l ly  a resul t  of the physical  proper-  
ties of the Glyptal  mask, which tended to be bri t t le  
at low temperatures .  

When pit t ing occurred, a large number  of pits were  
usual ly found. If the scan was stopped at this point, 
but  wi thout  the potentiostat  switched off, the pits 
would  continue to grow unti l  the electrode was de- 
stroyed. 

Results of the tests in 1M NaC1 are shown in Fig. 2. 
While t empera ture  had a ve ry  large effect on pit t ing 
potentials of these alloys, it is str iking that  the effect 
of molybdenum was near ly  the same at each of the 
test temperatures .  Thus, over  the tempera ture  range 
studied, molybdenum exerts  a definite beneficial effect 
on pit t ing potentials. Note that  an increase in the pit-  
t ing potential  in the noble direction corresponds to an 
increase in resistance to pit t ing corrosion. However ,  
the pi t t ing potentials of the 4.7% Mo alloy did tend to 
be lower  than those observed for the 3.5% Mo steel. 
Since this difference was observed at each temperature ,  
it appears to be a t rue effect and not the result  of ex-  
per imenta l  variation. 

A similar  tendency for a m a x i m u m  in pit t ing poten-  
t ial  to occur at in termedia te  molybdenum content was 
also observed for an austenitic stainless steel series 
(4). This behavior  in the austenitic series was a t t r i -  

Table II. Effect of scanning rate on pitting potential of the 
18% Cr-2% Mo alloy (4354C) in N2 saturated 1M NaCI at 45~ 

2 0 0 m V / h r  2 0 0 0 m V / h r  

0.OSV (SCE) 0.02V (SCE) 
0.00V (sCE) 0.085V (SCE) 
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Fig. 2. Pitting potentials obtained from potentiodynamic polariza- 
tion scans at 200 mY/hr in nitrogen-saturated 1.0M NaCl. 

buted to the occurrence of a second phase at high 
molybdenum contents. In  the present  series of ferritic 
steels, a second phase also occurs in  the high molyb-  
denum steels. According to the work of McMullin et aL 
(5), at 815~ this phase is chi, a compound contain-  
ing about 25% Mo, 18% Cr, and the balance iron. Ac- 
cording to the phase diagram, at 815~ the max imum 
solubil i ty of molybdenum is about 3.5% in  18% Cr-Fe  
(5). Thus, the 4.7% Mo alloy does not have any more 
molybdenum dissolved in the matr ix  than does the 
3.5% Mo alloy. Examinat ion  of the microstructures 
of the steels annealed at 815~ indicated that a very 
small  amount  of chi was present  in the 3.5% Mo steel 
and a large amount  in the 4.7% Mo steel (Fig. 3). 
Therefore, it is concluded that the failure of the 4.7% 
Mo alloy to exhibit  a higher pi t t ing potential  than  the 
3.5% Mo steel is a consequence of the phase consti tu- 
t ion of the alloys. The slight decrease in pi t t ing poten-  
t ial  that  was apparent ly  observed could either indi- 
cate that  chi itself is not as resistant  as the mat r ix  to 
pi t t ing or that the chi-ferri te interface forms preferen-  
tial pi t t ing sites. In  any event, the decrease in pi t t ing 
potent ial  of the 4.7% Mo steel as compared to the 3.5% 
Mo steel was too small  to be of practical significance. 

In  an effort to avoid the chi phase, the three alloys 
with the highest molybdenum content  were annealed 
at 980~ and water-quenched.  Microscopic examina-  
tion confirmed that  all of these steels did not contain 
appreciable chi after t reatment .  However, the pit t ing 
potentials  found in  1.0M NaC1 at 25~ were consider- 
ably reduced by the 980~ t rea tment  (Table III) .  

It is known that this hea t - t rea tment  also sensitizes 
these steels to in te rgranu la r  corrosion (6). It  is thought 
that  the in te rgranular  corrosion is the result  of precip- 
i tat ion of carbides and nitr ides rich in  chromium and 
molybdenum,  causing depletion of the adjacent  matr ix  
(7). Thus, it is to be expected that  steels heat- t reated 
so as to be sensitive to in te rgranular  corrosion would 

Fig. 3. Structure (islands of chl in a ferrite matrix) of the 18% 
Cr-S% Mo alloy (4354E) annealed 1 hr at 815~ and water- 
quenched; 5 0 0 •  

be more susceptible to pi t t ing corrosion than would 
properly annealed steels, as was recently reported for 
26% Cr ferritic alloys (8). A similar effect has been 
observed for austenit ic stainless steels exposed in ferric 
chloride (9). 

The foregoing results lead to the conclusion that  the 
ma x i mum useful molybdenum content of 18% Cr steels 
containing the usual  amounts  of interst i t ial  elements 
and not  ful ly  stabilized is about 3.5%. Steels ful ly 
stabilized by t i t an ium or columbium additions that  tie 
up all carbon and nitrogen, or steels of such low in ter -  
sti t ial  content  that carbides or nitrides do not precipi- 
tate, could be annealed at high enough temperatures  
to dissolve chi without suffering chromium depletion 
because of carbide or ni t r ide precipitation. In  this case, 
larger molybdenum additions can contribute to cor- 
rosion resistance, as was demonstrated in work on 
h igh-pur i ty  25% Cr steels containing up to 5% Mo 
(10). 

In  order to demonstrate  that  t i t an ium stabilization 
can prevent  loss of pi t t ing resistance as well  as sensi- 
t ization to in te rgranular  corrosion as a result  of ex-  
posure to high temperatures,  the pit t ing potential  of 
an 18% Cr-2% Mo-0.5% Ti alloy was determined as 
a function of hea t - t r ea tmen t  It  was found (Table IV) 

Table III. Effect of heat-treatment on pitting potentials in 
N2-saturated 1M NaCI at 25~ 

Pit t ing potential,  V (SCE) 

Hea t  % Mo 815~ WQ 980~ WQ 

4354C 2 0.25 - 0.01 
0.26 

4354D 3.5 0.31 0,04 
0.26 

4354E 4.7 0,29 -- 0.01 
0.24 

Table IV. Effect of heat-treatment on the pitting potential of 
Ti-stabilized 18% Cr-2% Mo ferritic stainless steels in 

nitrogen-saturated 1M NaCI at a scanning rate of 2000 mV/hr at 
45~ 

Pitt ing potential,  V (SCE), 
af ter  wate r  quenching f rom 

Ti content  the indicated t empera tu res  
(weight)  

Hea t  per  cent) 815~ 025 ~C 1035~ 

4073A 0.47 0.27 0.30 0.53 
0.35 0.59 
0.29 0.50 
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Fig. 4. Pitting potentials obtained from potentiodynamic polariza- 
tion scans at 200 mV/hr in nitrogen-saturated LOM HoBr. 

that, as expected, hea t - t rea tment  at temperatures  up 
to 1035~ had no deleterious effect on pit t ing poten- 
tial. In  fact, after t rea tment  at 1035~ the pit t ing 
potential  was more noble than it was after the normal  
anneal  at 815~ It was also noted that the t i t an ium-  
containing alloy had a more noble pit t ing potential  
than  the t i tan ium-free  alloy under  the same conditions. 
Earl ier  work with this alloy at 25~ also indicated 
that  t i t an ium was beneficial to pi t t ing resistance (I1).  

Pi t t ing potentials measured in 1M NaBr varied with 
composition in  the same way as in  1M NaC1 (Fig. 4). 
Pi t t ing potentials were more noble in  NaBr, especially 
at higher temperatures.  The beneficial effect of molyb-  
denum additions on pit t ing potentials of this series of 
steels in NaBr is just  as clearly defined as it is in NaC1. 
The pit t ing potentials measured in  1M NaC1 and in  1M 
l~aBr at 25~ indicate that  all  the steels studied 
should be subject to pitt ing in 0.33M FeCI~, 0.5M CuC12, 
and 0.33M FeBr3 solutions. Exposure tests did indeed 
show pit t ing of all the test steels in these solutions at 
25~ (Table V). In  all cases, the rate of attack de- 
creased with increasing molybdenum content  up to 
3.5%. The behavior  of the 4.7% Mo steel was erratic 
in these solutions. 

Exposure tests were also performed in less aggres- 
sive media at 90~ (Table VI). In  both solutions, the 
molybdenum-f ree  steel was severely pitted, while the 
steels containing molybdenum were attacked only very 
slightly or not at all. These exposure test results were 
in  good qual i tat ive agreement  with the pit t ing poten-  
t ial  results. 

Table V. Results of exposure tests in acidified halide salts at 25~ 

Corrosion r a t e  ( todd)  of indicated alloys 

M e d i u m  4354A 4354B 4354C 4354D 4354E 
0% Mo I %  M o  2% Mo 3.5% Mo 5% M o  

0.33M FeC13§ 7200 7700 5300 670 220 
0 .1N HC1 
0.33M FeBr3+ 920 230 120 75 140 
O.1.N I-IBr 
0.5M CuCI2+ 740 610 650 330 560 
0.1N H C I  

Table VI. Results of 30 day complete immersion tests in 
oxygen-saturated aqueous solutions at 90~ 

Corrosion r a t e  (mdd)  of  t h e  i n d i c a t e d  a l loys  

Solution 4354A 4354B 4354C 4354D 4354E 
0% Mo 1% Mo 2% Mo 3.5% Mo 5% Mo 

3 %  NaC1 63 n i l  0.4 n i l  0.3 
125 p p m  CI- ,  95 0.4 0.4 n i l  0.3 

60 p p m  Cu  § 

As a result  of the polarization measurements,  it is 
clear that  molybdenum has a beneficial effect on pit t ing 
potentials in  1M NaC1 over a range at least from 1 ~ 
to 70~ This result  is in par t ia l  conflict with the re- 
sults of others on some austenitic steels. The conflict 
is more definite at I~ since Horvath  and Uhlig (1) 
found that  molybdenum had a de t r imenta l  effect on 
pit t ing potentials of an austenitic stainless steel series 
in  0.!M NaC1 at 0~ The small  differences in  experi-  
menta l  conditions and technique do not appear suffi- 
cient to explain a reversal in direction of pi t t ing poten- 
t ial  change with molybdenum content. Thus, the effect 
of molybdenum ma y  be different in  austenite than it 
is in  ferr i te  even though there is no obvious rat ional iz-  
at ion for the difference. These same considerations also 
apply to the difference in  molybdenum effect on aus- 
teni te  and ferri te tested in NaBr. 

There is less obvious conflict in  the behavior  of 
molybdenum-conta in ing  steels at higher temperatures  
in NaC1. The previously reportec~ results (2) were 
obtained by counting pits formed at constant  current  
density. This involved driving the potential  beyond 
that  required to produce pit t ing wi thout  determining 
any pit t ing or breakthrough potential. It is quite pos- 
sible tha t  the number  of pits found in this manner  
does not correlate at all wi th  pit t ing potentials as 
measured in  the present  work. 

C o n c l u s i o n s  
In  ful ly annealed (815~ 18% Cr ferritic stainless 

steels, mo lybdenum additions up to the l imit  of solid 
solubil i ty increase pit t ing potentials. This is t rue  over 
the ent i re  temperature  range studied i.e., 1~176 in 
1M NaCt and 1~176 in 1M NaBr. Heat - t rea tments  
that  sensitize the steels to in te rgranula r  corrosion also 
drastically lower the pit t ing potential. 

Manuscript  submit ted Nov. 9, 1972; revised manu-  
script received Jan. 5, 1973. This was Paper 53 pre-  
sented at the Cleveland, Ohio, Meeting of the Society, 
Oct. 3-7, 1971. 

Any  discussion of this paper will  appear in a Discus- 
sion Section to be published in  the December 1973 
J O U R N A L .  
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On the Role of Iron Dissolution in Crack Propagation During 
Hydrogen Charging of an Fe-Pt Alloy 
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ABSTRACT 

Iron dissolution during cathodic charging of iron and its alloys is general ly 
negligible, i n  agreement  with thermodynamic conditions at the surface. This 
is not true, however, of iron alloys for which hydrogen discharge is easy, and 
also may not in general be true wi thin  cracks or cavities. For Fe-10 atom 
per cent (a/o) Pt  in 1N H2SO4 at 293~ appreciable iron dissolution (~0.05 
A/cm -2) occurs for hydrogen-charging currents  as high as 1.6 A / c m  -2. Crack 
propagation occurs for specimens loaded in tension which (i) is independent  
of the level of hydrogen charging and (ii) has anodic dissolution of iron as- 
sociated with it. In terna l  (hydrogen-produced) cracking does not occur. The 
role of ohmic drops in promoting anodic dissolution at the base of the cracks 
during hydrogen charging is discussed. 

A possible role of hydrogen in crack propagation of 
anodically polarized specimens has general ly been 
recognized in recent years (1-4). The occurrence of 
hydrogen discharge within a cavity or crack when the 
outer surface of the specimen is held at potentials 
positive or noble of the s tandard hydrogen electrode 
(SHE) is unders tandable  in terms of the ohmic drop 
through the electrolyte within the cavity. The sign of 
the ohmic drop for anodic polarization is such that  the 
electrode potential  becomes less noble or less positive 
with increasing distance into the cavity or with in-  
creasing anodic current  density in the cavity (4). The 
occurrence of hydrogen discharge requires that the 
electrode potential  be in the vicini ty of, or less noble 
than (depending on the pH), 0.0V (SHE). Potentials 
in this region have been directly measured wi thin  
cavities in Fe while the outer surface was held at 
potentials as positive as 1.4V (SHE) (4, 5). Potent ial  
variat ions within crevices in stainless steels and Ti 
alloys have also been measured (6-8). 

The purpose of the present paper is to consider the 
analogous situation which exists for cathodic polariza- 
tion. This is of interest  since the occurrence of an 
anodic process within cracks and cavities during 
cathodic polarization is general ly disregarded, and in 
view of the practical consequences of anodic dissolu- 
tion in cavities in connection with hydrogen cracking 
of metals. 

Theoretical 
When a net cathodic current  flows in a cavity, it can 

readily be shown that  the electrode potential  at the 
bottom of the cavity increases in the positive (noble) 
direction with increasing depth of the cavity, i.e., for 
all other conditions the same, the oxidizing power of 
the system is greatest at the base of the cavity. Thus, 
during hydrogen charging of a metal, anodic reactions 
may in princip]e occur at the base of cavities, even 
though they may not be thermodynamical ly  possible 
at the outer surface of the metal. 

The magni tude of the potential  drop in the electro- 
lyte within the cavity as a function of depth may be 
calculated for certain simple situations. Such calcula- 
tions, however, give only the smallest potential  
changes, whereas under  actual conditions much larger 
(>0.SV) ohmic drops may occur wi thin  the cavity as 
a result  of the presence of gas (4). If the latter occurs, 
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the measured potential  at the outer surface is of little 
value for the determinat ion of the electrode potential  
or, hence, of the possibility of anodic reactions, at the 
base of the cavity. For example, at high hydrogen 
discharge rates on iron in 1N H2804 the potential  at 
the outer surface may be several tenths of a volt nega-  
tive of the s tandard potential  for the formation of 
ferrous ion, in which case no iron is dissolved. If, how- 
ever, the surface contains a cavity or crack which in 
tu rn  contains a hydrogen bubble, the e]ectrode poten- 
tial within the cavity may be in the region of iron 
dissolution. 

This si tuation is analogous to that  found for condi- 
tions of anodic polarization wi th in  a pit, as mentioned 
above, but  differs in the sign of the ohmic drop. In 
the absence of constrictions (gas bubbles) ,  on the other 
hand, the shifts in potential  are relat ively small; cal- 
culations for anodic polarizations (4, 9, 10) show that 
the ohmic drop per uni t  depth into a cavity is on the 
order of 0.1 V / m m  -1 in the less noble direction, at a 
current  density of 0.1 A/cm -2. 

Experimental 
A study of the amount  of iron dissolution and of its 

role, if any, on crack propagation during hydrogen 
charging of Fe-10 atomic per cent (a/o) Pt (Fel0Pt)  
alloy follows. The use of Fe -P t  alloy specimens pro- 
vides the special features: (i) the occurrence of iron 
dissolution is easily recognized by the formation of a 
porous reaction layer; (ii) hydrogen discharge occurs 
at low overpotentials and, consequently, at high rates 
in the potential  region of iron dissolution; and (iii) 
pla t inum does not dissolve at the potentials of interest. 

Materials and procedure.--Results were obtained for 
a Fe-10 a/o Pt (Fel0Pt)  alloy in 1N H2SO4. The Fe l0Pt  
alloy was induction vacuum-mel ted  from pure Fe 
(99.95) and Pt (99.95). The ingot was homogenized at 
1373~ (2012~ in the stable austenite (-y) region for 
168 hr in an evacuated capsule. On cooling to room 
temperature  a martensi t ic  7 to a t ransformation is 
expected (11) and indicated in the etched microstruc- 
tures (Fig. lc and 4c). The absence of macrosegrega- 
tion in the ingot was shown by chemical analysis. The 
ingot was then swaged and wire drawn with one in ter-  
mi t tent  anneal  to 0.22 cm diameter. Specimens cut to 
1.42 cm were held in evacuated capsules at 1373~ for 
20 hr and water quenched. Some of the specimens were 
then annealed at 973~ (1292~ for 12 hr in the stable, 
two-phase, austeni te / ferr i te  region. After  a light emery 
t rea tment  (4/0 paper) and at tachment  to a Teflon- 
covered, stainless steel rod they were rinsed in 
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Fig. 1. Cross-section micrographs showing a,odically produced 
reaction layer for austenized specimens. The reaction front has pro- 
ceeded into the alloy from the top to about the midline of each 
micrograph. (a) Ea - -  - -  1.00V (SHE), 2 hr, iFe ----- 60 mA/cm-~;  
(b) same as (a); (c) etched, Ea ~ - -  0.40V. 

methanol  and dis t i l led wa te r  and p laced  in a cell  of 
al l  P y r e x  construct ion for the polar iza t ion  runs. 

The potent ia l  a t  the  outer  surface of the  specimen 
was he ld  constant  th roughout  the  test  wi th  a Wenking  
potentiostat .  The  130 cm 3 cell  also contained the Pt  
countere lec t rode and Luggin  capi l lary.  Purif ied He was 
passed cont inuously through the cell to reduce oxygen 
and also to provide  mix ing  of the  electrolyte .  Nei ther  
He nor  mix ing  appeared,  however ,  to influence the  
dissolution reaction. The (net)  cur ren t  in the  ex te rna l  
c ircui t  was recorded and  the  pa r t i a l  cur ren t  due to iron 
dissolution was  de te rmined  by  periodic  chemical  ana l -  
ysis of the  e lect rolyte  by  the 1, 10 or thophenanthro l ine  
color procedure  (12) using a Beckman  DU spect ro-  
photometer .  The ra te  of hydrogen  discharge  is the  di f -  
ference in these currents  

The procedure  for  de te rmina t ion  of the  amount  of 
dissolved iron was as follows. P r io r  to dra in ing  the 
cell, any  iron which m a y  have deposited on the  P t  
countere lec t rode  dur ing  the (anodic)  polar izat ion runs  
was  redissolved b y  an  impressed  cur ren t  from an 
aux i l i a ry  circuit ;  the  countere lec t rode  of this  circui t  
was in an  ad jo in ing  cel l  (1N H2SO4 br idge)  connected 
th rough  a closed stopcock. The e lec t ro ly te  was then 
dra ined f rom the  cell for chemical  analysis, and fresh 
1N H2SO4 was added. F u r t h e r  dissolution at  the  same 
potent ia l  occurred upon re inser t ion  of the  specimen in 
the  cell. 

Tensi le  specimens,  1.5 c m  in length  and 0.10 X 0.32 
cm reduced cross section, were  p repa red  f rom the  
homogenized ingot, and  subsequent ly  annea led  at  
1373~ and quenched. Fo r  a run  a specimen was con- 
nected to the  potent iostat ,  p laced  in a cell  s imi lar  to 

the  above-desc r ibed  one but  specia l ly  designed for the 
Ins t ron  Tensile Test ing Machine,  and s t ra ined  a given 
amount  at  a constant  r a t e  of extens ion of 0.034 r a i n - i .  
The  e lect rode poten t ia l  was p rese t  a t  a va lue  in  the 
same range  as for the nonstressed cyl indr ica l  
specimens, and the  polar izat ion t r ea tmen t  begun by  
filling the  cell  wi th  the  test  e lectrolyte .  The cell  was  
cont inuously  flushed w i th  He. The load on the speci-  
men  at  constant  ex tens ion  (crosshead s topped)  and the  
cur ren t  were  monitored.  Grips  and o ther  par t s  of the 
appara tus  which were  in contact  wi th  the  e lect rolyte  
were  made  of t i t an ium al loy and coated wi th  Halocar -  
ban wax.  

Al l  exper iments  were  pe r fo rmed  at  room t empera -  
ture,  293~ Poten t ia l s  a re  given in t e rms  of the  
s tandard  hydrogen  e lect rode (SHE) .  

The scanning-e lec t ron  micrographs  were  taken  in 
s tereo wi th  a Cambr idge  Stereoscan microscope. Ex-  
aminat ion  of the  micrographs  in s tereo gives a much 
more  complete  and  correct  impress ion of the  corrosion 
s t ruc ture  than  does a monocular  examinat ion.  The 
s tereo figures in this  pape r  m a y  be seen in s tereo wi th  
the aid of a stereo viewer.  

Results for  cylindrical (nonstressed) specimens.-- 
The F e l 0 P t  cy l indr ica l  specimens were  he ld  at  appl ied  
potentials ,  Ea, in  the range, --1.00 to H0.15V (SHE) in 
1N H2SO4. A t  each potent ial ,  the  net  cur ren t  and  the 
i ron -pa r t i a l  cur ren t  were  obtained from the ammete r  
in the potent iosta t  c ircui t  and f rom periodic chemical  
analysis  of the  electrolyte ,  respect ively.  The mete r  
cur ren t  is cathodic over  most  of th is  po ten t ia l  r ange  
(Ea < 0V) in accord wi th  an expected  and observed 
profuse hydrogen  evolution,  Table  I. Since the  ne t  
(meter )  cur ren t  at the more  negat ive  potent ia ls  is of 
the order  of 1 A / c m - 2  cathodic, the  ac tual  potent ia l  
across the  surface is considerably  more  noble than  the 
appl ied  value,  Ea. Correc ted  potentials ,  E, a re  given 
in Table  I; the  correct ion equals  the  ohmic drop  be-  
tween  the t ip of the  Luggin  cap i l l a ry  and the specimen 
surface (2 m m ) ;  each E is an approx ima te  calcula ted 
va lue  using the conduct iv i ty  of the bu lk  electrolyte .  
At  E > 0V, for which  only  i ron dissolut ion occurs, the  
me te r  cur ren t  is anodic, i.e., i m e t e r  ~ iFe ----- 0.065 
A / c m  -2. This is in excel lent  agreement  wi th  iFe de te r -  
mined b y  periodic chemical  analysis  of the  e lect rolyte :  
iFe ---- 0.066 and 0.064 A / c m  -2 at E ---- 0.12 and 0.02V, 
respect ively.  The precision of the  chemical  analysis  
method was de te rmined  to be ~ 3 %  in the  amount  of 
dissolved iron. 

Af t e r  an ini t ia l  per iod of less than  1 hr  the  ra te  of 
i ron dissolution at  al l  potent ia ls  was  found by  chemi-  
cal analysis  to approach a quas i - s t a t iona ry  value  in 
the range  0.040-0.065 A / c m  -2, Table  I. 3 The occurrence 
of iron dissolution was confirmed at  a l l  potent ia ls  by  
the  g radua l  deve lopment  of a pale  ye l low-green  color 
of the  e lec t ro ly te  and by  the  resul ts  (to be  descr ibed)  
of e l ec t ron-mic roprobe  and x - r a y  diffraction analyses  
of these specimens. The occurrence of i ron dissolution 
during cathodic charging fol lows most  d i rec t ly  from 
a superposi t ion of cathodic and  anodic cu r r en t -po t en -  

The  l i s t ed  c u r r e n t  d e n s i t i e s  are  a p p a r e n t  v a l u e s  b a s e d  on t h e  
o r i g i n a l  area.  The  t r u e  su r f ace  a rea  inc reases  w i t h  t ime.  The  e lec-  
t r o c h e m i c a l l y  ac t ive  su r face  a rea  fo r  i r on  d i s so lu t ion ,  h o w e v e r ,  is 
expec ted  e s sen t i a l l y  to l e v e l  off, s ince  i r on  d i s so lu t i on  w i l l  occur  
m a i n l y  a t  the  a d v a n c i n g  f r o n t  of t he  d e v e l o p i n g  sur face  p e r t u r b a -  
t ions.  

Table 1. Net (meter) and partial currents, iFe and im for applied 
potentials, Ea, and corrected potentials, E 

Ea, V E, V ~,meter, iFe, i l l ,  
(SHE) (SHE) A / c m  -~ A / e m  -s A / e r a  -s 

0.15  0 .12  0 .066 n O  
0 .05  0 .02 0 .065 0 .064 ,-,.,0 

- -  0 .10  - -  0 .07 - -  0 .058  0 .064 - -  0.12 
- - 0 . 4 0  - - 0 . I  --0.70 0.043 - - 0 . 7 4  
-- 0.80 -- 0.3 -- 1.2 0.051 -- 1.3 

~ 0 . 8 0  --0.3 --1.2 0.047 --1.3 
-- 1.00 -- 0.4 -- 1.2 0.051 -- 1.3 
- -  1.00 - -  0 .4  - -  1,5 0 .060 - -  1 .6 
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tial curves as demonstrated by Wagner  and others (13- 
15). 

The hydrogen part ial  cur rent  is the algebraic differ- 
ence between the meter  current  and the part ial  iron 
current.  The hydrogen part ial  cur rent  predominates 

at the more negative potentials with values of ill 
1 A/cm-% When the specimens were removed from 
the test cell and rinsed, the evolution of a gas, pre-  
sumably H2, was observed within  the adherent  water  
film. A large amount  of heat is also given off during the 
rinse (H20 followed by methanol) .  The heat is so high 
that  on occasion the paper towel used for drying the 
specimen was singed. 

A porous metal  layer  forms on specimens polarized 
at all potentials. The morphology and general  appear-  
ance of the reaction layer  are the same over the entire 
potential  range in Table I, i.e., at the negative poten-  
tials of simultaneous hydrogen evolution and iron 
dissolution and at the positive potentials of sole-iron 
dissolution. Typical morphologies are shown in cross 
section in  Fig. 1. The large amount  of porosity appears 
in the form of a continuous ne twork  of crack-l ike 

cavities varying in size from 10 ~m down to less than 
0.1 ~m. The cavities of all sizes have faceted surfaces, 
as shown by scanning-electron microscopy (SEM) in 
Fig. 2 and 3. These are typical structures of the reac- 
t ion layer  at all depths and at all potentials. Figures 
2 and 3 are stereo pairs and provide a much easier 
to interpret  view of the corrosion structure than  does 
a monocular  view. The alloy microstructure (1373~ 
quenched) is shown in the bot tom portion of Fig. 1C. 

Examinat ion of etched specimens reveals that the 
alloy microstructure influences the course of the cor- 
rosion process. The attack (cavities) penetrates faster 
along prior austeni te-grain  boundaries than  elsewhere, 
and this often results in encirclement  of original alloy, 
Fig. lb. Much finer cavities than  those that  form along 
grain boundaries grow along the interfaces of the 
martensi te  plates, Fig. lc. These are by far the most 
numerous cavities in accord with the high density of 
martensi te  plates. 

This influence of the microstructure is i l lustrated 
further  by comparison with specimens annealed in the 
ferr i te /austeni te  region after quenching from the 

Fig. 2. SEM stereo pair of re- 
action layer. Ea - -  O.05V. 

Fig. 3. SEM stereo pair of re- 
action layer. Ea - -  - -1 .00V.  
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Fig. 4. Crass-section micrographs showing anodically produced 
reaction layer far austenized and annealed specimens. (a) Ea 
0.13V, 3 hr; (b) Same as (a); (c) Same as (b) but etched. 

austenite region, Fig. 4. Much less g ra in -boundary  
attack occurs in the annealed specimens. The attack is 
localized, though, to the interface (presumably Fe-  
rich ferrite) regions of the plate- l ike structure, Fig. 
4c. The alloy microstructure (1373~ quenched, fol- 
lowed by 12 hr  at 973~ is shown in the bottom por-  
t ion of Fig. 4c. 

Results of the electron-microprobe and x - r ay  dif- 
fraction analysis of the porous layer were the same 
at all of the potentials. The microprobe results are 
shown in  Fig. 5. A sharp change in the Fe and Pt  con- 
tents  occurs at the boundary  be tween the porous metal  
and the unat tacked port ion of the alloy; the porous 
metal  is rich in Pt. An  x - ray  diffraction analysis (Fig. 
6) shows in addition that  the porous metal  at all poten-  
tials is a single-phase solid solution of Fe in Pt  (,,-60- 
100% Pt) in  agreement  with diffraction analyses of 
other alloys undergoing preferent ial  dissolution (16, 
17). 

Results for tensile specimens.--The Fel0Pt  tensile 
specimens were held at applied potentials in  the range 
-- 1.00 to + 0.50V in 1N H2SO4. At all potentials the load 
was observed to fall  for the polarized tensile speci- 
mens  at a rate faster than that  for room-tempera ture  
creep of (nonpolarized) specimens in air; in a mat ter  
of minutes  the rate of falloff began to increase with 
t ime for the polarized specimens, followed by fracture 
of the specimen within  about 1 hr. A typical  result  
is shown in  Fig. 7 in which the load has been con- 
verted to stress. The cross-sectional area for the frac- 
ture  (solid) curve at the start of load relaxat ion 
(time -~ 0) is assumed to be Ao(lo/1); A o and l o are 
the original cross-sectional area and length, respec- 

Fig. 5. Electran-micraprabe traces of Fe and Pt. Arrow in micro- 
graph shows path of electron beam starting in original alloy at 
right and proceeding into reaction layer. Ea ~ - -  1.00V, 3 hr. 
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32 31 30 29 28  2?' 

",*--20 
Fig. 6. X-ray diffraction patterns illustrating the formation of a 

Pt-rich alloy of variable composition. (a) Prior to polarization; (b) 
Ea ~ - -  O.05V, 8 min. 

tively, and I is the length after elongation. This rela-  
t ion presupposes un i form elongation. The "creep-in-  
air" and "corrected" fracture curves for the specimen 
are also included; this correction takes into account a 
continuous reduction in cross section as a result  of 
corrosion general ly  over the surface dur ing the test. 
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Fig. 7. Stress-relaxation curve showing accelerated falloff in 
stress to failure of a sample polarized at Ea = - -  1.00V. 

Prior to the onset of cracking the "corrected fracture" 
and "creep-in-air"  curves near ly  superimpose. 

Visual observation of the specimens dur ing load re- 
laxation revealed the evolution of large gas bubbles 
from several s tat ionary sites which presumably  were 
cavities or cracks. These bubbles  were readily dis- 
t inguished from the much smaller hydrogen bubbles 
which evolve general ly over the surface at all nega-  
tive potentials. 

Cross-section examinat ion of the failed specimens 
showed that  there usual ly  were a few cracks in addi- 
t ion to the main  fracture crack, Fig. 8. The cracks 
propagate in a mixed mode, i.e., along, as well  as 
across, prior aus teni te-gra in  boundaries.  

Anodical ly produced porous s tructure can be re-  
solved along the fracture surface by  scanning-electron 
microscopy. The amount  of anodic dissolution asso- 
ciated with crack propagation varied. On the basis of 
only a few runs  it appears to increase with decreas- 
ing propagation rate, the lat ter  being at least in par t  
a function of the elongation prior to load relaxation. 
Figure 9 shows the anodically produced porous struc- 
ture at the very  tip of a crack. In  this case the electro- 
lyte was removed after some crack propagation had 
occurred and the specimen immediate ly  elongated to 
ul t imate  failure so that fracture of the remaining  
cross section was by the ductile mode. The porous 
s t ructure  extends to (into) the dimpled (ductile) 
s tructure (Fig. 9a) which shows that  anodic dissolu- 
t ion was occurring right at the crack tip. This same 
result  was obtained at different potentials, Ea ranging 
from --1.00 to +0.50V (SHE) and, hence, for widely 
different hydrogen-charging rates. Figure  9b is a 
stereo pair and shows the marked three-dimensional  
na ture  of the fracture surfaces. Anodical ly produced 
crack growth has also been observed for anodically 
polarized Cu-Au alloys in  instances of slow crack 
growth. Anodic dissolution was found to occur at the 
crack tip; here again the anodic dissolution process 
was identified by the formation of a porous reaction 
layer along and ahead of the crack (18). The same 
result  has been found for a N i -Au  alloy by Swann  and 
Duff (19). 

Discussion 
It is shown by chemical analysis of the electrolyte 

and by electron-microprobe, x - r ay  diffraction, and 
cross-section metallographic analyses of the porous 
metal  layer  that  i ron dissolves rapidly from Fe l0Pt  
alloy over a broad range of negat ive potentials includ-  
ing those for which the rate of hydrogen discharge is 
greater than 1 A/cm -2. The thickness of the anodically 
produced porous metal  layer may be calculated from 
the moles of dissolved iron. The number  of moles of 

Fig. 8. Cross-section micrographs showing (a) secondary crack 
and (b) one half of main crack which propagated through a tensile 
specimen. Ea = - -  1.00V. 

dissolved iron is iFet/nF, in which iFe is the partial  
i ron current  density, t is the t ime of i ron dissolution, 
and n and F have their usual  meaning.  For iFe  ~"  0.06 
A / c m  -2, t = 2 hr, and n = 2 for the formation of 
ferrous ions, 0.0021 mole-cm -2 of i ron dissolve. Mult i -  
plying by the molar  volume of the alloy, VM ~ 8 cm 3 
mole -z and dividing by 0.7, the fraction of iron re-  
moved according to the microprobe analyses, gives 
0.026 cm for the depth of the reaction layer. This is in 
good agreement  with the average measured values, 
e.g., 0.025 cm in Fig. lc, and 0.022 cm in Fig. 4c. 

The identification of the reaction layer  by x - ray  
diffraction as a P t - r ich  solid solution of variable com- 
position agrees with data found for other alloys, and 
indicates that interdiffusion of the components wi thin  
a (shallow), vacancy supersaturated surface layer, 
ra ther  than some other t ransport  mechanism, is main ly  
responsible for the preferential  dissolution of iron 
from Fe-P t  alloy (16, 17). Cuddy (20) has shown that  
there is a point defect in iron with an activation energy 
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Fig. 9. SEM micrographs showing anodically produced porous material at the crack tip. (a) Ea ---- - -  1.00V. Anodically produced frac- 
ture has proceeded from left to dashed line; mechanically produced (ductile) fracture is to the right of the dashed line. (b) Ea ----- 
- -  0.40V. Stereo pair. Anodic fracture progressed from left to right of center. 

of 0.55 eV. If, as Cuddy concludes, these are single 
vacancies, the mean-square  displacement, ~x 2, of a 
single vacancy in iron is 2D t or 2tvao 2 exp(- -Em/kT)  [] 
in which ~ is the jump frequency, ao is the lattice 
parameter,  Em is the migrat ion energy of a single 
vacancy, T is the temperature,  t is the time, k is the 
Boltzmann constant, and D is the diffusivity of a [] 
single vacancy. 

For v ---- 5 • 10 z3 sec -1 and ao -- 2.86 • 10 - s  cm, one 
obtains at 25~ after l0 s sec the ra ther  large value of 
~x 2 ---- 4 X 10 - s  cm 2, or an average migrat ion distance 
of 2 ~m for a single vacancy. This value is larger than 
that for mono- or divacancies at 25~ in Cu (21, 22). 
Consequently, somewhat lower concentrations of ex- 
cess vacancies, or conversely larger pore sizes, will 
yield dissolution rates which are comparable to those 
in the Cu-Au  or Cu-Zn alloy systems discussed else- 
where (16, 17). 

In  view of the occurrence of hydrogen evolution, 
absorption of some hydrogen by the metal  must  occur. 
The heat evolved during r insing of specimens polarized 
at the negative potentials could be the oxidation of 
hydrogen which had been absorbed in the metal  or 
which had been present as bubbles trapped within the 
electrolyte of the porous structure. Certain usual fea- 
tures of hydrogen absorption however, were not pres- 
ent, e.g., in terna l  cracks were not observed in either 
the cylindrical  or tensile specimens. Furthermore,  the 
over-al l  rate of crack propagation observed in the 
tensile specimens is approximately the same at all  the 
applied potentials, and, hence, the same for all rates 
of hydrogen discharge insofar as it occurs general ly 
over the surface, i.e., for zero as well  as for 1 A/cm -2 
hydrogen discharge; this observation, coupled with the 
observed high rates of i ron dissolution, indicate that 
crack propagation is by anodic dissolution. The crack- 
ing observed in this system, thus, is similar to the 
anodically produced cracking which has been observed 
in anodically polarized Cu-Au alloys (18), an alloy 
system in which hydrogen discharge can be ruled out 
on thermodynamic grounds, both at the outer surface 
and wi th in  cavities, since the s tandard potentials of 
Cu and of Au are both noble to that of hydrogen by 
~ RT/nF. The absence of a major  role of hydrogen 
in  the formation of the porous structure or in crack 
propagation does not mean,  of course, that  hydrogen-  
induced cracking may not occur in this alloy for other 
conditions of cathodic charging. 

Formation of hydrogen gas wi thin  the cavity or 
crack may, in general, be important,  as already dis- 
cussed in the theoretical section of this paper for ob- 
ta ining large ohmic drops wi thin  the cavity. Hence, 
hydrogen gas which forms a constriction at the crack 
tip may cause ohmic drops of whatever  values are 
necessary to shift the electrode potential  (in the posi- 
t ive sense) into a potential  region of rapid iron dis- 
solution. 

In  the present  research a large shift in potential  
was not required for the occurrence of iron dissolution 
in the crack since the actual potentials, E, at the outer 
surface were in the region of iron dissolution. There-  
fore, gas bubbles, though probably present  in  the cavi- 
ties, were not necessary for the occurrence of iron dis- 
solution at the bottom of the cavities. A large shift in 
potential  would be needed, however, at more negative 
applied potentials, and for most conditions of hydrogen 
charging of i ron and steels of high, rather  than low, 
hydrogen overvoltage. 

Conclusions 

The part ial  i ron/Fe and hydrogen iH currents  at sev- 
eral potentials E ranging from 0.12 to about --0.40V 
(SHE) are given for Fe l0Pt  in 1N H2SO4 at 293~ 
The part ial  iron current  varies little over this potential  
range, approaching a quasi-s ta t ionary value of be-  
tween 0.040 and 0.065 A / c m  -2 in less than 1 hr. The 
partial  hydrogen current  varies from zero at E ~-- 0 to 
1.6 A/cm -2 at E ---- 0.40V. Since p la t inum does not dis- 
solve at these potentials the surface is enriched in Pt, 
and the surface area increases sharply. X- ray  diffrac- 
t ion shows the resul t ing porous s tructure to be a solid 
solution of Fe in Pt, in agreement  with results for 
other alloys undergoing preferential  anodic dissolution 
of the less noble component, and indicative of the 
occurrence of volume diffusion during the dissolution 
process. 

Crack propagation is observed for specimens loaded 
in tension which is independent  of the level of hydro-  
gen charging. These cracks are deduced to be anodi-  
cally produced. The presence of porous (anodically 
produced) metal  at the crack tip supports this conclu- 
sion. In te rna l  (hydrogen produced) cracking is not  
observed. 

The role of ohmic drops in promoting anodic dissolu- 
tion at the base of cracks dur ing  hydrogen charging 
is discussed. 
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Electroless Deposition of Nickel-Boron Alloys 
Mechanism of Process, Structure, and Some Properties of Deposits 

K. M. Gorbunova, M. V. Ivanov, and V. P. Moiseev 
Institute ol Physical Chemistry, Academy ol Sciences of USSR, Moscow, USSR 

ABSTRACT 

The condit ions for electroless n ickel -boron plat ing,  the  process mechanism,  
and the s t ructure  of the al loys as -p la ted  and af ter  anneal ing at 150~176 
were  invest igated.  A corre la t ion of the mechanica l  and  magnet ic  proper t ies  
wi th  the  changes of phase  s t ruc ture  was established. 

Fo l lowing  the success of electroless p la t ing  of the  
t ransi t ion meta l s  by  the  use of the  hypophosphi te  ion, 
investigations were  begun to find other  reducing  
agents to obtain coatings wi th  new proper t ies  meet ing  
the requ i rements  of modern  industry.  

In  this  respect  a lka l i  me ta l  borohydr ides  and a lky l  
amine  boranes  (borazanes)  appeared  to be of the  
greates t  in teres t  (1-4).  

The presen t  paper  presents  da ta  on both  the  con- 
dit ions of nickel  reduct ion  b y  borohydr ide  and the 
mechanism of react ions involved,  as wel l  as data  on 
the  deposi t  s t ruc ture  which revea led  the  corre la t ion  
of some of the i r  propert ies ,  such as magnetic,  
hardness,  wear  resistance,  etc., wi th  phase  t rans for -  
mat ions  proceeding dur ing  anneal ing  of n icke l -boron  
plates.  

Electroless Nickel Bath 
The p la t ing  ba th  as descr ibed contains  n ickel  salt, 

sodium borohydr ide  as the  reduc ing  agent,  sod ium 
hydroxide ,  complexing agent  ( l igand) ,  and  stabil izer.  

Ligands.dIn order  to find the  most effective l igands  
the  fol lowing substances were  invest igated:  e thy lene-  
diamine,  mono- ,  di-,  t r i -e thanolamine ,  iminodiacetic,  
ni t r i lotr iacet ic ,  e thy lenediamine te t raace t ic ,  2-oxy-  
e thyl iminodiacet ic ,  oxyethyl idendiphosphonic ,  and  
e thylenediaminebis i sopropylphosphonic  acids. These  
substances were  selected on the basis of the i r  ab i l i ty  
to in teract  wi th  nickel  ions to form ra the r  s table com- 
plexes.  

Key words: electroless plating, nickel-boron alloys, borohydrides. 

The resul ts  of the  s tudy  of the  behav ior  of these 
l igands indica ted  that  e thy lened iamine  was the  most  
appropr ia te  one. The compar ison of the character is t ics  
of the  e thy lenediamine  complex and other  complexes 
a l lows one to state some considerat ions concerning 
the  choice of l igands. I t  was revealed,  in par t icular ,  
that  the  da ta  on the s tab i l i ty  constants  a re  not suffi- 
cient to eva lua te  the l igand  efficiency in this  process. 
The  impor tan t  pa r t  seems to be p layed  by  both the  
formed complex  s t ructure  and its charge. On the basis 
of the  pla t ing ra te  and  the  solut ion s tabi l i ty  one m a y  
conclude tha t  condit ions favorab le  for  the  process a re  
those which lead  to the format ion  of coord ina t iona l ly  
sa tu ra ted  complexes  wi th  zero or  posi t ive charge. 
Under  these condit ions the  p robab i l i ty  of the  des t ruc-  
t ion of complexes in the  bu lk  of the  solution appears  
to be the smal les t  owing to the h indrances  to the 
pene t ra t ion  of both  wa te r  molecules  and borohydr ide  
ions to a n ickel  ion. Also, the  absence of a charge or a 
posi t ive charge  favors  the  adsorpt ion  of a complex on 
the  nega t ive ly  charged surface  of the  meta l  catalyst .  

Stabilizers.--It should be noted that  in spi te  of the  
presence of the  most  effective l igands the  solut ion 
shows insufficient s tab i l i ty  as mani fes ted  by  the for -  
mat ion  of meta l  powder  in the  bu lk  of the  solution. 
F o r  p reven t ing  or  lessening this undes i rab le  phe-  
nomenon some substances,  stabil izers,  a re  in t roduced 
into solution. As a resul t  of s tudying the s tabi l izat ion 
effect of different  su l fur -conta in ing  substances of 
organic nature ,  some inorganic  sal ts  and  oxides (5), 
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Table I. Compositions of plating solutions and conditions of process 

C o m p o s i t i o n  of  so lu t ion  C o n c e n t r a t i o n ,  g / l i t e r  
A B 

N i c k e l  c h l o r i d e  30 30 
S o d i u m  b o r o h y d r i d e  1.2 1.2 
S o d i u m  h y d r o x i d e  40 40 
E t h y l e n e d i a m i n e  (70%) ,  m l / l i t e r  86 86 
T h a l l i u m  n i t r a t e  0.1 - -  

c 

so 2 

40" 
86 

10-~ 

14 
13 

L e a d  c h l o r i d e  
2 - m e r e a p t o b e n z o t b i a s o l e  
T e m p e r a t u r e ,  ~ 9 5  95 
p H  14 14 
R a t e  of  depos i t i on ,  /~/hr 25 10 
S t a b i l i t y  of  t he  so lu t ion ,  % 95 57 
C o n t e n t  of  t h e  b o r o n  in  depos i t ,  4.3 5.7 

w t  % 

including substances proposed in the  pa ten t  l i t e ra tu re  
(6, 7), t ha l l ium n i t r a t e  and lead  chlor ide  toge ther  
wi th  2-mercaptobenzoth iazole  were  chosen for  in-  
vest igation,  the  resul ts  of which are  given below. 
Table I represents  the  composit ions of the p la t ing  
solutions. The solut ion s tab i l i ty  was es t imated as the 
rat io  of the weight  of p la te  to the to ta l  weight  of r e -  
duced al loy including the meta l  deposi ted as a powder  
in the bu lk  of solution. The boron content  in the  a l -  
loys was de te rmined  b y  a photocolor imetr ic  method  
using ace ty lch ina l izar in  (8). F igures  1, 2, and 3 show 
the influence, respect ively,  of the  concentra t ion  of the  
sodium borohydride ,  e thylenediamine ,  and t empera -  
ture  on the deposi t ion ra te  of n ickel -boron plates  and 
the solution stabi l i ty.  The da ta  of Fig. 1 d raw a t t en -  
t ion to the  impor tan t  role of the na tu re  of the stabiliz- 
ing addit ives;  Fig. 3 reveals  the specific influence on 
the deposi t ion ra te  of T1NO~, which  al lows the process 
to be car r ied  out  at  a r e l a t ive ly  low t empera tu r e  wi th  
a r a the r  high rate.  

Mechanism of Electroless Nickel-Boron Plating 
The avai lab le  l i t e ra ture  concerning the mechanism 

of n icke l -boron  pla t ing is r a the r  l imi ted  and proposed 
ideas a re  not  confirmed by  exper imenta l  data. Ac-  
cording to the  notions of different  au thors  (2, 9, 10) 
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Fig. 1. Influence of the concentration of NaBH4 on the plating 
rate (solid lines) and s~lutlon stability (dashed fines): 1, solution 
without a stabilizer; 2, solution with PbCI2 and 2-mercaptobenzo- 
thiazole; 3, solution with TINOs. 
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each borohydr ide  ion reduces  four  nickel  ions (Table  
I I ) ,  i.e., all  four  hydr ide  ions of borohydr ide  are  oxi-  
dized to the  pro ton  state. 

The reduct ion  of boron is discussed by  these  authors  
f rom var ious  points  of view. Thus, in Ref. (2) i t  is 
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Table II. Reaction equations of the process of formation of Table IV. Results of mass-spectrometric measurements and data 
Ni-B coating proposed in the literature calculated according to the different reaction mechanisms 

Reduct ion  of  n i cke l  
NaBH~ + 4NiCI~ + 8 N a O H  = 4Ni  + NaBO~ + 8NaC1 + 6H20  (2, 9, 10) 

R e d u c t i o n  of  b o r o n  
1. 2NaBH~ + 4NiCI~ + 6 N a O H  = 2Ni.2B + 8NaC1 + 6H~O + H~ (2) 
2. 2NaBH4 + 5NiCI2 + 8 N a O H  = 2B + 5Ni  + 10NaCI + 8H20 {9) 
3. 2NaBH~ + 2H20  = 2 B  + 5 H ~ +  2 N a O H  (10l 

assumed tha t  only  th ree  hydr ide  ions are  oxid ized  to 
protons, The four th  hydr ide  ion is oxidized to the 
atomic state, leading to the  format ion  of a molecule  
which  is evolved as a gas (Table  II, Eq. [1]) .  t i o w -  
ever,  in Ref. (9) i t  is supposed tha t  al~ hyd r ide  ions 
a re  oxidized to protons (Table  II, Eq. [2]) .  The reac-  
t ion of boron reduct ion is considered b y  authors  (10) 
as a ca ta ly t ic  process of decomposi t ion of the boro-  
hydr ide  ion, which  takes  place independen t ly  of the 
reduct ion of the meta l  (Table  II, Eq. [3]) .  

However ,  the  hypothes is  tha t  hydrogen  atoms, 
formed dur ing  oxida t ion  of h y d r i d e  ions of bolO- 
hydr ide ,  a re  an in te rmedia te  product  which  can take  
par t  in the reduct ion  of nickel  or  boron is subjec t  to 
serious object ions based on ear l ie r  da ta  re la t ing  to 
the  reduct ion  process by  hypophosphi te  (11-13). 
Based on the  resul ts  of these invest igat ions  and on 
the da ta  about  the  s tepwise  hydro lys i s  of bo rohydr ide  
in alka l i  solut ion (14), the  scheme of the  react ions  
proceeding  at  the fo rmat ion  of Ni -B plates  shown in 
Table  I I I  was proposed (5, 16). According to this 
scheme the hydrogen  a toms ar is ing from hydro lys i s  
of borohydr ide  combine to form hydrogen  molecules  
and  do not  t ake  pa r t  in n ickel  reduction.  The increase 
of the  ac id i ty  observed in  this  process is due to the  
pro ton  f rom the  wa te r  molecules  only. The r educ -  
t ion of boron proceeds according to the idea proposed 
in Ref. (15) as a ca ta ly t ic  decomposi t ion reac t ion  of 
the  reductant .  

The proposed  mechan i sm was confirmed by  the 
resul ts  of mass - spec t romet r ic  measurements  of the  
isotope composi t ion of the  gaseous hydrogen  evolved  
in the process car r ied  out  using heavy  wa te r  (16). 
The invest igat ions  were  carr ied  out by use of a solu-  
t ion p repa red  wi th  D20 (99.7%) conta in ing ( g r a m s /  
l i t e r ) :  NiCO3, 13; NaOD, 41; e thy lened iamine  (70%),  
86 ml / l i t e r ;  NaBH4, 0.8 at  95~ and pH 14. The h y -  
drogen  evolved dur ing  the  reac t ion  was  passed 
th rough  a l iquid n i t rogen t r ap  and collected in evacu-  
a ted  ampoules.  The isotopic composi t ion of the  hyd ro -  
gen was es tabl ished by  using the  mass spec t rometer  
MI-1311; the  absolute  e r ror  in the  measurements  was 
below 1.5-2.0%. Resul ts  of these measurements  a re  
presented  in  Table IV. The  da ta  of the  measurements  
a re  in accordance  (wi th in  6-8%) wi th  those of the  
gas composi t ion ca lcu la ted  fol lowing the  reduct ion  
scheme given in Table  III. The calculat ions made on 
the  basis of the  ideas of the  feas ib i l i ty  of hydr ide  ion 
oxida t ion  to a pro ton  resul ts  in a considerable  
(~200%)  devia t ion  f rom the  expe r imen ta l  data.  

Structure of Nickel-Boron Plates 
The a s -p l a t ed  n icke l -boron  al loys conta ining 4.3% 

B consist of two phases:  a solid solut ion of boron and 

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

No. of  C o n s u m e d  R e d u c e d  
e x p e -  NaBH~,  N i c k e l ,  B o r o n ,  

r i m e n t  m g  m g  m g  

I 16.2 26,37 

2 16.1 25.42 

3 16.6 25+61 

C o n t e n t  
o f  d e u t e r i u m  

in  h y d r o g e n ,  % 
M e e h a -  C a l c u -  M a s s - s p e c -  

n i s m  l a t ed  t r o m e t r i c  
Ref .  No.  d a t a  d a t a  

1.53 (2) 38.2 

(9) 15.5 
41.0 

(10) 32.9 | 
P r o p o s e d  16.4 J 

1.48 (2) 38,3 "~ 

(9) 41.0 t 16,1 
{10) 34.1 

P r o p o s e d  17.4 
1.49 (2~ 38.5 

~9) 41.0 t 19.0 
(i0) 34.5 

Proposed 18.4 

hydrogen  in face-cen te red  cubic E-nickel  and an 
amorphous  phase.  The samples  wi th  5.7 and 6.4% B 
a re  s ing le-phase  al loys of amorphous  s t ructure .  The 
cross sect ion of Ni-B deposi ts  shown in Fig. 4 re -  
vea led  a co lumn- lamel la r  s t ruc ture  which  is s imilar  
to tha t  of electroless Co-P  al loys (17). This type  of 
deposi t  seems to reflect the  per iodic  change of the  
ra t io  of the  reduct ion  ra tes  of n ickel  and  boron;  this  
change is due to pH a l te rna t ions  in the  l aye r  ad jacent  
to the  surface. 

Pecul ia r i t ies  of the phase t ransformat ions  proceed-  
ing dur ing  anneal ing  of Ni -B al loys were  revea led  by  
using the combinat ion  of the  thermographic ,  x - r a y  
methods  (18) and electronmicroscopic  examinat ions.  
F igure  5 shows the t he rmograms  of the  a l loys of di f -  
ferent  composi t ion which  were  hea ted  in a he l ium 
a tmosphere  at  the  ra te  of 10~ In the  the rmograms  
one can see the  th ree  exothermic  effects at  305 ~ 405 ~ 
and 425~ 

The thermographic  invest igat ions  of the  al loys con- 
ta in ing  6.4-6.9% boron a l lowed one to dis t inguish 
more  c lea r ly  exo thermic  effects in the  r ange  400 ~ 
430~ (Fig. 6). 

The resul ts  of x - r a y  analysis  have shown that  the  
effect at  305~ re la tes  to the format ion  of the  Ni~B 
phase, the  effect at  425~ to the  format ion  of the  Ni2B. 
According  to the  the rmographic  da ta  of Fig. 5 the 
h igher  the  boron content  in the  alloy, the  h igher  is 
the  re la t ive  quan t i ty  of the  Ni2B phase. I t  is of i n t e r -  
est tha t  in this case the absolute  quan t i ty  of the NiaB 
phase  decreases.  

There  is reason to suppose tha t  the exothermic  
effect a t  405~ is due to the  appearance  of the  v e r y  
uns tab le  phase  of the  NiTBa compound, r evea led  first 
in Ref. (19). 

In  Table  V are  given the da ta  on the phase compo- 
sitions of the deposi ts  i so thermal ly  annealed  over  the  
t e m p e r a t u r e  r ange  of 150~176 The annea l ing  was  

Table !!I. Proposed scheme for the mechanism of electroless 
nickel-boron plating 

Reduct ion  of  n i c k e l  
BH4-  + 4 H O H  ~ B ( O H ) ~ -  + 4H + 4H+ + 4e 
2Ni~§ + 4 e ~  2Ni  

BH~-  + 4 H O H  + 2 N i  ~§ ~ 2Ni  + B ( O H ) 4 -  + 2H~ + 4H* 

Reduct ion  of  boron 
BH4- + H + ~  BH~ + H2 ~ B + 2.5H~ 

Hydrolys i s  of reductant  
BH~- + 4 H O H ~  B ( O H ) ~ -  + 4H + 4H+ + 4e ~ B ( O H ) t -  + 4H2 

Fig. 4. Cross section of electroless nickel-boron plate. Magnifi- 
cation • 225. 
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Fig. 5.  Differential thermograms of electroless nickel-boron 
alloys containing 4.3(A), 5.7(B), and 6.4(C) % boron. 

carr ied  out in vacuum (5 �9 10 -4 Torr)  for 1 hr. Af te r  
cooling and inves t igat ing the s t ructure  and proper t ies  
at  room tempera ture ,  the specimens were  subjec ted  
to fu r the r  annea l ing  at  a t empe ra tu r e  50 ~ h igher  than  
the preceding one. 

The da ta  of this tab le  show that  the h igher  the  con- 
tent  of the boron in the  al loys the  h igher  the  t empera -  
tu re  of the  format ion  of Ni~B. I t  is consistent  wi th  
the  resul ts  of the rmographic  analysis.  

The es t imat ion of the  quant i ty  of hydrogen  which 
was included in the  Ni-B p la te  and invest igat ion of 
the  process of i ts evaluat ion  dur ing  heat ing these 
plates  at the ra te  of 10~ were  carr ied  out b y  use 
of the method  of vacuum extract ion.  I t  should be 
noted tha t  the  hydrogen  content  in the  al loys is a l -  
most  independent  of the  boron content,  and  equal  Eo 
about  200 cm~/100g, but  the  in tens i ty  of its evolut ion 
reflects the phase t ransformat ion  in the coatings p ro -  
ceeding dur ing  annealing.  F igure  7 shows tha t  the  
format ion  of the  Ni~B and Ni~B (Ni~B3) is associated 
wi th  the  addi t ional  hydrogen  evolution. 

Some Properties of Nickel-Boron Plates 
The observed dependence  of the  phase composit ion 

on the annea l ing  t empera tu re  al lows one to unde r -  

, t o o  ~ ~I 06 " 
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/ 
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Fig. 6. Differential tbermograms of electroless nickel-boron al- 
loys containing 6.9(a), 6.6(b), and 6.5(c) % boron. 
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Fig. 7. Dependence of the hydrogen evolution rate on the anneal- 
ing temperature. Letters correspond to those in Fig. S. 

Table V. Structure of the as-plated and annealed nickel-boron plates 

S t a b i l i z e r  
of  s o l u t i o n  S p e c i m e n  

T e m p e r a t u r e  of h e a t - t r e a t m e n t ,  ~ 
C o n t e n t  of b o r o n  So l id  s o l u t i o n  of b o r o n  

in  coa t i ng ,  % in  n i c k e l  
Wt.  A t .  A m o r p h .  C r y s t a l .  N i  + Ni~B N i  + Ni3B + Ni2B NisB  + Ni~B 

T1NO8 A 4.3 19.6 95" 95* 150-700 ~ 
- -  B 5.7 24.7 95" -150  - -  200-250  300-550  600-700  

2 - m e r e a p t o b e n z o -  C 6.4 27.1 95*-200 - -  250-300 350-400 450-700  
t h i a z o l e  + PbC12 

* W i t h o u t  h e a t - t r e a t m e n t  
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stand the na tu re  of the changes of the coating prop- 
erties, observed after heat - t rea tment .  

Hardness.--The hardness of Ni-B deposits plated on 
a copper substrata was examined on the hardness 

meter  (by Vickers) with diamond pyramid and 
a load of 50g; the thickness of deposits was in the 
range of 35-45~. The increase of plat ing hardness after 
isothermal anneal ing in  the ranges 150~176 and 
400~176 shown in Fig. 8 appears to be due to both 
the dispersion hardening  as a result  of the NisB and 
Ni~B phase formation and their high hardness; the 
decrease of plat ing hardness after reaching its maxi-  
mum value can be considered to be a result  of re laxa-  
t ion of the in ternal  stresses and coagulation of boride 
particles. A very  high hardness (~1500 kg / mm 2) ex- 
ceeding the hardness of chromium coatings can be 
reached if the anneal ing  is carried out in  nonisother-  
mal  conditions with a rate of heating of 400~ 

Wear resistance.--The wear resistance of the Ni-B 
and Ni-P coatings deposited on the hardened steel 
CT-45 was studied by use of the bu t t - end  friction ap-  
paratus;  the friction was applied to the nickel-plated 
specimens by contact with the same steel. The tests 
were carried out at the specimen rotation rate of 300 
rpm under  a load of 5 kg /cm e with alcohol-glycerine 
lubrication. The tempera ture  of the specimens dur ing 
tests was measured by a thermocouple introduced into 
the hole of the immovable part  of the friction pair. 

Figure 9 shows comparative data on the wear re-  
sistance of annealed nickel-boron (6.4% B) and 
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nickel -phosphorus  (9.7% P) plates. I t  is evident  from 
this figure tha t  the wear  resis tance of the  nickel-boron 
deposits is much h igher  than  that  of the n ickel -  
phosphorus  alloys. The a lmost  comple te  absence of 
the  dependence  of wea r  res is tance on t ime is r e -  
s t r ic ted to the  n icke l -boron  deposits. The t e m p e r a -  
ture  measurements  in the course of test ing show the 
fr ict ion coefficient to be lower  for  the  n icke l -boron  
al loys than  for the  n icke l -phosphorus  alloys. 

Magnetic properties.--It was of special in teres t  to 
de te rmine  to wha t  ex tent  boron incorpora t ion  affects 
the magnet ic  character is t ics  of nickel. The me a su r -  
ments  of magnet ic  p roper t ies  of n icke l -boron  a l loys  
35~ thick were  car r ied  out  b y  using a combinat ion  of 
bal l is t ic  and osci l lographic methods  in the  magne t iz -  
ing field of 1200 oersteds. The  coatings were  deposi ted  
on copper  rods;  the  length  of the specimen was 50 m m  
and the i r  d iamete r  was  3 mm. 

F igure  10 gives the data  on the  effect of  i so thermal  
anneal ing t empe ra tu r e  on the value  of max imum in-  
duction, the loop rec tangular i ty ,  and the coerc ive  
s t reng th  of n icke l -boron  al loys of different  composi-  
tions. The  effect of boron incorpora t ion  on the  rhag- 
netic proper t ies  of nickel  is not as s trong as that  of 
phosphorus,  a l though in the as-pla ted  state the  fe r ro-  
magnet ic  proper t ies  in n icke l -boron  al loys cannot  be 
de tec ted  beginning  wi th  6.4% B. However ,  the  hea t -  
ing of these coatings to 250~ also resul ted  in a sharp  
r ise of thei r  magnet ic  character is t ics .  I t  is due to the 
appearance  of the w e a k l y  fe r romagnet ic  NisB phase. 
The changes of magnet ic  character is t ics  wi th  fu r the r  
increase  of anneal ing  t e m p e r a t u r e  resul t ing  in the  
format ion  of the  Ni2B phase, suggest the l a t t e r  bor ide  
to be comple te ly  nonferromagnet ic .  
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The Effect of Third Metal on the Magnetic and 
Storage Properties of Electrodeposited Permalloy Films 

H. V. Venkatasetty *'1 
HoneyweLl Corpora te  Research Center, Bloomington, Minnesota 55420 

ABSTRACT 

Control led  quant i t ies  of reducib le  meta l  ions l ike  mo lybde num and ind ium 
are  in t roduced in the  appropr ia t e  form into a n icke l - i ron  ba th  and  the m a g -  
netic proper t ies  of the t e rna ry  a l loy films of N i - F e - M o  and N i - F e - I n  are  
measured  over  a wide range  of concentra t ion of mo lybdenum and ind ium in 
the  bath. These  films show much improved  magnet ic  proper t ies  as wel l  as 
some improvemen t  in creep res is tan t  character is t ics  when  compared  wi th  
pe rma l loy  films. The improved  proper t ies  of these films are  discussed in t e rms  
of the  improved  magnet ic  pa ramete r s  and thickness.  

In  recent  years  e lec t rodeposi ted  fe r romagnet ic  thin 
films of n icke l - i ron  and n icke l - i ron  conta ining smal l  
quant i t ies  of e lements  l ike cobalt,  copper, mo lyb -  
denum, arsenic, phosphorus,  and sul fur  have  rece ived  
considerable  a t tent ion  as possible m e m o r y  e lements  in 
d ig i ta l  computers  (1-8) .  These films have  mode ra t e ly  
low coercive force (He) and un iax ia l  an iso t ropy  field 
(Hk), have rec tangu la r  hysteresis  loops, and much 

* Elec t rochemical  Society Act ive  Member.  
1 F resen t  address :  Honeywel l ,  Inc., P o w e r  Sources  Center, Mont-  

gomeryvi l le ,  Pennsy lvan ia  18936. 
Key words :  magne t i c  th in  film, electrodeposit ion,  t e rna ry  alloy, 

m e m o r y  e lement ,  switching.  

fas ter  switching mode for  f lux reversa l  compared  to 
fe r r i t e  core mater ia l .  The magnet ic  p roper t ies  such as 
the  wal l  mot ion coercive force (Ha), the  an iso t ropy  
field (Hk), the dispers ion of the  easy axis (~90), and 
creep threshold  of th in  films are  impor t an t  pa rame te r s  
for use as m e m o r y  e lements  and  these proper t ies  a re  
influenced by the  subs t ra te  characteris t ics ,  the  com- 
position, and thickness  of the  films. The most useful  
memory  proper t ies  of n icke l - i ron  films are  obta ined at  
zero magnetos t r ic t ive  composi t ion of 80% Ni and 20% 
Fe. The composit ion of the  e lec t rodeposi ted  films is 
dependen t  on the  composi t ion of the  ba th  and  on the  
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plat ing parameters.  In  the case of the deposition of 
n ickel - i ron  films from their  simple salt solution (Watts 
type of bath) the rate of iron deposition is higher 
(>30%) in  the ini t ial  stages (~500A) of the deposit 
even though the nickel to iron ratio in the bath is 
about 50:1, and their  s tandard electrode potentials 
indicate that  nickel (E ~ Ni ---- --0.25V) should plate 
out faster than ferrous iron (E ~ Fe = --0.44) (9). 
This anomalous codeposition has been at t r ibuted to 
local hydrolysis of iron ions at the cathode and the 
adsorbed hydroxide causes preferent ial  iron deposition 
(10). The nonzero magnetostr ict ive deposit not only 
results in increased dispersion of the easy axis (~90) 
and the anisotropy field (Hk) but  the memory prop- 
erties of the film become very sensitive to s t ra in (11). 
In  th in  films, a good control on gradients in composition 
dur ing electrodeposition is necessary to improve the 
magnetic properties and the storage characteristics. 
This paper describes the results of experiments  carried 
out in  an effort to achieve this. 

Experimental Procedure 
A citrate complexed nickel- i ron bath with nickel to 

i ron ratio ,-~22:1 was prepared as described elsewhere 
(12). The Ni-Fe-Mo bath preparat ion was essentially 
similar to that described by Freitag and Mathias (3). 
It  was made by dissolving reagent  grade chemicals in 
distilled water, 100g NiSO4.7H20,  6.9g FeSO4" 7H20, 
0.37-1.88g Na2MoO4 �9 2H20, 32g citric acid, 15g sodium 
citrate, 2.5g K2SO4, ~0.2g sodium lauryl  sulfate, and 
lg  saccharin, and di lut ing the solution to one liter. The 
pH was adjusted to 5.2 by NaOH and/or  citric acid, 
the bath operated at temperatures  from 26 ~ to 40~ at 
a current  density of 15.3 mA/cm 2 to get zero magneto-  
strictive films. The N i - F e - I n  system was also a ci trate-  
complexed bath bu t  to prepare zero magnetostrict ive 
films, the bath had to contain more iron, 7.5 g/ l i ter  
FeSO4 . 7H20 ind ium as indium sulfate varied from 
0.25 to 2.5 g/liter,  the bath pH was adjusted to 5.2 and 
the bath operated from 25 ~ to 35~ at 15:3 m A / c m 2 
current  density. As substrates, 10 mil  and 40 mil  glass 
slides with chromium and gold evaporated on them 
were used. The procedure for preparing these films 
and making  magnetic measurements  has already been 
described (12). The reported magnetic  parameters  
represent  an average value of at least five samples and 
the difference between the samples was less than 5%. 

The s tandard spectrophotometric method using a 
Cary 14 spectrophotometer was used to carry out 
quant i ta t ive  estimation of various elements present  in 
the electrodeposits. Iron was separated from the other 
metals and complexed with 2, 2 ' -dipyridyl  and esti- 
mated at 522 m~ (13). Molybdenum was complexed 
with mercapto acetic acid and estimated at 365 m~ (14). 
Ind ium was determined by complexing w i t h  5, 7- 
dibromo 8-quinol inol  and extract ing the complex with 
chloroform and measuring absorbance at 415 m~ (15). 
These determinat ions are accurate to ___2%. 

In  creep measurements  large area films (24 • 15 
mm),  varying in thickness from about 1000 to 5000A, 
that  were deposited on 10 rail microsheet glass and 
made conducting with evaporated chromium (~300A) 
and gold (~1000A) were used to minimize demag- 
netizing field effects. Measurements were made by 
applying a combinat ion of an  a-c field in the hard 
direction and a d-c field in the easy direction. The 
observations of the extent  of film switching were made 
by detecting the associated flux changes with a suitable 
pickup loop and observing the induced signal with the 
help of an oscilloscope. The various creep and switch- 
ing curves refer to about 50% of film switching. 

Background 
In  the case of codeposition of two or more metals 

from a bath prepared by complexing the metal  ions 
with suitable ligands, the resul tant  deposition poten-  
tials of the metals, the relat ive rates of dissociation 
of metal  complexes, and the diffusion of metal  and 

complex ions control both the deposition process and 
the structure of the deposit. Although the theory of 
alloy formation by codeposition which has been treated 
elsewhere (16, 17) is not well  understood (18), it is 
apparent  that  the bath composition, the substrate crys- 
tal structure, and surface topography (19) as well as 
the s tructure of the double layer  at the electrode-solu- 
t ion interface influence the deposition process and the 
properties of the deposit. 

It has been shown that  in fiat thin ferromagnetic 
films, when a d-c magnetic field is applied in both easy 
and hard direction, magnetizat ion reversal takes place 
at a smaller  critical field. A plot of this critical field 
as a function of hard direction d-c field is known as 
the critical curve for wall  motion. However, when an 
a-c field whose ampli tude is equal  to the magni tude  
of the d-c field is substi tuted in the hard direction, 
magnetizat ion will  creep into a demagnetized state even 
though the applied field combinat ion is below the uni-  
axial switching threshold curve (20). The creep thresh- 
old has been shown to be dependent  on the type of do- 
ma in  walls existing in the film and the types of fields 
applied (21). It has been shown that the wall creeping 
is caused by Block-N~el-Bloch wall  t ransi t ions in 
thick film (>850A) and Block line motions in thin 
film (<850A) which occur under  the influence of the 
hard direction a-c field (21, 22). At tempts  have been 
made to analyze the na ture  of domain wall  creeping 
and several mechanisms and models proposed, but  the 
creep mechanism is not  well  understood (21, 23). 

Results and Discussion 
When nickel and iron ions were complexed with 

organic ligands like citrate to control the concentrat ion 
of free metal  ions and to prevent  hydrolysis of iron 
ions and nickel- i ron deposited using pulsing current,  
the composition gradient  was minimized, but  not el im- 
inated (12). Recently it has been shown that  the com- 
position gradient  in the ini t ial  stages of the deposition 
process of nickel- i ron films can be controlled by adding 
small  quanti t ies of cathodically easily reducible ions 
like antimony, selenium, or t e l lu r ium to the electro- 
lyte so that  these nonmagnet ic  elements are incorpo- 
rated preferent ia l ly  in  the: i n i t i a l l y  deposited film 
zones and thus produce more homogeneous films with 
good magnetic properties (24). It  has been shown that  
zero magnetostr ict ive films of N i -Fe -Cu  with excellent 
control over alloy composition and  magnet ic  proper-  
ties from 400 to 2000A can be prepared (4). It  was 
thought desirable to investigate Ni-Fe-Mo and Ni -Fe-  
In  systems over a wide range of molybdenum and 
ind ium concentrat ion in an  appropriate bath because 
these metals are not  only nonmagnet ic  but  may  be 
more easily reduced electrochemically than  iron. To 
prepare such films with zero magnetostriction, the 
deposition has to be done wi th in  a nar row concentra-  
t ion range. Zero magnetostrict ive films of Ni-Fe-Mo 
and Ni -Fe - In  covering the thickness range of ,~1000- 
5000A from a bath with wide range  of molybdenum 
and indium concentrations at known concentrat ion of 
nickel- i ron were prepared and their  magnetic  proper-  
ties like He, Hk, and ~90 measured and their  composi- 
t ion determined. It should be pointed out that Ni-Fe-  
Mo films prepared by Frei tag and Mathias (3) were 
600-800A thick and were highly magnetostrict ive and 
hence not suited for examining their  storage character-  
istics. 

The composition of the deposits as a funct ion of 
molybdate and ind ium concentrat ion of the baths are 
shown in Fig. 1 and  2. It  is interest ing to note that  the 
iron content  remains  about 20% (weight) over the 
entire range of composition in both the systems. The 
magnetic  properties of Ni-F~-Mo films (~5000A) as 
a function of molybdenum content  are shown in Fig. 3, 
while those of N i -Fe - In  films (~5000A) are shown in 
Fig. 4. Magnetic parameters  and composition measured 
on zero magnetostr ict ive th in  films (,,-1200A) of Ni- 
Fe-Mo and N i - F e - I n  show similar  behavior to those of 
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5000A films. The magnet ic  pa rame te r s  and  iron content  
in zero magnetos t r ic t ive  N i - F e - I n  films were  de te r -  
mined as a funct ion of thickness f rom 1000 to 5000A 
and are shown in Fig.  5. The  iron content  of the film 
remains  ve ry  close to 20% (weight)  above 2000A but  
appears  to be s l ight ly  h igher  in the  ini t ia l  stages of 
the  deposit.  The decrease in Hk with thickness  can  be 
a t t r ibu ted  to the  reduced  influence of the ini t ia l  deposi t  
in the  th icker  films. 

Since ve ry  thin films (~1000A) have  low output  
signals and  the i r  magnet ic  p roper t i e s  a re  ve ry  sensi-  
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t ive  to subs t ra ta  character is t ics ,  i t  was decided to 
deposi t  films of about  5000A wi th  zero magnetos t r ic -  
tion. The wa l l  motion coercive force (Hc) for zero 
magnetos t r ic t ive  pe rma l loy  films has a logar i thmic  
re la t ionship  wi th  th ickness  of the  form He = At  -B 
where  t is thickness,  the  constant  A re la tes  to sub-  
s t ra te  roughness, and B to p la t ing condit ions (25, 26). 
In  o rder  to increase  Hc of these  films (~5000A) wi th  
a v iew to increase the i r  creep threshold,  exper iments  
were  conducted to re la te  the  magnet ic  proper t ies  of 
zero magnetos t r ic t ive  films of Ni -Fe-Mo,  N i -Fe - In ,  
and N i - F e  wi th  subs t ra te  surface  roughness  by  p r e -  
p la t ing  copper  at  va ry ing  cur ren t  densi t ies  and mea-  
sur ing roughness  by  a rad ioac t ive  t racer  technique 
(19). As  a resu l t  of such a s tudy,  op t imum pla t ing  con-  
di t ions were  developed to obta in  zero magnetos t r ic -  
t ive films of Ni -Fe-Mo,  Ni -Fe - In ,  and N i - F e  wi th  good 
magnet ic  proper t ies .  

Some of the  pa rame te r s  tha t  influence the creep 
threshold  in fiat magnet ic  films are  the film thickness,  
film composition, coercive force, an iso t ropy field, d is-  
pers ian  of the  easy axis, and  film geometry.  The  creep 
threshold  measurements  a re  impor tan t  because the  in-  
format ion  s tored in these  memory  e lements  can be 
des t royed  by  domain wal l  creeping under  the  influence 
of d is turbances  occurr ing in ac tual  m e m o r y  env i ron-  
ment,  thus l imi t ing the  bi t  densi ty  in memory  design. 
I t  is therefore  necessary to know the m a x i m u m  field 
combina t ion  for  which  domain  wa l l  creeping st i l l  does 
not occur. Various a t tempts  have been made  to in- 
crease the d is turb  threshold  for fiat films. Al though 
ve ry  thin  films (,..,300A) which have  N~el wal l s  have  
be t t e r  d is turb  threshold,  t hey  have  smal l  s ignals  and 
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are  ve ry  sensi t ive to subs t ra te  characteris t ics .  Ano the r  
approach is to use mu l t i l aye r  films where in  the  wa l l  
motion coercive force of the  composi te  film is influ- 
enced th rough  magnetos ta t ic  and exchange coupling 
effects (27). I t  has also been shown tha t  the s torage 
proper t ies  of N i -Fe  films can be improved  e i ther  by  
d i rec t ly  diffusing (28) or  e lec t ropla t ing  nonmagnet ic  
meta l  and diffusing (29) into permal loy .  

Al though a grea t  deal  of data  on creep measurements  
is avai lable  on vacuum-depos i t ed  b ina ry  and t e rna ry  
flat films, ve ry  l i t t le  da ta  are  avai lab le  on e lec t rode-  
posi ted  films (20, 23, 30, 31). Therefore,  zero magne to -  
s t r ic t ive films (~1000 and ~5000A) of Ni -Fe-Mo,  with 
the  composit ion 72.4% Ni, 20% Fe, and 7.6% Mo, and 
N i - F e - I n  films (N1000 and ~--5000A), wi th  the com- 
posit ion 74% Ni, 20% Fe, and  6% In, wi th  sui table  
magnet ic  proper t ies  were  selected and the i r  creep 
threshold  and switching proper t ies  measured  and com- 
pa red  wi th  those of 80:20 Ni -Fe  films (~1200 and 
,-~5000A). By noting the  separa t ion  be tween  the  
switching and creep curves for each of the films, it  is 
appa ren t  f rom Fig. 6 tha t  the  curves for  the N i - F e - M o  
films (~1000A) are  closer and there fore  they  exhib i t  
be t te r  creep threshold  character is t ics  than  those of 
N i - F e - I n  and Ni -Fe  films. In  the case of ~500OA films 
(Fig. 7) the  N i - F e - I n  films have s l ight ly  be t te r  creep 
threshold  character is t ics  than  N i - F e - M o  and N i - F e  
films a l though the differences a re  smal le r  than  those 
in the  100OA films. 

The improved  creep  thresholds  observed in the  case 
of th inner  films (,-~1000A) compared  to those of 500OA 
films (Fig. 6 and 7) can be a t t r ibu ted  pa r t ly  to thei r  
increased coercive force and pa r t ly  to reduced  demag-  
net iz ing field effects. Since the domain  wa l l  s t ruc ture  
changes wi th  film thickness  (12), the dependence  of 
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Fig. 6. Switching and creep threshold curves for Ni-Fe-ln 
(~IO00A), Ni-Fe-Mo (~1000.~), and Ni-Fe (~1200.~) films. 
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the creep process on film thickness  is expected  (32, 33). 
I t  has been observed  recen t ly  tha t  in addi t ion to film 
thickness,  fi lm composi t ion also influences creep 
threshold  (34). 

Conclusion 
Zero magnetos t r ic t ive  N i - F e - M o  and N i - F e - I n  films 

of va ry ing  thickness  have  been prepared .  The magnet ic  
properti.es such as Hc, Hk, and  a9o of these films con- 
ta ining a wide range  of mo lybdenum and indium have 
been measured  and the i r  composi t ion determined.  The 
films of different  th ickness  wi th  op t imum composit ion 
were  eva lua ted  for the i r  c reep  threshold  and switching 
proper t ies  and  compared  to those of N i - F e  films. The 
improved  d is turb  thresholds  of N i -Fe -Mo and N i - F e -  
In films are  a t t r ibu ted  to improved  magnet ic  proper t ies  
and film thickness.  
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ABSTRACT 

Prepara t ion  of d i -molybdenum carbide from sodium molybdate dissolved 
in  fused bath of sodium carbonate, sodium tetraborate, sodium fluoride, and 
potassium fluoride was investigated. Under the opt imum conditions established, 
a max imum electrodeposition rate corresponding to 0.5 g / A - h r  of the carbide 
was obtained. In  the fol low-up investigation the carbide was admixed with 
monitored amounts  of molybdenum dioxide for vacuum thermal  sintering 
t rea tment  to yield molybdenum metal  of pur i ty  comparable to conventional  
molybdenum extraction process. 

Product ion methods of molybdenum carbide have 
been extensively researched. A review on this subject 
has been forwarded by Schwarzkopf and Kieffer (1), 
and more recent ly by Kosolapova (2). Processes based 
on molybdenum or molybdic oxide carburized with 
graphite, carbon black, carbonaceous gases, or cal- 
cium carbide for the manufac ture  of d i -molybdenum 
carbide have been patented. There has also been 
parallel  interest  in electrometallurgical  routes in car- 
bide production. Electrolyses of alkali  f luoride-car-  
bonate-borate-molybdic  oxide baths have been con- 
ducted, and conditions of di- and mono-molybdenum 
carbide deposition have been established by Andr ieux  
and Weiss (3). In  a recent work Heinen et al. (4)  
from the U.S. Bureau of Mines have reported elec- 
trolysis of potassium fluoride-potassium chloride-so- 
dium metasilicate and sodium fluoride-potassium fluo- 
r ide-sodium carbonate-sodium tetraborate baths con- 
taining molybdeni te  for the production of d i -molyb-  
denum carbide, the max imum yield being 0.42 g/A-hr .  
No reference is found on any  previous work produc- 
ing molybdenum carbides from molybdates such as 
calcium and sodium molybdate. Molybdenum electro- 
winn ing  processes on laboratory scale from calcium 
molybdate  have been recent ly  investigated (5). With 
sodium molybdate  on the other hand Campbell  (6) 
reported that not much success on metal  deposition 
was achieved in aqueous or organic electrolytes. This 
alkali  molybdate,  because of its low fusion tempera-  
ture (627~ without any decomposition, has been 
considered as a preferred salt in molten electrolyte 
systems also. Senderoff and Brenner  (7) examined 
the possibility of iner t  atmosphere fused salt electrol- 
ysis of molybdenum in various baths. In  the instance 
of sodium molybdate dissolved in molten sodium 
chloride-potassium chloride the cathodic deposit con- 
sisted of molybdenum metal, d i -mo lybdenum carbide, 
and lower oxides. 

Studies incorporated in the present  paper pertain 
to production of d i -molybdenum carbide by mol ten 
salt electrolysis of sodium molybdate. A similar tung- 
sten compound, sodium tungstate  which has been 
successfully electrolyzed for tungsten  carbide pro- 
duct ion may be pointed out here as a reference (8) of 
interest. The paper also embodies an extension of 
work involving metal  preparat ion from the carbide 
electrowon from sodium molybdate. 

Electrolysis 
Chemicals used in the electrolytic investigation in-  

cluded sodium fluoride, potassium fluoride, sodium 
tetraborate, sodium carbonate, and sodium molybdate. 
With the exception of sodium molybdate  these were 
commercial  or technical grade available from the open 
market.  Sodium molybdate  was prepared in the lab-  
oratory through chemical dissolution of commercial 
molybdenum trioxide in soda-ash solution. 

K e y  words :  fused  sal t  e lectrolysis ,  sod ium molybda te ,  m o l y b d e -  
n u m  carbide ,  m o l y b d e n u m .  

Electrolyses were conducted in  8 in. high by 2 in. 
ID open cells made of high density graphite serving 
as both anode and electrolyte container. A ~ in. 
diameter  graphite rod suspended central ly  into the 
molten bath funct ioned as the cathode. The cell was 
heated external ly  by a resistance furnace and the 
direct current  ior electrolysis was furnished by a 
0-250A, 0-12V stepless selenium rectifier. In  batch 
electrolysis, 350g of total salt mixture  was formed 
according to the composition desired, charged into the 
graphite crucible, furnaced, and the tempera ture  was 
raised gradual ly to the intended level. At any desired 
test tempera ture  the graphite cathode rod was low- 
ered and held above the molten bath for drying before 
immersion. Positioned at 1 in. from the crucible bot- 
tom (total bath depth 3.5 in.) the cathode rod was 
allowed to at ta in  the electrolyte temperature  before 
start ing the electrolysis. Amperage appropriate to a 
desired ini t ial  cathode current  density was regulated 
with voltage varying between 0.5 and 1V. At the end 
of 10 A-hr  the cathode was lifted and the deposit im-  
mediately scraped, leached first in  water and then in 
10% HC1 solution before final washing and drying. 
The effects of different exper imental  parameters,  viz., 
the cathode current  density, sodium molybdate, so- 
dium carbonate concentrations, and tempera ture  on 
the qual i ty and yield of electrodeposits as shown in 
Table I were investigated. These are discussed below. 

Cathode current density.--An electrolyte bath at 10 
weight per cent (w/o) sodium molybdate  composi- 
tion, main ta ined  at 1000~ was tested at different 
cathode cur ren t  densities vary ing  from 300 to 1350 
A/f t  2. In  each case adherent  shining silvery crystals, 
identified as Mo2C by x - r ay  diffraction determination,  
were obtained. There was, however, no observable 
effect on the yield. In  the cathode current  densi ty 
range investigated, the rate of d i -molybdenum carbide 
deposition varied from 0.225 to 0.3 g/A-hr .  

Sodium molybdate.--From electrolyses carried out 
at 1000~ and a cathode current  density of 800 A /  
ft~, the following corresponding values of sodium 
molybdate content  (w/o)  and d i -molybdenum carbide 
deposition rate (g /A-hr )  were obtained: 10, 0.3; 16, 
0.42; 18, 0.315; 20, 0. I t  can be seen that at 16 w/o 
sodium molybdate  concentrat ion a max imum deposi- 
tion rate of 0.42 g / A - h r  occurred. Fur ther  addition of 
sodium molybdate in the bath resulted in a declining 
deposition rate. Almost no carbide deposition at 20 
w/o composition suggested the bath to be in a condi-  
tion where carbide redissolution appeared competitive 
to its cathodic deposition. 

Sodium carbonate.--Holding the bath composition 
at 16 w/o sodium molybdate, with other operational 
parameters,  cathode current  density (800 A/f t  a) and 
tempera ture  (1000~ fixed, experiments  were per-  
formed to examine the cathodic deposition with so- 
dium carbonate additions vary ing  from 0 to 30 w/o. 

622 



Vol. 120, No. 5 623 MOLYBDENUM CARBIDE 

Table I. Influence of cathodic current density, bath composition, and temperature in the 
molten-salt electrolysis of sodium molybdate 

E l e c t r o l y t e  c o m p o s i t i o n  
( w e i g h t  p e r  cen t )  

Run  
No. Na~MoO4 Na.~CO8 Na~B~O7 N a F  

C a t h o d e  P r o d u c t  
c u r r e n t  D e p o s i -  X - r a y  d i f f r a c t i o n  

T e m p .  d e n s i t y  t i on  r a t e  d e t e r m i n a t i o n  
K F  (~ ( A / f t ' )  ( g / A - h r )  M a j o r  M i n o r  T r a c e  R e m a r k s  

1 10 14 4 37 

2 10 14 4 37 

3 10 14 4 37 

4 10 14 4 37 

5 16 14 4 34 

6 18 14 4 33 

7 20 14 4 32 

8 16 0 4 43 

9 16 10 4 36 

I0 16 20 4 31 

11 16 30 4 26 

12 16 14 4 34 

13 16 14 4 34  

35 1000 300 0,20 Mo~C - -  ~ A d h e r e n t  s i l v e r y  c r y s -  
ta ls  of  Mo2C 

35 I000 800 0.30 Mo2C -- -- Adherent silvery crys- 
tals of  Mo~C 

35 2000 I000 0.28 Mc~C -- ~ Adherent silvery crys- 
tals of Mo~C 

35 1000 1350 0.225 Mo2C - -  - -  A d h e r e n t  s i l v e r y  c r y s -  
t a l s  of  Mo~C 

32 1000 800 0.42 Mo2C - -  - -  A d h e r e n t  s i l v e r y  c r y s -  
ta ls  of Mo=C 

31 1000 800 0.315 Mo~C - -  - -  A d h e r e n t  s i l v e r y  c r y s -  
ta ls  of  Mo~C 

30 2000 800 . . . .  P r a c t i c a l l y  no  d e p o s i -  
t i o n  

3"/ 1000 800 0.365 Mo2C Mo (a) G r a y i s h  a p p e a r a n c e  of  
d e p o s i t  

34 1000 800 0.34 Mo2C - -  - -  A d h e r e n t  s i l very  crys -  
ta ls  of MoeC 

29 1000 800 0.273 M o n a  - -  ~ A d h e r e n t  s i l v e r y  c r y s -  
t a l s  of  Mo,~C 

24 I000 800 0,22 Mo2C -- -- Adherent silvery crys- 
tals of Mo2C 

32 960 800 0 .50 Mc~C -- ~ Adherent silvery crys- 
tals of Mo2C 

32 900 800 0.345 MosC - -  ~ A d h e r e n t  s i l v e r y  crys -  
ta ls  o f  Mo~C 

~) Unidentified. 

The electrolysis with no sodium carbonate produced 
lusterless electrodeposits at 0.365 g/A-hr .  The mate-  
rial on x - r ay  examinat ion was found to be a mix ture  
of d i -molybdenum carbide, molybdenum metal, and 
trace amount  of unidentif ied phase. Di -molybdenum 
carbide free from other associations started appearing 
at and above 10 w/o  sodium carbonate concentrations. 
A max imum rate of 0.42 g / A - h r  was obtained at 14 
w/o of sodium carbonate. Any fur ther  increase of con- 
centrat ion was ineffective in improving the carbide 
yield as shown in run  No. 10 and 11 in  Table I. 

Temperature.--The electrolysis at a cathode current  
density of 800 A/ f t  ~, with a bath composition (in w/o)  
of: 16 Na2MoO4, 14 Na2CO3, 4 Na2B4OT, 34 NaF, and 32 
KF, produced a max imum rate of deposition of 0.5 
g /A-hr  at a test temperature  of 960~ Electrolyses 
carried out at lower (900~ and  higher (1000~ 
temperatures  yielded reduced deposition rates as shown 
in run  No. 13 and 5, Table I. 

Adopting the opt imum operational parameters  with 
which max imum yield (0.5 g /A-hr )  was obtained, a 
larger scale electrolysis was conducted in a 4 in. ID 
by 8 in. high graphite cell. In  a 200 A-h r  electrolysis 
test about 100g of carbide was recovered. The electro- 
deposit after ini t ial  x - r ay  examinat ion  as d i -molyb-  
denum carbide was fur ther  evaluated. Combustion of 
the carbide in air gave a weight gain of 40.6% com- 
pared to the theoretical value of 41.2%. The carbon 
and oxygen content  of the electrowon carbide were 
6 (theoretical 5.9%) and 0.03%, respectively. 

Meta l  Preparation 
Utilization of d i -molybdenum carbide electroex- 

tracted from sodium molybdate  was studied in an 
addit ional area of interest. In  a reference quoted 
earlier, preparat ion of d i -molybdenum carbide by 
e!ectrosynthesis of molybdeni te  was pointed out. In  
addition, the work also was concerned with metal  
preparat ion by iner t  atmosphere s inter ing of the  
electrosynthesized carbide and molybdenum trioxide 
mixture.  Sintered product was finally arc-melted into 
but tons for which a lowest hardness value of 172 VPN 
was reported. Except for this single reference there 
seemed to have been no other work involving carbide 
conversion to metal. The present work dealt  with the 
metal  preparat ive route through vacuum thermal  
t rea tment  of d i -molybdenum carbide and molyb-  
denum dioxide. 

Molybdenum dioxide was prepared by hydrogen 
reduct ion of molybdenum trioxide at 450~ The re-  
duced product was then calcined under  a flowing HC1 
gas s t ream at red heat to effect removal of residual 
MoO~ as MoO3 �9 2HC1. A series of charges composed 
of 5g of d i -molybdenum carbide dry mixed in t imate ly  
with variable amounts  of molybdenum dioxide were 
prepared. These charges were pelletized at 25 tons/in.  2 
and subsequent ly  each was examined for its response 
to vacuum thermal  t rea tment  carried out in a 12 kW 
tan ta lum resistance furnace. The thermal  t rea tment  
commenced at the vacuum level of 5 X 10 -5 Torr. 
The first break in  vacuum indicating the onset of 
carbide-oxide reaction, was observed around 600~ 
Under  controlled heating and vacuum conditions the 
temperature  was gradual ly  raised to 1400~ and 
soaked for 30 min. During the final stage the furnace 
vacuum levelled at bet ter  than  2 X 10 -5 Torr. The 
sintered products were argon arc-melted and evalu- 
ated rapidly for the pur i ty  by hardness testing. The 
percentage of molybdenum dioxide in  the carbide- 
oxide mixture  was varied from 0 to 15% excess over 
stoichiometric. The product resul t ing from using 10% 
molybdenum dioxide in  excess of stoichiometric on 
me~ting recorded the lowest hardness value of 170 
VPN. This hardness value, it may be ment ioned here, 
is close to the value reported for the arc-cast  molyb-  
denum produced by hydrogen reduction of molyb-  
denum trioxide. 

Conclusion 
The preparat ion of Mo2C type molybdenum carbide 

was demonstrated by mol ten salt electrolysis of so- 
dium molybdate. Carbide yield corresponding to 0.5 
g /A-h r  was achieved under  the following conditions: 
bath composition (w/o)  16 Na2MoO4, 14 Na2CO3, 4 
Na2B4OT, 34 NaF, 32 KF; bath tempera ture  960~ and 
the cathode current  density of 800 A/ f t  2. 

Electrowon Mo2C in fur ther  work was thermal ly  
reacted under  vacuum with monitored amounts  of 
MoO~ to yield a product whose melt  hardness was 
170 VPN, similar to arc-cast molybdenum values. 
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Behavior of the Silver, Silver Chloride Electrode 
in Concentrated Aqueous Sodium Chloride 

H. Frank Gibbard, Jr. 
Department of Chemistry and Biochemistry, Southern Illinois University, Carbondale, Illinois 62901 

ABSTRACT 

The reported solute and solvent activities of concentrated aqueous sodium 
chloride are not thermodynamically consistent within the apparent experi- 
mental errors. This result is attributed to a deviation of the silver, silver 
chloride electrode owing to the formation of a solid solution of silver chloride 
and sodium chloride. Electrochemical cell measurements and x-ray diffrac- 
tion results are reported in support of these conclusions. The mole fractions 
and activities of silver chloride in the solid solutions are calculated from 
solubility equilibria and are correlated with literature values of the activity 
coefficients of sodium chloride. 

The thermodynamic properties of aqueous sodium 
chloride have been studied more extensively than  
those of any  other electrolyte. The activity of the 
solvent has been measured in dilute solutions (1) and 
in concentrated solutions (2, 3) by freezing point mea-  
surements  and in concentrated solutions near  room 
tempera ture  (4-6) by direct vapor pressure measure-  
ments. The solute activity has been determined from 
electrochemical cell measurements  in both dilute (7) 
and concentrated (8-10) solutions. 

The thermodynamic  consistency of the solvent and 
solute activity data is quite important  owing to the 
use of sodium chloride as the s tandard reference sub- 
stance in most isopiestic vapor pressure studies. In 
dilute solution the osmotic coefficients calculated from 
solute activity data by integrat ion of the Gibbs-Duhem 
equation are in satisfactory agreement  with the values 
obtained directly from solvent activity data. At con- 
centrations higher than 2M the osmotic coefficients 
calculated from solute and solvent activities differ, 
and this difference reaches near ly  2% for saturated 
sodium chloride at 25~ (6, 9). This discrepancy seems 
quite large in view of the apparent  precision of 0.1- 
0.2% in the osmotic coefficients determined by vapor 
pressure measurements  (4-6, 11). 

The electrochemical cell measurements  of Harned 
and Nims (8), Lanier  (9), and Caramazza (10) all 
rely on the silver, silver chloride electrode, and they 
a r e  in agreement  within a few tenths of a mill ivolt  
from 0 to 4M. Because of the variety of ways in  which 
reference electrodes may fail in concentrated electro- 
lyte solutions, we suspected a failure of the silver, 
silver chloride electrode to be responsible for the in- 
consistency in the solvent and solute activities. In  this 
paper electrochemical experiments  which confirm the 
imperfection of the silver, silver chloride electrode in 
concentrated aqueous sodium chloride are reported. 
Fur ther  experiments  and calculations are used to ex- 
plain this behavior in terms of the formation of a 
solid solution of silver chloride and sodium chloride. 

Key words: activity, electrolyte, solution, electrochemical. 

Experimental 
Electrochemical Measurements 

An H-type  cell with a stopcock in the horizontal  arm 
was constructed to measure the emf of the cell 

Ag(s)  I AgCl(s) I NaCl(aq)  I Hg2Cl~(s) I Hg(1) 
[1] 

a s  a function of sodium chloride concentration. Silver, 
silver chloride electrodes of the thermal-electrolyt ic  
type were made according to the method of Bates (12) 
and calomel electrodes by the method of Hills and 
Ives (13). The extensive precautions suggested by 
these authors regarding purification of materials and 
preparat ion of the electrodes were followed carefully. 
Precipitated rather  than electrolytic calomel (13) was 
used in these studies. The outside of the cell was 
painted black to avoid possible deterioration of the 
l ight-sensit ive halides. 

Sodium chloride was purified by the following pro- 
cedure: chlorine gas was bubbled  through a near ly  
saturated salt solution to remove bromide; then hydro-  
gen chloride gas was passed through the solution to 
precipitate sodium chloride. The precipitate was fused 
in p la t inum crucibles under  dry nitrogen, cooled, and 
ground to a fine powder, and stored in a desiccator. 

The H cell was placed in  a water  bath at 25.00 _+ 
0.01~ EMF measurements  were made with a cali- 
brated Leeds and Northrup Type K-5 potentiometer.  
All  recommendations of the manufac turer  regarding 
grounding and shielding of the electrochemical cell, 
the potentiometer and its power supply, nu l l  detector, 
and standard cell were followed. Nitrogen passed first 
over red-hot  copper turn ings  in a quartz tube and 
then through presaturators was bubbled through the 
cell compartments  to exclude oxygen. The presatu-  
rators were immersed in the water  bath and contained 
solution of the same concentrat ion as that in the cell. 
Their use permit ted operation of the cell for several 
days without  appreciable changes in the concentrat ion 
of the cell solution. 
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Six silver, silver chloride electrodes were prepared; 
the largest difference in potential  between any  two of 
these electrodes in 0.01M hydrochloric acid was 20 ~V. 
After their  preparat ion these electrodes were stored 
immersed in conductivi ty water  in the dark. 

Measurements were made at sodium chloride con- 
centrat ions of 0.100, 3.658, and 4.597M. Separate por- 
tions of the two more concentrated solutions were 
shaken for 48 hr with amounts  of silver chloride and 
calomel just  sufficient to saturate the solutions at 
room temperature.  These saturated or near ly  saturated 
solutions were used in the cell compartments  to pre-  
vent  excessive dissolving of the electrode materials.  
At 0.100 and 3.658M the cell required 2 days to reach 
a stable equi l ibr ium;  the most concentrated solution 
required 3 days. The criterion of equi l ibr ium was 
taken as stabil i ty of the cell potent ial  wi th in  10 ~V 
for 2-3 hr. The extreme sluggishness of the cell was 
caused by the calomel electrode. A fresh silver, silver 
chloride electrode, r insed several t imes with solution 
of the same concentrat ion as the cell solution, would 
reach equi l ibr ium wi th in  4-5 hr  after its insert ion into 
the cell. 

Two silver, silver chloride electrodes were used at 
each concentration, and the cell potential  was taken  
as the average of the readings of these two vs. the 
calomel electrode. The largest deviation between a 
pair  of silver, silver chloride electrodes at equi l ibr ium 
was 19 ;~V. 

X-Ray Powder Studies 
Materials.--Matheson, Coleman and Bell analyt ical  

reagent grade sodium chloride and silver ni t ra te  were 
dried overnight  at  115~ and used without  fur ther  
purification. Silver chloride was prepared by dropwise 
addition of 0.1M silver ni t rate  to 0.1M sodium chloride. 
The precipitate was filtered and washed thoroughly 
with 0,01M nitric acid and dried overnight  at 115~ 

Procedure.--A 5g sample of silver chloride was 
ground with a mor ta r  and pestle to a fine powder. 
The powdered sample was placed in an Er lenmeyer  
flask, 250 ml of 4, 5, or 6M sodium chloride was added, 
and the flask was capped. The solution was st irred for 
72 hr  at 25 ~ ___ I~ The solid was recovered by filtra- 
tion in a porcelain crucible, dried for 30 min  by suc- 
tion, and dried several hours at 115~ 

The suspected solid solutions and samples of pure 
sodium chloride and silver chloride were ground to 
fine powders and sieved. Ini t ia l ly  powder x - r ay  dif-  
fraction pat terns were recorded on the General  Electric 
XRD-5 Diffractometer; more precise ao values were 
obtained by  the use of a precision back-reflection 
symmetrical  focusing powder camera (14, 15). Posi- 
tions of the Cu Ks lines were estimated to O.01 mm by 
the use of a Nikon optical comparator. Best values for 
the ao parameters  were obtained by plott ing apparent  
ao values against cos~0 and extrapolat ing to cos20 : 0. 

Results and Discussion 
Because of the known tendency of silver chloride to 

form complex anions in  concentrated chloride solu- 
tions (16), a junct ion  potential  in  our cell due to the 
increased solubili ty of silver chloride might  be sus- 
pected. However, Gerke (17) and Randall  (18), in 
careful measurements  on the cell 

Ag(s)  I AgCl(s)  1HCi(aq) I Hg~Cls(s) I Hg(1) 
[2] 

found the potential  to be independent  of chloride con- 
centrat ion up to near ly  15M. This result  suggests that 
the suspected anomalous potential  of the silver, silver 
chloride electrode must  be related to the presence of 
sodium ion, not chloride ion. 

The present  electrochemical cell measurements  
strongly support a change in  the silver, silver chloride 
electrode induced by  sodium ion at high concentra-  
tions. For  the cells [1] and [2] the change in  state for 
the passage of one Faraday of electricity is 
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Ag(s) + I/z Hg2Cl2(s) : AgCI(s) + Hg(1) [3] 

The emf of this cell should be independent of electro- 
lyte concentration unless the activity of one of the 
solids or of liquid mercury should vary from unity. 
The experimental potentials presented in Table I 
clearly show a variation with sodium ion concentra- 
tion. The values at 0.100M may be compared with the 
values obtained from the s tandard reduction potentials 
at 25 ~ of the calomel electrode on the first day after 
its preparat ion (19), 0.26797V; the calomel electrode 
at equi l ibr ium (20) 0.26812V; and the silver, silver 
chloride electrode (21), 0.22234V. The corresponding 
values for the "first day" and stable calomel electrode 
for cell [I] are 0.04562 and 0.04578V, respectively. The 
agreement  with the values of Table I shows the re-  
markable  reproducibi l i ty  of both electrodes in dilute 
solutions. 

The deviations of the potential  $ of cell (1) from 
the s tandard potential  4 ~ are consistent with a silver 
chloride activity of less than unity. This follows if it 
is assumed that calomel, silver, and mercury  are at 
uni t  activity, in  which case for ceil [1] at 25 ~ 

--  4 ~ : --0.05915 logi0aAgcl [4] 

That the activity of silver chloride might be less than 
unity is suspected because of the known complete 
miscibility of silver chloride and sodium chloride in 
the solid phase at high temperatures (22-28). Below 
about 170~ a miscibility gap appears in the phase 
diagram for the solid solutions; at room temperature 
the gap extends from about 5 to 87 mole per cent 
(m/o)  sodium chloride (28, 29). A reasonable assump- 
tion is that  silver chloride in equi l ibr ium with a con- 
centrated sodium chloride solution forms a solid solu- 
tion dilute in sodium chloride. 

Format ion of a solid solution should affect the me-  
chanical, electrochemical, and other properties of solid 
silver chloride. However, the most direct evidence for 
solid solution formation comes from the x - ray  diffrac- 
t ion results which are discussed below. 

The extrapolations used to find the lattice pa ram-  
eters ao for pure  silver chloride and the solid solutions 
are shown in Fig. 1. Only the l ines corresponding to 
diffraction angles greater than 65 ~ were used in  mak-  
ing the extrapolation. The variat ion of ao with the 
concentrat ion of sodium chloride in which the precipi- 
tates were immersed is reproducible and independent  
of sample equil ibrat ion t ime from 48 to 108 hr. We 
have found no suitable explanat ion for this variat ion 
except solid solution formation. No sodium chloride 
diffraction lines were present  in the so]id solution dif- 
fraction films. The lattice parameters  determined from 
Fig. 1 and a similar extrapolat ion for sodium chloride 
are given in Table II. In the first column the solids are 
identified; the second column gives the ao parameters  
determined from our measurements.  The third column 
shows the mole percentage of sodium chloride in the 

Table !. Electromotive force of cell [1] at 25~ 

"m,.~aCl (real kg  -1) ~,v~ (V) 

0.100 0.045812 
0.045622" 

3.658 0,046242 
4,597 0.046414 

* "Fi rs t  d a y "  calomel  electrode. 

Table II. Results of x-ray diffraction measurements 

Solid ao (A) Mole per cent NaCl 

NaC1 5,6406 100.0 
AgCI 5.5504 0.0 
AgC1 (4M NaC1) 5,5515 1.2 
AgCl (5M NaCD 5,5530 2.9 
AgCI (6M NaCI) 5.5546 4.7 
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Fig. 1. Determination of lattice parameters for silver chloride 

and solid solutions. Filled circles, pure AgCI; filled trlanglcs, solid 
treated with 4M NaCI; open triangles, solid treated with 5M NaCI; 
open circles, solid treated with 6M NaCI. 

solids calculated by  Vegard's law, which has been 
shown to be valid for NaC1-AgC1 solid solutions (26). 

An independent  method of calculating the composi- 
tions of the solid solutions in equi l ibr ium with aqueous 
sodium chloride of any  concentrat ion may be derived 
from the criterion for equi l ibr ium in this heteroge- 
neous system. At  equi l ib r ium at constant  temperature  
and pressure the chemical potential  of sodium chloride 
has the same value in the solid and aqueous phases; 
thus the activity of sodium chloride in the solid phase 
is proportional to its activity in  the aqueous phase. 
This relat ion may  be wr i t ten  

]2X2 "-- W % N a + m c 1 - 7 •  [ 5 ]  

where ]2 and x2 are the activity coefficient and mole 
fraction of sodium chloride in the solid phase, mi is the 
molal i ty of ion species i, 7+- is the mean molal  ionic 
activity coefficient of sodium and chloride ions in the 
aqueous phase, and K is the solubili ty product constant  
of sodium chloride. The constant K is evaluated from 
the equi l ibr ium solubili ty of sodium chloride at 25~ 
6.144M, and the activity coefficient, 1.0004 (6). Sett ing 
x2 = ]2 = 1, we find K = 37.78. 

In  order for Eq. [5] to be used for an accurate cal- 
culat ion of x2, the dependence of ]~ on x~ must  be 
known. This may be found from an expression for the 
Gibbs function of mixing  and the limits of miscibili ty 
of the solid solution at 25~ The Gibbs function of 
mixing the pure components to form the solid solution 
is defined by 

G M - -  n l ( ~ l  - -  /~t ~ ) + ~Z(/~2 - -  /z2 ~ ) [ 6 ]  

where ~i is the chemical potential  of component i in 
the solution, and ~= is the molar Gibbs function of 
pure component  i. We assume that  the Gibbs function 
of mixing  per mole of solid solution, G M, may be ex-  
pressed by 

GM/RT : Xl in  xl q- x2 In x2 q- Bxlx2 

-~- Cxlx2(I  -- X2/2) [7] 

where  R is the gas constant, T is the absolute tempera-  
ture, and B and  C are functions of tempera ture  and 
pressure but  not  of composition. Expressions for the 
logari thms of the activity coefficients of the compo- 
nents  may be derived from Eq. [7]; these are given 
by 

In fz ---- (B + 3C/2)x22 -- Cxe 3 [8a] 

In f2 = Bxl  ~ -t- CXl s [db] 

The condition for a miscibil i ty gap in  the solid solu- 
t ion is that  a single straight line be tangent  at  the two 
solubil i ty l imits to the curve of GM/RT vs. x2. After 
some algebra this condition with the solubil i ty gap 
extending from x2 = 0.05 to x2 = 0.87 gives B = 
1.5445; C = 1.7408. Insert ion of these values into Eq. 
[5] and [8b] gives 

x2 = (m27__2/37.78) e -(1.5445x1~ + 1"7408x1~) [9] 

where it is assumed that  the effect on mcl -  and 7-+ of 
dissolved silver chloride is negligible, so that  m c i -  = 
m N a  + " -  m .  

With the use of sodium chloride activity data (6) 
Eq, [9] may be solved i terat ively for the mole fraction 
of sodium chloride in the solid solution at various 
sodium chloride concentrations. The results of these 
calculations are presented in the first three columns of 
Table III. Comparison of the values of x~ at 4.0, 5.0, 
and 6.0M sodium chloride with the exper imental  val-  
ues of Table II shows fairly good agreement. 

The calculation of the effect of solid solution forma- 
tion on electrochemical cell measurements  is s traight-  
forward. Harned  and Nims (8) and Caramazza (10) 
used sodium amalgam cells which may be wr i t ten  

Ag(s)  IAgCl(s)  I NaCl(aq,m')  I 

Na( inNaxHg)  I NaCl(aq,m")  I AgCl(s)  l A g ( s )  [10] 

The reference solution with molal i ty m'  is so dilute 
that solid solution formation is ent i rely negligible in 
the left side of the cell. For  thermodynamic  compari-  
sons we are interested in the value of the logari thm of 
the apparent  mean  activity coefficient, (7+-")a,p, cal- 
culated with the neglect of solid solution formation, 
less the true value of the logari thm of the activity 
coefficient. This difference is given by 

log(7+__")app -- log 7+-" = -- ( ~ )  log a"Agcl [11] 

Values of the r ight  side of Eq. [11] calculated by Eq. 
[da] and [9] are given in  the fourth column of Table 
III. 

For  a comparison with exper imental  results we 
identify the "true" values of 7+-" with those calculated 
from solvent activities (6, 11) and the "apparent"  
values with those determined by  electrochemical cell 
measurements.  Values of the left side of Eq. [11] are 
plotted in  Fig. 2 for the measurements  of Harned and 
Nims (8) and Caramazza (10), and for the results of 
Lanier  (9), who used a sodium-sensi t ive glass elec- 
trode in  combinat ion with a silver, silver chloride 
electrode. The broken curve shows the prediction of 
Eq. [8a], [9], and [11]. The agreement  of the calcu- 
lated curve with Caramazza's values is good up to 4M. 
At higher concentrations his values of the activity 
coefficients give large positive deviations from our 
curve and from Lanier 's  results. The points labeled 
"this work" are calculated from Eq. [4] and [11] and 
the exper imental  results of Table I. The calculation 
from solubili ty considerations of both the composi- 
tions of the solid solutions and the deviations of the 

Table III. Mole fractions and activities of silver chloride in 
solid solutions at 25~ 

m.~ac~ (mol kg-1) a~acl xAgcl --0.5 lOgloaAgcl 

1.0 0.4365 0.9996 0.00005 
1,5 0.9807 0.9990 0,0002 
2.0 1,8031 0.9982 0,0004 
2.5 2.9817 0.9970 0,0006 
3.0 4.6204 0.9952 0.0010 
3~5 6.8694 0.9928 0.0015 
4,0 9.88~6 0.9893 0.0022 
4.5 13.870 0.9844 0.0032 
5.0 19.149 0,9771 0.0046 
5.5 26.056 0.9660 0.0065 
6.0 34.985 0.9473 0.0093 



Vol. 120, No. 5 

12 
Oq 
o 

10 
x 

o8 
O~ 

_o 6 

........... T" I I I I i I 

Harned 

0 Caramazza 

�9 This Work 

Lanier 

SILVER,  S I L V E R  

! I l I 

o 

/ 

/ 
/ 

-- -- -- Calculated 

4 �9 o 

0 ~ - 
o 

o 
-2 o 

1.0 2,0 3.0 4.0 5 0  6.0 
mN~c,(mole kg -1) 

Fig. 2. Deviations of activity coefficients derived by electro- 
chemical cell measurements from those determined by solvent 
activities. 

emf resul ts  y ie lds  s t rong suppor t  to the  present  i n t e r -  
pre ta t ion  of those deviations.  

F u r t h e r  evidence in suppor t  of solid solut ion fo rma-  
t ion comes f rom the mechanical  p roper t ies  of s i lver  
chlor ide immersed  in concent ra ted  aqueous sodium 
chloride.  Levine  et al. (30) and Westwood et al. (31) 
found tha t  t r ea tmen t  of both  po lycrys ta l l ine  and 
s ing le -c rys ta l  forms of s i lver  chlor ide  wi th  concen- 
t r a ted  sodium chlor ide  solution g rea t ly  embr i t t l es  the 
solid. The effect becomes evident  at concentrat ions of 
2-3M sodium chlor ide  bu t  is not  found wi th  potass ium 
chlor ide  or  cesium chloride.  These observat ions  are  
consistent  wi th  solid solut ion format ion  at  the  surface 
of s i lver  chlor ide crystals .  I t  is jus t  a t  concentrat ions  
of 2-3M tha t  solid solut ion format ion  begins to cause 
significant devia t ions  in the  emf measurements .  
Nei ther  potass ium ion nor  cesium ion is compat ib le  
wi th  the s i lver  chlor ide  lattice,  so no solid solution 
format ion  would  be  expected  wi th  these  ions. 
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Concentration Recovery in the Downstream 
of a Rotating Disk Electrode 

Der -Tau  C h i n *  

Electrochemistry Department, Research Laboratories, General Motors Corporation, Warren, Michigan 48090 

ABSTRACT 

A simple and systematic method based on the principle of maximal  balance 
is used to discuss mass t ransfer  mechanisms in various diffusion regions on 
a finite rotat ing disk electrode. A wake solution is presented to describe 
the concentrat ion distr ibution in the far downstream of the electrode. It  is 
shown that  the wake length behind the disk electrode is ten times smaller 
than  that  behind a flat-plate electrode in plane f l o w .  

The rotat ing disk electrode (RDE) is one of the 
most versatile tools used in the study of electrode 
kinetics. In  theory (1), the electrode is assumed to be 
infinitely large, and the diffusion field to be one-dimen- 
sional, independent  of the radius. This leads to a "uni-  
formly accessible surface" for the electrode and has 
the advantage that the reaction rate  at the electrode 
is everywhere the same. In practice, the electrode is 
finite and is usual ly  made of a circular disk electrode 
mounted  flush in the center of an electrically iner t  
rotat ing disk. At the l imit ing current  potentials, the 
concentrat ion of the diffusing ion becomes zero at the 
electrode surface, whereas on the insulat ing surface 
there is no reaction taking place. This difference in 
the surface conditions in effect produces a radial diffu- 
sion flux near  the edge of the disk electrode as well  
as on the insulat ing disk; consequently, the concept of 
the uni formly  accessible surface fails to hold in these 
regions. 

To attack the diffusion problem for such a finite 
rotat ing disk electrode, we divide the concentration 
boundary  layer into three regions as shown in Fig. 1. 
The first region is the MAIN region over the disk elec- 
trode, where the diffusion field can be approximated 
as one-dimensional .  The second region is the EDGE 
region, which is a nar row zone spanning a portion of 
the electrode surface near  the edge of the disk elec- 
trode and a portion of the insulat ing plane in the im-  
mediate neighborhood of the disk electrode. The third 
region is the WAKE region in the far downsteam of 
the disk electrode. In  the ma in  region the Levich 
theory (1) gives a fair description of the rate of diffu- 
sion at high Schmidt numbers  (Sc). The diffusion 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  words: principle of  m a x i m a l  b a l a n c e ,  m a s s  t r a n s f e r ,  con -  

c e n t r a t i o n  boundary l a y e r ,  r i n g - d i s k  electrode. 
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Fig. I .  Concentration boundary layer on a rotating disk electrode 
of radius ro when Rel/2Sc1/'~--)oo. (l) The MAIN region; (2) the 
EDGE region; (3) the WAKE region. The concentrotion profiles in 
the main region are calculated from the Levich equation, and those 
in the woke region are the results of the present analysis. 

problem in the edge region has been discussed recent ly 
by Smyrl  and Newman (2). Presently,  we are inter-  
ested in the concentrat ion recovery of the diffusing ion 
in the wake region. Such information would not only 
serve as a complement to the t ransfer  theory of the 
RDE, but  would also be most useful in connection with 
the rotat ing r ing-disk electrode. 

Since different regions involve different t ransport  
mechanisms, the problem of deducing differential equa- 
tions for each of the regions is a t r icky one. In the 
classical procedure, the deduction is often made by 
setting forth a number  of prior assumptions, such as 
aC/ar = 0, etc. The modern  method of order-of-mag- 
ni tude estimate based on a principle of "maximal  
balance" appears not to have been widely used in the 
electrochemical l i terature. According to this principle, 
the deduction should be performed in such a way that 
the max imum amount  of physical knowledge can be 
retained in the resul t ing differential equation. Quite 
often there appears to be a number  of ways to simplify 
the t ransfer  equation for a given region. However, the 
most desirable way is the one achieved by use of a set 
of order-of-magni tude information which gives the 
least simplification, and which mainta ins  the max imum 
number  of comparable terms in the simplified equa-  
tion. Thus, the principle of maximal  balance is also 
called the principle of "maximal  complication," or the 
principle of "least degeneracy." Good i l lustrations of 
this principle can be found in the works by Van Dyke 
(3), Kruskal  (4), and Chin (5). 

The purpose of this paper is: (i) to use the RDE as 
an example to demonstrate that the principle of maxi-  
mal balance is a simple and systematic method for de- 
duction of t ransport  equations for various concentra- 
t ion regions, and (ii) to present a wake solution de- 
scribing the concentrat ion distr ibution in the far down- 
stream of the disk electrode. 

Theoretical 
Maximal balance and di~usion layer equations.--In 

this analysis we assume that a disk electrode of radius, 
to, is embedded concentrically in  an insulat ing rotat ing 
disk of infinite size as shown in Fig. 1. The disk is rotat- 
ing with an angular  velocity, ~, in a solution of con- 
stant  properties. The solution contains an excess of 
supporting electrolyte, and the Schmidt number  of the 
diffusing ion is assumed to have a large value. Under  
these conditions, the equation of convective diffusion 
in the neighborhood of the disk electrode may be 
given a s  

~ x 0r 1 0r 

1 02r 1 02~ , 1 0@ 
- - ~  I- - -  - -  + - -  [ 1 ]  

Sc 0TI 2 ReSc Ox 2 ReScx  Ox 

6 2 8  
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with  the  boundary  condit ions 

(i) r = 0  a t ~ ] = 0  for x < l  

0r 
(ii) - - = 0  a t e = 0  for  x > l  

0~ 
[2] 

(iii) r ----1 at  x and ~t--> oo 

8r 
( iv) -- = 0 at x = 0 

Ox 

Our task  here  is to app ly  the  pr inciple  of ma x ima l  
balance to obta in  a simplif ied equat ion for each of the  
concentrat ion regions shown in Fig. 1. This requi res  
an es t imate  of the o rder  of magni tude  of every  single 
te rm in Eq. [1]; the  t e rms  wi th  smal ler  orders  wi l l  be 
dropped,  re ta in ing  only  those having  the  same order  
of magni tude.  Since Sc is assumed to have a large  
value, we wil l  make  our o rder -o f -magni tude  es t ima-  
tion in t e rms  of this  parameter .  To do this, we intro-  
duce a set of s t re tched  coordinates  defined as 

Z = Sc% ~,~ > O, /~ --~ 0 [ 3 ]  

X_-- Sc~ ( x - -  1) J 
Subst i tu t ing  the  new var iables  into Eq. [ 1], we have 

( ' ) O ~  
aSc~-=Z --  -- Sc~-2~Z2 -{- 

2 " '"  ~ "  

Sc_2aZ 2 -~ 
1 

+ a S c - ~ Z - ~ -  . . .  

+ ( --aSc-aZS + 

X 0r 
OX 

1 Sc-2~Z s + . . . )  0~ 
oz 

02r  1 02r  
- -  S c 2 a - I  .~  ScaB-1  

OZ 2 R e  OX 2 

1 0r 
+ (Sc~-1 -- S c - I X  + ...) - -  ~ [4] 

Re OX 

The exponents  of Sc in the  leading terms in Eq. [4] a re  

/ ~ - - a : - - = : -  ~ :  2 ~ - -  1 : 2 / ~ - -  1 :  / ~ - -  1 [5]  

The objec t ive  of the  pr inc ip le  of max ima l  balance  is 
to de te rmine  values  of ~ and /~ for each of the  con- 
centra t ion regions such that  the  max imum number  of 
comparab le  te rms can be p rese rved  in the governing 
equation. To achieve this, a t r i a l  and er ror  method is 
used. Numer ica l  values  are  assigned to ~ and ~, and  a 
comparison is carr ied  out among the te rms in Eq. [5]. 
The terms wi th  smal ler  order  in Sc are dropped,  re ta in-  
ing only the  te rms of the highest  o rder  in Sc. This pro-  
cedure  is repea ted  unt i l  one finds a set of values  for  
a and /~ which keeps the  m a x i m u m  number  of terms.  
I t  should be noted tha t  the main  region and the wake  
region do not  include the point, x --  1. Thus, in these 
two regions, the  s t re tch of the  x-coordina te  in the  
vic ini ty  of x m 1 is not  necessary,  and ~ is zero. On 
the other  hand, the edge region is located in the  im-  
media te  neighborhood of x ---- 1, and/~ is nonzero. 

Using the above  procedures  we find tha t  in the  ma in  
and the  wake  regions, ~ ---- 1/3, and/~ ---- 0. Subs t i tu t ing  
these values  into Eq. [4] and  rear ranging ,  we have 

8r 0r 02r 
a Z x - -  - -  aZs 

Ox OZ OZ 2 

_Sc_ , /8  ( 1 Z2x 8r 1 _ ~ 8 r  - -  - -  - -  ~ - -  + 0 ( S c - 2 / ~ )  [6] 
2 Ox 3 OZ 

w h e r e  Z --  Scl/3~. 
To the zero th-order  approx imat ion  of Sc, we may  

neglect  the  r i gh t -hand  side of Eq. [6], and  the  equat ion 
is s implif ied to 

0r 0r a ~  
aZ x . . . .  aZ 2 - -  = 0 

Ox OZ OZ 2 
(for the  main  and the wake  regions)  [7] 

Using the  method  of separa t ion  of var iab les  and 
making  use of the bounda ry  conditions,  (i) (iii), and 
( iv) ,  it  can be shown that  the  main-region  solution 
takes  the  form of the  Levich  solut ion (1), being inde- 
pendent  of the  dimensionless  r ad ia l  coordinate,  x 

g CM " - -  0.62 exp 3 

For  the  edge region, w e  find a --  ~ : �89 F u r t h e r -  
more, by  s t re tching the independent  var iables  again  
with respect  to large Re, Eq. [4] can be reduced to 

0 4  02r 0r 
{ aZ* �9 = 0 [9] 

OZ*2 OX*2 OX* 

with  X* ----Res/4Sc I/2 ( x -  1) and Z* ----Rel/4Scl/2 ~. 
This equat ion implies  tha t  (i) the  rad ia l  diffusion and 

convection te rms have the same order  of magni tude  as 
the  axia l  diffusion te rm in the  edge region; (ii) for N 
_-- Rel/2Sc 1/3 --> oo, the size of the edge region dimin-  
ishes to a single point  at  x ---- 1 and ~] = 0, and its 
existence can be ignored for prac t ica l  calculations.  
The second point  is especial ly  impor tan t  in electro- 
chemical  applications,  for now the wake  region equa- 
t ion can be solved by  d i rec t ly  match ing  wi th  the  main  
region solut ion at  x --  1. This has  been the  basic 
assumption in der iv ing  the  p reva len t  r ing -d i sk  theory  
(6, 7), a l though none of the  previous  invest igators  
expl ic i t ly  ment ioned it. 

Equat ion [9] has been solved numer ica l ly  by  Smyr l  
and Newman  (2). Their  resul ts  concerning the  con- 
t r ibu t ion  of the edge region to the average  mass flux 
on the  surface of the  disk electrode can be summar ized  
a s  

JE/JM -- 1.92/Re 3/4 Sc 1/2 [10] 

Here  JE and JM are  the  contr ibut ions  to the mass flux 
from the  edge- and the  ma in - reg ion  solutions, respec- 
t ively.  The to ta l  average  ra te  of t ransfer  to the elec-  
t rode  surface is the  sum of these two quanti t ies.  

Wake-region solution.pFor N ---- oo, Smyr l  and New- 
man  (7) have  used a St ie l t jes  in tegra l  method  to ob- 
ta in  a surface concentra t ion d is t r ibu t ion  in the  down-  
s t ream of the  d isk  e lect rode b y  match ing  the boundary  
conditions wi th  Eq. [8]. For  finite values  of N, we 
have found the fol lowing equat ion 

A ( a z 8  ) [11] C w - - l - b - ~ e x p  - - ~ -  

sat isfying both Eq. [7] and the boundary  condit ions 
(ii) and (iii) of Eq. [2]. To de te rmine  the constant,  A, 
one needs to match  Eq. [11] wi th  the solution on the  
insula tor  side of the edge region. Since there  is no 
genera l  solution avai lable  for the  edge region when N 
is finite, the  match ing  opera t ion  is not  possible. A n  
a l te rna t ive  w a y  is to app ly  the  pr incip le  of mass  
balance.  Accordingly,  the  flux of the  diffusing ion car- 
r ied by  the e lec t ro ly te  flow to the  rota t ing disk should 
be equal  to the  sum of the  flux consumed at  the  sur-  
face of the cent ra l  d isk  e lec t rode  and the  flux re tu rn-  
ing to the  bu lk  of the  e lec t ro ly te  in the  downs t ream of 
the  disk electrode. Mathemat ica l ly ,  this c r i te r ion  may  
be obta ined by  in tegra t ing  Eq. [1] over  the concentra-  
t ion bounda ry  l aye r  

s  Eq. [1] .d~l.roxdo 

A t  high Schmidt  numbers ,  this  in tegra t ion  can be s im-  
plif ied to 

ax~Z ( r  1) d Z - - - - x  
Z 0 
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In  the wake region, we have x > 1, and  the above 
equat ion can be integrated to give 

fo o~ axSZ (@- l ) x > l d Z = -  SoL X(  iZ-)z=odX [12] 

Subst i tut ing Eq. [8] and [10] in  the r ight -hand side 
of Eq. [12], and Eq. [11] in the lef t -hand side of Eq. 
[12], we find 

1.92 ) 
A = - -  0.413 ( 1 -t-Re3/4Scl/2 

Thus, the  concentrat ion dis t r ibut ion in the far  down- 
s t ream of a rota t ing disk electrode is described by 

( o )  
. . . .  Z 3 [13] 

Cw = 1 x 2 + Re3)4scl/2 exp 3 

Discussion of  Results 
The concentrat ion recovery of the diffusing ion on 

the insulat ing surface is shown in Fig. 2 for three 
different values of Rel/SSc 1/~. The thick solid curve3 
are calculated from Eq. [13] by setting Z = 0. The th in  
solid curves are Smyrl  and Newman 's  numerical  solu- 
t ions (2) for the edge region. It  is seen that  the present  
results correctly predict that  the surface concentra-  
t ion would asymptotically approach 4~ = 1 at large 
radial distances in the downstream of the disk elec- 
trode; however, it fails to give a zero concentrat ion 
at the edge of the electrode (x = 1). On the other 
hand, Smyrl  and Newman 's  edge-region solution cor- 
rect ly predicts the concentrat ion recovery in the im-  
mediate vicini ty of x = 1; it gives a false value of r 
larger than the bulk  concentrat ion (v = 1) at some 
distance from the disk electrode. In  a later  report, 
Smyrl  and Newman published a more complete solu- 
t ion (7) for the surface concentrat ion on the insulat ing 
surface when N ~ oo. This solution is plotted in Fig. 2 
as the dashed curve, which appears to be a smooth con- 
nection between the edge-region and the wake solu- 
tions. I t  is seen that  the edge-region solution is valid 
only for x < 1.I. On the other hand, the present wake 
solution represents only an asymptotic behavior  of the 
diffusing ion at large x. It  begins to be val id at x ~ 1.5; 
wi th in  this region the accuracy is expected to be better  
than  98%. 

Equat ion [13] shows that  the concentrat ion defi- 
ciency, 1 --  ~w, in  the far downstream of the disk 
electrode is inversely proport ional  to the square of the 
radial distance. For large values of Rel/2Sc~/3, it takes 
a distance about twice the radius of the disk electrode 
to at tain a 95% recovery (Fig. 1). This rate of recovery 
is faster than  that  found in the downstream of a flat- 
plate electrode in channel  flow. For flows over a fiat- 
plate electrode embedded in  an insulat ing plane, the 

I [ I I r I I t [ 
! 

C)] / / / /  " SMYRL O NEWMAN. REF'2 -- i ~ ) ~ / , /  " SMYRL & NEWMAN, REF'7 

o r  ~ I t I I I i t 
I-o I-Z 1,4 IS ~-s 2.o 

x = r/to 

Fig. 2. Concentration recovery on the insulating surface in the 
downstream of the disk electrode. The present woke solutions ore 
given as the thick solid curves. The thin solid curves are Smyrl and 
Newman's edge-region solutions. The dashed lines represent graphi- 
cally interpolated values which would smoothly connect the two 
solutions. 

recovery of the surface concentrat ion in the wake re- 
gion is shown to be proport ional  to the 2/3 power of the 
distance from the leading edge of the electrode (8), 
and it would take twenty-four  t imes the length of the 
electrode to reach a 95% recovery. Thus, the length of 
the wake region on the rotat ing disk is ten times 
smaller  than that  in plane flow. F rom the electroana- 
lytical point of view, this leads to a disadvantage 
for the r ing-disk electrode because the r ing-d isk  dis- 
tance is more critical than if one places the indicator 
electrode in the downstream of a flat-plate electrode 
in plane flow. The results of this analysis also indicate 
that  the existing r ing-disk theory is valid only for 
N ~ ~ ;  correction to the theory for finite N requires 
fur ther  investigation. 

Summary 
In  summary,  we have used the principle of max i -  

mal  balance to discuss t ransfer  mechanisms in various 
diffusion regions on a finite rotat ing disk electrode. An 
analyt ical  solution is presented to describe the concen- 
t rat ion distr ibution in the wake region. It is shown that 
the wake length behind the disk electrode is ten times 
smaller  than  that  in the downst ream of a flat-plate 
electrode. 

Manuscript  submit ted Jan. 18, 1972; revised m a n u -  
script received Oct. 26, 1972. 

Any  discussion of this paper will  appear in  a Discus- 
sion Section to be published in  the December 1973 
JUORNAL. 

SYMBOLS 
a dimensionless constant, 0.510 
A integrat ion constant in the wake solution, di-  

mensionless 
C concentrat ion of the diffusing ion, g-mole/cm 3 
C| bu lk  concentrat ion of the diffusing ion, g-mole/  

c m  3 
D diffusivity, cmS/sec 
J average rate of mass t ransfer  on the surface of 

the disk electrode, g-mole/cm 2 sec 
JE contr ibut ion to the rate of mass t ransfer  on the 

electrode surface from the edge-region solution, 
g-mole/cm 2 sec 

JM contr ibut ion to the rate of mass t ransfer  on the 
electrode surface from the main-region solution, 
g-mole/cm 2 sec 

N dimensionless parameter  defined as Rel/SSc 1/3 
r radial  coordinate, cm 
ro radius of the disk electrode, cm 
Re Reynolds number  defined as roS~O/v, dimensionless 
Sc Schmidt number  defined as v/D, dimensionless 
x dimensionless radial distance defined as r/ro 
X* dimensionless radial  distance (for the edge-re- 

gion) defined as Re3/4Scln(x -- 1) or N~/2(x -- 1) 
z axial coordinate, cm 
Z dimensionless axial distance defined as Scl/3n, or 

Sd/3 (~/~) 1/2z 
Z* dimensionless axial distance (for the edge-re- 

gion) defined as Ret/4Se 1/~ or N1/~Z 

Greek SymboZs 
a nonzero positive number  for the stretch of the 
axial  distance, see Eq. [3] 
a positive n u m b e r  for the stretch of the radial  
distance, see Eq. [3] 

n dimensionless axial  distance defined as (~/v)1/~z 
e circumferent ial  coordinate, rad  
v kinematic  viscosity of the electrolyte, cmS/sec 

dimensionless concentrat ion defined as C/Ca 
~M concentrat ion profile in  the main  region, d imen-  

sionless 
@w concentrat ion profile in  the wake region, dimen- 

sionless 
angular  velocity of the rotat ing disk, rad/sec 
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A Rotating Ring-Hemispherical Electrode 
for Electroanalytical Applications 

Der-Tau Chin* 
Electrochemistry Department, Research Laboratories, General Motors Corporation, Warren, Michigan 48090 

ABSTRACT 

A study has been made of the combinat ion of a rotat ing hemispherical  
electrode with a r ing electrode of a larger radius for use in investigations of 
reaction intermediates.  Cyclic vo l tammetry  in  an acid copper solution was 
used to test the feasibility of the combination, and a ferr icyanide/ferrocyanide 
redox reaction was used to measure the collection efficiency at the r ing elec- 
trode. The collection efficiency was found to be independent  of the rotat ional  
speed in laminar  flow, and its value was comparable to that  obtained from 
the rotat ing r ing-disk electrode theory. The results indicate that  the r ing-d isk  
theory can be used as a rough approximation for the r ing-hemisphere  elec- 
trode if the inner  radius  of the r ing  electrode is a m i n i m u m  of 1.08 times the 
radius of the hemispherical  electrode. Easy replacement  of the central  hemi-  
spherical electrode is a big advantage of this new geometry. This offers elec- 
trochemists an al ternat ive choice where the use of a r ing-d isk  electrode would 
fail to give a meaningful  result  and where f requent  replacement  of the disk 
electrode is needed. 

In  electrochemistry a powerful technique that per-  
mits  the quant i ta t ive s tudy of reaction intermediates is 
the rotat ing r ing-d isk  electrode (RRDE) (1). The 
RRDE consists of a circular disk electrode and a r ing 
electrode of a larger diameter mounted flush and con- 
centrically in the surface of an insulated rotat ing disk. 
A n  in termediate  that is produced by an electrochem- 
ical reaction occurring at the central  disk electrode is 
t ransported by a radial  flux to the ring, and the r ing 
electrode then serves as an indicator to analyze the 
electrochemical properties of such an intermediate.  
From these properties, the na ture  of the intermediate  
and the kinetics of the intermediate  reaction can be 
identified. Experimental ly,  the RRDE requires a per-  
fectly flat surface. This requi rement  has impeded the 
application of the RRDE to high-ra te  dissolution reac- 
tions such as electrochemical machining,  electrochemi- 
cal polishing, h igh-ra te  corrosion, etc., because the disk 
electrode made of the metal  being dissolved would 
recede into the support  surface and upset the fluid flow 
characteristics. This would result  in  a greater  loss of 
the intermediate  being t ransferred to the r ing elec- 
trode. 

Recently, the electrochemical application of a rotat-  
ing hemispherical  electrode was discussed in a number  
of papers (2-5). A theory of convective diffusion was 
formulated for the rate of ionic t ransfer  at the spheri-  
cal surface, and an exper imental  setup for the use of 
such an electrode was described. There are several ad-  
vantages in the use of this geometry: 

1. The basic theory of the rotat ing sphere differs 
from that  of the rotat ing disk by only a' numerical  fac- 
tor in the proportional constant;  thus, the method of 
application for electrochemical studies will  be the same 
as that  for the rota t ing disk electrode. 

2. The hemispherical  electrode protrudes from the 
surface of the iner t  support. The electrode can be re-  
placed easily; only one support  rod is needed. On the 
other hand, the fabricat ion of a replaceable rotat ing 

* E l e c t r o c h e m i c a l  Society  Act ive  M e m b e r .  
Key words: ring-disk electrode, cuprous/cupric reactions. 

disk electrode is difficult because the disk electrode has 
to be flush with the support surface. 

3. The hemispherical  electrode merely reduces in 
size dur ing the dissolution reaction. This change will 
not alter the fluid flow characteristics wi thin  a reason- 
able durat ion of exper imental  runs.1 

4. The pr imary  current  dis t r ibut ion is uniform across 
the surface of the hemispherical electrode. 

Considering these advantages, it was thought  that  
by replacing the central  disk electrode on the RRDE 
with a hemispherical  electrode (HSE) as shown in Fig. 
1, one might  offer electrochemists an al ternat ive 
method for the study of reaction intermediates,  es- 
pecially for dissolution reactions. We call the electrode 
combinat ion of this kind the rotat ing r ing-hemispher-  
ical electrode (RRHSE). The fluid flow around the HSE, 
observed in a previous s tudy (4), involves an inflow of 
the electrolyte toward the spherical surface along the 
axis of rotation, and a swirl ing motion of the electro- 
lyte along the electrode surface toward the equator. 
In  the vicinity of the equator, the flow bends smoothly 
90 ~ toward the radial  direction, and then moves along 
the support  surface to the bulk  of the electrolyte. No 
vortex was observed at the equator when  the flow was 
laminar  (for Reynolds number  less than 104). Thus, any 
intermediate  generated at the hemispherical electrode 
is carried by the electrolyte flow to the r ing electrode, 
where the na ture  of the intermediate  can be analyzed. 

The purpose of this study was to investigate the 
feasibility of the RRHSE for electroanalytical  applica- 
tions. Cyclic vol tammetry  in acid copper solutions was 
used to demonstrate the abil i ty of the RRHSE to detect 
the reaction intermediate,  and a fer r icyanide/ ferro-  
cyanide redox system was used to measure the collec- 
t ion efficiency at the ring electrode. This paper de- 
scribes the results  of these investigations. 

1 I t  has  been  f o u n d  t h a t  s l i g h t  d e v i a t i o n  f r o m  s p h e r i c i t y  does n o t  
ef fect  t he  f low p a t t e r n  app rec i ab ly ,  h o w e v e r ,  a s e v e r e l y  e t ched  
sur face  m a y  p r o d u c e  loca l i zed  d i s t u r b a n c e s  a n d  cause an  e a r l y  
t r a n s i t i o n  to  t u r b u l e n t  flow. P r o l o n g e d  e x p e r i m e n t a l  r u n s  s h o u l d  
be a v o i d e d  for dissolution r eac t ions .  
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Fig. 1. Rotating rlng-hemispherical electrode 

Experimental 
Rotating r ing-hemispherical  eZectrode.wThe RRHSE 

used was modified from a Pine  Ins t rument  DT ring 
electrode. It consisted of a Teflon support rod, a plat i -  
num ring electrode, and a replaceable gold-plated 
hemispherical head electrode. Figure 1 i l lustrates the 
construction details. 

The Teflon support  was a 1.9 cm diameter  rod. A 
pla t inum r ing electrode, 0.798 cm ID • 1.003 cm OD, 
was embedded in the end of the support. At the center 
of this support  end, there was a 0.396-cm hole which 
reached to a stainless steel shaft inside. The steel shaft 
had a 6-32 female thread to accommodate the hemi-  
spherical electrode. The other end of the Teflon sup- 
port  rod was attached to a stainless steel collet which 
was machined to fit into a high speed rotator. 

A 6-32 brass screw having a hemispherically shaped 
head was used as the replaceable hemispherical elec- 
trode. The surface of the hemispherical head was elec- 
t roplated with a smooth layer  of gold. To assemble the 
RRHSE, a th in  film of silicone grease was applied to the 
backside of the hemispherical  head; the hemispherical  
electrode was then screwed into the steel shaft unt i l  
the under  surface of the screw head mated t ightly with 
the Teflon support surface. Six such hemispherical 
electrodes were constructed, with the diameter  of the 
hemispherical  head varying  from 0.634 to 0.788 cm. 

Cell arrangement  and electrical m e a s u r e m e n t s . m A n  
acrylic plastic vessel, 16.5 cm ID X 15 cm high, was 
used as the cell container. It was equipped with several 
baffles on the sidewall and two pla t inum counterelec- 
trodes on the cell bottom. Each of the counterelec- 
trodes had an approximate surface area of 2.5 cm 2 ex-  
posed to the electrolyte. The container also had two 
reference electrode compartments  which had capillary 
tubes extending to the downstream side of the RRHSE. 
Two saturated calomel electrodes (SCE) placed in the 
compartments  were used as the reference electrodes: 
one for the HSE, and the other for the r ing electrode. 

The potential  of the hemispherical  electrode was 
controlled by  a Magna 4700M potentiostat. A Magna 
4510 l inear scan uni t  was used in conjunct ion wi th  the 
potentiostat  in order to sweep the HSE potentials. The 
r ing potential  was controlled by a ba t te ry-powered 
potentiostat  designed and constructed at the General  
Motors Research Laboratories. This potentiostat  was 
floating with respect to ground; thus together with the 
second reference and  counterelectrodes, it offered an 
electric circuit independent  of the HSE. The electric 
currents  collected from the hemispherical and the r ing 
electrodes were measured by passing the currents  

through two s tandard resistors; the voltage drops 
across the resistors were fed to the vertical channels  of 
a Honeywell  540 XYY' recorder. The horizontal chan- 
nel of the recorder was used to indicate the HSE poten-  
tials. 

Rotation of the RRHSE was provided by a Pine  In-  
s t rument  PIR high-speed rotator, which had a speed 
range of 400 to 10,000 rpm. Electrical connections to 
the hemispherical  and the r ing electrodes were made 
by two s i lver /carbon s l ip-r ing contacts mounted  on the 
rotator. For  each run, the surface of the r ing electrode 
was l ightly polished on a 600 grit Carbimet wet gr ind-  
ing paper; the hemispherical electrode was then fas- 
tened to the Teflon support. The assembled RRHSE 
was cleaned with ethanol and was cathodically treated 
at --2V in  a 2M NaOH solution for 2 min  followed by 
a r inse in  r unn i ng  distilled water. The clean RRHSE 
was t ransferred immediately to the cell filled with 
the test electrolyte and was installed on the rotator. 
To provide approximately infinite surroundings for the 
RRHSE, the spacing between the RRHSE and the coun- 
terelectrodes was kept  at 4 cm throughout  the experi-  
ments. All  the runs  were performed at a temperature  
of 24~ I~ 

Feasibili ty tes t . - -To  test the abil i ty of the RRHSE to 
detect reaction intermediates,  a t r iangular  vol tam- 
metric sweep was carried out for the Cu2+/Cu ~ reac- 
tions. The electrolytes used for the tests were: (i) 
0.01M CuC12 plus 0.5M HC1; and (ii) 0.01M CuSO4 plus 
0.SM H2SO4. These solutions were saturated with nitro- 
gen before and dur ing  the exper imental  runs.  The po- 
tent ial  of the Au-HSE was scanned between 0.4 to 
--0.4V vs. SCE in the chloride solution, and between 
0.2 to --0.2V vs. SCE in the sulfate solution. To detect 
the formation of Cu + ion dur ing  the scan, the potential  
of the Pt - r ing  electrode was main ta ined  at 0.4V vs. 
SCE for the chloride system, and at 0.58V vs. SCE for 
the sulfate system. At these potentials cuprous ion is 
oxidized to cupric ion, 

Measurement  oy collection e#~ciency.--Limit ing cur- 
ren t  measurements  for the reduct ion of Fe(CN)6 ~- to 
Fe(CN)64- at the HSE and the oxidation of Fe(CN)64- 
to Fe (CN)63-. at the r ing electrode were used to deter-  
mine  the collection efficiency. A ni trogen-saturated 
solution containing 0,01-0.05M KsFe(CN)6 and 0,5M 
NaOH was used for the measurements.  The potentials 
of the HSE and the r ing electrode were main ta ined  at 
--0.1 and 0.4V vs. SCE, respectively, and the collection 
efficiency was calculated as the ratio of the ring cur-  
rent  (minus any residual current  when the HSE was 
at open circuit) to the HSE current.  

Results and Discussion 
EI~ect 05 the  hemispherical  head on the rate of mass 

trans]er to the  ring e lectrode.- -Before  the RRHSE ex- 
periments,  a r un  was made to investigate the behavior 
of the r ing electrode in the presence of an HSE on the 
upstream side of the electrolyte flow. The reduction of 
ferricyanide ion in  a solution containing 0.01M 
K3Fe(CN)6, O.01M K4Fe(CN)6, and 0.5M NaOH was 
used for the study. Limit ing currents  were measured 
on the r ing while the HSE was at open circuit. The re- 
sults are given in Fig. 2, where the ratio of the r ing 
current  in the presence of the HSE to the r ing current  
in the absence of the HSE (same size r ing electrode) 
is plotted against rotational speeds for various sizes of 
the hemispherical electrodes. The exper imental  data 
are represented by the symbols, O,E:3, A, etc., and the 
average of these values is shown as the solid line. The 
dashed lines are the reproducibil i ty of the measure-  
ments.  I t  is seen that  wi th in  the experimental  error 
of _+5%, the l imit ing current  on the r ing electrode is 
not  affected by the presence of the central  hemi-  
spherical head; the average of the ratio data shown in  
the figure is 1.005. This is an  interest ing discovery, for 
despite a convex geometry presented by the HSE in 
the upstream, the r ing behaves as though it were 
mounted  on the surface of a flat rotat ing disk. The 
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spondir~g to the l imit ing current  for the reduct ion of 
cupric ion to copper at the HSE. The collection ef- 
ficiency of cuprous ion, calculated by dividing the mag-  
ni tude of the r ing current  plateau by the magni tude  of 
the first HSE current  plateau, is found to be 33%, in-  
dependent  of the speed of rotation. 

F igure  4 shows the results of a t r iangular  sweep in 
the cupric chloride solution for the same RRHSE used 
above. The rate of scan was 0.8 V/min,  and the rota-  
t ional speed of the electrode was 1600 rpm. The result  
for the cathodic scan is seen to be the same as in  Fig. 3 
and will  not be discussed further.  For the anodic 
sweep, a current  peak is obtained for both the r ing 
and  the hemispherical  electrodes. These peaks are 
caused by  the dissolution of deposited copper on the 
HSE and by the pickup of a dissolution product  in the 
form of Cu + at the r ing electrode. The ratio of the 

R P M  

Fig. 2. Effect of H$E on the limiting current on the ring elec- 
trode. The ring electrode used was 0.798 cm ID x 1.003 cm OD in 
size, and the currents were measured while the central hemispheri- 
cal electrodes were at open circuit. 

significance of this point will  be discussed in a later  
section. 

Results of Sensibility tes ts . - -The abil i ty of the 
RRHSE to detect reaction intermediates  is shown in 
Fig. 3, where a series of cathodic sweep curves are 
given for a 0.765 cm diameter Au-HSE in acidic cupric 
chloride solution. Two waves are obtained for the HSE 
current  dur ing the scans (Fig. 3A). The first wave 
corresponds to the reduct ion of Cu 2§ to Cu +. The 
second wave, which begins at a potential  of --0.2V 
vs. SCE, corresponds to the reduction of Cu ~+ to metal-  
lic copper at the HSE. Figure 3b is a plot of r ing cur-  
rent  against  the HSE potential ;  the r ing potential  was 
main ta ined  at 0.4V vs. SCE to oxidize any Cu + gen-  
erated at the HSE and carried by the electrolyte flow 
to the r ing surface. It  is seen that  the r ing current  in -  
creases with the HSE potential  as the first wave reac- 
tion occurs and then levels off when the reaction 
reaches the l imiting current  potentials. The level of the 
r ing current  increases correspondingly with the level  of 
the HSE cur ren t  as the speed of rotat ion increases. 
When the HSE reaches the potential  where  the second 
wave reaction starts to occur, the r ing  cur ren t  drops 
immediately,  a n d  b e c o m e s  zero at a potential  corre- 

- -  (A) / S I  
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Fig. ]. Cathodic scan curves for a RRHSE in CuCI2-HCI solution. 
The ring potential was maintained at 0.4V vs. SCE while the HSE 
potential was scanned at a rate of 0.27 Y/min. 

height of the r ing peak to that  of the HSE peak is 32%, 
in  close agreement  with the result  of the cathodic 
sweeps shown in Fig. 3. This indicates that  wi th in  the 
potential  range scanned, cuprous ion is the pr imary  
product  formed dur ing  the dissolution of copper in 
HC1. 

That  the r ing-hemispherical  electrode is capable of 
differentiating the Cu~+/Cu ~ reaction in  H2SO4 from 
that  in  HC1 is shown in  Fig. 5, where  the t r iangular  
sweep curves from the same RRHSE are plotted for 
the acid cupric sulfate solution. Figure 5 shows that  
only one reaction wave occurs at the HSE during the 
cathodic scan and no detection of Cu + is made at the 
r ing  electrode. For the anodic scan, a cur ren t  peak is 
observed for the r ing electrode as well  as for the HSE. 
However, the r ing cur ren t  is very  small  compared to 
the HSE current  (note the ~A scale of the r ing cur-  
rent  in Fig. 5B). This implies that  Cu + ion is not 
the major  dissolution product, but  ra ther  is a soluble 
species resul t ing from a secondary reaction at the HSE. 
By sett ing the r ing electrode at --0.2V vs. SCE, the 
potential  at which Cu ~+ ion is reduced to Cu ~ it was 
found that  the major  product resul t ing from the dis- 
solution of copper in H~SO4 is Cu 2+. Thus, the genera- 
t ion of Cu + may be the result  of a secondary chemical 
reaction between the copper deposit on the HSE and 

i ~ I i I 

I - I  t 1 I 

(B} 

HSE POTENTIAL (v/SCE) 

Fig. 4. Cyclic voltammetry curves for a RRHSE in CuCI2-HCI 
solution. The ring potential was maintained at 0.4V vs. SCE, while 
the HSE potential was scanned between 0.4 and - -0.4V vs. SCE at 
a scan rate of 0.8 Y/min. Rotational speed was 1600 rpm. 
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Fig. 5. Cyclic voltammetry curves of a RRHSE in CuSO4-H2S04 
solution. The size of the RRHSE used was the some as that used for 
data in Fig. 3 and 4. The ring potential was maintained at 0.58V 
vs. SCE, while the HSE potential was scanned between 0.2 and 
- -0.2V vs. SCE at a scan rate of 0.4 V/rain. Rotational speed was 
1600 rpm. 

cupric ions in the electrolyte. These results agree with 
a r ing-disk exper iment  reported earlier (6). 

Collection efficiency.--The results of the collection 
efficiency measurements  are presented in Fig. 6 
as a function of the spacing between the equator 
of the HSE and the inner  edge of the r ing electrode. 
The spacing between electrodes was varied by using 
different sizes of hemispherical electrodes, and the 
measurements  were made for two different ferricyanide 
concentrations. It was found that  the collection ef- 
ficiency was independent  of the speed of rotation. Each 
data point  represents an average of the measurements  
over a speed range of 400-4900 rpm, and the scattering 
of the data is given as the I-bars.  This speed range 
covered a span of Reynolds numbers  from 1000 to 
13,000 for the r ing electrode, and 400 to 8000 for the 
HSE, which was well  wi thin  the laminar  flow region. 
The thick l ine in the figure represents a smooth curve 
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g, 

~,- , r , I , I , I , r , I , I , r , 
0"01 0"02 0 .03 0 ' 0 4  0 '05  0 .06  0"07 0-08 0"09  

RSNG-HSE DISTANCE (crn) 

Fig. 6. Results of collection efficiency measurements. A ring 
electrode of 0.798 cm ID x 1.003 cm OD was used, and the ring- 
HSE spacing was varied by using different sizes of hemispherical 
electrodes. The measurements were made in a ferricyanide/ferrocy- 
anide redox system over a speed range of 400-4900 rpm. 

drawn between the data points. For comparison, the 
collection efficiency calculated from the r ing-disk 
theory (7), using the projected area of the HSE, is 
plotted as the th in  curve. 

I t  is seen that  the change in the ferricyanide con- 
centra t ion had no significant effect on the measure-  
ment.  The measured collection efficiency increases 
slowly with decreasing spacing between the HSE and 
the r ing electrode. After  reaching a maximum, it then 
decreases with a fur ther  decrease in spacing. In  the 
region to the r ight  of the maximum, i.e., at a r ing-  
HSE spacing greater than 0.03 cm, the r ing-disk theory 
gives a collection efficiency only 2-3% higher than  that  
of the RRHSE. However, for r ing-HSE spacings less 
than  0.03 cm, the theory predicts a continuous increase 
in  the collection efficiency with decreasing electrode 
separation. This difference in behavior  between the 
r ing-d isk  electrode and the RRHSE can probably be 
a t t r ibuted to an uneven  distr ibution of the local reac- 
tion rate near  the equator of the HSE ra ther  than  to 
the r ing electrode, for the l imit ing current  at the r ing 
is not affected by the presence of an HSE at open cir- 
cuit (Fig. 2). 

According to the  diffusion theory of the  rotat ing 
sphere (5), the local l imit ing current  density is highest 
at the pole and decreases mer idional ly  toward the 
equator. Thus, the rate of the diffusion-controlled reac- 
t ion would be expected to reach a m i n i mum at the 
equator, where the least amount  of the reaction in-  
termediates (or products) would be generated. Since 
the steamlines of the electrolyte flow bend smoothly in 
the neighborhood of the equator toward the support  
surface (Fig. 1), there would be a "corner space," 
wi th in  a short distance from the equator, where the 
concentrat ion of the reaction in termediate  would be 
smaller than that in the ma in  stream. If the r ing elec- 
trode, or a port ion of the r ing electrode, is located 
wi th in  this corner space, it is expected that  a lower 
collection efficiency would be obtained as is shown to 
the left side of the m a x i m u m  point  in  Fig. 6. The 
t ransport  details  in  this corner space are not clear 
because no mathemat ical  theory per ta ining to such 
hydrodynamic  flow is available at the present  time. 
However, if one regards the region to the left of the 
max imum in Fig. 6 as the corner space, it can be cal- 
culated that the corner space is located wi th in  1.08 
radii  of the hemispherical  electrode. Thus, to achieve 
the best electrode combination for the RRHSE, it is 
recommended that  the inner  radius of the r ing elec- 
trode be at least 1.0,8 times greater than  the radius of 
the HSE. Under  these conditions, the r ing-disk  theory 
gives a good approximation of the collection efficiency 
at the RRHSE. 

C o n c l u s i o n s  
The results of the feasibility tests have clearly dem- 

onstrated that the rotat ing r ing-hemispher ical  elec- 
trode can be used for electrochemical studies. Easy 
replacement  of the central  hemispherical  electrode is 
a big advantage of the RRHSE. In  l aminar  flow, the 
colIection efficiency is found to be independent  of the 
rotat ional  speed, and its value is comparable to that 
obtained from the r ing-disk  electrode theory. The 
RRHSE offers an al ternat ive choice where the use of 
the r ing-disk electrode would fail to give a meaningful  
result  and where f requent  replacements of the disk 
electrode would be needed. However, in view of the 
lack of a mathemat ical  theory, it is recommended that  
each RRHSE should be calibrated beforehand with a 
known  electrochemical reaction. The r ing-disk  theory 
can be used as an approximation for the estimate of 
the collection efficiency if the inner  radius of the r ing 
electrode is at least 1.08 times greater than  the radius 
of the hemispherical electrode. 

Manuscript  submit ted Aug. 28, 1972; revised m a n u -  
script received Dec. 11, 1972. 

Any  discussion of this paper wil l  appear in  a Discus- 
sion Section to be published in  the December 1973 
JOURNAL. 
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Evaluation of Porous Electrodes Through 
Cell Power Maximum Measurements 

S. Szpak' and G. E. McWilliams i 
Chemistry Laboratory, Mare Island Naval Shipyard, Vallejo, Califo~'nia 94592 

ABSTRACT 

A method for the analysis of porous electrodes, based on cell power  maxi -  
m u m  vs. t ime measurements,  has been developed. The electrode effectiveness 
factor was determined without resorting to tedious chemical procedures. Good 
agreement  with published analyses was obtained for the HgO(C)/30% KOH 
system. 

Discharge of a p r imary  bat tery is an energy-produc-  
ing process accompanied by s t ructural  changes of 
the electrodes. The fundamenta l  difference in the 
analyt ical  approach to pr imary  batteries and to some 
other types of energy conversion devices, e.g., fuel 
cells, is in the manner  in which reactants  are supplied. 
In  the lat ter  case, reactants  are continuously admitted 
from an external  source; in the former case, they are 
incorporated into the electrode structure, usual ly  in 
the form of sparingly soluble substances. Because of 
this difference, a fuel cell can operate indefinitely and 
a t rue steady state can be achieved. In  contrast to this, 
in the course of bat tery operation the supply of reac- 
tan t  diminishes and, when  all active material  is used 
up, the ba t te ry  ceases to function. Thus, a t rue steady 
state cannot  be realized. 

In  what  follows, we are concerned with monitor ing 
changes that occur on discharge via measurements  of 
the power maximum. It will  be shown that, in certain 
cases, measurements  of the power max imum provide 
informat ion on the electrode performance and, in  those 
cases, they can be used to determine the rate of pene- 
tration of the reaction zone into the electrode structure. 

Relevant Concepts and Equations 
For convenience, we begin the analysis by consider- 

ing an idealized system: a galvanic ceil consisting of 
two smooth electrodes, spaced d cm apart. Electrode 
reactions are well defined but  otherwise quite arbi- 
trary. The open-circuit  potential  is assumed to be 
equivalent  to the thermodynamic  potential. The con- 
ductivi ty of the solution and the cell geometry remain  
invar ian t  dur ing cell operation. Furthermore,  we adapt 
the following definitions and properties: (i) cathode 
is positive and  anode is negative, (ii) reaction is spon- 
taneous on discharge, (iii) potential  drop at the elec- 
trode is modified by the passage of cell-generated cur- 
rent, and (iv) the sign of the cell-generated current  is 
such that  the quant i ty  i - n  is always positive. The 
thermodynamic  potential,  Vr ---- Vr.c -- Vr.a, plays a 
dominant  role. It  determines the reaction's dr iving 
force, Vr -- Vi(i) ,  which in  turn, is modified by the 
flow of cell-generated current,  i. For this reason, the 
electrochemical cell discussed he re - -a  pr imary  bat-  
t e r y - c a n n o t  be regarded in terms of a single electrode 
concept, unless we clearly define properties of the 
other electrode. 

1Present address: Electronic Materials  Sciences  Division,  Code 
2600, Naval Electronics Laboratory Center, San Diego, California 
92152. 

Key words: primary battery, porous electrode, electrode effec- 
tiveness factor, mercuric  ox ide  electrode, cell power maximum. 

When a var iable  external  load, Re, is engaged, cur- 
rent  i begins to flow and a potential  difference at the 
bat tery terminals,  Ve (i), is established. In  part icular  

Ve( i )  : V r - -  V i ( i )  - - i R i  [1]  

where Vi(i) : nc(i) + ha(i) is the sum of overpoten- 
tials developed at the cathode and anode, respectively. 
Ri is the cell in te rna l  resistance, so that  iRi is the ohmic 
drop in the electrolyte. Subscripts i and e denote the 
in ternal  and external  part  of the complete circuit. 

One of the properties of a galvanic cell that we wish 
to examine is the cell power, P. Evidently, it is zero at 
i = 0, i.e., at the open-circuit  potential  and when 
Ve(i) = 0. Since at 0 < i < ilim, a l ternat ively at Vr > 
Vi (i) > 0, P is positive, it follows that  there exists at 
least one value of current  and /or  potential  where P is 
maximum.  

Star t ing with Eq. [1], mul t ip lying it by i differ- 
ent iat ing it with respect to i, we obtain the following 

P -- i [Vr -- Vi ( i)]  -- i2Ri [2] 
and  

dP dVi (i) 
-- Vr -- Vi (i) --  i - -  2iRi [3] 

di di 

The quanti ty,  dVi(i)/di,  appearing in Eq. [3], may be 
identified as the differential resistance of the electro- 
chemical cell, being in many  cases approximately con- 
s tant  over roughly 60 % of the cell currents.  The devia- 
tion from constancy is evident  a t  the extreme ends of 
cell operation. At low currents  it is due to activation 
control while at the other extreme it exhibits the 
effects of l imit ing current .  

The condition of power maximum,  Pro, together with 
the corresponding ira, may  be calculated by taking 

t Ri 1 1 -- dVi(im) [4] 

2Ri -t- di 

V~ - Vi ( /m)  
im = [5] 

dVi (ira) 
2Rt + 

di 

For the operating region exhibi t ing constant  differ- 
ent ia l  resistance, dVi( i ) /di  ---- kRi (with k ~--- 0), Eq. 
[4] is somewhat simplified and takes the form 

( k +  1) [Vr- -  Vi(im)] 2 
Pm "-- [6]  

(k + 2) 2 Ri 

dP/di = O. Thus 

[Vr - Vi( im) ]2 
Pra -- 

dVi (ira) 
2Ri + 

di 
and 
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The shape of the P-i  curves and thus, the position of 
Pro, depends on electrode kinetics and the cell geom- 
etry. The P-i curves for various kinetic and geometric 
parameters  were examined by Bockris and Srinivasan 
(1). They found that  the m a x i m u m  power is close to 
the l imit ing current,  except in cases where the in ternal  
resistance is high or the kinetics even for one electrode 
is slow. To i l lustrate this, computer generated dV ( i ) /d i  
vs. i and P vs. i curves for a selected set of parameters  
are shown in Fig. 1 and 2, respectively. Evidently,  the 
d V ( i ) / d i  vs. i curves are constant  over the range of 
currents  and/or  potentia]s of interest, thus Eq. [6] 
implies parabolic representat ion in the vicinity of 
power maximum. 

The displacement of power max imum as a function 
of in ternal  cell resistance is clearly displayed in Fig. 
2. Similarly,  a shift is indicated in  the potential  or cur-  
ren t  at which Pm occurs. These two displacements are 
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Fig. 1. Differential cell resistance as function of Ri. Data: 
io,e = 10-3  Acm-2;  ac : Vz, Jo,a ~--- 1 Acre -2 ,  ~a : ao. 
Curve a, R~ = 0.5 ohm and curve b, Rl ~ 0.1 ohm. 
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characteristic of bat tery  performance and depend on 
in terna l  cell resistance. If the bat tery  construction 
involves smooth electrodes, then according to Eq. [6], 
the pin-1 vs. Ri plot is a straight l ine with a slope 
(k + 2)2/(Vr -- Vi) (im)2(k -~ 1). In  the case of a bat-  
tery employing even one porous electrode, a more 
complex dependence is expected. 

P-i Curves for Cell with Porous Electrode 
Basic celI components of a bat tery  with a porous 

electrode are shown in Fig. 3. Cathode (A) represents 
a porous electrode consisting of a conductive matr ix  
with a uni formly  distr ibuted active material .  For  sim- 
plicity, anode (B) is assumed to be nonpolarizable. 

It  is known from the theory of porous electrodes that  
there exists a reaction zone, i.e., the electrochemical 
process takes place wi th in  a relat ively nar row part  
of the electrode volume. In  the case of devices operat- 
ing with a continuous supply of reactants, e.g., fuel 
cells, this zone is immobilized. In the case of batteries, 
the reaction zone travels across the electrode volume. 
At the beginning of the discharge, it is usual ly  local- 
ized at the electrode/solution interface. At the end of 
the discharge, it is in the vicinity of the "back-up" 
plate. Such behavior is expected in most batteries, with 
the exception of cases where the current  density dis- 
t r ibut ion is anomalous (2). 

Upon ini t ia t ion of ba t te ry  discharge, e.g., at constant  
current  density, a reaction profile (current-densi ty  
profile) is established throughout  the electrode volume, 
having highest density at the electrode/solution inter-  
face, i.e., at xo(t)  = 0. In  the course of bat tery dis- 
charge, active mater ia l  is used up, forcing the xo(t) 
p lane to proceed inwards and, in effect, increasing the 
ohmic part  of the cell in te rna l  resistance by a factor 
proportional to xo(t) .  Because of the porous structure, 
the increases may be substant ial  and therefore experi-  
menta l ly  detectable. 

In  deriving the P-i curves for a cell employing 
porous electrodes and, for example, operating under  
galvanostatic conditions, it is necessary to compute 
the Vi(i) measured with respect to the reference point 
located at the electrode/solut ion interface when the 
reaction zone has penetrated to a new position, xo(t) .  
This reference point  is convenient ,  since V (i) can be 
decomposed into its ohmic part  and a component due 
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Fig. 2, Power-current curves as a function of cell resistance. 

Data: Vr -"  1.29V; other as in Fig. 1. Curves: a, b, and c, R - -  
0.1, 0.5, and 0.75 ohm respectively. (Broken lines refer to computer 
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to the  porous e lec t rode  behavior  of a length  [l - xo( t ) ]  
d ischarging under  specified current .  

Fol lowing Winsel  (3), we wr i te  for the galvanosta t ic  
case 

p[ T ~  

Vi( i )  = xo ( t )  + P*~ c o t h [ ( l - - x o ( t ) ) / ~ . ]  [7] 
a2~ a2~ 

where  p and a are  solut ion res is t iv i ty  and pore  diam- 
eter, respect ively.  I is the d ischarge  cur ren t  (per  pore) ,  
and ~ is a constant  depending upon the e lectrochem- 
ical system and electrode construction.  Evident ly ,  both 
the ohmic part ,  [pIla2~] so ( t ) ,  and the potent ia l  [pIk/ 
a ~ ]  coth [ (l -- x o ( t ) ) / k ] ,  which opera tes  at  the  elec-  
trodeJsolution interface,  when  the l a t t e r  has  shif ted to a 
new position, are  t ime dependent .  This c lear ly  indi-  
cates and  also defines the  t rans ien t  behavior  of a 
ba t t e ry  when it  opera tes  under  constant  cur ren t  
output.  Subs t i tu t ion  of Eq. [7] into Eq. [2] yields  

P : i [Vr --  pi~. coth (l -- xo( t )  ) /~]  --  i2[Rl ~- pXo(t) ] 

[8] 

(The factor  a ~  has been removed,  because the  pore 
cur ren t  I has been replaced  by  cur ren t  dens i ty  i ) .  

Equat ion [8] is of l i t t le  va lue  in th is  form, since 
xo (t)  is expe r imen ta l ly  not accessible wi thout  dest ruc-  
t ive examina t ion  of the  electrode. More effective use 
of Eq. [8] can be made, if the posit ion of the  react ion 
zone is re la ted  to the  active ma te r i a l  avai lable ,  a l t e r -  
nat ively,  to the  t ime needed for complete  cell  dis- 
charge, t m =  Qo/i (Qo is the  total  charge  ava i l ab le ) .  
Aga in  fol lowing Winse l  (3), this  re la t ionship  is 

- -  t / tm [9] 1 ~ t a n  I l 

Equat ion [9] was de r ived  subject  to fol lowing re -  
strictions:  (i) l inear  po ten t i a l / cu r r en t  dependence  
wi th in  the  reac t ion  zone, i.e., for xo( t )  ~ x ~ l, and 
(ii) absence of fa radaic  cu r ren t  outside the  reac t ion  
zone, i.e., for  0 ~ x ~: x o ( t ) .  The ra te  of pene t ra t ion  
of the  react ion zone was de te rmined  by  different ia t ion 
of an express ion formed by  equat ing the t ime- in te -  
gra ted  local fa radaic  cur ren t  wi th  the  amount  of active 
ma te r i a l  s tored on the pore  wall.  The posit ion of the 
xo (t) -p lane  was obtained upon in tegra t ion  of this ex- 
pression and upon set t ing the  in tegra t ion  constant  
equal  to the  t ime necessary  for  the  comple te  discharge 
of the  act ive ma te r i a l  located at x = 0. Graphica l  solu- 
t ion of Eq. [9] in the  form of a plot  of X o ( t ) / l  vs. t / tm 
[cf. Ref. (3), Fig. 7], was used in subsequent  analys is  
and  computat ions.  

Exper imenta l  
The exper imen ta l  a r rangement  employed in this  

invest igat ion is shown in the  form of a block d iag ram 
in Fig. 4. The power  vs. cell  vol tage  was cont inuously 
p lot ted  on the XY recorder  (Hewle t t -Packard ,  Model 
7001 A)  wi th  the cell vol tage  connected to the  X-ax i s  
input.  The ba t t e ry  under  test  was dr iven  by  a l inear  
cur ren t  sweep (0.7 Asec -1) suppl ied by  a power  source 
(Kepco, Model BOP-36-5M) control led by  a function 
genera tor  (Exact,  Model  Gl103 wi th  A 1202 amplif ier) .  
Cell  power  was computed using Ph i lb r ick  mul t ip l ie r  
(Model 4430) wi th  the  output  fed into the  Y-axis  input.  

Examples  of exper imen ta l  P - i  curves for the  
H g O ( C ) - Z n  ba t t e ry  at  var ious  stages of discharge are  
shown in Fig. 5. Even a cursory  examina t ion  revea ls  
s imilar i t ies  to the  ca lcula ted  curves  of Fig. 2, as evi-  
denced by  the  decl ine in power  m a x i m u m  with  t ime 
and a shift  in potent ia l  in the  direct ion predic ted  by 
the  e l emen ta ry  t r ea tmen t  (cf., Eq. [4] and [5]).  In 
par t icular ,  curve  a represents  ini t ia l  behavior ,  curves  
b and c af ter  5 and 10 hr  of d ischarge  at  60 mA, 
respective]y.  

A plot  of P ~ - :  vs. t / tm  for  a series of type  BA-1516 U 
bat ter ies  is shown in Fig. 6. This plot  consists of two 
regions. The first region, AB, t e rmina ted  at  t / tm = 0.3, 

~eNemATOR 

Fig. 4. Block diagram for measurements of battery power maxi- 
mum. 
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Fig. 5. Power maximum vs. cell potential curves. Data: HgO(C)- 
30% KOH-Zn, battery type AB 1516 U. Discharge current, - -  60 
mA. Curves: a, new battery; b, after 5 hr of discharge; c, after 10 
hr of discharge. 

roughly  10 hr  af ter  commencement  of discharge at  
60 mA. The second, less steep segment,  BC, persis ted 
unt i l  to ta l  discharge occurred. When  the reciprocal  
of the  power  m a x i m u m  was plot ted  against  the  dis+ 
charge  t ime, each t ime, 16 h r  af ter  in te r rup t ion  of 
ba t t e ry  discharge,  the  lower  plot  (curve  b)  was ob-  
tained. This new plot  p robab ly  reflects the  w e l l - known  
fact of " recovery"  character is t ic  of mercur ic  oxide 
bat ter ies .  

Before a t tempt ing  any in te rpre ta t ion  of presented  
results,  we will  consider the construct ion of the type  
BA-1516 U ba t t e ry  in some detail .  This ba t t e ry  con- 
sists of 6 HgO (C) -30% KOH-Zn (Hg) cells. Elect rodes  
are  flat disks, 3.5 cm in d iameter .  The cathode is a 
mix tu re  of HgO (14g) and graphi te  in the  form of a 
pellet ,  0.25 cm thick; the  anode is constructed f rom 
amalgamated  zinc r ibbon,  weighing  3.5g and wound to 
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form a 0.62 cm th ick  electrode. A separator ,  0.04 cm 
thick, is used. Al l  dimensions and weights  a re  ap- 
proximate .  

Discussion 
For  comparison,  ca lcula ted  Pm -1 vs. t/tm curves are 

shown also in Fig. 6. They were  d rawn  for the  effec- 
t iveness  factor,  I/~, = 10, 3 and 2; curves  c, d, and  e, 
respect ively,  employing  Winsel ' s  (3) model. Qual i ta-  
t ive ly  good agreement  be tween  ca lcula ted  and exper i -  
menta l  curves  is d i sp layed  for  t/tm > 0.3. A less sat is-  
fac tory  s i tuat ion preva i l s  for  t/ t in < 0.3.  

In order  to resolve  this  difficulty, consider Eq. [8] 
which, as Xo (t) -> 0 and for l/~ > 3, y ie lds  

lim Pm = ira [Vr -- p im k - -  im Ri] [I0] 
Xo(t) --> 0 

Equat ion [10] appl ies  dur ing  the  in i t ia l  per iod  of cell  
discharge,  specifically before  to ta l  deplet ion of reac tan t  
at  Xo(t) = 0 has occurred. Because of the t ime re-  
qui red for a complete  deplet ion of reac tan t  at the  elec- 
t rode / so lu t ion  interface,  the ini t ia l  slope of the  Pm -~ 
VS. t/tm curve should be zero (segment  A'B', Fig. 6). 
This is jus t  the opposi te  of wha t  has been observed.  
Evident ly ,  the  in i t ia l  behavior  mus t  be a t t r ibu ted  to 
changes in X. 

Physical signil~cance of k . ~ T h e  pa rame te r  k arises in 
the  solut ion of the second order  different ia l  equat ion 
wi th  respect  to potential ,  e.g., Ref. (3).  For  a t ubu la r  
geomet ry  and negl igible  ma t r ix  resistance, ~. --  ~/ar/2p, 

where  r specifies the  local cu r r en t /po t en t i a l  r e la t ion-  
ship, i = r- iV.  This quant i ty  has the  dimension of 
length,  and it is usua l ly  r e fe r r ed  to as the  reduced  pore  
length  or  depth  of penetra t ion.  I t  is wi th in  this dis- 
tance tha t  most of the  reac t ion  occurs. By mul t ip ly ing  
and dividing the  te rms under  the  square  root  by  a2~ 
we obta in  af ter  r e a r r angemen t  

T / ~ S  

v p/SV 

where  ~S is the  surface e lement  associated wi th  the  
volume e lement  ~V, or  s imply  ), = ~/Rchem/R~hmi~- Con- 
sequently,  ~, may  be v iewed as a re la t ive  measure  of 
the ra t io  of surface resistance to resistance in the  elec- 
t rolyte .  Thus, in principle,  i t  is app l icab le  to any porous 
e lec t rode  prov ided  cer ta in  d imensional  c r i t e r ia  a re  
met  (4, 5). I t  is no tewor thy  tha t  k can be re la ted  to 
cer ta in  character is t ic  group of genera l  in teres t  to elec-  
t rochemical  engineer ing (5).  

Time evolution o] ~ for t/tm < 0.3 ,~The effect of 
pa r ame te r  k on the  power  m a x i m u m  enters  through 
the  express ion for  potent ial .  Thus, the  t ime  evolut ion 
of )~ can be  de te rmined  f rom expe r imen ta l l y  obta ined 
da ta  points  of Pm and Ve,m as a funct ion of t/tm. Such 
da ta  for the  HgO(C)  e lec t rode  are  presented  in Fig. 7. 
Fo r  convenience , /m-da ta  were  used. 

I t  is seen that  Ve.m remains  constant  up to t / t~ -- 
0.18, approx imate ly .  By Eq. [10], the  constancy of V~.m 

requi res  tha t  ~ = ~  t - R t  , tha t  is to 
p tm 

say, k mus t  increase,  since im decreases wi th  t ime. Evi-  
dent ly,  the  character is t ic  number  for  the  HgO (C) elec- 
t rode  increases wi th  the deple t ion  of HgO. At  l a te r  
times, when  t/tin ~ 0.3, it  becomes s tabi l ized and the 
e lec t rode  effectiveness, is 3 < l / k <  5, as in fe r red  f rom 
Fig. 6. 

Formation of reaction zone.~Upon in i t ia t ion of elec- 
t rode  discharge and shor t ly  thereaf ter ,  the  highest  
local  cur ren t  dens i ty  is a t  the  e lec t rode/so lu t ion  i n t e r -  
face, es t imated to be not less than  sixfold its average 
value  (6). Qual i ta t ively ,  as the  active ma te r i a l  is used 
up, the  react ion ra te  ( local  cur ren t  densi ty)  is less 
and the  react ion zone extends  somewhat  into the  elec- 
t rode  structure.  When  all  active ma te r i a l  is exhaus ted  
or is reduced  to a level  which  only  s lowly  var ies  wi th  
time, the  react ion zone is said to be fu l ly  developed.  
Quant i ta t ively ,  for k = const, the  react ion zone is fu l ly  
developed when the t ime- in t eg ra t ed  fa rada ic  cur ren t  
exceeds cer ta in  known  value,  qo Asec/cm~. At  this  
time, to, all  the avai lable  act ive ma te r i a l  at  the  elec-  
t rode /so lu t ion  interface is consumed. Other  methods  
of calculat ions requi re  the assumption of a react ion 
pa th  (7). 
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Fig. 7. Transient behavior of HgO(C) electrode, initial period. 
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Fig. 8. Formotlon of reaction zone (schematic). 

The evolut ion of the  react ion zone in a pract ical  
electrode, such as H g O ( C ) ,  is more  complex.  Discharg-  
ing this k ind  of e lec t rode  at  constant  current ,  Euler  
(6) found a secondary  peak  in local  cur ren t -dens i ty  
dis tr ibut ion.  The existence of the  secondary  m a x i m u m  
is consis tent  wi th  our  observat ion  concerning the  t ime 
evolut ion of the  p a r a m e t e r  L 

The format ion  of a secondary  m a x i m u m  is shown 
schemat ica l ly  in Fig. 8. Upon ini t ia t ion of discharge 
(at  t - -  0), a react ion profile is established.  At  some 
la te r  t ime, tl, owing to the  increase in re la t ive  measure  
of surface to ohmic resistance,  the  local cur ren t  dens i -  
t ies at  corresponding locations a re  less than  they  were  
at t - -  0. Condit ion of constant -charge  cur ren t  forces 
the  reac t ion  to occur in ad jacent  areas  with lower  k. 
Consequently,  secondary  m a x i m u m  is formed. 

On the  basis  of the  exper imen ta l  da ta  r epor ted  in 
Fig. 6 and 7, i t  can be concluded tha t  the  format ion 
of the  ful ly  deve loped  react ion zone took place when 
approx ima te ly  18% of the  total  active mate r ia l  was 
used up, i.e., when there  is a not iceable shift  in Ve,m. 
More or less regu la r  cur rent  densi ty  d is t r ibut ion  oc- 
cur red  at  t/tm ~ 0.3. The r egu la r i ty  in cur ren t  dis- 
t r ibut ion,  or  the constancy of ~, m a y  be a t t r ibu ted  to 
the  d isappearance  of the  secondary  cur ren t  m a x i m u m  
This in te rpre ta t ion  is in good agreement  wi th  Euler ' s  
(6) findings. 

Conclusions 
Electrode behavior  upon discharge can be examined  

by  fol lowing the  decl ine in cel l  power  wi th  t ime of 
discharge.  In  principle,  any  point  of the  cell  power  vs. 
vol tage  curve can be uti l ized;  in practice,  however,  the  
pos i t ion  of the power  m a x i m u m  is sought and ex-  
pressed in te rms of the  t ime needed to complete  the 
e lec t rode  discharge.  

The decline of the  cell  power  is associated wi th  the  
pene t ra t ion  of the  reac t ion  zone into the  electrode 
s t ructure .  The ra te  of pene t ra t ion  depends  on the mode 
of cell discharge.  The presented  analysis  is based on 
galvanosta t ic  discharge.  Ana ly t i ca l  expressions for the 
potent iostat ic  mode are  also known (3).  

The e lect rode effectiveness factor, Ilk, was de te r -  
mined  for  the  HgO(C)  e lect rode in the  BA-1516 U 
bat te ry .  The decrease  in the  effectiveness factor  is 
associated wi th  the  ini t ia l  ba t t e ry  discharge,  fol lowed 
by  its s tabi l izat ion to a value  3 < l/k < 5 af ter  30% of 
a l l  the  act ive ma te r i a l  has reacted.  The format ion  of 
a fu l ly  developed react ion zone requ i red  approxi -  
ma te ly  18% of the  to ta l  t ime needed for  complet ion of 
cell  discharge.  
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Asymmetric Induction by Alkaloids in Electrolytic Reductions 
E. Kariv, H. A. Terni, and E. Gileadi* 

Institute of Chemistry, Tel-Aviv University, Ramat-Aviv,  Israe~ 

Chemical  and  e lec t rochemical  reactions,  in which  an 
asymmetr ic  center  is generated,  no rma l ly  lead  to an 
opt ica l ly  inact ive racemic mixture .  I t  was shown r e -  
cent ly  tha t  optical  ac t iv i ty  can be induced in the 
e lectrolyt ic  reduct ion of cer ta in  compounds if a chiral  

* Electrochemical Society Active Member. 
Key words: asymmetric, electroreduction, acetophenone. 

elec t ro ly te  is p resen t  in the  solution. Apprec iab le  
opt ical  y ie lds  have  been repor ted  by  Gr imshaw et at. 
(1) in the  reduct ion  of coumar in  der iva t ives  in the  
presence of cer ta in  alkaloids.  These authors  re la ted  
the  ac t iv i ty  of a lkaloids  in inducing a symmet ry  to 
the i r  ac t iv i ty  in cata lyt ic  hydrogen  evolution, and 
pos tu la ted  a s imilar  mechanism. Horner  et al. (2-5) 
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s tudied the reduct ion  of var ious  unsa tu ra ted  functions 
in the  presence of different  a lkaloids  and asymmetr ic  
ammonium salts. These  authors  found no corre la t ion 
be tween the  abi l i ty  of a compound to induce optical  
ac t iv i ty  and its funct ion as a ca ta lys t  for e lectrolyt ic  
hydrogen  evolution.  Their  in te rp re ta t ion  of this  phe-  
nomenon was tha t  the  asymmetr ic  e lect rolytes  create  
an asymmetr ic  env i ronment  in the  near  v ic in i ty  o~ 
the  electrode, thus inducing optical  ac t iv i ty  of the 
product .  

In  the  presen t  note, the  effect of severa l  a lkaloids  on 
the  e lec t roreduct ion  of acetophenone [1] on a mercu ry  
pool cathode is repor ted,  wi th  pa r t i cu l a r  reference  to 
the  optical  ac t iv i ty  of 1-phenylethanol  [2] formed and 
the  ra t io  be tween  the yields  of the  alcohol [2] and the 
pinacol  [3] p roduced  dur ing  electrolysis.  

CH3CHOH 

~e, ~ I'I~ t 
Ph 
[2] 

CH3C-----O 
I 

P h  
[1] 

J/~ CHsCH (OH) CH (OH) CH3 
I ] 

Ph P h  
[3] 

A mercu ry  pool (25 cm 2) served as the  cathode, with 
a p la t inum foil  (4 cm s) anode and  a mercury-mercur ic  
sulfate  (MSE) re ference  electrode. The re ference  
e lect rode compar tmen t  was separa ted  f rom the bulk  
of the  solut ion and e lect rolyt ic  contact  was made  
th rough  a Luggin  cap i l l a ry  which was brought  to 
wi th in  1 m m  of the surface of the cathode. The cathode 
compar tment  contained a lka lo id  in 70 ml  aqueous 
aceta te  buffer (pH = 4.8) and  15 mI methanol .  The 
anode compar tmen t  contained 20 ml of the aqueous 
acetate  buffer only. The two compar tments  were  sep-  
a ra ted  by  " th i r s ty  glass" (Corning Type 7930 glass) .  
Ni t rogen was bubb led  th rough  the  ca tholy te  dur ing 
electrolysis.  A solution of 2 ml  of ace tophenone [1] in 
25 ml methanol  was added  to the  ca thode compar tmen t  
drop by  drop dur ing  electrolysis  at  a ra te  of ca. 4 drops 
per  rain. The concentrat ion of the a lkaloid  in the  catho- 
ly te  at the  beginning of electrolysis  was 3.2 • 10-2M 
and reduced  g radua l ly  wi th  the  addi t ion  of the aceto-  
phenone solution to a final value  of 2.3 • 10-2M. The  
amount  of acetophenone [1] added corresponds to a 
final concentra t ion of 0.15M if no react ion has t aken  
place. The actual  concentrat ion of [1] in solution at  
any  t ime  dur ing  the  electrolysis  was lower  than  the 
above  value.  

Electrolysis  was conducted at  a potent ia l  of - - t .90V 
(MSE).  Af te r  al l  the  acetophenone was added, e lec-  
t rolys is  was cont inued unt i l  the cur ren t  (which was 
in i t ia l ly  ca. 250 mA)  dropped to i ts background  va lue  
(ca. 50 mA)  measu red  in the  absence of acetophenone 

[i]. The average duration of a run was 16 hr. Methanol 
was removed from the product under reduced pres- 
sure at room temperature. The organic fraction was 
extracted with ether and washed free of alkaloids with 
a 10% HCI solution. The mixture obtained after evap- 
oration of the solvent was distilled at 52~176 (I mm 
Hg). The pot residue, a white solid, was found (by 
comparison with an authentic sample) to be a mix- 
ture of the three isomers of pinacol [3]. It caused no 
optical rotation, indicating that the amounts of the 
(R),(R)- and (S),(S)-isomers in it were equal. The 
ratio between the meso-isomer and the racemic mix- 
ture of [3] was determined by analysis of the nmr 
spectrum. The ratio of the yields of the isomers of 
[3] formed during the reaction was not affected by 
addition of alkaloids to the catholyte. The distillate 
consisted of a mixture of (R)- and (S)-l-phenyl- 
ethanol  [2]. The [ U ] D  Of this  f ract ion was measured  
and the opt ical  y ie ld  was calculated.  1 Resul ts  are  
shown in Table I. 

Some of the  a lkaloids  tested were  e lec t rochemical ly  
act ive and could be reduced  at  less negat ive  potent ia ls  
than  those requ i red  to reduce  aeetophenone.  When  this 
was  the  case, the  solut ion was pre-e lec t ro lyzed  at 
--2.00V (MSE) before addi t ion  of acetophenone for 
about  5 hr, unt i l  the cur ren t  d ropped  to the back-  
ground value.  

Deta i led  considerat ion of Table  I reveals  severa l  
phenomena.  I t  m a y  be  seen tha t  the  addi t ion of any  of 
the  a lkaloids  tes ted increased the  re la t ive  amount  of 
alcohol [2] produced dur ing electrolysis.  This is p rob-  
ab ly  due  to the  fact  tha t  the  a lka lo id  is adsorbed on 
the electrode (6) and in this  way  inhibi ts  surface re -  
combinat ion  of the  in te rmedia te  radicals  leading to 
pinacol  [3], e i ther  b y  reduc ing  the  concentra t ion of 
the radica l  in te rmedia te  or by  h inder ing  its l a te ra l  
mot ion on the surface. Al l  the  a lkaloids  tes ted induced 
pre fe ren t ia l  format ion of one of the  enant iomers  of the  
alcohol [2] but  the  absolute  configurat ion and the yield 
of the  one formed in excess seems to depend  on the 
deta i led s t ructure  of the  a lkaloid  used. Thus, for ex- 
ample,  the  effect observed for cinchonine and cinchon- 
idine is subs tan t ia l ly  smal le r  than  for quinidine and 
quinine, a l though these compounds differ only  by  one 
me thoxy  group on the quinol ine ring. This observa-  
t ion can also be best  exp la ined  by  the effect of the 
me thoxy  group on the  adsorbabi l i ty  of the  alkaloid.  
I t  is also no tewor thy  tha t  quinid ine  and quinine (and  
l ikewise  cinchonine and c inchonidine) ,  which  are  d i -  
as te reomers  (opposite configurations at C-8 and C-9),  
induce s y m m e t r y  in opposi te  directions.  This finding, 
a l though not surprising,  is reassur ing and indicat ive  
of the  specific in terac t ion  which  must  exis t  be tween 
the  (adsorbed.) a lka lo id  molecule  and the  r eac tan t  or 

1 T h e  v a l u e  of  [cr fo r  ( S ) - l - p h e n y l e t h a n o l  in  m e t h a n o l  (4) is  
--45.5 ~ a n d  for  the  (R) - i somer  i t s  v a l u e  is  +45.5  ~ . T h e  op t i ca l  
y i e ld  is  def ined  as 

[~]D of  p r o d u c t  
• I 0 0  

[ ~ ] v  of p u r e  e n a n t i o m e r  

Table I. Product distribution and optical yield in the reduction of acetophenone s 

Rat io  of 
Chemical Chemical alcohol [2] 
yield of yield of f r a c t i o n  to  [ ~ ] v  o f  the Opt i ca l  

Asymmetric alcohol pinacol pinacol [3] alcohol [2] yield 
e l ec t ro ly t e  [2] (%) [3] (%) f r a c t i o n  f r a c t i o n  (%) 

-- 14 73 0.19 0.0" 0.0 
Q u i n t d i n e b  22 63 0.35 -- 6.80 ~ 14,9 
Quinine b 34 39 0.88 + 3.11 ~ 6.9 
C i n c h o n i n e  ~ 20 77 0.26 -- 4.39" 9.7 
C i n c h o n i d i n e  b 27 48 0.56 + 0.97 ~ 2.2 
Y o h i m b i n e  17 55 0.31 + 1.80 ~ 4.0 
R e s e r p i n e  20 74 0.27 + 0.86 ~ 1.9 
S p a r t e i n e  26 52 0.50 - -  0.63" 1.4 
E s e r i n e  b 16 76 0.21 -- 0.62" 1.4 

Each of the results in Table I represents the average of four experiments, at least. The spread of results was ~0.15 ~ on [a]D, 
~0.5% on optical yield, and • on the ratio of yields of alcohol and pinacoL 

Pre-electrolysis required. 
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in t e rmed ia t e ( s )  fo rmed in the  e lect rochemical  react ion 
sequence. 

Reduct ion of acetophenone was conducted at  a po-  
tent ia l  of --1.90V (MSE) ,  less cathodic than  the poten-  
t ia l  at  which  cata lyt ic  ac t iv i ty  on hydrogen  evolution 
of any  of the  a lkalo ids  tes ted  could be observed in 
the  same solution. Thus, a mechan i sm in which  the  
cri t ical  s tep is the  homogeneous charge t ransfer ,  as 
proposed by  Gr imshaw et al. (1), cannot be opera t ive  
in the  systems s tudied here. A deta i led  s tudy  of the 
reduct ion  of acetophenone in the  presence of quinidine,  
which was  found to be  the  most  effective in inducing 
opt ical  activity,  under  a wide  range  of exper imenta l  
conditions, wi l l  be publ i shed  e lsewhere  (7). 
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Calculation of Liquid Junction Potentials 
E. C. Moreno and R. T. Zahradnik 
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In chemical  and  biological  systems it is often de- 
s i rab le  to assess the  junct ion  (or diffusion) potent ia ls  
or ig inat ing  when  two solutions of the  same e lec t ro ly te  
are  brought  into contact.  Thus, in s tudying  the p e r m -  
se lec t iv i ty  of membranes ,  the  l iquid junc t ion  potent ia l  
consti tutes the  m i n i m u m  "membrane  potent ia l"  when 
the sys tem does not d isp lay  any permselect iv i ty .  Solu- 
t ions to the  p rob lem are  ava i lab le  if ideal  behavior  is 
ascr ibed to the  e lec t ro ly te  (1-3) or  if the  ionic t rans-  
ference numbers  are  considered invar ian t  wi th  con- 
cent ra t ion  (4). In  most rea l  systems, however,  these 
assumptions are  not  war ran t ed  even if the  solutions 
a r e  in the  di lute  range;  this  is pa r t i cu la r ly  t rue  in the  
case of nonsymmet r ica l  electrolytes .  For  un i -un iva len t  
e lec t ro ly tes  an express ion was  der ived  (5) on the as-  
sumption tha t  the  ion act ivi t ies  of the posit ive and 
negat ive  ions are  both equal  to the  mean ion act ivi ty.  
Recently,  the  calculat ion of l iquid junct ion  potent ia l s  
has been repor ted  using s imulat ion techniques (6, 7). 
These techniques m a y  become useful  in ascer ta in ing 
t ime rises and est imates  of ind iv idua l  ionic ac t iv i ty  
coefficients; they, however ,  do not  provide  ana ly t ica l  
solut ions to the  p rob lem nor yie ld  un ique  values  for 
l iquid  junc t ion  potent ia ls  (7). In  the  present  research,  
we were  in teres ted  in es tabl ishing an ana ly t ica l  ex- 
pression in closed form for the  calcula t ion of the L J P  
tha t  takes  into account the concentra t ion  dependence  
of both the  ionic ac t iv i ty  coefficient and the  t r anspor t  
numbers .  

In  this  communica t ion  we der ive  a genera l ized  ex -  
press ion in closed form for the  l iquid  junct ion poten-  
t ia l  ~j appl icable  to nonsymmet r i ca l  b ina ry  electro-  
lytes. Ionic ac t iv i ty  coefficients are  defined by  an ex- 
tension of the  Debye-Hi ickel  l imi t ing l aw and use is 
made  of empir ica l  funct ions of t ransference  numbers  
on concentrat ions.  I t  is shown tha t  the  ca lcula ted  junc-  
t ion potent ia ls  for var ious  e lect rolytes  a re  consistent  
wi th  the over -a l l  emf values of concentra t ion cells re-  
por ted  in the  l i t e ra tu re  up to ionic s t rengths  of about  
0.3M. 

The  flux J i  of the  i th ionic species at  an absolute  
t empera tu re  T is defined by  

Ci[Ui' ( 0~ )T Jf = Izd----~ ~ [11 

in which  c, u, z, and-h-are  the  concentrat ion,  the  etec- 

Key words: transference, activity, cell, mobility, electrolyte, 

t r ica l  mobil i ty ,  the  charge number ,  and the e lec t ro-  
chemical  potent ia l  of the  subscr ip ted  ionic species i; 
the  grad ien t  is t aken  in the  di rect ion x. 

Consider ing the components  of ~,  we  can wr i te  

- -  - -  - -  + z i F  . . . .  [ 2 ]  
Ox Ox Ox 

in which  ~ F, and  ~ are  the  chemical  potential ,  the  
Fa raday ,  and the  e lec t r ica l  potential ,  respect ively.  In 
te rms of the chemical  ac t iv i ty  ai, #i can be defined as 
m = ~i ~ + RT  In ai (R being the  gas constant) .  In t ro-  
ducing the ionic ac t iv i ty  coefficient ~i, ai = ci 7i. There-  
fore, we  m a y  w r i t e  

0/~i ( 1  ~7i 1 OCi ) 
- - R T  - - ~ - t - - - ~  [3] 

Ox ~i Ox ci Ox 

The ac t iv i ty  coefficient is defined here  logar i thmica l ly  
a s  

zi2Ak/I  
In ~i - -  - -  - 1 + B ~ i ~  [4] 

in which  I is the  ionic s t rength  (I  = (V2)Zjcjzj2), A 
and B are  t empe ra tu r e  and  solvent  dependent  con- 
s tants  and ai (often re fe r red  to as the dis tance of 
closest approach)  is a length pa rame te r  the value  of 
which depends  on the  ionic species considered. The co- 
efficient a~i/ax is given b y  

0-n d-n 0I 
= - ~  ~ [5] 

Ox dI Ox 

since "n is a funct ion of I only.  I t  is convenient  to define 
a function ,I,i(I) b y  

A~/7-" 
r  = . . . . .  

1 + B ~iX?/-- 
therefore  

d~i ~izi~i (I)  
- -  _ [61 
dI 21 (I q- B ~iVfi~" 

Also, from the definition of I, it follows that 

- -  - -  . . ,  - -  ( j  ---- 1,2 . . . . . . .  i )  [ 7 ]  
Ox j Ocj Ox 

Subst i tu t ion of Eq. [6], [7], and  [5] into Eq. [3] y ie lds  
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0 ~ i  [ Zi2~i(I) ~ 01 0Cj 1 0Ci ] 
~ ' - R T  ~ 
OX 2I(1 W B ai~/-~ - " 0cj OX Jr --ci ~Ox [8] 

and  subst i tut ion of Eq. [8] into Eq. [2] fol lowed by 
subst i tut ion of the resul t ing  express ion into [1] gives 
a genera l ized  form for the  flux equat ion 

ciluil ( [ zi~'I'i(I) E OI 0cj 
J l - -  Izi[----'~ RT 21(1 + B a i ~  ~ Ocj Ox 

-4- ~ ~ + z i F  [ 9 ]  
ci 0 x  

In the  subsequent  equat ions the  quant i t ies  r e l a t ed  to 
the  proper t ies  of the  cat ion and the  anion of the  b ina ry  
e lect rolyte  wi l l  be subscr ipted wi th  the numera ls  1 
and 2, respect ively.  The condit ion of zero cur ren t  is 

E ziJi 0 [10] 
t=1 

Subst i tu t ion  of Eq. [9] into [10] and subsequent  use  
of the  condit ion for e lect r ica l  neut ra l i ty ,  ~jzjcj = 0, 
and the definition of the  t r anspor t  number ,  ti = ciluil/ 
Zjcjluj[ , yie ld  the  genera l  different ia l  equat ion 

i}~ RT ~ (zi2z2-- z13)tlr 
[ 

0x 4F I ( 1 + B aIVq~ 

(12211 - -  Zl2Z2)t2eb2(I) 10c !  
+ I ( I + B  ~ 2 ~  _t Ox 

( t l  _ _ _ _  t 2 ~  1 0Cl [11] 

. Zl + Z2 . c~ o x  

The t r anspor t  numbers  h appear ing  in Eq. [11] a re  not  
independent  of concentrat ion.  I t  has been found em-  
p i r ica l ly  (8-10) that  for  m a n y  b ina ry  electrolytes ,  the 
dependence of t l  on concentrat ion is descr ibed very  
adequa te ly  by  

KI  
t l  = 1 [12] 

I +  K 2 ~ r ~  

in which the  values  of  the  constants  K1 and K2 depend 
on the  e lec t ro ly te  considered.  Equat ion [2] is now sub- 
s t i tu ted into Eq. [11] recal l ing tha t  t2 = 1 --  tl  and 
tha t  I = [zl 2 --  11z2]cl/2. The in tegra t ion  of the  resul t -  
ing different ia l  equat ion is done across the  boundary ,  
f rom solution "to solution," considering tha t  this region 
is made  up of an indefinite number  of layers  wi th  con- 
cent ra t ions  in t e rmed ia te  be tween  the two solutions in 
question. Thus one obtains  

( K1B~I ) 
~" -- ~' = ~j = 1 -~ K8 - -  B~I  r l  ( I )  

- 2 + K ~ ' B ~ 2  r2(I) + L I ( I )  - -  L2(I) 

RTK1 [ (  1 - - K 1  2 - - K 1  "~ I" 

z2 Zl 1 + K3 X/-F 
[13] 

The new te rms  in Eq. [13] a re  defined as 

RTAzi(~/I'  -- X/I") 
r i ( l )  = 

F(1 + (1 + ) ; 

K3 : ~ / ~ K J  ( z l  2 - z~z2)1/2 

RTA K1K3zi (1 + K3 X/I;;) (1 + B a t  "k/I;) 
Ll ( I )  : In  

F (K3 --  B~i) 2 ( 1 + K3 ~r ( 1 + B~i ~ / I" )  

Equat ion [13] is r a the r  cumbersome bu t  i t  const i-  
tutes  an  ana ly t ica l  solut ion to the  s ta ted  problem;  its 

va l id i ty ,  of course, depends on the va l id i ty  of the 
ex t r a - the rmodynamic  functions used in its derivat ion,  
namely,  the use of the  Debye-H~ickel theory  to ca l -  
cu la te  ionic ac t iv i ty  coefficients and the  empir ica l  de -  
pendence  of t ranspor t  numbers  on concentrations.  We 
have tested the  adequacy of Eq. [13] using emf values  
repor ted  in the  l i t e ra tu re  for  concentra t ion cel ls  wi th  
NaC1, LiC1, KC1, BaC12, CaCI2, and LaCI~ at  25~ For  
this  purpose we defined the calculated potentials ,  Ec, of 
these cells as 

RT c2" ~2" 
E c  : - -  ~ l n  ~ ~- ~ j  [ 1 4 ]  

F c2'~2' 

The ac t iv i ty  coefficients ~/i and  the  junct ion  potent ia l  r 
were  ca lcula ted  f rom Eq. [4] and  [13], respect ively .  
Thus, assessment of the adequacy  of Eq. [13] can be 
obta ined  by  compar ison of the  Ec wi th  the  observed 
emf  values  Eob for  the  var ious  electrolytes .  Typical  
resul ts  for four  of the  e lec t ro ly tes  s tudied are  given 
in Table  I. Fo r  the case of BaC12 the values  used for 
the  constants  Kt  and K2 in Eq. [12] as wel l  as the  
va lues  for  Eob, were  those  r epo r t ed  by  Jones  and Dole 
(8). Fo r  LaCI~, the  values  used for  K1 and K2 were  
those repor ted  by  Jones and  Prendergas t  (10) and the 
Eob values  were  those repor ted  by  Shedlovsky  and 
MacInnes  (11). Values used for K1 and K2 for LiC1 were  
those repor ted  by  Jones and Bradshaw (9) and the 
Eob values were  those repor ted  by  MacInnes  and 
Beat t ie  (12). Fo r  NaC1 the bes t  va lues  for K1 and K2 
were  obta ined by  a least  squares  p rocedure  ( index of 
determinat ion,  0.994) f rom the  da ta  on t ransference  
numbers  repor ted  by  Longswor th  (13). Values for Eob 
for NaC1 were  those repor ted  by  MacInnes  (14). The 
values  used (15) for  a i  • 10s were :  4.5, for Na+;  5 for 
Ba2+; 9, for La3+; and 3, for C1-. Values for the  con- 
s tants  A/2.303 and B in Eq. [4] were  0.512 and 
0.329 • l0 s, respec t ive ly  (16), for  w a t e r  at  25~ 

The da ta  in the  last  two columns of the  tab le  show 
good agreement  (wi th in  3%) be tween  Ec and Eob for 
systems with  ionic s t rengths  up  to 0.3M. I t  is evident  
t ha t  a more  sa t i s fac tory  agreement  was  obta ined  for 
NaC1 and BaC12 than for  LaC13. This is not surpr is ing 
since the  use of the  Debye-Hfickel  theory  for single 
ionic ac t iv i ty  coefficients is less sat isfactory the h igher  
the ionic charge  number .  Lack  of agreement  be tween 
the  Ec values  ca lcula ted  by  Eq. [4] and the Eob values  
repor ted  in the previous ly  ment ioned references  be- 
came la rger  at  h igher  ionic s t rengths;  for systems (not  
included in the  tab le)  wi th  ionic s t rengths  f rom 0.5 to 
3M the two values  differed f rom about  5 to 10%. I t  is 
conceivable  that  the  use of h igher  order  te rms in Eq. 
[4] might  resul t  in an express ion tha t  could give sat- 
i s factory resul t s  at  h igher  concentrat ions;  its con-  
comitant  increased complexi ty ,  however,  would prob-  
ab ly  p reven t  i ts use in most prac t ica l  si tuations.  

Table  I. Calculated liquid junction potentials a t  2 5 ~  for 
concentration cells with transference together with 

observed and calculated cell emf's 

E l e c t r o -  t~1 (Eq. Ec (Eq. 
lyte m', M m ~, M [13]), mV Eob, mV [14]), mV 

NaC1 0.005 0.1 15.45 -- 56.46(a) - 5 6 . 1 9  
0.01 0,05 8.31 -- 30,35 - 30.23 
0.02 0.1 8.17 - 29.80 -- 29.62 
0.08 0.1 1.11 - -4 .05 - -4,02 

LiC1 0.03 0.3 18,49 --35.21(b) - -34.35 
0.1 0.3 8.78 -- 16.41 -- 15.97 

BaCI= 0.001 0.05 35.52 -58,50<c) --58.03 
0 . 0 0 5  0 . 0 5  2 1 . 2 2  --  3 3 , 2 6  - -  3 2 . 7 4  
0 . 0 1  0 . 0 5  1 4 . 9 2  - -  2 2 . 7 5  - -  2 2 . 4 0  
0 . 0 2 5  0 . 0 5  6 . 4 8  - -  9 . 4 2  - -  9 . 3 7  

LaC]a 0.00061 0.03333 40.84 -- 52.69~d~ -- 54.23 
0 . 0 0 3 2 2  0 . 0 3 3 3 3  2 4 . 2 8  - - 2 9 . 0 5  - - 3 0 . 0 4  
0 . 0 1 0 9 4  0 . 0 3 3 3 3  1 1 . 6 9  - -  1 3 . 2 4  - -  1 3 . 7 2  
0 . 0 2 5 2 6  0 . 0 3 3 3 3  2 . 9 3  --  3 . 2 1  --  3 . 3 1  

<~) Ref. (8). 
(b> R e f .  ( 6 ) .  
(+> Ref. (2). 
r R e f ,  ( 5 ) .  
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Equat ion [14] is subs tan t ia l ly  simplif ied if ti values, 
i n t e rmed ia te  be tween the two e lec t ro ly te  concent ra-  
tions, a re  considered to be independent  of concentra-  
tion. However ,  calculat ions made  on this basis for the 
examples  l is ted in the  table  y ie lded  d isagreements  be- 
tween Eub and  Ee in the order  of about  3-6% for the 
cases of NaC1 and BaCt2 and i t  amounted  to 6-12% for 
the case of LaC18. 
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LIST  OF SYMBOLS 
~j 
J 
C 
t t  

Z 
e 

X 
F 
R 
T 

,y 

I 

l iquid  junc t ion  potential ,  V 
flux, m o l e - i o n s / ( c m  ~ sec) 
concentrat ion,  mole - ions /dm 3 
electr ical  mobil i ty,  cm2/(V sec) (negat ive  for 
anions)  
charge  number  (negat ive  for  anions) 
electronic charge,  A sec or  coulomb 
electrochemical  potential ,  erg or  joule  
chemical  potential ,  erg or joule  
electr ical  potent ia l ,  V 
direct ion of potent ia l  gradient ,  cm 
F a r a d a y  cou lomb/eq  
gas constant ,  (erg  or j o u l e ) / ( m o l e  K)  
tempera ture ,  ~ 
chemical  act ivi ty,  mole - ions /dm 3 
ionic ac t iv i ty  coefficient 
ionic strength,  (mol- ion/dm3) ~ 

A Debye-Hfickel  parameter ,  mole -1/2 dm 1/2 
B Debye-Hfickel  pa ramete r ,  cm -1 mole  -1/2 dm t/2 

dis tance of closest approach,  cm 
t t r anspor t  number  
Kt, K~ paramete r s  for empir ica l  t r anspor t  equat ion 

(Eq. [13]) 
Eob observed concentra t ion  cell  potential ,  V 
Ec calcula ted cel l  potent ia l  (Eq. [14] ) ,V 
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ECM of Nickel in NaCIO  Solution 

Mitchell A. LaBoda,* Armand J. Chartrand, James P. Hoare,* Charles R. Wiese, and Kao-Wen Mao* 
Electrochemistry Department, Research Laboratories, General Motors Corporation, Warren, M~chigan 48090 

A cer ta in  amount  of success has been  achieved by  
corre la t ing  the  e lectrochemical  machining (ECM) be -  
hav ior  of steel in a given e lec t ro ly te  wi th  the  pass iva-  
t ion character is t ics  of s teel  in the e lec t ro ly te  de te r -  
mined  f rom polarizat ion,  film str ipping,  and mass ba l -  
ance studies (1-7).  There  is some evidence (8-10) tha t  
the  resul ts  va l id  for i ron and steel  may  not  be  val id  
for some other  metals .  Consequently,  the machining 
of Ni by  ECM m a y  be an en t i re ly  different  proposit ion.  

Since the  ECM behavior  of a g iven meta l  in a g iven 
e lec t ro ly te  has been shown to depend on the na ture  of 
the anodic film formed on the meta l  surface (1-6) and 
on the  in terac t ion  of the  anodic film wi th  the  anions 
presen t  in the  e lec t ro ly te  (7), i t  would  seem h igh ly  
p robab le  tha t  the  machin ing  of  i ron or steel in NaC103 
solutions would  be much different  from tha t  of nickel  
in NaC10~ solutions. I t  is the purpose  of this note to 
present  the  resul ts  of an  inves t igat ion showing tha t  the 
polarizat ion,  film str ipping,  and mass  ba lance  data  for  
steel  and nickel  anodes in 3M NaC103 solut ion are  
ve ry  different,  and tha t  the machin ing  character is t ics  
of s teel  and n ickel  samples  in a l abo ra to ry  ECM 
plunge-cu t  machine  are  equal ly  so. 

Al l  exper imen ta l  techniques have  been descr ibed in 
ear l ie r  repor ts  (6, 7). The samples  were  mild  steel 
(Type  1020) and nickel  (99.5% pure ) .  The e lec t ro ly te  
s tudied was  a solut ion of 350g of NaC103 per  l i ter.  The 
steel  and  nickel  tubes machined in the ECM machine  
had  the same geometr ic  dimensions. 

The s t eady-s t a t e  polar izat ion curves  along wi th  the 
film s t r ipp ing  da ta  are  p lot ted  in Fig. 1. The difference 

" Electrochemical  Society Act ive  Member .  
Key  words:  electrochemical  machining,  nickel anodes, NaC103 

electrolytes, passive films, anodic films. 

be tween  the two curves  for  s teel  and nickel  is s t r iking.  
At  low potent ia ls  (below 0.5V), steel is ac t ive  and sur -  
face films are  undetec table ;  whereas  nickel  is passive 
in the  same potent ia l  region and the surface is wel l  
covered wi th  an anodic film. Ins tead  of a negat ive  re -  
sistance region (ac t ive-pass ive  t ransi t ion)  exhib i ted  
by  steel  anodes, a l imi t ing cur ren t  region appears  on 
the polar iza t ion  curve obta ined  on Ni anodes. In the  
t ranspass ive  region, the  anodic film on s teel  anodes 
becomes th inne r  wi th  increas ing potential ,  bu t  tha t  
on nickel  anodes not only  becomes th icker  but  also a 
new phase  appears  (filled circles in Fig. lb )  at  poten-  
t ials  where  02 evolut ion begins (11). 

Nea r ly  al l  the  cur ren t  is consumed in 02 evolut ion  on 
Ni anodes a t  cur ren t  densi t ies  below about  2 A/ in .  2. 
Af t e r  a polar izat ion run, the Ni wires  r emained  br igh t  
and  the e lec t ro ly te  was clear  and colorless. Under  s im-  
i la r  expe r imen ta l  conditions, the  d iamete r  of a s teel  
wi re  was g rea t ly  reduced  and Fe  (OH)z s ludge collected 
in the  electrolyte .  Such behavior  indicates  that  the  
anodic film on Ni anodes in NaC103 solut ion possesses 
a h igher  degree  of electronic conduct ivi ty.  Oxygen  is 
evolved by  the  chemical  decomposi t ion of a h igher  
oxide and cur ren t  is consumed in the e lect rochemical  
format ion  of the  h igher  oxide from the lower  form 
(11). 

Al though  the cur ren t  efficiency for me ta l  r emova l  at  
Ni anodes in NaC103 solution increases wi th  increasing 
cur ren t  densi ty  as noted by  Landol t  (10), it  does not  
increase  as fast  wi th  cu r ren t  densi ty  as tha t  at  s teel  
anodes in NaC10~ solution, nor  does i t  reach  as high 
values  at  h igh cur ren t  densi t ies  (,~ 300 A/in.Z).  These 
facts are contained in the  da ta  of Table  I. Fo r  this  
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Fig. 1. (a) Steady-state polari- 
zation curves for nickel (open 
circles) and steel (open tri- 
angles) anodes in O2-saturated ~.~' 
NaCIO~ solution (350 g/liter). 
(b) A plot of the charge (Q) as- 
sociated with anodic film formed 
on the surface of nickel (open 
circles) and steel (open tri- ~ l c 
angles) anodes as a function of _~ 
potential in NaCIO3 solution 
(350 g/liter); the filled circles 
represent the charge associated ~- 0.5 
with a higher oxide formed on 
Ni anodes in the potential range 
where O~ is evolved. 
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Fig. 2. Proficorder traces of the sides of holes plunge-cut by an ECM machine in nickel (a) and steel (b) samples using NaCl03 solu- 
tion (350 g/liter). The x-axis for both (a) and (b) is 0.001 in./div; the y-axis for (a) is 25 ~in./div and for (b) 5 /~in./div. RMS surface 
roughness is determined as 1/3 of the peak-to-valley distance. 

reason, one would expect the machining rate of Ni to 
be slower than  that of steel in  the NaC103 electrolyte. 
In  Table II is listed the highest machining rate ob- 
tained dur ing the p lunge-cut t ing  of a sample in the 
laboratory E,CM machine without the automatic cutoff 
being activated. As noted, steel can be machined al-  

most twice as fast as Ni under  the same exper imental  
conditions in NaC103 electrolytes. 

With increasing potentials, the" anodic film on steel 
becomes uniformly th inner  and highly porous produc- 
ing an electropolishing of the metal  surface (7). On 
the contrary, the anodic film on Ni anodes thickens 
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Fig. 3. Scanning-electron mlcrographs of the machined surface of the side of a hole plunge-cut by an ECM machine in nickel (a, b, 
and c) and steel (d, e, and f) samples using NaCIO3 solution (350 g/liter). Magnification of (a) and (d) is 100X; of (b) and (e) 
1000• of (c) and (f) 10,000• Angle of incidence was 12 ~ 

with increasing potential, and a less smooth surface is 
obtained on Ni anodes. The Proficorder traces along 
the sides of a hole p lunge-cut  in the sample by the 

Table I. Current efficiency for nickel and steel tubes machined 
in NaCIO3 (350 g/liter) electrolyte 

M e t a l  

C u r r e n t  effi- C u r r e n t  effi-  
C u r r e n t  c i e n c y  fo r  c i e n c y  fo r  
d e n s i t y  m e t a l  r e m o v a l  O~ e v o l u t i o n  
(A / in ,  ~) (%)  (%)  

N i c k e l  40 7.7 
80 14.8 78,5 

150 58.2 - -  
300 66.5 39.6 

Steel 40 0.3 
80 22.4 77,8 

150 61.5 39.5 
300 85.5 17,8 

Table II. Machining rate of plunge-cut samples in NaCIO3 
solution (350 g/liter) 

Applied P u m p  M a c h i n i n g  R M S  s u r f a c e  
v o l t a g e  p r e s s u r e  r a t e  r o u g h n e s s  

M e t a l  (V) P S I G  ( i n . / m i n )  {#in,) 

N i c k e l  20 72 0.175 10-15 
Steel 20 68 0.310 1-2 

ECM laboratory machine are reproduced in  Fig. 2. It  
is seen that  there is near ly  an  order of magni tude  
difference in the degree of surface roughness recorded 
on the machined surfaces of Ni and steel samples. 
Confirmation of this observation is obtained in Fig. 3 
which shows scanning electron micrographs of the 
machined surfaces of p lunge-cut  Ni and steel samples 
at three magnifications. 

These data confirm the contention that  the ECM 
behavior of a given metal  in a given electrolyte is 
highly dependent  on the type and na ture  of the anodic 
films formed on the metal  surface and on the interac-  
t ion of the film with the anions in solutions as a func-  
t ion of potential. A good unders tanding  of these two 
conditions can be obtained from polarization, film 
stripping, and mass balance studies of the given sys- 
tem. To obtain acceptable results from ECM, the choice 
of electrolyte and exper imental  parameters  must  be 
determined for each kind of metal  under  consideration. 

Manuscript  submit ted Oct. 26, 1972; revised m a n u -  
script received Jan.  16, 1973. 

Any  discussion of this paper  will appear in a Discus- 
sion Section to be published in the December 1973 
J O U R N A L .  
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Solid-State Ionics: A New High Ionic Conductivity 
Solid Electrolyte AgoI WO  and Use of This Compound 

in a Solid-Electrolyte Cell 
Takehiko Takahashi,* Shoichiro Ikeda, and Osamu Yamamoto 

Department of Applied Chemistry, Faculty of Engineering, Nagoya University, Nagoya, Japan 

ABSTRACT 

A new high ionic conductivi ty solid Ag614WO4 has been found in  the system 
AgI-Ag2WO4 at ambient  temperature.  This compound has a silver ion conduc- 
t ivi ty  of 0.047 (ohm �9 cm) -1 at 25~ and an activation energy for conduction of 
3.6 kcal /mole  between 20 ~ and 293~ The t ransport  number  measurement  using 
Tubandt ' s  method shows that the t ranspor t  number  of silver ions in this com- 
pound is 1.00 wi th in  the exper imental  error. A Ag/Ag614WO4/I2 solid-electro- 
lyte cell shows an open-circui t  voltage of 687 mV which agrees well  with 
the value of 686.7 mV calculated from AG ~ of the cell reaction at 21~ Char- 
acteristics of the solid-state cells using Ag614WO4 as the electrolyte have been 
investigated. The phase diagram of the system AgI-Ag~WO4 has been deter-  
mined  also. 

In  a previous paper (1) the phase diagrams of the 
systems AgI-Ag3PO4 and AgI-Ag4P207 were reported, 
and the solid ionic conductors Ag~I4PO4 and 
Ag19115P207 were described. The compounds AgTI4PO4 
and Agt9115P207 are more stable than the MAg415 group 
(M -- K, Rb, or NH4) (2, 3) in  iodine atmosphere and 
in  moisture. In  this paper, a new high ionic conduc- 
t ivi ty solid in the silver-iodide and s i lver- tungstate  
system is described which has bet ter  stabili ty in iodine 
atmosphere than  the other high ionic conductors pre- 
viously known. 

The system AgI-Ag2WO4 has been examined by the 
same procedure as previously ment ioned (1) to deter- 
mine  its phase diagram, and the performance of the 
solid-state si lver-iodine cell has been investigated 
using this system as the electrolyte. 

Experimental 
Preparation of samples.--G.R, grade AgNO3, KI, and 

Na2WO4 �9 2H20 were used as s tar t ing materials.  Silver 
tungsta te  was prepared by precipitat ion from aque- 
ous solutions of silver ni t ra te  and sodium tungstate.  
The precipitate was washed seven or eight t imes with 
distilled water  and dried under  n i t rogen flow at 120~ 
for several hours. The preparat ion method of AgI was 
described in the previous paper  (1). 

Weighing of silver iodide and si lver tungstate  was 
followed by mix ing  and grinding, and the mixture  
was sealed in a Pyrex  tube under  vacuum and heated 
for about 18 hr  at 400~ and  then the resul t ing mate-  
r ial  was allowed to cool to room temperature.  

Conductivity measurement.rain order to reduce the 
contact resistance in  the measurements  of the con- 
duct ivi ty change with temperature,  a mix ture  of 0.9g 
of the sample and 0.3g of 200 mesh si lver powder was 

�9 E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
Key words: si lver iodide-sliver tungstate, ionic conductivity, solid- 

state battery. 

used as the electrode material .  The sample of 1.2g was 
stacked between the electrodes and pressed into a 
pellet of 13 m m  in diameter  by a hand press under  
4000 kg/cm 2. The electrical conductivi ty was measured 
with an 1 kHz impedance bridge (YEW, Model BV-Z- 
13A). 

The t ransport  number  of silver ions in  this new high 
conductivity solid was measured by Tubandt ' s  method 
(4), where a cell of the type of 

Ag,HglXIIXJXjXjAg [I] 
( + )  ( - - )  

was used, where  X ----- Ag614WO4. In  order to reduce 
the anodic polarization, an amalgamated silver plate 
was used for the anode material,  and the change of 
the mass of >12, X3, X4, and  cathode was measured. A 
solution of 10 w/o (weight per cent) silver ni t ra te  
was used as the electrolyte of the silver coulometer. 
A stabilized direct cur rent  was passed through the cell 
for about  4 hr  at the current  densi ty  of 1.5 mA / cm 2. 

Galvanic celL--A solid-state galvanic cell of the 
type of 

Ag, Ag614WO4/Ag614WO4/I2, Ag614WO4,C [II] 

was constructed, the schematic of which is shown in 
Fig. 1. In  order to reduce the contact polarization 
effects at the anode-electrolyte interface, a mixture  of 
0.4g of Ag6I~WO4 and 0.15g of 200 mesh silver powder, 
and 1.0g of Ag614WO4 were stacked in laminar  ar -  
rangement  and pressed at 4000 kg/cm 2 into a single 
pellet of 13-ram diameter to form the anode and the 
electrolyte, respectively. 

The cathode mater ial  was a mix ture  of iodine, 
Ag614WO4, and graphite (0.40g:0.40g:0.07g), and 
pressed into a pellet of the same shape. In  order to 
measure the anodic and cathodic polarizations of this 
cell, the anode layer  was divided into two pieces of an 

647 
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Fig. 1. Schematic diagram of the solid-electrolyte cell for polar- 
ization measurement. 

original anode and a reference electrode, where the 
area ratio was 10:3. Silver plates 0.05-mm thick were 
used as the current  collectors contacted directly with 
the anode and the reference electrode, and indirectly 
with the cathode via a graphite plate. The cell was 
sealed with polyester resin to prevent  the sublimation 
of iodine. 

X-ray diffraction.~Geigerflex D-3F (Rigaku Denki 
Company, Ltd.) was used for the x-ray diffraction 
analysis. A copper anode tube was operated at 15 mA 
and 35 kV. The shape of each sample was a pellet of 
13 m m  in diameter and about 1.5-ram thick pressed by 
a hand press under  4000 kg/cm~. 

Di~erential thermal analysis (DTA).~A sample of 
0.Sg was sealed in a Vycor tube under  vacuum, and 
an ~-alumina powder sealed in a Vycor tube of the 
same size was used for the s tandard material.  The 
heat ing rate was 3.5~ controlled by a PID con- 
troller (YEW, Model EGC 5-10) and a programmer 
(YEW, Model PGE-12).  

Results and  Discussion 
Electrical conductivity o~ the system AgI-Ag~WO~.~ 

A plot of the electrical conductivi ty of the system 
AgI-Ag2WO~ at room tempera ture  against the Ag~WO4 
content is shown in Fig. 2. The conductivity curve sug- 
gests that an intermediate  compound with high elec- 
trical conductivity may be present  in this system, be- 
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Fig. 2. Electrical conductivitles in the system AgI-Ag2WO4 vs. 
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Fig. 3. Electrical conductivities of the system AgI-Ag2WO4 vs. 

the reciprocal of the absolute temperature. 

cause the curve shows a ma x i mum at about 20 m/o  
(mol per cent) Ag2WO4 when  the conduct ivi ty  is of 
the order of 10 -2 (ohm �9 c m ) - l .  The conductivi ty of 
Ag2WO4 shown in the figure was obtained from an 
extrapolat ion of the Arrhenius  plots of Ag2WO4 shown 
in Fig. 3 to 25~ 

The electrical conductivities of the system AgI- 
Ag2WO4 plotted as a funct ion of the reciprocal of the 
absolute temperature  are shown in Fig. 3. The con= 
ductivi ty curves of the samples containing 0 and 10 
m/ o  of Ag2WO4 show abrupt  change at 147~ cor- 
responding to the t ransi t ion of silver iodide from t~ to (~ 
phase. The curves of the samples of 30 and 33.3 m/o  
of Ag2WO4 show the small  bends near  150~ 

The conductivity curve of 20 m/o  of Ag2WO4, how- 
ever, shows no abrupt  change and bend near  these 
temperatures,  and increases l inear ly  up to 293~ 
which corresponds to the incongruent  mel t ing point 
described in a later  section. This result  indicates 
that  a new high conductivi ty compound, which may 
be wri t ten  as Ag614WO4, would be present at the com- 
position of 20 m/o  Ag2WO4-80 m/o  AgI. 

In  order to determine the charge carrier of this 
compound, Tubandt ' s  method was used. It was found 
tbat  the total charge passed through cell [I] corre- 
sponded to the quant i ty  of silver deposited at the 
cathode as shown in Table I, and the t ransport  number  
of the silver ion is un i ty  wi thin  the experimental  
error. Therefore, the electrical conductivity of 

Table I. Transport number in Ag614WO4 

Change in mass (rag) 

A~=Hg anode 
x1 
x ~  
x8 
x4 
A g  cathode 
A g  d e p o s i t e d  in  eoulometer 
T r a n s p o r t  number of A g  § 

+0.01 
-------+0.00 

+28.12 
"~0.00 

+ 28.30 
0.994 
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Ag614WO4 shown in Fig. 3 is a silver ion conductivity 
and is 0.047 ___ 0.001 (ohm �9 cm) -i at 25~ The activa- 
tion energy for conduction obtained from the 
Arrhenius plot is 3.6 kcal/mole, which is comparable 
to the values of the other high ionic conductivity 
solids (1). The high ionic conductivity and low activa- 
tion energy suggest that the silver ions in this new 
compound may be statistically distributed in the lat- 
tice taking an averaged structure. 

X-ray di~ffraction.--The resul ts  of the  x - r a y  diffrac- 
t ion of the  samples  car r ied  out  a t  room t empera tu re  
using nickel  f i l tered Cu-Ka  radia t ion  are  l is ted in 
Table  II. In the  composit ion range  of 0-18 m/o  Ag2WO4, 
the  diffraction peaks  due to v-phase si lver iodide ap -  
peared.  The lines due to Ag2WO4 were  observed in 
the  samples  containing 67 m / o  or more  Ag2WO4. The 
lines due to ~-Agl and Ag2WO4 were not observed in 
the samples containing 20-67 m/o Ag2WO4. The pat- 
terns of the samples containing 20, 33, and 67 m/o 
Ag2WO4 showed that the new phases were formed in 
these compositions. These patterns, however, are too 
complex to determine the crystal structure only by 
the powder x-ray diffraction analysis. 

Phase diagram of the system AgI-Ag2WO4.--The 
resul t s  of the  DTA of the  sys tem AgI-Ag2WO4 in the  
t empe ra tu r e  range  of 20~176 are shown in Fig. 4. 
Al though the DTA of this sys tem showed an endo-  
thermic  peak  at 147~ in the heat ing process in the  
composit ion range of 0-17.5 m/o  of Ag2WO4 which is 
due to the t ransformat ion  of s i lver  iodide from ~ to a 
phase, the peak  did not  appear  at  this  t empera tu re  in 
the  samples  of 20 and 22.5 m / o  Ag2WO4. Ano the r  endo- 
thermic  peak  at  150~ appea red  in the composit ion 
range  of 25-60 m/o  Ag2WO4. These resul ts  correspond 
to those of the  e lec t r ica l  conduct iv i ty  measurements  
shown in Fig. 3. In  t he  samples  containing more  than 
67 m / o  of Ag2WO4, however ,  no peaks  were  observed 
near  these tempera tures .  The endothermic  peaks  at  
293% 290 ~ and 348~ were  also observed in the  com- 
posit ion ranges of 0-20, 20-67, and  50-90 m / o  of 
Ag~WO4 in the heat ing process. 

F igure  5 shows the  phase d iagram of the  system 
AgI-Ag2WO4 de te rmined  by  the x - r a y  diffraction mea-  
surements  and the  different ial  t he rmal  analysis.  In 
this system, there  a re  th ree  in te rmedia te  compounds 
at  the  composit ions of 20, 33, and  67 m / o  of Ag2WO4, 
which m a y  be wr i t t en  as Ag614WO4, Ag412WO4, and 
AgsIW2Os, respect ively,  a t  room tempera ture .  
Ag614WO~ and  AgsIWsO8 incongruent ly  me l t  a t  293 ~ 
and 348~ respect ively.  Ag4IsWO~ decomposes to 
AgsI4WO~ and AgsIW2Os above 150~ The mel t ing  

Table II. Powder x-ray patterns for the system AgI-Ag2W04 

AgsWO~ AgsIWsOs Ag4I~WO~ AgeI~WO4 ~/-Agl 
d (A) I d (A) I d (A) I d (A) I d (A) 1 

4.08 W 4.17 VW 4.31 W 4.44 W 3.76 VS 
3.80 W 3.97 W 3.79 S 4.25 VW 2.31 S 
3.49 VW 3.77 VW 3.48 W 4.13 VW 1.97 M 
3.28 W 3.62 VW 3.02 M 3.79 MWB* 
3.14 W 3.22 MW 2.94 M 3.68 MB 
2.96 M 3.06 M 2.87 MW 3.48 MSB* 
2.85 VS 2.99 S 2.71 M 3.18 MB 
2.72 M 2.86 M 2.31 M 2.96 MB 
2.65 W 2.80 MS* 2.25 VW 2.92 M 
2.44 VW 2.72 MW 1.97 MW 2.87 M 
2.37 VW 2.66 M 1.92 W 2.71 SB* 
2.20 VW 2.50 W 2.56 WB 
2,16 VW 2.37 W 2.46 W 
2,01 S 2.30 W 2.38 WB 
1.96 W 2.21 W 2,31 MB 

2.16 W 2,18 MB 
2.13 VW 1.93 WB 
2.04 W 
2.01 W 
1.87 VW 

10O m / o  66.7 m / o  33.3 m / o  20 m / o  0 m / o  
AgaWO4 

90, 80, 70 m / o  60, 50, 40 m / o  30, 25 m / o  17.5, 10, 5 m / o  

Mixed  pa t t e rn  Mixed  pa t t e rn  Mixed  pa t t e rn  Mixed  pa t te rn  

M_B, MWB, MSB, and  SB:  B means  that  the peak  is r a t h e r  broad.  

~ .~--- BO m/o 

.~70 m/o 
~e~-65.7 m/o 

~ _ _ . ~  v/ } 

~ t 2 2 . 5  m/o 

~20 m/o 

1 m/o 

g. m/o 

i A g 2W04 
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TEMPERATURE ( ~ ) 
Fig. 4. DTA curves of the system AgI-Ag2WO4 in the heating 

process in the temperature range of 20~176 
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Fig. 5. Phase d}agram of the system Agl-Ag2WO4 
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point  of Ag2WO4 is 620 ~ • 5~ and the eutectic com-  
posi t ion is es t imated to be 25 m / o  Ag2WO4, at 290~ 

Galvanic celL--The high ionic conduct iv i ty  solid 
e lect rolytes  have been ma in ly  used in sol id-e lec t ro-  
ly te  galvanic  cells (5-10). In  these applications,  the 
solid e lec t ro ly te  should  have a high ionic conduct ivi ty,  
h igh s tabi l i ty  for  the ca thode mater ia l ,  and low elec- 
t rode polarizat ion.  F igure  6 shows the  resul t  of the  
change of the  in te rna l  res is tance of the cell, G r a p h i t e /  
Ag614WO4 + I2/Graphi te ,  wi th  t ime. A mix tu r e  of 1.3g 
of the  e lec t ro ly te  and 0.3g of iodine was  used. The 
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Fig. 6. Change of internal resistance of the cell; Graphite/ 
Agsl~W04 -f- I~/Graphite. 

resis tance of the  cell  has been main ta ined  at  a constant  
value of about  50 ohm for two years.  

AgsI4WO4 has the  best  s tabi l i ty  in an iodine atmo- 
sphere  among the high ionic conduct iv i ty  compounds  
of s i lver  prev ious ly  known, such as Ag~SI (11, 12, 13), 
AgTI4PO4, AgIgIl~P~O~ (1),  RbAg415 (1, 2, 3, 14), and 
AgsI~WO~, and is a promis ing ma te r i a l  for so l id-s ta te  
s i lver- iodine bat ter ies .  

As Ag~I~WO~ has been found to be a high ionic 
conduct iv i ty  compound and stable in an iodine a tmo-  
sphere,  the  s i lver - iod ine  sol id-s tate  ceil  of t ype  [II] 
was constructed wi th  AgsI~WO~ for the  e lec t ro ly te  
mater ia l .  This cel l  shows an open-ci rcui t  vol tage  of 
687 mV at 21~ which  agrees wel l  wi th  the  value  of 
686.7 mV calculated f rom the  change of free energy of 
the  format ion  of s i lver  iodide  according to the  equa-  
t ion 

Ag(s )  + V~I~(g) : A g I ( s )  [1] 

indicat ing tha t  the ionic t r anspor t  number  of this  com- 
pound is uni ty.  This is confirmed with  the  resul t  of 
the  t r anspor t  number  measu red  by  Tubandt ' s  method.  

F igure  7 shows the  resu l t  of the  measurement  of 
the  anodic and cathodic polar izat ions of the  cell  in 
the  t empe ra tu r e  range  of --20 ~ to 68~ The polar iza-  
t ion was recorded 1 min  af te r  passing the  current .  At  
30~ the  anodic and cathodic overvol tages  were  31 
and 44 mV, respect ively,  at  the  cur ren t  densi ty  of 1 
mA/cm2; and they  were  50 and 6() mV, at  10O ~A/cm 2 
a t  --20~ respect ively.  These va lues  were  re la t ive ly  
lower  than  those of the  solid ionic compounds except  
for RbAg4I~ at  ambien t  tempera ture .  

F igu re  8 shows the discharge curves of the  cells at  
constant  load measured  at  roora tempera ture .  The cell 
loaded 7.5 kohm showed a t e rmina l  vol tage  of 550 mV 
at  50 % anode efficiency. 

In  Fig. 8 and 9, abbrevia t ions  Eo and Ec mean  the 
open-c i rcui t  vo l tage  and the  cell  vol tage  immedia te ly  
af ter  the beginning  of discharge,  respect ively.  

In  order  to measure  the per formance  at low tem- 
pera ture ,  the  discharge curve of the  cell  was measured  

800 r- ' r  -/;' 1 �9 ~ . , . t ' �9 , 
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Fig. 7. Anodic and cathodic polarizations of the cell AQ, AgBI4- 
WO4/Ags14W04/12, Agsl4W04, C at various temperatures. 
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Fig. 8. Time dependence of the voltage of the cell Ag, AgsI4W04/ 
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Fig. 9. Time dependence of the voltage of the ceJJ Ag, Agsl4W04/ 
Agsl4W04/12, Agsl4W04, C at constant load discharge of 7.5 
kohm at O~ 

at constant  load of 7.5 kohm at 0~ and the resul t  is 
shown in Fig. 9. The cell  showed the open-circui t  
vol tage  of 681 mV and the t e rmina l  vol tage of 668 mV 
at  the  ini t ia l  s tage of discharge.  I t  showed a t e rmina l  
vol tage  of 575 mV at 21% anode efficiency at  0~ 

Conclusion 
In  an invest igat ion to find a new high ionic conduc-  

t iv i ty  solid electrolyte ,  which was  carr ied  out on the 
sys tem AgI-Ag2WO4, i t  has been found tha t  AgsI4WO4 
has a pu re  s i lver  ion conduct iv i ty  as high as 0.047 
( o h m .  c m ) - 1  a t  25~ and an  ac t iva t ion  energy  for 
conduct ion of 3.6 kca l /mole .  AgsI4WO4 is a s table  
ye l low-colored  solid in the  t empe ra tu r e  range  of 20 ~ 
293~ and ex t r eme ly  stable in an  iodine a tmosphere .  
The t r anspor t  number  of s i lver  ions in AgsI4WO4 is 
1.00 wi th in  the  expe r imen ta l  error .  The s i lver- iodine  
so l id-s ta te  ba t t e ry  using AgsI4WO4 as the  e lec t ro ly te  
ma te r i a l  showed the  open-c i rcui t  vol tage of 687 mY 
at 21~ which is in good agreement  wi th  the  value,  
686.7 mV calcula ted  from aG ~ the free energy of 
fo rmat ion  of s i lver  iod ide(s )  f rom s i lve r ( s )  and 
iod ine (g)  at  21~ The anodic and cathodic  over-  
vol tages  of this  cell  a re  31 and 44 mV at the  cur ren t  
dens i ty  of 1 m A / c m  ~ at  30~ and 50 and 60 mV at 
100 ~A/cm~ at --2O~ respect ively .  This cell  showed 
the t e rmina l  vol tage  of 550 mV af ter  the discharge 
of 50% anode efficiency at  room tempera ture ,  and 575 
mV af ter  d ischarging 21% at  0~ 

The phase d i ag ram of the  sys tem AgI-Ag2WO4 has 
been  de termined.  There  are  th ree  in te rmedia te  com- 
pounds  of AgsI4WO4, Ag4IWO4, and  AgsI2WOs at  room 
tempera ture .  

Manuscr ip t  submi t t ed  Aug. 16, 1972; rev ised  m a n u -  
scr ip t  rece ived  Jan.  3, 1973. 

A n y  discussion of this  paper  wi l l  appea r  in a Discus- 
sion Sect ion to be publ i shed  in the  December  1973 
JOURNAL. 
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The Interaction of Some Atmospheric 
Gases with a Tin-Lead Alloy 

Harland G. Tompkins 
Sell Telephone Laboratories, Columbus, Ohio 43213 

ABSTRACT 

A s tudy  is made  of the  in terac t ion  of O2, SO2, NO2, H2S, C12, CO, and NH~ 
wi th  a t in - l ead  al loy (50-50% by weigh t ) .  Studies  were  made  at  both high 
(10-100%) and low (0.1-100 ppm)  concentrat ions.  At  the  high concentrat ions,  
some interact ion is observed for al l  except  CO and NH3. At  concentrat ions 
below 100 ppm, only NO2 and C12 in teract  wi th  the  t in - lead  to any extent.  
Products  formed are  Pb(NO3)2 for NO2 and SnC12 and PbC12 for CI~. Kinet ic  
da ta  a re  presented  for the  interact ion of these two gases wi th  SnPb  along 
wi th  the  effect of re la t ive  humidi ty .  Relat ive  humid i ty  is shown to have a 
s t rong effect on the  interact ion,  wi th  high re la t ive  humid i ty  enhancing the 
in terac t ion  for CI~ but  inhibi t ing the  in teract ion for NO2. 

Most of the  invest igat ions of t in- lead  a l loys  have 
been concerned wi th  degrada t ion  of appearance,  
solderabi l i ty ,  and  we t t ab i l i t y  (1), etc. Very  l i t t le  has 
been done in the  area  of kinet ic  s tudies of the  in te r -  
act ion of gases wi th  t in-lead,  pa r t i cu l a r ly  at  room 
tempera ture .  Two of the  few works  avai lab le  are oxi-  
dat ion studies made  on t in  (2) and  lead  (3) individ-  
ually.  A previous  paper  (4) deals  wi th  the in terac-  
t ion of NO2 wi th  t in- lead.  This work  is a cont inuat ion 
of tha t  previous  paper  and deals  wi th  the interact ion 
of severa l  addi t ional  gases somet imes found in the  
atmosphere.  Gases s tudied were  02, SO2, H2S, C12, 
NH3, and CO. The resul ts  of the  work  on NO2 are 
summar ized  for completeness.  

F r o m  a corrosion point  of view, studies should be 
ca r r i ed  out  a t  a low concentra t ion  in o rder  to more  
closely app rox ima te  the  ac tua l  a tmosphere  conditions. 
Accord ing ly  most  of the  presen t  s tudies were  done at  
concentrat ions  of 0.1-100 ppm. Pr io r  to this  s tudy,  how-  
ever, an exp lo ra to ry  invest igat ion was made  at high 
concentrat ions to de te rmine  which gases affected t in-  
lead  appreciably .  This s tudy was to indicate  the  area  
of most f ru i t fu l  effort in research.  The exp lora to ry  
invest igat ions at  high concentra t ion  were  much less 
exact  t han  the  low-concent ra t ion  studies. In  the  h igh-  
concentra t ion studies, the  concentra t ion  is est imated,  
and some of the  film thickness  va lues  a re  lower  l imits  
r a the r  than  actual  values.  The  purpose  of including 
the h igh-concent ra t ion  studies in this  paper  is not  to 
provide  kinet ic  data,  but  to indicate  roughly  which 
gases in te rac t  apprec iab ly  wi th  t in- lead,  and  which  
do not. 

Al though it  is an accepted ru le  of thumb tha t  high 
re la t ive  humid i ty  accelerates  corrosion, the  mecha-  
nism of this  accelerat ion is not  unders tood in many  
cases. Accordingly,  the effect of re la t ive  humid i ty  is 
inc luded in the  low-concent ra t ion  study. Both the  high-  
concentrat ion exp lo ra to ry  s tudy and the low-concen-  
t ra t ion  s tudy were  conducted at  room tempera ture .  

Key words: corrosion, l e a d - t i n  a l loys ,  

Experimental Setup 
Low concentration.wThe exper imen ta l  setup for the  

weight  gain  measurements  at  low concentrat ions  has 
been descr ibed prev ious ly  (4). Briefly, weight  gain 
was measured  under  var ious  gaseous environments .  
The microbalance  setup is shown schemat ica l ly  in Fig. 
1. The output  f rom a Cahn microbalance,  which is 
used to measure  weight  gain  cont inuously  as the  cor- 
rosive gas was passed over  the sample, is presented 
on a char t  recorder .  The samples  were  solid t in- lead 
coupons having an area  of about  9 cm 2. The t in- lead ,  
nomina l  composit ion 50-50 by  weight ,  was purchased 
in 0.1 cm sheets, ro l led  to 0.018 cm, and then  annealed  
at  125~ in mi ld  vacuum for 30 min. 

The coupons were  u l t rasonica l ly  degreased in t r i -  
chloroethylene  and r insed  in acetone pr ior  to anneal -  
ing. This surface p repa ra t ion  appears  adequate  to ob- 
ta in  reproducib le  data.  

The corros ive  a tmosphere  was obta ined by  flowing 
a ca r r i e r  gas, d ry  air, over  a pe rmea t ion  tube  (5) 
which releases the corrosive gas (e.g., C12) at  a con- 
stant  rate.  The pe rmea t ion  tubes  were  purchased from 

ELECTRICAL OUTPUT 
TO CHART RECORDER 

SAMPLE ~ V E R  GAS 

TO EXHAUST 

RH 
INDICATOR 

Fig. 1. Experimental setup shown schematically 
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Analy t ica l  In s t rumen t  Development ,  Inc., and con- 
sisted of l iquid  C12 (or NO2, H2S, SO2) in FEP  Teflon 
tubes. The C12 permea tes  out  through the  wal l s  
of the  tube  at  a ra te  which  is dependent  only on the  
size of the tube, and tempera ture .  Moist a i r  was added 
after  the car r ie r  gas had  passed over  the  permeat ion  
tube  in order  to give the  desired re la t ive  humidi ty .  
Rela t ive  humid i ty  was  measured  wi th  an hygromete r  
indica tor  manufac tu red  by  Hygrodynamics ,  Inc., which 
has a quoted accuracy of ___3% RH. The  permeat ion  
ra tes  were  de te rmined  by  weight  loss of the  tube. The 
flow ra te  of the  gas over  the sample  was 100 m l / m i n  
(0.4 cm/sec)  and  a typical  permeat ion  ra te  was 3 ~g/  
min of C12 (3 ~g of C12 in 100 ml corresponds to ap- 
p rox ima te ly  10 p p m ) .  Concentra t ion was var ied  by  
va ry ing  the  t empera tu re  of the  permeat ion  tube. This 
in tu rn  changed the permeat ion  ra te  which  changed 
the amount  of corrosive gas being put  into the  car r ie r  
gas. 

High-concentration exploratory study.--For the  
h igh-concent ra t ion  work,  the  samples  were  exposed 
by  flushing the appropr i a t e  a tmosphere  through a 
closed glass container  which  he ld  the  sample.  The 
stopcocks were then closed and the sample  was al lowed 
to sit in the chosen a tmosphere  for the  a l lo t ted t ime. 
The samples  were  again solid t in - lead  coupons. 

The d ry  a tmospheres  were  obta ined  by flowing the 
appropr i a t e  gas f rom a lec ture  bot t le  d i rec t ly  into the  
sample  chamber .  The re l a t ive  humid i ty  was not  mea-  
sured  but  is es t imated  to be be tween 0 and 20%. The 
wet  a tmospheres  were  obta ined by  bubbl ing  the gas 
th rough  wate r  and then flowing it through the sample  
chamber.  F low was cont inued for severa l  minutes  to 
insure  sa tura t ion  of the water .  Rela t ive  humid i ty  was 
es t imated  to be  be tween  80 and 100%. 

The presence or absence of film growth  was noted 
b y  using cathodic reduct ion (6). This is an old tech- 
nique whereby  the film is reduced e lect r ica l ly  and 
the amount  of charge  requi red  is a measure  of the  film 
thickness.  This method does not give accurate  resul ts  
for films which  are  soluble in water ,  so for these films, 
the  va lue  obta ined f rom cathodic reduct ion is lower  
than  the  ac tual  thickness.  

Results 
High-concentration exploratory study.--No film 

growth  was observed for  concentrat ions  of approxi -  
ma te ly  100% CO or  100% NH (wet ) ,  for  t imes of sev-  
e ra l  days.  

The oxygen in air  causes a l imi t ing film of t in oxide  
a n d / o r  lead oxide to form. Under  normal  room condi-  
tions, this  film is of the  o rder  of 30-60A. If  excessive 
re la t ive  humid i ty  (100%) or  t empera tu re  (168~ are  
used, films up  to 300A are  obtained.  These da ta  agree  
wi th  the  resul ts  of Anderson  and Tare  (3) and Br i t ton  
and Br ight  (2) who indicate  tha t  the  oxide  formed is 
l imiting.  

Sulfur-conta ining gases used were  SO~ wi th  con- 
centra t ions  f rom 10 to 100%, both wet  and dry, and 
wet  H2S (concentra t ion 80-100%). Resul ts  were  ve ry  
er ra t ic  bu t  in no case did  a film th icker  than  1600A 
form ( thickness  ca lcula ted  by  assuming SnS wi th  
dens i ty  5.08 g/cmS). Exposure  var ied  from 16 to 76 
hr  and longer  t imes d id  not  genera l ly  give th icker  
films. The conclusion is tha t  these films are  l imiting.  

Chlorine and oxides  of n i t rogen caused films to grow 
in excess of 10,000A calcula ted  by  assuming SnC12, 
dens i ty  (3.39 g / c m  a) and these  films appea r  to be  non-  
l imiting.  Concentrat ions  from 20 to 100% were  used, 
both  wet  and dry.  In  C12, a l iquid film formed on the 
sample. When removed from the sample  chamber,  the  
sample  dr ied  leaving a whi t e  deposit  of lead chlor ide  
and h y d r a t e d  t in  chlor ide  as de te rmined  by  x - r ay  dif-  
fract ion.  The  low-concen t ra t ion  section deals  w i th  the  
l iquid film more  extensively.  

When  the  samples were  v iewed wi th  an opt ical  
microscope, the  surface roughness of the films grown 
in SOs and H2S did not  appear  signif icantly different  

from the unexposed sample. The films grown in NO2 
and C12, on the other  hand, appeared  ve ry  rough and 
grossly  rear ranged.  These films were  undoub ted ly  ve ry  
porous. 

Low concentrations.--Based on the resul ts  of the 
s tudy at high concentrations,  SO2, H2S, NO2, and C12 
were  used for the low-concent ra t ion  study.  

NOe.- -The resul ts  for  NO2 have  been repor ted  pre-  
v iously  (4). They  a re  summar ized  here  for  complete-  
ness. The react ion product  was de te rmined  to be 
Pb(NO3)2 b y  x - r a y  diffraction. P re sumab ly  no in te r -  
action occurs wi th  the  Sn. The weight  gain vs. t ime 
curves are  l inear  indica t ing  that  a nonprotec t ive  film 
is being formed. The film is undoubted ly  porous, but  
no loss of adhesion was noted, even on ve ry  th ick  films. 

Curves  were  obta ined wi th  var ious  concentrat ions  at  
32% re la t ive  humidi ty .  In  al l  cases, the  curves  were  
linear.  The slope of these curves  i s  the  ra te  of the  
weight  change. The ra te  of weight  gain vs. concentra-  
t ion is shown in Fig. 2. 

The l inear i ty  of this  curve  (above 10 ppm)  indicates  
that  when  the  concentra t ion is doubled,  the  film 
growth  ra te  is doubled.  This is to say  tha t  when  more 
gas a r r ives  at  the surface, more  gas reacts  wi th  the 
surface, and the re la t ionship  is l inear.  The l imit ing 
process would then be the  gas phase diffusion of the  
NO2 to the  gas-solid interface.  

Curves were  obta ined using var ious  re la t ive  humid i -  
t ies and  a constant  concentra t ion (42 ppm) .  The slopes 
of these curves a re  p lot ted  in Fig.  3. Here  we see tha t  
high rates  of film growth  are  obta ined for in te rmedia te  
re la t ive  humidi t ies  and low ra tes  of film growth  for 
low and for high re la t ive  humidi t ies .  The impl icat ion 
of the  decrease in ra te  for  h igher  RH values  is d is-  
cussed in the previous  w o r k  and the conclusion was 
tha t  the  mechanism probab ly  involved a s imul taneous  
chemisorpt ion of NO2 and H20 wi th  each species com- 
pet ing for adsorpt ion  sites. 
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Fig. 2. Rate of weight change vs.  concentration of NOe (RH is 
32%). 
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Fig. 3. Rate of weight gain vs. relative humidity (42 ppm NO~] 
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H2S and S02.--For SO~, a concentra t ion of 37 ppm and 
re la t ive  humidi t ies  of 40, 72, and 90% were  used. No 
film growth  was observed in th ree  days  for  40 and 90%. 
For  72% RH a sl ight  fi lm growth  (0.15 ~g/cm2-hr) was  
observed. This was not  r epea tab le  and subsequent  ex-  
posures of different  SnPb  coupons to the  same condi-  
t ions gave no film growth.  For  H~S, concentra t ions  of 
40 ppm and re la t ive  humidi t ies  of 59 and 88% gave 
no film growth.  

Summar iz ing  the su l fur -conta in ing  gases, we see 
tha t  we  get  some film growth  for  ex t r eme ly  high con- 
centra t ions  (10% and up) bu t  wi th  concentrat ions of 
less than  100 ppm we get  ve ry  li t t le,  if any, film growth.  

Clz.--Coupons of SnPb  were  exposed to var ious  con- 
cent ra t ions  of C12 f rom 0.2 to 10 ppm and re la t ive  
humidi t ies  of 25 to 90%. The weight  gain vs. t ime 
curves  were  l inear  in a l l  cases. The reac t ion  products  
observed wi th  x - r a y  diffract ion were  SnCI~ and PbC12. 
Visibly, the  film growth  was not pa r t i cu la r ly  uniform, 
but  seemed to grow f rom nucleat ion sites. Fo r  the  
l a rge r  we igh t  gains, a vis ible  l iquid  film formed on the 
sample.  

A pecul ia r  phenomenon was observed for the sam- 
ples which  had  developed the  l iqu id  film. We would  
expect  that ,  if  we removed  the  CI2 and H20 f rom the 
gas stream, a weight  loss might  occur. I t  is not at first 
obvious wha t  would  happen  if we removed  only one 
of these gases. I t  was found tha t  if  the  H20 is removed,  
but  the  CI~ remains,  a weight  loss of about  10% of the  
total  weight  gain occurred.  This  is not  pa r t i cu la r ly  
surpr is ing  and is bas ica l ly  in  agreement  wi th  the  re-  
sults of growth  ra te  vs. re la t ive  humid i ty  (see be low) .  
At  low re la t ive  humid i ty  t he  film growth  stops and 
some of the  wate r  evaporates .  The surpr is ing  phenom-  
enon is tha t  when  the  r e l a t ive  humid i ty  was  le f t  un- 
changed and the  CI~ was t aken  out  of the  gas s t ream, 
weight  losses f rom 14 to 45% of the  to ta l  weight  gained 
were  observed. 

In  the  previous  section we have  shown tha t  the  
react ion of NO2 wi th  SnPb  appears  to be s imply  a 
gas-solid interact ion.  We see here  that  the  react ion of 
C12 wi th  SnPb  is much more  complex and involves at  
least  a l iquid-sol id  in terac t ion  and  a gas- l iquid  in te r -  
action. 

The gas- l iquid in teract ion is s imply  the  establish-  
ment  of equi l ib r ium of the  H20 and C12 going into and 
coming out  of the  l iquid  f rom the gas phase. Since 
SnC12 and PbCI2 are  soluble in water ,  the  l iquid prob-  
ab ly  contains Sn +2, Pb  +z, C l - ,  H~O, H +, and O H - .  

The weight  loss might  be due to a react ion which  
first causes t in  and chlor ine  to form a t in  chlor ide  
which then reacts  wi th  the  wate r  to form an oxide  or 
hydroxide.  HC1 could then come off as a gas. The oxide 
or  hydrox ide  does not  show up in x - r a y  diffraction 
pat terns ,  but  this might  be due to i ts be ing  amorphous.  
This reaction, if i t  occurs, does not go to complet ion 
since some SnC12 is observed in x - r a y  diffraction 
pat terns .  

I t  would  seem that  the  loss of wha teve r  gas is going 
off p robab ly  occurs even whi le  the film is growing.  
Because of the  r a the r  complex in terac t ion  the quan t i ty  
which  we call  weight  gain  is the  difference be tween  
what  is going onto the  sample  and wha t  is coming 
off the sample. We cannot  d i rec t ly  re la te  the weight  
gain  to "film growth"  as in the case of NO2, unless 
we  were  able  to de te rmine  the  react ion mechanism 
and the s toichiometry.  On the  other  hand, weight  gain  
does give an indicat ion as to the  condit ions which  
cause "something to happen."  Accordingly,  then, 
weight  gain vs. t ime  curves  were  obta ined  for var ious  
concentrat ions at  a constant  re la t ive  humidi ty .  The 
slopes of these curves are  p lot ted  in Fig. 4, t aken  wi th  
89% re la t ive  humidi ty .  I t  should be  noted tha t  the  
concentrat ions  of C12 a re  much lower  than  the  con-  
cent ra t ions  of NO~ studied. 

The effects of re la t ive  humid i ty  are  shown in Fig. 5. 
Rate  of weight  gain  vs. re la t ive  humid i ty  is p lo t ted  
for two concentra t ion levels.  I t  is not  clear  w h y  the 
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Fig. 4. Rate of weight gain vs. concentration of CI2 (RH is 80%) 
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curve for  5.5 p p m  levels  off whi le  the  curve for  10 ppm 
continues to increase. I t  is, however,  obvious tha t  films 
wil l  not grow in low re la t ive  humidit ies,  and that  
in te rmedia te  a n d  high re la t ive  humid i ty  enhances film 
growth.  

These curves, along wi th  the  weight  ga in -we igh t  
loss phenomenon (and the l iquid film) show that  
re la t ive  humid i ty  has  a ve ry  compl ica ted  effect on 
the  react ion of CI~ wi th  SnPb.  

S u m m a r y  
The room t empera tu r e  in terac t ion  of NO2, CI2, H~S, 

SO2, O2, CO, and NH3 wi th  a t in - lead  al loy was in- 
ves t iga ted  at  high concentrations.  No in terac t ion  was 
observed  using CO and NHz. The in terac t ion  of O2 was  
a normal  oxidat ion  as descr ibed in the  l i tera ture .  A 
significant in terac t ion  was observed using SO2, H2S, 
NO2, and C12. This h igh-concent ra t ion  s tudy s t imula ted  
the  low-concent ra t ion  s tudy where  the  interact ions  
of NO2, C12, H2S, and  SO2 wi th  a t in- lead  a l loy a t  
levels  of 0.2-100 ppm were  studied. The in terac t ion  of 
HeS and SO2 is negl ig ib ly  smal l  (below the  l imits  of 
de tec tab i l i ty  of the  mic roba lance) ,  and  the interact ion 
of NO2 and  C12 is significant wi th  Pb(NO3)2, SnC12 
and PbC12 being the react ion products.  

A t  constant  r e l a t ive  humidi ty ,  the  in terac t ion  in-  
creases for h igher  concentrat ions  for both  NO2 and 
C12 wi th  no sign of level ing off. At  constant  concent ra-  
tions, the  effect of re la t ive  humid i ty  on the interact ion 
is different  for NO2 than  for  C12. Very  high re la t ive  
humid i ty  enhances the  in terac t ion  of Cl2 bu t  inhibi ts  
the  in terac t ion  for NO2. 
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A Study of Eu Fluorescence in Some Silicate Oxyapatites 
T. J. Isaacs 

Westinghouse Research Laboratories, Pittsburgh, Pennsylvania 15235 

ABSTRACT 

F ive  sil icate oxyapat i tes  were  ac t iva ted  wi th  Eu 3+ and thei r  emission and 
exci ta t ion spectra  were  determined,  as wel l  as thei r  peak  emission intensi t ies  
re la t ive  to Y203: Eu ~+. 

The minera l  apa t i te  (Cal0(PO4)e(F,C1)2),  when  
doped with  Mn 2+ and Sb 3+ is a we l l -known phosphor,  
and it is used extens ive ly  in p resen t -day  fluorescent 
lamps. Sil icates having the apat i te  s t ructure  have been 
repor ted  (1, 2), and the  fluorescence of severa l  oxy-  
apat i tes  when  ac t iva ted  wi th  Eu 8+ was s tudied (1). 
An intense red  luminescence was seen when  
Ca2Gd8 (SiO4) 602: Eu~ +, Sr2Y8 ( SiO4 ) 6 0 2 :  Eu 3 + and 
NaYb8 (SIO4) 602: Eu 3+ were  exci ted with  3130A r ad i a -  
tion. The s t rongest  l ine was at  app rox ima te ly  6190A, 
wi th  modera te  lines at  app rox ima te ly  7050, 6500, 6260, 
5980, and 5850A for each of these compounds.  

Sil icate apat i tes  a re  hard,  s table mate r ia l s  and lend 
themselves  to a va r ie ty  of composi t ional  substi tutions.  
In  this  work, we s tudied emission and exci ta t ion of 
five si l icate oxyapat i tes  [ including Ca~Gds (SiO~) 6Os] 
when ac t iva ted  with  Eu 8+. The other  compounds were  
Ca2Y8 (SiO4) 602, Ca2Las (SiO4) sO2, Mg2Y8 (SiO4) 602, 
and Mg2Las (SiO4) 602. 

Experimental Details 
Spect rographic  grade [ 99 .99+  weight  per  cent 

(w/o)  ] s tar t ing mater ia l s  which consisted of the  oxides 
of y t t r ium,  lanthanum,  magnesium,  silicon, and euro- 
pium, and the carbonate  of calcium were  used. They 
were  weighed out in s toichiometr ic  propor t ions  and 
were  mixed  for 15 min in a SPEX mixer  mill.  These 
mixes  were  then fired in air  at app rox ima te ly  1300~ 
and the runs were  of 4 hr  durat ion.  

The products  of the exper iments  were  examined  
under  the  polar iz ing microscope and by  x - r a y  diffrac- 
t ion using the  Debye -Sche r r e r  technique to ascer ta in  
tha t  the des i red  compound had  been made and tha t  
the ma te r i a l  was single phase. The radia t ion  used was 
CuK~, and the  exposure  t imes were  in the  order  of 
9 hr. 

Emission and exci ta t ion spec t ra  were  de te rmined  at 
room t empera tu r e  on a double  beam monochromete r  
sys tem of the  type  descr ibed by  Riedel  (3). The re la-  
t ive intensi t ies  of the  main  emission peaks  were  also 
de te rmined  on this ins t rument .  

Results and Conclusions 
The opt imum concentra t ion of Eu z + was found to be 

be tween 5 and 7 mole pe r  cent (m/o)  of the t r iva len t  
ion. The samples discussed be low all  had  a 7% con- 
cent ra t ion  of Eu s +. 

1. Ca2Gds(SiO4)602:Eu s+ had a complex emission 
spect rum wi th  the main  peak  at 6147A, modera te  peaks  
at 6120, 6240, 6270, and 7075A, and numerous  lesser 

Key words:  o x y a p a t i t e s ,  e u r o p i u m ,  e m i s s i o n ,  e x c i t a t i o n .  

peaks  (Fig. l a ) .  I ts  exci ta t ion spec t rum showed two 
main  bands be tween  2100 and 2850A and severa l  lesser 
bands  to 4200A (Fig. l b ) .  

2. Ca2Las (SIO4) 602: Eu 3 + had  its ma in  emission peak  
at 6261A, wi th  modera te  peaks  at 5870, 5960, 6140, 6862, 
and 7079A (Fig. 2a). I ts  exci ta t ion spec t rum showed 
two bands, one f rom approx ima te ly  2100 to 2400A and 
the other  from approx ima te ly  2600 to 3100A (Fig. 2b).  
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Fig. la. Spectral energy distribution of the emission of Ca2Gds 
(Si04)602:Eu 3 + 
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Fig. lb. Excitation spectrum of Eu 8+ in Ca2Gds(SiO4)60~:Eu 3+. 
The fluorescence wavelength was monitored at 6147.~. 
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exci ta t ion spectra  were  determined,  as wel l  as thei r  peak  emission intensi t ies  
re la t ive  to Y203: Eu ~+. 
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doped with  Mn 2+ and Sb 3+ is a we l l -known phosphor,  
and it is used extens ive ly  in p resen t -day  fluorescent 
lamps. Sil icates having the apat i te  s t ructure  have been 
repor ted  (1, 2), and the  fluorescence of severa l  oxy-  
apat i tes  when  ac t iva ted  wi th  Eu 8+ was s tudied (1). 
An intense red  luminescence was seen when  
Ca2Gd8 (SiO4) 602: Eu~ +, Sr2Y8 ( SiO4 ) 6 0 2 :  Eu 3 + and 
NaYb8 (SIO4) 602: Eu 3+ were  exci ted with  3130A r ad i a -  
tion. The s t rongest  l ine was at  app rox ima te ly  6190A, 
wi th  modera te  lines at  app rox ima te ly  7050, 6500, 6260, 
5980, and 5850A for each of these compounds.  

Sil icate apat i tes  a re  hard,  s table mate r ia l s  and lend 
themselves  to a va r ie ty  of composi t ional  substi tutions.  
In  this  work, we s tudied emission and exci ta t ion of 
five si l icate oxyapat i tes  [ including Ca~Gds (SiO~) 6Os] 
when ac t iva ted  with  Eu 8+. The other  compounds were  
Ca2Y8 (SiO4) 602, Ca2Las (SiO4) sO2, Mg2Y8 (SiO4) 602, 
and Mg2Las (SiO4) 602. 

Experimental Details 
Spect rographic  grade [ 99 .99+  weight  per  cent 

(w/o)  ] s tar t ing mater ia l s  which consisted of the  oxides 
of y t t r ium,  lanthanum,  magnesium,  silicon, and euro- 
pium, and the carbonate  of calcium were  used. They 
were  weighed out in s toichiometr ic  propor t ions  and 
were  mixed  for 15 min in a SPEX mixer  mill.  These 
mixes  were  then fired in air  at app rox ima te ly  1300~ 
and the runs were  of 4 hr  durat ion.  

The products  of the exper iments  were  examined  
under  the  polar iz ing microscope and by  x - r a y  diffrac- 
t ion using the  Debye -Sche r r e r  technique to ascer ta in  
tha t  the des i red  compound had  been made and tha t  
the ma te r i a l  was single phase. The radia t ion  used was 
CuK~, and the  exposure  t imes were  in the  order  of 
9 hr. 

Emission and exci ta t ion spec t ra  were  de te rmined  at 
room t empera tu r e  on a double  beam monochromete r  
sys tem of the  type  descr ibed by  Riedel  (3). The re la-  
t ive intensi t ies  of the  main  emission peaks  were  also 
de te rmined  on this ins t rument .  

Results and Conclusions 
The opt imum concentra t ion of Eu z + was found to be 

be tween 5 and 7 mole pe r  cent (m/o)  of the t r iva len t  
ion. The samples discussed be low all  had  a 7% con- 
cent ra t ion  of Eu s +. 

1. Ca2Gds(SiO4)602:Eu s+ had a complex emission 
spect rum wi th  the main  peak  at 6147A, modera te  peaks  
at 6120, 6240, 6270, and 7075A, and numerous  lesser 
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peaks  (Fig. l a ) .  I ts  exci ta t ion spec t rum showed two 
main  bands be tween  2100 and 2850A and severa l  lesser 
bands  to 4200A (Fig. l b ) .  

2. Ca2Las (SIO4) 602: Eu 3 + had  its ma in  emission peak  
at 6261A, wi th  modera te  peaks  at 5870, 5960, 6140, 6862, 
and 7079A (Fig. 2a). I ts  exci ta t ion spec t rum showed 
two bands, one f rom approx ima te ly  2100 to 2400A and 
the other  from approx ima te ly  2600 to 3100A (Fig. 2b).  
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Fig. la. Spectral energy distribution of the emission of Ca2Gds 
(Si04)602:Eu 3 + 
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Fig. lb. Excitation spectrum of Eu 8+ in Ca2Gds(SiO4)60~:Eu 3+. 
The fluorescence wavelength was monitored at 6147.~. 
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Fig. 2a. Spectral energy distribution of the emission of Ca2Las 
(Si04) 602 :Eu 3 + 
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Fig. 2b. Excitation spectrum of Eu 3+ in Ca-~Las(SiO4)eO~:Eu3+, 
The fluorescence wavelength was monitored at 6261A. 

3. Ca2Ys (SiO4) 602: Eu ~+ had its ma in  emission peak  
at  6114A, a modera t e  peak  at  app rox ima te ly  6150A, 
and a number  of lesser peaks  f rom 5800 to 7100A 
(Fig. 3a).  I ts  exci ta t ion  spec t rum showed one broad 
band  f rom below 2000 to approx ima te ly  2500A (Fig. 
3b).  

4. Mg2Las(SiO~)602:EuS+ had a complex emission 
spec t rum wi th  the ma in  peak  at 6260A and numerous  
modera te  to smal l  peaks throughout  the spec t rum (Fig. 
4a).  I ts  exci ta t ion spec t rum showed two ma in  bands  
be tween  2100 and 3100A, wi th  severa l  smal l  bands  to 
4200A (Fig. 4b) .  

5. MgeYs(SiO~)eO2:Eu ~+ had its ma in  emission peak  
at  6112A, a modera te  peak  at 6145A, and a number  of 
smal l  peaks  from 5800 to 7100A (Fig. 5a). The exci ta-  
t ion spec t rum showed a large  two-humped  broad band 
ex tending  f rom approx ima te ly  2000 to 2600A, and some 
smal l  bands  to 4200A (Fig. 5b).  
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Fig 3a. Spectral energy distribution of the emission of Ca~Ys 
(Si04)eOs:Eu 3+. 
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Fig. 3b. Excitation spectrum of Eu 3+ in Ca2Ys(SiO4)602:Eu s+. 
The fluorescence wavelength was monitored at 6113~.. 
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Fig. 4a. Spectral energy distribution of the emission of Mg2Las 
(Si04)60~:Eu 3 +. 
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Fig. 4b. Excitation spectrum of Eu ~+ in Mg2Las(SiO4)602:Eu s+. 
The fluorescence wavelength was monitored at 6260~.. 

Tn order  to compare  emission in tens i ty  among these 
samples,  we measured  the luminescence intensi ty  of 
the  main  peak  in each of the  compounds against  a 
s t andard  Y20~:Eu 3+ which  contained 7% Eu20~. The 
resul ts  a re  given in Table  L We can see tha t  the  two 

Table I. Relative intensities of emission of the main peaks 
compared with Y203:Eu 3 + at 2537/~ excitation 

( T h e  E u  3+ c o n t e n t  w a s  7% fo r  al l  t he  c o m p o u n d s )  

% i n t e n s i t y  vs .  
C o m p o u n d  y~Os:Eu+a 

Ca~dsSieOs:Eu s+ i0 
Ca~LasSi60~:EuS+ 4 
Ca~YsSi~O.~6:Eu~Sie 20 
Mg~LasSi~O_~:EuS+ 4 
Mg~YsSi602e:Eu3+ 20 
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Fig. 5a. Spectrol energy distribution of the emission of Mg~Y8 
(Si04)602 :Eu3 +. 

mater ia l s  which had  y t t r i u m  as the  t r iva len t  cation 
had  the best  re la t ive  intensit ies,  and  the i r  emission 
spect ra  showed them to have  a l a rge  par t  of thei r  
emission concent ra ted  at  app rox ima te ly  6110A. Their  
exci ta t ion spec t ra  showed them to be poor ly  exci ted  
at  2537A, wi th  the  in tens i ty  being app rox ima te ly  20% 
tha t  of the  highest  pa r t  of the  curve for  
Ca2Ys(SiOOaO2:Eu 3+, and  app rox ima te ly  35% for 
Mg2Ys (SiO4) 602: Eu~ § 

The spect ra  of these compounds depends upon the 
t r iva len t  cat ion and were  independent  of the d iva len t  
cation. The  y t t r i u m  members  had  be t t e r  spectra l  
energy  dis t r ibut ions  as more  of the i r  emission was 
concent ra ted  in one peak, but  the l an thanum members  
were  sensi t ive to exci ta t ion at  longer  wavelengths .  

I t  is known  tha t  the re  are  two sites ava i lab le  for  
ca t ion subst i tu t ion in Y203, and tha t  the re  also are  two 
sites for d iva len t  cat ion subst i tu t ion in the normal  
apati te .  The  mate r ia l s  repor ted  on in this  work  are  al l  
modifications of the apat i te  s t ruc ture  and they  would  
have at  least  two such sites. Spin resonance studies of 
f luorapat i tes  used as laser  mate r ia l s  show that  there  

Exci|ation, h 

Fig. 5b. Excitation spectrum of EuS+MgsY~(SiO4)602:Eu ~+. The 
fluorescence wavelength was monitored at 6112A. 

are  more  than two sites, and m a y  be as many  as eight  
(R. Warren,  p r iva te  communica t ion) .  We did  not  at-  
t empt  to in te rpre t  our  spec t ra  in te rms of the  sym-  
m e t r y  of sites because of the  complicat ions involved.  
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Epitaxiai Growth and Characterization of Pyrolytic-Grown 
GaAs,_ E for Electroluminescent Diodes 

Tadashi Saitoh and Shigekazu Minagawa 

Central Research Laboratory, Hitach~ Ltd., Kokubunji, Tokyo, Japan 

ABSTRACT 

Epi tax ia l  layers  of GaAs i -xPx  on GaAs subs t ra tes  were  p repared  using 
t r imethy lga l l ium,  arsine, and phosphine.  The growth  was p r imar i l y  mass  
t ranspor t  l imited and the phosphorus content  in the layers  increased l inear ly  
wi th  the  phosphine content  in the  vapor  and the subs t ra te  t empera ture .  
Growth  pyramids  appeared  at high phosphine content  in the vapor  and were  
b r igh te r  than flat regions in the cathodoluminescent  image. A diode, f ab r i -  
ca ted b y  diffusing zinc into GaAs0.6Po.4 layers,  showed br ightness  of 43 f t - L  at  
8 A / c m  2 wi th  an ex te rna l  quan tum efficiency of about  0.01%. The ex te rna l  
efficiency has been found to depend s t rongly  on the genera t ion- recombina t ion  
cur ren t  and  the deep level  impur i ty  concentra t ion in the  deple t ion  layer .  

The method most  commonly  used to p repa re  
GaAs~-=Px for e lect roluminescent  devices is a vapor  
t ranspor t  sys tem using a hal ide  (1). Manasevi t  and  
Simpson (2) have  repor ted  on the  use of organo-  
metal l ics  in the  p repa ra t ion  of I I I -V compounds.  This 
method has two advantages  over  the  convent ional  
process. The one is tha t  compound semiconductors  can 

Key words: GaAst_~P~ pyrolytic growth, light-emitting diodes, 
growth pyramids, cathodoluminescence .  

be grown in a r f -hea ted  furnace,  which  requ i res  only 
a short  t ime for hea t ing  up or cooling down, and the 
other  is tha t  it  can avoid autodoping from a substrate,  
because i t  does not include any  halogen atoms which 
react  wi th  a substrate.  

Al though var ious  compound semiconductors  have  
been  p repared  using organometat l ics  (2-9), no effi- 
cient  vis ible  e lect roluminescence has been r epor t ed  for 
the diodes fabr ica ted  f rom these crystals .  The present  
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Fig. 1. Schematic representation of on epitaxial reactor 

paper describes the epitaxial  growth of GaAsi-xPx on 
GaAs substrate by the pyrolytic method, and also de- 
scribes morphological and cathodoluminescent char-  
acterization of these layers. Finally,  several features 
of electrical and optical properties of pyrolyt ic-grown 
GaAs0.6Po.4 diodes are discussed. 

Experimental 
Apparatus.--A schematic representat ion of a hori- 

zontal epitaxial  reactor is shown in Fig. 1. A substrate 
was placed on a SiC-coated carbon susceptor inclined 
by 20 ~ The substrate temperature  was measured by 
an optical pyrometer  and was controlled by an elec- 
tronic control system whose thermocouple was inserted 
into the susceptor. 

Trimethylgal l ium, contained in a stainless steel 
bubbler  cooled by a thermoelectric element, was t rans-  
ported by passing hydrogen through it. 

Procedure.--The substrates were n- type (100) GaAs 
with an electron concentrat ion of 1.3 • l0 TM cm -3. 
They were mechanical ly polished and chemically 
etched (etchant; 4H2SO4: 1H202: 1H20) prior to growth. 

After the growth of an ini t ial  layer of GaAs, the 
phosphorus content of the layer was gradual ly in- 
creased by increasing the PHJAsH~ ratios in the vapor 
to obtain a final composition of x ---- 0.4. The total 
thickness of the epitaxial  layers were normal ly  about 
70~. 

Typical growth parameters  are given in Table I. A 
higher flow rate of H2 was adopted to prevent  
GaAsl-xPx crystals from depositing before the sub- 
strate unl ike  the hitherto reported exper iment  (2). 
H2Se was added to obtain n- type epitaxial  layers with 
the carrier  concentrat ion of 10~7 cm-3 to 1018 cm -3. 

Evaluation of epitaxial layers.--Surface morphology 
of the epitaxial  layers was examined by a conventional  
optical microscope. Thickness of epilayers was mea-  
sured by examining stained sections of the layers. The 
phosphorus content  of the layers was determined by 
the electron microprobe analysis. Cathodoluminescence 
of the layers excited by 30 kV electrons was analyzed 
with a Hitachi Model S-12B monochrometer  and a S-10 
photomultiplier.  

Diode fabrication and characterization.--The p-n  
junctions were made by diffusing Zn into the Se-doped 
GaAs0.6P0.4 epilayers with the electron concentrat ion 
of 3 • 101~ cm -3 at the temperature  ranges of 700 ~ 
850~ for 30 min. An array of small  Au contacts was 
evaporated and alloyed to the Zn-diffused p-type 
GaAso.sP0.4 surface, and a cont inuous Sn contact was 
evaporated and alloyed to the n - type  GaAs substrate. 
The wafer was cleaved into chips, which were mounted 

S u b s t r a t e  t e m p e r a t u r e  

T o t a l  f l o w  r a t e  

G a s  c o n c e n t r a t i o n  
(CI-Is)sGa 
A s I ~  
P H s  
Se l l=  

G r o w t h  r a t e  

S u b s t r a t e  

Table I. Growth parameters 

650~176 
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2 ppm 

0.7 # / r a i n  
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657 

on TO-18 transistor headers to measure junct ion char-  
acteristics and luminescent  properties. The concentra-  
tion of deep level impurit ies in the depletion layer was 
calculated from the difference of the junct ion  capaci- 
tance (10) at 300 ~ and 77~ 

Results and Discussion 
Deposition reaction.--The principal  parameters 

which affect the deposition reaction of GaASl-xPx by 
pyrolysis were the flow rate of H2, the growth tempera- 
ture, the PHs/AsH3 ratio, and the concentrat ion of 
reaction gas. The growth rate as a funct ion of tem- 
perature indicated in Fig. 2, shows that the rate is 
almost independent  of the substrate temperature.  It 
was also found that the growth rate is proportional to 
the (CH3)3Ga concentrat ion in the vapor. These results 
suggest that the growth is most probably mass t rans-  
port limited. 

Compositions.--Another quant i ty  of interest  is the 
composition of the epitaxial layer, i.e., an effective 
vapor-solid dis t r ibut ion coefficient for the group V 
element. PH3 mole fraction in the gas, xg, is defined as 

P P H 3  
xg = -  [1] 

PAsH3 "~- PPH3 
where p is the part ial  pressure of the subscript mole- 
cule in the gas. GaP mole fraction in  the solid, Xs, is 
defined as 

•p 
Xs = [2] 

1%As "~ Rp 

where n is the number  of moles of the subscript ele- 
ment  in the solid. 

Then, the dis tr ibut ion coefficient for phosphorus is 
given by 

Xa 
kp : - -  [3] 

Xg 

Figure 3 shows the relat ion between the GaP mole 
fraction in the epitaxial layer and the PH3 content  in 
the gas. The composition increases in proportion to 
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<C 
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I- 
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Fig. 2. Growth rate of GaAsl-xPx as a function of substrate 
temperature. 
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FFg. 3. GaP mole fraction in the epitaxiol layer as a function of 
PH3 content in the gas. 
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300 ~ the PH3 content  in the  range  of xg = 0 to xg - -  0.6, and  
the slope, kp, depends  on the growth  tempera ture .  The 
t empe ra tu r e  dependence  of the  slope at x~ = 0.54 in 
the  t empera tu re  r ange  of 650~176 is given by  

kp : 3.7 • 10-~  T - -  2.9 [4 ]  

where  T is the  g rowth  t empe ra tu r e  in the  absolute  
unit .  

The  equat ion indicates  tha t  GaAs  is more  easi ly  
deposi ted at  low tempera tures ,  and the GaP  mole  
f ract ion increases  w i th  the  g rowth  tempera ture .  The 
pyro ly t ic  g rowth  is a dynamic  sys tem in which a 
the rmodynamica l  equ i l ib r ium state  is not  expected.  A 
recent  mass spect rometr ic  s tudy of GaAs l -xPx  system 
(11) showed tha t  the  vapor  resul t ing f rom the t he rma l  
decomposit ion of AsH~ and PH3 mix tures  has a ve ry  
complex composit ion and the t e m p e r a t u r e  var ia t ion  of 
react ivi t ies  of P-  and As-conta in ing species reflects 
i tself  in the  composi t ion of G a A s l - z P z  layers.  In  the  
pyroly t ic  growth,  dependence  of the  composi t ion on 
the g rowth  t empe ra tu r e  m a y  be expla ined  also by  the  
t empera tu re  var ia t ion  of the  react iv i t ies  of  P-  and  
As-conta in ing  species. 

Structural characteristics.~The appea rance  of the  
ep i tax ia l  l ayers  was  p r i m a r i l y  dependent  on growth  
t empera tu re  and AsI-IJPH3 rat ios in the  gas. S t ruc -  
tu ra l  imperfect ions  were  found to be  g rowth  p y r a m i d s  
shown in Fig. 4. The ranges  of g rowth  py ramids  gen- 
e ra l ly  run  in the  [110] direct ion para l le l  to the sur-  
face. Examina t ion  of  cross sections of the  layers  indi -  
ca ted tha t  the  p y r a m i d s  genera l ly  or ig inate  in the  
graded layer  and develop wi th  the increase  of the  
thickness  of the  ep i tax ia l  layer.  A few cracks,  prob-  
a b l y  consist ing of the  [110] {111} sl ip sys tem (12), 
were  observed  at  the  ep i t ax ia l  l aye r -g rowth  p y r a m i d  
interface.  

To eva lua te  c rys ta l l in i ty  of the  ep i tax ia l  layers ,  
cathodoluminescence was s tudied on the  surface of the  
epi layers  and on the  cross sections. F igu re  5 shows the  
var ia t ion  of the  cathodoluminescent  in tens i ty  and the  
composit ion with  the  thickness of the layer.  The in- 
tensi ty  which is a lmost  constant  in the GaAs ep i tax ia l  
layer ,  decreases rap id ly  in the graded layer ,  but  in-  
creases wi th  the thickness.  The decrease of the  in-  
tens i ty  in the  g raded  layer  is p robab ly  caused by  the 
misfit dislocations. I t  seems to us that  the  grading  ra te  
a t  the ini t ial  layer  should be low enough to minimize  

Fig. 4. GaAsl-xP:c epitaxial layer with a compositional grading, 
(a) Cross section (stained), (b) as-grown surface. Growth tempera- 
ture 700~ 

> 4  

z 2 o 
p- 
_z 

_> 
1-  

111 

658 

20 40 
THICKNESS (pc} 

0.4 

),2 

Fig. 5. Cathodoluminescent intensity or composition vs .  epitaxiai 
layer thickness. 

Fig. 6. Cathodoluminescent image of a GaAso,6Po.4 surface 

the  misfit dislocations. A cathodoluminescent  image  
of the  epi taxia l  surface shown in Fig. 6 consisted of 
b r igh t  areas  and da rk  areas. The br igh t  areas  where  
r ad ia t ive  recombina t ion  occurs more  efficiently than  
the  da rk  areas, correspond to the growth  py ramids  
such as those shown in Fig. 4. The good crys ta l  qual-  
i ty  of the  p y r a m i d s  may  be in te rp re ted  as a resul t  of 
the  reduct ion of misfit  dislocations,  which  is caused  
b y  the  s t ress - re laxa t ion  th rough  the  in t roduct ion of 
c racks  at  the  bo t tom of the  pyramids .  

Diode characteristics.--3unction proper t i e s  such as 
I -V  and  C-V character is t ics  were  examined.  The  tog 
I-V plot  is l inear  for  fo rward  bias up to 1.3V wi th  cur-  
rent  va ry ing  as exp (qV/2.3 kT), The va lue  2.3 which 
is l a rge r  than  1.5 of commercia l  GaAs0.6P0.4 diodes, 
shows tha t  a lmost  a l l  the car r ie rs  a re  consumed in the 
deple t ion  l aye r  and is not  effective to produce  e lec t ro-  
luminescence. The  C - 2 - V  plot is l inear  for reverse  
bias of 0-3V, indica t ing  tha t  the  junct ion is abrupt .  
The  bu i l t - in  vo l tage  and  the  deple t ion  l aye r  wid th  ca l -  
cu la ted  f rom the  pIot  a re  L6 --~ 1.9V and  0.08 ~ 0.11~, 
respect ively.  

A luminance  of 43 f t -L at  8 A / c m  ~ wi th  an  ex te rna l  
quan tum efficiency of 9 X 10 -5  was  obta ined for a 
d iode whose emission peaked  a t  6600A. The  efficiency 
was about  an order  of magni tude  lower  than  the  com~ 
merc ia l  GaAs0.6P0.4 diodes, 

In  order  to examine  the factors  leading  to reduced 
quan tum efficiencies of the  diodes p repa red  by  p y -  
rolysis,  the  fo rward  cur ren t  a t  1.0V in the  l inear  r e -  
gions of log I.V plot, and the  deep level  impur i ty  con-  
cen t ra t ion  (NTT) in the  deple t ion  l aye r  were  mea-  
sured. F igure  7 shows the  re la t ion be tween  the for-  
w a r d  cur ren t  in the  deple t ion  l aye r  and  the  quan tum 
efficiency. The  decrease  of efficiency wi th  the  fo rward  
cur ren t  means  tha t  the  efficiency is r educed  by  the 
was te  current ,  i.e., the  genera t ion- recombina t ion  cur-  
ren t  in the  dep le t ion  layer .  The  resut ts  for  the  deep 
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Fig. 7. Externol quontum efficiency vs. forword current ot |.0V. 
Diode oreo 0.25 mm 2. 

level  impur i t y  concentra t ion are  shown in Fig. 8. The 
efficiency decreases r ap id ly  wi th  deep  level  impur i ty  
concentrat ion.  Deep levels  may  consist of la t t ice  defects  
or  impur i t ies  segregated  at  the  la t t ice  defects, re la ted  
to the  surface inhomogenei t ies  shown in the ca thodo-  
luminescent  image of the  GaAs0.6P0.4 surface. 

Conclusions 
The GaAs~-xPz epi layers  to fabr ica te  l ight  emi t t ing  

diodes were  successful ly p repared  by  the pyro ly t ic  
method.  The main  conclusions are  as follows: 

1. The ep i tax ia l  g rowth  is p r imar i l y  mass t r anspor t  
l imited because the growth  ra te  is independent  of t em-  
pera tu re  and propor t iona l  to the  (CH3)sGa concentra-  
tion. 

2. The phosphorus  content  in the  epi taxia l  l ayer  in- 
creases l inear ly  wi th  the  increase of the phosphine 
content  in the  gas and the  subs t ra te  tempera ture .  

3. A p p a r e n t  s t ruc tura l  imperfect ions  are  found to be 
g rowth  py ramids  which  genera l ly  or ig ina te  in the 
graded  l aye r  and  develop wi th  the  increase  of the  l ayer  
thickness.  

4. The b r igh t  areas  in the  ca thodoluminescent  image  
of the layers  correspond to the growth  pyramids .  The 
efficient cathodoluminescence m a y  be ascr ibed to the 
reduct ion of la t t ice defects  in the  pyramids .  

5. The ex te rna l  efficiency of the  diodes is about an 
order  of magni tude  lower  than  the  commercia l  diodes. 
The r e l a t ive ly  low efficiency can be unders tood in 
view of the  re la t ive ly  la rge  genera t ion- recombina t ion  
cur ren t  and the subs tant ia l  amount  of the  deep level  
impur i t y  in the  deple t ion  layer .  

A c k n o w l e d g m e n t s  
The authors  wish to t hank  Dr. Y. Otomo for his en- 

couragement ,  Mr. S. Hosoki  for measur ing  the  ca thodo-  

i 0  -I 

10-2 

. J  

1 0 - :  

p O 

I 
I 
I 
I 
I 
I 

o I 

t . . . .  i �9 
10-1Oi5 i ~ . 1017 

Ntt ( c m  - 3 }  

O P R E S E N T  DATA 
�9 C O M M E R C I A L  D IODE 

Fig. 8. Externol quontum efficiency vs. deep level impurity con- 
centrotion. 

luminescent  spectra,  and Dr. J. Umeda  for his he lpfu l  
suggestions and discussions. 

Manuscr ip t  submi t ted  Nov. 8, 1972; revised m a n u -  
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A n y  discussion of this paper  will  appear  in a Discus- 
sion Section to be publ ished in the December  1973 
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Fluorescence Properties of Alkaline Earth Tellurates 
S. Natansohn* 
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ABSTRACT 

The emission characterist ics of phosphors based on alkaline ear th  te l lurates  
as host lattice are described. The fluorescence of hexava len t  u ran ium in com- 
pounds of the formula  M,TeO3 + n with  n : 2 or 3, was studied. The spectral  
energy distr ibution of the fluorescence is affected by the cationic species and 
crystal  s t ructure  of the compound. Two of the more interest ing phosphors are 
CaaTeOs:U 6+ and Ba2TeOs:U 6+ which emit  in the blue-green and orange 
region of the spectrum, respectively.  The effect of s t ructural  variat ions on 
the nature  of the emission center  in u ran ium-ac t iva ted  phosphors is discussed. 

The voluminous l i te ra ture  describing the  fluores- 
cence propert ies  of a great  number  of inorganic com- 
pounds is conspicuous in its lack of reports  on com- 
pounds based on oxyanions of hexavalent  te l lur ium; 
yet  these compounds are par t icular ly  suitable for the 
study of the  fluorescence of hexava len t  u ran ium in 
solids. The uran ium act ivator  is readi ly  incorporated 
in the te l lurate  host lattice. Fur thermore ,  in the course 
of this and previous work  (1) it was found that  the 
fluorescence intensi ty of U~ tel lurates  is 
significantly greater  than that  of the analogous tung- 
states or molybdates.  The  fluorescence characterist ics 
of act ivated rare  ear th  tellurates,  R2TeO6, were  re-  
ported previously  (1). The cur ren t  discussion is con- 
cerned wi th  U6+-act ivated alkal ine ear th  tel lurates  
of the formula  NI3TeO6 (M = Mg, Ca, Sr)  and wi th  
Ba~.TeOs. The synthesis of these mater ia ls  was reported 
by Merz (2). 

Experimental 
These compounds were  readi ly  prepared by react- 

ing the stoichiometric amounts  of the appropriate  re- 
agent-grade alkal ine ear th  carbonates wi th  reagent -  
grade orthotel luric  acid, Te(OH)6,  at e levated t em-  
peratures.  The U 8+ activator was added as the uranyl  
acetate. The reagents  w e r e  reacted in silica crucibles 
in an oxidizing a tmosphere  at tempera tures  in the 

(Table I I ) .  In  the former  case, the observed reflections 
are  consistent wi th  the space groups Pna2~ or Pnma, 
while  in the la t ter  case the space group P41212 is pos- 
sible. Single crystals of Ba2TeO5 were  not available 
to permit  the unambiguous determinat ion of the space 
group of the compound. 

The crystal  s t ructure of Mg3TeO6 was recent ly the 
subject  of s tudy by several  invest igators (4) and it 
has been established as rhombohedra l  wi th  the space 
group R3. An ear l ier  publication (5) repor ted  that  the 
crystal  class of Ca3TeO6 is monoclinic wi th  a space 
group P2i and that  CaaTeO6 is isostructural  wi th  
Ca3UOs. The s t ructure  of Sr3TeO6 is re la ted to that  of 
Ca~TeO6. In the orthotellurates,  1 as in the  Ca3UO6, the 
hexavatent  ion is at the center  of an octahedron formed 
by six oxygen ions. 

The results of chemical  analyses were  consistent 
with the desired formulations.  The amounts of consti t-  

T h e  n o m e n c l a t u r e  of  S c h o l d e r  (8) is used  here  w h i c h  defines 
a n  o x y a n i o n i c  " o r t h o "  c o m p o u n d  as  o n e  c o n t a i n i n g  as  m a n y  o x y -  
g e n  ions  as  t he  v a l e n c e  o f  t h e  c e n t r a l  i o n  in  t h e  a n i o n  c o m p l e x .  

Table | .  Tetragonal indexing of the powder diffractograrn of 
Ba2Te05 

range of 1100~176 for the Mg, Ca, and Sr corn- hkZ ao~, ~ r  ~* hk~ Cob, a~a~o Z* 
pounds, and 800~176 for the Ba phosphors. Single- 
phase products were  obtained after  two or more 101 6.24 6.232 5 600 1.922 1.920 8 
heat ing steps wi th  in tervening mortaring.  221200 3.685'76 5.7603.569 67 522004 } 1.852 1.852 11 

The presence of the desired phases was confirmed 102 3.53 3.527 20 442 1.784 1.784 7 
by x - ray  diffraction using Ni-f i l tered Cu-K~ radiat ion 301 3.41 3.409 4 204 1.784 1.754 19 

320 3.197 3 .195 1OO 541 1.747 1.748 10 
at a scanning speed of 1 ~ (20)/min.  Selected diffracto- 202 3.116 3.116 68 214 t 1.742 1.743 12 
grams used to establish the crystal  class of the com- 212 a.01o 3.00s 44 532 

400 2.881 2 ,880 49 630 1.716 1.717 17 
pounds were  obtained at a scanning speed of !/4 ~ (20) 222 2.741 2.741 27 602 1.704 1.705 7 
and %~ (2e) /min  and a silicon s tandard was used to 302 2.667 2.686 18 503 1.684 1.685 12 

421 2.435 2 ,433 8 304  1.666 1.666 10 
calibrate the instrument.  The chemical  composition of 402 2.276 2.274 12 622 1.834 1.634 13 
cer ta in  compounds was established by analysis. The 412 2.232 2.231 17 542 1.618 1.618 7 

501 2.201 2.200 16 640 1.598 1.597 11 
metal  ion content  was determined by gravimetr ic  422 } 2,114 { 2.115 404 } 1.558 1.558 5 
and/or  x - r a y  fluorescence techniques while  the oxy- 223 2.112 36 632 

303 2.078 2.077 S 613 1.503 1.503 8 
gen content  was determined by neutron activation 502 1.957 1,956 25 623 1.466 1.466 6 
analysis. 604  1.443 1.444 16 

524 } 1,400 1.400 6 The method described by Amste r  and Wiggins (3) 732 
was used to obtain corrected emission and exci tat ion 703 1.369 1.369 9 
spectra which  are given in te rms  of re la t ive  energy 
vs. wavelength.  The diffuse reflectance spectra were  * The  intens i ty  o~ t h e  reflections is e s t i m a t e d  ~ r o m  t h e  p e a k  
obtained on the Cary 14 spectrophotometer  using heights. 
MgCOs as a standard. 

Results and Discussion Table |1. Crystallographic data on Ba2TeOs 

Compound identification.--The host compounds thus 
synthesized are well-crystall ized,  optically inert,  and crystal class Te t ragona l  Orthorhombic 
stable under  ordinary conditions. The x-ray powder  
diffraction pat tern  of Ba2TeO5 (Table I) can be satis- Unit  ceil parameters (A) 
factori ly indexed on the basis of an or thorhombic uni t  ~ 11.52o 5.7"41~ 
cell  or, by doubling one of the cell  parameters ,  on the Co ~.41o 11.52, 
basis of a te t ragonal  uni t  cell  of twice the volume ~t~o~ (g/cm ~) 6.52 6.52 drneas ( g / c m  3) 6.39 6.39 

�9 E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  Z S 4 
K e y  w o r d s :  l u m i n e s c e n c e ,  p h o s p h o r s ,  u r a n i u m ,  c a l c i u m  orthote l -  Poss ible  space group P4~212 Pna2~  o r  P n m a  

l u r a t e ,  b a r i u m  pentaoxote l lurate .  

660 



VoL 120, No. 5 F L U O R E S C E N C E  O F  A L K A L I N E  E A R T H  T E L L U R A T E S  661 

uents  found in CasTeOs were  (weight  pe r  cent)  : 35.1% 
Ca, 37.0% Te, and  27.8% of O which  is in excel lent  
agreement  wi th  the  ca lcula ted  values  of 34.97, 37.12, 
and  27.91% for the respect ive  elements.  The analysis  of 
Ba2TeO5 showed this  ma te r i a l  to conta in  56.6% Ba and 
26.9% Te as compared  to the  ca lcula ted  amounts  of 
56.96% for Ba and 26.46% for Te. 

Luminescence properties of U6+-activated M~TeO6~-- 
Most intense fluorescence in these  compounds is ob- 
served in u r an ium-ac t iva t ed  calc ium or tho te l lu ra te  
and ba r ium pentaoxote l lura te .  The calcium or thote l -  
lurate ,  CaaTeO6:U s+, phosphor  fluoresces b r igh t ly  
under  a va r i e ty  of exci ta t ion  modes.  I ts  emission 
spec t rum a t  room t e m p e r a t u r e  (Fig. 1) consists of a 
single band peaking  at  501 nm wi th  a ha l fwid th  of 30 
nm. The exci ta t ion spec t rum (Fig. 2) shows a b road  
band peaking  at  340 nm and another  peak ing  at  280 nm 
so tha t  the  phosphor  is responsive to both long and 
short  wave length  uv radia t ion.  The photoluminescent  
response of Ca3TeO6:U 6+ is among the most intense 
observed  in u r an ium-ac t i va t ed  phosphors  and  com- 
pares  favorab ly  wi th  other  uv -exc i t ed  phosphors  hav-  
ing s imi la r  emission spectra.  The cathodoluminescent  
response of Ca3TeO6:U 6+ is about  40% tha t  of 
Zn2SiO4: Mn. This is subs tant ia l ly  be t te r  than  tha t  of 
other  U6+-act iva ted  phosphors,  which  are  genera l ly  
inefficient under  ca thode - r ay  excitat ion.  The threshold  
vol tage for cathodoluminescence is low, about  50V, 
and the luminescence decay t ime to 1/10 of Io is of 
the  o rder  of 1 msec. 

The  concentra t ion  dependence  of the fluorescence 
in tens i ty  (Fig. 3) shows the  cr i t ical  concentra t ion for 
quenching to be 2 a /o  (a tom per  cent)  for the  phos- 
phor  in which  the ac t iva tor  was fo rmula ted  to sub- 
s t i tu te  for the  t e l lu r ium in the  la t t ice  (Ca3Tel-xU=Os) 
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Fig. 1. Photolumlne$cent spectrum of Ca3TeOs:O.01 U s+ 
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Fig. 2. Excitation and diffuse reflectance spectra of Ca3TeOs: 
US+. 
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Fig. 3. Concentration dependence of the fluorescence intensity 
in U6+-activated CaaTeOs phosphors. 

and 0.75 a /o  for the  phosphor  where  no stoichiometric  
compensat ion was provided  (Ca3TeO6:xU6+). The 
former  phosphor  main ta ins  the  high efficiency of the 
photoluminescence response over  much wider  concen- 
t ra t ion range  than  CaaTeO6: xU 6+, the luminescence of 
which is s t rongly  dependent  on ac t iva tor  concent ra -  
tion. The observed t r ends  are  consistent  wi th  the  p rev -  
a lent  considerat ions of concent ra t ion  quenching. 
Dex te r  and Schulman (7) and la te r  Blasse (8) re la te  
this  phenomenon to the  presence of quenching centers  
in the  lattice,  such as imperfect ions  or  impuri t ies ,  at 
which the  absorbed  exci ta t ion energy  is diss ipated r a -  
diat ionlessly.  The  CaaTel-xU~O6 phosphor  is l ike ly  to 
provide  fewer  la t t ice  imperfect ions  to serve  as t raps  
for the  exci ta t ion energy  and therefore  i ts m a x i m u m  
fluorescence in tens i ty  is less concent ra t ion  dependent  
than  the noncompensa ted  Ca~TeOs:xU 6+. 

The green fluorescence of u ran ium-ac t iva ted  phos-  
phors  has been ascr ibed to the  molecular  u r any l  ion 
UO22+ whose iden t i ty  in a c rys ta l l ine  m a t r i x  may  be 
preserved  by  having  the  urani tun  coordina ted  by  two 
oxygen  ions at  a dis tance d is t inc t ly  closer  than  tha t  
of the  other  oxygen l igands  (1). Runciman (9) and 
then Blasse (10) state tha t  the  green emission can 
also be ascr ibed to an oc tahedra l ly  coordinated  u ra -  
n ium in a UO6 emission center.  In  an a t t empt  to eluci-  
date  the  na ture  of the  luminescence center  in the  
compounds under  investigation,  the  emission and ex-  
c i ta t ion spect ra  were  obta ined  at  room and l iquid 
ni t rogen t empera tu re s  for  Mg, Ca, and  Sr  or thote l lu-  
ra te  and for  ca lc ium or thouranate ,  Ca~UOs, which  is 
isomorphous with  Ca3TeO6. As ment ioned earl ier ,  in 
each of these compounds the  u ran ium act ivator  is sur -  
rounded  by  six oxygen  l igands  in an  oc tahedra l  con- 
figuration. 

The fluorescence spec t ra  of these  compounds at room 
and l iquid N2 tempera tu res  a re  shown in Fig. 4. At  
room t empera tu r e  they  al l  emit  in the  green  spect ra l  
region; Mg, Ca, and  Sr  o r tho te l lu ra tes  have reason-  
ab ly  symmet r ic  emission bands  peak ing  at 545, 501, 
and  530 nm, respect ively,  wi th  the  respect ive  half-  
widths  of the  emission band  being 55, 30, and 35 nm. 
The fluorescence in tens i ty  of Mg and Sr  or thote l lu-  
rates,  however,  is only  a f rac t ion of tha t  of the  
CasTeO6:U s+. Calcium or thouranate ,  on the  other  
hand, has a b road  emission band  skewed toward  the 
red  which peaks  at  515 nm wi th  a ha l fwid th  of 50 nm. 
At  l iquid N2 t empera tu re  the  fluorescence spect ra  of the  
a lkal ine  ear th  or tho te l lu ra te  phosphors  show sharp 
s t ructure  super imposed  on the broad  emission band.  
These sharp bands  are  most  dis t inct  in the  
Mg3TeO6:U 6+ phosphor  and are  s imi lar  to those ob-  
served by  Blasse (10) in the  Y6WO12:U s+ compound. 
In fact, Newnham et al. (4c) es tabl ished that  the  crys-  
ta l  s t ruc ture  of Mg3TeO6 is closely re la ted  to tha t  of 
YsUO12 which  in t u rn  is i somorphous wi th  Y6WO12. 
The space group of these compounds is R3, wi th  the  
hexava len t  ion (U, Te, or W) being coordinated by  six 
equispaced oxygens.  This s t ruc tura l  s imi la r i ty  is the  
p robab le  reason for  the  close analogy be tween  the de -  
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Fig. 4. Emission spectra of Co3U06 and of U6+-activated M3Te06 
phosphors at room and liquid N2 temperatures. 

tail  s tructure of the spectral energy dis tr ibut ion of 
UB+-activated Mg~TeO~ and Y6WOI2 at l iquid N2 tem- 
peratures except that  the emission of the lat ter  is 
shifted toward lower energies. 

The fluorescence spectra of the US +-activated alka- 
l ine earth tel lurates at l iquid N~ tempera ture  are re- 
solved into a n u m b e r  of sharp bands, whose spacing is 
in most cases in  the range of 40-210 cm -z (Table I I I ) .  
Thus, Mg3TeO~:U 8+, has 12 clearly dist inguishable 
spectral bands in the region of 515-558 nm. Blasse (10) 
identifies the emission center  of Y~WO12:U ~+ as the 
UO~ octahedron and in view of the aforementioned 
similari ty of the spectra of Y~WO12:U s + and 
Mg~TeO~:U ~+, it is plausible to make the same as- 
sumption for the lat ter  compound, the related alka- 
l ine earth orthotel lurates and the calcium ortho- 
uranate.  However, if one assumes a UO~ luminescent  
center, then it is difficult to explain the drastic differ- 
ence in the spectrum of the Ca3UO~ at l iquid N2 tem- 
perature  when compared to those of the alkal ine earth 
orthotellurates, par t icular ly to that  of the isostructural  
Ca~TeO~:U ~+. While there is no shift in the emission 
bands of the alkaline earth tel lurates at liquid N2 tem- 
peratures, the principal  emission band  of Ca~UO6 shifts 
from 515 nm at room tempera ture  to 570 n m  at liquid 
N2 and the observed splitt ings are broader and more 
widely spaced. It  has been established (11) that  the 
u r an ium is in  an octahedral coordination in Ca3UO~ 
although the six U-O coordinate bonds are not of equal 
length. If the green emission center  of the afore- 

Table IlL Fluorescence peaks of US + -activated compounds 
at liquid N2 temperature 

MgzTeO~ CasTe06 Ca~UO~ SraTeOa 
X p X v X I, X 

(nm) (cm-D (nm) (cm -I) (nm) (crn-D (nm) (cm --z) 

515 19420 
517 19340 
520 19230 
526 19010 
528 18940 
531 18830 
536 18660 
539 18550 
543 18420 
549 18220 
551 18150 
557.5 17940 

492 20320 504 19840 525 19050 
494 20240 513 19490 527 18980 
497 20120 528 18940 529 18900 
498 20080 530 18870 532 18800 
500 20000 534 18730 536 18660 
502 19920 570 17540 546 18320 
507 19720 
511 19570 

mentioned compound is the UO6 group, then the 
spectral characteristics of the Ca3TeOg:U 6+ (or of 
the spectrally undis t inguishable  Ca~Tel-xU~O6) should 
be very  similar  to those of Ca3UO6, because Ca3TeO0 
is isostructural  with Ca3UO6 with the Te site being 
equivalent  to the U site. But there is considerably more 
s imilar i ty  among the spectral characteristics of the 
a lkal ine  earth tellurates,  a l though they are not all 
isostructural, t han  between CaaUO6 and Ca3TeO6:U 6+. 

It  is possible to reconcile this difference by  assuming 
a UO2 2§ emission center  in  the M3TeO6 compounds 
and a UO8 emission center  in Ca.~UO6. A n  indication of 
the presence of a u r any l  l inkage may  be obtained from 
an examinat ion of the fluorescence spectrum of 
MgsTeOe:U 6+ at l iquid N2 which resembles some- 
what  the series of strongest fluorescence bands of 
CsUO2(NO3)8 obtained at 20~ (12). There are 14 of 
these bands between 479 and 571 nm and they have 
been interpreted as combinations of the resonance fre- 
quency ~F and the frequencies us, ~a, and ~b which rep- 
resent, respectively, the symmetric,  antisymmetric,  
and bending vibrat ions  of the u rany l  ion (13). A 
simple analysis of the observed split t ings in the spectra 
of Mg3TeO6:U 6+ and Ca3TeO6:U 6+, such as done by 
Rabinowitch and Belford (12), can lead to ~,s ---~ 760 
cm -1, ~a ~ 850 c m - i ,  and Ub ~ 200 cm-~ for the two 
compounds. This is not unreasonable  when  compared 
to typical values of ~s "~ 810-890 cm -1 and ~a --~ 860- 
960 cm -~ measured on solid u rany l  salts at 20~ (14). 
The ratio of va/vs arr ived at for Mg3TeO6 and Ca3TeO6 
is 1.1 as compared to the theoretical value of 1.065 
(15). 

Luminescence properties of U 8 + -activated Ba2TeO~.-- 
The U6+-activated Ba2TeO5 phosphor has an  intense 
photoluminescent  response in  the orange-red  spectral 
region. Its emission spectrum (Fig. 5) consists of a 
b road-band  skewed toward the longer wavelength in 
which two maxima are discernible, at 590 n m  and at 
605 nm, with a composite halfwidth of 55 nm. Under  
cathode-ray excitation it is possible to dist inguish a 
weak emission band in the green peaking at 520 nm 
in addition to the characteristic luminescence in the 
orange-red. 

The red emission of u ran ium-ac t iva ted  compounds 
has been ascribed by Gobrecht and Weiss (16) and 
more recent ly by Blasse (10) to u ran ium te t rahedral ly  
coordinated by oxygen, for example in a UO4 com- 
plex. Although detailed s t ructural  data are not as yet 
available, it is possible that  in  the Ba2TeO5 compound 
the uranium,  which is assumed to occupy a te l lur ium 
site in  the lattice, is in the center  of a UO4 coordina- 
tion tetrahedron.  

The dominant  excitation band  of Ba2TeO~ is in  the 
near  ultraviolet,  peaking at 375 nm, and therefore the 
phosphor is excited pr imar i ly  by long wavelength ra- 
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Fig, 5. Luminescence spectra of B~TeOs:U 6+ 
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Fig. 6. Excitation and diffuse reflectance spectra of Ba2Te05: 
U~+. 

diation. The comparison of the diffuse reflectance 
spectra of the unact ivated and activated Ba2TeO5 (Fig. 
6) shows that the presence of u ran ium results in  sev- 
eral absorption bands in  the visible and near  ultra-  
violet region, the most intense of which is at 375 nm, 
the main  excitation band  of the phosphor. Thus it 
appears that  the fluorescence results from direct ex- 
citation of the activator center  ra ther  than  through 
energy absorption by  the lattice and subsequent  t rans-  
fer to the  activator site. The host compound absorbs 
strongly throughout  the uv region where no excitat ion 
bands for the phosphor are found. 

There are two exper imenta l  facts which indicate the 
strong effect of the crystal l ine env i ronment  on the 
spectroscopic properties of the U 6+ emission. There is 
the substant ia l  difference in the intensi ty  of fluores- 
cence be tween compounds in which the U 6 + is formu- 
lated to substi tute for the Te 6+ (Ba2Tel-~UzOs) and 
those in which no stoichiometric compensation is pro- 
vided (Ba2TeOs:xU6+). The lat ter  formulat ion is sub- 
s tant ial ly  br ighter  throughout  the concentrat ion range 
evaluated (Fig. 7) even though the excitation and 
emission spectra at room temperature  are identical for 
the two formulations. The dependence of the fluores- 
cence intensi ty  on act ivator  concentrat ion shows con- 
centrat ion quenching at ra ther  high U 8+ content  (2-5 
a/o) in  the Ba2TeOs:xU s+ phosphor, a concentrat ion 
which is one to two orders of magni tude  greater than  
that  found in other red-emi t t ing  u ran ium activated 
phosphors. 

It  is noteworthy that  the dependence of the fluores- 
cence in tensi ty  on activator concentrat ion in the bar-  
ium pentaoxotel lurate  phosphor is contrary to that  
observed in  the calcium tel lurate  and  thus not  con- 
sistent with the a rgument  advanced earlier. As a first 
approximation one could assume fewer lattice imper-  
fections in Ba2Tel-~UxO5 phosphor than in Ba2TeOs: 
xU 6 + and thus one would expect higher efficiency and 
a higher value of crit ical concentrat ion in the former 
material.  However, the data show the Ba2TeOs:xU 6+ 
phosphor to be substant ia l ly  more efficient, The 
large difference in fluorescence intensi ty  between 
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Fig. 8. Emission spectra of U6+-activated Ba2Te05 phosphors at 
room and liquid N2 temperatures. 

Ba2Tel-xUzO5 and Ba2TeOs:xU 6+ phosphors implies 
a small  var iat ion in the na ture  of the activator center 
in the two compounds. This is also evident  in the 
fluorescence spectra taken at l iquid n i t rogen tempera-  
ture. While the spectroscopic data at room tempera ture  
are identical for the two materials, the emission spec- 
tra at l iquid N2 are slightly different (Fig. 8). The 
asymmetric  RT emission curve of Ba2TeOs:0.01U ~+ is 
split at l iquid N~ into two bands whose peaks are 
separated by ,~500 cm -1. The fluorescence band of 
Ba2Tel.99U0.0105 at l iquid N2 temperature  also consists 
of two major  bands separated by ,,,,500 cm-1;  however, 
each of these has a distinct v ibrat ional  structure.  
Thus, there seems to be a tangible difference in  the  
properties of these two vi r tual ly  identical phosphors 
which probably is related to small  changes in the 
l igand a r rangement  around the u r a n i um activator. It  
is possible that  some of the U 6+ ions in Ba2TeOs:xU 6+ 
are located in sites coordinated in  a slightly different 
manne r  than  the Te in  Ba~TeO5 or may even be in 
interst i t ial  positions. Such an a r rangement  would ex- 
plain the absence of s t ructure in the l iquid N2 spectrum 
of Ba2TeOs: xU 6+, because the contr ibutions from vari-  
ous sites would tend to be superimposed; bu t  it still 
would not account for the difference in the observed 
fluorescence intensities. 

The conclusion reached here is that  the knowledge 
of the spectroscopic behavior  of uranium-act iva ted  
phosphors is too scant to permit  the unambiguous  
identification of the na tu re  of the emission center. 
Such identification would necessarily have to reconcile 
all available exper imental  evidence which may super-  
ficially appear to be in  conflict. It  is hoped that the 
present work has contr ibuted to s t imulat ing this effort 
by posing some of the apparent  questions. 
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Selective Silicon Epitaxy and Orientation 
Dependence of Growth 
P. Rai-Choudhury* and D. K. Schroder 

Westinghouse Research Laboratories, Pittsburgh, Pennsylvania 15253 

ABSTRACT 

Sil icon was grown ep i tax ia l ly  on oxidized silicon subs t ra tes  in which  the  
oxide  was removed  over  selected areas. Both p l ana r  subs t ra tes  and etched 
pedes ta ls  s tanding above the  subs t ra tes  were  used. (110) or iented subst ra tes  
had the highest  growth  rates,  fol lowed by  (100), (115), and (111). (110) also 
had the grown surfaces wi th  best  p lanar i ty .  Pa t t e rn  d isp lacement  was  ve ry  
not iceable on (115) substrates.  Al ignment  of the  pa t te rns  wi th  ma jo r  c rys ta l  
axes  had a significant influence on the  growth  perfection. Some of the exper i -  
men ta l  observat ions  can be exp la ined  by surface energy  considerat ions.  

Epi tax ia l  layers  of sil icon are  e i ther  grown over the  
ent i re  wafer  surface (nonselect ive growth)  as in the 
case of the col lector  and /o r  base of a t ransis tor ,  or 
grown select ively th rough  an oxide  mask  as in the  
case of the  silicon photodiode a r r a y  (1, 2). In the past, 
device designers  have  pa id  l i t t le  a t tent ion to the  or ien-  
ta t ion  of the  s ta r t ing  substrate.  For  example ,  when  
compared  wi th  the (111) substrates ,  the  deposi t ion 
t empera tu re  could be lowered  cons iderably  by  using 
(100) subs t ra tes  wi thout  producing any increase in the  
defect  dens i ty  (3). We have succeeded in growing de-  
vice qua l i ty  ep i tax ia l  silicon on (100) subs t ra tes  a t  
t empera tu res  as low as 900~ One Of the  impl icat ions  
of this is to produce a ve ry  ab rup t  junct ion on degen-  
era te  substrates.  In  most t rans is tor  or  in tegra ted  c i r -  
cuit  appl icat ions the l aye r  thickness is ve ry  much less 
than  the subs t ra te  d iamete r  and any  facet ing due to 
edge effects can be neglected.  However ,  even for th in  
layers,  select ive bur ied  l aye r  resolut ion often becomes 
a p rob lem due to pa t t e rn  t rans la t ion  from faceting. 

When the layer  thickness becomes comparable  to the 
size of the growth  pat tern,  as in the case of silicon 
photodiode arrays,  then  facet ing becomes ve ry  im-  
portant .  Fo r  example ,  the or ienta t ion of the  subs t ra te  
and  hence the  facet ing de te rmine  the w id th - to -he igh t  
ra t io  of the  ep i t ax ia l ly  grown mater ia l .  In  the  ap-  
pl icat ion of this technique to diode a r rays  it is advan-  
tageous to have these "mushrooms" grow high wi th  
re la t ive ly  l i t t le  l a te ra l  growth,  for good electron beam 
acceptance.  Other  appl icat ions  m a y  demand  a high 
w id th /he igh t  rat io.  The  p]anar i ty  of the  surface and the 
geometr ic  shape m a y  be impor tan t  for some device 
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m a s k i n g .  

applications,  and we show tha t  the or ienta t ion has a 
ma jo r  influence on these. 

Energetics and Nucleation Considerations 
When  ep i tax ia l  silicon is deposi ted f rom hydrogen  

reduct ion of SIC14 at  about  1150~ in a convent ional  
hor izonta l  reactor,  the or ienta t ion  dependence  of 
g rowth  is not pronounced.  For  example,  at  a SIC14 pa r -  
t ia l  pressure  of 7 • 10 -3 a tm the growth  rates  on un-  
masked  wafers  va r i ed  as (111) : (110) : (115) : (100) : : 
1.0 : 2.3 : 1.9 : 2.2. The re la t ive  growth  ra tes  on differ-  
ent  or ienta t ion  subst ra tes  do not change not iceably  
when HC1 gas is in jected for select ive ep i tax ia l  growth,  
a l though a considerable  decrease in the  deposi t ion ra te  
is observed.  The presence of excess HC1 tends to favor  
the reverse  react ions and p robab ly  causes the system to 
approach  the rmodynamic  equi l ibr ium.  Thus, the  selec-  
t ive epi tax ia l  g rowth  m a y  be considered to be under  
i so thermal  and quas i -equ i l ib r ium conditions. I t  is wel l  
known tha t  the crysta ls  formed under  these condit ions 
are  bounded, as much as possible, by  the slowest g row-  
ing surfaces (4). Therefore,  in silicon, layers  on differ-  
ent  or ientat ion subst ra tes  wi l l  even tua l ly  develop 
{ 111} facets under  uncons t ra ined  growth.  

Before p resen ta t ion  of the  expe r imen ta l  results,  a 
br ief  s u m m a r y  of the  g rowth  habi t s  of different  c rys ta l  
faces and thei r  re la t ive  s tabi l i t ies  is helpful.  The main  
dr iv ing  force in the deve lopment  of different  facets is 
the tendency for the crysta l  surface to approach  min i -  
mum free energy configuration. The enthalpy,  hH sv, 
of the  (111) face of sil icon has been  measured  at  l iquid  
ni t rogen t empera tu re  by  Jaccodine  (5) to be 1230 
e rgs / cm ~. F r o m  the measured  en tha lpy  (which is equal  
to the energy, hE sv, in this case),  the Si -Si  bond 
strength,  and hence the  surface energies of o ther  or i -  
enta t ions  can be calculated.  The surface energy  values  
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for the orientat ions of interest  here are given below: 

Orientat ion Surface energy, ergs/cm 2 

(111) 1230 
(110) 1510 
(115) 1650 
(500) 2130 

Thus, at low temperatures, growth in the <115> di- 
rection will be minimized whereas in the <100> di- 
rection growth will be maximized. However, at the 
temperatures of interest here (T = 1400~176 the 
entropy term (AS sv) becomes very significant and the 
observed order of stability of these planes is most 
likely to change. In fact, with a reasonable guess at the 
entropy values and considering the number of broken 
bonds per atom, it can be shown that at the growth 
tempera ture  of 1500~ (1t0) would be the plane of 
highest surface-free energy. The plane with high sur-  
face-free energy will  tend to grow faster along its axis 
ra ther  than generate new surfaces. 

Recently, Sangster (6) has treated the crystal growth 
phenomena in I I I -V compounds in a quali tat ive man-  
ner  much of which applies to the present  case. If the 
growth is not constrained (by mass t ransfer  rates and 
other operator variables) ,  surfaces like the diagonal 
faces would grow very rapidly. When the face di-  
agonal is perpendicular  to the growth front, the grow- 
ing interface would possess a great mul t i tude  of 
growth steps so that  nucleat ion and growth could oc- 
cur anywhere  on the surface. 

{110} suryaces.--Atoms in {110} surfaces are ar-  
ranged in planar  zigzag chains, each atom being 
bonded to two nearest  neighbors in the chain with the 
remaining  two bonds extending diagonally out on each 
side. Thus, each surface atom has one unsatisfied bond. 
The first deposited atom to start  the formation of a 
new layer makes only one bond to the existing surface 
creating three dangling bonds. The net increase of two 
unsatisfied bonds forms a potential  energy barr ier  for 
nucleat ion of growth of a new layer. Once the first 
atom is in  place, other atoms can deposit adjacent  to it 
wi thout  change in the number  of unsatisfied bonds. 
Some inherent  tendency towards main tenance  of sur-  
face p lanar i ty  exists, since deposition of part  of a sec- 
ond new layer requires the presence of adjacent  por-  
tions of two chains in the first layer. (110) plane might 
be relat ively difficult to ext inguish by the slow grow- 
ing {111} faces since four of the six {111} planes are at 
right angles to the (i10), while the other two {111} are 
at 35.26 ~ from the (110). Thus, there are only two 
planes to ext inguish the fast growing face. 

{100} sur]aces.--In a (100) surface, each atom is 
bonded to two atoms in the bulk and has two unsat is-  
fied dangling bonds. A depositing atom can approach 
the surface and bond to two surface atoms leaving u n -  
satisfied the other two bonds. Thus, atoms can be added 
to the surface without  an  increase in the surface en-  
ergy. The four bounding {511} faces are at 54.74 ~ from 
(100) and  under  opt imum growth conditions (as wil l  
be shown later)  wil l  ext inguish the (100) face in  a 
ra ther  well-defined manner .  

{11I} sur]aces.--The {111} surfaces consist of two 
closely spaced planes of atoms. Each atom in one plane 
is bonded to three nearest  neighbor atoms in the  other 
plane. The fourth bond extends normal  to the plane of 
this "double layer" and connects with an  atom in  the 
next  such layer. Three-fourths  of the crystal b inding  
energy or cohesive energy is involved in  the in te rna l  
bonding of these double layer  units. This is why the 
~111} face has the lowest surface energy. The deposit-  
ing atoms can form only one bond each to a specific 
{111} surface. Addit ion of one atom causes the net 
creation of two unsatisfied bonds. Since no atom can 
bond both to this first one and to the existing layer, 
deposition of one atom does not allow subsequent  ba r -  
r ier - f ree  growth. For such to be possible, a second 
atom must  at tach itself to the existing layer  as a sec- 

ond nearest  neighbor of the first, again with a net in -  
crease of two unsatisfied bonds. Then a third atom can 
bond to the two nucleus atoms, and one of the first 
type from this one back to the under ly ing  surface, 
without  any increase in the number  of dangling bonds, 
to generate a t r iangular  structure. This two-d imen-  
sional nucleus is the smallest portion of the {111} dou- 
ble layer  that can be stable. Thus, the difficulty of n u -  
cleation and  the low surface energy of {111} faces are 
responsible for its slow growth rate and high stability. 

{115) sur]aces.--The (115) face makes an angle of 
15 �9 8 ~ to (001). With l --~ 5, (l is one of the Miller in-  
dices), the axes rapidly become indist inguishable from 
[001]. Thus, (115) face has two unsatisfied bonds per 
surface atom and can be treated very  similar  to the 
{100}. 

Exper imenta l  Procedure 
Epitaxial  layers were deposited by hydrogen reduc-  

tion of SIC14 in an rf heated horizontal reactor. In  order 
to prevent  growth over the oxide masked regions, a 
controlled amount  of HC1 was injected into the main  
gas stream (2). The substrates used were of (111), 
(110), (115), and (100) orientations, polished chem- 

mechanical ly to a damage-free surface. The substrates 
for the selective growth were prepared to provide two 
basically different geometries. One geometry consisted 
of small  raised pedestals with oxide-passivated sides 
and these substrates were prepared by a process de- 
scribed by Appels et al. (7). SigN4 was deposited on the 
silicon wafer and etched into square patterns. With 
the ni t r ide as the etch mask, the silicon was etched to a 
depth of 4 /~m. The etched regions were then oxidized 
and the ni t r ide subsequent ly  removed. This resulted in 
pedestals of dimensions 8 ~m • 8 ~m, which were 
oxide-passivated except for the top surface. In  addi-  
tion to these pedestals, there were some of the size 40 

Fig. 1. Growth of silicon on 40 ~m X 40 ~m pedestals on a (100) 
substrate as a function of time. (a), sides of the square patterns 
aligned with ( |10}  faces; (b), sides 45 ~ off the (110} faces. 
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~m X 40 ~m (see Fig. 1 and 2). Some of these pedesta ls  
were  de l ibe ra te ly  a l igned wi th  other  crys ta l  planes,  14 
e.g., the  sides of the  square pa t t e rns  on (100) wafers  
a l igned wi th  the  {110} faces. 

Subs t ra tes  wi th  the  second type  of geomet ry  were  
p repared  by  s imply  oxidizing the sil icon slices to a 12 
thickness of 1 #m and photo l i thographica l ly  opening 
windows in the oxide. No a t t empt  was made here  to 
al ign the  pa t te rns  wi th  any pa r t i cu la r  crys ta l  faces. 

10 
Results 

In convent ional  ep i tax ia l  growth,  the l ayer  th ickness  
( typica l ly  10-20 um) is ve ry  much smal ler  than  the 
subs t ra te  d iameter  ( typ ica l ly  3 • 104 ~m) so tha t  the  ~ 8 
boundary  conditions of a semi-infini te  body apply.  .~" 
That  is, any  g rowth  facets tha t  no rma l ly  develop near  
the wafe r  edges can be neglected for  a l l  prac t ica l  p u r -  
poses. However ,  in select ive epi taxy,  the l aye r  th ick-  6 
ness is often comparab le  to the d iamete r  of the  growth 
plane, and therefore,  the facets that  no rma l ly  ini t ia te  
from the edges of the pa t t e rn  cannot be overlooked.  4 
The re la t ive  s tabi l i ty  of the  different  faces depend on 
the i r  su r face- f ree  energies  as ment ioned earl ier .  In  the  
fol lowing discussion, some resul ts  are  presented  show-  
ing how the ini t ia l  g rowth  planes  a re  modified and the 2 
deve lopment  of the  low energy faces. 

F igure  1 shows some photomicrographs  of layers  
g rown on etched square pedestals  ra ised above the 
ox ide -masked  (100) surface, as shown in the inser t  of 
Fig. 3. When  the sides of the  square pedes ta ls  are  
a l igned wi th  {110} planes,  four wel l -def ined  {111} 
facets develop from the four  sides of the  pedestal ,  as 
shown in Fig. 1 (a) .  These {111} planes  make  an angle 
of 54.74 ~ wi th  the ini t ia l  (100) plane. I t  can be seen 
f rom the pho tomicrograph  of the  layers  grown for 30 
min tha t  a new set of faces is developing f rom the 
edges where  the  previous  ad jacent  {111} faces fa i led to 
join. This type  of facet ing is also seen in Fig. 2 (b) ,  

Fig. 2. Patterns on the same wafer as in Fig. 1, except that the 
dimensions are 8 Fm X 8 #m. Alignment, same as in Fig. 1. 
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Fig. 3. Height of etched pedestal plus grown "bump" for the 

wafers of Fig. 1 and 2 as a function of growth time. 

where  here, the  sides of the  square  are  a l igned 45 ~ off 
the  {110} planes.  

The effect of mul t ip le  wel l -def ined {111} facet deve l -  
opment  becomes more significant as the rat io  of l ayer  

I I I 

18 

16 

14 

12 

10 

r  

/ / /  r 

~ / /  o (I00) 1 a (II0) 
2 �9 (III) 

i a (115) 

0 I, 0 20 Growth Time, rain. 
Fig. 4. Height of grown "bumps" on planar wafers as a function 

of time for 4 different substrate wafer orientations. 
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thickness to pedestal or pat tern  size increases. This is 
observed in Fig. 2, where the size of the pedestals is 
8 ~m • 8 ~m, instead of 40 ~m X 40 ~m as in Fig. 1. 
Even for only I0 min  growth time, we see the new 
sets of faces developing in the corners. These faces be- 
come much more obvious in the 30 min  photograph in 
Fig. 2 (a). 

The random development of numerous  facets is seen 
on the wafer where the sides of the squares are not 
aligned to the {110} planes [see Fig. l ( b )  and 2 (b ) ] .  

The growth rate of the pat terned structures is not 
affected by the pat tern  a l ignment  on a given substrate 
orientation. This is shown in Fig. 3 where the total 
pedestal height is plotted as a function of growth time. 
The heights of the small  area s tructures (Fig. 2) were 
approximately the same as those of the larger area 
ones shown in  Fig. 1. Note that  at zero t ime the height 
corresponds to that  of the etched, oxide-passivated 
pedestal alone. I t  appears that the growth rate in-  
creases as the pedestals grow higher. One possible ex- 
planat ion for this is that  the high density of the small  
pedestals (1.5 X 105 cm -2) in this pat tern  might  be 
effective in increasing the turbulence near  the wafer 
surface, in th inn ing  the boundary  layer for mass t rans-  
fer, and/or  making available higher concentrat ion of 
SIC14 for growth by vir tue of their raised position. 
These pedestals grow larger in diameter as well  as 
reach fur ther  into the gas stream as the growth pro-  
gresses. The growth rates on the pedestals were gen-  
eral ly  found to be somewhat less than that  on similar  
density pat terns on planar  structures in which the pat-  

terns are etched windows in thermal ly  grown oxide. 
This is expected since the pedestals form potential  bar-  
riers for surface migrat ion of any depositing species 
landing on the valleys. Thus, the results of growth on 
(100) wafers indicate that  the surface p lanar i ty  and the 
orientat ion of the init ial  pat tern are lost at a very early 
stage of growth, which is consistent with the large dif- 
ference in the surface energies between {100} and 
{111}. This has implications for some device applica- 
tions where the growth height plus the ini t ial  etched 
pedestal height allow the top of the grown structure to 
be significantly above the oxide in the valleys. 

With the objective of determining an orientation 
which grows fur ther  above the substrate surface with-  
out losing its ident i ty  and without  touching its neigh-  
bors (to preserve the discrete na ture  of the s t ructures) ,  
experiments  were carried out on four different sub-  
strate orientations, namely,  (100), (115), (111), and  
(110). Figure 4 shows a comparison of growth behavior 
on these four different orientations where the pat terns 
for selective growth were formed by etching windows 
of the various shapes into the oxide of plane, thermal ly  
oxidized Si wafers, as opposed to raised pedestals. Also 
the sizes of the unmasked regions were much larger 
than those of the pedestal pattern. The ratio of the 
unmasked to oxide masked areas is 0.1 compared to 
0.25 for the earlier "etched pedestal" wafers. As can be 
seen, no enhancement  of growth with t ime is observed. 
(111) is the slowest growing plane which is consistent 
with its lowest surface energy and the associated nu-  
cleation difficulty. Because of the ease of nucleation 

Fig. 5. Growth patterns on planar wafer of different orientations for a growth time of 40 rain 
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Fig. 6. Growth patterns on the same wafers as in Fig. 5 in circu- 
lar oxide openings for a growth time of 40 rain. 

and high surface energy of the (100) plane, the growth 
rate on this plane is higher than that on (111). The 
(115) plane, being close to (100), encounters no nu- 
cleation difficulties and the growth proceeds at a rate 
slightly under that for (100). It is not obvious why 
(110) has the highest growth rate. The (110) plane has 
considerably lower surface energy than (100), and the 
nucleation is energetically not as favorable as in (100). 
One conjecture is that the {111} facets develop very 
early during the growth on (100), thus decreasing its 
effective growth rate. Whereas in (110) the {111} facets 
take considerably longer time before a significant por-  
tion of the growing CII0) surface is transformed. 

Figure 5 shows photomicrographs of the growth 
facets on the four orientations. It is noteworthy that  
the most planar growth occurred on the pattern on the 
(110) plane. This may be expected from the nucleation 
constraints and the availabili ty of only two (111} faces 
that could extinguish the growing (110) as discussed 
earlier. The growth on (11t) loses its planari ty com- 
pletely and new sets of (111} facets initially originat- 
ing from the oxide-silicon interface are formed. The 
growth on (115) plane develops numerous {111} facets 
and a very  distinct la teral  translation of the patterns is 

noticeable. Therefore, in terms of pattern stability, 
their  heights above the initial surface, and minimum 
interference irom facet growth, CII0) substrates are 
preferred. 

The facet formation is especially evident in the 
photographs of Fig. 6. Here, the pattern was a 5 rail 
diameter circular window in the oxide. Note the square 
shape of the (100) orientation and the beginnings of 
the typical t r iangular  configuration for the (111) sub- 
strate. The (110) again has the most planar top surface 
with the (100) next. As in Fig. 5, both (111) and (115) 
have very irregular top surfaces. 

Summary 
Silicon was epitaxially deposited selectively on sili- 

con substrates, by using thermally grown SiO2 as the 
mask. Both raised silicon pedestals with oxidized sides 
and planar surfaces were used. The effect of various 
substrate orientations and crystal face alignment on 
growth were studied with the following results: 

1. The growth rate on planar structures is highest on 
(110) wafers and decreases in the order (100), 
(115), and (111). 

2. The size of the area in which Si is grown has no 
noticeable influence on the growth rate. 

3. The planarity of the growth surface is best for 
(110) and deteriorates in the order (100), (115), 
(111). 

4. Alignment of the pattern with major crystal axes 
has an effect on the perfection of the grown pat- 
terns. 

5. Pattern displacement is very noticeable for (115) 
oriented devices. 
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Electrical Properties of a Native 
Oxide on Gallium Phosphide 
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ABSTRACT 

A vi t reous  nat ive  oxide  can be grown on GaP by oxidat ion in a concen- 
t r a t ed  solution of hydrogen  peroxide,  and  this  oxide  effectively pass ivates  
GaP  l igh t -emi t t ing  devices. This paper  repor ts  the  first e lect r ica l  charac ter -  
ization of this  na t ive  oxide. Elect r ica l  measurements  were  pe r fo rmed  on MOS 
s t ruc tures  p repa red  by  growing a na t ive  oxide  film 500-1000A th ick  on the 
(111) face of an n-  or  p - type  GaP wafer  and evapora t ing  an  A u  field p la te  
on the oxide. The ref rac t ive  index of the  oxide film was 1.58. Current -vol tage  
and capaci tance-vol tage  character is t ics  show tha t  the  na t ive  oxide is an  elec- 
t r i ca l  insulator ,  wi th  a low f requency  dielectr ic  constant  �9 ~ 5.5, and  a d i -  
electr ic  b r eakdown  s t rength  of 6-8 X 10 s V /cm af ter  anneal ing in n i t rogen at  
250~ Cur ren t -vo l t age  behavior  shows a l inear  dependence  of In J on E 112, 
typ ica l  of f ie ld-enhanced thermionic  emission. The I -V character is t ics  a re  non- 
symmet r ic  wi th  respect  to field pla te  polar i ty ,  suggest ing the conduct ion 
mechanism to be  sur face-bar r ie r -cont ro l led  emission, wi th  a ba r r i e r  height  
Cb ~ 1.2 eV, as de te rmined  f rom the t empe ra tu r e  dependence  of the  I - V  char-  
acteristics.  The dielectr ic  constant  de te rmined  f rom the slope of the  I -V char -  
acter is t ics  by  using a f ie ld-enhanced thermionic  emission model  agrees  wi th  
the  va lue  obta ined  f rom capaci tance measurements .  Capaci tance-vol tage  
character is t ics  show accumulat ion and deep deplet ion behavior.  Analys i s  of 
deep deplet ion curves  y ie lds  a surface charge  densi ty  Qs ~ 4 • 1012/cm 2 for 
both p- and n - type  GaP  samples.  Values  of IND --  NAI for  the  GaP  subs t ra tes  
obta ined  f rom deep deple t ion  da ta  are  in good agreement  wi th  the  values  
obta ined  f rom Hal l  measurements  on the subs t ra te  mater ia l .  

Deve lopment  of a technology for  the fabr ica t ion  of 
ga l l ium phosphide  l igh t -emi t t ing  diodes requi res  a 
re l iable  method  for the  format ion  of insulat ing layers  
on the  processed surface. Such insula t ing layers  serve  
to e lec t r ica l ly  isolate and  pass ivate  act ive junctions,  
as wel l  as to insulate  meta l iza t ion  requi red  for device 
interconnections.  These layers  should be pinhole-free ,  
have good adherence  to the GaP substrates,  and be able  
to act as a processing mask,  whi le  being iner t  to sub-  
sequent  processing steps. In  addi t ion such layers  should 
have low optical  absorpt ion  in o rde r  to be used in 
l igh t -emi t t ing  diode structures.  

The impor tance  of e lec t r ica l ly  insula t ing layers  has 
been amply  demons t ra ted  in the  sil icon p lanar  device 
technology. For  compound semiconductors,  insulat ing 
layers  of such mate r i a l s  as SiO2 or SigN4 m a y  be de- 
posi ted bu t  these layers  typ ica l ly  have  had poor uni-  
formity,  high pinhole  density, and poor adherence.  

A na t ive  oxide  has  been grown on GaP (1) which 
exhibi ts  good adherence,  acts as a m a s k  for the  etching 
of GaP (2) and for  metal izat ion,  and is t r anspa ren t  
in the  vis ible  region. This oxide  can be grown on p- 
and n - type  mate r ia l  (3) by  a r e la t ive ly  s imple process 
occurr ing at  ~100~ 

The e lec t r ica l  p rope r t i e s  of the  na t ive  oxide are  re-  
por ted  in this  paper .  I t  is shown that  this  oxide is a 
good insulator ,  sat isfying the  e lect r ica l  r equ i rements  
for  G a P  processing. The  sample  p repa ra t ion  and  oxida-  
t ion procedure  a re  described,  as wel l  as the  e lect r ica l  
measurements  and resu l t ing  expe r imen ta l  data.  The  
e lect r ica l  da t a  a re  analyzed  and the  resul ts  discussed. 

Sample Preparation and Oxidation 
Gal l ium phosphide wafers  were  cut  wi th  a d iamond 

saw f rom n - t y p e  Te-doped  and p - type  Zn-doped l iq -  
u id -encapsu la ted-Czochra l sk i -g rown crys ta ls  of {111} 
orientat ion.  Car r i e r  concentrat ions  were  1-4 X I01~ 
cm -3 for the  n- type  and 4-5 • 10 I~ cm -3 for the p - type  
samples.  The wafer  surfaces were  p repa red  by  lapping 
wi th  0.3 ~m a lumina  and then  etching 75 ~m off the 

* Elect rochemical  Society Act ive  Member .  
K e y  words :  compound semiconductors ,  MOS, conduct ion mech -  

anisms.  

P (111) face wi th  a b romine -me thano l  solut ion for a 
final wafe r  th ickness  of 0.3 ram. A ful l -surface back  
contact  was made to the  Ga (111) face by  evapora t ing  
5000A layers  of S i - A u  and Be-Au on n -  and p - type  
wafers,  respect ively;  a 10,000A over lay  of A u  was sub-  
sequent ly  deposited.  These contacts were  then  a l loyed 
at  600~ for  10 rain to form ohmic contacts  to the sub- 
strate.  

A galvanic  oxide  was then  grown on the (111) faces 
of the  GaP samples  by  boi l ing them in a concent ra ted  
solution of hydrogen  peroxide  for severa l  hours and 
subsequent ly  bak ing  t hem in d ry  n i t rogen at  250~ 
for  2 hr  (3). This glassy oxide  was found to be an 
amorphous  mix tu re  of Ga203 and P205. The thickness 
and ref rac t ive  index of the  oxide  were  de te rmined  by  
e l l ipsometry.  The films used in this  s tudy  ranged  in 
thickness  f rom 500 to 1000A and af ter  bak ing  had  an 
index of ref rac t ion  n ~ 1.58 independent  of thickness.  

Electrical Characteristics 
The e lect r ica l  p roper t ies  of the  oxide  films were  in-  

ves t iga ted  by  means  of measurements  on meta l -oxide-  
semiconductor  s t ructures  p r e p a r e d  by  evapora t ing  15- 
mil diameter Au field plates on the oxide. Contact was 
made by a W probe to the Au field plate and by a Pt 
base to the full-surface alloyed Si-Au or Be-Au back 
contact.  

The dielectr ic  b r eakdown  s t rength  of the  oxide film 
at  room t e m p e r a t u r e  was  measured  by  increas ing the  
vol tage  across the  MOB s t ruc ture  unt i l  the  cur ren t  
underwent  a sharp increase- l imi ted  only by  ex te rna l  
series resistance.  Fo r  as-grown,  unbaked  films, b reak-  
down occurred at  electr ic  fields of 0.5-2 • 106 V/cm.  
Since the  oxide  was grown in aqueous solution, wa te r  
of hydra t ion  incorpora ted  in the  films was expected to 
reduce the dielectr ic  s trength.  In  o rder  to ver i fy  this  
effect, the  oxides were  annealed  in d ry  ni t rogen at  
250~ for  2 hr. Dur ing  annea l ing  the  film thickness  de -  
creased b y  app rox ima te ly  20% (3), the  dielectr ic  
b r eakdown  s t rength  increased to 6-8 • 106 V/cm, and 
the index  of re f rac t ion  decreased sl ightly.  Addi t iona l  
anneal ing  at  250~ caused no fu r the r  changes. The 
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Table I. Properties of native oxide films on GaP 

RD269-2  n - t y p e  RD313-2  p - t y p e  

Sample A Sample E Sample A Sample E 

U n b a k e d  B a k e d  U n b a k e d  B a k e d  U n b a k e d  B a k e d  U n b a k e d  B a k e d  

O x i d e  t h i c k n e s s ,  A 550 425 600 500 725 
I n d e x  o f  r e f r a c t i o n  1.60 1.58 1.60 1.58 1.60 
R e l a t i v e  d i e l e c t r i c  c o n -  

s t a n t  a s  d e t e r m i n e d  
from I-V ~ 5.52 -- 5.53 -- 

C-V -- 5.4 -- 5.4 -- 
D i e l e c t r i c  b r e a k d o w n  

s t r e n g t h ,  V / c m  1.1 x 106 6.4 x 106 0.5 • l 0  G 6 x 106 2.0 x 10" 
Barrier h e i g h t ,  eV -- 1.10 -- 1.20 -- 
F l a t b a n d  v o l t a g e ,  V - -  7.5 - -  12 - -  
S u r f a c e  c h a r g e  d e n s i t y ,  

cm-= - -  5 X 10 TM -- 7 x I0 TM -- 

physical propert ies of the oxide films before and after 
annealing are summarized in Table I. 

Curren t -vol tage  measurements  were  taken on the 
MOS structures wi th  the samples shielded from the 
light in a specimen holder  flushed with  dry nitrogen, in 
order to avoid photo-exci ted and surface-leakage cur- 
rent  components. The I -V  data were  collected using a 
Kei th ley  602C e lec t rometer  and Lambda  LS-515 digital  
vol tage source in series with the MOS structure. Point-  
by-point, ra ther  than continuous, measurements  were  
taken to minimize any error  due to lengthy response 
t ime of the e lect rometer  and to convenient ly  cover the 
large range of current.  

At room tempera tu re  the current  through the oxide 
for applied voltages below breakdown is too small  for 
detection (<10 -13 A/cm2).  However,  the conductivi ty 
was found to be strongly tempera ture  dependent,  and 
I - V  characterist ics could be measured at tempera tures  
in the range of 75~176 The data were  checked for 
reproducibi l i ty  on the same sample and on different 
samples. All  results in this tempera ture  range were  
found to be consistent, indicating that  sample hys- 
teresis or drift  was not a serious problem. A typical  
family  of I - V  curves  obtained for an MOS structure 
incorporat ing an annealed oxide film is shown in Fig. 1. 
The current  is asymmetr ic  wi th  respect to bias polari ty 
and depends strongly on voltage and temperature.  
Analysis of these data to de termine  the mechanism 
for current  t ransport  through the oxide are given in 
the Section on Discussion. I -V measurements  were  not 
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made at tempera tures  above 150~ owing to an exper i -  
menta l  l imitation. This l imitat ion has now been over-  
come, and the results of higher  t empera ture  measure-  
ments  will  be reported later. 

The propert ies of the oxide films, as well  as those 
of the GaP oxide interface, were  also invest igated by 
capaci tance-voltage measurements  on the MOS struc- 
tures. The C-V characterist ics at 1 mHz for MOS struc- 
tures on both n- and p- type  GaP substrates show ac- 
cumulat ion and deep depletion behavior.  A typical 
C-V  curve  at room tempera ture  for an n- type substrate 
is shown in Fig. 2. The low-frequency dielectric con- 
stant calculated from the accumulation capacitance 
and film thickness is e = 5.4. Surface inversion due to 
minor i ty  carr ier  generat ion could not be observed at 
room tempera ture  using voltage sweep rates (4, 5) as 
low as 10 mV/sec,  unless the sample was i l luminated 
with a tungsten lamp. Pulsed capacitance measure-  
ments  were  made at room tempera tu re  in an at tempt 
to determine bulk and surface minori ty  carr ier  gen- 
erat ion rates by using the Zerbst (6) analysis tech- 
nique. Generat ion rates on the order of tens of hours 
were  measured. While such slow minori ty  carr ier  gen- 
erat ion is to be expected with  wide bandgap semi- 
conductors, addit ional analysis of the tempera ture  de- 
pendence of pulsed capacitance will  be required to 
re la te  these generat ion rates to bulk minor i ty  carr ier  
l ifet imes and surface recombinat ion velocities at the 
semiconductor-oxide interface. 

Ramp measurements  (7) were  made at 250~ to 
determine whether  the oxide exhibits ionic instabilities 
similar to those caused by Na or K in SiO2 (8), which 
give rise to well-defined ionic current  peaks about zero 
bias in SiO2-on-Si MOS structures (7). Such peaks 
were  not observed in the present experiments,  sug- 
gesting that  this kind of fast ionic drift  does not occur 
in the oxide on GaP at tempera tures  below 250~ In 
addition, C-V curves were  measured before and after 
b ias- temperature  stress exper iments  performed at 
200~ and •  for 30 min. No significant changes in 
fiatband voRage were  observed, again suggesting that  
the oxide is re la t ive ly  free of mobile ion contamina-  
tion. 

-12 - I0  -8  -6  -4  -2 0 2 4 6 
V ( VOLTS ) 

Fig. 1. Current-voltage characteristics of Au-native oxide-GaP 
structure. Substrate is Te-doped ~ 3X1017/cm 3 with a 500A thick 
native oxide. (Sample RD269-2E, Table I). 
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Fig. 2. Capacitance-voltage characteristics of Au-native oxide- 
GaP structure at room temperature. Oxide capacitance is 112 pF 
for 15 rail diameter Au field plates. (Sample RD269-2E). 
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Discussion 
C u r r e n t - v o l t a g e  c harac t e r i s t i c s . - -Cur re n t  f low 

through an insulat ing oxide can take place by several 
different conduction mechanisms (9). These mecha- 
nisms include ionic conduction, ohmic conduction, tun-  
neling, field emission, and field-enhanced thermionic 
emission either over an interracial  barr ier  (Schottky- 
Richardson mechanism) or from localized coulombic 
traps in the oxide (Frenkel-Poole mechanism).  

In  the Section on Electrical Characteristics, the dis- 
cussion on ionic drift suggests that  ionic conduction is 
not significant here. Furthermore,  an ionic current  
would be expected to decay in t ime with constant  ap-  
plied bias, but  no such decay is observed. Ionic conduc- 
tion can therefore be el iminated as a significant t rans-  
port mechanism for these samples. 

The nonlinear ,  asymmetric I-V characteristics (Fig. 
1) preclude ohmic conduction, and their  strong tem- 
perature  dependence precludes tunnel ing.  The relation- 
ship between current  and voltage calculated for the 
Schottky-Richardson (SR) and Frenkel -Pool  (FP) 
(10) mechanisms are given by Eq. [1] and [2], which 
are quite similar in form, but the barr iers  are different, 
i.e., an interracial barr ier  and a coulombic potential 
well, respectively. 

JsR = A *T 2 exp [ - -q(r  -- ~r /kTJ [1] 

J F P  = C E  exp [ - -q  (~bb - -  k/qE/xeox)/kT] [2] 

where A* -- effective Richardson constant, ~b -- bar-  
rier height, ,ox -- dielectric constant of oxide, and C = 
constant, independent  of field and temperature.  The 
exper imental  I-V data are consistent with the form of 
either equation, as shown by the l inear  plots of I /V  
and I vs. E t /2  shown in Fig. 3 for one of the MOS 
structures. 

FP  emission is a bu lk  process and would be expected 
to exhibit  symmetric  I-V characteristics, while the SR 
mechanism is dependent  on the barr ier  height at the 
metal-oxide or semiconductor-oxide interface, and the 
current  would then  be quite polari ty dependent.  The 
observed, asymmetric I -V  characteristics suggest that  
conduction occurs via the SR mechanism. 

Equations [1] and [2] can be used to obtain al terna-  
t ive values of the high frequency dielectric constant, 

Cox, from the slopes of the two lines in Fig. 3. Using 
the SR model (I vs. E1/2), Cox = 5.53 is calculated, a 
value one-fourth  that  determined from the FP model 
(I /E vs. E1/2), cox = 22.12. It  is expected that  the high 
frequency value of Cox should approximate (n) ~, i .e,  
2.5, according to the Maxwell  relation. The fact that 
the calculated Eox for the SR mechanism is closer to the 
high frequency value than  Cox for FP emission, along 
with the observation that the SR value of cox is close to 
the 1 mHz (low frequency) value of Cox as determined 
from C-V data, provides another indication that  con- 
duction through the oxide occurs via the SR mecha- 
nism. 

The effective barr ier  height (assuming SR) control~ 
l ing current  flow, i.e., the interracial  barr ier  Cb reduced 
by the applied electric field due to Schottky lowering, 
was determined from an Arrhenius  plot of In I /T  2 vs. 
1/T as shown in Fig. 4, at applied electric fields of 2 
and 10 • 105 V/cm, by using Eq. [1]. By adding the 
estimated Schottky lowering, (qE/4neox) 1/2, the inter-  
facial barr ier  was found to be ~b ~ 1.2 eV (for the 
sample of Fig. 4) for both positive and negative field 
polarity. This apparent  discrepancy between sym- 
metric barr ier  height and nonsymmetr ic  I-V charac- 
teristics is explained in terms of the exper imental  u n -  
cer ta inty in determining Cb (___40 meV) and the rela-  
t ively small difference in barr ier  heights (5-20 meV) 
required to produce such I-V data. For a barr ier  height 
of ~1.2 eV, the incremental  room temperature  re -  
sistivity would be expected to be on the order of I0 ta 
ohm-cm. Thus any current  measured at room tempera- 
ture  would result  from surface leakage or from the 
measurement  ins t rument .  

Capacitance-voltage characteristics.--As discussed in 
the Section on Electrical Characteristics, the capaci- 
tance-voltage characteristics show both accumulat ion 
and deep depletion behavior. Deep depletion results 
from the very long minor i ty  carrier generat ion times, 
while the more familiar  inversion behavior is observed 
in semiconductors with fast generation rates (Ge, Si, 
GaAs).  The relat ion be tween capacitance and voltage 
for deep depletion (11) is given by 

2 
(Cox/C) 9 --  1 = ( C o x / A ) 2 ~ _ _  (V --  Vfb) [3] 
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Fig. 5. Plot of (Cox~C) 2 vs. V obtained from C-V data of Fig. 2 

where Cox = oxide capacitance as determined from 
MOS capacitance-voltage measurement  in the accumu- 
lat ion region, A -- field plate area, N = net  carrier 
concentrat ion IND -- NAI in the semiconductor, ~s = 
low-frequency dielectric constant  of the semiconductor, 
and V~b = flatband voltage. 

If a plot of (Cox~C) 2 vs. V is constructed from ex- 
per imenta l  C-V data, Eq. [3] can be used to obtain 
values of 1ND -- NA] and Vfb. This determinat ion of 
]ND -- NA! is independent  of Hall data, and thus pro- 
vides a consistency check. The surface charge density, 
Qs, may be calculated from 

Qs : CVfb/Aq [4] 

A typical plot of (Cox/C) ~ vs. V for a MOS structure 
on an n - type  GaP substrate (sample RD269-2E, Table 
I)  is shown in  Fig. 5. The value of IND -- NAt obtained 
from this plot, 3.17 • 1017/cm 3, agrees within 20% 
with the value determined by  Hall  measurements  on 
the GaP substrate  material .  From this plot Vfb is found 
to be 12V, corresponding to a surface charge density, 
Qs, of 7 • 1012/cm~. Similar  values were found for 
structures on p-type substrates (see Table I).  With 
such large Vfb values, only MOS structures incorporat-  
ing oxide films with relat ively high dielectric break-  
down strength can be biased into accumulation. If the 
breakdown strength is too low, as in films that  have 
not yet been annealed, the devices go into breakdown 
before accumulat ion is obtained, making surface-state 
analysis quite difficult. The similari ty in  Vfb values 
(with a polarity change) for p- and n- type samples 
and the constancy of Vfb under  temperature  and bias 
stress suggest that  the ra ther  large surface charge 

density may  be due to interface states ra ther  than to 
mobile ions or fixed charge. It  should be noted that 
the presence of interface states could influence the 
polarity dependence of the I-V characteristics. Such 
effects will be reported in  future efforts. 

Conclusions 
This paper describes the electrical properties of a 

galvanic nat ive oxide grown on n= and p-type GaP. 
This oxide is an electrical insulator, having a relative 
dielectric constant  e -~- 5.5, which exhibits a dielectric 
breakdown strength of 6-8 • l0 ~ V/cm after annea l -  
•ng in  ni t rogen at 250~ Conduction in  MOS struc- 
tures incorporat ing the oxide appears to proceed via 
field-enhanced thermionic emission over a barr ier  
~b ~ 1.2V, which is believed to be an interfacial  barr ier  
at the oxide-semiconductor interface. A large surface 
charge density, Qs ~ 4-8 • 1012/cm 2, has been found; 
it is a t t r ibuted to interface states ra ther  than  mobile 
ion contaminat ion or fixed charge. These init ial  find- 
ings suggest that the nat ive oxide should serve a 
valuable function in GaP device technology. 
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Etch Pit Studies of GaP Liquid Phase Epitaxial Layers 
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ABSTRACT 

In invest igat ions of the  influence of defects on the luminescence proper t ies  
of compound semiconductors,  the re la t ive  impor tance  of pu re ly  s t ruc tura l  de~ 
fects, e.g., dislocations, vs. imperfect ions  of a chemical  or s toichiometr ic  na-  
ture, such as impuri t ies ,  vacancies, etc., is i nva r i ab ly  discussed. Recent 
photoluminescence studies on GaAs and GaP have shown tha t  dislocations a re  
an impor tan t  factor  only  if they  are  decora ted  wi th  impuri t ies .  F o r  GaP  the 
decora ted  dislocations only occur when  there  is also presen t  another  type  of 
etch fea ture  cal led a saucer  or S-pit.  In  the present  repor t  fu r the r  compar i -  
sons of dislocations and S-pi ts  a re  made  in  GaP  ma te r i a l  typica l  of t ha t  used 
in e lec t ro luminescent  devices made  b y  l iquid phase ep i t axy  (LPE) .  The etch 
pi t  s tudies on LPE mate r i a l  b a r e  been examined  in t e rms  of using S -p i t s  as 
an  observable  in eva lua t ing  the device potent ia l  of different  LPE layers.  

A cont inuing a rea  of s tudy in semiconductor  device 
mater ia l s  has been in evalua t ing  the re la t ive  impor -  
tance of pu re ly  s t ruc tura l  defects,  e.g., dislocations, vs. 
imperfect ions  of a chemical  or s toichiometr ic  nature,  
such as impuri t ies ,  vacancies, etc., or complexes of di f -  
ferent  types  of these defects. This quest ion has  ar isen 
often recent ly  by  worke r s  descr ibing possible nonra -  
d ia t ive  recombina t ion  centers  which affect the  e lec t ro-  
luminescence (EL) and photoluminescence (PL)  effi- 
ciencies (~1) of GaP l iquid  phase ep i tax ia l  (LPE)  lay-  
ers  (1-3) and  l iquid encapsula ted  Czochralski  (LEC) 
(4-6) and  solut ion grown (SG)  substrates.  Wi th  the  
advent  of the  chemical  etch p i t -opt ica l  microscopy 
studies  first descr ibed b y  I izuka (7), and subsequent ly  
used by  Rozgonyi and co-workers  (5, 6), i t  has been 
possible to di f ferent ia te  be tween dislocation, or D-pi ts ,  
and another  type  of etch fea ture  which is r e fe r red  to 
as a saucer  or S-pi t .  Al though the na ture  of the defect 
or de fec t - impur i ty  complex responsible for the  fo rma-  
tion of the S-pi t s  has not been identified, it  has been 
demons t ra ted  tha t  a reduct ion in S -p i t  dens i ty  can be 
cor re la ted  wi th  improved  PL ,1, while  the  D-pi t s  p l ay  a 
secondary  role in  the  evaluat ion  of GaP LEC sub-  
s t ra tes  (5, 6). The object  of the present  r epor t  is to 
make  a s imi la r  comparison of S-  and D-pi t s  in GaP 
LPE layers  and  LEC and SG subs t ra tes  to see if the  
corre la t ion  wi th  EL ~ is the  same. Thus, by  using the 
S-pi ts  as an observable  in character iz ing the lumines -  
cence behavior  of GaP,  fu r the r  informat ion  about  the  
possible behavior  of nonrad ia t ive  centers  wi l l  be de- 
scribed. 

Experimental Procedures and Etch Pit Characteristics 
The samples  used in this s tudy consisted of LPE 

layers  grown by Saul  (8) on the  (111) P- face  of LEC 
subs t ra tes  pul led  by  Nygren  e t a l .  (9), or  on SG p la te -  
lets  p rov ided  by  L. Derick.  Both n (Te-doped)  and p 
(Zn, O doped)  type  layers  and subst ra tes  were  ex -  
amined.  In i t ia l ly ,  al l  the  opt ical  s tudies were  pe r -  
fo rmed on ( I l l )  P-sur faces  which  had  been chemical ly  
polished. However ,  angle  lapping  at  2 ~ to the  (111) 
P- face  was l a t e r  found to be more  advantageous  since 
the  l aye r  and subs t ra te  could be s tudied s imul tane-  
ously on the same sample.  Damage  due to lapping  was 
removed  by  etching the sample  for 30 sec in chlor ine-  
sa tu ra ted  methanol  pr ior  to the actual  pi t  de l ineat ion  
etch. The etching solutions used were  the  same as those 
prev ious ly  descr ibed by  Saul  (10) and by  I izuka (7). 
Table  I descr ibes  the solutions, etching times, and  t em-  
peratures ,  and  range  of appl icabi l i ty  of each etch. The 
AB and RC designat ions  are  used since these solutions 
are  modifications of etches or ig inated  by  Richards  and 
Crocker  (11) and Abrahams  and Buiocchi (12). E x -  

* Elect rochemical  Society Ac t ive  Member .  
P resen t  address :  Electrotechnical  Labora tory ,  Tokyo,  Japan .  

Key words: defects, I I I - V  compounds, electroluminescence. 

Table I. Etching solutions used for delineating S- end D-pits in GaP 

T e m p  and 
Etch, Ref, Solution T ime  Commen t s  

RC, Ref. 8 ml  Hog,  4 ra in  at  Can be used  on (111) P face 
(11) 4 ml  H F  65~ of e i ther  p-  or n - type  

6 ml HNOs GaP 
lO m g  AgNOs 

Ref, (10), 10 ml  Hog, 50 rain at  Best  for  (111) P face  of 
(12) 8 ml  HF  65~C p- type  mater ia l ,  or  for 

5g CrO8 de l inea t ing  dislocation 
40 m g  AgNOs grooves  on (11-0) c leavage 

faces  of both  p-  or  n - type  
G a P  

aminat ion  of the  e tch pi ts  was  car r ied  out  in a Zeiss 
in ter ference  contrast  microscope, and occasionally in a 
scanning e lec t ron microscope (SEM).  

The difference be tween S-  and D-pi t s  is i l lus t ra ted  
in Fig. 1. The identif icat ion of the pits is quite s t ra igh t -  
forward,  D-pi t s  have an apex or point  and tend toward  
a t r i angu la r  shape typical  of {111) surfaces, while 
S -p i t s  are  shallow, round, and f la t -bot tomed,  see a r -  
rows D and S in the optical  photomicrograph  shown 
in Fig. la. The D-p i t s  a re  genera l ly  ~.,10~ in d iameter  
while  the  S-p i t s  va ry  in size f rom ~1~ to s l ight ly  less 
than  the size of the  D-pits .  F igure  l b  is an SEM 

Fig. 1. Identification of saucer and dislocation pits in a GaP 
LPE layer. (a) Optical photomicrograph illustrating S-pits, see 
arrows S, and clean and decorated D-pits, De and Dd, respectively. 
(b) SEM photo with field of Fig. la  rotated ~ 6 0  ~ clockwise. In- 
cident beam ,-~80 ~ to surface. (c) SEM photo of $2 with incident 
beam ~ 1 0  ~ to surface. (d) Higher magnification SEM view of ~2. 
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photomicrograph of the same area taken at an incident  
beam angle of ~--80 ~ to the surface. Note that  because 
the S-pits  are shallow and the local secondary electron 
yield does not differ from the host crystal the contrast  
at the S-pits  is very poor. However, using an incident  
beam angle of ,-~I0 ~ shadows the pits quite nicely as 
shown in  Fig, Ic and d. Actually, the SEM photographs 
do not give any more info~znation about the S-pits  
than  can be obtained with interference contrast mi -  
croscopy. However, the SEM does enable  us to look 
inside the D-pits. It  has, therefore, been possible to 
dist inguish between what  we have designated as a 
clean D-pit,  i.e., one that has smooth sides and under -  
goes no geometric discontinuities from the edge of the 
pit down its walls to the apex, see arrows Dc; and a 
decorated D-pit,  see arrows Do for the somewhat 
knobby and  i r regular  appearance of decorated D-pits. 
It  has been shown (6) that  decorated D-pits  are gen-  
eral ly  found in mater ial  containing a high density of 
S-pits, while clean D-pits  occur when the S-pits are 
reduced or eliminated. These simple etch features will 
now be compared in GaP mater ial  typical of that  used 
to fabricate red-emit t ing  EL diodes. 

Experimental Results 
N-type LEC substrates and LPE layers.~The results 

of the etch pit analysis  of an LEC substrate,  t e l lu r ium 
doped to 3 • 1017 cm -8, are presented in Fig. 2a. Three 
classes  of surface features are to be found in this 
photomicrograph; they are: (i) a moderately high 
(,--1 • 105 cm -2) density of deep, t r ipyramidal -  

shaped, decorated dislocation etch pits, see arrows D, 

SCIENCE AND T E C H N O L O G Y  May I973 

(ii) a high densi ty (greater  than  1 • 10 r e m  -2) of 
shallow, flat-bottomed, saucer-shaped etch pits, see 
arrow S, and, (iii) regions sur rounding  D-pits which 
are denuded of S-pits, presumably  due to depletion of 
impuri t ies  by incorporation into nearby dislocations 
(5,7). 

Figure  2b is the etched surface of an LPE layer  
grown on a substrate from an adjacent wafer of the 
same LEC ingot shown in  Fig. 2a. The LPE layer was 
n- type,  t e l lu r ium doped to ~1  • 10 TM cm -3 at  its outer 
surface. Note that  the density of S-pits has been re- 
duced by three orders of magni tude  compared to that 
in  the substrate. In  addition, a comparison of the D-pits 
in Fig. 2a and b shows that  the pits in  the LPE layer  
are definitely of the clean variety.  Of the more than  
20 n- type LPE layers examined the great major i ty  had 
an S-pi t  density of HI  • 103 cm -~, however, several 
had a zero or vanishingly  small  number  of S-pits. Note 
that  the S-pi t  density in the LPE layer has been re- 
duced even though the te l lu r ium concentrat ion was in- 
creased by a factor of three or four over that  in the 
LEC substrate. This is to be contrasted to the results 
of Iizuka (7) who studied n- type  LEC substrate mate-  
r ia l  and found that  the S-pit  density was reduced only 
in undoped LEC samples. 

P-type LEC substrates and LPE ~ayers.--The etch 
pits typical of z inc-oxygen doped p-type LEC mater ia l  
with a carrier concentrat ion of ,~1 • 10 is cm -a  is  
shown in Fig, 3a. Whereas the S-pi t  density in n- type 
LEC substrates was always greater than 1 X 107 cm -2 
the p-type mater ia l  varied from 1 • 105 to ,~2 X l0 T 

Fig. 2. Optical photomicrographs of S- and D-pits in n-type (a) LEC substrate with [ No-NA I ---~ 2 •  1017 cm-~, and (b) LPE layer 
with t ND-NA t ___~ 1XlO TM cm -3.  

Fig. 3. Optical photomicrographs of S- and D-pits in p-type (a) LEC substrate with IND-NAI ~ 2X i0  z7 cm -~, and (b) LPE layer 
with I ND-NA l ~- 2• cm -3. 
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cm -2. Again, the D-pits are of the decorated variety 
and occur at a densi ty of --1 X 10~ cm -2. 

For  p-type LPE layers very smooth and clean look- 
ing D-pits are found, see arrow D in Fig. 3b, while  the 
S-pit  density is reduced to zero. A zero S-pit density 
was always observed in p- type  LPE layers unless there 
were inclusions or some other growth anomaly.  The 
layer in  Fig. 3b was (Zn,O) doped to ~2  X 1017 cm -~ 
and grown on the n-type LEC substrate shown in 
Fig. 2a. 

Another  aspect of the etched p- type  material,  both 
substrates and layers, was a general ly rough or coarse 
texture of the surface between the different etch pits. 
This background feature is uni formly distr ibuted and 
does not appear to be depleted in  the vicini ty of dis- 
location etch pits. Whether  these features are related to 
a unique type of crystal defect has not been estab- 
lished. It should be noted, however, that in certain 
LEC crystals pulled from nonstoichiometric melts (6) 
which have high PL ~, a very smooth background sur-  
face is obtained. In  the present  report we limit our 
discussion of p- type  mater ial  to the previously ident i -  
fied S- and D-pits. 

P-type LPE layers on n-type SG substrates.--The 
materials system which has consistently yielded elec- 
t roluminescent  diodes with the highest efficiencies is 
one consisting of a p- type LPE layer grown on an 
n - type  SG substrate (1, 8). If the S-pits  were playing 
an active role in  the electroluminescence process we 
would expect their  density to be a min imum for this 
material.  This was, in fact, found to be the case as can 
be seen in the two optical photomicrographs shown in 
Fig. 4. These should be compared to the p- type LPE 
l aye r /n - type  LEC substrate combination shown in Fig. 
2a and 3b. It  was not  possible to locate any etch feature 
which could be identified as an S-pi t  in the LPE 
layer, Fig. 4b or in the SG substrate, Fig. 4a. 

Note that  the dislocation etch pit density of the LPE 
layer  was as high as 3 X 105 cm -2, which is more 
than three orders of magni tude  higher than  that  in the 
SG substrate  on which the LPE layer  was grown. This 
large increase in structural ,  i.e., pure ly  geometric, de- 
fect density actually puts the LPE layers grown on 
LEC or SG substrates, see Fig. 2b and 3b, at the same 
level. However, they differ considerably in  terms of 
chemical, i.e., impuri ty,  vacancy, etc., defect density as 
determined by the saucer etch pit counts. The approxi-  
mate range of D- and S-pits  in these two samples is 
given in  Table II along with data on the relat ive device 
performance, which is discussed in the next  section. 

Relative electroluminescence efficiencies.--Electro- 
luminescence data on red-emit t ing  p -n  junct ions 
fabricated from adjacent  pieces of the samples dis- 
cussed in Fig. 2b and 3b are presented in  Table II 
along with etch pit  data. Three LPE layer-subst ra te  
combinations have been evaluated. They are the p /n  
(LEC), p / n  (SG), and n / n  (LEC), i.e., the buffer layer 

Table !1. Etch pit and device efficiency data for GaP LPE 
layers and LEC substrotes 

P r o p e r t y  IND-- NAI* I ~ p i t  S - p i t  D i o d e  effi-  
d e n s i t y  d e n s i t y  c i ency**  

S u r f a c e  (cm-3) (cm-Z) (cm-2) (%)  

P - t y p e  L P E  l a y e r  2 X 10 ~7 5 x 10~-5 X 105 0-100 0.35 
(Fig .  2b)  

N-type LEC sub- 3 x 107 1 x I0~-I • I0 e 1 x I0 v 0,35 
s t r a t e  (Fig. la) 

P-type LPE layer 2 • 10 ~7 5 • I0~-3 • 10 ~ 0 1.4 
(Fig .  3b) 

N - t y p e  S G  s u b -  8 x  1027 0 - I00  1.4 
s t r a t e  (Fig.  3a) 

N - t y p e  L P E  l a y e r  1 • 10 TM 5 x 10~-5 X 105 0-1 x 104 N o t  app l t c -  
(Fig.  l b )  on  a b l e  

N - t y p e  L E C  s u b -  3 • 101~ 1 • 104-1 x 108 1 • 10 v N o t  app l i c -  
s t r a t e  (F ig .  l a )  ab le  

* Schottky barrier measurement at outer surface. 
** Average peak external quantum efficiency of point contacted. 

unencapsulated red-emitting mesa diodes. 

situation. First, we note that  the range of D-pit  densi-  
ties is approximately the same in all the layers and is a 
factor of two to five below that  in the LEC substrate 
material.  This reduction in D-pit  density is typical of 
that previously reported for III-V LPE systems (13, 
14), but  is in marked contrast  to the many  orders of 
magni tude  difference in  the S-pi t  density for both n -  
and p-LPE/LEC substrates. Recall also that  the D-pits  
were of the clean variety once the S-pi t  density was 
reduced, indicating that  it is the crystal defect re-  
sponsible for the formation of S-pits that is of main 
concern and not the dislocations. This is confirmed by 
comparing the peak external  quan tum efficiencies of 
point  contacted unencapsulated diodes shown in Table 
II for the p- type  LPE layers on LEC and SG sub-  
strates. The factor of four difference in efficiency is 
typical of that  previously reported (1) for single LPE 
layers grown on LEC or SG substrates, while the ab- 
solute values are wi thin  a factor of two of data typical 
of "single tipped" material .  

It  should be noted that  if a p- type LPE layer is 
grown on an n - type  buffer layer, thereby moving the 
p / n  junct ion away from the high S-pi t  density LEC 
substrate, then the EL ,1 jumps a factor of three or 
four and is comparable to devices fabricated on SG 
substrates. This "double tipping" approach is what  is 
almost universa l ly  used in GaP light emit t ing diode 
technology. For these p / n / n  structures the LEC sub-  
strate functions as a large area "breadboard" for the 
active p / n  device which consists of two LPE layers. 

Analysis o] angle lapped LPE junctions.--In dis- 
cussing the D- and S-pi t  densities in EL device ma-  
terial  it was shown that  "double tipping," or moving 
the active p / n  junct ion  away from a region of high S- 
pit density, i.e., the LEC substrate, results in improved 
EL 'l. In  this section an example will be given of how 
the S-pits can be used as an observable in the evalua-  

Fig. 4. Optical photomicrographs of D-pits in (a) n-type SG substrate, and (b) p-type LPE layer grown on SG substrate 
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Fig. 5. Optical photomicrographs of angle-lapped sample showing (a) abrupt reduction in S-pit density at LEC substrate-LPE layer 
interface, I./m and (b) band of S-pits localized at LPE p/n junction interface, Ip/n. 

t ion of p / n  junct ions where the junct ion lies between 
two LPE layers. For junct ion or interface studies it 
has been found that  angle lapping the sample at ..~2 ~ 
to the (111) P growth face, which enhances the depth 
resolution by a factor of ,--30, provides an extremely 
useful  approach to this problem. The delineation of 
the two interfaces on a double tipped p / n / n  sample is 
shown in  Fig. 5. The previously described reduction in 
S-pi t  density on going from an LEC substrate to an 
LPE layer  is shown in Fig. 5a. 2 The t ransi t ion is ex- 
t remely abrupt  and occurs within a thickness of ,-~1~. 
A simultaneous change in the character (but  not neces- 
sarily the density) of the D-pits occurs and they as- 
sume a smooth, clean appearance. The n- type  LPE 
layer is then quite uniform unt i l  the interface with the 
p-type LPE layer is reached, see Ip/n in  Fig. 5b. At 
this point  a localized band of S-pits  is observed at a 
density of ~1 X 106 cm -2. The p- type layer  then im- 
mediately reverts  to a zero S-pit density situation. 
Localized bands of S-pits  at p / n  junct ion  interfaces 
have only been observed in  mater ia l  which yields very 
poor EL device efficiencies. Similar  results have been 
recent ly described by Asao and Akasaki  (20) who 
found that  the ,1 of vapor grown LED's depends pr i -  
mari ly  on the S-pit density at the p / n  junction. 

The occurrence of interracial layers containing high 
concentrations of residual impuri t ies  at GaAs epi-sub- 
strate junct ions has recently been described by DiLo- 
renzo et al. (15). Using an ion-probe mass analyzer  
with imaging capabilities, in conjunct ion with a depth 
profile of the active device carrier  concentration, they 
demonstrated that  a correlation exists between the 
occurrence of a high resistivity, or /-layer,  and the 
presence of impur i ty  contamination,  most notably sili- 
con, which was highly localized at the epi-substrate  
interface. Subsequent  work by DiLorenzo (16), also 
on GaAs, gave procedures for reducing or e l iminat ing  
the localized impuri t ies  by a combinat ion of careful 
substrate cleaning, in situ vapor etching, and the 
growth of a "buffer" layer of epi-GaAs. 

Cleavage ~ace analysis of D- and S-pit~.--In the 
etch pit data presented above we have assumed that  
the S-pits  were not associated with the emergence of a 
dislocation l ine at the sample surface, but  could be 
used to characterize the presence of an  impur i ty  or 
defect - impuri ty  complex. Because of the importance 
of this assumption in our subsequent  discussion, addi-  
t ional  work on the na ture  of the D- and S-pits was 
carried out. Specifically, a p- type  LEC crystal with 
isolated D- and  S-pits  was cleaved and examined at 
the intersection of the cleavage edge and the isolated 
pits. In this way, it was possible to examine the defect 
in-depth,  first by identifying either a D- or S-pi t  on 
the (111) P face, and then looking around the corner 
of the sample down the cleavage face. Al though chem- 

2 The  l o w e r  ha l f  of t h i s  f igure  is  l abe l ed  (a) i n  o rde r  to  r e t a i n  
t he  ac tua l  s equence  of s u b s t r a t e - l a y e r  g rowth .  

ical etchants do not reveal individual  dislocation pits 
on the {110} cleavage faces of GaP, Iizuka has shown 
(6) that  etch grooves corresponding to dislocation l ine 
segments are revealed by the AB etching solution de- 
scribed in Table I. 

The results of this type of analysis are shown in  Fig. 
6 which gives two composite photomicrographs of 
adjacent  regions on a (111-) P surface and (017) cleav- 
age face. Note that  the S-pits, designated by the ar-  
rows S in  Fig. 6a, are only revealed by a very slight 
depression on the matching (01]-) cleavage face, as 
shown by the arrows S' in Fig. 6a. However, the dis- 
location etch pit in Fig. 6b has a deep, sharply faceted 
profile with a dislocation etch groove, see arrow DG, 
extending from the apex of the pit on down the cleav- 
age face. It was found that each D-pit  which was in -  
tercepted by the cleavage has a corresponding (011") 
dislocation groove associated with it. Therefore, we 
can conclude that  the crystal imperfection responsible 
for S-pi t  formation is not l inear  in  extent, but  is asso- 
ciated wi th  a defect that  per turbs  the crystal in  a 
l imited volume with a spherical or possibly disk- 
shaped symmetry.  

4 " - -  

Fig. 6. Optical photomicrograph of adjacent (111) P planes and 
{110} cleavage face showing (a) S-pits, and (b) D-pits and dislo- 
cation grooves. 
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Note tha t  in Fig. 6b there  were  severa l  dislocation 
grooves, see a r row DG', which  appea red  to t e rmina te  
at  the  surface wi thout  the appearance  of a D-pit .  The 
fa i lure  of a D-p i t  to be revealed at the point  of emer -  
gence of a dis locat ion l ine on the  (111) P surface could 
be re la ted  to whe the r  the  dislocation is of the  a - ( G a )  
or f l - (P)  va r i e ty  as descr ibed by  Haasen (17). A b r a -  
hams and Buiocchi (12) have  prev ious ly  shown tha t  
for  {111} surfaces of GaAs thei r  etch wi l l  only  revea l  
~ - (As )  type  dislocations, unless the dislocations are  
decorated wi th  an impur i ty .  S imi la r  behavior  for GaP  
would  he lp  exp la in  the  observat ions  shown in Fig. 6b. 
However,  since it has previous ly  been es tabl ished that  
the  D-p i t s  in doped GaP LEC crysta ls  are  ma in ly  of 
the  decora ted  var ie ty ,  see Fig. 2a and 3a, there  appears  
to be  an addi t ional  factor  involved in the GaP case. 

Discussion of Results 
In discussing the  etch p i t  observat ions  on LPE layers  

presented  above, along wi th  the  complemen ta ry  infor-  
ma t ion  prev ious ly  obta ined by  photoluminescence 
mapping  (5) of LEC subst ra tes  pu l led  f rom stoichio- 
metr ic  mel ts  and by  e tch pit  comparisons on LEC ma-  
te r ia l  pu l led  f rom nonstoichiometr ic  mel ts  (6) severa l  
definite conclusions can be made  about  the na tu re  of 
the  S-p i t s  and the i r  ab i l i ty  to classify tha t  mater ia]  
which is best  for EL devices. For  example,  in deal ing 
wi th  the  possible effects of dislocations on EL and P L  
(5) device performance,  it  has been shown tha t  dis-  
locations, by  themselves,  are  of secondary  impor tance  
in corre la t ing  luminescence efficiency. However ,  deco-  
r a t ed  dislocations, which only occur when there  is a 
corresponding high dens i ty  of S-pits ,  can be a signifi- 
cant  factor. S imi la r  conclusions have been a r r ived  at  
by  Str ingfeI low and Green  (18) for defects  in  Ga(As ,  
P) .  In  addi t ion to the association of S -p i t s  wi th  deco-  
ra ted  dislocations, it  has been found tha t  ve ry  local-  
ized, h igh dens i ty  layers  of S-p i t s  occur at  p / n  junc-  
t ion in terfaces  of ma te r i a l  wi th  poor device pe r fo rm-  
ance.-These observat ions are  consistent  wi th  ion probe 
mass  analysis  resul ts  on GaAs (15, 16) which  have 
revea led  the  presence of high res is t iv i ty  impur i ty  l ay -  
ers at ep i - subs t ra te  interfaces.  P re l imina ry  ion-probe 
studies on GaP  (19) indicate that  the  in terfacia l  im-  
pu r i ty  p rob lem is ve ry  s imi lar  to tha t  in GaAs and in 
fact  the  "buffer" l aye r  approach used by  DiLorenzo is 
somewhat  equiva lent  to "double t ipping" in LPE 
growth.  However ,  in the  vapor  phase  ep i tax ia l  sys tem 
used by  DiLorenzo the final active device l aye r  was 
immedia t e ly  grown on the "buffer" layer ,  whereas  in 
LPE systems the p - a n d  n - l aye r  g rowth  are  usual ly  
separa te  procedures.  Therefore,  the  e l iminat ion  of i -  
layers,  in terracia l  impuri t ies ,  and u l t ima te ly  S-p i t s  
a t  GaP  p / n  junct ions  is expected to be a more  difficult 
p rocedure  than  i t  was in GaAs vapor  growth.  

Al though we have de -emphas ized  the impor tance  of 
dislocations and impl ied  that  an impur i ty  is at  least  
pa r t l y  responsible  for  the format ion  of S-p i t s  i t  should 
be noted tha t  the  dopant  itself, e.g., t e l lu r ium or zinc, 
does not appear  to be a dominant  factor. This is sup-  
por ted  by  the fact  tha t  the densi ty  of S-p i t s  in t e l lu -  
r i um-doped  LPE layers  is g rea t ly  reduced  even though 
the doping level  is usual ly  a factor of four  higher  than  
tha t  in the  substrate.  I izuka (7) had  prev ious ly  a t t r i b -  
u ted  a decrease in S -p i t  dens i ty  in cer ta in  undoped 
subst ra tes  to the lower  doping level.  However,  i t  now 
appears  tha t  if Te is involved  i t  is most  l ike ly  e i ther  
associated wi th  another  element,  e.g., St, O, C, or  B, or 
possibly wi th  a nat ive  defect  such as a Ga vacancy (4),  
or a smal l  s t ruc tura l  defect  l ike a dislocation loop. 
Since the  LPE growth  t empe ra tu r e  (as wel l  as tha t  
for SG p la te le t s  and cer ta in  LEC crys ta ls  pu l led  f rom 
nonstoichiometr ic  mel ts ) ,  is several  hundred  degrees 
below tha t  of the  LEC subst ra tes  i t  is ve ry  l ike ly  tha t  
a l l  three  possibili t ies,  i.e., impur i ty  incorporat ion,  de -  
fect chemistry,  and dislocation mechanics,  wi l l  have 
to be considered in finding the origin of the  S-pi t s  in 
LEC substrates.  Al though  the  p rob lem of a posi t ive 
identif icat ion of the  imperfect ion responsible  for forma-  

tion of S-pits  in GaP is not  an insurmountab le  one, i t  
appears  tha t  analyt ic  tools more  powerfu l  and  versa t i le  
than  the opt ical  microscope wil l  most  ce r ta in ly  have  to 
be used. Foremost  among these would be the  t ransmis-  
sion electron microscope for  s t ruc tura l  and prec ip i ta -  
t ion information,  and  the d i rec t  imaging ion-probe 
mass  analyzer  for chemical  identification. 

In  te rms of using the S-p i t s  as an observable  in 
eva lua t ing  GaP  EL mate r i a l  two impor t an t  points  are  
to be stressed. The  first is that  moving the active p / n  
junc t ion  away  from a subs t ra te  containing a high 
dens i ty  of S-pi ts ,  i.e., double  t ipping;  or t ipp ing  d i -  
rec t ly  on subst ra tes  wi th  low or  zero S-p i t  density, 
i.e., SG or LEC pul led  from a nonstoichiometr ic  mel t  
(6), produces  super ior  device mater ia l .  Second, ma in -  
ta in ing  p roper  processing condit ions such that  in te r -  
facial  layers  of S-p i t s  are  not present  also leads to 
improved  device results .  

Summary 
The resul ts  of the  above discussion can be sum-  

mar ized  as follows: 

(i) The dislocation densi ty  is of secondary  impor-  
tance when compar ing  the luminescence ,1 of LPE 
layers  wi th  o ther  layers  or  wi th  SG and LEC crystals ,  

(ii) The association of S-p i t s  wi th  the presence of 
decora ted  dislocations, and  wi th  / - l aye r s  at  p - n  junc-  
t ion interfaces  indicates  tha t  the  S -p i t  fo rmat ion  mech-  
anism is associated wi th  some form of impur i ty  precip-  
itation, or de fec t - impur i ty  complex,  

(iii) The n of EL devices is cons iderably  improved  
if the act ive p / n  junct ion  is removed  from a subs t ra te  
containing a h igh  densi ty  of S-pits ,  

(iv) Conversely,  the  presence of a band  of S -p i t s  a t  
the  in terface  of an otherwise  S -p i t  f ree  p / n  LPE layer  
device resul ts  in reduced EL n, 
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Defects in Garnet Substrates and Epitaxial Magnetic Garnet 
Films Revealed by Phosphoric Acid Etching 

D. C. Miller 
Bel~ Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

Phosphoric acid between 140 ~ and 170~ has been used to reveal s train and 
chemical heterogeneities in nonmagnet ic  garnet  substrates and magnetic gar- 
net  epitaxial  films, principally Gd3Ga5Olz and Y1GdlTmlGa0.sFe4.2012, re- 
spectively. Dislocations, growth striations, and residual polishing damage have 
all been observed. Dislocations perpendicular  to the fi lm-substrate interface in 
(111) films were shown to be generated by inclusions whether  at the in ter-  
face or in the interior  of the film. Dislocations in the substrate will  also 
propagate into the layer. Interface or misfit dislocations were not observed 
either by etching or x - ray  transmission and reflection topography. 

Magnetic garnet  films grown by liquid phase epitaxy 
(1-3) on nonmagnet ic  garnet  substrates (4,5) must  be 
essentially free of crystall ine defects to be suitable for 
u s e  in  magnetic bubble  domain devices (6, 7). To aid in 
the defect analysis of both the rare earth gall ium gar-  
net  substrates and rare earth iron garnet  films, an 
etchant was sought in which the dissolution rate of the 
garnets would be altered by the presence of s t ra in and 
chemical heterogeneities such as dislocations and 
growth striations, respectively. Since phosphoric acid 
has been used successfully to chemically polish a n u m -  
ber of other oxide single crystals at high temperatures  
(8-11) it seemed l ikely that  it could also be used to 
etch the rare earth gall ium and iron garnets selectively 
at lower temperatures,  and this proved to be true. 
Many other etchants were investigated including phos- 
phoric-sulfuric acid mixtures, and phosphoric acid con- 
ta ining chrome trioxide, potassium permanganate,  and 
other additions. Some of these mixtures  had higher 
etch rates, but  none had any advantage over pure or- 
thophosphoric acid (H3PO4) between 140 ~ and 170~ 
which was used throughout  this investigation. Polar-  
ized light microscopy and x - ray  reflection and t rans-  
mission topography were used to verify the results of 
the etching experiments.  

Experimental 
Commercial 85% orthophosphoric acid with an init ial  

density of 1.68 g/cm 3 was used for all of the etching 
experiments  reported here. The acid was contained 
in p la t inum beakers. However, below about 200~ 
Teflon and Pyrex (which dissolves at the rate of ap-  
proximately 0.05 ~m/min  at 150~ may also be used. 
Specimens were held with Teflon forceps. 

Samples to be  etched for defects were dipped di- 
rectly into the acid at 165~ for 1-15 min  depending 
on the size of features desired and the composition of 
the material.  The acid bath temperature  was moni-  
tored with a pla t inum-encased Chromel-Alumel  ther-  
mocouple immersed in  the bath. Control of the bath 
tempera ture  to wi th in  •  ~ is adequate for defect de- 
lineation. Very large specimens such as whole boules 
were preheated to avoid the possibility of cracking due 
to thermal ly  induced stresses. Following etching, the 
samples were quenched in heavy oil at 70~ to reduce 
thermal  shock, then dipped in consecutive hot Alconox 
solutions, the first containing about 15 w/o  (weight per 

Key words: growth striations, topography, polishing damage. 

cent) KOH to aid in neutral iz ing any acid remaining 
on the specimens. The specimens were then rinsed in 
distilled water  and blown dry. 

Etch Pits 
The etch rate of the garnet in phosphoric acid in the 

140~176 tempera ture  range is extremely sensitive 
to the presence of s train and chemical heterogeneities 
in the crystals and is edge preserving. Variations in the 
acid composition which occur on heating affect the 
etch rate (12) bu t  do not change the etching charac- 
teristics of the acid, which remains  selective up to 
about 270~176 Therefore, the shape of pits that are 
formed due to the presence of inclusions or dislocations 
will enlarge as etching continues while main ta in ing  
their over-al l  init ial  shape even though the cause of 
the pit, such as an  inclusion, has been etched away. 
This has been found to be the case with all orientations 
and a number  of the rare earth gall ium and iron gar-  
nets including solid solutions, although the pit shapes 
and rates of formation differ. Most of the garnet  films 
now being produced are grown on Gd3Ga~O12 {111} 
surfaces and thus most of the data  reported here is for 
this material  and orientation, but  the techniques apply 
equally well to other compositions and orientations. 

On {111} surfaces, pits formed in the presence of 
s t ra in fields, which were detected using birefringence 
prior to etching, have six sides with over-al l  three-fold 
symmetry,  while those formed without  observable 
s t ra in fields are purely t r i anguhr .  This is i l lustrated in 
Fig. 1. None of these pits are dislocation etch pits. All  
have been generated due to the intersection of an in-  
clusion (or possibly a void) with the surface. Dirt on 
the substrate may also cause this type of pit if it re-  
acts wi th  or becomes firmly bonded to the surface. The 
pit with six sides was caused by an inclusion with a 
s t ra in field and has the same shape as a dislocation 
etch pit. However, the s trained inclusion pit has a flat 
bottom. Upon fur ther  etching this pit will enlarge 
while main ta in ing  the same cross-sectional shape near 
its intersection with the surface even though the strain 
field had been etched away. The bottom will remain  
flat or assume a t r iangular  morphology as in the case 
of a pit formed in the absence of a strain field. 

Dislocation etch pits, however, will continue to 
deepen on further  etching, main ta in ing  a sharp pointed 
tip, and  thus if there is doubt about whether  pits are 
caused by dislocations or inclusions with s t ra in fields, 
cont inued etching will  enable the two to be dis t in-  
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Fig. I. Etch pits produced by phosphoric acid at 165~ in 10 
rain on the (111) surface of Gd3GasOt2. 

guished. Roughly  15 rain in HaPO4, at  165~ is suffi- 
cient  t ime to develop pi ts  easi ly vis ible  under  200X 
magnification. Dislocation pits  fo rmed  in the (111) sur -  
face of a Gd3Ga~Ol~ subst ra te  are  shown in Fig. 2. The 
ex t r ao rd ina ry  length of the pits can be used to de te r -  
mine  the  or ienta t ion  of the  dislocations. Their  paths  as 
wel l  as Burgers  vectors  can also be de te rmined  using 
bi ref r ingence in the case of edge dislocations, but  pure  
screw dislocat ions cannot  be seen in this  way  (13-15). 
In  the  Gd3Ga5Ol~ boule of which  a slice is shown in Fig. 
2, roughly  15% of the  dislocations present  are of the 
spi ra l  type  denoted by  the arrows, and these disloca-  
t ions a re  not  vis ible  when v iewed be tween  crossed 
polarizers.  The Burgers  vectors  of the  edge dis loca-  
tions in GdzGa5Ol~ de te rmined  using bi ref r ingence  ap -  
peared  to be s imilar  to those observed in Y3Al~O12 (15) 

Fig. 2. Dislocation etch pits on the (111) surface of GdzGa~O12 
produced by phosphoric acid at 165~ in 10 rain. 

(i.e., a/2<lll>, a,~100>, and a~ll0>) and all 
appeared to etch in the same way. No preferred orien- 
tation of the dislocations has been observed. 

Having determined the shape of pits formed by vari- 
ous defects, the etching technique can now be used to 
analyze more complicated types of defects, a great 
variety of which occur in the garnet crystals. For ex- 
ample, two different variations of a type observed in 
some garnet boules whose analysis is aided by the use 
of phosphoric acid are shown between crossed polar- 
izers in Fig. 3a and b. Both appear to consist of an 
inclusion, perhaps a post-growth precipitate, sur- 
rounded by dislocation loops. Normally, inclusions 
which generate enough stresses to cause plastic defor- 
mation punch out small loops of the order of the parti- 
cle size (16). However ,  in this  case the  dislocation 
loops appear  to sur round  the  centra l  inclusion, wi th  
the p lanes  of the  loops incl ined to the  (111) surface. 

Fig. 3. A defect within 
Gd~Ga~O12 between crossed po- 
|arizers: (a) with central inclu- 
sion only, (b) with central inclu- 
sion and an array of small inclu- 
sions or voids. 
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Fig. 4. Schematic illustration of a possible configuration of the 
defect shown in Fig. 9a. 

The cluster in  Fig. 3a appears to consist ent i re ly  of 
dislocations while the cluster in  3b appears to have 
associated with it an  array of small  (~0.2 ~m) inclu-  
sions or voids lying in the planes of the loops, not along 
the l ine of the loops themselves. A possible configura- 
tion for the loops is shown schematically in Fig. 4. If 
sectioned through the central  precipitate and etched, 
pits should develop at the intersection of the loops 
with the plane of section, here parallel  to the (111) 
surface and through the center of symmetry  of the de- 
fect. This was done on defects similar to those of Fig. 
3a and b and  the results are shown in Fig. 5a and b, 
respectively. The strong correlation in both cases of 
an equal number  of pits on either side of the center 
s trongly supports the view that  large loops are present. 
The ar ray  of nondislocation pits in Fig. 5b are identical 
to those generated by incmsions without  s t ra in fields 

and are consistent with the a r ray  of small  particles or 
voids present  in  Fig. 3b. 

It would be very difficult for a defect of this con- 
figuration to be ent i re ly  grown into the crystal. Thus, 
it must  form after solidification while the temperature  
and stress are great enough for plastic deformation to 
occur. A defect with a s tructure similar to that  sug- 
gested above could result  from small dislocation loops 
which form by  vacancy coalescence and collapse or by 
inclusion generated stresses, and then grow due to the 
effect of thermal  induced stress near  the interface. The 
particle in the center of the structure, which appears to 
be a gadolinium gal l ium suboxide crystall i te (5), may 
either have formed in  the melt  and been included into 
the crystal or have precipitated after growth from the 
solid which had become supersaturated with suboxide. 
This supersaturat ion would be brought about by an 
oxygen deficiency and a decreasing temperature  asso- 
ciated with cont inued growth of the crystal. The tem- 
perature profile in the crystal and supersaturat ion of 
the precipitat ing species, which govern the formation 
and growth rate of precipitates, are in tu rn  controlled 
by the thermal  geometry of the apparatus, growth rate, 
crystal rotat ion rate, stoichiometry of the melt, and 
m a n y  other variables. Since some inclusions have 
s t ra in  fields and some do not and  others are associated 
wi th  the prismatic loop clusters, it is clear that  a var i -  
ety of defect generat ion mechanisms operate dur ing  
growth. In  no instance, however, have straight disloca- 
tions been observed to have been generated by isolated 
inclusions with or without  s t ra in fields. 

In any case, all bulk defects which intersect the 
surface of the substrate will cause defects in an epi- 
taxial  layer subsequent ly  grown on the substrate, and 
this will be discussed below. First, however, surface 
defects in  the substrates arising from processing must  
be considered. 

Residual Polishing and Handling Damage 
Residual surface damage, such as polishing induced 

damage and handl ing scratches cause defects in  films 
grown over them. Often, the topological result  of a 

Fig. 5. Defects similar to 
those of Fig. 9a-b, respectively 
after sectioning and etching, 
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Fig. 6. (111) surface of a Nd3Ga~O12 crystal etched in phos- 
phoric acid at 165~ for 30 sec to reveal residual polishing dam- 
age. 

scratch resul t ing from contaminat ion of the polishing 
compound with larger grit or dirt will be polished off 
leaving only the subsurface residual  damage which 
will be invisible, even under  careful microscopic ex-  
amination.  Yet, this too will cause magnetic defects 
(17, 18) in the subsequently grown magnetic layer. 
Such residual damage will be preferential ly etched 
during a 30-45 sec exposure to phosphoric acid at 
165~ and a groove will form at the location of the 
surface damage. Any other scratches present will be 
enlarged. The brief etch is also a cleaning step, since 
polishing compound, dirt, grease, etc., adhering to the 
specimen are removed by the acid. The grooves pro- 

duced as a result  of etching can be easily seen with an 
interference contrast microscope and even with the 
naked eye under  sufficiently intense i l lumination.  An 
example of a Nd3GaaO12 crystal that has had an inade-  
quate amount  of Syton 1 polishing to remove all of the 
residual  damage from previous diamond polishing 
steps is shown in  Fig. 6. The in termi t tent  na ture  of 
some of the damage tracks suggests that the particle 
which caused the damage was roll ing over and of irreg- 
ular shape. The black spots are dislocation etch pits. 
Nd3Ga5012 etches much faster than any of the other 
gal l ium garnets and such pits of microscopic size will 
not form dur ing the 30-40 sec etch times used to re- 
veal polishing damage on Gd3Ga~O12. The brief etch 
also does not affect the substrate in any deleterious 
way as no differences in the magnetic properties could 
be observed on films grown on etched and unetched 
substrates. 

Film Defects 
Crystall ine defects which locally retard magnetic 

domain wall motion in the magnetic garnet  films are 
caused by inclusions and dislocations in the substrate 
which intersect the surface, residual surface damage 
such as scratches, dirt which remains on the substrate 
surface after immersion in the flux, and inclusions, dis- 
locations, and scratches in  the films themselves. 

Dislocations in the substrates will  propagate into 
the epitaxial  layers, and this is i l lustrated in Fig. 7. 
The large pits (Fig. 7a) are on the Gd3GasO12 side of a 
substrate which has an LPE layer on only one side. 
The small  pits (Fig. 7c) are on the film side. The dis- 
locations in the substrate which have caused the pits 
and have propagated into the film can be seen by bire-  
fr ingence wi th in  the substrate in Fig. 7b. The small  size 
of the pits on the film side relative to those on the 
Gd3Ga5012 side is due to the much lower etch rate of 
the Y1GdlTmlGao.sFe4.2012 film. 

Having thus established that dislocation etch pits 
also form in the films, phosphoric acid etching can be 
used to fur ther  analyze the defect s tructure of the epi- 
taxial layers. For example, shown in Fig. 8b is an etched 
Y1GalTmlGa0.sFe4.2012 film containing many disloca- 
tions. However, by observing the substrate side (Fig. 

1 P r o d u c t  of  M o n s a n t o  C h e m i c a l  C o m p a n y .  

Fig. 7. (a) Dislocation etch 
pits on the surface of a 
Gd~Ga~O12 crystM with a mag- 
netic film on one side only. (b) 
The dis|ocations causing the pits 
as seen between crossed polariz- 
ers in the interior of the sub- 
strafe. (c) The corresponding dis- 
location etch pits in the 
Y1GdlTmlGao.sFe4.2012 magnet- 
ic film. 
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Fig. 8. (a) Dislocation etch 
pits on the Gd3GasO12 side and 
(b) on the magnetic film 
side of a substrote with a 
YiGdlTmlGao.sFe4.~012 layer on 
one surface only. 

8a), it can be seen from the etch pits present  that only 
three of the dislocations, marked with arrows in Fig. 
8b, arose from bulk  dislocations in the substrate. The 
remainder  originated at the f i lm-substrate interface. 
The large pits are formed by the coalescence of the 
etch pits of clusters of dislocations generated by large 
inclusions at the interface. Such large inclusions can be 
easily observed, but  the cause of every dislocation 
originating at the interface cannot always be so con- 
clusively established. However, it has been established 
that dirt, microinclusions, and surface damage can 
cause dislocations in  the films when they are present  
at the interface. For example, it was found that pre-  
viously, easily moved dirt  and grease drops reacted 
with and became bonded to the surface of the substrate 
during a 1-hr anneal  at 1000~ in O2, a t rea tment  
somewhat analogous to the conditions a substrate en-  
counters when being lowered into the furnace prior to 
dipping into the flux. Approximately  one third resulted 
in  dislocations in the subsequently grown magnetic 
layer. 

Inclusions wi thin  the films themselves may or may 
not cause dislocations, but  in either case domain wall  
motion will  be impeded. The presence of an  inclusion 
and whether  or not  it has generated dislocations can be 
ascertained by observing the surface of the epitaxial 
layer using interference contrast microscopy. For ex- 
ample, shown in Fig. 9a is the as-grown surface of a 
YiGdlTmlGa0.sFe4.2012 film which contains a group of 
depressions or pits. The outl ined region in Fig. 9a is 
shown in transmission in Fig. 9b with the microscope 
focused about 5 ~m down into this 9 ~m thick film. 
Precipitates can be seen corresponding to the pits ob- 
servable in  Fig. 9a. Next, this film was etched for 3 rain 
in phosphoric acid at 170~ in  order to reveal disloca- 
tions. The outl ined region in Fig. 9b is shown in Fig. 
9c, after etching. In this case, only one of the inclu-  
sions generated dislocations (two). This corresponds to 
the type "A" growth pits so labeled in Fig. 9a. Thus, 
the deep conical pits are formed over inclusions which 
have generated dislocations, and the shallow "saucer" 
shaped pits form over inclusions which have not gen- 

Fig. 9. The as-grown surface of 
a Y1GdlTmlGao.~Fe4.2012 film, 
(b) the interior of the region of 
the film outlined in (a), and (c) 
the surface of the region of the 
film outlined in (b) after etch- 
ing. 
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erated dislocations. Often, as in the case of dislocations 
originating at the interface, these types of surface fea- 
tures may  be observed where no inclusions can be de- 
tected in  the films. Presumably,  the inclusions causing 
the defects in these instances are too small  to be ob- 
served using optical microscopy. Even when visible, 
however, it is difficult to identify the inclusion unless 
its shape, color, and other features can be ascertained. 
For example, red, "cubic" inclusions which display ex- 
t inction every 90 ~ between crossed polarizers can be 
identified as being most probably orthoferri te crystal-  
lites which had been floating in  the flux. Inclusions 
such as these have not been observed to generate dis- 
locations other than perpendicular,  or near ly  so, to the 
interface. 

The much greater  depth of the growth pits which 
form over inclusions with dislocations may indicate 
that  the presence of dislocations reduces the growth 
rate. This result  may be explained by a plausible ar-  
gument  based on the observed growth behavior of the 
garnets. Because <111> growth facets do not form on 
Czochralski grown Gd3Ga5012 and other rare earth 
gal l ium garnets it can be concluded that  little under -  
cooling is required for the nucleat ion of new layers on 
{111} planes, and thus the growth of garnet  in the 
[111] direction should also require  li t t le undercooling. 
Therefore, the growth rate of Gd3Ga~O12 should vary 
directly with undercooling (19) in the [111] direction. 
Epitaxial  films grown on {111} surfaces should behave 
in the same way, except for the possible influence of 
diffusion boundary  layer  effects, and this has been ob- 
served (3). However, the strain field which surrounds 
a dislocation is a higher energy nucleat ion site than a 
perfect (111) surface. In general, then, for any  given 
growth temperature,  the growth rate should be in-  
versely proport ional  to the amount  of strain associated 
with the site of a t tachment  of an adatom. An inclusion 
which does not gener,ate dislocations will be sur-  
rounded by  a relat ively weak s t rain field, and thus 
according to the above reasoning, a reduced growth 
rate will  result  unt i l  the inclusion is well  covered by 
many  atomic layers and the strain diminishes. There-  
fore, the size of the growth pit associated with an in -  
clusion without  dislocations should be directly propor-  
t ional to the size and magni tude of its strain field. 
However, if dislocations are generated by the inclusion, 
then a larger growth pit should form than  would 
otherwise be the case. This occurs because even though 
the dislocations may reduce the over-al l  stress in the 
vicini ty of the inclusion, dislocations grow through the 
layer and  thus the reduced growth rate will persist for 
the duration of film growth. 

The si tuation will be different in the case of a growth 
plane on which the nucleat ion of new layers requires 
substant ia l  undercooling, such as the {211} planes in 
garnet.  Depending on the relat ive magni tude of the 
s t ra in energy associated with a dislocation and lattice 
parameter  mismatch, the presence of a dislocation with 
a Burgers vector other than parallel  to the interface 
may increase the growth rate of the film for a given 
amount  of undercooling. This occurs because the step 
produced when the dislocation intersects the interface 
becomes a growth step, obviating the need for the high 
undercooling necessary for the nucleat ion of new lay-  
ers (20, 21). 

Whether  or not the above arguments  can be applied 
to other than localized strain, i.e., to the possible effect 
of lattice mismatch strain on the growth rates of epi- 
taxial  layers, will  be investigated. 

Growth Striations 
The etch rate of the various garnets studied is very 

sensitive to small  variat ions in composition. This can 
be used effectively quali tat ively to study compositional 
fluctuations caused by growth rate variat ions as in the 
case of semiconductor crystals (22, 23). The growth 
rate fluctuations essentially span the ent i re  growth 
front and thus can be used to study the interface 
shape as influenced by changes in growth parameters.  

Fig. 10. (211) surface of a sectional Gd~Gas01~ boule etched in 
phosphoric acid for 10 min at 165~ The growth direction is 
vertically downward. 

Shown in  Fig. 10 is the (2-11) surface of a Gd3GasOl~ 
boule sectioned lengthwise perpendicular  to the growth 
direction, polished, and etched for 10 min  in phosphoric 
acid at 165~ The (112) faceted growth region is to 
the right and the nonfaceted region to the left while 
the pull ing direction was vert ically upward. 

The closely spaced striations appear to have resulted 
from rotation of the crystal in the presence of thermal  
asymmetry  in  the apparatus. Since the rotation rate is 
constant, the spacing of these striations can be used to 
detect and analyze growth rate fluctuations arising 
from other sources. For example, in the off-facet region 
many  fewer striations with greater spacing can be 
counted than in the core region, indicating that the 
crystal grew much faster in this region and that  part  of 
the crystal was remelted with each cycle. Thus, it can 
be calculated that  the growth rate in the off-facet re- 
gion is about four times greater  than the pull  rate of 
0.18 in . /hr  or about 0.7 in./hr.  The widely spaced "re- 
melt" striations in  the off-facet region, which have a 
period of about 40 sec, may result  from regular  low 
frequency fluid flow fluctuations in the melt  (24, 25). It  
should be noted that  the effective average growth rate 
will  always be greater than  the pul l  rate in  the pres-  
ence of growth rate fluctuation (26). 

In  this crystal the interface in the center of the 
boule (to the left in the figure) is almost flat, and 
therefore the striations will intersect the surfaces of 
substrates cut from this boule at a shallow angle. Thus, 
the lattice parameter  changes associated with the stria- 
tions are diffused enough so that no strain gradients 
large enough to interfere noticeably with bubble mo- 
tion in an LPE layer grown over them will be gen- 
erated. This flattened interface can be produced by us-  
ing high crystal rotat ion rates (27), which will pump 
more hot l iquid up the center of the crucible, thus 
raising the temperature  there and counteract ing the 
loss of heat by  radiat ion up the center of the crystal. 
Under  conditions of slow rotat ion the [211] facets 
become grouped at the center of the boule due to 
the highly convex interface shape. The intersection of 
the [211] facets with the (111) surface of a substrate 
cut from a boule grown with a highly convex interface 
is shown in  Fig. 11. This also il lustrates that  the acid is 
equally selective on the {111} surfaces. 

Striations may also be observed between crossed 
polarizers due to the strain birefringence generated by 
the compositional variations. This technique lacks the 
resolution of etching methods but, along with topog- 
raphy, is a useful tool. 

The sensit ivity of the acid to impur i ty  or composi- 
t ional heterogeneities can also be used to study growth 
fluctuations in the magnetic garnet  films, as is shown in  
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Fig. 1 I. (11 I) surface of a Gd3GasO12 substrate after etching 

indicates a difference in height in interference contrast, 
it can be concluded that this lower part  also etched 
faster than the upper part. This is caused by a dif- 
ference in composition which is probably related to 
changes in the effective distr ibution coefficients of the 
constituents due to the higher growth rate. The cause 
of the abrupt  change in rate is not known. 

It is important  to note here as well that there is no 
preferential  etching at the interface as would be the 
case if a network of dislocations were present  there. In 
fact, misfit or interfacial dislocations or dislocations 
parallel  to the interface wi thin  the films have not 
been observed on any LPE film thus far examined 
which was not faceted. Dislocations have been ob- 
served parallel  to the interface around the entire peri-  
phery of an LPE layer, indicating that  pits form 
equally well on all orientations. However, these dislo- 
cations do not penetrate into the LPE layer itself, but  
ra ther  are ent i rely contained in the material  which 
grew epitaxially on to the outer edge of the substrate. 
Films in tension will crack before enough stress is 
generated for dislocation generation, at a mismatch 
of about 0.015A. The defect s t ructure  of films grown 
under  large compressive stress are current ly  being in-  
vestigated. 

Topography 
In order to confirm the absence of interface disloca- 

t ions and learn  more about the strain state of the films, 
x - ray  reflection (Berg-Barret t )  (28, 29) topographs 
were taken. For example, an Er2EulGa0.vFe4.3012 film 
grown in tension with about 0.012A mismatch in which 
cracks have formed around the periphery of the crystal 
was taper etched and a topograph taken. A schematic 
diagram of the diffraction conditions is shown in Fig. 
13 and the resul t ing topograph in Fig. 14. Copper Ka,, 
radiat ion and {10, 4, 0} reflecting planes were used 
and the image recorded on an Ilford L-4 nuclear  plate. 
The light areas correspond to reduced intensi ty  be-  
cause a double negative was made during reproduc- 
tion. The light area near  the top is the substrate sur-  
face, while the lower 1/4 of the crystal is unetched. The 
reduced intensi ty  reflected from the substrate results 
because the crystal was aligned using the film and the 
different d spacing in the substrate renders it slightly 
out of al ignment.  There are many  contrast features 
observable in the topograph which arise from topologi- 
cal variations, such as mesas result ing from flux re ten-  
tion, ridges due to contact with the p la t inum wire 
holders, etch pits, as well  as defects in the emulsion. 
However, no dislocations can be resolved parallel  to 
the interface throughout  the thickness of the film or at 
the interface. Furthermore,  no contrast (darkening) is 
present near  the interface either (save for one weak 
pendellosung fringe),  as would be the case if there 
were a network of dislocations present  there too close 
together to be individual ly  resolved. The cracks pres-  
ent can also be seen on the topograph due to the 
s t ra in  caused by stress relief near  the crack edges. 

Fig. 12. Cross section of a Er2EulGao.TFe4.3012 film after (a) and 
before (b) etching. 

Fig. 12a. Figure 12b is the sectioned (by scribing and 
fractur ing)  view before etching. The origin of the 
striations in  this film are related to boundary  layer 
thickness changes caused by in termi t tent  rotation of 
the substrate during film growth. The periods of rota- 
t ion are regular, thus the variations in their spacing, as 
well as other topological variations produced by the 
etchant, can be used to measure growth rate changes 
dur ing film growth and relative changes in film com- 
position, respectively. In  the film shown, after 3.5 ;~m of 
growth marked by the arrow, the over-al l  growth rate 
dropped by 15%. From the change in  shading, which 

NUCLEAR PLATE PLATE AND SPECIMEN 
I TRANSLATED 

NOUSLY 

INCIDENT BEAM /~. BEAM I I-(111) SURFACE 

......... I Y ' " '  

\ 
(I0, 4,0) 
REFLECTING PLANES 

Fig. 13. Schematic illustration of diffraction conditions used for 
reflection topography. 
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Fig. 14. Berg-Barrett reflection topograph of a taper-etched 
Er2EulGao.TFe4.30t~ film. 

Such cracks  when  etched as grooves into the  subs t ra te  
due to the masking  effect of the film do not  have con- 
t ras t  since there  is no s t ra in  or bending  of planes.  

Summary 
Phosphoric  acid  etching combined  wi th  opt ical  m i -  

croscopy and x - r a y  topography  can be used to s tudy  
many  proper t ies  of the  garne t  subs t ra tes  and  films, 
both qua l i t a t ive ly  and quant i ta t ive ly .  A n  overv iew has 
been  presented  here  of the  use of these techniques to 
s tudy defects found in both the subs t ra tes  and epi -  
tax ia l  layers.  Through the use of these techniques the  
occurrence of the  defects  can be re la ted  to p repara t ion  
and g rowth  condit ions and then  successful ly e l imi-  
nated, as has  now been accomplished wi th  the  defects  
known to l imi t  the ut i l izat ion of ep i tax ia l  magnet ic  
garne t  films in large bubble  domain devices. Other  as-  
pects of these mate r i a l s  such as growth  s t r ia t ions in 
the films and substrates,  the effects of s t ra in  on the 
g rowth  rate,  and  the s t ruc ture  of mixed  defects have 
also been revealed  using phosphoric  acid and wil l  be 
s tudied  in more  detail .  Even though opera t ion  of mag-  
netic bubble  circuits  does not  now appear  to be l imi ted  
by  some of these phenomena,  a knowledge  of them 
may  become impor tan t  as work  progresses and more 

subt le  re la t ionships  be tween  the magnet ic  and s t ruc-  
tu ra l  proper t ies  of these mate r i a l s  a re  revealed .  
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Chemical Vapor Deposition of Thin-Film Platinum 
Myron J. Rand* 

Bell Telephone Laboratories, Incorporated, Al lentown,  Pennsylvania 18I 03 

ABSTRACT 

Chemical vapor deposition of p la t inum for microelectronic applications has 
been studied with the aim of avoiding the radiat ion damage to dielectrics 
caused by sputter or e-gun deposition. Two known CVD methods---the 
pyrolysis of Pt  acetylacetonate and the reduction of Pt(CO)2C12--were tried 
and judged unsatisfactory for either pur i ty  or adherence. A novel  method of 
P t  deposition using the trifluorophosphine complex is reported. The process is 
simple and reliable, and produces adherent  bright  films of ~-100A Pt  crystals 
on a var ie ty  of substrates at 200~176 in 1 a tm hydrogen. The Pt  contains 
small  amounts  of residual phosphorus, mostly concentrated at the surface. 
Resistivity of 750A films is 1.8 times that  of bu lk  Pt. MOS capacitors with 
CVD Pt  field plates on both Al~OJSiO2 and SiO2 alone have shown good sta- 
bi l i ty under  bias- temperature  aging. CVD Pt and Si interdiffuse readily to 
form ohmic or Schottky diode PtSi contacts. 

Thin films of p la t inum are used extensively in semi- 
conductor device processing in making  p la t inum sili- 
cide ohmic and Schottky diode contacts to silicon. 
P la t inum is also the best diffusion barr ier  metal  in the 
T i - P t - A u  metalizat ion scheme for beam leads. For  
these uses Pt  thicknesses range from as li t t le as 100A 
(for some contacts) to about 2000A. Unfor tunate ly  Pt  
is difficult to fi lament-evaporate;  its vapor pressure is 
low, and it alloys rapidly with tungsten. Pt  is usual ly 
deposited by electron-beam evaporation or by sputter- 
ing. 

In  addition to the relat ively complex- -and  some- 
times t emperamenta l - - equ ipment  required by these 
vacuum operations, there is the more serious disad- 
vantage of radiat ion damage to th in  insulat ing films 
by x-rays, energetic electrons, and far uv radiation. 
The charge injected into the dielectric results in shifts 
of the MOS characteristic, especially dur ing  bias-tem- 
pera ture  aging. Since stabil i ty of threshold voltage is 
the sine qua non of IGFET's, p la t inum is seldom used 
in their  metalizations. 

The obvious way to avoid radiat ion damage is to use 
chemical vapor deposition (CVD), which employs only 
thermal  energy, and which is usual ly done in relat ively 
simple apparatus. The prospects for p la t inum CVD 
have been reviewed by Powell et al. (1). They sug- 
gest two classes of volatile p la t inum compounds: or- 
ganometallics such as the acetylacetonate (acac), and 
the carbonyl  chlorides, especially the dicarbonyl di-  
chloride, Pt  (CO)2C1~. I t  is probably significant tha t  no 
articles on the acac as source could be located in  the 
pr imary  li terature,  and that  the last papers on the 
carbonyI chloride appeared in 1934 (2-4). There is no 
l i terature specifically on th in  film CVD Pt, to say 
nothing of films of a qual i ty  useful for microelec- 
tronics. 

This paper  first reports experience using both the 
sources given above for the CVD of Pt  th in  films. Next 
a novel deposition method will be described, the pyrol- 
ysis of the trifluorophosphine complex of plat inum. 
This reaction employs a l iquid source and has decided 
advantages in simplicity and temperature  require- 
ments. It  has been studied in detail not only for its 
own sake but  also because volatile PF3 complexes of 
most of the t ransi t ion metals have now been synthe- 
sized but  as yet have been little investigated for suit- 
abi l i ty  as CVD sources. 

Platinum from the Acetylacetonate 
The acetylaceton of zero-valent  p la t inum is pre- 

pared from potassium chlorplat ini te  and acetylacetone 
in aqueous solution made strongly alkaline in order to 
displace the ~-diketone equi l ibr ium toward the enol 

* Electrochemical  Society Act ive  Member .  
K e y  words :  p la t inum,  chemical  vapor  deposit ion, thin films. 

form. The chelate may be formulated 

. // p,,, HC~. J./rt x 

1 
on the assumption that  Pt  is bonded to oxygen. While 
metal-oxygen bonding is usual ly  the ease in these 
complexes, Lewis et al. (5) have shown that  in  some 
Pt (II) acae derivatives there is Pt-C bonding. The dis- 
t inct ion is impor tant  to the pa t te rn  of pyrolysis of the 
compound. 

Pt(acac)2 is an air-stable yellow powder, available 
commercial ly (6). For CVD its vapor pressure becomes 
significant at about 150~ Powell  et aL (1) recommend 
vaporization at 180 ~ in  vacuo and a substrate tempera-  
ture of 350~176 Hydrogen ambient  may often be 
used instead of vacuum to accomplish a clean pyrolytic 
decomposition of organometallics, but  we find 
Pt(acac)2 heated in hydrogen turns  black without 
vaporizing. The black powder persists at red heat, in 
air; evidently hydrogen reduces the compound to 
plat inum. 

For vacuum CVD experiments  the apparatus of Fig. 
I was used. Heat ing the pedestal by hot gases from a 
torch flame is unconvent ional  but  should not be 
scorned. The method permits  rapid a t ta inment  of any 
tempera ture  up to 700~ constancy to _ 5  ~ and  flexible 
temperature  ad jus tment  by control of the size and gas 
mixture  of the flame. 

With the Pt  (acac).2 pressure 20-200~ Torr, deposition 
of Pt  at 10-100 A/ra in  occurred at substrate tempera-  
tures of 500~176 On Si substrates one would there- 
fore expect PtSi, but  reflection electron diffraction 
gave only the pat tern  of randomly  oriented fcc Pt. 
The metallic deposit had a distinct tan  or bronze cast, 
and it was resistant  to aqua regia etching. Electron 
beam microprobe analysis revealed heavy carbon con- 
tamination,  in fact about one carbon atom per Pt  atom. 
The codeposition of carbonaceous residue was' not  
suppressed by adding CO2 to the ambient  to act as 
oxidizer. The carbon was completely removed by 
oxygen-baking the deposit at 550 ~ for a few minutes,  
but  ohmic contact to the 0.01 ohm-cm n-Si  substrate 
was still not achieved. No case of low-resistance ohmic 
contact to Si has been observed with Pt  deposited from 
the acac, with or without  a deliberate siliciding step. 

Carbon has little solubili ty in solid Pt. Considering 
the electron diffraction result, the probe analysis, the 

686 



Vol. 120, No. 5 CVD O F  T H I N - F I L M  P t  687 

COPPER SLEEVE 

NEOPRENE ~ 1 ~  ~ ..... ; STOP,ER 
Pt B O A T /  m m m m 

FOR SOURCE 

GAS - -  ~ PYREX/ I I  
(IF ~SIREO,------~ i' ~OiHT 

ml Im LUBRICATED 
=1 L . . ~  ~" WITH 

IL~J-- APIEZONT 

FUSED 
S I L I C A - ~  

SUBSTRATE 

,,~ 

#gp 

l 
CHIMNEY 

% ox, 

Fig. 1. Apparatus for vacuum pyrolysis of Pt acetylocetonate 
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result  of oxygen-baking,  and the failure of P t -S i  in ter-  
diffusion, the picture that  emerges is one of small  
crystallites of Pt  surrounded by heavy concentrat ions 
of carbon, very probably at grain boundaries. We con- 
clude that  Pt  from the pyrolysis of the acetylacetonate 
contains too much codeposited carbon to be of interest  
for most device purposes. 

Platinum from the Carbonyl Chloride 
For volati le inorganic p la t inum sources for CVD, 

Powell  et  al. (1) recommend the carbonyl chlorides, 
especially the dicarbonyl  dichloride, Pt(CO)2C12, as 
having the greatest difference between the sublimation 
and decomposition temperatures.  They state that  de- 
position may be carried out at 600~ at low pressures 
(10-20~), or at 1 atm in  hydrogen at much lower tem- 
peratures, using carbon monoxide as Pt(CO)2C12 car- 
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Fig. 2. Schematic diagram of apparatus for the deposition of Pt 
from the carbonyl chloride. 

r ier  gas to suppress premature  decomposition. Satu- 
rator temperatures  were 100~176 The discussion 
ment ions  problems wi th  nonadherent  or acicular 
deposits. 

Pt(CO)2CI., occurs as colorless needles when pure, 
but is usually dark because of Pt  l iberated by reaction 
with atmospheric moisture. Our mater ial  was prepared 
by the method of Lut ton  and Par ry  (V) by the Pressure 
Chemical Company, Pi t tsburgh,  Pennsylvania ,  and 
stored under  carbon monoxide. Pt  depositions were 
carried out both in the vacuum apparatus of Fig. 1 
and the apparatus shown schematically in Fig. 2 and 
4. A summary  of typical  conditions and results appears 
in Table I; available analyt ical  data are collected in 
Table II. 

Bright  films of P t  on Si were obtained without  
difficulty at low pressures, bu t  adherence was invar i -  
ably poor. Characteristically, the film suddenly turned 
from bright  to frosty in appearance during deposition, 
usual ly not long after it had become opaque, i.e., 300- 
400A thick. Often the rough zone cont inued to spread 
after the sample was cold. Under  the microscope a 
dense ne twork  of folds, puckers, or wr inkles  was 
visible, and there is little doubt that Pt  had separated 
from the substrate. Scoring a smooth area caused 
instant  peeling. The failure of the film to adhere is 
surprising;  at these deposition temperatures  consider- 
able Pt-Si  interdiffusion should occur. The electron 
beam microprobe was unable  to detect either C or C1 
in the Pt, and the electron diffraction pa t te rn  was 
normal.  

Table I. Depositions from platinum carbony| chloride 
(For analyt ical  data  see Table  II)  

Dep 'n  Source Dep 'n  Ohmic 
t emp temp ra te  contact? 

Run Substrate  (~ Ambien t  (~ (A/rain) Appearance,  etc, (*) Comment  

II 0.01 n-Si 450 50/~ I00 Bright to frosty Wrinkling during dep'n. 
Pt  (CO)~C12 

12 0.01 n-Si 600 40~ Tan, hazy No Poor adherence  
lS 0.01 n-Si 350 20~ 50 Bright  to f ros ty  Wrinkl ing dur ing  dep 'n .  

3 0.01 n-Si 550 1 a tm N2 120 ni l  
or H~ 

4 0.01 n-Si 245 1 a tm Ha 125 nil Tan, hazy 
5 0.01 n-Si 350 1 a tm Ha 140 10-40 Lt. tan, hazy 

Gas flow pa t te rn  modif ied 
6 0.01 n-Si 250 1 a rm H~ 143 20-100 Bright  to frosty Yes 

7 0.01 n -S |  187 I a rm He 140 15 Bright  No 
Heated  30 rain, 750=C, A r  Dull Yes 

Carbon m o n o x i d e  purifier added 
0.01 n-Si 300 1 a tm H.~ 145 15-50 Frosty Yes 

dep. SiO~ 250 1 a tm H.~ 145-150 35 Bright,  i s lands 
dep. A12os 75 Bright 
dep. SiO~ 485 1 a rm Hs 155 10 Bright,  semiopaque 
dep. Al~:}3 on all 
th. SiO= 
5 n-Si 

8 

9 

t0 

Port ion wrink led  dur ing  
dep'n. 

Pt  did not alloy at 650~C 

Wrinkling dur ing  dep'n. ,  
some peeling 

Islands 1000-5000A diam. 
Peeled on scoring. 

(t500A thick) 

�9 Af ter  s tandard 650~ 10 rain in Ar. 
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Table II. Depositions from platinum carbonyl chloride 
(Analytical  data  for Table I) 

Run Substrate  

Dep'n 
t e m p  
(~ 

Microprobe analysis (atomic per cent) 

Pt Si O Others 
Electron diffraction 

and o ther  data  

12 Si 600 98.2 
16 Si 350 
6 Si 250 85.5 
7 Si 187 70.0 

Carbon monox ide  purifier installed 
8 Si 300 95.5 

99.8 
9 Si 250 

dep. SiO~ 

dep. AltOs 
10 Si 485 

th. SiO~ 
dep. Al~Oa 
dep. Si02 

1.8 

2.1 2.2 
19.9 4.1 

4.5 
0.4 

C1, C, n.d.* 

Ni, 9.3; Fe, 0.9; C, n.d. 
Ni, 7.2: Fe, 0.4; C, n.d. 

Fe, Ni, Cr, n.d. 

fce Pt  

(Thin deposit) 
(Thick deposit) 
fec Pt, xtal  size ~225A 
fcc Pt, x ta l  size ~150A. 

Islands. 
fce Pt, xtal  size ~2000A 
Anomalous  pattern, xtal  

size ~10OA 
Anomalous  pattern 
fcc Pt  
Anomalous  pattern 

n.d, = not detected.  

In deposi t ions in 1 a tm hydrogen  the necessi ty  for 
a carbonyl  scavenger  for the  carbon monoxide  ca r r i e r  
soon became evident.  The CO was research grade 
(Matheson Company,  99.9% min.) ,  but  at  1500 psi there  
is p robab ly  reac t ion  wi th  t he  t ank  mater ia ls ,  so tha t  
i ron and n ickel  ca rbonyl  contaminants  a re  pyro lyzed  
on the subs t ra te  and Fe  and Ni end up in the  Pt. A 
400~ tube  packed  wi th  porce la in  chips took care  of 
this  problem.  

Hydrogen -ambien t  deposit ions also produced br igh t  
P t  films, and for  the first t ime some of these could be 
a l loyed into Si  to produce  good ohmic contacts. Ad-  
herence was s t i l l  marginal .  P roper  dispersion of the 
gas flow over the subs t ra te  surface was  t roublesome,  
as i t  is wi th  many  CVD reactions,  and keeping the 
Pt(CO)2C12 from condensing out in cool places re-  
quires  careful  a t tent ion  to the heated sa tura tor  lines, 
since t hey  cannot  be pe rmi t t ed  to be hot  enough to 
decompose the  compound. 

The subs t ra te  definitely influenced the P t  film 
morphology  in these depositions.  In  run  9 (Table  I I )  
r e l a t ive ly  la rge  is lands composed of r a n d o m l y  or iented  
150A Pt  crysta ls  formed on a deposi ted silica surface 
giving a sheet  res is tance of >20-Kohm/U],  whi le  an 
ad jacent  deposi ted a lumina  surface accumula ted  a con- 
t inuous film of ~2000A crys ta ls  of 1.8 ohm/[~.  In  run  
10, done at  485~ four  different  subs t ra tes  were  de -  
posi ted s imultaneously,  but  only  P t  on the  A1203 sub- 
s t ra te  gave the expected  e lect ron diffract ion pat tern.  
The others  gave a much more complex, and somewhat  
var iable ,  pa t t e rn  wi th  m a n y  d-spacings la rger  than  
any in  fcc Pt. Among  these were  two s t rong reflec- 
tions at about  double the  spacing of the two most in-  
tense fcc lines, the  (111) and the  (200). We have seen 
these anomalous  pa t t e rns  also on severa l  e-gun evapo-  
r a t ed  films and two 3 kV-spu t te red  Pt 's,  but  not on 
low vol tage t r iode - spu t t e red  samples. The glancing 
angle  e lec t ron beam pene t ra tes  only  ~,50A in Pt;  
x - r a y  diffract ion has shown normal  fcc s t ructures  for 
P t  wi th  anomalous  surface pat terns .  The existence of 
super la t t ice  surface s t ructures  on P t  has been re-  
por ted  (8) ; it  is not known  whe the r  they  are  impur i ty -  
stabil ized. At  485~ the d ispropor t ionat ion  of CO to 
give some carbon is a dis t inct  possibil i ty,  especial ly  
on Pt.  

The source t empera tu res  in Table I are  to be noted. 
Over  the course of only  seven runs  i t  was necessary 
to raise  the  Pt(CO)2C12 t empera tu re  f rom 125 ~ to 
155~ (which is above the mel t ing  point)  to main ta in  
reasonable  deposi t ion rates. This suggests that  in 
spite  of the  CO a tmosphere  the  compound was decom- 
posing to one less volati le.  Af te r  the  last  run  of Table  
I the  cake of source ma te r i a l  was analyzed,  wi th  the 
fol lowing resul ts :  

P t  (CO) sCl~ 78.6 % 
PtC12 19.0 % 
P t  0.63% 
Fe, Ni, Cr  oxides  0.1-0.2% 

It  seems c lear  tha t  the  ma te r i a l  in the  sa tura tor  was 
s lowly decomposing to nonvola t i le  PtC12, which  coated 
the solid par t ic les  and made  the volat i le  carbonyl  
chlor ide inaccessible.  The e lementa l  Pt  may  have been 
p resen t  or ig ina l ly  or have  resu l ted  f rom fur the r  de-  
composition. 

Whi le  the  carbonyl  chlor ide process in hydrogen  can 
produce pure  Pt  films, the  l imi ted  source life, corrosive 
vapor,  necessi ty for  hea ted  lines, and poor  adherence 
combine to make  the method  unat t ract ive .  Fu r the r -  
more, i t  is p robab ly  more  than  o rd ina r i ly  sensi t ive to 
the  var ious  deposi t ion parameters ,  owing to the  com- 
pl icated equi l ibr ia  exis t ing among the var ious  carbonyl  
chlorides,  PtC12, CO, C12, and  P t  (7).  

Platinum from the Trifluorop,hosphine Complex 
Phosphorus  t r i f luoride resembles  carbon monoxide,  

at  least  formal ly ,  in forming a wide  va r i e ty  of s table 
complexes  wi th  t ransi t ion metals .  Al though Ni(PF3)4 
has been known for twen ty  years  (9), it  has been only 
since 1965 tha t  Thomas K r u c k  and his co-workers  have 
achieved the p repa ra t ion  of the  complexes  of a l l  the  
meta ls  of Groups  VI-VIII  of the  periodic chart.  Nixon 
(10) has t abu la ted  the known PF3 complexes,  and 
Schmutz le r  (11) gives a useful  rev iew of the  proper t ies  
of PF3 itself. 

In  spite of the  good vola t i l i ty  of the  meta l -PFs  com- 
pounds,  there  is only  one ment ion  of thei r  use for CVD, 
a pa ten t  (12) teaching the  use of W(PF3)6  to deposit  
W on Si at  450~ in making  Schot tky  ba r r i e r  contacts. 

The PF3 complex  of p l a t inum is of par t i cu la r  in teres t  
because no s table  ca rbonyl  of p l a t inum is known. 
Tetrakis t r i f luorophosphine plat inum, P t (PFs)4 ,  was 
first p repa red  by  K r u c k  and Baur  (13). Our  samples  
were  made  using the i r  p rocedure  by  PCR, Incorpo-  
rated, Gainesvil le ,  Flor ida,  and  Pressure  Chemical  
Company,  Pi t t sburgh,  Pennsylvania .  The compound is 
a colorless, mobi le  l iquid  boi l ing at  87~ appa ren t ly  
s table  to d ry  a i r  bu t  hydro lyzed  by  mois ture  to Pt, 
H3PO3, and HF. The compound appears  to be a good 
solvent  for s imple ha logenated  organics and for var ious  
mixed  hal ides  of phosphorus,  and  i t  is advisable  to 
check its pur i ty  by  in f ra red  spectra.  Arsenic t r i f luoride 
(bp 65~ is another  common impur i ty ,  or ig inat ing in 
the  manufac tu re  of the  PF~, and  can contamina te  P t  
deposi ts  wi th  as much as 1% As. 

In considering P t (PF3)4  for the  CVD of Pt, the hope 
is of course tha t  s imple pyrolys is  wi l l  occur, wi th  
select ive rup tu re  of the  P t -P  bond and l ibera t ion  of 
the the rma l ly - s t ab le  PF3. In considering the  resul ts  
r epo r t ed  below, however ,  one shouId keep some addi -  
t ional  chemis t ry  in mind:  tha t  PF3 is repor ted  to 
a t tack  SiO2 at  e leva ted  tempera tures ,  forming P203 
and SiF4 (both gases at  the  deposi t ion t empera tu re s ) ;  
and  tha t  f reshly  formed P t  wi l l  ce r ta in ly  be a s t rong 
chemisorber  and h igh ly  catalyt ic .  In  other  words,  the 
reac t iv i ty  of the products  m a y  complicate  the  pyrolysis ,  
degrade  the  P t  pur i ty ,  or resul t  in a t t ack  on the sub- 
strate.  
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Fig. 3. Schematic diagram of source system and apparatus for 
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Fig. 4. Detail of the cold-waft reactor with resistance-heated 
silica pedestal for the substrate. 

The apparatus used for Pt  deposition from the PF3 
complex is shown schematically in Fig. 3 and 4. The 
complex is stored under  dry ni trogen in a saturator  at 
0~ at which tempera ture  its vapor pressure is esti- 
mated to be ~15 Torr. After  dilution by the main  gas 
s t ream (usual ly hydrogen) its concentrat ion is 0.01- 
0.1%. The total gas flow displaces the reactor volume 
1-5 times a minute.  A coarse glass f l i t  distributes the 
reactants  over the substrate wafer; deposit thickness 
uni formi ty  of • is easily obtained. The resistance- 
heated pedestal (Fig. 4) is preferred to tube furnace 
or i f -heated equipment  because the reactor wall  re- 
mains fairly cool. A hot wall  would soon become 
opaque. The temperatures  quoted in this report  are 
not readings of the heater block thermocouple but  
estimated substrate tempera tures  derived from mea-  
surements  of the temperature  difference between the 
heater thermocouple and the horizontal  surface of the 
fused silica shroud. 

Results--Deposition of thin-t~Im Pt . - -Wi th  opt imum 
deposition conditions the pyrolysis of Pt(PF3)4 pro- 
duces a uniform, smooth, continuous, adherent  layer 
of mi r ro r -b r igh t  P t  indist inguishable in appearance 
from sputtered or e-gun-evaporated Pt. The following 
substrates have been coated: Si, thermal  and deposited 

SiO2, deposited A1203 and SizN4, fused silica, soft 
glass, sapphire, Ta2N, evaporated Ti, CVD tungsten, 
GaP, and GaAs. The preferred ambient  is hydrogen, 
and the preferred temperature  range 200~176 At  
175~ and below nonspecular  rough deposits indicate 
incomplete pyrolysis; at 350~ and above a brown 
fume in the gas phase suggests decomposition before 
the vapor reaches the hot substrate. A deposition rate 
of 50-100A P t / m i n  is most convenient.  

Glancing angle or t ransmission electron diffraction 
has invar iably  shown only the pat tern of fcc Pt. The 
as-deposited grain size, as seen by transmission elec- 
t ron microscopy, is 90-120A, whether  on Si or SiO2. 
Only on single-crystal  sapphire has strong preferred 
orientat ion been observed. When CVD Pt  on SiO2 is 
heated to 50O~ or so, as would happen when PtSi 
contacts were being formed, rapid growth to grains 
several microns across occurs. 

CVD Pt  resistivity has been measured on 750 • 25A 
films using a four-point  probe. The films were 
deposited on thermal  silica at 225~ The result  was 
18 ~ohm-cm. The accepted value for bu lk  Pt  is 10 
~ohm-cm. Sputtered or e-gun Pt films also are in the 
range 1.5--2 times bu lk  resistivity. CVD Pt  films heated 
to 525~ for 30 min  had resistivities of 11 #ohm-cm. 

Adherence.--This property is always of part icular  in- 
terest for microelectronic applications, especially with 
a noble metal  where adhesion is not expected to be 
aided by chemical bonding with the substrate. For  a 
quick comparative adherence measurement  we have 
used a Kent ron  microhardness tester wi th  a 5 rail 
radius diamond stylus which could be loaded with 
from I to 1000g. The sample was moved by a microm- 
eter stage while in contact with the stylus, and the 
resul t ing scratch was examined under  the microscope. 
Any  exposure of the substrate  anywhere along the 
track, or any detached metal  debris, was called an 
adherence failure. In  Table III  typical results for a 
number  of films are given, so that CVD Pt  may be 
located on a scale with other common film-substrate 
combinations. 

Considering the mi ld  deposition conditions, the ad- 
herence of CVD Pt  is remarkably  good. Adherence to 
insulators is comparable to that  of active metals such 
as A1 or Ti. Pt  on deposited A1203 (where double- 
dielectric IGFET's  now use Ti as a "glue" for metal i -  
zation) is especially tenacious; we have not  seen a 
sample which failed at less than  500g. At such loads 
the silicon is as l ikely to fail as the Pt- insula tor  bond. 
In  fact, such a fai lure occurred in a t tempting a gold 
"nailhead" pull  test (1 mm diam 90 ~ thermal  compres- 
sion bond) on the structure Au/CVD P t /A12OJS iOJ  
Si. At  10 lb the Si ruptured.  The Pt  samples of Table 
III  were remeasured 3 months later  wi th  no substantial  
changes. 

All adherence testing is empirical  and often ambigu- 
ous and subjective. Scratch test ing does not predict 
beam lead adherence. Certainly the most meaningful  
adherence test is one which most closely mimics the 
conditions the actual s t ructure  is subject to. But  CVD 
Pt  does appear to stick very well, as well as sputtered 
Pt  does; indeed, no case of spontaneous peeling from 

Table IlL Scratch tests for adherence 
(5 rail rad ius  d iamond  stylus} 

Approx.  fa i lu re  
S y s t e m  load (g) 

Metal  film m a r g i n a l  for  Scotch tape pull  test  5-10 
Evap. Au on SiO~, dep'd.  S i ~ ,  dep'd.  Al~O8 3-5 
Evap.  AI on SiO2 1O0 
Evap. AI on dep'd.  AI20~ 500 
E -gun  evap.  F t  on Si or SiO2 80-500 (qui te  

var iable)  
Lc/w-voltage t r iode-sput te red  P t  on Si or SiO~ 350-500 
CVD P t :  on Si, SiO2, Sapphi re  50-300 

on dep'd.  AI20~, Si~N~ -~500 
on evap.  T i /dep 'd .  AIsO~ >100 (Ti/AI~O3 

fai led first)  
on CVD W/dep 'd .  AI~Os >500 



690 J. Electrochem.  Soc.: S O L I D - S T A T E  

any substrate has ever been observed. Possibly con- 
dit ioning of the substrate by PFz plays a role in this 
adherence. 

Analysis of the Pt . - -The  deposited Pt  films have been 
analyzed by two techniques: electron beam microprobe 
analysis and Auger electron spectroscopy combined 
with argon or xenon ion sputter ing (14). Microprobe 
results must  be based on the assumption that the film 
is homogeneous, whereas the Auger analysis can estab- 
lish a profile. 

The only foreign element  detected in significant 
amount  by the microprobe is phosphorus, with the 
reported content  vary ing  with deposition parameters. 
The actual figure is meaningless, since the Auger 
spectra have repeatedly shown that  the phosphorus is 
concentrated in the outer 50A of the Pt  film. At the 
surface it is a major  component;  in most of the film 
it is undetectable,  i.e., <0.5 atomic per cent (a /o) .  
The phosphorus content is four or five times higher 
if the deposition is carried out in ni t rogen instead of 
hydrogen- -no t  a recommended procedure, although 
there is little change in the appearance of the film. 

Trace amounts  of fluorine, oxygen, or carbon have 
been detected i r regular ly  by the electron microprobe. 

Whether there is phosphorus enr ichment  at the P t -  
substrate interface is still moot at this writing. It is 
certainly much less than  at the Pt  surface. The ques- 
tion is not t r ivial  because of the possibility of n-doping 
of Si during PtSi formation. The Auger spectra also 
show that  the Pt-Si  interface is not sharp after 225~ 
deposition: there is a zone roughly 300A thick with 
major  amounts  of both elements (14). This result  
agrees with the conclusions of Hiraki  et al. (15) that  
Si diffuses rapidly through some metal  films at tem- 
peratures far below the eutectic. 

Auger spectra have confirmed the presence of small 
amounts  of carbon scattered through some of the CVD 
Pt  film samples. The source is probably a volatile 
organic impur i ty  in the Pt(PF3)4. There is evidence 
from the infrared absorption spectrum for an impur i ty  
absorbing at 1026 cm -1, but  it cannot be identified. 

Film stress.--Stresses in deposited Pt  films are of in- 
terest because they must  be balanced by stresses in- 
duced into the substrate, and because they influence 
the interdiffusion of Pt  and other metals or Si. Average 
film stress on (111) Si was measured by interfero- 
metric determinat ion of beam bending (16), with 
results as given in Table IV. Two PtSi  samples are 
included. All  the films were under  considerable ten-  
sion, with the CVD Pt, at 4.7 • 109 dynes /cm 2, only 
about a quar ter  of the stress of a low-voltage sputtered 
Pt. It can be calculated that the thermal  expansion 
mismatch between Pt and Si in cooling from 225~ 
to room tempera ture  can account for about 2.8 • 109 
dynes/cm2; the remainder  must  be "intrinsic" stress. 

The tensive stresses in Table IV are far above those 
that pure bu lk  Pt could sustain without  plastic flow. 
The shear modulus ~ of Pt  is 6 • 101. dynes /cm 2, and 
for single-crystal  metals the flow stress is of the order 
of 10-4#. It  is well  known that  much higher stresses 
may be observed in films of very small randomly  
oriented crystals. Chaudhari  et al. (18) have presented 

Table IV. Average film stress on (11]) Si at room temperature 

S t r e s s  

Thick-  Subs t r a t e  ( lo d y n e s  ") 
F i lm ness  (A) t emp  (~ i 0  c m  ~ 

E - g u n  evapo ra t ed  P t  (a) 1000 225 + 1.2 
Low-vo l t age  spu t t e r ed  P t  500 ? + 1.8 
CVD Pt  600 225 + 0.47 
PtSi ,  1.v. spu t t e r ed  1000 (b) 625(r + 1.9 
PtSi, CVD 2000 (b) 525 (~) + 1.0 
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a mechanism accounting for stresses of 1-2 • 10 -2 
for crystalli te sizes of 100-200A. For Pt  this would 
allow flow stresses of ,~101~ dynes /cm 2, in close accord 
with our measurements.  The data of Table IV thus 
very l ikely represent the elastic limits of the films, and 
differences can be accounted for by small amounts  of 
Pt-Si  alloying. In fact, the Auger spectra showed con- 
siderably more Si in as-deposited sputtered Pt  than in 
CVD Pt - -and ,  of course, very similar amounts  in the 
silicides made from them. 

The high stress in deposited Pt  films may be impli-  
cated in what  we observe when  Pt is deposited over 
films of active metals. When CVD Pt was deposited 
on evaporated Ti or CVD tungsten  a dendrit ic crystal 
pat tern  developed on the surface wi th in  a few days, 
appearing to the eye as haze. Reflection electron dif- 
fraction gave complicated pat terns  whose only certain 
interpreta t ion was that  the crystals were not merely 
Pt. Some of the spacings agreed with those for Ti 
(or W) oxides, or with intermetal l ics  like Ti3Pt. In 
any case, there is a strong hint  that at the 225~ 
deposition tempera ture  the under ly ing  metal  diffused 
into or through the Pt. There is other evidence that 
at such temperatures  Ti may diffuse through Pt  and 
form ruti le at the surface (19). 

The crystallization may be stress-nucleated. Figure 5 
shows crystals growing from the edges of a stylus 
trace in CVD Pt on ~1000A CVD W (from WF6 + 
H2) on deposited A1~O3. In  areas where the W was 
masked against Pt  deposition there were no crystals 
along the stylus mark. 

CVD Pt for ]~eld plates.--Pt electrodes of various sizes 
for MOS testing have been delineated on both SiO2 
and A1203 using Shipley AZ 1350H resist. The etch 
was 4 H 2 0 : 3  HCh 1 HNO3, 1-2 min  at ~85~ Resist 
adherence .appeared good; there was no difficulty with 
edge lifting. 

The first question to be answered is whether  the 
CVD Pt process is in  any way det r imenta l  to the 
IGFET A1203/SIO2 double insulator. Typical IGFET 
mater ial  was Pt-deposited, heated to 600~ (as would 
be done to form the PtSi  contacts),  cooled, and the Pt  
stripped off with aqua regia. The C-V characteristic 
was taken with a mercury  probe before and after this 
procedure. A portion of each slice received the temper- 
ature cycling but  not the Pt  deposition, and therefore 
served as control. 

Results of these tests are summarized in Table V. 
The 600 ~ heating has caused some shift in the flatband 
voltage. In  all cases, however, the shift is v i r tual ly  
identical for the Pt-deposited samples and the controls. 
The changes in Si doping level are also insignificant. 
We conclude that the CVD Pt  process could be used for 
IGFET's  without  harm to the gate insulation. 

(.) Calc. from Ref. (17). Fig. 5. Development of crystal dendrities along a stylus trace in 
(b) PtSi  a s s u m e d  t w i c e  P t  t h i c k n e s s .  
(e) Sintering temp. CVD Pt over CVD W. Interference contrast, 410X. 
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Table V. Effect of CVD platinum deposition and sintering on 
AI2OJSi02 dielectric 

( M e a s u r e m e n t s  w i t h  m e r c u r y  p r o b e )  

Heat treat- ANy 
ment (~ Conditions ~FB A~TFB X 10 -I~ 

600 ~ 30 ra in ,  H2 

600 ~ 30 ra in ,  N2 

600 ~ 30 r a in ,  H~ 

B e f o r e  P t  d e p ' n .  1.07 • 0.05 
A f t e r  P t ,  h e a t ,  P t  s t r i p  1.82, 1.80 + 0.74 + 0.65 
Cont ro l ,  n o  P t  1.72, 1.68 + 0.63 + 0.76 
B e f o r e  P t  d e p ' n .  1.06 ~- 0.05 
A f t e r  P t ,  hea t ,  P t  s t r i p  1.75,1.81 + 0.72 + 0,63 
Cont ro l ,  n o  P t  1.75, 1.73 + 0.68 + 0.42 
B e f o r e  P t  d e p ' n .  ~A) 1.66 • 0.03 

(B) 1.80 • 0.05 
After Pt, heat, Pt strip 1.59 • 0.03 -0,27 +0.5 
CA) 

Control, no Pt (B), 1.50 • 0.04 -- 0,30 + 2.3 

Limited stress-aging experiments  using CVD Pt  field 
plates have been carried out on both the A120~ 
(500A)/SiO2 (1000A) double dielectric and on l150A 
dry-oxygen-grown SiO2 annealed at ll00~ For the 
former the conditions were: 300~ 24 hr, _10V; for 
the latter, 200~ 30 min, • For  most of the 
work, controls were available in  the form of evapo- 
rated A1 dots on another  portion of the same slice used 
for the Pt  tests. ( In  any  case, there is a considerable 
history on b ias- tempera ture  aging of these insulators 
with A1 electrodes.) C-V curves were taken with • 
sweeps. Electrodes were contacted with gravi ty  probes 
with Pt  tips; these have been superior to any others 
in main ta in ing  rel iable contact, especially on A1, wi th-  
out serious damage to the metal  film. 

A summary  of conditions and results appears as 
Table VI. In  general, the Pt  diodes aged very  well, and 
clearly outperformed their A1 controls. In  only one 
case, with positive bias on the Pt  with the double 
dielectric, was AVFB >0.2V. Results were very repro- 
ducib le- -note  the t ight  statistical dis t r ibut ion of 
VFB'S. On occasion shifts of 0.1-0.4V were observed on 
heat ing the diodes without  bias, or shorted, but  this 
behavior  is also characteristic of A1 or Au metal iza-  
tion. There was no instance of peeling of P t  dots 
as a result  of B-T aging. 

Interface state density determinat ions are available 
on the second sample of Table VI. Diodes which had 
been heated without bias showed Nfs in the high 10 TM 

cm -2 eV -1 range near  midgap, while B-T aged diodes 
showed Nf~ : 4-7 • 10 lo. These are slightly high; for 
A1, Nfs < 5 • 10 lo is expected, bu t  no A1 controls for 
this run  were available. Judging solely by the shapes 
of the C-V curves, Pt  metal izat ion and B-T aging 
never  degraded interface state density, and in  some 
cases (notably with the SiO2 capacitors) definitely 
improved it. A CVD Pt  deposition represents a 225 ~ 
hydrogen bake. 

With (100) n-Si, Pt  field plates on the double di- 
electric give ~TFB ~ ~-I.6V, VT (calc.) ,~ +0.SV. Pt  
on SiO2 shows VFB ~ ~-0.2V, with VT (calc.) ~ --0.8V. 

While the data of Tables V and VI are inadequate 
to establish firmly the aging behavior of CVD Pt -  
metalized diodes, there is certainly no evidence that  
phosphorus or fluorine impurit ies in the Pt  are diffus- 
ing into the dielectric or drif t ing under  bias. So far 
CVD Pt  has been a stable, reproducible, adherent  noble 
metal  electrode, and one which should have a usefu] 
place in stress aging. Pt  should not react wi th  the 
dielectric, it will  not react wi th  atmospheric moisture 
and produce hydrogen, and the instabi l i ty  of Pt  oxide 
at elevated temperatures  keeps its surface clean and 
easy to ma in ta in  contact to. 

Ohmic contact . - -Genera l ly  the first Pt  deposited on a 
device is interdiffused with Si in selected areas, form- 
ing PtSi (probably wi th  some Pt2Si) contacts to the 
under ly ing  Si. These may be ohmic or Schottky diode 
contacts, depending mostly on the doping level of the 
Si. In  any case, Pt  deposited by any process must  in ter -  
diffuse readi ly and reproducibly with Si at 400~176 
and Pt deposited on insulator  areas must  then be re- 
moved without  damaging the silicide. 

There has been extensive investigation of the forma- 
t ion of PtSi between Si and Pt from the Pt(PF3)4 
process. It is p lanned to present  information on the 
electrical characteristics of the resul t ing contacts in 
a separate report. For present  purposes it is sufficient 
to say that  CVD Pt  has invar iab ly  alloyed readily with 
Si under  identical  t ime- tempera ture  conditions used 
for sputtered Pt. A smooth silicide of normal  appear-  
ance results. Under  all conditions where a P tSi -Si  
contact is expected to give an ohmic characteristic, 
the contact using CVD Pt  infal l ibly  has done so. This 
includes n-Si of ND ~ 10 TM, and practically all levels 
of p-Si, since here the PtSi-Si  barr ier  height is only 
0.25 eV (20). 

PtSi made from CVD Pt  shows a somewhat greater 
susceptibili ty to at tack by aqua regia t han  does con- 
vent ional  silicide. We believe this is due to the rela- 
t ively high phosphorus content  at the surface, which 
degrades the integri ty and chemical resistance of the 
thin film of SiO2 which ordinar i ly  protects PtSi  (21).~ 
However, the silicide may be made immune  to attack 
by deliberate superficial oxidation, for example by 
heat ing in air to N500 ~ for a few minutes.  The oxide 
may  be removed afterwards by a brief HF treatment .  

The behavior of a CVD Pt  film on an insulator when 
it is heated ~600~ is believed to be another  conse- 

P l a t i n u m  s i l ic ide  m a d e  in  e v e n  t h e  p u r e s t  a v a i l a b l e  i n e r t  a m -  
b i e n t  is  c o v e r e d  w i t h  a b o u t  100A of  s i l ica.  I f  t h i s  p r o t e c t i o n  is  
r e m o v e d ,  t h e  P t S i  i s  r a p i d l y  a n d  c o m p l e t e l y  d i s s o l v e d  b y  the  a q u a  
r e g i a  u s e d  to  s tr ip  u n r e a c t e d  P t  f r o m  t h e  i n s u l a t o r  a r e a s  of  a c i r -  
c u i t  p a t t e r n .  

Table VI. Bias-temperature aging with CVD platinum field plates 

F i e l d  No .  o f  
S a m p l e  D i e l e c t r i c  p l a t e  C o n d i t i o n s r  VF~ AVFB d i o d e s  

500A AI2Os/1000A S i02  P t  A s  d e p o s i t e d  1.77 ~- 0.08 r 9 
6 o h m - c m  (As)  b u l k  300 ~ 25 h r ,  n o  b i a s  1.75 - -0 .02  1 

(1OO) S i  300*, 1 h r ,  - -10V 1.96 ~ 0.03 +0 .18  9 
300 ~ 25 h r ,  - -10V 1.88 __. 0.06 +0 .11  9 

A1 A s  d e p o s i t e d  0.19 ----. 0.02 9 
300 ~ 25 h r ,  - 1 0 V  0.66----. 0.06 +0 .47  9 

600A Al~O3/1000A SiO~ P t  A s  d e p o s i t e d  1.47 • 0.03 9 
8 o h m - c m  (As)  e p i /  300*, 1 h r ,  s h o r t  1.81 • 0.08 + 0.34 9 

(100) n - S i  (A) she l f ,  2 w e e k s  1.59 -~ 0.03 +0 .12  9 
300 ~ 24 h r ,  no  b i a s  1.79 ~ 0.03 + 0.20 3 
300 ~ 24 h r ,  - - 10V 1.63 ~- 0.03 + 0.04 9 

(B) she l f ,  2 w e e k s  1.54 -~ 0.02 + 0.07 9 
300 ~ 24 h r ,  n o  b i a s  1.68 ----..0.03 +0 .14  3 
300 ~ 24 hr ,  + 1 0 V  1.21 "+" 0.03 - -0 .33  9 

1150A SiO~ ( d r y  O~ o x -  P t  A s  d e p o s i t e d  0.19 +.~ 0.02 12 
5 o h m - c m  b u l k  (10O) ide ,  a n n e a l e d  l l 0 0 ~  (A) 200 ~ 30 m i n ,  - -10V --0.01 ~ 0.02 --0.20 6 

n - S i  (B)  200 ~ 30 m i n ,  + 10V 0.26 • 0.03 + 0.07 6 
A1 As  d e p o s i t e d  -- 0.24 • 0.03 12 

(A) 200", 30 ra in ,  - - 10V - 0 . 8 4  ~ 0.07 --0.60 6 
(B) 200 ~ 30 ra in ,  + 10V - -0 .89  ---~ 0.05 - -0 .65  5 

<a~ T e s t s  w e r e  m a d e  in  t he  o r d e r  g i v e n .  
~)  V a r i a n c e s  are  s t a n d a r d  dev ia t ions .  
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Fig. 6. Scanning electron microscope 
photograph of 0.3 x 0.4 mil PtSi contact 
formed from CVD Pt at 625~ showing 
separation of Pt film on insulator into 
islands. The picture was taken at 45 ~ 
tilt, 5000)(. 

quence of phosphorus segregation at the interfaces. 
The P t -P  system has a eutectic at 588~ As this tem- 
perature is approached the film breaks abrupt ly  into 
islands of metal  with bare insulator  in between. We 
suspect localized mel t ing occurs where  the Pt  contacts 
the insulator, allowing strong surface tension forces 
to contract the film. The phenomenon is shown in Fig. 
6, a 5000)< scanning electron micrograph of a 0.3 • 0.4 
mil  contact hole in the A1203/SIO2 double insulator. 
The smooth PtSi  contact is seen near the center of the 
picture; note also the adherence of the Pt  to the 
exposed edge of the A1203 layer. If the Pt-Si interdif-  
fusion is carried out at temperatures  below the P t -P  
eutectic the film on the insulator  remains  smooth and 
unbroken.  

The is landing phenomenon may impose l imitations 
on the use of CVD Pt in some mult i level  structures, 
since the better  insulators are usual ly deposited at 
~600~ It may be possible to find deposition condi- 
tions which will  reduce the phosphorus content, or 
a l ternat ively to remove most of the P from the surface 
chemically. Neither of these approaches has been tried 
as yet; doubtless it would be simpler to avoid tempera-  
tures over 550~ after the application of CVD Pt if 
the Pt, as such, is to remain  a pe rmanen t  part  of the 
structure. 

Conclusions 
In  solid-state device and integrated circuit tech- 

nology, p la t inum has impor tant  applications in contacts 
and in metalization systems. However, present dep- 
osition methods cause radiat ion damage to insulat ing 
layers which may be unacceptably severe for some 
unipolar  devices. Chemical vapor deposition of thin 
film Pt has consequently been studied. The two known 
methods were both found unsatisfactory. Pyrolysis of 
p la t inum acetylacetonate yields a film heavily con- 
taminated with carbon. Reduction of p la t inum di- 
carbonyl  dichloride yields a pure film, but  adherence is 
poor, the source life is short, and the reaction is difficult 
to control. 

A new method of Pt  deposition, pyrolysis of 
Pt(PF3)4, has been studied in detail. The process is 
simple and reliable, and produces adherent  bright  films 
of very small  crystals on a variety of substrates at 
200~176 in hydrogen. Adherence to deposited A1203 
and Si3N4 is par t icular ly  tenacious. The Pt contains 
small amounts  of residual phosphorus, most of which 
apparent ly  accumulates at the outside surface during 
deposition, or else is deposited last. Resistivity is nor- 
mal  for Pt  thin films. The film is under  tensile stress, 

but  less so than those from e-gun  evaporated or 
sputtered Pt. 

MOS structures with CVD Pt field plates have shown 
good stabili ty under  bias- temperature  aging, in  fact 
bet ter  than their Al-metal ized controls. CVD Pt on 
the usual  IGFET A1~O3/SiO2/(100) Si gives VFB ,~ 
+ 1.6V, and on SiO2 ~ +0.2V. The corresponding cal- 
culated threshold voltages are +0.8 and --0.8V, re- 
spectively. The stress-aging stabili ty is considered 
evidence that residual phosphorus in CVD Pt  does not 
permeate the dielectric, at least not in any electrically 
active form. 

CVD Pt films behave like sputtered Pt  in alloying 
readily with Si at 400~176 to form a smooth layer 
of PtSi. A low-resistance ohmic contact to Si is pro- 
duced in all cases where theory predicts such a contact. 

Finally,  there is an important  area of potential  use- 
fulness of the Pt(PF3)4 process which this report has 
not considered but  which will  be obvious to chemists. 
This is the p la t inum coating of part iculate solids, 
porous materials, screens, i r regular ly  shaped objects, 
plastics, etc., for corrosion resistance or catalytic 
activity. 
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An Optical Study of the Chemistry of Mn" During the 
Formation of Calcium Fluorophosphate Phosphors 

A. Wachtel* 
Westinghouse Lamp Division, Bloomfield, New Jersey 07003 

and F. M. Ryan* 
Westinghouse Research Laboratories, Pittsburgh, Pennsylvania 15235 

In  1967, Pa rod i  (1) repor ted  a s tudy which was con- 
cerned wi th  the  d is t r ibut ion  of Mn between different  
phases  which can form in the course of so l id-s ta te  
synthesis  of Ca-fluorophosphate.  One of the  impor tan t  
findings was tha t  one of the  phases, namely  CaO, has a 
very  high affinity for  Mn, so tha t  a large fract ion of the  
total  Mn is found in CaO dur ing ea r ly  stages of the 
reaction. Parodi  used e lec t ron-spin  resonance to iden-  
t i fy  the  Mn ac t iva ted  phases, and therefore  the  to ta l  
Mn concentra t ion had  to be kep t  ve ry  low, typ ica l ly  
about  1/100 of tha t  no rma l ly  employed  in commercia l  
ha lophosphate  phosphors.  

In  o rder  to avoid this  difficulty, we  used the excita-  
t ion spectra  to ident i fy  the phases. This enabled us to 
dope the  halophosphates  wi th  the  h igher  manganese  
concentra t ion  of 0.085 Mn/3P  such as is used in typica l  
cool-whi te  formulat ions.  The exci ta t ion spectra  of the 
d5 configuration of Mn 2+ consists of a combinat ion of 
sharp  l ines which involve t ransi t ions  between energy 
levels whose separat ions  are  independent  of c rys ta l  
field strength,  and broad  lines which  involve  t rans i -  
t ions be tween  energy  levels whose separa t ions  are 
s t rongly  dependent  on c rys ta l  field s trength.  In  add i -  
tion, the  spectra  are influenced by  the si te sym- 
m e t r y  in which the  Mn is located. These var ia t ions  
are sufficient to yield  exci ta t ion spec t ra  which  are  
unique for each of the compounds.  

In  addi t ion  to h igher  Mn concentrat ions,  we also in-  
cluded Sb or C1 or both in some of our prepara t ions ,  
since these compounds are  normal  const i tuents  of Ca 
ha lophosphate  phosphors.  Raw mixes  consisted of 
Ca2P2OT, CaCO3, and CaF2 wi th  the  Mn incorpora ted  in 
solid solut ion in one of these three  compounds for each 
sample.  C1 conta ining phosphors  were  p repared  wi th  
NI-I4C1 as usual, and Sb, where  used, was added as 
Sb203. In  order  to follow the format ion  of in te rmedia te  
phases, firings which  lead to equi l ib r ium condit ions 
(e.g., 1150~ for severa l  hours)  were  avoided in most  

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  words: halophosphate, m a n g a n e s e ,  p h a s e s ,  spectra, phosphors. 

cases. Thus, most  of the firing t imes were  shor ter  and 
firing t empera tu res  lower  than  are  commonly used in 
p repar ing  halophosphate  phosphors.  Under  these con- 
dit ions it was impor tan t  to avoid oxidat ion  of Sb which  
reaches  a m a x i m u m  in a i r  at 900~ (2),  as this  would  
p reven t  its incorporat ion into the  apa t i t e  phase. Al l  
firings were  therefore  conducted in a purif ied ni t rogen 
atmosphere.  In  view of the  l imi ted  firing conditions i t  
was also impor tan t  to avoid any possibi l i ty  of incom- 
ple te  mix ing  which  could al low some local  excesses in 
the rat io of to ta l  meta l  ions to phosphorous over  the  
s toichiometr ic  ra t io  of 5/3. Al though  Rabatin,  Gillooly, 
and Hunter  (3) have shown that  the luminescent  phase 
in halophosphate  phosphors  is s toichiometr ic  apat i te ,  i t  
is wel l  known  tha t  deviat ions f rom s toichiometry  in 
which  the meta l  to phosphorous ra t io  exceeds 5/3 are  
disastrous to luminescence efficiency, whi le  ra t ios  below 
5/3 have a much smal ler  effect (4). We, therefore,  de-  
l ibera te ly  employed formula t ions  calcula ted to yield 
the  s l ight ly  nonstoichiometr ic  meta l  to phosphorous 
rat io  of 4.95/3. The second phase of Ca2P20? which 
could form due to this  nons to ichiometry  was consid-  
e red  to be a smal l  effect compared  to the large  amounts  
of second phases present  due to the l imi ted  firing con- 
ditions. 

Results 
Table  I summar izes  the  twe lve  ma jo r  var iab les  in- 

vest igated,  and also presents  re la t ive  l ine heights  of 
the  ma jo r  reflections for apat i te ,  flCa2P207, and  
flCa3 (PO4)z (in the  order  shown) as  obta ined  by  x - r a y  
powder  diffract ion analyses.  I t  can be seen tha t  in 
most  cases, p repara t ions  in which  the Mn is added  in 
solid solution to Ca2P2OT showed somewhat  s t ronger  
apat i te  lines; however  these differences are not  ve ry  
great.  The only  apprec iab le  influence due to the  form 
of Mn addi t ion was noted in  the  254 nm exci ted  
luminescence of f luoroapati te  conta ining Sb bu t  no C1. 
In  no case were  we able  to detect  free CaO by x - r a y  
powder  diffraction analyses  where  present  in appreci-  
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Table I. Properties of phosphors fired at 900~ for 30 min. as a 
function of composition 

J. Electrochem. Soc.: S O L I D - S T A T E  S C I E N C E  A N D  T E C H N O L O G Y  

o 
l l  K Resolution 3A 

Source of Mn 

C1 Sb M e a s u r e m e n t s  (Ca,Mn).~P~O7 (Ca,Mn)COs (Ca,Mn)Fe 

X - r a y  d i f f rac t ion* 75, 8 ,  5 77, 9, 0 72, 7, 4 
-- -- Ex.  s p e c t r a - - a p a t i t e  Modera t e  Very  w e a k  Mode ra t e  

Ex. s p e c t r a - - C a O  Modera t e  S t r o n g  Modera te  
X - r a y  d i f f rac t ion* 93, 3, 0 83, 0, 0 83, 4, 0 

+ -- Ex.  s p e c t r a - - a p a t i t e  S t r o n g  S t r o n g  S t r o n g  
Ex. s p e c t r a - - C a O  A b s e n t  A b s e n t  A b s e n t  
X - r a y  d i f f rac t ion* 90, 0, 0 71, 8, 0 73, 6, 0 

-- + Ex.  s p e c t r a - - a p a t i t e  S t r o n g  S t r o n g  S t r o n g  
Ex. s p e c t r a - - C a O  A b s e n t  A b s e n t  A b s e n t  
254 x luminescence**  56.8 6.94 7.70 
X - r a y  d i f f rac t ion* 87, 0, 0 88, 0, 0 83, 0, 0 

+ + Ex.  s p e c t r a - - a p a t i t e  S t r o n g  S t r o n g  S t r o n g  
Ex. s p e c t r a - - C a O  A b s e n t  A b s e n t  A b s e n t  
254x  luminescence**  42.0 37.0 39.2 

* Numbers refer to line heights of strongest reflections for apa- 
rite. BCa2P2OT, and ~Ca3(POD~, respectively. 

** Numbers refer to per cent brightness compared to a typical 
standard cool-white halophosphate, excited at 254 rim. 

able quant i ty  (top row) .  It was, however,  easy to 
demonstrate  its presence by the high pH of an aqueous 
s lurry of the phosphor. 

F igure  1 shows the exci tat ion spectra of Mn act ivated 
phases which one might  encounter  during solid-state 
reactions leading to fluoroapatite. It was easy to 
identify those of Ca2P2OT, CaCO3, and CaF2 in our 
raw mixes, but we found no more evidence of these 
in the mixtures  after  firing at 900~ At least in the 
case of flCa2P207 that  may  be due to the s imilar i ty of 
its excitat ion spectrum with that  of apatite. To detect 
it, one relies on the sharp line at 4025A. We estimate 
that 5% of ~Ca2P207 would  be undetectable  in apatite, 
provided that  the distr ibution coefficients of Mn are 
the same in both compounds and that  equi l ibr ium 
conditions exist. Among the remainder,  only the exci ta-  
tion spectra of Mn in apatite and in CaO could be 
clearly identified in phosphors fired at 900~ or higher. 
This is shown in Fig. 2 where  we see the effect of the 
source of Mn and of firing temperature .  The top 
spectrum is that  of a phosphor obtained at 900~ from 
a raw mix which contained the Mn in solid solution 

I I i  I I I I 

77 K MI Ca C03: Mn +2 

0 

"9 ~ +2 ~ ~ F2: Mn 

07: Mn + 2 
:3 

~o ~ - - r - t  ~. . ----~t  ~ f ~ I J 

~, ~ ~ - Ca3(POl)2: Mn 
Z 

0 I 0 
3000 3500 4000 4500 5000 5500 6000 

Excitation Wavelength, A 

Fig. 1. Excitation spectra of Mn in raw materials and intermedi- 
ates formed during solid-state reaction leading to fluoroapatite. 
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Fig. 2. Excitation spectra of Mn in fluoroapatite phosphor cam- 
positions. Detector currents of the individual spectra have been 
normalized to make them appear of equal height. No correction 
has been applied for the wavelength-dependent response of the 
system as a function of source of Mn and firing temperature. The 
arrows indicate the presence of Mn in the apatite phase as evi- 
denced by the dominant sharp line in its excitation spectrum at 
4037,i~. 

in Ca2P207 (top left  in Table I) .  It consists of fair ly 
strong lines due to apatite, as wel l  as evidence of strong 
fluorescence due to CaO:Mn. On the other  hand, the 
fluorescence, if any, of the flCa2P207 and flCa3(PO4)2, 
shown to be present  by x-ray powder  diffraction 
analysis, could not  be identified over  the background. 
Phosphors der ived f rom a mix  containing the Mn in 
solid solution in CaF2 show essentially the same 
spectra. The remainder  of the figure shows the exci ta-  
t ion spectra of phosphors der ived f rom a mix  contain- 
ing the Mn in solid solution in CaCO3. Here  we  note 
that  at 900~ the spectrum consists almost ent i re ly  of 
that  of CaO: Mn. Only with  increasing firing tempera-  
ture does the exci tabi l i ty of Mn in apati te gain in 
strength, so that  af ter  firing at II00~ almost all of 
the CaO has disappeared. 

Figure  3 shows the excitat ion spectra of phosphors 
containing C1 and Sb after  firing at low temperatures .  
The spectra are restr icted to a region near  3500A be- 
cause the fine s tructure there  is suitable for showing 

t i t } I I I t 1_1 

.e.o,u,,oo . A 
Ca5 (P04)3 F 0 CL ]: nil  I V I 

�9 " 1 

SbsMn+2Mix /AVV - L •  

2900 3000 3100 3200 3300 3100 3500 3500 3700 3800 3900 

Excitation Wavelength, A 
Fig. 3. Excitation spectra of Mn in fluoro-chloroapatlte composi- 

tion containing Sb, as a function of firing temperature. 
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the formation of a well-defined matrix.  As one goes 
from 700 ~ to 900~ we note a very rapid rise in sig- 
nal  strength which is ent irely due to Mn activated apa- 
tite. Although these phosphors were also derived from 
a mix containing the Mn in solid solution in CaCO3, 
there was no evidence of CaO:Mn after firing at any 
temperature,  or in any other region of the excitation 
spectrum. 

Inasmuch as the presence of either Sb203 or NH4C1 in 
the raw mix seemed to inhibit  the formation of a 
separate CaO phase at low temperatures,  we investi-  
gated these phenomena fur ther  by means of additional 
preparations. The effect of Sb was studied on a fluoro- 
apatite containing 5.1 metal/3P, i.e., designed to form 
with a separate phase of CaO even after firing to equi-  
l ibr ium conditions. This was accomplished by firing at 
1200~ for 3 hr. Excitation spectra of a phosphor pre- 
pared without  Sb did, indeed, show luminescence of 
Mn in apatite and in CaO of approximately equal in-  
tensity. However, the same phosphor, also doped with 
Sb, showed only a strong excitabil i ty of Mn activated 
apatite with no trace of CaO: Mn luminescence evident. 
This was so in spite of the fact that  at this high me ta l /P  
ratio, there was none of the characteristic energy 
transfer from Sb to Mn, and indeed no Sb fluorescence 
could be observed. 

The mechanism whereby NH4C1 inhibited the forma- 
tion of CaO may be twofold and was tested by (i) 
preparing chloro-fluoroapatite with CaC12 instead of 
NH4C1, and (ii) preparing fluoroapatite with 10% of the 
F addition as NH4F instead of CaF2, both followed by 
firing at 900~ for 30 min. The previous observations 
were now reversed, i.e., the C1 containing phosphor 
showed free CaO, while the Cl-free phosphor contained 
no second phase of CaO. However, the amount  of CaO 
in the chloro-fluoroapatite was appreciably lower than 
that  observed in fluoroapatites prepared with CaF2 as 
the sole source of F (e.g., Table I and Fig. 2). 

Discussion 
The appearance of strong CaO:Mn luminescence in 

materials  consisting main ly  of apatite and containing 
less CaO than can be detected by x - r ay  powder dif- 
fraction analyses suggests that the apatite contained 
very little Mn, otherwise its signal would have 
swamped that  of the CaO: Mn luminescence. Therefore, 

the affinity of CaO for Mn is very high, and concentra-  
tion quenching is not pronounced. In  particular, the 
high affinity of CaO for Mn is demonstrated by the fact 
that much of the Mn diffused from its original location 
in solid solution in Ca2P207 or CaF2 into freshly formed 
CaO, while in the case where it was originally located 
in CaCO3, essentially all of it remained associated with 
the CaO which was formed by decomposition of the 
CaCO3. Release of Mn for incorporation into apatite 
occurs only with the disappearance of the CaO, either 
by completing the apat i te-forming reactions at higher 
temperatures,  or by other means, e.g., by reaction with 
excess ammonium halide to form the corresponding 
calcium halide. 

The fact that  phosphors prepared with 0.9 CaF2 
0.1 CaC12 contained less CaO than phosphors prepared 
with 1.0 CaF2 is probably due to fluxing by the rela-  
t ively low-mel t ing CaC12 or CaC12-CaF2 eutectics; the 
effect of excess ammonium halide (C1 or F) was con- 
siderably more pronounced. 

The mechanism by which Sb203 inhibi ts  the forma-  
tion of free CaO is almost certainly due to formation of 
Ca-ant imonites  or ant imonates  (5) not only because 
the effect is obtained also at equi l ibr ium conditions 
(prolonged h igh- tempera ture  firing), but  also because, 
at high me ta l /P  ratio, there is no Sb luminescence, i.e., 
the Sb does not seem to enter the apatite lattice. The 
fact that  at 5.1 meta l /3P one obtains the normal  excit- 
abil i ty of Mn in apatite also suggests that the general ly 
observed dependence of halophosphate phosphor lu-  
minescence on the me ta l /P  ratio is pr imari ly  governed 
by the efficiency of Sb luminescence. 

Manuscript  submit ted Oct. 10, 1972; revised manu-  
script received Dec. 20, 1972. 

Any discussion of this paper  will  appear in a Discus- 
sion Section to be published in the December 1973 
JOURNAL. 
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Emission Color of Y20 S:Eu Phosphor 
Harvey Forest 

Zenith Radio Corporation, Melrose Park, Illinois 60160 

Since the introduction of narrow-l ined,  red-emit t ing 
phosphors such as YVO4:Eu, Y203:Eu, and Y202S:Eu 
into the color-television indust ry  there has been a 
constant need for fast and accurate color measure- 
ments. Simple colorimetric techniques employing a 
combinat ion of three or four filters cannot be used for 
narrow-l ined emit t ing phosphors because the filters 
only approximate the gross features of the C.I.E. t r i -  
s t imulus curves and may  be in considerable error at 
part icular  wavelengths.  The need has become even 
greater with the increasing use of Y202S:Eu, since the 
emission color and brightness of this phosphor depends 
upon Eu concentrat ion and synthesis procedure to a 
greater degree than Y203: Eu or YVO4: Eu. Accordingly, 
samples of Y202S:Eu from various phosphor manu-  
facturers show significant variat ions in color which 
are impor tant  when  evaluat ing the brightness of a 
phosphor lot. 

The color coordinates of Y202S:Eu at different Eu 
concentrations under  cathode-ray excitat ion are 

Key words: phosphor,  color, spectrum. 

shown in Fig. 1, indicat ing the wel l -known shift of 
the emission color from yellow to red with increasing 
Eu concentration. The color shift has been at t r ibuted 
to the sequential  quenching of the 5D2, 5DI, and 5Do 
emit t ing states (1). The emission spectrum consists of 
many  narrow lines from all three emit t ing states re-  
sult ing in a composite color. The dominant  emissions 
from 5D2 fall in  the b lue-green  region, 5D1 in the 
green-yellow region, and 5Do in the yel low-red region 
so that as the 5D2 and 5D1 emissions are quenched with 
increasing Eu concentration, the emission color be- 
comes more red. At commercial Eu concentrat ions 
[~3.6 mole per cent (m/o ) ]  the 5]:)2 emissions are not 
impor tant  and the emission color of the phosphor is 
determined by the relative amounts  of 5D1 and ~Do 
emissions. 

In  this paper, it is shown that the color of Y202S: Eu 
phosphors can be rout inely  determined by measuring 
the 5Do/SD1 l ine intensi ty  ratio (LIR) from the emis- 
sion spectrum. Since 5D1 and 5Do emissions belonging 
to the 5D1 -> 7F3 and 5Do ~ 7Fo transi t ions occur be- 
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[Eu]% 
Fig. 1. Color coordinates (x,y) of Y202S:Eu under cathode-ray 

excitation for different Eu concentrations expressed in mole per 
cent. The open circles refer to the left ordinate (x) and the closed 
circles refer to the right ordinate (y). 
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tween 5800 and 5900A, it is necessary to scan only 
this nar row wavelength range to determine the emis- 
sion color of the phosphor. The emission spectrum can 
be obtained using shortwave ul traviolet  excitation 
which el iminates the need for special sample prepara-  
tion and vacuum techniques necessary for cathode-ray 
excitation. The entire measurement  can be done in 
less than  5 rain. 

Since the 5D0 ~ ~F0 transi t ion is unspl i t  by the crystal  
field, the emission occurs as a narrow singlet, but  the 
5D1 ~ 7F3 transi t ion can be resolved into several emis- 
sion lines. For all our measurements,  a 0.25M Jar re l l -  
Ash Monochromator with a 6A bandpass was used 
which is sufficient to resolve the 5DI --> 7F8 transi t ion 
into two emission lines, although more lines can be 
resolved by decreasing the bandpass. The wavelengths 
of the 5D0 --> 7F0 and 5D1 --> 7F3 emissions are shown in 
Table I. The line intensities are measured directly from 
the emission spectrum after a baseline is drawn. No cor- 
rections are made for spectral sensit ivity of the mono- 
chromator or phototube. Ratios are then determined 
from the l ine intensi ty  of the 5D0 ~ ~Fo emission line 
to either of the 5D1 --> 7F3 lines. So expressed the 5D0/ 
5D~ ratio would numerical ly  increase as the emission 
color of the phosphor becomes more red. 

A series of Y202S: Eu phosphors were prepared with 
varying Eu concentrat ion from 2.5-6.0 (m/o)  by the 
usual  Na2CO3 ~ S flux synthesis procedure which 
directly converts Y203:Eu into Y202S:Eu with greater 
than 99% yield (3). The 5D0/SD1 LIR were measured 
as described above and are plotted (open circles) in 
Fig. 2 vs. Eu concentrat ion in mole per cent. A smooth 
curve can be drawn through the points and reproduci-  
bil i ty of the ratio for different samples at the same 
Eu concentrat ion is ___3%. The curve in Fig. 2 formed a 
working calibration curve for all our synthesis and 
color monitor ing procedures. 

Table I 

Transition W a v e l e n g t h a  (A) 

5])o ~ '~o 5830 

~Dz ~ ~Fs 5865 
5885 

. M e a s u r e d  a t  6A bandpass. 

X 

696 

0 I I I 
2 3 4 5 6 

[Eu] m/o 
Fig. 2. 5Do~Fo /SD I~F3  line intensity ratio (LIR) vs. Eu con- 

centration expressed in mole per cent. The open circles refer to 
Y202S:Eu phosphors made and measured at Zenith and the crosses 
refer to phosphors made and measured at Sylvania. 

It  now becomes a simple mat ter  to determine quan- 
t i tat ively how close a part icular  sample of y t t r ium 
oxysulfide phosphor agrees with a s tandard color. The 
s tandard y t t r ium oxysulfide phosphor used by Rauland 
Tube Division has an LIR equal to 1.37 (3.63 m/o)  
while the phosphors manufac tured  domestically tend 
to fall in the range of 1.0-1.5. The more useful relat ion- 
ship between LIR and color coordinates (not shown) 
can be obtained by combining Fig. 1 and 2. 

The curve in Fig. 2 has also been used by us as an 
analytical  method for determining Eu in Y203 by con- 
vert ing an u n k n o w n  Y20~:Eu into Y202S:Eu and 
obtaining the mole per cent from the LIR. The re- 
producibil i ty of the synthesis is wi thin  3% so that the 
accuracy of the Eu determinat ion using Fig. 1 is about 
1.5% in the range of 2-6 m/o. It  is possible to extend 
the range to either higher or lower concentrations. At 
the lower concentrat ions the 5D1 emission lines can 
be used in some ratio combinat ion with 5D1 or 5D0. 
A complete investigation comparing this procedure 
with other analyt ical  methods for Eu is beyond this 
paper bu t  we have used it in preference to atomic 
absorption (4). 

A similar series of y t t r ium oxysulfide phosphors was 
synthesized at Sylvania  Electric Products. The LIR 
were measured using their  spectrometer and the nor-  
malized data (crosses) are plotted in  Fig. 2. The 
agreement  of their  data with our data is very good. 
The average discrepancy between the two sets of data 
points is about 2% which seems to be greatest at the 
higher concentrations. Both sets of data points are 
listed in Table II. It is a l i t t le surpris ing that  the 
proport ionali ty between the data is l inear  even though 
the synthesis procedure and  spectrometer used by 
each laboratory are not  identical. This means that the 
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Table II. 5Do/SD1 llne intensity ratios 

Zenith's S y l v a n i a ' s  S y l v a n i a ' s  
m / o  E u  d a t a  d a t a  n o r m a l i z e d  

2.70 0.82 1,00 0.79 
3.10 1.03 1.30 1.03 
3,49 1.26 1.60 1.27 
3.90 1.60 1.95 1.54 
4.30 2.04 2.60 2.06 
4.70 2.49 3.25 2.58 
5.08 3.02 3.95 3.13 

N o r m a l i z a t i o n  f a c t o r  = 1.26 ----, 0.26, 
5D1 ~ "/F8 emiss ion at 5865A. 

LIR method for de termining the color of Y202S:Eu 
phosphors can be used to define a point of reference 
between two phosphor laboratories or more impor- 
t an t ly  between a phosphor manufac turer  and a phos- 
phor u s e r .  
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Photoluminescence of Gel-Grown Pb(OH)I Single Crystals 
A. Schwartz and J. C. O'Connell 

U. S. Army Electronics Technology and Devices Laboratory (ECOM), Fort Monmouth, New Jersey 07703 

Crystall ine growth in gels containing a lead cation 
source and an iodine anion source will produce pre-  
dominant ly  lead hydroxy-iodide with some lead iodide 
for gel pH greater than 7.0. Dennis et al. (1) have re-  
ported the growth of lead hydroxy-iodide in alkal ine 
sodium metasilicate gels along with a few basic prop- 
erties of the material.  The purpose of this paper is 
to report some recent photoluminescent  measurements  
on this double salt. 

The method of growth which is essentially the same 
as in previous work has been modified somewhat re- 
sult ing in  increased crystal  size. Acidified sodium 
metasilicate gels were prepared at room temperature  
in  glass U- tubes  in  the pH range 6.0-7.3. The cation 
source was a 0.2-0.4M lead ni t ra te  or lead acetate 
solution. The anion source was a 0.1-0.3M potassium 
iodide. The reaction was allowed to proceed at room 
temperature  with crystal growth beginning in approxi-  
mately  2 weeks. 

The resul t ing crystals were rods up to 30 mm in 
length and 2 mm 2 cross section. Hexagonal lead iodide 
and its spherulitic polymorph were also present (Fig. 
1). The clari ty of the lead hydroxy-iodide crystals 
varied considerably with most having some occluded 
regions. A representat ive spectrographic analysis aver-  
aged over a number  of crystals shows that Si is in-  
corporated in  the crystal  from the gel (Fig. 2). I ron 
and other impurit ies are present in  lower concentra-  
tion. 

Lead hydroxy-iodide has been reported to be a 
p- type  semiconductor with an optical absorption edge 
at room tempera ture  of 430 nm as determined from 
absorption and photoconductivity measurements  (1). 
It  was felt that  investigation of the photoluminescence 
at l iquid ni t rogen temperature  would provide addi- 
t ional  informat ion on crystall ine growth and structure.  

Lead hydroxy-iodide single crystals were mounted 
in  an optical dewar and coated to l iquid ni t rogen tem-  
perature. Monochromators were used to provide u.v. 
excitat ion and to analyze the luminescent  emission. 
The resul t ing emission curves were corrected for 
source, monochromator,  and photomultipl ier  response. 

The lead hydroxy-iodide emission spectrum is a 
broad band  whose peak wavelength occurs at 560 nm 
(Fig. 3). Measurements were made for the E vector 
perpendicular  and parallel  to the c-axis of the crystal 

K e y  w o r d s :  l e a d  h y d r o x y - i o d i d e ,  p h o t o l u m i n e s c e n c e ,  g e l - g r o w t h ,  
single c rys t a l s .  

Fig. I. Lead hydroxy-iodide crystals in which lead iodide and its 
spherulitic polymorph were also present. 

with the curves differing by a factor of three. Excita- 
t ion for these curves was 350 nm. 

Excitat ion spectra are shown for three crystals in 
Fig. 4. A sharp absorption edge occurs at 355 nm in all 
crystals. Variations in response at shorter wavelengths 
are large most probably  due to surface influences. 



698 J. Electrochem. Soc.: S O L I D - S T A T E  SCIENCE AND T E C H N O L O G Y  May 19 73 

Element Wt. % 

Pb Major 
Si 0.07 
Fe 0.02 
B 0.01 
Mg 0.002 
Ag 0.001 
Ca 0.001 
Cu 0.0002 
AI 0.0002 
Sn 0.0001 

Fig. 2. Averaged spectrographic analysis of lead hydroxy-iodide 
showing that Si is incorporated in the crystal from the gel. 
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Fig. 3. Photoluminescent spectra of Pb(OH)I single crystals at 
77~ 

While moni tor ing  the peak emission of the lead 
hydroxy-iodide crystals the tempera ture  was increased 
to room temperature  (Fig. 5). Above 200~ the lu -  
minescence was thermal ly  quenched with an activation 
energy of 0.3 eV. 

Microscopic examinat ion of the crystals showed that  
emission is inhomogeneous and occurred near  and at 
occluded areas. 

In  summary,  dur ing the growth of lead hydroxy-  
iodide single crystals in gels, Si as well  as other im-  
puri t ies are incorporated in the crystal. The Si may be 
in  the form of silicon dioxide as in the case in  certain 
gel-grown calcite. Since emission occurs pr imar i ly  at 
or near  occluded areas rather  than t ransparent  ones, 
impur i ty  activation is highly probable although no 
identification can be made at this time. A series of 
ra re -ear th  doped lead hydroxy-iodide has been grown 
and photoluminescent  measurements  along with micro- 
probe data on impur i ty  dis t r ibut ion will  be pursued. 
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Method for Determining the Metallurgical Layer Thickness of 
Epitaxially Deposited Silicon from SiH  down to 0.5pm 

F. C. Eversteyn and G. J. P. M. van den Heuvel 

Philips Research Laboratories, Eindhoven, The Netherlands 

The thickness of epitaxially deposited silicon films 
can be determined wi th  different techniques. Widely 
used methods are bevel and stain and infrared interfer-  
ence on highly doped substrates. A survey of these 
techniques has been given by  Schumann  (1). Each 
technique results in a thickness peculiar to the method 
used. For epitaxial  silicon layers th inner  than about 
5 ~m especially there is a need for a simple technique 
with which the metal lurgical  layer thickness, defined 
as the deposited layer thickness, can be determined 
because: (i) accepted methods for thick layers 
(e.g., more than 5 ~m) become less accurate or cannot 
be used: (ii) investigation of the actual impur i ty  pro- 
file, as affected by various processing steps, finds a 
well-defined reference point in the metal lurgical  inter-  
face; and (iii) quant i ta t ive  knowledge result ing from 
(ii) gives a sound basis for the design of integrated 

circuits and discrete devices. 
In  this paper a method is described for determining 

the metal lurgical  layer thickness of silicon epitaxially 
deposited from Sill4. To use such a method as a 
s tandard technique, specially for th in  epitaxial layers 
(e.g., less than 5 ;~m), it is necessary that  the technique 
be (i) simple and rapid, (ii) accurate to the second 
decimal place, and (iii) applicable also for u l t ra th in  
epitaxial layers, e.g., 0.5 ~,m. 

I t  will  be shown that  the proposed method fulfills 
the above-ment ioned conditions. Essentially the meta l -  
lurgical layer thickness of epitaxially deposited silicon 
is derived from the thickness of the polycrystal l ine 
silicon layer  deposited on an Si3N4-coated check slice 
s imultaneously processed. 

The relat ion between the metal lurgical  layer thick- 
ness of epitaxially deposited silicon and the thickness 
of polycrystal l ine silicon s imultaneously deposited on 
Si3N4 has been F determined by using silicon sub- 
strates par t ia l ly  covered with about 1500A Si3N4. The 
depositions have been carried out from an H2-SiH4 
mixture  in  a horizontal, water-cooled, epitaxial  reactor, 
basically without  an  HCl-etching t rea tment  prior to 
epitaxial  growth, at a tempera ture  of 1020~176 
(pyrometer  reading).  The thickness of the polycrystal-  
l ine silicon layer deposited on Si3N4 as well as the 
thickness of the epitaxially deposited silicon have been 
determined with a Taylor-Hobson Talystep with a con- 
ical tip of radius 12.5 ~m. The polycrystal l ine silicon is 
par t ly  removed with an etch containing 1 par t  HF 
(49%) and 1 part  CrO3 solution (500 gram CrOs in 1000 
ml  water) ,  whereafter  the thickness of the polycrystal- 
l ine silicon layer  can be measured. Subsequent  removal  
of the Si3N4 with HF marks  the original substrate sur-  
face as a reference for the measurement  of the metal-  
lurgical film thickness of epitaxial ly deposited silicon. 
For the range of layer thicknesses between 0.1 and 10 
~m the results of these measurements  are given in Fig. 
1. It  turns  out that the relat ion between the metal lurgi-  
cal layer thickness of epitaxially deposited silicon 
(dmet.Si) and the thickness of polycrystal l ine silicon 
s imultaneously deposited on Si3N4 can be given by the 
relat ion 

dmet .Si  " -  dpoly-Si(T) - -  0 .10 ~m,  [1] 

in which dmet.si " -  metal lurgical  layer thickness of 
epitaxially deposited silicon and dpoly-Si(W) : thickness 
of polycrystal l ine silicon s imultaneously deposited on 
Si3N4 and measured with a Talystep. 

Key w o r d s :  th i ckness  de terminat ion ,  epitaxy, polycrystalline si l i -  
con,  Sill4, SiaN4. 

Equation [1] can be used to determine the metal- 
lurgical layer  thickness of epitaxially deposited silicon. 
However, for routine operation it is too cumbersome. 
That is why we have looked for an al ternat ive which 
would permit  a rapid determinat ion of the thickness of 
polycrystal l ine silicon on SigN4. For this purpose the 
thickness of the polycrystal l ine silicon on Si3N~ has 
also been determined by infrared mult iple interfer-  
ence. We have used a Hitachi EPI-G3 spectrophotom- 
eter (k = 400-4000 cm-1) .  The infrared interference 
spectra have been interpreted according to the method 
proposed by Severin (2) and shown in Fig. 2. The 
layer thickness [dpoly-Si(i.r.)] can be derived from the 
wave-number  difference between two extrema as in- 
dicated in Fig. 2(a) .  To minimize the experimental  
error in determining the positions of the maxima and 
min ima a more accurate method is given in Fig. 2(b) .  
Since the wave -number  difference between maxima 
and minima is constant, a straight line can be drawn 
through the extrema when the order of the inter-  
ference extrema is plotted vs. the wave number .  The 
slope of this line represents 2ndpoly-si(i.r.) with n the 
refractive index of silicon (~-3.42). In  Fig. 3 the i.r. 
thickness of polycrystal l ine silicon on Si3N4 [ dpoly-Si(i.r.) ] 
is plotted vs. the corresponding Talystep thickness 
[dpoly-Si(W)]. It appears from this figure that up to 10 
~m the thickness of polycrystal l ine silicon as measured 
with a Talystep is equal to the thickness as derived 
from mult iple  interference. 

dpoly-Si(i.r.) ~ dpoly-Si(T) [2] 

Combining Eq. [1] and [2] we obtain 

dmet.si ~ dpoly-Si(Lr.) - -  0.10 p m  

The corrective term of 0.10 pm, which has to be sub- 
stracted from the thickness of the polycrystall ine 
silicon film on SisN4 is due to the roughness of the poly- 
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Fig. 1. Metallurgical layer thickness of epitaxially deposited 
silicon vs. thickness of polycrystalline silicon simultaneously de- 
posited on Si3N4 as measured with a Taylor-Hobson Talystep. 
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Fig. 2. (a), Infrared reflection spectrum of a 3.19 /~m polycrystak 
line silicon layer; in this figure the way of determining the i.r. 
thickness is also indicated. (b), Wave number (k) vs. order of inter- 
ference extrema (N)  of the spectrum given in Fig. 2(a). 
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Fig. 3. Thickness of polycrystalline silicon on Si3N4 as measured 
with a Taylor-Hobson Talystep vs. thickness of polycrystalline sili- 
con on Si3N4 as calculated from infrared multiple interference 
according to the method described by Severin. 

crystall ine silicon surface. Electron micrographs re-  
vealed the crystallite8 to have dimensions between 0.5 
and 1.0 #m for the present  process conditions. Because 
the thickness determinat ion of the polycrystal l ine sili- 
con on Si3Nr has been verified with a Talystep with a 
conical radius of the tip of 12.5 ~m, the Talystep probe 
moves over the top of the grains of the polycrystal l ine 
silicon. In  Fig. 4 a rough approximation is made of the 
correction necessary to derive the metal lurgical  layer  
thickness from the thickness of the polycrystal l ine sili- 
con layer on Si3N4 in the case where the deposition 
rate is determined by mass t ransport  from the gas 
phase. Assuming the crystallites to protrude through 
the surface by  hemispheres, and assuming fur ther  that 
the bulk  densities of polycrystal l ine and monocrystal-  
l ine silicon are equal, we came to a correction value of 
0.1 and 0.2 ~m for crystall i te sizes between 0.5 and 1.0 
#m, respectively. The exper imental  value of 0.10 ~m 
corresponds reasonably well  to the calculated value 
taking the oversimplification into account. 

volume 

S i m u l t a n e o u s l y  d~. s i t ed  

epi tax ia l  silicon 
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Fig. 4. Simplified model of the influence of surface roughness on 
correction necessary to derive the metallurgical layer thickness 
from the thickness of simultaneously deposited polycrystalline 
silicon. 

It  has been verified that in  s~tu gas etching with 
hydrogen chloride does not affect the subsequent  film 
growth and consequently this method can be used re- 
gardless of whether  or not it has been applied. 
Also no difference has been found for (111)2-5 ~ off 
and (100)1-3 ~ off oriented substrates. 

An  SiO2 coated check slice might  be an obvious 
al ternat ive for Si3N4, but  the lat ter  is preferable for 
the following reasons: (i) SiO2 is less resistant  to an 
HCl-vapor  etch prior to epitaxial  growth than  Si3N4; 
and (ii) with SiO2 near  its edges a nonuni form dep- 
osition occurs, resul t ing in separately positioned crys- 
tallites, while with Si3N4 uni form deposition is ob- 
served all over the slice. 

The influence of the thickness of Si3N4 on the value of 
the i.r. thickness of polycrystal l ine silicon on Si3N4 
has been investigated. In  Table I measurements  are 
presented of polyerystal l ine silicon deposited on Si3N4 
of various thicknesses. It turns  out that  up to 3000A 
Si3N4, the i.r. thickness is equal to the Talystep thick- 
ness. 

The proposed method for determining the metal- 
lurgical layer thickness can be used down to thick- 
nesses of 0.5 ~m. Below 0.5 ~m no infrared interference 
fringes are obtained in the wave-number region of 
400-4000 cm-*. 

The experimental error in the i.r. thickness is deter- 
mined by the accuracy with which the positions of 
the extrema in the infrared-interference spectrum can 
be determined. This results in a final accuracy to 
within ___0.02 /~m for silicon layers thinner than about 
4 ~m and _0.5% for silicon layers thicker than 4 #m. 

Table I. I. R. thickness and Talystep thickness of 
polycrystalline silicon deposited on Si3N4 of various thicknesses 

Thickness  of I.R. th ick-  Talys tep  
SisN4 (A) ness (~m) th ickness  (~m) 

500 3.18 3.19 
500 3.22 3.23 

1,500 3.18 3.17 
1,500 3.27 3.25 
3,000 3.22 3.17 
3,000 3.26 3.25 
6,000 3.35 3.20 
6,000 3.30 3.28 
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Chemical Composition and Electrical Properties of Tin Oxide 
Films Prepared by Vapor Deposition 

J. A. Aboaf* and V. C. Marcotte 

IBM System Products Division, East Fishkill Facility, Hopewell Junction, New York 12533 

and N. J. Chou* 

IBM Thomas Watson Research Center, Yorktown Heights, New York  10598 

Tin oxide films have been widely used as conductive 
electrodes on glass substrates because of their  trans- 
parency in the visible region of the spectrum. They can 
be prepared either by reactive sputter ing (1, 2) or by 
hydrolysis of SnC14 in various ambients  (3-5). To at- 
ta in  high electrical conductivi ty the SnO2 films are 
usual ly doped with an t imony or b ismuth (1-3, 6,7).  
However, highly conductive films have also been ob- 
tained by hydrolysis without in tent ional  doping (4, 6). 
In  the lat ter  case, the increased conductivi ty was at- 
t r ibuted to the oxygen deficiency (or excess t in) in the 
SnO2 films (4). In  this brief note we report  the experi-  
menta l  evidence relat ing the changes in electrical con- 
ductivity and current -car r ie r  concentrat ion to the 
chemical composition of the polycrystal l ine SnO2 films 
prepared by vapor deposition from the reaction of 
SnC14 with water  vapor. Our x-ray and electron micro- 
probe analyses suggest that  the observed variat ion in 
these films can be at t r ibuted to a combination of the 
departure from stoichiometry and the incorporation 
of chlorine in the films. A more accurate investigative 
technique is, however, necessary in order to relate 
them quanti tat ively.  

The SnO2 films were vapor-deposited on oxidized Si 
substrates in a resistance-heated tube furnace (59 mm 
inside diameter)  from the reaction of SnC]4 with water  
vapor at various temperatures  and ambients. About  
200 cm3/min of N2 gas was used to t ransport  the SnC14 
vapor (high-puri ty  grade) into the furnace tube in 
which either a N2, H2, or 02 ambient  main ta ined  a flow 
of 5000 cm3/min. Water-vapor  saturated ni t rogen was 
fed into the furnace at a rate of 400 cm3/min through 
a nozzle situated at a distance of about 2 in. from the 
uniform hot zone. Such a r rangement  was essential in 
minimizing the reaction of SnC14 with H20 prior to 
reaching the hot zone. The films obtained were clear 
and vi r tual ly  insoluble in acids and bases. 

The SnO2 films deposited between 380 ~ and 600~ 
were polycrystalline. Low-angle  x - r ay  diffraction and 
reflection electron diffraction studies of the films in- 
dicated the presence of a second phase, most l ikely 
SnO, in the surface layer  of the films. The thickness of 
this layer containing what  was thought to be SnO ap- 
peared to decrease with increased tempera ture  of dep- 
osition. The grain size of the films also increased with 
the deposition temperature.  For 380~ the grain size 
was less than  1000A (see Table I) .  

The electron microprobe analysis has detected chlo- 
r ine in  the film deposits. Quant i ta t ive informat ion re- 
garding the composition of the films was obtained by 
using pure t in and fused quartz specimens as the s tan-  

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
Key  w o r d s :  SnO2, v a p o r - d e p o s i t e d  f i lms,  re s i s t i v i t y  and  Hal l  ef fect  

m e a s u r e m e n t s .  

dards for the analysis. The composition of the film 
samples was calculated from the raw intensit ies using 
Colby's MAGIC Program (8). A comparison was also 
made with a pure single crystal of SnO2. I The results 
are presented in Table II. All  samples including the 
single crystal appeared to be oxygen deficient. The 
oxygen content  in the films was found to decrease 
with an increase in deposition temperature,  regardless 
of the deposition ambient.  However, the chlorine con- 
centrat ion was much lower for the films deposited in a 
hydrogen atmosphere. The reduct ion in C1 concentra- 
t ion is probably due to the effect of hydrogen in  pre- 
vent ing the formation of intermediates containing 
chlorine, which cause subsequent  doping of the films. 

The resistivity and Hall effect measurements  were 
made at 24 ~ and --196~ respectively, on films 
(_~2000A thick) deposited in various ambients.  The 
results for those deposited in  a ni t rgoen ambient  are 

1 Cour t e sy  of  P ro fesso r  D. A. W r i g h t ,  U n i v e r s i t y  of D u r h a m ,  De-  
p a r t m e n t  of A p p l i e d  Phys i c s  and  Elec t ronics ,  S o u t h  Road,  D u r h a m  
City ,  E n g l a n d .  

Table h Crystalline structure of Sn02 films deposited in N2 at 
various temperatures 

D e p o s i t i o n  Low ang le  x - r a y  Ref lec t ion  e lec t ron  
t e m p e r a t u r e  (~ d i f f r ac t ion  (bulk)  d i f f r ac t ion  (surface) 

380 SnO2 + 1 e x t r a  l ine* SnO2 + 3 e x t r a  l ines* 
450 SnO2 SnO2 + 3 e x t r a  l ines  
525 SnO2 SnO2 + 3 ex t r a  l ines  
600 SnO2 SnO2 + 3 e x t r a  l ines  

* E x t r a  l ines  m a t c h  bes t  w i t h  SnO. 

Table II. Electron microprobe analysis of Sn02 films deposited at 
various temperatures in N2, 02, and H2 ambients 

D e p o s i t i o n  a m b i e n t  
Compos i t i on*  

N2 02 H2 

% % % % % % % % % 
S n  O3 CI2 Sn  02 Cl2 Sn  02 CI~ 

D e p o s i t i o n  
t e m p e r -  

a tu re  (~ 

380 77.4 19.1 1.2 
450 77.4 18.6 1.1 76.7 18.1 1.2 76.9 
525 77.1 18.0 0.8 76.5 16.9 0.8 
600 76.6 16.5 ** 

% S n  % O % C1 
S i n g l e  c rys t a l  79 19.4 - -  
SnO2 t h e o r e t i c a l  78.8 21.2 - -  
P r e c i s i o n  l i m i t  •  ~0 .9  •  

18.5 0.3 

* In  w e i g h t  p e r  cent.  
** Be low d e t e c t a b i l i t y  l imi t .  
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Table i11. Electrical properties of tin oxide films deposited in a 
nitrogen ambient at various temperatures 

D e p o -  M e a s u r e -  
s i t i on  m e n t  

t e m p e r -  t e m p e r -  R e s i s -  M o b i l i t y ,  
a t u r e ,  a t u r e ,  t i v i t y ,  Coef f ic ien t  cm ~ C a r r i e r s ,  

~ ~  o h m - c m  H a l l  V-1 sec-1 cm-3 

380  R T  1.1 I 0  -~ - -6 .2  10 --~ 6.1 1 • I0  :~ 
77 1.2 I0-~ - -6 .6  10 -2 5.4 

450 R T  7.0 10 ~ --6,8 10--" 9.6 9.1 • 101D 
77 7.7 10-~ --6.8 lO-e 8.8 

525 R T  2,3 10 -3 - -2 .21  10 -2 9.5 2.8 • l 0  rd 
77 2.4 10 "~ - -2 .2  10-3 9.3 

600 R T  1.9 10 -3 - -4 .01  10-~ 2 .78 1.55 
77 2.7 10-~ --5.3 10-3 1.95 1.2 • I0  ~ 

shown in Table  III. Al l  films were  found to be of 
n - type ,  the  ca r r i e r  concentra t ion being ~102~ elec- 
t r ons / cm 3. The e lect r ica l  conduct iv i ty  and ca r r i e r  con- 
cent ra t ion  measured  at  room t empera tu re  were  essen- 
t ia l ly  the  same as measured  at  the l iquid ni t rogen 
tempera ture ,  imply ing  an almost  comple te  ionization of 
impur i t y  centers  at  --196~ This is in agreement  wi th  
Kuznetsov 's  resul ts  (4), which showed tha t  the im-  
pur i ty  level  was  ~0.02 eV below the conduction band 
edge of SnO2. The conduct ivi ty  of the  films deposi ted 
in ni t rogen is w e a k l y  dependent  on the deposi t ion tem- 
pera ture ;  the  films deposi ted at  525~ are  more  con- 
ductive.  A reduct ion  in conduct ivi ty  and car r ie r  con- 
cen t ra t ion  was observed for the film deposi ted under  
comparab le  condit ions in a reducing or  oxidizing am-  
bient.  

A ni t rogen-deposi ted  SnO2 film annealed  in oxygen 
at 960~ for lY~ hr  showed not only  a decrease  in oxy-  
gen content  (18-16.9%), bu t  also a reduct ion  of chlo-  
r ine  concentra t ion f rom 1.1 to 0.5%. The conduct ivi ty  
and ca r r i e r  concentra t ion of the film decreased in the  
process by  an order  of magni tude,  i t  thus appears  tha t  
the  change  in conduct ivi ty  and ca r r i e r  concentra t ion 
cannot  be a t t r ibu ted  to the  depar tu re  from stoichi-  
ome t ry  alone. Our  x - r a y  da ta  have shown tha t  chlor ine  
was incorpora ted  in the  SnO2 la t t ice  e i ther  inters t i -  
t i a l ly  or  subst i tu t ional ly ,  since no chlor ine-conta in ing  
phases were  detected.  Subs t i tu t ional  or in ters t i t ia l  in- 
corporat ion of chlor ine  should give rise to donor levels, 
thus increasing the conduc t iv i ty  and  car r ie r  concentra-  
t ion in n - t y p e  SnO2 films. This is consistent  wi th  our 
observat ion  tha t  the  conduct ivi ty  and car r ie r  concen- 
t ra t ion  of a n i t rogen-depos i ted  film which  contains 1.1 
weight  pe r  cent  (w/o)  C1 is an order  of magni tude  
higher  than  the film which was deposi ted at  the  same 
t empe ra tu r e  in hydrogen  bu t  contains only 0.3 (w/o)  
C1. 

SnO2 has a ru t i l e  s t ructure ;  i ts uni t  cell  contains  four  
oxygen and two t in atoms, and has a volume of 71.6A 3 

(9).  One atomic per  cent ( a /o )  of subst i t ional  chlo- 
r ine  (or s ingly  ionized in ters t i t ia l )  would  give rise to 
a ca r r i e r  concentrat ion of ~8  • 1020 e lec t rons /cm 3. 
Our  Hal l  effect da ta  thus  suggest  tha t  pa r t  of the  chlo-  
r ine incorpora ted  is e lec t r ica l ly  inactive.  Fo r  example ,  
a l though the film deposi ted in n i t rogen at  380~ con- 
tains 1.7 a /o  C1, it  has a car r ie r  concentrat ion of only 
1 • 1020 e lec t rons /cm 3 (Table  I I I ) .  I t  is p robab le  tha t  
the  oxygen vacancies in te rac t  wi th  chlor ine  to render  
the  la t te r  inactive.  Fo r  the  n i t rogen-depos i ted  films, 
the  chlorine concent ra t ion  decreases whereas  the  oxy-  
gen deficiency increases wi th  the  deposi t ion t empera -  
ture. The v i r tua l ly  constant  ca r r i e r  concentrat ion over  
the same range  of deposi t ion t empera tu re s  lends  fur-  
the r  support  to the content ion that  both the  oxygen 
deficiency and the chlor ine incorpora t ion  contr ibute  to 
the car r ie r  concentra t ion in these films. Since the film 
deposi ts  are  polycrysta l t ine ,  the  g ra in  bounda ry  effect, 
coupled wi th  the  presence of SnO in the  surface layer,  
makes  it difficult to predic t  the  behavior  of electr ical  
conduct ivi ty,  even in qua l i ta t ive  terms.  I t  is evident  
tha t  a quant i ta t ive  in te rp re ta t ion  of the re la t ionship  
be tween the chemical  composit ion and the t ranspor t  
proper t ies  of the SnO2 films would requi re  analyt ica l  
techniques of much grea ter  accuracy than  those we 
have used in this  invest igat ion.  
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ABSTRACT 

Measurements  a re  r epor ted  of the the rmal  power  wi th  revers ib le  s i lver  
e lectrodes of polycrys ta l l ine  samples  of Ag4MI5 (M = K and Rb) and of 
mol ten  mix tures  of the same composit ion (M also ---- Cs).  The Wagner -P i t ze r  
approx imat ion  for the en t ropy  of a single ion is ex tended  to mol ten  mix tures  
and to nonb inary  solid compounds and is used to calculate  the heterogeneous 
cont r ibut ion  to the the rmal  power  of Ag4RbIs. Then the heat  of t r anspor t  of 
Ag  + in Ag4RbI5 solid m a y  be ca lcula ted  and is found to be 2.1 kcal  mole  -1. 

The t e r m  ~.r tiQi for  mol ten  Ag4RbI5 is found to be 3.2 kca l  mole  -1. This 
i Zi 

same te rm is es t imated f rom the  var ia t ion  of the homogeneous the rmal  power  
wi th  t empera tu re  to be 2.5 • 0.4 for the  rub id ium mixture ,  2.7 • 0.4 for the 
potass ium mixture ,  and 3.7 ___ 0.6 for the cesium mixture .  The self -consis tency 
of the  resul ts  and  the agreement  be tween the heat  of t r anspor t  in solid Ag4RbI5 
and the act ivat ion energy for  diffusion (of A g  +) suppor t  the  use of the  ex- 
tended form of the  Pi tzer  equation. 

The h igh-conduc t iv i ty  solid e lect rolytes  Ag4MI5 
(M : K, Rb, and NH4) were  discovered independent ly  
by  Brad ley  and Greene  (1, 2) and by  Owens and Argue  
(3). The crys ta l  s t ruc ture  of the  rub id ium salt  (4) 
shows that  the  s i lver  lat t ice is h igh ly  disordered,  there  
being 56 sites per  uni t  cell  for 16 s i lver  ions. Measure-  
ments  have  been repor ted  of the e lectr ical  conduc- 
t iv i ty  (3, 5, 6) and s i lver  ion diffusion (7) in Ag4RbI5 
and act ivat ion energies for these processes have  been 
determined.  Johnston,  Wiedersich,  and L indbe rg  (8) 
have inves t iga ted  the specific heat  of this compound 
from 5 ~ to 350~ and repor ted  values  of the s tandard  
entropy,  en t ropy  of s i lver  d isorder  at  300~ and the 
d isorder  contr ibut ion to the  specific heat. We have  re -  
cent ly  de te rmined  the  en tha lpy  contents  of the  sys-  
tems Ag4MI5 [M : K, Rb, Cs, NH4, and (CHz)4N] as 
a function of t empe ra tu r e  (9) and repor ted  the  heats  
of incongruent  mel t ing  of the  compounds (M : K, 
Rb, and NH4). 

Except  for the recent  publ ica t ion  of Chandra  et al. 
(10) there  have  been no previous  invest igat ions of the  
the rmal  power  of these systems. The majo r  p roblem in 
the analysis  of the rmal  power  is in assigning a va lue  
to the  pa r t i a l  molar  en t ropy  of the  ion to which the  
electrode is reversible .  Single- ion entropies  are  not 
independent  the rmodynamic  proper t ies  and thus can- 
not  be de te rmined  b y  exper iment .  The only express ion 
avai lab le  for the  calculat ion of a s ingle- ion en t ropy  
is the  approx imat ion  of Wagner  (11), ex tended  by  
Pi tzer  (12), and this applies only  to s imple b ina ry  
compounds.  We have ex tended  i t  to nonb ina ry  solid 
compounds and mol ten  mixtures ,  and fu r the r  modified 
i t  to a l low for the  d i sorder  of the  s i lver  sublatt ice.  

* Elect rochemical  Society AcUve Member.  
I P resen t  address :  Depa r tmen t  of Chemis t ry ,  Un ive r s i ty  of He, 

Ire-Ire,  Niger ia .  
2P re sen t  address :  Unive r s i ty  of Saska tchewan ,  Saskatoon,  Sas- 

ka tchewan ,  Canada.  
K e y  words ;  en t ropy  of t ransport ,  heat  of transport, solid e lectro-  

lyre, thermal  power.  

Using the avai lab le  the rmodynamic  da ta  one is then 
able to calcula te  the  heterogeneous contr ibut ion to the 
the rmal  power  of Ag4RbIs. The measurement  of the  
the rmal  power  thus  al lows one to calculate  the heat  of 
t r anspor t  of Ag + in the solid and this  m a y  be com- 
pared  wi th  the act ivat ion energies  for diffusion and 
conductance. 

We have measured  the the rmal  power  of Ag4RbI5 
and Ag4KI5 in the  solid and l iquid states and also tha t  
of the  mol ten  mix tu re  Ag4CsI~. 

Theory 
The the rmal  power,  0 (dE/dT of the  thermocel l )  of 

a sys tem with  electrodes revers ib le  to an ion j + is 
given b y  (13) 

0 "-- 0horn ~- 0het [1] 

where  0het, the  heterogeneous  contr ibut ion,  is given, 
for a revers ib le  me ta l  e lect rode wi th  react ion J ~ J+  
-t- e, by  

F0het  - -  S j  - -  S j +  - -  Se ( j )  [ 2 ]  

and ~om, the  homogeneous term, is 

FOhom - -  
t~Q* i 

l ziT [3] 

In these expressions Sj, Sj+, and  Se(j) are the  pa r t i a l  
molar  entropies  of pu re  j, the  ion j +, and the  electron 
in the  meta l  j, respect ively;  ti, zi, and Q*i are  the  t rans-  
por t  number,  the  charge,  and the heat  of t ransport ,  
respect ively,  of species i, and  F is the Faraday .  In  the  
expression for 8horn, the  values  of ti and Q*i are  de- 
penden t  on the f rame of reference  chosen for the ion 
fluxes (14, 15). In  the  present  w o r k  the crys ta l  la t t ice 
is chosen as the  reference  for the  solid compounds,  and 
the iodine ions as the  reference  f rame in the  mel t  [the 
Hi t tor f  f rame (16) ]. 
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It  has been shown that  Se--(j) is essent ia l ly  zero (17) 
and Q*e m a y  be neglected too; thus, as pointed out 
above, the ma jo r  p rob lem in the in te rp re ta t ion  of t h e r -  
mal  power  da ta  is the  de te rmina t ion  of Sj+. The  Wag-  
ne r  ( l l ) - P i t z e r  (12) approx ima t ion  assumes tha t  shor t  
range  in teract ions  do not  cont r ibu te  signif icantly to the  
mola r  en t ropy  of the  system, or, if t hey  do, that  they  
are  ident ical  for  each species present .  In  this  case the  
configurat ion contr ibut ion  to the  mola r  en t ropy  is 
equa l ly  divis ible  among the species. Thus, if classical  
s ta t is t ical  mechanics  is applicable,  Pi tzer  showed the 
en t ropy  of an ion in a s imple  b ina ry  salt  to be 

M x -  

where  SMx is the  molar  en t ropy  of the  sal t  and MM+ 
and M x -  are  the  molecu la r  weights  of the  posit ive and 
negat ive  species, respect ively.  

We may  easi ly  ex tend  Pi tzer ' s  express ion to the  ease 
of a mol ten  mixture .  Consider  a sys tem of 2N homo-  
va lent  ions, Ni of species i. I f  xi, the  ion fract ion of i, is 
defined as N~/N, then  the  canonical  ensemble  par t i t ion  
funct ion is given by  

Q[2N] : H (qi)N-------L' z(i~) [5] 
l Ni! 

where  qi = (2~mjkT/h3)3/~ and Z (R)  is the configura- 
t ion integral .  

The pa r t i a l  molar  en t ropy  of a species j is given by  

S-~j:Nk 0 0 TIn(Q[2N]) [63 
aNj aT 

Thus the nonconfigurat ional  cont r ibu t ion  m a y  be found 
d i rec t ly  to be  

We can thus  de te rmine  the  configurat ional  con t r ibu-  
t ion f rom the  measu red  en t ropy  for  the  sys tems Sines. 
The express ion is 

S~es xi 
R 3/2 ] S ( Z ) - -  2 ~ - ~ -  [ l n (  qi - -  + E81 

Dividing this  equa l ly  among the species one obtains,  

not ing tha t  ~ xi---- ~ -  1 
i 2 

- -  ( 1-[ miz"2 ~ Sj -- 1/2 Sines - -  3/2 R In \ 

--aT- q- 

+Rln(]-[ x~'/'~ [9] 

The las t  t e rm in this  equat ion ar ises  f rom the  en- 
t ropies  of mix ing  of the  species. In  t he  perfect  c rys ta l  
this  t e rm  is zero (correspondingly  the  t e rm N! is not  
present  in the  par t i t ion  funct ion of a solid) and  one 
obtains 

S j  " - -  - -  - -  3/2 R In - -  [10] 
?t mj 

where  Ss is the  mo la r  en t ropy  of the  compound,  and  r~ 
is the  number  of ions pe r  formula  unit,  n~ of species i. 

In  the  case of solids in which one subla t t ice  is h igh ly  
d isordered  this express ion does not  app ly  direct ly .  Be- 
fore one can  evalua te  S(z) f rom the measured  molar  
entropy,  one must  subt rac t  the pa r t  of the  to ta l  en-  
t ropy  due to d isorder  of the  subla t t ice  and assign i t  
separa te ly  to the d isordered  species. If  this  is done 
the  final expression is, if j + is the  d isordered  species 

S]+ Ss -- Sdis ~" -- __ 3/2 R In [11] 

Exper imenta l  
Al l  the  chemicals  used were  suppl ied  by  Bri t ish  

Drug Houses ( reagent  g rade) .  Mixtures  of the  correct  
s toichiometry were  made  and fi l tered th rough  a sin- 
t e red  glass f l i t  to remove any  si lver  meta l  formed by  
photo decomposi t ion of the  s i lver  iodide. The resu l tan t  
solid was powdered,  and  s tored in the  d a r k  before  use. 

The  appara tus  used for the  measurements  is shown 
in Fig. 1. I t  consisted of a P y r e x  "H" tube (about  13 
cm high, 10 cm wide) ,  wi th  f l i t t ed  disks A, at the  en- 
t rance  to each a rm to p reven t  the rmal  diffusion in the 
melts,  and  a centra l  tube B. The electrodes,  C, con- 
sisted of s i lver  wi re  sealed inside an a lumina  tube so 
tha t  only  a smal l  bead  of silver,  a t  t he  end of the  tube, 
had  contact  wi th  t he  melt .  The P t / P t ,  13% Rh thermo-  
couples were  mounted  in P y r e x  wel l s  D so tha t  the  
junc t ion  was level  w i th  the  point  of the  electrode.  The  
cell  was wrapped  in a luminum foil, the  sensing ele-  
ments  of the  t empe ra tu r e  contro l lers  put  against  each 
arm, and the whole  wrapped  in more  foil. This served 
the dual  purpose  of reducing t empe ra tu r e  gradients  
wi th in  each arm, and, when  the foil was grounded,  of 
isolat ing the  e lect rodes  f rom the  hea t ing  elements.  
These were  lengths  of hea t ing  tape  wound  separa te ly  
a round  each a rm of the  cell. The cur ren t  th rough  each 
was contro l led  b y  a separa te  t empera tu re  contro l ler  
(Co le -Pa lmer  Propor t iona l  1300 ser ies) .  The whole 
was mounted  in a mass of vermicu l i t e  for insulation. 

The cell  was filled by  hea t ing  both arms above the  
mel t ing  point  of the  mixture ,  filling them wi th  the  
powdered  solid, and then  sucking the  mel t  th rough  the 
fr i ts  by  app ly ing  a vacuum to the  tube B. 

The the rmal  power  at  a t empe ra tu r e  tm was deter-  
mined  by  measur ing  the t he rma l  emf at  five different  
t empe ra tu r e  grad ien ts  (be tween  0 and 17~ wi th  
the mean t empera tu re  wi th in  _0.4~ of tin. These 
points  fel l  in a good s t ra ight  line, and the grad ien t  was 
de te rmined  by  l inear  least  squares.  

Fo r  convenience, wi th in  each set of five points,  the  
t empera tu re  g rad ien t  was in the  same direct ion across 
the  c e l l  I t  was genera l  practice,  however ,  to reverse  
the  di rect ion before  commencing the  nex t  set. In ter -  
eepts  on the aT axis  were  genera l ly  less than  a mi l l i -  
volt, and expl icable  in t e rms  of the rmal  diffusion 
wi th in  the electrode compar tment .  

Potent ia ls  were  measured  wi th  a Gui ld l ine  poten-  
t iometer  (Model 9174) using a preampl i f ie r  (9460 A)  
and  a ga lvanomete r  (9461 D) as a nul l  detector.  

In  any run  measurements  were  made  first on the  
melts,  tm being cycled be tween  10~ above the  mel t ing  

~ c \ c 

I 

D 

Fig. 1. Cell for measuring thermal power of melts. A, fine poros- 
ity sintered glass flits; B, central tube to aid filling; C, silver elec- 
trodes fused into alumina tubes; D, Pt/Pt, 13% Rh for therma- 
couples in glass wells. 
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point  and 500~ Then, for  the potassium and rub id ium 
salts the apparatus was cooled below the eutectic 
temperature  for the system and annealed overnight. 
Measurements of the thermal  power of these polycrys- 
ta l l ine samples were made in the same way as the 
melts. For each substance studied three runs  were 
performed, each with different batches of mixtures.  
Attempts  were made to obtain the thermal  power of 
single crystals and compressed pellets of Ag4RbIs. 
However, no satisfactory silver electrode could be 
found. Using massive silver the contact resistance was 
too high and the results irreproducible. Using silver 
paint, the silver quickly diffused into the sample and 
the results were highly erratic. At tempts  were also 
made to measure the thermal  power of the ammonium 
salt but  it was found impossible to fill the cell without  
decomposition. 

~o 

Fig. 3. Thermal power vs. tem- 
perature for Ag4K|~. 

Results and  Discussion 
The exper imental  results obtained are shown in Fig. 

2 through 4. Plotted there are the values of the thermal  
power against tempera ture  in degrees centigrade. The 
error bars are the probable errors in  the slopes of the 
exper imental  points at each tm as calculated by least 
squares analysis. The scatter in  the data for the melt  
is probably explained by gradual  the rmal  diffusion 
wi th in  each arm of the cell, and, possibly, through the 
flits. The scatter in the solids is almost certainly due 
to strain potentials existing in  the polycrystal l ine mass. 

The results for the rub id ium salt were analyzed 
using the equations developed above in  conjunct ion 
with the data of Johnston, Wiedersich, and  Lindberg  
(8), and of the authors (9). A list of the data used is 
given in  Table I. #het was calculated at each tin and 
subtracted from the measured  thermal  power. The re- 
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sul tant  0hem was fitted against 103/T by least squares. 
For solid Ag4KI5 detailed analysis was not possible as 
the disorder contr ibut ion to the heat capacity is not 
known; however, if it is assumed to be in the same 
order as that  of Ag4RbI5 then, as in  the case of the 
rubid ium salt, the major  part  of the temperature  de- 
pendence of e may be a t t r ibuted to the heterogeneous 
term. In  fact the slopes of the plots shown in Fig. 2 and 
3 are in the order of 0.5 • 10 -4 mV K-a .  The slope 
calculated for 6het is 0.53 • 10 -4 m K -2. 

For the/potassium and cesium melts the s tandard en-  
tropy is not known; however, it is possible to calculate 
a modified heterogeneous thermal  power 8 * h e t ( T )  de- 
fined as 

0 * h e t ( T )  = 8 b e t ( T )  - -  6 h e t ( T  ~  [12] 

directly from the specific heats, where T ~ is any refer- 
ence temperature  (convenient ly  the mel t ing point of 
the mixture) .  If 6*het iS subtracted from the measured 
value and the result  fitted against lOS/T, then the 
slopes of such plots will  be tag -~- Q*Ag+ -~- tM+Q*M+, 
providing the t ransport  numbers  are not significantly 
temperature  dependent.  

The results of the least squares plots are shown in 
Table II. In  Table III are listed the values of the heats 
of t ransport  obtained from the slopes, and, for Ag4RbIs, 
by direct calculation from the magni tude  of Chore. It is 
seen that for Ag4RbI5 the values calculated directly 
from the values of 0horn are in the same order as those 
values predicted from the slope. This is par t icular ly 
grat ifying in the case of the solid in which the bu lk  of 
the temperature  dependence of the measured thermal  
power arises from the heterogeneous term. The agree- 
ment  between direct calculation and the values from 

Table h Data used in the calculations of thermal powers 

Value Refer-  
Quant i ty  (Cal K -1 mole-D ence  

Standard  entropy of Ag4RbIs 147.07 8 
Entropy due to lattice disorder in Ag4RbI5 10.81 8 
Disorder contribution to the heat  capacity 

of Ag~RbI5 22 8 
Heat  capacities of: 

Ag4RbI5 solid 73.4 9 
liquid 77.0 0 

A g ~ l ~  solid "/1.4 9 
liquid "/9.1 9 

Ag~CsI5 liquid 80.9 9 
Standard ent ropy of silver meta l  10.2 19 
Specific heat of si lver meta l  at 298~ 0.056 19 

the slopes in the melt  indicates that the t ransport  
numbers  are not significantly temperature  dependent  
in the region studied, and allows one to place some 
confidence in the values predicted for the potassium 
and cesium mixtures.  

The fact that the intercepts of the least squares plots 
for the rub id ium system are close to zero (part icular ly 
in the case of the melt)  serves to indicate that  the cal- 
culated values of 6het are reasonably accurate. 

The calculated value for QAg+ in Ag4RbI5 (2.1 kcal 
mole -1) is in excellent agreement with the activation 
energy for silver ion diffusion measured by Bentle 
(1.994). This agreement is predicted by the earlier 
theory of the heat of t ransport  (18, 20). More elaborate 
theories (21) indicate that the major  term in the heat 
of t ransport  is the activation energy for diffusion, but  
that this is modified by complicated terms involving 
the nonisothermal  friction constants. The agreement  
with Bentle 's value would suggest that  these correc- 
tions are small for Ag + in Ag4RbIs. The values for the 
molten systems are in the same order as Q*Ag+ calcu- 
lated from Kvist 's  (22) data for molten AgI (3.0 kcal 
m o l e - i ) .  The differences between the values might  be 
understood if it is assumed that  the heat of t ransport  
increases with increasing ionic radius (i.e., the "activa- 
t ion energy" for diffusion increases) whereas the 
t ransport  number,  and hence its contr ibut ion to 
t M + Q * M +  -[- t A g + Q * A g +  decreases. 

Table Ih Least squares fits of 8horn (6*horn) against I03/T 

--0hom(rnV) = a + b 108/T 

Substance Phase a Er ror  b Error 

Ag~RbI5 Solid 0.095 ___0.07 0.052 +0.026 
Melt 0.045 4-0.030 0.110 ----.0.018 

Ag4KI5 (6*ham) Melt 0.808 -----0.028 0.118 ~0.018 
Ag4CsI5 (0*ham) Melt 0.874 __.0.037 0.162 ----.0.025 

Table Ill. Values of the heat of transport terms 

Substance Phase T e r m  Method Value 

Ag4RbI5 Solid Q*Ag+ Direct 2.07 
Solid Q*Ag+ Slope 1.2 -4- 0.8 
Melt tAg+Q*Ag + ~- tRb+~*Rb + Direct 3.2 
M e l t  tAg+~*Ag + -[- ~Rb+~Rb + S l o p e  2.5 • 0 .4  

Ag4KI~ M e l t  tK+Q*K + + tAg+Q*Ag + S l o p e  2.7 ----- 0 .4  
Ag4CsI~ M e l t  tca+Q*Cs + + tAg+Q*Ag + S lops  3.7 "~" 0.6 
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Chandra  et al. (10) r epor ted  tha t  they  have  mea -  
sured  the  the rmal  power  of compressed pel le ts  of 
Ag4KI5 using massive s i lver  and  brass  electrodes. They 
observed unusua l ly  large  values of ~ (--1.5 mV K - l ) ,  
and state that  the potent ia l  was not  a l inear  function 
of the  t empe ra tu r e  gradient .  I t  seems l ike ly  that  in 
thei r  w o r k  the  s i lver  e lectrodes were  not revers ib le  to 
A g  +. This is suppor ted  by  the fact tha t  there  is l i t t le  
difference be tween  the  values  of e obta ined wi th  brass  
electrodes,  which cannot  be revers ible ,  and  those ob- 
ta ined  wi th  s i lver  electrodes.  

Manuscr ip t  submi t ted  May  4, 1972; rev ised  m a n u -  
script  received Jan. 25, 1973. 

A n y  discussion of this paper  wil l  appear  in a Discus-  
sion Section to be publ i shed  in  the December  1973 
JOURNAL.  
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Hydrogen Overpotential on Zinc Containing Small Amounts of 
Impurities in Concentrated Alkaline Solution 

T. S. Lee* 
Unio~ Carbide Corporation, Consumer Products Division, Research Laboratory, 

Cleveland, Ohio 44101 

ABSTRACT 

Hydrogen overpotentials on zinc uniformly alloyed with 500 ppm Cd, Fe, 
Ca, and Mn, as well as 200 ppm Hg, were measured in 9N KOH at room tem- 

p erature. Exchange current densities and transfer coefficients for each alloy 
or the hydrogen evolution process were obtained. Except for Cd, all the other 
impurities including Hg will cause zinc to be more readily corroded in alka- 
line medium. 

Hydrogen  overpotent ia ls  on zinc in a lka l ine  solut ion 
have  been measured  in an open vessel  (1) and in 
closed systems under  expe r imen ta l ly  carefu l ly  con- 
t ro l led  condit ions (2, 3). The  overpoten t ia l  on zinc 
containing e lec t rodeposi ted  impur i t ies  (Fe  and T1) 
in a lkal ine  solution has also been measured  (4). In  this  
case, the  impur i t ies  are  deposi ted on the electrode sur-  
face and thei r  d is t r ibut ion  and uni formi ty  are  not  wel l  
defined. The purpose of this  paper  is to repor t  measure-  
ments  of hydrogen  overpoten t ia l  on zinc containing 
smalI  amounts  of impur i t ies  un i fo rmly  a l loyed wi th  
the  zinc in h igh ly  purif ied 9N KOH solution. 

Experimental 
The  cell used for  the measurements  is a closed sys- 

tem under  a hydrogen  atmosphere.  I t  is made  from 
epoxy- l ined  P y r e x  so tha t  the  inner  wal l s  a re  h igh ly  
a lka l ine  resistant .  The deta i l s  of the  cell, the  l ining 
technique, and tests  for  res is tance to concentra ted  a lka-  
l ine solut ion were  r epor t ed  prev ious ly  (3).  

The samples  are  p r epa red  by  a l loying  the pure  e le-  
ments  ob ta inable  on the  m a r k e t  wi th  h i g h - p u r i t y  zinc. 
The zinc is obta ined f rom Amer ican  Smel t ing  and Re- 
fining Company and has a pur i ty  of 99.999 + %. Analys is  
shows 1 ppm Cu and less than 1 p p m  of Mg and Si. 

. E lec t rochemica l  Socie ty  Act ive  Member .  
Key words: hydrogen overpotential,  hydrogen overvo l tage ,  h y -  

d r o g e n  evolution process in  a lka l ine  solut ion,  e lec t rode  k ine t i cs  
hydrogen evolution process, zinc corrosion. 

Other  e lements  such as Sb, Ti, Mn, Sn, Cr, Fe, Ni, Bi, 
A1, Ca, In, Cd, and  Ag  are  not  detected.  The  pur i ty  of 
the  a l loying e lements  and the i r  vendors  are  as follows: 
iron, f rom Bat te l le  Memoria l  Inst i tute,  has  a pu r i ty  of 
99.99+%; calcium, f rom J. T. Baker ,  has  a pu r i ty  of 
99.0 + %; mercury,  from Nat ional  Lead, has a pur i ty  of 
99.996+%; manganese,  f rom Foote  Mineral ,  has a 
pur i ty  of 99.99+%; and cadmium, f rom Amer ican  
Smel t ing  and Refining Company,  has a pur i ty  of 
99.999+%. The process of a l loying  is ca r r ied  out by  
mel t ing about  100g charges in h i g h - p u r i t y  g raph i te  
crucibles  in a smal l  res is tance muffle furnace  under  
argon. The mel t  is homogenized wi th  a h igh-pur i ty  
graphi te  s t i rrer .  A graphi te -coa ted  mo lybde num sk im-  
mer  is used to remove the dross. Melt  t empe ra tu r e  is 
measured  wi th  a ca l ibra ted  thermocouple  adjacent  to 
the  crucible.  Af te r  s t i r r ing  and skimming,  the  mel t  is 
poured  into a g raph i t e -coa ted  copper  chi l l  mold. Be- 
fore start ing,  the crucible  and s t i r re r  a re  scraped and 
then  cleaned wi th  d i lu te  HNO~ each t ime. Af te r  r ins ing 
and drying,  the  final c leaning is done b y  using a wash  
hea t  of the  zinc base metal .  

Al l  al loys used in this  s tudy  are  made f rom mas te r  
zinc a l loy and pure  zinc. The mas te r  al loys are  made  
f rom pure  meta ls  which contain a h igher  percentage  
of the different  a l loying metals.  

For  the  al loys of i ron and mercury,  the  cast ing is 
fo l lowed by  rol l ing the  cast  slabs f rom % in. to about  



708 J. Electrochem. Soc.: E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  June 1973 

40 mil thickness on a 35 in. diameter,  2 high flat mil l  
with unheated  rolls lubricated wi th  50-50 tal low-pa- 
raffin mixture.  On each pass a reduct ion of about 10% 
is obtained. 

To determine  whe ther  the impuri t ies  introduced 
into the zinc are well  mixed  and that  no zinc oxide 
is introduced in the alloying process, a metal lographic  
examinat ion and e lec t ron-microprobe  analysis of each 
of the specimens are done. All  tests show that  the small 
amount  of impuri t ies  introduced into the zinc is evenly  
distr ibuted and that  no evidence of zinc oxide is pres- 
ent in the sample. 

All  the impuri t ies  introduced for this s tudy are at a 
level  of 500 ppm except  mercury  which is only 200 
ppm. 

The electrodes prepared for this study are made f rom 
a piece of the alloy cut f rom the center  of the casts 
or rolls. 

The counterelectrode is made from pure nickel and 
its area is about 8-10 t imes that  of the working elec-  
trode. The reference electrode is a Hg /HgO electrode 
in contact wi th  the same KOH solution. The working 
electrode, which has an exposed area of about 1 cm 2, 
is electr ical ly insulated wi th  the epoxy that  was used 
to line the cell. The electrode surface is prepared and 
t reated by following the same procedure  as described 
before (3). 

The constant current  is supplied by a Harrison Lab-  
oratories '  Model 855C power supply through a var iable  
power  resistor in series. The potentials are measured 
by a Kei th ley  Model 630 potent iometr ic  e lect rometer  
which has a min imum input resistance of 101~ ohm. All  
the measurements  are carried out at room tempera ture  
which is controlled at 25 ~ _+ I~ Measurements  are 
carr ied out f rom the high current  density to the low 
current  density region and back again; this process is 
then repeated. 

At each current  density, the steady potential  is ob- 
tained in a few minutes. Once the steady potential  is 
reached, the electrode wil l  stay at the same potential  
as long as ~/2 hr  without  any change. The data pre- 
sented here are the average values of at least four runs. 
The deviat ion of each run  from the average value is 
only a few millivolts.  There  is no hysteresis in any of 
the runs. Af ter  the measurement ,  the electrodes are 
washed, dried, and examined under  a microscope. The 
surface does not appear to have changed from its 
original appearance. 

Results and Discussion 
Hydrogen evolut ion on metal  surfaces in alkaline 

solution is known to have the ove r , a l l  reaction 
2H20 + 2e ---- H2 + 2 O H - .  In the case where  the rate-  
determining step is electron t ransfer  and the t ransfer  
coefficient a ---- V2, the hydrogen overpotent ia l  (0) for 
the reaction as shown before (3), is 

RT 2RT 
~l = const. + In aH2OaOH - -  In I 

F F 

where  a denotes activity, I is the current  density, and 
the other  symbols have their  usual meaning. At con- 
stant t empera tu re  and definite KOH concentration, the 
above equation reduces to the Tafel  equat ion n ---- A 
+ B log I where  A and B are constants. 

In the experiments,  the hydrogen overpotent ia l  is 
obtained by substracting the revers ible  hydrogen po- 
tential  f rom the measured potential.  The reversible  
hydrogen potential  in 9N KOH at 25~ as measured 
as well  as calculated before, is --0.938V against a H g /  
HgO electrode (3). 

The plots of hydrogen overpotent ia l  against logarith- 
mic current  density for zinc containing 500 ppm Cd, Ca, 
and Fe are shown in Fig. 1, and those for zinc containing 
200 ppm Hg and 500 ppm Mn are shown in Fig. 2. In 
each figure the overpotent ia l  for pure zinc is also 
plotted for comparison. (Please note that  curves 3 and 
4 in Fig. 1 are re fe r red  to the r ight-hand scale only.) 
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Fig. 1. Hydrogen overpotential in 9N KOH at 25~ curve 1, Zn 
as well as Zn-0.05% Cd; curve 2, Zn-0.05% Ca; curve 3 (right- 
hand scale) Zn; curve 4 (right-hand scale) Zn-0.05% Fe. 
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Fig. 2. Hydrogen overpotential in 9N KOH at 25~ curve 1, 
Zn; curve 2, Zn-0.02% Hg, curve 3, Zn-0.05% Mn. 

In Fig. 1, curve  1 is the hydrogen overpotent ia l  plot 
for Zn-0.05% Cd, which is identical to that  for pure 
zinc. Curve 2 is the overpotent ia l  plot for Zn-0.05% 
Ca which is about 0.1V lower than that  for zinc. Curve 
3 is the plot for zinc, and curve  4 is that  for Zn-0.05% 
Fe. Comparing curves 3 and 4, one can see that  the 
effect of 500 ppm of Fe appears only in the low cur- 
rent  density region, which is about 72 mV lower  than 
that  for pure zinc. In the high current  density region, 
the small  amount  of iron does not have any effect. In 
Fig. 2, curve 3 is the plot for Zn-0.05% Mn, and the 
value of the overpotent ia l  is about 0.1V lower  than 
that  of pure zinc. 

In Fig. 2, curve 1 is the hydrogen overpotent ia l  plot 
for zinc, and curve  2 is that  for Zn-0.02% Hg. One can 
see that  the small  amount  of mercury  in zinc does not 
affect one way or the other  the overpotent ia l  on zinc 
in the high current  density region. However,  in the low 
current  density region, the small  amount  of mercury  
decreases the overpotent ia l  on zinc. In order to clarify 
the fact that  the lowering of the overpotent ial  in the 
low current  density region is not due to impuri t ies  
other  than small  amounts of mercury,  the sample has 
been subjected to emission spectroscopic analysis. No 
impuri t ies  other than mercury  have been found. Also, 
the measurements  have been made on different sam- 
ples in different purified solutions and the results are 
all the same. It  is general ly  bel ieved that  amalgamated 
zinc is more corrosion resistant  to alkaline solution 
than is zinc alone because mercury  has a high hydro-  
gen overpotent ia l  (5). This finding suggests that  when 
small  amounts  of mercury  are alloyed with  zinc this 
belief may  no longer  be valid, since the hydrogen over-  
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potential  of the alloy is lower than that  of pure zinc 
(6). Consequently, the alloy will  corrode more readily 
in the alkal ine medium. 

With the result  obtained here, in conjunct ion with 
the explanat ion given in the preceding paragraph for 
the z inc-mercury  alloy, one can visualize that  almost 
all the impurities, including mercury  in the zinc, will  
make zinc more readi ly corroded in the alkal ine 
medium. Cadmium is the only exception which will  
not affect the zinc corrosion. 

The electrochemical parameters, t ransfer  coefficients 
(a), and exchange (I0), which are derived from the 
Tafel slopes, are shown in  Table I. For Fe and Hg- 
alloyed zinc, the parameters  based upon the low cur-  
rent  density region are given. Their  values in the high 
current  density region are the same as that  of pure  
zinc. It  appears that  in  most cases the small  amounts  
of impuri t ies  in  zinc only lower the hydrogen over- 

Table I. Electrochemical parameter for hydrogen evolution reaction 
on various Zn surfaces in 9N KOH 

E l e c t r o d e  Slope  a Io ( m A / c m  2) 

Z n  124 0 .48  8 .5  • 10 -v 
Zn-0 .05% Ca 124 0.48 8,5 • 10 -~ 
Zn-0.05% C d  128 0.47 3.5 )< 10 -~ 
Zn-O.05% Fe* 124 0.48 7.0 x 10 -e 
Zn-0 .02% Hg* 180 0.33 1 • 10-~ 
Zn-0 .05% M n  138 0.43 5.1 • 10 -~ 

* B a s e d  u p o n  t h e  l o w e r  c u r r e n t  d e n s i t y  reg ion .  

O V E R P O T E N T I A L  ON Z n  709 

potential  and do not change the mechanism of the hy-  
drogen evolution process in alkal ine solution. The Tafel 
slopes are in the vicinity of 120 mV per decade. The 
rate  determining step is an electron-transfer  process 
of the Volmer type (3), H20 ~- e : Had -~ OH- .  For 
zinc with small  amounts  of mercury  in the low current  
density region, the mechanism of hydrogen evolution 
in alkal ine solution might  be different as indicated 
by the high Tafel slope. 
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ABSTRACT 

Solutions of both 1.0M LiC1 and 1.0M (CH3)4NC1 in  methanol-water  mix- 
tures were invest igated to determine the effect of solvent composition on 
viscosity, electrolytic conductance, and surface tension. The viscosity-com- 
position curves suggest that  interactions between solvent molecules at tain a 
m a x i m u m  effect at a composition of about 0.3 mole fraction methanol,  and that  
these interactions increase as the tempera ture  is lowered. In  the methanol-  
rich mixtures,  the conductivi ty of the (CH3)4NC1 solution becomes consider-  
ab ly  larger than  that of the LiC1 solution. Cyclic vol tammetr ic  measurements  
on plat inum, gold, and molybdenum electrodes indicate that  oxidation of 
methanol  is insignificant in these solutions despite favorab]e thermodynamics.  
Wide, useful potential  ranges are available at all solvent compositions. 

There is very  li t t le reported research on the use of 
mixed solvents in batteries or fuel cells. Desired prop- 
erties of electrolyte solutions in mixed solvents for 
such applications include high electrolytic conduc- 
tivity, a wide l iquid tempera ture  range, and inertness 
of the solution to electrochemical oxidation and reduc- 
tion over a wide potential  range. These properties were 
investigated as a function of the solvent composition 
for both 1.0M LiC1 and 1.0M (CH3)4NC1 solutions in 
methanol-water  mixtures.  Methanol  was selected due 
to its at tract ive properties of low viscosity (0.0054 
poise at 25~ and low freezing point  (--98~ The 
LiC1 and (CH3)4NC1 salts were selected to repre-  
sent the extremes of a small, highly solvated cation 
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given by Li +, and of a large, relat ively unsoIvated 
cation given by  (CH3)4N +. Despite numerous  reported 
studies in  water-alcohol mixtures  dur ing the past 
century  (1-12), no l i terature data could be located for 
our  selected three-component  systems. However, data 
on the conductivi ty and viscosity of 0.05M LiC1 solu- 
tions in methanol-water  mixtures  is already available 
(3). 

Exper imenta l  
All solution preparat ions were made using Baker 

spectrophotometric reagent  grade methanol  and de- 
ionized distilled water. The l i th ium chloride used was 
Baker reagent  grade, and t e t r amethy lammonium chlo- 
ride was obtained from Eastman. All  chemicals were 
used without fur ther  purification. 

Measurements of electrolytic conductivi ty were 
made with a Sargent  conductivi ty bridge which had a 
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potential  of the alloy is lower than that  of pure zinc 
(6). Consequently, the alloy will  corrode more readily 
in the alkal ine medium. 

With the result  obtained here, in conjunct ion with 
the explanat ion given in the preceding paragraph for 
the z inc-mercury  alloy, one can visualize that  almost 
all the impurities, including mercury  in the zinc, will  
make zinc more readi ly corroded in the alkal ine 
medium. Cadmium is the only exception which will  
not affect the zinc corrosion. 

The electrochemical parameters, t ransfer  coefficients 
(a), and exchange (I0), which are derived from the 
Tafel slopes, are shown in  Table I. For Fe and Hg- 
alloyed zinc, the parameters  based upon the low cur-  
rent  density region are given. Their  values in the high 
current  density region are the same as that  of pure  
zinc. It  appears that  in  most cases the small  amounts  
of impuri t ies  in  zinc only lower the hydrogen over- 

Table I. Electrochemical parameter for hydrogen evolution reaction 
on various Zn surfaces in 9N KOH 

E l e c t r o d e  Slope  a Io ( m A / c m  2) 

Z n  124 0 .48  8 .5  • 10 -v 
Zn-0 .05% Ca 124 0.48 8,5 • 10 -~ 
Zn-0.05% C d  128 0.47 3.5 )< 10 -~ 
Zn-O.05% Fe* 124 0.48 7.0 x 10 -e 
Zn-0 .02% Hg* 180 0.33 1 • 10-~ 
Zn-0 .05% M n  138 0.43 5.1 • 10 -~ 

* B a s e d  u p o n  t h e  l o w e r  c u r r e n t  d e n s i t y  reg ion .  
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potential  and do not change the mechanism of the hy-  
drogen evolution process in alkal ine solution. The Tafel 
slopes are in the vicinity of 120 mV per decade. The 
rate  determining step is an electron-transfer  process 
of the Volmer type (3), H20 ~- e : Had -~ OH- .  For 
zinc with small  amounts  of mercury  in the low current  
density region, the mechanism of hydrogen evolution 
in alkal ine solution might  be different as indicated 
by the high Tafel slope. 
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given by Li +, and of a large, relat ively unsoIvated 
cation given by  (CH3)4N +. Despite numerous  reported 
studies in  water-alcohol mixtures  dur ing the past 
century  (1-12), no l i terature data could be located for 
our  selected three-component  systems. However, data 
on the conductivi ty and viscosity of 0.05M LiC1 solu- 
tions in methanol-water  mixtures  is already available 
(3). 
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All solution preparat ions were made using Baker 

spectrophotometric reagent  grade methanol  and de- 
ionized distilled water. The l i th ium chloride used was 
Baker reagent  grade, and t e t r amethy lammonium chlo- 
ride was obtained from Eastman. All  chemicals were 
used without fur ther  purification. 

Measurements of electrolytic conductivi ty were 
made with a Sargent  conductivi ty bridge which had a 
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specified accuracy of • 1% over  the expe r imen ta l  range  
of resistances.  The cell  constant  was de te rmined  using 
0.1000M KC1. A n  Ostwald  viscosimeter  was used to 
de te rmine  solut ion viscosities. K ine t i c -ene rgy  correc-  
tions were  negl ig ible  in each case. The  cap i l l a ry  r ise 
method was used to de te rmine  the surface tension of 
the  solutions. Expe r imen ta l  deta i ls  of these var ious  
measurements  a re  given b y  Shoemaker  and Gar land  
(13). 

Measurements  at  250 and 35~ were  pe r fo rmed  in a 
Sargent  thermosta t ic  wa te r  ba th  contro l led  by  a 
thermis tor  sensor to _0.01~ of the s ta ted  tempera ture .  
A dis t i l led  water - ice  ba th  was  used for  measurements  
a t  0~ 

Cyclic vo l tammet r ic  measurements  were  made  with  
a Beckman  Electroscan 30 using a potent ia l  sweep ra te  
of 100 mV/sec.  These exper imen t s  were  conducted in 
a 50 ml beake r  containing the work ing  e lect rode (plat i -  
num, molybdenum,  or  gold) ,  counterelectrode,  and  
solution. The potent ia l  was  measured  wi th  respect  to 
an aqueous sa tu ra ted  calomel  e lect rode (SCE) con- 
ta ined  in a separa te  compar tmen t  by  using an aqueous 
1.0M KCI sal t  b r idge  to establ ish e lectrolyt ic  contact.  
Solut ion contaminat ion  was minimized  by  res t r ic t ing  
the  contact  be tween  the sa l t  br idge  and solut ion to a 
na r row s t r ip  of filter paper .  F r o m  the Henderson 
equation,  the  l iquid junct ion potent ia ls  were  es t imated 
to be less than  10 mV for al l  solut ion compositions.  

Results 
The viscosities of 1.0M LiC1 solutions in w a t e r -  

methanol  mix tures  are  shown in Fig. 1 for  t empera -  
tures  of 0% 25 ~ and 35~ Resul ts  for 1.0M (CH~)4NC1 
solutions (TMAC) are  also shown for the  t empe ra tu r e  
of 25~ Maxima  on the  viscosi ty-composi t ion curves  
occur in each case at  about  0.3 mole  f ract ion methanol .  
These m a x i m a  in viscosi ty become more  intense as the  
t empe ra tu r e  decreases.  

The conduct iv i ty  measurements ,  shown in Fig. 2, 
reflect the  influence of the  viscosity. There  is an in i t ia l  
m a r k e d  decrease in conduct iv i ty  on adding methanol  
due l a rge ly  to the  increase  in  viscosity. As the  me th ,  
ana l  content of the  solution increases  beyond 0.3 mole  
fraction, the  change in conduct iv i ty  becomes much 
more gradual .  For  the  TMAC solution, the  conduct iv i ty  
passes th rough  a flat m i n i m u m  at about  0.5 mole  frac-  
t ion of methanol .  At  high methanol  concentrations,  the  
TMAC solutions have  much grea te r  conduct ivi t ies  (and 
lower  viscosit ies)  than  the  LiC1 solutions. 

F igure  3 i l lus t ra tes  tha t  addi t ion of methanol  causes 
an ini t ia l  m a r k e d  decrease  in surface tension. Changes 
in this  p rope r ty  become more  g radua l  as the  methanol  
content  increases. 

Cyclic vo l t ammet ry  was used to obta in  the  cu r ren t  
vs. potent ia l  t races  shown in Fig. 4. These resul ts  were  
produced using a p la t inum electrode in 1.0M LiC1 solu-  
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Fig. 1. Variation of the viscosity with mole fraction methanol for 
1.0M LiCl solutions at 0 ~ 25 ~ and 35~ and for 1.0M (CH;~)4 NCI 
solutions at 25~ 

tions at  24~ The dashed l ine shows the  t race  for  an 
aqueous solution, the  dot ted  l ine for  a methanol  solu- 
tion, and the solid l ine for the  mixed  solvent  containing 
0.5 mole  f ract ion methanol .  

The hor izonta l  l ine  segments  shown in Fig.  4 r ep -  
resent  an a r b i t r a r y  l imi t  where  the  cur ren t  densi ty  
exceeds 10 mA/cm2 (geometr ica l  a rea)  using a poten-  
t ia l  sweep ra te  of 100 mV/sec.  Within the  poten t ia l  re-  
gion es tabl ished by  these anodic and cathodic limits,  
e lec t rochemical  oxida t ion  or  reduct ion of the  solvent,  

.07 
"7, 
E 
o .06 

E 
~ . 0 6  

~ .04  

> p.03 
(,.) 
Z) 
o .o2 
Z 
8 .01 

H20 

7 �9 O~C 
\ �9 ~~ \ o 25~C, TMAC 

�9 g. JL i 

, I , �9 ~ ...... I m I ,i, 
0.2 0.4 0.6 0.8 1 .o 

MOLE FRACTION METHANOL CH3OH 
Fig. 2. Variation of the specific conductivity with mole fraction 

methanol for 1.0M LICI solutions at 0 ~ 25% and 35~ and for 1.0M 
(CH3)4 NCI solutions at 25~ 

80 , I ' ~ , I ' ' I 

7Q 

Z 
O 
~4C 

* - 3 0  uJ 
O 

"=20 

r 10 
I 

C ' I t I, l I t I i I 
0 0.2 0.4 0.6 0.8 1.0 

H20 MOLE FRACTION METHANOL CH3OH 
Fig. 3. Variation of the surface tension with mole fraction meth- 

anol for I M  salt solutions at 25~ 

4.0! i 3.0 

2.0 

1.0 

~0 - 

~ -1.0 

-2.0 

-3.0 

-4.0 
-2.0 

i 
I ' I i ' I I' '" 

.# 

,J L =, I * .L i 
-1.0 0 1.0 

POTENTIAL VS SCE (V) 
2,0 

Fig. 4. Cyclic voltammograms for 1.0M LiCI solutions at 24~ 
on a platinum wire electrode with geometrical area equal to 0.2 
cm 2. Sweep rate ~ 100 mV/sec. - - - -  Aqueous solution, 
0.5 mole fraction methanol, and . . . .  methanol solution. 



Vol. 120, No. 6 P R O P E R T I E S  O F  LiCI  A N D  (CH~)4NCl 711 

1.0 

j 0,0 
< 

Z 

o 
-1.0 

�9 Pt 
�9 Au 
�9 Mo 

o o.2 0.4 o.6 0.8 1.o 
H20 MOLE FRACTION METHANOL CH3OH 

Fig. 5. Variation of the anodlc and cathodic electrostabillty 
limits wlth mole fraction methanol for platinum, gold, and molyb- 
denum electrodes in 1.0M LiCI solutions at 24~ 

electrolyte ,  or e lect rode is r e l a t ive ly  insignificant. This 
defines the e lec t ros tabi l i ty  region for the  selected sol- 
ven t -e lec t ro ly te -e lec t rode  sys tem (14). 

The e tec t ros tabi l i ty  l imi ts  for 1.0M LiC1 solutions in 
m e t h a n o l - w a t e r  mix tu res  at  room t empera tu r e  (24~ 
are  shown in Fig. 5 for  p la t inum,  gold, and  molyb-  
denum electrodes.  Thermodynamica l ly ,  methanol  can 
be e lec t rochemical ly  oxidized to fo rma ldehyde  or to 
carbon dioxide at  potent ia ls  cons iderab ly  lower  than  
the potent ia l  at which  wa te r  is oxidized (15), Exper i -  
menta l ly ,  however ,  the  poten t ia l  at  which  apprec iab le  
e lec t rochemical  oxida t ion  is observed  is v i r t ua l ly  un- 
affected at  room t e m p e r a t u r e  b y  the  addi t ion  of meth-  
anol. S imi la r ly ,  the  po ten t ia l  a t  which  significant r e -  
duct ion of the  solutions is observed shows only s l ight  
change  as the  mole  f rac t ion of methanol  is increased.  
At  all  solvent  composit ions there  a re  wide  useful  po- 
t en t i a l  ranges  ava~able  f o r  fundamen ta l  e lec t rochem-  
ical invest igat ions.  

For  1.0M TMAC solutions, somewhat  e r ra t ic  changes  
in the  e lec t ros tab i l i ty  regions are  observed  as the  
mole  f rac t ion  of me thano l  increases  (Fig. 6) .  Never-  
theless, wide  useful  po ten t ia l  ranges  are  also ava i lab le  
in these solutions. 

Discussion 
Proper t ies  of wa t e r -me thano l  mix tures  a re  charac-  

ter is t ic  for systems wi th  s t rong interact ions  (6). The 
m a x i m a  on the viscosi ty-composi t ion curves  in Fig. 1 
can be exp la ined  by  hydrogen  bonding be tween  meth -  
anol and  wa te r  molecules.  Theore t ica l  s tudies of seven 
open-chain  t r imers  in w a t e r - m e t h a n o l  mix tu re s  show 
tha t  the  m e t h a n o l - w a t e r - w a t e r  t r ime r  is the  most  
s table  (16). The viscosi ty m a x i m u m  at about  0.3 mole  

f ract ion methanol  suggests tha t  the  s t rongest  in terac-  
t ions occur when  two or  th ree  wa te r  molecules  are  
avai lab le  for each methanol  molecule. Other  studies on 
pure  wa te r -me thano l  mix tures  (5) and  on LiC104, 
NaC104, and NaC1 solutions in wa t e r -me thano l  mix-  
tures  (12) also show viscosi ty m a x i m a  at about  this  
composition. The large increase in the  viscosi ty m a x i -  
m u m  as the  t e m p e r a t u r e  decreases  suggests increasing 
interact ions  be tween  methano l  and w a t e r  molecules  
wi th  decreasing tempera tures .  

F r o m  Stokes '  viscosi ty law, the  p roduc t  of specific 
conduct ivi ty ,  k, and  viscosity, 0, is given approx imate ly  
by 

k �9 ~ = C + -{- • constant  [1] 

where  C + is the  ionic concentra t ion of the  cation, r + 
is the  radius  of the  cat ion in  solution, and  r -  is the 
rad ius  of the  anion in  solution. If  the ex ten t  of  ioniza- 
t ion ot the  1.0M sal t  solutions and the r ad i i  of the  sol- 
va ted  ions are  independent  of the  solvent  composition, 
and if the  viscosi ty exper ienced  by  the  moving ion is 
the  same as the measured  bu lk  viscosity, then  the 
product ,  k~, should r ema in  constant  for  al l  solvent  
compositions.  F igu re  7 shows this  k~ product  as a 
funct ion of solvent  composi t ion for LiC1 solutions at  
0 ~ 25 ~ and 35~ and for  (CH3)4NC1 solutions at  25~ 
Sl ight  max ima  in the  k~ produc t  a re  often observed in 
the  p redominan t ly  aqueous regions (9, 11, 17). This is 
usua l ly  a t t r ibu ted  to the  viscosi ty exper ienced by  the 
moving ion being less than  the measured  bu lk  vis- 
cosity (9, 17). 

The  large  decrease  in t he  k*l product  a t  h igher  al- 
cohoI concentra t ions  is usua l ly  a t t r ibu ted  to e i ther  de -  
creasing ionizat ion of the  e lec t ro ly te  (11, 17) or to the 
increas ing size of the  ionic radi i  wi th  increas ing mole  
f ract ion of alcohol (3, 4, 9). Since both (CH3)4N + and 
C I -  ions are bel ieved to be only  s l igh t ly  solvated in 
wa te r  (18), i t  is difficult to ra t ional ize  that  this de-  
crease in the  k~ product  is due en t i re ly  to en la rgement  
of the  solvated radi i  as me thano l  is added.  However,  
the  decrease in k~ is not iceably  less for (CHa)4NC] 
than  for LiC1. P r o b a b l y  both decreas ing ionizat ion and 
increas ing so lva ted  radi i  as me thano l  is added  con- 
t r ibu te  to the  decreas ing k~ product .  The decrease  in 
the  kn product  wi th  increasing t empe ra tu r e  in the pre-  
dominan t ly  aqueous solutions suggests tha t  the  ions 
become more  h igh ly  solvated as the solvent  s t ructure  is 
des t royed by  the increased t empera tu re  (18). 

The ac t iva t ion  energies  for  conduct ivi ty  (Ek) and 
for  viscosi ty (E~) can  be ca lcula ted  f rom the  wel l -  
known equat ions 

k ~ A e - ~ k / ~ v  and ~ ----- Be~/RT  [2] 

b y  assuming that  A and B are  constants  which are  in- 
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dependent  of the temperature.  The results for such 
calculations are shown in Fig. 8 for the 1.0M LiC1 
solutions. 

Two interest ing features of Fig. 8 are the maxima in 
activation energies and differences in activation en-  
ergies for the two processes. Since the energy barr iers  
for both ionic motion and viscous flow are determined 
largely by solvent molecules exchanging positions 
(19), it is reasonable that  the maxima in  activation 
energies for these two processes are observed at about 
the composition of max imum interactions between 
water  and methanol  molecules. The general ly lower 
activation energies for conductivity indicate that  the 
intense electric field of the ions tends to loosen the sol- 
vent  s t ructure in the vicini ty of the ions, which re- 
duces the required activation energy for movement  of 
solvent molecules (9). At high methanol  concentra- 
tions, the activation energy for conductivi ty exceeds 
that  for viscosity. Increasing ionization of LiC1 with 
increasing temperature  at high methanol  concentra- 
tions would result  in the calculated activation energy 
being larger than the t rue value determined solely 
from ionic mobility. Another  possible factor is that  the 
s t ructure  of the methanol-r ich solutions is less in-  
fluenced by the electric field of the larger, methanol-  
solvated ions (9). 

Gibbs isotherm 

r2 - [3] 
RT 0 In a2 

relates the surface concentration, r2, and activity, a2, 
of component 2 to the surface tension, 7, of the solu- 
tion (20). This equation indicates that a component 
such as methanol  which decreases the surface tension 
of the solution (Fig. 3), will  tend to accumulate 
strongly at the surface. Rapid changes in surface po- 
tentials of LiC1 solutions in water-methanol  solutions 
observed at small methanol  concentrat ions (21) verify 
this tendency of methanol  to accumulate at surfaces 
in these solutions. Therefore, in electrochemical studies 
in this mixed solvent, the concentrat ion of methanol  
molecules at the electrode surface will  be considerably 
greater than the bulk concentration. Despite favorable 
surface concentrations and favorable thermodynamics,  
significant oxidation of methanol  does not occur in 
these solutions. 

Recent studies of LiC1 solutions in methanol  have 
established that the l imit ing anodic potential  on plat i-  
num is controlled by oxidation of the chloride ion to 
chlorine gas (22). Due to the high overvoltage for 
oxygen evolution, the evolution of chlorine is l ikely 

the predominant  anodic reaction on p la t inum in  the 
aqueous solutions as well (23). For molybdenum, and 
possibly also for gold, the l imit ing anodic potential  is 
l ikely controlled by surface oxidation of the electrode 
metal. 

The l imit ing cathodic potentials on Pt, Au, and Mo 
for all solution compositions unquest ionably represent  
reduction of the solvent to hydrogen gas (21). The 
addition of methanol  general ly tends to shift the 
cathodic l imit  toward slightly more negative potentials. 

Summary 
Favorable  electrostability regions are available for 

the use of water-methanol  mixtures  in batteries or 
fuel cells. However, strong interactions between water 
and methanol  molecules will l imit  the usefulness of 
such solutions at low temperatures.  These interactions 
between solvent molecules a t ta in  a ma x i mum effect 
at a composition of about 0.3 mole fraction methanol.  
The main  differences observed between the LiC1 and 
(CH3) ,NC1 solutions are a slightly lower viscosity and 
a markedly  higher conductivi ty for the (CH3)4NC1 
solutions in methanol - r ich  mixtures.  

Manuscript  submit ted Oct. 25, 1972; revised manu-  
script received Jan. 18, 1973. This was Paper 16 pre-  
sented at the Miami Beach Meeting of the Society, Oct. 
8-13, 1972. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the December 1973 
J O U R N A L .  
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Electrodeposit ion of Coherent  Boron 

Jordan D. Kellner 
United Aircralt Research Laboratories, East Har t lo rd ,  Connecticut 06108 

ABSTRACT 

Pure  coherent  boron has  been e lec t rodeposi ted  f rom a fused fluoride mix -  
ture. A eutectic m ix tu r e  of L iF  and K F  is used as the  electrolyte ,  wi th  BF3 
gas dissolved to form the te t raf luobora te  ion which reacts  at  the  cathode to 
produce boron. The boron as p la ted  is of 95% or be t te r  pur i ty ,  and is homo- 
geneous and uncracked,  up to 25 mils  thickness.  The subst ra tes  p la ted  include 
steel, copper, graphite ,  tungsten,  and molybdenum.  Tempera tu res  of p la t ing 
range  f rom 600 ~ to 700~ wi th  p la t ing  ra tes  up  to 6 mi l s /h r .  

Pu re  boron has been produced e lec t ro ly t ica l ly  in 
fused sal ts  b y  Cooper (1) and others  (2). However ,  
these methods  for producing  boron e lec t ro ly t ica l ly  
have produced spongy, dendri t ic ,  or compacted  powder  
deposits.  These deposi ts  were  crushed and t rea ted  wi th  
hot  w a t e r  and acid to leach out  sal ts  and o ther  im- 
puri t ies.  In  contrast ,  the  method  presented  in this 
paper  produced  9 5 + %  pure  boron as a single homo-  
geneous mater ia l ,  dense, and  s t ruc tu ra l ly  coherent.  
Boron is of in teres t  as a coating due to i ts high hard-  
ness, low ra te  of corrosion,  and  high specific s t rength  
and modulus.  Due to the  hardness  and br i t t leness  of 
the  mater ia l ,  it  is difficult to machine,  and electro-  
forming offers an a t t rac t ive  technique to p repa re  use-  
ful  par t s  made  of boron. Subs t ra tes  tha t  have been 
p la ted  include copper,  graphite ,  steel, tungsten,  and 
molybdenum.  

Experimental 
The e lec t ro ly te  consists of a 50-50 mole  per  cent  

(m/o)  mix tu re  of reagent  grade  L iF  and K F  mel t ing  
at  about  495~ These sal ts  a re  pa r t i a l l y  d r i ed  by  ex -  
posure for two weeks  in an argon-f i l led d ry  box and 
then  weighed and mixed  mechanical ly .  The BFa gas is 
99.9% pure  obta ined  in a 1400 psi cyl inder .  The me l t  is 
contained in a g raphi te  crucible  machined  f rom UCAR 
Grade  CS graphi te  rod obta ined  f rom Graphi te  Prod-  
ucts Corporat ion.  F igure  1 shows the  crucible  in i ts 
stainless steel  can. The  stainless steel  cover  is we lded  
and provides  th readed  openings for  fit t ings th rough  
which  var ious  electrodes are  placed in the  melt .  Boron 
n i t r ide  inserts  a re  used in the  fit t ings to e lec t r ica l ly  
insula te  the  electrodes f rom the can. 

Key words: boron, electrodeposition, fused salts. 
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Fig. 1. Diagram of cell 

The 6 in. opening at  the top is fi t ted wi th  a 6 in. 
n ickel  but terf ly  va lve  to provide  an  argon antechamber .  
This p revents  air  and  mois ture  f rom reaching the mel t  
surface, when the cathode is put  in p lace  and removed.  

The dr ied  mixed  powder  is he ld  for 4-5 days  in the  
crucible  at 450~ under  a s t ream of a rgon to remove  
res idual  moisture,  then brought  to 650~ for  BFa 
addit ion.  

A nickel  tube  he ld  at  �89 in. above the mel t  surface is 
used to add pure  BF~ gas for solution into the  mel t  
unt i l  the concentra t ion reaches  app rox ima te ly  25 g/100 
cm 3. F low  ra tes  for gas addi t ion  are  about  100 cm3/min. 
Concentra t ions  up to 100g B F J 1 0 0  cm 3 of mel t  can 
then be obta ined by  immers ing  this tube  and again 
flowing 20-50 cm3/min. We have  found tha t  if  the  tube  
is be low the l iquid surface at  low BFs concentra t ions  i t  
wil l  become clogged easily, due to a pa r t i a l  vacuum 
being formed and forcing the l iquid up  the  tube.  The 
BF3 concentra t ion in the  mel t  fa l ls  by  about  0.Sg 
BFJ100  cm3/day due to the apprec iab le  vapor  pressure  
of the  gas above the melt ,  and  necessi tates the  fur ther  
addi t ion  of BF3 per iodical ly .  The BF3 concentra t ion in 
the mel t  is moni tored  week ly  by  dissolving a small  
mel t  sample  in wa te r  and de te rmin ing  f luoborate ion 
wi th  an Orion specific ion te t raf luorobora te  electrode.  

The  carbon electrodes used were  a l l  spectroscopic 
g rade  graphi te  rod obta ined  f rom Ul t raca rbon  Cor-  
porat ion.  

A power  supply  is used to es tabl ish  a constant  cur -  
rent  be tween cathode and cell  whi le  the  ca thode-refer -  
ence potent ia l  is monitored.  A n  in tegra tor  using a 
Kei th ley  301 different ia l  opera t ional  amplif ier  is used to 
de te rmine  the  charge passed dur ing  an exper iment .  A 
Duffers Model 600 potent ios ta t  was used to obta in  con- 
s tant  vol tage  poten t iograms recorded  on a Mosely  X-Y 
recorder .  

Results 
Plating conditions and coating appearance.--Coating 

appearance  and pur i ty  are  affected by  th ree  p a r a m -  
eters:  concentra t ion of BF3, cur ren t  density,  and  tem-  
perature .  Concentra t ion of BFs has been  va r ied  f rom 
3 to 25 g/100 cm 3, cur ren t  dens i ty  f rom 15 to 500 m A /  
cm 2 and t empera tu res  f rom 550-750~ A t  the  lower  
tempera tures ,  h igh BF3 concentra t ion and low cur ren t  
densi ty  are  necessary for good deposits, whi le  a t  high 
tempera ture ,  h igh cur ren t  densi t ies  must  be used. Some 
typical  p la t ing  pa rame te r s  a re  shown in Table  I. 
F igu re  2 shows typ ica l  coat ing surfaces wi th  hemi-  
spher ical  nodules  formed on the  surface. 

In  general ,  the  nodules  were  f lat ter  a t  the  high cu r -  
ren t  densit ies,  resul t ing in a shiny surface, whi le  a t  

Table k Plating conditions 

Temperature (~ 600 650 700 

Current (mA/cm s) 15 50 25 i00 50 200 

Concentration (g 
BFs/100 cm s) S 20 5 20 3 20 

7 1 3  
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Table III. Coulametry of boron deposits 

% boron by  
n analysis 

3.02 99 
3.01 98 
3.02 98.5 
2.97 1O0 
2.83 88 
2.71 87 
2.02 65 

Fig. 2. Photograph (500X) showing hemispherical surface nodules, 

low currents,  the  re la t ively large nodules produced a 
dull  "matte" finish. 

Coulometry and chemical analysis.--The n u m b e r  of 
electrons t ransferred in  the deposition reaction, n, can 
be calculated according to 

M e  
n :  W F  

where M is the molecular  weight of boron, 10.81, C is 
coulombs passed, W is weight  of coating, and F is 
Faraday 's  constant. Table II shows the n numbers  ob-  
ta ined from weighed cathodes at various current  den- 
sities and temperatures.  Each of these n numbers  is the 
average of at least 10 determinat ions  wi th  a var ia t ion 
of +__2%. These data indicate an n number  of 3 at lower 
current  densities and higher temperatures,  with num-  
bers lower than  3 at  high current  densities and low 
temperatures.  

Table III  presents data on the boron content  of some 
of the coatings used to obtain Table II. 

Chemical analyses were performed by a modified 
Cooper technique where the coating and the copper foil 
substrate was dissolved in a mix ture  of HNO3, HC1, 
and H2SO4 with refluxing. After  removal  of copper by 
precipitat ion of Cu(OH)2 with NaOH, and adjust ing 
pH, the solution was t i t ra ted with manni to l  and NaOH. 
Table III  shows that  when  the n number  is close to 3, 
the boron content  of the coating is close to 100%, 

Table II. n Numbers 

(mA/em~) ~. 
T (~ 30 40 50 60 70 80 

570-585 2.78 2.66 2.54 2.42 2.31 2.19 
600-605 2,86 2.72 2.57 2,43 2.29 2.15 
630-640 2.93 2.85 2.77 2.69 2,61 2.53 
660-6'/5 3.03 3.01 2.99 2,98 2.96 2.94 

while lower n number  coatings produced at high rates 
of deposition or low temperatures  showed a corre- 
sponding low boron content. 

This value is consistent wi th  the cathode reaction 

BF4-  + 3e -  -~ B + 4 F -  

Since KF, from free energy calculations, (Janaf  
Thermochemical  Data) would have a decomposition 
potent ial  differing by about a volt  f rom that  of BF3(4.7 
for KF, 3.7 for BF~) one would suspect a small  amount  
of potassium to codeposit with boron, especially at 
high overpotentials.  If potassium were codepositing, 
only 1 mole of electrons would be necessary to reduce 
a mole of potassium weighing 39.1g whereas 3 moles 
of electrons are required to reduce a mole of boron 
weighing 10.81g. Thus a l i t t le current  used for a potas- 
s ium reaction goes a long way toward reducing the 
pur i ty  of the boron coating. The total weight of the 
deposit is 

M B C B  M K C K  
W = - - +  - -  

3F F 

For  a t o ta l  of  1000 coulombs 

10.81 (1000 - -  CK) 39.1 (CK) 
W =  + 

3 (96,487) 96,487 

The number  of coulombs used to deposit potassium is 

CK -" 2718W -- 101.5 

In  the l imit  when  W = 37.3 rag, CK is zero, a nd  the de- 
posit is all boron. The value of CK can be used to deter- 
mine  the weight of potassium in  the deposit 

MKCK 
WK-- 

F 
and the boron purity is 

W -- WE 
% boron =. X 100 

W 

Table IV shows results for seven samples that were 
analyzed for boron. The boron content of these sam- 
ples as calculated by the above method is shown in the 
last column. These calculated values show good agree- 
ment with the actual values shown in the third column. 
It is interest ing to note that in the fourth sample only 
10.21 coulombs out of 1000 coulombs can be at t r ibuted 
to potassium deposition, and yet this is enough to l imit  
the boron content  of this sample to 87%. A spectra] 
analysis qual i tat ive test on a few of these samples 
showed potassium was present  as a major  impuri ty.  

Table IV 

% boron 
W(g) n by  anaysis  CK MgK Cale ~ B 

0.0372 3.02 99 -- 0.4( =~ 0 99.6 
0.0372 3.05 98.5 -- 0.4(a) O 99.6 
0.0396 2.83 88 6.13 2.48 93.7 
0.0411 2.73 87 10.21 4.14 89.9 
0.0464 2.42 77 24.62 9,98 78.5 
0.0524 2,14 69 40.92 16.58 68.4 
0.0555 2.02 65 49.35 20.00 63,1 

(*) These negat ive  values of CK are the resul t  of an  exper imenta l  
e r ro r  of 0.1 Mg in weighing  the deposit. 
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Apparently,  although the appearance of specimens 
plated was good, pure  boron was obtained only at tem- 
peratures of about 700 ~ current  densities below 50 
m A / c m  2, and BF3 concentrat ions above 20 g/100 cm 3. 
Since there was good correlation between n numbers  
and boron purity, this can be used as a check on the 
qua]ity of deposit. 

Physical properties.--Samples of electroplated boron 
were exposed to Cu radiat ion for 12 hr in  a Debye 
Camera 114.6 mm, and no crystal l ine peaks were ob- 
served. The pat tern  was typical of what  has been called 
"amorphous" boron showing 2 diffuse rings similar to 
the pa t te rn  formed by  high-strength vapor-deposited 
fi lament boron. 

Strength and modulus  of elasticity in  bending was 
measured for copper and steel foil plated strips on a 
"Rigidometer" made by Galileo, Incorporated. The 
modulus is calculated from 

~oL 
31 t an  e 

where Mo is moment  in  lb-in.,  L is length of strip in 
inches, / is moment  of iner t ia  (for a flat rectangular  
beam I : 1/12 bh 8, where b is the width and h is the 
thickness of the beam),  and 0 is the angle of deflection. 
The moment  and the angle of deflection are read di- 
rectly from the ins t rument .  The stress at which the 
stress-strain curve becomes nonl inear  was taken  as the 
breaking stress of the coating, given by  

6Mo S - - - -  
bh ~ 

These measurements  yielded modul i  for the boron 
coating of 57-70 • 108 psi and strengths of 30,000- 
95,000 psi. 

Plating stress.--Qualitative measurements  of plat ing 
stress were obtained from boron plat ing a bimetall ic 
strip. A stainless steel 5 mil  foil strip was copper plated 
on one side only, since the boron does not adhere to the 
steel but  does adhere to the copper. Observations of the 
strip after coating wi th  boron, and before cooling have 
shown a large compressive stress at low current  den-  
sities, and a large tensile stress at high current  den- 
sities. By measur ing the curvature  of the strip prior to 
cooling, effects due to differential thermal  expansion 
were eliminated. A n  intermediate  current  density 
could be found where the plat ing stress was zero; how- 
ever, this produced a coating of only 90% purity.  In  
other words, plat ing for max imum puri ty  of boron at 
low current  densities always produced coatings with a 
high compressive stress. I t  is interest ing to note that  
the boron produced by vapor deposition in  BCI~-H2 gas 
mixture  also exhibits expansion and result ing com- 
pressive stress. In  vapor deposition on tungsten  wires, 
the boriding and subseqeunt  expansion of this wire 
tends to relieve this stress. 

Hardness.--Figure 3 shows an  eleven mil  boron coat- 
ing on graphite. Hardness measurements,  using a 
Reichert microhardness tester at 100g load yielded a 
value for five impressions of 2505 • 150 D.P.H. The 
same operator on the same apparatus obtained a value 
of 3027 • 150 for vapor deposited boron fiber. I t  is ap- 
parent  that  the hardness of the electrodeposited boron 
is very dependent  on the pur i ty  obtained, since lower 
hardness values were obtained for less pure boron 
deposits. 

Chronopotentiometry.--Electrodes of small  surface 
area were used to generate chronopotentiometric 
curves. A boron reference electrode was used, and 
proved to be extremely stable over long periods of 
time. This reference is properly called a "quasi" refer- 
ence electrode (3) because its potential  is not precisely 
defined. At  BF8 concentrat ions of 5 g/10O cm 3 and 
700~ current  densities of about 1 A/cm 2 produced a 
plateau at --0.52 and  then a shallow decrease to --1.3, 

Fig. 3. Boron coating on graphite rod (2OOX) showing five 
impressions of a diamond pyramid. 

with a t ransi t ion t ime of about  1 sec. This t ransi t ion 
is too slow to be caused by diffusion control l imit ing 
the reaction, and it  is probably caused by a series of 
reactions in which alkali  borides and borates are de- 
posited along with boron. 

Voltammetry.--Current voltage curves using a cop- 
per working electrode, boron reference electrode, and a 
boron indicator were r un  with the results shown in 
Fig. 4. The sweep rate was 1 V/rain, and little change 
was noted at slower sweep rates. The figure indicates 
the boron deposition potent ial  is --0.55V relat ive to 
the boron reference, with a l imit ing current  extending 
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Fig. 4. Plot of E (boron reference vs. copper working electrode) 
vs. I (total current). 
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to --1.5V where alkali metal  begins to deposit. Chrono- 
potentiometric curves discussed previously indicate 
this is not a diffusion-limited current  but  a react ion- 
l imited current.  Thus, it is l ikely that a small amount  
of alkali metal  deposits along with the boron at all 
potentials, while increasing amounts  are deposited at 
more negative potentials. 

Discussion 
The essential feature of the present  method for de- 

positing boron is the low level of oxygen contamina-  
tion that is necessary. After  the KF-L iF  mixture  is 
melted, and before BF3 is added, the oxygen-moisture 
contaminat ion is checked by voltammetry.  Two carbon 
rods are used, with a third carbon rod acting as 
a "quasi-reference." An  anodic sweep at 20 m V / m i n  
produced a consistent current  m a x i m u m  at about 
+ 1.5V the height of which could be related to the oxide 
contaminat ion level. Assignment  of the current  to oxy- 
gen discharge was possible from the observed evolu- 
t ion of carbon dioxide and carbon monoxide from the 
working carbon electrode as measured in the argon 
purge gas. Good boron deposits could be obtained only 
if the peak current  due to the oxyanions was less than 
10 m A / c m  2 and the best deposits were obtained when 
this current  was less than  1 mA/cm 2. Boron deposited 
in a clean melt  was of high pur i ty  (95% + ) without  any 
further  purification t reatment ,  and had a smooth sur- 
face. The thickness of the coating was varied from 0.5 
to 25 mils with the thicker coatings being somewhat less 
pure and prone to cracks. There was no difference in 
the qual i ty of the coating deposited on steel, graphite, 
copper, molybdenum, niobium, tungsten, t i tanium, or 
nickel. Of these substrates t i t an ium required a th in  
protective coat of electroplated copper because of its 
corrosion by the melt. Both steel and nickel substrates 
required the presence of a boride layer  before the 
boron would adhere to the surface. The boride layer 
would form if low current  densities were chosen so 
that the cathode potential  vs. a boron reference elec- 
trode was about --0.1V, i.e., much less than the --0.55V 
necessary for boron to accumulate on the surface. 
Cook (4) in his boriding patent  states that  one should 
avoid the accumulation of boron on the surface which 
occurs at high deposition rates because the boron so 
obtained is crystalline, dendritic, or powdery. Numer-  
ous authors (i, 2) in the patent  l i terature have de- 
scribed methods for producing this sa l t -boron corn- 

posite mixture.  The author can only conclude that  the 
prime requisite in the present method is near ly  com- 
plete absence of oxyanion contamination.  Mellors and 
Senderoff (5) have discussed the undesirable  high 
vapor pressure of BF3 in fluoride melts, and the diffi- 
culties encountered by rapidly changing melt  com- 
position. The author has found that BF3 composition 
changes are very small  at temperatures  of 600~176 
in the K F - L i F  eutectic mixture.  Also, the melt  can 
dissolve up to 50% by weight of BF3 and still remain  a 
single liquid phase. In melts that  do not contain KF, 
it was found that BF3 is near ly  insoluble in this tem- 
perature  range. On the other hand, at tempts to use 
other sources of boron such as boric oxide do not pro- 
duce smooth coherent pure boron deposits. 

Manuscript  submit ted May 25, 1972; revised manu-  
script received Jan. 22, 1973. 

Any  discussion of this paper will  appear in  a Discus- 
sion Section to be published in the December 1973 
JOURNAL. 

LIST OF SYMBOLS 
b Width of beam (in.) 
C Charge passed (total) (coulombs) 
CK Charge passed for potassium deposition (cou- 

lombs) 
E Modulus of elasticity (psi) 
F Faraday 's  constant  
h Thickness of beam (in.) 
i Current  density (mA/cm 2) 
I Moment of inert ia  (in. +4) 
L Length of beam (in.) 
M Molecular weight 
MB Molecular weight of boron 
MK Molecular weight of potassium 
Mo Moment (lb-in.) 
n Electron number  
S Yield strength (psi) 
W Weight of deposit 
WE Weight of potassium in deposit 
8 Angle of deflection (degrees) 
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Photoconductivity in Anodic Oxide Films on Bismuth 
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ABSTRACT 

Photoconduct ion of b ismuth  anodic films in different contact ing and form- 
ing e lec t ro ly tes  is s tudied as a funct ion of format ion voltage, Uf, (film th ick-  
ness, ID; e lect rode potential ,  Ua; l ight  intensi ty,  Lo; and  wavelength ,  L Oscil- 
lat ions of the  photocurrent ,  Iph, were  observed when the film is obta ined by 
galvanosta t ic  anodization, these oscil lat ions being e l imina ted  by  prolonged 
constant  vol tage  anodization.  Photoconduct ion is observed only under  anodic 
polar izat ion of the  oxide-covered  electrode.  Iph was found to be propor t iona l  
to Ua and Lo, and to increase wi th  Uf (or lf). The spect ra l  d is t r ibut ion  I,h (~) 
is independen t  of the  contact ing e lec t ro ly te  and for films anodized in a g lycol -  
bora te  e lec t ro ly te  or in di lute  aqueous solutions shows an opt ical  ac t iva t ion  
energy  Wo,t ,~ 2.8 eV. For  films anodized in a phosphate  e lec t ro ly te  
[ (C2Hs)3PO~ -f- H3PO4 + H20] Wo,t decreases to ca. 2.5 eV. This is a t t r ibu ted  
to the  incorpora t ion  of ions f rom the  e lec t ro ly te  into the  film. An a t t empt  to 
expla in  the proper t ies  of the photoconduct ion is made  on the assumption that  
a high densi ty  of t rapping  levels exists  in the  forb idden band of the  s t ruc-  
t u r a l l y  d isordered  anodic film. 

De Smet  and Hopper  (1) have  observed  tha t  vis ible  
l ight  produces a sharp  decrease  in the  potent ia l  of the  
b i smuth  anode dur ing  galvanosta t ic  oxidat ion  at  low 
cur ren t  density.  This indicates  tha t  the  anodic film 
exhibi ts  photoconduct iv i ty  in the  visible region. The 
purpose  of this  paper  is to c la r i fy  the  origin and to 
s tudy  the  proper t ies  of th is  phenomenon.  

Experimental 
The samples  used in this  s tudy  were  cy l inders  (0.92 

cm d iamete r )  cut f rom a b lock  of high pur i ty  
(99.9995%) bismuth.  A wire  lead  was soldered to the 
back-face  of each cylinder.  The  specimen was  then  
immersed  in Ara ld i t e  and, af ter  curing, the f ront-face 
was uncovered by  abrad ing  wi th  emery  paper .  The 
work ing  surface was  subsequent ly  electropolished,  
br ightened,  and  washed by  the method descr ibed by  
Masing and Young (2). Convent ional  galvanosta t ic  and  
potent iostat ic  techniques (3) were  used for g rowing  
the anodic oxide  films. 

The precise  measurements  of the spectra l  d is t r ibu-  
t ion of photosensi t iv i ty  requi res  opera t ion  at  ve ry  low 
l ight  intensities.  In this case the photocur ren t  is only 
a smal l  f ract ion of the da rk  cur ren t  and the l a t t e r  
ought  to be ful ly  compensated.  The compensat ing cir-  
cuit  designed to detect  the  photocur ren ts  alone is given 
in Fig. 1. The e lect rode was polar ized by  an elec-  
t ronic constant  vol tage  supply  th rough  a bleeder,  the 
resistance (75) of which was made  propor t iona l  to the 
ra t io  of the  appl ied  vol tage (Ua) to the format ion  
vol tage  (Uf), viz., 7b : 500(Ua/UD kohms. The poten-  
t ia l  drop th rough  the b leeder  af ter  s tabi l izat ion of the 
da rk  current ,  was compensated  by  a second poten t io-  
stat.  The anode  potent ia l  was then  measured  by  a 
vacuum tube  vo l tmete r  and overpotent ia l s  were  cal- 
culated by subt rac t ing  the  value  of the  open-c i rcu i t  
potential .  Despite the  high input  impedance  of the  
vol tmeter  the  la t te r  was disconnected dur ing photo-  
cur ren t  measurements .  

The e lect rode was subsequent ly  i r r ad ia t ed  wi th  
monochromat ic  l ight  f rom a 100W incandescent  l amp  
and photocur ren t  va lues  were  t aken  down only af ter  a 
s tabi l izat ion per iod of ca. 5 min. A monochromator  
wi th  11 nm ha l f -wid th  (Specol-C.Z.Jena,  •  nm wave-  
length  accuracy)  careful ly  ca l ibra ted  against  a Hg arc 
lamp, was used. 

In  the  fol lowing the t e rm format ion  vol tage  (UD is 
used to designate  the  potent ia l  up to which the  elec- 
t rode  has  been  anodized under  galvanosta t ic  condit ions 
or the  overpoten t ia l  at which the anodizat ion has been 
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Fig. 1. Compensating circuit used for photoconduction measure- 
ments. 

car r ied  out  a t  a constant  vol tage  and the t e rm appl ied  
potent ia l  (U~) refers  to the  overpoten t ia l  at  which  
the photoconduct iv i ty  is measured.  

Al l  exper iments  were  car r ied  out  at  room t e m p e r a -  
ture.  

Results 
Selection o~ the formation e~ectro~yte.--Various 

a lka l ine  (1, 2, 4-8) and acid (9-11) aqueous solutions 
are  known to favor  the  format ion  of insulat ing anodic 
films on bismuth.  The kinet ics  of anodizat ion are  
s t rongly  affected b y  the  e lec t ro ly te  composi t ion and 
concentrat ion.  In  m a n y  cases the  dissolution of the an- 
odic film is appreciable .  Therefore  invest igat ions  were  
car r ied  out  for the  selection of an e lec t ro ly te  which  has 
no dissolution action on the film. Such appeared  to be  
the mix tu re  [(H2CO)4B]H + [ (H2CO)4B]Na (1:1) ,  
produced by  reac t ing  appropr ia t e  amounts  of H~BO3, 
NaOH, and (CH2OH)2 and removing  the  wa te r  ob-  
ta ined  in the esterif ication by  hea t ing  to 120~ Pro-  
longed (10 h r  and more)  polar izat ion at  potent ia ls  
wel l  be low Uf or keeping the e lec t rode  for 100 hr  in 
this  e lec t ro ly te  did  not  change  the  dielectr ic  charac-  
ter is t ics  of the  anodic film. Unless o therwise  stated,  
the  anodizat ion and photoconduct iv i ty  measurements  
were  pe r fo rmed  in this  e lectrolyte ,  which  wi l l  be 
des ignated  as g lyco l -bora te  e lectrolyte .  
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Influence of the film-formation method on the photo-  
conductivity.~Preliminary exper imen t s  indica ted  tha t  
photosensi t iv i ty  of the  anodic film is s t rongly  affected 
by  the mode of anodization.  Af te r  galvanosta t ic  oxi- 
dat ion i r r egu la r  oscil lat ions of the  photocur ren t  were  
observed. The ampl i tude  of osci l lat ion increased with  
the bias potent ia l  and  near  the  fo rmat ion  vol tage  the  
measurements  become almost  impossible.  A hysteres is  
in the  pho tocu r ren t /wave leng th  curve was  also ob-  
served.  

When  the  galvanosta t ic  film format ion  is fol lowed b y  
a constant  vol tage  anodization,  the  cu r r en t  osci l lat ions 
diminish the  longer  the  anodizat ion t ime.  Af t e r  suffi- 
c ien t ly  long (e.g., 16 hr )  anodizat ion the oscil lat ions 
vanish  and the photoconduct ion can be easi ly  measured  
at  potent ia ls  as h igh  as the  format ion  voltage. 

As shown in Fig. 2, al l  photosensi t iv i ty  spectra  have  
s imi lar  shapes and the increased dura t ion  of the  con- 
s tant  vo l tage  anodizat ion resul ts  only  in a reduct ion of 
the  photocurrent .  This is qui te  expl icable ,  t ak ing  into 
account the  increase  in the  film thickness  (i.e., the  
lower ing  of the  field s t rength  across the  film) dur ing  
the  process. 

Al l  these resul t s  suggest  the  presence  of imperfec-  
t ions in the  anodic film grown under  galvanosta t ic  
conditions, these  imperfect ions  being removed  af te r  a 
pro longed  constant  vol tage  anodization. The l a t t e r  
mode of oxidat ion was used throughout  the fol lowing 
investigations.  

Occurrence and reproducibility of photoconduction. 
~ P h o t o c o n d u c t i v i t y  is observed only dur ing  anodic po- 
lar iza t ion of the  ox ide-covered  electrode.  At  cathodic 
potent ia ls  close to Ut the  d a r k  cur ren t  dens i ty  is v e r y  
high and increases unt i l  film b reakdown  commences.  
At  lower  cathodic potent ia ls  the  d a r k  cur ren t  de -  
creases wi th  t ime to a s teady-s ta te  value,  which  is 
s t i l l  many  t imes  h igher  than  tha t  at  anodic polar iza-  
tion. The i r rad ia t ion  wi th  v is ib le  l ight  a f te r  cur ren t  
s tabi l izat ion at  cathodic potent ia ls  e i ther  does not  
cause photoconduction,  or the  feeble pho tocur ren t  
eludes detect ion on the background  of the  ve ry  la rge  
da rk  current ,  a l though it  is compensated.  

The photosensi t iv i ty  spectra  have  a good reproduc i -  
b i l i ty  and a re  independent  of the h is tory  of the  film, 
whe ther  the  e lec t rode  has been prev ious ly  polar ized at 
higher  or lower  anodic potent ia ls  or even  at low ca th -  
odic potentials .  

E~ect of the contacting electrolyte and the film 
thickness on photosensitivity.~Photoconductivity was 
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Fig. 2. EFfect of anodizing conditions on photocurrent at 12V 
bias of anodic films formed to or at equel potentials. 
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Fig. 3. Spectral distribution of photoconduction at 12V bias in 
various electrolyte solutions. (Film formed 16 hr at 48V in the 
glycokborate electrolyte.) 

found to be  independent  of t he  nature  of the contact ing 
electrolyte .  As shown in Fig. 3, the  change of t he  gly- 
co l -bora te  e lec t ro ly te  (a f te r  the  anodic film format ion)  
wi th  an aqueous acid or a lka l ine  solution has  no in-  
fluence over  the  spec t ra l  sens i t iv i ty  curve. 

The pho tecur ren t  increases  wi th  the  film thickness.  
F igure  4 shows a p lo t  of the  peaks  of the  photosen-  
s i t ivi ty  spect ra  agains t  Uf, which  is app rox ima te ly  p ro -  
por t ional  to the  film thickness,  and at (Ua/U~) --  const, 
providing for an a lmost  constant  field s t rength  in the  
anodic film. 

Potential and light intensity dependence of photo- 
current.--The photocur ren t  (Iph) increases wi th  the 
bias potent ia l  (Ua). The  shapes of the  spec t ra l  response 
curves  (Fig. 5) are, however ,  ident ical  for  var ious  Ua, 
having  a peak  at  ~.p ~ 400 rim. The peak  pho tocur ren t  
for  a g iven film thickness was found to be propor t iona l  
to Ua, and  consequent ly  to the  field s t rength  across the  
film. This is i l lus t ra ted  in Fig. 6. 

As shown in Fig. 5, the wave leng ths  at  ha l f -maxi -  
mum sens i t iv i ty  (Xz/2), de te rmined  as the  wave lengths  
where  Iph has fa l len  to half  i ts m a x i m u m  value,  were  
found to lie ve ry  close (436 < ~1/~ < 442 nm)  for  va r i -  
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ous ETa. By the  way,  for  al l  runs  in g lyco l -bora te  elec- 
t ro ly te  the  mean  va lue  of ~ . 1 / 2  : 445 • 10 nm. 

In tens i ty  dependence  of photoconduct ion was mea-  
sured wi th  monochromat ic  l ight  of kp (400 nm) .  The 
l ight  in tens i ty  (Lo) was changed by  placing var ious  
numbers  (Nf) of equal  neu t ra l  filters be tween  the  
monochromator  and the e lectrolyt ic  cell. The d iminu-  
t ion of Lo was de te rmined  by  the re la t ion  Lo cc exp 
( - -  const Nf).  In  this  w a y  the photocur ren t  was  found 
to be p ropor t iona l  to the  in tens i ty  of i l lumina t ion  
wi thin  the  range  of intensi t ies  employed  (Fig. 7). 

Effect of the ~orming electrolyte on the spectral dis- 
tribution of photocurrent.--The galvanosta t ic  anodiza-  
t ion in sufficiently d i lu ted  aqueous acid or a lka l ine  

solut ion is known to proceed according to qui te  iden-  
t ical  kinet ics  (8, 11). Some p re l imina ry  invest igat ions  
revea led  that  the anodizat ion kinet ics  in the  glycol-  
bora te  is s imilar .  The spect ra l  sens i t iv i ty  curves  of an-  
odic films obtained in var ious  di lute  aqueous solu-  
t ions have s imi lar  shapes as for  anodizat ion in glycol-  
bora te  e lec t ro ly te  and  almost  the  same character is t ic  
wavelengths  (kp and ku~). As an example  the  spect ra l  
d i s t r ibu t ion  of pho tocur ren t  for an anodic film ob- 
ta ined  in di lute  citric acid solut ion is shown in Fig. 8. 
In  spite of the  g rea t  difference in the e lec t ro ly te  com- 
posi t ion and the  forming conditions,  the  va lues  },p = 
412 nm and M/2 : 437 nm lie ve ry  close to the  mean  
va lues  for  the  g lycol -bora te  e lec t ro ly te  (ca. 400 and 
ca. 440 nm, respec t ive ly) .  

The case where  the  anodic film is fo rmed in a phos- 
phoric  acid + t r i e thy l -phospha te  m i x t u r e  wi th  a low 
wate r  content  is different. For  this  e lec t ro ly te  ab -  
no rma l ly  high ra tes  of galvanosta t ic  anodizat ion are  
r epor ted  (11), which can be  twice  the  ra tes  for the  
di lute  aqueous solutions or the  g lyco l -bora te  electro- 
lyte.  This high appa ren t  cur ren t  efficiency (up to 
200%) has been a t t r ibu ted  to the  incorporat ion of ions 
f rom the  e lec t ro ly te  into the  film (11). Corresponding 
differences in the  film propert ies ,  including photosen-  
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Fig. 8. Photoconduction data for anodlc film formed in various 
electrolyte solutions and tested in glycol-borate electrolyte. Open 
symbols: formation in phosphate electrolyte 16 hr at 48V, testing 
at 12V; closed symbols: formation in 0.01N aqueous solution citric 
acid at 0.5 mA/cm 2 up to 200V, testing at 60V. For comparison the 
spectral sensitivity curve of anodic film formed in glycol-borate 
electrolyte at the some conditions as in the phosphate electrolyte 
is shown with dashed line. Dotted lines represent the value of ~.1/2. 
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sitivity, are to be expected. Such differences in the 
spectral sensit ivity curves were actually observed. 
Thus, as shown in Fig. 8, in the case of anodization in 
an electrolyte of 62 w/o (weight per cent) (C2H~)3PO4 
+ 20 w/o  H3PO4 + 18 w/o  H20 both kp and kl/2 are 
shifted by more than 50 nm to longer wavelengths as 
compared to the mean values of ~.p and ~-1/2 for oxides 
formed in the glycol-borate electrolyte. 

Discussion 
Origin of photoconduct iv i ty . - -The film-thickness de- 

pendence of photoconduction indicates that the in-  
vestigated phenomenon should be regarded as a bulk-  
l imited ( internal)  photoeffect. This is also strongly 
supported by the lack of dependence of photocurrents 
on the na ture  of the contacting electrolyte. Hence the 
electrolyte/oxide interface does not take par t  in the 
photoexcitation process, and yet the electrolyte con- 
tact appears to be indispensable for the establishing 
of photoconduction, because the la t ter  is observed only 
dur ing anodic polarization of the oxide-covered elec- 
trode, i.e., in  the case of electron t ransfer  from the 
electrolyte to the metal. 

The lack of photoconduction under  cathodic polariza- 
t ion of the metal, as well  as the rectification effect of 
the system in question could be explained admit t ing a 
difference in the work functions of the electrolyte and 
the metal. The electron energy of anions in electro- 
lytes is known to lie several electron volts below the 
Fermi level of metals and thus electrolytes realize one 
of the most blocking contact with semiconductors (12). 

Thanks to the blocking electrolyte contact under  an- 
odic polarization of the metal, it is possible to apply 
electric fields sufficiently high to pull  the photoelec- 
trons before trapping. Conversely, the comparat ively 
low potential  barr ier  for electron emission from the 
metal  gives rise to a high dark-current  density at such 
a low cathodic potential  (low field s trength across the 
film), which are insufficient for detection of any photo- 
conductivity.  The different height of the potential  bar- 
riers at the metal /oxide and the electrolyte/oxide in-  
terface presents, of course, an explanat ion also of the 
rectifying effect of the system Bi/anodic film/electro- 
lyte, but  this point  is beyond the scope of the present  
paper. 

The rectification and photoeffects for some valve 
metals have been related to p -n  or p - i -n  junct ions 
wi th in  the oxide film (13-18). The existence of space 
charge in  the anodic film of these metals is strongly 
supported by the observed corresponding variat ion of 
the film capacity with applied bias potential  (17-19). 
But  the capacity of anodic films formed on bismuth is 
known to be independent  of potential  (19), thus indi- 
cating the lack of space charge. This fact and the de- 
scribed independence of photosensitivity from the film 
history leads us to conclude that the model of p-n or 
p - i -n  junction, which is applicable in some instances, is 
unacceptable in the case of anodic films on bismuth.  

Photoconductive spectra and optical activation en- 
ergy ior fi lms obtained in glycol-borate electrolyte.--  
The spectral sensitivity curves exhibit  a peak, char- 
acteristic of materials with high surface recombinat ion 
velocities (20, 21). At higher wavelengths the photo- 
current  rapidly decreases. A n  exponential  fall of Iph at 
longer wavelengths with photon energy, Iph cc exp 
(- -const  hv), was found to give a good fit to all ex- 

per imenta l  results, in  accordance with theory (20). 
It  is known that the "absolute" threshold wave-  

length, that is, the wavelength at which the sensit ivity 
vanishes completely, is condi t ion-dependent  and gives 
only a rough idea of the optical activation energy 
(Wopt), but  nevertheless, it has been frequent ly  used 
for the purpose. For the anodic film on Bi we estimated 
the absolute threshold wavelength to vary  between 
520 and 575 nm, the corresponding energies being ca. 
2.4 and  2.15 eV. 

An exact method of determining W o p t  is proposed 
by Moss (20). By this method W e p t  is determined from 

the spectral sensit ivi ty curve as a point (wavelength 
~.1/2) where the sensitivity has fallen to half its maxi-  
mum value. Actually, this method is derived and re-  
garded as valid only in the case where thermal  (Wth) 
and optical (Wopt) activation energies are equal, i.e., 
for nonpolar  monatomic crystals (20). Nevertheless, it 

appeared that for sufficiently thin films (e.g., ~ 10 #m) 
this method gives correct values of both Wth and Wopt 
for highly polar (even structureless) inorganic (21) 
and organic (22) materials. 

In  our case the threshold wavelength  was found to 
be ~.1/2 = 445 • 10 nm, corresponding to Wopt : 2.78 
• 0.06 eV. The shape of the spectral response curves 
and the lack of sensitivity in the near  uv region sug- 
gest an intrinsic photoconduction and that the energy 
of 2.78 eV corresponds to the energy gap (Eg) of the 
oxide. 

Two values for Eg of Bi203 are known to the present 
authors. One of them, Eg -- 3.2 eV (23), is considerably 
higher and probably pertains to a crystall ine structure 
of Bi203. Nevertheless, this discrepancy could not be 
at t r ibuted to the glassy structure of the anodic film. It 
is known (24) that a band model is applicable and re- 
mains valid for amorphous structures also, the energy 
gap being similar in respect to the crystal l ine condi- 
tion, or broader because of the larger interpart icle 
distances. The outer value, Eg = 2.7 eV [see (25)], is 
quite close to the one found here. 

Photoconductive propert ies.--Generally under  an ap- 
plied voltage Ua the photocurrent  density Iph is 

Iph = N e  ( lf ,  L o )  e g U a / l f  [ 1 ]  

where Ne is the number  of photoelectrons per square 
cent imeter  in steady state, If is the film thickness, Lo 
is the intensi ty of the incident light, e is the electronic 
charge, and g is the electron mobility. 

At constant If, if the i rradiat ion excites N photo- 
electrons per square centimeter  per second, the in- 
crease of photoelectron density (n) in  the conduction 
band with time (t) is given by 

(dn/dt)  = N -- ~n(n + M) [2] 

where ~ is the recombinat ion coefficient and M is the 
number  of the trapped electrons (or of the t rapping 
levels for sufficiently deep traps) .  Assuming a great 
number  of t rapping levels (M > >  n) because of the 
amorphous structure of the film, when  equi l ibr ium is 
a t ta ined [i.e., (dn/dt )  = 0 and n = Ne], we may write 

N e  : N/~M [3] 

For monochromatic light with appropriate wavelength, 
taking into account the exponential  decay of the light 
intensi ty  with the depth into the film, we have 

N = ALo exp (--all)rill [4] 

where A is the number  of photoelectrons per un i t  ab- 
sorbed radiat ion and a is the absorption coefficient. 

Combining Eq. [1], [3], and [4] relationship 
Iph(LoUalf) is obtained 

Ae~LoUa 5o tt exp (--all) dlf [5] 
Iph - -  f lMl f  

Hence at constant  Lo and If 

( Iph)LoJf  OC Ua [ 6 ]  

and at constant  Ua and If 

( I p h )  Ua,lf cc L o  [ 7 ]  

Equations [6] and [7] are in accordance wi th  the 
relationships found exper imenta l ly  (Fig. 6 and 7).1 

1 Rela t ion  [7] is of course  va l id  on ly  a t  ve ry  low Lo w h e r e  con-  
di t ion M > >  n is satisfied. A t  h ighe r  Lo Eq. [21, [4],  a n d  [51 lead 
tO (Iph)Ua, l f 0r Lo f w h e r e  1 > $ > 1/2. 
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We have no data about the dependence [Iph (If) ] Ua.go, 
but, if If is approximately proportional to the for- 
mation voltage (Uf), the observed nonlinearity of 
[Iph(Uf)]Ua,Lo (see Fig. 4) becomes comprehensible 
from Eq. [5]. 

Production of donor impurity levels by incorporation 
of ions from the anodizing electrolyte.--The anodic 
film obtained by anodization in sufficiently diluted 
aqueous solutions or in glycol-borate electrolyte give 
similar photoconduction spectra, implying that the 
films have similar structure and composition. 

This is not the case when a phosphate electrolyte is 
used for anodization. The threshold wavelength is 
shifted from ca. 445 nm to ca. 495 nm, the activation 
energy becoming Wopt ---- 2.5 eV. This indicates the 
appearance of new donor impurity levels reducing the 
optical activation energy by about 0.3 eV. This is in 
accordance with the assumption concerning the in- 
corporation of ions in bismuth anodic films formed in 
phosphate electrolyte. The assumption was proposed 
to explain the higher (up to two times) rate of po- 
tential rise during galvanostatic anodization in a 
phosphate electrolyte (11). Incorporation of ions from 
the electrolyte into the oxide during anodization of 
other valve metals in phosphoric acid or phosphate 
solutions has been experimentally observed in several 
cases (26-30). Our results indicate that the incor- 
porated ions from the phosphate electrolyte give im- 
purity levels in the forbidden band of the bismuth 
anodic films. 

Summary 
It has been found that the photoconduction of the 

anodic films on bismuth is thickness dependent and 
hence is a bulk-effect. It is observed only at anodic 
polarization of the oxide-covered electrode and in- 
creases linearly with the applied voltage and light in- 
tensity. The spectral distribution of photoconduction is 
independent of the contacting electrolyte and for films 
obtained by anodization in glycol-borate electrolyte 
or dilute aqueous solutions shows an optical activation 
energy of ca. 2.8 eV. When the anodization is carried 
out in phosphate electrolyte, this activation energy 
decreases to ca. 2.5 eV, due in all probability to the in- 
corporation of ions from the electrolyte into the film. 
An attempt to explain all these properties of photo- 
conductivity is made on the assumption that a great 
number of trapping levels exists in the forbidden band 
because of the disordered structure of the film. 

Manuscript submitted Sept. 29, 1972; revised manu- 
script received Jan. 10, 1973. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the December 1973 
JOURNAL. 
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Space-Charge and Concentration-Gradient Effects 
on Anodic Oxide Film Formation 

A. T. Fromhold, Jr. 1 and J. Kruger* 
National Bureau of Standards, Washington, D. C. 20234 

ABSTRACT 

Numerical  computations i l lustrate the effects of space charge and a con- 
centrat ion gradient  on the steady-state mobile-defect concentrat ion profile and 
the kinetics of anodic film formation. The posi t ion-dependence of the concen- 
t ra t ion of mobile defects producing growth is shown to vary  with current  
density and film thickness. Of especial interest  is a series of curves i l lustrat ing 
the total electrostatic potential  developed across the oxide as a function of 
thickness for growth under  constant current  conditions. Space charge is shown 
to have the capabil i ty of being a critical factor in re tarding the growth rate of 
the anodic film. 

Background 
Introduction to the problem.raThe approach of con- 

sidering forward and reverse currents  over discrete 
energy barr iers  within a diffusion medium was first 
proposed by Verwey (1) in 1935. Since that  t ime Mott 
(2) and Cabrera and Mott (3) have extended the 
concept by emphasizing the possibility of a rate- 
l imit ing barr ier  located at the interface of a growing, 
anodically formed (or thermal ly  formed) metal  oxide. 
Dewald (4) extended the model of Verwey by an 
approximate analytical  development  which included 
the space-charge electric field, with the major  emphasis 
placed on the Tafel slope (5) in the high-field limit. 
The pr imary  purpose of the present work (6) is to 
evaluate numer ica l ly  the effect of space charge on the 
kinetics in the intermediate-f ield regime; s imul tan-  
eously the specific role of the concentrat ion gradient  
is examined (7, 8). 

Physical origin of the concentration gradient.--The 
first question is whether  or not there is a concentrat ion 
difference in the diffusing species across the anodic 
film, and if so, whether  or not it provides a driving 
force for mass t ransport  through the film. In the case of 
equi l ibr ium of a given species in an anodic film, the 
electrochemical potential  for the species must  be uni-  
form in the film and there will be no particle current  
of that species through the film. If there is no electric 
field in the film, then the uniformity  of the electro- 
chemical potential  may require that  the concentrat ion 
be uniform also, in which case there will  be no con- 
centrat ion gradient  in the film. On the other hand, if 
the electric field in the film is nonzero, the electro- 
static potential  wi thin  the film will  be posit ion-depen- 
dent. Since the electrochemical potent ial  is made up 
of contr ibutions due to electrostatic potential  and 
defect concentration, the uni formi ty  of the electro- 
chemical potential  then requires in general  that the 
concentrat ion be posit ion-dependent.  That  is, a con- 
centrat ion gradient  is to be expected even in equil ib-  
r ium when the electric field is nonzero. In addition 
to i l lustrat ing that the equi l ibr ium case can involve 
concentrat ion gradients, the conclusion is reached that 
concentrat ion gradients and electric fields do not 
necessarily produce any net  current.  

Suppose that  we perform a gedanken experiment  in 
which we at tempt to go from the equi l ibr ium condition 
of zero current  with some given electric field to a 
nonequi l ib r ium condition of nonzero current  by chang- 
ing the value of the field. There can likewise be equi- 
l ibr ium with some different value of the electric field, 
provided that the concentrat ion profile of the defect 
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species is allowed to rearrange itself to main ta in  uni -  
formity of the electrochemical potential. Does the 
change in electric field then drive a net current  through 
the film, or does the concentrat ion profile readjust  
itself with the change in field in order to main ta in  a 
uniform electrochemical potential  for that  species in 
the film? The answer is intuit ive:  the concentrat ion of 
the diffusing species is constant ly depleted at the re- 
action interface, so that  the concentrat ion profile can- 
not adjust  itself arbi t rar i ly  to main ta in  a uniform 
electrochemical potential. The interfacial reactions 
play an important  role in de termining the boundary  
concentrations, so these concentrat ions are more or 
less fixed independent ly  of the electric field. Thus by 
changing the electric field, an accompanying change in 
the species current  can be produced. This quali tat ive 
argument  should not be misconstrued as a s tatement  
that the boundary  concentrations are ent irely indepen-  
dent of the electric field. Instead, it merely represents 
an argument  that the concentrat ion profiles are deter- 
mined in accordance with conditions imposed by the 
interfacial  reactions as well  as by the electric field, 
and hence the profiles are not ent irely free to adjust  
arbi t rar i ly  with the electric field. Thus we arr ive at 
an idealized picture of the metal-oxide-solut ion system 
as an asymmetrical  system with boundary  concentra-  
tions of the defect species determined to a large ex- 
tent  by the interfacial  reactions. In  the absence of a 
part icular  model for the interfacial  reactions, or merely 
for reasons of simplicity, we can choose the boundary  
concentrations of the diffusing defect species to have 
arbi t rary  fixed values at the interfaces. This will  serve 
to give an indication of the general  effect of the con- 
centrat ion gradient  in anodic film growth. 

The asymmetry  of the metal-oxide-oxygen system as 
described above means that  there will  be a bui l t - in  
electrochemical potential  gradient  for the ionic species 
which tends to give rise to film growth even before an 
external  electrostatic potential  is superimposed onto 
the system from some external  source. To the 
extent  that the bui l t - in  electrochemical potential  
is undis turbed by an applied electric field, it can be 
considered to be added algebraically to the external ly  
applied electrostatic potential  in order to obtain the 
total dr iving potential  for mass transport.  This essen- 
t ial ly is a thermodynamic argument,  which does not 
aid us directly in obtaining the rate constant  for film 
growth. 2 A self-consistent solution of the re levant  
microscopic equations does lead to the rate constant. 
Numerical  evaluat ion of the appropriate microscopic 
equations is the essence of the present ly described 
work. 

2 S u c h  e l e c t r o c h e m i c a l  potential  gradients can produce large 
s t resses  in  the  g r o w i n g  anod ic  fi lms, as shown  t h e o r e t i c a l l y  (9). 
Th i s  m a y  account for the amorphous nature of m a n y  anodic oxides.  

722 
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Discrete hopping model including space charge.-- 
Figure 1 in Ref. (7) i l lustrates the model utilized to 
ascertain both concentra t ion-gradient  and space- 
charge effects. Let us consider a part icular  barr ier  in 
the oxide located at position xk. The net current  Jk is 
the difference between the forward current  Jk (f) and 
the reverse current  Jk (rl. The concentrat ions at the 
endpoints O and N are considered in the present  work 
to have fixed values which are determined ent i rely 
by the interracial  reactions. If these two boundary  con- 
centrat ions are different, then there wil l  be a net  
t ransport  current  even in zero electric field [cf. upper  
curve in  Fig. 1 of Ref. (7)].  With an applied electric 
field, the electrostatic potential  is posit ion-dependent.  
In  the usual  manne r  of i l lustrat ing applied potentials, 
we superimpose this potent ial  energy variat ion on 
the periodic (or aperiodic) potential  of the crystal l ine 
(or amorphous) diffusion medium, so the barriers slope 
downward under  forward bias [cf. lower curve in Fig. 
1 of Ref. (7)].  The energy difference between forward 
and reverse motion is noted to be (at least to lowest 
order) equal  to 2hW = 2ZleiEka, where Z]e t is the 
charge on the diffusing defect and Ek is the field at 
the kth barrier.  We general ly denote the electronic 
charge magni tude  lel by e. The hopping distance is 
2a. The thickness L = 2Na is the product  of the num-  
ber of barr iers  and the distance 2a between barriers. 

Let us now summarize the per t inent  equations 
which have been described in greater detail in Ref. (7) 
and (8). Denote by nk-1 the number  of charged par-  
ticles of a given species per  un i t  area in a p lanar  slice 
of thickness 2a which is perpendicular  to the hopping 
direction and in  front of the barr ier  labeled k; denote 
by  n~ the corresponding number  located just  beyond 
the same barrier.  Then the number  Jk surmount ing  
the barr ier  in uni t  t ime is 

Jk = Jk ( f ) -  Jk (r) 

= v exp ( - -W/k~T)[n~- I  exp (ZeEka/kBT) 

--nk exp (--ZeEka/kfiT)]  [1] 

where  v is the a t tempt  frequency for the particle and 
W is the corresponding zero-field activation energy 
for diffusion. This quant i ty  Jk is the net  particle cur-  
rent  at the position of the kth potential  barrier.  The 
major  assumption inherent  in this equation is that  of 
the applicabil i ty of Bol tzmann statistics; this assump- 
tion should be very  good for the present ly  considered 
si tuation of ionic diffusion, al though it might  not al- 
ways be such a good assumption for smaller  mass 
particles such as electrons or electron holes. 

The second important  equation which we utilize is 

J k + l = J k  ( k =  1,2 . . . . .  N - - l )  [2] 

This constitutes the steady-state  approximation, which 
is premised on the assumption that  there is l i t t le or 
no bui ld-up (or depletion) of the diffusing species in 
comparison to the number  diffusing through at any 
point wi th in  the anodic film. I t  is not difficult to show 
that  this assumption is general ly quite good. 8 Tran-  
sients (10) are neglected in  the present  computations. 

The th i rd  equat ion which we utilize is based on 
Poisson's equation relat ing the electric field in the 
medium to the charge density 

4nZenk 
Ek+l : E~ -~ (k : 0, 1, 2 . . . . .  N --  1) 

e [ 3 ]  

This expression determines the electric field every- 
where wi th in  the medium in terms of the surface- 
charge field Eo and the diffusing defect densities n~. 
The surface-charge field Eo is determined by the net 
charge densi ty per un i t  area on the parent  metal  

T h e  to ta l  build-up of d e f e c t  spec i e s  w i t h i n  t h e  f i lm w h e n  t h e  
f i lm  i n c r e a s e s  i n  t h i c k n e s s  b y  one  m o n o l a y e r  is  m u c h  less  t h a n  t h e  
a m o u n t  of  d e f e c t  spec i e s  w h i c h  m u s t  be  t r a n s p o r t e d  to build the 
m o n o l a y e r .  T h u s  a m i n o r  d e p a r t u r e  f r o m  Eq.  [2] a l l o w s  t h e  profiles 
and e l e c t r i c  f ie lds  to a d j u s t  c o n t i n u o u s l y  to  n e w  s t e a d y - s t a t e  v a l u e s  
as  t h e  f i lm  increases  in t h i c k n e s s .  

crystal at the metal-oxide interface. It can be negative, 
corresponding to an electron excess, or it can be posi- 
tive, corresponding to an electron deficit. This is dis- 
t inct  from the quant i ty  no which is the ionic charged 
defect density wi thin  the oxide adjacent  to the metal  
interface. 

Finally,  the electrostatic potent ia l  is given in terms 
of the electric field 

V~ = Vk-1 -- 2aE~ (k = 1, 2 . . . . .  N) [4] 

The potential  Vo is arbitrary,  and thus it is conve- 
n ient ly  chosen to be zero. The total potential  VN across 
the film is thus determined in terms of Eo and the 
space charge densities. For  a constant  applied poten-  
tial, VN is given and the current  Jk is determined 
from numerical  evaluat ion of the above equations; for 
a constant applied current,  Jk is given and the total  po- 
tential  VN is determined from numerical  evaluation of 
the above equations. In  both cases straightforward 
i terat ive schemes are utilized to achieve self-con- 
sistency with the chosen values for the boundary  con- 
centrations. 

Coordinate system conventions.--If cation intersti-  
tials or anion vacancies (positively charged ionic spe- 
cies) are the pr imary  mobile species, then the boundary  
concentrat ions can be expected to be larger at the 
metal-oxide interface than  at the oxygen-solution 
interface. It  is then convenient  to choose the origin 
(x = 0) of the coordinate system at the metal-oxide 
interface. The corresponding positive x-direction is 
from metal  to oxide to solution, which is the direction 
of flow of the pr imary  mobile species. 4 

For growth by the t ransport  of negat ively charged 
ionic species, we choose to utilize the al ternate coordi- 
nate system in  which the origin (x = 0) is located at 
the oxide-solution interface. Then the positive direction 
is from solution to oxide to metal, which is the direc- 
t ion of flow of the p r imary  mobile species. The surface- 
charge field [viz., E (x) at x = 0] is in this case deter- 
mined by the interfacial  charge density at the oxide- 
solution interface instead of by the interfacial  charge 
density at the metal-oxide interface. 

The convention chosen for the coordinate system will  
of course have no bear ing on the actual  species and 
charge distr ibutions in  the system. Thus a simple 
mathematical  t ransformat ion can be devised to convert  
from one coordinate system to another. This coordi- 
nate-system transformation is not developed herein 
since it is not essential to our pr imary purpose. 

The results deduced for a physical model in  which 
the mobile species is negat ively charged can be readily 
t ransformed to corresponding results for a physical 
model in which the mobile species is positively 
charged. This second type of t ransformat ion (namely,  
a species t ransformation)  is especially easy in the case 
of the present ly  utilized convent ion of choosing the 
origin of the coordinate system at the part icular  in ter -  
face having the larger boundary  concentration. Then 
the species t ransformat ion is effected simply by re- 
versing the sign of the charge of the species, together 
with making the corresponding reversals in  sign for the 
electric field and potential.  

At  this point  it may be evident  that we do not at-  
tempt to answer by means of our numerical  computa- 
tions the impor tant  physical question of which ionic 
species is responsible for growth in any given metal-  
oxide-solution system. Instead, we deduce results i l lus- 
t ra t ive of concentrat ion-gradient  and space-charge 
effects which are (apart  from incidental  details such as 
directions and signs) general ly applicable to any mo- 
bile ionic species. 

For our model numerica l  calculations we choose a 
negat ively charged mobile ionic species, with the origin 

F o r  t h e  a l t e r n a n t  s i t u a t i o n  f o r  w h i c h  t h e  p r i m a r y  m o b i l e  spec i e s  
a r e  e i t h e r  c a t i o n  v a c a n c i e s  o r  a n i o n  i n t e r s t i t i a l s  ( n e g a t i v e l y  c h a r g e d  
ion ic  spec ies )  t h e  c o o r d i n a t e  s y s t e m  cou ld  be  c h o s e n  to b e  t h e  s a m e  
i f  d e s i r e d ,  in which  case  t h e  b o u n d a r y  e g n c e n t r a t i o n  a t  t h e  origin 
would be lower than at z = L. Flow of ionic species would then 
be  in  t h e  n e g a t i v e  d i r ec t i on .  W e  do not choose to  u t i l i ze  t h i s  c o n -  
v e n t i o n  in the  present  w o r k .  
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Table h Values utilized for parameters in numerical computations 

Symbol  Units  Definition V a l u e  

no N o . / c m S  D e f e c t  density  at p o s i t i o n  z = 0 10u  
nN N o . / c m  s D e f e c t  d e n s i t y  a t  pos i t i on  x = L I0  ~0 
W e V  Activat ion energy for  diffusion 0.3 
T ~  T e m p e r a t u r e  300 
2 v a  sec-X A t t e m p t  frequency 10 ~ 

A L a t t i c e  p a r a m e t e r  4 
Z - -  V a l e n c e  of  diffusing species  - -1  
�9 ~ Relative dielectric constant I0 

1 0  

~8 
o 

z 4 

of the coordinate system located at the oxide-solution 
interface and the positive direction from solution to 
oxide to metal. The results as they stand wil l  be im- 
mediately applicable to either cation vacancy motion 
or anion interst i t ial  motion. The results can be easily 
converted by  the above species t ransformat ion to cat-  
ion interst i t ial  or anion vacancy motion. 

Scaling of the numerical  r e s u l t s . ~ I t  can be seen 
from the basic Eq. [1] that  

J ~ ~ exp  ( - - W / k B T )  [5] 

If a quant i ty  T is defined 

T = J/[~,exp ( - - W / k B T ) ]  [6] 

then  the basic Eq. [1] can be looked upon as a differ- 
ence equation dependent  on T but  not otherwise de- 
pendent  on the specific values of the parameters  J, 
v, and W. For a given value of T, the numer ica l  solu- 
t ion deduced will be general ly  applicable to all  pos- 
sible combinations of J, ~, and W consistent with the 
given value of T. In  particular,  the results of the pres- 
ent  numer ica l  calculations wi th  W chosen to have the 
value 0.3 eV (cf. Table I) will  be equal ly valid for a 
different value of W (e.g., W --  0.8 eV), provided 
only that  the currents  are changed accordingly (e.g., 
for W -- 0.8 eV the currents  will reduce by a factor of 
e-O's/k~T/e -~ -- e -0-5/kar, which at room tempera- 
ture is approximately e -s0 ~ 2 • 10-9). The currents 
scale linearly with the value of v, with no change in the 
profiles. The time scale dilates reciprocally as the cur- 
rents, so our numerical results in actuality cover the 
range from large currents (corresponding to rapid 
growth on a laboratory time scale) to extremely small 
currents (corresponding to a growth rate which may 
be negligible on a laboratory time scale). Of course, 
we exclude situations in which the currents are so 
large that appreciable heating of the sample might 
O C C u r .  

N u m e r i c a l  Results 
Diffusing defect  concentration pro f i les .~The  distr i-  

but ion  of defects in  an anodic oxide film which is 
growing under  various applied currents  is shown as a 
function of thickness N (in monolayers)  in Fig. 1-3. 
The curves were produced by drawing straight lines 
between the numer ica l ly  computed values at discrete 
points separated by one monolayer  in the lattice. (The 
discrete model yields only one point  per monolayer.)  
The values chosen for the microscopic parameters  are 
listed in Table I. In  all  figures the numbers  1 through 

'~ XY_ 

- -  6 

0.6 0,9 

X/l. 

Fig. 1. Defect density for a 10 monolayer anodic oxide film vs, 
normalized position for several values of the current. 
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Fig. 2. Defect density for a 40 monolayer nnodic oxide film vs. 
normalized position for several values el the current. 
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Fig. 3. Defect density for a 160 monoloyer anodic oxide film vs. 
normalized position for several values of the current. 

10 correspond respectively to currents  of 5 • 1015, 
1 X l0 is, 5 • l0 TM, 1 X 10 iv, 5 • 1017, 1 • l0 TM, 5 • 10 TM, 

1 • 1019, 5 X 1019, and 1 • 102~ particles/cm2-sec, re- 
spectively, as listed for reference purposes in Table II. s 
Fixed boundary  concentrat ions are chosen for sim- 
plicity in performing the numerica l  computations,  
since the purpose of the present work is to examine the 
general  effects of concentrat ion gradients and space 
charge. 

A factor of 10 is chosen for the difference in the 
two boundary  concentrations, as is evident  from Fig. 
1-3. This difference will  in practice vary with the 
system in question, being larger in general  for anodic 
films having a larger free energy of formation. The 
effects of the concentrat ion difference across the film 
are quite apparent  in these figures; this factor can be 
expected to influence markedly  the concentrat ion pro- 
files found exper imenta l ly  in such anodic films. 

It  is interest ing to note (cf. Fig. 1-3) that  a relat ively 
high density of defects prevails throughout  most of the 
film of a given thickness whenever  the current  is rela- 
t ively large. Note especially in  Fig. 1 that  curve 8 has 
a defect density at the midpoint  of the film which is at 
least a factor of 3 larger t han  curve 1. (The ratio of 
the currents  for these two curves is 1 X 10t9/5 • 1015 

5 I t  c a n  be  n o t e d  f r o m  F i g .  1-3 t h a t  t h e  h i g h e r  c u r r e n t  density 
c u r v e s  f o r  t h e  t h i c k e r  f i lms  a r e  m i s s i n g .  T h e s e  c a n n o t  b e  c o m p u t e d  
a c c u r a t e l y  b y  m e a n s  of  t h e  p r e s e n t  c o m p u t e r  p r o g r a m .  T h e  c u r v e s  
which  a r e  s h o w n  m e e t  a v e r y  s t r i n g e n t  c r i t e r i o n  f o r  a c c u r a c y .  T h e  
p r e s e n t l y  c o n s i d e r e d  f ie ld a n d  v o l t a g e  r a n g e  is of  i n t e r e s t  f r o m  t h e  
s t a n d p o i n t  t h a t  i t  i l l u s t r a t e s  t h e  i n t e r p l a y  of  e l ec t ro s t a t i c - f i e ld  
e f f ec t s  a n d  c o n c e n t r a t i o n - g r a d i e n t  ef fects .  

Table Ii. Currents associated with a given curve number in the 
figures 

Curve number Current J (No./cmS-sec) 

I 5 • i0 ~ 
2 1 • l0 is 
3 S X I0 ~e 
4 i • 10 Iv 
5 5 • I0 i~ 
6 I • 10 ~s 
7 5 X i0 ~s 
8 1 x 1 0  ~ 

9 S • 10 ~ 
10 1 x 1020 
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Fig. 4. Defect density for a given current vs. normalized position 
in growing anodic oxide films for various film thicknesses in mono- 
layers. (J - -  5 X 1015 particles/cm2-sec.) 

= 2000.) An  impor tant  general  conclusion can thus be 
drawn from this set of three figures: (a) Larger cur- 
rent  densities for a given thickness are accompanied by 
greater numbers  of diffusing defects in the growing 
film. 

It is quite interest ing to compare Fig. 1 through 8. 
It  can be seen that the defect densities for a given cur- 
rent  density become relat ively lower throughout  the 
film as the thickness increases. This effect is associated 
specifically with the space charge. It can be under -  
stood qual i tat ively somewhat as follows. Increasing the 
thickness tends to yield a greater total space charge 
and correspondingly larger space-charge fields, which 
requires in t u rn  a modification in the concentrat ion 
profiles to decrease the space charge in order that  the 
concentrat ion difference across the film may be main-  
tained. The general conclusion to be drawn is: (b) 
Larger film thicknesses are accompanied by decreasing 
concentrat ions of diffusing defects at a given nor- 
malized position wi th in  the film for a given current  
density. This can also be looked upon from the stand- 
point  that  the regions of large space-charge density 
become relat ively more confined to the interfaces as 
the film thickness increases. 

Figure 4 i l lustrates quite clearly the lowering of the 
diffusing defect concentrat ion with increasing thick- 
ness at a given current  density. Curves A through E 
in all figures represent  thicknesses of 10, 20, 40, 80, 
and 160 monolayers, respectively, as listed for refer-  
ence purposes in Table III. The usefulness of plott ing 
as a function of normalized position x/L,  where x is 
the position in the film and L is the film thickness, is 
evident in this figure. 

Space-charge density and electrical conductivity pro- 
files.--The charge density is given by the product of 
the defect density with the charge per defect. In  addi- 
tion, the ionic conductivi ty is given by the product 
of the charge density with the mobility. Thus Fig. 1-4 
are also representat ive of the charge density profile 
and ionic conduct ivi ty  profile in growing anodic films. 

Total space charge.--The total charge located in  the 
region of the film between the origin x = 0 and a 
given normalized position x / L  in the film is given by 
an integral  of the charge density from zero to x. Figure 
5 i l lustrates this quant i ty  (in units  of the electronic 
charge magni tude)  as a function of normalized position 
for five different film thicknesses, and Fig. 6 i l lustrates 
this quant i ty  for four different current  densities. From 

Table IIh Thicknesses associated with a given curve symbol in the 
figures 

Thickness 
Symbol on curve {in monolayers) 

A 10 
B 20 
C 40 
D 80 
E 160 

25 

\ 
20 

A 

I0 

5 

0 
0 . 0  ' ! I i ' 0. I 0 . 2  0 3 0 q 0 5 0 . 6  
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Fig. 5. Total charge up to position x within a growing anodic 
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oxide film vs. normalized position for various film thicknesses with 
J = 1 X 10 zt particles/cm2-sec. 
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Fig. 6. Total charge up to position x within a growing anodic 
oxide film 160 monolayers in thickness vs. normalized position for 
various applied currents. 

Fig. 5 we can draw the following conclusion: (c) 
Larger thicknesses contain greater total amounts  of 
space charge for a given current  density. From Fig. 6 
we can conclude that  higher current  densities yield 
more space charge for a given thickness, which is in 
accord with our previously stated conclusion (a). A 
comparison of our previously stated conclusion (b) 
with conclusion (c) shows us that even though the 
defect concentrat ion at a given normalized position de- 
creases with increasing thickness at a fixed current  
density, the total number  of defects still increases 
somewhat with increasing film thickness. 

Figure 7 is an extensive plot for the total space 
charge within the growing film which serves to deline- 
ate sharply conclusions (a) and (c) d rawn from the 
intensive plots discussed above. (An intensive plot 
contains curves for some given quan t i ty  vs. normalized 
position x / L  in the film, whereas an extensive plot con- 
tains curves for some given quant i ty  vs. film thick- 
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Fig. 7. Total charge within a growing anodic oxide film vs. thick- 
hess in monolayers with different applied currents. 
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ness.) Each curve (corresponding to a given current  
density) shows, for example, the increase in total space 
charge in the film with increasing thickness. This is 
basically stated in conclusion (c). A comparison of 
the curves in Fig. 7 shows that the total space charge 
at a given thickness increases with current  density, 
which is essentially conclusion (a). In  addition, a new 
conclusion can be drawn from this figure: (d) For 
growth under  constant  current  conditions, the total 
space charge i n  the film has a tendency to level off 
with increasing thickness to a constant value char- 
acteristic of the current  density. For lower current  
densities this is found to occur at smaller thicknesses. 
This effect can be at t r ibuted ent i rely to space charge, 
since corresponding homogeneous-field computations 
predict a total number  of defects which increases al- 
most ]/nearly with thickness without any tendency to 
level off with increasing thickness. 

Electric 1~elds.--The electric field is nonhomoge- 
neous in the film due to the large space-charge con- 
centrations. Figure 8 il lustrates the electric field vs. 
position in a 10 monolayer  film and in a 160 monolayer  
film for various current  densities. The increased curva- 
ture evident  at 160 monolayers is indicative of the 
increased amount  of space charge for thicker films. 
This effect is emphasized in Fig. 9 where the electric 
field vs. normalized position is shown for the five 
thicknesses at a given current  density. The decreasing 
field with increasing x shows that  the space charge 
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Fig. 8. Electric field vs. normalized position in growing 10 mono- 
layer (lower set) and 160 monolayer (upper set) anodic oxide films 
for several currents. 

happens to be of opposite sign to the surface-charge 
field for this part icular  current  density. 

Also it is of interest  to note in Fig. 8 the algebraically 
decreasing electric fields associated with increasing 
current  densities. This is simply a mat ter  of the re- 
qui rement  of a larger electric dr iving force to produce 
larger current  densities. The fact that the electric 
field has the opposite polari ty for different values of 
the current  (e.g., compare curves 1 and 7 for N = 10 
in Fig. 8) is also of interest. This is readily explained 
as follows. The concentrat ion gradient  in the absence 
of an electric field will produce a certain particle 
current,  the exact value of which depends on the film 
thickness. Whenever  the particle current  due to the 
concentrat ion gradient  alone is larger than  the net  
particle current  in question, then the field has the 
polari ty needed to retard charged particle transport.  
On the other hand, the field must  have the polarity 
required to aid charged particle t ransport  when the 
current  produced by the concentrat ion gradient  alone 
is insufficient to yield the net particle cur ren t  under  
consideration. 

Figures 10 and 11 are very i l luminat ing  extensive 
plots i l lustrat ing the electric field at the two oxide 
interfaces as a function of thickness. A comparison 
between the two figures leads us to the following con- 
clusion: (e) With increasing thickness the surface- 
charge field at the higher defect-density interface levels 
off to some constant  value characteristic of the current  
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Fig. 10. Electric field at the larger defect-density interface vs. 
thickness in monolayers for a growing anodic oxide film with 
different applied currents. 
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Fig. 9. Electric field vs. normalized position in a growing anodic 
oxide film with J ~ 1 X 1017 particles/cm2-sec for several thick- 
nesses. 
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Fig. 11. Electric field at the lower defect-density interface vs. 

thickness in monolayers for a growing anodic oxide film with dif- 
ferent applied currents. 
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density quite rapidly as compared to the electric field 
at the opposite interface. The difference between the 
electric fields at the inner  and outer interfaces can be 
a t t r ibuted of course to the total space charge wi thin  
the film. (Without  space charge, the electric fields at 
the two interfaces would be the same.) Note the 
similari ty between the curves in  the two figures for 
very small  values of thickness. This reflects the fact 
that  the total space charge wi thin  the film approaches 
zero as the thickness of the film approaches zero, so 
the electric fields at the inner  and outer interfaces 
approach one another in this limit. The change in 
polar i ty  of the field wi th  increasing thickness is also 
very  apparent  in  these curves. For  thin enough films, 
the currents  produced by the concentrat ion gradient  
can be very large, so an opposing electric field is re-  
quired to balance the current  density to a given net 
value. With increasing thickness, the concentration 
gradient  becomes a lesser dr iving force, so the electric 
field must  gradual ly  change from an opposing to an  
aiding polari ty to main ta in  the fixed current  density. 

Electrostatic potentials.--The electrostatic potential  
V(x)  is general ly obtained from an integral  of the 
macroscopic electric field 

s V(x) = - E(x) cL~ [71 

or in the present  model of a discrete lattice, from Eq. 
[4]. In  the absence of space charge, E (x )  would have 
a constant  value Eo throughout  the film and V(x)  
would be a l inear  funct ion of position x. With space 
charge, however, E ( x )  varies wi th  position as was 
noted in Fig. 8-9. Therefore space charge causes V(x)  
to be a nonl inear  funct ion of position x. The potential  
is shown as a funct ion of normalized position in Fig. 
12 and 13. A comparison of the curves for a 20 mono- 
layer  thickness wi th  corresponding curves for a 160 
monolayer  thickness in  Fig. 12 shows an increased 
curvature  appropriate for the thicker  films. It  therefore 
can be stated: (f) The electrostatic potent ial  as a 
function of normalized position wi th in  the film is more 
nonl inear  for thicker  films. Another  interest ing feature  
i l lustrated in  Fig. 12 is the larger potentials  associated 
with the higher current  densities. Also in  Fig. 12 it 
is especially evident  at N -- 160 that:  (g) The curva-  
ture in  the potential  vs. normalized position curves is 
greater at higher current  densities, which reflects the 
greater amount  of space charge in  the film at higher 
current  densities. 

Figure  13 i l lustrates a set of different thickness 
curves (A through E) at two given cur ren t  densities 
differing by a factor of five. Note that the potential  
(for a given current  density) in the thicker films has 
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Fig. 12. Electrostatic potential vs. normalized position in growing 
anodic oxide films 20 monolayers (lower set) and 160 monolayers 
(upper set) in thickness for several currents. 
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Fig. 13. Electrostatic potential vs. normalized position in a grow- 
ing anodic oxide film with J ---- 1 X 10 is (lower set) and J 
5 • 10 is (upper set) particles/cm2-sec for several thicknesses. 
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Fig. 14. Electrostatic potential vs. thickness in monolayers for a 
growing anodic oxide film with different currents. 

an increased curva ture  which is directly associated 
with the greater total amount  of space charge in the 
thicker films. Note also the increased curvature  for the 
potent ial  in  a film of given thickness when  the current  
densi ty is increased. 

Figure 14 represents  some of the most impor tant  
results of the numer ica l  computations. The total 
electrostatic potential  6 V(L) developed across the 
anodic film is shown as a funct ion of thickness for ten 
different current  densities. I t  can be noted that: (h) 
There are two separate regions of interest  in  the po- 
tent ial  vs. thickness curves, the very thin-fi lm region 
(convex curvature)  where concentrat ion gradient 
effects predominate,  and the thicker film region (con- 
cave curvature)  where  space-charge effects predomi-  
nate. The potent ial  increases with thickness, as illus- 
trated, since a greater  total  dr iving potential  is needed 
at thicker films to ma in ta in  a fixed value for the 
current.  It  is also clear from the figure that  higher 
current  densities require considerably higher potentials 
at any  given thickness. 

Figure 15 gives the total  electrostatic potential  as 
computed as a funct ion of thickness in the homoge- 
neous-field l imit  (viz., when space charge is ignored).  
Note that  the curves are essentially l inear  in the thick- 
film region. A comparison with the corresponding 
curves of Fig. 14 shows that  a given current  at a given 
thickness is obtained at a significantly lower potential  
when  space-charge effects can be ignored. Thus it can 

e This  quan t i ty  represen ts  the electrostat ic  potent ia l  difference (or 
vol tage  drop} across the  anodic film exclus ive  of any  electrostat ic  
potent ia l  differences developed wi th in  the solution phase  and  ex -  
c luding the  d r i v ing  force contr ibut ion g iven  by  the concent ra t ion  
gradient .  
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Fig. 15. Homogeneous-field results for the electrostatic potential 
vs. thickness in monolayers for a growing anadic oxide film with 
different currents. 
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Fig. 16. Logarithm of the particle current vs.  logarithm of the 
thickness for growth under constant electrostatic potentials ranging 
from --0.05 to 0.60V in increments of O.05V. 

be concluded that: (i) Space charge retards the rate 
of anodic film growth, and (j) Space charge gives 
rise to curvature  in  the potential  vs. thickness char- 
acteristics. 

The curva ture  in Fig. 14 therefore represents a mea- 
sure of the effects of space charge. This plot should be 
quite useful  in a correlation with appropriate experi- 
menta l  results. Unfor tunate ly  there appear to be no 
available exper imental  data in the thin-f i lm low-volt-  
age range to provide more than a qual i tat ive compari- 
son (11) with the predictions of this work. Exper iments  
designed to yield such data are to be greatly encour- 
aged, since the results would be most useful in deline- 
at ing the possible role of space charge in anodic film 
formation. 

Kinetics of film growth . - -An  examinat ion of the 
range of electric fields (cf. Fig. 10-11) shows them to 
be of the order of or below 106V/cm. The quant i ty  
8 ~ ZeEa/kBT consequently has values which lie be- 
tween 0.0 and  0.8 in  magnitude.  The fields thus reach 
large enough values so that the exponentials e -+~ can-  
not be accurately approximated by 1--+8 (for example, 
e~ _~ 2.23 and e-~ ~ 0.45 for 8 ---- 0.80). On the other 
hand, the fields are not so large that  e -~ can be ne- 
glected with respect to e a, which is the usual  high-field 
limit. Therefore, nei ther  of the commonly used con- 
stant  potential  plots of log (current)  vs. log (thickness) 
and log(current )  vs. reciprocal thickness could be ex- 
pected to yield straight lines even in the absence of 
space-charge and concentrat ion-gradient  effects. 

In  order to in terpre t  to some extent  the kinetics at 
constant  voltage, the following commonly  used semi- 
empirical plots were made: (a) In J vs. 1/N, (b) 
In J vs. In N, and (c) In J vs. N. In  the absence of 
space charge and concentrat ion gradients, the first of 
these would yield a straight l ine in the high-field limit, 
whereas the second would yield a straight l ine if 
growth occurred according to some empirical power 
law (i.e., J oc 1/L n, where L denotes thickness).  The 
third of the possibilities would yield a straight l ine if 
growth were logarithmic. 

Perhaps not  surprisingly, none of the three types of 
plot yielded good straight lines. Plots of the type (a) 
tu rned  out to provide the poorest representat ion of a 
straight line, while plots of type (c) were somewhat 
bet ter  but  still quite poor. Plots of type (b),  while by 
no means perfectly l inear  as can be noted from Fig. 
16, were at least quasi l inear  over certain thickness 
regions for the case of the higher potentials. At the 
lower potentials, the curves can be noted to be affected 
markedly  by the presence of the concentrat ion 
gradient. 

The choice of the type (b) plot as providing the best 
empirical representat ion of the kinetics is at best some- 
what  arbi t rary  due to the fact that  a log-log plot has 

an innate  tendency to minimize variations. It  does 
have the distinct virtue, however, that the slopes give 
some indication of whether  or not the growth curves 
are severely ra te - l imi t ing  in character. The slopes of 
the higher potential  curves in Fig. 16 range between 
--1 and --3, so that  an empirical power law for growth 
would be of the form 

Lo~t l /~  ( 2 < n < 4 )  [8] 

This tells us that  growth is more sharply ra te- l imit ing 
than would be expected on the basis of a parabolic law. 

Corresponding computations (cf. Fig. 17) have been 
carried out in the homogeneous-field l imit  to ascertain 
specifically the effects of space charge. The curves can 
be noted to be more l inear  than/~l~ose in Fig. 16. In 
addition, the slopes are general ly fbund to be much 
less than  the slopes of the corresponding curves in  Fig. 
16 (not greatly exceeding the value n = 2), so that  
growth is more near ly  parabolic. Thus it can be con- 
cluded that: (k) Space charge gives rise to growth 
kinetics curves which have a greater l imit ing-thickness 
character than the corresponding homogeneous-field 
growth kinetics curves. In  addition, the currents  in the 
thick-fi lm homogeneous-field l imit  are as much as an 
order-of-magnitude larger than the corresponding 
currents  in Fig. 16. To summarize  the results of our 
present  numerical  computations, then, we can state 
that: (I) Under  constant potential  conditions space 
charge severely retards the growth rate and gives 
rise to growth curves which have a marked l imit ing- 
thickness character. 
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Fig. 17, Homogeneous-field results for the logarithm of the 
particle current vs. logarithm of the thickness for growth under 
constant electrostatic potentials ranging from --0.05 to O,60V in 
increments of O.05V. 
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Summary and Conclusions 
A space-charge-gradient  model computat ion for 

anodic oxidation has been carried out to delineate 
the effects of the concentrat ion gradient  and space 
charge of an arb i t ra ry  diffusing ionic species on the 
kinetics of film formation. The fundamenta l  t ransport  
equation (8) is based on the concept of a thermal ly  
activated hopping (1) of charged point defects obeying 
Bol tzmann statistics; a net  mass t ransport  takes place 
because of the bu i l t - in  concentrat ion gradient  and the 
net electric field in the film due to space charge and 
the external ly  applied potential. An iterative technique 
has been employed to obtain extensive numerical  
solutions as a funct ion of thickness and current  density 
for reasonable values of the microscopic physical 
parameters  involved in  the model. Our major  observa- 
tions are summarized as follows: 

1. With respect to corresponding curves computed  
in the homogeneous-field limit, the kinetic growth 
curves under  constant voltage conditions are without 
question severely rate- l imited by relat ively moderate 
space-charge concentrations. Plots of the logari thm of 
the current  vs. thickness, reciprocal thickness, and 
logari thm of the thickness have been made in an effort 
to deduce an empirical growth law, but  none of the 
curves were found to be ent irely linear. Space charge 
causes the growth kinetics to have an increased l imit-  
ing-thickness character. 

2. For growth under  constant  current  conditions, the 
potential  vs. thickness curves possess a concave curva- 
ture  region which is most pronounced at low voltages. 
This constitutes a promising region to explore from 
the standpoint  of verifying exper imental ly  the exist- 
ence of space-charge effects. 

3. The potential  vs. thickness curves under  constant  
current  conditions exhibit  in addition a region of con- 
vex curva ture  which is most pronounced for thin films 
and very low voltages where the concentrat ion gradi-  
ent produced by the chemical reaction of film forma- 
t ion at the interface competes with the external ly  
applied potential. 

4. Under  constant  current  conditions, the total 
amount  of space charge wi th in  a film increases with 
thickness with a tendency to level off toward some 
constant value with increasing thickness. This takes 
place at smaller film thickness for the lower current  
densities. 

5. Under  constant current  conditions, the surface- 
charge field at the higher defect-density interface 
approaches a characteristic asymptotic value very 
rapidly with increasing thickness. The electric field at 
the opposite interface levels off at a rate more in 

accordance with the behavior  of the total space charge 
in the film. 

6. At a given current  density, the regions of large 
space charge become relat ively more confined to the 
interfaces as the film thickness increases. The ionic 
carrier density in  the central  region of the film can 
thus become quite low for thick films. 

7. For a given thickness, the order of the current  
density profiles shows that the total amount  of space 
charge contained in the anodic film increases with 
increased current  levels. The corresponding point de- 
fect density at a given position thus tends to be lower 
for films grown to the same thickness under  low 
current  conditions. 

8. The computed electrostatic potential  vs. position 
wi thin  the film is more nonl inear  for thicker films due 
to the greater amount  of space charge. In  addition, at 
a given film thickness the electrostatic potential  is 
more nonl inear  at higher current  densities due to the 
greater amount  of space charge. 
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Effect of Metaphosphate and Temperature 
on Silver Deposition 

Richard J. Roethlein *'1 
Research and Development Laboratories, Sprague Electric Company, North Adams, Massachusetts 01247 

ABSTRACT 

Effects of metaphosphate and tempera ture  on the electrodeposition of silver 
from a phosphoric acid electrolyte were investigated by both steady-state and 
t ransient  electrochemical techniques. Electron-microscope and x-ray diffrac- 
t ion techniques were used to study the morphology and s t ructure  of the elec- 
trodeposited silver. The addit ion of metaphosphate and the lowering of elec- 
trolyte tempera ture  were found to change the morphology and crystal orien- 
tat ion of the electrodeposited silver. Possible explanat ions as to the cause of 
these changes are discussed. 

Recently interest  was generated in the use of silver 
coulometers in electronic circuits for a var ie ty  of 
t iming applications. The device makes use of the vol t-  
age rise associated wi th  the removal  of a predetermined 
quan t i ty  of silver from an inert  electrode (anode) 
which is then used to activate a relay. Due to the  wide 
tempera ture  span needed in m a n y  applications, a 
concentrated solution of phosphoric acid is used for 
the electrolyte system. Electroplat ing silver from a 
silver phosphate/phosphoric acid electrolyte produces 
rough granular  deposits with poor adherence. It was 
found that  when  small  quanti t ies  of metaphosphoric 
acid were added to the electrolyte, smoother silver 
deposits were obtained having better  adhesion to the 
under ly ing  substrate. Electrodeposition of silver at 
low tempera ture  in the absence of metaphosphate was 
also found to have a pronounced effect on deposit 
texture. 

Metaphosphoric acid was first used as a leveling 
agent for the electrodeposition of silver by Mathers 
(1) in an acidified silver n i t ra te  electrolyte. Ear ly  
studies indicated that  the presence of this additive 
in silver n i t ra te  solutions caused the formation of 
complex cations with silver which the authors (2) 
deduced were responsible for the reduction in crystal 
grain size. Later studies (3) have shown that  although 
complexing may take place between the additive and 
cation, there is no direct correlation between complex 
ion formation and reduction in  crystal  size. Presently,  
the view is held that most addit ion agents are ad- 
sorbed on the electrode surface and thus cause modifi- 
cations in the steps of the electrocrystall ization 
process (4). Fischer (5) main ta ins  that  some form of 
inhibi t ion is present  in  every electrode process. 

Previous studies by a n u m b e r  of authors  (6-12) on 
the mechanism of silver deposition in other electrolytes 
have revealed the presence of several al ternate paths 
that  can be rate controlling. Bockis and co-workers 
(7, 8) have presented evidence that  at low overvolt-  
age the ra te-control l ing process is surface diffusion 
of silver adions to lat t ice-building sites, which gradu- 
ally changes to a charge-transfer  controlled reaction 
at higher overvoltages. Studies (13-15) of the effects 
of electrode pre t rea tment  have shown that the ra te-  
controll ing step is extremely dependent  on the number  
of dislocations and the active growth sites present on 
the electrode surface. F le ishmann and Thirsk (16, 17) 
have main ta ined  that the path in metal  deposition 
would be better  represented by a mechanism which 
would involve direct t ransfer  to a growth site preceded 
by diffusion through solution. Rangara jan  (18) has 
also shown that  if the ra te-control l ing step was slow 
lattice incorporation, it would exhibit  similar char- 
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acteristics, such as long rise time, as predicted for a 
slow surface-diffusion model. Studies made by Budev- 
skii et al. (10) on dislocation-free monocrystals of 
silver have supported the view that  crystal growth 
involves the formation of two-dimensional  nuclei  and 
propagation by monoatomic layers. This view has also 
been supported with metal  deposition studies employ- 
ing a vitreous carbon electrode substrate (19). 

In the present  study, an at tempt  was made to in- 
vestigate the steady-state and t ransient  kinetics asso- 
ciated wi th  the deposition of silver from phosphoric 
acid at low temperatures  and in the presence of various 
concentrat ions of metaphosphoric acid. Morphology 
studies of the electrodeposit under  various conditions 
have also been examined. 

Experimental 
A standard Pyrex  glass test cell was used in making 

all electrochemical measurements .  The cell had a 
separate reference compar tment  which could be iso- 
lated by means of a stopcock and a Luggin capil lary tip 
ex tending  to the edge of the study electrode. The cell 
also contained appropriate gas inlet  and outlet ports and 
was cleaned before each r u n  with a sulfuric-chromic 
acid mix ture  and then r insed several times in doubly 
distilled water. The silver phosphate/phosphoric acid 
electrolyte was prepared by  dissolving silver metal  
(99.97%) into a two-to-one mix ture  of concentrated 
phosphoric acid and 30% hydrogen peroxide, both re- 
agent grade. After  dissolution of the metal, the solu- 
t ion was heated for several hours at 125~ to remove 
all traces of hydrogen peroxide, which has the added 
benefit of oxidizing any organic impuri t ies  in the 
electrolyte. The electrolyte was then diluted to its 
appropriate  concentrat ion and stored in  a taped flask, 
all operations being carried out in a d imly  lit room 
to prevent  formation of colloidal silver. Metaphosphate 
was obtained from colorless crystals of analyt ical  re- 
agent -grade  qual i ty  containing 40% HPO8 and 60% 
NaPO3. Molar concentrat ions were calculated by aver- 
aging the molecular  weight of each compound. 

The reference and counterelectrodes used in these 
experiments  were 99.99% silver. The study electrode 
consisted of a section of 20 rail diameter  silver wire 
(99.99%) which was sealed to Pyrex  tubing  by a 
special Teflon tubing, Flotite. All  electrodes were 
thoroughly cleaned before immers ion into the electro- 
lyte by r insing in acetone, distilled water, nitric acid, 
and finally distilled water. 

All  measurements  were taken immediate ly  after the 
addit ion of metaphosphate since in phosphoric acid it 
slowly converts to the ortho form. A 10-4M concen- 
t ra t ion wil l  be ent i re ly  converted to the ortho form 
after several hours. The electrolyte was thoroughly 
purged by bubbl ing  ni t rogen through the system 
before and dur ing each exper imental  run. Prepurified 
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ni trogen was fur ther  scrubbed before enter ing into 
the cell by passing it through a gas t rain containing 
columns of ascarite, copper filings at 300~ and finally 
a l iquid ni t rogen cold trap. Low tempera ture  experi- 
ments  were carried out in either a cold box containing 
ethylene glycol as the coolant or by immersing the 
test cell in a Dewar flask which contained freezing 
mixtures  of dry ice and either carbon tetrachloride or 
chlorobenzene. Electrical measurements  were carried 
out after the test cell had come to a constant  tempera-  
ture which did not vary  by more than __.0.5~ during 
the course of the experiment.  

Steady-state  polarization measurements  were made 
using a Wenking potentiostat or an electronic mea- 
surement  cons tan t -cur ren t  power supply, and poten- 
tials were recorded with a Hewlet t -Packard digital 
voltmeter  having an input  impedance of 1010 ohms. 
Galvanostatic t ransients  were obtained using an elec- 
tronic circuit containing a mercury-wet ted  relay sys- 
tem that  has been described previously in the l i tera-  
ture (20). Overpotent ial- t ime measurements  were 
recorded on a Tektronix Oscilloscope, Model 535, and 
photographed with an attached Polaroid camera. An 
electron-probe analysis for phosphorous on electro- 
deposited silver samples was carried out at 21 keV, 
and x-ray diffraction analysis for crystal orientat ion 
was done with a Phillips diffractometer using a Cu 
tube at l ~  scan rate. Morphology studies of the 
electrodeposit were made with an American Optical 
2400-P Metallograph and an electron microscope em- 
ploying the carbon replica method. 

Results 
EfIect of temperature.--The steady-state deposition 

and dissolution of silver was studied at various tem- 
peratures and silver ion normali t ies in a concentrated 
phosphoric acid electrolyte. At room temperature,  a 
semilog plot of the current-potent ia l  characteristics of 
this reaction are almost symmetrical  and do not ex- 
hibit  a hysteresis effect, Fig. 1. Current-vol tage data 
for the deposition reaction at several silver ion con- 
centrat ions when plotted on rectangular  coordinates 
exhibit  l inear  slopes which are proportional to the 
silver ion concentration, Fig. 2. Curves taken in the 
presence of st irr ing show a marked reduction in over- 
voltage while the electrolyte is being agitated. 

With decreasing tempera ture  electrode polarization 
increases and a large hysteresis is observed to occur 
between the ascending and descending cur ren t -po ten ,  
t ial  values. At a temperature  of approximately --10~ 
or less, an inflection in the current-potent ia l  curve 
appears Which seems to indicate a shift in the electrode 
process is occurring. Figure 1 reveals that under  po- 
tentiostatic conditions, the init ial  ascending cathodic 
portion (curve 2) of the current-potent ia l  curve has 
a pronounced inhibi t ion inflection at approximately 
25 mV polarization. Fur ther  increases in polarization 
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Fig. 2. Steady-state deposition of Ag 

indicate that a subsequent  electrode process takes 
place at higher overvoltages. After  the t ransi t ion 
region has been passed, descending cathodic potentials 
(curve 3) follow the second curve and at low Current 
densities exhibit  a higher overvoltage than the ascend- 
ing cathodic portion of the curve (curve 2). Fur ther  
decreases in potential  produce an anodic current  and 
the dissolution (curve 4) of the electrodeposited layer 
exhibits a large hysteresis when  compared to the 
original dissolution curve (curve 1) unt i l  enough 
charge has been passed to remove the quant i ty  of 
silver deposited during the cathodic portion of the 
curve. After removal  of the electrodeposited layer, 
current -poteni ta l  parameters  follow the original dis- 
solution curve (curve 1). 

A coulometric study of the potential  variat ion be- 
tween the dissolution of the silver substrate and the 
electrodeposited silver layer  at --22~ has shown that 
the potential  difference exists only unt i l  the electro- 
deposited silver has been removed from the silver- 
electrode substrate, Fig. 3. A stable dissolution poten- 
tial was first established for a given current  density; 
the current  was then reversed and silver deposited for 
a given period of time. The rest potential  after electro- 
deposition is approximately 25 mV more cathodic than 
t h e  silver-reference potential  and has been observed 
to be stable over 24 hr. Upon reversal  of the same 
current  in the anodic direction, a potential  plateau is 
observed which is approximately 35 mV more cathodic 
than  the init ial  dissolution potential. The potential  
remains  at this value only unt i l  the amount  of t ime 
corresponding to the deposition of silver has elapsed; 
the potential  then drops to its original anodic value. 
At 25~ no potential  var ia t ion between the dissolution 
of the silver substrate and an electrodeposited layer 
was observed. 

Morphology studies of the electrodeposited silver ob- 
tained at different temperatures and overvoltages, 
Table I, are shown in Fig. 4. At room temperature, 
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5 0  

4C 

5 0  

2 0  

o:; I0  

2 0  

3 0  

4 0  

CONSTANT CURRENT DENSITY 

t . I  M A / c m  2 23.2N -H3PO 4 

0.95 N -Ag + 
o o 

DEPOSITION POTENTIAL T E M R - S S * C  
5 MIN. DURATION 

DISSOLUT(ON POTENTIAL 

OF SILVER SUBSTRATE 

REST POTENTIAL 

AFTER DSPC~ITION 

O-O-O----r,_.= 

DISSOLUTION POTENTial.  REST POTENTIAL 

DURING REMOVAL OF AFTER DISSOLUTION 

ELECTROOEPOSITED A 

TIME - MINUTES 

Fig. 3. Silver-dissolution potentials at low temperature 



732 J. Electrochem. Sot.: E L E C T R O C H E M I C A L  SCIENCE AND T E C H N O L O G Y  June 1973 

Fig. 4. Silver crystal growth as a function of temperature. A', cross section of A; B', cross section of B. Magnification 1200 X 

silver tends to grow large polyhedral  crystals; a cross 
section of these crystals also indicates that  a large 
amount  of twinn ing  occurs. These large crystals have 
been observed to grow over a large current-densi ty  
range. Electrodeposition carried out for prolonged 
periods of time, up to 1 month, at low current  density, 
10 ~A/cm 2, have produced large platelike crystal 
structures. Deposits obtained at lower temperatures  
(--20~ are composed of much smaller  crystals hav-  
ing a white  matl ike appearance. Cross section indicates 
the deposit is finer grained and is composed of a large 
amount  of columnar- type  structure. 

The preferred orientat ion of electrodeposited silver 
also changed with decreasing temperature.  X-ray  dif- 
fraction studies were made of the crystal orientat ion 
of the electrodeposit at room tempera ture  and low 
overvoltage. The orientat ion is predominant ly  with the 
~111> plane parallel  to the surface with only small  
contr ibutions from other planes. With decreasing 
tempera ture  and higher overvoltages, a larger propor- 
t ion of the crystal or ientat ion is in the ~110~  plane. 
Examinat ion  of crystal orientat ion as a function of 
overvoltage at --20~ showed that the <110> plane 

Table h Morphology studies of the electrodeposited silver 
obtained at different temperatures and overvoltages 

C.D. 

23.8N --I-IsPO4, 1.08N --Ag+ 
(see Fig. 4) 

Deposition 
t ime  (min)  V (mV) T e m p  

was a major  orientat ion for electrodeposited silver over 
the range of potentials investigated, 20-70 mV. 

Nonsteady-state t ransient  studies of the electrode 
process were made employing the galvanostatic-pulse 
method. Activat ion polarization was found to increase 
with decreasing temperature  and an analysis of the 
init ial  portion of the charging curve supplied a value 
of the silver adion concentration. At 25~ the silver 
adion concentrat ion has an average value of 3.4 • 
10 -1~ mole/cm 2 for a 1.0N silver ion concentration, 
which is in agreement  with previously obtained values 
of this parameter  (6-9). For an equivalent  bulk-si lver  
ion concentration, values of the silver adion concentra-  
t ion declined slightly with decreasing electrolyte tem- 
perature;  at --20~ values of silver adion concentrat ion 
were 50% lower. Values of the rise t ime to reach 
activation overvoltage were also obtained from the 
charging curve and were compared to calculated values 
of the rise t ime assuming charge-transfer  control. 
Exper imental  rise times were found to be slower, up 
to an order of magnitude,  than  the calculated value 
of 10 ~sec. 

Figure 5 is a semilog plot of activation overvoltage 
vs. current  densi ty for the deposition of silver at two 
different temperatures.  At 25~ very little activation 
polarization is associated with the process up to cur- 
rent  densities the order of 1 A / c m  2 and a l inear  slope 
is observed over the range of current  densities investi-  
gated having a value the order of 10 mV/decade.  At 
--20~ two consecutive slopes are observed with an 
inflection occurring at approximately 25 mV polariza- 
tion. The slope occurring in the low cur ren t -dens i ty  
region has a value of 10 mV/decade which increases 
to 30 mV/decade in  the higher current -dens i ty  range. A, 1 m A l c m  2 150 6.8 25~ 

B, 1 m A / c m  ~ 150 70 --20~ 
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Fig. 5. Activation overvoltage for Ag deposition 

E~ect of metaphosphate.---Steady-state polarization 
curves for silver deposition show a successive increase 
in overvoltage with increasing metaphosphate con- 
centrat ion and exhibit  l inear  current-potent ia l  behav-  
ior, Fig. 6. In  the presence of metaphosphate, there is 
no appreciable change in slope unt i l  the metaphosphate 
concentr~_tion is greater than  the silver ion concen- 
tration. Since metaphosphate does form weak com- 
plexes (21) with silver ions, the amount  of silver ion 
complexing can be estimated from a reduction in the 
amount  of silver ions present  in  solution. In  the ab- 
sence of metaphosphate, the potential  difference be- 
tween a silver study and reference electrode immersed 
in a O.1N-Ag+/2ON-H3P04 electrolyte is essentially 
zero. With the addition of 0.1M metaphosphate to the 
study electrode compartment,  there is a potential  
change of 1.5 mV indicating a very small  degree of 
complexing is occurring. A large amount  of complex- 
ing is not indicated unt i l  the metaphosphate concentra-  
t ion is at least an order of magni tude  greater than  the 
silver ion concentration. 

Steady-state polarization curves taken on silver 
electrodes show that in the presence of metaphosphate, 
a shift in anodic (dissolution) overvoltage occurs, 
similar to that  obtained at low temperatures  in the 
absence of metaphosphate. Similarly, it was found that  
the hysteresis observed during the dissolution of silver 
corresponded exactly to the amount  of silver deposited 
on the electrode dur ing the cathodic section of the 
curve. A coulometric study revealed that  the dissolution 
of an electrodeposited layer is approximately 20 mV 
more cathodic than the init ial  dissolution potent ial  of 
the substrate. The potential  remained at this value 
only unt i l  the amount  of t ime corresponding to the 
deposition of silver had elapsed. The potential  then 
dropped to its original anodic value. 

i , i i i 

Metaphosphate Conc,  (Mo la r )  
1,o N-Ag + 

O None 0 1 N-Ag + O N O ~  20,1 N-H3PO 4 
~)  0"3 20"1 N H p n  i~l 10 "2 

10-2 " • 3 v 4  A 10"1 

4 8 1 2 1 6 2 0 4 8 12 16 20 24 

Current Dens[W, ma/cm 2 

Fig. 6. Steady-state silver deposition 

Fig. 7. Silver-crystal growth in the presence of metaphosphate 

Electron-microscopy photographs were taken, Fig. 7, 
of electrodeposited silver surfaces under  varying con- 
ditions, Table II. At the higher magnification, the 
samples plated in the absence of metaphosphate 
showed a granular  s tructure with well-defined growth 
of crystal  faces; the lower silver ion concentrat ion still 
re tained the large-grain s tructure but  with less in- 
dividual  crystal definition. Growth in the presence of 
metaphosphate produced a smooth structure, consist- 
ing of fine needles in the presence of a 1.0N silver ion 
concentration. At the lower silver ion concentration, 
the grains, which ranged in  size from 1.5 to 4.0~, had 
li t t le texture. For  purposes of comparison, a silver 
deposit obtained in  a cyanide bath shows the smooth, 
layered, crystal growth that  occurs under  these con- 
ditions. A comparison of deposit texture  with electrode 
overvoltage indicates an increasingly smoother deposit 
is obtained with higher cathodic polarizations. The 
texture  or crystal or ientat ion of electrodeposited silver 
in the presence of metaphosphate revealed that for 
overvoltages greater than 20 mV the preferential  
orientat ion is ma in ly  in the <110> plane. 

In  order to obtain more direct evidence for the 
adsorption of metaphosphate an electron-probe analysis 
for phosphorous was carried out on silver deposits 
that had been electrodeposited on gold in the presence 
of the additive. Table III  shows that in the presence 
of metaphosphate, there is a large increase in the 
amount  of phosphorous found in the deposit, which 
increases with a higher additive concentration. The 
values obtained, less than 1%, are in the range gener-  
ally found for the inclusion of additives in an electro- 
deposit. 

Table II. Studies of electron-microscopy photographs of 
electrodeposited silver-surfaces under varying conditions 

20 .1N -- IX-sPO4 
( s e e  Fig .  7) 

E l e c -  I-IPOs C.D. T i m e  
t r o d e  Ag+  c o n c .  c o n c .  ( m A / c m  2) (see) (mV)  

A 1.0N N 1.0 2000 4 
B 1 .0N 0 .1M 2.0 1000 50 
C 0.1IV - -  1.0 5400 12 
D 0 .1N 0 .1M 1.0 5400 44 
E S i l v e r  c y a n i d e  m 5.0 1000 197 

Table III. Phosphorous content of a silver deposit 

20.7N --I~PO~, 1.0N --Ag + 

M e t a p h o s p h a t e  conc .  W e i g h t  p e r  c e n t  

- -  0.02 
10-=M 0.40 
10-1M 0.75 
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Fig. 8. Activation overvoltage vs. log C.D. 

Transient  po ten t ia l - t ime  t races  indicate  a successive 
increase in act ivat ion overvol tage  wi th  h igher  meta -  
phosphate  concentrat ions.  A semilog plot, Fig. 8, of 
these values  for the deposi t ion of s i lver  shows tha t  at  
each metaphospha te  concentrat ion,  a l inear  region 
exists  over  a considerable  por t ion of the  cu r r en t -  
densi ty  range invest igated.  Values  of the  slope for 
this l inear  region range  from 16 to 20 mV/decade .  Ex-  
aminat ion  of the  vo l t age - t ime  character is t ics  of the 
traces revea led  tha t  the r ise t ime to an act ivat ion-  
control led  potent ia l  decreased wi th  increasing meta-  
phosphate  concentrat ion.  Values of the  amount  of 
charge, QA, requ i red  to reach the  act ivat ion potent ia l  
showed l i t t le  var ia t ion  wi th  cur ren t  densi ty  but  did 
decrease wi th  increasing metaphospha te  concentrat ion;  
r epresen ta t ive  values  a re  shown in Table IV. The over-  
po ten t i a l - t ime  t rans ients  were  analyzed  by  the  same 
procedure  ment ioned  prev ious ly  for s i lver  adion con- 
centra t ion;  the  values  did  not  show much var ia t ion  
wi th  cur ren t  dens i ty  bu t  do decrease  wi th  the  addi t ion  
of metaphosphate ,  r emain ing  fa i r ly  constant  for add i -  
t ive concentrat ions grea te r  than 10-3M, Table  IV. 

Discussion 
Previous  s tudies  of the s i lver-deposi t ion reac t ion  

have shown tha t  the  react ion mechanism is composed 
of severa l  steps; mass  t r anspor t  of s i lver  ions to the  
interface,  d ischarge  to the  e lect rode surface, and the  
surface diffusion of s i lver  adions to la t t ice-bui ld ing  
sites. The above steps a re  also accompanied by  losses 
of severa l  waters  of hydra t ion  associated wi th  the 
var ious  stages of s i lver  ion crystal l izat ion.  There  has 
been some d i sagreement  over  the role  surface diffusion 
p lays  in the  over -a l l  e lec t rochemical  process, but  we 
have found in this  s tudy that  this is an impor tan t  step 
under  cer ta in  conditions. 

For  the  s t eady-s t a t e  deposi t ion and dissolution of 
s i lver  in phosphoric  acid the  over-a l l  r a te -con t ro l l ing  
step is the mass t r anspor t  of s i lver  ions from the bu lk  
e lec t ro ly te  solution. This is indica ted  by  the decrease 
in  overvol tage  accompanying e lec t ro ly te  agitat ion,  the  
l inear i ty  observed be tween  the  cur ren t -po ten t ia l  
curves  at  low overvoltages,  and the slopes of these 
curves being propor t iona l  to the  bulk-s i lver  ion con- 
centrat ion.  Fo r  react ions wi th  high exchange currents  
l inear  s teady-s ta te ,  cu r r en t -po ten t i a l  behavior  has  
previous ly  been shown to be  due to concentra t ion 
polar izat ion (12). Al though  the over-a l l  e lectrochem- 
ical  react ion ra te  is mass - t ranspor t  controlled,  the  
ra tes  of ind iv idua l  s teps in the  reac t ion  mechanism 
can vary.  

Table IV. Values of charge, QA to an activation overvoltage and 
silver adion concentration 
20 .7N - -H~POI ,  1 .0N -- Ag+ 

M e t a p h o s p h a t e  conc.  m o l a r  ~ 10 -4 10 -s 10 -~ 10 -z 1 
Qa,  ~ c o u l / c m  ~ 87 36 25 19 15 14 
Co x 10 ~o, m o l e / c m  = 3.4 1.27 0.27 0 .24 0 .27 0 .23 

Studies  (6-9) of the  s i lver -depos i t ion  mechanism in 
aqueous e lect rolytes  have shown tha t  at  low ove r -  
voltages, the  surface diffusion of s i lver  adions is an 
in te rmedia te  s tep in the  over-a l l  react ion mechanism.  
In  the  present  s tudy,  the  resu l t s  obta ined f rom gal-  
vanosta t ic  puls ing also indicate  tha t  at  ambien t  t e m -  
pe ra tu res  and  low overvoltages,  surface diffusion is a 
s lower in te rmedia te  step than  charge  t ransfer .  Values  
of the  s i lver  adion concentra t ion  are  s imi la r  to those 
observed by  Bockris ,  ac t iva t ion  polar izat ion is ex-  
t r eme ly  low, and the rise t ime is greater  than  tha t  
ca lcula ted for  a charge- t rans fe r  control led  step. Slow 
adion diffusion would  also be consistent  wi th  the  type  
of deposi t  ob ta ined  at  ambien t  tempera tures ,  whe re  
deposi t  morphology  indicates  c rys ta l  g rowth  occurs on 
a re la t ive ly  l imi ted  number  of nucleat ion sites wi th  
the  eventua l  format ion  of la rge  c rys ta l  s t ructures.  
Under  these conditions,  pa r t i a l ly  hyd ra t ed  s i lver  adions 
migra te  over  the  surface in a r andom w a l k  manner  
unt i l  t hey  coll ide wi th  an act ive site such as a k ink  
posi t ion where  the g rowth  via  a s tep or screw dislo- 
cat ion can be mainta ined.  

At  lower  tempera tures ,  <- -10~ deposi t  morphol -  
ogy, along wi th  crys ta l  orientat ion,  changes accom- 
pan ied  by  a large  increase in the  number  of nucleat ion 
sites on the e lect rode surface. S teady-s ta te ,  cur ren t -  
potent ia l  curves  indicate  a change in the  e lec t rode  
process occurs at  overvot tages  grea ter  than  25 mV and 
a large hysteresis  is observed be tween the  remova l  of 
the  e lect rodeposi ted  species and the  po lycrys ta l l ine -  
e lec t rode  substrate.  This var ia t ion  in cur ren t -po ten t ia l  
behav ior  can be re la ted  to the  change  in c rys ta l  
or ienta t ion obta ined at h igher  overvoltages.  Since 
changes in crys ta l  or ienta t ion  wil l  give r ise to different  
bond s t rengths  be tween  adions and  surface me ta l  
atoms, a shift  in the  amount  of energy  needed to re-  
move them wil l  be required.  Pionte l l i  (22) has also 
shown that  the  cur ren t -po ten t i a l  re la t ionships  for 
meta l  deposi t ion and dissolution va ry  cons iderab ly  on 
different  c rys ta l  faces. 

A shift  in e lect rode process  at  low t empera tu re s  is 
also suggested from the nons teady-s ta te  plot  of cu r -  
ren t  vs. act ivat ion overvol tage.  The  two l inear  slopes 
wi th  an inflection at  25 mV indicates  tha t  another  con- 
secut ive reac t ion  is r a t e  control l ing at  h igher  over-  
voltages. Since e lect rochemical  ra te  constants, for 
var ious  steps in a reaction,  depend  on potent ia l  i t  
would  be reasonable  to assume ~hat some o the r  react ion 
such as the  d i rec t  t ransfe r  of s i lver  ions becomes more  
ra te  control l ing at  h igher  potentials .  A t  h igher  over-  
voltages, sufficient energy would  be real ized to nucle- 
ate more  energet ic  deposi t ion sites; concurren t ly  the  
ra te  of s i lver  adion diffusion would  increase to where  
it is no longer  the  slowest  in t e rmed ia te  step in the  
reaction. Due to the  high dislocation densi ty  of the 
e tched s i lver -e lec t rode  surface used in these  exper i -  
ments,  the  possibi l i ty  of deposi t ion occurr ing v ia  two-  
d imensional  nucleat ion would  be unl ikely .  

In  the presence of metaphosphate ,  a change in si lver-  
deposi t  morphology  is also accompanied by  a la rge  
increase in overvoltage.  L inear  s teady-s ta te ,  cur ren t -  
potent ia l  behavior  in the  presence of metaphospha te  
indicates the  over-a l l  react ion ra te  is mass - t r anspor t  
controlled.  Evidence of metaphospha te  adsorpt ion on 
the e lect rode surface is indica ted  by  the decrease in 
s i lver  adion concentra t ion and  the  amount  of charge  
requi red  to reach  act ivat ion overvoltage.  E lec t ron-  
probe analysis  also indicates  metaphospha te  coverage 
increases wi th  la rger  addi t ive  concentrat ions.  S imi la r  
values  of the  slope obtained f rom the nons teady-s ta te  
plot  of cur ren t  vs. potent ia l  indicate  a consistent  ra te -  
control l ing step over  the  range  of metaphospha te  con- 
cent ra t ions  invest igated.  These facts t en ta t ive ly  sug-  
gest tha t  wi th  the  adsorpt ion  of metaphosphate ,  low 
energy sites become blocked and deposi t ion is forced 
to occur on h igher  energy  sites wi th  a subsequent  in- 
crease in overvo]tage.  This would  g radua l ly  make  
di rec t  t ransfer  of s i lver  ions f rom solut ion to nuc lea -  
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t ion sites a more favorable  in te rmedia te  react ion step 
in the over-a l l  e lect rochemical  process. With  increasing 
overvoltages,  more nucleat ion sites for si lver deposi-  
t ion become available,  resul t ing in an over-a l l  more  
f ine-gra ined electrodeposi ted surface. 

Manuscr ip t  submi t ted  Oct. 8, 1971; revised manu-  
script  received Dec. 13, 1972. 

A n y  discussion of this paper  wil l  appea r  in a Discus-  
sion Sect ion to be publ i shed  in the  December  1973 
JOURNAL. 
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A Study of Surface Chromium on Tinplate 
S. E. Rauch, Jr. and R. N. Steinbicker 

Homer  Research Laboratories, Bethlehem Steel Corporation, Bethlehem, Pennsylvania 18016 

ABSTRACT 

The react ions occurr ing dur ing  the anodic polar izat ion of t inp la te  passi-  
va ted  ca thodica l ly  in a d ichromate  solution (CDC t inpla te)  were  ascer ta ined 
by  apply ing  F a r a d a y ' s  law to analyses  of the oxidat ion products  generated.  
I t  was found tha t  a large  por t ion  of the  CDC pass iva t ion  film consists of 
chromium in the  metal l ic  state. 

Most of the  t inpla te  used for making  cans and o ther  
containers,  pa r t i cu la r ly  containers  for foods and bever-  
ages, is produced commerc ia l ly  by  the e lee t ropla t ing 
of steel  s t r ip  wi th  a thin coating of metal l ic  tin. Af te r  
the  str ip has been plated,  the t in coating is flow- 
br igh tened  to conver t  the  t in  f rom a condit ion in 
which  it presents  a ma t t e  surface to a condit ion in 
which  it presents  a b r igh t  surface. The flow br ighten-  
ing is accomplished by  mel t ing and subsequent ly  
sol idifying the tin coating. If  the  t in surface were  
pe rmi t t ed  to remain  in the  f low-br ightened condition, 
it  would  be  susceptible to the  format ion of an oxide 
film dur ing  s torage tha t  is ve ry  de t r imenta l  to lacquer  
or enamel  adhesion if  the t inpla te  is subsequent ly  
coated. In  addition, un t rea ted  tin surfaces are  sus- 
cept ible  to discolorat ion or ye l lowing when heated 
dur ing  the  ename l -d ry ing  process and to sulfide 
staining when  sul fur-conta ining foods are  packed in 
such t inplate .  Such discolorations are  object ionable  
f rom an esthetic s tandpoint .  

For  these reasons and also to improve  the corrosion 
resis tance of the tin surface, i t  is cus tomary  to e lect ro-  
chemical ly  t rea t  the f low-br ightened  tin surface in a 
d i lu te  solution of sodium dichromate.  The t inpla te  is 
made  cathodic in this  solution main ta ined  at  a t emper-  
a tu re  of app rox ima te ly  80~176 about  4 coulombs/  
dm 2 being passed at a cur rent  densi ty  of 5-10 A/dm2. 

This t r ea tmen t  appl ies  a l ayer  of chromium amount-  
ing in weight  to 60-100 ~g/dm 2 to the  surface of the 
t inplate .  The na tu re  and composit ion of such a pass iva-  
t ion film has been a subject  of cont roversy  for many  
years,  but  it  has genera l ly  been felt  that  the  film con- 

Key words: chromium passivation films, tinplate passivaUon, 
chromium analysis, tinplate surface analysis. 

sists of var ious  hyd ra t ed  and /o r  unhyd ra t e d  oxides of 
chromium. Al though the solut ion to the p rob lem is 
complicated by  the ex t reme  thinness  of the film (_~10 
A) ,  recent  evidence has indica ted  the possibi l i ty  tha t  
some por t ion of the  film might  consist of chromium in 
the meta l l ic  form (1). Along  these l ines the anodic 
polar izat ion at constant  cur ren t  (galvanostat ic)  of 
cathodic d ichromate  (CDC)- t r ea ted  t inp la te  and the 
re la t ionships  of the  resul t ing po ten t i a l - t ime  (charge)  
curves to var ious  surface proper t ies  have  been inde-  
penden t ly  explored  and r epo r t ed  by  severa l  inves t i -  
gators, notably  Rocquet  and  A u b u r n  (1), Br i t ton (2), 
and Becker  (3). 

Br i t ton 's  invest igat ions provided  the basic work  in 
this  field, and  his genera l  p rocedure  was used by  most 
of the  other  investigators.  Using Bri t ton 's  e lect rolyte  
(0.75% Na2HPO4, ad jus ted  to pH 7.4 wi th  HsPO4), 
engineers  in Be th lehem Steel 's  Research Depar tmen t  
examined  the procedure  and a t t empted  to corre la te  the  
resul ts  wi th  p la in  p la te  and underf i lm sulfide stain r a t -  
ings. However,  the  correlat ions were  poor and the lack  
of a clearcut  re la t ionship  be tween  the  test  and to ta l  
surface chromium preven ted  Br i t ton ' s  procedure  from 
being used as a rout ine  analy t ica l  method. 

Dur ing  p re l imina ry  w o r k  that  led to the  s tudy re- 
por ted  on in the present  paper  we found that  the sub- 
s t i tut ion of 3% aqueous ammonia  for the 0.75% 
Na2HPO4 elec t ro ly te  and the use of a h igher  cur rent  
dens i ty  than  that  used by  Br i t ton  pe rmi t t ed  a la rger  
percentage  of the  total  surface  chromium to be elec- 
t rochemical ly  oxidized and hence brought  about  be t te r  
corre la t ion be tween  coulometr ic  resul ts  and the to ta l  
surface chromium present  as measured  by  s tandard  
color imetr ic  procedure.  
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Experimental 
During the course of our pre l iminary  investigation it 

became apparent  that precise experiments  could be 
performed which would explain the coulometry in- 
volved and prove or disprove the existence of metallic 
chromium in the CDC passivation film. 

Accordingly, our exper imental  program employed 
accurate and precise measurements  of the charge 
passed and the oxidation products generated (except 
O2) dur ing the galvanostatic polarization, followed by 
potentiokinetic polarizations to discern the contr ibu- 
tion of O2 evolution to the coulometry. Faraday 's  law 
was then applied to these data to establish the original 
valence state of the chromium. 

Description oi specimens.--For this study a quant i ty  
of sheets were sheared from a coil of normal  produc- 
t ion CDC-treated t inplate produced on an alkaline 
t inn ing  line at Bethlehem's Sparrows Point  Plant.  The 
exper imental  specimens (surface area ---- 0.324 dm 2) 
were die-punched sequential ly from the center position 
of these sheets and hence can be considered to be 
identical. Wet chemical analysis established that  the 
experimental  face of these specimens had a chromium 
level of 94 ~g/dm 2. 

Apparatus ]or coulometric experiments.--The gal- 
vanostatic experiments  were performed in a glove box 
under  an argon atmosphere. All  solutions used were 
deaerated with argon to minimize analytical  errors due 
to chemical oxidation of the t in  surface. Currents  were 
measured with a mi l l iammeter  (0.25% accuracy), and 
potentials were measured with a potentiometric re-  
corder (0.1% accuracy). The power supplies used were 
low-ripple constant  voltage supplies modified to supply 
constant current.  

The potentiokinetic experiments  were performed 
outside of the glove box, since no chemical analyses of 
oxidation products were to be performed. The potentio- 
stat used was controlled by a motor potentiometer. 
The current  vs. applied potential  measurements  were 
made by passing the cell current  through a precision 
1.0 ohm series resistor and recording the resul tant  IR 
drop vs. specimen potential  on an X-Y recorder. 

The electrochemical cell (Fig. 1) was a 600 ml 
beaker modified with a glass tee connecting tube cen- 
tered on the bottom. The glass tee accommodated an 
electrical connection to the specimen and permit ted the 
application of vacuum to hold the specimen tight 
against a Tygon gasket mounted in the bottom of the 
beaker. Reference and counterelectrodes were mounted  
in a No. 15 gum rubber  stopper, which fitted snugly 
into the top of the beaker. The cathode was isolated 
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Fig. l. Electrolytic cell for coulometric experiments 

from direct contact with the electrolyte by means of a 
fri t ted glass junction.  

Galvanostatic Experiments 
To determine the rates of the reactions occurring 

dur ing galvanostatic polarization the specimens were 
polarized for various increments  of time. The surface 
t in  oxides were then determined by electrochemical 
analysis, and the t in  and chromium in the electrolyte 
by chemical analysis. 

Polarization procedure and suriace tin oxide deter- 
mination.--Seven specimens (labeled A through G) of 
the exper imental  mater ial  were t ransferred into the 
glove box. First, the original t in oxide level on the 
surface of specimen A was established coulometrically 
using a method general ly referred to in the industry  
as the MCE test (4). Essentially, this test consists of 
the coulometric reduction, at constant  current,  of stan- 
nous and stannic oxides in very dilute HBr (1: 5000). 

Specimens B through G were then exposed to an 
electrolyte of 3% aqueous ammonia  (NH4OH 1:9 H20) 
for precisely 3 min, during which time they were 
anodically polarized at 8.00 mA (18.0 m A / d m  2) for 
intervals  of 0, 15, 30, 45, 75, and. 105 sec. After each po- 
larization the electrolyte was set aside for chemical 
analysis of t in  and chromium and the specimens were 
analyzed for surface t in  oxides with the MCE test. The 
potential  vs. t ime curve in  Fig. 2 shows the levels to 
which the exper imental  materials  were polarized. 

Analysis for tin and chromium in the electrolyte.-- 
The electrolytes were removed from the glove box, 
acidified with H2804, and di luted to volume in 200 ml  
volumetric flasks. Dissolved t in  was determined po- 
larographically after 100 ml  aliquots were concen- 
trated in 25 ml solutions of NH4C1 by coprecipitation 
with A1 and redissolution with HC1. The other half of 
the solutions were analyzed colorimetrically for Cr+e 
with the sensitive diphenylcarbazide procedure, after a 
pre l iminary  oxidation with silver catalyzed (NH4)2S2Os. 
The oxidation step was precautionary,  because it was 
found that a small  amount  of t in  dissolved chemically 
(no current)  into the NH4OH electrolyte which (if 
present as Sn +2) could conceivably reduce a portion of 
the Cr +e, and thus cause low results. 

Quant i ta t ive results of the analyses are shown to- 
gether with polarization times in  Table I, wi th  all 
quanti t ies expressed as quant i ty / square  decimeter. It 
can be seen from Table I that a t in oxide value of 11 
MCE/dm 2 was originally present  on the surface (sam- 
ple A).  A 3-min exposure to the electrolyte under  
static (no current)  conditions (sample B) caused no 
increase in this quanti ty,  but  did result  in the chemical 
dissolution of 16 #g/d in  2 of Sn. 

I ooo 
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~. 600 

~ 400 o 

~ g D E F g 

200 

0 I I I I 
30 60 90 ~ Bo ~ SO 

POLARIZATION TIME, seconds 

Fig. 2. Voltage-time curve for CDC material fully polarized. 
Shows levels to which each exper imenta l  spec imen  was  polar ized .  
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Table I. Results of tin and chromium analyses 

A B C D 
Polarlza-  Surface  Disso lved Disso lved 
t lon t ime,  t in ox ides ,  t in,  chromium,  6 

S p e c i m e n  see MCE/dm~ # g / ~  # g / d m  ~ 

A II -- ~= 

B ~.0 11 T8 O.O 
c 15.o 54 41 18.0 ~ 
D 30.0 111 59 34.5 
E 45.0 165 83 48.2 
F 75.0 ;?,88 133 65.8 
G 105.0 392 171 69.9 

Potentlokinetic Experiments 
In  order to discern the contr ibut ion of oxygen evolu- 

tion (2 O H -  ~ O2 -t- 2H + -t- 4e) to the coulometry of 
the galvanostatic experiments,  potentiokinetic polar- 
izations of the same mater ial  were made for the deter- 
minat ion  of the m i n i m u m  potential  at which that  re- 
action can occur. 

Procedure and resul ts . - -Using a potentiostat  con- 
trolled by a motor -dr iven  potentiometer,  the potential  
of the specimen (vs. SCE) was increased l inearly from 
0 to 1100 mV at a rate of 50 mV/min .  Figure 3 shows 
t h e  resul tant  cell cur rent  vs. potential  up to 1000 mV, 
as recorded on an X-Y recorder. 

From 0 to 300 mV (vs. SCE) the cell current  slowly 
increased from 0.0 to 0.4 mA. From this point it rapidly 
increased to a max imum (6.5 mA) at 420 mV, which is 
approximately the same voltage as the potential  arrest 
(400 mV) noted dur ing galvanostatic experiments  
(Fig. 2). The current  then declined to a m in imum of 
1.5 mA at 750 mV. As the potential  increased above 
800 mV the current  again increased rapidly to a maxi-  
mum of 14 mA at 1100 mV (off scale) and the evolu- 
t ion of gas bubbles was observed on the specimen's 
surface. 

This same specimen was polarized a second time, and 
no significant current  flowed unt i l  the potential  reached 
750 inV. After  800 mV the current  again increased to a 
max imum (Fig. 4). 

When this exper iment  was repeated with a speci- 
men of chromium-free  t inplate the resul tant  curve was 
very similar to Fig. 4, except that  a current  of 0.2 mA 
began to flow at 250 mV. Again, when  this specimen 
was polarized for a second time no current  flowed unt i l  
a potential  of 750 mV was attained. 

Discussion 
Having obtained both the exper imental  data from the 

potentiokinetic experiments  (which will  show the po- 
tent ial  at which O2 evolution became significant) and 
the analyt ical  data from the galvanostatic experiments,  
we can now determine the original oxidation state of 
the chromium. 
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Fig. 3. Current-voltage relationship for first potentiokinetic 
polarization of CDC material. Potential increased 50 mV/min. 
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Fig. 4. Current-voltage relationship for CDC material polarized 
potentiokinefically a second time. Potential increased 50 mV/min. 

Potent iokinet ic  exper imen t s . - -The  recorded current  
peak at 420 mV for the CDC-treated specimens (Fig. 
3) and the lack of such a peak for unt rea ted  t inplate 
indicate that  the CDC passivation film was oxidized at 
that potential. However, the small  cur rent  which be- 
gan early for both CDC-treated and untrea ted  samples 
must  be due to the oxidation of the t in  surface. In  the 
case of the unpassivated specimen this current  was 
smaller  than for CDC-treated tinplate, because air 
oxidation of the unpassivated surface had proceeded to 
a higher degree. 

The absence of measurable  current  unt i l  750 mV 
was reached on the specimens polarized for a second 
t ime (Fig. 4) indicates that  Os evolution (2 O H -  --> 02 
-{- 2H + + 4e) was not an appreciable factor prior to 
that potential. This, in turn, means that  02 played no 
significant role in the coulometry of the galvanostatic 
experiments  before 750 mV was reached. 

Galvanostatic exper imen t s . - -As  previously stated, a 
t in  oxide value of 11 MCE/dm 2 was original ly present 
on the specimens, and the 3-min  exposure to the elec- 
trolyte caused the chemical dissolution of 16 ~g Sn /  
dm 2. In Table II these values are subtracted from the 
data, so that only electrochemical oxidation products 
are shown. Dissolved t in is now expressed as MCE/ 
dm 2, since t in  dissolving electrochemically at these 
potentials (~--400 mV vs. SCE) would be expected to be 
oxidized to the -I-4 state. Our experiments  showed this 
to be the case, allowing the electrochemical equivalent  
of 3.25 coulombs/rag to be assigned. Figure 5 shows the 
electrochemical rates of t in  dissolution and oxide for- 
mation. 

Table II also presents another  quanti ty,  referred to 
as the "delta charge," which is that  quant i ty  of elec- 
tr ici ty (mil l icoulombs/square decimeter) not ex- 
plained by the total oxidation of tin. The delta charge 
must  therefore be the charge used in the oxidation of 
chromium and /or  the evolution of oxygen on a speci- 
men surface above 750 mV. 

Figure 6 shows the dissolution of chromium vs. the 
delta charge. Chromium dissolves at a constant  rate 
of 0.117 ~g/Amcoulomb for slightly more than 320 

Table II. Relationship of coulometric charge to electrochemical 
oxidation products 

Speci- 
men 

a b c a -  ( b + c )  d 
Anodic  Surface Dis-  Del ta  Dis-  
charge ,  tin solved charge, so lved  
mcou- oxides, tin, Amcou- chro- 
lombs/ MC~/ MCEI lombs/ mium, 
dms dm s dm ~ dms # g / d m ~  

B 0 0 0 0 O.0 
C 270 43 81 146 18.0 
D 640 100 135 305 34.5 
E 810 154 220 436 46.2 
F 1350 278 380 692 65.8 
G 1890 381 505 1004 69.9 
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Fig. 5. Oxidation of tin vs. charge passed during galvanostatic 
polarization of experimental specimens. Shows: curve 1, the tin 
found in the electrolyte, and curve 2, the oxides formed on the 
surface. 
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Fig. 6, Chromium dissolved in electrolyte during galvanostatic 
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hmcoulombs/dm 2, a va lue  which corresponds closely to 
the dura t ion of the galvanostatic potential  arrest  at 
400 mV (vs. SCE). F rom this point  the rate decreases 
unt i l  chromium dissolution ceases and the decomposi- 
t ion potential  of the electrolyte (O2 overvoltage) is 
reached (_~1000 mV vs. SCE). At this potential  the 
evolution of oxygen is easily observed. 

The init ial  chromium dissolution rate of 0.117 ~g/ 
hmcoulomb supposedly could be interpreted as the oxi- 
dation of Cr +8 at a cur ren t  efficiency of 65%. How- 
ever, since this ini t ial  ra te  occurs at a potential  far 
below that  at which oxygen evolution can occur (as 
shown in  the potentiokinetic experiments)  and since 
all other oxidation products have been accounted for, 
it  follows that  Cr ~ and Cr +3 are being oxidized s imul-  
taneously. When applied to data from Fig. 6, a simple 
equation (~g Cr ~ = [zimcoulombs/5.565] -- #g zCr) ,  
derived algebraically from the electrochemical equiva- 
lents of Cr ~ and Cr +3, can be used to calculate the 
weight of Cr ~ oxidized and, by simple difference, that  
of the Cr +3. 

This equat ion shows that  Cr ~ and Cr +8 are ini t ia l ly  
oxidized at a constant  rate of (0.063 ~g Cr ~ W 0.054 #g 
Cr+~)/hmcoulomb.  After  320 hmcoulombs, the oxida- 
t ion of Cr +8 rapidly decreases, ceasing ent i re ly  after  

460 hmcoulombs at a total  weight of 19 ~g/dm2. The 
oxidation of Cr ~ consumes the excess charge unt i l  the 
potential  reaches approximately 750 mV (vs. SCE), at 
which point  oxygen evolution begins. By the t ime 970 
~mcoulombs has passed, chromium oxidation has 
ceased and the decomposition potential  of the electro- 
lyte has been reached. The amount  of Cr ~ oxidized is 
about 51 ~g/dm 2, or the difference between total dis- 
solved chromium and the Cr +3. This quant i ty  corre- 
sponds to roughly 54% of the  total  surface chromium 
(94 ~g/dm2). 

Investigators have disagreed as to the identification 
of the residual  chromium left on the specimen after 
polarization to the decomposition potential  (24 ~g/ 
dm2). For example, Britton, who reported a much 
greater quant i ty  of residual chromium than we found 
in our work, theorized that  the residua.1 mater ial  might  
be Cr +6 uni ted wi th  SnO2. However, if his hypothesis 
were correct, the chromium would have been oxidized 
to the -56 state dur ing galvanostatic polarization, a re- 
sult which was not borne out by data we obtained in  
the following experiment.  

The exper iment  consisted of exposing a fully po- 
larized specimen to a solution of 0.1M oxalic acid for 
5 rain under  an argon atmosphere to avoid air oxida- 
tion of the t in  surface. (The work done dur ing the de- 
velopment  of the MCE test for the quant i ta t ive  deter- 
mina t ion  of t in  oxide films had shown that the oxalic 
acid solution dissolves these films (4). This solution 
also dissolves Cr+6.) After  an  oxidation step the solu- 
t ion was analyzed colorimetrically for chromium. None 
was found, indicating that the residual  is not Cr +6 
combined with the t in  oxide film. 

I t  is more reasonable to assume that the residual  
chromium is in  its t r iva lent  form and is ei ther an in -  
herent ly  poor conductor or one with which good elec- 
trical cont inui ty  was lost due to the large growth of t in  
oxides. In any event, given the fact that the residual 
chromium was not  oxidized dur ing  the galvanostatic 
tests, this chromium is not a factor in the coulometry 
of the polarization. 

Conclusion 
To sum up, the results  of galvanostatic and potentio- 

kinetic experiments  interpreted analyt ical ly  using 
Faraday 's  law proved that a substant ial  port ion of the 
CDC passivation film on t inplate  is chromium in the 
metallic state, the following reactions having occurred 
during the anodic polarization of the t inpla te  in 3% 
aqueous ammonia:  

Cr ~ --> Cr +6 + 6e 

Cr+3-> Cr+S -5 3e 

Sn ~ --> Sn +4 -5 4e 

Sn ~ -> SnO2 -5 4e 

2 O H -  --> O2 -5 2H + -5 4e 
(only occurs above 750 mV vs. SCE) 

For the specimens studied in  detail the passivation 
film was found to contain approximately 54% metallic 
chromium. 

Manuscript  submit ted Oct. 10, 1972; revised m a n u -  
script received Dec. 15, 1972. 

Any  discussion of this paper will  appear in a Discus- 
sion Section to be published in  the December 1973 
JOUR~AU 
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An Electrochemical Study of Electroless 
Gold-Deposition Reaction 

Yutaka Okinaka* 
Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

The electroless (autoeatalytie) gold-deposition reaction, using potassium 
borohydride as the reducing agent, was studied by electrochemical methods. 
The results support the assumptions made previously that (i) the species that 
reduces aurocyanide ions is BH3OH-, an intermediate formed during the hy- 
drolysis of B I ~ - ,  and (ii) the deposition reaction is preceded by competit ive 
adsorption of reacting species. 

The hydrolysis kinetics of borohydride ions, under  conditions of the elec- 
troless process, was also studied using a polarographic method. The results 
allowed the calculation of rate constants and the variat ion of concentrations 
of BH4- and BHaOH- as a function of t ime dur ing operation of the electro- 
less plat ing bath. 

The electroless gold-plating bath developed recent ly 
in this laboratory (1) contains KAu(CN)2,  KCN, KOH, 
and KBH4, and is operated at 70~176 The process is 
autocatalytic and deposits pure gold on gold sub- 
strates without  incorporat ion of boron. In  the ini t ial  
s tudy of this system of the dependence of deposition 
rate on various exper imental  variables, two rather  
unexpected results were noted (1). One was the de- 
crease in deposition rate with increasing KOH concen- 
tration, a dependence which is opposite from what  
might be expected from the over-all  deposition reac- 
t ion which is believed to involve hydroxyl  ions as a 
reactant. In  view of the reasonably well-established 
reaction of borohydride ions (2-4), this result  was ac- 
counted for by assuming that the species that  actually 
reduces Au(CN) , , -  to gold metal  is not BI-I4- but  
BHaOH-, an intermediate  formed during the course 
of hydrolysis of BH4-. Since the hydrolysis reaction is 
catalyzed by acids, the concentrat ion of BH~OH- is ex- 
pected to be lower at higher alkalinities. The other 
unexpected result  was that  with increasing KAu(CN)2  
concentration, the deposition rate increased to a maxi-  
m u m  followed by a gradual  decrease. This unusua l  
dependence was one of the impor tant  factors con- 
sidered in formulat ing opt imum bath compositions to 
obtain not only an acceptable deposition rate, but  also 
deposits of satisfactory physical properties (5, 6). In 
order to explain the observed effect of KAu (CN)2 con- 
centrat ion on the deposition rate, it was postulated (1) 
that  the deposition reaction is preceded by competitive 
adsorption of BH3OH- and A u ( C N ) 2 -  on the sub-  
strate surface. The purpose of this communicat ion is to 
present and discuss results of an electrochemical study 
t h a t  s u p p o r t s  t h e  above assumptions. 

Experimental 
Chemicals.--Potassium hydroxide and potassium 

cyanide were of C.P. grade. Potassium aurocyanide 
(68-t-% Au) was a product of Technic, Incorporated, 
and potassium borohydride (98%) was obtained from 
City Chemical Corporation. 

Equipment.--Current-potential curves were obtained 
with a set of equipment  consisting of a Wenking poten-  
tiostat, motor potentiometer,  and X-Y recorder. The 
electrolytic cell was a jacketed 200 ml Pyrex glass 
beaker, and the tempera ture  was main ta ined  at 75~ 
by circulat ing constant  tempera ture  water  from a 
Lauda circulator. 

Electrodes.--A rotat ing p la t inum disk electrode 
(diameter  0.77 cm),  precoated with about 25 ~m thick 

* Electrochemical Society Life Member. 
Key words: electroless plating, autocatalytic plating, gold plating, 

borohydride, electrocatalysis, adsorption. 

electrolytic gold, was used for the exper iment  of Fig. 
11. For all other experiments  involving the use of gold 
as the working electrode, a piece of rectangular  gold 
sheet with an area of 1 cm 2 was employed. No insulat-  
ing or masking mater ial  was used. A fine gold wire 
was welded onto a corner of the gold sheet, and the 
electrode was hung through a small  hole drilled 
through the Teflon cover of the cell. The solution was 
gent ly  stirred at a constant  speed with a magnetic 
stirrer. Current  fluctuation of • was unavoidable  
under  these exper imental  conditions, but  the precision 
and reproducibil i ty were considered to be acceptable 
for the purpose of this investigation. The current  
values reported for gold-sheet electrode experiments  
are the average of such fluctuating currents.  The 
counterelectrode was a p la t inum coil placed in a com- 
par tment  separated from the main  cell by a frit ted 
glass disk. A Hg/HgO reference electrode in 1M KOH 
at room temperature  was connected to the cell through 
a salt bridge with a capillary tip filled with 1M KOH. 

The dropping mercury  electrode used had the fol- 
lowing characteristics: m = 2.07 mg.sec -1 a n d  t = 
4.02 sec at --0.40V in 0.2M KOH at 75~ Current  mea- 
surements  were made at the end of the life of mer-  
cury drops. Dissolved air was removed by bubbl ing 
purified ni trogen through solutions in  all experiments.  

Results and Discussion 
BH3OH- as the reducing species.--It is fair ly well  

established that  the hydrolysis of BH4- proceeds in 
two steps (2-4) 1 

kl 
B H 4 -  -~- H20 > BH3OH- ~- H2 [1] 

k~ 
BH3OH- -~ H20 ~ BO2- -t- 3H2 [2] 

The polarographic invest igat ion carried out by Gardi-  
ner  and Collat (4) shows that at the mercury  elec- 
trode, the BH3OH- ion formed as the intermediate  is 
much more readi ly oxidized than BH4-.  The anodic 
wave for the oxidation of BHaOH- according to 

BH~OH- + 3 O H -  --> BO2- -~- 3/2H2 -~- 2H20 + 3e -  [3] 

appears at a potential  about 0.5V more negative than 
that  of BI-I4- 

BH4- + 8 O H -  --> BO2- -~- 6H20 + 8e -  [4] 

At p la t inum the anodic oxidation of these two ions does 
not occur at such discrete potentials (9, 10). The be-  

1 Species such as (BHs)aq (7), BH(OH)~ (7), or BH(OH)a- (8) have 
also been suggested for the hydrolysis intermediate, but the formula 
BHsOH- appears to have the most convincing experimental  support. 

7 3 9  
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havior of these ions at a gold electrode has not been 
reported in  the l i terature to the author 's  knowledge. 
Thus, the question arises as to whether  the species di- 
rectly responsible for the electroless deposition of gold 
is BI-I3OH-, or BH4-, or both. An  answer to this ques- 
t ion was obtained by comparing potentials measured 
during the deposition of gold with current-potent ia l  
curves for the anodic oxidation of borohydride solu- 
tions at a gold electrode. 

Figure 1 shows the var iat ion of open-circuit  poten-  
tial with the concentrat ion of KAu(CN)2 in the ab- 
sence (line 1) and presence (line 2) of 0.1M KBH4 in 
a mixture  of 0.2M KOH and 0.2M KCN. The measure- 
ment  was made at 75~ a typical operating tempera- 
ture of the electroless bath. In  the absence of KBIQ 
the potential  changed l inearly wi th  log [Au(CN)~- ] ,  
and the slope of the line, 64 mV, agreed well with the 
theoretical Nernst  value of 69 mV for the reaction 

A u ( C N ) 2 -  + e -  ~=~Au + 2CN-  [5] 

With KBI-I4 in the solution, the measured potential  was 
always more negative than  the corresponding equi-  
l ibr ium potential  and ranged from --0.7 to --1.0V in 
the concentrat ion range studied (line 2, Fig. 1). The 
potential  shift was greater at higher KBH4 concen- 
trations (line 3) as expected for a typical mixed po- 
tent ial  reaction. 

Anodic current -potent ia l  curves obtained in various 
solutions at 75~ are shown in Fig. 2. Currents  varied 
with time, as will be shown later, because the concen- 
trat ions of both BH4- and BH3OH- changed with time 
due to hydrolysis. Recording of the curves shown in 
Fig. 2 was begun approximately 10 min  after the solu- 
tion tempera ture  reached 75~ Curve 1 was obtained 
with 0.1M KBH4 in  a mix ture  of 0.2M KOH and 0.2M 
KCN. Curve 1' was obtained without KBH4 in the solu- 
tion and represents the anodic dissolution of the gold 
electrode. The difference in current  between curves 1 
and 1' is due to the anodic oxidation of a borohydride 
species, but  because of the interference caused by the 
large dissolution current  of the electrode, these two 
curves do not provide information as to which boro- 
hydride species is responsible for the anodic current.  
Curve 2 was obtained in a solution containing 0.1M 
KBI-I4 and 0.2M KOH in the absence of KCN. Com- 
parison of curves 1 and 2 shows that  cyanide ions 
greatly inhibi t  the anodic oxidation of the species in 
question. It is l ikely that this inhibi t ing effect results 
from the adsorption of CN-  on the electrode surface. 
(The adsorption of C N -  also accounts for the fact that 
the cathodic hydrogen evolution in the presence of 
KCN occurs at a potential  about 0.1V more negative 
than that in the absence of KCN. Compare cathodic 
ends of curves 1 and 2.) Because of the high concentra- 
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Fig. 1. Z e r o - c u r r e n t  potent ia l  as funct ion of KAu(CN)2 concen-  
t ra t ion  a t  various KBH4  concentra t ions  a t  75~ 0.2M KOH, O.2M 
KCN. 
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in O.2M KOH plus 0.2M KCN; curve ] ' ,  same as curve ] w i thout  
KBH4; curve 2, O.|M KBH4 in 0.2M KOH; curve 3, 2 X IO -4M 
KBH4 in O.2M KOH; curve 3', same as curve 3 without KBH4. 
Potential scanned from negative to positive at 5.56 mV/sec-L  

tion of KBH4 used for curve 2, it was not possible to 
record the current  over the entire potential  range. A 
much smaller concentrat ion of KBH4 (2 • 10-4M) was 
used to obtain curve 3. In  the potential  range of curve 
2, no current  is visible in curve 3 because of the low 
KBH4 concentration, but  it is clear that the reaction 
which causes the sharp increase in anodic current  in 
curve 2 start ing at about --0.TV is responsible for the 
large anodic wave in curve 3. From these two curves 
and their s imilari ty to the known polarographic be- 
havior of borohydride solutions (4) (see also the next  
section), it may be assumed that  the first wave (curve 
2) is due to the oxidation of the hydrolysis intermedi-  
ate, BH8OH-, whereas the second wave (curve 3) 
results from the oxidation of BH4-. 2 From the proxim- 
i ty of curves 1 and 2 the reaction corresponding to 
curve 1 is most l ikely to be the oxidation of BH3OH- 
part ial ly inhibited by the adsorption of CN- .  These 
assumptions were further  substant iated by examining 
the dependence of current  on t ime as described below. 

According to the hydrolysis reaction scheme, Eq. [1] 
and [2], the concentrations of BH4- and BH3OH- at 
t ime t after the commencement  of hydrolysis are given 
by the following equations (2) 

(BH4-)  ---- (BH4-)o e -kit [6] 

(BH4-)  o 
(BHsOH-)  : ( e - k 1  t - -  e--k~ t )  [ 7 ]  

( k 2 / k l )  - -  1 

where (BH4-)o is the init ial  concentrat ion of BH4-, 
and kl and k2 are the pseudo first-order rate constants 
of reactions [1] and [2] expressed in sec -1. Thus, the 
mass-transfer  controlled l imit ing current  for the oxida- 
t ion of BH4- should decrease exponent ial ly  with time, 
whereas that for the oxidation of BH3OH- is expected 
to increase first from zero at t : 0 to a max imum fol- 
lowed by a decrease with increasing t. The experi-  
menta l  results are shown in Fig. 3. The current  mea- 
sured at +0.100V in 0.2M KOH containing 2 • 10-4M 
KBH4 decreased continuously with t ime (curve 1), 
which is expected f o r  the var iat ion of ( B I Q - ) .  On the 
other hand, the currents  measured at --0.850V in mix-  
tures of 0.1M KBH4 and 0.2M KOH showed maxima in 

= I n  0.2M K O H  w i t h o u t  KBH4 (curve  3', F ig .  2) t w o  s m a l l  d ips  
are n o t e d :  a we l l - de f i ned  n a r r o w  one w i t h  a peak  a t  --0.06V a n d  a 
broad ,  sha l low one w i t h  a peak  a t  a b o u t  + 0.3V. C o m p a r i s o n  of t h i s  
cu rve  w i t h  c u r v e  3 shows  t h a t  t he  subs tance  f o r m e d  at  the  f i rs t  
d ip  (pe rhaps  Au20)  does no t  i n t e r f e r e  w i t h  t he  ox ide  of BH~-, 
w h e r e a s  th i s  o x i d a t i o n  is  g r e a t l y  i n h i b i t e d  b y  t he  subs tance  t h a t  
f o r m s  a t  the  second  d ip  (AusO3). The  f inal  c u r r e n t  r i se  is  u n -  
d o u b t e d l y  d u e  t o  t h e  o x y g e n - e v o l u t i o n  reac t ion ,  
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both the  presence (curve 2) and absence (curve 3) of 
0.2M KCN. This behavior  is expected for the change in 
( B H s O H - )  wi th  t ime. In  pr incip le  i t  should be pos- 
sible to analyze  quan t i t a t ive ly  the  cur ren t - t ime  curves 
of Fig. 3 to calculate  the  ra te  constants.  However ,  since 
the  polarographic  method  using a dropping  mercury  
e lect rode a l lowed much more  precise  measurements  of 
cur ren t  as descr ibed in the subsequent  section, the data 
shown in Fig. 3 were  not analyzed for quant i ta t ive  p u r -  
poses. Nevertheless ,  observed difference in the  mode of 
var ia t ion  of cu r ren t  wi th  t ime at  the  two different  po-  
tent ia ls  is sufficient to d r aw  the conclusion tha t  the  
cur ren t  at  --0.850V is due  to the  oxidat ion  of BHaOH- ,  
whi le  tha t  a t  +0.100V resul ts  f rom the  oxidat ion  of 
BH4-.  As a l r eady  noted in Fig. 1 and 2, the  electroless  
deposi t ion of gold takes  place in the potent ia l  range of 
--0.7 to --1.0V, which precisely  corresponds to the 
range  where  the oxidat ion  of B H s O H -  occurs. Thus, i t  
is concluded that  it  is this in te rmedia te  species, and not  
BH4-,  tha t  acts as the  reducing agent  for the  deposi-  
t ion of  gold f rom Au (CN)~- .  

PoZarographic investigation of hydrolysis  k inet ics . - -  
Knowledge  of the r a t e  constants,  k,  and k2, for reac- 
t ions [1] and  [2] is of in teres t  because it a l lows cal- 
culat ion of the concentrat ions of BH4- and BH3OH- 
at any  t ime dur ing the  hydrolysis .  This informat ion is 
also useful because it can be used to calculate  the 
amount  of potassium borohydr ide  to be added  for the  
purpose  of rep len i shment  dur ing  the opera t ion  of the  
ba th  (11). 

Gard ine r  and Colla t  (2) r epor ted  po la rographica l ly  
de te rmined  ra te  constants  in var ious  buffer solutions 
of pH values  be tween 8.9 and 10.2 at t empera tu res  
below 35~ Since es t imat ion of the  ra te  constants  
under  opera t ing  condit ions of the  electroless ba th  
from the da ta  of Gard iner  and Collat  involves a la rge  
degree  of ex t rapo la t ion  and uncer ta inty ,  it  was decided 
to m a k e  ac tua l  polarographic  measurements  of ra te  
constants.  Polarographic  waves  for the  anodic ox ida -  
t ion of B I ~ -  (curve  1) and BH~OH- (curve  2) in 
0.2M KOH at  75~ are  shown in Fig. 4. The electrode 
react ions  are given by  Eq. [3] and [4]. The presence 
of KCN in te r fe red  because the  anodic oxidat ion of the  
mercury  electrode to form Hg (CN)2 (12) occurred at a 
potent ia l  about  0.3V more  negat ive  than  tha t  for the  
oxidat ion  of BH4-,  and therefore  al l  polarographic  
measurements  were  made  in the  absence of KCN. It  
was found tha t  the  effect of KCN on the r a t e  of hy-  
drolysis  is r e l a t ive ly  small,  as m a y  be expected  f rom 
the  fact  that  the  hydro lys i s  react ion is ca ta lyzed  by  

741 

- 3 0  

,J I I I ,I ........ I 
o -0.2 -0.4 -0.6 

V vs. Hg/HgO(IM KOH) 

0 

- 1.0 

-I.5 

I 
-0.8 

Fig. 4. Polarograms for anodic oxidation of BH4- (curve 1) and 
BH3OH- (curve 2) in 0.2M KOH at 75~ Curve 1 taken with 
5 X 10-4M KBH4 immediately after its addition, curve 2 with 
2.5 X 10 -3M KBH4 10 rain after its addition. Broken lines, curves 
1' and 2', residual current. 

acids (2) and  the  only acidic species present  in  the 
electroless sys tem at a significant concentra t ion is H20, 
regardless  of the  concentra t ion of KCN. The fol lowing 
expe r imen ta l  resu l t  shows the  smal l  KCN effect. Ten 
mi l l i l i te rs  of solution containing 0.2M KOH and 0AM 
KBH4 were  hea ted  to 75~ and the  r a t e  of hydrogen-gas  
evolut ion was measured.  A closed vessel connected to 
a gas bure t te  was used in this exper iment .  The gas 
volume increased app rox ima te ly  l inear ly  wi th  t ime 
over  a per iod of 1 hr. The volume measured  at  the  end 
of the  1-hr per iod  was  56.0 ml  a t  1 arm and room t e m -  
pe ra tu re  (average  of th ree  de te rmina t ions) .  This cor- 
responds  to the  hydro lys i s  r a t e  of 15.6% per  hour  as 
ca lcula ted  on the basis of the  over -a l l  hydro lys i s  re-  
act ion BI-I4- -F 2H20 -> BO2- -t- 4H2, ignoring the 
effect of pa r t i a l  hydrolys is  to BH8OH-,  which is smal l  
as wil l  be shown later .  The measurement  was repea ted  
wi th  the  addi t ion of 0.2M KCN to the above  solution. 
The volume of hydrogen  gas measured  was 50.4 ml,  
corresponding to a hydro lys i s  ra te  of 14.0%. Thus, the  
effect of KCN was to decrease the  hydro lys i s  ra te  b y  
about  10% wi th  respect  to the  ra te  in the  absence of 
KCN. This is pe rhaps  an  effect of the  increased ionic 
s t rength  (2). 

The exper iment  for the  calculat ion of ra te  constants 
consisted of measur ing  the diffusion currents  at --0.05 
and --0.40V (see Fig. 4) as a function of t ime to fol- 
low the change in BH4-  and BH3OH- concentrat ions,  
respect ively.  The ve ry  smal l  ra t io  of iBH3OH--/iBH4-- 
found in a single solut ion necessi ta ted separa te  m e a -  
surements  of the  two currents  in solutions conta ining 
different  concentrat ions  of KBH4. The equations used 
were  those der ived  by  Gard ine r  and Collar (2);  
namely  iBH4-- = RBH4-- (BH4-)o e -kit [8] 

1 
kltmax "- in  (k2 /k l )  [9] 

(k2 /k l )  -- 1 

where  RBH4-- is the  p ropor t iona l i ty  constant  deter-  
mined  b y  the character is t ics  of the polarographic  
capi l la ry  used, and tmax is the t ime at which  iBH3OH-- 
is maximum.  Equat ion [8] predicts  that  plot t ing log 
iBH4-- against  t y ie lds  a s t ra ight  line, and  k1 can be 
ca lcula ted  from the slope of this  line. Equat ion [9] 
permi t s  the calculat ion of k2 f rom the va lue  of k~ thus  
determined,  and tmax found in the  iBH3OH-- VS. t curve. 
The expe r imen ta l  resul ts  obta ined  are  shown in Fig. 
5 and 6. The r a t e  constants  ca lcula ted  were  as follows: 
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Fig. 5. Plot of log IBH4-- vS. time. Current measured at --0.0$V 
in 0.2M KOH at 75~ Initial KBH4 concentration, 5 • 10-4M. 
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Fig. 6. Plot of ~ B H 3 O H - -  V S .  time. Current measured at --0.4V in 
0.2M KOH at 75~ initial KBH4 concentration. 0.0]M. 

kl --  3.29 X 10-5 sec-1, k2 = 1.43 • 10-s  sec-1  in 
0.2M KOH at 75~ 

These values  now being known,  the  ins tantaneous  
concentrat ions of B I ~ -  and B I ~ O H -  can be calculated 
for any  ini t ia l  concentra t ion of BH4-  wi th  the  aid of 
Eq. [6] and [7]. The rat ios  [ B H 4 - ] / [ B H 4 - ] o  and 
[ B H ~ O H - ] / [ B H 4 - ] o  ca lcula ted  in this  manne r  over  a 
per iod  of 8 h r  a re  shown in Fig. 7. The  curves  repre-  
sent  the  ca lcula ted  values,  and the points  are  the ex- 
pe r imen t a l  va lues  found polarographica l ly .  I t  is s ig-  
nificant to note tha t  the  concentra t ion of BH3OH- 
never  exceeds about  2.2% of the  ini t ia l  KBH4 concen- 
t rat ion.  Since B H s O H -  is the species that  acts as the  
reducing  agent,  i t  can be s tated tha t  the  efficiency of 
u t i l iza t ion  of K B I ~  in the  electroless  gold-deposi t ion  
process is ve ry  low, and most  of K~H4 is lost by  
hydrolysis .  

Competitive adsorption of reacting species.wThe de-  
pendence  of the  deposi t ion ra te  on K A u ( C N ) 2  concen- 
t r a t ion  is qui te  unusua l  in  tha t  i t  exhibi ts  a m a x i m u m  
at about  0.003M (1). The appearance  of the  m a x i m u m  
was p rev ious ly  assumed to be due to a compet i t ive  ad- 
sorp t ion  of A u ( C N ) 2 -  and BH8OH-  on the subs t ra te  
surface pr ior  to the  heterogeneous  redox  reaction.  If  
A u ( C N ) 2 -  is more  s t rongly  adsorbed than BH~OH-,  
an  increase in A u ( C N ) 2 -  concentra t ion wil l  tend  to 
in te r fe re  wi th  the  adsorpt ion of B I ~ O H - ,  thus  de- 
creasing the  deposi t ion ra te  beyond  a cer ta in  
A u ( C N ) 2 -  concentrat ion.  Expe r imen t a l  resul ts  and 
discussions presented  below suppor t  this  assumption.  

Adsorption of BH3OH-.--In Fig. 2 i t  is seen tha t  
the  anodic oxida t ion  cur ren t  of BH3OH-  at  the  gold 
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Fig. 7. Variation of concentrations of BH4- and BH3OH- with 
time with respect to the initial BH4- concentration in 0.2M KOH 
at 75~ Lines calculated from rate constants; points experimental. 

elec t rode  in 0.2M KOH (curve  2) merges  at  the  cath-  
odic end (--1.2V) wi th  the  hydrogen-evolu t ion  cur ren t  
observed  in the  absence of bo rohydr ide  (curve  3). 
This means  tha t  the  BH3OH-  oxidat ion  occurs at  a po- 
ten t ia l  at  least  as negat ive  as, or poss ibly  more  nega-  
t ive than,  the  hydrogen-evo lu t ion  potent ial .  A t  mer -  
cury,  on the  other  hand, the  oxidat ion  of BH3OH-  
takes  place  at  about  --0.6V (see Fig. 4, curve  2), which 
is a t  least  0.5V less nega t ive  than  the corresponding 
potent ia l  at gold. This potent ia l  difference corresponds 
to a difference in r a t e  constant  by  severa l  orders  of 
magni tude,  the  exac t  difference being dependent  on 
o ther  kinetic pa rame te r s  of the  reaction.  Such a large  
effect of e lect rode ma te r i a l  (13) can be unders tood 
only by  pos tu la t ing  a cons iderab ly  grea te r  electro-  
ca ta ly t ic  ac t iv i ty  of gold due to the  chemisorpt ion of 
BHsOH-. 

The dependence  of the  r a t e  of e lectroless  gold de- 
posi t ion on the crys ta l l ine  or ienta t ion  of the  subs t ra te  
is also of in teres t  in this  context .  Sard  and Wonsiewicz 
(14), using s ingle-crys ta l  copper  substrates,  found 
tha t  the  gold deposi t ion ra te  decreases  in the  order  
(111) > po lycrys ta l  > (100) > (110). The ra te  on 
( i l i )  surfaces was found to be about  four t imes  
g rea te r  t han  tha t  on (110). I t  is significant to note tha t  
this  sequence is ident ical  to tha t  r epo r t ed  recen t ly  by  
Bagotzky,  Vassiliev, and  Pyshnograeva  (15) for the  
e lec t roca ta ly t ic  ac t iv i ty  of var ious  c rys ta l l ine  faces of 
p l a t i num toward  the hydrogen  and oxygen evolut ion 
react ions  as wel l  as the  anodic oxida t ion  of methanol .  
Discussion of the  cause of the  or ienta t ion  effect is be-  
yond  the  scope of this  paper ,  but  the re  is l i t t le  doubt  
tha t  the  chemisorpt ion  of reac t ing  species is involved  
in these e lec t roca ta ly t ic  react ions  (13, 15) as we l l  as 
in the  electroless  gold-deposi t ion process. 

Adsorption of Au(CN)~-.--On the  basis of the  de -  
pendence of cur ren t  on concentra t ions  at a constant  
overpotent ia l ,  Maja  (16) proposed  a mechanism for 
the  reduct ion of A u ( C N ) 2 -  in which  this ion is pos tu-  
l a ted  to be adsorbed on the  gold e lect rode pr io r  to the  
reduction.  However ,  there  is no direct  expe r imen ta l  
evidence avai lab le  to prove  the  adsorpt ion.  On the  
o ther  hand,  i t  was  found tha t  A u ( C N ) 2 -  adsorbs 
s t rongly  on the surface of mercury .  This is evidenced 
by  the large  effect of A u  ( C N ) 2 -  on the e lec t rocapi l ta ry  
curves  at  potent ia ls  less nega t ive  than  the poten t ia l  
where  A u ( C N ) ~ -  begins  to be  reduced  (Fig.  8). I t  is 
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Fig. 8. Electrocapillary curves (1,2,3) and polarogroms (1', 2', 
3') at various concentrations of KAu(CN)2 in 0.2M KOH at room 
temperature. Curves I and 1', no KAu(CN)2; curves 2 and 2', 
O.O01M; curves 3 and 3', O.O05M. 

also seen in Fig. 8 that the electrocapillary ma x i mum 
is shifted toward more negat ive potentials and that  the 
decrease in  drop t ime is greater at less negative po- 
tentials. These results show that  the adsorbed species 
is negatively charged. 

Effect of A u ( C N ) z -  on anodic oxidation o~ BH3OH-.--  
The over-all  deposition reaction can be considered to 
consist of the two part ial  electrochemical reactions, 
Eq. [3] and [5], occurring at an equal rate at the mixed 
potential. Thus, if there is no secondary kinetic inter-  
action between the two part ial  reactions (e.g., a re- 
actant or product of one part ial  reaction affects the 
kinetics of the other),  the cathodic-reduction current  
of A u ( C N ) e -  measured at the mixed potential  in the 
absence of BH~OH- should be equal to the anodic- 
oxidation current  of BH~OH- measured in  the absence 
of Au (CN) 2-. This relationship was found to hold when 
the KAu (CN) 2 concentrat ion was very  low as i l lus- 
trated in  Fig. 9 for the case of 2 X 10-4M KAu(CN)2.  

The curves for solutions containing KBH4 were re- 
corded between 10 and 30 min after the addition of 
KBH4, during which period the concentrat ion of 
BH3OH- was practically constant  (see Fig. 3). With in-  
creasing KAu(CN)2 concentration, the deposition poten- 
tial shifts in the positive direction (Fig. 1), and the con- 
t r ibut ion of the anodic-oxidation current  of gold to 
the total  anodic current  becomes significant. Figure 10 
i l lustrates the si tuat ion for the case where the 
KAu(CN)2  concentrat ion was 10-3M. It  is seen that  
the oxidation current  of BH8OH-, designated as 
iBHsOH--, must  be calculated by subtract ing the oxida- 
t ion current  of gold measured in the base electrolyte 
alone (0.2M KOH + 0.2M KCN) from the total  anodic 
current  ia. Note that  iBHsOH- is significantly greater 
than  ic in this case. This inequal i ty  was observed at all 
higher KAu(CN)2  concentrat ions studied (up to 
0.02M). In  separate exper iments  it was found that  
gravimetr ical ly de termined deposition rates are equiv-  
alent  to ic ra ther  than iBH3OH--- These results show that 
the presence of A u ( C N ) 2 -  at concentrat ions greater 
than about 10-3M does interfere  with the anodic oxi- 
dat ion of BH3OH-. I t  is considered reasonable to 
ascribe this phenomenon to the adsorption of 
Au (CN)2-  on some of the sites where BI-I3OH- would 
adsorb if the solution did not  contain A u ( C N ) ~ - .  

E~ect o~ N~(CN)4- - on anodic oxidation oy BH3OH-.--  
It was found that  the N i ( C N ) 4 - -  ion exerts a similar 
effect on the oxidation of BH~OH-. This phenomenon 
is described here because the effect of N i ( C N ) 4 - -  is 
much more clearly visible than  that  of A u ( C N ) ~ -  
owing to the fact that  N i ( C N ) 4 - -  is not  reduced in 
the potential  range where BH~OH- is oxidized. Effects 
of 1 • 10-'~ and 3 • 10-4M NiSO4 z on the current -  
potential  curve for the oxidation of B I ~ O H -  are i l lus- 
t ra ted in Fig. 11 (curves 1-3). The reduction current  
of A u ( C N ) 2 -  is unaffected by nickel ions (curve 4). 
Str iking similarit ies in the form of the two ions, 
N i ( C N ) 4 - -  and A u ( C N ) 2 - ,  and in  their  effect on 
the electrocatalytic activity of gold are noteworthy. 

The poisoning effect of N i ( C N ) 4 - -  also accounts 
for the observation that  the deposition rate of electro- 
less gold decreases drastically when  small  amounts  
of nickel ions are added in the bath  (18). A decrease 
in deposition rate with use of the bath was also noted 
when  nickel metal  was employed as substrate. This is 
due to the fact that  the gold deposition on nickel 
metal  takes place ini t ia l ly  by  the displacement reac- 
tion, in which nickel metal  dissolves into the  bath to 

I n  t h e  0 . 2 M  K O H - 0 . 1 M  K C N  m i x t u r e  u s e d ,  n i c k e l  i s  m o s t  l i k e l y  
to  b e  p r e s e n t  i n  t h e  f o r m  o f  N t ( C N ) ~ - -  (17) .  
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Fig. 9. Current-potential curves at gold electrode at 75~ Base 
electrolyte, 0.2M KOH plus 0.2M KCN; curve I ,  2 X 10-4M 
KAu(CN)2 without KBH4; curve 2, 0.1M KBH4 without KAu(CN)2; 
curve 3, 2 • 10-4M KAu(CN)2 and 0.1M KBH4. Potential scanned 
from negative to positive at 5.56 mV/sec -1 .  
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Fig. 10. Current-potential curves at gold electrode at 75~ 
Conditions were the same as for Fig. 9 except that the KAu(CN).2 
concentration was IO-~M. 
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Fig. 11. Effect of nickel ions on anodic oxidation of BH3OH- at 
gold-plated rotating-platinum disk electrode (1600 rpm) at 75~ 
Base electrolyte, 0.2M KOH -f- 0.1M KCN; curve 1, 0.1M KBH4, no 
NiS04; curve 2, 0.1M KBH4, 1 • 10 -4  NiS04; curve 3, 0.1M 
KBH4, 3 • 10-4M NiS04; curve 4, 1 • 10-3M KAu(CN)2, no 
KBH4, with or without 1 X 10-3M NiS04. 

form N i ( C N ) 4 - -  unt i l  it  is comple te ly  covered with 
gold deposits. 

Expe r imen ta l  evidences presented  above are  con- 
s idered sufficient to suppor t  the  or ig ina l ly  proposed 
concept of compet i t ive  adsorpt ion of A u ( C N ) 2 -  and 
BH3OH-.  Fu r the r  detai ls  of the  react ion mechanism 
cannot  be der ived  f rom the resul ts  of this  s tudy alone. 
However ,  based on the  recent  s tudy of Holbrook  and 
Twist  (19) on the mechanism of surface-cata lyzed 
hydro lys i s  of BH4-,  i t  may  be specula ted that  the 
chemisorpt ion of BH3OH- is dissociative involving the 
spl i t t ing of B - H  bonds to form adsorbed  hydrogen  
a toms and boron-conta in ing  radicals.  I t  is l ike ly  tha t  
the  electrons necessary for reducing adsorbed 
A u ( C N ) 2 -  are  suppl ied  by  the adsorbed boron-con-  
ta in ing radicals,  and  two adsorbed hydrogen  atoms 
s imply  combine wi th  each o ther  to form molecular  
hydrogen.  

Summary and Conclusion 
(i) The  species tha t  reduces  A u ( C N ) 2 -  is BH3OH- 

and not  BH4- .  The former  is an in te rmedia te  of the  
hydro lys i s  reac t ion  of B I ~ - ,  and its concentrat ion dur-  

ing the  electroless deposi t ion is only  2% or less of the  
ini t ia l  BH4-  concentrat ion.  

(ii) The pseudo f i rs t -order  ra te  constants, kl and k2, 
for the  two stages of hydro lys i s  of borohydr ide  ions 
were  de te rmined  by  the polarographic  method in O.2M 
KOH at 75~ The values  found were  kl  = 3.29 • 10 .5  
sec -1 and k2 --  1.43 • 10 .3  sec -1. The addi t ion of KCN 
decelerates  the  hydrolys is  to a smal l  extent.  

(iii) Results  of this  s tudy  and the dependence  of 
deposi t ion ra te  on K A u ( C N ) 2  concentra t ion repor ted  
previous ly  (1) are both consistent wi th  the  assumption 
that  the deposit ion process is p receded  by  compet i t ive  
adsorpt ion of A u ( C N ) ~ -  and BHsOH- .  
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ABSTRACT 

Voltammetric studies have been carried out with ni t roalkanes in basic 
buffers in aqueous medium. Similar  studies in dimethylformamide and in 
methanol  were l imited to 2-nitropropane.  Large scale electrolyses of 2-nitro- 
propane were carried out in dimethylformamide and methanol  and gave 2,3- 
dimethyl-2,3-dinitrobutane.  In  methanol,  1-nitropropane gave a low yield of 
1,1-dinitropropane, and 2,5-dinitrohexane in the same solvent gave 2,5-hexane- 
dione. 

Studies of the electrochemical oxidation of nitro- 
alkane anions in the past have dealt  main ly  with large 
scale electrolyses and report the formation of a var ie ty  
of products. Phenyln i t romethane  and 9-nitrofluorene 
(1) form in  alkal ine solution 1,2-dinitro-l ,2-diphenyl- 
ethane and 9,9'-dinitro-9,9'-difiuorenyl, respectively. 

In  aqueous alkali, 2-nitropropane gave 2,3-dimethyl- 
2,3-dinitrobutane and 2,2-dinitropropane; 2-ni t robutane 
behaved similarly. If the oxidation is carried out in 
the presence of sodium nitrite, the amount  of the 2,2- 
dini tropropane is increased (2). 

The cross-coupling of sodium ni t r i te  with ni t ro-  
ethane (3) and  1,1-dinitroalkanes (4) gave 1,1-dinitro- 
ethane and 1,1,1-trinitroalkanes, respectively. 

P r imary  ni t roalkanes are oxidized to vicinal  di- 
ni t roalkanes and olefins (5). On the other hand, 1,6- 
dini t rohexane gave no cyclohexane derivat ive (6). 

The use of t r ie thylamine as a base in ni t romethane,  
nitroethane, and 2-nitropropane gave nitroethanol,  
3-nitro-2-butanol,  and acetone, respectively (7). 

The free radical na ture  of the reaction was demon- 
strated by the electrolysis of anions from 2-nitropro- 
pane and nitrocyclohexane in the presence of styrene 
and ethyl v inyl  ether. Products were obtained con- 
taining both monomers (8). 

Voltammetric studies of the oxidation of ni t roalkane 
anions has been l imited to a report  of the oxidation 
potential  of ni t roethane and 2-nitropropane in meth- 
anol-benzene (1: 1) (8). 1 Informat ion of this type was 
considered to be desirable in unders tanding  the mecha-  
nism of the oxidation and in devising electrolysis con- 
ditions which would maximize the yields of the di-  
ni tro derivatives. 

Experimental 
Voltammetric studies were carried out using a micro- 

p la t inum electrode which was rotated at a constant  
speed of 571 rpm. 

General procedure.--The stock solution (1 ml)  
which contained 0.01M ni t roalkane in 30% methanol,  
was added to 9 ml of the buffer and the result ing solu- 
tion was degassed at 25~ with ni trogen for 20 min. 
Polarograms were recorded with a Sargent  Model 21 
polarograph. The proximity  of the oxidation curves 
to the residual current  required a correction for the 
lat ter  in order to obtain the half-wave potentials and 
l imit ing currents. The values for the lat ter  using the 
saturated calomel electrode as a reference electrode 
were usually higher and more i rregular  than those ob- 
tained with a mercury  pool cathode. 

Polarographic reductions were carried out at the 
DME in the same solution prior to the oxidation. 
Values for capillary characteristics are given in Table 
I. 

The buffer solutions were prepared according to the 
procedure described by Robinson and Stokes (9). The 
pH values were checked with a Beckman pH meter. 

* E l e c t r o c h e m i c a l  Soc i e ty  A c t i v e  M e m b e r .  
K e y  w o r d s :  2 - n i t r o p r o p a n e ,  2 , 3 - d i m e t h y l - 2 , 3 - d i n i t r o b u t a n e ,  v o l -  

t a m m e t r y ,  l a r g e  sca le  e l e c t r o l y s e s .  
T h i s  w o r k  a p p e a r e d  after the complet ion of the present  s t u d y .  

Lithium 2-propanenitronate  (10), potassium 2-pro- 
paneni t ronate  (11), 3,5-dinitroheptane (12), and 2,5- 
dini t rohexane (6) were prepared according to the di- 
rections in the li terature. 

Nitromethane, nitroethane,  1-nitropropane, and 
2-nitropropane were purified by distillation. Reagent 
grade methanol  and reagent  grade inorganic chemi- 
cals were used without fur ther  purification. Benzyltr i-  
me thy lammonium methoxide (40% solution in  meth-  
anol) was obtained from Aldrich Chemical Company 
and 2,5-hexanedione was obtained from Eas tman Ko- 
dak Company. 

General procedure.--Large scale electrolyses were 
carried out in a beaker with a rotat ing (571 rpm) plati- 
n u m  cylinder anode. The cathode was a copper wire 
coil and was placed in a porous porcelain cup. The pro- 
cedure for a typical  electrolysis is i l lustrated by the 
following. A solution of 2-ni t ropropane (44.5g) in 40% 
benzy l t r imethy lammonium methoxide in methanol  
(227g) was placed in a 600 ml  beaker. The cathode 

Table I. Voltammetric and polarographic behavior of 
nitroalkanes a (vs. SCE) in aqueous buffers 

E1/e ( a n o d i c ) ,  I b, o, E l / z ( c a t h o d i c ) ,  
p H  R P E  ] i m  D M E  Id 

CHINO2 �9 

8 No w a v e  - -  - 0.91 12.83 
11.2 0.91 9.6 - -0 .90  1.47 
11.9 0.82 15.4 - -0 .90  0.11 

CI~CH~NOs~ 

8 No  w a v e  -- -- 0.92 8.42 
11.2 0.91 11.1 No w a v e  
11.9 0.82 22.4  No  w a v e  

C I ~ C H s C H ~ N O ~  

8 N o  w a v e  - -  -- 0 .90 7.49 
11.2 0.90 11.4 N o  w a v e  - -  
11.9 0 .82  14.0 No  w a v e  

CI-I~CHNOsCHs~ 

8 No  w a v e  - -  - 0.94 7.82 
11.2 0.95 14.5 -- 0.97 2 .34  
11.9 0 .85 17.0 No w a v e  

2 , 5 - D i n i t r o h e x a n e  e 

8 No  w a v e  - -  -- 0.82 
11.2 0.94 27.0 - -0 .94  
11.9 0 .84 47.4  No w a v e  

3 , 5 - D i n i t r o h e p t a n e  f 

8 No wave ~ -- 0.84 
--1.41 

11.2 1.01 20.4  -- 0.93 
11.9 0.82 46.6 -- 0.98 

S o d i u m  n i t r i t e  ~ 

8 No w a v e  - -  No  w a v e  
11.2 1.05 6.8 No wave 
11.9 0.87 13.4 No w a v e  

13.31 
1.74 

8.10 
1.12 
1.43 
0.71 

a C o n c e n t r a t i o n  0.001M. 
b l l l m  = m i c r o a m p e r e s / m i l l i m o l e .  
o A l l  c u r v e s  w e r e  n o r m a l  S - s h a p e d  e x c e p t  f o r  n i t r o m e t h a n e  a t  p H  

11.9; t h e  c u r v e  s h o w e d  a d r o p  a t  p o s i t i v e  p o t e n t i a l s ,  
C a p i l l a r y  c h a r a c t e r i s t i c s  m'~/stl/~ = 1.486 mg~/3 sec-Z/s. 

�9 C a p i l l a r y  c h a r a c t e r i s t i c s  mS/St~/~ = 1.607 mg~/3 sec-~/~. 
? C a p i l l a r y  c h a r a c t e r i s t i c s  m~/~t l /~  = 1.969 rag-~ sec-1/2. 
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Table 11. Voltammetric behavior of alkali salts of nitroalkanes in 
dimethylformomide and in methanol 

Compound a Electrolyte Cathode Ez/s(anodic) lllm b 

Li + [ ( CI-I~ ) ~CNO~]- 
H y d r o q u i n o n e  

K* [CH~CH~CHNO~] - 

K* [ ( CI-I~),-CNO~] - 

D i m e t h y l f o r m a m i d e  

0.1M LiNOa Hg pool  0,91 2.3 
0.1M LiNOz H g  pool  1.30 5.0 

Methanol 

O.IM LiNOs H g  pool  0.79 4.6 
SCE 0.76 4.4 

0.1M KOCH~ H g  pool  0.72 7.6 
SCE 0.68 7.7 

0.1M LiNOs H g  pool  0.72 4.4 
SCE 0.70 4.4 

0.1M KOCH~ H g  pool 0.84 7.9 
SCE 0.65 7.2 

= Concentration O,O01M. 
b l l lm = microamperes/millimole. 

compar tment  consisted of a 5.3 by  10 cm porous cup 
and was  fi l led wi th  40% b e n z y l t r i m e t h y l a m m o n i u m  
methoxide  in methanol .  A vol tage  of 12V gave a cu r -  
rent  of 2A which was main ta ined  at  this  value  for 7 
hr  by  adding more e lec t ro ly te  to the cathode compar t -  
men t  and  methanol  to the  anode compar tmen t  dur ing  
the  electrolysis.  The anoly te  was cooled and the solid 
was f i l tered and washed wi th  water .  The yie ld  of es- 
sent ia l ly  pure  2 ,3-dimethyl-2 ,3-dini t robutane was 23g, 
m p  209~-210 ~ [ l i t e ra ture  (2) 208~176 A mix tu re  
wi th  an authent ic  sample  mel ted  at  the  same point.  
The IR spect ra  were  identical .  The methanol  f i l t ra te  
when  t rea ted  wi th  wa te r  gave an addi t ional  3g of the  
dini t ro compound. 

Data  obtained f rom other  e lectrolyses  using the cell  
descr ibed are  given in Table  I IL The  1,1-dini t ropropane 
(13) and the 2,5-hexanedione were  identif ied by  com- 
par ison Of thei r  IR spect ra  wi th  those of authent ic  
samples. 

Chemical dimerization.--A solut ion of 2 -n i t ropro-  
pane (90g) in methanol  (300 ml)  conta in ing potass ium 
hydrox ide  (56g) was t rea ted  dropwise  at  room tem- 
pe ra tu re  wi th  a solution of iodine (127g) in me thano l  
(900 ml ) .  The solut ion tu rned  d a r k  af te r  80% of the  
iodine solut ion was  added  and was  ref luxed for 2 hr.  
Pa r t i a l  r emova l  of the methanol  fol lowed by  cooling 
gave a solid which  was washed wi th  water .  The y ie ld  
of 2 ,3-dimethyI-2,3-dini t robutane was 49g; m p  209 ~ 
210% 

Results and Discussion 

Vol tammet r i c  oxidat ion of n i t roa lkane  anions was 
carr ied  out in aqueous buffers, in methanol ,  and in di- 
methy l formamide .  The format ion  of the  anion in the  
buffers was moni tored  by  observing the polarographic  
reduct ion  waves  at  a d ropping  mercu ry  electrode. The 
resul ts  obta ined in aqueous a lka l ine  buffers are  given 
in Table  L 

S imi la r  s tudies in acetonitr i le ,  d imethy l formamide ,  
and d imethy lsu l fox ide  were  p reven ted  by  low solu- 
bi l i t ies  of the a lka l i  salts  of the  n i t roalkanes .  L i th ium 
2-propaneni t rona te  is an except ion and is modera t e ly  
soluble in d imethy l formamide .  The same sal ts  a re  ve ry  
soluble in methanol  and were  p repa red  before  hand  
or genera ted  in this  solvent.  The da ta  obta ined  are 
l i s ted  in Table  II. 

The yie lds  ob ta ined  in large  scale e lectrolyses  are  
l i s ted  in Table  III.  

Examina t ion  of the  polarographic  resul ts  in Table  I 
indicate  tha t  the  ni troparaff in reduct ion waves  di- 
minished  in a lka l ine  solutions to zero wi th  two ex -  
ceptions;  this decrease is caused by  the  tau tomer ic  
change of the  nitroparaffins into the  aci-form, which 
was not reducible  wi th in  the range of potent ia ls  (down 
to 2.0V) used (14). 

R R O R O -  

a lka l i  ~ -  + ~  \ ~  + 
/ 

R' R'  O -  

The  two exceptions,  n i t romethane  and 3,5-dinitro-  
heptane,  gave smal l  waves  in the  pH 11.9 buffer. The 
wave  for n i t romethane  is caused by  the presence of a 
smal l  amount  of n i t romethane .  This compound has a 
pKa of 10.24 (15) and therefore  wou ld  not  be con- 
ve r t ed  comple te ly  to the  anion. 

The behavior  of 3 ,5-dini t roheptane can be expla ined  
by  a cleavage of this  compound by  a lkal i  ( reverse  
Michael  react ion)  to the anion of 1-ni t ropropane  and 
2 -n i t ro - l -bu tene .  The l a t t e r  is conver ted  by  base to 
2 -n i t ro - l -bu t ano l  which  undergoes  a r eve r se  aldol  a t  

C2H~C---CH2CHC2H5 -~ C2HsC:CH~ + C2H~CHN02 
l I I 
NO2 NO2 NO2 

H 
C~HsC~---CHs + OH- ~ C2H~C--CH2OH ~ I 

I 1 C2HsC--CH20- 
NO2 NOs I 

NO2 

H 
I 

C2HsCNO2 + H2CO 

Table Ill. Large scale electrolyses of nitroalkanes 

Compound Elec t ro ly te  Solvent  Condi t ions  P r o d u c t  yield 

2-Ni t rop ropane  (44.5g) 40% B e n z y l t r l m e t h y l a m m o n i u m  CI'IsOH 
me thox ide  (227g) 

2 -Ni t rop ropane  (89g) 40% B e n z y l t r i m e t h y l a m m o n i u m  CH~OH 
m e t h o x i d e  (anolyte)  (454g), 
8.5% K O H - C H s O H  (eatholyte)  

Potassium 1-p ropane -  0.3M KOCH8 CH~OH (100 ml)  
n i t rona te  (40g) 

Potassium 2 - p r o p a n e -  0.SM KOCHs CHaOH (100 ml)  
n i t rona te  

2 -Ni t rop ropane  (22.3g) 40% B e n z y l t r i m e t h y l a m m o n i u v a  CHsOH (125 ml)  
m e t h o x i d e  

L i t h i u m - 2 - p r o p a n e n i -  IN LiNOs DMF (120 nil) 
t r ona t e  (9.5g) 

2 ,5 -Din i t rohexane  (8g) 0.1N KOCI-Is CI-~OH 

12V, 2A, 7 h r  

12V, 3A, 10 hr 

13V, 0.4A, 17 h r ,  0L  N2 

13V, 0.5A, 26 hr ,  0% Ns 

t4V, 0.5-0.05A, 22 h r ,  0 ~ Ns 

20V, 0.1-0.01A, 24 h r ,  0 ~ Ns 

20V, 1.2-0.05A, 3 hr ,  0 ~ N2 

DMDNB a 58% 

DMDNBa 44% 

1 ,1 -Din i t ropropane  4.8%, 
KNO~ (12.0g) 

DMDNBa 56% 

DMDNB~ 64% 

DMDNB~ t3% 

2 ,5 -Hexaned ione  13.6% 

DMDNB = 2 ,3 -d ime thy l -2 ,3 -d in i t robu tane .  
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pH 8 since a reduct ion wave was observed for formal- 
dehyde. The half-wave potential  of --1.41 (SCE) is in 
good agreement  with that reported in the l i terature 
(16). At higher pH values the reverse aldol reaction 
apparent ly  does not occur since the formaldehyde 
wave is absent. The more positive reduction waves ob- 
served are probably due to the 2-n i t ro - l -bu tanol  since 
the half-wave potentials approximate values  reported 
by others (17). 

The results in Table II indicate that a one-electron 
oxidation occurs for the 2-ni t ropropane anion; in di- 
methylformamide its l imit ing current  is approximately 
one-half  of that observed for hydroquinone.  

The l imit ing current  in methanol  varies with the 
electrolyte employed. The low value observed in  a 
l i th ium ni t ra te  solution can be ascribed to the lower 
concentrat ion of the anion which would result  from the 
following reaction 

K + [ (CH3)sCNO2] - + CH~OH 

KOCH8 + (CHs)2CHNO2 

The close proximity  of the anodic wave for the ni- 
t roalkanes to the residual  current  in aqueous media 
offers an explanat ion for the 2,2-dinitropropane formed 
in the electrolytic oxidation of 2-nitropropane in basic 
medium. At this potential  ei ther hydroxyl  radicals or 
oxygen is produced and cross-coupling or oxidation of 
the radical can occur (12) and forms acetone and ni -  
trite ion. The lat ter  oxidizes at 0.87 at a pH 11.9 and 
would cross-couple with the 2-nitropropyl radical and 
form 2,2-dinitropropane. 

In  order to avoid these complications large scale 
electrolyses were carried out in methanol  and in di- 
methylformamide as solvents and the results are given 
in Table III. Methanol proved to be the superior sol- 
vent  and gave the best yield of 2,3-dimethyl-2,3-di- 
n i t robutane  from 2-nitropropane, and in contrast to 
aqueous solutions (2) gave no 2,2-dinitropropane. The 
max imum yield obtained was 64% using a ni trogen at- 
mosphere and a temperature  of 0 ~ Electrolysis in the 
presence of air with no tempera ture  control gave only 
a slightly lower yield of 58%. This lower yield is no 
doubt caused by oxygen diffusing into the reaction 
mix ture  and oxidizing the intermediate  radical to 
acetone and nitr i te  (18). Both yields are much higher 
than that (15%) obtained in aqueous media (2). 

A similar yield of dimer was obtained chemically 
by t reat ing 2-ni t ropropane in methanol  containing po- 
tassium hydroxide with iodine. The yield (55%) is 
smaller than that (86%) obtained by t reat ing the so- 
dium salt of 2-nitropropane with 2-bromo-2-nitropro- 
pane (19) but  the reaction is simpler and can be car- 
ried out in one step. 

One possible side reaction which can occur and 
would prevent  better  yields in the electrolytic method 
is the decomposition of the intermediate  radical into 
acetone and nitric oxide. Such a decomposition has 
been observed in the electrolysis of ni t roalkanes con- 
ta ining t r ie thylamine as a base (7). The nitr ic oxide 
thus formed in methanol  would result  in methyl  

(CHs) 2C -- NO2-~ CHsC -- CHa + NO 
II 
O 

nitr i te  which is volatile. In aqueous basic medium 
sodium ni t r i te  would  be formed. This type of decom- 

position is substant iated by the results obtained with 
the electrolysis of 2,5-dinitrohexane in methanol  with 
potassium methoxide as the electrolyte at 0 ~ under  
nitrogen; a 13.0% yield of 2,5-hexanedione was iso- 
lated. The other products formed in this oxidation were 
a resin and a solid (3% based on 2,5-dinitrohexane) 
which was not investigated fur ther  because of the 
small amount  available. 

A pr imary  ni t roalkane such as 1-nitropropane gave 
in  methanol  similar products to those found in  water. 
The coupled product in the anion form 

CHsCH2CHNO~ -> NO2- + CI-13CH~CH 
I II 

CHsCH2CNO2 CI-13CH2CNO2 

eliminates ni t r i te  ion and the result ing potassium ni- 
tr i te  part ial ly precipitates from the methanol  and can 
be isolated. The yield of the cross-coupled product 
1,1-dinitropropane, because of the small  amount  of dis- 
solved sodium nitrite,  was therefore low. Only  a very  
small  amount  of a l iquid with a boiling point corre- 
sponding to the unsatura ted  nitro compound was iso- 
lated. The major i ty  of the product was a tar. 
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Electrohyd rodimerization Reactions 
III. Rotating Ring-Disk Electrode, Voltammetric and Coulometric Studies of Mixed Reductive 

Coupling of Dimethyl Fumarate in the Presence of Cinnamonitrile and Acrylonitrile in 
Dimethylformamide Solution 

Vincent J. Puglisi and Allen J. Bard 
Department of Chemistry, University o~ Texas at Austin, Austin, Texas 78712 

ABSTRACT 

The electrohydrodimerization reaction of dimethyl  fumarate  in the pres- 
ence of c innamonit r i le  and acrylonitr i le  was studied in dimethylformamide 
solution by rotating r ing-disk emctrode, voltammetric  and coulometric tech- 
niques. At potentials where only dimethyl  fumarate  is electroactive, the rate 
and mechanism of decay of the dimethyl  fumarate  anion radical are only 
slightly per turbed from the results obtained in the absence of c innamoni t r i le  
and acrylonitrile.  This is an indication that  little or no cross-coupling was oc- 
curring. At potentials where both dimethyl  fumarate  and c innamoni t r i le  are 
electroactive evidence for the occurrence of a solution oxidat ion-reduct ion 
reaction consuming c innamoni t r i le  anion radical and dimethyl  fumarate  parent  
was obtained. In  addition, the role of cis-trans isomerization of radical anions 
in electrohydrodimerization reactions is discussed. Differences in the cyclic 
vol tammograms of diethyl maleate in the presence of acrylonitr i le  when  com- 
pared with those obtained in the absence of acrylonitr i le  and for dimethyl  
fumarate  in the presence of acrylonitr i le  are observed. 

We have previously reported (1) the use of rotat ing 
r ing-disk electrode (RRDE) voltammetry,  cyclic vol t-  
ammetry,  and coulometry in the elucidation of the 
mechanism of the electrohydrodimerization (electro- 
lytic reductive coupling) of the three di-substi tuted 
olefins dimethyl  fumarate  (DF),  c innamoni t r i le  (CN), 
and fumaroni t r i le  (FN) in anhydrous  dimethylform- 
amide (DMF) solution. Potent ia l -s tep chronoamper-  
ometry has also been employed to determine the elec- 
trohydrodimerization mechanism of diethyl fumarate  
(2). These studies showed that  these hydrodimeriza-  
tions proceed predominant ly  via a one-electron reduc- 
tion 

R + e ~ R  [1] 

followed by a radical ion dimerization (EC reaction 
scheme) for each olefin 

_ � 8 9  
2R " --> R2 ~- [2] 

It  is also of interest  to examine the hydrodimerizat ion 
reaction of a disubsti tuted olefin in the presence of a 
second activated olefin (R') by RRDE vol tammetry  (3) 
and coulometric techniques. The aim was to explore the 
conditions under  which formation of cross-coupled 
products can occur, thus obtaining more insight into 
the mechanism of electrolytic reductive coupling. 

This approach was first under taken  by  Baizer et al. 
(4-7). These investigators discovered cross-coupled 
products of the form R'RH2 after electrolysis of aque- 
ous-DMF solutions at mercury electrodes containing 
high concentrations (up to 5M) acrylonitr i le  (AN) at 
potentials where R, but  not R', was electroactive. They 
at t r ibuted these results, on the basis of this as well as 
cyclic voltammetric evidence (8), to the occurrence of 
an ECE mechanism; i.e., a one-electron reduction (Eq. 
[1]) followed by nucleophilic attack by the radical 
anion on the parent  molecule 

k2' 
R -  + R ~  R2- [3] 

to form the electroactive species R2- which can un -  
dergo fur ther  reduction to yield the 

R2-  + e -  -~ R~2- [4] 

* Electrochemical Society Active Member. 
Key words: rcductive coupling, electrochemical dimerizations, 

cross-coupled products, cis-trans isomerization. 

nonelectroactive species R2 ~-. They surmised that  in 
the presence of a second olefin R', because of its greater 
concentrat ion at the electrode surface when compared 

with R, nucleophilic at tack by R-: on R' to form the 
electroactive species 

k2" 
R -  + R ' ~  ( R R ' ) -  [5] 

(RR') occurs. This species can undergo fur ther  re-  
duction to yield a cross-coupled product (9) 

n 

(RR') + e - - >  (RR') 2- [6] 

The ratio of cross-coupled product to simple dimer 
(R2H2) would be dependent  on the concentrat ion ratio 
of R and R', on the rate of formation of the cross- 
coupled product relative to the rates of formation of 
the simple dimers (R2H2 and R'2H2), and on the rates 
of formation of the simple dimers relative to each 
other. They also found that  the yield of cross-coupled 
product was substant ia l ly  increased when electrolysis 
was conducted at potentials where both R and R' were 
reduced; this is an indication that  cross-coupling via a 
radical ion-radical  ion-coupling mechanism was occur- 
r ing at a faster rate than  the ECE 

R 7 + R'-  -~ (RR') '2- [7] 

mechanism postulated in Eq. [5] and [6]. 
Dimethyl  fumarate  was chosen to serve as the spe- 

cies R. Its radical  decay rate constant  (i.e., dimeriza- 
tion rate constant) is at the lower l imit of rate con- 
stants measurable  with the part icular  RRDE used and 
thus any increase in the velocity of that  reaction, as 
explained above, would still result  in reasonable cur- 
rent  levels at the ring. Also, the Ell2 of its first reduc- 
t ion occurs well  before that  of c innamoni t r i le  and 
acrylonitr i le  (AN), the two species which would func-  
t ion as the R' species. CN was chosen because its hydro-  
dimerization has been studied (1), because its second- 
order rate constant is only eight times that  of dimethyl  
fumarate,  and because it is more difficult to reduce than 
dimethyl  fumarate.  Acrylonitr i le  was chosen because 
of its use in previous studies (4-7). The mechanism 
and rate  of dimerization of AN, however, have not 
been determined because the electrogenerated product 
reacts very quickly (9). 

The diagnostic criteria which were used to determine 
the reaction path consisted of a quali tat ive examina-  

748 
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tion of the dependence of the r ing current  (it) on disk 
potenital  (Ed) at constant r ing potential (Er), a quan-  
t i tative examinat ion of the dependence of the kinetic 
collection efficiency, NK, on the rotation rate and con- 
centrat ion (XKTC)  (10-12), where 

X K T C  -- (0.51) -2/~v-1/~D1/~C~ [8] 

and ~ is the kinematic viscosity, D is the diffusion co- 
efficient, C ~ is the ini t ial  concentration, ~ is the rota- 
t ion rate, and ks is the second-order homogeneous rate 
constant, on the behavior of NK with various disk cur-  
rents (CONI) (3) 

CONI -- ie/id,1 [9] 

where id is the disk current  and id.1 is the disk current  
at the l imit ing current  plateau, and finally, controlled 
potential  coulometric analysis. 

Exper imenta l  
Reagents.--N,N-dimethylformamide (DMF), ob- 

tained from Baker Chemical Company, was purified 
by vacuum disti l lation and stored under  He. Solvent 
pur i ty  was ascertained by cyclic voltammetric analysis 
of DMF solutions of t e t rabu ty lammonium iodide 
(TBAI) obtained from Southwestern Analyt ical  
Chemicals, Inc. TBAI and t e t rabu ty lammonium per-  
chlorate (TBAP),  also obtained from Southwestern 
Analyt ical  Chemicals, Inc., were vacuum dried and 
stored over Drierite. Dimethyl  fumara te  (DF), sub- 
l imed prior to use, and cinnamonitr i le ,  used as received, 
were obtained from K. and K. Laboratories. Acryloni-  
trile, Matheson, Coleman and Bell Chemicals, was used 
as received. 

Apparatus . - -A Tascussel Electronique Bipotentiostat, 
Model Bipad 2, was used for all  RRDE experiments.  A 
Digitec digital voltmeter, Model 204, and a Fairchi ld 
digital mult imeter ,  Model 7050, were used to measure 
the steady-state r ing and disk currents  simultaneously.  
A Wavetek function generator provided a d-c potential  
ramp for vol tammetr ic  experiments  recorded on a 
Mosley Model 2D-2 X-Y recorder. The p la t inum-  
Teflon rotat ing r ing-disk  electrode, having a disk 
radius (rl) of 0.187 cm and inner  (r2) and outer (rs) 
r ing radii  of 0.200 and 0.332 cm, respectively, was 
constructed by Pine Ins t rument  Company, Grove City, 
Pennsylvania .  The max imum collection efficiency, N, 
for the RRDE used in these exper iments  was 0.555 (1). 
The electrochemical cell, dispensing vessel, and motor 
and controller used to rotate the RRDE have been 
described previously (1). The reference electrode was 
a silver wire spiral (Ag-RE) whose potential  was 
dependent  on the ident i ty  and concentrat ion of the 
support ing electrolyte. TBAI was used as support ing 
electrolyte in  all RRDE experiments.  A Model 170 
Electrochemistry System (Princeton Applied Research, 
Princeton, New Jersey) was employed for all con- 
trolled potential  coulometric experiments.  A conven-  
tional coulometry cell was used. In  these experiments,  
a p la t inum gauze served as the working electrode and 
a p la t inum spiral as the auxiliary. A saturated calomel 
electrode (SCE) was used as the reference electrode. 
The reference and auxi l iary compartments  were sepa- 
rated from the cathode compar tment  by medium 
porosity glass flits. 

Procedure.--DMF, dispensed from the storage vessel 
into the dispensing vessel by positive He pressure, 
together with support ing electrolyte and, in  most 
cases, the depolarizer, was subjected to a m i n i m u m  of 
three f reeze-pump- thaw cycles. In  experiments  where 
CN was present, it was first necessary to conduct a 
pre-electrolysis to remove an electroactive impur i ty  
present  in the CN prior to addition of the DF. This was 
carried out at a Hg pool electrode in the RRDE electro- 
chemical cell. In  these experiments  the DF concentra- 
tion was determined from a working curve of the disk 
l imit ing current  (id.1) vS. concentration. This curve was 
compiled from measurements  on solutions of dimethyl  
fumarate  in the absence of c innamonit r i le  and vali- 
dated with known mixtures  of DF and CN. 

Results 
Dimetbyl Fumarate-Cinnamonitrile 

Etectrochemical generation of the DF radical ion.--  
RDE vol tammograms of DF and CN are i l lustrated in 
Fig. 1 and 2. DF (Fig. la)  exhibits a one-electron re- 
duction with half-wave potential, E(i  : id.l/2) of 
--0.SV vs. silver reference electrode (Ag-RE) followed 
by a current  dip commencing at approximately -- 1.55V. 
This dip has been shown to occur at potentials corre- 
sponding to formation of the dianion and has been 
interpreted as resul t ing from polymerization init iated 
by that ion (8). Curve b is a r ing current  (it) vs. disk 
potential  (Ed) trace with the r ing potential  (Er) 
mainta ined at a constant value of 0.0V vs. Ag-RE. 
The r ing current  increase results from oxidation of the 
DF radical anion being formed at the disk electrode. 
At sufficiently negative disk potentials (Ed > --1.55V) 
reduction of DF to the dianion begins and the ring 
current  decreases because of instabil i ty of the dianion 
in solution. 

Figure 2 curves a and b, which describe the CN 
system, are analogous in interpretat ion to curves a and 
b in Fig. 1, respectively. The CN dianion participates 
to a lesser extent  in polymerization reactions than 
does the DF dianion, thus an increase in cathodic cur-  
rent  and a reduction wave 1.5 times the height of the 
first wave results. The hal f -wave potentials of the 
one- and two-electron reductions for CN are --1.21 
and -- 1.83V, respectively. 

Figure 3, curve a, shows a disk current -potent ia l  trace 
of the mixed DF-CN system in 0.15M TBAI-DMF. For 
convenience this vol tammogram will be considered as 
consisting of four regions, as shown. Comparison with 
Fig. 1 and 2 reveals that  reductions occurring in 
regions 1 and 3 can be ascribed to DF reductions, 
whereas those in regions 2 and 4 are CN reductions. 
The DF one-electron reduction l imit ing current  is, 
within exper imental  error, unchanged upon addition 

! 
LDf: 

Ir,DF= 

1 
potential 

Fig. 1. Dimethyl fumarate (8.2 raM) RRDE voltammograms in 
0.15M TBAI-DMF solution. ~ - -  47.6 sec-1; (a) id vs. Ed and 
(b) ir vs. Ed, Er "-" O.OV. 

id,CN 

ir, CNr 

a j 

/ b  

potential 
Fig. 2. Cinnomonltrile (3.8 raM) RRDE voltammogroms deter- 

mined at ~ = 47.6 see- l ;  (a) ie vs. Ed and (b) ir vs. Ed, Er = 
O.OV. 



750 J. Electrochem. Soc.: ELECTROCHEMI CA L SCIENCE AND TECHNOLOGY June  1973 

Region 
0 1 2 3 4 a 

J ,  ,E~J, E2 , E~ , 
"',,,-'0.8 T -'1.2 ~ -'1.6 ,~' -'2.0 Ed 

',, Ir, l ~  it,2 li~3 / '  
Lp , .  DF = ......_~..."b 

Er= 0.0 V 

l "  T 
'! Air, l =  N x id,DF 

l ". AIr,2 
I ir ' ' ,  I 
.L i " ; f  ........ -~- ,[:2 - 
T" i ~ , ~ i ....... "~ F d 

--0.8 --1.2 -1.6 --2.0 

p o t e n t i a l  

Fig. 3. Typical DF-CN RRDE voltammograms: (a) id vs. Ed; (b) 
ir vs. Ed, Er : O.OV; and (c) ir vs. Ed, Er = --0.95V. 

of CN. Further ,  the disk l imit ing current  plateau 
(curve a, region 1), as well  as the r ing current  plateau 
(curve b, region 1), exhibits essentially zero slope; 
evidence that  processes occurring at the potent ial  
denoted E1 do not differ from those at E2. These 
results differ from those obtained from product analy-  
sis after exhaustive electrolysis of diethyl maleate 
(DEM) (6), where it was found that  the products 
varied as a function of the working electrode potential  
and it was concluded that  the processes occurring on 
the DEM limit ing current  plateau are a funct ion of the 
applied potential  in the mixed system. 

Determinat ion of NK as a function of CONI for id < 
(id.1) a, where (id,1)a is the DF l imit ing disk current  in 
region 1, resulted in the exper imental  data shown in  
Fig. 4 and tabulated in Table I. This trend, NK in- 
creasing with increasing 1-CONI, is the one reported 
to be characteristic of the EC dimerization mechanism 

Table I. Collection efficiency (NK) for dimethyl fumarate redaction 
as a function of the disk current 

Compound ( e o n c - m M )  

Olef in  R Olef in  R '  w (sec-1) i r  (/~A) /d (/~A) NK C O N I  

D i m e t h y l  C i n n a m o ~  
f u m a r a t e  nitrile 
(1.85) (3.85) 

D i m e t h y l  A e r y l o n i -  
f u m a r a t e  t r i l e  
(8.19) (200) 

47.8 

98.6 

4.4 8.0 0.550 0.080 
8.8 16.4 0.536 0.164 

14.4 26.0 0.554 0.260 
20.8 37.6 0.553 0.376 
24.8 45.6 0.544 0.456 
30.8 59.0 0.522 0.590 
35.6 68.0 0.524 0.680 
40.8 79.0 0.517 0."/90 
45.2 89.0 0.508 0.090 
46.8 93.0 0.503 0.936 
17 42 0.405 0.080 
40 88 0.454 0.169 
70 140 0 . 5 0 0  0 . 2 6 8  
91  186  0 . 4 8 9  0 . 3 5 6  

105 222 0.473 0.426 
137 288 0.476 0.552 
152 336 0.452 0.644 
168 378 0.439 0.724 
179 418 0.428 0.800 
188  452 0.416 0 . 8 6 6  
218 518 0.421 0.992 

(Eq. [2]), but  not of ECE mechanisms II and III  
(3). NK vs. 1-CONI theoretical curves for the EC 
mechanism with X K T C  equal to 0.06 and 0.25 are also 
given in Fig. 4. Calculation of the second-order rate 
constant for dimerization of DF anion radicals yields 
a value of 1.1 • 0.1 • 102 l i ter /mole-sec;  the same 
value is obtained in the absence of CN (1). 

A theoretical curve depicting the dependence of NK 
on X K T C  for the EC (I) mechanism, together with 
experimental  values of NK measured at potentials on 
the DF l imiting current  plateau and determined as 
functions of the rotation rate, are presented in Fig. 5. 
It can be seen that the exper imental  points closely fit 
the curve generated for the radical ion dimerization 
mechanism; this provides addit ional evidence that  
mechanism I is the path of choice, even  in the presence 
of a second olefin. 

These similarities, both qual i tat ive and quanti tat ive,  
which appear in the RRDE exper imental  dimethyl  
fumarate  currents  measured in the presence and in 
the absence of cinnamonitr i le ,  are also evident  from 
cyclic vol tammetr ic  studies. Figure 6 shows cyclic 
vol tammograms of DF (curve a), CN (curve b) ,  and 
the mixed DF-CN system (curves c and d). As with 
the RRDE data, curves c and d can be compared with 
curves a and b for purposes of assignment. The first 
reduction of DF exhibits a sizable anodic current  on 

0.~ 

N K 
0.. ~ 

0.4 

0.~ 

N K 
(L' 

X X x X 
X X • ~ ~ X 

a 

J b 
J 

' L o.  0.0 0.2 

t - -  C O N I  

Fig. 4. Dimethyl fumarate collection efficiency (NK) vs. 1-CONI 
at ~ = 47.6 sec -1  in the presence of clnnamonitrile: (a) DF = 
1.85mM andCN = 3.85mM; (b) DF = 7.3 mM andCN = 3.8 
mM. Solid lines are theoretical curves corresponding to mechanism 
I and (a) XKTC = 0.06 and (b) XKTC = 0.25. 

0.5 

0.4 

N K 
0.3 

0~ 

0.1 

I I I I 
0.0 1.0 2.0 3.0 4.0 

X K T C  

Fig. 5. Dimethyl fumarate (1.8 mM) collection efficiency (N[ )  
vs. XKTC plot in the presence of cinnamonitrile (3.8 raM). Solid 
line corresponds to the theoretical curve depicting the behavior of 
NK for mechanism I. 
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~d 

/ 

l 

Fig. 6. Cyclic voltammograms recorded at 0.1 V/see; (a) di- 
methyl fumarate (3.5 raM); (b) cinnamonitrile (2.6 mM); (c) 
dimethyl fumarate (].8 raM), c~nnamonitrile (3.8 raM); and (d) 
some as (c). 

reversa l  (curve a) even in the  presence of c innamoni-  
t r i le  (curve c) .  The ra t io  of peak  cur ren ts  (ipTDF~/ 
iplDf) and  the  peak  cur ren t  funct ion (iplDF/C~ 1/2) 
were  found to be 0.38 and 96 ~A/mM V sec -1, respec-  
t ively,  in the  absence, and 0.42 and 99 ~ A / m M  V sec -1 
in the presence of CN. 

In  addition, coulometr ic  analysis  at --1.425V vs. SCE, 
a potent ia l  on the  DF first reduct ion  cur ren t  p la teau  
but  posi t ive  of potent ia ls  necessary  for  reduct ion  of 
CN, resul ted  in an n,pp-value of 0.63 for  an equimolar  
DF-CN solution. The n -va lue  predic ted  by each of the  
pos tu la ted  hydrod imer iza t ion  mechanisms is one (3). 
An  napp-value less than  one resul ts  because o f  the  
occurrence of po lymer iza t ion  side react ions dur ing  the 
t ime scale of the  coulometr ic  exper iment .  Coulomet ry  
at --1.625V vs. SCE in the  absence of c innamoni t r i le  
y ie lded an n~pp-value of 0.62. I f  the  ECE mechanism 
involving react ions [5] and  [6] occurred, the  napp in 

the  presence of CN should have  been grea te r  than  0.62, 
and  possibly  even g rea te r  than  one. 

SimuLtaneous electrochemical generation of the di- 

methy~ ]umarate (DF-:) and cinnamonitrile (CN-) 
radical anions.--To de te rmine  the  ex ten t  of cross- 
coupling arising f rom a rad ica l  ion- rad ica l  ion mechan-  
ism (Eq. [7]),  an examina t ion  of the  DF-CN mixed  
sys tem at potent ia ls  where  both DF and CN undergo 
reduct ion to form the i r  respect ive  rad ica l  anions was 
under taken.  

Ring cu r r en t  vs. disk  potent ia l  vo l t ammograms  
where  Er = 0.0V (curve  b)  and  Er = --0.95 (curve  c) 
a re  shown in Fig. 3. Curve b shows the oxidat ion of 
e lect roact ive  species being formed at  the  disk dur ing 
processes shown in Fig. 3a or  of any electroact ive 
species being formed from react ions of d i sk  products .  
F r o m  the  s tudy of the  DF rad ica l  anion alone, we  know 
tha t  the  r ing  cur ren t  in region  1 under  the  e lect rode 
condit ions imposed to obtain curve b [denoted (/r,1)b] 
resul ts  solely f rom oxida t ion  of the  DF rad ica l  anion. 
If  the re  were  no in terac t ion  in the  bu lk  be tween  D F  
paren t  or  rad ica l  anion and CN pa ren t  or  radical  anion, 
the  measured  r ing  current ,  (itS)b, wou ld  s imply equal  
the  sum, it, s, of the  DF and CN r ing  currents  measured  
independent ly  (i.e., the r ing  cur ren ts  ir,DF ~ and it.oN ~ 
i l lus t ra ted  in Fig. 1 and 2, respec t ive ly) .  This is not  the  
case and ir.s is g rea te r  than  (ir,2)b. Typica l  exper i -  
men ta l  values  are  given in Table  II. These exper i -  
men ta l  values  were  collected at  var ious  concentrat ions  
and ro ta t ion  rates.  To de te rmine  the magni tude  of the  
cur ren t  contr ibut ion to (ir,2)b f rom oxidat ions  o ther  
than  that  of the  DF radical  anion, the  exper iment  
recorded as Fig. 3c was conducted.  The r ing  cur ren t  
(ir,0)c, resul ts  f rom reduct ion of DF at  the  r ing elec- 
trode.  At  d isk  potent ia ls  sufficiently negat ive  (e.g., 
E : El, shown in Fig.  3a),  DF  reduces  at  the  disk and 
a decrease,  A(ir, l)c, in the  cathodic cur ren t  measured  
at  the r ing  electrode resul ts  because of a decrease in 
the amount  of DF reaching the ring. This is t e rmed  
shielding and  A(ir.1)c equals  N t imes (idA)a, the DF 
disk l imit ing cu r ren t  shown in Fig.  3a, region I. The 
DF radica l  anion is not oxidized at  the  potent ia l  ap-  
pl ied at  the  r ing  e lect rode and is, therefore ,  not  de-  
tected. At  more  negat ive  disk potent ia ls  (i.e., Fig. 3a, 
E : E3) both DF and CN are  reduced  at the disk elec- 
t rode  to the respect ive  rad ica l  anions 

D F +  e - - >  D F -  ( a t t h e d i s k  [10] 
e lec t rode  

CN + e - - >  CN' -  [Fig. 3a, [11] 
region 2] ) 

and a second decrease  in the  r ing current ,  (~ir.2)c is 
observed.  The measured  current ,  (ir.2)e, is the  sum of 
two currents;  a cathodic  cur ren t  component  resul t ing  
from the one-e lec t ron reduct ion of DF and an anodic 
cur ren t  component  resul t ing  f rom the oxidat ion  of the 
CN radical  anion 

D F ~ e - - > D F  7 ( a t t h e r i n g  [12] 
e lect rode 

C N T - - e - - > C N  [Fig. 3c, [13] 
region  2])  

TabJe II. Disk and ring currents at different values of Ed and Er* 

Concentration (raM) 

DF a N  r (ta,1) a (t~,~) a (/,r ,1) b tr,CN; (it,2) b ( i t  ,S) b A ({r,'d c A({,,2)e 

1.62 2.46 47.6 112 123 55 30 74 
1.62 2.46 67.2 133 137 66 42 88 
2.20 4.42 47~ 152 226 .... 69 52 87 
2.20 4.42 98.6 208 311 98 91 148 
2.85 3.10 47.6 143 144 88 - -  94 
3.78 3.58 47,6 178 174 84 44 104 

47 
54 
65 

108 
52 
60 

79 
96 
104 
78 
104 

68 
78 
92 

153 
63 
82 

* D]VIF solution conta in ing  0,15M TBAI.  See Fig.  3 for definition of t e rms .  A/I cu r ren t s  in  mlcroamperes. 
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At the applied r ing potential, nei ther  the CN parent  
nor  the DF radical are electroactive. The current  de- 
crease, IA(ir,2)cJ, cannot result  s imply from oxidation 
of the c innamoni t r i le  radical anion, since ]4 (it,2)c[ > 
I(ir.CN "r) I, where ir.CN'-" is the r ing current  result ing 
from oxidation of CN radical  anion in the absence of 
DF (Fig. 2b and Table II) .  For example, i tem 6 in 

Table II shows that the C N -  r ing current  (i.e., [ir.CN= I) 
for C ---- 3.58 mM and ~ : 47.6 sec -1 in the absence of 
DF is 44 ~A. The decrease in the r ing current,  ~ (it.2)c, 
is 82 ~A. One would have anticipated a deCrease less 
than  or equal to 44 ;~A, bu t  not greater than this if 

oxidation of CN'-  were the only addit ional process 
occurring in this region. Radical ion-radical ion cross- 
coupling could occur but  this would decrease the sta- 
bil i ty of the CN and DF radical anions, leading to a 
smaller value of A(ir,2)c. One must  also take into ac- 
count, however, the occurrence of the electron transfer  
reaction 

CN T + DF-~ CN + DF- [14] 

In the absence of any other kinetics (e.g., dimeriza- 

tion) contributing to the instability of the species CN "f 
and DF, the occurrence of reaction [14], in terms of 
measured ring current at Er ---- --0.95, would have no 
observable effect and h(ir.2)c would equal N times 
id,CN, where id,CN is the CN disk limiting current. How- 

ever, in this case both DE- and CN U undergo further 
dimerization reactions ([15] and [16]). Moreover, the 
rate constant of the CN dimerizat ion reaction 

2CN-  -* (CN)~ 2-  [15] 

is about eight times larger than  that of the DF dimer- 
ization reaction (1) 

2DF'-  ~ (DF)22- [16] 

Hence, the effect of reaction [14], if its rate is much 
larger than that of reaction [15], is to remove a less 

stable intermediate  ( C N - )  and form a more stable 

one ( D F - )  in  t ransi t  from disk to ring. This leads to a 
smaller amount  of DF available for reduction at the 
r ing and hence a larger- than-expected value of • (ir.2)c. 
This hypothesis, i.e., the effect of the oxidation-reduc- 
t ion represented in Eq. [14], is supported by digital 
s imulation of the RRDE exper imental  conditions. 

This program assumed that  the disk electrode was 
main ta ined  at a potential  where reduction of DF (Eq. 
[10]) and CN (Eq. [11]) to their respective radical 
anions proceeded at mass t ransfer  controlled rates. 
The r ing electrode was mainta ined at a potential  where 
mass t ransfer  controlled oxidation of the CN radical 
anion (Eq. [13]) and reduction of DF parent  (Eq. 
[12]) occurs. Three homogeneous reactions were as- 
sumed to occur in the gap region: the radical  ion- 
radical ion dimerizations of DF (Eq. [16]) and CN (Eq. 
[15], and the oxidat ion-reduct ion reaction represented 
in Eq. [14]). The rate  constants for the DF (1.1 • 102 
l i ters/mole-sec) and CN (6.8 • 102 l i ters/mole-sec)  di- 
merizations, together with the specific exper imental  
conditions (e.g., concentrations, diffusion constant, 
etc.), were used to calculate the appropriate X K T C  
values. The oxidation-reduction reaction was as- 
sumed to occur at a diffusion-controlled rate. The 
simulation output parameters  of interest  were a di- 
mensionless current  parameter  proportional to the disk 
current,  and dimensionless current  parameters  pro- 
portional to the currents  resul t ing from reduct ion of 
the DF and from oxidat ion of the CN radical anion at 
the ring electrode. 

The current  decrease, A(ir.2)c, was found to occur 
total ly from a decline in the cathodic current  due to 
loss of DF parent  species in transi t  to the r ing elec- 
trode, and with essentially no contr ibut ion to the cur- 

rent  decrease from anodic cur ren t  result ing from oxi- 

dation of the C N -  species. That is, the velocity of the 
reaction represented in  Eq. [14] is of such a high order 
of magni tude that the CN dimerization does not suc- 

cessfully compete with that reaction and all the C N -  
is consumed in reaction [14]. Under these conditions, 
the s imulat ion accounted for approximately 90% of 
the exper imenta l ly  measured current,  h (it.2)c. 

Cyclic vol tammograms of the DF-CN system show 
no oxidizable species other than the DF and CN radical 
anions that were observed. In  addition a coulometric 
experiment,  in which a solution of DF and CN, in  ap- 
proximately equimolar  concentrations, electrolyzed at 
-- 1.90V vs. SCE was carried out. This potential  is suffi- 
cient to produce both the DF and CN radical anions 
but  not negative enough to produce the DF dianion. 
An over-all  napp-value of 0.81 was obtained. The aver-  
age napp-value obtained for the CN reduction in  the 
absence of DF was 0.96. Assuming n ---- 1.0 for the CN 
reduction, the napp-value for DF in the presence of CN 
is 0.64, essentially the same value obtained in the ab-  
sence of CN. This value is less than that  anticipated 
if the cross-coupling reaction [Eq. 7] was occurring to 
an appreciable extent, since this should reduce the 
extent  of polymerization and result  in 0.62 < napp 

1.0. The unchanged napp-value for DF suggests that  
the DF radical anion is effectively insensitive to the 
presence of CN parent  and the CN radical anion being 
electrochemically generated. The equivalents  vs. t ime 
(t) and the current  (i) vs. t ime curves for this ex- 
per iment  are shown in Fig. 7. The presence of two 
slopes in the equivalent  vs. t curve and the break in the 
i vs. t curve indicate the possible existence of two con- 
secutive reductions as opposed to two simultaneous re- 
ductions, although simultaneous reduction of DF and CN 
is occurring at the potential  of the working electrode. 
The coulometric data can be explained by the occur- 
rence of the oxidat ion-reduct ion reaction (Eq. [14]) in 

the bu lk  solution. The C N -  produced at the electrode 

reacts with DF parent  to yield CN parent  and D F - .  
Unti l  a sizable amount  of the DF parent  has been con- 
sumed, the electrolysis is completely characteristic of a 
DF electrolysis, but at a faster rate than the controlled 
potential  electrolysis of DF alone because of the addi- 

t ional  coulometric t i t rat ion of DF by C N - .  Thus, the 
coulometric, as well  as the RRDE, results point  to the 
importance of the oxidation-reduction reaction rep- 
resented in Eq. [14], in the over-al l  reaction scheme. 

S imul taneous  electrochemical  generat ion of the  di- 
m e t h y l  fumara te  dianion (DF ~- )  and the  c innamo-  
nitri le  radical an ion . - - In  the DF-CN mixed system, the 
current  dip anticipated at potentials where formation 
of the DF dianion commences, Eq. [17] does not occur, 
but  instead addit ional cathodic current  (Fig. 3a, re- 
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Fig. 7. Dimethyl fumarote (3.3 raM), cinnamonitrile (3.7 raM) 
equivalents electrolyzed vs. time ( t )  -nd current (i) vs. time ex- 
perimental curves. 
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gion 3) results.  
D F  + 2 e -  -~ DF2-  [17] 

A possible explanat ion  for the  increase in cathodic 
cu r ren t  here  is e i ther  the  format ion  of an  electroact ive 
cross-coupled d imer  

DF 2- + CN-~ [(DF) (CN)] 2- [18] 

or the  occurrence of the  redox  reac t ion  

DF 2- + CN-* D F :  + CN- [19] 

Ei ther  [18] or [19] would  be expected to compete  wi th  
po lymer iza t ion  of DF 

DF 2- + p D F - ~  (DF)p+ t  ~-  [20] 

resul t ing  in  increased currents .  

Dimethyl Fumarate-Acrylonitri le 

Dimethy[ fu~narate in the presence o~ acrylonitrile 
(AN).--Figure 8 i l lus t ra tes  typ ica l  disk cur ren t -po ten-  
t ia l  (curves a, b, and c) as well  as r ing  cur ren t -d i sk  
potent ia l  (curves d and e) scans obta ined at constant  
r ing  potent ia l  (Er = 0.0V vs. Ag-RE)  for DF in the  
absence (curves a, b, and d) or presence (curves c and 
e) of AN. The significance of curve a has been ex-  
plained.  Curve b is a vo l t ammogram of a quiescent  
solut ion (~ = 0). Curve c is a repeat  of curve a fol- 
lowing the addi t ion of 0.2M AN. Curves  d and e rep-  
resent  the r ing cur ren t  recorded as a function of disk  
potent ia l  whi le  the disk electrode is s imul taneous ly  
undergoing the processes shown in curves  a and c, r e -  
spectively.  Values  of Nz  measured  in the  absence and 
in the  presence of AN are  given in Table  IIL In ap- 
p rox ima te ly  equimolar  concentrat ions there  is no ap- 
pa ren t  per turba t ion .  When  AN is present  in large  ex-  
cess, the  ra te  of decay of the d imethy l  fumara t e  radical  
is seen to increase  as a function of DF concentrat ion,  
but  not  to the  ex ten t  ant ic ipated  were  the  ECE mecha-  
nism a ma jo r  path.  The NK vs. 1-CONI plots for 
id <: id.DF are  consistent  wi th  the  t rend  pred ic ted  by  
digi ta l  s imula t ion  techniques for the  EC dimer iza t ion  
(mechanism I) being the p r i m a r y  reac t ion  pa th  (Fig. 
9). 

Cyclic vo l tammet r ic  studies revea l  tha t  the DF ? has 
a measurab le  l i fe t ime even in the  presence of 0.2M AN 

Table IIh RRDE collection efficiency data for the dirnethyl fumarate 
radical anion 

C o n c e n t r a t i o n  ( r a M )  

D F  A N  ~ ( s e c - D  NK 

4,0 0 47.6 0,480 
67.2 0.501 

4.0 ,...4 47.6 0,475 
67.2 0.500 

4,8 0 47.6 0.436 
4.8 200 47.6 0.422 
8.3 0 4 7 . 6  0 , 3 9 4  
8 . 2  2 0 0  47.6 0 . 3 5 6  

(Fig. 10). The (Ep)c r emained  unchanged  but  (ip)c 
exhib i ted  a 5% decrease.  

Control led potent ia l  coulometr ic  exper iments  em- 
ploying potent ia ls  sufficient to reduce DF to the  radica l  
anion but  insufficient to reduce AN were under taken.  
The resul ts  a re  presented  in Table  IV. The napp-values 
given for a single solution were  obtained by  the add i -  

N K 
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Fig. 9. Collection efficiency (NK) vs. 1 -CONI  at ~ ~ 47.6 
sac -1  for 4.0 mM (o) and 4.8 mM (*) dimethyl fumarate solution 
in the presence of 0.2M acrylanitrile. Solid lines are theoretical 
curves corresponding to mechanism I and X K T C  - -  (a) 0.12 and 
(b) 0.25. 
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Fig, 8. DJmethyl fumarate (4.8 raM) RRDE valtammograms; (a) 
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47.6 sac -z ,  AN (0.2M) present; (d) ir vs. Ed, Er = 0.0V, ~ = 
47.6 sac- l ;  and (e) ir vs. Ed, Er ~ 0.0V, ~ ~ 47.6 sac- l ;  0.2M 
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Fig. 10. Dimethyl fumarate (4.8 raM) cyclic voltammograms re- 
carded at 0,1 V/see; (a) acrylonitrile absent, (b) acrylonitrile 
(O1M)  present. 
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Table IV. Coulometric results for mixtures of dimethyl fumarate 
and acrylonitrile a 

M o l e s  p r e s e n t  

S o l u t i o n  E (vs .  SCE)  D F  ( • 10 ')  A N  h a r p - v a l u e  

1 -- 1.625 0 .66 0 0.62 
2 -- 1.4S0 1.10 E q u i m o l a r  0.62 

-- 1,600 0 .98  E q u i m o l a r  0.76 
--  1.525 1.07 E q u i m o l a r  0 .78 
-- 1.450 1.02 E q u i m o l a r  0.79 

3 -- 1,750 1.09 L a r g e  exces s  0.77 
-- 1,550 1.00 L a r g e  exces s  0.80 

6 T h e  s o l u t i o n  w a s  0.15M TBAI in D M F  a n d  t h e  w o r k i n g  e l e c -  
t r o d e  w a s  P t .  

t ion of a DF sample  fol lowing exhaus t ive  e lectrolysis  
of the previous  sample.  The average napp was 0.78. 
Thus, the  presence of AN does per turb,  on the  coulo- 
metr ic  t ime scale, the fol lowing react ion of the DF 
radical .  Whether  this  pe r tu rba t ion  in the  napp resul ts  
f rom some cross-coupling or f rom in ter ference  by  the  
AN in some other  manner  wi th  the  react ions which  
resul t  in the  napp-value less than one in the absence 
of AN (e.g., polymer iza t ion) ,  it is difficult to de te rmine  
wi th  the  expe r imen ta l  evidence at  hand. Were  n~pp 
grea te r  than  one, cross-coupling by  an  ECE pa th  would  
have been probable .  

Electrochemical generation of the DF dianion.--The 
DF-AN sys tem differs f rom the DF-CN system in tha t  
format ion  of the  DF dianion occurs p r io r  to the first 
reduct ion  step of the  R'  species (AN),  as can be seen 
by  compar ing curve a to c (Fig. 8). Fur ther ,  the  DF 
radical  anion is detected by  the r ing  e lect rode over  a 
g rea te r  potent ia l  range  in the  presence of AN (Fig. 
Be) when  compared  wi th  the potent ia l  range for de-  
tect ion of the  radica l  anion in the absence of AN (Fig. 

8d).  In  o ther  words,  in the  presence of AN, D F -  is 
being genera ted  in a potent ia l  region no rma l ly  associ- 
ated wi th  format ion  of the DF dianion. The anodic 
cur ren t  measured  at  the  r ing e lect rode (curve e) is 
now seen to decrease at  d isk  potent ia ls  corresponding 
to reduct ion  of AN (curve c) at  potent ia ls  more  
negat ive  than  those necessary to form the D F  dianion 
(curve  a) .  A possible explana t ion  is the  occurrence of 
a r ap id  oxida t ion-reduct ion  react ion consuming d i -  
me thy l  fumara t e  d ianion and acry lon i t r i l e  pa ren t  and  
y ie ld ing  the rad ica l  anions of DF and  AN 

DF 2- q- AN-> DF- q- AN- [21] 

Thus, the amount of DF radical anion reaching the 
ring electrode remains relatively unchanged up to 
disk potentials corresponding to reduction of AN. 
Other possible explanations of this occurrence include 
the stabilization of the DF dianion by AN toward 
fragmentation or polymerization. However, no oxida- 

tions other than the oxidation of DF- were observed 
on varying the ring potential in RRDE voltammetry or 
on reversal in cyclic voltammetric experiments. In 
addition, the fact that the ring current does not 
change significantly at the more negative potentials 
is another indication that the identity of the species 
in transit to the ring is not a function of potential. 
Another possible explanation for this occurrence is the 
stabilization of the DF parent toward acceptance of 
the second electron. This, too, however, does not seem 
likely, since one would likewise expect stabilization 
of the DF parent species to acceptance of the first 
electron, and this is not observed. 

Discussion 
The mixed  sys tem resul ts  indicate  tha t  the  mechan-  

ism which  serves as the p r ima ry  route  for the  dis- 
appearance  of the  d imethy l  fumara te  rad ica l  anion is 
not  a l tered apprec iab ly  by  the  presence of a second 
olefin which  is i tsel f  not  e lec t roact ive  at  potent ia ls  

sufficient to produce the  D F  rad ica l  anion under  the  
condit ions of our exper iment .  Fur ther ,  the  veloci ty  of 
the  radical  decay remains,  wi th in  exper imenta l  error,  
unchanged f rom the veloci ty  measured  in the  absence 
of the  second olefin when  the second olefin is p resen t  
in amounts  about  equal  to tha t  of DF; when  AN is 

present  in large  excess, D F -  decay increases to some 
extent .  Considering the  a rguments  presented,  these 
RRDE resul ts  confirm the conclusion (1) tha t  the  ma jo r  
pa thw a y  in the  e lec t rodimer iza t ion  of d ime thy l  fuma-  
ra te  in anhydrous  DMF is the  EC dimer iza t ion  pa th  
(Eq. [16]).  

The in te rp re ta t ion  of the  processes fol lowing the 
first DF reduct ion  wave  is more  difficult. In  the  case 
of the DF-CN system, the CN one-electron reduct ion 
occurs pr ior  to the  DF two-e lec t ron  reduct ion and 
appears  unpe r tu rbed  up to potent ia ls  necessary for  
format ion  of the  d imethy l  fumara te  dianion. Analys is  
of the r ing currents  at  var ious  r ing  electrode potent ia ls  

reveals  tha t  the  s tabi l i ty  of the  C N :  is decreased f rom 
its va lue  in the  absence of DF. This addi t ional  in-  
s tabi l i ty  is a t t r ibu ted  main ly  to the  e lect ron t ransfe r  
react ion be tween  DF paren t  and CN radica l  anion, 
forming DF radical  anion and CN parent .  This hy-  
pothesis  is suppor ted  b y  resul ts  of control led  potent ia l  
coulomet ry  conducted at  e lect rode potent ia ls  where  the 
radical  anions of both DF and CN are formed which 
qua l i t a t ive ly  indicate the  occurrence of two indepen-  
dent  react ions  and quan t i t a t ive ly  indicate  l i t t le  or no 
change in the coulometr ic  napp-value for the  reduct ion 
of DF. 

In the DF-AN system, the reduct ion of DF to the 
dianion occurs pr ior  to reduct ion of AN. Thus, simul- 
taneous genera t ion  of the  DF and AN rad ica l  anions 
is not  possible. The  DF cur ren t -po ten t ia l  curve does 
not exhibi t  a dip at the second reduct ion potent ia ls  
when  AN is present .  Fur ther ,  the  r ing cur ren t  resul t -  
ing f rom oxidat ion  of the  DF rad ica l  anion extends  
into the  region of disk  potent ia l  no rma l ly  associated 
with  format ion of the  DF dianion and falls  off only 
when the AN reduct ion commences.  Here again the  
poss ibi l i ty  of a redox reaction, this  t ime involving the 
DF dianion, seems l ikely.  That  the r ing cur ren t  p la teau  
does not  change significantly at  these potent ia ls  f rom 
its value in the disk potent ia l  region where  format ion  
of the  DF radica l  anion occurs would  lead one to con-  
clude tha t  the  DF radica l  anion is the  e lect roact ive  
species being produced.  

I t  is necessary to compare  the resul ts  found here  
wi th  previous  studies of cross-coupl ing (4-7, 13). Our  
findings demons t ra te  tha t  the  DF-CN and  DF-AN sys- 
tems do not  fol low the pa th  where  cross-coupl ing 
occurs when the radical  ion of only one species is 
produced in the presence of an equimotar  concentrat ion 
of the  second olefin. Fo r  DF-AN concentra t ion rat ios 
of app rox ima te ly  I to 40 and 1 to 25, a s l ight ly  acceler-  
a ted decay of the  DF radical  ion is observed, perhaps  
due to cross-coupling. Certainly,  the cross-coupling 
reac t ion  wil l  be favored by  ve ry  high concentrat ions 
of the  second olefin. When  radica l  ions of both re-  
actants  are  produced,  t hen  the  electron t ransfe r  r e -  
act ion must  be considered in addi t ion to, or as a path 
to, the  cross-coupling reaction. Baizer  and co-workers  
(6) s tudied the  cross-coupling reac t ion  of the  cis- 
isomer d ie thy l  malea te  (DEM) and  AN and showed 
apprec iab le  cross-coupled product  format ion at  po-  
tent ia ls  whe re  only the DEM radical  ion is produced.  
Baizer  also found coupling of DEF wi th  AN under  
condit ions of a ve ry  high rat io  of AN to DEF (DEF 
added dropwise  to AN containing t e t r ae thy lammonium 
p- toulene-su l fonate  and a smal l  amount  of wa te r )  (4). 
Baizer  and  Chruma (14) have  recen t ly  repea ted  this 
exper imen t  and found subs tant ia l  quant i t ies  of cross- 
coupled product  (about  one-fifth of the amount  of 
the  hyd rod imer  of DEF, t e t r ae thy lbu tane  t e t r aca rb -  
oxyla te )  and no AN reduct ion products.  The amount  
of cross-coupled produc t  when  DEM and AN are  used 
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Fig. 11. Cyclic voltammograms at 200 mV/sec on a Pt working 
electrode: (a) diethyl maleate (3.9 raM), TBAP (0.15M), DMF; (b) 
diethyl maleate (3.9 raM) after the addition of AN (0.2M): (c) 
dimethy| fumarate (3.7 raM) in the presence of dlethyl maleate and 
AN. 

appears  h igher  (6). On p re l imina ry  consideration,  one 
would  pred ic t  tha t  the  D E F - A N  and the D E M - A N  
react ions would  fol low ident ical  pa thways ,  since DEF 
and DEM ul t ima te ly  produce the same radical  anion 
on reduct ion  (15). However ,  recent  resul ts  in our  
l abo ra to ry  have  shown tha t  the  behavior  of DEM is 
ve ry  different  from tha t  of DEF. DEM is more  difficult 
to reduce than  its trans-isomer form, DEF; in addition, 
the  d ie thyl  malea te  rad ica l  anion undergoes  fast 
isomerizat ion to form the d ie thy l  fumara t e  radica l  and  
i t  appears  tha t  the  d i rec t ion  of the  isomerizat ion l ies 
exc lus ive ly  t oward  the  trans form (16, 17). F igu re  11 
is a cyclic vo l t ammogram of a DEM-TBAP-DMF solu- 
t ion i l lus t ra t ing  this isomerization.  Fol lowing  addi t ion  
of excess AN, the  wave  shape becomes a l te red  and no 
anodic cur ren t  is observed  on reversa l  (Fig. l l b ) .  
However ,  a cyclic vo l t ammogram of the solution taken  
af ter  the  addi t ion of d imethy l  fumara t e  shows tha t  
the  DF wave  shape is qua l i t a t ive ly  una l t e red  f rom 
tha t  r epor ted  (1) and  tha t  anodic cur ren t  is observed 
on reversal .  One must  conclude on the  basis of this  
series of vo l t ammograms  tha t  the  c/s-radical  anion 
reacts  wi th  AN pr ior  to isomerizat ion,  whereas  the  
trans-radical anion is more  s table  wi th  respect  to re-  

act ion wi th  AN. Cross-coupling of d ie thy l  ma lea t e  and 
AN at potent ia ls  where  only the d ie thyl  malea te  is 
e lect roact ive  and indeed, the  occurrence of increas-  
ing ly  g rea te r  amounts  of cross-coupled produc t  wi th  
increas ingly  negat ive  e lec t rode  potent ia l  when  e lec t ro-  
lyzing a mix tu re  of DEM and DEF in the presence of 
AN can be expla ined  in the  l ight  of the  above observa-  
tions. Fu r the r  exper iments  are  cur ren t ly  under  way  
to uncover  the  na tu re  of the  difference be tween  the 
reac t iv i ty  of the trans- and c/s-isomers. In  conclusion 
these exper iments  demons t ra te  tha t  cross-coupl ing 
wil l  compete  wi th  d imer iza t ion  only when the rat io  
of the  second olefin (e.g., AN) to the  reduced  olefin 
(DEF)  is ve ry  large, and  tha t  cross-coupling can 
p robab ly  be car r ied  out more  efficiently by  reducing 
both reac tants  (7). 

Acknowledgment 
The suppor t  of the  Rober t  A. Welch Founda t ion  and 

the Nat ional  Science Founda t ion  (GP 31414X) are  
gra te fu l ly  acknowledged.  

Manuscr ip t  submi t ted  Nov. 16, 1972; rev ised  m a n u -  
script  rece ived  Jan.  31, 1973. 

Any  discussion of this paper  wi l l  appear  in a Discus- 
sion Sect ion to be publ i shed  in the  December  1973 
J O U R N A L .  

REFERENCES 
1. V. J. Puglis i  and A. J. Bard, This Journal, 119, 829 

(1972). 
2. W. V. Childs, J. T. Maloy,  C. P. Keszthelyi ,  and  

A. J. Bard,  ibid., 118, 874 (1971). 
3. V. J. Pugl is i  and A. J. Bard,  ibid., 119, 833 (1972). 
4. M. M. Baizer,  J. Org. Chem., 29, 1670 (1964). 
5. M. M. Baizer  and J. P. Petrovich,  This Journal, 114, 

1023 (1967). 
6. M. M. Baizer, J. P. Petrovich,  and D. A. Tyssee, 

ibid., 117, 173 (1970), 
7. M. M. Baizer  and J, L. Chruma,  ibid., 118, 450 

(1971). 
8. J. P. Petrovich,  M. M. Baizer,  and  M. R. Ort ,  ibid., 

116, 743 (1969). 
9. J. P. Petrovich,  M. M. Baizer, and  M. R. Ort,  ibid., 

116, 749 (1969). 
10. K. B. P r a t e r  and A. J. Bard,  ibid., II~,  207 (1970). 
11. K. B. P r a t e r  and  A. J. Bard,  ibid., 117, 335 (1970). 
12. K.  B. P r a t e r  and A. J. Bard,  ibid., 117, 1517 (1970). 
13. Yu. D. Smirnov,  S. K. Smirnov,  and A. P. Tomilov, 

Zh. Organ. Khim., 4, 216 (1968). 
14. M. M. Baizer  and J. L. Chruma,  P r iva t e  communi -  

cation, December  1972. 
15. S. F. Nelson, Tetrahedron Letters, 39, 3795 (1967). 
16. J. Kenkel ,  Unpubl i shed  results,  Univers i ty  of Texas  

(1972). 
17. A. V. Ii 'zasov, Yu. M. Kargin ,  and V. Z. K o n d r a -  

nina, Izv. Akad. Nauk SSSR, Set. Khim., 5, 927 
(1971). 



Origin of Activation Effects of Acetonitrile and Mercury in 
Electrocatalytic Oxidation of Formic Acid 

H. Angerstein-Kozlowska, B. MacDougall, and B. E. Conway 
Chemistry Department, University of Ottawa, Ottawa, Ontario, Canada 

ABSTRACT 

In  the presence of catalyst poisons such as acetonitri le or mercury,  it is 
shown that  the currents  for formic acid oxidation, measured in the potential  
range +0.4 to ~0.SV EH at Pt  can be substant ial ly increased. The effect is 
shown to originate from blocking of the surface at less positive potentials 
main ly  in the H adsorption/desorption region (-t-0.05 to +0.35V ER) where an 
inhibitor  for the main  formic acid oxidation reaction is normal ly  formed in the 
absence of additive. 

Under  the lat ter  conditions, s teady-state  oxidation currents  are normal ly  
small and decrease with t ime due to bui ld-up of an inhibi t ing species from the 
HCOOH or intermediates involved in its oxidation. Increases in the formic 
acid oxidation peak in the "double-layer" potential  region at Pt  can also be 
brought about in potentiodynamic experiments in  the absence of additive, by 
cycling over a restricted potential  range which excludes the H adsorption re-  
gion. The inhibitor  for formic acid oxidation is formed at potentials negative 
to 0.6V E~ by dimerization of COOH groups to give adsorbed formic anhydride. 
Its formation requires both t ime and available free surface. The competitive 
effects of Hg and CHsCN are different insofar as a given extent  of surface 
blocking causes different effects on the formic acid oxidation current.  Com- 
parative experiments  on the effect of CHaCN on methanol  oxidation are de- 
scribed. 

A general  problem in the electro-oxidation of small 
organic molecules is the progressive decrease of rate 
(current  density) of the reaction at a given potential  
and temperature,  which occurs with t ime (1). This 
is usual ly not due to physical changes of the electro- 
catalyst structure except at elevated temperatures  (2). 
Build-up of adsorbed species which inhibi t  (3) the 
main  reaction sequence causes these effects. Periodic 
activation of the electrode, par t icular ly  by pulsing 
(4) to surface oxide formation potentials (5, 6), or 
by auto-oscillation (3, 7) regenerates electrode activity. 

Activat ing effects in electrode reactions by what  
would normal ly  be regarded as catalyst poisons were 
first observed by Monblanova and Kobosev (8); 
Binder et al. (9) found that part ial  coverage of the 
electrode by sulfur from sulfide enhanced the electro- 
catalytic activity of the surface for formic acid oxida- 
tion. Bockris and Conway (10) observed activating 
effects of traces of As and KCN in the H2 evolution 
reaction. Satisfactory explanations for these effects 
have not yet been provided. 

In  the present  paper, we report  some interest ing 
activating effects which arise in the electro-oxidation 
of formic acid at p la t inum electrodes when small con- 
centrations of acetonitri le are present. The behavior 
is compared with that exhibited with methanol.  

The present work indicates that the activating effect 
may be a general  one in the case of formic acid oxida- 
t ion and an account of the behavior may be given in 
terms of competit ive adsorption effects (3) in an 
electrocatalytic process (11). 

The electrochemistry of CH3CN in aqueous medium 
has been described in previous papers (12, 13) from 
this laboratory and we have shown that acetonitrile 
itself is electroactive at Pt  and the adsorbed species 
causes anodic H displacement (12, 14). Below 0.7V EH, 
the adsorbed CHsCN becomes progressively reduced. 
The molecule is attached to the Pt  surface through the 
N atom at low concentrations while at high [CI-I3CN] 
associative adsorption involving more Pt  sites is in-  
volved. 

Experimental 
Methods o~ approach.--The kinetics of formic acid 

and formate oxidation have been studied previously 

Key words:  electrocatalysis ,  activation effects,  formic  acid oxida-  
tion, acetonitrile,  mercury.  

and the results reported in various papers (15-18). 
Both "steady-state" galvanostatic (16, 19) and poten- 
t iodynamic (17) experiments  have been described. 
Repetit ive l inear  potential  sweep experiments  have 
been useful (17) in defining the potential  ranges at 
Pt  electrodes where appreciable anodic currents  pass 
or where inhibi t ion effects (3) arise. Although the 
steady-state approach is always necessary for defining 
the kinetic characteristics of the over-all  reaction 
(since in  the nonsteady-state,  the surface concentra- 
tions of inhibi t ing or coreacting intermediates are 
not the steady-state or representat ive values, so that 
the reaction mechanism may be different from that  
in the steady state) the potent iodynamic method 
affords a convenient  and sensitive way of controll ing 
the prehistory of the electrode over various ranges 
of potential. Also, if the potential  sweep is sufficiently 
slow (20), the main  kinetic characteristics of the re- 
action are similar to those in the steady state. In  the 
present work, both the steady-state  and potentio- 
dynamic current  ( / ) -potent ia l  (V) characteristics of 
the reactions were examined. 

Electrodes.--Pt electrodes were prepared by sealing 
Johnson-Mat they spec-pure Pt  wire into glass bulbs in 
H2 as described in  previous work (21). The bulbs were 
broken beneath the solution in an all-glass cell (22) 
when  required. 

Solutions.--Solutions of 1N aq I-I2SO4, used as the 
supporting electrolyte, were prepared from B.D.H. 
micro-analyt ical  grade H2SO4 using tr iply distilled 
water, the second stage of disti l lation being from 
alkal ine KMnO4. Electrochemical pur i ty  of the init ial  
solutions was judged by the exhaust ive criteria re-  
ported elsewhere (14), namely  (in brief) resolution 
of the three surface oxidation regions of Pt  between 
0.85 and 1.1V together with the broad oxidation region 
from 1.2 to 1.5V; resolution of the H deposition and 
oxidation regions between 0.0 and -~0.35V; and main-  
tenance of the resolved H region without  significant 
decrease of H coverage in  potent iodynamic cycling 
between ~0.05 and +0.75V (i.e., in the absence of 
surface oxide formation) for 30 min. In all experi- 
ments, the reference i-V profile for the normal  surface 
processes at Pt  occurring between W0.05 and W1.4V 
EH was first established before addition of formic acid 
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at 25~ over the potential range ~1 .5  to ~0.05V EH. (Current peaks "FAt" and "FC", discussed in the text, are indicated.) Curve ii in 
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and the other additives. All  experiments were con- 
ducted at 25~ 

Formic acid and acetonitrile.~Formic acid was pur- 
ified as described previously (16). Acetonitrile was 
purified according to the procedure of Mann et aZ. (23) 
using the Union Carbide reagent as starting material  
[as discussed previously (13) ]. 

Ins t rumenta t ion .~A Wenking fast-rise potentiostat 
was employed in the steady-state and potentiodynamic 
experiments. Linear potential sweeps were established 
using a Servomex LF 141 function generator. Current-  
potential relations were recorded on a Hewlett  
Packard XY recorder through a cathode follower. 

Results and Discussion 
Effects of Acetonitrife on the Oxidation of Formic Acid and 

Methanol in Aqueous Media 
General: oxidation behavior of HCOOH and CH30H 

at P t . ~ I n  an anodic-going potential sweep, formic acid 
exhibits distinct oxidation current peaks over three 
potential ranges (17) (Fig. l b ) :  (i) the H adsorption 
and double-layer (d.1.) regions, 0.25-0.6V Ezz (FA1);1 
(if) the region where surface oxidation begins, i.e., 
+0.85 to +0.95V EH (FA~), and (iii) a region of higher 
anodic potentials, i.e., +1.225 to 1.525V EH (FA4). In 
the cathodic-going potential sweep, a large anodic cur-  
rent peak arises in the potential region where surface 
oxide reduction is nearing completion. Similar electro- 
oxidation behavior at plat inum is observed with 
methanol (24) (Fig. la) although, in this case, there 
is no current peak in the anodic-going potential sweep 
in the d.1. region. The potentiodynamic i -V profiles 
are shown for reference in Fig. la  and b, while lc 
shows the higher FA1 peak when the scan is reversed 
at 0.35V EH. 

The oxidation of formic acid and methanol was first 
studied at platinum under anhydrous conditions with 
CHzCN as solvent (25). Complete lack of reactivity 
of methanol and relat ively small reactivity of formic 
acid was observed under these conditions; this led 

T h e  s y m b o l ,  FA~, r e f e r s  to  t h e  f o r m i c  a c i d  a n o d i c  o x i d a t i o n  r e -  
a c t i o n  in  t h e  d o u b l e - l a y e r  r e g i o n  a t  p I a t i n u m ;  in  an  a n o d i c - g o i n g  
s w e e p ,  i t  is  t h e  " f i r s t "  p r o c e s s  to be  d i s t i n g u i s h e d .  I n  t h e  r e m a i n -  
i n g  p a r t s  o f  t h i s  p a p e r ,  t h e  p e a k  c u r r e n t  f o r  th i s  " F A z "  p r o c e s s  
wi l l  be  r e f e r r e d  to, f o r  b r e v i t y ,  a s  (i~)FA r O t h e r  p roce s se s ,  o v e r  t h e  
i n d i c a t e d  p o t e n t i a l  r a n g e s ,  a r e  r e f e r r e d  to  as  FAs,  FA4. A s e c o n d  
p e a k ,  "FA~" ,  a r i s e s  u n d e r  s o m e  c o n d i t i o n s  (13) b u t  is  n o t  involved 
in the present  work.  

to an examination of the effects of large and small 
quantities of CH3CN on the oxidation of the organic 
molecules at platinum in aqueous media. In this way, 
information could be obtained regarding the extent 
to which the concentration of CH3CN determines sur-  
face blocking for the reaction of formic acid or 
methanol at platinum anodes. Effects of Hg on the 
formic acid oxidation reactions were also investigated. 

Elsewhere (13), we have shown that CH3CN is 
chemisorbed at Pt and undergoes reduction and oxi- 
dation entirely in an adsorbed state in cyclic voltam- 
metry between +0.05 and -F0.8V EH, with a reversible 
reduction-oxidation peak in the d.1. (-{-0.35 to -F0.8V 
EH) region (13). Fur ther  reduction occurs in the H 
region (0.0 to +0.35V EH) but even when the surface 
coverage by CHsCN has reached its saturation value, 
H can be co-adsorbed to an extent of OH = 0.35. 
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Fig. 2. Peak currents ip for the FA1, FA4, and FC processes in 
formic acid oxidation at Pt at 25~ in ]N oq H2SO4 as a function 
of CH3CN concentration: for FA1 process with sweep reversal at 
~-0.05V, for FAx process with sweep reversal at -F0.35V outside 
H region, FA4 process in oxide region, and FC process in cathodic 
sweep. When [CH~CN] _-- 0, the difference between the initial 
points O and X represents the change of (ip)FAt when sweeps 
ore taken to 0.05V compared with 0.35V. 
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Effect of CH3CN on formic acid oxidation in the 
double-laye~ potential range.~The most significant 
observat ion in the  present  work  is tha t  CH~CN has an 
apprec iab le  effect on the  formic acid oxida t ion  peak  
FA~ over  the  d.1. potent ia l  region in an anodic-going 
potent ia l  sweep at  p la t inum;  the  effect is one of act iva-  
t ion r a the r  t han  inhibi t ion as shown in Fig. ld.  F igure  
2 shows how the peak  cu r ren t  (ip)FA1 for the  process 
FA1 increases w i th  CHsCN concentra t ion in potent io-  
dynamic  sweep exper iments .  Resul ts  are  shown for 

two ranges  of potential ,  including and excluding the 
H adsorpt ion  region, for reasons to be discussed below. 
In a potent iodynamic  cycling exper imen t  conducted 
bewteen  -{-1.5 and +0.05V Em the increase  is about  
600% for CH3CN concentrat ions  up  to 5 • 10-2M. A t  
h igher  concentrat ions  of the  addit ive,  the  cu r ren t  be -  
gins to decrease;  however,  even at  2M, (ip)FA1 is s t i l l  
g rea te r  than  its va lue  measured  in the  absence of 
CH3CN. 
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That the effect of CH~CN is not due to some tr ivial  
nonsteady-state effect under  potent iodynamic condi- 
tions, is shown by the results in Fig. 3, where the 
steady-state, point-by-point  i -V profiles are compared 
with the 50 mV sec -1 profiles. Slow t ime effects in the 
point-by-point  curve are indicated by the direction of 
change from the X to the O points during 90 sec ob- 
servation times. It  is clear that the activating effects 
of CH.~CN on FA1 peak currents  are even larger on the 
steady-state curve than  for the dynamical  one and all 
the features of the results of Fig. lb  and ld  are retained 
in the steady-state behavior. Above 0.7V, both the 
steady-state and the potent iodynamic i-V curves are 
independent  of the presence of CHsCN. (Fig. 3). 

Relation to the mechanism o~ 5ormic acid oxidation 
in the double-layer region.--The effects of CH3CN 
must  be examined in the context of the mechanism of 
oxidation of formic acid itself, par t icular ly  with regard 
to the FA1 process of HCOOH oxidation at the "bare" 
p la t inum surface and at a surface on which coadsorbed 
H is present. 

Two main  pathways for HCOOH oxidation have been 
proposed (16), one involving oxidative electrosorption 
at the carboxylic acid group, (part icular ly for the 
case of formate ion oxidation) 

HCOOH ~-- HCOOHads.d.1. [1] 

Pt  + HCOOHads.d.1. -> HCOO' /P t  -t- H + + e [2] 

H C O O ' / P t ~  CO2 + H + + e [3] 

and the other (15, 17, 19) involving dissociative chemi- 
sorption with coupled electrochemical steps 

HCOOH ~,~ HCOOHads.d.L [1] 

2Pt + HCOOHads.d.L --> PtH + PtCOOH [4] 

PtH -> P t  + H + + e [5] 

PtCOOH-* Pt + CO2 + H + + e [6] 

The reaction mechanism [1], [4], [5], [6] is the pr in-  
cipal one in  acid media. 

One of the main  features of interest  in the kinetics 
of formic acid oxidation is that  the rate of the re- 
action at various potentials does not increase in rela- 
t ion to the coverage of chemisorbed species on the 
electrode as deduced from oxidative and reductive (by 
H accommodation measurement)  transients.  In  fact, 
under  some conditions (15, 18), the oxidation current  
falls as the coverage by adsorbed species increases, a 
conclusion which can only be interpreted (26) in  terms 
of formation of a blocking species "P" produced in a 
step in parallel  with the main  reaction sequences shown 
above. P cannot, therefore, be HCOO" or 'COOH. P 
is also responsible for long- t ime deactivation effects 
(27) in  HCOOH oxidation; its na ture  wil l  be discussed 
in  a later section. 

Two proposals may be offered for the reaction which 
forms the inhibitor  and leads to the effect of CHsCN: 

(i) The inhibi tor  is produced (15, 26) in a reaction 
between adsorbed H and an adsorbed species derived 
from formic acid, e.g., "COOH (15) (from reaction 
[4]) which is involved in  the main  reaction sequence. 

(ii) The poison is formed in a potent ia l -dependent  
reaction between - -COOH species, without  the part ici-  
pation of atomic hydrogen. In  this case, an additive 
such as CH~CN could act as a " third body" interfer ing 
in  an inhibi tor-forming reaction (see below) between 
- -COOH species. 

Summary of Results and Conclusions from Experiments on 
CH3CN and HCOOH Addition to aq H~S04 in a Potentiodynamlc 

Sweep Especially in or near the H Region 
Exper iments  were carried out at a sweep rate of 50 

mV sec -~ in  1N aq H2SO4. In  some experiments,  
HCOOH was already present  at 0.25M concentrat ion 
and CHsCN was added at selected potentials wi th in  
a given potent iodynamic cycle; in other experiments,  

OF A C E T O N I T R I L E  AND MERCURY 759 

HCOOH was added during the potentiodynamic cycle 
in 1N aq H2SO4 in the absence of CH3CN at selected 
potentials in either the cathodic-, or anodic-going 
sweep, i.e., before or after H had been electrosorbed on 
the surface. 

The purpose of these experiments was to establish 
if the CH3CN acted independent ly  as a catalytic ma-  
terial for the formic acid oxidation reaction or if it 
acted by diminishing the coverage by another inhibi t ing 
substance formed near  or wi th in  the range of poten- 
tials over which H coverage is significant (0 to +0.35V 
EH). The results and conclusions of these experiments  
are most convenient ly  recorded by means of Table 
I, in which reference is made to appropriate figures 
which provide the basis for the conclusions enumerated.  

With increasing [CH3CN], (ip)FA1 increases by ca. 
7 times unt i l  about 66% of the H sites [full coverage 
by CH3CN (13)] are blocked relat ive to those available 
at 0.05V; at higher concentrations, (ip)FA1 falls some- 
what. Although it would ini t ia l ly appear from this 
result  and from the results in Table I that acetonitrile 
increases (ip)FA1 by decreasing sites available for 
hydrogen adsorption, it will  be shown that  the role 
of acetonitri le in the formic acid reaction originates 
for different and indirect reasons, connected with 
blocking of sites for - -COOH adsorption so that  forma- 
t ion of P from such species is diminished. 

Blocking of Sur/ace Sites for H and~or CO0/'/Species by 
Hg Electrosorption 

In the experiments  with CI~CN and HCOOH, i't 
was possible that  CHsCN could be displaced to s o m e  

extent  by formic acid depending on their relative con- 
centrat ions (points 5 and 6 in Table I).  It was de- 
sirable, therefore, to provide an al ternat ive way of 
blocking the surface, for H and - -COOH species, by 
an adsorbate which cannot  be displaced by HCOOH. 
Electrodeposited mercury  was found to meet  this 
requirement  very well. 
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Fig. 6. Progressive blocking of 
H adsorption peaks (but with 
maintenance of their resolution) 
upon electrodeposition of Hg 
from 3 x 10-6M aq HgSO4 in 
successive cathodic sweeps. 
Quantitative oxidation of de- 
posited Hg is measured in sweeps 
taken to 1.4V. 

Mercury  can be convenient ly  and control lably 
electrodeposited in submonolayer  quanti t ies at the 
p la t inum surface in aqueous H2SO4 using HgSO4 under  

repet i t ive  sweep conditions wi th  the anodic reversal  
potential  <I .0V EH; cathodically deposited mercury  is 
not then oxidized off the surface so that  the mercury  
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coverage on successive sweeps progressively increases 
as indicated by corresponding decreases of hydrogen 
coverage (Fig. 6). The electrodeposited mercury  can, 
however, be quant i ta t ively  oxidized from the surface 
in a sweep to 1.4V EH, giving rise to the new peak seen 
in Fig. 6 at 1.2V Ea. 

OH could be controlled over a wide range of values 
with only one concentrat ion of mercury  in solution. For 
progressively increasing Hg deposition, the two main  
H peaks still remain  completely resolved down to 
OH ~--- 0.1. This indicates that mercury  blocks H adsorp- 
t ion on an individual  site-by-site basis 2 ra ther  than 
changing the "state" of adsorbed H. This si tuation is 
of part icular  value for the studies with HCOOH where 
a large range of H coverages and corresponding values 
of free surface area were of interest. 

Figure 7 shows the variat ion of the FA1 peak current  
with OH controlled by Hg deposition in the presence of 
formic acid. It  is supposed (see below) that O H observed 
in the absence of formic acid when  the surface is 
progressively blocked by electrodeposited Hg (Fig. 6) 
changes in proport ion to OH when  formic acid is 
present. 

The init ial  increase in (/p)FA1 as mercury  begins 
to decrease Oa and /o r  the available free space for 
HCOOH adsorption, continues unt i l  approximately 
25% of the p la t inum sites at which H can be electro- 
chemisorbed has been blocked by mercury. Since the 
percentage of sites blocked at the inflection point is 
impor tant  when  considering the reaction of formation 
of P, the 25% figure was checked by a procedure 
which did not involve the above assumption. In  this 
case, known coverages of mercury  were first electro- 
deposited on the surface and the formic acid was added 
afterwards; the FA1 peak currents  were then regis- 
tered. This procedure was repeated in separate experi-  
ments  for a series of OH values and the 25% figure was 
confirmed. 

Relation between the Effects of Mercury and Acetonitrile 
When (ip)FA1 in Fig. 2 is plotted with respect to 

OH, corresponding to various acetonitri le concentra- 
tions, the reversal of direction of the increase in 
(/p)FA1 was found to occur at ca. 70% surface cover- 
age by nitri le;  the same results were obtained when 
OH was controlled with a part icular  [CHsCN] ini t ia l ly 
in the absence of formic acid, followed by formic acid 
addition to the system. 

The difference between the results with mercury  and 
acetonitrile must  be at t r ibuted to the abil i ty of formic 
acid to displace, to some extent, acetonitri le from the 
surface as ment ioned above. Then the free space avail-  
able for formic acid adsorption, measured by OH deter-  
mined in the presence of acetonitrile, can be substan- 
t ial ly different from the space actually occupied by 
formic acid molecules when  the lat ter  are coadsorbed 
with acetonitrile. Coverage by species derived from 
HCOOH can hence be higher, with resul tant  [cf. (14) 
and below] formation of P. Electrodeposited Hg is not 
easily displaced in the above manner  and requires 
anodic oxidation for its removal  (Fig. 6). 

Effects of Time spent in the H Region during Potentiodynamic 
Sweeps on Inhibitor Formation 

The time TH spent in a sweep over the potential  

( range  AVH in the H region ~H "-- 2AVH , is an 

impor tant  factor in the reaction which produces the 
inhibi t ing species P. The percentage change in (ip)fA1, 
after sharply decreasing initially, soon approaches a 
l imit ing value with increasing ZH, e.g., to ca. 30 see on 
going to lower dV/dt.  Evidently,  under  the lat ter  con- 
ditions, �9 H is Sufficient to allow the production of P to 
be more or less complete. 

T h e  p o s s i b i l i t y  t h a t  t h e  e l e e t r o d e p o s i t e d  H g  s i m p l y  f o r m s  t w o -  
d i m e n s i o n a l  i s l a n d s  of H g  w i t h  o t h e r w i s e  f r e e  P t  s i t es  i s  r u l e d  o u t  
b e c a u s e  t h e  FA1 p e a k  c u r r e n t  is  i n c r e a s e d  b y  H g  (Fig.  7).  I f  H g  
h a d  t h e  e f fec t  of  s i m p l y  c u t t i n g  t h e  a v a i l a b l e  s u r f a c e  a r e a ,  a l l  c u r -  
r e n t s  w o u l d  be  u n i f o r m l y  d e c r e a s e d .  
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Fig. 7. Variation of (Ip)FA 1 with H coverage at Pt controlled by Hg electrodeposition (Fig. 8) (HCOOH concentration 0.25M, 1N aq 
H2S04, 25~ (Lefthand set of curves shows the progression of i-V profiles with decreasing eH down to 0.75). 

Although the increase of (ip)FA1 as the cathodic 
te rminat ion  potent ial  of the sweep is made more posi- 
t ive can be explained in terms of the production of 
less P, due to the tendency for eH to diminish with 
increasing potential, the same, or an even higher de- 
gree of poisoning of the FAt reaction can be achieved 
by holding the potential  for various t imes t~ at more 
positive values in the H region, where eH is, of course, 
smaller. Figure 8 shows how (ip)FA1 values depend on 
various holding times th at different reversal  potentials 
in the cathodic-going sweep. It  is to be noted that  the 
max imum decrease of FA1 peak current  occurs at a 
reversal  potential  of ca. 0.22V EH; in fact, 5 sec of 
cathodic holding at this potential  gives a value of 
(ip) FAI as low as that  observed after 40 sec of cathodic 
holding at -t-0.1V EH. 

There are evident ly  three factors which may deter- 
mine  the production of P: (i) the t ime spent at a given 
potential,  (ii) the potential  itself in the H region 
and /or  eH (Fig. 8), (iii) the free space available for 
dissociative adsorption of HCOOH to --COOH species 
which can then form the inhibi tor  P. 

Support  for the role of factor (iii) follows from the 
observation that the m a x i m u m  poisoning effect wi th  
cathodic holding for t imes th occurs at about -t-0.20V 
EH, where eH can only be --~0.25, i.e., some free space 
is available. However, free space is not the only im- 
por tant  factor since cycling to a potential  of W0.20V EH 
in  the cathodic sweep results in an increase of (ip)FA1 
in comparison with that for cycling to -t-0.1V EH (curve 
for fh -~ 0 in  Fig. 8). This complication can be ra t ion-  
alized in  terms of the observation that  formation of 
P is a slow reaction so that  the extra t ime ~H provided 
by cycling to a more cathodic reversal potential  in  the 
H region compensates for the increased ~}H. 

The t ime and potential  effects in the H region on the 
FA1 peak current  are evidently complex but  the two 
main  factors determining P formation will  be: com- 
petit ion of dissociative HCOOH adsorption with in-  
creasing tendency for H chemisorption at the least 
positive potentials; and decrease of --COOH coverage 
as the potential  is made more positive, a s i tuat ion that  
results from the mechanism [1], [4], [5], [6]. The 
m i n i m u m  in (/p)FA1 at finite th corresponds approxi- 
mately  with ma x i mum adsorption of "HCOOH" spe- 
cies (18) and hence with ma x i mum P coverage. 

That the above effects are not due pr imari ly  to actual 
surface reactions with H was demonstrated by another 
holding exper iment  at 0.5V where (/p)FA1 still fell to 
27% of its value on the repetit ive sweep dur ing 60 sec 
holding at 0.5V, i.e., outside the region where H is 
significantly adsorbed and at a potential  where  any H 
arising from HCOOH dissociation would be immedi-  
ately ionized. 

Nature of Inhibiting Species and Its Formation in Relation to 
Effects of CH3CN and Hg 

The results considered above indicated that  forma- 
t ion of P is slow, the max imum rate occurring at ca. 
0.2V EH where coverage with formic acid species is a 
maximum. Also, the formation of P while influenced 
by H or potential  in the H region does not require H. 
This leaves proposal (ii) on page 759 as a basis for 
formation of P and the effects of acetonitr i le in the 
reaction. 

Various possible inhibi t ing species, such as CO, "re- 
duced CO2,"=C.OH, CI- ,  HCOO-  anions, and CHO- 
COOH formed by dehydrat ion of 2 HCOOH or by re-  
ductive coupling of CO, have been discussed (15). The 
first three have been discounted as the inhibi tor  (15, 19) 
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and adsorbed HCOOH itself (17) cannot  be responsible 
for the observed behavior. CHO.COOH requires 3e for 
its oxidation to CO2 -~ H +, and it is difficult to see 
that  it can occupy less than 3 or 4 sites; that  is, its 
electron oxidation number  per site will  be <1. Brum- 
mer 's  experiment  (15, 19) indicates oxidation charges 
in anodic galvanostatic experiments of ca. 370 ~coulomb 
per real cm 2. However, the galvanostatic method oper- 
ated at large currents  cannot be used rel iably for de- 
sorption of a slowly oxidized in termediate  while at 
smaller currents,  reaction charge passes due to the 
diffusion-controlled reaction of reagent  in  solution in 
addition to the charge for oxidation of the adsorbed 
species. The end of the oxidation t ransient  is also more 
difficult to define in  comparison with that  in potentio- 
static-step or potential  sweep-transients.  

The results suggest that  a formation of P must  arise 
by a "dimerization" type of reaction on the electrode 
surface between adsorbed formic acid species leading 
to the lowering of coverage by the main  electrochem- 
ically reactive species, --COOH. It cannot be a poison 
arising independent ly  of the adsorbed formic acid 
species, e.g., chloride ion (15), since there is no reason 
why displacement of one such a poison by another, 
acetonitrile, should increase (ip)FA1. The most plausible 
reaction between two adsorbed formic acid (--COOH) 
residues adjacent to each other on the electrode surface 
is dehydrat ion leading to adsorbed formic anhydride  ~ 

~2 o 

P t - - C  
\ 

OH 

OH / 
Pt--c% 

0 

- -  H20 
> 

O 
P t - - C / 1  \ 

0 
/ 

Pt - -C  \\ 
0 

[7] 

This reaction diminishes the surface available for re- 
active --COOH species, t ransforming them instead into 
the anhydride species which is unreact ive except at 
higher anodic potentials ( >  ca. 0.9V EH). Adsorbed 
acetonitrile acts as a "third body," decreasing the cov- 
erage with neighboring adsorbed --COOH groups so 
that  there is less chance for two reactive species to be- 
come adjacent to one another and undergo dehydra- 
t ion leading to dimerization. 

The mechanism of reaction [7] may be wr i t ten  
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following known mechanisms of, and subst i tuent  effects 
in, anhydride formation (29). Although formic an-  
hydride is unknow n  as a stable substance in solution, it 
is proposed that  the above reaction is possible since 
the intermediate  [I] is in a two-point  adsorbed state on 
the p la t inum surface so that  the resul t ing anhydride  
[II] can be stabilized. 

The identi ty of the P species as formic anhydride  is 
supported by the observed potential-dependence of the 
rate of formation of P. Significant P formation only 

O 
I? 
C---OH 
t i 
t 

Pt  

| OH OH 0 

> C--OH ) �9 -- -. 

Pt  Pt  P t  

OH 
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H0--C-- | OH ) 0 0 0 
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a A r e q u i r e m e n t  for  the  a b o v e  r eac t i on  w i l l  ex i s t  t h a t  w o u l d  l i m i t  
t h e  r eac t i on  of  a n h y d r i d e  f o r m a t i o n  to those  a d j a c e n t  COOH species  
on  the  su r face  w h i c h  h a v e  the  p r o p e r  geome t ry .  F o r m a t i o n  of  
B r u m m e r ' s  i n t e r m e d i a t e ,  g l y o x a l i c  acid,  r e q u i r e s  d e h y d r a t i o n  be-  
t w e e n  t he  OH and  CH g r o u p s  of two  f ree  f o r m i c  ac id  molecu les .  
Th i s  seems  u n l i k e l y  fo r  o rgan i c  m e c h a n i s t i c  r easons  a nd  also be-  
cause  t he  i n h i b i t o r  appe a r s  to  be  f o r m e d  r a t h e r  f r o m  a l r e a d y  ad-  
so rbed  i n t e r m e d i a t e s ,  e.g.,  -COOH, t h a n  f r o m  t h e  n o r m a l  f r e e  
m o l e c u l e  HCOOH.  

occurs in the less positive potential  regions, i.e., when 
the electrode acts relat ively as a source of electrons. 
This is consistent with the above reaction mechanism 
since increase of electron donating tendency by the 
p la t inum wil l  tend (i) to increase the protonation of 
adsorbed COOH groups, leading to stabilization of the 



764 J. Electrochem.  Soc.: ELECTROCH EMI C A L SCIENCE AND T E C H N O L O G Y  June  1973 

result ing protonated species and (ii) to increase the 
nucleophilicity of those adsorbed species which are not 
protonated, i.e., the attacking species (29). At more 
positive potentials, the rate of reaction [7] should de- 
crease since the p la t inum then acts as an electron 
wi thdrawing agent and the surface coverage by 
--COOH is also diminished as potential  becomes more 
positive. Eventual ly,  reaction [7] will  become reversed, 
which is consistent with the change of direction of 
t ime effects with potential  shown in Fig. 3. 

The mechanism [7], [8], and the suggestion that the 
activating effect of CH3CN arises from a "third body" 
effect which diminishes the probabi l i ty  of the dimer-  
ization reaction [7], receives fur ther  support from the 
results described earlier with controlled electrodeposi- 
tion of Hg below monolayer  coverage. 

It is concluded that mercury  acts in the same way as 
acetonitri le with regard to the FA1 reaction by provid- 
ing a "third body" which decreases the formation of 
poison P (reaction [7]). The si tuat ion giving rise to 
the max imum (ip)FA1 should correspond to the highest 
coverage by formic acid which can be at tained without  
the presence of adsorbed "formic acid" ( - -COOH) 
species close enough to one another to give rise to re- 
action [7]. The m a x i m u m  (ip)FA1 arises when  the 
p la t inum surface is ca. 25% covered with mercury  and 
the subsequent  decrease of (ip)FA 1 at higher mercury  
coverages (Fig. 7) is probably simply caused by mer-  
cury deposition on p la t inum sites where the main  FA1 
reaction itself would normal ly  occur. It  is seen, how- 
ever, that  even when mercury  has blocked 75% of the 
surface, (ip)FA1, after passing through its ma x i mum 
value, has about the same value it had in the init ial  
formic acid solution in the absence of mercury. This is 
consistent with the exper imental  findings of Brummer  
et al. (15) who concluded that the normal  formic acid 

oxidation reaction occurs on only ca. 10% of the avail- 
able p la t inum surface. 

An approximate value of the mercury  coverage 
which should give rise to a ma x i mum (ip)FAI by block- 
ing dimerization between nearest  neighbor --COOH 
groups can be obtained by reference to the geometry of 
adsorbed formic acid on a Pt  (III)  face (Fig. 9a). 
While one molecule of formic acid (as --COOH) can 
form a chemisorption bond to one Pt  site, the whole 
uni t  effectively shields three p la t inum sites. 4 Maximum 
coverage by such adsorbed COOH groups arises when 
the surface is occupied as shown in Fig. 9b, as may be 
seen from space-filling models (Fig. 9a), For dimeriza- 
t ion to be inhibited, nearest  neighbor COOH positions 
must  be blocked, e.g., by Hg atoms. The highest cov- 
erage of COOH groups consistent with blocking ad- 
jacent  positions (Fig. 9b) for COOH adsorption corre- 
sponds to that  shown in Fig. 9c, where one in every 
four Pt  sites has been blocked by electrodeposited Hg. 
This is consistent with the extent  of blcoking of H ad- 
sorption (25%) at which the m a x i m u m  in (ip)FA1 
arises in Fig. 7. The blocking effects of Hg hence quan-  
t i tat ively support the view that the inhibi tor  P arises 
from COOH groups by a dimerization surface reaction. 
The corresponding si tuat ion for acetonitrile adsorption 
is shown in Fig. 9d where  CI-I3CN groups occupy 3 Pt  
sites each (13). In  this case, CH3CN must  occupy all 
successive tr igonal  sites on two lines of Pt  atoms and 
a l ternate  groups of t r igonal  sites on the next  two 
pairs of lines of Pt  atoms. The pat tern  is then  repeated. 

4 The  a d s o r b e d  f o r m i c  ac id  m o l e c u l e s  are  d r a w n  as t r i a n g l e s  in  
Fig .  9b ( s h i e l d i n g  th ree  p l a t i n u m  a toms)  fo r  c o n v e n i e n c e  of  r ep re -  
sen ta t ion .  The  f o r m i c  a n h y d r i d e  m o l e c u l e  can be seen f r o m  space-  
f i l l i ng  m o d e l s  to  s h i e l d  5 p l a t i n u m  a toms.  H cove rage  is  a s s u m e d  to  
c o r r e s p o n d  to  a p p r o x i m a t e l y  1 a t o m  pe r  P t  of the  l a t t i ce  as f o u n d  
e x p e r i m e n t a l l y  f o r  the  (111), (110), and  (100) c rys t a l  faces.  On t he  
(111) face,  th i s  m e a n s  tha t  there  are  t w o  t r igona l  h o l e s  for  e v e r y  
H a t o m  a d s o r b e d .  

Fig. 9. Schematic diagram of (a, above left) adsorption of - -COOH and the inhibitor in relation to (b, above right) H blocking, (c, below 
left) blocking by Hg, and (d, below right) blocking by CH3CN. 
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This si tuation corresponds to 66% of the normal  (13) 
max imum CH~CN coverage at tainable at Pt  and is 
hence consistent with the observation that  the maxi -  
m u m  in (ip)FAi in the presence of CI-I~CN occurs at 
ca. 70% relative blocking referred to H coverage at 
0.05V. This does not represent  saturat ion geometrical 
coverage by CHsCN as it would (13) if CI-I~CN were 
the only organic chemisorbed species. In  the presence 
of HCOOH, co-adsorption of COOH must  occur as 
shown in Fig. 9d. The results with Hg and CHsCN 
cannot be easily accounted for if P were CO arising in 
a first order surface dehydrat ion of HCOOHg nor are 
they consistent with the in termediate  - C - - O H  in-  
volved in methanol  oxidation (18). 

Of course, the ordered arrangements  of Fig. 9b-d are 
an idealization and the real surface undoubtedly  has 
more random arrangements.  The ordered pat terns give, 
however, quite a good account of how the activating 
effects arise from part ial  blocking of sites for COOH 
adsorption. This blocking by the additive, Hg or 
CHsCN, will also block H adsorption in the absence of 
HCOOH but  it can be seen from the above diagrams 
how this can be a secondary effect so that  H need not 
directly be involved in the production of P. 

We stress the desirability, in in terpre ta t ion of elec- 
trocatalytic processes, of considering the geometry of 
the metal  lattice 5 in relation to the geometries of the 
probable chemisorbed species. 

In  impure  solutions, but  without  an additive such 
as CH3CN or Hg, potent iodynamic cycling over a po- 
tent ial  range, which excludes (<0.85V) the Pt  surface 
oxidation region, allows accumulat ion of adsorbed or 
electrodeposited impuri t ies  which are not then re- 
moved in the usual oxidative desorption provided by 
reaction with the oxidized Pt  surface. After cycling 
for various periods of time, formic acid was added and 
(ip)FAt recorded. The peak current  progressively in- 
creased as the surface became occupied with adsorbed 
impurities, evident ly  acting as a "third body," similar 
to Hg or CH3CN, blocking the formation of P. Extension 
of the anodic l imit of the potential  sweep to 4-1.1V 
immediately lowered (/p)FA1 on the next  cycle due to 
removal, between 0.85 and 1.1V, of the impuri t ies  that  
had blocked formation of P. In  pyrodistil led water  
(32), the above impur i ty  effects are el iminated com- 
pletely. 

EHects of Acetonitrile on Other Formic Acid Oxidation Reactions 
and Comparison with the Behavior of Methanol 

In  addition to the FA1 process, formic acid oxidation 
occurs by other mechanisms (15-19) near  0.9V EH 
(FAg), as surface oxide formation on Pt  commences 
(31) and also at 1.3V (FA4) on the more highly oxi- 
dized "PtO" surface. In  the cathodic sweep, facile 
oxidation occurs ("FC" reaction, Fig. 2) again, just  
before completion of surface oxide reduction. The 
peak current  FA4 at 4-1.30V EH is independent  of the 
previous history of exposure of the electrode to formic 
acid in the H region and hence does not vary like that  
for peak FA1. This is to be expected since the species 
P formed in the H region is oxidatively desorbed 
before a potent ia l  of 1.3V is reached. 

The dependence on [CHsCN] of the peak currents  
(ip)FC (see Fig. 1) and (ip)MC for formic acid and 
methanol  oxidations observed on the cathodic-going 
sweep is shown in Fig. 10. In  these cases, there is a 
current  decrease which follows, in a general  way, the 
dependence of CH3CN coverage at p la t inum on its 
concentration, reported elsewhere (13). 

The rate of decrease of the current  peak for the FC 
process on the cathodic sweep with [CI~CN] can be 
compared with that  for methanol  under  similar con- 
ditions where the current  has decreased to zero al- 
ready at [CH3CN] ---- 2.5 > 10 -8 M (Fig. 10). The less 

5 E l s e w h e r e  (30), w e  h a v e  s h o w n  t h a t  t h e  i n i t i a l  s t a g e s  of  o x i d a -  
t i on  of  P t  w h i c h  a r e  r e s o l v a b l e  b e l o w  m o n o l a y e r  c o v e r a g e  b y  O H  
s p ec i e s  ( " P t O H ' )  can  be  a t t r i b u t e d  to v a r i o u s  s t a g e s  of  o c c u p a t i o n  
of  t h e  P t  s u r f a c e  l a t t i ce  b y  O H  spec ie s  in  d i f f e r e n t  g e o m e t r i c a l  ar-  
r a y s  (cf. t h e  conc lu s ions  f r o m  L E E D  w o r k  on  s u r f a c e s  n o t  c o n -  
t a m i n a t e d  b y  c a r b o n a c e o u s  r e s i d u e s ) ,  
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Fig. 10. Peak currents for the processes M1 in the anodic-going, 
and Me in the cathodic-going sweep for methanol oxidation in I N  
aq H2SO4, 25~ as a function of log [acetonitrile concentration] 
in comparison with (ip)FA1 values for formic acid oxidation. 

sensitive dependence of the currents  for formic acid 
oxidation on [CH3CN] can be correlated wi th  the 
requi rement  that  only two free p la t inum sites are 
required for the dissociative chemisorption, HCOOH 
4- Pt  ~ PtH 4- PtCOOH, in comparison with that  for 
methanol,  represented (25) by: Pt  4- CI4_~OH-~ 
Pt----COH 4- 3PtH which requires a total  of 6 sites. 

While the formic acid oxidation peak FA4 at 4-1.3V 
EH is almost independent  of [CH3CN] up to 5 X 10 -2 
M, the peak current  for methanol  oxidation on the 
anodic sweep at 4-1.3V EH is found to continuously 
decrease with increasing [CHsCN] but  it was not 
possible to separate this peak from that for oxidation 
of adsorbed (12) acetonitrile itself (13). The decrease 
in methanol  oxidation current  at ca. 4-1.3V EH can be 
correlated with observations made previously (12, 13), 
that  acetonitrile remains  adsorbed on the electrode 
surface even at potentials in the oxygen evolution 
region at plat inum. 

Trace quanti t ies of CH~CN already decrease the two 
main  current  peaks for the methanol  oxidation reac- 
tion at plat inum. Figure 10 shows the dependence on 
CH3CN concentrat ion of the peak current  MI (Fig. 1) 
for methanol  oxidation in  the potential  region where 
surface oxidation of Pt  commences. Methanol electro- 
sorption requires (25, 28), as indicated above, three 
adjacent p la t inum sites so that  coverage of the surface 
by CH3CN species (12) and the corresponding block- 
ing of sites for H chemisorption when [CH~CN] ~-- 2 
X 10-4M makes it difficult for this site requi rement  
to be fulfilled so that the reaction is very sensitive to 
poisoning of Pt  sites. 

S u m m a r y  
The current  for formic acid oxidation in the d.1. 

range of potentials at Pt  is substant ial ly increased in  
the presence of CH3CN, adsorbed impurities, or Hg 
atoms. This arises from an indirect effect associated 
with prevent ion of formation of an inhibitor  for formic 
acid oxidation which is otherwise spontaneously 
formed, par t icular ly  in the potential  range 0.05 to 
0.6V EH. The additives which chemisorb and block 
inhibi tor  formation do so by a "third body" effect in 
which the rate of inhibi tor  production by a supposed 
dimerization reaction involving - -COOH groups is 
diminished by blocking sites for nearest  neighbor 
- -COOH adsorption. It is shown that the inhibi tor  is 
probably adsorbed formic anhydride.  The role of H 
coverage in inhibi tor  formation and in  the activating 
effects is considered but  it is shown that  it is not a 
p r imary  factor in  the behavior reported. Similar  
activating effects do not arise in methanol  oxidation 
because the electrochemical reaction does not involve 
the production of an inhibitor  in  a side reaction in 
that case. 
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The Anodic Oxidation of Hydrogen on 
Tungsten Oxides 

Platinized 

II. Mechanism of H~ Oxidation on Platinized W03 Electrodes 

B. S. Hobbs 1 and A. C. C. Tseung 
Department of Chemistry, The City University, St. John Street, London ECIV 4PB, United Kingdom 

ABSTRACT 

Elect rochemical  measurements  on the  anodie oxidat ion of hydrogen  on 
pla t in ized boron carb ide  and WO~ supports  revea l  tha t  the  l a t t e r  is an "act ive" 
support ,  par t ic ipa t ing  d i rec t ly  in the  ove r -a l l  e lec t rode  reaction.  In  contrast ,  
boron carbide  is an "inert"  suppor t  and takes  no par t  in the  electrode reaction. 
This work  and previous  invest igat ions on the composit ion of the  WO3, confirm 
tha t  the  e lectrode react ion proceeds  b y  the  format ion  and oxidat ion  of hyd ro -  
gen tungs ten  bronzes (HxWO3) 

WO3 -]- x P t  - -  H ~ HzWO8 -t- P t  

HxWO~-~ WO~ -{- x e -  q- xH + 

In  this  w a y  the effective react ion zone a rea  is ex tended  onto the  support ,  in- 
creasing the  net  e lect rode current .  

Previous  s tudies  based on polar izat ion curves  of 
e lectrodes fabr ica ted  f rom var ious  pla t in ized sub-  
s t rates  (e.g., t an ta lum carbide,  graphite ,  tungsten t r i -  
oxide)  indica ted  a synergic  mechanism on WO3 (1). 
Later,  it  was shown tha t  hydrogen  tungsten bronzes 
(HxWO3) a re  the  sole products  when  pla t in ized WO3 
electrocatalysts  a re  exposed to hydrogen  in 5NH2SO4 

1 P r e s e n t  address :  Elec t r ica l  Resea rch  Associa t ion ,  Cleeve Road, 
Lea the rhead ,  Su r r ey ,  Un i t ed  K ingdom.  

K e y  w o r d s :  e lec t roca ta lys is ,  Hs ox ida t ion ,  WO8 support. 

be tween  20 ~ and 80~ (2). A mechanism was proposed  
whereby  these  bronzes pa r t i c ipa ted  in the  anodic 
oxidat ion  of hydrogen,  the reby  enhancing the output  
of electrodes using Pt /WO3 catalysts ,  viz 

2Pt + H2-~ 2PtHads 

PtHads -> P t  -{- H + -{- e no rma l  route  

2PtHads -~ WOs -> P t  q- HzWOz 
bronze rou te  ] HxWO3 -> xH + + WO3 + xe 
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The or iginal  polar izat ion studies, however,  do not  
confirm the above mechanism since the observed ac t iv-  
i ty differences on the  var ious  subs t ra tes  could also 
have  ar isen f rom differences in P t  morpho logy  or  
physical  e lect rode pa ramete r s  such as wetting,  per-  
meabi l i ty ,  etc. The extent  of suppor t  par t ic ipat ion  in 
the  e lect rode react ion can be de te rmined  in the 
presence of these complicat ing s t ruc tura l  effects by  
examining  the re la t ionship  be tween  elect rode ac t iv i ty  
and Pt  loading,  the  suppor t  loading being he ld  con- 
stant.  Thus, assuming all  the  e lect rode cur ren t  at a 
given overvol tage originates  from the Pt, we can 
define a specific P t  ac t iv i ty  (j(p)), expressed in mi l l i -  
a m p e r e s / m i l l i g r a m  of p la t inum 

.~(p) ~ . ~  
W(p) 

where  i (~)  is the e lect rode cur ren t  dens i ty  at a fixed 
overvoltage,  ~], in mA cm -2, and W<p) is the  Pt  loading 
in mg  cm -2. 

Al te rna t ive ly ,  the  P t  ac t iv i ty  can  be expressed  in 
t e rms  of mi l l i ampere s /un i t  surface a rea  of P t  

i (~)  
J(ps) = - -  (mA per  cm~ Pt )  

S(p) 

where  S~p) is the  P t  a r e a / c m  2 electrode.  
Now j(p) (or J(ps)) should r ema in  independent  of 

var ia t ions  in the  P t  loading, provided  the  P t  specific 
surface area  and morphology  remain  constant.  In  this  
case j(p) represents  the t rue  P t  act ivi ty.  

I f  however,  the suppor t  also contr ibutes  to the 
e lect rode current ,  j<p) wil l  appa ren t ly  increase  as the  
P t  loading decreases.  Fur the rmore ,  if the  suppor t  
contr ibutes  the  ma jo r  f ract ion of the  current ,  the  
re la t ionship  be tween  j(p) and Wp wil l  approx imate  
to an inverse  proport ion,  e.g., halving the Pt  loading 
wi l l  produce  l i t t le  effect on i (~)  if the  suppor t  ac- 
counts for most of the current ,  but  j(p) wil l  appa re n t l y  
double.  

Experimental 
Catalyst preparation.~To ensure  P t  morphology  

and specific surface a rea  remained  constant,  loadings 
were  va r ied  by first impregna t ing  a batch of WO3 
wi th  Pt, then mix ing  samples  of this wi th  va ry ing  
propor t ions  of unpla t in ized oxide when p repa r ing  
electrodes.  In  order  to produce  a high, un i form dis-  
persion of P t  on the  oxide, impregna t ion  was ca r r i ed  
out  by  means  of a f reeze-dry ing  technique (2). The 
P t  content  was analyzed by grav imet r ic  ex t rac t ion  
wi th  NaOH solution as prev ious ly  descr ibed (2).  

Electrode preparation.~Electrodes of the  po ly te t ra -  
f luore thylene (PTFE)  bonded type,  having very  simi- 
lar  phys ica l  structures,  whi le  va ry ing  signif icantly in 
thei r  P t  loadings, were  p repa red  according to an opt i -  
mized procedure  descr ibed by  Giner  et aL (3):  
"weighed quant i t ies  of impregna ted  and p l a in  WOa 
powders  were  s lur r ied  wi th  aqueous P.T.F.E. dispers ion 
and pas ted  onto 80 mesh, 18 S t anda rd  Wire  Gauge 
(S.W.G.) gold-p la ted  P t  gauze screens. Af t e r  d ry ing  at  
70~ the  electrodes were  'cured '  at  300~ for one 
hour." 

Comple te  t ransfer  of the  mix  to the  screen w a s  

impossible and the P t  loadings were  therefore  es t i -  
ma ted  f rom the  screen weight  changes  before  and af ter  
fabricat ion,  assuming the  components  of t he  c a t a l y s t /  
PTFE paste  to be t r ans fe r red  in the  same ra t io  as the  
or iginal  pot  mix.  

P t  l o a d ~ g s  were  kept  low to avoid mask ing  any 
subst ra te  ac t iv i ty  by  the intr insic  P t  activity.  Oxide 
loadings of about  10 rag /geomet r i c  cm 2 of screen were  
used, wi th  P t  contents  ranging  be tween  0.1 and 1% of 
the  oxide weight  (0.1-0.01 m g / c m  ~ e lect rode) .  PTFE  
loadings were  in the  range  3-4 m g / c m  2 electrode. 

Electrode testing.--Electrochemical m e a s u r e m e n t s  
were  made  wi th  a floating e lec t rode  cell  descr ibed  by  

Giner  et at. (3) employing a gold counterelectrode,  5N 
sulfuric  acid thermos ta ted  at  25~ and  a dynamic  
hydrogen  reference e lec t rode  (DHE) (4), whose po- 
tent ia l  was --25 mV with  respect  to a normal  hydrogen  
e lect rode in the  same electrolyte.  Hydrogen  f rom a 
pa l l ad ium diffuser was fed to the  test e lectrode and 
s teady-s ta te  anodic polar izat ion curves were  obtained 
using a Chemical  Electronics TR40-3 Amp potent iostat .  
The resu l tan t  polar iza t ion  curves  were  cor rec ted  for  
ohmic effects by  the  i n t e r rup te r  technique (5). 

The l imits  of e xpe r ime n t a l  deviat ion were  de te r -  
mined f rom the m a x i m u m  spread of measurements  ob-  
ta ined from severa l  e lectrode samples  made from each 
batch of ca ta lys t  powder .  

Boron carbide eZectrodes.--Boron carb ide  (B4C) 
is an acid res is tant  (6, 7), conduct ing [p ----- 0.455 ohm- 
cm (8)]  ma te r i a l  which has been ex tens ive ly  employed 
in fuel  cells as a ca ta lys t  or suppor t  (9-15). I t  pos- 
sesses no act ivi ty  toward  H2 oxidation,  being iner t  
to H2 chemisorpt ion,  e i ther  d i rec t ly  or  via predissoci-  
a t ion on Pt  (13). Hence B4C is an ideal  subs t ra te  to 
test the  "Pt  loading effect" for  an iner t  support ,  and  
is p re fe r red  to e i ther  graphi te ,  which can deac t iva te  
P t  (16), or TaC which can form res is t ive  oxide films. 
I t  is emphasized however ,  that  we cannot d i rec t ly  
compare  the polar izat ion curves  for B4C and WOs 
substrates,  owing to s t ruc tura l  and morphologica l  
var ia t ions  be tween the two types  of electrode.  We can 
only confirm the independence  of j(p) on p la t inum load-  
ing for iner t  supports,  such as B4C. 

Plat iniz ing was carr ied  out in an analogous manner  
to WO3, but  owing to the difficulty of dissolving B4C to 
separa te  it f rom the Pt, no check on the P t  content  was 
possible. Instead,  P t  contents  were  ca lcula ted  f rom the 
chloroplat inic  acid used in the  impregna t ion  and since 
good agreement  was obta ined wi th  WOs between this  
method and the grav imet r ic  analysis,  i t  can be assumed 
to b e  so for B4C. 

Electrode curing and d ry ing  were  pe r fo rmed  in a 
n i t rogen  s t ream to avoid oxida t ion  of the  B4C. 

Materials purification.--As prev ious ly  described,  H~ 
was purif ied with  a pa l l ad ium diffuser. Ana l a r  sulfuric  
acid and d is t i l l ed /de ionized  wa te r  were  used to p repa re  
the  electrolyte,  which  was e lect rolyzed for several  
hours  be tween gold e lect rodes  before use. 

The WO3 and B4C were  r epea ted ly  refiuzed with  5N 
H2SO4 and analyzed by  mass  spec t rography  before  use. 
I ron  was the  only significant impur i ty  which  was r e -  
duced to 20 and 150 ppm in the  WOe and B4C, respec-  
t ively.  

Results and Discussion 
W03 eleetrodes.--None of the  polar iza t ion  curves  ex-  

h ibi ted  a Tafel  region and were  essent ia l ly  l inear  
th roughout  the  overpotent ia l  ranges s tudied (Fig. 1). 
The unusua l ly  wide overpoten t ia l  range  of l inea r i ty  
can be a t t r ibu ted  to mass  t ransfer  effects (17). 
P l a t i num act ivi t ies  j(p) were  de te rmined  f rom the 

3ooi 

~20C 

aoo7 ~ pq,:,~' 

25~ ~ I a~tn 14 2 

0,050 mg Pt /c~  

0 200 400  600 2 
Current density (mA r ) 

Fig. 1. Polarization curves for platinized WOa electrodes 
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electrode cur ren t  at  an a rb i t r a r i l y  chosen overpo- 
tent ia l  of 50 inV. 

F igures  2 and 3 show the var ia t ions  of specific Pt  
ac t iv i ty  as a funct ion of p la t inum loading and recipro-  
cal  P t  loading, respect ively.  In the  range of P t  loading 
be tween 0.2 and 1% of the  suppor t  weight  (0.02 to 0.1 
m g / c m  ~) the expe r imen ta l  points  l ie ve ry  closely to 
the  theore t ica l  curves for an  active suppor t  supply ing  
the  ma jo r i ty  of e lectrode current .  

When  the P t  content  was reduced  be low 0.2% of 
the oxide weight  however,  the e lectrode per formance  
sharp ly  declined. This cr i t ical  P t  loading was observed 
dur ing  hydrogen  up take  and bronze composi t ional  
s tudies (2) and corresponds to the  condit ion at  which 
the  rat io  of P t  to WO~ par t ic les  was unity,  ca lcula ted  
f rom the average  par t ic le  sizes [from BET measure -  
ments  on the WO~ powder  and ex t rac ted  P t  b lack  (2, 
18)], assuming the par t ic les  to be perfect  spheres.  
This effect is expected under  s t eady-s ta te  polarizat ion,  
if the  oxide in te rpar t ic le  H- t rans fe r  r a t e  is s lower  than  
the anodic oxidat ion  of H=WOs. Ohmic polar izat ion wil l  
then  l imi t  the  e lectrode per fo rmance  as WOo accumu- 
lates in the electrode. The fact tha t  e lec t rode  ac t iv i ty  
is ve ry  high when there  is at least  one P t  par t ic le  per  
oxide part icle ,  indicates tha t  the  P t / o x i d e  in te rpar t ic le  
and  WOo in t rapar t i c l e  H-migra t ion  rates  are  ex t r eme ly  
fast. 

Boron carbide electrodes.--Polarization curves were  
again  essent ia l ly  l inear  over  the  overpoten t ia l  ranges  
inves t iga ted  (Fig. 4) and Pt  act ivi t ies  were  s imi la r ly  
measured  f rom cur ren ts  at  an  a r b i t r a r y  50 inV. 

F igures  5 and 6 show tha t  the  specific P t  ac t iv i ty  
was independent  of P t  loading, as expected of an iner t  
support .  

A pla in  B~C elect rode showed some res idual  ac t iv i ty  
under  H2. This p robab ly  arose f rom t race  impuri t ies ,  
especial ly  iron, which is not easi ly  removed  comple te ly  
f rom B~C (7). Other  cur ren t  sources were  exposed P t  
at  the  e lec t rode  edges when cut t ing to size and pos- 
sible p in  holes or o ther  defects in the  gold plate.  
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Conclusions 
Hydrogen  bronzes, formed in plat inized w e 3  hyd ro -  

gen electrodes, cont r ibute  to the  net  anodic current ,  
being formed chemical ly  by  H - a t o m  migra t ion  f rom 
the  P t  to the  oxide, and oxidizing e lect rochemical ly .  
Thus the  react ion zone is ex tended  onto the  suppor t  
and the over-a l l  e lectrode ac t iv i ty  is increased.  Wi th  
P t  loadings in the  range  of 0.02-0.1 m g / c m  ~ (or 0.2-1% 
of the  w e 3  loading)  high e lect rode per formance  was 
obtained which or ig ina ted  p r inc ipa l ly  f rom the  bronze 
react ion 

HOW08 -> xH + + W08 + xe 

The ra te  of hydrogen  a tom migra t ion  to form bronzes 
is r ap id  provided  there  is direct  contact  be tween  P t  
and w e 3  part icles.  Hydrogen  a tom migra t ion  be tween  
oxide par t ic les  is r e l a t ive ly  slow and, under  condit ions 
where  this  is necessary for cur ren t  generat ion,  a severe 
decl ine in ac t iv i ty  is observed. 

Al though the  oxide composit ion and H2 oxidat ion  
mechanism has been conclusively es tabl ished for  
p la t in ized we3 ,  complementa ry  w o r k  is requ i red  on 
re la ted  substrates,  e.g., the  lower  tungsten oxides and 
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sodium bronzes, which  show similar  evidence of 
synergic  effects (1, 20). 
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%chnica] Notes @ 
Detection of COs in Cavities in NiO Scales 

M. J. Graham and D. Caplan 

Division of Chemistry, National Research Council of Canada, Otta~va, Ontario, Canada 

In an invest igat ion of the  oxidat ion  of Ni at high 
t empera tu re s  (1), cavi t ies  (voids) were  observed to 
form in the  NiO layer .  Cavit ies  are  expected a t  the 
ox ide-meta l  interface as the resul t  of the  condensat ion 
of cation vacancies, but  voids throughout  the  oxide 
l aye r  a re  less read i ly  explained.  One possible expla-  
na t ion  is that  gas pockets  a re  formed in the  oxide by 
oxidat ion  of the  carbon impur i ty  in the  meta l  to CO 
or  CO2. If  so, h igher  carbon contents  should produce  
more  cavity,  and CO or CO2 should occupy the  voids. 
To test this thesis a procedure  was devised to ana lyze  
the  gas content  of cavities. 

Three specimens, 1 • 5 • 0.03 cm, of pure  Ni wi th  
carbon contents  of 100, 9, and 2 p p m  atomic were  
oxidized at 1270~ for 20 hr  in 760 Torr  O2, producing 
oxide layers  ,-,75 #m thick. To analyze  for gases the  
oxidized sheet  was p laced  on a flange in a metal ,  
u l t rah igh  vacuum appara tus  (Fig. 1) below a steel  
chisel which  could be raised magne t ica l ly  and dropped  
onto the  specimen to b r e a k  into the  oxide. A n y  gas 
l ibera ted  was moni tored  by  an A.E.I. Minimass spec- 
t rometer .  Before a b reak ing  exper iment ,  weak ly  held  
gases were  desorbed f rom the chisel, specimen, and 
appara tus  wal ls  by  baking  at  180~ Meta l lographic  
cross sections were  p repa red  f rom separa te  pieces of 
specimen. F igure  2 shows that  m a n y  voids formed 
throughout  the  oxide on the  Ni wi th  100 ppm atomic 
carbon,  and few on the low-carbon Ni except  nea r  the  
ox ide-meta l  interface.  

Each blow of the  chisel evolved a s t rong pulse  of 
CO2 from the oxidized Ni tha t  had contained 100 ppm 

K e y  w o r d s :  n i c k e l  o x i d a t i o n ,  c a v i t i e s  in  o x i d e ,  CO2 de t ec t ion .  

atomic carbon, 1 occasional  pulses from Ni wi th  9 ppm 
atomic carbon, and no CO2 from Ni wi th  the  lowest  
carbon. The re la t ive  amounts  of CO2 evolved are  

1 F r o m  t h e  q u a n t i t y  of  CO2 e v o l v e d  p e r  p u l s e  ( ~ 1 0  -9 T o r r  l i t e r s ) ,  
t h e  p r e s s u r e  w i t h i n  t h e  c a v i t i e s  can be  es t imated to be  b e t w e e n  
50-5000 Tort. 

TO 
VACUUM 

PUMPS MASS 
CHISEL ~ SPECTROMETER 

Z ELECTROM 

F t ~  ''=P'''''~ METAL GASKET OF 
-' -'~ VARIAN FLANGES 

OXIDIZED NICKEL 
SPECIMEN 

Fig. I. Schematic diagram of oxide-cracking apparatus 
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I O O  p p m a  C 

i llEiI 
Fig. 2. Metallegraphic cross sections through oxide formed on Ni 

in 20 hr at 1270~ in 760 Tort 02.  (a), initial carbon 100 ppm 
atomic, cavities scattered through oxide; (b) initial carbon 2 ppm 
atomic, cavities near Ni-NiO interface, but few within the oxide. 
( • 250) 

i l lus t ra ted  in Fig. 3, where  the  pulse height  is recorded 
for an equal  number  of b lows of the  chisel into the  
oxide. The average  CO2 peak  heights  for  the  th ree  
grades  of oxidized Ni are  in the  rat io  100: 8: 0. Analys is  
by  spark-source  mass  spec t romet ry  showed tha t  
oxidat ion  reduced the  carbon levels  f rom 100:9:2 to 
17: 2: 2, indicat ing tha t  dur ing  oxidat ion  the max imum 
possible CO2 product ion would  be in the rat io  83:7:0 
(normal ized  to 100:8:0), which is in agreement  wi th  
the  observed CO2 peak  heights. (The close cor respon-  
dence is for tui tous since the  carbon analysis  is un-  
cer ta in  by  a factor  of two.) Pulse  heights  of CO were  
moni tored  also but  no s imi lar  corre la t ion  was observed;  
none was expected  since the  the rmodynamics  predic t  
a high ra t io  of CO2 to CO (2).  

These exper iments  demons t ra te  tha t  cavit ies  in the  
NiO scales contain CO2 at apprec iable  pressures  and 

BREAKS INTO OXIDE 

Fig. 3. CO2 pressure pulses released by cracking of oxide. Bars 
represent 14 consecutive blows on nickel of 3 different initial car- 
bon contents. 

that  the amount  of cav i ty  is r e la ted  to the carbon 
content  of the  nickel.  Carbon impur i t ies  apparen t ly  
can have a significant effect on the  format ion of cavi- 
ties in oxide layers.  The genera l  subject  of cavit ies in 
Ni oxidat ion wil l  be r epor ted  in a subsequent  paper .  
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The Activity of in in Liquid ln-Sb Alloys 

D. Chat ter j i *  and J. V.  Smith 

Aerospace Research Laboratories, Metallurgy and Ceramics Research Laboratory, 
Wright.Patterson Air Force Base, Ohio 45433 

The physical  and electr ical  p roper t ies  of In -Sb  alloys, 
especial ly  the  in te rmeta l l ic  compound InSb, have been 
s tudied in considerable  deta i l  (1). The the rmodynamic  
proper t ies  of this a l loy system have  received only 
l imited at tention.  

Schot tky  and Bever  (2) measured  the heat  of for-  
mat ion  of the  compound InSb at 273~ by solution 
ca lo r imet ry  and the  hea t  of fusion by  quant i t a t ive  
the rmal  analysis.  F r o m  the i r  measurements  and the 
publ ished I n - S b  phase d i ag ram (3),  t hey  ca lcula ted  the  
f ree  energy  of the  l iquid phase, and  conchided tha t  the  
I n - S b  melts  showed negat ive  deviat ions from ideali ty.  
Unfor tunate ly ,  Schot tky  and Bever  did not extend 
the i r  exper imen ta l  work  to the  ent i re  In-Sb system. 

Terp i lowski  (4) conducted a sys temat ic  s tudy of the 
the rmodynamic  proper t ies  of l iquid In-Sb  al loys using 
galvanic  cells based on fused-sal t  e lectrolytes .  F rom 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  w o r d s :  e m f  m e a s u r e m e n t s ,  e l e c t r o c h e m i c a l  cel ls ,  so l id  e l ec -  

t ro ly t e s ,  t h e r m o d y n a m i c  p r o p e r t i e s ,  

open-c i rcu i t  emf measurements  on cells of the  type  

In ( l )  IIn Br in NaBr -KBr l In -Sb(1 )  [I] 

he de te rmined  the act ivi ty  of In in a series of l iquid  
In-Sb  melts.  He observed a negat ive  deviat ion from 
idea l i ty  in the l iquid phase in agreement  wi th  the con- 
clusion reached by  Schot tky  and Bever  (2). However ,  
f r ee -ene rgy  calculat ions (5) based on Terpi towski ' s  
da ta  for the  a l loy  of equimolar  composit ion did not  
agree wi th  the values  repor ted  by  Schot tky  and Bever  
for InSb.  

Recently,  Hoshino et aL (5) conducted a thorough in- 
vest igat ion of the the rmodynamic  proper t ies  of l iquid- 
I n - S b  alloys using cells of the  type  

I n ( l )  IInI in N a I - K I l I n - S b  (1) [II]  

The ac t iv i ty  and f ree  energy  da ta  ob ta ined  b y  Hoshino 
et al. at 900~ are  in fa i r  ag reement  wi th  those deter-  
mined by  Terp i lowski  (4) at  the  same tempera ture .  
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However, the excess enthalpies and entropies reported 
in the two investigations are quite different. 

Terpilowski (4) as well  as Hoshino and co-workers 
(5) assumed that  the In  ions in  their electrolytes were 
monovalent ,  and used the relationship 

In  aIn : --FE/RT [1] 

to obtain the In-act ivi ty (with pure l iquid In  as the 
reference state) from the measured-cell  emf. There is, 
however, no direct evidence to support the above-men-  
tioned assumption. We therefore decided to re invest i -  
gate the In -Sb  system using cells where the In  ions 
would exhibit  an unambiguous  oxidation state. With 
this objective in mind, the following types of cells 
were constructed 

W, I n - S b  (1), In203 (s)!Zro.ssCao.tsOl.s5[Air, Pt  [III] 

W, In ( l ) ,  In203(s)IZro.s5Cao.15Ol.ssIAir, Pt. [IV] 

The electrolyte in these cells, Zro.ssCao.15Ol.ss, is a well-  
known oxygen ion-conducting solid. In  such oxygen- 
concentrat ion cells, the In  ions are clearly t r ivalent  
and the O ions divalent,  and the over-all  cell re- 
action involves the t ransfer  of 3g equivalents  of O ions. 
The In  activity in the In-Sb  alloy is then given by 

In ain : - -3F  (Err -- Ezzz)/RT [2] 

This procedure of taking the difference of the emf 
outputs of cells IV and III  to calculate the In  activity 
is obviously equivalent  to, but  less accurate than, di- 
rect emf measurement  on the cell 

W, In  (1), In20~ (S) IZr0.ssCao.15Ol.ss]In-Sb (1), 

In203 (s), W IV] 

Nevertheless, cells [III] and [IV] were used instead of 
cell IV] for the following reason. Pre l iminary  ex- 
per iments  indicated that  W could be used as the lead 
mater ia l  only if it contacted the l iquid electrodes for 
a short time; long- t ime contact resulted in W dis- 
solution. Consequently, ar rangements  had to be made 
in the cell assembly to lower and raise the W lead 
wires into and out of the molten electrodes. Such ar- 
rangements  were easy to install  (6) in cells [III] and 
[IV], but  re la t ively difficult in cell [V]. 

Experimental 
The cell assemblies used in the present  work were 

similar to the ones described in an earlier paper (6). 
The details of the exper imental  procedure are also 
outl ined in that publication. 

Cell IV.--In a typical experiment,  weighed amounts  
of In  shot (99.99% pure) and In208 powder (99.99% 
pure) were placed in the electrolyte tube, and melted 
under  a He atmosphere. The emf measurements  were 
started when the cell tempera ture  reached about 550~ 
The equi l ibr ium emf data obtained at different tem- 
peratures during repeated heat ing and cooling are 
presented in Fig. 1 (l ine 1). These emf values were 
found to remain  constant to wi thin  • mV for hours 
and were reproducible to within --+0.5 inV. 

Cell III.--At the end of emf measurements  on cell 
[IV], the cell was cooled down to room temperature,  
and a weighed amount  of Sb metal  (99.9% pure) was 
added to the In-In203 mixture.  The system was evacu- 
ated and backfilled with He and heated to above 800~ 
to insure  homogeneity in the mol ten alloy. Equi l ibr ium 
emf measurements  were then carried out at selected 
temperatures.  Addit ional  amounts  of Sb were added at 
the end of successive runs  and the procedure repeated. 
The upper l imit  of Sb concentrat ion allowable in our 
cells was found to be only 50 atomic per cent (a/o) 
because small  amounts  of 8b203 formed over alloys 
containing more than  50% Sb. Although such a situa- 
tion is thermodynamical ly  unfavorable,  it f requent ly  
occurs for kinetic reasons. Presence of Sb2Os in addi- 
t ion to In2Os caused undefined oxygen potentials  to de- 

In  IN LIQUID I n - S b  ALLOYS 771 

In - Sb 

I000 

\ 
\ 

\ 

950 

900L-- 
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Alloy No.(D IOOatom% In 
(~) 16.0 atom% Sb 
(~) 27.5 atom% Sb 
(~) 45.1 atom% Sb 
(~) 50.0 atom% Sb 

600 700 800 

TEMPERATURE, 

Fig. 1. Emf-temperature data from cell [IVJ (alloy) and cell 
[111] (alloys 2-5) from 550  ~ to 800~ 

velop in the alloys, and resulted in  erroneous emf 
readings. The present  study was thus confined to four 
alloys: In-16.0 a/o Sb; In-27.5 a/o Sb; In-43.1 a/o Sb; 
and In-50.0 a/o Sb. Emf data from the cells containing 
these alloys are presented in  Fig. 1. 

Results and Discussion 
Free energy of formation of In20~.--As explained 

earlier,  the emf data from ceils [IV] and [III] were 
combined to calculate the In  activities in  the alloys 
through Eq. [II]. In  addition, the s tandard molar  free 
energy of formation of In2Os could be directly cal- 
culated from the emf of cell [IV] after necessary ther-  
mal  emf corrections (6) for the W-Pt  couple 

EIV corr. = E i v m e a  s- ~- E w . P t  therrn. 

: (1606 .9 -  0.620T) -t- (--21.4-t-0.037T) 
: 1585.5 -- 0.583T +_. 0.5 mV 

AG~ ---- --6FEIv c~ -~- 1.5 RT In (0.21) 
: --219,400 ~- 76.03T __+ 200 cal /mole 

The free-energy values calculated from this expression 
are in excellent agreement  with the calculations based 
on similar expressions published in the l i terature 
(7, 8). This was considered to be convincing evidence 
of the correctness of our  exper imental  techniques. 

In activity in the alloys.--Table I presents the 
( E I v -  EIII) values for the four alloys at 900 ~ 973 ~ 
and 1073~ and the corresponding In  activities cal- 
culated from Eq. [3]. The activity values are plotted 
in Fig. 2 as a function of molar composition, and com- 
pared with t h e r e s u l t s  obtained by Hoshino et at. (5). 
It is obvious that  our results are in excellent  agree-  
ment  with the findings of Hoshino and co-workers for 
the same tempera ture  (900~ Our results also agree 

Table I. Activity of In* in liquid In-Sb alloys at 900 ~ 973 ~ and 
1073~ 

AHoy 900OK 973OK 1073OK 
No. Tin XSb EIV-- EIII aln EIV-- EIII aiu Eiv ~EI I I  aid 

2 0.840 0.100 6.5 0.778 7.0 0.778 7.5 0.784 
3 0.725 0.275 13.5 0.590 15.0 0.584 16.5 0.585 
4 0.569 0.431 27.0 0.352 28.0 0.367 29.5 0.384 
5 0.500 0.500 37.0 0.239 38.0 0.256 40.0 0.273 

* Reference  state: pure  l iquid In. 
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- I  

a /o  Sb alloy, where  smal l  e r rors  in emf measurements  
may  cause large  er rors  in ac t iv i ty  calculations.  

The agreement  be tween the resul ts  f rom our solid 
oxide-based  invest igat ion and the  resul ts  f rom ear l ie r  
s tudies involving In-ha l ide  based fused-sa l t  e lec t ro-  
ly te  cells indicates tha t  the assumpt ion of monovalen t  
In  ions in hal ide  melts  is indeed valid. In l ight  of this 
indication, it  appears  tha t  the Sb act ivi t ies  (from In 
act ivi t ies  th rough  Gibbs-Duhem integra t ion  using 
a lpha  functions) and  excess the rmodynamic  proper t ies  
ca lcula ted  by  Hoshino et al. (5) m a y  be considered re-  
liable. No such calculat ions  were  a t t empted  in the  
present  s tudy because of the  l imi ted  number  of al loys 
inves t iga ted  and the consequent  uncer ta in t ies  in 
Gibbs -Duhem integrat ion,  

Xsb 
01.0 0.9, 0.8 0.7 0.6 0.3 0.4 0.3 0.2 03 0 

/t ' In-Sb 
0 HOSHINO ET, AL, 
�9 PRESENT WORK 

OI 2 0.3 0.4 0.5 0.6 02  0.8 

XIn 

Fig. 3. aln in liquid In-Sb alloys at 900~ 

I 
O.g I.O 

reasonab ly  wel l  wi th  t he  ac t iv i ty  values  obta ined  by  
ex t rapo la t ion  of Terpi lowski ' s  da ta  (4).  These ex t r apo -  
la ted  ac t iv i ty  values are  not  included in Fig. 2 for the 
sake of c lar i ty ;  they  are  included in the  paper  by  
Hoshino et at. 

As a fur ther  test  of the  agreement  be tween  our  and 
Hoshino's  w o r k  at 900~ the two sets of ac t iv i ty  da ta  
were  conver ted  to corresponding a lpha  functions (9) 

azn = lnTzn/(1 --  XIn) 2 

The ca lcula ted  azn values  are shown in Fig. 3. The 
agreement  is again  sat isfactory except  for the  In-16.0 

Conclusions 
Oxygen-concent ra t ion  cells based on the electrolyte ,  

Zro.85Ca0.15Ol.ss, have been successful ly used to de te r -  
mine the  In ac t iv i ty  in l iquid In-Sb  alloys over  560 ~ 
800~ Only In- r ich  al loys could be studied. 

Our  resul ts  a re  in agreement  wi th  the  da ta  obta ined 
by  ear l ie r  workers  who used ha l ide -based  concentra-  
t ion cells, and  assumed presence of monovalen t  In 
ions in thei r  electrolytes.  The present  invest igat ion 
therefore  serves not  only as an independent  source of 
In -ac t iv i ty  da ta  but  also as an indirect  evidence of 
correctness of the assumption regard ing  the oxidat ion 
state of In ions in In-ha l ide  melts.  
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A Preparative Graphite-Paste Electrode 
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Department o~f Chemistry, University oS Connecticut, Storrs, Connecticut 06268 

Pastes of graphite in various organic liquids have 
been developed and used extensively as analyt ical  
electrodes by Adams and his co-workers (1). Such 
electrodes have a good working range and are remark-  
ably free of problems. We have been int r igued by the 
role that the l iquid component of such a paste might  
play in determining the products of the reaction, and, 
to this end, have devised and tested a preparat ive form 
of the electrode. 

Several  possible configurations of such an electrode 
have been investigated including one in which the 
paste is pressed out of a tube into the cell ra ther  like 
Adam's original idea (1). However, the best con- 
figuration is a simple one. The paste, prepared accord- 
ing to Adams (1), and about 5 mm thick, is packed into 
the bottom of a beaker against a p la t inum foil con- 
tact about the same size as the bottom of the beaker. 
Contact is made with the foil by  an insulated Pt  wire 
attached to the inside wall  of the beaker. The reference 
electrode is placed just  over the paste, and the electro- 
lyte is layered over it. The auxi l iary electrode (Pt 
foil) is placed over the center of the paste in a second 
compartment  separated from the anode by a glass 
frit. Currents  of 2-3 m A / c m  2 were obtained on a 
Nujol -graphi te  paste electrode, and the effective range 
is about the same as that  of the analytical  electrode 
(--0.9 to + l . 3V  vs. SCE in  0.1M HC104). 

The cell was tested with two compounds, potassium 
hexacyanoferrate  and the isoquinoline alkaloid cory- 
pall ine (2-4). Aqueous solutions (200 ml) of 9.1M 
HC10~ containing 0.6 mM of potassium hexacyanofer-  
rate was oxidized at 0.6V (5) on a Nujol-graphi te  elec- 
trode about 35 cm 2 in area. The init ial  current  was 30 
mA which dropped off to the residual current  of about 
0 mA in about 10 hr. In  one experiment,  a coulometric 
measurement  showed that  0.913 electrons per molecule 
were released. The oxidatior~ of 1.0g of corypall ine was 
carried out on the sodium salt in aqueous 0.1M KC1. 
The init ial  current  at 0.35V was 85 mA which fell to 15 
mA in 6 hr. The products were isolated as previously 
described (4) giving an over-all  yield of dimeric prod- 
ucts of 42% (38% carbon-carbon and 4% carbon- 
oxygen).  In  addition, 16% of a t r imer  (6) was ob- 
tained. On graphite felt (4) in acetonitrile, the prod- 
ucts obtained were about 90% dimers (86% carbon- 
carbon and about 4% carbon-oxygen)  and no trimer. 
However, the graphite felt reactions were carried out 
at lower potentials (0.0V vs. SCE). When higher po- 
tentials were applied to the felt system, appreciable 
amounts  of t r imer  were formed. On a p la t inum work-  

* Electrochemical Society Active Member.  
Key words: graphite, electrode, paste, phenol,  electro-oxidation. 

ing electrode in aqueous Na2B4OT, the yields of dimeric 
products ranged from 44-60% (2) at potentials of about 
0.35V. Thus, it would appear, in agreement  with Adams 
(7), that  the paste electrode is comparable to plati- 
num. 

The na ture  of the charge-transfer  reactions within 
and on the surface of graphite pastes appears to be 
largely unknow n  (7) al though it has been ascertained 
that the graphite particles are covered with a l iquid 
film. Thus far, we have explored pastes made wi th  
Nujol and bromoform (1), benzonitr i le  (inferior be- 
cause of paste f ragmentat ion) ,  optically active liquids 
such as ~ ( + ) - p i n e n e  and (+) -2-oc tano l ,  and the 
qua te rnary  l iquid-anion exchanger Aliquat  336.1 The 
ion exchanger has been used in its chloride form and 
its hydroxide form. Although all of the pastes gave 
results comparable with those described above for 
phenol coupling reactions, the l iquid-ion exchangers 
offer the greatest potential. It is possible, using them 
as a matrix, to prepare electrodes which, in themselves, 
have any desired pH or contain a large var ie ty  of ions. 
We have init iated work to fur ther  explore these pos- 
sibilities with both l iquid-anion exchangers and l iquid-  
cation exchangers. 
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D I S C U S S I O N  

S E C T I O N  

This Discussion Section includes discussion of papers appearing 
in the Journal of The Electrochemical Society, Vol. 119, No. 5, 8, 
and 10; May, August ,  and October, 1972. 

Anodic Oxidation of Ethylenediaminetetraacetic 
Acid on Pt in Acid Sulfate Solutions 

J. w. Johnson, H. W. Jiang, S. B. Hanna, and W. J. James 

(pp. 574-580. VoL !19, No. 5) 

P. Sidheswaran, V. K. Venkatesan, and H. V. K. 
Udupa9 During the s teady-state  oxidation of EDTA at 
p la t inum electrodes in acid sulfate solutions, Johnson 
et. aL, in the paper under  discussion, identified var i -  
ous reaction products. A definite clue to the presence 
of CH20 was obtained from the mel t ing point of the 
DNP derivative. However, it is very easy to establish 
the presence of CH20 wi th  chromotropic acid by the 
method described elsewhere. 2 After  3 hr  of electrolysis, 
we also noticed 3 a concentrat ion of >10-2M CH20 
formed from 0.SM EDTA. Our evidence strongly sup- 
ports their  observation that CH20 is th rown out into 
the solution. 

The formation of CH20 has been indicated to be due 
to a reverse Schiff-type reaction and the authors of the 
above-ment ioned paper proposed the following two 
steps 

Ac Ac 
] ] 

R--N--CH2" + H20--> R--N--CH2OH + H" [19] 

Ac Ac 
I I 

R--N--CH2OH "-> R - - N - - H  + CH20 [20] 

However, the second step should be either less prob-  
able or a s imultaneous reaction occurs on the p la t inum 
electrode. This opinion stems from the following evi-  
dence: Podlovchenko e t  al. 4 have demonstrated that 
the presence of a hydroxyl  funct ion weakens the C-C 
bond; it has also been noticed by us 3 that  p r imary  al- 
cohols preferent ia l ly  get disintegrated into two frag- 
ments  of which CH2OH is one. The mechanism of for- 
mat ion of CH20 from CH2OH has already been pro-  
posed. 2 Hence, the following mechanism appears to be 
operative 

Ac Ac 
I I 

2Pt + R---N--CH2OH--> R - - N  + CH2OH [1] 
* I I 

Pt  Pt  

H H 

H - -  H-~ H - - C = O  + Pt  + Pt  [2] 
" I 

The observed Tafel slope of ~120 mV is in sharp 
agreement  with ~ ~ 0.5 and A E a / A r  ~ 14 kca l /  
mole/V. However, it is very difficult to establish 
exactly which step decides the rate of the entire re-  
action in as much as so m a n y  reaction intermediates  
are getting formed and oxidized. 

J. W.  Johnson, H. W. Jiang, S. B. Hanna, and W. J. 
James: We were very interested to learn of the similar 

1Fundamen ta l  Elect rochemist ry  Section, Central  E lec trochemica l  
Research Inst i tute,  Kara ikud i  3, Tamil  Nadu, India. 

s p. Sidheswaran,  J. Electroanag. Chem., 38, 101 (1972). 
s p. Sidheswaran,  Unpubl ished work.  
~B. I. Podlovchenko and V. F. Stenin,  Elektrokhimiya, 3, 649 

(1967). 

work with EDTA that has been done by Sidheswaran, 
Venkatesan, and Udupa, and of the close agreement  of 
the experimental  results of the two studies. Our dif- 
ference in in terpre t ing the results appears to center 

Ac 
I 

around the disposition of the species, R--N--CH~OH, 
which was proposed as an intermediate.  In  part icular  
we have proposed a homogeneous, nonelectrochemical 
step (reverse Schiff-type) by which formaldehyde is 
ejected from the intermediate.  Venkatesan e t  al. pro,  
pose a heterogeneous step that  results in  two adsorbed 
fragments, one of which (CH2OH) is the precursor of 
formaldehyde. 

A sequence such as proposed by Venkatesan e t  al.  
was among the m a n y  that  we considered. The one 
presentec~ in our paper was favored because of the fol- 
lowing reasons. 

If bonding should occur between P t  and the ni t rogen 
atom as shown in Step I (SVU sequence), several de- 
sorption and readsorption steps would be necessary to 
account for all the observed reaction products, e.g. ,  
ED3A, U-EDDA, S-EDDA, and EDMA. This does not 
seem likely. A fur ther  consideration is the geometrical 
crowding around the ni t rogen atom by other attached 
groups that makes its accessibility unfavorable  for 
bonding with the electrode. Finally,  protonation of the 
unshared electron pair on the ni trogen atom is also 
quite l ikely which would fur ther  hinder  its adsorption. 

If formaldehyde were produced as shown in Step II 
of the SVU sequence, the fur ther  ionization of the  ad- 
sorbed H would be almost certain, and be associated 
with a 1 CO2/2F coulombic relationship. This re lat ion-  
ship was not observed experimental ly,  though the ob- 
served value could be accounted for by a combinat ion 
of the SVN and JJHJ  sequences. 

Our studies indicate that EDTA is oxidized on Pt  at 
potentials up to ca. 1.6V. It  is doubtful  that  oxide-free 
sites would be available for bonding at these poten-  
tials 5 as required by the SVN sequence. Since no change 
in the reaction sequence with potential  is indicated by 
the exper imental  results, we feel that direct bonding 
(adsorption) between Pt atoms and the EDTA species 
or any  fragments  therefrom should be excluded. 

In  summary,  the sequence proposed by Venkatesan 
e t  al. is a logical one and cannot be completely elimi- 
nated as a possibility. Indeed it may be that  both se- 
quences (or others) are occurring. However, the above 
ment ioned items caused us to favor the sequence we 
proposed. 

Kinetics of Iran Corrosion in Concentrated Acidic 
Chloride Solutions 

E. McCafferty and Norman Hackermon (pp. 999-1009, Vol. 119, No. 8) 

G. Bech-Nielsen:6 This paper, and also a v i r tua l ly  
simultaneous publ icat ion by Darwish, Hilbert, Lorenz, 
and Rosswag, 7 :report some impor tant  and ra ther  un -  
usual  kinetic data for iron electrodes in s trongly acid, 
strongly concentrated, chloride solutions. In  the two 
papers reaction schemes of a similar type are proposed 
for explaining the observed kinetic parameters.  

We would like to point out that  such unusual  ki-  
netic parameters  have been reported previously, to- 

5 S. Gi lman and M. W. Breiter,  Th/~ J o ~ n a l ,  109, 1099 (1962). 
e Chemis t ry  Depa r tmen t  A, The Technical  Univers i ty  of Denmark ,  

Lyngby,  Denmark .  
7 N. A. Darwish,  F. Hilbert ,  W. J. Lorenz,  and H. Rosswag, 23rd 

Meeting of ISE, Extended  Abstracts  p. 213, Stockholm, 1972. 
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gether with the more usual  ones, for i ron electrodes in 
a wide variety of solutions, s-l~ It may well  be that  all 
of the unusual  parameters  will  be found s imul tane-  
ously only when using extremely concentrated solu- 
tions, whereas it has been shown that  dilute, less con- 
centrated, solutions present  conditions for observing 
first (at lower anodic potentials) the usual  behavior  
called the I i - react ion s-ll and then, following a charac- 
teristic t ransi t ion region, the less usual  or less often 
examined behavior  of the I2-reaction. 

The most constant  feature of this lat ter  reaction is 
the higher Tafel slope (from ca. 80 to more than  120 
mV), while the reaction orders with respect to differ- 
ent  anions may be negative lo or positive, 9 and the re-  
action order with respect to pH has been reported to 
be positive ~o or zero. 11 ( A fur ther  indication of t rans i -  
t ion from negative to positive values has been found, 
but  not yet published, in data from the experiments  
wi th  an NH4CIO4-NaC104 solution, pH 5.5-3.0 described 
elsewhere. 9) 

It  is not surprising that  nei ther  the discussed paper 
nor that  of Darwish et al. include descriptions of si- 
mul taneous  observation of the two distinct reactions, 
since it can be seen, 11 and may be shown by general  
considerations, TM that  the regions, where a distinct be-  
havior in accord with either of the reactions wil l  be 
found, are likely to be separated by some 1-3 decades 
of current  density (C.D.). When the I2-reaction is re-  
corded in the range of moderate anodic C.D.'s, it may 
be inferred that  the I t - react ion is only found in the 
C.D. range below the corrosion C.D., which is in accord 
with the usual  inhibi t ive influence on this reaction of 
low pH and high chloride concentrat ion together with 
the promotion of the hydrogen evolution reaction 
caused by lower pH. 

Since we have observed that the I1 and the I2 reac- 
t ion usual ly  occur together as coupled, parallel  reac- 
tions, we have suggested an outline of a kinetic model, 
which accounts for the potent ia l -dependent  t ransi t ion 
between the two processes. ~ An explanat ion of this 
feature is evident ly  of p r imary  importance, and fur ther  
examinat ion  of the influences of pH and anions in the  
individual  steps of the two reactions are now in prog- 
ress. 

In  the last part  of this comment we should like to 
consider the so-called reaction orders with respect to 
pH (--0 log i/O log [H+]) .  The analysis of coupled, 
paral lel  reactions developed by us indicates that  the 
/2 reaction proceeds via an intermediate  complex of 
the composition F e I I ( O H - ) a ( X ) ,  where  X is a ligand, 
usual ly an  anion, s~9 In  most cases known to us (of 
which one has been reported),  ~o the reaction order 
with respect to pH for the I2 reaction is between 0.2 
and 0.3, i.e., much lower than the number  of O H -  ions 
taken up during formation of the intermediate com- 
plex. We therefore suggest that  the observation of a 
negative reaction order wi th  respect to pH for the 
I2 reaction does not  necessarily require the assump- 
t ion of uptake of H + ions (especially not  when  the  
observation is possible at in termediate  pH values, as 
we have seen).  The steps in the mechanism following 
the formation of the above-ment ioned complex should 
mere ly  involve removal  of one or more of the O H -  
ions ( in exchange for halide ions, for example) by H + 
ions, in order to result  in an over-al l  negative react ion 
order with respect to pH (and at the same t ime a 
positive one for the hal ide ion).  

E. McCafferty and Norman Hackerman: We thank  
G. Bech-Nielsen for his interest ing comments and for 
calling our attent$on to the work of Darwish, Hilbert, 
Lorenz, and RosswagF These workers have confirmed 
our observation that  both H + and C1- ions promote 

s H.  Nord and G. Beth-Nie l sen ,  Elzcbrochim. Acta,  16, 849 (1971).  
0 G.  Bech-Nie l sen  and J .  C. R e e v e ,  6th Scandinavian Corrosion 

Congress, chap .  8, G o t h e n b u r g ,  1971, 
io G. B e c h - N i e l s e n ,  23 rd  M e e t i n g  of  I S E ,  E x t e n d e d  A b s t r a c t s ,  p.  

213, S t o c k h o l m ,  1972. 
I .  E p e l b o i n  a n d  M. K e d d a m ,  E$ectrochim. Acta ,  17, 177 (1972).  

as G.  B e c h - N i e l s e n ,  Submitted  to  E~ectrochim. Acta.  

Table I. Polarization resistance for iron in 6N chloride solutions. 

P o l a r i z a t i o n  r e s i s t a n c e  ( o h m - e r a  -~) 
P o l a r i z a t i o n  C a l c ' d  f r o m  

N [H+] c u r v e  S t e r n - G e a r y  Eq .  

1.2 38.6 40.1 
2.4 20.4 24.1 
3.6 21.4 18.8 
4.8 10.3 15.7 
6.0 6.3 9.5 

iron corrosion in concentrated acidic chloride solu- 
tions (i.e., the reaction orders ZH+ and zcl-  are posi- 
t ive),  in contrast  to the usual  cases more f requent ly  
examined (more dilute solutions) for which both zH+ 
and zcl-  are negative. 

Both our results in the paper under  discussion and 
the Darwish data 7 have shown that  a high concentra-  
tion of hydrogen ions in combinat ion with a high con- 
centrat ion of chloride ions is necessary to give the new 
set of parameters  ZH+ : -517 as compared to -51.8 in 
our paper; ZCl- = -50.5 in both our results; and ba = 
60-80 mV in our paper as compared to 120 mV in the 
work of Darwish et al. 

These parameters  are unusual  in the sense that  the 
signs of ZH + and zcl-  in certain concentrated solutions 
are opposite to those in differing, dilute solutions. In  
contrast, in the work of Bech-Nielsen, the unusual  
parameters emerged only after considerable anodic 
polarization (usually about 200 mV) in the same solu- 
tion. The possibility that  the original surface could 
have been modified seems to have been recognized by 
the authors, who usual ly  a t t r ibuted the second Tale1 
region to the appearance of passivation precursors. 

Whether  or not the two sets of observations are 
l inked through a general  scheme of coupled, parallel, 
reactions having widespread validity remains  to be 
seen. We did not examine the region below the cor- 
rosion current  density in any great detail, but  our own 
data do tend to show simple pre-Tafel  behavior 
ra ther  than the existence of a different, i.e., I1, reaction. 
Table I compares polarization resistances obtained 
from the l inear  polarization curve near  the corrosion 
potential  (Fig. 1) with those calculated from the 
S te rn -Geary  equation. 18 Agreement  between the two 
sets of values is general ly good, although a more 
thorough examinat ion of the region close to the cor- 
rosion potential  should be made, as suggested by 
Bech-Nielsen. 

We next  consider the suggestion that  replacement  
of adsorbed O H -  ions by C1- (to give positive ZH+ and 
zc l - )  is equivalent  to uptake of H + ions by adsorbed 
C1-. Consider the two reaction mechanisms in  Table 
II. Mechanism I involves adsorption of C1- ions by re-  
placement  of chemisorbed water  molecules, 1~ followed 
by attraction of H + ions onto chemisorbed FeCl-ads, as 

13 M. S t e r n  a n d  A.  L .  G e a r y ,  This  Journal,  104, 56 ( I957) .  
1~ T .  N.  Andersen  and J .  O 'M.  B o c k r i s ,  Electrochim.  Acta,  9, 347 

(1964). 

5 

0 
- 4 r  - 4 2 0  -430 

[ .%.s. - ~  

- 4 2 0  -430 - 4 4 0  - 4 5 0  

E in mV v s .  S.C..E. 

Fig, 1. Polarization curves near the corrosion potential for 6N 
chloride solutions of various acidities. 
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Table II. Comparison of different reaction mechanisms to test equivalence of H + attraction to O H -  expulsion 

M e c h a n i s m  I 
(E lec t ros t a t i c  a t t r a c t i o n  of  H + i o n s  

to a d s o r b e d  c h l o r i d e  i rons )  

M e c h a n i s m  I I  
( D i s p l a c e m e n t  of  a d s o r b e d  h y d r o x y l  

i o n s  b y  c h l o r i d e  ions)  

2, 
Fe �9 l-l~Oad, + CI-__~ FeCl-ad, + H20 

3. 
FeCl-ad, + H+ _~.~ FeCI- . H* 

4 
FeLl-. H+ ----> FeCI+ + H+ + 2e- 

_!  
F e  + H 2 0  ~ _  F e  �9 H2Oad, 

Feel* _~=_~_Fe++(aq) + el- 

l 
Table III. Results for Mechanism II 

H+ F e  �9 H2Oad, _ . ~  F e O H - a d ,  + 

FeOI-I-  + C1- ~ FeCl -ad ,  + O H -  

4 
FeCl -ad ,  ~ FeCI+ + 2 e -  

Case Assumption Zn + ZCI- 

A OCl- > >  8OH- O (t-@C1-) ; 

B 0oH- > >  00,-  0oH-; 0 ~ 1 
C ~OH- ~- 0Cl- (1-200H-) ; 1 --~ 0 as  

00H-  g o e s  f r o m  
0 ~  0.5 

D 8w >> 0oH- + 0el- 0 
E 0oH- >> Ow + 0el- 8OH-; O --~ 1 
F 0cl- >> Ow + 0oH- O 

G 8w + 0e l -  > >  0oH- S a m e  as  c a s e  A 
H 0w + 0oH- > >  0c l -  S a m e  as  case  B 
J Oel- + Ooa- > >  Ow Ooz-; O ~  1 

proposed ear l ier  in the paper under  discussion. In 
mechanism II, the chloride ion adsorbs by replacing 
chemisorbed hydroxyl  ions ra ther  than water  mole-  
cules. In the steady state, mechanism I gives ba -- 60 
mV, zH+ = +1,  and zc l -  = 1 -- 0el-, so that  zc l -  is 
always posit ive and goes from 1 to 0 as eel-  goes from 
0 to 1. Necessary assumptions are v -3  > >  v4 and 8el- 
> >  0complex, where  complex refers to F e C I - ' H  +. 
Note that  mechanism I is not exact ly  the same as 
proposed in our original paper under  discussion, but 
differs in that  only one ra ther  than two H + ions are 
involved (to make  a clear  distinction be tween the dif-  
ferent  roles of H + in mechanisms I and II) .  

Results for mechanism II are given in Table III  for 
various cases which compare: (i) the coverage of 
FeCl-~ds to FeOH-ads (cases A - C ) ;  (ii) the coverage 
of one of the adsorbed species to the other  two (cases 
D-F,  0~ refers to Fe �9 H 2 O a d s ) ;  and finally, (iii) the 
coverages of two of the adsorbed species to the other 
one. None of the cases yield both ZH+ to be exact ly  +1  
and zct-  ---- 1 -- 0c,-, as in mechanism I, but cases B, E, 
and J do give both zH+ and zc i -  to be positive. How- 
ever, in each instance, in order that  ZH+ ~ +1,  0OH-- 
must  be near  full coverage. This, in turn, makes it 
more l ikely that  the reaction would proceed through 
the species FeOH +, as for systems lower  in [C1-] or 
[H+],  instead of through FeC1 +. Thus, replacement  of 
adsorbed hydroxyl  ions by chloride is not kinetically 
equivalent  to H + attraction onto adsorbed chloride. 

Calculation of the adsorption energy for FeCl-sds and 
FeOH-ads also suggests that  C1- wil l  not displace O H -  
f rom an iron surface. These calculations follow Ander -  
sen and Bockris. .4 The at t ract ive contributions to the 
adsorption energy are due to image and dispersion 
forces 

e 2 e 4 
U i m a g e  -- ~- [ 1 ] 

4r 64Wa �9 r 2 

where  e is the ionic charge, r the distance from the 
center  of the ion to the outer  surface of the meta l  
atoms, and Wa the sum of the electronic work  function 
and Fermi  energy of the meta l  (1.83 • 10 - n  ergs for 

(l-Ool-); 

(l-Sol-); 

I-~ 0as 
~cl- g o e s  f r o m  
0-~i 
+I 

0 

+I 
+i 
I-~ 0as 
0el- g o e s  f r o m  
0 - ~ 1  

S a m e  as  case  A 
Same as case B 

I --~ O as 
@el- goes from 
0-~i 

iron).  Also, 
~N mC2aF eCtion 

U d i s p  "-- ~ [ 2 ]  
,/.3 r -~- 

XFe 

where N is the number of iron atoms per unit volume 
(8.80 X 1022 cmS), and a and X are the polarizabilities 
and diamagnetic susceptibilities of the interacting 
species (2.42 X 10 -24 cm3/atom and 1.68 X i0 -~9 cm3/ 
atom, respectively, for iron). 15 The repulsion term is 

2 =N A 
[3] 

U r e p u l = -  ( n  - -  3 )  ( n  - -  2 ) r  ( n - 3 /  

where  A and n are repulsion parameters.  The total 
energy of adsorption for the unsolvated anion is then 

Uads = Uimage -~- Vdisp "~- Urepul [4] 

Values of various parameters used in calculating Uads 
are listed in Table IV. Calculation of Urepul is the least 
certain because the parameters A and n are not known 
for the interaction between an iron atom and a chloride 
(or hydroxyl) ion. However, these parameters can 
be estimated by comparison with data for alkali halide 
crystals, 2o because A and n are determined by the sizes 
of the ionic cores. Andersen and Bockris 15 used values 
of A and n for RbCI to calculate the repulsion be- 
tween Hg and CI- because the radii of Hg (I.51A) and 
Rb + (1.48A) are nearly the same. In the case of Fe 
(1.24A), there is no alkali metal ion of similar radius. 
G. A. Wright, with whom one of us has previously cor- 
responded 21 on the problem of calculating adsorption 
energies for the series FeX-ads (X ---- CI, Br, I) has 
suggested that I% for Fe~ - be obtained from inter- 

J. O'M. Boekris and D. A. J. Swinkels, This Journal, I11, 736 
(1964). 

16 L. P a u l i n g ,  " T h e  N a t u r e  of  t h e  C h e m i c a l  B o n d , "  p. 516, Corne l l  
U n i v e r s i t y  P r e s s ,  I t h a c a ,  N e w  Y o r k  (1960). 

~7 H.  T r i c he ,  Compt. Rend., 217, 687 (1943), 
ls j .  A.  A.  K e t e l a a r ,  " C h e m i c a l  C o n s t i t u t i o n , "  p, 102, E l s e v i e r  

P u b l i s h i n g  Co.,  A m s t e r d a m  (195S). 
19p. W. Se lwood ,  " M a g n e t o e h e m i s t r y , "  p. 78, I n t e r s c i e n c e  P u b -  

l i she r s ,  N e w  Y o r k  (1956). 
2o E. A.  M o e l w y n - H u g h e s ,  " P h y s i c a l  C h e m i s t r y , "  p. 557, P e r g a m o n  

P r e s s ,  N e w  Y o r k  (1961). 
2~G. A.  W r i g h t ,  U n i v e r s i t y  of  A u c k l a n d ,  N e w  Z e a l a n d ,  to E.  

M c C a f f e r t y ,  P e r s o n a l  c o m m u n i c a t i o n ,  Nov . ,  1968. 
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Table IV. Summary of calculations of the adsorption energy for 
FeCI-ads and FeOH-ads 

T e r m  FeCl-ad6 FeOH-ads  Source  

Ionic  radius (A) 1.81 1.33 F o o t n o t e  16,17 
Polarizabil i ty,  aion (era3/ 2.98 • l0  -'~a 1.89 • 10 -'~ F o o t n o t e  18 

ion) 
D i a m a g n e t i c  s u s c e p t i b i l -  4.32 x 10 - ~  1.99 • 10 -~'~ F o o t n o t e  19 

i ty ,  Xlon (cm3/ ion)  
n 8.81 8.03 Interpolat ion 
log  A --79.504 --73.603 Eq.  (5] 
Equi l ibr ium distance,  re 

(A) 1.82 1.34 Eq.  [5] 

Ulmage ( k c a l / m o l e )  - -43.7 - -58 .4  Eq. [1] 
Udl.p ( k c a l / m o l e ) '  - -  17.7 --25.0 Eq.  [2] 
Urepul ( k c a l / m o l e )  +16 .0  +25 .3  Eq.  [3] 

Uaa.  ( k c a l / m o l e )  - -45.4 --58.1 Eq. [4] 

polation of graphs of n vs.  cation radius for LiC1, NaC1, 
KC1, and RbC1. The radius of the O H -  anion (1.33A) 
is near ly  the same as for F -  (1.34A), TM so n for 
Fe0OH - was interpolated by drawing a smooth plot 
through values for LiF, NaF, KF, and RbF. Values of 
n used in calculation of Uads are given in Table IV. 

The values of A corresponding to n can be obtained 
f rom solving the equation which results f rom the re-  
qu i rement  that  

8Uads 
-- 0, when  r = requil [5] 

Or 
with the equi l ibr ium distance taken to be the ionic 
radius listed in Table IV. Results of the calculations 
are given in Table IV. 22 It is seen that  the adsorption 
energy for FeOH-ads is significantly higher than for 
FeCl-ads, so that  replacement  of adsorbed hydroxyls  
by chloride ions is not favored on an enthalpy basis. 
These calculated adsorption energies are for small  ini-  
t ial  coverages, but both values are expected to fall  off 
in some complicated manner  with increasing coverages. 

Thus adsorption of C1- by competit ion with  O H -  
seems more l ikely than replacement  of the lat ter  by 
the former. For high bulk concentrations of C1- and 
H +, adsorption of O H -  wil l  not be favored, as shown 
in Eq. [44] of our paper under  discussion, so that  
dissolution does not proceed through FeOH + but via 
the species FeC1 +. 

Finally, evidence has been accumulat ing to indicate 
that  there  is at tract ion of H + ions in solution to the 
adsorbed chloride ions FeCl-ads. For  example,  various 
organic amines were  more effective in inhibit ing the 
corrosion of iron in HC1 than in HC104. 23 This obser-  
vation suggests that  the inhibitor  adsorbs not only at 
the metal  surface, but  also attaches via electrostatic 
at tract ion of the protonated amine to the adsorbed 
chloride ion. Similarly,  additions of quinoline or di- 
methyl  aniline reduced the double layer  capacitance 
of iron more in HC1 than in HC104, 24 again suggesting 
cooperative adsorption be tween the protonated inhibi-  
tor  and the adsorbed anion. The kinetic data, of 
Darwish et  al. 7 and in our paper under  discussion, 
which show that  a high C1- concentrat ion alone wil l  
not give the unusual  kinetic parameters  but  that  a con- 
comitant  high concentrat ion of H + ions is necessary 
also, point to cooperat ive adsorption be tween the two 
species. The positive value of ZH+ also persists if or- 
ganic inhibitors are present  in the concentrated acidic 
chloride solutions. 25 

Corrosion Fatigue of Copper and Alpha-Brass 
Stuart S. Birley and Desmond "l'romans 

(pp. 1278-1285, Vol. 119, No. 10) 
Ugo Bertocci:26 In the paper under  discussion the 

authors refer  to a paper of mine 27 and describe the 

G. A.  Wright  assessed A in a dif ferent  m a n n e r  (by  g r a p h i c a l  
interpolat ion f r o m  values for the alkali  chlorides) ,  and calculated 
Uads of FeCl-ads to be  --43.2 k c a l / m o l e .  

N. H a c k e r m a n ,  E. S. S n a v e l y ,  J r . ,  a n d  J .  S. F a y n e ,  J r . ,  This 
Journal,  113, 677 (1966). 

24 T.  M u r a k a w a  a n d  N. H a c k e r m a n ,  Corrosion Sci., 4, 387 (1964). 
N. H a c k e r m a n  a n d  E. M c C a f f e r t y ,  E x t e n d  A b s t r a c t s ,  5 th  I n t e r -  

n a t i o n a l  C o n g r e s s  on  M e t a l l i c  C o r r o s i o n ,  T o k y o ,  1972. 
Corrosion Sect ion,  N a t i o n a l  B u r e a u  of  S t a n d a r d s ,  W a s h i n g t o n ,  

D.  C. 20234. 
U. Ber tocc i ,  Electrochim. MetaL, 3, 275 (1968). 

model in it as an electrochemical  reaction under cath- 
odic control. I would like to point out that  this is in- 
correct. My model  consists of a system in which anodic 
and cathodic electrode reactions occur wi thout  hin-  
drance, so that  both processes are diffusion controlled. 
Specifically, I commented that  st irr ing would  increase 
the corrosion rate but would not change the concen- 
trations of the reactants at the meta l  surface. This, of 
course, is equivalent  to predict ing no change in elec- 
t rode potential, which, in the absence of charge- 
t ransfer  overvoltage,  is the equi l ibr ium potential  for 
both reactions (not indicating ammonia  ligands) 28 

Cu--> Cu + + e -  [1] 

Cu + --> Cu + + + e -  [2] 

Such a behavior  wi th  st irr ing can hardly  be ascribed 
to a system under  cathodic control. 

It is not difficult to extend the consequences of my 
model  to conditions under  which the solubil i ty product 
for Cu20 is reached and a film is formed. Then the 
Cu + concentrat ion at the meta l  surface is kept con- 
stant, and therefore  for a given thickness of the diffu- 
sion layer, the amount  of Cu + diffusing away depends 
only on the oxygen concentrat ion in solution, but no 
longer on Cu + +. If equi l ibr ium at the surface is main- 
tained (that  is, Cu + + at the meta l  surface is constant) 
more Cu + + will  diffuse in and be reduced than Cu + 
will  diffuse out. The mater ia l  balance (as well  as the 
e lect roneutra l i ty  of the corroding metal)  is achieved 
by a continuous Cu20 film growth. St i r r ing would only 
affect the rate  of film formation, but no shift f rom the 
equi l ibr ium value of the potential  would  be observed, 
contrary to the exper imenta l  results, but  also incon- 
sistent wi th  a system under cathodic control. 

In order to expla in  the results, a larger  degree of 
i r revers ibi l i ty  for the anodic reaction than for the 
cathodic one has to be postulated. After  all, the as- 
sumption of complete revers ibi l i ty  for the electrode 
reaction made in my paper, al though perhaps adequate 
for the purpose of estimating corrosion rates, cannot 
be taken literally, so as to exclude potent ial  shifts of 
10 to 20 mV when  corrosion rates are fair ly high. The 
authors of the paper under  discussion favor  a mechan-  
ism related to the protect ive propert ies of the Cu20 
film. This might  be right, al though the fact that  the 
film is formed by precipi tat ion does not seem to sug- 
gest a large degree of protection. I would like to 
propose that  the charge- t ransfer  overvol tage  for re-  
action [1] could be larger  than that  for react ion [2], 
an explanat ion which is in qual i ta t ive  agreement  wi th  
recent  faradaic impedance measurements .  29 If this ex- 
planat ion were  correct, s t i rr ing should affect the 
potential  in the same direction whether  a film is 
present or not. I wonder  if the authors of the paper 
under  discussion have exper imenta l  data bearing on 
this point. 

Stuart S. Birley and Desmond ]?romans: We wish to 
thank the author of the above discussion for correcting 
our description of his model. In retrospect, we should 
have stated more  explici t ly that  Bertocci 's  model  was 
based upon diffusion control and that  exper imenta l  
testing of the model  by Pugh and Green 30 (Ref. (36) in 
our paper which is being discussed) indicated that  dis- 
solution was cathodically control led by the t ransport  
of cupric complex ions to the metal  surface. 

Bertocci 's  proposal regarding the effect of charge-  
t ransfer  overvol tage  is interesting. Unfortunately,  all 
our studies concerning st irr ing effects were  conducted 
in environments  which produced corrosion films. 

~,s A f o r m a l  c o n t r a d i c t i o n  arises here  w i t h  t h e  s t a t e m e n t  in  m y  
paper~7 t h a t  t h e  Cu  ++ a c t i v i t y  a t  t h e  m e t a l  so lu t i on  i n t e r f a c e  is 
zero,  a v a l u e  i n c o n s i s t e n t  w i t h  t h e  e q u i l i b r i u m  of  r e a c t i o n  [2];  t h e  
c o n t r a d i c t i o n  is s o l v e d  i f  one  o b s e r v e s  t h a t  t h e  e q u i l i b r i u m  c o n c e n -  
t r a t i o n  of  Cu*+ is v e r y  s m a l l  ( p r o b a b l y  less  t h a n  1O-SM) a n d  a l -  
t h o u g h  s i g n i f i c a n t  f o r  d e f i n i n g  t h e  po t e n t i a l ,  is n e g l i g i b l e  fo r  t h e  
e v a l u a t i o n  of t h e  c o n c e n t r a t i o n  g r a d i e n t .  

A.  W. M. V e r k r o o s t ,  M. S l u y t e r s - R e h b a c h ,  a n d  J .  H.  S l u y t e r s ,  
J. Electroanal. Chem. ,  39, 147 (1972). 

3OE. N.  P u g h  a n d  J .  A.  S. G r e e n ,  Met.  Trans.,  2, 3129 (1971). 
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ABSTRACT 

Studies of the oxidation of h igh-pur i ty  iron samples at 224 ~ , 285 ~ , and 
350~ have been conducted in an oxygen part ial  pressure of 4 • 10 -6 Torr for 
exposure times ranging from 25 to 2000 sec. The oxide films were measured 
and quant i ta t ive ly  analyzed for trace carbon impurit ies using proton-impact-  
excited characteristic x-rays. Analyt ical  surface sensitivities to the equivalent  
of 10 - s  monatomic layers have allowed direct studies of u l t ra th in  (<50A) 
oxide film kinetics. A two-stage logarithmic oxidation rate law was observed 
at all temperatures  with the t ransi t ion from the first to second stage occurring 
at oxide thicknesses of 25, 36, and 52A at 224 ~ 285 ~ and 350~ respectively. 
This observation is discussed in terms of Uhlig's theory for logarithmic oxi- 
dation. Quanti ta t ive measurements  of carbon impurit ies on the iron surfaces 
show that an increase in  the preoxidation surface coverage from 0.1 to 1.0 
monolayer  results in  a significant suppression of the oxidation process. De- 
tailed studies were made of the removal  of residual carbon and oxygen im- 
purit ies and 12-14A air-formed oxide films from the iron surface by vacuum 
anneal ing at 715~ Without H2 reduction techniques, preoxidation iron sur- 
face coverages of 0.4 monolayer  oxygen and one monolayer  carbon were 
rout inely  obtained. Also, the residual surface carbon, present  prior to oxida- 
tion, does not oxidize off of the surface during the oxidation process at these 
temperatures.  

Previous studies (1-3) on the u l t ra th in  film oxida- 
t ion kinetics of iron at temperatures  ranging from 
100 ~ to 500~ have been l imited by the sensit ivity of 
the techniques utilized for film measurement,  and the 
data are most reliable only for oxide films thicker than  
1O0A. There have been no techniques used in iron 
oxidation studies which could quant i ta t ive ly  charac- 
terize trace impuri t ies  on the iron surface before, dur -  
ing, and after the oxidation process. Oxidation studies 
have general ly  been ini t iated with samples for whose 
preoxidation surfaces the assumption of uni formi ty  
with respect to the ini t ial  surface impur i ty  coverage 
( including the a i r - formed oxide film) is based on s tan-  
dardization of the preoxidation sample preparat ion 
techniques; i.e., electropolishing, chemical etching, 
vacuum annealing,  and reduction of the iron surface 
using H2 part ial  pressures at elevated sample tem-  
peratures (2-6). 

Uhlig (7, 8) has proposed an oxidation theory in 
which an electron t ransfer  mechanism is rate control-  
ling, resul t ing in logarithmic rate law kinetics. Ac- 
cording to Uhlig's model, a two-stage logarithmic oxi- 
dation process could occur where the electron transfer  
process from metal  to oxide is ini t ia l ly controlled by 
formation of a constant  density space charge region 
and, at some critical film thickness, is subsequent ly  
controlled by  the succeeding formation of a diffuse 
space charge region. A two-stage logarithmic oxida- 
t ion process has been exper imenta l ly  observed by 

Key words: double-logarithmic oxidation, proton-impact-excited 
x-rays, iron, carbon surface impurities. 

several workers (9-13), including one reported ob- 
servation by Lus tman (13) for thick iron oxide films. 
However, no results have been reported for u l t ra th in  
iron oxide films in which this two-stage logarithmic 
mechanism has been observed. Logarithmic oxidation 
kinetics on polycrystal l ine Ferrovac E 1 samples have 
been reported by Graham et al. (4) for oxidation tem- 
peratures ranging from 25 ~ to 200~ with a parabolic 
rate law observed at 20O~ for 02 exposures longer 
than 1.56 • 103 Torr-sec, and by Yolken and Kruger  
(14) for oxidation at 24~ For temperatures  above 
200~ thicker oxide films, and higher (>10 -5 Torr) O2 
part ial  pressures, the oxidation kinetics of  iron have 
usual ly  been found to obey a parabolic rate law (1, 2, 
4, 6). Graham and Cohen (2) have also reported the 
effect of oxidation part ial  pressures (10-6-60 Torr  02) 
on the l imit ing oxide thickness and morphology for 
iron oxidation at 350 ~ and 400~ An induct ion period 
at the lowest (<10 -5 Torr) oxygen part ial  pressures 
was observed and at t r ibuted to the possible removal of 
oxidizable impuri t ies  (carbon) or to slow nucleation. 
Ferrovac E iron was used as their  principal  sample 
material,  but  they also reported data at 350~ for high- 
purity,  floating-zone refined Battel le iron on which 
they found a much thicker final oxide film than  was 
obtained for Ferrovac E samples under  the same ex- 
per imental  conditions. It was suggested that  this was 
due to grain size and orientat ion differences, the Bat- 
telle iron samples having larger, more highly oriented 
grains exposed. 

1 Refe rence  to specif ic  e q u i p m e n t  is m a d e  to f ac i l i t a t e  unders tand-  
ing  and does  not  i m p l y  endorsement  by  the  B u r e a u  of Mines .  
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In the present  paper, we are report ing on the u l t ra -  
th in  film oxidation kinetics of polycrystal l ine iron at 
224 ~ 285 ~ and 350~ in an oxygen part ial  pressure of 
4 X 10 -6 Torr for exposures ranging from 100 to 8000 
Torr-sec. These exposures are of considerably shorter 
durat ion than those general ly reported by other au-  
thors (1, 3-6). A new and extremely sensitive tech- 
nique, proton excitation of characteristic x-rays,  was 
used for in situ measurements  of the oxide film thick- 
ness and quant i ta t ive measurements  of the surface im- 
pur i ty  carbon atom content  at every stage of the oxi- 
dation process. Measurements were made of init ial  
carbon and oxygen impur i ty  concentrations on the iron 
surface as a result  of preoxidation cleaning procedures. 
The effects of varying amounts of ini t ial  carbon sur-  
face impurit ies on the oxidation kinetics at 285~ were 
also studied. 

Exper imental  
Film measurement  technique.- -Direct  oxygen and 

carbon impur i ty  measurements  obtained by the use of 
proton- impact-exci ted characteristic x- rays  have been 
reported elsewhere in detail (15-17), and only a brief 
review is given here. Except for the system used by 
Sewell et al. (18-20), the s tandard x - ray  techniques 
do not offer either the required degree of sensit ivity 
or the required degree of quant i ta t iveness  for the mea-  
surement  or elemental  analysis of thin (<100A) oxide 
films. The use of proton-excited x- rays  (PEX) has 
several distinct advantages: essentially only charac- 
teristic x-rays  are excited by proton impact, e l imi-  
nat ing the need to separate the x - r ay  signal from a 
large cont inuum x- ray  background; very  high x - r ay  
yields for low Z elements are obtained; and x - ray  pro-  
duction cross sections are available which allow direct 
quant i ta t ive  analysis without  reliance on data cal ibra-  
tion based on the use of a s tandard sample. 

In  these experiments,  a proton beam from an ion 
accelerator was directed onto the iron samples, which 
were mounted  and oxidized in an u l t rah igh-vacuum 
target chamber (Fig. 1). Protons with kinetic energies 
of 120 keV were used for the carbon, oxygen, and sul- 
fur  impur i ty  determinations.  Proton beam currents  
were in the 50-2000 nanoampere  region, and we have 
found that  sputter ing effects during any of the mea-  
surements  reported here were no more than the equiv-  
alent  of 10 -2 monatomic layer. 

In  order to discriminate between carbon or oxygen 
x- rays  that  originate from the iron sample bu lk  im-  
purit ies and those that  originate from surface impur-  
ities, the processes of exciting the bu lk  impur i ty  x- rays  
and extract ing them from the sample have been con- 
sidered in detail elsewhere (21). The depth into the 
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GATE / ~ ~ ~,',~.~"~ . . . . . . . . .  \ LEAK 

g;gr u 
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Fig. 1. Ultrahigh vacuum chamber in which the iron samples were 
mounted and vacuum annealed at 715~ oxidized at 4 X 10 -6  
Torr 02, and then analyzed by proton-impact-excited x-rays. Ther- 
mocouples were welded to the top and bottom edges of the samples, 
and the distance from the back of the sample to the tungsten 
heating filament was approximately 1/~ in. 

sample from which bulk  impur i ty  x- ray  information 
is extracted is determined by both the rate of energy 
loss for the proton as it penetrates the sample (result-  
ing in a reduction in the x- ray  yield in x- rays /pro ton)  
and the absorption of the carbon K (44.5A) or oxygen 
K (23.7A) x- rays  by the sample itself as they re tu rn  
to the surface. For these x - ray  wavelengths the bulk  
impur i ty  x - ray  information depth is determined 
pr imari ly  by the target self-absorption of the x-rays. 
In  an iron sample, less than 1/e of the oxygen K x-rays 
detected at the surface originate deeper than  1485• 
into the sample, and, similarly, less than 1/e of the 
carbon impur i ty  x- rays  originate deeper than 390A 
(21). This bulk oxygen and carbon impur i ty  contr ibu-  
tion was considered as the background x - ray  field 
which established the theoretical l imit of analytical  
sensit ivity in terms of s ignal- to-noise ratio (a con- 
servative signal-to-noise ratio equal  to one was chosen 
to define the sensit ivity l imit) ,  where the noise is de- 
fined as x-rays due to bulk  impurities, and the signal 
is defined as the x- rays  due to oxygen or carbon im- 
purit ies on the iron surface. To avoid model problems 
in considering the distr ibution of the oxygen and 
carbon bulk  impurit ies throughout  their information 
depths (1485 and 390A, respectively),  the assumption 
was made that all the bulk  impurit ies in these sample 
depths reside on the sample surface. This, from the 
technique's  sensit ivity standpoint,  is a worst-case- 
assumption. 

For the Battelle iron samples used in these experi-  
ments, the bulk  impur i ty  concentrat ion of oxygen was 
2.3 ppm and of carbon was 0.9-5 ppm, 2 contr ibut ing a 
background x - ray  field equivalent  to i012 atoms of 
surface carbon per square centimeter  and to 3 X 1012 
atoms of surface oxygen per square centimeter.  For an 
iron surface, this is equivalent  to approximately 6 
X 10 -4 monatomic layer of carbon and  1.9 • 10 -5 
monatomic layer of oxygen, where a monolayer  of 
impur i ty  is defined as a one-to-one correspondence 
with 1.6 • l0 z5 iron surface a toms/cm 2 (22). In  the 
studies reported here, therefore, the bu lk  impur i ty  
x- ray  contr ibut ion to the measurement  of one atomic 
layer of a surface impur i ty  was six parts per ten 
thousand for carbon and two parts per thousand for 
oxygen. 

The exper imental ly  obtained x - ray  yield, Ig, is used 
to obtain oxide thickness or impur i ty  coverage in 
micrograms/square  cent imeter  from the equation 
I~ = NArcx where N is the number  of atoms/gram, 
Ar is surface coverage in grams/square  centimeter,  and 
~x is thick target  x - ray  production cross section in 
square cent imeters/atom. This l inear  relationship 
between x - ray  yield and coverage is val id for use 
where the x - r ay  yield is obtained from a th in  layer 
in which the incident  proton has lost less than 10% 
of its init ial  energy, and the accuracy has been shown 
to decrease with increasing film thickness from 0.01% 
at monolayer  coverages to 15% at 103A of A1203 (15). 
The calculation of Ar results in  an uncer ta in ty  due 
principal ly to the uncer ta in ty  in ~x; approximately 
•  for CK= and __.12% for OKa. For the case where 
I t represents the oxygen K~ x-ray yield, N is the 
number  of oxygen a toms/gram in the oxide formed 
and Ar is the oxide thickness in grams/square  centi- 
meter. For these experiments,  the oxide films were 
assumed to be magnetite,  based on recent work (2, 

= The analysis  of the  Battelle i ron was  k ind ly  supplied to us  wi th  
the iron ingot  by Battelle Memor ia l  Inst i tute .  All concentra t ions  
are in  ppm.  NonmetalZics [4]: oxygen  (2.3), n i t rogen (<0.1) ,  hydro-  
gen  (<0.1) ,  carbon (5 by combust ion-conductometr ic ,  0.9 by in ter -  
nal  f r ic t ion) ,  su l fur  (1.0). Metaliics [19]: arsenic  (0.2), boron 
(0.002), calc ium (0.07), ch romium (1.0), cobalt (3.0), copper (7.0), 
m a g n e s i u m  (0.2), m a n g a n e s e  (4.0), m o l y b d e n u m  (0.2), nickel  (0.1), 
phosphorus  (0.1), po tass ium (0.2), sod ium (0.3), t an ta lum (0.6), t in  
(0.3), t i t an ium (0.6), v a n a d i u m  (0.03), zinc (<0.6) ,  z i rconium (0.1). 

Al though the  bu lk  sul fur  concentra t ion was  repor ted  to be 1 ppm,  
during  v a c u u m  annea l ing  processes we  consistent ly observed  the  
segrega t ion  of approx ima te ly  V=-3/4 monolayer  of the bu lk  impur i t y  
su l fur  onto the iron surface.  Al though the i ron samples  were  re-  
peatedly  re-electropol ished and v a c u u m  annealed  at 715~ no 
reduct ion  in the a m o u n t  of su l fur  seg rega t ing  onto the surface 
f rom the bu lk  was  observed,  indicat ing  tha t  the bu lk  sul fur  im-  
pur i ty  concentrat ion  w a s  at least  10-15 p p m  ra the r  than 1 ppm.  

q 
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4, 23) in  which Fe304 was the only oxide phase found 
to grow at oxygen part ial  pressures <10 -5 Torr. 

Specimen preparation.--All oxidation measurements  
were made  on square tabs, 25 • 25 • 1 mm, cut 
from electron beam-zone refined polycrystal l ine iron 
obtained from Battel le Memorial Institute.  Preparat ion 
of the samples consisted of fine gr inding with 180-600 
grit  paper, electropolishing in  a 20/1 solution of 
acetic acid/perchloric acid, r insing in distilled water, 
drying in a dry ni trogen blast, and vacuum anneal ing 
at a temperature  of 715~ The samples were mounted 
in the vacuum chamber  (Fig. 1) wi thin  1 min  after 
the last of the external  cleaning steps above. The 
chamber  was pumped using a 450-1iter/sec Orb-Ion 
pump and a 2000-1iter/sec t i t an ium subl imation pump. 
Prior to the chamber bakeout, a pre l iminary  oxygen 
and carbon analysis of the sample surface was per-  
formed at 2 • 10 - s  Torr. In this manner ,  a rigid 
control was main ta ined  of the init ial  sample surface 
condition as a result  of the external  cleaning proce- 
dures. By establishing upper  limits to the oxygen and 
carbon contaminat ion at this stage, it was easier to 
a t ta in  specific ranges of impur i ty  coverage dur ing  
subsequent vacuum anneal ing procedures. After  the 
pre l iminary  surface analysis, the vacuum chamber 
was baked out and the operating pressure of 6 • 10 -10 
Torr  was attained. The sample was then subjected to 
various cycles of heating by electron beam heat ing 
and, in  some cases, an additional surface cleaning by 
argon ion bombardment .  We have found that, by  
proper selection of the sample heating temperatures  
and heating times, a part icular  surface impur i ty  cover- 
age can be reproduced within  15% from one sample 
to another. In this present  work, each iron sample was 
vacuum annealed at 715~ for two 300-sec cycles with 
a carbon and oxygen impur i ty  determinat ion performed 
after each cycle. The analysis t ime was approximately 
30 sec for the carbon impuri t ies  and 120 sec for the 
oxygen. When a surface impur i ty  level of 0.4 mono-  
layer  for oxygen and 1 monolayer  for carbon (assum- 
ing carbon is present in the form of graphite on the 
surface) was attained, the oxidation cycles were begun. 
Argon ion bombardment  was used to obtain fur ther  
reductions in the surface impur i ty  coverages in  only 
one series of experiments  which was performed to 
study the effect of carbon impurit ies on the oxidation 
process. 

Oxidation technique.--For the oxidation cycles, the 
samples were heated radiat ively by the thoriated tung-  
sten filament used for the electron beam heat ing-  
anneal ing processes. The sample was heated to tem- 
pera ture  ( •176 wi th in  180 sec and stabilized for an 
additional 120 sec. The temperature  was measured by 
thermocouples welded to the top and bottom edges of 
the iron sample. The sample was at ground potential  
dur ing oxidation runs  with the heat ing fi lament at a 
tempera ture  of approximately 1410~ With the 
residual vacuum chamber  background pressure at 
1 X 10 -9 Torr, oxygen was then leaked into the 
vacuum chamber  through a sapphire seat leak-valve. 
The oxygen was an analyzed research grade obtained 
from Mathieson Company and contained 10 ppm total 
impurities.  The oxygen pressure was raised in <2  
sec to 4 X 10 -6 Torr for oxidation times ranging from 
25 to 2000 sec. At the end of the oxidation run, the 
oxygen was shut off and the chamber  pumped to 2 
• 10 - s  Torr wi th in  3 sec, reaching 5 X 10 -9 Torr  
wi th in  240 sec, at which t ime the gate valve to the 
accelerator beam l ine was opened, the proton beam 
directed onto the sample, and the oxygen and carbon 
measurements  made. The beam- l ine  gate valve was 
closed after completion of the analyses (180 sec), and 
the O~ was reintroduced for another  oxidation expo- 
sure. For a given total exposure of oxygen, it was 
found that the same oxide thickness was obtained at 
a given sample tempera ture  no mat ter  how m a n y  
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exposure increments  were used to obtain that  total 
exposure. 

The same three tabs of Battel le iron were used for 
all oxidation runs  and were  mounted  on the sample 
holder in such a m a n n e r  that  the proton beam 
analyzed the same 1/4-in.-diameter  spot every time 
the sample was re-electropolished, rinsed, dried, and 
remounted in the vacuum chamber. Metallographic 
and scanning electron microscopic studies showed that 
the number  and grain size distr ibution of each sample 
beam spot was reasonably equal. No at tempt was made 
to determine the orientat ion of the major  grains. The 
beam spot positions were chosen in order to minimize 
orientat ion and grain size effects so that  the carbon 
impur i ty  effects could be studied. Each sample was 
re-electropolished and reoxidized five to ten times. 

Results and Discussion 
Preoxidation cleaning.--The pre l iminary  analyses of 

the Battelle iron samples performed at 5 X 10 - s  Torr 
showed mean residual surface coverages of 12-14A of 
oxide and 0.335 ~g/cm 2 of carbon. After  the two 300- 
sec, 715~ anneal ing cycles, the surface coverages were 
reduced to mean  values of 0.125 • 0.015 ~,g/cm 2 of 
carbon and 0.017 • 0.003 ~g/cm 2 of oxygen (~0.4  
monolayer) .  When utilized, an argon ion bombardment  
reduced the surface coverage of both oxygen and 
carbon another order of magnitude.  Another  result  of 
the vacuum anneal ing process which we have observed 
was the diffusion of bu lk  impur i ty  sulfur atoms to the 
iron surface, with the segregation of an  equivalent  of 
approximately 1/2-3/4 monolayer  onto the surface. 
The accuracy for the sulfur impur i ty  coverage deter-  
minat ions  is less than those for the carbon and oxygen 
measurements  since only a few sulfur  measurements  
were performed. 

For these present  kinetic studies, no at tempt  was 
made to obtain a so-called "atomically clean" surface, 
and the preoxidat ion surface carbon and oxygen im-  
pur i ty  levels (0.125 ___ 0.015 #g/cm 2 and 0.017 ___ 0.003 
~g/cm 2, respectively) were obtained without  the use 
of either argon ion bombardment  or hydrogen reduc- 
tion techniques. 

Kinetics.--Figure 2 shows the results  of oxidation at 
224 ~ 285 ~ and 350~ in  an oxygen pressure of 4 X 
10 -6 Torr. The curves are plotted directly as the 
measured oxide film thickness vs. the exposure time. 
Each point on a curve represents the mean  value 
(listed in Table I) for three samples, each of which 
was re-electropolished and reoxidized three times. The 
total exper imental  uncer ta in ty  in  the measurements  
was --+4%. The oxide thickness scale factor is uncer ta in  
to •  due to the uncer ta in ty  in the value of the 
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Fig, 2, Measured oxide film thickness vs, the exposure times in 
seconds are shown for Battelle iron samples at 224 ~ 285 ~ and 
350~ The oxygen partial pressure was 4 X 10 -6  Torr 02, and 
each point is the mean of nine oxidation runs. The estimated un- 
certainty is approximately twice the size of the data point symbols. 
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Table I. Measured oxide thicknesses as a function of temperature 
and exposure. Each thickness is the mean for three different 
Battelle iron samples, each of which was run three times 

at each temperature 

L a n g m u i r s  Seconds  a t  
(10 -6 4 x 10 -6 B a t t e l l e  i r o n  o x i d e  t h i c k n e s s  (A) 

T o r r - s e c )  T o r r  02  224~ 285~ 350~ 

0 0 0.017" 0 .017" 0.017" 
10O 25 - -  - -  15.3 
200 50 7.8 11.8 23.0 
400 100 13.4 20.2 39.2 
600 150 16.8 25.8 47.0 
800 200 - -  30.8 71.1 

1,000 250 24.6 - -  

1,200 300 24.6 35.8 104.2 
1,600 400 - -  42.0 131.6 
1,800 450 30.8 
2,000 500 - -  53"~ 153.'~ 
2 ,400 600 3 5 . 8  - -  172.5 
2,800 700 - -  68.9 - -  
3,000 750 46.5  
3 , 2 0 0  800 - -  - -  202 .7  
3,600 900 - -  80.6 
4,200 1,050 52.1 - -  
5,000 1,250 - -  - -  250.3 
6,400 1,600 - -  - -  282.8 
8,000 2,000 65.0 115.0 

10,000 2,500 - -  - -  322.0  
32,000 8,000 - -  179.2 
64,000 16.000 - -  210,6  - -  

* T h e s e  ze ro  e x p o s u r e  v a l u e s  a r e  t h e  m e a n  v a l u e s  of t h e  p r e o x i -  
d a t i o n  i m p u r i t y  c o v e r a g e  in  m i c r o g r a m s / s q u a r e  c e n t i m e t e r  of  o x y -  
gen .  

oxygen Ka x - ray  production cross section. The maxi-  
m u m  total durat ions of the oxygen exposures were 
10 -2 Torr-sec, or approximately 2.5 X 103 sec, except 
for the 285~ oxidation runs dur ing which the effect 
of the init ial  carbon coverage was being studied. For 
the lat ter  runs, the total  exposure t ime was extended 
to 16 X 103 sec. In  these experiments  the oxygen 
exposures were not sufficient in length to allow the 
oxide films on the samples to reach their  max imum 
thickness, since the ini t ial  stages of the oxidation 
process were of principal  interest. 

The kinetic data in Fig. 2 were plotted in Fig. 3 
as two-stage logarithmic oxidation curves using a 
least squares fit. Logari thmic oxidation of the form 
X ---- A In t + B (X = film thickness, t = exposure 
time) on iron at 24 ~ 100 ~ and 200~ has been reported 
by Graham, Ali, and Cohen (4), and both logarithmic 
and inverse logarithmic kinetics at 25~ were reported 
by Yolken and Kruger  (14). 

In  most oxidation theories, logarithmic oxidation 
kinetics are associated with the t ransport  of electrons 
from the metal  to the oxide-oxygen interface being the 
ra te- l imi t ing  (slowest) step. The electronic t ransport  
can occur either by thermionic emission of electrons 

350 r r , , , r , ,  I ' ' ' ' ' ' ' ' F  , , , , , T , ~  

4 x 10 -6 Torr 0 

o 3 5 0 o c  
o 285oc 
z~ 224oC 
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50 

0 i i i i i i  
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OXYGEN EXPOSURE, Iongmuirs 

Fig. 3. Data from Fig. 2 are fitted to two-stage logarithmic 
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oxidation kinetics by a least squares fit. The oxygen exposure is 
given in Langmuirs (_= 10 _6 Torr-sec). The transition points from 
1st to 2nd stage are determined from the curves to occur at 25, 36, 
and 52~ for 224 ~ 285 ~ and 350~ respectively. 
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from the metal or by quan tum mechanical  tunne l ing  
through the oxide layer. Several  authors have sug- 
gested that  for the early stages of oxidation (up to a 
few tens of angstroms) electrons can reach the oxide- 
oxygen interface very rapidly by quan tum mechanical  
tunnel ing,  in which case the rate- l imit ing step in the 
oxidation process would be ionic diffusion (iron or 
oxygen ions). Assuming substant ial  quan tum mechan-  
ical tunneling,  Mott (24) obtained a parabolic equa- 
t ion for the growth kinetics in low- tempera ture  regions 
where there is no thermionic emission, and Cabrera 
and Mott (25) obtained inverse logarithmic kinetics 
for higher temperatures  where thermionic emission 
also contr ibuted to the electronic transport.  For low- 
temperature  oxidation, Fromhold and Cook (26) 
derived a kinetic rate law similar to that of Cabrera 
and Mott for oxide films up to 20-30A, but  beyond 
which electron tunne l ing  became rate l imit ing and 
logarithmic kinetics would be obtained. 

The logarithmic oxidation kinetics which we have 
observed for the studies reported here indicate that  
electronic rather  than ionic t ransport  was the rate- 
l imit ing step. However, the abrupt  change in the rate 
constant of the logarithmic oxidation at each tempera-  
ture  is less easily explained. The separate oxidation 
stages may be associated with a change in the phase 
of the growing oxide film, or with a change in occu- 
pancy conditions associated with the t rapping centers 
of the growing oxide as described by Uhlig (7) for 
thicker oxide films. 

Uhlig (7) has proposed a theory of double loga- 
r i thmic oxidation which assumes that  thermionic 
emission of electrons through the oxide layer is the 
rate- l imit ing step. At some part icular  oxide thickness, 
where the energy difference between the Fermi  level 
of the oxide film and the trapped charge in the oxide 
film approaches the thermal  energy kT,  all of the 
t rapping levels will not be filled, and a diffuse space 
charge region can form in the oxide, overlaying the 
ini t ia l ly formed uniform oxide space charge region. An  
increase in the rate constant for logarithmic oxidation 
should occur at this t ransi t ion thickness, L, where  (27) 

L = ko [ h E / k T  -- 1] [1] 

and k0 and hE are the rate constant and activation 
energy, respectively, for the first stage of oxidation. 
To test this theory with our data, we used for our 
first stage kinetics 

X ---- k0 In ( t / z )  [2] 

where  X is the oxide thickness, t is the exposure time, 
and z is a constant. The values for k0 and z (Table II) 
were obtained from the curves in Fig. 3 and were 
used in the Arrhenius  plot of Fig. 4 to obtain the 
apparent  activation energy for the first stage, 3.58 
kcal/mole.  The values of k0 and the activation energy 
were then used with Eq. [1] to calculate the t ransi t ion 
point thicknesses, L (calc), and these were compared 
to our exper imenta l ly  determined values, L (exp), in 
Table II. The ratio L (ca lc) /L  (exp) ranges from 0.94 
at 224~ to 0.67 at 350~ The agreement  between 
these exper imenta l ly  measured and theoretically 
calculated values of L is reasonably good. However, 
we feel that  this agreement  may be fortuitous, since 
questions concerning the effects of the init ial  surface 
impurit ies (discussed below), of the precise stoichiom- 
etry of the oxide films, and of the crystallographic 

Table II. Comparison of experimental values to theoretical 
transition point values calculated by Uhlig's theory 

RaUo 
T e m p e r -  ~, L a n g -  L ( ca l c ) ,  L ( exp ) ,  L ( c a l c ) /  

a t u r e  (~ ko (A) m u i r s  A A L (exp)  

224  8.91 73 23.4 25 0 .94 
285 13.29 80 29.6 36 0.83 
350 18.38 43 34.8 52 0.67 
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Fig, 4. Arrhenius plot of the oxidation rate constants determined 
from the curves of Fig. 3 yields an apparent activation energy of 
3.58 kcal/mole for the 1st stage kinetics. 

orientation of the large substrate grains remain  to 
be answered. 

Effect of initial carbon and suISur coverage.--Kinetic 
data are given in Fig. 5 for oxidation studies of iron 
samples having different preoxidation carbon impur i ty  
coverages. The samples were oxidized in 4 • 10 -6 
Torr  02 at 285~ The lower curve (~) is for the iron 
samples with the mean  preoxidation surface impur i ty  
coverage of 0.125 • 0.015 ~g/cm 2 of carbon and 0.017 
_ 0.003 #g/cm 2 of oxygen obtained by vacuum annea l -  
ing at 715~ for 10 min. The data for the upper  curve 
(0) are for the same samples, with the preoxidation 
carbon and oxygen coverages reduced an addit ional 
order of magni tude by using an argon ion bombard-  
ment  as the final preoxidation surface cleaning step. 
For these data runs  the mean  ini t ial  coverages were 
0.012 • 0.005 ~g/cm 2 for carbon and less than 0.002 _.+ 
0.002 .ug/cm 2 for oxygen. Again, each data point is 
the mean  for the results of three different Battelle 
i ron samples, each of which was oxidized three times. 

The data for the samples with the cleaner preoxida- 
t ion surface clearly indicate a much higher oxidation 
rate and result ing oxide thickness. At  an exposure 
of 7 • 10 -2 Tort  O2-sec, the data for surfaces wi th  
0.125 ~g/cm 2 of carbon (approximately one monolayer  
if we assume it is present in a graphite form) reaches 

2 8 0  ~ t - -  , ~ - -  

o< 240 
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hJ 
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Fig. 5. Battelle iron samples with different initial carbon impurity 
coverages were oxidized at 285~ at 4 • 10 -6  Torr 02. Each iron 
sample was run at both initial carbon impurity levels in order to 
smooth out microstructure differences from sample to sample. The 
maximum oxide thickness in the upper (o) curve is estimated to be 
300-~, whereas for the lower curve (representing the dirtier sample) 
the maximum oxide thickness is estimated to be 215~. 

an  oxide thickness of approximately 215A. The samples 
with the cleaner surfaces (0.012 ~g/cm 2 carbon) reach 
an oxide film thickness estimated to be 300A from 
extrapolation of the data curve. The creat ion of highly 
active oxidation sites by the argon ion bombardment  
as a possible explanat ion for thicker  film on the 
cleaner surface was eliminated, we feel, by the use 
of a pos t -argon- ion-bombardment  anneal  at 550~ for 
900 sec. 

The role of the residual  carbon impurit ies in slowing 
the oxidation process may be (i) through an oxidizing 
process whereby the oxygen gas phase molecules are 
utilized ini t ia l ly in  the  formation of CO, possibly 
resul t ing  in the removal  of carbon from the surface, or 
(ii) the uti l ization by the impur i ty  carbon atoms of 
iron bonds which would otherwise be available for 
the iron oxidation process itself. The possibility of 
carbon oxidizing from the iron surface dur ing  the 
ini t ia l  stages of oxidation was studied for all  sample 
runs  reported here. In the temperature  range investi-  
gated here, the reduct ion in the ini t ial  carbon impur i ty  
level that  could be a t t r ibuted to removal  of carbon 
from the surface dur ing  the oxidation process averaged 
less than 10%. The removal of carbon through oxida- 
t ion would be expected to be very slight for lower 
oxidation temperatures.  Evidence has been reported 
elsewhere (28) as indicating that  these residual  carbon 
impuri t ies  tend to cont inuously redistr ibute themselves 
throughout  the growing iron oxide film, with a slight 
concentrat ion at the iron oxide-gas phase interface. 

Finally,  a brief  discussion should be made concern- 
ing the role of the other major  surface impurity,  sulfur, 
which was present during our oxidation experiments.  
The effect on the ini t ial  oxidation process of these 
sulfur surface impurities, which are a result  of segre- 
gation onto the iron surfaces of the bu lk  sulfur  im- 
purities, has not been reported. During vacuum anneal-  
ing at 600~176 Harris  (29) observed, using Auger  
electron spectroscopy, the segregation of sulfur  onto 
the surfaces of nickel, iron, and other metals. He 
demonstrated, for nickel, that  the source of the sulfur 
was bu lk  sulfur impurit ies in the metal. Sickafus (30) 
observed sulfur segregation on nickel (110) surfaces 
using low-energy electron diffraction and Auger 
electron spectroscopy, and concluded from his studies 
that  sulfur  is nonhomogeneously distr ibuted over the 
surface in domains less than  40A wide. 

The iron samples of Fig. 5 wi th  the 0.125 ~g/cm ~ 
ini t ial  carbon coverage also had a 1/2-3/4 monolayer  
equivalent  of sulfur on the surface. For the argon- ion 
bombarded samples, this ini t ial  sulfur  coverage was 
reduced by about 80%, although the sulfur  impur i ty  
measurements  for the experiments  reported here were 
not near ly  as reproducible as the carbon impur i ty  
masurements.  However, during the post-argon-ion- 
bombardment  annea l ing  cycle at 550~ for 900 sec, an 
equivalent  of about 30% of the original (pre- ion-  
bombardment)  coverage segregated back onto the iron 
surface, result ing in a net  reduction of about 50% in 
the preoxidation surface coverage due to the ion 
bombardment  process, From Fig. 5, the active impur i ty  
appears to have a large effect on the oxidation rate 
even at later (exposures longer than 1.2 • 10 -~ Torr  
O2 �9 sec) stages of the oxidation process. During iron 
oxidation at 200~ in 4 • 10 -6 Torr  O2, preoxidation 
sulfur  impur i ty  coverages have been found (28) to 
remain  at the metal-oxide interface dur ing the growth 
of oxide films up to 20A thick. We feel, therefore, that  
any direct, active role which the sulfur impuri t ies  
play probably occurs only dur ing the ini t ia l  (chemi- 
sorption) stages of the oxidation process. Extensive 
work is cont inuing in this laboratory on the role of 
this sulfur  or sulfur  layer in  the early stages of i ron 
oxidation. 

Graham and  Cohen (2) have reported results com- 
par ing the oxidation of Ferrovac E iron and Battelle 
iron at 350~ in 10 -3 Torr  02. They detected li t t le 
difference in the oxidation rates for both types of i ron 
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dur ing  the first 600 sec of exposure.  Subsequent ly ,  the  
Bat te l le  i ron oxidized at a h igher  ra te  wi th  a la rger  
final oxide film thickness. This was a t t r ibu ted  to the  
difference in gra in  sizes of the  two types  of poly-  
crys ta l l ine  iron, the  Bat te l le  i ron having la rger  and 
more  h ighly  or iented crys ta l l i tes  exposed than  the 
Fer rovac  E. They a t t r ibu ted  the  h igher  net  oxidat ion 
ra te  of Bat te l le  i ron to its e i ther  having more  exposed 
gra ins  wi th  h igher  oxidat ion  rates  or to its l a rger  gra in  
size p revent ing  the spread  of a-Fe203 f rom grains  wi th  
high a-FefO3 format ion  ra tes  onto grains less suscep- 
t ib le  to a-Fe203 formation.  Our resul ts  (Fig. 5) suggest 
tha t  the  var iance  in the  final oxide film thickness may  
also be a t t r ibu tab le  to subt le  var ia t ions in the surface 
carbon impur i t ies  at  app rox ima te ly  monolayer  equi-  
va lent  levels. 

A recent  paper  by Swanson and Uhlig (9) on thin 
film oxidat ion of copper  concent ra ted  on the effect on 
oxidat ion kinetics of the  submicroscopic facet ing of 
sample  surfaces caused by  p re t r ea tmen t  vacuum 
anneal ing in H2 and N2 atmospheres.  They suggested 
that  thei r  resul ts  indicate  tha t  surface impur i t ies  a re  
of no impor tance  for the  format ion  of thin oxide films 
on other meta ls  as wel l  as copper. Whi le  gaseous pre-  
t rea tments  of the iron surfaces were  not used here, we 
suggest tha t  for the  in i t ia l ly  formed th in  film (0-200A) 
on any meta l  surface, the role of the ini t ia l  impur i t ies  
cannot  be dismissed. 

Conclusions 
The use of pro ton-exci ted  character is t ic  x - rays  has 

al lowed us to quan t i t a t ive ly  define i ron surfaces wi th  
respect  to impur i t ies  at every  stage of cleaning, r e -  
duction, and oxidat ion at  224 ~ 285 ~ and 350~ in 4 
X 10 -6 Torr  O2. We have  found that :  

1. A two-s tage  logar i thmic  oxidat ion  process occurs 
on Bat te l le  iron at 224 ~ 285 ~ and 350~ for oxygen 
pressures  of 4 • 10 -6 Torr.  The kinetics of this process 
were  discussed in terms of Uhlig 's  oxidat ion theory,  
and good agreement  at  al l  t empera tu res  was found be-  
tween  our expe r imen ta l ly  measured  oxide thicknesses 
at which the t rans i t ion  from the first s tage to the  
second stage occurs, and empir ica l  calculat ions sug- 
gested by  Nwoko and Uhtig (27). I t  is felt  tha t  this  
agreement  m a y  be fortui tous in l ight  of uncer ta in t ies  
re la t ing to the  roles p layed  in the  ea r ly  stages of the  
oxidat ion process by  ini t ia l  carbon and sulfur  surface 
impuri t ies ,  s to ichiometry of the  growing oxide film, 
and or ienta t ion of the  exposed gra ins  on the i ron 
substrate.  

2. Vacuum anneal ing at  715~ resul ted  in remova l  
of the  na tu ra l  a i r - fo rmed  oxide films and par t i a l  re-  
moval  of the carbon impuri t ies .  Al l  of the  oxidat ion 
resul ts  r epor ted  here  were  in i t ia ted  on preoxida t ion  
iron surfaces wi th  oxygen impur i ty  levels of about  0.4 
monolayer  equivalent  and carbon impur i ty  levels  
s l ight ly  grea ter  than  one monolayer  equivalent .  

3. Reduct ion of the preoxida t ion  carbon impur i ty  
coverage on the i ron surfaces f rom 0.125 to 0.012 
#g/cm 2 resul ted in a sharp increase in the oxidat ion  
ra te  and the  oxide film thickness for ex tended  ox ida -  
tion times. This resul t  is in the  range  of oxide film 
thicknesses where  other  authors  (2, 9) have a t t r ibu ted  
s imilar  effects en t i re ly  to submicroscopic s t ruc ture  of 
the  meta l  surface. 

Br ief  ment ion has also been made  of the  segregat ion 
of sulfur  f rom the bu lk  onto the  i ron surface dur ing  
preoxida t ion  vacuum annealing.  For  Bat te l le  i ron the 
equiva lent  of 1/2-3/4 of a monolayer  of sulfur  diffused 
rap id ly  to the  sample  surface at an anneal ing tempera-  
ture  of 715"C. 

Manuscr ip t  submi t ted  June  14, 1972; revised manu-  
script  received Jan.  15, 1973. 

A n y  discussion of this paper  wil l  appear  in a Discus-  
sion Section to be publ ished in the December  1973 
JOURNAL. 

SYMBOLS 
I ,  x - r a y  yield, photons /microcoulomb 
N number  of atoms/gram 
•  surface coverage, g / cm 2 
ax th ick ta rge t  x - r a y  product ion cross-section, 

cmf /a tom 
X film thickness,  A 
t exposure  time, sec, or exposure,  Langmui r s  
A, B constants  of logar i thmic  oxidat ion equation, A 
L oxide thickness  represent ing  the t ransi t ion be-  

tween  first and second stage of oxidation,  A 
ko oxidat ion ra te  constant  for the  first stage of 

oxidation,  A 
AE act ivat ion energy for the  first s tage of oxida-  

tion, kca l /mo le  
k Bol tzmann constant,  k c a l / ~  
T absolute tempera ture ,  ~ 
x empir ica l  constant  of logar i thmic  oxidat ion 

equation, sec or Langmul r s  
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Study by Nuclear Microanalysis and 018 Tracer Techniques of 
the Oxygen Transport Processes and the Growth Laws for 

Porous Anodic Oxide Layers on Aluminum 
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Groupe de Physique des So.lides de l'Ecole Normale Sup~rieure, 
Tour 23, 11 Quai Saint-Bernard, Paris 5d~ne, France 

ABSTRACT 

The method of nuclear  mieroanalysis of stable oxygen isotopes by the 
reactions O 16 (d, p) O 17. and O 18 (p, ~) N 15 was used to investigate the mecha-  
nisms of growth, dissolution, and transport  associated with oxygen dur ing the 
formation of relat ively thin (~7000A) porous anodic layers on a luminum. The 
average charge associated with an oxygen ion fixed in the film was calculated 
on the basis of the direct measurement  of sulfur incorporation in the films. The 
current  efficiency of the oxidation was determined (and found to be low, 
,~55%) by comparing the amount  of oxygen fixed on the metal  surface deduced 
from nuclear  microanalysis to that deduced from the amount  of charge fed 
into the circuit. The rate of chemical dissolution of the oxide was measured in 
open circuit  and under  polarization and was found to be two orders of mag- 
ni tude lower than that which would explain the low current  efficiency. Hence 
the existence of an electrochemical process of cation t ransfer  must  be as- 
sumed. It  was found, by using oxygen 18 tracer techniques, that  the growing 
oxide layer is formed at the metal /oxide interface by oxygen transport  
through the base layer. The results show that about 60% of the ionic cur-  
rent  is transported by oxygen ions and about 40% by cations dur ing the 
growth of porous oxide layers on a luminum.  

Porous oxide layers produced by anodic oxidation 
of a luminum in acid solutions have been investigated 
for many  years; however, no consistent model has as 
yet been elaborated to explain the formation of these 
films. The present paper reports new data on the 
growth and dissolution of porous anodic oxide films 
on a luminum in HeSO4 [15 w/o (weight per cent) ] .  
The method of nuclear  microanalysis of the 016 and 
O is isotopes used in  this paper has been applied 
previously to the investigation of anodic oxidation of 
metals (1-3) and semiconductors (4). 

The nondestruct ive method of nuclear  microanalysis 
allows one to determine the number  of oxygen atoms/  
square centimeter  fixed by oxidation on the surface 
of the metal  specimen under  investigation. Moreover, 
by using a solution in which the water  was enriched 1 
in O is and by measur ing and locating this isotope in 
films formed in solutions having various O is isotopic 
concentrations, it is possible to tackle the problem of 
oxygen t ransport  dur ing growth and dissolution of 
porous films in a more direct way  than  would be 
possible by using other techniques, such as tracing 
with radioactive sulfur (5). 

An analysis of previous work (6-8) leads to con- 
sidering two main  types of growth mechanism of 
porous layers: (a) migrat ion of cations across the 
film, together with the oxygen bearing anions (OH- ,  
O 2-, SO42-) ; these cations form directly a porous oxide 
at the film-electrolyte interface. Mechanisms of this 
type have been suggested to explain the uniform dis- 
t r ibut ion of polyatomic anions incorporated in the 
films; and (b) cations and anions which migrate across 
the barr ier  layer continue to form a compact layer at 
the oxide-electrolyte and metal-oxide interfaces, 
respectively; then, by some process, this layer is t rans-  
formed into a porous layer at a rate equal to that of 
barr ier  layer  formation, thereby keeping the thick- 
ness of the lat ter  at a constant  value. 

The lat ter  type of growth mechanism seems to have 
been genera l ly  accepted in  the l i terature;  however, 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  w o r d s :  n u c l e a r  m i c r o a n a l y s i s ,  018 t r a c i n g ,  a l u m i n u m ,  p o r o u s  

o x i d e ,  s u l f u r i c  acid ,  d i s s o l u t i o n  c u r r e n t ,  c u r r e n t  e f f ic iency ,  o x y g e n  
m o v e m e n t .  

1 N o r m a l i z e d  O is e n r i c h e d  w a t e r  p r o d u c e d  a t  t h e  W e i z m a n n  I n -  
s t i t u t e ,  R e h o v o t ,  I s rae l .  T h e  n a t u r a l  a b u n d a n c e  of O is is  0.204%. 

there is still much controversy, in part icular  as regards 
the conversion mechanism of the barr ier  layer into a 
porous layer. Keller  et al. (9) have suggested a purely  
chemical process of t ransformation:  the convergent 
flow of current  was supposed to raise the temperature  
and concentrat ion of the solution at the base of the 
pores, thereby accelerating the chemical dissolution of 
the oxide formed. Such a mechanism consisting in 
Joule heating of the solution has been accepted by 
numerous  authors (7, 10). However, recent calculations 
by Nagayama and Tamura  (11) have shown that the 
rise of temperature  at the pore base is practically 
always negligible. 

Hoar and Mott (6) have explained the dissolution at 
the pore base as being a field-assisted process. They 
assume that the oxide film formation occurs at the 
oxide-metal  interface by O H -  migration. Under  the 
effect of the electric field, the protons produced by 
this reaction would migrate  toward the oxide-solution 
interface at the pore base. This process favors the 
dissolution of A1 ions from the oxide into the solution. 
However, the origin of the O H -  ions and the mecha- 
nism of electrochemical dissolution have not been 
specified. Moreover, as pointed out by Young (12), no 
exper imental  evidence has been obtained for these 
mechanisms. Finally,  this model has been in part  
rejected by Hoar himself and Yahalom (7). 

Moreover, Nagayama and Tamura  (11) have shown 
that the quant i ty  of A13+ in the solution after oxida- 
tion exceeds that of A13+ originating from the forma- 
tion of the pores. F rom this they inferred the existence 
of electrochemical dissolution of A1 at the pore bases. 
This conclusion has been criticized several times by 
Diggle et ah (13). By S ~5 tracing, they have shown 
that the above difference is probably caused by an 
extensive chemical dissolution of the oxide all over 
the oxide-solution interface. 

To gain some insight into these problems, in a first 
series of experiments we investigated the current  
efficiency of the formation of porous layers. The quan-  
t i ty of oxygen a toms/square  centimeter  of No fixed on 
the specimen surface, measured by nuclear  micro- 
analysis, was compared to the quant i ty  Nqox of oxygen 
which is equivalent  to the ionic charge Qox applied 
during anodic oxidation. To determine Nqox on the 
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basis of coulometric measurements,  it is necessary to 
know the value of electronic losses and the charge 
associated with an  oxygen atom. Informat ion about this 
was found in the li terature. Spooner (14) has shown 
that the electronic losses can be disregarded. This 
result  was confirmed in Ref. (8). 

Moreover, it is well  known (2) that  anodic films 
formed in concentrated acids contain a large number  
of anionic impurit ies of the AxOy n -  type. According 
to Ref. (15), for a l u m i n u m  oxidized in H2SO4 (15%) 
the incorporation of sulfate anions can be estimated to 
represent  14% of the total weight of oxide in the case 
of thick layers. 

Using the method of back-scat ter ing with 4He+ 
ions at 1800 keV [see Ref. (1)] we measured the rate 
of sulfur incorporation dur ing the formation of th in  
oxide layers and we evaluated the average charge of 
the oxygen atoms under  our exper imental  conditions. 

In  a second stage, we investigated the dissolution 
of the oxide in open circuit and during growth. In  a 
certain way, this invest igat ion complemented the o n e  
described above, since the dissolution of the outer par t  
of the oxide, which has been proposed to explain the 
poor cur ren t  efficiency observed by the other authors, 
has not yet  received quant i ta t ive  evidence. In  the 
present  experiments,  we produced a th in  porous layer, 
enriched in 0 TM, superimposed on a porous layer de- 
pleted in O TM. Determining the O 16 and O TM losses of 
this duplex layer after dissolution, it is possible to 
obtain quant i ta t ive  informat ion about the rate of dis- 
solution in the pores and on the oxide surface, as well 
as to specify the origin of A13 + in the oxidation bath. 

The Iast part  of these experiments  was devoted to 
a study of the na ture  of charge carriers during the 
oxide formation by means of 0 TM tracer techniques. 
This method was introduced by Amsel and Samuel 
(16) for invest igat ing the t ransport  mechanism dur ing 
the formation of compact films. In  the present  experi- 
ments, films of different thickness were obtained in 
solutions of the same chemical type (}-12804, 15%) 
with various O is isotopic concentrat ion and the O TM 

was then  located in these duplex films. 

Experimental 
Measurement of 016 and OlS.--The method of nuclear  

microanalysis used in this paper  is based on the deter-  
minat ion of the number  of particles coming from the 
following nuclear  reactions: 016 (d, p) O 1~* and O TM 

(p, a)N 15. The basic principles of this method have 
been described in a series of papers by members  of 
our laboratory [see Ref. (1) and (17]. 

Measurement o~ sulfur.--The energy of back-scat-  
tered particles is a function of the incident  energy and 
of the masses of the incident  particle and the target 
nuclei. This method, described elsewhere (1), allows 
o n e  to measure  the quant i ty  of heavy impuri t ies  con- 
ta ined in a light matrix.  A 1800 keV q-Ie + beam was 
used in the present experiments  to determine the 
sulfur  contained in a luminum oxide formed on an 
extra pure metal  (99.999%) (see paragraph on Prepar -  
ation of solution and specimens, below).  

Location of O1S.--Isotopic analysis of oxygen at 
various depths in anodic layers was used for the first 
t ime by Amsel and Samuel  (16) to investigate the 
migrat ion mechanism of ionic charge carriers during 
the growth of compact a luminum anodic oxide films. 
This method consists in  an analysis of the excitat ion 
curve as a funct ion of bombarding energy in the 
vicini ty of a nar row resonance of the O Is (p, a)N 15 
reaction, measured for the sample under  investigation. 

In  this paper, we used the 2.5 keV wide resonance 
at 629 keV, according to a technique described by Amsel 
et al. (1, 18). By fitting the theoretical excitat ion 
curve, calculated for a given concentrat ion profile, with 
the exper imental  curve we deduced the O TM concen- 
t rat ion profile C(x) in the oxide obtained by successive 
oxidation in  two solutions of different isotopic con- 
centrations. 

Preparation oy solutions and specimens.--We used 
annealed, rolled a luminum pure to 99.9 or 99.999%. 
Specimens of the lat ter  type were supplied by Ma- 
terials Research Corporation. The na tura l  oxide layer  
o n  this metal  is of the order of 50A. The specimens 
were rectangular  having an area of 2 cm 2. Before 
oxidation the surfaces were thoroughly cleaned with 
acetone and then washed with bidistilled water. The 
method of electrochemical polishing was not used here 
for the same reasons as explained in (3). 

Two types of solutions were used: "so is'' enriched to 
about 10% and O TM and "so 16'' depleted 20-30 times 
in O TM. A special oxidation cell (5 cm 8) was used be-  
cause of the high cost of labeled electrolytes. The 
specimen holder has been described in (2) and  (3). 
The temperature  of the cells was controlled with an 
accuracy of 0.5~ and was equal to 15~ 

Experiments  were carried out at constant  voltage 
Vox ---- 10V for a fixed t ime by applying the voltage 
between the specimen and a helical p la t inum cathode. 
It was shown that  there was practically no isotopic 
exchange between the oxygen of the oxide and that  
of the water (see below).  For this reason the speci- 
mens were washed with r unn i ng  distilled water  to 
remove any  residual  acid and then dried. 

In  agreement wi th  the l i terature  (19) we found that  
the isotopic exchange of oxygen between SO42- and 
H20 is negligible under  the present  exper imental  con- 
ditions. Therefore, the O is labeling of the SO4 groups 
is equal to 0.204% (natura l  abundance)  both in So TM 
and so TM solutions. 

Results and Interpretation 
Analysis of back-scattering spectra . - -For  1800 keV 

incident  4He+ ions, Fig. 1 shows typical  back-scatter-  
ing ampli tude spectra obtained: (a) from the pure 
metal  and (b) from the metal  covered with a 210A 
oxide layer. The presence of the neat ly  resolved peak 
at 1126 keV corresponds to the presence of sulfur. 
Calculations, based on the Rutherford formula for 
elastic scattering cross sections, led us to the value of 
7 X 1015 sulfur a toms/cm = with an accuracy of 10%. 
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Fig. 1. Back-scattering amplitude spectra for 4He+ ions at 1800 

keV obtained on pure and oxidized aluminum. 
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this film conta in ing on the other hand 122 • 1015 
oxygen a toms/cm 2. Assuming that  all the sulfur is in  
the form SO~ 2-, the percentage of oxygen incorporated 
in  the form of sulfates is equal  to 23 +_ 6%. The l i tera-  
tu re  gives (15) the sulfur  content  of those films as 
the weight percentage of the SOs group in thick films: 
the value reported is 12-14%. Recalculating the similar 
quan t i ty  on the basis of our results we find 14 _+ 3% 
in reasonable agreement.  

We shall  now calculate the average charge required 
to fix an oxygen atom in  the oxide. Let us assume first 
(assumption a) that  the oxide is of the form 

A12 ~+ [(O2-)x,  (SO42-)y] [a] 

We find readily that  x : 2.79 and y = 0.21. The aver-  
age charge is then: (0.77 _+ 0.06) . ( --2)  + (0.23 +_ 
0.06) �9 (--0.5) = --1.65 _+ 0.1 where --2 is the aver-  
age oxygen charge for pure oxide and  --0.5 for pure 
sulfate. 

It  is reported in  the l i terature (8) that  SO4 ~- 
anions may be fixed by adsorption and can be accom- 
panied by protons. The extreme assumption [b] wil l  
therefore be made that  the oxide is of the form 

(A12 ~+ O32-), (H2SO4)~ [b] 

with the oxygen charge in  the sulfate being zero. Then 
y : 0.22, and the average charge is ( - -2)  �9 (0.77 +_ 
0.06) ---- --1.54 _. 0.1. 

Current e~ciency.--Experiments were performed at 
constant  voltage (Vox -- 10V) and in steady-state 
conditions. The time when the porous film begins to 
grow under  constant current,  i.e., when the steady- 
state conditions are reached, was used as an arbi t rary  
reference. In our experiment,  this t ime was equal to 
30 sec. Coulometric measurements  were made taking 
this ins tant  as the origin of the time, t. Figure 2 shows 
the t ime dependences of: curve 1, the number  of oxygen 
atoms/cm e No (t) measured by nuclear  analysis (the 
ini t ia l  quanti t ies  of oxygen fixed up to 30 sec being 
substracted);  and curve 2, the quanti t ies of oxygen 
Nqox calculated from coulometric measurements  by 
giving to each oxygen atom the l imits of the average 
charge deduced from model [a], i.e., 1.55 and 1.75 
electron charges (curve 2a and 2b), respectively. The 
variat ion of No(t)  and N~ox(t) are l inear  and the ratio 
of the mean  slopes gives the efficiency of the reaction 
which is constant  over the range of oxidation t imes 
investigated (rex --~ 10 rain) .  The efficiency obtained is 
53 __ 3%. If the average charge deduced from model 
[b] is used the current  efficiency obtained is 48 _+ 
3%. 

Mason and Slundler  (20), Mason and Fowle (21), 
and Spooner (14) measured the cur ren t  efficiency, ex- 

lOC 
% 

" 5{:: 

0 

o 2 a  ~ '2b 

5 10 
T I M E ,  rain 

Fig. 2. Quantity of oxygen fixed on aluminum oxidized in steady- 
state conditions as a function of oxidation time in 15% H2S04 at 
|OV and 15~ Curve I is deduced from nuclear microanalysis and 
curves 2a and 2b from coulometric measurements assuming the 
average charge of oxygen to be 1.55 and !.75, respectively. 

pressed in  terms of coating ratio, of a l u m i n u m  anod- 
ically oxidized in H2SO4 solutions under  different con- 
centrations, temperature,  and current  density condi- 
tions. The coating ratio is given by the expression 

weight of oxide formed 

weight of a luminum consumed 

If the current  efficiency for the conversion of alum- 
i num to a lumina  were 100%, the coating ratio would be 
1.89 (2.20 if SOs incorporated in  the oxide represents 
14% of the oxide weight) .  

Exper imenta l  observations suggest that  the coating 
ratios measured are always less than  these values and  
decrease as the electrolyte tempera ture  and concen- 
t rat ion increase and current  densities decrease. Oxida- 
t ion t ime is a complicated funct ion of current  density 
and temperature.  For  small  cur ren t  densities, the coat- 
ing ratio decreases wi th  time. If it is measured for 
very short oxidation times and at constant  current  
densities (to• - -  2 min, for I ~ 5 mA/cm~),  the coat- 
ing ratios are obviously influenced by the coating 
ratio of barr ier  film formation which could be much 
higher than  dur ing porous film formation (7). This 
effect can be neglected for tox ---- 10 rain. For  these 
reasons, we have compared our results to those of Ref. 
(14), (20), and (21) obtained at tox ---- 10 min. For  
the oxide formation at conditions similar to ours (tox 
: 10 min, 15% H~SO4, I ~_ 5 m A / c m  2 at steady-state 
conditions) we found that  according to Mason and 
Fowle (21) the coating ratios were equal to 1.47 at 
10~ and  1.33 at 2i.1~ (theoretical value: 2.20). These 
values correspond to current  efficiencies of 66% and 
60%, respectively. Similar  results can be deduced 
from the measurements  by Mason and Slundter  (20) 
and Spooner (I4).  The current  efficiency calculated 
from Ref. (11) is equal to 66% (tox = 10 rain).  This 
value was obtained from chemical analysis of the 
a luminum dissolved in the solution and compared to 
the coulometric curve. It  can be noted that  the value 
of the current  efficiency calculated in  Ref. (11) is 
independent  of the model chosen for the oxide formed, 
i.e., independent  of the average charge of the oxygen 
fixed in the oxide. This value of current  efficiency, 
al though obtained at different conditions (t = 27~ 
I = 9.5 m A / c m  2, 10% H2SO4), is practically the same 
as that measured by gravimetric methods (14, 20, 21) 
at our exper imental  conditions. Our  value 53 _+ 3% 
is about  20% smaller  than  those ment ioned in the 
above l i terature data. It  can be noted that  the experi-  
menta l  errors due to the methods used in Ref. (11), 
(14), (20), and (21) were not discussed in these papers. 

I t  is interest ing to note that  if one gives the average 
oxygen charge --2 to all oxygen fixed in  the oxide, 
the current  efficiency measured in our experiments  
comes to 64%. This value is practically the same as 
these deduced from Ref. (11), (14), (20), and  (21). 
However, it  is difficult to consider a mechanism which 
could explain the presence of sulfur  in the oxide not 
in the form of sulfate but  in some reduced form due, 
for example, to the chemical action of water. There-  
fore, on the basis of some data in  the l i te ra ture  (8) 
we cannot exclude the hypothesis that  incorporation of 
sulfates is lower in  steady-state conditions than  mea- 
sured at the beginning of the oxidation (210A):. Thus 
the current  efficiency would be in real i ty somewhat 
greater than 53 +_ 3% and equal to a value wi th in  the 
limits 53-64%. Hereafter, we will base the discussion 
of these results on the assumption that  the current  
efficiency is equal  to 53 ~ 3%. Anyway,  the general  
conclusion of this work does not change if the current  
efficiency is taken to be equal to 64% instead of 53 
_+3%. 

A simple calculation of the size and n u m b e r  of pores, 
based upon numerica l  estimations by Keller  e t a l .  (9) 
shows that  the poor current  efficiency is not s imply 
due to the loss of a luminum from the volume of the 
pores. For  oxidation in a 15% H~SO4 solution at I0~ 
Kel ler  et aL found that  the radius of the pore to, at 
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the outer  surface of the film, is equal  to 60A. The 
volume of the pores expressed in per  cent of the 
total vo lume of the oxide, Vo, can be calculated from 
the empir ical  formula:  Vo = 78.5 �9 ro2/R 2, R being the 
radius of the cell; R = A V  W to, where  the wal l  thick-  
ness A is equal  to 8 A / V  and V is the film formation 
voltage. One finds R = 140A and the volume of the 
pores is calculated to be 14% of the total  vo lume of 
the oxide. 

It  follows that  the total  surface, S, of the pores per 
square cent imeter  on the outer surface of the oxide 
is equal  to 0.14 cm ~ assuming that  the pores are cylin- 
drical, i.e., that  lateral  dissolution along their  walls 
is negligible during film formation (this hypothesis 
wil l  be confirmed in the following section). The num-  
ber of pores per square centimeter,  N, can be evalu-  
ated by dividing the total  surface of the pores, S, by 
nro 2, i.e., the surface of one individual  pore. N = 1.27 
• 1011 pores /cm 2 is the result  obtained. 

Recently, Wood et al. showed (22) by sectioning a 
film perpendicular ly  to the a luminum surface that  the 
barr ier  layer and the pores were  clearly visible. How-  
ever, the dimensions of the cells displayed in this way 
were  somewhat  different from those indicated by 
Kel ler  et al. (9). In par t icular  Wood et al. found the 
diameter  of the pores for films formed in 15% H2SO4, 
to be about 100A, instead of 120A as measured by 
Keller.  It  should be noted that  in spite of certain 
quant i ta t ive  disparities, Wood gives a perfect  con- 
f irmation of the s t ructural  model  proposed by Keller.  
Obviously, the vo lume of the pores (14%) cannot 
explain the poor current  efficiency even if it is 64 __ 
3% and not 53 _+ 3%. 

Open-circuit dissolution.--The rat io of the quant i ty  
of oxygen lost to the initial quant i ty  of oxygen in the 
film is shown in Fig. 3 (curve 1) as a function of 
dissolution t ime in open circuit. Fi lms formed at 10V, 
15~ for 6 min, 3 rain, and 1 min 50 sec were  dissolved 
in a 15% H2SO4 solution. An analysis of the results 
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+ Z81 x 1017 at/cm 2 
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a 23.0 xlO 17at/cm 2 

2o 

0 100 200 

TIME, min 
Fig. 3. Percentage of oxygen lost with respect to the initial 

quantity of oxygen in the film as a function of the open-circuit 
dissolution time in 15% H2SO4 at 15~ Curve 1: films formed in 
s016 solution; 0 TM losses with respect to the total initial quantity 
of oxygen. Curve 2: duplex film; 0 TM losses with respect to the 
initial amount of 0 TM in the film (see Fig. 4). 
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leads us to the following conclusions: (a) the apparent  
dissolution rate expressed as the percentage of oxygen 
lost depends only sl ightly on t ime throughout  the 
range invest igated (up to 200 min) ;  and (b) the per-  
centage of oxygen lost f rom the specimens invest igated 
are independent  of the init ial  thickness of the film. 

In order to compare the dissolution rates of the fron-  
tal and lateral  oxides (v2, vl)  (see Fig. 4), we  formed a 
duplex layer  in a solution enriched to 10% in O TM 

(,~150A) and then in a solution depleted in 0 TM 

(~1800A).  When the total  oxygen losses (0  TM W O TM) 

are considered as a function of t ime the relation is the 
same as that  given by curve 1, Fig. 3. Curve 2, Fig. 3, 
shows the t ime dependence of the percentage of O TM 

lost re la t ive  to the initial O Is content  of the film; this 
percentage indicates the re la t ive  oxygen loss of the 
surface layer. 

In order to be able to ful ly  in terpre t  these experi-  
ments, it appeared necessary to invest igate the i so top ic  
exchange of the oxygen contained within  the film wi th  
oxygen contained in the solution, as, in principle 0 Is 
losses may  be due not only to the dissolution of the 
film, but  also to isotopic exchange. In order to increase 
the accuracy of our measurements ,  we invest igated the 
oxygen exchange between films formed in solutions de- 
pleted in 0 TM and then immersed in a solution en- 
riched in 0 TM . There  appears to be no increase in the 
quant i ty  of O TM inside the film after  a 2-hr contact  with 
the solution. On the other  hand, there  is a decrease of 
the total  quant i ty  of oxygen due to the dissolution. /~l- 
though, due to this dissolution, such an exper iment  
does not allow us to draw precise conclusions as to the 
value of the electrochemical  oxygen exchange current,  
it appears clearly that  the rate  of isotopic exchange 
(the uptake of oxygen atoms per unit t ime) seems to 
be negligible compared wi th  the ra te  of chemical  at-  
tack. 

We shall a t tempt  to discuss the resul ts  obtained 
above under  the assumption (suggested by several  au- 
thors) that  the constant ra te  of dissolution vl ( cm/  
min) along the walls of the pore differs f rom the rate  

hl 
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Fig. 4. Schematic structure of a porous layer: v~ and vz are the 
frontal and lateral rates of dissolution of the oxide, respectively; 
r o is the pore radius; ho is the thickness of the enriched layer; hi 
is the total thickness of the porous layer. 
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of dissolution v~ at the outer surface of the film (see 
Fig. 4). We shall apply Keller 's  geometrical model and 
quant i ta t ive evaluations in order to determine vl 
and v2 which may be calculated by a method similar 
to that used in  Ref. (11). 

The ratio gl of the  pore wal l  surface to the apparent  
surface of the specimen, at a given t ime 0 is 

gl = 2xrhN 

where r is the average radius of a pore at time e, and 
h is the thickness of the film (the thickness of the 
compact base layer is assumed to be negligible com- 
pared with the total thickness of the film). At  a given 
time 8, the ratio g2 of the outer film surface to the ap-  
parent  surface of the specimen is 

g2 = 1 -- ~r2N 

Because the rate of dissolution remains  constant, r 
increases and h decreases l inear ly  with t ime 

r : r l + V l 0  and h : h l - - v 2 8  

where hi and rl  are the thickness of the film and the 
average pore diameter  at 0 : 0, respectively. 

The quant i ty  of oxygen dissolved at a t ime t is given 
by 

s l: N o ( t )  = aVl~ gldo + ~ve8 g2do 

where  ~ is the fraction by weight of oxygen in the film 
and 5 is the density of the film. After  calculations this 
expression becomes 

[ N o ( t )  = ~gvl2~N hl r i t  ~- (vlhl  -- v2ri) 
2 

--  V l V ~  ] ~- a b v , [  ( 1 -  ~Nrl2)t 

$2 vI2t 3 ] 
- -  2~Nrlv l  2 3 

The total  quant i ty  of oxygen in the film prior to dis- 
solution is 

No : ~h15 --  a~rl2hlN8 : ahl~ (1 -- ~rl2N) 

In  this expression, aShi is the quant i ty  of oxygen 
which would be present  in the film of thickness h if 
the film were free of pores and a;trl2hiN5 is the quan-  
t i ty of oxygen which would be contained within  the 
pores. 

The rat io of oxygen lost after a dissolution t ime t 
to the ini t ial  quant i ty  of oxygen is 

N o ( t )  [ 2 ~ N r i v l  v_~i] 
p = - - =  . . . .  + t 

No 1 --  nNri  2 

~N[v l2h l  --  2vlv2ri] ~Nv12v2t s 
+ t 2 -- [ la]  

hi ( 1 --  =Nri 2) hi  ( 1 --  =Nri 2) 

Equat ion [ la]  shows that  the general  expression for 
p as a function of dissolution t ime contains t 2 and t s 
terms, as well  as a l inear  term. Exper imental  results 
show (Fig. 3) that  under  our conditions (dissolution 
t ime t ~ 200 min) ,  p is essentially a l inear  function 
of the dissolution time. Thus, we shall only keep 

p - -  
1 --  r~Nrl ~ t- t ,  [ lb]  

or  
p --  [A �9 v l  + ve �9 h l - ~ ] t  [lc] 

where  A = 5.55 X 10-~ A - L  

From Fig. 3, we  can deduce two values of p; one for 
a total film thickness of 18003, (curve 1) and a second 
value deduced using the thickness of the oxygen 18 
enriched surface layer presented in  Fig. 4 as ho, i.e., 

150A (curve 2). For  an arb i t ra ry  dissolution t ime equal 
for example to 100 min, we can calculate from Eq. [lc] 
the values of vl and v2. We find that these values are 
practically the same and equal to 2 • 10 -9 cm/min :  
Consequently, the t e rm v2 /h l  (curve 1) is ten times 
smaller than the term 2 ~ N r l v l / 1 -  ~Nri 2. In  addition 
the nonl inear  terms are indeed negligible in Eq. [la] 
for these values of the parameters.  

For  hi ~ 1800A the v2 term can be neglected and 

2~NrlVl 
p ~  . . . . . . . . . .  t 

1 --  ~Nrl  2 

This means that the oxygen loss is independent  of the 
init ial  thickness of the film as was shown experi- 
menta l ly  (curve 1, Fig. 3) 

In  fact, the value vl determined in  this way depends 
on quant i ta t ive  hypotheses based on the data of Keller  
et al. which certain authors consider to be underest i -  
mated. Furthermore,  the determinat ion of the value 
v2 depends on the accuracy of the value ho used for 
the surface film thickness (Fig. 4). Although these 
remarks cast a certain doubt on the rel iabil i ty of the 
values of Vl and v2, it should be clear that  the dis- 
solution rates along the pore walls and on the outer 
surface are of the same order of magnitude.  On the 
other hand, it seems significant that the values of vi 
and v2 established by investigating the oxygen losses 
(15% H2SO4 at 15~ are of the same order of magni-  
tude as those obtained by Nagayama and Tamura  at 
27~ in 10% H2SO4 (7.5 X 10 -9 cm/min)  by analyzing 
the a luminum dissolved. 

Dissolut ion  during oxide  g r o w t h . - - I n  the previous 
paragraph we showed that  in the case of open-circui t  
dissolution there is no appreciable difference between 
the dissolution rate at the outer oxide-solution in ter -  
face and the dissolution rate along the pore walls. We 
are now faced with the problem of knowing whether  
there is a high dissolution rate at the outer oxide-solu- 
t ion interface during film formation and, if so, whether  
this can account for the poor current  efficiency ob- 
served. To settle this question, we at tempted to esti- 
mate  the variations of the quant i ty  of O TM in the films 
ini t ial ly formed in  an  enriched solution and subse- 
quent ly  reoxidized in a depleted solution. Such a film 
was formed for 15 sec in sol8 at 10V and then reoxi- 
dized for 10 min  in sol6. Measurements showed that  
there  was an increase in O TM of 2.6 • 0.1 X 10 ~ a toms/  
cm ~ in the final duplex film compared to the original 
film which contained 15 X 1015 atoms OiS/cm2. 

Fur the r  measurements  showed that  a film formed for 
10 min  in  sol6 at 15~ 10V, contains 3 • 0.15 X 1015 
atoms O18/cm 2, which comes par t ly  from the O TM of the 
depleted solution and, above all, from the incorporation 
of SO~ ions of na tura l  isotopic concentration. It  can be 
concluded from the difference between the values mea-  
sured that there is a loss of 0.4 _+ 0.25 X 1015 atoms 
OiS/cm2 at the film-solution interface during reoxida-  
tion. Curve 2 of Fig. 3 shows that open-circuit  dis- 
solution for 10 mi n  results in a loss of 0.4 X 10 l~ atoms 
OlS/cm2 for a film which contains, like the original 
duplex film specimen, 15 X 10 TM atoms OlS/cm 2. Thus, 
the oxygen losses dur ing reoxidation and the losses 
under  open-circui t  dissolution seem to be of the same 
order of magnitude.  

G r o w t h  m e c h a n i s m . - - I n  order to unders tand the 
physical meaning of the above results, it was thought 
necessary to examine the possible configurations of the 
isotope distr ibution throughout  the duplex film, ac- 
cording to various t ransfer  mechanisms. 

During reoxidation, a new layer having a differ- 
ent  isotopic composition from that  of the first layer 
can form at the three interfaces: (i) porous layer-  
solution (Fig. 5a), (ii) compact layer-porous layer 
(Fig. 5b), and (ii i)  metal-compact layer (Fig. 5c). 

(i) In  the case of the first configuration (Fig. 5a), 
the oxide forms at the porous layer-solut ion interface 
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Fig. 5. Oxygen transport daring porous formation. New layer 
formed (a) on the top of the porous film, (b) at the porous/compact 
layer interface, and (c) at the compa:t layer/metal interface. 

by cation migrat ion across the compact and porous 
layers. 

(ii) According to Fig. 5b, the oxide forms at the 
compact layer-porous layer interface either by long 
range cation migrat ion or by an order conserving oxy- 
gen propagation t ransmit ted  from neighbor to neigh-  
bor across the compact layer. The new layer immedi-  
ately t ransforms into a porous layer main ta in ing  con- 
stant  the thickness of the compact layer. 

(iii) In  the third configuration (Fig. 5c), oxide for- 
mat ion occurs at the compact layer -meta l  interface 
by long-range migrat ion of oxygen coming directly 
from the solution. In  this case, too, the thickness of the 
compact layer  does not change because of immediate 
t ransformat ion into a porous layer. 

Figure 6 shows the excitation curves for three types 
of specimen obtained near the resonance at 629 keV. 
Curve 1 refers to a porous oxide film formed for 15 sec 
in 15% H2SO4 enriched in O TM (solution so18) at 10V. 
Curve 2 has been obtained for a duplex film, first 
formed for 3 min  at 10V in 15% H2SO4 depleted in 0 TM 

(so16) and then reoxidized at the same potential  for 
15 sec in sol& The quant i ty  of O TM added is equal 
wi thin  10% to the quant i ty  of 0 TM in the specimen of 
curve 1. Curve 3 refers to a duplex layer formed under  

1000 I J j 

0 10 20 30 40 

A E K e Y  

Fig. 6. Excitation curves of 0 TM (p, ~) N 15 reaction near the 629 
keV resonance. Curve 1: thin porous film formed in O TM enriched 
solution (15 sec); curves 2 and 3: duplex films, first formed in a 
solution depleted in 0 TM for 3 and 6 min, respectively, and then 
reaxidized at the same potential for 15 sec in an 0 TM enriched 
solution (v ~ 10V; t = 15~ 15% H2SO4). 

conditions similar to those described above, wi th  an 
init ial  oxidation time in so16 equal to 6 rain. Analysis 
of the curves shows that the resonance max imum is 
shifted toward higher energies. This seems to indi-  
cate that  all the 0 TM atoms added during reoxidation 
are embedded in the bulk  of the oxide and that  their 
depth relat ive to the fi lm-solution interface depends 
on the original porous layer formed in so16. However 
due to energy straggling of the protons the spread of 
the O TM distr ibut ion around its mean  value cannot be 
determined with sufficient accuracy from the observed 
broadening of the excitation curves. In particular,  no 
assertion can be made as to whether  the oxygen atoms 
coming from reoxidation accumulate near  the metal -  
compact layer interface (Fig. 5c) or whether  they are 
distr ibuted throughout  the duplex film. Anyway,  this 
consideration makes configuration 5a impossible. 

To gain a deeper knowledge of this fundamenta l  
aspect of the t ransport  mechanism, tests were carried 
out exchanging the two oxidations. After formation of 
an original layer with O TM followed by reoxidation with 
016, the original O TM layer would remain  at the surface 
if the oxygen atoms coming from reoxidation were lo- 
cated at the metal-compact  film interface. In this case, 
one would observe a narrow resonance peak corre- 
sponding to that  obtained from the layer prior to re- 
oxidation, whatever  the addit ional thickness of the 
oxide layer. If the oxygen atoms were found at the 
compact film-porous film interface, there would be 
two peaks originating from deep-seated and surface 
O TM, respectively. Figure 7 shows the theoretical ex- 
citation curve corresponding to such a case (curve 3). 

Figure 7, curve 1, shows the excitation curve for a 
film formed in sol8 (10V, 15 sec). Curve 2 shows the 
excitation curves for duplex films formed in sol8 (10V, 
15 sec) and then  reoxidized at the same potential  in 
so16 for various fixed times (1 min, 30 sec; 3 min;  6 
min) .  

It can be seen that  there is only one peak coinciding 
with the resonance peak, whatever  the addit ional 
thickness. Thus, the actual picture of the isotopic dis- 
t r ibut ion is shown by Fig. 5c. It is impossible to ascer- 
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Fig. 7. Excitation curves of 0 TM (p, c~)N 1~ reaction near the 629 
keV resonance. Curve 1: thin porous film formed for 15 sec at 10V 
and 15~ in 0 TM enriched solution: curve 2; duplex film, first formed 
in an 018 enriched solution (see above) and then reoxidized at the 
same potential in an 0 TM depleted solution for fixed times of 1 
min 30 sec, 3 min, 6 min; curve 3: theoretical curve of the duplex 
film (6 min reoxidation) calculated when one-half of the initial 
0 TM layer remains at the metal-oxide interface. 
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tain whether  there is a mix ing  of O TM and O 16 beyond a 
depth of ~200A below the surface layer, because of the 
l imited invest igat ing possibilities of our experiment.  

Nevertheless, it should be noted that the val idi ty of 
the conclusions as regards the choice of the t ransport  
mechanism does not depend on the absence or presence 
of this re la t ively small  mixing. 

Discussion 
The above exper imental  results lead to the deter-  

minat ion  of the various terms of the cur ren t  forming 
the porous layers disregarding electronic losses (8, 14). 
For  steady-state conditions [see Ref. (3)] 

Itot = Iox "~ /dis [2] 

Obviously, Iox is proportional to the current  effi- 
ciency of film formation, which is found to be constant  
in our exper imental  conditions (tox ~ 10 min) .  It  rep-  
resents 53 • 3% of Itot (/tot = const). Thus, /dis is 47 
4- 3% of/tot. According to Diggle et  al. (5, 8), /dis is the 
sum of two terms; Idec and  Ichim: 

Idec is the charge per un i t  area, per un i t  time, re-  
quired to form a volume of oxide equal to the volume 
of the pores. 

Ichtm is the charge per  uni t  area, per un i t  t ime needed 
to form the oxide dissolved chemically. Therefore 

Idis : Idec -I- Ichim [3a] 

Ichim depends on the pore geometry which is itself de- 
pendent  on the anodizing t ime used in film formation 

Ichim "-- ichim " S 

where ichim is the oxide dissolution rate of the oxide 
per real square centimeter;  in our exper imental  condi- 
tions, we obtained vl : v2 = 2 • 10 -9 cm/min,  i.e., 
equivalent  to a current  density per real  uni t  surface 
of 0.3 ~A/cm2; S is the ratio of the total real surface of 
the pores to the apparent  surface of the specimen. S 
can be calculated from the expressions 

S : 2~rz �9 hi �9 N 

For r l  = 60 • 10 - s  cm, N = 1.27 • 10 lz pores/cm ~, 
and  hi = 7 • 10 -5 cm, (which is the max imum  thick- 
ness of films studied in this work) ,  we found: S = 33.7. 
Thus, the m a x i m u m  value of Ichim is equal to 10.1 
#A/cm 2. In  o u r  experiment,  Itot ~ 5 m A / c m  2 and /dis 
(47% of /tot) ~ 2.4 m A / c m  2. This means that  for tox 

10 rain the max imum value of Ichim is much smaller  
than  1% of Idis and can be disregarded. 

The value of Idec 2 can be deduced from the volume 
of the pores and can be determined from the data of 
Keller  et at. (9) to be about 9% of Itot. It should be 
noted that the value of Idec is independent  of the oxide 
dissolution mechanism for producing pores. According 
to l i tera ture  data [see for example Diggle et  al. (23)], 
it is a field-assisted process, the mechanism of which, 
however, has not been specified. 

Thus, our results cannot  be explained by Eq. [3a]. I t  
is logical to suppose that  Idis has a third component  
(IA1) and  can be wr i t ten  as Eq. [3b] 

Idis : Idec "~ IAI -~- [chim [3b] 

which, in  our exper imental  conditions (tox L 10 min)  
is reduced to [3c] 

/dis ~-~ /dec "~ IA1 [3C] 

According to our results (/dis ~ 47% of / to t ) ,  IA1 is 
equal to 38% of /tot. Using the data from Ref. (11), 
(/dis ~ 33% of /tot), IAI was found to be about 22% of 
/tot. It  should be noted that  Nagayama and Tamura  
(11) arr ived at the same conclusions but  the physical 
meaning  of this effect was not  discussed in  their paper. 

We found above that  the dissolution current  Idis is 
not accompanied by significant losses of oxygen. Thus 
it is logical to suppose that  all  the dissolution current  
(/dis) is purely  a cationic effect, i.e., that  is represented 
in  the solution only by  a l u m i n u m  cations. 

~ Idee -~ Ioz �9 0.14/0.86. 

It  must  be emphasized that  IAI and /dec are com- 
pletely different from the physical point of view. IAl 
can be represented by the movement  of the a luminum 
sublattice (hole movement)  or by the interst i t ial  
movement  of cations from the metal  to the solution. 
Thus IAI can be defined as the current  of direct dis- 
charge of cations in the solution; whereas Idec arises 
in  the bottom of the pores at the oxide-solution in ter -  
face as a result  of field assisted "dissolution" of the 
oxide to form the pores. I t  is probably  represented by 
the movement  of a luminum species toward the solu- 
t ion and  oxygen species toward the oxide-metal  inter-  
face, where the new oxide is formed. It should be 
noted that  lox (53% of/tot) is caused by the movement  
of oxygen coming from the solution which ensures the 
growth of the oxide at the meta l /oxide  interface. The 
results concerning the ionic movements  during the 
field-assisted dissolution of the oxide and the discus- 
sion of the asserting models will  be reported in a 
separate paper. 

It  should be recalled that the numerica l  values of the 
different terms of the current  were calculated on the 
basis of the current  efficiency equal to 53 • 3%; re-  
placing this value by 64%, one obtains: fox = 64% of 
/tot; /dis = 36% of /tot; /dec = 10% of /tot; and /A! = 
26% of /tot. The numer ica l  values of these terms are 
different for both cases; anyway,  they provide evidence 
for the existence of a direct discharge of cations in the 
solution current  (IA1). This current  exceeds by at 
least one hundred  times the chemical oxide dissolution 
cur ren t  for oxide thicknesses less than 10 -4 cm. Similar  
conclusions have been drawn from experiments  on the 
formation of compact a lumina  layers in ammonium 
citrate (3), in  agreement  with the data of Davies 
et  al. (24). 

The value of the dissolution ra te  of the oxide deter-  
mines a l imit ing value of thickness beyond which there 
occurs no fur ther  growth of the oxide layer, defined 
by the increase of oxygen content  in  the films. At 15~ 
and Vox = 10V this l imit ing thickness h corresponds to 
the formation of pore surfaces ensur ing a chemical 
dissolution current  equal  to the m a x i m u m  value  of Iox 
(56% of/ tot  ~ 2.7 mA/cm2).  The precise va lue  of h is 

difficult to calculate. However, assuming the pores to 
be cylindrical  by neglecting the pore widening  process, 
the m a x i m u m  value is readi ly  found to be .-.2 • 10 -2 
am.  

On the basis of the results obtained, we shall a t tempt 
to shed some light on certain aspects of the growth 
mechanism of porous layers. It  should be emphasized 
that the oxygen atoms coming from the solution mi- 
grate across the base layer, thereby ensur ing  oxide 
growth at the oxide-metal  interface. Experiments  per-  
formed previously in  our laboratory on the mecha-  
n ism of oxygen transport  (16,25) have shown that  
the oxygen atoms are fixed according to their order of 
arr ival  dur ing the formation of amorphous compact 
layers on a luminum or tanta lum.  In  other words, the 
oxygen atoms belonging to a new layer are located 
at the oxide-solution interface. If  the  base layer  
formed dur ing porous growth also had an amorphous 
structure, a reversing of the order of oxygen atoms 
would involve an  interst i t ial  type of oxygen migra-  
tion. Such a type of oxygen t ransport  in the form O H -  
has been taken into consideration by  Hoar and Mott 
(6); as ment ioned in the beginning of this paper, it has 
been f requent ly  criticized in the l i terature.  This type 
of oxygen transport,  which is very different from the 
t ransport  mechanism dur ing the formation of compact 
layers, seems quite un tenable  if the base layer  is also 
amorphous. However, there is some exper imen ta l  evi- 
dence [see, e.g., Dorsey (26)] that  the base layer  has a 
substructure  and that it is composed of anhydrous  
microcrystall i tes (highly polymerized A12Oa) and of a 
hydrated  microphase equivalent  to a luminum t r ihy-  
droxide. Similar  conclusions were obtained by  La 
Vecchia et  al. (27) on the basis of results obtained 
by  electron micrographs. According to these authors, 
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the base layer  contains microchannels  which should 
not be considered as o rd ina ry  channels  bu t  r a the r  as 
easy paths  th rough  which charge  ca r r ie r s  flow prefer -  
ential ly.  The existence of such a subs t ructure  of the  
base layer  would  account for the invers ion of the  order  
of oxygen  dur ing  the  g rowth  process, if the isotopic 
oxygen exchange  be tween  oxygen t ravel ing  th rough  
the  easy pa ths  and oxygen  contained wi th in  the  c rys -  
ta l l i tes  can be disregarded.  

A par t i a l  invers ion of the  order  of oxygen has been 
observed dur ing  the format ion  of compact  layers  on 
z i rconium (28). Since the  mobi l i ty  of oxygen in the  
microchannels  (containing hyd ra t ed  a lumina)  exceeds 
tha t  of oxygen in the  anhydrous  microcrysta l l i tes ,  i t  
could be concluded tha t  oxygen migra t ion  increases 
in the  presence of O H -  groups. Recent  invest igat ions  
on the isotopic effect of hydrogen  on the ra te  of porous 
growth  (29) seem to confirm this hypothesis.  Results  
of these invest igat ions wil l  be repor ted  in a separa te  
paper .  

Acknowledgments 
The authors  wish  to t hank  Dr. G. Amse l  for his 

numerous  comments  and suggestions dur ing  this work.  
They  a re  gra tefu l  to Mr. C. Ortega  and Dr. J. P. Nada i  
for  enl ightening discussions. The  technical  assistance of 
Mr. A. Lau ren t  was much  apprecia ted.  The comments  
of Dr. R. S. Alwi t t ,  which cont r ibu ted  to a be t t e r  pre-  
senta t ion  of this  paper ,  were  g rea t ly  apprec ia ted  too. 
This w o r k  was suppor ted  by  the Centre  Nat ional  de la  
Recherche Scientif ique (RCP No. 157), the  DRME, and 
the  DGRST. 

Manuscr ip t  submi t ted  June  5, 1972; revised m a n u -  
script  received Jan.  25, 1973. This was Pape r  90 pre -  
sented at  the Cleveland,  Ohio, Meet ing of the  Society, 
Oct. 3-7, 1971. 

A n y  discussion of this pape r  wi l l  appear  in a Discus- 
sion Sect ion to be publ i shed  in the December  1973 
JOURNAL.  
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The Incorporation of Tellurium in Liquid Phase Epitaxial (LPE) 
GaP: Implications for Oxygen Incorporation 

A. S. Jordan, F. A. Trumbore,* K. B. Wolfstirn, M. Kowalchik, and D. D. Roccasecca 
Bel~ Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

The dependence  of the  Te concentra t ion in GaP  LPE layers  was s tudied 
as a funct ion of doping level  and t empe ra tu r e  in the  range  f rom ,~935 ~ to 
~1135~ The resul ts  are  in te rp re ted  in te rms of surface-control led,  as wel l  
a s  bulk-equ i l ib r ium,  incorpora t ion  of the  Te, and indicate  that ,  at the  lower  
doping levels, the  Te solubi l i ty  is apprec iab ly  lower  than the bu lk  equi l ibr ium 
value.  A s imi lar  behavior  is pos tu la ted  to exp la in  conflicting da ta  on the  
solubility of O in GaP. 

Group VI donor impurities play a major role in GaP 
red and green light-emitting diodes (LED's). In par- 
ticular, oxygen, in the form of Zn-O nearest neighbor 
pairs, is the center responsible for the red electro- 

* E lec t rochemica l  Socie ty  Act ive  Member .  
K e y  words :  l i g h t - e m i t t i n g  diodes,  c rys t a l  g rowth ,  c o m p o u n d  semi- 

conductors, impurity incorporation, defect chemistry. 

luminescence in GaP (1), while tellurium is a com- 
monly used donor for the preparation of n-type re- 
gions in both red and green LED's (2). Thus, it is of 
practical importance to understand the incorporation 
of these impurities in GaP. In addition, there is con- 
siderable fundamental interest in the incorporation 
mechanism of Group VI donors, since their solid-solu- 
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bi l i ty  behavior  d isagrees  wi th  the  convent ional  thermo-  
dynamic  analys is  of impur i t y  incorporat ion for bu lk  
phases in equi l ibr ium.  In  essence, this  analysis  p re -  
dicts tha t  the funct ional  var ia t ion  of the  ionized donor 
or acceptor  concentra t ion on the dopant  concentrat ion 
in the  ex te rna l  phase (i.e., l iquid solution) changes 
f rom l inear  to square- roo t  dependence at -~nl, the  in-  
t r insic  e lect ron concentrat ion (3-5).  Zn-doped GaP 
(3, 5) and  GaAs  (4) a re  the  p ro to type  systems where  
the  above behavior  is c lea r ly  manifes ted  and best  
understood.  However,  the  avai lable  exper imen ta l  da ta  
for Te, Se, and S-doped GaP (3) and GaAs (6, 7) can- 
not be reconci led wi th  the consequences of the  t he rmo-  
dynamic  analysis  invoking bu lk  equi l ibr ium.  On the 
one hand, the  IO00~ sol id-solubi l i ty  i sotherm of Te 
(7), as wel l  as the  1238~ (mel t ing  point)  solubil i t ies  
of Te and Se in GaAs (6),  is l inear  at all  observed 
donor concentrations,  much exceeding the es t imated 
values  of nt (8). On the other  hand, a b reak  to a 
square - roo t  solubi l i ty  behavior  has  been observed to 
occur above ni for the  incorpora t ion  of Te, Se, and S 
in GaP at  1040~ (3),  and  S in GaAs  at 1238~ (6).  

In this  paper ,  we present  the  resul ts  of rad io t racer  
(129roTe) and sur face-bar r ie r  capaci tance measure -  
ments  on Te-doped GaP layers  g rown by l iquid-phase  
ep i t axy  (LPE)  over  l imi ted  t empera tu re  ranges  using 
a sea led- tube  s l ider  technique (9).  The majo r  objec-  
t ives  of th is  w o r k  were  the  fol lowing:  (i) To more  
accura te ly  de te rmine  the solid solubi l i ty  isotherm of 
Te at ,~1040~ especial ly at lower  doping levels than  
previous ly  s tudied [i.e,, "~ 10-2 atomic per  cent  (a /o )  
Te addi t ions  to the LPE solution corresponding to dop-  
ing levels  employed  to grow LED mate r i a l ] ;  (i{) To 
obta in  solid solubi l i ty  isotherms below and above 
1040~ in order  to es tabl ish whe the r  the presence and 
anomalous  posit ion of the  b reak  was t empera tu re  de-  
pendent ;  (//i) To re la te  these resul t s  to the  surface 
band-bend ing  model  of Zschauer  and Vogel  (10) and 
Casey et al. (7);  ( iv)  To compare  the  resul ts  on Te- 
doped GaP p repa red  by  different  techniques (sliding, 
t ipping,  vapor- t ranspor t ,  l iqu id-encapsu la ted  Czo- 
chralski ,  and the rmal  g rad ien t ) .  

As  a final objective,  an a t t empt  was made  to examine  
the  consequences of the  findings wi th  respect  to Te in-  
corpora t ion  in the appa ren t ly  d i spara te  resul ts  con-  
cerning the  incorpora t ion  of O donors  in GaP. 

Experimental 
Crystal growth.--The Te-doped GaP  layers  were  grown 
on l iqu id-encapsula ted  Czochralski  (LEC) substrates,* 
by  LPE f rom G a P - s a t u r a t e d  Ga solutions containing 
Te or  129roTe. To e l iminate  vapor  t ranspor t  of the  
dopant  and to ensure the  te rmina t ion  of growth  at any 
chosen tempera ture ,  a sea led- tube  s l ider  assembly (9) 
located in an  i so thermal  furnace  (wi th  less than  I~ 
var ia t ion  over  the  capsule)  was used to g row the epi -  
t ax ia l  films. Al though  most  exper imen t s  were  per -  
fo rmed  in an AlzO3 (G. E. Lucalox)  slider,  occasionally 
a fused-quar tz  s l ider  was also employed.  

In  a typ ica l  run,  the  subs t ra te  and the  solution con-  
ta in ing Te, 129roTe, or  a mix tu re  of the two were  p laced 
into the  appropr i a t e  compar tments  of the  s l ider  as- 
sembly  which  was sealed in a quar tz  capsule  af ter  
evacuat ion to 10 -6 Torr.  Next  the ampoule  was hea ted  
to about 15~ above the ini t ia l  g rowth  t empera tu re  
and held for 30 min to achieve saturat ion.  Subsequent ly ,  
ep i tax ia l  growth  was in i t ia ted  by  moving the Ga- r i ch  
solution contained in  an opening cut  th rough  the slider,  
onto the  GaP substrate.  Af te r  cooling the solution at  
a ra te  of ~-0.8~ over  a l imi ted  t empe ra tu r e  range,  
g rowth  was t e rmina ted  by  re t rac t ing  the  s l ider  to i ts 
or iginal  posit ion fol lowing which the ampoule  was re-  
mowed f rom the  furnace.  The  GaP LPE layers  we re  

The source mate r ia l s  used  for  these  e x p e r i m e n t s  w e r e  phos-  
ph ine -grown polycrYstalline G a P  (Monsanto) and  Te (United Min-  
erals) ,  both wi th  99.9999% nomina l  pur i ty .  A batch of 99% en-  
riched ~STe was  i r rad ia ted  for 6 weeks  in a neut ron flux of 9 • 
10 ~ cm~/sec to yield l~mTe (Union Carbide,  Tuxedo,  New York) .  
The undoped LEe substrates, mechanically polished on the phos- 
phorus (B) face, were obtained from Bell Laboratories, Reading. 

grown in the  fol lowing l imi ted  t empera tu re  ranges:  
1145~176 1050~176 and 950~176 The typi-  
cal ep i tax ia l  fi lm thicknesses were  ~50, 25, and  15 #m, 
respect ively,  cor responding to the  average  g rowth  tem- 
pera tu res  1135 ~ 1040 ~ and 935~ 

Tellurium analysis.--Radiochemical analysis  and 
sur face-bar r i e r  capaci tance measurements  were  the  
two methods  used  to de te rmine  the  solid solubi l i ty  of 
Te in the  GaP LPE layers.  The radiochemical  analysis  
procedure  was s imi lar  to tha t  p rev ious ly  appl ied  to the 
solubi l i ty  of Te in GaAs (7) and was based on the  de- 
tection of the  0.48 MeV gamma-emiss ion  peak  resul t ing 
f rom the decay of 129r"Te (ha l f - l i fe  = 33.5 days) .  F rom 
counting stat ist ics an accuracy of •  is es t imated  for  
this  ana ly t ica l  me thod  and  the detect ion sensi t ivi ty  
was 3 • 10-gg of Te. 

In order  to ascer ta in  tha t  Te was not  lost dur ing  a 
run  via vapor  t ranspor t  or  a re f rac tory  reaction,  and  
to e l iminate  weighing errors,  a radiochemical  analysis  
of the  LPE solut ion fol lowing g rowth  was per formed.  
In  essence, t he  solut ion was  dissolved in  HNO~ and its 
129mTe content  de te rmined  by  compar ing the coun t - ra te  
of an al iquot  of this  acid solut ion with  that  of a l~9mTe 
s tandard.  

Essential ly,  two complementa ry  methods  were  used 
in the  LPE laye r  analysis.  In  the  first method,  fol low- 
ing lapping  the edge and back  growth,  the  LPE layer  
was sectioned by  inc rementa l ly  removing ,~3 ~m thick 
layers  using a ch lor ine-methanol  solution. Dur ing sec- 
t ioning the  uni formi ty  of the  dopant  d is t r ibut ion across 
the  l aye r  was f requen t ly  checked b y  means  of au to-  
radiographs .  The Te concentra t ion  in a given section 
was de te rmined  by  a comparison of the  count - ra te  in 
the  etching solut ion wi th  appropr ia te  r2~ s tandards  
and f rom the weight  loss and area  of the  sample. In  the 
second method,  subsequent  to the removal  of be tween  
2 to 6 sections, the  average  Te concentra t ion in the  r e -  
main ing  layer  was eva lua ted  f rom its to ta l  count- ra te ,  
a r ea  and thickness,  the l a t t e r  being obta ined  by  micro-  
scopic measurement  of c leaved or angle- lapped  sur-  
faces. Since sectioning is a labor ious  procedure,  it was 
hoped tha t  af ter  a few sectioning steps, the  Te concen- 
t ra t ion  in the  last  inc rement  would  approach tha t  in 
the remain ing  layer .  Unfor tunate ly ,  this  condi t ion 
could not be  met  for the  LPE layers  g rown at  the  
highest  t empera tu re  (Nl135~ At  that  t empera tu re  
mechanical  difficulties were  often encountered  w i th  
the slider, p revent ing  the des i red  abrup t  t e rmina t ion  
of g rowth  and resul t ing  in a th ick  l aye r  wi th  a heavy  
Te accumulat ion  in the  las t  por t ion  to crystal l ize.  

The net  impur i ty  profile (ND-NA) was de te rmined  
for severa l  Te-doped  layers  by  means  of sur face-bar -  
r ie r  capaci tance measurements  on ang le - lapped  sam-  
ples as descr ibed previous ly  for the analysis  of Zn (11) 
and Te (12) in G a P  LPE layers.  The background  va lue  
of ND -- NA was ~ 9  X 10 *5 cm -~ for  a LPE laye r  
grown from an undoped solution. 

Results and Discussion 
Surface controZled and equilibrium incorporation.- 

The Te concentrat ions in the  LPE al loys (XlTe) and the 
c o r r e spond ing  solid solubil i t ies  of Te (CSwe)  in the  
GaP LPE layers  expressed in units  of a tom fract ion 
and a toms /cm 3, respect ively,  are summar ized  in Table 
L In general ,  good agreement  was achieved between 
the  values  of Xlwe der ived  f rom rad io t racer  analysis  of 
the solutions and those de te rmined  by  weighing.  A 
compar ison  of the  two methods  by  s ta t is t ical  means  2 
yields a s tandard  deviat ion of ~6%.  However ,  for 
minu te  129roTe addi t ions to the  solution, t racer  analysis  
was considered more  re l iab le  than  weighing;  hence, 
below 10 - a  a /o  additions,  t r ace r  concentrat ions  are  
l is ted in Table  L 

~In the absence of errors ,  the ra t io  of the i ' th  concent ra t ion  
de te rmined  by the t racer  and w e i g h i n g  techniques ,  C~t/Clw should 
be unity.  Hence, the s tandard  devia t ion  ~/(Z~(C*t/Ciw -- 1)~)/n 
whe re  n is the  n u m b e r  of measu remen t s ,  is a reasonable  represen-  
ta t ion  of the  pe r t inen t  error .  
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Table I. Solid-solubility data for Te in GaP IO z~ 

A v e r a g e  g r o w t h  XlTe ( a t o m  Csve 
temperature (~ fraction) (atoms/craB) 

938 5.22 x 10 -  e* 5.7= x 10 TM 

1.06 x I0 -5*q 1.60 x 1017 
8.70 x 10 "-s 4.50 X 10 z7 
6.16 x 10 -4q 6.81 X I0 Is ,"T, 
7.10 x 10-4 7.0= x 10 zs ,~ 

1040 2.54 x 10- ~ 2.98 x I0  I~ ~" 
2.70 x I0 -e 2.1 x lOZOt .~ 
4.73 X 10- o• 5.0o X 10 le Q i018 1.00 x 10 -r~ 7.5 x lOZOt 
2.50 X 10-= 2.8 x lOZTt 
3.52 x 10- ~q 4.0 x I017t ~. 
8.80 X 10 -s 8.1 x lOZ~t 
6.80 x 10-= 6.2 X lO17t 
3.00 x 10 -4 1.2 x lO~t 
1.13 x 10- 8 3.3o x 10 TM 

1135 5.41 x 10- s* 3.49 x 10 z6 
5.41 x 10 -~" 4 .0  x 101~ 
6.88 X I0  -s* 4.60 X 10 le 
9 .39 X 10 -e* 9.0a X 10 TM 

2.20 x 10 -5 7.36 x I0 z6 
4.49 x 10 ~ 1.1 ,  x I01~ 
1.09 x 10 ~ 4 .0 ,  X 10 l't 
1.09 X 10 ~ 3.1 X 1017 
9.39 X 10 -~ 3.5s X 10 zs 
9.20 x 10 ~ 2.1~ x 10 TM 

The value of X l T e  and CsTe were obtained by weighing and radio- 
chemical analysis, respectively, and the LPE layers were grown in 
an AlsO= slider except when otherwise denoted. 

* Radiochemical. 
t N v  -- NA. 
q F u s e d  q u a r t z  s l ider .  

The t abu la ted  z29mTe solubi l i ty  da ta  for ,~935 ~ and 
~1040~ were  obtained,  in general ,  by  averaging the 
concentrat ions  de te rmined  by the two above ment ioned 
methods.  However ,  on account of the  previous ly  dis- 
cussed heavy  Te accumula t ion  in the  first few sections, 
the  l is ted Nl135~ solubi l i ty  da ta  are based on the 
analysis  of the  r ema in ing  layer.  Ext rapola t ion  of the 
ND-JVA profiles to the e lect r ica l  junct ion  yie lded the 
addi t ional  da ta  presented  in Table  I where  it is as- 
sumed that  CSwe = ND-NA. 

The tabu la ted  values of CSwe as a function of X'We 
are  p lot ted  in Fig. 1 for the  LPE layers  grown at 
,~1040~ and in Fig. 2 for those grown at ,--935 ~ and 
~1135~ Sol id-so lubi l i ty  da ta  f rom the invest igat ions 
of Trumbore  etal. (3) and Saul  and Hacket t  (12) are  
also shown. The da ta  of T rumbore  e t a l .  (3) were  
based on the spect rophotometr ic  analyses  of the  total  
Te concentra t ion in crysta ls  grown by a the rmal  g rad i -  
ent  t r anspor t  (TGT) technique over  a per iod of 5 

i 020  I I I I I I t I I I I I I I I I I t l  I I I I 
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1016 
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X C e  (ATOM F R A C T I O N )  

Fig. 1. Te concentration in GaP as a function of the Te content 
of the LPE solution at ~,1040~ The error bars indicate the con- 
centration limits obtained by sectioning and the total count-rate 
of the remaining layer. In the linear incorporation regime, the solid 
line was based on Eq. [8] .  The abscissas for vapor-grown crystals 
are actually calculated Te activities which correspond to "re atom 
fractions for an ideal solution. 

r I I l l  I I i i i I I I I I I I I I f 
/ 

�9 129roTe ' 9 '35oC / 

o 129mTe l / /  
r N D -  NA~ 1135~  / o 

1019 �9 S A U L  AND H A C K E T T ,  9 
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1 0 - 6  i0  - 5  iO - 4  1 0 - 3  i 0  - 2  
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Fig. 2. Te concentration in GaP as a function of the Te content 
of the LPE solution at N 9 3 5  ~ and ,.~1135~ The error bars indicate 
the concentration limits obtained by sectioning and the total count- 
rate of the remaining layer. In the linear incorporation regimes, the 
full lines were based on Eq. [8] .  The dashed line at ~,1135~ 
shows the extrapolation of surface-controlled incorporation behavior 
to high doping levels. 

weeks at ,~1040~ a Combining the  ND-NA and cal-  
cu la ted  t empe ra tu r e  profiles of ep i tax ia l  layers,  Saul 
and Hacket t  (12) de te rmined  at a constant  Xlwe the  
t empe ra tu r e  dependence  of the  Te solubi l i ty  in GaP 
grown by sea led - tube  t ipping over  a wide t empera tu re  
range. Here only values  of ND-NA at the  junct ion  
corresponding to the i r  two measured  ini t ia l  t ipping 
t empera tu res  are shown. The agreement  among the 
three  sets of data, where  they  overlap,  is reasonably  
good and is p robab ly  wi th in  the  exper imenta l  errors  
of the var ious  investigations.  

In addi t ion to the above da ta  obta ined for crysta ls  
g rown from sa tura ted  solutions, Fig. 1 also includes 
the  Te solubi l i ty  in ep i tax ia l  layers  p repa red  at 
~1060cC by  the  w a t e r - v a p o r  t ranspor t  process (13). 
The Te-doping of these samples  was accomplished via 
the gas phase by  the H2 t ranspor t  of Te f rom a reser-  
voir  he ld  at  a constant  t empera tu re  to the deposi t ion 
zone. The plot ted  values  of CSTe  w e r e  obta ined from 
x - r a y  fluorescence analysis  (14), whi le  the fol lowing 
thermodynamic  reasoning led to the  ass ignment  of XlWe. 
Knowing  the reservoi r  tempera ture ,  the weight- loss  of 
Te, the  flow-rate,  and the  dura t ion  of a run  the par t ia l  
pressure  of Te was ca lcula ted  as a function of reservoi r  
t empera tu re  f rom the ideal  gas law. The recent ly  
t abu la t ed  vapor  pressure  (15) of Te2(g) is in reason-  
able agreement  wi th  the values  der ived  f rom the 
exper imenta l  da ta  (13). However ,  in the  absence of 
kinetic  factors, Te2(g) almost  comple te ly  dissociates to 
Te(g )  of pa r t i a l  pressure  PTe at  the deposi t ion t em-  
perature .  Hence, the  ac t iv i ty  aTe : PTe/P~ can be 
computed  for vapor  growth  where  P~ is the  vapor  
pressure  of pure  superhea ted  Te(1) (15) at the  dep- 
osition tempera ture .  In  Fig. 1 values  of aTe are  plot ted 
on the abscissa which equal  XlTe assuming ideal  l iquid-  
solut ion behavior.  In  view of these  approximat ions  and 
the  differences in growth  tempera tures ,  the  s imi la r i ty  
in the  solubi l i ty  behavior  be tween  vapor  g rowth  and 
solution growth  is quite str iking.  

A n  analysis  of the  solubi l i ty  da ta  requi res  a knowl -  
edge of the incorporat ion chemis t ry  of Te in GaP. By 
analogy wi th  the incorpora t ion  of Te in GaAs (7), the 
s implest  defect  react ion descr ibing the incorporat ion 

3 T h e  N1)-NA d a t a  of  T r u m b o r e  e t a l .  (3) a r e  no t  i n c l u d e d  i n  
F ig .  1; t h e y  g e n e r a l l y  d i s a g r e e  w i t h  t h e  p r e s e n t  r e s u l t s  a t  l o w  c o n -  
c e n t r a t i o n s  a n d  also  s h o w  h e a t - t r e a t m e n t  ef fec ts ,  t h e  c a u s e  of  w h i c h  
w a s  n o t  d e t e r m i n e d ,  
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of a s ingly ionized donor f rom an ex te rna l  phase  ( l iq-  
u id)  is given by  

Te(1) + Vp = Tep + ~ e -  [1] 

Assuming tha t  species in the  crys ta l l ine  solid form an 
ideal  di lute  solution and Te is comple te ly  ionized, then 
the  equi l ib r ium constant  K for Eq. [1] can be wr i t t en  
a s  

CSTe n 
K = [2] 

~weXlweCvp 

where  n and Cvp are  the  electron and phosphorus  
vacancy concentra t ions  in GaP, respect ively,  and "YTe is 
the  ac t iv i ty  coefficient of Te in the t e rna ry  (Ga-P-Te)  
solution. At  a constant  t empe ra tu r e  and for d i lu te  solu- 
tions, "YTe and  Cvp can be assumed to be constant  so 
tha t  Eq. [2] becomes 

Ch'e n 
,'--" [ 3 ]  

XlTe 

where  ~ = K2~weCvp is the new equi l ib r ium constant .  
Combining  Eq. [3] wi th  the  e lec t roneu t ra l i ty  con- 

dit ion (CSwe -~- p - -  n )  and the mass action re la t ionship  
for e lectrons and holes (pn = n2i) (an opera t ion  per-  
missible  if the  ex te rna l  phase is in equ i l ib r ium wi th  
the  bu lk  of the  growng crys ta l )  an expl ic i t  expression 
b e t w e e n  CSTe and XlVe is obtained.  F r o m  this re la t ion-  
ship the  fol lowing two l imit ing resul ts  a re  de r ived  

CSwe ~'~ K ' X l T e  if CSTe < •i ( intr insic  case) [4] 

CSTe ~-- K" (XlWe) 1/~ if CSwe > ni (extr insic  case)  [5] 

wi th  a b r e a k  f rom l inear  to square - roo t  behavior  cen- 
t e red  at  CSwe ~ hi. 

Taken  as a whole, t he  da ta  in Fig. 1 confirm the 
change f rom a l inear  to square - roo t  dependence  of 
CSTe o n  XlTe with  increasing doping, as suggested by  
Trumbore  et al. (3). However,  the  b reak  occurs at  
~ 6  • 10 ~7 cm-~,  4 wel l  above the p resen t ly  accepted 
value of ni ~ 1.5 • 1017 cm-~  at  1040~ (8) and is 
lower  by  1-2 orders  of magni tude  than  the  b reak  points  
for S and Se in GaP  at  the  same t empera tu re  (3).  

No such shif t  f rom l inear  to square - roo t  behavior  
was found  by  Casey et al. for Te in  GaAs (7). These 
authors  r epor ted  a l inear  dependence  of CSwe o n  XlTe in 
LPE layers  g rown at  1000~ even at  doping levels  
nea r ly  two orders  of magni tude  higher  than  hi. To ex- 
p la in  the  l ack  of a square- root  behavior ,  Casey et al. 
(7) invoked  the su r face -band  bend ing  (SBB) model  of 
Zschauer  and Vogel ( i0 ) .  According  to this model,  for 
a s lowly diffusing impur i ty ,  such as Te, at  r ap id  growth  
ra tes  equi l ib r ium is es tabl ished be tween  the ex te rna l  
phase  and the  semiconductor  surface, bu t  not  be tween  
this  surface and the  bu lk  of the  crystal .  Consider ing 
the  growth  interface as a l iqu id-meta l  semiconductor  
Schot tky  barr ier ,  the  electron concentra t ion at  the sur -  
face, ns, remains  constant,  independent  of doping, due 
to the pinning of the  F e r m i  level  at  the surface. Thus 
a constant  ns ( funct ion of t empe ra tu r e  only)  would  be 
subst i tu ted for n in Eq. [3] and  hence a l inear  depen-  
dence of CSTe o n  XlTe represen ted  by  

CSTe = K'SBBXlTe [6] 

is to be expected  at  all  doping concentra t ions  (7). 
There  is no doubt  that  sur face-cont ro l led  incorpora-  

t ion (SCI) of s lowly diffusing impur i t ies  is a common 
occurrence in  semiconductor  c rys ta l  g rowth  as evi- 
denced by  the w e l l - k n o w n  "facet" (or ienta t ion)  effect. 
Whe the r  or  not  the SBB model  can expla in  a l l  of the  
observed resul t s  to da te  is not  ye t  c lear  and  o ther  
mechanisms have been proposed to exp la in  SCI in e le-  
menta l  as wel l  as I I I - V  semiconductors.  For  example ,  
Banus and Gatos (16) in te rpre ted  the  or ienta t ion  de-  
pendence of S-doping  in pu l l ed  InSb  crysta ls  in t e rms  
of adsorpt ion  isotherms which  va ry  wi th  or ienta t ion  

This break is about  a factor  of three  lower  than  the one repor ted  
by Trumbore et aL (3) wh ich  was  inferred f r o m  questionable 
Nv-NA data  (see footnote 3), 

but  approach  each o ther  a t  h igh  impur i ty  concent ra -  
tions. Lav ren t ' eva  et al. (17) have r ecen t ly  exp la ined  
the  or ienta t ion dependence  of doping in he te roepi tax ia l  
Ge films by means  of Chernov 's  theory  of s tep- layer  
growth,  which assumes tha t  the diffusion length  of the  
adsorbed impur i ty  a tom is much grea te r  than  tha t  of 
Ge. That  "faceting" also occurs in GaP  is shown by the 
recent  observa t ion  of "coring" in n - type  LEC ingots 
(18). Recognizing the poss ibi l i ty  of a l t e rna te  SCI 
mechanisms,  w e  shal l  a t t r ibu te  the  l inear  por t ion  of 
the  curve  in Fig. 1 to  Te incorpora t ion  cont ro l led  by  
SBB. 

The fact tha t  wi th in  expe r imen ta l  e r ror  the  chemi- 
cal ly  de te rmined  Te concentra t ion  is equal  to ND-NA 
is t aken  as  evidence that  the  s imple incorporat ion re -  
action given in Eq. [1] is indeed the appropr ia te  re -  
act ion to consider  in the  concent ra t ion  range  involved.  
I f  we  accept  Eq. [1], we conclude tha t  the  square - roo t  
reg ime corresponds to bu lk -equ i l ib r ium behav ior  p re -  
sented in Eq. [5]. Natura l ly ,  the  question ar ises  as to 
the  reasons for the  switch f rom surface-control led  to 
bu lk -equ i l i b r ium behavior .  A possible explana t ion  may  
be provided  by  the work  of Zschauer  and Vogel (10) 
showing tha t  bu lk  equ i l ib r ium is approached  if the 
diffusion coefficient of the  impur i t y  (e.g., Te) is suffi- 
c ient ly  large  compared  to  the  growth  ra te  of the  c rys -  
tal.~ Hence, if  the  diffusion coefficient sha rp ly  in-  
creases wi th  increasing impur i t y  concentrat ion,  a shift  
to the  square-root  reg ime occurs. Unfor tunate ly ,  at  
present  there  is only  l imited da ta  on the concentrat ion 
dependence  of the  diffusion coefficients of Group VI 
impur i t i es  in GaP to decide whe the r  this  factor  gov- 
erns  the  apparen t  equ i l ib r ium behavior  of r e l a t ive ly  
h igh ly  Te-doped  GaP (as wel l  as S, and Se-doped 
GaP, and  S -doped  GaAs) .  6 However ,  the t e m p e r a t u r e  
dependence  of the  solid so lubi l i ty  to be discussed be-  
low, m a y  shed some l ight  on this  question. 

Regardless  of the  mechanism involved,  the  observed 
equi l ib r ium behavior  at h igher  doping levels  leads to 
the fol lowing in teres t ing  conclusion: at the lower  dop- 
ing levels,  less than  the bu lk  equi l ibr ium solubi l i ty  
of Te in GaP is being achieved.  7 This is a consequence 
of the fact  tha t  Eq. [4] and  [5] requi re  a b r e a k  f rom 
l inear  to square - roo t  behavior  to occur a round  hi. 
Hence, we m a y  ex t r apo la t e  the  bu lk  equ i l ib r ium por -  
t ion of the curve to lower  doping levels  to a first 
approx imat ion  as shown in Fig. 3. As discussed later ,  
this observat ion  could have impor tan t  implicat ions in 
connection wi th  the  incorporat ion of oxygen  in GaP 
and the efficiency of red  LED's. 

Temperature dependence of the solubility behavior: 
evaluation of the distribution coeJ~ficient.--The Te solid- 
so lubi l i ty  da ta  obta ined at  ~935~ (Fig. 2) shows a 
l inear  dependence  of CSwe o n  ~ T e  up to nea r ly  ,-10 TM 
cm -3 doping levels,  more  than  two orders  of magn i -  
tude above ni at  tha t  t empera ture ,  s There  is no b reak  
to a square-root  behavior  as at  ,--1040~ (Fig. 1) and 
the observed l inea r i ty  is s imi la r  to the  behavior  r e -  
por ted  by  Casey et al. (7) for Te in GaAs  a t  1000~ 
I t  seems reasonable  to a t t r ibu te  this difference in the 
~1040 ~ and  ~935~ behavior  to lower  diffusion coeffi- 
cients for Te at  the  lower  g rowth  tempera ture ,  thus 
pe rmi t t ing  SCI, in general ,  or  SBB, in par t icu lar ,  to 
p reva i l  at  al l  doping concentrat ions.  

However,  this  r a the r  plausible  explana t ion  of the 
t empera tu re  effect is t empered  by  the  ,~1135~ data  
(Fig. 2). Here, one p re sumab ly  would  expect  h igher  
diffusion coefficients than  at  ~935 ~ or  ~1040~ resul t-  
ing in  a closer approach  to bu lk  equi l ibr ium.  A p -  
parent ly ,  this  is not  the  case at  ~-,1135~ since the  

The fact  tha t  Zn in G a P  folIows bulk-equi l ibr ium behavior  w a s  
at t r ibuted  to its large diffusion coefficient by  T r u m b o r e  et aL (3), 

6 I t  is in teres t ing to note tha t  Young and Pearson (19) observed 
a cusp in the 1235~ diffusion coefficient of S in GaP  at the same 
concentrat ion where  the b reak  appears  (~2 • 1019 cm-S) in S-doped 
crystals grown by TGT at  ~lO4O~ 

Earl ier  T rumbore  and Nash (20) a r r ived  at  this same conclusion 
in a comparison of the solubility behavior of Bi wi th  S, Se, and ' re  
in GaP. 

s Similarly,  in vapor -g rown  GaP,  Taylor  (35) has observed a 
l inear  dependence  at  a t empera tu re  as low as 800~ 
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Fig. 3. A schemotic comparison of bulk-equilibrium o=id surface- 
controlled incorporation at ~--1040~ This diagram is essentially 
(I generalization of the behavior found in Fig. 1. It shows the donor 
concentration (CSd) in GaP as 0 function of the donor content (xid) 
of the tipping solution. The points hi' and hi roughly correspond to 
the substitutional oxygen solubility approached by surface-controlled 
and bulk-equilibrium incorporation at oxygen saturation in the 
ternary Go-P-G0203 solution. 

break  to square - roo t  behavior ,  if p resen t  at  all, occurs 
in the mid 10 TM cm-S  doping level  range,  wel l  above 
the  b reak  point  found at  ~1040~ (The increase in ni 
in going to ~1135 ~ from ~1040~ is a l i t t le  over  a 
factor  of two) .  The apprec iable  scat ter  in the exper i -  
menta l  da ta  at  ~1135~ together  wi th  the  fact  that  
the  diffusion coefficient of Te is an unknown function 
of both doping level and tempera ture ,  precludes a self- 
consistent exp lana t ion  in te rms of diffusion at this time. 

Nonetheless,  the l inear  segment  at  low Te concen- 
trat ions,  ex tending  wel l  above ni, is a common fea ture  
of the  so l id-solubi l i ty  isotherms at  all  three  t e m p e r a -  
tures.  Hence, a concentra t ion- independent ,  d i s t r ibu-  
tion-coefficient,  kr~ can be der ived  as a function of the 
average  growth  tempera ture .  Since da ta  have been ob- 
ta ined  over  a wide concentra t ion range  and there  is 
apprec iable  scatter,  it  was thought  appropr ia te  to ap-  
p ly  the method of logar i thmic  least  squares to the anal-  
ysis (5). Briefly, at a given t empera tu re  for the  i ' th  
solubi l i ty  de te rmina t ion  the fol lowing re la t ionship  
holds 

l o g  xS,ive --" log kwe "~- log xl.~re [7] 

where  i - -  1, 2 . . .  n and  xS'iw e is the  a tom fract ion of 
Te in GaP. The n equat ions represen ted  by  Eq. [7] can 
be solved for the "best" value  of log kwe ( in tercept)  by  
the  method  of single p a r a m e t e r  least  squares (21) to 
y ie ld  

log x s , i T e -  :E log Xl,Lre 
log kTe = [8] 

T~ 

The solid l ines d rawn  in Fig. 1 and 2 in the  l inear  
regime were  based on the  "best" values  of kwe calcu-  
la ted  according to Eq. [8]. 

In  Fig. 4 we present  values  of kVe a s  a funct ion of 
r ec ip roca l -g rowth  tempera ture ,  toge ther  wi th  the  s tan-  
da rd  deviat ions of kWe. 9 These resul ts  are comple-  
mented  wi th  values of kWe at ~1025 ~ and ,~950~ ob- 
ta ined f rom the previous ly  discussed work  of Sau l  and  
Hacke t t  (12), and at  the  mel t ing  point  of GaP 
(1465~ de te rmined  by  Nygren  et aL (18) on Te-  
doped LEC ingots, a l l  der ived  f rom su r face -ba r r i e r  
capaci tance measurements .  A monotonic decrease of 
kWe with  increasing t empera tu re  is apparen t  from the 
da ta  in Fig. 4. Indeed,  such t empe ra tu r e  dependence  of 

Transforming the we l l -known  expression for the s tandard  de- 
v ia t ion in the in tercept  of l inear  least  squares  (21) we  obtain the  
f o r m u l a  [:~(log ktTe/kTe)2]t/~/n for  u s e  in this  analys is  w h e r e  k i t e  
~ -  XS , ITe /X l , I Te  . 

kTe 

i0 "I 

I Jl 
0.50 0.60 

t I ' I ~ i I 

I i  KANG AND GREENE 
CASEY et el. 

GoAS WILLARDSON AND ALLRED 
WEINER AND WOLFSTIRN 
MILVIDSKII AND PELEVIN 

I i  SAUL AND HACKETT 
GaP THIS WORK 

NYGREN et el. / / 

I i I i 

GaP 

0.70 0.80 0.90 1.0 
103/T (oK-l) 

I.I 

Fig. 4. A comparison of the calculated (Eq. [11]) and experi- 
mental distribution coefficients for Te in GaP and GaAs (along the 
respective Ga-rich liquidus curves) as a function of reciprocal 
temperature. 

kTe has been observed by  Saul  and  Hacket t  (12) in 
the i r  t empera tu re  range.  

In  addi t ion to values  of kTe for Te-doped GaP,  Fig. 4 
also includes s imi lar  da ta  for Te-doped  GaAs.  The 
1000~ da ta  of Casey et al. (7) on LPE layers  were  
de te rmined  by  radiochemical  analysis.  The mel t ing  
point  (1238~ da ta  of Wi l la rdson  and Al l r ed  (22) on 
Czochralski  pul led  ingots, and of Milvidski i  and Pe l e -  
v in  (6) on crys ta ls  g rown by  hor izonta l  d i rec t ional  
crystal l izat ion,  were  obta ined b y  Hal l  coefficient mea -  
surements  (confirmed by  mass  spectroscopy) and 
chemical  analysis, respect ively.  The  kwe values  der ived  
f rom all  three  invest igat ions  were  based on l inea r -  
solubi l i ty  behavior  which was  shown to ex tend  over  a 
wide  concentra t ion range.  However ,  a single doping 
concentra t ion at  a g iven t empera tu re  character izes  the  
sur face-bar r ie r  capaci tance resul ts  of Kang  and  Greene  
(23) on ep i tax ia l  films grown by  a modified TGT tech- 
nique and the rad iochemica l  de te rmina t ion  of Weiner  
and  Wolfs t i rn  (24) on a LEC ingot  pul led  at  1238~ al l  
of which  we assume to belong to the  l inear  incorpora-  
tion regime.  

I t  is immedia te ly  obvious f rom Fig. 4 that ,  a l though 
at a given t empera tu re  the kwe values  for GaAs are  
somewhat  h igher  than  for GaP, s imilar  t rends  prevai l  
in the t empe ra tu r e  dependence  of kwe for both  com- 
pounds, the  slopes being nea r ly  equal.  Hence, we  con- 
c lude tha t  if su r face -band  bending  is responsible  for 
the  l i nea r i ty  of Te incorpora t ion  in GaAs at 1000~ as 
advocated  by  Casey et al. (7), then it seems l ike ly  that  
the  l inear  region for both  compounds at  all  t empera -  
tures  is associated wi th  the  same mechanism.  

Having  es tabl ished the common fea tures  of kwe for 
GaAs and GaP, i t  is des i rable  to devise an e x t r apo l a -  
t ion and in terpola t ion  technique to descr ibe the  e x -  
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per imenta l  data.  Al though in pr inc ip le  the  analysis  
could proceed d i rec t ly  f rom Eq. 2, we begin wi th  a 
modificat ion of Eq. [1] due to  computa t ional  con- 
venience as Cvp is not known. Let  us add the defect  
react ion 

P p  " -  Tkrp -~- P ( 1 )  

to Eq. [ I ] .  Then, e l imina t ing  Cvp we  obta in  

Te(1) + Pp : P ( I )  -t- Tep + -t- e -  [9] 

Since the  concentra t ion of phosphorus  atoms on their  
own sites is nea r ly  constant  and we provis ional ly  ac- 
cept  the  SBB model, the  equ i l ib r ium constant  for Eq. 
[9], KTe, can be wr i t t en  in the  form 

apCSTens apkTens X 4.94 • 10 ~ 
KWe - -  - "  [10] 

7 T e X l T e  ~ T e  

where  ap is the  phosphorus  ac t iv i ty  in the  Ga-P-Te  
t e rna ry  l iquid solut ion which for smal l  Te addi t ions 
nea r ly  equals  ap in the  Ga-P  binary.  

In  general ,  log Kwe var ies  l inear ly  wi th  1/T over 
the  ent i re  t e m p e r a t u r e  range,  whi le  the  log kwe VS. 1/T 
plot  is l inear  only  at  low tempera tures .  Thus, to ex-  
t r apo la t e  log kwe up to the  mel t ing  point  of the  com- 
pound, some assumptions  must  be made  concerning the 
t empe ra tu r e  dependence  of the  unknown quant i t ies  in 
Eq. [10]. Specifically, we assume tha t  log %'Te and log 
ns, compared  to the  var ia t ion  wi th  t empera tu re  of the 
other  re levan t  quanti t ies,  are  l inear  functions of 1/T 
within  a good approx imat ion  over  the ent i re  t empera -  
tu re  range.  Hence, a new equi l ib r ium constant,  K'Te, is 
defined and  Eq. [10] becomes 

KTe~/Te 
K'Te(T) ---- aekTe [11] 

n s x 4 . 9 4 X  10 m 

Obviously,  if the  subscr ipt  As is in t roduced in place  of 
P, equat ions s imi lar  to Eq. [1O] and [11] also hold for  
Te-doped GaAs. 

Values of K'T~ (T) were  eva lua ted  for  GaP  and  GaAs  
by  combining the k w e  da ta  p lot ted  in Fig. 4, excluding 
resul ts  at  the  mel t ing  points,  w i th  the  act ivi t ies  ap and 
aAs obta ined f rom the work  of Thurmond  (25). The 
l inear  dependence  of log K' (T) on 1/T, which follows 
f rom Eq. [11] and the assumptions  involved in its der i -  
vat ion pe rmi t t ed  the appl ica t ion  of the  method  of least  
squares to the  K ' ( T )  da ta  to calculate the  l ine of best  
fit. Then, the  solid curves,  i l lus t ra ted  in Fig. 4, for kWe 
in GaP  and GaAs were  eva lua ted  over  the  ent i re  t e m -  
pe ra tu re  range  b y  combining the respect ive  l ine of 
bes t  fit wi th  values  of ap and aAs according to Eq. [11]. 

As seen in Fig. 4, a genera l ly  good agreement  is 
achieved be tween  the  ca lcula ted  kwe curves  and the  
exper imen ta l  pointsA 0 Of pa r t i cu la r  impor tance  here  is 
the  predic ted  downturn  in kwe  for both compounds  in 
the  v ic in i ty  of thei r  mel t ing  points. This indicates  tha t  
the  calculat ion is se l f -consis tent  since the  mel t ing  poin t  
da t a  which  were  exc luded  f rom the analysis  a re  also 
descr ibed by  the curves.  Al though  not  shown in Fig. 4, 
log kwe is ac tua l ly  a doub le -va lued  function of l /T,  
thus for crysta ls  g rown  from a P or As - r i ch  solution, 
kTe should tu rn  over, i.e., probab ly  rise again  wi th  de-  
creas ing tempera ture .  Final ly ,  as is the  case for the  
equi l ibr ium constants  for the  incorpora t ion  of Zn in 
GaP  and G a b s  ( 5 ) ,  the  kTe curves  are  nea r ly  pa ra l l e l  
for  Te-doped  GaP  and GaA~s. 

Implications for the surface.controlled and bulk- 
equilibrium incorporation of 0 in GaP.~A high c o n -  
c e n t r a t i o n  of subst i tu t ional  oxygen in GaP is con- 
s idered to be des i rable  for the  a t t a inment  of high effi- 
ciency LED's  since it leads to an increased number  of 
nearest  neighbor  pairs. However,  in spite of its im-  
portance,  the  incorporat ion chemis t ry  of oxygen is the  

10Note t h a t  t h e  i n t e r m e d i a t e  kTe d a t a  of S a u l  a n d  H a e k e t t  (12),  
b a s e d  n o t  on  a m e a s u r e d ,  b u t  c a l cu l a t ed ,  g r o w t h - t e m p e r a t u r e  h i s -  
t o r y  of  a n  L P E  l a y e r ,  a r e  i n  accord w i t h  t h e  kTe l ine  f o r  G a P .  L i k e *  
w i s e ,  f o r  Z n - d o p e d  G a P  t h e i r  s i m p l e  m e t h o d  ( I I )  l e d  t o  good  
a g r e e m e n t  w i t h  i n d e p e n d e n t l y  o b t a i n e d  s o l i d - s o i n b i l i t y  c a l c u l a t i o n s  
(5). 

least  wel l  unders tood of the  significant dopants  in 
GaP. Recently,  severa l  invest igators  have repor ted  on 
the oxygen  solubi l i ty  in GaP. Al though  many  of these 
resul ts  disagree,  they  genera l ly  l ie wi th in  a concen-  
t ra t ion  range  which is less than  an order  of magni tude.  

The solubi l i ty  of oxygen in GaP, t aken  from Saul  
(26) and Lightowlers  et al. (27) is shown as a func- 
t ion of rec iprocal  t empera tu re  in Fig. 5. By a combi-  
nat ion of sur face-bar r ie r  capaci tance  measurements  
on Zn and Z n -O -dope d  LPE layers,  Saul  (26) deduced 
the concentra t ion of ionized oxygen donors on phos-  
phorus sites CSop +. Surpr i s ing ly  his CSop + da ta  exhibi t  
a m a x i m u m  (~2.7 • 1017 cm -3)  in the  v ic in i ty  of the  
normal  LPE growth  t empera tu re s  (--4000~176 
The resul t s  of L igh towlers  et  al. (27), based' on p rompt  
s -pa r t i c l e  nuclear  microanalys is  of the to ta l  oxygen  
concentra t ion in Zn-O-doped  LPE layers  g rown by  a 
sea led- tube  s l ider  technique (9) in a res t r ic ted  t emper -  
a tu re  range, are  about  a factor  of five lower  (N5 • 10 TM 

cm -3) for layers  grown at a t empera tu re  near  Saul ' s  
maximum,  a l though the analy t ica l  va lue  ve ry  l ikely  
includes in ters t i t ia l  oxygen. Both studies took note 
of the  work  of Kowalch ik  et aL (9) concerning the 
coprecipi ta t ion of Ga203 wi th  G a P  f rom t ipping  solu- 
t ions which  contain  Ga203 addi t ions  in excess of values  
pe rmi t t ed  by  the  Ga-P-Ga203  t e r n a r y  eutect ic  va l ley  
(9). Since they  were  grown from solutions wi th  a large 
excess of Ga~Oa added, Saul ' s  (26) LPE layers  con- 
ta ined precipi tates ,  assuring oxygen saturat ion.  In 
contrast ,  the LPE solutions used by  Ligh towlers  et al. 
(27) were  ba re ly  sa tu ra ted  wi th  Ga203, since the  

11 I t  s h o u l d  be  n o t e d  t h a t  S a u l ' s  r e s u l t s  (26) a t  t h e  h i g h e r  t e m -  
p e r a t u r e s  m a y  be  a f f e c t e d  b y  a s i g n i f i c a n t  b a c k g r o u n d  c o n t r i b u t i o n .  
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Fig. 5. Oxygen solid solubility in GaP as a function of reciprocal 
temperature. The lower solid line shows the estimated oxygen 
solubility by surface-controlled (Eq. [13 ] )  incorporation. The upper 
solid line and the line . . . . . . . .  represents bulk equilibrium incor- 
poration (Eq. [16 ] ,  [17 ] )  for CSZnG-~ 1--- 5 X 1017 and CSznG~ 

O, respectively. The llne . . . .  represents interstitial solubility 
and is based on the data of Berman (30) which was obtained be- 
tween ,~900 ~ and 1325~ 
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presence of precipitates precludes any meaningful  
determinat ion of the oxygen in solid solution. 

Accepting the val idi ty of both sets of data, we 
at tempt to resolve their disagreement in terms of the 
absence or presence of precipitates which governs, in 
our view, the predominant  mode of oxygen incorpora- 
tion, namely surface controlled or bulk  equil ibrium. 
We have previously concluded, in conjunct ion with 
Fig. 3, that  for a slowly diffusing impurity,  such as 
Te, at lower doping levels the solubili ty corresponding 
to SCI is less than that  by bu lk-equ i l ib r ium incorpora- 
tion. Let us assume a similar si tuation prevails for 
oxygen. In  the absence of precipitates (Lightowlers 
et aL's case), SCI predominates and the solubility of 
subst i tut ional  oxygen increases with increasing 
Ga203 addition to the max imum value M' (Fig. 3). 
However, if the Ga203 contained in the LPE solution 
exceeds the abscissa of M' (Saurs  case), coprecipi- 
tat ion of Ga203 takes place simultaneously with the 
init ial  SCI of M' oxygen atoms. Once a segment of the 
epitaxial film is grown, the presence of Ga203 pre- 
cipitates permits equil ibrat ion with the GaP matrix,  
in a manne r  that eventual  O solubili ty is no longer 
surface controlled. For a sufficiently large density of 
precipitates, diffusional limitations, even for a slowly 
diffusing impurity,  are minimized; hence the bulk-  
equi l ibr ium value of subst i tut ional  oxygen solubili ty 
can be reached while the crystal is still at a relat ively 
high temperature  in the LPE furnace. Thus the actual 
value of C%p+ moves from M' to M (Fig. 3) as mea- 
sured by Saul (26). 

The subst i tut ional  oxygen concentrat ion est imated 
from photoluminescence measurements  on Zn(PO3)2 
doped, solut ion-grown platelets (28) seems to support 
the above interpretat ion.  A l inear extrapolat ion of the 
oxygen concentrat ion for platelets grown from a solu- 
t ion containing -~3.1 X 10 -2 a/o O to the te rnary  
l iquid-solubil i ty l imit  (-~4.8 X 10 -2 a/o O) yields 5 
_+ 2.5 X 1016 cm -3 at the average growth temperature  
of l l00~ The oxygen concentrations in three other 
crystals grown from solutions with higher and varying  
amounts  of Zn(PO3)2 added to the melt  lie on a 
plateau closely centered around 1.5 • 1017 cm -3. With 
respect to these values which are plotted in Fig. 5, 
we suggest that  the low one corresponds to SCI, w h i l e  
the plateau point reflects bu lk -equ i l ib r ium incorpora- 
tion.12 

A more concrete description of these two modes of 
incorporation can be given by estimating the tempera-  
ture  dependence of oxygen incorporation in GaP by 
means of simplified defect chemical analysis. First, 
we at tempt to calculate the variat ion of CSop+ with 
temperature  if SCI predominates. Let us rewri te  Eq. 
[9] to represent O instead of Te incorporation. Then, 
we have 

O(/)  -5 Pp : P(1) - 5 0 p  + -5 e -  [12J 

Accepting the assumptions leading to Eq. [11] includ-  
ing specifically the SBB model, we find 

K 'o(T)  : apko [13] 

A combinat ion of the ,~1100~ value of C%p+ : 5 • 
1016 cm -3, derived from the work of Jordan et al. (28) 
with the O solubility in the Ga-P-Ga203 (9) t e rnary  
solution, yields ko : 2.25 X 10 -3. We may assume, as 
before, that for the SBB model log apko is a l inear  
function of 1/T, but  lacking any informat ion concern- 
ing the slope of log ko as a function of 1/T, additional 
assumptions are required. 

Let us assume that  at low doping levels the incor- 
poration of the Group VI dopants O, S, Se, and Te 
obeys the SBB model and that  equivalents  of Eq. [9] 
hold for S and Se. This permits  a correlation of the 
slopes of these Group VI distr ibution coefficients. In  

Likewise ,  r e c e n t l y  Sau l  a nd  H a c k e t t  (36) h a v e  s h o w n  for  G a P  
l ayers  g r o w n  a t  ~1025"C tha t  i n c r e a s i n g  the  o x y g e n  a d d i t i o n  to the  
so lu t i on  f r o m  1.5 • 10 -2 a / o  (wh ich  is be low the  s o l u b i l i t y  l i m i t  of  
2 • 10 -2 a /o )  to t h e  r a n g e  b e t w e e n  6 • 10 -~ a nd  1.05 a / o  l eads  to 
a dras t i c  r i se  in  the  o x y g e n  donor  c o n c e n t r a t i o n  f r o m  3 • 10 a6 to  
a c o n s t a n t  p l a t e a u  v a l u e  of  2.7 • 101~ cm -~. 

particular,  the slope of log kTe  VS. I/T, related to the 
enthalpy of incorporation, was directly obtained from 
the low temperature  portion of Fig. 4. The correspond- 
ing slopes for S and Se were obtained from curves 
similar to Fig. 4. These curves were constructed on the 
basis of equations of the type given in Eq. [9] from 
the data of Trumbore  et al. (3) at 1040~ and Nygren 
et al. (21) at the mel t ing point  of GaP in combination 
with values of ap taken from the work of Thurmond  
(25). Then, by a l inear  extrapolat ion of the slopes 
d log kd/d 1/T as a funct ion of the normalized Paul ing 
tetrahedral  (29) radius differences (rd -- rp) /rp,  
where d denotes the donors S, Se, or Te, d log ko/d 
1/T corresponding to the abscissa (to -- rp ) / rp  was 
determined. A knowledge of the low temperature  
slopes d log ko/d 1/T and d log ap/d 1/T together with 
the l l00~ values of ko and ap yields the function 
K'o (T). Finally,  a combination of the te rnary  eutectic 
valley (9) describing the l iquid composition, the 
K 'o(T)  function and ap provides the max imum solid- 
solubil i ty CSop+ allowed by surface-controlled incor- 
poration in the absence of Ga203 precipitates. This is 
plotted as the lowest curve in  Fig. 5. 

Next, we estimate the variat ion of CSop+ with 
temperature  for bu lk -equ i l ib r ium incorporation. If 
precipitates are present  in the matr ix  (or if excess 
Ga_~O3 is contained in the growth system), the incor- 
poration of O can be described by the equi l ibr ium 

Ga203(s) : 2GaGa -5 VGa -5 3Op + -5 3e -  [14] 

To find a more convenient  relationship for subsequent  
analysis, let us add the reaction 

V G a  -5 P p  : P(I )  

to Eq. [14]. Then, we have, e l iminat ing VGa 

Ga203(s) -5 Pp : 2Gaoa -5 3Or + -5 3e -  -5 P(l) 
[15] 

The equi l ibr ium constant, KB, for Eq. [15] is given by 

KB : (CSop + ) 3n3ap [ 16] 

Assuming that the oxygen donors are completely ion- 
ized in p-type (Zn-doped) material,  a detailed con- 
sideration of the s imultaneous Zn  and O incorporation 
yields n in Eq. [16] in  the form 

CSoe + -5 X/ (CSoe+)  2 -5 ;2 
n : 2n 2 [17a] 

~2 
where 

-- N/ (C-SznG~)2 -5 4n2i -5 CSZnG~ [17b] 

and the bar  in CSzn6~ signifies that it is the zinc 
acceptor concentrat ion in GaP grown from a solution 
containing only Zn  at the same zinc and phosphorus 
activities and tempera ture  which are employed in the 
growth of the Zn-O-doped crystal. 13 Accepting that 
bu lk-equ i l ib r ium incorporation of oxygen alone is 
responsible for the solubilities reported by Saul (26) 
up to perhaps 1025~ we evaluated log KB as a func-  
tion of 1/T from Eq. [16] and [17] in combination 
with the experimental  data. Extrapolat ion of the log 
KB data to the mel t ing point of GaP allows the calcu- 
lat ion of CSop+ from Eq. [16] and [17] at all tempera-  
tures and zinc acceptor levels of interest. 

13 The  bas is  for  th i s  c a l c u l a t i o n  h a s  been  p r e s e n t e d  by  S a u l  a n d  
H a c k e t t  (11). Br ief ly ,  s ix  e q u a t i o n s  are a v a i l a b l e  fo r  t he  e i g h t  u n -  
k n o w n  v a r i a b l e s  C s z . ~ ,  CSznG~, CSop +, P,  p, n__ n, and  Kz. .  Hence,  

one  can express  a t  any  T, n as a f u n c t i o n  of  Csop + a n d  Csz.G~ ~ The  

e q u a t i o n s  fo r  Z n  and  Zn-OO-doped c rys t a l s  are  the  ho l e - e l ec t ron  
e q u i l i b r i u m  r e l a t i o n s h i p s  (pn = n21, p n  : n21), the  e l e e t r o n e u t r a l -  
i ty  c o n d i t i o n s  (p = n + CSznG.~, p + CSOp + = n + CSznG~) a n d  

the  de fec t  e q u i l i b r i a  

P(1) + Zn(1) = ZnG~ + e + + PP 

for  w h i c h  Kzn = CSzn6r "p/aznap ---- CSznG~ p/aznaP 
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In Fig. 5 we show two zinc isoconcentration curves 
for the bulk-equil ibrium incorporation of substitu- 
tional oxygen. One curve (dash-dot) at CSznG~ = 0 
is for a hypothetical n- type  oxygen-doped crystal; the 
other one (solid line) corresponds to CZnG~ = 5 • 
1017 cm -~. The two curves nearly overlap at the melt-  
ing point and the position of the curves for intermedi- 
ate values of CSznG~ can be easily imagined. 

In addition to these curves representing the two 
modes of substitutional oxygen incorporation in GaP, 
we also give in Fig. 5 (dashed line) an extrapolation 
to the GaP melting point of the interstit ial oxygen 
data of Berman (30) based on an analysis of the 
infrared absorption spectra of annealed LEC crystals 
(31). To perform the extrapolation let us add the 
following reactions, assuming the presence of neutral 
interstitiats, to Eq. [14] 

3Op + ~- 3Vi -~- 3e -  : 3Oi ~- 3Vp 
2P(1) = 2Vca + 2Pp 

3Voa + 3Vp = O 
Then, we find 

2P(1) + 3Vi + Ga~O3(s) ---- 2GaGa + 2Pp + 301 
[18] 

where the subscript i refers to interstit ial species. 
Since the concentration of Vi is large and insensitive 
to temperature, the equilibrium constant Ki 5)r Eq. 
[18] can be writ ten as 

(CSol) 3 
Ki = - -  [19] 

ap 2 

where CSol is the concentration of interstitial oxygen 
atoms. Applying Eq. [19] to Berman's data (30), log 
Ki was evaluated as a function of 1/T and extrapolated 
to the melting point of GaP. Subsequently CSoi was 
calculated from Eq. [19] over the entire temperature 
range of interest. 

Finally, Fig. 5 includes the oxygen solubilities re-  
ported by Foster and Scardefield (32), deduced from 
the degree of compensation in Zn, O-doped crystals 
grown from solutions at 1144~ 14 and Kim (33), ob- 
tained by SHe activation analysis (34) of O-doped LEC 
crystals. 

The following interesting, although tentative conclu- 
sions can be drawn from Fig. 5: 

(i) It appears that the total oxygen concentration 
reported by Lightowlers et al. (27) is the sum of the 
intersti t ial  and surface-controlled substitutional solu- 
bilities. 

(ii) The value of Jordan et aL (28) along the 
plateau is l ikely due to bulk-equil ibrium incorporation 
since it is comparable to the low temperature results 
of Saul (26), if the temperature range for solution 
growth and the error associated with the optical esti- 
mate (,--50%) is taken into account. 

(iii) Although the average growth temperature of 
Foster and Scardefield (32) is to some extent uncertain, 
their incorporation mechanism is probably surface 
controlled which is also consistent with the small 
Ga203 additions employed (0.048 a/o O). 

(iv) The maximum and downturn in the data of 
Saul (26) (above -~985~ is caused by a transition 
from bulk-equil ibrium to surface-controlled incorpora- 
tion as the density of precipitates for a constant Ga203 
addition to the solution decreases with increasing 
temperature. 

(v) Kim's result (33), a total oxygen measurement, 
seems to be predominantly due to interstit ial oxygen. 

If the above explanation is indeed correct, some 
precipitation is desirable to obtain higher oxygen 
concentrations and consequently higher efficiency red 
LED's. However, excessive precipitation leads to con- 

1~ Actual ly  Foster and Scardefield (32) t e rmina ted  their solution-  
growth exper iments  at  850~ hence,  the  average  growth  t emper -  
a tu re  m a y  be lower  than the  reported l iquidus t empera ture .  

tacting difficulties and degraded device performance 
(9). In addition, the postulated importance of Ga~O3 
precipitates could account for much of the difficulties 
in reproducing the same efficiency from run to run or 
even obtaining uniform efficiencies. Obviously, further 
experimental work is required to confirm these ideas 
concerning the two modes of oxygen incorporation in 
GaP. 

Acknowledgments 
The authors are grateful to C. D. Thurmond, H. C. 

Casey, M. Weiner, and R. H. Saul for fruitful dis- 
cussions. We are also grateful to M. Weiner, R. Berman, 
C. Kim, and R. H. Saul for the use of their unpublished 
data. 

Manuscript received October 21, 1972. This was Pa-  
per 51 presented at the Chicago Meeting of the Society, 
May 13-18, 1973. 

Any discussion of this paper will  appear in a Discus- 
sion Section to be published in the December 1973 
Joum~z~. 

REFERENCES 
1. T. N. Morgan, B. Welber, and R. N. Bhargava, Phys. 

Rev., 166, 751 (1968); C. H. Henry, P. J. Dean, 
and J. D. Cuthbert, ibid., 166, 754 (1968). 

2. See, for example, R. H. Saul, J. Armstrong, and 
W. H. Hackett, Jr., Appl. Phys. Letters, 15, 229 
(1969) ; R. A. Logan, H. G. White, and W. Wieg- 
mann, Solid-State Elect~on., 14, 55 (1971): 

3. F. A. Trumbore, H. G. White, M. Kowalchik, R. A. 
Logan, and C. L. Luke, This Journal, 112, 782 
(1965). 

4. M. B. Panish and H. C. Casey, Jr., J. Phys. Chem. 
Solids, 28, 1673 (1967). 

5. A. S. Jordan, This Journal, 118, 781 (1971). 
6. M. G. Milvidskii and O. V. Pelevin, Inorg. Mater., 

3, 1024 (1967), (Translated from Izv. Akad. Nauk 
SSSR, Neorgan. Materialy, 3, 1159 (1967). 

7. H. C. Casey, Jr., M. B. Panish, and K. B. Wolfstirn, 
J. Phys. Chem. Solids, 32, 571 (1971). 

8. H. C. Casey, Jr. in "Atomic Diffusion in Semicon- 
ductors," D. Shaw, Editor, Plenum Press, New 
York (1972). 

9. M. Kowalchik, A. S. Jordan, and Mildred H. Read, 
This Journal, 119, 756 (1972). 

10. K. H. Zschauer and A. Vogel, "Proceedings of the 
Third International Symposium on GaAs," 
Aachen (1970) ; The Institute of Physics, London 
and Bristol (1971). 

11. R. H. Saul and W. H. Hackett, Jr., This Journal, 
117, 921 (1970). 

12. R. H. Saul and W. H. Hackett, Jr., J. AppL Phys., 
41, 3354 (1970). 

13. C. J. Frosch, This Journal, 111, 180 (1964). 
14. C. L. Luke, Anal. Chim. Acta, 41, 237 (1968). 
15. R. Hultgren, October 1964 Supplement issued to R. 

Hultgren, R. L. Orr, P. D. Anderson, and K. K. 
Kelley, "Selected Values of Thermodynamic 
Properties of Metal and Alloys," John Wiley & 
Sons, Inc., New York (1963). 

16. M. D. Banus and H. C. Gatos, This Journal, 109, 
829 (1962). 

17. L. G. Lavrent 'eva, I. S. Zakharov, and Yu. M. 
Rumyantsev, Soviet Phys.-Cryst., 16, 348 (1971). 

18. S. F. Nygren, C. M. Ringel, and H. W. Verleur, This 
Journal, 118, 306 (1971). 

19. A. B. Y. Young and G. L, Pearson, J. Phys. Chem. 
Solids, 31, 517 (1970). 

20. F. A. Trumbore and D, L. Nash, Unpublished r e -  
sults. 

21. L. G. Parratt ,  "Probabili ty and Experimental Er-  
rors in Science," John Wiley & Sons, Inc., New 
York (1961). 

22. R. IC Willardson and W. P. Allred, "Proceedings of 
the (First) International Symposium on GaAs," 
Reading, England (1966) ; The Institute of Phys-  
ics, London (1967). 

23. C. S. Kang and P. E. Greene, "Proceedings of the 
Second International Symposium on GaAs," Dal- 
las (1968); The Institute of Physics, London 
(1969). 

24. M. E. Weiner and K. B. Wolfstirn, Unpublished 
data. 

25. C. D. Thurmond, J. Phys. Chem. Solids, 26, 785 
(1965). 



Vol. 120, No. 6 T E L L U R I U M  IN L P E  G a P  799 

26. R. H. Saul, J. Electron. Materials, 1, 16 (1972). 
27. E. C. Lightowlers ,  J. C. North, A. S. Jordan,  L. 

Derick, and J. L. Merz, J. Appl. Phys., To be 
published.  

28. A. S. Jordan,  L. Derick, R. Caruso, and M. Kowa l -  
chik, This Journal, 119, 1585 (1972). 

29. L. Pauling,  "The Nature  of the Chemical  Bond," 
3rd ed., Cornel l  Univers i ty  Press,  I thaca  (1960). 

30. R. Berman,  Unpubl ished  data. 
31. A. S. Barker ,  Jr., R. Berman,  and H. W. Verleur,  

J. Phys. Chem. Solids, 34, 123 (1973). 
32. L. M. Fos ter  and J. Scardefield, This Journal, 116, 

494 (1969). 
33. C. K. Kim, Unpubl i shed  data. 
34. C. K. Kim, Radiochem. Radioanal. Letters, 2, 53 

(1969). 
35. R. C. Taylor,  This Journal, 118, 864 (1971). 
36. R. H. Saul  and W. H. Hackett ,  Jr., ibid., 119, 542 

(1972). 

Characteristics of [115] Dislocation-Free 
Silicon Crystals 

T. F. Ciszek 1 
Dow Coming Corporation, Hemlock, Michigan 48626 

Float-Zoned 

ABSTRACT 

Dislocation-free silicon crystals with [115] crystallographic orientation 
were grown by the float-zone method. The relatively high (115) surface free 
energy allows more uniform growth, particularly for dopant incorporation, 
than that which is characteristic of low surface free energy planes such as 
(Iii). The macroradial variation of resistivity in phosphorus-doped [115] 
crystals is typically less than 5%. Also, low surface-state charge densities can 
be achieved using low oxygen content [115] float-zoned crystals. (100) wafers, 
circular within 4%, may be cut from these crystals. 

The ma jo r i t y  of f loat-zoned silicoR crystals  for semi-  
conductor  use have his tor ical ly  been grown in <111> 
orientations.  This was favorable  for ear ly  al loy junc-  
t ion devices since the  {111} planes tended  to define a 
sharp junct ion boundary.  In  the  ear ly  1960's, c rys ta l  
suppl iers  a t t empted  <100> crys ta l  zoning and were  
successful up to d iameters  of about  18 mm. As diam- 
eters  were  increased above 20 mm, large angle  gra in  
boundar ies  were  found to occur, p revent ing  the 
growth  of good qual i ty  crystals ;  thus essent ia l ly  all  
zoning efforts again rever ted  to the  <111> or ien ta -  
tions. Recently,  the advances  in dis locat ion-free and 
large  d iameter  <111> float-zoning technology have 
made  f loat-zoned crys ta ls  a t t rac t ive  for MOS devices. 
Fo r  this  application,  <100>  crysta ls  are  desirable  be -  
cause of the  low {100} Si/SiO2 surface-s ta te  charge 
densi ty  (1) and favorable  device die separation.  Thus 
there  is a r ev iva l  of in teres t  in <100> growth  by  the 
float-zone method.  

The <115> crys ta l lographic  direct ions have been 
found to be v iable  or ientat ions for d is locat ion-f ree  
silicon float-zoning; and <115>  crys ta ls  have severa l  
p roper t ies  of in teres t  for MOS appl icat ions  as wel l  as 
other  appl icat ions  where  un i form doping is of impor -  
tance. 

[115] Orientation 
Figure  1 i l lus t ra tes  the geometr ic  re la t ionship  be-  

tween the [115] direct ion and other  common direct ions 
in the  silicon lattice.  There  is an angle  of 15.8 ~ be tween 
[001] and [115] direct ions and a 39 ~ angle be tween  
[115] and [111] directions.  The <115>  direct ions are  
significant in tha t  growth  twins,  which occasionally 
occur dur ing the growth  of <111> axis silicon crystals ,  
change the  growth  axis to e i ther  <115>  or  another  
<111>  or ientat ion since the  twin  p lane  is of the  {111} 
fami ly  (2). Normal ly ,  the occurrence of .such growth  
twins  dur ing dis locat ion-free  <111>  zoning leads to 
degradat ion  of the  crys ta l  perfect ion (dislocations, 
subsequent  twins, or large angle  g ra in  boundar ies  
usua l ly  occur shor t ly  af ter  twinning) .  

Present address: IBM East Fishkill Laboratory, Hopewell Junc- 
tion, New York 12533. 

Key words: silicon crystal growth, float-zoned silicon crystals, 
[115] oriented silicon crystals, [115] silicon crystal pro~oerties, radial 
resistivity, dislocation-free [115] silicon crystals. 

Back-ref lect ion and t ransmission Laue  x - r a y  diffrac- 
t ion photographs  taken  of a (115) silicon surface wi th  
a 5 cm sample  to film distance are shown in Fig. 2 
along wi th  a simplified s tereographic  project ion.  Li t t le  
s y m m e t r y  is present  in the a r rangement  of the  diffrac- 
t ion spots; there  is only mi r ro r  s y m m e t r y  across the 
( l l 0 )  plane which is ver t ica l  and perpendicu la r  to 
the page. The prominen t  spots present  in the  back-  
reflection pa t t e rn  are  (001), (113), and ( l l 2 ) .  Stan-  
dard  Laue  or di f f ractometer  x - r a y  techniques can be 
used for specimen orientat ion;  the  (i15) in te rp lanar  
separa t ion  is 1.04510A based on the la t t ice  constant  
va lue  a ---- 5.43050A (3). 

Comparison of [115] and I'111] Crystal Growth 
Mechanisms 

A difference in growth  mechanism of (115) vs. (111) 
solidification fronts  is be l ieved to account for the 
more  uni form electr ical  proper t ies  seen in [115] c rys-  
tals. Dislocation-free,  f loat-zone silicon crys ta l  growth  
is appa ren t ly  dominated  by the la te ra l  or shee t - l ike  
p ropaga t ion  of (111) planes  (4). When  dis locat ion-free 

~ ' I ~ I  ~11 i 

I[ [110] 

Fig. 1. Geometry of the [115] direction in the cubic lattice and 
its re|ationship to common silicon crystal growth orientations. 
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Fig. 2a (left). (115) transmission Laue x-ray diffraction at 5 cm sample to film distance, b (right). Laue back-reflection at 5 cm sample 
to film distance. 

Fig. 2c. (115) stereographic projection. 

crysta ls  a re  zoned close to the  [111] orientat ion,  sub- 
s tan t ia l  (111) s ingular  or faceted p lanar  regions 
develop on those supercooled por t ions  of the  in ter -  
face where  new (111) layers  nucleate  (4, 5). For  ex-  
ample,  if the  so ld- l iquid  in ter face  is convex t oward  
the melt ,  the s ingular  region wi l l  be in the centra l  
core of the  crys ta l  (Fig. 3), while  normal  or rough 
g rowth  wil l  t ake  place on the  r ema inde r  of the  in t e r -  
face. 

The tendency  for  f ace t - l ike  g rowth  to domina te  the  
coolest  or  " leading" regions of the  in ter face  is p re -  
dominan t ly  an inverse  funct ion of the  angle  be tween  
(111) and the  leading  interface  surface. This occurs 
because the  (111) surface has the lowest  surface free 
energy,  is the  a tomica l ly  smoothest,  and  is the  only 
surface to show strong facet ing tendencies  dur ing mel t  
growth.  However ,  it  is possible tha t  o ther  low indice 
surfaces corresponding to less p rominen t  min ima  in 
the  polar  surface free energy plot  may  also have  some 
tendency  (a lbe i t  less pronounced)  to form faceted or  
s ingular  interfaces.  Ideal ly ,  the  most uni form elect r ica l  
p roper t ies  for crysta ls  g rown wi th  a curved in ter face  

should resul t  when  the  average  in ter face  p lane  corre-  
sponds to a m a x i m u m  in the polar  surface free energy 
plot, is the  a tomica l ly  roughest ,  and is angu la r ly  
dis tant  f rom (111) p lanes  and other  low indice planes.  
Whi le  there  is no expe r imen ta l  evidence tha t  the  
(115) surface to ta l ly  fulfills these  cri ter ia ,  i t  should 
be more l ike ly  to do so than  low indice surfaces. 

In  [115] zoning, {111} planes  a re  incl ined to the  
in terface  at  angles of 38.9% 56.3% and 70.5~ thus, only 
minu te  regions develop facets on the c rys ta l  per iphery ,  
and crys ta l  g rowth  is essent ia l ly  un i fo rmly  norma l  or 
rough in na ture  over  the  ent i re  interface area. 

The [115] and [111] d is locat ion-f ree  crys ta ls  were  
zoned under  a t t empted  ident ical  exper imenta l  condi -  
tions, in tha t  the  same appara tus  (ECCO zone r e -  
f iner) ,  operator ,  g rowth  speed (3 m m / m i n ) ,  ro ta t ion  
ra te  (20 rpm)  and geomet ry  ( two- tu rn  s ta t ionary  r f  
coil) were  used. Seeds were  or ien ted  to the  appropr ia t e  
direct ion and d is locat ion-f ree  growth  was in i t ia ted  b y  
the  "necking" technique (6, 7). Both crys ta ls  were  
ver t ica l ly  zoned wi th  the  crys ta l  benea th  the  mel t  and 
the feed rod above, in argon, f rom silicon doped wi th  
phosphorus  to a res is t iv i ty  of app rox ima te ly  50 ohm-  
cm. A half  dozen a t tempts  were  made  to zone [100] 
dis locat ion-free crys ta ls  under  these same condit ions 
and none were  successful; dislocations and loss of 
s ingular i ty  occurred ear ly  in g rowth  in every  case. 

Comparison of [115] and [111] Crystal Properties 
Sol id- l iquid  in ter face  shapes of the  two crys ta ls  were  

de te rmined  by  etching longi tud ina l  sections (4), and 

T[1111 

CRYSTAL 

•lI' [ 115 ] 
MELT 

CRYSTAL 

Fig. 3. Schematic representation of (111) layer growth in [111] 
and [115] float-zoned, dislocation-free crystals. 
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Fig. 4. Solid-liquid interface profiles for [115] and [111] dis- 
location-free crystals zoned under similar conditions. 

are  in accord wi th  the  growth  mechanisms discussed 
above. The interface  of the [115] c rys ta l  was cont in-  
uously curved and convex toward  the melt ,  whi le  the 
interface of the  [111] c rys ta l  was pa r t i a l ly  curved 
and pa r t i a l l y  flat. The flat or  faceted areas  occurred 
at  the  center  and  at  the  pe r iphe ry  of the  solidification 
front  (Fig. 4). I t  has been previous ly  shown (5) tha t  
the  pe r iphe ra l  ( I I I )  facets give r ise to r idges or 
bulges  which  ex tend  along the  length  of the  c rys ta l  
and cause a devia t ion  f rom roundness  in the  cross 
section of the crystal ;  the lack  of these facets in [115] 
crys ta ls  a l lows a nea r ly  c i rcular  cross section. F igure  
5 shows x - r a y  topographs  of cross-sect ional  slices 
f rom the  two crysta ls  and  i l lus t ra tes  the  difference in 
cross-sectional  shape as wel l  as the  absence of dis-  
locations.  

I t  has also been shown prev ious ly  (4) tha t  the  cen-  
t ra l  (111) facet on [111] crys ta l  interfaces is associa- 
ted  wi th  a g rea te r  adsorpt ion  of impur i t ies  or  dopants  
wi th  segregat ion  coefficients, ko, less than  1.0. F o r  
example,  the incorpora t ion  of phosphorus (ko : 0.4) is 
app rox ima te ly  20% grea te r  in the faceted or "core" 
region. Resis t iv i ty  measurements  were  made  by  the  
one-probe  technique at  0.5 m m  increments  on thin 
f i laments (1 • 1 m m  cross section) cut along the 
d iamete r  of the  [115] and [111] 50 ohm-cm,  n - t y p e  
crystals .  The resu l tan t  r ad ia l  res i s t iv i ty  profiles a re  
shown in Fig. 6. Decreased res is t iv i ty  values  ( increased 
dopant  concentrat ions)  a re  seen in the  faceted region 

of the  [111] crystal ,  whereas  the [115] crystal ,  f ree  
of interface facets, exhibi ts  a more  un i fo rm (___5%) 
resis t ivi ty.  Al though  the  [115] c rys ta l  res i s t iv i ty  is 
r e l a t ive ly  uni form on a long range (axis  to pe r iphe ry )  
basis, i t  does exhib i t  res is t iv i ty  s t r ia t ions on a smal ler  
microseale  which are  s imilar  to those seen in [111] 
crystals .  The ex t r eme  to which  these  can be observed 
is a function of the  spat ia l  resolut ion of the measu r -  
ing technique.  

In  addi t ion  to the  preceding  g rowth - re l a t ed  con- 
sequences of the  [115] geometry,  there  are  some pure ly  
o r i en ta t ion-dependen t  proper t ies  of interest .  Since 
there  is an angle of 15.8 ~ be tween  the (115) and (001) 
planes,  {100} wafers  which  dev ia te  f rom roundness  
b y  only [ ( i / c o s  15.8 ~) --  1] • 100% --  4% can be cut  
from [115] crystals .  Thus, nea r ly  round  {100} wafers  
of float-zone pur i ty  2 can be a t ta ined (di rec t  [100] 
zoning is difficult).  Also, the  (115) surface is com- 
pa ra t ive ly  rough on an atomic scale, which  m a y  have 
implicat ions  for ep i t axy  or a l loying t rea tments .  Sur -  
face-s ta te  charge  densi ty  at  Si/SiO2 interfaces  is an-  
o ther  o r ien ta t ion-dependent  proper ty ,  and  has been  
found to be lowest  for (100) surfaces, h ighest  for (111) 
surfaces, and m i d w a y  be tween  for (110) surfaces [see 
for example ,  G r a y  and Brown (8)] .  Since the  [115] 
di rect ion is r e l a t ive ly  close to the  [100] direction,  a 
r e la t ive ly  low sur face-s ta te  charge  densi ty  is expected 
for the  (115) surface. P r e l im ina ry  measurements  in-  
dicate  tha t  the  va lue  for the  (115) surface is be tween  
tha t  for (100) and tha t  for (110) (9).  

Summary 
The float-zone g rowth  of [115] dis locat ion-free si l i -  

con crys ta ls  is a means  of obta in ing high puri ty ,  low 
defect  wafers  for appl icat ions  where  low rad ia l  res i s t -  
iv i ty  gradients ,  low sur face-s ta te  charge densities, or  
a tomica l ly  rough, high surface free energy  wafer  
surfaces are desirable.  In  addit ion,  nea r ly  round  (wi th-  
in, 4%) (100) wafers  can be cut f rom [115] crystals .  

Most of the  differences be tween  [111] and [115] 
f loat-zoned crys ta ls  a re  expec ted  to also hold t rue  in 
Czochralski  growth;  an except ion is that  [111] and 
[115] Czochralski  crys ta ls  a re  comparab le  in  round-  
ness. 

2 T h e  o x y g e n  c o n t e n t  o f  f l o a t - z o n e d  c r y s t a l s  i s  t y p i c a l l y  1 0  le  
atoms/cm~. 

Fig. 5. X-ray topographs illustrating cross-sectional shape and zero dislocation density of (a, left) the [115] crystal and (b, right) the 
[111] crystal of Fig. 4. 
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Fig. 6. Radial resistivity profiles for the [115] and [111] crystals 
of Fig. 4. 

The larges t  d is locat ion-f ree  [115] crystals  zoned to 
date  a re  in excess of 55 m m  in d iamete r  (Fig. 7). 

Manuscr ip t  submi t ted  Feb. 9, 1972; revised m a n u -  
script  received Dec. 11, 1972. This was Paper  200RNP 
presented  at  the  Cleveland,  Ohio, Meet ing of the So- 
ciety, Oct. 3-7, 1971. 

Any  discussion of this paper  wi l l  appear  in a Discus- 
sion Section to be publ i shed  in the  December  1973 
JOURNAL.  
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The Crystal Growth of Boron Monophosphide 
from Metal Phosphide Solutions 

T. L. Chu,*  J. M.  Jackson, and R. K. Smeltzer* 

Electronic Sciences Center, Southern Methodist University, Dallas, Texas 75222 

ABSTRACT 

The c rys ta l  g rowth  of boron phosphide,  BP, has been inves t iga ted  using 
two approaches:  (i) the addi t ion of phosphorus to a boron-nickel  or boron-  
copper melt,  and (ii) the recrys ta l l iza t ion  of boron phosphide  f rom a nickel  
phosphide  or copper phosphide solution in a t e m p e r a t u r e  gradient .  To de te r -  
mine  the  op t imum condit ions for the  growth  processes, the  solubi l i ty  of boron 
phosphide in n ickel  phosphide (Ni12P5) and copper  subphosphide (Cu3P) was 
de te rmined  over  a wide t empera tu re  range. The solubi l i ty  of boron phosphide  
in nickel  phosphide  was found to be h igher  than  that  in copper phosphide.  
Boron phosphide crys ta ls  of about  3-mm size were  obta ined by  the addi t ion of 
phosphorus to a boron-n icke l  or boron-copper  mel t  at 1300°C or above, fol- 
lowed by  slow cooling. The t empera tu re  grad ien t  recrys ta l l iza t ion  of boron 
phosphide  f rom nickel  phosphide at 1200°C has produced la rger  crystals .  The 
solut ion-grown crys ta ls  were  in the  form of hoppers  and p la te le ts  wi th  p la te -  
lets  dominat ing.  The p la te le ts  had main  faces of {111} or ienta t ion and were  
formed by  the twin-p lane  r e - en t r an t - edge  mechanism.  The so lu t ion-grown 
crys ta ls  are usual ly  n- type  with  a room t empera tu r e  res is t iv i ty  of about  0.5 
ohm-cm and a dopant  concentrat ion of about  1018 cm -3. They have been used 
successfully as subs t ra tes  for the  epi tax ia l  growth  of boron phosphide.  

Boron monophosphide  (BP, re fe r red  to as boron 
phosphide  hereaf te r )  crys ta l l izes  in the  zincblende 
s t ruc ture  and has an indirect  energy gap of about  2 
eV (1). Because of its r e l a t ive ly  large  energy gap, this 
ma te r i a l  has potent ia l  appl icat ions for h igh- tempera -  
ture  devices and for visible l i gh t - emi t t ing  devices. 
However ,  these devices have not been developed be-  
cause of the  difficulties involved in the growth  of 
single crysta ls  of boron phosphide of control led  
chemical  and s t ruc tura l  perfection. Convent ional  mel t -  
g rowth  techniques are  not  feasible for the crys ta l  

* Electrochemical  Society Act ive  Member .  
K e y  words :  boron phosphide, crystal growth,  n ickel  phosphide, 

semiconductors, twin planes. 

growth  of boron phosphide  because of i ts high mel t ing  
point  (3000°C) and its dissociation into boron sub-  
phosphide  (B6P) at t empera tu re s  cons iderably  below 
the mel t ing point  (2). Boron phosphide crysta ls  have 
been grown from meta l  phosphide solutions and by  
the chemical  t r anspor t  technique under  condit ions 
where  its t he rmal  dissociation is negligible.  

The growth  of boron phosphide crysta ls  f rom meta l  
phosphide solutions has been br ie f ly  r epor ted  in several  
invest igat ions (1, 3-5); however ,  no informat ion con- 
cerning the  effects of var ious  process pa rame te r s  is 
avai lable.  In  the present  work,  the  process pa ramete r s  
in the  solut ion g rowth  of boron phosphide have been 
ex tens ive ly  s tudied wi th  the  object ive  of producing 
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la rger  crys ta ls  sui table  as subst ra tes  for the ep i tax ia l  
g rowth  of boron phosphide  (6);  the epi tax ia l  growth  
technique is be l ieved  to be the  most  promis ing  ap- 
proach for the  p repara t ion  of boron phosphide  device 
structures,  since the concentra t ion and dis t r ibut ion of 
dopants  in the  ep i tax ia l  l ayer  can be  reproduc ib ly  
control led.  Copper  and nickel  phosphides  were  used 
as solvents, and  the  g rowth  process was  car r ied  out  
by  the addi t ion of phosphorus  to a boron-meta l  mel t  
and b y  the  recrys ta l l iza t ion  of boron phosphide  f rom 
a me ta l  phosphide  solut ion in the  presence of a t em-  
pe ra tu re  gradient .  The  exper imenta l  procedures  and 
resul ts  a re  summar ized  below. 

Solubility of Boron Phosphide in Metal  Phosphides 
The most impor tan t  pa ramete r  in the solut ion-  

growth  process is the  choice of a sui table  solvent.  The 
solvent  mus t  e i ther  be essent ia l ly  insoluble in boron 
phosphide,  or it  must  be  e lect r ica l ly  inact ive if it  has 
significant solubil i ty.  

Severa l  metals ,  such as copper,  iron, nickel,  and 
pla t inum,  are  possible so lven t - formers  for the solution 
growth  of boron phosphide,  and copper and nickel  
phosphides  appear  to be the  most useful  ones on the 
basis of the  avai lab le  information.  A n  examina t ion  of 
b ina ry  phase d iagrams  (7-9) reveals  the fol lowing 
relat ions:  (i) boron is soluble in copper  and nickel  
over  a wide  t empe ra tu r e  range:  n ickel  forms four 
bor ides  (Ni2B, Ni3B2, NiB, and Ni2B3) and copper  
forms no borides, (ii) nickel  forms at  least  e ight  
phosphides:  Ni3P, Ni~P2, Ni12P5, Ni2P, NisP4, NiP, NIP2, 
and  NIP3, and the first four  phosphides  have  mel t ing  
points  below 1200~ and (iii) copper  forms two phos- 
phides:  Cu3P and CuP2 (10). Thus, the  B - C u - P  system 
is r e la t ive ly  simple, and the  use of n ickel  phosphide for 
the  solut ion growth  of boron phosphide  m a y  involve 
ra the r  compl ica ted  mixtures .  

To de te rmine  the condit ions for the growth  of boron 
phosphide crysta ls  f rom solutions, the  solubil i t ies  of 
boron phosphide  in n ickel  and copper  phosphides  were  
de te rmined  over  a wide t empera tu re  range. Polycrys-  
ta l l ine  boron phosphide,  nickel  phosphide,  and copper  
phosphide  were  first p repa red  as follows. 

Boron phosphide  was p repared  by  the t he rma l  
reduct ion of a boron t r ib romide-phosphorus  t r ich lor ide  
mix tu re  wi th  hydrogen  in a gas flow system. A mix tu re  
of hydrogen,  boron t r ibromide ,  and phosphorus  t r i -  
chloride,  at  flow ra tes  of 8 • 10 -2, 1.5 • 10 -3, and 
3 • 10 -3 moles /min ,  respect ively,  was in t roduced into 
a fused silica tube  hea ted  at about  l l00~ in a r e -  
s is tance-heated furnace.  The reac t ion  took place on the  
wal l  of the si l ica tube, deposi t ing boron phosphide.  
The excess of phosphorus t r ichlor ide  in the  reac tan t  
p reven ted  any phosphorus  deficiency in the  deposit.  
The deposi t  was confirmed to be  boron phosphide by  
the x - r a y  Debye -Sche r r e r  technique.  A p p r o x i m a t e l y  
30g of boron phosphide was formed dur ing  an 8-hr  
period.  

Niekel  phosphide was synthesized by  the  reac t ion  of 
phosphorus  vapor  wi th  nickel  under  condit ions s imi lar  
to those used for the  solut ion g rowth  of boron phos- 
phide, and  a schematic  d i ag ram of the  appara tus  is 
shown in Fig. 1. An  a lumina  boat  conta ining a nickel  
ingot was fitted into a cy l indr ica l  graphi te  sleeve of 
1 in. ID and 1V4 in. OD, which  was  used as a susceptor  
for  r f  heating.  The susceptor  was posi t ioned in a fused 
silica spacer  so tha t  the  g raph i te  contacted the  spacer  
only at  four  points. This assembly  and an excess of 
red  phosphorus  were  p laced in a fused  silica tube  of 50 
m m  ID and 55 m m  OD which  was evacuated  to less 
than  10-5 Torr  and sealed. The reac t ion  tube was about  
45 cm long af ter  sealing. The end of the  tube  conta in-  
ing the  susceptor and  phosphorus was hea ted  to sub-  
l ime al l  phosphorus  to the  other  end of the tube.  The 
susceptor was hea ted  at the desired tempera ture ,  
1200~176 wi th  an  rf  generator ,  and  a resis tance 
hea te r  sur rounding  a ma jo r  por t ion  of the  react ion 
tube  was used to ma in ta in  the phosphorus  pressure  in 
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Fig. 1. Schematic diagram of the apparatus used for the synthesis 
of nickel phosphide and the solution growth of boron phosphide. 

the tube  at  about 2 arm. The nickel  appeared  to be 
sa tura ted  wi th  phosphorus  af te r  severa l  hours;  how-  
ever,  the  react ion t ime  was usua l ly  24 hr  or  longer  to 
assure saturat ion.  The x - r a y  Debye -Sche r r e r  pa t t e rn  
of the resul t ing  product  was ident ical  wi th  that  of 
Ni12P5 (11). Nickel  phosphides  wi th  h igher  phosphorus  
content  were  not  obtained.  

Copper  phosphide was synthesized by  the react ion 
of phosphorus  vapor  wi th  copper in a c losed tube.  
Weighed  amounts  of copper  and red  phosphorus  were  
placed in a fused sil ica tube,  evacua ted  to less than 
10 -5 Torr,  and sealed. The react ion tube was then 
p laced  in a t w o - t e m p e r a t u r e  zone furnace.  Copper  
located at  one end of the  tube  was hea ted  at  1150~ 
and the t empera tu re  of the other  zone was main ta ined  
to yie ld  a phosphorus  pressure  of about  1 atm. De-  
pending  on the  C u / P  molar  ra t io  in the  reactants ,  CusP 
or CUP2, identif ied by  the i r  x - r a y  Debye -Sche r r e r  pa t -  
terns  (10, 12), were  obtained.  

To de te rmine  the solubi l i ty  of boron phosphide,  a 
pulver ized  mix tu r e  of 1.0g boron phosphide,  0.04g red  
phosphorus,  and 10.0g nickel  phosphide  (Ni12P~) was  
sealed in an evacua ted  fused sil ica tube  of 10 m m  ID 
and 16 m m  OD; phosphorus  was used to  suppress  the  
decomposi t ion of boron phosphide  at  h igh t empera -  
tures. The boron phosphide was sieved th rough  a 74# 
screen so tha t  the  amount  of recrys ta l l i zed  mater ia l ,  
which  would  have  cons iderab ly  l a rge r  par t i c le  size, 
could be easi ly  de termined.  The  sil ica tube  was fitted 
into a cyl indr ica l  g raph i te  susceptor.  The susceptor  
was sealed into a second silica tube  conta ining about  
0.2 a tm of a rgon ( the  argon pressure  was  used to sup- 
press  the  expans ion  of the  inner  tube  at  h igh t em-  
pera tures ) ,  and the susceptor was at least  1 cm from 
the tube  wal l  so tha t  the  susceptor  could be hea ted  to 
high tempera tures .  The g raph i t e  susceptor  was  then 
hea ted  with  an rf  genera tor  at  the desired tempera ture ,  
1200~176 for 5-24 hr. The content  of the  react ion 
tube  was  t rea ted  wi th  a ni t r ic  ac id-hydrof luor ic  acid  
mix tu re  to dissolve a l l  species except  boron  phosphide.  
Wheneve r  recrys ta l l iza t ion  had occurred, the  res idual  
boron phosphide  was found to contain  smal l  o range-  
r ed  crysta ls  in addi t ion  to the  or iginal  powder  mate-  
rial,  and  the crys ta ls  were  separa ted  by  s ieving the 
mix tu re  through a 74# screen. The recovered  powder  
ma te r i a l  was undissolved boron phosphide,  and  the  
col lected c rys ta l l ine  ma te r i a l  was recrys ta l l ized  boron 
phosphide.  In  al l  cases, boron phosphide  was not com- 
p le te ly  recovered  due  p re sumab ly  to the  complexi ty  
of the  N i - B - P  system. A t  1300~ for example ,  0.75g of 
boron phosphide dissolved in 10g of n ickel  phosphide,  
whereas  only 0.23g recrys ta l l ized  from the solution. 
The weights  per  cent of boron phosphide  dissolved in, 
and  recrys ta l l ized  from, n ickel  phosphide  at var ious  
t empera tu res  is shown in Fig. 2. I t  is seen tha t  i t  has a 
significant solubi l i ty  in n ickel  phosphide at  1200~ 
even though this t empe ra tu r e  is jus t  above the mel t ing  
poin t  of n ickel  phosphide.  

The mel t ing  point  of copper  subphosphide,  Cu3P, is 
1022~ The solubi l i ty  of boron phosphide  in copper 
subphosphide was  de te rmined  at  1150 ~ and 1220 ~ in a 
manne r  s imi lar  to tha t  descr ibed  above. Boron phos-  
ph ide  was found to be  essent ia l ly  insoluble  in copper 
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Fig. 2. Dissolution and recrystallization of boron phosphide as a 
function of temperature using nickel phosphide as a solvent. 

subphosphide at 1150~ When the experiment  w a s  
carried out at 1220~ for 48 hr, about 85% of the boron 
phosphide was recovered, and 0.64% (weight) of the 
ini t ial  boron phosphide recrystallized. Thus, boron 
phosphide is less soluble in copper subphosphide than 
in  nickel phosphide. Also, boron phosphide was found 
to be insoluble in copper diphosphide, CUP2, at tem- 
peratures up to 1200~ 

Growth of Boron Phosphide Crystals by the Addition 
of Phosphorus to a Boron-Metal Melt 

The slow cooling of a phosphorus-saturated solution 
of boron in nickel was used for the growth of boron 
phosphide crystals. The apparatus is the same as that 
used for the preparat ion of nickel phosphide shown in 
Fig. 1. A boron-nickel  ingot was prepared by melt ing 
weighed quanti t ies of boron and nickel in an a lumina  
boat in a hydrogen atmosphere. Typically, 40g of nickel 
was used, and the melt  was mainta ined at 1400~ for 
at least 1 hr to form a homogeneous mixture.  The re- 
sult ing ingot was then sealed in the reaction tube in a 
manner  as shown in Fig. 1. After  main ta in ing  a phos- 
phorus pressure over the melt  at a predetermined tem- 
perature,  boron and nickel were converted into the 
corresponding phosphides. The solution was slowly 
cooled, and the resul t ing mater ial  was treated with 
nitr ic acid to isolate the boron phosphide crystals. 

The impor tant  process parameters  including the 
phosphorus pressure over the solution, the init ial  con- 
centrat ion of boron in solution, the temperature  of the 
solution, the reaction time, and the cooling rate, were 
studied in a number  of experiments.  A phosphorus 
pressure of 2-3 atm was found to be optimum; lower 
pressure resulted in the formation of boron subphos- 
phide B6P, and higher pressures created such strong 
convection currents  in the reaction tube that the phos- 
phorus pressure could not be controlled. The concentra- 
t ion of boron in nickel was first selected on the basis of 
the data shown in Fig. 2. The boron-nickel  alloy used for 
crystal growth at 1325~ should contain 2.3% (weight) 
boron so that, after saturat ing with phosphorus, the 
result ing solution of boron phosphide in nickel phos- 
phide would be slightly undersaturated.  The solution 
was main ta ined  at 1325~ for 4 hr and then cooled at 
a rate of 10~ to about 1150~ The boron phosphide 
crystals obtained in this manne r  were up to 3 mm in 
size, and the yield was about 50% on the basis of the 

amount  of boron used. Several  changes in the process 
parameters  were then made. Higher temperatures  did 
not noticeably change the size distr ibution or yield of 
the crystals; however, crystals were smaller on the 
average at temperatures  below 1300~ The use of 
higher concentrations of boron in nickel, up to 10%, 
also did not change significantly the size of boron 
phosphide crystals. By main ta in ing  the solution at high 
temperatures  under  the phosphorus pressure over ex- 
tended periods, the yield of boron phosphide crystals 
was slightly increased, but  the results were no better  
in other aspects. Also, no improvements  in crystal size 
were obtained with cooling rates of less than  10~ 
Experiments  were also carried out by slowly pull ing 
the reaction tube out of the rf  coil, and the results 
were inferior to the slow cooling of the ent i re  solution. 
To e l iminate  the possibility that  part iculate mat ter  
from the graphite susceptor had induced excessive nu -  
cleation in solution, one exper iment  was carried out 
using a molybdenum susceptor and produced very 
similar results. 

A series of experiments  was carried out using the 
addition of phosphorus to a boron-copper melt. Al- 
though the solubili ty of boron in copper is less than 
that in nickel, the effects of the alloy composition, tem- 
perature, reaction time, and cooling rate on the size 
distr ibution of crystals were essentially the same as the 
use of a boron-nickel  melt. 

Growth of Boron Phosphide Crystals by 
Recrystallization from Metal Phosphide 

Solutions 
The addition of phosphorus to a boron-nickel  or 

boron-copper melt  requires a reaction temperature  of 
at least 1300~ for obtaining boron phosphide crystals 
of reasonable size. Lower temperature  techniques are 
preferable, and the temperature  dependence of the 
solubility of boron phosphide in metal  phosphides was 
utilized for the crystal growth of boron phosphide by 
the tempera ture  gradient  recrystall ization technique. 
In  this technique, a small  temperature  gradient  is 
main ta ined  across a saturated solution of boron phos- 
phide in a metal  phosphide with a polycrystall ine 
boron phosphide source in the higher tempera ture  re-  
gion. A concentrat ion gradient  is thus set up across 
the solution, and this gradient  results in the t rans-  
port of boron phosphide from the polycrystal l ine 
source to the lower tempera ture  region in the solution. 
The nucleat ion process in this region can be controlled 
to yield relat ively large crystals. 

The recrystall ization experiments  were carried out in 
vertical  fused silica tubes using a resistance-heated 
furnace for recrystall ization temperatures  up to 
1200~ and rf heating for higher temperatures.  Since 
the density of boron phosphide is considerably lower 
than that of metal  phosphide solutions, the top of the 
reaction tube was in the highest temperature  region in 
the major i ty  of the experiments.  In a typical high-tem- 
perature  experiment,  1.5g of polycrystal l ine boron 
phosphide and 35g of copper subphosphide were placed 
in a graphite cyl inder of 1 in. ID and 3 in. in height. 
The crucible was supported by a fused-silica holder 
and sealed in a fused-silica tube with sufficient phos- 
phorus to yield 2 or 3 atm pressure during recrystal- 
lization. The graphite crucible was heated with an rf 
generator. The top of the solution was mainta ined at 
about 1300~ and the bottom was a few degrees cooler. 
The crucible was slowly cooled after one day, and the 
resul t ing boron phosphide was completely recrystal-  
lized with crystals up to 2 mm in size. These results 
were not significantly improved by using nickel phos- 
phide as the solvent or by using a silica l iner in the 
graphite crucible. The rela t ively small  size of boron 
phosphide crystals obtained in these experiments  are 
presumably due to the high recrystall ization rate re-  
sult ing from the difficulty of controll ing a small  tem- 
perature gradient  with rf heating. 
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The recrys ta l l i za t ion  exper iments  at  lower  t empera -  
tures  have produced crys ta ls  super ior  to t he  h igh - t em-  
pe ra tu re  exper iments .  The best  resul ts  were  obtained 
wi th  n ickel  phosphide  solutions. In  a typ ica l  exper i -  
ment,  0.Sg of boron phosphide,  15g of n ickel  phosphide,  
and 0.08g of phosphorus  were  p laced in a fused silica 
tube of 10 m m  ID X 16 m m  OD, which  was evacuated 
and sealed. The tube was held  in a ver t ica l  furnace  
so that  the top of the solution was at  the highest  tem- 
perature ,  1200~ and a 5~ grad ien t  exis ted across the 
solution. Af te r  three  weeks, boron phosphide crystals ,  
most ly  in the  form of p la te le t s  up to 4 m m  in size, were 
obtained.  At  1150~ or  below, no measurab le  recrys-  
ta l l iza t ion was observed af ter  two weeks. Thus, among 
the techniques inves t iga ted  in this  work,  the t empera -  
ture  g rad ien t  recrys ta l l iza t ion  of boron phosphide  from 
nickel  phosphide at  1200~ appears  to be best  sui ted  for 
the  g rowth  of boron phosphide  crystals .  

Properties of Solution-Grown Boron Phosphide Crystals 
Boron phosphide  crys ta ls  obta ined in this  w o r k  were  

in the  form of hoppers  and platelets ,  wi th  p la te le ts  
dominat ing among crysta ls  grown by the recrys ta l l iza-  
t ion technique.  They are chemica l ly  inert ,  insoluble  in 
aqueous acids and alkalis.  Molten potass ium hydrox ide  
or a mol ten  mix tu re  of 3:1 sodium hydrox ide - sod ium 
peroxide  was used as a p re fe ren t ia l  e tchant  to revea l  
s t ruc tura l  defects in boron phosphide crystals.  

The p la te le ts  a re  usua l ly  in the  s ix-s ided  form, in-  
t e rmedia te  be tween  a regu la r  hexagon and an equi-  
l a te ra l  t r iangle.  F igure  3 shows severa l  boron phos- 
phide  p la te le t s  obta ined by  the recrys ta l l iza t ion  tech- 
nique. The p la te le ts  usual ly  have  one smooth main 
face, and the x - r a y  Laue  back-ref lec t ion technique in-  
dicated tha t  the  main  face is of {111} orientat ion.  The 
p la te le t s  are  also charac te r ized  by  a twinned  s t ructure  
wi th  twinning  tak ing  p lace  about  {111} planes.  F igure  
4 shows the  angle- lapped  and chemical ly  e tched sur-  
face of a boron phosphide platele t ;  the  para l le l  l ines 
are  grooves and are  the intersect ions of the  twin 
planes  wi th  the  ang le - l apped  surface. In  this  case, the  
twin  planes  are  2-4~ apart .  Twinning  has been shown 
to be essential  for the growth of the pla te le ts  (13). 
Since the {111} faces are  the slowest  growing, a s table  
octahedra l  s t ructure  bounded by  these planes  would 
be formed wi thout  twinning,  and addi t ional  growth 
onto this  s t ruc ture  would  be difficult because of the 
high energy  of nucleat ion on the  {111} faces. In  the 
twinned  structure,  however,  in tersect ion of the  twins 
forms r e - en t r an t  grooves on a l te rna t ing  edges in three  
of the  six equiva lent  ( 2 1 1 )  direct ions that  lie in the 
p lane  of the twins.  The twins  intersect  a t  r idges  on the 
o ther  three  edges. The grooves p rov ide  locations for 
mul t ip le  a t t achment  of new atoms so the  energy of 

Fig. 3. Typical boron phosphide platelets grown by recrystalliza- 
tion from a nickel phosphide solution at 1200~ 

Fig. 4. Angle-lapped and chemically etched surface of a boron 
phosphide platelet showing the presence of twins. 

nucleat ion is lowered  and g rowth  can ensue p re fe ren -  
t ia l ly  in those directions. 

The hopper - faced  boron phosphide crysta ls  were  f re-  
quent ly  obta ined f rom solutions wi th  a high boron 
concentrat ion.  The crysta ls  consist of separa te  but  
often in te r l eaved  {111} p la te le ts  g rown out at  different  
levels from intersect ing faces. Edges are favored growth  
sites in this  s t ructure.  Al though the presence of hop- 
pe r  crysta ls  indicates  tha t  many  of the  solutions were  
too concentrated,  the  size and shape of the  we l l -  
fo rmed twinned  crys ta ls  d id  not  v a r y  wi th  the  presence 
or  absence of the  hopper  type.  

The solut ion-grown boron phosphide  crys ta ls  ex -  
h ibi t  both  n- and p - t y p e  conduct iv i ty  wi th  the  n - type  
predominant .  Their  e lect r ica l  eonduet ivi t ies  have  been 
measured  in the  t empera tu re  range  77~ Ohmic 
contacts  were  obta ined  by  evapora t ing  ind ium onto the  
surface of the  crys ta l  fol lowed by  anneal ing  at  500~ 
A typica l  conduc tance - t empera tu re  re la t ion  of an 
n - t y p e  crys ta l  is shown in Fig. 5. An  act ivat ion energy 
of about  0.13 eV dominates  in the  t empera tu re  
range  200~176 however ,  the conduct iv i ty  is con- 
t ro l led  by  shal low levels  which could not be de te r -  
mined  from the  da ta  here. Typica l  resis t ivi t ies  a re  0.5 
ohm-cm at room t empera tu re  and 50 ohm-era  at  77~K. 

The room- tempera tu re  car r ie r  concentra t ion in solu-  
t i on -g rown  boron phosphide  crys ta is  was es t imated  
f rom Schot tky  ba r r i e r  measurements .  Gold dots of 
0.01-in. d iamete r  evapora ted  onto the  surface of the  
c rys ta l  were  used as the  bar r ie r .  Capaci tance-vol tage  
da ta  f rom a number  of samples  has  y ie lded  net  donor  
concentra t ions  on the  order  of 10 TM cm -s .  

The  so lu t ion-grown boron phosphide  crys ta ls  a re  not  
d i rec t ly  useful  for device purposes  because the  dopant  
concentra t ion and d is t r ibut ion  in these crys ta ls  cannot  
be r ead i ly  control led.  However ,  t hey  are  ideal  as sub-  
s t ra tes  for the  epi tax ia l  g rowth  of boron phosphide.  
Both n- and p - t y p e  epi tax ia l  layers  wi th  control led  
dopant  concentra t ion have been deposi ted on the solu- 
t ion grown crysta ls  by  the  t he rma l  reduct ion  of a 
boron t r ib romide-phosphorus  t r ichlor ide  mix tu re  wi th  
hydrogerL The proper t ies  of these ep i tax ia l  layers  wi l l  
be discussed in another  publicat ion.  

Summary and Conclusions 
Single c rys ta ls  of boron phosphide have  been p r e -  

pa red  f rom meta l  phosphide  solutions by  two tech-  
niques:  (i) the  addi t ion  of phosphorus  to a boron-  
n ickel  or  boron-copper  me l t  a t  1300~ fol lowed b y  
slow cooling of the  resul t ing  solution, and  (ii) the r e -  
crys ta l l iza t ion  of boron phosphide  f rom a nickel  phos- 
phide  or  copper  phosphide solution at 1200~ in a tem-  
pe ra tu re  gradient .  The so lu t ion-grown crys ta ls  are  in 
the  form of hoppers  and p la te le t s  wi th  p la te le t s  dota l -  
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Fig. 5. Electrical conductance of a solution-grown boron phos- 
phide crystal as a function of temperature. 
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nating. The twin-plane re-entrant-edge mechanism is 
responsible for the formation of platelets The solution- 

grown crystals have a dopant concentration on the 
order of l0 TM cm -8 and are not useful directly for de- 
vice purposes. They have been used successfully as 
substrates for the epitaxial growth of boron phos- 
phide. 
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The Equilibrium Behavior of the Silicon-Hydrogen-Bromine 
and Silicon-Hydrogen-Iodine Systems 

L. P. Hunt* and E. Sirti* 
Dow Coming Corporation, Solid State Research and Development, Hemlock, Michigan 48626 

ABSTRACT 

A thorough evaluation of the Si-H-Br and Si-H-I systems was made by 
considering many compounds to coexist at equilibrium. Compound part ial  
pressures are presented as a function of temperature (300~176 for a halo- 
gen to hydrogen ratio of 0.01. Diagrams relating the X/H ratio (0.01-10) to the 
Si /X ratio indicate the equilibrium state of the sy.stem with respect to 
the corresponding increase or decrease of silicon m the gaseous phase. 
Experimental data are presented proving the existence of a high-tempera- 
ture ( > 1300~ cold-to-hot transport  reaction in the Si-H-I  system in con- 
trast  to what is predicted in the Si-H-Br and known in the Si-H-C1 systems. 
The cold-to-hot transport  reaction is the result of the high-equilibrium part ial  
pressure of monatomic iodine at temperatures approaching the melting point 
of silicon. 

The common methods used in the semiconductor in- 
dustry for the chemical vapor deposition of silicon in- 
volve either the pyrolysis of silane or the hydrogen 
reduction of the chlorosilanes SIC14, SiHCI~, and more 
recently SiH2CI~ (1). In comparison to the chloro- 

* E l e c t r o c h e m i c a l  Society Active M e m b e r .  
Key words: silicon, thermochemical equilibrium, transport, vapor 

deposition. 

silanes, the body of information available concerning 
the decomposition of the other halosilanes is very 
slight. The fluorosilanes have attracted litt le attention 
because of their comparatively high thermal  stability, 
while the bromo- and iodosilanes have been largely 
ignored for both economic and technical handling rea-  
sons. 
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With in  the  S i -H-Br  system, silicon t e t r ab romide  has 
been s tudied (2, 3) on a ve ry  l imi ted  basis as a source 
mate r ia l  for silicon deposition. In  the other  extreme,  
the  etching of silicon by  H2-HBr mix tu res  has  been 
shown (4) to have  advantages  over  the  more  com- 
monly  used H2-HC1 mixtures .  In teres t  in the S i -H- I  
system, or  more  specifically the  S i - I  system in the 
absence of hydrogen,  has been h igher  than  in the cor- 
responding bromine  system since the  chemis t ry  is 
somewhat  a l te red  b y  the  low s tabi l i ty  of SiI4 at  me-  
d ium tempera tu res  and the grea te r  s tabi l i ty  of mon-  
atomic iodine at  h igher  tempera tures .  Al though work  
in the  e tching area  has been somewhat  l imited (5), 
s tudies in po lycrys ta l l ine  si l icon deposi t ion (6-8) in i -  
t ia ted  addi t ional  invest igat ion into epi tax ia l  deposit ion 
(9-14) f rom SiI4 by  pyrolysis ,  hydrogen  reduction,  and 
chemical  t r anspor t  reactions.  

The purpose  of this  paper  is to genera l ly  descr ibe the  
equ i l ib r ium behavior  of the  S i - H - B r  and Si-H-I  sys-  
tems in order  to provide a f rame of re ference  to which 
expe r imen ta l  data  can be compared.  Calculat ions  are  
based on a de ta i led  the rmodynamic  analysis  of each 
sys tem in a manner  ve ry  s imi lar  to tha t  used for  the  
Si-H-C1 system (15). Ear l ie r  the rmodynamic  analyses  
of the  S i -H- I  system (10-13) have been quite specific 
in te rms of in te rpre t ing  exper imen ta l  da ta  of a l imi ted  
nature .  

Thermodynamic Data 
The computa t ional  method,  based on that  repor ted  

by  Cruise (16), and descr ibed more  thoroughly  else- 
whe re  (15), requi res  a knowledge  of the  s t andard  en-  
t ha lpy  of formation,  ~HJ%9s, the  s t andard  entropy,  
S~ and the  t empera tu re  function of the heat  capaci ty  
equation, Cp~ for  each species in  an equi l ib r ium 
system. Since many  of these basic quant i t ies  have not  
been de t e rmined  for the  halosi lanes and subhal ides  in 
the  S i - H - B r  and S i -H- I  systems, a thorough  analysis  
of the  equi l ib r ium si tuat ion requi res  a careful  eva lu -  
a t ion and es t imat ion of the  missing data. 

Standard enthalpy oS ~ormat ion .~As  is the  case wi th  
chlorosilanes,  the  absence of en tha lpy  of format ion  
da ta  for the  tri-,  di-, and monohalos i lanes  (X = Br, I)  
necessi tates  the i r  es t imat ion  by  in te rpola t ing  be tween  
the we l l -es tab l i shed  values  for the te t raha los i lanes  
(17) and for monosi lane (18). This method has been 
shown (15) to be accurate  to wi th in  about  1 kca l /mo l  
for  t r ichlorosi lane.  The in te rpo la ted  values  appear  in 
Table  I. 

Table I. Thermochemical data 

Cp ~ = A + B T  + 
AH~ ~ 298 C T - 2  ( e u  ) 
( k c a l /  S ~  B C 

Species m o l )  R e f .  (eu)  Ref .  A x I03 x I0  -e R e f .  

St (s) 0 = 4.50 (22) 5,70 0.70 - 1.04 (27) 
Si(g) 107.7 (22) 40.12 (22) 4.82 0.18 0.42 (28) 
H~(g) 0 = 31.21 (28) 6.52 0.78 0.12 (28) 
H B r ( g )  - -8 .71 (22) 47.47 (22) 6.41 1.24 0.15 (27) 
B r ( g )  28,74 (20) 41.61 (20) 4.90 0.22 0 (27) 
Br2 (g )  7,39 (20) 58.64 (20) 8.92 0.12 -- 0,30 (27) 
SiH4(g) 7.3 (18) 48.87 (29) 15.38 4.88 --6.35 (22) e 
S i H s B r ( g )  - -19.4 b 62,65 (29) 17.96 3.67 - -6 .08  (30) 
SiH~Br=(g)  - -46.0 b 74.18 (29) 20,54 2.48 --~.14 (29) 
SiHBra(g) - -72.7 ~ 83.24 (29) 23.05 1.33 ~3 .81  (29) 
SLBr~(g) - -99 .3  (17) 90.24 (29) 25.60 0.15 - -2 .18  (29) 
S iBr~(g)  - -38  ~ 83.2 b 19.80 0.04 - -1 .20  
SiBrs(g) --12.2 (17) 72 (17) 14.36 0.08 - -0 .80  ~' 
S i B r ( g )  61 z ,  58.7 (31) 8.92 0.13 - -0 .40  b 
Si2Brs(g)  - -149  b 112 b 43.52 0.11 --2.98 b 
H I ( g )  6.30 (22) 49.35 (22) 6.39 1.42 0.14 (27) 
I ( g )  25.54 (20) 43.18 (20) 4.80 0.16 0.11 (27) 
I~(g) 14.92 (20) 62.28 (20) 8.94 0.14 - -0 .17  (27) 
S i H s I ( g )  - -2 .0  b 64.72 (30) 18.08 3,61 - -5 .82  (30) 
SiH~I=(g) - -11 .3  ~ 78,0 ~ 20,63 2.42 - -5 .0  b 
S i H I s ( g )  - 2 0 . 6  ~ 89.1 b 23,18 1.23 --3.5 b 
SlI,(g) - -29.9 (17) 98.65 (29) 25.74 0.05 - -1 .56  (29) 
SiI~(g) 15 b 89.5 b 20.04 0.14 --0.91 b 
StI~(g) 17.9 (17) 76 (17) 14.56 0.22 - -0 ,35  b 
SiI (g) 78 b 60.1 b 9.54 0.12 0,09 
Si~[s(g) - - 4 5  b 120 b 43.60 0.06 - -2 .44 b 

Q Z e r o  b y  definition. 
b E s t i m a t e d  in this p a p e r .  
�9 A regression analysis w a s  p e r f o r m e d  on  t h e  cited data. 

Rel iable  da ta  for the  s tandard  en tha lpy  of format ion  
of both SiBr2(g) and SiI2(g) have  been publ ished by 
Sch~ifer et al. (17). No known exper imen ta l  de termi-  
nat ions of the  entha lp ies  of the silicon mono-  and t r i -  
hal ides  have  been made  however.  Therefore,  the i r  
values  a re  es t imated using the da ta  for the silicon sub-  
chlor ides  (15) as a guide line. Since the deviat ion from 
the s t ra ight  l ine be tween  S i (g )  and SiCl4(g) of the  
en tha lpy  values  of SiC1 and SIC13 are  about  5 and 10 
kca l /mol ,  respect ively,  we have  a lgebra ica l ly  added 
these off-set values  to the  "s t ra ight  line" values  in the 
bromine  and iodine series to accordingly  obta in  the 
enthalpies  of SiBr,  SiBr3, SiI, and SiI3. Even  though 
this t ype  of es t imat ion leads to values  of l imi ted  ac- 
curacy,  la ter  calculat ions wi l l  show equi l ib r ium par-  
t ia l  pressures  of the  mono-  and t r iha l ides  to be quite 
negl igible  under  the  condit ions studies. 

Since e xpe r ime n t a l  en tha lpy  of format ion  da ta  have 
not been publ i shed  for e i ther  Si2Brs(g) or Si216(g), 
the values were  es t imated in the same manner  as has 
been expla ined  ear l ie r  for Si2C16 (15). This method 
essent ia l ly  involves adding  twice the  en tha lpy  of the  
hypothe t ica l  "ideal" SiX3(g) molecule, obta ined by  
l inear  interpolat ion,  to one-half  of the atomic subl ima-  
t ion energy of silicon. 

Standard en t ropy . - -The  s t andard  en t ropy  of SiHI3 (g) 
and SiH212(g) can be accura te ly  es t imated  by  plot t ing 
the known data  for the halosi lanes in the  coordinat ing 
d iag ram (19) shown in Fig. 1. Here  use is made  of the  
near  l inear  re la t ionship  be tween  the  logar i thms of the  
en t ropy  and molecular  weight  for s imi la r  series of 
compounds.  This same approach was also used to cal-  
culate  the  en t ropy  of SiBr3(g) ,  S i I (g ) ,  and SiI3(g) as 
shown in Fig. 2. 

The entropies  of Si2Br6(g) and Si216(g) were  cal -  
culated from the  ent ropy of Si2Cl~(g) based on the 
near  constant  incrementa l  s tandard  entropies  of 11 eu 
be tween  the chlor ine  and bromine  compounds and 8 eu 
be tween the bromine  and iodine compounds for  gase- 
ous CX4, SIX4, and C2X6 (20). 

Heat capaci ty . - -Where  heat  capaci ty  da ta  were  not  
ava i lab le  in the  equat ion form Cp ~ = A + B T  + C/T  2, 
a regression analysis  was pe r fo rmed  on the or ig ina l ly  
t abu la ted  data. Al though re l iab le  da ta  exist  for all  the 
bromosilanes,  there  are  no avai lable  values  for e i ther  
di- or t r i iodosi lane.  The coefficients of the heat  capaci ty  
equat ion for  these compounds  can be ve ry  accura te ly  
es t imated  in a d iagram,  such as Fig. 3, where  the  va lue  
of each coefficient is p lo t ted  as a funct ion of the com- 
pounds  in the  series Sill4 --> SiI4. The smoothness of 
such curves  can be seen in the  case of the  chloro-  and 
bromosi lanes  where  a l l  da ta  a re  avai lable .  This method 
has also proved ve ry  successful in es t imat ing missing 
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Fig. 1. Standard entropy-molecular weight data for the series 

SiH3X(g)-> SiX4(g). 
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hea t  capaci ty  da ta  for  the  methys i lanes  and m e t h y -  
chlorosi lanes (21). 

Heat  capac i ty  da ta  for  the  silicon subbromides  were  
assumed equal  to tha t  of the  J A N A F  (22) da ta  for the 
corresponding a luminum bromides  due to close agree-  
men t  in the  da ta  for the  silicon and a luminum sub-  
chlorides. The unava i l ab i l i ty  of da ta  for A1Br~(g) r e -  
qui red  tha t  it  be in terpolated,  as in Fig. 3, f rom the 
series A l ( g )  -> A1Br~(g). 

Since re l iab le  da ta  do not  exis t  for e i ther  the  silicon 
or a luminum subiodides,  the heat  capacit ies of SiI, 
SiI2, and  SiI8 were  est imated,  as in Fig. 3, f rom the  
series S i (g)  -> SiI4(g) by  comparison to the s imilar  
series for  the  subchlor ides  and subbromides.  

The  heat  capaci ty  of Si2C16(g) was assumed ear l ie r  
(15) to be equal  to tha t  of C2C16(g). The lack  of pub -  
l ished da ta  for C2Br6(g) and C2Ie(g), however,  makes  
i t  necessary to es t imate  the  heat  capacit ies  of Si2Br6 (g) 
and Si2Ie (g) f rom the i r  corresponding a luminum ana-  
logs (22). Even though comparison of the  heat  capac-  
i t y - t e m p e r a t u r e  curves for C2Cle and AI~C16 shows 
them to be somewhat  different  ( their  molecular  s t ruc-  
tures  a re  different) ,  the  approx imat ion  is just if ied here  
due to the ve ry  low pa r t i a l  pressure  of SiaCle found 
to exis t  at  equ i l ib r ium (23). Since ini t ia l  calculat ions 
using the  heat  capaci ty  of A12Br6 and A1216 for Si2Br6 
and Si216, respect ively,  showed the l a t t e r  compounds 
also to have  very  low par t i a l  pressures  at  equi l ibr ium, 
the  es t imates  were  assumed to be accurate  enough for 
this work.  

Results and Discussion 
Si-H-Br and Si-H-I systems.--Calculations for the  

S i -H-Br  system assumed var ious  ini t ia l  b romos i lane-  
hydrogen  mix tures  to be in contact  wi th  a solid phase  
of silicon at  specified temperatures .  The resul t ing equi-  
l i b r ium par t ia l  pressures  of the  var ious  species a re  
presented  in Fig. 4 for an ini t ia l  B r / H  rat io  of 0.01 
(0.5% SiID over  a t e m p e r a t u r e  range  of 300~176 
The absence from the d iagrams of some of the species 
l is ted in Table  I is due to the i r  ve ry  low equi l ib r ium 
par t ia l  pressures.  I t  is possible to ignore the fol lowing 
gaseous species whi le  main ta in ing  grea te r  than  98% 
accuracy:  Si, Br,  Br~, SiBr,  SiBr3, SiI-I4, SiH3Br, and 
Si2Br6. 

Compar ison of the  equi l ibr ium gas phase  da ta  in 
Fig. 4 for the  S i - H - B r  system to analogous da ta  for 
the  Si -H-CI  system (23) shows nea r ly  exact  agree-  
ment  except  for two species, one of which, of course, 
is B r ( g ) .  The pa r t i a l  p ressure  of SiHBr3 is lower  re la-  
t ive to that  of SiHCla since the en tha lpy  of the  la t te r  
compound was de te rmined  (15) to be  1.2 kca l /mo l  
more negat ive  than  the in te rpola ted  va lue  be tween  
SiH4 and SIC14. 

The S i - H - I  system was t rea ted  s imi la r ly  to the  Si- 
H - B r  system. The iodine sys tem can be  ca lcula ted  to 
grea te r  than  97% accuracy by  leaving out a l l  the  
species corresponding to those a l r eady  ment ioned in 
t he  bromine  sys tem wi th  the  except ion of I ( g ) .  The 
equi l ib r ium pa r t i a l  pressures  of the  compounds in F~ig. 
5 a re  found to be ve ry  nea r ly  equal  to the pa r t i a l  p res -  
sures of the corresponding compounds in the  Si-H-C1 
and Si -H-Br  systems up to about  1200~ Above this 
tempera ture ,  however,  the  s tabi l i ty  of monatomic  
iodine resul ts  in the  S i - H - I  sys tem being qui te  d i f -  
ferent  from the  chlorine and b romine  systems. The 
s tab i l i ty  of I ( g )  increases wi th  t empera tu re  to such 
an extent  tha t  i t  ac tua l ly  causes a ma x imum to occur 
in the  pa r t i a l  pressures  of HI  and SiI2. This is in con- 
t r a s t  to the  chlor ine and bromine  systems w h e r e  HX 
and SiX2 are  monotonic funct ions of tempera ture .  

F u r t h e r  insights into the  S i -H -Br  and Si -H-I  systems 
are  avai lab le  th rough  Fig. 6 and 7 which  show the 
sil icon content  ( S i / X  ra t io)  of the  gas phase as a 
function of the  ini t ia l  gas phase composit ion ( X / H  
ra t io)  for t empera tu res  be tween  300~176 A thor -  
ough descr ipt ion of the  genera l  t rends  found in curves 
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of this  type  has been given e lsewhere  (15). At  low 
X / H  rat ios  anc[ t empera tu re s  < 1200~ the i so thermal  

curves  in the bromine  and iodine systems show a shift  
toward  lower  S i /X  values when  compared  to the 
chlor ine system due to the h igher  pa r t i a l  pressure  of 
SiX4 ( S i / X  = 0.25) re la t ive  to SiHX3 ( S i / X  = 0.33). 
This is a t t r ibu ted  to the  s tandard  en tha lpy  of SiHC13 
not  being an in te rpo la ted  value  as is the  case of SiHBr3 
and SiHI,~. 

F igure  8 shows the t empera tu re  function of the  
silicon yie ld  for 1 and 10% ini t ia l  mix tures  of SiHCI~, 
SiHBr~, and SiHI;~ in H2. The the rma l  s tab i l i ty  of the  
eompounds are  found to be SiHC13 ~ SiHBr3 ~ SiHI3 
for t empera tu res  up to the mel t ing point  of silicon. 
Al though the da ta  in Fig. 8 show nea r ly  the same sil i-  
con yields f rom both the Si-H-C1 and Si -H-Br  systems 
at  high tempera tures ,  equiva lent  exper iments  in this  
l abo ra to ry  have  indicated tha t  5% SiHBr3 in H2 yie lds  

a 40% grea ter  po lycrys ta l l ine  silicon deposi t ion r a t e  
than  the  corresponding SiHC13 mix tu re  at  1400~ 
(24). I t  is obvious, however ,  tha t  silicon deposi t ion in 
flow systems is k ine t ica l ly  control led and tha t  equi l ib-  
r ium condit ions are  not  a t ta ined  in e i ther  case. 

The high par t i a l  pressure  of monatomic  iodine  at  
1200~ is the reason for the  increased complex i ty  of 
Fig. 7 for the  S i - H - I  sys tem over Fig. 6 for the  S i -H-Br  
system. At  app rox ima te ly  1400~ the pa r t i a l  pressure  
of I (g )  becomes so high that  the  ma jo r  s i l icon-contain-  
ing compound in the  gas phase, SiI2, passes th rough  
a m a x i m u m  and consequent ly  causes the  silicon yield,  
as seen in Fig. 8, to pass th rough  a minimum.  Since 
a s imi lar  behavior  has been theore t ica l ly  predic ted  
and expe r imen ta l ly  verified in the  ge rmanium- iod ine  
sys tem (25), the  t ranspor t  exper iments  described in 
the  Append ix  were  pe r fo rmed  to prove our t he rmody-  
namica l ly  predic ted  y ie ld  curve. 

In the S i -H-Br  sys tem the  only  expe r imen ta l  y ie ld  
or  deposi t ion ra te  da ta  ava i lab le  in the  l i t e ra tu re  for 
compar ing  our t he rmodynamica l ly  de te rmined  da ta  to 
is the  hydrogen  reduct ion  of sil icon t e t rabromide  by  
Mil ler  and Grieco (3). Their  deposi t ion r a t e -mole  f rac-  
t ion curve  was found to be cons iderab ly  below the  
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calculated curve  as has been shown to also be the case 
for SiCl4 and SiHC18 as source materials  in  the Si-H-C1 
system (23). The same case is found to exist for the 
data by  Seki and  Araki  (13) in the S i -H- I  system. 

Si-I sys tem.- -The  two common processes carried out 
in  this more l imited system (hydrogen concentrat ion 
equals zero) are silicon t ranspor t  us ing an ini t ial  gas 
phase of SiI4 or I~ and silicon deposition by the pyroly-  
sis of SiI4. The part ial  pressure- tempera ture  data in 
Fig. 9a and b show that  SiI4, SiI2, and I are the only 
species that  must  be  considered to be in equi l ibr ium 
wi th  solid-phase silicon over a total  pressure range 
of 0.01-1.0 attn. In  addit ion to these data, Fig. i0 in -  
dicates that  SiI4 can be expected to be stable up to 
a tempera ture  of about  800~ The Si - I  system is 
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unique  with respect to the Si -H-X systems in that  it 
is theoretical ly possible to obtain the same silicon 
yield (Si / I  ratio) from different ini t ial  compositions 
of the gas phase at a high constant  temperature,  e.g., 
1300~ 

A check on the accuracy of our calculated data has 
been made by comparing it to the equi l ibr ium data 
reported by Schfifer and Marcher  (26) in  their  studies 
of the pressure dependence of the t ransport  direction 
of silicon by silicon diiodide. Their  data showed no 
t ranspor t  to exist be tween tempera ture  zones of 1223 ~ 
and 1423~ at a total pressure of 79 mm. This is seen 
to be the case in Fig. 10 when  one assumes the value 
of 79 m m  (0.104 atm) is near ly  equal to an I / i ne r t  
ratio of 0.1. Fair  agreement  is also found be tween  our 
computed silicon yield data and the ones calculated 
by Wajda  and Glang (10) based upon reported (26) 
equi l ibr ium constant  data. 

In  a final a t tempt  to set all  the previously described 
systems in proper perspective to themselves and to the 
Si-H-C1 system, we have presented four threshold 
curves in  Fig. 11. These curves indicate the threshold 

<~ 
r 
t -  

cc 
o 
"1" 
z 

x 

70 1 

60 

50 

40 
i(H 21 

30 

Bi 
2O 

10 

0 
80O 1000 

ETCHING 
REGION 

I (inert g a s ) ~  

1200 1400 1600 

TEMPERATURE, K 

Fig 11. Threshold curves as o function of temperature for varioos 
SiY~-H2 mixtures. 



Vol. 120, No. 6 EQUILIBRIUM OF S i - H - B r  AND S i - H - I  811 

C3 , 0.5 
UJ 
>. 

z 0.4 
O 

0.3 
..J 

z 
O 0.2 

~3 
rr 
" 0.1 

T1 

. . . . . . .  I I 
1000 1200 1400 1600 

TEMPERATURE, K 

Fig. 12. Calculated and experimental data for transport reac- 
tions in the Si-H-I system. 

Temperature, Deposition Transport 
~ K rate,/~/min direction 

Tz 1246 
T~ 1299 0 • 0.5 Not detected 
Tz' 1463 
T~' 1499 16.9 • 0.7 Cold-to-hot 

between silicon etching and deposition for various tem- 
peratures and initial silicon tetrahalide concentrations. 

Conclusions 
A thorough thermodynamic analysis of the Si-H-Br 

and Si-H-I  systems allowed many potential compounds 
to be rejected as being significant due to their low 
equilibrium partial  pressures. Good reliabil i ty was 
therefore associated with the computed equilibrium 
data since thermodynamic data was either available 
or could be estimated with sufficient accuracy for the 
remaining predominate compounds. Consistency was 
found between our calculated data and the limited 
amount of experimental  data found in the l i terature 
f6r the Si-H-Br,  Si-H-I, and Si-I systems. A high- 
temperature minimum in the silicon yield curve theo- 
ret ically postulated for the Si -H-I  system was experi- 
mental ly verified by the study of transport  reactions. 
The high-temperature Si-H-I system differs from the 
Si-H-C1 and Si-H-Br systems because the concentra- 
tion of the  main silicon-bearing species SiI~ passes 
through a maximum due to the increasing stabili ty of 
monatomic iodine with temperature. 
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APPENDIX 

The general trend of the silicon yield- temperature  
curve shown in Fig. 12 was determined by measuring 
the rate  of silicon transport  in a temperature gradient 
between two silicon slices using the "sandwich tech- 

nique" (32). A horizontal, induction-heated, quartz 
tube reactor was fed with a 250 ml/min hydrogen 
stream that passed through an iodine sublimator so as 
to maintain an 11% I2 mixture. The source and sub- 
strate were 0.6 mm by 13 mm diameter, polished, float- 
zoned silicon wafers of <111> orientation that had 
been previously cleaned in solvents. The wafers were 
separated by 0.2 mm spacers. 

Transport reactions were carried out at the corrected 
pyrometric temperatures (•176 for time periods up 
to 60 min. Deposition rates were determined micro- 
scopically by measuring the deposited layer thickness 
on a cross section of the substrate. 
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Circular and Hexagonal Stacking Faults 
in Bulk Silicon Crystals 
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ABSTRACT 

Circular and hexagonal defects were formed in bulk silicon crystals by an- 
nealing and slow cooling. Some of these circular defects were unusual in 
possessing spoke-like radial lines in <Ii0> directions. By use of the rule that 
the Burgers vector is invariant against displacement of the Burgers circuit 
through good crystal regions, the radial lines are shown to have zero net 
Burgers vector and thus are probably dislocation dipoles. A mechanism is 
presented that accounts for the observed defects in terms of the formation of 
Frank sessile loops and half-loops. The principal significance of this interpre- 
tation is that  when  the circular defects containing radial  l ines appear, pre-  
cipitates are present  in  the material .  

In  the course of a development  program to improve 
yields of polished slices for epitaxial substrates, some 
rather  peculiar defects were noted in slices from ordi- 
na ry  silicon boules that  had been annealed. These de- 
fects were identified by their  etching characteristics as 
circular and hexagonal  stacking faults. Similar  faults 
have previously been observed in annealed bulk  silicon 
crystals doped with gold (1-4) or oxygen (5). Also, 
t runcated circular  stacking faults occur when  silicon is 
annealed in  steam or wet oxygen, part icular ly if pol- 
ishing damage remains (6-13). These defects can seri- 
ously affect device performance and yields, either by 
themselves or by causing fur ther  defects in epitaxial  
layers grown after their generation. 

The source of the circular stacking faults in  bulk  
silicon has previously been at t r ibuted to line defects 
(3, 4) and to precipitates (3-5). Dislocation networks 
have been reported wi th in  the circular stacking faults, 
but  details are lacking (5). The present  article shows 
that  circular faults can form in  annealed bulk  crystal 
wi thout  in tent ional  gold or oxygen treatment .  In  addi-  
tion, in the present  work radial  dislocation lines 
(spokes) occur wi thin  the faults. In  this case, precipi- 
tates are almost certainly present, although they have 
not been positively identified in this study. The Burg-  
ers vectors of the various dislocation lines in the r ing-  
spoke combinations are worked out and a mechanism 
for their formation is presented. A later  paper will  
show infrared evidence for precipitates and will  deal 
with the na tu re  of the precipitat ion and the distr ibu- 
t ion of the faults. 

Experimental Procedure 
The silicon crystals used in this study were grown 

in  the <111> orientat ion by the Teal-Lit t le modifica- 
tion of the Czochralski technique (14). The crystals 
were sawed into 3-4 in. lengths and were annealed in  
this form, either at l l00~ for 20 hr or at 1225~ for 4 
hr. Cooling times to 700~ varied from 5 min  to 2 hr, 
and the furnace atmosphere was 99% N2, 1% O2. 

A number  of 2-in.-diameter  samples were sliced 
from the silicon crystals 1~/2~ ~ off the {111} face 
and were chemical ly-mechanical ly  polished on one 
side to a thickness of approximately 0.012 in. The slices 
were Sirtl  etched (15) for 4 rain and inspected with a 
Reichert Zetopan microscope equipped wi th  Nomarski  
interference contrast equipment.  

Observations 
Figure 1 shows a group of defects on one of the 

slices. They appear as circles and grooves lying in 
three <110> directions. ( In  all the photographs, a 
<110> direction is paral lel  to the bottom of the pic- 

* Electrochemical Society Active Member. 
Key words: precipitates in silicon, dipoles, fault nucleation. 

ture) .  The circles are general ly  as large as the grooves 
in the same vicinity. 

The etched circular defects may exhibit  any or all of 
six radial  lines which lie in  < l i -0>  directions. These 
will  hereafter be called spokes. Figure 2 shows all the 
types of rings with 1, 2, 5, and 6 spokes. Figure 3 shows 
all the types of rings with 3 and 4 spokes. Figure 4 
shows other types that can occur: a, hexagonal;  b, c, 
and d, concentric rings of various types; e, r ings with 
a central  dot; f, cases of n o n - < I T 0 >  spokes wi th in  the 
ring. In  the lat ter  case note the etch pits that  occur in 
the < l i -0>  grooves. Figure 5 shows an example of a 
r ing with a d iametra l  line that  terminates  in two etch 
pits. 

Some rings appear with one side open (Fig. 6). When 
this happens all such part ial  r ings on the slice are open 

Fig. 1. Circular defects in <111> bulk silicon crystal. Interfer- 
ence contrast. 
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Fig. 2. Circular defects with 1, 2, 5, and 

on the same side. No etch pits appear where the par-  
t ial  rings terminate.  

The rings and the spokes etch differently. Figure 7 
shows a polarization interferogram of a fault  having 
a diametral  line. The line is a ridge 0.3 ~m high, while 
the r ing is a shallow groove with raised edges. 

No dislocation etch pits from plastic deformation 
were observed in  the slices. 

The faults were observed in both n -  and p - type  
slices having resistivities of 10-200 ohm-cm. There 
was a general  tendency for the defects to be larger 
in the case of slower cooling rates and in the lower 
portion of the boule. Also, there was a radial  var ia t ion 
of defect size wi th in  the slices. These aspects wil l  be 
discussed in a later  paper. 

Discussion and Interpretation of Results 
The Sirtl  etch technique is known to reveal circular 

stacking faults in the same manner  as seen here, i.e., a 
stacking faul t  leaves a deeply etched groove when  it  
intersects the (111) plane of the slice surface, and the 
surrounding part ial  dislocation etches as a shallow 
groove when the stacking fault  is paral lel  to the (111) 
surface of the slice (3, 4). Patr ick (5) has shown that  
when the circles and the grooves appear in the same 
region of the slice, the grooves are (111) intersections 

6 radial lines (spokes). Interference contrast 

of loops, identical  wi th  the circular  ones. Thus it is 
supposed that  we are deal ing with four sets of circular  
stacking faults, three on inclined (111} planes and the 
fourth in the (111) plane that  is lY2~165 ~ off the slice 
surface. The lat ter  set would give rings open on one 
side should the slicing operation happen to cut through 
any circular faults. It  appears that  the spokes are some 
type of dislocation, since they are revealed as etch 
pits in cases where they intersect  the (111) surface at 
a large angle. (See Fig. 4, lower r ight) .  The possibility 
that  the spokes are precipitates emanat ing from a nu-  
cleation center is el iminated by the existence of forms 
such as Fig. 4c. 

First  it  wil l  be shown that  the spokes lying inside 
the circular  faults are dislocation dipoles by  vir tue 
of having a zero net  Burgers vector. Various possible 
sources of formation of the fault  are el iminated by this 
finding. Next, a probable mechanism of r ing and spoke 
formation will  be presented. Final ly,  it will  be shown 
that  all of the part ial  dislocations in the r ings  and 
spokes have the 1/3 ~111> Burgers vector normal  to 
the plane of the ring, so that  each sector of a r ing-  
spoke combinat ion consists of a F r a n k  sessile loop (16). 

Net Burgers vector of spokes.--The spokes will  be 
shown to have a net  Burgers vector of zero by refer-  
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Fig. 3. Circular defects with 3 and 4 spokes. Interference contrast 

ence to Fig. 8. The rule  that  the Burgers vector is in -  
var iant  against displacements of the circuit through 
good crystal  regions (17) will  be used. The Burgers 
circuits are indicated on the figure by �9 . . . . .  -{- 
(e in, -{- out).  By this is meant  a polygonal circuit  
a round the dislocations, such as given by Hornstra  
(18), which circuit is to be compared with an associ- 
ated path in the ideal reference crystal for de termining 
the resul tant  Burgers vector of all the dislocations 
wi thin  the circuit. On the figure, the dislocations are 
labeled by numbers  where  necessary: 11', 22', etc.; 
wri t ing the two numbers  on either side of the disloca- 
tion secures the proper reversal  of sign as the dislo- 
cation is looked at from one end or the other. With 
this notation, the addition and subtract ion of Burgers 
vectors may be handled in the same way as with the 
Thompson notat ion (19). In  the following analysis note 
that  no specific Burgers vector needs to be determined 
by the fundamenta l  lattice comparison procedure, and 
that, since the circuits are always taken in good crys- 
tal l ine regions, the construction of Burgers circuits is 
not complicated by the presence of the stacking fault. 

The two circuits taken in Fig. 8a show that  any  dis- 
location r ing has a zero net  Burgers vector, in  other 
words, the two opposite sides of the r ing have equal 

and opposite Burgers vectors when  viewed from the 
same end (19). 

In  Fig. 8b, the circuits taken show that  the net 
Burgers vector of the single spoke is also zero. In  Fig. 
8c, we cannot thus far assume that  arc 4 has the same 
Burgers vector as arc 1, so they are separately labeled. 
First, taking the two Burgers  circuits lying horizontal 
in the figure 

II' -b 22' -{- 33' Jr 1'1 -- 0 [I] 

Then taking the other two circuits 

11' ~ 22' ~- 44' -- 0 [2] 
and 

11' + 3'3 -{- 44' - -  0 [ 3 ]  
Therefore 

22' -{- 3'3 : 0 [4] 

Combining [1] and [4] 

22' = 0 [5] 
Subst i tut ing in [4] 

3'3 : 0 [6] 

Replacing [5] and [6] in [2] and [3] 

11'  : 4 ' 4  
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Fig. 4. Ring defects of various types: a, hexagonal; b, concentric rings with spokes in both rings; c, concentric rings with spokes be- 
tween rings; d, concentric rings with spokes Jn inner ring; e, ring with a central dot, f, ring with non-~ l ]O~  spoke. Interference contrast. 

i.e., the entire r ing has the same Burgers vector. By 
the same process as for Fig. 8a, the spokes have zero 
net Burgers vector and are therefore dislocation di- 
poles. 

Although it cannot  be shown, it is reasonable to ex- 
pect that the forms with more spokes are similarly 
constituted of dislocation dipoles as spokes and a r ing 
having one Burgers vector. 

The terminat ion  of a diametral  l ine wi th in  the cir- 
cular stacking fault  (Fig. 5) can now be understood 
as the pinching off of a dislocation dipole at both ends 
and the a t tendant  formation of short lengths of dis- 
location at either end of the dipole. These short lengths 
are sufficiently vert ical  to the plane of the slice to 
leave standard dislocation etch pits. 

The circular stacking fault  that  contains only one 
spoke (Fig. 2) deserves some attention. The one spoke 
should exhibit  a dislocation etch pit  at the center of 
the fault  unless the dipole terminates  at a precipitate 
at this point. Justification will  be presented in the fol- 
lowing section for such a precipitate. 

Sources of ring and spoke ~ormation.--In the pre-  
vious section it was shown that the spokes wi thin  the 
r ings were dislocation dipoles and that  all arcs of each 
r ing had the same Burgers vector. The various possible 
sources of the ring-spoke combinations, i.e., l ine sources 

dislocation loops, and precipitates, will  now be dis- 
cussed. 

Two types of line sources will  be considered:  single 
l ines and mul t ip le  lines. Bardeen-Herr ing  l ine sources 
have been suggested as the cause of the circular stack- 
ing faults (3, 4). Also, the line source in the Silcock 
and Tunstal l  mechanism (8, 9, 20) is at tractive for ex- 
plaining the formation of the faults, since a stacking 
fault  is produced in back of a part ial  dislocation and 
this part ial  has what  will later be shown to be the cor- 
rect Burgers vector. For one of these sources to gen-  
erate the r ing-and-spoke combinat ions of Fig. 1-6, it  
would have to encounter  mult iple  obstacles that  were 
located close to the source and were arranged around 
the source, then  encounter  no other such obstacles 
during the growth of the fault  to full  size. The ob- 
stacles would have to be capable of divert ing the vari-  
ous sectors of fault  to separate levels in the crystal. In  
addition, some evidence for the p inn ing  of the source 
by dislocations or precipitates should be seen, such as 
etch pits at both ends of the source. These considera- 
tions show that  it is very improbable  that  the circular 
faults originate at single l ine sources. 

Multiple l ine sources could conceivably generate the 
observed combinations. However, since the over- 
whelming major i ty  of dipoles radiate f rom a center, 
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Fig. 5. Ring with diametral line terminating in etch pits. Inter- 
ference contrast. Fig, 7. Ring with diametral line. Polarization interference 

Fig. 6. Rings with one side open. Interference contrast 

these sources would  again have  to be close to tha t  
center  and be  a r ranged  about  it. They would  also have  
to have  the same Burgers  vector. Such a s i tuat ion is 

Fig. 8. Burgers circuit analysis of spokes and ring: a, ring with 
no spokes; b, one spoke; c, two spokes. 

not l ike ly  since w e  are  assuming the  l ine  sources to be  
independent .  

Single  dislocation loops would  also have  to form the 
spokes by  passing th rough  an un l ike ly  a r r angemen t  of 
obstacles. Such loops are  not considered the  probable  
sources, therefore,  whe the r  they  are  faul ted  or  un-  
faulted.  Wi th  the  e l iminat ion  of l ine sources and single 
dislocation loops as possible  sources, prec ip i ta tes  seem 
to be the  only p laus ib le  r emain ing  cause. 

I izuka and Kikuchi  (3, 4) suggested that  the  faul ted 
loops are  F r a n k  sessile loops tha t  are nuclea ted  f rom 
oxygen  prec ip i ta tes  and tha t  they  grow b y  a mechan-  
ism s imilar  to that  control l ing the  c l imb of s t ra ight  
dislocations. In  the  fol lowing section a mechanism is 
presented  by  which  each c i rcular  fau l t  conta in ing di- 
poles is formed f rom severa l  F r a n k  sessile loops that  
a re  nuclea ted  on a precipi ta te .  

Mechanism o] ring and spoke formation.--The fact  
that  the  spokes are  dipoles implies  that  they  were  
formed by  dis locat ions ar r iv ing on para l l e l  but  sepa-  
ra te  planes.  The fact  tha t  the  faul t  consists of sectors 
bounded by  c i rcular  arcs of pa r t i a l  dislocations sug- 
gests that  each sector or ig inated  f rom a faul ted  dis-  
location loop or ha l f - loop  on a center  of nucleat ion 
such as a precipi ta te .  Spher ica l  prec ip i ta tes  could form 
ci rcular  faul ts  on four in tersect ing {111} planes.  Since 
most  of the present  faul ts  occur singly, the prec ip i ta te  



Vol. 120, No. 6 C I R C U L A R  A N D  H E X A G O N A L  S T A C K I N G  F A U L T S  817 

I i I I I N~DIPOLE 

a b c 

Fig. 9. Mechanism of ring and spoke formation in the case of 
ring with three spokes: a, faulted loops arise on three separate 
levels around a precipitate of tabular habit; b, loops expand by 
climb and form dipoles where they meet; c, continued growth of 
faulted loops results in ring with spokes (dipoles). 

is p robab ly  of t abu la r  habit .  F igure  9 shows the mech-  
anism by  which the faul ted  loops can arise a round a 
prec ip i ta te  of t abu la r  habi t  and resul t  in one of the 
observed r ing-spoke  combinations.  As the half- loops 
expand  they  are  a t t rac ted  to one another  at  thei r  edges, 
but  only  annih i la te  r ead i ly  if  they  were  c rea ted  on the 
same plane. Thus, in many  cases dipoles are formed and 
take  the  ~110>  direct ions for m i n i m u m  energy.  The 
fact tha t  non-< l -10~  spokes somet imes appear  may  
mean  tha t  o ther  energy  min ima occur besides < l l -O~ 
around  the [111] zone. 

The observat ion  that  the  r ings and spokes etch dif- 
f e ren t ly  can now be understood,  because the  r ings 
consist of single pa r t i a l  dislocations whereas  the  spokes 
consist of a pair  of opposi te ly  or ien ted  par t i a l  d is-  
locations. 

Burgers vector of r /ng . - -Le t  us consider  the  possible 
Burgers  vectors of a l l  the loops making  up r ing - spoke  
combinat ions  having  two or  more  regions (such as 
those in Fig. 3 and 4). We wil l  assume that  each region 
separa ted  f rom others  by spokes is formed from an 
independent  faul ted  dislocation loop. If  nonver t ica l  
Burgers  vectors  a re  possible,  then  the ro ta t ional  sym-  
m e t r y  of the crys ta l  face requires  tha t  at least  th ree  
such vectors  are  possible for each loop. But some 
spokes could then exis t  in which the net  Burgers  vec- 
tor  was finite, which was shown to be false. The only 
vector  tha t  would  not violate  the  ro ta t ional  s y m m e t r y  
condit ion is ver t ica l  to the  ring, i.e., ~111~ .  The actual  
Burgers  vector  is ve ry  p robab ly  1/3 <111>;  in other  
words, each loop is a F r a n k  sessile loop. 

The format ion  of the  F r a n k  sessile dislocations 
a round  the prec ip i ta te  can now be visual ized as the  in-  
ser t ion of e i ther  an ex t ra  layer  of silicon a toms or of 
the  collapse of a l aye r  of vacancies at  each p lace  of 
nucleat ion a round  the  precipi ta te ,  and the subsequent  
expansion of each F r a n k  pa r t i a l  dislocation by  climb. 
One might  ask w h y  the dipoles do not  r ead i ly  annih i -  
la te  by  c l imb which would  involve  much smal le r  dis- 
tances than  the  c l imb tak ing  place in expansion of the 
fault .  Such annih i la t ion  would  requi re  bending  of the  
faul t  which has a ve ry  s t rong kinemat ic  r es t ra in t  (17). 
This p robab ly  occurs only when  the two faul ts  are  

created on planes  that  a re  ve ry  close to one another,  
poss ibly  one or  two atom diameters  apart .  

The foregoing explanat ion  may  also account for the 
format ion  of s tacking faul ts  in s team-oxid ized  silicon, 
especia l ly  when there  is no surface damage  to genera te  
F r a n k  sessile loops (1O). In  this  case the faul ts  have 
been found to be extrinsic,  which implies  that  the 
growth  of the faul t  occurs by  evolution, r a the r  than  
accumulat ion,  of vacancies.  

If  the  prec ip i ta te  is large enough, more than six 
F r a n k  sessile dislocations could p resumably  form 
s imul taneous ly  on separa te  planes. These would  grow 
and y ie ld  more  than  six spokes. The most that  have  
been observed thus  far  have been six. This resul t  m a y  
be due to the  decreased probabi l i ty  of forming more  
F r a n k  loops, or it m a y  mean tha t  there  is some other  
const ra int  on the  format ion  of the  loops, such as hav-  
ing a p re fe r red  az imuth  (such as <110>)  at  which 
loop generat ion can t ake  place. 

Conclusions 
Circular  and hexagonal  s tacking faul ts  formed dur-  

ing the anneal ing  t r ea tment  of me l t -g rown  silicon 
crys ta ls  were  found to contain rad ia l  l ine defects. The 
c i rcular  faul ts  a re  formed by  the nucleat ion of one or 
more F r a n k  sessile dislocations around a prec ip i ta te  
of t abu la r  habit,  fol lowed by  the growth  of the sessile 
ha l f - loops  by  c l imb and the fo rmat ion  of rad ia l  l ines 
(dislocat ion dipoles)  where  the loops meet  on para l l e l  
but  separa te  planes.  

The mechanism m a y  also be appl icab le  to s tacking 
faul ts  formed in damage-f ree  s team-oxid ized  silicon. 

Manuscr ip t  submi t ted  J u l y  21, 1972; revised manu-  
scr ip t  rece ived  Feb. 12, 1973. 

A n y  discussion of this paper  wil l  appear  in a Discus- 
sion Section to be publ i shed  in the  December  1973 
JOURNAL. 
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ABSTRACT 

Crystals normal ly  grow in solution in a destabilizing supersaturat ion 
gradient. The observation of inclusion-free growth to large crystal sizes ma y  
be described in terms of a metastable region of the supersaturat ion gradient  
which is associated with the mechanism of growth on the habit  faces. St i rr ing 
has a beneficial effect on growth stabili ty especially by reducing or removing 
the supersaturat ion inhomogeneity across the face of a polyhedral  crystal. The 
effect of convection and of various st irr ing techniques is briefly described. 

The widespread use of h igh- tempera ture  solution 
techniques for the growth of bu lk  crystals (as distinct 
from crystal l ine films) has been retarded by a tend- 
ency towards the formation of small  crystals by mul t i -  
nucleat ion and by the frequent  occurrence wi thin  the 
crystals of solvent inclusions. The former problem may 
in general be overcome by the use of seeding, by cyclic 
tempera ture  variations, or by careful control of the 
temperature  distr ibution wi thin  the crucible, and many  
examples are now known of crystals weighing 50g or 
more. 

On the other hand, the conditions under  which stable 
growth may occur up to large crystaI sizes in solution 
have not been clearly established, and quant i ta t ive  
criteria of growth stabi l i ty  which may be readily used 
by experimental is ts  are still lacking. "Stable growth" in 
the context of growth from solution may  be taken to 
imply inclusion-free growth, since solvent inclusions 
will  result f rom various forms of growth irregularities. 

Formal  theoretical t reatments  of growth stabili ty 
normal ly  treat the problem of morphological stability, 
or whether  a specified shape is stable against infinitesi- 
mal  perturbations.  This problem differs from the re-  
lated question of whether  a given shape or habi t  is 
preserved as the crystal grows. 

Morphological stabili ty t reatments  are restricted to 
simple crystal shapes. Mullins and Sekerka (1) ex-  
amined the stabil i ty of a spherical crystal with iso- 
tropic surface kinetics growing in  a supersaturated 
medium. They concluded that  the sphere is stable only 
if its radius is below a critical value, in the region of 
0.1 ~m. This value may be increased to about 10 ~m by 
the inclusion of surface diffusion (2), bu t  even the 
lat ter  value is much below the size of inclusion-free 
crystals which can be grown from solution. 

In  the case of a plane surface of unl imited extent  
growing in  a doped melt, there is general  agreement  
between the per turba t ion  t rea tment  (3) and the con- 
st i tutional supercooling cri ter ion (4, 5) which was 
introduced independent ly  by Ivantsov (6) as "diffu- 
sional undercooling." According to this criterion, in- 
stabil i ty results if the growth rate exceeds some criti- 
cal value which depends on the tempera ture  gradient  
at the crystal- l iquid interface. 

In  this paper the concepts of a critical size and crit i-  
cal growth rate will  be examined in  detail  with refer- 
ence to the theory of solution growth and, where pos- 
sible, to experiments  on high- temperature  and aqueous 
solutions. The importance must  be recognized in any 
t rea tment  of crystal  growth from solution of the strong 

Key words: crystal growth, hydrodynamics, growth mechanism, 
growth stability, crystal/solution interface. 

tendency of the crystals to form facets. A realistic 
theory must  therefore treat the growth of finite poly- 
hedra, and the stabilizing effect of the interface kinetic 
processes on the habit  faces must  be taken  into ac- 
count. 

The importance of s t i rr ing for the enhancement  of 
growth stabili ty will  be demonstrated, and the effec- 
t iveness of st irr ing by na tu ra l  and forced convection 
will  be discussed. 

Stages in Growth from Solution 
The factors which are of crucial importance in deter-  

min ing  whether  or not growth will  be stable under  
chosen exper imental  conditions is l ikely to depend on 
which stage in the growth process is ra te-determining.  
The process of crystal growth from solution may be 
treated as a sequence of stages as discussed, for ex- 
ample, in the review of Parker  (7) or by Laudise (8), 
and as i l lustrated in simple form in Fig. 1. The re-  
moval  of solute from the solution by the growing crys- 
tal creates a flow of solute towards the crystal surface. 
This flow is mainly  by diffusion which can be imagined 
to take place through an  "unst irred" boundary  layer  
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Fig. 1. Stages in crystal growth from high-temperature solutions 
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(9) of thickness  ~ (s tage 1A) 1 and there  wi l l  be a 
cor responding counterdiffusion of solvent  and of im-  
pur i t ies  away  f rom the c rys ta l - l iqu id  interface (stage 
1B). At  the  surface, pa r t i a l  desolvat ion (stage 2) and  
surface  diffusion of solute (step 3) wi l l  occur in the  
adsorpt ion  or  Volmer  l aye r  which  wi l l  be  a few mo-  
lecular  d iameters  in thickness.  The  in tegra t ion  of 
solute into the crys ta l  (s tage 4) wi l l  occur at  a k ink  
site, wi th  fu r the r  desolvation.  On a hab i t  face, growth  
takes  p lace  by  the spreading  of s teps over  the  c rys ta l  
surface and k inks  wi l l  be present  at  the  edges of these 
steps. The hea t  of crys ta l l iza t ion is diss ipated (s tage  6) 
th rough  the solution or th rough  the c rys ta l  if the l a t t e r  
is cooled. Stages 2-6 m a y  be rega rded  as the  surface 
kinet ic  mechanism which  has been  t rea ted  in the  
classical  pape r  of Burton,  Cabrera ,  and  F r a n k  (10) ; by  
Bennema (11); Gitmer,  Ghez, and Cabre ra  (12); in  
the  P a r k e r  rev iew (7) and; wi th  special  reference to 
h igh - t empera tu r e  solutions, by  E lwel l  and Neate  (13). 

A p a r t  f rom a choice of solvent  and tempera ture ,  the  
expe r imen te r  no rma l ly  a t t empts  to influence the  
g rowth  condi t ions b y  vary ing  the supersa tura t ion  
(e i ther  d i rec t ly  or ind i rec t ly  by  changing the cooling 
ra te  or r a t e  of solvent  evapora t ion)  or b y  va ry ing  the  
bounda ry  l aye r  th ickness  6 b y  changing the ra te  of 
r e l a t ive  mot ion be tween  c rys ta l  and  solution. I f  the  
solut ion flows at  a ra te  u past  a s ta t ionary  c rys ta l  face 
of length  l, the  va lue  of 6 has  been es t imated  by  Car l -  
son (14) and b y  Bennema (11) as 

o =  (-z-, 
where  ~ is the  viscosi ty  and es t he  dens i ty  of the  solu-  
t ion and D the  diffusion coefficient of the  solute. Carl-  
son prefers  a model  wi th  nonuni form solute concen- 
t ra t ion  along the  crys ta l  surface, whereas  Bennema as- 
sumes a uniform concentrat ion,  in which  case the  fac-  
tor  0.463 should be rep laced  by  2/3. 

If  diffusion th rough  the  bounda ry  l a y e r  is r a t e - l i m i t -  
ing, s t i r r ing  wil l  t end  to increase the growth  ra te  as 
or ig ina l ly  pos tu la ted  by  Nernst  (15). The l inear  
g rowth  ra te  is g iven by  

ne K ~  
v = - -  [2] 

Pe 

where  pc is the  dens i ty  of t he  crystal ,  ne the  equi l ib-  
r i um concentra t ion of solute, and r the  re la t ive  super -  
sa tura t ion  (ns --  ne)/ne, wi th  ns the  concentra t ion in 
the  bu lk  solution. K is an ac t iv i ty  coefficient which, for 
volume-diffusion l imi ted  growth,  is D/8. Therefore  the  
g rowth  ra te  in this  case is 

n e D a  
v = ...... [31 

pc8 

A t  low supersa tura t ion  (and for s t rong agi ta t ion)  K is 
de t e rmined  by  surface  kinet ics  and is a function of the  
supersa tura t ion.  

When  both  volume diffusion and surface kinet ics  in-  
fluence the  g rowth  rate,  the  va lue  of v m a y  be ap-  
p rox ima ted  by  the re la t ion  

( V ~  l / m  
vSpr + = a  [4] 
D----T" X,, 

which is s imi lar  to tha t  de r ived  b y  Brice (16). Equa -  
t ion [4] reduces to Eq. [3] in the  l imi t  where  A -~ oo, 
whi le  v = Ar is the  k ine t ic -cont ro l led  l imi t  as 8/D 
-~ 0. The  var ia t ion  of the  l inear  g rowth  ra te  wi th  
for  var ious  values  of supersa tura t ion  is i l lus t ra ted  in 
Fig. 2. In  a no rma l  c ry s t a l -g rowth  exper iment ,  the  
r a t e  at which solute is deposi ted f rom the solution wil l  

In  th i s  paper  ~ refers  to the  solute dii~usion boundary  layer  
which  in  solut ion g rowth  is no rmal ly  of the same order Of magni -  
tude  as the hydrodynamic  boundary  layer .  
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be de te rmined  only  by  the  vo lume of  solution, by  the  
solubi l i ty  curve,  and  by  the  ra te  at  which the solution 
is cooled. For  a given surface area  of crys ta l  on which  
growth  is occurr ing the supersa tura t ion  wil l  adjus t  
i tself  (for a given va lue  of 8) unt i l  the l inear  g rowth  
ra te  has the  va lue  indica ted  by  Fig. 2. As shown on 
the diagram,  too high a value  of the  supersa tura t ion  
wil l  lead to nucleat ion of more  crystals .  S t i r r ing  thus 
has the  beneficial effect of pe rmi t t ing  g rowth  at  lower  
supersa tura t ion  th rough  a reduct ion  in the  va lue  of 8, 
according to Eq. [1]. The l imi ta t ion  of the  growth  ra te  
by  surface kinet ics  at  h igh s t i r r ing  ra tes  (smal l  8) is 
indicated approx ima te ly  on the  d iagram for o ---- 0.005 
and ~ = 0.01. 

At  high supersa tura t ion  and high s t i r r ing  ra te  a 
m a x i m u m  stable  growth  r a t e  is reached which  is inde- 
pendent  of o, n, or  5. This u l t ima te  ra te  of s table  g rowth  
wil l  be de te rmined  by  the  surface kinet ics  (possibly 
by desolvat ion or the  dens i ty  of k ink  sites) or by the  
hea t  flow, especia l ly  at  high va lues  of the  solute con-  
centrat ion.  In  the l imit ing case of g rowth  f rom a pure  
melt,  the  m a x i m u m  growth  ra te  is given (17) by  

Ks dTs 
vm~ = - : [5 ]  

,~Hv dx 

where  AHv is the  la tent  hea t  per  uni t  volume, Ks the 
the rmal  conduct iv i ty  of the  solid, and dTs/dx the  t em-  
pe ra tu re  g rad ien t  in  the  solid. In  the  more  typ ica l  case 
of the  growth  of oxides f rom mol ten  sal ts  at  solute 
concentrat ions of 10-30%, the  m a x i m u m  stable g rowth  
ra te  appears  f rom exper imen t  to be in the  region of 
200-500A sec - I  (18). The or ig in  of an u l t ima te  s table 
growth  r a t e  is not  c lear ly  es tabl ished and techniques 
which would  pe rmi t  s table  growth  f rom solution at 
faster  ra tes  than  those indica ted  above would be highly  
beneficial. In  the  subsequent  discussion we  shall  as-  
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saturations. 



820 J. Elect, rochem. Soe.: S O L I D - S T A T E  SCIENCE AND T E C H N O L O G Y  June 19 73 

sume that  growth occurs at some value below this l imit  
and that the rate of removal  of the heat of crystalliza- 
t ion has a negligible effect on the growth rate. The 
la t ter  assumption appears to be justified under  normal  
conditions of solution growth (13). 

Supersaturation Gradient Criterion 
In  growth from the pure  melt, the stabil i ty criterion 

which has been of greatest value is that  of const i tu-  
t ional  supercooling. A similar condit ion may be ex- 
pected to apply to solution growth, since the reject ion 
of solvent  by the growing crystal is closely analogous 
to the rejection of impuri t ies  in melt  growth. However 
the term "consti tutional supercooling" is not wholly 
appropriate for growth from solution, and it is de- 
sirable to re -examine  the stabil i ty condit ion specifi- 
cally for the case of solution growth. 

The occurrence of volume diffusion in some bound-  
ary layer  is inevi tably  associated with a gradient  of 
solute at the crystal-solut ion interface. If a protuber-  
ance develops by random fluctuation on an  otherwise 
flat interface, this protuberance will encounter  a 
higher solute concentrat ion than that  of the flat region 
and will therefore tend to grow wi th  respect to this 
region. This tendency towards instabi l i ty  of the in ter-  
face may be el iminated by the application of a suffi- 
ciently large tempera ture  gradient, the important  fac- 
tor being whether  or not there exists a gradient  in  the 
supersaturat ion normal  to the crystal surface. For  
stable growth of an  interface at x : 0, we therefore 
require  that 

or, as is equivalent  for small  supersaturat ions 

where dn/dx is the solute gradient  normal  to the in ter -  
face and ne the equi l ibr ium concentrat ion of solute as 
before. 

If the capture of solute by the moving crystal  surface 
is negleeted as a first approximation, the solute gradi-  
ent  is related to the l inear  growth rate by  

~ 
v = ~ [8] 

P c  z = O  

For an ideal solution ne : n~ exp (--~H/RT), with  n| 
a constant, so that  

dne hH ne dT 
..... = - -  [9] 

dx RT~ dx 

and subst i tut ion from Eq. [8] and [9] into [7] gives 
the condition for s tabil i ty as 

DneAH ( d T )  [10] 
v < pcRT~ -~ ~=o 

This condit ion is in substant ia l  agreement  with that  
obtained by Til ler  (19) by a modification of the con- 
st i tut ional  supercooling criterion. 

Using typical exper imental  values of D = 10 -5 cm 2 
sec -1, ne = lg  cm -a, AH m 50 kJ mole -1, pc "- 5g cm -a, 
and T ---- 1500~ the m a x i m u m  stable growth ra te  ac- 
cording to Eq. [10] wil l  be  about 0.5A sec -1 for 
(dT/dx)x=Q ----- 1 deg cm -1 and a gradient  of 1000 deg 
cm - I  wil l  be required for the stable growth of crys-  
tals at 500A sec -1, which has been ment ioned above 
as typical of the highest growth rates to be achieved 
experimental ly.  Equat ion [10] is therefore in  clear 
conflict with experiment,  since growth at 100-200A 
sec -~ has been widely reported to occur in crucibles 
located in an enclosure at uniform temperature  or even 

in a negative tempera ture  gradient, with the heat  of 
crystall ization hH being removed by conduction 
through the melt.  

In  order to account for this discrepancy it  must  be 
assumed that  the supersaturat ion gradient  is insuffi- 
cient for the growth of a protuberance relat ive to the 
rest of the surface. Therefore the crystals grow in a 
metastable region of the supersaturat ion gradient  in 
which the protuberance grows at a negligibly slow rate 
wi th  respect to the crystal  surface. This region may 
be considered analogous to the wel l -known metastable 
(Ostwald-Miers) region in  which a mel t  or solution is 
cooled below its equi l ibr ium liquidus temperature  
without  onset of nucleation. 

The metastable region of the supersaturat ion gradi- 
ent  is i l lustrated in Fig. 3, in which the tempera ture  
dis tr ibut ion is par t icular ly  considered since this may 
be convenient ly  varied. F igure  3(a)  shows the va r i -  
ation in the solute concentrat ion ahead of the crystal 
surface together wi th  the equi l ibr ium value at the 
crystal-solution interface. The solute concentrat ion at  
the interface is close to the equi l ibr ium value, a con- 
dit ion which wil l  be fulfilled if volume diffusion is the 
ra te- l imi t ing  stage. The val idi ty  of the la t ter  assump- 
t ion for the examples of NiFezO4 and NaNbO3 in  un-  
st irred borate  solutions is supported by  exper iment  
(20, 21). 

Figure 3 (b) shows the l iquidus temperature  TL cor- 
responding to the actual solute concentrat ion ns and 
the actual temperature  distr ibution Teff in the solu- 
tion. Stable growth according to Eq. [10] requires that  
the temperature  gradient  at the interface should ex- 
ceed that  of the line denoted To which is tangent ia l  to 
the curve of TL at x : 0. Tcrit represents the assumed 

w 
I -  

J 
0 

z 
0 

nr 
;~ CRYSTAL 

z 
~ 

0 

S O L U T I O N  

(o) 

r I 

I 

I .... n s  

t 
f 
4 ne 

I 

D I S T A N C E  X 

w 
nr 

I - "  

n- CRYSTAL 

I'.'- 

8 
r I 

S O L U T I O N  I 
I TL 

~ Teff. 
T c r i t  

O D I S T A N C E  X 

(b) 
Fig. 3. Solute concentration (a) and temperature distribution (b) 

in front of a crystal growing from unstirred solution. 



Vol. 120, No. 6 STABILITY AND STIRRING IN CRYSTAL G R O W T H  821 

metastable l imit  so that  the shaded area denotes the 
metastable region. Growth will  occur without solvent 
inclusions so long as the gradient  of Teff at the inter-  
face is higher than that of Tcrit, a s  is assumed in the 
example shown. The value of this critical gradient  of 
temperature  (or supersaturat ion) may be expected to 
depend on the crystal growth rate, the solute concen- 
tration, the interface temperature,  the type of solvent 
and on impurities. Of part icular  importance is com- 
plex formation in front of the growing crystals which 
may have either a positive or negative effect on the 
critical supersaturat ion gradient. Also by analogy with 
the Ostwald-Miers region, the probabil i ty that  an in-  
stability will  develop should be increased if the grow- 
ing crystal is subjected to any thermal  or mechanical  
shock or vibration. Experience has shown that the 
size of inclusion-free crystals which can be grown in- 
creases if vibrat ions are minimized and the furnaces 
are located in  separate enclosures in order to reduce 
any  disturbances. 

The increased stabilization which permits the stable 
growth of crystals in solution in  a supersaturat ion 
gradient must  result  from the growth mechanism on 
the faceted habit  planes. That interface kinetics can 
stabilize growth has been demonstrated by Coriell and 
Parker  (22) and by Tarshis and Til ler  (23). The par-  
t icular  case of growth on large facets has been con- 
sidered quali tat ively by O'Hara et al. (24), who postu- 
late two main  sources of stabilization. The first is the 
lower dr iving force for lateral  growth of surface layers 
compared with normal  growth and this will oppose the 
effect of any  per turbat ion which tends to create more 
layers. The second is the capil lari ty term which is a 
consequence of the low energy associated with the 
habit  planes, the orientat ion of which normal ly  cor- 
responds to a cusp in a Wulff (surface energy vs. 
orientation) plot. These effects could in  principle be 
included by the introduction of appropriate anisotropic 
terms in the morphological stabili ty treatment,  but  
quant i ta t ive  calculations would be very  difficult and 
have not yet  been reported. 

Effect of Stirring on the Supersaturation Gradient 
According to the simple model of the solution growth 

process outl ined above, the effect of st irr ing is to re-  
duce the width of the boundary  layer and thus to cause 
a t ransi t ion from diffusion-controlled to kinetic-con- 
trolled growth. The first effect tends to increase the 
supersaturat ion gradient, while the second decreases 
it so the net effect depends on the interface kinetics. 

The flow of solute towards the crystal surface is 
given (25) in  the steady state by 

Dd "~n pc dn 
- -  -l'- V - -  - -  = 0 [II] 

dx ~ ps dx 

the solution of which equation gives for the solute dis- 
t r ibut ion 

[1 -- exp (--XVpc/psD) ] 
n -- ni : (ns -- hi) [12] 

[ 1  - -  exp (--SVpc/psD) ] 

Here ni is the solute concentrat ion at the interface and 
the thickness 5 of the boundary  layer has been de- 
fined by the boundary  condit ion that n = ns when  
x : 5. The second term in Eq. [11] represents the cap- 
ture of solute by the moving crystal surface, which has 
been neglected in  our earl ier  approximations. 

Equat ion [12] gives the solute concentrat ion gradient  
at x -= 0 as 

( d n )  = (ns -- n,)v,c n s - - n ,  

x=o [1 - -  exp (--SVpc/psD)]psD - -  5 

[13] 

The approximation is expected to be generally good 
since v/D ,-, 10 - I  cm - I  and 6 ,-~ 10 - I  -- 10 -8 cm de- 
pending upon the solution flow rate. 

The value of the solute gradient  for a given ns and 
solution flow rate u (and hence 5) will  thus be deter-  
mined by the value of ni, and hence on the kinetic 
coefficient A of Eq. [4]. The solute distr ibution ahead 
of the crystal in a stirred solution is shown in Fig. 
4(a) ,  and the corresponding temperature  distr ibution 
is indicated in Fig. 4(b) .  It  has been assumed in this 
diagram that the solvent gradient  is reduced by the 
stirring so that  stability is enhanced. Figure 4 differs 
from a similar diagram of Til ler  (19) whose inter-  
pretat ion of a sharp increase of the supersaturat ion 
gradient  with increasing flow rate may hold only for a 
sudden increase of agitation. If a stabilizing tempera-  
ture gradient is applied, this will tend to steepen due to 
mixing within the solution on st irr ing and some addi- 
t ional stabilization may be expected on this account 
( 21 ) .  

Morphological stabil i ty t reatments  by Hurle (26) 
and Delves (27) confirm that st irr ing can provide some 
degree of stabilization of a plane interface. Experi-  
menta l  confirmation of the stabilizing effect of st irr ing 
is provided by observations of the surface of crystals 
grown from a melt  in  which the st irr ing is suddenly 
interrupted.  Stabil i ty theory predicts (3, 27) a self- 
excited oscillatory motion of the interface near the 
breakdown of stability. In Fig. 5 a set of fine inclusions 
may be seen at the surface of a large GdA10~ crystal 
grown from a high- temperature  solution in which stir-  
r ing was stopped prior to removal  of the excess solu- 

z 
0 
F- 

I-- i1~ 
_I 
o w  
u') ~,3 

z 

0 
u 

C R Y S T A L / ]  SOLUTION 

ns 

ne 

0 DISTANCE X 
(a) 

IJJ 
r r  
D CRYSTAL~I  S O L U T I O N  

I.-- 

Tef f .  

~ , ~  I ~ Tcr i t  
l i  

O D I S T A N C E  X 

(b) 
Fig. 4. Solute concentration (a) and temperature distribution (b) 

in front of a crystal growing from a stirred solution. 
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Fig. 5. Solvent inclusions near the surface of a 210g GdAIO3 
crystal due to interruption of stirring at the end of the growth 
experiment. 

tion. The per iodic i ty  of the  inclusions is about  30 ~m 
which  is in good agreement  to the  order  of magni tude  
wi th  theore t ica l  predictions.  A coarse inclusion struc-  
tu re  in tersect ing the fine bands  at  an angle  of 35~ ~ 
m a y  be due to a complex t rans ient  flow pa t t e rn  on sud-  
den cessation of forced stirring. 

Stabil ity of Polyhedral Crystals 
The discussion of the  previous sections was con- 

cerned wi th  c rys t a l  surfaces of un l imi ted  extent ,  
whereas  crysta ls  in rea l i ty  a re  finite polyhedra.  The 
new problem in t roduced by  tak ing  into account the  
finite size of crys ta ls  is tha t  of the  supersa tura t ion  in-  
homogenei ty  across the  surface. Because of the  en-  
hanced diffusional flow to the corners  and  edges of a 
crystal ,  the  supersa tura t ion  in these  regions is much 
higher  than  that  at  the  face centers. This inhomo- 
genei ty  has been measured  in many  examples  of crys-  
ta ls  growing f rom aqueous solut ion and amounts  to 
about  25% in the  case of sodium chlora te  (28). 

The s tab i l i ty  of po lyhedra l  crysta ls  growing in solu-  
t ion has been considered by  Cahn (29) and Chernov 
(30). Cahn took as his s tab i l i ty  condit ion the  r equ i re -  
ment  tha t  the  supersa tura t ion  should not  vanish in the  
center  of a face and provided  theore t ica l  just if ication 
for the  we l l -es tab l i shed  observat ion  (31-33) that  the  
s table  l inear  growth  r a t e  must  decrease  as the crys ta l  
size increases. Chernov (30) proposed that  the super -  
sa tura t ion  inhomogenei ty  is compensa ted  by  the de-  
ve lopment  of vicinal  faces. The slope to the  crys ta l lo-  
graphic  hab i t  p lane  at  the  face center  m a y  differ f rom 
tha t  at the  edges by  about  2 ~ if the  increased kinetic 
coefficient at  the  center  is to balance  the  lower  super-  
saturat ion,  but  ins tabi l i ty  wi l l  resu l t  if the  curva tu re  
at  the  center  exceeds some cri t ical  value.  

In  both Cahn's  and  Chernov 's  t rea tments ,  subst i tu-  
t ion of typica l  da t a  leads  to a p red ica t ion  tha t  the  
m a x i m u m  size of crys ta ls  for s table  growth  should be 
of the  order  of 10 -1 ram, which is c lear ly  in conflict 
wi th  exper iment .  The d iscrepancy arises from the as- 
sumpt ion  tha t  solute  is d i s t r ibu ted  over  the  crysta l  
surface only  by  volume diffusion. In  pract ice  some a l -  
lowance mus t  be made  for  convect ive mix ing  wi th in  
the  solution, since i t  is c lear  that  a c rys ta l  growing in 
a we l l -mixed  solution wil l  genera l ly  p rese rve  its shape 
dur ing  growth.  Carlson (14) demons t ra ted  the  neces- 
s i ty of s t i r r ing  for  the  growth  of l a rge  inc lus ion- f ree  
crys ta ls  of ammonium d ihydrogen  phospha te  and  de -  
r i ved  an express ion for the  m a x i m u m  size I of inclu-  
s ion-free crysta l  

0.214 Du(ns  - -  he) ~ 
I : [14] 

(~/psD) 1/ap0"vS 

Equat ion [14] has  been found to give values  for  the  
m a x i m u m  l inear  g rowth  ra te  for  c rys ta ls  of macro-  

scopic size which are  in genera l  agreement  wi th  e x -  
per iment ,  and  t empe ra tu r e  p rograms  for c rys ta l  
g rowth  by  slow cooling have  been  proposed  by  the  
authors  (34). 

For  a given value  of l, the  m a x i m u m  value of v 
which can be used wi thout  the  onset of ins tabi l i ty  wil l  
increase  according to Eq. [14] wi th  the  solution flow 
ra te  u. I f  the  va lue  of u is too low to achieve the  neces-  
sa ry  homogenei ty,  the  h igher  supersa tura t ion  at  the  
edges of the  c rys ta l  wi l l  lead  to enhanced growth  in 
these regions and the mechanism of growth  wil l  be by  
layers  nuclea ted  at  the crys ta l  edges. Layers  spreading 
towards  the  center  of the  face a re  f requent ly  over-  
g rown b y  those nuclea ted  subsequently,  wi th  the  for -  
ma t ion  of l a rge  inclusions at  the  face centers.  F u r t h e r  
increase in the  supersa tura t ion  beyond the  s tab i l i ty  
l imit  resul ts  in te r raced  or  "hopper"  growth  and even-  
tua l ly  in dendr i t ic  growth  wi th  branched  project ions  
spreading  in the  fast g rowth  directions.  

Role of Natura l  Convection in Flux Growth 
In the  foregoing discussion the  necessi ty  of h igh-  

solut ion flow ra tes  at  the  growing c rys ta l  face was 
demonstra ted .  In  uns t i r r ed  solutions as in the  normal  
flux pract ice wi th  s ta t ionary  crucibles  the  only means  
of producing some solution flow is the rmal  and  solu- 
t ional  convection. This has been discussed by  Pa rke r  
(7), Wilcox (35), Cobb and Wal l i s  (36), and by  Schulz-  
DuBois (37). 

Fo r  ideal ized systems a cr i t ical  dimensionless  num-  
ber  character izes  the  onset  of t he rma l  convect ion ac-  
cording to the Rayle igh  cr i te r ion  as r ev iewed  by  Chan-  
d rasekha r  (38). In  c rys ta l -g rowth  exper iments ,  con- 
vection cur ren ts  a lmost  a lways  occur because of t em-  
pe ra tu re  gradients  and solute flow due  to c rys ta l l iza-  
tion. However ,  no quan t i t a t ive  da ta  are  ava i lab le  on 
the  magni tude  of convection flow rates. F o r  a s imple 
model  as shown in Fig. 6 the average  flow ra te  of ther-  
mal  convect ion can be es t imated  (36) by  

K 
u = ~ [0.208 (Laa0) 1/4 - -  1] [15] 

psLcp 

where  ~ is the  convection pa rame te r  ps2cpg~/~K wi th  
cp specific hea t  of the  liquid, ~ the volume expansion 
coefficient, and K the  t he rma l  conduct ivi ty.  I t  can be 
seen f rom Eq. [15] tha t  the  convection flow ra te  de-  
pends on the solut ion and on the  l iquid height  L and 
the  t empera tu re  difference 0 which may  be var ied  b y  
the  exper imenter .  F igure  7 shows flow ra te  vs. l iquid 
height  L for var ious  convection pa rame te r s  and a t em-  
pe ra tu re  difference of 10~ Af t e r  the  first s teep in -  
crease  due to the  cr i t ical  Ray le igh  number ,  the  flow 
ra te  is not  much influenced by  L. Even for ex t r eme ly  
large  values  of ~ (a typica l  va lue  of a in h igh - t empera -  
ture  solutions is 1500) the  flow ra te  does not exceed 
0.05 cm sec -1. 

(TOP) 

IT +i+ yl L 
jl . Jl 3. 

/ " - - " /  1 

T (BOTTOM) 

T(BOTTOM) > T(TOP) 
Fig. 6. Model of convection between hot base and cooler top 
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Fig. 7. Convection flow rates vs. liquid height L for various con- 
vection parameters a and temperature difference of 10~ 

The effect of the t empera tu re  g rad ien t  on the  flow 
rate  for the  convect ive modulus  1500 and for var ious  
l iquid heights  L is demons t ra ted  in Fig. 8. For  smal l  e 
the  cr i t ical  value of L is 1 cm, below which convection 
decreases rapidly .  Fo r  L > 1 cm a t e m p e r a t u r e  differ-  
ence of 5 ~ is sufficient to achieve flow ra tes  of app rox i -  
ma te ly  0.02 cm sec -1 which  do not increase  much wi th  
la rger  e. 

I t  fol lows tha t  na tu ra l  convection produces  too smal l  
solution flow rates  for the  achievement  of high s table  
g rowth  rates.  Solut ional  convection as discussed by  
Wagner  (39) and J a k e m a n  and Hur le  (40) wi l l  im- 
prove  the  situation. However ,  the  convection flow ra tes  
wil l  not increase b y  more  than  an order  of magni tude  
under  typ ica l  growth  conditions. Therefore  forced con- 
vection by  s t i r r ing  is appl ied  in c rys ta l  g rowth  f rom 
solutions w h e r e v e r  possible. 

Stirring Techniques in Flux Growth 
In flux growth,  immersed  ro ta t ing  seed crys ta ls  have 

been used by  Laudise,  Linares,  and Dearborn  (41) 
wi th  nonvolat i le  solvents. Pu l l ing  of ro ta t ing  seed 
crysta ls  was summar ized  b y  Scheel  (18). Growth  of 
ro ta t ing  seed crysta ls  s l ight ly  be low the l iquid sur-  
face, t he reby  decreas ing excess ively  s teep t empe ra tu r e  
gradients  in the  growing crystals,  was  first r epor ted  
by  Mil ler  (42) and recen t ly  by  Belruss  et al. (43) as 
" top-seeded solution growth."  The s t i r r ing action of a 
ro ta t ing  seed is the same as that  in Czochralski  g rowth  
which has been descr ibed by  Car ru thers  and Nassau 
(44) and by  Rober tson (45) and is possible only wi th  
nonvola t i le  fluxes. The E k m a n  flow pa t t e rn  has been 
analyzed by  Hide and Ti tman (46) and by  Ell ison and 
Cornet  (47), and the b o u n d a r y - l a y e r  thickness  along a 
ro ta t ing disk was es t imated  by  Burton,  Pr im,  and 
Sl ichter  (48). 

Exper imenta l ly ,  it  is ex t r eme ly  difficult to app ly  
convent ional  s t i r r ing  wi th  the  excel lent  but  vola t i le  
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Fig. 8. Convection flow rates vs. temperature difference for vari- 
ous liquid heights and the convection parameter 1500. 

lead  oxide, lead fluoride, and other  vola t i le  solvents. 
Here  the  beneficial  effect of the accelera ted  crucible  
ro ta t ion technique (ACRT) was discovered (18, 37, 49), 
which allows, by  its homogenizat ion of the  solution and 
by  combinat ion wi th  localized cooling, the  growth  of 
large  inc lus ion-f ree  crystals.  By periodic accelerat ion 
and decelera t ion of the  crucible  rotat ion,  a smooth and 
more  or less l amina r  solut ion flow can be  produced.  

Conclusions 

The necessi ty of s t i r r ing in c rys ta l  g rowth  f rom 
h igh - t empera tu r e  solutions has been demonstra ted .  
The concepts of the bounda ry  layer  and  of the  meta-  
s table  region of supersa tura t ion  grad ien t  are necessary 
for an op t imum choice of al l  expe r imen ta l  pa ramete r s  
in o rder  to achieve good resul ts  in h i g h - t e m p e r a t u r e  
solution growth.  The high qual i ty  of so lu t ion-grown 
crysta ls  p roven  by the i r  low dislocat ion densit ies  (50) 
as wel l  as the  genera l  appl icab i l i ty  of this  method wi l l  
lead to its technical  use for the  growth  of special  crys-  
tals  wi th  appl icat ions  in electronics,  optics, magnetics,  
or acoustics. 

A more  deta i led  discussion of many  of the points  
ra ised in this  paper  wi l l  be given in a for thcoming 
book on h i g h - t e m p e r a t u r e  solut ion g rowth  (51). 
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ABSTRACT 

Nickel chromite formation was studied using dense polycrystals and single 
crystals of NiO and Cr203. The influence of time, temperature,  and oxide pur i ty  
on spinel structures and formation rates was determined. Exper iments  were 
performed by react ing pure C r 2 0 3  pellets with pure and manganese-doped 
pellets of NiO. All  reactions were done in air for times ranging from 24 to 640 
hr, and at temperatures  from 1200 ~ to 15O0~ 

The rates of nickel chromite formation in dense, crack-free specimens are 
two orders of magni tude smaller than the rates of formation in porous speci- 
mens, or at surfaces of dense specimens. These solid-state reaction rates are 
affected, and possibly controlled, by the rate of chromium dissolution in  the 
nickel oxide, while  the reaction rates at free surfaces are controlled by 
diffusion of Ni 2+ and Cr 3+ through the spinel. 

There have been several exper imental  at tempts to 
determine the mechanism of formation of nickel chro- 
mite from its component oxides (1-6). In a prior re-  
view (7) it was shown that none of these experiments  
provided conclusive determinat ion of the rate-control-  
ling mechanism. Prior  experiments  were inconclusive 
for two major  reasons. First, the start ing oxides used 
were too porous to el iminate complications arising 
from vapor-phase transport.  Second, marker  experi-  
ments  failed. Iner t  metal  markers  disappeared dur ing 
the reactions at elevated temperatures  (2, 5), while 
na tura l  markers  (interface between polycrystal  and 
single crystal  start ing oxides) produced results which 
did not support the mechanism concluded by the au-  
thor (6). 

The purpose of this paper is to describe studies o f  
nickel chromite formation in which dense high-puri ty  
oxides were used and for which metal  markers  pro- 
vided definitive information of the reaction mecha- 
nism. 

Experimental 
Oxide preparation.--Techniques for the preparat ion 

of high-puri ty  oxides commonly consist of purification 

* Electrochemical Society Act ive  Member .  
Key words: nickel  chromite ,  mechan i sm,  kinetics.  

of salts followed by thermal  decomposition. Of these 
various methods, the oxalate decomposition method of 
Brown (8, 9) was reported to yield oxides of high 
pur i ty  (99.999%) which would also sinter to high 
density after simple cold pressing and sintering. Simi-  
lar procedures were used to prepare the h igh-pur i ty  
and manganese-doped nickel oxides used in this study. 

Pellets of h igh-pur i ty  and manganese-doped nickel 
oxides (2.5 cm diameter, 2-5 m m  thick) were prepared 
by cold pressing, drying, and firing in air at 1500~ for 
250-350 hr. After init ial  firing, groups of pellets of each 
type were equil ibrated with air  at 1200 ~ 1300 ~ and 
140O~ in order to provide start ing oxides for experi-  
ments  to be made at such temperatures.  

Pellets (5 cm diameter, 3-5 mm thick) of reagent-  
grade chromium oxide were prepared by hot pressing 
for 1 hr at 1450~ After pressing, the pellets were 
fired in air for 250-350 hr at 15O0~ Groups of chro- 
mium oxide pellets were then equil ibrated with air by 
firing for 100 hr at 1200 ~ 1300 ~ and 1400~ In addition 
to the studies using the polycrystal l ine oxides, a 
l imited number  of experiments  were made with single 
crystals of nickel oxide and chromium oxide. These 
crystals were obtained from sources listed in  Table I. 

Table I. Purities and densities of starting oxides 

Metallic i m p u r i t y  concentrat ions* 
(ppm by wt)  

Material Source Co Ni Si Mn Cu 

Co + 
Zn + 

Fe Mg + Cd 
Dopant  
(m/o) 

Pu r i t y  
level  
(w/o) 

Average 
densi ty  

g /era  8 theoret.** 

NiO, reagen t  J . T .  B a k e r  Chemical  Co. 450 M ND ND 30 
grade  "Ana lyzed  Reagen t "  

NiO, h igh  P repa red  by oxalate 1O0 M ND ND 30 
pur i ty  precipitation 

NiO-1MnO Prepa red  by  oxalate 100 M ND 7200 10 
precipi ta t ion 

NiO, single Argonne National  Lab. 190 M l0 30 30 
crystal Argonne,  Ill. 

Cr20~, F i sher  Scientific Co. ND ND 250 ND 20 
reagent "Cert i f ied Reagen t "  
grade 

Cr203, single Adolph Mener  Co. ND ND 150 ND 50 
crystal P . O .  Box 6001 

Providence, R. I. 

50 

ND 

ND 

60 

250 

300 

470 

50 

50 

60 

200 

300 

None 

None 

0.97 
MnO 
None 

None 

None 

99.90 

99.98 

98.26 

99.96 

99.93 

99.9 

6.38 

6.45 

6.40 

6.67 

5.15 

5.20 

94 

95 

94 

98 

99 

IO0 

* ND, not detected; M, m a j o r  constituent.  De t e rmined  by  spect rographic  analysis.  
** Based  on the fol lowing theoretical densi t ies :  NiO, 6.808 g/cmS; Cr208, 5.202 g / c m  3. 
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Spinel formation reactions.--The fol lowing pro-  
cedures were  closely fol lowed for  most spinel fo rma-  
tion exper iments .  Pel le ts  for react ion at  a given t em-  
p e r a t u r e  were  selected f rom groups that  had p rev i -  
ously been equi l ibra ted  at  or near  the  desired t em-  
pera ture .  Pe l le t s  were  selected on the basis of densi ty  
and f reedom from obvious flaws such as cracks. 

Three  types  of m a r k e r s  were  used in these studies:  
(i) th ick  p la t inum foils (6~ by  1 m m  by 1 cm);  (ii) 
th in  p l a t inum foils (1.5~ by  1 m m  by  1 cm) ; and (iii) 
i r id ium powder  app rox ima te ly  0.1-1~ diameter .  

The assembled specimens with  marke r s  were  p laced  
in sil icon carbide heated muffle furnaces capable  of 
t empera tu res  to 1550~ Alumina  blocks were  then  
placed on top of each specimen to produce  a compres-  
sive stress of approx ima te ly  1 k g / c m  2. The furnaces 
were  then  r ap id ly  hea ted  to the des i red  react ion tem-  
perature .  Al l  exper iments  were  done in  air, and t em-  
pe ra tu res  were  measured  wi th  two Pt  + P t -10%Rh 
thermocouples.  Tempera tu res  measured  wi th  both 
thermocouples  were  a lways  wi th in  •176 of each other, 
and  the t empera tu re s  remained  wi th in  •176 of the  
repor ted  value  dur ing  each exper iment .  

Results 
Compositions, densities, and structures of starting 

oxides.--The composit ions and densit ies of the oxides 
used a re  shown in Table I. The nickel  oxides p repa red  
b y  oxa la te  prec ip i ta t ion  and decomposit ion were  of 
somewhat  h igher  pu r i ty  than commercia l  reagent -  
grade  oxide. The majo r  impur i ty  was cobalt  oxide. As 
shown in Table  I, the  manganese  oxide  concentra t ion  
in the  n ickel  oxide was  ve ry  close to  the  desired 1 
mole per  cent (m/o)  value.  

The immers ion  densi t ies  of all  the nickel  oxides pre-  
pa red  by cold  press ing and firing ranged  f rom 92 to 
97% of the  theore t ica l  value.  These percentages  were  
based on a theoret ica l  dens i ty  of 6.808 for nickel  oxide. 
The densi t ies  obta ined wi th  ho t -pressed  chromium 
oxide were  a lways  wi th in  98% of theoret ical  density.  
In  addition, the  densi t ies  of the  surfaces of these pe l -  
lets  were  h igher  than  the over -a l l  density.  In  general ,  
a l l  spinel  react ions  were  made  wi th  ch romium oxides  
approaching  100% of theore t ica l  density.  

Nickel chromite formation from pure oxides.--The 
observat ions  to be discussed in this section app ly  to the  
spinel format ion  f rom the react ion of r e agen t -g r ade  
chromium oxide with  both r eagen t -g r ade  and high-  
pu r i ty  n ickel  oxide. Fo r  ease of presentat ion,  the  sur-  
face effects and the  in te rna l  effects wi l l  be  descr ibed 
separate ly .  
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Surface f ea tu res . - -Dur ing  ea r ly  exper iments ,  the  
chromium oxide pel lets  appeared  to shr ink  dur ing  the 
spinel  react ion anneals.  Detai ls  of this  shr inkage  were  
de t e rmined  by  cut t ing p rebonded  pel le ts  into smal l  
rec tangula r  pr isms and firing at  t empera tu res  from 
1200 ~ to 1500~ Al l  such specimens took the shape 
shown in Fig. 1 af ter  firing, the  most  pronounced 
shape changes occurr ing at  the  highest  t empera tu re s  
and longest  times. The ini t ia l  shape of the specimen is 
shown by the dashed lines. The nickel  oxide half  of 
the  specimen expanded,  the  m a x i m u m  expans ion  oc- 
cur r ing  near  the react ion interface.  

Examina t ion  of the  react ion in ter face  in grea te r  de -  
tai l  revea led  smal l  c rys ta l l i tes  on the  surface of the 
spinel. These crys ta l l i tes  were  not  s t rongly  bonded to 
the  spinel  and could easi ly be  b rushed  off. The c rys ta l -  
l i tes were  smal l  octahedrons and were  identified as 
nickel  chromite  by  x - r a y  diffraction. In  addi t ion to 
these features,  smal l  c rys ta l l i tes  resembl ing  etch pits  
formed on the surfaces on the nickel  oxide dur ing the 
spinel  reaction.  These crys ta l l i tes  appeared  to form 
pre fe ren t ia l ly  on cube faces of the  n ickel  oxide  c rys -  
tals. The amount  of c rys ta l l i te  format ion  on the nickel  
oxide decreased as the dis tance f rom the react ion inter-  
face increased.  No such c rys ta l l i t e  fo rmat ion  was eve r  
observed on the  surfaces of nickel  oxides tha t  had been 
fired in the  absence of chromium oxide. These obser-  
vat ions  suggest  tha t  the  crys ta l l i tes  on the  surface of 
the  nickel  oxide m a y  be the  first s tages of nickel  
chromite  spinel format ion  by  a solid NiO-"vapor"  
Cr203 mechanism. The spinel  crys ta l l i tes  on the sur-  
face of the  spinel  p robab ly  form by  a vapor -phase  r e -  
act ion of both  nickel  and chromium oxides. 

Internal Seatures.--Characteristics of the  in te rna l  fea-  
tures  of n ickel  chromi te  spinel  format ion  are  s u m m a r -  
ized schemat ica l ly  in Fig. 2 and examples  of some of 
these fea tures  a re  shown in Fig. 3-8. The thickness of 
the  spinel  formed dur ing  a g iven diffusion anneal  
va r i ed  cons iderably  depending  on the  locat ion wi th in  
the  specimen. At  the  surface of the  react ion interface  
( location A in Fig. 2), the  spinel  was ve ry  thick. How- 
ever,  ins ide the  dense, crack-free,  regions of the  speci- 
men  ( locat ion B),  the  spinel  l aye r  was  thin.  Thick 
spinel  layers  also formed at  in te rna l  cracks exposed 
to air  ( locat ion D).  These in te rna l  l ayers  could ei ther  
be th icker  or  th inner  than  the surface layers,  depend-  
ing on the geomet ry  of the  crack. Al though  cracking  
of the  reac tants  was common, the diffusion couples 
were  gene ra l ly  wel l  bonded. This behavior  cont ras ted  
sharp ly  wi th  the  easy separa t ion  of r eac tan t s  which  
had  been observed in p r io r  s tudies (1, 5, 6). In  this  

Fig. 1. Nickel oxide/chromium oxide diffusion couple: (a, above left) microstructure showing nonuniform shrinkage of chromium oxide; (b, 
above right) details of surface at reaction interface. 



Vol. 120, No. 6 N I C K E L  CHROMITE F O R M A T I O N  827 

Cr203 

A ~ B D NiCr 204 

NIC) 1 

Fig. 2. Schematic representation of internal features observed in 
nickel chromite formation from pure oxides: (a) surface spinel 
(spinel formed at corners of pellet exposed to air); (b) internal 
spinel (spinel formed in dense, crack-free, regions of pellets); (c) 
spinel formed at thick marker; (d) spinel formed internally but 
exposed to air by a crack; (e) spinel precipitate in nickel oxide. 

study, easy separation of the reactants was observed 
in only one special experiment.  The details of this ex- 
per iment  and  its implications in  the mechanism of 
spinel formation will  be given in a later section. Thick 
spinel layers also formed at thick (approximately 6~) 
p la t inum markers  (location C). An example of thick 
spinel formation at such a marker  and thin spinel for- 
mat ion from a region of the specimen that has no 
marker  is shown in Fig. 3. The large difference in the 
thickness of the spinel at these two locations is evi- 
dent. 

The last predominant  in ternal  features (location E) 
were found at the th in  (1-2/~) or discontinuous plat i -  
num or i r idium markers.  These thin markers  were al- 
ways buried wi th in  the nickel oxide. The depth to 
which the markers  were buried increased with the 
t ime and tempera ture  of exposure. The t ime depend- 
ence was parabolic, and the temperature  dependence 
was Arrhenius  in form. No differences were observed 
in the depths of the p la t inum and i r id ium markers  

after identical reactions. Examples of buried markers  
are shown in Fig. 4 for a specimen reacted for 64 hr  
at 1300~ Also visible in the nickel oxide, both in 
specimens that  contained markers  and in  specimens 
that did not contain markers, were very fine Widman-  
statten precipitates. These precipitates extended well  
into the nickel oxide, and could be resolved on both 
sides of the markers.  In  addition to these features it 
was observed that nonplanar  diffusion interfaces 
formed between the spinel layer and the chromium 
oxide (Fig. 4). However, the interface between the 
spinel and the nickel oxide was always planar  (when 
complications arising from the presence of thick 
markers  did not interfere) .  

Phase analysis and precipitate identification.--The pre-  
cipitates were identified by combining x - r a y  diffrac- 
tion and metallographic techniques. A specimen that 
had been reacted and slowly cooled to room tempera-  
ture (to accentuate the precipitation) was carefully 
ground parallel  to the reaction interface. The ground 
face was examined by x-ray diffraction using Cr Ka 
radiation. The NiO (111), Cr203 (104), and NiCr204 
(220) reflections were measured after grinding. The 
results of these measurements  (Fig. 5) showed that the 
precipitates were nickel chromite spinel. The spinel 
precipitates could readily be detected at a distance of 
80~ from the dense spinel layer. 

Marker behavior.--The identification of the nickel 
chromite precipitate particles in  the nickel oxide p~o- 
vides an explanat ion for the formation of thick spinel 
layers at (defect-free) thick markers  and th in  spinel 
layers away from the markers.  The nickel chromite 
precipitat ion in the nickel oxide is the result  of dis- 
solution of the spinel (NiCr204 -t- 3Ni 2+ --> 4NiO + 
2Cr 3+) at the nickel oxide/spinel  reaction interface. 
Consequently, if the rate  of dissolution of the spinel 
by nickel oxide is of the same order of magni tude  as 
the rate of formation of the spinel, one can expect the 
resul tant  layer to be th in  where there are no dissolu- 
tion barriers and thick where barriers are present. A 
confirmation of this model was provided in par t  by 
morphology of the reaction interface at an imperfect 
p la t inum marker  and by the chromium and nickel con- 
centrat ion profiles at defected and defect-free regions 
of the marker.  

The structure and composition of the react ion in te r -  
face at a defected p la t inum marker  are shown in Fig. 
6. The electron backscatter image and the Ni Ks  x-ray 
image show the spinel layer to be very i rregular  at 
the spinel chromium oxide interface. More impor- 

Fig. 3. Comparison of nickel chromite layers formed (a) at thick markers and (b) at marker-free locations. Note spinel precipitates in 
NiO. Specimen reacted at 1200~ for 1.3 x 106 sec. 
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Fig. 4. Marker locations in nickel oxide. Specimen reacted at 
1300~ for 2.3 x 105 sec 

Fig. 6. Details of structure at defect in platinum marker. Chrom- 
ium and nickel composition profile scans shown in Fig. 7 were 
made at locations A and B. Specimen reacted at 1235~ for 
7.8 x 105 sec. 

Fig. 5. Structure and phase analysis of reaction zone formed 
during solid-state spinel formation. Specimen reacted at 1200~ 
for 1.3 x 106 sec, then reheated to 1480~ for 4.3 x |05 sec and 
slowly cooled to room temperature. 

tant ly ,  both  images  show tha t  a smal l  defect  in the  
m a r k e r  resul ted  in the  format ion  of a hemispher ica l  
in t rus ion  of n ickel  oxide  into the  chromium oxide. 
Elec t ron-microprobe  scans across the specimen along 
pa ths  A and B of Fig. 6 revea led  the  composi t ion p ro -  
files shown in Fig. 7. As shown, the  chromium concen-  
t r a t ion  in the  n ickel  oxide int rus ion is s ignif icantly 
h igher  than  in the  nickel  oxide at  the  p lanar  react ion 
interface.  Consequently,  i t  can be concluded tha t  the  
th ick  p l a t inum marke r s  cause the  format ion  of th icker  

spinel  layers  because  t hey  a r e  ba r r i e r s  to ch romium 
dissolut ion in the  n ickel  oxide. 

The s t ructures  shown in Fig. 6 and 7 also help  ex-  
p la in  the  locat ion of the  th in  a n d / o r  discontinuous 
marke r s  in the  n ickel  oxide  ( locat ion E, Fig. 2). I f  the  
m a r k e r s  a re  d iscre te  part icles ,  t hey  do not  in ter fere  
wi th  the  s imul taneous  fo rmat ion  of spinel  at  the  NiO/  
Cr203 interface  and spinel  dissolut ion in the  n ickel  
oxide. Thus the  s imple  counte rcur ren t  diffusion reac-  
t ion is r ep laced  by  a m o v i n g - b o u n d a r y  diffusion re-  
action, in which there  is a flux of ma te r i a l  into the 
spinel  and a concurrent  flux (of the same order  of 
magni tude)  into the  n ickel  oxide  (2, 10). Conse- 
quent ly,  the  ma rke r s  r ema in  at  the  or iginal  interface,  
and the spinel  l ayer  moves  toward  the chromium oxide 
half  of the  diffusion couple. When  th ick  p la t inum 
marke r s  are  used, spinel  dissolut ion is prevented ,  and  
the spinel  wi l l  r ema in  at  the  or iginal  interface.  
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Fig. 7. Influence of thick platinum marker on the concentration 
of dissolved chromium in nickel oxide. (a) at marker defect and 
(hi at continuous marker. 

i = An  example  of this  effect wi th  th ick  m a r k e r s  is 
shown schemat ica l ly  in Fig. 2 and expl ic i t ly  in Fig. 8 
where  the  final in terface  has advanced  away  f rom the 
ini t ia l  in ter face  defined by  the th ick  p l a t i n u m  marker .  
Single crystal experiments.--Experiments wi th  single 
c rys ta l s  were  pe r fo rmed  for comparison wi th  the  var i -  
ous observat ions of spinel  format ion  from dense po ly -  
crys ta l l ine  specimens. In  general ,  resul ts  obta ined wi th  
single c rys ta l  reac tan ts  were  s imi la r  to resu l t s  obta ined  
wi th  polycrystals .  React ion of s ingle crys ta ls  of NiO 
and Cr20~ produced  s t ructures  ident ica l  to those p ro -  
duced by  react ion of polycrysta ls .  Thin spinel  layers  
were  formed (Fig. 9) be tween  the  s ta r t ing  oxides, and 
prec ip i ta t ion  of n ickel  chromite  spinel  was c lear ly  vis-  
ib le  in the  nickel  oxide. In  addition, t he  reac t ion  in ter -  
faces be tween  the  spinel  and both s tar t ing oxides were  
not planar .  

The single c rys ta l  exper iments  p roved  t ha t  the  pene-  
t ra t ion  of the  chromium into the  nickel  oxide  occurred 
by  a sol id-state  diffusion mechanism,  and not  by  a 
vapor - t r anspor t  mechanism through  pores  (as was pos-  
sible wi th  the  po lycrys ta l l ine  n ickel  oxide  specimens) .  
In  addit ion,  i t  was  ev ident  tha t  th is  pene t ra t ion  oc- 
cur red  wi thout  the  fo rmat ion  of poros i ty  in e i ther  the  
nickel  or chromium oxide single crystals.  Fur ther ,  the  
ca lcula ted  parabo l ic  react ion ra te  constants  (descr ibed 
in a l a te r  section) were  consis tent  w i th  the  r a t e  con-  
s tants  der ived  f rom dense po lycrys ta l l ine  specimens. 
These observat ions therefore  suppor ted  the  conclusion 
tha t  the  resul ts  obta ined wi th  the  polycrys ta l l ine  speci- 
mens  used in this  s tudy reflect the  so l id - s ta te  spinel  

t react ion mechanism.  The lack  of vis ible  poros i ty  in 
the  single c rys ta l s  a l lowed for the  de te rmina t ion  of a 
mass balance  across the  react ion interface.  

E lec t ron-microprobe  measurement s  of the  chromium 
Ka  radia t ion  f rom the  same a rea  shown in Fig. 9 were  
made  by  point  count ing at  3-6~ in terva ls  using a beam 

Fig. 8. Example of moving interface during nickel chromite formation. The thick (,..,6~) platinum marker does not move during the re- 
action. Specimen reacted at 1235~ for i x 10 ~ sec. 
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Fig. 9. Structure of nickel chromite reaction layer between nickel 
oxide and chromium oxide single crystals. Specimen heated at 
1410~ for 7.6 x 105 sec. 

d iamete r  of ,~6#. The chromium K~ x - r ay  in tens i ty  
profile across the  react ion interface  (Fig. 10) showed 
the depth  to which the  chromium had pene t ra t ed  into 
the  nickel  oxide. Measurable  amounts  of chromium 
could be detected at a distance of 625# from the sp ine l /  
nickel  oxide  interface.  F igure  10 shows tha t  the in-  
t ens i ty -d is tance  profile in the  n ickel  oxide was very  
i r regular ,  as would  be expected f rom the  presence of 
spinel  p rec ip i ta tes  in the  single c rys ta l  n ickel  oxide. 
The  spinel  l aye r  i tself  was too thin to be resolved by  
the point  count ing technique, however ,  the  chromium 
spinel  in tens i ty  was ca lcula ted  f rom comparison wi th  
the  in tens i ty  da ta  from thicker  layers  and  the 65 spinel  
l ayer  was d rawn  accordingly.  The posi t ion of the p la t i -  
num m a r k e r  in another  area  of the specimen is also 
shown, and wil l  be used in the  discussion of the  reac-  
t ion mechanism. 

Vapor-transport expe r /men t . - -Vapo r -phase  t r anspor t  
of one or more  of the reac t ing  species has been wide ly  
repor ted  in the  l i t e ra tu re  (1, 5, 6, 11-13) and has been 
used as a genera l  explana t ion  for the commonly ob- 
served phenomenon of easy separa t ion  of reac tants  

220 F c~2% i ~ l I I' I I 
~ ' ~  I 

!:i.1 
D I S T A N C E  - -  /~m 

Fig. 10. Cr K<~ composition profile. Point count data show suffi- 
cient dissolved chromium in nickel oxide to account for marker 
position. 

af ter  the  spinel  reaction. Schmalzr ied  ( i1)  has s ta ted 
tha t  this  phenomenon resul ts  f rom the vapor  t r anspor t  
of the  more  volat i le  species to the  other  reac tan t  when 
nonideal  contact  condit ions exist  be tween  the  two pel-  
lets. According  to this  mechanism, the  more  volat i le  
species t ravels ,  v ia  the  gas phase, to the  less vola t i le  
pellet ,  and  reacts  to form the  spinel.  Since there  i s  
never  any solid contact,  the  pel le ts  separa te  easily,  and 
the spinel  l aye r  is bonded to the  less vola t i le  mater ia l .  
For  example,  in the  format ion of zinc aluminate ,  one 
would expect  the spinel  to bond to the a luminum 
oxide, whi le  in the  format ion  of magnes ium chromite,  
one would expect  the spinel to bond to the magnes ium 
oxide. Ex t rapo la t ing  this  genera l iza t ion to the  nickel  
chromi te  system, one would  expect  the  spinel  to bond 
to the  n ickel  oxide af ter  an expe r imen t  in which non-  
ideal  contact  exists, because the  vapor iza t ion  r a t e  of 
ch romium oxide is g rea te r  t han  tha t  of n icke l  oxide  
(5). 

An expe r imen t  ut i l izing nonideal  contact  was per -  
formed to test this  model  and to provide  a comparison 
wi th  exper iments  in which ideal  contact  was  assumed. 
The specimen assembly  consisted of a fiat, polished, 
n ickel  oxide pel le t  separa ted  f rom a fiat, polished, 
chromium oxide pe l le t  by  2~ th ick  foil markers .  No 
load o ther  than  the  n ickel  oxide  pe l le t  was p laced  on 
the  diffusion couple, and  the resu l tan t  compressive 
s tress  leve l  was  of the  order  of 2 g / cm ~. The exper i -  
ment  was pe r fo rmed  at  1450~ in order  to p roduce  a 
high vapor  pressure  of the  chromium oxide, and thus  
assure  nonideal  contact. Af te r  the  diffusion anneal  was 
completed,  the specimen was s lowly cooled to room 
tempera ture .  

The reac tants  were  easi ly separa ted  b y  l i f t ing the  
n ickel  oxide  pe l le t  off the  ch romium oxide pellet .  The 
react ion surfaces of the  two pel le ts  were  s imi lar  in 
appearance ,  and both showed t races  of the  former  
m a r k e r  locations. The  surface of the  n ickel  oxide  pel- 
let  had depressions at the  m a r k e r  locations while  the 
surface of the  chromium oxide pe l le t  was e levated at 
the  m a r k e r  location. The marke r s  themselves  could 
not  be  seen, and were  ei ther  bur ied  in the  spinel,  in  
the  nickel  oxide, or  at  the  sp ine l / ch romium oxide 
interface.  

Micrographic  examina t ion  of the  cross-sectioned 
pel le ts  revea led  spinel  format ion  on the  ch romium 
oxide, p l a t i num marke r s  bur ied  in the n ickel  oxide, 
and spinel  prec ip i ta t ion  in the  n ickel  oxide. 

The spinel l ayer  thickness  on the chromium oxide 
was used to calculate  a react ion ra te  constant,  and  this  
ra te  constant  was cons i s t en t  wi th  the  ra te  constants  
obta ined  at  the  same t empera tu re  using ideal  contact. 
Consequently,  the  specimens behaved  as  though they  
were  under  ideal  contact  dur ing  the  spinel  reaction, 
a l though they  were  ve ry  l ight ly  loaded  and they  sepa-  
r a t ed  readi ly.  I f  nonideal  contact  had  existed,  the  
spinel  should have formed on the n ickel  oxide (as it  
forms on the corners  of nickel  oxide specimens ex-  
posed to chromium oxide vapors  and a i r ) .  Since this  
s t ruc ture  did not  occur, one can conclude tha t  the  easy 
separa t ion  of pe l le t s  does not  necessar i ly  p rov ide  any  
indicat ion of the  react ion mechanism.  

A schematic  d rawing  of the  proposed  sequence of 
events  which  occurred in this  exper imen t  is shown 
in Fig. 11. At  the  first s tage of reaction, ideal  contact  
occurred be tween  the  two pel lets  by  a combina t ion  of 
deformat ion  of the  marke r s  and  the  oxides. React ion 
to form nickel  chromi te  then proceeded wi th  simul- 
taneous chromium dissolution by  the nickel  oxide. The 
dissolution of the  spinel  at  the marker ,  however ,  was 
inhibi ted  by  the presence of the markers .  In  t he  th i rd  
stage, the  sp ine l /n icke l  oxide in ter face  cont inued to 
move away  f rom the  or ig inal  interface,  and in t rus ions  
of n ickel  oxide began to form as defects  formed in the  
m a r k e r  b y  surface tension forces. In stage four, the  
m a r k e r  had agglomera ted  enough tha t  the  sp ine l /  
nickel  oxide interface moved away  from the marker .  
The  d iscont inui ty  in the  reac t ion  in te r face  a t  the  p r io r  
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Fig. 11. Schematic representation of reaction mechanism in 
vapor-transport experiment. 
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marker  location remained, however, because the start-  
ing t ime for the dissolution reaction was delayed by 
the presence of the marker.  At stage five, the specimen 
was cooled and separated at the spinel /n ickel  oxide 
interface by the formation of interfacial  cracks. This 
mechanism leaves the spinel bonded to the chromium 
oxide, elevations on the chromium oxide at the former 
marker  location, and depressions in the nickel oxide 
at the former marker  location as observed experi-  
mentally.  

Addit ional  informat ion on the mechanism of nickel 
chromite formation from the solid state can be deter-  
mined from the electron-microprobe data of Fig. 10. 
As is shown, the spinel layer  thickness formed between 
single crystal nickel oxide and single crystal chromium 
oxide was approximately 6# thick. In addition, the 
marker  was bur ied in the nickel oxide single crystal at 
a distance of 56~ from the nickel oxide/nickel  chromite 
interface. By measur ing the area under  the Cr Ka 
penetra t ion curve in  the nickel oxide, and dividing by 
the Cr Ka intensi ty  for pure nickel chromite, a dis- 
solved spinel layer thickness of 75~ was determined. 
F rom these measurements,  the ratio of the spinel 
thickness on the nickel oxide side of the markers  to 
the spinel thickness on the chromium oxide side was 
determined to be 1:31 in  quali tat ive agreement  with 
the Wagner  mechanism of countercurrent  diffusion of 
Cr 3 + and Ni~ +. 

Nicke~ chromite formation from Mn-doped n~ckel 
oxide.--Various experiments  were performed with dif- 
fusion couples in which the nickel oxide was doped 
with 1 m/o  manganese oxide. In general  the spinel 
formation reaction with the manganese-doped nickel 
oxide was the same s t ructural ly  and kinetical ly as the 
spinel formation react ion with the pure oxide. The 
only significant difference between the spinel formed 

x To ma in t a in  electrical  neut ra l i ty ,  3 Ni  ~+ i ons  m u s t  p a s s  t h r o u g h  
the  re fe rence  in ter face  to balance the charge  of 2 Cr s§ i ons  d i f fus ing  
in  the opposite direction. The nickel  ions f o r m  three molecules 
of  NiCr~O4 o n  the c h r o m i u m  oxide side of the m a r k e r  whi le  the  
c h r o m i u m  ions f o r m  one  m o l e c u l e  of  NiCr=04 o n  the  nickel  oxide  
s ide.  

from the pure and the manganese-doped nickel oxide 
was the manganese  enr ichment  of the spinel phase 
when formed from the lat ter  oxide. A quant i ta t ive 
estimate of the degree of manganese enr ichment  in the 
spinel was obtained by electron-microprobe scans 
across the reaction interface. These scans showed that 
the manganese  concentrat ion in the spinel is approxi- 
mately  4 times greater than  in the doped nickel oxide, 

Kinetics o f  nickel chromite spine~ formation.--To 
confirm the previously reported observations that  
spinel formation was diffusion controlled (1, 2, 5), the 
thickness of the spinel surface layer was determined as 
a function of t 1/2 for two reaction temperatures.  These 
measurements  (Fig. 13) showed that the spinel thick- 
ness was indeed a l inear  function of t 1/2, and therefore 
controlled by diffusion processes. The reaction constant 
(Kp) for each experiment  was calculated from the 
measured thickness (~x) and the reaction t ime (t) 
using Eq. [1] 

Kp "-- hx~/2t [1] 

The spinel thicknesses at the specimen surface (Fig. 
2, location A) and the dense interior of the specimen 
(Fig. 2, location B) were measured and used to calcu- 
late rate constants. In  addition, the distance from the 
spinel /nickel  oxide interface to the markers  buried in 
the nickel oxide was measured and used to calculate a 
rate constant. I t  is proposed that  each of these rate 
constants represent  different reactions. The influence 
of tempera ture  on the reaction ra te  constants for sur-  
face spinel and in ternal  spinel formation is shown in 
Fig. 13. 

There was a difference of two orders of magni tude 
between the reaction rate constant for spinel formed at 
the surface of the specimens (Fig. 2, location A) and 
for spinel formed inside the dense, crack-free, parts  of 
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Fig. 13. R e a c t i o n  rate  constants  for  n ickel  c h r o m i t e  f o r m a t i o n  

the specimen (Fig. 2, location B). Even though there 
is considerable scatter in these data, the extreme dif- 
ference in  these rates clearly shows that  two different 
mechanisms are operating. 

Also apparent  from Fig. 13 is the absence of any 
impur i ty  effects in either the surface or in ternal  reac- 
tion rate constants. The rates are essentially the same 
(within exper imental  scatter) for nickel chromite 
formed from pure chromium oxide, high purity, or 
manganese-doped nickel oxide. In  addition, the rates 
of surface and in ternal  spinel formation are the same 
for single crystal specimens as for dense polycrystal l ine 
specimens. 

The reaction rate constants reported in prior studies 
(2, 6) are also shown in Fig. 13. These constants agree 
well with the surface spinel rate constants of the 
present work. This agreement  is fur ther  proof of the 
porosity of the specimens used in prior studies, and the 
influence of vapor-phase t ransport  on the rate  con- 
stants. A least squares fit through the data reveals that 
the tempera ture  dependences are 

Kp (surface) = 1.04 exp (--76.4 • 103/RT) 

Kp ( internal)  = 3.26 • 10 -4 exp (--68.3 • 103/RT) 

The tempera ture  dependence of the rate constants 
for interface motion with respect to the markers  is 
given by 

kmarker = 2.20 • 1O -~ exp (--67.5 • IO~/RT) 

The activation energy for the nickel oxide/nickel  
chromite interface motion is identical to that for in -  
ternal  spinel formation, and does not appear to be 
significantly affected by oxide composition or by the 
crystal l ine structure of the starting material.  

Discussion 
These experiments  form the basis for the following 

model of nickel chromite spinel formation. The model 
is simple and is supported by the experimental  data. 
Internal ,  or solid-state nickel chromite formation (e.g., 
Fig. 2, location B) occurs by the countercurrent  diffu- 

sion of Ni 2+ and Cr s+ through the spinel, and s imul-  
taneously, through the nickel oxide. The rate of spinel 
growth is strongly affected by the rate of chromium 
dissolution and diffusion in the nickel oxide. Because 
the rates of t ransport  through the spinel and the nickel 
oxide are of the same order of magnitude,  there is a 
coupling of these two processes and it is not possible 
to specify one or the other as rate controlling. This 
model explains: (i) spinel precipitation in NiO; (ii) 
marker  effects, including int rus ion formation at 
marker  defects, and thick spinel formation at thick 
markers;  (iii) in terna l  spinel thickness; and (iv) the 
motion of the spinel layer  with respect to the markers.  

Surface (e.g., Fig. 2, location A) spinel formation 
occurs by a modified Wagner  mechanism in  which 
spinel dissolution is compensated for by  geometrical 
effects. The cooperative diffusion of Cr s + from vertical  
and horizontal surfaces of the specimen rapidly satu- 
rates the nickel oxide (17), and allows the  spinel to 
grow by countercurrent  diffusion of Ni s§ and Cr  3§ 
through the spinel layer. 

Comparisons were made of the measured spinel 
formation rates with the Wagner-Schmalzr ied theory. 

Data for the free energies of formation were taken 
from Tret jakow and Schmalzried (18), and diffusion 
coefficients were chosen on the basis that the diffusion 
rate of Ni2 + controls spinel formation. This is basically 
correct, because the diffusivity of Ni 2 + is less than that  
of Cr ~+ over the tempera ture  range  of interest  (2, 
4, 19). 

Two sets of diffusivity data for Ni 2+ in  NiCr~O4 are 
available. Although both sets were measured by the 
same authors, the diffusion coefficients calculated from 
one set (2, 4) are approximately one order of magni -  
tude larger than those calculated from the other set 
(3). As would be expected, the values of the diffusion 
coefficients totally control the theoretical values of 
Kp. For example, at (T = 1400~ the reaction rate 
constant equals 1.2DNi. At  lower temperatures  
(1200~ Kp equals 0.45DNi. The theoretical values of 
the reaction rate constants were calculated by using 
both sets of Lindner  diffusivity data. The rate con- 
stants calculated on the basis of one set of data (2, 4) 
are shown in Fig. 13 and are in good agreement  with 
measured rate constants. The rate constants calculated 
on the basis of the other set of data (3) were a factor 
of 7 lower than  the measured rate  constants. 

In  an earlier analysis of these data (20) it was con- 
cluded that  agreement  between the exper imental  and 
theoretical rate constants for nickel chromite forma- 
tion was fortuitous. This conclusion was supported by 
the following facts. The theory was developed to apply 
to the formation of dense, defect-free, react ion product 
layers, while the exper imental  measurements  were 
made with porous specimens or dense specimens whose 
surfaces were exposed to air  (as in this s tudy).  In 
addition, the exper imental  rates for surface spinel for- 
mat ion  are affected by chromium dissolution in the 
nickel oxide. Therefore, the theory, which does not ac- 
count for vapor t ransport  through pores, and dissolu- 
tion of one component of the spinel by the other re-  
actant, should not agree with the measured rates in 
which these effects prevail. However, it is possible that  
the s tructure of porous specimens (or surfaces of dense 
specimens) compensates for spinel dissolution by 
rapidly saturat ing the nickel oxide with chromium via 
vapor-phase transport.  If the spinel layer is densified 
in the process, the exper imental  conditions wil l  ap- 
proach those required by theory. 

Only quali tat ive statements will  be made concern-  
ing the influence of impurit ies on the mechanism of 
spinel formation. There are two reasons for this. First, 
this is the first exper imental  s tudy in which these 
effects have been considered. Second, these systems are 
more complex than normal  spinels with respect to 
phase structure, defect structure, and thermodynamic 
definition (21). As described in the text, the addit ion 
of 1 m/o  manganese oxide to nickel oxide did not sig- 
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nificantly affect the s tructure rate of formation of 
nickel chromite. However, manganese  enr ichment  in 
the spinel (by a factor of 4) was observed. 

A quali tat ive explanat ion for the enr ichment  of 
manganese in the spinel can be based on the polyvalent  
characteristics of the ions. Manganese can exist either 
as MnO(Mn 2+) or Mn~O3(Mn3+) and can form its 
own spinel (Mn304) in which it exists in two valence 
states (22, 23). Consequently, the manganese ions can 
fit in both octahedral and tetrahedral  sites in the spinel 
lattice. Therefore, the reaction of 1 mole of nickel oxide 
to form 1 mole of nickel chromite produces 3 times the 
init ial  number  of sites in  which the manganese  ion can 
fit. 

Conclusions 
There are a number  of conclusions from this work 

which have general  application to spinel studies. These 
conclusions are associated with the two major  experi-  
mental  observations of this study: density effects and 
spinel dissolution effects. First, and perhaps most im- 
portant, it has been shown that  experimental  results 
obtained from the reactions of high-density oxides can 
be significantly different from those obtained from the 
reactions of porous oxides. Spinel formation rates from 
dense oxides can be orders of magni tude  slower than 
rates in porous oxides. Mechanisms of spinel formation 
from porous oxides can be affected, or controlled, by 
vapor-phase t ransport  phenomena, while reaction 
mechanisms in  dense oxides cannot. Simple marker  ex- 
per iments  can be interpreted when  dense oxides are 
used, whereas these markers  are often destroyed or lost 
when  porous oxides are used. 

Dissolution effects, of the spinel in the reactants or 
the reactants in  the spinel, must  be accounted for in 
fu ture  studies. As has been shown in this work, such 
effects can control both the mechanism and kinetics of 
spinel formation. It is recognized that dissolution 
effects would be accounted for if observed. However, 
the exper imental  observations of these effects requires 
the use of dense reactants and careful specimen prep- 
aration and examination.  

Another  general  conclusion from this work is that  
reaction mechanisms must  be determined by  direct 
exper imental  techniques. Determinat ion of reaction 
mechanisms by comparison of exper imental  and theo- 
retical reaction rate  constants are total ly dependent  on 
measured rates of diffusion of cations through their 
respective spinels. There is sufficient var iabi l i ty  in the 
diffusion data for these systems that  near ly  any  ex- 
per imenta l  measurement  will  fit wi th in  an order of 
magni tude  of a theoretical value. Any  true test of the 
val idi ty of a theoretically determined rate constant  
must  be based on precise diffusion data through fully 
dense polycrystal l ine or single crystall ine spinels, and 
theoretical data  must  be compared wi th  exper imental  
kinetic data determined from similar or (preferably) 
identical  oxides. 

Specific conclusions obtained from this s tudy are: 

1. The mechanism of nickel chromite formation from 
its component  oxides is countercurrent  diffusion of 
Ni 2+ and Cr 8 + through the spinel layer. 

2. The rates of nickel chromite formation at surfaces 
of dense specimens or at interfaces of porous specimens 
are equal. 

3. The rate of nickel chromite formation in dense 
oxides is two orders of magni tude  less than the rate of 
formation at surfaces, and is strongly affected by the 
rate of chromium dissolution in nickel oxide. 

4. Dissolution of Cr 3 + in nickel oxide occurs at high 
(>12O0~ temperatures.  The solubil i ty of chromium 
oxide in  nickel oxide is of the order of 10 weight per 
cent. On cooling to room temperature,  the Cr ~+ pre- 
cipitates as nickel chromite in  the nickel oxide. 

5. The location and morphology of thin inert  mark-  
ers after spinel reactions can be explained as a result  
of chromium dissolution. 

6. Additions of manganese  (at the level of 1 m/o)  to 
nickel oxide wil l  not affect the rate of nickel chromite 
growth. However, manganese  enr ichment  of the chro- 
mite layer will occur. 
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Nondestructive Location of Oxide Breakdowns 
on MOSFET Structures 

P. L. Garbar ino and R. D. Sandison 

IBM System Products Division, East Fishkill Facility, Hopewell Junction, New York 12533 

An exper imental  investigation of the mechanism of 
silicon dioxide degradation leading to MOS oxide 
breakdown has highlighted the need for a reliable 
nondestruct ive method of pinpoint ing the breakdown 
location. A si tuation commonly presents itself where 
electrical test has pointed to a short (breakdown) in a 
"chain" of as many  as several  hundred  th in  oxide re-  
gions, all tied in electrical common by a metalizat ion 
pattern.  The use of an oxide chain arises na tura l ly  and 
necessarily from the l imited number  of terminals  on a 
test chip, and the requi rement  that  extremely large 
numbers  of individual  regions be tested to generate 
just  a few breakdown failures at high bias- tempera-  
ture  stress. The problem is then to nar row the short 
location to an area that  is manageable  for meaningful  
s tudy by visual, x-ray,  or electron-optical  means. That  
is, the breakdown must  be located nondistruct ively to 
a single th in  oxide area; or better, to a fraction of one 
area. 

The purpose of this note is to report  that  cholesteric 
l iquid crystal together with a thin amorphous carbon 
coating is ideally suited to breakdown location in the 
small  areas typical of th in  oxides on MOS devices. The 
procedure should have wide applicabil i ty in the failure 
analysis of bipolar LSI devices as well. 

Liquid crystals (1, 2) are substances which selec- 
t ively scatter incident  white light, the wavelength of 
the scattered light scaling inversely with the tempera-  
ture. The thermal  characteristics of the liquid crystal 
are operat ionally specified by two parameters:  (i) the 
lowest temperature  at which color first appears, which 
we call the t ransi t ion temperature ;  and (ii) the t em-  
perature range over which the entire spectrum is dis- 
played, which is referred to as the thermal  bandwidth  
(3). The crystal can be simply considered to be a 
thermometer  which translates  the thermal  gradient  
around the powered short into a color pattern. As Fig. 
1 indicates, the location of the short is revealed as a 
color profile on a colorless background. 

Procedure 
The mounted chip (either header or otherwise) is 

placed in good thermal  contact with a thermal ly  mas- 
sive temperature  controlled substage. The liquid crys- 
tal, mixed with its volatile suspension medium, is ap-  
plied to the chip either with an eyedropper or an air 
brush  to a thickness of 3-5~. The tempera ture  of the as 
yet unpowered chip may be cycled through the ther-  
mal  bandwidth  of the crystal several times (the color 
t ransi t ion of the crystal is reversible) and the color 
qual i ty observed. It  is impor tant  to have a continuous 
film of as uniform a thickness as possible. If the color 
quali ty is poor, an additional liquid crystal application 
may be used to enhance it. However, a crystal thick- 
ness of more than  10~ is de t r imenta l  as it broadens the 
thermal  profile around the short, compromising the 
obtainable spatial resolution. 

K e y  words :  SiO~ deg rada t ion ,  oxide  b r e a k d o w n ,  shor t ing ,  fa i lu re  
analys is ,  nondes t ruc t ive .  

The temperature  of the substage is adjusted to be 
about 2~ below the t ransi t ion tempera ture  of the 
crystal, and the device powered unt i l  the temperature  
at the short is well into the thermal  bandwidth  of the 
crystal. A schematic of the substage assembly is shown 
in Fig. 2. 

In  practice, it is found that  the reflected white  l ight 
from the metalization pat tern  is of much greater in-  
tensity than that  of the selectively scattered radiation, 

Thin Oxide Regions 

Short 

Fig. 1. Schematic of a defective gate chain. The cross-hatched 
areas indicate the metalization pattern forming the chain. Gate 
areas are outlined by dashed lines. The rough circles around the 
short represent isotherms of the temperature profile around the 
powered short. Temperatures T1 > /'2 > - - > T5 are the average 
temperatures in their respective regions. Under action of the liquid 
crystal region 1 will appear blue; region 2, green; region 3, yellow; 
region 4, red; and region 5, colorless. 

] ~ Microscope 
Glass Slide ~ l~ _ _._. ~ !-- Camera 

Header, ~, - / /Chip 

Leads 

Fig. 2. Side view (cutaway) of header-substage assembly used to 
provide temperature control. 

834 



Vol. 120, No. 6 OXIDE B R E A K D O W N S  ON MOSFET S T R U C T U R E S  835 

render ing the color pa t te rn  difficult or impossible to 
see. A layer  of carbon black deposited on the chip sur-  
face prior to crystal  application will  counter  this dif- 
ficulty. The carbon layer  must  be thick enough to 
shield most of the reflected light bu t  thin enough so 
that  the metalizat ion pa t te rn  may still be seen; carbon 
thicknesses of from 0.2 to 0.4~ will  strike this balance. 
Commercial  mixtures  of dye and l iquid crystal, and 
flat black paints  are not  adequate because of nonhomo-  
geneity of coverage or complete opaqueness. 

Carbon layers of the above thickness were found to 
be of high enough electrical impedance so as not to 
alter the electrical characteristics of the test chip. The 
carbon may be deposited in an evaporator, or most sim- 
ply by  rapidly passing the chip through the sooty flame 
of a paraffin candle several times. The carbon layer as 
well  as the liquid crystal can be removed by ultrasonic 
agitation in  a chloroform bath. 

Spatial Resolution 
Based on a s tudy of ext remely  th in  chromium re-  

sistors deposited on glass substrates, Lukianoff (3) has 
concluded that  the l imit  of spatial resolution of l iquid 
crystal  is 1~. In  the case of fault  location on MOSFET 
structures, one must  contend with a heat source that  is 
not directly on the surface but  is buried under  the 
metal  of the gate electrode and the applied carbon 
coating. For our devices, the resolution limit, due to 
the broadening of the thermal  pa t te rn  by the mater ial  
over the heat source, is about 0.3 mils (7.3~). That  is, 
in  a one-mi l  square gate area one can, by careful  ob-  
servat ion of the thermal  profile, expect to na r row the 
short location to about 1/10 of the gate area. These 
numbers  are estimates and may vary  with the con- 
s truct ion characteristics of the par t icular  MOSFET de- 
vice in question. 

This technique el iminates the ted ium involved in 
cutt ing and probing the metal izat ion pat tern  to na r -  
row the short location electrically, and has proven to 
be highly reliable in locating the breakdown. In  sev- 
eral instances, visual inspection of a failed th in  oxide 
region after metalization removal, showed more than 
one abnormally.  Comparison with the liquid crystal  

Fig. 3. SEM photograph of breakdown in thin oxide 

photograph was indispensible in  de termining which 
fault was actual ly responsible for the electrical short. 
An  SEM photograph of an oxide breakdown located 
with l iquid crystal  is shown in Fig. 3. 
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Fast decay phosphors based on Ce ~+ activation have 
been used for many  years. Under  electron beam excita- 
t ion these phosphors typically have a decay t ime 
(Imax/e) of less than  100 nsec and have a b road-band  
emission spectrum peaking in the near  ul t ra  violet or 
blue. Several  recently developed phosphor materials  
have moved the cer ium emission peak to much longer 
wavelengths,  green emission being reported for 
CaS: Ce z+ (1) and green to yel low-orange for various 
garnet  hosts (2-4). 

Visible emit t ing fast decay phosphors have a n u m b e r  
of useful applications. One such application, which was 
the p r imary  motivat ion for this investigation, is in  fly- 
ing-spot  scanner  tubes such as those used by the Post 
Office in their automatic letter sorting system. The 
phosphors ment ioned above, however, have one dis- 
advantage which l imits their  usefulness, i.e., the lumi-  
nescent decay curve is very  nonexponential .  Bril  et al. 
(3) report  that  for Y3Al~O12: Ce 3+ the emission in t en -  
sity is still 6% of its max imum value 80 ~sec after 

* E lec t rochemica l  Socie ty  Act ive  Member .  
K e y  words :  luminescence ,  phosphors ,  ce r ium,  Y3A2~O~. 

cessation of excitation, while  Lehmann  and  Ryan  (1) 
observed that CaS:Ce ~+ had an afterglow lasting for 
several milliseconds. This nonexponent ia l  decay be- 
havior is very undesirable  for flying spot scanner  ap- 
plications since it creates a large background i l lumi-  
na t ion  which appears as noise to the signal processing 
system. This, of course, lowers the signal to noise ratio 
of the system and, in the case of the Post Office mail  
sorter, reduces the percentage of the mail  that  can be 
sorted. 

This note reports the effect of several parameters  
on the decay characteristics of Y3A15012:Ce ~+, with 
some sets of conditions resul t ing in  almost pure ly  ex-  
ponent ia l  decay curves. 

Experimental 
Phosphor samples used were 2 mole per cent (m/o)  

Ce ~+ activated Y3A15012. The preparat ion of this phos- 
phor has been reported previously (5). 

The phosphors were settled on 1 in. • 3 in. micro- 
scope slides using the conventional  potassium silicate- 
ba r ium acetate sett l ing technique. The slides, after 
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Fig. i. Cathodoluminescent emission spectrum of YaAIsO12:Ce 3+ 

aluminizing,  were  measured  in a demountab le  elec-  
t ron  beam gun system. Al l  measurements  were  made  
at 15 kV beam vol tage and cur ren t  densit ies of app rox i -  
ma te ly  10 m A / c m  2. The electron beam gun, no rma l ly  
biased into cutoff, was  pulsed on by  means  of an ex-  
t e rna l  pulse  genera tor  capaci t ively  coupled to the  grid. 
Pulse  widths  used in these exper iments  were  0.2, 3, 
and  20 #sec.1 

The l ight  pulse  was detected by  a 9558Q photomul t i -  
p l ie r  tube wi th  the  resul t ing  signal being analyzed b y  
a PAR Model 160 Boxcar  Integrator .  I t  was found tha t  
the  photomul t ip l ie r  tube  requ i red  an e lec t r ica l ly  
shielded, noninduct ive  50 ohm load to insure  the  e l imi-  
nat ion of spurious e lect r ica l  effects. Also, wi th  such a 
smal l  load resistor, care had to be taken  not  to over load 
the photomul t ip l ier .  If  the incident  l ight  in tensi ty  on 
the  photomul t ip l ie r  ca thode  was too high, the  resul t ing  
high electron dens i ty  at  the  anode would  produce an 
electr ical  s ignal  las t ing tens of microseconds af ter  the  
t e rmina t ion  of the  l ight  pulse. This is p robab ly  caused 
by  a m o m e n t a r y  hea t ing  effect a t  the  anode. Su i tab le  
neu t ra l  dens i ty  filters e l imina ted  this " tai l"  effect. 

The output  f rom the boxcar  in tegra tor  was plot ted  
on an  x - y  recorder .  Since the  min imum gate open t ime 
for  the  boxcar  in tegra tor  was  10 nsec, th is  r epresen ted  
the u l t ima te  resolut ion obta inable  from the system. 

In tens i ty  da ta  were  taken  by  apply ing  a 1 in. by  1 
in. ras te r  to the  phosphor -coa ted  sl ide and measur ing  
the  luminous  in tens i ty  by  means  of a Spect ra  P r i t cha rd  
photometer ,  Photo  Research Corpora t ion  Model 1970 
PR. 

The emission spect ra  were  measured  in  a second de-  
mountab le  system a t tached to a aA mete r  Czerny-  
Turner  spectrometer .  

Results 
The emission spec t rum for Y3A15OI2:Ce ~+ is shown 

in Fig. 1. This spec t rum did not  change wi th  different  
firing a tmospheres  as long as the  cer ium concentra t ion 
remained  constant .  The emission peak  does shift, how- 
ever, wi th  cer ium concentrat ion.  F i r ing  in an oxidiz- 
ing a tmosphere  l imited the  amount  of cer ium tha t  the 
garne t  would  accept  to 2%, wi th  a second phase ap-  
pear ing  if the  s ta r t ing  concentra t ion  of cer ium was  
higher  than  that,  whi le  a reducing a tmosphere  pe r -  
mi t ted  up  to 6% cer ium to be incorpora ted  into the  
host. These solubi l i ty  l imi t  and  emission peak  shif t  
resul ts  a re  presented  in de ta i l  e l sewhere  (5). Al l  sys-  
tems s tudied in this  exper iment  had  a cer ium concen- 
t ra t ion  of 2%. 

F igure  2 shows the  luminescent  decay  curves  for a 
3 ~sec exci ta t ion pulse  resu l t ing  f rom th ree  different  
firing conditions. I t  can be seen tha t  the af te rg low be-  
comes progress ive ly  more  pronounced as the  firing 
a tmosphere  goes f rom oxidizing to iner t  to reducing.  
Also, for the  ma te r i a l  formed in an iner t  or reduc ing  
environment ,  the re  is a g radua l  bu i ld-up  of the emis- 

z The  0.2 a n d  3 /~see v a l u e s  co r resPond  to  the  b e a m  d w e l l  t i m e  
o n  a p h o s p h o r  pa r t i c l e  i n  a Pos t  Office Op t i ca l  C h a r a c t e r  R e a d e r  
w h e n  the  s y s t e m  is  in  e i t h e r  i t s  " s e a r c h "  or  " r e a d "  m o d e  (6). 
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Fig. 2. Light intensity profiles for 3 #sec excitation pulses for 
materials fired in (a) H2, (b) N2, and (c) air. 

sion in tens i ty  dur ing  the  per iod  of exci ta t ion.  These 
two resul ts  would be consistent  wi th  the  idea of en-  
e rgy  s torage t raps  in the phosphor.  These t raps  would  
s lowly fill dur ing  the exci ta t ion period, tak ing  up less 
and  less of the  exci ta t ion energy as more  t raps  become 
filled. This would produce  the sort  of cer ium emission 
increase seen dur ing  the exci ta t ion period.  These t raps  
could then s lowly feed thei r  ene rgy  to the  ce r ium ions 
af ter  the  e lect ron beam pulse  was  tu rned  off, thus  
producing  the observed afterglow. A l ike ly  candida te  
for such energy t raps  would  be la t t ice  defects, possibly 
oxygen  vacancies, since the  bu i ld -up  and af terglow 
effects a re  g rea t ly  d iminished when  the phosphors  a re  
p repared  in an oxygen atmosphere.  I f  this  is true, then  
one would  expect  to be able  to anneal  out  at  least  some 
of these  t raps  by  ret i r ing in air  ma te r i a l  tha t  had  been 
p repa red  in a reduc ing  atmosphere .  F igure  3 shows the 
resul ts  of such an exper imen t  where  a 20 ~sec dura-  
t ion exci ta t ion pulse has  been used. I t  is obvious tha t  
the  re t i r ing has g rea t ly  d iminished the  bu i ld -up  and  
af te rg low observed in the  or iginal  mater ia l .  

Also, since the  number  of t raps  that  a re  filled de- 
pends  on the  dura t ion  of the  excitat ion,  one would 
expect  tha t  the  af te rg low effect would  be more  pro-  
nounced for long exci ta t ion  pulses. This t r end  is shown 
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Table I. Effect of firing atmosphere and excitation pulse width on the luminous decay of Ce ~+ 
and effect of firing atmosphere on relative intensity 

Firing 
Material  a tmosphere  0.2/zsec pulse 3 #sec pulse 20 #sec pulse 

Imax/10 Imax/20 Imazll0 ~max/2O rmaxllO Ima~/~O Relative 
(/zsec) (/~sec) (/tsec) (/~sec) (/~sec) (#sec) intensity 

YsA150~: 2% Ce Air  0.23 0.30 0.26 0.42 0.28 0.75 85 
H~ 0.32 0.62 3.2 8.S 12.0 35.0 100 
H2-Air* 0.21 0.30 0.72 1.4 0.75 2.7 70 
N~ 0.29 0.48 1.1 2.0 4.4 13.5 70 

Y2.~Gdo.aA15012: 2% Ce Air  0.29 0.49 1.0 2.3 2.9 8.0 85 

* Sample  w a s  fired for 2 h r  in H2, then  retired 6 rain in air. 

in Table I which lists the time after excitation for the 
light intensity to fall to its 10% point and 5% point. 
These data are given for different pulse widths and 
for different firing conditions. All  samples show a 
tendency toward longer decay times under longer pulse 
conditions. However, the effect for the air-fired sample 

(a) H 2 

f 

(b) H2----- AIR 
Fig. 3. Light intensity profiles for 20 /~sec excitation pulses for 

material fired in (a) H2, and (b) same material retired in air. 

is only very slight, while the H2-fired sample shows a 
much greater afterglow for the longer excitation 
pulses. The material  retired in air has a much more 
improved decay characteristic than did the original 
H2-fired material, being equivalent to the air-fired 
sample at the shortest pulse width, and only slightly 
worse for the longer pulses. The N2-fired sample is 
intermediate to the above cases. 

The table also gives data for Y2.7Gdo.3A15012:Ce z+, a 
material  in which 10% of the yt t r ium has been re-  
placed by gadolin/um. Although this material  was 
fired in air, the longer excitation conditions show an 
afterglow effect considerably more pronounced than 
the pure Y3A15OI2:Ce 3+ fired in air. It  could be that  
the addition of Gd to the system caused sufficient dis- 
tortion of the garnet crystal to introduce other types 
of energy traps. 

Table I also shows the relative intensity data for the 
samples fired in different atmospheres. Hydrogen-tired 
samples have a somewhat greater intensity, as mea- 
sured by a spot photometer, than do the air-fired sam- 
ples. 

The results then indicate that  under certain firing 
conditions and excitation conditions, Y3A15012: Ce ~+ 
shows very little afterglow effect. Even in cases of 
long pulse width excitation, nonexponential decay 
characteristics can be minimized by using the appro- 
priate forming conditions. 

Manuscript submitted Aug. 23, 1972; revised manu- 
script received Jan. 22, 1973. 

Any discussion of this paper will  appear in a Discus- 
sion Section to be published in the December 1973 
JOURNAL. 
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Anomalies Observed in Some Discrete Device and 
Integrated Circuit Substrates 

Ivars Irbe 

Rome Air Development Center, RBRM, Gri~ss Air Force Base, New York  13441 

Several phenomena, not yet reported in the l i terature 
to the author 's  knowledge, have been observed during 
physical analysis of in  house fabricated avalanche 
diodes and some commercial ly available integrated 
circuits and ion- implan ted  MOS field effect devices. 

The first of the phenomena, denoted "bulk stain 
effect," was observed on freshly angle-lapped surfaces 
of samples which had previously been angle lapped and 
stained (concentrated HF under  intensive l ight) ,  or 
the top surfaces of which had been treated with con- 
centrated HF. In  each case, wi thout  application of the 
staining agent to the freshly angle- lapped surfaces, 
stainlike discolorations were evident  in  the p-diffused 
areas, general ly not exceeding lateral ly the respective 
diffusion window boundaries  and extending down to a 
varying fraction of the diffusion depth. Since bu lk  sili- 
con mater ial  is removed during an  angle- lapping 
operation, the appearance of such discoloration implies 
that  staining had occurred inside the silicon mater ia l  
dur ing  the preceding staining cycles, hence the term 
"bulk stain effect." Comparison of horizontal and 
vertical dimensions of the volumes removed by the 
angle- lapping cycles indicates that the bulk  staining 
occurs predominant ly  from the top of the silicon chips, 
i.e., from the top surfaces of the respective diffusion 
windows. The total t ime of HF t rea tment  applied to 
the chip surfaces before the appearance of bu lk  stain 
effect ranged from 20-30 sec (circuit chip shown in 
Fig. 2) to well  over 30 min  (time accumulat ion from 15 
angle lapping and staining cycles applied to a circuit 
ch ip  dur ing failure analysis; not shown here).  Appli- 
cation of the staining agent to angle- lapped surfaces 
which already display the bulk  stain effect produces 
the normal  s taining patterns, except that the bulk  
stained areas remain  dist inguishable due to different 
shades of discoloration and/or  depressions in these 
areas. The effect was observed within  devices or cir- 
cuit configurations fabricated in epitaxial  silicon sub- 
strates, and within  some ion- implanted  devices. In the 
lat ter  case, it was not known if the substrates were 
epitaxial  wafers. On circuit chips with silicon ni tr ide 
surface protection, the bu lk  stain was observed only in 
areas which were not covered by silicon ni tr ide during 
the preceding s taining cycles. 

An etching of silicon surfaces was in  some instances 
observed to occur dur ing chemical t rea tments  (con- 
centrated HF or KOH) of devices and circuits by 
chemicals which normal ly  [KOH at room temperature  
on (111) surface] would not attack silicon, or would 
do so at a very  slow rate. The etching was most pro- 
nounced wi th in  devices and structures formed by high 
impur i ty  concentrat ion diffusions, especially n + (phos- 
phorus) diffusion. The etching was also observed on 
some silicon surfaces following only a thermal  oxida- 
tion in steam. All  of the areas in which etching was 
observed had received at least a 20 rain aqua regia 
t rea tment  after the silicon dioxide had been removed 
(etched away).  In  the case of the MOS device, the 
etching occurred in areas which had been diffused and 
subsequent ly  ion implanted.  This device was not sub-  
jected to aqua regia or other ni tr ic  acid based chemical 
t reatment .  

Figure 1 displays the bu lk  stain effect and a normal  
subsequent  staining pa t te rn  on the same angle- lapped 
surface observed wi th in  an avalanche diode structure 
fabricated by p+ diffusion (7.5 • 1019 boron atoms/cc 

Key words: silicon, failure analysis,  process induced defects. 

final impur i ty  concentrat ion at the surface) into an 
n - - n  + epitaxial silicon substrate (10.0 ohm-cm, 8.0# 
thick epitaxial layer on 0.01 ohm-cm substrate. These 
parameters apply also to devices shown in Fig. 3 and 
4). Note in Fig. lb  the darker  shade of color and  the 
depression of the bulk  stained area wi thin  the normal  
staining pattern. The bulk  stain effect wi thin  a silicon 
ni tr ide passivated circuit chip is shown in Fig. 2b. A 
30 sec staining cycle, sufficiently long to remove all the 
exposed silicon dioxide, was applied to the surface 
shown in Fig. 2a. A subsequent  lapping cycle revealed 
the bulk  stain effect, except for the areas which had 
been protected by the silicon ni t r ide layer and that 
part  of the silicon dioxide layer  removed last by the 
preceding staining cycle. This behavior was observed 
also dur ing consecutive staining and lapping cycles. 
Note the appearance of the bu lk  stain in  the contact 
areas which were not protected by silicon nitride. In  
addition to the bu lk  stain effect shown in Fig. 3a, both 
Fig. 3a and 3b display silicon surface etching effects 
inside the device diffusion window and on the chip 
surface outside the lateral ly diffused areas. The differ- 
ences in height are indicated by the interference 
fringes. The silicon areas outside the diffusion window 
did not receive any processing other than ini t ial  oxi- 
dation (2V2 hr at 950~ in steam) and boron drive in 
(20 rain at 1150~ in steam) cycles. Surface etching is 
also evident  in Fig. 4. The s t ructure  indicated by the 
arrow constitutes a scribe line from which the oxide 
was removed prior to a luminum metalization. The 
area was alloyed (450~ for 15 rain) dur ing  the con- 
tact formation process. A preferential  surface etching 
outside the lateral ly diffused areas is evidenced by a 
ridgelike structure on the r ight  side of this photo- 
graph. Based on junct ion depth measurements,  it ap- 
peared that the scribe lines and the lateral ly diffused 
areas were etched very little or not at all. The devices 
in  Fig. 3 and 4 were treated with aqua regia for an 
addit ional 20 min  after the removal  of the metalization 
lines and silicon dioxide layer. Bulk  stain and surface 
etching effects wi th in  the s t ructure  of a diffused and 

Fig. i. (a) A freshly angle-lapped surface of a device chip dis- 
playing bulk stain effect; (b) the same surface after staining. Mag- 
nification 130•  

838 
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Fig. 4. Display of surface etching effect. Arrow indicates the 
scribe line area. Ridgelike structure similar to the one shown in Fig. 
3 can be seen on the right side of the photograph. Magnification 
130)<. 

Fig. 2. (a) A freshly angle-lapped surface of a circuit chip with 
silicon nitrlde passivation; (b) same chip after a staining and an 
additional lapping cycle. Arrow indicates the level of the silicon 
nitride layer during staining cycle. Magnification 130• 

Fig. 3. (a) A freshly angle-lapped surface displaying bulk stain 
effect; (b) same surface after staining. A ridgelike structure cover- 
ing the laterally diffused area is evident in both photographs. Mag- 
nification 130•  

i on - imp lan ted  MOS field effect device are  shown in 
Fig. 5. Previous  angle- lapping  and s taining cycles in-  
d ica ted  1.9;L diffusion and 0.4~ ion- implan ta t ion  depth.  
Subsequent  angle - lapping  cycles revea led  a bu lk  s ta in  
effect up to 1.5~ dep th  (Fig. 5a). A consecutive 2 rain 
t r ea tment  wi th  concent ra ted  KOH comple te ly  removed  
al l  silicon (Fig. 5b) in areas  out l ined by  the  bu lk  
stain discolorat ion leaving  the channel  areas  intact  as 
a r idge - l ike  s tructure.  Note the in ter ference  fr inges 
on: the  ang le - lapped  par t s  of the  channel  s t ructure.  Al l  
angle  lapping  shown in the  photographs  was done wi th  
a 2 ~ l app ing  block. A Zeiss in te r fe romete r  ( tha l l ium 
light,  ;~/2 = 0.27~) was used for the  measurements .  

Based on these observat ions  and on addi t ional  w o r k  
done on devices fabr ica ted  by  high concentra t ion  dif -  

Fig. 5. (a) Display of bulk stain effect on a freshly angle-lapped 
surface; (b) same area after KOH treatment, displaying etching 
effect as evidenced by the remaining ridgelike channel structure. 

fusion into single res is t iv i ty  (nonepi tax ia l )  silicon 
substrates,  which  showed no bu lk  staining,  i t  is pos tu-  
la ted tha t  both  effects a r e  p r imar i l y  caused by  im-  
perfect ions  in, a n d / o r  gross damage to, the c rys ta l l ine  
s t ruc ture  of the  subs t ra te  mater ia l .  The bu lk  stain 
effect takes  place wheneve r  the  silicon ma te r i a l  can be  
pene t ra ted  by  the s ta ining agent  (HF)  causing, upon 
react ion wi th  avai lable  p - t y p e  impuri t ies ,  discolora- 
tions in the  bu lk  mater ia l .  In  the  cases of the  surface 
etching effects, the pene t ran ts  would be  provided  by 
the ni tr ic  acid components  of the appl ied  chemicals.  
Absence  of etching in a l loyed and l a t e r a l l y  diffused 
areas  indicates  tha t  i t  might  be  possible  to improve  
the c rys ta l l ine  s t ruc ture  of the  ma te r i a l  b y  judic iously  
appl ied  processes. The  poss ibi l i ty  of pene t ra t ion  of 
silicon subst ra te  ma te r i a l  by  chemical  agents  points  
to a potent ia l  p rob lem area  wi th  respect  to device and 
in tegra ted  circui t  re l iabi l i ty .  

Acknowledgments  
Some of the  w o r k  unde r t aken  in the  Sol id Sta te  

Appl ica t ions  Sect ion of Rome A i r  Development  Center  
for the  purpose  of inves t igat ing the  na tu re  and causes 
of these effects is descr ibed in RADC-RC-TM-71-7 
"Development  and Analys is  of Diffusion Techniques." 

Apprec ia t ion  is expressed to the personnel  of the 
Advanced  Studies  Group for  the  he lp  provided  in the  
p repara t ion  of this  art icle.  

Manuscr ip t  submi t ted  May  25, 1972; rev ised  m a n u -  
scr ipt  rece ived  Oct. 23, 1972. 

A n y  discussion of this  paper  wi l l  appear  in a Discus-  
sion Section to be publ i shed  in the  December  19'73 
JOURNAL. 



Porous Carbides as Evaporation Sources for 
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In vapor  deposition techniques the mater ia l  in ques-  
tion is usual ly evaporated f rom a crucible or a filament. 
In this paper  we will  describe the prepara t ion of evap-  
orators of a porous nature, usual ly rod or tube shaped, 
and consisting of the carbide of ei ther  aluminum, sili- 
con, t i tanium, or zirconium. The porosity of these 
evaporators,  which is due to their  par t icular  manufac-  
tur ing process, makes it possible for them to contain a 
fair ly large amount  of mater ia l  to be evaporated.  
Capi l lary action causes a rapid distr ibution of mol ten 
mater ia l  in the porous structure.  This enables such an 
evaporator  to be connected to a separate source of ma-  
terial,  so that  a continuous supply of fresh mater ia l  
may  occur during a vapor  deposition process. 

Possibilities for continuous supply of mater ia l  have 
been described earl ier  by one of us (1) and an example  
is shown schematical ly  in Fig. 1. A long rod-shaped 
evaporator,  as indicated, is heated by passing through 
an electric current.  One end of the evaporator  is con- 
nected to a crucible, placed at the top end in Fig. 1. 
The crucible contains the mater ia l  to be evaporated 
and has a small hole in its bottom, through which the 
evaporator  is connected to the mater ia l  in the crucible. 
This mater ia l  can be mel ted  by heat ing with aid of a 
small  furnace, as indicated in the figure. The molten 
mater ia l  flows along the evaporator  only when the 
la t ter  is hot. If  the t empera tu re  of the evaporator  is 
sufficiently high, evaporat ion will  occur from it in all 
directions. Substrates on which deposition is to take 
place can be arranged around the evaporator.  In this 
manner  homogeneous deposition can be obtained over  
large areas. The choice of the mater ia l  for the evapora-  
tor  will  depend on the mater ia l  to be evaporated.  It 
is obvious that  the evaporator  must  be  able to wi th -  
stand sufficiently high tempera tures  to permit  evap-  
oration. Further ,  it is desired that  there  be a certain 
amount  of wet t ing  of the evaporator  by the mol ten ma-  
ter ial  in the crucible. Otherwise a flow of droplets may  
occur to the lower end of the evaporator  wi thout  re-  
sult ing in effective evaporation.  We have found that  in 
many  instances twisted wires of ref rac tory  metals  can 
be very  useful. Twisted tungsten wire  evaporators,  for  
example,  have been applied successfully for evapora-  
t ion of metals  l ike Cu, Au, and Ag. 

In search of useful mater ia ls  for this evaporat ion 
method, we have developed methods of prepar ing  the 
carbide evaporators  to be described. They may  indeed 
be applied as indicated in Fig. 1, but their  use is cer-  
ta inly  not l imited to that  procedure. The preparat ion 
of A14C3, SiC, TiC, and ZrC was per formed via reac-  
tions be tween the elements, using commercia l ly  avai l -  
able graphi te  cords as the starting mater ia l  for the car-  
bon constituent. These cords are flexible and can easily 
be handled; they  can even be knotted, if desired. As 
the cords are "hollow," one may  be pulled over  an- 
other;  this is useful for the preparat ion of thicker  
evaporators.  The cords have  a woven structure;  con- 
sequently,  a carbide formed from it looks similar (see 
Fig. 2) and has a high degree of porosity. Due to capil-  
lary action, flow of mol ten  mater ia l  in such a carbide 
evaporator  is not restr ic ted to the direction of gravity.  
In a set-up like that  shown in Fig. 1, a ver t ica l ly  placed 
carbide evaporator  may  be connected to a mol ten 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Me mber .  
K e y  w o r d s :  v a p o r  depos i t ion ,  a l u m i n u m  carb ide ,  s i l i con  carb ide ,  

t i tan ium carbide,  z irconium carbide.  

source of mater ia l  even at its lower  end. An  upward  
flow of mol ten mater ia l  then occurs to replace ma-  
terial  which is evaporated,  thus guaranteeing a con- 
stant evaporat ion rate. 

In Table I we have listed the mel t ing points of the 
four  carbides as well  as those of the elements  A1, Si, Ti, 
Zr, and Cr, and the tempera tures  at which the vapor  
pressure of the pure elements  is 10 -2 Torr. The  lat ter  
values indicate the tempera tures  needed to get a rea-  
sonable rate  of evaporat ion of the given element.  
Usual ly  A1 is evaporated f rom A14C3, Si f rom SiC, and 
so on. The e lement  Cr has been added to the list be-  
cause we  consider this a useful  example  of another  ele-  
ment  which can be evapora ted  via one of the above 
carbide evaporators  (ZrC).  The special method to per -  
form this will  be described later  in this paper. 

Preparation of Aluminum Carbide and 
Silicon Carbide Evaporators 

In  Fig. 3 the method of prepar ing A14C3 and SiC 
evaporators  is shown. The crucible contains ei ther  A1 
or Si and can be heated. It is placed ei ther at the top 
end or at the lower  end of a ver t ical ly  s tretched 
graphi te  cord. In the case of SiC, preparat ion reaction 
be tween Si and C can be started simply by heat ing the 
whole assembly. The react ion then proceeds along the 
cord, thus convert ing it completely to a SiC rod. Due 
to the contact wi th  the l iquid in the crucible, the rod 
contains an excess of silicon. Figure  2 shows a photo-  
graph of a carbon cord and a result ing SiC rod-shaped 
evaporator.  

For  the preparat ion of an a luminum carbide rod it is 
necessary to heat  the cord to a higher  temperature .  
This can easily be done by passing an electric current  
through the cord. After  the react ion has started, a 
react ion zone is seen to pass along the cord. The 
a luminum carbide formed contains an excess of a lumi-  
num because of the contact  with the a luminum in the 
crucible. 

Preparation of Titanium Carbide and Zirconium 
Carbide Evaporators 

Because of the high mel t ing  points of TiC and ZrC 
as wel l  as of e lementary  Ti and Zr, the method of 
prepara t ion as used for A14Cz and SiC is hardly  possible 
as crucible mater ia ls  for contaminat ion- f ree  melt ing 
are not available. In these cases contact be tween Ti or 
Zr and the graphi te  cord is established ei ther  by pul l -  
ing the cord into a spiral of Ti or Zr wire, or by 
threading a wire  of one of these elements through the 

Table h Melting points of a few elements and carbides 

E l e m e n t  

M e l t i n g  T e m p  fo r  M e l t i n g  
point  10 -2 Tor r  point  
(~ (~ Carb ide  (~ 

A1 670 1200 AhC8 2100 
Si  1420 1550 SIC 2800 (d) 
Ti  1700 1700 T iC  3100 
Z r  1850 2400 Z rC  3500 
Cr 1900 1400 

The  t h i r d  c o l u m n  indicates  the temperatures  at  w h i c h  the  vapor 
pres su re  of the  e l e m e n t s  is  10 -2 To r r  a n d  m a y  t h u s  be considered 
as an  i n d i c a t i o n  of  the temperature  n e e d e d  for evaporat ion at  a 
reasonable  rate. 
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Fig. 1. Basic setup for vacuum deposition from a long evaporatar 
supplied continuously from a crucible with molten material at the 
top. 

cord (Fig. 4).  The reaction can be made  to occur by  the 
heating produced by  passing of an electric current. It 
starts near one of the contacts and a very  hot zone can 
be seen to m o v e  quickly  along the cord. These carbide 
evaporators may  also contain a large excess of the 
metal l ic  e lement.  It should be remarked that, if  an 
evaporator is formed by inserting a metal  w ire  inside 

Fig. 2. Photographs af a graphite cord and of an SiC evaporator 
made from such a cord. The diameter may be a few ram, the length 
several dm. 

Fig. 3. Methods of preparation of AI4C3 and SiC evaporators. A 
graphite cord is connected to a crucible with molten aluminum or 
silicon, placed either at the upper or the lower end of the cord. 
Note that the cord is stretched by knots at the ends. Reaction 
occurs along the cord if sufficient heat is supplied. 

the cord, the result ing carbide wi l l  show a ho l low 
structure (see Fig. 5).  

The Use of Carbide Evaporators 
Preparation by one of the methods described above 

yie lds  carbide evaporators containing an excess of 
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Fig. 4. Preparation of TiC and ZrC evaporators. A metal wire is 
either wo.nd spirally around a graphite cord or inserted in it. In 
the latter case a hollow evaporator results (see Fig. 5). 

either AI, Si, Ti, or Zr. They may thus be used for 
vacuum deposition of these elements by heating them 
(for example by passing an electric current )  to a suf- 

ficiently high temperature.  By using setups like that  
of Fig. 1 it is possible to supply mater ia l  to the evap- 
orator continuously, so that thick layers can be de- 
posited. As an  example of a deposition rate used to 
obtain thick layers, we have observed silicon deposi- 
t ion at a rate of 20 ~m/min  on substrates placed at a 
distance of 3 cm from the  evaporator by  passing 200A 
through the evaporator  (about 0.5V per cm length 
needed).  In  Fig. 6 a cross section of a dielectrically 
isolated transistor s t ructure of an integrated circuit is 
shown. The transistors are in  this case made in mono-  
crystal l ine silicon islands in a polycrystal l ine substrate, 
produced by the described deposition technique. A sili- 
con oxide layer separates the islands from the sub- 
strate. 

Another  useful  application in  the semiconductor in -  
dustry is the deposition of metal  films or silicon de- 
vices and integrated circuits. In  par t icular  for MOS 
(metal  oxide semiconductor) devices, the use of 
"clean" a luminum films is desirable. It  is often found 
that  a l uminum deposited from tungs ten  filaments is 
not  "clean." Instabi l i ty  effects in MOS structures at- 
t r ibuted to the presence of sodium are then observed. 
These sodium ions probably originate from the tungs-  
ten filament, and e lect ron-beam evaporation of a lumi-  
n u m  from a cooled crucible is often util ized to produce 
stable MOS structures. We have found that  evaporat ion 
from a carbide evaporator results in  MOS structures of 
a qual i ty similar  to that  of MOS structures obtained 
by  means of e lect ron-beam evaporation. 

The deposited films may contain some carbon, es- 
pecial ly when  high deposition rates are used, i.e., when 

Fig. 5. Photograph of a tabular ZrC evaporator. Inner diameter 
about 1.5 ram, outer diameter 3 mm. The length may be several 
dm. 

the evaporator is heated to a high temperature.  For 
the case of the system Si-SiC, for example, it is known 
that  the part ial  pressure of Si2C can be a few per cent, 
if the tempera ture  is high enough (3). In  fact, we have 
been able to detect the presence of a few per cent of 
carbon in  silicon films which had been deposited at a 
high rate (chemical analysis) .  In  a luminum films we 
have not been able to detect carbon. 

It  should be realized that  dur ing evaporat ion the 
solid carbide phase of the evaporator is in equi l ibr ium 
with a melt  which may contain ra ther  a large amount  
of carbon. As an example, Fig. 7 shows part  of the 
phase-diagram of the system Zr-C. Assuming a tem- 
pera ture  of about 2400~ to be necessary for a rea-  
sonable rate of evaporat ion (see Table I) ,  the melt  
apparent ly  contains a few per cent of carbon. The 
percentage becomes greater as the tempera ture  is in -  
creased. Given the presence of an excess of metal, com- 
plete mel t ing can occur below the mel t ing point of 
ZrC. Such an effect is occasionally observed to occur at 
one spot of the evaporator, where, due to some in-  
homogeneity,  the electrical resistance is highest, and 
therefore also the temperature.  When this occurs the 
evaporators fall into two parts. 

Except for A14C3 the above types of carbide evap-  
orators can be stored in  atmospheric air. A l u m i n u m  
carbide reacts slowly with water;  if such an evaporator 
is not kept dry, it may crumble to powder in  a few 
weeks. 

The use of the carbide evaporators is not restricted 
to the evaporat ion of the four elements mentioned.  As 
one very useful example we would ment ion  the vac- 
u u m  deposition of chromium layers from ZrC evap- 
orators. In  this case a tubu la r  evaporator is filled with 
small  chromium particles and then heated; again 
s imply by  the passing of an electric current .  Table I 
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~ 

Fig. 6. Dielectrically isolated transistor structure. The poly- 
crystalline substrate consists of silicon deposited from an SiC evap- 
orator. 

indicates that  it is not necessary to melt  chromium in  
order to obtain evaporation. Subl imat ion occurs at a 
reasonable rate even at about 14O0~ At this tem- 
perature  the part ial  pressure of zirconium is still 
negligible and this element  could not in fact be detected 
in the deposited chromium layers. With reference to 
Fig. 7 it may be remarked that  the subl imat ion tem-  
perature  is still too low to lead to mel t ing in  the Zr-C 
system. It is not known  exactly how the Cr penetrates  
through the wall  of the ZrC ( + Z r )  tube in this vacuum 
deposition process, the rate of which was about 0.1 #m/  
min  (distance between evaporator and substrate 10 
cm).  The deposition was found to be homogeneous over 
a total substrate area as large as 2000 cm 2. The length 
of the evaporator was in  this case 25 cm; with an ap- 
plied voltage of 20V the current  through the evapora- 
tor was 65A. 

Vacuum deposition from carbide evaporators can 
also be used to getter gases from the vacuum system. 
For this purpose we are applying the t i t an ium evap- 
oration from a TiC evaporator which we have set up 
in exper imental  laboratory equipment  and Which has 
worked satisfactorily already for a few years. One 
might  fear that  the carbon content  of the evaporator 
might cause the formation of CH~, but this appears not 
to be the case. This is probably due to the fact that  
dur ing  the evaporation the TiC phase is surrounded 
completely by  mol ten t i tanium. 

Conclusion 
Long porous evaporators consisting of the carbides 

of either A1, Si, Ti, or Zr can be prepared by  reaction 
of these elements with commercial ly available graphite 
cords. The resul t ing evaporators are rod or tube 
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Fig. 7. Phase diagram of the system Zr-C (2) 
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shaped and may contain a fair ly large amount  of ma-  
terial to be evaporated. Connection to a continuous 
supply system is possible as capillary action causes a 
rapid dis tr ibut ion of molten mater ia l  along the evap- 
orator. 
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Anodic Oxide Films on GaP 
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T h e  g r o w t h  of  ox ides  on  c o m p o u n d  s e m i c o n d u c t o r s  
is of c o n s i d e r a b l e  i m p o r t a n c e  in such  p r o b l e m s  as s u r -  
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face  pa s s iva t i on  and  t h e  f o r m a t i o n  of  i n su l a t i ng  or  
m a s k i n g  films. In  t he  p i o n e e r i n g  w o r k  of  D e w a l d  (1) ,  
anodic  f i lms w e r e  g r o w n  on  InSb ;  m o r e  r ecen t ly ,  sev-  
e r a l  g roups  h a v e  e x a m i n e d  anod ic  ox ides  on GaAs  
(2-4) .  In  t h e  p r e v i o u s  w o r k  on G a P  (5),  ox ides  w e r e  

Fig. 1. Depth profiles of Ga, 
P, and O extracted directly 
from the backscattered energy 
spectra of (a) a nonuniform film 
grown in a pH 8 electrolyte and 
(b) a uniform film grown in a 
pH 3 electrolyte. The lines are 
drawn simply to guide the eye, 
not necessarily as a best f i t  for 
the data points. Typical error 
bars are shown on the O and P 
profiles; the error bar on the 
Ga is ~, the dot size. 
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grown anodically and galvanically in H202. Because 
the anodic oxides could be grown with more facility 
than the galvanic oxides, and the growth mechanisms 
of the anodic oxides should include the part icular  case 
of the galvanic oxides, it was decided to under take a 
systematic study of GaP anodization. 

(111)-oriented GaP slices were cut from n-type,  Se- 
doped, Czochralski-grown crystals. The P-face of each 
slice was etched and polished in  bromine-methanol .  
Anodization was carried out in a Teflon cell with a 
p la t inum counterelectrode; anodic connection was 
made to the unpolished side of the slice wi th  a gold 
electrode. Because studies (6) have indicated a strong 
pH dependence of the dissolution of gal l ium oxides, 
aqueous buffered solutions ranging from pH 3 to 10 
were used as electrolytes. A range of constant current  
densities between 1 and 100 m A / c m  2 was used so that  
the resistive voltage drop across the GaP substrate 
was essentially constant  throughout  an anodization and 
could be subtracted to obtain the actual voltage drop 
across the anodic film. A slice area of 1 cm 2 was ex- 
posed to the electrolyte, and anodization was termi-  
nated after passage of 0.2 coulomb. The wafer was then 
quickly removed from the electrolyte, r insed with 
water  and methanol,  b lown dry, and stored under  
vacuum. 

The composition and depth profiles of the anodic 
films were analyzed by Rutherford backscattering of 
1.7-2.0 MeV He ions in  combinat ion with ion chan-  
neling. The technique has proved eminent ly  suitable 
(7) for the analysis of such films on single crystal  
substrates in that no calibration procedures are re- 
quired and depth information is obtained in a straight- 
forward fashion. This method revealed two distinct 
types of films: those with uniform composition 
throughout  the thickness of the film, and those in 
which there is a Ga-rich and P-deficient layer near  the 
film-electrolyte interface. Figure 1 shows the Ga, P, 
and O depth profiles extracted directly from the back- 
scattered energy spectra of typical uniform and non-  
uni form films grown in  pH 3 and 8 solutions, respec- 
t ively (see Table I) .  Depth resolution for these films 
was ,,~100A. The extreme peaking of the Ga in the 
outer half  of the nonuni form film and the almost com- 
plete lack of P wi th in  ~200A of the surface are clearly 
seen in Fig. la. Ga apparent ly  migrates through the 
films dur ing  anodizing much more rapidly than P and 
forms an outer layer, probably of the form Ga2Oa, in  
the nonuni form case. Between this layer and the sub- 
strate, the anodic film contains P in excess of Ga by a 
factor of ,~3. Figure lb  i l lustrates the uni formi ty  of the 
pH 3 grown film over most of its thickness. The com- 
position of the uniform film is somewhat similar to the 
deep layer in the nonuni form film, indicating that in the 
uni form case a large fraction of the migrat ing Ga is 
cont inual ly  being dissolved as it arrives at the oxide- 

Table I. Integrated stolchlometrles and thicknesses of films 
produced in typical aqueous buffered electrolytes 

T h i c k -  
Current  In tegra ted  hess 

p H  Electrolyte composition ( m A / c m  e) Ga:P:O A 

3 Potassium hydrogen  phthalate,  10 1:2.4:6.5 550 
sulfuric acid 100 1:2.4:8.5 800 

8 Potassium dihydrogen phos- 10 1:1.2:3.7 600 
phate,  sodium hydroxide  100 1:1.6:4.9 900 

Fi lm th ickness  was  calculated us ing  the  densities of P20~ and 
GabOn, weighted  according to the P :Ga  ratio in the oxide. Errors  
in the stolchlometries and thicknesses are  expected to be ~I0-15%.  

electrolyte interface. The growth mechanism of this 
uni form core may depend on the in-diffusion of the 
oxidizing species to form a matr ix  which grows as the 
major i ty  of the Ga diffuses through it. 

In all  cases it was found that  for the same anodiza- 
t ion charge higher current  densities produced thicker 
films, as judged by surface densities and interference 
colors. This is to be expected if dissolution dur ing  
anodization is an impor tant  factor, since a lower cur-  
rent  density requires the slice to be immersed in the 
electrolyte for a longer time. In  certain electrolytes, 
par t icular ly  at high pH values, the voltage rose l in- 
early to typical values dur ing anodization, but  little or 
no film was found on the slices after they were re-  
moved from solution. The voltage rise indicated that  
film was growing during anodization; apparent ly  
strong dissolution occurred main ly  after the current  
was stopped. This dissolution may have been prevented 
dur ing anodization by either a field repulsion of film- 
dissolving cations or by a local decrease in pH, caused 
by H + production near  the anode, which disappeared 
when the current  was stopped. Since the electrolyte 
was buffered and stirred, the lat ter  explanat ion seems 
unlikely.  Several  slices were also anodized in buffered 
solutions of identical  pH but  different composition. 
The differences between these oxides indicate that  the 
properties of the anodic films ma y  depend on the con- 
st i tuents of the electrolyte as well  as on the pH. 

Fi lms of sufficient thickness exhibit  interference 
colors similar to those seen in anodic Ta2Os, ranging 
from pale yellow for the th innes t  to purple  or blue for 
the thickest. Of all the electrolyte used, phosphate 
solutions (pH 6-8) produced films that were the most 
stable and uniform in  appearance. Oxides produced in 
other solutions were often mottled or became so 
shortly after exposure to air, apparent ly  by absorption 
of water. 

This Rutherford backscattering examinat ion  of GaP 
anodic films has revealed the complex film structures 
that can arise in compound or alloy systems because 
of such competing factors as varying cationic mobili t ies 
and dissolution rates. A par t icular ly  interest ing man i -  
festation of these processes is the surfeit  of Ga that  
can occur at the oxide-electrolyte interface. A com- 
plete account of the results and in terpre ta t ion of this 
exper iment  will  be given elsewhere (8). 
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Bonding of Gallium Arsenide Crystals 
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Gal l ium arsenide  crys ta ls  are  grown commerc ia l ly  
by  the Czochralski  or the  grad ien t  freeze technique,  
and  avai lable  crys ta ls  a re  usua l ly  no l a rge r  than  1�89 
in. in diameter .  These crysta ls  a re  much  too smal l  for 
some applications,  such as optical  windows. One ap- 
proach of obta in ing  large  area  ga l l ium arsenide crys-  
ta ls  is to bond a number  of commerc ia l ly  avai lab le  
crysta ls  by  the  a l loying technique.  In  this inves t iga-  
tion, ge rman ium was selected as an a l loying  agent  on 
the basis of three  reasons: (i) ge rman ium does not re-  
act chemical ly  wi th  ga l l ium arsenide and  thei r  mutua l  
solubi l i ty  is ve ry  small ;  (ii) the la t t ice  pa rame te r  and 
the rmal  expans ion  coefficient of ge rman ium (5.66A and 
5.8 • 10 -6 ~ -1, respect ively)  are essent ia l ly  the same 
as those of ga l l ium arsenide (5.65A and 5.9 X 10 -6 
~ - I ,  r e spec t ive ly ) ;  and (iii) the ge rman ium-ga l l i um 
arsenide  pseudobinary  system has a s imple eutectic 
containing 15 mole p e r  cent (m/o)  ga l l ium arsenide 
and mel ts  at a convenient ly  low tempera ture ,  865~ 
(1). The expe r imen ta l  p rocedures  and resul ts  are  sum- 
mar ized  below. 

To util ize the a l loying  technique for the  bonding of 
ga l l ium arsenide  crystals ,  ge rmanium is deposi ted on 
the  faces of the  crysta ls  to be bonded, and the two 
faces are  p laced in contact  wi th  each other  so tha t  they  
are  c rys ta l lographica l ly  paral le l .  This assembly  is then  
hea ted  in an arsenic a tmosphere  at  a t empe ra tu r e  
above the eutectic t e m p e r a t u r e  of the  g e r m a n i u m - g a l -  
ium arsenide system. The extent  of dissolution of ga l -  
l ium arsenide and the amount  of l iquid solution are  de-  
t e rmined  by the  thickness of the ge rman ium layer  and 
the  a l loying  t empera tu re  in accordance wi th  the phase 
diagram. Af te r  equi l ib r ium is established, the ge rma-  
n ium-ga l l ium arsenide assembly  is s lowly cooled to 
y ie ld  epi taxial ,  single crystal l ine,  gal l ium arsenide  and 
ge rman ium which are bonded to the  or iginal  ga l l ium 
arsenide crystals .  The bond is expec ted  to be s trong 
mechanica l ly  because of the nea r ly  ident ical  la t t ice  
pa rame te r s  and the rmal  expansion coefficients of ger-  
manium and gal l ium arsenide.  The impor tan t  pa r am-  
eters  in this process are  therefore  the  thickness of the  
ge rman ium layer ,  the a l loying tempera ture ,  and the 
cooling rate.  

Gal l ium arsenide  crys ta ls  used in the  bonding ex-  
pe r iments  had  main  faces of {100) or ienta t ion  and were  
pol ished on a Pel lon pad  using sodium hypochlor i te  as 
an etchant.  In  a typical  exper iment ,  1-2~ of ge rman ium 
were  deposi ted onto the  pol ished faces by  vacuum 
evaporat ion.  The faces to be bonded were  p laced  in 
contact  and  hea ted  at  900~ in a sealed silica tube con- 
ta ining a few Torrs of arsenic pressure.  According to 
the  phase d iag ram of the ge rman ium-ga l l i um arsenide 
system (1), the  thickness of gal l ium arsenide dissolved 
at 900~ under  equi l ib r ium conditions is approx ima te ly  
one-ha l f  of tha t  of the  ge rman ium layer .  The cooling 
was ca r r i ed  out at a ra te  of 10~ and a s trong bond 
was formed be tween  the two crystals .  A series of ex- 
per iments  were  carr ied  out  using different  thicknesses 
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Key words: gallium arsenlde, germanium, semiconductors, alloy- 

ing. 

Fig. I. Angle-polished surface of a bonded gallium arsenide 
crystal showing defects in the interface region. 

of ge rmanium at a l loying t empera tu res  up to 1000~ 
and a s t rong bond was  formed in all  cases. Angle-  
pol ishing and chemica l -e tch ing  techniques were  used 
to examine  the interface region of severa l  samples, and 
this reg ion  was found to be 4-14~ in thickness,  in qual i -  
ta t ive  agreement  wi th  wha t  one would  expect  from 
phase d iag ram considerations.  The flatness and c leanl i -  
ness of the  gal l ium arsenide surfaces were  found to be 
impor tan t  factors affecting the  perfect ion of the  in te r -  
face region, pa r t i cu la r ly  when ve ry  thin l ayers  of ger -  
man ium were  used. F igure  i shows the angle-pol ished 
surface of a bonded specimen where  the  voids in the  
in terface  region are due p r e sumab ly  to nonuni form 
wet t ing  of the ga l l ium arsenide  surface. 

In  summary,  ge rman ium has been shown to be a 
sui table  a l loying agent  for the bonding of ga l l ium 
arsenide crys ta ls  at  r e l a t ive ly  low tempera tures .  The 
ex ten t  of dissolution of ga l l ium arsenide is de te rmined  
by  the thickness of the  ge rman ium layer  and  the  al-  
loying tempera ture ,  and the per fec t ion  of the  in terface  
region is de te rmined  p redomina te ly  by  the  surface 
p repara t ion  of gal l ium arsenide.  
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D I S C U S S I O N  

S E C T I O N  

This Discussion Section includes discussion of papers appearing 
in the Jou rna l  o] The Electroehemica~ Society, Vol. 119, No. 3 and 
11; March and November ,  1972. 

Control of the Deposition of Silicon Nitride Layers by 
2537A Radiation 

C. H. J. v. d. Brekel and P. J. Severin 
(pp. 372-376, Vol. 119, No. 3) 

K. Navr~iti l  and I. O h l i d a l 9  Brekel  and Sever in  in the 
paper under  discussion described a method  of con- 
t rol  and determinat ion of the thickness of the deposition 
of Si3N4 on silicon f rom the ext remes of the curve  ex-  
pressing the dependence of the reflectance of the sys- 
tem Si3N4-Si on the phase angle at a constant wave-  
length of l ight 2537A. 

In our discussion we would like to raise some cri t i -  
cal objections concerning the  theoret ical  part  and 
hence the fol lowing conclusions of the paper cited. The 
authors characterize the system ment ioned as a non-  
absorbing layer on a nonabsorbing substrate. On the 
basis of measurements  by Reizmann and van Gelder e 
the authors of the paper under  discussion assume the 
index of ref rac t ion  of Si3N4 for the given wavelength  
to be nl -- 2.18; and the index of refract ion of silicon 
according to Phil ipp and Taft  3 is n2 = 1.65, whe re  they 
have neglected the  index of absorption of silicon as 
indicated in Appendix  A by the authors. Here  the 
authors of the paper being discussed, as shown in the 
fol lowing discussion have  commit ted  a comparat ive ly  
re levant  error. Phi l ipp and Taft  3 give for the index of 
absorption the value k2 = 3.5. It is evident  that, in the 
region of the wavelengths,  silicon cannot be considered 
to be nonabsorbing, but  on the contrary,  a re la t ive ly  
considerable absorbing matter .  

Next  we  shall give a short outl ine of a correct  pro- 
cedure of der iving the reflectance of the system Si3N4- 
Si in the case where  the absorption of silicon, i.e., the 
system of nonabsorbing layer /absorb ing  substrate, is 
considered. "4. Y" 

According to Vasmek 4 the resul t ing Fresnel  coeffi- 
cient for reflectance on a thin layer  has the form 

h 
A rl  + r~e -L~ 
r -- [1] 

A 
1 + r lree  - i x  

A 
w h e r e  r = r e  i~, a n d  

A 
no -- nl A nl -- n2 

rl ---- - -  = r l e~ ,  re ------ = rze ia [2] 
n o W n l  ^ 

nl -{- n-z 
A 2n 
ne = n~ - -  ike, X = 2n ld l  

In relat ion [2] no ---- 1, nl  is the index of refract ion of 
A 

the layer, n2 is the complex index of refract ion of sili- 
con, n~ ___ 1.65 is the  real  part  of the index of refract ion 
of silicon, and k2 ---- 3.5 is the index of absorption of 

A 
silicon, rl  and r~ are the Fresnel  coefficients of the 
upper  and lower  boundary, x is the phase angle, dl is 
the thickness of the layer,  a is the phase change at the 

1 Depar tmen t  of Solid-State Physics, Facul ty  of Science, Pu rkyn~  
Universi ty ,  Brno, Czechoslovakia. 

T. Re izmann and W. va n  Gelder,  Solid-State Electron., 10, 625 
(1967). 

SH. R. Philipp and E. A. Taft,  Phys. Rev., 120, 37 (1960). 
A. Va~'i~ek, "Optics of Thin Films, North-Hol land Publishing 

Co., A m s t e r d a m  (1960). 

boundary SisN4-Si, and the angle 8 obtains the values 

0 for  n o > n l  
p - -  

for n o < n l  

From this point of v iew the assumption by the authors 
of the paper under  discussion that  change of the phase 
occurs about ~ at the boundary of Si~N4-Si is not cor-  
rect. In their  paper  they consider silicon as a non- 
absorbing mat ter ;  it is n2 < nl and the phase change 
cannot occur. 

Relation [I] may be rewri t ten  into the form 

r le  i~ + reeiae - i x  
re  t~ = [3] 

1 + rlei~reei~e - ix  

here rl and r2 are the absolute values of the Fresnel  
coefficients. F rom Eq. [3] it m a y  be easy to obtain the 
formula for reflection 

r l  e + r2 e + 2rlr2 cos (x -- d -- P) 
R : [4] 

1 + rl2r22 -~- 2rlr2 cos (x -- a -- 8) 

The phase change at the boundary layer wi th  silicon 
follows then by simple calculat ion from Eq. [2] 

2k~nl  
t a n a  -- [5] 

n l  2 - -  n22 - -  k22 

Optical constants of our system wil l  then evident ly  
hold tan a < 0. According to Vaslcek 4 it is val id that  

2ken1 
tan do ---- 

n2 ~ + ke ~ -- nl~ 

and thus tan ao > 0 in this case. The differences in ex- 
pressions correspond with the introduction of single 
parameters.  It  may, however,  be wr i t ten  a = ~ -- do. 
By substi tut ion in Eq. [4] we obtain a relat ion agree-  
ing with  Vasmel~ 

rl  2 -}- r22 + 2rlr~ cos (x -}- ao) 
R -- [4a] 

1 Jr r12re 2 + 2rite cos (x + ao) 

as in our case is 8 = ~. 
In Fig. 1 the dependence of R on the phase angle 

(x -{- do) is plotted. A qual i ta t ive  difference of the 
course of dependencies in comparison wi th  Fig. 4 of 
the paper being discussed is apparent. The reflectance 
wi th  increasing thickness decreases f rom the value 
for a clean surface of silicon wi thout  the layer  to a 
minimum, and then increases to a m a x i m u m  value 
Rmax > Ro, where  Ro is the reflectance of clean silicon. 
This course is in accordance with  that  of the reflectance 
of the  system of nonabsorbing layer  meta l  as men-  
tioned 4 for approximate ly  the same optical constants of 
the substrate and layer. 

In Table I conditions are  indicated for which the 
ex t reme values of reflectance occur according to a cor- 
rect  relat ion [4a] and those when  assuming silicon to 
be nonabsorbing. We would l ike to direct the authors '  
at tention to the  mis in terpre ta t ion of the phase angle in 
the form 

2z 
x = ~ n t ( d l ) o  

X 

The difference of the thickness of the layer  
de termined under  the assumption of silicon to be non- 
absorbing and according to the correct  re lat ion (see 
Table I) may  be stated. This difference is constant 
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Fig. 1. Dependence of reflectance of the system Si3N4-Si on the 
value of the phase angle (x -f- ao). The dependence is calculated 
using relation [4a]. 
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d, 
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Fig. 2. Dependence of the relative error when determining the 

thickness dependent on the magnitude of the thickness of the layer. 

hdl ~ ( d l ) o -  d l -  ai/4~t~l and is equal  to 91A. The 
re la t ive  er ror  in determining the thickness of depen- 
dence on that  of the  layer  dl is given in Fig. 2. It  is 
evident  that  this er ror  is considerable, namely, in the 
region of small values of dl. 

This discussion was intended to show how neglect  of 
the absorption of the substrate can affect the state-  
ment,  especial ly for small  thicknesses. In  case the 
re la t ive  exper imenta l  er ror  is g rea te r  than  h d l l d l ,  the 

Table I 

Correct conditions for 
occurrence of the extreme 

Conditions for occurrence 
of extremes under the 
assumption of silicon 
to be nonabsorbing 

Minimum 
x +~= (2k-- 1) r 

4~ 
--nldl + ao = (2k-- l ) ' r  
k 

x = 2kT 

4v 
--ni(d~)o = 2k~r 
k 

Maximum 
X 4- a o = 2 k ~ r  

4~r 
- - n l d l  + a o  = 2klr 

x =  (2k-  l)~r 

41r 
-- nl(dl)o = (2k -- 1) v 

k are the integers. 

correct ion stated does not  take place. Nevertheless,  
Chopra ~ mentions the sensi t ivi ty in de termining thick-  
ness by this method ~/300. Hence it is apparent  that  
neglect ing the absorption of silicon takes place sub- 
s tant ial ly when  control l ing the thickness by the 
method ment ioned at  k = 2537A. 

C. H. J.  v .d .  B r e k e l  and  P.  J. Se ve r in :  In  thei r  com- 
ment  on our paper  NavrAtil and Ohlldal  qui te  r ight ly  
state that  the vacuum-Si3N4-Si system should not be 
character ized by simply assuming tha t  the  absorption 
is negligible. In fact we  indicated in appendices A and 
B of our paper  under  discussion along which lines a 
calculat ion could possibly be under taken  assuming real  
ref rac t ive  indices. Knowing  that  this assumption does 
not hold we  only used the model  to show the agree-  
ment  wi th  the periodic dependence actual ly measured.  
Knowing  that  the re levant  parameters  were  not avail-  
able  we  did not  compare  the  exper iments  to a more  
sophisticated theory. 

NavrAtil  and Ohlidal  are r ight  in their  conclusion 
tha t  the  introduct ion of the phase shift  812 at the 
Si3N4-Si interface modifies the thickness of the layers  
by a fixed amount. However ,  the actual  magni tude  is 
subject to the fol lowing considerations. The  refract ive 
index of silicon has been deduced by Phi l ipp  and Taft  3 
f rom the spectral  dependence of the reflectance, 65% 
at 4.8 eV. They found n = 1.65 and k = 3.5, but  it 
should be doubted whe the r  the  f requency  range  used 
to eva lua te  the Kramers -Kronig  integral  re la t ion was 
large enough, 6,7 par t icular ly  in the  range  of strong 
absorption near  5 eV. Ver leur  s also measured the re-  
flectance, 80% at 4.8 eV, and fitted it to an expansion 
in terms of a set of classical oscillators. Matching the 
whole spectrum between 0.5 and 10.0 eV he finds n = 0.9 
and k = 3.1. This set of data is also quoted by Moses. 9 
The  above data re fer  to room- tempera tu re  measure-  
ments  whereas  the parameters  needed at the growth 
t empera tu re  of 200~ are not  available.  Using the r e -  
sults of Phil ipp and Taft, Navr~t i l  and Ohlidal  cal- 
culated the difference in thickness due to ~12, neglected 
in our simplified model, to be 91A. However ,  this c la im 
to accuracy and precision exceeds the exper imenta l  
possibilities to a large extent .  

Chemical Vapor Deposited Polycrystalline Silicon 
M. E. Cowher and T. O. Sedgwick (pp. 1565-1570, Vol. 119, No. 11) 

C. M. Wol fe ,  G. E. S t i l l m a n ,  a n d  J. A .  Rossi9 ~ In 
thei r  interest ing paper  under  discussion on polycrysta l -  
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2658 (1963). 
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I.F:LI., Plenum Publishing Corp., New York (1971). 
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line silicon, Cowher and Sedgwick discuss Hal l  mo-  
bilities for both n-  and p- type samples which are as 
high as 1/2-1/3 of bulk  mobil i ty values in the 1014- 
101~ cm -3 concentrat ion range. In  this doping range 
mobili t ies have typical ly been much lower than  this, 
p resumably  because of potential  barr iers  at the grain 
boundaries which have a greater scattering effect at 
lower carrier concentrat ions than  at higher concentra- 
tions. Also, they find that  the total  dopant  concentra- 
t ion (phosphorous), as determined from neutron-act i -  
vat ion analysis, is much larger than  the electrically 
active dopant concentrat ion as determined from Hall 
measurements.  To explain their  unusual ly  high mobi l -  
i ty values and the discrepancy between total and elec- 
tr ically active dopant concentrations, Cowher and 
Sedgwick propose a model in which the electrically in- 
active dopant  atoms are preferential ly deposited at the 
grain boundaries  where they compensate local s t ruc-  
tural  defects and reduce carrier scattering. They also 
postulate an al ternat ive model in which the hydrogen 
ambient  at their low growth temperatures  el iminates 
or compensates the s t ructural  defects at the grain 
boundaries.  Either of these models seems reasonable 
and could explain their mobil i ty values being 1/2-1/3 
of bu lk  values. 

However, Cowher and Sedgwick in the paper under  
discussion state that  our previously developed con- 
ducting inhomogenei ty  modeP 2,13 cannot explain their 
high mobil i ty values because the total amount  of 
dopant required greatly exceeds that  which is present  
in their  samples. (It  is not  clear whether  they are 
referr ing to total or electrically active dopant concen- 
tration.) This statement, of course, is misleading, since 
our conducting inhomogeneity model is independent  of 
doping level. It  is not obvious how this mis in terpre ta-  
t ion could have occurred. We have previously dis- 
cussed in our work why high apparent  mobilit ies 
might be observed in polycrystal l ine samples. 13 In as- 
grown single crystall ine GaAs samples we have ob- 
served mobil i ty  values which are twice bu lk  values 14 
in the same concentrat ion range where in polycrystal-  
line silicon Cowher and Sedgwick in their work see 
1/2-1/3 of bulk  values. These results are easily ex- 
plained with the conducting inhomogeneity model. 
Theoretically, we have also shown that  conducting in-  
homogeneities in a Hall  sample can result  in apparent  
(not real) mobili t ies which are too high by as much as 
several orders of magnitude.  12,1~ This is because in a 
Hall  sample with conducting inhomogeneit ies the re-  
sistivity measurement  gives an average resistivity for 
the sample including the conducting inhomogeneities, 
whereas the Hall  constant  measurement  preferent ia l ly  
gives the Hall  constant  of the medium surrounding the 
conducting inhomogeneities, Thus, the mobi l i ty  calcu- 
lated from the Hall constant  divided by the resistivity 
is too high. Physically, this is because there is less 
current  flow in  the inhomogeneities in a magnetic field 

C. M. Wolfe and G. E. StilL*nan, AppL Phys. Letters, 18, 205 
(1971). 

C. M. Wolfe, G. E. St i l lman,  and J.  A. Rossi, This Journal, 119, 
250 (1972). 

x~ C. M. Wolfe, G. E. St i l lman,  D. L. Spears ,  D. E. Hill, and  F. V. 
Will iams,  J .  AppL Phys., 44, 732 (1973). 

(Hall  constant  measurement)  than in zero. magnetic 
field (resistivity measurement) . l~ 

This can be shown to hold true for any arbi t rar i ly  
shaped, three-dimensional  conducting inhomogeneity 
in the following manner :  the component of current  
density normal  to the surface of the inhomogeneity, 
Jni, at any point is related to the normal  and tangent ia l  
components of the electrical field, Eni and Eti, respec- 
tively, at the same point by 

( ai ) (EniJrfliEti), i --1,2 Jni = 1 -~- ~i 2 

where ~i is the conductivity,  ~i is the product of the 
real mobility; #2, and the orthogonal magnetic field, B, 
and i = 1, 2 denote the surrounding medium and the 
inhomogeneity,  respectively. Since there are no current  
sources at the boundary  between the inhomogeneity 
and the sur rounding  medium, Jnl : Jn~, and because 
of conservation of energy, Etl = Et2. With these rela- 
tions it is easy to show that  

Jni "-- 

o'1 - -  7 2  if2 

From this expression it can be seen that  the current  
into any inhomogeneity decreases with increasing mag- 
netic field, and, in  fact, approaches zero as the mag-  
netic field approaches infinity. 

For  the case in point then, it is clear that the con- 
ducking inhomogeneity model is general ly valid, is i n -  
dependent  of doping level, and cannot  be arbi t rar i ly  
discounted for any sample with unusua l ly  high mea-  
sured values of mobil i ty without  more extensive mea- 
surements,  as has been previously discussed. 12,13 

M. E. C o w h e r  and T. O. Sedgwick :  The authors of 
the above discussion correctly point out that  the ap-  
plicabili ty of their model 13 for the anomalously high 
mobil i ty of inhomogeneous semiconductors is inde- 
pendent  of doping and cannot be ruled out as a possible 
part ial  explanat ion of the high mobilit ies observed in  
our l ightly doped polycrystal l ine Si samples in the 
paper being discussed. However, this inhomogeneity 
model probably cannot account for more than  a factor 
of two, at most, in our results. First, our samples were 
measured at a /~ ---- 4 • 10 -2 (assuming a ma x imum 

= 108 cm2/V sec) which according to their  Fig. 4 le 
gives at most ~App/~ = 2 which occurs at a = 0.7. We 
have no way of est imating ~ for our samples, bu t  
~App/~ is less than  2 for all other values of ~. Secondly, 
it is difficult to know how precisely their model, for a 
sample with a single inhomogeneity,  may be applied 
to our samples which are very  fine grained, and where  
the inhomogeneities, if they exist, are small, bu t  pos- 
sibly large in number .  

C. Her r ing ,  J .  AppL Phys . ,  31, 1939 (1960). 
le C. l~I, Wolfe, P r i va t e  communica t ion .  



Errata 

In  the paper "Contro ! of the Deposition of Silicon 
Nitride Layers by 2537A Radiation" by C. H. J. v. d. 
Brekel and P. J. Severin which appeared on pp. 372- 
376 in the March 1972 JOURNAL, Vol. 119, No. 3, the 
authors have found that  the parameter  ~ as used in 
the paper should be ~ = 4~hn/~., twice as large as de- 
fined in Eq. [ la] .  Then Eq. [A-4a] and [A-4b] should 
read h = 635A and h = 317A, respectively. 

The authors fur ther  state that  the experiments  ap- 
pear to be in  agreement  with the erroneous definition 
of r This could be traced to be caused as follows. The 
thickness measurements  made every minute  were 
noted wi th  the detailed color chart (1) for SiO2 as 
if the layer  grown were SiO2. The thickness of the 
Si3N4 layer  actual ly grown should be obtained by 
mul t ip ly ing  by the refractive index ratio 1.48/1.97 = 
0.7, but  the observer divided by 0.7 so that the thick- 
ness plotted is too large by a factor of two. This did 
not arouse suspicion because of the mistake made in 
the definition of Eq. [la]~ which, subconsciously per-  
haps, generated the error. Hence after correction of 
Eq. [ la]  and dividing the ordinate scale in Fig. 5 by 

a factor of two, the model adequately describes the 
experiments.  

Equations [A-2] and [B-3] should read 

R - - - - l - -  
( l - - r012)  (1--r122) 

(1 -- rolr12)2-[ - 4rolr12 sin 2 ( - - r  
[A-1] 

1 1 ED 
-- 2 E 2 sin 2 r -p cos 2 r [B-3] 

In  the section on Theory, first paragraph, lines 13-15 
should read "Absorption in the Si3N4 layer is neglected 
and light reflects at the SigN4 surface with a phase 
change ~. 

REFERENCE 

1. W. A. Pl iskin and E. E. Conrad, IBM J. Res. Dev., 
8, 43 (1964). 

In  the paper "Electrochemical Behavior of Ger- 
man ium in Fused LiC1-KC1 Eutectic" by Joseph M. 
Shafir and James A. P lambeck which appeared on pp. 

18-22 in the J a nua r y  1973 JOURNAL, Vol. 120, No. I, 
page 19, second column, first paragraph, should read: 
"The average is --0.665V, s tandard deviation 0.002V." 

In the paper "Solvent Equil ibr ia  of A1Cla-NaC1 
Melts" by L. G. Boxall, H. L. Jones, and R. A. Oster-  
young which appeared on pp. 223-231 in the February  
1973 JOURNAL, Vol. 120, No. 2, the values of d for 
NaA1C14 and NaA12C17 in Table III should read: 

d 
NaAICI4 AHf ~ 

--6.96 
S ~ 15.12 

NaAhClv AHf ~ --5.31 
S ~ 26.02 

This would change the value of the calculated AHm, 
referred to on page 227, to 6.6 kcal mole -1 and make 
AH ~ values for solid NaA1C14 appear about 12 kcal 
mole-1 too positive. 

In  the paper "Measurement of Zincate Permeat ion 
in a Polyethylene Battery Separator with Controlled 
External  Hydrodynamic Conditions" which appeared 
on pp. 324-328 in the March 1973 JOURNAL, Vol. 120, NO. 

3, the data quoted from Adams and Harlowe on page 
328, first column, second paragraph, should read: 2.39 
• 10 -6 mole in. -2 min  -1. The calculations from these 
numbers  are correct but  incorrect uni ts  were quoted. 
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ABSTRACT 

The current density distribution inside a battery can be very well ap- 
proximated by assuming the current flow is perpendicular to the electrodes. 
The ratio of electrode spacing to electrode height is found to have a negligi- 
ble effect on this approximation. A battery analogue was constructed that 
consisted of resistances alone and eliminated any polarization effects. Mea- 
surements made on it were in excellent agreement with those predicted 
mathematically. 

A number  of mathemat ica l  equations have been and 
are being developed that  describe the current  density 
distribution and other cell characterist ics inside a 
bat tery  during charge and discharge. Many of these 
derivat ions are based on the proposition that  the cur-  
ren t  flow in the electrolyte  is perpendicular  to the 
electrodes, an assumption that  is an excel lent  approxi-  
mation when  the ratio of the electrode spacing D to the 
electrode height  H is sufficiently small. The effect on 
cell characterist ics as D/H becomes large is considered 
here. 

A thorough discussion of the mathemat ica l  model  
and symbols have been given previously and is ap- 
plicable here  (1, 2). It  is assumed that  the electrodes 
are thin, flat, parallel,  rectangular ,  of un i form width  
and spacing, and are in a close fitting cell case. 

H = total  electrode height, cm 
h = height  above bot tom of electrode, cm 
m : H --h, cm 
D = distance be tween electrodes, cm 
d : distance measured  perpendicular ly  f rom the 

anode, cm 
L = resistance of a para l le logram 1 cm 2 in cross sec- 

tion extending  f rom anode to cathode, ohm-cm 2 
Re -- LD -1 = resist ivi ty of electrolyte,  o h m - c m  
Ro, Rd = resistance of a 1 cm wide  section of the 

anode and the cathode, respectively,  per unit  
length in the h direction, ohm 

R = Ro -I- Rd, ohm 
e is the sum of the potent ia l  drop in the anode and 

cathode measured f rom the top of the electrode to 
a point at height  h, V 

x -- - -R  -1 de/dh is the current  per uni t  width  flow- 
ing ver t ica l ly  past a point on the electrode at 
height  h, A - c m - 1  

i : dx /dh  is the current  flowing be tween  electrodes, 
per unit  area at height  h, A - c m  -~' 

iH : cur rent  density, i, at top of electrode (h : H) 
iM --- current  densi ty  at the midpoint  of electrode 
io : current  densi ty at the bot tom of the electrode 
Ed : the potent ial  drop due to the discharge cur ren t  

I and is the sum of all the potential  drops in the 
cell due to resistances and polarization, V 

* Electrochemical Society Active Member. 
Key words: current density distribution, battery design, cell, 

electrode resistance, e lectrolyte  resistance,  polarization, cell char- 
acteristics. 

ko : RoDHL-1, dimensionless 
kD : RdD HL-1 ,  dimensionless 

: ~o + ~d 
bo, bd = absolute values of the slopes of the single 

electrode potential  vs. current  density curves for 
anode and cathode, respectively,  ohm-cm 2 

K : bo + bd 
~o : DboL - 1 H - i ,  dimensionless 
[~d : DbdL - i l l - l ,  dimensionless 

DH -1 + ,~o+ ]~d 
dimensionless 

R )1/2 
H dimensionless [1] 

: L + K  

J ( m ,  d) : va lue  of the s t ream function at (m, d) in 
the cell (2), A - c m  -1 

Tobias and Wi3sman (2) have  shown that  

J ( m ,  d) m m A 
__-- -- sin n~ -- [2] 

z h + = T ;  H 
where  

A : [~.d()~o -{- n~ /~o)Sh(n~dH-1)  

-~- )~o(~d -~- n2~2/~d)Sh(~{ D -- d} H - i )  

+ nn~dCh(nndH-i)  + n~},oCh(n~(D -- d}H-1)]  [3] 

and 

B = [kokd + nazc2(1 + ~o/~d ~- ~d/Zo) 
+ n4rd~o~d] Shn~D H -  t 

+ [n~0,o -{- kd) -t- nana(~o -b gd)]Chn~DH - i  [4] 

If it is assumed that  the current  flow in the elec- 
t ro lyte  is perpendicular  to the electrodes then it can 
be easily shown that  the cell characterist ics at the be-  
ginning of a discharge are described by the fol lowing 
equations (1, 2) 

x sinh [h/H) ] 
[5] 

I sinh ,I, 

iH ~, cosh [,P(h/H) ] 
_ _  : [ 6 ]  

I sinh ~, 

851 
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e coth ,I, cosh [,I, (h/H) ] 
- -  _ - -  [ 7 ]  
HIR ,I- ,I, sinh ,I, 

Ed coth ,I, 
= ~ [8]  

HIR ,I, 

where  (x/1),  ~,, (ill~I). (e/HIR),  and (h/H) are di-  
mensionless. 

Results and  Discussion 
It  can be shown here that  Eq. [2] approaches Eq. [6] 

a s  a l imit ing value  when  D/H approaches zero in value 
by putt ing D/H = 0 and d ---- 0 in Eq. [2] and taking 
the der iva t ive  wi th  respect to m/H. As a resul t  

' -  
- - = 1 +  2 cos n ~ - -  

I = H 

( nX)'d + n~)'~ ) 

n~Xd + n~Xo + n 3 ~ { ~  + ~d} [9] 

Subst i tut ing Eq. [1] gives 

" 1 > 
- - = 1  + 2 c o s ~  [10] 

I - - ~  = n 2 + ~I,2/~ 2 

�9 I, 2 ~ ,I, ~ c o s n ~ m / H  
= 1 + . . . .  2-- l.~ [II] 

From Ref. (3) or (4) 

iH ,~ [ ~ e o s h , ~ / ~ ( ~ - - = r n / H )  ~ ] 
- -  = 1 + -- -- -- [12] 

I ~ sinh ,I, ,I- 

�9 I, cosh [,I, (h/H) ] 
= [13] 

sinh ,I- 

which is identical  to Eq. [6] and can be used to de-  
r ive  Eq. [5], [7], and [8] by integration. Thus Eq. [5] 
to [8] can be der ived f rom Eq. [2] as a l imit  that  is ap- 
proached when D/H approaches zero in va lue  or they 
can be derived by assuming that  the current  flow is 
perpendicular  to the electrodes. It  wil l  be shown here 
how the er ror  in Eq. [5] to [8] increases as D/H in-  
creases above zero in value. 

The derivat ion of Eq. [5] to [8] as well  as that  of 
Eq. [2] is based on an assumption that  the total drop 
in potential  due to polarization is a l inear function of 
the  current  densi ty (1, 2). The coefficient of polariza-  
t ion K has the same dimensions as the e lect rolyte  re- 
sistance L and since the two are  added in defining ,I,, 
it makes no difference in Eq. [5] to [8] whe ther  the 
polarizat ion is large or small; the  results are defined 
only by the sum of L + K. 

The techniques used in der iving Eq. [2] are not 
readily adaptable to nonlinear  polarization. The as- 
sumption of perpendicular  current  flow, which wil l  be 
studied here, makes possible a s imple numerical  anal-  
ysis for any nonlinear  polarization and in a number  of 
cases makes possible a mathemat ica l  solution. By ap- 
plying a correction factor to ,I,, Eq. [5] and [6] can 
give a good description of many  of the nonlinear  solu- 
tions (1). The relationships described in Eq. [5] to [8] 
have  been plotted in Ref. (1) and to a l imited extent  
in Fig. 4 and 5. It can be seen from Eq. [6] that  in/io, 
the  ratio of the current  density at the  top of the elec- 
t rode to that  at the bottom, is equal  to cos ,I,. This 
relat ionship has been plot ted in Fig. 1 as a function of 
,I, and shows the current  density distr ibution over  the 
face of the electrode to be fa i r ly  even  for values of 
�9 I, < 1. As ,I- approaches zero, iH/io approaches one in 
value  and the current  density distr ibution becomes uni-  
form. As ,I, increases above one in value, the var ia t ion 
in current  density distr ibut ion increases rapidly and 
eventual ly  other  factors such as nonl inear i ty  of the 
polarization will  become significant and affect the ac- 

4 0  

30 

~ 20 
._z 

0 
0 l 2 3 4 5 

,# 

Fig. 1. iH/io, the ratio of the current at the top to the current 
flowing at  the bottom of  a battery. 

curacy of the mathemat ica l  descriptions. Large  var ia-  
tions in current  density can cause or be associated with 
appreciable lowering of the discharge potential, the 
capacity, the efficiency, and the m a x i m u m  discharge 
rate  and may also cause serious overheat ing at the top 
of the battery.  A major  purpose of this paper is to 
e l iminate  such undesirable conditions by establishing 
here some of the underlying principles that  can be used 
to proper ly  design batteries so that  the  value of ,I, wil l  
be small. It  is desired to determine  here  what  l imita-  
tions are placed on using Eq. [5] to [8], par t icular ly  at 
low values of ,I,, by comparing the results obtained 
f rom Eq. [6] to those obtained f rom Eq. [2]. 

By putt ing d = 0 and d = D in Eq. [2] the current  
distr ibution at the electrodes can be obtained and is 
found to be different on the two electrodes when one 
has a high resistance and one has a low resistance. 
Tobias and Wijsman have studied the case where  
polarization and terminal  effect are restr icted to one 
electrode by putt ing ~d ~ 0 and ~d ~ 0. They also 
studied this case in the absence of polarization effects 
by making ~-d ~ 0, ~d ~--- 0 ,  and ~o ----~ 0 and found that  
as D/H decreased in value the current  density distribu- 
tion approached in value the approximat ion described 
in Eq. [6]. This is i l lustrated in Fig. 2 where  iH/I, the 
ratio of the current  density at a given height  to the 
average current  density, is plotted as a function of 
h/H, the ratio of that  height  to the total height. At 
,I, = O, iH/I  = 1 and the discharge current  is dis- 
t r ibuted evenly  over  the face of the electrode as seen 
in curve  C. Curve A, Fig. 2 is the approximate  solu- 
tion for ,I, _-- 1 using Eq. [6]. Curve B is the exact 
result  obtained from Eq. [2] for ,t- = 1 where  D/H = 
0.5, ~d = 0.5, ~o ~--- 0, ~t d --- 0, and ~o = 0. When D/H is 
reduced to 0.1 and ,I, is kept equal  to 1 by decreasing 
~d to 0.1, the  results, which are shown as circles in Fig. 
2, move much closer to the approximate  solution and 
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A - APPROXIMATE SOLUTION - Eq. 6 / 
B -  d/=l.0, O/H = 0.5~ X0 :0 .5  , Xd=0 ,/L0= O,/Ld=O //1 

1.5 o-d/= l .O,  OtH =0.1, X0:O. I  , kd=O , ~c0:0, Fd=O 
/ /  

z~-d/=l.O, D/H=0.5, XO=;k d : 0 .25 ,  #o :O,A(d=O 
c - V J = 0  / /  ~ c 

=_l~ Lc c ......~. ~ - 

0.5, I I I l I I I I I 
0 0.1 0,2 03 0.4 0.5 0.6 0.7 0.8 

FRACTIONAL ELECTRODE HEIGHT (h/H) 

I 
0.9 1.0 

Fig. 2. Effect of D / H  on the accuracy of the approximate solution 

near ly  coincide with it. At the extreme top of the elec- 
trode the current  density predicted by Eq. [2] would 
be quite large and in  a cell would be greatly reduced 
by the polarization that  would be incurred. 

A case such as this where  the resistance of one elec- 
trode was qui te  large and the other quite small, would 
not  be found in most bat tery  constructions. In  general,  
the grid resistances are kept  as smail  as feasible and 
are general ly fairly equal in  value. This case can be 
studied in  the absence of polarization by put t ing #o -- 
0, #d : -  0, and � 8 9  = ~o = td. Under  these conditions 
Eq. [2] is symmetr ical  and the current  d is t r ibut ion at 
each electrode for d = 0 and d ---- D is the same. Con- 
sequently (2) 

J (m,O) J (re,D) 
= ~ - -  ( 1  - -  x/1) 

I I 
and Eq. [2] becomes 

( 1 - - x / D  = - ~ +  s i n n ~ - -  C 
n =  1 ~ H 

where 

C =  

I0  

I,O 

== 
LU 

@ 

0.1 

= 1.0 

0.01 ~ 
0,0 1.0 2 .0  

Fig. 3. Effect of D / H  and ~, on the accuracy of the approximate 
solution. 

[14]  

(n~) -1 (�89 Sh (n~D/H) + 1 + Ch (n.~D/H) 

(n.re) - 1 (1/2,~2D/H) Sh (n~D/H) + n~ ( �89 q,2D/H) - 1Sh (nnD/H)  + 2Ch (n~D/H) 

Differentiating Eq. [14] with respect to re~H, gives the 
current  density, i, flowing between electrodes at a 
height equal  to h. 

= 1 +  2 cosn~z--  C [16] 
I = H 

Equation [6] can be obtained f rom Eq. [16] by put-  
t ing D / H  = O. 

The triangles in Fig. 2 show values, calculated from 
Eq. [16] for ,# - :  1, D/H -- 0.5, and equal electrode 
resistances. They are in much better  agreement  with 
curve A than  curve B which has the same value of 
,I, and very unequal  electrode resistances. 

The per cent  error introduced in the current  density 
by assuming current  flow is perpendicular  to the elec- 
trodes and using Eq. [6] instead of Eq. [16] has been 
plotted in  Fig. 3 for various values of D/H and ,I, at a 
point at the bottom of the electrode which is fair ly 
typical. As h /H  increases from 0, this per cent of error 
decreases, and near  the top of the electrode becomes 
larger again as can be seen in Fig. 2. A study of Fig. 3 
shows that  the error  increases as D/H increases. A well  
designed bat tery  will  have a fairly even current  den-  
sity which means the value of ,I, must  be small, prob- 
ably less than  1.0. At  ,I, = 1.0, the use of Eq. [6], gives 
an error of about 1% for D / H  = 0.5 which is acceptable 
for design purposes. 

In  v i r tual ly  all  ba t te ry  constructions a high value 
of D / H  is not compatible wi th  a high value of ,I,, since 
the former requires a re la t ively low value of H and 
the la t ter  a relat ively high value of H. Rewrit ing Eq. 
[1], neglect ing polarization and subst i tut ing the de- 
fined values of i~ ~.d, and Re gives 

[15] 

D RH 
--  [17] 

H ,I,2Re 

The smallest va lue  of Re that  is found among most 
electrolytes is approximately 2 ohm-cm. At  a value of 
,I- = 1 this would give DH -1 ---- 1/z RH from Eq. [17]. 
It  would take an unusual  combinat ion of very high re -  
sistance grid mater ia l  in one electrode plus very tall, 
very widely spaced electrodes to give a value of RH 
that  would make D / H  much greater than  0.01, a value 
that  Fig. 3 indicates would be in a region of v e r y  low 
error. Conversely, if we assume a value of DH -1 equal 
to 0.5, then ,I-~ would be approximately equal to RH 
and ,t, would be very much less than  1.0 in value and 
would be in  the region of low error.  Consequently, the 
assumption is tenable that  the current  flow in  batteries 
is approximately perpendicular  to the electrodes and it 
can be used as a basis for deriving the characteristics 
of batteries where the polarization is nonl inear  as well 
as where it is l inear  as in Eq. [5] to [8]. 

It  was desired to construct bat tery analogs with re- 
sistances connected together analogous to the way they 
are in a battery, which would not be subject to po- 
larization effects and which could be used experi-  
menta l ly  to check Eq. [5] to [8] and which could 
also be used to determine either ,I, or R, the electrode 
or grid resistance for an u n k n o w n  battery.  In  m a n y  
cases R is difficult to measure since it is very  small  
in value and it is difficult to calculate because of the 
na tu re  of most grid construction. 

In  the first attempt, two plates of good conducting 
mater ial  such as copper or silver which corresponded to 
the electrodes were  clamped on each side of a poorer 
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conducting mater ial  which corresponded to the elec- 
trolyte. This failed due to the low resistances involved 
and  the poor electrical contacts. Next  various relat ively 
high resistance alloys were melted and  allowed to 
solidify between copper plates. While occasional suc- 
cesses were obtained, most cases failed, once again due 
to poor contacts. Exper iments  using thick metal  sheets 
of copper or silver to correspond to the electrodes and 
mercury  in place of the electrolyte were highly suc- 
cessful. A typical construction used two silver plates 
% in. thick, 3 in. wide, and 9"% in. high, spaced % in. 
apart  in a Lucite cell case. An electrical lead was 
connected to the back of one silver plate and  brought  
out through the Lucite case which was then sealed. A 
similar connection was made on the other plate at the 
same height and the ent i re  operation was repeated at 
a number  of different heights. Connections were made 
at the top of the two silver plates, mercury  was added 
to the desired height, and a constant  high amperage 
d-c current  (200-400A) was passed through the system. 
Measurements were made rapidly to avoid amalgama- 
t ion effects. Potent ial  drops were measured between 
the plates at the various heights and also down the 
plates at the various heights. Various characteristics, 
such as the variat ion of current  density distr ibution 
wi th  height, can be calculated from this data. The 
system is analogous to a ba t te ry  in  which there is no 
polarization. 

In  Fig. 4 current  density distr ibutions measured at 
different electrode heights for various values of ,I, are 
compared to curves plotted from Eq. [6]. In  Fig. 5 
values of e/HIR, which is proportional to the po- 
tential  drop down the electrode, are compared to curves 
plotted from Eq. [7]. Equal ly  good fits have been ob- 
tained from Eq. [5] and [8]. 

These results show that  the assumption that  cur- 
rent  flow is perpendicular  to the electrodes is quite 
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Fig. 4. Measured values of current density distributions over the 
face of the electrode compared to curves calculated from Eq. [6].  

Fig. 5. Measured values of potential drop down the electrodes 
compared to curves calculated from Eq. [7]. 

accurate if D/H is not  too la rge  in value. Consequently, 
Eq. [5] to [8] can be used to describe the cell charac- 
teristics of almost any bat tery  whenever  the polariza- 
t ion is negligible or is a l inear  funct ion of the cur ren t  
density, i. The above assumption also makes it rela-  
t ively easy to analyze these cases where the polariza- 
tion is nonl inear  (1). 

The value of -I, is readily calculated from the elec- 
trode height, H, the  spacing, D, the electrolyte re-  
sistivity, Re, and the electrode resistance, R, using Eq. 
[1]. Since most grids have various kinds of holes or 
pockets in them, R may be difficult to calculate mathe- 
matical ly and it may be difficult to measure directly 
due to its low resistance. However, R can be measured 
readily by use of the bat tery analog. Two of the grids 
or plates or a suitable fraction thereof are spaced a 
fairly large distance apart, in a moderately  close fitting 
container which is then filled with mercury.  Insulated 
leads are sealed to the bottoms of the two electrodes. 
Potent ia l  drops between the two electrodes are mea-  
sured at the top and the bottom of the electrodes. The 
ratio of these two potential  drops, iH/io, equals cash ,I, 
which is plotted in Fig. 1. From Eq. [1] it can be seen 
that R = Lq,2H -2. If io is very small, it may be more 
practical to measure the potential  drop between the 
mid-points  of the two electrodes. The potential  ratio B 
is equal to i~/iM and 

cash ,!- = 0.25B 2 -5 (0.5B ~ -5 0.0625B4) 1/2 [18] 

In  each of these cases there is no polarization present. 
The difference between the open-circuit  potential  of 
a cell and the potential  when a given current ,  I, is 
flowing should theoretically be, and  often is, equal to 
Eo. This value of Eo can be used in Eq. [8] to determine 
a value of ,I,. If the polarization is linear, ,I, can be 
compared to the value of ,I, as calculated or measured 
by the analog, which we will  call -I,o. Since 
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I R )1/2 
,I,o ---- ~ -  H [19] 

and ,I, is defined by Eq. [1], the two equations can be 
combined to show that  

L (,I,o 2 - -  ,i,2) 
K = [20] 

,p2 

thus determining the coefficient of l inear  polarization. 
Calculations such as these are easily made and are 

of importance in cell design whenever  ,P becomes suffi- 
ciently large in value as it may whenever  H is large 
and/or  very thin, closely spaced electrodes are being 
used. 

The analyses discussed here are applicable only at 
the beginning of a discharge. In  the early stages of a 
constant  current  discharge, the active mater ial  is being 
consumed faster in  a high cur ren t  density region, the 

true surface area is decreasing faster, and the polariza- 
t ion is increasing faster than  in a low current  density 
region. As a result, the current  densities in the high 
current  density region will  decrease and those in the 
low current  density region wil l  increase as the dis- 
charge progresses. 

Manuscript  submit ted Aug. 23, 1972; revised manu-  
script received Feb. 5, 1973. 

Any  discussion of this paper will  appear in a Discus- 
sion Section to be published in the June  1974 JOURNAL. 
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Investigations of an Alkaline Electrolyte for Zn-Pb02 Cells 
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Northwest Industrial Park, Burlington, Massachusetts 01803 

ABSTRACT 

Invest igat ions of electrolytes for the operation of Zn-PbO2 pr imary  cells 
indicated that an  ammoniacal  zinc salt solution was satisfactory for the pur-  
pose. The stabili ty of PbO2, the solubili ty of PbO, and the corrosion rate of zinc 
in the electrolyte were acceptable. Cell evaluat ion was carried out in wound-  
electrode and bobbin- type C-size cells. The cell characteristics and perform- 
ance are compared with zinc-carbon cells. The l imitat ions of the new system 
are discussed. 

Various metal  oxide cathodes have been reported 
(1, 2) for application in pr imary  cells. Of these, man-  
ganese dioxide and mercuric oxide are used extensively 
in commercial  cells. The economic advantage of the 
former and the high volumetric  energy densi ty of the 
lat ter  are key factors in  the widespread employment  
of these active materials with zinc anodes. New bat- 
tery systems that may be competit ive with zinc-car-  
bon or Zn-HgO cells would have to possess either or 
both the vir tues of MnO2 and HgO cathodes. One such 
candidate that  is of interest  in  the context is lead 
dioxide. This is i l lustrated in Table I. 

The application of PbO2 as active mater ia l  in storage 
cells is well  known (3). Reserve cells containing acid 
electrolytes and PbO2 cathodes have also been de- 
scribed (4-8). A nonreserve p r imary  cell using a sul- 
famic acid electrolyte has been proposed by Ruben (9). 
McCallum (10) has patented a Pb-PbO2 cell in  phos- 
phoric acid. Zn-PbO2 pr imary  cells based on am-  
monium phosphate electrolyte is disclosed by Johnson 
(11). 

The instabi l i ty  of zinc and PbO~ in  acid (12, 13) and 
the high solubil i ty of PbO, the discharge product of 
PbO2 in sodium or potassium hydroxide (14), renders  
both very low and very  high pH electrolytes unsu i t -  
able for Zn-PbO2 cells. A lower l imit  of pH 4 was con- 
sidered for the electrolyte as zinc is expected to be 
stable and PbO2 would cease spontaneous evolution of 
oxygen in the medium (15). In  a search for electro- 
lytes meet ing these requirements,  a t tent ion was given 
to investigations on PbO2 cathodes in ammonium hy- 
droxide solutions. The choice of the electrolyte was 
based on the fact that  PbO solubil i ty was measured to 

* Electrochemical Society A c t i v e  Me mber .  
K e y  w o r d s :  l e ad  d iox ide ,  zinc,  z inc - l ead  d i o x i d e  cell,  a l k a l i n e  

primary cell, ammoniacal zinc  ch lo r ide  electrolyte. 

be 10 -4 moles/l i ter .  This paper reports some aspects 
of this investigation. 

Experiments and Results 
Stability of Pb02.-- The stabili ty of PbO2 in 8M 

NH4OH solution was determined by iodimetry in acetic 
acid media in the presence of e thylenediaminete t ra-  
acetic acid (EDTA). Exper iments  carried out by 
treat ing 2g of PbO2 in 50 ml 8M NI~OH at 80~ for 
100 hr indicated no change in  the oxidation number  of 
the test sample. Hence PbO2 was concluded to be rea-  
sonably stable in  the ammoniacal  medium. 

Electrolyte conductivity.--The conductivi ty of am-  
monium hydroxide was three  orders lower than potas- 
s ium hydroxide of comparable molarity. To improve 
the conductivi ty of the solution 1M ZnC12 was added. 
The conductance data are given in  Table II. 

PbO solubility.--The solubili ty of PbO was mea-  
sured by polarography by taking known volumes of 

Table I. Comparison of cathode-active materials 

No. F e a t u r e  of  c o m p a r i s o n  MnO2* HgO** PbO2** 

1 g / A - h r  3.24 4.04 4,46 
2 c m S / A - h r  0.65 0.36 0.48 
3 ~ $ / 1 0 0 0  A - h r  2.20 70.20 4.70 
4 Cel l  w i t h  z inc  anode 

(a) o p e n - c i r c u i t  vo l t age  1.5V 1.35V 1.5V*** 
(b) t h e o r e t i c a l - e n e r g y  dens i t y  

(i) W h r / l b  152.4 117.6 123.8 
(~) W h r / i n . a  30.1 41.6 39.2 

* One -e l ec t ron  t r a n s f e r  r eac t ion .  
** T w o - e l e c t r o n  t r a n s f e r  reaction. 

*** A l k a l i n e  system. 
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Table II. Properties of electrolyte at 25~ 

,Sp. Solubi l i ty  Z i n c  c o r r o -  
c o n d u c t i v i t y  of PbO sion rate 

Electrolyte  (ohm-Z-cm~ ( m o l e s / l i t e r )  (g / cm2/day)  

Table III. Discharge data of Zn-Pb02 bobbin-type C-Cells 

8 M  N H 4 O H  9.75 X 10 -4 2.6 x 10-~ 2.6 
8 M  NI-I~OH, 1M Z n C l :  1.29 x 10 -z 1.1 • 10 -4 1.3 
8M K 0 H  + 6% Z n O  3.41 X 10 -z 10-~ 1.3 

PbO equil ibrated ammoniacal  solution in acetate 
buffer. 

Zinc corrosion.--Weight loss method was used to 
determine the zinc corrosion rate in the ammoniacal  
solution. The data are given in  Table II and are com- 
pared with similar exper imental  data in zinc hydroxide 
containing potassium hydroxide solution. 

Wound electrode cells.--To test the mater ial  effi- 
ciency of discharge of PDO2 in  the ammoniacal  zinc 
chloride solution, cathode l imit ing C-size cells were as- 
sembled using pasted plate electrodes in wound struc-  
tures. The cathodes were 1 • 15 in. in dimension and 
contained 75% PbO2, 10% graphite, 10% carbon, 5% 
proprietory binder,  and a stainless steel expanded 
metal  grid. Anodes were also of pasted plate configura- 
t ion with 95% zinc (10% Hg) powder, 5% binder.  The 
cells were of 2.8 A-hr  PbO2, 3.9 A - h r  zinc, and con- 
tained filter paper as the separator material.  The cells 
were discharged at 0.2, 0.6, and 1.0A after filling with 
1M ZnC12 in 8M NH4OH electrolyte. The open-circuit  
voltage of the cell was 1.52V, and the discharge curves 
(Fig. 1) indicated 60.7%, 44%, and  25% util ization of 
PbO2 (2e basis) at 0.2, 0.6, and 1.0A currents,  re -  
spectively. 

Leclanch~ type cells.--The applicabili ty of ammoni -  
acal-electrolyte to bobbin-type Zn-PbO2 cells was 
tested. Thick nonporous cathodes formulated for 
C-cells gave poor performance. Upon modification of 
the cathode structure by incorporat ing a soluble salt 
such as NH4HCO3 to generate porosity, the cell per- 
formance improved. The cathodes used in the test 
cells were fabricated according to the following pro- 
cedure. 

Twenty-e ight  to thir ty- two grams of PbO2 was 
mixed with 4g of graphite powder, 4-8g of ammonium 
bicarbonate, and 2-3g of binder. The mix ture  was 
pressed to a cyl indrical  bobbin of 0.75-0.81 in. diameter  
and 1.2-1.375 in. height with a carbon rod of 0.25 in. 
diameter  dr iven through the axis of the pellet. The 
Lectanch~ type cells were assembled using the cath- 
odes, two layers of filter paper separator, 1M ZnC12, 
8M NH4OH electrolyte, and a calculated excess of 
amalgamated zinc anode. The C-cells so assembled 
were of 6 A-hr  based on PbO2 capacity. In the pres- 
ence of ammonium bicarbonate in the cathode, the 
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Fig. 1. Constant current discharge curves of Z n - P b 0 2  cell in 
wound electrode configuration. 

No. T y p e  of anode Cathode 

Hours  of 
service at 

4 ohm load 
(0 .75V cutoff) 

1 Z i n c  can  PbO2  b o b b i n  0.5 - -  0.2 
2 C a r b o x y l - m e t h y l  c e l l u l o s e - c o a t e d  PbO2 b o b b i n  2.6 -~ 0.3 

z inc  powder  a long w i t h  z inc 
can 

3 Z i n c  e x p a n d e d  m e t a l  along w i t h  PbO2 b o b b i n  3.9-----0.3 
zinc can 

open-circuit  voltage of the cell was 1.8V. The freshly 
assembled cells were subjected to continuous dis- 
charge across a 4-ohm load. The number  of hours of 
service for cells assembled with different types of zinc 
anodes is provided in Table III. Figure 2, curve 2, 
i l lustrates the discharge data of a typical cell. 

Discussion 
One of the major  problems in adopting potassium 

or sodium hydroxide electrolyte for Zn-PbO~ cells is 
the solubili ty of PbO formed during discharge. This 
is because the dissolved lead species reacts with zinc 
anode and causes self-discharge of the cells. It  is seen 
from the data in Table II that by the use of 1M ZnC12, 
8M NH4OH electrolyte the solubility of PbO has been 
reduced to 10 -4 moles/li ter.  This magnitude of solu- 
bil i ty may be considered acceptable. Although the 
specific conductivity of the ammoniacal  electrolyte is 
lower than  that  of KOH solutions, the decreased solu- 
bi l i ty of PbO is of considerable merit.  It has been 
shown that  PbO2 is reasonably stable, and the zinc 
corrosion rate is similar to that  in alkali in the am- 
moniacal  electrolyte. These characteristics and the dis- 
charge data in Fig. 1 and Table III, render  this electro- 
lyte interest ing for application in Zn-PbO2 cells. 

The open-circuit  voltage of the Zn-PbO2 cells tested 
is 1.52V. This value is close to that  expected from the 
following 

Zn -'F 2 O H -  = ZnO -'F H~O -F 2e E~ -- 1.24V [1] 

PbO2 -t- H20 -~ 2e = PbO -t- 2 O H -  EOb = 0.25V [2] 

Cell reaction 

Zn + PbO2 = ZnO + PbO E~ = 1.49V [3] 

Half-cell  measurements  carried out employing cath- 
ode-limiting cells indicated the discharge efficiency of 
PbO~ electrode correspond to a 2 electron transfer  re- 
action as proposed in Eq. [2]. X-ray diffraction studies, 
on par t ia l ly  discharged PbO2 cathodes indicated the 
presence of PbO2, PbO, Pb(OH)2, PbC12, and lead 
oxychloride. The presence of PbO and Pb (OH)= in  the 
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J.S 1 ocvO} 

o I ~  
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Fig. 2. Constant load discharge curves of Zn-MnO~ and Zn-Pb02 
cells in Leclanch~ cell configuration. (4 ohm load). Curve 1, Zn- 
MnO~ cell; Curve 2, Zn-Pb02 cell. 
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Toble IV. Comparison of Zn-Mn02 and Zn-PbOs C-Size 
Leclanch~ type celts 

Zn-MnO~ Zn-PbO~ 
Factor of Comparison C-Cell C-Cell 

Nomina l  capaci ty 4 A - h r  6 A-hr  
(cathode l imi t ing)  

cell w e i g h t  1.4 oz 2.5 oz 
cell vo lume 1.25 in. 3 1.25 in.S 

Open-circuit e m f  1.5V 1.8V 
Ene rgy  density 
(assembled cell values) 

W h r / l b  69.0 69.0 
Whr/in.a 4.8 8.6 

discharge produc t  is according to Eq. [2]. The presence  
of PbCI~ and lead  oxychlor ide  is hypothesized as due 
to the  kinet ic  factors dependent  upon the  effect of ra te  
of discharge on the  react ion mechanism.  

A change  in open-c i rcu i t  vol tage  f rom 1.52V to 1.8V 
is observed to occur in  the  presence of ammonium bi -  
carbonate  in the  cathode matr ix .  This m a y  be due to 
react ions  leading  to the  format ion  of PbCO~ and the 
changes in pH in the  in te r io r  of the cathode. The differ-  
ences observed in the  service hours  de l ivered  by  va r i -  
ous cells in  Table  I I I  indica ted  tha t  a large  surface 
area  zinc anode is necessary for the  operation.  

A comparison of the  character is t ics  and per formance  
capabi l i ty  of Zn-PbO2 and zinc-carbon cells is pro-  
v ided  in Table  IV and Fig. 2. 

I t  is seen f rom the da ta  in Table IV that  the  gravi -  
met r ic  energy  dens i ty  of Zn-PbO2 cells are  of s imi lar  
magni tude  as tha t  of z inc-carbon cells, and the vo lu-  
met r ic  energy densi ty  of the  former  is app rox ima te ly  
double tha t  of the  lat ter .  Based on this  da ta  and the 
per formance  character is t ics  represented  in Fig. 2, it  is 
concluded that  the  deve lopment  of Zn-PbO2 cells is 
feasible in the  ammoniaca l  zinc chlor ide  electrolyte .  
I t  is of in teres t  to point  out  the  fol lowing l imi ta t ions  
of the  new system. 

(i) The low conduct iv i ty  of the  e lec t ro ly te  renders  
the  ra te  capabi l i ty  of the  Zn-PbO2 system infer ior  to 
tha t  of a lka l ine  Zn-MnO~ cells. 

(ii) The freezing point  of the  e lec t ro ly te  is --10~ 
Thus a l imi ted  low t empera tu r e  per formance  is ex-  
pec ted  for the  Zn-PbO~ cells. 
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(iii) The e lec t ro ly te  is h igh ly  corrosive, hence com- 
monly  used conta iner  mate r i a l s  such as n ickel  coated 
steel  should be avoided in the  cell  formulat ion.  

(iv) The e lec t ro ly te  has h igher  vapor  pressure  than  
acidic zinc chlor ide  solut ion used in Leclanch~ cells. 
Hence, cells based on the e lec t ro ly te  under  inves t iga-  
t ion are  not  sui table  for vented  cell  s tructures.  

(v) I t  is an open quest ion whe the r  PbOg. reacts  wi th  
the  ammonia  in the  e lec t ro ly te  dur ing  long t e rm  s tor-  
age. 
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Laboratory Cell and Hydrodynamic Model Studies of 
Magnesium Chloride Reduction in Low-Density Electrolytes 

R. D. Holliday and P. Mclntosh 
University o~ NewcastLe, New South Wales 2308, Aus~alia 

ABSTRACT 

A large laboratory cell of a new type, which uses low-densi ty  electrolytes 
and electrodes inclined at a small  angle to the vertical, has been used to study 
production of magnes ium from anhydrous MgC12. Current  efficiency and power 
efficiency have been measured to wi thin  1% at current  densities up to 2.0 
A/cm 2 in both LiC1-KC1 and pure KC1 solvents at temperatures  between 
700~176 The gas-lift  pumping of the electrolyte between the electrodes by 
chlorine evolved at the anode has been simulated in a hydrodynamic model. 
The model has shown that  the back mixing of electrode products which causes 
loss of current  efficiency is strongly influenced by cell geometry, and the im- 
portant  parameters  are the electrode slope, interelectrode spacing, depth of 
melt  above the electrodes, and the surface area available for gas l iberat ion 
from the melt. The observations provide an explanat ion for the effects of 
changes in cell-operating conditions on current  efficiency and have provided 
a basis for design improvements.  The design finally evolved has a much 
higher productive capacity and lower specific energy requi rement  than  con- 
vent ional  cells. 

Magnesium is produced commercial ly by electrolysis 
of MgCI~ dissolved in mol ten chloride solvents, and 
convent ional  cells use electrolytes of higher density 
than the metal  produced, so that  the product accumu- 
lates at the melt  surface (1). In recent years a number  
of chloride solvents for MgC12 have been developed 
which are of lower density than the metal, and so per- 
mit  collection of the metal  on the base of cells, similar 
in concept to the Hall cells used in a luminum m a n u -  
facture (2). 

In  magnesium electrolysis, the use of low-density 
electrolytes opens the way to development  of new cell 
designs in  which full advantage is taken of the fact that  
both the anode and the cathode reactions take place 
on solid nonconsumable  electrodes. One such design, 
proposed and developed in the present work, embodies 
pairs of parallel  p lanar  electrodes, incl ined at a small  
angle to the vertical and arranged so that  metal  de- 
posited on the upward-facing cathodes flows to the 
bottom of the cell, while chlorine is held by buoyancy 
forces wi th in  an envelope near  the down-facing anode 
surfaces. 

The resul t ing countercurrent  flow of electrode prod- 
ucts contrasts with the cocurrent flow pat tern  of the 
conventional  cells. It was postulated that  cells of the 
new type should be much less subject to metal  losses 
caused by back reaction between magnes ium and chlo- 
r ine than conventional  cells in which efficient separa- 
t ion of electrode products is difficult (1). The main  
prospective advantages of the proposed design are that  
operation at a higher current  density and with reduced 
interelectrode spacing would be possible without  seri-  
ous impai rment  of current  efficiency, while cell struc- 
ture  would be greatly simplified by avoidance of the 
need to separate products above the electrolyte. These 
improvements  should br ing  about reductions in both 
operating and capital costs of the process. 

To evaluate the design, experiments  were conducted 
in  which a large laboratory cell was operated over a 
range of conditions likely to be considered for com- 
mercial use. The design of the cell, and the in ter -  
pretat ion of results obtained from it, were facilitated 
by  the use of a room-tempera ture  hydrodynamic 
model. In this model, the flow patterns of gas and liquid 
could be readily followed and recorded photographi-  
cally. The necessary conditions for modeling of the 
fused-salt system by aqueous solutions are well es- 

K e y  words: electrolysis, current efficiency, molten chlorides, m a g -  
nesium. 

tablished (3, 4), and in fact models of similar type 
have been used in studies of flow patterns in conven-  
t ional magnesium cells. 

Experimental 
Objectives.--The pr imary  aim of the experimental  

program was to measure the main  operating charac- 
teristics, cur rent  efficiency, and power efficiency, in 
cells of the new type sized large enough to permit  
predictions of the performance of production-scale 
cells. It was desired to measure the performance char-  
acteristics with a precision and reproducibi l i ty  of 
bet ter  than  1% under  conditions of current  flow and 
melt  circulation identical to those in the full-size cells. 
This could be achieved by using a laboratory cell with 
planar,  parallel  electrodes, geometrically similar to the 
scaled-up version in  section perpendicular  to the elec- 
trodes. The essential difference between laboratory and 
full-size cells was the reduction of the electrode width, 
so that the model constituted a slice of an electrode 
pair of the full-scale unit.  Moreover, the model con- 
tained only one set of electrodes rather  than  the mul t i -  
ple pairs necessary to at ta in  high amperages in the 
scaled-up version. 

In the addition to the measurement  of current  effi- 
ciency and power efficiency in the laboratory cell, the 
melt-flow patterns induced by the gas-lift  pumping 
action of chlorine at the anode were studied in a 
separate program using a hydrodynamic model of the 
laboratory cell. This program was designed to elucidate 
the influence of geometrical parameters,  melt  prop- 
erties, and current  density on the recirculation and 
re tent ion of anode gas before the final cell design was 
prepared. 

It was recognized that  data obtained under  r igor- 
ously monitored laboratory conditions would likely 
represent  the upper  l imit  of efficiency figures a t ta in-  
able under  commercial conditions, which would, of 
necessity, be less s t r ingent ly  controlled. The aim of 
the program, accordingly, was to obtain basic data on 
the effects of geometry and electrolyte properties in 
cells of the new type. It was of course not intended, 
even if it were possible, to duplicate the types of dis- 
turbances which might occur in an industr ia l  plant;  
in this sense, the work represents a feasibility study 
rather  than a final economic evaluation. 

The cell was operated with reagent-grade electro- 
lyte materials and with anhydrous MgC12 feed of the 
highest pur i ty  attainable. This was considered neces- 
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sary in  order to simplify as far as possible the inter-  
pretat ion of data on response of the ceil to changes in 
electrolyte composition and operating conditions. The 
data so obtained should then provide a base l ine against 
which the effects of such factors as operating dis- 
turbances and electrolyte contaminat ion  can be 
assessed. 

Design and construction of the experimental c e l l . -  
The large planar-electrode cell used in the main  part  
of the exper imental  program is shown in Fig. 1. This 
cell embodies m a n y  features that  were evolved during 
pre l iminary  work with small  cells of 100-500A capacity 
and of cylindrical  geometry, one form of which is 
shown in Fig. 2. 

The main  feature of the design is the use of parallel, 
p lanar  electrodes with working surfaces incl ined at 
a small angle to the vertical. The central  electrode is 
the anode, constructed from graphite plates 24 in. in 
over-al l  length, and tapered over the lower 12 in. to an 
included angle of 20 ~ . Cathode plates of mild steel con- 
form to the anode slope, and are welded to the steel 
shell at their upper  ends to main ta in  a uni form sepa- 
ration [anode-cathode distance (A.C.D.)] of 1.5 in. be- 
tween anode and cathode surfaces. The current  flow 
path is perpendicular  to the electrodes and leakage of 
current  to the sides of the cell is prevented by  1 in. 
thick insulator  sheets cut from fused-cast a lumina  
brick. 

The shell to which the cathode plates are welded is 
constructed in two parts. The upper  section of �89 in. 
mild steel plate houses the gas-collection chamber  and 
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Fig. I .  Planar-electrode cell, cathode area 1100 cm ~ 

CHLORIDE REDUCTION 

WATER 
COOLED 
ANODE 
CONNECTOR 

\ 

CHLORINE 
-EXIT 

MULLITE 
" BUSHING 

859 

FEED 
TUBE 

1 

ANODE 

CATHODE 

& r I I " �9 �9 

INCHES 
Fig. 2. Cylindrical cell, cathode area 500 cm 2 

permits a cold seal to be made at the upper  flange, 
which is located some 12 in. above the heater zone 
of the auxi l iary furnace. The flange tempera ture  is 
always below 200~ and an asbestos gasket with 
a silicone-based filler may be used. Although the flange 
seal is vacuum tight, the gas space is mainta ined at 
2 in. water gauge below atmospheric pressure and 
back purged with Ar to ensure that no loss of chlorine 
can occur. 

Direct contact between chlorine and metal  is avoided 
throughout  the structure. A rectangular-box shroud 
made from impermeable h igh-a lumina  castable re-  
fractory serves as a gas-tight cover over the entire melt  
surface. The shroud is supported on a ledge in the steel 
shell where the gas collection chamber  joins the lower 
1 in. thick M.S. chamber  housing the electrodes. The 
height of the shroud above the electrodes is increased 
as required by mount ing  it on a si l l imanite liner, 
and sealing it with a lumina cement. During cell opera- 
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t ion the electrolyte level is mainta ined well above the 
base of the l iner  so that  chlorine above the melt  con- 
tacts only the refractory. Mullite tubes sealed into the 
shroud afford access for feeding, chlorine exit, tem- 
perature  measurement,  and melt- level  control. 

The lower part  of the cell houses the electrodes and 
communicates via a 1 im slot at the base with a com- 
par tmented  side chamber.  The side chamber  is de-  
signed so that as metal  accumulates in  the base of the 
cell, a barometric  leg of metal  in the side chamber  
overflows a weir. In  this way, a constant  meta l -pad  
depth is automatical ly main ta ined  and metal  may be 
tapped from the cell without  dis turbance of the elec- 
trode compartment .  

The cathodes are connected to the power supply by 
copper flexes joining the shell to the negative terminal ,  
and measurable voltage losses occur only at the con- 
tacts. The connection to the anode is made above the 
shroud by a water-cooled copper pressure pad. A size 
l imit  is imposed on the upper  section of the anode by 
the dimensions of the shroud and the gas collection 
chamber  which houses it. As a result, resistive-voltage 
losses in this section of the circuit account for 80% of 
the total loss external  to the electrolyte. In  a full-scale 
cell, this loss would be halved because of the freedom 
to increase conductor dimensions. 

Cell operat ion .wThe  electrolyte is premelted in gas- 
t ight steel crucibles under  Ar  purge in a gas-fired 
muffle furnace. By pressurizing the crucible with Ar, 
the melt  may be syphoned into the electrode compart-  
ment  via a stainless-steel feed tube. The melt  may  be 
wi thdrawn from the cell by reversing the procedure 
and syphoning into the crucibles under  reduced pres-  
sure. Metal is removed in the same way, from the over-  
flow weir in  the side chamber. 

The as-received feed mater ial  was a good qual i ty  
Kroll  process recycle MgC12, supplied in the form of 
massive blocks cast in drums by Commonweal th  Sci- 
entific and Industr ia l  Research Laboratories, Mel- 
bourne, Australia.  Before use, this mater ia l  was further  
purified by remelt ing and st i rr ing in  contact with pure 
molten Mg under  carefully controlled conditions, so 
that  essentially all the MgO, dissolved H20, and  metal -  
lic impuri t ies  were removed. Feed to the cell assayed 
above 99.85% MgC12, the major  impuri t ies  being a 
max imum of 0.1% MgO and 0.05% metallics, pr inci-  
pal ly Fe and Ti. 

The MgC12 was syphoned from the purification 
chamber and solidified as cyl]ndrical slugs which were 
fed into the cell via the mul l i te  feed tube under  a pro- 
tective Ar purge. 

Power  is supplied to the cell by a Westinghouse Type 
RXAF 5.5/5000 silicon diode rectifier wi th  a max i mum 
output  of 5000A at 5.5V. Changes in cell current  are 
detected by recording the voltage drop across a cali- 
brated shunt  on the 1 mV scale of a Bausch and Lomb 
recorder fitted with a zero suppressor. Manual  ad-  
jus tment  of a saturable-reactor  controller  is made to 
ensure that cur rent  does not deviate on the average by 
more than 0.1% from the set point  dur ing a run.  
Total cell voltage is measured at the output  terminals  
of the rectifier, and voltage drops across sections of 
the circuit  are measured by probe contacts at intervals  
dur ing a run. 

Chlorine is wi thdrawn from the cell under  slightly 
reduced pressure, and passed through a filter and a 
bubbler  to remove entrained par t iculate  before it  is 
absorbed by  NaOH solution flowing countercurrent  
through a packed tower. The NaOH solution is recycled 
and samples are wi thdrawn at intervals  from the ac- 
cumulator  for analysis by a modified Mohr ti tration. 
The absolute error in the analysis results in an un-  
cer ta inty of 0.5% in  the measured yield of chlorine 
dur ing 30 rain at the 700A level, and 0.2% at 2000A. 

Basis for design of the hydrodynamic mode l . - -B uk h -  
binder, in modeling gas evolution in  the conventional  
magnesium cell, has established which physical factors 

control the flow pa t te rn  wi thin  the electrolyte (3). The 
average electrolyte velocity, w, under  conditions of 
pumping  by gas evolved at the anode, is determined by 
the kinematic viscosity (v), the total anode immersion 
depth (h), the A.C.D. (1), and the specific rate of gas 
evolution (v). The average size of bubbles evolved also 
exerts an impor tant  effect, and it is suggested (5) that  
the crit ical detaching diameter, a, of the bubbles  is 
given by the semi-empir ical  equation 

a ---- 0.02080 (~/~)1/2 

involving contact angle 0, surface tension o, and den- 
sity -y of the electrolyte. 

Dimensional  analysis  (4) leads finally to the rela-  
t ionship 

(wh /v )  : B "  (vh /v )  ra" (gh3/~2) n" (o/~v2h) q" (h / l )p  

which contains the term (a/'yv2h)q to take into account 
the melt  properties that  affect bubble  size. In  this 
relationship, B is a constant  of proportionali ty;  the ex- 
ponents m, n, q, and p are numerica l  constants for a 
par t icular  flow regime, and g is the gravi ta t ional  con- 
stant. From this relationship the conditions for similar- 
i ty between the fused-salt  system of the exper imental  
cell and an aqueous model are obtained. These condi- 
t ions are 

(i) v cell : v model 

(ii) v cell : v model 

(iii) o/~ cell : r model 
together with equali ty of l inear  dimensions. Conditions 
(ii) and (iii) are satisfied if 10% NaNO3 solution is 
used as model fluid (Table I) .  

An addit ional  factor of importance is the contact 
angle, o, which determines the average bubble  size. 
Ukshe (4) found in studies of chlorine evolved by 
electrolysis on graphite in MgC12-KC1-NaC1 electro- 
lyte, that  bubble  size ranged from 0.35 to 0.70 mm. A 
similar size dis tr ibut ion was found for bubbles  ob- 
tained by forcing N2 gas through porous graphite in 
10% NaNO3 solution. 

Marrucci and Nicodemo (6) found that the bubble  
size depended upon the ionic concentrat ion but  de- 
creased asymptotical ly to a l imit ing value as concen- 
t ra t ion increased, independent ly  of the na ture  of the 
electrolyte. The size of the bubbles  decreases as the 
concentrat ion increases because mutua l  repulsion be-  
tween bubbles is promoted by increased surface con- 
centrat ion of ions. 

It  is apparent  that  the required similari ty between 
the chloride melts and the modeling solution is satisfied 
by using strong ionic solutions which have comparable 
densities, viscosities, and surface tensions to chloride 
melts. Such solutions should show comparable size dis- 
t r ibut ions for bubbles l iberated at a submerged sur-  
face, regardless of their  mode of origin. 

Construction and operation of hydrodynamic  m o d e l . -  
The physical model is hence based on the use of con- 
centrated ionic solutions, and geometrical s imilari ty is 
achieved by constructing the model to the same di- 
mensions as the cell itself. The width of the model may 
be made much less than  that of the cell, since only the 
A.C.D. and vertical  dimensions can affect the flow 
pattern.  

Exploratory observations showed that  only the anode 
gas evolution had a major  effect on the flow of electro- 

Table I. Comparison of physical properties for molten-salt 
electrolytes and aqueous NAN08 solution 

Property 

Quate rna ry  
Ternary electrolyte 

electrolyte (10% MgC12, 
(10% MgC12, 40% CaCI~, 12% 10% 

67% KCl, 23% KCl, 38% NaC1, NaNO8 
NaC1, at  700~ at 700~ at 20~ 

(m=/sec) 0.82 • 10 -6 1.32 • 10 -6 1.00 • 10 -6 
G/7 (m2) 0.0616 0.0632 0.0695 
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lyte, and the effect of l iquid-metal  flow in a layer 
approximately 0.1 in. thick at the cathode would be 
negligible. 

A two dimensional  model was constructed in which 
it was possible to vary the geometrical factors such as 
A.C.D., surface area for gas evolution, electrode-im- 
mersion depth and slope, as well as current  density. 
The general  construction of the model is shown in the 
cinephotographs, Fig. 7-9, and the important  geometri- 
cal parameters  are indicated in Fig. 3. It consists of a 
t ank  of t ransparen t  plastic in which a 2 in. layer  of salt 
solution, i.e., the model electrolyte, is contained be- 
tween % in. walls. Both electrodes fit t ightly wi thin  
the walls, but  can be manipula ted  by means of attached 
rods after supporting clamps are loosened. The cathode 
and the melt  reservoir above it are constructed from 
metal  sheet and serve essentially to define the electro- 
lyte flow path. 

The simulated anode consists of a closed box with an 
active wall  of porous material,  through which gas is 
forced to simulate evolution of chlorine. The active 
face is constructed from sil l imanite and is tapered in 
thickness to allow for the effect of l iquid head on gas- 
evolution rate. Nitrogen gas is supplied to the anode at 
flow rates equal to the volumetric production rate of 
chlorine at cell temperatures  and current  densities 
from 0.5 to 2.5 A/cm 2. With the profile adopted, gas 
evolution is uni form over the immersed surface, and 
the range of bubble  diameters, 0.3-0.7 mm, is close to 
that  expected in chloride melts. 

Two different techniques were used to photograph 
the bubble  patterns. The first was a stop-motion still 
technique which employed i l luminat ion from behind 
the tank, using a diffuser screen and a Mayer Type 035 
strobe light. The camera, a Linhof 4 in. by 5 in. with a 
Symmar  F 5.6/100 m m  lens, was located on the op- 
posite side of the tank  and synchronized with the strobe 
to achieve very low exposure times. 

In  the  second approach, high speed cinephotography 
was used to obtain a large number  of frames under  a 
part icular  combinat ion of cell parameters  to ensure 
that the photographic data were representat ive of aver- 
age flow conditions. A 16 mm Vinten camera with a 
speed range of 100-250 fps was used, and it was found 
that at 100 fps bubble  movement  could be stopped on 
an individual  frame, and the movement  of individual  
bubbles could be followed in adjoining frames. 

1 0 0  ...... i I I I 

E x p e r i m e n t a l  Results  
Hydrodynamic model studies of cell geometry.--An 

init ial  survey was under taken  to determine which geo- 
metrical  factors controlled the evolution of gas from 
the melt  and the back mixing of electrode products. 
The first experiments  used the cell geometry, as ini-  
t ially proposed, and revealed that the design did not 
secure efficient separation of products (Fig. 4). 

The early experiments  showed that  the ascending gas 
forms an envelope of discrete bubbles along the surface 
of the anode, and the electrolyte near  the anode is 
d rawn into the envelope to acquire an upward  velocity 
equal to that of the gas. At the surface the two-phase 
mixture  forms a well-defined foam layer, the thickness 
of which depends upon the gas rate, the area of the 
liquid surface, and the physical properties of the liquid. 

The liquid which has been pumped to the surface 
flows horizontally f rom the face of the anode and along 
the surface unt i l  it meets the cell wall  and is directed 
downwards to form a vortex. Gas that has not escaped 
at this stage is carried down into the liquid, where it 
may flow in one of two directions: around the vortex 
and back to the surface, or into the interelectrode space 
with the re turn ing  melt. As the liquid flows back be- 
tween the electrodes, it is again influenced by the 
ascending gas stream and its velocity decreases as it 
moves toward the bottom of the cathode. 

The pre l iminary  experiments  showed that  it was 
necessary to clarify the roles played by each of the geo- 
metrical  parameters  shown in  Fig. 5 in determining the 
flow pattern. 

Anode slope proved to be of major  importance be-  
cause the thickness of the gas envelope is strongly 
affected by the buoyancy forces which compress the 
bubbles against the anode surface. However, if the 
slope is large, compactness of the cell is sacrificed. 

The A.C.D. must  be large enough to permit  melt  to 
flow back between the electrodes without  interfer ing 
with the ascending gas envelope. 

The importance of the other parameters,  the surface 
area and the depth of l iquid above the electrodes, was 
only fully appreciated after observations had been 
made on the model. The surface area of the melt  in fact 
controls the rate of gas evolution while  the upper  
l iquid layer  serves to accommodate the foam and exerts 
an important  effect on the circulation rate of the liquid. 

The effects of anode slope at two levels of current  
density are shown in Fig. 6. The marked decrease in 
the amount  of gas carried back between the electrodes 
at the higher angle results from a lessening of the 
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Fig. 3. Dependence of C.E. on interelectrode distance in 500A cell 
Fig. 4. Gas liberation (a) in cell as originally designed and (b) 

after optimization of geometry 



8 6 2  J. Electrochem. Soc.: ELECTROCHEMICAL SCIENCE AND TECHNOLOGY 

INTERFACE ->l 
I <- WIDTH 

T 
ELECTROLYTE 

DEPTH- D 

Fig. 5. Cell dimensions controlling flow pattern clue to anode 
gas pumping 

interact ion between re tu rn ing  electrolyte and the gas 
envelope. 

A.C.D. functions s imilar ly to the electrode slope in 
controll ing the interact ion between the envelope and 
the re turn ing  electrolyte. Figure 7a shows that  at 1 
A /cm 2 and 1 in. A.C.D. a substant ial  quant i ty  of gas is 
to rn  from the envelope by  re tu rn ing  melt ;  at 1.5 in. 
the quant i ty  is markedly  reduced, and at 2.0 in. the 
effect is eliminated, as shown in Fig. 7b. At 2.0 A/cm 2, 
even a 2 in. A.C.D. does not suppress the interact ion 
completely, and quite strong interact ion is observed at 
1.5 in. 

The strong influences of surface area and melt  depth 
are i l lustrated in Fig. 8, where it is apparent  that  a 
decrease in melt  depth from 4.0 to 1.5 in. above the 
cathode forces the two-phase layer well  into the re-  
gion between the electrodes at 1.0 A/cm 2. Reduction of 
the surface area of the mel t  by  a factor of 2.5 has a 
similar and even more pronounced effect even if mel t  
depth is adequate. The most compact cell geometry is 
at tained only by joint  variat ion of these parameters  to 
secure opt imum gas l iberat ion from electrodes of given 
size. 

As a result  of a systematic investigation of the geo- 
metrical  parameters  the dimensions selected for the 
exper imenta l  cell were:  A.C.D., 1.5 in.; anode slope, 

Ju[y I973 

Table II. Effect of melt depth on current efficiency 

Large Planar Electrode Cell 

Melt level Current Current 
Temp. (in. above density efficiency 

( ~ C) cathode) (A/cm~) ( % ) 

850 1.5 0.36 '75 
850 4.0 0.36 82 
850 5.0 0.36 81 
800 1.5 0.36 82 
800 4.0 0.36 87 
800 5.0 0,36 79 
850 1.5 0.64 82 
850 4.0 0.64 90 

LOPE \ 850 5.0 0.64 72 
800 1.5 0.64 86 
800 4.0 0.64 fig 
800 5.0 0.64 78 

10~ melt  depth, 4 in.; surface width, 3.5 in. A compari- 
son of gas l iberat ion in a model with these dimensions 
and in  one conforming to the original cell design shows 
a clear improvement  (Fig. 4). 

Verification of the hydrodynamic modeL--Initial 
electrolysis runs  in the large cell were designed to 
check the validity of the hydrodynamic model. Once 
opt imum values for the geometrical parameters  had 
been established in the model, it was necessary to 
select as experimental  variable a parameter  that could 
be easily varied without  s t ructural  modification of the 
cell. One of the easiest to vary, and one which showed 
an unexpectedly strong effect on gas recirculation in 
the model tests, was the depth of the liquid layer 
above the cathode, dimension D in Fig. 5. 

Runs  were conducted at two tempera ture  levels and 
at two levels of current  density, using melt  depths 
ranging from 1.5 to 5.0 in. above the cathode. Results 
shown in Table II  support the conclusion drawn from 
the aqueous model tests. The effect of increasing the 
depth to 5 in. in the cell as constructed was to raise 
the foam level in the gas space so that the gas-exit  
tube was par t ia l ly  blocked and gas-space recirculation 
markedly  increased. The result  is a severe fall in cur- 
rent  efficiency. 

Fur ther  evidence for the validity of the model was 
obtained from current  efficiencies measured in the 500A 
cells, which were operated at two levels of interelec- 
trode spacing, 1.0 and 1.5 in. The predicted falloff in 
current  efficiency occurs as A.C.D. is decreased, as in -  
dicated in Fig. 3. The geometry of the 500A cell is such 
that current  densities at anode and cathode are un-  
equal, so that quant i ta t ively  the data do not describe 
behavior of the large planar  electrode cell, but  the 
t rend  predicted by the model is supported. 

Fig. 6. Effect of electrode slope on gas liberation (a) at 1 A/cm 2 and (b) at 2 A/cm 2 
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Table IV. Representative mass balance for MgCI2 aver a 
12 run campaign 

Large Planar Electrode Cell 
(mass in grams) 

Run No. 

Melt % Melt 
MgCls MgCb analy- 

MgCls con- calcu- sis, % 
A d j u s t m e n t s  a d d i t i o n s  s u m e d  l a t ed  MgCI~ 

Fi l l  cel l  5461 - -  17.2 17.2 
1001-1005 C h a n g e  m e l t  d e p t h ,  7259 6713 16.6 16.4 

a d d  8035 KC1 
1006-1009 S y p h o n  a n d  a d j u s t  5428 3295 19.5 19.5 

m e l t  l eve l  r e m o v -  
i n g  152 KC1 

1010-1012 3639 3465 19.6 19.1 
MgCI$ in  cell  8374 
B a l a n c e  21787 21847 

Fig. 7. Effect of A.C.D. on gas liberation at 1 A/cm 2 (a) at 1 in. 
A.C.D. and (b) at 2 in. A.C.D. 

Fig. 8. Effect of interface width and liquid depth on gas libera- 
tion at 1 A/cm 2 and 1.5 in. A.C.D.: (a) width 1.5 
in., depth 4 in.; (b) width 4 in., depth 1.5 in., and (c) width 4 
in., depth 4 in. 

Reliability of current-efficiency measurements.--An 
essential pre l iminary  part  of the program was the 
assessment of the accuracy and reproducibil i ty of mea-  
surements  of current  efficiency, the main  index of cell 
performance. This was accomplished by conducting a 
series of replicate runs at relat ively low current,  
where the effects of errors of measurement  would be 
most pronounced. A typical set of replicate data is 
shown in Table III. At 700A results are reproducible 
within 0.45%, while at 400A the spread is 1.4%, again 
only slightly greater than the error in the measurement  
of the yield of chlorine. 

As more data accumulated, it became possible to 
obtain a fur ther  check on the efficiency measurements  
by establishing a mass balance between the directly 
measured yield of chlorine in the absorber and the 
chlorine equivalent  of the MgC12 fed to the cell. A 
typical balance obtained in this way  is summarized in 
Table IV. In  general  the MgC12 content  of the melt  by 

Table III. Replication of current-efficiency measurements 

Large Planar Electrode Cell  

direct analysis of syphoned samples was in  agreement  
with calculations based on the mass balance to wi thin  
0.5%. 

Fur ther  check runs  interspersed in  the later cam- 
paigns confirmed that the absolute error in the cur ren t -  
efficiency (C. E.) measurements  was of the order 0.2% 
at 2000 A, that  is, near  the upper end of the range of 
current  investigated. 

Influence of cell-operating conditions and electrolyte 
properties on current e~ficiency.--The main  benefit of 
the cold-model studies was that  they permit ted an 
opt imum geometrical design to be established, wi th in  
the limits of the size of the equipment,  wi th  a min i -  
m u m  number  of h igh- tempera ture  experiments  in  the 
cell itself. Once the parameters  were selected, the cell 
was constructed and used to determine the effects of 
nongeometrical  variables  on current  efficiency and 
power efficiency. 

The factors expected to influence current  efficiency 
(C.E.) were the physical properties which affect melt  
circulation and gas l iberat ion from the surface of the 
melt. The most impor tant  of these physical properties 
are density and viscosity, both strongly dependent  on 
composition and temperature.  The other pr imary  var i -  
able affecting melt  circulation was the rate of gas pro- 
duction, which is proportional to current  density. 

In  all  the systems investigated, C. E. was found to 
increase as current  density was raised through the 
range 0.36-1.5 A/cm 2. Above 1.5 A/cm 2, the C.E. fell off; 
the hydrodynamic model shows that re -ent ry  of chlo- 
r ine into the electrode gap is becoming significant 
above this current  density (Fig. 9). Typical C.E. data 

Fig. 9. Retention of 
chlorine at high cur- 
rent density in ceil 
with optimum dimen- 
sions, 2 A/cm 2 at 1.5 
in. A.C.D. 

D u r a t i o n  CeLl C u r r e n t  E s t i m a t e d  
of run  current  eff iciency e r r o r  
(min )  (A} (%) (%) 

100 700 84,7 0.33 
70 700 85.1 0.45 

110 400 82.2 0.46 
75 400 83.6 0.71 
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Table V. Dependence of current efficiency on current 
density at 850~ 

L a r g e  P l a n a r  E l e c t r o d e  Cel l  

T o t a l  C u r r e n t  C u r r e n t  
Electrolyte c o m p o s i t i o n  c u r r e n t  d e n s i t y  e f f i c i ency  

( w / o )  (A) ( A / c m  e) (%) 

19 MgCl~-81 KC1 400 0,36 83 
19 MgCl~-81 KC1 700 0.64 89 
21 MGC12-75 KC'I-4 L i C I  400 0.36 83 
21 MgCI~-75 KC1-4 L i C I  700 0.64 87 
20 MgC12-45 KCI -35  LiC1 700 0.64 84 
20 MgCl2-45 KCl -35  L i C l  1650 1.50 91 
22 MgC12-28 KCI -50  L iCl  700 0.64 86 
22 MgC12-28 K C I - 5 0  L iCl  1650 1.50 90 
22 MgCl2-28 KC1-50 L i C l  2200 2.00 86 

for a range of electrolyte compositions are shown in 
Table V. 

Sampling of melts was carried out by syphoning 
from the interelectrode space dur ing runs  and also im-  
mediately after current  was switched off. In  all sam- 
ples, globules of Mg, 1-3 m m  in diameter, were found. 
It  was not possible to decide whether  the proport ion 
of dispersed metal  changed with operating conditions, 
but  the indications were that  such variat ions were 
small. 

It is proposed that  the ma in  mechanism by which 
current-inefficiency losses occur is back reaction be-  
tween chlorine in the anode-gas envelope and globules 
of metal  dispersed wi th in  the melt. At the highest cur-  
rent  densities, direct contact between the gas envelope 
and the coherent film of metal  on the cathode probably  
occurs also. 

At low current  densities the loss due to back reaction 
is a significant fraction of the total metal  produced, and 
for all the electrolytes investigated, C.E. is below 85% 
at 0.36 A /cm 2. C.E. in fact is lowest in melts of high 
LiC1 content at low current  densities, and at 0.64 
A / c m  2 C.E. in the 35% LiC1 melt  is only 84%, com- 
pared to 89% in the straight KC1-MgC12 b inary  at this 
current  density. 

As cur ren t  density is increased, C.E. improves be-  
cause even if the total amount  of metal  dispersed per 
uni t  of volume of the electrolyte is unaffected, the pro- 
portion of the deposit that is brought  into contact with 
the anode gas envelope will diminish. The improve-  
ment  is par t icular ly significant in the case of melts con- 
ta ining medium to high proportions of LiC1. In the 35% 
LiC1 electrolyte, C.E. increases to 91%, and at 50% 
LiC1 to 90%, when  current  density is raised to 1.5 
A/cm 2. 

The model studies suggest that  a second factor con- 
t r ibu t ing  to improved separation of electrode products 
as current  density is raised in the low to medium range 
is the downward motion of the melt  re turn ing  to the 
region between the electrodes. This downward flow is 
strongest in the vicini ty of the upper  cathode, and will  
tend to direct entra ined metal  particles away from the 
anode-gas envelope. 

However, at the highest levels of current  density, 2.0 
A/cm 2 and above, a new feature of the flow patterns 
begins to control contact between electrode products. 
As the thickness of the ascending gas envelope and the 
velocity of the stream of electrolyte r e tu rn ing  to 
wi thin  the electrode gap both increase, a point is 
reached at which interference between the two streams 
occurs, and gas starts to become torn away from the 
anode envelope to form incipient  vortexes wi thin  the 
interelectrode space itself. At still higher current  den- 
sities, gas is incompletely removed wi th in  the vortex 
above the electrodes, and an increasing proportion is 
redirected to the interelectrode region with re tu rn ing  
electrolyte. It is this behavior that  causes the efficiency 
to decrease from 90% to 86% as current  density is 
raised from 1.5 to 2.0 A / c m  2 (Table V). 

Physical properties of the electrolyte appear to exert  
a relat ively small  but  still significant effect on the 
flow pattern, and hence on the C.E. The most pro- 
nounced effects a t t r ibutable  to differing physical prop- 

erties are found in the lower ranges of current  density 
and at re la t ively low temperatures  (Table VI and VII) .  
For all compositions investigated, it was found that in 
the range of 0.36-0.64 A /cm 2 C.E. rose as tempera ture  
decreased, but  the increase was far less marked in the 
high LiC1 melts. At high cur ren t  densities, C.E. was 
practically independent  of temperature.  At low current  
densities, viscosity exerts a dominant  effect on the rate 
of melt  circulation and on the rate of separation of 
globules from the cathode deposit. Thus higher vis- 
cosity will  tend to reduce the degree of back reaction 
at a part icular  current  density. The viscosity of the 
KC1-MgC12 b inary  increases quite strongly as the tem- 
perature is lowered from 850 ~ to 800~ since the lower 
temperature  is close to the liquidus, and in this system 
the strongest effects of tempera ture  on C.E. are to be 
expected. In the systems containing LiC1, the viscosity 
of the melts is lower and the effect of temperature  on 
viscosity is smaller because the cell operating tem- 
perature  range is well  above the liquidus. The result  
is that  in the 35 and 50% LiC1 melts  the C.E. changes 
very little between 700 ~ and 850~ 

At high current  densities, gas pumping  ra ther  than 
viscosity wil l  control the melt  circulation rate; con- 
sequently C.E. should show a relat ively weak depen- 
dence on temperature.  In  fact, above 1.5 A /cm 2 essen- 
t ial ly no change of C.E. with temperature  occurs at 
the 50% LiCl level, and only a i %  decrease is ob- 
served in the 35% melts as tempera ture  is changed by 
150 ~ 

Voltage and power e~ciency.--Gross cell voltage is 
the p r imary  factor de termining  specific energy con- 
sumption dur ing  electrolysis. Accordingly, an impor- 
tant  part  of the s tudy was the determinat ion of the 
total voltage required to main ta in  electrolysis, and the 
distr ibution of this voltage between components of the 
circuit as operating conditions were varied. Total 
operat ing voltages were measured between anode and 
cathode bus outlets of the power supply, and thus in- 
cluded components due to contact resistances at bus 
and electrode connections as well  as the conductor re- 
sistances of the anode, cathode shell, flexes, and elec- 
trolyte itself. Also included within  the over-al l  mea-  
sured values were overvoltages for both anode and 
cathode reactions. 

Table VI. Dependence of current efficiency on temperature at 
low-current densities 

Large Planar Electrode Cell 

C u r r e n t  C u r r e n t  
E l e c t r o l y t e  c o m p o s i t i o n  T e m p e r -  d e n s i t y  e f f i c i ency  

( w / o )  a t u r e  (~ ( A / c m  2) (%)  

19 MgCl2-81 K C I  850 0.36 83 
19 MgCle-81 K C I  800 0.36 90 
19 MgCI~-81 KC1 850 0.64 89 
19 MGC12-81 KC1 800 0.64 91 
21 MgCI~-75 KC1-4 L iCI  850 0.36 83 
21 MGC12-75 K C I - 4  LiC1 800 0.36 87 
21 MgCle-75 KC1-4 LiC1 850 0.64 87 
21 MgC12-75 K C l - 4  L iCl  800 0.64 88 
20 MgCh-45 KCI-35 LiCI 850 0.64 84 
20 i~gC12-45 K C i - 3 5  L i C I  700 0.64 85 
22 MGC]2-28 KCI-50 LiCI 850 0.64 66 
22 MgCI~-28 KCI-50 LiC1 700 0.64 67 

Table VII. Dependence of current efficiency on temperature at 
high-current densities 

L a r g e  P l a n a r  E l e c t r o d e  Cell  

C u r r e n t  C u r r e n t  
E l e c t r o l y t e  c o m p o s i t i o n  T e m p e r -  d e n s i t y  e f f i c iency  

( w / o )  a t u r e  (~  ( A / c m  e) (%)  

20 MgC12-45 KCI-35 LiCI 850 1.50 91 
20 MgC12-45 KCI-35 LiCI 700 1.50 90 
22 MGC12-28 KC1-50 LiCl 850 1.50 90 
22 MgCl2-28 KCI-50 LiCI 700 1.50 90 
22 MgC12-28 KCI-50 LiCI 650 2,00 86 
22 MgCl~-28 KCI-50 IACI 700 2.00 86 
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The least reproducible components were those arising 
at contact resistance. Voltage drops at each accessible 
contact point were checked dur ing runs, but  the contact 
voltages at in terna l  connections and the resistive volt-  
age drop through the anode could not be measured 
directly when the cell was operating. Experience 
coupled with resistivity measurements  made on cell 
components before assembly, indicated that the un -  
cer ta inty introduced by variat ion in  these components 
did not exceed 0.02V, bu t  no a t tempt  was made to 
rout inely  determine voltages with greater accuracy 
than this. 

Measurements were made of resistances of all com- 
ponents of the cell circuit at room temperature,  and all 
accessible components were checked again at operating 
temperature.  The resistance of the path through the 
electrolyte itself could be calculated with good ac- 
curacy for the MgC12-KC1 binary,  and  with somewhat 
less confidence for the LiC1-KC1-MgC12 ternary.  The 
total  cell resistance may be compared with the resist- 
ance estimated from the gradient  of the plot of total 
cell voltage vs. total cell cur rent  and agrees to within 
2%. Over the current  range of 500-2000A, cell-voltage 
requirements  changed by 2.5V in  the case of the best 
conducting electrolyte, containing 50% LiC1. 

The voltage loss in connectors, electrodes, and con- 
tacts ranged from 0.42 to 1.31V as current  density 
ranged from 0.64 to 2.0 A /cm 2. The greater part  of this 
ohmic loss occurs wi th in  the upper  thin section of 
the anode, and at the anode-connector contact. In  a 
normal  production scale cell, both resistances would be 
halved. The relat ively high experimental-cel l  resistance 
causes the power requi rement  to be exaggerated, and 
the power efficiency to be understated. In Table VIII, 
the directly measured power requirements  for repre-  
sentative electrolytes are compared with figures typical 
o~ conventional  production scale cells. 

An impor tant  check on cell operations was afforded 
by measurement  of the open-circuit  emf developed 
when current  was in ter rupted  after steady-state elec- 
trolysis had been established. Reproducible values of 
back emf were at ta inable after only 1 or 2 min  of elec- 
trolysis, and these values remained constant unt i l  elec- 
trode products had been dispersed, which took several 
minutes.  

No at tempt was made to determine t ransient  com- 
ponents of the emf with decay times of less than 0.01 
sec, and t ransients  with decay times greater than this 
were detected only at the highest levels of current  
density. 

The open-circuit  emf values measured in this way 
agreed with values calculated from the free energy of 
formation of MgC12 and the excess free energy of solu- 
t ion in a part icular  solvent (7, 8). Typical data are 
shown in Table IX, from which it is apparent  that the 
voltage increase a t t r ibutable  to nonideal i ty or com- 
plex- ion formation is markedly  less in pure LiC1 than 
in solvents containing KC1. At 600~ in 20% MgC12 
solutions, the difference is a significant contr ibutor  to 

Table VIII. Specific energy requirements for metal production in 
conventional cells and in large planar electrode cell 

S y s t e m  

Specific 
Cur ren t  ene rgy  

Curren t  Cell vol tage e fi~.- ( kw-h r /  
dens i ty  m e a s u r e d  ciency lb Mg  
(A /cm 2) (full-scale) (%) measured)  

Convent ional  Dow 0.5 
Convent ional  I .G.- 

M.E.L. 0.6 
Sloped electrode, 

20 MgCll-g0 KCI 0.64 4.65 
Sloped electrode,  

20 MgCh-80 KC1 1.09 5.75 
Sloped electrode,  

20 MgCl.~-45 KC1- 
35 LiC1 1.50 5.40 

Sloped electrode, 
22 MGC12-28 KC1- 
50 LiCI 1.50 5.10 

7.0 85 8.2 

6.5 85 7.6 

- -  8 9  5.2 

- -  8 8  6 . 5  

- -  9 1  5 . 9  

- -  9 0  5 . 7  

Table IX. Comparison of cell open-circuit emf and calculated 
decomposition potential for MgCI2 

Electrolyte 
composi t ion Te mpe r -  Reverse  Decomposi t ion 

(w/o)  a ture  (~ emf  (V) potent ia l  (V) 

20 MgC12-8O KC1 800 2.75 2.71 
20 MgC12-80 KC1 850 2.70 2.68 
20 MgC12-S0 LiC1 775 2.55 2.50 
20 MgC12-80 LiC1 850 2.45 2.45 

the lower energy requi rement  for production of Mg 
from the high LiC1 electrolytes. 

Conclusions 
The vert ical-electrode cell designed for the study of 

reduction of MgC12 has proved capable of yielding 
data on current  efficiency consistently to wi thin  0.5% 
in relat ively short exper imental  runs. The cell is adapt-  
able to study of similar electrolytic processes in which 
metal  of higher density than the electrolyte is de- 
posited as a l iquid at an inert  cathode and chlorine is 
evolved at the anode. 

One of the most pleasing features observed in operat- 
ing the cell with the magnes ium system was the ease 
with which it was possible to form and collect a very 
clean pad of metal  on the base of the cell; indeed, this 
factor made it possible to use an underflow weir to 
collect metal without dis turbance of the electrolysis 
compartment.  The abil i ty to operate without opening 
the cell was undoubtedly  a major  factor responsible 
for the absence of sludging. Over the course of several 
months, no noticeable oxide bui ldup occurred in either 
the electrolysis chamber or the tapping weir. Melt 
samples at all stages were water  clear, fur ther  con- 
firming the absence of oxide wi th in  the cell. 

The Mg system studied is one in which the liquid 
metal  is deposited at a cathode of mild steel inclined 
at a small  angle to the vertical, and accumulates to 
form a coherent layer at the base of the cell. Chlorine 
evolved at the anode causes vigorous circulation of the 
electrolyte by gas-lift  pumping.  The anode gas flowing 
upwards is released through the surface of the electro- 
lyte, or may recirculate in  a complex flow pat te rn  in-  
volving vortex production at the surface and formation 
of a well-defined foam layer. 

The gas-l iquid system has proved amenable  to study 
in a room-temperature  hydrodynamic model, and by 
this means the important  parameters  which promote 
the l iberat ion of gas from an electrode system of given 
A.C.D. have been identified. The main  geometrical 
factors are the surface area of melt  available to the 
electrodes, the depth of liquid in the zone above the 
electrodes, and the angle of incl inat ion of the elec- 
trodes to the vertical. 

The cell data and the model studies support the con- 
clusion that  the ma in  factor which determines the de- 
gree of back reaction between electrode products is 
the contact between the anode-gas envelope and the 
metal  on the surface of the cathode or dispersed wi thin  
the electrolyte near  the cathode. The main  support for 
this view is provided by the way in which current  effi- 
ciency measurements  conform to changes of flow pat-  
t e rn  produced by changes of electrolyte depth, A.C.D., 
and current  density. 

The hypothesis that  the reaction at the interface 
between chlorine gas and metal  is the prime mecha- 
nism for reduction of faradaic yield is also in agree- 
ment  with recent measurements  of the relat ive rates 
of reaction between magnesium metal, either dissolved 
or dispersed wi th in  the melt, and chlorine gas, again 
either dissolved or dispersed in the electrolyte (9). The 
inference from these react ion-rate  studies is that  only 
the reaction between l iquid magnesium and chlorine 
gas can yield over-all  rates sufficiently high to account 
for observed rates of loss of metal. 

Addit ional  support is obtained from the way in which 
physical properties of the electrolyte affect the current  
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efficiency. Bas ica l ly  two types  of flow reg ime are  pos-  
s ible in the  e lec t ro ly te -anode  gas system: one p redomi -  
nates  at  low cur ren t  density,  and is control led  by  vis-  
cosity, whi le  a second, control led  by  gas-evolut ion  rate,  
becomes es tabl ished at  high cu r ren t  density. Conse- 
quently,  the  var ia t ion  of cur ren t  efficiency wi th  t em-  
pe ra tu re  is l a rger  at lower  cur ren t  densit ies and in 
mel ts  of high viscosity. 

Cell  exper iments  have  demons t ra ted  tha t  the  sys tem 
using para l l e l  e lectrodes incl ined at a smal l  angle to 
the ver t ica l  wi th  main ly  downward  flow of meta l  is ac- 
t ua l ly  more  efficient than  the  convent ional  system for 
Mg product ion in which both meta l  and  gas flow to-  
w a r d  the top of the  cell. The improvement  is such tha t  
cur ren t  efficiencies above 90% are  a t t a inab le  at cu r -  
ren t  densi t ies  of 1.5 A / c m  2, some three  t imes  the op-  
e ra t ing  level  of the  convent ional  cells. 

The improved  opera t ing  character is t ics  of cells wi th  
the  counterflow separa t ion  of e lec t rode  products  lead 
to higher  power  efficiencies and much lower  specific 
energy requirements .  Pe r fo rmance  figures for the cells 
are  compared  wi th  those for convent ional  types  in 
Table  VIII.  

I t  is recognized tha t  to demons t ra te  the  ab i l i ty  of 
new systems of the  present  type  to sustain cur ren t  effi- 
ciencies over  ve ry  long per iods  of operat ion,  and to 
assess the effects of opera t ing  d is turbances  tha t  might  
occur under  indus t r i a l -p lan t  conditions,  a su i tab ly  
long- te rm pi lot  p lan t  evaluat ion  wil l  be necessary.  In 
this  program,  evalua t ion  of the  durab i l i ty  of cell  m a -  
terials,  the  s tab i l i ty  of the  geometry,  and the effects 
of progress ive  bu i ldup  of even minute  concentrat ions  
of contaminants ,  wil l  al l  be of the  highest  importance.  
I t  is again  emphasized tha t  the da ta  obta ined in the  
present  p rogram refer  to a r e l a t ive ly  smal l  e lement  of 
a commercia l  cell, and to one opera t ing  under  r igorous  
condit ions of control  wi th  h i g h - p u r i t y  mater ia ls .  

Subjec t  to these qualifications, it  appears  tha t  the  
most  impor tan t  benefit  conferred by  the new system is 
the  increase in output  a t t a inab le  f rom a cell  s t ruc ture  
of given shell  dimensions.  This resul ts  d i rec t ly  f rom the 
ab i l i ty  to opera te  at h igh cur ren t  dens i ty  wi th  r e l a -  
t ive ly  high cur ren t  efficiency and at  low in te re lec t rode  

spacing. I f  no addi t ional  engineer ing problems  are  re -  
vealed dur ing scale-up,  so that  the  exper imen ta l -ce l l  
data  can be t rans la ted  d i rec t ly  into per formance  of 
ful l-scale units, then the ini t ia l  capi ta l  cost of the elec- 
t rolysis  p lant  can c lear ly  be subs tan t ia l ly  reduced.  

Besides contr ibut ing to lower ing the  cost of magne-  
sium metal ,  a less expensive  cell  improves  the case for 
using magnes ium meta l  as a reducing agent  in the 
CRASO process (10) for manufac tu re  of a luminum 
from A1C13. In the CRASO process a combined elec- 
t rolyt ic  cell  and chemical  reactor  is used, and the cell  is 
the  main  i tem of capi ta l  expense. 
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ABSTRACT 

The fiber textures of nickel electrodeposits grown in the presence of un -  
saturated organic compounds are studied by x- ray  diffraction and shown to 
be related to the nature  of the unsa tura t ion  present  in the molecule. The 
s t ructural  env i ronment  of this unsatura t ion  influences the magni tude  of the 
additive activity. A number  of compounds with an ethylenic unsatura t ion were 
extensively studied. The [110] axis fiber texture is then preferent ial ly  formed. 
In  the presence of other compounds, e.g., acetylenic or aryl-sulfonic com- 
pounds, the fiber texture is [100] or [211]. These modifications of crystal 
growth are interpreted by the adsorpt ion-hydrogenat ion-desorpt ion process. 
The nature  of bonds between the metallic surface and the adsorbed molecule 
can differ according to the unsaturat ion,  and so the quant i ty  of adsorbed hy- 
drogen atoms involved in the hydrogenat ion step. 

It is known that the addition of extremely small 
quanti t ies  (10-~-10 -3 molar)  of a wide var ie ty  of 
organic compounds in electrolytic solutions for nickel 
deposition, considerably modifies the mechanism of 
crystal growth of the deposit. The activity of an organic 
molecule depends on the presence of certain types of 
unsaturat ions  between atoms of carbon, nitrogen, and 
oxygen (or certain sulfur-containing radicals).  Nu- 
merous unsatura ted compounds, of various and often 
complex structure have been classified by Brown (1, 2) 
and Saubestre (3,4).  These additives are considered 
as "brighteners" or "leveling agents." The leveling 
effect, which is a macroscopic phenomenon related to 
t ransport  of the molecules toward the cathode by con- 
vective diffusion, is not considered here. We are in ter -  
ested only in modifications of the s t ructural  properties 
of the deposit and par t icular ly  the fiber texture  and the 
grain size. The lat ter  is of interest  because the br ight-  
ening effect is related to the abil i ty of the metal  to be 
deposited as small  crystallites. 

Only f ragmentary  exper imental  data and theory are 
available concerning the fiber tex ture  formation in the 
presence of organic compounds. In this mode of crystal 
growth, all the crystallites consti tut ing the deposit 
present  the same (hkl)  axis perpendicular  to the cath-  
ode plane. No theory exactly accounts for the experi-  
menta l  observations, even if organic molecules are not 
present  in the electrolytic solution. Among the factors 
proposed in these theories to cause a fiber texture, are 
the cathodic overvoltage in the two-dimensional  nu -  
cleation (5), or the hydrogen coverage modifying the 
growth rates of the different crystal  faces (6) The 
eventual  s t ructural  defects of metallic lattice may also 
play a major  role. When the organic molecules are 
present  in the electrolyte, sparse results appear in the 
l i terature:  DuRose (7) points out that  acetylenic al-  
cohol favors a [211] texture;  Well notes the presence 
of a [100] tex ture  due to coumarin  (8) ; Leidheiser and 
co-workers (9, 10) relate the grain size and the or ienta-  
t ion of deposit to the chemical s tructure of the com- 
pounds, which were, however, studied in only one con- 
centration. 

Now it appears that  a systematic study on how the 
fiber textures are modified, or initiated, by the presence 
of  organic compounds and how this phenomenon  is 

Key words: adsorption, ethylenic alcohols, fiber texture axis. 

affected by their chemical structure, is a good method 
to reach a bet ter  knowledge of their role. This role 
seems essentially to modify the sites of incorporation 
in the crystal  lattice of the nickel ions, certain sites 
being blocked by adsorbed molecules. The relat ion be- 
tween activity and unsatura t ion suggests indeed the 
formation of interactions between ~-orbitals and me- 
tallic atoms of the cathode, as in a hydrogenat ion re- 
action over a nickel catalyst. As exper imental  proof 
of the electrolytic hydrogenat ion of unsatura ted  bonds 
on nickel, Rogers and Taylor  (11), introducing 2-bu-  
tyne 1,4 diol or c innamic alcohol into a Watts-type 
solution, after electrolysis, recovered the saturated 
derivative in  yields exceeding 90%. 

Experimental Procedure 
Choice of organic compounds.--Among the numerous  

unsa tura ted  compounds classified by Brown and by 
Saubestre, a simple and interest ing choice is that  of 
doubly or t r iply bound carbon atoms; the ethylenic 
bond permits greater possibilities in the choice of the 
environment ,  in that  the number  of variable adjacent  
substi tuents is four instead of two, and the reduc- 
t ion in a single step to the saturated state can simplify 
the unders tanding  of the involved phenomena.  We 
have therefore chosen to study the ethyIenic alcohols. 
These have a good solubili ty in  Watts solution and 
there are no problems of pH change which may result  
from organic acids. It is, however, necessary to verify 
that there is no specific effect of the alcoholic hydroxy 
group. Thus, we selected fourteen compounds, start ing 
wi th  the simplest ethylenic alcohols with an aliphatic 
chain of four carbon atoms; this permits  comparison 
with an acetylenic additive, 2-butyne 1,4 diol, which 
is, in practice, one of the most important  brighteners.  
In  order to determine the possible action of the al-  
coholic hydroxy group, we have also studied four 
saturated compounds. Table I gives the formula, 
preparation,  and control of pur i ty  for each organic 
compound used. 

Study of the deposits.---Taking in account our ob- 
jective, we at tempted to relate the action of organic 
compounds to the s t ructural  properties of the electro- 
lytic deposit, par t icular ly  the fiber texture. To deter- 
mine  the latter, we used x-ray diffraction at an oblique 
angle. An apparatus with a cylindrical  chamber  al- 
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Table I. Formula, preparation, and purity control for organic 
compounds 

Organ ic  compound  F o r m u l a  Or ig in  Control of pu r i t y  

Bu tane- l ,4  diol 

Cyclohexane- l ,2  diol, cts 

Cyclohexane- l ,2  diol, brans 

CH.~--OH--CHr--CH2---CH~--OH Commerc ia l  product ,  Prolabo,  F rance  bp 280~ 

(a) 103~176 VPC, IR mp  

OH OH 

OH 

(b) m p  97~ VPC, IR 

Cyclohexane- l ,4  diol, cis Commerc ia l  product ,  Prolabo, France  mp  98~176 

2-Butene- l ,4  diol, c/s HOCH~---C=C--CH~OH (~) 
I [ 

H H 

2-Butene- l ,4  diol, t rans  H (,~) 

H O C H ~ - - ~ =  C--CH~OH 
I 

H 

2-Butene-1 oi, c/$ CHa--C=C--CH20H c~ 
I I 

H H 

2-Butene- I  ol, tran~ H (f) 
I 

CH*---C = C---CH2OH 
I 

H 

~,-Phenyl p r o p y l  a l coho l  CeHs--CH2---CH2--CH2CH (r bp 92~ 
VPC 

Cinnamic  alcohol, cis C~'I~--C=C--CH~0H c~ VFC, IR  
I I 

H H 

Cinnamie  alcohol, t rans  H Commerc ia l  product ,  Givaudan ,  F rance  VPC, IR 
I 

C6I-Is--C = C--CH2OH 
I 

H 

Dimethy l  malea te  CI~OCO OCOCHa (~) VPC, IR 
I I 

C = C  

H H 

Dime thy l  f u m a r a t e  CHsOCO H o) VPC, IR 

[ ~COCH3 H 

C Commerc ia l  product,  To tua r t  et  Mat ig-  m p  S6~176 Coumar in  CH~-. H non, France  

I 
~-~ 0/C~0 

bp 139~176 under  19 m m  Hg,  
nD ~0 = 1.478, VPC 

bp 112~ unde r  4 m m  Hg, 
VPC 

bp 123 ~ , 6~ unde r  707 m m  
Hg, VPC, IR 

bp 120 ~ , 6~ under  767 m m  
Hg, VPC, IR 

u n d e r  0.5 m m  Hg, 

The noncommerc ia l  products  were  synthe t ized  in this labora tory  as indicated.  
ca~ I-Iydroxylation of cyclohexene by Woodward ' s  procedure  (iodine and s i lver  aceta te  in we t  acetic acid),  and subsequent  saponification by 

a hydroalcoholic  po tass ium hydrox ide  solution. VPC analys is  showed only one product  exc lud ing  the presence  of the t rans  isomer.  
(b> Hydroxy la t ion  of cyclohexene by P revos t ' s  procedure  (iodine and si lver  benzoate in dry benzene) and subsequent  saponificat ion by  a 

hydroalcoholio po tass ium hydrox ide  solution. VPC analysis  showed only one product  exc luding  the presence of the eis isomer.  
(r Selective hydrogena t ion  of pure  2-butyr ic- l ,4  diol over  Lindlar ' s  catalyst  and subsequen:  fractiona~ion under  reduced  pressure .  VPC 

analysis  showed only one product ,  exc lud ing  the  presence of the acetylenic s t a r t ing  materi~l ,  the e thylenie  t rans  isomer,  and  the sa tura ted  
corresponding compound.  

(4) Hydrolys is  of pure  trana 1,4-dibromo-2 butene by an aqueous solution of sodium carb ,mate  and  purif ied by  crystal l izat ion and  subse-  
quen t  dist i l lat ion unde r  reduced  pressure .  V P ~  analys is  showed only one product.  The s l a r t i ng  ma te r i a l  w a s  p repa red  by  addi t ion of bro-  
m i n e  to hu tad iene  in  chloroform solution and purif icat ion by  fract ional  crystall ization. 

(e) Select ive hydrogena t ion  of the cor responding  pure  aeetylenic alcohol over  Lindlar ' s  catalyst  and subsequent  f ract ional  distillation. VPC 
analysis  showed only one product  exc luding  the  presence of the acetylenic s t a r t ing  mater ia l ,  the t rans  isomer,  and the sa tura ted  correspond-  
ing  compound.  

(O Reduct ion of  erotonaldehyde by l i th ium a l u m i n u m  hydride ,  followed by f rac t ional  disti l lation. VPC analys is  showed only one product.  
(g) Reduct ion of commerc ia l  e innamic  alcohol by l i th ium a l u m i n u m  hydr ide .  
{u~ Select ive hydrogena t ion  of the cor responding  acetylenie compound over  L ind la r ' s  ca ta lys t  and subsequent  dist i l lat ion under  reduced 

pressure  (0.5 m m  Hg) .  VPC and IR analysis  exc luded  the p r e se nc e o f  the aeetylenie s t a r t ing  mater ia l ,  the e thylenie  t rans  isomer,  and the  
sa tura ted  corresponding compound.  

(4) Reaction of d imethy l  sulfate wi th  male ic  acid disodium salt. VPC and  IR analys is  showed  only one product ,  exc luding  the presence of 
the  t rans  isomer.  

cJ~ Reaction of d ime thy l  sulfate wi th  fumar i c  acid d isodium salt. VPC and  IR analys is  showed  only one product  exc lud ing  the presence of 
the  c/a isomer.  

lowed us to obtain diffraction pat terns  in the form of 
concentric circles. The presence of an oriented crystal  
s t ructure is manifested by an enhancement  of the in- 
tensity at certain points on the circles. The orientat ion 
is deduced directly f rom the position of the spots, wi th  
the aid of charts established by Bozorth (12). Uni form 
ci rcumferent ia l  intensity of the rings corresponds to a 
sample devoid of prefer red  orientation. 

We have also studied the deposits in the electron 
microscope. The crystal  habits are examined by the 

medium of surface carbon replicas. In certain cases, 
thin foils of der osit are also examined by transmission. 
This examinat ion allows us to measure the width  of the 
crystallites. 

It is convenie:]t to measure  also the average height  of 
the crystallites. In fact, we determined the roo t -mean-  
square roughness, ~, of the surface by a spectrophoto- 
metr ic  method (13). This method is an application of 
the theory of reflection of electromagnetic  waves for 
the cases where the dimensions of the i rregular i t ies  of 
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the surface are much less than one wavelength.  The 
diffuse (Rd) and global (Rt) reflection factors of the 
surface are recorded as a function of the wavelength 
from 0.25 to 2.5 ~m. The roughness a i.~ related to the 
ratio Rd/Rt by Rd/Rt = 4~z/~ 2 and it is characteristic 
of an average roughness of the deposit over an ex- 
tended area (of the order of 0.3 cm2). One can thus as-  
s o c i a t e  a simple quant i ta t ive  factor with the "bright-  
ness" of the surface, an essentially subjective concept 
which is an interpreta t ion of the relative fraction of 
the specularly reflected luminous  energy. The simul- 
taneous determinat ion of a and of the lateral  grain di- 
mensions, estimated by electron microscopy, permits 
complete characterization of the br ightening action of 
an additive. 

Preparation o] the deposits.--The electrolytic nickel 
deposits were all obtained from a Watts solution of the 
following composition: 300 g/ l i ter  NiSO4.7H20,  35 
g/ l i ter  NiC12-6H20, 40 g/ l i ter  I-L3BO3. The tempera-  
ture was 50~ and the pH was 4.5. The electrolytic cell 
has a volume of 200 cm ~, and the solution was stirred by 
a revolving paddle. Both position of the stirrer, with 
respect to the cathode, and its speed of rotat ion were 
kept constant from one experiment  to another. As 
certain additives are t ransported to the cathode by 
convective diffusion, their concentrat ion near  the cath- 
ode surface depends on the speed of stirring. The solu- 
ble anode of nickel was large compared to the cathode. 
It was important  that  the anode be ul trasonical ly 
cleaned after each use, because pits in the anode can 
retain decomposition products of the additives. Our 
analytical  technique required a deposit of several 
square centimeters, or spectrophotometric and electron 
microscope studies, the cathodic substrate was the 
plane face of a brass cylinder, 23 mm in diameter, pre-  
pared with abrasive papers, and then polished with 
different diamond pastes to 1 ~m size. For the x-ray 
study, a sheet of brass was used which was later dis- 
solved in a mixture  of sulfuric and chromic acids, 
leaving the deposits stripped of their substrates. We 
adopted a constant 15 ~m thickness for all the deposits 
studied here by main ta in ing  the electrolysis for a time 
inversely proport ional  to the employed current  density. 
The results are presented, as most authors have done, 
as a function of "current  density" since deposits were 
produced under  galvanostatic control and not by a con- 
trol of the cathodic overpotential.  The results have a 
slightly different presentat ion when expressed in the 
one or the other parameter,  because the additives can 
change the overpotential.  

Experimental Results 
The experimental  results are presented in the form 

of graphs where the abscissa is the current  density at 
which the deposit was prepared, and the ordinate is the 
concentrat ion of additives. The abscissa therefore cor- 
responds to the distr ibution of textures for a Watts 
bath devoid of additives. In Fig. 1, we have reproduced 
the pH-potential  diagram of textures (14) for this 
Watts bath. At a pH equal to 4.5, the succession of 
orientations with increasing current  density is [110], 
[211], [100], [110]. We must  note that, at low pH, the 
[211] orientat ion does not exist; instead, a [210] tex- 
ture appears, corresponding to deposits with a strong 
hydrogen inclusion. 

However, the cur ren t  density at which one texture  is 
replaced by another  one is a somewhat fluctuating 
value; this value is very sensitive to a number  of fac- 
tors, such as the geometry of the cell; for example, ac- 
cording to this geometry, the current  density corre- 
sponding to the t ransi t ion from [110] to [211] can pos- 
sibly change from 0.5 to 1 A/dm2. Even for a well-  
defined cell geometry, the current  density correspond- 
ing to this t ransi t ion must  be considered as a medium 
value, because we general ly observe the coexistence of 
the two types of crystallites with [110] and [211] fiber 
axis texture  between 0.5 and 1 A / d m  2. An analogous 
phenomenon exists for the t ransi t ion from [211] to 

POTENTIAL  vs. 5 . C , E  (V )  
0.7 0.8 0 9  1.0 11 

~.0 ' ' ' ' 

~ 3.0 
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0.5 1 3 8 20 

CURRENT DENSITY (A/d in  2) 

Fig. 1. Diagram of oH-potential (or current density) for deposits 
obtained in a Watts-type solution. Temperature 50~ 

[100]: the t ransi t ion between two fiber textures is 
never  sharp, but  general ly gradual. 

In the following exper imental  results, we limited 
ourselves to a range of cur ren t  densities from 0.5 to 20 
A / d m  2, because in the presence of organic additives, 
the deposits are general ly poorly formed at high cur-  
rent  densities. This range excludes the [110] texture 
which appears in the deposits placed under  a high cur-  
rent  density in a Watts bath. In Fig. 2, 3, 5, and 6, the 
displacements of the current  densities corresponding to 
the change from [110] to [211], and from [211] to 
[100] texture are shown as the concentrat ion of organic 
additives increased. A medium value of the t ransi t ion 
current  density is retained to draw the lines separating 
the regions of existence of each orientation. 

These graphs show two characteristics of the addi- 
tives. The first is the texture  axis favored by the pres- 
ence of the additive, which characterizes its action on 
the mode of crystal growth. Second, for a specific 
growth mode, it is useful to be able to associate a quan-  
t i ty to the activity of each compound. The concentra-  
tion, Cm, of the additive, at which the texture  charac- 
teristic of a Watts bath without  additives is replaced 
by the texture characteristic of the additive for a cur- 
rent  density of 3 A/d in  2, was selected. The choice of 
3 A / d m  2 is somewhat arbi t rary;  it is a current  density 
used in practice and at which the deposits in the Watts 
bath present the [211] texture;  now, the [211] orienta- 
tion can be considered as typical of the Watts bath 
free of active organic additives, as it general ly dis- 
appears as soon as such compounds are present  in  the 
electrolyte. 

For  a part icular  texture,  several habits  can exist. In  
certain cases, the regions of existence of the texture  
are separated in "sub-regions" corresponding to the 
different habits, see Fig. 2, 3, 5, and 6. 

In  Table II, the main  characteristics of the deposits 
obtained in the presence of the studied additives are 
summarized. The table shows the texture axis favored 
by the additive, the value of Cm, and the min imum 
value of rms roughness, am, of the deposits obtained in 
the presence of the additive. In  certain cases, the type 
of the more common habit  is given. 

The unsatura ted compounds are general ly employed 
up to the max imum concentration, above which the 
deposits have poor mechanical  resistance, as a result  of 
excessive in terna l  stresses. This explains the different 
ranges of the additive concentrations, on Fig. 2, 3, 5, 
and 6. But we should be able to fur ther  increase the 
concentrat ion of the saturated additives, without  dam- 
aging the deposits. 

Figure 2 points out the specificity of the role of each 
unsatura ted bond. Butane- l ,4  diol, even at high con- 
centrations, does not modify the texture and the rough-  
ness of the deposits. The slight effect observed for 
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Table II. Characteristics of deposits 

Fig- 
ure F a v o r e d  Cm, am.  

C o m p o u n d  No. t e x t u r e  H a b i t  m M  A 

2 B u t y n e - l , 4  d i a l  2c W e a k  [211] - -  ~ 50 
B u t a n e - l , 4  d i a l  2a No effect  ~ ~ 580 
C y c l o h e x a n e - l , 4  d i a l  - -  No effect  -- -- 570 
C ~  e y c l o h e x a n e - l , 2  d i a l  - -  No effect  - -  - -  520 
Trans  c y c l o h e x a n e - l , 2  d i a l  - -  No effect  -- ~ 600 
Trans  2 b u t e n e - l , 4  d i a l  2b [110[ 2- fo ld  sym.  2.5 450 
Cis 2 b u t e n e - l , 4  d i a l  3a [110] 5- fo ld  sym. 1.5 150 
Trans  2 bu t ene -1  ol  3c [110[ 2- fo ld  s~m. 1.5 600 
Cis 2 bu t ene -1  ol  3b [110] 2 - fo ld  sym. 0.7 400 
P h e n y l p r o p y l  a lcoho l  5a [110] " C a u l i f l o w e r "  0.8 800 
T r a n s  c i n n a m i e  a lcoho l  5c [110] 5-fold  sym. 0.4 300 
Cis c i n n a m i c  a lcoho l  5b [110] 5- fo ld  sym. 0.4 400 
D i m e t h y l  f u m a r a t e  6b [100], t h e n  -- 0.5 300 

w e a k  
[110] 

D i m e t h y l  m a l e a t e  6a [100], t hen  - -  0.4 150 
w e a k  
[110] 

C o u m a r i n e  6c W e a k  [110] " C a u l i f l o w e r "  0.1 200 
S o d i u m  b e n z e n e s u l f o n a t e  [100] - -  3 100 

concentrations higher than 25 mM can be explained 
because the cathodic surface is crowded by numerous  
organic molecules, which hinder  the discharge of nickel 
ions. The small  size of the crystalli tes which develop 

when 2-butyne- l ,4  dial  is present  in  the solution makes 
s tudy of this compound difficult. Recent results seem 
to indicate that  2 bu tyne - l , 4  dial favors the growth 
of the [211] fiber texture, or more exactly that  it in- 
volves the disappearance of all orientations, except the 
[211] axis texture. These results obtained by a gonio- 
metric method of x - r ay  diffraction (15) are at the 
present time difficult to construe for the 2-butyne- l ,4  
dial concentrat ions higher than  5 mM. In  this case, the 
br ightening is effected by a reduction in all crystal 
dimensions, with conservation of the habits, at least 
down to crystalli tes too small to be observed on the 
replicas by the electron microscope. 

In the presence of 2 butene-l ,4  dial, the region of 
existence of the [110] texture  is extended, ini t ia l ly at 
the expense of the [211] texture. The [110] texture 
exits at all cur rent  densities when the concentrat ion of 
the addit ive attains 7.5 raM. The [110] oriented crystals 
are always large (16) and this fact can explain why 
the activity of ethylenic compounds in the electroplat- 
ing bath went  unnot iced by authors who only observed 
their br ightening effects. The region of existence of 
the [110] orientat ion is separated in three sub-regions, 
and analogous separation is effected on the graphs of 
Fig. 3. These graphs are relative to three ethylenic al- 
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Fig. 4. Three typical habits of deposits with [110] axis fiber 
texture: two-fold symmetry (a), five-fold symmetry, (b) and cauli- 
flower-like habit (c). 

cohols, which evident ly  show the same effect in  electro- 
plat ing as does trans 2 butene- l ,4  diol. However, the 
difference in the number  and position of the funct ional  
groups around the double bond involves the difference 
of activity. 

In  the region marked  [11012, the habi t  is constituted 
by large pyramids  of two-fold symmetry  formed 
around a twinn ing  plane at the  center  of the grain 
(Fig. 4a). The angles between the faces [two (111) 
planes and two (100) planes] and the base of the de- 
posit are 35 ~ or 45 ~ , respectively. The growth mode 
of these pyramids is similar to that  of pyramids having 
a [211] axis, where the faces are placed symmetr ical ly  
around twinn ing  planes. Therefore, replacement  of a 
[211] orientat ion by a [11012 does not constitute a 
significant s t ructural  change by the additive. 

In  the region marked [110]~, the crystallites are ar-  
ranged in a star a round five twinning  planes (Fig. 4b), 
the angles between the faces [(111) planes] with the 
basal plane are 35 ~ In  a Watts solution without  addi- 

tives, at a pH equal to 4.5, this habit  is only found at 
low overpotential.  It  characterizes a crystal mode pro- 
duced by defects; the five-fold symmetry  requires a 
min imal  nucleat ion energy, as was shown in the case 
of vapor growth (17). In  the last region marked  "de- 
generate [110]," where the x - r a y  diffraction indicates 
only a weak [110] orientation, very small  pyramids 
derived of five-fold symmetry  pyramids are lumped 
to form irregular  hummocks with a "cauliflower-like" 
appearance (Fig. 4c). The habit  is no longer l imited 
by crystallographic planes with simple indexes. This 
habit  characterizes a very per turbed crystal  growth. 

The comparison between the activity of the four 
ethylenic alcohols shows a somewhat higher activity of 
the monoalcohols toward the dialcohols, and a higher 
activity of the cis compounds, toward the trans homo- 
logous compound: the Cm values and the ~ values are 
lower for the cis compound than those for the trans 
homologue, at all current  densities (16). The differences 
in r are related to the formation of the several types of 
habits. In  the presence of the cis isomer, the habit  with 
five-fold symmetry  and the disordered one occur at 
lower additive concentrations than  for the trans one. 

Figure  5 shows that a benzene r ing presents the 
same type of activity toward the plat ing process as 
does ethylenic unsaturat ion.  The similari ty of the ac- 
t ivi ty  seems perhaps surprising;  but, the enhancement  
of this activity in  respect to that  of ethylenic alcohol 
is in agreement  wi th  the results of Bockris and co- 
workers (18) that  have shown in  a similar  situation 
(adsorption on mercury)  that  the order of increasing 
activity is butyl  ~ phenyl  ~ naphtyl .  

The activity is fur ther  enhanced by conjugat ion with 
a double bond. The strong reactivity of the phenyl  
group masks the differences anticipated between the 
cis and trans isomers about the double bond. 

Figure  6 shows that  the three compounds present  a 
different kind of activity from those already described, 
which must  be due to the influence of the C : O  u n -  
saturat ion on the molecule-metal  interactions. We shall 
not dwell on the case of the esters, whose presence 
leads to a rapid disappearance of the [211] texture  zone 
of existence, with simultaneous preponderance of [100] 
and [110], followed by disorientation and varied habits. 
Examinat ion  of the habits and determinat ion of a 
values have shown, however, the formation of smaller 
crystall i tes in the presence of the cis compound, whose 
more accessible double bond favors the activity. In  the 
presence of coumarine, on the other hand, the [110] 
texture  is unequivocal ly  favored, although weak. The 
habit  is cauliflower-like, but  it becomes flat enough for 
lesser concentrat ions than  those of other ethylenic 
compounds. 

Discussion 
Using the growth of fiber textures in polycrystal l ine 

nickel deposits as an analyt ical  criterion, we have 
clearly established the specificity of different unsa tura -  
tions known to influence the course of electrodeposi- 
tion. Whereas the acetylenic bond favors the [211] 
axis fiber texture, the ethylenic bond favors a [110] 
orientation, and the aryl-sulfone group favors a [100] 
orientation. In  this work, we have part icular ly studied 
the role of some ethylenic compounds as addition 
agents in electrodeposition. Their  action can be in te r -  
preted by an adsorption-desorption process, accom- 
panied by hydrogenat ion of the adsorbed species before 
desorption. Our exper imenta l  results show that the 
neighboring of the unsa tura ted  bonded groups can 
modify markedly  the adsorption or desorption of the 
organic additives, and they are a mat ter  for a number  
of reflections. 

Comparison between cis and trans isomers.--The 
observed differences between the activity of cis and 
trans homologue alcohols or esters are easy to explain. 
The roughness of deposits, obtained in  the presence of 
cis compounds are always lower than  those obtained 
in the presence of trans homologues: the adsorption of 
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the cis isomer is facilitated by  a relat ively lower steric 
hindrance.  The number  of molecules lying on the sur- 
face is greater, thus more sites are occupied, and one 
observes formation of more crystallites of smaller  size, 
l imited in  their lateral  extension. 

Role of hydroxy group.--Our present  results seem to 
indicate that  the hydroxy groups cannot, when they 
are alone, establish adsorption interactions with the 
cathode dur ing the nickel electrocrystallization, which 
can lead to an al terat ion of texture. However, it is be-  
lieved that  butane- l ,4  diol possesses some properties of 
a weak inhibi tor  in the corrosion of iron (19), and also 
that  an  addition agent behaves very much alike in  both 
corrosion inhibi t ion and electrocrystallization. New- 
man  and colleagues (20) studied the role of bu tane- l ,4  
diol, 2 bu tene- l ,4  diol, and 2 bu tyne- l ,4  diol in the in -  
hibi t ion of cadmium and silver corrosion. They stated 
that  the organic additives are oriented in one case 
parallel  to the surface, and in the other case perpen- 
dicular to the surface. When the addit ion agent is ad- 
sorbed parallel  to the surface, although the main  inter-  
action takes place between the unsatura ted  site and 
the cathode, the hydroxy group may  establish some 
rather  weak interactions. By this way, we cannot ex- 

plain the higher activity of the monoalcohols toward 
the homologue dialcohols. We rather  consider that the 
hydroxy group can interact  with the consti tuents of 
the electrolyte, per turb  the charge transfer  reaction by 
subst i tut ing a complex metallic ion for the MOH + 
species normal ly  discharged by the Heusler mechanism 
(21), and therefore modify the adsorption rate. These 
associations also could per turb  the desorption rate. 
Examinat ion  of the habits tends to confirm the possi- 
bi l i ty of the discharge of complexed ions. The deposits 
obtained in  the presence of monoalcohols have more 
f requent ly  the [11012 habit. On the other hand, exami-  
nat ion of the replicas obtained in the presence of ali- 
phatic and cyclic saturated compounds shows a slight 
d iminut ion  of the crystall i te size and a clearer ap- 
pearance of the [11015 habit  as one passes from 
butene- l ,4  diol to cis 1,4 cyclohexanediol, then to trans 
1,4 cyclohexanediol, and finally to cis 1,2 cyclohexane- 
diol. This series of compounds is in a reasonable order 
for increasing the probabi l i ty  of complexing wi th  the 
solution. It would seem that, in this case, a number  of 
anions arrive complexed at the interface, where super- 
ficial crowding causes a slight d iminut ion  in the lateral  
extension of the crystallites. 
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Role o] phenyl r /ng . - -The  observed modifications of 
the fiber texture  suggest that  the phenyl  ring, when it 
is alone, is adsorbed by the same type of interactions as 
the ethylenic double bond. However, when  a double 
bond is present  in the molecule along with the phenyl  
group, the double bond has a higher probabi l i ty  of 
interact ion with the metal  than has the phenyl  group. 
One supposes that  the phenyl  group activates the 
double bond by enhancing the ~-electron density, bu t  
does not itself interact  directly with the surface. Ex- 
aminat ion of the crystal  habits permits  fur ther  prog- 
ress in the discussion of the phenomena.  The deposits 
obtained in the presence of the cinnamic alcohols gener-  
ally present a regular  [110] 5 appearance, and then these 
alcohols per turb  the crystal growth no more than the 2 
butene diols/or ols. In  contrast, the deposits obtained 
in the presence of phenyl  propyl alcohol, even at low 
concentrations, have the cauliflower habit, characteriz-  
ing an extensive crystallographic per turbat ion (even 
in the region marked [11012+5 on Fig. 5a, the habit  is 
i r regular  enough).  In  this case the phenyl  group only 
can interact  with the surface. These major  per turbat ions  
of the crystal form suggest that  the phenyl  group is flat 
on the surface. The size of this group is of the order 
of a uni t  cell on nickel, and it thus has a profound 
effect on the crystal formation. For the case of chemi- 
sorption of benzene in  heterogeneous catalysis, differ- 
ent models have been proposed: benzene chemisorbed 
flat on the surface with six bonds (22), or perpendic-  
ular  to the surface of catalyst with two bonds and rup-  
ture  of the r ing (23). But, for the case of electrocrystal- 
lization, the only experimental  evidence is that  the 
benzene r ing is always found intact after electrolysis. 
Dubsky and Kozak (24) have studied the products of 
reduction and decomposition for a series of sulfone 
compounds. The authors found that  the sulfur part  is 
included in the deposit, while the undestroyed aromatic 
r ing re turns  in the solution. The more probable model 
for the electrocrystallization then is the benzene mole-  
cule flat on the surface, adsorbed on nickel in the same 
way as an ethylenic double bond, but  the following 
steps, hydrogenat ion and desorption, are not clearly 
explained at the present  time. 

Competition between unsaturations.--The interest  in 
the study of the coumarin is that this study permits  
comparison between the interactions established by 
C = C  and C~-O with the cathode. The reduction prod- 
uct dis t r ibut ion studied by  Rogers and Taylor  (11) 
indicates that  the interact ion is preferent ial ly  located 
at the C : C  unsa tura t ion  of the lactone ring, rather  
than at the C----O unsaturat ion.  The melilotic acid (i.e., 
2 hydroxyphenylpropanoic  acid), hydrogenat ion prod- 
uct of the C----C double bond in the lactone r ing is al- 
ways present in much greater quant i ty  than o-hy- 
droxyphenylpropanol,  the reduction product of the 
carbonyl  group (it is the principal  product at low pH).  
One may therefore suggest that  the influence of C----O 
and C--C unsatura t ions  on electrodeposition follows 
the same mechanism of adsorption on nickel atoms, 
and then they are both hydrogenated, but  that  the car- 
bonyl  reduction at pH = 4.5 is more difficult, because 
this reaction requires the presence of more available 
H-adions than for ethylenic linkage. 

Once again, in this case, the stability of the pheny] 
group is evident:  inclusion of carbon-conta in ing frag- 
ments  has been extensively studied by tracer methods: 
Edwards and Levett  (25) have been able to show that  
the rupture  of a molecule of coumarin  occurs in the 
lactone ring, the carbon atom of which is included in 
the deposit, while the aromatic r ing is not destroyed 
and re turns  intact  to the solution. It  is l ikely that the 
melilotic acid and the other reduction products inter-  
vene in  a second stage in a similar manner  to that  of 
phenyl  propyl  alcohol and reinforce formation of the 
[110] axis fiber texture. The presence in the molecule 
of coumarin of different groups able to adsorb on 
varied sites of the surface may be a reason for its very 
great activity on the electrodeposition process. Once 

again, it is shown that  a phenyl  group, when  it is not 
alone in an otherwise saturated compound, cannot 
interact  by itself with the metal  surface but  enhances 
the activity of the double bonds conjugated with it. 

Role of hydrogen.--A last point of the discussion is 
the comparison of diagrams Fig. 2b, 3a, 3b, and 3c, 
with the pH overpotential  diagram of Fig. 1. It re- 
veals a remarkable  similari ty between the effect of in- 
creasing the concentrat ion of organic compounds, or 
decreasing the pH, and  especially in  the disappearance 
of the [211] texture. The difference between the area 
covered by the organic molecules, and that covered by 
H-adions  shows that  it is not  a simple effect of coverage 
but, rather, that of a modification of the charge t rans-  
fer reaction. In  fact, the reduction of the C--C un-  
saturation, by consuming substantial  quanti t ies of 
H-adions, displaces the equi l ibr ium H + ~- e 
H-adions and the reaction is dr iven to the right. The 
rate of this reaction may become as fast at pH : 4.5, 
as at lower pH in the absence of additives. This con- 
firms that  the hydrogen charge transfer  reaction plays 
an important  role in the formation of textures. 

We must  note that, in  certain cases (coumarin and 
esters), we observe a slight increase in the pH of the 
electrolyte dur ing the course of electrolysis: their  re- 
duction involves a consumption of a substant ial  quan-  
t i ty of H-adions, and evidently the boric acid is not 
able to furnish enough H + to adequately buffer the 
solution. 

Specificity of adsorption.--In the previous discus- 
sion, we referred to adsorption without  definition of 
the adsorption sites. However, the similari ty with the 
catalysis phenomenon suggests that  there is a possibly 
selective adsorption on the different crystallographic 
planes. DuRose (7) has tried to determine the adsorp- 
t ion sites, using spherical cathodes of monocrystal l ine 
nickel. Unfortunately,  this method is questionable in 
that  the adsorption is infer red  from modifications in 
the aspect of the sphere surface in regions correspond- 
ing to simple crystal l ine orientations. Now, the great- 
est difficulty is that  the init ial  plane (and the init ial  
orientation) of the substrate for the deposit intervenes 
only in the first moments  of nucleation, before the 
habit  is constituted. After  that, the interactions occur 
at the level of the growth-l imit ing faces, since the 
organic molecules are adsorbed on the crystal faces 
l imit ing the habit. Making deposits on a monocrystal -  
line substrate is of interest  only while growth figures 
l imited by other planes have not appeared on the sur-  
face. On the other hand, the modification of aspect is 
not a good cri terion and may correspond to very differ- 
ent phenomena:  for example, the br ightening can occur 
as a result  of a process corresponding to distinct 
mechanisms of the modification of crystal growth. 
There may be a similar reduction in all dimensions of 
the crystallites, or there may be a reduct ion of the sur- 
face relief without a decrease of the grain size. There 
is sometimes also a degeneracy of the habits. There-  
fore, a direct method does not exist to determine the 
adsorption sites. 

The determinat ion of adsorption sites would allow 
the use of bond energy calculations, such as Bond's 
(26) relative to alcynes, olefins, and conjugated diole- 
fins, to predict the most probable interactions between 
the unsatura ted bond and a crystallographic face; the 
comparison between experimental  data and energy 
calculations would permit  a bet ter  unders tanding  of the 
electrocrystallization mechanism. However, even in  the 
simplest case of the catalysis, the results obtained by 
LEED (27) on the adsorption of ethylene and acetylene 
on nickel monocrystals do not agree with the theory. 
The LEED results show a greater catalytic activity for 
the (111) face than  Bond's theory predicts. In  electro- 
crystallization, the complexity of the interface is very 
much greater than in  catalysis. The cathode-electro- 
lyte interface can never  be considered as a perfect and 
static plane, bu t  it is in continuous evolution. Even  
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before  the  format ion  of the growth  habit ,  and in the 
s implest  case of an ep i tax ia l  g rowth  on a monocrys ta l -  
l ine face, the edges of the  growth  steps present  the 
most favorable  sites for  adsorpt ion,  fu r the rmore  the  
appearance  of dislocations and twinning  crea te  add i -  
t ional  low-energy  sites. The possibi l i ty  of adsorpt ion  
on a c rys ta l l ine  face depends  on its perfect ion on an 
atomic scale, in a la rge  measure.  

The Ni ++ adions, more  or  less hydra t ed  or eom-  
plexed,  and H + migra te  in company  wi th  molecu la r  
f ragments  toward  the i r  sites of discharge,  or incorpora-  
t ion into the  lattice.  One does not know a prior/ ,  if the  
organic groups are  s t rongly  bound to a par t i cu la r  site, 
or  if t hey  remain  mobile;  this depends  on the pa r t i c -  
u lar  s t rength  of the adsorpt ion forces. In  any case, the  
presence of these molecules or f ragments  (with a 
volume re la t ive ly  large  compared  to tha t  of an adion) 
should necessar i ly  pe r tu rb  the  e lec t rocrys ta l l iza t ion 
process, and in cer ta in  cases of high concentrations,  
s imply by a superficial  crowding effect. 

To conclude, we shall  show that  it  is possible to de-  
scr ibe the mode of action of an unsa tu ra ted  compound 
wi thout  t ak ing  a posit ion about  the  adsorpt ion selec-  
t ivi ty,  but  advancing the hydrogena t ion-desorp t ion  
process, and the role of imperfect ions  and low-energy  
sites. 
Ethylenic compounds.--Adsorption is secured by  the 
~-electrons of the  ca rbon-ca rbon  unsa tura ted  l inkage 
and by  the es tabl ishment  of localized bonds wi th  nickel  
atoms, preferent ia l ly ,  to min imum energy sites such as 
twinning  planes  and dislocations. The cathode is thus 
covered pa r t ly  wi th  chemical ly  bound organic mole-  
cules, and pa r t ly  wi th  re la t ive ly  mobile  adsorbed hy -  
drogen, which can  replace  the meta l  in the organic 
molecu le -me ta l  l inkage, and so permi t s  the desorpt ion 
of the  former.  The points  l ibe ra ted  by  this desorpt ion 
are  then  ve ry  active sites for nucleation.  The organic 
molecule  acts as an in termedia te ,  re inforcing the na t -  
ura l  t endency  to the crys ta l l ine  growth  from the sur- 
face defects at low overpotent ial ,  by improving  these 
defects. I t  favors  therefore  the  format ion  of a [110] 
axis. Adsorpt ion  is faci l i ta ted on the dense planes, i.e., 
(111) against  (100). The growth  ra te  of the  (111) faces 
is l imited;  the  (1O0) faces must  disappear ,  and the 
[11012 habi t  which  involves (100) faces must  also dis-  
appear  in favor  of the  [110]~ habi t  which involves 
only (111) faces. This process seems, finally, genera l  
enough, and other  double  bonds, C----O for example ,  
and  others  not  s tudied here, mus t  act in this manner .  
Acetylenic compounds.--The par t i cu la r i ty  of this  class 
of compounds is to requi re  a large quan t i ty  of ad-  
sorbed hydrogen  in the  reduct ion step. We suppose 
therefore  tha t  the ra te  of desorpt ion  is l imi ted  by the 
ra te  of hydrogen  supply;  the molecule  stays a long 
t ime on the surface before deserpt ion,  involving a sub- 
s tant ia l  b locking of the  surface, i.e., a grea t  increase in 
the  f requency of nucleation,  as shown by the very  
smal l  size of the crys ta l l i tes  observed with  the electron 
microscope, and also a great  increase of the  surface 
coverage, as shown by  the d isplacement  of the cathodic 
overpotent ial .  The nucleat ion intervenes,  not at the  
place  of the  desorbed molecule  as in the  case of 
e thylenic  compounds,  bu t  a round the  molecule  ad-  
sorbed with  format ion  of very  numerous  crys ta l l i tes  
l imited in the i r  l a te ra l  extension.  
Aryl-sulfonic compounds.--The mechanism is in this 
case different,  as suggested by  analysis  of the decom- 
posit ion products:  a molecular  rup tu re  takes  place, 
wi th  phenyl  r e tu rn ing  into solution (it p lays  its ac- 
t iva tor  role  wi thout  d i rec t ly  in teract ing wi th  the  sur-  
face) ,  and the  su l fur -conta in ing  f ragment  incorpora ted  
in the  deposit.  This incorpora t ion  takes  place along the 
denser  direction. Organic f ragments  have been found 
along the >110~  direct ions in the course of e lectrodepo-  
sit ion of the [100] t ex tured  nickel  in the presence of 
sodium benzene sulfonate (28). Indeed, ve ry  s t rong in- 
teract ions  can be formed be tween  the orbi ta ls  of sul- 
fur  and nickel,  and rup tu re  of the molecule  occurs at  

the level  of the  phenyl  sulfur  bond. An essential  differ-  
ence wi th  the  preceding  mechanisms is that,  in the 
l a t t e r  case, only  adsorbed hydrogen  a tom is involved.  
This is in l ine wi th  the kinet ic  measurements  of Wia r t  
(29) who has shown tha t  2 bu tyne - l , 4  diol modifies the  
ra te  constant  of the  last  step of the  t ransfe r  react ion 
NiOH-adions  ~ NiOH + ~ 3e ---- 2Ni -p 2 O H - ,  which 
is influenced by  the local pH. In contrast ,  it  was shown 
expe r imen ta l ly  tha t  the  presence of sodium benzene 
sulfonate  does not modi fy  the  r a t e  constant  of the 
t ransfer  reaction, and it br ings only a sl ight  change in 
the  local pH. 

We have shown tha t  the organic molecule  involved 
in a process of e lect rodeposi t ion can, a long its chemical  
s tructure,  favor  e i ther  a g rowth  mode, pe rpend icu la r  
to the substrate,  in i t ia ted  f rom surface s t ruc tura l  de-  
fects, or a l a te ra l  mode genera l ly  expla ined  by  a two 
dimensional  nucleat ion theory.  Then, the  different  
theories of crys ta l  growth  being ava i lab le  for a pa r t i c -  
u lar  growth  mode, we  unders tand  w h y  the i r  fi t t ing 
with the exper imen t  is not often good. Very  numerous  
pa rame te r s  of the interface mus t  be taken  into account; 
we  have  shown that,  a t  the presen t  time, there  is no 
exper iment  which allows a conclusion on the absorp-  
t ion se lect iv i ty  of the  organic molecules dur ing  an 
e lec t rocrys ta l l iza t ion  process. We have pointed out the  
role p layed  by  the adsorbed hydrogen,  and the modi-  
fications of the  adsorpt ion and desorpt ion rates  of the 
different  species present  on the interface.  

Manuscr ip t  submi t ted  Oct. 16, 1972; revised manu-  
script  received March 13, 1973. 

A n y  discussion of this  paper  wi l l  appear  in a Discus- 
sion Section to be publ ished in the June  1974 JOURNAL. 
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ABSTRACT 

A compara t ive  s tudy of the t ransmission electron micrographs  in the  differ-  
ent  stages of the  autocata ly t ic  p la t ing process has been made. The compar i -  
son was made  be tween convent ional  SnC12/HC1 sensi t izer  solution and a 
n e w l y  developed system based upon the incorporat ion of aged stannic com- 
ponent. Results  have demons t ra ted  an increase in ca ta ly t ic  site dens i ty  of 
approx ima te ly  one order  of magni tude.  This improved  method has fur ther  re-  
sul ted in the  format ion  of finer and  denser  meta l  c rys ta l l i tes  dur ing  the  ear ly  
stages of nucleat ion and growth.  

In  the ar t  of p la t ing  on dielectr ic  substrates,  chemi- 
cal t r ea tmen t  of the surface is an essential  step re-  
qui red for the  ini t ia t ion of the autocata ly t ic  (e lec t ro-  
less) pla t ing processes. Dur ing  the chemical  t r ea tmen t  
procedure,  sites are  formed which provide  a chemical  
pa th  for the ini t ia t ion of the pla t ing process. At  pres-  
ent, there  are two basic procedures  used in the fo rma-  
t ion of the cata lyt ic  sites: (i) sensi t izat ion (via acidic 
s tannous chlor ide)  fol lowed by  act ivat ion (via acidic 

* Electrochemical Society Active Member.  
Key words: electroless, sensitizers, microscopy. 

pa l l ad ium chlor ide) ,  or (ii) a col loidal  system (via 
pa l l ad ium chlor ide  in excess acidic s tannous chlor ide) .  
Al though both of the  above procedures  are widely  ut i l -  
ized, this invest igat ion is concerned wi th  modifications 
re la ted  to the first approach  only. 

In  recent  publ icat ions  (1-4) i t  has been demon-  
s t ra ted  that  the  effectiveness of convent ional  t in sensi-  
t izer  solutions (SnC1JHC1) m a y  be a l te red  th rough  
proper  solution modification. Specifically, the incorpo- 
ra t ion of aged stannic chlor ide solutions were  found to 
provide  the improvements  in performance.  Dur ing the 

Fig. 1. Electron micrographs of sensitized Formvar surface, at magnification I|6,000X (1 cm = 860,/~). A (left), conventional sensitizer; 
B (right), improved sensitizer. 

875 
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Fig. 2. Electron micrographs after the activation step on Formvar surface, at magnification 200,000• (1 r ~ 500A). A (left) conven- 
tional sensitizer; B (right), improved sensitizer. 

aging process, a colloidal compound of t in  (IV) was 
formed (1). It  was also found (2, 3) that  the aged s tan- 
nic chloride solution may either be added to conven-  
tional t in  sensitizers or used in a separate step prior 
to the immersion in conventional  t in  sensitizers. In 
either case, the same results were obtained by examin-  
ing the uniformity  of metallic coverage, by measur ing 
the resul t ing surface through contact angle measure-  
ments  (1-3), and by monitor ing the concentrat ions of 
active components by radiochemical adsorption mea- 
surements  (5). This development was of special signifi- 
cance in the metalizat ion of hydrophobic substrates 
(Teflon, photoresists, etc.). Moreover, visual examina-  
t ion of thin films deposited onto hydrophilic surfaces 
showed also a greater degree of uniformity  in compari- 
son to films deposited by the use of conventional  
sensitizers. 

Improvement  in sensitizer performance was also ob- 
ta ined (7) through the aging of dilute acidic s tannous 
chloride solutions. This procedure, which utilized an 
aging period of 1-2 weeks, is l imited to solutions hav-  
ing a low acidity or chloride content. More recently (8), 
improvements  in conventional  sensitizers were also re- 
ported through the incorporation of colloidal t in or i ron 
salts. 

In  examining the nucleat ion and growth of th in  Ni-P 
deposits, Schlesinger et al. (9) have shown that  the 
nucleation process is init iated at activation centers. 
The process of nucleat ion continues unt i l  the coalescence 
into a continuous layer takes place. The ini t ial  product 
derived from conventional  sensitization (SnC12/HC1) 
appears to consist of particles approximately 20A in 

diameter. These particles are agglomerated into clumps 
of an order of magni tude larger. The clumps them- 
selves are randomly distr ibuted on the surface. The 
activated surface shows particles of about 50A in size. 
This is presumably a deposit of metallic palladium, 
al though recent studies (5, 10, 11) have suggested that 
ionic pal ladium may be still present  at the conclusion 
of the activation step. 

Sard (12) has carried out similar studies with elec- 
troless copper films. His observations agree essential ly 
with the previous findings by Marton and Schlesinger 
(9). The nucleat ion of Co-P deposits has been studied 
earlier to some extent  by Frieze et al. (13). Their  find- 
ings were corroborated by the above (9). With the de- 
velopment of the new sensitizing system (1-4), the 
question as to the actual microscopic processes respons- 
ible for both the conventional  and improved sensitiza- 
tion became even more interesting. In  the present  work, 
Formvar  surfaces were examined after being subjected 
to various t reat ing solutions. The results of this work 
will  show that the visual  observation of more homo- 
geneous metallic distr ibution is a t t r ibuted to a more 
homogeneous distr ibution of sensitizer component on 
a microscopic scale. 

Experimental  Procedure 

The main  aim in the current  investigation was to 
study the microstructure of the premetal izing stages 
in the electroless deposition procedure. The complete 
process of copper deposition was atso included. The 
presensitizing solution was an "aged" (1 week at 25~ 
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Fig. 3. Electron micrograph$ of a Formvar surface after 1 rain immersion in electroless copper bath, at magn|fication 14,200• (1 cm = 
7050~). A (left), conventional sensitizer; S (right), improved sensitizer. 

0.5M stannic chloride. Working solutions were made by 
1:100 dilution using deionized water. The conventional 
sensitizer medium (SnCI2/HC1) and activating solution 
(PdCI~IHCI) were identical with those described pre- 
viously (9). An identical procedure (9) of a 1 rain de- 
ionized water rinse after each of the sensitizing and 
activating steps, was followed. In all cases, the sensi- 
tizer solutions were freshly prepared and used. The 
electroless copper rnetalizing bath was "bath B" de- 
scribed by Sard (12). All chemical treatments were 
carried out at room temperature.  

All  chemicals were reagent  grade supplied by Fisher 
or Canlab, and were used without  fur ther  purification. 

Microscope slides glasses coated with Formvar  (4g 
polyvinylformal  in 1 l i ter of e thylene dichloride) were 
used as substrates. The coated Formvar  was floated off 
the glass in distilled water. The samples were ex-  
amined with a Hitachi HU-12 electron microscope 
operated at 100 kV. 

Results and Discussion 
In Fig. 1, the electron micrographs of t in-sensitized 

surfaces are presented. Figure  1A represents the micro- 
graphs of Formvar  immersed for 1 min  in freshly 
prepared convent ional  sensitizer. Figure 1B is the mi- 
crograph represent ing the Formvar  surface after  1 rain 
immersion in aged stannic chloride solution (presensi- 
tizer solution) followed by 1 rain immersion in the 
same sensitizer solution used in Fig. 1A. Comparison 
of the results reveals a denser and a more un i form dis- 
t r ibut ion of particles and  clusters. The density of par-  
ticles resul t ing from the improved procedure is about 
I012 particles/cm 2. In comparison, the density result- 

ing from conventional sensitizer is about 1011 par- 
ticles/cm 2. 

Identical electron micrograph results were obtained 
using the improved procedure whether the aged stan- 
nic chloride component was used prior to the conven- 
tional SnCIs/HCI) sensitizer or mixed along with the 
sensitizer. This result, i.e., that one may use the aged 
SnCl4 prior to, or together with, the SnCI2 sensitizer, 
is consistent with previous observations (i, 2, 5). It is 
consistent also with the model proposed (see below) 
to account for sensitization. It has also been observed 
that when diluted conventional sensitizer solutions are 
aged at room temperature for 1 week or more, they 
serve as effective presensitizing baths, rendering re- 
sults similar to Fig. lB. 
Although the basic particles of Fig. 1 are about 20- 

30A, it should be apparent that the improved sensitizer 
medium results in a decreased tendency for cluster for- 
mation. In fact, the clusters formed through the con- 
ventional approach are a few times larger in com- 
parison with those obtained using the improved pro- 
cedure. The results of Fig. 1B were independent of the 
tin (If) concentrations used. 

Figure 2 represents the electron micrographs of 
Formvar surfaces at the conclusion of the activation 
step. Figure 2A represents the surface after 1 rain im- 
mersion in sensitizer solution followed by I rain im- 
mersion in activating solution. Figure 2B is the same 
except for the immersion for 1 rain in the aged 
solution prior to the sensitizer solution. Here, too, 
the product of the improved procedure is denser in 
comparison with the conventional approach. Some 
tendency for clustering is evident in both cases. 
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Fig. 4. Electron diffraction patterns corresponding to Fig. 3 

Figure  3A represents  the  electron micrographs  of 
e lectroless  deposi ted copper  using a convent ional  se- 
quence, wi th  1 min  immers ions  in each of the sensi t iz-  
ing, act ivat ing,  and  meta l iz ing solutions. F igure  3B 
corresponds to a surface wi th  the  same t r ea tmen t  ex-  
cept  for an  immers ion of 1 min in the  aged solution, 
preceding the above t rea tment .  Once again the  finer 
and  denser  par t ic le  d is t r ibut ion  is seen to resul t  from 
the  improved  procedure.  The finer size par t ic les  in 
Fig. 3B manifests  i tself  in the corresponding diffraction 
pa t te rns  given in Fig. 4. 

P r e l im ina ry  analyses  of the  electron diffract ion pa t -  
terns  corresponding to the  micrographs  presented  in 
Fig. 1 and 2 indicate  tha t  the product  of convent ional  
sensi t izat ion is most p robab ly  hyd ra t ed  stannic oxide. 
This is consistent  wi th  the  previous findings (9, 14) 
and the model  proposed by  Cohen et al. (15) for the  
surface character is t ics  resul t ing f rom convent ional  
sensit izer  t rea tment .  The surface product  obta ined by  
the  improved  method exhibi ts  a diffraction pa t t e rn  
m a r k e d l y  different  f rom tha t  obta ined using conven- 
t ional  sensitizers. I t  m a y  wel l  be argued tha t  the  
chemical  species responsible  for this pa t t e rn  is a 
po lymer ic  substance of the type  (1, 16) 

(HO)z - -  Sn --  [OSn --  (OH)2]n --  OH 
o r  

( H O ) ~  - -  Sn - -  [ O 2 S n ] n  -- ( O H ) 2  

where  n is an integer,  i.e., 1, 2, 3, etc. This po lymer ic  
ma te r i a l  was formed dur ing  the aging process. 

I t  should be noted tha t  three  major  exper imenta l  
difficulties a re  inherent  in the quant i ta t ive  in t e rp re -  
ta t ion of the  diffraction pa t te rns :  (i) the amount  of 
ma te r i a l  present  on the surface is ve ry  small ,  and  con- 

sequently,  the  in tens i ty  of pa t t e rns  is r a the r  low; (ii) 
the size of the  "crysta l l i tes"  present  is such as to give 
diffuse pat terns;  and (iii) there  is also the  possibi l i ty  
of dehydra t ion  of the  "hydrous  Sn po lymer"  b y  the  
vacuum and /o r  i r rad ia t ion  of the electron beam. 

Table I presents  the de r ived  d-spacing for the  surface 
formed as a resul t  of t r ea tmen t  wi th  convent ional  and 
the improved  sensitizers.  

Conclusions 
Although  the improved sensi t izer  solution was ini- 

t ia l ly  a imed at achieving good p la t ing  un i formi ty  of 
hydrophobic  surfaces, the cu r ren t  resul ts  show sig- 
nificant improvements  in hydrophi l ic  subst ra tes  as 
well.  The adsorbed sensi t izer  clusters  and par t ic les  are  
more un i formly  d is t r ibuted  on the surface in compar i -  
son to those obta ined using convent ional  sensitizers.  
The densi ty  of adsorbed center  is about  10 TM cen te rs /  
cm 2, which  is approx ima te ly  an order  of magni tude  
grea ter  in comparison wi th  the  resul ts  der ived  from 
convent ional  sensit izers on Formvar .  No significant 

Table h d-spacing (•) for sensitized surfaces 

Conventional  Improved 

3.155 (s) 3.255 (s) 
1.969 (s) 3.095 (w) 
1.652 (s) 2.142 (w) 
1.356 (w) 2.065 (w) 
1.095 (d) 1.5'/8 (s) 

1.424 (w) 
1.142 (d) 

s, w, and d refer  to strong, weak,  and diffuse, respectively.  
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differences were  observed wi th  respect  to the  basic 
par t ic le  size. 

I t  was also confirmed tha t  the  resul ts  of the  im-  
proved sensi t izat ion are  independent  of the  specific 
procedure  used in tha t  specifically ident ical  resul ts  
were  obta ined whe the r  the aged t in (IV) is used pr io r  
to convent ional  sensit izers or is incorpora ted  into the  
same medium.  

Fol lowing  the act ivat ion step, it  has been  observed 
that  the  size of the clusters is increased;  this  t r end  is 
consistent  wi th  the  behavior  encountered  wi th  conven-  
t ional  sensit izers as well.  

Examina t ion  of the  electroless copper  films in which 
deposit ion was in t e r rup ted  dur ing  the ea r ly  stage of 
nucleat ion and growth  shows ma jo r  differences. Simi-  
la r  differences would  be expec ted  for o ther  e lec t ro-  
less systems. The new sensi t izer  med ium shows a 
grea te r  degree of metal l ic  coverage for the  same im- 
mers ion  t ime in the  electroless copper bath.  This ob- 
serva t ion  is not surpr i s ing  in view of the fact tha t  the 
improved  sensi t izer  med ium yields  a grea ter  number  
of active centers  which are  d i s t r ibu ted  more un i formly  
on the surface. F r o m  this observation,  it  is reasonable  
to speculate  that  th in  films deposi ted by  chemical  p l a t -  
ing wil l  exhib i t  var ia t ions  in physical  proper t ies  such 
as conduct ivi ty ,  complex  index of refract ion,  adhesion, 
etc., depending  on the sensit izer  solut ion used. 
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Measurement of the Potential of Zero Charge of Solid 
Electrodes by the Time-of-Contact Method 

S. Efrima and E. Gileadi* 
Institute of Chemistry, Tel-Aviv University, Ramat-Av~v, Israel 

ABSTRACT 

A new technique has been developed for the  measu remen t  of the  poten t ia l  
of zero charge (PZC) of solid electrodes.  The technique ut i l izes the  repuls ion  
be tween  ident ica l ly  charged double  layers  (DL) and electrodes.  This potent ia l  
(or  charge)  dependent  repuls ion  is shown to affect the  t ime of contact  (TOC) 
be tween  two electrodes when  one is s t ruck  by  the  other. I t  is shown tha t  the  
TOC is a m in imum at the  PZC. Measurements  on gold electrodes in perchlor ic  
acid solutions showed min ima in the TOC near  the  potent ia l  +0.01V SCE. In  
sodium iodide solutions the min imum of TOC was shif ted ca thodica l ly  cor- 
responding to the  expected shift  of the  PZC resul t ing  f rom specific adsorpt ion  
of iodide. This technique, af ter  severa l  improvements ,  is suggested for mea -  
sur ing the PZC of solid electrodes.  

The potent ia l  of zero charge  (PZC) is a fundamen ta l  
physical  quan t i ty  in e lect rochemist ry .  I t  is ve ry  im-  
por tan t  in the research  of the  electr ic  double  layer ,  
in studies of adsorpt ion of charged  and uncharged  spe-  
cies on the electrode, and when  t rea t ing  kinet ics  of 
e lectrochemical  react ions (1-4).  Thus, it  has an essen- 
t ia l  ro le  in pu re  fundamenta l  research  as wel l  as in ap-  
pl icat ions of technology. Nevertheless,  there  is s t i l l  no 
method  to de te rmine  the PZC of solid electrodes un-  
ambiguous ly  and wi th  sufficient precision. For  l iquid 
e lect rodes  there  are  severa l  methods  which are  " the r -  
modynamic"  in the  sense that  they  do not depend on 
any specific model  of the  system, and exact  (5-8), and 
la te ly  also some which  are  r e l a t ive ly  easy to pract ice  

* Electrochemical  Society Act ive  Member .  
K e y  words :  potential  of zero charge  (PZC),  gold electrodes,  t ime-  

of-contact  method. 

(9). They are  based, in one w a y  or the  other, on the  
measurement  of the  surface tension. On solid electrodes 
such measurements  are, of course, not  as s t ra ight for -  
ward.  One must  then app ly  approx ima te  the rmody-  
namic methods  [organic adsorpt ion (10, 11), measure-  
ment  of electrode elongat ions (12), e lectrode v ibra t ions  
(13), and others] ,  or go over  to non thermodynamic  
methods  (capaci ty  measurements ,  fr ict ion measu re -  
ments, etc.) .  

The la rge  spread  of PZC values  of solid e lect rodes  
which  are  repor ted  in the  l i t e ra tu re  (1, 2, 14-17) and 
which cannot be a t t r ibu ted  en t i re ly  to differences in 
e lectrode pre t rea tments ,  indicates the  unsat is fac tory  
state of affairs in the  PZC research.  I t  is evident  tha t  
fu r the r  efforts in this  field a re  needed. Below is a 
r epor t  of such an effort to develop a new method.  I t  
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is based on the measurement  of the t ime of contact 
(TOC) between two electrodes constructed of the same 
metal  and polarized to vi r tual ly  the same potential, 
when  one is s truck by  the other. Application of this 
method for the determinat ion of the PZC on gold 
electrodes is described. 

The principle of the method.--A schematic diagram 
of the apparatus is shown in Fig. 1. A rodlike electrode 
is suspended from a metal  strip which acts as a spring. 
This electrode is pulled back by means of a small  
electromagnet. When released, the electrode at the 
end of the spring moves through the solution and hits 
the face of the p lanar  electrode which is held at v i r tu -  
al ly the same potential. The t ime of contact (TOC) 
between the two electrodes is the quant i ty  being mea-  
sured in these experiments.  This depends on the charge 
density qM (and hence on the potential)  of the two 
electrodes. As qM increases more work must  be ex- 
pended to overcome the coulombic repulsion and br ing 
the two electrodes together. This work will  be done 
at the expense of the init ial  energy given to the moving 
electrode by the spring, so that the velocity of the 
moving electrode "just before making  contact," wil l  
decrease as the absolute value of the charge increases. 
Hence at the PZC this velocity will  be the greatest. 
The TOC is expected to decrease with increasing 
velocity, since the depth of penetrat ion of the moving 
electrode into the p lanar  electrode will be essentially 
independent  of it. It  may be concluded from the above 
qual i tat ive reasoning that  the TOC will  be a m i n i mum 
at the PZC and will increase with increasing ra t ional  
potential  on both sides. 

Experimental  
The mechanical system.--The mechanical  system 

(Fig. 2) was bui l t  in and  onto a large box constructed 
of Perspex (30 X 30 • 35 cm) which served the double 
purpose of establishing a base for the electrodes and 
ensur ing an inert  gas atmosphere. One of the side 
panels  was easily removable. A round hole was bored 
into the top panel, through which a PVC rod (point 1), 
wi th  a bore throughout  its length  (point  2), was pres-  
sure fitted. On the lower end of the PVC rod a cylindri-  

=El 
1 

, X  0 - X  
Fig. 1. A schematic diagram of the apparatus. I, Stationary elec- 

trode; II, moving electrode. 
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Fig. 2. Full scala diagram of apparatus 

cal Teflon bar  (point  3) could be attached with the aid 
of a sleeve (point 4). A gold p in  (point 5) was pushed 
into the lower end of the Teflon bar. This gold pin 
screwed into a gold block (point 6) (8 • 10 • 5 mrn),  
which was the s tat ionary p lanar  electrode. A brass 
rod passing through the bore (point 2) provided the 
electrical contact and contr ibuted to the mechanical  
stabil i ty of this electrode. 

Not far from the first hole in the upper  panel, an- 
other one was bored (point  7). This was a rectangular  
opening pe rmanen t ly  covered by a metal  device (point 
8), which could move horizontal ly in tracks (point 10) 
by tu rn ing  the nut  (point 9). A steel band (point 11) 
serving as a spring was attached to the lower part  of 
this device. The moving electrode was bui l t  of a Teflon 
rod (point 12) with a bore in the middle (point 13) 
almost all the way to the lower end. At that end a 3 
cm long and 3 mm diameter  gold rod (point 16) was 
inserted with pressure. Its point which faced the p lanar  
electrode was shaped as a t runcated cone (the diameter  
of the small  circle was ca. 0.5 ram).  The upper  end of 
the Teflon rod (point  12) was split in two, and the 
spring was inserted there and fastened by two screws 
(point 14), which screwed into an iron block (point 
15). The electrical contacts of this electrode were con- 
ducted through the central  bore. A brass rod (point 17) 
pressed a small  spring (point  18) against the gold rod. 
The upper  end of the brass was held tight by a small  
screw (point 19), to which the electric lead was 
soldered. 

On the top panel  of the Perspex box another  mov-  
able device (point 20) with tracks (point 21) was built .  
It connected inside the box to a handle (point 22) 
carrying an electromagnet  (point 24). When current  
passed through it the electromagnet could at tract  the 
moving electrode by the iron block (point 15). Stop- 
ping the current  released the spring and  the electrode 
moved forward to strike the p lanar  electrode. 

The two movable devices (points 8 and 20) were 
needed in order to control the velocity of the moving 
electrode. The Perspex box was kept on a special shock 
absorber to el iminate mechanical  disturbances. 

It was essential to ensure, as much as possible, the 
r igidity of the fixed electrode, the electromagnet set- 
ting, and the box. It  was also impor tant  to ensure that  
the moving electrode should have freedom of motion 
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only in the  fo rward  and b a c k w a r d  direct ions and 
should not  be able  to move sideways.  

The electron/r circuits.--There were  two separa te  
circuits.  One prov ided  cu r ren t  to the  e lec t romagnet ;  
this  cur ren t  could be s topped by  apply ing  a vol tage  
step for  a con t ro l led  span of t ime. The t ime be tween  
cur ren t  in termiss ions  could also be control led.  Gener -  
a l ly  there  were  3 sec for  cur ren t  in termiss ion and 18 
sec in be tween  for the  solution to calm down. In  each 
cycle the  di rect ion of the  cu r r en t  in the  e lec t romagnet  
was inver t ed  to avoid res idual  magne t i sm in the  mag-  ', ', ', 
netic core. 

The second c i rcui t  cont ro l led  the  poten t ia l  of the  
e lectrodes and a l lowed the measurement  of the  TOC 
(Fig. 3). A potent ios ta t  (Elron C H P - 1 )  was used. The 
work ing  e lec t rode  t e rmina l  was  connected di rec t ly  
to the  moving e lect rode and, th rough  the  res is tance 
Rm, to the  p lanar  electrode.  Rm was a 400 k - o h m  
helipot.  The vol tage  on Rm was  r ead  on the  y axis of 
an oscilloscope (Tet ronix  564 wi th  3A3 and 3B3 p lug-  
in units  for the  y and x axes, respec t ive ly) .  

Measurement  of the  TOC depends  on the  exis tence 
of a smal l  res idual  cu r ren t  (ca. 0.5-1.0 #A/cm2).  The 
resistance Rm was set to give a potent ia l  drop  of 8 mV 
be tween  the  moving and the  s ta t ionary  work ing  elec- 
trodes.  (This requi res  a different  set t ing of Rm for 
each appl ied  potent ia l  since the  res idual  cur ren t  de -  
pends  on potent ia l . )  Dur ing  contact  there  is no cur ren t  
th rough  Rm and the potent ia l  across it  drops to zero. 
This fast drop in potent ia l  is used to t r igger  the  
oscilloscope. When  the  electrodes detach, cur ren t  again 
passes th rough  Rm and the vol tage  assumes its previous  
value  (Fig. 4). (The r ise in the  vol tage is genera l ly  
much  s lower than  the fall .)  

Cell, electrodes, and materials.--The cell  was covered 
wi th  a glass p la te  wi th  a hole for the  aux i l i a ry  elec- 
t rode  and openings for the  work ing  electrodes.  The 
opening for the  moving  electrode was elongated,  a l -  
lowing enough free space for movement .  The re ference  
e lec t rode  was ins ta l led in a special  compar tmen t  separ -  
a ted f rom the m a i n  cell  by  two fine sinters. A n  iner t  
gas a tmosphere  was kep t  by  flowing n i t rogen into the  
P e r s p e x  box. Before beginning  the measurements ,  
n i t rogen was p a s s e d t h r o u g h  the solution for  a per iod 
of about  1 hr. The n i t rogen  was c leaned first by  passing 
i t  th rough  an oven wi th  copper  files, th rough  dist i l led 
water ,  through concentra ted  sulfuric  acid, and again  
th rough  water .  The work ing  e lect rodes  we re  99.99% 
pu re  gold. They were  t r ea ted  b y  abrad ing  wi th  a lumina  
powder  (0.05~) unt i l  bright ,  then were  r insed wi th  
water ,  acetone, and again wa te r  in an  u l t rasonic  
cleaner.  A p la t inum foil (ca. 2 cm 2) served  as the  
countere lec t rode and  a sa tu ra ted  calomel  e lectrode 
(Radiometer  K-401) served as the  reference  electrode. 
Al l  potent ia ls  a re  r epor ted  wi th  respect  to this  electrode.  
Tr ip le -d i s t i l l ed  wa te r  was used to p repa re  solutions. 
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Fig. 4. An oscilloscope trace of the voltage on Rm during contact. 
The sudden rise marks the end of contact. 
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All  chemicals  were  AR grade,  used wi thout  fu r the r  
purification. Iodine solutions were  p repa red  in wa te r  
which was deaera ted  by  bubbl ing  ni t rogen th rough  it  
for  1 hr. 

Resul ts  a n d  D iscuss ion  
The var ia t ion  of the  TOC wi th  potent ia l  was mea -  

sured for gold electrodes in 1 • 10-3M HC104 and in 
5 • 10-~M K I  solutions wi th  and wi thout  5 • 10-4M 
HC104. 

The plots of the TOC vs. potent ia l  in 1 • 10-8M 
HC104 showed ra the r  wide  min ima  (Fig. 5, a -d )  in 
the range of --0.05 to +0.10V as seen in Table I. 

The average value  of the  PZC in this  solution is 
0.01V. The l imi ts  of uncer ta in ty  are of the  order  of 
0.05-0.1V. This resul t  fa l ls  in the  same region where  
most of the  r epor t ed  va lues  of the  PZC of gold 
(14, 16, 17). 

In  sodium iodide solutions we obtained min ima  
which were  genera l ly  sharper  and c leare r  than  in 
perch lora te  solutions (Fig. 6, a -d ) .  This corresponds 
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Table I. Minimum of TOC in perchloric acid solutions 

No.  o f  c u r v e  Potential of 
(see Fig. 5) minimum (V) 

a 0 . 0 0  
b - 0 . 0 5  
e 0 . 1 0  
d 0 . 0 1  

s tanding this, a lmost  a l l  the  resul ts  r evea led  the  same 
genera l  behavior ;  namely,  a decrease in TOC when 
approaching  the potent ia l  region where  be t te r  runs 
y ie lded  minima.  These mechanica l  difficulties express  
themselves  in the  s t andard  devia t ions  which  are  r a the r  
large.  The main  factors which now l imi t  the  accuracy 
and reproduc ib i l i ty  are  mechanical ,  and improvements  
in this direct ion are  feasible.  

Table II. Minimum of TOC in sodium iodide solutions 

No.  of c u r v e ,  P o t e n t i a l  o f  
s e e  Fig. 6 minimum (V) 

a - -  0 . 2 8  
b - 0 . 3 2  
c - 0 . 2 3  
d - 0 . 2 5  

to the  fact  tha t  in  the case of specific adsorpt ion,  qM 
changes more  r ap id ly  wi th  potential .  The average  va lue  
of the  PZC in this  solut ion was --0.27V as seen in 
Table  II, and  shif ted about  0.28V in the  cathodic d i rec-  
t ion re la t ive  to the average observed in perchlor ic  acid, 
in qua l i ta t ive  agreement  wi th  the  shift  expected for 
the  PZC due to specific adsorpt ion of anions. 

I t  is impor tan t  to note tha t  the  reproduc ib i l i ty  in  
these  exper imen t s  was not  ve ry  high. There  are  many  
difficulties s temming f rom sudden, unpred ic tab le  jumps  
in the measured  TOC which are  p robab ly  caused by  a 
change of the  exact  poin t  of contact,  or by  a change 
of the surface s t ructure  of the  electrodes at the  point  
of contact  under  the  influence of the  blows. No twi th -  
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Fig. 6. TOC v s .  potential curves measured in iodide solutions. 

Time scale: a, 380 /~sec/cm; b, 150 t~sec/cm; c, I00 #sec/cm; d, 
400 #sec/cm. 

Conclus ions  
It  m a y  be concluded tha t  the  t ime of contact  be-  

tween  a moving and a s ta t ionary  e lect rode can serve  
as a method for de te rmin ing  the potent ia l  of zero 
charge  on solid electrodes.  Measurements  wi th  t h e  

ins t rument  descr ibed here  are  ra the r  tedious, and 
l imi ted  in accuracy,  but  the  measuremen t  can be  
automated,  and by  fur ther  in t roducing smal l  improve-  
ments  in the  mechanica l  construction,  this  m a y  serve 
as a useful  method for measurements  of the  PZC on 
solids. 
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ABSTRACT 

Elementary processes for the reduction of thin films of silver chloride on 
silver have been investigated using rotating disk techniques. Experiments 
were carried out in i, 2, and 4N solutions of KCI. The effective diffusion co- 
efficients of the prevalent species of silver ion in 2 and 4N KCl are about 1.42 
and 0.31 X 10 -5 em2/sec, respectively. Reduction of thin AgCl films on Ag can 
be carried out at high rates, 100-200 mA/cm 2 at 300 mV overpotential, two 
orders of magnitude higher than that for the reduction of dissolved AgCI from 
bulk solution at 2000 rpm. A linear i ---- l] relationship and its independence of 
the state of charge suggest that liquid phase transport occurs, possibly fol- 
lowed by a rate controlling process of surface diffusion. 

The si lver/s i lver  chloride electrode is an example of 
the class of ba t te ry  electrodes which consists of a dis- 
persed, sparingly soluble reactant  wi th in  a continuous, 
conductive matrix.  Electrodes of this class have a 
structure which is repeatedly encountered in practical 
batteries. Recent theoretical studies (1, 2) have indi-  
cated that a great variety of current  density dis tr ibu-  
tions may exist in such systems, e.g., exhibit ing maxima 
and/or  min ima  in the discharge profile, depending on 
local conditions governing mass and charge transfer.  
Identification and evaluat ion of local conditions dur ing 
electrode charge or discharge are consequently neces- 
sary not only for more accurate assessment of elec- 
trode behavior  in terms of the developing theory, 
founded on firm exper imental  bases and corresponding 
closely to reality, but  also to help ascertain conditions 
of the recently predicted current  distributions. The 
present work on the reaction paths of reduction at 
s i lver/s i lver  chloride electrodes was accordingly under -  
taken to provide information that  may be of use in 
in terpre t ing behavior  of electrodes in this impor tant  
class. 

Summary of Reaction Paths 
Sparingly soluble reactants.--In general, the proc- 

esses governing the local mass and charge t ransfer  can 
be represented by a diagram as shown schematically 
in Fig. 1. An element  of the electrode structure is 
visualized as consisting of a metal  which is par t ia l ly  
covered with its salt and which is immersed in an 
electrolyte. The process of electrode discharge (metal  
ion reduction) can proceed along the paths indicated. 
The charge t ransfer  process may occur at the me ta l /  
salt interface (path a), or at preferred sites of the 
metal /solut ion interface (path b) .  The first or film 
mode of t ransfer  involves ion t ransport  in the solid salt 
and is relat ively simple to describe if the cat ion is the 
only species wi th  a nonzero mobil i ty  in the solid salt 
phase (2). It  is the second mode, the reduction of metal  
ions at the meta l / solut ion interface, which may lead 
to unexpected distr ibutions because of the several pos- 
sible kinetic steps involved, including the dissolution 
rate, the diffusion flux, and various inter  facial 
phenomena,  such as adsorption, surface diffusion, and 
nucleat ion (crystall ization).  It  is evident  why a clear 
distinction between the numerous  local complex paths 
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is needed in order to avoid ambigui ty  and to allow a 
simple and clear development  of theory. 

A reasonably complete description of the isothermal 
operation of such electrodes, the so-called "solution- 
diffusion" model (1), requires the solution of five 
second-order part ial  differential equations. A consider- 
able simplification can be made without  seriously im-  
pair ing the results  through the use of a characteristic 
number ,  similar in many  respects to the Thiele param- 
eter (3-5). Dunn ing  (2) showed that  this character-  
istic number ,  k2/L 2 [N 2 in Nanis 's (4) notation] con- 
tains the rate constants of a set of consecutive elemen- 
tary steps, such as those shown in Fig. 1, and is of 
the form 

A~ ~ ki -1 [1] L2/L~ 
t 

where ki is the rate or t ransport  constant  of the ith 
step, ~ is the electrolyte conductivity, and A, a con- 
stant  related to the electrochemical system. It is 
necessary to arr ive exper imenta l ly  at the numerica l  
values of the coefficients in  Eq. [1], or, at least to deter-  
mine  the relat ive magni tude  of the steps involved in 
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DIFFUSION 

DISSOLUTION[ [ I ADSORPTION v / 

DIFFUSION ~ A T H  b 

Fig. 1. Possible reaction paths for sparingly soluble reactant- 
conductive matrix electrode system. Path a: charge transfer at the 
Me/MeX interface. Path b: dissolution, diffusion, interfacial steps, 
and charge transfer. 
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order  to establ ish the  governing or control l ing steps 
for the  "solution-diffusion" model  (1, 2). 

Ag/AgCI electrode.--The Ag/AgC1 e lec t rode  has 
found pract ica l  appl icat ions  in both p r i m a r y  and 
secondary  ba t te r ies  for opera t ing  condit ions descr ibed 
as e lectrode discharge,  e lectrode charge,  or e lect rode 
cycling. Since an excess of C1- ions is fo rmed  on dis-  
charge  whi le  a deficiency resul ts  on charge in the  
v ic in i ty  of the  reac t ion  zone, var ia t ions  in C1- ion 
concentra t ion must  be considered in the  course of 
e lect rode analysis.  

The set of e l emen ta ry  steps compris ing the ove r - a l l  
d ischarge process, shown in Fig. 1, m a y  also app ly  to 
the  Ag/AgC1 electrode.  This set of events  can be 
d iv ided  into two groups, those connected wi th  the  
reduct ion via  a so l id-s ta te  pa th  (pa th  a) and those 
occurr ing v ia  l iquid phase (pa th  b ) .  Pas t  w o r k  has 
been concerned p r imar i ly  wi th  the  reduct ion  of th ick  
s i lver  ch lor ide  films where  reduct ion takes  place at  
the  Ag/AgC1 interface,  pa th  a (6, 7). The de ta i led  
mechanism has not been defini tely es tabl ished a l though 
va luab le  microscopic observat ions  were  made  by  
Jaen icke  et al. (6) and Briggs and Thi rsk  (7),  indicat-  
ing tha t  the  react ion begins at  the  AgC1 grain  bound-  
aries and  the  Ag/AgC1 interface.  Shor t ly  a f te r  im- 
press ing ex te rna l  cathodic current ,  pores are  formed in 
the  th ick  layers  of AgC1 which are  considered to be 
in i t ia l ly  presen t  in an essent ia l ly  pore- f ree  condition. 
Aleskovski i  et at. (8) have  recen t ly  presented  ev i -  
dence for the  reduct ion of solid AgC1 occurr ing via  
reduct ion  of solvated s i lver  ions. A qui te  different  view, 
expressed by  Dorosh and  Galushko (9), impl ies  tha t  
adsorbed hydrogen  is requi red  for the  reduct ion  of 
s i lver  chlor ide  on s i lver  electrodes.  

Conceivably,  more  than  one reduct ion mechanism 
can operate,  depending on expe r imen ta l  condit ions 
such as thickness  of the  AgC1 laye r  and  its porosity,  
e lec t ro ly te  concentrat ion,  and e lect rode potential .  We 
shal l  only  consider  the reduct ion  of films having phys -  
ical  dimensions on the  order  of 1 ~m or less, Le., having 
phys ica l  dimensions compat ib le  wi th  the  construct ion 
of a model  AgC1 elect rode which has prac t ica l  
analogies in o ther  ba t t e ry  systems and which is 
amenable  to theore t ica l  t rea tment .  

Since thin s i lver  ch lor ide  films are  porous, it  appears  
l ike ly  tha t  the  mechanism proposed by  Aleskovski i  
et al. (8) should domina te  the  discharge process. The 
exper imen ta l  w o r k  repor ted  here  is concerned with 
ascer ta in ing  the va l id i ty  of this  mechanism and wi th  
de te rmin ing  condit ions under  which  i t  may  opera te  in 
prac t ica l  electrodes.  

Exper imenta l  
In the exper imen ta l  a r rangement ,  a ro ta t ing  disk 

s i lver  electrode,  0.83 cm in diameter ,  centered  in an 
epoxy  cyl inder ,  2.43 cm in diameter ,  was employed.  A 
Wenking,  fast  r ise potent ios ta t  and an Electronics 
Model C 612 ga lvanos ta t  were  used to impose the  
desired exper imen ta l  conditions. The e lect rode response 
to a p rede te rmined  set of condit ions was recorded on 
a Sargent  MR recorder ,  a Tek t ron ix  Model 551 oscil lo- 
scope, or  a Gre ibach  Model  500 mi l l i ammeter ,  as ap -  
plicable.  

The e lec t ro ly te  was an aqueous 1, 2, or 4N KC1 solu-  
t ion p repa red  f rom t r i p ly  dist i l led wa te r  and ACS re-  
agent  g rade  KC1, used as purchased.  No addi t ional  
purif icat ion was per formed.  The e lec t ro ly te  in the  
e lectrolyt ic  cell, app rox ima te ly  500 cm 8 in volume, was 
cont inuously  purged  wi th  ni trogen.  A l l  exper iments  
were  ca r r i ed  out  at  22.5 ~ __ 0.5~ in the deaera ted  solu- 
tions. 

The sequence of exper imenta l  procedures  to e luci-  
date  the react ion pa th  and to assign re la t ive  impor-  
tance of each step is suggested from an inspect ion of 
Fig. 1. The diffusion par t  of react ion pa th  b was isolated 
and studied by  observing s i lver  ion t ranspor t  f rom a 
bu lk  solut ion to the surface of the ro ta t ing  disk. The 
bu lk  solutions were  the  var ious  concentra t ions  of KC1 

sa tu ra ted  wi th  AgCl.  Resul ts  were  compared  to expe r -  
iments  in which solid AgC1 was prev ious ly  formed on 
the  e lect rode surface. The compar ison prov ided  insight  
into the  effects of surface coverage by  AgC1 and dis-  
solution kinet ics  l imitat ions.  

Results 
Reduction o~ AgCL ~rom KC~ solutions.--Typical ~-~ 

curves for the  reduct ion of s i lver  ions f rom potass ium 
chlor ide  solutions sa tu ra ted  in AgC1 are  shown in Fig. 
2. In  par t icular ,  curves  a and  c together  wi th  curves  
b and d show the effect of C1- ion concentra t ion and, 
therefore,  total  s i lver  ion concentrat ion,  whi le  curves 
a and b together  wi th  curves  c and d indicate  the  in-  
fluence of the  speed of e lect rode rotat ion.  

I t  is seen tha t  in 2N KC1 electrolyte ,  a diffusion- 
l imi t ing cur ren t  density,  il(2N, 100), is real ized.  As  
the  speed of ro ta t ion  is increased fur ther ,  a l imi t ing 
cur ren t  density,  /](2N, 500), is again obtained.  At  st i l l  
h igher  ro ta t ional  speeds, when the cur ren t  densi t ies  
become apprec iab ly  higher,  a devia t ion  occurs f rom 
the  usual  form of the  po t en t i a l / cu r r en t  curve,  namely ,  
a r e la t ive ly  sharp b reak  t oward  h igher  currents  is 
recorded,  segment  AB, curve b, Fig. 2. Wi th  fu r the r  
increase in e lec t rode  rotat ion,  this  b reak  is shifted to 
lower  overpotent ials ,  suggest ing that  a cr i t ical  cur rent  
dens i ty  must  be  exceeded before  the b r e a k  occurs, 
about  0.5 m A / c m  2 in 2N KC1. The sharp  increase in 
cur ren t  density,  together  wi th  the  r equ i remen t  of some 
min imum cri t ical  cu r ren t  densi ty  or t ime of e lec t ro ly-  
sis, is r ead i ly  associated wi th  the  onset of an increase 
in e lect rode surface area  by  si lver  nucleat ion (10). 

The s i tuat ion remains  qua l i t a t ive ly  the  same as 
chlor ide  ion concentra t ion is increased.  However ,  the  
m a r k e d  increase in cur ren t  (e lec t rode  area)  then  coin-  
cided app rox ima te ly  wi th  the  occurrence of the  mass 
t r anspor t  l imi t ing cu r ren t  dens i ty  and p a r t l y  obscured 
the plateau,  Fig. 2, iz (4N, 100) segments  A'B' and 
A"B". A dense, wh i ske r - l ike  g rowth  was noted on the 
e lect rode surface upon complet ion of the e xpe r imen t a l  
run. This confirms the  view tha t  subs tant ia l  increase  in 
the  electrode surface is responsible  for cur rent  densit ies 
which exceed the di f fus ion- l imi t ing values.  

Formation oi AgCl f i /m. - -S i lver  chlor ide films can be 
easi ly formed on a s i lver  subs t ra te  in chlor ide  solutions 
when  an anodic (posi t ive)  overpoten t ia l  is applied.  The 
galvanosta t ic  po ten t i a l - t ime  curve, shown in Fig. 3, 
exhibi ts  typica l  character is t ics  for the  format ion  of 

. i e ( 2 N , 1 0 0 ) -  

b 
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Fig. 2. Typical cathodic potential-current curves for selected 
chloride concentrations and electrode rotation. Curve a, 2N KCI -I- 
sat. AgCI, 100 rpm; curve b, 2N KCI + sot. AgCI, 500 rpm; curve 
c. 4N KCI + sat. AgCI, 100 rpm; and curve d, 4N KCI -t- sat. 
AgCl, 500 rpm. 
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Fig. 3. Potential-time curve for galvanostatic (anodic) charging. 
Electrolyte, 1N KCI Jr sat. AgCI; charging current, 5.0 mA/cm 2. 

an ion-conduct ing layer. The initial, flat portion, AB, 
corresponds to the formation of a porous film; the 
rising portion, BC, indicates a complete surface cover- 
age with ohmic resistance proport ional  to film thick- 
ness (11), after 1.14 coulomb-cm -~ are passed. 

The anodic films used in this investigation were 
formed at the rate  of 0.5 ~m/min,  i.e., at i ---- 5 
mA/cm 2, and, assuming no porosiCy and 100% 
coulombic efficiency, their  thickness did not exceed 2 
~m. As a rule, th inner  films were studied and, unless 
otherwise noted, the films were porous, being formed 
under  conditions corresponding to the formation of 
fractional surface coverage, par t  AB, Fig. 3. 

It was found that  silver chloride films can also be 
obtained by simply immersing silver in a 1 or 2N 
potassium chloride solution saturated with silver 
chloride; no films were detected from 4N potassium 
chloride solutions saturated with silver chloride. Here, 
the mechanism of film formation is probably different 
than when anodic current  is applied or, in the absence 
of applied current,  when an oxidant, e.g., Br2, I2, is 
added to the electrolyte (12). These solutions were 
purged with ni t rogen to insure the absence of oxygen 
from the electrolytic solutions. 

To differentiate between the various modes of film 
formation, the electroless films will  be referred to as 
"charge accumulation" to dist inguish them from the 
anodically formed films. The evidence presented in 
Fig. 4 and 5 suggests that  t ransport  of dissolved silver 
from bulk  solution to the electrode surface governs 
the rate  of electroless film formation. In  particular,  
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Fig. 4. Effect of electrode rotation on electroless AgCI film forma- 
tion. Electrolyte, 1N KCI -I- sat. AgCI; charging time: 2, 4, and 
8 rain, carves o, b, and c, respectively. 
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results of Fig. 4 clearly indicate the importance of 
diffusion in the charge accumulation, since the lat ter  
is shown to be proportional to the square root of rota-  
t ional velocity. Results presented in  Fig. 5 indicate that 
complex silver ions, AgCln+l - n  with n = 1, 2, 3, are 
the diffusing species. This lat ter  conclusion is reached 
by inspection of Table I, where it can be seen that the 
ratio of total silver in the form of various complexes, 
5.9, agrees well  with the ratio calculated on a basis of 
diffusional t r ~ s p o r t ,  6.1, for 1 and 2N KC1, Fig. 5. 

Reduction of thin AgC1 l~lms.--The determinat ion of 
the reaction profile wi thin  a porous electrode structure 
requires the specification of the local current-potent ia l  
relation, i = f (~, c), where c is a re levant  parameter,  
e.g., concentration. The form of this expression can 
be derived if the reaction mechanism is known,  a l ter-  
natively,  its form can be established experimental ly.  

Usually, steady-state values are employed to con- 
struct the current  densi ty-potential  relationship. Here 
however, because in the course of measurements  the 
stored active mater ia l  is used up, it is advantageous 
to select some distinctive feature of the potentiostati-  
cally obtained i - t  curves for the i-~l plots. 

The {-t curves . - -The potentiostatically recorded i-t  
curves for the reduct ion of silver chloride films are 
shown in Fig. 6. The general  shape of these curves 

Table I. Concentration of A g C l n + l - "  in KCL -I- AgCI (sat.) 
solutions, 25~ 

S p e c i e s  

C o n c e n t r a t i o n s  i n  n o r m a l i t y  

K C I  

I N  2 N  4N 

Ag+(=) 2.3 x 10 -1~ 1.2 x 10 -1~ 0.59 x 10 - l~  
AgC ls  -1(=) 3.0 • 10 "s 5.9 x 10- ~ 11.8 X 1 0 4  
AgCls  .=(a) 4.1 x 10- ~ 15.6 x 1O "~ 64.0 • 1 0 4  
A g C h  "-s(a) 2.15 • 10 -~ 8.0 • 1 0 4  32,8.0 • 10 -s 
AgC1 (o) 5.4 x 10-~ 5.4 x 10 -~ 5.4 x 10 -T 
AgCln+ l  -~(b) 1O.1 X 10 -~ 61.6 X 10 "~ 63"/.0 X 10 -~ 

( t o ta l  d i s -  
s o l v e d  s i l v e r )  

(=) C a l c u l a t e d  v a l u e s  u s i n g  i n s t a b i l i t y  c o n s t a n t s  (13).  
(~) E x p e r i m e n t a l  v a l u e s  (14) .  
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remained unchanged, as long as the AgC1 film was 
porous, that  is to say, as long as the charge on the 
electrode surface corresponded to the horizontal por-  
tion of the charging curve shown in Fig. 3. 

I t  is seen that  the i - t  curves are characterized by a 
rapid a t ta inment  of a plateau, whose extent  in t ime 
and height depend on the init ial  electrode charge and 
applied discharge potential, respectively. These curves, 
however, are not affected by external ly  imposed t rans-  
port  conditions, i.e., electrode rotation. Also, their  
shape was essentially independent  of the manner  in 
which the film was formed, i.e., whether  the film was 
formed anodically, or the charge was accumulated by 
the electroless process from AgCl-saturated KC1 solu- 
tions. However, if sufficiently large charge was placed 
on the electrode surface so that  the film was no longer 
porous, then the i - t  curve exhibited a gradual  increase 
in  the discharge current,  cf. Fig. 6, curve c, unt i l  a 
more or less flat region was attained, followed by the 
decrease in  the discharge current.  Such behavior  was 
also reported by Briggs and Thirsk (7). 
The i-~ curves . - -The  current  potential  plots, shown in 
Fig. 7 clearly display l inear dependence for the 
plateaus of the i-t  curves, examples of which are shown 
in Fig. 6. In particular,  for overpotentials greater than 
ca. 50 mV they follow the relationship 

i = a~ § b [2] 

with a : 0.323 ohm-1 /cm 2, b = --7 mA/cm2; for 
IN KC1, a = 0.773 o h m - 1 / c m  2, b = --45 and  --20 
mA/cm 2 for 2 and 4N KC1, respectively. 

For overpotentials less than 50 mV, higher order 
polynomials would have to be used to fit the experi-  
menta l  data. The l inear  dependence is main ta ined  even 
when the electrode surface contains only a small  frac- 

500 

I 

4 0 0  
< 
E 
> 3 0 0  
I -  

z 
~J 2 0 0  

i -  
z 
, "  100 n- 
n- 

I I l l I I 

4N 

2N 

100 2 0 0  3 0 0  4 0 0  5 0 0  6 0 0  7 0 0  
OVERPOTENTIAL (mY)  

Fig. 7. Effect of chloride on AgCI-electrode discharge. Discharge 
current read from the flat portion of the i / t  curves (cf. Fig. 6). 

t ion of the ini t ial  amount  of AgCI. This si tuation is 
i l lustrated in Fig. 8, where the i-~ curves for near ly  
discharged electrodes are shown. It  is also seen that  
slopes of the i-~ curves decrease with increasing elec- 
trode discharge. Thus, the form of above equation is 
retained, but  now a becomes a function of the charge, 
Q, remain ing  on the electrode surface. 

Discussion 
Recently, the rotating disk electrode has been em- 

ployed in the investigation of the passivation of metals 
(22) and also in the study of events occurring at the 
electrode surface during metal  deposition (23). In 
this study, the rotat ing disk technique was used in an 
at tempt to separate the e lementary processes from the 
complex over-al l  reaction path. Thus, fur ther  insight 
into the mechanism for silver deposition and confirma- 
tion of an assumed reaction path was obtained through 
the analysis of the i (~1) vs. ~1/2 relationship. 

Deviation from l inear i ty  occurred toward higher 
currents,  Fig. 9, in the sense that  the l imit ing current  
was exceeded many  times over. This effect can be 
a t t r ibuted to the formation of nuclei  and dendri t ic-  
type growth into the boundary  layer, and consequent 
increases in surface area of the rotat ing disk electrode. 

Based on the l imit ing cur ren t  plateaus in Fig. 2 and 
the l imit ing current  slope shown in  Fig. 9. (these are, 
in fact, independent  data) the effective diffusion co- 
efficient for the silver ions can be calculated by direct 
application of the Levich equation (17) 

D 2/3 •]F ~1/2 c 
il -- [3] 

1.61 v lj6 

The l imit ing currents  are difficult to determine accu- 
rately because of the interference or disruption of the 
boundary  layer due to formation, after a short time, of 
surface roughness or whisker- l ike growth. To within  
• the values are 1.4 • 10 -5 and  0.31 • 10 -5 
cm2/sec at 2 and 4N KC1, respectively, saturated with 
AgC1 at 22.4~ The large decrease in the effective 
diffusion coefficient is apparent ly  due to the much 
larger proportion of AgC14 -3 present  at the h i g h e r  
KC1 concentrat ion (see Table I) .  

Exper imental  evidence presented thus far (Fig. 2 and 
9) indicates that  silver diffusion from the bulk  solu- 
t ion is the rate controll ing process in depositing silver 
under  some conditions. It  also appears that  nucleat ion 
phenomena must  be included. The fact that  the esti- 
mated mass t ransport  l imit ing currents  are exceeded 
under  certain conditions must  be considered in inter-  
pret ing observed behavior. 

The discharge current  densities reported in  Fig. 7 
and 8, are about two orders of magni tude  higher than 
those from AgCl-saturated KC1 solutions, cf., Fig. 2. 
This observation suggests that  the diffusion resistance 
for t ransport  from the AgC1 crystal  to reaction sites is 
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much less than  diffusion resis tance across the  ro ta t ing  
disk bounda ry  layer .  The l inear  i-~1 relat ionship,  Fig. 
7 and 8, might  be ascr ibed to the ohmic drop across a 
cont inuous nonporous film covering the e lec t rode  sur-  
face. This case seems un l ike ly  because, if the  ohmic- 
type  resis tance is ascr ibed to film thickness, resis tance 
should decrease  as the  react ion progresses.  Similar ly ,  
if the  ohmic resis tance is due to sol id-s ta te  ion con- 
ductance  fol lowed by  charge  t ransfer  at  the  me t a l / s a l t  
interface,  the  flat por t ion of the  i - t  curve (Fig. 6) 
could not  exist,  since the  cur ren t  densi ty  should in- 
crease as the  film thickness  decreases. This a rgument  
indicates  tha t  pa th  a, Fig. 1, is un l ike ly  under  the ob-  
served conditions. Re turn ing  to pa th  b, we consider  
me ta l  deposit ion.  In  outline, the  process of me ta l  dep- 
osition consists of ions crossing the crys ta l -so lu t ion  
interface,  l iquid phase diffusion, surface diffusion to 
the  g rowth  center,  and inclusion into the  lattice.  The 
l inear  dependence of  the  peak  currents  on cve rpo ten -  
t ia l  (see Fig. 7) and  the independence of the  cur ren t  
peak  heights  (see Fig. 6) on the  state of charge Q over 
a wide  range  can be expla ined  by  assuming tha t  sur -  
face diffusion is the slow step. In  surface diffusion, ions 
located wi th in  the  Helmhol tz  l ayer  wi l l  migra te  to 
points  jus t  opposi te  the  "growth  sites" and t raverse  
the  Helmhol tz  l ayer  at  these points. That  is to say, 
an inhomogeneous electr ic field is set up in a Helmhol tz  
l ayer  to guide  the  meta l  ions to the i r  destination,  r e -  
sul t ing in a l inear  i-~ re la t ionship  (18). The act ive 
meta l  a rea  which is ad jacent  to the s i lver  chlor ide 
crysta ls  is assumed to be constant  over  a wide  range  of 
Q. Since the  surface concentrat ion of g rowth  sites at  
the  me ta l - l iqu id  in terface  remains  constant  at  fixed po-  
ten t ia l  (19, 20), the  independence  of cur rent  peak  
heights  on Q can then be accounted for. 

The flat por t ion of the  potent iosta t ic  i - t  curve, its 
magni tude  and dura t ion  (see Fig. 6) provides  addi t ional  
clues for identif ication of the  control l ing steps in the  

react ion path.  In  accordance wi th  Giles '  concept  (21) 
of the  porous s i lver  chlor ide film and the pe r imete r -  
advancement  mechanism of reduct ion of th ick  AgC1 
films (6, 7), we  m a y  ant ic ipate  a movement  of an 
Ag/AgC1 per imete r  dur ing  reduct ion and a surface 
diffusion to nucleat ion centers  of fixed surface con- 
centrat ion.  Even tua l ly  the  patches of AgC1 become 
smal l  enough so that  the  e lect rode discharge ra te  drops 
as the  resis tance due to combined  dissolution increases, 
and the  res is tance due to l iquid  phase diffusion in-  
creases. Qual i ta t ively ,  these steps can expla in  both  the 
l inea r i ty  of the  i-~ curves, the  shapes of the  i - t  curves, 
and the independence of the  p la teau  cur ren t  dens i ty  of 
the i - t  curves  on Q. 

The phenomenon of the  "charge accumulat ion,"  tha t  
is, the  film format ion  in the absence of impressed 
anodic potent ia l  or dissolved oxidants  is of interest ,  
both theoret ica l  and  practical .  

The rat io  of the  ra tes  of charge accumulat ion  in 2 
and 1N solutions (see Fig. 5) was found to be 5.9, which  
agrees r a the r  wel l  wi th  the  pred ic ted  rat io  of 6.1 (see 
Table  I) based on to ta l  s i lver  content.  I t  is to be noted 
tha t  the  propor t ions  of the  var ious  species of s i lver  
complexes  r ema in  fa i r ly  constant  be tween 1 and 2N 
KC1. However,  on going to 4N KC1 the propor t ion  of 
AgC14 -3 increases dramat ica l ly .  The se l f -charging  
character is t ic  was absent  in 4N KC1 sa tura ted  wi th  
AgCI. No sel f -charging was observed when no AgC1 was 
present  for any  KC1 concentrat ion.  

The explana t ion  of the se l f -charging phenomenon,  
which may  be of prac t ica l  interest ,  is sought th rough  
an analysis  of condit ions and processes occurr ing 
wi thin  the meta l / so lu t ion  in te rphase  (22). Consider  
Fig. 10 showing schemat ica l ly  the  dynamic  si tuat ion 
wi thin  the  meta l / so lu t ion  interphase.  The le t ters  in 
15arentheses in the  figure indicate  locat ion of species 
and are  as follows: (b) adsorbed,  (c) the  meta l  side 
of the diffusion layer,  (d) the solution side of the  
diffusion layer,  and (s) at  the  surface, not  necessar i ly  
in the "adsorbed state." 

In the  absence of s i lver  complexes  in the  bulk,  only  
the  equi l ibr ium involving chlor ide  ions exists  for nega- 
t ive ly  charged species, set 1; the adsorpt ion of wa te r  
molecules is neglected and considered to be i r r e levan t  
for the  present  purpose.  In  the  presence of s i lver  com-  
plexes, however ,  addi t ional  compet i t ive  adsorpt ion 
processes may  enter,  sets 2 and 3. 

If  the  solubi l i ty  of AgC1 in the adsorbed s tate  is less 
than  in the  bu lk  solutions, adheren t  "patches" of AgC1 
wil l  form and at the same t ime  produce  an excess of 
adsorbed C1- ions, nC1-.  On the s t rength  of evidence 
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presented  in Fig. 5, the  ra te  of accumulat ion  of s i lver  
chlor ide is governed by  the  t r anspor t  of complex  si lver  
ions to the  e lectrode surface, il, as indica ted  by  the 
events  of set 3, Fig. 10. The t r anspor t  of charged species 
across any distance is equiva lent  to flow of current .  
Thus, in the  absence of ex t e rna l  current ,  e lec t ro-  
neu t ra l i ty  condit ion requires  a counterflow of species 
of the same charge or a co -cur ren t  t r anspor t  of species 
of opposi te  sign. The or igin of these mass  fluxes resides 
in the prec ip i ta t ion  of s i lver  chlor ide on the e lec t rode  
surface. The precip i ta t ion  of s i lver  chlor ide  f rom com- 
p lex  ions releases  an excess of chlor ide  ions, and a 
concentra t ion gradient  is es tabl ished giving rise to 
the  t r anspor t  of C1- ions away  from the e lect rode 
surface, J2. 

The adsorbed Age1 may  form mul t ip le  layers  on the 
solid surface, set 4, indica ted  as AgCl ( s )  which even- 
tua l ly  a t ta ins  equi l ib r ium wi th  bu lk  solution sa tu ra ted  
wi th  solid s i lver  chloride. The na ture  of this t rans-  
format ion  cannot  be deduced on the basis of ava i lab le  
information.  Some inference,  however,  can be  d r a w n  
from the deta i led  mapping  of the potent ia l  wi th in  the 
meta l / so lu t ion  in terphase  (17). 

In  4N KC1, sa tu ra ted  AgC1, the  spontaneous fo rma-  
tion of AgC1 films did not  occur, a l though the observa-  
tions wi th  1 and 2N KC1, sa tu ra ted  AgC1, indica ted  
tha t  the ra te  of charge  accumulat ion would  increase 
wi th  increase in s i lver  complex  ion concentrat ion.  The 
existence of an upper  l imi t  of chlor ide  concentrat ion 
for spontaneous film format ion  might  be exp la ined  by  
the  fo rmat ion  of different  dominant  complex species 
in the bu lk  solut ion and  different  species in the  ad-  
sorbed state (see Table I and Fig. 10). The ra tes  of 
electroless charge  accumulat ion in 1 and 2N KC1 solu- 
t ions are  a lmost  constant  for a per iod of ca. 30 rain, 
af ter  which they  s lowly diminish wi th  time. These 
processes a re  of in teres t  in ba t t e ry  technology because 
they  m a y  contr ibute  to charge red is t r ibu t ion  on 
cycling. 

Conclusions 
The identif icat ion and more  precise descr ip t ion  of 

some of the  e l emen ta ry  processes occurr ing in s i l ve r /  
s i lver  chlor ide  porous electrodes have  been invest i -  
gated. The pr inc ipa l  conclusions of this  work  are  as 
follows: 

1. The effective diffusion coefficient of s i lver  ion in 
potass ium chlor ide  solut ion depends on the chlor ide  
ion concentra t ion and is es t imated  to be 1.42 and 0.31 
X 10 -5 cm2/sec at  22.4~ in 2 and 4N KC1, respec-  
t ively.  

2. The control l ing step in the  reduct ion of anodica l ly  
formed AgC1 films on Ag/AgC1 electrodes in 2 and 4N 
KC1 can be expla ined  by  surface diffusion to growth  
sites on the s i lver  surface except  when the state of 
surface charge is ve ry  smal l  when  the area  of the 
s i lver  chlor ide crys ta l l i tes  is smal l  so tha t  dissolut ion 
of AgC1 becomes controll ing.  

3. Over  a wide range  of the state of charge, the 
local t ransfe r  cur ren t  dens i ty  is independent  of the 
state of charge  and is l inear ly  dependent  on local over-  
potent ia l  for the Ag/AgC1 electrode. 

4. At  1 and 2N KC1, AgC1 from a sa tu ra ted  AgC1 
solution spontaneously  precipi ta tes  on a s i lver  surface. 
This did not  occur in 4N KC1. This phenomenon m a y  
be of impor tance  in red i s t r ibu t ion  of Age1 in AgC1/Ag 
porous electrodes on cycling. 

5. The current  densi t ies  possible wi th  s i lver  chlor ide  
crys ta l l i tes  on a s i lver  e lectrode surface are  much 
higher  than  when  the  l imit ing process is l iquid phase 
t r anspor t  f rom bulk  solution to a ro ta t ing  disk up to 
2000 rpm, and suggest tha t  high cur ren t  densi t ies  are  
inheren t ly  possible in porous electrode s t ructures  be -  
cause of the  short  diffusion paths.  

6. Complete  surface coverage by  s i lver  chlor ide  
dur ing  anodic oxidat ion in an aqueous solution of 
potass ium chlor ide  sa tu ra ted  wi th  s i lver  chlor ide  oc- 
cur red  af te r  the  passage of 19 X 10 -3  coulombs/cm.  
The  onset of r ap id ly  increasing polar iza t ion  l inea r ly  

wi th  time, i.e., with  charge passed, is associated wi th  
this  event.  
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SYMBOLS 
A constant  character is t ic  of the porous electrode 

system, ohm-sec.  See Ref. (2), Append ix  5. 
a empir ica l  constant  defined in Eq. [2], m h o / c m  2 
b empir ica l  constant  defined in Eq. [2], A / c m  2 
c e lec t ro ly te  concentrat ion,  m o l / c m  3 
D diffusion coefficient, cm2/sec 
F F a r a d a y  constant,  96,487 coulomb/equiv .  
i cu r ren t  density,  A / c m  2 
il l imit ing cur ren t  density,  A / c m  ~ 
ki t r anspor t  constant  for the  i th e l emen ta ry  process, 

cm/sec  
L electrode thickness,  cm 
n number  of e lectrons t r ans fe r red  in e lectrode re-  

act ion 
local overpotent ial ,  V 

K specific conductance of e lect rolyt ic  solution, m h o /  
cm 
character is t ic  length  for a porous electrode,  may  
be potent ia l  dependent ,  cm. See Ref. (2), Ap-  
pendix  5. 

v k inemat ic  viscosity, cm2/sec 
ro ta t ion rate,  r ad ians / sec  
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ABSTRACT 

The solid electrolyte cell technique was employed for the direct determi-  
nat ion of the free energy of formation of Bi203, Sb203, and TeO2 at tempera-  
tures above 520~ The high- temperature  free energy data obtained in the 
present  investigation were used to calculate the thermodynamic properties for 
the three oxides at 298~ The calculations depended in part  on the accuracy 
of the published thermochemical  data. 

In  recent years, considerable effort has been directed 
toward developing materials  for thermoelectric de- 
vices. Alloys prepared from the tellurides of bismuth 
and an t imony have been found to be promising for 
such applications. Therefore a research program has 
been init iated to determine the thermodynamic  prop- 
erties of Bi-Te and Sb-Te alloys using the solid oxide 
galvanic cell technique of Kiukkola and Wagner  (1). 
The technique demands accurate free energy of forma- 
t ion data for B i 2 0 3 ,  5 b 2 0 3 ,  and TeO2. A l i terature 
search revealed that reliable values for thermodynamic  
properties, especially flee energy of formation, are not 
available for these oxides. Therefore, we have used the 
cell technique for direct determinat ion of the free 
energy change, ~G ~ for the following formation re- 
actions over the temperature  ranges indicated: 

5200-820 ~ : 2Bi (c) + 3/2 02 (g) : Bi203 (c) [a] 
5200-740 ~ : 2Sb (c) -t- 3/2 02 (g) = Sb203 (c) [b] 
5200-720 ~ : Te (c) -t- 02 (g) ---- TeO2 (c) [c] 

* Electrochemical Society A c t i v e  M e m b e r .  
I p r e s e n t  a d d r e s s :  G e n e r a l  E l e c t r i c  R e s e a r c h  a n d  D e v e l o p m e n t  

C e n t e r ,  S c h e n e c t a d y ,  N e w  Y o r k  12309 .  
K e y  w o r d s :  thermodynamic properties, s o l i d  e l e c t r o l y t e s ,  g a l v a n i c  

c e l l s ,  enthalpy and entropy o! formation. 

Literature Review 
Rossini et al. (2) critically reviewed all papers pub-  

lished before 1952 on thermodynamic  properties of 
Bi203, Sb203, and TeO2, and included the best available 
data in their compilation. The present  discussion will  
be, therefore, restricted main ly  to the papers pub-  
lished in the last two decades. However, some of the 
earlier work reviewd by Rossini et al. will  be men- 
t ioned whenever  required for the sake of comparison. 
Table I presents the data selected by Rossini and co- 
workers in a tabular  form. It  also includes the results 
of all later investigations to be discussed below. 

Bi203.--The exper imental  data on the Bi-O system 
have been compiled by Hansen (3), Elliot (4), and 
Shunk (5). Two stable polymorphs of Bi203 are re- 
ported to exist; the low-temperature  form, a-Bi203 
transforms to the h igh- tempera ture  form, 5-Bi203 at 
about 720~ The melt ing point of 8-Bi203 is 825~ 

Mah (6) has determined the heat of formation of 
Bi203 by combustion calorimetry. He has also calcu- 
lated the entropy and free energy of formation. 

Sbg)3.--Ell iot  (4) and Shunk  (5) have reviewed 
the available thermodynamic  informat ion on the Sb-O 

Table I. Published thermodynamic data for BigOt, Sb203, and Te02 

B~08 

K u b a s c h e w s k i ,  E v a n s ,  
P r o p e r t y  Rossini e t  al. (2) a n d  A l c o c k  (16)  W i c k s  a n d  B l o c k  (16)  M a h  (6) 

A H ~  k c a l / m o l e  - 137 .9  -- 1 3 7 . 2  "4- 1 .0  -- 1 8 7 . 9  -- 1 3 7 . 1 6  - -  0 . 3 0  
AS~ e u  - -  - -  - - 6 4 . 3  
S ~  e u  36 .2  3 6 . 7  - -  0 .7  "~6 .2  
A G ~  k e a l / m o l e  -- 118 .7  - -  - -  118 .7  - 118 .0  

Sb20~* 

K u b a s c h e w s k i ,  E v a n s ,  W i c k s  a n d  G o r g o r a k i  and 
P r o p e r t y  R o s s i n i  e t  a L  (2) a n d  P A c o c k  (15) B l o c k  (16) T a r a s o v  (8) M a l t  (7) 

A H ~  k c a l / m o l e  - -  1 6 6 . 5  -- 1 6 9 . 4  • 1 .0  -- 168 .6  ~ -- 1 6 9 . 4  - -  0 . 1 7  
A S  ~ ,.,~, e u  - -  - -  ~ ~ 
S ~  e u  - -  2 9 . 4  "4" 0 .6  2 9 . 4  3 1 . 6 5 ,  3 3 . 7 1  
A G ~  k e s t / m o l e  - -  - -  - - 1 4 9 . 1  - -  --  156 .2 - - -  0 .8  

T e O 2  

K u b a s c h e w s l c i ,  E v a n s ,  G a d z h i e v  and Schneider a n d  
P r o p e r t y  R o s s i n i  et at. (2) a n d  A l c o c k  (15)  S c h u h m a n n  (12)  S h a r i f o v  (11)  Z i n t l  (10)  

A H ~  k c a l / m o l e  -- 7 7 . 6 9  -- 7 7 . 0  ~--_ 1 .5  -- 77 .7  -- 9 0 . 6  + 0 .3  -- 7 6 . 9  -4- 1.2 
ASo=e,  e u  . . . . .  

S~  e u * *  1 6 , 9 9  19 .0  ----. 1 .0  ~ ~ 
AG*=e ,  k c a l / m o l e  -- 6 4 . 6 0  ~ -- 6 4 . 3 2  - -  

* T h e  d a t a  q u o t e d  a r e  f o r  o r t h o r h o m b i c  S b 2 0 8 .  
** T h e  S ~  d a t a  o f  M e z a k i  a n d  M a r g r a v e  (9)  f o r  T e O 2  ( =  14  - -  2 e u )  w a s  n o t  i n c l u d e d  i n  t h e  t a b l e  f o r  l a c k  o f  s p a c e .  
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system. Solid Sb2Os occurs in  two modifications, and 
the t ransformation temperature  is reported to be 570~ 
Sb203 melts at 655~ 

Using combustion calorimetry, Mah (7) has deter- 
mined the heat  of formation of Sb~O3, and calculated 
the entropy and free energy of formation. Gorgoraki 
and Tarasov (8) used adiabatic calorimetry to obtain 
heat capacity and enthalpy of Sb2Oa. They calculated 
S~ values for the two modifications by graphical in-  
tegrat ion and extrapolat ion of their  data to 0~ 

TeO~.--The Te-O system has been reviewed by El-  
liot (4) and Shunk  (5). Tea2 prepared by precipita- 
t ion from aqueous solution or oxidation of te l lur ium 
metal  is reported to be tetragonal.  The mel t ing point  
of Tea2 is 733~ 

Mezaki and Margrave (9) measured the heat con- 
tents of TeO~ in a drop- type calorimeter over 446 ~ 
1146~ (173~176 From an approximate fitting of 
the high- tempera ture  heat content  data with a Debye 
equation, they estimated S~ for Tea2. 

Schneider and Zintl  (10) determined the heat of 
formation of Tea2 by combustion of e lemental  tel-  
lu r ium in  a bomb calorimeter. Gadzhiev and Sharifov 
(11) used the same technique but  obtained a differ- 
ent AH~ value (see Table I) .  

One of the earliest investigations of thermodynamic  
properties of Tea2 deserves special attention. Schuh-  
m a n n  (12) in 1925 measured the emf of the cell 

Te-TeO2]HC104, H2OIH2, Pt  

at 25 ~ and 45~ and directly measured the free energy 
of formation. He also estimated the heat of formation 
from the tempera ture  dependence of free energy. This 
is the only direct free energy measurement  to date for 
any of the three oxides under  discussion. 

Experimental Details 
In  the present  investigation, the open-circui t  emf of 

the following oxygen concentra t ion cells were mea-  
sured as a funct ion of tempera ture  

W, Bi-Bi20310.85 ZrO2 -5 0.15 CaOIAir , Pt  [I] 

W, Sb-Sb20~[0.85 ZrO2 -5 0.15 CaO[Air, Pt  [IIa] 

C, Sb-Sb20310.85 ZrO2 -5 0.15 CaO]Air, Pt  [IIb] 

W, Te-TeO2[0.85 ZrO2 -5 0.15 CaOIAir , P t  [III] 

For cells of these types, the open-circuit  emf (after 
necessary thermal  emf corrections) is related to the 
equi l ibr ium oxygen part ial  pressures at the two elec- 
trodes by the expression 

RT 
E --  ~ In [P'o2/P"o2] ; P'o2 > P"o~ 

4F 

where P'o2 ---- oxygen pressure at the reference elec- 
trode (air) ---- 0.21 atm; P"o2 = oxygen pressure at the 
meta l -meta l  oxide electrode for the exper imental  tem- 
perature, T; and all of the other symbols have their  
usual  meaning.  

Since the oxygen part ial  pressure for a meta l -meta l  
oxide equi l ibr ium is related to the free energy of for- 
mat ion of the oxide, we obtain the following emf-free 
energy relations for the cells under  consideration 

~G~ = --6FEI -5 1.5 RT in  (0.21) [1] 

AG~ : --6FEn -5 1.5 RT In (0.21) [2] 

hG~ ----~ --4FEIn -5 RT In (0.21) [3] 

where the subscripts in ~G ~ refer to the reactions [a], 
[b], and [c], respectively, and the subscripts in E refer 
to the cells [I], [ IIa-IIb] ,  and [III], respectively. 

The cell assemblies used in  the four experiments  
were similar. Figure 1 shows the main  features of a 
typical set-up. The entire assembly was placed inside 
a quartz protection tube. The open end of the calcia- 
stabilized zirconia electrolyte tube was sealed to a 

ZrO a -Ca0 
Electrolyte Tube 

Pt-IORh/Pt 
Thermocouple 

R 
M 
".4 

~ ~ k ~  Pt Foil Electrode 

" ~ A l u m i n a  Support 

~ S p r i n g  Loaded 
Alumina Thrust 
Rod 

/ Alumina Tube 
with W-Wire  or 
C-Rod 

- -Meta l /Ox ide  
Electrode 

Fig. 1. Cell assembly (schematic) 

vacuum manifold wi th  epoxy. One end of a short plati- 
num lead wire was brought  out through the epoxy 
seal, and the other end was spot-welded to a tungs ten  
lead wire (cells [I], [IIa], and [III])  or force-fitted to 
a graphite rod (cell [ I Ib]) .  For cell [I], the tungsten 
lead wire could be allowed to remain  in contact with 
the Bi-Bi203 electrode for the entire duration of the 
experiment since no reaction between tungsten and 
bismuth was observed. This conclusion could be de- 
duced from the fact that identical emf values were ob- 
served during repeated heating and cooling cycles. 

Liquid antimony metal was found to slowly react 
with tungsten. It was therefore necessary to avoid pro- 
longed contact between these two metals, or to seek a 
new lead element that would not react with liquid 
antimony. A minor modification in the cell design 
allowed us to raise or lower the tungs ten  lead wire  into 
the Sb-Sb203 electrode only dur ing emf measurements.  
This was accomplished by at taching a piece of soft iron 
to the tungsten wire, and moving the iron piece with an 
external ly  located magnet.  This procedure prevented 
any appreciable tungsten dissolution from taking place. 
The cell where this technique was adopted is desig- 
nated cell [IIa]. An a l ternat ive  cell, denoted as cell 
[IIb], made use of a graphite rod as the lead element. 
The graphite rod was allowed to remain  in contact 
with the mol ten electrode. As will  be discussed later, 
the results obtained with cells [IIa] and [IIb] were 
consistent. 

The react ion between tungs ten  and liquid te l lur ium 
was found to be rapid in  agreement  with earlier ob- 
servations (13). Attempts to use graphite lead ele- 
ment  were not successful since it quickly reduced Tea2 
to the liquid metal. It  was, therefore, necessary to 
lower the tungs ten  lead wire into the electrode melt  
only when an emf measurement  was desired, as in  cell 
[IIa]. This procedure kept the electrode contaminat ion 
to a min imum;  the tungsten-content  of the Te-TeO2 
electrode at the end of the exper iment  was found to be 
less than  30 ppm. The error in the free energy mea- 
surements  due to electrode contaminat ion is estimated 
to be less than 10 cal/mole.  

In  a typical experiment,  the cell was placed in a 
wire-wound furnace at room temperature  and as- 
sembled under  a fume hood because of the toxic na ture  
of the fumes involved in some of these systems. The 
meta l -meta l  oxide electrodes were prepared by mixing 
the metal  granules with the oxide powder in  about 5:1 
volume ratio. The mix ture  was then placed in  the elec- 
trolyte tube and the tube  closed off. The system was 
slowly heated to above 500~ and the emf measure-  
men t  was started. A DORIC in tegra t ing- type  digital 
vol tmeter  (Model DS-100) was used to measure the 
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Table Ih Details of electrode materials 

Material Source Grade/purRy 

Bl F isher  Scientific Company Certified (>99.9%) 
Bi2Os Fisher Scientific Company Certified (>99.9%) 
Sb Fisher Scientific Company Certified (>99.9%) 
Sb2Os Matheson ,  Coleman,  a n d  Bell  Reagen t  (>99%)  
Te Alfa  Ino rgan ics  99.99% 
TeO~ Prepared by oxidation of Te 

metal in our laboratory ~=99.9% 

open-circui t  cell emf to a precis ion of 0.1 mV. The 
high input  impedance  of this vo l tmete r  p reven ted  load-  
ing of the  cell  and  a l lowed revers ib le  measurements .  
On reaching the des i red  tempera ture ,  the  cell emf as-  
sumed a s table  va lue  wi th in  about  half  an  hour. The 
emf r ema ined  constant  to wi th in  +_1 mV for 24 hr  or 
longer  if al lowed. The revers ib i l i ty  of the  measured  
emf was checked f requent ly  by  shor t ing the  cell  for 
about  1O sec, and then a l lowing the emf to r e tu rn  to a 
s table  value.  The cell  emf a lways  re tu rned  to the or ig i -  
nal  va lue  wi th in  a minute.  Once a constant  cell  emf 
was obta ined for a control led  tempera ture ,  the  set 
point  of the  control ler  (Tern-Pros Research Inc., Model  
CP-1V-M) was changed to a new value  and the se- 
quence of measurements  was repeated.  In  the  present  
invest igat ion,  the  cell  t empera tu re s  could be control led  
to wi th in  +_2~ 

A typ ica l  exper imen t  consisted of m a n y  hea t ing  and  
cooling schedules, and las ted f rom one to two weeks. 
The e lec t ro ly te  tubes d id  not c rack  on the rmal  cycl ings  
of this  type.  

The 15 m / o  (mole pe r  cent)  CaO-stabi l ized ZrO2 
tubes were  purchased from Zirconium Corporat ion of 
Amer ica .  The tubes  were  12 in. long wi th  an  outer  
d iamete r  of 1/2 in. and wal l  thickness  of 1/16 in. and 
were  certified to be he l ium leak  tested to 5 X 1O -~ or 
less s tandard  cubic cent imeter  per  second at  room 
t empera tu r e  by  the  manufac turer .  Tubes of this  typei 
f rom the same manufac tu re r  have been shown to b e  
acceptable  as e lec t ro ly te  mate r ia l s  for oxygen concen- 
t ra t ion  cells (14). 

Table  II  lists the  e lect rode mate r ia l s  used in this  
study, the i r  sources, and pu r i t y  levels  c la imed by  the 
suppliers.  

Since the  cells used in the  present  w o r k  employed  
diss imilar  lead  elements,  the  observed emf da ta  had  to 
be corrected for the  the rmal  emf genera ted  be tween 
tungs ten  and p la t inum (cells [I],  [IIa] ,  and [ I I I ] )  or 
carbon and p la t inum (cell  [ I Ib ] ) .  Couples of these 
types  were,  therefore,  p repared  and the i r  t he rmal  emf 
measured  over  wide t empera tu re  ranges. The sys tem 
used to measure  the  the rmal  emf for  the W - P t  couple 
is schemat ica l ly  shown in Fig. 2. Only  minor  modifica- 
tions were  necessary for the  C-P t  couple. Thermal  emf 
exper iments  were  conducted in he l ium atmospheres  to 
p reven t  the  non-noble  e lement  from oxidation.  

Results and Discussion 
Figures  3, 4, and 5 present  the  e m f - t e m p e r a t u r e  da ta  

f rom cells [I],  [ I I a - I Ib ] ,  and  [III] ,  respect ively.  Wi th in  
the  l imits  of exper imen ta l  uncertaint ies ,  the  emf- tem-  
pe ra tu re  plots  are  l inear .  I t  should be pointed out  t ha t  
for cells [I] and [III] ,  the  sample  electrodes consisted 
of a l iquid  meta l  (Bi or  Te) and a solid oxide  (Bi203 
or  TeO~). No phase  t ransformat ions  involv ing  large  
hea t  effects (such as fusion) occurred in these  cells 
over  the t empera tu re  ranges  selected. L inear  e m f - t e m -  
pe ra tu re  plots  a re  therefore  expected for these cells. 
On the other  hand, for cells [IIa]  and  [IIb] ,  .the sample  
e lect rode consisted of Sb (s) and Sb203 (s) be low 631~ 
Sb( l )  and Sb20~(s) be low 655~ but  above 631~ and 
Sb(1) and Sb2Os(1) above 655~ The emf - t empera -  
ture  plots  for these cells are  thus expected to consist 
of three  l inear  segments.  However ,  the  heat  effects due 
to the  mel t ing  of the meta l  and of the  oxide tend to 
cancel  each other. Moreover,  the  mel t ing  points  of Sb 
and Sb20~ are  quite close (wi th in  25~ The emf- 

Pt 
Pt-IORh 

/~..~I~ Epoxy 
To Vacuum Pump 

i ~ & Helium Tank 

L" Ground Glass Joint 

~Double Bore / 
J Alumina Tubes 

f l Q u o r t z  Tube 

/ - - P t  Wire to hold the 
Tubes Together 

Fig. 2. Experimental arrangement for thermal emf measurements 

> 600[ .~ Cell ,W, Bi-8i203[CSZ I Air, Pt 

500 550 600 650 700 750 800 
Temp,~ 

Fig. 3. Emf-temperature data from cell[I] 

800 

E 
uJ 750 

Cell: 

oCell: C, Sb-Sb2051CSZ ~ AJr, P t ,  - ' ,  

% I I I I I 
70-*50 550 650 7 0 

TEMP, "C 

Fig. 4. Emf-temperature data from cell [ l la ]  and cell [ l ib] .  The 
difference in emf of the two cells is due to different lead wire 
combinations (W-Pt and C-Pt). 

t empera tu re  plots  for cells [IIa]  and [IIb] thus appear  
as single s t ra igh t  l ines over  the  ent i re  t e m p e i a t u r e  
range.  
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500 

40C 

300 

4 5 0  

Cell, W, Te-TeOz I CSZ/Air, PI 

5bo s~o 6'oo 6'5o T~O 4o 
Temp, ~  

Fig. 5. Emf-temperature data from cell[Ill] 

As ment ioned earlier, the data presented in  Fig. 3, 4, 
and 5 had to be corrected for thermal  emf's due to dis- 
similar lead elements. The results of our thermal  emf 
measurements  on W-Pt  and C-Pt couples are shown in 
Fig. 6 and 7, respectively. Table III  presents the emf-  
tempera ture  relationships for the cells under  consider- 
ation before and after thermal  emf corrections. I t  is 
obvious from Table III  that  the accuracy of the pres- 
ent emf measurements  was high. The consistency be-  
tween the cell [IIa] and cell [IIb] data is also good; at 
900~ the two sets of measurements  agree wi th in  •  
mV after necessary thermal  emf corrections. 

2 0  

W-Pt  

18 

16 

12 

I0  

, I I 
00 600 700 800 

T e m p ,  ~ 

Fig. 6. Thermal emf of W-Pt couple as a function of temperature 

C-Pt 

w 

,,) 

5O0 

J 

6bo 7bo 8bo 
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Fig. 7. Thermal emf of C-Pt couple as o function of temperature 

)0 

Table III. EMF-temperature relationships for the cells under 
investigation 

Ig ( m Y )  ---- A - B T  ( K  ~ 
S t a n -  S t a n -  

E m f  d a t a  d a r d  E m f  d a t a  d a r d  
C e l l  b e f o r e  t h e r m a l  d e v i -  a f t e r  t h e r m a l  d e v l -  
N o .  e m f  c o r r e c t i o n  a t i o n  e m f  c o r r e c t i o n  a t l o n  

[ I I  E = 9 8 9 . 0  - 0 . 5 2 9 T  +----0.6 E = 9 6 7 . 6  - 0 . 4 9 2 T  +-1.0  
[ I l a ]  E ----- 1201 .2  - 0 . 4 8 2 T  +--0.4 E = 1 1 7 9 . 8  -- 0 . 4 4 5 T *  +-0 .5  
[ I l b ]  E = 1 1 9 7 . 9  - 0 . 4 6 1 T  +-0.3  E = 1195 .6  -- 0 . 4 5 5 T *  +-0 .5  
( I I I ]  E = 8 3 5 . 7  -- 0 . 5 1 7 T  -*'0.7 E = 8 1 4 . 3  - 0 . 4 8 0 T  - - l . O  

" E | !  ---- 1 / 2  [E[xl~l  + Ef l lb ] ]  = 1 1 8 7 . 7  -- 0 . 4 5 0 T  ___ 3 .0  i n V .  

The corrected emf- tempera ture  relationships given 
in Table III were used to obtain the following free 
energy- tempera ture  expressions for the formation re- 
actions [a], [b], and [c] 

AG~ -- --133,890 4- 63.43T ___ 140 cal /mole 

hG~ = --164,340 + 57.62T__+ 400 cal /mole 

AG~ -- -- 75,120 + 41.18T • 100 cal /mole 

When a l inear  relat ion is found to exist between the 
free energy of reaction and the temperature,  the slope 
of the l ine represents the entropy and the intercept 
the enthalpy of the reaction. The above equations, 
therefore, not only give reliable free energy values, 
but  also offer working values for the enthalpy and en- 
tropy of formation for the three reactions at high tem- 
peratures. 

I t  is possible to calculate s tandard thermodynamic  
properties for the three oxides under  discussion from 
our h igh- tempera ture  data. Such calculations are use- 
ful in providing a common basis for comparing results 
from different investigations. For such calculations 
to be of any real value, it is imperat ive that  accurate 
heat capacity and heat of fusion data be avai lable for 
the metals and oxides being studied. Unfortunately,  
only estimated heat capacity and heat of fusion values 
are available for some of our materials  (15). Never- 
theless, calculations were carried out for the three 
oxides taking all heat effects into account. Table IV 
presents the results of our extrapolat ion from the mean 
experimental  temperatures.  A comparison of our re-  
sults with the available l i terature  data (Table I) re- 
veals large differences. The differences are too large to 
be totally a t t r ibuted to the inaccuracy of published 
thermochemical  data. Our calculated results are prob-  
ably less accurate than the direct calorimetric mea- 
surements  of Mah (6, 7), since our method is an in -  
direct one. The h igh- tempera ture  free energy  values, 
however, are the first reported values obtained from 
direct exper imental  data. 

Summary 
The solid electrolyte cell technique has been success- 

ful ly employed for the direct determinat ion of the 
free energy of formation of Bi203, Sb203, and TeO2 at 
temperatures  above 520~ Since the cells consisted of 
l iquid metal-oxide electrodes, p la t inum lead wire was 
found unsuitable.  The problem of electrode-lead wire  
interact ion and methods used to minimize it have been 
discussed. 

Table IV. Thermodynamic properties of Bi203, Sb~03, and Te02 
from the present investigation* 

P r o p e r t y  B i1Os  (s) Sb .4 :~  (s) T e O =  (s) 

A H ~  k c a l / m o l e  -- 131 .6  - -  0 . 5  -- 158 .1  - -  1 .0 -- 72 .0  ----- 0 .5  
~ S ~  e u  - - 5 9 . 2  +- 2 .0  - - 5 2 - 8  ----- 3 .0  - - 3 7 . 5  ----- 3 .0  
S ~  e u  4 1 . 4  +- 2 .0  4 2 . 5  ----- 3 .0  2 3 . 4  +- 2 .0  
A G ~  k c a l / m o l e  -- 1 4 4 . 0  ~- 1 .0  -- 1 4 2 . 4  -4- 2 .0  -- 6 0 . 8  "4- 1.0 

�9 H e a t  c a p a c i t y ,  h e a t  o f  f u s i o n ,  a n d  s t a n d a r d  e n t r o p y  v a l u e s  
n e e d e d  i n  t h e  c a l c u l a t i o n s  w e r e  o b t a i n e d  f r o m  t h e  t a b l e s  g i v e n  b y  
K u b a s c h e w s k l  e t a [ .  ( 1 5 ) .  
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The high-temperature free energy data obtained in 
the present investigation were used to calculate the 
thermodynamic properties for the three oxides at 
298~ The calculations depended in part  on the ac- 
curacy of the published thermochemicl data. 
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Hydrous Metal Oxide Sols 
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ABSTRACT 

Methods for preparation of chromium(HI), aluminum, and zirconium(IV) 
hydrous oxide sols consisting of spherical particles, and of copper(1) oxide 
sols of cubic particles, have been described. Under certain experimental con- 
ditions the particle size distribution is very narrow. Various properties of 
these sols are described and the mechanism of their formation and particle 
growth discussed. 

Precipitation of metal hydroxides or, more appro- 
priately, of metal  hydrous oxides, is of continuing in- 
terest in various applications such as corrosion, water  
pollution, and catalysis. Although numerous studies 
have been initiated throughout the years attempting 
to elucidate the chemistry and physics of the formation 
of these systems, the results have been largely quali-  
tative owing to the complex kinetics and equilibria in- 
volved. Numerous difficulties are encountered in the 
investigations of hydrous metal  oxide precipitations. 
For example, the solids formed are generally amor- 
phous; additional chemical reactions (hydrolysis, con- 
densation, complexation, etc.) occur which may affect 
nucleation and particle growth; the extent of precipi-  
tation is highly dependent upon concentration, pH, 
temperature, and time (1). Furthermore,  the particles 
produced are mostly of irregular shape and of broad 
size distribution. This makes it very difficult to char-  
acterize, on a quantitative basis, the particle formation, 
growth, surface properties, and sol stabili ty (when the 
hydrous metal  oxides appear in the colloidal state).  

Ideally, the particles should be of simple shape (e.g., 
spherical, cubic), of narrow size distribution ("mono- 
dispersed"), and stable enough so that their composi- 
tion and properties, such as surface charge, might 

K e y  w o r d s :  ch ronomal ,  electrophoresis, monodispersed sols, p a r -  
t icle g rowth ,  penetrating anions, precipitation. 

readily be determined. In addition, the electrolyte en- 
vironment from which the particles are formed or in 
which they are suspended often contains complex 
solute species. These must be sufficiently inert (kineti- 
cally) to make their separation and identification pos- 
sible, often via a variety of suitable analytical  tech- 
niques (2). 

Despite innumerable studies dealing with precipi- 
tation of various hydrous metal  oxides, the methods for 
generation of hydrosols of these materials, uniform in 
size and shape, have only recently been described. 
"Monodispersed" chromium hydroxide sols consisting 
of spherical particles (3-5) and copper(I)  oxide sols 
consisting of cubic particles (6) can now be repro- 
ducibly prepared over a range of modal size param- 
eters. In addition to this work the preparation of 
"monodispersed" aluminum hydrous oxide sols having 
spherical particles will be described for the first time. 
Finally, preliminary work shows that  zirconium hy-  
drous oxide sols of spherical particles can also be pro- 
duced. All these systems were obtained by aging of 
salt solutions of the corresponding metal ions at ele- 
vated temperatures in the presence of certain com- 
plexing anions. Many of the sols are of sufficient uni-  
formity to show higher order Tyndall spectra (HOTS), 
which in the case of the chromium and aluminum hy-  
drous oxides, permits a particle size distribution anal- 
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ysis and an es t imat ion of the  number  concentra t ion in  
situ f rom l ight -sca t te r ing  measurements .  

As wel l  as descr ibing the methods  for the p repara t ion  
of these "monodispersed"  meta l  hydrous  oxide sols and  
some of the i r  characterist ics,  we  wil l  r epor t  here  in 
grea te r  deta i l  recent  studies on the kinet ics  of the  
format ion  and g rowth  of the  solids f rom chromium salt  
solutions. These shed some l ight  on the mechanism 
of the  hydrous  meta l  oxide par t ic le  format ion  which  
has been h i ther to  ve ry  poor ly  understood.  

Preparation of Metal Hydrous Oxide Sols of Narrow 
Size Distribution 

Materials.--All chemicals  were  reagen t  grade  and 
used wi thout  fur ther  purification. General ly ,  the  stock 
solutions were  f i l tered th rough  Mil l ipore  filters (for 
Cr sa l t  solutions, 1.2 ~m; and  for copper  and a luminum 
sal t  solut ions 0.2 ~m), a l though for  exper imen t s  in-  
volving Cr ( I I I )  solutes, f i l t rat ion does not  appear  to 
be necessary to ensure reproducibi l i ty .  An  assay of 
al l  s tock solutions was made  by  means  of s tandard  
ana ly t ica l  methods.  Wa te r  was dis t i l led twice, the  
second t ime in an al l  glass appara tus .  P y r e x  cul ture  
tubes  wi th  Teflon-lined, sc rew- type  caps were  em-  
p loyed as reac t ion  vessels. 

Techniques.--Light-scattering da ta  were  obtained in 
a Br ice -Phoen ix  photometer  Model 2000. When  possi- 
ble, the  par t ic le  size d is t r ibut ion  was de te rmined  in 
situ f rom the  polar iza t ion  ra t ios  of the  sca t tered  l ight  
using a method  descr ibed ear l ier  (7). 

The h is tograms of a l l  sols hav ing  par t ic les  of uni-  
form shape and na r row size d is t r ibut ion  were  ob-  
ta ined  f rom elect ron microscopy. Samples  were  p re -  
pared  by  placing a drop of the suspension on a col-  
lodion-covered copper  gr id  and removing the l iquid  
wi th  a micropipe t te  af ter  severa l  minutes.  I t  could be 
shown that  the  size d is t r ibut ions  de te rmined  by  elec-  
t ron microscopy and by  l ight  scat ter ing (in cases in 
which  the  l a t t e r  technique was appl icable)  were  in ex-  
cel lent  agreement  (8). 

The change in l igh t - sca t te r ing  intensi t ies  was also 
employed  to de te rmine  the  prec ip i ta t ion  boundaries.  
In  the la t te r  case, in a series of systems the  concen- 
t ra t ion  of the  meta l  sal t  was kept  constant  whereas  
the  pH was changed sys temat ica l ly  in smal l  incre-  
ments.  A plot  of scat ter ing in tens i ty  vs. pH showed a 
sharp  increase at  the  pH at  which solid phase first 
formed. The cr i t ical  pH of prec ip i ta t ion  for a given 
meta l  ion concentra t ion  was de te rmined  by  ex t rapo-  
lat ion of the  line of steepest  slope to tha t  of the homo- 
geneous solutions. 

Elect rophoret ic  mobi l i t ies  were  measured  in a micro-  
e lectrophoresis  appara tus  wi th  a van Gils  cell. 

The concentra t ion of chromium in the  dispersion 
med ium af ter  the removal  of sol par t ic les  by  f i l t rat ion 
was de te rmined  by  atomic absorpt ion  spectroscopy in 
a blue  flame (9). Samples  hea ted  for 1 hr  (and fi l tered) 
were  used as s tandards.  

A l l  pH ad jus tments  were  made  by  means  of glass- 
calomel combinat ion  electrodes.  Where  necessary the  
pH was measured  at  h igher  t empera tu re s  (75"C) and 
the combinat ion e lec t rode  (Beckman 39500) was appro-  
p r i a t e ly  s tandardized  wi th  a K H - p h t h a l a t e  buffer. 

Procedures.--The chemical  composition, the morpho-  
logical  characterist ics,  and the  surface proper t ies  of 
p rec ip i ta ted  meta l  hydrous  oxides depend on a number  
of exper imen ta l  parameters ,  the  most impor tan t  among 
these being the concentra t ion of the meta l  salt, the  
presence of complexing  species (pa r t i cu la r ly  of cer ta in  
anions) ,  pH, tempera ture ,  t ime of aging, method of 
mixing, and  in some instances, the  h is tory  of the 
solution prepara t ion .  

To i l lus t ra te  some of these effects, wi th  special re fer -  
ence to par t ic le  size and shape of the prec ip i ta ted  meta l  
hydrous  oxides, Fig. 1 gives a coppe r ( I I )  sulfate con- 
cen t ra t ion -pH precip i ta t ion  domain (10). The systems 
on the left  and r ight  were  aged for 18 hr  at  25~ and 

75~ respect ively .  In  region I (Fig. 1) solutions re-  
main  homogeneous; in region II  (Fig. 1) a pale  blue 
prec ip i ta te  is formed consist ing of the basic copper  
sulfate, Cu4(OH)~SO4, whereas  in region I l I  (Fig. 1) 
the  r ed -b rown  par t ic les  are  tenori te ,  CuO. Dashed 
lines in Fig. 1 show calcula ted  boundar ies  be tween  
regions I / I I  and I I / I I I  using corresponding equi l ibr ium 
constants  given by  Bar ton  and Bethke  (11). The ex-  
pe r imenta l  and ca lcula ted  boundar ies  for systems aged 
at 75~ (and then cooled to 25"C) are  in reasonably  
good agreement  whereas  no such corre la t ion  was found 
for  the  systems aged at  25~ Obviously,  in the  la t te r  
case the  aging per iod  was too shor t  for the  equi l ibr ium 
to be established. 

Also included in the var ious  regions of the p rec ip i ta -  
t ion domain are  the  e lect ron micrographs  of the corre-  
sponding sols. The par t ic le  sizes and shapes change 
cons iderably  wi th  the  concentra t ion of the  prec ip i ta t ing  
components  and the t empera tu re  of aging. Qui te  uni-  
form, ova l - shaped  par t ic les  were  obta ined by  aging 
at 75~ solutions containing CuSO4 and NaOH in the  
molar  rat io  of 1:2, these par t ic les  a re  shown in the  
electron micrograph  at  the  ex t reme  r ight  of Fig. 1. 
They were  not  observed when  a s imi lar  procedure  was 
fol lowed wi th  Cu(NO3)2 in place of the  coppe r ( I I )  
sulfate.  However ,  using c oppe r ( I I )  n i t ra te  solution 
to which sodium sulfate had been added, such tha t  the 
sulfate concentrat ion was equal  to that  of Cu 2+, ve ry  
s imilar  par t ic les  were  again formed, s t rongly  point ing 
to the  role SO42- ions p l ay  in thei r  production.  

Needless to say the  prec ip i ta t ion  domains  obtained 
wi th  solutions of salts  of o ther  meta ls  show different  
boundar ies  because in each case the  composi t ion of the 
solid separated,  and  the composit ion of the  solute  com- 
plexes in the  dispersion med ium m a y  va ry  consider-  
ably. Also the ra tes  of format ion  and the rmodynamic  
proper t ies  wi l l  differ. 

The involved  na ture  of meta l  hydrous  oxide precip-  
i ta t ion processes is most  l ike ly  the  reason tha t  "mono-  
d ispersed"  sols conta in ing par t ic les  of s imple shapes 
(i.e., spheres or cubes) have been repor ted  only re -  
cent ly  (3-6). I t  is therefore,  even more  r emarkab le  
that  we have succeeded in the p repara t ion  of such sols 
of severa l  metals.  Significantly, cer ta in  condit ions re -  
sul t ing in systems of na r row size d is t r ibut ion  are  
s imi lar  in a l l  cases. The meta l  sal t  solutions from 
which  the sols fo rm must  be  hydrolyzed,  usua l ly  at  
e levated  temperatures ,  for ex tended per iods  of time. 
More impor t an t ly  these sols a re  produced only in the 
presence of cer ta in  coordinat ing or  "penet ra t ing"  ions. 
In this  regard,  sulfate  ions seem to p l ay  a special  role, 
a l though prepara t ions  of monodispersed chromium 
hydrox ide  sols were  successful also in the  presence of 
phosphate  ions (4). This would  indicate  tha t  a s imi lar  
mechanism under l ies  the format ion  of hydrous  oxides 
of different  metals,  which, if  resolved,  would  help  in 
unders tanding  many  phenomena  involving these 
mater ia ls .  

Essent ia l  procedures  for the  p repara t ion  of meta l  
hydrous  oxide sels of na r row size d is t r ibut ion  are  
given below. 

C h r o m i u m ( I I I )  hydrous  oxide  sols were  obtained if 
solutions of chrom a lum or solutions conta ining 
c h r o m i u m ( I I I )  n i t r a te  and a lka l i  sulfate  were  kep t  
at 75.0 ~ _+0.3~ for an ex tended  per iod of t ime (from 
severa l  hours to severa l  days) ,  a f te r  which the sample 
tubes were  immersed  in ice wa te r  and  cooled to room 
t empera tu r e  (3-5).  An  e lec t ron micrograph  of such 
a sol is given in Fig. 2a. Uniform spher ical  par t ic les  
could also be fo rmed  d i rec t ly  in the  e lect ron micro-  
scope if solutions of chrom a lum were  exposed to the 
electron beam in a "wet  cell" (8, 12). 

Similar ly ,  a luminum hydrous  oxide sols consisting 
of spher ical  par t ic les  uni form in size form upon aging 
at  e levated t empera tu res  of a luminum salt  solutions. 
The l a t t e r  contain e i ther  a luminum sulfate or a lum-  
inum ni t ra te  to which sodium sulfate  was added  in 
concentrat ions approx imat ing  the  a luminum sulfa te  
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Fig. I. Precipitation domains of copper sulfate as a function of pH for systems aged for 18 hr at 25~ (left) and at 75~ (right). Region 

I, homogeneous solution; region II, blue precipitate; region Ill, red-brown precipitate. Solid lines indicate boundaries between the various 
regions, the individual experimental data points being represented by the circle and the box symbols. (The triangles indicate data obtained 
with the ion-specific electrode.) The theoretical boundaries are indicated by the dashed lines; the dotted line indicates the boundary 
between the regions of large and small particles within region II at 25~ The electron micrographs show particles typical of those formed 
thoughout the corresponding region except for the one at the extreme right, for which the preparation conditions are indicated by the arrow. 

stoichiometry. The major difference as compared to 
the chromium hydrous oxides is in regard to the tem- 
perature of aging, which for aluminum salt solutions 
had to be in excess of -~90~ Also in the latter case the 
rate of heating the solutions to the equilibrium temper- 
ature seemed to be important for the production of 
monodispersed sols. In the present work the rate of 
temperature rise was ,~0.5~ during the first 2-3 
hr of aging. In contrast, chromium salt solution, if 
chosen in proper concentrations, gave monodispersed 
sols regardless of how quickly they reached thermal 
equilibrium. An example of the aluminum hydrous 
oxide sols prepared as described above is shown in 
Fig. 2b. 

The latest experiments indicate that similar sols 
can be obtained by hydrolysis of aluminum alkoxides at 
elevated temperatures if the pH and the sulfate con- 
centrations are carefully adjusted. 

Zirconium(IV) sulfate solutions on aging at 75~ 
also give sols containing spherical particles although 
in this case only sols of rather broad distribution have 
been obtained so far (Fig. 2c). 

In all preceding cases the sols consisted of spherical 
particles. All attempts to produce similar copper 
hydrous oxide sols failed. However, it was possible to 
prepare copper(I) oxide hydrosols having cubic par- 
ticles of narrow size distribution. Again the presence 
of complexing solutes seemed to be essential as such 
sols were obtained by reduction of an alkaline solution 
of copper tartrate complex (diluted Fehling's solu- 

tion) with glucose (10). This reaction does not proceed 
stoichiometrically due to the changes in the sugar 
molecule caused by the alkal ine medium (13) and the 
glucose concentrat ion used actually was in excess in 
all cases. The solutions were mixed and heated rapidly 
unt i l  precipitation occurred (at about 92~ and then 
cooled in an ice-water  mixture.  Typical particles are 
shown in Fig. 2d. 

The conditions which will  result  in systems of na r -  
row size dis tr ibut ion and uni form particle shape are 
ra ther  restricted. As a ru le  such sols form over a 
nar row pH range just  above the solubili ty boundary.  
By far the greatest effect on their appearance has been 
the concentrat ion of the complexing solute, part icu- 
lar ly of the sulfate ion. To i l lustrate this, Fig. 3 gives 
the reactant  concentrat ions of a number  of solutions 
containing a luminum and sulfate ions which were 
heated at 99~ for 40 hr  in order to establish in  which 
of these monodispersed sols are formed. At the end 
of the aging period systems designated by tr iangles 
showed no separation of the solid phase, whereas 
a luminum hydrous oxide separated in all other sys- 
tems. Black circles (Fig. 3) designate sols exhibi t ing 
higher order Tyndal l  spectra (HOTS), which are most 
sensitive indicators for the presence of particles of 
ra ther  nar row size distribution, par t icular ly  of spheres 
in the micron diameter  range. It  can be seen that  
"monodispersed" sols are obtained at a luminum ion 
concentrations from 2 • 10 -4 to 6 • 10-SF but  only 
when  sulfate ions were present  to give an a luminum 
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Fig. 2. Electron micrographs of various metal hydrous oxide sol 
particles obtained by aging of (a) chrom alum, 4 • 10-4F, at 
75~ (b) aluminum sulfate, 1 • 10-3F, at 99~ (c) zirconium 
(IV) sulfate, 5 X 10-8F, at 75~ and (d) Cu20 sol formed by 
reduction of Fehling's solution by glucose. 
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to sulfate ra t io  be tween  1:1 and 1:2 (de l inea ted  by 
dashed l ines) .  In  la rger  excess of sulfate ions the  
par t ic les  grow considerably  l a rge r  and in many  cases 
flocculate and se t t le  ( indica ted  b y  squares) .  The pH in 
a l l  systems showing HOTS was se l f -adjus ted  and upon  
aging and cooling of the  sols to room t empera tu re  
ranged  from 3.1-3.5, the  lower  values  being for sys-  
tems of h igher  a luminum ion content.  The great  effect 
o f  pH on the  format ion  of monodispersed  meta l  

hydrous  oxides was  demons t ra t ed  ear l ie r  wi th  chrom-  
ium hydrox ide  sols (4). 

The size of the  sol par t ic les  depends  on the reac tan t  
concentrat ions.  Again,  in this  regard ,  the  complexing 
anion exhibi ts  a considerable  effect. F igure  4 (left)  
shows tha t  the  moda l  d iamete rs  of the  spher ica l  
a luminum hydrous  oxide par t ic les  increase wi th  in-  
creasing sulfate concentra t ion in the  solution f rom 
which  the  sols a re  formed.  In teres t ingly ,  at  a given 
sulfate  concentra t ion the  moda l  d iamete r  does not  
seem to change if the a luminum ion concentra t ion is 
var ied  over  the  na r row  range which produces  sols 
exhib i t ing  HOTS. S imi la r  observat ions  have  been made  
wi th  the  chromium hydrox ide  sols to be descr ibed in 
grea te r  deta i l  below. 

The effect of the  Cu 2+ ion concentra t ion on the  edge 
length of cubes p repa red  by  reduct ion of the Fehl ing ' s  
solutions is shown in Fig. 4 ( r igh t ) .  In this  case, the 
modal  par t ic le  size is s t rongly  affected by  the me ta l  
ion concentra t ion if the concentra t ion of glucose is 
kep t  constant.  

Propert ies of  Monodispersed  M e t a l  Hydrous Ox ide  Sols 
Because of the i r  r eproduc ib i l i ty  and we l l - cha rac te r -  

ized morphology  the  me ta l  hydrous  oxides  of na r row 
size d is t r ibut ion  lend themselves  uniquely  to the  s tudy 
of thei r  sol s tab i l i ty  and of par t ic le  surface proper t ies .  

Whereas  sol par t ic les  genera ted  f rom solutions of 
chromium salts r ema in  unchanged  once formed,  the  
a luminum hydrous  oxide par t ic les  produced at h igher  
t empera tu res  (>90~ s lowly redissolve upon cooling 
to 25~ The l a t t e r  sols can, however ,  be pe rmanen t ly  
stabi l ized against  dissolution if, a f te r  thei r  formation,  
the  pH is changed to ~10. No secondary  precip i ta t ion  
of a luminum hydrous  oxide takes  place  as the  pH is 
made  sufficiently high to complex  excess a luminum 
ions in the  form of solute a lumina te  species. 

The pH of a l l  sols p r epa red  by  aging as descr ibed 
ear l ie r  has been lower  than  the corresponding zero 
point  of charge (ZPC) ;  thus, the  par t ic les  ca r ry  a 
posi t ive charge. The surface charge  can be r ead i ly  
a l tered by  changing the pH of the  medium.  Conse- 
quent ly  pH exercises  a significant effect on sol s tabi l i ty .  
In  genera l  the  sols coagula te  when  the  ]oH is ad jus ted  
to be around the ZPC of a given system. However ,  they  
pept ize comple te ly  if pH is sufficiently h igh  or low to 
give s t rongly  charged part icles .  F igure  5 shows the  
e lec t rophoret ic  mobi l i t ies  as a funct ion of pH of th ree  
different  sols. The ZPC of hydrous  chromium and 
a luminum oxides  are  in agreement  wi th  the  "best"  
values  cited by  Pa rks  (14); the  corresponding va lue  
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Fig. 4. Left, modal particle side of aluminum hydrous oxide sols 
formed by aging solutions containing 1 • 10-3F AI (111) at 99~ 
in the presence of varying sulfate concentrations ( 0 )  and from a 
range of aluminum concentrations at a constant aluminum/sulfate 
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for copper  ( I I )  hydrous  oxide is much  lower  than  tha t  
repor ted  elsewhere.  Wi th in  the  pH range indica ted  by  
ar rows the ch romium and a luminum hydrous  oxide 
sols coagulate  whereas  outside of this  range the sols 
r ema in  stable.  

Da ta  for  the  a luminum hydrous  oxide  were  obta ined 
on a sol which was washed to remove the  excess of 
reac tan t  ions and then resuspended in solutions of 
different  pH values.  The  or iginal  sol in the  presence of 
sulfate ions showed much lower  posi t ive or h igher  
negat ive  mobi l i t ies  as compared  to the  "washed" sol 
at  the  same pH values.  The effect of sulfate ions is 
s imi lar  to tha t  repor ted  ear l ie r  on corundum in the  
presence of var ious  anions (15). More recent ly ,  A lwi t t  
showed a considerable  influence of cer tain anions on 
the inabi l i t ies  of pseudoboehmite  (16). 

The "monodispersed"  so13 could also be used to estab- 
l ish whe the r  the  par t ic le  size remains  the  same when 
pH, and consequent ly  the  charge,  is changed.  Fo r  this  
purpose  the ch romium( I I I )  hydrous  oxide sols are  
best  sui ted since the  l ight  scat ter ing could be used to 
establish the  par t ic le  size d is t r ibut ion  in situ wi th  grea t  
precision (3, 8). A sol consist ing of uniform, spherical ,  
posi t ively  charged par t ic les  was  p repa red  b y  aging 
chrom a lum solutions at  low pH and then the pH was 
increased sufficiently to give a s table sol of nega t ive ly  
charged part icles.  The size d is t r ibut ion  was de te rmined  
by  l ight  scat ter ing before  and af ter  recharging.  Both 
the  modal  par t ic le  d iameter  and the  size d is t r ibut ion  
of chromium hydrox ide  sols remained  essent ia l ly  un-  
changed (Table  I ) .  

Kinetics of Formation and Growth of Chromium 
Hydrous Oxide Sols 

The resul ts  descr ibed above showed tha t  me ta l  
hydrous  oxide sols of un i form size and shape may  
now be reproduc ib ly  prepared,  a l though the  condit ions 

Table I. Size distribution parameters and mobillties of a chromium 
hydroxide sol [4 X 10 -4M solution of CrK(S04)2 aged for 21 hr 

at 75~ at different pH 

pH (25~ 3.80 9.60 
Particle d iameter  (p.m) 0.314 0.318 
Width of the size distri- 

bution, r 0.12 0.I0 
Mobility ( # m/ sec /V /em)  +1.48 ~4.18 

are  somewhat  res t r ic ted.  These sols a re  sui table  for 
the  s tudy of kinet ics  of par t ic le  fo rmat ion  and growth,  
since most  theor ies  app ly  to monodispersed  systems of 
spher ical  part icles .  Fo r  this  purpose  chromium hydrous  
oxide seems to be most convenient  since it is the  least  
sensi t ive system to the  changes in the  exper imen ta l  
condit ions (such as the  r a t e  of hea t ing  or the  presence 
of impuri t ies ,  etc.) leading to the  fo rmat ion  of mona-  
dispersed sols. Also the  complexes  fo rmed  in chromium 
salt  solutions are  sufficiently k ine t ica l ly  iner t  (2, 5) to 
a l low the i r  identification. 

g~ect of sulfate ion concentration.--A previous  s tudy 
(5) descr ibed the  change of par t ic le  d iamete r  and  of 
the content  of soluble chromium species in a 4.0 • 
10-4F solut ion of chrom a lum as a funct ion of t ime of 
aging at 75~ Here  the  effects of changing the sulfate  
concentra t ion (added as sodium sulfate)  at  the con-  
s tant  concentra t ion  of c h r o m i u m ( I I I )  n i t r a te  on the 
format ion of the hydrous  oxide sols wi l l  be shown. In 
Fig.  6 the  concentra t ion of solute ch romium is given 
as a function of t ime of aging the solutions at  75~ 
in the  presence of three  different  sulfate  concentra t ions  
and in the  absence of this  anion. I t  is appa ren t  t ha t  
wi th  increasing content  of sulfate ions the solut ion is 
more  r a p id ly  deple ted  of soluble  chromium species. 

F igure  7 shows that  the  pH at 75~ of the dispersion 
media  for sols which  have reached equi l ib r ium (at 96 
hr  of aging) remains  essent ia l ly  constant  at  sulfate  
concentrat ions  <2 • 10-3F but  increases at h igher  
sulfate additions.  The l a t t e r  indicates  that  sulfate ions 
are  replac ing  hyd roxy l  groups in the  basic ch romium 
species formed dur ing  the  aging process, which should 
influence the  proper t ies  of the  sols p roduced  at  ele- 
va ted  tempera tures .  Final ly ,  Fig. 8 is a plot  of the  
modal  par t ic le  d iameter  of sols formed b y  aging 4.0 X 
10-4F c h romium( I I I )  n i t r a t e  solut ion at  75~ for 96 
hr  as a function of the ini t ia l  sulfate  concentrat ions.  
The na tu re  of the  par t ic les  fo rmed  is also ind ica ted  in 
this figure. At  the lowest  sulfate  concentra t ions  the  
par t ic les  are spher ical  but  of b road  size distr ibut ion.  
Because of po lydispers i ty  and smal l  par t ic le  d iameters ,  
l ight  scat ter ing could not be appl ied  for de te rmina t ion  
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Fig. 6. Concentration of Cr (111) species remaining in solution 
after removal of sol particles from solutions containing three differ- 
ent su|fate concentrations each initially 4.0 X 10 -4F in Cr (lit). 
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Fig. 7. The #H of the dispersion medium after 96 hr at 75~ as 
a function of sulfate concentration for solutions initially 4.0 X 
10-4F in Cr (111). 

of the  size dis t r ibut ion.  Ins tead  the e lec t ron  micro-  
scopic resul ts  are  given. At  the  in t e rmed ia te  sulfate  
concentrat ions  the  par t ic le  size d is t r ibut ion  is suffic- 
ien t ly  na r row  for sols to show intense h igher  order  
Tynda l l  spect ra  (HOTS) and the par t ic le  size da ta  are 
f rom the l ight -sca t te r ing  analysis.  A t  the  highest  sul -  
fate  concentra t ions  s tudied the solids formed are  ag- 
gregates  of spher ical  part icles .  I t  is in teres t ing to note 
tha t  the onset of increase  in pH (Fig. 7) and the  for -  
mat ion  of aggregates  occur at app rox ima te ly  the  same 
sulfate  concentrat ion.  The aggregat ion appa ren t ly  is 
caused by  the  lower ing  of the  sur face-charge  dens i ty  
in the  presence of higher  concentrat ions of sulfate  ions 
(as demons t ra ted  by  mobi l i ty  measurements )  and by  
the br idging  of the  par t ic les  by  different  coordinated 
chromium basic sulfate  complexes  which  seem to form 
under  these  condit ions (as indica ted  b y  the pH effects, 
Fig. 7). 

These observat ions show the essential  ro le  which  
sulfa te  ions p l ay  both  in the nucleat ion and in the  
growth  process dur ing  the format ion  of chromium 
hydrous  oxide sols. A more  expl ic i t  mechanism of the  
par t ic le  genera t ion  wil l  be possible  once the chromium 
basic sulfate complexes  a r e  more  prec ise ly  identified. 

Growth  m e c h a n i s m . - - W h e n  prec ip i ta t ion  resul ts  in 
par t ic les  of un i form shape and size, and  the number  
concentra t ion remains  nea r ly  constant,  the "chronomal"  
analysis  (17) m a y  be used to es tabl ish the  growth  
mechanism. In pr incip le  this analysis  permi t s  d i s -  
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t inguishing be tween  diffusion controlled,  po lynuc lea r  
layer,  and mononuclear  l ayer  growth.  

The chromium hydrous  oxide sols unde r  cer ta in  
expe r imen ta l  condit ions meet  the  requ i rements  nec-  
essary  to app ly  the  chronomals.  For  example,  Fig. 9 
shows the change of the modal  par t ic le  d iamete r  wi th  
t ime of sol genera ted  by  aging at  75~ a solution 2.0 
• 10-4F in chrom a lum and 4.0 • 10-4F in K2SO4. 
Assuming  a constant  par t ic le  composit ion (36% Cr) 
(5), th roughout  the  ent i re  per iod of par t ic le  g rowth  
shown in Fig. 9, a constant  par t ic le  concentra t ion of 
(2.0 --+0.5) • 10 s cm-~  was ca lcula ted  by  means  of the  
express ion  (18) 

6~2w [ aMexp(3~ro) ] -1 
N -- ' " f a~p(a)da 

p~3 aM exp (--3r 

where  w is the mass of par t ic les  per  cm 3, p is the  
par t ic le  densi ty  (2.4 g/cm~), ~ = 3.25 • 10-~ cm, ~o is 
the d is t r ibut ion  wid th  pa ramete r ,  and p ( a )  is the  
zeroth order  logar i thmic  d is t r ibut ion  funct ion (19), 
being the size parameter ,  a = 2~r/k, for which  r is the  
rad ius  of the  spher ica l  part icle .  

Nielsen (17) defines severa l  chronomals,  two of 
which  are  of in teres t  in this  work.  The diffusion 
chronomal,  ID, is g iven as 

ID --  ~ in [(1 --  x ) / ( 1  --  xl/S) z] 
_ 31/s t a n - 1  [31/2/(1 + 2 x - i / 8 ) ]  

whe re  x is the degree  of react ion (the ra t io  be tween  
the amount  of substance that  has reacted,  and  the to ta l  
amount  able to react,  i.e., so lubi l i ty) .  

A t  t ime, tD 
tD - -  K D I D  

a n d  
K D  "-" [48~2t~]~2(Co - -  S )  ] -1/SD-1 

where  v is the  mo la r  volume,  D the  diffusion coeffi- 
cient, and (Co --  S) is the  to ta l  amount  reacted.  

Fo r  the  polynuclear  control led  g rowth  chronomal  

Ip "- ~ o X P X - 2 / 8 ( 1  - -  X )  - (m+2) /Sd  z 

where  X is now defined as the f ract ion of the  to ta l  
ini t ia l  species which has reac ted  to form the p rec ip i -  
ta te  at t ime  tp. As above, tp = KpIp where  

Kp ~ 0.6rl[kmvT/3D2Co (m+2)] -1/a 

and r l  is the  equi l ib r ium par t ic le  radius,  km is a ra te  
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anisms designated by Nielsen as functions of time of aging at 75~ 
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in SO4-~ (see text). 

constant, Co is the initial concentration of the reacting 
species, and m is a constant. 

For the chromium hydrous oxide sol described in 
this section, ID and Ip, chronomals gave linear plots as 
a function of time (Fig. 10). Mononuclear controlled 
growth chronomals (I+m) did not give a linear rela- 
tionship, and therefore, were not defined here. 

To test whether a linear plot of a given chronomal 
properly indicates the growth mechanism, the diffu- 
sion coefficient, D, calculated from the corresponding 
K quantities, should have a reasonable value. In our 
case KD did not yield a meaningful value for D over a 
wide range of values for the molar volume (the pre- 
cipitate is amorphous). For example, assuming v = 
~50 cm3/mole, D = ~10 -9 cm2/sec; a similar result is 
obtained using the expression r(t) = [2Dv(Co -- S)t] 1/2 
which is valid for v(Co -- S) < <  1 (1, 17). On the 
other hand, more reasonable values for D could be cal- 
culated from Kp values. It would appear that a poly- 
nuclear mechanism may be involved in the particular 
growth period studied although this is by no means 
certain; conceivably a compound growth mechanism 
might also be operative. 
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LIST OF SYMBOLS 
C concentration at time t, mole/cm ~ 
Co initial concentration, mole/cm 8 
D diffusion coefficient of reacting species, cm2/sec 
DM modal particle diameter, ~m 
K factor converting a chronomal to time, sec 
km rate constant for nucleation controlled growth 

(units dependent upon m) 
I chronomal, dimensionless parameter propor- 

tional to time 
ID diffusion chronomal 
I+m mononuclear layer chronomal 
Ip polynuclear layer chronomal 
m kinetic order of precipitation 
N particle number average concentration, em -3 
p kinetic order of polynuclear layer growth 
p(a) zeroth order logarithmic distribution function 
r particle radius, cm or ~m 
rl equilibrium particle radius, cm 
S solubility of particles, mole/cm 8 
t time, sec or hr 
tn time of diffusional growth, sec 
tp time of polynuclear layer growth, sec 
v molar volume of precipitating species, cm3/mole 
w mass per unit volume, g/cm 3 
x degree of reaction 
xp degree of reaction, polynuclear layer growth 
a particle size parameter 
a~t modal particle size parameter 
r particle size distribution width parameter 
~. wavelength of scattered light in medium, cm 
p density of particles, g/cm s 
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ABSTRACT 

When electrical current  passes through a porous metal  diaphragm, the 
potential  gradient  in the electrolyte can serve to drive an electrochemical 
reaction provided that reactive species are present. One portion of the metal  
will act as an anode while the remainder  will  act as a cathode. A one-dimen-  
sional model is presented for determining how the reaction rate  distr ibution 
is affected by system parameters  including charge-transfer,  resistance of the 
diaphragm, diffusion of solute species, and forced convection through the 
diaphragm. The results are presented in a series of dimensionless figures. 

Nearly all current  distr ibution studies have hereto- 
fore been conducted on electrodes of single polarity, 
either anodes or cathodes. A variety of impor tant  elec- 
trochemical systems, however, involve "bipolar" elec- 
trodes which are characterized by localized anodic and 
cathodic areas which coexist on adjacent regions of a 
single conductive surface. The following current  dis- 
t r ibut ion study has therefore been conducted in order 
to arrive at several features which are characteristic 
of one simple type of bipolar electrode. 

The part icular  system under  investigation involves a 
porous metal  diaphragm of uniform porosity and thick- 
ness which is placed between two electrodes in a cell 
as shown schematically in Fig. 1. When current  passes 
through the cell, a potential  difference arises across 
the porous metal  diaphragm so that  electrochemical 
reactions may occur provided that reactive species are 
present. One portion of the diaphragm acts as an 
anode while the remainder  acts as a cathode. Current,  
therefore, passes through the diaphragm both by ionic 
conduction in  the electrolytic solution and by elec- 
tronic conduction between anodic and cathodic reg- 
ions. 

Previous fundamenta l  studies on bipolar systems 
have mostly focused at tent ion on determining the cur- 
ren t  and potential  distr ibution in  a system of fixed 
anode/cathode geometry. In  a series of publications, 
Waber et al. (1) calculated the pr imary  and secondary 
current  distr ibution in local cells having coplanar ad- 
jacent  cathodes and anodes of known geometry ratio. 
Wagner  (2) investigated the behavior of local cell 
action when  the cathodic reaction was diffusion limited. 
Along different lines, Levich (3) employed concepts of 
convective diffusion to determine the rate of dissolu- 
t ion of inclusions of known size in both horizontal and 
vertical metal  surfaces. In contradist inction to these 
studies, however, situations can arise where one has 
no a priori knowledge of which areas of a metal  tend 
to be anodic or cathodic, or how the system properties 
influence the size of the anodic area. Analyses of bi- 
polar systems which do not specify the size of the 
anodic or cathodic region are less common. For ex- 
ample, bipolar resistive wire  electrodes have been ana-  
lyzed by a l inear  ne twork  model (4), and bipolar 
electrochemical reactors have been treated as differ- 
ential  chemical reactors (5). Although no studies are 
known to exist which examine the behavior of bipolar 
porous electrodes, the following work is based on re-  
lated analyses of porous bat tery  electrode behavior 
(6). The simple model discussed below contains the 
salient features of m a n y  systems which exhibit  bipolar 
behavior  and, in addition, provides a basis for invest i -  
gat ing more complex phenomena.  

Derivation of the Model 
The porous electrode under  consideration is of uni-  

form thickness, l, and is of uniform specific surface 
* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  w o r d s :  c u r r e n t  d i s t r i b u t i o n ,  m a t h e m a t i c a l  mode l ,  b ipo l a r ,  

porous electrode.  

area throughout.  Current  enters  the porous electrode 
in the solution phase at y ---- 0 and exits from the 
porous region at y ---- l. The concentrat ion of reacting 
species is the same on both sides of the porous dia-  
phragm. 

Since rigorous calculations are cumbersome, several 
assumptions have been introduced: (i) The metal  and 
void volumes of the porous diaphragm have a suffi- 
ciently fine structure that variat ions in potential  and 
concentrat ion occur along a single spatial dimension; 
the current  distr ibution along each external  surface is 
assumed to be uniform. (ii) Operation proceeds in the 
steady-state without  s t ructural  changes, depletion, or 
insulat ion effects. (iii) Only one reversible electro- 
chemical reaction occurs. (iv) The electrolyte is flooded 
with a nonreactive support ing electrolyte so that elec- 
trical migrat ion of reactive species is not important.  
(v) Mass t ransfer  l imitat ions do not exist external  
to the porous diaphragm. (vi) Convection through the 
porous electrode takes place by forced plug flow along 
the same spatial direction as the flow of electrical cur-  
rent  so that a one-dimensional  analysis remains  ap- 
propriate. Although these restrictions limit the appli-  
cabili ty of the following model, they do not obviate 
the essential features which are of interest. As dis- 
cussed in a later section, most of the assumptions may 
be altered to suit special circumstances without appre- 
ciable complication of the general  procedures. 

The transport  equations which describe the model 
will be developed for an electrode reaction having the 
stoichiometric form 

• y i M i  z i  ---- n e -  [1] 
l 

The reversible electrode reaction rate expression used 
in this investigation has concentrat ion dependent  for- 
ward and reverse rates 

ELECTROLYTE 

y=o y=,~ 

ELECTROLYTE 

Fig. 1. Schematic diagram of bipolar porous metal diaphram 
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j ( y )  = io c l (y)  exp \ ~  [,Ps(y) - -  ~bm(~)] 
e l  o 

c2(y) e x p (  - -  acnF 
c2 ~ RT [ r 1 6 2  ) ]  [2] 

The nota t ion is p rovided  in the  section on Symbols  at 
the  end of the paper .  The four var iables  which appear  
on the r ight  side of Eq. [2] (concentrat ions  of both  re-  
ac tant  and product  species, potent ia ls  in both  the  elec-  
t rode and solutions phases)  are, in general ,  dependent  
on spat ia l  posi t ion wi th in  the  porous electrode;  the  
four var iables  are  to be de te rmined  by  solving a set of 
equat ions as out l ined in the fol lowing paragraphs .  

In  the  solution phase, Ohm's  law is 

d~s(y)  
i s (y)  : - - K - -  [3] 

dy 

The current  in the  solution, i s (y ) ,  var ies  wi th  position 
since the e lect rochemical  react ion acts as a s ink 

disCy) 
- -  - - aj (y )  [4] 

dy 

The quan t i ty  "a" is the  specific surface area  in uni ts  of 
square cent imeter  surface area  per  cubic cent imeter  
void volume. Combinat ion of Eq. [2], [3], and [4] 
gives 

d2r /oa [ cl e x p ( a , n F  ) 
dy 2 K Ci 0 ~ [r - -  era] 

)] c2 exp [r ~m] [5] 
c2 o RT 

In a s imilar  manner ,  Ohm's  law may  be appl ied  to the  
passage of electronic cur ren t  in the e lectrode phase 

d~bm (y) 
im = - ~  - -  [6] 

dy 
with  the  resul t  

d2~bm 

dy 2 
[__ ) ioaP cl exp \ ~ [~bs -- 4'm] 

- -  = ~ ( i  Z ~ )  Cl o 

)] c2 exp [r r [7] 
c20 RT 

The group [ ( a P / ( 1  --  P ) ]  corresponds to the  specific 
surface area  in units  of square  cent imeter  surface a rea  
per  cubic cent imeter  e lectrode volume. 

The movement  of react ing species wi th in  the  elec- 
t rode occurs by diffusion and by  convect ion 

Ni = -- Di ~ + vci [8] 

The anodic reac tan t  concentrat ion,  el (y) ,  var ies  wi th  
posit ion owing to the  e lec t rochemical  react ion which 
acts as a s ink so tha t  

d2cl - - - -vdCl= vl/oa [ C l e x p ( a a n F  __ ) 
Di dY 2 dy nF el 0 ~ [r ~bs] 

c2 exp -- - -  [~bm -- ~bs] [9] 
c20 RT 

Similar ly ,  the anodic reac t ion  product ,  c2(y) ,  obeys 
the  t ranspor t  equat ion 

) D2 dY 2 dy nF  ~ 1  ~  \ - R ~  [~bm - -  ~bs] 

( J  )] c2 exp [era --  ~bs] [10] 
c2 o RT 

Equat ions [5], [7], [9], and [10] are sufficient for  de-  
t e rmin ing  the  four  unknown var iab les  which appear  in 

Eq. [2]. Each of the  different ial  equat ions contains all 
four unknown var iables  so that,  in general ,  s imulta-  
neous in tegra t ion  is required.  The model  is completed  
by  specification of the bounda ry  conditions.  At  y = 0 

~bs = ~bcell, Cl = Cl 0 

d~bm 
: 0, c~ = c2 ~ [11] 

dy 
while  at y : l 

~bs= 0, Cl : -  Cl 0 

dCm 
: 0, c2 = c2 ~ [12] 

dy 

In  order  to r ender  the calculat ions more  compact,  
the  fol lowing dimensionless  quant i t ies  a re  defined 

D !  
Y-- --Y ~ i =  

l Dr 

ci (y )  ci ~ 
Ci(Y) :. 71 = 

Cr Cr 

nF is'lnF 
Cm(Y) = -~'- ~bm (y) ~'-" KR------T~ 

nF alj 
cs(Y) = _--=~bs(y) J = 

RT is" 
[13] 

at Y = 0: @s = r Ci = 71 

@m' = 0, C2 = 72 

a t Y =  1: @s=0 ,  C , = 7 1  

~m' = 0, C2 = 72 [ i9] 

Once the four unknown var iab les  are  obtained,  the  
cur ren t  d is t r ibut ion along the  porous electrode m a y  be 
found from the dimensionless  form of Eq. [2] 

When  these groupings  are  subst i tu ted into the equa-  
tions which define the  model,  the fol lowing pa rame te r s  
arise 

aioVnF 

KRT 

aPiol2nF 
x =  

(1 --  P)aRT 

/0at2  

nFcrDr 

v l  
= [14] 

Dr 

In dimensionless  notation, the  four equations which 
define the model  can be a r ranged  to the somewhat  com- 
pact  form 

o , ,  [Cl 
s = ~ exp [aa(~s - -  ~m)]  

L 71 

C2 
exp [--,~c(r era)] 1 [15] 

72 J 

era" = - -  X___. Cs" [16] 

e l "  - -  - -  Cl '  = Cs" [17] 

C2" - -- C2' = cs" [18] 
•2 ~2~ 

Each "pr ime" superscr ip t  denotes differentiat ion with  
respect  to the  spat ia l  va r iab le  Y. The bounda ry  con- 
ditions given by  Eq. [11] and [12] take  on the form 
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C1 
~J = ~ exp [aa(r - -  era)] 

'71 5 

C2 
exp [ - - a c  ( v ,  - -  ~m) ] ] [20] 

"y2 J 

M e t h o d  of  So lu t ion  
The solution of the Eq. [15]-[19], which describe W 

the mathematical  model, was carried out on a digital <~ 
computer by a finite difference numerical  procedure. {:E 
Several computer programs were employed in  order 
to examine the various cases presented below. In  every Z 0 
case, the equations which describe the model were first O 
linearized about a tr ial  solution and then set into 
finite difference form. The set of tr idiagonal matrices CD 
was then inver ted (7) on an IBM 360 computer. Solu- <~ 
tions to the nonl inear  equations were subsequently W 
obtained by iteration on the approximate l inear  solu- 
tion; convergence was usual ly  achieved within  five 
iterations. --~ 

It may be noted that  Eq. [15] becomes homogeneous 
when x = 0, that  is, when  the electrode conductivi ty -5 
is very large. The derivative boundary  conditions on ~m 
will  then no longer permit  de terminat ion of the poten- 
t ial  in the metal  phase. In  such cases, the boundary  
condition at Y = 0 was modified to 

Cm = ~m* [21] 

where 4m* was chosen to be that  value for which 

o J dY "-" 0 [22] 
W 

That  is, the potential  in the metal  was chosen by in-  <$ 
spection so that  anodic and cathodic currents  balance {:E |0 4 

exactly. 
Resul ts  a n d  Discussion Z 

Since the foregoing model contains a large number  O 
of system properties, it would be cumbersome to re- 
port detailed parameter  studies for every possible case. <~ 
Only a few features, which seem to be of special in ter -  W 
est, have been chosen for discussion. 

io -e  Ef]eet of charge.transfer--First consider the prist ine C~ 
situation when  mass t ransport  restrictions are alto- W 
gether absent (~ = 0) and the electrode phase is of N 
high conductivi ty (x ---- 0). Under  these restrictions, - J  <~ 
the concentrat ion of reacting species is uniform, and 
the potential  in  the metal  is uniform. The system is {2: 
described by  Eq. [15] with the two appropriate boun- O 
dary conditions, Eq. [19]. The potential  in the electrode Z 

I0 -s phase was chosen such that  Eq. [22] was obeyed. The 
parameters  under  consideration are thus ~, ~a, aa, and ac. 
Figure 2 i l lustrates how the electrochemical reaction 
rate varies along the porous diaphragm for various Jt~ 
values of the parameter  ~. For  small  values of ~, the 
reaction proceeds with difficulty (low i0) so that cur-  "~ 
rent  does not enter  into the electrode phase; for large 
values, electrochemical reaction proceeds with ease so 
that  a considerable amount  of current  flows in the 
electrode phase between anodic and cathodic areas. 
Fig. 3 provides a compilation of the current  dis t r ibu-  
tions for various values of the parameter  $, as well  as 
for two applied potentials across the diaphragm. The 
electrode reaction rate distr ibution depends on the 
value of applied potential, Ca, because the charge- 
t ransfer  resistance is not constant but  varies with ~a. 
For a given value of ~, the current  distr ibutions shown 
in Fig. 3 have similar shapes which, in the interior 
regions of the diaphragm, are independent  of the 
applied potential.  For  reactions having symmetric 
t ransfer  coefficients (a~ = ~c) the reaction rate at the 
edges of the diaphragm is 

e ~  a 
J((r=0orl)  = 2~ sinh ~ [23] 

2 

Therefore, the current  distr ibutions for systems with 
different ~ or Ca than  those provided in Fig. 3 may be 

_ I 0 0  

Io 

3 

I I 

o 

I I 

Y, DISTANCE 
Fig. 2. Steady-state current density distributions within a bipolar 

porous electrode (aa---- ae---- 0.5,r = I , X  = ~ = 0). 

I0. 

1.0 

I 0 . 0  
~" = I00.  

10 .4 i r , i I 
0.0 0.5 

Y, DISTANCE 
Fig. 3. Compilation of reaction rate d~stributions in bipolar porous 

electrodes (aa ---- ~e = 0.5, X - -  ~ = 0). 

estimated by first computing J(r=0orl~ from Eq. [23], 
and the interpolat ing between the appropriate lines 
in Fig. 3. 

When the potential  Ca is impressed across the dia- 
phragm the magni tude of the current  which flows will  
depend on the extent  of electrochemical reaction tak-  
ing place in  the diaphragm as i l lustrated in Fig. 4. The 
quant i ty  ~avg/~a represents the over-all  dimensionless 
conductivi ty of the diaphragm. The family of solid l ines 
in Fig. 4 indicate that the over-al l  diaphragm con- 
duct ivi ty increases as $ increases; that  is, electrochem- 
ical reaction permits  passage of current  through the 
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Fig. 4. Dependence of over-all electrode conductivity on system 
parameters (aa ~ ac - -  0.5. ~ = 0). 

diaphragm in the electronic phase. At a given value 
of 4, the over-all  conductivity is somewhat potential  
dependent  owing to the nonl inear  reaction rate equa-  
tion used in the present  model. For the case Ca ---- 1 
and ~ -- 0.1, it has been found that  98.7% of the current  
passes through the diaphragm in the electrolyte phase; 
on the other hand, with Ca -- 1 and ~ ---- 100, electro- 
chemical reaction occurs to such a large extent  that  
only 1.4% of the current  flows in the electrolyte phase 
in  the center of the diaphragm. 

E~ect of electrode resistance.--Now let us superim- 
pose onto the foregoing prist ine system the effect of 
finite electrode conduct ivi ty by increasing x to non -  
zero levels; the potent ial  in the electrode phase will 
no longer be constant. For  the moment,  however, 
will  remain  zero so that  solute concentrat ions remain  
constant. The si tuation is modeled by Eq. [15] and  [16] 
with the appropriate boundary  conditions chosen from 
Eq. [19]. It was found that  the most expedient  method 
of integrat ion was not to employ the two derivative 
boundary  conditions on Cm but  ra ther  to chose the 
value of r on one side of the diaphragm such that  
Eq. [22] was obeyed. 

Figure  5 i l lustrates how the potentials in the electro- 
lyte and electrode phases vary  with position wi th in  
the diaphragm under  the conditions ~ ---- 10, x ---- 10, 

---- 0, and Ca -- 1.0. It  is seen that  potential  gradients 
appear in both phases. The potent ial  distr ibutions in  
each phase exhibit  inflection points since, by Eq. [15], 
their second derivatives change sign as one passes be-  
tween electrode regions of opposite polarity. Figure 6 
i l lustrates the effect of electrode resistance on the 
current  dis t r ibut ion under  the conditions of ~ ---- 100 
and Ca ---- 1.0. The electrode resistance tends to suppress 
electrochemical reaction by consuming a portion of the 
applied potential. The results shown by the dashed 
lines in  Fig. 4 are helpful in  est imating the effect of 
diaphragm resistance on over-al l  electrode conductiv- 
ity. Even though the exchange current  density may be 
very large (large O, it is clear that  electrochemical 
reaction wil l  tend not to occur if the metal  has a suffi- 
ciently large resistance (large x). 

Effect of dil~usion.--The importance of mass t ransfer  
l imitat ions on electrode behavior is determined by the 
parameters  ~ and ~. The first denotes the ratio of diffu- 
sion resistance to charge-transfer  resistance insofar as 
it contains the ratio io/Dr; the quant i ty  ~ provides the 
ratio of convective velocity to diffusive velocity. For 
the moment,  consider pure diffusion control, that  is, 

= 0. Fur ther ,  let x ---- 0 so that  the diaphragm is at 
a uni form potential.  The system behavior  is then  deter-  

__1 
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Y, DISTANCE 
Fig. 5. Variation of potential in solution ('I's) and in metal (4'm) 

phases during electrolysis in a bipolar porous electrode (aa ~ ac ---- 
0 .5 , r  1,~-- - -  10, X = 1 0 , ~ - - - -  0). 

W 

n" 

Z 
0 

F- 
0 

W 
n- 

-'3 

- 5  

0 I 
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Fig. 6. Influence of electrode resistance on current density distri- 

bution in bipolar porous electrodes (aa ~ ac ~ 0.5, Ca ~ 1, ~ 
100, ~ = 0). 

mined by Eq. [15], [17], and [18] along with the appro- 
priate boundary  conditions from Eq. [19]. As before, 
the potential  in the metal  is chosen such that  Eq. [22] 
is obeyed. 

When  ~= takes on nonzero values, concentrat ion 
gradients may arise in the electrolyte if reaction rates 
are appreciable. The solid lines in the upper  portion 
of Fig. 7 i l lustrate steady-state concentrat ion profiles 
of the two react ing species for one part icular  set of 
conditions (4 = 10, ~ ---- 1000, Ca = 1, X ---- 0). The 
concentrat ion profiles are somewhat S-shaped since 
reactants consumed along the anodic region are gener-  
ated by the reverse reaction along the cathodic region. 
An inflection point  in the concentrat ion profiles had 
been expected since the second derivatives in  Eq. [17] 
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Fig. 7. Concentration and current distributions in a bipolar porous 
electrode under transport restrictions (~a : ~c  ---- 0.5, ~ a  - -  1, 

---- i0, X = O, ~ ---- I O00). 

and [18] change signs as one passes between electrode 
regions of opposite polarity. 

Natural ly  large concentrat ion differences arise only 
if the electrochemical reaction proceeds at reasonably 
high velocities, that  is for large ~; otherwise, current  
merely passes through the diaphragm wtihout entering 
the metal  phase and thus serving as a species sink. The 
existence of concentrat ion differences, however, de- 
creases the extent  of electrochemical reaction by con- 
suming a port ion of the applied potential. Figure 8 
i l lustrates how concentrat ion overpotential  acts to 
reduce the over-all  conductivi ty of the porous dia-  
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Fig. 8. Dependence of over-all electrode conductivity on system 
parameters (~a  = ac  ---- 0.5, ~ a  -:- | ,  X ~ 0). 

phragm for the conditions Ca = 1, X ---- 0, and ~ ---- 0. 
The results shown in Fig. 8 are only weakly dependent  
on the applied potential in the range up to @a = i0. 
When ~ takes on large values, the extent of electro- 
chemical reaction is reduced and the reaction distribu- 
tion becomes more uniform. 

g#ect o~ electrolyte #aw. - -When  mass t ransport  
l imitat ions predominate electrode behavior, convection 
of electrolyte may na tura l ly  have a significant ei~ect 
on performance. The parameter  which determines the 
extent is f. The dashed lines in the upper  port ion of 
Fig. 7 i l lustrate  the effect of forced flow on the con- 
centrat ion dis tr ibut ion of species C1 which is consumed 
in  the anodic regions. When .( has the value zero, pure 
diffusion obtains and the concentrat ion distr ibution is 
shown by the solid curve as ment ioned previously. An 
increase in the value of ~, corresponding to convection 
from right to left in the figure, distorts the concentra-  
t ion dis tr ibut ion as shown. At sufficiently high values 
of ~ the concentrat ion dis tr ibut ion becomes uniform, 
that  is, mass t ransport  l imitat ions are ent i rely re-  
moved. The lower port ion of Fig. 7 i l lustrates the effect 
of convection on the electrochemical reaction rate dis- 
tribution. Under  pure diffusion control (~ ---- 0), the 
current  distr ibution is symmetric  and highly nonun i -  
form. In  the complete absence of mass t ranspor t  effects 
(~ _-- oo) the current  dis t r ibut ion varies almost l inear ly  
with distance wi th in  the electrode. At intermediate  
levels (such as ~ ---- 10e), the current  distr ibution is far 
from symmetric. For  the example in  Fig. 7, large local 
reaction rates are encountered in the (upstream) 
cathodic portion which, however, occupies less than 
20% of the electrode volume. The cathodic reaction 
products are washed downstream onto the anodic sur-  
face where reaction occurs with remarkable  uniform- 
ity over 60% of the electrode surface. 

By rel ieving concentrat ion overpotential,  convection 
will  increase the apparent  d iaphragm conductivi ty 
above the values for diffusion-controlled diaphragms 
as shown previousIy in Fig. 6. For  the range  of param-  
eters reported in this investigation, it was found that 
pure diffusion behavior  persisted for ~ values between 
0 and 104. For values of ~ in excess of 107, on the other 
hand, the over-all  diaphragm conductivi ty was wi thin  
1% of the value which corresponds to the absence of 
concentrat ion overpotential.  In  all cases, convection 
affected electrode performance pr imar i ly  in a narrow 
range of ~ between l0 S and 106. 

Conclusions 
In  the absence of concentrat ion and electrode resist-  

ance effects, the electrochemical reaction distr ibution 
within the porous metal  d iaphragm depends solely on 
the parameter  ~. If ~ has a value greater t han  unity,  
electronic co-conduction via electrode reactions be- 
comes appreciable. The effect of electrode resistance on 
electrode behavior is determined by the value of x; 
if x has a large value, the potential  in  the electrode 
phase varies with position. Similarly, the magni tude  
of the parameter  ~ determines the extent  of concen- 
t ra t ion overpotential.  The parameters  x and ~ affect 
d iaphragm behavior  only insofar as they affect the 
electrochemical reaction; if ~ is small, electrochemical 
reaction does not occur, and the role of electrode resist-  
ance and concentrat ion effects is of no concern. 

The model presented above is based on a set of 
assumptions which na tura l ly  affect the applicabili ty 
of the calculated results. For  example, a potential  dif- 
ference across the porous diaphragm was chosen in 
this study for the driving force for occurrence of bi- 
polar behavior. Other dr iving forces are possible. In  
order to investigate other systems having bipolar be-  
havior, a significant number  of the assumptions may 
be removed or substant ia l ly  altered without  appreci- 
able complication of the over-a l l  procedure. Several 
examples may be cited: assumption (i), concentrat ion 
gradients often arise dur ing high rate  discharge of 
porous bat tery  or fuel cell electrodes. After  release of 
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the  ex te rna l  load, the  device proceeds to recover  the  
t e rmina l  vol tage  by  a process which depends in pa r t  
on bipolar  shor t -c i rcu i t ing  of the  concentra t ion  gradi -  
ents wi th in  the  porous electrodes.  Rate  of recovery  
behavior  may, thus, be inves t iga ted  by  removing  as-  
sumpt ion (ii) in favor  of t rans ient  species conservat ion 
equat ions (8). Assumpt ion  (i i) ,  many  corrosion proces-  
ses are dr iven  by  localized concentrat ion,  stress, or po-  
ten t ia l  gradients  which cause the meta l l ic  surface to be- 
come bipolar  and thus  corrode.  Since at  least  two 
different  e lect rochemical  react ions are  usua l ly  involved,  
assumpt ion (iii) m a y  be re l ieved  in favor  of, for ex-  
ample,  oxygen  reduct ion  combined  wi th  iron dissolu-  
t ion /pass iva t ion  kinetics.  Assumpt ion  (iii), acid leach-  
ing of minera l  ore pel le ts  often takes  place by  corro-  
s ion- type  react ions  since many  of the  common sulfide 
and oxide ores a re  electronic conductors.  De te rmina -  
t ion of leaching ra tes  would, therefore,  involve mul t ip le  
b ipolar  react ions coupled, perhaps,  wi th  pore size var i-  
at ion considerations.  Assumpt ion  ( iv) ,  electroless 
deposi t ion processes consist of s imultaneous corrosion-  
type  react ions which have  the net  effect of deposi t ing 
meta l  on an  appropr i a t e ly  sensit ized substrate.  Bi- 
polar  concepts are  involved in de te rmining  the local 
cathodic react ion rate,  tha t  is, the meta l  thickness  dis-  
t r ibut ion.  Such studies are  na tu ra l ly  of in teres t  in im-  
proving qua l i ty  control  of electroless p la t ing systems, 

The b ipolar  porous electrode model  descr ibed above, 
thus, provides  a firm basis for fur ther  invest igat ions  
on impor tan t  e lectrochemical  systems. 
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SYMBOLS 
English characters 
a specific surface area, cm -1 
ct concentra t ion  of species i, g - m o l / c m  3 
ci 0 concentra t ion  of spcies i in bu lk  solution, g - m o l /  

c m  3 

Ci ci/ci ~ concentra t ion of species i, d imensionless  
Cr a r b i t r a r y  reference  concentrat ion,  g -mol / cm 3 
Di diffusion coefficient of species i, cm2/sec 
Dr a r b i t r a r y  reference  diffusion coefficient, cm2/sec 
F F a r a d a y ' s  constant,  96,500 cou lombs /g-equ iv  
im cur ren t  dens i ty  in the  electrode, A / c m  2 
i0 exchange  cur ren t  dens i ty  of the  e lectrode reac-  

t ion 
is cur ren t  dens i ty  in the electrolyte ,  A / c m  2 
is" cur ren t  dens i ty  in the e lec t ro ly te  at  Y = 0 or  1, 

A / c m  2 
j local reac t ion  rate,  A / c m  ~ 
J ajl/is', local reac t ion  rate ,  dimensionless  

Z electrode thickness,  cm 
M~ symbol  for species tak ing  par t  in e lec t rode  reac-  

tion, Eq. [1] 
n number  of electrons tak ing  pa r t  in e lectrode re -  

act ion 
Ni flux of species i, g-mol/cm~-sec 
P e lect rode poros i ty  
R gas constant,  8.31 jou les /g -mol  ~ 
T tempera ture ,  ~ 
v e lec t ro ly te  velocity,  cm/sec  
y spat ia l  distance, cm 
Y y/l, spat ia l  distance, dimensionless  
zi electr ic charge  of species i 

Greek characters 
aa anodic t ransfe r  coefficient in reac t ion  ra te  ex -  

press ion 
ac cathodic t rans fe r  coefficient in react ion ra te  co- 

efficient 
is'lnF/KRT, cur ren t  dens i ty  in solut ion at  y = 0 
or  1, dimensionless  

"n ci~ bu lk  concent ra t ion  of species i, d imension-  
less 
vl/Dr, convect ive velocity,  dimensionless  
conduct ivi ty  of e lectrolyt ic  solution, ohm -1 cm - I  

vi s toichiometr ic  coefficient of species i, Eq. [1] 
aiol2nF/~RT, react ion veloci ty  parameter ,  d imen-  
sionless 
aiol2/nFcrDr, diffusion parameter ,  dimensionless  

~i Di/Dr, diffusion coefficient of species i, d imen-  
sionless 
conduct ivi ty  of e lectrode mater ia l ,  ohm -1 cm -1 

r potent ia l  difference, [~s(Y = 0) --~s(Y = l ) ] ,  V 
Cm potent ia l  in e lect rode phase, V 
~s potent ia l  in e lec t ro ly te  phase, V 
Ca n F [ r  = 0) --r  = I)]/RT, appl ied  potent ia l  

difference, dimensionless  
Cm nF~m/RT, potent ia l  in e lec t rode  phase, d imen-  

sionless 
Cs nFr potent ia l  in e lec t ro ly te  phase, d imen-  

sionless 
x aPiolZnF/(1 - - P ) ~ R T ,  electrode resis tance pa -  

rameter ,  dimensionless  
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ABSTRACT 

The galvanosta t ic  operat ion of flooded porous electrodes employ ing  m e t a l /  
meta l  sal t  couples is analyzed.  A model  is developed for a single, c i rcular  pore  
configuration which accounts for the  effects of differing equiva lent  volumes of 
the  solid reactants .  The model  also includes effects of var ia t ion  in  solut ion 
proper t ies  and effects of complexing of the  spa r ing ly  soluble  sal t  wi th  the  bu lk  
e lec t ro ly te  anion. The Cd/Cd (OH)2 couple in concentra ted aqueous potass ium 
hydrox ide  and  the  Ag/AgC1 couple in concent ra ted  potass ium chlor ide  solu- 
tions are  considered. Overpoten t ia l  is computed as a funct ion of t ime for solid- 
film and solution-diffusion versions of the model.  The solid film model  shows a 
l inear  overpo ten t ia l - t ime  re la t ionship  and near ly  un i form cur ren t  dis t r ibut ion.  
The solution-diffusion model  shows a va r ie ty  of overpoten t ia l - t ime  curves,  
based on different physical  parameters .  In  general ,  anodic fa i lu re  is caused by  
blockage of pores  or by  complete  coverage of the meta l  surface by  product  
crystal l i tes .  Cathodic  fa i lure  is caused by  low mass t r anspor t  which leads to 
l imi t ing currents  in the electrode.  The solution-diffusion model  m a y  genera te  
ex t r eme ly  nonuni form cur ren t  distr ibutions,  often wi th  m a x i m a  inside the  
pore. These pers is tent  nonuni form cur ren t  d is t r ibut ions  are  impor t an t  in 
t e rms  of the  analysis  of cycling behavior .  

Porous electrodes using spar ing ly  soluble active spe-  
cies a re  common to most modern  electr ical  s torage 
cells. The negat ive  p la tes  in lead-ac id  ba t te r ies  are  
porous s t ructures  containing lead and lead sulfate 
mix tu res  formed e lec t rochemical ly  f rom pastes  pressed 
into lead al loy cur ren t  collectors. The lead sulfate is 
spa r ing ly  soluble. N icke l - cadmium cells use spar ingly  
soluble cadmium hydrox ide  and var ious  nickel  oxides 
and hydrox ides  on cadmium or nickel  substrates.  Sea 
w a t e r  act iva ted  cells use the  s i lve r / s i lve r  ch lor ide  
couple for the  posi t ive e lect rode reaction. 

This s tudy addresses  i tself  to the  formula t ion  of a 
phys ica l  and ma themat i ca l  model  which descr ibes  the  
opera t ion  of flooded porous electrodes using a m e t a l /  
spar ing ly  soluble salt  couple. Emphasis  is on p resen t -  
ing an accurate  descr ipt ion of the e l emen ta ry  processes 
bel ieved to be  the  most  impor tan t  in es tabl ishing 
ove r -a l l  e lect rode behavior .  Compar ison of cr i t ical  
aspects of the  model  to actual  exper imen ta l  observa-  
tions is made  insofar  as such informat ion is avai lable .  

Two specific examples  of me ta l / s a l t  couples have 
been considered. The first is c admium/cadmiu m hy-  
droxide  in aqueous potass ium hydrox ide  e lectrolyt ic  
solutions. Croft  (1) and F a r r  and  Hampson (2) have 
presented  evidence suppor t ing  anodic film growth  by  
ionic film t ranspor t  as a control l ing process. Dissolution 
and precipi ta t ion of a CdO in te rmedia te  has been pro-  
posed by  Lake  and Casey (3). Devana than  and L a k -  
shmanan  (4) suggest tha t  a CdOH + ion is fo rmed 
which m a y  decompose into CdO and Cd(OH)~.  A r m -  
s t rong et al. (5) found no CdO formed and that  the  
p r i m a r y  product  of oxidat ion was Cd (OH)2. Croft  (1) 
and  F a l k  (6) also proposed that  Cd(OH)2 was formed 
d i rec t ly  on oxidat ion  of Cd. Bre i te r  and Wein inger  (7) 
suggested tha t  a ve ry  thin  layer  of amorphous  CdO 
could be formed.  Yoshizawa and Takeha ra  (8) p ro -  
posed HCdO2- as an in te rmedia te  in a sequence of 
e l emen ta ry  steps. Visco and Sonner  (9) found tha t  
C d ( O H ) 3 -  is fo rmed on the dissolut ion of Cd(OH)2 in 
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KOH solutions from 2 to 15 molar .  The resul ts  of Visco 
and Sonner  make  the  Yoshizawa and Takehara  se- 
quence unl ikely.  Their  observed t h i rd -o rde r  depen- 
dence of the  equi l ib r ium potent ia l  on O H -  ac t iv i ty  
can be expla ined  by  the mechanism proposed by  
Milner  and Thomas (10) and by  Okinaka  (11). 

C d W  3 O H -  ~ C d ( O H ) s -  W 2 e -  

Cd(OH)8- ~:z Cd(OH)2 + OH- 

Okinaka concluded that in the active potential range 
the dissolution-precipitation mechanism is predomi- 
nant. He also concluded that a thin film of CdO was 
responsible for the passivation of cadmium, rather than 
surface blockage by Cd(OH)2 crystallites. In the pas- 
sive region, continued growth was accomplished by 
ionic migration through the Cd(OH)2 film which 
formed on top of the CdO film. Measurements of the 
conductivity of Cd(OH)2 gave values of about 10 -1~ 
mho/cm. These results might be compared to PbSO4 
film results of 3.5 X 10 -1~ mho/cm found by Fleisch- 
mann and Thirsk (12). Okinaka (ii) also estimated 
that the rate constant for the precipitation of Cd (OH)2 
was the order of 10 -3 to 3 X 10 -3 cm/sec. 

The reduction of Cd (OH)2 has been studied less than 
the oxidation of Cd even though this process is im- 
portant in the charging of Ni-Cd cells. This is espe- 
cially true with regard to possible hydrogen evolution 
in sealed cells. Croft (i) postulated that a direct solid- 
state mechanism was responsible for this process while 
Okinaka (ii) found evidence for both solid- and solu- 
tion-phase transport, with the contribution of the solu- 
tion-diffusion mechanism increasing as the reduction 
progresses. 

Will and Hess (13, 14) simulated a single pore by 
using a cadmium electrode covered with a thin (i0- 
400/~) layer of electrolytic solution and arranged so 
that the counterelectrode was positioned side-by-side 
with the test electrode. Microscopic investigations of 
the resulting Cd(OH)2 were interpreted as supporting 
the mechanism of solid-state ionic transport through 
passivating layers of Cd(OH)2. It was noted that large 
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particles of Cd(OH)2 were formed on repeated cycling. 
This effect was concluded to be responsible for the 
decrease in  capacity dur ing the first ten  cycles. A study 
by Bro and Kang (15) gives exper imental  data on the 
discharge profiles in an actual cadmium anode. These 
investigators sliced the electrode after discharge and 
were thus able to determine current  distr ibutions by 
differentiating the depth of discharge with respect to 
time. They also showed the effect of pore blockage by 
Cd(OH)2 crystalli tes through an empirical correlation. 
It  was found that  the per cent coulombic efficiency 
dropped as the integral  current  density of a galvano- 
static discharge was increased. Some polarization data 
were also presented. No theoretical t rea tment  of the 
data was attempted.  

Vermilyea (16) has classified films of silver halides 
on silver and oxide and  hydroxide films on cadmium 
as "noncont inuous films." Some of the metal  substrate 
is exposed and ions diffuse to and from the metal  
through openings in the overlaying salt or oxide. A 
review of metal  electrodes with surface films is given 
by Vetter (17). 

The mechanism of the growth of silver chloride on 
silver electrodes is apparent ly  a function of applied 
current  density. Lal et al. (18) found a purplish, prob-  
ably polycrystal l ine deposit which formed at 1-2 m A /  
cm 2. Jaenicke et al. (19) obtained white films, wi th  ap- 
parent ly  lower specific resistance, formed at current  
densities greater  than 20 m A / c m  2. They showed that 
these films were nonporous if thicker than  2-4~. Thus 
l iquid-phase silver ion t ransport  was not important  in 
anodic growth past this thickness. On the other hand, 
Giles (20) found that a series of intermediate,  soluble 
complexes was formed on oxidation of silver single 
crystals in chloride-containing media. Lal et al. (21) 
observed periodic phenomena associated with the 
breakdown of the anodic film. Jaenicke et al. suggested 
that  the cathodic process is cation migrat ion along 
grain boundaries  at large film thicknesses. After  some 
time the film breaks down and a diffusion process in 
the electrolyte solution becomes predominant .  

Lal et al. (18) found that  the conductivi ty of AgC1 
depended on the current  density dur ing formation, 
rising with current  density. The conductivity was re- 
ported to vary  between 10 -6 and 10 -4 mho/cm. Ap-  
paren t ly  the solid-state t ransference number  of the 
silver ion is near ly  unity. Indira  and Doss (22) have 
explained the high cation mobil i ty on the basis of a 
stoichiometric excess of silver in the AgC1 film formed 
electrolytically. 

The rate of the electrochemical reaction in the Ag/  
AgC1 couple seems large. Giles (20) proposed that  the 
complexation dissolution reaction 

Ag -t- nC1- ~=~ AgCln 1-n ~ e -  

takes place at a ra te  too fast to measure by faradaic 
impedance methods. The subsequent  production of 
AgC1 by chloride el iminat ion would then be rate l imi t -  
ing. These results apply only to salt-free surfaces. As 
the surface becomes covered with AgC1 crystals (phase 
formation takes place at about +25 mV overpotential) ,  
the overpotential  of the electrode rises at constant  
current .  Giles also observed large changes in the real 
surface area after formation and reduction of AgC1 
nuclei. 

A review by  de Levie (23) describes the features of 
m a n y  porous electrode models. Most porous electrode 
models employ a one-dimensional  approach as dis- 
cussed by Grens (24). Winsel  (25) analyzed a single 
pore of constant conductivi ty wi th  a highly conducting 
wall. He calculated some t ransient  effects by in tegrat -  
ing the local t ransfer  current  density over t ime and 
considering a finite amount  of reactant  to be available 
at each point  in the electrode. Thus Winsel was able to 
show overpotentials which increased markedly  as the 
amount  of charge consumed approached the amount  
available. 

Newman and Tobias (26) presented a steady-state 
analysis of a one-dimensional  homogeneous mixture  
model of a porous electrode. They considered effects of 
a finite matr ix  resistance and variat ions in concentra- 
tion. Aust in  and Gagnon (27) applied a similar anal -  
ysis to their experimental  data on Ag/Ag20 electrodes 
and found good agreement. Grens (24) and Grens and 
Tobias (28) reported on analysis of t ransient  effects 
in a porous electrode due to concentrat ion changes in 
the pore solution. The t rans ient  mode was analyzed by 
a t ime-stepping method in  which the results of com- 
putat ions for a previous step are used as the ini t ial  con- 
ditions of each time step. 

The work by Alkire and co-workers (29, 30) was the 
first effort to account quant i ta t ive ly  for s t ructural  
changes in a dissolving porous anode. They used dilute-  
solution theory with constant  t ransport  and solution 
properties. It  was assumed that  the solubil i ty l imit  of 
the copper salt formed on anodic dissolution was not 
exceeded. Thus the effects of a sparingly soluble metal  
salt couple were not considered. 

Dunning  and Bennion  (31) considered the effect of 
crystall i tes of active mater ia l  on the charge and dis- 
charge process. The concept of a mass t ransfer  coeffi- 
cient describing t ranspor t  between active metal  sites 
and reactant  salt crystallites was employed. Later Dun-  
n ing et al. (32) extended that  work to cover t ransient  
operation and cycling behavior. Even though constant 
solution properties and other idealizations were used, 
results of the model showed a redis t r ibut ion of active- 
mater ial  conversion on repeated anodic and cathodic 
polarization. 

The common assumptions under ly ing  many  theo- 
retical porous electrode t reatments  have been analyzed 
by Grens (33). He stated that  the assumption of con- 
centrat ion independent  electrolytic solution properties 
is highly questionable. Changes in  volume of metal  
and metal  salt with t ime were not included. 

In  this work a model for the operation of a porous 
electrode with sparingly soluble reactants is developed. 
The effects of varying solution properties are included 
as well  as convection arising from differing densities of 
reactant  and product species. The effects of local mass 
t ransfer  between salt crystall i tes and metal  surface 
with considerable a t tent ion to the detailed physical and 
mathematical  description of this process is investigated. 
In addition, the effect of complexing between active 
species and the bu lk  electrolyte, and the associated 
bulk  electrolyte concentrat ion dependence, has been 
considered. The behavior  of the porous electrode is 
determined by a numerica l  solution of the combined 
continuity,  transport,  and kinetic equations which de- 
scribe the system. The electrode polarization can be 
determined as a funct ion of applied current  density 
and time. The distr ibution of t ransfer  current  density 
and state of charge can be determined as a funct ion of 
position and time. The results can suggest certain 
idealized modes of failure and performance limitations. 

Development of a Single Pore Model 
A one-dimensional  approach is used in  which var i -  

ations in  properties occur only along the y direction. 
At the origin is a current  collecting backing plate or 
center of symmetry.  The total electrode thickness is L. 
At values of y greater than  L it is assumed that  the 
solution has the properties of the bulk. The geometric 
cross section of a model pore is shown in  Fig. 1. The 
solid, sparingly soluble salt is imagined as being a 
series of crystallites on the surface of the active metal. 
The radius r3 limits the region in space allocated to an 
"average pore" and defines the pore as a system. The 
radius r3 is a constant. The space between r~ and r3 
defines the quant i ty  of active metal  wi th in  the space 
allocated to the pore. The radius r2 is a variable and 
changes as the quant i ty  of active metal  wi th in  the pore 
varies. The space between rl and r2 is the effective 
volume of solid, sparingly soluble salt within the pore. 
The inner  radius rl  defines the area available for t rans-  
port in  the solution phase in the y direction. The radius 
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electrode "breathes ,"  i.e., a convect ive flow of the  l iquid  
into or out of the  porous e lect rode is created.  This bu lk  
e lec t ro ly te  solut ion convective mot ion can be descr ibed 
by  an  over-a l l  cont inu i ty  equat ion or  mola r  balance  on 
a control  e lement  

8 [ ( moles  in e lec t ro ly te  ~ ( m o l e s i n ) ]  

8t \ solut ion phase / -t- \ s o l i d  phase  

ELECTROLYTIC 
SOLUTION 

EQUIVALENT TO: 

Fig. 1. Circular pore geometry 

rx is a var iable .  This descr ipt ion is not  to imply  that  
the meta l  and sal t  are  annu la r  in shape. The radii ,  r l ,  
r2, and r3 are  defined as bookkeeping  ar t i facts  to al low 
quant i ta t ive ,  ma themat ica l  t r ea tmen t  of the  amounts  
of act ive me ta l  and  act ive sal t  as funct ions of t ime  and 
posi t ion wi th in  the porous electrode. 

The over-a l l ,  s toichiometr ic  react ion represent ing  the 
chemical  process wi th in  t he  porous electrode is written 

~ siAizi "- he-  [ l ]  
i 

Examples  are 

Cd -b 2 O H -  - -  Cd(OH)2  = 2 e -  
P b  -}- SO4 = --  PbSO4 = 2 e -  

Ag  -t- C1- --  AgC1 = e -  

The si are  s toichiometr ic  coefficients and can be posit ive 
or  negative.  The zi a re  the  charges  on the  species Ai 
and can be positive, negative,  or zero. The n is the  
number  of electrons t r ans fe r red  for the  reac t ion  as 
wr i t t en  and is a posi t ive number .  

The radius  r2 var ies  wi th  t ime as the  quan t i ty  of 
active meta l  varies.  The  local  cathodic t ransfer  cur ren t  
density,  j ,  is a measure  of the ra te  of appearance  or 
d i sappearance  of ac t ive  metal .  The two var iables  are 
re la ted  by  the express ion 

dr2 --  SlMI . 
�9 : -  $ [2] 

dt nFpl 

The  subscr ipts  1 imply  the  act ive metal .  Mi is the  
molecu la r  weight  of species i, and  pi is t he  dens i ty  of 
species i. 

The var ia t ion  of the  radius  r l  depends  on the re la t ive  
rates of appearance  and d isappearance  of the meta l  and 
salt.  The re la t ion  be tween  drl/dt and  the  t ransfer  cu r -  
ren t  dens i ty  j depends on how both solid species va ry  
wi th  j. The  re la t ion  is 

dr l  ~ SiMi ?'2 r2 
' ' - - - -  so~lld - -  j : A - - j  [3] dt ~ p l  rl rx 

Species 

Equat ion [3] defines the  constant  A. The  ra t io  r2/rl 
appears  because the  quant i t ies  of sal t  and meta l  p resen t  
are accounted for  in t e rms  of cy l indr ica l  geometry.  

As the  volume of solid species wi th in  the control  
e lement  changes, the  poros i ty  or space ava i lab le  for 
l iquid changes. In  addit ion,  the  mass of l iquid var ies  as 
l iquid phase species also pa r t i c ipa te  in the  chemical  
react ion whose ra te  is charac ter ized  by  j. As the  re la-  
t ive  volumes of l iquid and solid change,  the  porous 

= [ ne t  increase  in  moles  ] 

L due to convect ion 

F net increase in moles ] 

+ [ due  to e lec t rode  r eac t ionJ  

In more  ma themat i ca l  terms,  this  re la t ionship  can be 
written as 

~cT 2 r , (  1 1  1 8 
at + A c T - - ~ -  j + ~ ( r 1 2 C T V  * ) : 0  

~12 T12 8U 
[4] 

where  CT iS the  actual ,  to ta l  mola r  concentra t ion in the 
l iquid phase  and v* is the  actual,  molar  average 
veloci ty  in the  l iquid phase. 

Two equations are  needed  to descr ibe the  concent ra-  
t ion var ia t ions  of wa te r  and  e lec t ro ly te  in the  l iquid 
phase. The first is the  so-called species cont inui ty  
equat ion 

0 a 
(c+~rl  2) = - -  (~rl~c+v+) [5] 

at 8y 

Here c+ is the  concentra t ion  of the  posit ive ion and 
v + is the  veloci ty  of the  posi t ive ion. The posi t ive ion 
is chosen for this  ba lance  since, for the  e lect rodes  being 
considered,  the posi t ive ion does not  par t ic ipa te  in the  
chemical  react ion and no source t e rm is needed in Eq. 
[5]. The species flux, c+v+,  must  be  descr ibed as a 
function of the  appropr ia t e  dr iv ing  forces to complete  
the descr ipt ion of bu lk  e lect rolyte  t r anspor t  inside the  
porous  e lec t rode  (34) 

d~e ~2t e + 
C+V+ -- -- DCT--~y ~ - ~ + F  -}-C+V* [6] 

One can ident i fy  the  diffusion, migrat ion,  and convec- 
t ion contr ibut ions  to the  e lec t ro ly te  diffusion on the 
r igh t -hand  side of Eq. [6]. D is the  diffusion coefficient 
for the  e lec t ro ly te  in water ;  Xe is the par t ic le  f ract ion 
of the  e lect rolyte  in the  solut ion averaged  across the 
pore  d iameter  rx; i2 is the  cur ren t  densi ty  in the  solu-  
t ion phase; and t* + is the  t rans fe rence  number  re la t ive  
to the  molar  average  velocity,  v*. 

The  var ia t ion  in potent ia l  in the  solution, ~2, and  the  
var ia t ion  of potent ia l  in the  m a t r i x  phase, ~x, mus t  be  
descr ibed and re la ted  to the current dens i ty  in the  
solution, i2, and the cu r ren t  densi ty  in the  ma t r i x  
phase ix. The s imple form of Ohm's  l aw does not  hold 
in the solut ion phase; there  must  be  a correct ion for  
var ia t ions  in e lec t ro ly te  activity,  ae, where,  for ex- 
ample,  ae is the mean  mola l  ac t iv i ty  coefficient ~• 
t imes  the  mola l i ty  

d ~  ~t~  d In ae 
i9. : - -  K - -  - - v R T  [7] 

dy F dy 

Here ~ is the conduct iv i ty  of the  e lec t ro ly te  solution 
and v is the  number  of ions per  e lec t ro ly te  molecule.  
I t  is assumed tha t  there  are  no concentra t ion var ia t ions  
wi th in  the  ma t r i x  and that  Ohm's  law holds 

(r3 s - -  r~)  d~bl 
il  : --~ . [8] 

r~ 2 dy 

Here a is the specific conductance of the  mat r ix .  The 
geometr ic  t e rms  are  there  to correct  ix f rom an area  
basis  of the  whole  vo lume e lement  to tha t  for the  me ta l  
phase alone be tween  rs and r3. The cur ren t  densi ty  /2 
is appl ied  to the  solution alone, by  definition. This un- 
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usual  var iat ion in  definitions is for mathemat ical  con- 
venience. 

The two current  densities, il and i2, are related to 
the over-al l  or total cur rent  density I through the con- 
servation of charge 

I = il + ~ " [9] r3 2 t2 

ing the t ransfer  current  density to the surface 
potent ial  between the mat r ix  and solution, r 
is 

The physical and mathemat ical  model developed up 
to here is s imilar  to one presented earlier (32). In  the 
earlier model, the detailed description of the t ranspor t  
of the active, sparingly soluble salt was handled using 
a single, constant  t ransport  coefficient and redox over- 
potential  expression. In  this s tudy a more detailed 
description of the t ranspor t  of the active salt and the 
effect of crystall ization resistance and complexing are 
added. Two possible situations for t ransport  of the 
active salt species to and from the salt lattice are des- 
cribed. The first is s imply to assume that  the salt 
completely covers the metal  and  ions arr ive at the 
meta l -sa l t  or salt-electrolytic solution interfaces by 
solid-state t ransport  through the salt film. If the t rans-  
ference number  of the solid salt cation is unity,  the 
film model simply means adding a series resistance to 
the surface overpotential.  The redox expression relat-  

over- 
- @2, 

--exp[--acF/ in  r2 ~ ] }  r2 
g TI I 

[10] 

Here io is the exchange current  density, and ~a and ac 
are t ransfer  coefficients. The ~' is the specific conduct-  
ance of the solid electrolyte film. The geometric term 
r2 In r2/rl  accounts for the film thickness and the 
cyl indrical  geometry. 

The solution-diffusion model assumes that  the spar-  
ingly soluble salt must  dissolve into the electrolytic 
solution and then diffuse in the l iquid phase to the 
metal  surface, or v i c e  v e r s a .  It  is possible that  a ra te-  
l imit ing step occurs at the salt interface due to l imi ta-  
tions on how rapidly the salt ions can get out of or into 
the crystal, so-called crystallographic overpotential.  
There can also be a ra te- l imit ing step in t ransport  
through the solution. The fraction of the metal  surface 
exposed to the liquid electrolytic solution is defined as 
0. The over-all  mass t ransfer  coefficient is kin* defined 
so that  

j :-- n F k m * C e q ( 1  - -  C0/Ceq) [11]  

where Co is the active salt concentrat ion at the metal  
surface and ceq is the equi l ibr ium concentrat ion of the 
active salt in the electrolytic solution. The Ceq is as- 
sumed to depend on local electrolytic solution concen- 
t rat ion through a complexing reaction of the form 

MXn + X- = MX- n + 1 [12] 

where MXn is the active salt and X -  is the anion of the 
electrolyte in the l iquid electrolyte solution. The 
species M X - n + l  is the form in which the active metal  
ion moves through the solution. The equi l ibr ium con- 
centrat ion of the complex M X - n + I  Ceq, depends on the 
concentrat ion of species X -  and  the equi l ibr ium con- 
stant, K, associated with the reaction [12]. This de- 
pendence of Ceq on the electrolyte concentration,  ee, and 
the equi l ibr ium constant  have been included in  the 
mathemat ical  calculations. 

The over-all  mass t ransfer  coefficient, kin*, is related 
to the mass t ransfer  and crystallographic resistances 
as follows 

1 1 1 + [13] 
km* I - -  20 (I  -- 0)kxtax 

km o 
1 - - 0  

Here kmo is twice the mass  t ransfer  coefficient when  0 
equals 1/2. The expression (1 -- 20 ) / ln ( (1  -- o)/0) 
adjusts the mass t ransfer  coefficient as it is expected 
to  vary  depending on the surface area of metal, o, or 
surface area of active salt, 1 -- o, exposed. The term 
(1 - -  8)kxtaI  i s  the coefficient for the kinetics of dis- 
solution (or deposition) of the salt. 

The surface overpotential  could be treated as a po- 
tent ia l -dependent  resistance for mass t ransfer  in series 
in Eq. [13]. In this study it has been treated separately. 
The surface overpotential  (@1 -- r and t ransfer  cur- 
ren t  density are assumed to be related through a con- 
cent ra t ion-dependent  expression of the form 

j-------Oio exp - ~ - ( ~ b 1 - - r  

[oc, 1) co exp (~b, @2) 
Ceq R T  

[14] 

Here io is the exchange cur ren t  density when  M X n - 1 -  
is at the concentrat ion Ceq. The terms aa and ac are 
t ransfer  coefficients. 

It is convenient  to define a new variable  

Cl-~  CO/Ceq 

and substitute Eq. [14] into Eq. [11], rearrange terms 
and get 

C~ : exp [ (~a nt- ae)F (~bl -- #2) ] 
RT 

( 1 - -  C1)nFkm*Ceq [ acF ] 
exp (@1 -- r [15] 

+ Oio 

If just  the first te rm on the right side is considered, 
Eq. [15] is seen to reduce to the Nernst  equation. The 
second term on the right side accounts for the non-  
zero electrochemical kinetic contr ibut ion to the over-  
potential.  If kin* is small  and io is large, this contr ibu-  
t ion will  be small  under  most conditions. However, 
even for kin* small  and io large, the electrochemical 
kinetic overpotential  becomes dominant  as 8 goes to 
zero. 

A final but  impor tant  aspect of the model is the rela- 
t ion between o, the fraction of the active metal  surface 
exposed, and the state of charge. Before this relat ion 
can be expressed, the m a x i m u m  charge storage per 
un i t  volume must  be established. There are two factors 
which may be limiting. First, the amount  of active 
metal  may l imit  the m a x i m u m  charge, Qcm. For ex- 
ample, when  all the cadmium in a Cd/Cd(OH)2 elec- 
trode is consumed, that  will  end the discharge. When 
the active metal  is l imiting, Qcm can be expressed as 

Q c m : n F  pM ( 1 _  r2o2~ [16] 
MM \ - r 3 o  2 / 

Here pM and MM are density and  molecular  weight  
respectively, of the active metal.  The r2o and rso are 
the init ial  or ful ly charged radii  r2 and r3 (when active 
salt is converted ent i rely to metall ic form).  

A second l imitat ion on the m a x i m u m  charge per uni t  
volume, Qcm, might  be the complete choking or filling 
of the pore by the active salt MXn. The salt loading 
capacity l imita t ion on Qcm is then  given by the 
expression 

Tla 2 1 
Qem = Qcmo + ~ [171 r~o~ (MMx~ M~) 

- -  pMXn pM 
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Here Qcmo is the init ial  amount  of active material,  
MXn. The second term on the right side represents the 
addit ional MXn that can be formed from the metal  
before the pore becomes completely plugged or 
"choked solid." 

The value of Qem is calculated using both Eq. [16] 
and [17]. The smaller value of Qcm is selected for use. 

It may be that  the charge storage is fur ther  l imited 
by passivation, i.e., o going to zero before the max i mum 
charge Qcm is realized. A new charge parameter  Q* is 
defined 

Q* = XQem [18] 

The coefficient X represents the fraction of the theoreti-  
cal max imum of charge per uni t  volume which can 
be realized prior to the metal  surface becoming com- 
pletely covered by salt and passivated. (Thus far, the 
film and solution diffusion models have not  been com- 
bined. In  this solution-diffusion model, the electrode 
cannot operate once 0 goes to zero.) 

The relat ion between 0 and the state of charge, 
Qc/Q*, is assumed to be described by the expression 

(~176 
0 - -  1 - -  ~ [191  

Here p is essentially a fitting parameter.  However, us- 
ing simple geometric arguments  it can be shown that  
for p = 0, f i lm-type passivating active salt deposits 
are implied. For p = 2/3 cubic salt crystals are implied. 
As p gets very large, long needle- l ike  crystals of the 
active salt are implied. 

This completes the physical and mathematical  des- 
cription of the porous-electrode models. Of necessity, 
some aspects of the model are still ra ther  highly 
idealized, and all possible processes are not included. 
For example, tempera ture  effects are not  included. 
Such effects could have a large effect on the param- 
eter p as well  as migrat ion of various species wi thin  
the pores. However, it is hoped that  the more detailed 
description of t ransport  of active species inside the 
porous s tructure will br ing  the mathematical  modeling 
closer to actual electrode behavior and help in  visual-  
izing and describing quant i ta t ively  the effects of var -  
ious processes. 

Results of Calculations and Discussion 
Details of the computat ional  problem and a copy of 

the computer program are presented elsewhere (35). 
The equations have been solved for a few selected 
operating conditions and parameters.  The use of an 
effective, efficient matr ix  inversion technique is most 
impor tant  to realizing solutions for a m in imum cost. 
The method described by Newman (33, 34) has been 
used. Additionally, proper l inearization of the non-  
l inear  terms in the equations has been found to reduce 
greatly run  t ime and therefore cost. Time-dependent  
results were achieved using the pseudo-steady-state 
approximation. This approximation means assuming 
t ime- independent  behavior and solving the steady- 
state, ordinary  differential equations. The steady-state 
solution is then used to predict the electrode conditions 
for one t ime increment  later, i.e., new values of rl, r2, 
and Qc. A new steady-state solution is then found, and 
so on. The dri /d t  terms are related to the t ransfer  cur- 
rent, j, and are thus retained, in effect, while still 
e l iminat ing the explicit  t ime dependence. The actual 
concentrat ion dependence of the physical properties of 
the b inary  solution was used, except t+ o was assumed 
constant. The exchange current  density, io, was as- 
sumed to be directly proport ional  to the electrolyte 
concentrat ion Ce. The correlations of solution properties 
are based on the work of Chapman, Newman, and 
Nisancioglu (38-40). 

Several results are presented to i l lustrate a few of 
the features of this physical and mathematical  des- 
cription of porous electrodes of the second kind. Using 
input  parameter  characteristics of the cadmium elec- 
trode, overpotential  as a funct ion of t ime has been 

predicted for mass transfer, crystallization, and electro- 
chemical kinetic rate-control l ing steps as shown in 
Fig. 2. The ini t ial  decline in  overpotential  for crystal- 
lization rate control results because of ini t ial  lack of 
nuclei  on which the product Cd(OH)2 can precipitate. 
This leads to large supersaturat ion ini t ia l ly and higher 
overpotential.  As more sites for Cd (OH)2 precipitation 
are produced, the level of supersaturat ion decreases, 
and the overpotential  decreases. Somewhat similar 
arguments  apply to the solut ion-phase mass transfer;  
however, the effect is much less pronounced. In  each 
case, the consuming of reactant,  cadmium in this case, 
and blocking of the cadmium surface slowly forces 
the reaction zone back into the electrode. The result ing 
increase in resistance in the electrolytic solution causes 
the observed rise in electrode overpotential.  In  all 
cases, a l imit ing current  condition finally terminates  
the discharge. 

In  all cases studied for the Cd/Cd(OH)2 electrode, 
the t ransfer  current  is ini t ia l ly high near  the front, i.e., 
the interface with the bu lk  electrolyte, and "eats" its 
way back into the electrode as cadmium is consumed. 
The electrochemical kinetic resistance will  always be- 
come controll ing as the cadmium surface becomes 
blocked (recall the discussion of Eq. [15]). In Fig. 3, 
the dimensionless reaction dis t r ibut ion as a function 
of position is shown at various states of discharge for 
the electrochemical resistance controlling. The quant i ty  
A J  is the dimensionless current  density corrected to 
the outer radius of the pore and defined as A J  = 
--j2=r2L/I~r32. The shapes of the curves in Fig. 3 match 
quite well with similar  exper imental  data on actual 
Cd/Cd(OH)2 electrodes presented by Bro and Kang 
(15). 

Although it has been possible to match Bro and 
Kang's  (15) result  with the mathematical  model at 2 
m A / c m  2 over-all  current  (35), the overpotential  pre-  
dicted by the solution-diffusion model at 50 mA/cm 2 
is much lower than observed by Bro and Kang. Using 
the film model, a reasonably good fit of predicted and 
exper imental  overpotential  t ime behavior is achieved 
for a salt-film specific conductance of 3.5 • 10 - s  mho/  
cm, as shown in Fig. 4. However, although the solution- 
diffusion model predicts a cutoff, i.e., sudden increase 
in overpotential  indicating the electrode is discharged, 
no such sharp cutoff is predicted by  the film model. 
This result  suggests that a combinat ion of the solution- 
diffusion and fi lm-transport  mechanisms in  parallel  

I O  I I I I I I 

I ! I I I I 
2 4 6 8 IO 12 14 

TIME (sec x tO 5 | 

Fig. 2. Overpotential-fime curves for a cadmium anode, solution 
diffusion model, current density 2 mA/cm 2. Input parameters: 
rz = r2 = 6.9 X 10 - 4  cm, r3 = 8.93 X 10 - 4  cm, L ----- 0.508 cm, 
Xe ~ = 0.11, K = 2 X 10 - 5  , k  = 0.7, p = 2 / 3 , ~ a  = ~c = I .  
Curve A, crystallization rate control, km ~ = 1.437 cm/sec, kxta! = 
1.47 X 10 - 9  cm/sec, nFceq/io = 0.696 sec/cm. Curve B, electro- 
chemical kinetic control, km ~ = kxtal = 1.437, nFceq/io = 68.29. 
Curve C, mass transfer control, km ~ = 1.47 X 10 - 2  , kxtal = 
1.437, nFceq/io = 0.696. 
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Fig. 3. Current distribution in cadmium anode at various times. 
Input parameters as in Fig. 2, curve B. Curve A, initial; curve B, 
2 X 105 sec; curve C, 4 X 105 sec; curve D, 8 X 105 sec; curve E, 
10 e sec. 
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Fig. 4. Overpotentiol-time curves for cadmium anode at 50 mA/  
cm 2. Film model for various film conductances; curve A ,  10 - 8  

mho/cm; curve B, 3.5 X lO-S;  curve C, 10-7;  curve D, 10 -6 .  
Circles are experimental data of Bro and Kang (16). Physical input 
parameters are the same as in Fig. 2. Exchange current density is 
100 mA/cm 2. 

or even series may  be requ i red  to descr ibe ac tual  elec- 
t rodes  more  accurately.  Our  conclusion here  is s imilar  
to the  explana t ion  proposed by  Nagy and Bockris  (41) 
for the zinc-zinc oxide electrode behavior .  Addi t iona l ly  
the  role of CdO may  need to be more  c lear ly  under -  
stood and included as an expl ic i t  pa r t  of the model. 

The model  can be used to predic t  many  combinat ions  
of current ,  overpotent ial ,  concentrat ion,  react ion rates, 
m a x i m u m  power,  etc., as functions of position, time, 
and cycling. However,  only  one more  effect wi l l  be 
shown here  to i l lus t ra te  the type  of informat ion the 
mathemat ica l  model  can produce. 

I t  is genera l ly  to be expected  tha t  for a uniform 
state of charge  or discharge,  i.e., Qc uniform at different  
values  of y, and a h igh ly  conduct ing matr ix ,  the  re -  
action d is t r ibut ion  wil l  be shif ted toward  the front  of 
the e lectrode due to resistance losses in the  e lectrolyt ic  
solution. This nonuni form react ion d is t r ibut ion  is gen- 
e ra l ly  expected to become more  nonuni form at h igher  

,8,.e ~ i i i i 1 

1.4 ~ A 

L2 ~ 

1.0 ~ 

0.8 

J 
o I I I T 

o 0 2  0 4  o ~  0 8  ,.o 
X 

Fig. 5. Initial current distribution in Ag/AgCI cathode at various 
current densities. Curve A, 1 mA/cm2; curve B, 7 mA/cm 2, curve 
C, 10 mA/cm2; curve D, 15 mA/cm2. Input parameters: rl = 
5.0 x 10 - 4  cm, r2 = 7.2 x 10 - 4  cm, r 3 = 10 - 3  cm, L = 0.1 cm, 
Xe ~ = 0.02, K = 1.735 x 10 - 5  , ~L = 0.90, p = 2/3,  a a  = ~ c  = 

1/2, km ~ = 0.1 cm/sec, kxtal "-  10 ~, io = 1 mA/cm 2. 

currents.  This effect is one explana t ion  for lower  
charge  ut i l izat ion at h igher  cur rents  or  power  levels.  
Using pa rame te r s  character is t ic  of the  Ag/AgC1 elec- 
trode,  the  possible behavior  was observed,  as shown 
in Fig. 5. As the  cur ren t  was increased,  the  react ion 
d is t r ibut ion  became more  uniform, and at  the  highest  
cur rent  densi ty  explored,  15 m A / c m  2 in this  sequence 
of runs, the  reac t ion  ra te  was higher  t oward  the back. 
This behavior  can lead to uniform ut i l izat ion of act ive 
ma te r i a l  and impl ies  a cont inual  h igh energy  dens i ty  
at  h igh  power.  The effect is caused by  the  complexing  
phenomena  incorpora ted  into the mathemat ica l  model  
in Eq. [11] th rough  [15]. At  h igher  cathodic currents,  
the e lec t ro ly te  concentrat ion,  KC1 in this case, in-  
creases toward  the  back  of the electrode.  The increased 
C1- concentra t ion  increases the  concentra t ion of the  
active complex,  M X -n+I .  This increased concentrat ion,  
Ceq, increases the mass t ransfer ,  crystal l izat ion,  and 
e lect rochemical  rates. Thus, the  back  of the  e lect rode 
m a y  become a favored react ion zone in spite of the 
solution resis tance losses. The  p roper  use and control  
of this  compIexing phenomenon could lead to improved  
ba t t e ry  design and performance.  

The cur ren t  d is t r ibut ion  as a funct ion of posit ion for 
var ious  states of discharge at 40 m A / c m  2 is shown in 
Fig. 6 to i l lus t ra te  fu r the r  the  effect of the  complex 
format ion  on Ag/AgC1 elect rode behavior .  

A final example  of the  predic t ive  capabi l i ty  of the 
mathemat ica l  model  for the  Ag/AgC1 elect rode is the  
var ia t ion  of the discharge efficiency or energy s torage 
capabi l i ty  wi th  app l ied  cur ren t  as shown in Fig. 7. A 
higher  mass t ransfe r  coefficient, km~ is seen to increase 
ut i l izat ion efficiency at  h igh currents .  The discharge 
was at constant  cur ren t  in each case. The electrode 
was assumed to be discharged when  the overpoten t ia l  
began to rise ve ry  r ap id ly  and the numer ica l  computa -  
tions would  no longer  converge. Er ro r  bars  are  usecl 
at  in te rmedia te  points  because coarse t ime grids were  
used. Accura te  convergence and fine t ime steps became 
expensive  and t ime consuming under  these conditions. 
However ,  the  end points  =at 0% discharge efficiency are  
accura te ly  determined,  since they  correspond to the  
l imit ing cur ren t s  at the  ini t ia l  charge  conditions. 
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Fig. 6. Current distribution in Ag/AgCI cathode, 40 mA/cm 2, at 
various times. Input parameters same as Fig. 5 except km~ = 0.3 
cm/sec. Curve A, initial; curve B, 1000 sec; curve C, 2000 sec. 
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Fig. 7. Discharge efficiency as a function of discharge current 
density for Ag/AgCI cathode. Input parameters same as Fig. 5 
except io = 100 mA/cm 2. Curve A, km ~ = 0.10 cm/sec; curve B, 
km ~ -'- 0.12 cm/sec. 

Conclusions 
A key to the val idi ty and  applicabili ty of the models 

is the extent  t o  which the local overpotential  expres- 
sions approximate conditions inside the operating 
porous electrode. Apparently,  the general  behavior of 
a cadmium anode is best approximated by the solution- 
diffusion model at low current  densities and the film 
model at higher current  densities. The formation of a 
CdO layer may explain this result. A combinat ion of 
the film and solution-diffusion models would be a 
logical extension of this work. 

Solution-diffusion model results are very  sensitive 
to the magni tude of km~ Possibly fur ther  interpreta-  
tion and investigation of this parameter  can explain 
the fai lure of some systems to give higher energy and 
power densities. The results of this s tudy show that 
cathodic failure is caused by low mass t ransport  
which leads to l imit ing currents  in the electrode. 
Anodic fai lure is, in general, caused by blockage of 
pores or by  complete coverage of the metal  surface by 
product crystallites. All  these effects are closely re-  
lated to the magni tude  and funct ional  dependence for 
the mass t ransfer  coefficient km*. 

Dunning  et al. (31) calculated current  distr ibutions 
without  considering the effects of concentrat ion vari-  
at ions or of complexing reactions. By considering these 
effects, the present  solution-diffusion model predicts 
that a peak ir~ current  dis t r ibut ion may occur at ini t ial  
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polarization and that  the middle  of a porous cathode 
may be exhausted before the front  face. This effect 
has not been previously observed and suggests that  ex- 
per iments  could be performed to look for it. 

The film model presented here is s impler than  
the solution-diffusion model. I t  does not  predict  such 
subtle but  impor tant  phenomena as variat ions of useful 
energy density with discharge current.  Unless the films 
are very  thin or highly conductive, the film model rep- 
resents the mode of operation of passivated electrodes 
which, hopefully, is a condit ion not  often encountered 
in  ba t te ry  operation. For highly conducting films, a 
more near ly  correct model may  involve competing or 
series solution-diffusion steps or more complex solid- 
state diffusion processes than  those discussed here. The 
nickel oxide or lead dioxide electrodes may be in the 
lat ter  classification. 

Only a few computer  results have been presented 
compared to the m a n y  possible performance predic-  
tions possible. The nonuni form current  distr ibutions 
predicted by all models lead to nonun i fo rm reactant  
conversion. On cycling [see also Ref. (32)], these 
effects propagate and can u l t imate ly  lead to some sort 
of failure. The programs can keep accurate account of 
the state of charge. Battery performance (current -  
voltage curves for example)  can be determined as a 
function of state of charge and possibly improved 
methods can be developed to determine more easily the 
state of charge for real  batteries. 

The usefulness of models and predictions of the type 
presented here is predicated on the fai thful  description 
of actual, physical processes. An  impor tant  next  step is 
exper imental  val idat ion and improved descriptions of 
the e lementary processes in real batteries. 
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SYMBOLS 

Ai 
A 

ae 
A J  

C1 

CT 
Ci 
s 

Co 

D 
e -  
F 
I 
il 

i2 
io 

K 
km* 

km o 
kxtal 
L 
Mi 
MXn 
n 

n 
Ni 
P 

chemical symbol for species i 
a s t ructural  parameter  for the meta l  salt system, 
cm3/coulomb 
act ivi ty  of the electrolyte solution 
a dimensionless reaction rate  in  the electrode, 
-- 2jr2L/Ira z 
ratio of surface concentrat ion to bu lk  saturat ion 
concentrat ion of active species 
total concentrat ion :Eici , mole/era a 
concentrat ion of species i, mole /cm s 
equi l ibr ium concentrat ion of complex species, 
mole /cm 8 
concentrat ion of active species at the metal  sur-  
face, mole /cm s 
diffusion coefficient of the electrolyte, cmS/sec 
symbol for the electron 
Faraday 's  constant, 96,500 coulombs/equivalent  
superficial applied current  density, A / c m  2 
superficial cur rent  densi ty in  metal  phase, 
A/cm2 
actual  cur ren t  densi ty in solution phase, A /cm 2 
exchange current  density, A / c m  2 
local ( internal)  cathodic current  density, A / c m  2 
dissolution constant  for complexation reaction 
combined mass t ransfer  and crystall ization rate 
constant, cm/sec 
mass t ransfer  coefficient, cm/sec 
a crystall ization rate constant,  cm/sec 
total electrode thickness, cm 
molecular  weight of species i 
chemical symbol for a metal  salt 
number  of electrons t ransfer red  in  the elec- 
trode reaction as wr i t t en  
number  of anions in a salt MXn 
flux of species i, mole /cm 2 sec 
an adjustable  parameter  characterizing internal  
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crys ta l  morpho logy  
Qc amount  of charge  s tored at  a point  wi th in  the  

electrode, cou lombs /cm 3 of e lect rode 
Qcm the  m a x i m u m  amount  of act ive ma te r i a l  sal t  

possible to store in the pore, cou lombs /cm 3 
Q* effective amount  of act ive ma te r i a l  avai lable,  

coulombs/craB 
r ,  inner  rad ius  ava i lab le  for solut ion phase con-  

duction, c m  
rs inner  rad ius  of m e t a l ,  cm 
r8 outer  rad ius  which  defines over-a l l  e lectrode 

area, cm 
RT gas constant  mul t ip l i ed  by  the  absolute  tem- 

pera ture ,  jou les /mole  
si s toichiometr ic  number  for  species i 
t t ime, sec 
t+* t ransference  number  of cat ion re fe r red  to molar  

average  veloci ty  
t+ o t ransference  number  of cat ion re fe r red  to sol-  

vent  veloci ty  
v* molar  average  velocity, ~lCiVi/~lCi , cm/sec  

Vi veloci ty  of species i in solution, cm/sec  
xe par t ic le  f ract ion of the  electrolyte ,  Ce/(Co + 2Ce) 
x dimensionless  distance f rom backing plate ,  y / L  
y dimensionless  coordinate,  cm 
zl charge  number  of species i 

Greek symbols 
ac a kinet ic  p a r a m e t e r  
aa a kinet ic  p a r a m e t e r  
0 microporos i ty  of c rys ta l l i t e - sur face  sys tem 

specific conductance of e lect rolyt ic  solut ion 
ohm-1  cm-1  

~' conduct iv i ty  of the  solid film ohm - I  cm -1 
an ad jus tab le  pa r ame te r  corresponding to the 
f rac t ion of Qcr~ reached before  blocking of the  
surface occurs 

v number  of ions per  molecule  of dissolved elec-  
t ro ly te  (equals  2 for a 1-1 e lec t ro ly te)  

pi densi ty  of solid species i, g/cm3 
r conduct iv i ty  of metal ,  m h o / c m  
r potent ia l  in meta l  phase, V 
r potent ia l  in solut ion phase, V 
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On the Displacement Reaction in the Concentration Cells 
Involving Liquid Zinc and Cadmium Alloys 
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ABSTRACT 

The equi l ibr ium constant  of d i sp lacement  react ion Zn + CdCl2 ~ Cd +ZnCl~ 
occurr ing in the  concentra t ion cell Zn(1)[ZnC12 in (LiC1-KC1)eut(1)IZn-Cd(1) 
has been de te rmined  on the basis of the  fol lowing parameters :  (i) AF~ of the  
d isp lacement  react ion assuming ideal  solutions for the salt  and meta l  phases; 
(ii) data  of d i lu te  solut ions of zinc in cadmium;  (iii) t he rmodynamic  p r o p -  
er t ies  of d i lu te  solutions of ZnC12 and CdC12 in LiC1-KC1 eutectic obta ined in 
this paper  from format ion  cells. 

In  this case of di lute  solutions of zinc in cadmium the influence of dis- 
p lacement  reac t ion  is visible in the  values  of zinc ac t iv i ty  coefficients at 
Xzn = 0.01 molar  f ract ion resul t ing  in deviat ions from the l inear  dependence  
of In 7zn vs. Xzn. Inves t iga t ions  enabled  the calculat ion of the  correct ion for 
the  measured  emf values,  which  when  taken  into account prove  the l inear  
charac te r  of In 7z, vs. Xzn over the  r ange  Xzn ---- 0.01-0.1 molar  f ract ion in 
Zn-Cd  system. 

Invest igat ions  on d i lu te  solutions of zinc car r ied  out 
to de te rmine  the  se l f - in teract ion p a r a m e t e r  eZn zn, de- 
fined by Wagner  (1), show tha t  the dependence  of 
In ~zn vs. Xz , ,  which is l inear  for di lute  solutions, de -  
viates  f rom a l inear  re la t ionship  for some systems as 
Xz ,  -~ 0. The typical  l inear  dependence  of In 7zn vs. Xzn 
is i l lus t ra ted  in Fig. 1 by  the  Z n - P b  sys tem (2), and  
devia t ions  from a l inear  behavior  as Xzn ~ 0 b y  the  
Zn-Cd (3) and Zn- In  (4) systems. These devia t ions  
f rom l inear i ty  may  be expla ined  by  a d isp lacement  re-  
action of the  type  

Me + ZnCI2 ---- Zn + MeCl~ [I] 

(where  Me ---- Cd, In, or Ga) occurr ing be tween  ZnCI2 
in the  meta l  salts  and the  meta l  of an  al loy e lect rode of 
a concentra t ion cell. 

The closer Zn and the meta l  of the  al loy e lect rode 
are  to each o ther  in the e lec t romot ive  series, the  fu r -  
ther  the  equ i l ib r ium of reac t ion  [1] l ies to the  r ight .  
Wagner  (5) has assumed that  the  occurrence of reac-  
t ion [1] is connected wi th  the  difference in s t anda rd -  
free energy  of the format ion  of the meta l  chlorides.  I f  
the  absolute va lue  of the  difference AF~ - -  AF~ 
is less than  7000 cal, the  influence of the  d isplacement  
reac t ion  should be t aken  into account, and  the range  

Key words: c o n c e n t r a t i o n  c e l l ,  d i s p l a c e m e n t  r e a c t i o n ,  equilibrium 
c o n s t a n t ,  dilute ZnCI~ and CdCl2 solutions, formation cell, curve of 
e q u i l i b r i u m  c o m p o s i t i o n s .  

of the  concent ra t ion  of the  components  exper imen ta l ly  
determined.  Pursu ing  the i r  considerations,  Wagne r  and 
Werne r  (6) ca lcula ted the  e r ror  resul t ing  f rom reac- 
t ion [1] in an expe r imen ta l ly  de te rmined  activity.  

However ,  the  method  of ca lcula t ing  the  er ror  given 
in (6) is unsa t i s fac tory  if the  ca t ion of the  meta l  sal t  
act ing as a charge ca r r i e r  changes in va lency in the 
t e m p e r a t u r e  range of the  cell  operat ion,  as is the  case 
wi th  the  ga l l ium sal ts  (7). 

The present  paper  is an a t t empt  to de t e rmine  the 
composit ion of the  al loy and the t empera tu re  range  
over  which  react ion [1] may  occur by  tak ing  into con- 
s idera t ion the me ta l - sa l t  equi l ibr ium.  

The resul ts  of the  invest igat ions  obta ined for the  
Zn-Cd  system are  discussed, and  the equi l ib r ium of 
the  react ion 

Zn + CdCl2 --, Cd + ZnCI2 C2] 

is de termined.  
F rom Fig. 1 in a paper  hy  us (3) i t  appears  tha t  the  

d isp lacement  react ion occurs wi th in  the  t empe ra tu r e  
range  773~176 consequent ly  our calculat ions have  
been made  for th ree  different  t empera tures :  773 ~ 823 ~ 
and 873~ Uti l izing the dependence  

AF~ ---~ - - 2 F  (E~ - -  E~ [3] 

and the da ta  obta ined  by  Hi ldeb rand  and Wachte r  (8), 

System Z n -  Pb Ref 2 

3 . 2 ~ , ~  1.4- 

3.0 13- 
, J , ~ ~ 17Y.~ 

z2 I 1.o 
20' I 09 
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System Zn-I• Ref4 System Zn-Cd Ref3 

3 2 ~  

1.3 

1 

| 
0.81 [ 

0.05 0.07 0.03 0.05 0.07 0.10 0.01 0.03 0.05 0.07 0,10 
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Fig. 1. Dependence In ~'zn vs. Xz ,  for the Zn-Pb, Zn-Cd, and Zn:ln systems. For the Zn-Cd system the graph includes points A calculated 
from corrected emf values. 
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Table I. The values of equilibrium constant of displacement 
reaction [2] 

II 

T~ In K K 

773 5.11502 166.5 
823 4.66912 106.6 
873 4.27116 71.6 

Lorenz and Velde (9), and Lan t r a tow and Alabyszew 
(10), which al lows the  fol lowing re la t ionships  to be 
de te rmined  

E~ = 1.9178 -- 0.000696t __ 0.0022V [4 ]  

EOcdc12 = 1.6990 --  0.000599t __ 0.0037V [5] 

(where  t is the t empera tu re  in ~ the equi l ib r ium 
constant  K of react ion [2] was ca lcula ted  and is sum-  
mar ized  in Table I, and the  dependence of In K on 
t empe ra tu r e  was de te rmined  to be  

5659 
In K - -  - -  2 . 2 0 8  [ 6 ]  

T 

Use was made  of the  fact  tha t  react ion [2] occurs in 
the  concentra t iou  cell  in the  solut ion LiC1-KC1 which 
appears  in excess re la t ive  to ZnC12 and CdC12. These 
solutions may  be rega rded  as a solvent  thus  a l lowing 
the  de te rmina t ion  of the  the rmodynamic  proper t ies  of 
ZnC12 and CdC12 in the  eutectic LiC1-KC1 for each 
meta l  ch lor ide  sepa ra te ly  (1), since theore t ica l  con-  
s iderat ions show only  s l ight  differences in the  ac t iv i ty  
coefficient on t rans i t ion  f rom a t e r n a r y  to a qua te rna ry  
sys tem for di lute  solutions. The concent ra t ion  range  of 
Zn in Cd, Xzn --  0.01 --  0.09, pe rmi t s  the  me ta l  phase  
to be r ega rded  in a s imi lar  way.  Thus when  Xzn -~ 0 
in the  sys tem Zn-Cd we  assume l imi t ing values  "Pzn 
ins tead of ~zn. S imi l a r ly  when  Xzncl2 = Xcdc12 "-> 0 in 
the  salt  phase  the  values  ~~ and V~ m a y  be as-  
s u m e d  ins tead of Vznc~2 and VCdC~2. 

Consider ing the negl igible  mu tua l  solubi l i ty  of the 
meta l s  in salts, then  Xzn + XCd ~ 1 and Xcac12 + 
Xzncz2 ~- 1, thus  the  equ i l ib r ium constant  of reac t ion  
[2] may  be expressed in the  form 

1 - -  X[cd] X(CdCI2) 

_K ( 'y~ ) 
- -  , V~ = K ' ( T )  [7] 

~'~ 
or in the fo rm 

Z[cd] ) ( 1 - - Z ( c d C 1 2 ) )  : K [8] 

1 - -  X[Cd] "X(cdCl2---~ 

if it  is assumed tha t  the  meta l  and the salt  phases 
are  both ideal  solutions. I t  fol lows f rom Eq. [7] and [8] 
that  to calcula te  the  equ i l ib r ium composit ion of the  
phases the  fol lowing are  necessary:  

(i) The calculat ion of the  equ i l ib r ium constant  of 
react ion [2] f rom the  f r ee -ene rgy  change, AF~ of tha t  
reac t ion  according to fo rmula  [3]. 

(ii) Exper imen ta l  de te rmina t ion  of l imi t ing ac t iv i ty  
coefficients of zinc in di lute  solutions of zinc in cad- 
mium. These values  a re  ava i lab le  e l sewhere  (3) where  
the fol lowing formula  was given 

1131 
in ~~ : - -  0.31 [9] 

T 

which  takes  into account only those points  having  a 
l inear  dependence  (Fig. 1). (The deviat ion f rom this 
l inear  dependence  at Xzn : 0.01 molar  f rac t ion is 
caused by  the  d isp lacement  reac t ion  [2].) 

(iii) Expe r imen ta l  eva lua t ion  of ~~ and ~~ 
in d i lu te  ZnCI~-LiC1-KC1 and CdC12-LiC1-KC1 solu-  
t ions obta ined  in this  paper .  

9 1 5  

10 

12 

? 

6 

14 

�9 , ,,, 

Ill 

III 

/ 

13 . j -  
- [A 

I A  

H 

H 

H 

1.4 

i 
~ 3  

Fig. 2. Scheme of the experimental cell 

Experimental 
The invest igat ion of the  the rmodynamic  proper t ies  of 

ZnC12 and CdC12 were  car r ied  out  using the revers ible  
format ion  cells 

Zn(1) [ ZnC12 in (LiC1-KC1)eut.(I) I Cl~(g) 

Cd(1) I CdC12 in (LiC1-KC1)eut.(1) I Cl~(g) 

over  the concentra t ion  range  0.01-0.09 Xzncls and 
XCdC12 molar  fractions.  The scheme of the  cell  is shown 
in Fig. 2. A crucible  (point  2) made  of silica and con- 
ta ining l iquid salts  (point  6) was placed in an a lumina  
tube  (point  1). The fol lowing were  immersed  in the 
l iquid salts: 

( 0  A h igh-mel t ing  glass tube (point  13) closed at  
one end in the bo t tom of which  was p laced  the  l iquid  
meta l  (point  3), Zn or Cd. A n  electrode made  of tung-  
s ten wire  (point  4) passing th rough  the  rubbe r  s topper  
(point  5) of the  tube  (point  13) was in t roduced into 
the  metal ;  

(ii) A P t - P t R h  thermocouple  (point  11) was p laced  
in a quar tz  tube  enabl ing  t empe ra tu r e  measurements  
to __2~ 

(i/i) A d iaphragm (point  8), wi th  a s in tered a lundum 
cement  plug (point  7) at the  bottom, contains the  
chlor ine  e lec t rode  made  of a h igh-mel t ing  glass tube  
(point  14), a graphi te  rod  (point  12), and a P t  wire  
(point  10). Seals  (point  9) were  made  of Teflon. 

The p repara t ion  of the e lect rode and the d iaphragm 
have been descr ibed e lsewhere  (11-12). The cell  was 
p laced  in an o rd ina ry  res is tant  furnace  wi th  a longi- 
tud ina l  t empe ra tu r e  grad ien t  of _2~ 
Temperature and emf were recorded on a Pye po- 

tentiometer having an accuracy of 0.01 mV. 



9 1 6  J. Electrochem. Soc.: E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  Ju ly  1973 

Procedure 
The eutectic LiC1-KC1 mix tu re  obtained by evapora-  ~ 

ing a water  solution, was dried under  vacuum for about  
70 hr while  the t empera tu re  was increased. The dried 
mix tu re  was next  placed in a crucible (point 2, Fig. 2) ~ Iv/ 
located in an operat ing furnace. The requi red  amount  
of ZnC12 or CdC12 was added and the  salts mel ted  
under  an HC1 atmosphere.  Af te r  melting, HC1 was 
passed through the mel t  for about 1 1/2 hr  fol lowed 
by argon for about 1 hr. The crucible was placed in 
the measurement  furnace in an a lumina  sheath (point 
1) and the cell a r ranged as shown in Fig. 2. Measure-  
ments were  made for tempera tures  increasing or de- 
creasing a t  a constant rate. The results of measure-  
ments  were  corrected for the  thermoelect r ic  emf  be-  
tween the tungsten and the p la t inum which were  used 
as the leads f rom the electrodes. The  composit ion of 
salts for the par t icular  runs were  de termined  analyt i -  
cally af ter  a series of measurements  had been com- 
pleted. 

The results of the measurements  are g iven in Fig. 
3 and 4 and show a l inear  dependence of emf  on t em-  
perature.  Applying the least squares method, the ex- 
per imenta l  data in the case of the ZnC12-LiC1-KC1 
system may  be presented by the fol lowing equations 
for the ZnC12-LiC1-KC1 system 

Xz,c12 : 0.010 E : 2.1299 -- 0.000441t +_ O.O041V [i0] 
XZnCl 2 = 0.023 E = 2.1202 -- 0.000490t_+ 0.0039V [11] 1.5o 
Xznc12 = 0.036 E ---- 2.1088 -- 0.00050it__+ 0.0037V [12] 
Xznc12 = 0.050 E : 2.0934 -- 0.000512t +_ 0.0038V [13] 
Xznc12 = 0.077 E = 2.0907 -- 0.000544t __ 0.0041V [14] 

and for the CdC12-LiC1-KC1 system 

XCdC12 : 0.010 E = 1.8646 -- 0.000422t_ 0.0047V [15] 
XCdCl2 = 0.024 E = 1.8354 -- 0.000429t__ 0.0039V [16] 
XCdCl2 = 0.038 E = 1.8264 -- 0.000466t -+- 0.0038V [17] 
Xcdc12 = 0.050 E = 1.8256 -- 0.000471t__ 0.0038V [18] 
Xcdcl2 = 0.073 E = 1.8062 -- 0.000466t __ 0.0037V [19] 

where  t is the t empera tu re  in ~ The deviat ions given 
for E at each concentrat ion in Eq. [10]-[19] are the sum 
of the standard deviat ion of the emf  and the correction 
for the oscillation of chlorine pressure about 1 atm. 

E(V) 

185 

1.8(3 

175 

, , , I 
773 823 To K 873 

i r i i i ! i T [ 

I I 1 I I [ I I I I 
773 8 2 3  ]-o K 873 

Fig. 4. Dependence Ev vs. T~ for liquid CdCI~ solutions 

Employing the relat ion 
RT 

E i  - - E ~  --: - -  ~ I n  at [20 ]  
nF  

where  Eoi is the standard cell potent ial  obtained wi th  
pure ZnC12 or CdC12, Ei is the emf  value  of the forma- 
tion cell for the ZnC12-LiC1-KC1 or CdC12-LiC1-KC1 
system, T is in ~ R is the ideal gas constant ---- 1.986 
cal/deg,  n is the electrochemical  valency, F is Fara -  
day's constant ---- 23,066 cal/V, and ai is the act ivi ty  of 
ZnC12 or CdC12. The In 7i was calculated for the partic- 
ular  salt compositions taking into account Eq. [10]-[19] 
and assuming Pcl2 ---- 1 atm, and n ---- 2. 

The results of the calculations are presented in Fig. 
5 and 6. I t  was found that  wi th in  the concentrat ion 
range 0.01-0.1 molar  fract ion they may be described by 
a l inear dependence as in the case of the meta l  sys- 
tems. The calculated values 7~ and 7~ for 
Xznc12 : XCdC12 : 0 are given in Table  II. 

To ver i fy  the obtained results at a t empera tu re  of 
773~ the activities calculated f rom [20] were  com- 
pared with those determined exper imenta l ly  by Yang 
and Hudson (13). F igure  7 shows the good agreement  
obtained between both sets of data. 

Discussion 
Equations [6] and [7] were  t ransformed so that  

assuming the composition of the meta l  phase, it was 
possible to calculate the respect ive concentrations of 
the salt phase. The obtained results are given in Fig. 
8 for the tempera tures  773 ~ and 873~ along with  the 
data of Lorenz and Schulz (14) and Je l l inek  and Sie-  
wers  (15). 

To determine  the composition of the meta l  phase, 
start ing f rom which the react ion [2] may occur in the 

Table II. The values of limiting activity coefficients of CdC~ 
and ZnCI2 

T~ ~,~ 2 • l0 = *~~ • 10 = 

773 0.346 4.538 
823 0.451 5.586 Fig. 3. Dependence of Ev vs. T~ for liquid ZnCI2 solutions 873 0.572 6.730 
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Fig. 6. Dependence In "YCdCI2 
VS. XCdC12 for liquid C d C h  
solutions. 

cell, we assume that  it corresponds to the extreme point 
of the curve of equilibrium composition in the coordi- 
nates XCdC]2 -- Xca turned clockwise 45 ~ At this point 
the change in the metal-phase composition given by 
dXcd, corresponds to the change in the salt-phase com- 
position dXCdCl~, which is defined by the condition 

dXcdc12 
- -  = 1 [ 2 1 ]  

dXcd 

When the condition of reaction [21] is exceeded, the 
change in the metal-phase composition, given by dXcd, 
results in a great change in Xcdcl2 which corresponds to 
the formation of CdCI~ in the salt phase as a result 
of reaction [2]. From Eq. [21] and [7] we obtained 

x/K' 
X[Cd] " - - ~  _ _  [22] 

I + V K '  

which allowed the determination of the metal-phase 
composition (alloy electrode) for a given temperature. 

The results are shown in Fig. 9 and this dependence 
may be presented by the equation 

X [ C d ]  = - - 9  X 10-ST 4- 1.058 [23] 

Assuming that the lowest zinc concentration of the 
alloy electrode used in the investigations is Xzn : 
0.01, it is possible by means of Eq. [23] to determine 
the temperature, starting from which, as a result of 
reaction [2], the composition of the alloy electrode will 
be changed, the change eventually influencing the emf 
measurements. The temperature, 756~ is in very good 
accordance with the plot In "~z, vs. X z ,  for the Zn-Cd 
system in Fig. 1. 

As can be seen from Fig. 8, the obtained results differ 
both from the experimental  data obtained by Lorenz 
and Schulz (14) and from those of Jell inek and Siewers 
(15). It does not seem likely that the errors these 

7.0 
o .103 

6.0 

5.0 

I 

773 ~ / 
O 

0.01 0.03 0.05 0.07 0.09 
X MeC ts(~e : C~. Z n ) 

Fig. 7. Comparison of the activities of ZnCI2 and CdCI2 obtained 
experimentally with the data given elsewhere (13). 
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Fig. 8. Curve of the equilib- 
rium composition of a displace- 
ment reaction compared with the 
ideal solutions and the data from 
literature. 
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authors (14, 15) may have made, result ing main ly  
from chemical analysis or poor dehydra t ing  of salts, 
can account for these differences. 
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Fig. 9. Dependence of the electrode composition on temperature 
in the case of liquid Zn-Cd solutions. 

In  these papers (14, 15) the salt phase consisted of 
the solutions ZnCI2-CdCl2, while in our ceil we were 
concerned with the ZnC12-CdC12-LiC1-KC1 system, 
where ZnC12 and CdC12 are present  only in  small  quan- 
tities, hence we consider that the main  reason for the 
translocation of the curve is the eutectic LiC1-KC1. 
Assuming the salt phase is an ideal solution, from Eq. 
[7] K'  ---- K, and 7~ ---- 192.6 at 873~ and we obtain 
almost the same values as in the papers (14, 15) in Fig. 
8. This proves both the influence of the eutectic on the 
translocation of the curve of equi l ibr ium composition 
and the fact that  the solution ZnClz-CdC12 is ideal. 

Conclusions 
The investigations carr ied out prove the influence of 

the displacement reaction [2] on the emf of the con- 
centrat ion cell Zn(1) I ZnC12 in  (LiC1-KCl)eut(1) I 
Zn-Cd (1) and  cause the value of the zinc act ivi ty co- 
efficient at Xz,  ---- 0.01 for the higher temperatures  to 
have considerable error. The displacement reaction 
[2] limits the applicabil i ty of the concentrat ion cell 
method to XZn = 0.01 and a tempera ture  of 756~ in 
the case of di lute zinc solutions in cadmium; in deter-  
min ing  the l inear  dependence of In 7zn vs. Xzn the 
results at Xzn = 0.01 molar fraction were not, there-  
fore, taken into consideration. 

Investigations on the equi l ibr ium constant  of re-  
action [2] and Eq. [28] for the dependence of the 
metal-phase composition vs. tempera ture  enabled the 
calculation of the correction for the concentrat ion Xzn 
= 0.01 yielding agreement  with the results for the 
higher zinc content. For  this purpose a correction 6 
was introduced in  the measured emf values at the 
temperatures  805 ~ 842 ~ and 877~ (Fig. 1). This 

( d~ ) (X'zn--O.Ol)  w he reX ' zn  correction was 6 = ~ w 

---- (1 -- X[cd]) and X[cdl is calculated from Eq. [23]. 
After recalculat ion of the emf values at Xzn ---- 0.01 
corrected in  this manner ,  the l inear  dependence of In 
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�9 Zn VS. X z n  was obta ined over  the  whole  range  Xzn 
---- 0.01-0.1 molar  fraction. 

When under t ak ing  exper iments  using the  emf 
method  of concentra t ion cells it  would  appear  neces-  
sa ry  to de te rmine  expe r imen ta l ly  the  range of concen- 
t ra t ion  of components  and t empera tu re s  thus enabl ing 
the exclusion of the  influence of var ious  factors such 
as the  d isplacement  react ions be tween the  components  
of e lectrodes and those of the  electrolytes .  
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Technical 

Electrical Conductivity and Structure of Molten Binary 
LiF-AIF  and NaF-AIF  Mixtures 

�9 v 1 K. Matlasovsky and V. Dan~k 
Institute o~ Inorganic Chemistry, Slovak Academy ol Sciences, Bratislava, Czechoslovakia 

The s tudy  of the  e lect r ica l  conduct iv i ty  of mol ten  
sal~s is one of the  indi rect  methods  which  is used 
for  de te rmina t ion  of the  s t ructure  of mol ten  salts  and 
of the  in terac t ion  of the  const i tuents  in mol ten  mix-  
tures. The changes in the  composit ion of a mol ten  
mix tu re  a re  f r equen t ly  accompanied by  s t ruc tura l  
changes which affect the  charac ter  of the dependence  
of the  e lect r ica l  conduct iv i ty  on composition. Con- 
sequently,  an  analysis  of this  dependence  should p ro -  
vide  some informat ion regard ing  the  ionic species and 
the i r  a r r angemen t  in the  melt .  Supp l emen ta ry  infor -  
mation,  i.e., tha t  concerning the format ion  and  decom- 
posi t ion of complex  ions, the  charac te r  of the  bond 
cat ion-anion,  and the  charac te r  of the  conductivi ty,  
cationic, anionic, electronic,  etc., can be obta ined f rom 
an  analysis  of the  dependence  of the  act ivat ion energy,  
ca lcula ted  f rom the  t empe ra tu r e  dependence  of the  
e lect r ica l  conduct iv i ty  on the composit ion.  

The shape of the  isotherms of the  e lect r ica l  con-  
duct iv i ty  of b ina ry  mix tu res  is p r inc ipa l ly  de te rmined  
by  two factors:  (i) by  the  format ion  of new chemical  
compounds and consequent ly  by  the format ion  of new 
complex  ions; and (ii) by  the values  of the  e lectr ical  
conduct iv i ty  of the components  and the  newly  formed 
compounds. 

A theoret ica l  in te rp re ta t ion  of the  concentra t ion de- 
pendence of equivalent  conduct iv i ty  for  s imple b ina ry  
mix tures  was presented  by  Markov  and Shumina  (1). 
I t  should be pointed out tha t  this  theory,  even when  
consider ing the s t ruc tura l  aspect, represents  r a the r  a 

K e y  w o r d s :  c o n d u c t i v i t y ,  a c t i v a t i o n  e n e r g i e s ,  m o l t e n  s a l t s .  

method of in te rp re ta t ion  of the  exper imen ta l  da ta  than  
a genuine p ic ture  of the s t ruc ture  of the  melt .  In  
mol ten  salts genera l ly  only ions and not  molecules  a re  
present ,  hence the  conception of Markov  and Shumina  
is to be considered also f rom this aspect. Their  theory  
is based on the assumpt ion  tha t  the e lect r ica l  conduc-  
t iv i ty  of a mix tu re  of mol ten  salts  var ies  wi th  t em-  
pe ra tu re  s imi la r ly  to the  case of pure  components.  In  
this  respect,  some genera l  charac te r  of the  dependence  
of the e lectr ical  conduct iv i ty  on the composition, indi -  
cat ing the  in terac t ion  of components  in an ideal  solu- 
tion, could be expected.  Consider ing this assumption,  
Markov  and Shumina  der ived  a re la t ion  for the  de- 
pendence  of the equiva lent  conduct iv i ty  of a mix tu re  of 
mol ten  salts  on the conduct iv i ty  

~,mix = Xl  2 " ~1 "~- X2 2 " ~2 ~-  2 X l X 2  " ~2 [1] 

w h e r e  ki is the  equiva lent  conduct ivi ty ,  o h m - l - e r a  2, and 
xi is the  mole  fraction, wi th  the  p resumpt ion  that  
~1 ~ k2. Thus for the  calculat ion of the  equiva lent  con- 
duct iv i ty  of a mol ten  b ina ry  mix tu re  according to Eq. 
[1], only  the equiva lent  conduct ivi t ies  of the compo- 
nents  at  the  same t e m p e r a t u r e  must  be known. 

This p roblem was t rea ted  more  genera l ly  by  Kvis t  
(2), who proposed for the  equivalent  conduct iv i ty  of 
mix tu res  wi th  one common ion and n in terac t ing  ions 
the  equat ion 

~,mix ~ ~1 " X l  n "~- ~.2(1 - -  X l  n )  [ 2 ]  

For  n = 2, Eq. [2] is t r ans formed  to Eq. [1]. 
In  this  work, the  equiva lent  conduct iv i ty  of the  

mol ten  b ina ry  LiF-A1F3 and NaF-A1F~ mix tu res  was 
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calculated on the basis of experimental data and the 
values determined were compared with the theoretical 
ones calculated using Eq. [1]. On the basis of the ex- 
perimentally determined values, the activation energies 
of the equivalent conductivity of the above mixtures 
at 1000~ were calculated. An analysis of the depen- 
dence of the equivalent conductivity and of the acti- 
vation energy on the composition makes it possible to 
draw some qualitative conclusions on the structure and 
the character of the current transport  as well as on the 
interaction of constituents in the above binary mix- 
tures. 

Calculation 
The equivalent conductivity of both the molten com- 

ponents and of the molten binary mixture was calcu- 
lated on the basis of the previously published ex- 
perimental data on the specific conductivity and den- 
sity (3-5) according to the equation 

K" Me 
L = - -  [3] 

P 

where X is the equivalent conduct iv i ty,  o h m - l - c m  ~, K is 
the specific conductivity, o h m - l - c m  -1, M e  is the mean 
equivalent weight of a mixture defined by the rela-  
tion 

Mf"  x t  
Me = Z~ [4] 

where Mi is the molecular weight, xi the mole fractions 
of the components, and ni is the number of the positive 
and negative charges of the cation and anion, respec- 
tively, and p the density, g - c m  - 3 .  

Regarding the formation, in the system investigated, 
of a congruently melting compound of the type M3A1F6, 
which part ial ly dissociates according to the equation 

MsA1F6 = MA1F4 -F 2MF [5] 

the presence of the products of dissociation in the melt 
has to be considered. In the calculation of the equiva- 
lent weight of the molten mixture the equilibrium 
concentration values of the constituents presented by 
Matias~ovsk~ et al. (6) were used�9 Assuming the pri- 
mary dissociation of Na3A1F8 with the formation of 
3Na + cations and A1F63- anion, for cryolite the value 
n = 3 was considered. 

The values of the equivalent conductivity of molten 
LiF-A1F3 mixtures at 900 ~ and 1000~ calculated with 
regard to the presence of LiF, Li3A1F6, and LiA1F4 in 
the melt, are presented in Fig. 1. In Fig. 2, the calcu- 
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Fig. 1. Isotherms of equivalent conductivity of molten LiF-AIF~ 
mixtures. O,  1000~ A, 900~ 
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Fig. 2. Isotherms of equivalent conductivity of molten NaF-AIF3 
mixtures. O,  1100~ A, 1000~ 

lated values of the equivalent conductivity of the 
molten NaF-A1F3 mixtures at 1000 ~ and ll00~ are 
presented. 

The activation energies of the equivalent conduc- 
t ivi ty were calculated according to the equation 

Ex = R In (k2D.1)/(1/T1 -- 1/T2) [6] 

The values of the activation energies of the equiva- 
lent conductivity of the LiF-A1Fs and NaF-A1Fs mix- 
tures at 1000~ are plotted in Table I. The dependence 
of the activation energy of the equivalent conductivity 
on the concentration in the above systems is presented 
in Fig. 3 and 4. The activation energy of the equivalent 
conductivity was found to be practically independent 
of the temperature in the temperature region investi- 
gated. 

Discussion of Results 
In the system LiF-A1F3, the components react to 

form congruently melting lithium cryolite, L i ~ I F e  
(mp = 782~ (7). According to the phase diagram, 
no other compound is formed in this system (7). How- 
ever, in a series of papers the formation of LiA1F4 was 
suggested (8-11). The existence of the complex A1F4- 
anion in the l iqu iduhase  was confirmed also by Mal- 
�9 k j lnovs y and Matia/ovsk~ (12) on the basis of cryo- 
scopic measurements in the system Li3A1F6-KC1. Hence, 
with regard to the investigated concentration range in 
the study of the specific conductivity and density of 
LiF-A1F3 mixtures, this system can be divided in two 
part ial  systems: LiF-LiaA1F6 and Li3A1F6-LiA1F4. 

Similarly, in the system NaF-A1F3, the analogous 
part ial  systems, NaF-Na~A1F6 and Na3A1Fe-NaA1F4, 
were considered. In the concentration range investi- 
gated, congruently melting sodium cryolite, Na~AIF6, 
(mp = 1006~ is formed (13). The compound NaA1F4 

Table I. Activation energy of the equivalent conductivity, 
kcal-mole -1, of molten LiF-AIF3 and NaF-AIFs mixtures 

LiF-AIFs  NaF-AIFs  
Mole per  cent  Mole per  cent  

AIF8 E~ AIFa Ex 

0 2.OS 0 2.75 
5 2.33 10 3.34 

10 2.47 15 4.12 
IS 3.16 20 4.36 
20 2.95 25 4.50 
25 2,88 30 4.91 
30 3.04 35 5.64 
35 3.02 40 6.12 
40 3.59 45 7,72 
45 4.57 
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was first identif ied by  Howard  (14) by  means  of chemi-  
cal analysis  and x - r a y  powder  diffraction of quenched 
vapors  over  the  mel t  corresponding to the equimolar  
composi t ion N a F  �9 A1F3. The exis tence of the  complex  
A1F4- anion in mol ten  cryol i te  was la te r  confirmed by  
cryoscopic (15) and spectroscopic (16) measurements ,  
and  by  invest igat ions  of the  s t ructure  and the  dens i ty  
(17) as wel l  as on the e lect r ica l  conduct iv i ty  of cryo-  
l i te  close to the  mel t ing  point  (18, 19). 

Besides NasA1F6 and NaA1F4, in the  system N a F -  
A1Fa the  incongruent ly  mel t ing  compound NasAl~F14, 
chiolite,  is formed. However ,  this  compound is not  
s table  and decomposes by  a per i tec t ic  react ion a t  739~ 
(20). I t  was confirmed spectroscopical ly  tha t  at  103O~ 
there  are  no complex AloFt45- anions in the mel t  (16). 
Therefore,  this  compound was  not  considered in the  
calculat ion of the  equiva len t  conduct iv i ty  of mol ten  
NaF-A1F8 mixtures .  

The course of the  isotherms of the  equiva len t  con-  
duc t iv i ty  of mol ten  MF-A1F~ mix tu res  (Fig. 1 and 2) 
indicates  significantly the  charac te r  of in terac t ion  of 
the  components.  The inflection point  on the  isotherms 

corresponds to the  format ion  of the  complex compound 
M4AIFe. The decrease  of the  conduct iv i ty  wi th  increas-  
ing MF concentra t ion in the  pa r t i a l  sys tem MF-M~A1FB 
is due most  p robab ly  to the  suppression of the  dis-  
sociation of the  complex  A I F ~ -  anion according to the  
scheme 

A1F6 s -  = A1F4- + 2 F -  [7] 

effected by  the  in t roduct ion  of F -  anions in the  form 
of MF into the  melt .  The Li  + and  Na + ions, respec- 
t ively,  occupy the  in ters t i t ia l  posi t ions be tween  the 
large  AIF6 3-  and  AIF4-  complex  anions and  for th is  
reason the i r  posit ive influence on the increase  of the  
e lectr ical  conduct iv i t ly  is thus  l imited.  I t  can be as- 
sumed tha t  the  m i n i m u m  in the  isotherms of the  
equivalent  conduct iv i ty  of the M F - I ~ A I F 6  mix tures  
m a y  be ascr ibed to the  combined  influence of both 
factors. The p reva l en t  par t ic ipa t ion  of cations in the 
cur ren t  t r anspor t  is ev ident  only  in the  range  of high 
M F  concentrat ions.  The course of the  dependence  of the 
act ivat ion energy  of the equiva len t  conduct iv i ty  on the 
composit ion in the  inves t iga ted  sys tem agrees  wi th  the  
above assumption.  F rom a comparison of the  course of 
the i sotherm at  10O0~ wi th  the  i so therm calculated 
according to Eq. [1], it  fol lows tha t  the  charac ter  
of the  in te rac t ion  of components  is in  contradict ion 
wi th  the  s impl i fy ing  assumptions  made by  Markov  and 
Shumina  (1). 

A n  en t i re ly  different  i sotherm shape of the  equiva-  
lent  conduct iv i ty  was de te rmined  in the  pa r t i a l  system 
I~A1F6-MA1F4. This i sotherm shape is ve ry  r a re  in the  
l i tera ture .  Qual i ta t ively ,  it  can be expla ined  by  the 
s imul taneous  influence of severa l  factors. F i rs t ,  i t  is the  
decrease of the re laxa t ion  influence of the  F -  anions 
resul t ing  in an increased conduct iv i ty  caused  by  the 
p reva len t  cationic t ransfer .  In  the  range  of high MA1F4 
concentrations,  the  concentra t ion of the  par t ic les  t ak -  
ing pa r t  in the  c u r r e n t  t r anspor t  is decreased which  
causes decreased e lec t r ica l  conduct ivi ty.  Both these 
factors manifes t  themselves  b y  a m a x i m u m  on the  
i sotherm of the  equivalent  conduct iv i ty  in the  MaA1F6- 
MA1F4 pa r t i a l  systems. 

F r o m  the course of the  dependence  of the  act ivat ion 
energy  of the  equiva lent  conduct iv i ty  of the  MF-A1F3 
mix tures  i t  fol lows tha t  the  act ivat ion energy  genera l ly  
increases in the  ent i re  concentra t ion  range,  the  in-  
flection poin t  cor responding  to the  format ion  of the 
compound M3A1F6. The course of the  dependence  con- 
firms the  conclusions on the charac te r  of the  conduc- 
t iv i ty  and on the  in teract ion of the  components.  

F ina l ly  i t  should be said tha t  in the  case of such 
compl ica ted  systems as those of the  t ype  MF-A1Fz, 
only  qua l i ta t ive  conclusions can be  made.  This scarci ty  
of expe r imen ta l  da ta  is due main ly  to deficiencies in 
the  theore t ica l  aspects  in the  field of the  chemis t ry  and 
e lec t rochemis t ry  of fused salts. 

Manuscr ip t  submi t ted  J u l y  20, 1972; rev ised  m a n u -  
script  received Jan.  20, 1973. 

A n y  discussion of this pape r  wi l l  appear  in a Discus- 
sion Sect ion to be publ i shed  in the  June  1974 JOURNAL. 
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Electrochemistry of Nematic Liquid Crystals 
M. Vo','nov* and J. S. Dunnett 

Battelle Geneva Research Centre, 1227-Carouge, Gen~ve, Switzerland 

Dynamic scattering in nematic l iquid crystals has 
mostly been investigated with a view to making passive 
display devices. The devices work on a-c or d-c ex-  
citation. However low voltage d-c operation is de- 
sirable to make the display compatible with bat tery 
power sources. Several  theories have been proposed to 
explain dynamic scattering (1, 2). It seems to be gen-  
erally accepted that  the current  carriers in liquid crys- 
tals are  ions (3, 4), and it would thus be surprising if 
there were no electrolysis at the potentials necessary to 
c a u s e  scattering. 

Although it is general ly felt among specialists in the 
field that  degradation of l iquid crystals under  d-c ex- 
citation is due to parasitic electrochemical reactions, 
we are not aware of any investigation of these mate- 
rials from the point of view of electrochemistry. Fu r -  
thermore  we propose that  electrochemical reactions 
are not only parasitic but  that they are essential to 
the operation of the liquid crystal device. 

We have measured current-vol tage  curves for 10 #m 
thick layers of Merck's nematic phase NV sandwiched 
between two pyrolytic t in oxide electrodes (R = 1 
k-ohm/[:])  deposited on flat glass plates. Merck's ne-  
matic phase NV is a mix ture  in undisclosed propor- 
tions of four compounds 

R1 C6H4 N(O)N C61-I4 R~ 
where 

R1 : CH30, R2 = C4H9 [I] 

R1 = C4H9, R2 : CI-I~O [II] 

R1 = C H 3 0 ,  Rz  : C2H5 [III] 

R1 ---= C2H5, R2 : CH~O [IV] 

The characteristics of nematic  phase NV are described 
in Merck's brochure (5). 

We have also made measurements  on a 12 ~m thick 
cell containing a 1:1 mixture  of p-methoxybenzi l idene-  
p ' -bu ty lan i l ine  with p-e thoxybenzi l idene-p ' -bu ty lan i -  
l ine (MBBA-EBBA). The cathode of this cell was va-  
por deposited a luminum and the anode t in oxide (R 
200 o h m / D ) ,  both supported on glass plates. 

The current-vol tage curve for nematic phase NV is 
shown in  Fig. 1A. After  correction for the high re -  
sistance of the cell est imated from the resistivity 
quoted by the manufacturer ,  the curve is seen to be 
characteristic of electrolysis (Fig. 1B). Two waves are 
apparent,  the first at about 1V and the second at 2V. 
The current  due to the first wave reaches a l imit ing 
value of 2 #A/cm 2 at about 1.7V, well  before the start 
of the second wave. 

F igure  1C shows the optical t ransmit tance  of the 
cell against applied voltage. The onset of scattering also 

* Electrochemical  Society Act ive  Member .  
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electrochemistry, 

occurs at  a corrected voltage of about 1.TV (Fig. 1D), 
the tension at which the current  reaches the plateau. 
Scattering reaches saturat ion before the second wave 
begins, that  is over a span of only 1.3V once correction 
for the ohmic drop has been made. 

The current-vol tage curve (Fig. 2A) for the MBBA- 
EBBA mixture  is less easy to interpret.  After  correc- 
tion for the ohmic drop, several inflections become 
apparent  in the ascending branch (Fig. 2B). The well-  
defined first wave, I, is presumably  due to some im-  
pur i ty  whilst  the inflection at 1.5V, II, is possibly caused 
by the electrolysis of water  which is more l ikely to be 
present  in this hygroscopic mix ture  than in nematic 
NV. The main  "scattering" wave, III, appears to com- 
mence at 3.8V although, as with nematic NV, visible 
scattering does not occur much below the inflection 
point at 4.5V, IV. We assume that  this corresponds to 
the current  plateau observed with nematic NV, pos- 
sibly obscured in the case of the MBBA-EBBA mixture  
by some fur ther  electrochemical reaction. As with 
nematic NV, scattering increases rapidly above 4.5V, to 
reach saturat ion by 6V. 

The descending branch recorded for the MBBA- 
EBBA mixture  is also interesting. The current  at cor- 
responding voltages is lower than that  for the forward 
curve and there are no well-defined inflections. This 
indicates that  the products of electrolysis are only 
weakly or not at all electroactive, so that the stock 
of depolarizer in the cell is seriously depleted on con- 
t inued electrolysis. 

Discussion 
An electrochemical mechanism can explain many  

wel l -known features of the behavior of nematic l iquid 
crystals. First, it has been reported that  the current  
increases with cell thickness at constant field. Now in 
the steady state, for an electrochemical reaction (8) 

V ---- Eo -]- ~(i) -]- lpi [1] 

where the symbols are defined at the end of the paper. 
Neglecting ~ (i), which is reasonable for electron ex- 

change reactions in  high resistivity, nonaqueuos sol- 
vents, we have 

i = V/Ip - -  Eo/lp [2] 

Thus at constant field, V/l, Eq. [2] correctly predicts 
the increase of current  with the thickness of the sam- 
ple. Of course, such a mechanism requires that there be 
sufficient ions in the solution to neutral ize the space 
charge on the electrodes. This is consistent with the ob- 
servation that  for satisfactory operation, l iquid crystals 
must  possess a finite electrical conductivity. The cur-  
rent  carrying ions are not necessarily the same as the 
electroactive species which may themselves be un-  
charged. Using the results of Heilmeier et al. (3) on 
anisyl idene-p-aminophenylaceta te  (APAPA) and Eq. 
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Fig. 1. Nematic phase NV. A, Current-voltage curve as measured, B, current-voltage curve after correcting for ohmic drop; C, dynamic 

scattering measured in transmission and normalized to saturation, vs. applied voltage; D, the same as C, voltage corrected for ohmic drop. 
Voltage scan rate, 8 mY/sec; cell thickness, 10 #m. 

[2] we calculate reasonable values Eo ~ 3.4V and 
p ~ 4 X 101~ ohm-em. 

Other features which can be interpreted electro- 
chemically are the so-called rise and decay times. The 
time constant  for relaxat ion of a steady-state concen- 
t rat ion gradient  (8) gives the observed dependence of 
the decay t ime on the square of the sample thickness. 
Fur thermore  the rise t ime has been reported to be in- 
versely proportional to the current  (3) and to the 
square of the applied tension (9, 10). For electrochemi- 
cal reactions l imited by diffusion and dr iven by a 
constant  current,  the interface concentrat ions of the  
reacting species vary  in a wel l -known fashion (11). 
It can be shown that the t ime which elapses before this 
interface concentrat ion becomes smaller or higher than  
a given value is inversely proport ional  to  the square 

of the current.  This is the basic equation in voltam- 
etry at controlled current  (11) 

iT z/2 -- constant  [3] 

Because of the high resistance of l iquid crystal  devices 
the total tension, at voltages higher than the threshold 
tension, can be approximated by Ohm's law so that  

Tr~e ~ R / 1 ~  [ 4 ]  

in agreement  with the exper imental  results (9, 10). 
An  int r iguing aspect of nematic  l iquid crystals is 

that they can sustain direct current  excitation for 
over 1000 hr before failure. For example, Sussman 
has shown (12) that, in a cell containing 0.5 • 10 -2 
M / c m  2 p-methoxybenzi l idene-p ' -aminophenylaceta te  
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Fig. 3. Proposed scheme of cell reactions showing formation of 
ions, A +, A - ,  and regeneration of molecules, A. 

( A P A P A ) ,  i t  is possible to pass about  12.5 cou lomb/  
cm ~ before  50% fa i lu re  of the device. To electrolyze 
comple te ly  the  A.PAPA conta ined in the  cell  0.5 
cou lomb/cm 2 would  be sufficient, assuming a one-e lec-  
t ron  process though the number  of coulombs to elec- 
t ro lyze  the  impur i t ies  in the  cell  would  be  much 
smaller .  Thus there  must  be  at least  pa r t i a l  r egenera -  
t ion of the A P A P A  or of o ther  e lec t roact ive  species if 
the  long l ife under  d-c exci ta t ion is to be expla ined.  
To this end, we propose tha t  the  ions c rea ted  f rom the 
e lectrolysis  of neu t ra l  molecules  on the electrodes di f -  
fuse or  migra te  to the  center  of the cell  where  they  
reac t  giving back  the or iginal  molecules  which, in turn,  
diffuse back  to the electrodes to be e lect rolyzed again.  
This cyclic process is shown schemat ica l ly  in Fig. 3. 
One would  expect  these two opposing flows of ions and 
molecules  to even tua l ly  cause turbulence.  Fa i lu re  of 
the  device would  be brought  about  if  some of the  re -  
combinat ion  react ions  at  the  center  of the  cell d id  not  
give back  the or ig inal  molecules, poss ibly  because of 
a l t e rna t ive  react ions wi th  impur i t ies  or w i th  the  l iquid 
crys ta l  ma te r i a l  itself. 

There has been some speculat ion in the  l i t e ra tu re  as 
to whe ther  the work  functions of the  electrode mate r i a l  
have  any  influence. Accord ing  to our  e lectrochemical  
mechanism these have  no role to p lay  in the  sca t ter ing  
phenomenon.  

The mechanism is essent ia l ly  the  same under  a -c  
excitat ion.  In  this  case two separa te  and independent  
recombinat ion  regions exist,  as each e lect rode acts, 
a l te rnate ly ,  as anode and cathode. 
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Antimony in the Lead-Acid Battery 
Don E. Swets 

Research Laboratories, Genera~ Motors Corporation, Warren, Michigan 48090 

I t  is we l l  known tha t  ant imony,  which  is a l loyed 
in the  gr ids  of the  l ead -ac id  ba t t e ry  to improve  thei r  
castabi l i ty ,  corrosion resistance,  and  strength,  affects 
the  proper t ies  of the  ba t t e ry  in var ious  ways.  Of par -  
t icu lar  in teres t  is its appa ren t  beneficial  effect on the 
cycle  l ife of the  posit ive plate.  This beneficial  action 
has been the subject  of much research (1) and var ious  
mechanisms have  been proposed to exp la in  it. Fo r  
example ,  it  has been  suggested tha t  an t imony is re-  
sponsible for main ta in ing  a m i n i m u m  concentra t ion  of 
aPbO~, dur ing  cycling, which  in tu rn  s tabi l izes  the  p la te  
s t ructure.  I f  this  is so, the  funct ion of an t imony m a y  
be to nucleate  new aPbO~ crys ta ls  dur ing  charge  or 
to pass iva te  a l r eady  exis t ing aPbO2 dur ing  discharge.  

In  an effort to shed fur ther  l ight  on this proposed 
mechanism we have  s tudied the crys ta l  s t ruc tures  of 
a and ~ PbO2 and cer ta in  AB206 compounds to which  
they  are  related.  [This approach was also suggested 
by  Burbank  (2) in a recent  publicat ion.]  More spe- 
cifically, we  were  in teres ted  in de te rmin ing  if the  com- 
pound  PbSb206 could reasonably  be expected to grow 
ep i t ax ia l ly  onto aPbO2 (or vice versa)  and pass ivate  
(or  nuclea te)  it. 

Key words: battery, nonantimonlal, aPbO2, ~PbO~, antimony. 

a. ~ "  " ..~'~: (I PbO 2 

b. , ~ ~ :  "" "" /3 PbO 2 

Alpha-PbO2 is i sos t ructura l  wi th  columbite,  (Fe, 
Mn)Nb206 whereas  /~Pb02 has the  s t ructure  of cassi-  
terite,  Sn02. In both of these s t ructures  the  cations 
are  oc tahedr ica l ly  coordina ted  to six oxygen ions but  
the  pa t t e rn  of cat ion-f i l led oc tahedra  is different  for 
the two types. S imply  stated,  the  filled oc tahedra  form 
zig-zag chains in ~PbO2 and l inear  chains in /~PbO2. 
This concept is i l lus t ra ted  schemat ica l ly  in Fig. 1. 

In  making  the list  of columbi te  type  compounds  for 
Table  I we have  taken  th ree  unit  cells of ~PbO2 s tacked 
along the ao axis and wr i t t en  PbPb206 instead of 
3PbO2 for comparison wi th  the  other  columbi te  com- 
pounds. S imi la r ly  we have  wr i t t en  3aPbO2 as PbPb206 
for compar ison wi th  a series of compounds i sos t ructura l  
wi th  the mine ra l  tapiol i te  FeTa206. Wyckoff  (3) de-  
scribes this s t ruc ture  as a super la t t ice  on cassi teri te  
wi th  th ree  cass i ter i te l ike  units  s tacked end on end. In  
this group severa l  of the  compounds  contain SbO6 
octahedra  in l inear  chains. 

Ano the r  f ami ly  of s t ructures  is typified by  lead 
metant imonate ,  PbSb206. In this  s t ruc ture  the Sb 5+ 
ion is again oc tahedra l ly  coordinated to oxygen wi th  
the  filled oc tahedra  ly ing  in sheets pe rpend icu la r  to 
the  Co axis in a hexagonal  pa t t e rn  (see Fig. 1). The 
layers  of oc tahedra  are separa ted  by  the  large  Pb 2+ 
ions. Magnel i  (4) lists severa l  compounds  wi th  this  
s t ruc ture  (which we have included in Table  I) and 
points  out tha t  the (Sb206) 2 -  sheets a re  only s l ight ly  
influenced by  the b iva len t  cations be tween them. He 
also notes that ,  for this  s t ruc ture  to form, the  b i -  
va lent  cations mus t  be ra the r  large;  wi th  smal ler  ions 
metan t imona tes  wi l l  have the  s t ruc ture  types  columbite  
or mossi te  (s imilar  to tap io l i te ) .  

Thus, in summary,  there  is a series of AB206 
compounds whose s t ructures  a re  re la ted  in tha t  t hey  
al l  conta in  Bee  oc tahedra  bu t  fa l l  into th ree  separa te  
types.  In  the columbi te  s t ruc ture  only one compound 
is l is ted in which  Sb 5+ is the  B ion and  in this  case 
the  A /on rad ius  is 0.80A, qui te  close to Pb 4+ at  0.84A. 

Table I. AB206 crystals with the columbite, tapiolite, or 
lead metantimonate structure 

A ion 
Crystal radius (A) 

PbSb206 

Fig. 1. In this figure the octahedra containing a metal ion are 
represented by triangles as viewed perpendicular to layers of close- 
packed oxygen. The metal ions filling octahedral holes in a given 
p|ane halfway between oxygen layers are represented by dots. The 
dashed triangles represent filled octahedra at higher or lower levels. 
a) =PbO~; b)/~Pb02; c)PbSb206. 

PbPb~Oe (aPbO2} 0.84 "~ 
FeNb206 0.76 

t 
MnNb~O6 0.80 
CdNb~O6 0.97 
CoNb~O6 0.78 Columbite 
MgNI~O~ 0.65 
NiNb20~ 0.78 
ZnNb20~ 0.74 
MnSb~O~ 0.80 

PbPb206 (/~PbO~) 0.84 
FeTaO6 0.76 
CeSb~Oe 0.78 
FeSb206 0.76 Tapiolite 
MgSb206 0.65 
NiSb206 0.78 
ZnSb206 0.74 

BaSb206 1.35 t CaSb20s 0,99 CdSI~Os 0.97 Lead metantimonate 
HgSb2Os 1.10 
PbSb206 1.20 
SrSb2Os 1.13 
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Fig. 2. X-ray patterns for 1) PbSb2Oe; 2) old battery-actlve ma- 
terial residue after Pb02 removal; and 3) residue from a cycled 
minicell to which PbSb206 had been added. 

In  the tapiol i te  group there  are  severa l  compounds 
wi th  Sb 5+ al l  wi th  A ion less than  0.80A, and in the  
PbSb~O8 group al l  the A ions are  grea ter  than 0.97A. 
So wi th  SbO6 octahedra  the  p re fe r red  s t ruc ture  is 
apparen t ly  de te rmined  by  the A ion size. B u r b a n k  and 
Ritchie (1) suggested tha t  SbS+ ions m a y  occupy 
vacant  Pb  4+ oc tahedra l  sites in the  PbO2 lattice. If  this  
is t rue then  f rom the  re la t ion  be tween ion size and 
p re fe r red  s t ruc ture  one might  speculate  that,  as Pb  4+ 
(wi th  ionic radius  0.84) is reduced  to Pb 2+ (wi th  ionic 
radius  1.2OA) dur ing  discharge,  some PbSb206 forms 
(along wi th  the  PbSO4) and ei ther  nucleates  
new ~PbO2 crys ta ls  on subsequent  charging,  or 
passivates  the  surface of a l r eady  exist ing aPbO2 and 
preven ts  i t  f rom reac t ing  in the  next  discharge.  

Efforts to prove  by  exper imen t  that  an t imony  im-  
proves  posi t ive life v ia  the compound PbSb208 have 
not  been conclusive. Over  200 min ia tu re  t h r ee -p l a t e  
ba t te r ies  wi th  var ious  amounts  of PbSb2Oe (or o ther  
mater ia ls ,  such as Nb205) added  to the posi t ive p la te  
were  cycle- l i fe  tes ted  in a per iod  of 2 yr.  No significant 
difference in cycle l ife was found; however ,  the 
PbSb206 (which we synthesized according to the  method  
of Magnel i )  had  r e l a t ive ly  la rge  par t ic le  size, perhaps  
too la rge  for  nuclea t ing  aPbO2. In another  approach,  
some old bat ter ies ,  which  had  fai led in automot ive  use, 
were  cut  open; the  posi t ives were  removed,  and  lead 
d ioxide  was removed  from the plates.  Care was taken  
to avoid  b reak ing  off pieces of the grid which  was 
qui te  fragile.  The PbO2 was digested in HNOa and 
H202 to obtain a smal l  res idue which was analyzed by  
x - r a y  diffraction. In  one out of five a t tempts  a pa t t e rn  
was obta ined which  contained the ma jo r  l ines of our  
synthesized PbSb206 as shown in Fig. 2. Other  m a t e r -  
ials were  also present  in the  residue. 

Whereas  this resul t  and the a rgument  f rom com- 
par ing  crys ta l  s t ruc ture  give some credence to the  
concept that  an t imony  acts in the  posit ive p la te  via  the  
compound lead metant imonate ,  i t  is not the in tent  of 
the  au thor  to imply  tha t  absolute  proof  or  a final 
answer  has been given, but  r a the r  to suggest  another  
approach  to a r a the r  difficult and  complex  problem. 

Manuscr ip t  rece ived  Feb.  2, 1973. 

Any  discussion of this  paper  wi l l  appear  in a Discus-  
sion Section to be publ i shed  in the June  19'74 JOURNAL. 
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Erratum 
In  the pape r  "A Soft  X-Ray  S tudy  of the  Near  Sur -  

face Composit ion of Cu30Zn Al loy  dur ing  Simul taneous  
Dissolution of I ts  Components"  by  J. E. Hol l iday  and 

H. W. P icker ing  which appeared  on pp. 470-475 in the  
A p r i l  1973 JOURNAL, Vol. 120, No. 4, the  hor izonta l  axis 
of Fig. 4 should be l abe led  x. 
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ABSTRACT 

Pyrolytic Ta205 films, in thicknesses up to 30,000.~, were produced by the 
TaCls-CO2-H2 reaction at 900~ These films were characterized by use of 
t ransmission e lec t ron microscopy, e lect ron microprobe  analysis,  measurement  
of dielectric,  and opt ical  propert ies .  I t  was found tha t  the  films were  ortho-  
rhombic  Ta205 (~-Ta205) wi th  a fine gra ined  structure.  The films did not  etch 
apprec iab ly  in hydrofluoric  acid. El l ipsometr ic  measurements  ind ica ted  that  
the films had an index of ref rac t ion  of 2.20 • 0.03 at 5461A. In addition, cer ta in  
areas  of the  films exhib i ted  slight optical  absorption.  The optical  energy gap 
was  found to be 4.20 eV. The dielectr ic  constant  and the loss tangent  of the  
pyro ly t ic  Ta205 films were  measured  over the  t empe ra tu r e  range  78~176 
and the f requency in terva l  1-100 kHz and exh ib i ted  a surpr i s ing ly  strong 
t empe ra tu r e  dependence.  These resul ts  and the e lect ron microprobe  resul ts  
indicate  the  films are  not  stoichiometric.  

Tan ta lum pentoxide  (Ta2Os) has p layed  a very  active 
role  in electronic appl icat ions  for over  a decade. Ta205 
has been used in thin film form long before the  much 
s tudied th in  film mate r ia l s  such as SIO2, SisN4, and 
A1203 came into posit ions of impor tance  for appl ica-  
t ions such as in t eg ra ted  circuit  (IC) pass ivat ion and 
insula ted  gate, field effect t rans is tor  gate dielectrics.  
I t  has been found for the  l a t t e r  mate r ia l s  tha t  h igh-  
t empe ra tu r e  (600~176 chemical  vapor  deposi t ion 
(CVD) produced films with  proper t ies  genera l ly  con- 

s idered more  desi rable  than those of films producd by 
other  methods.  In  electronic appl ica t ions  Ta20~ is usu- 
a l ly  produced  anodically,  or sometimes thermal ly ,  but  
pyro ly t ic  Ta205 has not been used, nor its p roper t ies  
invest igated.  This paper  repor ts  selected detai ls  on the 
p repa ra t ion  and proper t ies  of Ta205 films produced by 
CVD. 

Film Deposition 
The genera l  subject  of oxide film prepara t ion  by 

CVD has been wel l - t r ea ted  by  Powel l  et al. (1). P y r o -  
lyt ic  Ta205 has been produced by  Peacock (2) through 
the react ion of Tat15 vapor,  H2 gas, and CO2 gas at 
900~ and by  Wang et al. (3), th rough  the  react ion 
of t an ta lum alcoholate  vapor,  helium, and oxygen at 
450~ The proper t ies  of the  films produced  by  the 
former  react ion were  not  invest igated,  and  those of 
the  l a t t e r  react ion were  described as amorphous  and 
annea lab le  to po lycrys ta l l ine  ~-Ta205 f ter  30 rain at 
800~ 

The react ion be tween  TaCl5 vapor,  H2, and C02 at 
900~ was used to p repare  the  films for this  study.  The 
presumed over-a l l  reac t ion  is 

900~ 
2TaCI5 + 5H2 + 5CO2 -+ Ta205 + 6CO + 10HCI 

Key words: tantalum oxide, chemical vapor deposition, insulators, 
dielectric properties, optical properties, 

The deposi t ion apparatus ,  shown schemat ica l ly  in 
Fig. 1, is a modified vers ion of the  one repor ted  by  
Tauber,  Dumbri ,  and Caffrey (4) for the  pyro ly t ic  
deposi t ion of z i rconium dioxide.  The subs t ra te  rests  
on a molydenum susceptor,  which  is hea ted  induct ive ly  
at  480 kHz, The susceptor is ro ta ted  by  a special ly  de-  
signed harmonic  drive.  The gases a re  carefu l ly  mete red  
th rough  Brooks ro tometers  and are  car r ied  through 
stainless steel l ines to the  deposi t ion chamber.  The 
TaC15 vapor  is t r ans fe r red  to the  chamber  by  passing 
hydrogen  through a hea ted  saturator .  A schematic  of 
the  s tainless  steel  sa tura tor  is shown in the  enlarged 
section of Fig. 1. The ca r r i e r  gas is forced to take  a 
tor tuous pa th  over  six layers  of TaC15. I t  is assumed 
tha t  the  car r ie r  is sa tura ted  wi th  the vapor.  Al l  l ines 
past  the  sa tura tor  are  hea ted  approx ima te ly  60~ 
above the sa tura tor  tempera ture ,  in order  to prevent  
recondensat ion of the  TaC15 pr ior  to its a r r iv ing  at  the 
hea ted  substrate .  

Al l  deposit ions were  made  at a subs t ra te  t empera-  
ture of 900~ The subst ra te  usua l ly  used was 3-10 
ohm-cm n - t y p e  (100) silicon, wi th  the occasional use 
of fused silica disks, t h e r m a l l y  grown SiO2 on Si, and 
0.001 ohm-cm silicon for special  purposes. The typical  
concentrat ions by  volume used were  0.02% TaC15 and 
0.15% CO2 wi th  the  r ema inde r  hydrogen.  The to ta l  H2 
flow rate  was 3270 cm3/min. These condit ions y ie lded  
a deposi t ion ra te  of app rox ima te ly  300 A./min. 

Film Properties 
General 

The films deposi ted b y  the  above procedure  were  
clear,  hard  films of good qual i ty  which formed a tena-  
cious coat ing on the substrate.  F i lms  as th ick  as 
30,000A deposi ted on polished silicon or fused silica 
showed no evidence of cracking,  even when quenched 
to --  195~ 
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Fig. I. Schematic representa- 
tion of deposition equipment. 
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The characteristic r ing  interference color pat tern  
revealed nonuni formi ty  in the thickness of the films 
on the order of _+10%. Ellipsometric (5) and u l t ra -  
violet-visible reflection spectra (6) measurements  in- 
dicated the center of the deposit to be the thickest 
area; no at tempt was made to improve the thickness 
uni formi ty  of the film. 

Structure Identification 
Transmission electron microscopy and e~ectron dif- 

fraction analysis.--Pyrolytic Ta205 does not appear to 
etch appreciably, even in  concentrated HF. Thus, in 
order to produce a thin sample for t ransmission elec- 
t ron microscopy, a 1000A Ta205 film was pyrolyt ical ly 
deposited on a 1000A thick layer  of thermal ly  grown 
SIC)2 on a silicon substrate. A long-term etch (15 hr) 
in 49% HF sufficed to undercut  the Ta205 and lift it 
from the substrate. The etchant was then diluted and 
the film specimens were removed on a fine copper grid. 

The specimens were examined in a Philips 300 Elec- 
t ron Microscope at an accelerating potent ial  of 100 kV. 
Figure 2 is a transmission micrograph made at a mag- 
nification of 74,500 times. A well-defined and relat ively 
uni form grain s tructure is observed with a 600A aver- 
age grain size. 

Figure  3 shows an electron diffraction pat tern of the 
same area. The film is crystal l ine and the pat tern  in- 
dexes to orthorhombic Ta205 (fl-Ta2Os) (7). However, 

the l ine positions are such that  one cannot  rule out 
the presence of a small  amount  of Ta. The indexing is 
summarized in Table I. 

Electro~ microprobe analysis.--The stoichiometry of 
a 5000A pyrolytic Ta205 film deposited on silicon was 
studied by electron microprobe by the technique des- 
cribed by Colby (8). A Materials Analysis  Corporation 
electron microprobe was used. The accelerating voltage 
was 5 kV, the beam current  0.4 ~A, and the x-ray 
emergence angle 38.5 ~ . The depth of analysis was ap- 
proximately  1000A, calculated from an assumed density 
of 8.70 g /cm s. The elements analyzed were Ta, O, and 
Si, the lat ter  being included to insure that the electron 
beam was not penetra t ing the film. Eight spots in 
regular  increments  of width from the center of the 
outer edge of the slice were analyzed. The result  of 
analysis in depth on five of the spots is presented in 
Table II. Note the fact that  the average oxygen to 
t an ta lum ratio is 2.37 _ 0.05, which is somewhat 
smaller than the 2.50:1 expected for stoichiometric 
Ta205. One can expect a slight overest imation of the 
amount  of Ta present  since the s tandard sample, of 
necessity, has on it a thin oxide layer  on the order of 
20-50A thick. However, it is doubtful  that this can be 
responsible for so large a difference. The comparison 
of a pyrolytic film on a relative basis with a film of 
known stoichiometry should allow the resolution of 
this question. Therefore, a Ta205 sample was prepared 

Fig. 2. Transmission electron micrograph of Ta205. Magnification 
74,500 X.  Fig. 3. Electron diffraction pattern of Ta205 
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Table I. Indexing of orthorhombic Ta205 electron diffraction 
pattern 

P l a n e  d ( h k l )  d ( h k l )  Theo re t i c a l  Observed 
(hkl)  t heo re t i c a l  observed intensity intensi ty  

(001) 3.87 3.87 90 S 
(110) 315 3.14 1O0 VS 
(200) 3.09 3.08 50 VW 
(111) 2.46 I" 2.47 100 

(band)  VS band 
(201) 2.43 L 2.38 60 
(211) 2.02 2.04 30 W 
(002) 1.95 1.94 50 W 
(020) 1.83 ( 1.86 40 

(band)  S band 
(310) 1.80 t .  1.78 40 
(021) 1.66 1.67 100 S 
(121) 1,63 1.64 30 W 
(220) 1.58  1.59 30 W 
(400) 1.55 1.56 30 W 
(221) 1.46 1.46 40 W 
(022) 1.34 f 1.35 70 

(band)  S b a n d  
(312) 1.32 t .  1.30 60 
(113) 1.20 1.205 80 S 

VS: very  strong. 
S:  strong. 
W :  weak .  
VW: very  weak .  

by anodizing a sputtered p-Ta film at 120V in  0.01% 
citric acid with a 1 m A / c m  2 current  density. The Ta205 
film formed in this manner  is reported to be stoichio- 
metric (9). This film was analyzed by electron micro- 
probe at the same t ime the pyrolytic Ta205 film was 
reanalyzed. The oxygen to t an ta lum ratio in the anodic 
film was 2.55 +_ 0.05 and the average ratio in the pyro- 
lytic film remained 2.37 _+ 0.05. The over-all  conclusion 
of this analysis is that  the pyrolytic film, as examined 
across the width of the slice, is slightly oxygen deficient 
and not stoichiometric Ta20~. 

InStated absorption and reflection study.--The speci- 
mens  analyzed were 5000A thick pyrolytic Ta205 films 
deposited on 50 ohm-cm silicon slices approximately 
0.63 m m  thick. Both the absorption and reflection 
spectra were obtained on a Beckman IR-12 double 
beam infrared spectrophotometer with appropriate  
attachments.  The ins t rument  scans in the wave-number  
range  of 4000-200 cm -1, bu t  no peaks were observed 
above 1200 cm -1. 

The absorption spectrum obtained in this study is 
shown in  Fig. 4. Two prominent  and eight minor  peaks 
were observed. McDevitt and Baun (10) have reported 
the absorption spectrum of ~-Ta205 pressed powder in 
a Nujol  mul l  over the wave-number  range of 700-240 
cm -1. The peaks of the present  study in that  wave-  
number  range roughly coincide with their three re- 
ported peaks, with a finite shift in positions having 
taken place. Sidorov (11), in  an invest igat ion of the 
absorption of ~-Ta205 in  the wave-number  range of 
1041-576 cm -I ,  observed two peaks which coincide with 
peaks of the present  study. Table III  presents a com- 
parison of results. Kihara-Morishita  et al. (12) showed 
that the position of the prominent  peaks is very  sen- 
sitive to the voltage of anodization in making anodic 
films, and thus presumably  to small  differences in 
structure. Hence, from the IR absorption spectrum we 
can conclude that  the deposited film is similar to 
F-Ta205 reported in the l i terature.  

The infrared reflection spectrum (IRRS) obtained 
from the same specimens is seen in Fig. 5. Kihara-  
Morishita et al (12), recently reported the IRRS of 
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Fig. 5. Infrared reflection spectrum of Ta205 

anodic t an t a lum oxide films in the wave-number  range 
of 4000-7000 cm -1. Two of their  three reported peaks 
were observed in  the present  study, as seen in the com- 
parison of results in Table IV. From the reflection 
spectrum it can be seen that the deposited films of the 
present s tudy are related to but  not identical to anodic 
t an ta lum oxide. 

Optical Properties 
Optical constants.--The index of refraction, n, of the 

pyrolytic Ta205 deposited on 11/4 in. diameter  polished 
silicon slices was measured as a funct ion of radial 
distance from the center of the slice by ellipsometry 
at 5461A. The Ta205 film was assumed to be nonabsorb- 
ing. During this examinat ion some concentric areas 
were observed, in which n was consistently 2.20 +_ 0.03, 
as well  as other concentric areas where the index of 
refraction had anomalously large values and changed 
strongly as a function of position. The value of n = 
2.12-2.20 and 2.32-2.37 are found in the l i terature (13) 
for the two axes of fl-Ta205 at 6710A. Correction to 
5461A with the dispersion relationship reported for 
Ta205 (14) yields n = 2.23-2.31 and 2.43-2.48, in fair 
agreement  for one of the axes with the present  result  of 
2.20 __ 0.03. The anomalous values of n and their sensi- 
t ivi ty to position indicate the film is absorbing in those 
areas. 

Ell ipsometry can be used for explicit  measurements  
of an absorbing film (i.e., a film with nonvanish ing  ex- 
t inction coefficient) at the expense of adding an addi-. 
t ional unknow n  parameter.  If it is assumed that  k = 0 
in an absorbing film, el l ipsometry will overestimate the 
value of n. However, once n in the nonabsorbing por- 
tions of the film is known the thickness and extinction 

Table II. Summary of electron microprobe analysis of pyrolytic T a 2 0 5  

Spot  n u m b e r ;  W e i g h t  Pe r  cent  A t o m i c  Pe r  cen t  Ra t io  
position on sl ice T a  O Ta O O:Ta  

1 (center)  83.68 --  0.78 17.42 -4- 0.38 29.82 ~-- 0.39 70.18 -~ 0.39 2.35:1 
2 84.04 -4- 0.81 17.40 ----- 0.51 29.95 ----. 0.49 70.05 -4- 0.49 2.34:1 
3 84.33 --  0.67 17.91 ----. 0.49 29.42 --  0.49 70.58 -4- 0.50 2.40:1 
4 84.25 • 0.77 17.75 ----- 0.54 29.58 ----- 0.58 70.42 ~ 0.51 2.38:1 
5 (ou t s ide  edge)  84.10 -~ 0.85 17.89 --  0.45 29.38 --+ 0.46 70.62 -~ 0.47 2.40:1 

A v e r a g e  2.37:1 
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Table III. Comparison of infrared absorption results 

Observed Previously  reported absorption peaks  (cm -1) 
absorption McDevitt and B a u n  (10) S i d o r o v  (11) 

peaks (cm -1) 700-240 cm-Z 1041-576 cm -1 

220 
325 s h o u l d e r  315 
3 8 0 w e a k  This  r a n g e  not 
426 s h o u l d e r  455 s h o u l d e r  covered 
525 s t r o n g  575 s t r o n g  
630 s h o u l d e r  
7 1 0 s h o u l d e r  This range not 733 
840 cove red  860 
900 shoulder 

1040 shoulder 

Table IV. Comparison of infrared reflection results 

Observed reflection 
peaks (cm-Z) 

P r e v i o u s l y  r e p o r t e d  
reflection peaks 

K i h a r a - M o r i s h i t a  e t  at. (12) 
4000-700 cm -1 

270 medium 
425 b r o a d  Th i s  r a n g e  no t  
550 s h o u l d e r  p r e v i o u s l y  covered 
630 medium 
Not observed 810 w e a k  to  s t rong* 
980 strong 950 w e a k  to strong* 

1140 w e a k  1100 w e a k  

�9 The intensity of the peak is very dependent on the  v o l t a g e  of 
anodization. 

coefficient of the film at all other  points on the film 
can be obtained f rom the measured ell ipsometric pa- 
rameters  h and ,t, by a method described e lsewhere  
(15). Table V presents the optical constants calculated 
f rom h and ,I,, which were  measured in approximate ly  
2 m m  increments  across the slices. 

The optical constant of the silicon substrate is taken 
to  be 4.05-0.28/ (5). Note the small amount  of absorp- 
tion in the Ta205 film that  suffices to cause such a 
drast ically different apparent  n if it is assumed k = 0. 
For  example,  at spot 1 there  is an apparent  shift of 
0.56 in n f rom neglect ing the extinction coefficient of 
0.044. The Drude el l ipsometry equation (16), on which 
the program used for the present  calculations is based, 
assumes an ideal ly homogeneous and optically isotropic 
substrate and film. Thus one cannot de termine  from 
el l ipsometry whe ther  the absorption in the film is iso- 
tropic through its depth, or whe ther  it occurs in a spe- 
cific region of the film, e.g., at the substrate-fi lm or 
f i lm-ambient  interfaces. The ext inct ion coefficient k 
(where  the absorption coefficient a is re la ted to k by 
a : 4~lkL)  which is listed in Table V is an average 
number  applying to the whole  depth of the film. 

Optical  energy  g a p . - - T h e  energy gap measurement  
samples were  prepared by depositing Ta205 on fused 
silica disks. Absorbance vs. wavelength  measurements  
in the wavelength  region of 2000-7500A were made on 
a Pe rk in -E lmer  202 UV-VIS double beam spectro- 
photometer .  There  was only one absorption peak ob- 
served, and this was assumed to be due to the funda- 
menta l  energy gap absorption. The absorption coeffi- 
cient a was calculated as a function of photon energy 
from this in the neighborhood of the absorption edge. 

Table V. Optical study across width of slice pyrolytic Ta205 on 
silicon 

Spot M e a s u r e d  n of  f i lm Opt i ca l  
n u m b e r ;  e l l i p s o m e t r i c  assure-  cons t an t s  of  T h i c k -  
pos i t i on  p a r a m e t e r s  i n g  f i lm w h e n  a l l o w -  ness  of 
on sl ice A ~I" k = O i n g  f in i te  k f i lm (A) 

1 (center)  297.7 13.3 2.76 2.20-0.044 i 5150 
2 307.3 15.5 2.68 2.20-0.042 i 5090 
3 319.3 19.8 2.52 2.20-0.030 i 5000 
4 337.6 26.0 2.42 2.20-0.036 i 4910 
5 42.7 29.6 2,19 2.20-0.002 i 4680 
6 64.2 24.8 2.18 2.20-0.004 i 4265 
7 94.0 18.0 2,20 2.20-0.000 i 4115 
8 (outs ide  

edge) 118.9 13.7 2.45 2.20-0.013 i 4060 
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Fig. 6. (Absorption coefficient) 2 as a function of photon energy, 
by, for Ta205. 

This yielded values of a on the order  of 104 cm -1, which 
are indicative of direct  optical transitions. Fan (17) 
has shown that  for direct al lowed transit ions a is 
re la ted to the photon energy by 

a : A ( h v  --  Eg) t/2 

where  A is a constant and Eg, the bandgap energy. 
Figure  6 shows a 2 as a function of energy. Extrapola-  
tion to a ---- 0 yields an energy gap of 4.20 eV. This is 
well  wi th in  the range of 3.58 eV reported for both a 
and ~-Ta205 from conduct ivi ty  measurements  (18), and 
values of 4.5 and 4.6 eV from reflect ivi ty and absorption 
measurements  (19, 20). 

Electrical Properties 
Ta205 films approximate ly  1000A thick were  pyro-  

lyt ical ly deposited on 0.001 ohm-cm silicon and alumi- 
num dots 2.0 X 10 -3 cm 2 in area were  vacuum evapo- 
ra ted at a pressure less than 10 -8 Torr. A 2000A sheet 
of A1 was evaporated as a back contact. The speci- 
mens were  mounted  in a t empera ture  chamber  and 
electrical  connection was made using spring loaded 
contacts. The capacitance and loss tangent  were  mea-  
sured in a t empera ture  in terval  of 78~176 and a 
f requency in terval  of 1 X 103 to 1 X 105 Hz. Measure- 
ments  of loss tangents  at f requencies  down to 1 X 102 
Hz were  made, but could not be continued through 
the whole t empera tu re  range because of excessively 
large loss tangent  values. The measurements  were  per- 
formed on a General  Radio Type 1615-A capacitance 
bridge using a th ree- te rmina l  probe. 

Dielectr ic  c o n s t a n t . - - T h e  dielectric constant was cal-  
culated f rom the capacitance measured as outlined 
above and f rom the Ta205 film thickness measured by 
e l l ipsometry  and the reflect ivi ty minima in the ul tra-  
violet  and visible spectrum. Figure  7 shows the results 
as a function of t empera ture  for the frequencies  
1 X 103, 2 X 103, 1 X 104, and 1 X 105 Hz. At  room 
tempera tu re  and 100 kHz the apparent  dielectric con- 
stant is 44.0. To the authors '  knowledge there  are no 
published data on the dielectric constant of crystal l ine 
~-Ta205 avai lable  in the l i tera ture  to make  compar i -  
son with the present results. However ,  Pavlovic  (21) 
reported the dielectric constant of ~-Ta20~ ceramic to 
be 24.1 at room tempera tu re  and 100 kHz. Gers tenberg 
found an average value of dielectric constant for anodic 
films of 21.7 (22). There is clearly a strong tempera-  



VoL I20, No. 7 P Y R O L Y T I C  Ta205 F I L M S  931 

Z 

I.-  (I) 

0 
(3  

(.J 

I-- 
u 

90 

80 

70 

60 

50 

/ 

- I I I J 
0 I00 200 300 400 500 

TEMPERATURE ,~ 

Fig. 7. Dielectric constant, e, as a function of temperature with 
frequency as a parameter. 

tu re  dependence  which  manifes ts  itself above 290~ 
and suggests the  existence of ionization sites in the 
Ta205 film. S m y t h  et al. (23), in thei r  inves t igat ion of 
the effects of hea t - t r ea tmen t  and  reanodiza t ion  on 
anodic Ta205 films, found strong t empera tu re  depen-  
dence under  condit ions in which there  were  oxygen 
vacancies in the  film. An  oxygen  vacancy would con- 
ta in  two electrons,  whose ionizat ion would  be t em-  
pe ra tu re  dependent .  Thus the  da ta  presented  in Fig. 7 
indicates  tha t  the  film inves t iga ted  is p robab ly  not 
s toichiometric.  

Loss tangent - -The  loss tangent  was calcula ted di- 
rec t ly  f rom the Genera l  Radio Type  1615-A capaci tance 
br idge  readings.  F igure  8 presents  these da ta  as a func- 
t ion of t empe ra tu r e  for the  frequencies  1 • 103, 
2 • 103 , 1 • 104 , and 1 • 105 Hz. At  room t empera tu re  
and 100 kHz, the loss tangent  is 0.025, in contras t  to 
Pavlovic ' s  (22) va lue  of 0.0001 for  ~-Ta205 ceramic.  In 
this  case also a s t rong t empe ra tu r e  dependence,  as in 
the  case of the  die lect r ic  constant,  could be a t t r ibu ted  
to the ionizat ion of oxygen  vacancies.  
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Measurement of Film Thickness from 
Lattice Absorption Bands 

C. J. Mogab 

Bel l  Laboratories, Murray  Hill, New Jersey  07974 

ABSTRACT 

Many compound semiconductors and insulators exhibit  characteristic in -  
frared lattice absorption bands which can be quant i ta t ive ly  described by 
classical dispersion theory. When the dispersion parameters  are known, the 
thickness of an absorbing film on a nonabsorbing substrate can be determined 
from a measurement  of the lattice absorption. For th in  films the dispersion 
parameters  can differ from the values appropriate to bu lk  single crystals; 
however, it is shown that  the parameter  most susceptible to var ia t ion  can 
be obtained directly from the measured absorption band without  knowledge 
of the film thickness. It is also shown that  the integrated optical density (the 
area under  the band plotted as optical density vs. wave number )  is a l inear  
funct ion of thickness when  the refractive index of the substrate is unity,  but  
departs from l inear i ty  as the substrate refractive index increases. The ap- 
propriate equations and a method for determining film thickness from a mea-  
sured absorption band  are given. The discussion is i l lustrated by data for 
th in  SiC films on Si substrates. 

Of the many  techniques avai lable for the measure-  
ment  of film thickness (1), the use of infrared lattice 
absorption bands has received comparat ively little at- 
tent ion despite the fact that it is a potential ly useful 
technique for a var ie ty  of compound semiconductors 
and insulators of practical importance. Nakayama and 
Collins (2) used the optical density at the peak of the 
9.3 ~m infrared band of SiO2 to determine the thick- 
nesses of th in  SiO2 films on silicon substrates. This 
was accomplished by cal ibrat ion against the Vamfo 
method (1) for several films in excess of 2400A with 
a l inear interpolat ion of the peak optical density be- 
tween 2400A and zero thickness assumed valid. In an- 
other s tudy of SiO2 films on Si, Pl iskin and Esch (3) 
pointed out that the peak optical density is not a l inear 
function of thickness and suggested the integrated band 
intensi ty (the area under  a plot of optical density vs. 
wave number )  as a more suitable function for l inear  
interpolation. They measured the integrated optical 
density and film thickness, the lat ter  quant i ty  by use 
of the Vamfo technique, and observed a l inear  rela-  
tion between these quanti t ies over the range of their 
thickness measurements.  Choudhury and Formigoni 
(4) a t tempted to determine the thickness of fi-SiC films 
on Si substrates by comparing the transmission at the 
peak of the 12.6 ~m band to the values expected for un-  
supported films on the basis of the dispersion param- 
eters for E-SiC determined by Spitzer et al. (5). 

In  the course of a s tudy of the growth of very  th in  
epitaxial films of SiC on Si crystals (6), we have found 
it necessary to resort to infrared lattice absorption 
measurements  in order to determine film thickness. 
More convent ional  methods such as ell ipsometry at 
5461A failed to provide accurate thickness values due, 
we believe, to the peculiar topology of these films 
which allowed some scattering of visible light. In a 
survey of the l i terature we were unable  to find any 
basis for the in terpre ta t ion of infrared measurements  
insofar as the determinat ion of film thickness is con- 
cerned. Moreover, in most instances where  infrared 
measurements  had been used for this purpose, we felt 
that  an improper in terpreta t ion of these measurements  
was made leading to erroneous thickness values. 

This paper considers the use of infrared lattice ab- 
sorption measurements  as a means for thickness deter- 
minat ion for films for which the lattice absorption can 
be described in terms of classical dispersion theory 
(7) and which are supported on a substrate that  is 
t ransparent  wi thin  the region of the absorption band. 

Key w o r d s :  f i lms,  t h i c k n e s s ,  i n f r a r e d ,  a b s o r p t i o n .  

(A part ial  l isting of the m a n y  compounds exhibi t ing 
lattice absorption bands which can be quant i ta t ive ly  
described by classical dispersion theory is given in 
Table I).  In particular,  the use of l inear  interpolat ion 
or extrapolat ion from calibrat ion measurements,  for 
materials  whose dispersion constants are unknown,  and 
the appropriate methods for dealing with film mate- 
rials, for which dispersion parameters  are available 
from measurements  on bulk  crystals, are discussed. 
Calculations and exper imental  data for fi-SiC films on 
silicon substrates are used to i l lustrate the discussion. 

As with most thickness measur ing techniques, this 
method has certain advantages and l imitations which 
will  dictate its applicabili ty for specific situations. It  
is contactless and nondestruct ive and does not re-  
quire that the film be t ransparent  in the visible, or that 
there be a step in the film; requirements  which must  be 
met in order to use several of the most widely em- 
ployed techniques (1). Fur ther ,  it does not depend on 
interference wi th in  the film and thus in certain in- 
stances can be used to measure thicknesses well  below 
the mi n i mum value at which interference techniques 
are applicable. Since infrared is used the method can 
be useful for films having rough (nonspecular)  sur- 
faces, on the scale of visible light, but  negligible rough- 
ness in comparison to infrared wavelengths.  Its main  
l imitations are that it requires a substrate which is 
t ransparent  in the region of the absorption band and, 
as will  be discussed, the high and low frequency di- 
electric constants of the film mater ial  must  be known 
or an auxi l iary  method of thickness measurement  must  
be available for calibration. In  addition the method in- 
volves a comparat ively complicated analysis, although 
no more so than for ellipsometry. Consideration of the 
foregoing remarks suggests that  this method may be 
most useful for opaque semiconductor films and possi- 
bly also for insulator  films having sufficiently rough 
surfaces to preclude the use of simple techniques em- 
ploying visible light. 

Table I. Measured dispersion parameters for several materials 

M a t e r i a l  Wo (em-1) p 2/ e| ~/p  Ref.  

I n S b  165 0.175 0.007 15.68 0.040 (8) 
I n A s  219 0.231 0.007 12.25 0.030 (8) 
G a S b  230 0.099 0.007 14.44 0.071 (8) 
G a A s  273 0.159 0.007 10.9 0.044 (9) 
I n P  307 ~--- 8 0.239 0.04 9.61 0.17 (8) 
A1Sb 318 • 8 0.143 0.02 10.24 0.14 (8) 
GaP 366 0.137 0.003 8.46 0.022 (I0) 
ZnO 413 0.332 0.025 4.0 0.075 (11) 
SiC 793 0.263 0.0107 6.7 0.040 (5) 

932 
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Theory 
The classical dispersion theory (7) for a single reso- 

nance considers the interaction of monochromatic radi- 
ation of wave number  w with a collection of charged 
oscillators undergoing damped harmonic motion with 
a resonant  wave number  Wo. The frequency dependence 
of the complex dielectric constant  as deduced from 
this theory is 

1 - - ~  
�9 z = ~ + ~ [1] 

(1 - ~2)~ + 72~2 

~ = 4 ~  [2] 
( 1 -  ~ ) 2  + 72~ 

where ~1 and ~2 are the real and imaginary parts of the 
dielectric constant, ~ is the high frequency dielectric 
constant, v ---- W/Wo, "r is a dimensionless damping con- 
stant, and p is a dimensionless parameter  reflecting the 
strength of absorption, p is related to the static (low 
frequency) dielectric constant, e~ by 

p = (~o - , |  [ 3 ]  

The parameters  e~, p, % and Wo are referred to as the 
dispersion parameters  and completely determine the 
optical properties, n, k, in the region of the absorption 
band (n and k are the real and imaginary parts of the 
refractive index) since 

e l  ~ R 2 1  ~ 2 " ~  

e2 2nk ~ [4] 

If the dispersion parameters  are known for a specific 
film, the thickness of that film on a t ransparent  sub- 
strate can be determined from a transmission measure- 
ment  as described in the Appendix. A desirable al ter-  
nat ive to computat ion of the thickness would be direct 
calibration of the integrated optical density against an 
independent  thickness measuring technique, and sub- 
~ q u e n t  use of l inear  interpolat ion or extrapolat ion 
over the thickness range of interest, as suggested by 
the work of Pl iskin and Esch (3). The val idi ty of this 
approach is discussed below. 

The equations describing the transmission of a thin 
absorbing film on a t ransparent  substrate (see Appen- 
dix) are sufficiently cumbersome that no direct rela-  
tion between optical density and film thickness can be 
obtained from them. In  order to arr ive at simplified 
relations, an unsuppor ted film, exhibi t ing a single 
lattice resonance, 1 is considered here. The applicabili ty 
of these simplified relations to films on substrates is 
then tested by direct numerical  computat ion using the 
exact equations as given in the Appendix and values 
of the dispersion parameters  for p-SiC as determined 
by Spitzer et al. (5), which are representat ive of ma- 
terials having a single lattice resonance. 

A first-order approximation to the transmission, T, 2 
of an unsupported film of thickness, d, valid when  
2~wd\/n 2 + kz-< < 1, gives 

1 1 (e l =  l +P~+-4"(Pe2)~+-4 [ S T  1 - - 1 ) 1 ~  [5] 

where p = 2nwd. Subst i tut ion of Eq. [ 1 ]  and [2] in 
[5] yields 

z M u l t i r e s o n a n c e  absorption processes are described by e q u a t i o n s  
analogous to  [1] and  121 

el  = e + 4 ' r p j  

e2 = 
41rpjvj~j 

j ( I  -- vjs') ~ + 5,,~,j ~ 

w h e r e  vj and  pJ are the  d i s p e r s i o n  p a r a m e t e r s  assoc ia ted  w i t h  the  
j t h  resonance .  A n  e x t e n s i o n  of the  d i scuss ion  p r e s e n t e d  here  to m a -  
t e r i a l s  e x h i b i t i n g  m u l t l r e s o n a n c e  l a t t i ce  b a n d s  w i l l  be ev iden t .  

2 T h r o u g h o u t  th i s  pape r  i t  is a s s u m e d  tha t  the  t r a n s m i s s i o n ,  T, In 
the  r eg ion  of  an a b s o r p t i o n  b a n d  is n o r m a l i z e d  r e l a t i v e  to any  ob- 
servable b a c k g r o u n d .  

with 
4xp 

F(~)  - 
D 

1 
- - = l + F ( v )  [6] 
T 

[ 82 ] 
---- 87,+T(e| i) (i-,2) +~M~2 

p2 
Jr T (e| -- 1) 2 [7] 

where D = (1 -- r2) ~ + ~2v2. Equations [6] and [7] 
describe the transmission in the vicinity of the absorp- 
tion band. For typical dispersion parameters  (see Table 
I) the last term in Eq. [7] is negligible over the entire 
band, and since v is near un i ty  throughout  the band, 
Eq. [7] can be rewr i t ten  

C 
F ( v )  _ [8] 

(1  - -  V) 2 + (7/2) 2 
where 

C : a2p[27wod Jr- 4n2p(~Dod) 2] [9] 

The optical density is defined by 

OD : log ( l / T )  [10] 

Figure 1 i l lustrates computed absorption bands, plotted 
as optical density vs. reduced wave number  (W/Wo), 
for a 600A film of 8-SIC on substrates of various re- 
fractive indexes. Note that the effect of increasing the 
substrate refractive index is to enhance the transmis-  
sion; this results mainly  from a reduced reflectivity at 
the film-substrate interface. 

Subst i tut ion of Eq. [6] and [8] in [10] gives 

OD ~ l o g  1-~ (1 -- A~"-I - (~/2)2 [11] 

According to Eq. [11] and [9] the optical density has 
a max imum at v -- 1 given by 

ODmax -- log ~9 : 2 log 1 + - - , y  

[12] 

Expansion of Eq. [12] in powers of wod indicates that  
the peak optical density is l inear in wod, for typical 
values of p/7, only up to values of wod corresponding 
to negligible absorption. From the exact equations it 
can be shown that the peak optical density becomes 
l inear in thickness when 4~kwod > 2 where k is the 

value of the imaginary  part  of the film refractive index 
at the resonant  frequency. For typical materials, the 
lat ter  criterion implies that  the peak optical density 
is l inear in thickness only for thicknesses corresponding 

t.6 

A 
t.4 Wod : 0 , 0 0 4 8  l l a N O  SUBSTRATE 

p =o.263 [ ~  
X =0 .0107  I I n 2 = 2 0 

t.2 Eoo=6.7 I A ! ~  ~ 

1.0 
~z = ' 
~J 
a 0.8 

o ~ 0.6 

0.4 

0.2 

o i 
r i o  t .05  L 0 0  0.95 0 . 9 0  

Fig. I. Dependence of the optical density band on substrate re- 
fractive index. The dispersion parameters used in computing the 
band are those for @-SIC as reported in Ref. (5). 
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Fig. 2. Dependence of the peak optical density on film thickness 
and substrate refractive index for ~-SiC films having the dispersion 
parameters given in Ref. (S). 
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to subs tant ia l  absorpt ion.  Thus over  the  range  of th ick-  
nesses where  t ransmission measurements  can be em-  
ployed wi th  high accuracy, the peak  opt ical  densi ty  is 
not  a l inear  function of thickness.  This is demons t ra ted  
in Fig. 2 for the  case of E-SiC films having dispers ion 
pa rame te r s  as de te rmined  by  Spi tzer  et  aL (5). Accord-  
ingly, l inear  in terpola t ion  of peak  opt ical  dens i ty  vs.  
thickness,  as used by  N a k a y a m a  and Collins (2), is 
cer ta in  to lead  to considerable  error .  

The in tegra ted  opt ical  density,  A, can be  obtained 
f rom Eq. [11] a s  

j , f :  
A = (OD)dp----- 2.303 = 

[ C ] d v  [13] 
in  1-~ ( l - - v )  ~ +  (v/2)  2 

and ca r ry ing  out the  in tegra t ion  wi th  use of Eq. [9] 

A "- 4~pwod /2 .303  [14] 

Thus, wi th in  the  f i rs t -order  approximat ion ,  which is 
expected to be val id  even for the th ickest  films that  
can be measured,  the  in tegra ted  opt ical  dens i ty  is 
l inear  in thickness and independent  of the damping  
constant  ~ when  the film is unsupported.  The va l id i ty  
of this  conclusion, when  a subs t ra te  is present ,  has  
been tes ted by  use of the  exact  equations.  F igure  3 

p= 0. Z63 
7" = 0 .0 t07  
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Fig. 3. Variation of the area under the optical density vs. reduced 
wave number (W/Wo) band with thickness and substrate refractive 
index. The dashed line represents Eq. [14]. 

J u l y  1973 

shows the dependence  of the in tegra ted  optical  densi ty  
on film thickness for a series of subs t ra te  indexes.  The 
dashed l ine  represen t s  Eq. [14] whi le  the  solid l ines 
correspond to numer ica l  in tegrat ions  of the  exact  
equat ion for optical  density.  In  car ry ing  out the  numer-  
ical  integrat ions,  infinite l imi ts  cannot  be used thus  
leading to an er ror  due to neglect  of the  band  "wings" 
(see Fig. 1). If  f ixed l imi ts  are  used (as was done 
here)  this  e r ror  increases wi th  film thickness.  For  the 
"no subst ra te"  case the  er ror  can be calcula ted ex-  
act ly  and can be shown to account for the  d ivergence  
be tween  the  theore t ica l  l ine and the "no subst ra te"  
curve in Fig. 3. As is evident  f rom Fig. 1, for a given 
film thickness the  wing correct ion is smal ler  the  
l a rge r  the subs t ra te  index.  Accordingly,  while  the  
curves  for n~ > 1 in Fig. 3 a re  s l ight ly  in e r ror  for 

wad ~ 0.004, due to neglect  of the  wing correction, 
mak ing  this correct ion wi l l  not  impar t  l inea r i ty  to 
the  curves since the  m a x i m u m  possible correct ion is 
given by  the depa r tu re  of the  "no subst ra te"  curve  
f rom the dashed line. We conclude, therefore,  that  the  
in tegra ted  optical  densi ty  is s t r ic t ly  l inear  in thickness  
only when n~ -~ 1.0. However, it can be seen from Fig. 
3 that, except for rather high substrate indexes, com- 
paratively little error is involved in use of linear inter- 
polation or extrapolation of the integrated optical 
density. The linearity observed by Pliskin and Esch 
(3) for SiO2 films on silicon substrates (n= _~ 3.4) 
probably results from the fact that the p value for the 
9.3 ~m band of SiO2 is likely to be considerably smaller 
than the values indicated in Table I, ~ (this causes the 
initial linearity evident in Fig. 3 to be retained to 
higher wad values) and may also result in part from 
their inclusion of the small 8 ~m shoulder on the 9.3 
~m band in the integration. The effect of the damping 
constant on the computed areas was also tested. For 
the "no substrate" case the area was independent of 

~. as predicted by Eq. [14]. however for n2 ~> 2.0 there 
was a ve ry  s l ight  dependence  of the  in tegra ted  opt ical  
dens i ty  on ~, which if neglected would  lead to a max-  
imum error  in der ived  thickness  es t imated  to be about  
5%. 

One other  no tewor thy  fea ture  of t h e  opt ical  dens i ty  
band obta inable  f rom Eq. [9] and [11] is tha t  the  band 
ha l f -w id th  ( the wid th  of the  band at  hal f  the  peak  
in tensi ty)  is not  independent  of film thickness  as 
might  cus tomar i ly  be assumed. In fact for the unsup-  
por ted  film 

Av --  [ 'y(4~wopd + ~)]1/2 [15] 

whe re  Av is the  ha l f -width .  F igure  4 i l lus t ra tes  the  
effect of the subs t ra te  re f rac t ive  index on the ha l f -  
wid th  of the opt ical  dens i ty  band,  again for the  case 
of #-SIC films. 

In  contras t  to the  behavior  of the  opt ical  dens i ty  
function, i t  can be  seen f rom Eq. [6] and In] tha t  the  
funct ion (1/T -- 1) has a Lorentz ian  shape wi th  a half-  
wid th  equal  to 7 independent  of the  film thickness.  I t  
also has a m a x i m u m  at the  resonant  frequency,  how- 
ever, both  the  peak  height  and  the  area  under  the  peak  
a re  quadra t ic  in th ickness  as can be deduced by  the 
use of Eq. [6], [8], and [9]. Direct  numer ica l  computa-  
t ion of the  ha l f -wid th  of the  [ ( l / T )  - -  1] funct ion for 
severa l  test  cases, including the  fu l l  range  of disper-  
sion pa ramete r s  and subst ra te  r e f rac t ive  indexes  which 
might  no rma l ly  be encountered  in pract ice indicates  
tha t  the  ha l f -wid th  is in fact equal  to 7, wel l  wi th in  
p robab le  expe r imen ta l  error,  up to the m a x i m u m  mea-  
surable  thicknesses.  Consequent ly  an expe r imen ta l  p lot  
of [ ( l / T )  --  1] vs.  wave number  can be used to obtain 
"t (and Wo) direct ly .  This is significant because the  
damping  "constant"  is expected  to be s t ruc tu re - sen -  
sitive. 

s The  f i lms  m e a s u r e d  b y  P l i s k i n  a n d  Esch (3) we re  p r e s u m a b l y  
a m o r p h o u s .  The  a u t h o r  k n o w s  of no  d e t e r m i n a t i o n  of the  d i s p e r s i o n  
p a r a m e t e r s  fo r  v i t r e o u s  SiO,~, h o w e v e r  fo r  quar tz ,  w h i c h  e x h i b i t s  
m u l t i r e s o n a n c e  bands ,  Sp i t ze r  and  K t e i n m a n  (11) r e p o r t  p = 0,053 
fo r  the  9.3 pxn band .  
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Fig. 4. Dependence of the half-width of the optical density band 
on film thickness and substrate refractive index. 

Discussion and Comparison to Exper iment  
When the dispersion parameters for a part icular ma- 

ter ial  are available from the literature, i t  is imperative 
that their appl icabi l i ty be checked, when measurements 
are to be made on films, because of the anticipated 
structure-sensi t ivi ty.  Once the appropriateness of a 
set of constants is confirmed, a simple measurement  of 
peak optical density suffices for the determinat ion of 
thickness. As an  example of the error  involved in 
applying published constants without  regard to their  
validity, Fig. 5a compares exper imental  data for a 
th in  epitaxial  /~-SiC film grown on Si with an absorp- 
t ion band  computed from the dispersion parameters  of 
Spitzer et aL (5) using a film thickness chosen to match 
the exper imenta l  peak height. (The carbide film was 
grown by react ion of C2H2 with a (t11) silicon crystal. 
The absorption band was recorded on a Perk in-Elmer  
Model 621 grat ing spectrophotometer).  It  is evident  
from this comparison that  the published dispersion 
parameters  are not applicable to this film; vary ing  the 
film thickness for the computed curve will vary  its 
breadth  as per Eq. [15] but  will  also change the peak 
height. When  the exper imenta l  data of Fig. 5a were 
plotted as ( l / T )  -- 1 vs. wave number  it was found that 
the resonant  frequency was identical to the value 
determined by Spitzer et al. bu t  the damping constant  
~/was considerably larger (~ -- 0.0211). Using this new 
damping constant  and re ta ining the l i terature values 
for the other dispersion constants, a film thickness was 
found which resulted in a match between the com- 
puted and measured peak height and half-width. A new 
band was then  computed which gave a good match to 
the exper imental  data as shown in Fig. 5b. The thick- 
ness determined in this way was 930A which is to be 
compared to the 470A film which matches only the 
peak height using the published damping constant. 

To fur ther  emphasize the s tructure-sensi t ivi ty of the 
damping constant Table II lists the exper imental ly  
determined values of "~ and Wo for several ~-SiC films 
grown on silicon under  different conditions of time, 
temperature,  and C2H2 pressure. Note that, even for 
films grown at the same tempera ture  and C2H2 pres- 
sure, the damping constant  varies with growth t ime 
and, therefore, with thickness. The large values of 
(compared to those of Spitzer et al.) shown here are 
not peculiar  to the author 's  SiC films; similar values 
can be deduced from the data of Choudhury and 
Formigoni  (4) for SiC films formed by reaction of 
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Fig. 5. (a, top) Comparison of an experimental absorption band 
(solid line) for a thin/~-SIC film on silicon to a band (dashed line) 
computed from published dispersion parameters (Ref. 5) which 
matches the experimental peak intensity. (b, bottom) Comparison 
of measured and computed bands when the correct damping con- 
stant is used. 

CH4 with silicon. The reason for the var iabi l i ty  of the 
7 parameter  is open to conjecture, but  whatever  the 
case, the error involved in not accounting for it can 
be substantial .  

One must  also consider the possibility of variat ion 
of the parameters  p and ~| Unfortunately,  if the film 
thickness is u n k n o w n  there is no way to determine 
these parameters  uniquely  from a transmission mea-  
surement,  or, for that  matter,  from a combinat ion of 
transmission and reflection measurements.  From Eq. 
[15] and [12] it can be seen that  the width and inten-  
sity of the absorption band  are independent  of e| but  
depend directly on the product pd. Indeed, using the 
exact equations as given in the Appendix it is found 
that  large changes in  e= have very  l i t t le effect on the 
computed absorption bands. For  example, changes in 
the buIk value of e~ for SiC by factors of two and one- 
half  lead to near ly  imperceptible differences in the 
computed bands, over the wave number  region where  
a fit to a measured band  would be made. More im- 
portantly,  var ia t ion of ~ main ly  affects the wings of 
the band and thus the thickness derived by matching 

Table II. Observed values of damping constant and resonant 
frequency for thin/3-SIC films on silicon 

G r o w t h  C2I~ 
t e m p e r -  p r e s su re  G r o w t h  

S a m p l e  a tu re  (~ (Torr)  t i m e  (hr) ,y Wo(em-D 

10-1 955 5.10-7 2 0.0283 794 
10-2 955 5.10-7 4 0.0238 794 
10-3 955 5.10-7 6 0.0220 794 
10-4 955 5.10-~ 8 0.0193 794 
11-1 1000 5.10-7 2 0.0286 793 
11-2 1000 5 - 1 0 4  4 0.0242. 793 
11-3 1000 5.10-7 6 0.0184 793 
11-4 I000 5.10-~ 8 0.0156 793 
2-1SH 950 l.lO-e 1 0.0261 793 
2-2SH 950 1.10-" 2 0.0245 793 
2 -3SH 950 1 . 1 0 4  0.5 0.0305 794 
2 - 4 5 H  950 1.10-o 5 0.0193 793 
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the peak region is not influenced by the choice of e| 
Thus values of e| obtained from the l i terature  can be 
used with impunity.  On the other hand, Eq. [15] and 
[12] imply that, given the correct values of Wo and % 
one can fit an exper imental  band (as in  Fig. 5b) by 
choosing any  combinat ion of values for p and d which 
give the correct product. Using the exact equations 
it is found that  the wings of the band vary  for different 
choices of p and d such that  pd is main ta ined  constant. 
However, wi th in  the realm of typical  exper imental  
error one could fit a measured band using a rather  wide 
range of thicknesses depending on the value of p 
selected. 

In  the simple Lorentz theory the parameter  p is 
given by 

N e  ~ 
p = [16] 

4~m~vo~ 

where N is the oscillator concentration, mr is the re- 
duced mass, vo is the resonant  frequency, and e is the 
effective charge. Thus, for a given material,  p is 
essentially a measure of the oscillator density and can 
reasonably be expected to be considerably less struc- 
ture-sensit ive than the damping constant  which reflects 
local interactions between an oscillator and its sur- 
roundings. For single-phase films whose densities 
and/or  lattice parameters  are not appreciably different 
from their bu lk  values, p can be expected to be approx-  
imately the same as the bu lk  value. Where some in-  
dependent  method exists, for example, determinat ion 
of film thickness by some other technique, one can, 
of course, use the lattice absorption data to obtain the 
value of p. 

Since the band intensi ty  depends only on the product 
pd, it follows that, if p is constant from film to film, 
but  not necessarily equal to the bu lk  value, one can 
still obtain an accurate relative measure of thickness 
by using the bu lk  p value. Figure 6 is a plot of fi]m 
thickness vs. growth t ime for several films of E-SiC 
grown under  various conditions which were expected 
to yield a l inear  growth rate. The thickness values 
were determined by fitting the 12.6 ~m absorption band 
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Fig. 6. Dependence of film thickness, determined from the ex- 
perimental absorption bands, on film growth time for several films 
having variable damping constants (see Table I). 

Fig. 7. Scanning electron micrograph of cleaved silicon substrate 
with a thin SiC film on the surface viewed edge-on. The film is 
delineated by the vertical arrows. 

using exper imenta l ly  determined values of ~ and wo 
and the p (and e~) value of Spitzer et al. (5). The 
values of 7 vary  widely for these films (see Table I) 
but  the p value is apparent ly  essentially constant, as 
evidenced by the reasonable fit to a straight line. 

As noted at the beginning of this paper, we ini t ia l ly  
at tempted determinat ion of the thicknesses of our SiC 
films by the ellipsometric technique. These measure-  
ments  general ly gave results which were obviously 
affected by light scattering; the surfaces of the films 
were often not specular at visible wavelengths.  Con- 
sequently,  el l ipsometry could not be used to check the 
infrared values. In  l ieu of a more sensitive technique, 
we endeavored to obtain a check on the thicknesses 
derived from the infrared bands by cleaving several 
samples and viewing the film-substrate composite 
edge-on in a scanning electron microscope. Within  the 
resolution of this instrument ,  a good correspondence 
between the infrared and scanning microscope mea- 
surements  was found. As an example, Fig. 7 i l lustrates 
a typical observation of a film on its substrate as seen 
edge-on. The thickness of this film, as determined 
from an infrared measurement ,  was 930A. The inter-  
esting topological details evident  in Fig. 7 (note par- 
t icular ly the f i lm-substrate interface) will be discussed 
elsewhere (6). 

Summary and Conclusions 
Fundamen ta l  lattice absorption bands can be used 

to determine film thickness when  the dispersion param-  
eters are known. The damping constant  and resonant  
frequency can be obtained directly from transmission 
measurements.  If the high and low frequency dielectric 
constants are known no addit ional informat ion is 
needed. However, the structure sensitivity of the dis- 
persion constants, par t icular ly  the damping constant, 
requires that caution be exercised in deriving film 
thicknesses from measured absorption bands by the 
use of published dispersion constants. When the dis- 
persion parameters  are not available, the integrated 
optical density appears to be the most suitable function 
for l inearizat ion when direct calibration against an 
independent  thickness measur ing technique is to be 
used to generate a s tandard curve for subsequent  
thickness measurements.  
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APPENDIX 
The relations needed to derive film thickness from 

measured transmission bands are given here together 
with a brief discussion of a useful  computational  
scheme. The thickness range over which measurements  
can be made is also estimated. 
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When  a fi lm-covered, t r ansparen t  subs t ra te  is com- 
pa red  to an uncoated, but  o therwise  ident ical  sub- 
s t ra te  in a double  beam spect rophotometer  (a t  normal  
incidence) the  observed transmission,  Tobs, is given by  

Tf(1 + Rf') 
T o b s  - -  [A- l ]  

1 -- Rf'Rs' 

provided the substrate is thick enough to suppress 
interference effects. 4 If n~ is the substrate refractive 
index 

R s '  = - -  [ A - 2 ]  

T~ and R(  are  given b y  (13) 

n2{(1 + gl)  s + h, s} {(1 + gs) ~ + h2 ~} 
Tf  - -  

Rf' ~-- 

wave  number  curve are  matched.  I t  can eas i ly  be shown 
that  for fixed p, e~, and Wo there  is a un ique  pair  (v,d) 
which  provides  a match.  

Applicable thickness range.--Assuming the avai lab i l -  
i ty  of a spec t rophotometer  capable  of measur ing  optical  
densi ty  f rom 0.1 to 2.0, Eq. [12] can be used to es t imate  
the  min imum and m a x i m u m  film thicknesses which can 
be measured  

dm~--3 X 1O-a (pw - -~ )  [A-5] 

(,-) dmax ~ 2 X I0 -I [A-6] 
PWo 

e 2al -{- (gl 2 + hi ~) (g22 + h22)e-2al-{ - C cos 2-n -{- D sin 2vl 

(gSS -~- h a  s )  es=l -~- ( g l  2 -~- h i  2) e -2a l  -[- A cos 2"r - -  B sin 2"y1 

e~al + (gss + hsS) (glS + h12) e-Sal -{- C cos 2w -f D sin 2"n 

[A-3] 

[A-4]  

where  
1 - -  n l  ~ - - k l  2 

g l - -  
(1 -k nl)  2 -~ kl  ~ 

2k~ 
h i -  

(1 + nt) 2 -~- kl  2 

(nl -[- n~) 2 § kl ~ 

- -2nsk l  
hs-- 

(nl + n2) 2 -{- kl ~ 

2gkld 2~nld 

X X 

A : 2 ( g i g 2  Jr hlh2);  B : 2(glh2 - -g2h l )  

C - -  2 ( g i g 2  - -  h l h 2 )  ; D = 2 ( g l h 2  -{- g 2 h l )  

here  nl  and kl a re  the  rea l  and imag ina ry  par t s  of the  
film ref rac t ive  index, d is the film thickness,  and ~ is the 
vacuum wavelength ,  n l  and kl a re  computed  f rom Eq. 
[1], [2], and [4]. The complex i ty  of these expressions 
necessi tates  the  use of a computer  for obtaining the  
thickness.  Two cases can be dis t inguished:  (i) the  dis- 
pers ion pa rame te r s  a re  known and are independent  of 
film thickness  and p repara t ion  conditions, (ii) the  
values  of ~/ and /o r  we v a r y  f rom film to film. In  the  
former  case, Eq. [1], [2], [4], and [A-1] - [A-4] ,  a re  
used to obta in  a s t andard  plot  of p e a k  height  (e..0., peak  
optical  densi ty)  vs. thickness.  In  the  la t te r  case, the 
values  of ~ and Wo can be obta ined f rom the  exper i -  
men ta l  da t a  by  p lo t t ing  (1/Tobs) --  1 vs. wave  number  
as discussed in the  text .  Using known values  of p and e| 
the  thickness  is then  determined,  by  t r ia l  and error ,  so 
tha t  the  he ight  of the  (1/Tobs) - -  1 peak  is matched  to 
any des i red  degree of accuracy.  The  height  of this  peak  
for an unsuppor ted  film is given b y  4C/~ which al lows 
for an ini t ia l  es t imate  of d. For  n2 > 1 this  in i t ia l  es t i -  
mate  wi l l  be less than  the  ac tual  thickness.  As an a l t e r -  
na t ive  to p lot t ing (1/Tobs) --  1, t r ia l  and e r ro r  adjust-  
ments  of both -~ and d can be made  unt i l  the peak  height  
and ha l f -wid th  of an  exper imen ta l  opt ical  dens i ty  vs. 

The m i n i m u m  th ickness  necessary to suppress  in ter ference  de- 
pends  on the substra te  refract ive  index,  n2, and the resolut ion of 
the spec t rometer  used, Aw(em-D. Then dsubs ~ (2 nsAw)-~ cm wi l l  
e l imina te  interference.  

These est imates  are  too small  for subs t ra te  re f rac t ive  
indexes  exceeding unity.  As an  example  for/Z-SiC films, 
using the dispers ion pa rame te r s  in Table  I and Eq. 
[A-5] and [A-6],  the m i n i m u m  and m a x i m u m  detect -  
able thicknesses a re  15 and 1025A, respect ively ,  
whereas,  using the same dispers ion parameters ,  for 
t~-SiC films on Si subst ra tes  (n~ ---- 3.42) films of 40 and 
2400A thickness  correspond to the  assumed l imi ts  on 
measurab le  opt ical  density.  Note tha t  for typica l  ~/p 
values  (see Table  I)  the  measurab le  thickness  range  
is de te rmined  p r imar i l y  by  the resonant  f requency;  
lower  resonant  frequencies requi r ing  p ropor t iona te ly  
l a rge r  film thicknesses to produce  a given opt ical  
density.  

Manuscr ip t  submi t t ed  Dec. 21, 1972; rev ised  m a n u -  
scr ip t  received March 8, 1973. 

A n y  discussion of this paper  wi l l  appear  in a Discus- 
sion Sect ion to be publ i shed  in the  June  1974 JOURNAL. 
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Resistivity and Photoluminescence of Zn(S, Se):l 
Annealed in Liquid Zinc 

Lyuji Ozawa and H. N. Hersh 
Zenith Radio Corporation, Chicago, Illinois 60639 

ABSTRACT 

The resistivity and photoluminescence of Zn(S,  Se ) : I  single crystals an- 
nealed in liquid Zn at several temperatures  have been studied. The change in  
resist ivity with anneal ing tempera ture  had a characteristic activation energy 
of 16 kcal /mole  and was independent  of the S:Se  ratio suggesting that Zn is 
diffusing into the crystal. The photoluminescent  spectra was not changed 
by  anneal ing;  however, the room temperature  photoluminescence efficiency 
increased as Zn diffused in and decreased when Zn diffused out. It  was con- 
cluded that  diffused Zn only contributes to the resistivity and the thermal  
quenching centers. In  addition it was found that excess iodine gave an addi-  
t ional  yellow luminescent  band centered at 2.23 eV (560 nm) .  

The photoluminescence of zinc sulfoselenide crystals, 
Zn(S,Se) :ha logen,  as a function of ZnSe concentra- 
tion is of basic interest  in unders tanding  II-VI com- 
pound semiconductors because ZnSe is isoelectronic 
with GaAs and Ge. From a practical point of view, the 
phosphor ZnSe: Cu: Br has been proposed as a possible 
red color TV phosphor (1) and is an electrolumines- 
cent mater ia l  (2, 3) ; yel low-emit t ing Zn(S,Se) :Cu :Br  
has been shown to be a br ighter  electroluminescent 
phosphor than ZnS: Mn: Cu and has been used in an EL 
TV display panel  (4). 

The major i ty  carriers of ZnSe at room tempera ture  
are electrons. The resistivity of n-ZnSe as-grown single 
crystals is high but  is lowered by anneal ing in Zn (5). 
Cu2Se-ZnSe and Cu2S-ZnS emit a br i l l iant  d-c elec- 
t roluminescence (6, 7). Stringfellow and Bube have 
measured the photoluminescence and excitation spectra 
at 85~ and the thermal ly  s t imulated luminescence of 
n -ZnSe(SA)  annealed in Zn (8). They concluded that  
the fact that  the center lies 0.5-0.6 eV above the valence 
band  is an intrinsic defect. 

In  this work the resistivity and photoluminescence 
of Z n ( S , S e ) : I  single crystals before and after anneal -  
ing in Zn were studied. This report  wil l  describe first 
the effect of anneal ing on Zn(S,Se) :I  crystals as deter- 
mined by the change in resistivity, thus confirming 
that  Zn diffuses into the crystals. Then the photolumi- 
nescence of Zn (S,Se) :I  crystals as-grown and annealed 
will be described. 

Experimental 
The Zn(S,  S e ) : I  single crystals were grown by an 

iodine t ransport  technique (9, 10) from the amorphous 
powder mixture;  the ZnSe powder was a vacuum dep- 
osition grade from the Apache Chemical Company and 
the ZnS powder was a luminescent  grade from RCA. 
The crystals did not grow under  conditions of excess 
Zn but  only grew in  an excess Se and S. X- ray  dif- 
fraction analysis indicated that all  Zn(S,Se) crystals 
formed solid solutions over the whole range of com- 
position wi th in  2% error from the expected composi- 
tion. 

The crystals, about 5g, were cut into slices along the 
< l l l >  plane and were polished by carborundum (1/~ 
grit  size) to 0.5 m m  thickness. These sliced pieces were 
used in the study of the photoluminescence and re- 
sistivity. 

The crystals (about 100 rag) were placed in  a quartz 
capsule (1 cm 3) which was evacuated to 5 • 10 -6 Tort  
by means of an ion pump and were heated in liquid Zn 
( lg)  with iodine (20 mg) at desired anneal ing con- 
ditions. Iodine was introduced into the evacuated cap- 
sule with vapor t ransport  techniques. Then the crystals 

* Electrochemical  Society Act ive  Member .  
K e y  words: I I - V I  compound,  luminescence, resistivity, anneal ing.  

were taken out of the l iquid Zn and cooled to room 
temperature.  The samples were washed with alcohol in 
order to remove the excess ZnI2 and I2 from the crystal 
surface. Ohmic contact was made using ind ium which 
was rubbed onto the fresh cleaved surface; the crystals 
were then heated at 350~ for 2 min  in  ni t rogen at- 
mosphere. All  of the resist ivity measurements  were 
made at room temperature.  

The photoluminescent  spectra at room temperature  
and l iquid-ni t rogen temperature  were measured using 
a Bausch and Lomb grating monochromator  (1300 
l ines / ram).  A high pressure Hg-lamp plus Corning filter 
(7-60) was used as the excitation source. Correction of 
the spectral response to the combinat ion of the mono- 
chromator and photomult ipl ier  was made with a stan- 
dard tungsten lamp. 

Results and Discussion 
Resistivity.--The change in the resist ivity of ZnSe: I 

crystal as a function of tempera ture  and time of 
anneal ing  was essentially similar to the change in the 
resistivity of Zn(S,  S e ) : I  crystals. For this reason, the 
resistivity of ZnSe: I crystal  is p r imar i ly  discussed and 
then the difference of the Zn(S,  S e ) : I  crystals is de-  
scribed. 

The resistivity of the as-grown ZnSe: I  crystal was 
7 • 1 kohm-cm. This resistivity decreased upon anneal-  
ing in an atmosphere of Zn. The resist ivity of the 
ZnSe : I  crystals annealed in Zn alone (either in Zn 
vapor or in l iquid Zn) was about twice as high as the 
resistivity of the samples in Zn and iodine. Annea l ing  
in Zn vapor alone yielded t ransparent  ZnSe plates 
but  anneal ing in l iquid Zn resulted in opaque plates 
due to the rough surface formed when a part  of the 
crystal dissolved in liquid Zn. 

The solubility of ZnSe in liquid Zn is shown in Fig. 
1. These exper imental  determinat ions were done by  a 
weight-loss method with a controlled weight  of ZnSe 
and Zn in a controlled volume. The ZnSe samples were 
heated for 7 days at the given temperatures.  The ex- 
periments  at temperatures  below 600~ were difficult 
because a small  amount  of Zn adhered to the surface of 
the ZnSe crystal when  the ZnSe crystal  was taken out 
from liquid Zn. The solubili ty markedly  increased 
above 1000~ Etch pit pat terns were observed under  
a microscope on the surface of the annealed crystals. 

The resistivities of ZnSe crystals as a funct ion of the 
tempera ture  and t ime of anneal ing in l iquid Zn and 
iodine are shown in Fig. 2. Three to five samples were 
made for each anneal ing condition to check the var i -  
ance (which is given by the vertical  lines in the figure). 
The resistivity of the anneal ing samples at a given 
tempera ture  decreased with anneal ing  t ime and finally 
reached the constant value which is shown in Fig. 2. 
The anneal ing t ime required to reach a constant  re-  
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5 

sistivity decreased with an increase in the annealing 
temperature: 100 hr at 700~ 20 hr at 800~ and 
10 hr at 1000~ 

It is assumed that the ZnSe crystals which were an- 
nealed for 160 hr reach the characteristic resistivity 
at a given annealing temperature. The logarithm of 
this resistivity is plotted against reciprocal tempera- 
ture (1/T~ in Fig. 3. It may be seen that there is 
an exponential relationship between the resistivity 
and reciprocal temperature, indicating that the resis- 
tivity follows a diffusion equation. Therefore, it is 
believed that the resistivity of the annealed ZnSe 
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Fig. 3. Exponential relationship between resistivity of ZnSe:l 

and reciprocal annealing temperature. Activation energy was cal- 
culated at 16 kcal/mole. 

crystal decreases in proportion to the amount of Zn 
diffused into ZnSe crystal, and activation energy is 
required to diffuse Zn into ZnSe: I crystal. This energy 
is determined from the slope to be 16 kcal/mole. 

When the annealed crystals were heated in vaecum 
(5 • 10 -6 Torr), the resistivity of the crystals became 
greater with an increase in the heating temperature 
and length of time. The change in the ZnSe resistivity 
by the heating at 1000 ~ and 800~ in the absence of 
Zn and iodine is shown in Fig. 4. Since the resistivity 
of the annealed ZnSe crystal is proportional to the 
amount of Zn diffused into ZnSe, the increase in the 
resistivity must be due to an out-diffusion, of which 
the amount depends on vapor pressure and capsule 
volume. Since the capsule was kept at constant volume 
(1 cm~), the amount of out-diffusion at equilibrium 
that was required for 20 min at 1000~ and for 100 
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Fig. 4. Change in resistivity of annealed ZnSe:l by heating in 
vacuum, 5 X I0 -6  Tort. 
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min at 800~ depended  on the  hea t ing  l empera tu re .  
As a resul t  of this  out-diffusion, the  room t empera tu r e  
photoluminescence of the  annea led  ZnSe: I c rys ta l  was 
diminished.  

The act ivat ion energy requi red  to diffuse Zn into 
the  Zn(S,  S e ) : I  c rys ta ls  was the same as into the  
ZnSe:  I. The res is t iv i ty  at  a given tempera ture ,  how-  
ever, differed. The resis t ivi t ies  of Zn (S, Se) : I c rys ta ls  
annea led  at  800 ~ and 1000~ as a funct ion of the  
amount  of ZnSe in the  Zn(S ,Se)  solid solut ion are  
shown in Fig. 5. I t  was found that  an exponent ia l  r e -  
la t ionship be tween  the res is t iv i ty  and mole per  cent  
(m/o)  of ZnSe was ma in ta ined  at  the anneal ing t em-  
pe ra tu re  f rom 600 ~ to 1000~ The reason why  the re -  
s i s t iv i ty  exponent ia l ly  increases wi th  ZnS content  is 
not  unders tood as yet. 

Photoluminescence.--To make  sure tha t  Zn diffused 
into the  Zn(S,  S e ) : I  crystals ,  the annealed  crys ta ls  
were  made  by  heat ing at  1000~ for 160 hr  in l iquid 
Zn and iodine. These samples  were  used to s tudy  the  
photoluminescence.  

The photoluminescent  spectra  of a s -g rown  Zn (S,Se) : 
I c rys ta ls  a re  shown in Fig. 6. The same spectra  were  
also obtained wi th  po lycrys ta l l ine  Z n ( S , S e ) : I  phos- 
phor  which were  p repared  by the  firing at  950~ for  
3 days  wi th  iodine. The  photo luminescent  in tens i ty  of 
ZnSe:  I at room t empera tu re  was too weak  to measure .  

I t  may  be  seen tha t  the  room t empera tu re  spectra  
of  Zn(S,  S e ) : I  (not  Z n S : I )  monotonica l ly  shif ted to 
longer  wave lengths  wi th  an increase in ZnSe content.  
A t  l iqu id -n i t rogen  tempera ture ,  the spect ra l  behavior  
differs somewhat  from that  at  room tempera tu re :  the  
shor t  wavelength  side of  the  spect ra  of Zn (S,Se) : I con- 
ta in ing above 60 m/o  ZnSe did not move to longer  
wavelengths .  The luminescent  spect ra  of Z n S e : I  seem 
to give the  key  to this  spectra l  behavior .  When  the 
ZnSe:  I c rys ta l  was annea led  in Zn and iodine, a ye l low 
photoluminescence was obtained;  in Zn alone an 
orange photoluminescence was obtained.  

The photo luminescent  spectra  at  77~ are  shown 
in Fig. 7. Upon anneal ing  in l iquid Zn alone, spec t rum 
(1) wi th  center  wave leng th  at  2.02 eV (614 nm)  was 
a lways  obtained.  Spec t rum 1 was also obta ined with  
ZnSe :Br  powder,  p repa red  by  using a small  amount  
of NH4Br (0.5 weight  pe r  cent (w /o ) .  Spec t rum 2, con- 
s iderab]y  b roader  than  spec t rum 1, was obtained with 
ZnSe : I  crysta ls  a s -g rown a n d / o r  annea led  in l iquid  
Zn and iodine. Spec t rum 3, shown wi th  dashed lines, 
was detected by  sub t rac t ing  spec t rum 1 f rom spect rum 
2. The center  wave leng th  of spec t rum 3 was 2.23 
eV (560 rim).  Spec t rum 1 and spect rum 3 were  com- 
p le te ly  Gaussian, as shown in Fig. 8 in which  the 
photo luminescent  spect ra  were  p lot ted  on a normal  
d is t r ibut ion  graph.  The posit ion and dis t r ibut ion  of 
the  ye l low luminescent  band of ZnSe:  I is v e r y  closely 
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Fig. 7. Photoluminescent spectra of ZnSe:l at 77~ Details in 
t e x t .  

matched  to tha t  of ZnSe:  Ag: I. But  the ye l low lumines-  
cent  band  is not the  Ag luminescent  band. The in- 
tens i ty  of the Z n S e : A g : I  band changes wi th  Ag con- 
cent ra t ion  and is quenched at  room t e m p e r a t u r e  and 
fu r the rmore  this Ag  band comple te ly  d isappears  upon 
anneal ing  in l iquid Zn, whereas  the  ye l low band  of 
ZnSe : I  emits  at  l iqu id -n i t rogen  t empe ra tu r e  and does 
not d iminish  upon anneal ing  in l iquid  Zn and iodine. 
The ye l low band is also observed at  room t empera tu r e  
in the  samples  annea led  in l iquid Zn and iodine. In  
addit ion,  chemical  de te rmina t ion  of Ag  in the  samples  
indica ted  that  Ag concentra t ion was less than  10 ppm, 
suggest ing that  the  in tens i ty  of the  Ag band was weak.  

F igure  9 shows the  2 photoluminescent  spect ra  of 
ZnSe: I ,  annea led  l igh t ly  in l iquid Zn (for 3 h r  a t  
1000~ and annea led  in ZnI2 vapor  for a long t ime 
(7 days) .  The ye l low luminescent  band  was m a r k e d l y  
enhanced by  the anneal ing  in ZnI2 vapor  and this 
luminescence is not  quenched at  room tempera ture .  
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I t  is in fe r red  f rom al l  these resul ts  tha t  excess iodine 
is somehow responsible  for the  ye l low luminescent  
band centered at  560 nm. 

The room t empera tu r e  luminescent  spectra  of 
Z n ( S , S e ) : I  crysta ls  annea led  in l iquid Zn and iodine 
coincided wi th  the  spec t ra  of a s -g rown  Z n ( S , S e ) : I  
crysta ls  at  l iquid ni t rogen t empera tu re  as indica ted  
in Fig. 6. Considering tha t  the  posi t ion of the yel low 
luminescent  band  of ZnSe : I  is at 560 nm, this ye l low 
luminescent  band seems to be cont r ibut ing  to the  
spec t ra  of Zn(S,  S e ) : I  crys ta ls  containing more  than 
60 m/o  ZnSe. I t  is in fe r red  there fore  tha t  the  yel low 
luminescent  band of ZnSe : I  appears  in the spect rum 
of Z n ( S , S e ) : I  crys ta ls  containing more  than 60 m / o  
ZnSe, and tha t  spectra l  posit ion is independent  of the  
composi t ion of host  crystal .  I t  is poss ible  tha t  the  
center  of the  ye l low luminescent  band involves molec-  
u la r  iodine. 

Z n ( S , S e ) : I  A N N E A L E D  IN L I Q U I D  Zn 
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Fig. 9. Photolaminescent spectra of ZnSe:l crystals annealed 
lightly in liquid Zn for 3 hr at 1000~ and in Znl2 vapor for 7 
days at 1000~ 
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The bandgap,  Eg, and the peak  posit ion of the photo-  
luminescent  spect ra  of se l f -ac t iva ted  Z n ( S , S e ) : I  c rys-  
tals  annea led  in l iquid Zn alone are  shown in Fig. 10. 
The bandgap  was de te rmined  f rom the optical  absorp-  
t ion spectra  of Z n ( S , S e ) : I  single crystals .  When  a 
smal l  amount  of ZnSe was in t roduced  into ZnS crys-  
tal  to make  a Zn(S ,Se)  solid solution, the  blue 
luminescent  band  of ZnS " lumped"  to the  green 
spectra l  reg ion  and then  monotonica l ly  shi f ted  to 
longer  wavelengths  wi th  an increase in ZnSe amount  
(11). The jumping  of the  blue luminescent  b a n d  of 
ZnS to green  does not happen  in (Zn,Cd)S solid 
solution [in which the luminescent  band  monotonica l ly  
shifts over  the  whole  composit ion range  (12)].  The 
resul ts  on Zn(S,  Se ) : I ,  indicate therefore,  tha t  the  
se l f -ac t ivated center  in Zn ( S , S e ) : I  c rys ta l  differs from 
tha t  of ZnS: C1, which is known to be a pa i r  consisting 
of a vacancy and a halogen ion occupying the  neares t  
neighbor  si te (13). The luminescent  center  of Zn(S,Se)  
crysta ls  should be ident ica l  to that  of ZnSe but  not to 
tha t  of ZnS 

At  77~ the ident ical  photoluminescent  spec t rum 
and intensi ty  were  detected wi th  the ZnSe : I  crysta ls  
before  and af te r  anneal ing  at 1000~ Under  this 
anneal ing  condition, Zn sure ly  diffused into ZnSe 
crystal ,  resul t ing  in the  change in the res is t iv i ty  of 
the  crystal .  This diffused Zn did not affect the  lu-  
minescent  center.  I t  is inferred,  therefore,  tha t  the  
luminescent  center  of ZnSe : I  may  be an intr insic  de -  
fect, as suggested by  St r ingfe l low and Bube (8). 

Br i l l iant  room t empera tu re  photoluminescence of 
ZnSe : I  was a lways  observed with  the annea led  
samples. This room t e m p e r a t u r e  photo!uminescence 
d iminished af ter  heat ing in vacuum (Zn diffused out 
f rom the c rys ta l ) .  I t  is infer red  f rom the resul ts  on 
anneal ing  in l iquid Zn tha t  the  diffused Zn occupies 
sites tha t  form the rmal  quenching centers  ( resul t ing 
in the improvemen t  of room t empera tu r e  photo-  
luminescence) .  

Other  anneal ing  effects were  also observed;  the im-  
puri t ies ,  such as A g  and Cu which were  ubiqui tous 
impur i t ies  in ZnSe, were  removed  from the crysta ls  
(14). The  de te rmina t ion  of Cu and Ag concentra t ion 
in the  annea led  samples  were  made by  atomic absorp-  
t ion spect rometry .  The excess iodine in ZnSe : I  crys ta l  
a s -g rown  was  also removed  f rom the  c rys ta l  by  the  
annealing.  The absorpt ion spectra  of Z n S e : I  crysta ls  
before  and af ter  anneal ing  at 1000~ for 7 days  are 
shown in Fig. 11. The absorpt ion  spec t rum of the an-  
nealed sample  coincided with  the absorpt ion spect rum 
of the ZnSe crys ta l  obta ined f rom Eagle Picher.  
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Fig. 11. Transparent spectra of ZnSe:l crystals before and after 
annealing at 1000~ for 7 days. 

I t  is possible  to say tha t  Z n ( S , S e ) : I  c rys ta ls  are  
purif ied by  the  anneal ing  in l iquid Zn; the  Zn reduces  
the  concentra t ion  of impur i t ies  and  the  crys ta l  defects  
which  form the t empera tu re  quenching centers;  it  also 
decreases the  resist ivi ty.  On the other  hand, the  
luminescent  centers  a re  not affected by  anneal ing  in 
Zn. 

Summary 
By the  anneal ing  in l iquid Zn, Zn diffuses into ZnSe 

crys ta l  wi th  an act ivat ion energy 16 kca l /mole  as de te r -  
mined by  the change in res is t iv i ty  at  the anneal ing  
tempera ture .  The act ivat ion energy requ i red  to diffuse 
Zn into Zn(S ,Se)  c rys ta ls  is the same as the  act ivat ion 

energy  requ i red  to diffuse Zn into ZnSe. The actual  
res is t iv i ty  at  the  given tempera ture ,  however ,  depends 
on the S: Se rat io  in solid solut ion crystals .  An  expon-  
ent ia l  re la t ionship  be tween  the  res is t iv i ty  and m/o  
of ZnSe was found. The photoluminescent  spectra  
did  not  change upon anneal ing in l iquid Zn and iodine 
but  the  luminescence at room tempera ture ,  which was 
d iminished by  hea t ing  the crys ta l  in vacuum, was 
improved.  A ye l low luminescent  band  cen te red  at 
2.23 eV was found in samples  having excess iodine. 

Manuscr ip t  submi t ted  Sept.  28, 1972: rev ised  manu-  
scr ipt  rece ived  Jan.  16, 1973. 

A n y  discussion of this  paper  wil l  appear  in a Discus-  
sion Sect ion to be publ i shed  in the  June  1974 JOURNAL. 
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Efficient Mn(IV) Emission in Fluorine Coordination 
A. G. Paulusz 

Osram (GEC) Research Laboratories, The General Electric Company Limited, 
Hirst Research Centre, Wembley, England 

ABSTRACT 

The efficiency of Mn(IV) luminescence in fluorine coordination is dis- 
cussed in the  context  of the  chemical  bonding in the  MnF62- center.  I t  is 
possible  tha t  the  lower  degree of a -an t ibonding  in the  eg orbitals,  and  the 
grea te r  degree of n -an t ibonding  in the  t2g orbitals ,  compared  with  the  effect 
observed in oxides, contr ibutes  to a high efficiency and quenching t empera -  
ture  of the  emission. The exci ta t ion and emission spect ra  of Mn( IV)  in K2SiF6, 
K2GeF~, and K2TiF6 are  p resen ted  and compared.  

The luminescent  center  in t r ans i t ion-meta l  ion-ac- 
t iva ted  phosphors  consists of the  t rans i t ion-meta l  ion 
i tself  together  wi th  i ts  d i rec t ly  coordina ted  anions. 
This is of ten an oc tahedra l  or  a t e t r ahedra l  group and 
is the same center  t r ea ted  by  the  l igand field theory.  
When  this group is represented  in the w e l l - k n o w n  con- 
f igurat ional  coordinate  model  of the center,  (e.g., Fig. 
1) it  is convenient  to ident i fy  the configurat ional  co- 
ordinate  wi th  the  ac tual  t ransi t ion me ta l / an ion  sepa- 
ra t ion  so tha t  changes in bond length  can be r ep re -  
sented by  displacements  of the potent ia l  curves  along 
the  configurat ional  coordinate  axis (1). I t  seems to be 
genera l ly  recognized that  the  bond lengths in such cen- 
ters  can change in the  exci ted state, depending  on the 

Key words: luminescence, phosphors, fluorides, emis s ion  spect ra ,  
excitation spectra. 

electron t rans i t ion  involved.  Fo r  example ,  Orgel  has 
expla ined  the Stokes shift  of M n ( I I )  ac t iva ted  phos- 
phors  by  noting tha t  the  e lect ron t rans i t ion  which oc- 
curs on excitat ion,  t2g3eg 2 ~ t2g4eg 1, involves a t rans i t ion  
from an ant ibonding eg orb i ta l  to a nonbonding t2g 
orb i ta l  (2) The center  is thus more  t igh t ly  bound in 
the exci ted  s tate  than  in the  ground state wi th  a cor- 
responding decrease in the manganese -oxygen  bond 
length. The exci ted state potent ia l  curve is shifted, 
re la t ive  to the ground-s ta te  curve, to a smal le r  inter-  
nuclear  separat ion on the configurat ional  coordinate  
d iagram and this can account for the  observed Stokes 
shift. 

As wel l  as in t roducing a Stokes shift  be tween  emis-  
sion and absorption,  the  re la t ive  d isplacement  of the  
ground and exci ted  state po ten t ia l  curves can  also en- 
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Fig. 1. Schematic configurational coordinate diagram of a d 3 

center. Only one of the excited states (4T2g) derived from the 
electron configuration t~g% is shown. 

hance nonradia t ive  processes by lowering the energy 
of the crossover point  of the curves. Furlani ,  for ex- 
ample, has suggested this as the reason why only a 
few cases of emission from d 6 ions, such as Co(III ) ,  
have been reported (3). The excitat ion t ransi t ion 
(t296 -~ t~gSeg 1) involves the promotion of an electron 
to an ant ibonding eg orbital with a corresponding in-  
crease in the cobalt- l igand bond length. The shift of 
the excited-state potential  curve in  this case is ap- 
parent ly  sufficient to prevent  efficient radiative proc- 
esses except in a few cases. 

In  the case of d 3 ions in octahedral coordination the 
emit t ing level (2Eg) derives from the same t2g 3 electron 
configuration as the ground state. The t ransi t ion to the 
ground state, ~Eg -~ 4A2g, only involves the net  spin 
change S = 1/2 to S = 3/2, so that  the potential  curves 
are not displaced relat ive to each other. This is i l lus- 
t rated in Fig. 1 which gives a schematic representat ion 
of a typical d 3 center. Several  workers have noted that  
this fact may account for the emission of this center 
being comparat ively well known, as in V (II) ,  Cr (III) ,  
and Mn (IV) for example (3, 4). Emissions from other 
isoelectronic ions such as Re(IV) (5) and  Mo(III )  (6) 
have also been reported recently. 

On the other hand, the emission of d ~ ions is most 
effectively excited by irradiat ion into the broad spin 
allowed bands 4A2g --~ 4T2g and 4A2g --> 4Tlg and not by 
direct excitat ion of the 2Eg level. The excited states 4T2g 
and 4Tlg derive from the electron configuration t2g2eg z, 
i.e., with an electron occupying an ant ibonding eg 
orbital, and the excited-state curves are therefore 
displaced to greater in ternuclear  separations on the 
configurational coordinate axis as shown in Fig. 1. In  
fact single crystal studies of Re(IV) in Cs2ZrC16 have 
indicated that  the rhen ium-ch lor ine  bond length in- 
creases about 7% in the excited state (7) and a similar 
increase probably occurs in other d 3 centers. 

Because nonradia t ive  processes can occur from the 
excited 4T2g state, either before energy is t ransferred to 
the emit t ing 2Eg state, or subsequent ly  after thermal  
repopulat ion of the 4T2g state, it is clear that  the rela- 
t ive shift of the ground and excited state curves wil l  
be impor tant  for d 3 centers as well, although perhaps 
not so critical as in the cases ment ioned earlier in which 
the displaced curve represents the emit t ing state itself. 

It  is wel l  known that  the activation energy, AE, is 
related to the quenching temperature,  of the lumi-  
nescence (8) and it is clear from Fig. 1 that  the greater 
the displacement of the 4T2g curve relat ive to the 
ground-state  curve 4A2g, the lower wil l  be aE and 
hence the quenching temperature.  The activation en- 
ergy is associated with the excited-state curve, and not 
the emit t ing level in this case, because as we have 
noted, nonradia t ive  processes can occur from the 4T2g 
state. If the displacement could be restricted, a higher 
value of the quenching temperature  might  be obtained. 
Since the displacement is due to the difference in ant i-  
bonding character between the eg and t2g orbitals it is 
possible that  this could be minimized in  materials  in 
which the eg orbitals become less s trongly ant ibonding 
or a l ternat ively  in which the t2g orbitals become more 
strongly ant ibonding.  In  the molecular  orbital  theory 
the t2g orbitals are nonbonding  and the eg orbitals 
strongly ant ibonding if only a- interact ions are con- 
sidered. On the other hand if n-interactions are also in-  
cluded the t2g orbitals become n-ant ibonding (9). 

Orgel has suggested that  l igands occupying an early 
position in the spectrochemical series (9) have weaker  ~- 
ant ibonding effects than  later  members  (10). Thus, more 
favorable conditions for the luminescence of d 3 ions 
might  very well  be obtained in materials  other than  
oxides in which the l igands occupy an ear ly  position 
in the spectrochemical series. The position of oxygen 
in the spectrochemical series is var iable  and in oxides 
wil l  depend upon the crystal  s tructure and the na ture  
of other ions in the lattice, but  in general  we might 
expect the halides, for example, to be somewhat less 
~-antibonding than oxygen ions. In oxide lattices par-  
ticularly, the t2g n-ant ibonding interact ion is also de- 
pendent  on crystal s tructure and the polarizing effect 
of more distant ions in the lattice. The C N -  l igand will  
however provide quite strong n-ant ibonding effects (9) 
and it is interest ing to note that  a higher quenching 
tempera ture  is observed in KsCr(CN)6 than  in other 
Cr( I I I )  complexes (11) and also that  the only reported 
emissions from Co(III)  have been in cyanide com- 
plexes (12). In  the case of these complexes, however, 
a relat ively high value of the crystal field parameter,  
10 Dq, is also observed and this must  also contr ibute  
to the efficiency of the radiat ive process. 

Blasse has suggested a more physical way to l imit the 
displacement of the excited-state curve: if the acti- 
vator is substi tuted at a lattice site somewhat too small  
to accommodate it easily, the surrounding anions wil l  
be forced apart  by the in t ruding  ion even in the ground 
state so that  fur ther  expansion of the center in  the ex- 
cited state will  be strongly resisted by the lattice (13). 

Mn(IV)  Centers.--The application of these sugges- 
tions to Mn(IV)  is par t icular ly  interest ing because 
comparat ively few cases of efficient emission above 
room temperature  have been reported. 

We shall consider first the question of the size of 
the manganese  site. The radius of the ion is not known 
exactly (Paul ing gives a radius of 0.52A and Gold- 
schmidt 0.54A) but  it is cer tainly very small. The 
smallest ions which regular ly  form octahedral groups 
in oxides are arsenic ( r  = 0.47A), a luminum (r = 
0.50A), and germanium (r = 0.53A), bu t  unfor tunate ly  
these ions are not significantly smaller than  Mn(IV)  
itself. Nevertheless, it is interest ing that  the most 
efficient Mn(IV)  emissions above room tempera ture  
have indeed been observed in arsenates, aluminates,  
and germanates. Examples are: Mg6As2Oll (14), 
6A1203" 6Li20.  As205 (15), A1203 (8), alkaline earth 
aluminates  (8, 16), A1N (17), LiMgA103 (18), 
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'Mg4GeO6' (19), LiMgGeO4 (18), 3Li20, 8GeO2 (18). 
Smaller  ions such as silicon (r -~ 0.41A) and phos- 
phorus (r : 0.34.A) are not found in octahedral co- 
ordinat ion in oxides. In  fluorides, however, octahedral 
coordination seems to be preferred, such groups as 
SiF6 z- and PF6-  being well known. The reason for this 
is probably par t ly  a steric effect (the F -  ion is sl ightly 
smaller than 0 2 - )  and also the greater  electronega- 
t ivity difference between the central  ion and the ligands 
as Paul ing has suggested. In any case the conditions for 
compressing the Mn(IV)  into a small  lattice site are 
easily available in fiuorophosphates and fluorosilicates. 

Turn ing  next  to the question of chemical bonding 
in the Mn(IV)  center, the small size and instabil i ty of 
the manganese ion place severe restrictions on the type 
of mater ial  which might  be considered. Strong x-anti-  
bonding effects might be expected in cyanides, as in the 
case of Cr( I I I ) ,  however these materials  are l ikely to 
be unstable. A cyanide complex of Mn(IV) ,  apparent ly  
K 2 M n ( C N ) s .  2KCN, has in fact been reported (20), 
but  we have not succeeded in preparing this compound 
by the method described. On the other hand weaker 
a-ant ibonding interactions than general ly  observed in 
oxides may be observed at the other end of the spectro- 
chemical series in halides. Again the small  size and 
instabi l i ty  of Mn (IV) restrict  the possibilities, but  the 
F -  ion seems to be an exception. The MnF62- group is 
quite stable out of contact with water and might  be 
fur ther  stabilized in suitable fluoride or oxyfluoride 
lattices. 

F ina l ly  we should remark  that we have only consid- 
ered the case of octahedrally coordinated Mn(IV)  as 
the emission from the te t rahedral ly  coordinated ion 
has not been definitely observed. 

Thus consideration of both the chemical bonding in 
the Mn(IV)  center and the size of the ion lead to the 
conclusion that  efficient emission above room tempera-  
ture  may be observed in fluorides. These considerations 
led us to examine Mn(IV)  activated fluorosilicates. In 
order to check the importance of the manganese  site 
size we also prepared Mn(IV)  activated fluorogerma- 
nates and fiuorotitanates, and we report  here on the 
luminescence spectra of K2SiF6, K2GeFe, and K2TiFe 
containing Mn (IV). 

Experimental 
The materials  were prepared by recrystal l izing mix-  

tures of K2MnF~ and the host lattice mater ia l  (K2SiF6, 
K2GeF6, or KzTiFs) from 40% aqueous hydrofluoric 
acid. The K2MnF6 was prepared by the method of 
Bode e t a l .  (21): 100 volume hydrogen peroxide was 
added dropwise with constant  st irr ing to an ice-cold 
40% aqueous hydrofluoric acid solution of KHF2 satu- 
rated with KMnO4. As soon as the yellow precipitate 
of K2MnF~ began to form it was rapidly filtered off on 
polythene ware, washed with acetone, and then puri-  
fied by recrystall izing from 40% HF. 

The chemical pur i ty  of the materials  was examined 
by x-ray fluorescence analysis and the pur i ty  of phase 
checked by x-ray  diffraction. K2SiF6 crystallizes with 
a cubic K2PtCI6 s t ructure  while the other materials  
have a hexagonal ~-(NH4)2SiF8 lattice. 

The excitation and emission spectra were measured 
at 90 ~ and 300~ using a double prism Hilger D300 
monochromator  fitted with a tr ialkali  photomult ipl ier  
(EMI 9558 QA). A 150W xenon lamp was used for exci- 
tat ion in the ul traviolet  and a tungsten  halogen lamp at 
longer wavelengths.  The brightness of the phosphors 
as a function of tempera ture  was measured with a 
Gamma Scientific Telephotometer (Model 2000) fo- 
cused onto a plaque of the material  which could be 
heated in a small  enclosure in  order to get a measure 
of the quenching temperature.  

Results and Discussion 
The brightness of the phosphors increases slightly 

with temperature  up to about 200~ and then quenches 
very rapidly. Following KrSger (8) we have obtained 
the tempera ture  at which the emission intensi ty has 

Table I. Quenching temperature, site radius, and crystal field 
parameter of Mn(IV) in fluaride hosts 

Radius of 
Mn (IV) 10 Dq 

Host  ma te r i a l  site (A) (kK) T1/2 (~ 

K~SiF6 0.41 22.12 490 
K~GeFe 0.53 21.28 470 
K.~TiF6 0.68 21.19 450 

fal len to half its ma x i mum value and called this T1/2. 
The values are given in Table I. The quenching tem- 
peratures increase as the radius of the site at which 
Mn(IV)  substi tutes decreases, as expected from the 
model proposed by Blasse (13). On the other hand the 
quenching tempera ture  also increases with the value of 
the crystal field parameter,  10 Dq. We have found that  
there is a fairly general  relationship between the value 
of 10 Dq and T1/2 in Mn(IV)  luminescence, such that 
high values of 10 Dq are associated with high quench- 
ing temperatures  (22), so that this fact could also ex- 
plain the observed relationship. The two effects need 
not however be ent i rely independent  because the small 
Mn(IV)  site in K2SiF6 will in any case tend to in- 
crease the value of 10 Dq because of a compression 
effect. Reinen has demonstrated that  this is the case 
for Cr (III) in oxides (23). A comparison of T1/2 values 
in the series is complicated by the fact that the com- 
pounds are not isomorphous. Although the manganese 
is surrounded by an octahedron of fluoride ions in each 
case, K2SiF6 is cubic with a s t ructure  related to CaF2 
while the other two materials  are hexagonal  with a 
layer  type s t ructure  resembling CdI2 (24). In  K2TiF6 
where the manganese  occupies a site almost 0.2A larger 
than  itself a relat ively high quenching tempera ture  of 
450~ is observed. This is about 100~ higher than 
typical values of T1/2 in oxides with about the same 
value of the crystal field parameter  (20-21 kK) (22) 
and this suggests that  other factors beside the radius of 
the Mn(IV)  site are also impor tant  in this case. 

The qua n t um efficiency of the phosphors has not 
been accurately measured but  is estimated to be about 
60%. The brightness of K2SiF6:Mn(IV) is up to two 
and a half  times that  of the wel l -known phosphor 
magnesium fluorogermanate [Mg4GeOsF2:Mn(IV)].  
It seems reasonable to suggest that  the high efficiency 
and quenching tempera ture  are connected wi th  the 
fluorine coordination of the manganese,  and that  this 
could be associated with a smaller  displacement of the 
excited-state (4T2g) curve than usual ly  observed, due 
to the weaker a-ant ibonding character of fluorine com- 
pared with oxygen. 

The excitat ion spectra of the materials  are interest-  
ing and show a well-resolved vibra t ional  structure, as 
do a number  of other t rans i t ion-metal  ions in fluorine 
coordination. The excitation spectra of the three phos- 
phors are shown in Fig. 2. 

The intense band peaking between 450 and 470 nm 
in the first spin allowed t ransi t ion 2A2g ~ 4T2g. In  all 
three materials  this consists of a number  of compo- 
nents, with a spacing of 500-600 cm -1, which are most 
clearly resolved in K2SiF6. Recent studies by Pfeil  of 
the complex Cs2MnF6 have shown that  the symmetric 
stretching (al~) mode of the MnFs 2- group occurs at 
608 cm -1 in the ground state (25). The structure of this 
band can therefore be understood as a vibronic pro- 
gression of this fundamenta l  f requency combined with 
an unsymmetr ica l  vibrat ion of the MnF82- group (prob- 
ably the eg mode),  superimposed on the electronic 
transition. The fact that the energy separation of the 
components is less than 608 cm -1 can be at t r ibuted to 
the weakening of the manganese-f luorine bond in the 
excited state due to the presence of an electron in the 
ant ibonding eg orbitals. The t rue  value of the crystal 
field parameter,  10 Dq, is given by the energy of the 
zero phonon transi t ion in the spectrum (10). Unfor tu-  
nate ly  we have not succeeded in ident ifying this com- 
ponent  and so we have taken the peak at the center of 
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the band to give a rough measure of 10 Dq. Although 
this is not correct it does allow a comparison to be 
made with other Mn(IV)  phosphors where the ab- 
sence of s tructure forces us to use the peak of the band 
as a measure of 10 Dq in any case. 

The second broad excitat ion band between 340 and 
360 nm is the 4A2g -+ 4Tlg transition. In the case of 
K2SiF6 there is some structure in this band too. The 
component at 339 nm (29.5 kK) becomes much more 
prominent  at 300~ Apart  from a slight broadening 
this is not detectable in the spectra of the other ma- 
terials. Reisfeld et al. have recently discussed the ab- 
sorption spectrum of Cs2MnF6 (26), and comment ing 
on possible sources of splitt ing in the spin-allowed ab-  
sorption bands have concluded that this could be due 
either to a vibronic progression, as observed in the first 
band, or a Jahn-Tel le r  splitt ing assisted by a spin- 
orbit ing coupling effect. The resolution of this band in 
these materials does not seem adequate to war ran t  
fur ther  discussion of these possibilities at this stage. 

There are two possible assignments of the third band 
near  240 nm. This could be either a f luorine-manganese 
charge-transfer  band, or the third spin-allowed transi-  
tion, 4A2g ~ 4TIg(4P), of the manganese ion. The t ran-  
sition to 4Tlg(4P) is a two-electron transition, the state 
arising from the electron configuration t2gleg 2 (9), so 
that in the absorption spectrum of Cr( I I I ) ,  for ex- 
ample, it tends to be weaker than the first two spin- 
allowed bands. Because two electrons occupy the anti-  

bonding eg orbitals the excited 4Tlg(4P) state is ex- 
pected to be even further  displaced along the con- 
figurational coordinate axis than the 4T2g and 4T1 s 
states, and energy absorbed by the level is l ikely to be 
dissipated by a completely nonradiat ive process. This 
explains why this band is never  observed in Mn(IV)  
excitat ion spectra (18). The absorption spectrum of 
Cs2MnF6 (26) and the diffuse reflectance spectrum of 
K2MnF6 (27) show an intense absorption at about 255 
nm which has been assigned to a t ransi t ion from a 
n-type ant ibonding orbital on a fluorine ion to the non-  
bonding t2g orbitals on the Mn (IV) ion. We assign the 
band in these excitation spectra to the same transi t ion 
although it is shifted to progressively higher energies 
in the ti tanate, germanate,  and silicate, respectively. 

It  is interest ing to note that  the energy of the cor- 
responding charge- t ransfer  band  in oxides should be at 
lower energies because the oxygen ion is, in general, 
less stable than the fluorine ion. In oxides however ex- 
citation into this band does not always lead to emission. 
In the case of K2TiF6 too, only very weak excitat ion is 
observed. A possible explanat ion of this is as follows. 
Blasse has argued that in the course of excitat ion into 
a charge-transfer  band an electron is t ransferred from 
an orbital on an anion to an orbital predominant ly  
localized on the central  ion. There is thus a build up of 
charge on the central  ion in the excited state which 
has a screening effect, lowering the effective positive 
charge of the central  ion. As a result  the anions relax 
slightly to a greater in ternuclear  separation (13). The 
result  of this relaxation is to shift the potential  surface 
of the charge-transfer  state relat ive to the ground-  
state curve so as to reduce the activation energy ~E. 
This effect is minimized when the manganese  occupies 
a small lattice site, so the intensi ty of the charge-trans-  
fer excitation band decreased in the order K2SiF6 > 
K2GeF6 > K2TiF6 as the radius of the Mn(IV)  site 
increases. In  oxides the charge-transfer  absorption is 
expected at longer wavelengths,  and the displacement 
of the potential  curve to lower energies decreases hE 
so that  effective excitation of the center in this band  
cannot be achieved even when the manganese  enters 
comparat ively small lattice sites. In  a number  of other 
centers too it is known that if the charge-transfer  band 
lies at low energies luminescence may not be ob- 
served (28). 

A number  of narrow excitation bands can be observed 
in the region of 580 nm. These are most clearly re- 
solved in K2SiF6 and have not previously been re- 
ported in a Mn(IV)  excitation spectrum. An enlarged 
version of this part  of the spectrum is shown in Fig. 3. 
We assign these bands to vibronic levels of the 2Eg and 
2Tzg states. These transit ions are not usual ly observed 
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in  Mn(IV)  absorption and excitat ion spectra because 
the tail of the 4T2g band extends into this region mak-  
ing them difficult to detect. A part ial  analysis of this 
s t ructure  indicates that  not all these lines can be at- 
t r ibuted to vibronic levels associated with the 4A2g 
2Eg t ransi t ion and that some must  belong to the 2Tlg 
state (18). The ~Tlg state itself appears to be ,~800 cm 
above 2Eg; however more complete data are required  
before all these t ransi t ions can be satisfactorily ex- 
plained. 

The emission spectra of the materials  are shown in 
Fig. 4. This must  be assigned to transit ions between the 
vibronic levels of the 2Eg and 4A2g states. For  electric 
dipole radiat ion the 2Eg --> 4A2~ transi t ion is forbidden 
in the octahedral MnF62- ion, but  may gain intensi ty  
by  the activation of odd vibra t ional  modes in the cen- 
ter. As in Cs2MnF6 (25) the most intense l ine at ~.629 
nm (15.891 kK) can be assigned to the t ransi t ion to the 
v6 ($2a) vibra t ional  level  of the ground state. The next  
most intense lines at ,~634 nm (15.775 kK) and 646 n m  
(15.473 kK) are due to transit ions to the v4(tiu) and 
v3(tlu) levels, respectively. The zero phonon line is 
ra ther  weak at room tempera ture  bu t  can be identi-  
fied as the t ransi t ion at --623 n m  (16.124 kK) in the 
90~ spectrum. The strong transi t ions to v6, v4, and v3 
are separated from the zero phonon l ine by  233, 349, 
and 651 cm -1, respectively, and these figures are in 
reasonable agreement  with vibra t ional  frequencies 
already observed in Cs2MnF6 (229, 334, and 616 cm -1, 
respectively) (25). A higher qual i ty spectrum is re- 

quired before any at tempt  can be made to comment  in 
more detail on the other lines in the spectrum. 

Mn(IV)  phosphors and complexes can also show a 
broad diffuse transi t ion,  mostly in the infrared peaking 
at about 750 nm, due to a Stokes-shifted emission from 
the 4T2g state (22) bu t  this was not observed in these 
fluorides. The reason is that  the relat ively high value 
of the crystal  field probably  places the emit t ing 2Eg 
level at a significantly lower energy than the 4T2g state. 
A similar effect is noticed in  the emission of Cr( I I I )  
materials  (29). 

The first absorption band of Mn(IV)  in  oxides is 
typical ly observed at 2O~176 but  it is not always 
certain that  this is due to the 4A2g ~ 4T2g transi t ion of 
Mn(IV)  because there is often an equi l ibr ium between 
Mn(IV)  and Mn( I I I )  ions (16). In  these excitation 
spectra however there  is no doubt that  the excitation 
spectra must  be a t t r ibuted  to Mn(IV)  alone, and the 
value of the crystal field parameter,  10 Dq, is therefore 
interest ing as it is derived from one of the few spectra 
where the assignment is least in question. It  is well  
known that at tempts to calculate the value of 10 Dq 
from considerations of electrostatic interactions, as in 
the crystal field model, lead to a negative value of 10 
Dq. This only becomes positive with a value in rea- 
sonable agreement  with exper iment  when  a-bonding 
interactions are included in molecular  orbital  calcula- 
tions. The value of the parameter  is thus largely a re- 
flection of a-bonding interact ion in  the center. The 
magni tude  of 1O Dq is however also affected by  ~-bond- 
ing interactions. Low lying n-orbitals on the ligands 
tend to reduce the magni tude  of 10 Dq to a lower figure 
than would be observed with a -bonding  alone. On the 
other hand high lying ~-orbitals have the opposite 
effect, tending to increase 10 Dq [e.g., see Ref. (32)]. 
These considerations allow some of the features of the 
chemical bonding in the Mn (IV) center  to be connected 
with the luminescence. In fact ~-bonding interactions 
may be quite impor tant  in these materials.  ESR studies 
of MnF~ 2- in  K2GeF6 have indicated that  this is pos- 
sible (33) and so the re la t ively small displacement 
of the excited-state potent ial  curves of Mn( IV)  cen-  
ters in fluorides may be due to a combination of a 
general ly low a-ant ibonding effect in the e~ orbitals 
together with a greater ~-ant ibonding effect in  the t2g 
orbitals. 

Conclusions 
These complex fluoride phosphors provide much 

more information than  has been avai lable previously 
on Mn (IV) luminescence spectra. 

The relat ively high value of the quenching tempera-  
ture in K2SiF6 may very well  be due to the small  sili- 
con site which compresses the Mn(IV)  ion. This re- 
stricts the expansion of the center in the excited state, 
and at the same t ime causes a relat ively high value of 
10 Dq to be observed, and both these effects favor a 
high quenching temperature.  On the other hand the 
high efficiency and quenching temperature,  only 40~ 
lower in K2TiF6, suggest that the manganese-fluorine 
bonding is also impor tant  in de te rmin ing  the proper- 
ties of these phosphors. The earl ier  position of F -  
in the spectrochemical series than  O 3.  probably results 
in a weaker  a-ant ibonding effect in  the eg orbitals, and  
it also seems l ikely that  ~-ant ibonding  in the t2~ orbi- 
tals is important .  The difference in ant ibonding char- 
acter between the t2~ and eg orbitals is thus less in the 
MnF62- center than  in  the Mn ( 0 3 - )  6 center so that the 
relaxat ion of the group in the excited state is mini-  
mized. 

If the compression of the Mn(IV)  ion is of impor-  
tance the effect is l ikely to be enhanced in rigid ionic 
lattices which contain small highly charged ions (13). 
The comparat ively large number  of small  doubly 
charged magnesium ions in the commercial  phosphors 
Mg6As2Oll (14) and Mg4GeO6 (19) [more accurately 
Mg2sGel004s (34)] is noteworthy in this connection. 
Clearly this condition has not been very well  satisfied 
in  the potassium compounds reported here. However, 
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efficient Mn(IV) emission is also observed in other 
complex fluorides, and we hope to report details of the 
preparation and properties of these materials later. 
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Vapor Growth of In l_ Ga P for P-N Junction Electroluminescence 
I. Material Preparation 

A. G. Sigai, *'1 C. J. Nuese, R. E. Enstrom,* and T. Zamerowski 
RCA Laboratories, Princeton, New Jersey 08540 

ABSTRACT 

Epitaxial layers of single-crystal In1-~GaxP have been deposited on GaP 
substrates by an open-tube vapor-growth technique. The dependence of alloy 
composition on the deposition temperature and the relative amounts of In and 
Ga transported have been established. The effects of substrate preparation, re- 
action temperatures, deviations from equilibrium, and gas-phase mixing on 
achieving material with controlled composition, purity, doping, and homo- 
geneity have been investigated. In situ vapor-grown p-n junction structures 
employing Se and Zn as the respective n- and p-type dopants have been pre- 
pared with sufficient perfection to permit fabrication of efficient visible-light- 
emitting diodes and injection lasers. 

Because of its direct band structure to energies as 
high as about 2.2 eV (1, 2), Inl-~GaxP has recently 
received considerable attention as a luminescence 
source for efficient coherent and spontaneous emission 
throughout the red, orange, and yellow portions of the 
visible spectrum. Despite considerable efforts in the 
synthesis of the alloy, the quali ty of the material  
prepared to date has limited the performance of light- 
emitting diodes to well below expectations. For ex- 
ample, until recently, external  quantum efficiencies 

* E l e c t r o c h e m i c a l  Society Active M e m b e r .  
i Present address: Xerox Research Laboratories, Webster, New 

York 14580. 
Key words: In~_zGazP, vapor-phase growth, homogeneity, equilib- 

rium, e p i t a x i a l  deposition. 

for visible electroluminescence have been limited to 
typical values of 1 to 5 • 10 .4  at room temperature 
(3-5), undesired low-energy emission peaks frequently 
have been large (6), and p-n junctions of sufficiently 
high quality to support laser emission have been diffi- 
cult to fabricate (7). Many of the problems in the 
synthesis of homogeneous material  may be directly 
related to the relat ively large latt ice mismatch between 
the compounds which constitute this alloy. The large 
separation of the solidus and liquidus curves in the 
temperature-composition phase diagram (8) of 
Inl-xGaxP results in a large segregation of GaP for 
melt-growth, making the preparat ion of bulk alloys of 
uniform composition difficult. The large segregation 
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Fig. 1. Schematic diagram of the vapor-phase growth system used 
for the epitaxial deposition of Inl-~GaxP. 

coefficient (4) also complicates  l iqu id-phase  ep i tax ia l  
g rowth  of In l -~GaxP.  Very  l i t t le  work  has  been done 
on the vapor -phase  growth  of this mater ia l .  

Ear l ie r  work  by  Nuese, Richman, and Clough (6) 
demons t ra ted  tha t  ep i t ax ia l  layers  of In l -xGaxP  could 
be p repared  across the  ent i re  a l loy sys tem by an open- 
tube  vapor -g rowth  technique.  However ,  diodes fabr i -  
ca ted f rom this ma te r i a l  y ie lded  ve ry  low electro- 
luminescence efficiencies ( ~ 1 0 - ~ ) ,  perhaps  due to 
c rys ta l  s t ra in  and composi t ional  inhomogenei ty.  In  this  
work, we repor t  the deve lopment  of vapo r -g rowth  
techniques for p repa r ing  In l -~Ga~P wi th  control led  
composition, doping, homogenei ty,  pur i ty ,  and crys ta l -  
l ine perfection. F rom such mater ia l ,  e lec t roluminescent  
diodes and lasers have been obtained (9) wi th  
luminescence proper t ies  that  are  significantly improved  
re la t ive  to those of previous vapor -grown mater ia l ,  
and which are  comparable  to the  best  repor ted  (3) 
for  this a l loy system. 

Vapor-Growth Technique 
The appara tus  used to p repa re  In l -~Ga~P al loys is 

shown schemat ica l ly  in Fig. 1 and is s imi lar  to tha t  
used ear l ie r  (6). The use of separa te  quartz  tubes to 
contain the In  and Ga sources al lows independent  con- 
t rol  of the HC1 concentrat ions over  each of the  meta l  
sources. Mass spect rometr ic  analysis  (10) of the  gases 
in the  growth  tube  has shown that  HC1 reacts  wi th  
Ga and In meta ls  to form monochlor ides  of these meta ls  
according to the  react ion 

y M(1) + HCl (g )  _-- y MCl(g)  
Y 

+ ( 1 - - y ) H C l ( g )  + ~ - H 2 ( g )  [1] 

Here  M is In  or Ga and y is the mole  f ract ion of HC1 
consumed in the  reaction.  The meta l  monochlor ides  
a re  carr ied  in hydrogen  into the mix ing  zone where  
they  mix, but  do not react,  wi th  gaseous phosphine,  
the  source of phosphorus.  The reduced t empera tu re  
in the  deposi t ion zone, where  the subs t ra te  is positioned, 
al lows the  react ion be tween  gases to give In l -xGaxP  
as an epi tax ia l  film and HC1 as the  gaseous by-produc t  
(10) according to the  react ion 

MCl(g)  + P * ( g )  + H2(g)  = M P ( s )  + H C I ( g )  [2] 

Here, P* represents  PH3 and the products  of the  de- 
composit ion of PI-Is, namely  P2 and P4. The provisions 
for  in situ n- and p - t y p e  doping using H2Se and Zn 
vapor,  respect ively,  are  also shown in Fig. 1. For  p-n 

junct ion formation,  the  dopants  are  sequent ia l ly  intro-  
duced dur ing  growth,  the reby  e l imina t ing  the need 
for an ex t ra  h igh - t empera tu re  processing step. 

An impor tan t  fea ture  of this system is the  abi l i ty  to 
un i fo rmly  and cont ro l lab ly  grade  the al loy composi-  
t ion be tween the  subs t ra te  and the t e rmina l  a l loy in 
o rder  to minimize s t ra in  and reduce  dislocations due 
to la t t ice-cons tant  mismatch.  This is pa r t i cu la r ly  im- 
por t an t  in In l -~Ga~P because the la t t ice  pa ramete r s  
of the  end components  differ by  almost  8%. Composi- 
t ional  grading  previous ly  has been shown to lead to 
enhanced e lec t ro luminescence  in vapo r -g rown  
GaAs l -xPx  p-n  junct ions  (11). 

Choice of Growth Temperature 
Since unknown background  contaminants  might  

in t roduce t rapp ing  states, nonradia t ive  recombinat ion  
centers, or compensat ing  impuri t ies ,  it  is des i rable  to 
first achieve background  concentrat ions as low as 
possible before in t roducing control led  amounts  of 
dopants.  Therefore,  several  t empera tu res  and temper-  
a tu re  profiles were  examined  in order  to de te rmine  
the  op t imum condit ions for h igh -pu r i t y  In l -xGaxP  
epi tax ia l  growth. Three  rep resen ta t ive  crys ta ls  grown 
under  var ious  growth  condit ions together  wi th  thei r  
mass spect rometr ic  analyses  and electr ical  proper t ies  
are  l is ted in Table I. Here, we see tha t  the lower  
t empera tu res  used for the th ree  zones in Fig. 1 have 
led to significantly reduced background  doping con- 
centrat ions.  In  addition, note the  corre la t ion  in each 
case be tween the free electron concentra t ion (de te r -  
mined by  Hal l  measurements )  and  the concentra t ion 
of Si (de te rmined  by  mass spect rometr ic  analys is ) ,  
suggesting that  Si is the  p redominant  e lect r ica l ly  active 
impur i ty .  This is consis tent  wi th  the observat ion that  
Si is the  p redominan t  donor impur i ty  in other  I I I -V 
compounds such as AlAs  (12, 13) and GaAs (14) 
p repa red  by  s imi lar  vapor -g rowth  techniques. 

Substrate Preparation and Characterization 
The In t -xGa=P epi tax ia l  layers  in this  work  were  

typ ica l ly  deposited on l iquid-encapsula ted  Czochralski-  
g rown ( re fer red  to as LEC) GaP subst ra tes  or iented 3 ~ 
off the <100>  direct ion toward  the <010> direction. 
These layers  were  graded in al loy composi t ion from 
GaP at the subs t ra te  to the final desi red composition, 
which usual ly  was be tween 50 and 65 m/o  (mole per  
cent)  GaP. 

The GaP wafers  were  first choral-mechanical ly  
pol ished using a b romine :me thano l :phosphor i c  acid 
solution (15) ( la ter  re fe r red  to as BNIF etch) to remove 
work  damage. A bromine-methano l  solution has been 
found to be pa r t i cu la r ly  effective in reveal ing  work-  
damaged  areas  which can remain  af ter  insufficient 
etching. The photomicrographs  in Fig. 2 show a wafe r  
pr ior  to the test  for work  damage  (Fig. 2a) and af ter  
etching for 2 min  in b romine-methanol  (Fig. 2b).  Note 
how this e tchant  reveals  minute  surface damage.  The 
whi te  areas  (in contras t  to the l ight  scratches)  are  
ar t i facts  of the b romine -me thano l  etching procedure  
and occur only when the solut ion contains t race 
amounts  of moisture.  

As a s tandard  procedure  in our subs t ra te  prepara t ion ,  
we per formed a second chemical  etching t r ea tmen t  

Table I. Comparison of mass spectrometric analysis and electrical properties of In~-xGaxP layers 
grown under different temperature conditions 

Mass  s p e c t r o m e t r i c  ana ly s i s  (PPMA)*  
F u r n a c e  t e m p e r a t u r e s  (~ 

nepo- 
R u n  No. n (cm-8) Cu tWi Fe  Cl S i  F s i t i on  C e n t e r  I n d i u m  G a l l i u m  

0115 2 x I0 Ig 0.08 N.D. 0.5 0.3 80 0.03 775 I000 980 850 
1103 2 X 10'~ 0.9 0.2 0.2 2 4 0.1 775 1000 850 760 
1720 2 X 10 m N.D. N.D, N.D. 1 1 N.D. 725 850 825 760 

* i  P P M A  = 5 X l O ~ c m  -s. 
N.D.:  n o t  detected. 
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Fig. 2. Photomicrograph (a) of a liquid-encapsulated Czochralski-grown GaP substrata which is to be tested for work damage, and the 
corresponding photomicrograph (b) of the wafer after 2 rain etching in a bromine-methanol solution. The white areas are artifacts of the 
etching procedure. 

shortly before insert ion into the vapor-growth system. 
A hot (80~ Caro's acid (5H2SO4:H202:H20) etch was 
used for 5 rain, followed by a hot (50~ BMP etch. 
It  should be noted that  the etching rate for both the 
Caro's etch and the BMP etch are highly dependent  
on the temperature  of the etchant, as indicated in Fig. 
3. We have found that  etching rates of greater than  
5 ~m/min  (obtained at elevated temperatures)  cause 
both etchants to become preferential ,  result ing in etch 
pits and nonplanar  surfaces. Best results have general ly  
been at tained for etching rates of 0.6 ~m/min  for the 
Caro's etch and 1.5 ~m/min  for the BMP etch, which 
occur at 80 ~ and 50~ respectively. 

We also have found that  the BMP etch should be 
used immediate ly  after the Caro's acid etching of the 
substrate. For  example, a 24-hr delay between the use 
of the two etchants resulted in the appearance of pits 
after a 5 min  BMP etch (50~ These pits most likely 
originate from an oxide or other surface contaminant  
from the ambient  in the interval  between the etching 
steps. If the wafers are used immediately after chemi-  
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Fig. 3. Etch rate of Cora's acid and the BMP etch on < 1 0 0 > -  
oriented liquid-encapsulated GaP substrates as a function of etch- 
ant temperature. 

mechanical  polishing, single-crystal epitaxial  layers 
are obtained; however, if a 24-hr delay occurs prior to 
growth, the layers are inevi tably  polycrystalline. These 
results suggest that  removal  of surface contaminat ion 
is important  for achieving high-qual i ty  single-crystal 
epitaxial  layers. 

Contro l  of  Composi t ion  
Since earl ier  work (6) on the vapor growth of 

In l -xGa~P has shown that  the composition of the 
alloy depends strongly on the ratio of the HC1 flow 
rates to the In  and Ga sources (HClzn/HC1Ga), precision 
electronically activated gas-flow controllers were em- 
ployed for each of the metal  sources. However, to 
achieve reproducible control of alloy composition, it 
is necessary not only to have constant  flow rates to 
the metal  sources, but  also to be certain that  the con- 
version of HC1 to the respective metal  chlorides re- 
mains fixed with time. Both the Ga and In  conversion 
have been examined in detail, the results of which 
are presented below. 

Gallium source. - -From mass spectrometric investi-  
gations (16) of the amount  of HC1 reacted during the 
t ransport  of Ga for various hydrogen carrier flow rates, 
it is possible to calculate the per cent HC1 reacted for 
various l inear  velocities (since the reaction tempera- 
ture and the effective cross-sectional area of the metal  
zone tube are known).~ If the length of the Ga boat is 
also known, the l inear  velocities can be expressed in 
terms of a "residence time," i.e., the amount  of t ime 
the HC1 is in contact with the metal  source boat. Using 
the mass spectrometric data (16) the dependence of 
the unreacted amount  of HC1 on residence time is 
plotted in Fig. 4 for a reaction temperature  of 800~ 
Here, the equi l ibr ium (10) fraction of HC1 not con- 
verted to GaC1 is also shown. In the present work, an 
effective Ga zone tube cross-sectional area of 2.1 cm 2 
and a flow rate of 600 cc /min  are employed, resul t ing 
in a l inear  velocity of 16.7 cm/sec. Since two 15-cm 
boats are used in series in the gall ium source zone in 
our experiments,  the residence t ime is 1.7 sec. If the 
conditions employed in our work are similar to those 
reported for the mass-spectrometric studies (16), we 
would expect equi l ibr ium to be approached rapidly 
with increasing residence time, as indicated in  Fig. 4. 

It  should be noted that  the smaller diameter tube 
used in the present  case [1.7 cm vs. 2.5 cm used in the 
earlier study (16)] fur ther  increases the equi l ibrat ion 

The  effects of  the  d i s p l a c e m e n t  of the  m e t a l  boa t s  and  t he  ex-  
p a n s i o n  of the  ca r r i e r  gas a t  r e ac t i on  t e m p e r a t u r e  on the  l i n e a r  
ve loc i t i e s  and  r e s idence  t i m e s  of  t he  gases  w i t h i n  t he  m e t a l  zone 
h a v e  been  t a k e n  i n to  accoun t  i n  the  ca l cu l a t i ons  r e p o r t e d  here.  
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Fig. 4. Percentage HCI unreacted as a function of residence time, 
the amount of time the HCI is in contact with the Ga metal source 
boat. 

rate in the Ga zone, since the ratio of the surface area 
of  the Ga to the volume of gas above the boat must  
be somewhat higher than  previously. 

To exper imental ly  determine the precise amount  of 
HC1 converted with the geometries employed here, the 
number  of moles of Ga consumed (as determined by 
the weight difference of the boats before and after 
a series of six 3-hr runs)  was compared to the number  
of moles of HC1 passed over the source (measured by 
precision gas flowmeters). These findings, presented in 
Table II, assume that  only reaction [1] leads to the 
t ranspor t  of Ga. The calculated per cent conversion of 
97.8% is in excellent agreement  with values expected 
for equi l ibr ium conversion of HC1 to GaC1 and, there- 
fore, verifies that  equi l ibr ium is a t ta ined in the Ga 
zone under  the exper imental  conditions employed. Note 
also that the second boat converts less than 3% of the 
total  HC1 enter ing the Ga zone, in approximate agree-  
men t  with the curve in Fig. 4 for residence times be- 
tween 0.85 and 1.7 sec. The data in Table II and the 
curve in Fig. 4 also indicate that small  changes in the 
residence t ime should not cause large changes in the 
amount  of GaCI formed. 

Indium source.--Despite the fact that  x-ray diffrac- 
t ion and electron microprobe findings indicated reason- 
able uniformity  of composition, a gradual  shift in alloy 
composition for runs  employing essentially the same 
growth conditions was observed over a 15-hr period 
required to grow four to five samples, as i l lustrated in 
Fig. 5. Differences by as much as 15 m/o  InP  were 
observed. The fact that the percentage of InP  decreased 
monotonical ly with t ime in Fig. 5 suggested a depletion 
of In  as the source of the change; incomplete reaction 
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Fig. 5. Variation of composition for a series of Inl-xGaxP epi- 

taxlal layers employing the same growth conditions. The HCI flow 
to the In source was 50 cc/mia. 

Table II. Number of moles of gallium consumed determined by 
the weight difference of the boats before and after a series of 

six 3-hr runs 

M o l e s  g a l l i u m  Moles  HC1 P e r  cen t  
c o n s u m e d  i n t r o d u c e d  i n t o  c o n v e r s i o n  

Boa t  ( • 108) G a  zone ( x l0  s) to GaC1 

1 1 4 5 . 8  
2 4.22 

C o m b i n e d  150.02 153.8 97.8 

between In  and HC1 as the In  source depleted would 
then cause a decrease in InC1 concentrat ion in the 
deposition zone. In  addition, since HC1 is a by-product  
of the deposition reaction [2], the composition would 
be fur ther  changed by the extent  to which the unre-  
acted HC1 suppresses deposition of InP. Upon increas- 
ing the In som'ce contact with the HC1 either by in-  
creasing the volume of In  or by using deflection baffles, 
reproducible compositions and compositional profiles 
have been achieved. 

Exper iments  similar to those described for Ga con- 
cerning the per cent conversion of HC1 to InC1 also 
were carried out. The data in Table III  are based on 
50 cc /min  of HC1 to the In  source, 600 cc /min  of H2 
carrier, and an effective cross-sectional area of 7.8 cm 2, 
yielding a l inear  velocity of 7.5 cm/sec. Note that  the 
final boat contributes only about 2% of the total HC1 
converted. The per cent  conversion of 96% is in good 
agreement  with that  expected (10) for complete equi- 
l ibr ium in the In  zone according to reaction [2]. The 
discrepancy between the 96% reported here and a 
value of only 80% measured in earlier work (10) can 
be at t r ibuted to the differences in the exper imental  
conditions employed, in particular,  the use of baffles 
and a larger In  source in  the present  investigation. 

One feature common to many  of our earlier layers 
(which were graded from a GaP substrate) was a 
"lag" in alloy composition observed in the ini t ia l  
stages of the compositional grading (the first 10 #m 
of growth for the crystal  in Fig. 6a), which would be 
expected to generate large concentrat ions of lattice- 
misfit dislocations. Analysis of the In  source after the 
series of vapor depositions indicated a solubil i ty of 
about 2 to 3% of InC1 in the In  metal. Consequently,  
the strong nonl inear  variat ion in alloy composition 
at the onset of the grading was thought to be due to 
slow saturat ion of the In  source with InCl. By allowing 
the metal  source to become saturated prior to ini t ia-  
t ion of the grading schedule, it has been possible to 
el iminate such deviations, as i l lustrated in the micro- 
probe profile of Fig. 6b. 

Dependence of Al loy Composit ion on HCI  Ratio and 
Deposition Tempera ture  

The incorporat ion of InP  in vapor-grown In l -xGaxP 
is s trongly dependent  on both the deposition tempera-  
ture and the relat ive ratio of the HC1 flows in  the 
respective metal  zones, as shown in Fig. 7. This results, 
in part, from the large difference in the free energy 
of formation, ~G~ of InP ( s )  and GaP(s ) .  Under  the 
range of exper imental  temperatures  employed, the 
free energy of reaction is large and negative for the 
deposition of GaP. Therefore, the conversion of GaC1 
to GaP is near ly  complete. But for InP  the free energy 
of reaction is only slightly negative and then becomes 

Table III. Humber of moles of indium consumed determined by the 
weight difference of the boats before and after a series of runs 

Moles  I n  Moles  HC1 Pe r  cen t  
c o n s u m e d  c o n s u m e d  c o n v e r s i o n  

Boa t  ( x 102) ( • 102) to  InC1 

1 27.78 
2 19.79 
3 4,73 
4 1,07 

C o m b i n e d  53.37 55.49 96.2 
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Fig. 6. Microprobe profile of the mole fraction of InP in the initial Inl-xGaxP deposition for (A) incomplete saturation of the In sources 
with InCI, (B) complete saturation of the In sources with InCl. 
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Fig. 7. Dependence of the mole fraction of InP in the Inz-xGaxP alloy on (A, left) the ratio of the HCI flow rate over the In and Ga 
sources, and (6, right) deposition temperature. 

positive with increasing temperature.  As a result, 
only a small  fraction of InC1 is converted to InP  under  
the exper imental  conditions employed, and the con- 
version becomes less efficient with increasing tempera-  
ture. 

Ban and Et tenberg (10) have carried out an elegant 
analysis of the deposition of In l -xGa~P alloys in our 
vapor-growth system, which takes into account the 
activity of the InP  and GaP in the deposition reaction 
[2]. The close agreement  between their equi l ibr ium 
calculations and our exper imental ly  determined data 
reported in that  work indicates that  equi l ibr ium is 
closely approached, not only in the reaction between 
the Group III  metals  and HC1, as we have shown 
earlier, but  also in the deposition under  the experi- 
menta l  conditions used in this work. 

Origin of Hillock Formation in Vapor-Grown Ins_~GaxP 
Although hillock formation has been a minor  prob-  

lem in the vapor growth of several III-V compounds, 
such formation has been part icular ly severe in the 
In l -xGaxP epitaxial  layers. For this reason, an investi-  
gation was carried out to determine the source of the 
surface imperfections. We have found that  hillocks 
can originate from loose deposits which form on the 
walls of the quartz tube  dur ing growth, fall onto the 
substrate, and thereby create sites for heterogeneous 
nucleation. Therefore, by orienting the wafers verti- 
cally and parallel  to the gas flow, the hillock density 
was substant ia l ly  reduced. 

In  addit ion to the effect of substrate orientation, 
several observations dur ing the course of our investi- 
gat ion suggested that ambient  gas leaks are the origin 
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Fig. 8. Photomicrographs of the surface morphology of an In l -xGaxP epitaxial layer (A, left) grown in the presence of an ambient gas 
leak and (B, right) grown in the absence of an ambient gas leak. 

of m a n y  of the hillocks. Most notably,  upon ensuring 
that  our growth system was leak tight, the hillock 
density was observed to decrease appreciably. To con- 
firm this observation, a very small  quant i ty  of ambient  
gas to approximate a pinhole leak was in tent ional ly  
introduced into the vapor growth system during the 
deposition of In l -xGazP epitaxial  layers. Figure 8 
shows the surface morphology of wafers grown with 
and without the intent ional  leak. It is apparent  that 
small  ambient  leaks can have a catastrophic effect on 
the crystal surface appearance. We also should ment ion 
that  no correlation has been seen between hillock 
density and crystallographic orientation for GaP sub-  
strates oriented 0 ~ 2 ~ 3 ~ 4% and 5 ~ off {100} toward 
{010}, in contrast  to Blakeslee's findings (17) on vapor- 
grown GaAs. 

Under  suitable growth conditions using a substrate 
free of work damage, a vertical  substrate orientation, 
and a growth system free of leaks, large area macro- 
scopically defect-free epitaxial layers can be rout inely 
obtained. The surfaces of In l -xGaxP layers deposited 
on GaP substrates are comparable in appearance to 
high-qual i ty  epitaxial  layers of GaP deposited on GaP 
substrates, as shown in Fig. 9. One notable difference 
between the In l -xGaxP and GaP surface structure is 
the presence of a grid ne twork  in the case of the 
Inl-~GaxP. This is related to the orthogonal array of 
dislocations (18) introduced during the compositional 

Fig. 9. Photograph of Ino.4Gao.6P and GaP epitaxiol layers de- 
posited on GaP substrates with the vapor-growth refinements dis- 
cussed in the text. 

grading between the GaP substrate and the In l -zGaxP  
alloy. 

P- and  N - T y p e  Doping of  I n l _ ~ G a x P  
Semi- insula t ing substrates are f requent ly  used for 

the deposition of epitaxial  layers because their  high 
resistance allows Hall  measurements  to be made with- 
out removal  of the substrate. Since semi-insulat ing 
GaP substrates were not available, a series of 
Ino.49Gao.51P layers which were Zn- and Se-doped over 
a wide range of carrier concentrat ions were epitaxially 
deposited on <100>-or ien ted  Cr-doped GaAs sub- 
strates. To minimize problems associated with lattice 
mismatch between the In l -xGaxP and GaAs, an alloy 
composition of 51 • 1 m / o  GaP 3 was chosen. In  Fig. 
10 the electron and hole concentrations determined by 
s tandard Hall measurements  on the Ino.49Gao.51P are 
plotted as a function of the zinc and H2Se part ial  pres- 

3 R o o m - t e m p e r a t u r e  l a t t i c e  m a t c h i n g  b e t w e e n  G a A s  a n d  I n l - ~ G a ~ P  
o c c u r s  a t  x = 0.515. 
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Fig. |0. Hole and electron concentrations in Za- and Se-doped 
vapor-grown layers of Ino.49Gao.51P and GaAs grown under similar 
growth conditions as a function of the zinc and H2Se partial pres- 
sure in the deposition zone. Also shown above the Zn data are the 
temperatures of the Zn source. 
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sures in the  deposi t ion zone. Also included in Fig. 10 
are  the  car r ie r  concentrat ions  for Zn- and Se-doped 
GaAs layers  deposi ted under  s imi lar  growth  conditions. 

The amount  of Zn incorpora ted  into the  ep i tax ia l  
layers  was de te rmined  by  the t empe ra tu r e  of an ele- 
menta l  Zn source placed in an aux i l i a ry  s idearm to 
t h e  main  deposi t ion chamber  (see Fig. 1). In  Fig. 1O, 
the  Zn pa r t i a l  pressures  were  ca lcula ted  under  the  
assumption that  the  e lementa l  Zn and the  hydrogen  
ca r r i e r  gas have equi l ib ra ted  in the  Zn sidearm. This 
has  been independen t ly  confirmed by  measurements  
of the amount  of Zn vapor ized wi th  t ime and the  
amount  of hydrogen  flowing over  the  source. 

In  general ,  the  car r ie r  concentra t ion is a factor  of 
two to th ree  h igher  in Zn-doped  In0.49Ga0.51P than  in 
GaAs. Since the  ionizat ion energy of Zn in these two 
compounds is not  sufficiently la rge  [EA ~ 59 meV in 
In0.sGa0.sP (19, 20) and ~ 26 meV in GaAs (21)] to 
l imi t  the  car r ie r  concentra t ion at  room tempera ture ,  
the  differences must  represent  the extent  to which Zn 
is in t roduced into the respect ive  mater ia ls ,  p r e sumab ly  
due to differences in the rmodynamic  proper t ies  or 
the  kinet ics  b y  which the impur i t y  is incorpora ted  
dur ing  the growth  processes. 

In  order  to de te rmine  if equi l ib r ium is achieved 
dur ing  the incorpora t ion  of Zn into our vapor -g rown 
layers,  the  expected dependence  of hole concentra t ion 
on Zn pa r t i a l  pressure  under  equ i l ib r ium condit ions 
can be independen t ly  es tabl ished and compared  wi th  
the  exper imen ta l  da ta  of Fig. 10. At  the rmal  equi l ib-  
r ium, the  incorporat ion of Zn into both GaAs and 
In0.49Ga0.51P can be descr ibed by  the equat ion 

Z n ( g )  _- -Zn-  (crys ta l )  + h + [3] 

Since [ Z n - ]  = [h+] ,  [h +] can be expressed in t e rms  
of the  equi l ib r ium constant,  Keq, for react ion [3] and 
the zinc pa r t i a l  pressure,  Pzn, in the  deposi t ion zone 
by  the equat ion 

[h +] : (KeqPZn) 1/2 [4]  

Since the  slopes of log [h + ] vs. log Pzn shown in Fig. 
13 are  1.2 and 1.4 for the  incorpora t ion  of Zn into 
In0.49Ga0.51P and GaAs, respect ively,  we must  conclude 
tha t  the rmal  equi l ib r ium is not  es tabl ished dur ing  the 
deposi t ion process. 

Fo r  the  case of Se-doping,  no empir ica l  da ta  ex i s t  
on the  decomposi t ion of H2Se in our growth  system. 
The  pa r t i a l  pressures  in Fig. 10 were  therefore  cal- 
cula ted  by  assuming the absence of al l  polya tomic  
spec ies  of Se. Because of the s t rong dependence  of 
car r ie r  concentra t ion on H2Se par t i a l  pressure,  an 
electronic gas f lowmeter  was used in conjunct ion wi th  
a mic romete r  needle  va lve  to achieve reproducib le  
doping of the  layers.  The incorporat ion of Se appears  
to be almost  the  same for GaAs and for  Ino.49Gao.51P 
over  the  donor concentra t ions  measured.  The slopes of 
1.6 and 1.3 for n - t y p e  In0.49Ga0.51P and GaAs, respec-  
t ively,  in Fig. 10 indicate  that,  l ike  Zn incorporat ion,  
equi l ib r ium is not  achieved dur ing  the incorpora t ion  
of Se. Comparison of the  da ta  for Se- and Zn-doping 
in Fig. 10 show tha t  the  incorpora t ion  of Se is over  
an order  of magni tude  h igher  than  tha t  of Zn at  the  
same dopant  pa r t i a l  pressure.  

The smooth monotonic curves  of Fig. 10 show tha t  
Zn- and Se-doping can be wel l  control led  over  a re la-  
t ive ly  wide  range  of ca r r i e r  concentrations.  Such con- 
t ro l  has been found to be essential  for a t ta ining 
op t imum electroluminescence per formance  f rom vapor-  
g rown In l -xGaxP  p - n  junct ions  (19). F ina l ly ,  i t  should 
be noted tha t  the background  doping concentra t ion for 
both In0.49Ga0.51P and GaAs samples  which were  not  
in ten t iona l ly  doped was found to be about  2 X 1015 
cm-3.  

A l l o y  H o m o g e n e i t y  
Independen t  evaluat ions  by  a va r i e ty  of exper imenta l  

techniques indicate  tha t  a l loy homogenei ty  m a y  be an 
impor tan t  pa r ame te r  governing the  perfect ion and 
luminescence p roper t i e s  of vapor -g rown  In l -xGaxP.  We 

have  explored  this possibi l i ty  by  examining  the nea r -  
bandgap  photoluminescence half-width,  x - r ay  l ine 
broadening,  optical  t ransmission,  and bu lk  electr ical  
proper t ies  of our layers,  the  resul ts  of which are pre-  
sented below. 

Near-bandgap photoluminescence half-width.--In a 
t e rna ry  I I I - V  alloy, the  wid th  of the  nea r -bandgap  
luminescence peak  can be increased due to al loy in- 
homogenei ty  occurr ing wi th in  the volume of the  crys ta l  
responsible  for the luminescence.  Such effects were  
r epor ted  for ea r ly  GaAs l -xPx  crys ta ls  (22), where  
b roadened  spontaneous e lect roluminescence spectra  
were  corre la ted  wi th  an inabi l i ty  to a t ta in  laser  oper-  
ation. S imi la r  effects have been observed in our vapor-  
g rown In l -xGaxP  layers,  where  a genera l  re la t ionship  
has been noted for a large  number  of samples  be tween 
na r row spontaneous emission spect ra  and efficient 
photoluminescence.  To confirm this re la t ionship  quan- 
t i ta t ively ,  and to separa te  the  effect of doping on the 
hal f -width ,  a series of Zn-doped In0.47Ga0.53P layers  
wi th  acceptor  concentrat ions  of only 4 • 1017 cm -3 
were  p repa red  over  a per iod of a few weeks. Fo r  these 
samples, room- tempera tu re  photoluminescence mea-  
surements,  shown in Fig. 11, indicated a range  of 
spectra l  ha l f -wid ths  be tween 55 and 110 meV. Since 
the spectra l  ha l f -wid th  at  such low acceptor  concen- 
t ra t ions  is only weak ly  dependent  on doping (23, 24), 
small  unin tent ional  doping var ia t ions  could not ac- 
count for the r ange  of ha l f -wid ths  shown in Fig. 11. 
We, therefore,  conclude that  the  increased ha l f -wid ths  
shown here  are  due to composi t ional  inhomogeneit ies ,  
and tha t  such inhomogenei t ies  can lead to reduct ions 
in the photoluminescence efficiency by  as much as 
three  orders  of magni tude.  The fact that  composi t ional  
inhomogenei ty  does exist  in our vapor -g rown layers,  
and that  i t  can significantly affect the  optical  and  elec- 
t r ica l  proper t ies  of our ma te r i a l  is fu r ther  cor robora ted  
by  independent  measurements  descr ibed below. 

X-ray line broadening.--Despite the  fact that  x - r a y  
diffraction pa t te rns  of our vapor -g rown In l -xGaxP  l ay -  
ers are  typ ica l ly  wel l  resolved in the back  reflection into 
Kal  and Ka2 doublets,  notable  differences are  seen be-  
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Fig. 11. Variation of the near-bandgap photoluminescence inten- 
sity as a function of the spectral half-width for a variety of p-type 
Ino.4~Gao.53P layers grown epitaxially on GaP substrates. 
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Table IV. Comparison of the x-ray line broadening of vapor-grown 
Inl-xGazP deposited on GaP, GaAsl.-=Px deposited on GaAs, and 

vapor-grown InP 

Sample Mater ia l  Composition* 

Mean Range  
lat t ice in lat t ice 

constant  constant  
(A) (A)** 

10OOl InP 5.868 0.003 
10231 Ga (As,P) 14.8% GaP 5.623 0.004 
10232 Ga(As,P) 25.9% GaP 5.601 0.004 
1 0 6 2 4  ( I n , G a )  P 6 1 . 8 %  G a P  5 . 6 1 1  0 . 0 0 5  
20202 (In,Ga) P 6 8 . 0 %  G a P  5 . 5 8 5  0 . 0 0 6  
20014 (In,Ga)P 53.5% GaP 5.646 0.006 
20005 (In,Ga) P 58.0% G a P  5.627 0.028 

* G r a d e d  i n  a l loy  c o m p o s i t i o n  f r o m  t h e  s u b s t r a t e ,  e x c e p t  f o r  I n P .  
** M e a s u r e d  f o r  K a l  on  t h e  h i g h e s t  a n g l e  r e f l ec t ion  [(711) for  

al l  s a m p l e s  e x c e p t  I n P  f o r  w h i c h  (642) w a s  u s e d ] ;  t h e  e s t i m a t e d  
l i m i t  o f  r e s o l u t i o n  i s  _0 .0005A.  

tween the In l -=GaxP layers and InP  or GaASl-xPx de- 
posited by this vapor-growth technique. These differ- 
ences are summarized in Table IV. The lattice constants 
were calculated using the highest angle reflection, the 
(711), except for InP  for which the (642) reflection 
was chosen. The range in lattice constant was estimated 
from the max imum and m i n i m u m  diffraction angle of 
the x-ray diffraction line, and, therefore, is a measure 
of line broadening. Note that the In l -xGaxP samples as 
a class have the least sharply resolved x-ray lines. In  
addition, in a few samples, efforts were made to 
homogenize the InC1 and GaC1 vapor by the use of 
baffles in the center zone. Samples 10624 and 20202 
have somewhat less broadened lines than samples 
20014 and 20005, which is a t t r ibuted to more thorough 
mixing of the metal  chlorides in  the former samples. 
A clear correlation also was observed between the 
In l -xGaxP l ine broadening and the near-bandgap 
photoluminescence intensity,  with the bet ter-mixed 
chlorides consistently result ing in the higher photo- 
luminescence intensities. 

Optical transmission.--The optical t ransmission of 
several wafers was evaluated. Three representat ive 
layers, together with the optical density of the sub- 
strate on which they were grown, are plotted as a 
function of wavelength in Fig. 12. The optical density 
data have not been corrected for reflection losses. 
Since the refractive index of GaP (n = 2.97) is close 
to that  of I nP  (n = 3.3), we can assume that for GaP- 
rich alloys the optical density should be close to that  
for the GaP substrate. Note that  there are significant 
differences in the absorption depending on the degree 
of mixing of the InC1 and GaC1. When the chlorides 
are mixed, the t ransmission properties are not far from 
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Fig. 12. Optical density as a function of wavelength for several 
Inl-xGaxP epitaxial layers which employ mixed and unmixed 
metal chlorides compared to the GaP substrata on which they were 
grown. 

those of the GaP substrate. The differences in the 
transmission properties at 9000A between samples with 
mixed and unmixed  chlorides are almost 40%. ThiS 
loss would represent  a significant a t tenuat ion of near-  
bandgap emission for an electroluminescent  structure, 
Although the mechanism responsible for the increased 
absorption in the less homogeneous alloys is unknown,  
two possible causes are refractive index fluctuations 
and scattering at misfit dislocations. 

Electrical properties.--Since the electron mobil i ty  is 
expected to be relat ively large for direct energy-gap 
alloy compositions away from the direct-indirect  
transit ion,  it should be a sensitive test for the crystal- 
l ine qual i ty of our layers. A series of So-doped n- type  
In0.49Ga0.51P layers were epitaxially deposited on Cr- 
doped GaAs substrates, as described earlier. Shown in 
Fig. 13 is the electron mobil i ty  of these samples as a 
function of free-electron carr ier  concentrat ion both 
for the case of mixed and unmixed  metal  chlorides. 
Although the scatter in the data precludes interpola- 
tion of a precise curve, it is apparent  that  the electron 
mobilities are consistently higher where the metal  
chlorides are mixed. This is to be expected since 
chloride mixing has been shown earlier in this work 
to lead to more homogeneous alloys. Although the 
mobil i ty  of 1750 cm2/V-sec at 2 X 1015 cm -3 is the 
highest we have measured in our vapor-grown layers, 
and is comparable to our results reported elsewhere 
(20), it is significantly smaller than  a value of 2950 
cm2/V-sec at 1.8 • 1017 cm -3 reported by Clark (25) 
for vapor-grown InP  deposited on InP  substrates, or 
a value of 2560 cm2/V-sec at 1.2 • 1017 cm -8 deter- 
mined for Se-doped InP  vapor deposited on InP  in 
this work. 

The alloy composition, x =0.51, for these samples 
differs sufficiently from that  at the direct- indirect  
t ransi t ion (x N 0.7) (6) to minimize a mobil i ty re- 
duction due to subsidiary indirect conduct ion-band 
minima. In  addition, since previous mobil ty measure-  
ments  in GaASl-xPx (26) indicate that  alloy scattering 
is not prevalent  over the direct-bandgap compositional 
range, the fact that  our In0.49Gao.51P values are signifi- 
cantly lower than that of InP  suggests that other scat- 
ter ing processes, perhaps those related to strain or 
residual inhomogeneity,  still exist in the vapor-grown 
Inl-=GaxP. 

Luminescence Properties 
As a result  of increasing the crystal l ine perfection 

of the vapor-grown layers, the resul tant  radiat ive 
properties have been considerably improved, part icu-  
larly by a large-scale enhancement  of the near-bandgap 
photoluminescence and a concomitant  reduction in low- 
energy infrared emission. In l -xGa=P p - n  junct ions have 
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Fig. 13. Room-temperature electron mobilltles of Se-doped 
Ino.49Gao.stP deposited on GaAs as a function of free-electron 
carrier concentrations for the case of mixed and unmixed metal 
chlorides. 
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been p repa red  in situ on GaP subst ra tes  b y  using H2Se 
and Zn vapor,  as descr ibed previously.  The electro- 
luminescence emission spec t ra  of diodes p repa red  f rom 
these s t ructures  also is p r imar i ly  bandgap  wi th  ve ry  
weak  impur i t y  peaks.  This is in sharp  contras t  to diodes 
made  f rom ear l ie r  vapor -g rown (6), so lut ion-grown 
(27), and me l t -g rown  (27) ma te r i a l  p repared  in our 

laborator ies .  Ex te rna l  efficiencies of the  vapor -grown 
diodes have been found to be on the order  of 5 to 10 
X 10 -4  for unencapsula ted  diodes which emit  in the 
range  of 6100-6600A at room tempera ture .  Br ightness  
values  as high as 310 f t - lumens/A-cm2 were  calcula ted 
(9) for these  diodes. In  addit ion,  laser  diodes emi t t ing  
at wavelengths  as short  as 6105A wi th  threshold  cur-  
ren t  densi t ies  of 4000-6000 A / c m  2 at  8O~ have been  
fabr ica ted  (9). F u r t h e r  descr ipt ion and analysis  of the  
luminescence proper t ies  of our vapor -g rown mate r i a l  
as wel l  as a deta i led  descr ipt ion of the  e lec t ro lumi-  
nescent  diode character is t ics  are  presented  in a com- 
panion paper  (23). 

Summary and Conclusions 
An open- tube  vapor -g rowth  technique which  em- 

ploys separa te  t r anspor t  of the  meta ls  as chlorides 
and PH3 as the  source of phosphorus  has been used to 
deposit  s ing le -c rys ta l  ep i tax ia l  layers  of In l -xGaxP  
on GaP substrates.  Using precision e lec t ronica l ly  acti-  
va ted  gas-flow controllers,  the  dependence of compo- 
sit ion on deposi t ion t empera tu re  and on the r e l a t ive  
HC1 flows over  the  meta l  sources has been determined.  
Comparison of prev ious ly  de te rmined  kinetic and 
the rmodynamic  da ta  wi th  exper imen ta l  findings in 
this  work  show tha t  equi l ib r ium is a t ta ined  in the 
me ta l  and deposit ion zones. 

The pur i ty  of the  vapor -g rown layers  depends  on 
the g rowth  and react ion t empera tu re s  employed.  The 
or ientat ion of the wafer  wi th  respect  to the  gas s t ream 
as wel l  as the e l iminat ion of ambien t  gas leaks are  
found to be impor tan t  in obta in ing l a rge -a r ea  macro-  
scopical ly defect-f ree  ep i tax ia l  layers.  Evalua t ion  of 
the  photoluminescence hal f -width ,  x - r a y  line broaden-  
ing, optical  t ransmission,  and electron mobi l i ty  values  
indicate tha t  a l loy homogenei ty  m a y  be one of the  
most impor tan t  pa rame te r s  governing the perfec t ion  
and luminescence proper t ies  of vapor -g rown In l -xGa~P.  

In l -xGaxP  p - n  junct ions have been p repa red  in 
situ by  using H2Se and Zn vapor  as the  source of donor 
and acceptor  impuri t ies ,  respect ively .  Pho to lumi -  
nescence spectra  of the  as-grown layers  consist pri~ 
mar i l y  of an intense nea r -bandgap  peak  and a weak 
l ow-ene rgy  inf rared  peak  which  is typ ica l ly  10-100 
t imes  weake r  in in tegra ted  intensi ty.  E lec t ro lumi-  
nescence diodes fabr ica ted  from the vapor -g rown  junc- 
tions have  y ie lded  ex te rna l  quan tum efficiencies of up 
to 0.1% (unencapsula ted)  and br ightness  values  as 
high as 310 f t - l u m e n s / A - c m  -2 for red  and orange emis- 
sion at  room tempera ture .  
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Vapor Growth of Inl_xGa=P for P-N Junction 
Electroluminescence 

II. Luminescence Characteristics 
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R C A  Laboratories, Princeton, New Jersey 08540 

ABSTRACT 

Inl-xGaxP epitaxial layers, prepared by an improved vapor-phase growth 
technique, have been evaluated by photoluminescence measurements  and by 
t ransmission electron microscopy. Maximum photoluminescence intensities for 
So- and Zn-doped Inl -xGa~P layers (0.5 < x <~ 0.6), are observed at carrier 
concentrat ions of 1 • 1017 and 3 • 10 TM cm -3, respectively. At higher concen- 
trations, a severe degradation in the photoluminescence intensi ty  occurs, con- 
current  with the appearance (by TEM) of precipitates in concentrat ions of 
about 1014 cm -a. For  Zn-doped Inl-xGa~P, the precipitate has been identified 
as ZnsPz from its electron diffraction pattern. The luminescence spectra from 
the vapor-grown layers at 300~ consist of a high-energy peak, a t t r ibuted to 
band- to-band recombination, and a low-energy peak, located 0.4 to 0.5 eV less 
than  bandgap. The low-energy peak increases with Se donor concentrat ion 
and with alloy composition, x, but  is typical ly orders of magni tude  less intense 
than  the bandgap peak. Electroluminescent  p-n junct ions prepared with opti- 
mum donor and acceptor concentrat ions have yielded external  quan tum effi- 
ciencies between 5 and 10 • 10 -4 (unencapsulated)  for emission between 6150 
and 6600A. From such junctions, laser diodes have been fabricated which emit  
orange coherent radiat ion between 6105 and 6150A with threshold currents  as 
low as 4000 A/cm ~ (at 77~ 

Visible- l ight-emit t ing junct ions previously have been  
prepared (1) in  vapor-grown Ini -~Ga~P layers both by 
Zn-diffusion techniques and by the sequential  introduc- 
t ion of donor and acceptor impurit ies during growth. 
The performance of the junct ions prepared by either 
technique was poor in the early vapor-grown mater ial  
(1), as evidenced by low quan tum efficiencies of 10 -5-  
10 -6 and large infrared contr ibutions to the electro- 
luminescence spectra. Nonetheless, the attractiveness 
of direct energy gaps approaching 2.2 eV (2-4) and a 
high-br ightness  capabil i ty (5) in this alloy system 
have prompted a renewed examinat ion of vapor-grown 
In l -xGaxP for electroluminescent  diodes. 

In the first part  of our recent study (6), refinements 
in the In l -~GaxP vapor-growth technology have been 
described which result  in epitaxial layers with signifi- 
cant ly  improved compositional homogeneity and crys- 
tal l ine perfection, as well  as reduced impur i ty  con- 
taminat ion relat ive to our earlier vapor-grown layers. 
In  the present  paper, we treat in detail the optimization 
of donor and acceptor concentrations used for the 
vapor-grown p -n  junctions, and describe the photo- 
luminescence and electroluminescence characteristics 
of these structures. We wil l  fur ther  show that  such 
optimization can lead to In l -~GazP spontaneous-l ight-  
emitt ing diodes with room-temperature  external  quan-  
tum efficiencies of 10 -3 between 6100 and 6600A, and 
laser diodes which emit coherent orange radiation at 
80~ with threshold current  densities between 4000 
and 6000 A/cm 2. 

Photolumlnescence 
Although the ul t imate  objective of our research pro- 

gram has been the fabricat ion of efficient electrolumi- 
nescent diodes of Inl-xGaxP,  we have relied heavily on 
a photoluminescence evaluat ion of both n-  and p-type 
mater ia l  prior to p-n  junct ion formation, since this 
simple and rapid technique has been found' to reveal a 
considerable amount  of informat ion about the lumi-  

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  Member .  
x P r e s e n t  address :  X e r o x  R e s e a r c h  L a b o r a t o r i e s ,  W e b s t e r ,  N e w  

York  14580. 
K e y  w o r d s :  Inl-~Ga~P,  v a p o r - p h a s e  g rowth ,  p -n  j u n c t i o n s ,  p re -  

c ip i t a t ion ,  p h o t o l u m i n e s c e n c e ,  e l ec t ro luminesccnce ,  lasers .  
~ T h i s  e s t i m a t e  a s s u m e s  a m i n o r i t y  carr ier  d i f fus ion  l e n g t h  of  

1 /zrn and  a f o r w a r d  v o l t a g e  of 2V. 

nescence characteristics of the material.  I n  addition, as 
we will  indicate later  in this paper, a strong and con- 
sistent correlation has been observed between the 
"quality" of a part icular  In l -xGazP  layer based on a 
photoluminescence evaluation and the ul t imate  per- 
formance of s imilarly prepared junct ion  structures 
evaluated as electroluminescent  diodes. 

Our photoluminescence measurements  utilize the 
5145A radiat ion from a pulsed (2W peak power) argon 
laser, which is focused to a spot size on the order of 
0.25 ram. For our apparatus, approximately 0.5W (peak 
power) of 5145A radiat ion is absorbed in  the sample 
after the laser beam is passed through an interference 
filter and reflected from the shiny surface of the semi- 
conductor. The power absorbed per uni t  area is about 
1000 W/cm 2, which, for an assumed absorption co- 
efficient of 10 -4 cm -1, results in a carrier generat ion 
rate  of 2 • 1025 electron-hole pairs/cm~-sec. For a 
typical electroluminescent  junction,  a current  density 
of about 400 A/cm 2 would be required 2 to generate 
electron-hole pairs at this rate; hence our pulsed laser 
source is clearly capable of pumping the semiconductor 
samples to relat ively high excitat ion levels. A duty 
cycle of about 0.1% is used to avoid heating effects at 
this power density. 

The as-grown surface condition of the epitaxial 
layers was found to be sufficient to allow photolumi- 
nescence measurements  to be taken without  first t reat-  
ing the surfaces. In  cases where a bromine-methanol-  
phosphoric etch (6) was used to remove selected por- 
tions of the In l -xGaxP layers, the photoluminescence 
characteristics were not altered appreciably by the 
etching process. This observation is consistent with 
the relat ively low surface recombinat ion velocity pre- 
viously reported for solut ion-grown Inl -~GaxP (7). 

Typical photoluminescence emission spectra at room 
tempera ture  are shown in Fig. 1 for a heavily and 
l ightly doped n- type  sample of vapor-grown In l -xGaxP 
with z equal to 0.56 and 0.53, respectively. In  both 
cases, the h igh-energy near-bandgap peak is shown to 
dominate the emission spectra, al though a broad low- 
energy infrared peak is also evident  at an energy posi- 
t ion about 0.4-0.5 eV less than bandgap, especially for 
the more heavily doped sample. Some of the character-  
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istics of the near -bandgap  peak and the low-energy 
infrared peak in Fig. 1 are discussed fur ther  in a sub- 
sequent section of this paper. 

Optimization of Donor and Acceptor Concentrations 
The refinements in  the growth condit ions discussed 

in  the first portion of our study (6) would be expected 
to reduce the introduct ion of undesired nonradia t ive  
recombinat ion centers into the vapor-grown layers. In  
this section, we describe experiments  designed to de- 
te rmine  the opt imum donor and acceptor concentra- 
tions for efficient radiative recombination. The en- 
hancement  of the radiat ive recombinat ion rates which 
arises due to such an optimization should contr ibute to 
a fur ther  improvement  in the luminescence conversion 
processes, resul t ing in br ighter  electroluminescent  
diodes. 

In  order to optimize the impur i ty  concentrat ions for 
our vapor -grown Inl-xGaxP,  a series of n- and p-type 
epitaxial layers with selected donor (Se) and acceptor 
(Zn) concentrat ions were deposited on single-crystal  
GaP substrates. For these samples, the alloy composi- 
t ion in the epitaxial  layer  was graded smoothly be- 
tween the GaP substrate and the desired final port ion 
of the epi taxy (where x ~- 0.5-0.6) at a rate of typical ly 
1-2% InP/~m.  The carrier concentrat ions were deter- 
mined  by  s tandard Hall  measurements  taken  on 
In l -~GaxP layers s imilar ly deposited on semi-insulat-  
ing Cr-doped GaAs substrates. The m a n n e r  in which 
the carrier concentrat ions were controlled has been 
described previously (6). 

For each of the Se-doped samples, photoluminescence 
spectra similar  to those in Fig. 1 were obtained at room 
temperature.  The relat ive intensi ty  of the dominant  
near-bandgap high-energy peak was then plotted as 
a funct ion of the measured electron concentration, as 
shown in Fig. 2. For  electron concentrat ions between 
10 ls and 101~ cm -3, the photoluminescence in tensi ty  
increases approximately l inearly,  as expected. How- 
ever, for concentrat ions increasing between 10z~ and 
2 X 1018 cm -3, the photoluminescence in tens i ty  falls 
off by about two orders of magnitude.  The ma x i mum 
intens i ty  occurs at a va lue  of about  1 • 1017 cm -3, 
which is appreciably lower than the opt imum concen- 
trat ions we have observed for electroluminescence in 
vapor-grown layers of GaAs (8) or GaAsl-xPz (9), or 
that for cathodoluminescence in  solut ion-grown sam- 
ples of GaAs (10). 

The reduction in  the photoluminescence in tensi ty  at 
moderately  large donor concentrat ions in Fig. 2 cor- 
relates well  with a surface degradation observed micro- 

Fig. 1. Typical photolumines- 
cence emission spectra from n- 
type Int -xGaxP vapor-grown 
layers. Solid curve is for Se- 
doped sample with n ~ 6 x 101~ 
cm - 3  and x ~ 0.56. Dashed 
curve is for undoped sample with 
n ,~  2 x 10 zB cm - 3  and x ,~  
0.53. 

scopically, as i l lustrated in the photomicrographs of 
Fig. 3a and b. Here, the surface appearance of a Se- 
doped In1-~GaxP layer wi th  a donor concentrat ion of 
8 • 10 TM cm - s  (sample I in the photoluminescence 
data of Fig. 2) is compared with that  for a s imilar ly 
prepared In l -xGa~P layer doped with Se to a concen- 
t ra t ion of 5 • 1017 cm -3 (sample II in  Fig. 2). The sur- 
face of the more heavily doped sample appears to be 
decorated orthogonal ly along <110> directions, al-  
though the preponderance of this s tructure is unidirec-  
t ional  (i.e., lies in  the horizontal  direction in  Fig. 3b). 
This is in sharp contrast to the unblemished surface 
of the more l ightly doped sample. Surface imperfections 
such as those apparent  in Fig. 3b were observed on 
n- type vapor-grown In l -zGaxP  layers only when doped 
with Se to concentrat ions greater  than  about 5 X I0 I~ 

cm-3. 
Samples I and II  of Fig. 2 also were examined by 

transmission electron microscopy (TEM). For this 
evaluation, the epitaxial  layers were first th inned to 25 
~m by chemical-mechanical  polishing, after which they 
were fur ther  th inned to about 0.2 ~m by an ion plasma 
etching technique (11). An  RCA EMU-3G transmission 
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I and II are illustrated in Fig. 3. 
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Fig, 3. Optica! photomicrographs (a and b) and transmission electron micrographs (c and d) of Se-doped Ins-xGa~P layers. For sample ], 
n ,~ 8 x 1026 cm -3 .  For sample II, n ~ 5 x 1017 cm -3 .  The photoluminescence response of samples I and II are indicated in Fig. 2. 

electron microscope was then used to determine the im-  
perfection morphology of the In l -xGaxP layers. For  
each of the samples discussed in  this paper, the elec- 
t ron beam was t ransmit ted  through the crystal in a 
direction paral lel  to the [100] growth direction. 

In  Fig. 3c we i l lustrate  a t ransmission electron micro- 
graph taken from sample I (n -- 8 • 10 TM cm-3) .  The 
portion of the epitaxial  layer  i l lustrated here was lo- 
cated in the uppermost  region of the compositional 
grading layer  (just prior to the junc t ion-conta in ing  
constant-composition region),  which accounts for the 
expected orthogonal ar ray  of "grading" or misfit dis- 
locations (12). More importantly,  however, is the fact 
that  there is no evidence of second-phase precipitates 
in  sample I, which is in sharp contrast  to the numerous  
imperfections of this type i l lustrated in  Fig. 3d for the 
more heavily doped In l -zGaxP  specimen (sample II) .  
The dark circular particles in Fig. 3d are thought  to be 
precipitates, since their  contrast was found to reverse 
when  standard dark-field imaging was employed. The 
precipitates in Fig. 3d are as large as 700A and occur 
with a density of about 1014 cm -3. Positive identifica- 
t ion of the precipitates could not be made, however, 
since no extra spots appeared in the electron diffrac- 
t ion pa t te rn  for sample II; hence the na ture  of the pre- 
cipitates is unknown.  

Also shown in Fig. 3d are stacking faults, which oc- 
cur with a l inear  density of about 3 • 103 cm -1. The 
projection of these faults on the (100) plane (as shown 

in Fig. 3d) was found to be predominant ly  parallel  to 
one of the two orthogonal [011] directions, much as 
was the surface s tructure shown in Fig. 3b. 

In previous luminescence studies with other III-V 
compounds (8-10, 13), a decrease in the luminescence 
efficiency at high donor concentrat ions has been at- 
t r ibuted to the generat ion of nonradia t ive  recombina- 
t ion centers associated with precipitat ion of the do- 
pant  impurity.  In part icular  Ga2Te3 precipitates have 
been identified at Te concentrat ions greater than about 
3 • 10 TM cm -3 in GaAs layers prepared by l iquid-phase 
epi taxy (13). At this stage of our investigation, we 
cannot conclusively specify whether  the precipitates 
or the stacking faults, or both, in Fig. 3d are responsi- 
ble for the photoluminescence degradation observed at 
moderately  large Se concentrations.  However, based on 
the presence of stacking faults in three of the four 
samples ul t imately  described in this section, even in a 
l ightly doped p- type sample where no photolumines- 
cence or surface degradation was observed, we suspect 
the precipitates as the pr imary  cause of the degradation 
found at moderately large Se concentrations. The 
stacking faults may be related to residual  work damage 
in the substrates. 

In  order to s imilar ly examine the effects of Zn dop- 
ing concentrations on the photoluminescence charac- 
teristics, a series of eight Zn-doped In1-~GaxP layers 
(x ~ 0.5-0.6) with acceptor concentrations between 
5 )< 1017 cm -3 and 1 X 10 TM em -3 were deposited epi- 
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taxial ly  on GaP substrates. The near -bandgap  photo- 
luminescence intensi ty for these samples is i l lustrated 
in  Fig. 4 as a function of the measured In l -~GaxP 
hole concentrations. As shown here, the photolumines- 
cence intensi ty  increases with increasing Zn concen- 
trat ions between 5 • 1017 and 3 • 1013 cm -s, but  drops 
by near ly  two orders of magni tude for Zn concentra-  
tions increased fur ther  to values as large as 1.2 • 1019 
cm -3. At the  opt imum acceptor concentrat ion of 3 X 
10 TM cm -3 the photoluminescence intensi ty was com- 
parable  in  magni tude to that  for the Se-doped 
Inl -xGa=P layers doped to the opt imum donor concen- 
t ra t ion of about 1 >< 101~ cm -3. 

From the photoluminescence data of Fig. 4, it  is 
clear that  diffusion conditions which result  in large Zn 
concentrat ions near  the p-n junct ion  should be avoided 
in vapor-grown Inl-xGaxP.  The fact that Holonyak 
and co-workers (14) have found that improved elec- 
t roluminescent  junct ions can be prepared in melt-  
grown Inl -xGa=P by utilizing an I n ( 9 0 % ) - Z n ( 1 0 % )  
source (to reduce the surface concentrat ion of Zn in 
the diffused wafer) is consistent with our data, and 
suggests that  the doping dependence of the lumines-  
cence efficiency shown in  Fig. 4 may be applicable to 
p-type In l -xGaxP prepared by other crystal  growth 
techniques. 

As was the case for the Se-doped In l -~GazP layers, 
the fall-off in the photoluminescence intensi ty  at high 
Zn carrier concentrat ions was accompanied by a deg- 
radat ion of the surface appearance of the epitaxial 
layers, as shown in Fig. 53 and b. Here, the surface 
appearance of a l ightly Zn-doped Inl -=Ga~P vapor- 
grown layer (sample III  in  the photoluminescence data 
of Fig. 4) is compared wi th  that  for a s imilarly grown 
layer  doped with Zn to a carrier concentrat ion of about 
1 • 1019 cm -3 (sample IV in Fig. 4). The surfaces are 
very  similar to those previously i l lustrated for small 
and large donor concentrat ions in  Se-doped Inl -xGa~P 
layers. Notably, the heavy Zn-doping in  Fig. 5b has 
resulted in an orthogonal array of disturbances which 
lie parallel  to both [011] directions in the (100) planes, 
but  the surface of the sample with lighter Zn doping 
(~1  • 1018 cm -3) is not perceptibly disturbed. 

To determine the cause of the surface deterioration 
and the photoluminescence degradation at high Zn dop- 

ing concentrations, the two samples i l lustrated in  Fig. 
5a and b also were examined by t ransmission electron 
microscopy. A transmission electron micrograph of the 
Zn-doped constant-composit ion layer  of sample III  
(p = 1 • 1018 cm -3) is shown in Fig. 5c. The inclined 
dislocations observed here are typical of a vapor-grown 
constant  composition layer  that  has been deposited 
above a compositional grading region. The specimen 
also was found to contain stacking faults whose density 
was 1 • 103 cm -1 and whose intersections with the 
(100) specimen surface were parallel  to both the [011] 
and [011-] directions. In  this sample there was no evi- 
dence for precipitates, which was also the case for the 
lightly doped (Se) n- type In i -=GaxP layer discussed 
previously (Fig. 3). 

Sample IV was also Zn-doped, but  with a carrier 
concentrat ion of 1 • 1019 cm-S. A transmission elec- 
t ron micrograph of this sample is shown in Fig. 5d. The 
black circular features are precipitates, which have a 
diameter of about 500A and a density of 1 )< 1014 cm -3. 

The precipitated phase in Fig. 5d was identified as 
Zn~P2 from an electron diffraction pa t te rn  obtained 
from the same region of the specimen as that  shown in 
Fig. 5d. In  addit ion to the normal  100 mat r ix  spot pat- 
tern, addit ional  spots (sometimes defining portions of 
rings) also were seen, due to the presence of the pre-  
cipitates. The in te rp lanar  spacings (d-spacings) of the 
extra  reflections are presented in Table I. Here, we see 
that the observed values of the d-spacings agree with 
the reported values for te tragonal  ZnaP2 to bet ter  
than  3%. Dark-field imaging of the extra  spots and 
part ial  r ings was observed to cause contrast  reversal  
of the precipitates in Fig. 5d, showing that  the extra 
reflections arise from the precipitates. 

It is reasonable to assume that the Zn~P2 wil l  be ori- 
ented in the In l -xGaxP mat r ix  so as to minimize the 
misfit energy at the interface between the precipitate 
and the matrix.  In  order to determine this orientation, 
we have compared the observed values of d for ZnsP2 
with the calculated d-spacings for the In l -xGaxP sam- 
ple IV (x = 0.48; ao = 5.667A). From such a comparison, 
we find equivalent  values for d~0 of Ino.~2Gao.4sP and 
d~0o of Zn~P2: for d200 of In0.~2Ga0.4sP and d~20 of ZI~P2, 
and for don of Ino.52Ga0.4sP and d002 of Zn3P2. These cor- 
respondences indicate that  the Zr~P2 tetragonal  crystals 
can be incorporated into the In0.~2Ga0.4sP with min imal  
misfit s train with one un i t  cell of Zn3P2 replacing four 
uni t  cells of In~.52Ga0.48P. We should stress, however, 
that the orientat ion of the Zn3P2 described here is 
based on the lattice parameter  for In l -xGa=P at x = 
0.48, the composition of sample IV. At significantly 
different alloy compositions, the precipitates could not 
be expected, a priori, to orient identically. 

Finally,  stacking faults also were seen in sample IV, 
whose traces on (100) were parallel  to both [011] and 
[011]. The faults were observed in approximately  

Table I. Reported and measured values of the interplunar spacing 
for tetragonal Zn3P2 

d - v a l u e s  

h k l  R e p o r t e d  * M e a s u r e d  

202 3.29 3.35 
2.92 

004, 220 2.84 
2.75 

204 2.32** 2.39 
400, 224 2.01 2.025 
4 2 2 , 2 0 8  1.72 1.76 
008 L 4 2  1.45 
426, 602 1.31 1.31 
408, 624 1.16 1.17 

4210,  646 0 .963 0.982 

22i-2 0.901 0.921 

4012 0.859** 0.868 
2 2 ~  0."/83* * 0.808 

* A S T M  2-1264.  
** C a l c u l a t e d  u s i n g  a = 8 .04A;  c = l l . 4 A ,  



960 J. Electrochem. Soc.: SOLID-STATE SCIENCE AND TECHNOLOGY July 1973 

Fig. 5. Optical photomicrographs (a and b) and transmission electron micrographs (c and d) of Zn-doped Inl-=GaxP layers. For sam- 
ple Ill, p ,~ l x lO i s  cm-3;  for sample IV, p - ~  1 x I0 I9 cm -a.  The photoluminescence response of samples II I  and IV are illustrated in 
Fig. 4. 

equal densities (1 • 104 cm - t )  in each of these direc- 
tions. 

A summary of the photoluminescence intensity, sur- 
face appearance, and TEM evaluation of samples I 
through IV is given in Table II. From this table (or 
from Fig. 3 and 5), it is clear that precipitates are 
formed at moderate-to-large donor and acceptor con- 
centrations in Se- and Zn-doped vapor-grown 
Inl-xGa~P. Table II also illustrates the strong correla- 
tion between the presence of the precipitates and a 
degradation in the surface appearance and the photo- 
luminescence efficiency of the layers. Since the density 
of the precipitates for both the Se- and Zn-doped 
Inl-xGaxP i$ about 1014 cm-3, the mean separation be- 
tween precipitates is only 0.2 vm, which is probably 
much smaller than the minority carrier  diffusion 

lengths. Hence, it is not surprising that the precipitates 
would have an adverse effect on the recombination 
processes. It is not clear why these dopants have such 
adverse effects on the crystalline perfection at the 
somewhat modest doping concentrations observed here. 
We speculate that  the incorporation of the dopants to 
date is limited by the relative perfection of the crystal-  
line lattice during vapor-growth. In this regard, the 
present epitaxial layers are known to be somewhat 
strained by the observation of bowing in the substrate- 
epitaxy composite following growth, and by the ease 
with which the structures cleave on thinning with 
standard lapping and polishing techniques. Since the 
radiative recombination lifetime is inversely propor- 
tional to the active carrier concentrations, it is impor- 
tant that future efforts be concerned with increasing the 

Table II. Evaluation of Se and Zn doping concentrations in Inl-xGaxP 

S a m p l e  x D o p a n t  

P h o t o -  
l u m i n e s c e n c e  S u r f a c e  

n,p (cm -3) intensity appearance Faults (cm-*) 
Precipitates 

(cm-S) 

I 0.61 Se  8 • I0  le N o r m a l  E x c e l l e n t  N .D."  N.D.  
II 0.56 Se  5 • I0  I~ P o o r  P o o r  3 • los  I0~. 
III  0.58 Z n  1 • 10 TM N o r m a l  E x c e l l e n t  1 x 10 s N.D.  
I V  0.48 Z n  1 X 10 TM P o o r  P o o r  1 x 104 1014 (ZnsP2) 

�9 N.D.  d e n o t e s  n o n e  de tec ted .  
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donor and acceptor concentrat ions that can be in- 
corporated into the In l -xGaxP layers without  adversely 
affecting their  crystal l ine perfection. 

Spectra l  Charac te r is t i cs  
In  an earlier section, we i l lustrated (Fig. 1) typical  

photoluminescence spectra for n- type Inl-xGaxP,  and 
showed that  the emission contained two spectral peaks, 
a nar row intense near-bandgap peak in the visible re- 
gion of the spectrum and a weak but  broad infrarad 
peak located 0.4-0.5 eV less than  the bandgap energy. 
In  this section, we examine some of the parameters  
which have been found to affect the properties of both 
types of peaks. 

Near-bandgap emission.--The dependence of the 
near-bandgap photoluminescence peak on alloy com- 
position (as determined by x-ray diffraction measure-  
ments)  for our recent vapor-grown samples is illus- 
trated in Fig. 6. For In l -xGa~P layers with x less than  
about 0.60, the data closely follow the quadrat ic  equa- 
tion 

E(x)  = 1.35 + 0.735x + 0.70x 2 [lJ 

which was previously obtained by Stringfellow (15) 
from photoluminescence measurements  on In l -xGaxP 
layers prepared by l iquid-phase epitaxy. For values of 
x greater than about 0.6, the peak energy tends to fall 
below the value given by Eq. [1], in closer agreement  
to the quadratic dependence noted by Lorenz and 
Onton (3). The depar ture  from Eq. [1] noted in Fig. 
6 near x -- 0.6 is very similar to that  recently observed 
by McVittie (16) for l iquid-phase Inl -zGaxP.  A higher 
energy peak noted by Mabbit t  et al. (17) when high- 
pur i ty  (six 9's) In  and Ga were used as the sources 
was not observed for our vapor-grown In~-xGa=P, 
even though the pur i ty  of our metal  sources was also 
as high as can be obtained commercially (six 9's). 

The highest energy value observed for our photo- 
luminescence peaks was 2.238 eV at an alloy composi- 
t ion of x = 0.752. This data point and another at x -- 
0.743 lie slightly below the curves in Fig. 6, probably 
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Fig. 6. Photoluminescence emission peak at 300~ for Inl-xGaxP 
vapor-grown layers vs. mole fraction GaP in alloy. The solid curve is 
from photoluminescence measurements on LPE epitaxlal Inl-xGaxP 
by Stringfellow (15), and is given by Eq. [1] in the text. The 
upper and lower curves are from Ref. (34) and (3), respectively. 

due to distortion caused by the lower energy indirect  
conduction band min ima  at these compositions. Direct 
bandgap recombinat ion has been similarIy observed 
(18, 19) in alloys of GaAsl-=P= that  have compositions 
slightly on the indirect side of the direct- indirect  
transition. The phenomenon occurs because of the 
more efficient recombinat ion from the direct bandgap 
mi n i mum and the small but  finite electron populat ion 
in the direct conduction band minimum, even when its 
energy is higher than that of the subsidiary indirect 
minima.  

The fact that the photoluminescence energy at 300~ 
is approximately the same for both n- type (Se) and 
p-type (Zn) In l -xGa~P is surpris ing since the donor 
and acceptor ionization energies in vapor-grown 
In0.49Ga0.51P have been found to differ substant ia l ly  
(--59 meV for Zn; --8 meV for Se) (20, 2I) ,  and since 
radiative transi t ions involving these impur i ty  states 
would be expected to predominate  in extrinsic 
material.  The electroluminescence spectra are indeed 
shifted to lower energies by typically 30-50 meV 
relative to the photoluminescence spectra, however, 
this shift is due to selective high-energy absorption 
of the junct ion emission, as evidenced by the fact that 
photoluminescence peaks on the n- and p-sides of p~n 
junct ion structures do not differ substant ia l ly  in energy, 
consistent with the t rend in Fig. 6. These results 
suggest that  band- to-band or exciton recombinat ion 
processes (rather than conduction band-acceptor transi-  
tions) occur in the p- type vapor-grown layers, perhaps 
as a result  of the relat ively light doping concentrat ions 
employed here. The fact that the dominant  radiative 
recombinat ion at room temperature  is band- to-band 
in p-type In l -~GaxP has been confirmed by Bachrach 
and Hakki (22) for l iquid-phase layers and by Kressel 
et al. (21) for vapor-grown layers. 

The emission energy and the spectral half-width of 
the near-bandgap peak also would be expected to vary  
significantly with doping concentrat ion due to the 
interaction of the impur i ty  atoms at high doping con- 
centrations. In a te rnary  alloy, such as Int-~GaxP, 
the dependence of the peak emission energy on doping 
concentrat ion is difficult to ascertain due to difficulty 
in precisely controll ing the nominal  composition of 
the alloy during crystal growth. However, the spectral 
broadening which occurs due to the smearing of the 
conduction or valence band  edges with donor or ac- 
ceptor states, respectively, can be evaluated, even when 
the alloy composition varies slightly from wafer to 
wafer. In  Fig. 7 we il lustrate this dependence for the 
series of Se-doped (n-type) and Zn-doped (p-type) 
In l -zGazP  vapor-grown layers that  were used for the 
optimization of the photoluminescence intensi ty  on 
donor and acceptor concentrat ions (Fig. 2 and 4, 
respectively).  Two effects are apparent  here. First, 
for a given carrier concentration, the half-widths span 
a range of values (e.g., the half-widths vary  between 
80 and 100 meV for Se-doped In1-~GaxP samples doped 
to a carrier concentrat ion of 5 • 1017 cm-3) .  This  
spread is almost certainly due to fluctuations in the 
compositional homogeneity of the layers, as discussed 
in more detail in the first paper (6) of our recent study. 
Second, for both n-  and p-type samples, the spectral 
half-widths of our vapor-grown Inl-~Ga=P increase 
more rapidly with doping than do the half-widths  
previously reported for n -  (10, 23) and p-type (10) 
GaAs at room temperature.  At low doping concentra- 
tions, the half-widths of our samples are close to those 
for l ightly doped GaAs (40 meV).  

Although the GaAs curves in Fig. 7 were taken with 
electron beam excitation, the difference in penetrat ion 
depths (2-4 ~m for the electron beam excitation, 0.5-1 
um for our laser excitation) for our photoluminescence 
and the previous cathodoluminescence would not be 
able to account for the differences i l lustrated in Fig. 7. 
To confirm this, photoluminescence measurements  also 
were taken on a series of about 10 vapor-grown Zn-  
doped GaAs layers for which Hall measurements  had 
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Fig. 7. Spectral half-width at room temperature vs. free carrier 
concentration for $e-doped (top) and Zn-doped (bottom) Inz-zGaxP 
with x ,~ 0.5-0.6, The dashed curves in the top figure are from 
cathodoluminescence measurements by Cusano (10) and by Cosey 
and KaZser (23). The open circles in the bottom figure are from our 
photoluminescence measurements on Zn-doped vapor-grown GaAs. 

been previously taken.8 As indicated by the round 
data points in  the bottom graph of Fig. 7, photolumi- 
nescence measurements  taken with the same apparatus 
as that used for the In l -xGaxP show that the disparity 
in the dependence of spectral half-width on impur i ty  
concentrat ion for p-type In l -xGaxP and GaAs is gen- 
uine. It  remains  for us to determine whether  this dif- 
ference is fundamenta l ly  related to the s tructure of 
the energy bands and impur i ty  states in In l -xGaxP or 
to residual inhomogenei ty  in our present  vapor-grown 
layers. 

Low-energy emission.--In an early section of this 
paper, we i l lustrated (Fig. 1) that  the photolumines-  
cence spectra contained a broad infrared peak located 
0.4-0.5 eV below the near-bandgap peak. A low-energy 
peak such as this is undesirable  since the radiat ion 
responsible for it is not visible to the eye, and hence 
does not contr ibute  to the useful brightness of the 
electroluminescent  diode. In  addition, the significant 
breadth of the low-energy peak (~1600A) magnifies 
its contr ibut ion to the total ( integrated) radiat ive 
emission. Fortunately ,  the intensi ty  of the low-energy 
emission has a subl inear  dependence on current  density 
(or incident photon density for the case of photolumi- 
nescence) which is characteristic of deep energy states 
where the recombinat ion rate is proportional to the 
concentrat ion of a single carrier ( ra ther  than both 
electrons and holes) (24). Hence, the low-energy peak 
tends to saturate at moderate  inject ion levels. 

In  our early In l -xGaxP vapor-grown mater ia l  (1), 
the broad low-energy emission usual ly dominated the 
photoluminescence or electroluminescence spectra. 
However, as the crystal l ine perfection of the mater ial  
has improved throughout  the course of our recent  in- 
vestigation (6), the peak intensi ty  of the near-bandgap 
emission has been found to increase by orders-of- 
magni tude  relat ive to that  of the low-energy emission. 

S The  samples  we re  p r e p a r e d  b y  R. E. E n s t r o m .  J. B. Appe r t ,  
H. F. G o s s e n b e r g e r ,  M. E t t e n b e r g ,  a n d  T. Z a m c r o w s k i ,  of R C A  
L a b o r a t o r i e s .  
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Fig. 8. Photoluminescence spectral ratio R (intensity of near- 
bandgap peak divided by intensity of low energy peak) vs. free 
electron concentration for vapor-grown n-type samples of 
Inl-xGaxP with x ,~ 0.5-0.6. 

Defining a spectral ratio, R, as the ampli tude of the 
near -bandgap  peak divided by the ampli tude of the 
low-energy peak, values of R as large as 20,000 have 
been observed in the photoluminescence spectra of our 
recent material.  It should be made clear that  the 
spectral ratios used throughout  this section do not take 
into account the integrated response of the two peaks. 
Ratios based on integrated responses would be about 
eight times smaller  than  used here due to the breadth 
of the low-energy peak. 

It is not surpris ing that  the spectral ratio R has in- 
creased to some extent  with the improvements  in 
crystal quality,  since any increase in  the radiat ive 
efficiency of the mater ia l  is reflected more strongly in  
a two-carr ier  near -bandgap recombinat ion process 
than  in a single-carrier  low-energy  process (25). How- 
ever, even a three-order-of-magni tude increase in the 
radiat ive efficiency would increase R by only a factor 
of about 30; 4 hence, the extremely large spectral ratios 
described above reflect, at least in part, a real reduc- 
t ion in  the centers responsible for the low-energy 
emission relat ive to those responsible for the near-  
bandgap emission. 

Although we have not conclusively determined the 
origin of the low-energy  emission, several of its pre-  
dominant  characteristics have been  established, and 
are described here. First, from an examinat ion  of a 
large number  of n- and p-type vapor-grown samples, 
we have found that  the peak of the infrared emission 
occurs at about the same energy (at any part icular  alloy 
composition) for both conductivi ty type layers, but  
that the peak is usual ly  more prominent  in  the n- type 
layers. In  addition, the magni tude  of the low-energy 
emission (relative to the near-bandgap emission) 
increases with increasing Se donor concentration,  as 
indicated by the decreasing spectral ratio i l lustrated 
in Fig. 8. For the most l ightly doped samples here, the 
low-energy emission was so weak that it was not 
readily discernible from the background noise. How- 
ever, ratios of 5000-20,000 were estimated as the mini-  

In  ref. (25) we  s h o w  t h a t  M a y b e r g  and  B lack ' s  ana ly s i s  (24) of  
b a n d - t o - b a n d  and  l o w - e n e r g y  r e c o m b i n a t i o n  processes  r e s u l t  i n  an  
e x p r e s s i o n  r e l a t i n g  R to  the  r a d i a t i v e  q u a n t u m  efficiency,  y, DY an  
e q u a t i o n  • = (cons tant )  ~m, w h e r e  m is a cons t an t  w h o s e  v a l u e  is 
t y p i c a l l y  1/=. 
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m u m  values  possible for R, based on the  magni tude  of 
the  background  noise (at  the expected  wave leng th  for 
the  low-energy  emission) under  our most  sensi t ive 
detect ion conditions. The  da ta  of Fig. 8 show tha t  t h e  
spect ra l  ra t io  var ies  be tween  a va lue  of about  200 at  
high Se doping levels  to about  20,000 at  low donor 
concentrat ions.  No corre la t ion was observed be tween  
t h e  in tens i ty  of the  in f ra red  peak  in p - type  ma te r i a l  
and the Zn acceptor  concentrat ion.  The dependence  of 
R on the Se concentra t ion  s t rongly  suggests tha t  the  
low-energy  emission is the  resul t  of a t rans i t ion  be- 
tween  a Se donor s ta te  (or a defect  r e la ted  to the 
incorpora t ion  of Se) and a deep- leve l  s tate which,  as 
yet, is unidentif ied.  

The spectra l  ra t io  also was found to va ry  signifi- 
can t ly  wi th  al loy composition, as shown in Fig. 9. 
Al though  the  in tens i ty  of both the  n e a r - b a n d g a p  and 
the low-energy  peaks  for these samples  va r ied  widely  
due to differences in the i r  c rys ta l l ine  perfection,  the  
rat io  of the  intensities,  R, decreased monotonica l ly  
over  nea r ly  th ree  o rders -o f -magni tude  for I n l - x G a x P  
a l loys  wi th  x increasing be tween  0.45 and 0.72. The 
genera l  t r end  responsible  for this  var ia t ion  was a 
s trong decrease in the  nea r -bandgap  peak  due to the  
d i rec t - indi rec t  t rans i t ion  and a re la t ive ly  unchanging 
low-energy  peak.  A s imi lar  decrease in R wi th  increas-  
ing al loy composition, x, has r ecen t ly  been observed 
for our me l t -g rown In l -~Ga~P samples  (26), a l though 
for this  ma te r i a l  much smal le r  ra t ios  R were  observed 
at  any  par t i cu la r  va lue  of x (i.e., l ow-energy  peaks  
were  much  more  intense for the  me l t - g rown  ma te r i a l ) .  
The s t ronger  low-energy  emission for the  me l t -g rown 
mate r i a l  is consis tent  wi th  increased contaminat ion  
(perhaps  O2), since s ignif icant ly h igher  growth  t em-  
pe ra tu res  (950~176 and longer  growth  t imes  (2-4 
weeks)  a re  needed for I n l -xGaxP  p repa red  in this 
fashion. 

I t  is not  c lear  whe the r  the  decrease  in R wi th  in- 
creasing al loy composit ion (Fig. 9) is r e la ted  to the  
electronic pa rame te r s  of the I n l - x G a z P  al loy sys tem 
or to the  chemis t ry  of p repar ing  the  al loys wi th  differ- 
ing composit ion.  I t  should be noted, however ,  that  the 
low-energy  emission also has been observed to become 
more impor tan t  for vapor -g rown  layers  of GaAs l - zP~  
wi th  GaP- r i ch  al loy composi t ions (19). 

Electroluminescent Diodes 
Most of the  Zn-doped layers  p r epa red  for the  opt i -  

miza t ion  of the  acceptor  concentra t ion  were  deposi ted  
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GaP, x, for n- and p-type In t -xGazP at 300~ 

ep i t ax ia l ly  as the  uppermos t  l ayer  of a p-n junct ion  
structure,  so tha t  the junct ion  e lect roluminescence 
character is t ics  could be compared  wi th  the  photo lumi-  
nescence from the  Zn-doped  layers.  Fo r  e lect rolumi-  
nescent  diode fabricat ion,  the GaP subs t ra te  was 
th inned to wi th in  about  125 ~,m of the  In l -~GaxP epi-  
t ax ia l  surface by  s t andard  lapping  and polishing tech-  
niques. Ohmic contacts  were  evapora ted  to the  s truc-  
ture  in the form of a A g - I n - Z n  film to the  p - type  
ep i tax ia l  l ayer  and  as an a r r a y  of Au-Sn,  fo l lowed by  
Ag, dots to the n- type  GaP substrate .  Ind iv idua l  diodes 
about  1 m m  square were  c leaved f rom the  wafer  and 
moun ted  on a TO-5 t rans is tor  header  wi th  the  p - type  
ep i tax ia l  l aye r  ad jacent  to the  header .  Au  wires  1.5 
mils  th ick  were  u l t rasonica l ly  bonded to the Au-Sn ,  
Ag dots to complete  device fabricat ion.  

The junct ion rad ia t ion  f rom such s t ructures  was  
di rec ted  p r imar i l y  th rough  the uppermost  surface of 
the  GaP substrate.  This geomet ry  is pa r t i cu la r ly  
a t t rac t ive  for l ight -emi t t ing  diodes since the  emission 
energy f rom the I n l - z G a x P  junct ion  is much less than  
the bandgap  energy  of the  GaP substrate,  the reby  
a l lowing the junct ion rad ia t ion  to pass th rough  the 
subs t ra te  wi th  ve ry  l i t t le  absorption.  A s imi lar  tech-  
nique, employing  a l a rge -ene rgy -bandgap  "window," 
prev ious ly  was used to enhance the  ex te rna l  efficiency 
of GaAs~-xP~ vapor -g rown  e lect roluminescent  diodes 
(9). 

For  the  series of e lec t ro luminescent  diodes discussed 
below, the donor concentra t ion  was held  at  about  8 
X 10 TM cm -~, which  was close to op t imum for photo-  
luminescence efficiency in the  n- type  In l -xGa~P.  The 
thickness  of both  the  n- and p - t y p e  vapor -g rown  layers  
was he ld  at about  10 ~m. The ex te rna l  quan tum effi- 
ciencies for the  series of In~-xGa~P diodes were mea -  
sured wi th  a silicon solar  cell  p laced  in close p rox imi ty  
to the  uppermos t  emi t t ing  surface of the  e lect rolumi-  
nescent  diodes. A d-c cur ren t  dens i ty  be tween  5 and 
10 A / c m  2 was used for the  efficiency resul ts  descr ibed 
in this  paper .  

In  Fig. 10 the  re la t ive  e lect roluminescence efficiency 
of the  vapor -g rown  p-n  junct ions  is p lo t ted  as a function 
of the  Zn doping in the  uppermost  p - type  ep i tax ia l  
layer .  Also shown for comparison is the  re la t ive  nea r -  
bandgap  photoluminescence in tens i ty  for the  p - type  
layer  as a funct ion of the  Zn doping concentra t ion 
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(previous ly  i l lus t ra ted  in Fig. 4). F r o m  Fig. 10 we see 
tha t  the electrolurninescence efficiency has a m a x i m u m  
value  at  the  same Zn acceptor  concentra t ion (,~3 • 
1016 cm - s )  as that  which resul ts  in the m a x i m u m  
photoluminescence intensi ty.  In  fact, f rom the s imi lar -  
i ty  in the  shape of the  e lectroluminescence and photo-  
luminescence dependences  on the Zn concentrat ion,  it  
is c lear  that  the dominant  e lectroluminescence emission 
or iginates  on the p-s ide of the junction,  which  is the  
origin of the  p - type  photoluminescence.  In  addit ion,  
f rom the manne r  in which both the photoluminescence 
and electroluminescence intensi t ies  drop off a t  large  
Zn concentrations,  i t  is apparen t  tha t  the  de ter iora t ion  
of the surface  perfec t ion  and the presence of Zn3P2 
precip i ta tes  p rev ious ly  noted also significantly l imi t  
the  per formance  of the  In l -xGaxP  p-n  junctions.  

The p - n  junct ions  p repared  wi th  donor (Se) and 
acceptor  (Zn) concentra t ions  tha t  were  op t imum for 
m a x i m u m  photoluminescence intensi t ies  also y ie lded  
e lec t roluminescent  diodes wi th  the  highest  ex te rna l  
quan tum efficiencies tha t  we have ye t  a t ta ined for 
In l -xGa~P.  As i l lus t ra ted  in Table  III, ex te rna l  effici- 
encies of 5 to 10 • 10 -4  were  obta ined  for unencapsu-  
la ted  diodes f rom severa l  different  vapor -g rown  s t ruc-  
tures  tha t  emi t ted  in the  range  of 6100-6600A at room 
tempera ture .  With  s imple plastic encapsulat ion,  the 
ex te rna l  efficiencies increased by  about  a factor  of 
two, as expected,  to values  of about  10 -s .  Fo r  al l  of 
the  s t ructures  l is ted in Table  I I I  (wi th  the single ex- 
cept ion of sample  8-13, DE) the  spect ra l  ra t io  R (near-  
bandgap  to in f ra red  peak  in tens i ty)  was be tween  50 
and 500 at a d-c  cur ren t  densi ty  of 10 A/cm2, i l lus- 
t ra t ing  tha t  the  emission spectra  consisted p r imar i l y  
of the desired n e a r - b a n d g a p  emission. I t  should be 
noted, however ,  that  the  spect ra l  rat ios  observed in 
the  e lec t ro luminescent  diodes and en te red  in Table  
I I I  were  somewhat  smal ler  than  those observed in the  
photoluminescence spect ra  of e i ther  n- or p - type  
Inz-xGaxP (see for example  Fig. 7). This p robab ly  is 
due to the  fact  tha t  the  car r ie r  genera t ion  levels  are  
h igher  for the  optical  exci ta t ion than  for the junct ion  
excitat ion,  and due to the known sa tura t ion  of low- 
energy peaks  at  high exci ta t ion  levels. 

Visually,  the  br ightes t  diode of those l is ted in Table  
I I I  was sample  8-24, D3, for which an es t imated br ight -  
ness (per  uni t  cur ren t  densi ty)  of 317 f t - l umens /A-cm 2 
was ca lcula ted  (27). This value  is close to the best  
r epor ted  for an In l -xGa~P  p - n  junct ion at room tem-  
p e r a t u r e  [320 f t - l u m e n s / A - c m  -2, s imi la r ly  ca lcula ted  
(5) for a Zn-diffused p -n  junct ion in mel t -g rown 
In l -xGa~P  (28)].  The fact tha t  the  vapor -g rown  diodes 
are  p r epa red  f rom la rge-a rea  s ingle-crys ta l  ep i tax ia l  
l ayers  s ignif icant ly enhances the i r  ease of fabr icat ion 
and device yie ld  compared  to those p repa red  infre-  
quent ly  and nonreproduc ib ly  f rom unor iented  poly-  
c rys ta l l ine  mel t -g rown ingots of In l -=GaxP.  

The f o r w a r d -  and r eve r se -b i a s  I-V character is t ics  of 
p-n junct ion s t ructures  p repa red  wi th  op t imum im- 
pu r i ty  concentrat ions and the recent  ref inements  des- 
cr ibed in our vapor -g rowth  process (6) were  found 
to be ve ry  free of l eakage  currents,  as shown in Fig. 
11. In  contrast ,  the character is t ics  of most previous  
me l t -g rown or vapor -grown junct ions were  dominated  
by  large  leakage  cur ren ts  typ ica l ly  on the  order  of 

Table IlL Efficiency values for Inl-xGaxP vapor-grown 
electro[uminescent diodes 

S a m p l e  

L u m i n e s c e n c e  
e f f i c i ency  

X (~m) ( l u m e n s / W )  ~ext* 

S-10, D5 
8-13, D E  
S-17, D1 
fl-24, D3 
8-26, D9 

0.6650 31 6.1 x 10-~ 50 
0.6225 239 8.9 x 10-~ 3.0 
0.6185 271 4.0 X 10-r 50 
0.6170 283 5.9 • 10-~ 200 
0.6650 31 8.1 x 10 -4 500 
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Fig. !1. I-V characteristics at room temperature for vapor-grown 

Inl-xGaxP electroluminescent diode (sample 8-24, D3). Diode 
area is ~ 10 - 2  cm 2. Note that the origin has been displaced three 
squares to the right of center. 

mil l i amperes  at comparable  voltages, and "soft" low-  
vol tage  reverse  b reakdown  character is t ics  indicat ive  
of junct ion  imperfect ions.  The sharp ava lanche  b r eak -  
down at 30.5V corresponds to a donor concentrat ion of 
8.2 • 1016 cm -3, based on Sze and Gibbon 's  (29) re la -  
tionship5 be tween b reakdown  voltage, energy  bandgap,  
and doping concentra t ion for an abrup t  semiconductor  
p-n  junction. This va lue  is in good agreement  wi th  t~he 
in tended "opt imum" donor concentra t ion of Fig. 2, 
which was used for the fabr ica t ion  of this  series of 
diodes. At  fo rward-b ias  cur rents  significantly l a rge r  
than  those of Fig. 11, a series resis tance of several  
hundred  ohms was observed,  which is a t t r ibu ted  
p r imar i l y  to resis t ive contacts  to the  GaP substrate.  
Fo r  Ino.sGao.sP vapor -g rown  junct ions  deposited,  in- 
stead, on GaAs substrates,  the  series resis tance was 
el iminated,  and  both the  cur ren t  and the l ight  in tens i ty  
fol lowed a re la t ionship  of the  form e x p ( q V / l k T )  at  
cur ren t  densi t ies  grea ter  than  about  10-2 A-cm 2. Such 
a dependence  is indicat ive of classical  in ject ion over  a 
junc t ion  barr ier ,  and is s imilar  to that  observed in our 
vapor -g rown  In~Gal -=As  p - n  junct ions  (30). 

In jec t ion  Laser  Diodes 
Pr ior  to our investigation,  Holonyak  and co -worke r s  

(31) had  demons t ra ted  tha t  me l t -g rown crys ta ls  of 
I n l -xGaxP  could suppor t  laser  emission to wave lengths  
as short  as 5800A at 77~ when  the bu lk  crys ta ls  were  
exci ted optically.  However ,  only  a single repor t  of 
laser  action in In l -~GaxP p-n junct ions had  been made 
(14), this  being for me l t -g rown mate r i a l  into which 
a p-n  junct ion  was formed by  Zn diffusion. For  such 
junctions,  the  threshold  cur ren t s  were  ve ry  high 
(67,000 A / c m  2 at  77~ even for InP- r ich  al loys where  
the  emission was in the  in f ra red  (at  7600A). The 
difficulty in previous ly  obtaining lasers  was c lear ly  
re la ted  to the lack  of good crys ta l l ine  perfect ion at  
the  semiconductor  p -n  junction.  

The laser  diodes tha t  we p repa red  have been  des- 
cr ibed e lsewhere  (27). For  completeness,  w e  mere ly  
note here  that  the v a p o r - g r o w n  laser  diode s t ructures  
were  ident ical  to those descr ibed in the  previous  sec- 
tion, and were  p repa red  wi th  the  op t imum donor and 
acceptor  concentrat ions descr ibed in this  work,  af ter  
making  the improvements  in the  crys ta l l ine  perfect ion 
discussed in the  preceding pape r  (6). The charac ter -  
istics of the vapor -g rown  In l -xGaxP  lasers  are  sum- 
mar ized  in Table  IV, which is t aken  f rom Ref. (27). 
To our  knowledge,  the  emission at  6105A is the shortest  
wave length  tha t  has ye t  been repor ted  f rom a p-n  
junct ion laser  diode, and is the  first example  of orange 
coherent  emission f rom such a device. The  threshold  
cu r ren t  densit ies of 4000-6000 A / c m  2 indicated in Table 

VB = 60 (E~/1.1)a/2 (N~/101e)-8/~, w h e r e  VB is  t h e  b r e a k d o w n  
v o l t a g e ,  Eg i s  t h e  e n e r g y  b a n d g a p ,  a n d  Nd is t h e  d o p i n g  c o n c e n -  
t r a t i o n  on  t h e  m o r e  l i g h t l y  doped side of an  a b r u p t  s e m i c o n d u c t o r  
p - n  j u n c t i o n ,  
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Table IV. Emission wavelength and threshold current density at 
80~ for short-wavelength-emitting p-n junction losers 

Emission J t h  
M a t e r i a l  w a v e l e n g t h  (A) ( A / c m  ~) Refe rence  

In l -~GaxP 6105, 6130, 6145 5.9 • 103 27 
In l -~Ga~P 6180 4.1 • l 0  s 27 
AlxGal -zAs  6280 6 x iO 8. 32 
GaAsl-zP= 6350 2.5 • I05 33 

* For  close c o n f i n e m e n t  h e t e r o j u n c t i o n  s t r u c t u r e  w i t h  2 ~m ac- 
t i ve  reg ion .  

IV compare  favorab ly  wi th  those f rom GaAs l -xPx  and 
Al~Gal -xAs  at shor t  emission wavelengths ,  and demon-  
s t ra te  tha t  the 6100A emission is not l imited severe ly  
by  loss of carr iers  to the  subs id iary  indirect  conduction 
band minima.  The direct  band s t ruc ture  of In l -xGaxP  
should u l t ima te ly  be capable  of providing yel low co- 
heren t  emission f rom p-n junct ions  at  wavelengths  as 
short  as about 5700A at 77~ 

Conclusions 
A photoluminescence evaluat ion  of Se and Zn doping 

in In i -xGaxP  with  x -~ 0.5-0.6 has been carr ied  out 
for improved  vapor -g rown layers  deposi ted ep i t ax ia l ly  
onto GaP substrates.  The nea r -bandgap  photo lumi-  
nescence intensi t ies  at  300~ reach their  ma x imum 
values  at a Se donor concentra t ion of 1 X 1017 cm -3 
and at a Zn acceptor  concentrat ion of 3 • 10 TM cm -3. 
At  la rger  doping concentrations,  the  photoluminescence 
intensi t ies  decrease dras t ica l ly  due to the  int roduct ion 
of second-phase  precipi tates .  Fo r  heavy  Zn doping, 
t e t ragona l  Zn3P2 precip i ta tes  have  been identified, 
which tend  to fit into the  lat t ice of In0.52Ga0.4sP by  re -  
placing four unit  cells. 

The nea r -bandgap  photoluminescence emission peak 
for our vapor -g rown layers  ( 0 --~ x --~ 0.6) approxi -  
ma te ly  follows the quadra t ic  re la t ionship  previous ly  
de te rmined  by  St r ingfe l low (15). For  al loy composi- 
t ions wi th  0.6 < x < 0.74, the  peak  energy values  lie 
somewhat  lower than  predic ted  by  the quadra t ic  
equation. Spec t ra l  broadening  of the nea r -b a ndga p  
emission is observed for car r ie r  concentrat ions  la rger  
than  about  1 X 1017 cm - s  for n - type  In l -xGaxP  and 
7 • 10 TM cm -3 for p - type  In l -xGazP.  The extent  of 
the  broadening in the  present  vapo r -g rown  samples  
is more severe than  it is in GaAs. A low-energy  infra-  
red peak  located approx ima te ly  0.4-0.5 eV less than 
bandgap  is enhanced for al loys wi th  increased GaP 
concentrat ions  and in n- type  mate r i a l  wi th  increased 
Se donor concentrat ions,  but  under  all  condit ions is 
ex t r eme ly  weak  in in tens i ty  compared  to tha t  of the  
desired nea r -bandgap  peak. 

Vapor -grown p-n junct ions  p repared  wi th  the opti-  
mum Se and Zn car r ie r  concentrat ions yie ld  room- 
t empe ra tu r e  e lectroluminescence efliciencies be tween 
5 and 10 • 10 -4 at  wave lengths  be tween  6100 and 
6600A. F r o m  the improved  In t -xGa~P vapor -g rown  
junctions,  laser  diodes capable  of provid ing  coherent  
orange emission (6105A at 80~ wi th  threshold  cur-  
rent  densi t ies  be tween  4000 and 6000 A / c m  2 have been 
fabr ica ted  (27). 
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Solid-Solid Vacuum Diffusion Processes in Silicon 

R. Gereth, A. Kostka, and K. Kreuzer 
AEG-Tele]unken, Semiconductor Division, Heilbronn, Ger~zny 

ABSTRACT 

Two diffusion techniques  a re  descr ibed mak ing  use of doped sil icon wafers  
a s  the  diffusion source. The processes are car r ied  out e i ther  in an evacuated  
capsule  or inside a high vacuum furnace.  Using the capsule  technique,  boron 
and phosphorus  layers  in silicon have been produced,  wi th  sheet  resis tances 
rang ing  f rom approx ima te ly  20-4000 ohms /O ,  and junct ion  depths  be tween  
app rox ima te ly  0.3 and 15 ~m. Good un i formi ty  and reproduc ib i l i ty  of resul ts  
were  obtained,  wi th  re la t ive  var ia t ions  below 3% across one wafer ,  f rom 
wafer  to wafer,  and f rom run  to run. In  a series of boron diffusions, the  high 
vacuum technique y ie lded  resul ts  comparab le  to the capsule technique.  I t  
offers more  exper imenta l  f lexibi l i ty  but  requ i res  masking  layers  o ther  than  
SiOs f~r the product ion of p lanar  devices. 

The exact  and  reproduc ib le  control  of doping profiles 
is a fundamenta l  requis i te  for the  fabr ica t ion  of ad- 
vanced semiconductor  devices. S t a n d a r d  diffusion 
processes in open systems do not a lways  fulfill  these 
requirements .  Especially,  shal low diffused layers  
and /o r  low surface concentra t ions  are  ex t r eme ly  diffi- 
cult  to obtain using an open doping system. In add i -  
tion, dur ing  each predeposi t ion step included in open 
diffusion runs,  the semiconductor  body is heavi ly  
stressed by  the r a the r  high impur i t y  concentrat ions 
ar is ing f rom these processes. Crys ta l  s t ruc ture  damage,  
such as local la t t ice  defects  caused by  impur i ty  clusters,  
or dislocation ne tworks  caused by  par t i a l  stress r e -  
lease (1, 2) a re  the  consequences. These defects  lead 
to an  apprec iab ly  lower e lec t r ica l  qual i ty  of the  dif- 
fused a rea  and its surroundings.  

Some of the  problems can be overcome by diffusion 
techniques keeping dopant  concentrat ions  wel l  below 
the  sa tura t ion  value  dur ing  the high t empe ra tu r e  step. 
Severa l  successful a t tempts  have  been made  in recent  
years  using capsule diffusion (3, 4), diffusion f rom 
doped glasses (5), boron n i t r ide  source, or ion implan-  
ta t ion (6). This paper  deals  wi th  two modifications of 
the  sea]ed capsule  process proposed by  Armst rong  and 
Duffy (3). 

Using doped sil icon wafers  ins tead of powder  for  
the  diffusion source (4) offers advantages  in the  
handl ing  of the  source and the means  of surface con- 
cent ra t ion  ad jus tment  by  var ia t ion  of the  act ive source 
area  inside the  capsule. Detai ls  of this  method are  
repor ted  in the first pa r t  of this  paper .  

Limi ta t ions  of the capsule diffusion technique ar is-  
ing f rom insufficient mechanical  s tab i l i ty  and chemical  
impur i ty  of the  capsule ma te r i a l  may  be overcome by 
replac ing the capsule wi th  a high vacuum furnace.  The 
fea tures  of this  technique are  descr ibed in the  second 
pa r t  of this  paper .  

Sealed Tube Diffusion 
Experimental procedure.--Doped silicon s o u r c e  

wafers  and silicon wafers  to be diffused are  p laced  
inside an evacuated  capsule which is inser ted  into the  
diffusion furnace.  The basic  quar tz  components  em- 
p loyed are  shown in Fig. 1. The capsule  and the seal ing 
p lug  are  both fabr ica ted  f rom a quar tz  tube.  Typica l  
dimensions of the  capsule a re  300 m m  length, 45 m m  
diameter ,  and 2 m m  quar tz  thickness.  The quar tz  wafe r  
ca r r i e r  exhibi ts  ind iv idua l  grooves app rox ima te ly  1 m m  
apa r t  to t ake  up the wafers.  Al l  quar tz  par t s  are  
c l e a n e d  in an HF-HNOs-HCl -mix tu re ,  r insed  in dis- 
t i l led  water ,  and dr ied  in a furnace  of 400~ for  1 hr.  

The source wafers  are  cut, lapped,  and pol ished 
f rom a silicon rod doped wi th  the  des i red  mate r i a l  up 
to the  des i red  level.  They may  be used for  a large  

Key words: silicon diffusion processes,  solid source diffusion, 
closed tube diffusion, h igh  v a c u u m  diffusion. 
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number of diffusion processes. During each process, 
however, doping material concentration is reduced by 
outdiffusion from a region below the surface. In order 
to guarantee reproducible source conditions, the source 
wafers are immersed into a silicon etch to remove the 
depleted layer before each new diffusion run. As a 
rule of thumb, a layer thickness twice the produced 
junction depth is normally etched off. Immediately 
before capsule loading, both the source wafers and the 
wafers to be diffused are immersed in a dilute HF etch 
to remove all traces of surface oxide, because this 
oxide is able to mask the diffusion resulting in lower 
surface concentrations and shallower junction depths. 

For  the  diffusion run, the  wafers  are pu t  into the 
prev ious ly  cleaned quar tz  carr ier .  The  ent i re  assembly  
is then placed in the  quar tz  tube, which is evacua ted  to 
be t te r  than  10 -~ Torr,  hea ted  for 30 min  at approxi -  
ma te ly  500~ to d r ive  off al l  wa te r  residues,  and  sealed 
by  collapsing the outer  tube  upon the inner  one. The 
whole capsule is pu t  into the diffusion furnace,  which  
must  have a t he rma l  flat be t te r  than  I~ over  the  
ent i re  length  of the  capsule. Poor  the rmal  flats resu l t  
in nonuni form diffusion and in damage to the  silicon 
surface (7).  

The geometr ica l  a r r angemen t  of the  wafers  wi th in  
the  capsule  has  some influence on the diffusion results.  
A series of expe r imen t s  r evea led  the fol lowing evi-  
dence. If  al l  the  wafers  are  p laced  at  a d is tance of 
app rox ima te ly  1 m m  from each other, no var ia t ion  in 
resul ts  occurs by  de l ibe ra te ly  changing the posit ions 
of the  wafers  in the capsule. On the  other  hand, 
br inging  source and test  wafers  into in t imate  contact  
resu l ted  in a cer ta in  increase in measured  sheet  resist-  
ances. The observat ions  are  in good agreement  wi th  
the theory  of vacuum diffusion processes (8). The 
t r anspor t  mechanism in the  gas phase  is essent ia l ly  
contro l led  by  the  to ta l  pressure  in the  sealed tube  at  

(~  CAPSULE MADE OF QUARTZ TUBE 

(~ SEALING PLUG 

PUMP CONNECTION OPENING 

(~ CONTAINER FOR SOURCE WAFERS 

(~) WAFER CARRIER 

Fig. 1. Quartz parts used for sealed capsule diffusions 
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Table I. Typical diffusion conditions and results of capsule wafer 
diffusiont 

T t Co ( o h m /  X:l Cs* 
I m p u r i t y  (~ ( m i n )  (cm-S) r r ] )  (Am) ( cm "4) 

B o r o n  1200 600 2 • 101~ 0.85 24 14.5 1.5 x 10z~ 
60 5 • 10 TM 0.75 313 2.7 4 • 1018 

1165 120 5 • 10 ~8 0.75 320 2,7 4 x 1018 
1100 610 5 x 10 TM 0.95 280 2 .8  4 x I018 

60 5 x 1018 0.95 1650 0,7 2.5 x 10 TM 

1080 300 5 x 1018 0.75 550 1.9 3 x 1018 
1050 1020 5 x 10 ~8 0.95 450 1.5 5 x 10 TM 

60 5 x 1018 0.95 4230 0.3 2 X 10 TM 

Phos-  1200 150 5 x 10 TM 0.9 70 4.3 5 • 10 TM 

p h o r u s  55 5 x 10 TM 0.75 185 2.4 3 • 10 ~8 
1150 180 5 x 10 TM 0.9 17 3.5 * 

30 5 • 10 TM 0.9 50 1.1 * 
1100 600 5 • 10 TM 0.9 155 2.1 5 x 10 TM 

60 5 x 10 TM 0.9 1100 0.5 2 X 10 is 
1050 1200 5 x I019 0.9 44 2.3 * 

270 5 x 10 TM 0.9 63 1.2 * 

t T h e  t e r m s  u s e d  are  de f ined :  T = d i f f u s i o n  t e m p e r a t u r e ,  t = d i f -  
f u s i o n  t i m e ,  Co = s o u r c e  c o n c e n t r a t i o n ,  el, = r a t i o  of  s o u r c e  w a f e r  
a r e a  to tota l  s i l icon a r e a ,  p, = d i f fu sed  s h e e t  r e s i s t a n c e ,  x j  = d i f -  
f u s e d  j u n c t i o n  d e p t h ,  Cs* = d i f fu sed  s u r f a c e  c o n c e n t r a t i o n ,  c a l c u -  
l a t e d  f r o m  ps and  x j  a f t e r  I r v i n  (9) a s s u m i n g  e r f c  prof i le ,  * = no  
erfe  profi le  b e c a u s e  of  c o n c e n t r a t i o n  d e p e n d e n t  d i f fus ion  coef f ic ien t .  

the diffusion temperature.  In  order to achieve a homo- 
geneous mixture  of dopant  atoms, silicon atoms, and 
residual gas molecules over all the capsule, the value 
of the mean  free path of all the particles needs to be 
considerably lower than the distance between the 
wafers. For the closely stacked arrangement ,  this con- 
dit ion obviously is not  fulfilled. Since the sticking 
probabil i ty  of the silicon and dopant  atoms on the 
silicon surfaces is high (4), this geometry results in 
an impediment  of the particle flow out of and into the 
nar row space between the stacked wafers. 

Results .--The capsule wafer diffusion has been ap-  
plied to diffuse boron and phosphorus into silicon over 
a wide range of parameters;  i.e., source concentrat ion 
Co, diffusion tempera ture  T, and diffusion t ime t. After  
diffusion, junct ion depth xj and sheet resistance ps of 
the layer in the test wafer were measured. Typical 
results are shown in Table I. The test wafer  surface 
concentrat ions Cs* were calculated from the measured 
values of xj and ps using the curves published by I rv in  
(9) assuming an erfc-profile. The actual surface con- 
centrat ions Cs may deviate from the calculated values 
Cs* becuse of a non-erfc na ture  of the profile. Theoreti- 
cal considerations (8), however, show that  the differ- 
ence between the actual and an erfc profile is small  
provided that  the surface concentrat ion is low enough 
thus al lowing the application of a concentrat ion- 
independent  diffusion coefficient, and  that  the diffusion 
t ime is long compared to the durat ion of the effects 
ment ioned below. For diffusions exhibi t ing junct ion 
depths above 1 #m (deep diffusions), the second con- 
dition is fulfilled. 

For all experiments  with a source concentrat ion 
--2.1019 cm -~ we found the relat ion Cs* ~ Co. Sealed 
tube diffusions using a powder source exper imental ly  
(3) and theoretically result  in Cs ---- Co and an erfc 
profile (i.e., Cs* ---- Cs). The major  reasons for the fact 
that  a wafer source produces results with C ~ Co and 
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Fig. 2. N o r m a l i z e d  surface concent ra t ion  vs. ra t io  of source a r e a  
to total silicon area inside the capsule. Co = source doping level. 

a profile sl ightly different from erfc (i.e., Cs* ~ Ca) 
are theoretically analyzed in a separate publicat ion (8) 
and are shown to be (a) the finite area of the source 
wafers, (b) the influence of the capsule walls on the 
exchange process, and (c) the sorption l imited rate of 
exchange during the first stage of the diffusion process. 

Effect (u) is independent  of diffusion time, effect (b) 
and, more rapidly, effect (c), vanish wi th  increasing 
diffusion times. Of course, there are other possible 
mechanisms that could affect materials exchange in the 
capsule. The above-mentioned effects, however, are 
necessarily involved, and their consideration proved to 
be sufficient for the explanat ion of our results. This 
does not  exclude minor  influences of other processes. 
As a demonstrat ion of effect (a),  Fig. 2 shows the re-  
sults of a couple of diffusion experiments  with varying 
surface area of the source wafers. In  all cases, the  sur- 
face concentrat ion Cs in the test wafer is a certain frac- 
t ion of the homogeneous source wafer doping Co. This 
fraction Ca~Co has been plotted vs. the controll ing 
parameter  ~, denoting the ratio of source wafer area 
to total Si area in the chamber. Theoretical ly (8), for 
deep diffusions, the dependence is linear, Cs ---- r 
i l lustrated by the straight line. The clots are experi- 
mental  values for deep diffusions. The tr iangles refer to 
shallow diffusions. The deviations from the theoretical 
l ine may be explained by effects (b) and (c) and are 
discussed in  detail in the section on Shallow layers 
below. 

The diffused layers produced by the wafer  source 
technique are fully comparable with those produced by 
the powder source method. In order to examine  the 
uni formi ty  and reproducibili ty,  the series of diffusion 
runs  represented in Table II has been carried out. For 

Table II. Repetition tests, wafer capsule dlffusiont 

ps 
I m p u r i t y  No. T (~ t ( m i n )  Co (cm -8) r ( o h m / [ ~ )  x j  (/~m) C,* (cm-3) ~, % 

B o r o n  1 1200 60 5 x 10 TM 0.75 314 2.7 4 x 10 TM - -1  
2 1200 60 5 x 10 TM 0.75 318 2.7 4 x 10 TM "4-2 
3 1200 60 5 X 10 TM 0.75 313 2.7 4 X I0 Is • 

P h o s p h o r u s  4 1200 55 5 • 1018 0.75 185 2.4 3 x 10 TM + 2  
5 1200 55 5 x 10 TM 0.75 180 2.4 3 x 1018 • 

Boron 6 1165 120 5 x 10 TM 0.78 320 2.7 4 x 10 TM ----.3 
7 1165 120 5 X 10 TM 0.78 310 2.7 4 X 1018 ~ 3  

B o r o n  8 1080 300 5 x 10 TM 0.71 550 1.9 3 x 1018 ~ 2  
9 1080 300 5 x 10 is 0.71 562 1.9 3 x 10 TM ~-~2 

t T h e  t e r m s  u s e d  are  d e f i n e d :  A = s t a n d a r d  d e v i a t i o n  of  m e a s u r e d  s h e e t  r e s i s t a n c e s  f r o m  t h e i r  m e a n  v a l u e  ps, o t h e r  s y m b o l s  d e f i n e d  in  
Table  I, 
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each series, the source concentrat ion and surface ratio 
were kept constant. In  all cases, the maximal  s tandard 
deviations from the mean  value of the sheet resistances 
of the diffused layers are below +--3% across one wafer, 
wi thin  the wafers of one diffusion run, and from run  to 
run.  This excellent value of uni formi ty  and reproduci- 
bi l i ty was observed both for b lanket  diffusions and 
diffusions into silicon wafers uti l izing Si02-masked 
p lanar  structures. 

Shallow layers.~The t rend in modern  devices goes 
to shallower structures having junct ion  depths below 
1~. Therefore, a series of experiments  was performed 
concerned with the extension of vacuum diffusion 
processes into the submicron range (10). Of course, 
this requires either very  short diffusion times, which 
are difficult to control, or relat ively low diffusion tem- 
peratures, typically l l00~ and below. The first ex-  
ploratory experiments  at l l00~ yielded remarkable  
deviations from the results expected from the simple 
model assuming constant surface concentrat ion Cs m 
r In  addition, an influence of the extent  of the 
quartz surface inside the capsule became apparent.  For 
example, doubling the quartz surface inside the cap- 
sule yielded a remarkable  increase in the diffused sheet 
resistance. This exper iment  indicated a direct influence 
of the inner  capsule walls on the mater ial  exchange 
between source and test wafers. In  order to evaluate its 
magni tude under  different diffusion conditions, the 
following series of diffusions has been carried out: 
phosphorus was diffused at 1100 ~ and 1150~ boron 
was diffused at 1050 ~ 1100 ~ and 1200~ For each series, 
the diffusion t ime was var ied wi th in  wide limits. The 
results are plotted in Fig. 3 and 4. The straight lines 
indicate the results expected from the constant  surface 
concentrat ion mode. Measured sheet resistances and 
junct ion  depths (dots) show a systematical deviation 
from the straight lines, wi th  an increase in the devia- 
t ion for shorter diffusion times and lower diffusion tem- 
peratures. 

Quali tat ively and quanti tat ively,  the results can be 
explained through effect (b) ment ioned above, an ab- 
sorption of doping mater ia l  by the quartz walls of the 
capsule in the ini t ial  stage of the diffusion process. 
After  a certain t ime saturat ion of the walls will occur 
and the exchange of mater ial  will  no longer be af- 
fected. ~ This is the reason for the decrease of the devi- 
at ion with increasing diffusion time. At higher tem- 
perature, saturat ion of the inner  wall  surface pro- 
ceeds faster because of the higher vapor pressures and 
diffusion constants involved. This is the reason for the 
decrease of the deviation with increasing temperature.  
In addition to its t ime and temperature  dependence, 
the wall  coverage effect can be shown to be proportional 
to the parameter  Cw denoting the ratio of wall  surface 
to Si surface inside the capsule. Fur ther  theoretical de- 
tails are discussed in a separate paper (8). The ex- 
per imenta l  conditions of the diffusion series are in ac- 
cordance wi th  the assumptions on which the theo- 
retical t rea tment  is based. The open circles in Fig. 3 
and 4 represent  the values calculated by the theory 
using the set of parameters  listed in  Table III. The 

* R a d i o  t r a c e r  e x p e r i m e n t s  (11) r e v e a l e d  t h e  e x p e c t e d  q u a n t i t y  of 
phosphorus at the inner quartz wal l s .  

Table III. Parameters used for calculation of sealed tube 
diffusion results? 
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T Co S| tw 
I m p u r i t y  (~ (cm-8) r ~bw (cm -~) ( m i n )  

B o r o n  1200 5 • 10 TM 0.75 1.6 1.3 • 1018 0.1 
1100 5 x 10 TM 0.93 0.7 4.3 • 10 TM 3.0 
1050 5 x 10 TM 0.93 0.7 3.0 • 1018 7.5 

Phosphorus 1150 1 • 10 ~o 0.89 1.1 4.0 x 101~ 1.5 
1100 5 x 10 TM 0.91 0.9 3.2 x 10 ~ 11.6 

t T h e  t e r m s  u s e d  a r e  d e f i n e d :  ~b~ = r a t i o  of  i n n e r  c a p s u l e  w a l l  
s u r f a c e  to  t o t a l  s i l i con  a r e a ,  S| = w a l l  s a t u r a t i o n  c o v e r a g e ,  tw = 
r i s e  t i m e  f o r  w a l l  c o v e r a g e  e f fec t ,  a n d  o t h e r  s y m b o l s  d e f i n e d  i n  
T a b l e  I, 

values of sheet resistance have been derived from the 
concentrat ion profiles using Irvin 's  (9) relations be- 
tween concentrat ion and conductance. For the 5 �9 1019 
cm -2 phosphorus series, the results give only quali-  
tative information since a fictitious value of 1-1020 
cm -3 for the source doping had to be introduced in 
order to obtain some accordance with the measure-  
ments. This is a consequence of the concentrat ion de- 
pendence of the diffusion coefficient which was not ac- 
counted for in the theoretical t reatment .  
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In  Table III, the  quant i t ies  S| and tw denote,  respec-  
t ively,  the  sa tura t ion  coverage of the capsule wal l s  and 
the  r ise t ime of the  sa tura t ion  process. The quar tz  
coverage values  S~w necessary to fit the  exper imen ta l  
points  all  l ie wel l  be low one monolayer  ( app rox ima te ly  
1015 cm-~) .  Because of the  p ropor t iona l i ty  to Cw, one 
method  to reduce the  wa l l  coverage  effect for a given 
diffusion t ime and t empera tu re  is the  reduct ion of Cw 
b y  increas ing the sil icon surface inside the  capsule.  On 
the other  hand, whi le  work ing  under  condit ions of 
quar tz  influence, r ep roduc ib i l i ty  of resul ts  can only be 
guaran teed  by  keeping Cw and S| constant .  The first 
condi t ion is accomplished by  using a constant  number  
of wafers  in a quar tz  capsule of definite size for every  
reproduct ion  run. The second condi t ion m a y  be  ap-  
p rox ima ted  b y  using a s tandard ized  quar tz  c leaning 
procedure  tha t  wi l l  resu l t  in defined quar tz  surface 
proper t ies .  Minor  fluctuations, however ,  cannot  be 
avoided. 

Limitations.--The l imi ta t ions  of t he  capsule diffusion 
technique are  p r inc ipa l ly  governed by  the capsule 
propert ies .  Max imum opera t ing  conditions,  such as 
t empera tu re s  and times, a re  l imi ted  by  the values  
quar tz  can sustain wi thout  softening causing a collapse 
of the  capsule. A typica l  set of values  is 20 hr  at 1200~ 
for an indus t r ia l  grade  quartz.  Backfi l l ing the  capsule 
wi th  iner t  a tmospheres  could ex tend  the range  of ap-  
plication.  Lower  l imits  in t ime and t empera tu res  are  
given by  the  problemat ics  involved in heat ing the 
capsule  for a short  per iod  of t ime  and "by the r ap id  
increase  of the quar tz  adsorpt ion  effect for shor t  t imes  
and low tempera tures .  The usable  source doping con- 
cent ra t ion  range  is l imi ted  by  the m a x i m u m  avai lable  
doping concentra t ion  in silicon single c rys ta l s  for 
wafer  diffusion. The lower  concentra t ion l imi t  is set 
b y  the  impur i t ies  a lways  present  in the  quar tz  mate-  
rial.  Dur ing  the diffusion step they  are  pa r t l y  re leased 
f rom the inner  surface of the wal l s  and t ranspor ted  to 
both test  and  source wafers,  where  they  cause unde-  
sired doping or contaminat ion  of the mater ia l .  Using 
an indus t r ia l  g rade  quar tz  tube, n - t y p e  impur i t ies  up 
to surface concentrat ions  of 2 �9 101T cm -8 were  found 
in test  wafers  a f te r  a test  diffusion s tep wi thout  source 
wafers  in the capsule. 2 A high pur i ty  quar tz  ma te r i a l  
d id  not  show this effect, but  mechanical  s tabi l i ty  of such 
capsules was insufficient. The l imi ta t ions  arising f rom 
quar tz  ma te r i a l  p roper t ies  m a y  be overcome by re -  
placing the  quar tz  capsule  wi th  a high vacuum furnace,  
as descr ibed in the  fol lowing section. 

High Vacuum Diffusion 
Experimental procedure.~Doped silicon source wa-  

fers to be diffused are  p laced inside a high vacuum 
furnace  (see Fig. 5) for the  diffusion process.  The dif-  
fusion chamber ,  7, ~ is represented  by  an e lec t r ica l ly  
hea ted  high t e m p e r a t u r e  furnace  ins ta l led  inside the  
bel l  j a r  of a s t andard  high vacuum apparatus .  The dif- 
fusion chamber  has a d iamete r  of 25 cm and a height  
of 6 cm. I t  is hea ted  by  two meander - shaped  carbon 
plates,  4, each pla te  located be tween  two quar tz  disks, 
3. Severa l  t an t a lum sheets, 6, and a wa te r  cooling sys- 
tem, 1 -F 2, act as heat  shields. The wafers  are p laced 
in any  k ind  of wafer  carr ier ,  8, su i table  for the  specific 
exper iment .  Dur ing  the diffusion process both the  di f -  
fusion chamber  and  the  car r ie r  r ema in  connected to the  
vacuum system. In  this  way, a p ressure  g rad ien t  is 
es tabl ished which protects  the  wafers  inside the  cham-  
ber  against  impur i t ies  f rom the outside. 

Source and test  wafers  c leaned  and etched as de-  
scr ibed in the  previous  section, are  posi t ioned a l ter -  
na te ly  and in direct  contact  wi th  each other. The sand-  
wich- type  a r r angemen t  is necessary in the  high vac-  
uum furnace  in o rder  to avoid the rmal  etching of the  
silicon surfaces caused by  evapora t ion  and p u m p - a w a y  

= I n v e s t i g a t i o n s  of  Fr~inz a n d  L a n g h e i n r i c h  (11) s u g g e s t  t h a t  t h e  
n ~ t y p e  d o p i n g  of  t h e  t e s t  w a f e r s  w a s  c a u s e d  b y  a n  Sb  c o n t a m i n a t i o n  
o~ the quartz m a t e r i a l  

a N u m b e r s  i n  i ta l i c  r e f e r  to t h e  d e s i g n a t i o n s  in  Fig .  5. 
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Fig. 5. High temperature furnace for high vacuum diffusions 

of the mater ia l .  A typ ica l  diffusion cycle does not r e -  
quire  more  t ime than  a sealed capsule diffusion run. 
Af te r  evacuat ing the bel l  j a r  (down to app rox ima te ly  
5 �9 10 -7  Torr  at  room tempera ture ,  and  10 -5  Torr  at  
1200~ and hea t ing  up the diffusion furnace,  diffusion 
t empe ra tu r e  is control led  by  a var iab le  t r ans former  
dur ing  the diffusion time. The sensing thermocouple,  5, 
located inside the b lack  body a r rangement  easi ly  al-  
lows absolute  t empera tu re  recordings.  Cool clown is 
in i t ia ted  by  switching off the furnace  supply.  In  the  
lower  t empe ra tu r e  range,  a more  rap id  cooling of the  
diffusion furnace can be achieved by  in t roducing iner t  
gases (e.g., argon)  in the  bel l  j a r  up to app rox ima te ly  
a tmospher ic  pressure.  

Material exchange.--In contras t  to capsule  diffusion 
processes, h igh vacuum diffusions are  car r ied  out in 
an open vacuum system. Al though  a good the rma l  flat 
( ~ • 1 7 6  is ma in ta ined  inside the  symmet r ica l  b lack  
body a r r angemen t  of t he  furnace,  evapora t ing  mate-  
r ia l  can a r r ive  at and  s t ick to the  cooler region of the  
diffusion furnace,  or escape from the diffusion chamber.  
Because of the  s teady p u m p - a w a y  of ma te r i a l  by  main-  
ta ining the  pressure  in the  chamber  in the  high vacuum 
range,  no equi l ib r ium pressure  of silicon or dopant  is 
established. Since the  mean free pa th  of the  evapora t -  
ing par t ic les  exceeds the  chamber  dimensions,  the pa r -  
t icles move in s t ra ight  lines, and the ma te r i a l  exchange 
is defined by  the  geometr ica l  a r r angemen t  of the  sur -  
faces. This becomes evident  f rom an exper imen t  i l lus- 
t r a t ed  in Fig. 6. Two test  wafers  are  packed  toge ther  
in close contact, one of them covering only ha l f  the  
area  of the other. A source wafer  is facing them ap- 
p rox ima te ly  5 m m  apart .  Af te r  the diffusion cycles 
only the  nonmasked  pa r t  of the rear  test  wafer  has  

m ~ ~.~ ~ j M A S K E D  

- I I  . . . . .  ~'--~._~ ,-, ~ R E G I O N  

I I I "  " l  
SOURCE WAFER TEST WAFERS 

Fig. 6. Straight line material transport during high vacuum dif- 
fusion. 
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Fig. 7. Effect of thermal evaporation from a silicon surface partly 
covered by another wafer. 

been doped. The masked area has been effectively 
shielded from the source by the front test wafer. 

Another  consequence of straight l ine movement  and 
pump-away is thermal  etching of open surfaces inside 
the chamber. Uncovered mirror  smooth polished sur- 
faces of Si wafers show heavily damaged surfaces with 
a strong etch pit pa t te rn  after the diffusion step (Fig. 
7). Knopp (7) pointed out that  the etch pit density of 
silicon treated in  a poor vacuum was much greater  
than in a high vacuum (<10 -6 Torr) .  The enhance-  
men t  of thermal  etching at higher ambient  pressure is 
due to the formation and subsequent  evaporation of 
volatile SiO. This effect is of even greater importance 
if SiO2 is used as a localized diffusion mask in high 
vacuum diffusion processes. At diffusion temperatures,  
Si and SiO2 interact  forming the rapidly evaporating 
SiO phase (12, 13). Figure 8 shows the results of such 

an experiment  at 1200~ for approximately 1 hr. The 
oxide layer was about 50# wide, the SiO2 thickness was 
1~. After  diffusion the masking oxide had vanished 
from the interface between the free silicon surface and 
the SiO2 window edges. Because of the same effect, 
pinholes in the masking oxide lead to widened circles 
in the middle of Fig. 8. 

In order to avoid the silicon evaporat ion effect, it 
is necessary to use a closely stacked face-to-face ar- 
rangement  (sandwich ar rangement)  of source and test 
wafers wi thin  the high vacuum furnace. The escape 
probabil i ty  of the evaporat ing mater ial  from the sur- 
faces directly contacting each other into the outside is 
greatly reduced. In  this way, b lanket  diffusions ap- 
plicable, e.g., in the mesa technology, can be carried 
out result ing in  negligible damage to the surfaces, the 
only exception being a nar row region along the cir- 
cumference of a wafer. The problem of SiO evaporat ion 
from planar  device structures may be overcome by us-  
ing any masking mater ia l  that  does not interact  with 
the under ly ing  silicon, such as SigN4. 

Results.--The influence of diffusion tempera ture  on 
results has been investigated by a series of boron 
diffusions lasting 1 hr at various temperatures  between 
1000 ~ and 1200~ From the theory (8) one gets a value 
of 4~ --- 0.05 for the sandwich ar rangement  of the  wafers 
used, leading to a surface concentrat ion in the test 
wafer which is half  the value of source doping. This 
result  should be independent  of tempera ture  if an un-  
hindered mater ia l  exchange takes place be tween  the 
facing surfaces. With in  exper imenta l  error this is in- 
deed the case as can be seen from Table IV. The surface 
concentrat ion in the test wafers has been evaluated as- 
suming an erfc profile. The max imum deviations from 
the mean  value of measured sheet resistance of the 
diffused layers are approximately ___4% across one 
wafer and within  the wafers of one run, and approxi- 
mately  •  from run  to run.  These figures are com- 
parable with the results reported for the sealed tube 
experiments.  

Limitations.--Unlike the behavior of capsule diffu- 
sion, l imitations in  the applicabili ty of high vacuum 
diffusion are not defined by  the properties of the ma-  
terial  sur roundng the gas phase. The principal  condi- 
t ion for this is the restriction of mater ia l  exchange 
between wafer surfaces directly facing each other in 
the closely stacked sandwich arrangement .  

With the exception of p lanar  devices, which are diffi- 
cult to handle  because of SiO evaporation, l imits  of the 
high vacuum diffusion technique arise mainly  from the 
equipment.  With the present  apparatus, short diffusion 
times (in order of 10 min)  are excluded because of 
slow cool-down rates. On the other hand, there seems 
to be no upper  l imit  of diffusion t ime as encountered 
with capsule diffusion processes. Diffusion tempera-  
tures may be chosen deliberately wi th in  the practical 
range. 

Conclusions 
Two different diffusion methods employing doped 

silicon wafers as diffusion source are described, one 
using an  evacuated capsule, the other a high vacuum 
furnace as the diffusion chamber. Both methods have 
been proved to be highly reproducible and applicable 
over a wide range of diffusion parameters.  Good control 

Table W. Diffusion results of high vacuum diffusion~ 

T t Co ps ~:~ C s  e 
I m p u r i t y  (~ (rain) {cm-S) (ohm/[~)  (/zrn) (era-a) 

Fig. 8. Effect of silicon monoxide evaporation from silicon-sili- 
con dioxide interfaces. 

1200 135 3.9 8.5 x I 0 ~  
1190 160 3.2 9 x 10 TM 

Boron  1150 60 2 x 10 lg 190 2.6 9 • 101s 
1100 360 1.4 8.5 • 10 ~s 
1060 720 0.8 8 • 10 ~ 
1000 1500 0.3 9 X 10 is 

The terms used are defined in Table I. 
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of resul ts  is ex tended  into low concentrat ions  and 
shal low layers .  Doped silicon wafers  as diffusion source 
are  a t t rac t ive  because they  are  read i ly  avai lab le  in 
any  l abora to ry  or  product ion area  deal ing wi th  silicon 
p lana r  technology. The addi t ional  equipment  for car ry-  
ing out the  diffusion exper iments  stays wi th in  reason- 
ab le  limits.  No ex t r a  capi ta l  budget  has to be  al lo-  
cated for  the  purchase  of an e labora te  appara tus .  
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A Physical and Mathematical Approach to Mass Transport 
in Capsule Diffusion Processes 

A. Kostka, R. Gereth, and K. Kreuzer 
AEG-Telefunken, Semiconductor Division, Heilbronn, Germany 

ABSTRACT 

A mathematical model based on the various physical processes occurring in 
a multiphase system is developed to allow the calculation of material exchange 
in capsule  diffusion processes. The influences of th ree  main  effects on this 
exchange  are  considered:  the  finite ra t io  of source to s ink surfaces, the  l imi ted  
r a t e  of exchange at  the beginning of the process due to the  sorpt ion processes 
at the  surfaces, and the d is turbance  of the  exchange process by  doping mate r i a l  
adsorpt ion  at  the  capsule walls.  The first effect is independent  of t ime and 
offers a s imple means  of concentra t ion control.  The influence of the  other  
two effects on diffusion resul ts  is more  compl ica ted  and  m a y  be ca lcula ted  
us ing a compute r  p rogram.  

Expe r imen ta l  condit ions of the  ea r ly  w o r k  on cap -  
sule diffusion a l lowed the resul ts  to be exp la ined  on 
the basis of diffusion f rom constant  surface concentra-  
tions. Fo r  capsule diffusion processes using a powder  
source (1), the  constant  surface concentra t ion was as- 
sumed to be equal  to the  source doping, which could be 
verif ied b y  exper iment .  Processes employing  doped 
semiconductor  wafers  as sources (2, 3) p roduced  sur-  
face concentrat ions  apprec iab ly  lower  t han  the  source 
doping, especia l ly  for short  diffusion t imes or  low 
diffusion temperatures .  In  o rder  to unders tand  and 
control  these effects, the  fol lowing work  has been car -  
r ied  out. In  the  first pa r t  a rev iew of the var ious  physi-  
cal processes occurr ing in the  capsule is given. The 
second pa r t  deals  wi th  a s t r a igh t - fo rward  ma themat i ca l  
descr ipt ion for every  case and the  mass t ransfer  equa-  
tions resul t ing  f rom the combinat ion of these different 
processes. Final ly ,  some character is t ic  proper t ies  of the  
solut ion are  evaluated.  

System Components and Transport Mechanisms 
Capsule  diffusion processes (1-3) have been car r ied  

out in sealed and evacuated  quar tz  tubes loaded wi th  
doped and undoped  sil icon mater ia l .  The doped source 
is represen ted  e i ther  by  a powder  (1) or b y  a wafer  

Key words:  material  exchange, solid-gas-solid transport, closed 
system. 

(2), the  undoped  s ink is fo rmed by  the  wafers  to be 
diffused. 

The physical  sys tem considered in the  presen t  w o r k  
consists of four  components,  namely,  source, sink, cap- 
sule walls, and the gas phase inside the  capsule. The 
t rea tment ,  however ,  is not  res t r ic ted  to the  special  ma-  
ter ia ls  sil icon and quartz.  I t  m a y  be easi ly  appl ied  to 
o ther  semiconductor  and  capsule mate r i a l s  b y  swi tch-  
ing to the  appropr ia te  ma te r i a l  constants  

The whole  sys tem is kep t  at an over-a l l  constant  
e levated tempera ture .  Dur ing  the process, an exchange 
of al l  ma te r i a l  components  exist ing in the capsule  takes  
place depending on the different  surface desorpt ion 
and readsorp t ion  rates.  The gas phase, therefore,  con- 
sists of the gaseous state of each in t roduced component,  
together  wi th  the  res idual  gas desorbed f rom the solid 
components  dur ing  hea t -up .  

The mate r i a l  exchange in the descr ibed system is 
contro l led  by  the fol lowing mechanisms:  (a) diffusion 
inside the solid components,  (b) sorpt ion (evapora t ion  
and condensat ion)  at the  solid surfaces, and (c) t rans-  
por t  in the  gas phase. The physics and mathemat ics  of 
process (a) m a y  here  be regarded  as wel l  known, 
whereas  processes (b) and (c) requi re  some fur ther  
considerations.  

Sorpt ion effects at solid surfaces genera l ly  a re  ra the r  
complex  in nature,  and the ma te r i a l  proper t ies  in- 
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volved in most sys tems a re  ha rd ly  known. However ,  a 
s t r a igh t fo rward  l inear  approx imat ion  of the rmal  de-  
sorpt ion and phys ica l  adsorpt ion  r evea l s  the influence 
of sorpt ion pa rame te r s  on the capsule diffusion process. 

Thermal  evapora t ion  of semiconductor  and doping 
atoms f rom the source and sink crys ta l  surfaces is de -  
t e rmined  by  the t e m p e r a t u r e  and the corresponding 
act ivat ion energy,  which  is closely re la ted  to the bind-  
ing energy,  and has been measured,  e.g., for silicon (4). 

Condensat ion rates  are  ma in ly  cont ro l led  by  the 
st icking p robab i l i ty  and the par t ic le  concentra t ion in 
the  gas phase. The st icking p robab i l i ty  is a wide ly  
unknown function of ma te r i a l  parameters ,  such as the  
b inding mechanism, surface coverage, and contami-  
nants. A n y  contaminated  or chemical ly  modified sur-  
face condit ions m a y  effect a drast ic  reduct ion of the  
amount  of ma te r i a l  exchange caused by a reduct ion in 
st icking probabi l i ty .  In  order  to guarantee  process re- 
producibi l i ty ,  wafer  c leaning and capsule evacuat ion 
have to be carr ied  out in a way  tha t  prevents  the wafer  
surfaces f rom contaminat ion  or react ive  gaseous ma-  
t e r i a l  dur ing  the  h igh  t e m p e r a t u r e  process. 

Under  cer ta in  circumstances,  the inner  surfaces of 
the  capsule  wal l  p l ay  an impor tan t  role in the  ex-  
change  process by  adsorbing doping ma te r i a l  f rom 
the  gas phase.  The adsorpt ion  process wi l l  be con- 
s idered to t ake  place dur ing  the ini t ia l  phase of the 
diffusion run,  las t ing unt i l  sa tu ra t ion  of the  wal l s  is 
achieved. 

Mater ia l  t r anspor t  in the  gas phase is de t e rmined  by  
the total  pressure.  In the  high pressure  range, rea l ized  
b y  an iner t  gas backfi l l  into the  capsule, i t  has been 
shown (1) that  pressures  exceeding 10 Torr  resul t  in a 
res t r ic t ion  of ma te r i a l  exchange,  p re sumab ly  by  cov- 
e rage  of the  surfaces wi th  foreign atoms and reduct ion 
of s t icking probabi l i ty .  On the other  hand, at  pressures  
be low 10-~ Torr  the  mean free  pa th  of the  gas par-  
t icles exceeds the capsule dimensions. The absence of 
collisions in the gas phase  resul ts  in a s t ra ight  l ine 
movement  exhib i t ing  shadow effects. A slice shie lded 
f rom the source by  another  slice wi l l  not  be doped  (3).  
Consequently,  in order  to get  a homogeneous mix tu re  
in the  gas phase independen t ly  from the  geometr ica l  
a r rangement  of the wafers,  the to ta l  p ressure  in the  
capsule has to be high enough to guarantee  at least  a 
couple of collisions for  an impur i t y  a tom on its way  
from source to sink. This is roughly  the  case for 
pressures  exceeding  0.1 Torr.  Because of the  ex t r eme ly  
uni form doping achieved in capsule diffusions, it  can 
be concluded tha t  the  to ta l  pressure  in the  capsule  wi l l  
be be tween 0.1 and 10 Torr,  most  l ike ly  around 1 Torr.  
Since the  vapor  pressures  of semiconductor,  doping, 
and wal l  ma te r i a l  no rma l ly  are  orders  of magn i tude  
smal le r  (5) than  this  value,  the  ma in  par t  of the  gas 
phase ma te r i a l  must  be some res idual  gas desorbed 
f rom the surfaces dur ing  h e a t - u p  of the  capsule. I t  is 
an in teres t ing  fea ture  of capsule diffusion tha t  this  
overwhe lming  par t  of the  gas phase  does not influence 
the  surface condit ions of source and s ink in  a de le ter i -  
ous manner .  One would  expect  this res idual  gas to con- 
sist of the a i r  components  H20, O2, N2. Ni t rogen  has 
been shown to cause no h a r m  up to pressures  of 10 Torr  
(1). Oxygen  and H20, however ,  are  h ighly  reac tan t  
molecules causing si l icon oxidat ion and monoxide  
evapora t ion  (6) unt i l  the  sa tura t ion  pressure  is 
reached.  

I f  the  amount  of oxidiz ing mate r i a l  in the capsule 
exceeds a ce r t a in  value,  e.g., as a resul t  of poor  pump-  
ing or ineffective wa te r  outbake,  an oxide l aye r  on the 
semiconductor  surfaces wi l l  be formed and wil l  act as 
a diffusion ba r r i e r  for the  doping  atoms. Mate r ia l  ex -  
change is d ras t ica l ly  reduced  in most  of those cases. 

Transport Equations and Solution 
In  this section, a ma themat ica l  approach to the di f -  

ferent  t r anspor t  processes is made. The t r anspor t  equa- 
t ions are  then summar ized  and  the  combined  problem 
is solved. In  o rde r  to s impl i fy  the mathemat ica l  t r ea t -  

ment,  the  fol lowing ideal izat ions wi l l  be  made:  (a) 
diffusion in the  wal l  ma te r i a l  is negligible;  (b) diffu- 
sion in source and s ink  follows the  diffusion equat ion 
with  a concentra t ion independent  diffusion coefficient; 
(c) sorpt ion processes may  be descr ibed by  l inear  ap-  
proximat ions  involving constant  ac t iva t ion  energies 
and st icking probabi l i t ies ;  (d) a homogeneous gas 
phase t ransmi t s  the  ma te r i a l  instantaneously,  wi thout  
t ak ing  up a significant pa r t  of it;  and  (e) adsorpt ion  of 
doping ma te r i a l  at the  capsule wal l s  may  influence, 
but  not dominate,  the  exchange  process. 

Al l  of these assumptions  m a y  be verified b y  a proper  
choice of capsule ma te r i a l  (a) ,  doping concentrat ions  
in the  semiconductor  ma te r i a l  (b) ,  to ta l  p ressure  in 
the  gas phase (d) ,  and  diffusion t ime and tempera ture .  
For  the  usual  cases wi th  modera te ly  doped silicon in 
quar tz  capsules, the  va l id i ty  of assumptions (a) 
through (e) m a y  easi ly be shown (2, 3). 

Evaporation.--The par t ic le  cur rent  densi ty  Je evapo- 
ra t ing  f rom a solid surface is dependent  on the surface 
par t ic le  densi ty  S (per  square cent imeter )  and the ac- 
t iva t ion energy  of desorpt ion Q via  an Ar rhen ius  for-  
mula  

Je = SAo exp  ( - - Q / k T )  = SA [1] 

where  Ao is a ma te r i a l  dependent  factor of propor t ion-  
ality, k denotes the  Bol tzmann constant,  and T is the 
absolute  tempera ture .  Q is t aken  to be concentra t ion 
independent  fol lowing assumption (c).  Calculat ing the 
dopant  evapora t ion  ra te  f rom a doped semiconductor  
surface and re la t ing  it to that  of the semiconductor  
a toms (subscr ipt  s) resul ts  in 

Ao 
Je = casAs �9 ~ exp (~Q/kT)  = casAse [2] 

wi th  c being the dopant  surface concentrat ion,  and  as 
the  mean  atomic distance in the  crystal .  ~Q represents  
the  difference of act ivat ion energies  Qs - Q, which  is 
assumed to be smal l  compared  to Qs since the  binding 
mechanism acting be tween  semiconductor  a toms and 
subs t i tu t iona l ly  located dopant  a toms is essent ia l ly  the 
same as be tween semiconductor  a toms themselves.  
Therefore,  ~ is a factor  of p ropor t iona l i ty  which  is only 
s l ight ly  t empe ra tu r e  dependent .  I t  denotes the  rat io  of 
evapora t ion  probabi l i t ies  of dopant  and semiconductor  
atoms, respect ively.  

Condensation.--The par t ic le  cur ren t  densi ty  Jc of 
a toms hi t t ing  a surface f rom the gas phase  and stick- 
ing to it is 

jc = nP(kT /2~m)  1/2 = nPC [3] 

wi th  n being the  gas phase par t ic le  density,  P the 
st icking probabi l i ty ,  and rn the  par t ic le  mass. P is t aken  
to be concentrat ion independent  fol lowing assumption 
(c) .  

Wall coverage.--The influence of the  wal ls  wi l l  be 
descr ibed by  a process  of coverage wi th  dopant  a toms 
fol lowing an exponent ia l  sa tura t ion  character is t ic  

Sw --  S| (1 - e x p ( - - t / t w )  ) [4] 

The wal l  coverage Sw approaches  the  sa tura t ion  va lue  
S| wi th  a r ise  t ime tw. The funct ional  dependence  of 
Eq. [4] m a y  only be expected under  the  condi t ion of 
constant  gas phase dopant  par t ic le  density. This is the  
case only in a system free of wal l  adsorption,  or w i th  
small  adsorpt ion at  the wal ls  compared  wi th  the  total  
ma te r i a l  exchanged be tween source and s ink according 
to assumpt ion (e) .  Both  t~ and S| are regarded  as 
expe r imen ta l  parameters .  

Combined problem.--The physical  background  of the 
solution is the  fol lowing:  f rom the  laws  of sorpt ion and 
Fick 's  diffusion laws one gets cont inui ty  equations for 
the  dopant  ma te r i a l  currents  at the solid surfaces. To- 
ge ther  wi th  a mate r i a l s  balance descr ibing the conser- 
vat ion of the over-a l l  doping mate r i a l  in the system, 
they  form boundary  values  coupl ing the sys tem of 
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part ial  differential equations for the doping concen- 
trat ions c~(x, t) in source (i = 1) and sink (i = 2). 
The space and time coordinates are x and t, the sur- 
face is situated at x = 0, and the diffusion starts at 
t = 0. The diffusion equat ions are wr i t ten  

~ = Dci" (i = 1, 2) [5] 

with the point and prime denoting t ime and space 
derivation, respectively. 

Continuity equations.--At  the surfaces of source and 
sink, mater ia l  current  is described by two different 
models: diffusion at the bu lk  side of the surface, and 
sorption at the  gas phase side. In  order to find an un-  
complicated mathemat ical  expression for the connec- 
t ion of these processes, the assumption is made that  
every part icle at the surface of the semiconductor 
mater ia l  takes par t  in  both the diffusion and the 
sorption processes. This implies that  the influence of 
the ionization process which has to occur before the 
doping atom will  diffuse, or any  other electrical in- 
fluence based on surface space charge layers, may be 
ignored. 

Under  these conditions a pile-up of nondiffusing 
doping mater ia l  at the surface is prohibited. The par- 
ticle current  densities resul t ing from diffusion and 
sorption on both sides of the surface have then to be 
equal at the surface 

- -Dc(  : nPC -- easAsci (at ~ : 0, i : 1, 2) [6] 

In  Eq. [6], the lef t -hand term represents the well-  
known  dopant  diffusion current  density. The right-  
hand terms represent  dopant  condensation and evapo- 
ra t ion currents  after Eq. [2] and [3], respectively. 

Materials balance.--The materials  balance is based 
on the assumption that  the gas phase does not take up 
considerable amounts  of doping mater ia l  according to 
assumption (d) which can be justified for the case of 
doped silicon in quartz capsules (2). Consequently, the 
total mater ia l  currents  out of source, sink, and walls 
sum up to zero 

FIDCl' -5 F2Dc~' -- Fw~:w = 0 (at x : 0) [7] 

F denotes the  various areas of source (subscript 1), 
s ink (subscript 2), and wal l  (subscript w).  ~:w repre- 
sents the t ime derivative of the wall  surface coverage 
which is equal  to the net  dopant current  density onto 
the wall. 

Initial values.--The ini t ial  values depend on the dop- 
ing conditions of source and s ink wafers. For ease of 
calculation and because of the practical interest  we 
choose the case of homogeneously doped source and 
undoped sink, that  is 

e l  : Co : c o n s t  

(for all x at t = 0) 
c2 : 0 [8] 

Solut io~.--The coupled system of Eq. [5]-[8] can be 
uncoupled and solved under  the condition that  the 
term Sw in Eq. [7] does not depend significantly on the 
solution itself. This is the case with Eq. [4] for Sw. 

Introduct ion of the surface ratios r : F1/(F1 -5 F2) 
and @w = Fw/(FI -5 F2) together with two auxi l iary  
functions 

d -=~ Cl  - -  C2 

m : r -5 (1 - r [9] 

and Eq. [4] into Eq. [5]-[8] results in 

({ : D d "  
d : c o  (at t : 0) 
d' : easAsd/D (at x : 0) [10] 

and 
,m, -- D'm," 
m =r ( a t t = 0 )  
m' = @wS| exp ( - - t / tw) /Dtw (at x = 0) [ I I ]  

The solution of Eq. 10 yields (3, 7) 

d = Co (err (x/2~/Dt)  -5 d*) 
d* = exp (t/ts -5 x/~/Dts)  �9 erfe (~/t / ts  -5 x/2~/Dt)  
ts = DIGasAs) 2 [12] 

A solution of Eq. [11] is not directly available by 
using e lementary  or otherwise tabula ted functions. It  
has to be evaluated numer ica l ly  from the following 
integral  form 

m = r -- CwS| 

m* -- t w ~  exp tw 4D (t -- ~) ~ t  -- 

[13] 

with help of a computer  program. The val idi ty  of this 
solution is verified by insertion. The concentrat ion pro- 
files cz and c2 existing in the source and sink crystals 
after the diffusion process are now easily achieved by 
the inversion of Eq. [9] and the introduct ion of d and 
m from Eq. [12] and [13]. They are given by  

Cl ---- ~Co -5 (1 -- r co (erf (x/2A/Dt) -5 d*) -- CwS~wm* 

c2 = @Co (erfc (x /2~/Dt)  -- d*) -- CwS| [14] 

Discussion 
The concentrat ion profiles described by Eq0 [14] 

differ from the approximate solution 

e l  "-- Co 

c2 ---- Co erfc (x/2~/Dt)  [15] 

one would get if the sink surface concentrat ion were 
kept constant and equal to the source doping co (diffu- 
sion from constant  source). One geometrical and  two 
physical effects are responsible for the difference: 

(a) The finite surfaces of source and sink l imit  the 
ma x i mum concentrat ion achievable at the sink surface 
to the value r which is lower than  the source doping 
Co. 

(b) sorption processes at source and sink surfaces 
l imit  the rate of mater ia l  exchange especially in the 
first stage of diffusion, reducing the concentrat ion in  
the sink through funct ion d*. 

(c) sorption processes at the capsule wal l  effect a 
loss of doping mater ial  un t i l  saturat ion of the wall, 
again reducing the concentrat ion both in  source and 
sink through the te rm CwS| 

One may note that  for the extreme case of a source 
of infinite surface (powder, r = 1) with infinite sorp- 
t ion rates (d* = 0) and negligible wal l  adsorption 
(S| = 0), Eq. [14] will  t ransform into Eq. [15]. 

Inser t ing x = 0 into Eq. [14] yields the variat ion of 
surface concentrat ions cs in source and sink with time. 
It is determined by the correction funct ions d* and m*, 
and the relative magni tude  of the constants involved. 
The time dependences of d* and m* are i l lustrated in 
Fig. 1 for a representat ive relat ion be tween ts and tw. 
For t ~ tw and t ~ ts, both corrections decrease pro- 
port ional ly to the square root of diffusion time. The in- 
fluence of m* exhibits a m a x i m u m  at times around tw. 
The corresponding t ime dependence of surface concen- 
trat ions is shown in Fig. 2. The dashed lines refer to 
the case of neg]igible influence of the walls on the ex- 
change process (S~w = 0 in Eq. [14]). Because of the 
sorption l imited exchange at t imes shorter than  ts, the 
surface concentrat ion in the sink gradual ly  rises from 
0 and later saturates at the equi l ibr ium value r Dur-  
ing the same ini t ia l  t ime in terval  lasting approximately 
10ts, the surface concentrat ion in the source falls from 
its ini t ial  value Co down to the equi l ibr ium value r 
The solid lines in Fig. 2 represent  the case of con- 
siderable adsorption at the capsule walls. The correc- 
t ion term CwS| m* is also shown for comparison by 
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Fig, 2. Variation of normalized surface concentrations in source 
and sink with time. The correction due to m* is inserted for com- 
parison. 

the  dot ted  line. The resu l t  is a m a r k e d  d ip  in the  con- 
cent ra t ion  curves  at  t imes  a round  tw. 

Fo r  apprec iab ly  longer  times, the  devia t ion  f rom 
r r ap id ly  vanishes. Therefore,  af ter  diffusion t imes 
longer  than  app rox ima te ly  10tw, a constant  surface 
concentra t ion of the va lue  r m a y  be assumed as a 
bounda ry  condi t ion of the  diffusion process, resul t ing  

in a nea r ly  und i s tu rbed  complemen ta ry  er ror  function 
profile. 

The absolute  va lues  of the  character is t ic  t ime  con- 
s tants  ts and tw usua l ly  depend on ma te r i a l  proper t ies  
and  tempera ture .  The t empera tu re  dependence  of ts 
may  be der ived  f rom that  of D and As via  the  definit ion 
of ts in Eq. 12. For  silicon, ts decreases wi th  t empera-  
ture, va ry ing  f rom some minutes  to some seconds be- 
tween  1050 ~ and 1200~ The values  of e, which are  
necessary to ca lcula te  ts, range  be tween  10 and 100 and 
have  been found b y  fitting the  theory  to expe r imen ta l  
resul ts  (3). In  the  same way,  for  a quar tz  capsule  tw 
is shown to decrease wi th  t empera ture ,  wi th  absolute  
values  somewhat  h igher  than  ts ment ioned above. F o r  
sil icon in quar tz  capsules, therefore ,  i t  is possible  to 
avoid  deviat ions f rom the erfc-solut ion by  using high-  
tempera ture ,  long- t ime diffusions. For  a successive pre-  
diction of resul ts  achieved by  diffusions leading to 
shal low profiles wi th  junct ion depths  in the  submicron 
range  (3), however ,  the more  r igid solutions of Eq. 
[14] have  to be used, since these diffusions a re  low- 
t empera tu re  and shor t - t ime processes. 
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ABSTRACT 

The concentration of nitrogen and oxygen in semiconductor silicon and 
their  solubilities in silicon at its melt ing point have been measured by charged 
particle activation analysis and infrared spectrophotometry. It  has been found 
that: (i) commercial semiconductor silicon contains less than 1 • 1015 a toms/  
cm 3 of ni trogen in the un-ionized state; (ii) the solubil i ty in solid silicon is 
4.5 • 1.0 X 10 i5 a toms/cm 3 for ni t rogen and 2.75 +_ 0.15 X l0 is a toms/cm ~ for 
oxygen; and (iii) the solubil i ty in l iquid silicon is about 6 X l0 is a toms/cm 3 
for ni t rogen and 2.20 __. 0.15 • l0 is atoms/cma for oxygen. Thus, the equi- 
l ibr ium distr ibution coefficient has been determined to be about 7 X 10 -4 for 
ni t rogen and 1.25 +_ 0.17 for oxygen. The solubilities of the two elements are 
compared with those of other elements, especially carbon, and are discussed 
thermochemically.  

After  max imum purification of any  semiconductor 
mater ial  or metal, carbon, nitrogen, or oxygen almost 
always constitutes a major  portion of the remain ing  
impuri ty.  These light elements are abundan t  in nature,  
but  a rel iable determinat ion of their sub-ppm level 
cannot be carried out with ease. We reported previ- 
ously on the concentrat ion and behavior  of carbon in 
semiconductor silicon as studied by charged particle 
activation analysis (1). Similar  studies have been made 
for ni trogen and oxygen. Infrared spectrophotometry 
was also used for oxygen, after calibration by activa- 
tion analysis. As is well known, the activation analysis 
gives the total oxygen concentration, but  the spectro- 
photometry is sensitive only to oxygen forming the 
Si-O-Si bonding in silicon crystal. In  this paper, (i) 
the concentrat ion range for ni t rogen and oxygen in 
commercial semiconductor silicon is presented, (ii) the 
solubilities of the two elements in solid and l iquid sili- 
con at its mel t ing point  are given, (iii) the physical 
states of the two elements in solid silicon are dis- 
cussed, and (iv) the solubilities of carbon, nitrogen, 
and oxygen in  silicon are treated thermochemically.  

Experimental 
Sample preparation.--Commercial semiconductor 

silicon of various origins and specifications was col- 
lected as the sample. In  order to obtain polycrystal l ine 
silicon rods of anomalous ni t rogen contents, mono-  
silane was decomposed thermal ly  in the presence of 
ammonia.  Also, e lementary silicon in various stages 
of the monosilane process at Komatsu Electronic Met- 
als Company was taken  to be analyzed. For the mea- 
surement  of the max imum solubili ty of the two ele- 
ments, pure silicon was doped with each of them up to 
the saturat ion concentrat ion at the mel t ing point of 
silicon. 

For the measurement  of the solid solubil i ty of nitro- 
gen, a silicon rod (30 m m  diameter)  was cut into hemi- 
cylinders and a sufficient quant i ty  of Si3N4 was sand- 
wiched between them. A molten zone (10 m m  in 
length) with various velocities was then passed 
through several parts of the sandwich, in an atmo- 
sphere of argon containing several per cent of n i t ro-  
gen. In  the zone-melting, the melt  was always covered 
with small  particles of silicon nitride. To determine the 
solubili ty of n i t rogen in liquid silicon, silicon with 

K e y  words:  solubility, equil ibrium distribution coet~cient,  in -  
f r a r e d  spectrophotometry of O, phase  d i a g r a m  of N-Si,  phase  
diagram of O-Si, concentration of N and O in Si. 

SisN4 powder was kept just  above its melt ing point  in 
an evacuated quartz ampoule and was then suddenly 
cooled to give silicon grains (2-4 mm diameter) .  

For the oxygen doping, the result  of Kaiser and 
Breslin was used (2). In an atmosphere of oxygen, a 
mol ten zone was made, kept immobile for 10 min, and 
then caused to t ravel  in  a part  of a silicon rod. Several  
parts of the same rod were zone melted with various 
velocities to provide the sample for solubili ty measure- 
ments. Also, the molten zone was cooled suddenly for 
the measurement  of the solubil i ty of oxygen in l iquid 
silicon; the solidification rate was of the order of 100 
mm/min .  

Activation analysis.--The reactions of 14N(p,~)liC 
and i60 (3He,p)lSF were used for the activation analysis 
of ni t rogen and oxygen, respectively. Detailed descrip- 
tions of the charged particle act ivation analysis for 
carbon, nitrogen, and oxygen in semiconductor silicon 
are given in a separate paper (3). Careful examinat ion 
of the accuracy in the o:r determination,  however, 
showed that  the result  of the given method involving 
the chemical separation of 18F should be corrected by 
a factor of 1.19 ~ 0.03. This correction is due main ly  to 
the coprecipitation of PbC12 with PblSFC1, which re- 
sults in an overestimation of carrier recovery and thus 
an underes t imat ion of oxygen content (4). In  the pres- 
ent study, oxygen concentrat ions over 2 • 1017 a toms/  
cm 3 were usual ly  determined nondestructively,  and the 
correction was applied to the results of the separation- 
involving method. 

This activation analysis has as its lower l imit  of sen- 
sit ivity 1 • 1014 a toms/cm 3 for ni t rogen and 5 X 1014 
atoms/cm 3 for oxygen. Uncer ta in ty  in the determina-  
tion of ni trogen is estimated to be 10 and 30% for con- 
centrat ions of 1 X 1017 and 1 • 1015 atoms/cm3, respec- 
tively. For oxygen, the accuracy is slightly better  than  
for ni trogen in concentrat ions over 5 • 10 i5 a toms/cm 3 
but  is poorer in those under  2 • 1015 a toms/cm 3. 

For granular  samples a technique different from that  
described in Ref. (3) should be used in the charged 
particle bombardment .  A cavity (30 X 20 • 3 mm) 
was made in an a luminum block and was covered by a 
pure silicon plate (200 ~m thick).  The sample grains 
were put in the cavity and bombarded by the charged 
particles through the plate. After the removal  of the 
surface contaminat ion by etching under  controlled 
conditions, the induced annihi la t ion activity was mea- 
sured nondestruct ively and its decay followed. This 
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technique  gives s l ight ly  poorer  accuracies than  the  
va lue  descr ibed above. 

Infrared ~pectrophotometry oi oxygen.~The absorb-  
arme of the  oxygen  absorpt ion  peak  at  1108 cm-1  was 
measured  at room t empera tu re  by  a popu la r  spectro-  
pho tomete r  of g ra t ing  type  ( Japan  Spectroscopic Com- 
pany  Model IR-G) .  Af te r  examina t ion  of measure -  
ment  conditions, the  spec t rophotometer  was se t  as  
follows: b e a m  cross section, 10 X 5 mm; scanning 
velocity,  600 c m - ~ / h r ;  mechanica l  slit  width,  0.6 m m  
(observed spectra l  hal f -width ,  38 c m - 1 ) .  The sample  
thickness  a f te r  a mi r ror -po l i sh ing  wi th  the  a id  of dia-  
mond pas te  was  selected to be 2, 5, or 10 m m  wi th  un-  
ce r ta in ty  of ___5 ~m. A n  u l t r apure  silicon, af ter  being 
ascer ta ined  by  act ivat ion analys is  not  to contain  more  
than  3 X 10 ~ a toms /cm ~ of oxygen,  was used as the  
reference  sample.  Throughout  the  present  study, care 
was taken  to the possible inhomogeneous  d is t r ibut ion  
of oxygen wi th in  a single sil icon slice (5). 

Since a number  of different  values  have  been  re- 
por ted  for the  absorp t iv i ty  of oxygen in silicon (5-11), 
we first examined  i t  using var ious  sil icon samples  of 
known  histories.  Their  absorbances  were  measured  
and then they  were  anaIyzed by  act ivat ion analysis.  
[The absorp t iv i ty  is defined by  the re la t ion  of 10 -abe 
10 -a  = T/To, where  a is the absorpt iv i ty ,  b is the  sam- 
p le  thickness,  c is the  concentrat ion,  and T and To are  
the  t ransmi t tance  for the  sample  and for  the  pu re  
m a t r i x  itself, respect ively ,  af ter  the  correct ion of mul t i -  
p le  reflection. Thus, the  absorpt ion coefficient is equal  
to ( ln 10) ac.] 

The resul ts  for as -grown samples  a re  shown in Fig. 
1 (for lower  oxygen concentra t ion range)  and Fig. 2 
(for h igher  oxygen concentra t ion range) ,  together  wi th  
t he  ca l ibra t ion  curve used in the  present  study. Two 
other  ca l ibra t ion  curves  are  also shown in Fig. 2. The 
ever - repor ted  resul ts  for  the  comparison be tween  in- 
f r a red  absorpt ion and ac t iva t ion  analys is  (6,9-11),  
vacuum fusion (5, 7, 8) of the l i thium-diffusion method  
(9) can be grouped into two categories,  one correspond-  
ing to an absorp t iv i ty  of 0.073 • 0.010 (cm �9 a tomic 
p p m ) - ~  (5-7) and the o ther  giving cons iderably  lower  
absorptivi t ies .  Our  ca l ibra t ion  curve belongs to the 
former,  Many  of our expe r imen ta l  plots  in Fig. 2 l ie in 
the  upper  side of our  own cal ibra t ion  curve, which  is 
the  ex t rapo la t ion  f rom the expe r imen ta l  plots  in Fig. 1. 
A discussion for the  just if icat ion of our curve  and for 
the  exp lana t ion  of the  upward  devia t ion  of the  ex- 
pe r imen ta l  plots  in Fig. 2 is given in a la te r  section. 

As low as 5 X 10 ~ a toms /cm ~ of oxygen  can be de- 
tec ted  by  this spec t rophotomet ry  at  room tempera ture ,  
when  a re l iab le  reference sample  is avai lable.  I ts  pre-  
cision is be t te r  than  ac t iva t ion  analysis  for concentra-  
t ions over  2 X 10 ~ a toms /cm ~. The effect of surface  
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cm sample; if, absorption coefficient (cm-1). 
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higher concentration range. Experimental plots: e ,  for ordinary 
as-grown crystal; O ,  for soddenly solidified crystal. Calibration 
curves: A, present work; B, by Kaiser et al. (for single-beam meth- 
od) (5); C, by Baker (8). Units of the ordinate: I, weight ppm; II, 
atomic ppm; Ill, 1017 atoms/cm 3. Abscissa: i, absorbance for |- 
cm sample; ii, absorption coefficient (cm-i) .  

oxygen  was examined  by  t rea t ing  sample  slices wi th  
var ious  reagents  under  200~ no notable  change of the  
absorbance  has been  observed.  

Measurement o5 the e~ect  of nitrogen on conductiv- 
i t y . ~ T h e  res is t iv i ty  of semiconductor  si l icon crys ta ls  
of var ious  n i t rogen  contents  was measured  b y  the  usual  
method.  Ni t rogen was then removed  from the crys ta ls  
by  th ree  zone passes, and the change in the res is t iv i ty  
was measured.  Fur ther ,  the  concentra t ion of phos- 
phorus  and boron were  de t e rmined  by  the  me l t -back  
technique  (12), and the i r  contr ibut ion  to the  res is t iv i ty  
of the  zone-mel ted  sample  was subt rac ted  in o rder  to 
de te rmine  the  effect of n i t rogen on the resis t ivi ty.  

Results and Discussion 
Nitrogen and oxygen content oj semiconductor sili- 

con .~Ni t rogen  content  of commerc ia l  semiconductor  
sil icon was  found to be a lways  less t han  I X 10 ~5 a toms /  
cm 3 and usua l ly  in the  r ange  of 1 X 1014 and 5 • t014 
a toms /cm ~. Oxygen  contents  of var ious  kinds  of semi-  
conductor  silicon have a l r eady  been  repor ted  in our 
previous  paper  together  wi th  the  carbon content  ( t ) .  
Most of the  float-zone crys ta ls  conta ined  f rom 2 X 10 ~5 
to 2 X 10 TM a toms /cm 3 and Czochralski  c rys ta ls  usual ly  
had  f rom 2 X 10 l~ to 1 X l0 TM a toms /cm ~ of oxygen.  I t  
is clear  t ha t  the  oxygen  content  of the  silicon single 
c rys ta l  depends on the  condit ion of the  c rys ta l  forma-  
tion but  scarcely  on the  s ta r t ing  mater ia l .  

Solubility and equilibrium distribution coe~cient oJ 
nitrogen.--Nitrogen was found to be  d is t r ibu ted  almost  
un i fo rmly  throughout  the  ent i re  par t  of the  sample  
p repa red  by  zone-mel t ing  the  Si3N4-inserted rod, ex- 
cept  at  its t a i l -end  port ion,  as is shown in Fig. 3. In  the 
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Fig. 3. Nitrogen distribution in a silicon rod after a passage of a 
nitrogen-saturated molten zone. Zone velocity: 0.4 ram/rain. 
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zone-melt ing,  the  l iquid phase was a lways  sa tu ra ted  
wi th  ni trogen.  The resu l tan t  solid silicon, however ,  
could contain a s l igh t ly  h igher  concentra t ion of n i t ro-  
gen than  its solid solubi l i ty  at the mel t ing  poin t  of 
silicon, because the  sol id- l iquid boundary  might  have 
been dendr i t ic  and  thus  the  growing solid phase would 
have cap tured  a smal l  f ract ion of the  l iquid  phase. In  
fact, the n i t rogen concentra t ion  in the  solid was found 
to depend on the zone- t ravel ing  velocity,  as is shown 
in Fig. 4. The solid solubi l i ty  at  the  mel t ing  point  of 
silicon can be obta ined by  the ex t rapo la t ion  of the  
curve in Fig. 4 to zero velocity;  i t  is 4.5 _ 1.0 • 10 TM 

a t o m s / c m  s. 
Ni t rogen  solubi l i ty  in l iquid sil icon at its mel t ing  

point  was de te rmined  by  the use of the  suddenly  solidi-  
fled sample;  i t  was found to be about  6 • 10 TM a toms/  
cm 3. This value  agrees fa i r ly  wel l  wi th  the  va lue  of 
a round  1019 a toms /cm 3 repor ted  by  Kaiser  and Thur-  
mond (13). Almost  the same ni t rogen concentra t ion 
was observed at  the  ta i l -end  por t ion of the  sample  
f rom the  SisN4-inserted rod when this por t ion was 
solidified rapidly .  The equi l ib r ium dis t r ibut ion  coeffi- 
cient of n i t rogen be tween  solid and l iquid silicon, 
which is equal  to the  rat io  of n i t rogen solubi l i ty  in solid 
silicon to tha t  in l iquid silicon at  its mel t ing point, has 
thus been de te rmined  to be about  7 • 10-4. 

F rom the  above information,  the  phase d iagram of 
the N-Si  system in the ex t r eme ly  low ni t rogen concen- 
t ra t ion  range can be drawn.  I t  is shown in Fig. 5. The 
lower ing  of the  mel t ing  point  (AT) was calcula ted from 
the  re la t ion  

AT = x(1  -- Keq)RTm2/L [1] 

where  x is the  concentra t ion of the  solute in the  l iquid 
phase in mole  fraction, Keq is its equi l ib r ium dis t r ibu-  
t ion coefficient, R is the gas constant,  and Tm and L 
are the mel t ing  point  and the molar  heat  of fusion, 
respect ively,  of the  solvent  (for silicon, T m =  1683~ 
and L : 12.1 • 0.4 kca l /mo l ) .  This equation is an 
in tegra ted  form of Clapeyron ' s  equation and is valid 
for di lute  solutions obeying Raoul t ' s  law. Among 
var ious  silicon nitr ides,  Si3N4 is r ega rded  as the s table 
form when contacted wi th  silicon at  its mel t ing  point  
(13). In the  s ingle-crys ta l  format ion  of silicon, impur-  
i ty  n i t rogen is removed  ve ry  easily, because not  only 

(D ~D 

~ 4 - g  

0 ' 1:o ' 2 :o  
Zone velocity (mm/min) 

Fig. 4. Nitrogen concentration in silicon solidified from nitrogen- 
saturated melt with various rates. 
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Fig. 6. Oxygen concentration in silicon solidified from oxygen- 

saturated melt with various rates. r Result of activation analysis 
with standard deviation. FI: Result of infrared spectrophotometry. 

is its d is t r ibut ion  coefficient so small  but  also i t  evapo-  
rates  so read i ly  from a silicon mel t  (14). 

Solubility and equilibrium distribution coeI~cient oS 
oxygen.--The to ta l  oxygen  concentra t ion in silicon 
crys ta ls  obta ined by  solidification of the  oxygen-sa tur -  
ated mel t  at var ious  ra tes  is shown in Fig. 6. For  each 
rate,  f rom 4 to 11 wafers  were  cut out of the  zone-mel ted 
rods and analyzed by act ivat ion;  the  mean  value  of 
the resul t  is indicated in Fig. 6 wi th  s t andard  deviat ion.  
The inf rared-sens i t ive  oxygen  concentra t ion is also 
shown in Fig. 6, a l though only the  to ta l  concentra t ion  
is necessary for the de te rmina t ion  of the  solubil i ty.  The 
solubi l i ty  of oxygen  in solid silicon and l iquid silicon 
at i ts mel t ing  point  can be given as the to ta l  oxygen 
concentra t ion for the crysta ls  solidified from the 
oxygen-sa tu ra ted  mel t  at  an infini tely low rate  and an 
infini tely high rate,  respect ively.  Thus, a l though some 
arb i t ra r iness  may  be seen in d rawing  the smooth curve 
in Fig. 6, the  fol lowing constants  have been obtained:  
(i) solubi l i ty  of oxygen  in solid silicon at  its mel t ing  
point, 2.75 • 0.15 • 1018 atoms/cm3; (ii) solubi l i ty  of 
oxygen  in l iquid silicon at  its mel t ing  point, 2.20 • 0.15 
• 1018 atoms/cm3; and (iii) equi l ib r ium dis t r ibut ion  
coefficient of oxygen in silicon, 1.25 __ 0.17. 

The phase d iag ram of the  O-Si system in the ex-  
t r eme ly  low oxygen concentra t ion range  is shown in 
Fig. 7. The rais ing of the mel t ing  point  was ca lcula ted  
by  Eq. [1] for Keq equal  to 1.25. The s table  oxygen 
silicide in contact  wi th  silicon is known to be SiO at  
the  mel t ing point  of silicon but  to be SiO2 at somewhat  
lower  t empera tu res  (15). Oxygen in sil icon forms a 
per i tect ic  mix tu re  and cannot  be removed by  segrega-  
tion. Oxygen,  however,  evapora tes  eas i ly  from a silicon 
mel t  as SiO, and the  oxygen content  of the  usual  float- 
zone crysta ls  is h ighly  dependent  on the condit ions of 
a tmosphere  in the  zone-melt ing.  

Infrared-insensitive oxygen.--As is seen in Fig. 6, 
silicon crys ta ls  made  from oxygen-sa tu ra ted  mel t  
usua l ly  contained inf rared- insens i t ive  oxygen,  wi th  i ts 
quan t i ty  increasing wi th  the  decrease  of the solidifica- 
t ion rate.  The upward  devia t ion  of the  exper imenta l  
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plots in Fig. 2 can be explained also by the presence 
of infrared-insensi t ive oxygen. The na ture  of this infra- 
red-insensit ive oxygen is thought to be aggregates of 
oxygen (16). The aggregation process and the solid 
solubility of oxygen in silicon have been studied by 
many  workers (16-18). It has been reported that  the 
aggregation proceeds fairly rapidly over 1000~ and 
that oxygen in heat-treated silicon is par t ly  aggregated 
when its concentrat ion is relat ively high. Also from 
our observation on the change of the infrared absorb- 
ance in heat- t reatment ,  it can be guessed that the 
aggregation proceeds to a notable extent  after a melt  
of a relat ively high oxygen content  is solidified at a 
usual  rate in industr ia l  zone-melt ing or Czochralski 
process. Although the rate of aggregation depends on 
many  factors, it is quite natura l  that the lower the 
solidification rate and the higher the total oxygen con- 
centration, the larger the aggregated fraction, when 
other factors are the same. A tendency of the concen- 
rat ion dependence can be observed in Fig. 2. 

The experimental  relat ionship between the total and 
infrared-sensi t ive oxygen concentrat ion in Fig. 1 is 
denoted by a straight line, indicating the absence of 
any notable amount  of oxygen aggregate in this low 
concentrat ion range. This gives a justification of our 
calibration curve, although many exper imental  plots 
in Fig. 2 lie on the upper side of it. The infrared- insen-  
sitive fraction, however, has been found mostly to be 
less than 20% of the total oxygen in  as-grown silicon 
crystals. 

E~ect ol nitrogen on semiconductor property.-- The 
resistivity of an N-type crystal containing ni trogen up 
to the saturat ion concentrat ion at the melt ing point  
4.5 • 10 z5 a toms/cm 3, was found to be 37 ohm-cm, 
showing the existence of 1.4 • 1014/cm 3 of free elec- 
trons. By the melt-back technique, boron content was 
found to be about 2 • 1012 atoms/cm 3. Thus, even 
when the free electrons were ent i rely due to the 
nitrogen, the ionization degree of ni t rogen should be 
less than 4%. The phosphorus content  of the original 
crystal was calculated from the measured resistivity 
of the zone-melted crystal by the use of its reported 
effective distr ibution coefficient which was regarded 
as 0.35 for our solidification rate of about 0.5 m m / m i n ;  
it was 1.1 • 1014 atoms/cm 3. Therefore, the number  
of free electrons in  the silicon crystal excluding those 
derived from the phosphorus atoms amounts  to only 
about 1% of the number  of ni trogen atoms. When the 
evaporation of phosphorus in zone-melt ing is taken 
into account, the ionization degree of ni trogen should 
be less than  1%. 

A still higher resistivity (7000 ohm-cm) was re- 
ported by Kaiser and Thurmond  for silicon crystals 
grown from a ni t rogen-saturated melt  (13). They cal- 
culated the distr ibution coefficient of nitrogen to be 
less than  10 -7 on the assumption that  the ni trogen was 
totally ionized in silicon, although they did not rule 
out the possibility of the presence of un-ionized nitro- 
gen. Now the existence of un-ionized nitrogen has been 
proved, and the distr ibution coefficient of less than 
10 -7 has been shown to be incorrect. 

Comparison o] the solubility and distribution co- 
e~icient.--A summary  of the solubilities of carbon, 
nitrogen, and oxygen in solid and liquid silicon at its 
mel t ing point (or more correctly at the eutectic or 
peritectic point) and their equi l ibr ium distr ibution 
coefficients is given in Table I. The solubilities of the 
three elements in liquid silicon are of the same order 
and are considerably lower than those of many  metallic 
elements, which are soluble up to 102~ atoms/cm 3 
(19). The solubili ty in solid silicon, on the other hand, 
is markedly  different among the three elements. Oxy- 
gen is more soluble than many  refractory metals in 
solid silicon but less soluble than many  metals of low 
melt ing points (with a few exceptions such as zinc), 
and ni trogen is one of the least soluble elements (19). 
The distr ibution coefficients of elements within a given 
group of the Periodic Table have been known to in- 
crease with the decrease of atomic number  (19). This 
rule, however, does not hold true for carbon and 
nitrogen, which have smaller  distr ibution coefficients 
than silicon and phosphorus. 

Explanation o] the low solubilities and the small 
distribution coefficients.--The low solubilities can be 
explained by the following two properties of the three 
elements: (i) they form stable silicides of vast dis- 
sociation energies (SIC, SiaN~, and SiO), and (if) they 
are significantly smaller than silicon in atomic size. 
The small distribution coefficients of carbon and nitro- 
gen can also be explained by the latter. 

As is well known, the solubility in general can be 
given by the relation of 

[M] = exp[hS/R] exp[--AH/RT] [2] 

where [M] is the solubility of a solute M in mole frac- 
tion, S is the entropy of solution, R is the gas constant, 
AH is the heat of solution, and T is the absolute tem- 
perature. Since H for a solid solution implies the energy 
necessary for the rupture of its crystal lattice, the fol- 
lowing tendency is regarded as existing naturally and 
has actually been observed (19): the larger the heat 
of vaporization of the solute substance, the higher its 
AH and consequently the lower its solubility. For the 
present three elements when dissolved in the atomic 
state, the heat of dissociation of the stable silicide into 
silicon bulk, and monatomic gas of carbon, nitrogen, 
or oxygen should be regarded as equivalent to the heat 
of vaporization for a usual metallic solute substance. 
The heats of dissociation calculated by the use of 
thermochemical tables (15, 20) are shown in Table I. 
They are as large as the heat of vaporization of a re- 
fractory metal (e.g., Zr, 146; Nb, 172; W, 203; Re, 186 
kcal /mol  at 25~ and this can be the major  reason 
for the low solubilities. Oxygen in liquid silicon may 
be in the molecular  state of SiO, because its heat of 
vaporization is about 70 kcal /mol  (15). However, this 
molecule is so different from silicon in atomic size and 
shape that its solubil i ty should be low, as is shown by 
the elastic model theory cited just  below. 

The replacement  of an atom in its own crystal by a 
foreign atom of a different size introduces a s train 

Table I. Solubilities of carbon, nitrogen, and oxygen in silicon at its melting point and 
their equilibrium distribution coefficients and some related values 

Carbon Nitrogen Oxygen 

S o l u b i l i t y  in  solid 
A t o m s / c m a  3.2 • 0.3 x 10 zT 4.5 • 1.0 x 10 TM 2.75 • 0.15 • 10 TM 

A t o m i c  f r a c t i o n  6.5 ~- 0.5 x 10 "~ 9 --4- 2 • 10 -8 5.6 + 0.3 • 10 -~ 
S o l u b i l i t y  i n  l i q u i d  

A t o m s / c m 3  4.5 • 0.5 • 10~s 6 x l 0  ss 2.20 ----- 0.15 • 10 TM 

A t o m i c  f r a c t i o n  9 -  1 x 10 -~ 1.2 • 10-~ 4.5--+ 0.3 x 10 -~ 
E q u i l i b r i u m  distribution coet~cient  0.07 + 0.01 7 x 10 -4 1.25 "4- 0.17 
H e a t  of  d i s soc i a t i on ,*  K e a l / m o l  1.9 X 102 1.6 • 103 1.6 x l 0  s 
A t o m i c  r a d i u s ,  A 0.77 0.53 0.60 
T e t r a h e d r a l  r a d i u s ,  A 0.77 0.70 0.66 

* T h e  h e a t  of react ion for S i C  = S i  + C, V4Si~N4 = % S i  + N o r  S i O  = S i  + O, w i t h  t h e  p r o d u c t s  b e i n g  so l id  Si  a n d  monatomic  gas  of 
C, N,  or O. 
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energy  into the  crystal ,  which  is a component  of AH. 
The s t ra in  energy ( [E st] ) for a subs t i tu t ional  impur i ty  
in sil icon has been shown to be given by  the re la t ion  of 

[E st] : 22 X 1020 (At) 2 ca l /mo l  [3] 

whe re  Ar is the d i spar i ty  of t e t r ahedra l  rad ius  (in 
angst roms)  be tween  sil icon and the impur i ty  (21). 
Among  var ious  theories  t rea t ing  the solubi l i ty  or a l loy 
formation,  the  elast ic  model  theory  emphasizes  the 
role  p l ayed  by  the d i spar i ty  of atomic size (22). This 
theory  shows that :  the  g rea te r  the  dispar i ty ,  the  less 
the mutua l  solubi l i ty  both in l iquid and solid solut ion 
and also the  less the d is t r ibut ion  coefficient. The te t ra -  
hedra l  rad i i  and atomic radi i  of the  three  e lements  are  
shown in Table I. F o r  silicon they  are  both 1.17A. 
Since even thal l ium,  lead, and b i smuth  are  la rger  than  
silicon by  only about  3A in t e t r ahedra l  radius,  the  dis- 
pa r i t y  be tween  silicon and the  th ree  e lements  should 
be considered to be remarkab le .  Al though  this theory  
is r ega rded  as not  a lways  reasonable  (22), it  can ex- 
p la in  the  small  solubi l i t ies  of the  th ree  e lements  and 
also the  smal l  d is t r ibut ion  coefficients of carbon and 
nitrogen.  

Since n i t rogen in solid silicon is not  ionized, i t  is 
p robab ly  not subst i tut ional .  The much higher  ioniza- 
t ion potent ia l  of n i t rogen (14.54 eV) than  the ioniza- 
t ion potent ia ls  of o ther  Group V e lements  (P, 11.0; As, 
about  10; Sb, 8.46; Bi, about  8 eV) can be an addi t ional  
cause of the  unde tec tab ly  low concentra t ion of ionized 
subst i tu t ional  ni trogen.  

Numerical value of AH and hS . - - I t  would  be wor th-  
whi le  calculat ing AS in Eq. [2] by  the  use of the  solu- 
b i l i ty  in Table  I and  of the  r epor t ed  a l l .  Fo r  carbon 
in l iquid silicon, Scace gave 59 kca l /mo l  for 5H (23); 
thus AS is obta ined as about  17 cal tool -1  deg -1. Fo r  
carbon in solid silicon, the  va lue  of AH repor ted  by  
Bean and Newman  (18) agrees closely wi th  our resul t  
(24), the  l a t t e r  being 55 ___ 4 kca l /mol .  I t  thus  fol lows 
tha t  AS : 88 __ 2.6 cal mo l -1  d e g - L  Two different  
values  have  been r epor t ed  for  AH of oxygen in solid 
silicon: 22 _.+ 2 kca l /mo l  by  Hrostowski  (17) and 38 
___ 4 kca l /mo l  by  Bean and Newman  (18). The former  
and the l a t t e r  give --6.4 +_ 1.5 cal tool -1  deg-1  and 
3.0 _+ 2.5 cal tool -1 deg -1, respect ively ,  for AS. We 
fol lowed the i r  exper iment ;  our  resul t  is closer to the 
former  than  to the  lat ter .  The smal le r  hH of oxygen 
than  tha t  of carbon makes  oxygen  more  soluble in solid 
sil icon than  carbon in spite  of i ts ve ry  smal l  AS. 

Anomalous distribution coefficient of oxygen.--Oxy- 
gen in solid silicon is known to be interst i t ia l ,  forming 
a S i - - O - - S i  bonding. The small  size and the b iva len t  
na tu re  wi th  its own bond angle  of oxygen a tom are  
considered favorab le  for  oxygen  to be in this state. 
This can be the  reason for the  h igher  solid solubi l i ty  of 
oxygen  than  tha t  of carbon and n i t rogen and also of 

its anomalous  d is t r ibut ion  coefficient. F rom the elec- 
tronic configurat ion of n i t rogen atom, the  format ion  
of a S i - - N - - S i  bonding in silicon c rys ta l  is r ega rded  
as the  least  probable .  
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ABSTRACT 

The interface reactions of the B203-Si system were studied by infrared 
spectroscopy, e lectron and x - ray  diffraction, etc. 

The compound, which was produced at the B20~-Si interface in the tempera-  
ture  range of 900~176 closely resembled SiB4 or SiB6 in  the diffraction 
measurements.  The growth rate of silicon oxide, produced in the interface 
in an oxygen atmosphere, was several times as fast as that in a ni t rogen at- 
mosphere. These growth rates are much faster than the ordinary  growth rate 
of silicon oxide in a dry  oxygen atmosphere. F rom these data, the rate con- 
stants of growth of silicon oxide were estimated, assuming the relat ionship of 
the parabolic oxidation. 

Comparing these results with the doping amount  of boron in silicon, it 
was confirmed that  the ra te-determining step of the t ransfer  of boron into 
silicon was classified by whether  the above Si-B compound was present  or not. 

Although a number  of authors have studied the dif- 
fusion of boron into silicon, no detailed measurements  
concerning the reactions of the glass-silicon interface 
have been involved (1-4). The purpose of the present  
work  is to study the reactions of the interface. 

There are m a n y  diffusion sources for diffusion of 
boron into silicon, i.e., boron t r ibromide (BBr~), boron 
ni t r ide  (BN), and diborane (B2H6) as the gas phase 
diffusion sources, and boron doped oxide as the solid 
or l iquid phase diffusion source. By using all of these 
sources, boron oxide is formed on the silicon surface. 
It  is reduced to elemental  boron reacting with silicon 
as follows 

3 3 
B~Os ~- --2 Si ~ 2B -{- ~- SiO~ [I] 

and the reduced boron diffuses into silicon. 
The two significant problems for diffusion of boron 

into silicon are the influence of oxygen gas in the 
atmosphere and the growth condition and the proper- 
ties of the compound insoluble in a fluoric acid, which 
is produced in the glass-silicon interface for high boron 
doping. 

This insoluble compound has been studied by Busen 
et al., using an ellipsometer and it was assumed to 
be a Si-B phase from the facts that the refractive index 
of this compound was between 1.6 and 1.7, which was 
larger than that of boro-silicate glass, and it could 
be converted to a substance which was removed by 
standard glass etches by means of a low-temperature 
oxidation (2, 3). Further, it has been known that the 
growth rate of this compound is depressed as the 
oxygen concentration in the atmosphere increases. 
Therefore, the following reactions are also expected 

xSi -{- yB ~ Si-B compound [2] 

Si-B compound -{- 02 ~:~ SiO2 -{- BsO8 [3] 

The doping amount of boron into silicon decreases 
with increase of the oxygen concentration in the atmo- 
sphere and this effect is more marked at a low tem- 
perature. Therefore, it is assumed that the silicon sur- 
face under the glass is oxidized by the oxygen in the 
atmosphere, by the reaction 

Si -{- Os ~ SiO~ [4] 

This paper identifies the insoluble compound and re- 
ports on a s tudy of its electrical resistivity and its 

Key words: n~3~-Si system, Si-B compound, SiB~, SiBa, sihcon 
oxidation, boron  diffusion. 

growth condition. Also, measurement was made of the 
growth rate of silicon oxide at the interface and of the 
amount of boron doped into silicon by changing the 
oxygen concentration in the atmosphere and the dif- 
fusion sources. 
From these measurements the rate-determining step 

of the transfer of boron into silicon is estimated. 

Experimental Procedure 
BN (source I) and B~He-O~ gas system (source II) 

were used as the diffusion sources from gas phase, and 
boron doped oxide (source Ill) and pure boron oxide 
(source IV) were used from the solid or liquid phases. 
The boron doped oxide (source III) and pure boron 
oxide (source IV) were deposited on silicon wafers, 
using the oxidation of SiI~ and BaH6 at 400~ and also 
that of (CI-I30)sB at 550~ The deposition rate of the 
latter system was about 0.2-0.3 ~/min and the deposi- 
tion time was 20 rain, unless otherwise noted. It should 
be noted that measurements of the deposition rate of 
pure B203 are not satisfactory in accuracy because of 
a strong tendency to absorb water. 

The silicon samples used were 100-200 ohm-cm and 
1-2 ohm-cm resistivity, n-type with a mirror-polished 
(111) surface. The former wafers were used only to 
measure the infrared absorption spectra. 

The insoluble compound produced in the interface 
was studied by infrared spectroscopy, and electron 
and x-ray diffraction. To correct for the lattice absorp- 
tion bands of silicon in an infrared transmission exam- 
ination, a bare companion wafer of approximately the 
same thickness was always used in the reference beam 
of the double beam spectrophotometer. The electrical 
resistivity of the compound was obtained from the re- 
sistance and the thickness of the compound, which were 
determined by the difference of the sheet resistivity 
and the weight before and after the removal of the 
layer, assuming the density of this layer to be 2.55 
g/cm a, which was given by Brosset as that of SiB4 (5) 
or to be 2.43 g/cm s, given by Cline as that of SiB6 (6). 

The growth rate of silicon oxide in the interface 
during the diffusion of boron into silicon was obtained 
from the changes of the absorption band of the Si-O 
at 9.2~. The sheet resistivity of the diffused layer was 
measured after removal of the insoluble compound, 
which was changed to a soluble compound by means 
of a wet  oxygen oxidation (saturated with 95~ water)  
at 800~ for 5 rain. The surface concentrat ion of boron 
in silicon was determined by differential conductance 
measurements.  The procedure consisted of successively 
measur ing the sheet resistivity of the wafer followed 

980 
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Fig. I. Changes of absorption 
spectrum obtained after succes- 
sive various treatments for 
source IV. 

by the removal  of a silicon layer  of controlled thick- 
ness. Sectioning of the diffused layer was made by 
anodically growing an oxide of 350A thickness, corre- 
sponding to a consumption of a 140A silicon layer. The 
oxide was subsequent ly  removed by etching in  a 
buffered HF solution. 

Experimental Results 
Identil~cation and properties of the insoluble com- 

pound.--The insoluble compound produced in the B~:)3- 
Si interface has been assumed to be a Si-B compound 
by m a n y  authors (1, 2) but  no direct identification of 
it has been accomplished. The layer  was verified to be 
a Si-B compound by infrared spectroscopy as follows. 
Figure 1 shows the infrared absorption spectra for the 
sample of source IV obtained after successive treat-  
ments  involving (curve 1) heating in ni t rogen gas at 
800~ for 40 min, (curve 2) rinse in water  to remove 
the pure  B203 unreacted, (curve 3) rinse in an HF 
solution to remove the SiO2 produced in the interface, 
(curve 4) exposure to wet oxygen at 800~ for 5 rain, 
and (curve 5) r inse in an HF solution to remove the 
unresolved layer which was oxidized. 

Since the spectrum of curve 1 in this figure has the 
large and broad band of B-O at about 7~, it is supported 
that a large amount  of B203 remained unreacted. In  
the spectrum of curve 2 the band  of the B-O disap- 
pears completely but  the bands of the Si-O at 9.2~ and 
of the Si-O-B at 10.8~ remained unchanged (7, 8). No 
absorption band is observed in the spectrum of curve 
3 but  the insoluble layer is visible on the silicon 
surface. The absorption bands of the B-O at 7~, Si-O 
at 9.2~, and B-OH at 8.4~ appear again in the spectrum 
of curve 4. There are no absorption bands in the 
spectrum of curve 5 and the surface became hydro- 
phobic for the first time. From these exper imental  
results, it is concluded that  the insoluble layer is a 
Si-B compound, which is easily oxidized in  a wet 
oxygen atmosphere at a low temperature  and changed 
to the mixed SiO2-B203 system containing water. 
Since the Si-B compound and SiO2 are produced by 
heat - t rea tment  in the interface of the system, which 
at first consists of a BaO3 layer deposited on Si, the 
system is separated in three successive layers of B203, 
SiO2, and Si-B compound in order on the Si specimen, 
where SiO~ contains boron because of the presence of 
the Si-O-B absorption band. 

To identify the Si-B compound, reflection-electron 
and x-ray diffraction were utilized. X-ray  diffraction 
was carried out with a diffractometer using V-filtered 
CrK~ radiation. Figure 2 shows the electron diffraction 
pat terns of the Si-B compound which were produced 
by source IV, after hea t - t rea tment  at 900 ~ 1100 ~ and 
1200~ for 4.5 hr and by source II at l l00~ for 10 min. 
The lattice constants and the relative intensities ob- 
tained by the electron and x-ray  diffraction are sum- 
marized in Table I. The lattice constants were measured 
in  the range from 20 = 20~ ~ for specimens pro- 
duced below l l00~ and 20~ ~ for those at 1200~ in  
the x-ray diffraction. Table I also shows the data on 
SiB4 and SiB6. 

The electron diffraction maxima in Fig. 2 are not 
sharp and the error due to the broadness of the peaks 
is 10%. From these broad peaks it is expected that  
samples never  experience the extended heating r e -  
q u i r e d  to crystallize completely. 

Although the measured values in the present  work 
do not always coincide with all maxima  of SiB4 or SiBe 
(orthorhombic and cubic structures) (6, 15) in Table 
I, the compound produced below l l00~ for source IV 
is similar to orthorhomic SiB6, and that  produced at 
l l00~ for source II and at 1200~ for source IV is 
similar to cubic SiB6 or SiB4 in the diffraction maxima. 

According to the Si-B phase diagram, reported by 
Elliot, silicon is in an equi l ibr ium state with SiB4 
below 1269~ and with SiB8 above 1269~ (9). On the 
other hand, Brosset e t  al. indicated that  SiB4 can be 
formed by sintering in the 1200~176 temperature  
range, although the compound is metastable, only be- 
ing t ransi tory to the formation of the stable SiB~ in 
this temperature  range (5). Rizzo and Bidwell  reported 
that B and SiB4 free of SiB6 were produced at ll00~ 
using the reaction between Si and molten B203, and 
the s tructure of SiB4 was rhombohedral  (16). These 
exper imental  conditions are the same as in  the present  
work except for sintering. 

From these results and discussions, the Si-B com- 
pound obtained in the present  work is expected to be 
SiB4 and/or  SiB6. More detailed measurements  must  
be carried out to identify the compound completely. 

The electrical resistivity of the Si-B compound was 
measured and was found to be 0.01-0.03 ohm-cm. The 
samples were prepared at 950 ~ 1050 ~ and 1150~ 
using source IV. No definite relat ionship could be 
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Fig. 2. Electron diffraction patterns of the Si-B compound produced at 900 ~ 1100 ~ and 1200~ (o, b, and c, source IV; d, source IL) 

Table I. Electron and x-ray diffraction data for Si-B compound 

900~ 
d(A) I/Io 

Source IV Source I I  SiBt SiBa SiBa 
1000~ l l00~  1200~ 1100~ [Ref. (16)] [Ref.  (6)] [ReL (15)] 

d(A) IIio d(A) I/Io d(A) I/Io d(A) 1/lo d(A) 1/lo d(A) I/Io d(A) Ilia 

5.58 11 5.60 14 
5.15 29 5.15 30 

4.85 18 4.86 23 

4.65 100 4.65 100 

(4.29) S (4.21) S (4.06) 

3.13 

(2.60) S 2.68 

(1.37) M 
(1.47) 

(2.37) 

(1.91) 

M 
(1.11) 
(0.86) 

(0.76) 

5,05 3 
5.57 10 

4.16 26 
4.92 1OO 

3.17 21 
4.62 40 

M (4.34) S 2.76 58 
4.35 70 

40 (3.19) M 2.69 100 
4.23 80 

I00 (2.63) S 
4.15 50 

2.05 9 - -  

M 3.86 40 
1.77 6 

W (1.95) M 
2.85 80 

(1.67) M 1.61 18 2.74 50 
(1.46) S 1.69 7 2.71 60 

W - -  2.67 60 
VW 1.512 10 

1.71 40 
VW 1.506 6 

1.30 5 1.62 40 

2.93 VS 

2.40 S 

2.07 MS 

1.85 S 

1.69 MW 
1.46 MW 
1.38 S 
1.31 S 

1.25 M 
1.15 MW 
i.II M 

0.98 MS 

0.90 MS 

0.85 VS 
0.81 S 
0.80 MS 

Electron diffract ion data  are  shown in parentheses .  
VS, v e r y  s t rong;  S, strong; MS, *nod. s t rong;  M, m e d i u m ;  W, weak ;  MW, ,nod. weak ;  VlVI, v e r y  weak .  
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found between the electrical resistivity and the t ime 
or tempera ture  of heat- treatment.  This value is smaller  
than the electrical resistivity of the SiBe single crystal, 
0.2 ohm-cm, reported by Cline (8). It is not possible, 
from these measurements,  to conclude a reason for this 
low resistivity. 

Measurements o~ growth rate o] silicon oxide pro- 
duced at inter]ace.--The growth rate of silicon oxide 
at the silicon-glass interface was measured by the 
changes of the infrared absorption band of the Si-O 
at 9.2#. Specimens were prepared by heat - t rea tment  at 
700% 800 ~ , and 900~ in a ni t rogen and an oxygen 
atmosphere, using source IV. An example of the 
changes of infrared absorption spectrum by the heat- 
t rea tment  at 800~ in an oxygen gas is shown in Fig. 
3. From this figure, it is found that  the peak height of 
the Si-O band at 9.2~ and the Si-O-B band at 10.8# 
increase with time, but  that  the broad band at about 
7# hardly  changes. Figure 4 shows the changes of the 
absorption amount  of Si-O band at 9.2# with the t ime 
of the heat - t rea tments  in a ni t rogen gas at 700 ~ 800 ~ 
and 900~ and in an oxygen gas at 900~ The absorp- 
tion amount  of the Si-O band and the thickness of 
the silicon oxide, which was made from the ordinary 
oxidation of silicon in a dry oxygen gas at 900~ are 
also shown in this figure. It  should be noted that the 
measured values are the sum of the absorption amount  
and thickness of the silicon oxide produced in both 
surfaces of the specimens. From this figure, it can be 
seen that the silicon oxide produced in an oxygen 
atmosphere is about 3 times as great as that  in a 
ni trogen atmosphere and 70 times as great as that  made 
from the ordinary oxidation of silicon in a dry oxygen 
gas at 900~ the silicon oxide is produced in proportion 
to the square root of the time of hea t - t rea tment  wi thin  
the t ime measured. 

Influence o~ Si-B compound on boron di~Jusion.--The 
surface concentrat ion and sheet resistivity of the boron 

Wavelength ( p )  

8 9 I0 II 1213 1415 20 25 
I00 I I I I I f I [ I ~ =11 

Treatment temp ; 8 0 0 ~  
Atmosphere ; O= 
Treatment t ime  

8 0 -  ( ~ - - - - - -  Omin 
(~ . . . . . .  5min 
r  16min / 
(~) . . . .  40min I 

r" / 
/ \\r / / / 

,- / \ / 
0 r 

\....p I]., i 

2 0 -  \ 

0 1 I I I I 
1:300 I100 900 700 500 

Wave Number (cm -I)  

Fig. ] .  Changes of absorption spectrum of B203-Si system in an 
oxygen atmosphere at 800~ for source IV. 
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Fig. 4. Dependence of absorption amount of Si-O band at 9.2;z on 
time of heat-treatment for source IV. 

diffused layer in silicon were measured, varying the 
molar  per cent B2Hs in the gaseous reactants for the 
deposition of the doped oxide (source III  and IV). In 
this measurement,  the thickness of the doped oxide was 
constantly main ta ined  at 0.2~ and the specimens were 
heated at 1050~ for 15 min in a nitrogen atmosphere. 
The results are shown in Fig. 5. From this figure, it is 
found that the surface concentrat ion increases with 
the molar per cent of Bell8 up to about 12%, then it 
saturates above that, indicat ing that  the solid solubili ty 
of boron in silicon at 1050~ is about 2 • 1020 cm -s. 
This is in good agreement  with the exper imental  value 
given by Vick and Whitt le (1). 

Further ,  it is found that  the sheet resistivity de- 
creases with the molar per cent B~H8 up to about 12%, 
then increases gradually. The B203 content  in the doped 
oxide at 12 mole per cent (m/o)  B2H~ in the gaseous 
reactants is expected to be about 12 m/o  from the 
measurements  of the ratio of the 7~ B-O and 9~ Si-O 
infrared absorption peaks, using the data in  Ref. (4). 

It  is interest ing that  the sheet resistivity at the 100% 
B2H6 (100% B203) largely depends on the quanti t ies 
Of B203, i.e., the thickness of Be.O~ and increases with 

x ~  

l0 - - -  / "~,~ ~ /'Ao@~'~ I0 2~ 

Sheet resistivity J "\  
p, ;Thi~k,~ss of so=~e. 0.2~/ ,, o ~ 

I 0 2 "L~;Thickness of source, * /  \ 0 Is 
. _  6,/  w oJ \ 
o 

N 

I0 .. . .  I . . . . . . . . .  ; . . . . . . . .  I . . . . . . .  I0 m 
0.1 0.5 I 5 I0 50  I00  

Molar  per cent B2 H6 in reactants (%) 

Fig. 5. Sheet resistivity and surface concentration as a function 
of molar per cent B2He in reactants Samples were heat-treated at 
1050~ for 15 rain in a nitrogen atmosphere using sources III and 
IV. 
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o ; hydrophilic surface 
o ~ x ;  hydrophobic surface 

I03 ~ . ~  Treotment temp ; 950~ 

o • 

.._-_ 

"~ I0 2, ; 

4,-- 

e'- ~ ~ 0 ~  
A/a o~ ~... O3 

Source "l'V" "~'- 
. . . .  Source I 

I 0  i i i l l l l l l  i 

0 5O I 0 0  

Treotment time (min) 
Fig. 6. Dependence of sheet resistivity and presence of the Si-B 

compound on time of heat-treatment at 950~ for sources I and IV. 

I I 

5O0 

it, as shown in  the figure. After  diffusion and removal  
of the doped oxide, the hydrophitic nature,  character- 
istic of the presence of the Si-B compound, was ob- 
served all over the surface, when the molar per cent 
B2H8 exceeded about 12%. This value coincides with 
the molar per cent where the surface concentrat ion 
saturates and the sheet resistivity turns  over. 

Figure 6 shows the dependences of the sheet resis- 
t ivi ty  on the t ime of heat- t reatment .  Samples were 
heat- treated at 950~ in ni t rogen and oxygen atmo- 
spheres for source IV, and in  a ni t rogen atmosphere 
for source I. It is also shown in this figure whether  
the Si-B compound was present  or not on the silicon 
surface, which was determined by the hydrophilic 
na ture  of the silicon surface. 

In  case of source IV, hea ted  in a ni t rogen atmosphere, 
the thickness of the compound increased rapidly with 
t ime up to 1 hr  and was saturated beyond it, as shown 
in  Fig. 7. These measurements  were carried out after 
oxidizing the Si-B compound in the wet oxygen atmo- 
sphere in  place of measur ing the thickness of the Si-B 
compound directly. It  was impossible to determine the 
thickness Of the Si-B compound for source I in a 
n i t rogen atmosphere and for source IV in an oxygen 
atmosphere because it was too thin to measure. 

From Fig. 5-7 it is found that  the doping amount  of 
boron in silicon decreases as the growth rate of the Si-B 
compound increases and its growth rate is depressed 
in  the oxygen atmosphere. Further ,  it was also con- 
firmed exper imental ly  that  it took more time for the 
Si-B compound to disappear in the oxygen atmosphere 
when  the quanti t ies  of B2Os are increased. 

Influence oS oxygen  on sheet  res i s t i v i t y . - -The  doping 
amount  of boron into silicon depends markedly  on the 
oxygen concentrat ion in the atmosphere. A compari- 
son was made of the doping amount  of boron for 
source I where a small  amount  of the Si-B compound 
is produced in the silicon surface, with that  for source 
IV where a large amount  of the Si-B compound is 
produced. A plot of the sheet resistivity vs. the oxygen 
concentrat ion in the atmosphere is given in Fig. 8. 
From this figure, it is found that  a region of the oxygen 
concentration, where the sheet resist ivity is constant, 
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0.05 
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Fig. 7. Growth amount of Si-B compound vs. time of heat-treat- 
ment at 950~ in a nitrogen atmosphere for source IV. Samples 
were measured after oxidizing the Si-B compound. 
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I0 
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Fig. 8. Dependence of sheet resistivity on oxygen concentration in 

the atmosphere for sources I and IV. 

increases with the temperature  of heat - t rea tment  and 
the sheet resistivity increases with the oxygen concen- 
rat ion rapidly beyond the constant  regions for source 
I. It was confirmed that  the surface concentrat ion of 
the diffused layer coincided with the solid solubility of 
boron in silicon in these constant  regions. On the other 
hand, it is found in this figure that  the sheet resistivity 
decreases with the oxygen concentrat ion in the case 
of source IV. In  this case, it was also confirmed that 
the thickness of the Si-B compound decreased with 
the oxygen concentrat ion and the dependence of the 
sheet resistivity on the oxygen concentrat ion became 
similar to that of source I, if the thickness of the 
deposited B203 (in source IV) was decreased below 1#. 

To investigate the effect of an oxygen atmosphere 
upon  the diffusion of boron in  more de t a i l  the follow- 
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ing exper imen t  was car r ied  out. Boron was diffused 
using the  B2H3-O2 gas system (source I I )  where  the 
B2H6 and O2 gases in the  a tmosphere  were  removed,  
leaving N2 gas only to flow af ter  t ime tG, keeping the 
to ta l  diffusion t ime constant  ( t  ---- 30 ra in) .  The resuIts  
are  shown in Fig. 9a and 9b. As seen in Fig. 9a, only  
3 min  for tc  is long enough to obta in  the  larges t  a -  

10 4 

~ I0 ~ 
121 

C 

4-- 

.~ I0 ~ 
$ . .  

( D  

c -  

I0 

i i 

Total t ime of 
heat t reatment ; 3 0 ~ ~ / ~  

900~ 
-,x.-x x 

, , i i i i I i [ i i ~ i i i i h i 

I0 20 30 
to (rain) 

Fig. 9a. Dependence of sheet resistivity on tG at 800 ~ 900 ~ and 
1100~ for source II (B2H6-O2 gas system, B2H6; 250 ppm, 02; 
0.2%). Total time of heat-treatment, t, is 30 rain. 

in 
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\ 
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k - -__  t , star t  G change v-v6 stop 

IO 2 _L_._~f, , , , , , 1  , , , , 
0 5 7 I0 2 0  30 

t -  to (min) 
Fig 9b. Sheet resistivity as a function of t-tG at 800~ for source 

II, obtained from the data of Fig. 9a. 

mount  of diffused boron in this sys tem at 800~ and 
the amount  is r a the r  decreased with  a longer  tG. If 
the above data  a re  p lot ted  against  t ime t-tG, as shown 
in Fig. 9b, it  is found tha t  the sheet  res is t iv i ty  de- 
creases parabo l ica l ly  wi th  t ime af ter  r emova l  of the  
doping gases. This fact indicates  tha t  the  diffusion of 
boron does not occur when the doping gas s t ream is 
flowing. On the other  hand, the  amount  of diffused 
boron at  900 ~ and l l00~ increases  wi th  tG g radua l ly  
or is main ta ined  constant,  as shown in Fig. 9a. 

F rom these exper iments  it  is assumed tha t  the oxygen  
in the  a tmosphere  grea t ly  depresses the doping amount  
of boron into silicon at  a low t e m p e r a t u r e  in case of 
source I or I I  which  supply  a smal l  amount  of B203 
on the silicon surface. 

Discussion 
Role of oxygen in interface reaction.--The growth  

ra te  of SiO2 in the  si l icon-glass in terface  for source IV 
is p romoted  by  the oxygen in the  a tmosphere ,  as shown 
in Fig. 4. In  o rde r  to in t e rp re t  these results,  we mus t  
consider the  interface react ions of Eq. [1], [3], and 
[4]. 

F r o m  this figure, i t  is expected tha t  the  growth  ra te  
of SiO2 is l imi ted  by  the diffusion process resul t ing in 
the parabol ic  re la t ionship  

w ----Kt 1/2 [5] 

where  w is the  SiO2 thickness,  t is the  hea t - t r ea tmen t  
time, K is the  ra te  constant .  

Fur ther ,  i t  is expected tha t  the diffusing species 
which can l imi t  the  growth  ra te  of SiO2 are  B2Os in 
glass in a n i t rogen  atmosphere ,  and  B203 a n d / o r  oxy-  
gen in glass in an oxygen  atmosphere .  If  the  growth  
r a t e  of SiO2 is given by  the sum of the  g rowth  ra te  
O f  S i O 2  a s  follows, we  have  

W = Kt  1/2 ~ K ' t  1/2 [6] 

ins tead of Eq. [5] where  K and K' are  the g rowth  ra te  
constants  due to the  diffusion of B 2 0 3  and oxygen  in 
glass, respect ive ly  (i.e., the  first t e r m  in Eq. [6] corre-  
sponds to the  react ion of Eq. [1] and the  second t e rm 
to tha t  of Eq. [3] or  [4]).  

Table  II  shows the ra te  constants  of the  parabol ic  
oxidat ion ca lcula ted  by  Eq. [6], using the da ta  f rom 
Fig. 4. F rom these  data, i t  is found that  K' is about  
40 t imes as much as the  o rd ina ry  oxidat ion  ra te  con- 
s tant  for silicon at  900~ and the  act ivat ion energy of 
K is about  0.2-0.3 eV. The former  resul t  can be ex-  
p la ined  by  the fact  tha t  the  bora te  glass presents  ve ry  
l i t t le  resistance to the diffusion of oxygen,  compar ing 
wi th  pure  SiO2 (10). The act ivat ion energy  of K is 
expected to be a half  of tha t  of the  viscosi ty of a mixed  
SIO2-B203 system, because K is in propor t ion  to the  
square  root  of the  diffusion coefficient of B203 in glass 
and the  diffusion coefficient of B2Os is in inverse  pro-  
por t ion  to the  viscosi ty of the  glass. The act ivat ion 
energy  of the viscosi ty of the  above  glass is 0.65 (B203: 
100%) to 1.3 (B203:50%) eV (11) and a half  of these 
values  is a l i t t le  h igher  than  the act ivat ion energy  of 

Table II. Relationship of parabolic oxidation rate constants for 
interface reactions of B2Os-Si system 

R a t e  R a t e  
A m -  T e m p .  cons t ,  cons t .  K + K" 

Source  b l e n t  (~  K (A) K '  (A) (A) 

S o u r c e  I V  d r y  N= 700 761 m 761 
S o u r c e  I V  d r y  N= 800 904 m 904 
S o u r c e  I V  d r y  N= 900 1225 1225 
S o u r c e  I V  d r y  C~ 900 1225 1 ~ *  3062 
S o u r c e  I I  800 ~ 8 7 " *  
O r d i n a r y  o x i -  d r y  02 800 ~ 17 17 

d a t i o n  of  Si  d r y  02  900 ~ 45 45 

* T h i s  v a l u e  w a s  o b t a i n e d  b y  s u b s t r a c t i n g  t h e  v a l u e  of  K a t  
9O0~ in  d r y  N2 f r o m  t h e  to ta l  r a t e  cons t an t ,  K + K "  a t  900~ in  d r y  
02. 

** T h i s  v a l u e  w a s  c a l c u l a t e d  f r o m  t h e  d a t a  o f  Ref .  (14), ass tm~- 
i n g  t h e  p a r a b o l i c  r e l a t i o n s h i p .  
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K. Thus far, it is not possible to explain the difference 
between these two values of the activation energy. 

If we use diffusion sources such as source I or II the 
growth of SiO2 in  the silicon surface is not  parabolic, 
as reported by one of the authors (14), and it is ex- 
pected that the ra te -de termining  step of the interface 
reaction of Eq. [1] is the deposition of B20~ on silicon, 
but  not the diffusion of B203 in glass. 

Si-B compound growth conditions.--The diffusion 
current  of boron per uni t  area, J(t), which enters 
through the surface of the silicon, is given by 

J ( t ) - - N o ~ / - - ~  [7] 

if the diffusion sources are assumed to be infinite (12), 
where No, D, and t are the surface concentration, dif- 
fusion coefficient of boron in silicon, and diffusion time, 
respectively. J ( t )  decreases in inverse proportion to 
the square root of the diffusion time and becomes the 
max imum value, JM(t),  when No reaches the solid 
solubiliCy of boron in silicon. According to Fig. 6, how- 
ever, the sheet resist ivity decreases more rapidly for 
source IV than for source I in a ni t rogen atmosphere. It 
is also seen that  the sheet resist ivity decreases in  in- 
verse proportion to the square root of the diffusion 
time for source I and is lower than that  for source IV. 
Further,  the amount  of Si-B compound produced in 
case of source IV was larger than that in case of source 
I. Considering the composition ratio of Si to B in the 
Si-B compound and the solid solubil i ty of boron in 
silicon to be of the order of 1020 am -3, the Si-B com- 
pound is expected to be an approximately infinite 
diffusion source, even if the amount  of the compound 
is very small. 

From these considerations, it is expected that  the 
Si-B compound grows under  the conditions of Eq. [2] 
when the production rate of the elemental  boron pro- 
duced under  the conditions of Eq. [1] is much more 
than  JM(t) and it decreases in the opposite case, de- 
composing it to the diffusion source; the boundary  of 
silicon and the Si-B compound moves to the silicon side 
in the generation process and to the Si-B compound 
side in the degenerat ion process. The production rate of 
the elemental  boron produced in the interface is con- 
trolled by the diffusion of B20~ in the vicini ty of the 
interface, as described in the previous section. The 
liquidus curve in  the phase diagram of the B2Os-SiO2 
system is fair ly flat or very  sensitive to the concentra- 
t ion of the SiO2 at a low temperature  (13). Further ,  
the viscosity of this system is very high and becomes 
higher with the concentrat ion of SIO2. The samples, 
therefore, never  experience the t ime required to reach 
the equi l ibr ium value shown in the phase diagram be- 
low liquidus because SiO2 continues to grow under  Eq. 
[1] and/or  [4] dur ing  the dr ive- in  process. This effect 
apparent ly  corresponds to the movement  of the liq- 
uidus curve of the glass to the side of B203. From the 
above discussions, it is expected that  the reasons why 
the growth of the Si-B compound is depressed in an 
oxygen atmosphere at a low tempera ture  are the 
promotion of the growth rate of SiC~ and the high vis- 
cosity of this glass. 

Boron dif]usion rate-determining step.--Based on the 
above discussions of the growth of SiO2 and Si-B com- 
pound in  the interface, the roles of oxygen on the dop- 
ing amount  of boron and the ra te-determining step of 
the t ransfer  of boron into silicon are discussed. 

One of the authors reported that boron diffused more 
quant i ta t ively  and more uniformly,  and that  the 
growth rate of SiO2 in  the glass-silicon interface was 
lower in the B2He-CO2 gas system than  in the B2H6-O~ 
gas system at 800~ He explained this fact in terms of 
the oxygen concentrat ion in  the atmosphere (14). 

From Fig. 8 and 9 (a and b) and Ref. (14) the reason 
for the doping amount  of boron into silicon being de- 
pressed in an oxygen atmosphere at a low temperature  
is expected to be that  the temperature  dependence of 

diffusion coefficient of B203 or oxygen in glass is less 
than that of the diffusion coefficient of boron in silicon, 
i.e., the values of the activation energy of Eq. [1], [3], 
and [4] are smaller  t han  that  of the diffusion coeffi- 
cient of boron in silicon. Therefore, it is concluded that 
the diffused layer of boron in silicon or the Si-B com- 
pound is oxidized and, in case of a small  amount  of 
source, such as source I or II, the diffused amount  of 
boron in glass is rapidly decreased with the growth of 
SiO2 at a low temperature.  On the other hand, in the 
case of a large amount  of source, such as source III  or 
IV, the doping amount  of boron is not  always de- 
pressed if the diffused amount  of boron in glass is not 
decreased with the growth of SiO2 even at a low tem- 
perature, i.e., if  the production rate  of elemental  boron 
under  Eq. [1] is large enough to compensate for the 
growth rate of SiO2 under  Eq. [3] or Eq. [4]. 

From the above exper imental  results and discussions, 
it is concluded that  the ra te-determining step of boron 
into silicon is classified by the presence or absence of 
the Si-B compound. In  the presence of the Si-B com- 
pound in the interface, the ra te-determining step is the 
diffusion of boron in silicon, whether  the compound is 
generated or degenerated. In this case, the surface 
concentrat ion of boron in silicon agrees with the solid 
solubil i ty of boron. 

In  the absence of the Si-B compound, the rate-deter-  
mining  step is the diffusion of boron in glass. The dif- 
fusion process of boron in B20~-Si system is shown in  
Fig. 10. The reproducibi l i ty  and uniformity  of boron 
diffusion into silicon, therefore, depends strongly on the 
interface reaction, which is controlled by the amount  
of B203 and the oxygen concentrat ion in the atmo- 
sphere. 

Conclusion 
1. The compound insoluble in a HF solution produced 

at the interface in the 900~176 temperature  range is 
supposed to be SiB4 or SiB6 from the diffraction mea- 
surements.  The electrical resist ivity of the insoluble 
compound is 0.01-0.03 ohm-cm. 

B conc. B conc. 
Bz03 Si B203 Si 

~ x  

B20~ J 

~ X  "B20'tSi02 ~ 

B203 I 

B203 

Oxygen atmosphere 

C~ solubility of B in Si 

Cs; Surface concentration of B in Si 

; Si- B compound 

Nitrogen atmosphere 

Fig. 10. Behavior of boron concentrations in the B203-Si inter- 
face during heat-treatments. 
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2. The Si-B compound grows when  the product ion 
rate  of the  e lementa l  boron by  the interface react ion 
of Eq. [1] is much more  than  the  m a x i m u m  diffusion 
current  of boron in the in terface  and degenera tes  in the  
opposi te  case, decomposing to the  diffusion source. 

3. The reasons for the  growth  of the  Si-B compound 
being depressed in an oxidizing a tmosphere  at  a low 
t empera tu re  are  due to the increase in the growth  ra te  
of SiO2 and to the  high viscosi ty of the  mixed  SIO2- 
B203 glass. 

4. The growth  ra te  of SiO2 by Eq. [1] in the  silicon- 
glass in terface  is ra te  de te rmined  by  the diffusion of 
B203 in glass in large excess of source, such as source 
IV, and by  the  deposi t ion of B203 on sil icon in t he  case 
of the  diffusion source f rom gas phase, such as source 
I or II.  

5. The growth  ra te  of SiO2 by  Eq. [3] or [4] in an 
oxygen  a tmosphere  in the  in terface  of B203-Si system 
is ve ry  much fas ter  than  its o rd ina ry  growth  rate.  This 
fact  is exp la ined  by  assuming tha t  the  diffusion co- 
efficient of oxygen  in SIO2, p roduced  in the  interface,  
becomes l a rge r  when  the  SiO2 contains boron. 

6. The ra t e -de te rmin ing  step of the  t ransfer  of boron 
into silicon is classified by  the presence or absence of 
the  Si-B compound. If  the compound is present,  it  is 
the  boron diffusion in silicon, and if  not, it  is that  in 
glass. 
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Flame Emission Analysis of Potassium 
Contamination in Silicon Slice Processing 

William R. Knolle 
Bell Telephone Laboratories, Incorporated, Reading, Pennsylvania 19604 

ABSTRACT 

A study of potass ium contaminat ion  in semiconductor  processing was u n -  
de r t aken  to de te rmine  its ex ten t  and magni tude  in processing chemicals  and 
s l ice-handl in~ tools. S imple  methods  of prevent ing  contaminat ion  of silicon 
and silicon dioxide  from chemicals  and tools were  invest igated.  To this end a 
flame photometr ic  technique has been developed to detect  rou t ine ly  less than  
one par t  per  bi l l ion (ppb)  of potassium in solution. Potass ium contaminat ion  
of reagent  grade  chemicals  commonly  used in silicon device processing is 
genera l ly  less than  500 ppb which is comparable  to levels of sodium con- 
taminat ion.  However ,  Tr i ton X-100 surfac tant  solution and 30% hydrogen  per-  
oxide contain severa l  orders  of magni tude  more  sodium than  potassium. P y r e x  
d i shware  y ie lds  min imal  amounts  of potass ium whereas  significant amounts  of 
sodium are  leached from P y r e x  by  chemicals.  I t  is shown tha t  potass ium 
levels  on both bare  and oxidized silicon slice surfaces f rom a basic or acidic 
t r ea tmen t  can be reduced to <2.3 X 1012 a toms/cm 2 b y  a 10 min overflow r inse 
of deionized wa te r  and by  using s l ice-handl ing tools and spin dr ie r  surfaces 
which have been r insed wi th  deionized wa te r  for short  t imes  immedia t e ly  
pr ior  to use. Potass ium is shown to be mobile  at  h igh t empera tu re s  and p re -  
sents the  same unwanted  e lec t r ica l  ins tabi l i ty  in silicon d ioxide  as does sodiurm 

Sodium contamina t ion  of semiconductor  mater ia l s  
and its dele ter ious  effect on the  desired e lect r ica l  sta-  
b i l i ty  of devices is wel l  known. Li t t le  a t ten t ion  has 
been paid  to the other  a lkal i  e lements  such as potas-  
sium. Potass ium is the  seventh most  abundant  e lement  
in the  ear th ' s  crust  (sodium is the  s ixth)  (1) and is 
present  in man  as is sodium (2). The diffusion coeffi- 
cient  of potass ium in silica is about  an order  of mag-  

K e y  words :  s i l icon process ing ,  MOS devices,  f lame photometry, 
po tas s ium con tamina t ion ,  sod ium con tamina t ion .  

ni tude  smal ler  than  tha t  for sodium (3).  This is also 
the  case for the  diffusion coefficients in silicon at room 
t e m p e r a t u r e  (4). Possible evidence of potass ium con- 
tamina t ion  of chemical ly  etched silicon has been found 
(5). 

Presented  in the fol lowing sections are  the  method 
of analysis  used to detect  potass ium in the  ppb range, 
sources of potass ium contaminat ion  of sil icon slices due 
to rout ine chemical  t r ea tmen t  and slice handling,  and 
ways  to reduce  the  potass ium contaminat ion.  Also pre-  
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sented are the results of temperature-bias  drift, ca- 
pacitance-voltage (C-V) measurements  made on in- 
tent ional ly  potassium-contaminated MOS testers. 

Method of Analysis 
T r a c e  amounts  of potassium in chemicals were deter- 

mined by emission flame photometry.  An  Ins t rumen-  
ta t ion Laboratory Model 153 Atomic Absorption Spec- 
t rometer  was used in  the flame emission mode. The 
grat ing of the spectrometer has a blaze angle (6) that 
optimizes the efficiency of the grat ing at a wavelength 
o f  250 rim; therefore the grat ing does not efficiently 
pass light of 766.5 n m - - t h e  detection wavelength  for 
potassium. By insert ing a 766.5 nm narrow bandpass 
filter be tween the flame and the grating, and using the 
grat ing as a mirror  instead of as a monochromator,  
the best signal-to-noise ratio was obtained (7). Potas- 
s ium standards in the pph range were prepared by 
successive dilutions of a stock solution. The solutions 
were contained in polypropylene volumetric flasks that 
had been soaked in dilute HF for several hours and 
then  finally r insed with deionized water. The deionized 
water  used in  preparing the standards was passed 
through a set of Barnstead demineralizers and finally a 
0.30 ~m Millipore filter. The potassium level of this 
water  was less than  1 ppb. See Fig. 1 for the response 
of the ins t rument  to 3 different potassium standards 
used to c a l i b r a t e  t h e  ins t rument ' s  output. A least 
squares analysis of the ins t rument ' s  response in Fig. 1 
as a funct ion of potassium concentrat ion yields a line 
with a slope of 9.35 un i t s / ppb  and a correlation coeffi- 
cient of 0.99991. 

The silicon slices used in  this work for potassium 
contaminat ion  were 10 ohm-cm, n-type,  0.85 in. in di- 
ameter, and 0.005 in. thick. Generally,  de terminat ion of 
potassium contaminat ion of silicon and silicon-dioxide- 
covered silicon surfaces was done on several samples 
and an average value of potassium contaminat ion re-  
ported. This averaging over several slices that  have re- 
ceived the same chemical t rea tment  was necessary 
in  sodium analyses where accidental contaminat ion of 
a sample due to a high concentrat ion of sodium was 
easily possible (8). Therefore the same precaution of 
averaging data was adopted for the potassium analysis. 
In  order to calculate the min imum amount  of potas- 
s ium detectable under  this analyt ical  condition, a pro- 
cedure according to Gabriels was followed (9). Ac- 
cordingly, five 2 ml  samples of di lute H_F were dis- 
pensed from the same stock solution and analyzed for 
potassium. The calculated s tandard  deviat ion mul t i -  
plied by a statistical factor yields 1.1 ng of potassium 
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as a workable  detection l imit  in  the 2 ml samples. The 
detection l imit  for sodium calculated in this way was 
0.10 ng of sodium (8). 

Potassium in Processing Chemicals 
Some chemicals commonly used in silicon semicon- 

ductor device processing were checked for potassium. 
Several of these chemicals were repackaged into poly- 
ethylene containers before use. Seven milliliters of each 
were diluted to 100 ml in a clean polypropylene volu- 
metric flask and the resulting solution aspirated into the 
flame and analyzed for potassium. The results are pre- 
sented in Table I. Each value represents the average of 
measurements on 4 different batches. Also tabulated is 
the amount of sodium present. The sodium was detected 
by emission flame photometry with the grating used as a 
monochromator. Stringent precautions were taken to 
avoid spurious sodium contamination (8). Hydrochloric 
acid was very low in both sodium and potassium. A 
basic peroxide solution used for slice cleaning (1: 1:4 
by volume of 30% H202, conc NH4OH, and H20) (10) 
was high in both sodium and potassium, the sodium 
coming from the H202 and the potassium from the 
NH4OH. 

Contamination of Silicon and Silicon Dioxide 
by Chemicals 

A group of 9 bare silicon slices was treated with hot 
basic (adjusted to pH ~ 12 by addition of NH4OH) 
0.01M KCI solution (,~391 ppm potassium) for 20 rain 
and then rinsed in overflowing deionized water. This 
work was done in a clean bench in order to minimize 
particulate contamination of the slices. A Fluoroware 
basket was used to contain the slices. The basket de- 
sign allowed a flow of solution around the slices suffi- 
cient to help prevent  any part iculate  adherence to the 
silicon slice surface. The flow of water  in  this work 
was set at 4 volume changes per min  for the Pyrex  dish 
used to contain the Fluoroware  basket. Specifying the 
number  of volume changes per min  is preferable to 
specifying only the r inse t ime since flow rate may vary  
from process to process. The slices were monitored for 
residual  potassium on their surfaces as a funct ion of 
r inse time. At periodic intervals  a slice was removed 
from the r inse vessel and placed in 2 ml  of dilute HF 
dispensed from a Nalgene polyethylene automatic con- 
stant  volume pipettor. The silicon slice and HF were 
held in a polypropylene container that had been soaked 
in dilute HF for several days and prior to use was 
r insed again in dilute HF followed by copious amounts  
of deionized water. The dilute HF was allowed to 
equil ibrate with the silicon slice for 5-10 min  and at the 
end of this equi l ibrat ion t ime the silicon slice was re- 
moved and the solution capped unt i l  analysis. This 
method was found necessary to prevent  any spurious 
sodium contaminat ion dur ing sodium analysis (8) and 
so was used in the potassium analysis. Similarly,  bare 
silicon slices were treated with hot acidic (adjusted 
to pH ~ 3 by addit ion of HC1) 0.01M KC1 solution and 
monitored for residual potassium. The data are pre- 
sented in Fig. 2. Each point represents the average for 
3 slices. The results show that  potassium contaminat ion  
from chemicals used to clean the slices may  be r insed 
from bare silicon slices with overflowing deionized 

Table I 

Reagent Sodium ppb Potassium ppb 

I~O2 995 9 
0.5% Triton X-100" 412 3 
H~O,* 220 176 
Methanol" 174 74 
HNOs 87 100 
HF 19 76 
HCI 15 17 
NI-I4OH* "/ 320 

Fig. | .  Strip chert recorder tracing of potassium standards �9 Reagents not repackaged into polyethylene containerS. 
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Fig. 2. Desorption of potassium from bare silicon slices. The 
slices were contaminated by immersion in a hot 0.01M KCI solution 
for 20 min. Each point represents the average potassium contamina- 
tion for 3 slices. The overflow water rinse yielded 4 volume changes 
per minute of the Pyrex dish used to contain the solution. 

water. This same result  has been found for sodium 
contaminat ion (8). 

A group of silicon-dioxide-covered silicon slices was 
treated with boiling basic peroxide solution ( i : 1 :4  
H202, NH4OH, and H20 by volume) for 15 rain and 
monitored for residual  potassium as a function of rinse 
time. The data is presented in Fig. 3. Similarly, potas- 
s ium from acidic peroxide solution was rinsed off sili- 
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Fig. 3. DesoTption of potassium from oxidized silicon slices. The 
slices were contaminated by immersion in a hot 0.01M KCI solution 
for 15 min. Each point represents the average contamination for 3 
slices .The overflow water rinse yielded 4 volume changes per minute 
of the Pyrex dish used to contain the solution. 

con-dioxide-covered silicon slices wi thin  8 min  (to a 
detection l imit  of 6 X 10 TM atoms of potass ium/ml) .  
This is in contrast to sodium from a basic solution on 
oxidized silicon where an acid r inse prior to overflow- 
ing deionized water  was necessary to reduce sodium 
contaminat ion to the detection l imit  (8). 

Contamination by Chemicals from Glassware 
Two Pyrex beakers were degreased with hot tr i-  

chloroethylene, rinsed with methanol,  and overflow- 
r insed with deionized water  for 10 min. They were 
then treated with hot aqua regia for 10 rain and finally 
overflow-rinsed with deionized water  for 10 min. This 
t rea tment  reduced the potassium contaminat ion that  
may have previously been on the beakers to the de- 
tection limit of <5.7 X 10 TM atoms of potassium/ml.  
Then 25 ml  of deionized water  were placed in each 
beaker and allowed to stand for 1 hr. At the end of 
this t ime the water was analyzed for potassium. No po- 
tassium above background level could be detected 
(<5.7 X 10 TM atoms of potass ium/ml) .  In  contrast, 
the amount  of sodium leached from Pyrex  glass beak- 
ers s imilar ly t reated was 49 _+ 30 X 10 TM atoms of 
sod ium/ml  (8). The level of potassium contaminat ion 
of chemicals from glassware is at least an  order of 
magni tude lower than  the sodium contamination.  

Potassium on Slice-Handling Tools 
Several  stainless steel vacuum chucks that  were 

rout inely  used for silicon slice handl ing  were checked 
for possible potassium contamination.  The chucks were 
dipped into 15 ml  of deionized water  in  a polypropylene 
container  for 15 sec. This t rea tment  is mean t  to simu- 
late the actual practice of submerging the vacuum 
chuck into solution in order to remove the silicon slice. 
Of the 5 chucks checked, only one showed any mea- 
surable potassium transferred to 15 ml of deionized 
water  in 15 sec. This was 9.8 X 1014 atoms of potassium 
compared to 20 • 1014 atoms of sodium for t h e  most 
sodium-contaminated vacuum chuck found in rout ine 
use (8). When a vacuum chuck rinsed with dilute HC1 
and then deionized water  for 30 sec was wiped dry  
with Twill  Jean  cloth, no potassium above the de- 
tection l imit  was observed (<8.6 X 10 TM atoms of po- 
tassium compared with 105 X 1013 atoms of sodium 
transferred to 15 ml  of deionized water  in  15 sec) (8). 

A stainless steel vacuum chuck cleaned with dilute 
HC1 and deionized water and then touched with 3 un-  
gloved finger tips for 3 see yielded 311 • 1013 atoms of 
potassium in 15 ml of deionized water in  ]5 sec com- 
pared with 1680 • 1013 atoms of sodium transferred to 
deionized water  (8). A simple deionized water  rinse in  
flowing water for 30 sec of the finger-touched chuck 
appeared to remove most of the easily t ransferrable  
potassium from the surface of the chuck (<8.6 X 10 ia 
atoms of potassium transferred to deionized water ) .  
Again, potassium contaminat ion appears to be an order 
of magni tude lower than  sodium contamination.  

MOS Measurements 
Electrical instabi l i ty  of semiconductor devices due 

to potassium contaminat ion of silicon dioxide has not 
been extensively investigated (11). In  order to see if 
potassium presents any  electrical instabil i ty similar to 
sodium, silicon slices with 10,000A of thermal ly  grown 
oxide were prepared and purposely contaminated wi th  
potassium and MOS capacitance-voltage measurements  
made. 

Seven oxidized silicon slices were immersed in 125 
ml of 10 ppm KC1 solution whose sodium contaminat ion 
level was 0.5 ppb above the deionized water  reference 
level. The sodium analysis of the potassium solution 
was made to assure that  there was no inadver tent  
contaminat ion of the slice by sodium ions. The slices 
were heated below boiling for 20 min  in a quartz 
beaker and were then spun dry on a clean Teflon- 
coated spin drier (8). Five of them were analyzed for 
surface potassium by flame photometry. Each of the 5 
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slices was immersed in  2 ml of dilute HF in order to 
etch the first 400A of oxide considered to be repre- 
sentat ive of the oxide surface. The first 400A of oxide 
yielded a surface concentrat ion of 47 __+ 10 • 10 ~3 atoms 
of potass ium/cm 2. In  order to differentiate between the 
temperature-bias  drift  of potassium and that of the 
residual sodium contamination, 6 other slices from the 
same oxidized lot were immersed in a hot 64 ppb 
sodium solution for 20 min and spun dry. This solution 
contained over 50 times more sodium than  the 
potassium solution did and so the slices immersed in 
the 64 ppb sodium solution should have higher mobile 
charge if potassium is immobile. Five of the 6 sodium- 
contaminated slices were analyzed for surface sodium 
by flame photometry. The slices contained less than 
7.5 • 10 TM atoms of sodium/cm ~ on the surface as 
detected by flame photometry. As a control, one slice 
w a s  left untreated and so should have lower mobile 
charge than the sodium-contaminated slice. The 4 
slices then had gold field plates of 0.060 in. diam 
evaporated onto them. 

The MOS testers were temperature-bias-dr i f ted at 
several temperatures  for 5-10 rain and -t-9 • 105 
V/cm, then cooled quicMy to room temperature  under  
bias, and capacitance-voltage measurements  made. The 
results are presented in Fig. 4 where log QFB/q VS. 
tempera ture  is plotted for the control, the sodium- 
contaminated,  and the potassium-contaminated slices. 
Each point  is the average measurement  of 3 or 4 MOS 
testers. 

From Fig. 4 it is apparent  that QFB/q for the 
potassium-contaminated samples is higher than  for the 
sodium-contaminated samples. The difference between 
QFB/q for the control slice and QFB/q at 275~ for 
the sodium-contaminated slice (2.3 • 10~ electronic 
charge/cm 2) is similar to the amount  of mobile charge 
found by Yurash and Deal (12) when oxidized slices 
were rinsed in 64 ppb sodium solution and blown dry 
with N2 gas (~2.9 • 1011 mobile electronic charge/cm2). 
The C-V curves for the potassium-contaminated 
slices resembled those for the sodium-contaminated 
and control slices except for the much larger flat- 
band voltage shift. No evidence was found for a 
thousandfold difference in  mobil i ty between sodium 
and potassium movement  in the stressed MOS testers 
as has been previously reported (11). 

It  is interest ing that  the amount  of potassium and 
sodium detected on the contaminated oxide surfaces 
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Fig. 4. Plot of QFB/q VS. temperature; 0.060 in. diameter, evap- 
orated-gold field plates bias-drifted at -I-9 x 105 V/cm. X, 
Potassium-contaminated slice, 5 rain drift; Q ,  potassium-contam- 
inated slice, 10 min drift; A ,  sodium-contaminated slice, 10 rain 
drift; and [ ] ,  control slice, 5 min drift. 

by flame photometry is greater  than the amount  of 
mobile charge calculated from the C-V measurements.  
A possible explanat ion for this difference may be the 
manne r  in which the contaminat ion is introduced, 
namely  by immersion of the oxidized slices in a solu- 
tion of the alkali  metal  salt. While the slice is in 
solution~ alkali metal  ions may exchange with hydrogen 
ions that are present  in silanol groups ( - S i - O H )  on 
the surface of the oxidized slice, in addition to adsorp- 
t ion of molecules of the alkali  metal  salt onto the sur- 
face. It would not be expected that all of the exchanged 
alkali  metal  ions would drift  under  bias since some 
may be more t ightly bound to the lattice than others. 
When a slice is contaminated by evaporation of the 
residue from one drop of a dilute aqueous solution of 
the alkali metal  salt (11), only molecules will be de- 
posited on the slice surface; hence the exchange me- 
chanism for contaminat ion is not possible in this case. 

From the MOS tester results it is concluded that at 
high temperatures  potassium contaminat ion of devices 
will lead to electrical instabi l i ty  similar to that  a t t r ib-  
uted to sodium (13). 

Conclusions 
Emission flame photometry may be used to rout inely 

detect potassium in concentrat ions of less than  1 ppb 
in solution. A practical detection limit of 1.1 ng of 
potassium in 2 ml of solution is easily achieved when 
determining potassium contaminat ion of silicon sur- 
faces. For  a silicon slice of 0.65 in. diameter, 1.1 ng of 
potassium corresponds to a detection l imit  of 2.3 • 
10 TM atoms of potass ium/cm 2. 

With respect to silicon slice processing, potassium 
is found in chemicals to about the same extent  a s  
sodium. However, 30% H~O2 and 0.5% Tri ton X-100 
surfactant  solution are two orders of magni tude  lower 
in potassium than  sodium. Potassium contaminat ion of 
chemicals from Pyrex is min imal  whereas significant 
amounts  of sodium are leached out of Pyrex.  Potassium 
can be easily r insed from bare silicon, oxidized silicon, 
and stainless steel vacuum chucks with overflowing 
deionized water. This is in  contrast  to sodium contam- 
ination of oxidized silicon where a dilute acid treat- 
ment  prior to a deionized water  rinse was necessary 
to reduce sodium contaminat ion to the detection limit 
(6). Potassium is easily t ransferred to solutions and 
sl ice-handling tools by ungloved hands;  to avoid 
potassium contaminat ion clean gloves are necessary. 

Potassium contaminat ion of semiconductor devices 
is to be avoided since potassium evidently is mobile 
at high temperatures.  By proper handl ing  and treat-  
men t  the amount  of potassium may  be kept below the 
detection l imit  of 2.3 • 1012 a toms/cm ". 
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Electrical Properties of Vapor-Deposited 
Silicon Nitride Films Measured in Strong Electric Fields 

P. K. Chaudhari, J. M. Franz, and C. P. Acker 
IBM System Products Division, Essex Junction, Vermont 05452 

Recently, silicon ni tr ide films have received consider- 
able a t tent ion (1-3), main ly  for passivating silicon, 
constructing diffusion masks, and use as gate insulators. 
The physical and electrical properties of deposited 
films have been found to vary with reactant  composi- 
t ion dur ing  growth, temperature,  and method of dep- 
osition (4-6). 

Studies of the electrical conductivi ty of silicon ni- 
tride films in  strong electric fields can give information 
concerning the mechanism of the increase of conduc- 
tivity, the existence and location of t rap levels, and 
dielectric constant. 

Experimental 
The substrates used for this study were mechanical ly 

polished 2 ohm-cm, p-type silicon. Just  before loading 
into the reactor, the substrates were chemically etched 
in fresh, concentrated HF and r insed in  deionized 
water. An rf-heated, horizontal tube reactor was used 
for the sil icon-nitride deposition. 

A 4~, 2 ohm-cm boron-doped epitaxial  layer was 
deposited at 1135~ by reacting silicon tetrachloride 
and diborane in hydrogen. The temperature  was then 
reduced to 925~ dur ing the hydrogen purge cycle and 
silicon ni t r ide was deposited using 150:1 ammonia-  
silane ratio in a hydrogen ambient.  The deposition 
rate was approximately  10O A/min .  The MIS structures 
for electrical measurements  were formed by evapo- 
rat ing a luminum field plates, 30-mil diam over the 
silicon ni tr ide through a metal  mask. A l u m i n u m  was 
also evaporated on the backside of the silicon for con- 
tact. The thickness of the ni t r ide films studied ranged 
from 175 to 500A. The thickness and the index of re- 
fraction were measured ellipsometrically. 

Results and Discussion 
Physical Properties.--Optical measurements  were 

made on samples deposited on silicon blanks  by  the 
same process as the samples for electrical measure-  
ments. Transmi t tance  curves obtained in  the range 
2.5-40~ using a Beckman Model IR-121 spectrophotom- 
eter indicate a broad absorption peak in the range 
10-12~ with a m i n i m u m  at 11.6~. This absorption is due 
to the Si-N bond and agrees with that reported by Bean 
et al. (6). No peaks due to SiO, Sill,  or NH were ob- 
served. Etch rates of 0.7 and 1.1 A/sec were obtained 

K e y  w o r d s :  d ie lec t r ic ,  t h i n  fi lm, d-c  c o n d u c t i v i t y ,  s i l i con  n i t r i de .  
l T r a d e m a r k  of Beckman Instruments, Incorporated. 

at 50~ for 10:1 and 5:1 buffered etch, respectively, 
in good agreement  with Bean et al. The dielectric 
constant of the silicon ni tr ide films was obtained by 
measur ing the capacitance of MIS structures at 1 MHz, 
under  bias conditions corresponding to strong accumu- 
lat ion of the silicon surface. The electrode area was 
measured by photographing the electrode with a cali- 
brated scale. The average value of the dielectric con- 
stant  so determined was 7. 

High Field Conductivity 
The current  flow through the silicon ni tr ide films 

was measured using a Keithley Model 602C electrom- 
eter. A hot-stage probe chamber  with ni t rogen ambient  
was used for all the measurements  in the range 300 ~ 
500~ Special care was taken to ensure that conduc- 
tion measurements  were made under  steady-state con- 
ditions. The current  was measured as a function of 
bias at various temperatures.  Curren t  measurements  
made on 4 or 5 capacitor dots per wafer indicated a 
considerable scatter in absolute magnitudes.  However, 
least square fit of the in  r vs. E 1/2 plots yielded rather  
consistent values for slope and convergence point  (to 
be discussed below).  A representat ive plot of !n r vs. 
E 1/2 at various temperatures  for A1-Si~Ni4-Si, 324A 
thick, 30 mil  diam is represented in Fig. 1. Figure 2 
shows In r against 1/T for different field strengths. It  
is well established (7-9) that  for fields in excess of 
104 V/cm, many  dielectric films exhibit  current-vol tage 
characteristics of the form 

[ q0 ] 
~ e x p - -  ~ - - ~ F E  l/2 [1] 

KBT 

which is evidence of ei ther Schottky or Poole-Frenkel  
(P-F) effect (10). ~F in Eq. [1] is given by 

q 
~F -- (q/a~eoen) 1/2 [2] 

KBT 

where a = 1 for P-F effect and 4 for Schottky. Here 
is the conductivity, E is the field in V/cm, eo is the 

vacuum permitt ivi ty,  KB is Boltzmann's  constant, q is 
the electronic charge, T is the temperature  in degrees 
Kelvin,  ~n is the relat ive dielectric constant  for the 
insulat ing film, and r is the potential  barr ier  or the 
depth of the trap level. In  Fig. 1 the curves clearly 
show that  the conductivity obeys Eq. [1]. The slope of 



992 J. Electrochem. Sot . :  S O L I D - S T A T E  S C I E N C E  A N D  T E C H N O L O G Y  Ju ly  1973 

159. 

16 Io 

16" T 

b 

-t2 

i013 

0 300OK 
X 550 ~ K 
0 400 ~ K 
�9 f 450OK 

,e" 500~ 
@ 550"K 

I 

I 

EVZ (V/crn), I/2 

I 

I 

2 
X I03 

( l  i 

3 

I 

Fig. 1. Conductivity plotted v s .  the square root of the electric 
field for a 324A thick silicon nitride film, at various temperatures. 

20 

i 
o 
x 

I = I I 

,~, 176 .~ THICK FILM 

�9 5oo .~ 
324 ;, 

500 1 

/ /  / 

/ 
/ 

/ /  
/ /  

/ /  

/ / / /  

//// 
// r 

i I , I = I 
I 2 3 

103IT (OK)-I 

10 

l0  - I  

io -2 

10 -3 
T 

oe 

C~ 10-4 

10-5 

I~ t 

iO ~71 
I 

'+•i•• ,o,  v/o,,, 

2.64 x 106""~ ~ 

t t 
2 3 

103/T (OK) -~ 

Fig. 2. Conductivity plotted against the inverse of the tempera- 
ture for a 324.~. thick silicon nitride film, at various fields. 

the s t ra ight  l ines decreases wi th  increasing tempera-  
ture,  as expected for e i ther  of these mechanisms.  The 
slopes ~F obta ined f rom Fig. 1 are  p lot ted  against  
1/T as shown in Fig. 3. Note tha t  not only an increase 
in ~F wi th  decreasing t empe ra tu r e  is observed,  bu t  
also a ra ther  good propor t ional i ty ,  ~F ~ I / T ,  in the  
t empe ra tu r e  range  300~176 which is in good agree-  
ment  with Eq. [2]. By equat ing the slope of Fig. 3 to 
Eq. [2], aen = 3.6 • 0.2. The  ref rac t ive  index of the 
silicon ni t r ide  films measured  by  e l l ipsometer  is n = 

Fig. 3. Temperature dependence of the P-F coefficient /~F oh, 
rained from Fig. 1. 

1.98 that  yields cn ---- n 2 --  4, and  hence a = 1 in Eq. 
[2]. I t  therefore  appears  that  Fig. 1 represents  a bu lk-  
l imi ted  conduction obeying the P - F  law. The dis- 
c repancy  in the value  of en obtained f rom the da ta  
and tha t  obta ined f rom the  e l l ipsometer  measurement  
is consistent  wi th  the  concept of an increased effective 
t empera tu re  at h igh electr ic fields, as proposed by 
Jonscher  and Ansar i  (11) and observed exper imen ta l ly  
in SiO (11), amorphous  carbon films (12), and 
a luminum-doped  SiO (13). Room- tempera tu re  data  
on 176, 300, 324, and 500A th ick  films also gave  s imi lar  
values  for ~F- However ,  500A films y ie ld  h igher  values  
of PF for  h igher  t empera tu res  (see Fig. 3). This 
anomalous effect has been observed, in scr ibed silicon 
ni t r ide  samples, by  Brown et al. (2). 

Barrier lowering due to P-F eJ~ect.--The In ~ vs. 
E 1/2 s t ra ight  lines ex t rapo la ted  in the  high-field region 
meet  at  E 1/2 = EB 1/2, indicat ing a t empera tu re  inde-  
pendent  conduct ivi ty  at EB. This field corresponds to 
complete  removal  of the  coulombic ba r r i e r  due to the  
P - F  effect, and is given by  EB ,~ 1 • 107 V/cm. It  is 
in teres t ing to note that  this  value  agrees wi th  the  field 
s t rength  for e lectr ical  b r eakdown  of th icker  silicon 
n i t r ide  films (14). Fol lowing  the same procedure,  Fig. 
1 of Ref. (2) gave a value  of EB -- 1.05 • 107 V/cm. 

Trap levels.--Consistent with  the  P - F  effect, Eq. [1] 
is evidence of f ield-enhanced the rmal  emission from 
a localized level  or t rap  level  located at r eV below the 
conduction band. The depth of the t rap  level  is deter -  
mined by  Eq. [3] by  equat ing the  exponent  to zero 
and using E = E m  The t rap  level  so de te rmined  is 
found to be r = 1.1 _ 0.2 eV below the conduction 
band. This value  also agrees wi th  tha t  obta ined  from 
the  slope of ]n ~ vs. 1 /T plot. Kenda l l  (15) reports ,  
f rom the rma l ly  s t imula ted  cur ren t  work, a definite 
t rapp ing  level  in n i t r ide  be tween 0.50 and 0.90 eV. 
Sze (14) also repor t s  a level  located at r : 1.2 • 0.3 
eV. r and en were  calcula ted f rom values  of EB and ~ F  

found using computer  fit of the  data. The uncer ta in ty  in 
EB and PF is thus reflected in the  uncer ta in ty  in ~ and 
on. These uncer ta in t ies  in EB and ~f are indicated in 
the  figures (see Fig. 1 and 3) as er ror  brackets .  This 
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uncer t a in ty  includes also a sample- to-sample  var ia t ion  
in these parameters .  

Data  by  Kenda l l  (15) indicates the  presence of smal l  
c rys ta l l ine  regions in his films of silicon ni t r ide  and 
suggests tha t  these regions are responsible  for the 
deep t rap  levels. However ,  t ransmiss ion electron micro-  
scopic examina t ion  of films s imi lar  to those s tudied 
here do not  show evidence of c rys ta l l in i ty  and are  
found to be essent ia l ly  amorphous.  Hence i t  is postu- 
la ted tha t  the  origin of the  deep-seated  t raps  m a y  be 
more  closely re la ted  to s t ruc tura l  defects. This is sup- 
por ted  by  the  measured  etch ra tes  of about  1 A/sec  
at  50~ indica t ing  the  l ike ly  presence of excess of 
silicon. 
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Chemical Vapor Deposition of a TiC Coating on 
a Cemented-Carbide Cutting Tool 

M. Lee and M. H. Richman 
Division o~ Engineering, Brown University, Providence, Rhode Island 02912 

Chemical  vapor  deposi t ion has been used to deposit  
coatings of t i t an ium carbide  on steel  and more  recen t ly  
on cemented carbides.  The kinet ics  of the coating p ro -  
cess and the coating growth  morphology  have  also been 
the subject  of many  ear l ie r  repor ts  (1-3). Ever  since 
t i tan ium-carbide-coated ,  cemented-carb ide  cut t ing 
tools became popular  in manufac tur ing  operations,  this 
subject  has a t t rac ted  increased a t tent ion f rom the  cut- 
t ing tool industry .  

Direct  deposi t ion of the  carbide  onto a hea ted  sur-  
face f rom a gaseous mix tu re  of vola t i le  t i t an ium tet-  
rachloride,  hydrogen,  and some hydrocarbon  or car-  
bon te t rach lor ide  is a wide ly  used process. Al though 
much is known about  the  kinetics of this process, some 
questions st i l l  r emain  unanswered.  The most notable  
p rob lem is the  effect of the  subs t ra te  ma te r i a l  and its 
s t ruc tu re  on the  g rowth  morphology  of the coating. 
This informat ion  mus t  be unders tood in order  to p ro-  
duce consis tent ly sat isfactory cut t ing  tools. 

While  it  is genera l ly  bel ieved (3) tha t  pyrolys is  of 
the  hydroca rbon  is the control l ing mechanism in the  
coat ing process, some questions concerning the growth  
morpho logy  of the  coat ing remain  to be  answered.  A 
pa r t i cu l a r ly  in teres t ing question is to wha t  ex tent  the  
hydrocarbon  pyrolys is  affects the  growth  morphology  
of the  t i t an ium carbide.  

A series  of machin ing  expe r imen t s  re la t ing  the  pe r -  
fo rmance  of the  coated cut t ing tools to the  th ickness  
and t ype  of the  TiC coating has a l r eady  been car r ied  
out (4) and i t  is the  in tent  of this paper  to p resen t  such 
informat ion regard ing  the  chemical  vapor  deposit ion 
of TiC coatings as m a y  be useful  to ca rb ide  manufac -  
turers .  

Experimental Procedure 
The chemical  vapor  deposi t ion sys tem used in this  

research is shown schemat ica l ly  in Fig. 1. 

Key words: carbide cutting tool, t itanium carbide coating, chem- 
ical vapor deposition. 

Ei ther  me thane  or toluene is used as the  hydroca r -  
bon. Gas flow ra tes  a re  control led  by  s tandard  tube-  
type  flow meters  equipped wi th  an ext rasens i t ive  
needle valve,  ca l ibra ted  for each gas species, and cor-  
rec ted  for the  pressure  grad ien t  across the  meter .  
Toluene is carr ied  into the system by hydrogen,  and 
the par t ia l  p ressure  of to luene in hydrogen  is con- 
t ro l led  by  va ry ing  the t empera tu re  of the  l iquid  tol-  
uene bath.  

T i tan ium te t rach lor ide  is in t roduced into the system 
by bubbl ing  hydrogen  through  l iquid TIC14; the con- 
cent ra t ion  of  TIC14 vapor  in the system is fixed 
throughout  this  research.  The total  gas pressure  in-  
side the  coating system is ma in ta ined  at 1 atm. A n y  
back pressure  caused by  bubbl ing  the exi t  gas th rough  
an oil t rap  (depth  app rox ima te ly  2 cm) and a wa te r  
t rap (depth  app rox ima te ly  10 cm) does not signifi-  

:=~Methone 

Empty TiCI 4 
Flow Meter 

= ~  Hydrogen 

lUl N I U 
H20 Empty Empty 

Minerol 
Oil 

Fig. 1. TiC coating system 
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cantly increase the total pressure beyond 1 atm. Al-  
though the system pressure is an important  indepen-  
dent  var iable  in the chemical vapor-deposit ion proc- 
ess, atmospheric pressure is used throughout  this re-  
search because of the qual i ty of the coatings which 
were deposited at this pressure. 

Radio-frequency surface heat ing is used to ma in -  
ta in  the tool being coated at the proper temperature.  
The TiC coating deposited on the surface of the sub-  
strate tool changes the heating characteristics of the 
system, bu t  constant temperature  is mainta ined by 
continuous adjus tment  of the power input. A micro- 
optical pyrometer  is used to monitor  the substrate 
temperature,  and all necessary corrections are made 
for the emissivity and the reaction tube wall. 

A 32 m m  ID Vycor tube equipped at both ends with 
s i l icon-rubber  o-r ing compression seals is used as the 
reaction chamber. To avoid any influence of the sup- 
port mater ial  on the structure and properties of the 
coating, the tools to be coated are placed in the center 
of the chamber  on a TiC-coated a lumina  support. I n  
addition, the tools have a positive rake angle and all 
metal lurgical  examinat ions are performed at the cut-  
t ing tip which is located at the top of the tool - - the  
face distant from and in no way in contact with the 
support. While the lat ter  condition would not  negate 
any carbon transport  due to eddy currents  caused by 
thermal  convection, the former condit ion would in-  
sure a uniform and constant  substrate. The tool sur -  
face is also del iberately decarburized and *l-phase 
formed before the TiC deposition. Therefore any ten- 
dency for ~] formation where  the substrate does not con- 
tact the TiC or n suppression where the substrate does 
contact the TiC would be negligible in this study. A 
silica-wool t rap at the inlet  end of the reaction cham- 
ber  causes the reactant  gases to mix and also filters 
out any dust. A preheat ing at tachment  is also used 
in some cases to br ing  the temperature  of the re-  
actant gas mix ture  close to the substrate tempera ture  
before the gas reaches that  point in  the chamber. This 
el iminates the development  of a tempera ture  gradient  
across the  tool surface due to any chil l ing effect of 
the cold gas on the hot tool. It was also considered 
that  the concentrat ion gradient  in the gas mix ture  
across the reaction surface might result  in a nonun i -  
form coating but  such an effect would be minor.  The 
coating system is baked prior to each run  at a tem- 
perature  over 150~ but  below the softening tem-  
perature  of silicon rubber  and purged with argon for 
at least 1 hr in order to remove air and, especially, 
water  vapor from the system. 

Surfaces of the substrate tools are prepared in three 
different ways: (i) cleaning in a highly concentrated 
bath  of boiling KOH; (ii) deeply etching the surface 
with 10% ferr icyanide and 10% KOH solution in water  
which exposes the clean crystal l ine-carbide grains; 
and (iii) heat ing the tools in a flow of hydrogen gas 
which produces a th in  si lvery white film of continuous 
n-phase on the surface. 

The tools are plated with a thick copper layer and 
sectioned on a diamond wafering machine. The thick- 
ness of the coating is measured metal lographical ly on 
a section which has been etched with an aqueous solu, 
l ion of 10% potassium hydroxide. Examinat ion  of coat- 
ing and coating-substrate  interface s tructure is per- 
formed wi th  an optical metal lograph and electron 
microscopes (JEM 30 and JEM 7). Two-stage carbon 
replication is used for electron microscopy. All of the 
coated tools are investigated by x - ray  diffraction to 
identify the crystal s t ructure  of the coating and  any 
impuri t ies  in it. 

Results and  Discussion 
The dependence of the growth rate  on the substrate  

tempera ture  is shown in Fig. 2. The substrate tool 
used was WC + 6% Co and the total coating t ime for 
each tool was 90 min. The time dependence of the 
coating growth rate is l inear  except for a short ini t ial  
induct ion period of less than  a minute.  The wait ing 

SCIENCE AND TECHNOLOGY 

}00 

8o 

6O 

4o 

z 

"~ 20 

T 
0 

IO 
oO 
tO 
L~ 
Z 

(.9 

8 

6 

4 

2 

J u l y  1973 

T ( ~  

1150 I100 1050 I 0 0 0  9 5 0  
{ I i I ~ t t i 

x~ .  

\ 

" ,,(A) 
. . . . .  ~ x  \ 

\ 
\ k 

\,.(B) x 
\ k 

\ \ 
x \ \  

\ 
\ 

\ \ 
\ \ 

\ \ \ \  

\ X 
\ \  

\ X  \x" 
% 

"~• 

I i I i 1 J I i t i l I _ _ 1  

.70 .72 .74 .76 .78 .80 .82 

1 0 3 / T ( ~  

Fig. 2. Arrhenlus p|ot of coating rate. Curve (A), 1500 cm3/min. 
H2 saturated with toluene at - -18~  curve (B), 1000 cm3/min. H2 
saturoted with toluene at - -18~ 

t ime used for average rate determinat ion is 90 min  in  
each case. The hydrocarbon used for the par t icular  
experiment,  the results of which are represented in  
Fig. 2, is toluene carried into the system by hydrogen 
bubbled through a toluene bath at -18~ It may be 
seen from this data that  the deposition rate is rela-  
t ively independent  of flow rate when the substrate  
temperature  is below ll00~ whereas t ranspor t  of 
the reactant  and the product materials  become rate 
l imit ing when the temperature  exceeds ll00~ 

The growth morphology of the coating is very 
strongly dependent  upon the surface state of the sub-  
strate tools. When deeply etched tools with clean crys-  
ta l l ine-carbide grains projecting from their surfaces 
are used as the substrate, three distinct types of de- 
posit s tructure are observed. (i) When the coating 
temperature  and the hydrocarbon concentrat ion in  
the reactant  gas mix ture  are relat ively low, whiskers 
often form. (ii) At an in termediate  tempera ture  (e.g., 
1050~ and with a moderate concentrat ion of hydro-  
carbon, large well-defined crystal growth is often seen. 
(iii) At high temperature,  i.e., at the upper  edge of 
the kinet ic-control led (or the t ransport-restr ic ted)  re -  
gion, a coarse polycrystal l ine film is formed. The 
boundaries  between these three regions are not de- 
finite. There is often considerable overlap because both 
the temperature  and the hydrocarbon concentrat ion 
are independent  variables. At a fixed tempera ture  
(e.g., 1050~ depending on the amount  of hydro-  
carbon in the system, different coating s tructures  can 
be produced. 

When as-ground tools are used after having  been 
cleaned in  a bath  of boil ing KOH, the results  are 
mixed. Sometimes a crystal l ine form of coarse t i t an ium 
carbide is deposited, but  in most cases a continuous 
polycrystal l ine film of fine grain size would form. 
However, the tool surface is del iberately decarburized 
to a slight degree by heat ing in a flow of hydrogen 
unt i l  a th in  film of very  smooth si lvery white  n-phase 
is formed at the surface. The coating deposited on 
this n-phase layer  at a tempera ture  between 950~ 
and 1150~ with sufficient 1 hydrocarbon in  the gas 
mix ture  is always a strong continuous film with u l t ra -  
fine grain size. A typical coating formed under  these 

1 About  18% by  vo lume  of m e t h a n e  in  the  total  gas mixture is  
sufficient for the sys tem used here. 
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Fig. 3. An electron micrograph of tool-coating interface taken by 
double-stage carbon replication. Substrate tool: WC -I- 6% Co; 
hydrogen reduced surface; coated at 1050~ rate of TiCI4, satu- 
rated H2 flow, 500 cm3/min; rate of methane flow, 28 cm3/min. 
14,200X. 

conditions is shown in  Fig. 3. Although the ~-phase is 
not desirable in cutt ing tools, it seems to be a necessary 
condition for good coating. 

If a thick coating is deposited at a high rate, the 
coating consists of an array of large columnar  grains 
oriented normal  to the substrate surface. It  is also 
found that  the presence of some air or water  vapor in  
the coating system would drastically change both the 
growth rate and the coating structure. Very fine t i tani-  
um dioxide (TiO2) particles which had formed in the 
gas phase provide extra nucleat ion sites, increase the 
growth rate of the coating, and result  in a bimodal 
coating structure. The structure of a thick coating 
deposited with some air in the system is shown in 
Fig. 4. 

The dependence of the film growth rate on the con- 
centrat ion (Fig. 5) changes with the hydrocarbon 
content  of the reactant  gas mixture.  This agrees well  
with previously published reports (3). Along with 
the coating temperature,  the hydrocarbon concentra-  
t ion has a considerable influence on the deposition 
rate. 

An activation energy for the coating process may 
be estimated from the l inear  portion of Fig. 2. It  
varies f rom 84 N 94 kcal /mole  depending upon the 
data obtained. This variat ion is due to the m a n y  
sources of possible error ment ioned above. It does, 

Fig. 4. An electron micrograph of a coating structure with large 
carbide particles grown from oxide nuclei within a continuous-car- 
bide matrix. 2800X. 
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Fig. 5. Coating thickness as a function of hydrocarbon flow rate. 
Temperature: 1050~ rate of TiCI4-saturated (at room tempera- 
ture)-hydrogen flow: 500 cm3/min. 

however, agree reasonably well  with the reported acti-  
vat ion energy of 90 caI/mole for the deposition of 
pyrolytic carbon from toluene (5). This may mean  
that  wi thin  this surface-controlled region, it is the dis- 
sociation of carbon from the hydrocarbon molecules 
rather  than the absorption and desorption of the re- 
actant and the product  gases that is the rate-control l ing 
step and that  different hydrocarbon gases could show 
different TiC deposition activation energies equivalent  
to their  dissociation energies. Takahashi  et  al. (1, 2) 
found from their invest igat ion that the TiC deposition 
rate changes if different hydrocarbon species are used 
in the coating process even though all other coating 
parameters  are identical. They reported that methane  
showed the slowest deposition rate while  propane and 
ethane showed much higher deposition rates. The re-  
ported activation energy of pyrolytic graphite dep- 
osition from methane  is 103 kcal /mole  (6). For pro- 
pane  decomposition it is 28 kcaI/mole (7) and for 
ethane, 72 kcal /mole (8). According to these activa- 
t ion energies, methane  would be expected to produce 
TiC at the slowest deposition rate. However Takahashi  
(1) also reported that the deposition rate is lower 
with propane than  with ethane even thcmgh the lat ter  
has the higher hydrocarbon dissociation activation 
energy. It  seems that  some more s tudy is definitely 
needed in this area. 

It is also qui te  possible that the morphology of the 
TiC deposition may be controlled by pyrolytic graph-  
ite deposition from the hydrocarbon involved. 
Takahashi et aL (2) have also determined the or ienta-  
t ion of their whiskers  by the Laue technique and found 
the <111> axis of the cubic crystal to be the growth 
direction. They often found a large TiC crystal  of 
hexagonal  pr ism shape. The similarities between Taka- 
hashi's TiC whisker growth and the most common type 
of graphite whiskers indicates that  the growth mor-  
phology of graphite whiskers may have a direct bear- 
ing on the growth morphology of TiC whiskers. 

A series of microhardness measurements  (Vickers 
hardness number  with a 50g load) was taken on ti- 
tanium-carbide  coatings deposited with different con- 
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Table I. Microhardness of the coatings and the tools 

Viekers  
hardness  

Materials  k g / m m  ~ R e m a r k  or  Refe rence  

w e  + 6% Co 1550-1750 S u b s t r a t e  tools  used  
W C  + 6% Co 1550-1700 S c h w a r z k o p f  and Kieffer  (10) 
Coating 1 2550 CH4, 140 c m S / m i n  
Coating 2 2350 CH~, 105 c m S / m i n  
Coating 3 2250 CH~, 68 cmS/m'in 
Coating 4 2150 CH4, 28 c m S / m i n  
TiCo.s ~ TiC:.o 1900 ~ 2900 W i l l i a m  and L y e  (9) 

The test  load used  w a s  50g. 

centra t ions  (flow ra tes)  of hydroca rbon  in the  coat-  
ing system. The hardness  values  a re  l is ted in Table I 
for the coat ing rates  shown in Fig. 5 as a function of 
hydroca rbon  flow rate.  The microhardness  increases 
as the hydrocarbon  concentrat ion in the reac tan t  
gas increases. Oxygen or n i t rogen impur i t ies  in the  
coating could affect the  hardness  but  the samples  
were  ve ry  carefu l ly  control led  so that,  o ther  than  
hydroca rbon  concentrat ion,  al l  condit ions were  ident i -  
cal. There  a re  two possible causes for  this var ia t ion  in 
hardness.  (i) When the hydroca rbon  concentra t ion 
in the coating sys tem is high, the degree of super -  
sa tura t ion  and, therefore,  the  nucleat ion rate  increases. 
The coatings deposi ted under  these condit ions would  
have a finer gra in  size than  coatings deposi ted under  
other  conditions.  (if) Ti tan ium carbide usua l ly  has 
some carbon deficiency (as compared  to its stoichio- 
met r ic  composit ion) and according to Wi l l iams  et al. 
(9), the  hardness  of the  carbide increases l inear ly  as 
the  carbon deficiency decreases.  

The hydroca rbon  concentrat ion in the coating system 
is a cr i t ical  factor  which must  be unders tood in o rder  
to assure high qual i ty  coat ing production.  The coat ing 
sys tem must  p rov ide  the  high degree of supe r sa tu ra -  
t ion needed to deposit  a s t rong and hard  continuous 
film. However,  when the CH4 flow rate  exceeded 35% 
of the  TiCh~-saturated H2 flow rate,  x - r a y  diffract ion 
analysis  indica ted  the  presence of some free graphi te  
in the  coating. 

A thin layer  of TiC could be formed on the  surface 
of the carb ide  tool wi thout  any hydrocarbon  in the 
coating system. In  such cases, however,  the surface 
of the tool is degraded  (Fig. 6) and the growth  ra te  
is ve ry  low (Fig. 5). 

Conclusions 
Each indiv idual  coating sys tem wil l  show some 

difference in the  kinet ic  data  due to differences in 
the gas flow pat tern.  The fol lowing conclusions can 
serve  as a useful  reference for coating systems ut i l iz-  
ing chemical  vapor  deposi t ion of t i t an ium carb ide  
f rom a gas mix tu re  of t i t an ium tet rachlor ide,  hydro -  
gen, and some hydrocarbon.  

1. The subs t ra te  t empera tu re  should not  exceed 
1200~ Higher  t e m p e r a t u r e  tends to create  a g ra in-  
growth  p rob lem and causes cobalt  to diffuse into the 
coatings and i4 was observed (4) that  coatings of this 
t ype  do not pe r fo rm wel l  in cut t ing applications.  At  
t empera tu re s  in excess of 1200~ the growth  ra te  
is too high and control  of the coating thickness is 
difficult. 

2. Surface  p repara t ion  of the  subs t ra te  tool is ve ry  
impor tan t  for good coating production.  A sl ight  de -  
carbur iza t ion  and creat ion of a thin smooth layer  of 
~-phase on the surface insures the  op t imum coating 
s t ruc ture  for machin ing  appl icat ions  wi th  excel lent  
consistency. 

3. Control  of the  hydrocarbon  concentra t ion  and 
flow ra t e  is a key  to the  product ion  of we l l - coa ted  
tools. Select ion should be made  based on the infor -  
mat ion  regard ing  the  pyrolys is  of each hydroca rbon  

Fig. 6. A tool coated without hydrocarbon in the coating system. 
The lower right-hand corner is the tool and the upper left-hand 
corner is a layer of plated copper for preservation of the edge dur- 
ing metallographic preparation. The TiC layer is not very continu- 
ous nor does it adhere well to the substrate. 3550X. 

species and an op t imum hydrocarbon  flow ra te  must  
be de te rmined  for each coat ing  system. The pyrolys is  
of hydroca rbon  is not  only  the  control l ing chemical  
react ion of the  process, but  also some evidence tends 
to indicate  tha t  the  morphology  of the  t i tan ium 
carbide  coating depends on the morphology  of pyro l i -  
tic graphi te  deposit ion.  

4. I t  is also no tewor thy  tha t  deposi t ion of some 
t i tan ium carbide is possible wi thout  any  hydrocarbon  
in the  system. Tungsten carb ide  reacts  wi th  TIC14 and 
forms double  (TiW) carbide  but  this degrades  the 
subs t ra te  tool surface. 
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Emission of Eu in Some Calcium Germanates 
T. J. Isaacs and A. A. Price 

Westinghouse Research Laboratories, Pittsburgh, Pennsylvania 15235 

In  a three-component  fluorescent lamp, the opt imum 
Spectral Power Dist r ibut ion (SPD) for artificial white  
light consists of spectral colors which emit near  450, 
540, and 619 nm when both luminosi ty  and color ren- 
dering index are impor tant  (1). When Eu 3 + is used as 
an  activator and substi tuted into a site having a l inear  
crystal field te rm (i.e., lacking inversion symmetry) ,  
the ~D0 -> 7F~ transi t ion is allowed and emission at 
approximately 610 nm is produced (2). Strong emission 
at this wavelength  has been obtained when Eu 3+ has 
been substi tuted in such hosts as Y2Oz. 

We decided to look at Eu 3+ emission in compounds 
containing Ca 2+ in noncentric sites to see if essentially 
single-l ine emit t ing phosphors would be produced. 
Dicalcium germanate  fit our conditions, and it proved 
to have a very promising spectrum when activated 
with Eu z+. We then made the other compounds in 
the system CaO-GeO2 which have been reported in  
the l i terature and studied their  spectra when activated 
with Eu 3+. The compounds selected had CaO:GeO2 
ratios of 3:1, 2:1, 3:2, 1:1, 2:3, 1:2, and 1:4. A sum- 
mary  of exper imental  informat ion of other investiga- 
tors relat ing to these compounds is as follows: 

An ol ivine- type calcium germanate  (~ -- Ca2GeO4) 
wasr probably the first crystall ine compound synthe- 
sized in  the system CaO:GeO2 (3). A high-tempera-  
ture  polymorph (a) was subsequent ly  found which was 
at first believed to have the olivine s tructure (4), but  
was later thought to be similar to the high- temperature  
C a 2 S i O 4  ( 5 ,  6 ) .  

Several  new compounds in this system (as well  as 
Ca2GeO4) were reported and their fluorescence with 
some activators (Pb, Ti, Mn) given (7). These com- 
pounds were  CaGeO3, CaGe2Os, and Ca2Ge308. The 
existence of the last ment ioned compound was ques- 
t ioned by Eulenberger  et al. (8) who found that the 
x-ray diffraction powder pa t te rn  which they obtained 
for a mater ia l  of this composition was identical to that  
of their CaGe~O5 and similar to CaTiSiO4. X-ray  dif- 
fraction studies of single crystals of CaGeO3 indicated 
that it has the same structure as/~-wollastonite (9). 

Eulenberger  et al. also reported synthesizing CaGe409 
(10) and later  postulated two modifications with this 
composition (8). 

Tricalcium germanate  (CasGeO~) was synthesized 
at high temperatures  (approximately 1500~ but  this 
compound was found to be unstable  when  cooled 
slowly; it broke down into Ca2GeO4 and CaO (5, 8). 
Polymorphism in this compound was studied by Hahn 
and Eysel (11), who found two modifications (mono- 
clinic and triclinic) at room temperature.  They re- 
ported inversion temperatures  of 750 ~ 1030 ~ and  
1160~ Only  one form of CazGeO5 was observed in  a 
s tudy of the system CaO-GeO2, and it was found to 
break down to Ca2GeO4 and CaO at 1320~ (12). The 
compound CasGe207 was also reported in this work. 

Experimental Details 
Spectrographic grade start ing materials  (CaCOs, 

GeO~, Eu20~) from Johnson-Mat they were used to 
make the compounds. The reactions tended to go slowly 
and, therefore, fluxes were employed. We used 
i~a2CO~, B2Os, and CaF2, the last ment ioned being one 
used elsewhere (7). We obtained our best results when 
we used Na~CO~ as the fluxing agent; the reactions 
were  more near ly  complete than  with the other agents 
under  our conditions of synthesis. Sodium carbonate 
also served the purpose of being a source of a uni -  

K e y  words: calcium germanates, emission, europium, phosphor, 
brightness. 

valent  ion (Na +) for charge compensation of the Eu 3+ 
ion in  the Ca 2+ site. Other charge compensators in this 
site were K + (as K2COs) and Li + (as Li~CO3), but  
the best results were obtained with Na, a finding which 
could be predicted as its ionic radius (1.10A) is nearer  
to those of Ca (1.08A) and Eu 3+ (1.03A) than are 
those of K (1.46A) and Li (0.82A) (18). 

We also subst i tuted t r iva lent  ions (A1, As, or Sb) 
for Ge 4+ to effect charge compensation (instead of 
subst i tut ing a un iva len t  ion in  the Ca 2+ sites) in  some 
of the runs. No improvement  in performance was seen, 
and in  fact the Na substi tuted runs  gave the highest 
intensi ty  of luminescence. 

The Eu 3+ content  was varied from 0.25 to 7 mole 
per cent (m/o)  with the opt imum amount  generally 
being from 1 to 2%. The amount  of compensator was 
usual ly the same percentage as the europium. 

Samples were fired at temperatures  ranging from 
1150~ for most of the materials  to 1480~ for CasGeO~ 
and a-Ca2GeO4 as these compounds can only be syn-  
thesized at high temperatures  and are stable only at 
these temperatures.  

The init ial  syntheses were done in open boats in air 
or oxygen atmospheres, bu t  single-phase materials  
often were not obtained because of volatil ization of 
GeO2, even when an excess of GeO2 was used. We also 
fired mixtures  of stoichiometric composition in sealed 
p la t inum capsules in our at tempts to produce single- 
phase material,  but  we often did not obtain the desired 
compounds. The runs  synthesizing Ca3GeO5 and a- 
Ca2GeO4 were made with the mater ial  in sealed cap- 
sules to enable us to quench them quickly in ice water  
in order to freeze in the high- temperature  equil ibrium. 

X-ray  powder diffraction pat terns  using the Debye- 
Scherrer method were taken of all the materials,  both 
to identify them and to ascertain that  they were es- 
sential ly single phase. Exposure times were in  the order 
of 9hr .  

Emission spectra were determined at room tempera-  
ture  on a double-beam monochrometer  system of the 
type described by Riedel (14). The relat ive intensities 
of the main  emission peaks in  the different samples 
were also determined on this ins t rument .  Over-all  
brightness was measured with a "spectra" brightness 
meter. 

Results and Discussion 
The compounds which we were successful in ob- 

ta in ing in a single phase along with the per cent of 
the total emission in  the range 460-730 nm which ap- 
peared at 611 n m  (in samples containing 1% Eu 3+) 
are given in Table I along with a s tandard Y203:Eu 3+ 
containing 7% Eu 3+. These were the only compounds 
which we could positively identify as being the ma- 
terials we sought or as being new single phases. 

Results of at tempts to make the other compounds 
ment ioned in the l i terature  were at best ambiguous. 
When we tried synthesizing CaGe2Os, we obtained a 
mater ial  which had an x-ray powder pat tern  corre- 
sponding to Ca2Ge~Os plus CaGe~O5 as given in  the 
l i terature.  The same results were seen for materials  

Table I 

% of to ta l  emiss ion  
C o m p o u n d  a t  611 n m  line 

Y2Os:Eu s§ 57 
~-Ca2GeO4:Eu s+ 58 
a-Ca2GeO4:Eu 8. 2S 
CaGeOs:Eu 8§ 28 
c a s G e O s : E u ~  23 

997 
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of composition CaGe409. Even the addition of extra 
GeO2 to the firing mix ture  and/or  the use of sealed 
tubes did not produce the materials  we sought. These 
compounds have been made in  the past by  repeated 
firings with in te rmi t ten t  gr inding and it is possible '~ 
that  there were losses of germania  as a result  of these 
t reatments  which could have led the various authors 
(7-9, 12) to erroneous conclusions about the composi- 
tions of their  materials. 

The low-temperature  (,e) form of Ca2GeO4:Eu s+ 
proved to be an essentially single line emitter  (Fig. 
2), with an emission spectrum very similar to that of 
YzOs:Eu ~+ containing 7% Eu20~ (Fig. 1). I t  has its 
main  peak at 611 nm, and approximately 58% of the 
total Eu 8+ emission is concentrated in  this line. The 
half-width of this l ine is approximately 1-3/4 times 
as wide as that  of Y~O~: Eu a +. The t ransi t ion producing 
this peak is assigned to ~D0 -~ 7F2. The brightness, how- 
ever, was only about 25% that  of our s tandard 
Y~Oz:Eu ~+. We varied the Eu ~+ concentrat ion from 
(}.25 to 9% and found that  there was li t t le variat ion in 
in tensi ty  between 0.5 and 7%, with the greatest in- 
tensity being at 1%. This was the best of the 5 phos- 
phors we made. 

A more complex spectrum was obtained for a- 
Ca~GeO4:Eu s+ (Fig. 3). Once again the main  peak is 
at 611 nm, but  there are also significant peaks at 700 
nm, between 611 and 630 nm, and between 580 and 
600 nm. Its brightness is poor compared with Y~O~:Eu, 
and too little of its emission is at 611 nm for it to be 
a satisfactory red phosphor. 

The spectrum for CaGeO~:Eu s+ also shows signifi- 
cant peaks at 600 nm, between 611 and 63(} nm, and 
between 580 and 600 n m  as well  as its ma in  peak at 

c 
a~ 

J I I I I 

i I I I i 
.500 5 ~  600 6.50 700 

X E m i s s i o n ,  n m  

Fig. I .  Spectral energy distribution of the emission of Y20~:Eu ~+ 
at 259 nm excitation. 
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Fig. 2. Spectral energy distribution of the emission of ~-Ca2GeO4: 
Eu 3+ at 259 nm excitation. 
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Fig. 5. Spectral energy distribution of the emission of Ca3GeOs: 
Eu 3+ at 259 nm excitation 

611 nm. This mater ia l  too is not  a good red phosphor 
for the reasons given above. 

The spectrum for CasGeOs:Eu 3+ shows a number  of 
peaks between 560-700 n m  (Fig. 5), and it too is a 
poor red phosphor. 

The spectral energy distr ibution for p-Ca2GeO4:Eu s+ 
is quite good, but  its efficiency is poor. Examinat ion  of 
reflectance of this mater ial  and of Y2Os:Eu s+ shows 
that  the refiectivity of Ca2GeO4:Eu 3+ was in the range 
40-50% at 254 nm, while that of Y2Os: Eu s+ was in  the 
range 10-20%. We checked reflectivity to see if the 
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low brightness was due to lack of absorption, but  the 
difference in reflectivity was not great enough to 
explain the much poorer performance of Ca2GeO4: 
Eu~+. 

There are two Ca sites in this compound, one of 
which, ( 1 ) ,  has inversion symmetry,  and the other, 
(m),  has no inversion symmetry  and has a l inear  crystal 
field term. The emission spectrum (Fig. 2) would in- 
dicate that  much of the EuJ+ went  into the (m) site, 
but  it is possible that some of the Eu 3+ may have 
entered the ( i - )  site. 

If we assume structures analogous to corresponding 
silicates, then each of the other compounds which we 
made had one Ca site. I t  was noncentr ic  and had a 
l inear  crystal  field term, yet  the emission spectra were 
poor. This result  was somewhat unexpected as we 
expected to find a higher percentage of light in the 
610 n m  line where there was a single Ca site which 
was noncentr ic  and had a l inear  term. A possible 
explanat ion for our results could be differences in 
charge compensation in  these materials.  

Acknowledgments 
We wish to thank  R. Will iams for taking the emis- 

sion spectra, and Dr. W. D. Par t low for obtaining re- 
flectance data and, along with Dr. R. Warren, for re- 
viewing the manuscript .  

Manuscript  submit ted Oct. 18, 1972; revised m a n u -  
script received Feb. 12, 1973. 

Any  discussion of this paper will appear in a Discus- 
sion Section to be published in the June  1974 JOURNAL. 

REFERENCES 
1. W. A. Thornton,  J. Opt. Soc. Am., 61, 1155 (1971). 
2. G. Blasse and A. Bril, Philips Tech. Rev., 31, 304 

(1970). 
3. W. L. W. Ludekens, J. Inorg. Nucl. Chem., 3, 381 

(1956). 
4. H. Strunz and P. Jacob, Neues Jahrb. Mineral. 

AbhandL., 94, 78 (1960). 
5. S. M. Royak and I. A. Prokhrati lova,  Dokl. Akad. 

Nauk SSSR, 141, 880 (1961). 
6. W. Eysel and Th. Kahn, Neues Jahrb. Mineral. 

Abhandl., 6, 137 (1963). 
7. H. Koelmans and C. M. C. Verhagen, This Journal, 

106, 677 (1959). 
8. G. Eulenberger,  A. Whi t tmann,  and H. Nowotny, 

Monatsh. Chem., 93, 1046 (1962). 
9. F. Liebau Neues. Jahrb. Mineral. Abhandl., 94, 1209 

(1960). 
1O. G. Eulenberger,  A. Whi t tmann,  and H. Nowotny, 

Monatsh. Chem., 93, 123 (1962). 
11. Th. Hahn, and W. Eysel, Naturwiss., 50, 471 (1963). 
12. A. K. Shirvinskaya,  R. G. Grebenshchikov, and 

N. A. Toropov, Izv. Akad. Nauk SSSR, Neorgan. 
Materialy, 2, 332 (1966). 

13. E. J. W. Whit taker  and R. Muntus, Geochim. Cos- 
mochim. Acta., 34, 945 (1970). 

14. P. Riedel, J. Luminescence, 1, 197 (1969). 
15. N. A. Toropov and A. K. Shirvinskaya,  Zh. Prikl. 

Khim., 36, 717 (1963). 

The Effect of Oxide Thickness on Threshold Voltage 
of Boron Ion Implanted MOSFET 

R. B. Palmer,* C. C. Mai,*  and M. Hswe 
Mostek Corporation, Worcester, Massachusetts 01606 

The greatest interest  in the application of ion-im- 
planta t ion to MOS integrated circuit fabrication has 
been the abil i ty to shift threshold voltages and to 
produce depletion-mode devices as well  as enhance-  
ment-mode devices on the same chip (1-3). By apply- 
ing ion- implanta t ion techniques, the threshold voltage 
of enhancement-mode devices and the pinch-off volt- 
age or the drain to source current,  IDSS, for deplet ion- 
mode devices may be adjusted to almost any desired 
value independent  of substrate  resistivity, gate di- 
electric, and metalization. 

In  the fabrication of MOSFET's by using the ion 
implanta t ion technique to adjust  the threshold voltage, 
VT, the impur i ty  ions are usual ly implanted  through 
a th in  oxide layer, i.e., gate oxide. The effect of the 
oxide thickness on threshold voltage shift, hVw, was 
studied and is reported in this paper. 

Experimental Procedure 
N-type silicon slices of 9-15 ohm-cm resistivity and 

<111> orientat ion were used as substrates. A standard 
P-channel  MOSFET fabrication process was employed 
(1). Different thickness of thermal ly  grown Si02 in 
the range of 600-2000A were used as gates, and boron 
ions were implanted through these oxide layers. The 
implantat ions  were carried out at 44 keV with two 
sets of doses: (i) 4 • 1011 ions/cm 2 for enhancement-  
mode devices and (ii) 2 X 1012 ions/cm 2 for depletion- 
mode devices. During the implantations,  one-half  of 
each slice was protected from the boron beam by a 
th in  a luminum strip in order to provide both implanted  
and un implan ted  devices on every slice. The unim-  
planted devices provide the reference value of VT SO 
that more accurate determinat ion of the threshold 
shift may  be determined.  After  implanta t ion  the slices 

= E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
K e y  w o r d s :  i o n - i m p l a n t a t i o n ,  t h r e s h o l d  vo l t age ,  M O S F E T .  

were annealed at 950~ for 10 rain in order to achieve 
essentially complete activation of the implanted boron 
species, and to el iminate the radiation damage. 

An MOS test t ransistor  with a channel  length of 20 
mils and width of 20 mils was used as a vehicle for 
measuring the threshold voltage (VT at 1 /~A) and 
drain-to-source current  IDSS. The lat ter  was measured 
with a drain-to-source bias of 10V and 0V bias from 
gate-to-source. The relat ively large values of W and 
L were chosen in order to minimize the effects of slight 
variat ions normal ly  produced dur ing  fabrication on the 
parameters  in question. 

Effect of Oxide Thickness 
Figure 1 shows the threshold voltages of the un im-  

planted and the implanted enhancement  MOSFET's. 

-~ ane 
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0 ~00 6;0 ~ . . . . . .  ~ . . . .  ~ . . . .  ~0  ~80~ .... 
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Fig. 1. Threshold voltage as a function of oxide thickness for an 
implanted dose of 4 X 1011 boron ions/cm 2 at 44 keV. 
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Also plotted at the bottom of the figure is the shift in 
threshold voltage as a funct ion of oxide thickness. The 
boron implanta t ion  dose was approximately 4 X I0 n 
ions/cm 2. The graph shows that  AFT equalled 1V for 
600A of oxide and increased wi th  increasing oxide 
thickness. AVT appeared to remain  re la t ively  constant  
from 1000 through about 1400A, and then gradual ly  
decreased. As the oxides became thicker than 2000A, 
AVT was effectively 0, i.e., the addit ional  implanta t ion  
had no effect on the threshold voltages. The var ia t ion 
of the implanted thresholds with oxide thickness may 
be explained as follows. For oxides thicker than  2000A, 
the implanted boron ions have insufficient energy to 
penetrate  the oxide to reach the SiO2-Si interface. As 
the thickness decreases, boron ions begin to reach this 
interface and counterdope the silicon surface. The 
channel  resistivity is effectively increased, resul t ing in 
the reduction in  VT. The n u m b e r  of ions reaching the 
interface and slightly beyond increases with decreasing 
gate oxide thickness. 

Figure  2 shows the same kind of plot for the more 
heavily implanted devices. The dose was approximately 
2 • 10 TM ions/cm% All  of the MOSFET's became de- 
pletion-mode devices with the exception of those hav- 
ing 2000A thick gate oxides. The pinch-off voltages 
were determined by extrapolat ion and the AVT'S were 
calculated. It is interest ing to note that  the curve of 
AVT is very similar to that  shown in  Fig. 1. It  may be 
concluded that  for these implanta t ion  conditions the 
effect of implanted boron ions on VT is essentially the 
same except for the magni tude  of the Vw shifts. 

The max imum threshold shift resul t ing from a given 
ion dose can be expressed as V = qNi/Co (4) where 
NI is the implanted dose and Co is the  oxide capaci- 
tance. However, VT'S measured in this study were ob- 
served to be lower t han  these m a x i m u m  values. The 
percentage ratio of AVT (observed) and AFT max 
(calculated) is plotted in Fig. 3 as a function of oxide 
thickness. It  is shown that  this ratio decreases as oxide 
thickness increases (curve A).  It  is interest ing to note 
that  for an oxide thickness of 10O0A, the ratio is about 
80%, which may be interpreted to mean  that  at least 
80% of the boron ions penetrated the oxide layer and 
came to rest in the silicon near  the SO2-Si interface. 
This in terpreta t ion is consistent with the data of Swab- 
son and Meindl (5) obtained by  computer  calculation 
of the LSS depth-penet ra t ion  theory. 

To calculate the depth distr ibution of boron in sili- 
con can be very difficult for the SiO2-Si structure, due 
to the u n k n o w n  energy and vector dis t r ibut ion of 
boron ions at the SiO2-Si interface (6). For a simple 
approximation, one can calculate the relative stopping 
power of SiO~ and silicon and convert  the thickness 
of SiO2 into an equivalent  thickness of silicon (7, 8). 
By applying this technique,  the projected range  of 
boron at 44 keV has been calculated as a function of 
oxide thickness, and is plotted (curve B) in Fig. 3. 
It  can be seen that  Rp is inversely proportional to 
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Fig. 2. Threshold voltage as a function of oxide thickness for an 
implanted dose of 2 X 10 lg boron ions/cm z at 44 keV. 
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Fig. 3. (A) Left-hand coordinate, the ratio of AV to AV max as 
a function of oxide thickness. (B) Right-hand coordinate, Rp as a 
function of oxide thickness. 

oxide thickness, decreasing l inear ly  from 600 to 1440A 
where  the peak of the dis tr ibut ion is r ight  at the SiO~- 
Si interface. The slope then changes slightly and R,  
remains  in  the SIO2. The difference in slope is due to 
the small  difference in ion stopping power between 
SiOz and Si. 

From Fig. 1 it can be seen that  at oxide thickness 
range of 600-800A the VT of the implanted  devices re- 
mained constant at 1.6V regardless of the variat ion in  
oxide thickness. Since in this region, 767T changes at the 
same rate as AVT, they are approximately compen- 
sated by each other. At  the other extreme, at oxide 
thickness from 1600-1800A, V w is increasing while AVT 
is decreasing. From a mass production point  of view, 
one wishes to obta in  constant  VT irrespective of the 
small unavoidable  var ia t ion of oxide thickness. From 
the above data, we have demonstrated that for any 
part icular  energy level, there is an opt imum oxide 
thickness range that  can provide better  VT control. For  
boron ion implanta t ion  at 44 keV, the opt imum oxide 
thickness is 600-800A, which correlated to a Rp of 
from 900 to l l00A inside silicon. For  different oxide 
thicknesses, one should change the energy to obtain 
the same RD, if constant  VT is desired. 

Effect of Boron Projected Range 
To demonstrate  the importance of boron depth dis- 

t r ibut ion on VT, another  exper iment  has been done 
as follows: 

A number  of slices having gate oxides of 1250A were 
implanted with 5 X 1011 ions/cm 2 at energies between 
24 and 84 keV. It was found that  at 24 keV, AVT was 
only 0.15-0.2V as shown in  Fig. 4. The values of AVT 
increased with increasing energy unt i l  55 keV. F rom 
55 to 84 keV the value of AVT was essential ly constant. 
This would imply  that  an energy of 60-70 keV would 
be most suitable for threshold shifting of devices hav- 
ing 1250A gate oxides. Similar  data have been reported 
by MacPherson (4). 

3 

2 

I J 
I0 20 30 40 50 60 70 80 90 i00 

ENERGY (KeV) 

Fig. 4. Threshold shift as a function ef implanted energy for an 
oxide thickness of 1250A. 
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Fig. 5. Threshold shift AFT as a function of boron ion project 
range Rp: Curve A, for energy of 24-84 keV with fixed oxide thick- 
ness of 1250A; curve B, for fixed energy at 44 keV with oxide thick- 
ness from 600 to 2000~, as normalized to 1250~.. 

These data are compared to those of Fig. 1 for the 
boron projected range Rp. AV of Fig. 4 and normalized 
Ag"T to oxide thickness of 1250A of Fig. 1 was plotted in  
Fig. 5 as a function of Rp. It  was shown that  both 
curves have the same trend, i.e., A~'rT increases with 
Rp and starts to saturate when Rp reaches about 600- 
800A inside silicon. This phenomenon can be inter-  
preted as follows. When Rp is deeper than 600-800A, 
even though more boron penetrates  the silicon dioxide 
layer, some of the boron ions are situated too far from 
the SiO2-Si interface to cause a shift in threshold volt- 
age. From the above study, it can be concluded that  to 

obtain a constant  AVT, o n e  can either adjust  the oxide 
thickness with fixed implanted energy, or adjust  the 
energy with fixed oxide thickness to place the Rp in  
the opt imum location. 

Summary and Conclusion 
The effect of oxide thickness on threshold shifting 

by ion implanta t ion has been reported. It  has been 
found that for a par t icular  implant  energy, there is 
an opt imum oxide thickness range for which a rela-  
t ively constant VT can be obtained. I t  has also been 
shown that  for a given range of oxide thickness, there 
is an opt imum energy which should be used to insure 
mi n i mum variat ion in  VT. 

Manuscript  received Oct. 24, 1972. 
Any  discussion of this paper will appear in a Dis- 

cussion Section to be published in  the June  1974 
JOURNAl,. 
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Reliability of NiCr "Fusible Link" Used in PROM'S 
R. S. Mo and D. M. Gilbert 

Xerox Corporation, El Segundo, California 90245 

A fast integrated circuit  P rogrammable  Read Only 
Memory is useful in digital applications not only as a 
ROM, but  as a universal  logic element.  However, be- 
cause of its potent ial ly wide usage and the complexity 
of the device, its re l iabi l i ty  is a mat ter  of concern. 
The usual  IC rel iabil i ty can readily be est imated (1). 
Some rel iabi l i ty  data of the NiCr fusible l ink  is pre- 
sented in this communication.  

The rel iabil i ty of the NiCr fuses may be treated in 
two parts: the first part  deals with the life of an un-  
b lown fuse; the second part  deals with the rel iabi l i ty  of 
a blown fuse. The test results reported here are based 
on six runs  of a special test chip from a major  vendor  
as well  as samples from other vendors. The test chip is 
designed such that  each fuse is individual ly  accessible. 
Furthermore,  chip tempera ture  is controlled by bui l t  
in  tempera ture  sensor and heater elements. The sample 

Key words: memory, nichrome, reliability, fuse. 

size is approximately 10,000 fuses from kit  parts  and 
an equal number  from PROM's. 

The Fuse 
The fuses studied are a NiCr film, approximately 

350A thick, vacuum deposited on a silicon dioxide sub- 
strate. A l u m i n u m  contacts are deposited over each end 
of the NiCr film and a 1 ~m glass passivation layer  
covers the resul t ing structure. The film composition is 
approximately 65% Ni, 35% Cr with a sheet resistivity 
of 70 ohms per square. 

The Unblown Fuse Life Test 
The test fuses are "blown" by  stressing with constant  

current  and constant  temperatures  unt i l  they fail. The 
failure data under  each condition was plotted using 
several distributions. The best fit, however, was ob- 
ta ined using the Weibull  dis t r ibut ion (2, 3). The Wei- 
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Fig. I. Weibull plots. (a) For relatively low stresses, where the 
fuse temperature does not ceach melting point, the failure times 
follow the Weibull distribution. (b) At  a high current stress, a data 
break is observed. This indicates different failure mechanisms. 
Energy calculations show fuses melt above this break point. 

bull  density funct ion is 

S(t) = [~(t -- -r)~-l /~]  exp [--  (t -- ~)B/a] [1] 

This expression may be rewri t ten  as 

In In [1/R (t) ] =/~ In (t -- -y) -- In a [2] 

where R( t )  = 1 -- ] ( t )d t  = 1 -- F ( t )  

At each stress level, the fai lure data was reduced to 
the form of Eq, [~.] and plotted. The result ing "Weibull  
Plot" was used to estimate the 50% lifetimes. Good fits 
are obtained with -y ~ 0 ( t ime t ranslat ion factor),  and 
p (shape factor) varies from about 0.7 to 1.5 (Fig. l a ) .  

The Weibull  plots in the very fast blow, high cur- 
rent  region show a data break as shown in Fig. lb. 
This indicates a different failure mechanism, and from 
energy calculations, it can be shown to correspond to 
mel t ing of NiCr. Fai lure  t ime here is a function of the 
fuse thermal  capacity, thermal  t ime constant, heat of 
fusion, and input  power, and is in the #sec region. 
Blow times in the region of msec and longer are due to 
a different mechanism, possibly localized oxidation. By 
knowing the current  at which this data break  occurs, 
the "fusion current"  If is obtained. If is the current  re-  
quired to raise the fuse tempera ture  to the NiCr melt-  
ing point (,~1400~ 

Knowing  I~, the fuse tempera ture  can be calculated 
at any  given stress cur ren t  I 

T = [Te + ( I / I ~ ) 2 ( 1 4 0 0  - -  Tcf) (1 -- 1400c)]/ 

[I - -  c ( I / I f ) ~ ( 1 4 0 0  - -  Tr + 273 [3] 

where T = fuse temperature,  Tc = chip temperature,  
Tcf = chip tempera ture  at which If is measured, and 
c = fuse T.C.R. Equation [3] assumes that  the T.C.R. is 
essentially constant throughout  the temperature  range. 

Taking the 50% life estimates at various stress levels 
from the Weibull  plots and comparing these with the 
calculated fuse temperatures  at each of these stress 
levels, the failure t imes are observed to obey the At -  
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rhenius  equation 
L = A ~ / k T  [4] 

where A : constant, k : Bol tzmann constant, r : ac- 
t ivat ion energy, T = calculated fuse temperature,  and 
L = 50% lifetime. 

Figure  2 shows the data obtained from four different 
runs.  R un  4 showed abnormal ly  high T.C.R. and low 
activation energy. The other 3 runs  show consistent 
life projections. Analysis using electron microprobe 
showed r un  4 to have different composition and thick- 
ness. I t  is evidently the result  of abnormal  process 
variations. From Fig. 2 the 50% life at l l0~ is esti- 
mated at 3 • l0 s yr. The fai lure percentage of 1024-bit 
PROM's in 10 yr  may also be estimated: ~1.0% for 

The  Blown Fuse Rel iabi l i ty  
"Healing" or re l inking of a blown fuse is found to be 

possible. The conditions which encourage the heal 
phenomena are slow blowing and current  l imited volt- 
age bias across a blown fuse, as well  as elevated t~m-  
peratures .  

Figure  3 shows scanning electron micrographs of a 
fuse b lown wi th  a slow r amp  voltage source. The 
"whiskers" are believed to be important  in the re l ink-  
ing process, as shown in  the figure. 

Under  normal  PROM pulse blowing conditions, the 
blowing t ime is usual ly  in the microsecond regions. 
Tests on fuses blown in this range have never  shown 
heal ing under  normal  operat ing bias voltage (4.5V) 
and temperature  ( l l0~  Figure 4 is an SEM picture 
of a fuse blown in that  t ime region. For the margina l  
cases where the current  density at the fuse neck is Iess 
than 4 X 107 A/cm 2, and the blowing time is in the 
region of several milliseconds, the fuses may heal. Heal 
probabilit ies as high as 3% have been observed for such 
fuses at 150~ in 500 hr. Almost all the heals occur in 
the first two hours. (One fuse healed in .~300 hr.) 
Healed fuses in these cases have R ~ 1K and will  re- 
blow with i < 1 mA. 

The evidences so far suggest that  unless circuit de- 
sign takes into account the fuse requirements,  healing 
can definitely occur. The desirable conditions for no 
healing are: blow current  density ~ 4  X 107 A / c m  2, 
such that  blow t ime is <10 #sec; the bias voltage across 
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Fig. 3. Fuse blown by slow V-ramp; left, healed fuse; right, same fuse, reblown. The fuse was healed, examined, and then reblown. The 
marked areas show differences in pattern. Square boxes indicate healed areas reopened by reblowing. Circled area shows growth of con- 
ductive strand, though contact was not made. 

the blown fuse is low, preferably <~I.0V; and the sense 
circuit has a threshold such that  ~1 mA conduction 
through the fuse is needed for detection. The fact that  
most heals occur quickly also suggests a bu rn - in  after 
programming may be most useful. 

Conclusion 
It  is shown here that the fuse fai lure times for a 

given stress obey the Weibull  distribution, and the 
failure times are tempera ture  dependent, obeying the 
Arrhenius  equation. Excepting for certain grossly ab- 
normal  fuse runs, the unb lown fuse life is general ly 
adequate though by no means negligible, for a 1024 bit  
PROM. For the blown fuses, healing can occur. No heal 
model is available yet. However, it is established that  
the heal problem can be greatly reduced if proper 
blowing conditions as well  as circuit biasing and sens- 
ing conditions are achieved. 

Manuscript  submit ted Nov. 6, 1972; revised manu-  
script received Feb. 19, 1973. This was Paper  258 pre-  
sented at the Miami Beach, Florida, Meeting of the 
Society, Oct. 8-13, 1972. 

Any discussion of this paper will  appear in a Discus- 
sion Section to be published in the June  1974 JOURNAL. 

Fig. 4. Fuse blown by fast pulse. This fuse was blown with current 
density of ~ 4 x 10 v A/cm2-. Blowing time was ~ 4 ~sec. Such 
fuses have not been observed to heal. 
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A Model for Discharge of Storage Batteries 
Dimitri Gidaspow 

Institute 05 Gas Technology, Chicago, Illino{s 60616 

and Bernard S. Baker* 
Energy Research Corporation, Bethel, Connecticut 06801 

ABSTRACT 

The common porous electrode model has been rederived to include the 
t ransformat ion of one solid phase into another, for example, lead into lead 
sulfate. Differential mass balances for the solid porous reactant  and the solid 
product yielded new dimensionless groups which characterize the structural  
changes that occur dur ing discharge or charge of storage batteries. Effects of 
fraction of active material ,  exchange current  and molar  density ratios on 
overpotential  at a constant current  were investigated numerically.  The trends 
agree well  with the empirical correlation of Shepherd. 

At the present t ime no comprehensive electrode 
model exists for batteries of any kind (1-4). Discharge 
data are related to discharge durat ion by purely  em- 
pirical equations of the type Int ~ C, where I is cur-  
rent,  t is time, and n and C are constants having no 
physical significance, as for instance in a recent paper 
on lead-acid batteries (5). A more comprehensive em- 
pirical equation is that developed by Shepherd (6). It  
takes into account the consumption of the active mate- 
rial and in this respect is not pure ly  empirical. Shep- 
herd's equation correctly describes discharge curves for 
many  batteries over a range of current  densities. His 
polarization coefficient and electrical in te rna l  resist- 
ance, however, have no physical meaning  because they 
are some lumped parameters  for two electrodes with 
at first no electrical resistance in the metal  or solution 
phases (Eq. 7), with an afterthought correction for a 
resistance (Eq. 8). 

The first theoretical at tempt at predicting overpoten- 
tials as a function of time that  can be applied to a 
single electrode of a bat tery  has recently appeared (7). 
The authors use the common, steady-state, one-dimen- 
sional porous electrode equations combined with a 
mass t ransport  of an active species given by a mass 
t ransfer  coefficient that  must  be determined empiri-  
cally. To handle t ime-dependent  phenomena Dunning,  
Bennion, and Newman (7) assume that  their mass 
t ransfer  coefficient is some reasonable function of the 
amount  of active mater ial  present in any part  of the 
electrode. Their  approach apparent ly  allows them to 
predict a fai lure caused by an in te rna l  mass transfer 
l imitat ion with a sparingly soluble reactant, although 
they do not cite any exper imental  studies in support of 
their  conclusions. Their  model cannot predict failure by 
blockage of pores that  is commonly observed in lead 
acid batteries (1) and in  the recent s tudy of cadmium 
electrodes (8). 

In  this paper we are proposing a model that describes 
the t ime variat ion of charge and discharge of a ba t te ry  
for given electrode kinetics and ini t ial  s tructure of 

* Electrochemical  Society Act ive  Member .  
Key  words :  porous electrode, solid-state reaction,  current dis- 

tribution, pore  p lugging ,  molar  volumes,  in tegra l  equation. 

electrodes. The structure of the porous electrodes 
changes with the state of charge or discharge, with 
pores opening or closing depending on the molar 
volumes of solid reactants and products. The shape of 
our calculated overpotential  vs. fractional capacity 
utilized curves agree with Shepherd's correlations. A 
quant i ta t ive  comparison has not been made, because 
his discharge data are for two electrodes and because 
we found that  s t ructural  parameters  that  are usual ly 
different for the negative and positive electrodes mark-  
edly influence the overpotential  curves. We present  
numerical  results for constant current  operation of a 
single electrode of a battery.  

As in the s tudy of Dunning,  Bennion, and Newman 
(7) we consider the electrode to be one dimensional.  
We therefore do not consider effects such as shape 
changes that are two or three dimensional. We also 
present numerica l  results only for the case of l inear  
polarization which is claimed to be (9) valid for alka- 
line nickel-cadmium batteries and should be valid in 
general  at low current  densities. The principal  con- 
t r ibut ion of this paper is believed to be the analysis of 
bat tery  failure by chocking near  the front of the elec- 
trode. 

Description of the Model 
Consider generat ion of current  in a porous electrode 

such as treated by Ksenzhek (10), Pschenichnikov (11), 
and part icular ly by Tobias and co-workers (12, 13). 
However, unl ike  in the previous studies (7, 13), assume 
that  in the porous electrode a consumable solid-fluid 
reaction takes place. The reaction could be the forma- 
t ion of lead sulfate in the positive plate of a sulfuric 
acid lead bat tery  

PbO2 + 2H + + H2SO4 + 2e-* PbSO4 + 2H20 [1] 

the reaction of lead in the negative plate 

P b  + SO4 = - -  2e-> PbSO4 [2] 

or the reaction of cadmium to form an insoluble prod- 
uct in the cadmium electrode 

Cd + 2 O H -  -- 2e--> Cd(OH)2 [3] 

1 0 0 5  
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In  each case, in a wel l -des igned electrode, the solid 
reagent ,  be it lead or cadmium, is sufficiently finely 
dispersed to be accessible to the  electrolyte.  As the 
react ions proceed to the right,  there  is less and less 
solid reagent  to produce current .  Fu r the rmore  the  solid 
products  occupy considerably  more space forcing the 
e lect rolyte  out of the electrode. The rat ios  of molar  
volumes of solid products  to solid reactants  for Eq. 
[1]-[3] are  1.9, 2.7, and  2.3, respect ive ly  (14). This 
causes a decrease of the  effective conduct ivi ty  of the  
e lec t ro ly te  in the  pores of the e lectrode and possible 
blocking of the  pores. 

To easi ly handle  this physical  real i ty ,  assume that  
at any  point  in space in the electrode we have the fol-  
lowing phases:  the solid reactant ,  cal led S, the  solid 
product  cal led P, electrolyte,  binder,  and a meta l  sup- 
por t  that  acts as a conductor  which is e lect r ica l ly  con- 
nected to a meta l  backing.  Such a cont inuum approxi -  
mat ion should be val id  for a wel l -des igned  electrode 
of a high surface area, as discussed by Gidaspow (15). 
Then on an iner t  f ree  basis the volume fract ions of S, 
P, and the e lec t ro ly te  add up to one 

r - 5  e p  - 5  e = 1 [4] 

A cur ren t  balance on an e lement  of volume A~x, as 
shown in Fig. 1, is 

f x + ~ x  

[IeA]zx + ~z = _ iaesAdx [5] 

whe re  i is the ra te  of product ion of cur ren t  per  uni t  
a rea  by  chemical  react ion and a is the surface to vol-  
ume ra t io  for the solid reagent .  The cur ren t  flux I is 
re la ted  to the  electr ical  conduct ivi ty  of the  solution, K 
by  Ohm's  law 

0gs 
I --  - - K  [61 

0x 

where  Vs refers  to the vol tage  in the  solution phase  as 
for example  in the model  of Newman and Tobias (12). 
Appl ica t ion  of the  mean  va lue  theorems to [5] and the  
usual  l imi t ing process yield the pa r t i a l  different ial  
equat ion for the solution potent ia l  

~ ( K ,  ~Vs ) 
= iaes [7] 

Ox Ox 
In genera l  i is a function of potent ia l  differences and 
concentrat ions in the  fluid phases of reactants  and 
products .  Fo r  constant  concentrat ions  in the  porous 
e lect rode a commonly  (12) used form is 

j i----i0 exp  --  2R'-- '~(Vm--Vs)  

- - e x p [  n F  ) 
'2RT (Vm--  Vs) ] [8] 

where  i0 is the  exchange cur ren t  density,  Vm the meta l  
potential ,  and the other  symbols  have thei r  usual  mean-  
ing. Somet imes  (6) for discharge of s torage bat ter ies  a 

SOLUTION 

x--O x=L 

A-IIII166 

Fig. 1. One-dimenslonal porous electrode with a consumable solid 

l inear  re la t ion seems applicable.  For  ( V m - - V s ) /  
(RT/nF) < <  1 re la t ion  [8] becomes 

i = i 0  ~ (Vs-Vm) [91 

Although a specific form of cur rent -polar iza t ion  re la-  
t ion wil l  be used in this study, the theory  presented  
here  is not res t r ic ted  to any par t i cu la r  e lect rode k i -  
netics. 

I t  was a l r eady  shown by Gidaspow (15) that  for the 
react ion 

A ( f )  -n  -5 S ( s )  --  n(e) --> 7P(s )  [10] 

a mass balance on S yields the different ial  equat ion for 
the  volume fract ion of S 

O,s ( iMsa ~ 
ps Ot ------ ~ 1  es [11] 

when the thickness of the e lec t rode  remains  constant.  
S imi la r ly  a mass balance on P y ie lded  

O,p ( iMp,a ) 
= ~s [12] 

PP " 7  nF  

Since expansion or contract ion occurred at  the ex-  
pense of the  fluid phase, the volume fract ion of l iquid 
is obta ined by  difference as 

�9 --- 1 - -  eS - -  e p  [13] 

Ini t ia l  d is t r ibut ions  of S and P can be chosen to be 
functions of e lec t rode  thickness.  They are  ~so and ~PO. 

Two boundary  condit ions are  needed for the  second- 
order  different ia l  Eq. [7]. A t  the  meta l  backing, solu- 
t ion ends. Therefore  at  

8Vs 
x = L, ' - -  0 [14] 

Ox 
To compare  ca lcula ted  results  to discharge data,  con- 
s ider  the case of constant  cur ren t  discharge.  Then for 
a discharge cur ren t  densi ty  Io, expressed on an iner t  
free basis, at the solut ion end we have at  

0gs 
x = 0, --K~ = I0 [15] 

0x 

The electrode overpoten t ia l  Vs(t ,0)  --  Vs(t,L) is one 
of the  quant i t ies  we want  to obtain. Note that  Vm does 
not  en ter  into this  potent ia l  difference. 

The case of prescr ibed  potent ia l  at  x --  0, when  us-  
ing the l inear  re la t ion  [9] corresponds exac t ly  to the  
case of a f i rs t -order  react ion for  concentra t ion obta ined 
by  Gidaspow (15). Al l  resul ts  presented  for concen- 
t ra t ion  are  appl icable  to the  potent ia l  difference in this 
case. However ,  since such operat ion is uncommon we 
wil l  proceed only wi th  the  constant  cur ren t  case. The 
model  is, of course, appl icable  to t ime-dependen t  opera-  
tion, as long as changes are  slow enough for  the 
doub le - l aye r  capaci ty  effects to be negligible.  Changes 
in concentra t ion can be accounted for by the  use of 
diffusion equations of the  type  solved by  Gidaspow 
(15) coupled wi th  the  p rob lem presented  here. When  
the  meta l  reagent  carr ies  most of the  current ,  an equa-  
t ion for me ta l  potent ia l  of the  type  of Eq. [7] mus t  be 
added to the  system. In this study, however,  the con- 
duc t iv i ty  of the  meta l  phase  is assumed to be so high 
tha t  the me ta l  is at  the  potent ia l  of the me ta l  backing 
plate.  

We would  l ike to add tha t  whi le  potent iosta t ic  studies 
of ba t te r ies  are rare,  as a l r eady  noted by  Sanghi  and 
F le i schmann  (16), they  provide  an excel len t  means  to 
s tudy ra tes  of e lect rochemical  reactions.  Since the  ra te  
constants  control l ing e lect rochemical  react ions are 
chiefly potent ia l  dependent ,  they  can be kept  constant  
dur ing  s tudy by  this procedure.  In  this w a y  we obta in  
an analogy be tween  concentra t ion and potential .  We 
thus expect  the  rates  to behave  s imi la r ly  wi th  potent ial ,  
as was observed wi th  concentra t ion by  Onischak and 
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Gidaspow (17). Indeed Fle i schmann and Thirsk 's  (18) 
Equat ion 1 is analogous to Gidaspow's  Equat ion 12 
(15). Fur the rmore ,  F le i schmann and Thirsk  observed 
max ima  in rates  wi th  t ime for the  reverse  react ion 
given by Equat ion 2 for which pores tend to open up 
leading to an ini t ia l  increase in rate.  Such l imi ted  elec- 
t rochemical  ra te  studies wi th  consumable  solid re-  
actions provide  addi t ional  support  for the form of the 
ra te  expression chosen in this study. 

Dimensionless Equations 
For the  case of l inear  polarizat ion,  as expressed by  

Eq. [9], the  potent ia l  d is t r ibut ion  in the e lec t rode  is 
governed by  

0 ( 0 Y )  
0x ' O--~ = r [161 

In  Eq. [16], Y is the  difference of solution minus  meta l  
potent ials  scaled by the  cur ren t  drawn,  as shown below 

Vs- Vm 
Y - [17] 

K / 

The bounda ry  condit ion given by  Eq. [15] d ic ta ted  this 
choice of scale factor.  

The group 
ionF aL 2 

r = [18] 
RTK 

is a dimensionless  exchange  current .  I t  is ca l led  r due 
to its analogy to the Thiele modulus  in the  concentra-  
tion p rob lem (15). 

The bounda ry  condit ions (BC) for Eq. [16] become, 
in dimensionless  form 

OY (t,1) OY (t,O ) 
BCI:----O BC2: e---- 1 [19] 

O~ a~  

Equat ion [11] dictates  that  the  dimensionless  t ime,  
be expressed a s  

{ =  ( ioMsaL 2/ IotMs 
) ( ot) = ,sob  ,soC snF/= ,sor [2o] 

with  
tf = Iot/Q 

where  t4 is the fract ion of theoret ica l  capaci ty  ut i l ized 
at  t ime t, since Q --  ,so LpsnF/Ms is the  ini t ia l  num- 
ber  of coulombs per  unit  area  of e lectrode on an iner t  
free basis. Discharge da ta  are  usua l ly  p lot ted  vs. I 0 t  
or vs. Iot/Q. 

In  Eq. [16], ,s is de te rmined  by  the in tegra ted  form 
of Eq. [11] which is 

,s=esoexp [--y~oYdt ] [21] 

a n d ,  is given by  

�9 = ( 1  - -  E e s o  - -  ,PO) + ( E  - -  1 ) e s  [ 2 2 ]  

where  E is the  rat io  of molar  volumes of solid product  
to solid reac tan t  t imes the  s toichiometr ic  coefficient 7. 

Integral Equation Representation 
To solve this nonl inear  system of pa r t i a l  differen-  

t ia l  equat ions it is best  to re formula te  the system in 
terms of in tegra l  equations.  In tegra t ion  of Eq. [16] 
using bounda ry  condi t ion [2] gives 

f Z  dz Z I x l 
y -- r ~ o ~ Io Yesdx' -- --e dz + C2 [23] 

where  C~ is an in tegra t ion  parameter .  To obta in  C2 ap- 
p ly  an in tegra l  of zero to one to Eq. [16]. This pro-  
cedure  gives 

aY] lax 2~ 
�9 o - - r  , sYdx '  [24] 

1007 

Then using both boundary  condit ions we obta in  

s @2 ~sYdx' = I [25] 

Equat ion [25] says tha t  we d raw current  at a constant  
rate.  Using this equat ion and apply ing  an in tegra l  of 
zero to one to Eq. [23], C2 is de te rmined  to be  

1 

y :  ~sdx' 

i x I 
+ [20] 

Equat ion  [23] is now a funct ional  equat ion  of the  form 

Y ---- G (Y) [27] 

It  is solved s imul taneous ly  wi th  the  in tegra l  Eq. [21] 
by  i te ra t ion  and marching  in t ime s imi la r ly  to the pro-  
cedure a l ready  discussed by  Gidaspow (15). As a first 
guess in the  i te ra t ion  procedure  the exact  ana ly t ica l  
solution for zero time, shown in the next  section, was 
used. In  this manner  the s imple i te ra t ion  

Yn+l ---- G ( Y , )  [28] 

where  the subscr ipts  denote i tera tes  worked  for p a -  
ramete rs  inves t iga ted  in this  study. Improved  i te ra t ion  
was only inf requent ly  resor ted  to. 

The f ract ion of theore t ica l  capaci ty  uti l ized,  tf, can 
be obtained f rom the dimensionless  time, t, using the 
re la t ion t ---- e so r  der ived  in the  previous section. I t  
can be also obtained by  mate r i a l  balance as follows. By 
definit ion we have 

Yl  'SO -- eS 
t t  --  d x  [29] 

eso 

Subst i tu t ion  of Eq. [21] gives 

tt = l -- y :  exp [ -- j ~  Ydt ] d x  [30] 

Such a calculat ion served as a check on possible ac- 
cumula t ion  of errors.  I t  was obtained in a na tu ra l  w a y  
from the quan t i ty  of solid product  formed, given at any  
x by  the equat ion 

'P -- 'PO = E (eso -- 'S) [31] 

The fractional capacity utilized calculated in this man- 
ner always agreed with that calculated from the di- 
mensionless time, t. To minimize expenditure of com- 
puter time, the interval zero to one was divided into 
only ten or twenty parts, since the computer time in- 
creased as the cube of the ratio of subdivisions. With 
ten subdivisions it took only a few minutes on the small 
IBM 1130 to generate a complete time profile. For small 
r results were sufficiently accurate for graphical rep- 
resentation even with such a coarse grid. 

Zero Time Solution 
At  zero time, tha t  is before any capaci ty  of the bat-  

t e ry  is used up, the  sys tem of pa r t i a l  different ial  equa- 
tions reduces i tself  to the s imple boundary  value  prob-  
lem 

__=d2y  r ,so y 

d~ '~ ,0 

dY(1)  dY(0)  
BCI: ~ = 0  BC2: ,o~----i [32] 

d~ d~ 
where  

I ts  solution is 
eO ~-  1 - -  , S O - -  epo 
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1 
Y = cosh Cx~/,so/,0 

r  tanh r EVr~'/eo 

1 
sinh Cx~/eso/,0 [33] 

By Taylor series expansion we can obtain some useful 
approximations. Equation [33] shows that  for small  r 
that  is for th in  cells, Y becomes very large. Y is 
roughly  given by 1/r -- x / , o  --  x2/~o. This shows 
that  for small  r we must  obtain Y correct to a large 
number  of significant figures in order not to lose all 
accuracy in calculating the potential  difference Y (0) 
- -  Y(1).  This overpotential  can be approximated by 
the formula 

1 ( ' - -  1 ) 
Y(0) -- Y(1) = 2--~" -~--r [34] 

for 
r < 1 

Formula  [34] shows that for r < 1 and reasonable 
,so, the overpotential  is not a funct ion of the electrode 
kinetics. Roughly we have 

Vs(0,0) -- Vs(0,L) 1 
= ~ [35] 

IoL 2,0 

The electrode kinetics which appears in the dimension-  
less exchange current  r is only a correction to the 
dominant  behavior which is governed by the conduc- 
t ivi ty and the structure of the electrode. Values of 
r much larger than one result  in a high localization of 
the reaction near the solution face and are not desir- 
able. Such cells are much too thick. A value of r near  
one is not unreasonable  as seen from the hypothetical 
example below. Let 

i0 = 10 -~ A/cm 2 nF  
-- 40 volts-* 

a ---- 104 cm -1 R T  

K ---- 10 -1 m h o / c m  L -- 0.1 cm 

Then r becomes equal to 0.4. Note that  by having 
chosen a simplified form of polarization relat ion we 
were able to obtain a number  of significant conclusions 
which may have escaped us had we tried to solve a 
more realistic problem at the start. 

Numerical Results and Discussion 
Several kinds of informat ion can be derived from the 

model. In  Fig. 2 the distr ibution of reactant  is shown as 
a function of electrode thickness for different states of 
discharge start ing with zero for reference purposes and 
rising to 95% discharge. We assumed there was no solid 
product ini t ial ly for all  cases studied and chose the 
values of E and ,so such that  pores never  ul t imately  
close completely. In Fig. 3 the void fraction distr ibu- 
t ion is indicated by solid lines for this case. The voids 
are filled with electrolyte in the model and therefore 
the curves indicate how the electrolyte conductivi ty 
changes with depth into the electrode. The dashed 
curves in Fig. 3 are for such a sufficiently high value 
of E that pores ul t imately  close. This leads to incom- 
plete discharge. Only slightly over 56% of the theo- 
retical capacity can be utilized when half the volume 
of the electrode on an inert  free basis is made of the 
active material.  Clearly such an electrode should never  
be built  and those with experience in the field avoid 
the use of such high percentages of active solid mate- 
rial. 

Constant current  bat tery  discharge data with respect 
to a reference electrode can be obtained in the labora- 
tory as a funct ion of discharge time. Figures 4-6 show 
such overpotentials vs.  discharge times for various hy- 
pothetical electrodes. We note that the plots agree with 
the empirical correlation of Sheperd (6), as much as 
one can expect of a correlation that averages the nega-  
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Fig. 2. Distribution of active material during discharge 
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Fig. 3. Distribution of electrolyte with incomplete ( ) and 
complete ( - - )  pore closing. 

t ive and positive electrodes. Specifically Shepherd's  
Equat ion 8 can be rewr i t ten  in our notat ion as 

Vs (t,0) -- Vs (~,L) 1 
- -  - -  -4- N / K s h  [36] 

IoKsh I0t 

Q 

where Ksh is the K used by Shepherd and N is his N. 
The left side of Eq. [36] corresponds to our dimension-  
less overpotential  in the plots. The independent  vari-  
able is identical with Shepherd's. Our plots have the 
basic shape indicated by Eq. [36], except that Shep- 
herd's correlation predicts an infinite overpotential  for 
complete uti l ization only. Our model predicts high 
overpotentials for less than complete utilization, for 
poorly constructed electrodes. 

Figure 4 shows the large effect played by  the ex- 
pansion ratio, E. The values indicated are quite rea l -  
istic, since E for the negative plate of a sulfuric acid 
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Fig. 4. Effect of expansion ratio on overpotential 
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Fig. 6. Effect of dimensionless exchange current, r on overpo- 
tential for two initial fractions of active material. 

bat tery  is 2.7. Thus if half  the plate were  made of 
lead (eso ---- 0.5 in the figure) no more than about 30% 
of the theoret ical  capacity could be utilized. 

F igure  5 shows the effect of the init ial  fraction of 
active mater ia l  on overpotential .  For a uni formly  ac- 
cessible case (15) pores will  close completely when 
the product of eso and E reaches unity. For  E _-- 2.5 
in Fig. 5 this occurs at ~so ---- 0.4. The performance  of 
the hypothet ical  ba t te ry  shown is poor at this value 
and beyond. No one would build such a plate. Our re-  
sult, however ,  has nothing to do wi th  hard won ex-  
perience. The agreement  with the facts shows the 
val idi ty  of the t ransport  phenomena approach. 
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Fig. 5. Effect of initial fraction of active material on overpoten- 
tial with a high expansion ratio, E, and unit dimensionless ex- 
change current, r 

Figure  6 shows the effect of the dimensionless ex- 
change current  on overpotential ,  that  is it shows the 
role played by the electrochemical  kinetics. In the 
l inearized polarization curve real  kinetics entered only 
through the exchange current,  i0. In dimensionless 
quantit ies it appeared only in r F igure  6 shows that  
at least for values of r less than one electrochemical  
kinetics plays only a small role. To ver i fy  this sur- 
prising conclusion we had developed the approximate  
solution for zero t ime presented in the previous sec- 
tion. In view of this result  we feel that  our model  ap- 
proximates  the operation of a real  bat tery.  

Operation of the electrode at a constant overpoten-  
tial, wi th  other assumptions held the same, is described 
by the results presented by Gidaspow (15) for concen- 
tration. The dimensionless problem for a dimensionless 
overpotent ia l  Y is given by his Equations 20 to 23. As 
shown in his Figure  3, the current  wil l  decrease wi th  
t ime exponent ia l ly  when pores close. We also suggest 
that  kinetic data that  are needed for fur ther  refinements 
of our model  be obtained potentiostat ical ly on real  
bat tery  electrodes and analyzed as suggested by the 
models. 
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SYMBOLS 
A cross-sectional area of porous electrode, cm ~ 
a specific surface area of porous electrode (surface 

to volume ratio) cm2/cm s 
E expansion factor involving a ratio of molar  vol-  

umes, 7Mpps/MspP 
F Faraday 's  constant, 96,500 coulombs /equiva len t  
I apparent  current  density, A / c m  2 
I0 constant current  discharge density, expressed on 

an inert  free basis, A / c m  2 
i t rue current  density or rate  of react ion expres-  

sion, A / c m  2 
i0 exchange current  density, A / c m  2 
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K conductivi ty of electrolyte (see Eq. [6]), mho/cm 
Ksa constant K in Shepherd's  correlation 
L thickness of electrode, cm 
Mp molecular  weight of P, gP /mole  P 
Ms molecular weight of S, gS/mole S 

number  of electrons t ransferred in electrochemi- 
cal reaction 

N constant in Shepherd's correlat ion 
Q init ial  capacity of electrode per uni t  inert  free 

area, esoLpsnF/Ms, coulombs/cm 2 
R ideal gas law constant  
T absolute temperature,  ~ 
t time, sec 
tf fraction of theoretical capacity utilized at t ime t, 

Iot/Q 
tm t ime at which the pore closes, sec 
t dimensionless time, ioMsaLIot/RTKps : ~so~2tf 
VM potential  in the matrix,  V 
Vs potential  in solution, V 
x space coordinate in the direction of pores, cm 
x dimensionless length, x / L  
Y dimensionless potential  : (Vs -- Vm)/ ( IoL/K)  

Greek Letters 
-y stoichiometric coefficient in Eq. [10], mole P /mole  

S 
�9 void fraction, cm 3 f luid/cm 3 total 
~p volume fraction of solid product P, cm 3 P / cm 3 

total 
eo void fraction at zero time, cm 3 f luid/cm 3 total 
epo init ial  volume fraction of solid product P, cm 3 

P / c m  ~ total 
es volume fraction of solid reactant  S, cm 3 S /cm 3 

total 
eso init ial  volume fraction of solid reactant  S, cm 3 

S /cm 3 total  
pp void free density of solid product P, gP /cm s P 
ps void free density of solid S, gS/cm~ S 
~2 dimensionless exchange current  = ionFaL2/RTK 

(electrochemical Thiele modulus)  
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The Hydrogen Evolution Reaction on Ti-6AI-4V 
in Acidic Solutions of NaCI-HCI 

Pedro J. Aragon 
Facultad de Ciencias, Departamento de Quimica, Universidad de Los Andes, Merida, Venezuela 

ABSTRACT 

The HER on polyerystal l ine Ti-6A1-4V in acidic solutions of NaC1-HC1 at 
constant concentrat ion of C1- ---- 0.5M, and pH range from 0.65 to 2.5 was 
studied. Under  the present exper imental  conditions, the reaction was shown 
to be first order with a Tafel slope of 0.153V. Exchange current  densities were 
in the order of 10 -8 A-cm -~. An apparent  energy of act ivation of ~E = 45.3 
kea l -mol - I  was found. A sharp decrease in potent ial  was observed after  
reaching about --1.220V (SCE). It is assumed that this effect is due to con- 
centrat ion polarization. Curves corresponding to cathodic polarizations showed 
a positive deviation from l ineari ty for pH 0.65 and 1.22, presumably  due to a 
second reduction process corresponding to the reduction of a surface oxide film. 

The alloy Ti-6A1-4V was investigated because of 
its excellent corrosion and mechanical  properties. Al- 
though considerable work has been done on t i tan ium 
and some of its alloys, only a few papers report  on the 
mechanism of the HER on pure Ti (1, 2) and none on 
Ti-6A1-4V. 

Thomas and Nobe (1) investigated different concen- 
trations of H2SO4 as the electrolyte solution. Hacker- 
man  and Hall  (2), working in approximately neut ra l  

Key words: hydrogen evolution, kinetics, titanium alloys, cor- 
rosion. 

solutions of NaC1 reported Tafel equations of E -- 1.93 
~- 0.154 log i, and E" = 1.97 -p 0.204 log i for deaerated 
and aerated solutions. 

In this paper the kinetics of the HER on Ti-6A1-4V 
at 25~ in NaC1-HC1 solutions, at constant concentra-  
tion of CI- ,  and in the pH range 0.65-2.5 is reported. 

Experimental 
Several disks of Ti-6A1-4V 1 with an area of 0.363 

cm -~ and their  Teflon holders were polished wi th  
x Provided by T i t an ium Corporation of America ,  U.S.A. 



Vol .  120,  No .  8 T H E  HER ON Ti -6A1-4V IN NaCI-HC1 1011 

abras ive  paper  down to 600 grit .  Samples  were  then 
pol ished wi th  d iamond powder  of 6~ d iamete r  to a 
mi r ro r  finish. Every  sample  was c leaned wi th  acetone 
in a soxhlet  ex t rac tor  for at least  3 hr, washed gen-  
erously  in hot  conduct iv i ty  water ,  and stored in a 
vacuum desiccator.  Al l  solutions were  p repared  using 
analy t ica l  grade  reagents  and conduct iv i ty  water .  The 
pH of 0.5M NaC1 solutions was ad jus ted  wi th  0.5M HC1 
in order  to keep constant  concentra t ion of C1-. The 
electrolyses were  car r ied  out ga lvanos ta t ica l ly  at  25~ 
in an H-cel l  of 500-ml capacity.  

Some runs  were  also made  at  20 ~ 35% and 40~ using 
0.SM HC1. A few exper iments  using potent iostat ic  po- 
lar izat ions  gave resul ts  in agreement  wi th  the  galvano-  
static resul ts  repor ted  here. Al l  solutions were  de- 
ae ra ted  for at  least  24 hr  before the s tar t  of any  ex- 
per iment  wi th  N2 (u l t ra  high pur i ty  grade)  which was 
bubbled  through a pyrogal lo l  solution before enter ing 
the cell. Other  detai ls  of the exper imenta l  p rocedure  
have been descr ibed prev ious ly  (3). 

Results 
Cathodic polar izat ion curves of Ti-6A1-4V in acidic 

solutions of NaC1 are  shown in Fig. 1. I t  can be ob- 
served that  a posi t ive deviat ion from l inear i ty  ap- 
pears  in the  curves corresponding to pH 0.65 and 1.22. 
These deviat ions occur at about  --1.100V (SCE),  a p -  
p a r e n t l y  due to a second reduct ion process (1). The r e -  
sults obta ined using e lect rolytes  of pH 1.65, 2.2, and 2.5 
show a sharp drop in potent ia l  af ter  reaching --1.220V. 
The curves then regain  thei r  orginal  slope in the  l inear  
region B (see Fig. 1) before  finally d ropping  off to a 
l imi t ing cur ren t  density.  In this l inear  region (B) the  
curves regroup closely packed wi th  the same slope as 
before, showing l i t t le  or no dependence  of the react ion 
ra te  on pH. The res t  potent ia ls  (RP)  va r i ed  with  tem- 
pe ra tu re  and pH as shown in Table  I. 

In  all  cases a Tafel  slope of 0.153V was obtained.  The 
ra te  of the  HER can be wr i t t en  as 

i = KaH+"H+ exp --  [1] 
RT 

where  K ---- ra te  constant ,  all+ ---- ac t iv i ty  of hydrogen  
ions, a - -  over-a l l  t r ans fe r  coefficient, n ---- electro-  
chemical  react ion order,  and  p = e lect rode potent ial .  
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i i i  
(J 
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> -130C 
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10' ld' 16' 10 ~ 10-' 
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Fig. 1. Cathodic polarization curves of Ti-6AI-4V in NaCI-HCI 
solutions. For 35~ O = pH 0.65. For 25~ �9 --- pH 0.65; 
X = pH 1.22; �9 = pH 1.65; A = pH 2.20; ~ - -  pH 2.50. 

Table I. Electrochemical data for Ti-6AI-4V in acidic NaCI 
solutions 

T e m p ,  
~ 

C a l c u l a t e d  
e x c h a n g e  

R P  T a f e l  c u r r e n t  
p H  (SCE) s lope  (A-cm-2)  

35 
25 

0.65 0.225 0.153 1.4 x 10-~ 
0.65 - -0 .290  0,153 2.6 x 10-s 
1,22 - -0 ,272  0 .153 1.1 x 10 -s 
1.65 - -0 .248  0.153 5.8 x 10 -9 
2.20 - -0 .194  0.153 2.8 • 10 -~ 
2.50 - -0 .140  0,153 1.8 x 10 -9 

According to Eq. [1] 

( a l o g i  ) a p H  , . r =  --  n (e lec t rochemical  reac t ion  order )  

[2] 

Figure  2 shows the var ia t ion  of log i wi th  pH, giving 
for [2] 

n = 0.98 ~ 1 [3] 

At  the  hydrogen  equi l ib r ium potent ia l  ~o, i t  follows 
f rom Eq. [1] that  

/~ = K'aH+~ exp ( a f r o )  
R T  " [4] 

Subs t i tu t ing  the expression of ~o f rom the Nernst  equao 
t ion 2 into [4] and tak ing  logari thms,  yields  

log io = K'"  --  pH (n --  a) [5] 

2.303 R T  
~bo = + ~ l o g a H + .  

F 

E 

E 
<r 

-I 

10 

10 
0 

I I 
1 2 3 

pH 
Fig 2. Dependence of the logarithm of i vs. pH in the first Tafel 

region: 0 1.000V; Z~ 1.050V; [ ]  i.100V. 
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I d '~ I 
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pH 
Fig. 3. Dependence of io (exchange current density) on pH 

T h u s  

a l o g  io  
- - -  (n - =)  = - 0 . 6 0  [6] 

0pH 

which agrees ve ry  wel l  wi th  the  va lue  obta ined f rom 
Fig. 3, assuming for a a value  of 0.4. 

F rom [1] i t  can be shown that  

( 2 - ~ H  ) 2.303RT n 
m - -  0.148 [7] 

F a 

(assuming a = 0.4 and  n = 1) which agrees  wi th  the  
exper imen ta l  values according to the  plot  in Fig. 4. 

F igure  5 is a plot  of log K (K = ra te  constant)  as a 
function of 1/T for values of i t aken  at  --1,000V (SCE) 
and pH 0.65. Since the  electrode potent ia l  is being 
re fe r red  to a revers ib le  reference electrode main ta ined  

k | ! " I -800[ ~ 

,,,,, _ 

,",, 
0 1 2 3 

pH 

Fig. 4. Plot of potential vs. pH in the first Tafel region. Points 
correspond to i = ]0 - 4  A-cm - ~  
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Fig. 5. Arrhenius plot of log K vs 1/T 
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outside the thermosta t ic  system, an unknown electro-  
lyt ic  thermal  junct ion  potent ia l  wi l l  be included in the  
measured  emf. Therefore,  only an apparen t  heat  of 
act ivat ion hE can be measured.  The value  for hE mea-  
sured in this work  was 45.3 kca l /mol .  

I t  is possible tha t  a l imi t ing cur ren t  densi ty  could 
be observed at  h igher  cathodic polar izat ion for ex- 
per iments  corresponding to pH 0.65 and 1.22; but, be- 
cause of equipment  l imi ta t ions  it was not  poss ible  to 
increase polar izat ions beyond the points shown in 
Fig.  1. 

Comparison of the  exper imenta l  results  wi th  those 
obta ined f rom theoret ica l  der ivat ions  show excel lent  
agreement  and suggest  that  the HER on Ti-6A1-4V is a 
f i rs t -order  react ion wi th  an over-a l l  t ransfer  coefficient 
~ :  0.4. 

Discussion 
Hackerman  and Hal l  (2) repor ted  a rapid  decrease 

in potent ia l  near  0.1 A-cm -2 for cathodic polar izat ion 
of Ti in app rox ima te ly  neu t ra l  solutions of NaC1. They  
expla ined  this behavior  assuming the reduct ion of a 
smal l  amount  of O~ dissolved in the solution. They  
in t e rp re t  the  sharp b reak  in thei r  curves as represent -  
ing the  l imi t ing diffusion cur ren t  dens i ty  for  the oxy-  
gen reduct ion reaction. However ,  the amount  of dis- 
solved oxygen under  the  present  exper imenta l  condi- 
t ions is ve ry  low and remains  ra the r  constant. S te rn  
(4) found a s imi lar  effect for the HER on iron in acidic 
solutions of NaC1 and assumed that  the sharp decrease 
in potent ia l  was due  to concentra t ion polar izat ion 
effects. Table  I I  shows the va lues  for iL ( l imi t ing  
diffusion cur ren t )  ca lcula ted  f rom 

Table II. Limiting diffusion current variation with pH 

p H  iT., c a l c u l a t e d  iL, e x p e r i m e n t a l  

0.65 3.2 • 10-2 m 
1.22 8.6 X 10 -2 - -  
1.65 3.2 X 10 ~ 6.5 X 10 .4 
2.20 9.0 X 10-~ 1.2 X 10 4 
2.50 8.1X 10 -4 5.0 X 10-* 
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nFD 

i L -  - -  (10 -3) all+ [8] 
5 

where n ---- number  of electrons taking part  in the re- 
action; F = Faraday constant; 5 ---- thickness of the dif- 
fusion layer ( =  0.05 cm) ; D ---- diffusion coefficient, for 
H + = 7.39 • 10 -5 cm2/sec; and all+ = activity of hy- 
drogen ions. 

Except for the first two curves, the agreement  be- 
tween the exper imental  and calculated values is rea- 
sonably good, especially taking into account the un-  
cer ta inty in the 5 values. 

The positive deviation from l inear i ty  of curves for 
pH 0.65 and 1.22 in Fig. 1 has been explained before 
(1) as due to a possible reduction of the thin film oxide 
attached to the surface of the electrode. For the l inear  
portion of the polarization curves marked B in Fig. 1, it 
can be assumed that  the HER is due to water discharge. 

Finally,  it is possible that the results published by 
Thomas and Nobe (1) do not show this type of effect 
because the electrode was rotated with a certain angu- 
lar speed, thus, canceling out the diffusional effects. 
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Electrode Reaction Rates on Straining Aluminum-Magnesium 
Wires in Chloride and Sulfate Solutions 

T. P. Hoar* and F. P. Ford 
University of Cambridge, Department of Metallurgy and Materials Science, Cambridge, England 

ABSTRACT 

Electrode reaction rates on a luminum-7 weight per cent (w/o)  magnesium 
wires exposed to chloride and sulfate solutions have been studied as a function 
of tensile s train rate, electrode potential, solution pH, degree of aeration, and 
anion concentration. An increase in rate of both anodic and cathodic reactions 
was observed on application of plastic strain; the increase depends on the 
strain rate, the anion concentration, and the degree of anodic or cathodic 
polarization in the chloride or sulfate solution. At electrode potentials remote 
from the chloride pit t ing potential, the difference in electrode-reaction rates 
in  chloride or sulfate solutions is relat ively minor;  as the potential  approaches 
the pit t ing potential, however, the anodic rate in chloride solution becomes 
significantly greater than that in sulfate solution. The anodie reaction is pr i -  
mar i ly  dissolution and the cathodic is hydrogen-ion reduction. 

There is a relationship between current  density on the s t ra ining electrode 
and the rate of passivation found on cessation of plastic deformation. The 
shape of the cu r ren t / t ime  transients  suggests that  the change in reaction rate 
upon straining is controlled by the rate of oxide rupture  (caused by slip-step 
emergence) and by the subsequent  passivation rate of the new bared metal. 

Stress-corrosion tests, conducted under  potentiostatic control in sulfate and 
chloride solutions, indicate that the propagation rate of stress-corrosion cracks 
in isolated metal  has the same dependence on pH, anion type and concentra- 
tion, and degree of aeration, as does the anodic current  density of a s t raining 
electrode. This suggests that the crack-penetrat ion rate depends on the reaction 
rate at the crack advancing edge, which is controlled by the ra te  of oxide 
rup ture  and by the subsequent  ra te  of passivation. 

The a luminum-magnes ium alloy system provides an 
important  series of cold-worked and thermal ly  stabi- 
lized commercial  alloys that combine a relat ively high 
strength-to-weight  ratio with good general  corrosion 
resistance. Unfortunately,  there is an increasing sus- 
ceptibili ty to in te rgranula r  stress-corrosion cracking 
as the magnesium content  is increased, both in neut ra l  
and acid chloride solutions (1, 2). It  is related (2, 3) 
to the presence of a discontinuous gra in-boundary  
magnes ium rich ;~-phase. Because of the high chemical 
activity of this phase in these solutions (4), an ini t ia t -  
ing notch may be formed, giving stress intensification 
dependent  on the shape and size of the particle. A ma- 
jor problem in unders tanding  the stress-corrosion be- 

* Electrochemical Society Active  Member .  
K e y  words: dissolution, passivation, straining, a l u m i n u m ,  al loy.  

havior of these alloys is the mechanism by which a high 
aspect-ratio crack can propagate from these ini t ia t ing 
notches. 

Logan (5) suggested that cracks may propagate elec- 
trochemically by rupture  of passivating oxide films 
at the crack advancing edge, which is yielding under  
the high stress there, followed by a high rate of anodic 
dissolution as compared with that of the crack sides. 
The high rate of dissolution of bared metal  will  be 
modified by passivation, the rate of which is also im- 
portant.  

The object of this paper is twofold: first, to deter- 
mine  the dependence of the anodic and cathodic re- 
action rates of an a luminum-7 w/o magnes ium alloy on 
applied strain rate for various conditions of anion con- 
centration, solution pH, and electrode potential, and to 
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obtain data on the passivation rate observed when 
straining is stopped; second, by relat ing the plastic 
condition at the crack edge to the macroscopically ap- 
plied strain rate, to predict the stress-corrosion be-  
havior of the alloy in chloride and sulfate solutions. 

Exper imental  Techn ique  
The specimens used in  the electrochemical studies 

were 0.040 in. diam wires fabricated from a high pur i ty  
a luminum-7 w/o magnesium ingot. 1 The wet analysis 
was 7.15 w/o, magnesium, plus a total impur i ty  content  
of 0.12 w/o,  main ly  silicon and copper. The wire speci- 
mens were t ransformed to a single-phase condition to 
simulate the structure at the phase margins, where 
stress-corrosion cracks propagate, after the final swag- 
ing and drawing operation, by anneal ing at 360~ for 4 
hr and water  quenching�9 (Strictly speaking, the com- 
position at the advancing edge of a gra in-boundary  
crack in the heterogeneous alloy is probably nearer  2 
w/o, which is the equi l ibr ium composition adjacent to 
the gra in-boundary  /~-phase; however, pre l iminary  
work has indicated (7) that  there is no significant dif- 
ference in the chemical activity of an electrode of 
a luminum-2  w /o  magnes ium and a luminum-7  w/o 
magnesium).  

The solutions used were unbuffered 1N NaC1 and 1N 
Na2SO4 at pH values of 2.0 • 0.2 and 5.5 -+_-_ 0.2 (ad- 
justed with sulfuric acid) ; the pH values after  the ex- 
per iment  remained within the quoted ranges. The solu- 
tions were deaerated by saturat ing with deoxygenated 
nitrogen (8) in order to confine the cathode reaction 
to that of hydrogen-ion reduction. However, since 
stress-corrosion tests are normal ly  conducted in nat-  
ura l ly  aerated solutions, some straining experiments  
were made under  such conditions in order to determine 
the effect, if any, of aeration on the anodic reaction 
rate. 

Before each test, the specimens were mechanical ly 
polished to a 6 #m diamond finish, masked with Teflon 
tubing to expose a 1-in. gauge length, inserted into the 
test cell, Fig. 1, and immersed in deaerated solution for 
at least 16 hr to allow the surface to reach a pseudo- 
stable corrosion potential. Anodic or cathodic polariza- 
t ion to a constant  potential  was then appIied by po- 
tentiostat, and the resul tant  current  between speci- 
men and p la t inum counterelectrode was recorded unt i l  
a steady value was obtained. Thereupon a steady strain 
rate was applied by a motorized Hounsfield Tensometer  
for a t ime corresponding to 17.5% elongation. The cur- 
ren t  t rans ient  was recorded both dur ing and after 
straining. 

Results 
Shape of current transient upon straining.--Figure 2 

i l lustrates the nature  of the cur ren t / t ime  t ransient  ob- 
tained on straining, at two extremes of anodic or 
cathodic polarization. As will be shown later the shape 
of the t ransient  between these extremes varies with the 
anion concentrat ion and pH of the solution. Two gen- 
eral observations may be made regarding the shape of 
these transients.  First, there is an incubat ion period, 
corresponding to the t ime to reach the l imit of pro- 
port ionali ty on the s tress/s train curve, before the mean  
current  rapidly rises to a steady value, which will be 
shown to be dependent  on the applied strain rate, elec- 
trode potential, solution pH, and anion concentration. 
Second, there is an oscillation superimposed on the 
current  t ransient  which has an ampli tude and fre- 
quency that  increase with applied strain rate. A detail 
of the net  anodic current  is shown inset in Fig. 2 for 
two extremes of strain rate;  at the lower strain rate the 
oscillation can be resolved into a series of current  surge 
and exponential  decay events. In  general, the oscilla- 
t ion of a net  cathodic current  is more damped, i.e., t h e  
ampli tude is lower than that of an anodic current  ob- 
tained at the same strain rate. This oscillation, which is 
independent  of the occurrence of the Por tevin-Le 
Chatelier discontinuous yielding that occurs in  these 

1 S u p p l i e d  by  O l in  C o r p o r a t i o n ,  N e w  H a v e n ,  Connec t i cu t .  
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Fig. 1. Test cell. 1, Nitrogen outlet; 2, nitrogen inlet; 3, platinum 
counterelectrode; 4, wire specimen; 5, threaded joint (SQ.13); 
6, Teflon washer; 7, Teflon tubing; 8, magnetic stirrer; 9, Hober- 
Luggin probe. 
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alloys, is a t t r ibu ted  to successive ox ide - rup tu re  and 
meta l -pass iva t ion  events;  work  by Grosskreutz  (9) in- 
dicates tha t  thin film rup tu re  in a luminum alloys occurs 
at slip steps. 

In in te rpre t ing  the resul ts  in te rms of cur rent  densi ty  
at  the  bared  meta l  surface, it  might  be assumed tha t  the 
act ive surface area  can be equated to the  total  s l ip-s tep 
surface area.  This a rea  may  be ca lcu la ted  f rom the da ta  
of Thomas and Nut t ing (10), who inves t iga ted  the 
sl ip-step geometr ies  of var ious  b ina ry  a luminum-  
magnes ium alloys af ter  different  amounts  of tensi le  
elongation. The cur ren t  densi ty  on the slip steps could 
be derived,  therefore,  f rom I -  Io/A, where  I is the 
s teady-s ta te  cur ren t  dur ing  straining,  Io the  s teady-s ta te  
cur ren t  before  straining,  and A the sl ip-step area. The 
nonva l id i ty  of this assumption,  which is over-naive ,  is 
discussed in a la ter  section. 

Variation oS steady-state anodic current density with 
electrode potential and strain rate.--The var ia t ion  of 
the s t eady-s ta te  cur ren t  densi ty  wi th  electrode poten-  
t ia l  is i l lus t ra ted  in Fig. 3 (a) and (b) for var ious  com- 
binat ions of anion concentrat ion and pH; the  s t ra in  ra te  
appl ied  to the specimen was 80% per  min. For  com- 
par ison purposes,  the  s teady-s ta te  cur ren t  densi ty  on 
the  uns t ra ined  specimens is also shown in the same 
figures. The over-a l l  mean anodic current  dens i ty  at  a 
given potent ia l  increases by  severa l  orders  of magni-  
tude upon straining;  resul ts  also indicate  that ,  a l though 
the cur ren t  densi ty  on the uns t ra ined  specimen at a 
given e lect rode potent ia l  decreases wi th  increase in pH, 
the  net  anodic cur ren t  dens i ty  on the  s t ra ining speci- 
men is s l ight ly  lower  at  pH 2.0 than pH 5.5. At  poten-  
t ia ls  more  negat ive  than  --900 mV (SCE),  the  s t ra ining 
electrode cur ren t  densi ty  is s l ight ly  higher  in the  
chlor ide  solutions compared  to that  in the  sulfate 
solutions, but  as the potent ia l  approaches  --800 
mV (SCE),  this  difference r ap id ly  increases. 

F igure  4 i l lus t ra tes  the  re la t ion be tween the s teady-  
state anodic cur ren t  densi ty  at --800 mV(SCE)  wi th  
appl ied  s t ra in  ra te  in acid chlor ide and sulfate  solu- 
tions. 

Variation of current density during and after strain- 
ing.--The var ia t ion  in cur ren t  dens i ty  dur ing s t ra in ing 
at  80 % per  rain is i l lus t ra ted  in Fig. 5 for var ious  com- 
binat ions of anion concentrat ion,  solution pH, and elec- 
t rode potent ial .  For  the sake of c lar i ty ,  the  super im-  
posed oscil lat ions ment ioned prev ious ly  are not shown. 
At  potent ia ls  more  posi t ive than --1300 mV (SCE),  the  
cur ren t  densi ty  rises r ap id ly  af ter  an incubat ion per iod 
to a s teady anodic value.  At  potent ia ls  more  negat ive  
than  --1300 m V ( S C E ) ,  however,  the cur ren t  densi ty  
in i t ia l ly  changes in the  anodic direction,  to be fol lowed 

by  a s lower r e tu rn  to cathodic values. In  acid solutions 
the ra te  of this  react ion is fast enough at  --1400 
mV (SCE) to a t ta in  a s teady-s ta te  cathodic value  by  the  
end of the exper iment ;  as might  be expected,  the  re -  
version in neu t ra l  solutions is slower, and a s teady-  
state cathodic value  is not reached.  At  potent ia ls  more  
negat ive  than  --1500 m V ( S C E ) ,  the  ini t ia l  change 
towards  anodic va lues  is suppressed and the current  
t rans ient  is en t i re ly  in the  cathodic direction. 

The cur ren t -dens i ty  decay due to oxide format ion  
that  occurs when s t ra ining is s topped at 17.5% elonga- 
t ion is shown in Fig. 6 for the var ious  anion-content-  
pH-e lec t rode-poten t ia l  combinat ions i l lus t ra ted  in Fig. 
5. In i t ia l ly  the  anodic cur ren t -dens i ty  decay may  be de-  
scr ibed by  

j : jo exp - -~t  ]'~ 

However,  this s imple law does not  app ly  dur ing  the 
whole  decay t ime because of complicat ing secondary  
reactions, two of which may  be deduced f rom Fig. 6. 
The first is the  in i t ia t ion of p i t t ing  by  s t ra ining in 
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Fig. 4. Variation of steady-state current density with strain rate 
for IN  NaCI and iN  Na2SO4, pH 2.0, at - -800 mV(SCE). 
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chloride solutions at potentials between --800 and 
--950 mV(SCE) as shown by anodic current  oscilla- 
tions and the rise in anodic current  after the init ial  de- 
cay, and the second is the effect of the cathodic reac- 
t ion on the passivating surface, which predominates at 
potentials more negative than  --1300 mV(SCE) .  In  an 
analogous a rgument  to that  suggested from ~ig. 5, 
where it is seen that, upon straining in the potential  
range --1300 to --1400 mV(SCE) ,  a rapid anodic re- 
action is followed by a slower cathodic reaction. The 
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Fig. 7. Variation of steady-state cathodic current density with 
potential in 1N NaCI and 1N Na2SO4 at pH. 2.0. Values for strain 
rates of 0 and 80% per rain. 

subsequent  decay behavior is dominated in  this poten-  
tial r ange  by rapid anodic passivation followed by 
a slower cathodic reaction on the passivated surface. 

Variation of steady-state cathodic current density 
with electrode potentiaL--The variat ion of the mean  
steady-state cathodic current  density with electrode po- 
tent ial  is i l lustrated in Fig. 7 for acid sulfate and chlo- 
ride solutions. For comparison purposes, data for the 
uns t ra ined specimen and a specimen strained at 80% 
per rain are presented on the same graph. The rate of 
the cathodic reaction, which is observable hydrogen 
evolution, is increased by a factor of 5 to 6 by strain-  
ing; this increase is the same in chloride as in  sulfate 
solutions. In  addition, there is no significant difference 
in the slopes of the cathodic polarization curves for 
strained and uns t ra ined  specimens in  these acid solu- 
tions. 

D i s c u s s i o n  

Computation of active surface area.--Murata and 
Staehle (11) have suggested that  the net  cur ren t  
change observed upon straining a specimen in a film- 
forming solution can be analyzed in  terms of the sum-  
mat ion of a series of individual  current  surge and de- 
cay events associated with oxide rupture  followed by 
passivation at emergent  slip steps. The analysis predicts 
that the current  will  reach a steady-state value dur ing  
s t raining through the introduct ion of new active slip 
steps and the complete passivation of earlier formed 
slip steps. The present  work qual i ta t ively supports 
this theory through the presence of an incubat ion 
elongation corresponding to oxide rup ture  at a suffi- 
cient number  of slip steps to give an observable rapid 
current  rise to an asymptotic value, and the super im-  
posed oscillations suggest that the net  effect is made up 
of a series of current  surge and  decay events. 

The current  densities were first calculated (see 
Results above) on the assumption that, dur ing strain- 
ing, the active surface area corresponds to the total 
area created at emergent  slip steps. An estimate of this 
area may be made from the data of Thomas and Nut-  
t ing (10), who showed that, in the a luminum-7 w/o  
magnesium alloy, slip steps emerge with a constant  step 
height of 135 nm and with a step separation dependent  
on the tensile elongation. The assumption that  this 
total slip-step area remains  active throughout  the t ime 
of s t ra ining is, however, far from valid, especially in  a 
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system that  exhibits fast passivation characteristics. 
Pagetti  and co-workers (12) showed, by using a scratch- 
ing technique to create a 'bare'  surface on an alumi- 
num-7 w/o magnesium alloy, that  the anodic current  
density decay due to passivation at a scratch may fall 
by several decades wi thin  100 msec in sulfate solutions. 
Since the experiments  described in the present paper 
last for 20 sec or longer, the assumption that the active 
surface area on the straining wire corresponds to the 
total slip-step area grossly overestimates the active 
surface area in sulfate solution by a factor of around 
102 for a strain rate of 80% per min, and by correspond- 
ingly greater factors at lower strain rates. ( In chloride 
solutions at potentials near  the pit t ing potential, this 
factor is smaller since the passivation rates are signifi- 
cantly lower than those in sulfate solutions.) 

Electrode reactions occurring on the straining eIec- 
trode.--The hypothesis outlined above concerning the 
origin of the current  t ransient  obtained during s t ra in-  
ing suggests that the resul tant  steady-state current  
density is an average slip-step current  density encom- 
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passing all conditions from a bare surface to a surface 
that has just  become completely passivated. This aver- 
age current  density should, therefore, be dependent  on 
the passivation rate; as this rate decreases so the pro- 
portion of active sites with a higher current  density at 
any given instant  will increase. Such a relationship 
between the average slip-step current  density and the 
passivation rate is noted exper imental ly  and is illus- 
trated in Fig. 8. In  this figure the passivation rate is de- 
scribed in terms of the parameters  ~ and n, which ap-  
pear in the general  decay equation Ja ~- j0 exp --~t- 
used to characterize the current  decay when straining is 
stopped; the values of ~ and n taken 1 sec after strain- 
ing is stopped, ~(1 s) and n(1 s), are used, because 
the simple equation with p and n constant does not  
properly describe the j / t  transient.  The electrode 
potentials were in the range --1200 mV to --500 
mV (SCE). 

Figure 8 shows that the slip-step current  density 
during straining has a unique relationship with the 
passivation parameters  ~(ls) and n(ls).  This sug- 
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stress 
Fi 9. 10. Schematic representation of the electrode reactions 

occurring at a crack tip, in neutral and acid solutions. 

gests that  the dependence of this current  density on 
potential, pH, and anion concentrat ion i l lustrated in 
Fig. 3(a)  and (b) is controlled pr imari ly  by the de- 
pendence of the passivation rate on these factors; this 
latter relationship is indicated in Fig. 9. Further,  the 
fact that the slope of the anodic e / j  curve at a s train 
rate of 80% per min  is the same as that given by the 
unst ra ined surface in acid solutions confirms that the 
average is dominated by the current  on a part ial ly 
passivated surface rather  than that on the bare slip 
steps. 

From Fig. 7, the average cathodic reaction rate on a 
specimen being strained at 80% per min in deaerated 
acid solutions is, by the usual  extrapolation, less than 
10 -7 A/cm 2 at potentials more positive than --900 
mV(SCE).  This is considerably smaller than the ob- 
served anodic current  on the same specimen at these 
potentials; consequently, the observed current  on the 
straining electrode is close to the t rue anodic current.  
This anodic reaction is presumed to be A1 -~ Alaq ~+ 
+ 3e. 

The cathodic reaction is evident ly  the observed hy-  
drogen evolution, in deaerated solutions. Supplemen-  
tary tests, conducted in aerated chloride solutions at 
pH 5.5 and --900 mV(SCE) ,  indicated that above a 

Fig. 11. Variation of the grain- 
boundary penetration rate in a 
cold-worked and sensitized alu- 
minum-7 w/o magnesium alloy 
with electrode potential, for sev- 
eral combinations of anion con- 
tent, pH, and degree of aeration. 
Applied strain rate ca. 0.127% 
per rain. 
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strain rate of 10% per rain there was no significant 
difference in the steady-state current  densities obtained 
in deaerated solutions and those obtained in aerated 
solutions. Although the presence of oxygen affects the 
net current  density on the unst ra ined surface, due to 
the additional oxygen-reduct ion reaction, the much 
greater observed current  density on the s t ra ining sur- 
face is overwhelmingly  anodic and is essentially the 
same as that obtained in a deaerated solution at the 
same potential. 

Relationship between average slip-step current den- 
sity and stress-corrosion cracking.--If the propagation 
of a stress-corrosion crack is controlled by the anodic 
dissolution at the crack advancing edge, where pro- 
tective oxide is continuously undergoing a rup ture  and 
formation (passivation) process (see Fig. 10), then the 
observed propagation rate should have the same de- 
pendence on such parameters  as pH, electrode potential, 
and anion concentrat ion as does the steady-state cur-  
rent  density observation on a plastically deforming 
electrode (Fig. 3(a)  and (b) and 7). 

Stress-corrosion experiments  were conducted on 
specimens fabricated from the same ingot as that used 
in the straining electrode experiments.  The metal lurgi-  
cal condition of the specimen wires was such as to yield 
a condition susceptible to stress-corrosion cracking in 
aerated chloride solutions at the corrosion potential:  
viz., after solution heat - t rea tment  at 360~ for 4 hr and 
water quenching, the rods were cold swaged a total of 
86.5% reduction in area and given a final l l0~ 40 hr 
sensitization treatment.  The specimens were prepared 
as described in the Results section above, mounte.d in 
the exper imental  cell (Fig. 1), and allowed to at tain a 
pseudostable corrosion potential  in the solution. Anodic 
or cathodic polarization was then applied and the re- 
sul tant  current  recorded unt i l  a steady value was ob- 
tained; thereupon a strain rate of 0.127% per min  w a s  

applied unt i l  failure occurred. 
Longi tudinal  cross sections of the wire  specimens 

were subsequent ly  examined at a magnification of 
• 500 and the extent  of the penetrat ion of grain- 
boundary  cracks was recorded; the average penetra t ion 
rate was then calculated on the assumption that  the 
longest cracks started propagating at the onset of 
straining. 

The variat ion of the g ra in -boundary  crack-penetra-  
t ion rate with electrode potent ial  and various anion- 
concentra t ion-pH combinations is shown in Fig. 11. 
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The crack pene t ra t ion  rate  is min imal  at --1200 
mV(SCE)  and increases at potent ia ls  both more posi-  
t ive and more  negative.  This suggests tha t  at potent ia ls  
more  posi t ive than  --1200 m V ( S C E ) ,  the  penet ra t ion  
rate  is caused by  an anodic process, p re sumab ly  dis- 
solution, whereas  at more negat ive  potentials ,  hyd ro -  
gen-ion reduct ion controls  the pene t ra t ion  by  some un- 
known mechanism. The specificity of chlor ide  anions 
on crack pene t ra t ion  has significant effect only at po- 
tent ia ls  more posit ive than  --900 m V ( S C E ) ,  i.e., at 
potent ials  where  p i t t ing  may  be p r ema tu re ly  in i t ia ted  
by  straining.  This observat ion may  be compared  with  
the  m a r k e d l y  grea ter  increase in anodic current  densi ty  
on the s t ra ining e lect rode in chlor ide  solutions as com- 
pared  to sulfate solutions at these potentials .  Changes 
in pH (and oxygen content)  have no significant effect 
on the c rack-pene t ra t ion  ra te  at potent ia ls  above --1200 
mV(SCE) ,  but  there  is some evidence in Fig. 11 that  
at  potent ia ls  more  negat ive  than  --1200 mV(SCE)  an 
increase in pH m a y  decrease the crack  pene t ra t ion  
rate.  

Stress-corrosion cracking is n o r m a l l y  encountered  
(I, 2) in this  a l loy when  the  cold-rol led  and hea t -  
t rea ted  ma te r i a l  is exposed under  f ree ly  corroding 
condit ions to neu t ra l  or s l ight ly  acid aera ted  solutions. 
The open-c i rcui t  corrosion potent ia l  in chlor ide solu- 
tions under  these condtioins is ca. --800 mV(SCE) .  The 
resul ts  i l lus t ra ted  in Fig. 11 show that  the  pene t ra t ion  
ra te  may  be decreased by  the ex te rna l  appl icat ion of 
a smal l  amount  of cathodic polar izat ion (13) wi th  
respect  to the  open-c i rcui t  corrosion potential .  

The present  resul ts  suggest  that  the crack pene t ra -  
t ion rate  in the  a luminum-7  w / o  magnes ium alloy may  
be decreased at a given electrode potent ia l  by  decreas-  
ing the  over-a l l  react ion ra te  at the  crack  edge. Apa r t  
from the mi ld  degree of cathodic protect ion jus t  men-  
tioned, this may  perhaps  be  achieved (6) by  decreas-  
ing the oxide rup tu re  ra te  and /o r  by  increasing the 
pass ivat ion  ra te  at  the rup tu re  region by  a t tent ion  to 

possible var ia t ions  in al loy composit ion and defor-  
mat ion  morphology  at the  crack  edge. 

In  fur ther  exper iments ,  to be repor ted  shortly,  we  
have found that  the anodic cur ren t  densi t ies  obta inable  
at the var ious  potent ia ls  on bared,  pass ivat ing  a lumi-  
num-a l loy  surfaces are more  than sufficient to account 
for the measured  pene t ra t ion  rates  shown in Fig. 11, if  
the  cracks advance  solely by  electrochemical  anodic 
dissolution. 

Manuscr ip t  submi t ted  Dec. 20, 1972, rev ised  manu-  
script  received Feb. 26, 1973. This was Pape r  No. 49 
presented  at  the Miami Beach, Flor ida,  Meeting of the 
Society, Oct. 8-13, 1972. 

Any  discussion of this  paper  wil l  appear  in a Discus- 
sion Section to be publ ished in the  June  1974 JOURNAL. 
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Investigation of the Passivity of Iron 
by Nuclear Microanalysis Using Stable Oxygen Isotopes 

B. Agius and J. Siejka* 
Groupe de Physique des Solides de l'Ecole Normale Sup~rieure, Tour 23; 

11 Quai Saint-Bernard, Paris 5~me, France 

ABSTRACT 

A solution of 0.15N sodium bora te  and 0.15N boric  acid in O TM enr iched 
wa te r  was used to s tudy the  pass iv i ty  of i ron by  means  of nuclear  microana l -  
ysis. I t  was es tabl ished that  the surface of the sample  main ta ined  under  
cathodic polar izat ion is free of oxygen 18; whi le  in open circuit,  the  presence 
of 5 X 1015 a toms/cm 2 of oxygen 18 was detected on the sample  which was 
previous ly  ca thodical ly  reduced. Moreover,  in the  pass iv i ty  region, the  quan-  
t i ty  of oxygen 18 fixed on the meta l  surface varies  from ,-5 X 1015 to ~20 
X 1015 a toms /cm 2 as a l inear  function of potential .  The value  of the  apparen t  
electr ic  field of format ion  was calcula ted and compared  wi th  the l i t e ra ture  
da ta  deduced from el l ipsometr ic  and coulometr ic  measurements .  The cathodic 
reduct ion  of the films was s tudied by  de te rmining  the 0 TM losses of the  passive 
films as a function of the charge passed in the  circuit  and of the  tempera ture .  
The mechanism of the  cathodic reduct ion is discussed on the basis of the ex-  
pe r imenta l  data. 

The passive film has  been inves t iga ted  in electro-  
chemis t ry  and me ta l l u rgy  for many  years  (1, 2) and 
severa l  models  have been proposed (3-10), point ing 
out the  impor tan t  role  p layed  by  oxygen in the mecha-  

* E l ec t rochemica l  Society  Act ive  Member .  
K e y  words: iron passivity, nuc l ea r  mic roana lys i s ,  O is t r ac ing ,  

passive film thickness, cathodic reduction. 

nism of passive l aye r  formation.  Quant i ta t ive  de ter -  
mina t ion  of oxygen contained in pass ivated  films can 
be expected to provide  a useful  means for a be t te r  
unders tanding  of the phenomenon of passivity.  Among  
the various methods,  the method of nuclear  microanal -  
ysis of the 16 and 18 isotopes of oxygen seems to be 
pa r t i cu la r ly  wel l  sui ted for this purpose  (11, 12). 
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The present paper describes the use of this method 
to investigate the passivity of iron in a pH = 8.4 buffer 
solution of 0.15N sodium borate and 0.15N boric acid in 
deaerated water  of either na tura l  O 18 isotopic concen- 
t rat ion (0.204%) or enriched to 10% in O TM. The iso- 
topic composition of hydrogen in the O is enriched 
water 1 was normalized to na tura l  abundance. By using 
the enriched solutions, one is able to distinguish the 
effects of oxygen coming from the solution from those 
due to atmospheric oxygen which may further  oxidize 
the samples dur ing their t ransfer  from the electrolytic 
cell to the analytical  set-up. Borate solutions were 
chosen as numerous works referr ing to such solutions 
have been published and this will  facilitate com- 
parisons. Moreover, borate anions are advantageous in 
that they isotopically exchange their oxygen with that 
of the water almost immediate ly  (13), thereby lead- 
ing to a uniform label ing of the solution. Nagayama 
and Cohen (5), in an investigation of iron passivity 
by coulometry and chemical analysis of iron dissolved 
in the solution, have shown that the thickness of the 
film varies from 8 to 30A, depending on the potential  
of the layer formation. Foley et al. (14), by an electron 
diffraction investigation, have identified the s tructure 
of these films after obvious exposure to atmosphere as 
that  of 7-Fe203. Recent ellipsometric investigations, 
which may be carried out in situ, have shed some new 
light on certain aspects of the nature  of iron oxide 
films formed in neutra l  solutions. In particular,  Sato 
and Kudo (15) have found that cathodically reduced 
iron oxide is characterized by the complex refractive 
index of the bare metal, and from this, they inferred 
the total absence of any oxide film. This observation 
and their  measured value of the min imum thickness 
(gA) required for passivation to occur led them to the 
conclusion that the mechanism of passive layer forma- 
t ion is similar to that  for anodic films formed on valve 
metals; this mechanism has been proposed previously 
in Ref. (1) and (6). On the basis of coulometric mea- 
surements,  it has been suggested by Franken tha l  (9) 
that adsorption phenomena are responsible for passiva- 
tion at low values of polarization. Recently, Bockris 
et al. (8) have shown by combining coulometric and 
ellipsometric methods that a ferrous hydroxide 
Fe(OH)2 exists in the prepassive region and they as- 
sumed that it was t ransformed into ferric oxide Fe2Oz 
at the beginning of the passivity region and then grew 
l inear ly  with potential  up to 40A 

This short review of the l i terature  shows that the 
problem of the proper choice of a mechanism of passive 
film formation still remains  open. The purpose of the 
present  work, which is an extension of previous in-  
vestigations with similar methods on nickel (16, 17), is 
to obtain new information about the phenomenon of 
passivity by combining the methods of electrochemical 
measurements  and nuclear  microanalysis  of the 16 and 
18 isotopes of oxygen. 

The main  objects of the present experiments  were to 
study: (i) the effects of polishing on the iron speci- 
mens and the definition of a test specimen which ex- 
hibits the thinnest  surface oxide layer; (ii) the deter- 
minat ion of the quant i ty  of oxygen coming from the 
solution and fixed on the metal  surface after cathodic 
reduction and  under  corrosion potential;  (iii) the rela- 
t ionship between the potential  and the quant i ty  of 
oxygen fixed on the metal  surface in the passivity re- 
gion; and (iv) the measurements  of oxygen loss due 
to the cathodic reduction of these layers. Some of these 
results have been presented (18). 

Experimental Technique 
Sample preparation.~The specimen (substrate) was 

a pure iron electrode (99.9% or 99.99% purity,  see 
Table II) of 10 • I0 mm with an iron wire electro- 
welded to it to give the electric contact. Polishing of 
the specimen surface was carried out in a mix ture  of 

N o r m a l i z e d  0 TM e n r i c h e d  wate r  produced at t h e  W e t z m a n n  I n -  
s t i t u t e ,  Rehovot,  Israel. 

glacial acetic and perchloric acids (20: 1) at a current  
density of 450 mA / c m 2, with intense mechanical  stir- 
r ing (19). All potentials are expressed on the stan- 
dard hydrogen scale. Most of the experiments  were car- 
ried out at 23 ~ ___ I~ while some of them were per-  
formed at --3 ~ and 50~ 

After r insing and drying, the specimens were stored 
in a vacuum of the order of 10-2 mm Hg. Immediate ly  
before the experiments,  the samples were repolished 
for 1 min. 

Experimental procedure.--First the samples were 
put in the solution and left unpolarized while their po- 
tential  stabilized around a value of about --250 mV. 
They were then pretreated by cathodic reduction (10 
~A/cm 2) to remove any existing oxide from the sur-  
face (5). This brought a decrease in the potential  to 
about --650 mV (r Polarization was then switched 
off. In 5 min, the potential  rose to about --510 mV 
(r After this pre t rea tment  (summarized in Table 
I) samples were oxidized potentiostatically and ana- 
lyzed following the proceedings and precautions de- 
scribed in Ref. (16, 17) where oxygen desorption was 
carefully studied. The possible losses were minimized 
here in the same way. 

Nuclear microanalysis of 016 and OlS.--Nuclear mi- 
croanalysis, by the observation of nuclear  reactions, 
yields the number  No16 (reaction O16(d,p)O iv*) or 
No18 (reaction OlS(p,a)N is) of oxygen atoms per 
square cent imeter  fixed on the specimen surface (20, 
21). The number  of oxygen atoms coming from the 

A 
solution, Nol8, can be obtained by dividing Nol8 by 
the solution enr ichment  (ratio of O TM to the total oxy- 
gen in the solution),  i.e., by normalizing the results. 

Results and Interpretation 
Analysis of the state of the sample suryace.--The 

quant i ty  of oxygen present at the metal  surface was 
determined before and after polishing for specimens of 
different purities supplied by different manufacturers .  

Figures 1 and 2 show the spectra of the O 18 (d,p)O iv* 
reactions of oxygen obtained under  identical experi- 
menta l  conditions for 99.9 and 99.99% iron before and 
after polishing. The spectrum for 99.9% pur i ty  iron 
(Fig. la)  shows a tail on the lower energy side which 
tends to disappear after polishing (Fig. 2a), while the 
over-all  oxygen quant i ty  near  the surface drops by a 
factor of 100. The depth scale of Fig. 1 is only i l lustra- 
tive; in fact, to deduce the concentrat ion profile, C(x) ,  
from the spectrum, one has to take into account the 
variat ion of cross section with depth (21). From this, 
it may be inferred that, in addition to the surface oxide 
layer, there exists some oxygen buried in the metal 
matr ix  which can be removed by polishing (12, 16, 21, 
22). This component may be shown to extend to a 
depth of some microns. In  the case of the 99.99% puri ty  
iron, practically no bulk  oxygen was observed, even 
before polishing (Fig. lb ) .  

The results obtained from these spectra are shown in 
Table II, where the number  of O 16 atoms is given for 
various iron surfaces along with, for comparison, the 

Table I. Successive steps of sample treatment 

P o l i s h e d  i r o n  s a m p l e ,  E q u i l i b r i u m  
99.99% purity* Time Current p o t e n t i a l  (NHE)  

W i t h o u t  a n y  p o l a r i z a -  
t i o n  5 r a i n  - -  r  ~ - -250  m V  

Under  cathodic polar- 
ization ( g a l v a n o s t a t i c  
m e t h o d )  5 r a i n  1 0 ~ A / c m  2 r  ---- --650mV 

Without any polariza- 
tion 5 r a i n  - -  Cs~ ---- - -510  m V  

Anodie polarization (po- 150 see Final current: Vox ~ + 940 mV 
t e n t i o s t a t i c  m e t h o d )  60 sec 5 ~ A l c m ~  Vox --- + 140 m V  

Without anY polariza- 
tion** 120 sec ~ Vox -- - 6 0  m V  

* S u p p l i e d  b y  M a t e r i a l s  R e s e a r c h  Corporation. 
** P o t e n t i a l  of  p a s s i v e  s a m p l e s  i n  o p e n  c i r c u i t .  
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Fig. 1. Proton energy spectra for the reaction 016(d,p)O 17. ob- 
served on unpolished iron samples: (a) 99.9% purity (Armco), (h) 
99.99% purity (MRC). 
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Fig. 2. Proton energy spectra for the reaction 016(d,p)O 17. ob- 
served on polished iron samples: (a) 99.9% purity (Armco), (b) 
99.99% purity (MRC). 
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corresponding results for nickel (16). With reference 
to the data for unpolished specimens, Table II only 
indicates their  order of magnitude,  as the corrections 
for deep penetrat ion were not t aken  into considera- 
tion, these results present ing a marked irreproduci- 
bility. 

It is seen that the three iron specimens of differ- 
ent origin and pur i ty  are characterized by different 
amounts  of surface oxygen, expressed as the number  
of oxygen atoms per square centimeter,  after polishing. 

Table Ii. Characteristic of the surface layers on iron and nickel 

S u r f a c e  No 16 • 10 TM 

M e t a l  p r e p a r a t i o n  a t o m s / c m  ~ 

Iron  99.99% ( J o h n s o n  M a t t h e y )  U n p o l i s h e d  ~ 8 0  
P o l i s h e d *  23 

Iron  99.99% ( Ma te r i a l s  R e s e a r c h  U n p o l i s h e d  ~ 2 5  
C o r p o r a t i o n )  P o l i s h e d *  1O 

I r o n  99.9% ( A r m c o )  U n p o l i s h e d  ~ 5 0 0  
P o l i s h e d *  30 

N i c k e l  99,99% (16) ( M a t e r i a l s  U n p o l i s h e d  ~ l O 0  
R e s e a r c h  C o r p o r a t i o n )  P o l i s h e d * *  6 

* In  a m i x t u r e  of  g l ac i a l  ace t i c  a n d  p e r c h l o r i c  ac ids  (20:1) a t  a 
c u r r e n t  d e n s i t y  of  450 m A / c m ~ ,  d u r i n g  2 or  10 r a in  fo r  99.99 or 
99.9%, r e s p e c t i v e l y .  

** In  54.5% s u l f u r i c  ac id  a t  400 m A / c m  2. 

This could be explained by: (i) the roughness factor 
which would vary  from one specimen to another; and 
(ii) the presence of oxygen atoms in the bulk  which 
may be located within the first few thousand ang- 
stroms of the metal, in part icular  in grain boundaries. 
It should be noted that the finite depth resolution of 
our measurements  [0.20 #m (21, 22)] does not allow 
one to distinguish between surface oxygen atoms and 
those situated in the volume up to 0.20 #m from the sur-  
face. 

Of these two explanations, the second seems to us the 
most probable, as discussed below. 

As the Materials Research Corporation (M.R.C.) 
99.99% iron seems to have a lower surface oxygen level 
than that  of Johnson and Matthey, the first named 
brand  was used in  all the following experiments  on 
99.99% pur i ty  iron. 

Nature and equivalent thickness o] the passive 
Zayer.--The quant i ty  of oxygen fixed on the iron sur- 
face was studied as a funct ion of the polarization po- 
tential  Vox. Following Ref. (16), it was thought  neces- 
sary to stop the oxidation at a constant final current  
(5 ~A/cm 2) and to wi thdraw the specimens while 
main ta in ing  their potential. 

Oxygen content o] films present in the prepassive and 
passive regions at 23~ we investigated the 
formation of the passive layer in a solution of na tura l  
isotopic O Is concentration, i.e., practically only 0 TM. In 
the passive region, the function No16 = f(Vox) is ap- 
proximately a straight line, the slope of which is dif- 
ficult to determine given the poor reproducibi l i ty  of the 
measurements.  In  fact, the amount  of oxygen fixed on 
the sample surface varies from about 12 X I015 a toms/  
cm 2 at a potential  r = - -300 mV, at the beginning of 
passivation, to about 25 X 1015 atoms/cm 2 at a potential  
r ---- +900 mV, at the end of the passivation period. 
Furthermore,  it should be noted that  the quant i ty  mea- 
sured at potential  r is of the same order as that deter- 
mined after cathodic t rea tment  of the specimen, about 
12 X 1013 a toms/cm 2. This would imply that approxi- 
mately 12 X 1015 atoms/cm 2 remain  on the surface of 
specimens which have been cathodically polarized and 
exposed to air. Such a large quant i ty  of oxygen, which 
is equivalent  to an oxide layer 20A thick if one assumes 
a "v-Fe203 structure with a roughness factor equal to 
unity, could be explained by two reasons: an oxida- 
tion due to atmospheric oxygen dur ing t ransfer  of the 
specimen from the electrochemical cell to the vacuum 
chamber  of the accelerator, or an insufficient cathodic 
reduction in  that  it did not completely remove the 
surface film covering the polished specimen. However, 
this oxygen content  seems to be essentially due to an 
oxidation in air dur ing  the transfer of samples from 
the electrochemical cell to the scattering chamber of 
the accelerator. This effect has been already observed 
in the case of nickel (17). 

These results clearly show that  the O TM tracing tech- 
niques are indispensable for obtaining further  informa- 
tion; in particular,  they should permit  the effect of 
atmospheric oxygen to be distinguished from that of 
oxygen coming from the solution. All the oxygen 18 
thus measured must  come from the solution. Never- 
theless, one cannot exclude the possibility of an ex- 
change taking place by spontaneous oxidation when  
the sample is removed from the electrolytic cell. This 
would have the effect of decreasing the amount  of 
O TM measured at the surface. In what  follows this effect 
has been considered as negligible. This assumption has 
been confirmed by comparing our results with those 
obtained using other methods like ell ipsometry and 
coulometry. Furthermore,  nuclear  microanaylsis mea- 
surements  cannot be carried out in situ. After each 
oxidation, the specimens are wi thdrawn from the solu- 
tion and immediate ly  plunged into triple-distilled 
water  of na tura l  isotopic composition. Thus the non- 
polarized specimen is in contact with a layer of en- 
riched solution for the few seconds preceding immer-  
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sion in distilled water  and is therefore under  open- 
circuit potential  of ~ - -60  mV (see Table I).  Following 
l i terature data (7, 10), we may associate the quant i ty  
of oxygen fixed on the surface with the max imum value 
of the potential applied to the specimen. Thus it can 
be noticed that in the case of cathodically polarized 
specimens in an open circuit the potential  increases, 
whereas it decreases when a potential  greater than 
-----60 mV is applied. In conclusion, this manipula t ion  
would not appear to affect the measurements  except 
for cathodic polarization. 

Cathodic pre t rea tment  of the specimen before polar- 
ization was investigated in order to determine the 
state of the specimen at a potential  @c ---- --650 mV 
(Table I), i.e., to determine whether  oxygen from 
the solution fixes on the metal  surface at the end of 
this period when it is still under  cathodic potential. 
The following experiment  was carried out: the speci- 
men was cathodically polarized at 10 #A/cm 2 for 5 
rain and then, instead of wi thdrawing it from the solu- 
tion [which, as we have described above, induces an 
oxidation by  the layer  of solution attached to the 
surface of the metal, about 3 • 1015 atoms/cm~ of 
oxygen 18 (Fig. 3)],  the 10 cmS of solution was diluted 
ten times with a deaerated solution having na tura l  
isotopic composition. Thus, the percentage of O TM 
enrichment  was decreased by a factor of ten. During 
this dilution in a neutra l  atmosphere, the potential 
of the specimen was mainta ined at the previous level 
r ----- --650 mV. The specimen was then wi thdrawn 
from the cell and analyzed. No O TM was found fixed 
at the surface. This indicates that  there is no oxygen 
from the solution at the surface of the specimen for 
r = --650 inV. However, from this experiment  alone 
it cannot be determined whether  the cathodic reduc- 
tion completely removed the film at the surface of the 
polished specimen. Following l i terature data deduced 
from ellipsometric (8, 15, 23) and coulometric (5, 9) 
measurements,  the specimen was assumed to be free 
of oxygen under  these experimental  conditions. 

In  a fur ther  experiment,  before passivation of the 
specimen, the polarization was switched off for 5 min, 
causing an immediate increase of potential  from r = 
--650 mV to a final value stabilizing at about --510 mV 
(r This increase may be at t r ibuted to the process 
of oxidation at the surface and to the effect of hydrogen 
there. This intermediate  stage before passivation was 
deliberately chosen to provide the exper imental  con- 
ditions under  which the hypothesis recent ly proposed 
by Bockris et al. (8) could be studied. Bockris postu- 
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Fig. 3. No]8 as a function of applied potential Vox for Fe 99.9% 

purity (E~) and Fe 99.99% purity ( 0 ) .  

lated the presence of an iron hydroxide Fe (OH)s  in 
the prepassive region, which at the beginning of the 
passive region is t ransformed by the applied voltage 
into ferric oxide Fe2Os. The results obtained at this 
intermediate stage are discussed below. 

Then and only after this pretreatment ,  film forma- 
tion was studied in the potential  region, from --310 
to +900 mV. Figure 3 shows the number  of 0 is atoms 
as a function of potential  for 99.9% and 99.99% puri ty  
iron specimens. It  should be noted that the error indi -  
cated between brackets is related to the irreproduci- 
bil i ty of the formation of the passive films on several 
samples. It also should be remembered that the error 
of individual  measurements  only referr ing to the rela- 
tive statistical precision of the counting rate is much 
lower than that previously mentioned. The results 
may then be summarized as follows: 

1. The relationship between the number  of oxygen 
atoms and the potential  is approximately l inear  in the 
passive region. 

2. For the iron of 99.9% purity,  the slope of the line 
A 
No18 ---- f(Vox) is about 15% greater than that for 
99.99% purity. This may be at t r ibuted to the different 
roughness factor of the 99.9% and 99.99% iron. One 
is now in a position to chose between the two hypothe- 
sis previously advanced to explain the presence of 
different quanti t ies of oxygen at the surface of polished 
specimens of different origins (Table II) .  If this spread 
were due to varying  roughness factors, then in the 
case of the polished 99.9% and 99.99% puri ty  speci- 
mens this var iat ion should be less than 15%, which 
is clearly not  the case since this same var ia t ion calcu- 
lated from the quant i ty  of oxygen measured by the 
nuclear reaction is equal to 300% (see Table II) .  Con- 
sequently, it would seem reasonable to explain the 
above differences by the presence of traces of bulk  
oxygen, probably situated at the grain boundaries. 

3. The max imum amount  of oxygen coming from the 
solution and fixing on the surface does not exceed 
(18 _+ 2) X 1015 a toms/cm 2 for the 99.99% puri ty  
specimen. This corresponds to an oxide layer of about 
35A if one assumes a 7-Fe203 structure for the oxide, 
as suggested by Foley et al. (14) on the basis of elec- 
t ron diffraction experiments,  and by Sato and Kudo 
(15) who reached the same conclusion using ellipso- 

metric measurements.  
4. The quant i ty  of oxygen coming from the solution 

and fixing on the surface of iron speciments which have 
been subjected to cathodic reduction and have at tained 
the corrosion potential  r mV) is (5 __ 1) X 
1015 atoms/cm 2. 

5. The quant i ty  of oxygen present  at the beginning 
of passive layer  formation (r ---- --310 mV) is (5 _ 
1) X 1015 atoms/cm 2. Thus, the difference in the quan- 
t i ty of oxygen (coming from the solution) at potentials 
r and r is statistically zero to wi th in  2 X 1015 
atoms/cm 2 (maximum value of error obtained by 
direct sum of errors).  This is equivalent  to about a 
monoatomic oxygen layer. 

The above results referr ing to the passivity region 
agree satisfactorily with the corresponding data taken 
from the l i terature (7, 9) (Fig. 4), if one assumes a 
passive film with a ~-Fe203 structure and a roughness 
factor equal to unity. On the basis of this agreement, 
we shall deduce, in the following section, the apparent  
parameters  of the passive film. However, at the corro- 
sion potential  Css ---- --510 mV, there is complete dis- 
agreement  with regard to the presence [established in 
Ref. (8) and in this work] or the absence of oxygen 
[according to certain data in the l i terature (15)]. We 
have therefore taken great care to investigate the 
presence of oxygen at r and the following experiment  
was designed to exclude any oxidation effect caused 
by removal  of the specimen from the electrolytic ceil. 

The iron specimen, subjected to the usual  cathodic 
treatment,  was stabilized for 5 min at the potential  r 
Instead of wi thdrawing the specimen from the O is 
enriched solution, the l0 cm 3 of this solution were, as 
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work. 

previously, diluted with 100 cm 3 of the same solution 
which was also deaerated but  had a na tura l  isotopic 
composition. During this t ransfer  in a neutra l  atmo- 
sphere, the potential  of the specimen was mainta ined 
at the previous level r If the presence of oxygen 
at the spontaneous potential  r were due to some 
oxidation caused by oxygen of the solution dur ing  re- 
moval of the specimen from the electrolyte cell, the 
quant i ty  of oxygen 18 would be expected to be de- 
creased by a factor of 10. However, this is not the 
case and thus the oxygen 18 adsorbed on the specimen 
surface originates from a real process of fixation of 
oxygen, between the moment  when the specimen is 
no longer held at cathodic polarization and that  when  
it reaches its spontaneous potential  r It should be 
noted that  the corrosion potential  r measured under  
the present exper imental  conditions, --510 mV, is 
closely consistent with the thermodynamic data for 
certain types of iron oxide or hydroxide (24). This 
constitutes fur ther  evidence, in agreement  with Kruger  
and Calvert  (7), for the presence of oxygen on the 
iron specimen at this potential. This question will be 
fur ther  developed in the section on Discussion. 

Apparent electric /ield of Jormation.--Nuclear micro- 
analysis allows one to determine the oxygen content  
of the passive layer as a function of the potential. 
Growth of passive layers at high potentials is general ly 
accepted to be due to the transport  of ions across a 
barr ier  layer as in the case of anodic oxides of valve 
metals. Thus, the growth laws established for anodic 
oxides like those of a luminum and tan ta lum (25) may 
also be valid for oxides forming a passive layer at high 
potentials; accordingly, we at tempted to calculate some 
apparent  parameters  of these oxides and essentially 
the apparent  electric field of formation. 

The values of the field of formation Eox were deduced 
A 

from the slope of the curve Nol8 = f(Vox) for J ---- 
const. Such a calculation, following (25), is possible 
provided this curve is linear, i.e., Eo~ and the sum of 
the overpotentials :~  at the interfaces must  be constant 
given the condition that the na ture  and structure of 
the oxide do not change. In  fact, see Ref. (26), these 
physical parameters  are connected through the follow- 
ing equation 

Vox -- Veq = Eox " l + Z, [1] 

where 1 is the oxide thickness. If one assumes the 
stoichiometry, the density of the oxide, and the rough-  

ness factor to be constant, l is proportional to the 
A 

oxygen content, Nol8, of the compact passive film 

A 
I : a No18 [2] 

With reference to Eq. [1], if :~, is constant, as might  
be expected (25), is appears that  Veq, which corre- 
sponds to the thermodynamic  potential  Vwh of oxide 
formation, does not depend very much on the choice of 
one of the types of oxide or hydroxide which can be 
expected to occur (24). 

The physical meaning of the calculation of the elec- 
tric field Eox depends on the condition that V e q ,  ~}7, 

and a be constant in the passivity region moreover, if 
V e q  and ~ vary  only little for the different types of 
oxide, there must  be a l inear  relationship between 

^ 
Vo• and Nol8 under  the condition that all the oxygen 
fixed on the specimen surface contributes to the forma- 
tion of a barr ier- type layer. This fact has indeed been 
observed in the present work (Fig. 3). The values 
of the fields Eox, deduced from the slopes of the 

A 
straight lines Nol8 = ](Vex) as obtained by nuclear 
microanalysis, have been calculated assuming, in 
agreement with the findings of other workers (5, 7, 8, 
15), that the oxide has a s t ructure  of Fe203, a density 
p of 5, and a roughness factor equal to unity.  

The values obtained for 99.99% puri ty  Fe are Eox ---- 
5.1 X 106 V/cm and 4.4 X 106 V/cm for 99.9% puri ty  
Fe. Values of Eox calculated from various investiga- 
tions are shown in Table III. These values refer to 
a potential  region, ranging from + 100 to + 900 mV, 
in which there is a general  agreement  among all  
workers with regard to the structure of the thin oxide 
layers, i.e., Fe203. 

Our results obtained for J ---- 5 ~A/cm 2 are compared 
with those found in the l i tera ture  for much smaller 
currents  (Fig. 4). However, since for the system under  
investigation Eox depends only slightly on the final 
current,  our values recalculated with the densities 
indicated by the other authors are shown in brackets. 
Besides, the physical meaning of the quite small  vari-  
ation of Eox with J has been analyzed by Kruger  and 
Calvert (7). 

Except for the large value of Eex obtained by 
Nagayama and Cohen, it appears from the results ob- 
tained by the other workers that the slope of the 
^ 
No18 = f(Vox) curve depends apparent ly  on the 
pur i ty  of the specimen. All  we can say is that  for a 
same degree of pur i ty  the results obtained by three 
different methods (coulometry, ellipsometry, and 
nuclear microanalysis)  agree well. 

Cathodic reduct~on.--Studies of oxygen loss dur ing 
cathodic reduction were carried out at 23~ for the 
iron specimen used, the rate of dissolution of the 
passive films was previously measured and found to 
be smaller than 7 >< 101~ a toms/cm 2 sec (27). The 
passivation films formed at +940 mV in O is solution 
were cathodically reduced in the same solution at a 
constant current  density of 10 ~A/cm 2. Figure 5 shows 
the variat ion of the number  of oxygen 18 atoms fixed 
on the sample surface and the corresponding drop in 
potential  during the cathodic reduction, as a function 

Table III. Electric field of formation Eox x 106 V/cm 

J ,  Eox • 10 ~ 
I n v e s t i g a t o r  (s) M a t e r i a l  / z A / c m  2 p V / c m  

N a g a y a m a  a n d  C o h e n  (5) Fe  99.95% 0.1 5,18 6.25 
F o l e y  et  al. (14) Fe  99.99% O.1 5 5 
F r a n k e n t h a l  (9) F e  99.99% 0.1 5 5.4 
Sa to  a n d  K u d o  (15) F e  99.9% 0.1 5.18 4.4 
T h i s  w o r k  Fe  99.9% 5 5 4.4 (4.6) e 

Fe 99.99% 5 5 5.1 (5.3)* 

* C a l c u l a t e d  f o r  p = 5-18. 



1024 J. Elec trochem.  Soc.: E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  A u g u s t  1973 

20 e i , / /  

1 5  

;-},o 

o'\\~ \ "  " 
~176176 o o 

1 i i i }// 
0 1 2 3 4/ /  

COULOMB PASSED. Qr (mC.,~m2). 
A 

Fig. 5. Change in No18 and in potential (E) of iron during the 
galvanostatic-cathodic reduction at 10 ~A/cm 2 and 23~ for the 
passive films formed in 3 min. (Ifina] = 5 ~cA/cm 2) at + 9 4 0  mV. 
(a) n = 2/3e (theoretical value), (b) n = 2e (theoretical value), 
and (c) n = 1.38e (experimental value). 

of time, i.e., as a function of the charge Q which has 
^ 

been passed. The slope of the curve No18 = ](Qmc/cm2) 
gives the number  n of electrons associated with  an 
oxygen ion enter ing the solution. I t  should be men-  
tioned that  the nuclear  microanalysis  allows us to 
measure  n directly, in contrast  to other  methods where  
n can only be deduced f rom changes of electrical  or 
optical parameters  of the film. 

The problem of cathodic reduct ion has been studied 
for a long t ime (5, 10). Based on the mechanisms 
proposed in the l i terature,  two slopes may  be deduced 

A 
theoret ical ly re la t ing ANol8 to Q, (see Fig. 5). The 
first gives a value of 2/3e (electronic charge) associ- 
ated with each oxygen ion passing into the solution. 
This is represented by curve  a of Fig. 5 and was der ived 
f rom the fol lowing mechanism 

(a) Fe203 + 6H + + 2e -  = 2Fe2+(soD -t- 3H20 

The second slope corresponding to curve  b of Fig. 5 
gives a value of 2e and corresponds to the mechanism 

(b) Fe2Oa + 6H + -k 6 e -  = 2Fe ~ + 3H20 

The exper imenta l  results gave us a value  of 1.38 ___ 
0.07 electronic charge  per  oxygen ion passing into the 
solution. Our measurements  were  not precise enough 
to be able to distinguish between the first and second 
reduction stages; the existence of these two stages was 
deduced f rom ell ipsometric measurements  (6, 10). 

To gain some insight into this problem, we have 
carried out the same cathodic reduction exper iments  
at --3~ and +50~ The passive films have been 
formed at this temperature,  according to the process 
used at 23~ (see Table I) and we  have shown that  
the rate  of the oxygen losses, in open circuit, were  
negligible and smaller  than 7 • 1010 a toms/cm 2 sec. 
Figure 6 shows the var ia t ion of the number  of oxygen 
18 fixed on the sample surface and the corresponding 
decrease in potential  as a function of the charge passed. 
From Fig. 6, we deduce the value of n for two tempera-  
tures 

n- - - -1 .88•  for t - -  50~ 
n = 1.04_ 0.0Be for t = --3~ 

This number  n cannot be smaller  than 2/3e [mechan-  
ism (a)] .  Greater  values of n could be obtained only 
wi th  current  efficiency smaller  than 100% or if me-  
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Fig. 6. Change in No18 and in potential (E) of iron daring the 
galvanostatic-cathodic reduction at 10 ~cA/cm 2 for the passive 
films formed in 3 min. (/final = 5 ~A/cm 2) at + 940 mV and at 
different temperatures. 

chanism (b) also contributes to the cathodic reduction. 
In any case, it is not  possible tha t  the react ion takes 
place solely fol lowing mechanism (b).  The value of 
the average charge cannot pass from 1.38 (at 23~ 
to 2e since we have  shown at the beginning of the 
paragraph that  the chemical  dissolution of the film is 
negligible. The ratio of the min imum theoret ical  slope 
to exper imenta l  slope is the min imum current  efficiency 
for each temperature ;  it is equal  to 66 and 35% at 
--3~ and +50~ respectively.  

Discussion 
Presence of oxygen in the prepassive and post-passive 

regions.--The above results, i.e., the presence of 5 • 
1015 oxygen  18 a toms/cm 2 at the potential  Cz and a 
m ax im um  deviation of 2 • 10 z5 a toms /cm 2 be tween 
41 and r give rise to a question which may be stated 
as follows: does the passivation phenomenon result  
f rom oxygen fixed on the meta l  surface at a potential  
r or is it due to the oxygen corresponding to the 
difference between the two values at potentials r 
and Csz, i.e., to the quant i ty  of oxygen corresponding 
to the m a x i m u m  deviation? 

These two a l te rna t ive  interpretat ions may be formu- 
lated in the fol lowing manner :  (i) passivation re-  
quires the presence of a monoatomic oxygen layer  
(~2  X 1015 atoms/cm2);  this would confirm the theory  
of adsorbed oxygen layers proposed by Uhlig (3) and 
Frankentha l  (9); with increasing potentials in the 
passivity region, fur ther  formation of an oxide layer  
occurs on top of this monoatomic layer;  and (ii) on the 
contrary, the onset of passive layer  formation is associ- 
ated with the presence of 5 • 1015 oxygen a toms/cm 2, 
as suggested by Sato and Bockris; this quant i ty  of 
oxygen atoms would result  f rom the t ransformat ion 
of the oxygen fixed at r into an oxide. 

Presently,  our results do not al low us to distinguish 
be tween these two mechanisms. However ,  we  intend 
to obtain new information about this important  prob- 
lem by associating ell ipsometric measurements  to the 
results obtained f rom nuclear  microanalysis  wi th  O TM 

tracing. 

Cathodic reduct ion.--The results of nuclear  micro- 
analysis indicate, at 23~ an electronic charge of 1.38e 
associated with  each ion of oxygen passing into the 
solution. However,  at the present  moment,  the preci- 
sion of our exper iments  is insufficient due to the ir- 
reproducibi l i ty  of the initial passive layers and thus 
cannot reveal  the existence of two different slopes for 
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the ra te  of decrease of oxygen atoms as a function of 
the charge passed, as have been observed by  Sato and 
Kudo (15). 

If one takes  for the current  efficiency of the  cathodic 
reduct ion a value  of 50% at 23~ then this va lue  of 
1.38e is reduced to nea r ly  2/3e, which would imply  
that  the cathodic reduct ion takes  place essent ia l ly  by 
mechanism (a) .  This va lue  of 50% is the same as tha t  
proposed by  Sato and Kudo (50%) for the  over -a l l  
reduct ion  process ( two stages) but  smal ler  than  that  
proposed by  Nagayama and Cohen (70%). One should 
notice tha t  our expe r imen ta l  condit ions were  s l ight ly  
different  from those of the la t te r  workers .  The differ- 
ences concerned are: (i) the  condit ions of p repara t ion :  
3 min in the present  work  instead of 1 hr  anodic 
polarizat ion;  and (ii) the presence of dissolved iron 
in our solutions, since this is not changed af ter  each 
cathodic reduct ion in 018 enr iched solution; however,  
the quan t i ty  of dissolved iron is never  grea te r  than 
10 -5 mole / l i t e r .  

We are  endeavor ing  to de te rmine  the influence of 
each one of these factors on the exper imen ta l  slope of 

^ 
the curve Nol8 = f ( Q ) .  The resul ts  should then enable  
us to decide whe the r  or not the cathodic reduct ion 
takes  place essent ia l ly  according to mechanism (a) .  
In  the  l i tera ture ,  Sato et al. (10) have suggested that  
react ion (b) takes  place in two stages, the first one 
leading to the format ion of an hydrox ide  Fe(OH)2,  
whi le  the subsequent  step consists in the reduct ion of 
the  hydrox ide  and the format ion  of the  metal .  The 
mechanism proposed by  Nagayama  and Cohen (5) is 
different  ( reduct ion of Fe203) but  would also ensure 
a slope corresponding to an electronic charge  of 2. 

In the  l ight  of our results,  it  would  appear  tha t  the  
t empera tu re  has a grea t  influence on the cathodic 

^ 
reduct ion:  at low temperatures ,  the  curves Nol8 --  
i ( Q )  imply  tha t  the cathodic reduct ion takes  place 
in accordance wi th  mechanism (a) ,  whi le  at  h igher  
t empera tu res  mechanism (b) ,  wi th  two electrons 
associated wi th  each oxygen atom, predominates .  This, 
however,  contradicts  wha t  one could reasonably  deduce 
f rom the phenomenon of the  decrease in potential ,  
which is genera l ly  compris ing two stages (5, 10). The 
first one would correspond to the  reduct ion f rom Fe 3+ 
to Fe  2+, whi le  the  second step indicates the format ion 
of metal l ic  i ron f rom Fe  ~+. 

By de te rmin ing  the value  of the  current  efficiency 
and by  combining the resul ts  of e l l ipsometr ic  measure-  
ments  wi th  those of nuclear  microanalysis ,  carr ied  out 
on the  same samples, we are  a t tempt ing  to establish 
the deta i led mechanism of the cathodic reduction.  
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ABSTRACT 

The uns teady-s ta te  anodic dissolution of copper in 5-10M phosphoric  acid 
w a s  carr ied  out in the absence of convection, under  galvanosta t ic  and poten-  
t iostat ic conditions. At  a given bulk  concentrat ion of H3PO4, the product  of 
cur ren t  density,  i, and the square root  of the  t ime (ts) of onset  of sharp  po-  
ten t ia l  rise (or ab rup t  decline of cur rent )  is nea r ly  constant  in the active dis- 
solut ion range, ix/ts decreases with increasing acid concentrat ion.  The t rans i -  
t ion t imes found are  in substant ia l  agreement  wi th  those repor ted  by  Elmore  
and Edwards .  By using the most re l iable  diffusivity da ta  avai lab le  for phos- 
phoric  acid and for anodical ly  formed copper phosphate,  it  is shown tha t  the 
ra te - l imi t ing  step in the active dissolution regime is the t ranspor t  of copper  
.phosphate from the electrode surface into the  bu lk  solution. The potent ia l  j u m p  
m galvanosta t ic  dissolution, or the peak  cur ren t  phenomena  repor ted  by 
numerous  authors  for s teady-s ta te  potent iostat ic  dissolution can be best  in- 
t e rp re ted  by  assuming rapid  increase of coverage of the anode surface wi th  
solid react ion product  af ter  the cr i t ical  solubi l i ty  l imi t  of copper phosphate  is 
reached  at the surface. The concentrat ion of phosphoric  acid at the  surface 
up to and including the peak  cur ren t  densi ty  where  the cr i t ica l  so lubi l i ty  of 
copper phosphate  is exceeded, remains  finite. The magni tude  of the peak  cur-  
ren t  densi ty  can be predic ted  by  considering the  t r anspor t  of copper phos-  
phate  away  from the surface to be the  l imit ing t r anspor t  process. 

Electropol ishing of copper in concentra ted  phos-  
phoric  acid occurs under  diffusion control  (1, 2). A l -  
though the constancy of the product  of cur rent  densi ty  
and square root of transition time in galvanostatic un- 
steady-state dissolution has been confirmed (3-6), 
identification of the rate-determining species at the 
current plateau (2-4, 7, 8) has remained a controver- 
sial problem. Edwards (3) and Wagner (9) proposed 
that transport of one of the reactants from the bulk 
electrolyte to the anode surface is the rate-limiting 
process. The role of diffusion of wa te r  on the l imit ing 
current  was discussed by  Pet i t  (8). On the other  hand, 
Elmore  (4, 10) claimed that  wi thout  significant increase 
of appl ied  cell  vol tage  the current  begins to decrease 
when the concentrat ion of the dissolved copper species 
at the anode surface reaches the solubi l i ty  limit.  Hick-  
l ing and Higgins (7) found that  the  l imit ing cur ren t  
decreases p ropor t iona l ly  to the decrease of concentra-  
tion difference of cupric  ions between the anode surface 
and the bu lk  electrolyte.  However ,  Hickl ing and Hig-  
gins' test  was per formed in d i lu te  phosphoric  acid 
(2M/l), where  e lectropol ishing is not possible. 

In the decades that  have passed since the two essen- 
t ia l ly  opposite t ranspor t  mechanisms have been pro-  
posed by  Elmore  and Edwards ,  a g rea t  deal  of infor -  
mat ion  has been developed on proper t ies  of the  phos-  
phoric  acid-copper  phospha te -wa te r  system. I t  appears  
therefore  t ime ly  and wor thwhi l e  to unde r t ake  a re-  
examina t ion  of the  quest ion of the  t ranspor t  mecha-  
nism responsible  for  the  smoothing and br igh ten ing  
action dur ing  electropolishing.  Opt ical  observat ions  
(11) of the copper surface undergoing dissolution, sur-  
face impedance  measurements  (12), e l l ipsometr ic  
studies (13), and wet t ing  character is t ics  (mercury  
test)  (1),  al l  point  to the  fact  tha t  vis ible  as wel l  as 
invis ible  surface layers  p l ay  an impor tan t  role in the  
pol ishing process. In a qual i ta t ive  study,  p re l imina ry  to 
the present  investigation,  the  present  authors  have 
found that  in the uns teady-s ta te  act ive dissolution of 
copper  in phosphoric  acid the surface is free of solids. 
In  s teady-s ta te  electropolishing,  however,  solid mate -  

* Electrochemical  Society Act ive  Member .  
K e y  words :  e lectropol ishing of copper; mass  t ranspor t ;  anodie dis- 

solution of copper; phosphoric acid, role of, t ransport ,  in  electro-  
polishing of  copper. 

r ia l  exists on and near  the surface. These findings cor- 
roborate  the  observat ions repor ted  ear l ie r  among 
others  by  Lork ing  ( l l )  and Hoar  et al. (1). 

In  the  following, uns teady-s ta te  dissolution exper i -  
ments  are  described,  which were  conducted del iber-  
a te ly  under  condit ions s imi lar  to those used by  Elmore  
and Edwards.  Transi t ion t imes  in the  active dissolution 
regime are  in te rp re ted  using the best  avai lable  t rans-  
por t  p rope r ty  values.  

The t ranspor t  mechanism proposed on the basis of 
these uns t eady- s t a t e  exper iments  is then subjec ted  to 
cr i t ical  test  using the peak  current  densi ty  da ta  ob- 
ta ined by  Hoar  and Rockwel l  under  s t eady-s ta te  po ten-  
t iostat ic conditions. 

Dissolution of Copper under Galvanostatic Conditions 
Experimental apparatus and procedure.--The exper i -  

menta l  cell is shown schemat ica l ly  in Fig. 1. This sim- 
ple cell was purpose ly  designed to resemble  the  cell  
geomet ry  employed  by  both Elmore  (4, 10) and Ed- 
wards  (3). The s t ra ight  wa l l  of the  cy l indr ica l  anode 
compar tment  para l l e l  to the  direct ion of electric cur-  

l i t  
I I 

Fig. 1. Side view of the experimental cell. A, anode disk 1.27 cm 
diam exposed; B, Plexiglas cell body; C, 5 cm diam copper cathode 
ring. Anode compartment, 1.2 cm high; cathode compartment, 2.4 
cm. H, Plexiglas anode holder; R, 0.06 cm OD reference capillary 
junction. The reference electrode is a copper wire set in the capil- 
lary tube. 
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rent  flow and the ratio of the height of the anode com- 
par tment  to its diameter  provide a geometry that gives 
a reasonably un i form current  density dis t r ibut ion over 
the entire surface of the port ion of the anode exposed 
to the electrolyte. The apparent  area of the portion of 
the anode exposed to the electrolyte is 1.46 cm 2 and the 
inside area of the cylindrical  cathode exposed to the 
electrolyte is 38 cm 2. During cell operation, the anode 
disk was in a horizontal position, facing upward.  Since 
a more dense solution is forming upon anodic dis- 
solution of copper, this configuration assures absence of 
convection dur ing exper imental  runs. The laminar  free 
convection occurring at the vertical  cathode did not 
disturb the immobile solution in the anode compart- 
ment  wi thin  the relat ively short t ime spans (0.2-100 
sec) involved in these experiments.  

Analyt ical  grade phosphoric acid (Baker, 85.9%) was 
diluted to desired concentrat ions (5 or 10M) for each 
experiment.  The cathode was made from 99.9% poly- 
crystall ine copper; the anodes were prepared either 
from the same material ,  or cut from single crystals 
parallel  to the (111) plane. Anode specimens were 
mechanical ly polished, washed with water and acetone, 
and subsequently anodically etched in concentrated 
H3PO4. In  a few instances chemical polish was used in a 
HNO3:H3PO4:HAc : 2:1:1 volume solution. Dissolu- 
t ion experiments  were carried out at 22 ~ _+ I~ 

After  the current  was cut off, anodes were immedi-  
ately removed, washed with water  and acetone, and 
dried at room temperature  for weight loss measure-  
ments, or for microscopic observation of the surface. 
Anode surfaces were also observed in situ during dis- 
solution under  relat ively low (10-45• magnification. 
Constant  current  experiments were carried out by us- 
ing external  control of current  (a) or, by potentiostatic 
control of the anode potential  (b),  involving approxi- 
mately 2-7 ohm resistance between reference capil lary 
tip, and anode surface. 

(a).  Constant  current  supply was provided by an 
Electronic Measurements Model C 621 power supply. 
The cell voltage was recorded by Sargent  Model MR 
recorder. This technique was used for t ransi t ion times 
of over 25 sec. This range allowed observation of the 
surface in situ under  low level (10-45X) magnification. 

(b).  Anotrol  Model 4100 potentiostat was employed 
to provide a constant potential  between a reference 
electrode and the anode surface. In  the active dissolu- 
t ion region the resistance between capillary tip and 
surface was sufficiently large compared to the imped- 
ance associated with the electrode reaction, so that po- 
tent ia l  control in this case corresponded to controll ing 
current,  at least up to the t ransi t ion time. The current  
vs. time behavior was obtained by passing the cell cur- 
rent  through a cal ibrated resistor and recording the re-  
sulting potential  drop on a Tektronix Model 531 oscil- 
loscope. Transi t ion times in the range of 0.2-5 sec 
could be obtained with good reproducibili ty.  

Visual observation of the anode surface during dis- 
solution.--Typical cell voltage vs. t ime behavior in ex- 
ternal ly  controlled constant current  runs  is i l lustrated 
in Fig. 2. After  closing the circuit the cell voltage 
abrupt ly  rises to a plateau and then increases only 
slightly (40-60 mV) to point  A, at t ransi t ion t ime ts, 
after which the increase is quite sharp (the first voltage 
jump1). Visual observation under  10-45X magnification 
reveals, that  at point A blue solid particles (probably 
copper phosphate) begin to form at the anode. As point 
E is reached (the second voltage jump)  the number  of 
particles becomes quite large; the blue color is spread 
over the ent i re  surface. The onset of formation of small  
particles of blue color at point A becomes less distinct 
at higher applied current  densities (above 0.05 A/cm~). 
At the highest current  density employed in these ex- 
periments,  at i ---- 0.0676 A/cm 2, identification of two 
separate potential  breaks was no longer possible. 

T h e  first voltage Jump is probably caused both by solid copper 
phosphate deposits and by the formation of copper oxides  ( 1 8 ) .  

1.5 

r 

=~ 
r 0 . 5  

~ E 
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Fig. 2. Cell voltage change with time for polycrystalline copper 
in 10.0 M/ l i ter  H3PO4, i ~ 0.0362 A/cm 2 (six repeated runs are 
indicated by solid - - ,  and dashed - -  lines). The apparent valence 
is 2.0. Time e~apsed to point A: transition time, ts. 

Valence of dissolution.--Weight loss measurements  
were carried out in runs  extended up to the t ransi t ion 
point A. The apparent  valence of dissolution n' was ob- 
tained from 

M . I . t  

F �9 h W  

where I is total cur rent  (A),  t is t ime (sec), M is mo- 
lecular weight of copper (g /g-mole) ,  F is the Faraday, 
and AW is weight loss (g). From eight measurements,  
up to i ---- 0.038 A/cm 2, n' ---- 2.0 was obtained. In  the 
following we shall assume that in the active dissolution 
regime, copper anodically dissolves in phosphoric acid 
with a valence of 2. Visual identification of the appear-  
ance of solid blue particles at the t ime when  the vol t-  
age begins to rise rapidly in galvanostatic experiments  
suggests that  the lat ter  event is caused by the formation 
of solid copper phosphate at the anode surface. The 
change of concentrat ion of reactants, or of reaction 
products at the anode surface is obtained by solving the 
diffusion equation with the appropriate ini t ial  and 
boundary  conditions. Neglecting migrat ion effects, we 
obtain (see Appendix B) 

2 i ( t )  1/2 
{C(t) -- C(O)[==o = - - ~ -  - - ~  [ l l  

wheres C(0) and C(t)  are the concentrat ion of a re- 
actant, or of a product at the surface, respectively, and 
n is the number  of electrons t ransferred in the elec- 
trode process per g-mole (or g-ion) of the participating 
species considered. The concentrat ion of a reactant  or 
a reaction product at the anode surface at the transi-  
tion time t ~- ts has some characteristic value, solely 
determined by the bulk  composition, and temperature,  
independent  of applied constant current  density. 

Figure 3 includes results from about 90 individual  
experiments  obtained by current  control (0.031-0.0676 
A/cm 2) and potential  control (0.16-0.6 A /cm 2) in 10.0M 
H3PO4. In  this range of current  densities, ih/ts : 0.36 
__ 0.015. Similar  experiments  conducted in 5M HsPO4 
yielded i ~ / ~  : 0.73 _+ 0.04, again indicating that  the 
t ransi t ion t ime t~, as defined by the t ime of onset of the 
first voltage jump, is controlled by t ransport  of one of 
the reactants or products. 

Discuss ion  
Comparison of present work with previous results .-  

Figure 3 shows that i~/~, is near ly  independent  of c u r -  
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Fig. 3. Relation between i ~ / ~ a n d  i in 10.05M H3PO4. (111) face 
of a single crystal (99.999%) was employed in runs at i = 0.308, 
0.485, and 0.591 A/cm 2. All others involved were 99.9% polycrystal- 
line copper. Humber of experiments at a given current density: 
3-10. 

rent  densi ty  in the range  of 0.03-0.6 A/cm% This is in 
good agreement  wi th  the  resul ts  obta ined by  Elmore  
(4), Edwards  (3), Kr i chmar  (5), and Vozdvishensky 
et aL (6). In 10M HsPO4 the values  of i~/~s obtained 
by  in terpola t ion from Elmore 's  and Ed~ward's work  are 
0.36s (at  23.5~176 and 0.374 (at 25~ respect ively,  
ve ry  close to the  value  of 0.36 obtained in this research.  

The apparen t  valence of dissolved copper obtained in 
this work, 2.0 for the active dissolution of copper, is in 
good agreement  wi th  the va lue  2.00 repor ted  by Pet i t  
and Schmit t  (15). 

Relation between i~/~ and the concentration of phos- 
phoric acid.--If the values  of i~/ts are  character is t ic  of 
the  proper t ies  of the  e lectrolyte ,  i t  follows that  they  
should be unique  functions of the concentrat ion of 
aqueous phosphoric  acid at a given tempera ture .  In  Fig. 
4, i~/~s is plot ted against  the concentra t ion of phos-  
phoric acid. The values  obtained by  Elmore,  Edwards,  
and by  the present  authors,  are in good agreement  wi th  
one another ;  i ~ / ~  decreases wi th  increasing acid con-  
centrat ion.  I t  is to be noted tha t  the  significance of this 
pa t t e rn  of behavior  was not recognized by  the authors  
ment ioned above. 

Diffusion kinetics.--The reac tants  and react ion prod-  
ucts in the active dissolution of copper move to or away 
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from the anode by  migra t ion  and diffusion. The diffu- 
sion layer  is bui l t  up corresponding to the  appl ied 
current  density, t ime, diffusivity, and t ransference 
number  of a species par t ic ipa t ing  in the  process. 

According to Laforgue-Kantze r  (16), copper dissolves 
in concentra ted phosphoric  acid along the fol lowing 
over-a l l  react ion scheme 

Cu -F HzP04 + H20 : (CuOH) + (H2PO4) - 

+ 2 H  + + 2 e -  [I] 

Kr i chmar  and Galushko (17), on the other  hand, c laim 
that  the copper dissolution react ion may  be descr ibed 
by  

Cu § 2H~PO4 : Cu + + (H2PO4)2- + 2H + + 2 e -  [II] 

The first cell vol tage j ump  may  be expected  to resul t  
(a) from the s trong deplet ion of one of the  reactants,  
that  is, H~PO4 or H20 in react ion [I] and HBPO4 in re- 
act ion [II] ,  and (b) f rom the solubi l i ty  l imi t  of one 
of the  react ion products  (copper  phosphate  2) being ex- 
ceeded and a high resis t ive film being formed on the  
anode. 

In  case (a) ,  the concentra t ion of a reac tan t  Cr at  the  
anode surface decreases wi th  t ime and reaches Cr ~ 0 
at t : ts, causing a sharp increase of the concentra t ion 
overpotential .  Here  at t : ts, the concentra t ion of the  
reac t ion  product  is assumed to be below its solubi l i ty  
limit. In case (b) ,  the concentra t ion of the  reac tan t  at 
the anode surface does not reach  Cr -~ 0 at t = ts. 

Assuming that  copper dissolution occurs wi th  100% 
cur ren t  efficiency, the fol lowing re la t ions  [for der i-  
vation, see Append ix  and also Ref. (16)] a re  appl icable  
at the anode surface in react ion [I] 

2F OCp ] 
i = Dp for copper phosphate  [3] 

I - -  tCuOH + - - ~ X  

F OCt 
i = Dr for phosphoric  acid 

1 -- tcuoH+ 
tH+ 

2 
[4] 

In react ion [II] 

i - -  

and 

2F Dp[ OCp] 
1 + tcu++ ~ for copper phosphate  [5] 

F OCt [ 
i = Dr for phosphoric acid [6] 

tH+ - ~ x  

i, tcu++, tH+, Dp, and Dr are appl ied  current -dens i ty ,  
t ransference  number  of Cu + +, that  of H +, diffusivity 
of copper  phosphate,  and that  of phosphoric acid, re-  
spectively.  Calculat ions of l imit ing cur ren t  densi ty  in 
te rms of wa te r  or H + concentrat ion are  not convenient  
because the necessary exper imen ta l  data  are  not ava i l -  
able. The diffusivi ty of phosphoric  acid in the HsPO4- 
H20 system has been measured  at 25~ by  Edwards  and 
Huffman (19) and that  of the anodic dissolution prod-  
uct  of copper in phosphoric  acid at  20~ by  Kr i chmar  
et al. (20). 

We now choose phosphoric  acid as the reac tan t  and 
copper  phosphate  as the reac t ion  product  in our dif- 
fusion calculations�9 

Case (a) : I f  the first cell  vol tage jump is caused by  
the s trong deple t ion  of phosphoric  acid at the  anode 
surface, because of Cr(ts) --  0 we get  (see Append ix  
B) 

( )  " t s  1/2 - .  
i T' 

and 

tH + 

�9 Crb 
1 --  tc~oa+ 

2 
for react ion [I] [7] 

2 W e  u s e  t h e  terminology "copper phosphate" to d e n o t e  t h e  d i s -  
so lu t i on  product of copper in  p h o s p h o r i c  ac id .  
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Fig. 5. Relation between iN/ts/Dr and the concentration of phos- 
phoric acid, Crb. i~/ts/Dr was obtained from Elmore, Edwards, and 
the present work. - - -  curve indicates approximate pattern of ex- 
perimental results of arithmetic mean diffusivity D'rm ---- 1~ (Drb 
-t- Dro). Dro ~ Dr for (H3PO4) ---> 0. ~ . . . .  curve indicates 
qualitative behavior for Drm ---- ~ (Drb -I- Drs), where Drs de- 
notes the value of Dr at the critical solubility of copper phosphate. 
Because copper phosphate increases considerably the viscosity of 
electrolyte Drb > >  Drs is assumed. 

i / t_=_) 1 / 2 7 ~ \  =- -F .  __N/~. Crb for reaction [II] [8] 
\ D r ] 2 tH+ 

Assuming that the t ransference number  of H + or 
CuOH + is constant, the term i~/ts/Dr should be pro- 
portional to Crb, the concentrat ion of phosphoric acid 
in  the bu lk  of the electrolyte, the driving force for the 
diffusion of phosphoric acid. The relation between 
i~/ts/Drb and the concentrat ion of phosphoric acid is 
shown by the solid curve in Fig. 5, where the values of 
i~/t~ measured by Elmore, Edwards, and the present  
authors are plotted. As shown, i~/ts/Drb decreases 
sharply as the bu lk  concentrat ion of phosphoric acid 
increases. A sharper decline of i~/ts/Dr with bulk 
H~PO4 concentrat ion would be obtained, if we were to 
use some average value of diffusivity between bulk  and 
interface (D'rm). This would correct upward the effec- 
tive diffusivities. The correction would  be propor- 
t ionally larger, the higher bu lk  concentration, because 
D'rm = (1/2) (Drb q- Dro) and the diffusivity of H3PO4 
at the interface, Dro, has the same (highest) value 
irrespective of Crb. 

Quali ta t ively the reverse si tuation arises if we take 
into consideration the effect of copper phosphate at 
the anode surface on the diffusivity of phosphoric acid 
(case of Drm) : because of the presence of copper phos- 
phate the viscosity is higher at the interface than in 
the bulk. Consequent ly  the relationship between 
iX/ts/Drm ~ and I-I~PO4 concentrat ion would be de- 
scribed by a curve lying above the one obtained by 
assuming Dr ~-~ Drb. AS a fur ther  test of the hypothesis 
involving phosphoric acid as the l imit ing reactant,  the 
ratio of calculated vs. exper imenta l ly  obtained t~/ts 
values are plotted in Fig. 6. For  reaction [II] the cal- 
culated values were obtained by  

F 
i ( t s )  ll2calc : y (~Dr) 1/2 Crb [ 9 ]  

For diffusivities of phosphoric acid, the bu lk  values, 
Drb, were employed, and the transference number  of 
hydrogen ion, tH+, was assumed to be unity. It should 

IlDrm ~--- (l/=)(Drb + Drs).  
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Fig. 6. Relation between iN/ts calc/i~/ts obs and the concentra- 
tion of HaPO4 for strung depletion of HAP04 at the anode surface 
(reaction [11]). i'~tscalc was obtained by Eq. [9] with Drb. 

be noted that  both the use of ari thmetic mean  values 
of diffusivities between bulk  and surface, as well  as the 
assumption of lower transference number  for the hy- 
drogen ion causes the ratios plotted in  Fig. 6 to in- 
crease, i.e., to depart  fur ther  from correspondence of 
calculated vs. exper imental  values. Similarly, the dis- 
crepancy becomes larger, if we assume that the reac- 
t ion stoichiometry is represented by reaction [I]. Low- 
ering of tH+ at the anode surface due to large in ter -  
facial concentrat ion of copper phosphate and low in-  
terfacial concentrat ion of phosphoric acid could be 
expected when  the bu lk  concentrat ion of phosphoric 
acid is low. In  reaction [II] the calculated value of 
i~/ts increases inversely proportional to the value of 
tH+. As shown in Fig. 6 the calculated i~/ts obtained 
with tH+ ~ 1 in  dilute phosphoric acid are, however, 
of the same order of magni tude  as those of the mea- 
sured i~/ts. 4 The analysis of t ransi t ion t ime data pre- 
sented above, indicates that  available exper imental  evi- 
dence is incongruent  with a model in which the trans- 
port l imitat ion of phosphoric acid is responsible for 
reaching the l imit ing condition at the anode surface. If 
the t ranspor t  of the reactant  solute (i.e., I-I~PO4) were 
to be limiting, i x / t JDr  should increase rather  than 
strongly decline with bu lk  concentration. 

We conclude therefore, that  the t ransport  of phos- 
phoric acid is not directly responsible for the l imit ing 
phenomena in the anodic dissolution of copper. 

Case (b) : We will  now proceed and assume that  the 
interracial concentrat ion of H~PO4 is not approaching 
zero at the anode surface, ra ther  it will  have some 
finite value. The transference number  of hydrogen ions, 
tH+, then, will be close to unity, 5 and that of copper 
ions, tcu++, will approach zero. For Cp(0) -= 0 and 
C p  ( t s )  -~- C p s  w e  get 

i ( t ~ )  1/2 -- 1 --F(~)l/ftCuoH+ Cps r eac t i on / I ]  [10] 

o r  ( ts  1,2 r( )1,2 
- -  Cps react ion [II] [11] 

i ~ - p /  1 -- tea++ 

Assuming tCuOH+ -~ 0 and tcu++ ~ 0, we obtain the 

4 W h e n  the  b u l k  c o n c e n t r a t i o n  of I-IsPO4 is h i g h  (6-15M), i ts  in-  
t e r rac ia l  c o n c e n t r a t i o n  is  aIso q u i t e  a p p r e c i a b l e  ( a p p r o x i m a t e l y  
4-10M), w h i l e  t h a t  of copper  p h o s p h a t e  is m u c h  l o w e r  (1-2M) (18). 
For  t h i s  r eason  tH + s h o u l d  be no t  f a r  f r o m  u n i t y  a t  the  in te r face .  
H o w e v e r ,  e v e n  i f  w e  a s s u m e d  tH + = 0.5. ik/ts/Dr eale/iX/ts/Dr oh, 
s t r o n g l y  increases  w i t h  h u l k  ac id  concen t r a t i on ,  r a t h e r  t h a n  ap-  
p r o a c h i n g  u n i t y .  

s A c c o r d i n g  to K e r k e r  and  E s p e n s c h e i d  (21) tn  + in  4M H~PO4 is 
0.89. In  C h a p m a n ' s  c r i t i ca l  r e v i e w  of t r a n s p o r t  p r o p e r t i e s  (22) the 
range  of tH + = 0.93 -~ 1.0 is g i v e n  fo r  4 -~ 12M HsPO4. 



1030 J. Electrochem. Sac.: E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  August  I973 

simplified re la t ion 

ts ) I12 
i (  ~ _ = F ( = ) l r ~  Cp, [12] 

for both react ions [I] and [II]. I f  the first cell vol tage 
j ump  is caused by  reaching the solubi l i ty  l imit  of 
copper phosphate,  fol lowed by  the format ion  of a 
res is t ive film, ik/ts/Dp should be propor t iona l  to the  
solubi l i ty  of copper  phosphate,  Cps. For  purposes  of 
this calculat ion we employ  Hickl ing and Higgins '  ex-  
pe r imenta l  values  (7) for the solubi l i ty  of Cu + + in 
phosphor ic  acid at  20~ Diffusivities of anodica l ly  
formed copper phosphate  were  measured  by  Kr i chmar  
etal .  (20). Because of the complex  w a y  in which the 
concentrat ion dependent  diffusivity influences is, values  
of i~/ts/Dp in Fig. 7 have been evalua ted  using two 
different diffusivities: (i) Dpo, the diffusivity of Cu + + 
at ve ry  low concentra t ion (i.e., corresponding to con- 
ditions in the bulk) ,  and (ii) D'p,1, the ar i thmet ic  
mean of Dpo and Dps (diffusivity at cr i t ical  so lubi l i ty) .  
As shown in Fig. 7, in the  range of phosphoric  acid 
concentra t ion (4-15M) the value  of iv/ts/Dpo or 
i~/ts/D'pm, in fact, increases app rox ima te ly  d i rec t ly  
p ropor t iona l ly  wi th  the  solubi l i ty  of copper phosphate  
(1.3-2.4 M/l) .  

Another  test can be made  by  examining  the re la t ion 
between i~/ts/Dp and (Cp~ --  Cpb) for a fixed Cp~ and a 
var iab le  Cpb. Edwards  (3) found that  for a given phos- 
phoric  acid concentrat ion the value of i~/ts decreases 
wi th  the increase of Cpb. However,  because of lack of 
diffusivity da ta  of copper phosphate  the  re la t ion  be-  
tween i\/ts/Dp and (Cps --  Cpb) was not invest igated.  
This relat ion as eva lua ted  by the present  authors  is 
shown in Fig. 8. i~/ts and Cpb were  obta ined from Ed- 
wards  (3). For  the diffusivity of copper phosphate  its 
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value in the bu lk  phosphoric  acid (50%) is used. Direct  
p ropor t iona l i ty  of i~/ts/Dp to (Cps --  Cpb) is again 
demonstra ted.  Thus, in contras t  to the in te rpre ta t ion  of 
Edwards ,  his da ta  on the effect of presence of Cu + + in 
the  bu lk  e lect rolyte  indicate tha t  the  onset of vol tage 
r ise is caused not by  the deple t ion  of H3PO4, but  r a the r  
by the accumulat ion of copper  phosphate  at  the anode 
surface. 

I t  remains  to be tes ted whe the r  the  propor t ional i ty  
constant  is in good agreement  wi th  the constant  theo-  
re t ica l ly  obtained.  For  the purpose of this  test, the ex -  
pe r imenta l  values  of i~/ts are  plot ted against  

i ( i s )  1/2ealc - "  F ( ~ D p )  1 /2Cps  [12'] 

F igu re  9 shows tha t  for Dpo the  calcula ted values  are  
over a wide range  in reasonable  agreement  wi th  the 
measured  values of i(ts)1/2. The rat ios of ca lcula ted to 
measured  values are  about  1.1 for Dpo and 1.3 for D'pm 
respect ively.  6 The above a rgument  gives s trong suppor t  
to the  view tha t  the  first cell  vol tage j ump  is caused 
by  reaching the  solubi l i ty  l imi t  of copper  phosphate  
fol lowed by  the format ion  of a res is t ive film (18, 23). 
If  the  first cell vol tage  j ump  is rea l ly  caused by  the  
cri t ical  solubi l i ty  of copper phosphate,  the  concentrat ion 
of phosphoric  acid at  the  anode surface at  t = is, Crs, 
is h igher  than  zero. In  Fig. 10, values  of Crs, ca lcula ted 
by  using Eq. [7] or [8] a re  compared  to those obtained 
by  chemical  analysis  ~ (17,24). The calcula ted Crs 
values  are  in fa i r ly  good agreement  wi th  the measured  
concentra t ions  of free phosphor ic  acid in the  anolyte.  
The concentra t ion of free phosphoric  acid at  the  in ter -  
face increases  wi th  the  increase of the concentra t ion of 
phosphoric  acid in the  bu lk  of the  electrolyte .  

When  copper phosphate  deposits  on the  anode sur-  
face the in ter rac ia l  concentra t ion of phosphoric  acid, 
Crs, is h igher  for react ion [I] and  lower  for react ion 
[II].  S imul taneous  occurrence of both  react ions would 
lead to in te rmedia te  values  of Crs. 

The resul t  obta ined f rom the foregoing diffusion- 
kinetic  s tudy as wel l  as the  evidence for the format ion 
of copper  oxides at the  cur ren t  p la teau  (18) conclu- 

e I f  w e  w e r e  to t a k e  in to  a c c o u n t  t h e  possible contribution of m i -  
g r a t i o n  of Cu ++ (or CuOH+) to t he  m a s s  flux, t he  a g r e e m e n t  b e t w e e n  
e x p e r i m e n t a l  a n d  c a l c u l a t e d  v a l u e s  w o u l d  be  f u r t h e r  i m p r o v e d .  

T h e  fo l lowing  a s s u m p t i o n s  a r e  m a d e :  
to ta l  c o n c e n t r a t i o n  of  ~- f r e e  p h o s p h o r i c  ac id  c o n c e n t r a -  

p h o s p h o r i c  ac id  t ion + c o n c e n t r a t i o n  of  phos- 
phoric acid combined w i t h  

a n d  Cu++ 
to ta l  c o n c e n t r a t i o n  o f ]  ~-~ [ t o t a l  c o n c e n t r a t i o n  of  p h o s - ]  

phosphoric acid ~=o L p h o r i e  ac id  ~=~  
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reaction [11] were obtained from measured values of K/ts and 
from chemical analysis. 

s ively suppor t  the view tha t  the first cell  vol tage j ump  
in galvanosta t ic  exper iments  or the cur ren t  decrease in 
potent iostat ic  exper iments  is caused by  reaching the 
cr i t ical  solubi l i ty  of copper phosphate  fol lowed by  the 
format ion of a res is t ive film on the anode surface. 

Peak Current Density 
In the  active dissolution of copper, the anodic current  

densi ty  increases wi th  the increase of anode potent ia l  
according to the Tafel  re la t ion  (18). Under  given hy-  
d rodynamic  conditions, the concentra t ion of copper 
phosphate  increases wi th  the  increase of anode poten-  
tial, and finally reaches the cr i t ica l  solubili ty.  I t  is im- 
por tan t  to eva lua te  whe the r  the  onset  of sharp  potent ia l  
rise in galvanosta t ic  (uns teady-s ta te  diffusion) ex-  
per iments  (3, 4, 18) is caused by  the same mass t rans-  
por t  mechanism as the occurrence of the peak  current  
densi ty  s phenomenon in s teady-s ta te  anodic polar iza-  
t ion runs obtained in forced convection (1). 

In l amina r  forced convection, the  correla t ion (26, 27) 

Nu = 1.85 Re S c - ~  [13] 

can be used as an accurate  represen ta t ion  of mass 
t ransfer  to an e lect rode in a flat duct, when the con- 
centra t ion of a reac tan t  of a react ion product  is kept  
constant  over the whole  surface of the electrode. Nu, 
Re, Sc, d, and L are  Nussel t  number ,  Reynolds  number ,  
Schmidt  number ,  equivalent  duct  diameter ,  and elec-  
t rode length, respect ively.  

Fo r  the pa r t i cu la r  e lectrode configuration in a hor i -  
zontal  r ec tangu la r  channel  such as the one used by  
Hoar  and Rothwell ,  9 the l imi t ing cur ren t  is difficult to 
est imate.  However ,  the  p ropor t iona l i ty  

oo Ds/3V1/s AC [14] 
F 

is st i l l  expected to be va l id  (ipk is the peak  cur ren t  
densi ty  and V is the  center  l ine veloci ty  of flow in the  
duct ) .  For  a given phosphoric acid concentrat ion,  we 
have (ipk/F) oo V 1/3. Examina t ion  of Hoar  and Roth- 

s U s i n g  t he  ana lys i s  d e v e l o p e d  by  S e l m a n  (25) ,  w e  f ind t h a t  t h e  
p o t e n t i a l  scan ve loc i t i e s  e m p l o y e d  by  Hoa r  and  R o t h w e U  i n d e e d  
a l l o w  r e a c h i n g  t h e  s teady  state.  

9 The  v e l o c i t y  b o u n d a r y  l aye r  i n  th i s  cel l  is  no t  f u l l y  d e v e l o p e d  
at  the  l e a d i n g  edge  of  t h e  elect rode.  F u r t h e r ,  because  of t he  c ir -  
cu lar  g e o m e t r y  of  t he  anode ,  the  mass  t r a n s f e r  b o u n d a r y  l aye r  
t h i c k n e s s  v a r i e s  across  t h e  a n o d e ,  n o t  o n l y  in  the  d i r e c t i o n  of  f l ow ,  
but also in a direction normal (90 ~ to it. 
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wel l ' s  data  shows indeed p ropor t iona l i ty  of ipk to V 1/~ 
for the ent ire  range of H3PO4 concentrat ion employed 
(6-10M). This suggests tha t  the  peak  cu r ren t  densi t ies  
a re  grea t ly  affected by  the hydrodynamic  conditions 
near  the  anode surface. 

If  the  peak  current  densi t ies  are  caused by  the s t rong 
deplet ion of phosphoric  acid, the  values  of ipk/Dr2/3V 1/3 
should be propor t iona l  to the  concentrat ion of phos-  
phoric acid in the  bu lk  electrolyte ,  the dr iv ing  force for 
mass t ransfer .  

The viscosity of the e lec t ro ly te  sa tu ra ted  wi th  copper 
phosphate  at  the  anode surface is severa l  t imes  higher  
than that  of the bu lk  e lec t ro ly te  (18, 24). This should 
cause lower ing of the diffusivi ty  of phosphoric  acid in 
the diffusion layer.  Since there  is no informat ion avai l-  
able on the effect of Cu + + concentra t ion on the  diffu- 
s ivi ty  of phosphoric  acid, two cases are  considered: (a) 
the effective diffusivi ty of phosphoric  acid in the diffu- 
sion layer  is assumed to be equal  to the  diffusivity of 
phosphoric acid in the bu lk  electrolyte,  Drb, and (b) 
the effective diffusivi ty is same as the  one correspond-  
ing to the concentra t ion  at the surface. Using e i ther  
of these diffusivi ty estimates,  the ra t io  ipk/Dr21SV 1/3 
decreases wi th  increas ing bu lk  concentra t ion of HsPO4. 
This resul t  indicates  that  the peak  cur ren t  cannot  be 
expla ined  by  the l imit ing t r anspor t  of phosphoric  acid. 

If on the other  hand the peak  cur ren t  phenomenon is 
caused by the a t t a inment  of the cri t ical  solubi l i ty  of 
cepper  phosphate  fol lowed by  the  coverage of the  sur -  
face by  solid deposits  we should expect  tha t  

ipk 
~ -  oO D p m  2/3 (Cps --  Cpb) 1O [15] 

V1/a 

A reasonable  confirmation of this p ropor t iona l i ty  is 
demons t ra ted  in Fig. 11, in which the exper imenta l  
peak  cur ren t  densi t ies  a re  those by  Hoar  and Rothwel l  
(1). Again, as in the analysis  of da ta  obtained under  
galvanosta t ic  condit ions in pure  diffusion, we conclude 
that  the control l ing step in the  act ive dissolution range  
and up to the  peak  current  is the  t r anspor t  of copper  
phosphate  from the surface to the bu lk  electrolyte.  
For  purposes of comparison,  values  of i / V  1IS calcu- 
la ted  wi th  the cu r ren t  dens i ty  at the  pol ishing plateau,  
ipoi, as obta ined by  Hoar  and Rothwell ,  are also shown 
in Fig. 11. The behavior  demons t ra ted  by  ipol is also 
consistent  wi th  the  control l ing role of the  t r anspor t  of 
copper phosphate  f rom the  surface into the  bu lk  elec- 
t rolyte.  

Concluding Remarks 
In  the  foregoing we have compared  new resul ts  of 

uns teady-s ta t e  exper iments  on the anodic dissolution of 
z0 Because  of a n a r r o w  range  of  the  c r i t i ca l  s o l u b i l i t y  of  c o p p e r  

p h o s p h a t e  in  the  c o n c e n t r a t i o n  r a n g e  of 6M H~PO4 to  10M HePOI, 
p r o p o r t i o n a l i t y  of  ipk/V1/s to Dpm s/a (Cps -- Cpb) is  tes ted.  Dpm = 
(1/2) (Dps + D l b ) .  
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(Dpb + Dps). 
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copper  in phosphor ic  acid in the  ac t ive  d issolu t ion  re-  
g ime  w i t h  those ob ta ined  ea r l i e r  by  E l m o r e  and Ed-  
wards .  Trans i t ion  t imes  in 5 and 10M H3PO4 agree  v e r y  
w e l l  w i t h  those  r e p o r t e d  by the  above  authors .  Ana l -  
ysis of t r ans i t ion  t imes  by  us ing  the  best  ava i l ab le  
diffusion coefficient  and so lub i l i ty  da ta  leads  to t he  
conclus ion  tha t  in the  l imi t ing  cu r r en t  p h e n o m e n o n  
cha rac te r i s t i c  of the  e l ec t ropo l i sh ing  of copper ,  t rans-  
por t  of phosphor ic  acid  is not  the  l im i t i ng  process.  The  
so lub i l i ty  l imi t  if  copper  phospha t e  is e x c e e d e d  wh i l e  
the  concen t r a t i on  of  phosphor ic  acid  is st i l l  qu i t e  ap- 
p rec i ab le  at the  anode  surface.  This  i n t e r p r e t a t i o n  is 
cong ruen t  w i t h  the  p e a k  cu r r en t  dens i ty  va lues  re-  
p o r t e d  by Hoar  and R o t h w e l l  for  e l ec t ropo l i sh ing  of 
copper  in s t eady-s ta te  l a m i n a r  flow. A m o r e  prec ise  and  
def in i t ive  desc r ip t ion  of the  con t ro l l ing  t r anspor t  
m e c h a n i s m  wi l l  on ly  be  possible  w h e n  m o r e  e x t e n s i v e  
i n f o r m a t i o n  becomes  ava i l ab le  on the  p rope r t i e s  of the  
t e r n a r y  sys tem Cu + +-I44PO4-H20. 

A P P E N D I X  

A. Derivation of Eq. [3]-[6] 

Reaction L-- 
Cu + H3PO4 + H20 = [CuOH] + [H=PO4] - 

+ 2H + -}- 2 e -  (ove r - a l l )  

HsPO4 ~--- H + + H2PO4- 

Cu + H+OH - = CuOH + + H + + 2e- 

(tH+) /- (tH2P04--) -}- (tCuOH+) ---- 1 [A-I] 

in which tHPO4=, tPo4 ~, tc.+ +, and tOH-- are neglected. 
The increase n of [CuOH] + [H2PO4]- and decrease of 
HsPO4 per unit time at the anode surface may be cal- 
culated as fo l lows  

i 
CuOH+: ~ (1 -- tCuOH+) 

2F 

i 
H2PO4- :  ~ -  tn2Po4- 

i i 
~ tH2PO4- = ~ (1 - -  tcuoH + ) 
F 2F 

----tH+ + (l--tCuOH+) [A-2] 
F -iV 

(i i(1- tc o +) ) 
H +: -- ~tR+ -- 

F 2F 

The first term on the right-hand side of Eq. [A-2] ex- 
presses the  inc rease  of [CuOH]  + [H2PO4] - and the  sec- 
ond and th i rd  t e r m s  express  t he  dec rease  of [HsPO4]. 
F r o m  this  t he  r a t e  of increase  of  [CuOH]  + [H2PO4]-  
by  e l e c t r o c h e m i c a l  r eac t ion  m i n u s  its dec rease  by  m i -  
g ra t ion  a w a y  f r o m  the  anode  is 

- -  (1 - -  t c u o ~  + ) 
2F 

and  the  r a t e  of dec rease  of [H.~PO4] is 

- - t H +  - -  ~ ( I  - -  tCuOH+)  
F 2 F  

A s s u m i n g  tha t  the  inc rease  in [CuOH]  + [H2PO4] -  and 
the  dec rease  in [HsPO4] is a resu l t  of diffusion a w a y  
f r o m  the  anode  su r face  or  to it  f r o m  the  b u l k  of t he  
e lec t ro ly te ,  w e  ob ta in  t h e  re l a t ions  

i _ OCp ' ,  
..'~6(1- tcuo~ + ) = - up ~Ox 

o r  2F for  [CuOH]  + [H2PO~]-  
i - -  - - -  - -  Dp OCp 

1 - -  tCuOH+ 
[A-3] 

a n d  

n Increase  is shown by positive sign. 

i i ~- Dr OCr  - -  tH + -- A (1 --  tCuoH + ) 
F 2F Ox 

i _-- 
F 

1 - -  tCuOH+ 
tH + 

aCr Dr'~x I 

Reaction [II].-- 

fo r  H3PO4 

[A-4] 

Cu + 2H3PO4 ---- C u ( H 2 P O D =  + 2H + + 2 e -  ( o v e r - a l l )  

H3PO4 ~ H + + H2PO4-  

Cu  = C u  + + + 2 e -  

( t H + )  2C ( t H 2 P 0 4 - - )  "~- ( t C u + + )  = 1 [A-5]  

T h e  increase  of [Cu (H2PO4)2] and decrease  of [H3PO~] 
pe r  uni t  t ime  at the  anode  su r f ace  m a y  be ca lcu la ted  
in  the  same  w a y  as for  r eac t ion  [I] 

i 
Cu + + : (1 --  tcu+ +) 

2F 

i i i 
H2PO4- :  - - t H 2 P 0 4 -  - - - -~  (1 - -  t c u + + )  - -  - - t H +  [A-6] 

F F F 
i 

H+: -- - - tH+ 
F 

The first term on the right-hand side of Eq. [A-6] de- 
scribes the increase of [Cu(H2PO4)2] and the second 
term the decrease of [H3PO4]. The net rate of increase 
of [Cu(H2POD2] is 

i 
(1 - -  t cu+  + )  

2F 

and the  decrease  of HaPO4 

tK+ 
F 

In  t he  same m a n n e r ,  w e  ob t a in  t he  re l a t ions  

2F OCp I i _-- Dp for  Cu(H2PO4)2 [A-7] 
1 --  tcu+ + 

and 
F OCt I i - -  Dr for  HsPO4 [A-8] 

tH+ 

B. Derivation of Eq. [7]- [12] 
Solu t ion  of t he  diffusion equa t i on  in one d imens ion  

OC a2C 
--  D [A-9] 

0t 0x~ 
w i t h  in i t ia l  and b o u n d a r y  condi t ions  

In i t ia l  condi t ion:  C ---- C(0)  at t = 0 

B o u n d a r y  condi t ion  1: i - -  k x o 

B o u n d a r y  condi t ion  2: C = C(0 )  at x - -  oo 

and  as suming  tha t  D, n, and k a r e  constants ,  y ie lds  (14) 

i / t , ~ 1 ; 2  / ' - x 2  
C ( t )  - - C ( 0 )  ----2k 1 - - 1  exp  \ ~ ]  

n F  \ D= / 

--  k .  - er fc  [A-10] 
nFD 2 (Dt)  1/2 

A t  t he  anode  sur face  
i ( t ~ l/s 

[C ( t )  --C(O)]x=o=2k~- \ - - ~ - /  [A-11] 

F o r  phosphor ic  acid  t r anspo r t  con t ro l l i ng  [case ( a ) ] ,  
Cr( ts)  ---- 0 at x ---- 0, Cr(0)  ----- Crb, n : 1; k ---- tH+ 
-- ( 1 / 2 ) ( 1  - -  tCuOH+) for  r eac t i on  [I] ,  and k ---- t*~+ 
for  reac t ion  [II].12 

F o r  a r i go rous  t r e a t m e n t  of m i g r a t i o n  effects in  N e r n s t  b o u n d -  
a r y  l aye r s  see Ref. (2B). 



VoI. 120, No. 8 ELECTROPOLISHING OF COPPER IN H~PO4 1033 

At t = ts we obta in  for reac t ion  [I] 

[ | ts ~ ]1/2 F ~/~ �9 Orb [A-12] 
i \ - ' ~ r  ] = "2" " 1 --  tCuOH+ 

tH+ 
2 

and for reac t ion  [II] 

i(t_sy/2 : - - . - - - F  ~/~ Crb [A-13] 
kDr / 2 tH+ 

For copper phosphate controlling [case (b)], Cp(ts) 
=C,satX= 0, Cv(0) =0, n = 2;k = 1--tCuoH+ for 
reaction [I], and k = 1 -- tcu++ for reaction [Ill. 

At t = ts 
F (~) 1/2 

Cps for  reac t ion  [I] [A-14] 
1 -- tCu0H+ 

ts ~1/2 
i \ -D~p/  = 

and 

( ts ~ '/2 
i \ - ~ p /  : 

F (~) I/s 
Cps for  reac t ion  [II] [A-15] 

1 -- tcu + + 

NOMENCLATURE 
d equiva len t  duct  d iamete r  (cm) 
i apparen t  cur ren t  dens i ty  ( A / c m  2) 
ipol cur rent  dens i ty  in good electropol ishing region 

( A / c m  2) 
ipk peak current density (A/cm 2) 
n number  of e lect rons  t r ans fe r red  in the  e lec t rode  

process 
n" appa ren t  valence  of a dissolved anode 
t t ime (sec) 
ts t ime requ i red  for the onset of an anode poten-  

t ia l  j u m p  (sec) 
tH +, tCu + +, tCuOH + t ransference  number  
x rec tangular  coordinate  
C( t )  concentra t ion at  t = t (mol / cm 3) 
Cp concentra t ion of copper phosphate  (mol / cm 3) 
Cpb concentrat ion of copper phosphate  in the bu lk  

solution ( m o l / c m  3) 
Cps solubi l i ty  of copper  phosphate  (mol / cm 3) 
Cr concentra t ion of phosphor ic  acid (mol / cm 3) 
Crb concentra t ion of phosphor ic  acid in the  bu lk  

solution (mo l / cm 3) 
D diffusion coefficient (cm2/sec) 
Dp diffusion coefficient of copper  phosphate  (cm2/ 

see) 
Dpo diffusion coefficient of copper  phosphate  at Cp 

: 0 (cmS/sec) 
Dpb diffusion coefficient of copper phosphate in the 

bulk solution (cm2/sec) 
Dpm (1/2) (Dps -l- Dpb) (cm2/sec) 
D'pm (1/2) (Dps -I- Dpo) (cm2/sec) 
Dps diffusion coefficient of copper phosphate at the 

anode surface (cm2/sec) 
Dr diffusion coefficient of phosphoric acid (cm2/ 

sec) 
Dro diffusion coefficient of phosphoric acid at Cr ~ 0 

(cm2/sec) 
Drb diffusion coefficient of phosphoric acid in the 

bulk solution (cm2/sec) 
Drs diffusion coefficient of phosphoric acid at the 

anode surface (cm2/sec) 
Drm (1/2)  (Drb -I- Drs) (cm2/sec) 
D'rm (1/2)  (Drb q- Dro) (cm2/sec) 
F F a r a d a y ' s  constant  (96,500 coul /g  equiv.)  
I to ta l  cur ren t  (A) 

L e lect rode length  (cm) 
M molecular  weight  of a dissolved meta l  (g /mol )  
V center  l ine veloci ty  of flow in a rec tangu la r  

channel  (cm/sec)  
AW weight  loss of an anode specimen (g) 

Dimensionless numbers 
Nu Nusselt  number  
Re Reynolds  number  
Sc Schmidt  number  
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Change in pH near the Cathode During the 
Electrodeposition of a Bivalent Metal. Analysis 
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ABSTRACT 

An important  factor in the cathodic electrodeposition of a base metal  (M) 
is the increase in pH ("alkalization") of the electrolyte near  the cathode. 

Chemical equil ibria and transport  processes in the cathodic diffusion layer 
are analyzed by numerical  integrat ion of the t ransport  equations. The analysis 
shows that alkalization is caused by the production of O H -  at the cathode 
and is prevented when the hydroxyl  ions so produced react to form a soluble 
species (e.g., MOH + or H20).  

When complex ions are not formed, alkalization occurs if iw8 > FDH+ [H+]o, 
where iw is the hydrogen reduct ion current ,  5 is the thickness of the diffusion 
layer, [H+]o is the bulk hydrogen ion concentration, and DH+ is the ionic 
diffusion coefficient for hydrogen. Format ion of meta l -hydroxy or meta l -anion 
complexes can prevent  alkalization even when this l imit  is exceeded. This is 
i l lustrated by specific numerical  examples. 

It has been well established by numerous  experi- 
mental  studies (1-5) that dur ing the electrolytic deposi- 
tion of nickel, the layer of electrolyte immediate ly  
adjacent to the cathode ("diffusion layer") is more 
alkaline than the bulk  of the electrolyte. The degree 
of "alkalization" is strongly dependent  on temperature  
and st irr ing as well as bulk pH and current  density. 
Under some conditions precipitation of basic nickel 
salts may occur near  the cathode (6-9), sometimes to 
such an extent  as to be visible to the naked eye (9). 
It is l ikely that alkalization and precipitation are sig- 
nificant factors in determining the appearance, struc- 
ture, and properties of electrodeposited nickel (10). 

Although this problem has been discussed many  
times in the electrochemical l i terature,  much of the 
discussion is quali tat ive and some is misleading. For 
example, scattered through the l i terature are state- 
ments  that  seem to imply alkalization is caused by the 
dissociation of water  in the liquid phase near  the 
cathode (in response to depletion of the hydrogen ion 
population by reduction of H + at the cathode). The 
present analysis indicates that  this is not the case. To 
unders tand the mechanism of alkalization, and to 
determine the conditions under  which precipitation 
is to be expected, it is necessary to analyze in some 
detail the t ransport  and chemical equil ibria of the 
various species present  in the electrolyte near  the 
cathode, including soluble complexes and complex ions. 
The analysis reported here shows that alkalization has 
its origin in the production of O H -  at the cathode, 
and can be moderated or prevented when the hydroxyl  
ions so produced can react to form a soluble species 
(e.g., MOH+).  The formation of a soluble complex 
between the metal  and its counterion can also play 
a significant (though less direct) role. 

Method 
Let us consider the very simplest model having the 

most essential features of the actual physical system: 
an aqueous solution of a bivalent  metal  ion M +2 that 
can form a hydroxy complex MOH + and/or  a soluble 
one-to-one complex MA +~2-z~ with its counterion 
A - z  (Z_-- l o r 2 ) .  

The relative concentrations of these four species 
(and the concentrat ions of hydrogen ions and hydroxyl  
ions) are assumed to be governed by the same equa-  
tions that hold in thermodynamic equil ibrium. In 
other words, the rates of formation and dissociation 
of the complex species are assumed to be fast enough 

" E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  w o r d s :  c a t h o l y t e ,  a l k a l i z a t i o n ,  e l e c t r o d e p o s i t i o n .  

to establish equi l ibr ium in less t ime than it takes for 
any of the reacting species to t ravel  through an apprec- 
iable fraction of the diffusion layer. 

Convective-diffusion determines the degree to which 
bulk  concentrations are main ta ined  near  the cathode 
(11, 12). To describe this facet of the  problem accur- 
ately would require that  the convective-velocity field 
be known (as for the rotat ing disk electrode) and that  
it be included in the t ransport  equations (11-13), thus 
making  them very  difficult to integrate. To avoid this 
problem, the following analysis makes use of the 
customary Nernst  approximation in which the diffusion 
layer near the electrode is assumed to be stagnant.  The 
stagnant  layer is assumed to be separated from the 
well-mixed bulk  of the electrolyte by a well-defined 
boundary  plane (the "Nernst  boundary")  at which 
all species are present  at concentrations characteristic 
of the bulk. The t ransport  equations are formulated 
for the s tagnant  region, and the bu lk  concentrat ions 
comprise a boundary  condition. The effect of convec- 
tion is then reduced to a single parameter,  the thick- 
ness of the s tagnant  diffusion layer. Start ing at the 
Nernst  boundary,  one may, for a specified set of con- 
ditions (e.g., total cur rent  density, hydrogen evolution 
current  density, bu lk  pH, temperature,  etc.) integrate 
the transport  equations to calculate the concentrations 
and flux densities 1 of the various species as functions 
of distance from the boundary.  

To apply these results to a part icular  case, one may 
then imagine the electrode to be at a part icular  dis- 
tance from the boundary;  the chosen distance is equal 
to the specified thickness of the diffusion layer for 
the part icular  case under  consideration. The calculated 
concentrations and flux densities at that  distance from 
the Nernst  boundary  are those that  must  (under  the 
assumptions of the calculation) prevai l  at the electrode 
surface when the thickness of the diffusion layer, the 
bulk  concentrations, the current  densities, etc., a r e  
equal to the values specified for the part icular  case. 

Analysis 
Figure 1 shows all the species considered and the 

reactions among them, including the dissociation of 
H20. The circled number  next  to any species will  be 
used in the text as a subscript to identify any  variable 
associated with that species. From Fig. 1 it follows that 
the rate of formation of M +~ must  be equal to sum of 
the rates at which MA +(2-z) and MOH + are disap- 
pearing, i.e., equal to the negative of the sum of their  

1 I  use  " f l u x  d e n s i t y "  to  d e n o t e  n o r m a l i z a t i o n  to u n i t  a r e a ,  i .e . ,  
f lux  d e n s i t y  = f lux  p e r  u n i t  a r e a  ( m o l e / e r a  ~ sec) .  
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Fig. I. Schematic diagram showing reactions among the vario,,s 

species. Circled numbers ore used as subscripts in the text. 

rates of production. In  steady s t a t~  this condition 
yields the part ial  differential equation 

V ' j l +  V ' j z +  V ' j 4 = 0  [1] 

where Ji is the flux density of the ith species (mole /  
cm ~ sec). Similar  considerations yield the equations 

V " j 2  + V " J3  - -  0 [2] 

V �9 j4 + V �9 j 5 -  V �9 j6 = 0 [3] 

In  addition to Eq. [1-3] we have the three equi l ibr ium 
conditions governing the concentrations Ci (mole/cm~) ; 
namely  

Ca = / { 3  CI C2 [4] 

C4 = K4 CI C5 [5] 

C5C8 -- Kw [6] 

and finally, there is the electroneutral i ty  approxima- 
tion 8 

ZniCt = 0 [7] 

where ni is the number  of electronic charges ( including 
sign) carried by the i th species. The flux density of the 
ith species is given by 4 

ji = --{Di grad Ci +/,qCi grad r [8] 

where # is the electrical mobil i ty (cm2/V see), D the 
diffusion 5 coefficient (cm2/sec), and r the electrical 
potential  (V). For this analysis we assume the Nernst-  
Einstein relationship between the electrical mobil i ty 
and the diffusion coefficient; namely  

#i = n i  (F/RT) Di [ 9 ]  

where (F/RT) is expressed in reciprocal volts. Sub-  
st i tut ing Eq. [8] and [9] into Eq. [1-3] and integrat ing 
once, we obtain the following three first-order differ- 
ential  equations 

D1CI' + D3C8' + D4C4' 
+ [2D1C1 + n~D3C3 + D4C4]~b' = --jM [10] 

D2C2" + D3C8' + [n2D2C2 + nzDsC3]r --JA [11] 

--D4C4' -- D5C5' + DsCs' 
+ [ D 5 C 5  - -  D4C4 + D s C 6 ] ~ b '  = - - j w  [12] 

In  these equations the divergence is replaced by simple 
differentiation (denoted by a prime) with respect to 
the position var iable  x; and r is the dimensionless 

1 S t e a d y  s t a t e  m e a n s  t h a t  a l l  c o n c e n t r a t i o n s  a r e  i n d e p e n d e n t  o f  
t ime .  A n y  g r a d u a l  d e p l e t i o n  o r  a c c u m u l a t i o n  of  c o n s t i t u e n t s  i n  t h e  
b u l k  i s  a s s u m e d  to  be  i n s i g n i f i c a n t .  I n i t i a l  t r a n s i e n t s  i n  t h e  d i f f u -  
s ion  l a y e r  i t s e l f  a r e  a s s u m e d  to  h a v e  d i e d  ou t .  

S T h i s  a p p r o x i m a t i o n  cap. be  u s e d  w h e n e v e r  t h e  a c t u a l  s p a c e  
c h a r g e  is  so s m a l l  i t  c a n  be  p r o d u c e d  by  c o n c e n t r a t i o n s  t h a t  d e -  
v i a t e  i n s i g n i f i c a n t l y  (by  say  less  t h a n  1%) f r o m  t h o s e  c a l c u l a t e d  
u s i n g  t h e  c o n s t r a i n t  of  Eq.  [7] .  T h i s  is  t r u e  f o r  cases  d i s c u s s e d  in  
th i s  p a p e r .  

4 W h e r e a s  Eq.  [ 1 - 3 ]  h o l d  e v e r y w h e r e  i n  t h e  e l e c t r o l y t e  Eq.  [8] 
a p p l i e s  o n l y  to  t h e  s t a g n a n t  d i f fu s ion  l a y e r ,  s i n c e  c o n v e c t i v e  t r a n s -  
p o r t  is  n o t  i n c l u d e d  in  it .  

5 D i f f u s i o n  coef f ic ien ts  a r e  a s s u m e d  to be  c o n s t a n t s  i n  o r d e r  to  
s i m p l i f y  t h e  c a l c u l a t i o n s .  T h i s  a s s u m p t i o n  m a y  n o t  be  too  b a d  in  
v i e w  of N e w m a n ' s  f i n d i n g  (13a) t h a t  i n  s o l u t i o n s  of m o d e r a t e  i o n i c  
s t r e n g t h  ( ~ 0 . 0 1 M )  c o n c e n t r a t i o n  d e p e n d e n c e  of  t h e  D ' s  causes  on ly  
v e r y  m i n o r  c h a n g e s  i n  t h e  t r a n s p o r t  of  H+. 
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potential  
= (F /RT)  �9 [13] 

jM i$ the total flux density (mole/cm2 sec) of metal  
atoms in all forms, i.e., as metal  ions or contained in 
the anionic or the hydroxy complex. It  is proportional 
to the electrodeposition current  density iM, i.e. 

iM -- 2F jM [14] 

Similarily, JA is the total flux density of counterions 
A - z  [as simple anions or associated into the complex 
MA+(2-z)] .  In  the present  (cathodic) case it is as- 
sumed that  the net combined flux of counterions in 
both these forms is zero. In  other words, the flux of 
counterions moving toward the cathode in the form 
of MA +(2-z) is balanced by  an equal flux of A - z  
moving away from the cathode. This must  be true if 
no reaction at the cathode either removes any  counter-  
ions or adds to their  total number .  With this assump- 
tion, jA -- 0. 

jw is proport ional  to the combined cur ren t  density 
iw carried by hydroxyl  groups (either alone or con- 
tained in the hydroxyl  complex) and hydrogen ions 
(iw is the "hydrogen evolution" current ) ,  i.e. 

iw ---- F jw [15] 

It is possible, by means of a change of independent  
variable in Eq. [10-12], to replace jw and jM by a single 
constant. For our present  purpose it is convenient  to 
use the dimensionless variable  (see next  section for 
physical significance) 

y = X/LH [16] 
where 

LH = FD6 (C6) o/]iw] [17] 

In terms of y, Eq. [10-12] are then changed slightly, 
by the substi tutions 

-- jw "-> __D6 (C6)0 [18] 
and 

--JM --> -- D6 (C6) 0/2 (iw/iM) [19] 

The positive x-direction is defined so that  x increases 
with increasing distance from the electrode. With this 
convention Jw and JM are negative and the upper  signs 
in Eq. [18] and [19] are valid when  the electrode is 
operating cathodically. The position origin (x = 0) 
is taken to be at the Nernst  boundary;  and the sub- 
script zero refers to values at that  boundary.  (Within 
the diffusion layer, x is negative.) 

To solve Eq. [10-12] (with the subst i tut ion of Eq. 
[18] and [19]) subject to the conditions of Eq. [4-7], 
the lat ter  conditions were differentiated to yield four 
addit ional first-order l inear  differential equations. The 
whole set of seven equations was then integrated 
numerica l ly  by means of the Runge-Kut ta  method, 
using a double-precision Gaussian el iminat ion to com- 
pute the derivatives from the values of the seven 
dependent  variables and the specified value of (iw/iM).6 
The start ing point  for the integrat ion is the Nernst  
boundary,  at which the hydrogen ion concentrat ion 
(C6)0 is chosen to correspond to a selected value of 
pH, and the other concentrations are adjusted to satisfy 
Eq. [4-7] and to fix the total amount  of metal  in solu- 
tion at a specified value, namely,  10 -8 mole /cm ~ (i.e., 
1M) for all cases considered in this paper. 

Results and Discussion 
Figure 2a shows a plot of concentrat ion profiles as 

a function of y for a par t icular  caseY The curve labeled 

o T h e  r a t i o  i w f ~  does  n o t  t a k e  on  a r b i t r a r y  v a l u e s  in  r e a l  e x p e r i -  
m e n t s .  M y  a p p r o a c h  i s  to c a l c u l a t e  c o n d i t i o n s  in  t h e  d i f f u s i o n  l a y e r  
w h e n  iw/iM h a s  s o m e  r e a s o n a b l e  v a l u e  t h a t  c o r r e s p o n d s  r o u g h l y  to 
an  a c t u a l  s i t u a t i o n .  T h e  m a j o r  a d v a n t a g e  of t h i s  a p p r o a c h  is  t h a t  
b o u n d a r y  c o n d i t i o n s  i m p o s e d  by  e l e c t r o d e  k i n e t i c s  n e e d  no t  be  
c o n s i d e r e d .  T h e  p r i c e  w e  p a y  is t h a t  iw/iM m u s t  be  m e a s u r e d  in 
o r d e r  to c o r r e l a t e  t h e o r y  w i t h  t h e  e x p e r i m e n t .  

T h e  f o l l o w i n g  v a l u e s  w e r e  u s e d  f o r  a l l  c a l c u l a t i o n s .  A t  300~  
DI = D3 = D4 = 1.0 X 10-5; D2 ~ 2.0 • 1 0 ~ ;  D5 = 6.0 • 10-5; De 
= 1.0 x 10-t  (cm2/sec)  (14-15) .  A t  o t h e r  t e m p e r a t u r e s ,  D i ( T )  = 
D t ( 3 0 0 ~  (T /300 . )  [~7 (300~  w h e r e  */ is  t h e  v i s c o s i t y  of  
w a t e r  a n d  Pl  = p o -- . . . . . .  P5 = 1; Ps = 0.63 (14).  T h e  d i s soc i -  
a t i o n  c o n s t a n t  fo r  w a t e r  w a s  c a l c u l a t e d  f r o m  t h e  f o r m u l a  g i v e n  b y  
K o r t u m  (16),  n a m e l y ,  -- l og  Kw = 4 4 7 1 . 9 9 / T  -- 6.0846 + 0 .017053T.  
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Fig. 2. (a) Curve M, total metal concentration normalized to 
bulk (scale: 0 to 1). curve A, fraction of metal complexed with 
counterion (scale: 0 to 1); curve H, hydrogen ion concentration 
normalized to bulk (scale: 0 to 2); curve P, ratio of hydroxyl ion 
concentration to hydrogen ion concentration (log scale: - -10 to 
+ 1 0 ) ;  curve R, ratio of metal-hydroxy complex to hydrogen ion con- 
centration (log scale: ~10 to 4 1 0 ) ;  curve S, product correspond- 
ing to solubility product of M(OH)2 (log scale: - -30 to - -20);  4), 
electrical potential (scale: - -200 mV to 0V). (b) H, fraction of 
hydrogen evolution current carried by hydrogen ions; O, fraction of 
hydrogen evolution current carried by hydroxyl ions; M, fraction of 
hydrogen evolution current carried by metal-hydroxy complex. Con- 
ditions: Z - -  1, T _-- 340~ pH = 4.0, iw / iM  -~ 10 -3  , K8 
103,/(4 ---- 105 (cm3/mole). 

M is the total concentrat ion of meta l  (in all three 
forms) plotted on a scale from zero to one as a frac- 
tion of the bu lk  value (i.e., 10 -3 mole /cm 3 at the 
Nernst  boundary) .  The curve labeled H is the hydrogen 
ion concentration, also normalized to the bulk  value 
but  with the scale compressed by a factor of two. S is 
the product CI(C~) 2 (i.e., [M +2] [OH-]  2) plotted on 
a log scale runn ing  from --30 to --20 (mole3/cm9). A 
is the fraction of the total metal  concentrat ion that  is 
tied up in the complex MA +(2-z) (scale from zero to 
one).  R is the ratio C4/C8 (i.e., [ M O H + ] / [ H + ] )  plot- 
ted on a log scale runn ing  from --10 to +lO;  and P 
is the ratio C5/C6 (i.e., [ O H - ] / [ H + ] )  on the same log 
scale. If we take the solubil i ty constant for M(OH)2 to 
be 10 -25 (mole3/cm 9) then the critical value Yc of the 
dimensionless position var iable  at the point where 
curve S crosses the horizontal midl ine [C1(C6) 2 
10 -25] corresponds to the thickness ~e of the thickest 
diffusion layer for which no precipitation will  occur 
under  the other specified conditions. From the defini- 
tion of y (Eq. [16] and [17] it follows that  8 

8c - -  lycIFD6(e6)o/[iw[ [20] 
o r  

liwSlc = [yclFD6(Cs)o [21] 

If the magni tude  of the product of iw and 8 exceeds 
this critical product then precipitation of metal  
hydroxide is predicted. Of course, if that should be the 
case, the t ransport  equations would be greatly modified 
by the formation, migration, and subsequent  reactions 

8 Because  d i s t ance  is m e a s u r e d  p o s i t i v e  a w a y  f r o m  the  e lec t rode  
and  x is zero a t  the  N e r n s t  b o u n d a r y ,  x and  y are  n e g a t i v e  in  the  
d i f fu s ion  layer .  A n d  s ince  p o s i t i v e  c u r r e n t  is  e q u i v a l e n t  to p o s i t i v e  
cha rge  m o v i n g  a w a y  f r o m  the  e lec t rode ,  ca thod ic  c u r r e n t  is  nega -  
t ive .  Hence,  t he  a b s o l u t e  v a l u e  s igns  u sed  f r o m  he re  on. 
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of the precipitate. In  this paper, we restrict  ourselves 
to determining the margin  of conditions that just  avoids 
this possibility. 

The form of curve H conforms almost exactly to 
Nernst 's  simplified description of t ransport  in  the 
diffusion layer. Near the Nernst  boundary  both the 
hydroxyl  ion and the hydroxy complex are present only 
in small  concentrat ions relative to the hydrogen ion, 
and do not contr ibute  appreciably to iw. Since the flux 
of hydrogen ions is almost constant  in  this region 
(there is no appreciable net  recombinat ion or dissocia- 
t ion) ,  and since t ranspor t  is pr imar i ly  due to diffusion, 
the concentrat ion gradient  is near ly  constant and is 
almost just  sufficient to carry the current,  i.e. 

I~wl ~ Igrad C6]FD8 [22] 

(cf. Eq. [8] and [15]) where grad C6 is the average 
concentration gradient in this region. The distance 
required for the concentration to drop to nearly zero is 

L ---- (Cs)0/Igrad CsI [23] 

When the diffusion layer is this thick (i.e., ~ = L) Eq. 
[22] and [23] yield the familiar Nernst relationship 
between the "limiting current" and the thickness of 
the diffusion layer, namely 

8 = FDs (C6) 011iwl [24] 

Comparing Eq. [24], [17], and [16] it is clear that the 
dimensionless variable y gives the distance from the 
Nernst boundary in multiples of that critical diffusion 
layer thickness that would just support a diffusion- 
limited hydrogen ion current equal to iw. If the dif- 
fusion layer is thicker than that, then in the region 
in which the hydrogen ion concentration is essentially 

zero (i.e., [Yl ~ I in Fig. 2a) the current iw must be 
carried by hydroxyl groups moving away from the 
cathode. Beyond ]Yl ~ 1 the solution becomes more 
alkaline (see curve P in the figure) and precipitation 
will occur for thicker layers. The most important 
point here is that when alkalization occurs, the "hydro- 
gen evolution" current exceeds the Nernst "limiting 
current" (i.e., the maximum current that could be 
carried by hydrogen ions diffusing all the way across 
the s tagnant  layer) .  The two things are simply different 
manifestat ions of the same causative factor, namely,  
the production of O H -  at the cathode, either due to 
the decomposition of water  according to one of the 
reactions 9 

e -  + H20 --# O H -  + 1/2 H2 [25] 

e -  + H20 + M +2 ~ MOH + + 1/2 H2 [26] 

or due to the reduction of dissolved oxygen, e.g., 
according to one of the  reactions 10 

e -  + 1/4 O2 + 1/2 H~O --> O H -  [25a] 

e -  + 1/4 02 + 1/2 H20 + M+2--> MOH + [26a] 

Proof of this is shown in Fig. 2b, in which are plotted 
the relat ive fractions of jw carried by H + (curve H),  
O H -  (curve O) and MOH + (curve M). In  the vicini ty 
of lYl ---- 1, the flux of hydrogen ions moving toward 

D Th i s  a n d  al l  o t h e r  e lec t rode  r eac t i ons  are  w r i t t e n  to  show on ly  
w h a t  is  f e l t  by  the  t r a n s p o r t  sys tem.  R e a c t i o n  [25] m a y  a c t u a l l y  oc- 
cur  as (i) H+ + e - ~  �89 (ii) H~O .~- H + + OH-;  b u t  w h e n  m o r e  
H+ is a n n i h i l a t e d  t h a n  can  be s u p p l i e d  b y  d i f fu s ion  t he  b a l a n c e  m u s t  
be  s u p p l i e d  b y  (ii) or else  r e a c t i o n  [25] m u s t  occur  d i rec t ly .  In  
any  case t he  t r a n s p o r t  sys t em sees on ly  r eac t i on  [25], a s s u m i n g  elec-  
t rode  r eac t i ons  occur  w i t h i n  a f ew  a n g s t r o m s  of the  surface.  

~oIf r eac t i on  [25a] or  [26a] (or, say  e-  + 1/20s. + H~O ---> I/zH20~ 
+ OH-) p l ays  a s ign i f i can t  role ,  t h e n  iw c a n n o t  t r u l y  be ca l led  a 

h y d r o g e n  e v o l u t i o n  cur ren t ,  s ince t he  ne t  r e s u l t  of [25a] and  [27] 
(or [26a] a n d  [28]) i s  s i m p l y  e- + H+ + 1/40e -~ 1/2I~O. 

Reac t i ons  such  as [25a] or  [26a] can,  u n d e r  o r d i n a r y  a m b i e n t  
cond i t ions ,  be  the  source  of a l k a l i z a t i o n  on ly  i o r  p H  > 3.5. In  

m o r e  ac id  ba ths ,  because  of  t he  r e l a t i v e l y  l o w  c o n c e n t r a t i o n  of d i s -  
s o l v e d  a t m o s p h e r i c  o x y g e n  ( <  2 X 10-4M) a n d  i t s  r e l a t i v e l y  low 

d i f fus ion  coeWieient ~ 2  x 1 0 ~ c m e / s e c ) ,  the  f lux  of m o l e c u l a r  oxy-  
gen  d i f f u s i n g  across  t he  s t a g n a n t  l aye r  to the  ca thode  c a n n o t  p ro -  
duce  a t  the  ca thode  a f lux  of h y d r o x y l  ions  g rea t e r  t h a n  t he  f lux  
of h y d r o g e n  ions  t h a t  can  d i f fuse  f r o m  the  b u l k  to  the  ca thode  
across the stagnant layer. 



Vot. I20, No. 8 C H A N G E I N  

the cathode (H) drops sharply with increasing ]YI, 
and the flux of hydroxyl  groups moving away from 
the cathode increases correspondingly. In  the part icular  
case shown in the figure, the total flux of hydroxyl  
groups is shared by the flux of hydroxyl  ions (O) and 
the flux of hydroxyl  complex (M). (The relat ive share 
is carried by each of these changes from point- to-point  
and is determined by their  concentrations and concen- 
t ra t ion gradients as well  as the electric field.) If we 
consider a region surrounding the t ransi t ion zone in 
which the sharpest changes occur, it is apparent  that 
the flux of H + enter ing the region on the left is much 
greater than  that leaving on the right; whereas this 
picture is reversed for O H -  and MOH +. Within the 
t ransi t ion region the recombinat ion reaction 11 

H + + O H -  ~ H20 [27]  

H + + M O H  + * H 2 0  § M +2 [28]  

remove equal quanti t ies of hydrogen ions enter ing from 
the left and hydroxyl  groups enter ing from the right. 
(The equal i ty  of production or removal  of these two 
species is t rue for any region; that is the meaning of 
Eq. [3].) The impor tant  point is that  to the right of 
the t ransi t ion zone, most of the hydrogen evolution 
current  is carried by hydroxyl  groups, which must  be 
produced at the cathode. 

The part icular  case shown in Fig. 2 is of the simplest 
type, in which nei ther  the hydroxy complex nor the 
complex MA +(2-z) plays a dominant  role. In  that 
simple situation lYc] "~ 1 and Eq. [20] is essentially 
identical to the Nernst  relationship, Eq. [24]. There 
is a very sharply defined critical diffusion layer thick- 
ness. For th inner  layers iw is carried almost ent irely 
by hydrogen ions diffusing all the way across, but  if 
this thickness is even slightly exceeded, alkalization 
must  occur in  order to produce the same value of iw. 

Figure 3 shows what  happens when  K4 is increased 
by three orders of magni tude  to l0 s (cmS/mole), a 
realistic value consistent with those listed for NiOH + 
in  Bjer rum's  compilation (17) of stabili ty constants. 
The hydroxyl  ion concentrat ion (curve P) changes 
much more slowly than  in Fig. 2 and is greatly ex- 
ceeded (by five orders of magni tude)  by the concen- 
t rat ion of MOH + (curve R). The causative factor here 
is the greater  tendency for metal  ions to associate with 
O H -  thus removing the hydroxyl  ions from the re-  
action scheme. The dynamics of the situation can be 
seen in Fig. 3b which shows that no significant part  
of the hydrogen evolution current  is carried by O H - .  

This means that the production of O H -  at the cathode 
must  take place according to the over-all  reaction given 
in Eq. [26] or [26a]. The actual mechanism is not 
important  for the present argument.  The net  result, 
however, must  be that practically all of the hydroxyl  
groups generated at the cathode associate with cathode- 
bound metal  ions wi th in  a very short distance of the 
cathode. The resul t ing high concentrat ion of hydroxy 
complex produces a concentrat ion gradient  that  
actually causes (by diffusion) a net flux of this posi- 
t ively charged species away from the cathode against 
the electric field. Eventua l ly  these hydroxy ions re- 
combine with hydrogen ions according to reaction [28] ; 
however, since MOH + (as opposed to O H - )  can exist 
at relat ively high concentrations even in somewhat 
acid solution, this recombinat ion process occurs over 
a relat ively wide t ransi t ion zone in which the hydrogen 
evolution current  is shared by H + and MOH + moving 
in opposite directions. As a result, lYc[ is considerably 
greater than unity.  (See Fig. 2a where curve S crosses 
the horizontal midline.) In  other words, the diffusion 
layer thickness can be greater (as much as 70% 
greater) than  that  thickness which would allow iw 
to be carried by the diffusion of H + to the cathode; 
and despite this thicker s tagnant  layer no precipita- 
t ion of hydroxide wil l  occur. 

11React ion [28] probably proceeds through the dissociation of  
MOH+, but here  again on ly  t he  o v e r - a l l  r e a c t i o n  is  shown.  
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Fig. 3. (a) Curve M, total metal concentration normalized to bulk 
(scale: 0 to 1); curve A, fraction of metal complexed with caun- 
teflon (scale: 0 to 1); curve H, hydrogen ion concentration normal- 
ized to bulk (scale: 0 to 2); curve P, ratio of hydroxyl ion concen- 
tration to hydrogen ion concentration (log scale: - -10  to @10); 
curve R, ratio of metal-hydroxy complex to hydrogen ion concen- 
tration (log scale: - -10 to ~10) ;  curve S, product corresponding 
to solubility product of M(OH)2 (log scale: - -30 to --20);  ~, 
electrical potential (scale: - -200 mV to 0V). (b) H, fraction of hy- 
drogen evolution current carried by hydrogen ions; O, fraction of 
hydrogen evolution current carried by hydroxyl ions; M, fraction of 
hydrogen evolution current carried by metal-hydroxy complex. Con- 
ditions: Z : 1, T = 340~ pH : 4.0, iw/iM = 10 -3  , K 3 = 
10 a, K4 = 10 s (cmS/mo[e). 

An equally interest ing but  ent i rely different effect 
is shown in Fig. 4 and 5, which i l lustrate what  may 
happen when the complex MA (2-z) plays a significant 
role. The two cases differ in the value of K3 (104 cm3/ 
mole in Fig. 4; 1.5 X 105 cma/mole in Fig. 5). The 
anion is divalent  in  both cases and all other conditions 
are equal. TM 

The electrical potential  �9 is plotted on a scale run-  
n ing from --200 mV to 0V, and can be seen to drop 
much more sharply in Fig. 5 than  in Fig. 4. The 
correspondingly higher electric field assists the move- 
ment  of hydrogen ions, permit t ing them to penetrate  
the stagnant  layer  more deeply. The higher electric 
field is required to main ta in  iM because of two closely 
related factors, both due to the higher value of K3. TM 

First  of all, with 90% of the metal  ions (and counter-  
ions) tied up in  the neut ra l  complex NIA (see curve A) 
the conductivity is correspondingly lower; in fact, 
more than  half the nickel ion flux is carried by dif-  
fusion of the neut ra l  complex toward the cathode. This 
leads to the second related factor: the high flux of 
MA toward the cathode must  be balanced by an equal, 
oppositely directed, flux of counterions away from the 
cathode, since jA -- 0. The electric field must  be suffi- 
cient to sustain this countercurrent  against a concert- 

The  r e a d e r  m a y  no te  t h a t  t he  s lope of cu rve  M is s t eeper  in  Fig .  
4 and  5 t h a n  in  Fig.  2 and  3. Th i s  is  r e l a t ed  to  t he  fac t  t h a t  fo r  Eq.  
[10] and  [11] a lone  (no species p r e s e n t  excep t  M+2 a n d  A -z) the  
concentrations of  these two  species  drop l inearly to zero o v e r  a 
cha rac t e r i s t i c  d i s t ance  

LM = 2(2 + Z) FDI(CI)o/Z[iM[ 
Thi s  d i s t ance  d e p e n d s  on Z in  a m a n n e r  q u i t e  i n d e p e n d e n t  of the  
other complications of the model .  L~t co r r e sponds  to t he  m a x i m u m  
d i f fu s ion  l aye r  t h i c k n e s s  fo r  w h i c h  i~i is  n o t  t r a n s p o r t  l im i t ed .  F o r  
a l l  cases considered in this paper ,  LH <: 8c ~ LM. 

13 Note  t h a t  t h i s  h i g h e r  v a l u e  is  qui~e rea l i s t ic .  The  v a l u e s  l i s t ed  
by  B j e r r u m  (17) fo r  NiSO4 g e n e r a l l y  l ie  b e t w e e n  10 5 a n d  10 6. 
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Fig. 4. Curve M, total metal concentration normalized to bulk 
(scale: 0 to 1); curve A, fraction of metal complexed with counter- 
ion (scale: 0 to 1); curve H, hydrogen ion concentration normalized 
to bulk (scale: 0 to 2); curve P, ratio of hydroxyl ion concentration 
to hydrogen ion concentration (log scale: - -10 to -I-10); curve R, 
ratio of metal-hydroxy complex to hydrogen ion concentration (log 
scale: - -10 to -I-10); curve 5j product corresponding to solubility 
product of M(OH)2 (log scale: - -30 to --20);  ~, electrical poten- 
tial (scale: - -200 mV to 0V). (b) H, fraction of hydrogen evolution 
current carried by hydrogen ions; O, fraction of hydrogen evolution 
current carried by hydoxyl ions; M, fraction of hydrogen evolution 
current carried by metal-hydroxy complex. Conditions: Z = 2, T = 
340~ pH : 4.0, iw/iM : 10 -3,  Ks : 104, K4 : 10 8 (cmS/ 
mole). 
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Fig. 5. (a) Curve M, total metal concentration normalized to balk 
(scale: 0 to 1); curve A, fraction of metal complexed with counter- 
ion (scale: 0 to 1); curve H, hydrogen ion concentration normalized 
to bulk (scale: 0 to 2); curve P, ratio of hydroxyl ion concentration 
to hydrogen ion concentration (log scale: - -10 to -I-10); curve R, 
ratio of metai-hydroxy complex to hydrogen ion concentration (log 
scale: - -10 to -I-10); curve S, product corresponding to solubility 
product of M(OH)2 (tog scale: - -30 to --20);  ~, electrical poten- 
tial (scale: - -200 mV to 0V). (b) H, fraction of hydrogen evolution 
current carried by hydrogen ions; O, fraction of hydrogen evolution 
current carried by hydroxyl ions; M, fraction of hydrogen evolu- 
tion current carried by metal-hydroxy complex. Conditions: Z = 2, 
T - -  340~ pH = 4.0, iw/ iM = 10 -3  , /(3 = 1.5 x 105 ,K4 = 
10 s (cm3/mole). 

t rat ion gradient  and in spite of the re la t ive ly  low 
concentrat ion of counterions. Note that  under  these 
conditions more  than half  of the electrodeposit ion at 
the cathode is accounted for by the over-al l  react ion 

2 e -  -F M A  -t- A - ~  [ 2 9 ]  

the  remainder  being effected by the react ion 14 

2 e -  ~- M +2  ~ M [30]  

Interest ingly,  the effect shown in Fig. 5 does not 
occur for a univalent  counterion if only the one- to-one 
complex MA + is formed. F igure  6 i l lustrates this�9 The 
conditions are the same as in Fig. 3 except  that  K3 is 
increased by th ree  and one half  orders of magnitude.  
Comparison of Fig. 2, 3, and 6 shows that  this increase 
simply removes  the effect of the hydroxy  complex 
(cf. Fig. 2) by tying up almost all of the meta l  in the 

complex MA +. Even though more  than 99% of the 
meta l  is tied up this way, the electrical  conduct ivi ty  
is not drast ical ly affected since first of all, MA + is 
posi t ively charged and secondly, more than half  of 
the counterions are avai lable  to move  in the other  
direction. It is l ikely that  formation of the neut ra l  
complex MA2 would have the same effect in the case 
of the univalent  counterion as does the format ion of 
the neutra l  complex ]VIA in the case of the divalent  
counterion, but  this still remains to be verified by 
calculation. 

24 Reaction [29] may actually occur at MA -~ M +2 + A-S followed 
by reaction [30], but under the specified condit ions the over-all re- 
sult must be simply a weighted combination of Eq. [29] and [30], 
with weights proportional to the transport to the cathode of MA 
and M *2, respectively. 

Addi t iona l  Comments  
With the help of Eq. [24] a par t ia l  answer  can be 

obtained as to whe ther  alkalization and precipi tat ion 
of hydroxide  occur under  ordinary plat ing conditions. 
For  example,  consider a nickel e lectroplat ing bath 
operat ing at pH = 4.0, plat ing current  density --~ 100 
A / f t  2 (iM ~ 10 - I  A/cm2) ,  iw/iM = 10 -2 (i.e., cur ren t  
efficiency = 99% and iw = 10 - s  A/cm~).  Equat ion [24] 
yields 5 = 10 - s  cm. This is approximate ly  the diffusion 
layer  thickness that  would be achieved by laminar  
flow at a rotat ing disk at 100 rps (11). Whether  this 
degree of st irr ing is usual ly achieved is a moot  point;  
if  not, then iw exceeds the Nernst  limit. Since the 
assumed conditions are not unusual, it may  be that  
precipi tat ion of hydroxide  usual ly  occurs and plays 
an impor tant  role  in the plat ing process as is often 
stated (18). 

It has been reported that  in concentrated chloride 
baths at t empera tures  above 80~ hydrogen evolut ion 
is inhibited (19) and concurrently,  macroscopic crys- 
tals of nickel  are formed at the cathode (19, 20). At  
the other  extreme,  hydrogen evolution, alkalization, 
and precipitat ion may  sometimes occur to such an ex- 
tent  as to in terfere  wi th  the production of good nickel 
p]ate (9). Since nei ther  of these ex t remes  is a suit- 
able situation for electroplating,  it is necessary to 
mainta in  the proper  balance, and it is not hard to 
imagine that  this r equ i rement  plays a significant part  
in determining the careful ly chosen combination of 
plat ing current,  temperature ,  and pH that  character-  
izes industr ial  nickel plat ing baths. The  ra te  of electro- 
lytic reduct ion of wa te r  (i.e., iw) is de termined in 
part  by the cathode potential  requi red  to achieve a 
specified plat ing current.  This potent ia l  depends 
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Fig. 6. (a) Curve M, total metal concentration normalized to 
bulk (scale: 0 to 1); curve A, fraction of metal complexed with 
counterion (scale: 0 to 1); curve H, hydrogen ion concentration 
normalized to bulk (scale: 0 to 2); curve P, ratio of hydroxyl ion 
concentration to hydrogen ion concentration (log scale: - -10 to 
-I-10); curve R, ratio of metal-hydroxy complex to hydrogen ion 
concentration (log scale: - -10 to ~10) ;  curve S, product corre- 
sponding to solubility product of M(OH)2 (log scale: - -30 to --20);  
�9 , electrical potential (scale: --200 mV to 0V). (b) H, Fraction 
of hydrogen evolution current carried by hydrogen ions; O, fraction 
of hydrogen evolution current carried by hydroxyl ions; M, fraction 
of hydrogen evolution current carried by metal-hydroxy complex. 
Conditions: Z ~ 1, T --~ 340~ pH ~ 4.0, iw/iM ~ 10 -3  , K3 ~-- 
3.0 x 108, K4 ~ 10 s (cm3/mole). 

strongly on temperature.  Whether  and to what  extent  
precipitat ion occurs depends on the extent  to which 
alkalization is moderated by the supply of hydrogen 
ions from the bulk  (i.e., pH) and by buffering reactions 
in the diffusion layer. 

The role played by the hydroxy complex in  prevent-  
ing or moderat ing alkalization is important ,  not only 
per se, but  also because of the h in t  it yields as to 
mechanisms by which other buffers may operate. In  
the region in which the hydroxy complex plays an 
impor tant  role, the fraction of metal  ions tied up in 
this complex is very  small  (less than  1%). This means 
that an additive present  in equally low concentrat ion 
could still assist in p r even t ing  alkalization. For ex- 
ample, consider an additive species B -  that associates 
efficiently with M +2 to form a stable intermediate  
MB + which then reacts with O H -  to form a soluble 
complex. If the rate constant  and equi l ibr ium constant  

for this second reaction are high enough, (i.e., K ~ 10 '0 
cm3/mole) then its effect may r ival  or exceed in 
efficiency the previously described process involving 
MOH +. Reduced to simplest terms what  is suggested 
here is a process in which B -  "hitchhikes" toward the 
cathode wi th  M +2 (as MB +) and then  fur ther  com- 
bines with O H -  to form a soluble complex that  can 
migrate  back to a region of lower pH where it releases 
the OH- .  MB + then repeats the cycle. 

With regard to the cause of alkalization, s tatements 
are f requent ly  encountered in the l i terature implying 
it is caused by dissociation of water  in a region near  
the cathode (in response to depletion of the hydrogen 
ion populat ion by cathodic reduct ion) .  If this were 
true, the hydrogen ions produced by dissociation would 

add to the hydrogen ion flux, which would therefore 
become larger upon moving toward the cathode into 
the region of dissociation. Figures 2b-5b show that  
for all cases presented here this is not so. Nor is it so 
for any of the other cases studied in this investigation, 
covering a range of pH from 3 to 6 and with equi- 
l ibr ium constants ranging over many  orders of mag- 
nitude. The presumption is therefore very  strong that  
alkalization is not caused by dissociation of water  in 
the liquid phase, but  by production of O H -  at the 
cathode. This is not surprising if one considers that  
the electric field (the pr imary  dr iving force in the 
liquid) is not l ikely to cause an increase in alkal ini ty 
toward the cathode since on the average it will  tend to 
move O H -  away from the cathode. 

Finally, I should again remind  the reader that  the 
detailed results of this analysis depend on the assump- 
t ion of "fast" reactions. One referee pointed out that  
for nickel complexes this assumption may  not  hold. To 
explore in  detail  the implications of this possibility 
would be an interest ing project, but  probably  is not 
justified unt i l  more exper imenta l  data is available to 
test the simpler model. However, a few comments and 
speculations may be ~ propos. Slow formation of MOH + 
would probably shift the t ransi t ion zone (between the 
alkali and acid regions) toward the Nernst  boundary  
and slow dissociation of MOH + would broaden this 
zone. However, the shift will  not necessarily lower the 
threshold for precipitation if (as is l ikely) MOH + is 
usual ly an intermediate  in the formation of the 
hydroxide. And broadening the zone will  just  cause 
some excess undissociated MOH + to be carried into 
the bulk  where it will  hardly be noticed as it dissoci- 
ates while mixing. In  connection with precipitation, 
I should also ment ion  that  supersaturat ion can be 
expected to delay the onset of precipitat ion unless the 
rise in a lkal ini ty  is quite abrupt  (as in  Fig. 2 and 6). 
If the reaction M +2 -I- A -2 --> M~A were slow, then (for 
example  in the case of Fig. 5) there would be an 
excess concentrat ion (vis-a-vis equi l ibr ium) of free 
metal  ions and counterions near  the cathode. However, 
only a population excess that persists all the way 
across the diffusion layer can contr ibute to iM. Slow 
dissociation of MA enter ing the diffusion layer would 
probably not appreciably affect the ion populat ion near  
the Nernst  boundary,  in which case its effect would 
be mild. 

Conclusions 
1. "Alkalization" of the electrolyte near  the cathode 

will occur only if O H -  is produced at the cathode 
(e.g., due to the electrolytic decomposition of water) .  
In  the simplest case the cri terion for precipitation is 
the same as the Nernst  cr i ter ion for diffusion-limited 
hydrogen ion reduction; namely  

iw 8 ~ FDH+ [H+]o [31] 

where iw is the "hydrogen evolution" current  density, 
8 the thickness of the diffusion layer, and [H+]o the 
concentrat ion of hydrogen ions in the bulk. 

2. Precipi tat ion is prevented when  the hydroxyl  ions 
produced at the cathode can immediate ly  react to 
form some species (e.g., MOH + or H20) other than  
an insoluble metal  salt. In  the absence of "buffers," 
precipitation is controlled by the ease of formation of 
the meta l -hydroxy complex and by  the depth of pene- 
t ra t ion of hydrogen ions into the diffusion layer. The 
lat ter  can be significantly affected by the presence of 
a neut ra l  meta l -anion complex. If the equi l ibr ium 
constant  for the formation of the meta l -hydroxy com- 
plex is greater than  about 105 l i te r /mole  (consistent 
with Bjer rum's  list of va]ues for say NiOH +) then the 
]imit on the r ight  of Eq. [31] may be increased by a 
factor of two in some cases. If the equi l ibr ium constant  
for the formation of the neut ra l  complex MA (for a 
bivalent  anion) is greater than about 105 l i ter /mole 
(consistent with Bjer rum's  list of values for say 
NiSO4) the l imit  may in some cases be increased 
severalfold (vis ~ vis Eq. [31]). 
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3. The resul ts  of this s tudy indicate  tha t  to pin  
down the mechanism of a lkal iza t ion exper iments  
should be conducted in which the thickness of the  
diffusion layer  is controlled,  the "hydrogen  evolut ion 
cur ren t"  measured,  and the  onset  of prec ip i ta t ion  
detected.  

L IST  OF SYMBOLS 
A Atomic  species of counter ion 
C Concentrat ion,  mo le / cm 3 
D Diffusion coefficient, cm2/sec 
F F a r a d a y  constant,  cou lomb/mole  
i Electr ical  cur ren t  density,  A / c m  2 
j Molecular  flux density,  mo le / cm 2 sec 
K Equi l ibr ium constant  
L Character is t ic  length, cm 
M Metal  a tom 
n Ionic charge number  
R Gas constant,  j ou le /mole  degree  
T Tempera ture ,  ~ 
x Distance~ cm 
y Dimensionless  dis tance var iab le  (see Eq. [16], 

[ 17] ) 
Thickness of diffusion layer,  cm 
Electr ical  mobi l i ty ,  cm2/V sec 
Electr ical  potential ,  V 
Dimensionless potent ia l  (see Eq. [13]) 

Subscr ip ts  
A Per ta in ing  to the counterion 
c "Cri t ical"  in the  sense that  h igher  values may  

cause a lkal iza t ion  
i (or 1, 2 . . . .  ) Pe r ta in ing  to the  different  species shown 

in Fig. 1 
H Per ta in ing  to hydrogen  ions 
M Per ta in ing  to the  meta l  
0 Per ta in in~  to the  Nernst  bounda ry  or the  bu lk  

e lec t ro ly te  
W Per ta in ing  to wa te r  or i ts ionic subst i tuents  

Superscr ip ts  
Indicates  a single posi t ive electronic charge  

--  Indicates  a single negat ive  electronic charge 
_ 2, 3, etc. Indicates  specific charge of ionic species 
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Potential Distribution in Axisymmetric Mercury-Pool 
Electrolysis Cells at the Limiting Current 
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ABSTRACT 

An expression has been obta ined and graphs  are  presented for the  poten-  
t ia l  d is t r ibut ion  at a d isk  work ing  electrode located at the  bot tom of a cyl in-  
dr ica l  cell, wi th  the  countere lec t rode separa tor  taken  to be a un i fo rm-cur ren t  
disk placed concentr ical ly  at the  solution level.  The condit ion of m a x i m u m  
work ing  e lect rode potent ia l  variat ions,  i.e., when the work ing  e lec t rode  cur-  
ren t  densi ty  is uniform, is examined  in detail .  For  cells of typica l  size, t h e  
most sensit ive geometr ical  pa rame te r  in de te rmin ing  the potent ia l  d is t r ibut ion  
is the  height  of the countere lect rode separa tor  above the pool. Recommenda-  
t ions on the p lacement  of the  reference electrode probe are  given. 

Uni formi ty  of potent ia l  at the  work ing  electrode has 
become an impor tan t  cr i ter ion in the design of cells 
for cont ro l led-potent ia l  e lectrolysis  and coulometry.  
Deviat ions of the  ac tual  e lect rode potent ia l  f rom the 
desired control  potent ia l  may  cause significant errors  
in coulomet ry  (1-4) and unwanted  product  dis tr i -  
but ions in e lectro-organic  syntheses (4-7). 

Because deviat ions of the work ing  electrode potent ia l  
a r e  minimized,  the  p re fe r red  configuration of a 
mercury-poo l  type  cell  is the  ax i symmetr ic  a r range-  
ment  in which  the countere lec t rode separa tor  is placed 
concentr ica l ly  above the pool. When  the separa tor  is 
pa ra l l e l  to the  pool, and  of nea r ly  the  same diameter ,  
a v i r tua l ly  un i form potent ia l  d is t r ibut ion  should be 
achieved, and this has been expe r imen ta l l y  real ized 
in severa l  instances (1, 7-10). Use of a l a rge-d iamete r  
separator ,  however,  complicates  the p lacement  of the 
o ther  cell components  and renders  the design of an 
efficient cell  more difficult. For  cel ls  whose separa tors  
are  significantly smal ler  in d iameter  than  the  work ing  
electrode, [see, for example ,  Ref. (6, 10-15)] a means  
for es t imat ing the possible e lectrode potent ia l  dev ia -  
tions would  be useful. Since the  potent ia l  wi th in  t h e  
electrode mate r i a l  is uniform, a t tent ion  is to be focused 
on the var ia t ion  of potent ia l  wi th in  the  ad jacen t  
solution. 

Stouffer and Richardson (16) considered the bound-  
a ry -va lue  problem represented  by  this configuration 
and der ived  an equat ion [given in Ref. (2)]  for t h e  
potent ia l  difference arising in the  solution ad jacent  
to the work ing  e lec t rode  under  wors t  case conditions, 
i.e., when the cell  is opera t ing  at the  l imit ing cur ren t  
and a uni form cur ren t  dens i ty  prevai l s  at the  work ing  
electrode.  However ,  none of the useful  predic t ions  
afforded by  the  theory,  e.g., the re la t ive  influence of 
var ious  geometr ical  pa ramete r s  on the potent ia l  dis- 
t r ibution,  were  explored  by  these authors  in t h e i r  
brief  t rea tment .  This fact, the  somewhat  unwie ldy  
form of the  Stouffer-Richardson equation, and  our 
recent  need for a numer ica l  eva lua t ion  of this  potent ia l  
d is t r ibut ion have  p rompted  us to r e -examine  this prob-  
lem. Graphica l  representa t ions  are  p resen ted  tha t  
faci l i ta te  design calculat ions and provide  insight  to t h e  
proper t ies  of ax i symmet r ic  cells in general .  

The basic p rob lem is fo rmula ted  for the  geomet ry  
shown in Fig. 1, where  the  work ing  electrode is as- 

* Elec t rochemica l  Socie ty  Act ive  Member .  
K e y  words: current distribution, e lec t ro -o rgan ic  synthesis ,  con- 

troUed-potential  electrolysis ,  controlled potential  coulometry.  

sumed to be a un i fo rm-cur ren t  d isk  of rad ius  rw at  the  
bot tom of a cyl indr ica l  cell, and the countere lec t rode 
separa tor  is t aken  to be a un i fo rm-cu r ren t  d isk  of 
rad ius  rc placed concentr ica l ly  at  the  solution level,  
i.e., in an insulat ing plane. This model  does not  t ake  
into account the  typica l  exper imen ta l  condit ions of 
nonuni form mass t ranspor t  at the  work ing  electrode,  
curva ture  of the  me rc u ry  pool at its per iphery ,  and 
deviat ions of the  countere lec t rode separa to r  f rom t h e  
assumed un i fo rm-cur ren t  source, but  these charac te r -  
istics are  expected to be of secondary  influence on t h e  
potent ia l  dis tr ibut ion.  

In  cyl indr ica l  coordinates  r and z, Laplace ' s  equat ion 
for the  potent ia l  �9 in the solut ion reads  

1 0 ( t O @ )  02~ = 0  [1] 

and the  bounda ry  conditions s ta ted above can be ex-  
pressed expl ic i t ly  as 

I 
I 
I 
I 

t 
Z 

J h I 
I 

I 
I 

I 
I r 

I 

Fig. 1. Axisymmetric cylindrical cell. The working electrode (mer- 
cury pool) is at the bottom and the counterelectrode or counter- 
electrode separator is at the top. The term "very small counterelec- 
trade" will refer to limiting expressions where re approaches zero. 

1041  
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0e i 6 
-- =-- at z - -  0 at the working electrode [2] 
Oz K 

I I I 1 

-- 0 at r = rw, at the cell wal l  [3] 5 h / rw = 0.1 
Or 

{9r i rw 2 
- -  - -  a t  z---- h, r---~rc [4 ]  

OZ K rc 2 

- - = 0  a t  z = h ,  r > r c  [5]  
oz 

where i is the uniform current  density at the working .,~? 
electrode and �9 is the conductivity of the solution. r t7  

By the method of separation of variables (17), the 
appropriate solution of Laplace's equation is 

iZ irw ~ Z r 
4~ = - - + - -  ~ CnCOSh ( X n - - ) J 0 ( ~ n - - )  

g g n = l  TW Yw 
[6] 

where J0 is the Bessel function of the first k ind  of 
order zero, and ~n is one of a sequence of eigenvalues. 
The first te rm on the right represents a uniform current  
density i on the working electrode. Each of the terms 
in  the sum is a solution of Laplace's equat ion having 
zero current  density on the working electrode and also 
on the cylindrical  wall  of the cell. This lat ter  condition 
is assured by choosing the eigenvalues Xn so that the 
derivative of J0(x) is zero at x = Xn. Since the deriva- 
tive of Jo(x) is - - J l ( x ) ,  the Bessel function of the 
first kind of order one, this means that the eigenvalues 
Xn are the zeros of J1. These are tabulated along with 
the values of J00.n) in  Ref. (18). 

The coefficients Cn can then be chosen to yield the 
specified current-densi ty  dis t r ibut ion at the top of the 
cell: a uniform cur ren t  density for r < re and a zero 
current  density elsewhere. Equat ion [6] is differenti- 
ated with respect to z, and then z is set equal to h, the 
height of the cell. Multiplication by rJo(Xmr/rw) and 
integrat ion from r = 0 to r = rw give for the coeffi- 
cients 

rw Tc 
2 -- J1 (~n --) 

rc rw 
Cn : [7] 

~-n2[J0 (~n) ]2 sinh (Xnh/rw) 

The expression for the potential  distr ibution at the 
pool then is 

r~ J1 Xn ~ J0 
2I ~-~ rc rw / 

@o 
~rw  .=1 ~n 2 [J0 O-n) ] 2 sinh O~nh/rw) 

[8] 

where I is the total cell current.  Because the metal  of 
the working electrode is of uniform potential, r also 
defines the "electrode potential" gradient. Numerical  
evaluat ion of this equation for a range of typical cell 
parameters  yields the curves shown in  Fig. 2 and 3. 
The working electrode potential, relative to the ad- 
jacent  solution, is most cathodic for a reduct ion process 
and most anodic for an oxidation process at the center 
of the cell. 

Impor tant  in many  design calculations would be the 
max imum potential  difference, ~max~ between the 
center  of the cell and its periphery. Figure  4 shows 
how this quant i ty  varies with /, h/rw, and rc/r~, as 
well  as the over-all  cell size as represented by  rw. 
F igure  5 emphasizes the effect of changing the size of 
the counterelectrode separator and provides a means 
for interpolat ing on Fig. 4. These figures demonstrate 
that one must  increase the size of the counterelectrode 
separator considerably in order to obtain appreciable 
improvement  over the potent ial  distr ibution for re = 
0. Changes in h affect the potential  distr ibution more 
profoundly,  and this design parameter  can be adjusted 

0.2 

0.3 

~ I 
0 

h / r .  = I 

I I I I I I 
0.2 0.4 0.6 0.8 1.0 

r /rw 
Fig. 2. Potential distribution in the solution at the pool for the 

limiting current, with rc / rw ---- 0.3. The lowest curve also appears on 
Fig. ] with an expanded scale. 

0.1 

h/r  w = 1 

o.o _ 
r c / r w  

o.o6- 

e o 

C 
0.2 0.4 0.6 0.8 1.0 

r / rw 
Fig. 3. Potential distribution at the pool for the limiting current, 

with h ---- rw. 

to render  hCmax negligible. However, increasing h for 
this geometry also would increase the volume of the 
solution and hence the t ime of the electrolysis, unless 
the rate of st irring were also increased. 

The order of magni tude  of expected electrode poten- 
tial gradients is indicated by numer ica l  evaluat ion of 
a typical  case. For  a cell in which rw = h --  3 cm, rc 
: I cm, and I : 100 mA, hr would be 200 mV for 
a 0.1M solution of t e t r abu ty lammonium perchlorate in 
DMF (K ~ 0.0045 ohm -1 cm -1) and 4 mV for 0.5M 
H2SO4 (~ ~ 0.2 ohm -1 c m - D .  The lat ter  difference 
would be negligible in most work; note, however, that 
if h is decreased to 1 cm, ~r would then become 
70 mV. 

The dashed l ine on Fig. 4 indicates the potential  
variat ion for the two-dimensional  rectangular  geometry 
of Fig. 6, in which the counterelectrode separator is 
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10-3 

\ 
\ 

0 I 2 3 

h/r w or hi2 

Fig. 4. Maximum potential difference in the solution adjacent to 
an electrode with o uniform current density. 
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Fig. $. Maximum potential difference, normalized with the value 

for a small counterelectrode (re = 0), showing the dependence on 
the size of the counterelectrode. 

regarded  as being a l ine  at  the  upper  edge of the  cell. 
This configuration is thus  a two-d imens iona l  analogue 
of the ax i symmet r i c  geomet ry  for rc - -  0. 

Placement of the Reference Electrode 
The posi t ion of the  reference e lect rode probe  wi thin  

the cont ro l led-potent ia l  e lectrolysis  cell  can be  chosen 
on the basis of the  known potent ia l  d is t r ibut ion  at  the  
work ing  electrode and the  specific purpose  of the 

1 0 4 3  

1" w 

Z 

tc 

~-n 
,I, 
(I,o 

h 

\Counter-electrode separator 

I 
_ ~ f  War king 

/ ~ electrode 
/ ' with uniform 

s _1 c u r r e n t  density 
-I 

Fig. 6. Two-dimensional cell with counterelectrode separator 
reduced to a line at the upper edge of the cell. 

electrolysis.  In  most ana ly t ica l  coulomet ry  and separ -  
ations, the op t imum locat ion for the  probe is the  center  
of the  cell, because exceeding the desired control  po- 
ten t ia l  m a y  cause the  coelectrolysis  of in ter ferences  
or the  suppor t ing  e lect rolyte  (2). This configuration 
also ensures tha t  the  cell  t r ans fe r  funct ion wil l  have  
a m in imum phase shift, which  faci l i ta tes  a t ta in ing 
good control  system response (10). The probe should 
of course also be placed close to the  work ing  e lect rode 
to minimize  the uncompensated  resistance.  

On the o ther  hand, when  cont ro l led-poten t ia l  e lec-  
t rolyses  a re  ut i l ized for the  e lucidat ion of e lectrode 
react ion pa thways  via coulomet ry  and the analysis  of 
cur ren t - t ime  curves, or the technique is used as a 
tool for  organic synthesis,  i t  would  usua l ly  be des i rable  
to minimize  the m a x i m u m  difference be tween  the 
ac tua l  e lectrode potent ia l  and  the control  potential .  
Such potent ia l  control  in the  ax i symmet r ic  cell  could 
be es tabl ished by  posi t ioning the reference electrode 
probe off center,  at  an appropr ia te  locat ion selected 
on the  basis of the  known poten t ia l  gradient .  The actual  
e lec t rode  potent ia l  would  then devia te  both above and 
below the nominal  control  potent ial .  This configuration 
would  resul t  in increased phase shift  in the  cell  t rans-  
fer  function, but  in most  cases this  could be neut ra l -  
ized by  ad jus tment  of the  phase  compensat ion in the  
potent iostat .  

LIST OF SYMBOLS 
cn coefficient in series for potent ia l  
h height  of cell  solut ion and countere lec t rode 

separator ,  cm 
normal  cur ren t  dens i ty  at work ing  electrode 
surface, A / c m  s 

I to ta l  cell current ,  A 
J o ( x ) ,  J l ( x )  Bessel funct ions of the first k ind  of order  

zero and one, respec t ive ly  
length  of r ec t angu la r  cell,  cm 

n index 
rad ia l  posi t ion coordinate  
rad ius  of countere lec t rode separator ,  cm 
rad ius  of work ing  e lec t rode  and cell, cm 
a rgument  of Bessel funct ion 
norma l  dis tance f rom work ing  e lec t rode  sur-  
face, am 
solut ion conductivi ty,  ohm -1 cm -1 
zeroes of J1 (x)  
po ten t ia l  of the solution, V 
potent ia l  of solut ion ad jacent  to work ing  
e lect rode surface re la t ive  to va lue  at  center  of 
electrode, V 

A@max m a x i m u m  potent ia l  difference in the  solution 
at  the  work ing  e lect rode be tween  the center  
of the  cell  and  its per iphery ,  V 
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Separation of Isotopes by Electromigration 
Theory of Steady-State Enrichment at the Low Concentration Range 
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ABSTRACT 

The genera l  different ial  equat ion for isotope separa t ion  by  countercur ren t  
e lec t romigra t ion  is derived,  normal ized  for the genera l  case independent  of 
proper t ies  of any  pa r t i cu la r  l iquid system, and solved for s t eady-s ta te  enr ich-  
ment  of an isotope of low abundance.  Two p r ima ry  process pa rame te r s  are  
defined, the  reduced reflux ratio, p, and reduced number  of plates, v, in t e rms  
of which  the process is specified. The ranges wi thin  which the reflux ra t io  and 
number  of plates  may  va ry  a r e  determined.  Min imum p~ is es tabl ished as a 
cr i ter ion for  p re fe r red  operat ion and a genera l  solution is der ived  to comply  
wi th  this  cri terion.  The genera l  solutions of the different ial  equations pro-  
v ide  easy appl icat ion of the resul ts  for any  sys tem of any pa r t i cu la r  propert ies .  

Reviews of previous work  on isotopic enr ichment  by  
e lec t romigra t ion  in l iquids have been publ ished (1-3). 
Many of the  invest igat ions involve exper imen ta l  deri-  
vat ion of the e l emen ta ry  process separa t ion  coefficient 

(Eq. [14] below) and theories  deal ing wi th  the 
funct ional  re la t ionships  be tween  a and the ma te r i a l  
propert ies,  such as diffusivity, composition, and tem- 
perature .  Given, however,  the  coefficient a and other  
proper t ies  of the  system, the  question may  then arise 
as how to design an e lec t romigra t ion  cell  to obtain 
a selected isotope at a desi red level  of enr ichment  
and a s teady ra te  of production.  A solut ion of such a 
p rob lem has been given by  Wes thaver  (4) wi th  respect  
to a par t i cu la r  system. In the  present  work, a genera l  
solution to the problem in the  low concentrat ion range 
is obta ined in a form which  enables  it  to be easily ap- 
p l ied  to a l l  systems and which  faci l i ta tes  in te rp re ta -  
t ion of results.  

The Countercurrent Velocity 
Figure  1 i l lus t ra tes  a model  cell  for continuous iso- 

tope separat ion b y  e lect romigrat ion,  made  of a U- tube  
containing two electrode compartments ,  cathodic and 
anodic, and two packed sections. The packing ("dia-  
phragm")  is a un i fo rmly  porous medium providing 
resis tance towards  pressure  flow of l iquid. This impedes  
turbulence  and free convection in the  l iquid and also 
equalizes the  veloci ty  of the  l iquid  at  the  ful l  cross- 
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sectional  area  of the tube.  For  simplici ty,  let  the  ionic 
l iquid in the  cell  be a pure  monovalen t  fused salt  of 
the  type  MX in which  M represents  a metal l ic  e lement  
consisting of two different  isotopes, 1 and 2, whi le  X 
is a halogen, such as chlorine. 

By apply ing  a vol tage difference be tween the elec- 
trodes, the  ionic l iquid in the cell  undergoes  e lec t ro ly-  
sis. The prominent  process responsible  for isotope 
separa t ion  by  e lec t romigra t ion  is the  specific (electro)  
migra t ion  veloci ty tha t  each l iquid const i tuent  possesses 
in an electrostat ic  potent ia l  gradient .  With in  wide  
l imits  the  migra t ion  veloci ty  is p ropor t iona l  to the  field 
s t rength  and its magni tude  in a uni t  field s t rength  is 
known as the  typical  mobi l i ty  of the pa r t i cu la r  con- 
sti tuent.  The respect ive  different  migra t ion  velocities, 
wl and w2 [cm/sec]  of the two isotopes are  shown in 
the  packed  section, d i rec ted  towards  the  cathode. The 
migra t ion  veloci ty  of the  halogen, ws, has an opposi te  
direct ion (not shown) .  The main  t r ea tmen t  here  wi l l  
deal  wi th  the t ranspor t  in the cathodic packed  section 
of the  cell  where  velocit ies wi l l  have posi t ive  values  
for actual  d isplacements  towards  the  cathode, accord- 
ing to the posi t ive z direction. 

The other  significant process that  takes  place  in the 
cell is the  faradaic  electrodic reaction, which entai ls  
the  reduct ion  of neu t ra l  halogen at the cathode, as is 
fo rmula ted  by  the equat ion (from left  to r ight )  

1/2 X2 -{- e = X -  [1] 
whe re  e is an e lect ron and X -  is a nega t ive ly  charged  
halogen a tom in the  l iquid, such as C1-. To provide  for 
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Fig. 1. A model cell for isotope separation by electromigration. 1, 
Cathode; 2, cathode compartment; 3, anode; 4, anode compartment; 
5, materia[ balance envelope around the cathalyte. 

this reaction, excess halogen gas is c i rcula ted at the  
cathode. At  the anode, a react ion of an opposi te  direc-  
t ion of Eq. [1] takes  place. In  contradis t inct ion to the  
halogen, the  metal l ic  isotopes M do not undergo any 
faradaic  react ion and they  pe rmanen t ly  r ema in  wi thin  
the  l iquid phase-boundar ies  wi th  no fluxes in or out of 
the ( l iquid)  system. 

The combinat ion of the two dist inct  processes, the 
migra t ion  and the faradaic  processes, resul ts  in a 
ma te r i a l  flux into the  ca tholy te  ( the l iquid in the 
cathode compar tment )  as follows (s t reams F, P, W 
of Fig. 1 are  considered zero now).  By F a r a d a y ' s  law 

F lux  of X -  by  cathodic fo rmat ion  = i / F [ m o l / s e c / c m  2] 
[2] 

where  F is the  F a r a d a y  constant  [96,500 coulombs/  
equiv.],  and i is the  cur ren t  densi ty  (A/cm~).  The a rea  
to which  fluxes and cur ren t  densi ty  re la te  is the  to ta l  
cross-sectional  a rea  of the packed tube. For  the  cur ren t  
dens i ty  we have  

= F • j z j c jw j  [ 3 ]  

where  zj is the  valence  (or charge  number ,  ~.e., -t-1 
for N[ and --1 for X) ,  and cj is the  concentrat ion of 
species j [mo l / cm 3 (of packed  vo lume) ] ,  and the 
summat ion  is for a l l  the  const i tuents  in the  l iquid. 
Subs t i tu t ion  of Eq. [3] into Eq. [2] gives for our 
sys tem 

F lux  of X -  by  cathodic format ion  

: ~ZjCjWJ - -  ClWl ~- C 2 W 2  - -  C3W3 [4] 

Drawing  a ma te r i a l  ba lance  line around the  ca tholy te  
( the dashed line, Fig. 1), the to ta l  flux of X -  into the  
ca tholy te  is the addi t ion  of the  separa te  fluxes or ig i -  
na t ing  f rom the two different  mechanisms:  one by  
migrat ion,  which is c8w3, and the o ther  bjr cathodic 
reduction,  which  is according to Eq. [4]. Summing  
these two fluxes resul ts  in 

Total  flux of X -  into ca tholy te  : c~wl -b c2w2 [5] 

Simul taneously ,  there  are  also fluxes of isotopes 1 
and 2 into the  catholyte.  These, however ,  or iginate  
f rom migra t ion  alone and are  given by  
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Flux  of M + into ca tho ly te  = c lwl  + c2w2 [6] 

Equat ions [5] and [6] s ta te  tha t  the  electrolysis  
(migra t ion  plus electrodic react ion)  creates an equal  
molar  flux into the  ca tholy te  of both M + and X - ,  
namely  a flux of neu t ra l  sal t  MX (e lec t roneut ra l i ty  
is p rese rved) ,  and the magni tude  of this  flux is c l w l  
-t- c2w2. 

Concurrent ly ,  a flux of the same magni tude  but  of 
opposite sign goes into the  anolyte.  This br ings the  
l iquid- level  higher  at  the  cathode and lower  at the 
anode (2),  c rea t ing  a hydros ta t ic  pressure  difference 
which causes a pressure  flow of l iquid of veloci ty  Vh 
with  an actual  direct ion opposite to tha t  of isotopes 1, 
2; hence i t  is a "hydrodynamic  back-flow" or "counter-  
cur ren t  flow." Because of this  flow, the ca tholyte  level  
wil l  stop r is ing at  some height  which depends on the 
electr ic  cur rent  density,  l iquid viscosity and the hydro-  
dynamic  pe rmeab i l i ty  of the  porous packing.  For  con- 
stant  electr ic  cu r ren t  and t empera tu re  and if the over-  
all  molar  densi ty  of the  ca tholy te  is unchanged,  then 
the l iquid level, hence also the  vo lume of the  ca tholyte  
and the total  number  of moles  it  contains, wi l l  reach 
a s teady s tate  and s tay constant .  In  order  to have  the 
ca tholyte  at constant  molar  density,  one of the  fol low- 
ing conditions has to hold: nonchanging concentrat ion,  
equal  molar  volume of the  isotopes, or a concentra t ion 
profile (along the z-axis)  tha t  does not  change in t ime 
(s teady-s ta te  enr ichment ) .  If  one of these  is valid, then, 
because the  molar  content  of the  ca tholyte  is un-  
changed, the total  molar  flux across level  z into the  
ca tholyte  should sum up to zero 

c Vh + ClWl + C2W2 = 0 [7] 

where  c : cl +c2, the total  molar  concentrat ion of MY[. 
In  te rms of mole  fract ions xj of the  isotopes, Eq. [7] 
gives 

vh : - - x l w l  - -  x2w~ [8] 

The mole  fract ions fulfill 

x l  + x~ : 1 [9] 

Consequently,  the  observed (over -a l l )  veloci ty  of 
isotope 1 (wi th  respect  to s ta t ionary  axes) ,  vl, at any 
locat ion z of the  tube  is, in fact, obta ined  by  the  super-  
posit ion of the  countercur ren t  veloci ty  vh on the 
migra t ion  ve loc i ty  wl  and (by  using Eq. [8] and [9] ) 
is equal  to 

V l  "-- "LO1 -4" V h  = W l  ~ X l W l  - -  X 2 W 2  = ( W l  - -  W2);~2 
[10a] 

and s imilar ly,  for isotope 2, 

V2 = W2 ~- Vh --- W 2 - -  X l W l  - -  X 2 W 2 " - -  ~ ( W l  - -  W $ )  X l  

[10b] 

For  wl  ~ w~ these (over -a l l )  velocit ies of the  isotopes 
involve a net  posi t ive flux of isotope 1 towards  the  
cathode, which  wil l  cause the  enr ichment  of isotope 
1 in a ca tholy te  (and deple t ion  of isotope 2) (2, 4, 5). 
The counterve loc i ty  Vh thus acts as the reflux in dis-  
t i l la t ion for inducing separat ion,  and the cathodic 
packed  section, as a rect i fy ing column. 

Al l  the  above can be made  t rue  also for aqueous 
solutions and other  ionic l iquid mixtures ,  provided  tha t  
a control led  countercur ren t  flow and ma te r i a l  adjus t -  
ments  at the electrodes are  accomplished to make  Eq. 
[7] val id  (4). In  the  case of the  s imple fused salt  of 

the  type  MX, this countercur ren t  flow is formed auto- 
mat ical ly ,  thanks  to the ve ry  in teres t ing  and for tunate  
combinat ion  of electrodic and migra t ion  fluxes, as 
shown above. 

Now that  isotopic enr ichment  can proceed, a con- 
t inuous feed s t ream F (a pressure  flow) can be added 
to the  system from the outside in order  to obta in  a 
product  s t ream P enriched wi th  isotope 1, and a de- 
p le ted  stream, W, as shown in Fig. 1. However,  for 
fixed migra t ion  velocit ies (namely,  electr ic cur ren t  
dens i ty) ,  length  of column, and enr ichment  desired, 
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no more than  a l imited production rate can be ob- 
tained, otherwise the enr ichment  level wil l  not  hold. 
The solution of the problem lies in formulat ing and 
solving the appropriate differential equation in which 
the important  process parameters  will  be interrelated. 

The General Differential Equation 
The total flux N1 (mol/sec/cm 2) of isotope 1 in the 

enriching column is the sum of fluxes originating from 
the following origins: migrat ion plus countercurrent  
flow (Eq. [10]), diffusion, and imposed production flow 

d 
N1----cxl ( w l - - w 2 )  x 2 - - D m ( c x D  + c x ,  vp 

dz 
[11] 

where D is the b inary  effective diffusion coefficient 
between isotopes 1 and 2 (cm2/sec), "effective" mean-  
ing the over-all  longi tudinal  coefficient of remixing by 
both pure diffusion, including the effect of the tortuous 
void passage in the porous medium (6) and also of 
some convective remixing (4). The velocity Vp (cm/  
sec) is an additional velocity component (by mechan- 
ism of pressure flow) result ing from stream F (Fig. 1). 

As there is no generation of any isotope in the liquid 
phase, the mater ial  balance for a small  volume ele- 
ment  leads to the differential conservation law 

Ocj 
- = - -V  "Nj [12] 

0t 

where t is t ime (sec). For  isotope 1 in our column of 
unidirect ional  and uni form velocity across the tube, 
the differential equation determining the distr ibution 
of concentrations is (by Eq. [11] and [12]) 

0Cl  0 [C Xl X2 (21)1 - -  %D2) ] 

Ot Oz 

( ) O ( c x l v p )  0 D Ocxl + [13] 
Oz Oz Oz 

We limit our t rea tment  to systems of constant c, Vp, 
D, and ~, independent  of isotopic concentration. The 
e lementary process separation coefficient ~ is defined by 

a-~ 21)1/21) 2 [14] 

For low concentrations of isotope i, the constancy of 
a implies also constancy of wl and w2. Integrat ing Eq. 
[13] for steady state (OCl/Ot ---- 0) gives 

dXl 
(wl  -- w2) xlx2 + vp xl -- D = constant [15] 

dz 

By comparison to Eq . [ l l ] ,  the constant is identified 
with N1/c. At the steady state, N1 is the constant  net  
flux of isotope 1 which is independent  of location z 
and therefore is equal also to the flux at z ---- Z where 
xl is designated by Xp, the mole fraction of isotope 1 
in the product stream P. Hence 

constant  = Xp vp [16] 

Defining the reflux ratio, R 

R -~ %o2/vp [17] 

and the height of an equivalent  theoretical plate, h 

h ---- D / W 2  [18]  

and replacing x, by  x, Eq. [14-18] yield the equa-  
t ion (4) 

dx a - -  1 1 
- -  d--z-- + h x ( 1  - -  x )  -{- ~-~ ( x  - -  xp)  ---- 0 [19]  

o r  
d x  n 

- -  ( ~ - -  1 ) n x ( 1 - - x )  - -  ( X - - X p )  : 0  
d} ~- 

where n is the n u m b e r  of plates 

[20] 

n -- Z / h  [21] 

and 4, the reduced distance on the column 

- z /Z  [22] 

Defining new parameters,  p, the reduced reflux ratio 

p - R  ( a - -  1) [23] 

and v, the reduced number  of plates 

v----n ( a - -  I) [24] 

Equation [20] takes the new form of 

dx v 
- - - - v x  ( l - - x )  - - - -  ( x - - x p )  = 0  [25a] 

p 

By using the reduced nondimensional parameters 
p and ~ (rather than R and n), Eq. [25a] becomes the 
general differential equation for steady-state isotope 
separation by electromigration independent of any 
particular liquid system, and thus the solution of Eq. 
[25a] will be easily applicable for various ionic liquid 
systems. It is also worthy of notice that in order to 
determine the coefficients of Eq. [19], the values of four 
parameters, ~, u, R, Xp, have to be given. However, by 
using p and v (Eq. [23] and [24]) the three parameters  
p, v, and Xp are sufficient to determine the coefficients 
of either Eq. [19] or [25a]. Needless to say, the number  
of parameters  cannot be reduced to less than three. 

The nondimensional  parameters,  the reduced reflux 
ratio, p, and the reduced number  of plates, ~, are model 
parameters  which express the effort necessary for 
separating the isotope. For instance, the case of ~ : 1 
means that  the number  of plates in the column is (by 
Eq. [24]) n = 1 / ( a  -- 1). A larger v or a smaller a -  1 
value involves a larger number  of plates, i.e., a longer 
column. Similarly,  by Eq. [23], a larger p or a smaller 
a -- 1 value indicate a larger reflux ratio, namely, a 
smaller fraction of the migrat ion velocity becomes use- 
ful for production. More specifically, by Eq. [14], [17], 
and [23] 

Vp ---- (wl -- w2)/p [26] 

Thus, a value of p equal to un i ty  means that all the dif- 
ference between the migrat ion velocities of the two 
isotopes is utilized as the production velocity vp. The 
larger the value of p, the less we utilize the migrat ion 
difference for production. However, a larger p, as well  
as a larger v, helps to produce a higher enrichment,  as 
results from the solution of the differential equation 
[25a], as is shown below. 

Solution for the Low Abundance Range 
The problem of enriching isotopes available in na- 

ture  at low abundance is of great interest. For this 
case x < <  1, and the differential equation [25a] can 
be modified to 

dx v 
m _ v x _ - - ( X - - X p )  = 0  [25b] 
d~ p 

Let an "enrichment factor" E'p be defined 

E'p = Xp/Xo [27] 

where x0 is the mole fraction of the isotope at ~ = 0. 
For the low concentrat ion range, this factor is an 
adequate approximation of the enr ichment  factor ED 
of the column, general ly defined as [ x p / ( 1 - - x p ) ]  
[x0/(1 -- x0) ]. Solving the differential equation [25b] 
for the boundary  conditions of x(0)  = x0 and x(1)  
= xp, results in 

1- t -p  
Ep ---- [28] 

1.-}- p e - ~  

where the parameter  ~ is defined by  

p - t - 1  
-- ~ [29] 

P 
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Fig. 2. Ep as a function of p and v (Eq. [28 ] )  

Assigning numerical  values to p and v expl ici t ly  
de termine  Ep  The same Ep, however,  can be obtained 
f rom an unl imited number  of different (p, v) pairs, 
as can also be recognized f rom Fig. 2 which repre-  
sents Eq. [28]. In Fig. 2, Ep is presented as a function 
of p on the abscissa (notice that  p increases from 
right  to left, 1/p f rom left  to r ight) ,  and v is a param- 
eter. The shape of the resul t ing curves resemble those 
g iven  for the general  case of isotope separation for 
square cascades (7). 

The ranges in which p and v may  vary  are limited. 
For obtaining a cer ta in  Ep, Eq. [28] indicates that  p 
decreases as v increases. For  v = r the smallest  p 
value wil l  be reached 

pmin = Ep - -  1 [30]  

Namely, given Ep, then Ep -- 1 is the min imum (re- 
duced) reflux ratio. It requires  however  an infinitely 
long column. For  a column of finite length 

p ~ Ep -- 1 [31] 

The range of permissible p is, therefore  

oo > p > Ep -- 1 [32] 

The value of pmin f o r  any Ep value can be ascertained 
graphical ly  from Fig. 2 by drawing a horizontal  line 
f rom the assigned Ep point on the ordinate unti l  it 
intersects the steep line, the pmin curve, at the ex t reme 
r ight  of the curve family,  where  the value  of Ep --  1 
is obtained for p, e.g., for Ep = 10, Pmin = 9. For  Ep -- 
2, pmin = 1, etc. The pmin curve  represents  v = ~ .  For  
the purpose of locating pmin the condition of v = oo is 
substant ial ly real izable for quite  finite v-values, as is 
apparent  f rom Fig. 2, e.g., for Ep -~ 2, a v ~ 2 is prac- 
t ically infinity, for Ep ---~ 10, v ---~ 5, etc. 

It is interest ing to note in Fig. 2 the rise of Ep wi th  
the increase of p. There  is a steep rise and then it 
levels to a plateau. For  low v values, the rise of Ep is 
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slight. This represents  short  columns having a small 
number  of plates. In this case, back- t ransport  by dif- 
fusion controls the process and enr ichment  is very  
l imited even at a high reflux. At large v values, ionic 
transport  overrides diffusion and a ve ry  high enrich- 
ment  can be reached as p increases. However,  with any 
v value  there  is a l imit  to the enr ichment  (Ep) possible 
even for very  high p-values, as is indicated by the pla- 
teaus. For  p = oo, i.e., total  reflux (no product wi th-  
drawal,  vp = O), one obtains f rom Eq. [24], [28], and 
[29] 

Ep : e v = e n(a-l)  [33] 

As in general  (except  for H-D isotopes) a -- 1 < <  1, 
hence a : c a - l ,  and Eq. [33] takes the form of 

Ep : an [34] 

This equation elucidates the concept of number  plates, 
n, by ident ifying the height  of a theoret ical  plate, h, 
(Eq. [21] and [18]) as the incrementa l  length of the 
column over  which the enr ichment  (concentrat ion at 
low abundance) increases by a factor of a when  the 
column is under  total  reflux. This also explains Eq. 
[18]: the higher  the diffusivity D, the longer becomes 
such an incrementa l  length of column. 

By Eq. [28], in order to obtain a certain Ep, v de- 
creases as p increases, and for p = oo, v has a min imum 
value, which (by Eq. [33]) is 

Vmin "-" In Ep [35] 

For  any magni tude of Ep the  corresponding vrain value 
is identified in Fig. 2 as the parameter  v of the curve, 
the asymptot ical ly  horizontal  part  of which, intersects 
the ordinate at the prescribed Ep, e.g., vmin = 1 for Ep 
= 2.7, vimn ---- 2 for Ep = 7.4, etc. The Pmin is thus the 
lowest v value for which an Ep (of value  of e v) wil l  be 
asymptot ical ly  reached as p increases infinitely. For  low 
v values the condit ion of infinite p is a l ready realized 
at quite low p values (e.g., 1 for v = 0.1 and 10 for 
v ---- 0.5, etc.) 

In practice, for finite production rate, p < o0, hence, 
in general  

v > In Ep [36] 

The range of permissible v is, therefore  

oo > v > in Ep [37] 

The permissible ranges for v and p (Eq. [32] and [37]) 
still leave open the question of choice of a pair of v 
and p out of their  wide ranges in order to produce a 
l iquid product of a certain enr ichment  factor Ep. Ei ther  
infinite v or p are impract ical  and the reasonable choice 
should be somewhere  in between, governed by 
economic criteria. 

T h e  P r e f e r r e d  p a n d  v V a l u e s  
As the cost of electrical energy is a major  factor in 

the process of electromigration,  it should be advanta-  
geous to search for a p and v combination (as a func- 
tion of Ep) that  would minimize the electrical  energy 
requi red  for producing a uni t  quant i ty  of enriched 
product. The energy per unit  product is obtainable 
by dividing the electrical  power I22Z/rA  ( J / s )  by the 
production rate  P = cvp A (mol /sec) ,  where  I is the 
electric current  (A),  A the column cross section (cm2), 
and ~ the conduct ivi ty  (mho/cm)  of the column con- 
tent  (l iquid plus packing).  By Eq. [17], [21], [23], 
and [24] (and i = I / A ) ,  this ratio becomes 

joules 2 vp ih  
[ 3 8 ]  

mole c u2(a -- 1) 2 

where  u2 is the mobi l i ty  of isotope 2 (em/see per  
V /cm) ,  or 

w 2  
[39] 

u2 = i / k  

It is interest ing to note that  the parameters  appearing 
in the denominator  of Eq. [38], c, u, and a --1, are all  
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properties of matter,  whereas those in the numerator ,  
v, p, i, and h are operational. The parameter  h is oper- 
ational both because of w2 (Eq. [18]), the magni tude  
of which is determined by the voltage we apply, and 
because D is not a pure property of the liquid as it 
includes also convective mixing  effects. In fact, achiev- 
ing a small h measures the degree of experimental  
accomplishment.  

For a l iquid of definite properties (c, uz, ~ -- 1) and 
for operation at a selected current  density (i) and a 
fixed height of a plate (h),  the min imum energy con- 
sumption [ joule/moll  will  be achieved according to 
Eq. [38] when pv is minimum.  Minimization of pv is 
required based on Eq. [28]. From Eq. [28] and [29] 
we obtain 

p2 pep 
pv : In [40] 

p-F 1 p - - ( E p  -- 1) 

Differentiating pv with respect to p and equating to zero 
yields the expression for m in imum p~ 

p Ep-- 1 

v -- - -  " [41] 
p + 2  p - -  ( E p - -  1) 

Values of p and v complying with both Eq. [41] and 
Eq. [28] constitute the min imum pv values for any 
chosen Ep. Direct solution of these two equations leads 
to a t ranscendenta l  equation. Instead, p, Ep, and ~ can 
all be expressed as functions of ~ (Eq. [29]) consistent 
with both Eq. [41] and [28], to yield the Ep, p, and v 
relationships for m in imum p~. The expressions are 

e m -  1 

E p = (  e+- l+  11 / [ 1 + ( - -  

c +o- ,  V ~ ~ 2 

2 [42] 

e ' ~ - - I  2 /  e -W] 
oJ 

[431 

e (~ -- i I )  
(~ 

[44] 

The results obtained from Eq. [42-44] are plotted 
in Fig. 3. The preferred p and v for m in imum  pv are 
shown vs. Ep -- 1 in terms of p/(Ep -- 1) and v/In Ep. 
These ratios are in fact p/pmin and P/Vmin, respectively, 
(by Eq. [30] and [35]). It  is very interest ing to note 
how lit t le these preferred ratios vary  even at an 
enormously wide Ep -- 1 range. For extremely low 
enrichments,  the two ratios start at values around 
1.4 and 1.6, respectively, and change no more than  to 
about 1.1 and 1.2 for extremely high enrichments.  
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Fig. 3. Preferred p and v for minimum p~ (Eq. [42-44]) 

It  has been pointed out above (Eq. [26]) that  p 
signifies the inverse "useful" fraction of (wl -- w2) 
that is util ized as vp for production. As, according to 
Fig. 3, p/(Ep -- 1) is near ly  constant, this means that 
at the preferred conditions, this "useful" fraction is 
approximately inversely proportional to Ep -- 1. 
For instance, the "useful" fraction is ~- 10/1.4 for 
Ep -- 1 = 0.1 (700% util ization of wt -- w2), 
going down to ,~1/1.4 for Ep -- 1 = 1 (70% 
util ization),  and to ,~0.1/1.4 for Ep -- 1 = 10 (7%). 
For higher enrichments,  the production velocity de- 
creases further. This is very reasonable and is explain- 
able even by the mater ial  balance alone, made around 
the whole enriching column (cathodic packing).  

A different t rend is shown by the curve of the re- 
duced number  of plates, v. A constant v / ln  Ep means, 
in fact, a very slow increase of v with the increase of 
Ep (or Ep -- 1). This is made more apparent  by the 
curve ~/(Ep -- 1) (dashed line) included in Fig. 3. The 
diminishing growth of v with the increase of Ep -- 1 
(for Ep > 1) can be i l lustrated by the following figures 

Ep -- 1 : 1.2 9.3 140 2,000 12,000 80,000 
: 1.4 3.7 7 10 12 14 

Figure 3 (Eq. [42-44]) gives the answer for the 
question of how to decide upon the basic parameters  
that define the electroraigration column for steady- 
state isotope separation. The approximate constancy 
of p/(Ep -- 1) and of ~/ ln  Ep consti tute an interest ing 
result. 

T h e  G e n e r a l  A p p l i c a b i l i t y  of the  Results 
It  has been shown how the enr ichment  is determined 

(Eq. [28], Fig. 2), based on the model parameters  p 
(Eq. [23]) and ~ (Eq. [24]). The ranges of these 
parameters  have been derived (Eq. [32] and [37]). The 
mi n i mum pv relationship (Eq. [42-43], Fig. 3), has been 
established as a preference criterion. 

Application of these results for any par t icular  ionic 
liquid in  the low abundance range is simple. For  in -  
stance, given a and h of a part icular  system, the 
preferred p and v are easily determined as a function 
of any enr ichment  Ep required, by use of Fig. 3. Non- 
preferred conditions can be obtained from Fig. 2. The 
length of column needed, Z, is easily obtainable from 
Eq. [24] and [21], and the reflux ratio R, from Eq. 
[23]. The relationship between Vp, w2, i, and K is 
given by Eq. [17] and [39]. 
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Electrical Conductance of Molten Alkali Carbonate 
Binary Mixtures 

P. L. Spedding 
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ABSTRACT 

The electrical conductances are reported for mol ten li thium, sodium, and 
potassium carbonate b inary  mixtures  over the complete composition range. 
Molar concentra t ion-equivalent  conductance isotherms exhibit  a negat ive de- 
viat ion from ideal behavior. Attempts  to handle  the results by using conduc- 
t ion theories proved unsuccessful except in the case of the Markov equation. 
Calculations with the Markov equation gave values for the conduction of dis- 
similar interact ing cations that indicated that the tempera ture  dependence of 
the conduction is governed by the anion env i ronment  present, while the ab- 
solute value of conductance gives an indication of the ease of movement  of 
the dissimilar interact ing cations. 

The alkali  metal  carbonates have been subjected to 
extensive study over recent years pr imar i ly  because 
of their possible practical application in electrochem- 
istry. This present  s tudy was under taken  as part  of 
an integrated fuel cell research program aimed at 
obtaining a bet ter  unders tanding  of the actual  proc- 
esses taking place in  the molten carbonate- type  cell. 

Experimental 
Methc>ds which are used for measurement  of elec- 

trical conduction of mol ten salts have been reviewed 
by a number  of workers (1-5) who have concluded 
that  the most accurate technique which is available 
for corrosive media is the capillary cell with the actual 
capillaries formed in noncorrosive insulat ing mate-  
rial  (6-8). The technique therefore was used in this 
study. The actual apparatus  employed is detailed in 
Fig. 1 and is s imilar  to that  of Janz and co-workers 
(9-10). Care was taken with the design and construc- 
tion of the apparatus to ensure that the conduction 
path was ent i re ly  confined to the capillaries and the 
melt  between their two immersed extremities. The 
capillaries were ul t rasonical ly dril led in two single 
crystals of magnes ium oxide. The salt ba th  was held 
in a Pa lau  crucible (80% Au-20% Pd) in a controlled 
carbon dioxide atmosphere, in order to ensure the 
melt  composition was unchanged dur ing  experimenta-  
tion. The over-al l  details of the control and operation 
of the system have been presented elsewhere (11, 12). 
Tempera ture  was bet ter  than ___ 0.1 ~ at 800~ 

The capil lary cell was calibrated with aqueous KC1 
solution at  25~ using s tandard techniques (13). Co- 
efficient of expansion data (14) then  were applied to 
the part icular  cell geometry employed to give the 
operating cell constant. The cal ibrat ion was checked 
against  mol ten  KC1 data (15) at intervals  dur ing the 
ent i re  work and was found to agree wi th in  • 0.002%. 
The cell constants for the various cells used dur ing  the 
determinat ion were approximately 370 -1 cm in  the 
operat ing tempera ture  range  used. Measurements  were 
taken at approximately 20~ intervals  at increasing 
and then at decreasing temperatures.  Dur ing  an actual 
measurement  the furnace was switched off to avoid 
errors which arise because of interference from the 
furnace windings.  The Jones bridge-oscil lator-oscil lo- 
scope combinat ion used to measure  the conductance 
v i r tual ly  el iminated any  capacitance effects. Readings 
were taken over a f requency range of 2,000-40,000 Hz, 
so that  the conductance value at infinite f requency 
could be determined thus e l iminat ing any  effect of 
polarization which may occur at the electrodes. One 
of the major  sources of error with the capil lary cell 
is caused by the presence of bubbles  wi thin  the capil- 

Key  words:  conductance,  mol ten  alkali  carbonates .  

laries dur ing a reading. Drying  of the salt at 120~ 
and premelt ing under  carbon dioxide el iminated the 
possibility of the formation of any water  vapor bub-  
bles on the in terna l  surfaces of the capillaries. Raising 
and lowering the salt bath into the capillaries several 
t imes removed any possibility of mechanical ly formed 
bubbles adhering to the in terna l  surface of the capil- 
lary cell. 

Results 
The conduction data were presented as specific con- 

ductance, K, expressed in  the form 

K = A~ exp (--  •  [1] 

The equivalent  conductance, • was calculated from 
the specific conductance and melt  density (12), via 
the equation 

h = ~(Zx~Ei)/p [2] 

I - 

j -  

K i 

Fig. 1. Conductivity cell and furnace: A, cooling coils; B, furnace; 
C, heat shields; D, height senser; E, MgO capillaries; F, measuring 
thermocauple; G, pyrophylllte insulation; H, control thermacouple; 
I, capillary bolder; J, Palau electrodes; K, salt bath; L, laboratory 
jack. 
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where xi and E~ are the mole fraction and equivalent  
weight of the component,  i, in the melt. 

The equivalent  conductance was expressed as the 
Arrhenius  equation 

A ---- An exp (--  AEA/RT) [3] 

The data exhibit  a departure from the Arrhenius  
relation about the eutectic composition in the tempera- 
ture range immediately above the melt ing point as 
shown by Fig. 2 and 3. This departure is in agreement  
with the findings of other workers (15). However, in 
each of these cases there is a region in a higher tem-  
perature range in which the Arrhenius  relations of 
Eq. [1] and [3] satisfactorily fit the data. The con- 
stants of Tables I and II were calculated for this re-  
gion alone using the method of least squares (16). 

Discuss ion  
Janz and co-workers (9, 10) determined the specific 

conductivities of the pure alkali  metal  carbonates and 
their  eutectic mixtures  and resolved most of the 
anomalies which existed in previous work (17-20). The 
present data show good agreement  with that of Janz 
and co-workers except in  the case of the LiKCO3 
eutectic where this work gave a smooth graduat ion 
in  the magni tude  of the conductance as the composi- 
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Fig. 2. Equivalent conductances of lithium carbonate-sodium car- 
bonate binary mixtures. 

140 
13(2 
12~ 
11r 

.~ ~9c 

?( 

4~ 

Temperature oC 
~o, oo , sp , ~ ,oo ~o 

Li zCO~*~ r ~ 

/ / / /  �9 

%'----2~ 
O'g O'S 1.0 1.1 1"2 

1 /T x 10 -3 

Fig. 3. Equivalent conductances of lithium carbonate-potassium 
carbonate binary mixtures. 

Table I. Specific conductances of molten alkali metal carbonate 
mixtures expressed as the constants of Eq. [1] 

A ,  AE, T e m p e r a t u r e  
Med ia*  o h m  cm k c a l / g m o l e  r a n g e ,  ~ 

Li~CO3 29.22 • 0.67 3.94 ~ 0.04 740-880 
90% Li2CO~ 28.00 "+" 0.23 3.98 ----- 0.06 734-928 
80% Li_.CO~ 25.05 +-- 0.55 3.93 • 0.05 700-525 
70% Li~CO~ 23.21 • 0.21 4.00 - -  0.05 664-923 
60% Li,.,CO~ 21.74 "~ 0.47 4.05 ~- 0.06 (591-) 680-930 
53.3% Li~CO~ 20.84 -+ 0.39 4.05 __+ 0.03 (523-I 640-947 
50% Li~COa 20.36 4- 0.30 4.03 ~ 0.03 (589-)  660-939  
40% Li_,CO3 18.85 "~- 0.46 3.94 ---+ 0.04 (562-) 710-966 
30% Li~CO~ 17.29 ~ 0.30 3.82 • 0.04 (658-) 710-961 
20% Li~CO~ 15.88 • 0.47 3.71 ----_ 0.07 (730-) 740-951 
10% Li~CO3 14.71 • 0.67 3.62 - -  0.08 804-959 
Na2CO~ 14.12 - -  0.31 3.59 _+ 0.05 872-965 
90% Na~CO~ 13.95 ~ 0.17 3.70 ___ 0.03 870-981 
80% Na.~CO~ 13.65 • 0.09 3.80 +__ 0.02 813-963 
70% NacCO:~ 13.20 • 0.17 3.91 _ 0.03 798-949 
60% Na~COe 12.98 - -  0.11 3.99 _+ 0.02 800-957 
58% Na.~CO~ 12.38 - -  0.18 3.91 _+ 0.03 (742-)  770-953 
50% Na.oCO~ 12.20 • 0.21 3.90 +_ 0 .04 771-957 
4 0 %  Na~CO~ 11.79 --+ 0.50 3.86 _ 0,09 774-973 
30% Na~COa 11.49 ~-- 0.53 3.87 _+ 0.07 803-964 
20% Na,.,COa 11.32 --+ 0.34 3.88 _+ 0.08 875-985 
10% Na. ,CO, 10.85 ~ 0.34 3.85 _+ 0.07 884-977 
I4:eCO, 10.52 --+ 0.30 3.83 • 0.07 905-1008 
90% K_oC(>~ 10.85 --+ 0.31 3.84 __ 0.06 723-863 
80% K..,COa 11.41 - -  0.28 3.89 • 0.05 699-892 
70% K~CO~ 13.32 -~- 0.20 4.18 ___ 0.03 (640-)  700-920 
60% K_~CO:~ 14.49 ~ 0.32 4.32 +_ 0.04 (600-) 730-924 
57.3% K~CO~ 14.56 ----- 0.59 4.32 _+ 0.08 (586- t  740-950 
50% K,.,CO~ 14.96 ----- 0.62 4.33 • 0.07 (562-) 740-949 
40% K_~CO~ 16.63 -+" 0.29 4.24 ~ 0.03 (597-) 720-954 
30% K,~CO~ 20,27 - -  0.30 4.18 ~ 0.03 (681-t  726-966 
20% K.~CO~ 23.37 ---~ 0.64 4.11 _ 0.06 761-973 
10% K~CC~ 26.46 ~ 0.86 4.03 ~ 0 .06 S60-987 
Li~CO3 29.22 ~ 0.67 3.94 ----- 0.04 740-880 

* M o l e  p e r  c e n t  c o m p o s i t i o n .  
** B r a c k e t e d  v a l u e s  n o t  i n c l u d e d  

s tan ts .  
i n  t h e  d e t e r m i n a t i o n  of con-  

Table II. Equivalent conductances of molten alkali carbonate 
mixtures expressed as the constants of Eq. [3] 

A^,  AE^, T e m p e r a t u r e  
Med ia*  c m ~ / o h m  e q u i v ,  k c a l / g m o l e  r a n g e ,  ~ 

LieCOs 799.8 ----- 24.9 4.56 _+ 0.06 740-880 
90% Li.oC03 784.4 -~ 9.6 4.57 ~ 0.03 734-928 
80% Li2CO8 720.1 ~ 13.7 4.52 ~ 0.04 700-925 
70% LieCOa 693.6 ~ 19.6 4.63 _ 0.06 664-923 
60% Li,,,CO~ 678.2 • 4.3 4.70 • 0.02 (591-1 680-930 
53.3% Li.~CO~ 652.5 • 6.3 4,66 ~ 0.03 (523-)  640-947 
50% Li~C03 640.0 ~ 11.0 4 .63 ~- 0 .04 (589-)  660-939 
40% Li2COa 604.6 • 11.5 4.52 ___ 0,04 (562-)  710-966 
30% Li2COa 566.8 "4- 12.0 4.41 -+- 0,05 (658-} 710-961 
20% Li~CO~ 515.2 - -  15.8 4.24 _ 0.07 (730-) 740-951 
10% Li2CO3 498.6 -4- 24.7 4.19 _ 0.12 804-959 
Na2CO3 490.5 ~- I I . I  4.16 ~ 0.05 872-965 
90% Na2CO~ 517.2 "4- 19.9 4.35 ~ 0.09 870-981 
80% Na2CO3 519.0 • 13.3 4.43 ~- 0.06 813-963 
70% Na~CO~ 516.0 ~- 27.0 4.53 ~ 0.12 798-949 
60% Na2CC~ 525.8 "4- 21.0 4.62 • 0.08 800-957 
58% Na2CO3 503.0 - -  26.4 4.53 _ 0.15 (742-)  770-953 
50% Na2COs 506,0 • 15.6 4.52 _ 0.07 771-957 
40% Na~CO3 498.4 ~ 17.5 4 .47 _+_ 0.07 774-973 
30% !Na~COa 502.0 • 6 .7  4.48 _ 0.03 803-964 
20% NaeCO3 511.2 "4- 13.4 4 .49  --+ 0.06 875-985 
10% Na~CO.~ 516.1 - -  17.2 4.52 ~ 0.08 884-977 
K~COa 508.2 ----- 12.9 4.48 _+_ 0.06 905-1008 
90% K~CO~ 484.6 "~- 11.7 4 ,42 +_ 0 .05 723-863  
80% K~CO3 499.8 - -  11.2 4.53 • 0.05 699-892 
70% K~CO8 545.8 - -  14.2 4.79 ___ 0.06 (640-)  700-920 
60% K2CO3 571.1 "4- 19.5 4.92 ~- 0.07 (600-1 730-924 
57.3% K~_CO3 571.3 "~ 20.8 4.93 --+ 0.07 (588-)  740-950 
50% K~COa 566.2 + 17.6 4.94 4" 0.06 (562-) 740-949 
40% K2CO~ 591.7 "4- 17.3 4.86 + 0.05 (597-I 720-954 
30% K2COs 676.5 ~ 14.3 4.78 ~ 0.04 (681-) 728-966 
20% K2COa 725.2 • 14.5 4.60 ~- 0.04 761-973 
10% K~CO~ 763.1 --+ 29.5 4.59 +__ 0.08 860-987 
Li~CO3 799.8 -- 24.9 4.56 --~- 0.06 740-860 

* M o l e  p e r  c e n t  c o m p o s i t i o n .  
** B r a c k e t e d  v a l u e s  no t  i n c l u d e d  

s t a n t s .  

i n  t h e  d e t e r m i n a t i o n  of con-  

tion was varied, in contrast to Janz 's  data which 
showed correspondence with the K2CO3 values. 

The effect of frequency, 3, on the measured resist-  
ance, R, of the melt  followed the relat ion (21) 

R = R| + a /k /T  [4] 

for each salt for the frequency range of 2,000-40,000 
Hz. No satisfactory correlation with the value of the 
constant, a, and melt  composition could be obtained. 
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Fig. 4. Equivalent conductonces of sodium corbonote-petasslum 
carbonate binary mixtures. 

There are a number  of theories which have been 
advanced to explain conduction in  melts. Most of 
these were inapplicable to the present discussion for 
one reason or another. Lack of data just  above the 
melt ing point  and in the h igh- tempera ture  region 
precluded using the reduced volume concept developed 
by Angel l  (22) and the approach of Gran tham (23), 
respectively. Furthermore,  the frictional formalism 
has not  yielded sufficient insight into the mechanisms 
of transport" to war ran t  its inclusion in  this discussion 
(24). Lack of necessary fundamenta l  data for these 
salts did not allow the formal application to these 
data of the hole model as developed by Bockris et al. 
(25) or the free volume approach of Laidler et al. 
(26). However, estimates of the ionic radius (12), ion 
vibrat ion (4), and jump distance for the pure alkali  
metal  carbonates have allowed approximate calcula- 
t ions to be performed for the hole model, the results 
of which gave conductances of similar accuracy as 
those for un iva len t  salts; that is the calculated Ar-  
rhenius coefficients were in reasonable agreement  with 
exper imental  values but  the absolute values were not. 
In  the case of the b inary  mixtures  the hole model pre-  
dicted ideal behavior which is far from the actuali ty 
shown in Fig. 2-4. The possible reasons for these dis- 
crepancies between theory and experiment  are enum-  
erated by Brummer  and Hills (27). 

The equivalent  conductance-molar  composition iso- 
therms exhibit  the usual  negative deviation from 
ideality even for Na2COa-K2CO3 melts  which possess 
ideal molar  volume behavior (12). For  ideal b inary  
melt  mixtures  Markov (28) developed the equation 

Am ---- Xl 2 All + x2 ~ A22 + 2xlx2 A12 [5] 

for the calculation of conductances and has discussed 
its importance as far as providing insight into the 
na tu re  of the melt  and its t ransport  mechanisms. The 
equation has yielded predicted values of conductances 
for PbCl2-PbBra and KNO3-NaNO3 melts which are 
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wi th in  +_ 2% of exper imental  data (26). The Markov 
equat ion follows directly from a consideration of the 
probabil i ty of interact ion between pure  salts in the 
mixture  and the electrical conductance of such an ar-  
rangement  wi th in  the melt. Thus the probabil i ty  of 
the interactions MIX-MIX, M2X-M2X, and M1X-M2X 
are, respectively, xl 2, x22, and 2XlX2, where x is the 
mole fraction of the appropriate component. Strictly 
the 2,12 conductance in a mixture  having only MlX- 
M2X type interactions, is a hypothetical  concept. 
Markov avoided this issue and simplified the equaLion 
by replacing the conductance h12 by that  of the pure 
salt with the larger Arrhenius  coefficient. The reason 
for this procedure is obscure and calculations on the 
pure alkali  metal  carbonate eutectic melts  (Table III)  
show the procedure to be unsatisfactory. 

Actual ly the predictions of the Markov equations 
are improved considerably in  this instance by taking 
the value of the A12 conductance as that  component in 
the melt  which possesses the smaller, more mobile ion. 
Accepting the MIX-M2X type interactions at face 
value, there is no good reason to suppose that  the h12 
conductance has not got a specific value which is com- 
pletely dissimilar in magni tude  from either of the 
pure components. Calculation back from experimental  
data using Eq. [5] confirms that the A12 conductances 
for each of the b inary  melts are different to those of 
pure melts 

ALi,Na = 615 exp ( - -4700/RT) [6] 

ANa, K = 540 exp (--4700/RT) [7] 

ALi,K = 475 exp (--4700/RT) [8] 

'The similari ty of the Arrhenius  coefficients for the 
A12 conductance for each b inary  melt  suggests that the 
tempera ture  dependence of conductance is influenced 
pr imar i ly  by the anion envi ronment  which obviously 
is similar for each system. Rice (29) came to the same 
conclusion from theoretical considerations of melt  
transport.  The pre-exponent ia l  term, on the other 
hand, exhibits a definite t rend which may well  reflect 
the abil i ty of the interact ing ion to move through the 
melt  in a similar m a n n e r  to that which has been 
suggested for other t ransport  phenomena (30). Re- 
subst i tut ion of the A12 conductance values given by 
Eq. [6]-[8] back in the Markov equation leads to the 
predicted values given in the final column of Table III 
for the eutectic melts. The over-al l  error in these cal- 
culated values over the complete comuosition range 
is wi thin  +__ 3.5%, • 3.2%, and +_ 14% for the Li2CO~- 
Na2CO3, Na2CO3-K2CO3, and Li2CO3-K2CO3 melts, re-  
spectively. 

Closer examinat ion of the data indicates that  a sig- 
nificant difference between the calculated and experi-  
menta l ly  determined values only occurs when the 
systems depart from ideal molar  volume behavior 
(12). This is par t icular ly noticeable with the Li2CO3- 
K2CO3 melt  where satisfactory predictions (-&-_ 1.8%) 
are obtained in the ideal molar volume region up to 
25% mole and beyond 67% mole l i th ium carbonate 
concentration. In  the in tervening region where non -  
ideali ty is marked there is a significant difference be-  
tween experimental  and calculated conductances. Such 
behavior could be interpreted in terms of the forma- 
tion of a complex in the region of the eutectic of the 
general  type suggested by Bockris and Reddy (37). 
That is an ent i ty  is formed in which a certain n u m -  

Table II I .  Electrical conductance calculations cm2/ohm equiv. 

S y s t e m  
E x p e r i m e n t a l  

90O~ 1000~ 
I d e a l  A~  = A22 

9OO~ 1000~ 9O0~ 100O~ 

Markov 

A~ ca l cu ]a t ed  
9O0~ 1OOO~ 

LisC0a 
Na~C03 
Ir~C0~ 
Li-NaC0. 
Na-KC0e 
Li-KC0~ 

113.0 131.8 
82.3 94.7 
74.5 86.7 
88.0 103.0 
72.5 84.7 
6 9 . 0  8 1 . 5  

98.0 113.5 105.6 122,8 
78.0 90.5 76.0 88.5 
95.0 110.3 104.5 121.5 

8~ lO4-5 
74.7 87.0 
78.5 91.8 
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ber  of l igand ions par t ic ipa te  in the  random walk  of 
the ion for a per iod that  is at least  severa l  orders  of 
magni tude  longer  than  the t ime requi red  for a single 
vibrat ion.  These suggestions are  at the best qual i ta t ive  
and it is not  obvious how unequivocal  conclusions 
about  complex format ion  in the  mel ts  can be d rawn  
from the data. P re sumab ly  Raman  spect ra  studies are 
the only w a y  to resolve the  point  unambiguously .  

Acknowledgments 
Gratefu l  acknowledgment  is made  to the U.G.C. of 

New Zea land  for a research  gran t  and to the Reserve 
Bank of Aus t ra l i a  for a fuel cell research grant  which 
have been used pa r t ly  to finance this study. Thanks  
are  due to Dr. R. Mills  of the  Aus t ra l i an  Nat ional  Uni-  
vers i ty  for helpful  discussions. 

Manuscr ip t  submi t ted  Dec. 27, 1972; revised manu-  
script  received March  23, 1973. 

Any  discussion of this paper  wil l  appear  in a Discus- 
sion Section to be publ ished in  the  June  1974 JOURNAL. 

REFERENCES 
1. J.O'M. Bockris,  J. L. White, and J. D. Mackenzie,  

"Phys ico-Chemica l  Measurements  at High Tem-  
peratures ,"  p. 247, But terwor th ,  London (1959). 

2. M. Blander,  "Molten Sal t  Chemistry ,"  p. 559, John 
Wi ley  & Sons, Inc., New York (1964). 

3. B. R. Sundheim,  "Fused  Salts," p. 208, McGraw Hill  
Book Co., New York (1964). 

4. G. J. Janz, "Molten Sal t  Handbook,"  p. 517, Aca-  
demic Press, New York (1967). 

5. C. J. Janz and R. D. Reeves, Advan. Electrocl~em. 
Eng., 5, 147 (1967). 

6. E. W. Yim and M. Feinleib,  This Journal, 1{}4, 622 
(1957). 

7. H. R. Bronstein and M. A. Bredig, J. Am. Chem. 
Soc., 80, 2077 (1958). 

8. G. J. Janz  and M. R. Lorenz, Rev. Sci. Instr., 32, 
130 (1961). 

9. G. J. Janz and M. R. Lorenz, This Journal, 108, 
1052 (1961). 

10. A. T. Ward  and G. J. Janz, Electrochim. Acta, 10, 
849 (1965). 

11. P. L. Spedding and R. Mills, This Journal, 112, 
594 (1965) ; 113, 599 (1966). 

12. P. L. Spedding,  ibid., 117, 177 (1970). 
13. R. A. Robinson and R. H. Stokes, "Elect rolyte  Solu-  

tions," p. 87, 2nd edition, But te rwor th ,  (1959). 
14. P. L. Spedding,  J. Less-Common Metals, 7, 395 

(1964). 
15. E. R. Van Ar t sda len  and I. S. Yaffe, J. Phys. Chem., 

59, 118 (1955) ; 60, 1125 (1956). 
16. H. Margenau  and G. M. Murphy,  "The Mathemat ics  

of Physics  and Chemist ry ,"  2nd edition, p. 519, 
John Wiley & Sons, Inc., New York  (1957). 

17. F. Braun, Pogg. Ann., 154, 190 (1875). 
18. K. Arndt ,  Z. Elektrochem., 12, 337 (1906). 
19. E. Ryschkewitsch,  ibid., 39, 531 (1933). 
20. G. V. Vorobev, S. V. Karpachev ,  and S. F. Palguev,  

Izv. Anal. Inst. Obs. Neorg. Khim. Akad. Nauk 
SSSR Sekt Fiz Khim, 26, 164 (1955). 

21. H. Bloom, Rev. Pure Appl. Chem., 9, 139 (1959). 
22. C. A. Angell ,  J. Phys. Chem., 68, 218, 1917 (1964); 

69, 399 (1965). 
23. L. F. Gran tham and S. J. Yosim, J. Phys. Chem., 

67, 2506 (1963); 72, 762 (1968); 38, 1671 (1963); 
45, 1192 (1966). 

24. R. W. Laity,  Ann. N.Y. Acad. Sci., 79, 997 (1960). 
25. J.O'M. Bockris,  E. M. Crook, H. Bloom and N. E. 

Richards,  Proc. Roy. Soc., 255A, 558 (1960). 
26. W. A. Adams  and K. J. Laidler ,  Can. J. Chem., 46, 

1990 (1968). 
27. S. B. B r u m m e r  and G. J. HilIs, Trans. Faraday 

Soc., 57, 1816, (1961). 
28. Yu. K. Del imarsk i i  and B. F. Markov,  "Elect ro-  

chemis t ry  of Fused  Salts," p. 32, Sigma, Wash-  
ington, D.C. (1961). 

29. S. A. Rice, Trans. Faraday Soc., 58, 499 (1962). 
30. P. L. Spedding,  Rev. Pure Appl. Chem., 21, 1 

(1971). 
31. J.O'M. Bockris  and  A. K. N. Reddy,  "Modern Elec-  

t rochemis t ry ,"  Vol. I, p. 589, P lenum Press, New 
York (1970). 

The Triangular Voltage Sweep Method for Determining 
Double-Layer Capacity of Porous Electrodes 

II. Porous Silver in Potassium Hydroxide 

E. G. Gagnon* 
Electrochemistry Department, Research Laboratories, General Motors Corporation, Warren, Michigan 48090 

ABSTRACT 

One major  p rob lem in measur ing  the doub le - l ayer  capac i ty  of a porous elec- 
t rode is the effect of d is t r ibuted  reactions. Ohmic resis tance of the  e lec t ro ly te  
makes  it easier to charge or discharge the outer  surface of the electrode,  whi l e  
the in ter ior  lags behind. Tr iangu la r  vol tage  sweep resul ts  ob ta ined  wi th  porous 
s i lver  in 31 weight  per  cent KOH agreed wel l  wi th  p red ic ted  values  obtained 
using a mathemat ica l  model  which considers  the phys ica l  p roper t ies  of the  
e lec t rode  and electrolyte .  

The surface area  of a porous electrode may  be deter-  
mined by a number  of techniques (e.g., f rom w e i g h t /  
size d is t r ibut ion  of part icles ,  or BET measuremen t s ) ,  
but  measuremen t  of the  double - layer  capaci ty  (DLC) 
of an e lect rode gives the  best  indica t ion  of in te rna l  
a rea  avai lab le  for  e lect rochemical  reaction.  One ma jo r  
p rob lem in the  measurement  of the  DLC of a porous 
e lect rode is the  effect of d i s t r ibu ted  capacity.  Ohmic 
resistance of the  e lec t ro ly te  wi th in  the  pores of the 
e lectrode makes  it easier  to charge or discharge the 
outer  surface of the e lect rode whi le  the  back  of the 
e lectrode lags behind (1).  This paper  wi l l  compare  
exper imen ta l  resul ts  wi th  da ta  obta ined using a mathe-  
mat ica l  model  proposed ear l ie r  (2, 3). The model  con- 

* Electrochemical  Society Active Member .  
Key words: double-layer capacity, porous electrode, silver elec- 

trode. 

siders  the  t r i angu la r  vol tage sweep technique and 
shows the effect of d i s t r ibu ted  capaci ty  in the  absence 
of fa rada ic  current .  The sys tem inves t iga ted  was porous 
s i lver  in potass ium hydroxide .  

Theory 
Assumptions and model.--The physical  s i tuat ion con- 

s idered is i l lus t ra ted  in Fig.  1. The Luggin  cap i l l a ry  
of a reference  e lec t rode  is posi t ioned a distance, d, 
f rom the surface of the  e lect rode having a thickness,  
L. One face of the  e lect rode is exposed to the  e lec t ro-  
ly te  and  cur ren t  col lect ion takes  place at  the  back  of 
the  electrode.  I t  is assumed tha t  (a) the  porous system 
is so h igh ly  in te r l inked  tha t  the concentrat ion of 
e lec t ro ly te  in the pores  of the  e lec t rode  is constant  
over  p lane  x in the electrode,  (b) the  e lect rode poten-  
t ia l  is constant  over p lane  x, (c) t r anspor t  gradients  
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Current 
Colledor 

Electrode Electrolyte 
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Fig. 1. Illustration of a Luggin capillary positioned o distance, 
d, from a porous electrode of thickness, L. 

I Luggin 
I Capillary 
I 
I 
I 
i 

are one dimensional  across x, (d) electronic conductiv- 
i ty of the electrode mater ia l  is large compared to the 
ionic conductivi ty of the electrolyte wi th in  the pores, 
and (e) diffuse double-layer effects are negligible be- 
cause the electrolyte used is concentrated. 

Working equations.--The electrical double-layer  be- 
tween electrode and electrolyte has, in concentrated 
electrolytes, a thickness of only a few angstroms, and 
therefore follows the micro-contours of the surface. 
The DLC of an electrode is proport ional  to the elec- 
trode-electrolyte phase boundary  and hence to the area 
available for electrochemical reaction. The DLC is 
defined by 

ic = C ] d V / d t ]  [1] 

where ic is the capacitative cur ren t  (A),  C is the 
capacity (farads),  9" is the potential  (V) between the 
electrode mater ia l  and electrolyte near  the phase 
boundary,  and t is t ime (sec). 

For the case where faradaic current  effects are 
negligible, distr ibuted capacity effects give rise to the 
behavior  i l lustrated in Fig. 2 dur ing  a t r iangular  volt- 
age sweep (TVS) experiment  (solid l ine) ;  in the 
absence of distr ibuted capacity effects, a square wave 
is seen (dashed line) which is what  one would expect 
with a solid electrode. Elsewhere (2), it was shown 
that the current  density at the face of a porous elec- 
trode (at x -- L) may be predicted from 

i (L)  _-- flzkC' [2] 

> 

a~ 

E 

t . .  

r  

! 

Time, t 

Fig. 2. Illustration of triangular voltage sweep results in the 
absence of faradaic currents: dashed line, negligible distributed 
capacity effects; solid line, significant distributed capacity effects. 

where 

~ z =  1 - -  e x p  ~ M n  2 �9 / 2 A ]  

.= 1 peC'/., 

Lk Pe 
~b __ -- - -  = Mn tan Mn [3] 

d R~ 
pe = p~ [4] 

and k is sweep rate (mV/sec) ;  C' is capacity (farads/  
cm ~) based on the geometric area, A (cm2), of the 
electrode; L is electrode thickness (cm);  t is t ime 
(sec); p is the specific resistance (ohm-cm) of the 
bulk electrolyte; pe is the specific resistance (ohm-cm) 
of the electrolyte in the pores of the electrode; Re is 
the resistance (ohms) of the bu lk  electrolyte; and ~. 
is the labyr in th  factor. For each value of 4, values of 
Mn can be found from tables (4) listing the various 
roots of the t ranscendenta l  equation Mn tan M n  - -  ~b. 
Clearly, as time decreases, as the electrode thickness 
increases, or as the specific resistance of the electrolyte 
increases, distr ibuted capacity effects become much 
more significant. 

At the reversal  point of the TVS, the current  density 
at the face of the porous electrode was predicted (3) 
from 

i (L)  = ~kC' [5] 
where 

and 

f12 "-- ex [ 
n=I  

[ 2(~2 + M"2) I sin2Mn [5~] 
M.2 (42 + MnS -F~) 

Experimental 
Test ceiL--The electrochemical cell used in this study 

was a 1000 ml  beaker with a U-shaped side arm. A 
coil of plat inum, which was used as the counterelec- 
trade, was sealed into a ground glass joint  and was 
placed in the side a rm of the cell. A top made from 
acrylic sheet, with holes to admit  the test and refer- 
ence electrodes, was used to cover the ma in  compart-  
ment  of the cell. The electrolyte was 31 w/o  (weight 
per cent) aqueous KOH, prepared from 45 w/o re- 
agent grade KOH and distilled water. 

The test electrodes were punched from a sheet of 
sintered, porous silver (99.8% pur i ty) .  The electrodes 
were disk shaped, had a thickness of 0.127 cm, a di- 
ameter of 3.5 cm, a geometric area of 9.65 cm 2, a 
porosity of 62%, and a BET area of 0.18 m2/g. They 
were inserted into an electrode holder similar  to that  
used in a previous study (2). The test electrode was 
but ted against a nickel cur ren t  collector and current  
collection took place at the back of the electrode. The 
holder exposed one face of the electrode to the electro- 
lyte. 

All  measurements  were performed using a Hg/HgO 
(31 w/o  KOH) reference electrode with a Luggin capil- 

lary. The tip of the Luggin was positioned close to the 
surface of the test electrode. 

The cell was assembled in  a constant  tempera ture  
chamber which was used to control the temperature  of 
the electrolyte (_+ I~  

Measurements.--Constant current  measurements  
were made using a d-c power supply and a power re- 
sistance decade box. A Hg-wetted relay was used to 
switch on or in te r rup t  the cell current.  A storage 
oscilloscope with a dual  trace amplifier and a time 
base was used to record potential- t ime traces. A high 
impedance vacuum tube voltmeter  monitored the elec- 
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trode potential. Ohmic polarization, ~ir, was obtained 
using the vertical, b lanked-out  portion of the potential-  
t ime oscilloscope trace when current  was switched on 
or off. 

Tr iangular  voltage sweep (TVS) measurements  were 
performed using a potentiostat in conjunct ion with a 
signal generator. A dual  trace recorder was used to 
record the potential  (test vs. reference electrodes) and 
current  (between test electrode and counterelec- 
trode) as a function of time. From both traces, plots 
of current  and /o r  capacity as a function of potential  or 
time were obtained. 

Results and Discussion 
Figure  3 shows typical data obtained at room tem- 

pera ture  when  the potential  of the test electrode vs. 
Hg/HgO was varied cathodically from 0 to --0.140V at 
a sweep rate of 56.5 mV/sec and then anodically back 
to 0V at the same rate. The curve shows the current  
flowing between the test electrode and counterelec- 
trode as a function of time (top abscissa) and also po- 
tent ial  (bottom abscissa). As the sweep begins, the 
cathodic current  rises in region ab and reaches a p la-  
teau of short durat ion at c before passing through a 
peak at d. After the peak, the current  starts to decrease 
again and at the reversal  point of the sweep, the cur- 
rent  becomes anodic. Some at tempt will  be made to 
explain the na ture  of the various regions in  the 
cathodic portion of the curve. 

Region abc.--To test whether  the delay t ime ob- 
served in  region abc is the result  of a distr ibuted ca- 
pacity effect which can be predicted by Eq. [2], esti- 
mates of the parameters  r L, d, and pe were made to 
calculate ~1, since Pl : ] (~, t/peC'L). The first param-  
eter required was @ = Lk/d. 

The distance between the test electrode and tip of 
the Luggin capillary, d, was determined from ~lir mea- 
surements  which were performed between 71 ~ and 
--50~ Figure 4 shows the variat ion of the effective 
resistance, Re, as a function of temperature,  for an un-  
disturbed position of the Luggin capillary. Also shown 
is the specific resistance of the electrolyte, p (solid 
l ine) .  The results indicate that  for the exper imenta l  
se t -up used, Re ~" 1/10p. Thus, the mean  path length, d, 
can be calculated from d = ReA/p ~ (0.1p) (9.65/ 
p = 0.965 cm; A being the geometric area of the elec- 
trode. 

An  ini t ial  estimate of the labyr in th  factor, ~., was 
made by curve fitting a set of exper imental  points 
found in region abc with calculated values using Eq. 
[2]. In this way, a value of ~. = 2 was found. Since the 
porosity of the electrode, e, was determined from 
porosimeter data to be 0.62, the tortuosity factor, q, 
was estimated (5) using ~. = q/e, to be 1.24. This value 
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Fig. 4. Specific reistance of 31 w/o KOH (solid) and effective 
resistance (points) of electrolyte between the test electrode and tip 
of the Luggin capillary. 

is in reasonable accord with values close to ~/2-found 
for electrodes in fuel cell and bat tery studies. It  will  
be shown later that  the determined value of ~ holds 
quite well for other test conditions (e.g., variat ions 
in sweep rate and temperature) .  De La Rue and Tobias 
(6), in  their  studies on the conductivi ty of dispersions, 
found that  ~. = 1/8% where n -- 1.5. Using e ---- 0.62, a 
value of L : 2.05 is obtained which is in good agree- 
ment  with the value determined experimental ly.  

The value of ~ estimated using Eq. [3] has a value of 
0.27. Taking L = 0.13 cm, ~. = 2, q -- 1.24, d = 0.965 
cm, pe (see Fig. 4) : 1.9 • 2 : 3.8 ohm-cm, C (from 
the plateau region at c in Fig. 3) = 0.45 farads, values 
of t/peC'L were calculated using the values correspond- 
ing to the exper imental  conditions. Thus, values of fl 
as a funct ion of ~/ and t/peC'L were  obtained and the 
current,  i, was predicted from i = plkC. Figure 5A 
shows predicted vs. exper imental  results (region abc, 
Fig. 3) obtained using a sweep rate, k, of 56.5 mV/sec. 

As a cross check on the capacity, C, used in the 
calculations, galvanostatic measurements  performed 
from an open-circuit  potent ial  of --0.038V, using a 
current  density of 31 m A / c m  2, gave an apparent  
capacity C : 0.46 farads, which is in good agreement  
with the 0.45 farads obtained using the TVS technique. 
The oscilloscopic potent ia l - t ime trace was l inear  in the 
potential  range of interest  indicat ing that  effects due 
to faradaic current  in  region abc were negligible. 

Figures 5B, 5C, and 6 show similar results obtained 
using sweep rates of 27.1, 5.6, and 534 mV/sec, where 
the predicted values were based upon a C value ot 

30 

_ 15 
, , (  
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-30 1 

Time (sec) 
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I I | I I 
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! Cathodic ~ I A nodic - - ~ - I  
I I i i i l 
0 -0.05 -0.I0 -0.I0 -0.05 0 

Potential vs. HglHgO (volts) 

Fig. 3. Plot of current vs. potential obtained during a triangular 
voltage sweep at room temperature: k ~ 56.5 mV/sec. 
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Fig. 5. Experimental vs. predicted results obtained in region abc 
at 71~ A, 56.5 mV/sec; B, 27.I mV/sec; C, 5.6 mV/sec. 
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Fig. 6. Experimental vs. predicted results obtained using a sweep 
rate of 534 mV/sec at 71°F. 

0.45 farads; in all the calculations, k ~ 2 was used. For 
the two lower sweep rates, the agreement  between the 
predicted and exper imenta l  results is good. For  the 
results obtained using the fastest sweep rate, k ---- 534 
mV/sec,  the exper imenta l  results deviate f rom the 
predicted values at about 0.11 sec, which in this case 
corresponds to the appearance of ip (region d in Fig. 
3). For  the lower sweep rates, the plateau region at 
c is reached wel l  before ip (region d) occurs. 

Region d . - - In  this region a cathodic current  peak, 
ip, appears at about --0.070V vs. Hg/HgO.  Plots of ip 
vs. sweep rate at 71 ° and --19°F are shown in Fig. 7. 
The plots are linear and have  the form 

ip -~ C t (dV/d t )  

where Ct is a pseudocapacity which is potential  and 
tempera ture  dependent. Results obtained at higher 
sweep rates are not available because effects due to 
distributed reactions, as shown in Fig. 6, gave spurious 
results. The anodic peak was about 30 mV more  positive 
than the cathodic peak indicating the possibility of a 
reversible  process where  the number  of electrons 
t ransferred in the over-al l  process is equal to 2. Mc- 
Mullen (7) found that  with Ag in 1N Na2SO4, a "hump"  
occurred in the same potential  region reported here. 
Veselovsky (8) reported that  for si lver in 0.1N KNO3, 
the point of zero charge occurs in the vicini ty of these 
peaks. Bockris (9) has explained the "hump"  general ly 
in terms of a s imple- la tera l - repuls ion model  of contact 
adsorbing ions within the inner Helmholtz plane. 

Figure 8 shows a composite of seven different 
cathodic sweeps where the start of each sweep was 
at a different potential, but each was run at the same 
sweep rate of 56.5 mV/sec. Included in Fig. 8 are 
apparent capacities, C, calculated using Eq. [I] and 
capacities, C*, based on the BET area of the electrode. 
It appears that  capacity decreases to a min imum value 
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Fig. 7. Effect of sweep rate on peak current (region d) 
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Fig. 8. Plat of capacity vs. potential for porous Ag in KOH at 
71°F. 

at e, before start ing to increase again; the capacity 
based on a BET area varies  f rom a peak value  of 55 
~F /cm 2 at --0.07V to a m in im um  value of 35 ~F /cm ~ 
at about --0.33V. This is in reasonable agreement  with 
results found in the l i te ra ture  for solid silver. It  was 
found that  capacities for solid Ag in 1N Na2SO4 ranged 
f rom 45 to 58 ~F/cm 2 (7) and in 30 w / o  KOH var ied 
f rom 36 to 49/~F/cm 2 (10). 

Low-temperature  e~ects.--The theory predicts that, 
in the absence of faradaic current,  distr ibuted capacity 
effects wil l  give rise to behavior  i l lustrated in Fig. 2, 
where  the upsweep and downsweep results are 
predicted using Eq. [2] and [5], respectively.  The room 
tempera ture  results in Fig. 5A, 5B, and 5C predicted 
the upsweep results qui te  well, but  the downsweep 
results could not be easily checked because of inter-  
ference by ip in region d. To test the model,  measure-  
ments were  per formed ent i re ly  in a region of m in imum 
DLC (region e) by using a smaller potential excursion 
of 50 inV. Also, the test temperature was --51°F, where 
the specific resistance of the electrolyte was 19/1.9 ----- 
I0 times greater than that at room temperature, thus 
making the distributed capacity effects more severe. 

Except for k z 20 mV/sec, p ---- 19 ohm-cm (see Fig. 
4), and C ---- 0.20 farads (obtained experimentally), 
all of the parameters used in Eq. [2] and [5] were 
the same as before, including k ---- 2. The predicted vs. 
experimental results are shown in Fig. 9. The agree- 
ment is seen to be good. 

The results also indicate that the capacity of Ag 
decreases with temperature; in the region of minimum 
DLC, the capacity has a value of 0.20 farads or 21 ~F/ 
cm 2 (based on BET area) compared to a value of about 
35 ~F/cm 2 at room temperature. 

S u m m a r y  a n d  C o n c l u s i o n s  
With porous s i lver  electrodes, dis tr ibuted reactions 

in the absence of faradaic currents  give rise to electrode 
behavior  which is complex, but which can be quant i ta -  
t ive ly  t reated using a mathemat ica l  model  previously 
developed (2, 3). Exper imenta l  results  obtained wi th  
porous Ag in KOH agreed wel l  wi th  predicted values 
at tempera tures  be tween 71 ° and --51°F. The model  
considers the thickness, porosity, labyrinth,  and tor tu-  
osity factors of the porous electrode, the distance be- 
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Fig. 9. Triangular voltage sweep measurements performed in a 

region of constant DI.C (region e, Fig. 8) at - -51°F .  
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tween  the surface of the test electrode and the tip of 
the Luggin capillary, and the resist ivity of the electro- 
lyte in the pores of the porous electrode. 

The capacity of porous Ag was potential  dependent,  
and the values ranged from a peak value of 55 ~F/cm z 
at --0.07V to a m i n i m u m  value of 35 ~F/cm 2 at about 
--0.33V. At --51~ the capacity in the region of mini-  
m u m  DLC was found to be about 21 ~,F/cm2. 

The model enables one to select the  proper experi- 
menta l  conditions to determine DLC free from dis- 
t r ibuted capacity effects. 
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Anodic Polarization Study of Mild Steel in 
NaCI Solution During Electrochemical Machining 

Kao-Wen Mao* 
Electrochemistry Department, Research Laboratories, General Motors Corporation, Warren, Michigan 48090 

ABSTRACT 

A current  in terrupt ion technique was used to study the anode potential  
of mild steel during electrochemical machining (ECM) in NaC1 solution. The 
results show that in the tu rbu len t  region the iron dissolution process is not 
affected by flow rate, but is influenced by NaC1 concentration. Anodic film 
effects were observed when the electrolyte flow is in  the t ransi t ion region. 

Since 1959, when the first commercially available 
electrochemical machining (ECM) device was an-  
nounced (1), considerable effort has been expended in  
s tudying this process. However, because of exper imen-  
tal  difficulty, a meaningfu l  anodic polarization study 
under  actual ECM conditions is still lacking. Anode 
potentials of i ron dissolution in NaC1 at current  den-  
sities less than 8 A/cm2 have been determined by 
extrapolat ing the distance between the working and 
the reference electrode to zero (2). Landolt, Muller, 
and Tobias (3) used a galvanostat ic-pulse method to 
study high-rate  dissolution of copper. The results con- 
cerning active dissolution at cur rent  densities between 
0.01 and 100 A / c m  2 were analyzed. Recently, Landolt  
(4) measured both anode and cathode potentials dur -  
ing ECM of nickel  at cur ren t  densities up to 15 A/cm ~ 
using a current  in te r rupt ion  technique. 

In  this work, a current  in te r rupt ion  technique was 
employed to study the anode potentials dur ing ECM 
of mild steel in  NaC1 solutions at cur rent  densities 
from 5 to 100 A/cm 2. 

Experimental 
Flow cell apparatus.--The ECM experiments  were 

carried out in an electrochemical cell operated at con- 
trolled fluid dynamic conditions. The flow cell ap- 
paratus is shown in  Fig. 1. The electrolyte was con- 
t inuously  circulated by means of a stainless steel 
turb ine  pump. The pump was electrically insulated 
from the motor to avoid a complicated grounding 

* E l e c t r o c h e m i c a l  Society Active M e m b e r .  
K e y  w o r d s :  current interruption, d i s so lu t ion ,  I R  d rop ,  p o t e n t i a l  

decay, sa l t  f i lm.  

system for the cell. The electrolyte flow rate was mea-  
sured by a stainless steel rotameter.  Stainless steel 
diaphragm pressure gauges were employed to mea-  
sure the electrolyte pressures at various positions. All 
pipes, fittings, and valves were made of either s tain-  
less steel or PVC. The electrolyte reservoir had a 
capacity of 8 li ters and was made of acrylic sheet. 

The electrochemical cell consisted of a rectangular  
electrolyte flow channel  0.0508 cm deep (the distance 
between the two electrodes)Z • 0.714 cm wide • 16.5 
cm long formed between two acrylic plates. The cell 
was sealed by means of O-rings and toggle clamps. 
The rectangular  mild steel 2 anode and the brass cath-  
ode 0.0635 cm (in the flow direction) M 0.254 cm, was 
cast into an  epoxy cyl inder  0.635 cm in diameter. The 
electrodes were located 14 cm, or 148 hydraulic  d iam-  
eters, s from the inlet  of the cell to provide ful ly de- 
veloped velocity profiles at the electrodes (5). Teflon 
fittings were used for the purpose of sealing and posi- 
t ioning the electrodes. The reference electrode com- 
par tments  were connected to the cell through capil- 
la ry  holes (0.0254 cm diameter) which were positioned 
near  and upstream from the electrodes. A calomel 
reference electrode saturated with NaC1 was used to 
measure the anode potential. In  the present work, the 
cathode potential  was not measured. 

z T h e  cell  w a s  d e s i g n e d  so t h a t  t h e  d i s t a n c e  b e t w e e n  t h e  t w o  e lec-  
t r o d e s  cou ld  be  i n c r e a s e d  b y  i n s e r t i n g  a p l a s t i c  spacer .  

C o m p o s i t i o n  (o the r  t h a n  F e )  of t h e  m i l d  s t ee l  a n o d e :  C, 0.07%; 
Mn,  0 .4%; P ,  0 .008%; S, 0 .018%; Ni ,  0 .005%; Si, 0 .005%; Co, 
<0.003%. 

3 T h e  h y d r a u l i c  d i a m e t e r  i s  de f i ned  b y  f o u r  c ross  s e c t i o n / w e t t e d  
perimeter. 
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reservoir 

dra, n a g r  r ~T 

ef2 

Fig. !. Schematic of flow cell apparatus. A, anode; C, cathode; 
F, rotameter; G, pressure gauge; O, O-ring; P, turbine pump; Ref. 
I ,  anode reference electrode compartment; Ref. 2, cathode reference 
electrode compartment; T, thermometer; V, needle valve. 

The mild  steel (or brass) electrode was degreased, 
washed, and dried before it was cast into the epoxy 
cylinder. The electrode was polished wi th  a 600-grit 2 
we t  grinding paper  and, before a run, it was t reated 
wi th  6N HCI for 30 sec followed by rinsing with  dis- 
t i l led water.  Reagent  grade NaC1 and distilled water  
were  used to prepare  the solutions. The electrolyte  
was f requent ly  changed to avoid any accumulat ion of 
sludge. Exper iments  were  conducted at 26 ~ • 2~ ~ 1 

Polarization measurements.--A current  in terrupt ion 
technique was used to measure  the IR- f ree  anodic 
potential.  F igure  2 shows the electr ical  circuit  for the 
measurements .  A constant current  was applied to the 
cell by a Sorensen DCR 150-5A constant vo l t age /  0 
constant current  d-c power supply. Before the 
circuit  was closed, the current  passed through a var i -  
able resistor wi th  a resistance comparable  to that  of 
the cell. A Weston mi l l i ammeter  (Model 901) or 
ammete r  (Model 931) was used to measure  the cur-  

C] 
S 

~ relay 

S 

90V 

| 
=- to trigger 

' : i 
Ref [~ J 

to oscilloscope 

cell 

to osdlloscope 

i 

Fig. 2. Diagram of the electrical circuit. A, anode; C, cathode; 
C1, variable capacitor (removable); M, ammeter; Pw, constant cur- 
rent power supply; R1, 1 ohm precision resistor; R2, I~, variable re- 
sistors; ~ resistor; S, switch. 

Fig. 3. Typical results obtained with 4M NaCI at Re ---- 15,500 
and 100 A/cm2; time scale, 20 ~sec/div; curve a, anodic potential 
transient, 5 V/div; curve O, open-circuit potential; curve c, current 
transient, 1 V/div. 

I I I I ~ / ,  
/ 

A 2 M NaCI, Re = 18800 
J (  

o 4 M NaCI, Re = 15500 Af / 

Slope = 0.0335 ohm - c m 2 ~  ~ ~f~" 
~ Slope = 0.0241 ohm - cm 2 

I I I i I 
20 40 60 80 I00 

CURRENT DENSITY (A/cm 2) 

Fig. 4. IR potential drop vs. current density 

I I I I 
8 ~ 2 M NaCI, Re : 18800 ~ 7 

A X 4 M NaCI, Re = 3100 ~ = ~  

O 4 M NaCl, Re = 15SOO / . ' ~  
•  I 

. . -  

y .  y - j -  

~ - 

CURRENT DENS ITY (A/era 21 

Fig. 5./R-free anode potential vs. current density 

rent. A Clare HGS5018 mercury-wet t ed  contact re lay  
was employed to control the cell circuit. The changes of 
the  anode potent ial  and the cell  current  were  ob- 
served on a Tektronix  555 dual -beam oscilloscope wi th  
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Fig. 6. Scanning electron micrographs of the machined surface obtained by ECM. A, 4M NaCI, 75 A/cm ~, Re = 15,500; B, 4M HaCt, 
75 A/cm 2, Re --  3100; C, 4M NaCI, 10 A/cm 2, Re = 15,500; D, 2M NaCI, 75 A/cm 2, Re --  18,800; flow direction t. 

Type G preamplifiers and a t ime scale of 20 ~sec/cm, 
and were recorded on photographic film. The current,  
measured by the voltage drop across a precision 1 ohm 
resistance, was in terrupted after it had passed through 
the cell for 0.6-2.0 sec, depending upon the current  
density used. 4 The photographic picture was enlarged 
ten  times to determine the init ial  slope (dV/dt) of the 
anodic decay curve after the current  was interrupted.  
The IR potential  drop between the anode and the refer-  
ence electrode was determined by l inear extrapolat ion 

i B y  u s i n g  a d i f f e r en t  t r i g g e r  m o d e  and  s lower  osc i l loscope t i m e  
scale,  i t  was  f o u n d  tha t ,  in  t he  p r e s e n t  sys tem,  a s t eady  s ta te  was  
reached  in  less t h a n  0.5 see. 

of the decay curve to zero time (t : 0) since the drop 
is assumed to be instantaneous.  

Results and Discussion 
Figure 3 shows typical exper imental  results. Curve 

a represents the change of the anode potent ial  due to 
the current  interrupt ion.  The current  t rans ient  is 
given by curve c. From curve c, it was noted that  
there was a slight decrease in the current  before it 
was completely interrupted.  This may resul t  from a 
higher resistance of the relay due to the presence of 
a th in  mercury  filament. Various power supplies and 
relays have been tested for this work. So far, the 
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present combinat ion provided the best results. In  this 
report, the exper imental  data are analyzed using the 
steady-state  currents  and the small changes in current  
before in te r rupt ion  are neglected. 

All  data presented in  this report  represent average 
values of two or more runs. The max imum difference 
between the results of different runs  is less than  10%. 

Figure 4 shows the IR potential  drops measured in 
the present  cell in  4M NaC1 at Re = 15,500s (flow 
velocity u = 2000 cm/sec) and in 2M NaC1 at Re = 
18,800 (u = 2000 cm/sec).  The solid straight lines 
which pass through the zero point were determined 
by the method of least squares. Since the ratio of the 
two slopes (or apparent  resistances), 0.0335/0.0241 ---- 
1.39, is comparable to the ratio of the resistivities of 
the solutions, p (2M NaC1)/p(4M NaC1) = 6.69/4.37 = 
1.53 (6), it is believed that  the IR drop determinat ions 
made in  this work are reasonably accurate. Similar  
results were obtained at different flow rates. 

If one assumes that  at the beginning of the open- 
circuit t ransient  the electrode self-discharge process 
has the same rate as that  corresponding to the steady- 
state cur ren t  density (7, 8), then the double layer  
capacitance, C, can be determined by  

i 
C --  [1] 

(dV/dt)  tt=o 

where i is the s teady-state  current  density before the 
current  interruption.  Based on Eq. [1], it is observed 
that  in the present  system the capacitance does not 
vary  with current  density and average values are 
C = 73.4 _ 7.7/~F/cm 2 in 4M NaC1 at Re = 15,500 and 
C = 49.4 __ 4.8 /~F/cm 2 in 2M NaC1 at Re = 18,800. 

The IR-free anode potentials measured in 2 and 4M 
NaC1 solutions at the flow rates ment ioned above are 
shown in  Fig. 5. Apparent ly,  the anode potent ial  is 
l inear ly  related to the current  density. The straight 
lines in  Fig. 5 were d rawn using the method of least 
squares. In  4M NaC1, the l~olarization data can be 
represented by two straight lines with slopes of 0.042 
ohm-cm 9- from 5 to 22.5 A/cm ~, and 0.0665 ohm-cm~, 
from 22.5 to I00 A /cm 2. In  the case of 2M NaCI, a 
single straight l ine with slope of 0.0839 ohm-cm 2 is 
used to fit all the data. Exper iments  were also carried 
out in  2 and 4M NaC1 solutions at Re = 4700 (u = 
500 cm/sec for 2M NaC1 and u = 600 cm/sec for 4M 
NaCl) ;  the results ,are similar to those obtained at 
higher flow rates. 

5 Re  r e p r e s e n t s  t h e  R e y n o l d s  n u m b e r  w h i c h  is  de f i ned  as  t h e  h y -  
d r a u l i c  d i a m e t e r  x f low v e l o c i t y / k i n e m a t i c  v i s cos i t y .  

Electrochemical machining of mild steel in NaC1 
solutions has been studied using a closed cell system 
(9). It  was found that  the anodic current  is main ly  
consumed in iron dissolution (Fe --> Fe + + -{- 2e) al-  
though there is a slight decrease in current  efficiency 
as the cur ren t  density increases. Based on the results 
of this study, it is suggested that  in the tu rbu len t  flow 
region (say Re ~ 4700), the ECM iron dissolution 
process in NaC1 solutions is not  affected by the elec- 
trolyte flow, but  is influenced by NaC1 concentration. 
It should be pointed out that the measured potentials 
shown in Fig. 5 bear no resemblance to common elec- 
trode potentials of a single interface. At the present  
time, there is no evidence which explains the l inear i ty  
of the relationships between the /R-free  anode poten-  
tial and the current  density under  ECM conditions. 
However, it has been suggested (10) that  during ECM 
the process of t ransfer  of ions in the layer near  the 
anode under  the influence of a strong electric field is 
perhaps important ;  an activation control is not l ikely 
because of such high overpotentials.  The dependence 
of potential  on electrolyte concentrat ion seems to re-  
flect the change in conductivi ty of the solution. 

In  Fig. 5, the broken line shows the results obtained 
with 4M NaCI at Re = 3100 (u = 400 cm/sec) .  The 
anode potentials are apparent ly  higher than those 
found at the higher flow rate, and a l inear  relationship 
between the IR-free potential  and the current  density 
is not observed. It  was also noticed that  at this low flow 
rate the data were less reproducible than  at higher 
flow rates. This change in  potential  behavior  may be 
caused by the presence of an anodic film resul t ing 
from the precipitation of the anode product (11) 
which, in turn,  was caused by the reduct ion of the 
flow rate to a value in  the t u r b u l e n t / l a m i n a r  t rans i -  
tion region (12). By studying the surface finish, it was 
found that the surface obtained at R = 8100 (Fig. 6B) 
is brighter than that obtained at Re = 15,500 (Fig. 6A), 
both at 75 A /cm 2. 

It is of interest  to note that  at this low flow rate 
(Re = 3100) the anodic potential  always exhibited 
an arrest after the ini t ial  rapid decay (Fig. 7A). Such 
an  arrest may be caused by the presence of an anodic 
film. Compared with the result  at Re = 15,500 (l~ig. 
7B), the arrest  potential  at Re = 3100 is significantly 
higher. The difference between the two arrest poten-  
tials was found to be proportional to the difference 
between the two IR-free anode potentials which are 
shown in  Fig. 5. 

During ECM of steel in 4iV[ NaC1 at Re = 15,500, 
no arrest was observed at current  densities lower than  

Fig. 7. Anodic potential decay in 4M NaCI at 50 A/cm 2. A, Re = 3100; B, Re = 15,500; time scale, 20 #sec/div; carve a, anodic poten- 
tial transient, 2 V/div; curve o, open-circuit potential; curve c, current transient, 0.5 V/div. 
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25 A/cm 2, and the arrest potential  becomes higher 
as the current  density increases above 25 A/cm 2. This 
indicates that  the change of the slope of the polariza- 
tion curve  shown in  Fig. 5 may be caused by an anodic 
film. Figure 6C shows that the surface obtained at 
1O A/cm 2 is sponge-like, e and is less smooth than  that  
obtained at 75 A/cm 2 (Fig. 6A). The sponge-like sur-  
face is believed to be caused by a high rate of etching 
process. In  the case of ECM in 2M NaC1 at Re = 
18,800, the arrest potent ial  is significantly lower and, 
in  most cases, is not observed. Hence, the anodic film 
effect is not significant, and the polarization curve 
can be represented by a straight line (Fig. 5). Figure 
6D shows that the surface obtained in 2M NaC1 at 75 
A /cm 2 is still etched and is rougher than  that  obtained 
in 4M NaC1 at the same current  density (Fig. 6A). 

From the above discussion it is apparent  that  dur ing 
ECM of mild steel in NaC1 solutions the presence of 
an anodic film, which can affect the surface finish, is 
influenced by the current  density, the electrolyte flow 
rate, and the concentration. However, once in the 
tu rbu len t  region (Re > 4700) the flow rate has little 
effect on the anodic film. The IR-free anode potential  

e B y  x-ray  f luorescence analysis the w h i t e  pa r t i c l e s  seen p r o t r u d -  
i n g  from the surface in  Fig.  6C a nd  6D were  f o u n d  to be r i ch  in  
m a n g a n e s e .  

SCIENCE AND TECHNOLOGY August  1973 

is l inear ly  related to the current  density, and the iron 
dissolution process is main ly  affected by NaC1 con- 
centration.  

Manuscript  submit ted Nov. 6, 1972; revised manu-  
script received March 9, 1973. 

Any discussion of this paper will  appear in a Discus- 
sion Section to be published in  the June  1974 JOURNAL. 
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Natural Convection Within Porous Electrodes 
During Electrolysis 

Richard Alkire* and Roman Plichta** 
Department of Chemical Engineering, University of Illinois, Urbana, Illinois 61801 

ABSTRACT 

Depletion of reactive solute species from interior regions of a porous elec- 
trode dur ing  electrolysis can result  in a density difference between the elec- 
trolyte wi th in  the porous electrode and the bu lk  solution. The density differ- 
ence which may thus arise can in some cases provide the driving force neces- 
sary for na tu ra l  convection flow of electrolyte through the porous electrode. A 
one-dimensional  steady-state theoretical model has been developed to invest i -  
gate system conditions under  which densi ty-dr iven flows may be anticipated 
and to what  extent  these flows can enhance reaction rates. Calculations were 
conducted for three aqueous electrolyte systems: potassium hydroxide, sulfuric 
acid, and copper sulfate in excess sulfuric acid. The theoretical results predict  
conditions under  which volumetric reaction rates may be increased signifi- 
cantly by the occurrence of natura l  convection. The results indicate that  double-  
porosity high-ra te  porous electrodes may be designed within  which electro- 
chemical reaction would occur pr imari ly  in the fine, high surface area, pores 
while na tura l  convection of electrolyte would take place in the larger pore 
structure. 

The widespread usage of porous electrodes has come 
about  in order to achieve large reaction rates per un i t  
volume. Although the interfacial surface area of porous 
electrodes can be exceedingly large, a number  of 
dilemmas arise in the design of these systems. For 
example, upper  l imitations on the effectiveness of the 
large reactive surface can be encountered, such as 
through ohmic resistance of the electrolyte in  the 
pores, or through mass t ransfer  l imitat ions on the 
supply of reactants to the porous region. In  the la t ter  
case of mass t ransport  limitations, it seems clear that 
convection of reactants into the porous electrode is 
superior to diffusion as a mode of supply. Many 
practical systems, however, cannot  afford the price 
or weight of a pumping system. The following investi-  
gation evaluates conditions under  which mass-transport  
l imitat ions may be substant ia l ly  relieved by the occur- 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Me mber .  
�9 * E l e c t r o c h e m i c a l  Soc ie ty  S t u d e n t  Associa te .  
K e y  words:  porous electrode,  natural convection,  mathemat ica l  

mode l .  

rence of na tu ra l  convection flow wi th in  porous elec- 
trodes dur ing  electrolysis. 

The porous electrode s tructure consists of a connected 
matr ix  of electrically conductive solid mater ia l  inter-  
spersed with connected pores totally filled with electro- 
lyte. Electrode reactions take place wi thin  this porous 
matrix. Species may be removed or supplied to the 
porous region either by mass t ranspor t  or by generation 
(or consumption) of species owing to reaction. When 
the availabil i ty of reactive species is hindered by slow 
transport  in the electrolyte wi th in  the pore, concen- 
t ra t ion gradients arise during extended electrolysis. 
As a result  of these concentrat ion gradients, density 
gradients may occur wi thin  the electrode. Hydro- 
dynamic instabilit ies may thus ensue so that  electrolyte 
from the bu lk  would enter the pore, sweeping with it 
"fresh" reacting species. Natura l  convection would 
render  the concentrat ions wi th in  the pore more uni-  
form than  would be observed under  pure diffusion 
operation. 
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Na tu ra l  convect ion owing to densi ty  differences has 
received widespread  attention.  Previous  invest igat ions 
indicate tha t  the na ture  of the  fluid motion depends 
s t rongly  on the or ienta t ion of the  react ive  solid surface 
which bounds the  fluid undergoing convection. Near  
ver t ica l  surfaces, the fluid motion takes  on a boundary  
l aye r  type  of s t ructure  while  near  hor izonta l  surfaces, 
the flow is usual ly  ce l lu lar  in na tu re  and can exhibi t  
mul t ip le  s teady states  (1-7). Mul t i -d imensional  na tu ra l  
convect ion wi th in  an iner t  porous media  has also 
received at tent ion,  both  near  ver t ica l  and horizontal  
solid react ive  surfaces (8-10). The  s tudy  presented  
be low differs f rom previous  studies in tha t  the  porous 
electrode, th roughout  which na tu ra l  convect ion of 
e lec t ro ly te  takes  place, is react ive  and thus contr ibutes  
to the  densification process. Moreover,  the fluid passes 
th rough  the electrode and re turns  to the  ups t ream 
face th rough  an ex te rna l  path.  

The purpose  of this work  is to develop a theoret ica l  
basis for predic t ing  the effect on e lect rode behavior  of 
na tu ra l  convection flow wi th in  the porous media, and 
to eva lua te  condit ions under  which operat ion of dif- 
fus ion- l imi ted  porous electrodes may  be enhanced by  
the occurrence of these flows. 

Mathematical  Development 
A schematic  d i ag ram of the porous electrode system 

under  considerat ion is shown in Fig. 1. The porous 
e lec t rode  is comple te ly  flooded with  l iquid electrolyte,  
and the react ive  species diffuse into the  porous region 
from both sides of the  electrode. There  is no mass 
t r anspor t  resis tance ex te rna l  to the  porous electrode. 
Fur ther ,  the  porous electrode is posi t ioned in a large 
we l l - s t i r r ed  ba th  whose composit ion changes by  negli-  
gible amounts  dur ing  the  per iod of electrolysis.  Thus 
the solute concentra t ion is the  same on ei ther  side of 
the porous e lect rode and remains  constant  dur ing  the 
dura t ion  of electrolysis.  Addi t iona l  detai ls  of the  cell 
geomet ry  have not been included in the  figure since 
they  do not enter  into this s imple analysis  of na tu ra l  
convection effects. The countere lec t rode may  be posi- 
t ioned ei ther  above or below the porous electrode;  
cur ren t  does not  flow around  the  sides of the  porous 
e lec t rode  and en te r  f rom the  rear .  F igure  1 i l lus t ra tes  
two possible s i tuat ions for the case where  the counter-  
e lectrode is above the porous electrode. If, owing to 
densi ty  changes dur ing  electrolysis,  the  fluid wi th in  the 
porous e lect rode becomes l ighter  than  the bu lk  elec- 
t rolyte,  convect ive flow wil l  tend  to occur t oward  the 
countere lec t rode  as indica ted  in Fig.  1A. If, on the  
other  hand, e lec t ro ly te  wi th in  the  porous electrode 
becomes heavier  than  the bu lk  solution, convection 
away  f rom the countere lec t rode wil l  tend  to occur as 
shown in Fig. lB. S imi la r  d iagrams  could be d rawn  
for the  s i tuat ion where  the  countere lec t rode is below 
the porous electrode. 

Since r igorous calculat ions are  not  just if iable for a 
p r e l im ina ry  eva lua t ion  of na tu ra l  convection effects, 
the  fol lowing assumptions  have been  in t roduced:  
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1. The pore s t ructure  is uni form and is sufficiently 
fine tha t  the  electrode behaves  in a one-d imens ional  
manner .  The porous electrode is isopotent ia l  and iso- 
thermal ;  no apprec iab le  s t ruc tura l  changes of the solid 
phase occur dur ing operat ion.  

2. The e lec t ro ly te  is sufficiently di lute  tha t  the t rans-  
por t  pa ramete r s  are  constant,  and activi t ies can be 
replaced  by  concentrations.  Diffusion resistances ex- 
te rna l  to the porous electrode are  negligible.  

3. Densi ty  differences in the fluid are  impor tan t  only 
in the  buoyancy  effect which  is the sole dr iv ing  force 
for  convection. Hydrodynamic  mot ion occurs in plug 
flow and encounters  resistance to flow only wi th in  the  
porous electrode. 

4. A single e lectrochemical  react ion occurs which 
obeys the But le r -Volmer  ra te  equation. 

5. Operat ion in the s teady state prevai ls .  
The preceding assumptions have been chosen in 

order  to focus a t tent ion square ly  on the influence of 
one type  of na tu ra l  convect ion on porous electrode be- 
havior.  

The region represen t ing  the porous electrode extends 
f rom y = 0, near  the counterelectrode,  to y = L, far  
f rom the counterelectrode.  Within  this  region electro-  
chemical  react ion occurs wi th  the s toichiometr ic  form 

~ vi M i  zl : n e -  l l ]  
i 

The movement  of solute species in the e lectrolyte  
occurs by  diffusion, migrat ion,  and  convection 

N i  = - - D i  V c i  - -  zi%ticil ? V~b ~- VCi [2 ]  

Under  s teady-s ta te  operation,  a ma te r i a l  ba lance  for 
each solute species yields 

dNl Avi . 
- - -  3 [3 ]  

dy nF 

where  j is the  local react ion ra te  for species i, g iven 
by  the But le r -Volmer  ra te  equat ion 

anF(~b -- Ce) (1 -- a)nF(~b -- ~be) 

J Ca RT Cc RT 
j : i o  --e - m e  

Ca ~ CC ~ 

[4] 
With use of the Nernst-Einstein equation 

Di 
: [5] 

RT 

one m a y  combine Eq. [2], [3], and [4] to find 

Di dsci ziDiF d ~ - ( d ~ )  dci 
dy ~. RT  dy 

I Ca --anF(~b -- Ce) (1 -- a)nF(~b -- ~be) 1 

Avi io  RT Cc RT 
e m ~ e  

n F  [ Ca ~ Cc ~ 
[6] 

Equat ion  [6] s tates  tha t  solute species wi th in  the  
porous electrode move about  owing to diffusion, 
migrat ion,  convection, and  e lect rochemical  reaction.  
The potent ia l  ~b represents  the  potent ia l  in the solut ion 
phase under  the preva i l ing  (local) concentrat ion,  
whi le  Ce represents  the  potent ia l  in the solut ion tha t  
would  be observed under  equi l ibr ium condit ions at  
bu lk  concentrat ion.  The potent ia l  ~b therefore  includes 
both concentrat ion and act ivat ion overpotent ia l .  

The movement  of charged solute species is res t r ic ted  
in accord with  the r equ i rement  of e lec t roneut ra l i ty  

z i c t  = 0 [7] 

Fig. 1. Electrolysis cell configuration for natural convective flow The convective veloci ty  wi th in  the  porous e lect rode 
in porous electrodes, is based on an empir ica l  balance  be tween  buoyancy  
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forces and viscous forces encountered  dur ing  flow 
through  packed  beds (11), as der ived  in the  Append ix  

gce'rI-i 2 
v = 0.24  ~p [8] 

The dens i ty  dr iv ing  force, ~p, is the  difference be tween 
the  densi ty  of the  bu lk  e lec t ro ly te  and the average  
densi ty  of the  e lec t ro ly te  wi th in  the  porous region as 
de te rmined  f rom the  solute concentra t ion dis t r ibut ions  
( 1 2 ) .  

Equations [6], [7], and [8] are  sufficient in number  
for de te rmin ing  the velocity,  potential ,  and  solute 
concentrat ions th roughout  the e lectrode provided  tha t  
sufficient bounda ry  condit ions are  provided.  At  the 
ex te rna l  surface  near  the  countere lect rode (y = 0) 
the potent ia l  and solute concentrat ions  have known 
values 

C i - -  Ct ~ 

[9] 

At  the r ea r  surface (y = L)  the  concentrat ions  have  
known values  and the cur ren t  densi ty  in the  solution 
is zero 

Ci = Ci ~ 

- - F  2 d ~  ~ z i 2 u i c i - - F  ~ z, Di dci = 0  
d y  1 i dy 

[10] 

Analys is  of the  foregoing set of equat ions is rendered  
more convenient  if the  var iables  are  t r ans fo rmed  to 
dimensionless  quant i t ies  by  defining 

Y 

L 

Ci 
C I - - ~  

Cr 

F 
r : ( r  - -  r  

RT 

vL 

D r  

jAL~ 
J : - -  [11] 

n F c r D r  

Equat ions [6], [7], and [8], which  serve  to define the  
model, then t ake  the forms 

d2Cl d Ci ~-~ -- V - -  
~i ~ + zi~i d---Y- dY 

-- Vl~ ' e -a.~ -- ~ e (1-a).~ [12] 
7a 'Yc 

~ z i C i  : [13] 0 
i 

hp  
V : 0 . 2 4 ~ - -  [14] 

P 

Upon t ransformat ion  to dimensionless  form, boundary  
conditions [9] and [10] become 

at Y = 0: Ci : 'n 

at Y : I :  C i  : ~ i  

[15] 

The dimensionless  pa rame te r s  which appear  in the  
foregoing model  a re  

f o A L  2 

n F c r D r  

rh2gcepL 

~,Dr 
[16] 

cp 

cr 

DI 

Dr 

The two most impor tan t  pa rame te r s  which arise f rom 
the analysis  are  ~ and ~. The quan t i ty  ~ denotes the  
rat io  of diffusion resis tance to charge- t ransfe r  resist-  
ance insofar as it  contains the  rat io  io/Dr. The absolute 
value  of the pa rame te r  ~ denotes the ease wi th  which 
fluid can pass th rough  a porous bed  under  a given 
hydros ta t ic  head. The sign of ~ depends  on both the  cell  
geomet ry  and the direct ion of flow as indicated in 
Table  I. The role which  these  two pa rame te r s  p l ay  in 
de te rmin ing  electrode behavior  wi l l  be discussed care-  
fu l ly  in the resul ts  which  follow. 

Once the  potent ia l  and concentra t ion dis t r ibut ions  
are  determined,  the local react ion ra te  m a y  be  calcu-  
la ted f rom the dimensionless  form of Eq. [4] 

~J  : ~ e -an |  - -  - - e  ( 1 - a ) n ~  [17]  
7c 

where  
i ' L  

R F c r D r  

ALj j - -  
i" 

M e t h o d  o f  S o l u t i o n  
The centra l  p rob lem in the  calculat ional  procedure  

was tha t  the convective veloci ty  can be  de te rmined  
only if the  concentra t ion  profiles are  known, whi le  
the concentrat ions can be ca lcu la ted  only if the  con- 
vect ive veloci ty  is known. A n  i t e ra t ive  procedure  was 
therefore  ut i l ized in o rder  to converge on a solution. 
First ,  Eq. [12] and [13] were  solved s imul taneous ly  
wi th  the convective veloci ty  a rb i t r a r i l y  set equal  to 
zero. Based  on these results,  the  average  dens i ty  of 
the  solut ion wi th in  the porous e lect rode was ca lcula ted  
(12) and a new es t imate  of the convective veloci ty  
was obtained by  Eq. [14]. Wi th  use of the  revised  
velocity,  new calculat ions of concentrat ions  and po-  
ten t ia l  were  obta ined  by  solving Eq. [12] and [13]. 
Once again, the  concentra t ion dis t r ibut ions  were  used 
to genera te  a buoyancy  force and the reby  to obta in  
a new est imate  of the  velocity.  The procedure  was 
repea ted  unt i l  two successive calculat ions of convective 
veloci ty  agreed  wi th in  0.001 dimensionless  veloci ty  
units.  The typ ica l  number  of "outer  loops" requ i red  for 
veloci ty  convergence was seven. 

A t  each s tage in the  i t e ra t ive  process, it  was neces- 
sa ry  to solve the nonl inear  conservat ion equations 
along wi th  the  e lec t roneu t ra l i ty  condition. These 
coupled equations were  first l inear ized about  an ap-  
p rox ima te  solut ion and then pu t  into finite difference 
form. The resul t ing set of t r id iagonal  matr ices  was 
inver ted  wi th  the use of a compute r - implemented  
numer ica l  technique (13). The solution of the  non- 
l inear  p rob lem was then  obta ined  by  i te ra t ion  of the 
approx ima te  solution. Convergence on the  solution of 
the nonl inear  p rob lem was defined by  the cr i ter ion that  

Table I. Interpretation of the sign of ~" 

Placement  of Direct ion of convect ive f l ow  
counterelectrode Upward  Downward  

Above porous electrode ~ < 0 ~ > 0 
Below p o r o u s  e l e c t r o d e  ~ > 0 ~ < 0 
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Table II. Properties of systems under study 

S p e c i e s  z~ w ~/~ l r (  

(a )  A c i d i f i e d  c o p p e r  s u l f a t e :  n = 2 

C u  ++ + 2 - -  1 0 . 1 0  0 . 7 1 8 8  
H +  + 1 O 4 .0  9 . 3 1 2  
S O l  = - - 2  0 2 ,1  1 . 0 6 5  

(b )  S u l f u r i c  a c i d :  n = 2 

H+  + 1 O 5 .0  9 . 3 1 2  
Ok = - -  2 1 2 . 8  1.065 

(c )  P o t a s s i u m  h y d r o x i d e :  n = 2 

K +  + I O 6.87 2 . 0 7 5  
O H -  -- 1 2 6.87 4.15 

! i 

,o' 

two successive calculations of the potential  in the 
solution with the convective velocity set equal to zero, 
agreed to wi thin  0.01%. In  typical  cases, four i terations 
were usual ly  sufficient. It  was found that  equally 
spaced mesh points of size &y ---- 0.01 gave results 
which were essentially independent  of mesh spacing. 
The calculations were conducted with an IBM 360 
computer. A single calculation typically took 4000 
centiseconds of processor t ime and  cost $1.20 per run. 

Results 
Calculations have been conducted in order to illus- 

trate conditions under  which na tura l  convection effects 
may be anticipated. Three types of electrochemical 
systems have been considered: 

(a) Cathodic deposition of copper from an acidified 
sulfate electrolyte, a system for which the physicat 
properties are known with accuracy, has the electrode 
reaction 

Cu ++ + 2 e -  = C u  [18] 

(b)  Anod ic  operat ion of a secondary ba t te ry  elec- 
t rode with sulfuric acid electrolyte has the reaction 

M + SO4 = = MSO4 + 2e-  [19] 

(c) Anod ic  operat ion of  a secondary ba t te ry  elec- 
t rode with potassium hydroxide electrolyte has the 
react ion 

M + 2 OH- = M(OH)2 + 2e- [20] 

The dimensionless parameters  which have been used 
in  describing these three systems, shown in  Table II, 
should permit  evaluat ion of a wide variety of actual 
systems. 

Consider first the acidified copper sulfate system. In  
the complete absence of convection (~ ---- 0), the steady- 
state current  distr ibution depends pr imar i ly  on the 
parameter  ~ as i l lustrated in  Fig. 2. For electrode re-  
actions having large exchange current  densities ( large 
D, reactant  species are consumed pr imar i ly  near  the 
pore entrance so that  the reaction rate  distr ibution is 
highly nonuniform. Even though the counterelectrode 
is positioned on only one side of the porous electrode 
( toward the left of Fig. 2), the reaction distr ibution is 
near ly symmetric about Y ---- 0.5 since ohmic losses in  
the solution phase are small  with respect to the con- 
centrat ion overpotentials which arise. For reactions 
having low exchange current  densities (low ~), current  
tends to be t ransferred more uniformly throughout  the 
pore since diffusional l imitat ions are less severe. 

The results given in Fig. 2 wil l  be altered when 
na tura l  convection occurs. Of course, the convection 
effect will  depend on the orientation of the system with 
respect to the gravi tat ional  field. For the cathodic 
copper reaction, flow of the copper-depleted solution 
occurs in  the upward  direction. In  accord with Table 
I, positive values of ~ therefore imply that  the counter- 
electrode is below the porous electrode so that  flow is 
directed away from the counterelectrode. Conversely, 
negative values of ~ indicate that  the counterelectrode 
is above the porous electrode and flow is toward the 
counterelectrode. Figure  3 i l lustrates the cupric ion 
distr ibution throughout the porous electrode for various 
values of L For the value ~ = 0, the concentrat ion 
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Fig. 2. Current density distributions for various values of ~, acidi- 

fied copper sulfate electrolyte. 
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Fig. 3. Concentration distribution of cupric ions during natural 

convection with several values of ~'. 

distr ibution corresponds to the results of Fig. 2. For 
positive values of ~, the convective flow sweeps the 
cupric ions downstream, away from the counterelec- 
trade, thereby shifting the mi n i mum concentrat ion 
toward the back of the electrode. "Fresh" electrolyte 
is swept in the upstream side, nearest  the counter-  
electrode, and thereby increases the concentrat ion of 
reactive species in that  region. With sufficiently large 
values of .~, the concentrat ion distr ibution becomes 
near ly  uniform; that  is, only negligible concentrat ion 
differences are sufficient to overcome viscous resistance 
and thus cause convective flow. For negat ive values 
of ~, flow is directed toward the counterelectrode so 
that the mi n i mum in the concentrat ion distr ibution 
shifts toward Y ---- 0. 

The effect of convection on the current  distr ibution 
is i l lustrated in Fig. 4 for flow away from the counter-  
electrode. As ~ increases, the reaction rate dis t r ibut ion 
becomes more uni form since concentrat ion overpoten- 
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Fig. 4. Dependence of current density distribution on convective 
flow rate in acidified copper sulfate electrolyte. 

t ial  restrictions are relieved. For extremely large values 
of ~ (negligible concentrat ion overpotential) ,  activa- 
t ion overpotential  tends to force the current  deeper 
into the electrode so that  the reaction dis t r ibut ion is 
near ly  uniform. 

For the acid copper sulfate system, Fig. 5 gives two 
sets of current-potent ia l  curves which correspond to 
the complete absence of concentrat ion gradients (~ = 
o~), and to the complete absence of na tu ra l  convection 
(~ = 0). These two sets of curves provide the boundar-  
ies wi thin  which na tura l  convection can enhance cur- 

rent  output. For example when �9 -- 2.5 and ~ = 1, 
the diffusion-restricted cur ren t  (lower graph) has 
the value # ~- --2; it is seen from the upper graph that  
the value # ----- --16 could be obtained if concentrat ion 
gradients would be relieved. For this example, na tura l  
convection could be expected to increase the diffusion- 
restricted cur ren t  by a factor of ,I, = - - 1 6 / ( - - 2 )  = 8. 
For Ca = 2.5 and ~ ~ 100, the convective effect could 
increase total cur rent  by a factor of ,I, -- - -250/( - -20)  
-- 12.5. The ratio ,I, is called the enhancement  factor 

# w i t h  convection 
~, _ [ 2 1 ]  

#diffusion restricted 

The compilation of many  calculations is provided 
in Fig. 6 for the acid copper sulfate system. The effect 
of ca and ~ on the enhancement  factor is shown for 
two values of ~. It  is seen that enhancement  of per- 
formance is to be expected when  Ca and ~ are large 
(large applied potentials, diffusion restricted opera- 
t ion) and when ~ is large (low resistance to flow). When 
�9 a and ~ have small  values, electrode operation is not 
diffusion controlled so that  concentrat ion gradients 
do not arise. When f has a small  value, the viscous 
resistance to flow is so high that  convection is impeded. 
It is also seen that the enhancement  factor increases 
from uni ty  to an upper  value over a range  of 
which is about two orders of magni tude  wide. 

It  was found that  under  identical  conditions of 
operation, convection away from the counterelectrode 
resulted in a larger total  cur rent  than  convection 
toward the counterelectrode. With flow away from the 
counterelectrode, fresh reactants  are swept into the 
highly reactive zone nearest  the counterelectrode. 
When flow is in  the opposite direction, on the other 
hand, reactants tend to be somewhat depleted by the 
time the solution reaches the (downstream) regions 
near  the counterelectrode; that  is, the electrode regions 
near  the countere]ectrode suffer concentrat ion overpo- 
tent ial  so that the total current  is less. Under  the con- 
ditions ca = --5, and ~ ---- 100, flow away from the 
counterelectrode yielded # values of 619, 715, and 791 
for ~ = 103 , 104 , and 105 , respectively. Under  the 
identical conditions but  with flow toward the counter-  
electrode (negative ~), # took on the values 571, 624, 
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Fig. 5. Predicted current-potential behavior for the acidified cop- 

per sulfate system. Lower graph, diffusion-limited operation; upper 
graph, operation without diffusion restriction. 

W 

W 
0 
Z 

T 
Z 
W 

5 -  

! 
I 

IO 

, I I 

-ioo 

| 
IO 

I0 
IO 

, VELOCITY COEFFICIENT 

Fig. 6. Dependence of current enhancement factor on system 
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and 757. That  is, for flow toward the counterelectrode, 
the current  was 92, 87, and 95% of the current  for flow 
away from the counterelectrode with ~ = 103, 104, and 
105 , respectively. For the range of parameters  con- 
sidered in this work it was found that  the max imum 
effect of flow direction on total cur rent  was less than 
5% for } ---- 1, and ranged between 10 and 30% for 

---- 100. All  enhancement  factor data reported in this 
s tudy are for positive ~ and therefore represent  the 
max imum enhancement  with respect to flow direction. 
From these results it is recognized that direction of 
convective flow is inconsequential  both for low values 
of ~ (no appreciable convection) and for high values 
of ~ (no appreciable concentrat ion var ia t ion) .  How- 
ever, for intermediate  values of ~, corresponding to 
the inflection points in  Fig. 6, the direction of flow may 
influence electrode behavior  significantly. 

Let us apply the foregoing results to a copper sulfate 
system consisting of an electrode of thickness 5 mm 
and specific surface area of 775 cm2/cm 3 void volume. 
Since n ---- 2 g-equiv./g-mole,  F ---- 96,500 coul/g-equiv.,  
Dr ---- 10 -5 cm2/sec, Cr = 10 -8 g-mole/cm~, and io = 
10-~ A / c m  2, one finds } ---- 100. Now proceed to calcu- 
late how large the pores would need to be in order 
that na tura l  convection occur to an appreciable extent. 
Under  an applied potential  of 62.5 mV (~a ----- 2.5), Fig. 
6 indicates that  a three-fold enhancement  of total  cur- 
rent  would be observed if the parameter  ~ has the 
value 10 s. For  an electrode of 35% porosity, ~ _-- 1.3 
X 10 -2 g /cm sec, p ---- 1.1 g /cm ~, one calculates that  
the hydraul ic  radius necessary to achieve the desired 
enhancement  is rh ---- 0.0106 cm. This value is similar 
to that found in industr ia l  reactors containing, for ex- 
ample, graphitized pellets, but  is orders of magni tude 
larger than  the pore s tructure of present-day batteries. 

Figure  7 shows how the current  enhancement  factor 
varies with several system parameters  for reaction 
[19], anodic operation with sulfuric acid electrolyte. 
Although a severalfold enhancement  may occur under  
proper conditions, the enhancement  is not near ly  so 
great as may occur for the acidified copper sulfate 
system. The transference number  of the reacting ion 
is larger in reaction [19] than in reaction [18] with 
the result  that  concentrat ion differences tend to be 
smaller in the b inary  system. If the t ransference num-  
ber  of the reacting ion were one, concentrat ion dif- 
ferences would not  arise at all. Even though natura l  
convection may occur in the sulfuric acid system, the 
concentrat ion overpotential  tends to be a smaller  por-  
t ion of the total overpotent ial  so that  enhancement  is 
limited. Figure 8 provides current  enhancement  data 
for reaction [20], anodic operation of a metal  in 
potassium hydroxide. Enhancement  of diffusion opera- 
t ion by only 40% may be expected owing pr imar i ly  to 
the large t ransference number  of the reacting ion. 

N A T U R A L  CONVECTION IN P O R O U S  ELECTRODES 
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Fig. 7. Dependence of current enhancement factor on system 
parameters for sulfuric acid system. 
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Fig. 8. Dependence of current enhancement factor on system 
parameters for potassium hydroxide system. 

Conc lus ions  

The central  emphasis in the foregoing development 
has been in demonstrat ing operating conditions under  
which na tura l  convection may arise wi thin  porous 
electrode structures. The predictions of the model are 
na tura l ly  restricted by the suitabil i ty of the assump- 
tions which were invoked. In order to deal with specific 
systems, however, several of the assumptions can be 
substant ia l ly  modified without  complicating the over- 
all computat ional  method. For example, a l ternat ive 
forms of the reaction rate equat ion could be employed 
with ease. Also, flux equations for concentrated electro- 
lytic solutions could be used instead of the dilute 
solution equations. On the other hand, if the flow 
resistance of the electrolyte " re turn  loop" is appreci- 
able, more complex modes of na tura l  convection may 
set in within, or near, the porous electrode which could 
not be accounted for by simple modification of the 
present  model. 

Similarily, different boundary  conditions could be 
investigated. For example, the electrolyte at the down- 
stream exterior face of the porous electrode may not 
be wel l -s t i r red with the result  that  the concentrat ion 
there would be the same as that  emanat ing from the 
porous electrode, but  not the same as the bu lk  solution. 
Thus by ignoring back-diffusion at the downstream end 
of the electrode, one would have the condit ion 

dci 
. - - 0  at y - - L  [22] 

dy 

By neglecting diffusion at the downstream end, the 
use of Eq. [22] would result  in greater concentrat ion 
differences wi th in  the porous electrode, thus larger 
buoyancy forces, than  with use of boundary  conditions 
[9] and [10] used in  this study. Therefore it may be 
recognized that  the predictions made in this investiga- 
tion represent  conservative estimates of reactivi ty en- 
hancement  by na tura l  convection. That  is, mass trans-  
fer restrictions external  to the porous electrode (not 
considered in the present  model) will  always act to 
increase the na tu ra l  convection effect above that  esti- 
mated here. 

Enhancement  of diffusion-restricted operat ion by 
na tura l  convection was found to occur in each system 
studied. The extent  of enhancement  was highest for 
the acidified copper sulfate system and lowest for the 
potassium hydroxide system. In genera], one may con- 
clude that na tura l  convection effects would tend to 
arise more easily in those systems in  which the t rans-  
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ference number  of the reacting ion is low. Under  i" 
identical conditions of operation, larger currents  were j 
predicted when the convective flow was directed away J 
from the counterelectrode than toward the counter-  L 
electrode. Mi 

Although na tura l  convection occurs most readily in N~ n 
electrodes of high permeabili ty,  there exists an upper  
permeabi l i ty  above which fur ther  enhancement  will  rh 
not be obtained. On the other hand, efforts directed T 
toward increasing electrode permeabil i ty  can be gen- ui 
eral ly expected to result  in a concomitant  lowering of v 
the specific surface area. As a consequence, diffusional V 
restrictions would become reduced, so that the buoy- Y 
ancy dr iving force for na tura l  convection would be Y 
suppressed. One may therefore anticipate the need for zi 
careful electrode design in  order to achieve a desirable 
balance between high specific surface area and high 
permeabil i ty.  

The foregoing results indicate that  a t tent ion should 
be directed toward development of high-rate double 
porosity bat tery  electrodes wi thin  which electrochem- 
ical reaction would take place pr imar i ly  in the fine, 
high surface-area pores, while na tura l  convection 
would occur in the larger pore structure. The present 
theoretical f ramework could be easily extended toward 
such double porosity systems. 

APPENDIX 

The friction factor for flow through a packed bed 
[Eq. 6.4-1 of Ref. (11)] is defined as 

D p  ( P o  - -  P L )  
f = [A-l]  

4L (1/2) pro 2 

where D,  = bed particle diameter, (Po -- ~L) = 
pressure drop across bed, and vo = superficial velocity 
of fluid, external  to the bed. 

Exper imental  measurements  indicate that over the 
range (Dpp vo/#) (1 -- e ) - I  ~ 10, the friction factor is 

(1  - -  e) 2 75 
] = [A-2] 

�9 3 Dpp Vo 

where e ---- volume of voids per volume of bed. 
The pressure difference which leads to flow is due 

to the difference in density of the fluid wi th in  the pores 
and that outside the pores 

( ~ o  - - ~ L )  = gceL (pbulk __ pavg) [A-3] 

In  addition, the particle diameter  Dp is related to the 
hydraulic radius [Eq. 6.4-4, 5, and 6 of Ref. (11)] by 

(i - -  ~) 
Dp = 6rh ~ [A-5] 

e 

By combining the four equations, one obtains for the 
superficial velocity 

gc e 2 rh 2 
Vo : 0.24 hp [A-6] 

The fluid velocity in the interstices is related to the 
superficial velocity by v = vole. 

SYMBOLS 
A 
Ca 
Cc 
Ci 
Ci o 
Cl 
Cr 
Di 
Dr 
F 

~o 

specific surface area of porous electrode, cm -1 
concentrat ion of anodic reactant, g -mole /cm 3 
concentrat ion of cathodic reactant, g -mole /cm z 
concentrat ion of species i, g-mole/cm 3 
Bulk concentrat ion of species i, g-mole/cm 3 
concentration of species i, el/Or, dimensionless 
reference concentration, g-mole /cm s 
diffusion coefficient of species i, cm2/sec 
reference diffusion coefficient, cm2/sec 
Faraday 's  constant, 96,500 coulombs/g-equiv.  
gravitat ional  constant, 980 cm/sec z 
exchange current  density, A / c m  2 

current  density at pore mouth,  A /cm 2 
local reaction rate density, A / c m  2 
local reaction rate density, ALj/ i ' ,  dimensionless 
thickness of porous electrode, cm 
chemical symbol of species i 
flux of species i, g-mole/cm2-sec 
number  of electrons taking part  in  electrode 
reaction 
hydraulic radius of electrode pores, cm 
temperature,  ~ 
mobil i ty of species i, cm 2 g-mole/joule-sec 
hydrodynamic velocity, cm/sec 
hydrodynamic velocity, vL/Dr, dimensionless 
spatial variable, cm 
spatial variable, y /L ,  dimensionless 
valence of species i 

Greek Characters 
a transfer coefficient in reaction rate equation 

current  at y = 0, i'L/nFcrDr, dimensionless 
"Yi bulk  concentrat ion of species i, Ci~ dimen-  

sionless 
E electrode porosity 
.~ hydrodynamic permeabi l i ty  factor, gcepL/a2#Dr, 

dimensionless 
electrolytic solution viscosity, g/cm-sec 

vi stoichiometric coefficient for species i 
electrode kinetic factor, ioAL2/nFcrDr, dimen- 
sionless 

~l diffusion coefficient of species i, Di/Dr, dimen- 
sionless 
electrolytic solution density, g /cm 8 
potential in solution, V 

~be potential  in the solution under  equi l ibr ium con- 
ditions, V 
potential, F (r -- be)/RT, dimensionless 
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Surface Effects in the Measurement of Range 
Profiles by Oxide Dissolution 

D. Phill ips and J. P. S. Pr ingle*  

Chalk River Nuclear Laboratories, Atomic Energy of Canada Limited, ChaLk River, Ontario, Canada 

Range profiles in anodic t an ta lum oxide have re-  
cently been surveyed (1) by means of a sectioning 
technique (2). Originally, radioactive 19SAu+ was 
chosen as an example of a very heavy ion implant,  
but  the results proved anomalous; the survey was 
therefore completed with 204T1+ and 222Rn+. The 
anomaly with Z9SAu+ was however investigated fur-  
ther, with the results described below. 

Gold-198 was implanted at 40 keV by means of a 
mass separator, and the oxide sectioned by slow dis- 
solution in concentrated HF almost saturated with 
NH4F, according to the procedure described else- 
where (1, 2). Since the range profile for a species 
implanted in amorphous t an ta lum oxide depends only 
on its mass and energy, the range profile for 40 keV 
19SAu+ was expected to be very similar to those for 
40 keV 204T1+ and 40 keV 222Rn+. The lat ter  indi-  
cated that only about 10% of the ini t ial  19SAu+ activity 
should remain  after the removal  of 200A of oxide, yet 
the fraction observed exper imental ly  was over 90%. 
Since thickness measurements  and interference colors 
both indicated that the oxide was dissolving normally,  
the only possible conclusion was that  the gold was not 
dissolving in the HF-NH4F reagent. If it was not dis- 
solving, it could only be present  on the surface of the 
remaining  oxide. 

To prove this, the oxide was exposed for 30 sec to a 
reagent, aqua regia, known to dissolve gold, where-  
upon the activity fell to the expected 10%. (Fig. 1). 
This in terpre ta t ion is only valid, however, if the oxide 
does not itself dissolve in the aqua regia, and this was 
established in separate experiments.  No change ( <  
5A) in  oxide thickness was detected on prolonged 
contact, and when the surface layer was labeled with 
~Na + implanted  at the very low energy of 1 keV, 
no significant fraction of the activity was lost (1). 
Continued sectioning in HF-NH4F, a l ternat ing with 
30 sec t rea tments  in aqua regia, gave the results shown 
in Fig. 1, from which it was obvious that the range 
profile had the expected form. 

Integrated range profiles for implanted 19SAu+ were 
therefore obtained by  means of this two-stage tech-  
nique, and analyzed as error function complements 
using the least squares fitting procedure described in 
Ref. (1). The modal range at 40 keV was found to be 
119.5 ~ 2A, and the s tandard deviation 66.5 +_ O.5A; 
the errors quoted are s tandard errors of the fit, rounded 
to the nearest  0.5A. For comparison, the modal range 
with 40 keV SO4Tl+ was 109.5 --+_ 2A and the s tandard 
deviation 59.5 • 1A; the agreement  is probably  as good 
as can be expected (3). Two range measurements  for 
5 keV 19SAu+ gave 33 • 2A. and 39.5 +_ 1.5A as the 
modal ranges, and 17 • 1A and 21.5 _ 0.5A as the 
s tandard deviations, again in reasonable agreement  with 
the 33 _+ 2A (mode) and 19 • 1.& (standard deviation) 
observed with 5 keV 204T1+. 

* Electrochemical Society Active Member. 
Key words: tantalum, anodic oxide, ion implantation, impurity 

dissolution. 

I t  is clear, therefore, that  implanted 19SAu exposed 
by the dissolution of the oxide has a much greater 
affinity for the retreat ing oxide surface than for dis- 
solution in the stripping agent. Unless this factor be 
taken into account, the measured ranges will be 
spuriously large. Phenomena of this kind have actually 
been observed with the rather  similar sectioning 
technique for a luminum. 

In  this technique (4), a th in  layer of the metal  is 
converted to oxide via anodic oxidation, and the oxide 
is then dissolved in a mix ture  of chromic and phos- 
phoric acids; the metal  surface is thus re-exposed, and 
the process can be repeated. Extensive range profile 
measurements  (5) and channel ing  studies (6) have 
been performed with this technique, using alkali metal  
or noble gas implants,  and the results were in all 
cases excellent. Experience at this and other labora- 
tories has shown, however, that  the same is not al- 
ways t rue for other implants.  Thus the range of cer- 
ta in  fission products, notably lnAg,  appears to be 
anomalously large (7) when  determined by this 
technique, and more detailed studies (8) have con- 
firmed that  this is because very little of the 11lAg 
present  in each a luminum layer  is actually stripped 
from the specimen. 
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Fig. 1. Integrated range profiles for 198Au+ implanted at 40 
keV into anodic tantalum oxide. The dotted line connects points ob- 
tained with a specimen sectioned in the HF-NH4F reagent until 
approximately 200.~ of oxide had been removed; then alternately in 
aqua regia and HF-NH4F. The crosses connected by the continu- 
ous line are experimental points for the specimen analyzed in the 
text; each point was obtained by treatment in HF-NH4F, followed 
by 30 sec in aqua regia. 

1067 



1068 J. Electrochem. Soc.: ELECTROCHEMI C A L SCIENCE AND T E C H N O L O G Y  August  1973 

In  the case of an anodizing and str ipping technique, 
two explanations are possible for the retent ion of a 
part icular  implant.  The implant  may fail to dissolve 
in the str ipping agent, and hence remain  on the speci- 
men  surface, as described here. Alternat ively,  it could 
fail to enter  the oxide at all during the anodization 
process, and thus be segregated on the metal  side of 
the metal /oxide  interface. Rutherford scattering ex- 
per iments  by W. D. Mackintosh are current ly  unde r -  
way in these laboratories to dist inguish between these 
possibilities. 

Very s imilar  observations have been reported re-  
cent ly  (9) in the sil icon/silicon oxide system. Gold- 
198 dissolved in 10% HF was found to deposit on sili- 
con surfaces; after subsequent  thermal  oxidation to 
ll00~ part  of the gold occurred at the oxide surface. 

Manuscript  received Jan. 15, 1973. 

Any  discussion of this paper will appear in a Discus- 
sion Section to be published in the June  1974 JOURNAL. 
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Porous Anodic Aluminum Oxide Membrane 

Alan W. Smith 
Boeing Aerospace Company, Seattle, Washington 98124 

Anodization of a luminum in certain acids causes the 
formation of an oxide near ly  penetra ted by pores 
whose diameter ( in angstroms) is about ten times 
the forming voltage (in volts) (1). Such porous ox- 
ides might be interest ing membranes  for ul trafi l t rat ion 
or reverse-osmosis applications. Burwell  and May 
studied such membranes  (2). However, they did not 
remove the th in  barr ier  layer formed during anodiza- 
tion, and so their membranes  had low permeabilities. 
In  the work presented here, the barr ier  layer has been 
removed and interest ing membranes  produced. 

The method used was to place an  a luminum foil 
between two o-r ings such that  it formed a barr ier  
between two chambers. Different solutions could be 
placed in  either chamber  for anodizing, etching, seal- 
ing, or measur ing osmotic flow. For flow measure-  
ments  a lid, containing conductivi ty electrodes to 
measure salt flow and capillaries to measure liquid 
flow, was placed over the chambers. 

Foils of 0.0005 and 0.002 in. were  used. Anodization 
w a s  carried out from one side in  various chromic and 
sulfuric acid solutions. The most uni form membranes  
were obtained in a 10% chromic ac id - l% sulfuric 
acid solution. Voltages between 10 and 130V were 
used. Penet ra t ion  of the foil by pits was apt to occur 
unless anodization was first carried out at a low volt-  
age, 1V, un t i l  the as-received oxide was removed. 
Uniform membranes  were rare ly  produced if the 
anodizing was allowed to proceed completely through 
the foil. The best membranes  were produced by 
anodization par t  way through and then removing the 
unanodized a luminum by etching from the other side 
in  a 50% HC1, 10-1M CuCI2 solution unt i l  the metal  is 
just  removed. Such membranes  had low values of 
water  and salt permeabil i ty.  

To obtain high permeabi l i ty  membranes  it was nec-  
essary to remove the barr ier  layer which is formed 
next  to the metal  interface dur ing anodization. Since 
the thickness of the oxide between the pores is only 
about  twice that  of the barr ier  layer  (1), it is not 
possible to etch away the barr ier  layer  from the 
porous side without  destroying the whole membrane.  
To remove the barr ier  layer, ei ther an  acid or basic 
solution was put  into the chamber  on the bar r ie r  

Key words: membrane, anodic, aluminum, oxide, porous, 

layer  side, while a buffered solution was placed on 
the porous side. 

Figure 1 is a plot of the water  flow to salt flow 
ratio vs. the water  flow for a number  of samples. 
These measurements  were of the osmotic flow of water  
into a 1M NaC1 solution and the counterflow of salt 
into the pure water. These samples were prepared in 
a var ie ty  of conditions in  an at tempt  to obtain good 
salt rejection and high water  flow. No correlations 
were found between parameters  such as anodizing 
voltage. Only the k ind of etching and sealing was 
significant. Samples were etched wi th  acid solutions 
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Fig. 1. Osmotic flow: water flow/salt flow ratio vs. water flow 
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of various strengths and base solutions below 0.05M. 
In  some cases the samples were part ial ly sealed in 
60~ water  for 1 hr. 

The thing to note about Fig. 1 is that  the acid etch 
did not result  in membranes  with substant ial  water 
flows and good salt rejection (high values of water  
to salt flow). The good salt rejection in some cases of 
acid etch was for t reatments  not expected to remove 
the barr ier  layer  completely. 

Good salt rejection and substantial  water  flow were 
obtained when the samples were given an alkal ine 
etch or when the samples were par t ia l ly  sealed after 
etching. Since the pores of the membrane  are too 
large to reject salt it is not surprising that  sealing 
which par t ia l ly  closes the pores increases the salt re-  
jection. It  is believed that  the alkal ine etch which 
dissolves the oxide rapidly and allows a hydrous oxide 
to reprecipitate also part ial ly closes the pores. It  
seems l ikely that the membrane  is similar to those 
formed by depositing hydrous oxides in porous solids 
(3). 

It  is believed that  the upper  l imit  of water  flow in 
these measurements  is due to concentrat ion polariza- 
tion so that the numbers  given in Fig. 1 for the higher 
flow rates are presumably  on the low side. 

The acid etch should produce membranes  useful 
for ultrafil tration. Pores of 100-1300A in diameter 
should be formed under  anodization conditions used 
here. For reverse osmosis desalination applications, 
an alkal ine etch or part ial  seal is necessary. 

Manuscript  submit ted Feb. 1, 1973; revised m a n u -  
script received March 16, 1973. 

Any  discussion of this paper will appear in a Discus- 
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Electrolytic Synthesis of Some Heavy Metal Tellurides 
M. H. Miles* 

Department of Chemistry, Middle Tennessee State University, MurSreesboro, Tennessee 37130 

and W. S. McEwan 

Chemistry Division, Naval Weapons Center, China Lake, California 93555 

The b inary  semiconductors Pbl -xSnxTe and 
Hgl-xCd.~Te have special interest  due to their com- 
posi t ion-dependent  energy gaps (1). Preparat ions of 
these alloy semiconductors often utilize the individual  
compounds of PbTe and SnTe or HgTe and CdTe (1- 
3). The use of these telluride compounds in the pre- 
parat ion of infrared detectors prompted fur ther  in-  
vestigation into the electrolytic method of synthesis. 
Previous work has defined the conditions for the elec- 
trochemical preparat ion of small quanti t ies  of the 
compounds (4, 5). This work shows that specific 
problems become apparent  when larger preparations 
are attempted. Methods for minimizing these prob- 
lems are discussed. 

Experimental 
All preparat ions were performed in a control led- 

atmosphere (N2 -t- 3% H2) glove box system to min i -  

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  w o r d s :  c a d m i u m ,  lead,  m e r c u r y ,  t in .  

mize unwanted  reactions with oxygen (4, 5). Oxygen 
concentrations are claimed to be less than 1 ppm in 
this system. Electrical contact was made directly to 
both the te l lur ium cathode and the selected metal  
used as the anode. The geometrical electrode areas 
exposed to the solutions were usual ly between 5 and 
15 cm 2. The two electrodes, along with a reference 
electrode (SCE), were positioned in a vessel con- 
ta ining the ammonium acetate-acetic acid pH 4.5 
buffer solution. The anode and cathode were always 
placed as far apart  as the vessel permitted;  the usual 
separation being at least 10 cm. The passage of a con- 
s tant  current  of 100 mA was used to generate the ions 
of the desired compound, which combine and precipi- 
tate from the solution. The rate of s t i rr ing was con- 
trolled magnetically.  

Results 
Table I presents a summary  of results for electro- 

lytic synthesis of tellurides. A critical factor in large- 

Table I. Summary of results for electrolytic syntheses of tellurides 

P r e p a r a t i o n  C o u l o m b s  E l e c t r o d e  w e i g h t  loss  
a t t e m p t e d  Vsol /ATe p a s s e d  (% of  t h e o r e t i c a l )  X - r a y  p a t t e r n  

P b T e  a ~ 5 0  450 103% (Pb)  102% (Te) P b T e  l ines  on ly  
P b T e  50 2060 101% (Pb)  57% (Te)  - -  
P b T e  50 3500 104% (Pb)  45% (Te) P b  a n d  P b T e  l ines  
P b T e  250 5000 101% (Pb)  97.8% (Te) P b T e  l ines  o n l y  
C d T e  b ~ 1 0 0  801 101% (Cd) 97.1% (Te) - -  
C d T e  250 4060 102% (Cd) 99.7% (Te)  C d T e  l ines  o n l y  
H g T e  250 5700 96.7% (Te) H g T e  l ines  o n l y  
S n T e  a ~ 5 0  450 9 8 . 9 ~  (Sn) 97.3% (Te)  S n T e  l ines  on ly  
S n T e  50 7400 89% (Sn)  6 .1% (Te)  M a i n l y  Sn  l ines  
S n T e  c 250 7300 98.3% (Sn) 55.8% (Te) S n T e ,  S~aO2, T e l i n e s  
S n T e  500 5700 94.7% (Sn)  35.4% (Te)  - -  
S n T e  ~ 500 7300 99.0% (Sn)  63.8% (Te)  - -  

a D a t a  t a k e n  f r o m  Ref .  (4). 
A v e r a g e  of  d a t a  f r o m  Ref .  (5). 

e R e a c t i o n  w a s  o b s e r v e d  w h e n  the  d r i e d  s a m p l e  w a s  e x p o s e d  to a i r .  A p p a r e n t l y  t h e  Sn  p r e s e n t  w a s  o x i d i z e d  to SnOe.  
S t i r r i n g  w a s  m i n i m i z e d  to t h e  s l i g h t  a g i t a t i o n  r e q u i r e d  to  p r e v e n t  t h e  t e l l u r i u m  e l e c t r o d e  f r o m  b e c o m i n g  h e a v i l y  c o a t e d  w i t h  p r e c i p i -  

t a t e .  
Al l  o t h e r  so lu t ions  w e r e  v i g o r o u s l y  s t i r r e d  a t  n e a r l y  e q u a l  r a t e s  e x c e p t  f o r  d a t a  t a k e n  f r o m  Ref .  4 w h e r e  t h e  r a t e  of  s t i r r i n g  w a s  n o t  m e n -  

t ioned .  
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scale preparations of PbTe and CdTe was found to be 
the ratio of the volume of the solution used to the sur- 
face area of the te l lur ium electrode exposed to the 
solution (Vsol/Awe). For example, a preparat ion of 
PbTe where Vsol/Awe : 50 showed less than 60% of the 
theoretical weight loss at the te l lur ium electrode. This 
experiment  involved the passage of a constant current  
of 100 mA for 20,600 sec or 2060 coulombs. Upon in- 
creasing the Vsol/Awe ratio to 250 by increasing the 
solution volume, the weight loss at the te l lur ium cath- 
ode increased to 98% of the theoretical. In  this second 
exper iment  5000 coulombs were used. In  both experi-  
ments  the weight loss at the lead anode was 101% of 
the theoretical weight. Analyses of the products by 
x-ray diffraction showed that free, crystall ine lead was 
present in the first preparation, while the powder pat- 
te rn  for the second preparation, with Vsol/ATe = 250, 
showed only the PbTe diffraction lines. Obviously, some 
of the Pb + + ions produced at the anode fail to find 
par tners  for precipitat ion as PbTe and, instead, become 
reduced to the free metal  at the te l lur ium cathode. The 
extent  of this contaminat ion of the PbTe product by 
the free metal  depends upon the Vsol/Awe ratio and 
upon the total coulombs passed. 

Results for the preparations of CdTe were similar to 
those found for PbTe. When a large Vsol/Awe ratio is 
used, the x-ray powder pat tern  shows only the CdTe 
diffraction lines. However, the absence of foreign lines 
in such x-ray analyses indicates only that any con- 
taminat ion  of the product by the free metal  is small  but  
not, necessarily, completely absent. It should be noted 
that the systematic error source found in this work 
was indicated by the statistical tests of preparat ions 
of small  quanti t ies of CdTe reported previously (6). 

Mercury (II) tel luride was convenient ly  prepared in 
large quanti t ies by simply using a mercury  pool, which 
is slowly st irred to expose fresh mercury,  as the anode. 
Although Hg2 ++ is produced initially, the reaction 
Hg2 + + -5 T e - -  ~ Hg -5 HgTe produces the desired 
product (5). Most of the excess mercury  was removed 
from the HgTe by centrifuging. The x - r ay  diffraction 
pat tern  corresponded to that  of HgTe. Although the 
effect of the Vsol/ATe ratio was not specifically investi-  
gated, using a ratio of about 250 gave a weight loss at 
the te l lur ium cathode which was 97% of the theo- 
retical result  for the 5700 coulombs used. 

All attempts to prepare large quanti t ies of SnTe re- 
sulted in a product highly contaminated with free tin. 
Even for Vsol/AWe ratios as large as 500, low weight 
losses at the te l lur ium electrode and large amounts  of 
free t in  in the product were found. Using Te and Sn 
metals with purities exceeding 99.999% gave no sig- 
nificant improvement.  Although a successful electro- 
lytic preparat ion of SnTe in small  quanti t ies is re- 
ported by Panson (4), it is apparent  that  eventual ly  the 
cathodic reaction becomes essentially the reduction of 
Sn + + ions to free tin. 

Discussion 
The probabil i ty  of a metal  ion, such as Pb + +, con- 

tacting the te l lur ium cathode and becoming reduced to 
the free metal  is related to the Vsol/ATe ratio. A larger 
ratio results in a smaller  probabil i ty  and allows a 
longer average t ime for the metal  cation to find a T e - -  
partner.  The T e - -  ions, however, being a soft base, 
will  tend to adsorb strongly to the te l lur ium metal  sur- 
face (6, 7), thus relat ively few T e - -  ions reach the 
anode and become oxidized to free te l lur ium. Experi- 
mental ly,  most of the precipitat ion of the metal  tel- 
luride is observed to occur near  the cathode. Increas- 
ing the area of the te l lur ium electrode will increase the 
n u m b e r  of T e - -  ions adsorbed, hence the probabi l i ty  

of Pb + + ions coming close enough to the cathode for 
the charge- t ransfer  reaction to occur will also increase. 

The problems encountered in the a t tempt  to prepare 
large quanti t ies  of SnTe could possibly result  from the 
gradual  formation of a t in  plate or film on the tel-  
lu r ium electrode. Such a film would result  in the 
cathodic reaction becoming essentially the reduction of 
Sn + + ions. Other metals such as Pb, Cd, and Hg are 
possibly less efficient in forming a film on the te l lur ium 
cathode. A possible solution to this problem would be 
to periodically reverse the current  to oxidize the t in  or 
other metals deposited on the te l lur ium electrode. 

Another  possibility is that a reaction such as 

H + W SnTe W 2e-  ~ Sn -5 H T e -  [1] 

may occur with the SnTe product. The calculated E ~ : 
--1.13V (SHE) for this reaction suggests that such a 
reaction is thermodynamical ly  possible for the experi- 
menta l  potentials of the cathode. However, the stan- 
dard potential  for the PbTe reduction reaction is only 
slightly more negative (E ~ ---- --1.18V) while the stan- 
dard potential  for the HgTe reaction is less negative 
(E ~ ---- --1.03V); yet both the PbTe and HgTe prep- 
arations, unl ike  the SnTe preparation, gave close to 
the theoretical weight loss for the te l lur ium cathode. 

Some st irr ing of the solutions during the synthesis of 
the tel luride compounds is desirable to remove the prod- 
uct which tends to form and collect at the te l lur ium 
cathode. St i rr ing also provides efficient use of the en- 
tire volume of the solution. However, rapid stirring 
will increase the motion of the metal  cation and will, 
therefore, l ikely increase the probabi l i ty  of this ion 
contacting the cathode and becoming reduced to the 
free metal. 

The free metal  present in  the tel lur ide products 
could be removed by uti l izing the differences in  physi-  
cal and chemical properties. For example x - r ay  dif- 
fraction studies showed that adding 1M HNO3 to PbTe 
contaminated with free Pb dissolved the Pb and left the 
PbTe unchanged.  Free mercury  could likely be re- 
moved from HgTe by uti l izing their  different boiling 
points. Impuri t ies  other than  the free metals will  be 
controlled by the pur i ty  levels of the metals used as 
the electrodes and by pur i ty  levels in the ammonium 
acetate-acetic acid buffer solution used. Some elec- 
trolytic purification in this synthesis is possible. A 
highly pure, single crystal l ine tel luride product could 
l ikely be produced from the electrolytic product by 
using liquid te l lur ium as the solvent for crystal growth 
(8). 
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It has been shown in a series of recent reports (1-6) 
that  an unders tanding  of the electrochemistry of the 
processes occurring dur ing the electrochemical ma- 
chining (ECM) operation is desirable for obtaining a 
commercial ly finished product. Good control of dimen- 
sions and geometry, which is required for commercial 
exploitation, is obtained if a potential-dependent ,  pro- 
tective, anodic film is formed on a given metal  in  a 
given electrolyte (1, 2, 6). For a given metal  in a 
passivating electrolyte, the ECM process takes place 
in  the transpassive region (1-3). If, in the transpassive 
region, the anodic film is reduced to a very thin, uni-  
form, porous layer on the anode surface, an electro- 
polishing or br ightening of the surface will be realized 
(4-6). It was found (7) that NaC103 electrolytes gave 
superior results for the machining of steel by ECM, and 
that  the behavior of the actual ECM of a metal  on a 
laboratory ECM machine using NaC10~ solutions cor- 
related very  well with the results of steady-state 
polarization curves obtained on soft iron (8), mild 
steel (2), and fully hardened steel (6) in terms of a 
potential ly dependent,  protective, anodic film. 

Where ECM holds the greatest advantage is in the 
machining of high-strength,  h igh- temperature  alloys. 
Since these alloys contain large amounts  of elements 
other than iron, it is impor tant  to determine how these 
elements influence the properties of the anodic film 
which, in turn, influence the qual i ty of the finished 
product. It  is the purpose of this report to describe the 
results of polarization studies made on seven high- 
tempera ture  alloys and the machining behavior of 
these alloys in  a NaC1Oa electrolyte. 

Experimental 
Small  slugs or pegs were t repanned with the labora- 

tory p lunge-cut  ECM machine shown in Fig. 1 from 
samples of the seven high- temperature  alloys reported 
in Table I in which the composition of each alloy is 
listed. The composition of a mild (Type 1020) steel 
and of a ful ly hardened (Type 5160H) steel is also in- 
cluded. In  all cases, the electrolyte (350g NaC1OJ 
liter) was pumped through the hollow, copper-tube 
cathode (0.25 in. or 0.64 cm, OD) at a rate of 0.5 gpm 
(0.031 l i ter/sec) and the cell voltage remained con- 
stant  at 18.5V dur ing  the course of the plunge cut. 
The feed rate recorded was the highest value which 
could be obtained without  t r ipping the cutoff switch. 

After these slugs were degreased in trichlorethylene, 
washed in acetone, r insed in  distilled water, and dried, 
they were imbedded in polyethylene so that onIy the 
tip of the slug was exposed. The geometrical area of 
the exposed tip of the slug was determined from the 
dimensions obtained with a magnifier and calipers. For 
each run, three such electrodes as checks were mounted 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  w o r d s :  EClVI, a l loys ,  NaC103,  e l e c t r o l y t e s ,  s t ee l .  

Fig. 1. Laboratory ECM plunge-cut machine 

in one side of a two-compartmented Teflon cell (9). A 
saturated calomel reference electrode (SCE) was 
mounted  in the other side which was separated by a 
fine glass frit  from the first. After  the cell was filled 
with the NaC103 solution (350 g/ l i te r ) ,  the system was 
sealed with molten polyethylene. 

Steady-state anodic polarization measurements  were 
carried out on the slugs in O2-stirred NaC1Oa electro- 
lyte with a 61R Wenking potentiostat. Correction for 
the solution /R-drop was not made in the polarization 
data points because current  in ter rupter  measurements  
indicated that at current  densities up to about 10 
mA/ in .  2 (1.5 mA / c m 2) the IR-drop had values less 
than 1 inV. When the current  output of the potentio- 
stat became v i r tua l ly  steady, the potentiostat  was dis- 
connected mechanical ly from the circuit, and a con- 
s tan t -cur ren t  str ipping pulse was applied to the elec- 
trode by means of a mercury-wet ted  relay (10). The 
result ing t ransient  was displayed on an oscilloscope 
and recorded photographically similarly to the meth- 
ods used before (2). From the determinat ion of the 
t ransi t ion t ime of the arrests on the trace (11) and 
the knowledge of the value of the constant current,  
the amount  of charge associated with the anodic film 
formed at the given potential  could be calculated. In  
this way, the amount  of film associated wi th  the sur- 
face of the anode could be determined as a function 
of potential. 

The plunge-cut  samples were sawed in half  to ex- 
pose the sides of the plunged-cut  hole so that an as- 
essment of the qual i ty of the machined surface could 
be made. The trace obtained from the stylus of the 

Table I. Composition of the alloys investigated in weight per cent 

A l l o y  % C % M n  % F e  % S i  % Cr  % Mo % V % T i  % A1 % N i  % N b  % B % Co % W 

1020 0.23 0.3 bal. -- -- . . . . . . . . .  
5160H 0.65 1.0 bal. 0,35 0.9 -- -- . . . . . . .  
H13 0.4 0.4 bal .  1.2 5.5 1.75 1.2 . . . . .  
I nco  901 0.05 0.5 ba l .  0 .35 13 6.0 - -  2,-5 2.0 4 ~  - -  - -  - -  
I n c o  713C 0.12 0.15 1.0 0.4 13 4 .5  - -  0 .6  6.0 ba l ,  2.25 - -  - -  
GMR 235 0.15 0.25 I0 0.6 15.5 5.25 -- 2.0 3.0 ba!. -- 0.06 -- 
A 286 0 .05 1.35 h a l  0 .5  15 1.25 0.3 2.0 2.0 26 - -  - -  
HS 31 0.5 0.5 1.5 0.5 25 . . . .  I0 -- -- bal. 0 
410 0.15 1.0 bal. 1.0 13.5 . . . . . . . . .  

1071 
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Proflcorder 1 shows not only the peak-to-valley rough-  
ness of the surface but  also the profile of the cut. Scan- 
n ing electron micrographs (SEM) of these machined 
surfaces were obtained at several magnifications. 

All  potentials are recorded with respect to the SCE, 
and the temperature  at which the data were recorded 
was ambient.  

Results 
For each alloy, the exper imental  data are presented 

in  a single figure with part  (a) containing the steady- 
state polarization data averaged from three different 
runs on three different anode samples and part  (b) 
showing a plot of the charge, Q, associated with the 
anodic film as a funct ion of potential. Because of the 
difficulty of de termining a true area due to the repeated 
formation and str ipping of the anodic film during a 
given run, the polarization data are plotted as a func- 
t ion of the apparent  current  density, and a roughness 
factor of 10 was assumed in the calculation of values 
of Q. Included in each figure are SEM micrographs 
taken on the side of the plunge-cut  hole at two or 
three magnifications depending on the complexity of 
the pattern.  Finally,  the Proficorder trace obtained 
along the side of the plunge-cut  hole is reproduced 
at the top of each figure. The data for H13 tool steel 
are given in  Fig. 2; for Inco 901 nickel- i ron alloy in  
Fig. 3; for Inco 713C nickel-based alloy in Fig. 4; for 
GMR 235 nickel-based alloy in Fig. 5; for A286 nickel- 

1 G o u l d ,  E1 M o n t e ,  C a l i f o r n i a .  
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chromium stainless steel in Fig. 6; for HS31 cobalt- 
based alloy in Fig. 7; and 410 stainless steel in Fig. 8. 
A plot of the cutt ing rate (feed rate) ,  surface rough-  
ness, and weight per cents of Cr, Ni, and Fe for the 
seven alloys together with Type 1020 mild steel and 
5160H ful ly hardened steel is presented in Fig. 9. From 
Fig. 9, it is seen that  Fig. 2-8 are arranged in  the 
order of alloys of increasing machin ing  difficulty. 

The rms roughness of the surface recorded in Fig. 
9 was estimated from the Proficorder trace by calculat- 
ing 1/3 of the peak-to-val ley value. As noted in Fig. 
2-8, the micropat tern  of peaks is superimposed on a 
macroundula t ion  or long waviness reflecting the sur- 
face profile. The large amount  of long waviness is 
caused by wobble in  the cathode of the laboratory 
ECM machine and could be greatly reduced or elimi- 
nated in a more rugged machine. 

Discussion 
For an alloy which is low in Cr- but  high in Fe- 

content, such as H13 tool steel (Fig. 2), the polarization 
curve is similar to that obtained on soft iron (7) or 
mild steel (2, 6). In  such cases, the metal  is active at 
low potentials but  a protective film is formed on the 
anode surface at potentials of about 0.SV. This film 
begins to dissolve at the beginning of the transpassive 
region at about 1.5V. Such a metal  can be machined 
by ECM at high-metal  removal  rates with good di- 
mensional  control and low surface roughness. For  those 

Fig. 2. a, Steady-state polarization curve for H13 tool steel in O2-saturated NaCIO3 (350 g/liter) solution; b, charge Q, associated 
with the surface film as a function of potenHal; SEM micrographs at (c) 100X magnification and 30 ~ angle of incidence and (d) 5000X at 
300; e, Proficorder trace, x-axis is 0.010 in./div., y-axis is 25 ~in./div. 



Vol. 120, No. 8 ECM OF HIGH-TEMPERATURE ALLOYS 1073 

Fig. 3. a, Polarization curve for Into 901 Ni-Fe alloy; b, Q as f (potential); SEM micrographs at c, 100X; d, 1000X, and e, 10,000X at 
30~ f, Proficorder trace with x-axis, 0.010 in./div, and y-axis, 100 ~in./div. 

Fig. 4. a, Polarization curve for Inco 713C Ni-based alloy; b, Q as f (potential); SEM micrograph at c, 100X; d, 1000X, and e, 10,000X at 
30~ f, Proficorder trace with x-axis, 0.010 in./div, and y-axis, 100 ~in./div. 
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Fig. 5. o, Polarization curve for GMR 235 Ni-based alloy; b, Q as f (potential); SEM micrographs at c, 100X, d, 1000X, and e, 10,000X at 
30~ f, Proficorder trace with x-axis, 0.020 in./div, and y-axis, 100 #in./div. 

Fig. 6. a, Polarization curve for A286 Ni-Cr stainless steel; b, Q as f (potential); SEM micrographs at c, 500X and d, 10,000X at 30~ e, 
Proficorder trace with x-axis, 0.010 in./div, and y-axis 100 ~in./dlv. 
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Fig. 7. a, Polarization curve for HS31 Co-based alloy; b, Q as f (potential); SEM micrographs at c, 100X, d, 500X, and e, 5000X at 30~ 
f, Proficorder trace with x-axis, 0.010 in./div, and y-axis 100 ~in./div. 

Fig. 8. a, Polarization curve for 410 Cr stainless steel; b, Q as f (potential); SEM micrographs at c, 300X and d, 5000X at 30~ e, Pro- 
ficorder trace with x-axis, 0.010 in./div, and y-axis, 25 #in./div. 
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Fig. 9. A ptot of the cutting rate in in./min, the peak to valley 
surface roughness in rms #in., and the weight per cent of Ni, Cr, 
and Fe for the seven alloys studied along with 1020 and 5160H steel. 

alloys rich in Ni bu t  poor in Fe content, such as Inco 
713C and GMR 235, the polarization curve is similar 
to that found (12) on Ni. Here, the metal  is passive 
even at low potential  values (Fig. 4 and 5), and the 
transpassive region begins at about 1.0V. The ma- 
chining rate of these high Ni content alloys is low and 
the surface finish poor. With an alloy rich in both Fe 
and Ni, the experimental  results lie between those for 
soft iron and for pure nickel. An example is A286 stain- 
less steel (Fig. 6) which is passive at low potentials 
but  the transpassive region begins at 1.5V. The ma-  
chining rate is low but  the surface finish is very good. 
Apparently,  the electrochemical properties of the 
anode surface are a function of the electrochemical 
properties of the major  metall ic components of the 
anode material.  

From the data in Fig. 9 it is seen that the machining 
rate falls, in general, as the Cr content  of the alloy 
increases. The polarization curves for the high Cr 
content alloys do not have an active-passive transi t ion 
but  ra ther  reach a sort of l imit ing current  unt i l  the 
transpassive region sets in. This behavior can be in- 
terpreted in terms of an anodic film possessing good 
electronic conductivi ty since photomicrographs of the 
surface in this region show little or no attack of the 
metal  surface and the solution was not colored. 

As CrO4 = ion was added to a solution of KC1, Hoar 
and Evans (13) found that the passivating film on 
iron became th inner  and more protective as the CrO4 = 
content of the electrolyte increased. From tracer 
studies, the composition of the protective film on iron 
in solutions containing CrO4 = ions may be as high as 
25% Cr203 (14). I t  is possible that  the anodic film on 
Cr containing alloy anodes becomes richer in Cr as 
the Cr content of the alloy increases thus impar t ing 
a higher degree of passivity to the protective film. Be- 
cause of the high electronic conductivity of these films, 
the anodic current  is consumed more in O2 evolution 
and less in metal  dissolution; and, consequently, the 
machining rate would diminish with the increased Cr 
content of the alloy. 

In  the presence of a high Cr content, the data of 
Fig. 9a indicate that the machining rate of the alloy 

in NaC103 is increased as the Ni content  of the alloy 
is increased. Possibly, the presence of Ni in  the anodic 
film lowers the electronic conductivity of the film. In  
such a case the current  from O2 evolution would be 
reduced and more metal  would be dissolved for the 
passage of a given number  of coulombs. 

In  the data shown in Fig. 9b, alloys with a high 
iron content are machined in NaC103 with very low 
values of surface roughness but  those with a low iron 
content are machined with high values of surface 
roughness. It is possible that  the high Fe content  al- 
loys (H13, 901, A286, 410) are more homogeneous in 
composition, and the surface grains or domains are 
more evenly dissolved across the surface as noted in 
Fig. 2c, 3c, 6c, and 8c where only a slight gra in-  
boundary  attack is evident. 

In  passing, the data of Fig. 6 and 8 are interest ing 
because they point out the lack of correlation between 
reflectivity and surface roughness. The surface rough- 
ness of both A286 and 410 stainless steel is very low 
(between 2 and 5 ;~in. rms).  However, the machined 
surface of A286 is mirror  bright  whereas that  of 410 
is dull. The SEM micrographs offer an explanation. On 
a microscopic scale (Fig. 8d), the machined surface 
of 410 has a sponge-type appearance and light becomes 
trapped in these cavities. Consequently, the surface 
appears dull  to the una ided  eye. On the other hand, 
the machined surface of A286 (Fig. 6d) suffers only 
from a mild gra in-boundary  attack which does not 
t rap the light; and, as a result, the surface appears 
mirror  bright. 

For  those alloys with low Fe content (713C, GMR235, 
HS31), the surface roughness is very high, and the 
SEM micrographs exhibit  a high degree of hetero- 
geneity in the metal  removed from various parts of 
the surface. In  the case of 713C [Fig. 4 (c-e)] ,  there 
is evidence that one phase is dissolved more rapidly 
than another leaving a rock-pile appearance to the 
surface. The mater ial  at the grain boundaries  is more 
resistant to attack than  the mater ial  of the grains for 
GMR235 [Fig. 5 (c-e)] machined in NaC10~. This 
situation results in a raised network of strands of ma- 
terial spread randomly over the metal  surface. Prefer-  
ential attack of one phase with respect to others is 
indicated in the micrographs (Fig. 7) of the machined 
surface of HS31 in NaC10~, giving a cross-hatched ap- 
pearance to the surface and a very high degree of sur- 
face roughness. 

These data demonstrate that h igh- temperature  al- 
loys high in Fe content  can be machined in NaC103 
electrolytes with excellent surface finish but  the ma- 
chining rate may be low if the Cr content  is high. The 
machining of low Fe content  alloys in NaC10~ yields 
high metal  removal  rates if the Ni content  is high but  
the surface finish is poorer due to preferential  phase 
attack. Consequently, no single universal  electrolyte 
exists which will produce acceptable machining of all 
metals because the ECM properties depend on the prop- 
erties of the anodic film formed in  the given system. 
Since properties of the anodic film formed in a given 
electrolyte differ from metal  to metal, one must  choose 
or tailor the proper electrolyte for the given mater ia l  
which is to be electrochemically machined. 
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Any  discussion of th is  paper  wil l  appear  in a Discus- 
sion section to be publ i shed  in the June  1974 5OUaNAL. 
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ABSTRACT 

The reaction of HC1 with the surface molecules of vapor-deposited PbO 
layers was investigated at different temperatures.  Below about --150~ only 
a surface reaction was measured. This reaction causes a marked decrease of 
the surface area of such layers. Taking this decrease into account, the chemi- 
sorption of HC1 results in a coverage of a monolayer, forming the surface com- 
pound Pb2OC12. As a result  of the chemisorption of H2S at room temperature  
on such layers, two sulfur  compounds with the formulas PbsO3S~C]4 and 
Pb4S~C12 are formed having optical absorption edges of, respectively, 1.70 and 
1.30 eV. 

It has been shown previously (1) that the adsorption 
of H2S oil vapor-deposited PbO layers, at adsorption 
temperatures  below --120~ leads to the replacement 
in steps of the oxygen atoms by sulfur atoms. This 
results in a coverage of the PbO surface of about 0.25, 
0.5, and 1 monolayer, forming surface compounds with 
bandgaps of, respectively, 1.45, 1.05, and 0.80 eV. 

With chemisorption of HBr on vapor-deposited PbO 
layers at --160~ it was found that half  of the oxygen 
surface atoms were replaced by twice the number  of 
bromine atoms, result ing in the formation of the sur- 
face compound Pb2OBr2 (2). The oxygen atoms in this 
compound could be replaced not only by other bromine 
atoms but  also by sulfur atoms. In the lat ter  case the 
surface compound PbsO3S3Br4 was formed. 

In  this paper the results are given of investigations 
concerning the behavior of HC1 on the surface of 
vapor-deposited PbO layers and of H2S on layers pre-  
viously treated with HC1. 

Experimental Techniques 
The adsorption of HC1 at the surface of tetragonal  

lead monoxide was investigated on vapor-deposited 
PbO layers, prepared in the usual way (1, 3). 

These layers consist of crystallites in the form of 
platelets and are oriented perpendicular  to the sub- 
strate surface (4). The structure of tetragonal PbO 
can be described, according to Dickens (5), as a sand- 
wich s t ructure  containing a plane of oxygen atoms 
flanked by two planes each containing half the num-  
ber  of Pb atoms. The lone pairs of electrons of the 
lead atoms hold the sandwiches together by van der 
Waal forces. Assuming that this also occurs in our 
vapor-deposited PbO layers, the surface density of 
lead and of oxygen atoms is 1.25 �9 1015 cm -2 (6, 7). 
On an adsorption apparatus the surface area of the 
PbO layers was determined at --195~ using krypton 
with the wel l -known BET method (8). These layers 

Key words :  chemisorp t ion ,  sur face  c o m p o u n d  fo rmat ion ,  pho to -  
conduc t iv i ty ,  adsorp t ion ,  phosphors ,  lead monox ide .  

have a specific area of about 50 m s g-1 and a porosity 
of 50%. The mean  space between the crystal plates 
is 5 nm. The dimensions of the platelets are approxi-  
mately 2 • 0.5 • 3.5 �9 10 -3 #m. These properties of 
the layer make it possible for the gas molecules to 
penetrate readily into the spaces throughout  the en- 
tire thickness of the layer. 

After  the determinat ion of the surface area, adsorp- 
tion experiments were carried out at different tempera- 
tures. Some PbO layers were treated with HC1 at 
room temperature,  and the adsorption of HC1 was 
found by measuring the change of the HC1 pressure as 
a function of the adsorption time. The water  l iberated 
during this reaction was frozen out by cooling part  
of the system to --95~ with mel t ing acetone. 

During the adsorption of HC1 at very low tempera- 
tures, as for example --160~ there was a physical 
adsorption of HC1 in  addition to a fast chemisorption. 
The amount  of physically adsorbed HC1 could be 
readily desorbed by cooling another part  of the system 
with liquid nitrogen. The change in  surface area as 
a result  of the HC1 chemisorption and the reactivity 
of H2S for these layers were also investigated. 

For  optical measurements  on these layers, the win-  
dows with the PbO layers were separated from the 
tubes. The optical absorption spectra were determined 
with the aid of a Beckman Instruments ,  Incorporated 
DK 2 A spectrophotometer using a special integrat ing 
sphere accessory. The total (diffuse and  specular) re-  
flection spectra, R, and total t ransmission spectra, T, 
were measured, i l luminat ing  the layers with normal  
incident light. 

After f ractur ing the PbO layers the depth of pene- 
t rat ion of the HC1 and the H2S into the PbO layers 
was investigated under  a microscope. This was pos- 
sible because as a result  of the H2S adsorption the 
color of the PbO layer was changed. 

Adsorption Results 
The chemisorption of HC1 on a PbO layer was mea- 

sured as a funct ion of the adsorption t ime at different 

1078 
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Fig. i. Chemisorption of HCI on the surface of a PbO layer at 
~20~  and at --95~ expressed in terms of monolayers (Sffcz), as 
a function of the adsorption time. 
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Fig. 3. Total surface area of PbO layers expressed in percentage 
of the total original surface area, plotted vs. the total amount of 
adsorbed HCI for: I, a PbO layer treated several times with HCI at 
--160~ and after each treatment warming up to room tempera- 
ture, and II, PbO layers after one adsorption step of HCI and with 
a coverage less than 0.75. 

temperatures .  The results of these measurements  are 
given in Fig. 1 for two temperatures.  It is seen from 
this figure that, after an adsorption t ime of 25 rain, 
an HC1 adsorption at +20~ gives rise to a coverage 
of more than  5 monolayers,  whereas  at --95~ a cover-  
age of only 1.5 monolayers  is obtained in the same 
time. The initial rate of adsorption at 20~ is s lower 
than at --95~ as a result  of the desorption of water  
vapor  at 20~ through which the supply of HC1 in 
the pores is hindered. Monolayer  adsorption is under-  
stood as an adsorption of one gas molecule per PbO 
surface molecule. Af ter  the adsorption of about one 
monolayer  the adsorption veloci ty strongly depends 
on the adsorption temperature .  At room tempera ture  
the pressure of the HC1 decreased from 1 Torr to about 
10 -1 Torr  as a resul t  of the adsorption. 

At --160~ both a fast chemisorpt ion and a physical 
adsorption were  measured. The HC1 pressure now de- 
creased to less than 10 -4 Torr. The amount  of physi- 
cally adsorbed HC1 could be readily desorbed by cool- 
ing part  of the system with  liquid nitrogen. The chemi- 
sorption resulted in a coverage of about 0.75 of a 
monolayer,  independent  of the excess of HC1. This 
value of the coverage was also found with  a chemi- 
sorption at --183~ 

It  appeared that  a PbO layer  t rea ted with  HC1 at 
--160~ to produce a coverage of 0.75 of a monolayer  
could adsorb a new quant i ty  of HC1 at --160~ if 
the tube was first warmed  up to room tempera tu re  and 
then cooled again to --160~ This procedure could be 
repeated several  times, as is represented in Fig. 2 in 
which the dots on the graph indicate the result  of 

such a procedure. These coverages were  calculated on 
the basis of the original  surface area. 

The results of these measurements  suggest an inter- 
change of chlorine ions from the surface layer  with 
the oxygen of the under lying layers during the warm-  
ing up of the tube to room temperature .  At the next  
adsorption step at --160~ the HC1 can react again 
with  the PbO surface molecules thus newly formed. 

The  surface area was also measured  after each ad- 
sorption step. The results of these measurements  are 
g iven in Fig. 3. In our opinion the small  decrease of 
the surface area is caused by a recrystal l izat ion as a 
resul t  of the diffusion process. Extrapola t ion of the 
straight line (I) in Fig. 3 to zero coverage suggests 
that  at low degrees of coverage another  recrystal l iza-  
tion process occurs. Therefore  the change of surface 
area was measured on a number  of PbO layers t reated 
at --160~ with less than 75% of a monolayer  HC1. 
The results are also g iven in Fig. 3. With these cover- 
ages, we see a strong decrease of the surface area, 
which is l inear ly  dependent  on the coverage of the 
chemisorbed HC1. This decrease in surface area al- 
ready occurs during chemisorption and not during the 
warming  up of the tube to room temperature .  This 
was determined by cooling some tubes to --195~ di- 
rect ly after  the chemisorption of HC1 at --160~ at 
which tempera ture  the surface area was measured 
once again. 

To find out if the HC1 was built  up homogeneously 
or inhomogeneously across the layer, the fol lowing 
exper iments  were  made. 

A number  of PbO layers were  t reated at --160~ 
with different quanti t ies of HCI. Then, H2S was added 
to each of these layers at room temperature .  Af te r  
this the layers were  broken and examined under  a 
microscope. We see that  as a result  of the chemisorp-  
tions the first part  of the layer  was deep-red colored, 
followed by a black part, whi le  the remaining part  
re tained its original  yel low-orange color. A photograph 
of such a layer  is g iven in Fig. 4. 

Fig. 2. Chemisorption of HCI on the surface of a PbO layer at 
--160~ vs. the number of processes (N) .  Each process consists of 
cooling to --160~ adsorbing HCI, and warming up the layer to 
room temperature. 

Fig. 4. Photograph of a PbO layer in which the large light- 
colored part is treated with HCI to a coverage of 0.60 and with H2S 
to a coverage of 0.60, the dark part being treated with a monolayer 
of H2S only, the small light part being the uncovered part of the 
layer. 
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It is known that  a PbO layer  t rea ted with H2S at 
room tempera ture  becomes black colored (1). So we 
conclude that  the red color is caused by the successive 
adsorption of HC1 and H2S, and that  the HC1 was built  
up inhomogeneously across the PbO layer. 

To get  an impression about the coverage of the HCI sample 
(0He1) as a function of the depth of penetrat ion into No. 
the PbO layer, and of the coverage of the H2S on 8 

1 20.6 thus t reated layer  (0H2S Hcl) a number  of PbO layers 2 29.5 
were  t reated in the above described way. The amount  3 29.6 
of H2S (QH2s) was such each t ime that  the depth of 4 38.0 

5 38.1 
penetrat ion of the I-I2S into the PbO ]ayer (DH2s) 6 49.4 

7 50.4 was greater  than that  of the HC1 (DHcl). During the s 52.2 
H2S adsorption water  was liberated. No desorption of 9 55.5 
HC1 or C12 was measured in any of the H2S processes. 

The Oaci was calculated f rom these data as we l l  as 
the known values of the adsorbed amounts  of HC1. 

From previous exper iments  (1) we know that  the 
OH2s of a PbO layer  is about 0.90, therefore  the cover-  
age of H2S on the part  of the layer  covered with HC1 sample 
could also be calculated using the formula  No. 

QH2S ---- Q1 + Q 2  [ 1 ]  
1 53.1 
2 44.5 where  Q1 is the amount  H2S adsorbed on the par t  of 3 52.4 

the layer previously covered with  HC1 and Q2 is the 4 54.4 
amount  of H2S used for the part  covered with  H2 S only. 5 53.1 

6 53.8 
When Q is the amount  of H2S to cover the whole 7 55.5 

PbO layer  wi th  one monolayer  then 8 52.2 
9 54.4 

o r  

QH2S DHcl DH2S -- Dncl 
--" 0H2S HC1 ' -~ 0H2S [2] 

Q D D 

D Q H 2 S  DH2S -- DHCI 
0H2S HC1 -- 0H2S [3] 

DHcl Q DHCI  

where  D is the total layer  thickness. 
The results are given in Table I. We see that  the 

0HCl is independent  of the depth of penetrat ion and is 
about 0.60, and that  the 8H2S HC1 is about 0.60. This 0HCJ 
is different f rom the coverage found by adding at 
--160~ an excess of HC1 at which the coverage is 
about 0.75. This means that  the chemisorption of HC1 
on PbO layers at --160~ takes place in two steps, the 
first resul t ing in a coverage of 0.60 and the second 
making the coverage up to 0.75. 

The change in surface area of the  part  of the layer  
covered with  HC1 (0HCI ~--- 0.60) can be calculated, 
assuming that  the uncovered part  does not undergo a 
change in surface area. 

We can now calculate also the coverage of HC1 on 
the basis of the newly  formed area. This calculation 
results in a ORcl' of about 1.0, assuming the same den-  
sity of Pb a toms/cm 2. The results are given in Table 
II, in which A'/A (column 4 of Table II) is the ratio 
between the surface area of the covered part  of the 
layer  (A') and that  of the same part  of the layer  be- 
fore HC1 had been adsorbed (A).  

These results suggest that  half  of the amount  of 
oxygen from the PbO surface molecules is replaced 
by chlorine, forming Pb2OC12 according to the reac- 
t ion equation 

2PbO + 2HCI-~ Pb2OCl~ -5 I~,~0 

To get a more accurate  determinat ion of the adsorption 
of H2S as a function of the depth of penetra t ion into 

Table II. Change of surface area of PbO layer on which HCI is 
absorbed 

A m o u n t  of To ta l  su r face  
HC1 adso rbed  a rea  a f t e r  HC1 A" 

at  -- 160~ adso rp t ion ,  in  
in  % of a % of the  o r i g i n a l  A 

m o n o l a y e r  sur face  area (%) ~HCI' 

85.2 57.1 1,05 
81.9 63.0 0.95 
79.5 59.0 1.02 
76.8 62.5 0.96 
73.0 58.0 1.03 
71.2 64.5 0.93 
66.9 63.7 0.94 
67.7 63.0 0.95 
64.0 61.2 0.98 

Table III. Depth of penetration of H2S on HCl-covered PbO layer 

A m o u n t  of A m o u n t  of 
HCI a d s o r b e d  H2S a d s o r b e d  

a t  --160~ at  +20~  D e p t h  of 
in  % of  a in  % of a p e n e t r a t i o n  

m o n o l a y e r  m o n o l a y e r  of H~S (%) ~H2sHCI 

5.5 13 0.41 
11.6 27 0.43 
15,2 35 0.44 
20.1 43 0.46 
25.5 53 0.48 
30.0 61 0.49 
35.7 69 0.52 
41.4 78 0.53 
43.2 81 0.53 

a PbO layer  covered with  HCI, a number  of PbO 
layers were  t reated with  HC1 to a coverage of 0.60 at 
--160~ Different quanti t ies of H2S were  then added 
to each of these layers at W20~ The depth of pene- 
t ra t ion of H2S into these layers was determined under  
a microscope after  the layers had been fractured.  This 
procedure  of determining the depth of penetra t ion is 
possible because of the sharp color  boundary  in the 
layer  owing to the deep-red color of that  part  of the 
layer which is t reated wi th  HC1 and H2S while  the 
rest of the layer, which is t rea ted with  HC1 only is 
yel low colored. F igure  5 is a photograph of such a 
layer. The results of these measurements  are given in 
Table III  and Fig. 6. It  is seen tha t  the  mean  coverage 
of H2S (~i~2s He1) of a PbO layer  t rea ted in this way  is 
greater  the deeper the depth of penetrat ion.  

F rom a determinat ion  of the surface area of layers 
t reated in this way it was found that  the fur ther  de- 
crease of the surface area of the part  that  was t reated 
with H2S was about 10%. 

Optical Results 
The results  of the adsorption measurements  suggest 

that, in the case of H2S chemisorpt ion at +20~ on 
a PbO layer  covered with  about 60% HC1 at --160~ 
more than one surface compound is formed. To obtain 
more information about this mat te r  we carried out 
some optical measurements .  Special  care had to be 
taken to ensure that  the depth of penetra t ion of the 
H2S was not larger  than that  of the HC1, for otherwise 
we would have measured  the optical absorption spectra 
of a surface compound created by a react ion of PbO 
with  H2S only (1). 

Table I. Coverage of H2S of part of PbO layer covered with HCI 

A m o u n t  A m o u n t  
of HC1 of  H ~  

a d s o r b e d  adsorbed 
S a m -  a t  -- 160~ a t  + 2 0 ~  D e p t h  of  D e p t h  o~ 

p ie  in  % of a in  % of a p e n e t r a t i o n  p e n e t r a t i o n  
No. m o n o l a y e r  m o n o l a y e r  HC1 (%) 0He1 of H ~  (%) 0H2snOl 

1 10,3 31.0 18 0.59 41 0.58 
2 14.9 30.3 25 0.60 43 0.58 
3 22.6 28.9 41 0.55 48 0.55 
4 29.5 39.5 54 0.55 65 0.55 
5 35.3 44.6 61 0.58 72 0.57 

Fig. 5. Photograph of a PbO layer in which the dark part is 
treated with HCI to a coverage of 0.60 and with H2S to a cover- 
age of 0.50. The rest of the layer is only treated with HCI to a 
coverage of 0.60 of a monolayer. 
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Fig. 6. Coverage of H2S adsorbed at + 2 0 ~  on a PbO layer pre- 
vioasly treated with HCI at --160~ vs. the depth of penetration 
(D) of H2S into the PbO layer, expressed in percentages. 

What interests us par t icular ly  is the wavelength at 
which the optical absorption of these layers becomes 
small  and u l t imate ly  drops to zero. 

In  de termining the absorption spectra one has to 
bear in mind  that  these vapor-deposited PbO layers 
scatter the incident  light ra ther  strongly. The form 
of the crystalli tes makes it impossible to handle  the 
scattering rigorously. Therefore one has to fall  back on 
the phenomenological  reflection theory of Kubelka  and 
Munk  (9), on the basis of which Matzinger (1O) shows 
that  the optical absorption (A) in  the bandgap re- 
gion can be approximated by 

I-R-T = A = [4] 

1 +  = + ~ + ~ - a D ( = + 2 ~ ' )  D 

where  R is the to ta l  ref lect ion spectrum, T the to ta l  
t ransmiss ion spectrum, D the layer  thickness, a the 
absorpt ion coefficient, and ~ the K u b e l k a - M u n k  scat- 
te r ing  coefficient. Expression [2] is valid for aD(aD 
+ 2~D) not exceeding one. 

The product ~D can be estimated from the reflection 
spectrum. For our layers it is general ly  somewhat 
smaller  than  one. Therefore, in the region of the band-  
gap (~D << I) the term ~D(~D + 2aD) is also <.< I. 
Hence expression [2] reduces to simply 

1 + ~ D  
A = aD = aD [5] 

1 +~rD 

The optical absorption as a funct ion of the wavelength 
can be calculated from the total reflection and total 
t ransmission spectra. In  Fig. 7 the total  reflection and 
total t ransmission spectra are given for a PbO layer  
treated with HC1 to a coverage of 0.55 at --160~ 
(curves 1), for a PbO layer treated with HC1 to a 
coverage of 0.55 at --160~ and with H~S to a cover- 
age of 0.25 at +20~ (curves 2), and for a PbO layer 
treated with HC1 to a coverage of about 0.60 at --16O~ 
and with H2S to about 0.10 at --125~ (curves 3). 

The deviation of the reflection curve of 3 is caused 
by the difference in  substrate temperature  dur ing  the 
preparat ion of the layers. The dimensions of the crys- 
tallites of layer 3 are smaller  than  those of layers 1 
and 2 because the specific area of this layer is 75 m 2 
g-1. Figure  8 shows the superimposed spectra (T + 
R) of these layers, while Fig. 9 gives the square root 
of the absorption of these layers vs. h~. An A 1/2 which 
is l inear ly  dependent  on photon energy is character-  
istic of indirect energy gap media. For very  small  
values of A deviations from the straight line show up. 
This absorption tail  is always found in our vapor- 
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Fig. 7. Total reflection spectra {R) and total transmission spectra 
(T) as a function of the wavelength of the incident light, denoted 
by i ,  for a PbO layer treated with HCI to a coverage of 0.55 
(sample 1 of Table IV), by 2, for a PbO layer treated with HCI to 
a coverage of 0.55 and H2S to a coverage of 0.25 (sample 6 of 
Table IV), and by 3, for a PbO layer treated with HCI to a cover- 
age of 0.60 and H2S to a coverage of 0.10 (--125~ (sample 9 
of Table IV). 
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Fig. 8. Superpositian of the total transmission and total reflec- 
tion spectra (T 4- R) as a function of the wavelength of the inci- 
dent light, 1 being used to denote sample 1, 2 to denote sample 6, 
and 3 to denote sample 9 given in Table IV. 

deposited PbO layers and is probably  caused by im- 
purities. After  subtract ion of this tail  from the absorp- 
t ion curve a square root dependence of the absorption 
on the photon energy is shown in Fig. 9b for samples 
1 and 3. In  the case of H2S adsorption at room tem- 
pera ture  on an HCl-covered PbO layer, the absorption 
spectrum consisted of two branches. After  l inear  sub- 
traction the square root of the values of the absorp- 
t ion was plotted against the photon energy, as is 
shown in Fig. 9b for sample 2. 

Table IV gives the results for a number  of layers 
treated in the normal  way, and for the ones subjected 
to an H2S t rea tment  at low temperatures.  All  the lay-  
ers treated with HC1 and H2S were found to have a 
bandgap of about 1.70 eV; besides this bandgap the 
layers treated in the normal  way showed a bandgap 
of about 1.30 eV. The lat ter  va lue  was not  found if 
the H2S t rea tment  took place at temperatures  below 
--80~ In  the case of an HC1 t rea tment  only, an ab- 
sorption edge of 1.91 eV was found. Compared with 
measurements  on single crystals of te tragonal  PbO, 
which gives an absorption edge of 1.94 eV (11), these 
results suggest that  the value of 1.91 eV has to be 
ascribed to te tragonal  PbO. 
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~hYkV) 
Fig. 9. a. The absorption spectra of sample 1 (curve I) sample 6 

(curve 2), and sample 9 (curve 3) of Table IV, vs. hr. b. The above 
absorption spectra after subtraction of an absorption tail always 
found in vapor-deposited PbO layers and probably caused by im- 
purities. 

Conclusions 
From the adsorption measurements  of HC1 on a PbO 

layer at --160~ we found a 0Hcl of 0.75; the same 
value of the coverage was found at l iquid oxygen tem-  
perature. At higher temperatures  this value was not 
constant  but  depended on the HC1 pressure dur ing the 
reaction and on the adsorption time. We may conclude 
that at temperatures  below --150~ there is only a 
surface reaction, whereas at higher temperatures  there 
is in addition a reaction of the HC1 with the under ly-  
ing PbO layers. However, it was possible to chemi- 
sorb more HC1 at --160~ by repeat ing this chemisorp- 
t ion process after warming  up the sample to room tem- 
perature. So there must  be an interchange of the 
chlorine of the first layer wi th  the oxygen of the sec- 
ond layer. From surface area measurements  we may 
conclude that  this process is accompanied by surface 
recrystallization. 

F rom the adsorption measurements  of H2S on PbO 
layers treated with different amounts  of HCI at 
--160~ we may conclude that  0HCl ---- 0.60, which is 
independent  of the depth of penetra t ion of HC1. If the 
whole layer  is covered to a degree of 0.60, the chemi- 
sorption of HC1 at --160~ increases to a coverage of 
0.75. So chemisorption of HC1 on PbO layers at --160~ 
takes place in  two steps. 

Table IV. Bandgap energy of PbO layer 

A m o u n t  
of  H C 1  A m o u n t  

a d s o r b e d  o f  a d -  
S a m -  a t  - - 1 6 0 ~  s o r b e d  H s S  A d s o r p t i o n  

p l e  i n  % o f  a i n  % o f  a t e m p e r a t u r e  E e  1 E~ 2 E %  
N o .  m o n o l a y e r  m o n o l a y e r  o f  H 2 S  ( a C )  ( e V )  ( e V )  ( e V )  

1 5 5 . 0  - -  1 .91  - -  
2 2 9 . 6  1 0 .3  +-20 - -  1 .72  1 .-3"2 
3 29.~ 1o.4 +20 - 1.7o 1 2 5  
4 50 .1  1 9 .0  + 2 0  - -  1 .70  1 .32  
s 7 0 . 1  20.0 + 2 0  - 1.69 1.32 
s 55.1 25.2 + 2 0  - 17o 1.3o 
7 SS.5 30.0 + 2 0  - -  1 . 6 9  1,30 
9 61.3 20.6 - 8 o  - 1.72 - 
9 5 7 . 5  11 .1  - - 1 2 5  - -  1 . 7 2  - -  

10 53.6  7.7 --  158  - -  1 .75  - -  

Surface area measurements  on PbO layers treated 
at --160~ with HC1 to a ma x i mum of 0.60 of a mono- 
layer  showed a strong decrease of the surface area. 
Assuming that  the surface area of the uncovered part  
of the layer had not changed, we see that  the surface 
area of the par t  of the layer  covered with a O~c~ of 
0.60 diminished to 60% of the original surface area. 
From surface area measurements  before the sample 
was warmed up to room temperature  we may conclude 
that  the surface recrystal l ization was caused by the 
energy l iberated dur ing the chemisorption of HC1. 

Assuming the same density of Pb atoms/cm 2, we see 
a 0HCl' of 1.0 on the basis of the newly  formed surface 
area. This means that half  of the oxygen atoms of 
the surface molecules were replaced by chlorine atoms. 
In  this process two chlorine atoms were necessary to 
replace one oxygen surface atom. This resulted in the 
formation of a new surface molecule wi th  the formula 
Pb2OC12. 

The chemisorption of H2S at ~20~ on a layer  
treated with HC1 resulted in a coverage of H2S vary-  
ing from 0.40 to 0.60, dependent  on the depth of pene-  
tration. These values are based on the original surface 
area. Taking into account the decreases of the surface 
area caused by the chemisorption of HC1 and that  of 
H2S of 40 and 10%, respectively, the values are 0.75 
and 1.10. Our explanat ion is that  a fast chemisorption 
to a 0H2S' of 0.75 was followed by  a slower one which, 
in our conditions, reached a value of 1.10. This means 
that in the fast chemisorption process oxygen atoms 
amount ing to 1.5 times the number  of oxygen atoms 
present  in the Pb2OC12 surface layer were replaced by 
sulfur atoms. Thus, even dur ing the fast chemisorp- 
tion, part  of the oxygen atoms of the second layer 
must  also be replaced by sulfur  atoms. 

In  our opinion the first and the second layer in ter -  
act to form a new surface layer, consisting of a com- 
plex compound with the formula PbsO3S3C14. As a 
result  of the slower chemisorption process of H2S the 
rest of the oxygen in this surface layer was also re-  
placed by sulfur, forming a compound with the for- 
mula  Pb4S3C12. This hypothesis was confirmed by the 
optical results. 

From the optical measurements  on PbO layers 
treated with HC1 to a coverage of 0.60 at --160~ and 
H2S at +20~ we found two bandgaps, namely  1.70 
and 1.30 eV. This second branch was not found if the 
H2S adsorption took place at temperatures  below about 
--80~ where the slower chemisorption step is sup- 
pressed. So the bandgap of 1.70 eV belongs to the 
compound PbsO3S~C14 and the value of 1.30 eV to the 
compound Pb4S~C12. 

The partial  replacement  of the oxygen atoms of the 
PbO surface molecules by atoms of another  element, 
as described above, had already been found in the case 
of the elements sulfur (1), selenium (1), and bromine 
(2). It is known that  the oxygen atoms in tetragonal  
PbO have an identical surrounding,  so we may con- 
clude that as a result  of the replacement  of a surface 
oxygen atom by that  of another element the bond of 
the neighboring oxygen atoms with lead atoms be- 
comes stronger. 

At this stage of the investigations it  is impossible to 
make more definite statements concerning the struc- 
ture and types of bond of these surface compounds. In  
our opinion this must  be possible by making selective 
use of the exising surface techniques and extending 
the investigations to other metal -oxygen compounds. 
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Piezoelectricity Induced by Charge Injection 
in Thin Polymer Films 

G. Dreyfus and J. Lewiner 

Laboratoire d'Electricit~ G ~ r a l e ,  Ecole Sup~rieure de Physique et de Chimie, 75231 Paris Cedex 05, France 

ABSTRACT 

The vibrat ions produced in the electrodes surrounding a polypropylene 
foil in a three-layer  capacitive microphone under  an a-e field are analyzed. 
These vibrat ions can be due either to the electrostatic pressure acting on the 
electrodes (direct excitation) or to the vibrat ions of the central  dielectric foil 
itself t ransmit ted to the electrodes ( t ransmit ted excitat ion).  Exper imenta l  
evidence is given showing the separation between these two types of excita- 
tions. In  the ease of t ransmit ted  excitation, electrostriction of the central  
dielectric layer was to be ruled out as an explanat ion of the observed effects. 
They were interpreted in terms of piezoelectricity and were proved to be due, 
in this case, not to a high field effect, but  to charge injection, even in  the ab- 
sence of macroscopic space charge. 

Piezoelectricity has been reported to occur in various 
polymeric or biological substances, in either bending, 
elongational, or compressional conditions, leading to 
different and sometimes conflicting interpretat ions 
(1-3). Most of the exper imental  techniques use elec- 
trodes evaporated or deposited on the surface of the 
sample. In  the case of elongational piezoelectricity, the 
samples are vibrated in  a direction parallel  to the plane 
of the electrodes, and the induced al ternat ing voltage 
between the electrodes is studied (4-8). Exper iments  
are also carried out on polymer films that have been 
"poled" by heat ing and subsequent  cooling under  high 
static electric field (9, 10) and piezoelectricity has 
been reported to exist in various conditions. To observe 
compressional piezoelectricity, an a-c field is applied 
and the vibrat ion of the whole sample (polymer plus 
electrodes) is recorded (10). Inverse piezoelectricity 
has also been reported to be induced by a d-c field in 
untreated polyethylene (11). 

The results of the above experiments  have been in- 
terpreted in terms of the crystal l ine symmetry  of the 
materials (1, 3, 5, 6, 8), in terms of surface charges ap- 
pearing dur ing  the manufac tur ing  process (12), or in 
terms of dipole orientat ion during heating or manu-  
facturing (7, 11). 

General ly  speaking, one considers that piezoelec- 
tr icity occurs when a l inear  dependence exists between 
the voltage or current  induced in  the electrodes and the 
stress or s t ra in applied to the system, or reciprocally. 
However, two types of excitations, which are basically 
different in nature,  may  lead to a similar  apparent  
effect. These two different situations are perfectly 
i l lustrated by two classical systems: (i) When an a-c 
voltage is applied across a piezoelectric transducer,  the 
t ransducer  itself vibrates and this vibrat ion can be 
t ransmit ted  to the adjacent  electrode, through a bond- 
ing agent, if the acoustic impedances are matched. (ii) 
When an a-c voltage is applied across an electrostatic 
t ransducer  (for instance, a capacitive t ransducer) ,  the 
electrodes are directly vibrated by the electric forces 
acting on them. 

Key words: transducer, electrets, polypropylene, ultrasonics. 

In  the general  case of t ransmit ted  excitation one still 
has to be careful before assuming piezoelectricity; the 
vibrat ion of the mater ial  could also be due to electro- 
striction. In the present work we have used a capacitive 
ultrasonic t ransducer  to investigate the mechanical  vi- 
brations produced in the electrodes surrounding a 1O 
~m thick polypropylene foil, in order to separate the 
above ment ioned two types of excitations. 

In  the next  section we shall describe the general 
principle of operation of our transducer.  The section 
following will  present the exper imental  setup and the 
analysis of the observed effects. 

Principle of Operation of the Transducer 
In  order to analyze the vibrat ions produced by the 

polypropylene foils, we have used them as the central  
medium of an ultrasonic transducer.  

Let us assume, for the time being, that the foil has 
no piezoelectric properties. Consider first that  it is pro- 
vided with two plane  contacting electrodes, as shown 
in Fig. 1; the pressure exerted on each electrode is 

I 
I E I +  

I 

e cos tot i 
Fig. 1. Sample provided with two contacting electrodes. The field 

E1 -t- E cos ~t exerts an electrostatic pressure on the electrodes 
and vibrates them. 
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E2 
p = e-~-, where ~ is the permit t iv i ty  of the plate and 

E the field between the electrodes. Assuming that  the 
field has a d-c component  E1 and an a-c component  
E cos ~t, the pressure is 

, (  E2 E 2 ) 
n cos 2 o~t [1] P = - ~  E1 ~ + - ~ - - t - 2 E 1 E c o s ~ t - 4 -  2 

If E1 > >  E, the component  of p at f requency ~ is 
much greater than that at 2~; it is proportional to e, as 
would be the case if the dielectric plate were piezo- 
electric. 

It  must  be pointed out that  d-c field is the re levant  
parameter ;  it may be due either to an external  voltage 
applied across the plate or to a dis t r ibut ion of charges 
wi th in  the dielectric or to both. 

Let us now consider, as shown in  Fig. 2, that the 
dielectric plate of permit t iv i ty  ~ and thickness d2 is 
separated from two noncontact ing electrodes of area S 
by layers 1 and 3, of permit t iv i ty  Co and thicknesses dl 
and d3. If V is the voltage applied to the electrodes and 
if we assume that  there exist, in  the dielectric plate, 
surface charge densities ~1 and a2 and a volume charge 
densi ty p(z), the field E1 in layer  1 is g iven by 

( LE1 = - - V  d2 -- e<Z> t- -~ 

(]3 [ d2 ds 
- -  ~2  n - -  ~1 ~ - -  + - -  [ 2 ]  ) �9 o \ e  eo 

eo 
where L = dl -~- - -  d2 -~- d3. Q is the total volume 

e 

charge in the dielectric plate, and < z >  is the mean 
penetra t ion depth of the charges, defined by 

2 zp (z) dz 

< z >  = 

o ~ p (z) dz 

We have assumed z to be the only spatial variable. 
Relation [2] may be stated more briefly as 

L E I =  Vo--  V [3] 

In  this expression Vo is called the equivalent  voltage 
of the electret. It  only depends on the charge dis t r ibu-  
t ion and on the geometry of the system, assuming the 
charges to be independent  of the applied voltage, which 
is the case if the electret is stable and if no discharge 
occurs through layers 1 and 3. If an a-c field is added, 

V 

( 3 )  

( 2 )  

( 1 )  

I I 

I I 

E o d2§ 

Eo - d l '  ' 

Fig. 2. The electrostatic transducer. Sample 2 is separated from 
the electrodes by gas layers 1 and 3. 

relat ion [1] still holds and the electrodes are vibrated. 
Conversely, if one of the electrodes is mechanical ly vi- 
brated, an a-c current  arises in the external  circuit; 
it is proport ional  to El. It  must  be pointed out that the 
superiori ty of the assembly of Fig. 2 over that  of Fig. 1 
lies in the fact that  the electric field E1 can be canceled 
without  canceling the field in the foil, by  applying an  
external  voltage equal to the equivalent  voltage of the 
electret (V = Vo). If we assume now that the foil ex- 
hibits piezoelectric properties, the assembly of Fig. 1 
is such that, with an a-c voltage applied, the electrodes 
will be vibrated, whatever  the value of the applied 
voltage V. The assembly of Fig. 2 would exhibit  a 
similar behavior provided that the medium filling lay- 
ers 1 and 3 achieve proper acoustic impedance match-  
ing between the foil and the electrodes. 

Experimental Setup and Discussion of the Results 
The dielectric under  study was a 10 ~m thick, highly 

isotactic, polypropylene foil, that  had been corona- 
charged through gas layers 1 and 3. The m a x i m u m  ap- 
plied voltage was 4 kV; Vo ranged from 0 to 200OV. A 
standard pulse echo ultrasonic technique was used 
combined with a high voltage supply for the electro- 
static t ransducer  (14). A block diagram of the system 
is shown in Fig. 3. The a-c voltage, at 10 mHz, was sup- 
plied by a pulsed oscillator; the lower, grounded elec- 
trode was an a luminum single crystal in  which the 
ultrasonic pulses created by the t ransducer  were prop-  
agated, and then received by an  X-cut  quartz crystal  
t ransducer  at the other end of the crystal. The pulses 
were amplified, detected, and displayed on an oscillo- 
scope. The detected pulses were also passed through a 
gated amplifier and integrated and the resul t ing d-c 
voltage was recorded on a str ip-chart  recorder. The 
voltage thus recorded was a funct ion of the ampli tude 
of the ultrasonic pulses, and, consequently, was di- 
rectly related to the module of the electric field El. 
Assuming that  the t ransducer  operates as an electro- 
static transducer,  the dependence of the ampli tude A of 
an ultrasonic echo as a funct ion of applied voltage 9, 
is given by relat ion [2] and shown in Fig. 4a. In  our 
experiments,  no ultrasonic pulses could be observed 
under  zero applied voltage before charging the foils. 
This shows that  the foils which were used did not ex- 
hibit  observable "natura l"  piezoelectricity. Figure  4b is 
the exper imental  dependence of A vs. 9,; the impor tant  
feature is that, for most foils, A does not come exactly 
to 0 when  V = 9,0. This can be due either to some un -  
expected phenomenon  related to the above process 
(since E1 ---- 0 for V = 9"0) or to the vibrat ion of the 
polymer foil itself, t ransmit ted  to the  a l u m i n u m  crys- 
tal through layer  1. In  the lat ter  case, and for a given 
ampli tude of v ibrat ion of the foil, the impedance mis- 
match between layers 1, 2, and the metal, would cause 
the t ransmit ted  vibrat ions to be so small  tha t  they 
would be seen only when  the vibrat ions due to direct 

I Pulse 
Generator 

Strip Chart 
Recorder 

I I 
Im,,  

Quartz Crystal- -P~ 

Pulse I 
Detector 1 

L Integrator 

G 
I Oscilloscope I 
I 

Fig. 3. Block diagram of the apparatus 
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b 
Fig. 4. a) Theoretical dependence of the amplitude of the ultra- 

sonic pulses at frequency ~ vs. applied voltage, Pulses cancel for 
V - -  Vo, as results from relations [1] and [3]. b) Experimental 
dependence of the amplitude of the ultrasonic pulses at frequency 

vs. applied voltage. Pulses do not cancel for V ~ Vo. 

excitation of the metal  are 0, i.e., when V ~ 9"0. If we 
assume this latter hypothesis, i.e., that  the foil itself vi- 
brates, two synchronous vibrat ional  waves should exist 
in  the electrodes for V different from Vo. One of them 
is due to the direct excitat ion of the electrode and the 
other is due to the vibrat ion t ransmit ted  from the foil 
to the electrode. Two exper imental  evidences support 
this hypothesis; first, we could measure a difference 
in the phases of the two types of waves; second, we were 
able to observe interferences between these 2 waves. 

As to the first evidence, the shape of an echo was 
recorded on an XY recorder by sweeping l inear ly  in 
t ime the position of the gate of the gated amplifier 
first for V = Vo, then for V ~ Vo. In  order to scale the 
X axis the markers  delivered by a quartz-crystal  sta- 
bilized pulse generator  were similarly recorded. It  was 
observed that  the echo produced at V -- Vo was de- 
layed from that obtained at V ~ Vo by 0.10 _+ 0.03 
~sec. Similar  phase differences have been reported (15) 
to occur between directly excited waves and trans-  
mit ted waves from conventional  piezoelectric t rans-  
ducers. 

As to the second evidence, the sample and sample 
holder were slowly cooled down to liquid ni trogen tem- 
perature. The mechanical  properties of the assembly 
being a function of temperature,  the phase of the pulses 
due to the polymer foil varied dur ing cooling relat ive 
to that  of the directly excited pulses, so that, when 
both systems of pulses were present  (i.e., V ~ Vo), 
the ampli tude of the detected signal was modulated in 
t ime (and consequently in  temperature)  as shown in  
Fig. 5. This is due to the interference of the two sys- 

A 

! 

0 3 
I I I 

0 1 2 3 
t i m e  ( m n l  

Fig. 5. Interferences between the wave emitted by direct excita- 
tion of the electrodes and that due to the vibration of the foil, 
transmitted to the electrodes. 

terns; when  the two waves are just  in  phase they add 
and  the detected voltage is maximum;  when they are 
out of phase the detected voltage is minimum.  This 
oscillatory behavior of the detected signal as a func- 
t ion of temperature  disappeared at V ----- 11o, i.e., when 
only one type of wave was emitted. 

The two experiments  just  described allow us to 
differentiate between the wave emitted by what  we 
called the direct excitation and that  produced by the 
vibrat ion of the foil itself t ransmit ted  through layer 1. 

Since the polymer  foil itself vibrates, it seems de- 
sirable to know whether  it is caused by electrostric- 
t ion or piezoelectricity. The following experiments  sup- 
port the lat ter  hypothesis. First, the electret was Co- 
rona-charged by applying a high positive voltage to the 
foil, so that it became negat ively charged on the lower 
side, and positively charged on the upper  side; a nega- 
tive voltage was then applied, so that the inverse proc- 
ess took place: negative charges were injected on 
the upper side, positive ones on the lower side. The 
equivalent  voltage was then measured, and, if it was 
still positive, more inverse charges were injected. 
This process was carried on unt i l  Vo equaled zero. 
Considering relat ion [2], and taking into account the 
symmetry  of the geometry and of the process, it can 
be seen that this implies that  

r 1 6 2  ----0 

The vibrat ion of the foil due to an electrostrictive 
effect is described by a similar relat ion as relation [1], 
in which field E1 is replaced by the field E2(z) within  
the dielectric foil. Since under  the above assumptions 
on the symmetry  of the process, we have p(z) = 0, 
then E2(z) is uniform. When no external  voltage is ap- 
plied, the field E2 is 0 since ~1 ---- a2 -- 0. No signal at 
f requency ~ should be observed if the relat ion between 
stress and electric field were quadratic. Such was not 
the case in our experiments,  which proves that the 
relat ion between stress or strain and total electric field 
is linear. F ina l ly  the occurrence of piezoelectricity 
was proved by the following observation of the direct 
piezoelectric effect: ultrasonic pulses emitted by the 
quartz t ransducer  were received by the upper  trans-  
ducer, in  the same conditions as previously ment ioned 
where fields E1 and E2 are canceled, leaving no other 
possibility for the conversion than piezoelectricity. 
Since the polymer foil did not exhibit  any piezoelec- 
tricity prior to being corona-charged, we had to deter-  
mine whether  the origin of the observed piezoelec- 
tr icity was related to the high field applied during the 
charging process (1 to 4 X 10 e V/cm) ,  or to the in -  
jection of the charges. To answer this question the foil 
was submit ted to as strong an electric field as men-  
tioned above, bu t  wi thout  inject ing charges. In  order 
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to p revent  electr ic discharges in layers  1 and 3, the  
sample  was very  s l ight ly  electrif ied by  gent le  rubbing;  
and  thus adhered  to the  upper  electrode, which was 
raised.  The sample  holder  was placed in a vacuum 
chamber  which was pumped  unt i l  the pressure  was 
about  10-5 Torr;  the  upper  e lec t rode  was then lowered  
in vacuo and the electr ic field tu rned  on. Fields  as 
high as 2 • 106 V /cm were  reached wi thout  charging 
the sample and wi thout  the  foil becoming piezoelectric.  
The pressure  was then raised, the  vol tage  being kep t  
constant, unt i l  the  d is rupt ive  field was reached, ac- 
cording to Paschen 's  law. The foil was charged and 
became piezoelectric.  

Conclusion 
We have analyzed  sys temat ica l ly  the possible origin 

of an observed v ibra t ion  of the  e lectrodes sur rounding 
a po lypropy lene  foil, under  an a-c excitat ion.  

The deduct ive pa th  tha t  has been fol lowed is sum- 
mar ized  in Fig. 6. F i r s t  we have separa ted  the  d i rec t  
exci ta t ion f rom the t r ansmi t t ed  excitat ions.  In  this  
l a t t e r  case e lectrostr ic t ion of the centra l  dielectr ic  had 
to be ru led  out to expla in  the  observed effects. F ina l ly  
the  observed piezoelectr ic i ty  was proved to be due, not 
to a high field effect, but  to charge injection;  this  is 
in agreement  wi th  the fact  that  po lypropy lene  is a 
nonpolar  mater ia l .  The foil becomes piezoelectr ic  when 
equal  quanti t ies  of posit ive and negat ive  charges have 
been in jec ted  into it; since the pene t ra t ion  depth  of 
such charges is genera l ly  smal l  compared  to the  th ick-  
ness of the sample  (16, 17), we m a y  assume tha t  the  
piezoelectr ic i ty  is due to two near-surface  layers  in 
which quanti t ies  of opposite charges a re  embedded.  We 
know from F u r u k a w a  et al. (12) tha t  the component  in 
the  direct ion a of the polar izat ion c rea ted  b y  a distr i-  
but ion of charges is 

Pa-- ~.r (Ua#)o ~ qixl3i 
[J i 

a, ~, ~ s tand for car tes ian coordinates;  (ua~)o is the  

Charge injection 

~ez~ l ~  
Transmitted | L.~ igh f ield 

Excitati~ I Direct / |Electrostrict ion 

Fig. 6. Logical path fallowed in the analysis of the vibrations ob- 
served in the electrode. 

macroscopic s t ra in  under  uni form conditions; qi is the  
charge of the i th e lectr ic  charge;  x~z is the  coordinate  
of the  i th charge in direct ion 8; and  ~ qi x~i is the  di- 

I 
pole moment  of the  dis tr ibut ion.  The second te rm is the  
quadrupole  moment  of the  dis tr ibut ion.  Since in our 
case the  dipole moment  is 0 (Vo : 0), the  observed 
effect is not first order  p iezoelec t r ic i ty  (i.e., piezoelec- 
t r ic i ty  due to un i form s t ra in) .  We can infer  tha t  in 
po lypropy lene  the  locat ion of t raps  for  posit ive and 
negat ive  charges is not comple te ly  random, and assume 
that  charges are p robab ly  not  t r apped  in the  h ighly  
d isordered  surface region, but  in the  crys ta l l ine  par t s  
of the  po lymer  foil (18). With  this  assumption the ob- 
servat ion  of p iezoelec t r i ty  should be a powerfu l  tool in 
order  to get  informat ion  on the s y m m e t r y  of the 
crystal l i tes ,  t ak ing  into account the  s y m m e t r y  required 
by  piezoelectr ici ty.  
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Fabrication of GaAsP MIS Capacitors Using a 
Thermal-Oxidation Dielectric-Growth Process 

D. H. Phillips, W. W. Grannemann, L. E. Coerver, and G. J. Kuhlmann 
The Universi ty  o~ N e w  Mexico,  Albuquerque ,  N e w  Mexico 87106 

ABSTRACT 

Heterogeneous insulat ing films were grown on GaAsl/2P1/2 by thermal  oxi- 
dation at atmospheric pressure. Good insulat ing and passivating properties of 
the films resulted from iner t -a tmosphere  annealing.  A processing temperature  
upper  l imit of 710~ on a m i n i m u m  of 90 rain anneal ing  t ime are required. 
Evidence that  the film is a mix ture  of ~-Ga203 and GaPO4 is presented. 

Capacitance vs. voltage data for metal  insulator  semiconductor (MIS) ca- 
pacitors are presented, and surface-state density instabili t ies are discussed. 
Use of thermal  cycling and chromium doping to obtain stable MIS capacitors 
is described. 

GaPO4 is physically similar to SiO2. Thermal ly  grown SiO2 on silicon is 
fundamenta l  to the M[S integrated circuit technology. The results presented 
here suggest similar possibilities for GaAsP. 

One of the impor tant  aspects of the technology of 
any new semiconductor mater ia l  is the quest ion of 
thermal  oxidation of the semiconductor surface, both 
for surface passivation (1) and as the insulator  for 
possible metal  insulator  semiconductor (MIS) struc- 
tures. The thermal  oxidation of GaAs and GaP have 
both been studied previously (2, ~). This paper  r e -  
ports the successful thermal  oxidation of GaAsl -zPx 
to create good, pinhole-free dielectric films suitable for 
use as insulators in  MIS structures. 

The goal of the research was to define an open-tube 
process for growing an insula t ing film suitable for use 
as the insulator  in an MIS structure. It  was evident  
that surface damage would be an impor tant  l imita-  
t ion on the process. Growth rate and dielectric con- 
stant  of the grown film would also be impor tant  film 
properties to be determined.  

Experimental 
All experiments  were performed on 100 • 100 mil  

chips using commercial ly available 1 (100) GaAsl-~P~ 
mater ia l  wi th  a phosphorus mole f ~ c t i o n  of ~ = 50 • 
2%. The 4 rail thick GaAsP epitaxial  layer was tel-  
lu r ium doped to a donor concentrat ion of 2.0 • 1015 
a toms/cm 8. This mater ia l  represents the median  be-  
tween  GaAs and GaP whose oxidation properties are 
bet ter  known. The epitaxial layer  was grown on a 
15 mil  thick GaAs substrate. The te l lur ium-doped sub-  
strate had a resist ivity of 0.003 ohm-cm. 

There was a graded region (1-2 mil  thick) between 
the epitaxial  layer  and the substrate in which the 
phosphorus mole fraction varied from 0 % at the GaAs 
substrate to 50% at the epitaxial  layer. 

The growth of the insulat ing layer on this mater ial  
was done by open- tube oxidation. Before introduction 
into the furnace, the  chips were lapped and polished 
to a mirror  surface. They were then degreased in t r i -  
chloroethylene, cleaned in acetone, and chemically 
etched in  a cold mix ture  of 5:1:1 I,I-I2SO4:H202:I.I20 
for several minutes.  The total lapping, polishing, and 
chemical etch steps removed no more than  ~8~ of the 
GaAsl/~PI/2 material .  The chemical etch was always 
performed immediate ly  before introducing the chips 
into the furnace. The oxidation was accomplished by 
passing atmospheric pressure dry oxygen at a flow 
rate of from 0.2-1.0 l i ters / ra in  over the GaAsP chips 
on a quartz boat in the center section of a Lindberg 
Diffusatron Mk II style M-50 furnace. 

It  was quickly discovered that  an anneal  step was 
necessary when  measurements  were made on MIS 

K e y  words:  oxidation, semiconductor  devices,  d ie lect r ic  films, 
GaPO4, Ga203. 

1 Suppl ied  b y  Monsan to  C o m p a n y ,  St. Louis ,  Missouri .  

capacitors. Capacitors made on an unannea led  insula- 
tor layer almost invar iab ly  showed meta l  semiconduc- 
tor characteristics with the cont inuously decreasing 
capacitance vs. voltage (C-V) of a metal  semiconduc- 
tor junction.  However, if the chips were put  back in 
the furnace a t  a tempera ture  no higher than 700~ in 
a 0.~-l .0-1iter/min s t ream of argon or n i t rogen  for 
periods of greater than  1�89 hr, most of the pinhole 
shorts disappeared, and MIS capacitors formed on the 
annealed  insulator  film showed capacitor character-  
istics ra ther  than  diode behavior. Consequently, the 
anneal  in an iner t  atmosphere was always par t  of the 
film growth process. 

MIS capacitors were formed on the chips by vacuum 
evaporat ion of either A1 or Cr metal  through a metal 
mask, leaving approximately  10 mil  diameter  capaci- 
tors. Metal contacts were applied immediate ly  after 
removing the  chips from the furnace  after annealing.  
A l u m i n u m  was evaporated at pressures less than 2 • 
10 -5 Torr, and Cr at pressures less than  5 • 10 - s  
Torr. 

After  oxidation and anneal ing  there was often some 
oxide on the GaAs substrate which had to be lapped 
off before making  ohmic contacts on the substrate 
side. 

Ohmic contacts were made on the GaAs by  vacuum 
evaporat ion of e lemental  silver at a pressure of less 
than  2 • 10 -6 Torr. This was followed by  a micro- 
alloying step. The silver dots were alloyed at 650~ 
for 6 min  in  an argon flow of about 1 l i te r /min .  

Results and Discussion 
A large number  of t ime and  tempera ture  experi-  

ments  were run.  An exper iment  consisted of growing 
and anneal ing  a film, evaporat ing metal  dots on the 
surface, and lapping off the oxidized surface of the 
GaAs substrate. The C-V curve of the device was ex- 
amined. Exper iments  were evaluated on the basis of 
whether  they showed MIS capacitor or metal  semi- 
conductor diode characteristics. 

Figure 1 is a graphical presentat ion of the results 
of these exper iments  with dry oxygen. The dashed 
lines indicate general  regions and are not in tended to 
be exact demarcat ion lines. 

Figure 2 shows four photomicrographs of the oxi- 
dized surfaces. Under  no circumstances does the film 
grown look like a single crystal or a completely un -  
s t ructured glass; it always shows a small  crystall i te 
structure. In  Fig. 2a, which shows a film grown at 
700~ in  dry 02 for 675 min, the  film crystallites ap- 
pear to be considerably less than  1~ in  diameter. The 
background, as always, carries wi th  it the character-  
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Fig. 1. Temperature-time plot of oxidation experiments on 
GaAsl/~P1/2 in dry oxygen. Flow rate is 1 liter/min. 

istic color of the film, which goes through the same 
color sequence as other insulator  films on a reflecting 
semiconductor surface. In  all four figures, there are 

m a n y  small white crystallites interspersed in the 
characteristic color matrix.  

Crystall i te size grows wi th  increasing temperature,  
as can be seen by comparing Fig. 2b, c, and d with 
Fig. 2a. 

The film grown at 875~ had varicolored patches 
on it; the photomicrograph (Fig. 2c) shows a bound-  
ary between two such patches. In  order to show the 
structure, the microscope magnification had to be re-  
duced for the 875 ~ and  950~ films. At 950~ a pro- 
nounced growth of a white  amorphous layer begins to 
cover considerable areas of the film. The increasing 
heterogeneity of the films with increasing tempera ture  
explains why the MIS structures grown at  high tem-  
peratures show pinhole shorts and diode characteris-  
tics. For increasing temperatures,  the crystallites are 
bet ter  defined and the grain boundaries  show less 
tendency to be changed by annealing.  

Figure 3, a and b, show the GaAsP surface after the 
insulat ing layer has been etched off. Figure 3a shows 
a chip on which a film had been grown in oxygen for 
341 min  at 660~ Later the chip was photomasked 
and part  of the film was etched off with NI~F.  The 
light part  of Fig. 3a is the bare GaAsP surface after 
etching; the dark part  is the unetched film. Small  pits 
can be observed on the surface. Figure 3b shows a 
s imilar  chip on which a film had been grown for 251 
rain at 740~ with a subsequent  anneal. On this chip, 
the insulat ing layer was subsequent ly  removed with 
NI4_~F. It  can be seen that  there is much more surface 

Fig. 2. Photomicrographs of insulating film grown on GaAsl/2P1/2 in dry oxygen for various temperatures. Note increasing grain size 
with temperature, a, 700~ for 675 min (X1000); b, 800~ for 630 min (X1000); c, 875~ for 630 min (XS00); d, 950~ for 630 min (XS00). 
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Fig. 3. Photomicrographs of surface of GaAsl/2P1/2 after thermal oxidation and etching off of film showing surface damage resulting 
from oxidation process, a, Partially etched (left-hand side is insulator) at 660~ for 341 rain; b, completely etched surface at 740~ for 251 
rain. Note increase in pit size and density. 

pit t ing and individul  pits are larger. It  is for this 
reason that  film growth at temperatures  higher than 
700~ is not recommended. 

Figure 3a also indicates the type  of edge which can 
be obtained by photomasking. The edge definition is 
expected to be l imited by the crystalli te size, which is 
about ~/2;~ or less. To check the effects of NH4F on the 
surface, a freshly polished GaAsl/2P1/2 chip was placed 
in  NI-I4F for over 3 days and re-examined.  Some slight 
etching at  i r regular  points about 10# apart  could be 
seen, and these widely separated etch pits were all 
al igned along two directions at right angles to each 
other. The very slow etch rate and pronounced al ign- 
men t  of etch pits to crystallographic planes on a fresh 
surface indicate that  the surface damage of Fig. 3 is 
due to the oxidation step. 

Since the surface pit t ing dictated such a low oxida- 
tion temperature,  the growth rate was measured. A 
number  of chips oxidized for various t imes were se- 
lectively etched and the oxide thickness was measured 
by interferometry.  In the process of etching the sam- 
ples, many  etches were tried: NaOH was very fast; 
NH4OH very  slow; buffered HF, hot HNO3, and hot 
H2SO4 all etched the  film wi th  varying  speeds. 
Hardened negative photoresist was successfully re- 
moved in J-100 at temperatures  less than 65~ for up 
to 15 sec. Hot J-100 was also an etch if it was used at 
the recommended tempera ture  of 80~ 

The most successful etch used was full  strength 
NH4F. It was slow enough for easy monitor ing and 
did not undercut  the photoresist as badly as HF did. 

The growth rates for temperatures  of 660 ~ and 690~ 
are shown in Fig. 4. Al though this  seems slow, it is 
actually slightly faster than  SiO2 growth on Si at these 
temperatures.  A color chart giving approximate thick- 
nesses of the insulator, provided the order of the reflec- 
tion is known, is also included in the figure. 

There has been some work on the identification of 
the films but  it is not conclusive. From the tempera ture  
at which growth must  take place and the appearance 
of the film as a mass of submicron-sized crystallites, 
i t  appeared l ikely that  the const i tuents  are separate 
crystalli tes of different compounds. The most l ikely 
compounds are Ga203, GaPO4, and GaAsO4 with per-  
haps some As2Os and/or  P205 trapped in the in te r -  
stices, al though both of the lat ter  are volatile at 700~ 

The very th in  layers of insulator  make ordinary 
x - r ay  crystallographic techniques difficult. One experi-  
men t  has been performed using a low-energy  electron 
beam to generate K-shel l  x-rays  characteristic of Ga, 
As, and P. The beam was scanned over a region of the 

surface generat ing an x - r ay  count. The three counts 
give relative proportions of the three elements. The 
beam, al though of low energy, still penetrated below 
the film, and the count was representat ive of the 
under ly ing  substrate as well  as of the film. After ap- 
plying corrections for electron range, ionization cross 
section, and x - r a y  absorption, the results indicated 
that the arsenic count was much less than  that  of gal- 
l ium or phosphorus. If the gal l ium and phosphorus are 
assumed to be present  as GaPO4 and Ga203, then 
the results indicated approximately 60% by volume of 
GaPO4 and about 30% by volume of Ga203 with the 
remainder  probably GaAsO4 or As203. There must  be 
some loss of phosphorus as well  as most of the arsenic 
in order to account for these compounds simply. 

If this resul t  is legitimate, it is to be expected that  
the anneal  step could be a process of removal  of 
t rapped volatile compounds from a substant ial  volume 
of grain boundary  and the adjus tment  of grain 
boundaries between adjacent  submicron crystallites. 

If one compares the thickness between two adjacent 
orders of interference an index of refraction can be 
calculated. This is more accurate than  calculating an 
index of refract ion for a single color, since there are 
u n k n o w n  phase shifts at the interfaces which will  be 
subtracted out when  a difference and the same color 
are used (4). Using the mean  thickness of two blues 
and the wavelength of light for which this path length 
is an integer hal f -wavelength in Si3N4 and SiO2, an 
index of refraction of about 1.6 is obtained. This com- 
pares with published indices of refraction for GaPO4 
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o f  1.603 and 1.93 for Ga208 (5) and is taken as evi- 
dence that  the crystallites carrying the film color are 
more l ikely GaPO~ than  Ga203. 

Dielectric constant data were not conclusive. The 
dielectric constant  was calculated from data obtained 
by incorporat ing thickness data, as described above, 
with accurate capacitance and area measurements.  The 
MIS capacitors were formed as described above using 
chromium dots. Ohmic contacts were alloyed silver 
wi th  a layer  of ind ium soldered to the silver dots for 
more positive contact. Capacitance measurements  were 
made on a Boonton Model 75C capacitance bridge at 
a frequency of 500 kHz. MIS capacitors were forward 
biased to minimize the effect of depletion in the semi- 
conductor. No measurable parallel  conductance like 
that  seen with reverse-biased p - n  junct ions was seen 
dur ing these measurements.  

The  thicker films (1500-2000A thick) had dielectric 
constants as high as 2.9 with an average at 2.5. The 
th inner  films (600-1200A thick) had lower dielectric 
constants  wi th  the average at 1.6 and numbers  be-  
tween 1.4 and 2.0. This dispari ty could be due to a 
change in  the proportions of the compounds in the 
film or a lower effective density of the film in the case 
of th inner  growths compared with a more dense layer  
when the growth t ime was longer. Probably  both ef- 
fects are present. 

The main  evaluat ion of the films was the measure-  
ment  of capacitance-voltage curves of MIS capacitors. 
The capacitance was measured wi th  a Boonton Model 
71A capacitance meter. Voltage was applied by means 
of an HP 202A low-frequency function generator  oper- 
at ing in the t r iangular  wave mode for a period of 50 
sec. Provision for applying d-c offset voltage was also 
incorporated in the measurement  system. Normally 
the offset voltage was set to provide a bias which was 
swept from +4 to --18V in 25 sec. C-V curves were 
plotted on a Houston Corporation X-Y plotter. 

The original MIS structures used a luminum metal -  
ization. The C-V curves showed very bad instability. 
When the C-V curve was plotted on both the increas- 
ing and decreasing values of the t r iangular  wave 
from the function generator, flatband voltage [see, for 
instance, Ref. (6), p. 279] shifted in an i rregular  man-  
ner  indicating changes in the "fast" surface-state 
density as the bias was slowly varied from -t-8 to 
- -  IOV. 

Considerable improvement  was obtained by thermal  
cycling of the MIS structure. A thermal  cycle con- 
sisted of placing the chips on a quartz boat in the 
Lindberg furnace for 5 rain and then wi thdrawing the 
boat to the furnace mouth  for 5 rain. This process 
comprised one thermal  cycle. Ten such cycles gave 
adequate bias stabili ty of the C-V curves except for 
the init ial  C-V trace. [This result  was described in 
some detail by the authors in Ref. (1).] 

Fur ther  improvement  was obtained when chromium 
was used as the metal  in the MIS structure in place 
of a luminum. The process was as described in the ex- 
per imental  procedure above except that  the MIS struc- 
ture  was sintered, after chrome metalization, by heat- 
ing the MIS capacitor at 600~ for 45 min  or at 700~ 
for 5 rain in an argon stream with a flow rate of about 
0.5 l i ter / rain.  No bias stress shifts in the flatband 
voltage were observed. 

The final shape of the C-V curves now being ob- 
ta ined is shown in Fig. 5. The insulator  film was grown 
for about I0 hr  at 700~ on n - type  GaAsz/2P1/2 mate-  
r ial  with a te l lur ium doping of 5.36 • 1015 a toms/cm 3. 
An  anneal  of 285 rain at 700~ in argon (0.3 l i t e r /min)  
followed the oxidation. From the color, the thickness 
was determined to be approximately ll00A. Evapo- 
rated 10 rail chromium dots formed the metal  top of 
the structure. The capacitor area was 5.0 • 10 -4 cm ~. 
Ohmic contact to the GaAs was made with a pa t te rn  
of silver 10 mil  dots which were pulse alloyed to 
break clown residual  metal  semiconductor barriers.  
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characteristic of positive surface charge density. 

I 

These MIS capacitors exhibit  very good short and 
long- term bias stress stability. The flatband voltages 
of devices of this k ind now exhibit  the same positively 
charged surface-state densities which are common in 
silicon MIS capacitor structures. 

The continuous depletion observed in the curves 
under  steady-state (slow bias sweep) conditions is 
not ful ly explained. The effect is believed to be 
caused by the much lower generation rate in 
GaAsl/2Pz/2, which has a 2.0 eV bandgap and intrinsic 
carrier  concentrat ion of about 108 carr iers /cm 3. In  
silicon, with its 1.1 eV bandgap and intrinsic carrier 
concentrat ion of 1.2 • 1010 carr iers /cm 3, this effect 
does not occur under  s teady-state  conditions. 

In  silicon, the inversion layer is formed by thermal  
generat ion of minor i ty  carriers in the depletion region. 
Under  t ransient  (nonequi l ibr ium) conditions, such as 
when a rapid voltage pulse is applied, an inversion 
layer cannot bui ld  up rapidly enough at the surface 
to follow the voltage, and a cont inuously decreasing 
capacitance results (7, 8). This essentially means that  
the thermal  generat ion rate is not high enough for 
minor i ty  carriers to respond to the applied bias 
voltage. 

In  GaAsl/2P1/2 the thermal  generat ion of minori ty  
carriers in  the semiconductor depletion region may 
not be sufficient to invert  the semiconductor-insulator 
interface. This would result  in a s teady-state  depleted 
region in GaAsl/~Pz/2 similar to that  observed under  
t ransient  conditions in silicon. The depletion width 
will increase with increasing negative bias, and a 
deplet ion- type curve similar  to that  shown in Fig. 5 
would result. 

Conclusions 
The work reported in this paper allows the follow- 

ing conclusions to be drawn. 
Dry thermal  oxidation of GaAs~/2Pl/e will  result  in 

a heterogeneous growth of an insula t ing layer  of suf- 
ficient integri ty to be used as the insulator  for MIS 
structures provided the rigid tempera ture  constraints 
are not violated and the film is annealed in an inert  
atmosphere. 

MIS structures which have stable, reproducible 
electrical properties can be fabricated using sintered 
chromium as the gate metal, the mix ture  of com- 
pounds as the gate insulator,  and  the GaAs~/2P~/2 as 
the semiconductor. 
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Etch Rates of Doped Oxides in 
Solutions of Buffered HF 

A. S. Tenney *'1 and M. Ghezzo* 
General Electric Corporate Research and Development, Schenectady, New York  12301 

ABSTRACT 

The dependence of the etch rates of vapor-deposited binary borosilicate, 
phosphosilicate, and arsenosilicate glasses on glass composition and per cent 
buffered HF (I part 48% HF to 10 parts 40% NH4F) in water are presented. 
The etch rates of these doped glasses generally increase with increasing dopant 
oxide concentration, the exception being those of borosilicate glasses in con- 
centrated buffered HF which exhibit minima at about 18 mole per cent (m/o) 
B203. The use of these and similarly gathered results to infer new etchants is 
demonstra ted .  

The use of doped oxides as dielectr ic  mater ia ls ,  passi-  
r a t i o n  layers ,  diffusion masks,  diffusion sources, etc. 
has become increas ingly  impor tan t  to semiconductor  
device technology. The employment  of these mate r ia l s  
f requent ly  demands  a knowledge  of the i r  ra te  of dis-  
solution in some convenient  etching solution. Select ive 
e tchan ts - - so lu t ions  which etch glasses at ra tes  depen-  
dent  upon the  glass compos i t ion- -have  been employed  
ex tens ive ly  (2, 3, 5-7, 1O, 14-16, 19, 25, 27). Pa r t i cu l a r ly  
useful  would  be a genera l  re la t ion be tween  etch ra te  
and chemical  composit ion in l ight  of recent  w o r k  al low- 
ing the nondes t ruc t ive  de te rmina t ion  of borosi l icate  
(18, 20, 21), phosphosi l icate  (12, 28), and arsenosi l icate  
(22) glass compositions.  

Usually,  the  composit ion of the  doped glass, and thus 
its e tch ra te  in a given solution, is d ic ta ted by  the 
appl icat ion p lanned  for the glass. F requen t ly  the  re- 
sul t ing etch ra te  is e i ther  inconvenient ly  slow or un- 
cont ro l lab ly  fast in fami l ia r  etchants.  However ,  the 
i so thermal  etch ra te  of a glass may  depend not  only  
on the  composit ion of the  glass but  also on tha t  of the  
etchant.  The effect of the  systematic  var ia t ion  of 
e tchant  composit ion on the etch ra te  of SiOa has been 
s tudied (17). Wi th  the  glass composi t ion fixed, desir-  
able etching character is t ics  may  st i l l  be achieved by  
vary ing  the e tchant  composition. 

Thus the  processing of these glasses can be faci l i ta ted 
with  knowledge  of the  dependence  of the i r  etch ra tes  
not  only  on glass composit ion but  also on e tchant  
composition. 

In  the  present  work,  the  effect of d i lu t ion in wa te r  
on the  etch proper t ies  of buffered HF (10 par t s  40% 
I~I-I4F solut ion to 1 par t  48% H F  solut ion by  volume)  is 

* Elect rochemical  Society Act ive  Member .  
1Presen t  address :  Genera l  Electric Solid State L a m p  Project ,  

Chesterland, Ohio 44026. 
K e y  words: borosil ieate glass, phosphosiUcate glass, arsenosi l icate  

glass. 

studied. Presented  in this paper  a re  the etch rates  of 
borosil icate,  phosphosil icate,  and arsenosi l ieate  glasses 
as functions of glass composit ion and di lut ion of buf-  
fered HF in water .  Results  for a l l  these  glasses af ter  
hea t - t r ea tmen t  ( s imula t ing  condit ions often used to 
achieve dopant  diffusion into silicon) and for phospho- 
si l icate glasses as-deposi ted at  350~ are  shown. 

Experimental 
The doped oxides were  deposi ted  on chemical ly  

pol ished 10 ohm-cm P- type  silicon wafers  1 in. in 
d iameter  by  the react ion of A t -d i l u t e d  mix tures  of O2, 
Sill4, and B2H6, PHi, or AsH~ at 300~176 The chemi-  
cal vapor  deposi t ion sys tem employed  is ident ical  to 
that  descr ibed by  Brown and Kennicot t  (16). The films 
were  genera l ly  about  7000A thick.  

The glass composit ions were  calcula ted f rom the i r  IR 
spectra,  as obta ined wi th  a Pe rk in -E lmer  double beam 
recording spectrophotometer ,  Model  457-A, employing 
ca l ibra t ion  curves  re la t ing glass composit ion to the  IR 
spectra  of these glasses. Composit ions were  de termined 
wi th in  an es t imated  +_ 0.5 to 1% for borosi l icate  glasses 
(21), +-1.5% for phosphosi l icate  glasses (28), and +_1% 
for arsenosi l icate  glasses (22). 

Hea t - t r ea tments  were  pe r fo rmed  in an open tube 
furnace  flushed wi th  argon. 

Etching solutions were  p repa red  by  adding dist i l led 
wa te r  in the  desired propor t ion  to buffered H F  solu- 
t ion (10 par t s  40% NH4F:I  par t  48% H F  by  volume)  
p repa red  from Mal l inckrodt  Transis t  AR-grade  chem- 
icals. Al l  etchings were  pe r fo rmed  at room t empera tu re  
(26~177176 

The etch ra te  was defined as the  decrease in film 
thickness  per  uni t  t ime in the etchant.  F i lm  thicknesses 
were  de te rmined  f rom the in ter ference  colors observed 
pe rpend icu la r ly  to the film surface under  a fluorescent 
"dayl igh t"  l amp employing  the color char t  of Pl iskin 
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Fig. 1. Graphical representation of the interference color chart of Pliskin and Conrad (]). The data shown are for a heat-treated Si02 
film etched in 50% BHF. The slope of the plot of residual thickness vs. etching time gives an etch rate of 570 ~i,/min. 

and Conrad (1). I t  was determined ellipsometrically 
that  the refractive indices of the doped oxides are closa 
enough to that  of pure SiO~ to allow the use of this 
chart  with the introduction of an uncer ta in ty  smaller 
than the exper imental  one. Figure 1 shows a graphical 
a r rangement  of this interference color chart  which 
allows a direct plot of the residual film thickness vs. 
etching time. The slope of this plot is the etch rate. 

Except for heat- t reated borosilicate glasses [for 
which a hydrophilic, boron-rich phase may form at 
the silicon-glass interface (8, 9, 16, 29)], the complete 
removal  of the oxide film is easily detected by observ- 
ing a reversal  of the meniscus formed by the etching 
solution with the par t ia l ly  immersed wafer held per- 
pendicular ly  to the l iquid surface (11). The oxide film 
is hydrophilic while the silicon surface is hydrophobic. 
The precise determinat ion of this point  is reflected in 
its agreement  with the rest of the data plotted in Fig. 1. 

Results 
Borosilicate gIass.--The etch rates of four glasses 

(0, 16.5, 23.5, and 30 mole per cent (m/o)  B203] in 
four etchants buffered HF (BHF = 1 part  48% HF to 
10 parts 40% NH4F by volume),  50 volume per cent 
(v/o)  BHF in  H~O, 10% BHF and 1% BHF) were 

determined. These glasses were heat - t rea ted for 15 min  
at 1000~ 

In  Fig. 2, the etch rates of these glasses in these four 
etchants are shown as functions of glass composition. 
Both 1% BHF and 10% BHF etch glasses of increasing 
B203 concentrat ion at increasing rates while 50% BHF 
and BHF show minima in  their etch rates at about 18 
m/o  B203. Brown and Kennicot t  (16) and Kern  and 
Heim (15) have observed similar min ima  in the etch 
rate of borosilicate glasses in BHF. 

The etch rates of these four glasses are plotted in  Fig. 
3 as functions of the concentration, in volume per 
cent, of BHF in water. As can be seen from either 
Fig. 2 or Fig. 3, the etch rate of SiO2 decreases with de- 
creasing BHF concentration, while borosilicate glasses 
with 16 < m / o  B20~ < 30 exhibit  etch rates which 
first increase then  decrease with decreasing BHF con- 
centration.  

Phosphosi[icate glass.--The etch rate of five glasses 
(0, 0.5, 3.0, 6.0, and 8.2 m/o  P205) in six etchants 
(BHF, 50% BHF, 25% BHF, 10% BHF, 3% BHF, and 
1% BHF) were determined. Both glasses as-deposited 
at 350~ and after hea t - t rea tment  for 2 hr  at l l00~ 
were studied. 
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Fig. 5. Etch rotes of heat-treated phosphosilicate glosses in BHF, 
50% BHF, 25% BHF, 10% BHF, and 1% BHF vs. mole per cent 
P205. 

The addition of an ini t ial  1 m/o  P205 to pure SiO2 
appears to cause a marked increase in the etch rate 
of as-deposited glasses (Fig. 4) which is not observed 
in that  of heat - t rea ted glasses (Fig. 5). The heat- 
t rea tment  employed causes a decrease in  the etch 
rates of the phosphosilicate glasses studied by a factor 
of three to five. Similar  decreases in etch rates of 
borosilicate (15, 16), phosphosilicate (15), and arseno- 
silicate (25) glasses have been observed upon heat- 
t reatment .  

The etch rates of these glasses as-deposited and after 
heat - t rea tment ,  respectively, are shown in Fig. 6 and 
7 as functions of per  cent BHF. It  is seen in Fig. 6 that 
the etch rates of all phosphosilicate glasses studied, and 
of pure SiO2 as well, as-deposited exhibit  maxima at 
about 50% BHF. After  heat- t reatment ,  however, only 
glasses greater than  6.0 m / o  in P205 exhibit  maxima 
in  their etch rates while increasingly smaller shoulders 
are observed in the 50% BHF region for glasses of 
decreasing P205 content, as seen in  Fig. 7. 

Arsenosilicate glass.--The etch rates of four glasses 
(0, 0.5, 2.2, and 4.8 m/o  As203) in four etchants (BHF, 
50% BHF, 10% BHF, and 1% BHF) were determined 
after hea t - t rea tment  for 5 hr at ll00~ These etch 
rates increase approximately l inear ly  with increasing 
As203 concentrat ion over the range 0 --~ m/ o  As203 < 5 
as seen in Fig. 8. Although no max imum is observed in 
the dependence of etch rate on per cent BHF as seen 
in Fig. 9, the shoulder, increasingly prominent  in this 
plot with increases in As203 concentration, suggests 
that  glasses richer in As203 than those studied here 
may exhibit  maxima. Such a determinat ion was obvi- 
ated by the fact that arsenosilicate glasses of more than  
about 7 m/o As203 are damaged on heat - t rea tment  
(27). The results for arsenosilicate glasses shown in 
Fig. 8 and 9 are remarkable  only in  their similarity, 
both in characteristics and in absolute values, to those 
for heat- treated phosphosilicate glasses, over the same 
concentrat ion range, shown in Fig. 5 and 7. 
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Discussion 
Etch  ra te  resu l ts  such as those s h o w n  in  F ig.  2-9 

are h e l p f u l  i n  sem iconduc to r  dev ice  processing.  F o r  
instance, suppose that  there were interest  in etching 
a pat tern in 30% 8203 glass deposited over pure SIO2. 
Forty-two per cent BHF will  etch both glasses at about 
the same rate (as seen by the intersection of the 
30% B20.~ and 0% B20~ lines in Fig. 3) while 1% BHF 
will etch the 30% 8208 glass at a reasonable rate (500 
A/min)  leaving the SiO2 beneath essentially unetched. 
Thus, either selective or nonselective etches may be 
inferred from these or similar results. 

The monotonic increase in  etch rate  with increases 
in dopant concentrat ion observed for borosilicate 
glasses in dilute BHF solutions and for phosphosilicate 
and arsenosilicate glasses in all concentrat ions of BHF 
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Fig. 9. Etch rates of heat-treated arsenosilicate glasses 0, 0.5, 
2.2, and 4.8 m/o in As203 vs. per cent BHF. 

suggests that  these etch rates are controlled pr imar i ly  
by the dissolution of the SiO2 in  the glass. Adding 
dopant oxide essentially dilutes the SiO2 facilitating 
its dissolution. Implicit  in  this description of the etch- 
ing process is the assumption that  the dopant  tends to 
be removed from the glass more rapidly than SiO2 
does. Assuming fur ther  that the dopant is removed 
pr imar i ly  by its dissolution in  the water  present  in 
the etching solution is consistent wi th  two observa- 
tions: (i) there is an init ial  increase in the etch rates 
of heavily doped glasses with increasing water  con- 
centrat ion and (ii) the etch rate ma x i mum shifts to 
increasingly dilute solutions of BHF with increases in 
dopant concentration. 

Thus the etching process may be seen most simply 
as a combination of the dissolution of the SiO2 by BHF- 
originated species 2 and that of the dopant oxide by 
water. 

Extension of this description to the etching of boro- 
silicate glass in solutions concentrated in 8 H F  requires 
the fur ther  assumption that  the init ial  dopant  species 
formed on addition of boron oxide to SiO2 is not 
strongly soluble in water. This is not inconsistent with 
previous results for these glasses; for while B2Oa 
itself is soluble in water, it has been shown that  the 
B--O---B bonds present in pure  B203 are present  only 
at very low concentrations in borosilicate glasses dilute 
in boron oxide (24). 

The effect of boron oxide present  at low concentra-  
tions in borosilicate glass appears to be to protect the 

2j .  S. Judge  (17) h a s  s h o w n  t h e s e  to  be HF-s and HF. 
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SiO2 from the BHF, thus  lowering the etch ra te  in 
concentra ted  solutions of BHF. As the B203 is in- 
creased in concentrat ion,  its solubi l i ty  in wate r  becomes 
a more  impor tan t  factor and the  etch ra te  increases 
(see Fig. 2). The etching character is t ics  of borosi l icate 
glass in BHF have been descr ibed s imi la r ly  by  Brown 
and Kennicot t  (16). As s ta ted above, the  etch ra tes  of 
borosi l icate  glasses in di lute  solutions of BHF appear  
to be l imi ted  for a l l  B203 concentrat ions by  the ab i l i ty  
of this  d i lu te  BHF to dissolve the  SIO2. 

The re la t ive  etching character is t ics  of borosi l icate  
and phosphosi l icate  glasses appear  to be r e l a t ed  to 
the  re la t ive  solubil i t ies of B203 and  P20~, respect ively,  
in water .  This difference manifests  i tself  in the fact  
that  the  etch rates  of phosphosi l icate  glasses increase 
much more  rap id ly  wi th  increasing dopant  concentra-  
t ion than  do those of borosi l icate  glasses (compare  Fig. 
2 and 5). Also, phosphosi l icate  glasses exhibi t  m a x i m a  
in the i r  etch rates  at BHF concentra t ions  less than  
100% for much lower  dopant  oxide concentra t ions  than  
do borosi l icate  glasses (compare  Fig. 3 and 7). 

This re la t ionship  be tween  etching character is t ics  
and dopant  oxide solubi l i ty  does not ex tend to arseno- 
si l icate glasses. These exhibi t  etching character is t ics  
which are  ve ry  s imi lar  to those of phosphosi l icate  
glasses of s imi lar  dopant  concentrat ion in spite of the 
fact  tha t  the  solubi l i ty  of As~O3 is qui te  s imi lar  to 
that  of B203-- far  less than  that  of P20~. Such etching 
character is t ics  would  be expected only if the  dopant  
species in arsenosi l icate  glasses were  As205, which  
has been shown not  to be the case (22). 

I t  should be poin ted  out tha t  a direct  comparison of 
the  borosi l icate  phosphosil icate,  and arsenosi l icate  
glass etch ra tes  is complicated by  the fact that  these 
glasses were  subjected to different  hea t - t rea tments  
af ter  deposit ion:  15 min  at 1000~ for the borosi l icate  
glasses, 2 h r  at  l l00~ for  the  phosphosi l icate  glasses, 
and 5 hr  at  l l00~ for the arsenosi l icate  glasses. I t  is 
clear  tha t  the  the rmal  "his tory"  of a glass can have 
a measurab le  effect on such proper t ies  as v ibra t iona l  
spectra  (4, 7, 13, 15, 18, 20, 21, 24, 28, 30), s t ra in  dens i ty  
and damage (4, 7, 13, 22, 23, 26, 27), and, specifically, 
etch ra tes  (4, 15, 16, 25). 

Summary and Conclusion 
The etch ra tes  of vapor -depos i t ed  borosil icate,  

phosphosil icate,  and  arsenosi l icate glasses have  been 
de te rmined  as functions of glass and etchant  composi-  
tions. Given is a qual i ta t ive  exp lana t ion  of these re-  
sults based on the assumption that  each oxide  compon- 
ent  of the  b ina ry  mix tu re  is p re fe ren t ia l ly  e tched by  
only one component  of the e tchant  solution. Specifi-  
cally, it  is assumed tha t  SiOs is dissolved by  BHF and 
dopant  oxide pr inc ipa l ly  by  water .  A s imple corre la-  
t ion be tween  etching character is t ics  and  dopant  oxide 
aqueous solubi l i ty  was not  found in te rms of this  
model. 

The use of these resul ts  to infer  the  op t imum BHF 
concentrat ion for a specific processing s i tuat ion has 
been demonstra ted .  Of more  genera l  interest ,  however ,  
is the  fact tha t  the pr inciple  e m p l o y e d - - t h e  gather ing 
of resul ts  for a few different  subs t ra te  and e tchant  
composit ions fol lowed by  the in te rpola t ion  of the  re-  

sults to new compos i t ions - -may  be appl ied  to the  etch- 
ing of any  mul t icomponent  system for which e tchants  
which p re fe ren t ia l ly  etch each component  m a y  be 
found (and mixed) .  

Final ly ,  the  graphica l  represen ta t ion  of Pl iskin  and 
Conrad 's  in ter ference  color char t  (1) provides  a con- 
venient  method for ga ther ing  e tch- ra te  da ta  and cal- 
cula t ing the results.  
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The Use of Rutherford Backscattering to Study the Behavior 
of Ion-Implanted Atoms During Anodic Oxidation of Aluminum: 

Ar, Kr, Xe, K, Rb, Cs, CI, Br, and I 
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Chalk River NucLear Laboratories, Atomic Energy of Canada Limited, ChaZk River, Ontario, Canada 

ABSTRACT 

It  is shown that  from the energy spectra of He ions backscattered from 
aluminum,  recorded before and after anodic oxidation, the thickness of the 
oxide films and the positions of ion-implanted foreign atoms within  the films 
can be determined. Informat ion on the composition and uni formi ty  of the 
films is also obtained. The scope, limitations, and precision of the method are 
predictable and are discussed. As model experiments  the behavior of ion- 
implanted noble gases was studied. The results agree with previous work  and 
can be interpreted to show that, as expected, both a luminum and oxygen are 
mobile during the oxidation. The behavior of ion- implanted  alkali metals and 
halogens was also studied. These species were found to be mobile dur ing oxi- 
dation and behaved in a manner  consistent with their expected ionic charges. 

Background.--Radio-tracer techniques for s tudying 
the migrat ion of metal  and oxygen dur ing  anodic oxida- 
tion have been described in several publications (1-5). 
In  these methods a very th in  surface layer is tagged 
with radioactive marker  atoms and after oxidation the 
position of the marker  relat ive to the surface, i.e., its 
depth, is determined. In one method (1-3) 125Xe was 
used as the marker  and its depth determined by fl-ray 
spectrometry; the energy loss suffered by the low 
energy conversion electrons in t ravel ing to the surface 
is a measure of the depth of the emit t ing marker  atoms. 
In  a second modification (4), 222Rn was used as marker  
and its depth determined by measur ing the energy 
loss of the emitted ~-particles. In  a th i rd  method (5), 
chemical sectioning combined with radio-assay was 
used to determine the positions of a'nRa, l~sXe, 8~Kr, 
and 41Ar. All  these experiments  are interpreted by 
assuming that  the noble gas markers  are immobile 
during anodic oxidation, whereby t ransport  numbers  
for metal  and oxygen can be derived. Evidence for 
immobil i ty  of noble gas markers,  in  experiments  on 
anodic oxidation of tanta lum,  has been discussed in 
detail by Pr ingle  (5). 

Direct observation of oxygen migrat ion during anodic 
oxidation has been achieved by Amsel (6) and for 
thermal  oxidation, by Ollerhead, Almqvist,  and 
Kuehner  (7) and by Cox and Roy (8). In  these studies, 
isotopically enriched oxygen was located by means  
of nuclear reactions promoted by accelerated ions. 

Whitton (9) has used radio-tracer and sectioning 
techniques to study the behavior  of Rb, Kr, and  Br 
dur ing the anodic oxidation of zirconium and tantalum. 

In  this paper  we describe a method for determining 
marker  position using Rutherford scattering which 
requires nei ther  radioactive tracers nor  sectioning 
techniques. For the present  we describe experiments  
to establish some of the advantages and disadvantages 
of the method, choosing systems that should serve as 
simple models. We have extended earlier work with 
noble gases in the anodic oxidation of a luminum,  using 
a single technique to study the behavior of Ar, Kr, 
and Xe under  identical  oxidation conditions. In  addi- 
tion, since the argument  for the immobil i ty  of noble 
gas markers  is founded, in part, on the concept that  
they are uncharged, we have, following Whit ton (9), 
studied the behavior of potential ly charged species. 
The alkali metals and the halogens were used to find 
whether  a consistent behavior  could be observed. 

Key words:  anodic oxidation, Rutherford  backscat ter ing,  alu- 
minum,  noble gases, alkali metals,  halides. 

In  performing and interpret ing the experiments  we 
have attempted to cover the following points. 

(i) The technique has been  tested general ly to con- 
firm that practical results for sensitivity, resolution, 
and precision are in l ine with expectations and to 
indicate the types of systems that  are amenable  to 
practical investigation. 

(ii) The behavior of a foreign atom dur ing anodic 
oxidation might  well  be different according to whether  
it was ini t ial ly in the metal  or in a layer  of oxide 
already formed. Experiments  were therefore done with 
the markers  both in the metal  and in preformed anodie 
oxide of about 10 ~g/cm 2 thickness. 

(iii) Rutherford scattering requires more marker  
atoms than  radio-tracer methods. It was therefore 
necessary to establish whether  the amount  of marker  
required for the analysis interferes with the anodizing 
process. To this end a series of specimens were used 
containing different amounts  of marker.  

(iv) Exper iments  were also carried out to establish 
whether  or not markers  were affected by an electric 
field under  such conditions that  the oxide was not 
growing. 

(v) We have established that  limited, but  useful 
informat ion can be obtained on the widths of marker  
distributions. 

(vi) In  addition to s tudying marker  positions the 
technique gives useful informat ion on the uniformity,  
thickness, and stoichiometry of the oxide films. 

Principles of marker methods.--These principles, 
especially as applied to the use of noble gas markers,  
have been discussed in papers already cited. If the 
marker  is regarded as immobile it forms a reference 
point  from which the t ransport  numbers  of the metal  
and oxygen can be calculated. Given this reference 
point  the movement  of another species can, in principle, 
be established. In  the case of a mobile species we have 
calculated a migrat ion number ,  defined as the ratio 
of the distance moved (from the immobile reference 
point) to the thickness of oxide grown. This, of course, 
implies that the immobile reference point must  be 
established or assumed for the par t icular  system being 
studied. 

Location of markers by Rutherford scattering.--The 
principles and analyt ical  applications of Rutherford 
scattering have been reviewed by Mackintosh and 
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A 

1- ~ t  ~ 8  s 

B 
Fig. 1. Schematic diagram showing the geometric relationships of 

the angles involved in Eq. [1] and [2]. I1 is the ingoing trajectory 
of the particles making an angle 01 to the normal to the surface 
AB. I~. is the outgoing trajectory making an angle ~2 to the normal. 
x is the depth of the target atom C below the surface. #s is the 
laboratory scattering angle. 

Davies [(10) and references therein].  We reiterate 
here only those principles necessary for unders tanding 
marker  location. 

When a beam of monoenergetic ions strikes a surface 
some will  be scattered from the surface atoms, losing 
energy in an amount  dependent  on the mass of the 
atom struck and the scattering angle. The energy of 
the reflected particle is given by 

Ex - -  k 2 Eo 
where 

k=  MlCOSOs [ (Micosos)2 M~.--M1 ]1'2 
MI + M2 + (MI+ M2) 2 + MI~  

[1] 

M1 is the mass of the incident ion, M2 the mass of the 
struck atom, and 0s is the laboratory scattering angle 
(Fig. 1). If the incident  particle does not suffer scatter- 
ing in the surface layer, it will  lose energy as it pene- 
trates to lower layers. Thus, just  before being scattered, 
it wil l  have an energy of Eo 1. The scattered particle 
will also be slowed down on its way back to the sur- 
face and will emerge with an energy El 1. If the rate 
of energy loss is given by the stopping power S(E), 
then the energy of a particle emerging from a depth 
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x below the surface is expressed by 

E1 l = k  2 E o - - . ~ 0  

-- ~i==ssc~, S(E)d~ [21 

The first and second integrals are, respectively, the 
energy losses along the ingoing and outgoing trajec- 
tories Ii and 12. The angles the trajectories make with 
the normal  to the surface are 01 and e2; thus 11 = 
xsec01 and 12 ---- xsece2 (Fig. 1). S(E), the stopping 
power, depends on the energy of the particle. 

In  the present  work a beam of 2 MeV He + ions was 
used, with a solid-state detector and pulse height 
analyzer to record the energy spectra of backscat- 
tered ions. The spectra were then interpreted using 
Eq. [1] and [2] to obtain depth profiles. 

Exper imental  
Preparation of samples.raThe a luminum specimens 

were 0.9 cm diameter  disks 0.5 mm thick. Surfaces 
were first prepared by mechanical  and vibratory 
polishing (11). This was followed by four cycles in 
which the specimen was anodized and the oxide stripped 
with a solution of phosphoric and chromic acid at 
95~ Marker ions were implanted in the surface layers 
with an isotope separator (12) at energies of 20 keV 
and over an area of 0.7 cm diameter. The number  of 
ions of each species implanted is given in Tables I 
and II. 

Following implanta t ion most specimens were 
anodized in a saturated solution ( ~5% )  of ammonium 
pentaborate  in water  at a temperature  of 23~ The 
current  was kept constant at 2 mA/cm* unt i l  the chosen 
voltages were reached. Supplementary  anodizing and 
stripping experiments  were carried out using much 
larger foils which could be weighed to obtain a l inear  
calibration of voltage vs. oxide thickness. The ratio 
of weight gain to weight loss agreed with the value 
expected for the stoichiometry of A1203 within the 
exper imental  error (relative standard deviation 3.0%). 
The thickness values for the disk specimens shown 
under  "calibration" in Tables I and II were obtained 
by reference to this calibration. In  order to make 
direct comparison with earlier work (3) a few speci- 
mens were anodized in a solution of 50 g/ l i ter  of 
sodium tetraborate in 95% ethylene glycol, 5% water. 

Backscatter~ng experiments.--The specimens were 
bombarded with He ions at a nominal  energy of 2 
MeV, using a Van de Graaff accelerator. The actual 
energy in each run  was obtained by calibration against 

Table h Data from experiments with noble gas implants into preformed oxide films 

Oxide thickness Oxide thickness Aluminum 
S a m p l e  I m p l a n t e d  I m p l a n t  dose f r o m  ca l ib ra t i on  d e t e r m i n e d  M a r k e r  d e p t h  t r a n s p o r t  
number  species ( ions/cm~) ( # g / c m  ~) ( # g / c m  2) ( ~ g / c m  "~) n u m b e r  

1 Xe 2 X 10 ~5 95 95 38 0.43 
90 35.5 0.44 
94.5 35 0.40 
92.5 33.5 0.39 

Average of four determinations: 9"-~ 35.5' 0.42 
Std. dev.: 0.02 

2 Xe 5 x 10 ~ 95 95 30 0.34 
3 Xe 2 x 10 ~4 112 101 35 0.39 
4 Xe 4 X i0 I~ 112 115 40 0.37 
S Xe 5 x 1014 95 90 30.5 0.3"/ 
6 Xe I • I0 ]s 112 115 47 0.42 
? Xe 7 x 10 x5 95 90 38 0.46 
8 Xe 1 x 10 TM 95 95 38 0.44 
9 Xe 1 x 10 le 95 90 39 0.48 

Average of samples 2-9: 113.3 110.'~ 0.41 
Std. dev.: 0.05 

10" A r  2 • 1015 95 95 38 0.44 
X e  2 • 101~ 32.5 0.36 

11" . ~  1 x 10 lo 95 91.5 38 0.45 
X e  2 x 1014 35.5 0.42 

Average of aU measurements: 97.2 95.--"3 0,41'  
Std. Dev.: 0.04 

* Both implants were in the same specimen. 
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Table II. Data from experiments with noble gas implants into metal 

Oxide  t h i cknes s  Ox ide  t h i c k n e s s  
S a m p l e  I m p l a n t e d  I m p l a n t  dose f r o m  c a l i b r a t i o n  d e t e r m i n e d  
n u m b e r  species  ( i o n s / e m : )  (#g/cm~) ( # g / e m  2) 

Marker Aluminum 
d e p t h  transport 

( # g / c m  2) number 

1 Xe 5 x 10 zs 49 49.5 16 0.35 
2 Xe 5 x 10 zs 93 97.5 36 0.370 
3 Xe 5 x 10 zs 47 49.5 19.5 0.42 
4 Xe 5 X 10 ls 93 93.5 36 0.38 
5 Xe 2 x 10 z~ 4? 49.5 15 0.32 
6 Xe 2 x 10 ~4 93 96.5 33 0.35 
7 Xe 2 x 10 z~ 47 49.5 17 0.36 
8 Xe 2 x 1024 93 93.5 32.5 0.35 
g X e  1 x 10 TM 47 49,5 17 0.36 

I0 Xe 1 x 10 ~5 93 93.5 35.5 0.38 
11 Xe I x 101~ 47 49.5 20.5 0.44 
12 Xe 1 x 1015 93 95.5 33 0.35 
13 Xe 7 x 10 ~ 4? 47 19 0.43 
14 Xe  7 x 10 TM 93 93.5 39.5 0.43 
lS Xe 7 x I0  ~s 47 47 19.5 0.44 
16 Xe '7 x 10 ~ 93 91.5 41.5 0.48 
17 Xe 2 x 10 ~4 47 47 17 0.38 
18 Xe 2 x 10 z~ 93 92 33 0,360 
19 Xe  2 x 10 z~ 47 47 16.5 0.37 
20 Xe 2 x 10 z' 93 94.5 30.5 0.33 
21 If, J" 5 x 10 z4 56 61 20 0.39 
22 K r  5 x 10 zt 112 115 45 0.43 

Average: 0.38 
Std .  dev . :  0.08 

the 5.486 MeV a-particles from an 241Am source. Target 
and counting arrangements  are shown in  Fig. 2. The 
aperture defined an area of 1 m m  2 on the target. The 
target holder could be moved both vert ically and 
horizontally without breaking the vacuum so that  
various parts of one specimen could be examined and 
several targets could be examined. The surface barrier  
silicon detector had a resolution [full width at half 
maximum, (FWHM)]  of 17 keV at 2 MeV. The target  
was connected to circui try which stopped the pulse 
height analyzer  at any preset integrated beam current ,  
chosen to give the best statistics consistent with avail- 
able time. The beam current  was sufficiently low (20- 
30 nA) to prevent  excessive dead-time losses in the 
counting system. The targets were tilted so their  faces 
made an angle of 15 ~ to the beam (#1 = 02 = 15 =) and 
the detector was placed 30 ~ (0s = 150 ~ to the beam. 

Interpretation of spectra.--A spectrum of backscat- 
tered He ions is shown in Fig. 3; the scattering material  
was A1 wi th  ls4Xe implanted at 20 keV. The depth of 
the implant  is about 5 ~g/cm 2 (~200A) and the width 
of its distr ibution (FWHM) is about half  its depth. The 
energy losses of the ions in t raversing these distances 
is small  (1 ~g/cm ,-,2.0 keV). Thus scattering from the 
Xe produces the peak at the r ight-hand side of the 
figure, having an energy given by Eq. [1] less 2.0 keV 
for each ~g/cm s of depth. The bombarding He ion 
energy in this case was 1.975 MeV; kS for Xe is 0.894, 
hence the peak occurs just  below t.766 MeV. The width 
of the peak is determined by the detector resolution 
(17 keV). The sharp step te rminat ing  the plateau at 
1165 keV in Fig. 3 occurs at the energy given by Eq. 
[1] for He + scattering from surface atoms of A1. The 
counts recorded at lower energies are derived from 
ions scattered from progressively greater depths. As 
x increases the energy Ez 1 decreases according to Eq. 
[2]. 

T TARGET HOLDER 

'PERTORE \ 1  / I 
VAN DE GRAAFFv L " 1 . 1  B EA M 1 

l 

DETECTOR ~ _  

l 
PULSE HEIGWI 1 
ANALYZER J 

Fig. 2. Schematic diagram of the target chamber arrangements 

Figure 4 is a spectrum obtained under  the same 
conditions as Fig. 3 except that the AI specimen had 
been anodized after implanta t ion and thus had ,,~100 
#g/cm 2 of oxide on the surface and the th in  layer of 
Xe was buried in the oxide. The A1 edge occurs at the 
same energy as before. However, the cont inuum has 
a marked step. The height of the spectrum at any 
part icular  energy is proportional to the number  of A1 
atoms contr ibut ing to the scattering at the depth corre- 
sponding to that energy. In the oxide layer this number  
is considerably less than  that in the under ly ing  metal, 
consequently, there is a reduced height unt i l  particles 
backscattered from the A1 atoms in the metal  are 
recorded in the spectra. This will  occur at an energy 
E11 given by Eq. [2] where the stopping power is that  
for A12Os, k is that  for A1, and x is the total thickness 
of the oxide (Xo). The width of the oxide step is thus 
a measure of the oxide thickness; its height reflects the 
stoichiometry. The Xe peak is displaced relat ive to its 
position in Fig. 3 because it is buried deeper beneath 
the surface. The energy of the peak is given by Eq. 
[2] where the stopping power is for A1208, k is for Xe, 
and x is now the depth of Xe below the oxide surface 
(xm). 
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Fig. 3. Spectrum from 7 x 1015 Xe atoms implanted in AI. The 
incident energy of the He + was 1975 keV. 
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Fig. 4. Spectrum from 7 x lO is Xe otoms buried in an oxide layer 
(95/~g/em 2 thick) on the sudaee of Ah Incident energy of the He + 
was 1975 keV. 

The t ransport  number  required from the experiments  
is the ratio of Xm to Xo. To obtain this ratio from the 
spectra two computer programmes were used. The first 
of these established a tabula t ion of the values of El z 
for small, successive x intervals  (1 ~g/cm 2) using Eq. 
[2] when Eo, el, 02, and k 2 were given appropriate 
values for the init ial  energy and geometric arrange-  
ments  of the part icular  experiment.  As the value of 
S(E)  is cont inual ly  changing as E changes with depth, 
the programme included a tabula t ion of stopping power 
as a funct ion of energy. This was obtained by the 
Bragg addit ivi ty rule using published data (13, 14) for 
oxygen and a luminum and assuming stoichiometric 
A1203. This input  data is given in micrograms per 
square centimeter  and since the un i t  of distance was 
also in the same terms it was not necessary to know 
the density of the oxide. The tabulat ions for the 
specific examples of Fig. 3 and 4 have been reproduced 
as scales on these figures. The scale for Xe differs from 
that  for A1 as a consequence of the difference in the 
value of k 2 for these two atoms. The scales are not 
l inear  since stopping power varies with energy. 

The second computer programme produced values of 
Ez I for the Al(oxide)  edge, the Al(meta l )  edge, and 
the implant  from the raw data. These could then be 
read in terms of thicknesses and depths from the first 
tabulation. The programme smoothed the data by a least 
square fitting routine, then extracted the position of 
edges and implants,  assuming that  the peaks were 
Gaussian and that  the edges were integrated Gaussians. 
Output  was given directly in energy by input ing a 
calibration curve for the pulse height analyzer. 

In  these experiments  with A1 exper imental ly  deter- 
mined, values for the stopping power of A1 and O2 
were available and as will be shown later the assump- 
tion of stoichiometric AltOs were justified. However the 
exper imental  technique can be extended to systems 
where good data are not available and the stoichiometry 
is unknown,  with some loss in accuracy. The tabula-  
tions of depths of Xe and A1 in A1203 differ from each 
other by less than 10% and differ from l inear i ty  by 
less than 5% over the range 0-100 ~g/cm 2. As an 
approximation one could assume that the stopping 

power is independent  of energy. In  this case the ratio 
of Xm to Xo is s imply the ratio of the energy shift of 
the marker  to the energy width of the oxide step and 
can be obtained directly from the number  of channels  
in the spectra. This approximation is good to about 
10% under  the conditions of the present exper iment  
since the stopping power does not vary  rapidly  wi th  
energy. 

In  Rutherford scattering experiments  it is possible, 
wi th in  limits, to determine the width of the marker  
distribution. Before anodizing (e.g., Fig. 3), the width 
of the Xe peaks are determined,  for all practical pur-  
poses, by the detector resolution (FWHM ---- 17 keV). 
After  anodizing (e.g., Fig. 4) the width of the Xe 
peaks (FWHM) are found to be typically 24 keV. The 
edges, or steps, in the spectra also have widths. The 
shape of these edges is, to a good approximation, an 
integrated Gaussian and hence these widths can also be 
expressed as a FWHM. In  an anodized specimen (with 
approximately 10O ~g/cm2 of oxide) the width of the 
higher energy edge (outer surface) was typically 18 
keV which is, as expected, identical for practical pur-  
poses with the detector resolution. The width of the 
lower energy edge (metal-oxide interface) was typi- 
cally 23 keV. A brief discussion of widths and their  
significance is given in the discussion of results, below. 

Since the areas of the peaks in the backscattering 
spectra are proportional to the number  of marker  
atoms, the incident  ion fiuence and the scattering cross 
section, possible loss of marker  atoms dur ing anodizing 
could be detected. In  comparing markers  at the same 
depth it was merely necessary to normalize for the 
ion fluence. Another  normalizat ion was necessary if 
the markers  were at different depths because the ion 
energies at the point of scattering would then differ, 
result ing in a difference of cross section proportional to 
1/E 2. Integrat ion of the peak areas was included in 
the computer  programme used to determine the energy. 

One last piece of informat ion can be gleaned from 
the spectra obtained in these experiments;  it is possible 
to establish whether  or not  the anodic films are stoichio- 
metric A1203. First, the ratio of the counts in any 
chosen channel  of the Al (meta l )  step to a chosen 
channel  of the oxide step that  should be obtained for 
stoichiometric A12Os is calculated. The ratio of A1 
a toms/microgram of A1 to A1 atoms/microgram of 
A1203 is modified by (i) the ratio of the thickness 
represented by the energy in terval  of one channel  in  
the A1 to one channel  in the oxide, and (ii) the inverse 
ratio of the squares of the energy of the He + particles 
at the ins tant  they reach the depth represented by the 
chosen channels. For these purposes it is not only 
necessary to use the tabulat ions already described but  
to provide an additional one for A1 in  A1 (as shown in 
Fig. 3) and one of Eo 1 vs. depth, where Eo 1 is the init ial  
energy less losses in t raversing depth x. These cal- 
culated ratio were then compared with the actual ratio 
in the spectra. The channels  chosen were taken to be 
those indicated as the edges in the computer  programme. 
The number  of counts was extracted by a programme 
after smoothing the data and extrapolat ion of the 
plateau curves to the edge channels. Agreement  of the 
calculated and exper imental  ratios indicates stoichio- 
metric A1203. If there were disagreement the actual 
stoichiometry could be obtained by recording spectra 
which include the backscattered particles from O (they 
have been biased out in our spectra) and the AI:O 
ratio calculated in the manner  described in  Ref. (15, 
16). 

Results and Discussion 
Table I lists results obtained from experiments  with 

the inert  gases implanted into preformed oxide films 
(30V = 11 ~g/cm 2) and Table II those obtained with 
the implants  in metal  beneath the na tura l  airformed 
oxide (~0.7 ~g/cm2). The tables indicate the implanted 
species and the number  of atoms implanted.  

Oxide thickness, stoichiometry, precision.--The thick- 
nesses of the anodized oxide layers were determined 
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from the energies of the particles backscattered from 
the A1 at the metal-oxide interface, i.e., from the width 
of the oxide step (Fig. 4). These values are listed under  
"determined" in Tables I and II. Taking all of the 
results, Tables I and II, we find that  a comparison of 
each individual  thickness "determined" with its corre- 
sponding "calibration" value shows a relative standard 
deviation of 6.3%. The average of all determined thick- 
nesses differs from the average of all calibration values 
by only +0.3%, suggesting that the absolute value 
used for the stopping power of A1203 is substant ial ly 
correct. On comparing calculated values for the ratio 
of heights in chosen channels of the metal and oxide 
steps it was found that the average value obtained 
from 22 spectra differed from the value calculated for 
stoichiometric A1203 by 3.8%. The relative standard 
deviat ion for the 22 spectra was 2.0%. The difference 
of 3.8% cannot  be considered significant in  view of the 
limited accuracy of the stopping power data. More im- 
portant  is the fact that the relat ive s tandard deviation 
of 2.0% is ent irely consistent with the statistical accu- 
racy of the counting data, confirming that the tech- 
niques used can yield precise verification of film com- 
position. 

Sample 1 was measured four times to demonstrate  the 
reproducibil i ty of the thickness determinat ion (relative 
s tandard deviation from the mean 3%) and the marker  
depth measurement  (6%). 

Noble gases.--In calculating the t ransport  numbers  
for a luminum small corrections (3) have been made 
for (i) the finite ini t ial  depths of the marker  in metal  
and in preformed oxide films, (ii) the fact that with 
implants  in metal, oxidation of the metal  lying above 
the implant  will take place without  either A1 or O 
traversing the implant  layer, and (iii) the small 
amount  of A1 that  dissolves dur ing anodizing. The 
amount  dissolving is about 2% of the total  AI con- 
verted to oxide (17). 

The lower l imit of dose is set by the practical l imit  
of sensit ivity of the technique, which for Xe is about 
5 • 10 t3 a toms/cm 2. In  the experiments  with a dose 
of 1 • 10 IB atoms/cm 2 more than half the Xe disap- 
peared dur ing  anodizing, although the remainder  be- 
have normally,  i.e., as though the dose had been 5 • 
1015 a toms/cm 2. It is suspected (but  not established) 
that  the heavy radiation damage results in some loosen- 
ing of the oxide film which peels off at the start of anod- 
izing. The somewhat higber t ransport  number  is con- 
sistent with this contention as the calculations would 
contain too great a correction for implant  depth. Hence, 
in this case at least, there is an upper  l imit  to the useful  
dose. In all the other experiments,  with lower doses, 
no loss of marker  was detectable. 

There appears to be a tendency for the t ransport  
number  to increase with dose. It  is difficult to decide 
whether  or not this is real. If it is, a possible explana-  
tion can be offered; the larger doses must  have associ- 
ated greater radiat ion damage to the outer layers 
which conceivably alters the anodization process. The 
implants  in preformed oxides would be most affected; 
they do show the t rend most clearly. Doses below 
5 • 1014 do not show this tendency, consequently it is 
concluded that  marker  atoms do not significantly alter 
the results when  the number  implanted is no greater  
than 5 • 1014. 

All completely immobile  markers  should give the 
same value for t ransport  numbers.  Since the Ruther-  
ford scattering cross section varies as Z 2 the m i n i m u m  

useful dose for Ar was 2 • 1015 atoms/cm 2 and for Kr, 
5 • 10 TM atoms/cm 2. Bearing in mind  the small  dose 
effect already noted, the tables show that wi thin  exper- 
imental  error Ar, Kr, and Xe do give the same value 
for the a luminum transport  number .  It should be noted 
however that Pr ingle  (5), employing more sensitive 
techniques applicable to Ta2Os, has detected small  
differences for Ar, Kr, and Xe markers.  

As far as the t ransport  n u m b e r  is concerned there 
was no real difference between the behavior of im-  
plants made into metal  and those made into preformed 
anodic oxide (30V ~ 11 ~g/cm2), except for the slightly 
greater spread in results. As discussed in more detail 
later, the distr ibution of the implant  atom tends to 
broaden in the "metal" case. This broadening is not 
reproducible from specimen to specimen and leads to 
more variat ion in the determinat ion of the peak posi- 
tion. 

The value for the cationic (a luminum)  mobil i ty ob- 
tained by taking a simple average of all the individual  
values listed in Table I is 0.39. The best value obtained 
by /~-ray spectrometry (3) for anodic oxidation in 
tetraborate-glycol solutions at a current  density of 1 
m A / c m  2 was 0.6. The value obtained from the 222Rn 
exper iment  (4) using aqueous ammonium citrate solu- 
tion, was approximately 0.3. However, Table III  shows 
that t ransport  numbers  depend on the electrolyte. 
Samples 1 and 2 (metal  implants)  were anodized in 
sodium te t raborate-e thylene glycol solution. These 
results agree quite well with those of Ref. (3) in which 
the specimens were similarly treated. The preformed 
oxide in samples 3 and 4 were formed in the aqueous 
electrolyte, the subsequent  anodizing was in the glycol 
solution. The intermediate  value of the t ransport  n u m -  
bers substantiates the conclusion that  oxidation 
proceeds differently in the two electrolytes. 

Halogens and alkali metals . - - In  the exper iments  with 
halogens and alkali  metals it was immediate ly  obvious 
that  these species are mobile dur ing anodizing. Hence, 
to formulate the results in Table IV we have calculated 
a migrat ion number .  To do this we calculated the 
position of an immobile reference point, using the 
t ransport  number  of A1. The t ransport  number  used 
was the average of all  values given in Table I. Given 
this reference point we then calculated how far the 
marker  had moved from this point. Finally,  we took 
the ratio of this distance to the thickness of oxide 
grown. Corrections for the finite init ial  depth of the 
marker  and for A1 dissolution were made as before. 
Bearing in mind  the l imited number  of experiments,  
the following comments  can be made. 

The direction of motion is consistent with the halo- 
gens and alkali metals moving as ions. Size appears to 
be one factor since we find the mobil i ty of C1 ~> Br ~> 
I and of K ~ Rb ~ Cs. It is not the only factor, how- 
ever, since all the alkali  metal  ions are smaller  than 
the halogen ions but  the alkali metals t aken  in a group, 
do not move faster than the halogens. 

As far as the migrat ion numbers  are concerned there 
is no significant difference established be tween im- 
plants  into metal  and into preformed oxide. Nor is 
there any obvious dependence of the mobil i ty on the 
thickness of oxide grown. 

In  two cases (I and Cs) the anodized specimen was 
re turned  to the electrolyte and a voltage equal to the 
original anodizing voltage was applied unt i l  the cur- 
rent  had decayed to about 0.01 m A / c m  2 (~10 rain) .  
Dur ing  this period a small  addit ional  amount  of oxide 

Table III. Data from experiments using ethylene glycol electrolyte (Xe implants) 

Oxide thickness Aluminum 
Sample Implanted Implant dose determined Marker depth transport 
n u m b e r  l aye r  ( ions/cm~) (~g/cm~) (lzg/em~) n u m b e r  

I Me ta l  2 • I0  I~ 40 25.5 0.88 
2 M e t a l  2 • 1014 35 21.5 0.66 
S O x i d e  2 x 1014 45 17 0.48 
4 Ox ide  2 X I0  II 39.5 14 0.46 
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Table IV. Data from experiments with halogens and alkali metals 

1101 

Sample Implanted 
n u m b e r  l ayer  

Oxide t h i c k -  Oxide 
Implanted hess from t h i c k n e s s  Marker 

Implanted dose calibration determined movement Migration 
species  (ions/cm ~ ) ( izg/cm -~ ) (#g/cm~) (~g/cm~) n u m b e r  

14 Me ta l  
15 Meta l  
16 Meta l  
17 Ox ide  
18 Ox ide  
19 Meta l  
20 Metal 

21 Oxide 
22 Oxide 
23 Meta l  
24 Me ta l  
25 Me ta l  

CI 2 • 10 ls 35 40 32.5 (in) 0.35 
Br  5 • 10 z. 56 61 12.5 (in) 0.21 
B r  5 • 10 l~ 112 118 20.9 (in) 0.18 
1 2 • 101~ 112 112 7.0 (in) 0.08 
I 2 • 10 z~ 112 121 12.7 (in) 0.11 
I 2 x 10 ~4 112 101 14.3 (in) 0.14 
I 2 x I0~ 112 104 II.I (in) 0.II 

2 • 10 ~''~ 23.0 (out) 0.22 
Cs 2 • 101L 112 112 18.6 (out)  0.18 
Cs 2 • 101~ 112 121 22.3 (out) 0.20 
lgb 5 • 101' 56 61 15.2 (out) 0.25 
Rb  5 • 101' 112 117 32.3 (out) 0.27 
K 2 • 10 TM 112 I00 34.3 {out) 0.34 

Average:  96.3 97.2 

formed and allowing for this, the positions of the mark-  
ers were unchanged. Similar specimens were returned 
to the electrolyte and held at a voltage slightly below 
the original voltage for 15 min, dur ing which time the 
current  was, as expected, essentially zero, no oxide 
formed and the markers  did not move. Thus the 
markers  have measurable  mobil i ty only when the oxide 
is growing. 

For the implant  doses used there was no detectable 
loss of implanted ions to the electrolyte nor  any sug- 
gestion of the implant  penet ra t ing  from the oxide 
into the metal. In fact, as seen in Table IV, the mobil i ty 
of the implanted anions used in the present experi- 
ments was always less than that of oxygen and the 
mobil i ty of the implanted cations always less than 
that of a luminum. This is not to be taken as a general-  
ization applying to foreign atoms other than the ones 
mentioned in this paper. 

Taking the results for the noble gases, the alkali 
metals and the halogens all together we can say that 
the picture is consistent with the assumption that  the 
noble gases are immobile. It does not, of course, provide 
a complete proof of this assumption. 

Peak w i d t h s . u T h e  spectra for all specimens having 
approximately 100 ~g/cm 2 of anodic oxide were ana-  
lyzed to determine the widths of the upper energy 
edge (outer surface) and the lower energy edge 
(metal-oxide interface).  For the outer surface the 
width (FWHM) was 18.3 keV with a s tandard devia- 
t ion of 1.8 keV. For the metal-oxide interface the 
width was 22.8 keV with a s tandard deviation of 2.1 
keV. The width from outer surface is composed of the 
detector resolution together with possible contr ibutions 
from accelerator energy drifts and electronic gain 
changes. The observed width of 18 keV is clearly in 
agreement  with the detector resolution of 17 keV. The 
width from the metal-oxide interface contains an 
added contr ibut ion from the energy straggling of the 
He ions in passing into and out of the oxide layer, 
together with possible contributions from nonun i -  
formity of the oxide or diffusiveness at the interface. 
The straggling contr ibut ion is impossible to obtain 
exactly since there is no experimental  data for the 
exact system in question. However, Hvelplund (17) 
has published data for 500 keV He ions in air  and in 
Ne. An extrapolation of his data, admit tedly very 
approximate, suggests that the whole of the difference 
between 23 and 18 keV can be accounted for by He 
ion energy straggling. 

The spectra for the Xe implanted into preformed 
oxide and then anodized were analyzed to find the 
width (FWHM) of the Xe peaks. The average width 
was 24.0 keV with a s tandard deviation of 1.1 kcV. 
Since the Xe is buried to the extent  of about four- 
tenths of the oxide thickness its peak width contains, 
besides the detector resolution, a contr ibut ion from the 
He ion energy straggling. If allowance is made for 
these contr ibutions the remainder  is 12 keV, or 6 
/~g/cm2; however, in view of the corrections and errors 
this number  has scarcely any significance. In  the case 

of Ta2Os, Pringle (5), using a more sensitive technique, 
has detected small broadening of inert gas markers. 
If his results are applicable to A1203 they would sug- 
gest a broadening of about 2 ~g/cm 2 in our experiments. 

The number of experiments in preformed oxides 
using species other than Xe is limited. For the cases 
studied, Ar, Cs, and I, there is no evidence that the 
peak widths after anodizing are any different from 
those observed for Xe; see Table Ill. 

The situation for implants  made into metal, ra ther  
than preformed oxides, is quite different. The number  
of samples for each implant  is not large; however, 
for all cases studied, Kr, Xe, K, Rb, Cs, C1, Br, and I 
the peak width after anodizing was very obviously 
broadened. Widths (FWHM) ranged from 27.4 keV 
(potassium) to 39.2 keV (bromine) with no obvious 
correlation as to type of implant ;  see Table V. It  ap- 
pears therefore that the major  factor contr ibut ing to 
broadening is the phase change in the region of the 
implant  and not the behavior  of the implant  once it 
has become incorporated into the oxide. 

Assessment of Method 
An important  advantage of the method is its gen- 

erality, subject to the l imitat ion that  the foreign atoms 
be heavier than the matr ix  atoms. Clearly, of the 
noble gases, Xe is the most practical to use; the sen- 
sit ivity is good (because of the Z 2 dependence of the 
scattering cross section) and it can be used in fairly 
heavy matrix. For example application of Eq. [1] and 
[2] shows that  Xe atoms buried to a depth of 25 ~,g/cm 2 
in ZrO2 could just  be resolved from the Zr cont inuum. 
In  any part icular  case the behavior of the marker  will 
also be important.  In our experiments,  potassium could 
be studied in films of 100 ~g/cm 2 since it remains close 
to the outer surface. Chlorine, which moves inward, 
could be studied only in films that were <50 /zg/cm 2 
since it becomes deeply buried and the chlorine peak 
can be lost under  the a luminum continuum. 

Small  quanti t ies of foreign atoms, as listed in  the 
tables, can be studied only if they lie in a depth dis- 
t r ibut ion nar row enough to give a sharp peak in the 
spectrum. Obviously the ideal condition is when the 
width of the depth distr ibution is small  compared to 
the detector resolution, i.e., in the present  case, small  
compared to 17 keV which corresponds to about 8 ~g/  

Table V. Widths (keV, FWHM) of edges and implant peak after 
anodizing to 300V 

A v e r a g e  w i d t h  f rom ou te r  su r face :  18.29 -*- 1.82 
A v e r a g e  w i d t h  f rom m e t a l - o x i d e  i n t e r f a c e :  22.84 ~ 2.14 

Peak widths for implants Peak widths for implants 
made into preformed oxide made into metal 

Xe {8 expt . )  2~I.03 ~ 1.13 Xe 33.11 
A r  22.64 Kr  35.15 
Cs (2 expt . )  20.35 ~ 0.58 K 27.40 
I (2 expt . )  23.57.4- 0.39 Rb 29.09 

Cs 38.90 
C1 ...4O 
B r  39.21 
I (2 expt . )  38.32 q- 3.88 
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cm 2. Ion implanta t ion  is especial ly useful  since it 
produces  a na r row  distr ibut ion,  gives the  choice of in- 
corpora t ing  the m a r k e r  in meta l  or p re formed  oxide 
and offers an almost  un l imi ted  choice of m a r k e r  spe- 
cies and matr ix .  However ,  the method could be appl ied  
to marke r s  adsorbed on surfaces and wi th  l imitat ions,  
to species incorpora ted  from solution or present  as 
addi t ives  in the  meta l  being oxidized. 

At  the other  extreme,  foreign atoms d is t r ibuted  uni-  
formly  th rough  the ma t r i x  wil l  produce a continuum 
and larger  amounts  of ma te r i a l  wi l l  be requi red  to 
main ta in  the s ta t is t ical  significance of the spectrum. 
Similar ,  but  more  extreme,  considerat ions apply  to 
s tudying  atoms that  are  l ighter  than  the mat r ix ;  the 
oxygen in A1203 film can easi ly be detected but  oxygen  
as a minor  const i tuent  in a luminum would  not be. 

The quan t i ty  of m a r k e r  requ i red  thus depends  on 
several  factors but  in any case the sensi t ivi ty  of the 
method  is not  as high as tha t  obta inable  wi th  radio-  
t racer  methods  and the quan t i ty  of m a r k e r  is, by 
necessity, larger .  This might  be a serious d isadvantage  
in some cases; we have noted that  the amount  of Xe 
implan ted  might  have a smal l  influence on the ob- 
served t ranspor t  numbers.  In  these par t i cu la r  exper i -  
ments  the  over -a l l  behav ior  dur ing  anodizing was not 
affected, i.e., the oxide had the expected thickness and 
was uni form and adherent .  S imi lar ly ,  the  over-a l l  be- 
havior  of specimens implan ted  with  a lka l i  meta ls  or 
halogens, at the doses used, appeared  normal.  Never-  
theless, there  remains  the  obvious possibi l i ty  that ,  in 
general ,  the presence of foreign atoms can influence 
the anodizing behavior  and that  the  behavior  of a 
mobile  foreign a tom wil l  i tself  be influenced by its 
concentrat ion.  

A second ma jo r  advan tage  of the method is that  it  
measures  the  posi t ion of the  m a r k e r  and the  thickness 
of the film simultaneously.  Useful  informat ion can be 
obtained,  if necessary,  wi thout  any  knowledge  of the 
film composition, density, or s topping power.  Indeed,  
spectra  obta ined in a sui table  way  can be used to mea-  
sure the s to ichiometry  and to detect  changes in stoi- 
ch iomet ry  wi th  depths,  e.g., in dup lex  films (15, 18). 
The uni formi ty  of the  film throughout  its thickness is 
au tomat ica l ly  checked. These factors a re  of special  
advan tage  in s tudying more  complex film forming 
processes, e.g., anodic or the rmal  oxidat ion of com- 
pounds and alloys or the  fo rmat ion  of in te rmeta l l ic  
films, where  informat ion  on the na ture  of the films is 
often minimal .  

The presence of impuri t ies ,  especial ly  surface con- 
taminants ,  wi l l  also be revea led  under  sui table  con- 
ditions discussed above. Fo r  example ,  it is known (19) 
that  a luminum tha t  has been anodized and s t r ipped  in 
chromic-phosphoric  acid re ta ins  a thin oxide containing 
Cr and P. Al l  our  specimens so t r ea ted  give spectra  
that  showed ve ry  c lear ly  the presence of Cr at the  sur-  
face; phosphorus was also detectable,  a l though poor ly  
resolved f rom the  A1. 

It  is possible, b y  judic ious  selection, to use two or 
th ree  marke r s  in a single exper iment ,  thus compar ing  

thei r  behavior  under  absolu te ly  ident ical  conditions. 
Fo r  example ,  in Table  I, specimens 12 and 13 were  
implan ted  with both A r  and Xe. By the same methods 
it would be possible to check for the  possible in ter -  
ference of one species wi th  another.  

The precision of the method,  as found in practice,  is 
consistent  wi th  expecta t ions  based on the detector  
resolut ion and counting statistics. The  expected resolu- 
t ion (FWHM) corresponds to 8 ~g/cm2; in the four 
measurements  made  on sample  No. 1, Table  I, the 
s tandard  devia t ion  for oxide thickness was 2.0 ~g/cm" 
and for the Xe depth 1.6 #g/cm 2. The s to ichiometry  of 
the oxide could be verified with  a precision ( •  
consistent  wi th  the counting statistics. 
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ABSTRACT 

The negat ive  charge in AI-A1203-SiO2-Si double layers  was found to be lo- 
cated at the  insu la to r - insu la to r  interface.  This charge is independent  of the  
thickness of the A1203 and inverse ly  dependent  on the SiO2 thickness.  Evi-  
dence for a constant  vol tage drop across the SiO2 dur ing A1203 deposi t ion 
was found for polycrys ta l l ine  A1.~O3, N2-deposited and O2-deposited amorphous  
A1208. I t  is suggested that  the  t raps  at  the  in terface  Al~O3-SiO~ a re  due to 
oxygen  vacancms. 

Double  l ayer  insulators  are  becoming more  and more  
common in semiconductor  technology. One system of 
pa r t i cu la r  recent  in teres t  is the  A12Oz-SiO2 structure.  
A luminum oxide films provide  a ba r r i e r  to sodium ions 
(1) and are  also more  radia t ion  res is tant  than  t h e r -  
mal  oxide  films (2). I t  is wel l  known tha t  the rmal  oxide 
on silicon tends to make  the surface of sil icon more 
n- type;  AI~O~, on the contrary ,  makes  the surface more  
p - t y p e  (3). 

A l u m i n u m  oxide films have been  deposi ted on silicon 
by  var ious  methods:  by  chemical  vapor  deposi t ion from 
A1Cls, COs, and  H., a t  h igh t empe ra tu r e  (1);  f rom 
pyrolys is  of a lkoxydes  of a luminum (3), by  sput te r ing  
(4, 5), and b y  e lect ron beam evapora t ion  (6-8). The 
character is t ics  of the insula tor  charge  and in pa r t i cu la r  
the  location of the  resul t ing  charges in metal-Al~Oz- 
SiO2-Si s t ructures  have been s tudied by  severa l  work-  
ers but  there  is s t i l l  no complete  agreement  on this 
subject.  Using po lycrys ta l l ine  A12Oz, Nigh (9) in ter -  
pre ts  his resul ts  for double  layers  A120~-SiO2 on sil icon 
to  one or  more  of the  following: a sheet  of negat ive  
charge  at  the  insu la tor - insu la tor  interface,  a posi t ive 
contact  potent ia l  of app rox ima te ly  -~I.IV, and a change 
in the  meta l - insu la to r  ba r r i e r  energy when AI~O~ is 
subs t i tu ted  for SiO2. K a l t e r  et al (10), s tudying the 
same system, repor t  a ~-1.5V potent ia l  step at  the  in-  
su la tor - insula tor  in terface  bu t  no interface  charge. 
Nishimatsu  et al. (11), using amorphous  A1~O3, r epor t  
the presence of a constant  negat ive  charge  (3.5 • 1011 
charges/cm~) at  the  A1208-SiO2 interface  and  a dis- 
t r ibu ted  negat ive  charge in the  A120~ bu t  no contact  
potential .  Gosney (8) finds a negat ive  single l ayer  of 
charge (7 • 10 n charges/cm2),  no contact  potent ia l  
and no bu lk  charge;  he repor ts  also that  the  effective 
charge is posit ive when A1203 is deposi ted d i rec t ly  on 
silicon. Sa lama  (4) repor ts  a single l ayer  of posit ive 
charge  at  the interface and a contact  potent ia l  of about  
+ I V  in his double  l aye r  s t ructures;  both posi t ive and 
negat ive  charge  can be observed in the  Al~O3-Si s truc-  
ture  depending on the sput te r ing  condit ions and  the 
anneal ing condit ions (4, 5). 

In this paper ,  the  magni tude  and locat ion of the  
charge  in A1-A120~-SiO~-Si s t ructures  was s tudied for 
both  amorphous  and polycrys ta l l ine  A1203. 

Experimental 
A l u m i n u m  oxide films, both  amorphous  and poly-  

crystal l ine,  were  used in this study.  

Amorphous Al2Os.--Low-temperature amorphous  
A1203 films were  deposi ted f rom the pyrolys is  of alu-  
minum t r i i sopropoxide  at 425~ in e i ther  n i t rogen or 
oxygen ambient .  Detai ls  of the process have a l r eady  

* Electrochemical  Society Act ive  Member .  
K ey  words:  AI2Oz, a l u m i n u m  oxide, double layer  insulators, 

metal- insulator-semiconductor ,  trapping centers,  insulator charge,  

been descr ibed (3). The deposi t ion ra te  is 60 A/ ra in ;  
the  index of ref rac t ion  is 1.6; and dielectr ic  constant  is 
7.7. 

Polycrystalline Al2Os.--High-temperature AI20~ 
films were  deposi ted  by  chemical  vapor  deposi t ion 
from A1Br3 W NO at  910~ in a resis tance heated fur-  
nace in a forming-gas  a tmosphere .  This process (12) 
is ve ry  s imilar  to tha t  developed by  Rand  (13) for 
deposi t ing SiOa films f rom SiBr4 -t- NO -t- Ha. F i lms  
were  deposi ted at 70 A / m i n ;  the index of re f rac t ion  is 
1.75; the  etch rate,  in hot phosphoric  acid (15O~ is 
150 A / m i n ,  and the dielectr ic  constant  is 9.5. 

Meta l - insu la tor -semiconductor  capaci tor  s t ructures  
were  used in the e lect r ica l  evaluat ion.  Capaci tance-  
vol tage (C-V) character is t ics  at 1 MHz were  obtained 
to measure  the  charge  s tored in the  double  layers.  

The meta l - insu la tors -s i l icon  s t ructures  were  obtained 
as follows: Silicon wafers  <100>,  p - type  2 ohm-cm were  
thoroughly  cleaned and oxidized in d r y  oxygen at  
1050~ for var ious  per iods  of time. Annea l ing  at  105O~ 
was done in n i t rogen for  30 min. The measu red  flat- 
band  vol tage  for these oxides  (300-1000A thick)  was  
(af ter  evapora t ing  a luminum electrodes and  anneal ing 
again at  420~ in a forming-gas  a tmosphere  for 30 rain) 
--0.8 to --0.9V and the  mobi le  charge  (af te r  biasing 
MOS dots for 30 min, at  20O~ at  +__2 • 108 V/cm)  in 
the low 1010 charges/cm~ range.  A1208 films, approxi -  
ma te ly  3000A thick, were  subsequent ly  deposi ted on 
the SiO2 films. No anneal ing  of the A1208 film was done 
immedia te ly  af ter  deposition. 

Depending on the  A1208 film deposited, fu r the r  proc- 
essing was made  as follows: i) Fo r  the amorphous  
A120~, steps of app rox ima te ly  5 m m  in wid th  and ap- 
p rox ima te ly  500A depth  were  made  on the Al2Os film. 
A first step was done b y  covering most of the wafer  
wi th  tape and etching in buffered H F  for a cer ta in  
per iod of time. By decreas ing successively the  area  of 
the  wafer  taped,  severa l  e tching steps could be ob- 
tained,  ii) For  the  po lycrys ta l l ine  A12Os, a film of h igh-  
t empera tu re  SiO2 was deposi ted on the A1203 film. A 
step was then etched in buffered H F  as above for a 
cer ta in  per iod of t ime in hot phosphoric  acid. Repeat  of 
the  same procedure  severa l  t imes  resul ted  in a wafe r  
wi th  5 or 6 steps, of about  5-6 m m  width.  

F ina l ly  12 rail  d iam a luminum dots were  evapora ted  
on the  s t ructure  and annea led  at  420~ for 30 min  in a 
forming-gas  a tmosphere .  A l u m i n u m  was also evapo-  
r a t ed  on the bare  backside of the  silicon for contact. A 
cross section of the  expe r imen ta l  s t ruc ture  is g iven in 
Fig. 1. 

Results and Discussion 
The flat band vol tage  of the  me ta l - i n su l a to r  struc- 

tures  is shown in Fig. 2 and 3 as a function of the  A1~O8 
thickness  for var ious  constant  thickness  SiO2 films. The 
resul ts  for amorphous  A12Oa films are  qua l i t a t ive ly  

1103 
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Fig. 1. Cross section of structures tested (see text for dimensions) 

s imi lar  to those for polycrys ta t l ine  A1203. The bars  on 
the lines show tha t  the  spread in f latband vol tage on 
each step is about  _0.1V ( typ ica l ly  5 devices mea-  
sured) .  Thickness of the  A1208 films were  obta ined by  
comparison of the color of the film wi th  a p r ede t e r -  
mined color scale s imi lar  to that  of P l i sk in  and Conrad 
(14). The error  would p robab ly  be wi th in  10% of the 
exact  thickness. 

The resul ts  obta ined for N2-deposited and O2-de- 
posited amorphous  A1203 films on SiO2-Si are  compared  
in Fig. 4 for a constant  SiO2 thickness  of 230A. 

In  all  cases, the  f la tband vol tage  of the A1203-SiO=, 
s t ructures  increases fa i r ly  l inear ly  wi th  the increase of 
the  A120,~ film thickness for a constant  SiO2 thickness 
and reaches  about  --0.SV for zero A1203 thickness.  
The f la tband vol tage of the N2-deposited A12Oz struc- 
tu re  is much more  posi t ive than  tha t  for  the  Oz-de- 
posited one. 

If  we  pos tu la te  sheet  charges Qox and Qint at the 
Si-SiO2 and the SiO.2-A1203 interfaces,  respect ively,  the 
f latband vol tage  wil l  be given by  

tA 
VFB "-- - Q o x  ~ - (Qox  -~ Q in t )  ~ -I- eros [1]  

where  to and Ko are  the thickness  and dielectr ic  con- 
stant  of the  SiO2 film, tA and KA are  the thickness and 
dielectr ic  constant  of the  AlzO3 film, and eros is the  

Table I. SiO2-AI203 interface charge N i n t  (in units of 1021 
charges/cm 2) for varied Si02 thickness and AI2Oa processes 

Amorphous  Amorphous  
SiO2 AltOs AltOs Polycrys ta l l ine  

th ickness  (O2-deposited) (N2-deposited) A1203 

230A --2.1 --5.9 
315A - -  ~ --5.3 
425A ~ ~ - - 3 . 5  
560A -- 1,1 --2.2 --3.0 
1000A -- -- 1.4 -- 1.9 

metal - to-s i l icon work- func t ion  difference. The fact  tha t  
VFB reaches the expected ~,ns va lue  (--0.SV for a lumi-  
num and p - type  silicon) for tA --  0 indicates  that  Qox 
is essent ial ly  zero for our samples. This is not unrea-  
sonable for wel l -annea led  oxides on <100>  or ien ted  
silicon. Equat ion [1] then  reduces to 

tA 
VFB = --QL.t-'~-~" A + era, [2] 

The da ta  of Fig. 2-4 display the l inear  dependence  
of VFB on tA predic ted  by Eq. [2] and indicate  in al l  
cases a l ayer  of negat ive  charge at the SiO2-Al~O3 
interface.  Values of Qint/q --  Nint obta ined f rom the 
slopes of the best  s t ra ight - l ine  fits to the  VFB VS. tA 
data  a re  shown in Table  I. Note that  the  charge den- 
sities thus de te rmined  fal l  in the  range  1-6 X 101I 
electronic cha rges /cm 2, wi th  an apparen t  inverse  de-  
pendence of Nint on SiO2 thickness for any  pa r t i cu la r  
type  of AlzO3. This re la t ionship  becomes more  ob-  
vious in Fig. 5, in which  al l  the da ta  of Table  I is 
p lo t ted  as a function of SiO2 thickness.  I t  is seen tha t  
all  the da ta  can be wel l  fit to para l l e l  l ines of --1 slope 
on the log-log plots, thus  indicat ing tha t  N i n t  is propor-  
t ional  to to -1. 

We subscr ibe to the  mechanism proposed recent ly  
by  Labuda  et al. (15), which  postula tes  tha t  the  AlsO~ 
is conduct ive enough dur ing deposi t ion to main ta in  in- 
t e rna l  fields wi th in  the A1203 at  zero and, fur ther ,  tha t  
the silicon and AlzO3 are in the rmal  equ i l ib r ium (equal  
Fe rmi  levels) .  As shown in Fig. 6, a fixed vol tage  Vox 
wil l  then be d ropped  across the  SiO2 dur ing  deposition, 
which wi l l  be de te rmined  b y  the  F e r m i  levels  in the Si 

+2 

Fig. 2. Flatband voltage of VFB 
structure Si-Si02-AI203 (poly- (volts) 
crystalline)-AI as a function of 
aluminum oxide thickness. 
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Fig. 5. Log-log plot of the interface charge vs. SiO~ thickness 
for various polycrystalline and amorphous Al~03 films. 

Fig. 3. Flotband voltage of structure Si-SiO?.-N2 deposited AI20~ 
(amorphous)-AI as a function of aluminum oxide thickness. 
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Fig. 4. Flatband voltage of structure Si-230.& SiO2-AI2Oe (amor- 
phous)-AI as a function of aluminum oxide thickness. 

and the A1203 and b y  the Si-SiO2 and A1203-SIO2 po- 
tent ia l  barr iers ,  but  should be independent  of SiO2 or 
A12Os thicknesses.  A n  electronic charge  KoVox/to wi l l  
be associated wi th  Vox and wil l  res ide in the A12C)3 close 
to the SIO2-A1203 interface.  This charge is assumed to 
remain  in t raps  at  this interface as the  sample  is cooled 
to room tempera tu re  to give Qint. Calculat ing the  volt-  
age drop Vox for the  th ree  types  of A120~ gives values  
of 0.75V for the polycrys ta l l ine  A1203, 0.6V for N2-de- 
posi ted amorphous  A1208, and 0.25V for O2-deposited 
amorphous  A1203. Labuda  et al. (15) used a 900~ 
A1C13 process for A1203 deposi t ion and found a Vox 
of 0.76V. 

The Fe rmi  level  wi th in  the  A12Os, which in tu rn  
de te rmines  Vox, wi l l  be sensi t ive to the densi ty  and en- 
e rgy  d is t r ibut ion  of t raps  wi th in  the  A120~. The Vox 
difference be tween N2-deposited and O2-deposited 
A1203 could be expla ined  by  a decrease in t rap  densi ty  
when  the A1203 is deposi ted in oxidizing conditions. 
This would  suggest  tha t  the  t raps  in the  A1203 are  

Space t + 
Charge [ 0 ~ Qint 

(b) 

Fig. 6. Schematic picture of proposed energy-band diagram (a) 
and space-charge distribution (b) during AI2Oa deposition. Our 
measurements indicate Vox values of 0.75V for polycrystalline 
AI2Oz, 0.6V for N2-deposited amorphous AbOa, and 0.25V for O~- 
deposited amorphous AI~O~. 

oxygen  vacancies and that  an excess oxygen  dur ing  
deposi t ion wil l  reduce  them. Ba lk  (16) in his studies 
of metal-Al~O3-SiO2-Si s t ructures  found tha t  charge 
inject ion under  negat ive  bias is not  observed in poly-  
c rys ta l l ine  A1203, which was oxygen annea led  at 900~ 
for 1 hr, and suggested tha t  the  t r app ing  centers  could 
be oxygen vacancies.  F r o m  the electron microprobe  
analysis  of N2-deposited and O2-deposited amorphous  
A1203 and polycrys ta l l ine  A120~ (see Table I I ) ,  it  was 
not possible to different ia te  the  var ia t ion  of the  a lumi-  
num or oxygen content  in the bu lk  of the  film. An  ex- 
cess of a luminum is found in all  deposi ted films in re-  
spect to single c rys ta l  sapphire.  The da ta  obtained for 
po lycrys ta l l ine  A1203 confirms the da ta  r epor ted  ear l ie r  
by  Nigh (9). 

Conclusions 
I t  has been shown tha t  negat ive  charges are  ob-  

served in double  layers  A1203-SIO2 s t ructures  on sili- 
con. The negat ive  charge  was found to be located at  the  
in terface  Al~O3-SiO2. This charge  is independent  of 
the  thickness of the  A12Oz film and dependent  on the 



1106 J. Electrochem. Soe.: SOLID-STATE SCIENCE AND TECHNOLOGY August 1973 

Table II. Electron microprobe analysis of aluminum oxide films 

Weight  fraction Weight fract ion 
of A1 in film of O in film 

Amorphous  AI~,Os 
420~ 0.534 0.466 
420 ~ 0.534 0.466 

Polycrystalline A1203 
910~ as deposited 0.547 0.453 
O~ anneal  4 hr  1000~ 0.543 0.457 

4 hr  II00~ 0.546 0.454 

Single crystal sapphire 0.529 • 0.008 0.471 

SiO2 thickness. A constant voltage drop across the SiO2 
during A1203 deposition was found for polycrystalline 
A1203 (0,75V), N2-deposited amorphous Al~O3 (0.6V), 
and O2-deposited amorphous A1203 (0.25V). It is sug- 
gested that the traps in the AlsO3 are due to oxygen 
vacancies. 
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Monitoring Sodium Contamination in Silicon Devices 
and Processing Materials by Flame Emission Spectrometry 

William R. Knolle and Theodore F. Retajczyk, Jr. 

Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 07974 

ABSTRACT 

Sources of sodium contamination found in routine chemical treatment and 
handling of silicon slices have been identified and quantitatively measured 
using a flame photometric technique. Common processing chemicalsgenerally 
contain less than 500 ppb of sodium. Ways to reduce the level of sodium con- 
tamination during silicon device processing have been determined. Sodium may 
generaUy be rinsed off silicon and silicon-dioxide-covered silicon slices with a 
dilute acid rinse followed by a deionized water rinse. Subsequent handling and 
contact with the slices should be done with freshly cleaned handling tools to 
prevent recontamination. 

Sodium contamination of silicon devices and its ad- 
verse effect on the electrical properties of these devices 
is well known. In an effort to minimize sodium con- 
tamination of silicon slices, the sources and extent of 
sodium contamination found in routine silicon-slice 
processing were investigated. Because the level of so- 
dium contamination is very small, i.e., generally less 
than 0.1 ng (nanogram) of sodium on the surface of a 
clean silicon slice, sensitive methods of analysis are 
necessary. Emission flame photometry has been shown 
to be a sensitive and facile method for detecting sodium 
on silicon, silicon dioxide, and in processing chemicals 
(I, 2). Presented here is a discussion of the method 
used to detect trace amounts of sodium in the 100 part 
per trillion range, the sources and extent of sodium 
contamination found in routine processing, and ways to 
reduce this contamination. 

Method of Analysis 
An Instrumentation Laboratory Model 153 atomic 

absorption spectrometer was used in the flame emission 
mode with a Boling burner head. The rotary beam 

Key words: flame photometry, sodium analysis, silicon device 
processing. 

chopper was eliminated in order to increase signal in- 
tensity and an RCA 1P21 photomultiplier tube operated 
at 1200V was used for detection of the signal. A black 
anodized aluminum shield was placed around the top 
of the flame and the fume exhaust duct in order to 
minimize flame instability due to air currents. 

The response of the instrument was calibrated with 
sodium standards prepared by dilution of an aqueous 
stock solution. The solutions were contained in poly- 
propylene volumetric flasks that had been leached of 
sodium with frequent changes of a dilute solution of 
HF for several days prior to use. The flasks were then 
equilibrated for several weeks by frequent changes of 
the given standard. The deionized water used to pre- 
pare the solutions was first passed through a set of de- 
mineralizers and finally a 0.2/~m filter. The sodium con- 
tent of this water was typically less than 2 ppb. Prior 
to an analysis, the instrument response was calibrated 
with several of these standards. The response was re- 
corded on a Varian Model G-14A-2 strip chart recorder. 
Figure 1 is a typical curve. 

Sodium analysis of water-soluble reagents was gen- 
erally done on a sample diluted at least ten-fold with 
deionized water and stored in a polypropylene volu- 
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Fig. 1. Recorder tracing of sodium standards near maximum sensi- 
tivity. 

metric flask for analysis on the same day. Analysis of 
sodium on silicon and silicon dioxide was done by 
placing a wafer in a preleached polyethylene sample 
vial and adding 2 ml  of dilute HF dispensed from a 
preleached Nalgene automatic constant-volume pipette. 

Rubber  gloves freshly rinsed in deionized water were 
used to handle  the samples dur ing preparat ion and 
aspiration into the flame. All samples were prepared in 
a clean bench and capped unt i l  ready for analysis. 
Samples of deionized water  that  were carried uncapped 
through room ambient  to the ins t rument  had very large 
variat ions in the amounts  of sodium measured. 

Manipulat ion of the wafer with a pair  of poly- 
ethylene tweezers in order to remove the wafer  from 
the vial after etching proved to be another source of 
sodium contaminat ion presumably  arising from a mu-  
tual abrasion of the polyethylene surfaces which ex- 
posed fresh surfaces containing sodium. Subst i tut ion of 
a specially designed polyethylene holder in place of the 
tweezers so that the wafer might  be readily t rans-  
ferred from vial to vial with a m in imum amount  of 
manipula t ion  and contact with surfaces reduced the 
sodium level in the b lank  solutions. Figure 2 is a draw- 
ing of the wafer in this holder just  prior to insert ion 
into the vial containing the etching solution. Even with 
all of the above-mentioned precautions the chance of 
inadver tent  sodium contaminat ion dur ing sample prep- 
arat ion and analysis was high and so general ly several 
samples were analyzed and an average value of sodium 
on the wafer was reported. 

A realizable working detection l imit  for sodium in 
solution when  analyzed as above may be determined 
according to Gabriels (3). This detection l imit  for five, 
2-ml samples of di lute HF was 0.10 ng of sodium. A 
detection limit of 0.10 ng of sodium in solution cor- 
responds to 3.6 • 1011 atoms of sodium/cm 2 on the slice 
surface. The silicon slices used in this study were 10 
ohm-cm, 2.16 cm in diameter, chemically etched on the 
back, and Syton-polished on the front side. 
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o z 3.0 
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Fig. 3. Variation in sodium content of water from oxidation and 
tube sealing lines vs. time. 
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Sodium in Reagents 
Deionized water.--Deionized water  at two part icular  

processing stations was monitored for sodium content  
over a period of 39 days. The data is presented in  Fig. 
3. The large values of sodium contaminat ion in the 
oxidation l ine water  were traced to filter changes and 
a demineral izer  change in the water  l ine prior to the 
sodium analyses. The manipula t ion  required to make 
these changes plus any residual sodium on the new 
filters contr ibuted to an ini t ia l ly high sodium content  
in the water  that  took several  days to be reduced. No 
filter changes were made at the other processing line 
and the fluctuation of sodium content  in the water  was 
less. 

Chemicals.--The typical sodium content  of some com- 
mon reagents used in silicon device processing are 
presented in Table I. Each value represents the average 
of measurements  on four different samples. Some o f  
these reagents are repackaged from bulk  containers 
into polyethylene containers. The Tri ton X-100 surfac- 
tant  solution and unstabil ized 30% hydrogen peroxide 
solution are very high in  sodium contamination. Most 
of the reagents contain less than  500 ppb of sodium. 

Sodium Contamination of Reagents from Glassware 
Pyrex glass contains about 4 w/o  (weight per cent) 

Na20 or 7 • 1020 atoms of sodium/g of Pyrex glass 
(4). Pyrex dishware is often used to contain hot or 
boiling reagents used to clean silicon wafers. To in- 
vestigate the effect of dishware on reagents, the sodium 
content  of reagents contained in Pyrex  and quartz 
beakers was measured. Pyrex and quartz beakers were 
degreased with tr ichloroethylene followed by methanol  
and water  rinses. The beakers were then cleaned with 
boiling aqua regia for 10 rain and overflow-rinsed with 
deionized water  for 10 min. Mere specification of t ime 
of r inse and not flow rate is meaningless since flow 
rates may vary  from process to process. Throughout  this 
work the flow rate  was set to yield 40 volume changes 
in a 10-min rinse time. The acid t rea tment  of the 
beakers removes any  surface sodium that  is not due to 
sodium in the glass. The deionized water rinse removes 
any sodium left on the beakers from the aqua regia. 
Fifty milli l i ters of deionized water  was placed in each 
of the two Pyrex  and two quartz beakers just  cleaned. 
After  s tanding covered for 1 hr, the sodium in  the water  

Table I. Average value of sodium found in reagents 

Reagent Sodium, ppb 

H~O2 995 
0.5% Tri ton X-100" 412 
H2SO~* 220 
Methanol* 174 
HNOa 87 
HF 19 
HCl 15 
NI-I.OH' 7 
Trichloroethylene* ~1 
Acetone* ,~1 

Fig. 2. Sample holder and etching receptacle * Not repaekaged into polyethylene containers. 
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Table II. Amount of sodium found in identical solutions held in 
various containers 

V o l u m e t r i c  flask 

Reagent 
N H 4 O H ,  H C l ,  

A q u a  r e g i a  H 2 0 2 ,  H,.,O H 2 0 2 ,  H 2 0  

P o l y p r o p y l e n e  
A t o m s  o f  N a / m l  2 8  x I0  ~s 3 6 0  x 10 is 4 0 0  x 10 TM 

P P b  N a  11 140  150  

Pyrex 
Atoms of Na/ml  82 x 10 ~a 490 x 10 ~3 505 x 10 ~ 
ppb Na 31 187 193 

Quartz 
Atoms of Na/ml 33 x I0 m 360 X 1013 400 x 10 ~3 
]ppb Na 13 140 150 

leached from the Pyrex  was 2.7 and 7.1 X 101'~ a toms/  
ml whereas  the quartz  beakers yielded 0.34 and 0.39 
X 10 '3 atoms of sodium/ml.  

The results of similar tests with various chemicals 
substi tuted for the water  at room tempera ture  are 
presented in Table II. Tabulated is the amount  of 
sodium present  in the reagents. Ten mill i l i ters  of the 
reagent  were placed in the clean beaker  and after  25 
rain were  diluted to 100 ml and the solution analyzed. 
In all cases the sodium content of the reagents was 
much higher  when contained in the Pyrex  glass. 

The effect of heat ing the reagents  on the amount  of 
sodium leached from the Pyrex  was ascertained by 
heating 75 ml of water  for 15 rain in a Pyrex  beaker. 
Af te r  cooling 15 min, the amount  of sodium in the 
water  had increased to 66 • 1013 atoms/ml.  Water  
that  was al lowed to stand 14 days in a covered Pyrex  
dish at room tempera ture  had an additional 50 • 10 ~ 
atoms of sodium/ml.  From this it may be concluded 
that special low-sodium reagents  should not be used 
with Pyrex  containers for them. 

Sodium Contamina t ion  of Glassware from Reagents 
It is possible that  glassware may become contamin-  

ated with sodium found in the reagents.  To investigate 
this, Py rex  dishes were  t reated with boiling aqua 
regia or NH4OH, H202, H20 (1:1:4 by volume) for 
10 rain each, and overf low-rinsed for various t imes 
with deionized water.  At  the end of the rinse, the 
desorption of sodium from the glass into the still 
water  wi thin  a 15-rain interval  was analyzed. The 
amount  of sodium at t r ibutable  to the Pyrex  after  1 
rain of rinsing after t rea tment  with the acidic solution 
was 8 X 1013 atoms/ml.  See Fig. 4. Af ter  five more 
minutes of overflow rinsing, the sodium in the wate r  
a t t r ibutable  to the Pyrex  had fallen to 1.35 • 1012 
atoms/ml.  For the dish t reated with  the basic solution, 
af ter  a total of 16 rain of rinsing 9 • 10 ]~- atoms of 
sod ium/ml  was contr ibuted by the container  walls. 
Only after  another  t rea tment  of the dish with aqua 
regia and a 5-rain deionized water  rinse did the sodium 
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level in the wate r  reach 1.35 X 1013 a toms/ml .  Quartz 
beakers general ly  rinsed clean after t rea tment  with 
both reagents without  the lag that was observed for 
the basic peroxide solution in Pyrex.  

These results indicate that  a Pyrex  dish, after a 
basic peroxide t rea tment  and water  rinse, will  retain 
more sodium than after an acid t reatment .  Therefore  
silicon slices should not be al lowed to sit ve ry  long 
in rinse water  af ter  a basic peroxide treatment .  If  
slices must stand for any length of t ime in water,  
then quartz or polyethylene dishware is recommended 
unless subsequent t rea tments  in the cleaning process 
are used to desorb the accumulated sodium. 

Sodium Contamina t ion  of Silicon from Reagents 
Silicon wafers  that  had been treated with  hot dilute 

HC1, rinsed with  overflowing deionized water, and 
finally pulled out of a di lute  HF solution in a hydro-  
phobic condition, were then analyzed for surface 
sodium. This t rea tment  genera l ly  reduced sodium con- 
tamination of the silicon surface below the detection 
limit of 3.6 X 1011 a toms/cm 2. Slices cleaned in this 
manner  were then placed in solutions of differing pH 
and known sodium concentration, added to the solu- 
tions in the form of NaC1. After  10 rain in the solution, 
the slice was pulled out, blown dry wi th  filtered dry 
nitrogen, and analyzed immedia te ly  for sodium con- 
tent. The results are presented in Fig. 5. As expected, 
sodium adsorption onto silicon was found to be pro- 
portional to the sodium concentrat ion in solution. 
Adsorption is greatest  in the 0.1N NH4OH and least 
in the acidic solutions. Adsorpt ion of sodium from 
water  is seen to be slightly greater  than from acid 
solution. Adsorption f rom 0.1N HF is approximately  
the same as from 0.1N HC1, indicating that  sodium 
adsorption on a bare silicon surface is about the same 
as on a silicon surface containing a nat ive  oxide, at 
least in acidic solution. Extrapolat ion of the data in 
Fig. 5 suggests that  the sodium content  of reagents 
should be well  below 0.1 ppm in order to have sodium 
contaminat ion levels on a slice below 1011 a toms/cm ~ 
if no subsequent desorption occurs later  in the process. 

The effect of pH on sodium adsorption onto silicon 
is more clearly shown in Fig. 6 where  the sodium con- 
tent  of silicon slice surfaces is plotted vs. the pH of 
the adsorbing solution at a constant ionic s t rength of 
0.1 and a constant sodium concentrat ion of 10 ppmo 
Adsorption increased exponent ia l ly  wi th  pH. Although 
it was not practical  to obtain data beyond the pH 
range indicated due to the difficulty of obtaining re -  
agents with a low residual-sodium content, the curve  
suggests that  sodium adsorption can become substantial  
at higher pH's. 
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Fig. 7. Surface sodium concentration (atoms/milliliter) on oxi- 
dized silicon slices. 

Exper iments  were  conducted to determine the effi- 
ciency of a deionized water  rinse in removing  sodium 
f rom slices. Slices were  placed in a F luoroware  basket 
whose design allows for a laminar  flow of water  about 
the slice surface. For  a surface sodium coverage of 
up to 3 • 10 lz atoms of sod ium/cm 2, the sodium on 
the slice surfaces was reduced to below the detection 
l imit  wi th in  1 min  of rinsing when  the sodium was 
ini t ia l ly  adsorbed onto the slice f rom neut ra l  or acidic 
solutions. When  sodium was adsorbed f rom a basic 
solution of 10% NH4OH, the ra te  of remova l  was not 
so fast. It requi red  several  minutes ra ther  than one 
minute  to bring the sodium levels below the detection 
l imit  of 3.6 • 1011 a toms/cm 2. The rapid removal  of 
sodium from slice surfaces suggests that  most of the 
sodium is physically ra ther  than chemical ly adsorbed. 
Increasing the pH increases the degree of dissociation 
of surface silanol groups ( = S i - - O H )  and thus the 
number  of negat ive ly  charged -=S i - -O-  sites, thereby 
causing some sodium to become chemisorbed. This 
explains why  it takes longer  to remove  sodium which 
was ini t ia l ly  adsorbed from a more basic solution. 

Sodium Contamination of Silicon-Dioxide-Covered 
Silicon Slices 

Oxidized slices were  checked to de termine  the in- 
fluence of various chemicals on sodium contaminat ion 
of their  surfaces. A group of five slices was placed in 
a F luoroware  basket  and rinsed for 5 min with over-  
flowing deionized water.  The slices were  then t reated 
with boiling aqua regia for 15 min and a slice immedi-  
ately r emoved  and placed in 2 ml  of di lute HC1 in a 
preleached polypropylene container  and after  10 min 
the solution was analyzed for sodium. Then af ter  1.5, 
3, 4.5, and 8 min  of rinsing, slices were  removed  for 
analysis. See Fig. 7a. Ini t ial ly 2.3 • 1013 atoms of 
sod ium/cm 2 on the silicon dioxide were  detected. 
Af te r  8 min the sodium conCamination was down to 
4.7 _ 3.3 • 1011 a toms /cm 2. Slices t rea ted  with the 
acidic peroxide solution were  r insed of sodium in a 
similar  manner.  See Fig. 7b. Oxidized slices t reated 
with  the basic peroxide solution and checked for 
sodium as above did not reproducibly  rinse free of 
acquired sodium on their  surfaces. Plot ted in Fig. 7c 
is the sodium content  found on slices for two different 
trials. It  appears that  af ter  a basic solution which has 
an ini t ia l ly  high sodium content  (probably greater  
than 480 • 101~ atoms of sodium/ml ,  the major i ty  of 
which comes f rom the H20~) a deionized wate r  r inse 
is not sufficient to control lably remove  the sodium 
from oxidized slices to as low a level  as that  observed 
after  an acid t rea tment  and wate r  rinse. 

A group of oxidized slices was t reated with  hot 
0.01M NaOH (6 X l0 Is atoms of sod ium/ml)  for 1 
rain, then t reated with  hot aqua regia for 10 rain and 
finally overf low-rinsed wi th  deionized wate r  for 10 

min. The sodium content of the first 400A (taken to 
represent  the surface) and the remaining bulk SiO2 
was not significantly different f rom the sodium content  
of the group of five slices not given the NaOH treat-  
ment  (see Table I I I ) .  It  seems that  an acid t rea tment  
is able to reduce sodium contaminat ion of the surface 
f rom such a drastic t rea tment  wi th  NaOH. It  is inter-  
esting to note that  wi th in  exper imenta l  er ror  the 
average bulk oxide sodium content  was not affected. 

Contamination of Silicon from Slice-Handling Tools 
Since it was found that  a h igh-pur i ty  water  r inse 

is effective in removing  adsorbed sodium, silicon 
cleaning processes that  use this rinse as a final step 
should yield slices that  are "sodium-free."  That  this 
is general ly  not the case is due to the fact  that  the  
slices must  be handled af ter  the water  rinse. 

Stainless steel vacuum chucks . - -A group of four 
stainless steel vacuum chucks that  were  in routine 
use for handl ing of slices were  checked for sodium 
contamination. See Table IV for the amount  of sodium 
t ransfer red  f rom four different chucks into 15 ml  
samples of deionized water  in 15 sec. This procedure 
is mean t  to s imulate  the actual practice of re t r ieving 
silicon slices f rom solution by submerging the chuck 
into the water  in order to contact the slice. A simple 
deionized wate r  rinse of the vacuum chuck for 30 
sec prior  to use reduced the amount  of easily t rans-  

Table IIh Sodium found on oxidized silicon slices treated with 
0.01N NaOH 

S l i c e s  t r e a t e d  w i t h  0 . 0 1 N  
N a 0 H ,  t h e n  p r o p e r l y  C o n t r o l  g r o u p ,  

r i n s e d ,  a t o m s  o f  N a  a t o m s  o f  N a  

S u r f a c e  5 .0  • 4 . 0  x 1 0 1 S / c m  2 4 . 9  • 4 . 4  x 1 0 1 a / c m  2 
B u l k  1 .6  + 2 .3  X 1 0 1 ~ / c m  3 1 .2  • 0 . 9  x 1 0 1 ~ / e m  s 
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Table IV. Amount of sodium transferred from stainless steel 
vacuum chucks to 15 ml of deionized water in 15 sec 

A t o m s  of Na % Increase  of 
C h u c k  n u m b e r  • 10 -~  Na in  w a t e r  

1 0.44 13 
2 3.22 91 
3 16 460 
4 20 570 

ferrable  sodium on its surface by a factor  of 20. 
Touching the stainless steel vacuum chuck for 3 sec 
wi th  three gloved fingers increased the  sodium level  
by 310% whi le  wi th  ungloved fingers the increase was 
4800%. Wiping dry a clean vacuum chuck wi th  Twill-  
J ean  cloth increased the sodium level  by 300%. Similar  
results were  obtained wi th  stainless steel tweezers. 
If  a dry vacuum chuck is necessary then a deionized 
wate r  rinse and stream of dry filtered ni t rogen gas 
just prior  to use minimizes the amount  of surface 
sodium (<5  X 10 TM atoms of sodium transferred to 
15 ml of wa te r  in 15 sec). 

Spin d r y e r . l A  standard procedure often found as a 
last step in slice cleaning just  prior  to loading oxidized 
silicon slices into a furnace is to spin dry them. To 
investigate the amount  of sodium a slice might  exper-  
ience f rom the dryer,  2 ml  of deionized wate r  was 
placed on the anodized a luminum surface of a spinner 
that  was in rout ine use and after  5 sec the wate r  was 
removed with  a polypropylene eyedropper.  Appropria te  
controls of 2 ml of deionized water  t ransferred with 
the eyedropper  from one vial  to another  were  run as 
a check of inadver tent  sodium contamination. It  was 
found that  the sodium level  was general ly  very  high 
in the water  (182 to 366 X l0 is atoms of sodium/m] 
for the two determinat ions) .  The amount  of easily 
t ransferrable  sodium on the anodized a luminum 
spinner was reduced af ter  a dilute HC1 and deionized 
water  rinse to between 30 and 39 X 1013 atoms/ml.  The 
HC1 should not be spun off the surface of the spinner 
since it may  damage the spinner mechanism of the 
dryer.  

Five oxidized slices were  t reated with boiling HCl 
for 10 min  and then given an overflow wate r  rinse 
for 15 rain (a t rea tment  that  reproducibly  yields 
surface concentrat ion of sodium near  the detection 
l imit  of 3.6 X 10 ll a toms/cm2).  The anodized aluminum 
spinner was wiped wi th  a wet Twi l l - J ean  cloth which 
raised the sodium concentrat ion in the water  on the 
spinner to 148 X 1013 atoms/ml .  The five cleaned slices 
after  spin drying had an average  surface concentra-  
tion of 38 ___ 30 X 10 ll atoms of sod ium/cm 2. After  a 
di lute  HC1 and wate r  rinse the spinner surface yielded 
6 X 1013 atoms of sod ium/ml  and five slices t reated as 
before showed a surface concentrat ion of 6.5 _+ 3.5 • 
10 ll atoms of sod ium/cm 2. Evident ly  a dir ty  spinner 
head can account for a large amount  of surface con- 
taminat ion of the slices as wel l  as a ve ry  large fluctu- 
at ion in the amount  of surface sodium f rom slice to 
slice. 

Spinner  heads that  are ribbed so that  the wet  slice 
does not make  full  contact wi th  the spinner surface 
and heads that  are covered wi th  an inert  mater ia l  such 
as Teflon would be an improvement  over  anodized 
aluminum. Such a spinner also in routine use had 
one- tenth  as much sodium on its surface as did the 
a luminum head. 

From this it can be concluded that  meta l  spinner 
plates should be cleaned pr ior  to use with dilute HC1 
and water  to minimize sodium contaminat ion of the 
slices. Spinner  heads should be designed so that  they  
are easily r emoved  for cleaning prior  to each use. 

It should be made clear that  the above cleaning 
procedures for sl ice-handling tools apply only for the 
removal  of sodium. The stainless steel vacuum chucks 
and tweezers  probably need a thorough degreasing to 
remove  organic compounds that  may be present  on 

the surface. It should be recognized that  other  contam- 
inants may be added to the silicon slice f rom the 
handling equipment,  if they have  not been previously 
removed.  

Clean bench environment.--While most handl ing of 
silicon slices is done in vert ical  laminar  flow hoods 
to minimize stray part icle contamination, the possibility 
of sodium contaminat ion of the slices during exposure 
to the filtered, par t ly  recirculated air is possible. A 
3.2-cm diameter  polypropylene  container wi th  20 ml 
of wa te r  was al lowed to stand uncovered in such a 
hood for 5 min. Next  to it a similar container of wa te r  
stood covered. The sodium content of the uncovered 
water  increased by 1.0 __. 0.2 X 1018 a toms /ml  whereas  
no change was detected in the covered water.  If  a 
corresponding amount  of sodium had adhered to the 
surface of a slice exposed to the ambient  for 5 rain, 
then 9.2 __ 1.8 X 1018 atoms of sod ium/cm 2 would be 
measured as the average sodium concentrat ion on the 
silicon surface. This indicates that  slices even in a 
clean bench should be exposed to as l i t t le ambient  a s  

possible. 

Rubber gloves.--A new pair of rubber  gloves was put 
on with  bare hands and rinsed in a s t ream of deionized 
water  for 40 sec. The gloved index finger was dipped 
into 10 ml  of wa te r  for 15 sec. The contamination 
a t t r ibutable  to the glove was 2 X 1013 atoms of 
sodium/ml.  With three rinses of the glove in di lute 
HC1, a rinse in a s t ream of deionized water,  and 
finally dry filtered N2 gas to remove  the water,  the 
sodium contaminat ion was down to 0.65 X l0 is a toms /  
ml  or about one- th i rd  that  of the uncleaned glove. All 
of these levels are high compared to the sodium levels 
a t ta inable  in proper ly  t reated dishes and on silicon 
slices. While rubber  gloves are cer ta inly bet ter  than 
bare hands, they should by no means be considered 
clean to the extent  that  they may contact chemical  
reagents, baskets, the working end of s l ice-handling 
equipment,  or the interiors of containers used for 
critical sodium contaminat ion reduct ion steps. Again, 
it should not be construed that  rubber  gloves need 
mere ly  a dilute HC1 rinse to be clean. The dilute HC1 
rinse removes easily t ransferrable  sodium and not 
necessarily other  contaminants.  

Conclusions 

Any handling or exposure to ambients  increases the 
chance of sodium contaminat ion of the silicon slice. 
Vacuum chucks used for handl ing slices should be 
rinsed at least wi th  deionized water  pr ior  to use. Spin 
dryers  of anodized a luminum have been shown to in- 
crease surface sodium content on silicon slices. Al-  
though a di lute  HC1 and wa te r  rinse wi l l  reduce sodium 
contamination, a bet ter  spinner head would be coated 
wi th  an inert  mater ia l  such as Teflon and the head 
would be easily removable  for cleaning wi th  deionized 
wate r  prior  to each use. 

Chemicals that  come into contact wi th  the silicon 
slice do not have  to be especially low in sodium con- 
tent. What  is more  impor tant  is that  the high sodium 
content reagents  be fol lowed with an acidic solution 
for s i l icon-dioxide-covered slices. Then a wate r  r inse 
is sufficient to reduce sodium contaminat ion below 3.6 
• 10 u a toms/cm 2. The solution of ammonium hydrox-  
ide, hydrogen peroxide, and wate r  should not be used 
for sodium removal  f rom oxidized silicon surfaces. It  
was not designed for sodium removal  (5), and if 
sodium removal  is desired, the basic peroxide solution 
should be fol lowed by an acid t rea tment  prior  to 
final rinsing. 

Ei ther  pull ing a bare Si slice wi th  an hydrophobic 
surface from dilute HF or spinning off water  from an 
adequate ly  rinsed (acidic solution plus overflow rinse) 
oxidized surface of silicon yields equal ly  low levels of 
surface sodium contamination. This obtains provided 
the vacuum chuck and spinner head are  clean, i.e., 
r insed free of easily t ransferrable  sodium prior  to u s e  
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and that recontamination is avoided by proper care 
in handling of them. Slices that must stand in water 
for any length of time prior to drying should not be 
contained in Pyrex dishes since sodium leaches out of 
the Pyrex. Quartz or Teflon dishes are viable alter- 
natives. Low-sodium reagents should not be used with 
Pyrex and those reagents packaged in glass should 
either be used immediately or repackaged into clean 
polyethylene containers to minimize sodium pick-up 
from the glass. 
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ABSTRACT 

Vacuum-deposited amorphous and crystallized silicon films were studied 
by sputter-ion source mass spectrometry. Crystallization was carried out in 
both argon and vacuum environments. Positive impurity ions and polyatomic 
ions (clusters) were examined. Impurities which arose from the crucible, 
residual atmosphere, substrate, and structural components in the system are 
described. Films crystallized in the vacuum generally contained more im- 
purities than those crystallized in an inert atmosphere. Cluster distributions 
or relative amount of Sin + (n = I-6) vs. m/e for amorphous and crystallized 
samples are essentially the same. However higher order cluster peaks (n -~ 6) 
appear to be slightly lower in amorphous samples. The relation between 
cluster distribution and atomic nearest neighbor environment is discussed. 

The study and application of vacuum-deposited 
amorphous and crystalline silicon films has been 
severely handicapped by the lack of information avail- 
able on their impurity content and atomic structure. 
The grain size and total amount of material in the 
sample are usually too small for detailed spectrograph, 
chemical, or structural diffraction analysis. Electron 
microprobe x-ray fluorescence analysis has limited 
sensitivity (<100 ppm) and activation analysis is 
only suitable for specific impurities (1). The problem 
is further complicated by the fact that silicon films, 
as normally deposited, are amorphous and the charac- 
terization of their structure is somewhat speculative 
(2). Their structure furthermore depends on prepara- 
tion conditions (3). 

The sputter-ion source mass spectrometer (some- 
times termed the ion microprobe mass spectrometer), 
which has recently become available, has the potential 
of providing much of the required analytical informa- 
tion on impurity content, and perhaps structure, in 
the films (4, 5). In this paper, an analysis of amor- 
phous and crystalline silicon films using this mass 
spectrometer will be described. As far as known, this 
is the first study of this nature ever carried out. 

The mass spectrometer records positive ion spectra 
of single atomic species (e.g., Si +), polyatomic species 
or clusters I (e.g., Si4 +) as well as complexes (e.g., 

Key words: silicon films, mass analysis, amorphous semiconduc- 
tors, impurities, ion clusters. 

i These clusters, found in the vapor phase, should not be con- 
~used with the clusters o r  aggregates sometimes used to describe 
amorphous structure in the solid phase (2). 

SiO +). The impurity spectra and the cluster spectra 
will be dealt with separately. The two types of spectra 
are related, however, in that the cluster distribution 
is altered by the presence of impurities. 

Impurities in both the amorphous phase and the 
crystalline phase, which is obtained by heating the 
amorphous phase, will be described. Every impurity 
will not be discussed in detail here, but a table of 
sample preparation conditions (Table I) and the re- 
sulting major impurities (Tables II-IV) will enable 
the reader to infer the origin of a particular impurity. 

Mass clustering, which represents groups of atoms 
that leave the surface of the solid together, was first 
observed by Honig in the vapor of Group IV elements 
(6). Honig reported that the cluster distribution 
showed departures from a smooth curve. Using a 
spark-source mass spectrometer, Chupakhin et al. (7) 
reported differences in cluster spectra when silicon 
crystals were heavily doped. Chupakhin has suggested 
that this cluster distribution is related to the parent 
structure. Baun et al. (8) have similarly reported dif- 
ferences in the carbon cluster distribution from amor- 
phous and crystalline carbon. 

In view of the reported sensitivities of the cluster 
distribution to atomic structure, cluster spectra from 
silicon films were examined in an attempt to observe 
differences between the amorphous and crystalline 
phases. While it is well known from x-ray diffraction 
studies that both amorphous and crystalline silicon are 
four-fold coordinated and have similar first atomic 
nearest neighbor environments (9), their cluster dis- 
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t r ibut ions may be different, due to the presence of 
dangling bonds, voids, low density, and differences in 
second and third nearest neighbors in the amorphous 
phase (2, 3, 10). 

Dur ing  the course of this study, the silicon cluster 
spectra from amorphous SiO and SiO2 were examined 
and will  be reported here for the first time. A brief 
report  of this study was presented at The In terna t ional  
Conference on Thin Films, 1972 (11). 

Silicon Sample Preparation 
The deposition of silicon was carried out in a 12-in. 

diameter vacuum chamber using either a stainless 
steel or a Pyrex bell jar. The bell  jar  and feedthrough 
r ing employed a Viton gasket; all other seals em- 
ployed copper gaskets. Water-cooling coils were used 
to ma in ta in  low temperatures  in the Viton gaskets. 
In  the interest  of cleanliness, only supports absolutely 
necessary were in the chamber. The pumping system 
consisted of a fast mechanical  pump (130 cfm),  an oil 
diffusion pump (2400 liters/sec) using DC 705 oil, and 
a t i t an ium getter  pump (550 l i ters/sec).  A zeolite 
trap was located be tween the mechanical  pump and 
the diffusion pump, and a l iquid ni t rogen t rap was 
located directly above the diffusion pump. The t i ta-  
n ium getter pump, located just  below the chamber  
and baffled from it, employed a l iquid-ni t rogen-cooled 
surface. T i tan ium was not deposited dur ing the depo- 
sition. The system contained a residual  gas analyzer 
which was used extensively dur ing the study. Pre-  
deposition pressures of less than 5 • 10 -9 Torr  were 
obtained. The substrates were outgassed at about 
5 0 0 ~  by quartz, tungsten-f i lament ,  halogen-filled 
lamps. 

Water-cooled crucibles, of various materials, about 
l~'z-in, in te rna l  diameter, were used. As the study 
progressed, the cooling of the evaporation source 
crucible was improved. The source crucible used in 
series 42 through 82 and series 89 consisted of a heavy 
copper crucible cooled by u diameter  copper tub-  
ing which was brazed with Cu-Ag eutectic. In  series 
52, the ent i re  assembly was silver plated. In  series 86, 
a similar design was employed, but  the crucible was 
molybdenum with stainless steel tubing. The design 
w a s  c h a n g e d  i n  series 96 to a stainless steel, in te rna l ly  
cooled, double-wall  construction with a molybdenum 
liner. Zone-refined, 500 ohm-cm, silicon contained in  
these crucibles was mel ted by  a focused electron beam 
with  a power be tween 1 and 2 kW. Care was taken 
n o t  to allow m o l t e n  s i l i c o n  to contact the walls of the 
crucible. 

S i l i c o n  films, as normal ly  deposited on substrates 
held at temperatures  less than 300~ are amorphous 
and mus t  be heated to develop their  crystal l ine s t ruc-  
ture. This crystall ization process is a function of both 
time and temperature.  A min imum temperature  of 
7 0 0 ~  f o r  3 0  m i n  is required to crystallize the samples 
(12). Temperatures  greater  than 700~ were used in 
t h i s  study to insure good crystal  growth and for future  

reference for processing at higher temperatures.  The 
higher crystall ization tempera ture  also increased the 
introduct ion of impurities.  Heat ing was performed 
ei ther  in the vacuum chamber  or in tube furnaces 
flowing with h igh-pur i ty  argon gas. The conditions 
under  which the samples were deposited are listed i n  

Table I. 

Sputter-Ion Source Mass Spectrometer 
The sputter- ion source mass spectrometer (13) em- 

ployed a 10 keV argon ion beam which was generated 
in a duoplasmatron.  The ion beam ejected from the 
target atomic and polyatomic fragments  of which a 
fraction was ionized. The beam could be focused for 
ma x i mum resolution in performing trace analyses i n  

bulk  materials,  but  in this s tudy the beam was de- 
focused to provide the appropriate sput ter ing rate  and, 
more importantly,  uniform sput ter ing from surface to 
depth. The uniform sput ter ing rate el iminated the 
need for crater geometry corrections. 

The sputtered positive ions were directed to a double 
focusing mass spectrometer and were detected by an 
ion multiplier. A compensation electron emitting fila- 
ment was used to overcome charge-up in the samples 
on insulating substrates. The filament temperature was 
kept as low as possible to avoid heating the sample 
and introducing impurities. The instrument has an 
"energy window" feature which provides a means of 
selecting ions in a narrow energy range, enhancing 
either the polyatomic spectrum (zero energy window) 
or the atomic spectrum (100 eV window). Thus in the 
energy distribution curve of the sputtered species, the 
intensity of the polyatomic peaks falls off more rapidly 
at higher energies (100 eV) than the monoatomic peaks 
(5). The use of the 100 eV window thus reduced inter- 
ference from the polyatomic ions. The spectra were 
recorded on an x-y chart recorder. 

Polyatomic Ion Cluster Spectra 
A typical mass spectrum using zero-energy window 

is shown in Fig. 1. The silicon positive ion intensities 
and their isotopes (2sSi+, 29Si+, 30Si+) for Sii +, 

Si2 + ... Si6 + can clearly be observed. The ion intensi- 
ties were normalized according to 

lsin + 
Sin+ - ~ . ~  

~Isin+ 

n :  1-6 

where /sin+ i s  t h e  recorded silicon ion current  for a 
cluster containing n atoms. Plots of the normalized 
intensit ies in per cent for each ion cluster vs. the 
number  of atoms in  each cluster (or the cluster mass) 
are shown in  Fig. 2-4. The points to be observed i n  

these figures are the fall off as the clusters become 
large and the s tructure in each individual  plot. 

Figure 2 shows typical distr ibutions for amorphous 
and crystalline films. As can be seen, there are only 

Table I. Silicon film preparation conditions 

Depos i t ion  
Sample  pressure Sub.  Rate  Depos i t  

No. Crucible  (Torr) t emp,  ~ Substrate  (A/rain)  t ime  (rnin) Bel l  jar Pos t - t rea tment  

42 Cu 1.3 • I0 -~ 160 Silica 440 20 Pyrex As deposited 
52 CulAg 2.5 • 10 -7 800 Silica 760 10 Pyrex As deposited 
63A Cu 2.4 • 10 ~ 200 Silica 1080 6 Pyrex As deposited 
63C Cu 2.4 • I0 -~ 200 Silica I080 6 Pyrex Vacuum, 850~ 2 hr 
63P Cu 2.4 • 10 -e 200 Si l ica 1080 6 P y r e x  V a c u u m ,  97S~ 1 hr 
77E Cu 2.7 • 10 -6 - -50 Sil ica 520 14 P y r e x  As  deposi ted 
82C Cu 3.0 x 10 .4 160 Si l ica 210 20 S.S.* As  deposi ted 
86F Mo 7.9 • 10 -v 300 Si l ica 400 14 S.S. A s  depos i ted  
86E Mo 7.9 • i0 -7 300 Tantalum 400 14 S,S, As deposited 
8SR Mo 7.9 x I0 -~ 300 Silica 400 14 S.S. Argon, 900~ 1/2 hr 
89A Cu 2.0 • 10 ~ 290 Silica 400 15 S.S. Argon,  900~ ~ hr  
89B-1 Cu 2.0 • 10 -~ 290 Suprasi l  400 15 S.S. A s  deposi ted 
89B-2 Cu 2.0 • 10 -e 290 Suprasi l  400 lS S.S. Argon ,  900~ 1/2 hr  
93C Mo 5.2 • 10-" 200 Sil ica 660 10 S.S. A s  depos i ted  

�9 Stainless  s tee l  T y p e  304. 
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Fig. 1. Spatter-ion source mass spectra, 0 eV window, from sili- 
con film No. 52. 
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Fig. 2. Positive silicon ion cluster distribution in various samples 
(see Table I for information on samples). 

small differences between the amorphous sample, 77E, 
deposited at a substrate temperature  of --50~ and a 
crystal l ine sample deposited at a substrate tempera-  
ture  of 800~ Both samples have essentially the same 
cluster dis t r ibut ion as the bulk  single crystal. For 
clusters greater than  Si2 +, the relat ive number  of 
clusters in  the amorphous sample (77E) remains  less 
than those in the crystal l ine samples. However it is 
difficult to determine,  at present, whether  this slight 
deviat ion is significant. A deviation at Si6 + will  be 

100, 

o 

~p10-1 - - - .  < ~.SPUTTE 

~ 1 0 - 2  _ _ _ _  ~ 
p 

K 

10-3 ~ 
Sil + Si2 + Si3 + Si4 + Sis + Sis + SiT + 

m/e 

Fig. 3. Silicon ion cluster distribution from bulk samples. (a) 
Sputter-ion source, (b) thermal source [Honig (4)], and (c) vac- 
uum spark source [Chupakhin (S)]. 

discussed in the next  section. Differences in  fall off 
and structure appear in samples 42 and 63F but  this is 
believed due to the large amount  of impuri t ies  pres- 
ent. Sample 42 contains 1.2% oxygen and 63F, 8.47% 
chromium. The impur i ty  analyses of these samples 
are given in Table II. 

The cluster d is t r ibut ion observed by Honig (6) for 
thermal  sources and by Chupakhin  (7) for vacuum 
spark sources, along with that obtained here, are 
shown in Fig. 3 for comparison. Note the character-  
istic Si4 + and Si6 + peaks in all these curves. The 
relat ive heights of the Si4 + and Si6 + peaks in  the case 
of the sput ter- ion source are lower than either the 
thermal  or spark source. A change in bombarding ion 
mass could, however, change the sput ter - ion source 
cluster distribution. 

Cluster spectra from bu lk  fused SiO2 (substrate) ,  a 
deposited SiO film on fused silica, bulk crystall ine SiC, 
and bulk  crystal l ine Si for comparison, are shown in 
Fig. 4. Note the rapid fall off and lack of structure in 
Si02. 

Discussion of Cluster Spectra 
If one assumes that clusters represent  groups of 

atoms ejected from the target in one piece, then their 
dis t r ibut ion should give an  indication of the nearest  
neighbor env i ronment  in the material.  This was 
pointed out in the beginning  of the paper. In  SiO2, for 
example, there are ideally no Si-Si  bonds and the 
clustering of Si atoms should be relat ively small  com- 
pared to pure silicon. This is observed in Fig. 4. There 
is no part icular  reason to expect a peak at Si4 + in 
SiO~. The clusters that one observed in SlOe may be 
due to recombinat ion on or near  the surface or to a 
few Si-Si  bonds that may exist. SiO, on the other 
hand, contains some fraction of Si-Si  bonds and thus 

Table II. Major impurities in silicon films (ppm) 

(Zero energy window) 

Species Yie ld  B u l k  42 52 63A 63C 63F 77E 82C 

L i  100 9 15 81 110 380 60 21 27 
B 260 ND* 15 12 3.6 8.5 18 1.2 1.5 
C 50 0,9 100 22 150 270 2,400 63 67 
O 2.3 <200  12,000 <100  < 2 0 0  <100  4,600 1,800 <100  
Na  g40 0.9 530 6 320 1,000 24 660 300 
ME 150 0.3 2,900 ND 9 33 250 24 15 
A1 1,000 2 8 2 10 49 19 5 4 
CI 14 14 175 15 90 73 70 97 28 
K 4,500 0,9 73 3 110 300 3 75 39 
Cr 150 ND <10(I)T 1.8 6 72 84,000 120 <10(I) 
Cu 8 21 39 54 2,000 200 950 140 70 
AE 15 7 55 81 110 64 I 74 19 
Si i0 -- -- . . . . . .  

* N D  = Not detected. 
t I = Interference between peaks .  
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Fig. 4. Cluster distribution from solid silicon compounds 

a higher percentage of clusters is obtained. Fur ther -  
more a peak appears at Si4 § in SiO samples. 

The peak at Si4 § in silicon probably results from 
the large number  of four-bonded nearest  neighbors. 
If the number  of nearest  neighbors is changed, one 
would expect, by these arguments,  a change in the 
cluster distribution. Baun et al. (8) have, in fact, ob- 
served large differences in cluster distr ibution between 
amorphous carbon, diamond, and graphite correspond- 
ing to changes in  nearest  neighbor structure. Similar  
unrepor ted results on carbon have been observed with 
the sput ter- ion source mass spectrometer at GCA. 
Impuri t ies  in  silicon which serve to break the Si-Si  
bond should then alter the polyatomic ion distribution. 
This is observed in samples 42 and 63F in Fig. 2. 

The similari ty in cluster distr ibution between the 
amorphous and crystall ine phase is thus a consequence 
of their similar nearest  neighbor environments .  The 
slight d iminut ion  of clusters, par t icular ly  the Si6 § 
peak in the sample deposited at low temperature,  may 
be significant. Curves, not shown here, carried out to 
Sis § confirm this d iminut ion  of higher order clusters 
in amorphous samples. The amorphous samples studied 
here are about 8% less dense than the corresponding 
crystal]ized samples (12). The d iminut ion  of the 
higher order cluster peaks may thus be due to the 
presence of voids or to changes in  the second and 
thi rd  nearest atomic neighbor distances. 

The influence of the defocused bombarding argon 
beam on film structure and consequently cluster dis- 
t r ibut ion is believed to be small  in view of the cluster 
changes observed in the carbon system and the cluster 
sensitivity to impurit ies in silicon. 

Impurity Spectra 
Analysis  of the atomic impur i ty  fraction (fx +) was 

obtained from spectra such as shown in Fig. 1, and 
spectra using the 100 eV window shown in Fig. 5. The 
absence of the polyatomic peaks is evident in Fig. 5 
Quant i ta t ive data is obtained according to the fol- 
lowing relat ion 

Ix +/Yx + 
fx + -- 

Ix+/Yx+ ~ Iy+/Yy+. . .  Iz+/Yz+ 

where Ix+, Iy+, and Iz+ represent  the ion peaks of 
species X, Y, and Z, and Yx+, YY+, . . .  Yz+ their  re-  
spective sputter yields. In dealing with pure silicon, 
the following approximate relat ion was used 

Ix+ Ysi+ 
fx+-- 

I S i +  Y x +  

where Isi+ and Ysi+ are the measured silicon peak ion 
current and yield, respectively. 

1 0 - 7  

10-8  
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m/e 

Fig. 5. Sputter-ion source moss spectro, I00 eV window, silicon 
film No. 93C. 

A knowledge of the yields for each ion is thus neces- 
sary in order to obtain quant i ta t ive results. A specific 
calibration of impur i ty  yields from the silicon matr ix  
has not yet been made. Approximate  yields based on 
prior work on elements and compounds (14) were 
therefore used in the present  study. The yield figures, 
based on impurit ies being present  in the oxidized 
state, are indicated in Tables II and III. Yields on a 
relative basis for 0 eV energy window are different 
in some cases from those for the 100 eV window. 
Comparison among samples does not, of course, depend 
on accurate yield values. 

The impurit ies in representat ive silicon films are 
given in Tables II, III, and IV. The impurit ies present 
in quanti t ies greater than approximately 1 ppm are 
listed. The spectrometer sensit ivity to each impur i ty  
depends, of course, on the sputter ing yields. The 
amount  of oxygen present is probably the most ques- 
t ionable figure in the tables. Oxygen is present in the 
spectrometer background and in the substrates (SiO2) 
as well  as in the sample. 

Discussion of Origins of Impurities 
On comparing the data in Tables II, III, and IV with 

the fabrication conditions (Table I), one may infer 
the sources of impurit ies in the samples. In Table III, 
for example, the large quant i ty  of t an ta lum and oxy- 
gen in sample 86E arose from the use of a t an ta lum 
substrate. The Ag and Cu impurit ies in sample 52 

Table III. Major impurities in silicon films (ppm) 

( E n e r g y  w i n d o w  100  e V )  

Species Y i e l d  86F 86E 86B 93C 

L i  20 7 N D  100 150 
B 260 N D  N D  N D  N D  
C 50 150 75 100 30 
O 2.3 < 1 0 0  19,000 2,500 < 1 0 0  
F 6 400 100 N D  N D  
N a  190 130 180 110 28 
M g  150 N D  14 N D  2 
A1 3 3 0  4 6 20  4 
C1 14 50 <50 140 60 
K 920 3 3 4 3 
T i  550 N D  N D  2 1 
C r  150 7 N D  5 N D  
M n  30 N D  N D  <I N D  
F e  29 40 N D  N D  N D  
C u  8 8 N D  14 6 
T a  1 N D  19,000 N D  N D  
Mo 30 <I <I <I 6 
S! I0 . . . .  
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Table IV. Influence of substrate on crystallized 
(fired) silicon films 

E n e r g y  w i n d o w  100 eV ( i m p u r i t i e s  in  ppm)  

Unf i r ed  Fired 
89B-1 89A 89B-2 

F u s e d  s i l ica  S u p r a s i l  (Sup) (Sil) (Sup)  

L i  
B 
C 
O 
F 
~Ta 
M g  
A1 
C1 
K 
Ti 
Cr 
Mn 
Fe 
Cu 

34 ND ND 7,000 ND 
0.2 N D  ND 13 ND 

200 10 30 700 30 
- -  - -  < 1 0 0  3,300 3,500 
60 10 150 ND ND 

4 1.5 90 180 80 
3 0.3 2 35 0.6 

70 0.3 4 1,200 6 
6 20 < 6  20 N D  
2 190 9 20 4 

40 0.2 1 600 30 
4 0.3 2 40 2 
I (A1Si+)" 1 ND I (AISi*) ND 
I (St2+) 10 ND I (St2*) 20 
I (TiO*) 10 60 I (T10 +) 40 

* I = I n t e r f e r e n c e  w i t h  the peaks.  

came from the use of a s i lver-plated crucible. Sam- 
ples 63C and 63F were heated at 850 ~ and 975~ re-  
spectively, in the vacuum and may be compared with 
the unheated  film 63A. One sees that  l i thium, sodium, 
and potassium impuri t ies  were picked up at 850~ 
but  were lost (re-evaporated) at 975~ The carbon, 
oxygen, magnesium, chromium, and boron content  in-  
creased, however, with firing temperatures.  Chromium 
was present  in extremely large quanti t ies at 975~ 
and probably arose from the stainless steel supports, 
etc., in the system. 

On examining samples 86F and 86B in Table III, 
it can be seen that l i th ium and oxygen were picked 
up in sample 86B during the firing in argon. There 
was little change in sodium or potassium content. In  
comparing series 63 and 86, one sees that  firing in 
argon resulted, in general, in purer  films than firing 
in vacuum. Somewhat more boron seemed to be pres- 
ent when the Pyrex bell  jar  was used than when the 
stainless steel one was used. The Pyrex bell jar  was 
not water  cooled and became warm during the vacuum 
heating. This may account for the large boron concen- 
t rat ion in sample 63F. Na and K content  appeared to 
be lower when  the deposition was carried out on hot 
substrates as in sample 52. In  all samples, the impur i -  
ties introduced from the crucible mater ial  (Cu, Ag, 
Mo) were small  and may, with proper precautions 
(e.g., cooling as in series 89), be kept to a min imum 
( <  1 ppm).  Since the t i tan ium pump was not operated 
dur ing the deposition, the small amount  of Ti present  
may come from the substrate. 

In  order to ascertain the extent  of the impurit ies 
introduced from fused silica substrates, depositions 
were made on "semiconductor" grade fused-silica 2 and 
Suprasil  3 fused-silica substrates. Results are shown in 
Table IV. Impuri t ies  listed in 89A and 89B-2 were 
those found close to the substrate. Impur i ty  concentra-  
tions in the films and substrate were determined using 
yields listed in Table III. As can be seen from Table 
IV, Suprasil  substrates introduced general ly less im-  
purities than  the fused-silica substrate. The sample 
on fused silica contained very  high quanti t ies of Li, 
C, A1, and Ti, conforming to the higher quant i ty  of 
these impurit ies in the substrate. Oxygen diffused in 
from both substrates. 

Impuri t ies  that were occluded in the layer from the 
residual gases during deposition may be estimated in 
the usual fashion from the part ial  pressures of the 
residual gas during deposition and the deposition rate 
(15). The partial  pressures during deposition of sam- 
ple 89 are listed in Table V for those gases which may 
contr ibute O, C, and C1 impurit ies to the sample. Total 
hydrocarbons were estimated from the 43 (C~H7 +) 
peak (17). Note that the CO2 partial  pressure accounts 

= Si l ica  was obtained f r o m  U.S. F u s e d  Quar tz  C o m p a n y ,  Inc. ,  F a i r -  
f ield,  New Jersey,  

s S u p r a s i l  was  obta ined from Amers i ] ,  Inc. ,  Hi l l s ide ,  N e w  Jersey .  

Table V. Residual gasses during deposition 
(Sample 89) 

Gas Mass 

P a r t i a l  v mo lecu l e s  
pressure s t r i k i n g  vs 

d u r i n g  depo-  subs t ra tes ,  x 100 
s i t ion ,  To r r  cm -2 sec -1 vsi 

CH, 16 1 • 100 ~ 5 • 10 I~ 13 
H20 18 9 • I0 ~ 4 • i0 ~s i.I 
CO + N2 23 5 • 10 -7 2 • I0 TM 51 
O~ 32 9 • 10 ~176 3 • 10 TM 0.086 
HC1 36 2 • 10- ~ 7 x 10 L~ 0.18 
C.H.~ 43 6 X 100 9 2 X 10 TM 0.049 
CO= 44 1 x 10 "-e 3 X 10 ~ 81 
Si - -  - -  4 x 10 ~ - -  

for a large portion of the pressure increase from 5 • 
10 -9 to 2 • 10 -6 Torr dur ing deposition. The ratio of 
gas atoms (v~) str iking the substrates per square centi-  
meter /second to silicon atoms (vsi) being deposited 
per square cent imeter /second is listed in the table. As 
can be seen, this ratio easily accounts for the O, C, 
and C1 impurit ies shown in sample 89B-1 (Table IV).  
The results indicate that the sticking coefficients for 
the residual gases at the substrate temperature  of 
290~ were small. 

Ordinary laboratory dust contains 5% (weight) or 
more of O, Mg, A1, Si, C, and Fe; many  other impur i -  
ties are present in the 1-5% range such as Na, P, and 
Pb (13). If the sample is fired some of these impur i -  
ties, in spite of precautions, may diffuse into the in-  
terior. Contaminants  may also be picked up during 
handl ing and t ransferra l  from APL to GCA for the 
mass analysis. Some surface contaminants  are removed 
during the init ial  sputter ing process. Particles too 
large to be sputtered away contribute, however, to 
the film impur i ty  analysis. The impuri t ies  quoted in 
this paper unless stated otherwise, were those found 
below the surface layer of the samples. 

In  summary,  one may divide the major  impurit ies 
found in the interior of the Si films into the follow- 
ing broad categories: (i) residual  gas related: O, C, 
C1, F; (if) bell jar  and system related: B, Cr; (iii) 
crucible related: Cu, C, Ag, Mo; (iv) substrate re-  
lated: Li, B, C, Na, Mg, A1, Ti, Fe, Cu, O; and (v) 
tube  furnace related: Li. Impuri t ies  in  categories (ii), 
(iv), and (v) are found pr imari ly  in crystallized or 
fired samples. 

Conclusions 
Sput ter - ion  source mass spectrometry has provided 

a great deal of informat ion on the nature  of thin sili- 
con films. Both the cluster spectra and the impur i ty  
spectra were useful in analyzing samples. There ap- 
peared to be little difference in the cluster distr ibution 
fall off or s tructure between amorphous and crystal-  
l ine samples. This is believed due to the fact that  the 
nearest  neighbor envi ronment  in both phases was es- 
sential ly the same. In order to determine possible 
effects of voids, dangling bonds, and more distant 
neighbors, cluster regions of Si6 + to Sis + must  be care- 
fully examined using extremely pure samples. As in  
the case of the spark source, the sput ter- ion source 
cluster distr ibution is sensitive to impurities. 

The silicon cluster spectra of amorphous SiO and 
SiO2 showed large differences in both fall off and 
structure. This suggests the possibility of dist inguish- 
ing between SiO, SiOx, and SiO2 layers. This is a diffi- 
cult task by other techniques. 

The impur i ty  spectra provided a great deal of in-  
formation on techniques for fabricating pure silicon 
that  may have only been suspected in the past. The 
purest films were fabricated at elevated temperatures  
(~500~ This temperature  limits the introduction 
of high vapor pressure impurities. Processing the films 
for anneal ing or crystall ization purposes in the vacuum 
chamber at high temperatures  (>700~ brings about 
the introduction of impurit ies unless suitable precau- 
tions are taken, such as avoiding hot stainless steel 
supports. Crystall ization of the films in an inert  gas 
atmosphere in a fused silica tube furnace general ly 
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appears  p re fe rab le  to vacuum heating. The use of 
u l t r a - p u r e  fused silica subs t ra tes  is impor tan t  in l im-  
i t ing impur i t ies  in crys ta l l ized  samples.  

As a resul t  of this  study,  vacuum-depos i t ed  silicon 
films on fused-s i l ica  subs t ra tes  have been crys ta l l ized  
and doped n-  or p - t y p e  in a s tandard  diffusion furnace 
wi th  considerable  success. This work  wil l  be descr ibed 
in a subsequent  report .  
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Current Gain Mechanism in Arsenic Emitter Transistors 

R. D. Lillard, J. L. Saltich, and C. E. Volk* 
Motorola, Inc., Semiconductor Products Division, Phoenix, Arizona 85008 

ABSTRACT 

The effect of arsenic and arsenic-phosphorous  mixed  emi t te rs  on cur ren t  
gain  in b ipolar  t ransis tors  is discussed. Expe r imen ta l  da ta  for doping profiles 
and output  admi t tance  tests are  cor re la ted  wi th  emi t te r  efficiency. I t  is con- 
c lusively shown tha t  emi t te r  efficiency is g rea te r  for a rsenic- type  devices, and 
tha t  base recombina t ion  l imits  the gain when arsenic is used as the  emi t t e r  
dopant .  

The use of arsenic as an emi t t e r  dopant  in b ipolar  
t ransis tors  has received considerable  a t ten t ion  dur ing  
the past  yea r  (1-3). The p r ima ry  advantages  of 
arsenic over  phosphorus  for emi t t e r  diffusions are  the 
s teeper  doping grad ien t  at the emi t te r -base  junct ion  
and the absence of the  "push ahead"  or "emi t te r  dip" 
effect. The publ i shed  w o r k  on arsenic emi t te rs  dur ing 
the past  yea r  has t r ea ted  the  diffusion character is t ics  
of arsenic in silicon and the resul t ing  improved  high-  
f requency per fo rmance  of arsenic emi t t e r  devices. 

In  the previous  work,  the  l imi t ing gain mechanism 
in an arsenic emi t te r  bipolar  t rans i s tor  has been 
assumed to be emi t t e r  efficiency. Ghosh et al. (1) have  
demons t ra ted  tha t  the emi t te r  efficiency is h igher  when  
arsenic is used as the  emi t t e r  dopant.  This paper  wi l l  
present  da ta  showing tha t  the  l imit ing gain  mechanism 
in arsenic emi t te r  s t ructures  is base region  recombina-  
tion, whereas  for phosphorus  emi t t e r  devices, emi t t e r  
inject ion efficiency l imits  the gain. Moreover,  the  
emi t te r  efficiency increases as the  concentra t ion of 
arsenic increases in phosphorus-arsen ic  mixed  emitters .  
Thus, as the  concentra t ion of arsenic increases, the  
emi t te r  efficiency becomes grea te r  and base recombina-  
t ion p lays  a more  dominan t  role  in l imi t ing the  t ran-  
sistor 's  cur rent  gain. 

" Electrochemical  Society Act ive  Member.  
Key  words:  output  admi t tance  test, lifetime, arsenic, phosphorus,  

dopant Profiles. 

Experimental 
The emi t t e r  diffusions employed  in this  s tudy were  

made  from solid sources of arsenic, phosphorus,  and 
arsenic-phosphorus  mix tu res  to a depth  of 1 ~m. The 
doping profiles of these  emi t t e r  diffusions were  
analyzed  by  the anodic oxida t ion  technique wi th  a 
NH4NO3-OCH2CH2CHCH2OH ( t e t r ahyd ro fu r fu ry l  al-  
cohol) anodizing solution. The concentra t ion  of 
NH4NO3 was 3.34 g/ l i ter .  The thickness  of oxide  grown 
in this  manner  was de te rmined  from ca l ibra ted  color 
charts.  Af te r  oxide r emova l  wi th  HF, the res is t iv i ty  
was measured  wi th  a four-poin t  res is t iv i ty  bridge.  

The dep th - res i s t iv i ty  da ta  were  then  analyzed  wi th  
a computer  p rogram to obta in  a concentra t ion vs. 
depth  profile. The computer  p rogram s imply  per forms  
the calcula t ion 

d (ps-D 
--  N~ ~x q [i1 

dx 

to find the  concentra t ion Nz at  the  dep th  x. In  Eq. [1], 
ps is the  sheet  resist ivi ty,  q is the  electron charge, and 
~x is the electron mobi l i ty  at  the  depth  x. The mobi l i ty  
va lues  used were  f rom the compi la t ion  by  I rv in  (4).  

The t ransis tors  used to s tudy the l imi t ing cur ren t  
gain  mechanism of the  var ious  emi t te rs  were  devices 
wi th  emi t t e r  and  base areas  of 1.8 X 10 -4  cm 2 (28 
mil l i - in .  2) and  18 • 10 -4 cm 2 (280 mill i- in.2),  respec-  
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tively. The transistors were buil t  on <111>,  n + sub- 
strates with 10 ~m of 3-5 ohm-cm epitaxial ly deposited 
silicon. 

Two sets of transistors were fabricated. The first set 
had current  gains of 30 and were used for the output 
admit tance comparison discussed below. These t ran-  
sistors were fabricated with the same prebase-getter 
and base cycles. Emit ters  with varying arsenic-phos- 
phorus concentrations were then  diffused to a depth 
of 1.0~ from a solid source. Because the different 
emitters required vary ing  tempera ture- t ime cycles to 
obtain a depth of 1.0 ~m, the base depths and conse- 
quent ly  the integrated base doping varied somewhat 
from transistor to transistor. 

The second set of transistors were fabricated with 
arsenic and phosphorus emitters. With these transis- 
tors, the same prebase-getter  cycle was employed. 
However, the base and emitter  cycles were adjusted so 
as to obtain the same emitter  depth, base width, and 
integrated base doping for the arsenic and phosphorus 
emitter  devices. The final base and emitter  depths 
were 3.5 and 1.8 ~,m, respectively. The current  gains 
were 80 and 40 for the arsenic and phosphorus devices, 
respectively. 

The recombinat ion mechanism dominat ing the cur- 
rent  gain in these transistors was determined using the 
output  admit tance test of George and Clark (5). 
Briefly, they found that for emit ter  efficiency limited 
devices 

Sic I = --OIc I 
OVc ZB OVc VBZ 

[2] 
whereas for base recombination limited gain 

8Ic ~ 20Ic I 
0 V c  IB OVC I VBE 

[3] 

These relationships enable  the determinat ion of the 
mechanism l imit ing current  gain from simple curve-  
tracer measurements.  The result  of the experiments  
will now be discussed. 

Results and Discussion 
The doping profiles obtained for arsenic, phosphorus, 

and a 1P: 3As mixed source are shown in Fig. 1. From 

-e. 

1~176 

(~ PHOSPHOROUS 
1016 _ _  (2 x 1022 cm -4) __ 

�9 ARSENIC ~ \  ~ 
(5.7 x 1022 cm-4} 

. . . . .  V 1P:3As 
_ (3.6 x 1022 cm -4) ~7 

1017 
0 0.2 0.4 0.6 0.8 1.0 1.2 

DEPTH (Fro) 

Fig. 1. Doping profiles obtained for diffusions from solid sources 
of arsenic, phosphorus, and a 1P:3As mixed source. 

Table I. Comparison of transistors with mixed arsenic-phosphorous 
emitters 

IC (600 mV) goutllB 
Emi t t e r  [ = >  Qb] pe [=> Qe] 
dopant /~a-e (/~A) (ohm/I-J) ginlVBz 

P h o s p h o r u s  30 44 10 1.0 
1P : IAs  30 40 12 1.5 
1P:2As 30 36 13.5 1.65 
1P:3As 30 32 15 1.87 
As 30 28 20 2.0 

Qb, integrated base doping; ~d-c, peak d-c current gain; Qe, in- 
tegrated emi t t e r  doping;  Ic(600 mV),  col lector  c u r r e n t  a t  VBE = 
600 mY. 

these profiles, the grade constants at the junct ion  were 
measured as 5.7 X l0 se, 2 • 10 22, and 3.6 X 1022 cm -4 
for the arsenic, phosphorus, and mixed source, respec- 
tively. These values are lower than those of Ghosh 
et al. (1), who observed a value of 10 ~A cm -4 for a 
sealed ampoule arsenic diffusion, and a value of 2-3 
X 1023 cm -4 for open-tube POC13 and PH3 diffusions. 
The emitters studied by Ghosh, however, were 0.5 #m 
deep, whereas the emitters of this work are 1.0 ~,m 
deep. In  fact, values comparable to those of Ghosb 
are observed in this laboratory for 0.5 /~m diffusions. 
A very impor tant  result, shown in Fig. 1, is the varia- 
tion of the grade constant  with arsenic concentration. 
This makes possible the tai loring of the emit ter  profile 
for specific applications. 

The results of output admit tance tests on transistors 
with various emit ter  dopants are tabula ted in Table 
I, along with data for other important  device param- 
eters. The output  admittance comparison and emitter  
sheet resistance are plotted in Fig. 2 as functions of 
the arsenic concentrat ion in  the emitter. From the 
figure, it is seen that  the phosphorus device has an 
admittance ratio of 1 and is therefore (by the 
previously described test) emit ter  efficiency limited; 
the admit tance ratio of the arsenic device is 2, imply- 
ing base recombinat ion l imited gain. For mixed 
arsenic-phosphorus emitters, the ratio varies from 1 
to 2 with increasing arsenic concentration. For these 
mixed emitters, base recombinat ion becomes more 
dominant  as the arsenic concentrat ion is increased. 
Alternat ively,  one can say that  emit ter  efficiency is 
increasing as the arsenic concentrat ion is increased. In 
fact, increased emit ter  efficiency is necessary in order 
to realize the gain in  the mixed emit ter  devices, be- 
cause the integrated base doping is monotonical ly in- 
creasing as the arsenic concentrat ion is increased. This 
increased emit ter  efficiency is occurring in  spite of the 
lower net  doping in the emit ter  as evidenced by the 
emit ter  sheet resistances. 

To demonstrate the increased emitter  efficiency of 
arsenic emitters, transistors were carefully processed 
to have identical base widths, identical integrated base 

gout I IR 

gout I VBE 

Phos 

2.0 

1.5 

1.0 
iiI 

I I ! I I 
1P:IAs As 1P:2As 

1P:3As 
[As] 

Pe 
(a/o) 

Fig. 2. Output admittance test and emitter sheet resistance as a 
function of arsenic concentration in mixed phosphorous-arsenic 
emitters. 
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Table II. Comparison of transistors with arsenic and phosphorus 
emitters 

Arsenic  Phosphorus 
Parameter  emit ter  emit ter  

psbe [ = ~> Qb] sheet  resistance of  base 2350 ohm/[Z] 2300 o h m / [ 7  
under emit ter  

Ic (600 m V )  [ =  ~ Qb] collector current 8 7 # A  841tA 
at VBE = 600 m V  

I f  (CB) [ =  > v] f o r w a r d  b i a s e d  col lec-  1 . 6 0 m A  1 . 5 2 m A  
tot  b a s e  c u r r e n t  a t  VBC = 600 m V  

l~doe peak d-c g a i n  80 40 
xje emit ter  depth 1.83/xm 1.83/~m 
W s  b a s e  w i d t h  1.80/tin 1.80/U~ 

gout[IB 
2 1 

g~nlVB'~ 

Qb, integrated base doping; r .  m i n o r i t y  c a r r i e r  l i f e t i m e  in  col-  
l ec to r .  

doping, and comparab le  minor i ty  ca r r i e r  l ifetimes. 
Both arsenic and phosphorus  emi t t e r  s t ructures  were  
fabricated.  Some impor tan t  device pa ramete r s  are  
shown in Table  II. The sheet res is tance under  the  
emitter ,  psbe, and the collector  cur ren t  at  VBE = 600 
mV, Ic (600 mV) ,  a re  ident ical  for the arsenic  and 
phosphorus devices. Series  resis tance effects are  as-  
sumed negl igible  as Ic is increas ing one decade for 
each 60 mV of appl ied  VBE from VBE ---- 480 mV to VBE 
= 660 mV. Both these resul ts  indicate  that  the inte-  
g ra ted  base doping is the  same in each device. I t  should 
also be noted tha t  the  emi t t e r  dep th  and base widths  
a re  ident ical  for  these devices. Final ly ,  the minor i ty  
car r ie r  l i fe t ime is comparab le  for both devices, as can 
be infer red  f rom the fo rward  biased col lector-base 
I - V  data. 

Equivalence  of minor i ty  car r ie r  l i fe t ime in the  
emitter ,  base, and collector, is des i rable  when compar -  
ing the  efficiency of different  emi t te rs  in b ipolar  t r an -  
sistors. Considerat ion of gain control l ing mechanisms 
implies  identif ication of the  var ious  sources of base 
current .  Fo r  an emi t t e r  efficiency l imi ted  device, the  
dominant  mode of base cur ren t  is the  minor i ty  car r ie rs  
in jected into the  emit ter .  Some of the  factors impor tan t  
in de te rmin ing  the magni tude  of minor i ty  carr iers  in- 
jec ted  into the  emi t t e r  are:  (i) base doping, QB; (ii) 
emi t t e r  doping, QE; (iii) emi t t e r -base  profile; and (iv) 
minor i ty  car r ie r  l i fe t ime in the  emit ter .  Thus, when 
compar ing the effect of doping profile on emi t t e r  effi- 
c iency it is necessary to control  al l  o ther  parameters ,  
such as QB, QE, and lifetime. Unfor tunate ly ,  no tech-  
niques are avai lab le  for d i rec t ly  measur ing  minor i ty  
car r ie r  l i fe t ime in the  emit ter .  The assumption has 
been made  tha t  collector  l i fe t ime and emi t t e r  l i fe t ime 
wil l  " track."  That  is, equiva lent  values  for col lector  
l i fe t ime imply  equiva lent  values  for emi t t e r  minor i ty  
ca r r i e r  l i fet ime;  of course, the  absolute  va lue  of emit ter  
l i fe t ime is not  known, but  is much lower  than  the 
value  for collector l ifetime. 

The significant difference be tween  these devices is 
the high cur ren t  gain, 80, exhib i ted  by  the  arsenic 
emi t te r  t ransis tor .  Because al l  o ther  process p a r a m -  
eters  a re  ident ica l  for these devices, i t  is ev ident  that  

the  increased gain of the  arsenic t rans is tor  is a direct  
resul t  of increased emi t t e r  efficiency. 

The arsenic emi t t e r  devices, however ,  a re  base re- 
combinat ion  l imited,  as shown above. Therefore,  the 
emi t te r  efficiency of the  arsenic emi t te r  device has in-  
creased to such an extent  tha t  base  recombinat ion  
l imits the  gain. In  the phosphorus emi t te r  t ransis tor ,  
with the  same base wid th  and minor i ty  ca r r i e r  l ife- 
t ime, emi t t e r  efficiency l imits  the  gain. 

Increased  emi t t e r  efficiency wi th  arsenic emi t te rs  
has been suggested severa l  t imes in the l i t e ra tu re  (1, 2), 
but  has not been demonstra ted .  These resul ts  demon- 
s t ra te  that  emi t te r  efficiency is g rea te r  for arsenic 
emi t t e r  devices, and that  base recombina t ion  l imits  
the  gain when  arsenic is used as the  emi t te r  dopant .  

Summary 
Smal l - s igna l  b ipolar  t ransis tors  have been fabr ica ted  

using arsenic, phosphorus,  and  mixed  arsenic-phos-  
phorus solid sources for the  emi t t e r  dopant.  The 
emi t te r  profiles, emi t te r  efficiency, and cur ren t  gain 
mechanism were  s tudied in these s tructures.  The re-  
sults a re  as follows. 

Dopant profiles.--The grade  constants  for  phosphorus,  
arsenic, and 1P: 3As sources were  2 • 1022, 5.7 X 1022, 
and 3.6 • 1022 cm -4, respect ively.  The g rade  constant  
increases as the  arsenic concentra t ion is increased.  

Emitter efficiency.--The emi t t e r  efficiency increases 
as the  concentrat ion of arsenic in the emi t t e r  is in- 
creased. 

Current gain mechanism.--Transistors fabr ica ted  
wi th  phosphorus emi t te rs  a re  emi t t e r  efficiency l imited,  
whereas  arsenic emi t t e r  devices a re  base recombina-  
t ion l imited.  Fo r  mixed  arsenic-phosphorus  emi t te r  
devices, base recombina t ion  becomes more  dominant  
as the arsenic concentra t ion is increased.  
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ABSTRACT 

An exper imen ta l  approach was developed combining different ial  etching, 
rate  striations,  and spreading resistance measurements .  This approach  pe r -  
mi t t ed  the direct  de te rmina t ion  of dopant  concentrat ions and growth  ra tes  
on a microscale in ga l l ium-doped  germanium.  Composi t ional  inhomogenei t ies  
as revealed  by  different ial  e tching were  quan t i t a t ive ly  re la ted  to dopant  con- 
cen t ra t ion  variat ions.  Rota t ional  s t r ia t ions were  identif ied as dopant  concen- 
t ra t ion  max ima  associated wi th  decreasing growth  rates.  Dopant  concentra t ion 
var ia t ions  up to 50% were  found wi th in  ro ta t ional  cycles. The exper imen ta l  
resul ts  were  subjec ted  to a Burton,  Pr im,  and Sl ichter  analysis  on a microscale.  
I t  was found that  s teady-s ta te  segregat ion is encountered only dur ing  in- 
creasing growth  ra tes  wi th in  each ro ta t ional  cycle; the dependence  of dopant  
segregat ion on g rowth  ra te  became weaker  in the  presence of remel t ing.  In  a l l  
instances the  effective diffusion layer  thickness  was smal ler  than  that  com- 
pu ted  on the basis of the Cochran analysis.  

Composi t ional  inhomogenei t ies  are  encountered  in 
v i r t ua l ly  al l  solids and are the resul t  of nons teady-  
state condit ions preva i l ing  dur ing  g rowth  f rom the 
melt ,  solution, or  vapor  phase. Thus the  effective segre-  
gat ion of solute e lements  (dopants)  is a complex 
funct ion of exper imen ta l  g rowth  parameters .  Dopant  
inhomogenei t ies  have  been in tens ively  inves t iga ted  (1) 
because of thei r  adverse  effects on mate r i a l s  p rope r -  
ties and also because they  reflect the condit ions at the 
g rowth  interface,  and  thus, can be  used to s tudy 
growth  and segregat ion phenomena.  However ,  both 
the na tu re  and origin of dopant  inhomogenei t ies  have  
been the subject  of cont rovers ia l  in te rpre ta t ions  (2) 
p r imar i l y  because the  exper imen ta l  methods avai lab le  
for the i r  invest igat ion have been l imi ted  in sens i t iv i ty  
a n d / o r  resolution. The use of var ious  etching tech-  
niques has led to the  identif icat ion of severa l  types  
of impur i t y  inhomogenei t ies  (3) (s t r ia t ions) ,  but  the 
lack of quant i ta t ive  correla t ions  be tween  etching ra tes  
and dopant  concentra t ion has  l imi ted  the value  of 
these investigations.  The recen t ly  developed method 
of in t roducing ra te  s t r ia t ions pe rmi t t ed  the  de t e rmina -  
t ion of t he  microscopic growth  behav ior  and es tab-  
l ished unambiguous ly  the  origin of cer ta in  composi-  
t ional  inhomogenei t ies  (4). However ,  this method,  
based  on h igh  resolut ion etching, could not es tabl ish 
quant i t a t ive  cause and effect re la t ionships  regard ing  
composi t ional  inhomogeneit ies.  

The present  inves t igat ion is concerned wi th  the  
deve lopment  of an exper imenta l  approach  which  per -  
mits  s imul taneous ly  the  quant i ta t ive  de te rmina t ion  of 
dopant  inhomogenei t ies  and the corresponding growth 
ra tes  on a microscale  by  combining the ra te  s t r ia t ion 
technique wi th  spreading  resis tance measurements  
(5). This approach  is appl ied  to the s tudy of the 
segregat ion behav ior  of gal l ium in ge rman ium grown 
by  the Czochralski  technique. The resul ts  are  analyzed 
on the basis of the Burton, Prim, and Sl ichter  (BPS)  
theory  (6) on effective dopant  segregation.  

Experimental Procedure 
Crysta~ growth.--The crys ta l  used for the  present  

invest igat ion was grown in the  <111>  direct ion by 
the Czochralski  method from a mel t  charge of 73g Ge 
doped wi th  Ga (9.8 • 1019/cma) at  pul l ing  ra tes  of 

* Electrochemical Society Active Member. 
Key words: dopant segregation, spreading resistance, growth rates. 

7.6 and 3.0 cm/hr ,  wi th  and wi thout  seed rotat ion.  
Rate  s t r ia t ions (4) were  in t roduced dur ing  growth  by 
t r ansmi t t ing  cur ren t  pulses (20 A / c m  2) of 0.03 sec 
dura t ion  across the c rys t a l -me l t  interface at  a r epe t i -  
t ion ra te  of 0.5 sec (current  direct ion mel t  to c rys ta l ) .  
The crys ta l  sections analyzed  were  2 mm thick slices 
obta ined by  cut t ing the crys ta l  along the axis of ro ta -  
t ion (see sketch in Fig. 1). 

Spreading resistance measurements.--The spreading 
resis tance associated wi th  a meta l - semiconduc tor  point  
contact  has been ex tens ive ly  inves t iga ted  (5). I t  has 
been shown that  the  point  contact  resistance for l ap-  
ped ge rman ium surfaces of modera te  resis t ivi t ies  is 
p redominan t ly  given by  its spreading  resis tance with  
an insignificant contr ibut ion  f rom surface resistance 
due to a potent ia l  bar r ie r .  Accordingly,  measurements  
of spreading resistance,  Rs, can be used to obtain local  
values  of resis t ivi ty.  The local resist ivi ty,  p, of a vol-  
ume e lement  of app rox ima te ly  10-9/cm 3 associated 
wi th  the  point  contact  of an effective diameter ,  D, is 
given by  p = 2DRs for a large sample  wi th  a large  sec- 
ond ohmic contact  at  a r e la t ive ly  long dis tance (other  
side of specimen) .  In  pract ice i t  is found that  D is a 
complex  function of severa l  pa rame te r s  and cannot  
read i ly  be de termined.  However ,  R~ can be conver ted  
to p through ca l ibra t ion  based on samples  of known 
resist ivi ty.  

The appara tus  (commerc ia l ly  avai lab le)  used in the  
present  invest igat ion is equipped with  an a i r -ope ra t ed  
probe descent mechanism which  gives reproducib le  
point  contacts  wi th  the  specimen mounted  on a t r a -  
vers ing stage. The spreading  resis tance was de te r -  
mined by  measur ing  the current  flow through the 
point  contact  at  an appl ied  constant  vol tage  of 10 mV. 

Al l  spreading resis tance measurements  were  per -  
fo rmed wi th  the single point  configuration, re fer red  
to above, on samples  soldered onto a backing p la te  
wi th  an ind ium- t in  al loy ( large  ohmic contact) .  Cal i -  
b ra t ion  of spreading  resis tance vs. carr ie r  concentra-  
tion was obtained f rom two ga l l ium-doped  ge rman ium 
samples  which  exhib i ted  the  best  dopant  homogenei ty  
(see nonrota ted  segment  of curve b in Fig. 2). The 
res is t iv i ty  and car r ie r  concentra t ion of the  sections 
wi th  the  most uni form spreading  resis tance (• < 
•  were  de te rmined  wi th  Hal l  effect measurements  
at  room t empera tu re  in the Van der  Pauw configura- 
tion. The values  obta ined (Table  I) are  in excel lent  

1119 
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Table I. Spreading resistance calibration data 

Carrier 
S p r e a d i n g  R e s i s t i v i t y  concen t r a -  C a l c u l a t e d  
res i s tance ,  • 10 -a, p t ion,  N m o b i l i t y ,  # 
IR. [ohm]  [ohm �9 em] [cm -3] [cm 2 V -z sec "-z] 

4.50 18.05 8.54 • I0  z~ 563 

1.96 2 .18  1.43 X I0  TM 201 

agreement  with earlier published results of p as a 
function of carrier concentrat ion (7). 

SurJace preparation.--In view of the observed sensi- 
t ivi ty  of spreading resistance on surface preparation, 
several procedures were investigated. It was found 
that measurements  on Ge surfaces prepared by "chem- 
ical lapping" with Lustrox and Syton on Polytex pads 
are reproducible to better  than  •  However, since 
chemically polished surfaces do not reveal dopant in-  
homogeneities and rate striations, differential etching 
procedures were studied. It was observed that spread- 
ing resistance data obtained on differentially etched 
surfaces are completely reproducible and in quant i ta -  
tive agreement  with measurements  on chemically 
polished surfaces. Thus, compositional inhomogenei-  
ties, microscopic growth rates, and carrier concentra-  
tions could be determined directly on the identical 
surface. 

The adopted surface preparat ion procedure was as 
follows: The cut Ge slices were lapped with 10 ~m 
A120~ abrasive and subsequent ly  polished unidirec-  
t ionally with Linde "A" and Linde "B" abrasive 
(0.03~). After  removal from the polishing block, the 
samples were t ransferred into distilled H20 and while 
still wet were subjected to etching (10 sec) in a solu- 
tion of 1 part  H202, 1 part  HF, and 1 part  CH~COOH. 
After drying the etched specimens were soldered with 
an I n - S n  alloy onto brass support blocks. 

Experimental Results and Discussion 

The photomicrograph in Fig. 1 (obtained with inter- 
ference contrast) shows a part  of the etched "off-core" 
region of a germanium crystal (see sketch in  Fig. 1). 
The following features can be distinguished: (a) ro- 
tational striations (3) propagating from top to bottom 
(from the center to the per iphery in the crystal with 
a spacing of about 0.023 cm), (b) rate striations, faint  
dark lines, introduced during growth by Pelt ier  cool- 
ing at t ime intervals  of 0.5 sec, and (c) equally spaced 
(10 ~m), impact traces of the spreading resistance 
probe (bottom of microphotograph).  

The part of the crystal shown (0.068 cm long) was 
pulled at a rate of 21.2 ~m/sec (7.6 cm/hr )  with seed- 
rotation (6.16 rpm).  The actual growth rate and its 
variations, as obtained from the spacing of the rate 
striations with a time resolution of 0.5 sec, is shown in 
curve a. It is seen that  the average growth rate was 26 
~m/sec; the difference between the pul l ing and the 
average growth rate (in the absence of remelt ing)  re-  
flects the continuous lowering of the melt  level at a 
rate of 4.8 ~,m/sec. During each rotational cycle the 
growth rate varies continuously and reaches maxi-  
mum and min imum values of about 39 and 15 ~m/sec, 
respectively. The growth rate changes are somewhat 
i rregular  and do not exhibit  the general ly assumed 
sinusoidal behavior  observed in InSb crystals (3). 

It  is of interest  to note that the rotational striations 
do not coincide with the location of the three growth 
rate minima;  rather  they appear under  conditions of 
decelerating growth rate  and precede the actual rate 
minima. It can also be seen that  i rregulari t ies  of the 
microscopic growth rate in the vicinity of their min-  
ima are not reflected as compositional inhomogenei-  
ties. The carrier concentrat ion (Ga concentrat ion) 
and its variations is recorded in curve b with a l inear 
resolution of 10 ~m obtained from spreading resistance 
measurements  (probe impact traces are seen on the 

(111~, 

Pulling 
direction 

Rotational striations 

Rate striations 

Fig. I. Differentially etched 
segment of gallium-doped ger- 
manium single crystal pulled 
with seed rotation and dopant 
distribution analysis: carve (a) 
microscopic growth rates as ob- 
tained from the spacings of rate 
striations introduced at 0.5 sec 
intervals, curve (b) carrier (dop- 
ant) distribution as obtained 
from spreading resistance mea- 
surements at spacings of 10/~m. 
The location of the depicted 
crystal segment is shown on the 
sketch. (Magnification 98X.) 
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photomicrograph) .  I t  can be seen that  segregat ion on 
a microscale  undergoes  continuous changes wi th  the 
average  dopant  concentra t ion of 3.1 • 1019/cm3 fluc- 
tua t ing  be tween  2.6 and 3.7 X 1019/cm s. Curve b, to-  
gether  wi th  the photomicrograph,  gives the first con- 
f i rmation of the genera l ly  assumed direct  correspon-  
dence be tween  topographic  fea tures  resul t ing from 
etching and dopant  concentra t ion on a microscale.  
A b r u p t  composi t ional  fluctuations as low as about  2% 
(to the lef t  of the  center  of the ro ta t ional  s t r ia t ions)  
can be unambiguous ly  detected on the  photomicro-  
graph;  on the other  hand, the  gradua l  composit ional  
changes be tween  successive ro ta t ional  s t r ia t ions are  
not revea led  by in ter ference  contrast .  I t  is impor tan t  
to point  out  tha t  the ro ta t ional  s t r ia t ions (as revea led  
by  etching)  a re  pronounced dopant  concentrat ion 
maxima.  Thus, ear l ie r  reports  for example  on InSb 
(4a), which a t t r ibu ted  ro ta t ional  s t r ia t ions to compo- 
si t ional  min ima coinciding wi th  growth  ra te  minima,  
cannot be general ized.  

The outs tanding fea ture  of the  present  approach  lies 
in the inheren t  superposi t ion of curves a and b: dopant  
concentra t ion data, together  wi th  the precisely cor-  
responding microscopic growth  rates, permi t  now the 
exper imen ta l  invest igat ion of the growth  ra te  depen-  
dence of segregat ion on a microscale.  

As seen f rom curves  a and b, the  genera l ly  assumed 
dependence  of segregat ion on g rowth  rate  is observed 
only in the  segments  of " increasing" growth  ra tes  wi th  
each ro ta t iona l  cycle. The dopant  concentrat ion con- 
t inues  to increase beyond the growth  ra te  max ima  and 
reaches pronounced peak  values  ( ro ta t ional  s t r i a -  
tions) under  s teadi ly  decreas ing growth  rates.  Segre-  
gat ion min ima  on the o ther  hand, coincide in all  in- 
stances wi th  g rowth  ra te  minima.  

The g rowth  and segregat ion behavior  of another  
segment  of the same crys ta l  (see sketch in Fig. 1) 
pul led  at a ra te  of 8.5 ~m/sec (3.0 c m / h r )  is shown 
in Fig. 2. The left  par t  of this  crys ta l  segment  was 
pul led  wi th  seed rota t ion (6.2 rpm)  whereas  the r ight  
pa r t  was pu l led  wi thout  seed rotat ion.  The g rowth  ra te  
da ta  (curve a) revea l  a pronounced effect of ro ta t ion 
at  this reduced  pul l ing rate.  Because of extensive re -  
melt ing,  the  average  microscopic growth  ra te  in the 
ro ta ted  segment  increased to about  30 ~m/sec and thus  
became larger ,  by  a factor  of 3.5, than  the pul l ing  rate.  
This ra te  is h igher  than  tha t  in Fig. 1 a l though the 
pul l ing  ra te  was here  reduced by  a factor  g rea te r  than  
two. The spreading resis tance measurements  at spac-  

ings of 5 ~,m (curve b) indicate an average  car r ie r  
concentrat ion of 3.4 • 1019/cm3 ranging from 2.9 to 
3.7 • 1019/cm 3. The ro ta t ional  " rcmel t"  s t r ia t ions are 
read i ly  identif ied as abrup t  t rans i t ions  of high to low 
dopant  concentrat ions  confirming the  conclusions of 
ear l ie r  qual i ta t ive  studies (4a).  Compar ing  the  effec- 
t ive segregat ion behavior  in Fig. 1 and 2 it is seen tha t  
its growth  ra te  dependence  in the  presence of r emel t -  
ing is not iceably  decreased.  

The average growth  ra te  in the nonrota ted  segment  
is 9 ~m/sec and, thus, less than  expected f rom the ap-  
pl ied pul l ing ra te  and the corresponding lowering of 
the mel t  level. This d iscrepancy is a t t r ibu ted  to a 
g radua l  re locat ion of the crys ta l  mel t  in terface  resul t -  
ing from the changes in the rmal  condit ions associated 
wi th  the  ar res t  of seed rotat ion.  

Analysis of Segregat ion Behavior on the Microscale  
The fol lowing analysis  of microsegregat ion  associ- 

ated wi th  ro ta t ional  crys ta l  pul l ing should be consid- 
e red  as p re l imina ry  and is p r imar i ly  in tended  to 
demonst ra te  the  potent ia l  of the  present  approach;  i.e., 
no special a t t empt  was made  to grow the  crysta ls  at 
any par t i cu la r  doping levels, nor were  the exper imen-  
ta l  g rowth  conditions var ied  in any systematic  way. 

Nonequi l ib r ium segregat ion has been the  subject  
of severa l  theore t ica l  t r ea tmen t s  (6, 8) among which 
that  by  Burton, Prim, and Sl ichter  has been appl ied  
wi th  pa r t i a l  success to actual  growth  systems (9). 
Discrepancies  be tween  theory  and exper iment  ( tested 
on a macroscale)  have not  been as ye t  resolved since 
some of the exper imenta l  pa ramete r s  could not be 
de te rmined  wi th  the requ i red  accuracy.  Thus, in al l  
r epor ted  invest igat ions  the segregat ion control l ing 
microscopic growth  ra te  has been equated  wi th  the 
macroscopic growth  rate;  as was recen t ly  shown, the  
two ra tes  m a y  differ by a factor  of up to 30 or  more  
(4). 

To ca r ry  out an analysis  of microsegregat ion accord-  
ing to the BPS theory,  it is necessary to obta in  the  
effective segregat ion coefficients (kerr : Cs/CL). Since 
the exact  dopan t  concentra t ion in the  mel t  (CL) for 
the segments  p resen t ly  inves t iga ted  was not known, 
the l inear  g rowth  ra te  dependence  of keff (and thus  
of Cs),  indica ted  in the  BPS theory  for small  growth  
rates  under  s t eady-s ta te  g rowth  conditions, was used 
for its determinat ion.  The growth  ra te  dependence  of 
Cs for the  th i rd  ro ta t iona l  cycle in Fig. 1 (curve  a) 
is p lo t ted  in Fig. 3. The expected  l inear  ra te  depen-  

Fig. 2. Differentially etched 
segment of gallium-doped ger- 
manium single crystal pulled 
with seed rotation (left part) and 
without seed rotation (right part) 
and dopant distribution analysis. 
Curve (a) growth rates as ob- 
tained from the spacings of the 
rate striations introduced at 0.5 
sec intervals. Growth rate analy- 
sis could not be carried out in 
the immediate vicinity of the re- 
melt striations (remelt regions). 
Curve (b) carrier (dopant) dis- 
tribution as obtained from 
spreading resistance measure- 
ments at spacings of 5 /,m. The 
location of the depicted crystal 
segment is given in the sketch in 
Fig. 1. (Magnification 90X) 
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Fig. 3. Growth rate dependence of dopant concentration for the 
third rotational cycle of crystal segment in Fig. 1. �9 dopant con- 
centrations associated with increasing growth rates; O dopant con- 
centrations associated with decreasing growth rates. Note that the 
linear dependence is observed only for the segment of the rota- 
tional cycle with increasing growth rates. 

dence is observed only in the segment of steadily in-  
creasing growth rate. The segregation behavior in the 
segment of decreasing growth rate cannot  at present  
be explained. Assuming that  the l inear  portion in Fig. 
3 reflects s teady-state  segregation the extrapolated 
value of Cso, at zero growth rate, is found to be 1.75 X 
1019/cm s. Taking the general ly accepted value for the 
equi l ibr ium segregation coefficient of Ga in Ge (10) 
(ko = Cso/CL = 0.087), CL was found to be 1.97 • 
1020. This value of CL agrees reasonably well (within 
about 20%) with that  computed for directional solidi- 
fication of 30% of the melt  at an average rate of 20 
~m/sec (assuming a boundary  layer thickness of 0.04 
am). 

To test the applicabil i ty of the BPS theory, the rela-  

k o 
leaf = [ l ]  

ko + (1 -- ko) e -6R/n 

tionship 

is converted to the convenient  form 

R8 , , ) : , o ( � 8 8  .7. [2] 

where R is the growth rate, 8 the thickness of the "dif- 
fusion layer," and D the diffusion coefficient of gall ium 
in  germanium, 1.9 X 10 -4 cm2/sec. 

A plot of l n ( 1 / k a f - - 1 )  against the microscopic 
growth rate for the third rotational cycle of Fig. 1 is 
shown in Fig. 4. It  is seen that dopant segregation with 
constant "effective diffusion layer thickness" (8/D 
180 sec/cm) takes place only during the segment of in -  
creasing microscopic growth rate wi thin  the rotat ional  
cycle. The diffusion layer  thickness thus computed is 
0.0342 cm. The value of 8 obtained for the applied 
rotat ional  rate from Cochran's analysis (11) 

8 = 1.8 AD 1/a yl/6 o.,-1/2 - -  0.0412 cm [8] 

where A = 0.87 (11), v --  0.0025 cgs uni ts  (11), ~ = 
0.645 sec -1. 

The microsegregation behavior in the presence of 
"remelt ing" during rotat ion (Fig. 2) is analyzed in 
Fig. 5. It is seen that  the "effective diffusion layer 
thickness" (8/D = 90 sec/cm; 8 ---- 0.017 cm) remains  
constant for all  three cycles. A comparison with the 
segregation behavior in  Fig. 1 shows that  "back mel t -  
ing" (a result  of the decreased pull ing rate)  leads to a 
reduction of the diffusion layer  thickness by a factor 
of two and thus to a significantly weaker dependence 
of dopant segregation on growth rate. It  is also of in-  
terest to note that  the dopant concentrat ion associated 
with the growth rate min ima  (2.9 X 1019/cm a) is vir-  
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Fig. 4. Analysis of growth rate dependence of dopant segregation 

according to the BPS theory for the third rotational cycle shown in 
Fig. I .  �9 dopant segregation associated with increasing growth 
rates; G dopant segregation associated with decreasing growth 
rates. Steady-state segregation (slope ~/D ~ 180 sec/cm) is in- 
dicated only for the segment of the rotational cycle with increasing 
growth rates (curve A). 8 / D  obtained from a Cochron analysis is 
217 sec/cm (curve B). 

2.10 

2.00 

1.90 

I 1.80 

~ 1.70 
N 

1.60 

1.50 

1.40 

I ' I i I i I i I i I i I r 
%, 

% 
% 

- -  .%. 
,% 

%. 
- -  %, - -  

% 
,% 

% 
% 

- -  % - -  

I i I J ) J I I ) I I , I , 
13 17 21 25 29 33 37 41 

Growth rote R (p.m/sec) 

Fig. 5. Analysis of growth rate dependence of dopant segregation 
under remelt conditions according to the BPS theory for the three 
rotationa| cycles ( G ,  D ,  & ,  respective|y) of the crystal segment 
shown in Fig. 2. Steady-state segregation is indicated for all three 
rotational cycles. The growth rate dependence of dopant segrega- 
tion (8 /D _~_ 90 sec/cm) is significantly weaker than in the case 
of Fig. 4. Curve B represents the growth rate dependence on the 
basis of a Cochran analysis (8 /D  = 217 sec/cm). 

tual ly  identical with that  observed for nonrotat ional  
pulling. 

Summary 
An analytical  approach was developed for the quan-  

ti tative determinat ion of dopant segregation and the 
precisely corresponding growth rates on the micro- 
scale. The approach is based on the use of rate str ia-  
tions in  conjunct ion with spreading resistance mea-  
surements  on differentially etched specimens. A pre-  
l iminary  analysis of germanium crystals pulled by the 
Czochralski technique from a gal l ium-doped melt  re- 
vealed the following growth and segregation behavior:  
at a pul l ing rate of 7.6 cm/hr  and seed rotat ion of 6.16 
rpm the microscopic growth rate exhibits continuous 
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periodic  changes ( ranging  from 15 to 39 ~m/sec)  
which, however,  a re  not sinusoidal,  as genera l ly  as-  
sumed. The associated dopant  segregat ion var ies  con- 
t inuous ly  (by  more  than  45%).  Rotat ional  striations,  
as r evea led  by  etching, are  identif ied as pronounced 
dopant  concentra t ion max ima  which  do not coincide 
wi th  the g rowth  ra te  maxima.  Pul l ing  at a reduced 
rate,  3.0 cm/hr ,  resul ts  in pronounced " remel t"  ro ta -  
t ional  s t r ia t ions and an average microscopic growth 
ra te  (31 ~m/sec)  which exceeds the  pul l ing ra te  by  a 
fac tor  of more  than  three.  A n  analysis  of the  effective 
dopant  segregat ion according to the BPS theory  indi -  
cates the presence of s t eady-s ta te  condit ions (constant  
5/D) only for the segments  of increas ing g rowth  ra tes  
wi th in  each ro ta t ional  cycle. The effective diffusion 
l aye r  thickness  (5) is found to be smal le r  than  that  
computed  f rom a Cochran analysis  and  decreases no-  
t iceably  in the  presence of remelt ing.  
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Diffusion from a Thin Layer into a Semi-Infinite Medium with 
Concentration Dependent Diffusion Coefficient. Part II 

M. Ghezzo* 
General Electric Corporate Research and Development, Schenectady, New York  12301 

ABSTRACT 

A formal  solution of the diffusion equat ion is p resented  for a red is t r ibu t ion  
case wi th  an ini t ia l  diffusant concent ra t ion  represen ted  by  a de l ta  funct ion 
and a diffusion coefficient p ropor t iona l  to the concentra t ion e levated  to an 
in teger  power.  The t ime dependence  of the surface concentrat ion and of the  
dis tance of the  diffusion front  from the surface is discussed and shown to be 
different  f rom the  fami l ia r  square root  law or its inverse. An  example  of ap-  
pl icat ion of this  theory  is provided  by  the high concentrat ion diffusion of 
arsenic  into si l icon from a finite source, for which numer ica l  da ta  a r e  com- 
puted.  

In  a recent  ar t ic le  (1) a t ransformat ion  s imilar  to 
Bol tzmann 's  t ransformat ion  was appl ied  in the  mathe-  
mat ica l  t r ea tmen t  of impur i t ies  red is t r ibu t ion  in a 
semi-infini te  med ium wi th  a diffusion coefficient de-  
penden t  only  on the rat io  of impur i t ies  concentra t ion 
to surface concentrat ion.  This case was presented  more  
for i l lus t ra t ive  purposes  than  for solving actual  dif- 
fusion problems,  because  in a red is t r ibu t ion  of impur-  
it ies the  surface concentra t ion is changing  wi th  t ime 
and therefore  the  diffusion coefficient as specified above 
would  not  be  t ru ly  concentra t ion dependent .  This 
paper  is the  resul t  of fu r ther  w o r k  on this subject  
for  ex tend ing  the appl ica t ion  of the  t rans format ion  
method  to phys ica l ly  meaningfu l  cases, such as those 

* Electrochemical  Society  Act ive  Member .  
Key  words:  diffusion theory,  Bol tzmann ' s  transformation,  concen-  

tration dependent diffusion coefficient, arsenic diffusion. 

occurr ing for example  in the  dopant  diffusion into semi- 
conductors  for the format ion  of PN junctions.  

Theory 
Fol lowing  the same t e rmino logy  of the  previous  

ar t ic le  (1) we assume a more  genera l  t ransformat ion  
for  the expression of the  impur i t y  concentrat ion,  N, 
given by  

N ( x , t )  = f ( t )  �9 F ( x f ( t ) )  [1] 

where  ] and F are  ana ly t ica l  functions to be de te rmined  
in such a way  that  N wil l  sat isfy the  bounda ry  con- 
dit ions and the diffusion equation.  

In  the  red is t r ibu t ion  case considered here the  bound-  
a ry  condit ions are  

N ( x , t ) ~  ~ for x = 0 ,  t - - 0  [2a] 



1124 J. Electrochem. Soc.: S O L I D - S T A T E  SCIENCE AND TECHNOLOGY August 1973 

N ( x , t )  ----0 for x > 0 ,  t = 0  [2b] 

N (x , t )  = 0  for x-> ~ , t - - - -0  [2c] 

Fur thermore  as the init ial  concentrat ion profile is 
assumed to be represented by a delta function 

Q = N(x,  t) dx [3] 

where Q is the total amount  of impurit ies per un i ty  of 
surface in the indiffused medium and is constant. 

Let us assume that the diffusion coefficient, D, de- 
pends on the concentration, N, according to the expres- 
sion 

D -- Do (N/No) m [4] 

with m a positive integer including zero and Do the 
value of the diffusion coefficient at the reference con- 
centrat ion No. As both Do and No are constants, it is 
convenient  to conglobate them in a new constant, K, 
defined by 

K -- Do~No m [4a] 
so that D becomes 

D -- KN ~ [4b] 

Substitution of Eq. [I] and [4b] in the diffusion 
equation 

= - -  D [5] 
Ot Ox 

and a change of coordinates from (x,t) to (%t), where 

n = xf( t )  [6] 
yields 

f ( t )  . [ n~i-F(n) ] 
OF(n) 

- - f ( t )  a---'~O [K]m(t)Fm(t)i2(t)  OF(~) ] O n  ' [7] 

which simplifies to 

d 
f ( t )  ~ [nF(n) ]  

dF 01) 
=5(t)--~-0 [K'(m+2)(t)Fm(n) ~ ]  [8] 

After variable separation, Eq. [8] is set equivalent  
to the system of equations 

$'(t) = - - K / ( m + ~ ) ( t )  [9] 

- -  [ dF(n) ] 
d [nF(,~) ] = - ~--- F~ (n) ~ j [10] 

d~ dn 

A simple integration of Eq. [9] subject to the bound- 
ary condition [2a] yields 

1 
i ( t )  -- [11] 

[K(m + 2)t] 1/<~+2~ 

As for Eq. [10], integration between ~] and oo results 
in 

dF (0) 
~tF(*]) - - - - - - F r n O l ) -  [12] 

dn 

because, for satisfying the boundary  conditions [2c] 
and [3], FO]) must  be of order greater than one in  1/~1 
and therefore 

/ dF(~) % 

l im r  = l im ( F ~ ( n ) )  = 0 [13] / 

Integrat ion of Eq. [12] between 0 and n finally yields 

[ ~]211/m 
F01) = Fm(O) - - - - m  [14] 

2 
when m -~-- I, and 

F(n)  = F(0)  exp (--n2/2) [15] 

when m = 0, that is D = Do. 
While F(n) as expressed by Eq. [15] is always a real 

positive number  assuming that F(0)  is the same, the 
value of F(n)  given by Eq. [14] may be a positive real 
number  only if the argument  under  the m-root sign 
is positive, that  is for ~] l imited to the interval  

0 ~-- ~ < F m (0) [16] 

Therefore for m ~-- 1 the impur i ty  concentrat ion pro- 
file must  be represented by a composite function as 
specified below 

1 
N (x, t) = 

[K(m + 2 ) t ]  1/(m+2) 

Fro(0) -- 2 [ K ( m + 2 ) t ]  2/(m+2~ [17] 

for 

0 ~-- x < X( t )  N(x,t)  =0  for X( t )  ~--x< oo 

where 

X( t )  = --Fro(O) �9 [K(m + 2)t] 1/(m+e) [18] 
m 

is the t ransi t ion point between the significant solution 
of the diffusion equation and the solution identically 
zero. The obvious discontinuity of ON/ax for x ---- X(t )  

aN 
is acceptable, because the impurit ies flux J ---- - - D - -  

Ox 
is continuous and equal to zero when computed from 
both sides of the t ransi t ion point  X( t ) ,  as D = 0 for 
N = 0 with m ~-- 1. A similar combination of a sig- 
nificant solution with the zero solution was also found 
by Wagner  (2) to represent the concentrat ion profile 
in the case of a diffusion from an infinite source with 
constant surface concentrat ion and diffusion coefficient 
proportional to the concentration. 

It is easy to verify that  Eq. [17] gives an expression 
of N, which satisfies the boundary  conditions repre-  
sented by Eq. [2] and [3]. Indeed as a check and for 
finding the relationship between Q and F(0) ,  we sub- 
sti tute in Eq. [3] the expression of N given above 

Q = N(x , t )dx  --  , ,o  5(t) Fro(0) 

w% ] I/m 
- -~  x2S~ (t) dx 

• /L  F,~ (0} 

fo [ -- Fro(O) -- -~ d~] [19] 

The independency of the integrat ion limits from any 
variable  is a fur ther  proof that Q is constant, as re- 
quired by the boundary  conditions. A formal verifica- 
t ion that Eq. [17] satisfies the diffusion equation is 
given in the Appendix. 

Applying the t ransformat ion 

~l : ~ " Fm(0) [20] 

to Eq. [19], the relationship between Q and F(0)  is 
easily found 

Q : �9 F(O) (m/2+l) �9 (1 -- ~2) l/md~ [21] 

or else, by explicating F(0)  
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F(0)  = 

f:(l -- ~2)i/md~ 

2 / ( m + 2 )  

[22] 

Table I. Values of (1 - -  ~2)l/md~ for m between 1 and 10 

~o X(1 _ [p)l/,,d~ 
~rt 

In  many  applications it is useful to express the con- 
centrat ion profile in  a normalized form, which can be 
obtained combining Eq. [17], [18], and [22]. The result  
is 

where, using Eq. [4a] for expressing K 

m } l / ( m + 2 )  

Q Dot [24] s No (1 -- ~2) Z/md~ 

The surface concentration, Ns, decreases with t ime 
and its expression is found by setting x ---- 0 in  Eq. 
[23] 

/ V s ( t ) = Q  / [X(t) .  fol(Z-,2)l/~d,] [25] 

Plots of normalized concentrat ion profiles are shown 
in  Fig. 1 for different values of m, while the values of 
the definite integral  appearing in Eq. [23], [24], and 
[25] are tabulated in Table I for values of m between 
1 and 10. 

1.3 m:2 

I.I-- m,4 

1.0 

1 0.6666 
2 0.7852 
3 0.8409 
4 0.8734 
5 0.8947 
6 0.9098 
7 0.9211 
8 0.9299 
9 0.9368 

10 0.9425 
From Eq. [24] we observe that a diffusion front ad- 

vances with the (m + 2)-root  of the diffusion time and 
that only in the case of a constant diffusion coefficient 
we obtain the famil iar  square root law dependence. It 
is also important  to point out that for x larger than 
X (t) and m ~-- 1, N (x,t) is identically zero, while for 
m --0, N(x,t)  is represented by an exponential  func- 
t ion and is therefore larger than zero for any positive 
x at any time t after the beginning of the diffusion 
process. In  part icular  for m = i and using l inear scales 
the concentrat ion profile is represented between 0 and 
X( t )  by a branch of a parabola, symmetrical  with re- 
spect to the ordinate axis and with the concavity point- 
ing down, while outside this in terval  it is coincident 
with the abscissa axis. As the t ime increases, the vertex 
of this parabola, which corresponds to the surface con- 
centrat ion at time t, decreases by a factor inversely 
proportional to the cubic root of time, while its curva- 
ture also decreases shifting its intersection with the 
abscissa axis at progressively higher x values, which 
are directly proportional to the cubic root of time, as 
seen from Eq. [24]. 

Often the diffusion of impurit ies into a semicon- 
ductor is used for the formation of PN junct ions and 
therefore it is of paramount  importance the deter-  
mina t ion  of the diffusion time, z, required for achiev- 
ing a desired junct ion depth, xj, when  besides Q and 
D the background concentration, NB, is known. For this 
purpose we rewrite Eq. [23] in  the form 

. ] { [  }" 
Q " 

[26] 

and we plot the corresponding family of curves for the 
first four values of ~ in  Fig. 2. When in  Eq. [26], 

0.9 

o .8  
2 :  

0.7 
x 

0.6 

rn~l 
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0.3 
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0.1 

"0 0.| 0.2 0.,~ 0.4 0,5 0.$ 0.7 0.6 0.9 LO 

xlX(t)  

Fig. 1. Plots of normalized concentration profiles for the diffu- 
sion coefficient D ~ D o ( N / N o )  m , with m ~ 1, 2, 3, 4, in a 
redistribution case with initial concentration represented by a 
delta function. 
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Fig. 2. Plots of (x,N(x,t)) /Q vs. x/X(t) for m ~- 1, 2, 3, 4, 
used in the determination of the diffusion time required for ob- 
taining a desired junction depth, xj. 
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N (x,t) is replaced by NB and x by xj, two solutions for 
xj/X(T) are found at the intersection of the appro- 
priate plot of Fig. 2 with the horizontal line of ordinate 
(NB �9 xj)/Q. They both are physically meaningful ,  be- 
cause as the diffusion t ime increases the concentrat ion 
profile spreads at the expense of its peak height and 
therefore its intersection with a reference concentra- 
tion, like Nm occurs twice at a junct ion  depth xj at two 
different times, T1, and T2. 

These two solutions coincide when (x j .  NB)/Q is 
equal to the max imum of the plot of Fig. 2 for the 
corresponding value of m. This means that  there is a 
max imum junct ion  depth, Xjm, achievable for any 
chosen ratio (Q/NB) and that  it can be obtained only 
with one diffusion time, Tin. 

Equat ing to zero the derivative of the r igh t -hand  
member  of Eq. [26] we find that the relat ive max imum 
occurs at 

Xjm ~ /  m 
= [27] 

X (Zm) m + 2 

and therefore by subst i tut ing in Eq. [26] x / X  (t) with 
its expression given by Eq. [27] we obtain Xjm 

~ j m  ~ - -  . ~ ~  

NB m--.~ 2 

/ ~i (l--~)I/md~ [28] 

The time ~m is easily computed from Eq. [24], [27], 
and [28] 

m ( 2 )2(m+l)/m 

4Do m + 2 

[29] 

NB .~0 (1 - -  ~2)l/md~ 

while the corresponding surface concentration, Nsm is 
derived from Eq. [25], [27], and [28] 

( m + 2 )  1/"~ 
Nsm = NB " \ ~  [29a] 

Example 
Masters and Fa i r f ie ld  (3) have shown tha t  the d i f -  

fusion coefficient of As in  Si conforms w i t h  the re la-  
t ionship 

D -- Di(n/ni) [30] 

where  (n/ni) is the ratio of the free electron concen- 
t ra t ion in the extrinsic sample to that  of intrinsic sili- 
con at the diffusion temperature.  

In  Table II the values of ni and Di are presented 
a s  a funct ion of the diffusion temperature  T, having 
used for their computat ion the formulas of Ref. (3). 
Calling N the As concentration, we wri te  following 
Equat ion 4 of Ref. (3) 

( ni -- 2 n ~  -5 I-}- - ~ n i /  a [31] 

which clearly shows that 

Table I t  Values of intrinsic carrier concentration in Si, nl, and 
intrinsic arsenic diffusion coefficient in Si, Dj, at different 

diffusion temperatures, T [computed from formulas in Ref. (3)] 

T (~ nl (cm -8) Di (cm2/sec) 

900 4.923 x 10 TM 5.505 X 10 -17 

1000 9.360 X lO TM 1.437 x 10 - ~  

1100 1.648 X 10 TM 2.333 X 10 -l~ 

1200 2,729 x I0 TM 2.594 X 10 - 2  

n N 
for N > >  2hi [32a] 

ni ~%i 

n 
~_ 1 for N < <  2ni [32b] 

ni 

Therefore the theory developed for the impur i ty  
redis t r ibut ion with concentrat ion dependent  diffusion 
coefficient is only approximate in the As case and its 
results are reliable in the profile region where the As 
concentration is larger than  2r~ at the diffusion tem- 
perature. 

Considering for example a diffusion tempera ture  of 
l l00~ we find from Eq. [24] that  

X( t )  = (9QDit/ni) 1/a = 2.335 X 10 -11 X Q1/3tl/a [33] 

where X ( t )  is expressed in centimeters,  Q in  cm -2, 
and t in seconds. Equat ion [33] shows that the high 
concentrat ion region of the diffusion front is advancing 
in first approximation with the cubic root of the dif- 
fusion time instead of with the square root, as in the 
famil iar  case of constant  diffusivity. 

The profile as computed from Eq. [23] is 

3 Q 1-- 
N(x,t) = - ~  Z(t) 

for 0 - - x  < X( t )  [34] 

N(x,t)  = 0  for X ( t ) ~ x < o o  

which is a parabola with the concavity facing the 
negative ordinate direction and with its ma x i mum rep- 
resented by the surface concentration, followed by the 
zero solution for values of x larger than the inter-  
section of the parabola with the abscissa axis. 

Assuming a P- type  background concentration, NB, 
larger than 3.296 X 1019 cm -3 ( =  2ni at l l00~ Eq. 
[28] shows that the ma x i mum junct ion depth, Xjm, 
achievable for a chosen Q is 

Q Q 
Xjm -- - -  = 0.578 X - -  [35] 

~/3 NB NB 

while the time, Xm, required for obtaining this junction 
depth with an As diffusion at II00~ is according to 
Eq. [29] Q~l Q2 

rm -- - -  -- 7.848 X I0 ~I X - [36] 
9DiNs3 NB 3 

where rm is expressed in seconds, Q in cm -2, and NB in 
cnl-3. 

According to Eq. [29a] the surface concentrat ion for 
this profile is 

Nsm = 1.5 Ns [36a] 

For carrying on in more detail this example, let us 
fur ther  assume that  NB = 6 X 1019 cm -s  and Q = 1.8 
• 10 TM crn -2, corresponding to an ini t ial  box distribu- 
tion profile 0.1~ deep and with a uniform As concentra- 
t ion of 1.8 • 10 ~1 cm -3, that  is equal  to the solid 
solubil i ty of As in Si at l l00~ (4). Subst i tut ing these 
values into Eq. [33], [34], [35], and [36] and using the 
same units  as before unless otherwise specified, we ob- 
tain the following results 

X ( t )  ---- 6.1 X 10 -6 X t 1/z [37] 

4.42 X 10 sl 
X [1 -- 2.7 X 101~ • (x/tl/8) 2] 

t I /s  
N (x,t) - 

for 
[38] 

0 - - ~ x < X ( t )  

xjm -- 1.74~ [39] 

rm = 1.18 X 105 sec = 32.8 hr  [40] 

X(~m) = 3.00~ [41] 

Nsm = 9 X 1019 cm -3 [42] 
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It  is in teres t ing to observe tha t  due to the  smal l  dis- 
c repancy be tween the actual  ini t ia l  d is t r ibut ion  and the 
del ta  function assumed in the theory,  Eq. [37] and [38] 
are  not  val id  for ve ry  smal l  diffusion times. This ob- 
servat ion  is more  of academic interes t  than  of prac-  
t ical  importance,  because the errors  in t roduced in the 
profile calculat ions by  random changes in the  hea t -up  
t imes are  more relevant .  Never theless  this  observa-  
t ion was fel t  necessary to avoid the impression tha t  
Eq. [38] contemplates  surface concentrat ions  la rger  
than  the  solid solubi l i ty  limit.  Indeed a short  calcu- 
la t ion shows tha t  this  happens  only in the first 15 sec 
according to Eq. [38], whi le  the  t ime errors  due to the 
hea t -up  are  usual ly  larger .  

Fur the rmore ,  the large  diffusion t ime (32.8 h r )  re-  
qui red  for achieving a junct ion depth  of only  1.744~ 
opera t ing  at  l l00~ is somewhat  surprising.  This is 
pa r t i a l ly  due to the high background  concentra t ion 
(6 X 10 TM cm -3) assumed in this example ,  so as in Eq. 
[41] it is given also the  corresponding value of the  dif- 
fusion front  penetra t ion,  that  is 3#, which is about  twice 
as large  as Xjm. But the main  reason for this seemingly  
slow diffusion is the  cubic root  dependence of X ( t )  on 
t, which is more  effective in reducing the pene t ra t ion  
ra te  of the diffusion front  wi th  t ime than  the fami l ia r  
square  root  law. 

Summory 
A formal  solution of the  diffusion equat ion was found 

for a red is t r ibu t ion  of impur i t ies  from a th in  l ayer  
into a semi-infini te  med ium wi th  an  impermeab le  
boundary  and a diffusion coefficient p ropor t iona l  to the 
concentrat ion e levated to an in teger  power. This solu- 
t ion is represented  by  a combinat ion  of a significant 
funct ion and by the function ident ica l ly  zero, so as a 
r igorous definition of the diffusion front  is possible. 
The advancement  in depth  of the  diffusion front  wi th  
t ime is fol lowing a law, which is different  f rom the 
square  root  law and is r epresen ted  by  the (m -5 2) -root 
of t ime for D propor t ional  to N ~. L ikewise  the  sur-  
face concentra t ion decreases as the  reciprocal  of the  
(m + 2)- root  of t ime for a s imi lar  diffusion coefficient. 
Therefore  the  value  of m can be easi ly  inferred from 
redis t r ibut ion  experiments�9 

An example  of appl icat ion of this  theory  is p rov ided  
by  the high concentra t ion diffusion of arsenic into si l i -  
con, for which  formulas  a re  given and numer ica l  data  
are computed.  

A P P E N D I X  
Verification tha t  N(x , t )  given by  Eq. [17] is a formal  

solution of the diffusion equat ion when D = KN 'n and 
m - - 1 .  

Let  us assume 

S(x , t )  = { F ~ ( 0 )  - 

S(x , t )  

m x  2 

s o  a s  

N (x,t) = 

Therefore  

2 [ K ( m  + 2)t]  2/(m+~) 

[K(m -52)t] I/('n+2) 

o (i) 
"~-- m-52 

�9 S ( x , t )  + 

t 1/m 

[A- l ]  

f o r 0 ~ x < X ( t )  [A-2] 

.( 
2 

�9 [ K ( m  + 2 ) t ]  ~ -  g ( m  + 2 )  

KS ( x,t ) (1-~ ) ...... 

m+3 ) 
--~--~ 

[K (m -5 2)t ]  K (m -5 2) 

1 1 

[K(m -5 2)t]  1/(m+2) m 

, . )  
m - 5 2  

m+3 ) 

[K(m -5 2)t]  " ~ - ~  

+ 

( 
ON 

Ox 

-5 

f m x  2 �9 --Fm(O) -5 2 [ K ( m - 5 2 ) t ]  2/(m+2) 

x 2 ~ KS (x,t) (l-m) 
= 

[K(m + 2)t]  2/(~+2) [K(m -52)t] " ' ~ - ~  

--Fro(O) -5 2 [K(m -5 2)t ]  2/~ 

[A-S] 
1 1 

�9 - -  " S (X,t) (l--m) 
[K(m-5  2)t ]  1/(m+2) m 

( m )  1 
�9 - - " 2  " [ K ( m - 5 2 ) t ]  2/(m+2~ " 2x 

xS(x, t ) (1-m) O ( KNm ON ) 
[K(m -5 2)t] a/(m+2) Ox Ox 

0 ( S re(x, t) 

= - ~  --  K [K (m -5 2) t ]  m/(m+2) 

X S (X, t) (l--m) l 

J [K(m -5 2 ) t ]  3/(m+2) 

K 0 
= _ �9 - -  Ix  S (x, t) ] 

( ~+3 ] Ox 

[K(m -5 2)t]  "~ - -{~  

K 

[K(m -5 2)t] " ~ ~ "  

S(x ,  t) -5 x - - S ( x ,  t) ~l-m~ 

�9 - -  -2 [K(m + 2)t] el(re+S) 

K S (x, t) (l-m) [ -- S m (x, t) ~ 

[K(m + 2)t ]  m+2 

x2 7 K S(x ,  t)(1-,~) 

[K(m -5 2)t]2/(m+2) I - -  (m+3 
[K(m -5 2)t ]  \ ~ - - ~ "  

�9 - -  Fro(O) + ~ [K(m + 2)t ]  ~/(~+2) 

[A-4] 

The r igh t -hand  members  of Eq. [A-3] and [A-4] a re  
identical ,  as r equ i red  for proving  that  Eq. [A- l ]  and 
[A-2] represent  a formal  solution of the  diffusion 
equat ion  wi th  the diffusion coefficient specified above. 

Manuscr ipt  rece ived  Oct. 6, 1972. 

A n y  discussion of this paper  wi l l  appear  in a Discus-  
sion Sect ion to be publ ished in the  June  1974 JOURNAL. 
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ABSTRACT 

A single-step l iquid phase ep i t axy  process has been developed for  the 
g rowth  of efficient GaP green l igh t -emi t t ing  diodes (LED's) ,  in which  al l  
doping is accomplished from the vapor  phase. The use of vapor -phase  doping 
increases the f lexibi l i ty  of the LPE process since junct ion format ion  and con- 
t ro l  of doping profiles is accomplished by  regu la t ing  the composit ion and flow 
ra tes  of the  doping gases. This method has been app l i ed  to  mul t is l ice  growth  on 
large area  subs t ra tes  (up to 38 m m  in d iamete r ) .  Thin mel ts  and nea r ly  
comple te  u t i l iza t ion of the GaP in i t ia l ly  dissolved in the  me l t  minimize  the  
ga l l ium usage. Encapsula ted  LED's  wi th  efficiencies in the 0.10-0.15% range  at  
7 A / c m  2 are  obtained rout inely.  These efficiencies a re  comparab le  to the  high-  
est values  repor ted  to date for low cur ren t  (--10 mA) operat ion.  Efficiencies 
as high as 0.2% have  been obta ined at  7 A / c m  2 using this method. The short  
deposi t ion t ime for this s ingle-step method,  reproducibi l i ty ,  mult is l ice  ca-  
pabi l i ty ,  and min imum gal l ium consumption make  this method economical ly  
a t t r ac t ive  for  the  high level  product ion of efficient green  LED's. 

Efficient green  junct ion  luminescence in n i t rogen-  
doped GaP  has been demonst ra ted  for p -n  junct ions  
grown by l iquid phase ep i t axy  (LPE) (1-3). The com- 
merc ia l  in teres t  in this  ma te r i a l  for d isp lay  devices 
and discrete  l ight  emit t ing diodes (LED's) ,  has s t imu- 
la ted interes t  in developing inexpens ive  high capaci ty  
LPE systems, capable  of producing  efficient p-n  junc-  
tions. In  this paper  we repor t  on a single-step LPE 
technique for  green LED's  which employs  vapor -phase  
doping for p - n  junct ion  format ion  and control  of doping 
profiles. The vapor -dop ing  method has been appl ied to 
growth  f rom thin mel ts  and a mult is l ice  system capable  
of producing  reproduc ib ly  efficient, green  LED mate r i a l  
is discussed. The s ingle-growth step, high product ion 
capabi l i ty ,  and min imum Ga consumption make  this 
method  economical ly  a t t rac t ive  for commercia l  appl i -  
cations. A more  comprehens ive  account of the  growth  
procedures  and mate r i a l  character is t ics  wi l l  be given 
e l sewhere  (4). 

Green LED Structure 
The LED structure,  schemat ica l ly  i l lus t ra ted  in Fig. 

1, is s imi lar  to tha t  descr ibed by  Logan and co-workers  
(1). The recombinat ion  and inject ion processes and 
the i r  re la t ion to quan tum efficiency are  discussed else- 
where  (5). The p-n junct ion  is fo rmed  by  LPE on 
{ l l l } -o r i en t ed ,  n-type,  l iquid encapsula ted  Czochralski  
(LEC) subst ra tes  which are  doped wi th  the Se donor 
at  a level  of ND --  NA ---- 0.3-1.0 X 1018 cm -3. The n- 
t ype  LPE ma te r i a l  is doped wi th  S typ ica l ly  at  ND --  
NA ---- I X 101~ cm -s ,  and the  p - type  ma te r i a l  is doped 
wi th  Zn at  a level  of NA --  ND ,-~ 8 X 1017 cm -3. The 
isoelectronic n i t rogen center  f rom which  the efficient 
green  recombina t ion  or iginates  (6), is present  in both 

Key words: crystal growth, junction formation, eleetrolumines- 
ce~ce. 

P ( L P E )  ' Z n , N  

N ( L P E )  : S , N  

N (LEG) : Se 

Fig. I. Schematic representation of the p+-n-n green LED 
structures. 

LPE layers at a concentration of ~7 X 1018 cm -s, as 
determined by optical absorption measurements (i). 
Previous studies have shown that for these doping 
levels, the external luminescence is generated equally 
in the n- and p-regions for operating current densities 
of 5-10 A/cm 2 (5). 

Junction Formation and Control of Doping Profiles 
The high efficiency junct ions  descr ibed by  Logan 

and co-workers  (1) were  formed by  a two-s tep  LPE 
process involving consecutive growth  of the  n- and 
p - l aye r s  in separa te  growth  systems. L a d a n y  and 
Kresse l  (2) accomplished this  in a s ingle-growth  sys- 
tem by employing  a s l ider  boat  containing separa te  
compar tments  for the  n -  and p-melts .  Recently,  
Lor imor  and co-workers  (3) have successfully appl ied  
the method of overcompensat ion  (7) to form the p-n 
junction.  This was achieved in a ver t ica l  d ipping sys-  
tem by growing an n - layer  f rom a S-  or Te-doped mel t  
and then adding a pel le t  of metal l ic  Zn to the mel t  
(via  a drop tube)  to produce  an overcompensated  
(i.e., p- type)  l ayer  on fu r the r  cooling. The single-step 
na ture  of this method and tha t  of Ladany  (2) is ex- 
pected to improve  reproducibi l i ty ,  however,  the  doping 
profiles a re  not  r ead i ly  control led (especia l ly  for  the  
overcompensat ion method)  as discussed below. 

In Fig. 2 we show the doping profile, var ia t ion  of 
doping level  along the g rowth  direction, for a p-n  

J 

> 
ILl  
J 

Zn ADDED 
TO MELT 

Z 
n 
0 
r~  

Fig. 2. Variation of doping level along the growth direction 
for the overcompensation method employing direct melt additions. 
The N concentration (not shown) is essentiafly constant. The sub- 
strate is located at x = O. 
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junct ion formed by overcompensation employing direct 
melt  additions. The Te (or S) concentrat ion increases 
along the growth direction as a result  of the increasing 
dis tr ibut ion coefficient with decreasing tempera ture  
(8). On the other hand, the Zn concentrat ion decreases 
as a result  of the decreasing distr ibution coefficient with 
decreasing tempera ture  (9, 10) and volatil ization of 
Zn from the melt  in open flow systems. As shown in 
Fig. 2, these effects result  in an increasingly com- 
pensated p-layer. Eventually,  the donor concentrat ion 
exceeds the acceptor concentrat ion and the mater ial  
reverts back to n - type  giving a n-p-n  structure. The 
increased compensation and formation of an n-sk in  
will also result  without  in tent ional  donor additions 
because of the net donor concentrat ion associated with 
residual impuri t ies  (10, 11). To provide low voltage 
LED's, growth must  be terminated not only prior to 
the formation of the n-skin, but  before the net ac- 
ceptor concentrat ion in the p-layer is reduced to levels 

NA -- ND <- 1 • 1017 cm -3, where  low voltage ohmic 
contacts are difficult to form. These considerations be- 
come more important  for growth from thin melts 
(next section) where a wide temperature  range is 
required  to grow layers of sufficient thickness (--25- 
40~). 

In  this work, we have employed vapor-phase doping 
for both junct ion formation and control of doping 
profiles in the grown layers. Since all doping is done 
from the vapor phase, the geometry of the LPE sys- 
tem can be relat ively simple and the method is readily 
adapted to growth from thin melts (12, 13). The donor 
S is introduced by passing H2S over the growth solu- 
tion, the acceptor Zn is obtained from an evaporating 
elemental  source, and N is introduced in the form of 
NH3. All  consti tuents are added using pal ladium-dif-  
fused H2 as a di luent  carrier  gas and controlled doping 
is achieved by regulat ing the respective gas flow rates. 

The doping profile obtained using vapor-phase 
doping is shown in Fig. 3. In  a typical growth run, 
the n- layer  is first grown from a S,N-doped melt. The 
increasing S concentrat ion along the growth direction 
can be main ta ined  constant  by reducing the H2S flow 
rate dur ing cooling; in practice, the normal ly  obtained 
gradient  is not det r imenta l  so this adjus tment  is not 
made. When growth is terminated by in te r rup t ing  the 
cooling, the H2S is purged from the reactor tube using 
H2 and the dissolved S is t ransformed back to 
H2S. Simultaneously  Zn vapor is introduced into the 
gas flow. After an  equi l ibrat ion period, cooling is con- 
t inued to grow the p-layer.  The overcompensation of 
the p-layer is v i r tua l ly  e l iminated by  the effective 
removal  of S from the melt. 

The incorporated Zn level, CSzn, is determined by 
the distr ibution coefficient, viz. 

CSzn = k (T, Clzn) Clz, [1] 
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where, as discussed earlier, k decreases with decreas- 
ing T. For ideal solutions (~lzn ~ 1), the liquid concen- 
t rat ion C'zn is given by 

C]zn --~ Pzn(], Ts)/P~ [2] 

where Pzn, the Zn part ial  pressure over the melt, is 
determined by the relative flow rate f over the evapo- 
rat ing elemental  source mainta ined at temperatures  Ts. 
The quant i ty  p~ is the vapor pressure over ele- 
menta l  Zn at the growth tempera ture  T. Combining Eq. 
[1] and [2], CSzn is given by 

CSzn = [k(T, Clzn)/P~ Ts) [3] 

The Zn distr ibution can therefore be readily controlled 
by varying f or T~ during cooling. For the case of 
constant  ~ and T~, the Zn dis tr ibut ion in the solid is 
determined by the bracketed term in Eq. [3]. Using 
Jordan 's  (9) values of k and p~ obtained from Ref. 
(14), the equi l ibr ium Zn dis tr ibut ion can be shown to 
be essentially invarient ,  as verified experimental ly.  
This produces the desirable result  of moderate surface 
doping levels (NA - -  ND ~" 6 • I0 is cm -a)  for applica- 
tion of ohmic contacts and minimizat ion of current  
crowding under  the top contact. (Free carrier absorp- 
tion at these doping levels is negligible compared to 
the A-l ine  self-absorption).  When the p-layer is par- 
t ial ly compensated by residual S, the same surface 
(net) doping level can be achieved by increasing 5 
during cooling. 

The requirements  for producing the abrupt  changes 
in doping levels needed for junct ion  formation and 
control of doping profiles are: (a) a reactor tube which 
minimizes incorporation of previously used dopants 
(so-called memory  effect); and (b) appropriate design 
of the LPE boat to permit  rapid communicat ion be- 
tween the melt  and (doping) vapor phase. 

Reactor tube design.--In Fig. 4 we show a schematic 
representat ion of the reactor tube. The tube  consists 
of (i) an active zone in which the crystal growth and 
doping takes place, and (ii) a passive zone which 
provides the vapor source of Zn. The two zones are 
isolated by a connecting capillary tube. This restriction 
also increases the flow velocity of the Zn vapor to the 
active zone when the flow of carrier gas (H2) is 
initiated. All  dopants are introduced in the hot zone 
using independent  delivery tubes. This has been found 
to be essential to reduce system memory effects. An 
LPE slider boat rests on a quartz ramp of rectangular  
cross section and is accurately positioned in the hot 
zone by a depression in the ramp. The transverse 
motion of the slider is accomplished using a push rod 
fed through a Teflon O-ring seal. Loading is accom- 
plished wi th in  a nitrogen-fil led chamber and is counter- 
current  to the gas flow to minimize entrance of con- 
taminants  into th~ system. The active zone is contained 
in a modified diffusion furnace. The Zn boat in the 
passive zone is main ta ined  at Ts ,~ 600~ using a 
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Fig. 3. Variation of doping level along the growth direction for 

junction formation using vapor-phase doping. The N concentration 
(not shown) is essentially constant. 
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Fig. 4. Schematic drawing of the reactor tube geometry used 
for vapor-doped LPE. 
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PERFORATED 
ALIQUOT COVER MELT RESERVOIR 

SUBSTRATE 
DER 

ALIQUOT CONFINED - -  ~ - / " - ~ . . , . , ~  
OVER SUBSTRATE / / 

SUBSTRATES 

Fig. 5. Perspective drawing of multislice LPE system as described 
in the text. 

separately controlled furnace. An evaporating sodium 
heat pipe is used to provide a constant tempera ture  
zone Ts (•176 which is independent  of the active 
zone, as the temperature  of the lat ter  varies dur ing 
the growth cycle. 

LPE system.--A thin melt  LPE apparatus is used for 
growth of the GaP layers. As in earlier (13, 15) double 
slider boats, the th in  melts are produced by sectioning 
a reservoir melt  into increments  (aliquots) of equal 
thickness. The multislice LPE boat which we are cur-  
rent ly  using is schematically i l lustrated in Fig. 5. Six 
substrates up to 33 mm in diameter  can be accom- 
modated in this prototype system. The carbon boat 
utilizes 1-2 mm aliquot melts which are sequential ly  
formed by passing a slider containing the substrates 
under  the reservoir melt. The formation of thin aliquots 
is aided by the wett ing action of the substrates and 
the use of a nonwet t ing  (carbon) cover plate which 
confines the aliquot (13). The aliquot thickness is 
determined by the depth of the substrate well. As 
shown in Fig. 5, the aliquot cover plate is perforated 
to maximize communicat ion with the gas phase. 
Previous double-sl ider  boats (13, 15) utilized a second 
slider to confine the aliquot and to terminate  growth 
(by wiping the melt  from the substrate) for control 
of the surface doping levels. In  the present  case, the 
former is achieved with a stat ionary cover plate and 
the surface doping levels are controlled from the gas 
phase. Approximately  90% of the GaP in solution is 
deposited on the substrates, owing to the high deposi- 
t ion efficiency from thin melts (13) and cooling to low 
temperatures  where melt  depletion is near ly  complete. 

Discussion 
The growth conditions which are most widely used 

are summarized in Table I. The part ial  pressures of 
H2S and Zn are appropriate for achieving the desired 
doping levels (see section on Junct ion  Format ion and 
Control of Doping Profiles) while the NH~ pressure is 
mainta ined below the level where solid GaN becomes 
an equi l ibr ium phase (16). (The NH3 purification as 
described in Ref. (1) was not utilized in this work, 
however extreme care was taken to el iminate  air leaks 
and other sources of oxygen.) Growth of the n- layer  
occurs over the indicated temperature  interval  after 
a suitable equil ibrat ion period. Terminat ion  of the 
n-growth is achieved by in ter rupt ing  the cooling dur ing 
which time the H2S is purged from the system and the 
carrier flow is started over the hot Zn source. Approxi- 
mately 30-60 min  are required to equil ibrate the gas 
dopants. The p-layer is then grown by cooling to low 
temperatures  (<865~ where the melt  is essentially 

Table I. Summary of growth conditions 

P a r t i a l  p r e s s u r e  G r o w t h  
of d o p a n t s  ( a r m )  * i n t e r v a l  ( ~  ** 

H~.~ NH3 Zn Tinitial  Tfinal 

N - l a y e r  ~ 6  x 10  -7 8 • 10  -4 - -  1 0 1 5 "  9 5 0  ~ 
P - l a y e r  - -  8 x 10 -4  1 .3  • 10  -3 9 5 0  ~ < 8 ~ 5  ~ 

* A h y d r o g e n  carrier gas i s  u s e d  f o r  a l l  d o p a n t s .  
" "  The cooling rate i s  3 ~  

depleted. A total growth t ime of less than 2 hr  is pos- 
sible, independent  of the n u m b e r  of substrates. After 
completion of a run, Ga adhering to the substrates 
is readily removed by mechanical  swabbing and /o r  
aqueous etching. Since the melt  is depleted when 
growth of the p- layer  is terminated,  the smoothness of 
the as-grown surface is not dictated by the effectiveness 
of the Ga removal, as in  the usual  case where growth 
is terminated at elevated temperatures.  

This system has been extensively operated according 
to the schedule given in Table I using from one to six 
25-35 mm substrates in a given r un  to produce a total 
of ,~80 p - n  junct ion slices. [During the lat ter  stages of 
this work, the growth process was automated so that  
the entire junct ion formation sequence was executed 
without operator assistance (17).] The doping levels 
were found to be reproducible with no indication of 
memory effects even after 50 consecutive runs  with 
the same reactor tube. The excellent surface qual i ty 

and layer thickness uni formi ty  (~10%) is typical  of 
sl ider-grown LPE material.  The green* electrolumi- 
nescence efficiency was determined using a calibrated 
close-couple cavity (18) for both s lurry-cut  die and 
abrasive-honed mesas which were wire bonded and 
mounted on TO-18 headers, the former being used for 
rapid mater ial  evaluation. Measurements were made 
at a forward current  density of ~7  A /cm ~ (10 mA for 
a 0.015 • 0.015 in. die). In  a given multislice run, var i -  
ations of ~ •  in  slice-to-slice average efficiency 
have been observed, which probably represent  the 
reproducibil i ty of the measur ing technique. The 
efficiencies of epoxy-coated diodes in the mesa con- 
figuration rout inely ranged between 0.10-0.15%, for 
both d-c and pulsed measurements.  These efficiencies 
compare favorably with the 0.09-0.14% reported by 
Logan (1) (using LEC substrates),  Ladany  (2) and 
Lorimor (3), for mesa diodes at this current  density. 
Several encapsulated die mounted (without reflectors) 
on TO-18 headers had efficiencies of 0.2% at 7 A /cm 2. 
This is the highest efficiency reported to date for low 
current  operation. Although extensive measurements  
have not been performed at high current  densities 
where pulsed excitation is required to avoid device 
heating, the increase in  efficiency per decade of current  
density is roughly a factor of two less than  that indi- 
cated by Ladany (2). This difference may be associ- 
ated with the higher donor concentrat ions and the 
presence of N in the p-layers  for our structures. 

Summary 

We have described a single-step LPE process for 
GaP green LED's which utilizes vapor-phase doping. 
Vapor-phase doping substant ia l ly  increases the flexi- 
bil i ty of the LPE process since junct ion formation and 
the control of doping profiles are achieved by regulat -  
ing the flow of doping gases. Terminat ion  of growth is 
not required to control surface doping levels as with 
conventional  doping methods (i.e., direct additions 
to the melt)  and thus ~90% of the GaP ini t ial ly dis- 
solved in the melt  is grown on the substrate. This 
method has been applied to multisl ice growth from 
thin  (1-2 ram) melts by providing access holes so that  
the melt, which is confined over each substrate, can 
communicate with the gas ambient.  The prototype LPE 
system described here accommodates six substrates 
up to 38 mm in diameter, and yielded LED's which 
rout inely  were in the 0.10-0.15% range at 7 A/cm 2. A 
total growth t ime (n- layer  plus p-layer)  of less than 
2 hr is possible, independent  of the number  of sub- 
strates. The speed of this single-step technique, its 
multislice capabil i ty and its min ima l  Ga consumption 
make this method economically at tract ive for high 
level production of efficient green LED's. 

1 T h e  m e a s u r e m e n t  a p p a r a t u s  i n c o r p o r a t e s  a f i l t e r  to provide a 
3 0 : 1  red to green reject ion r a t i o .  I t  s h o u l d  b e  n o t e d  a l s o  that the 
i n t e g r a t e d  g r e e n  t o  red ratio for typical  d i o d e s  i s  1 0 : 1 ,  
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Technical Notes 

Reduction of Carrier Concentration in Pb _ SnNe 
by Cd Diffusion and Doping with Zn 

K. J. Linden 
Infrared and Optical Research Laboratory, Special Microwave Devices Operation, 

Raytheon Company, Waltham, Massachusetts 02154 

The compounds PbTe  and SnTe form a complete  
series of pseudobinary  solid solutions (Pb l -zSnxTe ,  
where  0 ~ x --~ 1) character ized by  the rock-sa l t  c rys-  
tal  s tructure.  These al loys have received considerable  
a t tent ion  because they  can be used to prepare  high 
per formance  in f ra red  detectors,  opera t ing  at 77~ and 
above, that  a re  sensi t ive in the  8-14 ~m a tmospher ic  
window region of the inf rared  spec t rum (1). The al- 
loys of par t i cu la r  in teres t  for this appl icat ion are those 
wi th  composit ions in the  range 0.18 < x < 0.25, since 
their  energy  gaps l ead  to detector  responsivi t ies  peak -  
ing in this region. 

As is the case for PbTe and SnTe, a s -g rown crysta ls  
of P b l - ~ S n , T e  obta ined f rom stoichiometr ic  source 
mate r ia l s  by  e i ther  m e l t - g r o w t h  or vapo r -g row th  
techniques are  s t rongly  p- type ,  wi th  car r ie r  concen- 
t ra t ions  typ ica l ly  in the range be tween  10 TM and 1019 
cm -3. The acceptors  responsible  for these high hole 
concentrat ions are na t ive  point  defects that  are  pres-  
ent  because the  crys ta ls  are  Te-r ich wi th  respect  to 
the  s toichiometr ic  composit ion (2). In  order  to obtain 
ma te r i a l  for device applications,  anneal ing  can be used 
to decrease the hole concentrat ion by reducing the 
amount  of excess Te or to convert  the crystals  to low 
concentra t ion n - t y p e  by  making  them sl ight ly  Pb rich. 

Reduced car r ie r  concentrat ions in Pb l -~SnxTe  wi th  
x ~ 0.2 have genera l ly  been obta ined by an i so thermal  
anneal ing  technique (1, 3). The crysta ls  are  typ ica l ly  
annealed  in an ampoule  conta ining a meta l - r ich ,  sol id-  
l iquid (Pb l -xSn~)yTe l -y  mix ture  wi th  the same x value  
as tha t  of the crystals,  but  wi th  y ( typ ica l ly  0.51) out -  
side the homogenei ty  range  of Pbl -zSnxTe.  The crys-  

Key words: lead tin telluride, inf rared  detectors, photoconductors,  
chalcogenides,  ternaries.  

tals change thei r  composi t ion by  sol id-s ta te  diffusion 
unt i l  they  reach equi l ibr ium wi th  the vapor  phase by  
becoming meta l  saturated.  A t  equi l ibr ium, thei r  devia-  
t ion from s toichiometry  is therefore  de te rmined  by  the  
location of the me ta l - r i ch  solidus for thei r  pa r t i cu la r  
x -va lue  at  the  specific anneal ing t empera tu re  used. 

The metal-rich solidus lines for Pb1-xSnxTe alloys 
with x ~ 0.2 cross the stoichiometric composition line, 
where the conductivity changes from p- to n-type, so 
that in principle the isothermal annealing technique 
could be used to obtain exactly stoichiometric material 
if the proper annealing temperature were used. How- 
ever, near the crossover point the carrier concentration 
along the solidus line varies so strongly with anneal- 
ing temperature that concentrations below 1026 cm -~ 
have not been reproducibly obtained, although a con- 
centration of 1.8 X 1015 em -s has been reported for an 
n-type sample of Pb0.ssSn0.17Te (4). Furthermore, for 
certain alloy compositions (namely those associated 
with smaller energy gaps) the lower isothermal an- 
nealing temperatures required to obtain reduced car- 
rier concentrations necessitate the use of long anneal- 
ing times. 

Since as-grown Pbl-xSnzTe is normally p-type, the 
introduction of donor impurities can be expected to 
result in carrier concentration reductions. Elements 
from Group Ill of the periodic table (e.g., A1 and Ga) 
are capable of acting as donor impurities in PbTe in 
that when substituted for the Pb atom they provide 
an extra electron. These impurities may also increase 
the ratio of metal to nonmetal atoms and thereby lead 
to reduced carrier concentrations. The Group V atoms, 
Bi and Sb, behave in a similar manner in PbTe (5). 
The Group II impurities Zn and Cd have also been 
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shown to act as donor impurities, and low carrier  
concentrat ions have been achieved in Pb0.s3Sn0.~TTe by 
anneal ing  in the presence of these elements (6). Since 
these atoms have the same number  of available elec- 
trons as Pb and Sn, their donor behavior is presum- 
ably the result  of their increasing the metal  to non-  
metal  ratio. 

By the diffusion of vapor-grown samples of 
Pbl -=SnzTe with Zn and Cd, Antcliffe and Wrobel (6) 
obtained n - type  mater ial  with carrier concentrat ions 
of 1.3 • 1017 cm -3 and mobilities up to 5 • 105 cm 2 
V -1 sec - I  at 4.2~ Using radioactive tracer methods, 
these authors found the Zn concentrat ions to be of the 
same order of magni tude  as the excess hole concentra-  
t ions in the mater ia l  prior to diffusion, and therefore 
postulate that  the Zn solubil i ty is controlled main ly  
by the concentrat ion of Pb vacancies. In  the experi- 
ments  reported here, diffusion experiments  were per-  
formed on p- type vapor-grown crystals of Pb l -xSnzTe  
under  various Cd vapor pressures. The results of at-  
tempts to incorporate Cd and Zn impur i ty  atoms into 
Pbl -xSnzTe crystals dur ing the vapor-growth process 
are also reported. 

Cadvaium diffusion experiments.--Cadmium diffu- 
sion experiments  were carried out on Pb0.76Sn0.24Te 
crystals grown from a stoichiometric source by a 
closed-tube vapor-growth  technique similar to the one 
described by Calawa etal .  (3). Such crystals were 
used since they general ly have crystallographic and 
electrical properties superior to those of crystals ob- 
tained by mel t -growth techniques such as the Bridg- 
man method. This has been verified by cleavage ex- 
periments  performed in this laboratory in which near-  
identically shaped and oriented samples of both Bridg- 
man -g rown  and vapor-grown Pbl -xSnxTe were sub-  
jected to cleavage tests. It  was found that the vapor-  
grown samples were characterized by cleavage faces 
with considerably fewer defects than  those observed 
in the cleaved faces of Br idgman-grown samples. It 
was also found that photodiodes fabricated from 
vapor-grown mater ia l  general ly had higher qu a n t um 
efficiencies than those fabricated from Br idgman-  
grown material .  

Two different diffusion techniques were used: a 
single-zone method with elemental  Cd as the source, 
and a two-zone technique in which the Pb0.76Sn0.s~Te 
crystals were held at one tempera ture  and a Cd-In  
alloy source was at a lower temperature.  

In  the single-zone method, three to five crystals of 
Pbo.76Snv.24Te were sealed in an evacuated quartz cap- 
sule together with a weighed amount  of Cd. Typical 
hole concentrat ions in the as-grown crystals varied 
from approximately l0 ss to 10 TM cm -3 at 77~ Diffu- 
sions were carried out for 3 days at 600~ Different 
Cd part ial  pressures were obtained by varying  the 
amount  of Cd in the capsule, which had a volume of 
about 35 cm 3. After  diffusion, the capsule was removed 
from the furnace in such a manne r  that the Cd vapor 
condensed on one end of the capsule ra ther  than on 
the crystals (which radiate efficiently and can there-  
fore cool rapidly) .  The crystals were removed from 
the capsule, lapped to thicknesses of about 0.75 mm, 
polished, and etched. The resistivity and Hall coeffi- 
cient of each crystal were then measured at 77~ by 
the van der Pauw method (7). 

While it was not practical to remeasure  the electrical 
characteristics of a given sample after repeated runs  
under  the same diffusion conditions (since the effect 
of the soldered contacts at elevated temperatures  
would introduce an additional unknown) ,  experiments  
showed that  the length of the anneal ing t imes used (3 
days) was sufficient to produce equi l ibr ium for even 
the largest samples. This was demonstrated by annea l -  
ing some samples for longer periods, and others for 
shorter periods. Samples annealed for longer t imes did 
not exhibit  fur ther  changes in carrier concentrat ion 
and mobility, but  samples annealed for less than 2 
days did not appear to have reached equil ibrium. 
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Fig. 1. Corrier concentrotion ond mobility of Pbo.76Sno.24Te doped 

with codmium by postgrowth diffusion using o single-zone method. 

The results of the single-zone diffusion exper iments  
are given in Fig. 1, which shows the carrier types, 
concentrations, and mobilit ies of crystals annealed un-  
der Cd part ial  pressures between about 3 • 10 -4 and 
1.1 • 10 -1 atm. The pressure values were calculated 
by the perfect gas law from the amount  of Cd intro-  
duced into each capsule. At the lowest Cd part ial  pres-  
sures shown in Fig. 1, the observed carrier concentra-  
t ions and mobilit ies were similar to those of nonan-  
nealed material.  As higher part ial  pressures were used, 
reduced carrier concentrat ions and increased mobil i ty  
values were observed until ,  at part ial  pressures in  
excess of approximately  10 .2  atm, the mater ia l  con- 
verted from p- to n- type.  The lowest carrier concen- 
t ra t ion at ta ined by this single-zone diffusion method 
was 2.3 X 1015 cm-~, n- type,  with an accompanying 
.mobility of 1.95 X 105 cm 2 V -1 sec -1. From the slope 
of the curves in Fig. 1 it is clear that  the a t t a inment  
of carrier concentrat ions much below this value can 
be expected to be increasingly difficult. Fur ther  in-  
creases in  Cd part ial  pressure lead to increased elec- 
tron concentrat ions and reduced mobi l i ty  values. Sur-  
face al loying of the Cd with the Pb0.78Sn0.24Te was 
observed at the highest Cd pressure used (1.1 X 10 -1 
a tm) .  At this pressure, the amount  of Cd in the cap- 
sule was sufficiently large to cause condensation on 
the samples. In these experiments,  it was assumed that  
the P b - S n  ratio of the annealed crystals  was the same 
as the ratio prior to annealing,  this ratio having been 
ini t ia l ly determined by microprobe analysis. 

The spread in data indicated in Fig. 1 is probably 
due to a combinat ion of factors such as a var iat ion in 
the carrier concentrat ion of the as-grown crystals and 
differences in the total  weight of the Pb0.76Sn0.~aTe 
crystals from one capsule to the next. The data points 
for a given anneal ing  tempera ture  were general ly  
obtained for crystals grown in separate runs, al though 
those at 2 X 10 - s  a tm were obtained for crystals from 
the same growth run. Each data point represents a dif- 
ferent anneal ing run.  

Assuming a l inear  relat ionship between densi ty of 
states effective mass and energy gap, which is sup-  
ported by Pbl -xSnxTe laser emission data, Melngailis 
and Harman  (1) have calculated the intr insic carrier  
concentrat ions for various temperatures  as a funct ion 
of energy gap. For mater ia l  with a bandgap of ap- 
proximately  0.09 eV at 77~ the calculated intr insic  
carrier concentrat ion at 77~ is approximately 8 X 
1023 cm -3. Thus the lowest carrier concentrat ion 
achieved in  the above series of Cd diffusions was from 
one to two orders of magni tude  larger than  the cal- 
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culated intrinsic carrier concentration. It should be 
noted that, while Pbo.78Sno.~4Te has been made n- type  
by anneal ing at 600~ in a Cd atmosphere, this cannot  
be achieved by isothermal anneal ing at this tempera-  
ture in the absence of impurit ies since, for this com- 
position, even meta l -sa tura ted  crystals are p- type at 
600~ (3). 

The homogeneity of the annealed samples was stud- 
ied by electron-microprobe analysis using a 1 ~m 
diameter electron beam to scan the wafer surfaces. 
This analysis did not reveal any compositional in-  
homogeneities or precipitates to wi thin  the accuracy 
of the ins t rument  (1-2%). However such microprobe 
analysis is incapable of reveal ing the presence of any 
microprecipitates which are considerably smaller than 
1 ~m in  dimension or microprecipitates located more 
than  an electron beam absorption length (on the order 
of a few micrometers) below the sample surface. I t  
has been shown by Wolfe, Sti l lman, and Rossi (8) 
that  inhomogeneit ies in semiconductors can result  in 
anomalously high mobil i ty values. It  is therefore pos- 
sible that the high value of mobil i ty observed here 
could be due to the presence of some microprecipitates 
or microinhomogeneities in the samples. 

In  a second type of Cd diffusion experiment,  
Pb0.76Sn0.24Te crystals and a Cd source were sealed 
into an evacuated quartz capsule which was then 
placed in a two-zone furnace. The crystal tempera ture  
was held at 500~ while in different runs  the source 
temperature  was varied from approximately 120 ~ to 
265~ In  order to reduce the possibility of surface al- 
loying as well as the dependence of Cd part ial  pres- 
sure on source quanti ty,  an infinite alloy source of 1% 
Cd in In  weighing approximately 0.2g was used. Since 
the vapor pressure of In  is eight orders of magni tude  
less than that  of Cd, and Cd reaai ly alloys with In  to 
form a soft, dilute mixture,  the 1% Cd in In  alloy 
proved to be a convenient  diffusion source. The results 
of this second series of Cd diffusion experiments  are 
summarized in Fig. 2. As in the first series of experi-  
ments, measurements  on samples in the van der Pauw 
configuration were used to determine carrier concen- 
trat ions and mobilities. As the diffusant source tem- 
perature was increased from 120~ the hole concen- 
t ra t ion decreased and the mobil i ty increased until ,  at 
approximately 200~ the material  converted from p- 
to n-type.  The lowest carrier concentrat ion achieved 
by this two-zone diffusion technique was 1.4 • 1015 
cm -a with an accompanying mobil i ty  of 1.85 • 105 
cm 2 V -1 sec -1. This concentrat ion is somewhat lower 
than  the lowest obtained by the single-zone diffusion 
method. In  connection with the high mobil i ty value 
observed here, the same comments regarding the pos- 
sibility of microinhomogeneities causing anomalous 
mobil i ty  values as noted above are relevant,  even 
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Fig. 2. Carrier concentration and mobility of Pbo.76Sno.~Te dif- 
fused from a 1% Cd in In source using a two-zone method. 

though electron-microprobe scans of these samples re-  
vealed no inhomogeneities. 

In  order to determine whether  any significant out- 
diffusion of Cd from Pbl -xSnxTe would occur under  
e levated- temperature  vacuum conditions (such as 
might occur dur ing the vacuum Dewar packaging of 
devices), Cd-diffused van der Pauw samples were 
baked at 125~ for 8 days under  a dynamic vacuum 
of approximately 10 -s  Torr. As might be expected for 
a tempera ture  so low compared to the in-diffusion 
temperature,  no changes in either the carrier concen- 
trations or the mobilities were observed. 

Cadmium and zinc incorporation into Pbl-xSnzTe 
during vapor growth.--Experiments were also per-  
formed to determine whether  a reduction in carrier  
concentrat ion could be achieved by incorporat ing Cd 
or Zn into Pbl -=SnzTe dur ing crystal growth from the 
vapor phase. Either  e lemental  Cd or Zn was in t ro-  
duced into the vapor-growth capsules, which were 
main ta ined  in a horizontal position to prevent  al loying 
of the metal  with the Pbl-xSnzTe.  This technique is 
inheren t ly  less versati le than the methods described 
previously since the impur i ty  can be incorporated into 
the crystals only at the growth temperatures,  which 
typically range from 700 ~ to 800~ On the other hand, 
the method is in principle convenient  since the impur i -  
ties are introduced during growth and no postgrowth 
anneal ing is required. A range of impur i ty  partial  
pressures was obtained by introducing amounts  of Cd 
or Zn varying from 10 -5 to 10-~g into the g r o w t h  
capsules, which had volumes between 100 and 300 cm 3. 
With increasing Cd or Zn pressure the as-grown crys- 
tals changed from p- to n-type,  and carrier concentra-  
tions as low as 4.4 • 10 TM cm -3 were obtained. How- 
ever, the results were so irreproducible that this 
method does not appear to be feasible for obtaining 
low carrier concentrations. 

Conclusion 
Experiments  were carried out to explore possi- 

ble methods of reducing carrier concentrations in 
Pbl -xSnxTe vapor-grown crystals. A significant reduc- 
t ion in carrier concentrat ion accompanied by an in-  
crease in mobil i ty has been achieved by using one- 
zone and two-zone anneal ing techniques for the diffu- 
sion of Cd into vapor-grown crystals of Pbo.76Sno.2aTe. 
The reduction in carrier concentrat ion should make it 
possible to fabricate efficient photoconductive detectors 
and potential ly to produce low capacitance photodi- 
odes. 
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The General Problem of Rediffusion in 
Semiconductor Devices 

M. A. Fullenwider *'z 

Institute 5or Inorganic, Analytic, and PhysicM Chemistry, University o~ Bern, Bern, Switzerland 

The prob lem of rediffusion (solution for the  flux out 
of precharged  specimens and the resul t ing concentra-  
t ion profiles) has been solved for many  cases. Two 
cases of pa r t i cu la r  impor tance  have  been solved (1) 
for semi-infini te  specimens. They are (i)  the  case of 
the un i form ini t ia l  condi t ion and (ii) the  case of the  
er ror  function complement  ini t ia l  condition. The ex-  
pressions for the flux (Jt) at the surface are, respec-  
t ive ly  

j t  : Co(  D )1 /2  __ 

[1] 
an equation apply ing  to a finite specimen, wi th  the 
approx imat ion  for semi-infinite specimens 

( D F J t  --  Co ~ [ l a ]  

Note that  Eq. [1] as it  appears  in Ref. (1) is in error  
by  a factor of 2. And  

D 1 / 2 C o [ 1  1 ] 
Jt - -  ~ll/----'----~--- tl/2 (t ~- to)1/2 [2] 

and for the  concentra t ion profiles, C(x, t ) ,  dur ing  the  
rediffusion process, respect ive ly  

C ( x , t )  --- Co- -  Co 
(2n-t-  1) L - - x  

( - -1 )  n erfc 
n=o 2 (Dr) 1/2 

- - C o  ~ ( - 1 ) n e r f c  (2n+ 1) L - - x  
n=~ 2 (Dr) 1/2 [3] 

and 

C(x , t )  = Co erf  2(Dt) 1/2 2(Dto -t- Dt) 1/2 

[4] 

where:  Co is the m a x i m u m  concentra t ion wi th in  the  
specimen at  the t ime rediffusion starts;  D, the  diffusion 
coefficient; t, the  t ime of rediffusion af ter  the surface 
concentra t ion has been made  zero; to, the  t ime tha t  
the  specimen is a l lowed to charge wi th  the  diffusing 
species; x, the  dis tance into the  specimen; and L, the  
thickness of the specimen. 

These expressions have been of grea t  uti l i ty.  Fo r  
example,  Eq. [2] was used (1) to ex tend the  eva lua t ion  
of D for hydrogen  in meta ls  by  a factor  of app rox i -  
ma te ly  105. 

The er ror  funct ion complement  profile is one of the 
two types  of profiles commonly  found in semiconductor  
devices, corresponding to a constant  quan t i ty  of the 
impur i ty  at the  surface of a semi-infini te  specimen 
dur ing  diffusion into the  semiconductor.  The o ther  
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1 P r e s e n t  a d d r e s s :  2979 MacArthur Road, White Hall, Pennsyl- 

vania 18052. 
K e y  w o r d s :  red i f fus ion ,  c o n c e n t r a t i o n  profi les .  

case, the p rob lem of rediffusion, to be discussed here  
since it does not appear  in the l i terature ,  is that  of a 
Gaussian concentrat ion profile, corresponding to a 
finite quant i ty  of the impur i ty  at  the surface of the 
semiconductor.  The solutions to these problems of 
rediffusion should be of in teres t  to sol id-s ta te  scientists 
since, by vary ing  the  two quanti t ies,  (i) t ime of dif- 
fusion into the specimen and (ii) t ime of rediffusion 
out of the same specimen, qui te  a va r ie ty  of known 
profiles can be easi ly prepared.  

The express ion for the  ini t ia l  condit ion of the  prob-  
lem to be discussed here  is (2) 

C(x,  to) = Co e -x=14Dt~ [5]  

where  the  symbols  have the same definit ion as previ-  
ously. Also 

Q 
Co = [63 

(xDto) 1/2 

where  Q is the amount  of diffusing substance at  the 
surface ini t ia l ly .  To obtain a solution to the p rob lem 
of rediffusion in this  case we use the Green 's  function 
represen ta t ion  of the  diffusion equation.  Thus we  have 
in one dimension (3) 

Y ~o t 0U dT C(x, t) = (u)r=9 f (x ' )dx '  -t- D r Oni 

[7] 
where  f ( x ' ) ,  is the  in i t ia l  d is t r ibut ion;  r  the  sur- 
face dis t r ibut ion;  0/0ni, the different iat ion along the 
inward  d rawn  normal  to the surface; and u, the  Green 's  
function, is the  concentra t ion at x' and t ime t due to 
a unit  ins tantaneous source at x and t ime z. In  this 
case we have  (3) 

1 
U - -  { e -  (x-x ' )~/4D(t-~)  

[4nD(t -- ~) ]1/2 
_ e -  (x+x'Y~/4D(t--T)} 

also 
#,('0 = 0 

Thus 

fo" Co e -x'2/4Dto e -  (x-x')~/4Dt dx' 
C(x, t) -- (4nDt)W2 

[8] 

[9] 

~o ~ 
Co e -x'~/4Dto e -(x+x' /~/4Dt dx' [10] 

(4.nDt) 1/2 

and by a known definite in tegra l  we have for the  con- 
cent ra t ion  profile 

( to ) 1/2 
C (x, t) --  Co t -I- to 

to ]1/2 
e-x2/4n(t+to) e r f { x [  4D(t2+tto ) } [11] 

and since 
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Fig. 4. Goussian initial condition, C1/Co ----- 0.4 during rediffusion 

J r =  - - D  "~x x=o [12] 

we have  for  the  flux at  the  surface 

D1/~Co [ t o ]  
J t  - -  ~1/'-------2~ t l /2( t  -[- to) [13] 

Also pu t t ing  Eq. [6] into Eq. [13] we  have  an in ter -  
est ing express ion involving only  Jr, Q, t, and to 

Jt tz/2(t + to) ---- - -  [ 1 4 ]  

Now Eq. [4] and Eq. [11] hold only  for  the  case of 
zero surface concentra t ion  dur ing  the  rediffusion 
process. To obtain solutions for cases where  the sur -  
face concentra t ion has some constant  nonzero value  
it is only  necessary to add to these solutions the  quan-  
t i ty  ( from Eq. [7] and Eq. [8] wi th  ](x') = 0 and 
r = Cz, the  concentra t ion  at  the  surface dur ing  
rediffusion) 

ClX S o  e-X2/4D(t+ v) 
C(x,t)~(x,~=o= (4nD)1/2 ( t - - ~ )  ~/2 dr  [15] 

which  is s imply  
X 

C(x,  t)fCx,)=o "- C1 erfc [16] 
2 (Dr) 1/?. 

F igures  1-4 i l lus t ra te  some typica l  concentra t ion profiles. 
The numbers  on the curves  are  the  ra t ios  of t to to. 

Manuscr ip t  submi t ted  J u l y  17, 1972; rev ised  manu-  
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A n y  discussion of this  paper  wi l l  appea r  in a Discus-  
sion Section to be  publ ished in the  June  1974 JOURNAL. 
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Impurity Atom Distribution Resulting from Thermal 
Redistribution of an Implanted Impurity Source 

Dav id  S. Per lo f f  
Research and Development Laboratory, Signetics Corporation, Sunnyvale, Calilornia 94086 

The diffusion into silicon of impur i t i es  in t roduced by  
implan ta t ion  is acquir ing increasing significance in de -  

Key words: diffusion, ion implantation, oxide, semiconductor ,  
silicon. 

vice and circuit  fabr ica t ion  (1-4).  An  impor tan t  ad -  
van tage  of this method  is that  the implan ted  impur i -  
t ies m a y  be the rma l ly  red i s t r ibu ted  wi thout  concur-  
ren t  oxidat ion  if the implan ta t ion  is ca r r ied  out  
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through an existing oxide layer  of sufficient thickness 
(1, 5). For such a case, a general  solution of the dif- 
fusion equation may be obtained which describes the 
distr ibution of impuri t ies  wi thin  the semiconductor 
and, under  a rather  unrestr ict ive assumption, wi thin  
the oxide layer�9 A related problem has been treated by 
Kennedy  and Murley (6) for the two-step diffusion 
process t radi t ional ly  employed for transistor fabrica-  
tion. 

In  certain MOS applications, a significant fraction 
of the implanta t ion dose is deposited wi th in  the oxide 
layer (7)�9 The net t ransfer  of impurit ies from oxide 
to semiconductor must  then be considered to predict 
doping profiles accurately. The results of the follow- 
ing mathematical  t rea tment  should be found useful for 
determining the significance of the oxide layer as a 
seoondary source of impuri t ies  in such cases�9 As an 
example, the behavior of boron as the implanted dif- 
fusant  is treated. 

Mathematical Treatment 
The impur i ty  distr ibution result ing from the im- 

plantat ion will be approximated by (8) 

�9 k / 2 _ ~ R p ~ b  e x p _  ( x - s w - - R p  )2 

[1] 

where N (x) is the impur i ty  concentrat ion at a dis- 
tance x from the oxide-semiconductor interface, w is 
the thickness of the oxide layer, Rp and ARp are, re-  
spectively, the projected range and standard deviation 
of the implanted impur i ty  (assumed to be the same 
in both oxide and semiconductor),  and 4 is total im-  
plantat ion dose expressed in ions/cm 2. 

The impur i ty  atom distr ibution in the oxide (diffu- 
sion constant  D1) is then obtained by solving the diffu- 
sion equation 

{92N1 1 cgN1 
oo < x < O  [2] 

Ox 2 D1 Ot 

and that in  the semiconductor (diffusion constant D2) 
by solving 

02N2 i ON2 
- -  - -  - -  O < x <  o0 [ 3 ]  

cgX 2 D2 Ot 

The boundary  conditions, in addition to Eq. [1], are 

ONI c~N2 
D1 = D2 x -- 0, t > 0 [4] 

Ox Ox 

N2 = mN1 x =_ 0, t > 0 [5] 

N, = 0 x = --oo [6] 

N2 = 0 x = oo [7] 

Strictly speaking, Eq. [I] is valid only when the 
stopping power associated with each medium is identi- 
cal and effects such as channeling and enhanced dif- 
fusion are neglected. Nevertheless, a simple Gaussian 
distribution should provide an adequate representation 
of the initial distribution of impurities in many cases 
of practical interest. 

Equation [6] implies that the external boundary of 
the oxide layer is sufficiently far from the oxide-semi- 
conductor interface that it can be neglected when con- 
sidering the distribution of impurities inside the semi- 
conductor. This assumption is reasonable when the 
diffusion length of the impurity within the oxide is 
small compared with the thickness of the oxide. (For 
both boron and phosphorous in silicon, this condition 
is satisfied over a wide range of implantation and 
diffusion conditions for oxide thicknesses greater than 
1000A.) 

Solutions to Eq. [2] and [3], subject to the boundary 
conditions, are obtained by emp]oying integral repre- 
sentations for N1 and N2 in the manner described by 

Boltaks (9)�9 The impur i ty  dis t r ibut ion in the semi- 
conductor (x --~ 0) is given by 

1 r ~ [ e x p - -  x - - k  2 

�9 eric -- -5 exp -- 
~/ao 2 + a2 2 7 2  

. e r f c ( S 2 2 x  _ ? o ~ ) ]  2r [ e x p _ ( X - 5 ~ , )  2 

\ ~/~02 -5 a2 z r -5 m %'z 

�9 eric . . . . .  = -- m - -  exp -- 

eric ~/so 2 -5 ~12 

where the following parameters  have been introduced 

r = A/D1/D2; ~ = Rp -- W 

so = 1/~/2 aRp; al ---- 1/2 A/D1 t; a2 ---- 1/2 A/D2 t 

%'1 : A/l/so 2 -5 1/a12; %'2 : A/1/ao 2 -5 ~22 [9] 

The impur i ty  distr ibution in the oxide (x ~-- 0), subject 
to the assumption already discussed, may be obtained 
by interchanging indices 1 and 2 and setting x ---- --x,  
k = --~, r = l/r,  and m ---- 1/m in the r ight-hand side 
of Eq. [8]�9 

Equat ion [8] has been s tructured to emphasize the 
influence of the oxide-semiconductor interface on the 
distr ibution of impurit ies in the semiconductor. The 
first half of Eq. [8] is the distr ibution of impurit ies 
when the oxide-semiconductor interface is imperme-  
able (--D20N2/Ox -= 0 at x ---- 0). The second half of 
Eq. [8] therefore describes the incremental  dis t r ibu-  
tion of impurit ies due to the segregation of impuri t ies  
at the oxide-silicon interface (Eq. [5]) and the re- 
quirement  that the flux of impurit ies be continuous at 
the interface (Eq. [4])�9 

The impur i ty  concentrat ion at the oxide-semicon- 
ductor interface, gotten by subst i tut ing x ---- 0 in  Eq. 
[8], is given by 

m [ exp -- (i1%'2) 2 
N2 (0,  t )  _ X / ~  r + m "~2 

( a02~ ) exp -- (k/%'l) :2 
�9 - s r  

eric -- A/so 2 -5 a2:2 %'1 

�9 eric ( s~ ) ]  [10] 
~ / - 0  2 + -12 

N1 (0, t) is immediately obtained by using the condi- 
tion N2 (0, t) = raN1 (0, t) specified in Eq. [5]. 

The impur i ty  content of the silicon, as a function of 
time, is determined by evaluat ing the integral  r (t) -- 

o ~ N2 (x, t) dx, in which N2 (x, t) is given by Eq. [8] 

and, by definition, 41 (t) -5 42 (t) _-- 4. Using the fact 
that the fractional impur i ty  content  at t = 0 is given 
by 

42 (0) 1 
- -  -- [i -5 err (so k)] [Ii] 

4 2 

the following expression may be shown to describe the 
fractional impur i ty  content at any later t ime t 
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I i i l  i ~ ~ i I  I I i I I  L I I I I  i i l I I  

�9 1 e x p - -  ( a o ~ ) 2 ~  F t  a n - l ( a ~ / ~ 0 )  ~ o - -  
.o 
_o ~ ~o 

o , _ .  . ] r tan-1 (=~/~o) ~" 
J - 

u21 

where,  for i _= 1 or  2 

2 _fvl~ F (ai) = '  '__ ai 3 exp (ai 2) 

do 
�9 erfc (a~) [131 

(a0 E sin 0) 2 
and 

a0 ~ k sin e 
ai  (0) = [14] 

X/co ~ sin e o 4- ~i 2 (1 4- sin 2O) 

The definite in tegra ls  in Eq. [12] represen ted  by  the 
functions F(al) and F(--ae) may  be numer ica l ly  eva l -  
ua ted  by  rout ine appl icat ion of Simpson's  rule. 

E x a m p l e  
As an  example ,  the case of boron implan ted  th rough  

an oxide layer  into an under ly ing  silicon subs t ra te  wi l l  
now be considered. In  Fig. 1, the net  change of i m p u r -  
i ty  content  of the sil icon is p lo t ted  as a funct ion of the  
dimensionless  quant i ty  [Rp -- wl/2 k/D2 { for var ious  
values  of the pa rame te r  r162 The values  m ---- 0.33 
and r~ ---- Dz/D2 ---- 2.5 • 10-~ used for these ca lcula-  
tions are  typica l  of those encountered  for the  diffusion 
of boron over  the  t empera tu re  range  1150~176 (10, 
11). In  general ,  when m < 1, impur i ty  t ransfe r  occurs 
first out of the  silicon (to correct  for the  nonequi l ib -  
r ium dis t r ibut ion of impur i t ies  at the interface at t .=- 
0), then into the  silicon (to replenish  impur i t ies  which 
r ap id ly  diffuse away  from the silicbn in ter face) ,  and 
f inal ly out of the silicon (when the oxide has become 
deple ted  of impur i ty  to the  ex ten t  tha t  Eq. [5] can 
no longer  be satisfied).  In  many  prac t ica l  appl icat ions  
in device and ci rcui t  fabr icat ion involving boron as 
the diffusant, the  oxide wil l  therefore  behave  as a sec- 
ondary  source of impuri t ies .  The extent  to which this 
occurs wi l l  of course depend on the location of the  
implan ted  d is t r ibut ion  re la t ive  to the  oxide-s i l icon 
interface.  

In  Fig. 2, the net  change of impur i ty  content  of the 
sil icon for the  case r162  ---- 0.5(Rp ---- w) is p lo t ted  
a s  a function of the  dimensionless  pa r ame te r  a2/aO : 

1/t/ 

50 05  -- - - = .  

r 2 = 2 , 5  X 10 - 4  

< ~  
20 ~x ' , \  w > - -  -- 

/ w <Rp  . . . .  -- 

, 7 - - 7 1  , ,  , ,  , -  
IO -4 I 0  -3 I 0  -;~ 10 - j  I ~0 lO z 103 

IRp-wl 

Fig. | .  Per cent change of impurity content of the semiconductm 

as o function of lRp - w ] / 2 ~ D 2 t  for various values of the para- 
meter r  ( 0 ) / r  

m=lO 

LO 

. 3 3  

20 r ~= 2,5 x I0  -4 

i0  - 4  i0  -~ I0 - z  I0  -I I I0 

Fig. 2. Per cent change of impurity content of the semiconductor 

as o function of V~ARp/2~t for the case r  ( 0 ) / r  ---- 0.5 (Rp 
" -  w). Curves ore plotted for various values of the segregation co- 
ef f ic ient  m. 

%/2 ARp/2~/D2 t for r 2 ---- 2.5 • 10 -4 and var ious  values  
of the segregat ion coefficient m. According to Eq. [12]- 
[14], when Rp ---- w (~ = 0) 

r162 --2-I  { 1 + ~  r r +  1 [ t a n - l ( ~ / a O ) m  ~/2 

tan-Z  (m/a~ ( r - - m )  ] } [15] 
- -  ra ~ / 2  

As a2/ao -) 0, r (0/r  (0) -'> (ra -- r ) / ( m  4- r) and 
consequent ly  r ( t ) / r  (t) --) m/r, a resul t  which m a y  
also be obta ined using the qua l i ta t ive  a rgument  em-  
ployed by Wagner  (12). This behavior  is i l lus t ra ted  in 
Fig. 2 for a2/ao ~ 10 -4. Evident ly ,  for the  smal ler  va l -  
ues of the segregat ion coefficient m, significant t ransfer  
of impur i ty  f rom the  silicon to the oxide wil l  t ake  
place when a2/ao > 0.05. 

In  Fig. 3 the  normal ized  impur i ty  concentra t ion 

N2 (x , t ) /N2 (0, t) (for the  case Rp = w) is plot ted as  
a function of the  dimensionless  pa r ame te r  x/~2 for 
var ious  values  of the pa rame te r  a2/a0. The quant i ty  

/~2 (0, t) = C/X/n-72 represents  the surface concentra-  
t ion when the interface is impermeable ,  obta ined by  
set t ing r = X = 0 in Eq. [10]. Fo r  this case, N2 (x, t )  
= ( r  - -  (x/-y2) 2, which  describes a 
Gauss ian  dis t r ibut ion of impur i t ies  for which the 
s tandard  devia t ion  is -~2/X/2 and the to ta l  impur i t y  
content  r The depar tu re  f rom a Gauss ian  d i s t r ibu-  
t ion for the case of a pe rmeab le  interface (r  ~ 0) be -  
comes quite significant when a2/ao < 0.05, as suggested 

also in Fig. 2. I t  is easi ly shown that" as a2/a0 "-) 0, both  

r ( t ) / r  (0) and N2 (0, t)/!~ (O,t) approach  a l imi t -  
ing value of 2r/ (m 4- r) which, for r 2 = 2.5 • 10 -4  
and m = 0.33, is equal  to 1.91 (Fig. 2 and 3). 

The curves of Fig. 1-3 are  expected  to provide  a r ea -  
sonable descr ipt ion of the diffusion behavior  only  as 
long as the diffusion length  of boron in sil icon dioxide 
does not  exceed the oxide thickness.  The pa rame te r  
IRp--wl /2~/Det  must, therefore,  be grea te r  t han  
rIRp/w - 11 for each of the curves of Fig. 1. For  e x a m -  
ple, according to Eq. [11], when r ( 0 ) / r  = 0.60, Rp/w 
--  1.065 (assuming Rp = 4aRp). Thus the  range of 
va l id i ty  for the curve  labe led  0.60 should be res t r ic ted  
to tha t  por t ion  of the  abscissa for which  I R p -  w[/ 
2~/D2 t > 1 X 10 -8. A s imi lar  res t r ic t ion applies to 

the  use of the  curves in Fig. 2 and 3. In  this case, 
k/2ARp/2~/D2t must  be grea ter  than  or equal  to 
r �9 ~/2 hRp/Rp. Since Rp ~ 4ARp for prac t ica l  appl ica-  
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Fig. 3. Normalized impurity concentration as a function of 
x/~/4D2t + 2~Rp2 ( =  x/72)  for the case r ( 0 ) / r  = 0.5 (Rp = 

w). Curves are plotted for various values of the parameter ~/-2~Rp/ 
2x/D2t. The curve labeled oo represents the normalized distribu- 
tion of implanted impurities at t = O, exp - -  (x/~/-2~Rp) 2. 

tions involving implanted boron, it follows that  the 
range of val idi ty for the parameter  N/2ARp/2~/D2t 
does not extend below values ~5  • 10 -3. In  order to 
accurately t reat  the diffusion behavior for those cases 
for which 2~/D1 t > w, it would be necessary to con- 

sider the influence of the SiO2-ambient interface, as 
has been done for conventional  doped-oxide diffusion 
sources (13). 

C o n c l u s i o n  
A n  exact solution of the diffusion equation has been 

obtained for the impur i ty  atom distr ibution which re-  
sults from thermal  redistr ibution of an ion implanted 
impur i ty  source. It  was assumed that  the implanta t ion 
was through an existing oxide layer  of thickness at 
least comparable to the diffusion length of the impur i ty  
in the oxide. As an illustration, the behavior of a boron 
implanted impur i ty  source in silicon was examined, 

assuming diffusion parameters  typical  of the tempera-  
ture range 1150~176 

Manuscript  submit ted Jan. 15, 1973; revised manu-  
script received March 23, 1973. 

Any  discussion of this paper will  appear in a Discus- 
sion Section to be published in the June  1974 JOURNAL. 

LIST OF SYMBOLS 
a0 reciprocal of the s tandard deviation of the im- 

planted Gaussian distribution, cm -1 
~1 reciprocal of the diffusion length of the im- 

pur i ty  in  the oxide, c m -  1 
a~ reciprocal of the diffusion length of the im- 

puri ty  in  the semiconductor, cm -1 
Dz diffusion coefficient of impur i ty  in  oxide, cm 2 

see-1 
D2 diffusion coefficient of impur i ty  in  semicon- 

ductor, em 2 see -1 
~. distance between peak of the implanted Gaus- 

sian dis tr ibut ion and oxide-semiconductor in -  
terface, cm 

m segregation coefficient of impur i ty  between 
oxide and semiconductor 

N1 concentrat ion of impur i ty  in oxide, cm -3 
N2 concentrat ion of impur i ty  in semiconductor, 

cm--3 
total implanted dose, cm -2 

e l ( t )  density of impuri t ies  in  the oxide after t ime 
t, cm -2 

r density of impurit ies in the semiconductor 
after t ime t, cm -~ 

~r net change of density of impurit ies in the 
semiconductor after time t, cm -2' 

Rp projected range of impuri ty,  cm 
~Rp standard deviation of the implanted Gaussian 

dis tr ibut ion of impurities, cm 
r ratio of diffusion length in  oxide to diffusion 

length in semiconductor 
t elapsed time, sec 
w thickness of oxide layer, cm 
x distance from oxide-semicondutcor interface, 

a m  
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Con mun cadons 

On the Statistics Governing the Defect Density 
Determination in Si02 Films 

N. J. Chou* and J. M. Eldridge* 
IBM Thomas J. Watson Research Center, Y o r k t o w n  Heights, N e w  Y o r k  10598 

In  a paper by Meek and Braun  that  appeared in the 
November 1972 JOURNAL (1), reference was made to 
the statistical method first employed by Fritzsche (2) 
and then by Chou and Eldridge (3) to determine the 
defect density in the SiO2 films on Si in their assess- 
ment  of the oxide quali ty in terms of dielectric 
strengths. It was contended that  the defects in SiO2 
films ought to be regarded as indistinguishable,  and 
that  Bosse-Einstein ra ther  than Bol tzmann statistics 
should have been used in deriving the functional  re- 
lationship among the defect density p [or ~ in  Ref. (1) ], 
the electrode area, F, and the fraction, P, of the MOS 
capacitors exhibit ing pr imary  breakdown when tested 
for dielectric strengths. 

A paral lel  was d rawn between the fraction of pri- 
mary  breakdown and the yield of integrated circuits 
(IC). The work of Price (4) was cited to show that 
different expressions for the IC yield could be ob- 
tained depending on the choice of statistics. For dis- 
t inguishable defects, for which Bol tzmann statistics are 
appropriate, the IC yield, P, [or Y1 in Ref. (4)],  is 
given by 

P = exp (--Fp) 
o r  

i n  P 
p = [1] 

F 

where F now denotes the active area of the IC devices. 
In  the case of indist inguishable defects, where Bose- 
Einstein statistics are applicable, the IC yield, P [or Y2 
in  (4)], is expressed by 

o r  

1 
p - -  _ _  

1 -{- pF 

P = ~ -  ( 1 - P p  
[2] 

Consequently Eq. [2] was considered to be more ap- 
propriate for determining the defect density from the 
breakdown distr ibution of the SiO2 films. [See footnote 
2, p. 1539, Ref. (1).] 

In  this short communication, we shall discuss why 
Bol tzmann statistics are preferred in the evaluat ion of 
defects in SiO2 films. 

It is perhaps instruct ive to note that in determining 
the IC yield, the device fai lure due to various types 
of defects is evaluated on a "go or no go" basis. Such a 
proposition makes the defects statistically indist in-  
guishable provided they are sufficiently small  in re la-  
t ion to the active area of the devices. Be it pinholes, 
misalignments,  or diffusion faults, they contr ibute  
equal ly to the device failure. The si tuation with di- 
electric s trength measurements  in SiO2 films is quite 
different. Even though the defects in the SiO2 films 
may be of a single type, 1 they should be regarded as 
dist inguishable for the following reasons: 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  w o r d s :  d i e l e c t r i c  b r e a k d o w n ,  s i l i con  d i o x i d e ,  r e l i a b i l i t y ,  s ta -  

t ist ics.  
1 F o r  e a s e  o f  d i s c u s s i o n  w e  s h a l l  i g n o r e  t h e  p r e s e n c e  of  p i n h o l e -  

t y p e  d e f e c t s  ( ter t iary  b r e a k d o w n s ) .  

4) In  deriving these funct ional  relationships we have 
applied a two-dimensional  statistical model to the 
three-dimensional  reality. Since the defects are com- 
parable in size to the third dimension, i.e., the oxide 
thickness, their  dimensional  variat ion in that direction 
can be taken implicit ly into account only when  they 
are considered distinguishable. To be more specific, 
let us assume that  the defects responsible for nonpri-  
mary  breakdowns are devitrified spots containing 
crystallites of various dimensions (1-3). If the crystal- 
lite has associated with it a we11-defined breakdown 
strength, then the spots containing crystalli tes of 
varied lengths should be dist inguishable in the two- 
dimensional  model on account of their var iable  dielec- 
tric strengths. A simple argument  can be advanced. 
When the crystalli te in a defective spot does not occupy 
the entire oxide thickness, the dielectric s trength of 
this part icular  spot will be that  of the composite mate- 
rial, i.e., the crystall i te plus the amorphous SiO2 with 
their respective dielectric constants and breakdown 
strengths, and should therefore assume an apparent  
value between the dielectric strengths of these two 
materials. Considering the f requent ly  observed zigzag 
paths of electrical breakdown (5), this is obviously 
an oversimplified picture since the interactive effect 
of defects in various depths of the oxide film has been 
completely ignored. However, it does underscore the 
necessity of t reat ing the defects as dist inguishable in 
our two-dimensional  model. In  fact, recent refinement 
in the exper imental  technique has shown that defect- 
related breakdown field in  SiO2 films can indeed as- 
sume any value between 2 mV-cm -1 (secondary) and 
9 mV-cm -1 (pr imary) .  As pointed out by  Osburn (6), 
the measuring circuit used by Chou and Eldridge (3) 
did not have a sufficiently fast response to detect all 
the "self-healing" breakdowns;  therefore their break- 
down strength distr ibutions were distorted in favor of 
low- and high-field events. While peaks at low fields 
(~2  mV-cm - I )  were also observed with an improved 
measuring circuit, the defect-related breakdown events 
were found to constitute more than  often a continu- 
ous spectrum of dielectric strengths [see Fig. 2, Ref. 
(6) ]. Using a different form of mathematical  t reatment,  
Osburn arrived at essentially the same functional  re- 
lationship as obtained by Bol tzmann statistics (com- 
pare Eq. [1] with Eq. [7] in Ref. (6)) .  

ii) In  actual defect densi ty computations, the frac- 
t ion of pr imary  breakdowns is usual ly determined by 
arbi t rar i ly  setting a threshold field value, above which 
the breakdown events are considered to occur in the 
pr imary  mode. This procedure is war ran ted  by the fact 
that  the pr imary  breakdown strength is not a well-de-  
fined quanti ty.  The var iabi l i ty  of the pr imary  break- 
down strength and the spread of dielectric strengths 
near  its peak have been f requent ly  observed in the 
MOS capacitors fabricated under  various conditions 
[see, for example, Fig. 2 and 3 in Ref. (3)].  Obviously, 

the said procedure differs from the "go or no go" prop- 
osition in  the IC yield determinations.  
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Table I. Fitting of experimental breakdown data to statistical models 

Augus$ 1973 

E x p e r i m e n t a l  da ta  
E lec t rode  F r a c t i o n  of Defec t  

Da ta  area,  p r i m a r y  b r e a k -  dens i ty ,  p, 
set No. F, m m  2 down ,  P, % - i n  P (1 - P ) / P  defects /cra2  

R e s u l t s  of  l eas t  s q u a r e  f i t t i n g  
C o r r e l a t i o n  

S t a n d a r d  coefficient,  Re fe r -  
In t e rcep t ,  c d e v i a t i o n ,  <r K ence  

1 0.05 96 0.04 0.041 
0.5 72.5 0.32 0.38 
1.3 62.3 0.47 0.60 

B o l t z m a n n  s ta t i s t i c s  (Eq. [1]) : 
Bose-Einstein s ta t i s t i c s  (Eq. [2]) :  

2 0.05 85.7 0.15 0.167 
0.5 65 0.43 0.54 
1.3 31.9 1.14 1.94 

Bo l t zmann  statistics (Eq. [1] )  : 
Bose-Einstein statistics (Eq. [2 ] ) :  

3 0.05 50 0.69 1.0 
0.5 5 3.0 1.0 
1.3 1.5 4.2 6.57 

B o l t z m a n n  Stat is t ics  (Eel. [1 ] ) :  
B o s e - E i n s t e i n  s t a t i s t i c s  (Eq. [2] ) :  

Having advanced our a rgument  in favor of Boltz- 
m a n n  statistics, it would appear appropriate, at this 
time, to present  some experimental  evidence in its 
support. Unfortunately,  the exper imental  breakdown 
data current ly  available for SiO2 films do not permit  us 
to make a confident choice between the two statistical 
models. As pointed out by Meek and Braun  (1), Eq. 
[1] and [2] yield essentially the same results at low- 
defect densities (or at large P's) ,  since for P --~ 1/2, 
(1 -- P ) / P  in Eq. [2] is the first te rm in the series 
expansion of - - l n  P in  Eq. [1]: 

1 
- - l n P =  P - - ~ - k ~  -t- - - 7 -  . . .  

[3] 

Thus, for P ----- 90%, the difference between the calcu- 
lated p is indeed less than 5%. 

As P decreases, however, the difference becomes 
substant ial  and reaches as high as 45% at P ---- 50%. 
In  order to differentiate between the two models, one 
should therefore rely on the data for highly faulted 
SiO2 films. Such data are unders tandably  meager be- 
cause defective films are nei ther  reproducible nor of 
practical interest. Nevertheless, three sets of experi- 
menta l  data with P ~ 0.7 have been collected from 
Ref. (3) and (6). Using F as a variable, these data have 
been least-square fitted to Eq. [1] and [2]. The results 
are shown in Table I. Since P = 100% for F ---- 0, the 

(3) 

33 0.08 0.06 0.95 
43 0.08 0.06 0.96 

(6) 

80 0.08 0.04 0.99 
146 -0 .01  0.12 0.98 

(3) 

265 0.99 0.49 0.94 
462 0.31 0.51 0.98 

straight lines represent ing Eq. [1] and [2] should both 
pass the origin (0,0) in a - - l n  P vs. F and a (1 -- P ) / P  
vs. F plot. For this reason, the intercepts (C's) are in- 
cluded as a cri terion for comparison; the smaller the 
intercept, the bet ter  fit the model gives. 

As can be seen from the tabulated results, the ex- 
per imenta l  data fit both models equally well except, 
perhaps, for the third set which appears to be slightly 
in favor of the Bose-Einstein model on account of its 
smaller  intercept. It  is clear, therefore, that much 
more data are needed to settle the problem experi-  
mentally.  

Manuscript  submtt ted Jan. 2, 1973; revised manu-  
script received Apri l  2, 1973. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the June  1974 
J O U R N A L .  
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Ellipsometry of Multilayered Dielectrics on 
Silicon, Applied to MNOS Structures 

Leif Lundkvist 

Research Laboratory of Electronics III, Chalmers University of Technology, Gothenburg, Sweden 

In  a recent paper, Maguire and Augustus (1) re- 
ported on the detection of a thin silicon oxynitr ide 
layer on top of silicon ni tr ide layers fabricated by 
pyrolysis of silane at about 8O0~ In the present  com- 
munication, we want  to point out that the interpreta-  
t ion of their ellipsometer measurements  needs some 
modification. As ellipsometer measurements  are used 
rout inely  in much solid-state device work, the results 
presented have a general  applicability. 

Maguire and Augustus used nitr ide layers which 
were originally 610A and 1010A thick and had refrac- 
tive indices of 1.88 and 1.95, respectively. After heat ing 
in vacuum at 1140~ for up to 2 hr, the layers had de- 
creased in thickness by about 30A and had a refractive 
index of just  over 2. This was interpreted to mean  that  
the removed oxide (oxynitr ide) layer had had a thick- 

K e y  w o r d s :  el l ipsometry of m u l t i l a y e r s ,  s i l i con  n i t r i de ,  MNOS.  

ness of 30A and that  the removal  of 30A oxide with a 
refractive index of 1.46 had increased the refractive 
index of the remain ing  layer to just  over 2, a value 
that is characteristic of the ni t r ide layer alone. 

This in terpreta t ion is incorrect both with regard 
to the refractive index and the thickness for reasons 
given below. We believe that  the refractive index in- 
creases main ly  because of s intering and not oxide re- 
moval. 

Interpretation of Ellipsometer Measurements of 
MNOS Multilayers 

In  order to clearly show the correct way  of inter-  
pret ing the data by Maguire and Augustus (1), the 
two cases studied by them have been analyzed and sub-  
sequently checked by separate experiments  on similar 
wafers. The theory of ell ipsometry of mul t i layered  di-  
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electrics has been treated earlier, [see for example 
Ref. (2) and (3)].  The problem is that  knowledge of 
refractive indices and thicknesses of the dielectric lay-  
ers makes it possible to calculate the ellipsometer 
readings ~ and ,I, (4), but  not the inverse. 

Figure  1 shows calculated ellipsometer readings for 
monolayers of various thicknesses and refractive in- 
dices around those found in silicon ni t r ide [cf. Fig. 
1 and 4 in Ref. (4)].  The points measured by Maguire 
and Augustus (1) are shown as open circles, with an 
arrow indicating the direction of change upon heating 
at 1140~ for 2 hr. The dashed l ine star t ing at the first 
of these points shows the direction and magni tude  the 
change should have had if the heat t rea tment  had re- 
sulted in removal of oxide (n = 1.46) from the top 
of the sample. This l ine is given by a computer pro- 
gram used to calculate ellipsometer readings of mul t i -  

60 
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30 35 /*0 45 
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1.98 196 

330 n=2 .02  m " / ' ' /  / / 1 . 9 4  

920 

310 94 A 

3~ 4'o /*'5 
u  DEGREES 

Fig. lo. and lb. Computed ellipsometer readings ~ and ~, for 
dielectric layers on silicon. The solid lines are computed for single 
layers with some different refractive indices. The dotted lines are 
lines of constant thickness. The dashed lines ere computed for 
multiple layers, where the layer on top is oxide (n = 1.46) of vari- 
able thickness. These lines have a dot for each 20.~ of oxide. 
Points measured by Maguire and Augustus (1) ere marked O .  
Experimental points from the present work are marked + .  Angle 
of incidence is 70 ~ . 

layered dielectrics, just  by taking as the first layer the 
measured refractive index and thickness (for example 
n = 1.95 and 1010A) and on that  a layer of oxide 
(n = 1.46) with negative thickness. This method is 
approximate but  it is simple and can be used if the 
oxide is not too thick (<100A).  In  this case the error 
is always less than  0.5" for the sum of A and ,I,. It is 
important  to note that removal of oxide increases the 
apparent  refractive index on the 610.~ sample, while 
it reduces the apparent  refractive index on the 1010-~ 
sample. 

Figure 2 shows that  when  oxide (n  : 1.46) is added 
to ni tr ide (n = 1.96), the apparent  refractive index 
reduces when the ni t r ide is 0-800A thick, but  increases 
when  the ni t r ide is 800-1600A thick. The curves for 
oxide on ni tr ide starts on the nitr ide curve and con- 
t inues with an oxide branch  more or less paral lel  with 
the oxide curve. A diagram similar to Fig. 2 can be 
drawn for other combinations of dielectrics to get the 
direction of change in  other cases. 

The correct thicknesses of the two layers are now 
found at the intersection of the dashed l ine and the line 
of refractive index of the ni t r ide (see Fig. 1). Conse- 
quently,  the value of the refractive index of the ni- 
tride by itself used by  Maguire and Augustus, assum- 
ing identical ni t r ide on both samples, must  have been 
1.915, half way between the two values found, 1.88 and 
1.95. Adding 10OA (not 30A as assumed by Maguire and 
Augustus)  of oxide on top of both samples would then  
give the values found by Maguire and  Augustus, as 
indicated in  Fig. l a  and lb  by circles at the start ing 
point of the arrows. Removal of the oxide layer by 
heat ing in vacuum, as done by Maguire and Augustus, 
would then give values of refractive index and thick- 
ness as indicated in  Fig. 1 by dashed lines, the end 
points of which would correspond to complete removal  
of oxide. If the layer  on top was oxynitr ide with a re-  
fractive index between that  of oxide and that  of ni- 
tride, removal  of oxynitr ide would give a point  on a 
line between the one for oxide (dashed line) and the 
one for ni tr ide (n = constant) .  This is in disagreement 
with the values after vacuum heat ing found by Ma- 
guire and Augustus as indicated in Fig. 1 by circles 
at the end point of the arrows. Thus a different ex- 
planat ion as discussed later  is required. 

I 
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, ~oo .  leo) I 
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Fig. 2. Computed eliipsumeter readings A end ~ for dielectric 
layers on silicon. The solid dots ere for oxide (n : ].46) and ni- 
tride (n _-- 1.96) on 20Zk of oxide. Crosses ore for 20A of oxide 
-Jr nitride -[- 100,~ oxide. When the nitride is 0-800~, thick, the 
crosses ore at a lower refractlve index then that of the nitride, but 
when the nitride is 800-1600~ they ere at a higher refractive index. 



1142 J. Electrochem. Soc.: S O L I D - S T A T E  SCIENCE AND TECHNOLOGY Augus t  19 73 

Table I. Present experimental results--comparison of multilayers 
evaluated as if they were single layers 

S a m p l e  No.  a n d  F ig .  No. 
l a  l b  

T w o  l a y e r s  
A p p a r e n t  r e f r a c t i v e  i n d e x  1.945 1.965 
A p p a r e n t  t h i c k n e s s ,  A 610 880 

T h r e e  l a y e r s  
A p p a r e n t  r e f r a c t i v e  i n d e x  1.91 2.01 
A p p a r e n t  t h i c k n e s s ,  A 680 920 
A p p a r e n t  t h i c k n e s s  d i f f e r e n c e ,  A + 70 + 40 
R e a l  t h i c k n e s s  d i f f e r e n c e  = t h i c k -  120 220 

h e s s  of  t h i r d  l a y e r  (on con t ro l  
s l ice  ), A 

Experimental Test of the Analysis 
In order to test that  the analysis presented is cor- 

rect, two silicon wafers were made with a ni tr ide thick- 
ness of 590A and 865A. This ni t r ide was made by py- 
rolysis of Sill4 in  NH, at about 700~ After ellipsom- 
eter measurements,  the wafers were covered by oxide 
made by pyrolysis of Sill4 in O2 at about 400~ The 
thickness of the oxide was measured on clean slices of 
silicon on which the oxide was deposited at the same 
time. The ellipsometer readings before and after dep- 
osition of oxide are shown as crosses in Fig. 1 and the 
results are summarized in Table I. A computer program 
was used to calculate theoretical curves for the two 
slices. The parameters  used for the calculation were: Fig. 
la, first a layer  of oxide (n ---- 1.46) 20A thick, then ni- 
tride (n ---- 1.96) 590A thick, and finally oxide (n ---- 1.46) 
0-140A thick; Fig. lb, first a layer of oxide (n ---- 1.46) 
20A thick, then ni tr ide (n ~- 1.96) 865A thick, and 
finally oxide (n : 1.46) 0-220A thick. These calculated 
ellipsometer readings are shown in Fig. 1 as dashed 
lines. The experimental  points correspond very closely 
to theory. The first layer of 20A of oxide used in the 
calculations is an approximation of the oxide always 
left on the slice after cleaning. The effect of this layer 
is to change the apparent  refractive index in  the same 
direction as for the oxide layer on the top, but the ap- 
parent  thickness is very close to the sum of the ni- 
tride thickness and the oxide thickness. 

Conclusion and Discussion 
When analyzing mult i layers  of dielectrics on silicon, 

single layer evaluat ion does not give a correct result. 
The large change in refractive index seen by Maguire 
and Augustus (1) cannot be explained by removal of 
oxide, but  must  have some other explanation. Our 
n~tride, which has only a very th in  oxide on the top 

(if any) ,  also shows an increase in refractive index 
when heated at temperatures  higher than the deposi- 
tion temperature.  This heating also reduces the etch 
rate, just  as higher deposition temperatures  do. We 
believe that the change in both cases is due to densifi- 
cation or rear rangement  of the nitride. To ensure that  
no such changes occur, all t reatments  must  be per- 
formed at low temperature,  for example, by stepwise 
chemical etching of the oxide (or oxynitr ide)  layer 
combined with e]]ipsometry. 

The difference in refractive index on the samples 
used by Maguire and Augustus also needs some ex- 
planation. If there is 20A of oxide under  the nitride, 
the oxide on the top must  be about 60A if the ni t r ide 
has the same refractive index on both samples. It  is 
not probable that that  much oxide can be created by 
oxidation of ni t r ide dur ing the cooldown period, as 
Maguire and Augustus (1) suggested. Fr~inz and Lang- 
heinrich (5) show that  the oxidation rate of silicon 
nitr ide is lower than  that of silicon, and that the result  
of the reaction is oxide, not oxynitride. If the oxygen 
content in the carrier gas is high enough to give ap- 
preciable oxidation of the nitride, it must  also be high 
enough to give oxynitr ide as the result of the deposi- 
t ion of nitride, as this process is very sensitive to oxy- 
gen impurities. The result  is an oxynitr ide film with 
refractive index lower than for ni t r ide and with var i -  
ations due to variations in oxygen impur i ty  content  
from deposition to deposition. This may be the ex- 
planat ion of parts of the var iat ion observed by Ma- 
guire and Augustus. 
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Concentrated Aqueous HCI + ZnCI2 Mixtures 

A. J. Easteal 1 and C. A. Angell 
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ABSTRACT 

Electrolyte solutions with novel characteristics are formed by dissolution 
of ether in ZnCI~ + hydrochloric acid solutions of high concentration. At  0~ 
ether is only slightly soluble in the "solution" ZnC12 + 4H20, bu t  dissolves in  
the solution HC1 + 4H20 unti l  moles Et20:moles H20 ~ 1:2.8. Its solubility 
increases markedly  in mixtures  of these solutions, reaching a ma x i mum near  
the mole  ratio corresponding to the formation of ZnC14 =, when moles Et20: 
moles H20 ~ 1: 1.3. Furthermore,  the solubility in this mixture  increases wi th  
decreasing temperature,  down to the glass t ransi t ion tempera ture  at --124~ 
Although ionic mobili t ies appear to increase with increasing ether content  the 
electrical conductance at 0~ decreases, evidently due to the disruption of an 
efficient proton transfer  mechanism in the chlorozincate acid. The strongly 
proton conducting solutions may have useful low tempera ture  electrolyte appli- 
cations, since the conductivi ty is not necessarily l imited by the ionic and 
molecular  t ransport  mechanisms which determine the fluidity. 

The extraction, with various ethers, of complex metal  
halide ions and /or  halo acids of the form HMX,  from 
acidified solutions of metal  halides is a well-establ ished 
exper imental  procedure (1). We have at tempted to 
use this procedure with diethyl ether (Et20), to char- 
acterize species existing in concentrated aqueous solu- 
tions of ZnC12 + HCl. From the results of a study 
of concentrated aqueous ZnCI2 + LiC1 solutions (2) it 
was concluded that formation of a tetrachlorozincate 
species has a profound effect on a variety of properties 
of these electrolytes. It  seemed feasible that  from 
aqueous ZnC12 + HC1 electrolytes the acid H2ZnC14 
(probably with associated water  molecules) might be 
extractable with Et20, par t icular ly  at low tempera-  
tures. 

The extraction experiments  did not achieve this 
objective for reasons which form the subject of this 
communicat ion because they have led us to a s tudy 
of a class of electrolytes which seem not to have been 
previously investigated in detail. 

Experimental 
In  the experiments  described below an aqueous 

electrolyte, E (0.6 HC1, 0.4 ZnC12, 4H20), of fixed com- 
position was used. When a mixture  containing 20 mole 
per cent (m/o)  E and 80 m/o  EtzO is shaken at room 
temperature,  two l iquid phases result. This was ex- 
pected on the basis of analogous experiments  described 
in the l i terature.  When the two-phase mixture  is 
cooled with agitation in liquid nitrogen, a single homo- 
geneous liquid phase is formed. This was an unexpected 
result  and was the basis of our subsequent  experiments.  
The homogeneous solution becomes turbid  and even- 
tua l ly  completely separates into two phases on 
warming.  

1 P e r m a n e n t  address: D e p a r t m e n t  of Chemistry ,  Univers i ty  of  
Auckland ,  Auckland ,  N e w  Zealand.  

K e y  words:  l ow temperature  e lectrolytes ,  glass transit ion t e m -  
p e r a t u r e ,  electrical  conductance ,  c o m p l e x  ions, protonic  conduct ion.  

Variation of the relat ive proportions of E and Et20 
showed that the saturated solution of Et20 in E at 
0~ contained 74.3 ~ 0.2 m / o  Et20, while mixtures  
containing more than ca. 81 m/o  Et20 could not be 
induced to form a single phase on cooling in liquid 
nitrogen. The solubili ty of Et20 in E at 23.9 ~ ~- 0.2~ 
was measured as 65.8 • 0.3 m/o  Et20. From the solu- 
bilities at 0 ~ and 23.9~ the average heat of solution 2 
of Et20 in E between these two temperatures  was 
calculated as ~H ---- --2.78 ~- 0.05 kcal mole - I  (and the 
dissolution is thus exothermie) .  

Electrolyte E can be regarded as a mixture  of the 
two components 

electrolyte EH: HC1, 4H20 
electrolyte Ez: ZnC12, 4H20 

in the mole ratio 0.6 EH, 0.4 Ez. At 0~ the saturated 
solution of Et20 in  EH contains 59.4 _ 0.2 m/ o  Et20, 
and in Ez approximately 5.8 m/o. The dissolution of 
Et20 in Ez is endothermic since the saturated solution 
at about 25~ contains approximately 7.5 m/o  Et20. 

A portion of the phase diagram (at 0~ for the 
te rnary  system Et20/EH/Ez is shown in Fig. 1, which 
has been constructed from the solubili ty measurements  
at 0~ Qualitative experiments  indicated that  the 
ma x i mum solubili ty of EtzO, at a given temperature,  
should occur for mixtures  of EH with  Ez in which the 
Zn:C1 ratio is 1:4. 

The solubilities of Et20 in electrolytes EH, E, and Ez 
at 0~ are 1.46, 2.89, and 0.058 moles per mole of electro- 
lyte, respectively. In  electrolyte E this mole ratio in -  
creases to 4.27 at the lowest temperatures  studied (see 
below). The lat ter  ratio corresponds to 7.1 moles of 
Et20 for each proton present  in  the solution. Since 
there are 4 moles of H20 for each mole of EE, this low 
temperature  saturated solution contains Et20 and H20 

2 T h e  h e a t  of solut ion m e a s u r e d  w a s  the differential  heat  of so-  
lut ion,  de f ined  as t h e  h e a t  absorbed w h e n  1 m o l e  of so lu t e  is dis-  
so lved i n  a soluUon w h i c h  is a lready pract ical ly  saturated.  

1143 
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Fig. 1. Part of the phase diagram (at 0~ for the pseudoternary 
system Et~O/EH (HCI'4H20)/Ez(ZnCI2-4H20). The open circles 
indicate experimental compositions derived from solubility measure- 
ments. 

in  app rox ima te ly  equal  propor t ions  (Et20:H20 --  
4.27:4 = 1.07). 

The homogeneous solutions of Et20 in E are  res is tan t  
wi thout  crystal l izat ion:  when  cooled in l iquid ni t rogen 
they  form glasses which do not  crys ta l l ize  on warming.  
The solutions (especial ly  those most concentra ted  in 
Et20)  appear  to have re la t ive ly  high f luidi ty down 
to very  low t empera tu res  (e.g., of the  order  --100~ 
and for this reason may  have some prac t ica l  val tm 
as  low t empera tu r e  e lect rolyt ic  media.  

We have measured  glass t rans i t ion  t empera tu res  
(denoted Tg) of vitr if ied solutions containing up to 
70.6 m/o  Et20, using in essence the  different ial  t he rma l  
analysis  method descr ibed prev ious ly  (3). Tg decreases 
s lowly and l inear ly  (wi th in  expe r imen ta l  precis ion)  
f rom 0 to 70.6% Et20: the  ra te  of change of Tg is 
--0.13~ (mole per  cent  E t20 ) -* .  T o for pure  Et20 has  
been measured  as --175~ __ 2~ 

To fu r the r  character ize  the e therea l  solutions we 
have  measured  thei r  e lectr ical  conductance as a func-  
t ion of composit ion at 0~ For  these measurements  a 
s imple U-shaped  P y r e x  glass cap i l l a ry  cell  was used, 
wi th  pla t in ized p la t inum electrodes, in conjunct ion wi th  
a Wayne-Kerr Type B331 impedance bridge. The cell 
constant was 175.0 __. 0.2 cm -I (measured using 0.1 
demal aqueous KCI). Specific conductances, K ohm- 
cm -I, are listed in Table I as a function of composi- 
tion. 

In Fig. 2, Tg and log K are plotted vs. composition 
expressed as mole per cent ether (lower scale), and 
as moles  w a t e r : m o l e s  e ther  (R, uppe r  scale) .  

Discussion 
The propens i ty  of ZnCI2, a s t rong Lewis  acid, for 

coordinat ing chlor ide ions to y ie ld  ZnCl42- t e t r ahedra l  
complexes,  is wel l  known. The s to ichiometry  of the  
2:1 mix tu re  of e lectrolytes  EH and E2 (Fig. 1) corre-  
sponds to  (t-~O § ZnCI4 ~- di lu ted  wi th  12 moles  of 

Table I. Specific conductance at O~ of solutions of diethyl ether 
in the electrolyte 0.6 HCI, 0.4 ZnCl2. 4H~O 

Mole fraction ether K (ohm-* em-D 

0.000 0.3075 
0.020 0.2912 
0.030 0.2825 
0.040 0.2732 
0.050 0.2548 
0.074 0.2481 
0.125 0.2021 
0.167 0.1776 
0.288 0.1171 
0.351 0.0B556 
0.444 0.05385 
0.545 0,02972 
0.615 0,01723 
0.667 0.01398 
0.706 0.011fi3 

R 
40 15 8 4 2 I 

i i i i i i 

I I 
o 4o do do 

mole % Et20 

o 

16o 

15o 

14o 

13o 
T~/K 

i20 

I10 

b I00 

90 

8O 

J6o 

Fig. 2. Variation of glass transition temperature (Tg, unshaded 
diamonds) and log (specific conductance) Oc in ohm-lcm -1, 
shaded circles) with ether content of the pseudobinary system 
Et20/E (0.6 HCI, 0.4 ZnCI2, 4H20). R is the mole ratio H20: 
Et20 corresponding to given solution compositions. 

water ,  whi le  the  6:4 mix tu re  (e lec t ro ly te  E) corre-  
sponds to (H30+)3Zn2C17 ~-  di luted wi th  16 moles of 
water .  Al though compet i t ion  of wa te r  for posit ions in 
the  Zn + + first coordinat ion  sphere  wi l l  undoubted ly  
lead to some complicated d is t r ibu t ion  of chloro- and  
ch lorohydra te  species, i t  is cer ta in  that  free chloride 
ions wil l  not be present ,  and tha t  the  protons  in the  
solution wil l  be pa r t i cu l a r ly  free f rom anion binding 
interact ions.  

The increase in Et~O solubi l i ty  in e lec t ro ly te  E over  
tha t  in aqueous HCI(EH) is p re sumab ly  to be associ- 
a ted  with  this  increase in proton act ivi ty,  a l though the 
extent  to which e ther  molecules  are  protonated,  r a the r  
than  just  coordinated to hyd ra t ed  pro ton  complexes,  
is unknown.  3 However ,  some ra the r  specific s t ruc tur ing  
must  be involved since the proper t ies  of the pseudo- 
b ina ry  solutions E + Et~O v a r y  wi th  composit ion in 
a h ighly  nonideal  fashion (which  even tua l ly  leads  to 
the phase  separa t ion  commencing at --,70% Et20) .  In  
pa r t i cu la r  the cohesive energy  density,  indica ted  by  
the glass t rans i t ion  t empera tu re ,  changes very  s lowly 
wi th  e ther  content  when  v iewed against  the ve ry  low 
value of Tg character is t ic  of e ther  i tself  (Fig. 2). 

By contrast ,  e ther  addi t ion has a severe  effect on the 
conductance of E. The  addi t ion to E of only  1 Et20 
molecule  per  10 H20 molecules  reduces the  conduct-  
ance by  more  than  60% of its in i t ia l  value.  In  v iew of 
the  decrease  in Tg wi th  e the r  addit ions,  which  implies  
an increase in par t ic le  mobil i t ies  at constant  t empera -  
ture  T > Tg (3), the  sharp  decrease  in conductance is 
best  in te rp re ted  in te rms of a decrease in efficiency of 
some Gro t thus - l ike  proton t ransfe r  mechanism which  
makes  a ma jo r  cont r ibut ion  to the  conductance of 
e lect rolyte  E. The exis tence of such a contr ibut ion  
wou ld  he expected  on genera l  grounds, and would  be 
consistent  wi th  recent  exper ience  (5) that  this sub-  
stance yields  a protonic semiconduct ing glass wi th  con- 
ductance severa l  orders  of magni tude  grea ter  t han  
expected from ionic mobil i t ies  alone. 

F igure  2 shows that  the  conductance decreases ex- 
ponen t ia l ly  wi th  mole  per  cent  ether,  i.e., the proton 
j u m p  probab i l i ty  P is of the  form 

s I t  i s  n o t e w o r t h y  t h a t  C l a r k  et  al. (4) h a v e  r e c e n t l y  i so l a t ed  t he  
anhydrous ethereal  acids [H(Et~O)]n+[MCh] - w h e r e  M = AI ( I I I ) ,  
Fe(111), Ga~III), or In~III), ~/-%d n can take values from 1.5 to S. 
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P = Poexp(--Xether) : Poexp ( 1 - ~ c R  ) 

w h e r e  Xe the r  is the ether mole fraction, R is the water:  
ether mole ratio, and c is a constant. This form pre- 
sumably  reflects the probabil i ty  of an ether molecule 
interceding between water  molecules otherwise favor- 
ably orientated for a proton transfer  process, but  unt i l  
fur ther  data on solutions of this type are available the 
development  of a detailed model for this effect is un-  
warranted.  The apparent  break between low and high 
e t h e r  content  behavior occurs at about R ---- 8, which 
corresponds to the presence of one ether molecule per 
H + (H20)4, or (H904 +). This is the water :pro ton  ratio 
in  the Pr20 extract from FeCls-HC1-H20 solutions 
suggested by Fr iedman (6), so the break in this plot 
is probably significant. Simple dilution effects must  
also contr ibute  to the decrease in  specific conductance 
with ether additions. 

In  two respects these solutions deserve further  at- 
tention. In  the first place, an electrolyte which exists 
at normal  temperatures  as a combinat ion of highly 
conducting and poorly conducting layers at normal  
temperatures,  but  a single highly conducting phase 
at low temperatures  could be useful for low tempera-  
ture-act ivated electrolytic systems. Secondly, electro- 
lytes in which the proton conduction mechanism is 
very efficient offer an in-principle method of overcom- 
ing otherwise fundamenta l  l imitat ions on low tempera-  

ture operations of l iquid electrolyte systems (7) im- 
posed by the loss of ionic mobil i ty approaching the 
glass transi t ion temperature  for the solution. 
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Computer Simulation of Full-Size, High-Drain, AgCI-Mg 
Sea Water-Activated Batteries 

Duane W. Faletti *'1 
Applied Physics Laboratory, University ol Washington, Seattle, Washington 98105 

ABSTRACT 

The predictions of a computer s imulat ion for high-drain,  AgC1-Mg bat- 
teries are compared to the observed performance of four full-size AgC1-Mg 
batteries: the Mk 61 (Mod 0 and Mod 2), Mk 64, and Mk 67. The Mk 61 Mod 0, 
like the Mk 64 and Mk 67 batteries, uses AZ61 magnesium anodes; the Mk 61 
Mod 2 uses the high-voltage magnesium alloy, AP65. These four batteries 
differ sufficiently in their configurations and were discharged over a wide 
enough range of operating conditions to constitute a valid test of the capa- 
bilities of the computer simulation. The simulat ion gave voltage predictions ac- 
curate to wi th in  7% for over 90% of the discharge. Predictions for other useful  
parameters,  such as electrolyte temperature,  are also given. This s imulat ion can 
el iminate the need for most of the "cut and try" effort present ly required in 
AgC1-Mg bat tery development  and should be helpful in system studies of this 
battery. 

Present  design techniques for high-drain, sea water-  
activated, AgC1-Mg batteries require  considerable 
exper imentat ion involving the construction and testing 
of subassemblies as well  as full-size prototypes. The 
operating conditions for such batteries often encompass 
a wide range of temperature,  salinity, and pressure 
conditions. Because of l imited discharge facilities and 
the expense of in -wate r  tests, it is not feasible to t e s t  
s ea  water-act ivated batteries over their entire operating 
range. 

A computer  simulation, which was developed as an 
aid to the design of AgC1-Mg water-act ivated batteries, 
has been described (1). Here we will  compare the 
agreement  between the predictions of that s imulat ion 
and the observed behavior of four full-size, high-drain 
batteries. Three of these batteries, the Mk 61 Mod 0, 
Mk 64, and Mk 67, use AZ61 magnesium alloy for their  

* Electrochemical Society Active Member .  
l Present  address:  Naval  Torpedo Station, Keyport, Washington 

98345. 
K ey  words:  AgCI-Mg batteries, sea wate r -ac t iva ted  batteries,  

h igh-dra in  batteries,  AZ61 magnes ium alloy, AP65 magnes ium 
alloy, computer  simulations, modeling,  AgCl, Mg, simulations. 

anodes; the Mk 61 Mod 2 uses a high-voltage magnes- 
s ium alloy, AP65. They differ sufficiently in  their con- 
figurations and were discharged over a wide enough 
range of operating conditions to constitute a valid test 
of the capabilities of the simulation. 

Characteristics of the Mk 61, Mk 64, and 
Mk 67 Batteries 

The Mk 61, 64, and 67 are high-drain,  sea water-  
activated batteries which use a compact, rugged, light- 
weight, pile-type construction (Fig. 1). Glass beads 
embedded in the cathodes act as separators, permit t ing 
e!ectrolyte to pass between the electrodes of the cell. 
Metal foil is placed between adjacent cells to prevent  
unwanted  electrochemical reactions and to provide 
electrical contact. 

In  the pi le- type construction parasitic currents  flow 
between cells of different potential  because the cells 
are immersed in a continuous electrolyte. The para-  
sitic currents  act as a load in parallel  to the external  
load, causing lower bat tery voltage and a reduced 
discharge life. The magni tude of the parasitic currents  
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POSITIVE BUSPLATE ~ ~ N E G A T I V E  BUSPLATE 
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Fig. 1. Four-cell series-connected section. Current is transferred 
to the load by bus rods (not shown). Glass beads imbedded in the 
AgCI provide interelectrode spaces through which the electrolyte 
passes. Silver foil provides electrical contact between cells while 
acting as a barrier to chemical reactions between AgCI and Mg. 
The edges of magnesium-silver foil assemblies are taped to prevent 
electrolyte from roaching the back of the anodes. 

increases with the conductivi ty and volume fraction 
of the electrolyte, the area of the flow passages above 
and below the battery,  and the cross-sectional area of 
the flow passages wi th in  the cells. 

Of the three batteries, the Mk 64 operates at the 
highest current  density and has a parasi t ic- to-external  
current  ratio of less than 0.05. The Mk 61 battery,  
which has the same flow passage area and cell con- 
figuration but  operates at about half  the current  den- 
sity, has a ratio near  0.08. The Mk 67 bat tery operates 
with a voltage control system which has the effect of 
increasing the conductivi ty of the electrolyte as the 
discharge progresses; thus, its parasi t ic- to-external  
current  ratio increases dur ing the discharge and, de- 
pending on the tempera ture  and composition of the 
enter ing  electrolyte, ranges from 0.19 to 0.25 in  the 
early portions of the discharge, 0.25 to 0.33 when the 
discharge is 90% complete, and 0.67 to 0.85 at the 
completion of the discharge. 

The cells of the bat tery  may be connected in series 
a s  in  Fig. 1, or they may be divided into two series- 
connected sections which are connected in paral lel  to 
the load as in Fig. 2. The Mk 64 bat tery  has 169 cells 
connected electrically in  series; the Mk 61 Mod 0, Mk 
61 Mod 2, and Mk 67 batteries each have two sections 
connected electrically in parallel,  each section contain-  
ing 118, 104, and 230 cells, respectively. 

The Mk 61 and Mk 64 batteries have cells and flow 
passages of the same size and shape (Table 1 and Fig. 
3) and are designed to operate at near  the same power 
level. Since the Mk 64 has a single section and the 
Mk 61 has two, the current  density is near ly  twice 
as high and the discharge period is correspondingly 
shorter for the former. 

Table I. Summary of battery configurations 

Mk 61 Mk 61 
Mod 0 Mod 2 Mk 64 Mk 87 

No. oi cells 236 208 169 460 
No. of parallel-connected 

sections 2 2 1 2 
Cathode area, cm 2 396 393 396 1097 
Cathode thickness, cm 0.038 0.037 0.038 0.055 
Anode thickness, cm 0.028 0.028 0.028 0.033 
Electrode separation, em 0,058 0,058 0,058 0.058 
Area of flow passages, era2 10.24 10.24 10.24 67.25 

The cells of the Mk 67 ba t te ry  are rectangular  in 
shape (Table I and Fig. 3) and are about two and 
one-half  times larger  than  the Mk 61 and Mk 64 cells. 
The Mk 67 cathodes have about one-third greater 
capacity per uni t  area than  those of the Mk 61 and 
Mk 64 batteries. 

The Mk 61 and Mk 64 batteries operate wi th  an 
enter ing electrolyte of constant  flow rate. This pro- 
duces bat tery voltages which are strongly dependent  
on electrolyte composition and temperature,  and which 
fall continuously as the discharge progresses. 

The Mk 67 bat tery is designed to operate wi th in  a 
few per cent of 245V over the range of sea water  
tempera ture  and composition found in the world's  
oceans. This is accomplished by a voltage control sys- 
tem that  recirculates a constant  flow rate of effluent 
back into the lower flow passage and adjusts the flow 
rate of enter ing sea water  to achieve the desired volt- 
age (Fig. 4). 

These part icular  batteries were chosen for this study 
because (a) their  physical dimensions and method 
of manufacture  and testing were well documented, 
and (b) the three batteries differed sufficiently in  
operating conditions and physical configurations to 
provide a good test of the capabilities of the computer 
simulation. 

Results 
The predictions of the computer s imulat ion are com- 

pared to observed bat tery  voltages, effluent electrolyte 
temperatures,  and (for the case of the Mk 67 bat tery)  
electrolyte flow rates in Fig. 5-16. The observed values 

FLOW P A S ~  

MK61 ~ MK64 

- -  3 0 . O -  

MK 67 

Fig. 3. Configuration of Mk 61, 64, and Mk 67 cells (dimensions 
in centimeters). 
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Fig. 2. Battery composed of two series-connected sections, con- 
taining four =ells each, which are connected in parallel. Cell assem- 
bly is of same construction as that in Fig. 1, but there is symmetry 
about the negative bus plate. 
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Fig. 4. Battery compartment with provision for voltage control 
(as in the Mk 67). Entering electrolyte mixes with portion of 
battery effluent recycled by recirculation pump before entering flow 
passage under battery. Intake flow of new electrolyte is adjusted 
by flow control valve located at exit. 
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lie within the crosshatched areas on the figures and 
were obtained from discharges conducted by the Qual- 
i ty Evaluation Laboratory of the Naval Torpedo Sta- 
tion, Keyport, Washington. 

The manufacturing tolerances, and to a lesser extent 
the test tolerances of these batteries, allow a significant 
spread in battery performance. A measure of the 
maximum possible spread in performance was obtained 
by making three computer simulations for each test 
condition studied. These were (a) for the case where 
the bat tery was built according to the nominal specified 
dimensions and tested according to the nominal speci- 
fied test conditions, (b) for the case where the battery 
was built with the most favorable set of dimensions 
allowed by the specifications and tested according to 
the most favorable set of operating conditions per- 
mitted by the test specifications, and (c) for the case 
of the least favorable set of dimensions permitted and 
the least favorable set of operating conditions per-  
mitted. These three conditions are referred to as the 
nominal, best, and poorest performance predictions, 
respectively, ,and are represented by the solid lines in 
Fig. 5-16. 

For the sake of brevity, the computer inputs for 
bat tery dimensions and discharge conditions are given 
only for the Mk 67 battery (Table II).  Reference (2) 
gives a complete listing of all computer inputs. Two 
other computer inputs warrant  discussion. The computer 
simulation makes use of numerical analysis to account 
for spatial and temporal variations within these bat- 
teries. This is done by dividing the cells into a suffi- 
ciently large number of subcells so that spatial varia- 
tions in operating conditions within any subcell are 
small, and by dividing the discharge period into short 
time intervals so that temporal variations within a 
t ime interval are small. For this study we chose 25 
subcells and a 10-sec time interval. This was shown to 
be adequate by making checks in which the number of 
subcells was increased to 100 and the time intervals 
decreased to 1 sec. Only negligibly small changes in 
the computer predictions were observed. 

Mk 61 battery.wThe Mk 61 bat tery is tested under 
four discharge conditions which encompass four levels 
of temperature  (0.8, 12.8, 15.6, and 31.1~ as well as 

Table II. Battery dimensions and test conditions for the 
Mark 67 battery simulation 

Performance 

Low Nominal  High 

Battery dimensions 
N u m b e r  of  cells 460 460 460 
N u m b e r  of sections 2 2 2 
Cathode area,  cra$ 1086.13 1097.48 1108.7"/ 
Cathode thickness,  em 0.05207 0 . 0 5 4 6 1  0.05715 
Anode thickness, cm 0.03048 0.03302 0.03556 
Si lver  foil thickness,  cm 0.0012"/ 0.00190 0.00254 
Electrode separat ion,  cm 0.06604 0.05842 0.05334 
Cell th ickness ,  cm 0.139'/ 0.1480 0.1562 
Width of bottom and top op- 

ening of cells, c m  22.9387 22.84'/3 22.'/5fi8 
Width of tape at top and 

bot tom of cells, cm 0.1359 0.2649 0.393'/ 
Thickness of tape at top and 

bot tom of cells, cm  0.0025 0.0025 0.0025 
Area  of flow passage above  

(or below) the battery, cmS 67.84 67.25 08.6'/ 

Test tolerances 
Load resistance, ohms 0.435 0.438 0.441 
Pressure ,  a tm  3.72 4.06 4.40 
N e w  electrolyte flow rate, 

g a l / m i n  
M a x i m u m  122.0 120.0 118.0 
M i n i m u m  1%0 15.0 13.0 

Reclrculat ion flow rate, gal /  
rain 32.0 36.0 40.0 

Electrolyte temperature, "C 
High temperature 29.4 30.8 32.2 
Ambient  temperature I0.0 12.8 1516 
Low temperature 0.0 0.0 0.56 

Electrolyte salinity, % o 
High  t e m p e r a t u r e  35.0 3'/.5 40.0 
Ambient  temperature 30.0 35.0 40.0 
L o w  t e m p e r a t u r e  7.5 10.0 12.5 

two levels of salinity (31 and 38% o), pressure (15 and 
45 psig), and resistance (0.72 and 0.58 ohm). Figures 
5-8 present comparisons between the predicted and 
observed voltages that are typical for all test condi- 
tions encountered by the Mk 61 Mods 0 and 2. 

The computer simulation predicts low voltages, i.e., 
discharge periods which are too long for both the 
Mk 61 Mod 0 (AZ61 anodes) and for the Mk 61 Mod 2 
(AP65 anodes). 

A significant number of the batteries performed 
better than the highest predictions of the computer 
simulations in all four test conditions. Thus, unless 
the batteries were built or tested outside of the allowed 
tolerances, it must be concluded that the voltage pre- 
dictions for the Mk 61 bat tery are intrinsically low. 
However, the magnitude of this discrepancy is not 
large, especially in view of the 6% spread in observed 
voltages and the 5-20% spread in the observed dis- 
charge time to a cutoff voltage of 100V (0.85 V/cell) .  
The predicted voltages are within 7% of the observed 
voltages (taken to be the center line of the observed 
voltage envelope) for 100% of the discharge period 
to a cutoff voltage of 100V for the low-temperature 
discharges, for 92% of the two sets of discharges near 
15~ and for 97% of the high-temperature discharges. 

OPERATING CONDITIONS 

INLET TEMPERATURE 0.8% 
SALINITY 31%o 
ELECTRICAL L O A D ~  O.580HM 
PRESSURE 45 PSIG 

140 FLOW I0.0 GPM 

~ OBSERVED PERFORMANCE 
v,t,,~ . , ~  OF MK 61 BATTERY 

t 2 0  ~ S )  

0 I00 

, , ,  8 o  - RANGE OF P E R ~ O R M A N C E - ~ \  
PREDICTED BY DESIGN C/'/c/~\\ 

60 METHOD " ~  

I I I I 
0 2 4 6 8 I0 

TIME (MIN) 

Fig. S. Comparison of predictions of computer simulation to 
performance of Mk 61 Mad 0 battery when discharged at low 
temperature. 

t OPERATING CONDITIONS 
160 iNLET TEMPERATURE 12.8~ 

SALINITY 31%,, 
ELECTRICAL LOADmO.72 OHM 
PRESSURE 15 PSIG 

140 FLOW 9.6 GPM 

3 
~ 120 

0 2 4 6 8 I0 
TIME (MIN) 

Fig. 6. Comparison of voltage predictions of computer simulation 
to observed performance of Mk 61 Mad 0 battery when discharged 
at 12.8~ 
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Fig. 7. Comparison of voltage predictions of computer simulation 
to performance of Mk 61 Mad 2 battery when discharged at 12.8~ 
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OPERATING CONDITIONS 

INLET TEMPERATURE 31.1~ 
SALINITY 38% o 
ELECTRICAL LOAD- O.580HM 

- -  45 PSIG 
10.0 GPM 

PRESSURE 
140 

12o 
PERFORMANCE I(.,~ \ ,..J 

o PREDICTED BY '~,'~ 
~> IOOu.  DESi-GN MFTF~OD : ~ / /  

't// U.I 

80 OBSERVED -/~ 
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OF MK 61 BATTERY ~:a~| 

6 0  (13 DISCHARGES) /,~ts 
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Fig. 8. Predicted voltage and observed voltages of Mk 61 Mad 0 
when discharged at high temperature. 

Except for s tar t ing transients  caused main ly  by the 
l imitations of the test facility, the observed and pre-  
dicted temperatures  are in  good agreement. The pre-  
dicted and observed Mk 61 effluent temperatures  for 
the discharges at 12.8~ which are typical  of all four 
test conditions, are compared in Fig. 9 and 10. The 
predicted temperatures  would have to be about 1~176 
higher to be consistent with the voltage predictions. 
However, this is not much larger than  the uncertaint ies  
in tempera ture  measurement  and is well wi th in  the 
accuracy required for bat tery design. 

Mk 64 battery.--The Mk 64 bat tery  is designed to 
operate at the same power level as the Mk 61 but  for 
a shorter period of time. Since it has only one section 
compared to the Mk 61's two, and since the cells are 
the same size (Table I) ,  the current  densi ty is roughly 
twice as high. 

The observed voltages ( taken to be the center l ine 
of the observed voltage envelope) are wi thin  2% of 
the nominal  predicted voltage unt i l  the observed volt- 
age drops to 100V (0.59 V/cell)  at 3.7 min  (Fig. 11). 
The accuracy of the s imulat ion decreases between 3.7 
and 5.2 rain with a max imum error of +15% occurring 
at  4.5 min. The low predictions of the s imulat ion be- 

OPERATING CONDITIONS 
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Fig. 9. Predicted and observed effluent temperatures of Mk 61 
Mod 0 when discharged at 12.8~ ,o! 
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Fig. 11, Predicted and observed voltages of Mk 64 battery 

yond 5.4 rain are the result  of the higher predicted 
exhaustion rate dur ing  the 3.7-5.2-min period. 

The errors at or below 100V result  from the l imita- 
tions of the semiempirical  model on which the simu- 
lat ion is based (1, 3). Fortunately,  enough is known 
about these l imitat ions that  the operating regions 
where serious errors might be expected can be identi-  
fied. In  practice this is not a serious consideration since 
the model works well  over the range of operating 
conditions of interest  in modern  bat tery design. 
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Observed and predic ted  effluent t empera tu res  are  
in excel lent  agreement .  The s l ight ly  high t empera tu re  
predict ions of the computer  s imulat ion are  consistent  
wi th  the s l ight ly  high vol tage predict ions.  

Mk 67 battery.--The Mk 67 ba t t e ry  was tested for 
three  conditions:  (a) high tempera ture ,  high salinity,  
(b) ambient  tempera ture ,  normal  salinity,  and (c) low 
temperature ,  low sa l in i ty  (Table I I ) .  The h igh- t em-  
perature ,  h igh-sa l in i ty  discharges wil l  be discussed 
first. 

Al though the Mk 67 ba t t e ry  is designed to opera te  
at 245V, the per formance  of the ba t t e ry  is such that  
even at its max imum flow ra te  of 120 ga l /min  the 
vol tage does not fal l  to 245V unt i l  the 7-9 min m a r k  
for the h igh- tempera ture ,  h igh-sa l in i ty  discharge con- 
dit ion (Fig. 12). This pe rmi t t ed  us to de te rmine  the 
adequacy of the computer  s imulat ion for the  Nik 67 
ba t t e ry  when  discharged at constant  flow rate.  The 
agreement  is excellent,  wi th  the  s imulat ion predic t ing  
vol tages accurate  to be t te r  than 1% for the first 5 
min and to wi th in  2% unt i l  the 8-rain mark.  

At  the  8-rain m a r k  the observed voltages begin to 
fal l  app rox ima te ly  0.8 min ear l ie r  than  that  predic ted  
by  the "low performance"  predict ions  of the s imula-  
tion. A n  examina t ion  of the flow ra te  data  for this 
condit ion shows that  the  exper imen ta l  reduct ions in 
flow ra te  lag behind those of the simulat ion.  This lag 
in flow reduction,  which is caused by  equipment  l imi ta-  
tions, expla ins  much of the d iscrepancy found af ter  
8 rain. Ano the r  possible  source of low observed voltage, 
especial ly  at low flow rates, is tha t  significant amounts  
of H2 are  qui te  l ike ly  rec i rcula ted  into the lower flow 
passage by  the rec i rcula t ion  pump (4). This is most 
l ike ly  to occur near  the  end of the  discharge when  
flow ra tes  a re  low because of the  increasing volume 
fract ion of H2 at  low flow rates. In  spite of this, the  
predic ted  and observed discharge life agreed to 5%, 
based on the  "nominal"  compute r  predic t ions  and the 
average  observed t ime to 160V (0.7 V/ce l l ) .  

The predic ted  and observed t empera tu res  are  in 
excel lent  agreement  (wi th in  about  a degree  cent igrade)  
for  the first 4 rain of the discharge where  the flow is 
constant  a t  120 ga l /min .  Thereaf ter ,  the  observed t em-  
pe ra tu res  were  lower  than  the predic ted  temperatures ,  
reflecting the high observed flow ra tes  responsible  for 
the  low observed vol tages descr ibed above. 

The comparisons be tween  the pred ic ted  and ob- 
served voltages, t empera tures ,  and flow ra tes  when 
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Fig. 12. Predicted and observed voltages of Mk 67 battery when 
discharged at high temperature. 

the Mk 67 ba t t e ry  is d ischarged at 12.8~ are  presented  
in Fig. 13, 14, and 15, respect ively.  The nominal  vol tage 
predict ions are  within a few per  cent of the observed 
voltages for 96% of the  discharge per iod  to a cutoff 
vol tage of 160V (0.7 V/ce l l ) .  

The t empera tu re  and flow predict ions  are in good 
agreement  wi th  the observed resul ts  over  most of the 
discharge (Fig. 14 and 15). Dur ing  this period, which 
ends at  about  7 �89  rain, the computer  predict ions  
imply  that  the Mk 67 ba t t e ry  is per forming be tween 
the nominal  and the best  expected of it. Thereaf ter ,  
the observed flow ra tes  decrease and the observed 
t empera tu res  rise faster  than  the predict ions of the 
computer  simulation.  This apparen t  decrease in the 
intr insic vol tage capabi l i t ies  of the Mk 67 ba t t e ry  
could be the resul t  of H~ recirculat ion.  

F igure  16 presents  the  agreement  between the simu- 
lat ion and the observed vol tages for  the  case of low 
t empera tu re  and low salinity.  The vol tage  predict ions  
of the s imulat ion are  excel len t  be tween  the  11/2 and 
7-min marks.  

The discrepancies  in the first 1�89 rain of the dis- 
charge are  caused by  s tar t ing transients .  The ba t t e ry  
is filled at  a flow ra te  of 120 ga l /min  unt i l  the system 
pressure  reaches 45 psig, whereupon  the flow ra te  is 
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Fig. 13. Predicted and observed voltages of Mk 67 battery when 
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Fig. 16. Predicted and observed voltages of Mk 67 battery when 
discharged at 0~ 

reduced  to the 30-40 g a l / m i n  requi red  to br ing  the 
ba t t e ry  vol tage up to the  des i red  245V. The wide range 
of observed voltages found in the first 1�89 min  (Fig. 16) 
resul ts  f rom var ia t ions  in the  t ime it  takes  to accom- 
plish this task.  In  contrast ,  the computer  s imula t ion  
s imulates  opera t ion  in which the filling t ime is ve ry  
short  wi th  a flow control  va lve  wi th  infini tely fast  and 
accurate  response. This condit ion is best  approached  
by  the ba t t e ry  behavior  g iven by  the  " leading edge" 
of the  observed vol tage envelope. I t  is significant that  
the  agreement  be tween  the  s imula t ion  and the  leading  
edge is excellent .  

Low- tempera tu re ,  low-sa l in i ty  discharges of the  Mk 
67 ba t t e ry  a re  f requent ly  marked  by  clogging and 
e lect r ica l  arcing wi th in  the  ba t t e ry  in the  per iod  be-  
yond  7~/z min. This, along wi th  the  p robab le  rec i rcu-  
la t ion of H2, accounts for the  poor per formance  dur ing  
this period. Since the  s imulat ion assumes tha t  no vol t -  
age losses f rom undesi red  effects such as arcing or 
clogging occur, a va l id  comparison dur ing  the l a t t e r  
por t ion  of the discharge would  be tha t  of the t ra i l ing  
edge of the  vol tage  envelope and the nomina l  pred ic ted  

vol tage  line. These two lines are in good agreement ,  
reaching the cutoff vol tage  of 160V (0.7 V/ce l l )  wi th in  
0.5 min  of each other.  

Thus, the  nomina l  vol tage  predic t ions  of the  s imula-  
t ion are  in excel lent  agreement  for  95% of the  dis-  
charge t ime to a cutoff vol tage of 160V if the  leading 
edge of the vol tage  envelope  is used dur ing  the first 
1 ~ rain of the discharge to compensate  for the  effects 
of s ta r t -up  procedures  and if the  t r a i l ing  edge of the  
vol tage envelope is used beyond the 8-min  m a r k  to 
compensate  for the effects of arc ing and clogging. 

Discussion 
When  l imi ta t ions  of the tes t  fac i l i ty  and the  effects of 

clogging and arc ing are  t aken  into account, the  voltage,  
flow, and t empera tu re  predic t ions  of the  computer  
s imulat ion are  in good- to-exce l len t  agreement  wi th  
the  observed per formance  of the Mk 61 Mods 0 and 
2, Mk 64, and Mk 67 bat ter ies .  The configurations of 
the four ba t te r ies  used in this  s tudy are  sufficiently 
d iverse  tha t  these resul ts  a re  appl icable  to al l  high- 
dra in  AgC1-Mg ba t t e ry  configurations known  to this  
author.  Fur the rmore ,  the  t empe ra tu r e  and sa l in i ty  of 
the e lect rolytes  used in the  discharges  r epor ted  here  
cover  the  ex t remes  found in the  wor ld ' s  oceans wi th  
the except ion of a few smal l  regions such as those at  
the  bot tom of the  Red Sea where  ex t r eme ly  wa rm 
concent ra ted  br ines  a re  found. On this  basis  we  con- 
clude tha t  the s imula t ion  is more  than  adequate  for 
use in ca r ry ing  out  pa ramet r i c  studies or for the  de- 
sign of high-drain ,  sea wa te r -ac t iva ted  ba t te r ies  which 
use AZ61 magnes ium alloy, the  most  common al loy for 
such ba t te r ies  today.  

The computer  cost of s imula t ing  a ba t t e ry  discharge 
ranges  f rom $15-$30. The cost of d ischarging a ful l -  
size ba t t e ry  ranges  f rom $2,000 to $30,000 (1). In  add i -  
t ion to the  advan tage  of low cost, the  s imulat ion gives 
in format ion  on the  spat ia l  and tempora l  d is t r ibut ions  
of such quant i t ies  as tempera ture ,  e lec t ro ly te  com- 
position, and cu r ren t  dens i ty  tha t  a re  difficult or im-  
possible to obta in  f rom ba t t e ry  discharges.  A fur ther  
advan tage  of the  s imulat ion is tha t  the  range  of oper-  
a t ing  conditions which  can be s tudied is not l imi ted  
by  the ava i lab i l i ty  of discharge facil i t ies or by  the 
prac t ica l i ty  of tests  conducted at  sea. This l a t t e r  is a 
significant problem,  not  only  because of the high costs 
of field operat ions  and ins t rumenta t ion  problems  but  
because of the unpred ic tab le  occurrence of many  of 
the  test  condit ions which are of interest .  

Thus, the  computer  s imula t ion  permi t s  rap id  and 
inexpens ive  de te rmina t ions  of the  behavior  of com- 
pe t ing  ba t t e ry  configurations pe rmi t t ing  a large  re-  
duction or even the comple te  e l iminat ion  of the  "cut 
and t ry"  effort previous ly  requ i red  to design bat ter ies .  
This ab i l i ty  to evalua te  the per formance  of candidate  
ba t t e ry  configurations for  any  des i red  opera t ing  condi-  
t ion considerably  reduces the technological  r isks of 
ba t t e ry  development .  These comments  app ly  wi th  equal  
force to system studies involving the appl icat ion of 
h igh-dra in  AgC1-Mg bat ter ies .  
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The Ag/KCN-4Agl/2 Perylene �9 313 Solid-State Battery System 

D. V. Louzos,* W. G. Darland,* and G. W. Mellors 
Union Carbide Corporation, Consumer Products Division, Cleveland, Ohio 44101 

ABSTRACT 

A solid-state bat tery  system using a powdered silver anode, a charge trans-  
fer iodine complex cathode of 2 perylene �9 312, and an electrolyte of ionically 
conductive solid KCN-4AgI has been developed. The open-circuit  voltage of 
single cells is 0.64V. Being totally solid, the system enjoys long shelf life and 
freedom from electrolyte leakage. Cell construction is such that  the thickness 
of the highly conductive (1.4 X 10 -1 ohm -1 cm -1) KCN-4AgI electrolyte layer 
can be as low as 0.004 in. without  sacrificing useful shelf life. This coupled with 
the high electronic conductance of both anode and cathode results in low im- 
pedance cells capable of delivering continuous currents  as high as 50 mA/ in .  2 
and pulse currents  up to 1.0 A/in.  2. Successful operation under  conditions of 
severe rotat ional  spin has been demonstrated. Cell performance over the wide 
tempera ture  range of --40 ~ to +250~ has been shown. 

Solid electrolyte batteries enjoy inherent  advantages 
over their l iquid electrolyte counterparts  in that the 
absence of a l iquid extends the temperature  range over 
which the bat tery is operable and permits the con- 
struct ion of a leakproof system. Anode corrosion and 
loss of solvent by drying out constitute two of the 
important  l imitat ions of shelf life in  aqueous batteries 
and it is reasonable to expect that  solid-state systems 
should show improved behavior in these respects. 
Solid-state batteries should also be capable of pressure 
packaging or hard encapsulat ion to yield rugged as- 
semblies that would be capable of wi ths tanding shock 
and vibration. 

Within  the last 20 years at tempts have been made 
to use solid ionic conductors as bat tery electrolytes. 
Work done before 1950 was main ly  of theoretical inter-  
est and consisted of measurement  of single-cell po- 
tentials. During the 1950's a flurry of activity occurred 
wi th in  the bat tery  indus t ry  with the resul tant  develop- 
ment  of a number  of solid electrolyte systems. How- 
ever, the most conductive ionic solid known at that 
t ime was silver iodide whose specific conductance at 
25~ was about 10 -6 ohm -1 cm -1. 

Because of this, very  th in  electrolyte layers had to 
be employed in order to minimize in ternal  resistance 
and permit  the delivery of current  even in the micro- 
ampere range. Dur ing  the period 1957-1960 pilot p lant  
production techniques were developed usually under  
Industr ia l  Preparedness Study Contracts to study de- 
sign and production problems. The development  work 
conducted by five major  bat tery companies dur ing this 
period confirmed the advantages predicted for solid 
electrolyte batteries (1). Miniaturizat ion approaching 
100V/cm was achieved, and shelf life was estimated 
at 10 years. Manufactur ing techniques were amenable  
to a high degree of mechanization. Some of the bat tery 
systems were operational and apparent ly  unharmed  
at temperatures  approaching 100~ Packaging could 
be made exceptionally s turdy and rugged and the 
batteries were able to withstand shock and vibration. 

The development  work indicated that there were 
also l imitat ions inheren t  in solid-state systems. Al l  
exhibited very high in terna l  resistance and high polar- 
ization losses during discharge at room temperature.  

* Electrochemical  Society Active Member.  
Key words: solid electrolyte bat tery,  s i lver /pery lene  iodine bat-  

te ry  system, potassium cyanide-s i lver  iodide electrolyte,  shell life, 
perylene-iodine.  

No system could be considered a useful  power source 
for drains in excess of 10 ~A/cm 2. Recently a revival  
of interest  in solid-state systems has occurred main ly  
as a result  of the discovery of new conducting com- 
pounds. Reuter  and Hardel (2) reported AgsSI to have 
conductance of 10 -2 ohm -1 cm -1, and cells of the type 
Ag/Ag3SI/I2 bui l t  by Takahashi  and Yamamoto (3) 
yielded currents  of 1 mA / c m 2 at 25~ Since Ag3SI, 
when slightly off stoichiometry, possesses appreciable 
electronic conductance and reportedly reacts with 
iodine to form silver iodide and sulfur (4), fur ther  
work to clarify the stabili ty of this system is required. 

Materials of the general  formula MAg415 (where M 
= K, Rb, or NH4) were described almost s imul tan-  
eously by Bradley and Greene (5) and Owens and 
Argue (6). Ionic conductances in  the region of 2 X 
10-1 ohm -1 cm -1 were reported for the best of these 
materials, and later papers described cells in the 
system Ag/RbAg4IJRbIs  (7). Other cathodes used 
were iodine and the reaction product of iodine and 
t e t r abu ty lammonium iodide (8). Currents  in the milli- 
ampere region may be drawn continuously from these 
batteries. 

Recent work (9, 10) has described the preparat ion and 
properties of a family of cyanide-iodide solids whose 
conductance is essentially ionic and again differs but  
little from that  of aqueous bat tery electrolytes. For  
example, the specific conductance of KCN-4AgI is 1.4 
X 10 -1 ohm -1 cm -1 while that of the aqueous electro- 

lyte of Leclanch6 cells is 2.0 X 10 -1. 
The present  paper describes the development  of a 

solid-state bat tery  (11) based on these cyanide-iodide 
materials and a perylene- iodine cathode. Of necessity, 
since these solids conduct by silver ion transport,  the 
anode was silver metal. A large number  of inorganic 
and organic iodine complexes were evaluated as po- 
tential  cathode materials, however, the charge t rans-  
fer complex of perylene- iodine was used in all cells 
described here. 

Experimental 
Materials.--The materials  that  were used in the cell 

fabrications were general ly Reagent Grade or ACS 
grade pur i ty  chemicals. The preparat ion of the solid 
electrolytes of the KCN-AgI and RbCN-AgI  systems 
has been previously described (10). 

Cell co~struction.--In its simplest form the cell con- 
sists of an anode layer, an electrolyte layer, and a 
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cathode layer. The anode can be merely a th in  sheet 
of silver foil or a thin layer of silver metal  deposited 
on one side of the electrolyte layer, or a silver powder-  
electrolyte composition. This is mechanical ly separated 
from the cathode by a thin layer of the compressed 
KAg414CN electrolyte. The cathode is also a pressed 
powder disk formed from the iodine-containing com- 
plex, 2 perylene �9 312. The three layers are held to- 
gether in int imate contact obtained by compression of 
the respective powders during cell fabrication, the cell 
thereafter  funct ioning without any applied external  
pressure. 

Figure 1 shows a partial  cutaway view of a typical 
cell construction that utilizes an electrolyte layer that  
even if as thin as 0.004 in. does not shorten the useful 
shelf life of the cell and which at the same time results 
in more efficient uti l ization of cell volume. The anode 
subassembly consists of a pressed disk containing silver 
powder adjacent to the electrolyte layer and an anode 
collector that  serves as an electronic contact to the an-  
ode situated on the outside surface of the anode as 
shown. The cathode subassembly is a disk containing the 
2 perylene �9 312 powder and a metallic cathode collector, 
for example, a thin sheet of nickel. The entire cell as- 
sembly is compressed during manufacture  to establish 
in t imate  physical bonding between the various layers. 
A standard Adolph Buehler  metallographic mount ing  
press may be used for these molding operations in the 
laboratory. The cell is thereafter encapsulated in 
plastic, for example, Lucite or Kel-F. Cells have been 
made whose diameter varied between 0.4 to 1.25 in. In  
a cell encapsulated in plastic, holes may be drilled 
through the plastic at either end, filled with conductive 
silver epoxy cement in which are embedded lead wires, 
the latter serving as contacts. In  a hermetically sealed 
(metal  case) system, one electrode may be brought  out 
through a Stupakoff seal (glass-metal) and the other 
:may be the metal  case, or both may be brought  out 
through glass-metal seals. 

Electrodes.--In general  the choice of anode for a 
solid-state bat tery  is dependent  on the nature  of the 
conducting ion. In the present electrolytes, one must  
use silver and while the anode metal  may be present as 
a flat, th in  metal  foil, it is preferable for optimized per- 
formance that a large surface area of silver be provided 
in  the anode in contact with solid electrolyte. This is 
accomplished by the physical blending of mixtures  of 
silver powder and electrolyte powder. The resul t ing 
pressed powder compact not only has a large area of 
interracial  contact between anode and electrolyte but  
also provides int imate contact between the anode and 
the electrolyte layers when these are subsequently 
pressed together. A thi rd  component  of the anode may 
be finely divided carbon black which fur ther  im- 
proves cell performance. 

In  all cells described here the charge transfer com- 
plex of perylene-iodine (2:3) was used as active cath- 
ode material.  For a bat tery  to possess good, high-tem- 
perature  shelf life it is desirable that the iodine exert 
a low vapor pressure; the data of Fig. 2 obtained in this 
laboratory (12) shows the variat ion with tempera ture  
of the vapor pressure of I2 over perylene-iodine (2:3) 
and over solid iodine. In  addition the perylene-iodine 
materials  are par t icular ly  well suited for use as solid- 
state bat tery  cathodes because of their high electronic 
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Fig. 1. Partially cutaway cross-section view of typical single cell 
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Fig. 2. Variation of iodine vapor pressure with temperature for 
iodine and 2 peryiene �9 312. 

conductivities. For example, the specific resistivity of 
a pressed pellet of 2 perylene �9 312 is 8 ohm-cm. The 
complex is prepared by reacting the components in  a 
closed tube  at 200~ for several hours. While in the 
open, iodine evaporates slowly and leaves golden-yel-  
low perylene behind, in the sealed envi ronment  of the 
cell the complex is stable. 

The 2 perylene �9 312 complex may  be powdered and 
compressed alone as the useful cathode, but  preferably 
it is compounded in much the same manne r  as the 
anode, i.e., start ing with the dried powder form of the 
active cathode material,  electrolyte, and carbon and 
physically mixing  these together. Drying is again ac- 
complished by storing the respective powders in  an 
argon atmosphere over P205. 

In  Table I are shown typical electrode formulations 
together with capacities and silver and iodine utiliza- 
tions. 

While the charge t ransfer  complex, 2 perylene �9 312, 
was used as the active cathode mater ia l  for the cells 
whose performance is described herein, a number  of 
other organic and inorganic iodine-containing materials  
were also evaluated. A number  of cell systems result ing 
from this work are shown in  Table II. 

Electrolyte.--A number  of solid compositions pre- 
pared in the KCN-AgI and RbCN-AgI system have 
been used as the solid electrolyte. Of these, the KCN- 
4AgI solid (KAg414CN) is preferred because of the 

Table I. Typical electrode formulations 

Anodes 
Formulation, % Silver 

Capacity, Capacity, util- 
Desig- mA-hr/ mA-hr/ ization, 
nation Silver  Electrolyte Carbon g m i x  g A g  % 

1A 44.6 41.0 14.4 33 74.0 30 
2A 71.9 27.4 0.7 73 101.5 40 
3A 67.5 30,0 2.5 100 148,5 60 

Cathodes 
Pery -  Capacity 
lene- Elec- Car- Uti l -  

Des ig-  iodine, 12 only, t rolyte ,  bon, m A - h r /  m A - h r /  ization, 
nation % % % % g m i x  g 1~ % 

1C 22.0 13.2 56.4 21.6 9 67.2 32 
2C 50.0 30.0 37.5 12.5 45 150.0 71 
3C 87.0 52.1 0o0 13.0 90 172.5 82 



Vol. 120, No. 9 S O L I D - S T A T E  BATTERY SYSTEM 1153 

Table II. Open-circuit voltages for selected systems 0.7 

Cell system Open-circuit voltage 

A E / K A g , I 4 C N / 2  p e r y l e n e  �9 312 
A g / R b A g , I , C N / 2  p e r y l e n e  - 312 
A g / K A g , I , C N / 2  p h e n o t h i a z i n e  - 3Is 
Ag lEbAg414CN/2  p h e n o t h l a z i n e  �9 3I~ 
A g / K A g d 4 C N / p y r e n e  �9 I~ 
A g / R b A g , I 4 C N / p y r e n e  �9 I2 
A g / K A g j , C N / ( C H ~ )  ~NIs 
Agl I~Ag~I4CN / RbI8 

0.64 
0.64 
0.64 
0.64 
0.64 
0.64 
0 . 6 5  
0.67 

Table III. Comparison of electrolyte conduetances 

Specif ic  c o n d u c t a n c e  
T y p e  o f  s y s t e m  E l e c t r o l y t e  a t  25~ ohm-~ cm-1 

S o l i d  s ta te  
A g / 2  p e r y l e n e  �9 3I~ KAg4I~CN 1.4 x 10 -1 

A q u e o u s  
Lec l anch~  

ZnlMn0~ NH,CI + ZnCl~ 2 x I0-~ 

Alkaline 
Zn/Mn0~ 
Zn/Ag20 K0H S x I 0  - I  
Z n / H g O  
C d / N i O O H  

L e a d  a c i d  
Pb/PbO~ H~SO~ 7 X I0 -I 

lower cost of potassium salts as compared to rub id ium 
salts. This mater ia l  was ground to a fine powder in a 
dry  argon atmosphere before being used in the com- 
pression molding of cells. The powdered solid electro- 
lyte layer is in t imate ly  compressed into both the pow- 
dered anode and cathode layers to form a good continu- 
ous cell structure. The conductance of KCN-4AgI has 
been reported in  an earl ier  publicat ion (I0) and it may 
be noted that the conductance is adequate, even at 
--60~ to permit  use in cells. A comparison of the spe- 
cific conductance of this mater ia l  with those of the 
aqueous electrolytes used in  commercial  systems is 
presented in  Table III. 

Results 
In  the following section data are reported on single 

cells and on batteries having a number  of cells con- 
nected in series or in series-parallel .  

Single-celt discharge data.--Continuous discharge 
data at nominal  drains of 50, 150, and 300 ~A are shown 
in Fig. 3, 4, and 5, respectively, over the tempera ture  
range  of --40 ~ to 160~ Pulse discharge at 1A for 5 

0.7 

0.6 

> 0.5 

0.4 

+160~ 

-40 ~ F 

! I t I t I ! ! 
30 60 90 120 150 180 210 240 

HOURS 

Fig. 3. 50/~A discharge of Ag/KAg414CN/2 perylene �9 312 cells 

0.6 

> 
0.5 

0.4 

. ~ +160~ 

+72 ~ F 
�9 �9 s �9 J_ ~ _ _  

I I I ,I I 118 211 ~4 3 6 9 12 15 
HOURS 

Fig. 5. 300 ~A discharge of Ag/KAg414CN/2 perylene �9 312 cells 
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0.5 

>0 0.4 
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MILLISECONDS 

Fig.  6. 1 A m p e r e  d i s c h a r g e  fo r  $ msec  A g / K A g 4 1 4 C N / 2  pery-  
lene  �9 312 cel l .  

msec is shown in Fig. 6. The ratio of silver to iodine 
in  the electrodes was 4:1 and the formulat ions 1A and 
1C (Table I) were used. The open-circuit  potential  was 
0.64-0.66V and the cells were 1 in. in diameter  with a 
nomina l  electrode cross-sectional area of 0.75 in% 

In  Fig. 7 is shown a photograph of a hermetical ly 
sealed single cell, where the steel container  is one 
contact and the other lead was brought  out through a 
glass to metal  (Stupakoff) seal. This construction per- 
mitted continuous operation at the 5-6 mA level at up 
to 250~ in an oil bath (Fig. 8). Polarization scans at 
72 ~ and 250~ are shown in Table IV. 

Another smaller size of single cell was developed 
and tested for a low drain-extended service application. 
This was 0.5 in. in diameter, used electrode formula- 
tions 2A and 2C (Table I), and the silver to iodine ratio 
in the electrodes was 1: 1. Performance at room tem- 
perature at average currents of 12.6 and 28.3 ~A are 
shown in Fig. 9. Other cells were made in this size 
with identical anodic silver: cathodic iodine ratios but 
using the 3A-3C combinations of electrode formula- 
tions. 

A typical var iat ion of open-circuit  potent ial  with 
temperature  for a single cell consisting of 3A-3C elec- 

0,7 

0.6 ~ _ +160~ 

0.5 

0.4 I I I I I I l I I I I 
10 20 30 40 50 60 70 80 

HOURS 

Fig. 4. 150 ~A discharge of Ag/KAg414CN/2 perylene �9 312 cells 

I 
90 

Fig. 7. Hermetically sealed Ag/KAg414CN/2 perylene �9 312 cell 



1 1 5 4  J. Electrochem. Soc.: ELECTROCHEMI CA L SCIENCE AND T E C H N O L O G Y  September 1973 

0.7 

0.6 

0.6 

250~ 100 ohm load 0.4 

. ~ 0.6 

0.5 
> 0.5 0.4 

0.4 
20 40 60 ,20 ,40 ,60 80 I~ > 0.4 

MINUTES 

Fig. 8. Discharge of hermetically sealed Ag/KAg414CN/2 pery- 
lene �9 312 cell. 
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Fig. 9. Performance of 0.5-in. diameter cells using 2A and 2C 
electrode formulations. 

trodes is shown in Table V and the performance of 
such a cell at room temperature  and at --40~ is shown 
in  Fig. 10. 

The capabil i ty of the cell is much reduced at low 
temperatures  but, by employing a silver reference 
electrode bui l t  into the cell, it was found that under  
these conditions the anode polarized severely and thus, 
by increasing the amount  of anode (i.e., increasing 
si lver: iodine rat io) ,  improved performance at low 
temperatures  could be obtained. However, this im- 
provement  was at the expense of performance at room 
temperature  and 160~ Data for 423  ~ and --40~ are 
shown in Fig. 10 and it was decided that the best com- 
promise was an Ag: I2 ratio of 4: 1. One may note that, 
in cells that  are anode-limited, the anode efficiency falls 
from 58% at room temperature  to 12% at --40~ while 

+23~ 

~"~C40o I I �9 C ! 

+23~ 

+23~ 
_ ~  4:1 

0.6 ~ -  ~ +23~ 6:1 
0 .4 [  , 

o loo 200 300 400 5~o 6~o ' 

HOURS 

Fig. I0. Performance of 0.5-in. diameter cells with 3A and 3C 
electrode formulations including - -40~ data (20,000-ohm load) 
as a function of anode:cathode ratio. 

in a cell designed to be cathode-l imited the figures are 
83% at room tempera ture  and 74% at --40~ based on 
iodine utilization. 

Multiple cell batteries.wBatterie8 have been made 
with single cells connected in  series, or in parallel,  or 
in combination. A hermetical ly sealed four-cell bat tery 
(two parallel  pairs of two cells in series) designed to 
operate over the temperature  range --40 ~ to 160~ is 
shown in Fig. l l a  while a 3.25V bat tery (five cells in  
series) is shown in Fig. l lb .  The lat ter  was intended 
to supply a pulse of 1A for 5 msec. A discharge curve 
for a single cell under  these load conditions has been 
shown in Fig. 6. 

Figure 12a shows a variety of single cells and stacks 
made from these cells, while Fig. 12b shows encapsu- 

Table IV. Polarization scans of Ag/KAg414CN/2 perylene �9 312 cells 

L o a d ,  ohms Volts Calc., mA mA/inP 

72~ 
i 0 0 0  0 .58 0 .58  0 ,77 

500 0 .59 1.16 1.55 
300 0 .57 1.90 2 .53 
100 0 .55 5 .44 7.39 

50 0 .53 10.7 14.2 
10 0 .48 48 .2  64,3  

2 5 0 ~  
I000  0 .60 0.60 0 .80 

500  0 .60 1.19 1.59 
300 0 .59 1.98 2 .64  
I00  0 .59 5 .85 7.90 

50 0 .57 11.4 15.2 
10 0 .49  49 .0  65.3  

Fig. 11a. Hermetically sealed 4-cell battery Ag/RbAg414CN/2 
perylene �9 312. 

Table V. Variation of open-circuit voltage with temperature 

Cell No. E l e c t r o d e s  T e m p e r a t u r e  (~ OCV 

1242 3 A - 3 C  - -  64 0.636 
--  20  0,641 

0 0.643 
22  0,645 
44  0.648 
60 0 ,650 

Fig. 11b. 3.25V battery consisting of five Ag/KAg414CN/2 
perylene �9 312 cells in series. 
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Fig. 12a. Variety of single cells and stacks 

Fig. 12b. Hermetically sealed encapsulations of above cells and 
stacks. 

lat ions in he rmet ica l ly  sealed conta iners  of some of 
those bat ter ies .  

Pe r fo rmance  of three  and seven cell  s tacks of 1/2 
in. OD cells is shown in Fig. 13 wi th  loads as indica ted  
(anode :ca thode  ra t io  1:1, 3A and 3C formula t ion) .  
F igure  14 shows the discharge of seven cell  ba t ter ies  
at  three  different  tempera tures .  

Pe r fo rmance  of a ser ies-para l le l  ba t t e ry  is shown in 
Fig. 15. Curve  A is for a ba t t e ry  having  two cells in 

2.0 

1.5 

> 

0.5 

4 

O - 170 K~ (9.89 I~A) 

t3 - 601~ (28.35 I~A) 

I I I I I I 

A - 320 I~  (11.9 ~A) " ~  

1 I I I I , I 

I00 200 300 400 500 600 
HOURS 

Fig. 13. Performance of 3- and 7-cell stacks (0.5-in. diameter) 
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Fig. 14. Discharge of 7-cell batteries at three temperatures 
(20,000-ohm load). 
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1.0 

o> 

0.5 

5O 100 tS0 (A) 
I I I 

o I I I 
2o 4o 6o so (s) 

H O U R S  

Fig. 15. Performance of a serles-parallel battery. Curve A: 2 
cells in series, paralleled three times; Curve B: 2 cells in series, 
paralleled four times. Average current: 1.0 mA. 

series, pa ra l l e l ed  three  times, whi le  Curve  S has four  
series pairs  in paral le l .  Curve A was obta ined by  dis- 
charging at  a 500-ohm load 15 msec on, 30 msec off. The 
average  cur ren t  was 0.70 m A  and  the  capaci ty  104 m A -  
hr  to 0.SV cut-off. Curve  B was obta ined wi th  an l l00-  
ohm load, 1.0 rnA average  cur ren t  wi th  capaci ty  64 
m A - h r  to 0.8V cut-off. 

Impedance . - -S ince  the  electronic conductance of the 
anode and cathode and the  ionic conductance of the  
e lect rolyte  are  al l  high, it  is not  surpr is ing  tha t  at  
room t empera tu r e  single cells of 1-in. d iamete r  have  
an impedance  of about  0.3 ohm. In  addi t ion after  12 
months  storage at  160~ only a small  increase to 0.7 
ohm occurred. At  --40~ s ingle-ce l l  impedance  is 2.1 
ohms fresh and 2.5 ohms af ter  storage. Cell  discharge 
also resul ts  in addi t ional  smal l  impedance  increases 
as can be seen f rom Table VI. 

The impedance  of equiva lent  cells made  wi th  
RbAg414CN elec t ro ly te  in p lace  of KAg4L~CN is essen-  
t i a l ly  identical .  The var ia t ion  of impendance  wi th  t em-  
pe ra tu re  for a four-cel l  ( ser ies -para l le l )  b a t t e r y  us ing 
RbAg414CN elec t ro ly te  (see photograph  of cell, Fig. 
l l a )  is shown in Fig. 16. The t empera tu re  coefficient is 
2.9 X 10 - s  o h m / ~  (5.2 • 10 -3 ohm/~  

Table VI. 1000 Hz impedance of single cells. 1-in. diameter, 
0.75 in# apparent area 

I m p e d a n c e  (ohms)  
T e m p e r a t u r e  
of discharge, A f t e r  12 m o n t h s  

D i s c h a r g e  ~  F r e s h  ce l l s  s t o r a g e  a t  160~  

B e f o r e  70 0.3 0.7 
After  70 0.5 1.2 
Before  -- 40 2.1 2.5 
A f t e r  -- 40 ~ 4.6 
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Fig. 16. Variation of impedance with temperature (for 4-cell 
battery of Ag/RbAg414CN/2 .perylene 312 

Some typical  values (also at 1000 cycles) of imped-  
ance for 3-, 5-, and 7-cell batteries are shown in  Table 
VII. 

Depending on the components and on the amounts  
of material  used for example, high capacity necessitates 
thick electrodes and hence higher than normal  im-  
pendance, the figures given in Table VIII can be quoted 
for impedance for single cells. 

SheLf liSe.--Shelf-life studies were conducted with 
1-in. diameter  cells under  conditions designed to 
minimize any var iabi l ty  caused by seals and moisture 
ingress. These cells were bui l t  as described in previous 
sections utilizing the design of the single cell shown 
in  Fig. 1, with the 1A-1C electrode formulat ion (4:1 
silver-iodine ratio).  Cells were encapsulated in Lucite 
plastic with an addit ional second layer of epoxy plastic 
placed over the Lucite not normal ly  placed over cells 
destined for hermetic bat tery sealing. The cells were 
fur ther  stored in  a desiccator over 1~ so as v i r tua l ly  
to el iminate the possibility of moisture ingress during 
the storage period. The exper imental  conditions chosen 
for this shelf-life study simulate those that exist in 
the hermetical ly sealed construction used in later  de- 
signs of this battery. The shelf-life capabil i ty of the 
system is evaluated by discharge of cells that have 
been stored for six months at 160~ and then tested 
over the tempera ture  range of --40 ~ to +160~ A 
comparison of the capacities obtained under  these con- 
ditions with those obtained from fresh cells may be 
found in Fig. 17. While some decrease in capacity was 
noted after prolonged 160~ storage (accelerated shelf 
test),  a substantial  and cer tainly useful cell cspacity 
is obtained, and a rule of thumb common in bat tery  
technology suggests that  one month  of storage at 160~ 
is approximately equivalent  to one year at room tem- 
perature.  
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Fig. 17. Shelf-life study (capacity retention of Ag/KAg414CN/ 
2 perylene �9 312 system) (4000-ohm load). 

Storage experiments  with 0.5-in. diameter  cells (3A- 
3C electrode formulations, 1:1 silver to iodine ratio) 
are shown in Fig. 18. After  six months storage at room 
temperature  v i r tual ly  no loss in capacity was observed 
on discharging at room temperature.  On the other 
hand, some loss was observed in  the room temperature  
capabili ty after storage at 160~ for six months. 

A loss of open-circui t  voltage is seen upon storage 
and an at tempt has been made to determine the mag- 
ni tude of this decay. An  examinat ion  of data from 
several sources indicates a cont inuously decreasing rate 
of open-circuit  decay. The rate of decay is defined as 
the total loss in  voltage from the time of manufac ture  
divided by  the n u m b e r  of days dur ing  which the loss 
occurred. Over a long period of t ime the loss becomes 
very small, as is demonstrated in  Fig. 19; for example, 
after storage at room tempera ture  for about one year 
the average decay is 0.028 mV/day.  

Spin testing.--Ag/KAg414CN/2 perylene �9 312 cells 
have been subjected to discharge loads ranging from 
47 to 10,000 ohms while being rotated at speeds of 360 
rps (21,600 rpm) .  The cells operate essentially the 
same while being rotated at 360 rps as they do under  
normal  static conditions. 

Summary 
Solid-state bat tery  systems were developed using 

ei ther  KCN-4AgI  or RbCN-4AgI as the solid electro- 
lyte, and the charge t ransfer  complex, 2 perylene �9 312 
as cathode. This mater ia l  provided iodine for electro- 
chemical  reduct ion at a low vapor pressure thus lore- 

Table VI I .  Battery impedance at 1000 cycles 

1000 Cycle 
Battery type Electrodes a-c resist- 

and nominal area (see Table I) Time ance (ohms) 

3-cen, 0.11 In31cell 3A-3C Fresh 3.6g 
4 months 4.5 
1 year 4.6 

5-cel l ,  0.11 I n 3 / c e l l  3 A - 3 C  F r e s h  5.7 
1 m o n t h  5.9 

7-ceU, 0.11 in .=/ceU 3 A - 3 C  F r e s h  7.3 
3 months 8.3 

Table VI I I .  Impedance of single cells 

Area (in.=) Impedance (ohms) 

0.11 o.g ~ 2.5 
0.28 O.S ~ 2 . 0  
0.80 0.25 ~ 1.0 

0.8 

0.6 �84 

~ 0 . 4  

0.2 

0 

�9 ..o-~ INITIAL 

--o-- AFTER 24 WKS. ROOM TEMP. STORAGE 

AFTER 24 WKS- §176 STORAGE 

~ ' % "  ...... ~ . . . . .  " ' ? ~ - - - ~ . - o - . ~ _  

I I i 
0 100 200 300. 

HOURS 

Fig. 18. Storage data with 3Ao3C electrode formulations (20,000- 
ohm load). 
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Fig. 19. Loss of open-clrcuit voltage on storage over extended 
periods at room temperature. 

serving high- temperature  shelf life, and was well  
suited for use as a cathode because of its high electronic 
conductivity. The use of a silver anode was dictated by 
faradaic experiments  which established the conduct- 
ance of the solid electrolytes as being due to the 
movement  of Ag + ions. In  its simplest form, the equa-  
t ion of cell discharge may be wr i t ten  as 

at the anode 
Ag--> Ag + 4- e -  

at the cathode 

~/2I~ (perylene complex) 4- e -  --> I -  4- perylene 

over-all  

Ag W �89 (perylene complex) --> AgI d- perylene 

Cell construction and molding techniques were de- 
veloped that  permit ted electrolyte thickness as low as 
0.004 in. to be used without  sacrificing useful shelf life. 
Ag/KAg414CN/2 perylene �9 312 cells of 1-in. diameter 
(0.75-in.2 apparent  electrode cross section) were made 

whose 1000 Hz impedance is only 0.3 ohm at room 
temperature.  Useful cell discharge was demonstrated 
over the tempera ture  range of --40 ~ to W250~ 
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The Silver/Silver Iodide/Silver Thermocell 
Herbert F. Hunger* 

Power Sources Technical Area, Electronics Technology and Devices Laboratory, 
United States Army  Electronics Command, Fort Monmouth, New Jersey 07703 

ABSTRACT 

Various thermodynamic  expressions for the thermoelectric effects in  solid 
electrolytes, including silver iodide, have been reported in the l i terature.  No at- 
tempt  has been made so far to account for the contraction phenomenon occur- 
r ing in 7, ~ silver iodide dur ing temperature  increase. Considering that  we are 
dealing actually with a thermomechanical  electrical effect, a novel equation 
for the thermoelectric power of silver iodide was developed which appears to 
account quant i ta t ively  for the experimental  data. 

The equation contains two terms. Discussion of the na ture  of these terms 
and their numerical  values lead us to believe that  the first term is identical  
with the heterogeneous thermoelectric effect and the second te rm with the 
homogeneous thermoelectric effect. These two effects were postulated and dis- 
cussed by earlier investigators. 

The equation permits computat ion of both effects as well  as compu- 
tat ion of the total thermoelectric power as a funct ion of impur i ty  ion con- 
centrat ion and temperature  from 0 ~ to 140~ It appears that the heteroge- 
neous thermoelectric effect is a function of the impur i ty  ion concentrat ion level. 
The levels in a commercial  product of powdered silver iodide from which the 
sensor pellets were prepared were 4.95 X 1017 and 8.65 X 1017 impur i ty  ions 
per cm 8. These levels correspond to an averaged thermoelectric power of 7.5 
• 10 -4 V/~  at room temperature.  

A thermocell composed of two identical si lver elec- 
trodes in  int imate  contact with opposite faces of a 

" E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  w o r d s :  t h e r m o m e c h a n i c a l  e l ec t r i ca l  e f fec t ,  h o m o g e n e o u s  

thermoelectr ic  effec t ,  h e t e r o g e n e o u s  t h e r m o e l e c t r i c  e f fec t ,  strain- 
potential  effect. 

pellet made of compressed silver iodide powder can 
sense a tempera ture  gradient  across the cell by de- 
velopment  of a potential  difference. Thereby the 
warmer  electrode assumes a negative potential  vs. 
the cooler, positive electrode. 
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The thermoelec t r ic  effect of s i lver  iodide and of 
o ther  solid e lect rolytes  was first s tudied in 1928 by  
Reinhold (1). He repor ted  measurements  of t he rmo-  
voltages of various modifications of s i lver  iodide and 
developed empir ica l  equat ions descr ibing the obser-  
vations. 

A series of fundamenta l  publ icat ions  pe r t inen t  to 
the  effect followed. Eas tman cont r ibu ted  funda-  
men ta l ly  wi th  a the rmodynamic  t r ea tment  of s ta t ion-  
a ry  states in nonisothermal  systems (2). The key  to 
the  t r ea tmen t  was the  in t roduct ion of the heat  of 
t ransfer  and of the en t ropy  of t ransfer .  Wagner ' s  and 
Reinhold 's  work  led to the separa t ion  of the  thermo-  
electr ic effect into two effects, one homogeneous and 
one heterogeneous (3, 4). Reinhold expected  tha t  in 
a system consist ing of a homogeneous solid e lec t ro ly te  
in a noniso thermal  a r rangement  the re  ~vould be a 
potent ia l  difference and t e rmed  it the  homogeneous 
thermoelect r ic  effect. According  to the  theory  of Wag-  
ner, the  homogeneous thermoelect r ic  effect can be 
re la ted  to the  "e lementa l  hea t  of t ranspor t ."  This 
e lementa l  hea t  of t r anspor t  differs f rom Eas tman ' s  
hea t  of t ransfe r  (of a specie, i, in a mix tu re )  in tha t  
only one component  of a system par t ic ipa tes  in the  
t ranspor ta t ion  process. The heat  of this  migra t ing  
component  is equal  to its e lementa l  heat  of t ransport .  
The heterogeneous thermoelec t r ic  effect is equal  to the 
t empera tu re  coefficient of the potent ia l  difference at  
the  phase  bounda ry  be tween  the two e lect rodes  and 
the solid electrolyte.  Reinhold  computed  the he te ro-  
geneous effect f rom the rmal  data.  

A genera l  theory  of the  homogeneous  thermoelec t r ic  
effect was developed by  L id ia rd  both for  the  intr insic  
region where  F renke l  or Schot tky  defects prevai l  and 
also for the region of impur i ty -con t ro l l ed  conduct ivi ty  
at lower  t empera tu re s  (5). The theory  suggests that  
the  homogeneous effect is independent  of the impur i t y  
ion concentrat ion.  

In  this paper ,  a mechanis t ic  t r e a tmen t  of the A g /  
A g I / A g  thermocel l  is presented,  wi th  the  homogeneous 
thermoelec t r ic  effect assumed to be due to Ag + t rans-  
por t  and the heterogeneous  thermoelect r ic  effect to 
A g  + concentra t ion differences (s t ra in- induced)  at  the  
electrodes. 

Results and Discussion 
Movement of ionic charge carriers in a simuZtaneous 

electrical and thermal di~usion fieId.--The cur ren t  
dens i ty  Ii of an ionic specie, i, in a s imul taneous  dif-  
fusion and electr ical  field is 

(--~ci+ ZiF OV ) 
li = 1O + IE : ZiFDI \ - ~ -  ~ ci ~ [I] 

This equation is valid if no temperature gradient is 
presen t  in the  system, or  in o ther  words, if the  sys tem 
is isothermal .  In  a noniso thermal  sys tem where  
9T/OX + 0, a cur rent  dens i ty  IT due to the  t empera tu re  
grad ien t  wil l  be observed (5). We der ived  an expres-  
sion for IT, the  t he rma l  cur ren t  density,  f rom the 
the rmal  diffusion equat ion (6) 

IT --" - -ZIF  al qiciNL ( 0T 
[2] 

where  ~i is the the rmal  diffusivi ty and  qi the hea t  of 
t r anspor t  of a single charge  car r ie r  i. 

The sign convention for the  pa r t i a l  cur ren ts  (Eq. 
[1] and  [2] and  Fig. 1) has been  in t roduced by  
L id ia rd  (5) and has been adopted in our basic con- 
siderations.  The total  cur ren t  densi ty  of charge carr iers  
in a s imul taneous  e lect r ica l  and t he rma l  diffusion field 
is 

l i =  IV -b IE -}- IT = 0 [3] 

Looking at  the  scheme in Fig. 1, which represents  a 
s i lver  iodide c rys ta l  wi th  a the rmal  grad ien t  AT across 
it, we can give proper  signs to the  var ious  currents .  
Due to the negat ive  t he rma l  expans ion  coefficients of 

and ~ s i lver  iodide, contraction,  --~l ,  of the  c rys ta l  

- A ~ / 2  ~ 
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Fig. ], Scheme of thermoelectric effect in silver iodide 

a o +  a 

occurs on the w a r m e r  side. I t  is pos tu la ted  tha t  de- 
plet ion of s i lver  ions at the compression side causes 
the negat ive  potential .  The movement  of s i lver  ions 
to the  cooler side provides  ionic hea t  and  mass t r ans -  
por t  across the  crystal .  

The cooler side assumes a more  posi t ive  potent ial .  
The  increas ing potent ia l  difference across the crys ta l  
causes some of the  cations to move in the  opposi te  
direction,  provid ing  for the component  IE. In  s teady 
state, Ii has to become zero. 

Thermoelectric power equation.--From Eq. [3] the  
thermoelec t r ic  power  can be derived.  Rear rang ing  w e  
obta in  

ZiF cl 

( 0 T )  RT hi q______~i NL [4] 
+ Z--F- ZiF CpT2 

Making qi NL : Qi, and mul t ip ly ing  both  sides wi th  
(#X/OT), we obtain for  the  thermoelec t r ic  power  0 

( 9V ) RT ~lnci Qi Ai [5] 

0 : - ~ -  - -  ZiF 0-""~ nu Z i fF~  Di 

This equat ion contains two terms;  the  dimension of 
the two te rms is measured  in (g-cm 2 sec -2  grad  -x 
c o u l o m b - I ) .  The first t e rm describes the  t empera tu re  
dependence  of the  thermocel l  vol tage  caused b y  the  
change  in mobile  s i lver  ion concentra t ion wi th  tem-  
perature .  This is fo rmal ly  the  t empera tu re  coefficient 
of the  vol tage  of a concentra t ion cell  w i th  ionic t r ans -  
por t  (cation t ransference  number  ---- 1) in which the 
concentra t ion changes wi th  t empera tu re .  The second 
te rm is propor t iona l  to the hea t  of t ransfer .  Qi is the  
e lementa l  hea t  of t ransfer  of 1 mole of charge  carr iers  
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as defined in the works of Eastman, Wagner, and 
Reinhold (2-4). Ai/Di is the thermal  diffusion ratio, 
whereby hi is the thermal  diffusion coefficient and Di 
is the mass diffusion coefficient. 

The thermoelectric power of silver iodide is negative 
in sign (1). The first term of Eq. [5] should carry a 
negat ive sign since it expresses, in the case of 7-~ silver 
iodide, a decrease in positive electrode potential  caused 
by a decrease in mobile silver ion concentrat ion with 
increasing temperature.  According to Reinhold the 
second term is also negative (4). Therefore, Eq. [5] can 
be expressed in  its negative form; however, for con- 
venience sake, we are avoiding negative signs in the 
following. 

Thermomechanical electrical eI~ect.~Analysis of the 
thermoelectric effect shows, in analogy to the pyro- 
electric and piezoelectric effect, that  we are dealing 
with a thermomechanical  electrical effect (7). Our 
effect is analogous to the "false" pyroelectric effect 
which is due to the deformation which accompanies a 
change in temperature  and which is, therefore, of piezo- 
electric origin. 

The "true" thermopotent ia l  effect, which follows 
path T --> V, could only be measured if - -•  : O (6). 
The "false" thermopotent ia l  effect, which is a sec- 
ondary effect, is a sequence of the thermal  contraction 
effect and the s t rain-potent ial  effect and follows the 
path T --> --Al -> V (6). Consequently, the mechanical  
electrical part  of the effect can be treated formally like 
the s t rain-potent ial  effect (8, 9). The first te rm of 
the thermoelectric power Eq. [5] can be developed 
fur ther  by applying strain-potential  calculations to the 
effect. The strain potential  difference Vs is directly pro- 
portional to the s t ra in (6, 8, 9) 

RT b �9 , 
V, = 2 - -  [6] 

ZiF ao 

b is a constant and ao is the original  mobile ion con- 
centrat ion before deformation. 

Since , = M/l,  we have to relate --hl,  the contrac- 
t ion of the crystal, to aT = T2 -- TI. This can be done 
by using the negative thermal  expansion coefficient 
of 7-~ silver iodide (10-14). 

Equat ion [6] thus changes to 

RT b 
Vs : 2 - -  - -  =T [7] 

ZiF ao 

Differentiation of Vs by T gives a new equation which 
corresponds to the first te rm in Eq. [5] 

dVs 4RT b~ 
: [8] 

dT ZiF ao 

cp is the specific heat, p the density, and ci the mobile 
charge carrier concentration. 

Since a, cv, p, and consequently ci are in themselves 
functions of the tempera ture  which we can estimate, 
we can improve Eq. [9] to 

4R T2 
O:A-SB: b a T ~  

ZiF ao 

1 Ai (Cp)T'PT ( T 2 )  
-5 Zi]-----~ Di NL 2--~Ci)-T 1 -5 

[ i i ]  

By our definition T1 -- T2 -- 1, and ao and T2 are real 
variables. The following are constants: 4R/ZiF = 8.355 
• 10-4; b ---- 3.28 X 102~ 1/Zi]F = 7.25 X 10-6; NL 
---- 6.02 • 102z. hi/Di, the thermal  diffusion ratio, is 
unknow n  and will be estimated, aT, (Cp)w, PT, and 
(el) W are, wi thin  the range of temperatures  considered, 
l inear  functions of T2 or T, respectively (6). T is the 
average bulk  temperature  of the electrolyte. 

2.215 • 10 - s  
a T : 4 . 0  • 10 - 6 - 5  (T2- -273)  [12]  

11 

(Cp)T = 4.48 • 10 - 2  -5 2.669 • 10 - 4  (T  - -  273)  [13] 

pT : 5.5984 -5 2.82 • 10 - 3  (T  - -  273)  [14] 

(Ci)T : 1.438 • 1022 -5 7.07 • 10 TM ( T - -  273)  [15]  

The thermal  diffusion ratio Ai/Di in the B term of 
Eq. [11] is unknow n  for the solid-state system under  
consideration. We are, however, able to estimate it 
from Eq. [11] by using exper imental  theta data. 

A For t ran  program was used to compute the thermal  
diffusion ratio from Eq. [11] utilizing an exper imental  
theta value of 7.5 • 10 -4 measured by Catz (15). For 
274~ and exper imental  impur i ty  ion concentrations 
ao ranging from 4.95 • 1017 to 8.65 X 1027 ions/cm 3 
in Malinchrodt silver iodide samples (9), we obtain 
ratio values of 7.98 and 6.61, respectively. These values 
are physically reasonable (6). 

Another  For t ran  program was prepared in  order to 
compute the first te rm A and the second term B of 
Eq. [11], and fur ther  their  sum theta as a funct ion of 
ao and T2. We varied ao irregularly.  T2 varied from 
274 ~ up to 414~ in steps of 10~ The upper  l imit  was 
chosen to be 420~ The data of the computer program 
are presented in Fig. 2. The logari thm of the thermo- 
electric power theta is plotted vs. the absolute temper-  
ature T2 as a function of ao. The ao range of interest  
is 1017-102~ In  the figure, the computed theta values 
are compared with exper imental  data given by Catz 
and Reinhold (15, 1). Over 80% of these data fall  

The new te rm takes mater ial  parameters  into ac- 
count, such as the negative thermal  expansion coeffi- 
cient a and the original mobile ion concentrat ion ao, 
which was found to be practically identical with the 
impur i ty  ion concentrat ion (8, 9) 

4R b qi/~L Ai 
B = A + B - - - -  - - , , T 2 - ~  [9]  

ZiF ao ZI~FT1 Di 

A and B are the heterogeneous and homogeneous com- 
ponents of the thermoelectric power, respectively. 
Equat ion [9] considers that the temperatures  in the 
t w o  terms are different, T2 being the high tempera ture  
on the contraction side and T1, the original lower tem- 
pera ture  of the system, now the temperature  Of th e  
heat  sink. 

Numerical evaluation oS the thermoelectric power 
equation.--Equation [9] can be numerica l ly  evaluated 
if we rearrange the B term. The heat  of t ransfer  qi 
can be estimated (6) 

cp "p" T 
qi = [10] 

ci 

t 
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Fig. 2. Log theta vs. T2 
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Toble I. Heterogeneous and homogeneous thermoelectric effect 
in silver iodide 

( 3 V I 3 T ) .  I0  a ( 3 V I 3 T ) .  I0 a ( 3 V I 3 T ) .  10a 
T~K (VI ~ h e t e r o  h o m o  

4 0 0 ~  (16, 1 7 ) )  --1.24 - - 0 . I I  --1.13 
400~ (our  data ,  

oo ---- 10 ~s) --1.296 --0.31 --0.99 

within  the range of exper imenta l ly  observable impur i ty  
ion concentrations. 

In  the next  two figures (Fig. 3 and 4), log theta, 
log A, and log B are plotted vs. the absolute tempera-  
ture  T2 for ao ---- 1017 and 10 TM, respectively. We can 
see from Fig. 3 and 4 that  at ao = 1017 , the A effect 
dominates the theta data both in absolute value and 
slope. At ao ---- 10 is, however, the si tuation becomes 
reversed and the B effect dominates. 

A more comprehensive presentat ion is given by a 
log theta, log A, and log B vs. log ao plot (Fig. 5). The 
two full curves, designated 274 ~ and 414~ represent  
log theta vs. log a at the given temperatures.  The 
in ter rupted  lines A274 and A414 show the A effect at 
the two temperatures,  and B274 and B414 the B effect. 
Figure 5 shows the influence of both T2 and ao on the 
different terms of the thermoelectric power equation. 
It  can be seen that the major  effect can be either the 

t 
LOG T H E T A  

LOG A 

LOG B 

10 . 3  

.T 
I O - ~ l  I I I I I I I I I I 1 I I 

2 8 0  3 0 0  3 2 0  3 4 0  3 6 0  3 8 0  4 0 0  

T 2  

�9 K 

Fig. 3. Log theto, log A, and log B vs. T2; ao --" I0 t7 

1 
LOG T H E T A  

LOG A 

LOG 8 
J 

J 

I0  - 4  I l I I I I I I I I I I I 
2 8 0  3 0 0  3 2 0  5 4 0  3 6 0  3 8 0  4 0 0  

T 2  i ~  
o K 

Fig. 4. Log theto, log A, and log B vs. T2; ao = 10z" 

io-2 

f 
LOG THETA 

i0 -3 

#~ I 

,,2",,+ -~x-- -- ~x \ 
\ \ % 

\++,?, \\ 
�9 , . . . . . .  , . . . . . . . .  ~ , "~ . . . .  +,I 

1016 I017 I018 I019 

LOG A <j~ 
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A or B effect depending upon the order of magni tude  
of the impur i ty  ion concentration. An increase in 
thermoelectric power can be expected in silver iodide 
mater ial  with low impur i ty  ion concentration. 

We have found in the work of Reinhold and Blachny, 
summarized by Hauffe, thermodynamic t rea tment  and 
estimates of the homogeneous and heterogeneous 
thermoelectric effects (16, 17). The data given there 
for the thermocell  Ag/~AgI /Ag are summarized in  
Table I and compared with our  data for the A and B 
effect. Reinhold and Blachny derived the homogeneous 
effect as the difference between the experimental  ther- 
mal  power and the heterogenous effect which was com- 
puted from thermal  data. From the data given in Table 
I, it appears that  our A effect is practically identical 
with the heterogeneous thermoelectric effect. The 
numerical  difference can be accounted for by a slight 
difference in the impur i ty  ion concentrat ion of the 
two silver iodide samples. The B effect is in excellent 
numer ica l  agreement  wi th  the homogeneous thermo- 
electric effect. 

Manuscript  submit ted Nov. 5, 1971; revised manu-  
script received April  6, 1973. 

Any  discussion of this paper will appear in a Discus- 
sion Section to be published in the June  1974 JOURNAL. 

LIST OF SYMBOLS 
A 
a 

ao 

B 
b 
c,  
Ci 
(c i )  T 

CD 
(Cp) W 
Di 
F 

Iv 
IE 
Ii 
Iv 

--~ 
NL 

Q, 

QdT 
ql 
R 

heterogeneous thermoelectric effect 
mobile ion concentrat ion of specie i 
original mobile ion concentration, impur i ty  ion 
concentrat ion 
homogeneous thermoelectric effect 
constant in  s t rain-potent ial  equation 
heat capacity per mole 
concentrat ion of ionic specie i 
temperature  funct ion ci 
specific heat  
temperature  funct ion cp 
mass diffusion coefficient of ionic specie i 
Faraday constant  
CplR 
diffusion current  density 
current  density in electrical field 
current  density of an ionic specie i 
thermal  current  densi ty 
length 
contraction 
Loschmidt 's n u m b e r  
number  of moles 
elemental  heat of t ransfer  of one mole of charge 

carriers i 
molar  entropy of heat t ransfer  process 
heat of t ransport  of a single charge carrier i 
universal  gas constant  
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T 
T 
t 
V 
Vs 
X 
Zi 

Ai 
Ai/Di 
~T 

0 
p 
PT 

absolute  t empe ra tu r e  
average  bulk t empera tu re  of e lect rolyte  
t ime 
potent ia l  difference 
s t ra in- induced potent ia l  difference 
direct ion of x 
va lency  of ionic specie i 
t he rma l  expansion coefficient 
the rmal  diffusivi ty of a single charge car r ie r  i 
the rmal  diffusion ra t io  
t empera tu re  difference 
s t ra in  
thermoelec t r ic  power 
dens i ty  
t empera tu re  function p 
local potent ia l  (in Fig. 1) 

REFERENCES 
1. H. Reinhold, Z. Anorg. Allgem. Chem., 171, 181 

(1928). 
2. E. D. Eastman, J. Am. Chem. Soc., 48, 1482 (1926); 

ibid., 50, 283 (1928). 
3. C. Wagner,  Ann. Physik, 5, 629 (1929); ibid., 6, 370 

(1930). 
4. H. Reinhold, Z. Physik Chem., (B) U,  321 (1931). 
5. A. B. Lidiard,  "Encyclopedia  of Physics,"  Vol. 20, 

Electr ical  Conduct iv i ty  II, pp. 324-349, Springer ,  
Berl in  (1957). 

6. H. F. Hunger,  Research and Development  Technical  
Report  ECOM-3418 (1971). 

7. W. G. Cady, "Piezoelectr ici ty,"  Vol. 2, p. 39, Dover  
Publicat ions,  Inc., New York, (1964). 

8. H. F. Hunger,  Abs t rac t  No. 17, p. 51, Electrochem. 
Soc. Ex tended  Abstracts ,  Fa l l  Meeting, At lant ic  
City, N. J., Oct. 4-8, 1970. 

9. H. F. Hunger,  Research and Development  Technical  
Report ECOM-3360 (1970). 

10. H. Fizeau, Ann. Phys., 208, (1867); Pogg. Ann., 132, 
292 (1867). 

11. J. Rodwell ,  Chem. News, 31, 5 (1875). 
12. G. Jones and F. C. Jelen, J. Am. Chem. Soc., 57, 

2532 (1935). 
13. K. H. Lieser, Z. Phys. Chem., 9, 302 (1956). 
14. A. Bienenstock and G. Burley,  J. Phys. Chem. 

Solids, 24, 127 (1963). 
15. J. Catz, F ina l  Report,  Contract  No. DAAB07-68-C-  

0444, Mechanical  Engineer ing  Dept., Univers i ty  
of Miami, Coral  Gables, F lo r ida  (1969). 

16. K. Hauffe, "Reakt ionen in und an Fes ten  Stoffen," 
p. 113, Spr inger  Verlag, Ber l in -GSt t ingen-  
Heide lberg  (1955). 

17. H. Reinhold and A. Blachny,  Z. Electrochem., 39, 
290 (1933). 

Cathodic Discharge of Graphite Intercalation Compounds 
in Organic Electrolytes 
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Power Sources Technical Area, United States Army  Electronics Technology and Devices Laboratory (ECOM), 

Fort Monmouth, New Jersey 07703 

ABSTRACT 

A survey  of graphi te  in terca la t ion  compounds wi th  cathodic depolar izer  
capabi l i ty  showed that  two groups, graphi te  fluorides and g raph i t e  oxides, offer 
theore t ica l ly  900-1500 W - h r / l b  of cell  reac tants  in l i th ium batter ies .  The at- 
t ract iveness  of these compounds is fu r ther  enhanced by  thei r  prac t ica l  in- 
solubi l i ty  in the e lectrolytes  of interest .  Mechanical ly  stable cathodes were 
p repa red  f rom te t raca rbon  monofluoride, carbon monofluoride, and graphi te  
oxide. Galvanosta t ic  cur ren t -po ten t ia l  curves of the cathodes in 1M LiC104- 
p ropy lene  carbonate  e lect rolyte  were  measured  at  30~ The cur ren t -po ten t i a l  
curves  of the in tercala t ion compounds  were  compared  wi th  that  of cathodes 
p repa red  in the same fashion but  containing manganese  dioxide as the  de- 
polarizer.  Galvanosta t ic  discharge curves showed that  100% reduct ion of the  
cathodic depolar izers  can be achieved. This is fol lowed by  solvent  reduct ion  
which led to an apparen t  increase in ut i l izat ion over  100%. By graphica l  
in tegra t ion  of the cathodic and cell discharge curves, a comparison of the  
energy content  ( w a t t - h o u r / p o u n d  of depolar izer  and w a t t - h o u r / p o u n d  of cell  
components)  of the  depolar izers  as a funct ion of rate,  pe r  cent uti l ization,  
e lec t ro ly te  anion, and solvent  was  made.  Consider ing the essential  cell  com-  
ponent  weights,  up to about  150 W - h r / l b  of ba t t e ry  components  can be ex -  
pected in prac t ica l  l i t h ium/ca rbon  monofluoride bat ter ies .  

There  has been recent  in teres t  in the  use of g raphi te  
in terca la t ion  compounds,  p r imar i l y  graphi te  fluorides, 
as cathodic depolar izers  in organic e lec t ro ly te  ba t -  
teries.  

Carbon monofluoride was first synthesized by  Ruff 
and Bre tschneider  (1) by  direct  f luorination of coarse 
graphi te  in the t e m p e r a t u r e  range  of 420~176 

Te t raca rbon  monofluoride, a compound wi th  lower  
fluorine content,  was p repared  by  Ruedorff and 
Ruedorff  (2) by  react ing fluorine in a f luor ine-hydro-  
gen fluoride mix tu re  wi th  g raph i te  a t  room t empera -  
ture.  

The first repor t  of u t i l iza t ion of g raphi te  in te rca la -  
t ion compounds in bat ter ies  comes f rom Brown (3, 4). 

* Elect rochemical  Society Act ive  Member .  
K e y  words:  graphite oxide, carbon monofluoride,  tetracarbon 

monofluoride,  m a n g a n e s e  dioxide,  d imethy l  sulfite. 

He repor ts  to have used and tes ted  g raph i te  oxides as 
depolar izer  in Leclanch~ cells. 

Braeuer  (5-8) was the first to demons t ra te  and re -  
por t  the  feasibi l i ty  of l i th ium organic e lectrolyte  
bat ter ies  using a graphi te  in terca la t ion  compound, 
t e t racarbon  monofluoride, as the  cathodic depolarizer .  
In  compar ing his cell wi th  the  best  organic e lect rolyte  
ba t te r ies  avai lable ,  the re  appeared  promise  in g raph-  
i te in terca la t ion  compounds as cathodic depolarizers.  

F u k u d a  et al. (9, 10) have shown the usefulness of 
carbon monofluoride as cathodic depolar izer  in exper i -  
menta l  l i th ium organic e lec t ro ly te  bat ter ies .  The use 
of in terca la t ion  compounds in a secondary,  nonaque-  
ous solvent  ba t t e ry  was repor ted  by  Bennion (11). 

The  object ive of this  paper  is to compare  var ious  
potent ia l  depolar izers  for  p r i m a r y  l i th ium organic 
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elec t ro ly te  ba t te r ies  wi th  each other  and to ci te the i r  
re la t ive  meri ts .  

Af te r  a survey of al l  known graph i t e  in tercala t ion 
compounds  (12, 13), the  fol lowing two groups of 
graphi te  in terca la t ion  compounds were  considered in 
our expe r imen ta l  s tudy as potent ia l  cathodic depo la r -  
izers:  g raph i te  oxides and graph i te  fluorine com- 
pounds. 

In  Table I a comparison is made  of the theoret ica l  
energy contents of var ious  depolar izers  in l i th ium 
organic e lec t ro ly te  bat ter ies .  The first th ree  depo-  
lar izers  are  t rans i t ion  meta l  oxides; the  nex t  two are  
copper  halides;  the last  three  are  g raph i t e  in te rca la -  
t ion compounds.  In  comput ing the faradaic  capacities,  
the  fol lowing assumptions  were  made. In  the case of 
VzOs, the  reduct ion  is assumed to occur f rom the  -}-5 
va lency  s tate  to the W4 valency state, in the case of 
MnO2 from the  W4 to the  +3,  and in the  case of MoO3 
from the -t-6 to the  ~-4 state. The figures for CuCI2 
and CuF2 were  given by  Jas inski  (14). The faradaic  
capacit ies  for t e t r aea rbon  monofluoride,  carbon mono-  
fluoride, and graphi te  oxide were  ca lcula ted  by  assum- 
ing L iF  and LizO as end products.  The emf's  in Table  
I were  computed  f rom the rmodynamic  da ta  (15, 16). 
In  the  case of CF  and C4F, emf da ta  ca lcula ted  f rom 
the free energy of the  cell  react ion were  used (17). 
The measured  open-c i rcui t  vol tages of L i / C F  and 
Li /C4F cells are  considerably  lower  than  the theore t i -  
cal emf's. This d iscrepancy could be due to the  es tab-  
l i shment  of a mixed  potential ,  CF reduct ion  being the 
cathodic react ion and solvent  oxidat ion  the  anodic re-  
action involved.  The mixed  potent ia l  would  lie be -  
tween  the two corresponding redox potentials .  In  the 
four th  column of Table  I, expe r imen ta l ly  observed 
open-c i rcu i t  vol tages  are  recorded.  I t  has been found 
tha t  the  open-c i rcui t  vol tages  in the cases of MnO., 
and MoO3 exceed the  theore t ica l  emf's  considerably  
(18). Unknown elect rode processes other  than those 
assumed in the computat ions  must  be responsible  for 
the  expe r imen ta l ly  observed data. F rom the table, a 
theoret ica l  w a t t - h o u r / p o u n d  ratio, ranging  from 918 
to 1505, can be expected for the  g raph i te  in terca la t ion  
compounds.  This high rat io combined wi th  thei r  p rac -  
t ical  insolubi l i ty  in the organic e lectrolytes  of in teres t  
makes  these compounds promis ing  candida tes  for de -  
polar izers  in l i th ium-nonaqueous  e lec t ro ly te  bat ter ies .  

Table  II  shows a comparison of theoret ica l  energy  
densi t ies  of cathodic depolar izers  in l i th ium batter ies .  

Table I. Comparison of theoretical energy contents of various 
depolarizers in lithium organic electrolyte batteries 

T = 25~ 

O p e n - c i r c u i t  
D e p o l a r i z e r  A - h r / l b "  E M F  v o l t a g e  W - h r / I b  b 

V205 62.1 2.34 3.5 217 
MnO:z 129.5 2.69 3.48-3.98 349 
MoO8 154.0 !,93 2.9-3.0 297 
CuCl j  164.0 3.06 3.1 502 
CuF2 211.0 3.55 3.3 749 
C4F 1"/5.8 5.23 3.14-3.32 918 
C F  320.0 4.66 3.14-3.3 1491 
C20 451.4 -- 3.34 1505 

a A m p e r e - h o u r / p o u n d  of  r e a c t a n t s .  
b W a t t - h o u r / p o u n d  of  r e a c t a n t s .  

Table II. Comparison of theoretical energy densities of cathodic 
depolarizers in lithium batteries 

T = 25~ 

E l e c t r o c h e m i c a l  A - h r / c m  s o f  W - h r / c m  3 o f  
c o u p l e  r e a c t a n t s  r e a c t a n t s  

Z n / H E O  1.19 1.59 
L i / C F  1,11 5.17 
L i / C 2 0  1.11 3.71 
L i / C u F 2  1.07 3.80 
L I / C u C I ~  0.81 2.48 
L i / C ~ F  0.59 3.08 

For  comparison purposes,  the  da ta  for a Zn /HgO cell  
are  added.  I t  can be seen f rom the table  that  the  
theore t ica l  enery  densit ies  to be expected  f rom g raph-  
i te  in te rca la t ion  compounds look h igh ly  a t t ract ive .  

Experimental  
Most of the  exper imen ta l  work  was pe r fo rmed  in a 

d ry  lab  ( D r i - L a b / D r i - T r a i n / V a c u u m / A t m o s p h e r e s  
Corporation,  Nor th  Hollywood,  Cal i fornia)  in pure, 
d r i ed  argon atmosphere.  

Purification ol solvents.--The solvent  ma in ly  used 
in this s tudy was p ropymne  carbonate,  PC, (Eas tman 
Kodak  Company,  TB ---- 121~176 at 17 m m  pres-  
sure) .  It was chosen because i t  has  been wide ly  
s tudied and most of i ts da ta  of in teres t  are repor ted  
in the  l i t e r a tu re  (19). I ts  purif icat ion procedures  are 
also wel l  descr ibed (20). Af te r  d ry ing  the PC wi th  
5A molecular  sieves, the solvent  was submi t ted  to 
vacuum fract ionat ion at  7 m m  Hg. The first f ract ion 
of 300 ml  was discarded.  

Dimethylsulfi te ,  DMSO3, (Eas tman Kodak  Com- 
pany) ,  was the  o ther  solvent  used in the s tudy.  I t  was 
chosen because e lect rolytes  p repa red  wi th  this  sol-  
vent  have only about  40% of the viscosity of those 
containing PC. DMSO3 was purif ied by  t r ea tment  wi th  
5A molecular  sieves. 

Preparation ol electrolytes.--Three types  of e lect ro-  
lytes  were  p repared :  1M LiC104-PC, 1M LiAsF~-PC, 
and 1M LiC104-DMSO3. Li th ium perchlorate ,  anhy-  
drous, (Alfa  Inorganics,  Inc., Bever ly ,  Massachuset ts)  
was vacuum dr ied  at  150~ and 1M solutions were  
p repared  in the d r y  lab; 1M solut ions wi th  LiAsF6, 
e lectrochemical  grade,  (U.S. Steel  Corpora t ion)  were  
p repa red  in a s imi la r  manner .  The use of 1M LiAsFs-  
PC electrolytes  presented  no p rob lem in measur ing  the 
character is t ics  of the depolar izers  vs. a l i th ium re fe r -  
ence electrode;  t hey  appeared,  however,  to be of 
quest ionable  va lue  as prac t ica l  e lectrolytes  since the 
l i th ium anode showed random passivat ion phenomena 
in this  medium.  

Depolarizer materials.--The fol lowing depolar izer  
mate r ia l s  were  used in the  s tudy:  

1. Te t racarbon  monofluoride wi th  the  ac tua l  com- 
posi t ion C~.s4F (Ozark-Mahoning  Company,  Tulsa, 
Oklahoma) .  

2. Carbon monofluoride CFl.o0v (Ozark-Mahoning  
Company,  Tulsa, Ok lahoma) .  Spectroscopic analysis  
detected fur ther  the  fol lowing meta ls  in percentage  of 
to ta l  weight.  Ni 0.01, Fe  0.1, A1 0.005, Mg 0.0005, and 
Cu 0.0005. The meta ls  a re  p robab ly  present  as fluo- 
rides. 

3. Graph i t e  oxide could not be obta ined commer -  
c ia l ly  and had to be p repa red  in-house  by  par t i a l  
oxidat ion  of graphi te  (21). In  this  prepara t ion ,  g r aph -  
i te is t r ea ted  wi th  an anhydrous  mix tu re  of concen- 
t ra ted  sulfuric  acid, sodium ni t rate ,  and potass ium 
permanganate ,  fol lowed by  washing and dry ing  pro-  
cedures  (P205). A n  analysis  gave the fol lowing data:  
C = 54.43%, H ---- 2.46%, O = 40.35%, o r  C804.4, ~-4.36. 
Considering the " ideal  fo rmula"  of graphi te  oxide, 
CsO2(OH)2, proposed by  Hofmann (22), we recognize 
that  our sample  has a too high hydrogen  content.  This 
could mean  tha t  i t  contains water .  Thus, we ar r ive  
from our  ana ly t ica l  da ta  at  a composit ion of 
C801.48(OH)1.48"1.44 H20. Our  g raph i t e  oxide  thus  
reached about  75% of i ts m a x i m u m  oxidat ion  s tate  
and contains about  1.1 molecule  of wa te r  pe r  each 
C5 ar rangement .  

4. Manganese dioxide,  Type  M (Manganese  Chemi-  
cal, Bal t imore,  M a ry l a nd ) .  

5. Graphi te ,  Microcrys ta l l ine  Graphi te  1651 (South-  
wes te rn  Graph i t e  Company,  Burnet ,  Texas) .  

Preparation oS electrodes.--Cathodes.--The p r e p a r -  
a t ion method descr ibed by  Braeuer  (7) was first con- 
sidered,  but  soon discarded,  since i t  was found tha t  no 
good adherence  of the  cathodic mix  to the  copper  g r id  
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could be mainta ined after submersion of the electrodes 
in  propylene carbonate. 

Another  preparat ion method, described by Watanabe  
and Fukuda  (9), which consists in  pasting a mix of 
the depolarizer with carbon (or graphite) ,  Teflon 
powder, and propylene carbonate onto a nickel-screen, 
did not result  in a mechanical ly stable electrode dur ing  
discharge. 

Consequently, a method was devised which resulted 
in mechanical ly stable cathodes. In  this method, a 
cathodic mix was prepared from lg  depolarizer, 0.2g 
graphite, and 0.2g Teflon powder; 0.25 ml Teflon emul-  
sion 41 BX (Du Pon t ) ) ,  containing 0.8g Teflon per 
ml, was added to 2g of the cathodic mix. Distilled 
water  was added to form a sludge under  stirring. The 
t o t a l  Teflon content of the cathodes was 21.8%. Then, 
a generous amount  of acetone was added. Curren t  
collectors (3.2 • 3.2 cm plus a tab) made from copper 
grid (Exmet 3-10) were placed on a glass plate and 
covered with acetone. The sludge was smeared with a 
spatula on the grids and rolled on with a glass tube. 
The product was brought between two filter papers and 
Teflon sheets and pressed to remove the major  amount  
of liquid and to compact the electrodes. Pressure 
applied per electrode varied, but  was usual ly around 
10,000 psi for 1 min. The compressed electrodes were 
vacuum dried in a dessicator. In  the case of the graphite 
fluorides, the cathodes were fur ther  dried in a vacuum 
oven at 140~ unt i l  the weight became constant. In  
the case of graphite oxide, however, it became neces- 
sary to dry the finished electrodes in a vacuum dessi- 
cator over P205, because of the low decomposition tem- 
perature  of the compound (start ing 70~ The rubber-  
like consistency of graphite oxide also led to bending 
of the cathodes after drying. Careful pasting of each 
side and twice compressing, however, el iminated that  
problem. The electrodes containing MnO2 were also 
vacuum dried over P205. In  one experiment,  graphite 
was used as the sole depolarizer. In  this case, the mix 
did not form a sludge in water-acetone as in the case 
of the intercalat ion compounds. The suspension had 
to settle and was decanted from the l iquid and then 
carefully pasted on the copper screen. Its adherence 
was extremely poor before compression. 
Li th ium electrodes.--A commercial l i th ium r ibbon (4 
• 0.015 in.) stored in decahydronaphthalene,  was cut 
to size (5 • 2.5 in.) and pressed into a nickel screen 
(Exmet 2/0; 5 • 6 in.). Pressing was performed be-  
tween two stainless steel plates greased with petro- 
la tum (Fisher, snow white, U.S.P.). The pressure 
applied for a minute  was 1000 psi per electrode. Then, 
eight electrodes were cut out. Their  dimensions were 
about 3.2 • 3.2 cm with an attached nickel screen tab 
of 1.5 • 4.0 cm. Li th ium anodes thus prepared con- 
tained about 0.16g l i thium metal  each, which corre- 
sponds to about 0.617 A-hr  per electrode. The finished 
electrodes were stored in decahydronaphthalene.  Before 
use, they were thoroughly washed several  t imes in 
petrol ether. 

Electrochemical ce[l .--The electrochemical cell case 
used was essentially of the design described by 
Braeuer  (7) and fabricated completely from Teflon. 
The cathode was held in position by the center groove 
of the cell case, thus separating the cell in two electro- 
lyte compartments.  A U-fold paper separator (3.2 • 
6.6 cm) was put around the cathode to protect against 
eventual  flaking off of the cathodic material.  The paper 
separator was made of Genuine  Wha tman  Fil ter  Paper  
No. 1 (W & R Balston Ltd., England) .  The l i th ium 
anode and the l i th ium reference electrode, which were 
identical in  design to the l i th ium anode, were held 
in position by the two outside grooves in the cell 
case. These l i th ium electrodes were thus pressed with 
one surface against  the walls of the case so that  only 
one surface was exposed to the electrolyte. The geo- 
metrical  surface areas of anode and reference electrode 
in  contact with the electrolyte were thus about 10 
c m  s each. The anode and reference electrodes were 

I.{ 
D 

t.O 5.0 I0.0 mA/cm2 s~.o 

Fig. 1. Polarization curves of cathodes and anodes in Li /1M 
LiC[O4-PC/depolarizer ceils. A, C5.54F; T = 29.8~ B, CxOyHz; 
T = 29.5~ C, CFx; T = 29.0~ D, Mn02; T = 26.0~ E, Li 
anode; T = 32.5~ 

arranged parallel  to the cathode each at a distance of 
5 mm from the latter. Since there were two separate 
electrolyte compartments,  the active geometrical sur- 
face area of the cathode vs. the anode was about 10 
cm 2. The cell temperature  was monitored. The electro- 
lyte resistance between each l i th ium electrode and the 
cathode was about 10.2 ohms. 

Electrochemical measurements . - -The open-circuit  
voltage of the cells was measured with a 610B electrom- 
eter, Kei thley Instruments ,  after at least 1 hr of equi- 
l ibr ium in the electrolyte. In  order to measure the 
current-vol tage relationship of the total cell and of an 
individual  electrode vs. the reference electrode, 
galvanostatic steps were applied to the cell with a 
precision current  source, Model CS-12, North Hills 
Electronics, Inc., Glen Cove, New York. Voltage read-  
ings were taken with the 610B electrometer unt i l  steady 
state was reached. For practical purposes, steady state 
was defined as voltage change ~ 10 mV/5 min. Since 
the conductance of 1M LiC104 in propylene carbonate 
is r = 4.9 • 10 -3 ohm -1 cm -1, the iR drop wi th in  the 
electrolyte to the reference electrode ~ 1.5 • 10-15V 
for the highest potential  measured and can he neglected. 

Galvanostatic discharge curves at various current  
densities were measured to determine the cathode 
utilization. Electrode potential  and cell voltage read- 
ings were taken dur ing  cont inuing discharge main ly  
with a Hewlet t -Packard  Str ip-Chart  Recorder, Model 
7100B, with two 1750A Input  Modules. 

Results and  Discussion 
Current-voltage relationship.--Table III  compares 

exper imenta l ly  observed open-circuit  voltages of 
various Li /organic electrolyte/depolarizer cells with 
theoretical emf's. It can be seen from the table that  
all graphite intercalat ion compound-electrolyte com- 
binations show open-circuit  voltages ranging from 2.85 
to 3.34V. In  case of CF, data are about 1.44V lower 
than  those thermodynamical ly  expected. One exception 
occurs in the case of IM LiAsF6-PC electrolyte, where 
an even lower open-circuit  voltage was observed. 

Figure 1 shows the polarization, ~, of C~.54F, CF, 
graphite oxide CxOyHz, and MnO2 cathodes and also 
of a l i th ium anode, measured vs. the l i th ium reference 
electrode as a funct ion of current  density. By definition 

Table III. Comparison of open-circuit voltages of various I.i/organic 
electrolyte/depolarizer cells with emf's 

O p e n - c i r c u i t  
Cel l  v o l t a g e  E M F  T, ~ 

L i / 1 M  LiCIO~-PC/C5.~4F 3.32 - -  29.5 
L i / 1 M  L i C 1 0 4 - P C / C F  3.14 4.60 29.0 
L i / 1 M  LiC104-PC/CzO~Hm 3.34 - -  28.0 
L i / 1 M  LiC104-PC/MnO~ 3.51 2.69 24.2 
L i / 1 M  LiCIO4-PC/C g r a p h i t e  3.00 - -  30.0 
L i / 1 M  L i A s F e - P C / C F  2.86 4.66 30.0 
L i / 1 M  L iC10~-DMSOs /CF  3.22 4.66 30.0 
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t h e  polarization is composed of activation polarization, 
concentrat ion polarization, and in te rna l  electrode 
resistance polarization (e.g., due to a nonconduct ing 
film, or in this specific case, due to contact resistance 
between graphite and the intercalat ion compounds or 
MnO2, respectively).  The curves were measured up to 
the current  density where the voltage between l i thium 
anode and cathode reached zero volt and started to 
reverse. No l imit ing currents  were observed in that 
current  density region. The l imit ing current  density 
of a l i th ium anode in 1M LiC104-PC electrolyte at room 
temperature  is around 40 mA/cm~ (19). 

All  three graphite intercalat ion compounds show a 
polarization larger than 1V at a relat ively low current  
density of 1 m A / c m  2. The kinetic reason for this be- 
havior is u n k n o w n  at the present  time. Polarizat ion- 
current  density curves of similar shapes, however, 
have been observed in cases of high activation polar-  
ization due to low exchange current  densities (23). 
One step in the reduction mechanism of the depolarizer 
will be rate l imiting, e.g., in  the case of carbon mona- 
fluoride it could be 

(CF)n + n e -  ) nC 4- n F -  [1] 

The breaking of the covalent C- -F  bond and/or  forma- 
tion of an activated complex could be connected with 
a high activation energy result ing in a low exchange 
current  density. No severe concentrat ion polarization 
can be recognized in  any of the three curves over the 
measured current  density range. 

It has to be noted that manganese dioxide is kinet i -  
cally superior to the graphite intercalat ion compounds. 
It does not exhibit  the high polarization effect. The 
comparison between manganese dioxide and the inter-  
calation compounds also shows that  the common slow 
kinetic of the lat ter  is not a consequence of the elec- 
trode preparat ion or potential  measurement  technique 
since manganese dioxide cathodes were prepared and 
measured in the same manner .  

The cathodic reaction [1] will be followed by [2] 

F -  + Li + ) LiFs [2] 

leading to the formation of solid l i th ium fluoride within 
t h e  cathode. The solubili ty of l i th ium fluoride in pure 
propylene carbonate is less than  5 X 10 -6 molar (24). 
Addit ion of l i th ium perchlorate to form a one molar  
solution should decrease the solubili ty of l i th ium 
fluoride further.  

Cathodic depolarizer ut i l i zat ion.- -From coulometric 
analysis of galvanostatic discharge curves, the uti l iza- 
t ion of graphite intercalat ion compounds could be 
determined. 

Graphite ]~uorides.--Galvanostatic discharge curves 
for CF (curve A),  C5.~4F (curve C), and a graphite 
cathode (curve E) in  1M LiC104-PC electrolytes are 
shown in Fig. 2. The current  density is 1 m A / c m  ~-. The 
cathode potentials are measured vs. the l i th ium refer- 
ence electrode. The in terrupted lines of curves B and 
D represent the corresponding cell discharge curves. 
The amounts  of CF and C5.~4F in the cathodic mix used 
at the electrodes correspond to 0.26 and 0.065 A-hr, 
respectively. The corresponding points on discharge 
curves A and C, which should give, in the absence of 
any  side reactions, the potentials at which 100% 
util ization of the depolarizer has been reached, are 
shown. Visible gas evolution at the cathodes, marked 
in the figure with arrows, can be observed around these 
potentials and continues on fur ther  discharge. 

Since util ization efficiencies above 100% can be ob- 
tained by discharging to lower potentials, another  re- 
duction process must  account for a util ization exceed- 
ing 100%. It is highly probable that  this is solvent re- 
duction [3] 

C4H60~ + 2e -  ) CH3 -- CH ---- CH2 + CO32- 
[3] 

Reaction [3] could occur s imultaneously with the re-  

' AH 10-2 10-J ~.10-1 5.10-1 

Fig. 2. Golvanostatic discharge curves of graphite fluorides in 
Li /1M LiCIO4-PC/CxF cells. I ---- 1 mA/cm 2. A, CF cathode vs. 
lithium reference electrode; T ---- 29~ B, Li/1M LiCIO4-PC/CF 
cell; T - -  29~ C, C5.54F cathode vs. lithium reference electrode; 
T ~ 31~ D, L i / IM  LiCIO4-PC/Cs.54F cell; T = 31~ E, Graph- 
ite cathode vs. lithium reference electrode; T m 30~ F,G,H, Open- 
circuit potentials after partial or complete discharge. ~', Gas evolu- 
tion at cathode, l l ~ l ,  100% utilization. 

duction of the graphite fluorides or successive to it. 
The strong bend in the CF discharge curve, just  above 
1.1V, suggests a change in the discharge mechanism. 
Electrochemical reduction of propylene carbonate at 
graphite rods in 1M LiC104-PC electrolyte to propylene 
gas and carbonate ions has been described in the 
l i terature (25). Curve E (Fig. 2) shows the potential  
change of a graphite cathode at 1 mA / c m 2. 

The discharge of C5.54F was in terrupted and the open- 
circuit potential  after part ial  discharge was measured. 
It can be seen that  point  F lies considerably below the 
original open-circuit  potential  and point  G, after 
theoretically complete discharge, is still lower. There 
appears to exist a l inear  relationship between these 
"rest" potentials and the ampere-hours passed. CF 
showed a similar behavior (point H).  

Graphite ox ide . - -The  composition of the graphite 
oxide under  s tudy was C801.48 (OH)1.48 X 1.44 H20. The 
following reaction was assumed to occur during its 
cathodic discharge 

CSO1.48 (OH) 1.4s • 1.44H20 + 4.44e- 
> C8 • 1.44H20 + 1.48 O-- -5 1.48 OH- [4] 

O-- and OH- react further with lithium ions to form 
lithium oxide and lithium hydroxide. 

Figure 3 shows the galvanostatic discharge curves 
of a Li/IM LiCIO4-PC/CzOyHz cell. Curve A shows 
the cathode potential during discharge at a current 
density of 1 mA/cm 2 and curve B the corresponding 
cell voltage. 

The amount of depolarizer in the cathode corre- 
sponds to 0.262 A-hr. Again a utilization above 100% 
can be observed if the discharge is continued to lower 
potentials. Gas evolution at the cathode is observed 
just prior to 1.IV. The discharge was interrupted 
several times in order to measure the open-circuit 
potentials after partial or complete discharge (curve 
C). These potentials were attained after resting the 
electrodes overnight. It can be seen that curve C shows 
a l inear  behavior up to about 100% theoretical utiliza- 
tion, followed by a marked break and change in slope. 

Manganese d ioxide . - -The cathodic reduct ion of 
manganese dioxide at 1 mA / c m 2 is presented in  Fig. 
4. Assuming a reduction of Mn 4+ to Mn 3+ 

2MnO2 -5 2e -  ) Mn203 -5 O - -  [5] 
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Fig. 3. GalYanostatic discharge curves of graphite oxide in Li/ 
1M LiCIO4-PC/CxOyHz cells. I - -  ! mA/cm2; T = 29.2~ A, 
CxOyHz cathode vs. lithium reference electrode. B, Li/1M LiCIO4- 
PC/CzOyHz cell. C, Open-circuit potential after partial or com- 
plete discharge. 1', Gas evolution at cathode.lb'41,100% utilization. 
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Fig. 4. Galvanostatic discharge curve of manganese dioxide in 

Li /1M LiCIO4-PC/MnO2 cells. I ----- I mA/cm~; T ---- 29.2~ A, 
MnO2 cathode vs. lithium reference electrode. B, L i / IM  LiCIO4- 
PC/MnO2 cell. C, D, Open-circuit potentials after partial discharge. 
1', Gas evolution at cathode. 

C A T H O D I C  D I S C H A R G E  IN O R G A N I C  E L E C T R O L Y T E S  

the depolar izer  would  yie ld  0.194 A-hr ,  however,  only  
about  0.13 A-hr  a re  obtained,  corresponding to a 
u t i l iza t ion of about  68% by discharge down to 0.9V. 

The open-circui t  potent ia l  and the ma jo r  par t  of 
the discharge curve l ies above the theoret ical ,  r eve r s -  
ible  potent ia ls  of the  assumed cell react ion 

2Li + 2MnO2 - - - -  Li20 + Mn203; Eo 29s --~ 2.69V [6] 

The revers ib le  potent ia l  for a 4 +  and 3 +  reduct ion 
l ies at  the  end of the  first plateau.  A second reduct ion 
region can be recognized be tween  1.7 and 0.9V vs. 
l i thium. Since s t rong gassing is observed at  the cathode 
at  the l a t t e r  potential ,  i t  is p robable  tha t  solvent  re-  
duction occurs at  0.9V and at lower  potentials .  

The d i sagreement  be tween  the  d ischarge  potent ia ls  
and revers ib le  po ten t ia l  (Eq. [6] ) suggests tha t  o ther  
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unknown elect rode react ions are  responsible for the  
behavior  on discharge.  The open-circui t  potent ials  af ter  
pa r t i a l  d ischarge (points C and D) exhibi t  again a 
l inear  re la t ionship  vs. t ime. 

Comparison of cathodic depolarizers.--The depola r -  
izers inves t iga ted  were  compared  with  each other, 
using the galvanosta t ic  discharge curves  in Fig. 2, 3 
and 4. By graph ica l  in tegra t ion  of the  discharge curves 
from open-circui t  potent ia l  to a cathode potent ia l  
corresponding theore t ica l ly  to 100% util ization, except  
in the  case of manganese  dioxide,  a compar ison was 
made  of the energy content  and the kinetics of the  
depolarizers.  Rela t ing  this data  to the grams  of de- 
polar izer  used, the  w a t t - h o u r / p o u n d  ra t io  could be 
computed.  The resul ts  a re  shown in Table  IV. It  can 
be seen tha t  carbon monofluoride yields  the highest  
w a t t - h o u r / p o u n d  rat io  under  the  given exper imenta l  
conditions. Its V va lue  is the  highest  one of the  three  
in terca la t ion  compounds invest igated,  be ing  surpassed 
only by  the more  react ive  manganese  dioxide. 

Comparison of the energy content of Li /IM LiCIO4- 
PC/CF and Li/1M LiCIO4-PC/Mn02 cells during dis- 
charge at a rate o] 1 mA/cmZ.--From the  resul ts  of 
Table  IV, two depolar izers  appear  to be of interest .  
Carbon monofluoride was chosen for its h igh energy 
content  and manganese  dioxide because of its somewhat  
be t te r  kinetic characterist ics.  Consequently,  a compar i -  
son was made of these  two on the  basis of thei r  cell  
d ischarge curves and the essential  component  weights  
involved.  For  this purpose,  curves B in Fig. 2 and 4 
were  graphica l ly  in tegra ted  f rom cell  open-circui t  
vol tage to a chosen end (cut off) voltage. The  w a t t -  
hours  obta ined  were  re la ted  to essent ia l  component  
weights.  In  case of CF, the  cut off vol tages  chosen 
were  1.8, 1.5, and 0.9V. The area  under  the  curve to 
1.SV was 0.344 W-hr,  to 1.SV was 0.44 W-hr ,  and to 0.9V 
was 0.494 W-hr.  

The actual  component  weights  wi th in  the  exper i -  
menta l  cel l  in g rams  were :  

CF cathode + Cu grid 0.467 + 0.528 = 0.995 
Li  anode + Ni grid 0.163 + 0.419 = 0.582 
Separa to r  (4.2 • 4.2 )<3.2 cm) 0.230 
Elec t ro ly te  (10 ml)  (26) 12.590 

Tota l  expe r imen ta l  component  weight  ---- 14.397g 

Table  V lists improvements  in component  weights  
that  can be made  in the exper imen ta l  cells. I t  can be  
seen tha t  the e lec t ro ly te  accounts for  about  one half  
of the component  weight .  The influence of the cathode 
character is t ics  in prac t ica l  cells will ,  therefore,  not  
be as m a r k e d  as in Table  IV. No considerat ion was 
given dur ing  the conceptual  redes ign of the  exper i -  
men ta l  cell  to any  changes in the  ohmic cell  resis tance 

Table IV. Comparison of cathodic depolarizers discharged in 
Li /1M LiCIO4-PC/depolarizer cells at 1 mA/cm 2 and T ---- 29.7~ 

( W - h r /  ( W - h r /  ( W - h r /  % 
lb)  lb)  lb)  T h e o -  % 

rhea-  m a x i -  e x p e r i -  r e t -  M a x i -  
Depo l a r i z e r  r e t i c a l  ~ m u m ~  m e n t a l o  i ca l  ~ m u m e  

Cs.~F 471 263 55.8 1.85 100 
CF 1491 1020 804 54.0 78.8 2.05 100 
CsO1.4s (OH) 1.~ 1500 590 39,3 1,87 100 
MnO~ 349 451 241 69.0 53.5 2.52 68.3 

( W - h r / l b )  t heo re t i c a l  are based  on e m f  v a l u e s  c o m p u t e d  f r o m  
t h e r m o d y n a m i c  da t a  a n d  p o u n d s  of t o t a l  cel l  r eac tan t s .  

b ( W - h r / l b )  m a x i m u m  are  based  on  e x p e r i m e n t a l  o p e n - c i r c u i t  
v o l t a g e  and  p o u n d s  of t o t a l  cel l  r eac tan t s .  

( W - h r / l b )  e x p e r i m e n t a l  are based  on g r a p h i c a l  i n t e g r a t i o n  of 
the  d i s cha rge  curves ,  u p  to t he  u t i l i z a t i o n  eff iciency 7, and  on 
pounds of depolarizer only.  A c o m p a r i s o n  of th i s  da ta  w i t h  a or  b 
g i v e s  the  loss i n  t h e o r e t i c a l  e n e r g y  c o n t e n t  g i v e n  by  t he  ca thod ic  
p o l a r i z a t i o n  a t  t he  g i v e n  ra te .  In  case of CF, e.g., th i s  loss a m o u n t s  
to  40.0%. 

% t h e o r e t i c a l  = ( W - h r / l b )  e x p e r i m e n t a l / ( W - h r / l b )  theore t i ca l .  
6 % m a x i m u m  = ( W - h r / l b )  e x p e r i m e n t a l / ( W - h r / l b )  m a x i m u m .  
t The  a v e r a g e  d i s c h a r g e  p o t e n t i a l  V = ( W - h r / g )  e x p e r i m e n t a l /  

( A - h r / g )  theore t i ca l .  
g ~ d e p o l a r i z e r  ut i l i za t ion  in %. 
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Table V. Improvements in component weights 

CF ca thode  + Cu gr id  0.467 + 0.2 a ---- 0.667 (29.0%) 
Li  a n o d e  + N i  gr id  0.069 b + 0.20 ffi 0 .269 (11.7%) 
S e p a r a t o r  0.1004 (4.4%) 
E l e c t r o l y t e  1.259 �9 (54.9%) 

E s s e n t i a l  c o m p o n e n t  w e i g h t  2 .295 (100.0%) 
(in grams) 

a Shorter tab area 0 . 5 2 8  --* 0.404g and half the copper weight by 
using a more open grid. 

b 0.617 A-hr/0.16g lithium electrode yields 61.7 hr of operation at 
10 mA. CF depolarizer amount, however, requires only 26.4 hr. 
Therefore. only 0.069g lithium metal are required at the anode. 

e Shorter tab area and half the nickel weight by using a more 
open grid. 

4 Separator thinned by 50%. 
�9 Electrolyte spacing decreased from 5 to 0.5 mm -~ I ml elec- 

trolyte. Practical experimental cell configurations with two lithium 
anodes on each side of a depolarizer cathode required about 3.06g 
electrolyte (27). 

which would  be reflected in the cell  discharge char-  
acteristics. A n  increase in ohmic resis tance due to a 
smal ler  col lec tor-depolar izer  interface wi l l  cer ta in ly  
be upset  by  a considerable  decrease in e lectrolyte  
resistance due to decreased e lect rolyte  spacing. 

A comparison be tween  cells using carbon mono- 
fluoride and manganese  dioxide is given in Table VI. 
F r o m  these data,  it  can be seen that  CF has a h igher  
W - h r / i b  rat io than  manganese  dioxide, especial ly at 
lower  cut off voltages. A proper  prese lec ted  cut off 
vol tage is of greater  significance in the  opera t ion  of 
prac t ica l  ba t te r ies  of this  type. According to Eq. [3], 
the cathodic reduct ion of p ropylene  carbonate  is ac- 
companied  by  evolut ion of p ropylene  gas. Al though 
p ropy lene  shows some solubi l i ty  in the  e lect rolyte  (25), 
cont inued gas evolut ion wil l  lead to a pressure  bui ldup 
in sealed bat ter ies .  This p roblem can be e l iminated  if 
the  proper  cut off vol tage  is chosen. 

E n e r g y  content  and depolarizer util ization as a ]unc- 
tion o] discharge rate, electrolyte anion, and electrolyte 
so lven t . - -The  next  point  of in teres t  in this  s tudy was 
the  influence of factors, such as rate,  e lec t ro ly te  anion, 
and e lec t ro ly te  solvent, on the  energy content  and  de- 
polar izer  uti l ization.  

For  this purpose, the  fol lowing addi t ional  cell  com- 
positions were  p repared  and discharged at  a g iven 
ra te  at  about  30~ 

L i /1M LiAsF6, P C / C F  

Li /1M LiC104, P C / C F  
Li /1M LiC104, D M S O J C F  

Li /1M LiC104, P C / C F  

0.46 m A / c m  2 to va ry  ra te  
and e lec t ro ly te  an ion  
0.50 m A / c m  2 to va ry  ra te  
1.00 mA/cm2 to v a r y  sol-  
ven t  
1.88 m A / c m  2 to v a r y  ra te  

During the  discharge,  the cathode poten t ia l  vs. a l i th-  
ium reference  e lec t rode  plus  the  to ta l  cel l  vol tage  
were  monitored.  

The ra te  changes did  not  produce any th ing  new in 
the discharge behavior  (Fig. 5). The discharge curves  
a re  s imi lar  in  shape to tha t  in Fig. 2 wi th  a somewhat  
different  posi t ion in the  V-A-hr  plot. The open-ci rcui t  
potent ia l  a f te r  pa r t i a l  d ischarge  up to ful l  discharge 
follows a s t ra ight  line. The steep slope of the dis- 
charge curves  diminishes  af te r  reach ing  a theore t ica l ly  
100% uti l ization.  

Table VI. Comparison of W-hr/Ib of cell components a during 
discharge of Li/1M LiClO4-PC/depolarizer cells at 

1 mA/cm 2 and T = 29.7~ 

Cutoff  v o l t a g e  

0 .9V  1 .8V 

Depolarizer W-hr/lb % Utilization W-hr/lb % Utilization 

C F  97.7 100 68.0 56 .5  
M n 0 2  58,7 67,2 52.6 53 .7  

6 B a s e d  on  e s sen t ia l  c o m p o n e n t  w e i g h t s .  

3 . 0 ' ~  
B n 

8 

I 

0.1 0.5 AH 
Fig. 5. Galvanostatic discharge curves of carbon monofluoride in 

Li/1M LiCIO4-PC/CF cells at different current densities. T ~___ 
30~ A, CF cathode vs. lithium reference electrode; I = 0.5 mA/ 
cm 2. B, CF cathode vs. lithium reference electrode, I = 1.88 mA/ 
cmz. 8', Corresponding open-circuit potential after partial discharge. 
C, L i / IM  LiCIO4-PC/CF cell; f - -  0.5 mA/cm 2. D, Li/1M LiCIO4- 
PC/CF cell. I = 1.88 mA/cm~.JlP~, 100% utilization. 

Changing the e lectrolyte  anion f rom C104- to A s F 6 -  
presented  exper imen ta l  p roblems  wi th  the  l i th ium 
anode. Af te r  opera t ing  the cell  for about  0.165 A-hr ,  
the  vol tage be tween anode and cathode changed pola r -  
i ty  to --2.5V. Af te r  about  15 min at  this  vol tage level, 
it  r e tu rned  again to a posi t ive reading.  A s imi lar  
phenomenon occurred af ter  about  0.28 A-hr .  The cell  
voltage, however,  r emained  f rom then  on reversed  
while  under  discharge.  The first observat ion at the  
anode had the character is t ics  of a film format ion-f i lm 
remova l  phenomenon.  The second had  tha t  of per-  
manen t  passivat ion at  the anode. The potent ia l  of the  
cathode vs. the l i th ium reference  electrode remained  
a lways  posi t ive and showed no unusual  behavior  wi th  
t ime (Fig. 6). 

In  Fig. 6, we compare  the  discharge curves  in electro- 
lytes wi th  different anions at about  the same cur ren t  
density.  Ini t ia l ly ,  the  curves appear  to be prac t ica l ly  
identical .  P r io r  to 100% util ization, curve B exhib i ted  
a h igher  potential .  There  are  m a r k e d  differences, how-  
ever, in the  open-circui t  potent ia ls  af ter  pa r t i a l  and 
complete  discharge. The ini t ia l  open-circui t  potent ia l  

1.0j A 

I l 0.1 0.5 AH 
Fig. 6. Galvanostatic discharge curves of carbon monofluoride in 

Li/1M solute-PC/CF cells with different solutes; T ~__ 30~ A, CF 
cathode vs. lithium reference electrode; I = 0.5 mA/cm2; LiCIO4 
as solute. B, CF cathode vs. lithium reference electrode; [ = 0.46 
mA/cm2; LiAsF6 as solute. A', B', Corresponding open-circuit po- 
tentials after partial or complete discharge. ~ l ~ ,  100% utiliza- 
tion. 
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Fig. 7. Galvanostatic discharge curves of carbon monofluoride in 
Li/IM LiCIO4-solvent/CF cells with different solvents; T ~,~ 30~ 
I : 1 mA/cm 2. A, CF cathode vs.  lithium reference electrode; 
DMSO3 as solvent. B, Li/IM LiCIO4-DMSO3/CF cell. C, CF cathode 
vs. lithium reference electrode; PC as solvent. D, Li/1M I.iCIO4- 
PC/CF ce l l . l~ ,  100% utilization. 

in LiAsF6-PC is lower (~2.8V) than in LiC104-PC. 
The open-circuit  potential  in LiAsF6-PC after complete 
discharge, however, is higher than that in LiC104-PC. 

The influence of solvent on the discharge is shown 
in Fig. 7. Propylene carbonate and dimethylsulfite are 
compared. A markedly  different discharge behavior 
is observed. The open-circuit  potentials are both 
above 3.0V. While CF in LiC104-PC shows a strong 
potential  drop before 100% theoretical utilization, fol- 
lowed by a flat PC reduction curve, CF in LiC104- 
DMSO3 continues at a higher potential  level even after 
complete utilization. The result ing apparent  util ization 
efficiency above 100% can be explained as in the case 
of propylene carbonate by solvent reduction. 

Graphical  integrat ion of the discharge curves in 
Fig. 2, 4-7 (cathode potential  vs. l i th ium reference 

1,000 ~ 
s 

~-" 50E - 

I i - "  I I 1 
0.5 1.0 1.5 2.0 mA/cmZ 

Fig. 8. Watt-hour/pound of depolarizer ratio as a function of 
current density, electrolyte anion, and solvent; T ~-~ 30~ O,  CF 
in 1M LiCIO4-PC, TI ----- 100%. A,  CF in 1M LiAsF6-PC; ~ 
100%. [~, CF in IM LiCIO4-DMSO3; ~1 ~ 100%. e ,  MnO2 in 1M 
LiCIO4-PC; ~ ~- 68.3%. 

electrode) led to a comparison of the energy content  
of the depolarizers as a function of discharge rate, 
electrolyte anion, and solvent. The results are compared 
in Table VII. 

From Table VII it can be seen that  nei ther  a strong 
anion nor solvent effect on the energy density exists 
at 100% theoretical utilization. The average discharge 
potential,  V~, shows also that  nei ther  the anion nor 
solvent effect is a marked one. The exper iment  with 
DMSO3, however, indicates that  a remarkable  increase 
in the W-hr / lb  depolarizer ratio could be obtained if 
solvent reduction can be utilized. 

In the column of Vreference,  the cathode potential  at 
the given rate and util ization is shown. The last column 
contains the per cent of theoretical energy that can 
be obtained on discharge. The max imum theoretical 
value computed from thermodynamic data is 1491 
W-hr / lb  of depolarizer. 

In  Fig. 8, the W - h r / l b  of depolarizer ratio is plotted 
as a funct ion of current  density, electrolyte anion, and 

Table VIh Galvanostatic discharge of CF and Mn02 cathodes in various 1M organic electrolytes at 30~ 

% % Theo-  
Depola r ize r ,  W - h r / l b  T h e o r e t i c a l  r e t i c a l  
e l e c t r o l y t e  m A / e m ~  depo la r i ze r  V u t i l i z a t i o n  Vr e~er enee e n e r g y  

CF, L iAsFe-PC 0.46 812 2.07 100 a 1.98 54.5 
CF,  L iAsFc -PC 0.46 804 2.04 90 2.00 53.8 
CF,  LiC10~-PC 0.50 825 2.10 100 1.14 55.3 
CF, LiCIO4-PC 1,00 804 2.05 100 1.12 53.8 
CF, LiC104-DMSO3 1.00 760 1.94 100 1.67 51.0 
CF, LiCIO4-DMSOs 1.0O 1437 b 1.78 b 206 b 1.35b 96'4b 
MnO2, LiC10~-PC 1.00 241 2.52 68.3 0.92 69.0 
CF, LiC10~-PC 1.88 713 1.81 100 1.05 47.8 

" E x t r a p o l a t e d  va lue .  
b A p p a r e n t l y  add i t iona l  s o l v e n t  r e d u c t i o n .  

Table VIII. Galvanostatic discharge of Li/1M organic electrolyte/depolarizer cells at 
various current densities at ~ 30~ 

Cutof f  v o l t a g e s  (V) 
D e p o l a r i z e r  
e l e c t r o l y t e  rnA/emS 1.98 1.6 1.5 1.0 0.9 

CF,  L i A s F e - P C  0.46 113 . . . .  
(100) 

CF,  LiC104-PC 0.50 ~ 95 101 112 137 
(84) (32) (100 + 9) a (100 + 54) 

CF,  LiC10~-DMSOa 1.00 - -  64 118 149 - -  
(76) (I00 + 48) (I00 + 122) 

CF, LiCIO~-PC 1.00 -- 68 87 ~ 98 
(66) (84) (1O0) 

MnO2, LiC10~-PC 1.00 - -  53 53 - -  59 
(54) (54) (67) 

CF, LiCIO~-PC 1.88 -- 0.0 68 ~ 83 
(0.0) (73) (96) 

a U t i l i z a t i o n  eff iciency of, e.g., (100 + 9) m e a n s  t h a t  t h e o r e t i c a l l y  100% C F  d i s c h a r g e  h a s  occu r r ed  p l u s  add i t iona l  s o l v e n t  r e u u c t i o n  
e q u i v a l e n t  to 9% C F  discharge .  
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Fig. 9. CF discharge and char9e-discharge cycles; I = I mA/ 

cm2; T ~ 30~ 

solvent. It can be seen that the data points are arranged 
around a straight line. Neither a strong anion nor 
solvent effect can be noted. 

By graphical integration of the cell discharge curves 
in Fig. 2, 4-7 and from the essential component weights, 
the W-hr/lb of cell components were estimated. The 
W-hr/lb of cell components and in parenthesis the per 
cent utilization efficiency for various cut off voltages 
are given in Table VIII. 

The table shows that the approximate limit for a 
lithium carbon monofluoride battery, using anodes and 
cathodes made according to our preparation procedures, 
operating in the given current density range at about 
30~ would be somewhere in the range between 85 
and 113 W-hr/ lb of cell components at about 100% 
theoretical CF utilization. If additional solvent reduc- 
tion can be tolerated (discharge to 1.0-0.9V cut-off 
voltage), then far higher energy densities can be en- 
visioned probably even above 150 W-hr/lb. A reduc- 
tion in energy density of about 20% should be con- 
sidered if a battery case is included in the component 
weights. 

Feasibility of electrically recharging the Li/LiCIO4- 
PC/CF cells.--Limited experiment'ation was performed 
to explore the feasibility of electrically recharging the 
Li/1M LiC104-PC/CF cells. A platinum grid was used 
instead of the copper grid at the cathode since the 
latter disintegrated during charge/discharge cycles. 
After regular discharge of the CF at 1 mA/cm 2, the 
cell was charged at the same current density. Although 
the cell appeared to charge and discharge well for 
short periods, the charge voltage was increasing and 
the discharge voltage was decreasing with cycles (Fig. 
9). The cell was unable to hold a charge for a longer 
period of time. At both 4.5 and 0.9V, gas bubbles were 
noted at the cathode, probably connected with oxida- 
tion and reduction of the solvent. 
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Evaluation of the Ferric Ion Sensitive 
Chalcogenide Glass Electrode 

Raymond Jasinski* and Isaac Trachtenberg* 
Texas Instruments Incorporated, Dallas, Texas 75222 

ABSTRACT 

Further information is presented on the preparation, composition, per- 
formance, and ferric ion sensing mechanism of the chalcogenide glass 
FenSe60Ge28Sb12 (where n falls between 1.3 and 2). Proper ly  prepared and ac- 
t ivated electrodes respond to changes in ferric ion concentrat ion in perchlorate, 
chloride, and ni trate  solutions with an average Nernst ian slope of 57.6 _ 2.9 
mV/decade,  over the concentrat ion range of 10-2-10-5M ferric i ron (based on 
16 electrodes). Useful response is found down to at least 10-6M Fe +3. Details 
are presented on the activation and operating procedures. Although a complete 
evaluat ion of the sensing mechanism has not been made, it has been estab- 
lished that  the activation process involves both an oxidation of the fresh sur- 
face as well as a chemical interaction of this surface with ferric iron from solu- 
tion. The sensing process then involves exchange of ferric iron with this modi- 
fied surface. 

It  has been shown (1) that  electrodes formed from 
the chalcogenide glass, FenSe60Ge28Sb12, hereafter 
designated as Fe-1173, wil l  develop potentials relatable 
to the free, uncomplexed ferric ion concentrat ion of 
aqueous solutions. This effect is of practical interest  
in the monitor ing of some process effluents and waste 
waters for ferric iron; application of these electrodes 
has also been made to the determinat ion of sulfate 
ion in na tu ra l  and waste waters (2, 3). This response 
is of scientific interest  in that  (a) the electrode po- 
tent ial  is independent  of the ferrous ion content of 
the solution, while (b) the potential  response to ferric 
ion is a nominal  60 mV/decade  concentrat ion change, 
indicative of a one-electrode process ra ther  than  the 
expected three-electron process (20 mV/decade) .  

Fur the r  informat ion is therefore presented on the 
preparat ion and composition of this unique  material ,  
its electrochemical performance,  and the ion sensing 
mechanism. 

Experimental 
The iron glasses were prepared by fusing the appro- 

priate amount  of i ron wire at 900~176 wi th  the 
glass, Se60Ge2sSb12, previously synthesized directly 
from the pure elements. To form electrodes, disks, 1.1- 
1.2 cm diameter  and 0.1-0.2 mm thick were cut from 
the melt; gold was then  evaporated onto one side of 
the glass disk; a p la t inum wire lead made contact to 
the gold via silver micropaint;  the lead side of the 
glass was isolated from the test solutions by sealing 
the glass disk into a Plexiglas 1 tube. 

Resistivity and potent ial  measurements  were made 
as described previously (1). Potentiostatic measure-  
ments  were made with a Wenking  Model 6343R poten- 
tiostat. All potentials are reported with respect to the 
commercial Ag/AgC1 electrode used as reference. In  
those experiments  concerned with the possible influ- 
ence of chloride ion on the measured potentials, this 
electrode was replaced with an Orion double junct ion  
Ag/AgC1 reference electrode containing a potassium 
ni trate  solution in the outer junction. All measure-  
ments  were made at ambient  room temperature.  

Four  Fe-l173 electrodes were general ly  immersed 
in the specific solutions under  test, so as to separate 
out spurious electrode effects from the par t icular  
parameter  being studied. For simplicity of presentation, 
only the data from one of the set wil l  be discussed. 

In  order to obtain a reproducible surface, indepen-  
dent  of the previous history of the electrode, the sensor 
was etched periodically in  10% KOH for 30 sec, r insed 

* Elec t rochemical  Society Ac t ive  Member .  
K e y  words :  ion-select ive  electrodes,  chalcogenide  glass, fe r r ic  i o n  

s e n s o r ,  poten t iomet ry ,  select ive ion electrode act ivat ion.  
* Regis te red  t r a d e m a r k  of Rohm and  Haas  Company.  

with support ing electrolyte, re-etched, and rerinsed. 
The electrodes were then stored in 10-ZM Fe ++ 
overnight  before use. The significance of these etchings 
and equi l ibrat ion steps wil l  be discussed. 

The support ing electrolytes used in  this study were 
1M KC1 and 0.1N NaC104. Chloride forms weak com- 
plexes with ferric iron; perchlorate shows little ten- 
dency to complex (4). The responses in ni t ra te  were 
discussed previously (1). 

A motor-dr iven paddle s t i rrer  was used in  the ex- 
per iments  concerned with the effect of s t i rr ing on 
response time. Magnetic stirrers were avoided to 
obviate any possible complications from the heat so 
produced. 

The analyt ical  method for de termining the total 
i ron content  of the various slices of Fe-1173 glasses 
was based on dissolution of the sample in aqua regia, 
followed by measurement  with an atomic absorption 
spectrometer. 

Results and Discussion 
The surface of an electrode prepared as described is 

visibly heterogeneous, containing islands of one phase 
imbedded in a matr ix  phase. Port ions of this electrode 
mater ia l  were ground to a powder and an x- ray  (Fe 
radiat ion) pat tern  taken under  prolonged exposure. 
In  no case could a detectable pa t te rn  be found. It must  
therefore be concluded that  nei ther  phase of the elec- 
trode mater ial  is crystalline. 

The Fe-l173 electrodes are opaque to infrared radi- 
ation; the parent  1173 glass is t ransparent .  It  must  
therefore be concluded that  nei ther  phase is the 
original 1173 glass. It  was not possible to wi thdraw 
portions of ei ther phase individual ly  for chemical 
analysis. 

The homogeneity of the melts prepared as previously 
described (1) is indicated by the data shown in Table 
I for the iron contents of slices taken along the length 
of two melts (slice 1 is the top of the melt) .  There 
are significant variat ions in  composition from slice to 
slice and it is not possible to infer the composition of 
slice x from that  of slice x • 1. No t rend in  iron con- 
tent  could be established from the position of the slice 
wi th in  the melt;  crushing and remel t ing  the slices did 
not improve the homogeneity of melt  composition. 

I t  had been shown previously (1) that  there was a 
dependence of resistivity on the iron concentrat ion of 
the melt. The existence of a critical iron concentration, 
above which the resistivity decreased from the order 
of 108 ohm-cm down to the order of 50 ohm-cm, was 
confirmed with chemical analysis of the individual  
slices on which the resist ivity measurements  had been 
made. This was necessary in  view of the compositional 
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Table I. Iron content along the melts 

Slice  No. 

W e i g h t  pe r  cen t  t o t a l  iron 
Mel t  39 Me l t  23 
(1.0 w / o  (1.4 w / o  

Fe added) Fe  added) 

1 0.97 1.27 
2 0.91 1.29 
3 1.27 __ 
4 1 . ~  1.18 r 180 
5 0.95 1.29 o~ 
6 0.76 -- ~X 
7 0.94 1.29 " ~  
8 0,84 1.30 ~ :  
9 0.82 1.22 

10 0.80 - -  
11 0,76 ~ > 
12 0.78 - -  
13 0.84 ~ E 
14 0.84 -- tU'~'l 6 0 

variat ions shown in Table I. As a result  of improved 
analyses, the critical concentrat ion found was 1.3 a/o 
(atomic per cent) i ron rather  than the approximate 
2.3% value previously reported. 

Shown in Table II are the electrochemical perform- 
ances of three high-resistance electrodes; here per- 
formance is discussed in terms of the potential-log 
concentrat ion slopes between the specifed concentra- 
tion limits. All  the high-resistance glasses showed less 
than the expected Nernst ian slope to changes in iron 
concentrat ion at low net ferric ion contents. Shown in 
Table III  are the steady-state Nernst ian slopes for 16 
low-resistivity (--~50 ohm-cm) electrodes over the con- 
centrat ion range of 10-5-10-2M ferric chloride in 1M 
KC1, pH 2. All  electrodes had iron concentrations of 
approximately 1.3 a/o Fe. Included in the table are the 
standard deviations of slope as calculated from a least 
squares fit of the data for each electrode. (The n u m b e r -  
ing system is such that  the first number  refers to a 
part icular  melt;  the second number  refers to a par- 
t icular slice within the melt.) The average slope com- 
putes as 57.6 mV/decade with a net  s tandard deviation 
of +--2.9 mV/decade.  This then is a measure of the 
reproducibil i ty with which electrodes can be prepared. 
No correlation could be found with iron content  and 
performance, except as determined by the resistivity 
of the glass. Unless otherwise specified, all data dis- 
cussed below were taken with low-resistance electrodes. 

Shown in Fig. 1 are the response times of one such 
electrode to small  changes in iron concentration. 
Steady state was achieved within  2~ min;  response 
t ime to increasing iron concentrat ion appeared to be 

Table II. Potential change vs. Fe +~ concentration change 
potential (mV) 

Elec t rode  C o n c e n t r a t i o n  r a n g e  
resist ivity 
(ohm-cm)  10-5-10-4 lO-~-lO-S 10-3_10-~ 102-.10-1 

l0 T 16.7 28.2 45.8 59.0 
2 x I0 ~ 37.8 57.4 61.0 60.0 
4 X I0 a 28.4 41.2 56.5 60.0 

Table III. Nernstian slopes for low resistance electrode 
response to Fe +~ 

Slope,  S t a n d a r d  
E lec t rode  m V / d e c a d e  d e v i a t i o n ,  m V  

30-1 62.1 1.9 
30-2 61.3 1.8 
30-4 59.3 1.4 
30-7 59.9 2.2 
30-8 60.3 2.9 
3 0 - I I  58.3 2.3 
32-4 52.5 1.4 
32-7 56.2 2.9 
32-8 55.2 1.4 
32-9 58.5 1.3 
32-11 54.9 1.3 
32-15 55.5 0.6 
46-2 52.1 0.8 
4 6 - I I  58.2 2.5 
49-2 58.6 2.2 
49-12 57.3 1.7 

200 - -  

140 - -  

I I 

2.1xtO-4MFe +3 

1.4 x 10-4 M Fe +3 

I I 

/ 
I I 

5.7x t0 - 4  M Fe +=3 

I I 
- 6  - 4  - 2  0 2 4 6 

TIME (MINUTES) 

Fig. I. Response times for a 2.39 mole per cent Fe~ glass 
electrode to changing ferric ion concentration. 

somewhat faster than responses to decreasing concen- 
trations. 

Response time increased significantly, however, (a) 
when the concentrat ion changes were increased to 
order-of-magnitude increments,  and (b) when  the 
ambient  ferric iron concentrat ion was decreased below 
lO-4M ferric iron. With stirring, steady state at 10-SM 
was achieved within  20-30 min;  without stirring, 
steady-state responses at 10-5N[ were always quite 
long, taking up to 60 min  to reach steady state (here 
steady state is defined as an electrode potential  stable 
to within 0.1 m V / m i n ) .  At steady state the electrode 
potentials were independent  of s t i rr ing rate, over the 
range of 0-275 rpm. At 10-4M ferric ion, steady state 
was achieved within 10-20 min  with stirring. 

This t rend of decreasing response t ime with increas- 
ing iron concentrat ion did not  persist above 10-~M; 
general ly  20 min  were required to reach steady state, 
as defined, and st irr ing ha d  little effect. Response times 
were the same in perchlorate and in chloride solutions. 

During the pre l iminary  studies of electrode behavior, 
it was often observed that  the potential  changes mea- 
sured at and below 10-3M Fe + + + were smaller  than 
expected (from a Nernst ian slope of about 59 mV/  
decade) if the electrodes had been first exposed to 
10 -1 or 10-2M ferric i ron for prolonged periods of 
time. Furthermore,  the equi l ibr ium potentials them- 
selves were higher than had been observed after the 
electrodes had been first exposed to 10-4M ferric iron. 
This effect was found in both chloride and perchlorate 
solutions. The phenomenon can be i l lustrated and ex-  
plained by the following experiment.  A thoroughly 
washed electrode was equil ibrated in 100 ml  of 10-SM 
ferric chloride after exposure for 10 min  to 10-1M 
Fe § + + ; a steady potential  of +355.7 mV was observed. 
The electrode was then rinsed with support ing electro- 
lyte and the test solution was replaced with a second 
sample of the same 10-3M concentrat ion but  which had 
not been exposed previously to an Fe-1173 electrode; 
a steady-state potential  of -}-341.7 mV was recorded. 
Not only is this potential  lower, but  it is what  was 
anticipated from Nernst ian behavior and the potential  
observed at 10-2M ferric iron. Placing the electrode 
back into the original 10-3M solution restored the 
potential  reading to its original  value. This indicates 
that  the potential  difference between the two mill imo- 
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lar iron solutions was not an artifact or electrode drif t  
but  was indeed representat ive of the ferric iron con- 
tents of the solutions. It would appear then that  ferric 
ion was t ransferred from the surface of the electrode, 
previously exposed to high iron content  solutions, into 
the first mil l imolar  i ron solution. 

Thus when  measur ing the potential  of a solution 
more than  an order-of-magnitude different in ferric 
iron content  than the solution previously monitored, 
the electrodes had to be equil ibrated for at least 30 
rain in the test solution and then placed in a fresh 
portion of the test solution. This provided the most 
accurate representat ion of potentials characteristic of 
the ferric i ron content of the part icular  solution under  
study. 

A more classical source of contaminat ion was also 
found with a number  of the support ing electrolytes 
used in the study, specifically the presence of a small  
amount  of residual i ron impur i ty  in  the salt itself. The 
KC1 and NaC104 electrolytes were analyzed for total 
soluble iron via an atomic absorption spectrometric 
method (5). The 0.1N NaC104 solution used contained 
1.7 • 10-sM Fe; the 1M KC1 solution contained 2 X 
10-TM Fe. I t  was found that the KC1 solutions did 
vary  in soluble iron content according to the part icular  
batch of KC1 used; most samples contained residual 
iron in the 10-~M range. 

The lower l imits-of-detection of the Fe-1173 elec- 
trodes were therefore estimated as follows. Equi l ibr ium 
potentials were first measured for a KC1 solution with 
a known, large concentrat ion of added iron. Sufficient 
EDTA (at the same pH) was added to complex all iron 
present; potentials were recorded after 15 rain. The 
results of one such exper iment  in 1M KC1 are shown 
in Table IV. Comparing the potentials at 10-5M Fe +S 
with those of the KC1 4- EDTA solution (i.e., no iron),  
it would appear that  the electrodes are sensitive down 
to approximately 10-6M ferric iron in 1M KC1. 

The same experiment  was carried out in perchlorate 
solution with substant ia l ly  the same result, i.e., the 
electrode is capable of measur ing soluble ferric ion 
above a concentrat ion of 10-6M. 

Also of interest  were the observations that exposure 
of the electrode to EDTA did not adversely affect 
activity, in fact exposure may well  have improved 
electrode performance. An example of this is shown 
in Table V. Listed are the steady-state potentials at 
10 -4 Fe, (a) initially, (b) after exposure to 10 -1 Fe, 
and (c) after exposure to EDTA. (The significance of 
the 10 -1 exposure will  be discussed below in more 
detail; suffice it to say that  such an exposure has a 
deactivating effect for subsequent  exposure of the 
electrode to 10 -4 solutions.) 

In  order to generate electrodes which showed these 
Nernst ian responses to varying  ferric ion concentra- 
tions, it was necessary to activate the sensor surface 

Table IV. Determination of limit-of-detection 

Solut ion 

E l e c t r o d e  

32-5,  m V  32-5,  m V  32-8,  m V  

10~ lYiFe  + K C I  + 216 + 235 + 232 
1 0 ~ M F e  + K C I  + 165 + 203 + 198 
K C I  + 147 + 188 + 184 
KCI + E D T A  + 145 + 182 + 180 

Table V. Effect of EDTA on equilibrium potentials 

P o t e n t i a l s  ( fo r  lO-41VI F e ) *  

E l e c t r o d e  I n i t i a l  A f t e r  10 -z A f t e r  E D T A  

5 231.7 223 230 
6 210.8 204  211 
7 232.6 208.9 230 
8 226.6 209.9 227 

* O b v i o u s l y ,  t h e r e  i s  good  a g r e e m e n t  b e t w e e n  t h e  " I n i t i a l "  and 
" A f t e r  E D T A "  p o t e n t i a l s .  

400 ' I = I ~ I ~ . ~  

~ 2 0 0  
v 

z 

5 
~o100 

I /  l 1 i 1 l 
10-4 10-2 

Fe +3MOLARITY IN KCL 

Fig. 2. Response of an Fe-1173 electrode to varying ferric ion 
concentrations after equilibration overnight in ferric iron solutions 
of the concentrations indicated. 

by exposing a freshly etched electrode to a solution 
high in ferric ion concentrat ion (~10-3M).  This 
phenomenon is i l lustrated by the data shown in Fig. 
2, in which are plotted the responses of a freshly etched 
electrode after equil ibrat ion overnight  in three dif- 
ferent iron solutions. In  each case, measurements  were 
first made at the 10-SM concentrat ion level and then 
for successively increasing iron concentrations. Chlo- 
ride was the supporting electrolyte, but  similar results 
were obtained with perchlorate ion. 

Consider first the response of the electrode equili- 
brated in the 10-5M iron solution: (a) potential  read- 
ings were abnormal ly  low below 10-3M and (b) the 
response above 10-4M was super-Nernstian,  i.e., 
greater than ~58 mV/decade change in iron concen- 
tration. After exposure to 10-1M ferric ion, this elec- 
trode showed the normal  l~ernstian responses as ob- 
tained with properly activated electrodes (data not 
shown in the figure). 

Consider next  the electrode equil ibrated overnight  
in 10-3M ferric ion. Response was Nernstian, and little 
hysteresis was observed in potential  on increasing and 
decreasing the iron concentrat ion (data not shown in 
the figure). Similar  behavior was observed after equili- 
brat ing a freshly etched electrode for 1 hr in 10-1M 
ferric ion solution. 

F ina l ly  consider the plot for the electrode equili- 
brated overnight  in I0-1M ferric iron. The subsequent  
performance at and above 10-3M is normal;  response 
below 10-3M was less than  would be expected from 
Nernst ian behavior. Fur thermore  the potentials showed 
considerable long term drift. In  many  cases such t reat-  
ment  with 10-1M ferric ion resulted in electrodes com- 
pletely nonresponsive to changing ferric ion concen- 
trat ion below 10-4M ferric ion. 

To confirm that  this deactivation involved exposure 
t ime as well as ferric iron concentration, an active 
electrode was exposed to 10-3M ferric ion for 87 hr  
ra ther  than overnight  as described above. Subsequent  
measurements  of the concentrat ion-potent ial  responses 
indicated a decrease in sensit ivity of the electrode to 
low concentrations of ferric ion, e.g., a potential  change 
of only 35 mV was observed from 10 -5 to 10-4M 
iron and 53 mV from 10 -4 to 10 -3 , ra ther  than the 
previously observed 58 mV/decade. Above 10-3M ferric 
ion the response was still Nernstian. This result  has 
obvious implications relative to the use of this sensor 
for the continuous moni tor ing of process streams. As 
with other ion-selective electrode, the best performance 
is obtained when  the electrode is used to measure less 
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than order of magni tude changes in concentrat ion 
around a constant  ambient  concentration. 

In  order to avoid, or at least minimize, such deac- 
t ivat ion of the electrode when the sensor is not in use, 
consideration was given to storing the electrodes in the 
dry  state, without  etching and chemical reactivation 
between applications. Accordingly a series of four elec- 
trodes were activated overnight in 10-3M ferric ion 
and then operated. After  demonstrat ion of the expected 
sensit ivi ty to ferric ion, the electrodes were washed 
with support ing electrolyte, washed with distilled 
water, dried, and left overnight  in air. The electrodes 
were then exposed to solutions of vary ing  iron content  
and the steady-state potentials were recorded. The 
greatest divergence between the two sets of potentials 
was 20 mV; the average divergence was 10 mV. Two 
conclusions can be made. First  dry storage does not de- 
activate the electrode, and, second, as with all ion- 
selective electrodes, recal ibrat ion is a desirable pre- 
caution. 

The operational effects discussed above raise signifi- 
cant  questions regarding the electrode mechanism for 
sensing ferric ion concentration. In  part icular  it is 
necessary to rationalize the 58 mV/decade Nernstian 
slope, i.e., a one-electron process, with the following: 
(a) the electrode activation phenomenon,  (b) the elec- 
trode deactivation process, (c) the autocontaminat ion 
of the  test solutions, and (d) the variat ion in  response 
times with the magni tude  of concentrat ion change and 
concentrat ion level. 

One possible explanation, consistent with previously 
discussed redox behavior, is that  the electrode sees 
or~ly the oxidation potential  of the ferric ion (the re- 
duced half of the equi l ibr ium couple is in the elec- 
trode),  but  to funct ion properly the electrode surface 
must  first be oxidized, e.g., to a potent ial  approximat-  
ing that  of 10-1M ferric chloride. The autocontamina- 
t ion effect could indiCate that the solubility of the elec- 
trode mater ial  is potential  dependent.  Similar ly  the 
deactivation process could be explained by a competing 
slow and irreversible oxidation of the surface by ferric 
ion at potentials equal to or greater than  +400 mV 
vs. Ag/AgC1. 

The following exper iment  was carried out in an at- 
tempt to evaluate the effect of oxidation potential  (this 
s tudy was done in replicate, but  for simplicity of pre- 
sentation we will  discuss the data for only one run ) .  
An  electrode was etched, washed with support ing elec- 
trolyte, and placed in 1M KCI, pH 1.7 but  with no 
added iron. The potential  of the electrode was set to 
+400 mV with the potentiostat  and held for 3 hr. This 
is approximately the potential  the electrode would 
have reached if exposed to 10-~M ferric chloride in 
1M KC1, pH 1.7. A current  flow of 2 mA anodic was ob- 
served initially, decreasing within 15 min  to 0.003 mA 
anodic. Thus, a chemical oxidation of the electrode sur- 
face does take place dur ing  the electrode activation 
step. 

After  the anodic current  had definitely fallen to zero 
(3 hr) ,  the applied potential  was removed and the elec- 
trode was exposed to varying concentrat ions of ferric 
ion in the same support ing electrolyte, s tart ing with 
10-SM and proceeding to higher concentrations in order 
of magni tude  increments.  The potential-log concentra- 
t ion response so obtained was substant ia l ly  identical 
to that shown in  Fig. 2 for the freshly etched electrode 
exposed to 10-SM ferric chloride. At t 0 - sM Fe +3, the 
electrode potential  was of the order of 150 mV below 
its equi l ibr ium Nernst ian value and only slowly in- 
creased toward this potential  (at ---5 mV/hr ) .  This rate 
of approach to equi l ibr ium was much slower than  ob- 
served dur ing  operation of the chemically activated 
electrode at this concentrat ion level. Varying the solu- 
t ion Fe +3 concentrat ion generated a super-Nernst ian 
response. As concentrat ion increased, the potentials 
more closely approximated their "true" equi l ibr ium 
values and the rate-of-approach to equi l ibr ium in- 
creased. 

It  can thus be concluded that oxidation of the elec- 
trode surface does occur dur ing the activation step, 
but, in itself, is not sufficient to provide an electrode 
responsive to changing iron concentrat ions in the sup- 
porting electrolyte solution. Exposure to high concen- 
trations of ferric iron is indeed required. Since the 
phenomenon is observed in perchlorate solution, the 
impor tant  species involved in this process is ferric ion 
and not a chloride complex. 

It had been determined previously that exposure of 
the electrode to 10-1M ferric iron for 3 hr, i.e., the 
t ime period used in the potentiostatic t rea tment  dis- 
cussed above, was sufficient to deactivate the electrode 
response to low concentrat ions of ferric i ron in the 
solution. However, the potentiostatic t rea tment  did not 
adversely affect the electrode performance. To fur ther  
confirm this, a freshly etched and chemically activated 
electrode was put  on the potentiostat  at +400 mV for 
3 hr. Subsequent  potentiometric response to varying  
iron content  in solution was unchanged, i.e., the elec- 
trode was not detectably deactivated. Thus it can be 
concluded that electrode deactivation also does not 
solely involve surface oxidation, i.e., high potential,  
but  that  high concentrat ions of ferric ion are required. 

The next  point to establish is the na ture  of the chemi- 
cal interact ion between the ferric iron in solution and 
the surface of a chemically, or electrochemically 
oxidized Fe-l173 electrode. The most l ikely reaction is 
that  of equi l ibr ium (rather  than irreversible)  chemi- 
sorption of Fe .3. The specificity of such a process would 
account for the selectivity of the electrode material.  
The equi l ibr ium exchange of the adsorbed iron with 
ferric ion in solution would account for the autocon- 
taminat ion  effect, as the electrode is severely shifted 
from equi l ibr ium by, for example, reducing the solu- 
tion iron content  more than  an order of magnitude.  
The init ial  adsorption of ferric iron would, of course, 
be expected to produce a potential  change and indeed 
after potentiostatic oxidation, the addition of ferric 
ions subsequent ly  does lead to an increase in potential  
which, as described, is super-Nernst ian,  i.e., is greater 
than expected from the effect of concentrat ion change 
alone. 

A series of experiments  was therefore carried out in 
an at tempt to elucidate the chemistry involved in this 
electrode-ferric ion interaction. The specific measure- 
ment  techniques used were: (i) free ferric iron anal -  
ysis of the equil ibrat ion solutions with an activated 
Fe-l173 electrode, (ii) total i ron analysis of the equili- 
brat ion solution via atomic absorption spectrometric 
analysis, and (iii) Fe+3/Fe +2 ratio moni tor ing via a 
p la t inum screen electrode. 

Accordingly an electrode was freshly etched and 
placed in a 10-SM FeC13 solution (pH 1.7, 1M KC1) 
which was equil ibrated with the active Fe-1173 elec- 
trode. The potential  of the active electrode decreased 
by 7.8 mV in 60 min. Atomic absorption analysis in- 
dicated no change in total i ron content. These results 
are rationalized by noting that a freshly etched elec- 
trode is in a reduced state (at approximately --400 
mV) and is thus capable of reducing ferric ion to 
ferrous ion. Potentiostat ing such an electrode at +400 
mV did result  in  an anodic current  flow as described 
above. 

The test electrode was therefore re-etched, potentio- 
stated at +400 mV, for 2.5 hr, and then exposed to 
10-SM ferric chloride solution. The active Fe-l173 elec- 
trode again indicated a decrease in ferric iron content, 
but  the potential  change was much smaller, i.e., of the 
order of a mil l ivolt ;  the p la t inum screen electrode in -  
dicated a decrease in potential  of 4.6 mV. Thus there is 
indeed a change in the composition of the equili-  
bra t ing electrolyte, but  it is small. Atomic absorption 
analysis of the solution showed no change in the total 
i ron content. However the changes indicated by  the 
electrodes are at the l imit of reproducibi l i ty  of the 
atomic absorption analyt ical  method. Complicating 
matters, however, was the observation that  in  no case 
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dur ing the replicate atomic absorption analysis of 
replicate solutions was there indicated a lower con- 
centrat ion of total i ron in the equi l ibrat ion solution 
compared to tha t  for the original  electrolyte. 

Nevertheless it is possible to conclude that  very 
little, if any, reduced species come off the electrode 
during the activation step. The potential  change noted 
for the p la t inum electrode, if due solely to ferrous iron 
or a similar reduced specie, would be of the order of 
10-TM (0.006 ppm Fe) .  The same conclusion applied to 
a chemically activated electrode during ferric iron 
sensing. The p la t inum electrode was placed in a 10-SM 
ferric chloride solution unt i l  steady state was achieved. 
An  active Fe-l173 electrode was placed in this solution; 
no change in potential  of the p la t inum electrode was 
observed. 

These observations then are consistent pr imari ly  with 
the adsorption of ferric iron onto the electrode surface 
dur ing the activation step. The quanti t ies  involved are 
proport ional  to solution ferric ion concentrat ion and 
hence are small  at low ambient  concentrations of ferric 
iron. (At higher concentrat ions there would be the 
problem of detecting small  differences between large 
numbers.)  

However, wi th  available data it  is not possible to 
exclude rigorously, the desorption or dissolution of ma- 
terial  from the electrode surface which would form a 
stable complex ion with Fe +3, and thereby reduce the 
electrode potentials of the monitor ing electrodes as 
described. Such a mechanism would be consistent with 
the atomic absorption results on total iron content  of 
the solutions. However (a) such dissolution would have 
to take place only in the presence of ferric iron (or 
the process would have been completed dur ing the po- 
tentiostat ing step), (b) such dissolution could not ex- 
pose fresh Fe-l173 surface (or steady state would not 
have resulted),  and (c) the Fe +3 complex would have 
to have a low equi l ibr ium constant (log K of the order 
of 2 or 3) or the changes in ferric i ron concentration 
would be greater than  observed; this in tu rn  would 
imply a solubili ty product not strongly influenced by 
the Fe +8 concentrat ion and condition (a) would not 
apply. 

Thus the most l ikely interact ion is adsorption of 
ferric iron on the fresh electrode surface. 

If the deactivation process proceeds via an irre- 
versible, slow adsorption of ferric i ron species, which 
may or may not be potential  dependent,  then it would 
be expected that, if the potential  of the electrode were 
reduced, it would be possible to displace ferric i ron 
from the electrode surface or it would be possible to 
reduce this adsorbed ferric iron to ferrous iron. Since 
ferrous iron does not evoke an electrode response, it 
can be assumed that it is not adsorbed onto the elec- 
trode. In  both cases, soluble iron should appear in the 
support ing electrolyte. Accordingly, a deactivated elec- 
trode was potentiostated at 4120 mV for 10 rain in 
1M KC1, pH 1.7, containing no added iron. Current  
flow was cathodic, but  less than 0.001 mA. The solution 
was then analyzed for soluble iron via a sensitive 
atomic absorption spectrometric method (5); 0.34 rag/  
l i ter  (6 • 10-6M) iron was found. Although small, the 
value is nevertheless real, i.e., in excess of the residual 
i ron content  found in the part icular  KC1 solution used 
in this experiment.  This then is evidence in support of 
deactivation via irreversible, but  slow, adsorption of 
ferric i ron onto the electrode surface. Consistent with 
such a mechanism is the fact that inactive electrodes 
always read high, i.e., give potentials in excess of what  
is expected for equi l ibr ium with the solution being 
measured. Such would be the case for an electrode with 
an  excess of i ron on the surface. 

We are therefore left with the following conclusion 
regarding the activation and sensing mechanism of 
Fe-l173 electrodes. A properly activated electrode will  
show Nernst ian responses to solutions varying in ferric 
i ron content with a slope of approximately 58 m V /  
decade concentrat ion change, i.e., a one-electron change 

process. However to function properly, a freshly 
etched surface must  first be exposed to ferric iron 
solution of moderately high concentration, of the order 
of 10-3M or higher. Dur ing  this step, the electrode 
surface is first oxidized, after which a chemical inter-  
action takes place between the electrode and ferric 
iron in the solution. It  is this modified surface which 
is involved in the sensing of ferric iron content  of solu- 
tions. This sensing mechanism does not  involve the 
inject ion of reduced species into the electrolyte. This 
interaction of the electrode with ferric i ron in solution 
is most l ikely one of specific adsorption, although the 
quant i ty  of ferric iron so involved is low, at least at 
low ambient  i ron concentrations. The operational 
effects discussed imply that the subsequent  ferric ion 
sensing mechanism involves the exchange of ferric 
ions in solution with the electrode surface. 

Electrode deactivation is rat ionalized in terms of a 
slow, irreversible adsorption of ferric i ron taking place 
s imultaneously wi th  the faster adsorption process 
which forms the basis of the sensing mechanism. In  
any event the involvement  of ferric i ron in the deac- 
t ivat ion process is strongly indicated. The rate of de- 
activation is proportional to the average Fe +3 concen- 
t ra t ion seen by the electrode thus further  support ing 
the idea of dry storage to prevent  deactivation. 

The remaining problem is to account, at least qual- 
itatively, for the one-electron Nernst ian slope with 
such a mechanism. Obviously the electrode mechanism 
is more complex than that  original ly proposed, i.e., a 
redox couple Fe+S/M +~, where M +~ is contained in 
the electrode surface. That the electrode responds to 
oxidizing agents such as Ce +4 and peroxides, there is 
little doubt (1). However there may well  be more 
than one mechanism depending on the species involved; 
work in progress is consistent with such a conclusion. 
To be consistent with the informat ion discussed above 
relative to Fe +a sensing, it is necessary to postulate a 
surface adsorption or chelation which involves a poten- 
tial determining ion exchange with Fe +a in solution. 
The over-al l  process of generat ing an active surface 
and sensing ferric iron may be represented as follows 

Fe-l173 + Fe +~ (sol) ~ oxidized Fe-l173 + Fe +2 (sol) 
Fe-l173 (ox) + Fe+3--> M ~ 

M* + Fe +8 (sol) ~---M*Fe 

The freshly etched Fe-l173 on exposure to ferric i ron 
in solution is first oxidized. This surface then  interacts 
chemically with fur ther  ferric iron to form the active 
centers (M*) involved with the subsequent  ferric iron 
sensing. (This process is inferred from the extremely 
slow approach of the oxidized electrode to t rue equilib- 
r ium when exposed to low concentrat ions of ferric ion 
in solution.) The active site (M*) now establishes its 
potential  via fast, reversible adsorption-desorption 
equi l ibr ium with Fe +3 in  solution and that adsorbed on 
the surface. At the same time a much slower irre- 
versible adsorption-deactivation process takes place 
which is dependent  on the concentrat ion of ferric ion in 
solution. 

Summary 
Proper ly  prepared, activated and operated Fe-1173 

electrodes show Nernst ian responses to changing ferric 
ion concentrat ion between 10 -5 and approximately 
10-1M Fe +3, with a nominal  slope of 58 mV/decade 
ferric i ron concentration. This slope is reproducible 
from electrode to electrode wi th in  ~ 3  mV (1~ level) .  
The same slopes were found in chloride and in  per-  
chlorate media. Ferrous ion is not seen by the elec- 
trode. 

As presently prepared, slices of sensor mater ial  taken 
from a given melt  can vary ~10% in total i ron content. 
Fe-1173 glasses containing less than 0.9% (weight) 
are higher in resistivity (~10 +~ ohm-cm).  Electrodes 
of this mater ial  while  responding to changes in  ferric 
iron content in solution, are less sensitive to low 
(~--10-4M) concentrations of Fe +3. Low resistivity 
(~10~ ohm-cm and preferably ~102 ohm-cm) mater ial  
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resul ts  in electrodes that  a re  sensi t ive to concentrat ions  
as low as 10-6M Fe +~ (0.06 ppm)  in chlor ide  and per-  
chlora te  solutions. 

Electrode response t ime decreases wi th  decreasing 
increment  of concentrat ion change, increasing ambient  
concentrat ion of ferr ic  iron, and with  st irr ing.  Exposure  
of the electrodes to s t rong chela t ing agents  such as 
EDTA does not adverse ly  affect subsequent  e lectrode 
response. 

In  order  to develop an act ive sensor for moni tor ing  
ferr ic  ion concentrat ion,  the  e lectrode surface must  be 
etched in a caustic and exposed to high (-----10-aM) con- 
cent ra t ion  of ferr ic  iron. This ac t iva t ion  process in- 
volves the  oxidat ion  of the  surface as wel l  as fu r the r  
chemical  react ion wi th  ferr ic  iron. The act ivat ion proc-  
ess is different  from the sensing process in tha t  the  
l a t t e r  involves a fast, revers ib le  exchange be tween 
solut ion ferr ic  ions and adsorbed  ferr ic  ions. A slow 
chemical  deact ivat ion of the  surface takes  place which 
involves at  least  in pa r t  the  i r revers ib le  adsorpt ion of 
ferr ic  ion. Electron life can be pro longed by  d ry  s torage 

and deac t iva ted  electrodes are  read i ly  reac t iva ted  by 
etching and exposure  to ferr ic  ion. 
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Electrochemical Behavior of Sodium Tungsten Bronze 
Electrodes in Acidic Media 
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ABSTRACT 

The electrochemical  behavior  of sodium tungsten bronze electrodes 
(Na=WO3, wi th  x be tween 0.58 and 0.89) has been examined  in he l i um-sa tu -  
ra ted  1N H2SO4. Severa l  techniques have been employed,  e.g., s t eady-s ta te  
polarizat ion,  po tent iodynamic  scanning, galvanosta t ic  charging, and open-c i r -  
cui t  decay  of e lect rode potential .  New data  involving potent ia l -pH,  ro t a t ing -  
disk, and the rmograv imet r i c  measurements  on the sodium tungs ten  bronze 
electrode are  also repor ted.  

The resul ts  indicate  that  the  surface layer  of a s t rongly  anodized bronze 
e lect rode is deple ted  of sodium and its composit ion m a y  approach  WOs. On a 
s t rongly  (cathodical ly)  reduced  NaxWO3, format ion of sod iu ,n-hydrogen  tung-  
s ten bronze (Na=HzWO3) is indicated.  The reduct ion of a preoxidized (and 
hence sodium-deple ted)  sodium tungsten bronze electrode produces hydrogen  
tungsten bronze HzWOs. 

Sodium tungsten bronzes have been proposed as elec- 
t rocata lys ts  for the oxygen reduct ion reaction.  A l -  
though thei r  e lec t rocata ly t ic  ac t iv i ty  has been the sub- 
ject  of numerous  studies (1-9), r e l a t i ve ly  l i t t le  in- 
format ion  is ava i lab le  on the e lect rochemical  s tabi l i ty  
of these mater ia ls .  

I t  has been hypothesized (5-8) that  on anodizat ion 
the sodium diffuses out  of the  bronze surface, l eav-  
ing a semiconduct ing layer  of ve ry  low sodium content.  
Ion probe microanalys is  has confirmed this hypothesis  
(10). The format ion  of hydrogen  tungsten bronze and 
the oxido-reduct ion  of the  surface l aye r  has been pro-  
posed (7). F ina l ly ,  a model  based on the  exis tence of 
a nonstoichiometric,  hyd ra t ed  tungs ten  oxide- l ike  
l aye r  at the surface has been proposed  (11). 

In  the present  study, the  effect of e lect rode potent ia l  
on the  surface composit ion of sodium tungsten bronzes 
wil l  be presented.  The na ture  of the  processes tak ing  
place on the  surface layer  of the bronze e lect rode in 
acidic media  wi l l  be discussed. Severa l  different  tech- 
niques such as s teady-s ta te  polarizat ion,  po ten t iody-  
namic scanning, galvanosta t ic  charging, and open-c i r -  
cuit  e lect rode potent ia l  decays  have been applied.  New 
da ta  involving potent ia l -pH,  ro ta t ing-disk ,  and thermo-  
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anodization, oxidation, hydrogen tungsten bronze. 

grav imet r ic  measurements  on the sodium tungsten 
bronze electrode wil l  also be repor ted .  A de ta i led  a-c 
impedance  invest igat ion of the bronze-e lec t ro ly te  in-  
terface, wi th  par t i cu la r  emphasis  on the Mot t -Sho t tky  
behavior  in re la t ion to the e lec t rode  pre t rea tment ,  has 
been repor ted  e l sewhere  (12). 

Sodium tungsten bronzes are  nonstoichiometr ic  com- 
pounds  of genera l  fo rmula  NaxWO3 w h e r e  x is a va r i -  
able <1. For  Na=WO8 in the  app rox ima te  composit ion 
range  0.49 < x < 0.93, a cubic s t ruc ture  is found which 
is in te rmedia te  be tween  the hypothe t ica l  NaWOs and 
undis tor ted  WOn s t ructures  and in which a f ract ion 
(1 --  x)  of sodium atoms are  miss ing f rom the cube 
corners  of the NaWO3 uni t  cell. The l imi t ing s t ruc ture  
of "NaWOa" is that  of the  perovski te  (ABOa). The unit  
cell has a tungsten a tom at the center  of a cube octa- 
hed ra l l y  sur rounded  by  6 oxygen  atoms at the  face 
centers;  there  are 8 " in ters t i t ia l"  sites occupied by  
sodium atoms at  the corners  of the  cube. The s t ruc ture  
of WO3 is a d is tor ted  version of the  ReO3 s t ruc ture  in 
which tungsten a toms are  s l ight ly  off-center in ad-  
j acen t  uni t  cells such tha t  the W - W  distances are  
a l t e rna te ly  long and short. As the  sodium content  of 
the  bronze decreases, the  cubic s y m m e t r y  of the  la t t ice  
is lowered  and the s t ructure  passes through two te t ra -  
gonal phases and one or thorhombic  to the  mono- 
c l in ica l ly  d is tor ted  phase of pure  WOs. 
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Sodium tungsten  bronzes with x > 0.25 behave as 
metallic conductors between 4 ~ and 800~ Detailed 
consideration of the Hall and Seebeck effects reveals 
that there is one free electron per metal  atom in the 
host lattice and that the carrier mobil i ty  is compar- 
able with that of free electrons in the conduction band  
of a typical metal  (13, 14). The different models (15- 
18) for the conduction band of bronzes have been re-  
viewed recently (19, 20). In  the preferred mode] (18), 
the conduction band is made up predominant ly  of the 
overlap of W, 5d (t2g) and O, 2p<=> orbitals. 

Rather little information is available on the electrical 
properties of low x values NaxWO~. It seems that be- 
low x = 0.25 sodium tungsten  bronzes are semicon- 
ductors (21). For a single crystal of Na0.025WO3, semi- 
conductor- type behavior has been established (22). 
The low sodium content NaxWO3 exhibits n- type  semi- 
conductivi ty with an energy gap expected to be about 
0.5 eV (15) due to a localization of the = electrons in 
isolated cat ion-anion pairs or clusters (18). For  pure 
WO3, the conduction band  is empty and the energy gap, 
i.e., about 2.5 eV (23), is sufficiently large that at room 
temperature  very few electrons are found in the con- 
duction band. 

The sodium tungsten  bronzes are very resistant 
towards acids but  are readily oxidized to tungstate in 
the presence of alkali  and oxygen (or oxidizing 
agents).  The chemical inertness of the tungsten bronzes 
is perhaps associated either with the high energy of 
activation for the diffusion of sodium ions in the oxide 
matr ix  [51.8 kcal/mole for Na in Na0.~aWO3 (24)] or 
with the formation of a protective layer  of WOa (25). 

Experimental 
The sodium tungsten  bronzes were prepared by 

electrolysis of molten mixtures  of sodium tungstate  and 
tungsten  trioxide as will  be described elsewhere. 
Sodium tungsten  bronze samples with an x value from 
0.58 up to 0.89, and p la t inum content  between 1 and 
1450 ppm were investigated in the present  work. 

The crystals of sodium tungs ten  bronze were 
mounted  in  electrodes by compression moulding within  
a Kel-F holder. Apparent  surface area of each of the 
electrodes used in  the present  study was about 0.2 cm 2. 
All  data are given with respect to the apparent  surface 
area of the electrode. Prior  to the electrochemical mea- 
surements, the bronze electrode was mechanical ly 
polished using different particle sizes of a lumina  
(Buehler Ltd.) down to 0.3 ;~m and subsequently 
washed thoroughly with triple distilled water. 

The electrochemical cell used for l inear  sweep volt- 
ammetry,  open-circui t  potential  decays, and galvano- 
static charging experiments  consisted of the main  com- 
par tment  which contained the sodium tungsten bronze 
electrode, and separate compartments  for both the 
reference and the counterelectrodes. The counter  com- 
par tment  was separated from the main  part  of the cell 
by  a solution-sealed stopcock whereas the reference 
compartment  was connected to the main  one through a 
coarse f l i t ted disk via a Luggin capillary, whose tip 
was located approximately 3 mm below the working 
electrode. Gas outlets with water  bubblers  were used 
in  the main  and counter  compartments.  All  connec- 
tions from gas lines to the cell were made by means 
of glass-to-glass ground joints. A Teflon plate mounted 
in the rotat ing disk electrode assembly served as a gas 
tight cover when  the Teflon O-ring located at the top 
of the cell was firmly seated against the plate. The elec- 
trode shaft seal was provided by a centrifug.ally in-  
duced unidirect ional  gas flow within  the small  gap be- 
tween the Teflon disk on the electrode shaft and the 
horizontal  Teflon cover plate dur ing rotation. The 
volume of the electrolyte used in the main  compart-  
ment  was about 300 cm3. An Hg/Hg2SO4 (1N H2SO4) 
reference electrode was used and the counterelectrode 
in the separate compar tment  was sodium tungsten 
bronze with a surface area of about 1 cm 2. This cell was 

used on an ESB Depack XLR-2 model rotating elec- 
trode system. 

An all-glass three-compar tment  cell was used for 
other electrochemical measurements.  Hydrogen elec- 
trode (in the same solution) and Hg/Hg~SO4 (1N 
H2SO4) were used as reference electrodes. All elec- 
trode potentials are given with respect to NHE. The 
counterelectrode in  a separate compar tment  was so- 
dium tungsten  bronze or spectroscopic grade graphite 
(Union Carbide Corporation).  

The hydrogen gas used for the reference electrode 
was purified by a pal ladium diffusion processor (Model 
HPD 050, Engelhard Industries, Newark, New Jersey).  
Hel ium gas used for deaeration and to provide an inert  
atmosphere inside all the electrochemical cells before 
and during all measurements  was purified by passing 
it through a train, which included a BTS catalyst 
(BASF, Ludwigshafen-am-Rhein,  Germany) ,  main-  
tained at 180~ to remove oxygen and CO, and Linde 
Type 3A and 13X molecular sieves to remove other im- 
purities. 

Sulfuric acid solutions were prepared by di lut ing 
H2SO4 (ULTREX, J. T. Baker Chemical) in deionized 
and doubly distilled water, both distillations being 
over alkaline permanganate.  No pre-electrolysis was 
conducted in the present work since it was noted in 
some pre l iminary  runs that pre-electrolysis tends to 
produce impurities, especially from the anode. It  was 
observed that pre-electrolysis conducted with two 
p la t inum gauze electrodes (3 • 10 cm) at 1 mA for 48 
hr in 100 cm 3 of he l ium-sa tura ted  1N H2SO4 brought 
10-6g pla t inum into the electrolyte. 1 Sodium tungsten  
bronze and spectroscopic graphite  were also found u n -  
suitable. Although the problem of trace impurit ies may, 
in general, be of crucial importance in a kinetic study, 
the results of the present work have not been found to 
depend strongly on the impur i ty  level; this s tatement  
excludes, of course, highly catalytic impurit ies such as 
traces of Pt. 

In  some potentiostatic measurements,  the tungstate  
concentrat ion in the electrolyte was measured spectro- 
photometrically (Spectrophotometer Perkin-Elmer,  
Coleman, Model 124D) using the thiocyanate method 
(26). 

The potentiostats used were a Wenking Model 68TS3 
or a Tacussel Type Bipad. A l inear  potential- t ime input  
was obtained from a Tacussel Electronic Funct ion  Gen- 
erator, Type GSTP 2, or a Servovit  9, also from Tacus- 
sel. A Wenking Scanning Potent iometer  Model SMP 69 
was used to control and program the potentiostat in the 
automatic recording of steady-state current-potent ia l  
curves (27). Constant  current  d-c power supplies 
(Kepco, Type CC 100-0.2M, and Hewlett-Packard,  
Model 6177B) were used for charging curves with mer-  
cury-wetted-contact  vacuum relays for current  inver-  
sion and open-circuit  potential  decay measurements.  

Experiments  were carried out at room temperature  
unless otherwise specified. 

The thermogravimetr ic  measurements  2 were per- 
formed in hel ium at a l inear  heating rate of 4~  
using a Thermoanalyser  Mettler I (Mettler Ins t rumente  
AG, CH 8606 Greifensee-Zurich, Switzerland).  

Results 
Linear sweep vo l t amme t ry . - -A  typical vol tammetry  

curve for sodium tungsten  bronze electrodes with low 
p la t inum content in He-saturated 1N H2SO4 is shown in 
Fig. 1. A well-defined oxidat ion-reduct ion peak occurs 
around 0.2V. The effect of increasing the  sweep rate 
on the vo l tammetry  curve in the vicinity of the peak 
is i l lustrated in Fig. 2. The potentials of current  
maxima for the anodic and cathodic peaks are more 
separated at the higher  sweep rates than at the lower 
ones and their difference approaches a constant  value, 

1 A m o u n t  of p la t inum de te rmined  by spark-source  mass spec- 
troscopy by the National Research Council, Chemist ry  Division, 
Ottawa, Ontario, Canada. 

Pe r fo rmed  by the "Centre  de Thermoana lyse , "  Ecole Polytech- 
nique, Montreal,  P.Q., Canada. 
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Nao.esWOa with 1 ppm Pt <~-1 
(dashed line) and 255 ppm Pt 
(solid llne) in He-saturated 1N O 
H2SO4. Direction of sweep indi- 
cated by arrows. 
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i.e., about 60 mV, as the sweep rate  is decreased. The 
60 mV potential  difference between the anodic and 
cathodic peaks is typical of a reversible process (28). A 
plot of the peak currents  vs. the square root of the  
voltage scan rate, or, the voltage scan rate, shows that 
no l inear relat ion passing through the origin is ob- 

\J 
I t I I 
0 + 0.5 + 1.0 

E (V vs NHE ) 

I I 
+1.5 

tained, ei ther in the anodic or in  the cathodic direction 
of sweep. 

This same general  behavior  was found for all the 
samples studied. The x value in  the range 0.58-0.89 
has no significant effect on the vo l tammetry  curves. 
Samples with high p la t inum content  exhibit  some dif- 
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1 ,0  

ferences with respect to samples containing only a low 
concentrat ion of p la t inum (Fig. 1); the peak around 
0.2V is still present, but  it is now much broadened 
and overlaps the hydrogen evolution region on the 
cathodic sweep. 

Steady-state current-potential relationships.--A typi- 
cal steady-state current -potent ia l  relationship between 
--0.5 and 1.0V is shown in Fig. 3. Background anodic 
currents  of the order of 10 ~A cm -2 (apparent  area),  
accompanied by a characteristic inhibi t ion inflection 
(peak at 0.2V), a long t ransi t ion region on anodic po- 
tentials, and a significant cathodic background current  
are the ma in  features of the curve. The hydrogen 
evolut ion region is also shown in  Fig. 3 and wil l  not 
be examined in detail here. A Tafel line for the oxygen 
evolution reaction is observed around 2V (Fig. 4). 
A passivation region at potentials more anodic than 
2.5V is usual ly  quite characteristic of profound surface 
changes suffered by the electrode mater ia l  on anodic 
polarization (Fig. 4). 
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Fig. 3. Steady-state, potentiostatic polarization curve on 
Nao.esW03 (i ppm Pt) electrode in He-saturated 1N H2SO4. Di- 
rection of sweep indicated by arrows. Point by point measurements, 
10 mV step per 2 min. 
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Fig. 4. Steady-state, potentiostatie polarization curve on a 
Nao.65WO3 (1 ppm Pt) electrode in He-saturated ]N H2SO4. Di- 
rection of sweep indicated by arrows. Point by point measurements, 
10 mV step per 2 rain. - - -  first scan, ~ second (and follow- 
ing) scan. 

Galvanostatic charging curves.--Anodic and cathodic 
galvanostatic charging curves were studied over a wide 
range of i • T, where i is the charging current  density 
and �9 the dura t ion of the transient .  Normal  surface 
condit ioning performed before each galvanostatic 
charging curve involved a cathodic prepolarization at 
about 20 mA cm -2 for 200 sec. In  a typical charging 
curve (Fig. 5), an arrest is obtained below 1V, followed 
by a plateau corresponding to the oxygen evolution re- 
action at about 2.3V. At  low charging currents,  typi-  
cally 5 m A c m  -2, this potential  remains almost con- 
stant over a long period of time. When the charging 
current  was greater  than 5 mA cm -2, the voltage in- 
creased rapidly following a period dur ing which it re- 
mained constant  at about 2.3V. This t ransi t ion time, 3, 
is shorter, the higher the applied current  density. At a 
still higher current  density, a voltage bui ld-up as high 
as 40V is reached dur ing anodization, which is an in- 
dication that some electrically l imit ing layer  is formed 
on the electrode surface. It  has been shown in a pre- 
vious publicat ion (29) that  most l ikely the electrically 
l imit ing layer was an oxide. The kinetics of the oxide 
growth were also examined previously (29). 

The t ransient  observed at potentials below 1V was 
studied in detail as a funct ion of the charging current  
density and the prepolarization conditions. The reverse 
curve was also examined and compared with the for- 
ward one. 

On a freshly polished electrode, the analysis of the 
charging curve aimed at establishing the relat ive roles 
of diffusion and act ivat ion-control led processes gives 
ambiguous relationships between the current  density 
and - ~ - - I 1 2  o r  T - I .  

It  was noted that  a prior electrochemical t reatment ,  
especially an oxidation, had a significant effect on the 
shape of the galvanostatic charging curve, as well  as 
on the charging current  density vs. �9 relationship. A 
preoxidized electrode gave a l inear relationship be- 
tween i and ~-i ,  indicating an activation-controlled 
process (Fig. 6), whereas a prereduced electrode gave 
an i vs. T -I/2 l inear  relationship, characteristic of a 
diffusion-controlled reaction (Fig. 7). These two dif- 
ferent relationships have been taken as criteria of an 
"oxidized" and a "reduced" electrode surface, respec- 
tively. 

An  oxidized electrode was usual ly  obtained after 
charging at about 20 mA cm -2 for 20 min. The reduced 
state of the electrode surface was much more diffi- 
cult to obtain. An overnight reduction at about 20 mA 
cm -2 was sometimes not sufficient to a t ta in  the re- 
duced state. Whereas the p la t inum content  of the 
bronze had no significant effect on the t ime required to 
obtain the oxidized bronze surface, it was easier 
to reduce a bronze electrode containing p la t inum than 
one deprived of it. Between each series of measure-  

; 0  

30 

20 

~0 
c 

L 20 sea .I 

T i m e  

Fig. 5. Effect of current density on anodic charging curves for a 
Nao.e5WO3 (1 ppm Pt) electrode following normal electrode surface 
preparation, in He-saturated 1N H2SO4. New surface preparation 
done for every charging current density: a, 4.25; b, 8.50; c, 12.8; 
d, 59.6; and e, 183 mA cm -2 .  
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Fig. 6. Current density vs. ~ - 1  relationship for the golvonostatic 
charging curves carried out on a Na0.65WO3 (1 ppm Pt) electrode 
preoxidized at 20 mA cm - 2  for 30 rain in He-saturated I N  H2SO4. 
X T a x ( l ) ,  A "Cox(2) ,  ["] [ r  "~- r  and O ~ r e d  

ments  the electrode surface was usual ly polished. If a 
reduced bronze electrode was subsequent ly  oxidized 
without  polishing, the typical  behavior of an oxi- 
dized electrode was obtained. On the contrary, it was 
not possible to obtain the behavior of a reduced elec- 
trode with a previously oxidized electrode without  
polishing it thoroughly. 

Typical galvanostatic charging curves obtained witb 
s t rongly prereduced and  preoxidized electrodes are 
shown in Fig. 8. At a given current  density, the transi-  
t ion  t ime is longer with an oxidized electrode than with 
a reduced one. This t rend is more pronounced at higher 
current  densities than  at low ones. The anodic charging 
curves performed on a reduced electrode with a cur-  
ren t  density smaller than  about 5 mA cm -2 exhibi t  a 
plateau at about 2.2V corresponding to the oxygen 
evolut ion reaction. The same measurements  carried out 
on an oxidized electrode show only a small  break at the 
oxygen evolution potential, followed by a rapid in -  
crease of the potential. This behavior  is characteristic 
of an oxidized surface layer (Fig. 5). The transi t ion 
times depend slightly on the extent  of the pretreatment .  

The t ransi t ion times, T, used in the current  vs. T re- 
lationship were taken from the beginnng of the t ran-  
sient to the min imum of the capacity-potential  profile 
calculated from the anodic charging curve (Fig. 9). 
The t ransi t ion t ime was also measured using the time 
between the beginning  of the t ransient  and the inter-  
section of the tangent  traced in  the t ransi t ion region 
with the cont inuat ion of the l inear  section of the charg- 
ing curve between 1 and 2V (30). Both �9 values gave 
the same t rend  in  the current  vs. �9 relationship (Fig. 
7.) The transi t ion t ime determined by the tangent  
method was usual ly  preferred to that given by the 
m i n i m u m  of the capacity-potential  profile because of 
the broad shape of this lat ter  curve at potentials be- 
tween 1 and 2V. 

On a preoxidized electrode surface, the capacity- 
potential  profile calculated from the anodic charging 
curve exhibits two maxima, suggesting the occurrence 
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Fig. 7. Current density vs. T -, /z relationship for the galvano- 
static charging curves carried out on a Nao,65WO3 (1 ppm Pt) 
electrode prereduced at - - 20  mA cm - ' )  for 18 hr in He-saturated 
| N  H2S04. /x Tax, measured as defined in Fig. 9; [ ]  ~ox, measured 
by the tangent method (Fig. 8); and O Tred, measured by the 
tangent method (Fig. 8). 
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Fig. 8. Current-reversal galvanostatic charging curves for a 
Nao.65WOa (1 ppm Pt) electrode in He-saturated 1N H2SO4. The 
dashed lines indicate the form of the charging curve if the current 
had not been reversed, i = _ 0.85 mA cm - 2  after normal surface 
preparation. A, electrode prereduced at 21 mA cm - 2  for 18 hr; 
and B, electrode preaxidized at 21 mA cm - ~  for 30 rain. 

of two different processes (Fig. 10). These two capacity 
peaks overlap broadly, however, and the capacity-po- 
tent ial  curve calculated from the cathodic charging 
measurements  exhibits only one peak. The transi t ion 
times of the two processes defined by the capacity-po- 
tent ial  profile f rom the anodic charging curve have 
been called roxr and roxr and defined as indicated in 
Fig. 10. A l inear  relat ionship is obtained between the 
current  density and ~ox~l~ -1, Tox~2) -1, (~ox(1) ~ ~ox(2))-1 
and Tred -1 (Fig. 6). 

The capaci tance-potent ial  curves calculated from the 
galvanostatic charging curves exhibit  a very high max- 
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Fig. 9. Capacity-potentlal profile calculated from the anad|c (C))  
and cathodic (I-1) charging curves for a Nao.65WO3 (1 ppm Pt) 
electrode prereduced at - -27 mA cm - 2  for 18 hr in He-saturated 
1N H2SO4. Current density i = i.66 mA cm -2  following normal 
surface preparation. 

imum pseudocapacity. The capacitance is higher with 
an oxidized electrode than  with a reduced one (Fig. 9 
and 10). The value of the total charge given by the 
average slope of the anodic charging current  vs. T - I  
in Fig. 6 is equal to about  120 mil l icoulomb cm -2, 
whereas the charge corresponding to the cathodic 
charging current  is equal  to about 100 mill icoulomb 
e r a -  2 .  

A comparison of the ratio •oxidation to  Treduction de- 
duced from the data in Fig. 6 and 7 gives a value of 
about 1.2-1.3. The value of Treduction depends only 
slightly on the potential  at which the current  was re- 
versed, i.e., Treduction from a cathodic curve tr iggered 
at 1.3V (anodic) is about 15% smaller than  that  from a 
curve triggered at 2.0V (anodic) on an oxidized elec- 
trode. According to the diagnostic criteria defined by 
Reinmuth  (31) for a diffusion controlled process, the 
equivalence of Tox and ~red is observed only when the 
reduced species involved in the process is insoluble. 

The general  behavior of the galvanostatic charging 
curves has been found not to depend, significantly, on 
either the x value in NaxWOz (for x between 0.58 and 
0.89) or the p la t inum content of the bronze electrode 
(p la t inum content ranging from a few ppm up to 1450 
ppm).  The effect of p la t inum to achieve a reduced sur- 
face has already been pointed out. 

M e a s u r e m e n t s  w i t h  a rotat ing disk a s s e m b l y . - - T h e  
rotat ion of the electrode has no significant effect on the 
potent iodynamic and galvanostatic measurements  car- 
ried out at intermediate  potentials, i.e., between --0.5 
and 2V. These results indicate that  diffusion in the 
electrolyte plays no major  role in the process (es) 
under  investigation. The electrode was sometimes ro- 
tated at low speed (about 1000 rpm) to help remove 
the gas bubbles from the bronze surface. 

Open-c i rcu i t  potent ial  decay.- - -Open-circui t  potential  
decay curves were recorded following polarizations at 
1.0, 1.5, and 2.0V for times varying  between 30 and 
1800 sec. Each run  was preceded by  a prepolarization 
a t  about 5 mA cm -2 for 240 sec. In  a given series of 
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Fig. I0. Capacity-potential profile calculated from the anodic 
( O )  and cathodic ( [ ] )  charging curves for a Nao.65WO3 (1 ppm 
Pt) electrode preoxidized at 27 mA cm -2  for 30 min in He-satu- 
rated 1N H2SO4. Current density i = 1.66 mA cm -2  following 
normal surface preparation. 

measurements  from one par t icular  value of the anodic 
electrode potential, the electrode surface was polished 
only before the first measurement .  Three regions of 
potential  can be distinguished (Fig. 11). First, at highly 
anodic potentials, a region of slow decay is observed in 
curves triggered after long oxidation times; this is 
perhaps associated with a solid-state diffusion process. 
Second, a more rapid region is observed whose slope, 
d E / d  log t, is a funct ion of both the t ime of polariza- 
tion at a given potent ial  (Fig. 11) and the value of the 
polarization potential. The more anodic the polariza- 
t ion potential  and the longer the t ime of polarization, 
the steeper is the potential  decay. This behavior  is 
characteristic of an oxide-covered surface (32). Third, 
a slow potential  decay is observed in the region of 
the rest potential, which is possibly due to a slow 
a t ta inment  of the equi l ibr ium mixed potential. Neither 
the x value in Na~WO8 nor the p la t inum content  of the 
electrode have a significant effect on the open-circuit  
potential  decay. 

Poten t ia l -pH re la t ionsh ip . - -The  potentials were mea- 
sured in 1N H2SO4, then NaOH was progressively added 
to increase the pH, and inversely in  NaOH with  increas- 
ing amount  of H2SO4. The rest potentials in acidic 
solution have low reproducibi l i ty  and a long t ime was 
needed to reach a stable value. In  alkaline solutions 
the reproducibi l i ty  is bet ter  and the stable potential  
was reached after a shorter time than in acidic solu- 
tion. Each potential-pH point was measured after al- 
lowing sufficient t ime (at least 24 hr) for the equilib- 
r ium to take place and the potential  to stabilize. 

Typical results are shown in Fig. 12. At pH values 
lower than  about 3, the potent ial  seems to be inde- 
pendent  of pH, although some uncertaint ies  exist due 
to the lack of reproducibil i ty of the measurements  and 
the long time needed to reach a stable potential. A 
potential-pH relationship with a slope close to 60 and 
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Fig. 11. Open-circult potential W 
decay for a Nao.65W08 (1 ppm -1- 
Pt) electrode in He-saturated Z 
1N H2S04. Galvanostatic pre- u~ 
polarization at - -5  mA cm -2  > 
for 240 sec followed by potentio- 
static polarization at 2V vs.  NHE > 
for 30 sec ( O ) ,  60 sec (D) ,  120 
sec (~), 240 sec ( e ) ,  480 sec LLJ 
( I ) ,  and 1800 sec (A) .  
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120 mV/pH in acidic and alkal ine media, respectively, 
is indicated in Fig. 12. However, a 180 m V / p H  slope 
in strongly alkaline solutions cannot be ent i rely ruled 
out. The presence of tungstate  ions in the sulfate solu- 
tion has no significant effect on the potent ia l -pH rela- 
tionship. 

Tungstate dissolution upon potentiostatic polariza- 
tion.--Potentiostatic polarizations at 2V were carried 
out on a 0.17 cm 2 polished bronze electrode in 100 cm 3 
in  1N H2SO4 in the presence of He or 02 bubbling.  The 
amount  of tungstate  dissolved and the integrated 
charge as a funct ion of the polarization t ime are given 
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Fig. 12. Electrode potential-pH plot for a Nao.65WO3 (1 ppm Pt) 
electrode in He-saturated 1N H2SO4-Na2SO4 solutions [measured 
by going towards alkaline media (x) and towards acidic media ( O ) ]  
and in 1N H2S04 - -  Na2SO4 -k 0.2 M Na2WO4 solutions [mea- 
sured by going towards acidic media (A)J .  

in Fig. 13. Despite scatter in these results, some general  
conclusions may be drawn. Roughly l inear  relations 
are obtained between the charge or the tungstate 
dissolved and the polarization time. However, the ratio 
of the tungstate  dissolved to the charge passed is very 
low, i.e, of the order of 2 • 10 -8. It was also observed 
that  this relat ively low corrosion, under  anodic po- 
larization, of the bronze electrode is not appreciably 
enhanced by the presence of oxygen. 

The amount  of tungstate dissolved at open circuit is 
very low, almost at the detection l imit  of the analytical  
method used, i.e., 2.3 • 10 -8 and 0.8 X 10 - s  mole, re- 
spectively, after 170 hr  in oxygen and hel ium saturated 
1N H2804. These values fit reasonably well  with those 
given by Pourbaix  (33) for WO3, i.e., 10 - s  mole/ l i ter  
at pH ---- 3 and 25~ These results point out the rela-  
tive insolubil i ty of the bronze in 1N H2SO4. As ex- 
pected from the insolubil i ty of tungstate in acidic 
media, the oxidation of W(V)  into a W(VI)  species 
does not give rise to a soluble compound since only a 
thousandth of the current  is used for the dissolution of 
tungstate. It cannot be ruled out that a part  of the 
tungstate  analyzed in the electrolyte is in fact an in- 
soluble species, such as WO~, which erodes from the 
electrode surface and drops down in the electrolyte as 
a colloidal particle and is subsequent ly  analyzed as a 
"soluble" species. 

Thermogravimetric analysls.--A thermogravimetr ic  
diagram obtained with a Na0.65WO~ powdered sample 
previously immersed in water  and subsequent ly  dried 
at 120~ is shown in Fig. 14. The weight loss between 
100 ~ and 400~ is only about 0.02% and a weight gain 
is recorded at temperatures  higher than  400~ 

Discussion 
The results of the present  s tudy indicate that  the 

surface of the bronze electrode changes significantly 
upon electrochemical t reatment.  Steady-state polari- 
zation curves exhibi t  a significant background current  
in both the anodic and the cathodic direction. Potentio- 
dynamic and galvanostatic measurements  show the 
existence of a pseudofaradaic process at about 0.3V, 
which exhibits high pseudocapacitance. High pseudo- 
capacitance values are also observed in  the a-c im- 
pedance measurements  (12). Steady-state  potentio- 
static measurements  reveal a passivation region at po- 
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Fig. 13. Amount of tungstate 
dissolved in 100 cm 3 of IN  
H2SO4 and integrated charge vs. 
the polarization time at 2.0V vs. 
NHE. Nao.65WO3 (1 ppm Pt) 
electrode with 0.17 cm area. Z~, 
dissolved tungstate in He-satu- 
rated H2SO4; x, charge during 
runs in He-saturated H2SO4; O ,  
dissolved tungstate in O2-satu- 
rated H2SO4; <), charge during 
runs in O2-saturated H2SO4; e ,  
dissolved tungstate in O2-satu- 
rated H2SO4, open circuit; and 
A ,  dissolved tungstate in He- 
saturated H2SO4, open circuit. 

tentials more anodic than about 2.5V. Galvanostatic 
charging curves obtained at high current  densities show 
a voltage bu i ld -up  as high as 40V (Fig. 5). Previous 
work also shows capacitative behavior associated with 
the presence of a semiconducting surface oxide (12, 
29), 

Irreversibi l i ty  possibly due to sodium depletion aS 
the surface layer . - - Indirect  evidence described in the 
present  study and elsewhere (6-11) indicates that  the 
sodium tungsten  bronze electrode undergoes some kind 
of irreversible process when anodically treated. The a-c 
impedance measurements  reveal the presence of a semi- 
conducting layer  (10, 12). The sodium content  of this 
surface layer is very low, i.e., corresponds roughly to 
x < 0.01 in NaxWO3, as compared to the bu lk  concen- 
t ra t ion (12). McHardy and Bockris (10) have pre-  
sented the only direct evidence of sodium depletion of 
the surface layer. This is based on ion probe analysis. 
The decrease, at anodic potential, of the sodium con- 
tent  in the surface layer can result  from either the 
sodium depletion of the bronze surface or the growth 
of a sodium-free oxide on the bronze surface. 

The anodic react ion for sodium depletion may be 
described as 

NaxWO3--> NayWO3 q- (x -- y ) N a  + -t- ( x  -- y ) e -  [1] 

The occurrence of this reaction to an appreciable 
depth into the electrode is in contradiction with the 
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Fig. 14. Thermogravimetric diagram for Nao.65WO3 previously 
dried at 120~ Heating rate 4~ initial weight 0.60543g, He- 
atmosphere at |0 liter/hr. 

high activation energy for the diffusion of sodium in 
NaxWOs, i.e., 51.8 kcal /mole for Na0.~sWO3 (24). [A re-  
cent study (34) indicates that sodium in tetragonal  
NaxWOs (x ~ 0.4) diffuses much more easily than in 
the cubic structure. This result, however, may  not be 
re levant  to our work since it has been shown that the 
cubic symmetry  can be extended to considerably lower 
x values (0.23) than the normal  composition range  
(0.49 < x < 0.93) by diffusing sodium from a crystal 
ini t ia l ly in the normal  cubic composition range (22)]. 
With such a high activation energy the diffusion of 
sodium is expected to occur over a few lattice dimen- 
sions only, whereas the typical depth for the sodium 
depleted layer  found by McHardy and Bockris (I0) 
by means of ion probe mass spectroscopy is between 
500 and 2000A for a p la t inum-f ree  crystal of Na0.TWO3 
and between 200 and 400A for a crystal of the same 
bulk sodium content  but  containing plat inum. 

It has been ment ioned above that another possible 
reason for the decrease of the sodium content in the 
surface layer  was the growth of a sodium-free oxide 
on the bronze surface. This al ternat ive will  be discussed 
below and found to be in  contradict ion with the ex- 
per imenta l  results. 

The surface composition of a reduced electrode.--  
The formation of hydrogen tungsten bronzes by reduc- 
tion of WO3 with hydrogen at room tempera ture  (35) 
or with zinc in boiling hydrochloric acid (36) is well  
documented. A synergistic effect due to p la t inum has 
been found when platinized WO3 is reduced by hydro- 
gen (35). The highest degree of reduction obtained at 
25~ corresponds to the formula H0.44WO3 (35). Single 
crystals of HxWO3 in the composition range 0.3 < x 
< 0.6 behave as metall ic materials  analogous to the 
corresponding sodium tungsten  bronzes. The H~WO~ 
are s t ructural ly  analogous to NaxWOa. The electronic 
properties of HxWO3 are  compatible with a model in  
which H atoms enter the host lattice WO3 as protons 
and donate electrons to a fair ly wide conduction band 
formed from the overlapping of Wsd and O2p orbitals 
(36-38). No thermodynamic  data could be found for 
HxWOs. 

Hence, the composition of the surface layer  of the 
electrode during electrochemical reduction is believed 
to change according to the following reaction 

NaxWO3 -~ yH + ~- y e -  ~ NaxH~WO8 [2] 
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This reaction agrees well with the conclusions drawn 
from the analysis of the impedance data at cathodic po- 
tential, especially the frequency dispersion of the ca- 
pacitance and resistance (12). 

The reaction [2] is preferred to a reaction in which 
the oxygen of the bronze is removed by reaction with 
protons, such as 

Na~WO3 + 2yH + + 2 y e -  ~ NazWO3-y + yH20 [3] 

This is because reaction [3] would require the 
breaking of a tungsten-oxygen bond which is expected 
to be energetically less probable than the introduction 
of a proton with the valence adjus tment  of tungsten. 

Surface composition of an oxidized electrode.--So-  
dium tungsten bronze with low sodium concentrat ion 
(x ~ 0.25) is known to be an n- type semiconductor 
with an energy bandgap of about 0.5 eV (22, 16). The 
a-c impedance study (12) revealed the presence of an 
n-type semiconducting layer with a low equivalent  x 
value. 

The inject ion of negative charge carriers O 2- into 
the bronze, giving a compound with an excess of anion, 
has been proposed recently (10, 29). This hypothesis, 
however, is not sustained because such a nonstoichio- 
metric compound would exhibit  a p-type semiconduc- 
tivity, which is in contradiction with the exper imental  
results. In  general  interst i t ial  oxygen excess is not 
found in nonstoichiometric oxides because of the large 
size of the oxygen anion. So far, only UO2+x (39) has 
been found to correspond to a nonstoichiometry as- 
sociated with an excess of interst i t ial  anions. A defi- 
ciency of tungsten ions would have the same effect and 
is also ruled out. 

An al ternat ive explanat ion could involve the injec- 
t ion of negative charge carriers into the bronze lattice 
whose sodium has not been completely depleted, even 
after a prolonged oxidation treatment.  The negative 
charge injected as an interst i t ial  oxygen anion should be 
compensated by a valence adjus tment  of the tungsten 
cations. This process could occur as long as the sodium 
ion is still in the lattice; i.e., only half the mole content  
of sodium could neutral ize the mole content of oxygen 
injected. In this process, however, the carrier concen- 
trat ion should decrease on going to high anodic poten- 
tial; this is in contradiction with the exper imental  
results (12). 

The similari ty between the a-c impedance data ob- 
tained on WO~ single crystal electrodes by Baticle et al. 
(40) and those reported in a related study on strongly 
oxidized NaxWO3 (12) suggests that both surface layers 
have a similar composition. Tungsten  trioxide is known 
to be an n- type semiconductor with a bandgap of 2.5 
eV and a donor concentrat ion equal to 2-4 • l0 Is donor- 
cm -3 (41). This compound can have various stoichi- 
ometries, due to the regular  in ter rupt ion  of the octa- 
hedral  s t ructure by planes of discontinuity where octa- 
hedra share edges ra ther  than corners, and not, as 
might be suppos.ed, to the loss of oxygen with the con- 
comitant  ordering of vacant  sites (42). 

Perovskites with an oxygen deficiency (ABO3-x) 
are also known, for example BaNiO2.6v, BaCoO2.2~ (42). 
However, an oxygen deficiency does not correspond to 
the accepted stoichiometry of the bulk  NaxWO3. As a 
matter  of fact, the oxygen stoichiometry in the as- 
grown NaxWO3 has been the subject of some discussion. 
Ingold and deVries (43) found that sodium tungsten 
bronzes prepared by electrolysis of molten mixture  of 
Na2WO~ and WO3 can exist with a O/W ratio as high 
as 3.5. More careful chemical analyses of NazWO~ per- 
formed by Raby and Banks (44) indicate that  the 
O/W ratio is 3.0. However, these data are not neces- 
sarily representat ive of the surface composition. The 
lat ter  has not yet been analyzed. 

On the basis of the preceding discussion, the most 
l ikely reaction for the oxide growth is reaction [1], 
which leads, in  the case of strong oxidation, to a pro- 
nounced sodium depletion resul t ing in a very th in  stir- 

face layer composed almost ent i rely of WO3, i.e., y in 
Eq. [1] is very small. 

Nature of the quasi-reversible redox process at in-  
termediate  potent ials . - -On an electrode that has not 
been extensively oxidized or reduced, a quasi-reversi-  
ble process occurs around 0.3V. This process is nei ther  
purely act ivat ion-control led nor  purely  diffusion-con- 
trolled. 

On an electrode subjected to a prolonged reduction, 
the quasi-reversible process is purely diffusion-con- 
trolled. Since the rotation of the electrode has no sig- 
nificant effect on the t ransi t ion time, the diffusion is 
expected to occur in the solid state. The pseudocapaci- 
tance associated with this process is high and only one 
peak is observed in the capacity-potential  profiles. 

If anodic galvanostatic charging curves triggered 
from cathodic potentials exhibit  an arrest, this would 
indicate that desorption of hydrogen, surface hydride 
formation, or hydrogen bronze formation (reaction 
[2]) has occurred during the cathodization. The lat ter  
process is expected to be reversible, diffusion-con- 
trolled, with diffusion occurring in the solid state. Thus 
the quasi-reversible reaction occurring at intermediate  
potentials on a reduced electrode is believed to be the 
hydrogen bronze formation. The potential  range at 
which this reaction occurs, i.e., about 0.2V, corresponds 
to the potential  of the adsorption-desorption peaks for 
hydrogen on p la t inum (45). 

Galvanostatic charging curves obtained with strongly 
oxidized electrodes reveal the occurrence of a more 
complex surface redox process since the capacity-po- 
tential  profile calculated from the anodic charging 
curves exhibits two peaks. Although the process prob- 
ably involves two or more steps, it can reasonably be 
discussed as one reaction since the reduction curve 
has only one peak in the capacity-potential  profile 
(Fig. 10). On the strongly oxidized electrode the 
process is act ivation-controlled in contrast with that 
occurring on the reduced electrode, which appears to 
be diffusion-controlled. The potential  of the maximum 
capacitance in the capacitance-potential  curve is 
roughly the same on both the reduced and the oxidized 
electrodes, i.e., about 0.2V. Consequently, the redox 
process is believed to be the same on both the pre- 
treated electrodes; i.e., the hydrogen bronze formation. 
On a strongly oxidized electrode the reaction may be 
wri t ten as 

WO3 + z~I + -~ z e -  ~ HzWO3 [4] 

In this reaction, and in the following discussion, the 
composition of the oxidized electrode will  be formu- 
lated as WO3, although it is understood that a small 
amount  of sodium may still be present in the surface 
layer. 

The fact that the same reaction is controlled by 
activation on an oxidized surface and by diffusion on 
a reduced surface may be explained in the following 
way. According to Vijh (46), a rough correlation is 
obtained between the rate of a reaction taking place 
on an oxide covered electrode and the energy bandgap 
of that  oxide. Hence, on a wide bandgap oxide such as 
WO3, the electron transfer  may be the rate determining 
step (rds) and the reaction may hence be activation- 
controlled. On a surface layer with a much smaller 
energy bandgap, such as Na~H~WO3, the electron t rans-  
fer is no longer the rds and the reaction may conse- 
quent ly  be diffusion-controlled, as is indeed observed. 

It was ment ioned above that  a strongly oxidized 
electrode subsequently reduced without polishing did 
not exhibit  diffusion-controlled behavior typical of 
a reduced electrode in the galvanostatic charging 
curves. This fact does not necessarily imply that, once 
oxidized, the electrode cannot be reduced, but  rather  
that the behavior of this reduced state does not corre- 
spond to that observed on an electrode reduced im- 
mediately after polishing. According to the preceding 
discussion the surface composition of an oxidized 
electrode may be taken as WO3. An  extensive reduct ion 
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carried out on such an electrode is expected to produce 
a surface layer corresponding to the composition 
H~WO~. On the other hand, an electrode reduced im-  
mediately after polishing will have a surface layer 
corresponding to NaxHzWO~. The proposed explanat ion 
involves the occurrence of the same redox process in 
each case proceeding with different rds, depending 
on the composition of the surface layer. The reaction 
is diffusion-controlled only on a surface layer contain- 
ing sodium (NaxHzWOs). On a surface layer without  
sodium (WO~ or HzWOs) the process is act ivat ion-con- 
trolled. The proposed reason for this behavior is that  
the diffusion of protons in NaxWO~ is hindered by the 
presence of sodium at the corners of the lattice, these 
sites being those of hydrogen in the hydrogen tung-  
sten bronze. This in terpre ta t ion is supported by the 
high activation energy for the diffusion of sodium in 
NaxWOs (24). On WO3 the interst i t ial  sites are vacant  
and, consequently, protons can move easily into the 
canals of the octahedra. Hence, it is not surprising that 
the diffusion in the solid state is not the rds of the 
process taking place on HzWOs or WO~. 

The only significant effect of p la t inum on the be- 
h'avior of NaxWO3 noted in the present  study involves 
its enhancement  of the reduction process to form a 
hydrogen tungsten bronze. Similar enhancement  has 
been described by Hobbs and Tseung (35) for the 
anodic oxidation of hydrogen. A mechanism explaining 
the effec/~ of p la t inum to achieve a reduced surface is 
the folIowing 

xPt  + xH + + x e -  , ~ x P t  (H)ads [5] 

xPt  (H)ads ~- NaxWO8 ~ NazHzWO3 + Pt  [6] 

The rate of the over-al l  reaction of sodium hydrogen 
bronze formation would be l imited by the electron 
t ransfer  step on the plat inum. However, it should be 
noted in Eq. [6] that  p la t inum has an effect only on 
the forward process and not on the backward one. This 
is because the Pt  can act only as a porter of hydrogen 
by providing catalytic sites for forming Pt-H dur ing 
cathodization. 

The foregoing discussion may be schematically re- 
presented as follows 

I 

NaxH~ W03 ~ - > NaxW03 I L 

HzW03 

\ '--! ~ w o 3  I 
i 

I 

0.0 v 2.5 v 

cathodic anodic poteutial 

The rate determining step for the hydrogen bronze 
formation is the electron t ransfer  on a sodium-depleted 
electrode (WOs or HzWO3). On an  electrode containing 
sodium (NaxH,jWOs) the process is controlled by the 
diffusion of protons in the solid state. 

Sodium tungsten bronze electrodes as pH indicator . -  
Several studies on the use of bronzes in pH and other 
related measurements  have been published recently 
(47-48). Koksharov et al. (47) report  a slope of about 
60 mV/pH between pH 1.5 and 13.5 for a sodium tung-  
sten bronze (Na0.sWOs) prepared by the solid-state 
method. Tetragonal  bronze (Na0.3WOs) and melted 
bronze gave no definite slope in acidic media and 
responded to changes in pH only in a nar row interval  
of pH in alkal ine solutions. Wechter  et al. ment ioned 
(48) that  the potent ia l -pH response of sodium tungsten 
bronze electrodes deviates from l inear i ty  but  reported 
no data. 

Thus, it appears from the present  work, as well  as 
f rom the earlier studies (47), that in  strongly acidic 

media (pH < 3) no definite equi l ibr ium potential  is 
reached. At intermediate  pH (between about 3 and 
10), a 60 mV/pH slope is suggested from Fig. 12. 
Such behavior is predicted from any one of the follow- 
ing reactions (33, 11) 

W205 -~- H20 ~- 2 WO3 + 2H + + 2e- ,  Eo = --0.029V 
[7] 

WO2 + H20 ~ WOs + 2H + + 2e-  [8] 

2 WO~ W H20 ~ W20~ + 2H + -F 2e- ,  Eo = --0.031V 
[9] 

W 6 O n ( O H ) s ~ W 6 0 1 7 ( O H ) 2  + 6H + + 6e-  [10] 

In  alkal ine media, a 120 mV/pH slope is suggested by 
Fig. 12, and it may be at t r ibuted to the following re- 
action 

N a W O s + H 2 0 ~ W O ~  ~ - + N a  + + 2 H  + + e -  [11] 

The lack of dependence of the potential  of the bronze 
electrode on tungstate concentrat ion is a behavior 
similar to that  found for a ReO8 electrode for which 
no dependence of potential  on ReO4- concentration 
was indicated (49). These results may be contrasted 
with those obtained with MnO2 electrodes for which 
Mn +2 concentrat ion influences the potential-pH rela-  
t ionship (50). 

Hydration characteristics of the sodium tungsten 
bronze electrode.--Vojnovic, Sepa, and Ovcin (11) have 
recently proposed a model of the surface of the 
bronzes in acidic solution based on the existence of a 
nonstoichiometric hydrated tungsten  oxide-like layer 
at the surface. This model is based main ly  on the find- 
ings of Spitzin and Kaschtanoff (51) concerning the 
bonding of water  at the bronze surface. These authors 
(51) claim that a bronze sample previously dried at 
120~ releases water  below 300~ This result  is in 
contradiction with the more recent thermogravimetr ic  
measurements  in which Polaczkova (52) has shown 
that a Na0.nWO3 sample gains about  0.2% weight upon 
heating between 200 ~ and 300~ and the weight re- 
mains stable between 300 ~ and 800~ 

If the s t ructural ly  bonded water is removed from 
the surface sites upon heating as claimed by Vojnovic 
et al. (11), a sudden weight loss should be recorded 
around 300~ The DTG diagram is devoid of such a 
peak. The small  weight loss between 100 ~ and 4000C 
followed by a small increase in weight between 400 ~ 
and 800~ shown in Fig. 14 may  be due to some gas 
adsorption or desorption. Thus the results of Polacz- 
kowa (52) and those of the present  study put in 
serious doubt the earlier work of Spitzin et al. (51) 
and would, consequently, inval idate the model pro- 
posed by Vojnovic et at. (11) for the surface of 
bronzes in acidic solution. 
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Thermal Effects During the Formation and 
Dissolution of Anodic Tantalum Oxide 

J. P. S. Pringle* 
Chalk River Nuclear Laboratories, Atomic Energy of Canada Limited, Chalk River, Ontario, Canada 

ABSTRACT 

Anodic films formed on tantalum at 10 mA/cm2 were found to be thicker 
at the top of the specimen than at the bottom. The effect has been traced to a 
temperature difference resulting from the presence of convection currents in 
the electrolyte; these currents are powered by the heat released during anod- 
ization. The oxide thickness is thus very sensitive to changes in the anodizing 
temperature, and this sensitivity has been used to determine the temperature 
rise within the film itself. Convection currents during the dissolution of the 
oxide in buffered HF give rise to similar thickness variations, from which it 
has been concluded that the oxide dissolves exothermieally. 

A highly precise sectioning technique (1) has re- 
cently been developed for the purpose of measuring 
concentration profiles in anodic tantalum oxide (2, 3). 
The technique is based on slow dissolution of the oxide 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  Member.  
K e y  words:  tantalum,  anodic  oxidat ion,  ox ide  dissolution,  con-  

vect ion currents.  

in HF almost saturated with NH4F, and its extreme 
precision is due to the uniformity of the dissolution. 
In verifying this precision (1), it was shown that the 
anodization kinetics must necessarily give rise to oxide 
films of uniform thickness. Measurements showing that 
the oxide film was thicker at the top of a specimen 
than at the bottom therefore came as a surprise! 
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Fortunately,  the explanat ion was soon apparent.  The 
film thickness depends, i n t e r  alia, on the anodizing 
temperature;  the higher the temperature,  the greater 
the thickness formed. A greater thickness at the top of 
the specimen implies a higher anodizing temperature,  
and this could be due to convection currents  in the 
electrolyte. Since the anodization of t an ta lum proceeds 
with the evolution of heat (4), such convection cur-  
rents will  inevi tably be present unless action is taken 
to el iminate them. The observed thickness variat ions 
therefore act as a sensitive thermal  probe, and some 
addit ional investigations were suggested thereby. In  
part icular  it seemed reasonable to suppose that if thick- 
ness variat ions resulted from thermal  changes dur ing 
anodization, they might  also result  from thermal  
changes dur ing the dissolution of the oxide in buffered 
HF; appropriate experiments  showed that  this was in- 
deed the c a s e .  

A n o d i z a t i o n  
C o n s e q u e n c e s  of  t h e  a n o d i z a t i o n  k i n e t i c s . - - A t  con- 

stant  temperature,  the anodization kinetics may be rep- 
resented approximately by  

i : C �9 exp ( D V / h )  [1] 

where i is the current  densi ty and V the potent ial  
across the oxide film of thickness, h; C and D are posi- 
tive constants. Suppose that at a certain point on the 
surface the oxide thickness is less than h; then from 
Eq. [1], the current  density at that  point wil l  be 
greater than i. If the current  density is greater than  i, 
the oxide will thicken more rapidly, and so the thick-  
ness i r regular i ty  will  disappear as anodizing is con- 
tinued. The oxide thickness must  therefore remain  ex- 
t remely uniform throughout  the anodizing process (1). 

This a rgument  is valid even though the anodization 
kinetics are much more complex than  indicated by 
Eq. [1] ; in particular,  they vary  with temperature.  The 
best description (5) appears to be Young's (6) equation 

i = io �9 exp [ - -  ( W  - -  A �9 ( V / h )  --  B �9 ( V / h )  2 ) / k T ]  [2] 

where io, W, A, and B are constants, k is the Boltzmann 
constant, and T the absolute temperature.  This equa-  
tion may be rear ranged thus 

h / V  : 2 B / [ - - A  + k /  ( A  2 - -  4B  

�9 ( - - W + k T . I n  ( i o / O ) ) ]  [3]  

On insert ing appropriate values obtained from a least 
squares fit of Eq. [2] to the original data of Ref. (6) 

h / V  ---- 9.851/[1 - -  ~ / ( 0 . 0 0 1 0 9 1 T  - -  0 . 2 0 5 6 ) ]  [ A / V ]  [4]  

where i is taken as 10 m A / c m  2, the current  density 
used in the present experiments.  The left-hand side 
defines the "angstrom/vol t"  parameter,  which measures 
the oxide thickness formed per volt of anodizing po- 
tent ia l  at the specified current  density; the r igh t -hand  
side shows that  this value increases with the anodizing 
temperature,  T~ 

Angs t rom/vol t  values can easily be calculated from 
measurements  of applied voltage and oxide thickness, 
but  the results obtained here agreed only qual i tat ively 
with those computed from Eq. [4]. The reason for this 
is obscure, bu t  it may perhaps be due to idiosyncracies 

in the apparatus used; the present anodizing ap- 
paratus (7) was intended merely  to control the process, 
not to make accurate measurements  on the kinetics. 

On differentiating [4] with respect to temperature  

d ( h / V ) / d T  : 0.0363 [A/V/~ [5] 

for 25~ the tempera ture  at which the present experi- 
ments  were performed. Hence if two tan ta lum speci- 
mens are anodized by 10 mA / c m 2 to 200V, and at tem- 
peratures close to 25~ but  l~ apart, the oxide thick- 
nesses formed will  differ by approximately 7A. Such a 
difference can readi ly be detected by the spectrophoto- 
metric method for measur ing oxide thickness (1, 8). 

Thus al though [4] could not be applied satisfactorily 
to measure the anodizing tempera ture  itself, it was 
possible to apply [5], with good confidence, to mea- 
sure differences in anodizing temperature.  Fortunately,  
it was these differences that  were of the greatest in ter -  
est. 

H e a t  l i be ra t ed  d u r i n g  anod ic  o x i d a t i o n . - - T h e  re- 
sistive heat generated by the cur ren t  flow is given by 
V �9 i /4 .2  cal/cm2/sec, where V is the potential  across 
the oxide film in volts, and i is the current  density in 
amperes /square  centimeter. If V is 100V and i is 10 
m A / c m  2, the heat l iberated is 0.24 cal/cm2/sec, which 
is very large in relat ion to the small  volume in which 
it is generated; the heat generat ion per un i t  volume is 
in fact of the order of 50 kW / c m a. Unless this heat is 
dissipated very quickly, therefore, the temperature  of 
the oxide will rise substantially.  

This problem has been considered by Young (4), who 
noted that while some of the heat would be dissipated 
by conduction to the under ly ing  tantalum, most of it 
would be lost by convection currents  in the electro- 
lyte. He concluded, on both theoretical and experi-  
menta l  grounds, that the tempera ture  rise would be 
appreciable only at cur ren t  densities greater than a 
few mil l iamperes /square  centimeter;  and then only if 
the metal  specimen were thin, the s t i rr ing of the elec- 
trolyte inefficient, and the anodization carried out con- 
t inuously  to high voltages. These general  conclusions 
have been confirmed by others (9, 10) and also by ex- 
perience in these laboratories. 

E x p e r i m e n t a l  r e s u l t s  a n d  d i s c u s s i o n . - - R e c t a n g u l a r  
coupons, 35 m m  long by  10 mm wide, were  cut from 
0.37 mm (0.015 in.) t an t a lum sheet supplied by the 
Fansteel  Metallurgical Corporation. A t an ta lum wire, 
1.25 m m  (0.050 in.) in diameter, was spot welded on 
one corner to provide electrical contact, and the cou- 
pons were then cleaned and chemically polished as de- 
scribed elsewhere (1). All  anodizations were per-  
formed in 0.1M H2SO4 electrolytes main ta ined  at 25~ 
by means of a water  bath, using the apparatus devised 
by Walker  (7). Oxide thicknesses were measured with 
a precision of 2A or 0.15% of the thickness, whichever 
was greater (1), by means of the spectrophotometric 
method due to Young (8). 

Four  coupons were set in uns t i r red  electrolyte with 
their  long axes vertical, and anodized to 55, 110, 165, 
and 220V, respectively, at 10 m A / c m  2. Average oxide 
thicknesses over areas 8 • 2 mm (1) runn ing  across 
the coupons were then measured for the mean  positions 
listed in Table I. The anodic films were all found to 

Table I. Effect of thermal convection currents in the electrolyte on the thickness of the anodic oxide formed on rectangular tantalum 
coupons, 35 mm long by 10 mm wide. Temperature differences calculated from [5]. Anodizing conditions: 10 mA/cm 2, 0.1M H2SO4, 25~ 

D i s t a n c e  f r o m  b o t t o m  o r  e n d  o f  foi l ,  m m  

O x i d e  th i ckness ,  A 

Ver t i ca l  o r i e n t a t i o n  
H o r i z o n t a l  o r i e n t a t i o n  

U p p e r  s ide L o w e r  s ide  

29.5 872 1750 
17.5 871 1743 

5.5 869 1734 
M a x i m u m  p o t e n t i a l  a p p l i e d  (V) 55 110 
M a x i m u m  t e m p e r a t u r e  di f f erence  a c r o s s  c o u p o n  (~ 1 4 
T e m p e r a t u r e  increase  at  m i d  p o i n t  re la t ive  to  first - -  0 

c o u p o n  (~ 

2633 3549 3563 3566 
2628 3531 3574 3584 
2609 3498 3570 3574 

165 220 220 220 
4 6 1 2 
2 6 11 12 
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be th icker  at the top of the coupons than at the bottom, 
exact ly  as predicted f rom the convection current  hy- 
pothesis. Angs t rom/vo l t  values were  calculated for 
each end of the coupons, and the difference divided by 
0.0363 [5] to obtain the m a x i m u m  tempera tu re  differ- 
ences. These are also listed in Table I, f rom which it 
can be seen that  they increase wi th  final anodizing 
voltage. 

As a l ready noted, the heat  generated during anodiza- 
tion is proport ional  to V .  i, and therefore  increases 
l inear ly  wi th  voltage under  the constant current  con- 
ditions used here. More heat  is generated at the larger  
voltages, and, because the anodization takes longer, 
there  is more t ime in which the convection currents  can 
be set up. Increased tempera ture  differences at the 
larger  voltages are thus readi ly  explained. By the same 
token, the average  tempera ture  of the electrolyte in 
contact wi th  the coupon wil l  increase, and so the mean 
anodization tempera ture  wi l l  also be greater.  Tempera -  
ture  differences calculated from the angs t rom/vol t  
values at the midpoints of the various coupons confirm 
this hypothesis also. 

Fu r the r  proof that  convection currents  are respon- 
sible for these nonuniformit ies  was provided by 
changing the orientat ion of the coupons in the electro- 
lyte. When a coupon was aligned horizontally, the re- 
sults shown on the r ight-hand side of Table I were  ob- 
tained. The greatest  thickness now occurred in the 
middle of the coupon, as might  be expected from the 
nature of the convection currents  set up. The lat ter  
would, however,  be so much weaker  than for the ver-  
t ical orientat ion that  the tempera ture  differences across 
the coupon would be less, and the electrolyte  in contact 
wi th  it would heat up more. The result  in Table I shows 
that  this is indeed what  happens. 

A convection current  can be destroyed by st irr ing the 
electrolyte,  and so the fol lowing exper iment  was per-  
formed. Two coupons, oriented with  their  long axes 
vertical,  were  placed in different anodizing cells im-  
mersed in the same water  bath. The electrolyte  was 
well  s t i rred in one cell, but  not at all in the other, and 
both coupons were  anodized simultaneously to 220V 
at 10 mA/cm~. F i lm thicknesses on the coupon in the 
unst i rred cell were  wi thin  10A of those for the similar  
specimen in Table  I, which i l lustrates the reproduci-  
bili ty at tained in these exper iments ;  those in the 
st irred cell averaged 3398A, with no significant var ia -  
tion across the foil. F rom the corresponding angs t rom/  
volt  values, the tempera ture  difference at the midpoints 
was no less than 16~ so that  the way in which the 
heat is dispersed in the electrolyte  has significant con- 
sequences for the anodizing process. 

This ability to measure small t empera ture  differences 
suggested that  it might  be possible to detect an effect 
when only one side of  a coupon was anodized. A suit- 
able specimen was prepared  by masking one side with 
Apiezon N grease (1), and then  anodizing the other  to 
170V at 1 m A / c m  2. On dissolving the Apiezon N in 
t r ichlorethylene,  the first side was available for fur ther  
anodization, whi le  the second was protected by the 
anodic film already formed. The specimen was then 
anodized to 150V at 10 m A / c m  2 in a wel l -s t i r red elec- 
trolyte;  simultaneously, an ordinary specimen was 
anodized in the same wel l -s t i r red electrolyte on both 
sides. The thickness of the film formed on the one side 
was 2290 • 2A (range of three measurements) ,  while 
that  formed on both sides was 2299 • 2A (range of six 
measurements ,  three  on each side);  repeti t ion of the 
exper iment  gave exact ly  the same results. There is no 
doubt, therefore,  that  a t empera ture  difference does 
exist under  these conditions, and that  its magni tude  is 
of the order of 1.5~ 

If the presence of the second anodizing film raises 
the tempera ture  of the first by 1.5~ this implies that  
the first is a l ready 1.5~ above the ambient  electrolyte  
tempera ture ;  always assuming that  the tempera ture  
gradient  in the metal  is negligible, as has been demon- 
strated theoret ical ly  (10). Such a result  is of some sig- 

nificance for precise measurements  on the anodization 
kinetics [e.g., Ref. (6)] Obviously, the tempera ture  in- 
crease will  depend on the conditions of the experi-  
ment, and wil l  be greater  at larger  current  density and 
final voltage. 

Dissolution 
As discussed in Ref. (1), the dissolution of anodic 

tan ta lum oxide in concentrated HF almost saturated 
with  NH4F is normal ly  just  about as uniform as the 
anodization. Thus a tan ta lum coupon of the usual size 
was anodized at 220V at 1 m A / c m  2 and the thickness 
measured at 4 mm intervals  across each face, start ing 
5.5 mm from one end. The four teen measurements  thus 
obtained ranged f rom 3588 to 3592A, wi th  a mean of 
3590A. The specimen was then stripped, with agitation, 
in 200 ml 48% HF + 80g NH4F for four 10-min periods, 
being washed in wate r  and acetone at the end of each 
period (1). Remeasurement  of the oxide thickness at 
the same fourteen positions gave results  ranging f rom 
1907 to 1914A, wi th  a mean of 1911A. A layer  of oxide 
1679 • 2A (rms deviat ion)  thick had therefore  been 
removed from every  part  of the specimen surface. 

A second specimen was anodized and measured in 
exact ly  the same way, the four teen thicknesses ranging 
f rom 3595 to 3597A. This specimen was then placed 
in the same sample of stripping reagent  and held sta- 
tionary, wi th  its long axis vertical,  for 40 min. Af ter  
washing and drying, remeasurement  of the oxide 
thicknesses on one side gave 1811, 1812, 1814, 1818, 1820, 
1827, and 1831A for 4 mm intervals  start ing 5.5 mm 
from the bottom; the corresponding positions on the 
second side gave 1808, 1812, 1815, 1821, 1819, 1826, and 
1829A. More oxide had been dissolved f rom the bottom 
than the top, and more oxide had been removed  over-  
all, compared with  the agitated sample. Convection 
currents  were  obviously present. 

To establish the nature  of these convection currents,  
two additional pieces of information were  needed. As 
in anodization, the influence of tempera ture  had to be 
established. Three anodized specimens were  stripped 
in the same sample of reagent  at three different tem- 
peratures  (3.1 ~ 26.4 ~ and 46.9~ whereupon  the str ip-  
ping rates were  found to be 17, 81, and 479 A/min,  
respectively.  The dissolution rate  therefore  increases 
very  markedly  with  temperature .  

Second, the dissolution of oxide presumably  weakens 
the reagent 's  abil i ty to dissolve fur ther  oxide. To con- 
firm this, approximate ly  lg of tan ta lum metal  was dis- 
solved in 20 ml  concentrated HF, and then 8g of NH4F 
added to make up the reagent ;  simultaneously, an- 
other  8g of NH4F were  added to 20 ml of the same con- 
centra ted HF to act as a standard. After  equi l ibrat ing 
to the same temperature ,  the str ipping rates were  found 
to be 35 and 47 A / m i n  respectively, so that the pres-  
ence of the dissolved tan ta lum had indeed decreased 
the str ipping rate. 

The convection currents  can then be in terpre ted  as 
follows. The oxide dissolves exothermica l ly  in the HF- 
NF4F reagent, and the solution in contact  wi th  the sur- 
face becomes warmer .  As it warms, it starts to rise; 
and as it dissolves the oxide, so its abil i ty to dissolve 
fur ther  oxide is reduced. The two effects are in op- 
position, and hence the observed result  depends on the 
outcome of the competi t ion be tween them. The faster 
over-a l l  dissolution is obviously a consequence of the 
tempera ture  effect, while the slower dissolution at the 
top of the specimen is due to the weakening  of the dis- 
solving agent. The al ternate  possibility, that  the oxide 
dissolves endothermically,  can be dismissed, for the two 
effects would then reinforce one another  to leave the 
greatest  thickness at the bottom of the coupon. 

Duplicate exper iments  confirmed these observations 
and showed that  they were  surpris ingly reproducible,  
apart  f rom the single occasion, noted in Ref. (1), when  
the interference colors indicated spots of th inner  oxide. 
To study the formation of the convection currents, four 
specimens were  anodized s imultaneously at 1 m A / c m  ~ 
to a thickness of 3565A, and then  str ipped in a sta- 
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t ionary vertical position for 1O X 4, 5 X 8, 2 X 20, 
and 1 X 40 rain, respectively; after each strip, the 
specimens were washed and dried in the usual way (1). 
All four specimens were thus stripped for the same 
total time, and in the same sample of reagent at the 
same temperature;  the effect of the convection cur- 
rents was expected to become greater as the stripping 
periods lengthened. This was precisely what was ob- 
served. The thicknesses at the midpoints  were found 
to be 1058, 1011, 942, and 950A, respectively, which 
demonstrates the increase in dissolution rate due to 
local heat ing of the reagent. At the same time, the 
oxide thickness at the top was found to be 7, 13, 20, and 
14A greater than  that at the bottom, thus demonstrat-  
ing the onset of the convection currents. 

Conclusions 
1. Tan ta lum coupons anodized at 10 mA/cm 2 in un- 

stirred electrolytes developed a greater oxide thickness 
at the top than at the bottom. These thickness varia- 
tions have been related via the known kinetics of 
anodization, to differences in anodizing temperature.  

2. The differences in anodizing temperature  have 
been at t r ibuted to the presence of a convection cur- 
rent  resul t ing from the heat l iberated dur ing the 
anodic oxidation. 

3. The relat ion between oxide thickness variations 
and anodizing temperature  differences has been used 
to measure the temperature  rise in an oxide film dur ing 
anodization in well-st irred electrolyte. For anodization 
at 10 m A / c m  2 to 150V, it was found to be about 1.5~ 

4. Thickness variat ions that  developed when the 
oxide was dissolved in concentrated HF almost satu- 
rated with NH4F were also at t r ibuted to convection 
currents. 

5. From the na ture  of these currents,  the oxide must  
dissolve exothermicaUy. 
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ABSTRACT 

Thin magnetic films of Co-P were autocatalytically deposited on two differ- 
ent plastic substrates. A polycarbonate and a polyimide plastic were chosen 
as the nonconductive substrates because of their thermal  stabili ty and fiat- 
ness. The conditioning, sensitization, activation, and autecatalytic deposition of 
these nonconductors are described. A citrate hypophosphite bath was used with 
variations in the ratio of cobalt salts to citrate salts. The magnetic properties 
(coercive force, remanence, and squareness) of the thin (250-4000A) films 
were analyzed, and the most promising concentrat ion ratio and substrate were 
chosen for further  experimentat ion.  Variations in reductant  concentrations 
were made at a constant  ratio of cobalt to citrate. For each concentrat ion of 
reductant,  films of different thicknesses were prepared, and the effects of com- 
position and thickness on the crystallographic and magnetic  properties of the 
deposits were studied. 

With the coming of the computer age, magnetic re- 
cording media consisting of thin films of magnetic 
mater ial  on substrates such as tape, drums, disks, or 
loop surfaces became indispensable to the complete 
data processing system. The most extensively used 
magnetic coating over the last ten years or so has 
been a finely divided ferric-oxide dispersion in a ther-  
moplastic binder. In recent years, considerable effort 
has been spent on developing autocatalytic metal  dep- 
osition. This technique deposits thin ferromagnetic 
metal  films on conducting and nonconduct ing sub-  
strates by catalytic reduction of metal  salts from 
aqueous baths. The thin films used are par t icular ly  
suitable for very high-density digital magnetic record- 
ing because of their thinness, high coercivity, and high 
magnet ic-moment  density. 

This paper deals with autocatalytically plat ing a th in  
cobalt-phosphorus magnetic film from a citrate-hypo- 

* E l ec t rochemica l  Soc ie ty  A c t i v e  Member .  
Key  words: plating, autocatalytic deposition, Co-P deposition. 

magnetic films, nonconductive substrates. 

phosphite bath onto polycarbonate and polyimide non- 
conductive substrates. The effect of metal- ion concen- 
t rat ion to citrate-ion concentrat ion on the respective 
substrates (relative to magnetic properties) was evalu-  
ated in order to choose the opt imum ratio for varying 
the reductant  concentration. The resul t ing crystallo- 
graphic and magnetic properties were examined. 

Experimentation 
The substrates chosen to receive an autocatalytic de- 

posit of cobalt-phosphorus had to meet  the following 
criteria: thermal  stability, smoothness or flatness, non-  
conductivity, and flexibility (plasticity).  These cri- 
teria are dictated by the requirements  of the magnetic 
recording medium and its application in the computer 
industry.  

Some previous work has been reported in which 
Mylar '  was used as a substrate. Although somewhat 
more expensive than  Mylar (a polyester),  Kapton ~ 

Registered trademark, E. I. du  P o n t  de N e m o u r s  C o m p a n y .  
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(a polyimide) and Lexan 2 (a polycarbonate) were the 
substrates chosen for the experiments  described in this 
report. 

The following procedures were developed to obtain 
good coverage and adhesion by the metal. The Lexan 
and the Kapton were first ul trasonical ly cleaned in a 
detergent and a chlorinated solvent. Next the Lexan 
was soaked for 1 min in N, N dimethyl  foramide, and 
then for 10 sec in a dichromate solution at 95~ (1, 2). 
The Kapton was soaked for 15 sec in a dichromate solu- 
t ion at 95~ followed by a 15-sec dip in a 4M solution 
of NaOH at 90~ The substrates were then given the 
usual sensitization (stannous chloride) and activation 
t rea tment  (pal ladium chloride) (1). After  each step, 
the substrate was rinsed in distilled water. The sub- 
strates were then ready for the autocatalytic deposition 
of the magnetic coating. 

The deposition was carried out in a one-li ter beaker. 
The general and the exper imental  formulations for the 
baths are given in Table I (3, 4). An expanded-scale 
pH meter was used to constantly monitor the pH. An 
ammonium-hydroxide  solution was added to the bath 
to raise the pH as needed. The temperature  of the bath 
was mainta ined by a thermostatically controlled hot 
plate. The agitation of the solution during deposition 
was kept at a level merely sufficient to ensure uni-  
formity of temperature  and concentration. 

A fresh bath was prepared for each set of experi- 
mental  conditions. To minimize the effects of the 
gradual  depletion of the solution, only six samples were 
plated in each bath. 

Photomicrographs were obtained by using an optical 
microscope and a scanning electron microscope. The 
percentages of cobalt and phosphorus in the films were 
determined by x - ray  fluorescence. Standards of Co-P 
films that had been previously analyzed by wet chemi- 
cal means were used to establish a graph of counts 
vs. mass per uni t  area (mi l l igrams/square  centimeter) .  

The percentage of phosphorus in the deposits was 
calculated by using the mass-per-area  values of cobalt 
and phosphorus obtained by fluorescence. The thick- 
nesses of the films were calculated by using the bu lk  
density of cobalt (about 8.9 at 20~ and assuming that  
the cobalt was the main  consti tuent of the deposit. A 
diffractometer was used to trace the x- ray  diffraction 
pat terns  of select plated samples to establish the 
particle size and the cobalt orientation in the ex- 
per imental  films. 

Orientat ion with respect to the substrate of the films 
can be predicted from the intensi ty  ratio of planes 

I(o00~) 

l(z~o) 

Culli ty (5) holds that  a ratio of less than one indicates 
a preferred orientat ion of the (0002) planes to the sur-  
face of the substrate, whereas a ratio greater than one 
indicates (0002) planes, or c-axis, normal  to the sub- 
strate. Values close or equal to one after normalizat ion 
indicate a random c-axis orientation in the films. 

All  plated samples were placed on a v ibra t ing sam- 
ple magnetometer  in  order to measure the magnetic 
hysteresis. The two magnetic parameters  measured 
were the coercivity and the squareness. A nickel stan- 
dard of five-nines purity, accurately weighed, was used 

= R e g i s t e r e d  trademark, General Electric Company. 

Table I. Formulations 

General 

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

Series 1 
( g / l i t e r )  

Series 2 
( g / l i t e r )  

COSO4 �9 7H~O (35 g / l i t e r )  
NasCeH~O7 �9 2H~O (35 g / l i t e r )  
NaH.-PO~- �9 H~O (20 g / l i t e r )  
(NH4)~SO4 (66 g / l i t e r )  
T e m p e r a t u r e  = 178 ~ ~ 4 " F  
p H  = 8,6 ~" 0.1 

2 .5 -35 .0  
35.0 
20.0 
66,0 

17.5 
35.0 
10 .0 -30 .0  
66.0 

to calculate the saturat ion moment  and the remanent  
moment.  A calibrated x-axis on the recorder was used 
to calculate the coercivity of all samples. 

Results 
As was previously noted, the first experiments were 

done on Lexan and Kapton substrates. The first plat ing 
bath (series 1) used to deposit a magnetic coating on 
these substrates was a modified Brenner  bath  that  had 
been used by others (4, 5). The pH, temperature,  re- 
ductant  concentration, buffer concentration, and com- 
p]exing agent concentrat ion of the bath were held 
constant. The only variables were t ime and the cobalt-  
ion concentration. Since the ratio of the cobalt ion to 
the complexing agent controls the amount  of free co- 
balt available for reduction, it was this relationship 
that was examined and represented graphically in 
Fig. 1 for the Lexan and the Kapton substrates. Since 
the requirements  for high-densi ty media for digital re- 
cording are high coercivity, high squareness, and rea- 
sonable plat ing rates, the graphic results were ex- 
amined to determine the opt imum substrate and con- 
centrat ion ratio. 

Figure 1 also shows that  the squareness is quite 
l inear  and high over most of the range for Kapton, 
whereas the coercivity is somewhat erratic except in 
the range of 15-35 g/liter.  The plat ing rate appears flat 
and reasonable (1250 A/min )  in the same range. 

The results obtained by using Lexan as the substrate 
show very low coercivities and high squareness, ini-  
tially. A peak in coercivity is reached at a concentra-  
t ion of 27.5 g/ l i ter ,  but  corresponding low squareness 
makes it unsatisfactory for high-densi ty media. Adhe-  
sion between the deposits and the Lexan became very 
poor with thicknesses above 1700A. The deposit blis- 
tered and tended to flake off in the bath. 
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The reasons for choosing the 0.50 concentrat ion ratio 
(represented by the vertical broken line) for fur ther  
study become more apparent  on examinat ion of Fig. 1. 
The unusual  relationship between the coercivity and 
the cobalt- ion concentrat ion is an extension of the work 
disclosed by Wright (6), but contradicts his conclusion 
that  the coercivity increases with decreasing cobalt- 
cation concentration. 

After the init ial  experimental  results were examined, 
fur ther  efforts were centered on the Kapton substrate, 
using a bath concentrat ion ratio of 0.50. The pH, tem- 
perature, buffer concentration, complexing agent con- 
centration, and cobalt-ion concentrat ion were kept con- 
stant. The t ime and the reductant  concentrat ion were 
the only independent  variables in this phase of the ex- 
per iment  (series 2). The reductant  was chosen as the 
main  variable since it had pronounced effects [dis- 
cussed by others (7)] on rates of deposition, the 
amount  of phosphorus in  the deposit, and the crystal- 
lography, coercivity, and squareness. 

The weight of the cobalt and the phosphorus de- 
posited, determined by x-ray fluoresence, is shown in 
Fig. 2 as a function of deposition t ime with the re- 
ductant  concentrat ion as a variable. The total weight of 
the deposit is a l inear  function of the deposition t ime 
for each concentrat ion of reductant;  hence the deposi- 
tion rate must  be constant  for each composition. If we 
assume a bulk density for cobalt (the main  consti tuent 
of all deposited films) of 8.9 g /cm s, we can calculate 
the dependence of the plating rate on the reductant  
concentrat ion from Fig. 2. The average rate of deposi- 
tion is a l inear  function of the reductant  concentration 
over the range covered, and is probably the result  of 
the opt imum ratio of the cobalt ion to the complexing 
agent (0.50). Figure  3 supports the conclusion that  the 
thickness of the deposit is a l inear  function of t ime and 
the reductant  concentration. 

The phosphorus in the films greatly influences their  
crystallographic and magnetic properties. The struc- 
ture-sensi t ive property of hysteresis (and hence the 
coercivity and squareness) is greatly determined by 
phosphide-forming elements and particle size. Accord- 
ing to Amendola et al. (8), the phosphorus content  of a 
film is also a criterion for resistance to wear; cobalt 
th in  films containing more than 2% phosphorus are 
abrasion-resistant.  

The weight of the phosphorus deposited depends 
on the total weight of the deposit. There is no ap- 
parent  change in  the percentage of phosphorus over 
this thickness range in which the average percentage 
of phosphorus is independent  of the weight of the de- 
posit. The average phosphorus content  remained quite 
constant throughout  the concentrat ion range of the re- 
ductant. Another  noteworthy influence of increased film 
thickness is a decrease in the phosphorus content  of the 
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Fig. 3. Calculated thickness vs. reductant concentration in bath 

deposits (see Fig. 4). Much of the phosphorus is co- 
deposited in the init ial  stages of the autocatalytic re- 
action. Some deposits in the lower thickness range 
achieved a phosphorus content  of near ly  10%. 

The effects of these varied amounts  of phosphorus on 
the relative smoothness of the deposit are shown in 
Fig. 5. This figure shows the results obtained by ex- 
amining various film samples with a scanning elec- 
t ron microscope. The film with 0.6% phosphorus ap- 
peared to have a crevice pat tern;  it also appeared less 
bright  to the naked eye. The film with 6.5% phos- 
phorus was cracked through to the substrate, probably 
because of the high stress associated with the high 
phosphorus content. Even though it contains twice as 
much phosphorus as the film with 3.1%, it looks only 
slightly smoother. All these effects have been observed 
by others (8, 9) except that  no one has reported the 
cracking with high percentages of phosphorus, no 
doubt because only films containing up to 3% of phos- 
phorus were studied. 
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Fig. 5. Scanning electron micrographs of Co-P plated surfaces over a range of phosphorus content (4000X). (a) 0.6% phosphorus, (b) 
3.1% phosphorus, (c) 6.5% phosphorus. 

Fig. 6. Photomicrographs of Co-P plated surfaces at various hypophosphite concentrations (800X). (a) 10 g/liter, 3.6% phosphorus, (b) 
17.0 g/liter, 4.8% phosphorus, (c) 30.0 g/liter, 4.0% phosphorus. 

Figure  4 shows that  the  percentage  of phosphorus  in 
the  deposit  depends on the hypophosphi te  content  of 
the bath. Note that  the  phosphorus content  of the  de-  
posits reaches  a peak  and then  decreases  as the  re-  
ductant  content  of the  ba th  increases. Note also that  
there  are  large var ia t ions  in the percentage  of phos-  
phorus in the th inner  deposits, whereas  l inear i ty  is ap-  
p roached  in the  th ickest  deposit.  F i lms  approx ima te ly  
equal  in th ickness  and in phosphorus  content  were  
examined  for re la t ive  surface roughness.  As  Fig. 6 
shows, the films containing a bi t  more  phosphorus  than 
others  were  only s l ight ly  smoother.  No deposits  tha t  
contained med ium amounts  of phosphorus were  
cracked.  

The sa tura t ion  magnet ic  moments  of the  deposi ts  
were  measu red  wi th  a v ib ra t ing  sample  magnetometer ,  
re la t ive  to a f ive-nines-pur i ty  n ickel  s t andard  tha t  was 
accura te ly  weighed.  The moments  so obta ined were  de-  
pendent  on deposi t  thickness but  only  s l ight ly  af- 
fected b y  hypophosphi te  concentrat ion (Fig. 7). The 
sa tura t ion  magnet ic  moment  densi ty  (~s) of the films, 
ca lcula ted f rom the slope of the line, was 128 electro-  
magnet ic  uni ts /g .  If  we assume tha t  the  phosphorus 
exists as nonfer romagnet ic  Co2P, an average weight  of 
4.2% P would  correspond to about  18% by  volume of 
Co2P. Therefore,  a theore t ica l  ca lcula t ion of ~s is about  
132 e lect romagnet ic  uni ts /g .  Al though  phosphorus was 
quan t i t a t ive ly  detected by  x - r a y  fluorescence, its pres-  
ence as CoeP was never  conclusively shown. At  any 
rate,  the  nonmagnet ic  di luents  in the  deposits  are as-  
sumed to be Co~P and other  phases of cobal t  and phos- 
phorus. These o ther  phases m a y  account for the  dis-  
c repancy  be tween  the expe r imen ta l  and  the theoret i -  
cal values  of ~s. 

Fo r  the  two ex t reme  reduc tan t  concentrations,  the  
squareness  of the  deposits decreased wi th  increasing 
thickness and tended to level  off in th icker  deposits, as 
is shown in Fig. 8. The  med ian  concentra t ion of hypo-  
phosphi te  tended to give a l inear  re la t ionship  be tween 
squareness  and thickness  th roughout  the  range  covered.  
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250 

This finding is in direct conflict with earlier work 
(5, 10) in which a ratio of 0.3 cobalt to 1.0 citrate ion in 
the bath was used. The apparent  discrepancy can be 
explained by observing the l inear relationship that  
gives an average of 4.2% phosphorus, independent  of 
thickness and hypophosphite concentration. The content  
of phosphorus, and therefore the occurrence of single- 
domain regions, are presumably  constant  throughout  
the deposits. 

The structure-sensi t ive property of coercivity is a 
complicated funct ion of many  variables. One of these 
variables, thickness, is plotted against coercivity in 
Fig. 9. Here we see that thickness great ly  influences the 
coercivity of the deposited film, par t icular ly  with lower 
concentrat ions of reductant,  say 10.0 g/liter.  This curve 
follows the usual  relationship of monotonical ly decreas- 
ing coercivity with increasing thickness (7~11, 12). 
However, the high concentrat ion of reductant  mono- 
tonically increases with thickness and tends to level off 
to 700 oe at 2300A. This is about the same level of 
coercivity at which the 17.0 g/ l i ter  concentrat ion of 
reductant  levels off after decreasing from 1000 oe. The 
l inear i ty  of the coercivity at thicknesses greater than 
2000A is fur ther  substantiated by the results obtained 
with 23.5 g / l i te r  of hypophosphite in the bath. At this 
concentration, coercivity is independent  of thickness. 

At tempts  to induce anisotropy in the films were made 
in the early experiments  by autocatalytically plating 
in a strong field. These at tempts were unsuccessful as 
were those of previous investigators. All  deposited 
films were isotropic in the film plane. 

The influence of the sodium hypophosphite in the 
bath on the coercivity of the film is shown in Fig. 10. 
With short deposit times (and hence thin deposits), 
the coercivity decreased very rapidly with increasing 
hypophosphite. With longer deposit times, no sharp 
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changes in coercivity were observed. Linear i ty  was 
approached at 700-800 oe. Figure 10 represents two 
different effects: film thickness and concentrat ion of 
reductant.  Therefore the changes in coercivity shown 
seem to be the results of increases in film thickness 
caused by the reductant  concentration, as shown in 
Fig. 3. The similari ty of Fig. 9 and 10 fur ther  substan- 
tiates the conclusion that  the t rue influence of the re- 
ductant  concentrat ion on coercivity is masked by the 
thickness of the deposit. F igure  11 is included merely  
to show the effect of the reductant  concentrat ion in 
the bath on the coercivity of the deposit at two differ- 
ent ratios of cobalt ions to citrate ions in the solution. 
The reductant  concentrat ion has a larger effect on 
coercivity at the 1.0 ratio than  at the 0.5 ratio, even 
though a l inear  relationship is evident  in both cases. 
This relationship indicates that coercivity is more 
reproducible in the 0.5-ratio bath because the slope 
approaches zero. 

X-ray diffraction revealed that all deposits were 
predominantly hexagonal-cloze-packed (hcp) cobalt. 
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X-ray line broadening was used to estimate the crys- 
talli te sizes in the deposits. Most estimates were from 
200-400A. A few films appeared to have either very  
small  crystallites (20-60A) or an amorphous structure. 
However, these estimates of crystall i te size are actually 
the lower limit, since the stresses and faults in the 
deposit also contr ibute to the line broadening. In  most 
cases, the estimates of crystall i te sizes showed no cor- 
relat ion with thickness, phosphorus content, or mag- 
netic properties. Figure 5 shows an example of a change 
in crystalli te size with a change in phosphorus con- 
centration; (b) and (c) are 300A, whereas (a) is 
only about 50A. Figure 6, on the other hand, mainta ins  
the same crystall i te size in  the range of 3.6-4.8% of 
phosphorus. Films with coercivities of 200-600 oe had 
the same relat ive crystall i te size, whereas the samples 
with coercivities greater  than  800 oe tended to have 
smaller crystallites. It appears that since most of the 
crystall i te sizes were in the 200-400A range, the mag- 
netic properties of the exper imenta l  th in  films were a 
result  of s ingle-domain behavior. 

Diffracted x-ray intensit ies of the (0002) and the 
(101-0) planes of the deposits were measured. Calculat-  
ing the normalized value of these ratios 

I(ooo2) 
Iclo~0~ 

enables us to predict the c-axis orientat ion in the films. 
If the intensi ty  ratios are plotted against the percentage 
of phosphorus in the films, as in Fig. 12, a clear rela- 
tionship can be shown between crystal orientat ion and 
phosphorus content. The plot near ly  duplicates that  of 
Amendola et al. (8), except that it shows the percent-  
age of phosphorus from less than  1.0 to more than  5.0. 
Since the films under  study here contain an average of 
4.2% phosphorus, it is apparent  that  these deposits ex- 
hibited a preferred orientat ion of the c-axis in the 
plane of the substrate. The raw data imply no relat ion-  
ship between coercivity and intensi ty  ratios. 

Summary and Conclusion 
Pre l iminary  exper iments  were made on two kinds of 

nonconductive substrates. The magnetic and physical 
properties of the deposits were examined in order to 
formulate  an autocatalytic solution to improve these 
properties. Kapton, the most promising substrate on 
the basis of adhesion and appearance, was chosen for 
fur ther  study. The independent  variables of time and 

reductant  concentrat ion were examined, and  the re- 
sul t ing physical and magnetic properties of the deposits 
were evaluated. The average plat ing rate was linear, 
increasing with increasing reductant  concentration. The 
average amount  of phosphorus in the deposits remained 
constant  over the range of reductant  concentrations, 
and had little effect on the roughness or the coercivity 
of the deposit. The saturat ion magnetic moment  density 
for the deposits agreed closely with the theoretical 
value. This led to the conclusion that  the nonmagnet ic  
di luent  was chiefly Co2P. The squareness was high and 
Linear throughout  the range; the coercivity depended 
greatly on thickness and hypophosphite concentration. 
Crystall i te sizes of 200-400A were found in most of 
the films, independent  of phosphorus content, with 
smaller crystallites appearing in the films with coerciv- 
ities above 800 oe. Intensi ty-rat io  calculations showed 
that  most of the films had their  c-axes oriented in  the 
plane of the substrate.  

Others have shown that in the autocatalytic deposi- 
t ion of a magnetic film, the thickness and the hysteresis 
of the film can be controlled by varying  the deposition 
time, the pH of the bath, the temperature,  and the 
reductant  concentration. Proper combinat ion of these 
variables will  produce a coating that has excellent 
properties for recording. One such combinat ion has 
been given in this paper. It is a bath with a 0.50 ratio 
of cobalt ion to citrate ion (with other conditions as 
previously given),  and a reductant  concentrat ion of 
about 23 g/ l i ter  of sodium hypophosphite. Metal deposi- 
tion is carried out on a specially prepared Kapton 
substrate for approximately 2.5 rain. The result ing 
deposit is an excellent reproducible medium for high- 
density digital magnetic recording. 
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ABSTRACT 

The electrochemical  reduct ion of T i ( IV)  in mol ten  L i F - N a F - K F  [46.5-11.5- 
42.0 mole  per  cent ( m / o ) ]  at 500~ was s tudied by  means  of l inear  sweep 
vo l tammet ry ,  chronopotent iometry ,  and chronoamperomet ry .  The reduct ion 
of T i ( IV)  to T i ( I I I )  was found to proceed revers ib ly  at  both  p l a t inum and 
pyroly t ic  graphi te  electrodes;  fu r ther  reduct ion of T i ( I I I )  to the me ta l  was 
shown to be a revers ib le  process involving a l loy format ion  wi th  the  p la t inum 
electrode.  S t anda rd  electrode potent ia ls  for the processes, T i ( IV)  + e- - - -  
T i ( I I I )  and T i ( I I I )  + 3e = Ti, are  --0.058 and --1.798V, respect ive ly  (both 
vs. a unit  mole  f ract ion Ni ( I I ) / N i  e lec t rode) .  

The electrochemical  oxidat ion of T i ( I I I )  at  unsheathed  p l a t inum and 
sheathed glassy carbon electrodes was s tudied in mol ten  LiF-BeF~-ZrF4 (65.6- 
29.4-5.0 m/o )  at 500~ Evidence for a revers ib le  e lectrode react ion was  ob-  
ta ined  from vol tammetr ic  and chronopotent iometr ic  studies. A s tandard  po- 
ten t ia l  of +0.197V (vs. a unit  mole fract ion N i ( I I ) / N i  e lectrode)  was de te r -  
mined  for the process T i ( I I I )  : T i ( IV)  + e. 

The more  anodic value of the s tandard  potent ia l  of the  T i ( I V ) / T i ( I I I )  
couple in LiF-BeF2-ZrF4 in comparison to L i F - N a F - K F  reflects the  h igher  
ac id i ty  (Lewis concept) of the  LiF-BeF2-ZrF4 melt .  

In  this  p a p e r  we  descr ibe e lect rochemical  s tudies  of 
t i t an ium solute species in mol ten  L i F - N a F - K F  [46.5- 
11.5-42.0 mole per  cent  ( m / o ) ]  and LiF-BeF2-ZrF4 
(65.6-29.4-5.0 m / o ) .  In teres t  in mol ten  fluorides stems 
from the i r  impor tance  in nuclear  reactor  technology 
and use in product ion of a luminum and fluorine, e lec-  
t rodeposi t ion of re f rac tory  metals,  format ion  of cor-  
ros ion- res i s tan t  diffusion coatings, and p repa ra t ive  
e lectrochemical  fluorination. 

Most of the  studies of e lectrode react ions in mol ten  
fluorides have  been ra the r  recent.  The status of this 
subject  th rough  1968 has been summar ized  by  
Mamantov  ( I ) .  Recent  reviews of mol ten  sal t  e lec t ro-  
chemis t ry  (2-4) contain much more  informat ion per -  
ta ining to mol ten  fluorides than  did ear l ier  reviews on 
the same topic (5-8). 

The e lec t rochemis t ry  of t i t an ium has been studied 
to a much grea ter  ex ten t  in mol ten  chlor ides  than  in 
any other  mol ten  ha l ide  system. The usual  solvent  is 
LiC1-KC1 eutectic. The resul ts  of vo l t ammet r ic  studies 
in this  solvent  have  been summar ized  in two rev iews  
(6, 7). In  polarographic  studies of the reduct ion of 
T i ( I I I )  in mol ten  LiC1-KCI eutectic at  400~176 two 
reduct ion  steps, T i ( I I I )  to T i ( I I )  and  T i ( I I )  to Ti, 
were  observed.  

Baboian,  Hill,  and  Bai ley  (9) have repor ted  E ~ va lues  
for the  revers ib le  couples, Ti ( I I I ) / T i  ( I I )  and Ti ( I I ) /T i ,  
vs. the  P t ( I I ) / P t  reference  electrode in the  LiC1-KC1 
eutectic at  450 ~ and 550~ Flengas  (10) was able to 
measure  the s tandard  potent ia l  of the T i ( I V ) / T i ( I I I )  
couple in addi t ion  to the  above two couples in NaC1- 
KC1 at 700~ 

Senderoff  (11) has rev iewed  the methods of obtain-  
ing t i t an ium meta l  by  electrolysis  of mol ten  hal ide  
solutions. Barksda le  (12) has discussed the commercia l  
product ion  of t i t an ium including the electrolyt ic  
methods  in fused salt  baths.  However ,  l i t t le  informa-  
tion exists regard ing  the na ture  of the  e lectrode reac-  
tions involved in these e lectrolyt ic  processes. Never the-  
less, the two reviews (11, 12) serve  to point  out the  
impor tance  of lower -va len t  species to the  over -a l l  
cur ren t  efficiency, the  na ture  of deposi ts  obtained,  and 
the cell  design considerations.  Most of the  e lectrolyt ic  

* Electrochemical  Society Act ive  Member .  
Key words: titanium, molten fluorides, voltammetry,  chronopoten-  

t iomet ry ,  melts. 

methods employ  a f luoride-chlor ide process wi th  t e t ra -  
va lent  t i t an ium as solute (K2TiF0 in LiCI-KCI, NaC1- 
KC1, or NaC1) or  an a l l -chlor ide process wi th  reduced 
t i t an ium (TIC13 or TIC12) as solute (12). One al l -  
fluoride process was descr ibed by  Stetson (13) in which 
coherent  t i t an ium deposits  were  obta ined at  850~ on 
selected subst ra tes  from a fluoride ba th  ( N a F - K F )  
containing K2TiF6. I t  was noted tha t  a l ayer  of insol- 
uble lower -va len t  t i t an ium sal ts  remained  in contact  
wi th  the  cathode dur ing  the ent i re  operation.  This 
coat ing proved to be advantageous  in prevent ing  a t t ack  
of the deposi ted t i t an ium by  the T i ( IV)  solution and 
by  the anode gases. The ]ower-va lent  salts  so descr ibed 
were  l ike ly  composed of T i ( I I I )  since, according to 
Wurm,  Gravel ,  and Potv in  (14), the format ion  of in-  
soluble T i ( I I I )  double  fluorides of sodium and potas -  
sium always  precedes the  product ion of metal l ic  
t i t an ium dur ing  electrolysis  of mol ten  NaC1-KC1 mix-  
tures  containing K2TiF6 or Na2TiFG. These double 
fluorides of T i ( I I I )  were  identified as K2NaTiF6, 
I~TiFs ,  and  Na~TiFs by  Br igh t  and W u r m  (15). 
Fur thermore ,  no d iva lent  t i t an ium compounds were  
detected by chemical  analysis  in the chlor ide mel ts  
where  fluoro complexes  of t i t an ium were  present  (14). 

Thus, previous  work  indicates  that  there  are  differ- 
ences in behavior  be tween  the  two solvent  systems, 
chlor ides  and fluorides, no tab ly  the  nonexis tence of 
an in te rmedia te  reduct ion step involving T i ( I I )  in 
fluoride or chloride-f luoride melts.  

Experimental Section 
Materials 

T w o  f luor ide salt m i x tu res  were  used as solvents in  
this  investigation.  Their  composit ions and mel t ing 
points  are as follows: (i) L i F - N a F - K F  (46.5-11.5-42.0 
m/o,  eutectic t e m p e r a t u r e  454~ (16); and  (ii) LiF-  
BeF2-ZrF4 (65.6-29.4-5.0 m/o ,  l iquidus t empera tu re  
434~ (17). The L i F - N a F - K F  and LiF-BeF2-ZrF4 
solvents  and anhydrous  n i cke l ( I I )  fluoride were  ob- 
ta ined  f rom the Reactor  Chemis t ry  Division of the Oak 
Ridge Nat ional  Labora to ry  (18). 

H igh -pu r i t y  K2TiF6 was p repa red  by  D. E. LaVal le  
of the Oak Ridge Nat ional  Labora tory .  TiF3 was used 
as received f rom Research Inorganic  Chemicals.  The  
single crysta ls  of LaF3 used to fabr ica te  reference elec- 
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trode compartments  (19, 20) were obtained from Op- 
tovac, Incorporated. ATJ graphite was used for con- 
ta iner  fabrication. 

All  salts and active metals were stored in an inert-  
atmosphere dry box prior to their use. 

Apparatus and Procedure 
Electrolytic cell assembly.--The exper imental  setup 

employed for these studies is s imilar  to that described 
earlier (21). The melts were contained in a graphite 
or p la t inum cell approximately 2 in. diam and 4�89 in. 
long. To main ta in  a vacuum or controlled atmosphere, 
the cell was enclosed in  a Pyrex outer jacket approxi- 
mately  21/2 in. diam and 10 in. long. The top of the 
Pyrex jacket was sealed to a removable Pyrex cap by 
means  of a 102/75 O-r ing  joint. The joint  was secured 
with an adjustable clamp; Viton or Teflon O-rings 
were employed. On the cap were located six V4-in. 
Cajon Ultra-Torr  fittings which provided access to the 
melt  for the various electrodes, thermocouples, and 
helium bubbl ing  line. Vacuum and inert  atmosphere 
connections were through a three-way vacuum stop- 
cock located on the side of the cap. The lower part  of 
the cell assembly was heated in a 3-in. ID resistance 
furnace (725W Hoskins Model). The temperature  of 
the furnace was controlled to about •176 by means of 
a Wheelco Model 407 temperature  controller. The 
actual tempera ture  of the melt  was monitored with 
a shielded Chromel-Alumel  type thermocouple inside 
a p la t inum sheath. 

The metal  wire electrodes (p la t inum and nickel) 
consisted of 2-in. long wires (1 m m  diam or less) which 
were arc-welded to the end of 1/s • 12 in. nickel rods. 
The tops of the nickel rods were fitted with u 
Teflon sleeves (about  3 in. long) to provide a leak- 
t ight connection when the electrodes were inserted 
through the adjustable Cajon fittings. The p la t inum 
indicator electrodes (0.5 and 0.8 mm diam) were im- 
mersed to depths of 6-8 m m  (typical electrode area 
0.08-0.12 cm2). P la t inum quasi-reference electrodes 
(22, 23) (1.0 mm diam) were adjusted to depths of 1-2 
in. as were larger diameter  (1/~ in.) p la t inum or 
graphite counterelectrodes. 

The pyrolytic graphite indicator electrode (1 mm 
diam) consisted of an unsheathed pyrolytic graphite 
rod (prepared by the Metals and Ceramics Division 
of the Oak Ridge National  Laboratory) which was 
attached to the %-in. nickel rod by means of a threaded 
connection. Details of the construction of this type of 
electrode have been given previously (24). The glassy 
carbon indicator electrode was sheathed in boron 
nitride. A description of the fabrication of a similar 
type of sheathed planar  electrode is available (25). 
Since the entire surface of the glassy carbon is im- 
mersed below the melt, a more accurate determinat ion 
of the electrode area is possible. The area of the glassy 
carbon electrode used was 0.08 cm 2. 

The reference electrode used in the three-electrode 
measur ing system consisted of a NiF2(sat.)/Ni couple 
contained in a single-crystal  l an thanum fluoride com- 
par tment  for isolation from the bulk  melt. The ut i l i ty  
of the N i ( I I ) / N i  couple as a reference electrode in 
molten fluorides was demonstrated earlier (26, 27). A 
reference electrode for mol ten fluorides employing a 
single-crystal LaFs membrane  for separation has been 
described recently (19, 20). 

Instrumentation.~The controlled potential-controlled 
current  cyclic vol tammeter  used in this study has been 
described in detail (28). With this instrument ,  scan 
rates from 0.01 to 500 V/sec are available and cell 
currents  up to 100 mA can be measured. In  the con- 
trolled current  mode, currents  from a few micro- 
amperes to 500 m A  can be passed through the elec- 
trolytic cell. The bui l t - in  t ime base allows the measure-  
ment  of t ransi t ion times from 400 sec to 4 msec. 

Cyclic vol tammograms and chronopotentiograms 
were recorded either on a Moseley Autograph X-Y 
recorder (Model 2D-2A) or on a Tektronix Type 549 

storage oscilloscope equipped with a Tektronix  Type 
C-12 camera attachment.  Photographs were made using 
Type 42 Polaroid film (ASA 200 speed). 

The details of the exper imental  procedure are 
described elsewhere (20). 

Results and Discussion 
Electrochemical Studies of Titanium(IV) in Molten LiF-NaF-KF 
Voltammetric studies.--Initial voltammetr ic  studies 

of the reduction of t i t an ium(IV)  in  molten LiF-NaF-  
KF  (46.5-11.5-42.0 m/o)  at 500~ were carried out in 
a graphite beaker using p la t inum and pyrolytic 
graphite (PG) working electrodes, a large Pt  wire 
counterelectrode, and a p la t inum wire  quasi-reference 
electrode (QRE). However, it became apparent  that  
Ti(IV) could not be kept in solution for more than 
one to two days in the graphite beaker and all subse- 
quent  experiments  on t i t an ium were done in  a pla t inum 
crucible. In  the p la t inum container, Ti( IV)  solutions 
were found to be stable; no appreciable change in 
concentrat ion was observed vol tammetr ical ly  dur ing 
a three-week period. TI(IV) was added to the melt  
as K2TiFa in all cases. Potentials  were measured with 
respect to a Ni( I I )  ( sa tu ra ted) /Ni  reference electrode 
(LaF3 membrane  type) unless otherwise stated. Con- 
centrat ions are expressed in terms of molarity. Con- 
version to mole fraction, X, can be made by use of 
the following equations (27): in L iF -NaF-KF  (46.5- 
11.5-42.0 m/o)  at 500~ M(molar i ty)  = 52.6X; in 
LiF-BeF2-ZrF4 (65.6-29.4-5.0 m/o)  at 500~ M -= 
62.2X. 

Linear  sweep vol tammograms (scan rate -- 0.1 
V/sec) obtained at a Pt  electrode prior to the addition 
of K2TiF6 are shown in Fig. 1. Two small reduction 
waves occur at --0.55 and --0.85V [vs. Ni(I I )  (satu-  
r a t ed ) /Ni  reference electrode]. Similar  reduction waves 
were also obtained at the PG electrode. These waves 
are probably due to residual amount  of iron and 
chromium impurities, respectively, which are commonly 
found in the L iF-NaF-KF eutectic (21). A larger wave 
was observed at the P t  electrode at --1.70V, which was 
very broad and irreversible in nature.  Although this 
wave was not identified, it is probably caused by the 
predeposition of alkali metal  as a result  of alloy forma- 
t ion with the p la t inum electrode (6). The cathodic 
l imit  at about --2.0V corresponds to the reduct ion of 
alkali metal  cations (probably potassium ions) ;  the 
anodic l imit  at ~-+ 1.5V is due to oxidation of p la t inum 
(21). 

Additions of K2TiFe resulted in a well-defined, peak- 
shaped reduct ion wave [Ep ~ +0.01V vs. Ni(I I )  (satu- 
r a t ed ) /Ni  reference electrode] at  both Pt  and PG elec- 
trodes. A typical l inear  sweep vol tammogram for 
Ti ( IV)  reduction at a Pt  electrode is shown in  Fig. 
2. A similar vol tammogram was obtained at the PG 
electrode. At the Pt  electrode a second reduction wave, 
larger and steeper than  the first one, was observed with 
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VOLTS VS NICKEL (g)/NICKEL REFERENCE ELECTRODE 

Fig. |. Anodic (a) and cathodic (b) linear sweep voltemmograms 
of the LiF-NaF-KF melt at 500~ Platinum electrode area: 0.10 

2 cm ~ scan rate: 0.| Y/sec; Ni(ll)(saturated)/Ni reference electrode 
(t.aF~ membrane type). 
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Fig. 2. Linear sweep voltammogram at platinum electrode for 
the reduction of Ti(IV) to Ti(ll l)  in molten LiF-NaF-KF at 500~ 
Scan rote: 1.0 V/see; electrode area: 0.10 cm 2. 

a wel l -def ined peak  located at  about  --1.69V. On the  
reverse  cycle an anodic s t r ipping  peak  c lear ly  associ- 
a ted  wi th  this  second wave  was observed at  --1.18V. A 
l inear  sweep vo l tammograra  for the  second reduct ion 
step at  P t  e lect rode is shown in Fig. 3. The  vol tage  span 
ex tended  f rom +0.6 to --2.0V vs.  the  N i ( I I ) ( s a t u -  
r a t e d ) / N i  reference  electrode; however,  only the po- 
ten t ia l  region of in teres t  is shown since no other  re-  
duction waves  [o ther  than  Ti ( IV)  to T i ( I I I )  wave]  
were  observed.  The second wave  could not  be s tudied 
at  a P G  electrode because wi th  this  e lectrode a large 
reduct ion peak  at  about  --1.2V vs.  the  N i ( I I ) ( s a t u -  
r a t e d ) / N i  reference electrode is observed in L iF -NaF-  
K F  (1); this  peak  is p robab ly  caused by  the predepo-  
sition of potass ium and the fo rmat ion  of a g raph i t e -  
potass ium intercala t ion compound (29). 

The vo l t ammograms  for the  two-s tep  charge t rans-  
fer  process observed in the  reduct ion  of T i ( IV)  can 
be t rea ted  as independent  waves  since the  separa t ion  
be tween  the  ha l f -wave  potent ia ls  is g rea te r  than  the 
min imum value  required,  (T/298)(118/n)  mV ( t rue  
for revers ib le  waves)  (30). The  da ta  for ha l f -wave  
potentials ,  anodic to cathodic peak  potent ia l  s epa ra -  
t ion (ZlEp ---- Eap --  Ecp), and ha l f -peak  to peak  poten-  
t ia l  separa t ion  (hE ----- Ep/2 --  Ep) are  given in Table 
I. The E,/2 values  were  measured  at  potent ia ls  corre-  
sponding to 0.85 ip (31). The expec ted  values  for peak  
potent ia l  separa t ion  and ha l f -peak  to peak  potent ia l  
separa t ion  are 2.22 R T / n F  and 2.20 R T / n F ,  respect ively,  
(31) for the  first wave.  ~ a l f - p e a k  to peak  potent ia l  
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Fig. 3. Linear sweep voltammogram at platinum electrode for 
the reduction of Ti(l l l)  to Ti in molten LiF-NaF-KF at 500~ 
Scan rate: 0.5 V/sac; electrode area: 0.10 cm 2. 

separa t ion  hE for the second wave  should be 2.2 R T / n F  
(31), if the product  of the revers ib le  e lec t rode  react ion 
(p resumably  t i t an ium meta l )  is soluble in the elec- 
trode, and 0.77 R T / n F  (32), if r evers ib le  deposit ion 
of an insoluble  product  occurs. The expe r imen ta l  AE 
obta ined (Table  I) c lear ly  favors  format ion  of a 
soluble product  (assuming tha t  the  e lec t rode  react ion 
is revers ib le ) .  

The rat io  of anodic to cathodic peak  cur ren t  (iap/icp) 
calcula ted using Nicholson's  semiempir ica l  fo rmula  
(33) is 0.95 for the  first wave.  A ra t io  of one is ex -  
pected for s imple revers ib le  e lect ron t rans fe r  (31). A 
plot  of log (ip --  i ) / i  vs. potent ia l  for the  first reduc-  
tion wave  was l inear  in the approx ima te  range  0.35- 
0.70 ip. The expec ted  (32) slope of the  line for a r e -  
vers ib le  charge t ransfe r  where  both reactants  and prod-  
ucts a re  soluble is 0.58 n F / R T .  A n  n value  of one was 
ca lcula ted  f rom the  slope. A plot  of log (ip - -  i ) / i  vs.  
potent ia l  for the  second wave  resul ted  in a slope corre-  

Table h Half-wave potentials, anodic to cathodic peak potential separation, and half-peak to peak potential separation (theoretical 
values in parentheses) for the processes Ti(W) -~ e ~ Ti011) (process J) and Ti(I||) Jr 3e ~ Ti(process II) at 

platinum electrode at 500~ 

Cancan- AEp = EaD -- Eep AE = Ep/~ -- Ep 
Process Melt tration (M) E1/2 ( V ) .  (mV)  (rnV) 

I L i F - N a F - K F  0.339 + 0 . 0 8 0  _--_ 0.005 150 ----- 5 (148) 143 • 5 (147) 
I L i F - B e F 2 - Z r F ~  0.510 + 0.380 __. 0.010 160 ~ I0  (148) )  150 ----- 10 (147) 

Ep ("v') s 
I I  L i F - l q a F - K F  0 .339 -- 1.685 __. 0 .005 60 -4- 5 (49 ~, 17 ~) 

�9 V e r s u s  N i ( I D  {sa tu ra ted) /1Vi  r e f e r e n c e  e l e c t r o d e  (LaF8 m e m b r a n e  t y p e ) .  
b F o r  reversible  reduction y i e l d i n g  a s o l u b l e  product.  
�9 F o r  reversible deposition of  an insoluble product. 
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sponding to n ---- 3. The solubil i ty of t i t an ium metal  
in the Pt  electrode is probably responsible for the 
agreement of this type of plot with that expected for 
a three-electron reversible reaction involving soluble 
reactants and products. 

The peak current  ip for the first wave was found to 
be directly proportional to concentrat ion of Ti( IV)  in 
the range 8.97 X 10 -3 to 3.39 X 10 -1 M .and to the 
square root of the scan rate v (up to N2.0 V/see) at 
the Pt  electrode. The variat ion of ip with v 1/9" at a Pt  
electrode for a given concentrat ion of Ti (IV) is shown 
in Fig. 4. According to Nicholson and Shain (31) the 
parameter  ip /v l /~  is independent  of the scan rate for 
a simple reversible charge t ransfer  reaction. The non-  
I inear increase of ip with v 1/2 in  Fig. 4 s tar t ing at ~-5 
V/see indicates weak adsorption of the reactant  (24, 
30) .  

A scan rate study of the second reduction wave 
which is believed to be due to T i ( I I I )  reduction to 
the metal, resulted in a l inear  plot of ip vs.  v I/2. The 
results indicate that, at the scan rates studied, diffusion 
is the predominant  mass t ransfer  process since the 
Randles-Sevcik equation (34) is obeyed. The Randles- 
Sevcik equation at 500~ becomes 

ip "-- 1.67 X 105nS/2AD1/2vl/2C [I] 

The diffusion coefficient of Ti( IV)  in  molten LiF- 
NaF-KF at 500~ was calculated from Eq. [1] using the 
slope of the l inear  portion of the i ,  vs. v ~/~ plot (Fig. 4). 
Because of the uncer ta in ty  in the area of the un-  
sheathed p la t inum wire electrode employed, the value 
of D, is reported a s  approximately 2.6 ~ 0.5 • 10 - s  
cm2/sec. 

These vol tammetr ic  results indicate that  the two 
reduction waves at p la t inum for Ti ( IV)  in L i F - N a F - K F  
correspond to one-electron and three-electron revers- 
ible charge transfer  processes involving the reduction 
of Ti ( IV)  to T i ( I I I )  and Ti ( I I I )  to the metal, respec- 
tively. Similar  vol tammetr ic  behavior  at pyrolytic 
graphite was observed for the reduction of Ti( IV)  to 
Ti ( I I I )  in L iF -NaF-KF  at 500~ however, no reduc- 
t ion of Ti (III) could be observed at pyrolytic graphite 
in  this melt. 
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Fig. 4. Plot of ip vs. v 1/2 for the first wave, Ti(IV)~* Ti(ll l),  in 
molten LiF-NaF-KF at 500~ Ti(IV) concentration: 0.339M; Pt 
electrode area: 0.10 cm 2. 

P o l a r o g r a p h i c  ana l y s i s  u s i n g  c u r r e n t - t i m e  curves .  
- - T h e  polarogram constructed from current- t ime 
curves for the reduction of Ti ( IV)  in molten LiF-NaF-  
KF  at a Pt  electrode is shown in  Fig. 5. This polaro- 
gram has been corrected for the residual currents  
measured from current- t ime curves obtained prior to 
addition of K2TiF6 at the same electrode. Two cathodic 
waves with a l imit ing current  ratio of 2.9 were ob- 
tained. The corresponding log (id -- i ) / i  VS. potential  
plots (35) were straight l ines with the theoretical 
slopes, 2.3 R T / n F  (35), for a one-electron and three-  
electron reversible process, respectively. 

Thus, the polarographic results support vol tammetr ic  
evidence that the reduct ion of Ti( IV)  a t  p la t inum in 
L iF-NaF-KF proceeds reversibly to T i ( I I I )  which in 
t u rn  is reduced to the metal  alloying with the p la t inum 
electrode. 

C h r o n o p o t e n t i o m e t r i c  s t u d i e s . J C h r o n o p o t e n t i o g r a m s  
were obtained for the reduction of Ti (IV) in LiF-NaF- 
KF at 500~ at both Pt  and PG electrodes using a plati- 
n u m  quasi-reference electrode. The definition of the 
potent ial- t ime curves was reasonably good for the first 
step; however, the poor definition and reproducibil i ty 
of the second step (seen only at p la t inum) prevented 
any  meaningful  analysis of this subsequent  reduction 
reaction. The variat ion of iT 1/2 with current  for chrono- 
potentiograms at p la t inum is shown in Fig. 6. The ob- 
served increase of the product iT I/2 with increasing 
current  is general ly indicative of adsorption (24, 36, 
37), in agreement  with the voltammetric  ip vs.  v 1/2 plot 
(Fig. 4) at higher scan rates. No at tempt was made to 
arr ive at a theoretical model for adsorption since the 
l imited uti l i ty of chronopotent iometry for the s tudy of 
adsorption has been pointed out (38). 

The diffusion coefficient for Ti( IV)  in L iF-NaF-KF 
at 500~ calculated using the Sand equat ion (34) is 
1.9 ~ 0.4 X 10 -6 cm2/sec, in  fair agreement  with the 
value obtained from voltammetry.  The value of iT 1/2 

+ /Aj  
0.~ 0.4 0.2 0 -0 .2  -0 .4  -0 .6  -0 ,8  - t . 0  - t . 2  - t . 4  - t , 6  - t . 8  

VOLTS VS NICKEL ( ~ ) / N I C K E L  REFERENCE ELECTRODE 

Fig. 5. Polarogram constructed from current-time curves for the 
reduction of Ti(IV) at platinum electrode in molten LiF-NaF-KF at 
500~ Ti(IV) concentration: 7.62 • 10-2M; electrode area: 0.12 
cm2; time at which current was measured: 5 sec. 
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Fig. 6. Plot of i'c I/2 vs. current for the chronopotentiometric re- 
duction of Ti(IV) in LiF-NaF-KF at 500~ Ti(IV) concentration: 
7.62 • 10-2M; platinum electrode area: 0.12 cm% 
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used in the calculation was obtained from the intercept 
of a plot of iT 1/2 vs. 1/~ 1/2 using the data shown in Fig. 
6. Such a plot has been proposed (39) as a semiempir-  
ical correction for the effects of charging of the double 
layer, oxidation or reduction of the electrode, and 
adsorption of the electroactive species on the electrode. 
Transi t ion times were in the range 0.03-1.5 sec. 

Excellent verification of n ---- 1 for the first Ti ( IV)  
reduction step in L iF-NaF-KF was achieved from the 
ratio of voltammetric  ip/V 1/2 to chronopotentiometric 
iT lj~. For  this determinat ion of n, concentration, dif- 
fusion coefficient, and electrode area do not need to 
be known. The ratio is obtained by dividing Eq. [1] 
by the Sand equation (34) and is given by the follow- 
ing expression 

ip lv  ~n 
----- 1.96 n 1/2 [2]  

i.cl/~ 

Using values for ip/v 1/2 and i~ 1/2 determined undez 
identical experimental  eonditions, n is calculated to 
be 1.01. 

Standard  electrode potent ials  of the  t i t a n i u m ( I V ) ~  
t i t an ium( I I I )  and t i t a n i u m ( I I I ) / t i t a n i u m  c o u p l e s . ~  
The half-wave potential  Ez/2 for a reversible process 
O -5 e z=~ R may be taken as the vol tammetr ic  equiv-  
alent of the s tandard electrode potential  E ~ assuming 
that  diffusion coefficients and activity coefficients for 
O and R are equal (31). E1/2 for the reversible process 
T i ( IV)  -5 e -~ Ti ( I I I )  was found to be -50.080V with 
respect to a Ni ( I I )  ( sa tu ra ted) /Ni  reference electrode 
(Table I).  By extrapolat ing the Nernst ian plot for 
the N i ( I I ) / N i  couple in L i F - N a F - K F  (20) to un i t  
mole fraction of n icke l ( I I ) ,  E ~ for the T i ( I V ) / T i ( I I I )  
couple is estimated to be --0.058V. 

A similar  estimate of the s tandard electrode potential  
for the T i ( I I I ) / T i  couple in  L iF-NaF-KF can be made 
assuming that  Ti is soluble in the p la t inum electrode. 
Exper imenta l  evidence for t i t an ium solubil i ty in  
p la t inum is obtained from the fact that  the peak po- 
tent ia l  for the Ti (III) reduction wave is independent  of 
concentrat ion as predicted for a reversible electrode 
reaction yielding a soluble product (31). In  the case 
of reversible deposition of insoluble (uni t  activity) 
t i t an ium metal, hE should decrease by about 0.05V for 
a ten-fold change in concentrat ion (34). 

Other experimental  evidence in favor of t i tan ium 
solubili ty in  the p la t inum electrode is (i) the observed 
adherence of the polarographic wave [Ti(III)  -5 3e 
Ti] to the Heyrovsky-Ilkovic equat ion (40), (ii) the 
hal f -peak to peak potential  separation for the T i ( I I I )  
vol tammetr ic  reduction wave (Table I),  and (iii) the 
unusua l ly  large separation between the anodic a n d  
cathodic peak potentials for the T i ( I I I )  -5 3e ve Ti 
process (Fig. 3). It  is also of interest  to note that  
t i t an ium is known to form several alloys with plat inum, 
such as TiPt3, TiPt, and  TisPt (41). Thus, on the basis 
of t i t an ium metal  solubil i ty in  plat inum, an El/2 for 
the Ti ( I I I )  -5 3e ~=~ Ti process can be calculated from 
the following expression (31) 

Ep : E1/s - -  I . I I  R T / n F  [3]  

using the experimental Ep given in Table I. An El~2 
of --1.660V [vs. Ni(II)(saturated)/Ni reference elec- 
trode] is obtained which corresponds to an E ~ of 
-- 1.798V [vs. a unit mole fraction Ni (II)/Ni electrode] 
for the Ti(III)/Ti couple in molten LiF-NaF-KF at 
500~ 

Electrochemical Studies of Titanium(Ill) in Molten LiF-BeF2-ZrF4 
V o l t a m m e t r i c  s t ud i e s .~ In i t i a l  voltammetric  studies 

of t i t an ium in mol ten LiF-BeFs-ZrF4 (65.4-29.6-5.0 
m/o)  at 500~ were under taken  using KsTiF6 as the 
solute. However, these studies of t i t an ium(IV)  reduc- 
t ion were greatly complicated by the observed insta- 
bi l i ty of Ti( IV)  in the melt. White deposits were found 
to collect in  the cooler part  of the electrolytic cell 
after K2TiFe was added to the melt. The volatilization 

of t i tan ium tetrafluoride from the melt  was confirmed 
in a separate experiment  in a closed stainless steel 
vessel provided with a cold trap; the volatile product  
collected was identified as TiF4 by x - ray  diffraction. 
These observations are not too unexpected since the 
formation of TiF4 may occur in  this fluoride-deficient 
melt  at 500~ by vir tue of the following reactions 

TiF6(l)~- + 2ZrFx(1) 4-x ~ 2ZrFx+l(D 3-x + TiF4(g) [4] 

TiF6(D 2- + ZrFx(D 4-x ~ ZrFx+2(*) 2-x -5 TiF4(g) [5] 

Since TiF4 volatilizes at 284~ (42), its removal  from 
the melt  serves as a driving force to shift the above 
equi l ibr ium reactions to the right even if TiF4 were to 
be a stronger Lewis acid than ZrFx 4-x. 

Pre l iminary  results indicated the presence of a single 
reduct ion wave for Ti(IV) at about --0.2V (vs. a 
pla t inum quasi-reference electrode) ; however, the 
continuously changing wave height prevented a mean-  
ingful study of this wave. Voltammetric studies of the 
oxidation of t i t an ium(I I I )  in  molten LiF-BeF2-ZrF~ at 
500 ~ were then ini t iated since TiFa was expected to 
be stable in the melt  at this temperature.  The sub- 
l imation point of TiF3 is 930 ~ in vacuo (42). 

Linear  sweep vol tammograms for molten LiF-BeF2- 
ZrF4 containing Ti ( I I I )  at a sheathed glassy carbon 
electrode are shown in Fig. 7. Similar  but  less well- 
defined waves were obtained at an unsheathed p la t inum 
electrode. This was the only wave observed upon 
addition of TiF3 within  the potential  limits of the melt, 
-51.5 to -- 1.5V, measured at p la t inum vs. the nickel (II) 
(saturated) /n ickel  reference electrode (LaF3 mem-  
brane  type).  These potential  l imits correspond to 
anodic dissolution of p la t inum and the reduction of 
Zr( IV) ,  respectively. The plot of ip vs. v 1/2 is also 
shown in Fig. 7. The resul t ing straight line is indicative 

Fig. 7. Voltammograms for the oxidation of titanium(Ill) at 
glassy carbon electrode in molten LiF-BeF2-ZrF4 at 500~ plot of 
ip vs. vVz for the voltammograms shown. Ti(lll) concentration: 
0.319M; electrode area: 0.08 cm 2. 
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of a s imple charge t ransfer  reaction. The concentrat ion 
dependence  of ip is l inear  in the concentra t ion range  
0.05-0.32M. 

The da ta  for ha l f -wave  potential ,  peak  potent ia l  sepa-  
ration, and ha l f -peak  to peak  potent ia l  separa t ion  for 
t he  T i ( I I I )  oxidat ion wave  are  given in Table  I; theo- 
re t ica l  values  are  given in parentheses.  The value  of 
iap/icp (33) for the wave  at a scan ra te  of 1.0 V/sec is 
0.98. The plots of log (ip --  i ) / i  vs. potent ia l  for the 
wave  at several  scan rates  are l inear  for the range 
i = 0.35-0.70 ip and yie ld  a slope in the  same region 
corresponding to an n va lue  of 1. 

The  diffusion coefficient of T i ( I I I )  in mol ten  LiF-  
BeF2-ZrF4 at  500~ obta ined from the slope of the 
s t ra ight - l ine  ip vs. v 1/2 plot  of Fig. 7 is 1.0 • 0.1 • 10 -6 
cm2/sec. A more  precise value of D was obtained in 
this  case since a p lanar  glassy carbon elect rode (A = 
0.08 cm 2) sheathed in boron ni t r ide  was used. 

Chronopotentiometric studies.--Chronopotentiograms 
for the oxidat ion  of T i ( I I I )  at a sheathed glassy carbon 
electrode in LiF-BeF2-ZrF4 at  500~ were  reasonably  
well-defined.  The product  ioT 1/2, essent ia l ly  constant  
in the  cur ren t  densi ty  range  0.025-0.100 A / c m  2, was 
found to be 0.038 • 0.002 A.sec l /2 .cm -2. Transi t ion 
t imes were  in the  range  0.1-2.3 sec. The diffusion co- 
efficient for  T i ( I I I )  was ca lcula ted  to be 1.9 • 0.2 • 
10 -6 cm2/sec. No explanat ion  is ava i lab le  for the poor 
agreement  wi th  the  value  obtained by vo l tammetry .  

Verification of n = 1 for T i ( I I I )  oxidat ion was ac- 
complished using the rat io  of vo l tammetr ic  ip/V 1Is to 
chronopotent iometr ic  iz I/2. The n va lue  de te rmined  by  
this method was 0.90. 

In  chronopoten t iomet ry  the ha l f -wave  potent ia l  for 
a revers ib le  e lec t rode  reac t ion  corresponds to the  po-  
ten t ia l  at  one- four th  of the t ransi t ion t ime (34). Thus, 
the value of Eli2 obta ined f rom chronopotent iograms 
for the  oxidat ion  of T i ( I I I )  in LiF-BeF2-ZrF4 at  500~ 
is W0.40V vs. the n i c k e l ( I I ) ( s a t u r a t e d ) / n i c k e l  refer-  
ence electrode. This chronopotent iometr ic  Et/2 com- 
pares  wel l  wi th  the  corresponding E~/2 obta ined from 
vo l t ammet ry  (see Table  I ) .  

Standard electrode potential o~ the t i tanium(IV)/  
titanium(III) couple . - -The  s t andard  e lect rode po-  
ten t ia l  E ~ for the  T i ( I V ) / T i ( I I I )  couple m a y  be esti-  
ma ted  from the Eli2 for the  process T i ( I I I )  ~ T i ( IV)  

e in mol ten  LiF-BeF2-ZrF4 at  500~ The Eli2 is 
given as %0.380V with  respect  to the N i ( I I ) ( s a t u -  
r a t e d ) / N i  re fe rence  e lec t rode  in Table  I. By ex-  
t rapola t ing  the Nernst ian plot for the N i ( I I ) / N i  
couple in LiF-BeF2-ZrF4 (20) to unit  mole fract ion of 
the  n i cke l ( I I ) ,  E ~ for the T i ( I V ) / T i ( I I I )  couple is 
es t imated to be W0.197V. 

The difference be tween  E ~ values  in L i F - N a F - K F  
and in LiF-BeF2-ZrF4 is a good indicat ion of the  grea ter  
s tab i l i ty  of T i ( I I I )  r e la t ive  to T i ( IV)  in the  l a t t e r  
solvent. In  L iF-BeF2-ZrF~  the s tandard  potent ia l  of the 
T i ( I V ) / T i ( I I I )  couple is 0.255V more  anodic than  its 
value  in L iF -NaF-KF .  Thus, T i ( I I I )  is 0.255V or 5.81 
kcal  more s table re la t ive  to T i ( IV)  in LiF-BeFe-ZrF4 
than  in L i F - N a F - K F .  Such an effect m a y  be caused by 
the  format ion of s table  BeF42- and ZrFx 4-x complexes 
which  would make  LiF-BeF2-ZrF4 a more  acidic solvent  
(using the Lewis  concept) than  L i F - N a F - K F  by the 
reduct ion of the  ac t iv i ty  of the  basic species, free F - .  
Acidic solvents tend to stabil ize lower  oxidat ion  states 
as pointed out prev ious ly  (43). A s imi lar  acid-base 
effect was observed for the Fe  ( I I I ) / F e  (II)  couple (27) 
on the basis of measured  electrode potent ia ls  in L i F -  
N a F - K F  (46.5-11.5-42.0 m/o )  and LiF-BeF2-ZrF4 (65.6- 
29.4-5.0 m / o ) .  
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ABSTRACT 

The electrochemical  reduct ion of T i ( IV)  in mol ten  NaBF4 at  420~ was 
s tudied by  vol tammetry ,  chronopotent iometry ,  and chronoamperomet ry .  The 
process, T i ( IV)  + e ---- T i ( I I I ) ,  at both p la t inum and pyrolyt ic  g raphi te  elec- 
t rodes was found to be reversible.  No fur ther  reduct ion steps were  observed.  
A s tandard  electrode potent ia l  for this couple of --0.358V (vs. a uni t  mole  
f ract ion F e ( I I ) / F e  electrode)  was obtained.  

Use of mol ten  f luoroborates as solvents  for e lec t ro-  
chemical  invest igat ions has been quite l imited.  F luoro-  
borates  have  been used as e lectrolytes  for the  e lec t ro-  
deposi t ion of boron meta l  (1) and boron-si l icon alloys 
(2) and for the  p repa ra t ion  of KBF4 (2). Al though 
thei r  potent ia l  use as coolants for mol ten-sa l t  nuclear  
reactors  (3) has necessi tated a number  of fundamenta l  
s tudies of these systems (4-8), e lect roanalys is  in 
mol ten  f luoroborates apparen t ly  has not been explored  
previously.  The r e l a t ive ly  nonhygroscopic nature,  the 
convenience of h igh-pur i ty  p repara t ion  (4), and the 
low mel t ing points of a lka l i -meta l  te t raf luoroborates  
(5) make  fluoroborates a t t rac t ive  as mol ten  salt  sol- 
vents;  unfor tunate ly ,  slow decomposit ion of fluoro- 
borates  in the mol ten  s tate  produces boron tr if luoride 
(6), creat ing cer ta in  exper imenta l  problems in con- 
ta inment  and handl ing  (7, 8). 

An  i r o n ( I I ) / i r o n  reference  e lect rode ut i l iz ing a 
s ing le -c rys ta l  l an thanum tr i f luoride membrane  was  
recent ly  employed by  us (9) for  potent ia l  measure -  
ments  in mol ten  NaBF4 at  420~ In  this  paper ,  we  
repor t  on the  use of the  above re ference  e lect rode to 
s tudy the e lec t rochemis t ry  of t i t an ium in mol ten  
NaBF~ at  420~ by  means  of l inear  sweep vo l tammetry ,  
chronopotent iometry ,  and chronoamperomet ry .  The 
electrochemical  behavior  of t i t an ium in this  med ium 
is of par t i cu la r  in teres t  because t i t an ium is the least  
noble const i tuent  of the  Has te l loy  N al loy used to 
contain the  coolant in mol ten  salt  reactors. 

Exper imenta l  
Reagent  grade  NaBF4 was obta ined  f rom the Ha r -  

shaw Chemical  Company and was fu r the r  purif ied by  
a recrys ta l l iza t ion  procedure  descr ibed previous ly  (4).  
The procedure  involved a double recrys ta l l iza t ion  f rom 
O.12M HF (aqueous) solution, a i r -d ry ing  at  l l0~ 
crushing, and redrying.  Al l -p las t ic  ware  was used 
throughout .  

* Electrochemical  Society Act ive  Member .  
K e y  words :  t i tan ium,  mol ten  fluoroborates,  vol tammetry0 ehrono- 

potent iometry ,  melts .  

The electrolyt ic  cell  assembly  and the ins t rumenta-  
t ion employed  for this  s tudy was the same as tha t  used 
in our previous e lectrochemical  s tudy (10) of t i t an ium 
in mol ten  fluorides. The F e ( I I ) / F e  reference electrode 
contained in a l an thanum fluoride compar tmen t  was 
descr ibed recen t ly  (9). 

Results and Discussion 
Background vo l t ammograms  of the NaBF4 mel t  at 

p la t inum and pyro ly t ic  graphi te  electrodes are  shown 
in Fig. 1. The res idual  currents  observed are  reasonably  
low wi th in  the potent ia l  range  of interest .  A smal l  im- 
pur i ty  wave  (25-30 ~A) located at  about  --0.1V vs. 
Fe (II)  ( s a t u r a t e d ) / F e  reference  electrode (LaF3 mem-  
brane  type)  is due to the presence of i ron (II)  at a con- 
centrat ion of about  200 p p m  (M = 7.16 X 10-3).  Its 

(o) 50~A 

0 ~....- 
0.5 0 - 0.5 _o 

o |u,,, ~~..-~--~ ' " J ~ O  

0.5 0 C i  ~ 

I  v,o 
VOLTS VS IRON (IT) / IRON REFERENCE ELECTRODE 

Fig. 1. Typical linear sweep voltammograms of the NaBF4 melt 
at 420~ showing (a) iron impurity wave at platinum, (b) anodic 
potential limit at platinum, and (c) cathodic potential limit at 
pyrolytic graphite. Electrode areas: both 0.12 cm2; scan rate: 0.1 
V/sec. 
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ident i ty  was confirmed by additions of FeF2 to the melt  
which resul ted in proportionate increases in the height 
of this wave. The anodic str ipping wave for the iron 
impur i ty  was more pronounced at the pyrolytic 
graphite electrode. The anodic and cathodic potential  
l imits are believed to be due to anodic dissolution of 
the p la t inum electrode and reduct ion of boron( I I I ) ,  
respectively. A small unidentified wave was observed at 
about -t-0.SV. The possibility of an extraneous metallic 
impur i ty  was excluded on the basis of emission spec- 
troscopic analyses of the melt. However, the wave may 
be due to oxidation of oxide impurit ies since chemical 
analyses (performed by General  Analyses Laboratory, 
Oak Ridge National  Laboratory)  revealed a total oxy- 
gen content of about 200 ppm. 

Linear sweep vol tammograms for Ti( IV)  (added as 
K2TiF6) in mol ten NaBF4 at a p la t inum electrode are 
shown in  Fig. 2. The plot of ip vs. v 1/2 for those vol t-  
ammograms is l inear  as is also shown in Fig. 2. Peak 
currents  at the Pt  electrode were observed to increase 
l inear ly  with increasing concentrat ion of Ti (IV) in the 
range 1.01 • 10 - s  to 1.59 • 10-1M. Similar  wel l -de-  
fined vol tammograms were obtained at a pyrolytic 
graphite electrode. No other reduct ion waves were ob- 
tained in this system. 

The half-wave potential, peak potential  separation, 
and half-peak to peak potential  separation for the 
Ti ( IV)  reduction wave are --0.150 • 0.01 (vs. an 
Fe (II) sa tura ted /Fe  reference electrode), 0.140 • 0.01, 
and 0.130 • 0.01V, respectively. The log (ip -- i ) / i  
vs. E plot yielded a straight l ine of theoretical slope 
(11) corresponding to a n  n value of 1. Fur ther  evidence 
for a simple reversible electrode react ion is provided 
by the semi-empirical ly calculated (12) value of iap/icp 
equal to un i ty  in  agreement  with the theoretical value 
(13). 

The diffusion coefficient for Ti ( IV)  in molten NaBF4 
was determined from the Randles-Sevcik equation (14) 
which at 420" is given by 

ip : 1.77 • 105n3/2AD1/2Cvl/2 [1] 

Using the slope of the ip VS. V 1/2 plot (Fig. 2), A = 0.12 
cm 2, C -- 0.140M, D was calculated as 2.6 ___ 0.5 
• 10-6 cruZ/see. 

The polarogram constructed from current - t ime 
curves for the reduct ion of Ti (IV) at a p la t inum elec- 
rode is shown in Fig. 3. The corresponding log (id -- i ) / i  
VS. potential  plot is shown in Fig. 4; the straight l ine 
d rawn through the data points has the theoretical slope 
for a one-electron reversible process. 

A series of chronopotentiograms for the reduction of 
Ti( IV)  in mol ten NaBF4 is shown in Fig. 5. The value 
of io~ l/2 of 13.7 • 0.3 mA �9 cm -2 �9 sec 1/2 obtained from 
these chronopotentiograms was reasonably constant 
over the current  density range studied. Transi t ion 
times were in  the range 0.06-0.52 sec. From the io~ 1/2 
value, D was calculated as 1.3 • 0.3 • 10 -6  cm2/sec. 
As in  the case of T i ( I I I )  in LiF-BeF2-ZrF4 (10), the 
agreement  between D values obtained by vol tammetry  
and chronopotent iometry was not good. Addit ional  evi- 
dence for the electrode reaction being simple and re-  

t 
cJ 

-r 

0 I I I I 
0.3 0.2 O.f 0 -0. t  - 0 .2  -0 .3  - 0 . 4  - 0 . 5  

VOLTS VS I R O N ( ~ ) / I R O N  REFERENCE ELECTRODE 

Fig. 3. Poloragram constructed from current-time carves for the 
reduction of Ti(lV) at platinum electrode in molten NoBF4 at 
500~ Ti(IV) concentration: 0.178M; electrode area: 0.20 cm2; 
current measured at 5 sec. 

Fig. 2. Voltammograms for the reduction of Ti(IV) at platinum 
electrode in molten NaBF4 at 420~ plot of ip vs. v 1/2 for the 
voltammograms shown. Ti(IV) concentration: 0.140M; electrode 
area: 0.12 cm 2. 

t0.0 

1.00 

! 

.m 

0.10 

0 

0.01 I I I I 
0.t 0 -0 . t  -0 .2  -0 .3  -0 .4  

VOLTS VS IRON(Tr) / IRON REFERENCE ELECTRODE 

Fig. 4. Plot of log (/d - -  i ) / i  vs. potential for the polarographic 
wave of Fi 9. 3. 



Vol. I20, No. 9 T I T A N I U M  IN M O L T E N  NaBF4 1201 

Fig. 5. Chronopotentiograms for the reduction of Ti(IV) in molten 
NaBF4 at 420~ Platinum electrode area: 0.08 cm2; Ti(IV) con- 
centrafion: 0.140M; currents: 1, 1.5 mA; 2, 2.0 mA; 3, 3.0 mA; 4, 
4.5 mA. 

vers ible  was obta ined f rom measuremen t  of the reverse  
t rans i t ion  t ime ~r for the chronopotent iograms in Fig. 5. 
According to Re inmuth  (15), ~r should be  equal  to one-  
th i rd  of the fo rward  t rans i t ion  t ime �9 for  a s imple re-  
versible  electron transfer .  The exper imen ta l ly  de te r -  
mined  ra t ios  of 0.35 to 0.37 were  in good agreement  
wi th  theory.  

Direct  compar ison of the chronopotent iometr ic  El~2 
with the  vo l tammet r ic  Elz2 for the  T i ( IV)  reduct ion  
wave  can be made  since the same i r o n ( I I )  ( s a t u r a t e d ) /  
i ron reference  e lect rode (LaF3 membrane  type)  was 
used in both measurements .  F r o m  Fig. 5 an  El/2 
(de te rmined  f rom the potent ia l  at T/4) of --0.15 ___ 
O.01V was obtained,  in excel lent  ag reement  wi th  the 
vol tammetr ic  El/2. 

The ha l f -wave  potent ia l  for the  revers ib le  process 
T i ( IV)  -5 e ~ T i ( I I I )  of --0.150V [vs. the  F e ( I I )  (sa t -  
u r a t e d ) / F e  reference  electrode]  was used to es t imate  
the s tandard  e lect rode potent ia l  of the  T i ( I V ) / T i ( I I I )  
couple. Ext rapola t ion  of the  Nerns t ian  plot  for the  
F e ( I I ) / F e  couple in mol ten  NaBF4 (9) to uni t  mole 
f ract ion of i r on ( I I )  gives an E ~ for the  F e ( I I ) / F e  
couple which  is about  0.208V more  anodic than  the po- 
ten t ia l  of the  F e ( I I ) ( s a t u r a t e d ) / F e  reference  elec- 
trode. Thus, E ~  the  Ti ( I V ) / T i  ( I I I )  couple in NaBF4 

at 42U~ is es t imated  to be --0.358V (wi th  respect  to 
a uni t  mole  f rac t ion F e ( I I ) / F e  e lect rode) .  
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ABSTRACT 

The frequency dispersion of the impedance measured by Ohashi et al., be- 
tween a vertical copper anode and a re~erence emctrode dur ing electropolish- 
ing in concentrated phosphoric acid, is analyzed in terms of l inear combina- 
tions of resistors and capacitors. The frequency dependence of the anode under  
electropolishing conditions may be satisfactorily represented by an analogue 
circuit consisting of a resistor and a capacitor connected in parallel.  The 
resistivity is in the range of 4.5-5 ohm �9 cm 2 while the capacitance is 5-8 
#F/cm 2. The contr ibut ion of the solution-side resistance to the total impedance 
is small. Assuming that the solid film layers on the anode surface are composed 
of oxides of copper, depending on actual composition, the measured impedances 
are consistent with a thickness range of 13-124A. 

The question of the presence of an invisible anode 
solid film dur ing copper electropolishing in concen- 
trated phosphoric acid has been a subject of investiga- 
t ion by many  researchers in recent years. The mercury  
test by Hoar and his co-workers (1, 2) and an ellip- 
sometric study of the anode in situ by Novak et al. (3) 
provide strong evidence of the existence of a solid 
film on the surface. 

Electrical properties of the anode-electrolyte inter-  
face dur ing electropolishing have been explored by 
Ohashi, Murakawa, and Nagaura (4) by means of a-c 
impedance measurements.  A re interpreta t ion of these 
experimental  impedance data allow inferences about 
the na ture  of the invisible solid film. 

Impedance of Anode Film in Electropolishing Region' 
The a-c impedance between a vertical  anode and a 

reference electrode during electropolishing was mea- 
sured by Ohashi et al. (4) in the frequency range of 
400 Hz to 10 kHz. They have interpreted their experi- 
menta l  results in terms of a resistor, Rs, and a capaci- 
tor, Cs, connected in series. The series resistance Rs 
decreases sharply while Cs decreases only slightly with 
increase of frequency. However, for this analogue to 
represent  the experimental  impedance values, both the 
series resistance, Rs, and capacitance, Cs must  be inde- 
pendent  of frequency. Obviously, the series connection 
of a resistor and a capacitor does not represent  the 
measured impedance properly. 

The wavelength range of a.c. used by Ohashi et al. 
(400 Hz to 10 kHz) is many  orders of magni tude larger 
than the dimensions of the anode specimen. This allows 
an equivalent  circuit to be represented by l inear ele- 
ments. We exclude here nonl inear i ty  caused by rough-  
ness of the surface on the microscale. One of the 
equivalent  circuits to be considered for nonporous 
films of uni form properties along the anode surface is 
shown in Fig. 1. It is assumed that there is no special 
adsorption of ions affecting the anode impedance. The 
Warburg  impedance is probably negligible in the high 
frequency range. 

Assuming that either the solid side or the solution 
side is the controll ing factor of the over-all  anode im-  
pedance, one greatly simplified equivalent  circuit is the 
parallel  connection of a resistor and a capacitor with 
series resistors as shown in Fig. 2. 

* Electrochemical  Society Act ive  Member.  
Key words:  anodic films, electropolishing, impedance of  surface 

films, anodic dissolution of copper in phosphoric acid. 
* S e c t i o n  of the current plateau be low the onset of  the transpas- 

sive region. 

The total impedance across points A and R, Zar, for 
the equivalent  circuit  shown in Fig. 2 is given by  

Rx wR2xCx 
Zar = [i] i Q-'~2R2xC2x -}- Rat ~- Rsc -- j 1 + ,*2R2xC2x 

in which ~ is the angular frequency. For the series con- 
nection of a resistor and a capacitor, used by Ohashi, 
the following relation holds 

1 
Zar = Rs -- j -  [2] 

o:Cs 

Comparing Eq. [i] with Eq. [2], we get 

Rx 
Rs ---- Rar + Rsc -{- [3] 

1 "~- w2Rx2Cx2 
and 

I <~Rx2Cx 
= [4] 

wCs 1 -}- w2Rx2Cx 2 

From these equations we obtain [5] 

Rs C 

Csc R w 

~w[ Ror 

Fig. I. Analogue circuit representing the electrical characteristics 
of the copper/solid film/solution system. Rsc, series resistance of 
the solid film; Csc, capacitance of the solid barrier layer; Rw, 
double layer resistance; Cw, double layer capacitance; Rar, re- 
sistance due to the electrolyte between the anode and reference 
electrode; ZFZ, Faradaic impedance on the solid side; ZF2, Fara- 
daic impedance on the solution side; point A, copper; point S, solid 
film/solution interface; point R, reference electrode. 

R~ 
NVWW~ 

Rsc Ror 
~ V ~ . :  ~/V~V ~. 

Cx 

II 
Fig. 2. Simplified analogue circuit 
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Rx Rx ) 2  

1 -f- ec2R2xC2x 2 

~R~xCx )~ ) ~ 
+ ( I + ~ R ~ C ~  ~ ( R x  

or 

Equat ion [6] is the equation of a circle which is cen- 
tered at (Rx/2,0) with radius Rx/2, if the measured re- 
actance, 1/~Cs, is plotted against resistance, Rs -- Rar 
-- Rsc. The values of Rat and Rsc have been estimated 
in  two ways: (i) from extrapolat ing the measured 
values of Rs vs. 1/I [Ref. (4)] to infinite frequency, 
and (ii) from the measured values of the resistance 
between the anode and the reference electrode when  
the anode dissolves in the active region. 

Figure 3 shows the impedance loci of the Cu/solid 
f i lm/solut ion/reference electrode system, when the 
anode potential  is 1.0V < En < 1.3V and  the frequency 
is in the range of 400 Hz to 10 kHz. The experimental  
data points fall close to a circle of 16-ohm diameter. 
This suggests that the analogue circuit of a parallel  
resistor and a parallel  capacitor is approximately cor- 
rect. In Fig. 4 and 5, the parallel  resistance Rx.o (ohm �9 
cm 2) and paral lel  capacitance Cx,o (~F/cm 2) of the 
analogue circuit  per uni t  area of the apparent  surface 
are plotted as functions of frequency. Rx.o is near ly  
independent  of frequency, although it slightly decreases 
with the increase of anode potential. Figure 5 shows 
that 5 ~F/cm ~ < Cx.o < 8 #F/cm~. 

The foregoing analysis indicates that  the impedance 
of the anode surface under  electropolishing conditions 
can be satisfactorily represented by the parallel  con- 
nection of a resistor and a capacitor, instead of the 
series combinat ion suggested by Ohashi et al. (4). 

10.o 

3 
" 5.0 

g~ 

, , , r l l l l l l i , l J I ~ ?  J 
5 . 0  I0 .0  15.0 

R s - R o r -  Rsc { ,~, )  

Fig. 3. Impedance loci of the copper/solid film/solution/reference 
electrode system (calculated by Eq. [6]).  1.0V < Eh <: 1,3V. Data 
by Ohashi et al. (4). O ,  400 Hz; V ,  3 kHz; ~ ,  I kHz; Z~, 10 kHz. 
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Fig. 4. Effect of frequency on the parallel resistance Rx,o (this 
work). Data by Ohashi et al. (4). 
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Fig. 5. Effect of frequency on the parallel capacitance Cx,o. 
Eh = i.04.1.24V (this work). 

Effect  of  Solut ion-Side Impedance 
We shall now examine whether  the impedances, Rx 

and Cx, are predominant ly  determined by the solution- 
side impedance, Rw, Cw, and ZF2. The fact that  Rx.o and 
Cx,o are near ly  independent  of frequency suggests that  
under  Ohashi's experimental  conditions the effect of 
the diffusion impedance on the over-all  impedance is 
small. 

Assuming the diffusion impedance to be negligible, 
we get 

1 1 1 
+ [7] 

Rx - -  Rw RT 
and 

C~ _~ Cw [8] 

The reaction resistance RT may be calculated by the 
following relation (6) 

RT-" " 7  i=fl - - ' aaF i l  [9] 

in which the Tafel relat ion [i ---- io exp (C,a~laF/RT)] 
is assumed to be applicable. If we assume that  for the 
anodic t ransfer  coefficient, ~a, in Eq. [9] we can use the 
value obtained for the active dissolution of copper 
[a a : 1.44 (7)], we obtain for i I : 0.018 A/cm 22 at 
30~ 

RT ~ 1 ohm �9 cm 2 

This leads to Rx,o < 1 ohm �9 cm2. As shown in  Fig. 6, 
in the electropolishing region the observed Rx,o is of 

u The current  dens i ty  used in Ohash |  et at's experiments (4). 
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Fig. 6. Effect of anode potential on the parallel resistance Rx,o 
at f = 1 kHz (this work). Data by Ohashi et al. (4). Best electro- 
polishing region: 1.0 < Eh < ].6V. Active dissolution occurs when 
Eh < 0.4V (7). 
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the  order  of 4.5-5.0 ohm �9 cm 2. Rx.o in the  active dis- 
solution of copper  is p robab ly  much smal le r  than  tha t  
in the  e lectropol ishing region (Fig. 6). Consider ing RT 
to be the  slope of the anodic polar izat ion curve at  a 
g iven  cur ren t  density,  it  is evident  under  electropolish-  
ing condit ions the  observed Rx.o does not represent  the  
solut ion-s ide  resistance.  

We now turn  our  a t tent ion  to the  behavior  of 
capacitance.  F r o m  Ohashi 's  exper imen ta l  da ta  the 
para l l e l  capacitance,  Cx,o, in active dissolution of cop- 
per  is of the order  of 200-800 ~F/cm 2. According to 
Bockris  and Conway (8), Hoey (9), Noguet  et al. (10), 
at  Eh > 0.3V3 the double - layer  capaci tance of copper  
e lect rodes  is of the order  of 100 ~ F / c m  2 or higher.  Even 
af ter  a correct ion for surface roughness  is made, the 
double - layer  capaci tance is st i l l  too large  compared  to 
the values  of Cx.o under  e lectropol ishing conditions. 

I t  is concluded that  the para l le l  resis tance and ca- 
paci tance obta ined  under  the  condit ions of e lectro-  
pol ishing do not represen t  the impedance  at  the anode /  
solution interface.  This is in agreement  wi th  the  resul ts  
obta ined wi th  respect  to the  e lectrode react ions  at  the  
cur ren t  p la teau  (1, 7). I t  should be ment ioned that  
according to Hoey  (9) the  effect of the  solut ion-side 
impedance on the over-a l l  impedance  of the  C u / C u 2 0 /  
aqueous solut ion system may  be neglected when  no 
direct  cur ren t  passes, and the f requency is la rger  than  
10 ~ Hz. 

Solid Film Properties 
We now examine  the second ex t r eme  case, in which 

the impedance  of the solid film is represen ted  by  para l -  
lel  resis tor  and  capaci tor  (Rx, Cx). The order  of magni -  
tude of the  solid film thickness  0r, then, m a y  be esti-  
m a t e d  by  

eoeff 1 0  --  14 Of ~ - -  - -  8.854 X ~f i [10] 
Cx,o Cx,o 

in which ef and f a re  the dielectr ic  constant  of the solid 
film and the roughness  factor  of the  film, respect ively .  
A s tudy  of the rest  potent ia l  of copper  anodes at the  
cur ren t  p la teau  (7,11), as wel l  as e lec t ron diffrac-  
t ion studies (12-17) of e lectropol ished copper, ind i -  
cates that  the anode dur ing  e lect ropol ishing is covered 
wi th  copper  oxides. According  to Noguet  et al. (10) and 
Hel temes (17) the  dielectr ic  constant  of Cu20 is 7.5-7.6, 
whi le  that  of CuO is 18 [Ref. (18)].  On the other  hand, 
Hoey (9) has found tha t  a film of the mul t i l aye r  s truc-  
ture  composed of Cu20, CuO, and an unidentif ied 
h igher  copper  oxide  has a dielectr ic  constant  of the 
o rde r  of 46-70, much h igher  than  tha t  of pure  Cu20 or  
CuO (7). Assuming tha t  the  possible r ange  of the  di- 
electr ic  constant  of the anode solid film is 7.5-70 and 
tha t  for wel l -e lec t ropol i shed  surfaces the  roughness  
factor  f is 1.3 (19), we obta in  f rom Eq. [10] 

Of N 13-124A 

If any portion of the solid film functions as a series 
resistor, the film thickness should be larger than 13- 
124A. 

According to Hoar (20) the film thickness estimated 
from impedance data is of the order of 6-60A. Using 
an ellipsometric technique, Novak et al. (3) have found 
recently that the film thickness is of the order of 40- 
120A at a limiting current density close to that in 
Ohashi's impedance experiments. 

If the film thickness is really of the order of mag- 
nitude mentioned above, copper ions will transfer 
through the solid film under the electric field of 106- 
l0 T V/cm. Under this high field, the current density 
passing through an anode film is approximately given 
by the following form (21, 22) 

i ---- A2 exp (BE) [II] 

in which the apparent field strength, E, is given by 
E ~ h~f/ef, where ~ f  is the apparent overvoltage at 

8 Anode  potential  region in w h i c h  a c t i v e  d i s s o l u t i o n  o f  copper 
Occurs. 

the  anode. The va lue  of B m a y  be es t imated  f rom the 
re la t ion  

(OE~) 6f 
ex.o = " ~ -  il : ~,B [12] 

Equat ion [12] yields  B ---- (1.5 --  14) X 10 -6 cm/V 
for of ---- 13-124A and i ---- 0.018 A / c m  2. I t  is in teres t ing 
to note tha t  the  va lue  of B is 6.8 X 10 - 6 c m / V  for a 
60A film, which is proposed to be the  probable  value  
of the film thickness by Novak  et al. The fact tha t  the  
value  of B for a 60A film is of the same order  of mag-  
ni tude as that  for anodic oxide films formed on Ta, 
A1, Zr, Nb, IriSh, etc. (22) under  a high electr ic field 
s t rength  gives s trong suppor t  to the  view tha t  copper  
ions t ransfe r  th rough  the anode film under  the  high 
electr ic  field. For  this reason, Rx,o should be in te rpre ted  
as the over-a l l  react ion resis tance of the solid film. 

Final ly ,  it  is necessary to consider  to wha t  degree 
our in te rp re ta t ion  of impedance  measurements  m a y  
be affected by  noniso thermal  conditions. When large 
cur ren t  densit ies pass th rough  the res is t ive film, the 
rate  of heat  genera t ion  by  the Jou le  effect m a y  be 
considerable.  A t empe ra tu r e  r ise of the film may  cause 
flow of e lec t ro ly te  nea r  the anode, causing a nonuni -  
form cur ren t -dens i ty  dis tr ibut ion.  Assuming that  in 
Ohashi 's  exper iments  the  heat  genera ted  in the  solid 
film was t rans fe r red  to the e lec t ro ly te  p r imar i l y  by  
na tu ra l  convection, we can es t imate  the  order  of mag-  
ni tude of the  average  film tempera ture ,  Te, at  s teady 
state 

0"24 i l '  ( Rx,o ~, ~ '  ) [13] 
Te --  Tsoln ~ h'--~ 41 

in which Tsoln, il, and  hm are  the t empera tu re  of the 
e lec t ro ly te  in immedia te  contact  wi th  the anode, the 
l imit ing cur ren t  density, and hea t - t rans fe r  coefficient, 
respect ively.  The hea t - t rans fe r  coefficient has been 
es t imated  (7) using the wel l -es tab l i shed  corre la t ion 
be tween  Nu and G r . P r  for  hea ted  ver t ica l  plates  (23). 
Nu, Gr, and Pr  are  the Nusselt  number ,  the Grashof  
number ,  and  the P ra nd t l  number ,  respect ively.  For  
the the rmal  conduct iv i ty  and the  the rmal  coefficient 
of volumetr ic  expansion,  the  respect ive  physical  
proper t ies  of wa te r  have been used. The calcula ted 
t empera tu re  difference, (Te - -  Tsoln)calc is of the  order  
of I~ or smaller .  Since in fact  heat  is also lost by  
the rmal  conduct ion th rough  the back  of the  anode the 
t empe ra tu r e  difference, Te --  Tsoln, is p robab ly  smal ler  
than I~ 

Concluding Remarks 
The impedance  of the  anode under  e lectropol ishing 

condit ions m a y  be a pp rox ima te ly  represented  by  the 
pa ra l l e l  connection of a resis tor  and a capacitor.  The 
resistance of the para l l e l  res is tor  s tar ts  to increase in 
the  anode-po ten t ia l  region in which the pass ivat ion of 
copper  by  cuprous oxide takes  place (7). The  para l l e l  
resis tance is nea r ly  constant  in the  e lectropol ishing 
potent ia l  region. Lower ing  of l imi t ing cu r ren t  in the  
e lectropol ishing region shows tha t  the para l l e l  resist-  
ance affects the over-a l l  t r anspor t  resis tance of copper  
ions. 

The genera l ly  accepted exponent ia l  form for ion 
t r anspor t  under  high field may  be appl icable  for the 
t ranspor t  of copper  ions th rough  the  solid film. 
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Theory of Successive Electron Transfer Steps in Cyclic 
Voltammetry: Application to Oxygen Pseudocapacitance on 

Platinum 
A. J. Appleby* 

Laboratoire d'Electrolyse, C.N.R.S. Bellevue, 92-Bellevue, France 

ABSTRACT 

Previous  work  on the  theory  of the cyclic vo l tammet r ic  (potent ia l  sweep) 
method is reviewed.  In cases where  a mul t ie lec t ron  react ion occurs, it is shown 
tha t  s imple kinetic  assumptions ( that  all  e lectrons are  t ransfer red  in a single 
step or tha t  all  s teps save one are in pseudoequi l ibr ium) are  l ike ly  to lead  to 
er roneous  in terpreta t ions .  The most  fundamenta l  pa rame te r  is (in the  i r r e -  
vers ible  case) the  var ia t ion  of the  peak  m a x i m u m  potent ia l  wi th  log sweep 
rate.  This wil l  enable  the r a t e -de te rmin ing  step to be located in the react ion 
sequence. The t ransfer  coefficient and Temkin  pa ramete r s  de te rmined  from the 
peak  shape are  not necessar i ly  those of the  ra te -de te rmin ing  step, but  those of 
the  po ten t ia l -de te rmin ing  step. Results are appl ied  to adsorbed oxygen film 
format ion  and reduct ion on plat inum. It  is shown that  a two-s tage  react ion 
occurs, wi th  the ra te  constant  of the  first anodic step ( - - O H  format ion)  fal l ing 
exponent ia l ly  wi th  coverage. This is associated with a r ea r rangemen t  of the  
surface phase, accompanied by  very  rap id  - -O formation.  In the  cathodic d i rec-  
tion, the posit ion and shape of the peak  is governed by  the kinetic  p a r a m -  
eters  of - -O reduction,  whereas  - -OH reduct ion is ra te -de te rmin ing .  There  is 
evidence tha t  the  he te rogenei ty  factor  and the free energy  of t he  - -O  
reduct ion step depend on coverage [cf. Ref. (6)] .  The same mechanism may  
app ly  to pa l l ad ium and rhod ium and perhaps  also to gold. 

Since its inception by  Wil l  and K n o r r  (1) in 1960, 
the l inear  potent ia l  scan ( t r i angu la r  sweep) technique 
has received a great  deal  of a t tent ion  f rom electro- 
chemists  who have desired an expe r imen ta l ly  s imple 
and rap id  method of ga ther ing informat ion on processes 
involving adsorpt ion and desorpt ion at  interfaces under  
nondiffusion-control led conditions. Most instances of 
its appl icat ion have  involved  studies of hydrogen  and 
oxygen  submonolayer  films on the noble metals,  gen- 
e ra l ly  from the  qual i ta t ive  point  of v iew-- i .e . ,  as 
demonstra t ions  of i r revers ib i l i ty  or of the  exis tence  of 
non-Langmui r ian  adsorpt ion  isotherms (2). In  general ,  
a t t empts  to der ive  informat ion of kinetic  value  f rom 
these studies have been few, a l though a number  of 
a t tempts  have been made  to analyze peak  pa ramete r s  
in kinetic  te rms (3-6). The reason for  this  pauc i ty  of 
ana ly t ica l  da ta  is c lear  when it is real ized that,  in the 
potent ia l  sweep method,  overpotent ial ,  current ,  re-  
ac tant  and product  concentrat ion,  and ohmic potent ia l  

�9 Electrochemical  Society Act ive  M e m b e r .  
]Key words:  adsorbed oxygen,  platinum, cycl ic  scans, rate e q u a -  

t i o n s .  

drop change s imultaneously,  which  resul ts  in ma the -  
mat ica l  analyses  tha t  are ve ry  much more  difficult 
than, for example ,  in s t eady-s ta te  techniques. A fur ther  
impor tan t  point  is tha t  the universa l  assumption of 
the  s teady-s ta te  hypothesis,  a normal  s i tuat ion for 
work  involving react ions occurr ing in several  stages 
in convent ional  kinetics,  cannot  be appl ied  at  all. 

As a consequence of these problems,  a l l  kinetic  
analyses  to date  have  involved a s tudy of react ions 
tha t  proceed in a single step under  i r revers ib le  con- 
dit ions (3-6). When the kinet ics  of al l  steps are  con- 
s idered to be sufficiently rap id  for equi l ib r ium to be 
main ta ined  at the exper imenta l  scan rates  under  study, 
genera l  equations m a y  be der ived  in a s t r a igh t fo rward  
w a y  (3). In this paper ,  some of the assumptions and 
conclusions of ear l ie r  kinet ic  work  are  examined,  and 
extensions of the equations to i r revers ib le  cases involv-  
ing mul t ip le  s tage react ions are  described.  The  equa- 
tions are  appl ied to the fo rmat ion  and reduct ion of 
adsorbed oxygen  films on p la t inum in acid solution, 
and the conclusions thus obta ined  are  compared  with  
ear l ie r  in terpreta t ions .  
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Previous Analyses of the Potential Sweep Method 
Pseudoequ i l i b r i um  ca~e.--The pseudoequ i l i b r i um  

case was discussed by Sr inivasan and Gileadi in 1966 
(3) though the potential  dependence of adsorption 
pseudocapacitance for various postulated isotherms 
had been previously calculated by Conway and Glleadi 
(7) and other authors (8, 9). In  the pseudoequil ibr ium 
case, it is assumed that  the adsorption-desorption steps 
are sufficiently rapid that  equmbr ium is main ta ined  
throughout  the potential  scan. In  such a case, we can 
wri te  a very  generalized equi l ibr ium 

nF  
( 1 - - ~ )  ~ = A i e x p - ~ - ( E ' - - E o §  [1] 

where m is the reaction order for metal  sites, Ai is 
the product of the activities of reactants in solutions, 
and n is the over-all  number  of electrons transfered in 
the over-all  process 

Ai -'I- m S ~ X -I- n e -  [2] 

where S represents the number  of metal  sites, and X 
the adsorbate, whose coverage is ~. Eo is the s tandard 
potential  of the process, E' is the potential  at the start  
of the l inear  sweep, whose scan rate is c. t is time in 
seconds. If S is the saturat ion coverage of X (in 
coulombs/cm2), then it is clear that  

d0 
S , . :  i [3] 

dt 

where i is the current  in amperes. Differentiation of 
Eq. [1] shows that  

i - -  0 ( 1 -  0) ( SnFc ~ 
1 + (m - -  1)0 --R-T--/ [4] 

where 0 is the equi l ibr ium coverage at the potential  in 
question. The potential  and current  max imum is ob- 
tained from the second derivat ive of Eq. [1] in the 
usual way. We therefore find that 

imax = ( I  + m I/~) -~ - - -~ - - - 1  [5] 

Omax = (1 + m 1/~) - 1  [6] 

When m : 1, the peaks are therefore symmetrical  
(i.e., 0max = �89 as shown by Srinivasan and Gileadi 
(3), whereas for large values of m (e.g., adsorbates 
requir ing several adjacent  surface sites), the peaks 
are asymmetrical  and flatter. If a coverage-dependent  
(e.g., Temkin- type)  isotherm is considered to operate, 
Eq. [1] must  contain an exp - -ro/RT term, where r is 
the change in free energy of adsorption as 0 moves 
from l imit ingly low to l imit ingly high values. The same 
procedure shows that i is then given by1 

i =  o ( 1 - - o )  ( SnFc 
1 + ( m - - T ~ - ~ r o ( 1  -- ~ ) / R T  \ - - R - ~ ]  [7] 

where 0max is given by  the same value as before. /max 
is therefore given by 

imax - "  [ ( I  "~- r o l l 2 )  2 -~ r / R T ] - 2  \ - - - R - ~  [81  

Peaks under  Temkin  adsorption conditions are there-  
fore lower and flatter than  under  Langmuir  conditions. 
It is clear that  if Eq. [6] is substi tuted in Eq. [1], then 
the potential  of the peak maximum, E' -- Eo + Ctmax, 
where tmax is the elapsed time to the peak maximum, is 
constant, and is thus independent  of c, the sweep rate. 
This is the practical cri terion of reversibility. The 
above equations are all perfectly general  and may be 
applied to a range of reversible systems provided that 
the over-al l  reaction is or can be wri t ten  in the same 

x Express ions  s imi la r  to  Eq.  [4] - [8]  we re  de r ived  in Ref. ('/) for  
the  case  m ---- I.  

form as Eq. [2]. The conclusions do not depend on 
any assumptions with regard to reaction mechanism. 

Totally irreversible case.--For i r reversible processes, 
it is necessary to consider the ra te-determining step 
of the over-all  reaction. If the back reaction is suffi- 
c ient ly slow to be ignored, we can in principle write 
(for a cathodic process), under  Langmuir  conditions 

do 
- - S - -  : i = n F k e m e x p  -- anF (E" -- Eo-~ c t ) / R T  

dt 
[9] 

where k is the backward (cathodic) rate constant, a is 
the "transfer coefficient," and where the other symbols 
are as discussed previously. Such an equation was used 
by Ohashi et al. in  1966 (4) and Stonehart  in 1968 (5). 
Sr inivasan and Gileadi (3), on the other hand, con- 
sidered the simple case of a one-electron process (H + 
discharge to give an adsorbed H atom),  where both n 
and m are unity.  A solution of Eq. [9] corresponding 
to the peak max imum is easily obtained by put t ing its 
t ime derivative equal to zero in  the usual  way. We 
thus obtain: 

SanFCOmax 
--/max -- [10] 

m R T  

If, on the other hand, the free energy of adsorption of 
the reactant  is coverage-dependent  and may be repre- 
sented by a Temkin  isotherm, then the expression for 
i (Eq. [9]) must  be mult ipl ied by exp arO/RT, where 
r is the change in  free energy of adsorption as o moves 
from l imit ingly low to l imit ingly high values. In  such 
cases, a calculation shows that  imax is then given by an 
expression of the form 

S~nFc ( ar ~ - '  
--/max-- O~ax -~- " ~  ] [11] 

0max is found by integrat ing Eq. [9] (for the Langmuir  
case) with the boundary  condition 0 : 80 at t -- 0, 
where oo is the start ing coverage on the electrode, imax 
(from Eq. [10]) is then subst i tuted for i in the inte-  
grand, and the assumption is made that i is negligible 
when  o -= 0o and t = 0. We then obta in  for the general 
case, m ~ 1 

1 

Omax = Oo( m - -  1 ~ m-1 ~ (m ~ 1) [12] 

and for the special case, m -- 1 

0max : Oo/e (m : 1) [13] 

The peak max imum therefore occurs at 8 = 0.370o 
if m : 1, i.e., the" peaks are therefore asymmetrical,  
and the ratio of reversible to irreversible (with 0o 
taken to be 1) peak heights is e/4a. As 8max is inde-  
pendent  of c, then, from Eq. [9], we can wri te  

--/max : const, exp -- anFEmax/RT [14] 

where Emax is the potential  of the peak maximum.  
Thus, using Eq. [10] 

dEma~/d In c -- - -RT /anF  [15] 

Thus a Tafel- type shift of the peak potential  with in  
sweep rate should be observed. This may be taken as 
a cri terion of the totally irreversible case. 

For the Temkin  case, integrat ion of the rate equa-  
t ion to give a simple analytical  solution for Omax is not 
possible. However, we can wri te  

f emax e -m exp -- arO/RT dO 
-- ,]8o 

= nFk  e x p -  anF(E'  -- Eo) /RT  f t  exp -- anFct /RT dt 

[16] 
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where t is the elapsed t ime to the peak maximum.  For 
exp -- anFct /RT ~ >  1 (i.e., assuming the rate of re- 
duction at t ---- 0 to be negligible),  we obtain (using 
Eq. [11]) 

( f~ o-m exp -- arO/RT dO ) (Omax)m exp aro/RT 
~ 0  o 

= ~ im~x/S = ~ + RT / [17] 

It  is clear from Eq. [17] that  0max is independent  of 
sweep rate; thus the relationship between Emax, c, and 
an (Eq. [15]) should also be valid in  the Temkin  case. 

Intermediate cases.--Srinivasan and Gileadi (3) 
examined a first-order one-electron discharge process 
for different combinations of forward and backward 
rate constants and concluded that  the general  case (i.e., 
where both forward and back reactions are important)  
applied only over a l imited range of sweep rate  (about 
two decades). A series of numerica l  analyses by  Stone- 
hart, Kozlowska, and Conway (6) for cases where  a 
Temkin- type  adsorption behavior  occurs indicate a 
similar conclusion. The same workers point  out that  
in totally irreversible cases peak symmetry  is a func-  
t ion of the Temkin  factor r [in addition to the effect 
of m (4)]. Thus, under  Temkin  conditions, with m 
---- 1, increasing r produces broader but  more sym- 
metrical  peaks; i.e., it has in some degree a similar 
effect to increasing m (4, 6). 

Stonehart  and co-workers (6) wri te  a rate equation 
of the form 

i -- n F  ( ~ ( 1  -- 0) exp (1 -- a)[nF(E'  -- Eo -5 c t ) /RT]  

exp -- ro/RT -- k 0 m ex,p -- a[nF(E'  -- Eo -5 c t ) /RT]  
) ~ e x p - -  rO/RT = S [18] 

dt  

where a is again the cathodic t ransfer  coefficient, and 

k and k are the forward and backward rate constants. 
They apply numerical  solutions of this equation to the 
reduction of noble metal  oxide films. A discussion of 
the basic hypotheses under ly ing  the use of this equa- 
tion, together with a summary  of their  conclusions, is 
presented in the next  section. 

Adsorbed Oxygen Film Formation on Noble Metals 
Cyclic voltammetric  scans for the formation and re-  

duction of the adsorbed oxygen layer on p la t inum are 
by now (1, 2) so famil iar  that they almost constitute 
the leitmotiv of recent electrochemistry. Scans on 
rhodium and pal ladium in acid solution are similar to 
those on p la t inum under  the same conditions (1, 2, 6), 
whereas similar scans on ir idium (1, 2), osmium (1O), 
and ru then ium (11) show different characteristics. 
Only scans on p la t inum (and, by extension, those on 
rhodium and pal ladium) will be considered here. 

Scans on p la t inum have been the subject of study 
by a large number  of authors (1, 2, 4-6, 12, 13). In  all 
cases, a considerable irreversibi l i ty between anodic 
and cathodic  scans has  been noted, except at low 
coverages [i.e., when the anodic t r iangular  sweep is te r -  
minated  at low potentials (6, 12)]. It is of interest  to 
enumera te  some of the other characteristics of the 
anodic and cathodic pseudocapacitance peaks. 

1) The anodic sweep is considerably broader and  
flatter than that  in the cathodic direction. This sug- 
gests the operation of a Temkin- type  isotherm, as dis- 
cussed by BSld and Breiter  (2) for the oxygen adsorp- 
t ion process. 

2) The cathodic peaks show much hysteresis and are 
essentially symmetrical  and quite narrow. They thus 
appear to be closer to the Langmuir  case, though this 
is inconsistent with their  symmetry,  unless (cf., Eq. 
[12]), the reduction reaction is second order (m = 2), 

w h e n  symmetrical  peaks would be expected. 

3) An  important  characteristic parameter,  dEmax/d 
In c (see Eq. [15]), has been examined by Will and 
Knorr  (1) in both the anodic and cathodic directions 
in acid solution and in ra ther  more detail by Gilroy 
and Conway (13), again in acid solution but  in the 
cathodic direction only. In the anodic direction, Will 
and Knorr ' s  conclusions, which refer to a sweep rate 
range greater than that required for Sr inivasan and 
Gileadi's i r reversibi l i ty-reversibi l i ty  criterion (3), 
show that, although the fine structure of the peak is 
dependent  on sweep rate, the position of the peak as 
a whole is v i r tua l ly  independent  of In sweep rate. Under  
irreversible conditions, the numer ica l  analyses of 
Sr inivasan and Gileadi and Stonehart  e t a l .  (6) show 
that  the whole peak should be t ranslated bodily with- 
out any change in shape; i.e., for any  current  value on 
the peak (not only for/max), the dE/d  In c relationship 
should be that given by Eq. [15]. This is not observed; 
the implication is, therefore, that at least the ini t ial  
anodic process takes place under  reversible conditions. 
Under  cathodic conditions, the results of Will  and 
Knorr  indicate (with some scatter) d.Emax/d In c 
50 mV/decade. The results of Gilroy and Conway, 
conducted over a much wider  sweep rate  range (in- 
cluding some results from differentiated galvanostatic 
charging curves--i.e.,  the equivalent  of scans at ex- 
t remely low sweep rates) show dEmax/d In c in  the 
region of 40 mV/decade. This fact indicates that  the 
cathodic sweeps represent  an irreversible process. 

4) The /max/peak width ratio (the "aspect ratio" of 
the peak) in the cathodic direction increases with in-  
creasing coverage (13). 

It is general ly accepted that  the P t -O adsorption 
reduction process occurs in at least two stages [cf. 
BSld and Breiter (2)].  The experimental  results of 
Will and Knor r  (1) and Gilroy and Conway (13) re- 
inforce this idea. In  both cases, for the cathodic sweep 
the value of - - R T / F ( d  In c/dEmax) was determined to 
be somewhat greater than unity.  It should be noted 
that this term will always be equal to ~ for a totally 
irreversible reaction, even if r and a are 0-dependent, 
so long as the init ial  coverage on the electrode at the 
start  of each cathodic scan is the same, and provided 
that  the scanning rate has no effect on peak symmetry.  
This should be general ly t rue and is supported by  
Gilroy and Conway's exper imental  results of peak 
form as a function of In sweep rate. A general  equa- 
tion for the cathodic t ransfer  coefficient, assuming that  
one step is ra te-determining with all preceding steps 
in pseudoequilibrium, is given by the equation (14) 

= x / v  -5 ~n' [19] 

where a in Eq. [19] is the equivalent  of an in Eq. [9] 
(i.e., - - R T / F ( d  In c/dEmax) and where x is the num-  
ber of electrons t ransferred per uni t  of the over-al l  
reaction before the ra te-determining step, whose 
stoichiometric number  is v. n '  is the number  of elec- 
trons t ransferred per uni t  ra te-determining step, and 

is the symmetry  factor for electron transfer  in the 
ra te-determining step. There is compelling theoretical 
evidence to suggest that n' will  not exceed unity,  on 
the grounds that the total rear rangement  energy of 
the system will  be much greater in a simultaneous 
mult ie lectron transfer  than  for a series of single elec- 
t ron transfers (15). Multielectron transfers can there- 
fore be el iminated on activation energy grounds. In  
addition, the t ransi t ion probabi l i ty  for a b i - (or  other 
mul t i - )e lec t ron  combinat ion undergoing a Landau-  
Zener- type  t ransi t ion mechanism wil l  be lower than 
for a single electron transfer--i .e . ,  such processes will  
be anadiabat~c, and thus the pre-exponent ia l  term, as 
well  as the activation energy, wilt  be highly unfavor-  
able to mult ielectron transfers. Consequently,  we may 
confidently state that  n' will  be unity. The correspond- 
ing expression in the anodic direction is given by 

(1 - -  ~) ---- x ' l v  -5 (1 --  ~) [20] 

where n' is taken to be un i ty  and x'  is the number  of 



1208 J. E lec t rochem.  Soc.: ELECTROCHE MI C A L SCIENCE AND TECHNOLOGY S e p t e m b e r  1973 

electrons t ransferred before the ra te-determining step 
in the anodic direction. Thus, in general, if n is the 
n u m b e r  of electrons involved in the over-all  reaction, 
then 

a~ 4- x '  + v -- n [21] 

as v is the number  of times the one-electron rate-deter-  
min ing  step occurs in the over-all  process. 

Kinetic data obtained from the use of Eq. [18], which 
implies a two-electron transfer  with x : x' : 0, are 
thus likely to be illusionary. Although, formally, the 
value of the t ransfer  coefficient an may be used as a 
representat ive convent ion for the true physical mean-  
ing of the t ransfer  coefficient (Eq. [19] for the cathodic 
process), conclusions drawn from its use are not l ikely 
to have any mechanistic meaning.  It  should be noted 
that the sum of the transfer coefficients in  Eq. [19] 
and [20] is equal to n/v, whereas the sum of the corre- 
sponding values as they appear in  the formalism of 
Eq. [18] is simply n. 

The sweep rate dependence results of Will  and Knorr  
(1) and Gilroy and Conway (13) give us a possibility 
of determining the ra te-determining step of the 
cathodic reduct ion process. The lat ter  data are prob-  
ably the more reliable, and indicate dEmax/d In c 
values ~ 40 mV/decade,  i.e., at 25*C, a ~ 3/2. Thus, 
from Eq. [19], with fl : �89 and n' : 1, x / v  : 1. The 
most logical reaction sequence is an over-al l  two- 
electron transfer  with v : 1 of the form (2) 

Pt + HzO ~ PtOH -t- H + + e -  [A] 

PtOH-* PtO + H + 4- e -  [B] 

in which the second electron t ransfer  step in the 
cathodic direction (i.e., relat ion [A]) is r a te -de te rmin-  
ing. The pH dependence of such a process would be 
- - RT /F ,  which is consistent with that  exper imental ly  
observed (2). In  the anodic direction, the reaction is 
effectively at equil ibrium, as discussed above. Again, 
in  such a case a pH dependence of - - R T / F  would be 
expected, as is observed (2). If, however, the anodic 
process were under  kinetic control from the reaction 
that  is ra te-determining in the cathodic direction (re- 
action [A]),  a pH dependence of zero would be ex- 
pected. These observations reinforce the idea that a 
considerable change in reaction rate constant  has 
occurred between the processes in the anodic and 
cathodic directions. A reaction taking place in more 
than two electron transfer  steps to any great extent  
in the potential  range of interest  is not probable, as 
max imum coverages observed correspond to a mono- 
layer whose coulombic area is twice that for adsorbed 
hydrogen. A two-electron over-all  reaction taking place 
in two one-electron steps is therefore indicated. 

Ohashi et al. (4), who used an equation of type [9] 
in their investigations of the cathodic reaction, at- 
tempted to determine the cathodic reaction order and 
the value of r (cf. Eq. [11]) by a series of plots of 
1//max as a function of 1/em,~ (to determine r from Eq. 
[11] and of In i -- m in  0 against potential  (using Eq. 
[9]) to establish the value of m. Their  plot of 1/ima~ 
against 1/Smax indicates that  r approaches zero as 0 
increases. They therefore assume (as would be ex- 
pected in conventional  kinetics) that r is constant  and 
negligible. This conclusion leads them to obtain a value 
of an ~_ 0.52 and a value of m (from In i ~ m In 0 
against potential, assuming r _= 0) equal to 2. However, 
it is quite clear that  if r is a function of 0 (say ~ 1/~) in 
Eq. [11], the results can be explained equally well  in 
terms of m ---- 1. This however fails to account for the 
surprising symmetry  of the adsorbed oxygen reduction 
peaks, which would be expected to be unsymmetr ica l  
(cf. Eq. [13]) when  r is negligible (i.e., at large eo). 
Their  an value, obtained in several different ways (4), 
is also quite inconsistent with that  obtained from the 
sweep rate dependence of the peak potential  (1, 13). 

Stonehart  et  al. (6) determined some of the proper-  
ties of the peaks that result  from numerica l  integrat ion 
of Eq. [18]. They examined the effect of the Temkin  

factor r on peak symmetry,  and concluded that, for 
the irreversible case, a substant ial  increase in apparent  
symmet ry  takes place for comparat ively small  values 
of r. They therefore conclude that the changing "aspect 
ratio" of essentially symmetrical  peaks with 0o is due 
to the coverage (or time) dependence of r, but  they 
find it necessary to propose at the same time a rising 
value of an with increasing oo. Their an values are in  
the range 0.52-0.96. The effect of an increase in an is 
an increase in the slope of the peak leading edge-- this  
numerical  ad jus tment  is necessary as r decreases so 
that symmetry  is maintained.  A numerical  demonstra-  
tion of this effect will  be given below. Again, the major  
difficulty with the interpreta t ion of Stonehart  et al. is 
that an values obtained by peak profile analysis are 
inconsistent with those result ing from sweep rate ex- 
periments  (1, 13), which give an values of about 1.5. 
The varying value of an with coverage is also difficult 
to accommodate on any  physical model. It will  be 
shown that such inconsistencies result  from a failure 
to take into account a two-stage reaction sequence. 

Investigation of the Oxygen Adsorption-Reduction 
Process on Platinum as a Two-Stage Reaction 

Formally,  we can write the rate equations for steps 
A and B for adsorption and removal  of adsorbed --O 
on Pt in the following forms (at constant pH, and 
ignoring diffuse double- layer  effects) 

Reaction [A] 
dez d01 { 

S =- SC : k lF  ~ (I -- el -- ~ )  
dt dV 

[exp ( i  -- f i ) F V / R T  exp- -  (1 -- f l)rl(el  + o2 -- � 8 9  
% 

-- ez [exp -- ~ F V / R T  exp prl(01% 02 -- � 8 9  ) 

d02 
-- Sc ~ [22] 

Reaction [B] 

S do2 = s c  aO2 k2F (61 [exp(1 -- f l ' )F(V -- V d ) / R T  
dt dV \ 

exp -- (1 -- fi')r2(0z + 02 -- 1/2)/RT] -- 02 
% 

[exp -- ~'F(V -- V d ) / R T  exp ~'r2 (oz -~ e2 -- � 8 9  ) 

[23] 
so that the total current  flowing is given by the ex- 
pression Sc (do~/dV + 2doJdV) ,  where 01 is the cover- 
age in --OH, 02 is that  in --O rz and r2 are the Temkin 
constants for each rate equation, and V is potential  
measured on a scale relat ive to the reversible potential 
under  s tandard conditions (s tandard state taken to be 
0 : �89 for reaction [A]. Vd is then the (negative) 
potential  difference between the standard potentials of 
reactions [A] and [B]. Fkl  and Fk2 are the appropriate 
exchange currents  in each case. 

A certain difficulty exists in defining the manner  in 
which the free energy (Temkin)  terms depend on total 
coverage. General ly  speaking, this term is not neces- 
sarily l inear  with coverage--however,  it will  be seen 
that a l inear  dependence gives a sufficiently good 
account of the exper imental  data. From the "induced 
heterogeneity" model of Boudart  (16), it is reasonable 
to suppose that  these terms will  depend on the total 
coverage of all similar species (i.e., species with simi- 
lar  bonding characteristics and electronegativity) on 
the surface of the electrode (7). Because --O is essen- 
t ial ly a double bonded species, whereas - -OH is single 
bonded, it may well  be that  the former has a more 
substantial  effect on the bonding characteristics of 
neighboring oxygen dipoles than  the latter. There  is 
indeed some evidence for this (17). Consequently, it 
may be more exact to write Temkin  terms of the form 
r(oz ~ po2 -- � 8 9  where p is a weighting factor 
characteristic of the bonding difference between - -OH 
and --O. In the numerica l  calculations this has been 
disregarded, for the simple reason that  the predominant  
species on the electrode is always --O, with oz playing 
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a minor  role. Consequently, the r values as determined 
from numerical  analysis refer to the change in - -O 
coverage (02). In  order to cut down the number  of 
variables in the two above simultaneous equations, a 
simplifying assumption that the two symmetry  factors, 

and/~', were both equal to �89 was made. 

Numerical Computations 
Solutions of the s imultaneous equations [22] and [23] 

were obtained for various postulated kl, k2, rl, 1"2, and 
Yd values as a funct ion of sweep rate and star t ing 
potentials and coverages using the Runge-Kut ta  
method and an IBM 1800 computer. Rate constant 
values used were dimensionless; i.e., all numerica l  
values were expressed as k/c, and thus in themselves 
contain the variat ion in the sweep rate  parameter.  The 
facts that  had to be explained were as follows: (i) In  
the cathodic direction, reaction [A] is rate determin-  
ing. At  all potentials of interest, reaction [B] is there-  
fore considerably faster than reaction [A]. (ii) In  the 
anodic direction, at least at low coverage, the rate- 
determining step (i.e., reaction [A]) is sufficiently 
rapid to be regarded as a quasi-equil ibrium. 

Anodic Process 
A straightforward numerical  integrat ion of Eq. [22] 

for reaction [A] indicates that the classical flat-topped 
pseudocapacitance peak for oxygen adsorption on plati- 
n u m  can be approximated by the assumption that  
r l /RT is about 40. The second oxidation step (re- 
action [B]) is assumed to be in pseudoequilibrium. A 
plot of the current-potent ia l  curve, with kl/c : 10, and 
with current  expressed on a nominal  scale, is shown in 
Fig. 1. A kl/c value of 10 is sufficient for reversibil i ty 
(Fig. 2). The difficulty with this in terpreta t ion is that 
the calculated peak shape does not exactly reproduce 
that exper imental ly  observed, which shows a dip fol- 
lowing an ini t ial  peak and, more importantly,  it pro- 
vides no explanat ion for the change in dimensionless 
rate constant  from the ini t ial  value of 10 to a much 
lower value (so that  total i r reversibi l i ty  is exhibited) 
in  the cathodic direction. This may be remedied by 
introducing the simple concept that the rate constant 
kl is coverage dependent.  This wil l  satisfactorily ex- 
pla in  the change in rate constant  in the cathodic direc- 
tion, and it gives a more satisfactory account of the ob- 
served shape of the exper imental  peak. As klF, the 
s tandard exchange current  of reaction [A], is deter- 
mined by exp -- ]X/RT, where f)~ is a fraction of the 
reorganizational  energy of the system [the energy re- 
quired to change the ground state of reactants  or prod- 
ucts to a corresponding product or reactant  state in the 
same nuclear  configuration (18)], then it is reasonable 
to suppose that  it wil l  be exponent ia l ly  affected by the 
bonding character of the adsorbate, if this should 
change with # or time. If the surface rearranges to give 
a different adsorbed phase [for example, via a place 
exchange mechanism (6) ], and if subsequent  growth of 
the film takes place in  the configuration prevail ing at 
that  part icular  t ime and # value, then a simple model 
for the k~ dependence on 0 can be suggested. For ex- 
ample, ini t ia l  adsorption of oxygenated species may be 
in  a random manner ,  and this may  be followed by the 

V(volts) 

-06 -O J, / 
t ! 

D C 

A B C D 

i! 
B 

4 

o "P 
o 

" - - 2  

A 
Fig. 2. Effect of changing kl /c (invariant) for partial anodic cov- 

erages, second oxidation step (reaction [B]) ignored, rl /RT = 13; 
A, kz/c = 10; B, k l / c  ~ ].0; C, k l / c  = 0.1; D, kz/c ~ 0.01. 

formation of a surface phase (not necessarily a phase 
oxide) as coverage rises. The max imum coverage that  
will not involve nearest  neighbor sites on a close- 
packed plane is 0 -- 0.3. After  this coverage is exceeded, 
new oxygenated radicals will  have to be accommodated 
in nearest-neighbor sites. A place exchange mecha-  
nism that  reduces energy may then be favored, which 
at the same time reduces the net film growth rate. 
Fur ther  addition of oxygen radicals will  then be to the 
edges of "islands" of surface phase, which will take on a 
uniform character. The degree of rearrangement ,  hence 
the reorganizational  energy, can then be considered to 
be proportional to 8, and kl may be put  equal to 
kl ~ exp -- q(#l -t- e2) at constant  temperature,  where 
q is a constant. 

An examinat ion  of the effect of such a term is shown 
in Fig. 3 for kz~ ---- 10 (to ensure init ial  reversi- 
bility, cf. Fig. 2). It  has been postulated that kl changes 
by 3 orders of magni tude as 0~ -t- 02 moves from low to 
high coverage to ensure sufficient i rreversibi l i ty in the 
cathodic direction, so that q has been put equal to 6.9. 
r l /RT  has been taken to be 13, with reaction [B] as a 
quasiequi l ibr ium (discussed in next  section). It can be 
seen that the result ing anodic peaks show many  of the 
features of exper imental  scans on plat inum, for ex- 
ample, the ini t ial  rise followed by a dip. In  practice, 
a fur ther  rise is noted after the dip, which may  be 
at t r ibuted to the appearance of molecular oxygen on 
the surface. 

Cathodic Process 
Effect of Vd.--In the cathodic direction, it is postu- 

lated that the rate constant  kz for reaction [A] corre- 
sponds to that  for the highest value of 0 reached in the 
anodic process and remains  constant dur ing the scan. 

= 

I 

(nominal)  
2 

O, f / 
| ! 

'= 0~V =, 

V, nominal scale 

Fig. 1. Calculated anodic scan: kl/c = 10 (invariant), q /RT  = 
40, reaction [B] in pseudoequilibrium. 
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2 -  

-0 .2  0 0.2 0.z, 0.6 
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Fig. 3. Calculated anodic scans: kz~ = 10, q = 6.9, r l /RT 
13. 
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It  is therefore  the  ra te  constant  for an adsorbate  wi th  
the degree of r ea r r angemen t  corresponding to the  ini- 
t ia l  va lue  of 0. In  order  tha t  react ion [A] should be 
r a t e -de t e rmin ing  in the cathodic direction, it  is neces-  
s a ry  that  k2 exp ~ ' F V j R T  should be much grea te r  
than  kl. To avoid the  appearance  of two cathode peaks,  
corresponding to two s ingle-e lect ron steps, it  is c lear  
therefore  that  the s tandard  potent ia l  for the  second oxi- 
dat ion step ( react ion [B] ) should be more  cathodic than  
tha t  for react ion [A].  Fo r  this reason, and because of 
the high k4 value, react ion [B] must  be a pseudoequi-  
l ib r ium in the  anodic direction.  The effect of changing 
Vd is shown for a hypothe t ica l  case in Fig. 4, where  
r l /RT = r2/RT = 13, and 02 ~ : 1. Vd is t aken  to be 
300, 400, and 500 mV. I t  can be  seen that  the  effect of 
a 100 mV change in Vd is a t rans la t ion  of the peak  
by  about  70-80 mV, wi th  l i t t le  change in the genera l  
form of the  peak  as a whole. In  the  case of pla t inum,  
the peak  m a x i m u m  in the anodic direct ion occurs at  
about  1000 mV vs. hydrogen  in the same electrolyte ,  
indica t ing  a s tandard  potent ia l  about  100 mV higher  
(see Fig. 3). The cathodic peak  occurs in pract ice at 
about  800 mV vs. hydrogen.  A rough estimate,  there-  
fore, for the  va lue  of Vd is about  300 mV. 

E]Iect of r2--The effect of changing r J R T  is shown 
in Fig. 5. Vd is t aken  to be 300 mV, wi th  k2/c = 80 
and kl /c  = 0.02. (k2/kl) (exp ~'FVd/RT) is the re fore  
about  30. r l /RT is taken,  as for the  anodic direction,  
to be 13, and r2/RT is given values  of 13, 6, and 2. I t  
can be seen tha t  peaks  wi th  a good degree  of visual  
s y m m e t r y  result ,  whose shape (i.e., '~aspect ra t io")  is 
essent ia l ly  control led by  the non- ra te -de te rmin ing  re -  
act ion step (react ion [B]) .  They are  qui te  different  
in form from the " to ta l ly  i r revers ib le"  peaks, as re -  
produced in Ref. (3) and (6), because react ion [B] 
takes  place  under  condit ions of fast reduct ion  close to 
i ts  revers ib le  potential .  However ,  i t  is impor tan t  to 
note that  a s imple assumption of revers ib i l i ty  for reac-  
t ion [B], i.e., if the re la t ionship  ( f rom Eq. [23]) 

ez --  #2exp --  F ( V  --  Vd) /RTexpr2(o l  + #~ -- % ) I R T  
[24] 

is subst i tu ted di rec t ly  for  el in Eq. [22] (in the  cathodic 
direct ion under  to ta l ly  i r revers ib le  condit ions) ,  is not  
a va l id  approx imat ion  for a calculat ion of the  over-a l l  
peak  shape. This is i l lus t ra ted  by  the calcula ted shape 
for a pseudoequi l ibr ium si tuat ion (potent ia l  on a nomi-  
nal  scale) for a to ta l ly  i r revers ib le  react ion [A], using 
Eq. [24] wi th  r l /RT ---- 13 and r J R T  = 6 i l lus t ra ted  in 
Fig. 6 (cf. curve B in Fig. 5). The shape of such a peak  
is much broader  than  tha t  in Fig. 5, i.e., it  reflects a 
peak  whose Temkin  t e rm is equal  to fir1 -t- r2, r a the r  
than  Ere. The pseudoequi l ib r ium assumption cannot be 
used because Eq. [24] is inval id  in pract ice;  on reduc-  
tion of --O, the - -OH produced is immedia te ly  con- 
ver ted  to H20 under  i r revers ib le  condit ions and thus 

0 

- I  2- 
(nominal) 

_ 

. 

v (volts) 

-0.8 -0~ -0.4 -02 
I I I I 

Fig. 4. Effect of changing Vd (cathodic scans): kl/c : 0.02, 
k2/c = 8.0, rl/RT = r2/RT = 1"~. Curves A, B, C: Vd = 0.3, 
0.4, and 0.SY, respectively. 
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-~ -~ -0/ 0 
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- I  
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Fig. 5. Effect of changing r~ (cathodic scans): kl/c = 0.02, 
k2/c = 80, rl/RT = 13, Vd = 0.3. Curves A, B, C: r2/RT = 13, 
6, and 2, respectively. 
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Fig. 6. Cathodic curve calculated using pseudoequilibrium as- 
sumption (Eq. [24] )  for reaction [B].  kl/C = 0.02, rl/RT = 13, 
r2/RT = 6. 

is r emoved  from the revers ib le  system. The s teady-  
state assumption,  impl ic i t  in Eq. [24], cannot therefore  
be applied,  and the peak  shape mus t  be calcula ted 
d i rec t ly  f rom the appropr ia t e  ra te  equat ions  (Eq. [22] 
and [23] ). 

El~ect of kl and k2; efIect of sweep rate.--In Fig. 7 
k2/c is taken  to be 80 and 8, represen t ing  a tenfold 
change in sweep rate.  kl/c is assumed to be 0.2, 2.0, 
and 20 for  k J c  = 80, and 10% of these values  for 
k2/c ---- 8, reflecting the sweep ra te  change. The rat io  
k J k l  (exp  ~TVd/RT) is therefore  about 3.0, 0.3, and 
0.03, respect ive ly  (for Vd = 300 mV) .  r l /RT is as- 
sumed to be 13, and r2/RT, 6. I t  can be seen that  an in-  
crease in the  k2/kl exp fl'FVd/RT rat io  resul ts  in more  
symmetr ica l ,  less b lunt  peaks, and tha t  dVmax/d lOgl0 c 
decreases wi th  increase in this  ratio.  The corresponding 
values  a re  about  120, 90, and  60 mV, respect ive ly  (i.e., 
from Eq. [15], an = 0.5, 0.75, and 1.0, respec t ive ly) .  
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Fig. 7. Effect of one decade increase in sweep rate (cathodic 
scans), r l /RT "-  13, r2JRT - -  6, Vd - -  0.3. k2/c for slower sweep 
equal to 80 in each case. Curves A, B, C: k l /c  - -  0.2, 2.0, and 20, 
respectively, for slower sweep. 

In Fig. 8, the  ra t io  of k2/kz exp  ~'FVd/RT is assumed 
to be one decade g rea te r  than  the m a x i m u m  in Fig. 
7 (i.e., 30, as in Fig. 5). A sweep r a t e  change of 2 
decades is considered here,  tak ing  k J c  = 800, 80, and  8, 
wi th  kl /c  = 0.2, 0.02, and 0.02, respect ively.  As in Fig. 
7, r]/RT = 13 and r J R T  : 6. dVmax/lOgloc is now 
50 mV, close to the  exper imen ta l  value  (1, 13). High 
sweep ra tes  produce a broadened,  though sti l l  sharp, 
peak, as is expe r imen ta l ly  noted (13). 

F igure  9 shows the  effect of changing k2/c at  constant  
kl/c and vice versa. Assuming k2/c ---- 80, the  peaks  
corresponding to k]/c values  of 20, 2.0, 0.2, and  0.02 in 
Fig. 7 and Fig. 8 are  superposed to show the  corre-  
sponding change in peak  shape and potent ia l  of the  
maximum.  Similar ly ,  k l / c  is kept  constant  at  0.02 and 
k2/c is var ied  through 3 decades from 80 to 0.08 using 
the same r l /RT and r2/RT values.  The la t te r  shown a 
change to the  typical  %ota l ly  i r revers ib le"  peak  form 
[cf. Ref. (3) and  (6)]  at  smal l  k2/c values, cor re-  
sponding to k~/kl exp ~'FVd/RT values  in the  0.3-0.03 
range. The second peak  appear ing  at the lowest  k2 
va lue  is a computer  ar t i fact  and represents  reduct ion 
of - - O H  (which would not be present  in prac t ice) .  In 
solving the s imul taneous  different ial  equations [22] 
and [23], a nonzero va lue  (about  0.05) for  01 must  be 
assumed in order  to obtain meaningfu l  solutions. 
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Fig. 9. Effect of relative changes in kl and k2 (cathodic scans). 
tz/RT = 13, r2/RT = 6, Vd = 0.3. Curves A-D: k2/c = 80, 
kl /c  = 20, 2.0, 0.2, and 0.02, respectively. Curves A'-D': kl /c  = 
0.02, k~/c = 80, 8.0, 0.8, and 0.08, respectively. 
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Fig. 8. Effect of sweep rate with reaction [A] rate-determining 
(cathodic scans), r l /RT - -  13, r2/RT = 6, Vd = 0.3. Curve A: 
k l / c  = 0.2, k~/c = 800. Curves B and C represent a tenfold and 
hundredfold increase in c. 

General Conclusions 
The above  calculat ions demons t ra te  tha t  symmet r ica l  

peaks  closely resembl ing  those for a single e lect ron 
process wi th  a low he terogenei ty  factor  resul t  f rom a 
two-s tage  two-e lec t ron  reduct ion process in which the 
second stage is ra te -de te rmin ing .  The cr i te r ion  for  this 
condit ion is that  the  ra te  of the first stage near  the po- 
tent ia l  of the  peak  m a x i m u m  should be at least  1�89 
orders  of magni tude  g rea te r  than  tha t  of the second 
stage under  the same conditions. The peak  m a x i m u m  
occurs close to the  revers ib le  potent ia l  for the  first 
s tep (assumed to be more  cathodic than  tha t  for  the  
second step, otherwise two separa te  peaks  resu l t ) .  The 
genera l  shape of the  peak  is de te rmined  by  the hetero-  
gene i ty  factor  of the  first step, wi th  tha t  for  the second, 
r a t e -de t e rmin ing  step, even though it m a y  be greater ,  
having l i t t le  effect. A t t empt s  to exp la in  peak  s y m m e t r y  
by  the occurrence of react ions  whose orders  a re  h igher  
than  un i ty  (4) a re  therefore  unnecessary.  The value  of 
dVmax/d log10 c, where  Vmax is the  potent ia l  of the  peak  
maximum,  is in the  region of 50 mV, in good agreement  
wi th  the expe r imen ta l  va lue  (1, 13). This corresponds  
to a va lue  of the t ransfer  coefficient of about  3/2, 
which is consis tent  wi th  a r a te -de te rmin ing  p r i m a r y  
charge  t ransfer  (wi th  /~ = ~ )  (13). The use of a 
s imple  pseudoequi l ibr ium assumption (i.e., the substi-  
tut ion of Eq. [24] in the  cathodic  react ion of Eq. [22]),  
which  results  in a t ransfer  coefficient equal  to 1 -t- P 
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(___3/2) in  a numerica l  evaluat ion leads to peaks that  
differ considerably in shape from those determined 
from a solution of the simultaneous rate equations. On 
this basis, it is suggested that t ransfer  coefficient values 
obtained by fitting leading edge slopes or other peak 
parameters  to those expected from simple models in -  
volving mult ie lectron transfer  steps may be completely 
erroneous. There is no question that the most useful 
parameter  that  can be obtained from a study of po- 
tent iodynamic scans under  irreversible conditions is 
the dVmax/d in c value. This should be measured over 
at least two decades to ensure that  the irreversible con- 
dition applies. In  all cases, it should be possible to de- 
rive a t rue  kinetic t ransfer  coefficient value from this 
parameter,  and thus the number  of pseudoequi l ibr ium 
steps preceding the ra te-determining charge transfer  
may be determined. Studies of mult ie lectron steps by 
the potential  sweep method must  use a numerical  com- 
putat ion based on the rate equations for the discrete 
single electron steps to find best fits for rate param- 
eters. Parameter  values will general ly have to be sup-  
plemented by other studies, for example, rates at con- 
stant current  or rates at constant potential  as a func- 
tion of time. 

For the special case of the adsorption and reduction 
of the oxygen layer on plat inum, examined here as a 
model, no at tempt has been made to fit exact values 
of parameters  in  the rate equations. However, results 
may be summarized as follows: 

1) Ini t ia l  adsorption under  anodic conditions is suffi- 
ciently fast as to be reversible and consists of the for- 
mat ion of - -OH after a one-electron transfer, with a 
second very rapid step whose reversible potential  is 
lower by about 300 mV 2 (standard state, 0 -- �89 which 
consists of --O formation. 

2) The rate constant for the first anodic step ( - -OH 
formation) falls exponent ial ly  with coverage. This 
superficially gives the effect of a large Temkin  term. 
The true value of the Temkin  term in this step is 6-9 
kca l /equivalent  ( r /RT  ~_ 10-15). Such an explanation 
gives a general  peak shape in agreement  with experi-  
ment. As the second anodic stage is in pseudoequi- 
l ibrium, it is not possible to determine its Temkin  pa-  
rameter.  

3) The exponential  fall of the rate constant of the 
first reaction step with coverage results from surface 
rearrangement .  This probably occurs as a consequence 
of, or alongside, the second oxidation step. A place- 
exchange mechanism is probably involved (6). 8 The net  
result  is a uni form surface phase with a "fossilized" 
rate constant  in the cathodic direction for the first 
anodic (second cathodic) reaction step. It  is not possi- 
ble to determine whether  the rate of the second anodic 
step is coverage-dependent  

4) The ra te -de termining  step in the cathodic direction 
is the second electron transfer  (i.e., --OH reduction).  
However, the shape and position of the cathodic peak 
are determined by the standard potential  and r value 
of the pr imary  ( - -O)  reduction step. 

This model gives rise to essential ly symmetrical  
peaks with the correct dVmax/d log c dependence. A 
typical computed plot for a medium coverage case 
(kzo/c = 1O, q ---- 6.9, r l /RT  = 13, r2/RT = 6, k2 ---- 
80) is shown in Fig. 10. In  practice, r2/RT is probably 
lower than  6, and Vd rather  more than 300 mV to 
agree with the correct shape and position of the 
cathodic peak. At high anodic potentials a fur ther  
process starts to intervene:  tha t  of evolution of molecu- 
lar oxygen. This is reflected in an extension of the 
leading edge of the cathodic peak close to the voltage 
axis, which represents reduct ion of adsorbed oxygen 
molecules. The over-all  process, however, is undoubt -  
edly not so simple as indicated above. This is i l lustrated 
by the plot in Fig. 11, which shows the variat ion in 
position of computed cathodic scans as a function of 

s A t  l eas t  for  c o v e r a g e s  g rea t e r  t h a n  abou t  0.2. See  A p p e n d i x .  
s i t  is  no t  a r a t e - d e t e r m i n i n g  p lace  e x c h a n g e  (19), w h i c h  is i n -  

cons i s t en t  w i t h  t he  e x p e r i m e n z a l  ~ m a x / d  log  c v a l u e  [see, h o w -  
ever ,  A p p e n d i x  and  Ref.  (23)] .  

-o,/ o o2 

V (volts) 

0 
I 

-2 
(nominal) 

-4  

-6  

Fig. 10. Calculated anodic and cathodic scan for partial coverage 
case r l /RT  ~_ 13, r ~ R T  = 6, Vd ~-- 0.3. k l ~  ~ 10, q ~ 6.9, 
k2/c = 80. 

V (votts) 
-0.6 -0.~ -0.2 0 

i I i 0 

C I 

minai) 

Fig. i l .  Effect of partial initial coverage on cathodic scans. 
r l /RT  -~ 1], r2/RT -~ 6, Vd = 03.  k l /c  ~ 0.02, k2/c - -  80. 
Curves A, B, C: 82 initial = 0.90, 0.50, 0.25, respectively. 

coverage (kz/c ~ 0.02, k2/c ---- 80, r l / R T  -= 13, r2 /RT  
-~ 6, Vd ---- 300 m V ) .  I n i t i a l  02 va lues o f  0.9, 0.5, and 
0.25 are considered. It  can be seen that the peaks stack 
with their  t rai l ing edges together, but  nar row apprec- 
iably with decreasing coverage. In  practice, this is 
not observed--on plat inum, peaks at low coverage are 
as broad (or broader)  than  those at higher coverage, 
though their trai l ing edges do approximately stack 
together (6). On palladium, however, where the same 
process may apply, t ra i l ing edges are shifted cathod- 
ically as a function of increasing coverage (6). This 
argues that r2/RT and Vd are coverage dependent  (6), 
though this effect is of comparat ively small  order 
compared with the major  change of kl with coverage. 
If s tandard potentials are expressed using o ~ 0 
(rather  than e ---- ~/2) as a s tandard state, then trai l ing 
edges of peaks with differing r values (in the cathodic 
direction) stack together (i.e., Eo ~176 = Eo ~ -- 
v/2F).  This is i l lustrated (reading cathodically) by 
Fig. 2 in Ref. (6). Expressed on this convention Vd 
(represent ing the change in free energy of the --O 
deposit at low coverage) is therefore not  strongly e- 
dependent  on Pt, but  apparent ly  is on Pd. 

Recently, certain authors (20) have argued that the 
oxygen compound on the surface of p la t inum and other 
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Fig. 12. Calculated potentiostatic film growth curve. V _-- 0.1 
(1.2V vs. hydrogen), kl ---- 10, r l / R T  = 13, 8 initial - -  0.3. Reac- 
tion [B] in pseudoequilibrium. 

P t  group metals  and gold is en t i re ly  in a superf icial ly 
adsorbed form unt i l  a coverage corresponding to 2 
- -O g roups /P t  a tom is reached. As a resul t  of the  
present  analysis,  and of previous work  (6), this would 
appear  to be an oversimplif icat ion.  This idea is also 
suppor ted  by  recent  el l ipsometr ic  work  (21) under  
cyclic scanning conditions, which demonst ra te  that  
i r revers ib le  surface changes  perhaps  connected wi th  
p lace-exchange  occur (6).  I t  m a y  wel l  be tha t  the  
equivalent  of 2 adsorbed - -O a toms /P t  a tom represents  
only  the first monolayer  of uni t  cells  of an epi tax ia l  
surface phase, whereas  format ion  of a t rue  phase  oxide, 
involving r ea r rangemen t  of deeper  p l a t inum layers,  
requi res  considerably  more  energy.  Such conclusions, 
however,  requi re  fur ther  invest igat ion for confirmation. 

Severa l  au thors  have shown that  film growth  on Pt  
in the submonolayer  region is logar i thmic  wi th  respect  
to t ime (22, 13). This concept  is eas i ly  exp la ined  if 
film growth  is considered to be to ta l ly  i r revers ib le  
under  Temkin  adsorpt ion conditions, ignoring pre-  
exponent ia l  e te rms (i.e., the  (1 --  0) meta l  site t e rm 
in Eq. [22]) (22). Gi l roy  and Conway (13), on the  other  
hand, argue tha t  an  inverse  logar i thmic  growth  would 
be expected  if  p re -exponen t i a l  0 t e rms  are  t aken  into 
account, based on the analy t ica l  solut ion of the inte-  
gral  of an equat ion of the same type  as Eq. [22] under  
Langmui r i an  condit ions ( r  ---- 0). Accordingly,  a nu-  
mer ica l  in tegra t ion  of Eq. [22] under  Temkin  condit ions 
at  constant  potent ia l  has been car r ied  out, using kl o = 
10, q = 6.9, and r l /RT  : 13, at  V : 0.1V (i.e., t ak ing  
the  revers ib le  potent ia l  to be about  1.1V vs. hydrogen  
as prev ious ly  discussed, at  about  1.2V). As before,  
react ion [B] is assumed to be a pseudoequi l ibr ium.  The 
calcula ted curve  (assuming 02 ~ 0.3 at  t - -  0 as an 
ini t ia l  bounda ry  condit ion) is shown in Fig. 12. The 
ini t ia l  r ap id  rise, fol lowed by  a s lower logar i thmic  
growth,  is character is t ic  of expe r imen ta l  curves.  This 
lends addi t ional  suppor t  to the  ideas discussed above. 
However ,  it  must  be admi t ted  tha t  such exper imen ta l  
curves  show no tendency  to go to a l imi t  at  0 ---- 1, 
indica t ing  that  bu lk  oxidat ion  (place exchange)  occurs 
at  h igher  coverages-- / .e ,  the  concept of an act ive site 
(1 --  0) t e rm is p robab ly  meaningless  at  h igh  cover-  
ages. 
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A P P E N D I X  
Since this  paper  was p repa red  for publicat ion,  two 

impor tan t  sets of expe r imen ta l  da ta  on the p la t inum 
oxida t ion- reduct ion  process have become available,  
namely  those of Vet te r  and Schul tze  (23), and Kos- 
lowska, Conway, and Sharp  (24). In  many  ways, they  
confirm the ma jo r  supposi t ions used above,  in p a r -  
t icular,  the ini t ia l  revers ib i l i ty  of the anodic peak  (in 
te rms of low or negl igible  Tafel  slopes) and the value 
of the Tafel  slope for the  cathodic process at med ium 
to high coverages, in addi t ion  to the  fal l  in the  ra te  
constant  for oxidat ion  by  severa l  orders  of magni tude  
as a function of coverage (in terms of the intersect ion 
point  of the anodic and cathodic Tafel  l ines (23). 

Above,  the  anodic peak  was considered to consist 
only  of a single phase mater ia l ,  in i t ia l ly  --OH, con- 
ver ted  very  r ap id ly  to --O.  Rea r rangemen t  of the  
surface caused the  - -OH ra te  constant  to fal l  wi th  
coverage,  so that  an i r revers ib le  cathodic peak, kinet i -  
ca l ly  contro l led  by  - -OH reduct ion occurs at  the  sur-  
face redox potent ia l  for the  r ap id  - -O  ~ - -OH process 
(about  0.SV vs. hydrogen  in the  same solut ion) .  The 
resul ts  repor ted  in Ref. (24) show tha t  the  assumption 
of a single surface phase needs modification. Two ini- 
t ia l ly  revers ib le  phases occur at  low coverages (e < 
~0.2, based on - -O coverage) ,  and at least  par t  of 
these surface compounds persis ts  along wi th  the re-  
a r ranged  surface phase [see also Ref. (12)],  especial ly 
at  low tempera tures .  These peaks  occur be tween 0.6 
and 1.0V and are  normal ly  pa r t i a l l y  masked  by  solution 
impur i t i es  [see for example  the  in tegra ted  cyclic scans 
of BSld and Bre i te r  (2), compared  wi th  a s teady-s ta te  
~-V curve obta ined under  high pur i ty  'conditions, shown 
by  Damjanovic  and  Brusic (25)].  The exis tence of a 
revers ib le  phas~ at  low coverage, fol lowed by  a 
progress ively  i r revers ib le  phase  above  1.0V, is sup- 
por ted  by  capaci tance measurements  (23), and has 
been suggested as an explana t ion  of oxygen reduct ion  
Tafel  slopes (25, 17) and res t  potent ia ls  of P t  oxygen 
electrodes (17). These ini t ia l  phases represen t  adsorp-  
t ion not  involving neares t  ne ighbor  sites (i.e., where  
r ea r rangemen t  is not  possible, as discussed above) .  

In  the  analysis  given in the  text,  i t  was proposed tha t  
the  revers ib le  potent ia l  of the  - -O -> - -OH react ion 
changes wi th  coverage. This expla ins  the  cathodic 
t rans la t ion  of the  reduct ion peak  at increased coverage 
(6) and the b roadened  quas i - revers ib le  peak  at low 
coverage (12, 24), where  the  peak  aspect  ra t io  is con- 
t ro l led  by  r l /RT  (see Fig. 9), owing to the  re la t ive  
change in the  ra tes  of the  two steps at  the  same poten-  
tial. This change in revers ib le  potent ia l  is confirmed 
by  the  t rans la t ion  of the cathodic Tafel  l ines as a func-  
t ion of coverage (23). Thus the  ini t ia l  revers ib le  phase 
peaks  m a y  consist  of - -OH ra the r  than  - -O [as sug-  
gested in Ref. (24)],  if the  surface redox  potent ia l  for 
the process - -O ~ - -OH is sufficiently ,anodic at  low 
coverage. The r ea r r anged  (0 > 0.2) phase, due to its 
different  free energy of formation,  exhibi ts  a lower  
(~0.8V) surface redox potent ia l  for this  reaction. 

I t  thus seems c lear  that  the  m a j o r i t y  of the  adsorbed 
oxygen on the surface at  coverages grea te r  than  0 = 
0.2 behaves  according to the  mechanism descr ibed in 
the  text,  wi th  the  par t ic ipa t ion  of smal l  amounts  of 
nonrea r ranged  phases whose reduct ion peaks  are  
h idden in the  leading edge of the  cathodic peak.  The 
i r revers ib le  phase formed at  high anodic potent ia ls  
would  be expected to have a l imi t ing Tafel  slope of 
2RT/F  at constant  0. This appears  in the exper imenta l  
resul ts  of Vet te r  and Schultze (23). The l a t t e r  authors,  
however ,  give a ve ry  different  mechanism of oxide 
format ion  and reduct ion f rom tha t  given here, based 
on a p lace-exchange mechanism. I t  does not seem l ike ly  
tha t  p lace  exchange can be involved in the  reduct ion 
ra t e -de te rmin ing  s t e p - - a n  e lect ron plus  pro ton  t ransfe r  
must  occur to expla in  the poten t ia l -pH dependence of 
the cathodic peak.  

The author  wishes to t h a n k  Professor  Conway for 
his unpubl ished  da ta  (24) and for helpful  discussions. 
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Cathode Reactants in High Energy Density 
Aprotic Battery Systems 

The Metallic Borosulfides 

Frank M. Kimmerle* and Ga~tan Giasson 
Chemistry Department, Universit~ de Sherbrooke, Quebec, P. Q., Canada 

The choice of cathodic mater ia l s  in aprotic ba t te ry  
systems represents  a compromise  be tween  high cell  
type  voltage, low equivalent  weight,  and compat ib i l i ty  
wi th  e lec t ro ly te  solvent  and  anode mater ia l ,  i.e., low 
se l f -d ischarge  leading to a long shelf  life. Among the 
severa l  t rans i t ion  meta l  sulfides and hal ides eva lua ted  
(1), only  one, the  couple CuS/Li ,  seems to have been 
exploi ted  commerc ia l ly  (2). 

This exp lo ra to ry  work  was unde r t aken  in order  to 
invest igate  the  u t i l i ty  of o ther  sulfur  compounds. Boron 
trisulfide has a very  high energy of format ion  and a 
low equivalent  weight  and thus an energy densi ty  in 
excess of 2000 W h r  kg  -1 for the reac t ion  

B2S3 + 6Li-~ 2B ~ 3Li2S 

Its  ve ry  hygroscopic nature ,  its high solubi l i ty  and 
chemical  reac t iv i ty  wi th  var ious  aprot ic  solvents, and 
its high degree of polar iza t ion  render  it, however,  
to ta l ly  unsui tab le  as an electrode mater ia l .  Al though 
the synthesis  and x - r ay  diffraction pa t te rns  of some 
t rans i t ion  meta l  borosulfides have been repor ted  in 
the  l i t e ra tu re  (3, 4) ve ry  l i t t le  is known about thei r  
physical  character is t ics  or chemical  behavior.  We sus- 
pected that  these compounds, in te rmedia te  be tween  the 
sulfides of the t rans i t ion  metals  and boron, might  com- 
bine the  chemical  iner tness  of the former  wi th  the  high 
energy  densi ty  of the  lat ter .  

Experimental 
Synthesis  of the  t rans i t ion  meta l  borosulfides was 

most convenient ly  carr ied  out  by  heat ing stoichiometr ic  

* Electrochemical  Soc ie ty  Act ive  Member .  
K e y  words:  aprotlc batteries,  borosulfides,  l i thium. 

mixtures  of e lementa l  boron, sulfur, and meta l  in an 
evacuated  sealed quar tz  or Vycor  tube (2). Heat ing  at  
t empera tu res  f rom 600 ~ to 1200~ was cont inued for 
2-4 weeks  depending on sample  size to ensure equi- 
l ib r ium conditions. The synthesis  using B2Sa and or 
me ta l  su l fdes  y ie lded  ident ical  compounds but  had  the 
inconvenience that  mix ing  of the reagents  in an iner t  
a tmosphere  was manda tory .  Four  compounds have 
definitely been identif ied f rom chemical  analysis  and 
comparison of thei r  x - r a y  diffract ion pa t te rns  wi th  
those repor ted  in the I i terature .  The i r  composit ions are  
given as AgBS, CUBS, Pb2B2Ss, and MnB2S4. The la t te r  
two correspond to a 2:1 and 1:1 rat io  of meta l  sulfide 
and boron trisulfide which may  be regenera ted  by  
thermolys is  decomposition.  Fu r the r  analysis  of the 
s t ruc ture  was not a t t empted  wi th  these polycrys ta l l ine  
mater ia ls .  

The borosulfides were  found to be ve ry  s table  in 
air, water ,  caustic solutions, and most minera l  acids 
wi th  the  exception of MnB2S4 which decomposed 
s lowly in wate r  to y ie ld  MnS and boric acid. Analys is  
by  gas ch romatography  (GC) af ter  30 days  contact  
wi th  three  aprotic solvents, p ropy lene  carbonate  (PC),  
d imethy l formide  (DMF),  and d imethylsu l fox ide  
(DMSO),  at  room tempera tu re  did not indicate signifi- 
cant  solvent  decomposition.  The solubil i t ies of the 
borosulfides (moni tored  by  chemical  analysis  and 
atomic adsorpt ion  over  a 60 day  per iod)  also indicated 
l i t t le  var ia t ion  ( < 5 % ) ,  fol lowed the order  PC < DMF 
<DMSO, and were  app rox ima te ly  equal  to those of 
the corresponding sulfides. 

Cathode disks of about  1 m m  thickness and 1V4 in. 
d iam were  fabr ica ted  in the fol lowing manner .  Af t e r  
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mortarizing the borosulfide, it was in t imately  mixed 
with 10-20% graphite (Fisher grade No. 38), powdered 
polypropylene (Du Pont) ,  and compacted at 800 kg 
cm -2 for several minutes  at 150~ onto a copper wire  
mesh. The porosity could be varied by including some 
electrolyte salt (e.g., LiC104, LiBr) which was sub- 
sequent ly leached out. For evaluat ion purposes we 
preferred this type of electrodes: rugged, quite flex- 
ible, and uni formly  smooth without  cracks or imper- 
fections. A lower polypropylene content  caused a cer- 
ta in  fragility, unevenness,  and a tendency for the 
electrodes to flake off but  it also resulted in material  
having higher current  densities and might therefore 
be preferred for practical work. The prototype cells 
used in these studies consisted essentially of three 
disks: the depolarizer, a fiber glass separator satu- 
rated with electrolyte, and a thin l i thium anode, 
pressed l ightly together at the bottom of a small 
cylinder. Although assembled in an Argon filled glove- 
box, they were dipped in  hot wax or covered with a 
layer of epoxy and kept for up to four months in the 
laboratory. A third electrode, consisting of a l i thium 
r ibbon plunged into the same electrolyte and connected 
to the cell by a Luggin capillary, was occasionally 
used as a reference electrode. Although its potential  
is wi thout  precise thermodynamic significance, it does 
facilitate a simple separation of the overpotentials 
into anodic and cathodic polarization effects. 

The aprotic solvents were twice redistil led from 
material  equil ibrated for one week with activated 4A 
Linde Molecular Sieves. The water  content (Karl  
Fisher Analysis)  was less than 50 ppm (PC), 60 ppm 
(DMF), and 150 ppm (DMSO). The electrolyte solutes 
LiC104 and LiBr, al though dried in a vacuum oven, 
at 150~ for 48 hr, contr ibuted some addit ional moisture 
but  further  purification was not deemed necessary for 
evaluat ion purposes. All cell discharges were carried 
out at 3 mA with 1V4-in. disks or at cur rent  densities 
of 0.4 mA cm -2 of geometric area at 23~ We con- 
firmed Dey's observation (5) that PC itself constitutes 
a cathode reactant  and  will  sustain 1V vs. the l i th ium 
electrode for several days, forming propylene (GC 
analysis) and Li2CO3 (x-ray diffraction analysis) .  
Analogous behavior was observed with mixtures  of 
acetonitrile (AN) and PC with LiBr electrolyte, while 
DMSO formed a thio ether (6). In  DMF however a 
rapid decay of the discharge potential  occurred and 
the init ial  current  can be a t t r ibuted to impurit ies from 
the solvent or graphite. 

Thus, despite the fact that  DMF displays a lower 
dielectric constant, lower specific conductance, and 

Table I. Cathodic reactant materials 

Wpraet . ,  
CouDles ,  E ~~  AG~, Cca |e . ,  W h r / k g  

L i / X  Vol t s  k c a l / m o l e  A - h r / g  Wealc. D M F  P C  

S 2.64 1.67 3080 
C u B S  1 . 9 9  - -  3 0  0 . 5 0 4  8 9 0  1 9 0  4 4 0  
Cu~S 2.40 0.337 740 310 -- 
CuS 2.33 0.561 1140 230 -- 
A g B S  2.07 -- 26 0.355 670 200 290 
Ag2S 2.71 0.216 560 100 - -  
Pb2B,2S5 2.18 - -  1 0 6  0.449 8 8 0  140 140 
P b S  2.25 0.224 480 50 - -  
MnB2S4 2.09 -- 100 1.05 1720 90 90 
M n S  1.92 0.616 1020 40 - -  

higher solubilities of the borosulfides, that  it polym- 
erizes to yield a gel in the presence of Li metal, and 
that l i th ium has not been successfully plated from Li 
solutions (i.e., that  the reaction is irreversible) (7), 
we chose to use a 1.4M LiC104 solution of DMF as an 
electrolyte since it allows us to follow the complete 
discharge of cathode reactant. Typical discharge curves 
are given in Fig. 1. For AgBS plateaus corresponding to 
two one electron changes can clearly be discerned and 
close to 100% current  efficiency is observed, although 
not at useful potentials. The potential  decreases gradu- 
ally for CuBS and Pb2B2S5 but  two regions are again 
clearly distinguishable. MnB2S4 which has the highest 
solubili ty also gives the poorest performance yielding 
only about 15% useful discharge. The polarization of 
the l i th ium electrode remained below 0.5V during the 
first part  of the discharge increasing slightly when  the 
second plateau was reached. 

Figure 2 indicates that the performance is signifi- 
cantly improved using PC or PC-AN electrolytes. For  
AgBS, as incident ly for AgeS, Cu2S, and CuS, the im-  
provement  is due almost ent irely to a decrease of the 
polarization of the l i th ium anode. The CuBS now shows 
a distinctive plateau at 1.6V and about 50% utiliza- 
tion before the decomposition of the electrolyte be- 
comes evident. Mixtures of PC and AN having a lower 
freezing point gave almost identical results and sig- 
nificant improvements  in performance should be sought 
by changing the physical characteristics of the elec- 
trodes such as porosity, opt imum thickness, etc. 

An evaluat ion of these cathodic materials is made 
in Table I. Apparent  current  densities, electrode prep- 
aration, cell design, etc., were kept as identical as 
possible and thus, al though arbitrari ly,  established a 
basis of comparison. Column 2 indicates that the open- 
circuit  voltages of the t ransi t ion metal  borosulfides 
are lower than  the respective sulfides and a modest 2V. 
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Fig. 1. Discharge characteris- 
tics of metallic borosulfide. 
Cathode and anode potentials vs. 
Li reference electrode in DMF 
(1.4M LiCI04). �9 �9 CUBS; �9 �9 
AgBS; []  [] Pb2B2S~; � 9 1 4 9  
MnB2S4. 
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However ,  the  lower  equiva len t  weight  and hence C 
(column 4) indicate  the  reason for the  compara t ive ly  
high theore t ica l  energy  dens i ty  (column 5). The free 
energy  of format ion  of the  four new depolar izers  
(column 3) were  ca lcula ted  f rom the  electrode po-  
tent ia ls  of the  couples L i / S  and L i / X  and the  z~Gf for  
the  meta l l ic  sulfides and m a y  include an  uncer t a in ty  
of up  to 10%. The prac t ica l  energy dens i ty  was estab-  
l ished by  in tegra t ing  the area  be tween  anode and 
cathode potent ia ls  of graphs  such as Fig. 1 and 2 up 
to the  end of the first d ischarge plateau.  

The highest  energy densi ty  was obta ined for CuBS 
exceeding tha t  of the  copper  sulfides, and the other  
th ree  borosulfides also show s t r ik ing improvements  
wi th  respect  to thei r  sulfide analogs. 

P re l imina ry  resul ts  indicate  fur ther  that  the CuBS 
and AgBS wi l l  suppor t  cur ren t  densi t ies  of up to 5 
m A c m  -2  for short  per iods  and tha t  50% discharged 
electrodes m a y  be recharged  severa l  t imes  a l though 
at  low power  efficiencies. 

Conclusion 
The discharge curves  obta ined at  room t empera tu re  

indicate  c lear ly  that  wi th  opt imizat ion of e lectrode 
porosity,  electrolyte,  and cell  configuration, pe r form-  
ance in excess of the  insoluble  meta l  sulfides can be 
realized. The synthesis  of the  meta l  borosulfides em-  
p loyed  is fa r  too expensive  to w a r r a n t  prac t ica l  in ter -  

est. Never the less  the  p ro jec ted  cell  pe r fo rmance  is 
sufficiently compet i t ive  to encourage us to establish 
discharge efficiencies at  low t empera tu re s  and s torage 
life at h igh t empera tu res  using pro to type  bat ter ies .  
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The Kinetics of Fd +/FeCI  +/HCl(aq) 
on Pyrolytic Graphite Electrodes 

B. G. Ateya* and L. G. Austin** 
Department of Materials Science, Fuel Science Section, 

Pennsylvania State University, University Park, Pennsylvania 16802 

Si lve rman  and Dodson ( I )  have  shown that  the  
homogenous e lec t ron-exchange  react ion of i ron in 
s t rong hydrochlor ic  acid solutions involves the  ions 

* Electrochemical Society S t u d e n t  A s s o c i a t e .  
* J  Electrochemical Society A c t i v e  M e m b e r .  
Key words: exchange current, activation energy. 

FeCl2 + and Fe  2 + and they  give ac t iva t ion  energies  and 
entropies  of 9.7 kca l /mo le  and --20 ca l /deg  mole  for 
this  exchange.  The corresponding fer rous-fer r ic  elec- 
t rode  reac t ion  is 

FeCI2 + -p e -  ~ - F e  ~+ -I- 2C1-; E ~ --  0.7O0V ( i fHC1)  
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where FeC12 + is the predominant  ferric species in con- 
centrated hydrochloric acid solutions. 

We have determined transfer  coefficients, exchange 
currents, and the activation energy for this reaction 
on the edge atom and basal plane faces of pyrolytic 
graphite, using the rotat ing disk technique. 

Experimental 
The pyrolytic graphite electrode used was obtained 

from the General  Electric Company and had a theo- 
retical density of 2.223 g /cm 3 and a measured density 
of 2.21 g/cm s, indicating negligible porosity. It  was 
machined to a cylinder of 1/8 in. diam, with edge atom 
face at the ends. The electrode was fitted with shrink-  
able Teflon tubing over the immersed region. It was 
found necessary to spray a thin Teflon layer over the 
rod, fit and heat-shr ink the shr inkable  tubing, and then 
reinforce the tightness at the end by shr inking another 
short piece of tubing over the first. This technique 
prevented slow creep of electrolyte between the tubing 
and the electrode cylindrical  surface. The electrode 
end was then machined, perpendicular  to its axis, and 
polished, using 0.3 and 0.05~ a lumina  powder, to a 
mirror- l ike finish; the polished surface had a double 
layer capacity of about one- tenth  of the machined sur- 
face. After rinsing, the surface was cleaned by briefly 
evolving first oxygen and then hydrogen. The same 
procedure was used to prepare electrodes of 0.6 cm 
diam, used in the t ransi t ion t ime measurements.  

No precautions were taken to ensure ul t ra-high 
pur i ty  conditions, since the rate of the redox reaction 
is sufficiently high to dominate over any impur i ty  re- 
action. The electrode was used in a rotat ing disk 
assembly capable of a range of speeds up to 12,000 
rpm, measured by a stroboscope; the electrode assembly 
weighed about 2g and the system gave no observable 
vibrations. All  tests were run  in  4h r HC1 which is 
strong enough (2) to make FeC12 + the major  oxidized 
species. Electrode potentials were measured using a 
Luggin capil lary and a saturated calomel reference 
electrode. The junct ion potential  was estimated to be 
30 mV, giving a theoretical reversible potential  for 
equal concentrat ions of ferrous and ferric i ron of 
0.425V vs .  the reference electrode. The open-circuit  
potential  observed for 0.093N ferrous and 0.096N ferric 
was 0.433V vs .  the reference electrode. The counter-  
electrode was an inch-long p la t inum wire  bent  in  a 
circle around the axis of the test electrode and posi- 
tioned well  below it: movement  of the counterelectrode 
did not affect the results. 

A b lank  test with no dissolved iron gave residual 
currents  of less than  0.3 m A / c m  2 over the potential  
range --0.2 to -t-l.0V vs .  the reference; the effect of 
residual cur ren t  was negligible under  all test condi- 
tions. The resistance between the test electrode and 
Luggin tip was estimated by the b lanked-out  portion on 
an oscilloscope trace on current  in te r rupt ion  using a 
mercury-wet ted  relay in terruptor  circuit. Double-layer  
capacity was measured in  0.5M K2SO4 using a tri-  
angular  voltage sweep method, so that  the relative area 
of different electrodes could be compared. Potassium 
sulfate gave a wide voltage range  in  which double-  
layer capacity was constant, whereas pseudocapacity 
was present  in 4N HC1 as the electrode went  toward 
the chlorine evolution potential. 

Results 
Using the formation constants of 30.0, 4.0, and 0.1 (3), 

the equi l ibr ium ratios of ferric i ron species at room 
temperature  were calculated to be FeC12+ = 0.04, 
FeC12 + = 0.68, and FeC13 ---- 0.27. To test whether  slow 
chemical steps were contr ibut ing to the rate expres- 
sions, galvanostatic t ransi t ion times were measured 
for both anodic and cathodic currents.  Over a range 
of t ransi t ion times from 0.3 sec to near ly  30 sec, i~ 1/~ 
was constant  wi thin  ___3% for each current  direction, 
giving values of diffusion coefficients of (5.7) (10 -6 ) 
and (5.5) (10 -8) cm~/sec, anodic and cathodic respec- 

tively, based on total i ron concentrations. It was con- 
cluded that chemical steps did not affect the rate at 
the high current  density used, almost 40 m A / c m  2. 
Calculations of the diffusion layer thickness showed 
edge effects to be negligible. 

From the theory of the rotat ing disk electrode (4) 

iL = 0 . 6 2 n F D  2Is ~-1/6 ~1/~ Rb A/cm 2 [1] 

For the range of Reynold's numbers  used, the Newman 
correction (5) to Eq. [1] is less than 0.1%. Figure 1 
shows a typical set of data. It  is seen that  the equation 
is obeyed both for oxidation and reduction directions. 
Using a mean value of kinematic viscosity of 10 -2 
stokes, the measured values of D as a function of 
temperature  are shown in Fig. 2. Thus, for the oxidized 
and reduced species 

D = (5) (10 -6) exp - - ~  298----'~ 

_ 20% cm2/sec 

over the range T = 273~176 It is evident that 
within the experimental  error of the tests the difference 
between the diffusion coefficients of the oxidized and 
the reduced species is too small  to be detected. 

If the reaction is a simple, first-order, one-electron 
transfer  reaction, the net anodic current  is 
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Fig. 1. Test of Levich rotating disk equation for ferrous (cathodic) 
and ferric (anodic) ions in 4N HCI. 
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i = io[(Rs/Rb)  exp ( a ~ l / b )  - -  (Ps/Pb) e x p ( - - ~ l / b ) ]  [2] 

where subscripts S and b refer to surface and bulk  
concentrations. Since the rotat ing disk gives a uni form 
diffusion layer thickness 

Rs/Rb - - -  1 -- iliLa 

Ps/Pb  = 1 + i/iLc [3] 

where  iLa and iLc are l imit ing anodic and cathodic cur-  
rents, which are readily measured at a given rpm. Then 

---- 2.3 (b/a)  log q -- 2.3(b/a)  logio 
where 

1 
q = [4] (1 ) 

~, iLa - -  T + ~$Lc exp  ( - - ~ / b )  

The measured polarization, ~m, was corrected for ir  
between the electrode and Luggin tip using the re- 
sistance r measured as described above, ~ -- ~m -- it. 
The relat ive magni tude  of the ir correction depended 
on conditions but  was always less than  30%. Figure 3 
shows some typical  plots of ~ vs. log q. 

I t  is concluded that  the simple kinetic expression of 
Eq. [2] adequately describes the experimental  results, 
at  least up to currents  of about 0.7 of the l imit ing 
current.  The values of the transfer coefficients a and 
determined from the slopes of the lines are ~ ---- 0.4 
• 0.04, anodic, and ~ = 0.6 • 0.04, cathodic, so that  

~ ~ ---- 1.0. The concentrated electrolyte used makes 
diffuse double-layer effects fairly small  (6), so that 
these values are significantly different from one half. 
From the slope and intercepts the values of exchange 
current  density are obtained. Figure 4 shows io as a 
function of temperature;  hence the apparent  activa- 
t ion energy, E*, is estimated to be 11.5 kcal/mole, 
with true values (7) of 18.0 kcal /mole anodic, 1.8 
kcal /mole cathodic. The double-layer  capacity was 
estimated to be 35 • 3 ~f/cm 2, in the potential  region 
0.1-0.5V (vs. standard calomel reference) where resid- 
ual  current  and surface adsorption are a minimum. 

The experiments  were repeated using the basal 
plane of the pyrolytic graphite as the reacting face. A 
0.3 cm thick disk containing a 0.15 by  0.15 cm hole was 
fitted to a corresponding stud on a cyl inder of the 
graphite cut to give edge atom face contacting basal 
plane face, thus acting as a current  collector. The 
double- layer  capacity was 32 • 3 ~f/cm 2 both for un -  
polished and polished basal plane face. However, 
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because the pyrolytic carbon is an approximation to a 
single crystal of graphite, the electronic conductivity 
normal  to the basal plane is lower and  somewhat 
higher ir effects were observed via the b lanked-out  
portion on current  interruption.  The exchange current  
density for the basal p lane  face was three to four times 
smaller than  that on the edge atom face, depending on 
the temperature,  as it also appeared to have a slightly 
lower activation energy (see Fig. 4). 

Conclusions 
By rotating disk electrode measurements  it is 

concluded that the diffusion coefficients of both 
iron species in 4N HC1 are about (5) (10 -6 ) exp 
[4500/2 ( T -  298/298T)] _ 20% cm2/sec. The kinetics 
of the reaction 

FeC12 + ~ e -  ~=~ Fe 2+ -t- 2C1- 

on the edge atom and basal plane surfaces of pyrolytic 
graphite, in the presence of excess H + and CI- ,  appear 
to be first order in iron species with one-electron 
transfer. The transfer  coefficients are ~(anodic) ---- 0.4 
• 0.04 and ~(cathodic) = 0.6 • 0.04. These values are 
in good agreement  with t ransfer  coefficient values on 
p la t inum in different media (8). Exchange current  
density at 25~ is (4) (10-~) A / c m  2 for concentrations 
of 0.094N ferric, 0.06N ferrous, or k ---- (5.2)(10 -4) 
cm/sec, assuming uni t  activity coefficients. This agrees 
with the value of 2.29 X 10 -4 cm/sec reported by 
Galus and Adams (9) for the same reaction at carbon 
paste electrode. The apparent  activation energy over 
the temperature  range 273~176 is 11.5 kcal/mole.  
This is slightly larger than  the value of 9 kcal /mole on 
p la t inum in  1N HC104 reported by Randles (10). The 
rate parameters  are based on uni t  polished surface area, 
with double- layer  capacity in 0.5M K2SO4 of 35 • 3~f/ 
cm 2. The rate constant  on basal plane of the same re- 
active area as the edge atom plane is (1.5) (10 -4) cm/  
sec at 25~ and the activation energy is 9.5 kcal /  
mole. The Newman J factor (11) for these exchange 
currents  is roughly 0.05, so that correction for the 
position of the Luggin capil lary is negligible. 
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RT/F  
diffusion coefficient, cm2/sec 
apparent  activation energy of the electrode re- 
action 
s tandard rate constant  at the reversible poten- 
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Faraday,  96,500 coulomb/g equivalent  
exchange current  density, A/cm 9 
anodic l imit ing current,  A / c m  2 
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reactant  concentrat ion at electrode surface and 
in the bulk  of electrolyte 
same as above for product concentrat ions 
a current  function defined by Eq. [4] 
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anodic transfer coefficient 
cathodic t ransfer  coefficient 
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measured total polarization 
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Vapor-Deposited Gold Electrodes: Effects of Undercoatings 
Radoslav Adzic, 1 Jean Horkans,t B. D. Cahan,* and Ernest Yeager* 

Department of Chemistry, Case Western Reserve University, Cleveland, Ohio 44106 

Vapor-deposited metal-film electrodes on smooth 
glass substrates are at tract ive for optical reflectance 
studies of electrochemical systems because of the high 
optical qual i ty of the surface and a ratio of true to 
apparent  area relat ively close to unity. With gold, the 
double layer capacity of the vapor-deposited films has 
been found by the authors to be approximately one- 
half that  observed on mechanical ly polished electrodes 
of the bulk  metal  at the same potentials. Metals such 
as gold, however, do not adhere well  when  deposited 
directly on a glass substrate, and some kind of under -  
coating general ly has been used by various authors 
(1-4) in order to obtain adherence, e.g., Paik  et aI. (3) 
used glass Ta-Pt-Au.  A number  of substances yield 
adherent  vapor-deposited gold films. The purpose of 
this note is to call a t tent ion to the fact that these 
undercoats can seriously interfere with the optical and 
electrochemical measurements.  

Four undercoats on glass have been examined for 
gold films: a sputtered tan ta lum underlayer ,  a plati- 
n u m  over t an ta lum layer, a sputtered t i tan ium under-  
layer, and a sputtered n iobium layer. Only the nio- 
b ium was found to be a satisfactory undercoating. 

The glass substrate (microscope slide) was cleaned 
by ultrasonic t rea tment  first in Alconox solution and 
then in distilled water  and finally vapor degreased in 
isopropanol. After  the vacuum chamber was pumped 
down to a pressure of ~10 -6 Torr, the substrates 
were heated to -~200~ to drive off any residual vola- 
tile impurit ies and then mainta ined at ,~100oc dur ing 
the course of vapor deposition. The Nb is presputtered 
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t Electrochemical  Soc ie ty  S tudent  Member .  
x P e r m a n e n t  address: Ins t i tu te  of Chemist ry ,  Technology and 
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K e y  words: specular ref lectance of  electrodes, gold electrodes,  

vapor-depos i ted  electrodes.  

for ~1 hr before the shutter  is opened and a film of 
approximately 10-50A thickness is deposited on the 
substrate. A thick (2000-5000A) film of Au is evapo- 
rated on this undercoat ing in the same vacuum system 
without exposing the Nb layer to air. 

A much better  vacuum than the 10 -6 Torr avail- 
able for the present work is required for the vapor 
deposition of most metals to avoid oxide formation. 
Fortunately,  gold does not oxidize and hence high 
qual i ty films could be deposited even with this poor 
vacuum. 

The current-potent ia l  behavior in the double layer 
region of such an Au electrode in  1N HC104 is shown 
in Fig. 1. The squareness of the vol tammogram indi-  
cates that  the pr imary  process occurring in this po- 

4 

O 

- 4  

I I i i i I I I I I 
.2 .4 .6 .8 1 

E ( V )  v s .  o & P d H  

Fig. 1. Voltammetry curve for evaporated gold film with a niobium 
undercoating in 1M HCI04. Sweep speed 20 mV/sec at ~25~ 
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Fig. 2. Wovelength dependence of the electromudulation coeffi- 
I dR 

cient, X " - - - - - ~ ,  at different potentials, a-Pd-H reference 
R dE 

electrode, for evaporated gold electrode with a niobium undercoat- 
ing in 1M HCIO4. Angle of incidence = 45 ~ parallel polarization. 

tential  region is double layer charging. No small peaks 
are observed which would indicate the presence of 
impurit ies or interference from the undercoat. 

The electroreflectance was measured at various elec- 
trode potentials using an a-c potential  modulat ion (35 
mV rms) with a phase sensitive detection system and 
a single reflection. In  Fig. 2 the in-phase port ion of the 
electromodulation coefficient, x ---- R-ldR/dE, mea- 
sured at 45 Hz is shown; under  these conditions, the 
out-of-phase port ion of the signal is very small  com- 
pared to the in-phase portion. The magni tude  of x 
increases with increasing electrode potential. The posi- 
t ion of the peak at 500 nm is independent  of potential. 
The electrochemical and optical behavior of the Au 
electrode with a Nb undercoat  are in good agreement  
with results obtained using bulk  A u  either electro- 
polished or mechanical ly polished. 

Substant ia l  complications have been encountered 
with other undercoatings. The use of Ta directly under  
Au has been found to be unsatisfactory because of 

apparent  formation of a Ta-Au alloy or compound with 
considerably different spectral properties than pure 
Au. A T a - P t - A u  sandwich was tried with the in ter -  
mediate  Pt  layer to isolate the Ta from the Au. The Pt, 
however, interfered considerably with both the 
electrochemical and optical measurements.  The voltam- 
metry  curves showed evidence of hydrogen peaks in-  
volving p la t inum and the wavelength and potential  de- 
pendence of x was changed as can be seen from a com- 
parison of Fig. 2 with corresponding figures in  earlier 
publications (1, 2). The changes in the electroreflec- 
tance are believed to have been caused by part ial  
exposure of Pt  or a P t -Au alloy. 

T i tan ium was also investigated as a possible under-  
coat. Effects due to Ti were evident  in the voltam- 
met ry  curves with the appearance of an addit ional peak 
at ~0.95V vs. a-PdH reference electrode. The addition 
of t i t an ium sulfate to the solution was found to in-  
tensify this peak, thus indicating that t i t an ium prob- 
ably entered the solution from the substrate layer. 
During cyclic vo l tammetry  studies with halide ions 
present  in solution, the Ti undercoat  was attacked 
sufficiently rapidly that the disappearance of the under -  
coat could be seen from the reverse side through the 
glass after a few hours. This raises questions concern- 
ing the use of Ti as an undercoat for gold [see, for 
example, Ref. (4) ]. 

Niobium appears to be a satisfactory undercoat  ma- 
terial, showing good agreement  with bulk  Au electrodes 
in both the vol tammetry  and optical measurements.  
The only difficulty so far encountered is in unbuffered 
aqueous NaF solutions, where some attack of t he  under -  
coat occurs. The authors advocate the use of an Nb 
undercoat  in studies involving metal-fi lm electrodes. 
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ABSTRACT 

The composi t ion-equil ibr ium sulfur  pressure isotherm at T ---- 700~ for 
the system CrSx with 1.000 < x < 1.500 is reported. The phases CrS, CrvSs, 
CrsS6, Cr3S4, Cr2S3 (tr igonal) ,  and Cr2Sz (rhombohedral)  were found and 
their existence ranges determined. Cr3S4 has a wide range of homogeneity and 
deviations from stoichiornetry wi thin  this range can be described with the aid 
of a Wagner-Schottky model. The phase changes between adjacent sulfides are 
first order and the free energies of these reactions are reported. 

The present-day use of Ni-Cr alloys at high temper-  
atures in sulfur  containing atmospheres points up the 
current  paucity of knowledge of the system Ni-Cr-S. 
Its phase diagram is, of course, essential to the under-  
s tanding of chemical reactions between the components. 
In  a companion study (1) to the present work, isother- 
mal  sections of this diagram are reported. They indi-  
cate that  the lowest free energies are reached in the 
region of the chromium sulfide phases, this factor con- 
troll ing the behavior of the te rnary  system. The ther- 
modynamics of the Cr-S b inary  system are therefore 
of considerable interest. To date, however, structural,  
thermodynamic,  and kinetic studies have failed to 
yield a complete and self-consistent picture. 

Je l l inek (2) has determined the structures and ex- 
istence ranges of the chromium sulfides which are 
reproduced in Table I. All sulfides were synthesized 
at 1000~ and x-ray powder pat terns determined at 
room temperature.  CrvS8 and higher sulfides were 
found to be stable at room temperature.  On the other 
hand, it appeared that the homogeneity range of CrS 
is nar rower  at room tempera ture  than at the tempera-  
ture of preparation. Thus, quenching led to dispropor- 
tionation. The compositional ranges were estimated 
from the results of synthesizing sulfides from known 
amounts  of the elements. Therefore, they are imprecise. 

More recently, Igaki et al. (3) studied the Cr-S sys- 
t em by determining the sulfur part ial  pressure (Ps2) in  
equi l ibr ium with sulfides of known stoichiometry. In  
contrast  to Jell inek, they conclude that  CrS~ in the 
range 1.200 --  x < 1.390 is homogeneous. This observa- 

* Electrochemical Society Act ive  Member .  
Key words: defects, solid-state, phase changes. 

tion is difficult to understand as symmetry arguments 
(4) predict that the phase change CrsS6 ~ Cr3S4 is first 
order. Trigonal Cr2S3 and rhornbohedral Cr2S3 were 
found to have existence ranges of, respectively, 1.420 

< -x < 1.403 and 1.463 < x < 1.480. Thus, both phases 
are metal excess with respect to Cr2S8. 

Igaki et aL also determined the standard free energy 
of the reaction 

2Cr3S4+ (s) �9 1/2 S2(g) ~ 3Cr2Ss-(s) 
as 

AG ~ : --5.90 )< 104 Jr 38.6T cal 

for 1270~ < T < 1370~ Here Cr3S4+ represents the 
sulfur rich limit of the phase and Cr2S3- represents 
the metal rich limit of the trigonal phase. The only 
other thermodynamic information available for the 
system is the determination by Hager and Elliot (5) 
of the free energy of formation of the lowest stable 
chromium sulfide in equilibrium with chromium metal. 
They found AG ~ : --48,400 (-+-ii00) ~- 13.4 (• 
cal for 1375~ < T < 1570~ referred to 1 a tm sulfur 
atoms. The identification of the sulfide phase was, 
however, equivocal. 

Despite the discrepancies between the results of 
Je l l inek and Igaki et al., it is clear that  some at least 
of the chromium sulfides are nonstoichiometric over 
considerable ranges. The na ture  of the lattice defects 
responsible for these deviations from stoichiometry is 
of interest  but  no investigations in this field have been 
reported. Indirect  evidence may, however, be found 
from kinetic studies of the 8ulfidation of chromium 
metal  and chromium alloys by invoking the Wagner-  
Hauffe theory (6, 7). 

Table I. Properties of CrS~ 

Existence range 

Phase Symmetry Jellinek (2) Igaki et al. (3) Present work 

CrS M o n o c l i n l c  N a r r o w  
CrTSs Trigonal 1.136 < x < 1.149 
Crr~s T r i g o n a l  N a r r o w  

CrY4 M o n o c l i n i e  1.265 < x <: 1.316 
Cr2Ss (tr) Trigonal Narrow 
Cr~Ss (rh) Rhombohedral Narrow 
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1.200 < x < 1.390 

1.420 <: x < 1.463 
1.463 < x <: 1.480 

1.130 < ~c <: 1.142 
1.190 < x <: 1.203 

1.286 <: x < 1.377 
1.423 < x < 1.463 
1.463 < ~c <: 1.500 
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Mrowec et al. (8) found that  the rate of sulfidation 
of chromium with minor i ty  additions of nickel was 
lower than that  of pure chromium. In  both cases the 
sulfide product was Cr2Ss. If the nickel  is assumed to 
be incorporated as Ni 2+, then the kinetic effect may be 
explained if Cr2S3 is a metal-deficit  material.  Thus, 
the introduction of cations having a lower charge re-  
duces the number  of cation vacancies and hence the 
cation diffusivity. This conclusion is in conflict with 
the observation of Stratford and Hampton (9) that  
the addit ion of molybdenum lowers the sulfidation rate 
of chromium. If the alloying element  is incorporated 
as Mo 4+, then a metal  excess structure for Cr2S3 must  
be invoked to explain the kinetic effect. 

In  the present study the composit ion-equil ibrium 
sulfur pressure isotherm at T ---- 70O~ was constructed. 
From it are deduced the na ture  of phase transit ions 
(first order or otherwise),  the free energies of these 
transitions,  and the existence ranges of the various 
sulfides. The Wagner-Schot tky model (10) of non-  
stoichiometry is employed in  a discussion of the prob- 
able point defects responsible for deviations from 
stoichiometry. 

E x p e r i m e n t a l  
Chromium sulfide of ini t ial  composition CrS,.soo_+0.00~ 

was equil ibrated at 700~ with controlled part ial  pres- 
sures of sulfur. Equi l ibr ium was judged to be at tained 
when the sample weight was constant  to wi th in  one 
part  in  104 over a period of 8 hr. The composition of 
the sulfide was calculated from the weight loss of the 
sample assuming chromium to be involatile. At selected 
compositions, the sample was analyzed for sulfur by 
combustion and subsequent  iodometric determinat ion 
of the product SO2. Results obtained in this way were 
always in agreement  [to wi th in  the analyt ical  error  
of • weight per cent (w/o ) ]  with those calcula- 
tions from weight losses. 

As the equi l ibrat ion process is slow, the same sample 
was ,brought to equi l ibr ium at successively lower values 
of Ps2 unt i l  a composition of approximately CrS was 
obtained. Reproducibil i ty of the resul t ing set of Ps2 
vs. x values was checked by equi l ibrat ing the CrS 
at a few successively higher values of Ps~ unt i l  a 
composition of CrS1.50 was regained. It  was found in 
this way that  the error in x was • 

Sulfur  pressures were controlled by mixing known 
proportions of H2S and H2 and flowing the resul tant  
mixture  over the sample at 700~ The flow rates of 
the individual  gases were measured with flowmeters 
calibrated by the soap bubble  method. Gas mixtures  
were analyzed for H2S by the method of Dunicz and 
Rosenqvist (11) and  Ps2 was calculated from the 
thermodynamic  data of Lewis and Randal l  (12). A 
"once-through" gas flow system was chosen in  prefer-  
ence to a circulating gas system for the reasons enum- 
erated by Hager and Elliott (5). Tests with argon 
and ni trogen showed that  gas adsorption on the sample 
gave rise to no detectable weight change. 

The tempera ture  of the chromium sulfide sample was 
measured to wi th in  _2~ and controlled at 700 ~ • 4~ 

Phase identification was accomplished by  comparing 
Debye-Scherrer  powder pat terns  with those obtained 
by  Je l l inek (2). 

Materials . - -Matheson ul t rahigh pur i ty  hydrogen 
(<10 ppm total impurit ies)  and Matheson C. P. grade 
H2S were employed. For very  low sulfur  pressures, 
Matheson premixed H2-0.5% H2S was fur ther  diluted 
with hydrogen. Chromium sulfide was supplied by 
Atomergic Chemetals as nomina l ly  99.995% Cr2S3. Its 
analysis is given in  Table II. 

Table II. Analysis of Cr~Ss starting material 

E l e m e n t  N i  Co Cu Fe Ca M g  Mn V 

C o n c e n t r a t i o n  
(ppm) <i0 <20 20 110 I00 18 ~3 -- 

Resul ts  
The Ps2-composition isotherm at T = 700~ is shown 

in  Fig. 1. Also shown in  this figure are the results of 
x - ray  s tructure determinations.  All phases found by 
Je l l inek (2) were detected. Existence ranges for the 
sulfides are summarized in Table I. Owing to the large 
uncer ta in ty  in  Ps2 in the region 1.0 < x < 1.1 it is not 
possible to state the existence range of CrS. It  would 
appear from the results of Je l l inek  (2) that  CrS is in 
fact closely stoichiometric. According to our observa- 
tions CrvS8 and Cr5S6 have quite narrow existence 
ranges, the results for the former being in  close agree- 
ment  with those of Jell inek. 

All  phase changes are first order with the possible 
exception of t r igonal  Cr2S3 --> rhombohedral  Cr2S3. The 
data are not sufficiently precise to determine the na ture  
of this transit ion.  The t ransi t ion Cr5S6 --> Cr8S4 is 
clearly first order whereas Igaki et al. find no discon- 
t inui ty  in their  x vs. Ps2 plot in  this region. 

Free energies at T ---- 700~ for the various phase 
equil ibria may be calculated directly from the equi- 
l ibr ium Ps2 values. Referred to 1 atm S2(g) they are 

2Or + S2(g) ~ 2OrS 

14ORS1+ + S2(g) ~ 2Cr~Ss- 

5CrTSs+ + S2(~) ~ 7CrsS6- 

3Cr5S6+ + S2(g) ~=~ 5CrsS4- 

~Go9~8 _ - 6 7  _+ 4 kcal 

AGo973 : --60.1 -4- 0.4 kcal 

AGo97z = - -  57.4 • 0.4 kcal 

AG~ = --55.7 "+" 0.8 kcal 

O ~  

"% - IO  - 
o~ 

-15 - 

4CrzS4+ + S2(g) ~ 6Cr2S3-(trig) 
AG~ = --37 • I kcal 

xCr2S3+ (trig) -~- S2 (g )  ~ yCr2S3-(rhom) 
AG~ = --32.5 • 0.8 kcal 

If Hager and Elliott 's  free energy of formation for the 
lowest sulfide is extrapolated to T ---- 700~ a value 
of --70 ~- 2 kcal results. The agreement  between this 
value and the one obtained in  the current  work for 
the first reaction above indicates that  the sulfide 
formed by Hager and Elliott was indeed CrS. Extrapo- 
lat ion of free energy data (3) for the phase change 
Cr3S4+ --> Cr2S3- leads to AG~ -- --43 kcal, in poor 
agreement  with the present  results. 

Nonstoichiometry in the phase field of Cr8S4 may be 
defined in terms of a quanti ty,  4, such that the compos- 
ition of the mater ial  is given by Cr8S4+~. The logarithm 
of [4[ is plotted against log10 Ps2 in Fig. 2. The slopes 

I I I i I Cr 2 S3rlh. 
Cr 2 S 3 E ' - ' - - -  

Cr 3 S 4 
Cr5 S_6 
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CrS 

{ 
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t 
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U 
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1.0 I.I 1.2 L3 IA  1.5 

'x' in C rS  x 

Fig. 1. Ps2-composition isotherm at 700~ Results of powder pat- 
tern phase identifications are shown in upper part of figure. Points 
with horizontal arrows are in two-phase fields. 
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Fig. 2. Dependence of nonstoichiometry in Cr3~+.~ on Ps2 

of the l inear  portions of this plot are such that  

o: ps2Z/2 A > 0 
and 

--A cc ps2-2/3 ~ ~ 0 

This behavior is discussed in the following section. 
The two forms of Cr2S3 both display metal  excess 

type nonstoichiometry. The precision of our data is 
insufficient to deduce a pressure dependence. Stratford 
and Hampton (13) also find Cr2S8 to be metal  excess. 

Discussion 
A defect reaction model for nonstoichiometry must  

not only explain the exper imenta l ly  observed pressure 
dependence but  must  also be consistent with the known 
crystal s tructures of the compounds. The extraordin-  
arily wide existence range of Cr3S4 and the f requent  
appearance of this mater ia l  as a result  of sulfidation of 
Cr and Ni-Cr alloys (1, 14) make the defect s tructure 
of Cr~S4 a subject of some interest. Per t inen t  consider- 
ations are the crystal s tructure of Cr3S4 and the ad- 
jacent  phases Cr2S3(trig) and Cr5S6. 

The NiAs type s tructure in which all the sulfides 
crystallize may be visualized as consisting of approxi- 
mately hexagonally close-packed sulfide ions in the 
octahedral interstices of which s t ructure  the metal  
ions reside. The sublattice of octahedral sites is, how- 
ever, fully occupied only in the case of CrS. The cation 
sublattice in sulfides higher than Cr7S8 consists of 
a l ternately filled and part ia ly filled layers at r ight  
angles to the c axis. The part ial ly filled layers have, 
in Cr5S6, every third site vacant, in CrsS4, every 
second site vacant, and in trigonal Cr2S8, two in every 
three sites vacant. The rhombohedral  modification of 
Cr2S3 is slightly less well  ordered than  the tr igonal 
form. 

It is to be emphasized that  the vacancies mentioned 
above are characteristic of the pure stoichiometric 
compounds. They therefore bear no charge but  are, 
of course, available for occupancy by other species. 

According to Je l l inek (2), the bonding in chromium 
sulfides is best regarded as consisting of ionic Cr-S 
bonds and metallic Cr-Cr  bonds. In  fact, CrsS, shows 
metall ic conductivi ty (15). Whilst  a purely ionic pic- 
ture  is undoubtedly  an oversimplification it is useful 
in formulat ing defect reactions and will  be employed 
in  this discussion. 

It  has been suggested (15) that the half-filled metal  
layers in CrsS+ are occupied by Cr e+ ions while the 
completely filled layers are occupied by Cr s+ ions. 
(The metallic conduction of Cr3S4 can be rationalized 
wi thin  the f ramework of this model.) If the sulfide 
ions form a t ru ly  close-packed hexagonal  array, then 
taking the radius of S 2- as 1.84A, the radius of an 
octahedral site is 0.76A and that of a te t rahedral  site 
is 0.41A. It is therefore improbable that S ~- will 
occupy any site other than  its normal  hexagonal  one. 
The radii  of Cr ~+ and Cr s+ are respectively 0.84A 
and 0.69A indicat ing a preference for octahedral sites. 
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This tendency is reinforced by the greater crystal field 
stabilization energy afforded by such sites for d 4 and 
d 3 cations. Supernumera ry  (defect) cations are there- 
fore expected to occupy octaheclral ra ther  than  te t ra-  
hedral  sites. 

It will  be convenient  in the discussion which follows 
to dist inguish three different types of octahedral sites: 
those normal ly  occupied by t r iva lent  cations; those 
normal ly  occupied by divalent  cations; and those sites 
which, in a perfect stoichiometric crystal, are vacant. 
A defect notat ion par t icular ly  well-suited to this 
purpose is that proposed by Rees (16) in  which sites 
are represented by squares, V], and the real  charge of 
the species normal ly  occupying the site by a subscript. 
Thus, for example, a t r iva lent  cation on its normal  site 
is represented by Cr s+ ] [Ts+, a vacancy where a di- 
valent  cation is expected by D2+, and a stoichiometric 
vacancy by D0. Note that the lat ter  two species are 
quite different, the first having an effective charge and 
the last having none. Similar ly S 2- I [-]2- represents a 
divalent  sulfur anion on its normal  lattice site. 

From the preceding discussions it is reasonable to 
suppose that the incorporation of excess sulfur  into 
Cr~S4 results in disorder only in the already part ial ly 
vacant  metal  layers. We therefore propose as the 
nonstoichiometric reaction 

1/2 S2(g>~ $2- I [72- -}- [~2+ + 2h 
2h + 2Cr 2+ I/-72+ ~=~ 2Cr s+ I D2+ [1] 

2C rS+ I D2+ + D2+ ~ (2Cr 3+ I D2+, V12+) 

Here the expression in parentheses represents a defect 
complex. The incipient  nucleat ion of the new Cr2S3 
phase is readily apparent.  Thus, equi l ibr ium [1] is 
consistent wi th  the phase change reaction 

2Cr3S4(s> + 1/2 S2(g>--* 3Cr~S3r [2] 

The equi l ibr ium expression for [1] is readi ly ob- 
tained. Let nv be the concentrat ion of vacant  sites, 
[~+2, and N be the concentrat ion of sites in  the di- 
valent  cation sublattice. Then 

nv = N Kx Ps21/2 exp ( - -wv/kT [3] 

where Kx is the part i t ion function for S 2- I Vh-,  Wv 
is the in ternal  energy change involved in  the creation 
of a divalent  cation vacancy, and nv < <  N has been 
assumed. The pressure effect noted for ~ > 0 in Fig. 
2 is explained. Assignment  of positive holes to localized 
sites in equi l ibr ium [1] is not really necessary as 
Cr3S+ is a metallic conductor (15) and the concentra-  
t ion of free carriers formed in  the defect reaction is 
negligible compared to that  of the intr insical ly avail-  
able carriers. 

When deviation from stoichiometry in  Cr3S4 occurs 
in the metal  excess (sulfur deficit) direction, the struc- 
ture is moving towards that  of Cr~S6. Thus  vacancies 
must be filled in the divalent  cation sublattice. Since 
the metal  atoms required to fill these sites can come 
only from the t r ivalent  cation sublattice, the defect 
reaction must  involve both metal  sublattices. The 
following reaction is proposed 

20Cr 3+ I []3+ + 10Cr 2+ ] []'~+ + 10 []6 + 40S 2- ] E]2- 
18Cr 3+ ] [33+ + 9Cr 2+ I D2+ + 3Cr [ [70 + 6 []0 

+ 36S 2-  [ [~2-  + 2S2cg) -[- (2 ~ 3 +  
+ [:]2+ + [Do + 41~2-)  [4] 

The lef t -hand side of Eq. [4] is equivalent  to 10Cr3S4 
and the terms in parentheses sum to the absence of 
one Cr3S4 unit, i.e., they are equivalent  to zero. Again, 
the ionization state of Cr I [-70 need not be specified 
as the mater ial  is metallic. However, the precipitation 
of the new Cr5S6 phase may be visualized in  terms of 
an ionization of these species 

18Cr3+ I []3+ + 9Cr 2+ I []2+ + 3Crl  ['7o 
6 [~o % 36S 2-  I E]2- ~ 12Cr3+ I []3+ --}- 6C r2+ I F]s+ 

-t- 9Cr 2+ l [~2+ + 3Cr 2+ ] [~o + 6 E]o + 36S 2- I [=]2- 
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The r ight-hand side of the equation is equivalent  to 
6Cr5S6 and involves a vacancy at every third site in 
the divalent  sublattice as required. 

To obtain an equi l ibr ium expression for [4], let ni 
be the concentrat ion of the Cr I Do species and wi the 
in ternal  energy change involved in their  creation. Then, 
assuming ni < <  N 

ni = N Kx -4/~ Ps2 -~/3 exp ( - -wi /kT)  [5] 

The pressure dependence of deviations from stoichiom- 
e t ry  in the metal  excess range (Fig. 2) is explained. 

It is of interest  to relate h and Ps2 with the intrinsic, 
or stoichiometric, disorder and sulfur pressure, Ps2(o), 
at which ,~ ---- 0. From [1] and [4] 

A = ( n v  - -  4/3 nl)/4N [6] 
An intrinsic disorder reaction consistent with [1] and 
[4] is 

2Cr 3+ !E]s+ + 9Cr ~+ I []2+ 
~ - - - - 3 C r l ~ 0 + 4 ( 2 C r  s+ IE:]2+,U]2+) [7] 

whence 
n , ( n v ~  4/3 

- i f - /  --_ exp (--Ef/kT) [8] 

where Ef is the internal energy required to create a 
defect pair  of the type (Cr I [30 + 4/3 [~2+) and there- 
fore equals (wi + 4/3 Wv). Put t ing nf = ni ---- 3/4 nv 
leads to the definition of intrinsic disorder 

8 = nf/N [9] 

Combinat ion of Eq. [3], [5], [6], [8], and [9] leads, 
after some algebra, to the result  

A-- 8 ( --Ps21/2 Ps2-2/3 ) [t0] 
3 %' Ps2(o) 1/2 Ps2(o)-2/3 

Curve fitting the data to [10] leads to estimates of 
---- (3.27 _ 0.04) • 10-2 and Ps2(o) ---- (3.16 _ 0.05) 

• 10 - n  atm. The success of the fit may be judged from 
the linearized plot in Fig. 3. 

The high concentrat ion of intrinsic defects in Cr3S4 
and the consequently wide existence range of the ma- 
terial indicate that the cationic diffusion coefficient of 
this material  should be large. Such a conclusion is 
supported by the observation of wide zones of Cr3S4 
in various diffusion couple experiments  (1). Studies 
of cation self-diffusion as a function of stoichiometry 
would be of interest  in this context. 

The metal  excess type nonstoichiometry observed 
in Cr2S3(tr) and Cr2Sz(rh) is in agreement  with the 
findings of Igaki et al. (3) and Stratford and Hamp- 
ton (9). Mrowec et al. (8), however, deduced a metal  
deficit s t ructure for Cr2S3. The fact that  these lat ter  
authors used a much higher sulfur pressure (Ps2 ---- 1 
arm) may account for this apparent  anomaly. 
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Properties of Anodic Oxide Films Formed 

in the Anodization of Silicon Nitride 
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ABSTRACT 

The anodization of silicon ni t r ide films on silicon has been characterized 
using ellipsometry. Calculations made indicate that the sensitivity of el]ip- 
sometry to the anodization depends on the init ial  silicon nitr ide thickness. 
Ell ipsometry data obtained during stepwise anodization are consistent with a 
model of two layers on silicon where the anodic oxide layer grows at the ex- 
pense of the silicon nitride. The thickness ratio of oxide produced to silicon ni- 
tride used falls wi thin  ___0.25 of the theoretically expected value, 1.81, and de- 
pends to some extent  on anodization conditions. The refractive index and 
growth (log10 J vs. E) properties of the oxide are similar to those of anodic 
oxides of silicon. Stepwise etchback studies on the oxide give results wh/ch 
are consistent with the anodization data and which indicate an abrupt  silicon 
ni t r ide-anodic oxide interface. 

Anodizat ion of silicon ni tr ide is of practical impor- 
tance because it converts silicon nitr ide to a more 
soluble form and thus can be used in the localized 
etching of silicon ni tr ide films passivating semiconduc- 
tor devices (1). Areas can be selectively anodized 
while the remaining area is protected from anodization 
usual ly  by a greater dielectric thickness in  the form 
of silicon dioxide. One direct application of silicon 
ni t r ide anodization has been to silicon bipolar t ransis-  
tors where  silicon ni t r ide is added to the exist ing 
thermal ly  grown silicon dioxide passivation to provide 
protection from ionic contaminants .  Here, the anodiza- 
t ion was used to open windows in the silicon ni tr ide 
to facilitate electrical contact to the active device area 
(2). 

Because of its insulat ing properties, the anodization 
must  be studied with th in  silicon ni tr ide films deposited 
on more conducting substrates. This poses certain dif- 
ficulties in determining the properties of the oxide 
produced. In  the past, the conversion of silicon nitr ide 
to anodic oxide has been qual i tat ively followed by 
infrared in terferometry  (1), and the oxide thickness 
has been measured by destructive techniques (3). 
More recently, nuclear  microanalysis has been used 
to determine the constituents of the  oxide (4). In  the 
present  investigation, ell ipsometry was employed to 
nondestruct ively study the anodization of silicon 
nitride. 

Experimental 
The specimen used in these studies is shown in Fig. 

1. The substrate was a chemically mechanically 
polished silicon slice which was thermally oxidized to 
provide electrical insulation. An opening cut in the 
insulation by photolithography and etching exposed 
the underlying silicon surface and precisely defined 
the anodization area of the subsequently deposited 
silicon nitride. The anodization area was kept small, 
about 0.13 cm ~, primarily to keep the power dissipated 
during anodization small; but it also served to mini- 
mize effects resulting from small thickness gradients 
which may occur in the silicon nitride. A substrate 
was accepted for deposition of SisN4 if the exposed 
silicon surface was covered by less than 20A of oxide. 
Calculations indicate that the effect of this layer on 
optical measurements may be neglected. Silicon nitride 
films were grown by chemical vapor deposition em- 
ploying the reaction of SIC14 and NHs in H2. The indices 
of refraction of the silicon nitride films were within 
1.98 • 0.02. 

* Electrochemical Society Active Member.  
Key  wordS: el l ipsometry,  refractive index, growth kinetics. 

The anodizations were carried out at constant  cur- 
rent  I in a closed glass vessel containing a solution of 
0.04M KNO3 in ethelene glycol which was stirred and 
main ta ined  at 25~ In  some cases, 2% water  was added 
to the solution. The water  content  of the solution was 
periodically determined by the Kar l  Fisher method. 

Electrical contact to the silicon was made using 
mercury  through a window cut in the backside oxide 
and was facilitated by an  "O" r ing vacuum chuck (2). 
The chuck was rigidly attached to a ground glass jo int  
through which a glass tube facilitated both vacuum 
and electrical connection to the chuck. The ent i re  
assembly was fitted into the anodization vessel through 
a mat ing  joint. A similar mat ing  joint  on the ellipsom- 
eter held the assembly for ellipsometric measurements.  

During anodization the voltage between the mercury  
contact and a platinized p la t inum cathode was moni-  
tored by a Keithley 610C electrometer and its output 
recorded on one channel  of a Hewlett  Packard 7100 
BM strip chart  recorder. The other channel  monitored 
the cell current  through a small  precision resistor. A 
Cimroon 7400A digital vol tmeter  was used to give 
precise voltage readings and to hold the final voltage 
value at the end of each anodization. 

Anodizations were carried out in  a stepwise fashion. 
After  each anodization step the  anodized surface was 
rinsed with a spray of isopropyl alcohol, b lown dry 
with ni t rogen gas, and measured wi th  a Rudolph 
ellipsometer. Unless otherwise stated, all thickness 
and refractive index measurements  were made by 
ell ipsometry at an angle of incidence of 70 ~ and em- 
ploying an He-Ne laser light source of 6328A wave- 
length. 

i Electronic Measurements Model C636K constant-current power 
supply. 

SisN 4 ~ 0.1U. 7 

Silicon 

Backside Contact 

Fig. 1. Schematic representation of anodization specimen in the 
vicinity of the anodizatlon area, showing optical model of partially 
anodized Si3N4 film (not to scale). 

1225 
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Calculations 
Based on prior evidence (1, 3), the expected optical 

model consists of two layers on silicon where the 
outer layer, presumably  anodic silicon dioxide, grows 
at the expense of the silicon ni tr ide layer  dur ing  
anodization (Fig. 1). Ell ipsometry of such a model  can 
best be understood by first considering the case of a 
single nonabsorbing homogeneous film on silicon. In  
ell ipsometry the growth of such a film is characterized 
by an ell ipsometry curve (a plot of h vs. @, which are 
quanti t ies  measured in ell ipsometry) wi th  film thick- 
ness as a parameter  along the curve. With in  rather  
wide limits, this curve is un ique  to the index of reo 
fraction,~ n, of the film (5). Thus, in  the anodization 
of Si3N4 it is expected that  the ell ipsometry measure-  
ments  would begin at a point  represen t ing  its thick-  
ness on the silicon ni tr ide ell ipsometry curve. As 
anodization proceeds, the ell ipsometry curve obtained 
would eventual ly  approach and end on the curve for 
oxide when  anodization of the silicon ni tr ide is com- 
plete. This general  behavior  can be seen in Fig. 2 
which presents some representat ive calculated con- 
version curves. In  this graph, the solid curve to the 
left represents a port ion of the ell ipsometry curve 
covering the range from 400 to 1500A of only a silicon 
ni tr ide layer on silicon. Similarly, the upper  and lower 
solid curves are portions of the curve for only a silicon 
dioxide film on silicon. The dashed lines are the con- 
version curves for various ini t ial  thicknesses of Si3N4 
calculated using indices of refraction of 1.46, 2.00, and 
3.862-0.0335j respectively for the oxide, nitride, and 
silicon substrate, and a conversion ratio of 1.75. The 
conversion ratio (CR) is the thickness ratio of oxide 
produced to silicon ni tr ide consumed in the anodization. 

Several points can be made from these calculations. 
First, el l ipsometry will  have the highest sensit ivity to 
conversion if the Si3N4 is about 900A prior to anodiza- 
tion. Other thicknesses give rise to smaller h-@ loops. 
Second, ell ipsometry points must  be obtained away 
from the parent  curve if they are to be useful. This is 
because, e.g., in the conversion of 1000A of SisN4, 

The index of refract ion is wr i t t en  as N = ~ - jk. 

90 

70 

5O 

30 

A/deg 

10 

0- 

:550 

33C 

31C 

10 

29C 

27C 

\ ...-" ( io5o, loo)/ 
/ Lsio~ 

x ~ / ( 4 9 0 , 4 2 0 )  (n = 1.46) 

In-- Z.O0) \ . - r - - - - . . .  
/ / /  (735,.580) \ \  

; / /  (1050,400)~ 

l 

J 
1015,9201 A200 (1190,3201./ ./J-\ / - / /  

I i / /  

- / , , / ,  , , , 

~/deg 

Fig. 2. Calculated conversion carves (broken curves) for Si3N4 
films of 700, 1000, and 1500/~. Numbers in brackets respectively 
indicate thickness of oxide produced and Si3N4 remaining in ang- 
stroms. 

ini t ia l ly dur ing the anodization the composite film (the 
two layers treated as one) still looks much like a 
th inner  silicon ni tr ide film when in  fact the oxide plus 
ni tr ide is thicker than the original film. In  fact, al- 
though it might  be normal  to expect that  as conversion 
occurs the index of refraction of the composite film 
gradual ly  changes from that of Si3N4 to that  of the 
oxide, this is not always the case. For example, the 
far left point of the 1500A conversion curve represents 
a composite film with an apparent  index of refraction 
of about 3. On the other hand, in the conversion of 
1000A of Si3N4, there is a region immediate ly  after 
conversion begins where the composite film has a 
higher index of refract ion than SisN4, while near  the 
end of the conversion the composite film has a lower 
index of refraction than  SiO2. Therefore, the com- 
posite film may appear optically more or less dense 
than  either of its constituents. 

Results 
Ellipsometry oi anodization and etchback.--General 

agreement  was found between calculated and experi- 
menta l  ell ipsometry conversion curves for silicon 
nitride films ranging from 500 to 1500A; but, because 
of greater sensitivity, the s tudy was centered around 
films between 910 and 950A. In  order to i l lustrate the 
characteristics of the ell ipsometry results and the 
analyses used to arr ive at the properties of the oxide, 
two examples are discussed. One represents an anodiza- 
l ion (Fig. 3) while the other represents a different 
anodization followed by an etchback (Fig. 4). 

Figure 3 shows an el l ipsometry curve typical of 
anodization. The exper imental  points were obtained 
at intervals  in the stepwise anodization of 916A Si3N4 
film at a current  density of 20 m A / c m  2. These results 
were curve fitted with the aid of a computer  which, 
when given the ini t ial  thickness (916A) and index of 
refraction (1.98) of the Si3N4 layer, var ied the index 
of refraction of the oxide produced and the conver- 
sion ratio unt i l  the mean  square deviation between the 
experimental  points and the calculated curve was 
minimized. The layers were assumed to be nonabsorb-  
ing. The dashed line represents the best fit to the data 
and yielded a conversion ratio of 1.81 and an index of 
refraction, n, of 1.45 for the oxide. The thickness of 
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1 ~ Si 3 N4"=" 1.81 ~ SiO 2 
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Fig. 3. Ellipsometry results from onodizotion of o 916• SI3N4 
film at 20 mA/cm 2. Dashed line is computed from the model and 
values given in the figure, Curves for Si.~N4 and Si09 are also 
shown (solid lines). 
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Fig. 4. Calculated conversion carves for small independent voria- 
lions in CR and index of refractions of oxide (hi). 

each layer  at each exper imental  point  was also deter-  
mined. 

I t  is difficult to show how CR and n l  enter  into the 
curve fitting; however, an indication of the sensit ivity 
of el l ipsometry to separate variat ions in these quan-  
tities is given in Fig. 4. Quite distinct curves are cal- 
culated for small  changes in these quantities. There- 
fore, determinat ion of these quanti t ies can be accur- 
ately made. 

A typical etchback ell ipsometry curve is shown in 
Fig. 5. Here, a 929A silicon ni tr ide film was first 
par t ia l ly  anodized and then etched back. The etchback 
points (open circles) trace out a curve which, as ex- 
pected, eventual ly  approaches the ell ipsometry curve 
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Fig. 5. Anadization (-*-*) fallowed by elchl~ck (0 ~) ellipsom- 
etry results. Broken lines computed from n2 = 1.98 and nl and 
CR as shown. 

for silicon ni tr ide as the oxide is removed. These points 
were fitted using essentially the same computer  pro- 
gram as in fitting the anodization results. In  this case, 
however, the index of refract ion of the oxide and 
thickness of the silicon nitr ide remaining  after anodiza- 
t ion were varied to obtain the best fit. The refractive 
index of the silicon nitr ide was known. The best fitting 
curve to the etchback results is given in  the figure and 
indicates that the oxide has a refractive index of 1.47. 

Since the approach to fitting the anodization and 
etchback results are independent  of each other, the 
parameters  determined may be directly compared for 
consistency. That  is, the refractive index of the oxide 
and the thickness of each layer  after anodization or 
prior to etchback may be compared. In  Fig. 5, a 
refractive index, for the oxide, of 1.47 determined from 
etchback compares favorably with 1.465 from anodiza- 
tion. (More comparisons will  be given later  in the 
discussion of the oxide properties.) In  Fig. 5 the final 
thicknesses of the oxide and silicon ni t r ide as deter- 
mined from anodization were 1386 and 179A, respec- 
tively, which compares favorably with 1387 and 172A 
prior to etchback as determined from the etchback 
results. The consistency of the thickness measurement  
observed in all the anodization and etchback experi- 
ments  will  now be discussed. The agreement  was gen-  
eral ly better  for the oxide thickness, usual ly wi thin  
about 10A, while that  of the remain ing  ni tr ide was 
wi thin  about 25A. The higher va lue  for the lat ter  occurs 
because in curve fitting the etchback results the abil i ty 
to determine the remaining silicon ni tr ide thickness 
decreases with its thickness and becomes very poor 
for very th in  films (N100A). At this point small  
changes in this thickness do not appreciably affect 
the etchback curve. However, the remaining  silicon 
ni tr ide can also be measured after all the oxide is re-  
moved and it tu rns  out that, except for the very th in  
films, this value and that determined from anodization 
and etchback were all wi th in  25A. The consistency of 
these results indicates a precision of bet ter  than  2% 
in measuring total film thickness. 

A summary  of the anodization characteristics as 
determined by ell ipsometry is given in  Table I and 
these will be discussed in greater detail in the follow- 
ing sections. 

Conversion ratio.--The conversion ratio expected 
theoretically on the basis of densities for convert ing 
Si3N4 (3.1 g/cm 3) to SiO2 (2.2 g/cm 3) is 1.81. Experi-  
mental ly,  the observed values range from 1.55 to 2.1 
and appear to depend on anodization conditions. In  
order to ascertain that  such a range was real and not 
a result  of the measurement  technique, the conversion 
ratio was determined by an independent  method. In  
this method part  of the oxide was masked and re ta ined 
during some of the etchback ell ipsometry experiments.  
Because the silicon nitr ide has an etch rate about two 
orders of magni tude  lower than  that of the oxide, the 
oxide can be completely removed wi th  insignificant 
reduction in silicon ni tr ide thickness. The silicon nitr ide 
thickness was then determined precisely by ellipsom- 
etry and the oxide step was measured by the Tolanski 
interference technique. The CR measured in  this way 
is considered accurate to the first decimal place. The 
CR determined from anodization, etchback, and the 

Table I. Summary of anodization characteristics* 

F o r m a t i o n  c u r r e n t  ( m A / c m  2) ) 2 5 10 20 50** 
CR w i t h  2% H20** 1.56 1.60 1.68 
< C R >  w i t h  no  H20  1,72 1.81 1,88 1.86 1.83 

Oxide p r o p e r t i e s  
< d x l / d t >  ( A / s e c  1) 0.072 0.38 0,85 2.10 5.6 
< G r o w t h  e t ~ c i e n c y >  (%) 0.5 1.1 1.2 1.5 1.6 
< E l e c t r i c  f i e l d >  • 10 -~ ( V / c m D  1.82 1.93 2.00 2.11 2.06 
< E t c h  r a t e >  ( A / s e c  -1 in 0.5% 

HF)  4.7 4.6 5.0 
< I n d e x  of  r e f r a c t i o n >  1.46 1.47 1.44 1.45 1.46 

�9 < > deno t e s  a v e r a g e  values. 
�9 * Results from single cll ipsometry curve, not average va lue .  
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Table II. Conversion ratios from ellipsometry of anodization and 
etchback, and other techniques 

Specimen A n o d i z a t i o n  E t c h b a c k  O t h e r *  

Table III. Refractive index 

J ( m A / c m  -~) A n o d i z a t i o n  E t e h b a c k  

5 1.460 1.472 
1.476 1.475 

A 1.60 1.60 1.58 10 1.440 1.480 
B 1.64 1.65 1.6s 1.443 1.470 
C 1.70 1.73 1.7~ 20 1.460 1.454 

1.456 1.470 
D 1.93 1.85 1.Ss 1.443 1.470 
E 1.98 1.94 2.0,  

�9 O x i d e  h e i g h t  by Tolanski i n t e r f e r e n c e ,  r e m a i n i n g  SL~N4 by 
e l l i p s o m e t r y .  

independent  method are consistent (Table II) and it 
must  be concluded that the observed spread in con- 
version ratios is real. 

The dependence of CR on anodiat ion conditions is 
not completely clear (first two lines of Table I). With 
2% water in tent ional ly  added to the electrolyte the 
conversion ratio increases with current  density of 
formation. However, this is based on a singe anodiza- 
t ion curve at each formation. The values are somewhat 
higher and the dependence on current  density opposite 
to that previously found for this part icular  solution (3). 
With water  not in tent ional ly  added to the solution, the 
CR is higher and on the average closer to the theoreti-  
cally expected value. However, the dependence on 
current  density is less clear. The results appear to 
be tempered by the SisN4 deposition conditions since 
samples from the same deposition gave more con- 
sistent CR's, although the water  content  which varied 
between 0.1 and 0.3%, could also be a factor. The aver- 
age CR's given in Table I have a s tandard deviation 
less than  0.04. 

Properties of the oxide.--The oxide is rapidly 
attacked by even dilute HF. In  a 0.5% HF solution the 
ellipsometry results indicate that the first 100A or so 
etch more rapidly than the rest of the oxide which 
etches at a constant  rate. Some curves showing the 
removal of oxide with t ime are given in Fig. 6. The 
etch rate is about 5A/sec with no apparent  dependence 
on current  density of oxide formation. The average 
etch rates from two etchback curves at each current  
density is shown in Table I. These etch rates are 
appreciably higher than  that of thermal  oxides of 
silicon. The etch solution was renewed for each etch 
step to reduce effects of depletion. On reaching the 
SisN4 interface, the etch rate changes almost abrupt ly  
and an abrupt  silicon nitr ide oxide interface is indi-  
cated in agreement  with previous infrared transmission 
results (1). The break in the etch curves (Fig. 6) 
signifies the point  where all the oxide is removed, and 
this is an  indication of the abil i ty of ell ipsometry to 
determine the interface position from fitting etchback 
results. That is, the break in the curve should occur 
when  the oxide thickness is zero. In  most cases (5 out 
of 8) the interface was predicted wi th in  10A, one of 

150( 

125( 

~ I00( 

T50 

500 

0 100 200 - 300 z - -  ~. 4~30 
TIME (sec) 

Fig. 6. Anodic oxide etchback characteristics in 0.5% HF 

250 

these and the three worst cases 20, 30, and 50A are 
shown in this figure. 

The index of refraction of the anodic oxide has a 
value falling wi thin  1.45 +_ 0.02 (last line Table I) 
and is wi thin  exper imental  error the same as that of 
thermal  and anodic oxides on silicon (7). As shown 
in Table III, the index of refraction was general ly 
somewhat larger when determined from curve fitting 
etchback results than  from anodization results. At 
times a small  change in ell ipsometry measurements  
was found between the final anodization and the mea-  
surements  prior to etchback indicating that perhaps 
small  adjustments  occur in the film with time. In  gen- 
eral there was no noticeable dependence of refractive 
index on current  density or water  in  the electrolyte. 
The lat ter  has an  effect on anodic oxides of silicon (7). 

Kinetics of oxide growth.--Figure 7 shows a typical 
t ime development of the various layers as determined 
from ell ipsometry dur ing constant  current  formation. 
As expected, a l inear  t ime dependence is observed. 
From the rate of change of oxide thickness it is possible 
to calculate the efficiency of oxide formation if it is 
assumed that the oxide is SiO2 with a density of 2.2 
g / cm 3. The efficiencies are low, in  the order of 1%, 
and increase slightly with current  density as has been 
found previously (3) (average values are given in 
Table I).  Figure 8 shows a typical dependence of cell 
voltage on film thickness. Although there is some 
scatter in the data, the voltage dependence on film 
thickness can be described as l inear  wi thin  the preci- 
sion of the present experiments.  Of interest  is the rate 
of change of voltage with total thickness, dV/dx, be- 
cause with certain justifiable assumptions it leads to 
the electric field, Ez, in the oxide dur ing growth. The 
cell voltage can be wr i t ten  as V = E1 xz + E2x2 Jr Vo, 
which is respectively the sum of the voltage in the 
outer and inner  layers plus a constant  voltage which, 
at a given current  density, takes into account IR drops, 
contact voltage, etc. This constant  is general ly difficult 
to determine and drops out when  dV/dx  is taken. Two 

1500 

Si02'+ Si3N 4 

100( , /  

~ 0  200 400 600 
TIME (sec) 

Fig. 7. Typical thickness development with time for anodization 
at 20 mA/cm ~. 
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Fig. 8. Typical voltage dependence on thickness at 20 mA/cm = 

assumptions are made. First, the electric field in each 
layer is independent  of its thickness and there appears 
to be support  for this (3, 8). Secondly, during anodiza- 
tion at a given current  density the electric field in the 
silicon ni tr ide is assumed to be the same as that deter- 
mined  from conductivi ty measurements  on MNS 
(metal /s i l icon ni t r ide/semiconductor)  structures. The 
second assumption should be a direct consequence of 
the first, except that MNS measurements  are usual ly 
made at constant  voltage whereas the present experi- 
ments  are at constant  current.  Spot checks indicated 
that in MNS structures the conductivities determined 
by the two methods are essentially the same as long 
a s  sufficient t ime for current  stabilization is allowed 
in the constant voltage case. 

Figure 9 gives the oxide growth rate on a logarithmic 
scale as a funct ion of electric field. If  the density of 
the oxide were known, this could then be t ransformed 
to the more famil iar  ionic current  density (log10 J) 
vs. electric field plot. The points to the r ight  on this 
figure represent  d V / d x  determined from the voltage 
vs. total  thickness data using the method of least 
squares. The applied current  density, Jtota], is given 
opposite each cluster of results. The curve to the left 
represents the electric field in the silicon ni tr ide which 
was arrived at in the following manner .  The electric 
field value for each Jtotal was obtained from previous 

~ o .  
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Fig. 9. Oxide growth rate as a function of electric field in the 
inner (far left curve) and the outer (center curve) layer and in the 
total film. The latter is denoted by + 's ,  and the formation current 
density is noted to the right of these points. 

measurements  made at this laboratory on MNS struc- 
tures (9). These values were then plotted on this 
figure at points corresponding to the average dxz/dt 
for that Jtotal. The curve in the center is drawn through 
points representing the calculated electric field in the 
oxide. The horizontal  scatter in these points is much 
less than that observed in dV/dx .  This reduction in 
scatter occurs by the way CR enters into the expres- 
sion for the eIectric field. Surprisingly,  if an oxide 
density of 2.2 g/cm 3 is assumed it turns  out that the 
l ine d rawn through these points is coincident with 
the l ine drawn by Young and Zobel through their re- 
sults obtained from the anodization of silicon (10). 

From comparisons wih previous anodizations of sili- 
con nitride, Tripp (3) calculated, from the point where 
all the silicon nitr ide was anodized, an electric field 
of 1.93 • 107 V cm -1 for an oxide growth rate of 27.4 
A/ra in-1 .  At this growth rate, our results are in  agree- 
ment.  

Having determined the electric field in  the oxide, 
it is now possible to determine Vo by extrapolat ion 
from results such as are given in Fig. 8. Here the 
extrapolated intersection of the oxide and oxide plus 
ni tr ide curves gives the cell voltage and oxide thick- 
ness at the point when all the silicon nitr ide is anodized. 
Then the product of this oxide thickness and its elec- 
tric field gives a voltage which differs by Vo from the 
extrapolated voltage. General ly  the values of Vo found 
were not significant (1-6V) when compared to the 
experimental  accuracy, uncer ta in ty  of extrapolation, 
and the magni tude of the voltage used in the anodiza- 
tions. This result  supports the idea that  ionic conduc- 
t ion is controlled by the oxide bulk  and not the inter-  
faces. 

Discussion 
One of the questions raised in the anodization of sili- 

con nitr ide concerns the na ture  of the silicon ni tr ide 
oxide interface. In  the original work, Schmidt and 
Wonsidler concluded that the interface was abrupt  
from infrared absorption evidence (1). Later Tripp 
corroborated this evidence but, claiming that  the IR 
method was insensitive, opted for a graded oxy-ni tr ide 
interface on the basis of oxide solubili ty data (3). That 
is, he found a significant difference in oxide thickness 
between the point where the entire film became easily 
soluble in HF and the point where the conversion of 
silicon nitr ide was complete, the latter being coincident 
with the point  where the silicon began to anodize. 
This result  was interpreted in terms of a graded 
interface. If this is the case then  the interface extends 
over a significant distance, and it would be expected 
that  the etch rate decreases across the interface. The 
present  etch experiments  employing very  dilute HF 
did not detect such a dependence and indicate that  
if a graded interface exists it must  be very th in  (less 
than  about 30A). A similar conclusion has also recently 
been reached on the basis of micronuclear  analysis (4). 
Re-examining Tripp's  data it appears that  a large por- 
t ion of the difference in  oxide thickness indicating a 
graded interface can be accounted for wi thin  the ex- 
per imental  uncertaint ies  quoted. Although, as pointed 
out by one of the reviewers, it is possible, but  not likely, 
that  the t ransi t ion region is as insoluble as Si3N4 in 
dilute HF. 

The anodization of silicon ni tr ide is similar to the 
anodization of silicon. The oxide produced has the 
same index of refraction, the efficiency of oxide growth 
is low, and the electric field causing oxide growth is 
very high. In  fact it appears that  the log J vs. E curve 
is the same as that found previously by Young and 
Zobel for the anodization of silicon (10); however, 
there is scatter in both sets of data. Although it was 
assumed in calculating this curve that the anodic oxide 
of silicon ni tr ide had the  same density as that  of 
thermal  oxides of silicon, this value is not critical. 
Some variat ion from this value would not significantly 
effect the curve because of the steep exponential  de- 
pendence of ionic current  on electric field in the 
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oxide. Similar  log J vs. E curves may a prior~ be ex- 
pected for silicon nitr ide and silicon anodization if the 
ni t rogen atoms l iberated in  the anodization of silicon 
nitride do not electrically interact  in the oxide, and if 
ionic conduction is pr incipal ly controlled by the oxide 
and not the interfaces. Such behavior may be taken 
in support of the original postulate that  gaseous nitro- 
gen is l iberated during the anodization (1). Recently 
it has been found that  at low current  densities about 
0.1 ni trogen per oxygen atom remains  in the oxide (4). 
Such a high concentrat ion of impurit ies would be ex- 
pected to affect the film properties as is the case with 
phosphates in anodic oxides of t an t a lum (6). However, 
the present experiments  were at cur rent  densities 
where incorporation of ni t rogen was not found (4). 

In  summary,  the properties of silicon ni tr ide anodiza- 
t ion have been studied using ellipsometry. The anodic 
oxides produced in the anodization of silicon ni tr ide 
have growth characteristics which are similar to those 
of anodic oxides of silicon. The refractive index is also 
the same except that, wi th in  the accuracy of these 
experiments,  no dependence on water  concentrat ion 
was resolved for anodic oxides of silicon nitride. The 
present experiments  indicate that the ionic conduction 
is largely controlled by the oxide and not by t h e  
in ter faces .  
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The Electrical Conductivity of CaO-Doped Nonstoichiometric 
Cerium Dioxide from 700 ~ to 1500~ 
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Metallurgy and Materials Science, College oi Engineering, Marquette University, Milwaukee, Wisconsin 53233 

ABSTRACT 

The electrical conductivi ty of sintered specimens of CaO-doped CeO2 [0.1- 
16.0 m/o  (mole per cent)]  was measured over the tempera ture  range 700 ~ 
1500~ and from 1 to 10 -2~ atm of oxygen. All specimens of CaO-doped CeO2 
exhibited mixed conduction. Two l imiting case regions were observed. At low 
temperatures  and high oxygen pressures, the conductivi ty is predominant ly  
ionic. In  this region the conductivity is independent  of Po2 and between approxi- 
mately  1 and 8 m/o  CaO is proportional to mole per cent CaO. The following 
equation for ionic conductivi ty 

~i --~ 6.0[m/o CaO] exp --0.62/kT 

w a s  obtained by fitting the conductivi ty data in this region to an expression 
derived on the basis of an oxygen vacancy model. An approximate expression 
for the diffusion coefficient for oxygen vacancies 

Dvo.. ~ 3.7 • 10 -3 exp --0.62/kT 

was calculated from the above expression and the Nernst-Einstein relation. At 
high temperatures  and low oxygen partial  pressures and for lower CaO con- 
tents the conductivity is predominant ly  electronic. In  this region the magni tude  
and Po2 dependence of �9 is similar to "pure" CeO2. A thermodynamic  argument  
is also presented which favors oxygen vacancies as the nonstoichiometric 
defect in both pure and CaO-doped CeO2. 

Only a l imited number  of studies (1-4) have been 
reported on the electrical conduct ivi ty  of CaO-doped 
nonstoichiometric cerium dioxide. Kevane  et al. (2) 
measured the electrical conductivi ty as a function of 
tempera ture  (250~176 oxygen pressure (1-10 -4 
a tm),  and CaO content  (0.03-0.86% Ca). They reported 
mixed conduction, electronic and ionic. The electronic 
conductivi ty was predominately  n- type  at elevated 
temperatures;  at lower temperatures  p-type behavior 
was observed. A recent electrical conductivity study 
of solid electrolytes in  air by Meyer and Marincek 

Key words:  oxygen  vacancy,  diffusion, electrical  conductivity,  
calcia-doped cerium dioxide,  activation energy.  

(4) indicates that a 15 m/o  (mole per cent) CaO-doped 
CeO2 specimen is p redominant ly  an ionic conductor. 
Ionic t ransference measurements  in air by Yushina 
and Pal 'guev (5) confirm the ionic conductivi ty of 
CeO2 doped with 5-I5 m/o  CaO in  the tempera ture  
range 700~176 

The solubil i ty of CaO in CeO2 based on an x - ray  
study has been reported to be 15 m/o  CaO at 1600~ 
(6). Although no thermodynamic  study on CaO-doped 
CeO2 has been reported, the range of oxygen pressure 
over which the fluorite s tructure is stable should be 
large because CeO2-x is thermodynamical ly  stable (7- 
9) over a wide range of Po2 and temperature.  For 
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example, the fluorite s t ructure of CeOg-= is stable to 
values of Po~ as low as 10 -=0 atm at 1023~ 

The above conductivi ty studies on Can-doped  CeO2 
have been made over only  a ra ther  l imited range of 
oxygen pressures and Can  content. The results of a 
recent electrical conductivi ty study (10) on cerium 
dioxide over a wide range of oxygen pressures (1-10 -21 
atm) and temperatures  (800~176 have been inter-  
preted in terms of a nonstoichiometric defect model 
involving t r iply and quadruply  ionized cerium inter-  
stitials and localized electrons. This defect model was 
based on a comparison of the isothermal oxygen pres- 
sure dependence of the electrical conductivi ty and a 
theoretically derived expression for the conductivi ty 
using the law of mass action. 

The purpose of this s tudy was (i) to measure the  
electrical conductivi ty over a wide range of tempera-  
ture, oxygen pressure, and C a n  content and (ii) to 
characterize the electronic and ionic conductivi ty by 
a comparison of the data with proposed defect models 
for Can-doping  and oxygen nonstoichiometry. 

Theory 
Defect model Jar ionic conductivity.~It is general ly 

assumed that doping CeO2 with C a n  produces oxygen 
vacancies (2). In  order to test the oxygen vacancy 
model, a room temperature  study (11) was made in 
this laboratory comparing the true density and cal- 
culated values of the density based on lattice param- 
eter data. The true density was determined using a 
water  pycnometric technique. The measurements  were 
made on powder obtained by crushing and gr inding 
the sintered Can-doped  CeO2 specimens in an a lumina 
mortar  and pestle. With this procedure the problem 
associated with pores in the density measurements  was 
eliminated. The results of this study, for specimens in 
the stoichiometric condition with Can  contents be- 
tween 0.1 and 16 m/o, are shown in Fig. 1. Curves A 
and B corresponding to Eq. [11 and [21,1 respectively 

CaO-> Car"  -F 01" [11 

Can  ~ Car-  + 1/2 Vce"" + OJ  [2] 

were calculated assuming calcium ions occupy cerium 
interst i t ial  sites and the formation of charge-compen-  
sating defects which can be oxygen interst i t ials  or 
cerium vacancies. Curves B and C corresponding to 
Eq. [3] and [41, respectively 

1/2Cece = + C a n  ~ Cace" + l/2Cei . . . .  -b So = [31 

CaO .-> Cace" + Vo'" --{-- Oo z [4] 

were calculated assuming calcium ions occupy cerium 
sites and the formation of charge-compensating defects 

The notation used to identify de f ec t s  in  this  p a p e r  is the  s a m e  
as  u s e d  b y  K r 6 g e r  (22). 
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Fig, 1. Comparison of pycnometric density and calculated values 
of the density based on lattice parameter data for specimens of 
Ce09 doped with CoO between 1 and 16 m/o. 
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Fig. 2. Room temperature lattice parameter of CoO-doped Ce02 
vs. mole per cent CoO, The data points represented by the average 
values and the error bars were determined in this study (11). The 
solid line represents the reported results of Mobius (12). 

which can be cer ium intersti t ials or oxygen vacancies. 
The lattice parameter  data used in these calculations 
is shown in Fig. 2. The data points shown in Fig. 1 
correspond to the room temperature  t rue densi ty mea- 
surements  made on the Can-doped specimens used in 
this conductivity study. The agreement  between the 
experimental  data and curve C confirms the existence 
of oxygen vacancies in  Can-doped CeO2. 

The simplest model for ionic conduction in  Can-  
doped CeO2 is to assume that  the ionic conduction 
occurs by the migrat ion of oxygen vacancies with only 
one state of ionization, Vo". For this case the ionic 
conductivity, ~j, may be represented by the expression 

~i : 2B[Vo"]e~vo-. [5] 

where the bracketed te rm represents the number  of a 
given species divided by the number  of sites available 
for that species, B is a parameter  which relates the 
concentration in site fraction to number /cub ic  centi-  
meter, e is the charge on an electron, and ~Vo'" is the 
mobil i ty  of doubly ionized oxygen vacancies. If the 
oxygen vacancies are isolated point de~ects randomly 
distr ibuted and the concentrat ion of nonstoichiometric 
defects is small, then 

(m/o  CaO) 
[Vo"] = [6] 

2OO 

In addition, if #vo'" is assumed to be a funct ion of tem- 
perature only 

#vo'" : ~Vo'" exp (--Ei/kT)  [7] 

Combining Eq. [5], [6], and [7] the re la t ion for ionic 
conductivi ty is 

�9 i "- A (m/o Can)  exp (--E.JkT) [8] 
where 

A : B ~'vo" e/100 

Equat ion [8] may be tested in a region near  stoichiom- 
etry where the ionic conduction predominates  (i.e., 
~r __~ ai) by observing if (r is directly proportional to 
the Can  content in this region. In the region of this 
l imit ing case, r should also be independent  of Po2. 

Defect models ]or electronic conductivity.--In a 
previous study on "pure" nonstoichiometric CeO2 the 
isothermal dependence of ~ on Po2 was rationalized in  
terms of a defect model involving tr iply and quadruply  
ionized cerium intersti t ials and localized electrons (10). 
However, as discussed above the predominate  defects 
produced by doping CeO2 with C a n  are oxygen vacan- 
cies. Based on thermodynamic  considerations it can be 
shown that  for both pure and Can-doped  Ce02 the 
concentrat ion of cerium interst i t ials  is dependent  on 
the concentrat ion of oxygen vacancies. 
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For example applying the law of mass action to the 
defect reaction 

1 / 2 C e i  . . . .  : 1 / 2 C e c e  x + Vo'" [9 ]  

obtained by subtract ing Eq. [3] from Eq. [4] yields 

[Vo"] 
K _ [10] 

[ C e i  . . . .  ] 1/2 

Since the free energy change for Eq. [4] is more nega- 
tive than  Eq. [3], ~G, for the defect reaction described 
by Eq. [9] is negative and K > 1. 

Then according to Eq. [10] 

[ V o " ]  > [Ce i  . . . .  ] 

b e c a u s e  [%'o"] and [Cei .... ] are < 1. On the basis of 
the above thermodynamic argument  it appears that 
if the addition of CaO to CeO2 produces oxygen vacan-  
cies then the nonstoichiometric defects in pure CeO2 
are oxygen vacancies. Of course this a rgument  would 
be inval idated if significant defect interaction occurs 
because of the addit ion of CaO to CeO2 or as a result  
of large departures from stoichiometry. 

Assuming the oxygen vacancies are doubly ionized, 
the nonstoichiometric defect reaction in CeO2 may 
be characterized by the following reaction 

Oo z + 2Cece x : 2Cece' + Vo" + 1/2 O2(g) [11] 

Electron t ransport  is assumed to occur by a "hopping" 
type process (13, 14). Applying the law of mass action 
to Eq. [11] yields 

[Cece'] 2 [Vo"]/>021/2 
Kt = [12] 

[0o x] [CeceX] 2 

If the appropriate electroneutral i ty  expression is 

[Cece'] = 2[Vo"] [13] 

and [Oo x] and [Cece x] _~ 1 then 

[Cece'] cr po~-*/e [14a] 
o r  

Ce cc Po2-1/6 [14b] 

if pe is temperature dependent only. 
It should be noted that under isothermal conditions 

and over a range of oxygen pressures the electrical 
conductivity of pure CeO2 was observed (i0) to be 
proportional to Po2 -I/s (e.g., between Po2 = i0-6 and 
10 -9 at I100~ However, at lower oxygen pressures 
(i.e., large departure from stoichiometry) the de- 
pendence of ~e on Po2 involves a more complicated rela- 
tionship (I0). Thus the above analysis is inconsistent 
with the behavior of the oxygen pressure dependence 
of r which would seem to imply that either or both 
the mass action approach or the defect reaction given 
in Eq. [11] are incorrect. 

Greener  et al. (15) discussed a defect model pro- 
posed by Bevan involving a simple divacancy, (Vo -- 
Vo) .... , to explain the P02 -1/5 dependence of ~ in pure 
CeO2. However, because of electrostatic repulsion be- 
tween the negat ively charged vacancies this model 
does not appear to be physically reasonable. 

With the addit ion of CaO to CeO2, the electroneutral-  
ity relat ion is 

2[Cace"] 4- [CeCe'] = 2[Vo"] [15] 

for the doubly ionized oxygen vacancy model. 
Two interesting limiting cases may be readily de- 

duced for this defect model. At low CaO contents and 
where the departures from stoichiometry are suffi- 
ciently large that 

[Cece'] >> 2 [Cace"] [16] 

the equation derived for CaO-doped CeO2 would be 
the same as Eq. [14] which was derived for pure CeO2. 

However for near-stoichiometric conditions, where 
the CaO content is sufficiently large that 

[Cece'] < <  2[Cace'] [17] 

then the concentrat ion of electron carriers, [Cece'], is 
given by Eq. [18] for the doubly ionized oxygen 
vacancy model 

K1~/2 
[Cece'] -- P02-1/4 [ 18] 

[ C a c e "  "] 1/2 

According to Eq. [18] for a given temperature  and 
Po2, [Cece ~ should decrease with increasing CaO con- 
tent. On the basis of these simple l imiting case models 
for CaO-doped CeO2 the P02 dependence of ae, under  
isothermal conditions, might be expected to vary be- 
tween P02 -1/4 and P02 -1/6 over a l imited region of 
nonstoichiometry and CaO content. Since ~ oc P02-1/5 
for pure CeO2 over a range of oxygen pressures (10), it 
would be expected that both pure and CaO-doped CeO2 
should exhibit  a similar isothermal dependence of ae 
on P02, at least over a l imited range of oxygen pres- 
sures. 

Experimental 
Conductivi ty specimens of CeO2 doped with CaO 

(0.1-16.0 m / o  CaO) were prepared by dry mixing the 
appropriate proportions of CeO2 and CaCO3 powder. 
The chemical analysis of CeO2 and CaCO3 powders are 
shown in Tables I and II, respectively. These mixtures  
were calcined for 12 hr at 1000~ in air. The calcined 
mater ial  was ground in an a lumina  mortar  and pestle 
to an approximate particle size of 20g or less. These 
powders were then pressed into bars 2 • 1/4 • 1/4 in. 
with a pressure of 20,000 psi. The bars were placed in 
an a lumina  boat and completely covered with CaO- 
doped CeO2 powder of the same composition to avoid 
loss of CaO dur ing sintering. A molybdenum-wound  
resistance furnace was used to sinter the bars at 1650~ 
for 3 1/2 hr in an argon atmosphere. Conductivity 
specimens were cut from the sintered bars to an average 
length of 2 cm. The bulk  density measurements  were 
determined from the mass of the specimen and the 
volume which was obtained from the external  d imen-  
sions of the specimen. The nomina l  calcia content, the 
ratio of bulk  density to true density, and the results 
of the chemical analysis on several of these specimens 
are shown in Table III. The nominal  calcia content 
specimens, 0.3, 2.0, 5.0, and 7.0 m/o  CaO, agree with 

Table I. Mass spectrographic analysis of Ce02 

E l e m e n t *  CeOz,** p p m w  

Ca 200 
F 30 
Fe  l0  
K 600 
L i  20 
M g  10 
N a  300 
P 200 
P b  10 
S 100 
S i  20 
T h  40 
Ti 20 
Z r  10 

* S e v e n t y - t h r e e  e l e m e n t s  w e r e  present ,  most  in traces; o n l y  
major  i m p u r i t i e s  a r e  l i s ted .  

** A m e r i c a n  P o t a s h  and Chemical  Corporation Ce02 (code 217.91).  

Table II. Impurity analysis of Fisher F. W. 100.091 
Certified Reagent CaC03 

I m p u r i t y *  Percentage  

S O .  0.009 
l~a 0.001 
C1 0.0005 
F e  0.0005 
Pb 0.001 
S r  0.0 
Mg 0.005 
K 0.00 

* 0.004% i n s o l u b l e  in  H C I  ond  0.001% i n s o l u b l e  i n  N H a O H .  
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Table Ill. Nominal mole per cent CaO, density, and chemical 
analysis of the CaO content of the conductivity specimens used 

in this investigation 

N o m i n a l  X R F ,  �9 A A S , * "  % B u l k  d e n s i t y /  
m / o  C a O  m / o  C a O  m / o  C a O  t r u e  d e n s i t y  

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

1 0 . 0 0  - -  w 8 3 . 1  
1 2 . 0 0  - -  - -  7 1 . 5  
1 4 . 0 0  - -  - -  8 2 . 7  
1 8 . 0 0  - -  - -  1 0 0  

were made. The conductivi ty data obtained from both 
techniques were found to be in good agreement.  

Results and Discussion 
The electrical conductivi ty of sintered specimens of 

calcia-doped nonstoichiometric cer ium dioxide (0.1- 
16.0 m/o  CaO) was measured as a function of tempera-  
ture (i.e., 700~176 and oxygen pressure (1-10 -21 
atm).  Typical behavior  of the conductivity as a func- 
tion of the reciprocal absolute temperature  in Ar-O2 
and CO-CO,~ mixtures  is i l lustrated in Fig. 3 for a 
nonstoichiometric cerium dioxide specimen doped with 
1.0 m/o  CaO. The measured values of the conductivity, 
O'meas, for the sintered specimen have been corrected 
for porosity using the relat ion (18) 

�9 X - r a y  f l u o r e s c e n c e .  
" *  Atomic absorption spectrometry. 

the results of the x-ray fluorescence and the atomic ab- 
sorption analysis wi th in  the reported exper imental  
error of these analyses ___10%. With the exception of 
the 1 m/o  CaO specimen, the nominal  values of mole 
per cent CaO of all specimens analyzed were wi th in  the 
reported exper imental  accuracy of the x-ray fluores- 
cence and atomic absorption analysis. Thus, in this 
study the nominal  mole per cent CaO values will  be 
used to identify the calcia content  of each specimen. 

The electrical conductivi ty measurements  on the 
above CaO-doped cerium dioxide specimens as a func- 
tion of Poe in the temperature  range 700~176 were 
made in a molybdenum-wound  resistance furnace. A 
standard four-probe d-c technique was employed for 
the electrical conductivi ty measurements.  The experi-  
menta l  apparatus employed was essentially the same 
as that described in an earlier publ icat ion (16). Four-  
probe conductivi ty specimens were prepared from 
sintered bars of CaO-doped CeO2 by wrapping with 
0.01-in. diameter  p la t inum wire. Two current  leads 
were wrapped near the ends of the specimen and two 
potential  leads were wrapped closer to the center  with 
a spacing of approximately  1 cm. An  Alta i r  Model C2 
constant  current  source with a cont inuously variable 
range from 1 to 50 ~A was used to supply the current .  
The d-c conductivi ty measurements  were found to be 
independent  of the applied field and time in this study. 
In  addition a-c measurements  in the frequency range 
10-1000 Hz were found to be in  agreement  with the 
d-c  measurements.  These results indicate that  ohmic 
behavior  was achieved and that  polarization was not 
a problem in  these measurements .  

Oxygen part ial  pressures were achieved by means 
of two methods. For  pressures from 1 to 10 -4 atm, 
premixed and analyzed Oe-Ar mixtures  at 1 a tm total 
pressure were used in  the study. Controlled oxygen 
par t ia l  pressures in the low-pressure region were ob- 
ta ined by introducing known mixtures  of CO and CO2 
at 1 atm total pressure. The wel l -known free energy 
values for the CO/CO2 reaction were used to calculate 
the oxygen partial  pressure. A l inear  flow rate of 0.7 
cm/sec was main ta ined  for all gas mixtures  used in 
this investigation to avoid errors arising from thermal  
diffusion (17). However, no flow dependence was noted 
when  the flow rate was increased or decreased wi th in  
50% of this value. Electrical conduct ivi ty  measurements  
were made at various temperatures  be tween 700 ~ and  
1500~ for a fixed gas mix ture  for both increasing and 
decreasing temperature.  Data were taken in  200~ 
increments,  s tar t ing at 700~ and proceeding to 1500~ 
while heating. Dur ing  cooling from 1400 ~ to 800~ 
data was recorded at 200~ intervals.  Since the com- 
position of calcia-doped nonstoichiometric ceria has a 
unique  value for each CaO content, oxygen part ial  
pressure, and temperature,  the above technique insured 
the measurement  of equi l ibr ium conductivi ty because 
the nonstoichiometric equi l ibr ium state was approached 
from both higher and lower compositions of oxygen. 
In  addition some isothermal conductivi ty measurements  

p t h e o r  
= ~ m e a s -  [ 1 9 ]  

P m e a s  

where Ptheor is the theoretical density and pmeas is the 
bulk  density of the sintered specimen. For all of the 
CaO-doped specimens two distinct types of behavior are 
observed as i l lustrated in Fig. 3. At lower temperatures  
and high oxygen pressures (i.e., Ar-O2 mixtures) ,  the 
conductivi ty is independent  of oxygen part ial  pressure 
and exponent ia l ly  dependent  on temperature.  At higher 
temperatures  and low oxygen pressures, the conduc- 
t ivi ty exhibits n - type  behavior. Based on the simple 
l imit ing case defect models discussed in the theory 
section, the ionic conductivi ty should be proportional 
to mole per cent CaO and independent  of Poe; whereas 
the electronic conductivi ty of Ca-doped CeO2 should 
exhibit  a dependence on Poe similar to pure CeO2. 
Isothermal p lo t s  of log r vs. log Poe were made for 
each of the CaO-doped specimens to test these simple 
models (13). Typical plots are shown in  Fig. 4-6 for 1, 
5, and 12 m/o  CaO, respectively. For comparative pur-  
poses the conductivi ty (10) of a pure CeO$ specimen 
is shown as a dashed line in these figures. 

A quali tat ive explanat ion of the observed electrical 
conductivi ty data may  be given in terms of three 
regions as follows: 

Region 1: At  high temperatures  and par t icular ly  
at low oxygen pressures, the ~ of the CaO-doped speci- 
mens exhibits a similar Po2 dependence as pure CeO2. 
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Fig. 3. Log ~ vs. 1/T for ! m/o CaO-doped CeO~ in Ar-O2 and 
CO-C02 mixtures. 
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Fig. ,1. Comparison of isothermal 
plot of log e vs .  log Po2 for pure 
n o n s t o i c h i o m e t r i c  cerium dioxide 
and 1.0 m/o CaO-doped CeOt 
sintered specimens. 
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Fig. 5. Comparison of isother- 
mal plot of log ~ vs. log Po2 for 
pure nonstoichiometric cerium 
dioxide and 5.0 m/o CaO-doped 
Ce02 sintered specimens. 
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The conductivity in this region appears to be pre- 
dominant ly  electronic (i .e. ,  ~ ~ r > ~i) and is probably 
controlled by the same nonstoichiometric defects as in 
pure CeO2. As the CaO content increases, lower oxygen 
pressures (i.e., a higher concentration of nonstoichio- 
metric defects) are required to "mask" out the effect 
of the CaO. 

Region II: For low temperatures and high oxygen 
partial pressures (i.e.,  near stoichiometric conditions) ,  
the conductivity of the CaO-doped specimen is inde- 
pendent of oxygen partial pressure. The ~ is also much 
larger than that of pure CeO2. Since ~i is to a first- 
order approximation independent of the oxygen pres- 

sure, this observation is consistent with a conduction 
process which is primarily ionic (i .e. ,  ~ ~ ~i > ~e).  

Region III: For all oxygen pressures and tempera- 
tures intermediate to regions I and II, the conductivity 
appears to be mixed, i.e., where Ce and ~i are of the 
same order of magnitude. 

As discussed in the Theory section, the simple l imit-  
ing case defect models for electronic conduction predict 
that the concentration of electronic defects should 
decrease with increasing CaO content. However,  based 
on the defect model  for CaO doping, the ionic conduc- 
t iv i ty  is directly proportional to the CaO content. As 
a test of these models, isothermal plots were made of 
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Fig. 6. Comparison of isother- 
mal plot of log ~r vs. log Pos for 
pure nonstoichiometric cerium 
dioxide and 12 m/o CaO-doped 
Ce02 sintered specimens. 

log ~ vs. log mole per  cent  CaO for all  of the gas mix -  
tures used in this s tudy (11, 13). Typical  plots of log 

vs.  log mole  pe r  cent CaO are  shown in Fig. 7, 8, 
and 9 for a tmospheres  containing 100% 02, 0.1% CO, 
and 48.1% CO, respect ively.  The same three  regions 
of behavior  discussed above m a y  be observed. In  region 
I (i.e., ~ ~_ ~e) the magni tude  of the  conduct ivi ty  of 
pure  and CaO-doped CeO2 are similar.  This region ex-  
tends to h igher  CaO composit ions and lower  t empera -  
tures  in more  reducing gas mix tures  (i .e. ,  lower  oxygen 
pa r t i a l  pressures) .  In  region  II  (i.e., ~ ___ ~i) the  slope 

of log ~ vs. log per  cent CaO is app rox ima te ly  one. 
This region is observed p r imar i l y  at  lower  t empera tu res  
and higher  oxygen pressures.  For  example ,  in an 
a tmosphere  of 100% O2 (Fig. 7) this  region extends 
from approx ima te ly  1 to 8 m/o  CaO in the t empera tu re  
range  700~176 whereas  in a s t rongly  reducing 
a tmosphere  (48.1% CO, Fig. 9) this region is ba re ly  
de tec table  at  700~ At  high oxygen pressures,  low 
temperatures ,  and low CaO contents  (0.1 m / o  CaO, 
Fig. 7) a curva ture  in the  line is observed.  This effect 
is p robab ly  due to impur i t ies  in CeO2. Fo r  example ,  
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Fig. 7. Isothermal plot of log ~ vs. log mole per cent CaO in CeO2 
in 100% 02. 
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Fig. 9. Isothermal plot of log a vs. log mole per cent CaO in Ce02 
in 48.1% CO. 

the conductivity for pure CeO2 has been reported (10) 
to be influenced by impuri t ies  in this temperature  and 
oxygen pressure region (i.e., in the near  stoichiometric 
condit ion).  Thus, it appears that a dopant  concentrat ion 
of > 0.3 m/o  CaO is required to produce a sufficient 
number  of defects to completely swamp out the effect 
of impurit ies in near  stoichiometric CeO2. Region III 
is a region of mixed conduction. Another  interest ing 
observation from Fig. 7-9 is that  at high CaO composi- 
tions the conductivi ty appears to exhibit  a m a x i m u m  
with increasing CaO content. This behavior  also ap- 
pears to be relat ively independent  of temperature  and 
oxygen part ial  pressure. Similar  behavior has been 
reported for other fluorite oxide systems doped with 
lower valent  cations. Two different models have been 
used to explain the max imum in ~ observed in CaO- 
doped ZrO2 (19). One model is based on a clustering 
of defects and the other on synthetic zones of composi- 
tion. In  both of these models the activation energy in- 
creases with increasing CaO content. In  contrast  to 
the predictions of these models, the activation energy 
for CaO-doped CeO~ determined from a plot of log o- 
vs. 1/T at 1 atm of O2 is independent  of CaO content.  
Also in  the vic ini ty  of the r max imum only a very  
small  variat ion in  the magni tude  of the conductivi ty 
.with CaO content  is observed. Although the reported 
solubil i ty (6) is 15 m/o  CaO in air at 1600~ the de- 
pendence of tempera ture  and oxygen pressure on the 
solubil i ty limits of CaO-doped CeO2 is not known. Thus 
the question of whether  the concentrat ion of CaO in  
this region exceeds the solubil i ty of CaO in CeO2 can-  
not be easily ascertained. Because of these considera- 
tions no at tempt has been made to analyze the maxi -  
m u m  in the conductivi ty of CeO2 doped with CaO. 

The quali tat ive interpreta t ion of the electrical be- 
havior of CaO-doped CeO~ observed in  this study may 
be summarized as follows. CaO-doped CeO~ exhibits 
both electronic and ionic conductivity.  Two, l imit ing 
case regions were observed. At low temperatures  and 
high oxygen pressures, and CaO contents of approxi- 
mately  1-8 m/o  CaO, the conductivi ty is proportional 
to mole per cent CaO and is predominate ly  ionic~ 
Whereas at high temperatures  and low oxygen part ial  

pressures and lower CaO contents the conductivi ty is 
predominately  electronic. 

The quali tat ive predictions of the l imit ing case de- 
fect models for electronic conduction (i.e., similar 
magni tude  and Po2 dependence as pure CeO2) in CaO- 
doped CeO2 appear to be consistent with the observed 
behavior of the conductivi ty in this l imit ing case region. 
It should be noted that  the l imit ing case models for 
oxygen vacancies would be expected to apply only in 
the oxygen pressure region where ~ cc po2-1/5 in pure 
CeO2. However, for oxygen pressures below this region, 
the conductivi ty of pure and CaO-doped CeO2 are 
actually in closer agreement. This implies that the 
same defects are responsible for the nonstoichiometric 
behavior in pure and CaO-doped CeO2. In the Theory 
section the inconsistencies of the previously proposed 
cerium interst i t ial  defect model for pure CeO2 and 
CaOodoped CeO2 have been discussed. The problem 
with the mass action interpreta t ion of the doubly ion- 
ized oxygen vacancy model has also been discussed. In 
addition information on the transference number  
should be available in order to determine a more exact 
dependence of ~e on temperature,  oxygen pressure, and 
CaO content. Because of these considerations no at-  
tempt has been made in this paper to analyze quant i ta-  
t ively the conductivi ty data in  terms of the above de- 
fect models. 

In order to analyze quant i ta t ive ly  the proposed oxy- 
gen vacancy model for ionic conductivity, Eq. [8], the 
conductivi ty in the region where ionic conductivity 
predominated was plotted as a function of CaO. These 
results are shown in Fig. 10 at Po~ ---- 1 atm for 700 ~ 
1000~ and for CaO contents between 1 and 16 m/o.  
A direct proport ional i ty was observed for specimens 
with CaO contents between approximately 1 and 8 
m/o  CaO. The parameter  Ei in Eq. [8] was obtained 
from the plot shown in Fig. 11 of log ~ vs. 1/T at Po2 = 
1 arm for several different CaO contents. The average 
value of Ei determined from a least square analysis 
was 0.62 • 0.03 eV for compositions from 1.0 to 14.0 
m/ o  CaO. A value of A = 6.0 • 0.5 was determined 
by curve fitting Eq. [8] to the data shown in Fig. 11. 
Thus if the proposed l imit ing case defect model for 
ionic conductivi ty is correct and ionic conductivi ty 
predominates in the composition region, 1-8 m/o  CaO, 
(i.e., ti _~. 1), ~i may be approximated by the relat ion 

0"i ' ~  [ 6 . 0  --I- 0 . 5 ]  [m/o CaO] exp --0.621kT [20] 

An approximate expression for the diffusion coeffi- 
cient of oxygen vacancies, Dvo'., in CaO-doped CeO~ 

Dvo" ~-~ 3.7 X 10 -8 exp --0.621kT [21] 

was determined in this s tudy from the above data and 
the Nernst -Einste in  relation. It  is interest ing to note 
that the diffusion coefficient for oxygen vacancies in 
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Fig. 11. Log ~ vs. I/T for 1, 2, 5, 7, 10, and 12 m/o CaO-doped 
CeO2 at 1 arm 02. 

CaO-doped CeO2 is la rger  than in CaO-doped  ZrO2 
(20). 

A recent  s tudy of oxygen  self-diffusion (21) in ceria-  
y t t r i a  solut ion at  Po2 = 1 a tm in the  t empe ra tu r e  range 
850~176 indicates tha t  the act ivat ion energy,  ap- 
p rox ima te ly  20 kca l /mole ,  is essent ia l ly  independent  
of y t t r i a  composit ion (i.e., for x be tween  0 and 0.2 in 
the formula  Cet-2xY2xO2-x). The act ivat ion energy 
obta ined in this s tudy (---14 kca l /mole )  for diffusion of 
oxygen vacancies produced by  CaO is in re la t ive ly  
good agreement  wi th  the self-diffusion of oxygen in 
Cel-2xY2xO2-x). I t  is also interes t ing to note tha t  the 
r epor ted  (21) act ivat ion energy for oxygen self-dif-  
fusion in pure  ceria va r i ed  from about  24 kca l /mo le  
in near  s toichiometr ic  ceria to about 4 kca l /mole  for 
CeOI.s. Thus it might  be expected tha t  the act ivat ion 
energy  for oxygen  diffusion in CaO-doped CeO2 would  
decrease in the presence of a large concentrat ion of 
nonstoichiometr ic  defects (i.e., at low oxygen pres-  
sures) .  

A s tudy of t ransference  measurements  on CaO-doped 
CeO2 has been in i t ia ted  in this  l abora to ry  to de te rmine  
t i  as a function of tempera ture ,  Po2, and CaO content.  
These da ta  when combined wi th  the  above ~ data  
should al low the de te rmina t ion  of the  T, Po2, and CaO 
dependence of the  electronic and ionic conduct ivi ty.  
The combined resul ts  of these studies should permi t  
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a more quant i ta t ive  test of the  s imple l imi t ing case 
defect models  for ionic and electronic conduct ivi ty.  
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ABSTRACT 

The effect of binder on the d-c characteristics of eleotroluminescent ZnS: 
Mn, Cu, Cl phosphor powder dispersed in a plastic (polymethylmethacrylate) 
binder was investigated. A plot of the current-voltage characteristic showed 
that I = Io exp A/V/VI, where Io and VI are constants for a given sample, 
suggesting current limited by Schottky emission from Cu-rich lines in the 
phosphor. As the phosphor concentration in the binder is increased, V[ de- 
creases to a nearly constant value much smaller than calculated for a uni- 
form electric field in an insulator. This result indicates that Schottky emission 
occurs at points of field concentration, such as at the ends of Cu-rich lines. 

Electroluminescence in Mn-activated ZnS is enhanced 
by the incorporation of Cu (1), and the resul t ing 
doubly activated phosphor is electroluminescent to both 
a-c and d-c excitat ion (2-4). High efficiency and 
brightness in ZnS:Mn,  Cu,C1 powder dispersed in an 
insulat ing binder  and excited with a d-c voltage have 
been reported by Vecht, et al. (5-6). Two different 
methods of phosphor activation were used, one being 
post activation by the conventional  s lur ry ing  technique 
(7) which resulted in  a quan tum efficiency as high as 
170% and the other being s imultaneous activation fol- 
lowed by copper coating of the phosphor which resulted 
in  a brightness as high as 1000 ft-L. Close control of 
the ZnS pur i ty  and the Mn and Cu additions was 
described, but  l i t t le information regarding the current-  
voltage characteristic or the effect of binder  on cell 
properties was reported. 

In  the case of a-c excitation of activated ZnS powder 
dispersed in  an insulat ing binder, a purpose of the 
binder  is to avoid discharges and breakdown (7), and 
the only apparent  effect on electroluminescence is to 
modify the electric field dis tr ibut ion (8, 9). The bright-  
ness with a-c excitation has been reported not to 
depend on binder  mater ial  or proport ion of binder  to 
phosphor (10). The brightness and efficiency with d-c 
excitation, however, should depend significantly on 
proportion of b inder  to phosphor. 

Electroluminescence with d-c excitation has been 
observed and studied in  ZnS phosphor crystals and 
films as well as embedded powder. Light emission from 
the cathode region has been observed in Cu-activated 
and Mn-act ivated crystals relat ively free of in ternal  
barr iers  (11), and this electroluminescence is most 
readily ascribed to impact excitation by injected elec- 
trons accelerated in a high-field region adjacent  to 
the cathode (12). This mechanism is also consistent 
with data obtained for Mn-act ivated ZnS films made 
d-c electroluminescent  by convert ing a surface layer 
of ZnS to Cu2S (13). 

Electroluminescence in  both crystals and embedded 
powders has been observed as originating at the tips 
of striations or lines wi th in  the crystal or powder 
particle (14, 15). These lines are believed to be a 
separate phase of Cu2S existing at crystal  imperfec- 
tions (16). Electrons can be injected into the ZnS 
from this separate conducting phase at points of 
electric field concentration. Electroluminescence in 
ZnS:Mn,Cu,C1 films has been observed to originate 
at the anode (17). The current-vol tage characteristics 
of the films indicate that  electron inject ion occurs at 

I Present  address: Amer ican  Embassy,  Peace  Corps, Caracas,  
Venezuela .  

�9 P rescn t  address :  Trans i t ron  Electronic Corporat ion,  Wakefield,  
Massachusetts  01880. 

K e y  words:  carrier injection,  insulator ,  po lymethy l  methacrylate ,  
zinc sulfide. 

the ends of Cu or Cu2S lines that  extend from the 
cathode to the vicinity of the anode (18). 

Vecht e t a l .  (6) have investigated the brightness-  
current  and brightness-voltage characteristics of the 
electroluminescent  ZnS:Mn,Cu,C1 powder-binder  sys- 
tem and the effect of vary ing  the concentrat ion of Cu 
and Mn in the phosphor powder. The present  paper 
describes the current-vol tage characteristics and the 
effect of varying the concentrat ion of phosphor powder 
in the insulat ing binder.  

Electroluminescent Cell Preparation and 
Characteristics 

Electroluminescent  cells were made by dispersing 
ZnS:Mn,Cu,C1 phosphor powder in  polymethylmeth-  
acrylate (PMMA) and sandwiching this mix ture  be- 
tween A1 and t ransparent ,  conducting, t in  oxide elec- 
trodes. The phosphor was prepared by the post- 
activated s lur ry  technique described by Vecht e t a l .  
(6). Aqueous solutions of Cu and Mn acetates and HC1 
solution were added to luminescent  grade ZnS. The 
mixture  was dried, pulverized, and fired at 900~ for 
1 hr in a ni t rogen atmosphere. The powder was sifted 
through a 320-mesh sieve and mixed with PMMA 2 in 
a solvent. This mixture  was spread with a sharp edge 
(at constant  height) onto a t in-oxide-coated glass sub- 
strate 8 and allowed to dry a few minutes  at room 
temperature  and finally at 65~ To form a top elec- 
trode A1 was deposited by evaporation. 

The phosphor powder was analyzed for Cu and Mn 
content  by atomic absorption film spectrometry and 
for C1 content  by coulometric ti tration. The thickness 
and roughness of each phosphor film were measured 
with a Zeiss l ight section microscope and the cell 
fabrication was completed only if the film was fiat 
and 30 to 35 ~m thick. 

The t in oxide layer was contacted with a Ag paint.  
The d-c voltage producing average electric fields rang- 
ing from 70 to 280 kV/cm in the phosphor /b inder  layer 
were applied between the Ag and A1. The cell cur ren t  
was measured with a Kei thley 103 microvol t -ammeter  
and the luminance  with an RCA 4473 photomultiplier.  

In  two cells, no phosphor was dispersed in the PMMA 
binder. Varying voltage was applied to the cell and 
the current  at each voltage was measured after the 
charging component  had decayed to a negligible value. 
There was no significant difference between ascending 
and descending data. The logari thm of the current  is 
plotted vs. the square root of the voltage in  Fig. 1. 
The current-vol tage characteristic is seen to follow the 
relat ion 

I -- Io exp A/V/VI [1] 

where Io and Vx are constants for the cell. This current -  
voltage characteristic can be explained as the result  

2 Rohm and Haas Acryloid  A 101. 
8 Corn ing  I R R  7420. 
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Fig. 1. Current-voltage characteristic for a 30-pro thick poly- 
methylmethacrylate binder film without phosphor plotted as log- 
arithm of current vs. square root of voltage. 

of a thermal process such as Schottky emission, i.e., 
field-enhanced thermal injection from a metal elec- 
trode caused by image-force lowering of the barrier 
(19). 
The factor VI in the exponent of Eq. [1] is related 

to the slope of the curve in Fig. 1. Theoretically, for 
Schottky emission 

I --  AT 2 exp [ - - e ( r  --  x/eV/4~K~od)/kT] [2] 

where  A is Richardson 's  constant  and r is the  contact  
ba r r i e r  height  (20). The constant  Vz of Eq. [1] is 
therefore  

VI = 4~Keodk2T2/e3 [3] 

where  K is the h igh- f requency  dielectr ic  constant  of 
the  PMlVIA, eo is the  f ree-space permi t t iv i ty ,  and d is 
the PMlVIA thickness. Here it is assumed tha t  the  
electr ic field is uni form and equal  to V/d. 

Cells wi th  phosphor  dispersed in the  PMMA binder  
were  e lect roluminescent  immedia t e ly  on appl ica t ion  of 
d -c  voltage. The br ightness  for a given cur ren t  was 
not  as high as that  r epor ted  by  Vecht  e t a [ .  (6), but  
the  vol tage requi red  to produce a g iven br ightness  
was less. The e lec t roluminescent  cells p repa red  by  
Vecht et al. (6), f rom phosphor  s imul taneous ly  ac t i -  
va ted  and copper-coated also exhib i ted  lower  lumi-  
nance for a given cur ren t  and higher  luminance  for 
given vol tage than  those p repa red  f rom pos t -ac t iva ted  
powder,  but  these requ i red  a forming step af ter  p r e p a r -  
ation. In  cells p repared  in the present  work, the  cur ren t  
decreases s lowly wi th  time, as also does the  lumines-  
cence. The vol tage was set at  the  m a x i m u m  value  for 
5 min and then a voltage-current-luminescence char- 
acteristic was recorded. 

In  Fig. 2 are  p lo t ted  log I vs. ~/V for a cell  wi th  
pure  ZnS (cel l  A) and another  wi th  ZnS:Mn,Cu,C1 
dispersed in the b inder  (cell  B) .  The phosphor  con- 
cent ra t ion  is 0.5g of phosphor  pe r  cubic cent imeter  of 
binder.  The Mn concentra t ion is 0.40%, the  Cu con- 
cent ra t ion  is 0.09%, and the C1 concentra t ion  is 0.005% 
by  weight,  in the  ZnS. The curves  are  l inear  and the 
slopes are  g rea te r  than  in Fig. 1. (Note the  change in 
the  ver t ica l  scale.) The slope is grea ter  for cells wi th  
ZnS: Mn, Cu, C1 than  those wi th  pure  ZnS dispersed in 
the  PMMA binder.  

A number  of cells were  fabr ica ted  wi th  va ry ing  
phosphor  b inder  ratio. The re la t ion  of Eq. [1] was 
obeyed by  the d-c cur ren t -vo l tage  character is t ic  of 
each cell, and only the  constants  Io and Vz varied.  Io 
and VI are  p lot ted  vs. phosphor  concentra t ion in Fig. 
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Fig. 2. Current-voltage characteristics for films with pure Zn$ 
(cell A) and ZnS:Mn,Cu,CI phosphor (cell B) mixed into binder. 

3. Also p lo t ted  are  Io and V I  for  zero phosphor  con- 
centrat ion,  i.e., wi th  no phosphor  d ispersed in the  
binder.  I t  is seen tha t  Io falls  on in t roduct ion of the  
phosphor  and then increases r ap id ly  as the  phosphor  
concentra t ion is increased.  Vz decreases sharp ly  and 
then  becomes re la t ive ly  independent  of phosphor  con- 
centrat ion.  

The luminance-vol tage  character is t ic  for each cell  
obeyed reasonably  the  re la t ion  

10-8 I I I I I 

id s 

16 to 

o I(~ II 

1612 

Io 

Vl 

Io 13- I i I I 
0 0.2 0.4 0.6 0.8 

PHOSPHOR CONCENTRATION 

I00 

b 
o 

io : "  

I 

I 
LO 

Fig. 3. Constants Io and V[ of Eq. [1] for a number of cells 
with electroluminescent films of various ZnS:Mn,Cu,CI phosphor 
concentrations. 
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Fig. 4. Typical luminance-voltage characteristics plotted as log- 
arithm of luminance vs .  reciprocal square root of v0!tage. In cell 
C the phosphor concentration is 1.0 g/cm 3 of binder. In cell D the 
phosphor concentration is 0.2.5 g/cm 3 of binder. 

L = Lo exp X/VL/V 

for higher voltages. Log L is plotted vs. 1/~/V for two 
cells of different phosphor binder  ratios in Fig. 4. In 
cell C the phosphor concentrat ion is lg qf phosphor 
per cubic centimeter  of binder, and in cell D it is 0.25g 
of phosphor per cubic centimeter  of binder.  Log L is 
plotted vs. log I for the same cells in Fig. 5. In  general, 
the luminance at constant  voltage increased as the 
phosphor concentrat ion was increased. The luminance 
at constant current  seemed to increase with decreasing 
phosphor concentrat ion to about 0.25g of phosphor per 
cubic centimeter  of b inder  and then become relat ively 
independent  of phosphor concentration. 
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Fig. 5. Luminance-current characteristic for same cells as in Fig. 
4. Unity slope is approached at higher luminances. 

Discussion 
Polymethylmethacryla te  is an atactic polymer and 

amorphous (21). Optical t ransmi t tance  is constant for 
wavelengths longer than 3500A, which corresponds to 
an optical bandgap of 3.55 eV. The a-c conduction and 
loss in polymers is general ly a t t r ibuted to rotat ion of 
polar groups not directly attached to the main  polymer 
chain. The d-c conduction in polymer films has also 
been assumed ionic (22, 23). The d-c conduction in 
other insulat ing films at high fields and room tempera-  
ture has been found to be normal ly  Schottky emission 
from electrodes, or field-enhanced release of electrons 
from traps in the insulator, the Poole-Frenkel  effect 
(19). Schottky emission has been reported, however, 
for 1-mm thick PMMA (24) 1-mil thick Mylar (25), 
and 2-mil thick polyvinyl  formal (25). Current-vol t -  
age characteristics appropriate for Poole-Frenkel  con- 
duction have been reported for 1-mil thick Mylar (26) 
and polymerized thin films of silicone oil (27) and 
styrene (28). The thickness of the PM1VIA films studied 
in the present work is 1.4-1.6 mils. 

The dielectric constant of PMMA is given as 8.3-3.9 
at 60 Hz and decreases as f requency is raised (29). It 
passes through a broad m i n i m u m  of approximately 2.5 
at 107 Hz and is approximately 2.6 at 109 Hz. A high- 
frequency value can be calculated from the slope of 
the curve in Fig. 1. Assuming Schottky emission to 
be dominant  and using Eq. [3], the exper imental  value 
for K is 2.7 and compares well with published values. 

The large increase in the slope of the log I vs. ~/V 
curves on addition of ZnS or ZnS:Mn,Cu,C1 can be 
a t t r ibuted to a nonuni form field, i.e., a field much 
greater in value than V/d  at ends of ZnS particles or 
at tips of conducting Cu-rich lines. If ZnS particles in 
the binder  are assumed to provide conduction paths 
from one electrode to another, it is possible for con- 
duction to be controlled by Schottky emission of elec- 
trons from conducting lines or from an electrode into 
ZnS. Assuming the high-frequency dielectric constant 
of ZnS to be 5.7 (30), insulator  thicknesses d were 
calculated from Eq. [3]. These are effective insulator  
thicknesses since the field is in this case not uniform. 
For the two cells whose characteristics are plotted in 
Fig. 2 the effective ZnS thickness is 3.7 ~m in  cell A 
and the effective ZnS: Mn,Cu, C1 thickness is 0.7 ~m in 
cell B as compared to binder-phosphor thicknesses of 
30 and 35 ~m, respectively, in the two cells. This in- 
dicates a greater  concentrat ion of field in the activated 
ZnS, l ikely at the tips of Cu-rich lines, than in  un-  
activated ZnS. 

The sharp decrease that is observed in the constant 
VI of Eq. [1] as the phosphor is introduced into the 
b inder  can therefore be explained. A s  conduction in 
the phosphor becomes much greater  than  conduction 
in  the binder,  Vz approaches a constant  value. The 
constant  Io falls as the phosphor is introduced, and then 
rises as the phosphor concentrat ion is increased. 

A l inear log I vs. x / V  dependence of current  on volt- 
age has also been observed in evaporated electro- 
luminescent  films of ZnS:Mn,Cu,Cl contacted with A1 
and t in oxide electrodes (18). For these films an effec- 
tive phosphor film thickness of 0.13 ~m, for example, 
was calculated for a phosphor film with an actual 
thickness of 5.6 ~m. 

In  Fig. 5, the slope of the curves of luminance  vs. 
current  appears to approach un i ty  at high luminances.  
A l inear dependence of luminance on current  can be 
a t t r ibuted to direct excitation of Mn luminescence cen- 
ters without  ionization, and Vecht and Werr ing (31) 
have proposed collision-excitation of Mn centers by 
conduction electrons to be the dominant  process. In 
d-c electroluminescence current  inject ion into the phos- 
phor from electrodes or b inder  must  occur. The re- 
sults described above indicate that injection is essen- 
t ial ly from electrodes. The mixing  of electrolumines- 
cent phosphor with a plastic b inder  facilitates the 
spreading of the mater ial  into a layer of uni form thick- 
ness. The effect on the d-c characteristics of changing 
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the e lect roluminescent  l ayer  thickness and phosphor 
par t ic le  size were not invest igated and may  be im- 
portant .  

Manuscr ip t  submi t ted  Dec. 4, 1972; revised manu-  
script  received Apr i l  18, 1973. 

Any  discussion of this paper  will  appear  in a Discus- 
sion Section to be publ ished in the June  1974 JOURNAL. 
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Silicon Surface Contamination: 
Polishing and Cleaning 
R. L. Meek,* T. M. Buck, and C. F. Gibbon 

Bell Laboratories, Murray HiIZ, New Jersey 07974 

ABSTRACT 

A Ruther ford  backscat ter ing  s tudy using 2 MeV He + ions has shown tha t  
the principal contaminants heav ie r  than Si r ema in ing  on silica-sol pol ished 
silicon surfaces are  S (1014 cm-2) ,  C1 (1013 cm-2 ) ,  Ca (1014 cm-2) ,  Cu (1014 
cm-2) ,  and a heavy  meta l  in the range P t - A u - P b  (1012 cm-2) .  Preoxida t ion  
c leaning using HNO3 and H F  was found to be er ra t ic  in the ab i l i ty  to y ie ld  sur -  
faces free of Ca and Cu and a lways  left  heavy meta l  contaminants .  Cleaning 
wi th  H202:HC1 and H202:NI-I4OH solutions a lways  removed all  e lements  
heav ie r  than chlor ine to below the level  of detectabi l i ty .  Both cleaning t r ea t -  
ments  left  S and C1 at levels ~1013 cm -2. Breakdown voltage measurements  
indica ted  tha t  junct ion qual i ty  was not p redominan t ly  control led  by  surface 
impur i t ies  p resen t  af ter  p reoxida t ion  cleaning, a l though the diode qual i ty  on 
cleaned wafers  was much higher  than on as-pol i shed  wafers.  

Fabr ica t ion  of silicon in tegra ted  microelectronic  de- 
vices typ ica l ly  begins wi th  sawing, etching, polishing, 
and cleaning of wafers  before the rmal  oxidation.  Im-  
puri t ies ,  pa r t i cu la r ly  the fast diffusing heavy  metals,  
left  on the surface af ter  these steps may  be diffused 
into junct ion  regions where  they  can degrade  device 
propert ies .  Determina t ion  of the  ident i ty  and amount  
of these impur i t ies  on polished and cleaned surfaces 
is pa r t i cu l a r ly  amenab le  to the ion sca t ter ing  tech-  
nique (1-4). 

Severa l  workers  (5-14) have invest igated the  absorp-  
tion of me ta l  cat ions onto silicon, germanium,  and 
other  semiconductor  surfaces, usua l ly  using radio-  

* Elec t rochemica l  Society Active Member .  
K e y  words :  con tamina t ion ,  soft  junc t ions ,  sil icon surfaces ,  pol-  

ishing,  cleaning, ion backscattering. 

chemical  techniques, and s tudied the consequent  
deleter ious effects on junct ion propert ies.  Kern  (15) 
has  recent ly  rev iewed the radioac t ive  t racer  work  on 
semiconductor  surface contaminat ion.  Typical ly ,  it is 
found that  contact  wi th  solutions contaminated  with  
~ i  p p m  of heavy  meta l  ions m a y  leave on the o rde r  
of monolayers  of surface contaminat ion  (6, 12, 13). In 
this work  we have de te rmined  the surface contamina-  
tion levels ac tua l ly  in t roduced by typical  processing 
operations.  

Experimental 
Polishing.mMendel (16) has recen t ly  rev iewed the 

methods  for pol ishing silicon. The conclusion is tha t  
the most sat isfactory surfaces for device fabrication,  
that  is those most nea r ly  perfect  (16-18), can be ob- 
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tained with the silica-sol polishing method (19). The 
silica-sol polishing medium is a colloidal suspension of 
silica gel in aqueous sodium hydroxide solution having 
a pH of 9.9. The suspension is about 30% silica having 
a particle size range of 100-400A. 

The results of a semiquant i ta t ive spectrographic 
analysis of the silica-sol solution are presented in 
Table I. The principal  contaminants  are Mg, Ca, A1, 
Ti, Fe, Cu, and Pb. The solution as it comes off the 
polishing pad has also been analyzed. In  that solution 
the concentrat ion of Mg, Ca, and Cu has increased and 
K appears. We have polished wafers with an iron r ing 
deliberately placed on the pad in an at tempt to increase 
iron contaminat ion since earl ier  work (17) had indi- 
cated that iron might be a significant polishing-intro-  
duced contaminant .  Of equal interest  is the list of 
elements sought but  not found in either the new or 
used solutions since these include Pt, Au, and T1. We 
have quite often found a surface contaminant  in the 
mass range P t -Pb  (i.e. Pt, Au, Hg, T1, or Pb) .  

Cleaning.--In various polishing facilities a var ie ty  
of ways of t reat ing the silicon wafers in removing them 
from the polishing block have evolved. Those we have 
examined are given in Table II and range from the 
very simple method of simply r insing off the wafers 
and block in flowing water, heating to remove, and 
r insing off the mount ing  wax in acetone (WFF1) to 
much more involved procedures involving several 
organic solvents, HF and HNO3 (ROM2). 

Two basic final preoxidation cleanings have been 
considered and are summarized in Table III. The first 
of these uses HNO3 and HF (NHF),  while the second 
is based on use of solutions (20) of H202:NH4OH and 
H202:HC1 (PNH).  We have also examined a slight 
modification of the NHF procedure (NHFA) which 

Table I. Contaminants in silica-sol polishing solution as 
determined by qualitative spectrographic analysis* 

(parts per million by weight) 

Solution off 
Unused Solution pad with Fe 
solution off pad ring 

Mg 1 I0 1O 
A1 I00 I00 I00 
K t I0 I0 
Ca I0 I000 1000 
Ti I00 i00 I00 
Fe 10 10 10 
Cu 1 10 10 
Pb 1 1 1 

Elements sought but not found: Li, V, Cr, Mn, Co, Ni, Zn, Ga, 
Ge, As, Rb, Sr, Zr, Nb, Mo, Pd, Ag, Cd, In, Sn, Sb, Cs, Ba, Ta, 
W, Pt, Au, T1, Bi. 

* Lucius  P i tk in ,  Inc., New York.  
t Not detected. 

Table II. Summary of slice demounting (preclean) procedures 

1RDC'P 
1. Rinse wi th  DI water ,  blow dry.  
2. Hea t  to r emove  f rom block. 
3. Scrub wi th  Tr i ton -X 100. 
4. Rinse wi th  t r ichloroethylene.  

ROM 1 
i .  Scrub under tap water, rinse DI water, blow dry. 
2. Heat to remove from block. 
3. Boil 5 rain in trichloroethylene. 
4. Acetone rinse, swab with methanol 

ROM 2 
1. Flood with DI water, blow dry. 
2. Heat  to r e m o v e  f r o m  block. 
3. Boil in t r iehloroethylene,  rinse acetone,  methanol .  
4. 1:1 HF:H20,  DI  rinse. 
5. HNOs, DI  r inse,  me thano l  rinse,  blow dry. 

W F F  1 
1. Scrub wi th  detergent  under f lowing tap water ,  blow dry.  
2. Heat  to r e m o v e  f r o m  b lock .  
3. Rinse in acetone.  

W F F  2 
Same as W F F  1 b u t  no detergent.  

Table III. Summary of preoxidation cleaning procedures 

NHF 
1. Rinse, tr ichlor,  acetone, H20. 
2. Superoxol  boil, r inse  HsO, HF  dip, r inse  H20. 
3. HNO3, 80~ 10 min,  r inse  HsO. 
4. HF  dip, r inse H20, blow dry. 

N H F A  
1-4. Same  as NHF.  
5. Dip in HC1 2 rain. 

P N H  
1. Scrub wi th  Triton-X100, r inse  H20, ethanol.  
2. NH4OH: 4H20: I-I~O~, 80~ 10 rain, r inse  H20. 
3. HF  dip, r inse H=O. 
4. 4HCI: H202: H20, 80~ 10 min,  r inse  H~O. 
5. H F  dip, r inse  H20, spin  dry.  

adds a final HCI dip in an at tempt to remove Cu and 
the P t -Pb  mass range quite often found after the basic 
NHF cleaning. 

Ion scattering.--The MeV Rutherford ion backscat- 
ter ing technique (I-4) has proven to be an excellent  
tool for identification and quant i ta t ive  determinat ion 
of silicon surface contaminants.  A schematic of the 
basic exper imental  a r rangement  is shown as Fig. I. A 
beam of 2 MeV He + ions is collimated through two Ta 
collimators 1 m m  in diameter  about 2m apart. The 
backscattered (177 ~ He ions were detected in  a 50 
mm 2 surface barr ier  detector having an energy reso- 
lut ion of 16 keV. Secondary electron suppression and 
pile up rejection electronics were used. The silicon 
samples were surrounded by a baffle cooled to liquid 
ni trogen temperature  and were mounted in a two axis 
goniometer which allowed the sample to be aligned 
with a <110> axis paral lel  to the beam. This channel-  
ing combining with pi le-up rejection allows max imum 
sensit ivity since pile-up counts beyond the silicon 
edge, which would tend to obscure true surface im- 
pur i ty  counts, can be v i r tual ly  eliminated, while still 
main ta in ing  a sufficient total beam current  to give 
reasonable measurement  t imes (typically 30 rain) .  
The scattering chamber  was main ta ined  at 10 -8 Torr 
and the He ion fluence was typical ly 1016 cm -2. 

MeV He + ions are known to closely obey the 
Rutherford scattering law. The scattered ion yield per 
uni t  solid angle is given by 

dn noNbS sin_4( Oc ) 
dO, - -  16 "2-  [ i ]  

where 
ZlZ2e 2 

b - -  [ 2 ]  ( MIM$ ) v, 
�89 MI+ Mz 

and Zt and Z2 are the atomic numbers  of incident 
particle and target atom, MI and M2 are the respective 
masses, and Oc is the center of mass scattering angle; 
e is the electronic charge, V is the velocity of the 
incident ion, no is the number  of incident ions, and N 
is the number  of target atoms cm -2. The center of 
mass and laboratory scattering angles are related by 

M1 
sin (0e - -  0L) = s i n  0L [3]  

M2 

Since the scattering is elastic, ions scattered from 
a target atom of given mass at a given 0L have a 
characteristic energy, E, given by 

SCATTERED 

COLLIMATED 2 Mev 

"=" CRYSTAL 
ANNULAR SEMICONDUCTOR TARGET 

PARTICLE DETECTOR 
(16 kev RESOLUTION) 

Fig. 1. Schematic of MeV He ion scattering analysis 
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E o - -  ( M i + 1 9 . ) 2  C O S 0 L +  --M12 -- 

[4] 
where Eo is the  ion energy  before the scattering event. 

It is convenient  to define a sensit ivity factor ~, which  
depends on the scattering cross section, such that 

n = = Nc/F [5] 

where n is the impurity concentration (atom c m - 2 ) ,  
Nc is the number of counts at an energy corresponding 
to that impurity, and F is the incident ion fluence in 
microcoulombs. This sensit ivity factor is plotted, for our 
experimental  conditions, in Fig. 2. For a few tens of 
microcoulombs and peaks of a few counts, the sensi- 
t ivity is then ~10  TM cm -2 for masses near Cu and 
~10  n cm -2  for masses near Au. 

The mass resolution decreases wi th  increasing mass 
since the detector energy resolution is constant. Near 
Cu the mass separation is about 6 keV/atomic  mass 
units and near A u  is only 1 keV/atomic  mass units  
so that we  are not able to definit ively identify the 
heaviest  mass species, but rather only  a mass range. 

Diode 1ormation.--After surface characterization as 
described above, a masking oxide was grown on the 
wafers at 1050~ in steam, a pattern of 1 • 2 rail 
openings cut, a 8 X (10) 14 cm -2  boron diffusion source 
implanted, and diodes formed by diffusing for 40 rain 
at 1130~ in pure O~. After a l ight etch, the breakdown 
voltages of 15 diodes on each wafer were determined. 

Results 
Typical experimental data.--In Fig. 3 is the spectrum 

obtained from a typical  silica-sol polished, WFF1 pre- 
cleaned, surface of < 1 1 1 >  10 ohm-cm, n-type silicon. 
The impurities detected on this sample are sulfur, 
chlorine (the two isotopes are clearly resolved, 
especial ly for somewhat  larger total fluence),  calcium, 
perhaps titanium, and copper. The absence of pulse 
pi le-up is evident from the absence of background 
counts at high energy. Somewhat  longer counting 
times reveal  a slight contamination in the Pt-Pb mass 
range (about 3(10) n c m - 2 ) .  Figure 4 is the spectrum 
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Table IV. Silicon surface contamination levels (atom cm -2)  after 
sawing and etching 

Sawed plus 
Sawed H C I  dip E t c h e d  ~ 

S 3 ( 1 0 t ~  (10) t '  (10) TM 

CI 2 ( 1 0 i l l  ~ 4(10) ~s 
K ~ 2(10) ls (10) TM 

Ca 2 ( 1 0 )  1~ 2 ( 1 0 )  ~s (10)  TM 

T i  4 ( 1 0 )  TM -- -- 
Cr 2(10) TM -- 7(I0~ r-' 
F e  4 ( I 0 )  ~ 9 ( i 0 )  ~ 7~10)  TM 

Cu 2 ( 1 0 ) ~  ( I 0 1 ~  - -  

G a  5(10) is -- -- 

M o - B a  7 (10) =~ -- ~ 107 '~r 
Pt-Pb 4 ( 1 0 )  = - -  - -  

E t c h  c o m p o s i t i o n ;  5 H s C O O H :  4 H N O ~ :  1 H F  w i t h  3 g  I . - / l i t e r .  
N o t  d i s c e r n e d  d u e  t o  m a g n i t u d e  o f  n e i g h b o r i n g  p e a k s .  

c N o t  d e t e c t e d .  
d Mostly Ag, I, B a .  
�9 I o d i n e .  

Table V. Silicon surface contamination levels (atom cm -2)  after 
dipping in silica-sol polishing solution. 

Solution 
Unused Solution off pad with 
solution off pad Fe ring 

S 4(10)~s 2(I0)~ 2(10) ~3 
Cl 2~I0) TM (10) TM (10) = 
K 4(10) ~ 3{I0) ~ 4(I0) ~ 
Ca 4 ( 1 0 )  ~-~ 3(10) TM 2 ( 1 0 )  1~ 
T i  6 ( 1 0 )  ~2 " 3 ( 1 0 )  1~ 
Fe 3(10) TM 2(10) TM 2(10) ~ 
C u  * 6(10) ~ 6(10) 1~ 
P t - P b  * 2 (10)  11 2 (10)  ~ 

* N o t  d e t e c t e d .  

for a sample which had been NHF cleaned after  
polishing. Here  sulfur, chlorine, and a species in the 
mass range Pt -Pb  remain  on the surface. 

Sawed and etched sur~aces.--Wafers for polishing 
are produced by ID sawing f rom silicon ingots and 
etching to remove  surface damage (17, 21). We have 
examined the surface contaminat ion on the sawed 
and etched wafers;  the results are tabulated in Table 
IV. Numerous contaminants  are seen. Sulfur  and 
chlorine are first detected after sawing, and, as will  
be seen, persist throughout  the polishing and cleaning. 
A rather  broad peak is found in the mass range Mo-Ba, 
the s t ructure  of which suggests it is most ly Ag, I, and 

Ba. Ba and S are thought  to or iginate  f rom the BaSO~ 
used as a filler in the wax used to hold the ingot during 
sawing. K and Ca probably come f rom the water  
used during cutting and the metals  f rom the steel ID 
blade and the Cu-Ni alloy used to bond the diamond 
grit  to the blade. Results after etching are shown in 
the third column of Table IV. Of part icular  interest  
are the facts that S and C1 remain  and that Cu and 
species in the P t -Pb  mass range are not detected. 

Contamination of clean surfaces in contact with 
polishing solution.--As will  be discussed subsequently, 
it is possible to prepare  clean silicon surfaces free of 
contaminants  heavier  than chlorine. The contamina- 
tion levels  introduced on such clean silicon surfaces 
left in contact for 30 min  with  unused and used silica- 
sol polishing solutions are given in Table V. The S 
and C1 levels are typical  of the cleaned surface, and 
K, Ca, Ti, Fe, Cu, and something in the P t -Pb  range 
are each found at ~1012 cm -2. The level  of impuri t ies  
is fair ly independent  of whether  the solution was new 
or used except that  Cu and Pt -Pb  are found only after 
immersion in the used solution. It wil l  be recalled 
f rom Table I that  the Cu concentrat ion is an order of 
magni tude  greater  in the used solution. 

There are at least two reasons to suppose that  the 
contaminat ion found on as-polished surfaces wil l  be 
different. The first is that  as the surface is being 
polished its adsorption-desorption characterist ics may 
be different than a clean silicon surface with its nat ive 
oxide. The second is that  the t rea tment  (preclean) 
which the slice receives during removal  from the 
polishing block may  introduce or remove  some surface 
impurities. 

Polished surfaces.~Table VI summarizes the data 
for polished samples t reated in various ways. S (~10 ~4 
cm-2) ,  C1 (,-.5(10) 13 cm-2) ,  and K (~10 ~3 cm -2) are 
found on all as-polished samples. Ca is not present  on 
RDCP precleaned surfaces but  appears at -~101~ cm -2 
on ROM1 or ROM2 surfaces and at ,.-10 ~ cm -2 on 
WFF1 or WFF2 surfaces. This seems reasonable since 
the la t ter  involve scrubbing wi th  tap water.  Cu is 
present at roughly .--101~ cm - s  on all as-polished 
samples except  that  which had the ROM2 treatment .  
This is explicable since the nitric acid involved in 
ROM2 should remove  Cu. 

Species in the P t -Pb  mass range are present at 
101~-10 ~3 cm-2  except  on samples which had the 
ROM1 or ROM2 preclean. Final ly  we note that  placing 

Table VI. Silicon surface contamination levels (atom cm -2)  after silica-sol polishing and cleaning 

Pre- 
c l e a n  C l e a n  S C1 K C a  F e  C u  P t - P b  

R D C P  N o n e  9 (10)  is  3 (10)  i s  10~s - -  2 (10)  = 3 (10)  14 (10718 
R D C P  N H F  2 ( 1 0 )  t8 2 ( 1 0 )  = . ~ _ _  - -  2 ( 1 0 ) ~  
RDCP NHFA (10) Is 4(10} TM 3(10) = -- 4(10) TM 3(10) TM 3(10} TM 

RDCP PNH 2 (10) ~s 3 (I0) = -- -- -- 
ROM1 None 6(I0) ~ 5(10) TM -~ 4(~) ~s 3(10) TM 7(10) ~ -- 
ROMI NHF 5(10 is 2(10)= -- -- -- -- 7(10) TM 
R O M 1  N H F A  (I0) TM 4(I0) u -- -- 2(10) TM -- -- 
ROMI P N H  6 ( I 0 )  TM 4 ( 1 0 )  TM . . . . .  
ROM2 None 6(I0) TM 5(10) TM 5(10)18 3(10)18 -- -- -- 
ROM2 NHF 8(10)18 2(I0) Is -- 2(10) TM -- -- -- 
ROM2 NHFA 7(10) TM 4(10) TM -- -- 3(10) TM -- -- 
ROM2 PNH 4(10)= 4(10) TM . . . .  
W F F 1  N o n e  2 ( 1 0 ) 1 4  3 ( 1 0 )  TM " ~  2(10)  ~,4 - -  6 ( 1 0 )  TM 3(10711 
W F F 1  N H F  6 (10)  i s  5 (10)  i s  3 ( I 0 )  = 3 (10)  = (10)  i s  8 (10)  18 2 (10)  = 
WFFI NHFA 4 (I0) = 3 (i0) is __ -- 5 (I0) = -- -- 
W F F 1  P H N  (10)  = (10)  ~s . . . . .  
WFF2 None 4 (I0) x~ 9 (I0) Is b 4 (I0) x~ __ 2 (I0) i~ (I0) 
WFF2 NHF 6(I0)~ 2 ( I 0 ) ~  . . . .  2(I0) TM 
W F F 2  N H F A  5 ( I 0 ) ~  ( 1 0 ) =  . . . . .  
W F F 2  PNH 6 ( 1 0 ) x s  2(I0) Is . . . . .  
WFFI o None 2 (I0) i~ 4 (I0) 18 b 2 (10) 14 __ 2 (10) x4 3 (I0 u 
WFFI o NHF 2 ( 1 0 ) ~  10 = -- 2(10)= -- -- 5(I0) n 
WFF1 ~' NHFA 3 (I0) = -- -- 4 (I0) TM -- (107 = -- 
WFFI~ PNH 3 (I0) is 10~s . . . . .  
W F F 2 o  N o n e  2 (10)  1~ 8 (10)  ~ v 2 (10)  14 _ _  2 (10)  14 6 (107 n 
WFF2o NHF 5(10)18 5(I0)Is . . . .  2(10) TM 

W F F 2 o  N H F A  2 ( 1 0 ) =  6 ( 1 0 ) =  - -  2 ( 1 0 ) ~  - -  - -  - -  
W F F 2  o P N I - I  4 ( 1 0 ) =  4 ( 1 0 ) =  . . . . .  

a N o t  d e t e c t e d .  
b N o t  d i s c e r n e d  d u e  t o  m a g n i t u d e  of  n e i g h b o r i n g  p e a k s .  
�9 I r o n  r i n g  o n  p o l i s h i n g  pad .  
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the Fe r ing on the polishing pad had no effect and 
that  Fe is only rarely found, and then at very low 
levels, ~1012 cm -2. Based on the cleanliness of the 
as-polished surface one would tend to prefer the most 
complicated demount ing procedure (ROM2). However, 
as will be shown, equally clean surfaces can be pre- 
pared regardless of the preclean used, even when the 
sample is simply rinsed with tap water (WFF2) so 
that extensive effort at the preclean stage is probably 
not justified. 

The results for cleaned surfaces are also given in 
Table VI and summarized in more tractable form in 
Table VII. The NHF cleaning leaves S and C1 at 2 (10)13 
and 101" cm -2, respectively. Ca is found at various 
levels from undetectable to 1012 cm -2 and Cu at levels 
from undetectable to 1014 cm -2. The mass range P t - P b  
is found at levels from 1011 to 1013 cm -2, increasing 
for increasing levels on the as-polished sample but  in 
every case being greater on the cleaned sample than on 
the as-polished surface. This very l ikely indicates that 
some species in this mass range is actually introduced 
by the cleaning. 

Adding a HC1 dip to the NHF cleaning (NHFA) re- 
duces all contaminat ion levels. In  part icular  it removes 
Ca and Cu and markedly  reduces the Pt -Pb mass range. 
However, Fe is quite often found after this HC1 dip, 
even when it was not detectable on the as-polished 
surface. Subsequent  work has shown that Fe is in 
fact a contaminant  in HC1. 

The PNH cleaning on the other hand reduces S and 
C1 to ~1013 cm -2 and no impurit ies heavier than C1 
are ever found on PNH cleaned surfaces. 

Diode quality.--Two sets of wafers from different 
parts of the same ingot were polished, WFF1 pre- 
cleaned, and then preoxidization cleaned in various 
ways before diode formation as described previously. 
The results are summarized in Table VIII. One ob- 
serves: 

1. The as-polished wafers give the poorest results 
for both sets, as expected; comparison with Table VII 
suggests that  this may be related to the retent ion of 
copper on the surface. 

2. The two groups of wafers, although processed 
through diode formation s imultaneously in one batch, 
show a very large difference in diode formation proper- 
ties. The surface contaminat ion was similar in both 
cases so this does not appear to be a surface contamina-  
t ion-related effect. The wafers in each group were 
from different parts of the same ingot and one might  
conjecture that some bulk  contaminant  was nonuni-  
formly distr ibuted through the ingot. 

Table VII. Polished and cleaned surfaces (surface concentration, 
cm-2) 

P e r o x i d e  
P o l i s h e d  NI-IF N H F A  a m m o n i a  

S (10) ~l 2(10) TM ~10) TM (10) TM 

Cl (10) Is (10)1~ 3(10) TM (lO)lS 
Ca (I0) 14 N.D. to (10) z-~ N.D. N.D. 
Fe N.D.* N.D. N.D. to (10) ~2 N.D. 
Cu  (10) 14 N.D. to (10)14 N.D. N.D. 
P t - P b  (10)n-(10)  ~8 (10} u to (10) ~s N.D. to (10) TM N.D. 

* N.D. = no t  de tec tab le ,  

Table VIII. Diode formation results for polished and cleaned 
surfaces 

As p o l i s h e d  N H F  N H F A  P N H  

G r o u p  I 
BV r a n g e  
Diode q u a l i t y  
(on 10 /~A scale) 

Group I I  
BV r a n g e  
Diode  q u a l i t y  
(on I0 #A scale) 

,v0V ~ l V  ~ I V  ~ l V  
Al l  v e r y  sof t  A l l  sof t  A l l  sof t  A l l  sof t  

20-110 102-116 100-108 100-118 
80% sof t  A l l  h a r d  A l l  b u t  one  A l l  h a r d  

hard 

Fur thermore  we have found when  gettering 
processed material  to produce hard diodes (22) that 
typically 1015 cm -2 of Cu and Fe and 1013 cm -2 of Au 
are gettered. On the other hand, gettering of control 
wafers (23) indicates that impurit ies of this concen- 
t rat ion are not usually present in the starting material.  
We have also examined the back sides of the wafers of 
Table VIII to see if impurit ies had already been "self- 
gettered" to the back side of the wafers as has been 
found to be the case with other wafers which formed 
hard diodes as processed (22). No such effect was 
found for either group. Identification of the steps in 
processing responsible for impur i ty  introduct ion is 
under  investigation but  it appears from the present  
work that impurit ies introduced by polishing and pre- 
oxidation cleaning are not significant contributors to 
soft diode formation. This is emphasized by the case 
of the PNH (HCl:H202 and NI-I4OH:H202) cleaning 
procedure since these metal  surface impurit ies are not 
detected, yet in one case all the diodes are hard and 
in the other they are all soft. 

Conclusions 
The conclusions of the present work may be sum- 

marized as follows: 
1. The manner  in which polished wafers are 

treated (precleaned) in removing them from the pol- 
ishing block is not an important  factor in the final 
observed surface contaminat ion of cleaned wafers. 

2. Fe is not an important  surface contaminant  after 
silica-sol polishing. 

3. S and C1 are present at ,~1013 cm -2 after all 
cleaning procedures studied. 

4. Other major  contaminants  are Ca, Cu, and some 
species in the P t -Pb  range. 

5. The peroxide-ammonia,  peroxide-hydrochloric 
acid cleaning eliminates Ca and Cu much more reli-  
ably than does the HF: HNO8 cleaning. 

6. HF:HNO3 cleaning leaves a heavy mass impur-  
ity in the P t - P b  range. An added HC1 dip reduces it. 

7. The peroxide-ammonia cleaning procedure re- 
moves all surface impurit ies heavier than C1 to below 
the level of detectability. 

8. Impuri t ies  left after silica-sol polishing and 
preoxidation cleaning do not appear to control diode 
quality.  
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Ga, AIAs-GaAs P-P-N Heterojunction Solar Cells 
H. J. Hovel* and J. M. Woodall* 

IBM Thomas J. Watson Research Center, Yorktown Heights, New York 10598 

ABSTRACT 

Solar  cells consist ing of p G a l - x A l x A s - p G a A s - n G a A s  have  been fabr ica ted  
by  the l iquid phase ep i tax ia l  growth  of Zn-doped Ga l -xAlxAs  on n- type  GaAs 
substrates.  The spectra l  response of the cells has been used to calcula te  the  
absorpt ion coefficient of the al loy layer;  the  coefficient varies  as (hv --  Eg)1/2, 
and indirect  bandgaps  of 2.071 and 2.094 eV for composit ions of x = 0.73 and 
x = 0.86, respect ively,  are  indicated.  The solar  cell  character is t ics  were  mea-  
sured  in sunl ight  at  Ai r  Masses of 0.9 and 1.3 and in s imula ted  sunl ight  at  
A i r  Mass 0; the  open-ci rcui t  vol tages  ranged  f rom 0.97 to 1.0u the  shor t -c i rcu i t  
cur rents  f rom 20 to 22.5 m A / c m  2, and the efficiencies (corrected for contact  
a rea)  f rom 11.7 to 12.8% at Ai r  Mass 0 and a t empera tu re  of 80~ The short-  
c ircui t  cur rent  and open-circui t  vol tage increase and decrease, respect ively ,  
l inear ly  wi th  tempera ture .  The efficiency has a m a x i m u m  at a round  --75~ 
and decreases at  a ra te  (-~/-~T) of 0.022% per  ~ up to 200~ and at  over  
twice  that  ra te  above 200~ Efficiencies of a lmost  6% at 300~ and over  3% 
at  350~ were  measured  using a quar tz -ha logen  l ight  source tha t  s imulates  
Air  Mass 1. 

I t  has long been recognized that  GaAs solar cells 
would  be pre fe rab le  to Si solar  cells if the  costs were  
equal.  Some advantages  of GaAs over  Si include a 
h igher  theoret ica l  efficiency [24% for GaAs  compared  
to 21% for Si (1)] ,  the ab i l i ty  to opera te  at h igher  
temperatures ,  and a super ior  resistance to degrada t ion  
f rom par t ic le  radiat ion.  In  fact, however,  the highest  
measured  efficiency for GaAs (13%) (2) has not  
equaled the value for Si (15%) at  Ai r  Mass 1, and the  
cost of GaAs cells g rea t ly  exceeds that  for Si cells (Air  
Mass is a t e rm which quantifies optical  absorpt ion and 
scat ter ing in the ear th ' s  a tmosphere ) .  Therefore  the 
ma jo r  in teres t  in the past  few years  has been in Si 
cells r a the r  than  GaAs, and the s i tuat ion seems l ike ly  
to remain  tha t  way  due to the high level  of technology 
developed for Si, its abundance  as an element,  its 
r e l a t ive ly  low cost, and its excel lent  solar  cell  be-  
havior.  

Recently,  however ,  GaAs solar cells have been re-  
por ted  (3, 4) wi th  h igher  efficiencies produced by  the 
addi t ion of a thin, ep i tax ia l  layer  of p - type  Ga l -xAlxAs  
on the GaAs p-n  junct ion surface. Efficiencies of over  
16% at A i r  Mass 1 and 19-20% at Ai r  Mass 2 have 
been measured.  This enhances the out look for GaAs 
cells in par t i cu la r  satel l i te  appl icat ions  where  cost is 
not the l imit ing factor. The improvemen t  in efficiencies 
can be a t t r ibu ted  to five factors:  (i) the  close lat t ice 
match  be tween  Ga l -~AIxAs  and GaAs, which resul ts  
in a low surface recombinat ion  veloci ty  at  the GaAs 
p -n  junct ion surface (which is now the in te r face) ;  
(ii) a reduc t ion  in the  series resistance,  since the  
heavi ly  doped, t ransparent ,  p - type  Ga l -~AlxAs  al loy 
layer  acts as the electr ical  contact  to the  p - type  GaAs; 
(iii) longer  diffusion lengths in the GaAs p-region due 
to the lower  doping al lowed there  as a resul t  of the  
h ighly  doped al loy layer ;  (iv) the optical  t r ansparency  
of the al loy layer  which  allows l ight  over  much of the 
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solar  spec t rum to reach the GaAs; and (v) the  presence 
of a ba r r i e r  a t  the in terface  which  prevents  minor i ty  
car r ie rs  f rom the p - type  GaAs region f rom enter ing  the 
a l loy layer,  and  which  therefore  improves  the collec-  
tion of these carriers .  

This paper  describes the fabr ica t ion  of the  hetero-  
junct ion solar cells by  l iquid phase ep i t axy  and the 
technology of contacting, etching, and app ly ing  ant i -  
reflective coatings. The absorpt ion  coefficient of the  
al loy layer  as a function of wave length  has been cal- 
cula ted  for var ious  composit ions by an analysis  of the  
spectra l  response of the cells. F inal ly ,  the  e lectr ical  
and optical  proper t ies  of the  devices a re  discussed, as 
wel l  as the effect of t empera tu re  on the device behavior .  

Fabrication 
The solar cell  consists of an n - type  GaAs substrate,  

a p - type  GaAs surface region of the  order  of a micron  
wide, and a p- type  Ga l -xAl~As  al loy layer  on the 
pGaAs  surface, wi th  composit ions ranging f rom x --  
0.27 to x ---- 0.86 and thicknesses from 2 to 20#. In  form, 
the solar  cell is s imi lar  to the he tero junct ion  lasers 
repor ted  by  a number  of authors  (5, 6), except  tha t  
the composit ions and doping levels are  different, and  
is s imilar  to the  pG a l -xA lxA s -nG a A s  cells r epor ted  
by Alferov  et al. (7) ( the la t te r  had no pGaAs region) .  
The cells are  fabr ica ted  by  a ver t ica l  l iquid  phase 
ep i t axy  technique in a sys tem descr ibed prev ious ly  (8) ; 
the main  features  of this appara tus  a re  shown in Fig. 
1. For  most of the exper imen t s  n- type  (100) GaAs 
subst ra tes  ( H I  cm 2 surface area)  doped wi th  e i ther  
1-2 • 1017 Si a toms /cm 3 or  1-2 • 10 TM Sn a toms /cm 3 
were  used. P repa ra t ion  of the  subs t ra te  was accom- 
pl ished by:  (i) lapping  wi th  2# grit ;  (ii) e tching with  
2% b romine -me thano l  solution for 2 min; (iii) etching 
with  1:3:4, HF:HNO3:H20  for 15 sec; (iv) etching 
wi th  1:1:2 NH~OH:H202:H20; and (v) r ins ing wi th  
deionized wate r  and d ry ing  in air. The subs t ra te  is 
placed in the  recess located in the carbon subst ra te  
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Fig. I. Melt and substrate holder arrangement used in the liquid 

phase epitaxial growth of Gal-xAIxAs-GaAs structures. 

holder.  A mix tu re  of Ga, A1, GaAs chunks,  and Zn 
is  placed in the  mel t  chamber  located in the carbon 
mel t  holder;  typica l  propor t ions  consist of 5.0g of Ga, 
0.03g of A1, >0.5g of bu lk  GaAs, and 0.03g of Zn, al-  
though both the  AI propor t ions  and Zn content  can be 
changed in order  to v a r y  the  a l loy composit ion and 
junct ion  depth,  respect ively.  The appara tus  of Fig. 1 
is placed in a quar tz  g rowth  tube  which is evacua ted  
and flushed wi th  pa l lad ium-pur i f ied  hydrogen.  The 
system is then  heated to 900~ and main ta ined  at  tha t  
t empera tu re  for a per iod  of 1/2 hr  to al low the  mel t  
to equi l ibrate .  The  subs t ra te  is in i t ia l ly  enclosed by  
the high pur i ty  carbon (posi t ion A) to p reven t  any  
apprec iab le  loss of As f rom the surface dur ing  the 
equi l ibra t ion  period;  s imilar ly ,  the  mel t  chamber  is 
capped  to minimize loss of Zn due to the high Zn vapor  
pressure.  At  the  end of the  equi l ibra t ion  per iod the 
subs t ra te  holder  is ro ta ted  wi th  respect  to the  mel t  
holder  unt i l  the subs t ra te  is covered by  the mel t  (posi- 
t ion B) ,  and the sys tem is cooled f rom 900 ~ to 890~ 
at  a ra te  of 0.1~ af ter  which  the sample  is 
ro ta ted  away  from the mel t  once more. Since the sub- 
s t ra te  thickness  is nea r ly  equal  to the  depth  of the 
recess in the carbon holder,  the mel t  is "wiped  off" the 
subs t ra te  surface at  this point,  p revent ing  spurious 
growth  dur ing  cooling to room tempera ture .  

Dur ing  the growth  of the  Zn-doped G a z - x A l ~ s  
layer,  Zn diffuses into the  n- type  subst ra te  to form 
the p - type  GaAs region. For  the high A1 composit ions 
(x  = 0.86) and for the  high subst ra te  doping levels  
(2 • 10 TM cm -z )  i t  was sometimes found that  the Zn 
content  in the  mel t  was not  sufficient to counterdope 
the subs t ra te  and no pGaAs region was produced,  whi le  
the  same Zn content  wi th  a x = 0.7 composi t ion would  
produce the pGaAs region, indica t ing  that  the segrega-  
t ion coefficient in the  a l loy l aye r  decreases somewhat  
wi th  increasing A1 content.  For  a given al loy l aye r  
composi t ion and subs t ra te  doping level,  the  junct ion  
depth  (wid th  of the  pGaAs region)  is control led by  
vary ing  the Zn content  in the  mel t  as shown in Fig. 
2. The junct ion depth  appears  to obey a 0.59 power  
law dependence  on the  Zn concentra t ion as suggested 
by  previous  studies of Zn diffusion into GaAs (9, 10). 
Fo r  the  device  studies, the junct ion  depth  was va r ied  
be tween  0.2 and 7.0~, but  most of the  units  were  made  
wi th  depths  of 0.6-1.0~ since analysis  showed (4) that  
the  highest  efficiencies are  expected in this  range.  

To reduce t h e s h e e t  res is t iv i ty  of the  al loy l aye r  and 
faci l i ta te  mak ing  ohmic contact  to it, Zn was diffused 
into the l aye r  at  700~176 for  10-20 min  using a 
sealed quar tz  ampule  and ZnAs2 as the  diffusion source, 
rais ing the Zn concentra t ion at the  surface to grea te r  
than  1019 cm -z.  The reverse  side of the  subs t ra te  is 
then  lapped  unt i l  the to ta l  sample  thickness is a round  
0.2 mm. A contact  pa t t e rn  is appl ied to the  Ga l -xAlxAs  
surface e i ther  by  electroless p la t ing of Au-Zn fol lowed 
b y  e lec t ropla ted  In, or by  evapora t ing  A u - Z n  th rough  
a ' m e t a l  mask  wi th  the  sample  at  about  300~ Contact  
to the back  side of the cell  was made  by  electroless 
Au-Sn  p la t ing  fol lowed by  In electroplat ing,  or by  
evapora t ion  of Au-Ge-Ni .  In  general ,  evapora t ion  w a s  
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Fig. 2. Junction depth v s .  zinc concentration in the melt for a 
substrata doping of 2 x 101~ cm -~ and an alloy composition of 
0.7. 

prefe r red  because i t  lef t  the  sample  surfaces in  a 
c leaner  state and seemed to produce  lower  contact  
resistances.  

In  order  to pe r fo rm a va r i e ty  of exper iments  and to 
faci l i ta te  mounting,  the wafers  were  diced into four  
to six cells of 0.18-0.10 cm ~ surface area, and the uni ts  
were  mounted  onto TO-5 headers  wi th  gold wires  
thermocompress ion  bonded be tween the contact  s tr ipes 
and the header  posts. The surfaces were  then masked  
wi th  Apiezon wax  and the devices were  etched for 
about  5 rain in 9HsPO4-1HNO~ to reduce  the  reverse  
leakage cur ren t  to be tween  0.5 and 5 nanoA at --1V. 
Af te r  r emova l  of the wax  and careful  c leaning of the 
surface, a l aye r  of SiO was evapora ted  onto the de- 
vices as an antireflection coating. The SiO coating is 
about  750A thick, designed for a reflection min imum 
at 5200-5500A, and was evapora ted  wi th  the sample 
at  150~ 

In general ,  when the wafer  was uni form in appear -  
ance af ter  the  growth  of the  a l loy layer ,  the four to 
six cel ls  cut  f rom the  wafe r  were  ve ry  s imi lar  in the i r  
behavior ,  i.e., the vol tage and cur ren t  output  and 
efficiencies were  about  the  same for al l  the units. When 
nonuniformit ies  (such as excess growth  on the sample  
surface due to smal l  amount  of mel t  lef t  on the sample  
af ter  "wiping")  were  present  severa l  of the  units  
would  behave  be t t e r  than  the others. 

I t  was  also occasionally noticed tha t  the  t he rmo-  
compression bonding of Au  wires  to the  contact  str ipes 
caused degrada t ion  in some of the  cells, and it was 
concluded tha t  thermocompress ion  bonding is not  a 
good w a y  to contact  these devices. 

Spectral Response and Absorption 

The energy band d iagram of a p G a l - x A l x A s - p G a A s -  
nGaAs solar cell, both in equi l ibr ium and wi th  l ight  
incident,  is shown in Fig. 3. Light  wi th  energy  less 
than  E~z but  more  than  Eg2 passes th rough  the al loy 
layer  and is absorbed in the  GaAs, genera t ing  hole-  
e lec t ron  pai rs  which can be separa ted  by  the junct ion 
electr ic  field and wil l  then  give rise to photocur ren t  
and photovoltage.  Since there  is no apprec iab le  ba r r i e r  
in the valence band at  the  a l loy-GaAs  interface,  the 
upper  l ayer  acts as a t r anspa ren t  ohmic contact  in 
this  range  of photon energies,  whi le  the ene rgy  ba r r i e r  



1 2 4 8  J.  E I e c t r o c h e m .  Soe . :  S O L I D - S T A T E  SCIE N CE  A N D  T E C H N O L O G Y  

pGaAs \ Vph 

" ~  nGaAs 

E~ l 
Eg~ 
! 

p Go I AI As 

Ev 1 
- D 

Fig. 3. Energy band diagram of a Gal-zAIxAs-GaAs solar cell 
showing photocurrent and photovoltage generated by incident 
light. 

in the  conduct ion band I at  this in terface  prevents  
photogenera ted  electrons in the  pGaAs region from 
enter ing the Gal -~AI~As and being lost. Incident  l ight  
wi th  photon energies grea te r  than Egl is a t tenua ted  
by  the a l loy layer  in accordance wi th  its absorpt ion  
coefficient. The generat ion ra te  of hole-e lec t ron pairs  
at  a dis tance y into the  GaAs f rom the a l loy-GaAs  
interface  is given b y  

g ---- F (~)  exp (--BID) =(~) exp ( - -=y )  [1] 

where  F(~)  is the  number  of incident  photons at w a v e -  
length  L, r and  D are  the  absorpt ion  coefficient and 
thickness of the al loy layer ,  respect ively,  and  a is the 
absorpt ion  coefficient of GaAs. Using this generat ion 
term, the minor i ty  ca r r i e r  cont inui ty  equat ions can 
be solved to find the  densit ies of electrons in the  pGaAs 
region, holes in the  nGaAs substrate,  and hole-elect ron 
pai rs  in the  deplet ion region, and the  spectra l  response 
can be obta ined by  solving for the  shor t -c i rcui t  cur-  
r en t  and d iv id ing  b y  the  input  flux, F (~ ) .  The resul t  
can be wr i t t en  as (4) 

R(L) --- exp ( - - r ( ~ ) D )  �9 R'(~)  [2] 

where  R (),) is the spect ra l  response of the  device and 
R' (L)  is the response of the  under ly ing  GaAs p-n junc-  
t ion alone. The assumptions involved in [2] are tha t  
the  recombinat ion  veloci ty  at  the  a l loy -GaAs  in ter -  
face, the  dr i f t  fields in the  GaAs regions outside the 
deple t ion  region, the collection of car r ie rs  genera ted  
in the  a l loy layer ,  and the reflection of l ight  incident  
on the  cell  a re  al l  negligible.  

Equat ion [2] was eva lua ted  by  compute r  for  the  
same combinat ions of junct ion depths, diffusion lengths, 
and  a l loy layer  thicknesses  and composit ions as e x -  
pected in the exper imen ta l  devices. When  the G a l - z  
AlzAs thickness is t aken  as zero, the response R(~)  
- -  R '  (~) of the GaAs p - n  junct ion rises sharp ly  at 1.4 
eV, increases s lowly f rom 1.5 to 1.8 eV, and becomes 
constant  for photon energies above 1.8 eV. The mea-  
sured  spect ra l  response of the he tero junct ion  cells 
(wi th  the  G a l - z A l z A s  l aye r  included)  can therefore  be 
used to compute  the  absorpt ion  coefficient P of the  
Gax-~AlxAs for  any  a l loy composi t ion having  a band-  
gap  energy  above 1.5 eV [since the  funct ion R ' ( ~ )  is 
known] .  

The  spectra l  response (number  of car r ie rs  co l lec ted /  
number  of incident  photons at  a given wave leng th)  
w a s  measured  by  i l lumina t ing  the  device w i th  mono- 
chromat ic  l ight  f rom a P e r k i n - E l m e r  pr i sm spect rom-  
eter.  The l ight  was "chopped" at  13 Hz, and  the short-  
c ircui t  cu r ren t  of the cell  was fed into a lock- in  ampl i -  
fier which  was used to dr ive  an x - y  recorder .  The r e -  
sul t  was a plot  of shor t -c i rcu i t  cur ren t  pe r  uni t  inci -  
dent  power  as a function of wavelength ,  which be-  

x I t  i s  p r o b a b l e  t h a t  s o m e  grading in composit ion takes place b e -  
t w e e n  the Gal - zAl~As  a n d  t h e  G a A s  d u e  to  t h e  n a t u r e  o f  t h e  l i q u i d  
phase e p i t a x i a l  m e t h o d  of  g r o w t h  f o r  t h e s e  t w o  m a t e r i a l s .  T h e  dis- 
tances o v e r  which  this grading is e x p e c t e d  to t a k e  p l ace  s h o u l d  
be  r e l a t i v e l y  s m a l l  a t  t h e s e  g r o w t h  t e m p e r a t u r e s ,  a n d  t h e  d i a g r a m  
i n  F i g .  3 s h o u l d  be  a reasonable approximation to  t h e  actual s itu- 
ation. [See Womac and R e d i k e r  ( I L L ]  
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comes shor t -c i rcui t  cur ren t  per  photon  af ter  d iv iding 
by the  photon energy.  

The normal ized  spectral  responses of severa l  
Ga l -xAlxAs-GaAs  solar  cells of var ious  composit ions 
are shown in Fig. 4; these cells al l  have about  the 
same junct ion depths  and doping levels (and therefore  
about  the same diffusion lengths) .  The response rises 
rap id ly  at  the  GaAs band edge, becomes flat above 1.7 
eV, and remains  fa i r ly  constant  wi th  increasing energy 
unt i l  the al loy layer  begins to a t t enua te  the light. 
The absorpt ion coefficient of the al loy layer  is found 
from [2] af ter  including the effects of the  reflection 
of l ight  f rom the surface as a funct ion of wave length  

1 R(L1)R ' (L2 )  [1 --  n(12) ] P(~.2) --  r(~LD --  - - l n  
D R(~2)R' (~I)  [1 -- ~(~1)] 

[3] 

where  P(L2), R(L2), R'(L2), and ~(X2) are  the  absorp-  
t ion coefficient, total  response, response of the  GaAs 
p-n junct ion alone, and reflection from the device sur- 
face at wave length  ~2, and r (L l ) ,  etc., are  the  same 
quanti t ies  at ~1. Since ~1 can be chosen before  cut-off 
begins [fl(~l) ---: 0] and since the  GaAs  junct ion  
response can be taken  as constant,  [3] simplifies to 

1 R(~.I) [1 - -  ~(~.2)] rC;L~,) =--ln [4] 
D R(~,2) [1 --  ~(Xl)] 

The reflection x(k)  from an SiO-coated GaAs sample  
as a function of energy is shown in Fig. 4, and  the 
Ga l -xAlxAs  absorpt ion coefficients (plot ted as 81/2 vs.  
energy)  calcula ted f rom [4] a re  shown in Fig. 5. 

F rom the steepness of the plots for the two lower  
compositions, it  can be inferred tha t  the direct  band 
edges are  being measured,  wi th  bandgap  values  of 
1.69 and 1.99 eV, respect ively.  [The lowest  bandgap  
for the  x : 0.23 composit ion is, indeed,  bel ieved to be 
direct  (12, 13), but  i t  cannot  be infer red  f rom Fig. 5 
that  the lowest  bandgap  for the  x ---- 0.46 composit ions 
is direct,  since this  composit ion is ve ry  near  the  cross- 
over  point  (12, 13) and an indirect  edge at a s l ight ly  
lower  energy would  be h idden in Fig. 5.] For  the x ---- 
0.73 and 0.86 compositions, the  slow rise in absorpt ion 
indicates  tha t  the bandgap  is indirect ,  and the absorp-  
t ion coefficient behaves  as 

P o: (by  - -  Eg)  1/2 [5] 

for r 1/2 --~ 18 cm -~/2, wi th  in tercepts  (bandgaps)  of 
2.071 and 2.094 eV, respect ively.  These values  a re  in 
good agreement  wi th  those r epor t ed  by Onton et aL 
(12) but  s l ight ly  h igher  (by 0.1 eV) than  those r e -  
por ted  by  Casey and Panish  (13) for composit ions 

.41 t #.0~./-t4w 
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Fig. 4. Hormollzed spectral response for various alloy composi- 
tions. The GoI-zAIzAs thicknesses range from 11-16/~ The reflec- 
tion of incident light from a SiO-cooted GoAs surface is also shown. 
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Fig. 5. Calculated absorption coefficients for Gal-xAIzAs. The 
bandgaps indicated by the intercepts are 1.69, 1.99, 2.071, and 
2.094 for the x = 0.23, 0.46, 0.73, and 0.86 compositions, respec- 
tively. The absorption coefficient in AlAs is also shown [after 
Lorenz et al. (14)]. 

with x > 0.23. The onset of direct band absorption is 
suggested by the steeper rise above 2.4-2.5 eV. 

The absorption coefficient of AlAs (x = 1) as re- 
ported by Lorenz et al. (14) is shown in  Fig. 5 for 
comparison. A bandgap of 2.125 eV is indicated for 
this material.  

The method outl ined above for computing the absorp- 
t ion of the Gal-xAlxAs layer  from the spectral response 
slightly underest imates  the absorption coefficient be- 
cause it neglects any  contr ibut ion to the measured 
response from the collection of carriers generated in 
the alloy layer. The error should be relat ively small, 
however, as long as the thickness of the layer  is three 
or more times larger than the electron diffusion length 
in the layer. (For the devices of Fig. 4 and 5, the 
thicknesses D ranged from 11 to 16~, while the dif- 
fusion length in the alloy should be less than 2# at 
the high doping levels present  after  the Zn diffusion 
step.) For  photon energies where ~ is small, the total 
number  of carriers generated in  the alloy layer  is 
small, and al though the carriers are generated fair ly 
uni formly  throughout  the layer, only those are col- 
lected which are about a diffusion length or less away 
from the Gal-xAlxAs-GaAs interface. At  higher photon 
energies where F is large, most of the carriers wil l  be 
generated near  the surface and not collected for large 
D. The largest error probably occurs when js ~ 1/D 
(25 ~ ~I/2 < 30 for these devices) and probably does 
not exceed 10%. 

Solar  C e l l  Charac te r i s t i cs  
The current-vol tage characteristics of a typical 

Gai-~AlxAs-GaAs solar cell, both in  the dark  and dur-  
ing i l luminat ion,  are shown in Fig. 6. As a first approxi- 
mation, the cur ren t  obeys the famil iar  relationship 

J ---- Jo (exp (qV/AKT)  --1)  -- Jsc [6] 

where Jsc is the short-circuit  photocurrent  density and 
the modifying factor A varies from 1.4 to 2.1 from 
growth run  to growth r u n  with no discernable corre- 
lat ion with growth parameters.  The short-circuit  cur- 
rent  density Jsc and the open-circuit  voltage Voc are 
determined from the intercepts of the characteristic 
wi th  the current  and voltage axes, respectively. In 

Fig. 6. Voltage-current characteristic with and without light for 
cell 298. The zero of the axes is at the center of the graph. The 
power output is equal to the maximum value of V x I in the fourth 
quadrant. 

keeping with s tandard solar cell theory, the ma x imum 
power (VmpJmp) that  can be obtained from the cell 
is equal  to the greatest value of V X J in  the fourth 
quadrant ,  and the ratio of the ma x i mum power to 
the product of Jsc and Voc is known as the "usage fac- 
tor" (or "fill factor").  

The open-circuit  voltage, short-circuit  current,  and 
ma x i mum power output  were measured in sunlight  
on cloudless days at a round noontime. The power 
inpu t / square  cent imeter  was measured with an Eppley 
thermopile. The device parameters  for several cells 
of various junct ion  depths, alloy thicknesses, and alloy 
compositions are shown in Table I, where the mea- 
surements  were made at sea level, with an Air Mass 
of around 1.3 and a temperature  of 65~ (The Air 
Mass, which is the ratio of the optical path length of 
sunl ight  through the atmosphere to the path length 
when  the sun is at the zenith, was determined by mea- 
sur ing the sun's angle and modifying the result  by the 
alt i tude compared to sea level.) Table II lists the 
same solar cell parameters  measured at an alt i tude of 
12,800 ft, with an Air Mass of around 0.9 and a tem- 
perature of 45~ [values for several of these cells at 
Air Mass 1 and 2 were given earlier (3)].  The short- 
circuit current  has been corrected for the contact area 
of 5-7% and both the uncorrected and corrected effi- 
ciencies are given. Around  Air  Mass 1, the short-circuit  
currents  are of the order of 18-21 m A / c m  2 and the 
open-circuit  voltages usual ly  range from 0.07 to 1.0V 
(300~ The usage factors vary  from growth run  to 
growth run, apparent ly  due to differences in  series 

Table I. Cell behavior (AM1.3 ) in  sunlight at sea level. Input 
power was 90-91 mW/cm 2. T = 6 Y F  

Jse,  Voe, P o u t ,  
Cel l  rnA/cmS V U.F.  m W / c m  s ~,, % ~r % 

287 19.94 0.971 0.779 14.13 15.7 16.7 
288 18.41 0.975 0.8118 13.77 15.25 16.13 
298 18~9  1.003 0.811 13.83 15.23 16.2 
289 18.94 1.000 0.743 13.20 14.6 l f i ~  
323 1~59 0.982 0.783 14.54 16,25 16.9 

Table II. Cell behavior (AM0.9 ) in  sunlight at 12,800 ft. lnput 
power was 114mW/cm 2. T = 45~ 

Jse, Voe, Pout, 
Ce l l  m A / c m  s V U.F.  m W / c m  2 ~u, % "qe, % 

287 21.81 1.002 0.780 15.96 14.00 14.95 
288 19.93 1,001 0.8124 15.32 13.44 14.2 
298 19.43 1,029 0.8115 15.24 13.37 14.22 
289 20.42 1.025 0.7435 14.59 12.8 13.64 
3 2 3  21.00 1.007 0.790 16.04 14.07 14.65 
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resistance when  the doping in the a l loy layer  is too 
low and the  significant sheet  resis t ivi t ies  or  contact  
resistances are present  (i t  has been discovered re-  
cen t ly  that  "fir ing-in" the  Au-Zn contacts  to the  al loy 
layer  and the A u - G e - N i  contact  to the  subs t ra te  at  
t empera tu res  in excess of 400~ for severa l  minutes  in 
a H2 a tmosphere  is an impor tan t  step in achieving 
negl igible  contact  res is tance) .  The usage factors are  
genera l ly  be tween 0.74 and 0.82 wi th  0.79-0.80 being 
typical ,  and  the vol tage output  at the  m a x i m u m  power  
point,  Vmp, is usual ly  in the  range of 0.79-0.84V. The 
output  power  and the over-a l l  efficiency are  functions 
of the A i r  Mass value,  i.e., functions of the  a tmospher ic  
condit ions (3, 4), since the spectra l  d i s t r ibu t ion  of sun- 
l ight  reaching the ear th ' s  surface is subs tan t ia l ly  modi-  
fied by  a tmospher ic  absorpt ion  and scat ter ing (15, 16); 
the  h igher  the A i r  Mass value  is, the  grea ter  is the  
degree  to which  u l t rav io le t  and nea r - in f ra red  rad ia -  
t ion are lost in the  atmosphere,  and sunl ight  effectively 
becomes channeled  into the  visible range  of wave-  
lengths  where  the highest  response of the cells is 
obtained.  The efficiency therefore  increases wi th  in- 
creased Ai r  Mass value.  

Table  I I I  l ists the solar  cell  pa rame te r s  measured  
using an Ai r  Mass 0 (outer  space) s imula tor  at  the  
Je t  Propuls ion  Labora tor ies  in Pasadena,  California.  
Since the major  difference be tween  AM0 and AM1 sun-  
l ight  is the u l t rav io le t  content,  the  efficiency drops 
sharp ly  f rom AM1 to AM0 (the a l loy l aye r  for these 
thicknesses a t tenuates  l ight  of al l  energies  grea te r  
than  2.5 eV).  Nevertheless,  these efficiencies are  equal  
to most of the  p resen t -day  silicon values, and h igher  
efficiencies a re  expected (4) as the G a l - ~ A l ~ . s  l ayer  
is made  thinner.  

Table  IV lists the a l loy thickness and composit ion 
and the junct ion depths  for these cells. By compar ing  
the shor t -c i rcui t  currents  of the  units in Tables I - I I I  
wi th  the i r  fabr ica t ion  pa ramete r s  in Table IV, it  can 
be seen tha t  h igher  cur ren ts  a re  obta ined  for th inner  
a l loy layers  of a given composition, as expected f rom 
the reduced absorpt ion in the  Gal -zAlxAs .  Increas ing 
the  A1 composit ion in the  al loy has the  same effect. 
The data  also implies  tha t  h igher  currents  are  obtained 
for junc t ion  depths  of a round a micron, as predic ted  
f rom computer  evaluat ions  of the spectra l  response 
in tegra ted  wi th  the  solar  spec t rum (4), than  for  junc-  
t ion depths grea te r  than  lu; tha t  is due to a m a x i m u m  
in the  sum of the  photogenera ted  electrons collected 
f rom the surface p region and the  photogenera ted  
holes collected f rom the base (n region)  at  a junct ion 
dep th  of a round  0.6-0.8#. However ,  the collection is 
qui te  high for  the devices of Tables I - IV  even when  
the junct ion dep th  is 3/,, which  indicates  tha t  the 
minor i ty  ca r r i e r  diffusion length  of electrons in the  
pGaAs  region is 4~ or g rea te r  (4), in agreement  wi th  
the  resul ts  of Hayash i  and Panish  (5) for diffusion 
lengths  in heterojunct ion  lasers.  

Table III. Cell behavior in simulated AM0 sunlight. Input power 
was 134.8 mW/cm =. T - -  80~ 

Jse, Voe, Pout. 
Cel l  m A / c m =  V U.F.  roW/era= "~,. % 7/e, % 

287 22.46 0.967 0.771 15.67 11.63 12.37 
288 20.19 0.969 0.799 14.79 11.0 11.7 
298 19,98 0,997 0,810 15.18 11.3 12.0 
289 21.08 0.994 0.757 14.89 11.0 11.7 
323 21.84 0.976 0.798 16.35 12.1 12.8 

Table IV. Alloy layer composition and thickness, and junction 
depth, for the devices of Tables I-II I  

Cel l  z (GaI-=~AI=As) D (/~) d (lt) 

287 0.73 5.5 0.8 
288 0.73 13.8 0.8 
298 0.73 11.1 3.5 
289 0.86 15.8 2.7 
323 0.78 2-4 2.8 

The effect on the device behavior  of va ry ing  the 
input  power  and the t empe ra tu r e  was observed wi th  
the  use of col l imated l ight  from a quar tz- iodine  l amp 
opera t ing  at about 3200~ the l ight  was shown through 
a 2-mm thick wafer  fi l ter onto the  sample. Al though 
this system does not  dupl ica te  the solar  spec t rum by 
any means, it  does resul t  in efficiency values  (uncor-  
rected for contact  a rea)  that  are  nea r ly  the  same as 
those measured  in sunl ight  at  A i r  Mass 1 (af ter  the 
contact  area  correct ion is made) .  For  convenience, 
therefore,  this  sys tem wil l  be re fe r red  to as an Ai r  
Mass 1 simulator .  

The short-c i rcui t  cur ren t  is p ropor t iona l  to the in- 
tensi ty  ( input  power)  of the  incident  l ight  over  at  
least  three  orders  of magni tude,  p rovided  tha t  the  
spectral  d is t r ibut ion  of the  incident  l ight  remains  con- 
stant  as the  in tens i ty  varies.  This can be seen in Fig. 
7, where  neu t ra l  densi ty  filters (which a t tenua te  l ight  
of wavelengths  f rom 0.4-0.9~ equal ly)  have been used 
to va ry  the input  power  f rom the Ai r  Mass 1 simu- 
lator.  The open-circui t  vol tage is p ropor t iona l  to the 
log of the  input  power,  whi le  the  usage factor  drops 
at low intensi t ies  and sa tura tes  above 10 m W / c m  s. 

Temperature 
The solar cell  behavior  as a function of t empera tu re  

in the  range  of --190 ~ to +150~ was measured  by 
placing the  unit  in a vacuum of 1 • 10 -5 Tor t  and 
i l lumina t ing  it th rough  a sapphi re  window wi th  the  
Ai r  Mass 1 s imulator .  For  t empera tu res  above 150~ 
the devices were  measured  in  air. The power  input  
to the devices was 100 m W / c m  2. 

The shor t -c i rcui t  cur ren t  increases l inear ly  wi th  in- 
creasing t empera tu re  as can be seen in Fig. 8. The in-  
crease in Js~ could be pa r t ly  due to a shift  in the 
absorpt ion edge (17) of the  GaAs to lower  energies  
as t empera tu re  increases, and pa r t l y  due to an increase 
in the  diffusion lengths. The shift  in the GaAs absorp-  
t ion edge is only  la rge  enough to account for  about  5% 
of the 50% var ia t ion  in Jsc tha t  occurs f rom 100 ~ to 
420~ and it is p robab ly  offset to some degree  by  a 
shift  in the Ga l -xAlxAs  absorpt ion edge to lower 
energies as the  t empera tu re  increases. Therefore  the 
increase  in Jsc is most l ike ly  due to improved  collection 
efficiency resul t ing  f rom increased diffusion lengths  at 
h igher  tempera tures .  Higher  diffusion lengths  in turn 
could resul t  f rom ei ther  l a rger  diffusion coefficients or 
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power with the spectral distribution of the light held constant. 
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higher  l ifetime. The cur ren t  at m a x i m u m  power,  Jmp, 
follows the increase in shor t -c i rcui t  cur ren t  up to 
about 0~ then levels  off and even decreases above 
200~ This behavior  of Jmp can be a t t r ibu ted  to the in-  
creasing "softness" of the  "knee" in the I -V charac ter -  
istic (Eq. [6]) as t empera tu re  increases. This "softness" 
is also the probable  cause of the decreasing usage factor  
above --25~ as shown in Fig. 8. 

The open-circui t  vol tage  decreases l inear ly  wi th  in- 
creasing tempera ture ,  as seen in Fig. 9; the ra te  of 
decrease is a round 2 mV/~ The vol tage at max imum 
power,  Wrap, is propor t ional  to Voc above 0~ but  satu= 
rates  for t empera tu res  below about  --75~ Both the 
efficiency and usage factor go th rough  a m a x i m u m  as 
a function of t empe ra tu r e  at  a round --70 ~ and --25~ 
respect ively,  and  decrease as the  t empera tu re  is re-  
duced below these values.  The reasons for these var ia -  
tions are  not  c lear  at  this  time. 

The open-circui t  vol tage and efficiency for a unit  
measured  in air  f rom 24 ~ to 350~ with  the Ai r  Mass 
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Fig. 9. Open-circuit and maximum power voltages and the effici- 

ency (uncorrected for contact area) under the same conditions as in 
Fig. 8. The efficiency goes through a maximum at around --75~ 

1 s imula tor  are  shown in Fig. 10. The vol tage decreases 
l inear ly  as in Fig. 9, whi le  the efficiency drops gradu-  
a l ly  at a ra te  (change in eff iciency/change in temper-  
a ture)  of 0.022%/~ to about  11% at 200~ and more  
rap id ly  (0.059%/~ for t empera tu res  above 200~ 
The efficiency is nea r ly  6% at 300~ and over  3% at 
350~ (This measurement ,  however,  was a des t ruct ive  
one due to oxygen  a t t ack  of the  In contact  at  350~ 
al though the device i tself  was not  affected. There  was 
no effect on the  device or contact  when the  uni t  was 
cycled from --190 ~ to +150~ in vacuum or up to 
230~ in air.)  

Conclusions 
Highly  efficient solar cells can be fabr ica ted  using 

GaAs p - n  junct ions wi th  a thin Gai-~AI~As al loy layer  
on the GaAs surface. The al loy layer  is grown by l iquid 
phase epi taxy,  and serves the  purposes  of reducing 
surface recombinat ion  and reducing series resistance. 
The Ga l -xAlxAs  is t r ansparen t  to photons wi th  energies 
up to about  2.1 eV and cuts off the l ight  g radua l ly  in 
the  range  2.1-2.6 eV due to the  indirect  bandgap.  This 
high energy cut-off in the  spect ra l  response can be 
used to de te rmine  the absorpt ion coefficient of the  
Gal -xAI~As as a 'function of wave leng th  and com- 
position, as long as the thickness  of the l aye r  exceeds 
about  6/~. 

The behavior  of the  cells in sunl ight  at  a round A i r  
Mass 1 was de termined;  typica l  devices have  open- 
circui t  vol tages f rom 0.97 to 1.0V, shor t -c i rcui t  cur ren ts  
(corrected for contact  area)  of 18-21 m A / c m  2, and  
efficiencies (corrected for contact  area)  of 15 to 16%. 
At  Ai r  Mass 0, using a solar  s imulator ,  the currents  
were  in the  range of 20 to 22 m A / c m  ~, and  the  effi- 
ciencies from 11.7 to 12.8%. The  highest  shor t -c i rcui t  
cur rents  are  obta ined wi th  thin al loy layers  of high A1 
composit ion and wi th  junct ion  depths  of 0.8~. Sub-  
s tant ia l  shor t -c i rcui t  cur rents  are  obtained for junct ion 
depths  of 3~ however ,  indicat ing electron diffusion 
lengths  of 4/L or more  in the  p- type  GaAs (doping 
level  a round 10 TM c m - 8 ) .  

The shor t -c i rcui t  cur ren t  and open-e i reu i t  vol tage 
increase and decrease, respect ive/y,  l inear ly  wi th  in- 
creasing tempera ture .  The efficiency has a m a x i m u m  
at a round --75~ it  decreases g radua l ly  up  to about  
200~ then decreases at twice the ra te  for h igher  
temperatures .  Efficiencies of nea r ly  6% at 300~ and 
over  3% at 350~ have been measured  (using an Ai r  
Mass 1 s imula tor ) .  
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It is important  to note, of course, that the efficiencies 
of these cells with 0.2 cm 2 area cannot be compared 
directly with the efficiencies of Si cells of 2 cm 2 area. 
However, it was the purpose of this work to demon- 
strate the soundness of the ideas involved and the 
feasibility of obtaining high efficiency GaAs cells, not 
to compete with Si on a 1:1 area basis. Presumably,  
the problems associated with scaling up these devices 
to larger areas should be no different than the prob- 
lems associated with the scaling-up of other materials, 
and it is expected that  Ga~-xAl~As-GaAs cells with 1 
or 2 cm 2 areas exhibi t ing similar or bet ter  efficiencies 
will be obtained in the near  future. 
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Phosphorus Isoconcentration Diffusion Studies in Silicon 
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ABSTRACT 

32p-concentration profiles were obtained of diffusions conducted in  intr insic  
and extrinsic silicon, employing isoconcentration conditions for the latter. 
All  diffusions were conducted in evacuated closed quartz capsules at diffusion 
temperatures  ranging from 950 ~ to 1200~ The temperature  dependence of 
phosphorus diffusivity in intrinsic and extrinsic silicon is described by the 
empirical equations D i n t  ---- 5.3 exp (--3.69 eV/kT)  cm2/sec and D e x t  = 0.39 
exp (--3.12 eV/kT)  cm2/sec, respectively. 

The phosphorus diffusivity is seen to increase about a factor of 10 over 
the value obtained in intr insic silicon for the highest phosphorus concentra-  
t ion employed. The results are explained by assuming the diffusion process 
of phosphorus into silicon is pr imari ly  controlled by monovacancies in  the 
single negative charged state. 

This is the fourth in a series of investigations (1-3) 
dealing with the diffusion of subst i tut ional  atoms in 
the silicon lattice. Throughout  this series part icular  at- 
tent ion has been focused on the diffusion coefficient de- 
pendencies upon background doping level and upon dif- 
fusant  concentration. In  order to explain the observa- 
tions, a general  mechanism of diffusion has been pro- 
posed (3), in which the existence of negatively charged, 
neutral ,  and positively charged vacancies is assumed, 
and in which the diffusion of ionized subst i tut ional  im- 
purities is considered to be controlled pr imari ly  by the 
concentrat ion of vacancies of charge type opposite to 
that of the diffusing impuri ty.  

The present  investigation was under taken  in order to 
extend the measurements  of diffusi.vity dependence 
upon concentrat ion and upon background doping level 
to include phosphorus as the diffusant impurity,  as 
well  as to provide a fur ther  test of the proposed diffu- 
sion mechanism. 

Experimental Procedure 
For the entire investigation Czochralski grown silicon 

single crystals cut in the <100> direction with a boron 
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background concentrat ion of 1.6 X 1016 atoms B /cm s 
(p ---- 1 ohm-cm) were used. Crystal dimensions were 
1.25 in. in diameter and 0.007 in. thick. Dislocation den- 
sity was less than 4 X 103 l ines/cm 2. The crystals were 
chemically mechanical ly polished to el iminate surface 
damage. 

All diffusions were conducted employing the evacu- 
ated sealed quartz capsule technique and appropriate 
Si (P)  source powders. To obtain the phosphorus diffu- 
sivities in  intr insic silicon as a funct ion of temperature,  
a phosphorus-doped silicon powder source with a con- 
centrat ion of ~ 4  X 10 is atoms P / cm 3 was used. To 
obtain the diffusivities in extrinsic silicon as a funct ion 
of temperature,  a high phosphorus concentrat ion silicon 
source powder, 4.5 X 1020 atoms P / c m  3, was used. For 
determining the diffusivities as a function of background 
doping at a constant  diffusing temperature,  1000~ the 
concentrations of S i (P)  powder sources ranged from 
4 X 1018 to 4.5 • 102o atoms P / cm 3. Phosphorus con- 
tents in  all S i (P)  source powders were determined by 
neut ron  activation techniques. 

For phosphorus diffusions into intrinsic silicon, the 
crystals were cleaned in hydrofluoric acid, r insed in 
deionized water, and dried in hot nitrogen. The cleaned 
crystals were placed erect in  a quartz boat containing 
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2.5 g of the Si (P) source powder, 4 • 10 TM atoms P / c m  3, 
and the boat and crystals placed in a quartz capsule 
sealed at one end. (All quartzware was previously 
etched in 3HNO3-1HF, rinsed in deionized water, and 
baked out under  vacuum at 1200~ Each capsule con- 
ta ining the silicon crystals and source powder was ,020 
baked out at 450~ for 0.5 hr under  vacuum of 6 >< 10 -6 
Torr and then sealed. Diffusions were conducted in 
furnaces which were controlled to _+ I~ and had a 
constant temperature  zone of at least 10 in. Diffusion 
temp.eratures and times employed were: 950~ for 24 
hr, 1000~ for 4 hr, 1050~ for 3 hr, l l00~ for 1 hr, and ~ ~o~9 
1200~ for 1/2 hr. After  each diffusion the hot quartz 
capsules were quenched in r unn ing  cold tap water. 

32P-concentration profiles in intr insic silicon were 
obtained by neut ron  activating the phosphorus diffused 
wafers to produce a fraction of 32p which has a half  
life of 14.3 days. The 31Si also produced has a half  life 
of 2.6 hr and this was allowed to decay at least 48 hr 
before the crystals were fur ther  processed. Mesas of 
known diameter  were made on the neutron-act ivated 
diffused crystals by etching away several microns of 
silicon from the edge regions, and autoradiograms were 
made to ensure lateral  homogeneity of the diffusion and 
to ensure that the silicon had decayed below detection 
levels. Sectioning of the crystals was done by succes- 
sively oxidizing and removing layers of silicon of pre- 
determined thickness using the anodic oxidation tech- 
nique (4). Each dissolved layer removed was captured 
and placed into a vial. A "cocktail" was made con- 
ta in ing the dissolved layer and appropriate scinti l lation 
solution. 

Count ing was done using a l iquid scinti l lation 
counter. Each cocktail was counted and corrected for 
decay against a s tandard similarly prepared. Extreme 
precautions were taken  to ensure  a low statistical 
counting error of the cocktails having a very low 
32p-concentration by counting for a long time. Section- 
ing was carried out unt i l  near  background counting 
rate  was reached. 

Diffusions into extrinsic silicon crystals were con- 
ducted employing the isoconcentration technique (2). 
In this technique, all electrical and elastic effects of 
concentrat ion gradients are eliminated. First  a long time 
prediffusion is done using S i (P)  source powder and 
then a second diffusion is done using a neutron-act i -  
vated port ion of the same source powder. The predif-  
fusion is designed to produce a relat ively flat phos- 
phorus concentrat ion profile several microns deep into 
the crystal. Prediffusion and the second (sequential)  
diffusion are done at the same diffusion tempera ture  in 
order to ensure equi l ibr ium conditions of the diffusing 
species at the silicon crystal surface. The crystals and 
the quartz capsules were prepared as described above 
for the phosphorus diffusions in intrinsic silicon. Pre-  
diffusion times ranged from 2.3 hr at 1200~ to 250 hr  
at 950~ Sequential  diffusion times employed were the 
same as those used for the intrinsic silicon diffusions. 
In  the sequential  diffusion an intr insic silicon crystal 
was included in the capsule for comparison. The 
~2p-concentration profiles from the sequential  diffusion 
were obtained using the same sectioning and counting 
techniques as described above. For all the sequential  
diffusions into extrinsic silicon the radiophosphorus 
profiles were much shallower than the prediffusion 
profiles. 

Results 
Radiophosphorus profiles for diffusions conducted at 

1200~ are shown in Fig. 1. Profiles shown are typical  
of ones obtained for other diffusion temperatures.  Con- 
centrat ion profile I is of the diffusion conducted into 
intrinsic silicon using the low source concentration. 
Profile II is of the prediffusion conducted into silicon 
using the highest source concentration. This profile was 
obtained by neutron activating the crystal  after pre- gso 
diffusion. Only a portion of the profile was obtained to lOOO 
show the flatness of the concentrat ion gradient. Actu- 10s0 

1100 
ally the concentrat ion profile of the prediffusion ex-  12o0 
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Fig. 1. Phosphorus concentration profiles in silicon for diffusions 
conducted at 1200~ 

tends much deeper into the crystal than is shown. Con- 
centrat ion profiles III and IV are of the sequential  
diffusion conducted into extrinsic (isoconcentration 
condition) and intrinsic silicon, respectively. Only pro- 
files I and III, obtained under  intr insic and isoconcen- 
trat ion diffusion conditions, conform to the comple- 
men ta ry  error function (5) 

Cx : Co eric Ix~2 (Dr) 1/2] [1] 

The diffusivities calculated for intrinsic and isoconcen- 
t rat ion conditions, as well as diffusion temperatures  
and times employed, are listed in  Table I. In  Fig. 2, 
diffusivities vs. the reciprocal of absolute tempera ture  
for the present investigation, as well as the intrinsic or 
near  intrinsic data of others (6-9) are plotted. A least 
squares fit of the combined data of Maekawa, Mack- 
intosh, and our intrinsic diffusion data is well  repre- 
sented by the relationship 

Dint  " -  5.30 exp (--3.69 eV/kT)  cm2/sec [2] 

The diffusion coefficient as a function of tempera ture  
for the highest phosphorus concentrat ion employing 
isoconcentration diffusion conditions is 

Dext : 0.39 exp (--3.12 eV/kT)  cm2/sec [3] 

In  Table II the results of phosphorus diffusivity mea- 
surements  at 1000~ for various background doping 
levels, ND, are summarized. The free electron concen- 
t rat ion was determined using the equation 

= I~ [ND -}- ( N D  2 "~- 4Y~i 2) 1/2] [4] 

in which ni is the intrinsic electron concentration, 
which was calculated using Morin and Maita's empirical 

Table I. Intrinsic and extrinsic (0.9 atom per cent P-doped) 
diffusion data 

Temp. Time Dlntrlnsic Dextrlnslc 
(~ (hr) (cm~/sese) (cm~/sec) 

24 3.27 • 10- TM 4.83 X lO-~J 
4 1.45 • 10 -14 1.76 X I0-I~ 
3 4.12 X 10 -14 5.5 • 10 -13 
1 1.49 X 10 -2  1.36 x 10-~ 
0.5 1.13 • 10 -~ 8.55 x 10 -22 
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Fig. 2. Temperature dependence of phosphorus diffusivity in in- 
trinsic silicon. Phosphorus diffusivity data for intrinsic and near 
intrinsic silicon of other investigations are also included. 

relations (10) 

ni : 3.87 X 1016T 3/2 exp -- (1.21 -~ AEg)/2kT [5] 

AEg = -- 7.1 X lO-l~ [6] 

The use of the equations above imply the common as- 
sumptions of nondegeneracy, charge neut ra l i ty  in the 
crystal, and complete ionization of the background 
dopant at the diffusion temperature.  

In  Fig. 3, phosphorus diffusivities as a function of 
background electron concentrat ion for diffusions con- 
ducted at 1000~ are plotted. The arsenic data (2) for 
diffusions conducted at 950~ are also shown for com- 
parison. Phosphorus is observed to have the same be- 
havior as arsenic. That  is, phosphorus diffusion into 
silicon appears to increase almost l inear ly  with increas- 
ing free electron concentration. 

Discussion 
From Fig. 2 it is apparent  that  the intrinsic diffusion 

measurements  obtained in the present study are in 
good agreement  with the data of Mackintosh (8), 
Maekawa (6), and Millea (7), but  not with the "bulk 
diffusivity" values reported by Ghoshtagore (9, 11). 1 
This discrepancy has been at t r ibuted by Ghoshtagore to 
a depth dependence of diffusivity arising from higher 
vacancy concentrat ions near  the free surface than  in 
the bulk. Neither in  the present  s tudy nor in any other 
profiling experience of this laboratory has an intr insic 

I Note  added in proof: Since the preparation of  t h i s  paper ,  n e w  
data on t h e  " ' surface  l i m i t e d "  i n t r i n s i c  d i f f u s i v i t y  of phosphorus 
have  been published b y  11. N. G h o s h t a g o r e  [Solid State  Electron. ,  
15, 1113 (1972)] ,  a n d  these  v a l u e s  a re  i n  good  a g r e e m e n t  w i t h  t he  
i n t r i n s i c  d i f f u s i v i f l e s  r e p o r t e d  i n  t he  present  study.  

Table II. Phosphorus diffusivity at 1000~ as a function of 
electron concentration 

B a c k g r o u n d  cone. n D 
(a toms/cma)  ( e l e c t r o n s / c m  8) (cm2/sec) 

Intrinsic 9.27 • 1O z8 1,45 • I0 -~4 
[P] 1.95 x I0 la 2.31 • I0 I~ 2.21 • I0-~4 
[P] 4.4 X I0 I~ 4.58 x I0 Io 2.71 • IO -I' 
[ P ]  2.8 X 10 s~ 2 .8  X 10 s~ 1.95 x lO-la 
[P]  4.5 x I0  ~ 4.5 x I0  ~~ 1.76 • I0  -la 
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Fig. 3. Phosphorus diffusivlty as a function of free carrier con- 
centration for diffusions conducted at I000~ Arsenic diffusivity 
data of Masters and Fairfield (2) for diffusions conducted at 950~ 

diffusion coefficient decrease with increasing depth, in 
confirmation of Ghoshtagore's observations, been ob- 
served. However, it must be recognized that our ex- 
perimental conditions have differed considerably from 
those employed by Ghoshtagore, and further investi- 
gations of this effect would be highly desirable. 
The diffusivity measurements obtained under ex- 

trinsic isoconcentration diffusion conditions are in 
qualitative agreement with the concentration depen- 
dencies indicated in previous studies (6-8), and owing to 
the absence of steep concentration gradients, are capa- 
ble of a much more quantitative interpretation. The 
very significant increase in phosphorus diffusivity with 
doping level, accompanied by decreased activation en- 
ergy and entropy of diffusion under extrinsic condi- 
tions, is reminiscent of the results encountered for ar- 
senic isoconcentration diffusion (2). This similarity is 
further evidenced in Fig. 3, in which the phosphorus 
diffusivity dependence upon free electron concentration 
obtained at I000~ is compared with the previously re- 
ported 950~ arsenic data. In both instances, an ap- 
proximately first-order dependence is observed, and it 
appears likely that similar mechanisms of diffusion are 
operating in the two cases. 

In a previous stu.dy of gallium diffusion in boron- 
doped silicon (3), a general model for the migration 
of substitutional ionized impurities in silicon was de- 
veloped. In this model, the diffusion of donor impurities 
is presumed to be controlled primarily by the local 
concentration of singly ionized acceptor monovacancies, 
with a negligibly small contr ibut ion from the un- ionized 
vacancy population. The model fur ther  assumes the 
existence of a vacancy acceptor level located near  the 
middle  of the forbidden gap, a mat ter  which is dis- 
cussed in more detail elsewhere (12). 

For such an acceptor level, the negative vacancy 
concentrat ion is approximated by (13) 

[ V - ]  ~-~ iV ~ (n/hi)  [7] 

in  which [Vo], the neut ra l  vacancy concentration, is 
est imated (1) to be 

iV o] ~ 5 • 1025 exp (--3.4 eV/kT)/cm z [8] 

This simplified model predicts that  the ratio of phos- 
phorus diffusivities for extr insic  to intr insic silicon 
should be equal to the ratio of the corresponding 
charged vacancy concentrat ions 

Dext/Dint --~ [V-Jext / [V-] in t  [9] 
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From the above equations the ratio of phosphorus dif- 
fusivities should have the following dependence 

D e x t / D i n t  ~--- nlnl [1O] 

The solid l ine in Fig. 3 shows the first-order depen-  
dence which is in reasonable agreement  with observed 
results. It  appears that  the phosphorus concentrat ion 
dependency observed in the present s tudy is well  ac- 
counted for in terms of this simplified model. 

Summary 
Phosphorus diffusivity in intrinsic silicon was found 

to be in good agreement  with most investigators and in 
disagreement with Ghoshtagore's results. To a first ap- 
proximation, a first-order phosphorus concentrat ion 
dependency was observed at fixed diffusion tempera-  
ture. The results are explained by assuming phosphorus 
diffusion in  silicon to be pr imari ly  controlled by mono- 
vacancies in the negative charged state. The results are 
consistent with the previous investigations (1-3) and 
provide fur ther  support that the mechanism for sub- 
st i tut ional  atom diffusion in silicon is pr imari ly  con- 
trolled by monovacancies opposite in charge to the dif-  
fusing species. 
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Undercut Isolation--A Technique for Closely Spaced and 
Self-Aligned Metalization Patterns for MOS Integrated Circuits 

C. N. Berglund, J. T. Clemens, and E. H. Hicollian* 
Bel~ Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

A new technique for achieving electrically isolated, closely spaced, and self- 
al igned metalization pat terns on th in  insulat ing films for integrated circuit 
applications is described. This scheme takes advantage of the shadowing effect 
of an undercut  area etched in a two-layer insulator sandwich. A pat tern  first 
etched in the upper  insulator  delineates and acts as an etch mask for under-  
cut t ing and th inn ing  down the second insulator  on the semiconductor sub-  
strate. The major  requi rement  is that the first insulator  be weakly or not at all  
affected by the etch for the second insulator. Because of the masking effect 
of undercut t ing,  a thin metal  evaporat ion will be discontinuous at all under -  
cut edges resul t ing in electrically isolated metalization pat terns with v i r -  
tual ly  zero lateral  spacing between them. The silicon dioxide-a lumina double 
insulator  system with t i t an ium-pa l lad ium-gold  metalization was used and the 
details of the technique, including methods of selectively connecting isolated 
metal  patterns, are described. Exper imenta l  data are presented to show that  
undercut  isolation can be achieved with high reliability, undercut  edges sev- 
eral  centimeters  in  length being typical ly observed between un in ten t iona l  
shorts. Advantages and uti l i ty of the technique are i l lustrated by describing 
the design of a charge-coupled device. 

One of the weU-known problems in integrated cir-  
cuit fabrication is undercut t ing  which occurs when one 
attempts to etch through mult iple  layers of different 
materials  on a semiconductor wafer. If the upper layer 
either etches slower or not at all in the etchant required 
for the lower layer, there will  be a ledge of the upper  
mater ial  formed when the lower layer is etched. When 
the two layers are insulators, for example, this leads 
to serious difficulty in  making reliable electrical con- 
nections on an integrated circuit. Recently there have 
been several successful at tempts to make use of under-  
cutt ing effects like this to simplify device fabrication 
(1-3). Advantages cited include the fact that  under-  
cut t ing can be used to achieve a self-aligned metal i -  

* Electrochemical  Society Act ive  Member.  
Key words: charge-coupled devices, silicon devices, thin insulator 

films. 

zation pat tern  with v i r tua l ly  no lateral  spacing between 
adjacent metal  lines. Most of the work has been direc- 
ted towards fabrication of Schottky-barr ier  field-effect 
transistors (2), with the lower metal  usual ly being 
deposited directly onto the semiconductor substrate. In  
this paper we shall show that  the undercut t ing effect 
also can be used to isolate metal  pat terns on two differ- 
ent thicknesses of insulators and that  reliable and se- 
lective contact can be made between the two pat terns 
or between either pa t te rn  and semiconductor substrate  
(4). In  this way, the attractive features of the tech- 
nique, such as the fact that  it is self-aligning and has 
v i r tual ly  no lateral  spacing between adjacent  metal  
lines, are combined with the additional versati l i ty 
arising from having both levels of metalization on top 
of insulat ing films. This makes the undercut t ing isola- 
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tion scheme of general  interest  for integrated circuit  
semiconductor device fabrication. 

In describing the undercut  isolation technique, we 
shall restrict ourselves to one specific mater ial  system, 
the silicon-silicon dioxide-alumina (Si-SiO2-AI~O3) 
double insulator  system (5) with t i t an ium-pa l l ad ium-  
gold (T i -Pd-Au)  metalization (6). It is evident that  
other materials  systems will work equally well and in 
some cases may have impor tant  advantages. 

We will first describe the essential s tructure of the 
undercut  isolation scheme and report  on exper imental  
results with respect to its fabricational feasibility and 
associated defects that  can potential ly reduce integrated 
circuit yield. Secondly, we will describe the design of a 
charge coupled device (CCD) shift register employing 
undercut  isolation to i l lustrate its util i ty.  

Undercut Isolation Scheme 
Fundamental st~cture.--The standard procedure 

used in Si p lanar  technology to isolate, electrically, ad- 
jacent  metalization lines is to etch away a metal  re-  
gion, thus forming an isolation gap. This technique, 
however, possesses a major  drawback, namely  that  the 
gap width is l imited in m in imum size by photoresist 
and metal  etching technology. A possible way to reduce 
(or el iminate)  this lateral  gap is to transfer it to the 
vertical  position. Using a stepped insulator  structure, it 
is possible to visualize the lateral  gap approaching zero 
dimension. However, to fabricate exper imental ly  such 
a s tructure one must  rely upon a shadowing effect dur-  
ing vacuum deposition of metal  to provide the neces- 
sary discontinuity of metal  over the insulator  step. In  
practice, one will rarely find complete electrical isola- 
t ion at such a step because: (i) oxide steps are never  
completely vertical, and (ii) incident metal  vapor dur-  
ing deposition, originating from a spatially extended 
source, never  can be pure ly  vertical  to the spatially ex-  
tended sample. 

A possible method of overcoming these two deleter- 
ious effects is to form a ledge (or overhang) at the in -  
sulator step, so that a desired shadowing effect wil l  oc- 
cur and form an isolation gap. In  the next  section, we 
shall describe a specific two mater ial  insulator  system 
that may be used to construct the desired physical 
geometry. 

Al203-SiO~ insulator system.--This double insulator  
system has a disjoint etching characteristic (i.e., Al~:)3 

may  be pat terned or etched in phosphoric acid, H~PO4, 
but  is inert  in hydrofluoric acid, HF; conversely, SiO2 
may be pat terned with HF, but  is essentially inert  in 
H3PO4). Using this fact, we will now describe a tech- 
nique by which one may fabricate a double insulator  
MOS structure electrically isolated by means of the 
proposed overhang structure. 

The important  cross-sectional views of the MOS 
structure dur ing fabrication are i l lustrated in Fig. 1. A 
silicon wafer is thermal ly  oxidized and a th in  layer of 
Al.,O3 is deposited along with a layer of SiO2 [Fig. 
l ( a ) ] .  This deposited layer of SiO2 will  be used as an 
etch mask for the A1203, because s tandard photoresist 
materials  are severely attacked by the 180~ boiling 
aqueous solution of phosphoric acid used to etch A1203. 
The SiO2 is pat terned by s tandard photoli thography 
techniques and then the A12Oa is pat terned [Fig. 1 (b) ]. 

In  the next  step, the desired undercut  ledge is 
formed. This is accomplished by etching the structure 
in an aqueous HF solution possessing a calibrated etch 
rate (nominal  etch ---- 10 parts by volume H20 and 1 
part  by volume conc HF) .  This process step thins  the 
thermal  oxide in the exposed area to a predetermined 
thickness and undercuts  the A12Os film forming the 
desired overhang [Fig. 1 (c) ]. A second film of A1203 is 
now deposited over the ent i re  structure, thereby pas- 
sivating it [Fig. 1 (d)] .  This step is included to assure 
a completely passivated structure. 

Finally,  a t i t an ium-pa l lad ium (Ti-Pd)  metalization 
film of thickness less than  the overhang gap in Fig. 
1 (d) is vacuum deposited over the wafer, yielding the 
undercut  isolated double insulator  MOS structure 
shown in  Fig. 1 (e).  

Experimental Results and Discussion 
Fab~cationa! aspects.--To explore the feasibi l i ty of 

the previously described technique, we fabricated 20 
mil 2 undercut  isolated MOS capacitors on n - type  <100> 
Si wafers. Figure 2 is a cross section of the test struc- 
ture with critical dimensions indicated. Figure 3 is a 
scanning electron microscope (SEM) photomicrograph 
of the first A1203 overhang immediate ly  after the ther- 
mal  oxide th inn ing  step where the oxide has been de- 
l iberately overetched to expose the Si substrate (for 
dimensional  reference) and to i l lustrate the r igidity of 
overhang. 
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Fig. 1. Steps illustrating the 
basic undercut isolation scheme 
described in the text. 
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Fig. 2. Sectional drawing of 
undercut edge of an experi- 
mental structure. 

To check the passivation character of the second 
A1203 deposition, samples were soaked in buffered HF 
to decorate pinholes at the overhang edge. No signifi- 
cant pinholes or voids were observed in the passivated 
layer. Figure 4 (a) and (b) is a photomicrograph of a 
finished experimental  sample at the stage shown in 
Fig. 1 (e) which shows the final desired isolation gap 
in the metalizat ion layer. 

Electrical characteristics.--All  important  electrical 
characteristics of the undercut  isolation technique 
[namely:  (i) isolation yield per un i t  length (or equiva- 
lent  l inear  defect densi ty) ;  (ii) MOS characteristics; 
a n d  (iii) insulator and isolation gap breakdown 
strength and stability] may be measured with the ca- 
pacitor structure. Let us consider each separately. 

(i) Isolat ion yield per unit  length.--Several  hundred  
MOS structures were checked for vertical  shorts on 
each test wafer fabricated. Typically, less than 10% of 
the structures were shorted, one wafer in part icular  
yielding only 2% shorts. Scratches, due to handling, 
were often observed on the shorted MOS pads, and a 
large fraction of shorted pads were located in the 
immediate  vicinity of the edge of the wafer. To ascer- 
ta in  the failure mechanism in shorted unscratched MOS 
pads, SEM photomicrographs of those pads were ob- 
tained. Figure  4(c) il lustrates the observed failure 
mode, part iculate mat ter  causing metallic bridging be-  
tween metalization levels. 

In  order to obtain a quant i ta t ive figure for un in ten-  
t ional shorts useful for circuit /device design, assume 
that  spatial location of a short occurring between lower 
metal izat ion and upper metalization levels is a r an -  
dom variable. The probabil i ty  of a short occurring per 
uni t  length of isolation edge then may be easily char- 
acterized. It is s traightforward to show that probabil-  
ity, P (I), of finding no shorts in a length l of isolation 
edge is given by 

P ( / )  - -  exp( - - I / lo )  [1] 

where lo is average distance between shorts. An esti- 
mate of lo may be obtained from previously described 
yield data. Recalling that  each MOS pad is a 20 mil  2 
(0.20 cm per imeter) ,  a 10% probabil i ty  of shorting cor- 
responds to lo (10%) = 2 cm; while a 2% probabil i ty  
corresponds to lo (2%) = 10 cm. 

(ii) MOS characteristics.--MOS characterization of 
both isolated ( thin insulator)  and field (thick insula- 
tor) capacitors indicated that  their electrical charac- 
teristics are essentially identical to those found on 
s tandard double insulator  (A12Oa-SiO2) capacitors. The 

midgap interface state density was approximately 
2.0 • 1010 cm -2 • eV-1; and flatband voltage for the 
thin insulator pad was approximately 0.3V. 

(iii) Insulator breakdown strength and s tab i l i t y . -  
Breakdown electric field strength in the etch-back in-  
sulator region was found to be approximately 5.2 • 106 
V/cm. This means that  the insulator  breakdown 
strength is not seriously degraded by th inning  of the 
thermal  oxides. Additionally, breakdown electric field 
s trength associated with the undercut  isolated edge, 
measured by destructive breakdown between metal 
levels, was found to be approximately 6.5 • 108 V/cm. 

Stabil i ty measurements  under  bias- temperature ag- 
ing were also performed. The isolated th in  insulator  
MOS pads, under  a bias of --1.0 • 106 V/cm at 350 ~ for 
30 rain, exhibited a shift in flatband voltage of 0.10V 
and an increase in interface state density at mid-band-  
gap from 2.0 X 1010cm -2 X eV -1 to 5.5 X 10 l ~  2 X 
eV -1. Similar  results, except for a correspondingly 
larger shift in flatband voltage (a factor of 3-5 larger) ,  
were obtained on the field capacitors. Such results in- 
dicate that double insulator  MOS characteristics and 
Si-SiO2 interface properties obtained from the undercut  
isolation process are essentially equal to those obtained 
from the s tandard double insulator  (A1203-SIO2) proc- 
ess and that addit ional A1203 deposition does not de- 
grade usual ly observed characteristics of the SiO2- 
AlcOa system. 

Undercut Isolation Charge-Coupled Device 
In the preceding sections, we have demonstrated 

feasibility of a metalization isolation scheme that 
possesses, in addition to a zero lateral  isolation gap, 
excellent MOS characteristics. Such a scheme may have 
m a n y  applications in integrated circuit design. How- 
ever, an immediate  application lies in the area of 
CCD's. 

Several studies have indicated that  operational 
abil i ty and charge t ransfer  efficiency of this device de- 
pends critically upon absolute magni tude  of interelec- 
trode spacing (7, 8). In  this section, we will  describe 
how the overhang technique may be used to fabricate 
a two-phase p-channel  CCD with zero interelectrode 
spacing. In addition to this p r imary  device feature, the 
undercut t ing technique will also yield the structure for 
a t ta ining charge propagation directionality, i.e., a 
stepped electrode configuration formed by different in- 
sulator thicknesses (9). The processing procedure out- 
l ined here is only one of m a n y  possibilities considered. 
It  was chosen because it is similar to one first used to 
fabricate a CCD using undercut  isolation (4). 
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Fig. 3. Several electron microscope views of an undercut isolated 
edge before second AI~O3 deposition. 

Fabrication scherae.RFigures 5-8 illustrate the im- 
portant steps and features in the CCD fabrication. Ini- 
tially, appropriate p-type diffusions for input-output 
circuitry are performed and are followed by growth of 
a thick field oxide [Fig. 5 (a)] .  Charge transfer channels 
and contact regions are defined in the field oxide using 
a sloped oxide technique; and a thinner SiO2 layer 
(~1000A) is deposited and defined by the previously 
described technique. Patterned Al~O3 is ]eft only in 
those regions where isolation overhangs are desired 
[Fig. 5(c)] .  Exposed oxide is thinned (to 1000A in 

Fig. 4. An undercut isolated edge after titonium-palladlum 
deposition. 

transfer regions) and the overhang ledge is produced. 
The second layer of Al~O3 (,~500A) is deposited for 
passivation and contact windows defined. Figure 6 de- 
picts final insulator structure immediately prior  to 
metalization. 

Metaliza~ion of the CCD can be achieved by one of 
several approaches previously described. Here we will  
describe only one possible scheme. First, a Pd silicide 
is formed in the contact windows and, then, a Ti 
(--500A) and Pd (~1000A) layer is evaporated over 
the wafer. Photoresist is now applied for selective gold 
plating (Fig. 7), and gold is plated to a thickness of 
approximately one micron. When the gold plate is as 
thick as the isolation gap, shorting (or bridging) will 
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occur be tween  isolated and field regions, t he reby  yie ld-  
ing the selective in terconnect ion desired.  Necessary 
electrode s t ructure  for  the two-phase  CCD, an isolated 
overhang  pad e lec t r ica l ly  connected to an ad jacent  
meta l iza t ion  pad  on the  th inned insula tor  region is 
genera ted  by  select ive e tching of the  Pd  and Ti layer .  
F ina l  device s t ruc ture  is i l lus t ra ted  in Fig. 8. A CCD 
has  been fabr ica ted  along l ines descr ibed  here  and is 
r epor ted  e lsewhere  (4). 

Electrical characteristics.--Area per  bi t  for  the  de-  
s ired CCD s t ruc ture  is de te rmined  by  min imum l ine-  
widths  and spacings associated wi th  photoresis t  tech- 
nology. I f  a set of pa ra l l e l  CCD's is designed, then  area  
p e r  bit  is g iven by  

Fig. 8. Finished CCD 

A r e a / B i t  = (2 /L)  (W ~- F )  [2] 

where  L = min imum electrode width;  W = min imum 
t ransfer  channel  width;  and F = m i n i m u m  field oxide 
wid th  be tween  ad jacen t  channels.  Assuming  a s tandard  
10.0~ (0.40 m i d  photoresis t  technology, a n  800~ ~ (1.28 
mils  2) a r ea /b i t  is real izable .  This quan t i ty  compares  
favorab ly  wi th  var ious  proposed CCD s t ructures  (10). 

The  most  significant advantages  of this device, how- 
ever, a re  two fold. I t  is a comple te ly  self-a l igned struc-  
ture,  which implies, wi th  respect  to its e lectr ical  char-  
acterist ics:  (i) the  s t ruc ture  possesses m a x i m u m  rat io  
of active signal  s torage area  to to ta l  bi t  area  obtainable;  
a n d  (ii) per formance  of the  basic CCD cell  i tself  is not 
a funct ion of, or sensi t ive to, photo l i thography  real ign-  
ment.  

Device yield and manufacture considerations.--The 
contr ibut ion to process y ie ld  associated wi th  the  isola- 
t ion overhang technique m a y  be es t imated for an n-bi t  
CCD. Total  isolated edge length  per  bi t  is given by  
2 ( W  + F) .  Consequently,  p robab i l i ty  of producing n 
good bits  P ( n )  is f rom Eq. [1] and [2] given b y  

P ( n )  = e x p [ - - 2 n ( W - t -  F ) / ~ o ] =  e x p ( - - n ' 1 0  -~) [3] 

where  we  have  assumed a I0.0~ technology and Io = 
4.0 cm, (1024 bi t  CCD = >37% yie ld  of CCD's wi th  no 
meta l iza t ion  shorts  at  the  unde rcu t  edge) .  

C o n c l u s i o n s  
We have  shown, using the (A120~-SiO~) double in-  

sula tor  undercu t  sys tem and t i t an ium-pa l l ad ium me ta l -  
ization, that  reproducib le  e lectr ical  isolat ion be tween 
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adjacent  meta l  pa t te rns  can be achieved. Using a s imple 
MOS capaci tor  pat tern ,  it  has been possible to answer  
the impor tan t  questions about the technique. I t  has 
been found that  the excel lent  and re l iab le  MOS prop-  
er t ies  of the  (A1203-SIO2) double insula tor  system have 
not been compromised by  addi t ional  processing neces- 
sary  for undercu t  isolat ion and that  ve ry  high break-  
down vol tages exist  be tween  adjacent  isolated meta l -  
ization levels. One of the potent ia l  problems wi th  the 
technique, unintent ional  shorts  be tween  adjacent  meta l  
lines, has been charac ter ized  and shown to be rela-  
t ive ly  unimpor tant .  

The undercu t  isolat ion technique can and does possess 
many  potent ia l  appl icat ions in in tegra ted  circuit  design. 
As an immedia te  example,  we have i l lus t ra ted  use of 
the technique for fabr icat ion of a CCD. The descr ibed 
device has an a r ea /b i t  smal ler  than, or equal  to, any 
competing CCD and should possess super ior  e lectr ical  
characterist ics.  

Manuscr ip t  submi t ted  Nov. 30, 1972; revised m a n u -  
script  received Apr i l  12, 1973. 

A n y  discussion of this paper  wil l  appear  in a Discus- 
sion Section to be publ ished in the June  1974 JOURNAL. 
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Growth of High Purity CdTe Single Crystals by 
Vertical Zone Melting 

R. Triboulet and Y. Marfaing 
Laboratoire de Physique des Solides, C.N.R.S. (92) Meudon-Bellevue, France 

ABSTRACT 

The synthesis  of CdTe in a Br idgman furnace,  under  de te rmined  vapor  
pressure  of cadmium, and its purification by the ver t ica l  zone mel t ing  tech-  
nique is described.  The influence of the the rmodynamic  state of the crys ta ls  
af ter  synthesis  on the  conduct ivi ty  type  of the zone-mel ted purified ma te r i a l  is 
shown. Pur i ty ,  homogenei ty,  and compensat ion of the  mater ia l ,  as de ter -  
mined  by  electr ical  measurements ,  photoluminescence,  and  spect rographic  
trace analysis,  are  presented  and discussed. 

The different  appl icat ions  of CdTe, as solar  cells, 
e lectrooptic  modulators ,  or -y-ray detectors,  necessi tate 
a carefu l ly  charac ter ized  pure  mater ia l .  On the o ther  
hand, the  identif ication of na t ive  defects in CdTe, 
which is not  a c lear ly  solved problem, requires  a mate-  
r ia l  in which  the foreign impur i ty  concentra t ion is 
lower  than  the  nat ive  lat t ice defects concentrat ion.  
Therefore,  the p repara t ion  of a high pur i ty  mate r ia l  is 
of p r ime  importance.  For  that  purpose, different  meth-  
ods have been used: synthesis  and crys ta l l iza t ion f rom 
highly  purified cadmium and te l lu r ium (1); hor izonta l  
zone mel t ing  under  vapor  pressure  of cadmium (2, 3) ; 
subl imat ion  of the  compound (4-6); c rys ta l  g rowth  
f rom Te solution, for  ins tance by  T.H.M. (7);  and 
ver t ica l  zone mel t ing  by the Heumann  method (8) 
appl ied  to CdTe (9-11). I t  is this last  method that  we 
have used. 

The p repara t ion  of the  quar tz  tubes, the  synthesis  of 
the  compound, and  the  zone-mel t ing  process wi l l  be  
successively described.  The resul ts  concerning the 
pur i ty ,  the  t ime changes of the  character is t ics  and the 
homogenei ty  wil l  then be given. The segregat ion p ro -  
files wi l l  be finally s tudied by  electr ical  measurements  
and photoluminescence.  

Preparation and Purification of the Compound 
Preparation of the tubes.--Metals genera l ly  react  

wi th  silica to form silicates. With  cadmium, at  high 

Key words: Bridgman crystallization, electron mobility, photo- 
luminescence, resistivity. 

t empera ture ,  there  is format ion of cadmium metasi l icate  
CdSiO3. This react ion is more  intense when t races  of 
cadmium oxide are  present  and, because the mater ia l  
st icks on the  quar tz  walls, br ings about, in addi t ion  to 
a contaminat ion  by  the  impur i t ies  included in silica, 
the b reakage  of the  tubes. Consequently,  it  is of pr ime 
impor tance  to avoid all  d i rect  contact  of the sil ica with 
the  ma te r i a l  and  to reduce any oxides. This is pa r t ly  
ensured by  coating the inner  surface of the  quar tz  tubes 
wi th  graphite.  

For  this  purpose  the  tube  is p re l imina r i ly  c leaned for 
some minutes  wi th  a 25% aqueous solution of HF, 
r insed in u l t ra  pure  water ,  and evacua ted  to 10 -6 Torr  
for about  twen ty  hours at 1150~ It is then connected 
for some seconds wi th  a container  filled wi th  u l t ra  pure  
benzene, the vapors  of which a re  d rawn  in and, by  
cracking,  deposi t  g raphi te  on the walls.  The injection 
of benzene vapors  is fol lowed by  fore-vacuum pumping.  
This process is repea ted  severa l  t imes to deposit  suc-  
cessive th in  layers  of g raphi te  up to the  desired th ick-  
ness. The adhesive coat ing is then  backed out under  
10 -5 Torr,  at 1150~ for severa l  hours. Af te r  cooling, 
the  rup tu re  of vacuum is achieved by connect ing the  
tube  wi th  a bag of ve ry  pu re  argon or hydrogen.  

The elements,  Cd and Te (99.9999% from Koch 
Light ) ,  a re  used in bars  to l imi t  their  surface of con- 
tact  wi th  air  dur ing  the  manipulat ions.  Cadmium is 
etched in a solut ion of 4% HNO3 in ethanol,  and tel-  
lu r ium is etched in di luted HC1. One hundred  and s ixty  
grams of Cd ~- Te a r e  loaded into the  15 m m  ID tube  
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which includes a small  container of cadmium in its 
upper part. The tube is sealed under  10-6 Torr. Its total 
length is then 30 cm. Two liquid ni trogen traps are in-  
serted between the tube  and the diffusion pump to 
avoid contaminat ion by oil. 

Synthesis of the compound.--The CdTe is synthesized, 
under  a controlled vapor pressure of cadmium (3), in a 
Br idgman furnace, constituted by three superposed 
furnaces A, B, and C, as shown in Fig. 1. The tempera-  
ture of the upper furnace A controls the vapor pres- 
sure of cadmium and allows one to use the solid-liquid 
vapor equi l ibr ium to adjust the deviation from stoi- 
chiometry of the compound. A determined pressure of 
cadmium gives a determined composition of the com- 
pound. The temperature  of this furnace is regulated by 
means of a thermocouple which is fastened to the top 
of the synthesis tube. Thus, this end remains  always, 
for any position inside the furnace, at a constant tem- 
perature. The central  furnace B is formed of six piled 
up refractory pancakes surrounding circular spiral re- 
sistances in Kantha l  A1. These resistances are arranged 
so as to obtain, with a 20 cm high furnace, a tempera-  
ture plateau of 12 cm at •176 The temperature  
gradient  at the solid-l iquid interface is around 50~ 
c m .  

For the synthesis, the tempera ture  of furnace B is 
progressively raised to about 800~ while the top of 
the tube is main ta ined  at 500~ Near 800~ the exo- 
thermic reaction of formation of the compound takes 
place. The tempera ture  of furnace B can then be 
rapidly raised to 1120~ while  the temperature  of 
furnace A is s imultaneously adjusted to give the de- 
sired vapor pressure. The tempera ture  of furnace C is 
set at 850 ~ _ 20~ The tube is subsequent ly  slowly 
lowered into the furnace at a ra te  of 0.3 cm/hr.  After  
this normal  freezing, which gives an impur i ty  segre- 
gation along the ingot, the lower furnace C is slowly 
cooled to room temperature,  in 24 hr, by a controlled 
program, to l imit the dislocation density in the mate- 
rial. 

For temperatures  of the upper  furnace higher than 
820~ the obtained crystals are general ly n-type, while 
for temperatures  lower than 800~ the crystals are 
general ly p-type. The intermediate  tempera ture  range 
corresponds to high resistivity material.  These data, in 
agreement with those of Ref. (1), are notably  influ- 
enced by the na ture  and the concentrat ion of impuri-  
ties. 

Zone melting.--After synthesis the thickness of the 
graphite layer has diminished as consequence of reac- 
t ion with oxides. The ingot is taken out of the tube 
which, for this procedure, has been chosen slightly 
conic. The same tube is cleaned, backed out, and 
graphitized again as described above. This new layer 
prevents,  as much as possible, the CdTe from being in 
contact with silica, although diffusion can probably 
exist between silica and CdTe across this stratified 
layer. The best results have been obtained with the 
Heraeus "Heralux" qual i ty  tubes. The tube is then 
loaded with the ingot, evacuated to 10 -8 Torr, and 
sealed with a quartz plug positioned to rest on the 
ingot. 

The tube is then placed in the zoning apparatus 
(Fig. 2). The temperature  of the graphite susceptor 
r ing is regulated with a precision of •176 and con- 
trolled by a thermocouple. The temperature  is adjusted 
by subst i tut ing for the zone mel t ing tube  a thermal  
analysis tube of the same dimensions, with a thermo-  
couple. We have chosen a temperature  of about twenty  
degrees above the mel t ing point of CdTe: the molten 
zone is then approximately one centimeter  wide. 

As a consequence of the reaction of oxides with 
graphite, the periphery of the ingot presents small  gas 
pockets, hence a first pass is performed at 4 cm/hr  for 
a better filling of the tube. The following passes (10- 
20 generally) are carried out at rates between 2.5 and 
0.25 cm/hr  and stopped at 2 cm from the top of the in-  
got. The vapors of Cd and Te produce a self-sealing 
of the end of the ingot which completely isolates it 
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from the small  void space at  the upper  par t  of the t ube  
The ingots so obtained contain large single crystals, 
about 2-3 cm 8 in size. 

R e s u l t s  

Conductivi ty  type o~ the crys tals . - -Woodbury and  
Lewandowski  (11) have found a relat ion between the 
susceptor tempera ture  and the conductivi ty type of the 
crystals: for temperatures  higher than 1200~ the crys- 
tals are p-type, and for temperatures  lower than  
1160~ n-type. They do not find any  obvious correla-  
t ion between resistivity and susceptor tempera ture  in 
the in termediate  range. 

Our zone mel t ing  has always been carried out at a 
l iquid temperature  of about 1115~ (susceptor tem- 
pera ture  1170~ Under  these conditions, the charac- 
teristics of the material,  after zone melting, seem to 
depend on the init ial  state of the material,  i.e., the 
vapor pressure of cadmium during the Br idgman 
growth. Thus, for vapor pressures of cadmium lying 
between 2 and 2.8 atm (upper Br idgman furnace tem- 
perature  820~176 the mater ia l  is n - type  with a 
resist ivi ty between 10-500 ohm-cm, and an electron 
concentrat ion between 1.5 • 10 l~ to 8 • 1014 cm-3  at 
room temperature.  A vapor pressure of one atmosphere 
(upper furnace tempera ture  760~ corresponds after 
zone melt ing to a high resistivity p- type material.  So, 
al though the equi l ibr ium reached dur ing zone mel t ing 
tends to reduce the departure  from stoichiometry, the 
history of the material,  i.e., the thermodynamic condi-  
tions of its synthesis, should be taken into considera- 
tion. As a mat ter  of fact, according to our experimental  
process, it is possible to get a mater ial  of very repro- 
ducible characteristics. 

Pur~ty .~Emiss ion spectrography was used to follow 
the segregation of impurities. The amounts  of Si, Ca, 
and Mg do not vary along the ingots while Cu, Fe, 
and Ag segregate to the end of the ingots. These im- 
purit ies were the only ones detected by this method. 

Quali tat ive analysis by means of ionic probe reveals 
the presence of A1, Na, CI, F, K, Co, Fe, and Si, depend- 
ing on the samples. 

Mass spectrometry analysis was conducted; for most 
of the elements the l imit  of detection was around 0.5 
ppm. Numerous elements could not be measured be- 
cause of associations and interferences. One found a 
large concentrat ion of C (a few ten ppm) and small  
amounts (around one ppm) of S, Na, and K. 

One of the most typical results of trace analysis is 
that  distr ibution profiles of impurit ies along the ingots 
are not clearly seen if the  analyzed samples are of a 
larger  size. This suggests the presence of inhomo- 
geneities and the coexistence of pure  and impure re- 
gions at short distance. The main  accepter impurit ies 
seem to be copper and sodium and the residual donor 
impurit ies could be the halogens and a luminum. 

Because of the sensit ivity l imitations of spectro- 
graphic methods and the difficulties of br inging them 
into play, electrical measurements  were cur ren t ly  used 
to determine puri ty.  

The electrical measurements  data for some of the 
purest  samples are summarized in Table I. 

Mobilities of ~-105 cm~/V sec at 32~ max imum 
of the mobil i ty curve, probably located at about 20~ 
is not still reached at this t e m p e r a t u r e ~ a r e  the highest 
mobilit ies measured unt i l  now in cadmium telluride. 

Some curves of mobil i ty vs. tempera ture  are plotted 
on Fig. 3. Curve 1 corresponds to one of our purest 
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Fig. 3. Electron mobility vs. temperature for semples cut from 
the heed (1) to the end (4) of  ve r t i c - I  zone melted ingots. 

samples (24A5) with ~32OK = 1.46 • 105 cm2/V sec. 1 
The dashed curve represents the theoretical curve 
calculated for a sc'attering by LO phonons by Segall 
et al. (12). The following curves, 2, 3, and 4, are re- 
lated to samples of decreasing purity,  i.e., samples 
taken in less pure parts of an ingot. The max imum of 
the mobil i ty  curve shifts towards higher temperatures  
when  the pur i ty  decreases. 

Figure  4 represents the photoluminescence spectrum 
of a pure  sample (16A12). This spectrum is character- 
istic of a high pur i ty  and uncompensated sample. 

The intensi ty  of the free exciton line (1.596 eV), 
which is self-absorbed in the crystal, is remarkably  
high. The one and two LO phonon replicas are at 1.575 
and 1.554 eV. The line at 1.594 eV is a t t r ibuted to 
excitons trapped on neut ra l  hydrogenic donors at Ec -- 
0.011 eV (13, 14). By comparison, the line at 1.591 eV, 
which is associated to a neut ra l  acceptor-exciton com- 
plex, wi th  EA : Ev + 0.05 eV, is very  weak. Only  a 
weak line at 1.540 eV emerges in the 1.550 eV region, 
general ly rich in impur i ty  transi t ions (15). 

This spectrum shows also a l ine at 1.605 eV which 
probably corresponds to the radiat ive band- to-band 
t ransi t ion and its first phonon replica at 1.564 eV. These 
lines, never  seen before, constitute another  proof of 

1 On  such  s a m p l e s ,  a t o t a l  c o n c e n t r a t i o n  of e l e c t r i c a l l y  a c t i v e  
c e n t e r s  a r o u n d  1014 c m  --s h a s  b e e n  d e t e r m i n e d  by M. C a i l l o t  ( P r i -  
v a t e  c o m m u n i c a t i o n ) .  

T a b l e  I 

lf$800~ p~00~ /ZS~~ nzs ~03s176 //~82~ 
N a m e  c m  -'s o h m - c m  c ras  s e c  c m  -s o h m - e r a  c m s  s e e  

16A2 1.45 x 10 TM 390 1100 7.4 x 10 TM 8.3 1.03 X 105 
17A6 2.7 • 102 279 830 1.5 • 10 TM 4.59 9 • 10 ~ 
2 4 A 7  4.95 X I 0  TM 123 1020 1.65 X I0  is 3.36 1.13 • 105 
24A5 5.1 x 102 130 950 1.65 x 10 TM 2.6 1.46 • 105 
15A3 7.2 x 1015 81 1075 4.6 X 10 ~ 1.58 8.6 • 10~ 
14A13 5.8 x 10 *4 10 1080 2.16 x 1014 0.32 9.1 • 104 
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Fig. 4. Photoluminescence spectrum of a high purity sample at 
liquid helium temperature. 
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Fig. 5. Change of the resistivity with time of a sample kept under 
vacuum during the first 0-80 day period, in the atmosphere during 
the following 80-110 day period, and put again under vacuum dur- 
ing the last period. 

the high qual i ty of the crystals and permit  a direct 
measurement  of the cadmium tel luride bandgap at 
4.2~ 

By comparison, the spectra of less pure samples pre- 
sent the following characteristics: the band- to-band 
t ransi t ion is not seen; the free exciton line is weak or 
absent; the bound exciton l ine at 1.591 eV, which may 
be related to the presence of shallow acceptor impur i -  
ties, is very  strong; while in the 1.550 eV region, in- 
tense broad lines emerge corresponding to donor ac- 
ceptor-pair transitions. 

Instabil i ty of the sample characteris t ics . - -We have 
observed a shift, with time, of the characteristics of the 
purest zone-melted samples of low electron concentra- 
tion, corresponding to an increase in  compensation 
(11): both the electron mobil i ty and concentrat ion de- 
crease. These changes are very accelerated by heating 
even at moderate temperatures.  As an example, the 
dependence of the resistivity at room temperature  vs. 
time t for a sample first kept under  static vacuum 
(10 -~ Torr) after contact soldering has been plotted on 
Fig. 5. For the first 80 clays the resistivity increases with 
time. During the subsequent period (80-110 days) the 
sample is exposed to air and its resistivity decreases. 
When the sample is put again under  vacuum its resistiv- 
ity tends to recover the high values measured at the 
end of the first stage. This exper iment  shows the strong 
influence of the ambient  conditions on the electrical 
properties. The variat ion of electron concentrat ion dur-  
ing the first period follows the law: n ---- A -- B log t, 
which could be interpreted in terms of a chemisorption 
phenomenon (16). 

Homogene i t y . - -The  statistical dispersion of the elec- 
trical characteristics of samples cut in the pure part  
(2 cm) of an ingot has been studied. In  Fig. 6 is 
presented the statistical distr ibution of mobilities at 
35~ and of carrier concentrations at room temperature  
for about fifteen samples. 

The mobilities at 35~ which are close to the maxi-  
mum of the mobil i ty curve, have more scattered values 
than the room tempera ture  carrier concentrations. 
n300oK is equivalent  to ND -- NA while the low tempera-  
ture mobil i ty is l imited by the total concentrat ion 
ND ~ NA. It appears that/'VD ~ NA can largely fluctuate 
from one sample to another, while ND -- NA changes 
weakly. This can be explained by self-compensation 
between impurit ies and native defects. 

Some samples present  an abnormal ly  low mobil i ty 
at room temperature.  These effects have been at t r ibuted 
by different authors (17, 18) to the existence of micro- 
inhomogeneities in the material.  The electronic mobil i ty 
at room temperature,  vs. the ratio of the carrier con- 
centrat ions at 300~176 has been plotted in Fig. 7. The 
greater this ratio, the lower is the mobility. This is an 
indication that  microhomogeneities are to be related to 
the presence of t rapping levels in which electrons 
freeze out when  temperature  decreases. 

Impurities Segregation, Results and Discussion 
The distr ibution profiles of impurit ies in ingots ob- 

tained after 2, 10, and 20 passes, have been studied by 
means of electrical measurements  and photolumines- 
cence. 

Figure  8 gives the electron mobil i ty at 35~ vs. the 
distance along the ingot axis for ingots grown with 2, 
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Fig. 6. Statistical distribution 
of the electron mobilities at 35~ 
and of the carrier concentrations 
at room temperature for 15 
samples cut in the purest part of 
a vertical zone melted ingot. 
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Fig. 7. The room temperature 
electron mobility vs. the carrier 
concentrations ratio at 300 ~ and 
35 ~ K. 

1000 

"1- 

Z 
0 n- 
l-- 

.--I 
LU 0 

0 

~ e 

~ Q e g  

�9 Q t ~ Q e  t �9 

~ �9 

-- I . . . .  �9 ~ � 9  �9 
P'300~ �9 �9 �9 "300~ �9 �9 ~ 

I 

5 
CARRIER 

~- N 3 0 0 o  K / N  3SOK 
I I I 

10 15 20 
CONCENTRATIONS RATIO 

10, and 20 passes. These profiles cannot  be  d i rec t ly  
compared  to the  classical impur i t ies  dis t r ibut ions  ob- 
ta ined af te r  zone melt ing.  They are  in fact the  resul t  
of zone mel t ing  superposed upon normal  freezing for 
the  whole  d is t r ibut ion  of impuri t ies .  High mobil i t ies  
a re  r ap id ly  reached in the first pa r t  of the ingots. Some 
ingots, af ter  10 passes, a l r eady  present  mobil i t ies  up to 
105 cm2/V sec. The increase in the  number  of passes has 
more  the  effect of increasing the length  of t he  pures t  
pa r t  of the  ingot  (2/3 of the  ingot af ter  20 passes) 
r a the r  than  of improving  the pu r i ty  which seems to 
reach  a l imi t  va lue  p robab ly  depending on a contamina-  
t ion-purif icat ion equi l ibr ium. 

Considering the impur i t ies  d is t r ibut ion  coefficient 
values  in CdTe (genera l ly  ranging  be tween  0.2 and 
0.5), zone-mel t ing purif icat ion is not  sufficient to ex-  
plain the fa i r ly  high mobil i t ies  measured  af ter  only 2 
passes, whereas  our B r i d g m a n - g r o w n  mate r ia l  does 
not  present  mobil i t ies  h igher  than  5 X l0 s cm2/V sec 
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Fig. 8. Change of the electron Hall mobility at 35~ on the posi- 
tion of the samples along the ingot growth axis. 

at low tempera tures .  One can th ink  that ,  in these  sam- 
ples, impur i t ies  assemble  to form h ighly  compensated  
microinhomogenei t ies ,  which expla in  the  high mobi l i -  
t ies found at low tempera tures .  On the other  hand  the 
addi t ional  scattering,  brought  about  by  these hetero-  
geneities, causes smal l  mobi l i ty  values  at  room tem- 
pe ra tu re  (be tween 240 and 700 cm~/V sec).  Thus the  
low t e m p e r a t u r e  mobi l i ty  would  be significant of pur i ty  
only if the  theore t ica l  mobi l i ty  value  is observed at  
room t empera tu r e  (,~10a cm2/V sec).  

Ano the r  m a r k e d  effect on low t e m p e r a t u r e  mobil i t ies  
is p robab ly  the depa r tu re  f rom s toichiometry  which 
can be high in CdTe: ,~102~ at  cm -3 from each side of 
the  s toichiometr ic  composi t ion (19, 20). In  fact, some 
observat ions suggest that ,  due to the pa r t i cu la r  equi- 
l ib r ium reached dur ing  the  process, the  ma te r i a l  ap- 
proaches  the  s toichiometr ic  composit ion: indeed, i t  is 
hab i tua l  to find some c a d m i u m - - o r  t e l lu r ium as the 
case m a y  b e - - a r o u n d  the zone-mel ted  ingots. 

The car r ie r  concentra t ion  vs. the  posit ion of the  sam- 
ples along the ingot  is p lo t ted  in Fig. 9. The var ia t ion  
range  is not ve ry  impor tant .  However  a r a the r  s trong 
dispers ion is observed,  which reflects the  fluctuations 
in compensation.  

The rat io  be tween  the  in tens i ty  of the  two impur i t ies -  
bound exci ton l ines at  1.594 and 1.591 eV, seen in photo-  
luminescence,  vs. the  dis tance along the  ingot  axis is 
p lo t ted  in Fig. 10. This ra t io  is ve ry  sensit ive to pur i ty .  
The in tens i ty  of the  l ine  at  1.594 eV is r e la ted  to the  
concentra t ion of the donors which a re  neut ra l ized  
under  l ight  exci ta t ion at  he l ium tempera ture ,  i.e., /VD, 
while  the  in tens i ty  of the  1.591 eV l ine is for the  same 
reason re la ted  to the  acceptor  concentrat ion,  NA. The 
var ia t ions  of the  1.594 eV l ine  fol low roughly  these 
of nso0oK as i t  is observed:  in the  ingots g rown wi th  10 
and 20 passes its in tens i ty  var ies  l i t t le  wi th  sample  
position. On the contrary ,  the  l ine at 1.591 eV is mul t i -  
pl ied by  a factor 25-250 from the  t ip to the  top of the  
ingots, depending on the  ingots. This l ine is associated 
to a compensat ing  acceptor  center  p r o b a b l y  involving 
impuri t ies .  

The  ra t io  Ii.s94/I1.591 is thus  close to the  rat io  ND/NA 
and character izes  the  compensat ion  s tate  of the  mate -  
rial .  

Conclusion 
Very  pu re  crys ta ls  have been p repa red  by  the  ve r t i -  

cal  zone mel t ing  method,  as confirmed by  e lect r ica l  
and  photoluminescence measurements ;  low t empera tu re  
e lect ron mobil i t ies  above 105 cm2/V sec were  found, 
whi le  in photoluminescence the  band- to -band  rad ia t ive  
t rans i t ion  is seen at  low tempera tu re .  
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Fig. 9. The room temperature carrier concentration vs. the posi- 
tion of the samples along the ingot growth axis. 
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Fig. 10. Intensity ratio of the two trapped exciton lines at 1.594 
and 1,591 eV vs. the position of the samples along the ingot axis. 

The following points seem to be determinative in the 
results of our purification: the particular care taken in 
the preparation of the quartz tubes; the synthesis and 
Bridgman crystallization performed under determined 
thermodynamic conditions; all the operations, from 
synthesis to zone melting, achieved in the same quartz 
tube (the manipulations, always corresponding to p o l -  

lution, are thus reduced to the minimum); and the 
temperature of the melted zone fixed and known with 
precision. 

We suggest that the purity reaches a limiting value 
depending on a contamination-purification equilibrium 
and that microinhomogeneities can explain, in some 
materials, the simultaneous occurrence of low mobili- 
ties at room temperature and abnormally high mobili- 
ties at low temperature. Thus low temperature mo- 
bility is indicative of purity only when the theoretical 
room temperature mobility is observed. 

The ratio of the intensity of two exciton lines at 1.594 
and 1.591 eV is shown to characterize the compensation 
state of the material. 

The conductivity type of the zone-melted samples 
depends on the thermodynamic state of the material 
after synthesis. This state is controlled by the vapor 
pressure of cadmium during the preliminary Bridgman 
growth. 

Thus it appears possible, by the vertical zone melting 
method, to obtain a high resistivity material suitable 
for different applications, by a correct adjustment of 
this vapor pressure. 

However, this material brings up problems of sta- 
bility, compensation, and inhomogeneities which need 
further studies. 
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ABSTRACT 

Hot-pressed 93% boron nitride wafers when properly oxidized and used as 
an in situ boron dopant in open-tube silicon diffusions are capable of provid- 
ing sheet resistance tolerances of _1-2% across a silicon wafer and _4% within 
a run and from run to run. Although for the experimental conditions studied 
silicon sheet resistance variations were not expected to be a function of dif- 
fusion ambient, ambient flow rate, or source to silicon spacing the contrary was 
found to be true and the relationships opposite to that intuitively expected. By 
correlating sheet resistance, impurity profiles, and ellipsometric measurements 
the observed dependence of sheet resistance vs. ambient, ambient flow rate, 
and source to silicon spacing is explained in terms of Si-B phase formation. 

The use of boron nitr ide (BN) wafers as a diffusion 
source for p -n  junct ions in silicon has been investi-  
gated by Goldsmith et al. (1) in view of efficient manu-  
facturing techniques and employed by Nicholas (2) as 
a boron source for the s tudy of anomalous diffusion in 
silicon. In review, Goldsmith et al. (1) have indicated 
that boron ni tr ide wafers when oxidized and employed 
as in Fig. 1 provide (a) equal  impur i ty  mass t ransfer  
to all silicon wafers regardless of position wi th in  dif- 
fusion boat, (b) equal impur i ty  mass t ransfer  to all 
portions of a silicon wafer, (c) low tempera ture  diffu- 
sion capabilities, and (d) the absence of carrier gas 
mixing or composition problems. Nicholas (2) was 
pr imar i ly  concerned with the anomalous diffusion 
mechanism and considered his results not specific to 
the use of a BN source. It is the purpose of this report  
to contr ibute addit ional data and to fur ther  discuss the 

" Electrochemical  Society S tudent  Associate.  
"* Electrochemical Society Act ive  Member .  
1 Presen t  address :  AMI, Santa  Clara, Cal ifornia 95050, 
Key  words: boron nitr ide,  tn -s i tu  dopant,  Si-B phase. 
'~ The Carborundum Company, Niagara Falls, New York. 

Table h Important physical properties of grade A BN 

Physical products Grade  A 

Chemical  composition 
Boron 41.50% 

Nitrogen 52.00 

O x y g e n  4.0-6.0 

Boric oxide 5.0-8.0 

Carbon <O.OS 

Calcium <0.20 

Chloride <0.10 

Other <0.20 

Silica 

Density, g / cm a 2.08 

Maximum use temp. 
Inert atmosphere >275~ 

Oxidizing atmosphere 985~ 

Water absorption 
% w t  gain in  168 hr,  25"C, 

80% RH I.i 

consequences of a boron nitr ide wafer source on dif- 
fusion. 

Experimental 
The mater ial  employed in  this investigation was 

Carborundum Grade A boron ni tr ide (ABN) wafers 2 
and the important  physical properties are as outl ined in 
Table I. The mater ia l  as received is chemically stable 
and requires an oxidation step prior to sourcing (1). 
Cleaning and oxidation procedures to prepare ABN 
wafers as a boron source were decided upon after 
several depositions were performed with wafers as re-  
ceived. Poor cosmetic appearance of the ABN after 
h igh- temperature  deposition coupled with erratic sili- 
con sheet resistance readings indicated a need for more 
precise control of the ABN's history prior to deposition. 

The cleaning procedure chosen is outl ined in  Table 
II and was based on the following goals: (a) degreasing 
of an ABN wafer and (b) development of a virgin sur- 
face. Methanol t reatments  were avoided in  cleaning 
because of loss of wafer  physical strength due to the 
solvation of the boric oxide binder  mater ial  used in hot 
pressing the ABN wafers (3). 

Simultaneous development of the source dur ing dep- 
osition was deemed imprudent  after a review of poten- 
t ial ly analogous BBr3 reaction rate problems as dis- 
cussed by Parekh and Goldstein (4), and a separate 
oxidation step preceding deposition was init iated in  
which precise control of a volatile boron source could 

Fig. 1. Stacking arrangement of ABN (white) and silicon for dif- 
fusion. 

1266 



Vol. I20, No. 9 BN W A F E R S  AS D O P A N T  FOR Si D I F F U S I O N S  1267 

Table II. Preparation and maintenance of ABN 

C l e a n i n g  a.  D e g r e a s i n g :  T r i c h l o r e t h y l e n e ,  60~ 3 m i n ;  a c e -  
t o n e ,  40~ 3 ra in ;  D I  H 2 0  r in se ,  3 rain 

b. P r e p .  of  v i r g i n  s u r f a c e :  Conc  HF ,  23~ 1 m i n ;  
D I  H 2 0  r in se ,  un t i l  r i n s e  w a t e r  10 m e g o h m ;  
d r y  a t  345~ 30 rain 

Oxidation a. Temperature: at desired deposition temperature 
h. Time: 15 rain 
c. Ambient: 0.5 to 1.0 Ipm dry O2 

S t o r a g e  a. W h e n :  w h e n  n o t  u s i n g  m a t e r i a l  as  a s o u r c e  
h. W h e r e :  v e s t i b u l e  of f u r n a c e  i f  c a p p e d  

R e o x i d a t i o n  a. W h e n :  15 r a in  da i l y  
b. H o w :  fo l low o x i d a t i o n ;  no  a d d i t i o n a l  c l e a n i n g  

r e q u i r e d .  

be obtained. The oxidation procedure was based on 
thermogravimetr ic  data, TGA, (5) compiled at 950~ 
Fig. 2. The TGA data is presented as a log-log plot of 
net  weight increase (decrease) of the ABN wafer as a 
function of t ime and gaseous ambient.  

The slope (m) of the oxidation curve equals 0.86. 
The two controll ing extremes, reaction rate l imitat ion 
of oxide growth, m : 1, and diffusion rate l imitation, 
m -- 0.5, are also plotted. Comparison of the experi- 
mental  slope to these extremes suggests a reaction rate 
l imited oxide growth for BN in dry O2 a for the t ime 
and temperature  studied. Evaluat ion of the data yields 
the following mathematical  representat ion of oxida- 
t ion of BN and volatil ization of oxidized BN in dry N2 
at 950~ 

W I  : 0.35t +~ [1] 

WD : 0.25t -e'4~ [2] 

where WI -- per cent weight increase of BN in dry O2, 
WD : per cent weight decrease of oxidized BN in dry 
N2, and t : t ime in hours. 

Extrapolat ing from the volatilization in dry N2 data, 
reoxidation of source should not be required unt i l  
after 2000 hr  of continuous usage (approximately 80 
days). No at tempt was made to verify this sourcing 
life-time. 

Assuming ideal gas behavior and applying a straight 
line approximation to the weight loss data, the dynamic 
vapor pressure of the volatilizing species, assumed to 
be B2Os, can be obtained from the following equation 

NBN PBN "- - -  PT [31 
NG 

where PBN = dynamic vapor pressure of oxidized BN, 
NBN ----- moles of oxidized BN vaporized per un i t  time, 
NG = moles of gas passing sample per uni t  time, and 
PT -- total  pressure. For  values obtained from weight 

a A i r  P r o d u c t s  b r a n d  of  b o t t l e d  O.~, c o n s i s t i n g  of  less  t h a n  0.S 
p p m  t o t a l  h y d r o c a r b o n  c o n t e n t ;  o t h e r  c o n s t i t u e n t s  s u c h  as  w a t e r  
v a p o r  n o t  p r o v i d e d .  
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Fig. 2, Log-log plot of TGA data at 950~ 

IO.0 

loss data, NBN = 4.73 X 10 -B moles/hr ,  NG -- 9.6 • 
10 -2 moles /hr  

PBN = 4.93 X 10 -5 arm 

Comparison of this value to extrapolated values of 
B203 vapor pressure obtained from Speiser et al. (7) 
and Soulen et al. (8) suggests that the volatile species 
is not totally composed of B2Os vapor pressure at 950~ 
of 3 • 10 -7 atm. 

Work by Randal l  and Margrave (6) on vapor equi- 
l ibr ium in the B203-H20 system indicates significant 
increases in vapor pressure of B203 for ambients  con- 
ta ining 1% H20. Extrapolat ion from their  work at 
1000~ indicates that  for approximately 300 ppm H20 
the observed vapor pressure of hydrated B20~ in the 
form of HBO2 is approximately 5 X 10-5 atm. Spec- 
trographic analysis of the volatilized vapor confirms 
that the significant vapor species is HBO2. The expected 
oxidation and deposition reactions from this informa- 
tion are proposed as follows: 

Oxidation: 2BN + 3 O2-~ 2B203 + 2N2 [4a] 

B203 -~- H20--~ 2HBO2 [4b] 

Deposition: 2HBO2 + 2St-~- 2SIO2 -~ 2B + H2 [5] 

Elevated tempera ture  storage of the ABN wafers 
after oxidation is necessary because of boric oxide's 
great affinity for water  vapor (9). No reasonable degree 
of tolerance with respect to sheet resistance could be 
obtained with ABN wafers stored at room temperature  
and room humidity.  As such the ABN wafers when not 
in use were stored in the mouth  of the diffusion tube 
with dry N2 flushing the diffusion tube at all times. 
Figure 3 schematically represents ABN wafers after 
oxidation and their  relationship to silicon wafers. 

Table II summarizes preparat ion of ABN as a dif- 
fusion source. While the extrapolated t ime between re- 
oxidation of source is long, the authors chose to re- 
oxidize daily for 15 min. Recent work by Assour (10) 
suggests that potential  puri ty  problems associated with 
ABN can be minimized with frequent  reoxidations. 

Exper imental  conditions per ta ining to deposition 
work are as follows. All  depositions were performed 
with 1.5 in. BN and silicon wafers in a 60 mm ID quartz 
tube, three-zone furnace capable of • and 15 in. 
flat zone. The silicon consisted of a 3-7 ohm-cm arsenic- 
doped, 8-10~ thick epitaxial layer on (111) 0.013 ohm- 
cm ma x i mum arsenic-doped substrate. Deposition per- 
formance was ascertained with sheet resistance mea- 
surements,  ps, and profiles. The four-point  probe em- 
ployed consisted of a l inear  ar ray  tungsten  carbide 
probe of 0.04 m m  • tip radius, 1.00 mm spacing, 
200g • 2% loading, and a resistivity tester consisting 
of a 0.001-10 mA • of full scale current  source, 
and 0-20 mV • of full  scale digital voltmeter.  
Sheet resistance data, ps, was generated by probing 
the diffused silicon in five areas, (top, bottom, left, 
right, and center)  and then averaging these values. 
Where the symbol ps appears, several ps'S have been 
averaged. To adequately characterize the BN deposition 
system in terms of process variables the following tests 

GAS FLOW 

"B203" GLASS 
BN Si S{ 
m 

J 

"HB02" VAPOR 
~ ~ ~ B ~  Si Si BN 

QUARTZ DIFFUSION BOAT 

Fig. 3. Schematic relationship between oxidized ABN and silicon 
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were performed: (a) ps vs. flow rate, (b) ps vs. spacing, 
(c) ps vs. ambient,  (d) doping concentrat ion vs. pene-  
tration, (e) ps vs. run  number ,  and (f) ps vs. time, tem- 
perature;  except where  noted all diffusions were per- 
formed with the stacking a r rangement  depicted in 
Fig. 1, tempera ture  -- 950~ diffusion t ime ---- 30 rain, 
dry N2 ambient  at 0.45 s tandard l i ters /min,  and silicon 
to BN spacing nomina l ly  125 mils center to center. 

Results and Discussion 
To better  unders tand  the mechanism of mass t rans-  

port  of HBO~ from BN to silicon the following process 
variables were investigated: (a) ~ vs. flow rate, Fig. 4; 
(b)  ~s vs. BN to silicon spacing, Fig 5; and (c) ps vs. 
ambient,  Fig. 6. The data contained in these figures are 

6 6 - -  I 

6 4  

[ ]  
6 2  c~ 

6 0  
z 

u~ 5 8  

LU 
e,- 5 6  

I-- 
W 
Ul 5 4  -r  

5 2  

5C 
0 

i i i i [ i i i I 

,~ , 2 ,_  . . . . .  

/ /  - -  si ~AC~NG UPSTREAM 
/ f 

d !  - - -  Si FACING DOWNSTREAM 
I 

9 5 0  ~ 
O, 125"  SPACING 

__ I 012. I I I I I I 
0 .4  016 0].8 1.0 

F L O W  R A T E ,  S L P M  N 2 

Fig. 4. Sheet resistance vs. flow rate 

6 5  

s 

60  

I -  
u) 

bJ 
r r  

t -  

~ 55 T 
m 

5C 

7 0  

z 

m 6o 

N 50 2: 

\ 
o A r  

�9 He 

�9 N 2 

~ U P S T R M .  

6 5  

50 
2 3 4 5 

S L O T  S P A C I N G  IN O. l O 0 "  

Fig. 5. Sheet resistance vs. ABN to silicon spacing 

80 

4(I " "  
I0  2 0  5 0  4 0  5 0  6 0  

T I M E  IN M I N U T E S  

Fig. 6. Sheet resistance vs. time ambient 

9 5 0  ~ 
0 . 1 2 5 "  SPACING 

HELIUM 
- - N I T R O G E N  

ARGON 

the average values of at least three distinct data. 
Briefly, the contents of the figures are as follows. Fig- 
ure 4 indicates that  ps increases as flow rate increases 
between 0.1-0.6 s tandard l i ters / rain and is relat ively 
constant for flow rates between 0.6-1.0 s tandard l i ters /  
min. Figure 5 indicates that  for increasing silicon to 
boron spacing ps decreases for argon and ni trogen am- 
bients and remains  constant for hel ium ambients.  Fig- 
ure 6 indicates that  for longer diffusion times differ- 
ences in ps as a function of ambient  increase. 

For the data collected a paradox in tui t ively  exists. 
For  the  part icular  stacking a r rangement  and flow rates 
considered, the calculated Reynolds number ,  Re, for 
flow through an angular  r ing is approximately 1. Char- 
acteristically, turbulence  does not onset un t i l  Re - -  2000 
(11), and as such it is to be expected that  mass t rans-  
port of HBO2 to be governed by Fick's law of concen- 
t ra t ion gradient  diffusion ra ther  than  tu rbu len t  t rans-  
port. For  the temperatures  considered diffusivities of 
HBOz are on the order of 1-5 cm2/sec and  it would be 
expected that an equi l ibr ium concentrat ion of HBO2 be 
established in the volume between BN and silicon 
wafer in a fraction of a second. For these conditions, 
one would expect ps to be constant  with flow rate, spac- 
ing, and ambient.  

A review of the l i tera ture  indicates that  for other 
l iquid and gaseous diffusion systems high doping levels 
have produced films not easily etched in HF (12). 
Busen and co-workers, (13-15) have considered such 
films as a Si-B phase necessary to uni form processing 
control. The appearance of HF unetchable films on Si 
wafers processed in He ambient  suggest the presence 
of a Si-B phase and the possibility of this phase dictat-  
ing the data observed. Following the example of Busen 
et al. (13), el l ipsometry as described by Vedam et al. 
(16) was employed to identify the presence and rela- 
t ive thickness of a Si-B phase. 

Argon and hel ium ambient_samples for ps vs. spacing 
data were scribed in halves and one set of halves sub~ 
jected to ell ipsometry while the other set of halves 
was profiled using anodic oxidation (17) and four-point  
probe measurements  (18). To insure  that  a m i n imum 
of oxide was present  when  ellipsometric measurements  
were performed, the silicon wafers and an undiffused 
control wafer were stripped of any  oxide by  immer-  
sion in concentrated I-IF for 1 rain. Measurements ob- 
tained wi th  the ellipsometer were compared to mea- 
surements  made on the undiffused silicon wafer and 
data obtained by Vedam and So (19). Ellipsometric 
measurements  are extremely accurate in determining 
thin films on the order of a monoatomic layer  (20) and 
even small  deviations in ~,', ampli tude ratio, and a, 
relat ive phase change, from the t rue  values are in-  
dicative of a th in  oxide layer  or phase. ,I, and a mea- 
surements  differing from that  obtained for the contro] 
silicon were interpreted as indicat ive of various thick- 
nesses of a Si-B phase. 

Before discussing the implications of these measure-  
ments  it is instruct ive to compare typical  diffusion pro- 
files obtained for argon and hel ium ambients  to the 
ideal complementary  error funct ion profile, Fig. 7. Ref- 
erence to Fig. 7 indicates the differences in calculated 
and exper imenta l  junct ion  depths and the deviation 
of exper imental  profiles from erfc. Fol lowing the work 
of Joshi and Dash (21) the devia t ion in  profiles from 
theoretical can be explained in  terms of dislocations 
if the associated areas under  the respective curves are 
equal. The basic premise for this test is that dislocations 
do not change the flux enter ing the surface bu t  cause 
only a redis tr ibut ion of the solute in the bulk. Calcu- 
lat ion of the number  of solute atoms per square centi- 
meter, Q, for the profiles of Fig. 7 reveal  that  Q (erfc) 
= 1.75 • 10'5 a toms/cm 2, Q(argon)  = 2.27 • 1015 
a toms/cm ~, and Q(he l ium)  ---- 1.83 X 1015 atoms/cm% 
While Q (hel ium) is wi thin  4% of Q (erfc), Q (helium) 
is less than the m i n i m u m  Q and 3 X 1015 atoms/cm 2 
required to generate dislocations as calculated by 
Schokley (22). 
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profiles compared to comple- 

From this data it is unl ikely  that  the observed ABN 
diffusion phenomena are pr imar i ly  the result  of dis- 
locations but  ra ther  as previously suggested the result  
of phase formation. 

As described by Boltaks (23) the formation of a new 
phase during diffusion, assumed in this case to be the 
Si-B phase described by Busen and co-workers (13-15), 
invar iably  leads to diffusion retardation. 

Inspection of Table III, ps, Xj - -  ~ ,  and A data, re- 
veals two trends: (i) for the ni t rogen ambient  deposi- 
tion, as spacing between BN and silicon decreases ~ 
and 5• increase ( indicating an increase in Si-B phase 
thickness) along with an increase in ps and a decrease 
in xj; (ii) for the hel ium ambient,  all 5~I, and ~A are 
larger than  those for N2 ambient  and as spacing de- 
creases 5,I, and 8A increase while -ps and xj remain  con- 
stant. The junct ion depth measurements  of Table III 
were obtained from impur i ty  profiles of Fig. 8 and 9. A 
few addit ional  comments concerning these profiles are 
in order. 

For the hel ium ambient  profiles, Fig. 8, 100-, 200-, 
and 500-mil spacings, the profiles are approximately 
the same while the ellipsometrie data varies signifi- 
cantly. It is felt that in all cases the thickness of a Si-B 
phase is above a critical thickness necessary to reach a 
saturated diffusion coefficient. The profile for 300-rail 
spacing is deleted from Fig. 8 because the silicon wafer 
was damaged during profiling; the 400-rail spacing pro- 
file is felt to be exper imental ly  incorrect because of the 
discrepancy between calculated sheet resistance ps cal 
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Fig. 8. Helium ambient profiles as a function of ABN to silicon 
spacing. 

: 55 ohms/D,  and measured sheet resistance, ps = 61 
ohms/D.  

For the argon ambient  profiles, Fig. 9, the spac- 
ing increases, junct ion  depth increases, and ,I, and A 
measurements  correspondingly approach that  of the un-  
diffused silicon indicating a decrease in Si-B phase 
formation; the 500-mil spacing was deleted because of 
damage dur ing profiling. It  can be hypothesized from 
the data of Table III  and Fig. 8 and 9 that (a) as the 
Si-B phase increases above a specific thickness its effect 
becomes diminished and the average diffusion coeffi- 
cient of boron in silicon becomes independent  of any 
increase in thickness (in real i ty it may become slowly 
varying function) and (b) below this thickness the 
diffusion coefficient of boron in silicon becomes de- 
pendent  on the thickness of the Si-B phase, and in such 
a manne r  that increasing Si-B phase thickness retards 
diffusion and increases sheet resistance. 

Although addit ional  ellipsometric data must  be 
gathered and correlated, it will  be assumed that  the 
phenomena of Fig. 4-6 can be interpreted in terms of a 
Si-B phase with it implied that  increasing Si-B thick- 
ness is due to increasing mass t ransport  and reaction 
of HBO2 at the silicon surface. As such for Fig. 4, 
increasing p-s with flow rate indicates the presence of an 
Si-B phase and the enhanced t ransport  of HBO2. At 
present it is unresolved whether  this enhanced mass 
t ransport  occurs as the result  of (i) an increase in the 
drift component of the volatilizing species due to an 
increase in gas flow rate or (ii) an increase in  the 

xj - -  ~,, A data 

A r g o n  

Spac ing  o h m s / r ]  x j ,  A 

H e l i u m  

ohms/r] x j ,  A ~ A 

0.100 65.6 3200 12.11 167.63 
0.200 59.0 3300 ** ** 
0.300 58.7 3500 12.03 169,99 
0.400 55.4 3750 11.97 172.29 
0.500 58.5 ** 12.10 169.61 
C o n t r o l  -- -- 12.01 173.92 
T r u e *  - -  -- 11.83 172.46 

65.5 2600 20.56 100.91 
61.7 2600 16.38 119.11 
62,9 3300 13.56 140.92 
61.3 ** 13.48 143.44 
60.5 2600 13.81 137.97 
-- -- 12.01 173.92 

-- -- 11.83 172.48 

* As  d e t e r m i n e d  b y  Ref ,  (19) ,  
Jo S a m p l e  broke.  
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Fig. 9. Argon ambient profiles as a function of ABN to silicon 
spacing. 

vapor  pressure  of the  volat i l iz ing species due to an in- 
crease in flow ra te  of a hyd ra t ed  ambien t  gas and the 
cor responding  increase  in dynamic  conversion of B203 
to HBOe. While  it  is un l ike ly  tha t  mechanism (i) is 
reasonable  for  the  flow ra te  considered the occurrence 
and degree of B208 hydra t ed  dur ing  (a) the  BN oxi- 
dat ion step, (b) loading and unloading  of silicon for 
diffusion, and (c) dur ing  diffusion mus t  be de te rmined  
before  suppor t ing  exper imen t  resul ts  can be a t t r ibu ted  
ent i re ly  to mechanism ( i i ) .  

Reference to Fig. 5 suggests  tha t  differences in dif- 
fusion coefficients for HBO~ in Ar, He, and  N2 a re  sig- 
nificant and except  for the  He ambien t  an equi l ib r ium 
concentrat ion of HBO2 in the  volume separa t ing  BN 
and Si is not es tabl ished dur ing  diffusion. As indica ted  
by  ~ and el l ipsometr ic  da ta  for the n i t rogen and argon 
ambients,  as the  source to silicon distance decreases ~-s 
and  Si-B phase  thickness  increases. Only for  the  he l ium 
ambient  was the  diffusivity of HBO2 large  enough to 
es tabl ish an HBO2 concentra t ion at al l  source to si l i -  
con spacings sufficient for cr i t ical  Si-B phase thickness.  
The da ta  of Fig. 6 is in te rp re ted  as follows. Differ- 
ences in ps vs. t ime for  var ious  ambients  reflect differ- 
ences in t ime to reach  a cr i t ica l  Si-B phase thickness 
above  which the  diffusion coefficient is re la t ive ly  con- 
stant.  Considering s tagnant  ambien t  diffusion coeffi- 
cients and assuming tha t  for the  flow c o n d i t i o n s  con- 
s idered the  re la t ionship for the t ime-averaged  diffusion 
coefficients a re  the  same, the  t ime-ave raged  diffusion 
coefficient of HBO2, D, in helium, argon, and ni t rogen 
has  the  fol lowing re la t ionship:  ~He ~ D---N2 > D-~Ar. In  
turn,  it  is expected that  the t ime to es tabl ish the  cri t ical  
Si-B thickness, t, fol lows the  inverse  relat ionship,  
tar > ~'N2 > THe. Therefore,  i t  is expected as depicted in 
Fig. 6 that  P s H e  > P s N 2  > p s A r .  

To de termine  the re l i ab i l i ty  and genera l  per formance  
of the  BN deposit ion system the fol lowing tests were  
per formed:  (a) ps vs. run  number  for argon, n i t rogen 
ambient ,  0.45, 0.60 s tandard  l i te rs /min ,  Fig. 10; (b) ps 
per  cent deviat ion vs.  x, y posit ion on silicon w'afer, 
Fig. I1; and (c) p~ vs.  slot number  in deposi t ion boat, 
Fig. 12. Examina t ion  of Fig. 10 suggests improved  sheet 
res is tance tolerance for 0.45 s tandard  l i t e r s /min  flow 
ra te  and Ar  ambien t  whi le  Fig. 10 shows no apprec iab le  
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across wafer  ps var ia t ion  (1-2%) for any  of the  wafers  
mapped.  The mappings  were  pe r fo rmed  on Si r andomly  
chosen from wafers  processed at 0.45 s tandard  l i t e r s /  
rain and obtained by  scr ibing the  Si  wafers  into 250 mi l  
squares and four -po in t  probing. Data  presented  in Fig. 
12 are of one of three  large  scale deposit ions performed.  
No significant pa t t e rn  as a function of posit ion was 
observed. The results  of all  three  deposit ions are  plot ted 
in Fig. 13 in te rms of f requency  of occurrence vs.  
sheet  resistance. As indica ted  by  •  l imits  (s = stan- 
dard  devia t ion)  95% of a l l  measurements  fe l l  wi th in  
___4% of the  64 ohms/[Z norm. In  Fig. 14, sheet  resist-  
ance da ta  for 0.125-in. spacing runs  3-11% higher  for 
t empera tu res  less than  1000~ than  that  repor ted  by  
Goldsmi th  et  al. (1) for a furnace  wi th  fast  recovery  
time. Whi le  the  da ta  of Fig. 14, 0.125-in. spacing, 
agrees  wel l  wi th  da ta  by  Goldsmi th  et  al. (1) for a 
furnace  wi th  slow recovery  t ime, the  furnaces used in 
obtaining the  above presented  da t a  are of the  t ight  
tolerance,  fast r ecovery  type, and  i t  is assumed tha t  
the  differences and s imilar i t ies  observed are  due to 
o ther  expe r imen ta l  differences. 
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phenomena  can be  expla ined  in te rms of Si-B phase 
thickness:  below a specific thickness, increasing Si-B 
phase thickness decreases junct ion  depth  while  above 
a specific thickness, increasing Si-B phase  thickness  has 
negl igible  effect on junct ion depth.  Addi t iona l  work  is 
needed before  the  complete  consequences of a Si-B 
phase on device processing and e lect r ica l  per formance  
can be obtained.  
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Summary and Conclusions 
The presented  work  supports  claims by  Goldsmith  

et al. (1) but  wi th  the  addi t ional  qualifications: (i) 
the  oxidized ma te r i a l  is hygroscopic and the vapor  
pressure  of the  species changes wi th  wa te r  vapor  ab- 
sorpt ion such that  if the  care in s torage is not exer -  
cised reproduc ib i l i ty  of ps is difficult; and (ii) Ps values  
are  affected by  gas ambient ,  flow rate,  and source to 
silicon spacing and ps reproduc ib i l i ty  may  also be a 
funct ion of these parameters .  However ,  for the  s tudied 
exper imen ta l  conditions, the  BN deposi t ion sys tem is 
capable  of ~_1-2% ps var ia t ion  across a silicon wafer,  
--+4% ps var ia t ion  f rom run  to run. 

The mechanism to expla in  the  observed exper imenta l  
profiles is suspected to be due to react ive  diffusion and 
i t  has been  t en ta t ive ly  demons t ra ted  tha t  the  observed 
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ABSTRACT 

Single  crysta ls  of GdsGa5012 wi th  dislocation and inclusion levels  be low 
5 / cm 2 were  grown in a ni t rogen a tmosphere  wi th  an in f ra red  televis ion system 
of computer  control led Czochralski  crys ta l  growth.  Coring was p reven ted  by  a 
h igh  crys ta l  ro ta t ion  ra te  and a slow pul l  r a te  dur ing  growth,  a l though str ia-  
t ions occurred in the  crys ta l  at  h igh  rota t ion rates. Dislocations were  avoided 
by  good crys ta l  d iameter  control  dur ing  growth  and low the rmal  gradients  
in the  crys ta l  pul ler .  Etching and polishing techniques were  developed to re-  
vea l  defects. 

Gd3GasOz2 (GGG) has a t t rac ted  in teres t  as a sub- 
s t ra te  ma te r i a l  for the epi tax ia l  g rowth  of ra re  ear th  
i ron garne t  films (1, 2). The crys ta l  g rowth  of GGG by 
the Czochralski  method has been r epor t ed  (3-5).  Some 
questions st i l l  r ema in  on the  g rowth  condit ions neces-  
sary  to e l iminate  inclusions of i r idium, which  come 
from the crucible,  and o ther  defects. This pape r  de-  
scribes the  growth  conditions necessary to produce  
crysta ls  wi th  less than  five dislocation and i r id ium in- 
clusion type  defects per  cm 2. Also, the sources of de-  
fects and methods  for revea l ing  them are  described.  

Experimental 
The s ta r t ing  materials ,  Ga203 and Gd203, were  ei ther  

99.9 or  99.99% p u r i t y  and were  p re reac ted  by  s inter ing 
at 1400~ to give Gd3Ga5Oz2. The s intered powder  was 
mel ted  in ni t rogen a tmosphere  in 'a 77 cm ~ t ape red  
i r id ium crucible  which held  about  400g of GGG. The 
crucible  had a 57 m m  ID at the  top and a height  of 60 
ram; the  outs ide was flame sprayed  with  zirconia. Zir- 
conia crucibles  and powder  were  used to insula te  the 
i r id ium crucible  in the  c rys ta l  puller .  A n  i r id ium tube 
wi th  one end sealed and openings at  the  side was in- 
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Key words: gadolinium gallium garnet,  Czochralski  crystal 

growth, low defect level  crystals. 

Fig. 1. Infrared television sys- 
tem for the computer controlled 
crystal growth of Gd3GasO12. 
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CZOCHRALSKI 
TYPE CRYSTAL 
PULLER 

ser ted in the  lower  half  of the  i r id ium crucible  to 
dampen  the convect ive t empe ra tu r e  fluctuations (6). 
The gas a tmosphere  in the  c rys ta l  pu l le r  was ei ther  
pure  n i t rogen or 1% 02-99% N2. A l l  crys ta ls  were  
grown along the [111] axis  wi th  an  or ien ted  seed 
crystal .  

A n  in f ra red  televis ion sys tem for compute r  control led  
Czochralski  c rys ta l  g rowth  (7) was adap ted  to the  
growth  of GGG (8) as shown in Fig. 1. The silicon 
diode a r r ay  type  TV camera  suppl ied informat ion 
which enabled  the  compute r  to calcula te  the c rys ta l  
d iamete r  th roughout  the  crys ta l  g rowth  process and to 
regula te  the  power  to the  pu l le r  to control  the  diam- 
eter. F igure  1 shows the TV camera  focused on the 
growing crys ta l  and the  image  d i sp layed  on the  TV 
monitor.  The m a r k e r  pulse  was posi t ioned manua l ly  on 
the TV moni tor  to indicate  to the  computer  the  location 
of the  center  of the crys ta l  and the mel t  interface.  The 
logic control  circuit  (9) was used to sample  the  TV 
vol tage  at  the  points  necessary to de te rmine  the crys ta l  
diameter .  Every  15 sec, the  computer  ca lcula ted 
the  crys ta l  d iamete r  and the  ra te  of change of d iameter  
pe r  uni t  length  of pul led  crystal .  The Tek t ron ix  s torage 
scope provided  a d isp lay  of the  variables ,  such as crys-  
ta l  diameter ,  ra te  of change of c rys ta l  d iameter ,  r f  
power  to the  pul ler ,  and length  of pu l led  crystal ,  as cal- 
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culated by the remotely located IBM 1800 computer. 
The keyboard was used to enter new commands to the 
computer. The computer  adjusted the power output 
of the rf generator  to keep the crystal diameter or the 
rate of change of diameter wi thin  specified limits. The 
computer  program for crystal growth was divided into 
four sequential  sections: (i) crystal diameter reduc- 
tion after dipping the seed crystal in the melt; (ii) 
growth at a small diameter  (3 m m ) ;  (iii) increase of 
crystal diameter to the final size; and (iv) growth of 
the main  body of the crystal at a constant diameter. In 
adapting the computer process to the growth of GGG, 
the most significant changes were made in the computer 
program which provided better control of the crystal 
diameter and the rate of change of diameter per uni t  
length of pulled crystal. Also, the GGG required an 
i r idium crucible. 

The crystals were grown at rates of 3-6 m m / h r  witb 
rotat ion rates of 60-80 rpm. The higher pull  rate was 
used before growth of the main  body of the crystal. 
The most usual  crystal diameter  was 15 mm; however, 
crystals up to 22 mm diam were grown. A 15 mm 
diameter  was a convenient  size for GGG wafers to be 
used in liquid phase epitaxy experiments.  The length 
of the main  body of a crystal was usually 6 cm and the 
weight of a 15 mm diam crystal was about 100g. 
A typical crystal  required 26 hr to grow and 6 hr to 
cool. 

Some crystals pulled along the [111] axis were ex- 
amined for striations normal  to the direction of growth 
by taking 1 mm thick longitudinal  slices midway be- 
tween the centers and edges of the crystals, polishing 
them with 3~ diamond paste, and then inspecting them 
on a polarizing microscope. The appearance of the 
striations was not influenced by the radial position 
used for the longi tudinal  slice. The remainder  of the 
crystals were oriented and sliced normal  to the growth 
direction. A mult iple blade cutter  with 30~ SiC abra- 
sive s lurry was used to produce 28 mil  wafers which 
were lapped with a 30~ res in-bonded diamond disk to 
remove saw damage and produce a flat surface. Two 
mils of material  were removed from each side dur ing 
this operation. This was followed by 9, 6, 3, and 1~ 
diamond paste polishing and then chemical polishing 
(500A silicon dioxide in alkal ine medium).  F ina l  wafer 
thickness was 20 mils. In  many  cases, the wafers were 
suitable for defect examinat ion after a 6# polish. Dis- 
location etch pits were revealed by a 10 min etch in a 
1:1 mix ture  of H2804 and I~PO4 at 140~ Wafers used 
as substrates for the deposition of magnetic films were 
cleaned in organic solvents after chemical polishing 
and dried in warm nitrogen. Over 20 crystals pulled 
from stoichiometric melts were cut ent i rely into 
wafers. Each wafer was examined on a polarizing mi- 
croscope for coring, strain, dislocations, and i r idium 
inclusions. 

Crystals of GGG were grown from melts containing 
excesses of Ga203 or Gd203 to determine the affect of 
nonstoichiometry on the lattice parameter.  Also, high 
pur i ty  (99.999%) GGG powders with excesses of Ga208 
and Gd203 were heat- t reated and used for lattice pa- 
rameter  measurements.  One set of samples was an- 
nealed in air at 1650~ for 9 hr  and another  set was 
annealed at 1400~ for four periods of 16 hr each with 
gr inding between each anneal ing period. X- r ay  mea- 
surements  were made on a Guinier  focusing camera 
with monochromatic CuK~ radiat ion and a silicon in- 
ternal  standard. Lattice constants were determined 
from a least squares reduct ion of film data for Bragg 
reflections in the range  25 < 20 ~ 75 ~ and are ac- 
curate to a s tandard deviat ion of ~ ~_ 0.01%. 

Results 
Figure 2 shows two crystals of GGG. The first crys- 

tal, G-36, was grown under  computer control during 
the diameter  reduction, diameter increase, and the ini- 
t ial  10 mm growth of the main  body of the crystal. The 
remainder  of the crystal  was grown with constant  
power to the crystal puller. The diameter  reduction was 

used to remove dislocations (10) which were present in 
the seed crystal. The diameter  of crystal G-36 was in-  
creased slowly from 3 to 14 mm by the computer to 
avoid introducing strain in the crystal. The second crys- 
tal, G-57, was grown under  manua l  rather than com- 
puter control. It shows a rapid diameter increase, which 
can occur with manual  control, producing strain in the 
main  body of the crystal. The principle advantage of 
the computer controlled growth process was the im- 
proved crystal diameter control, which resulted in 
better  crystal quality. Under  computer control, the 
crystal diameter was more easily reduced to 3 mm to 
remove dislocations and could be increased gradual ly 
without introducing new strain and dislocations. Under  
manual  control, there was a tendency for the crystal 
diameter  to increase too rapidly when the diameter 
was being increased from about 3 to 14 mm. This was 
found to cause strain and dislocations. 

Initially, the crystals were grown in a 99% N2-1% O2 
atmosphere to avoid the gal l ium oxide vaporization 
problem described (3) for iner t  atmospheres. This re- 
sulted in attack on the i r idium crucible walls (oxida- 
t ion and vaporization of the i r idium),  a bui ld-up of 
i r idium on the melt  surface, and condensation of irid- 
ium particles on the pulled crystal. The presence of 
oxygen in the puller  atmosphere resulted in a rougher 
crystal surface. This latter point is i l lustrated by the 
difference in surface appearance of crystal G-36 (Fig. 
2) grown in 99% N2-1% 02 and crystal G-57 which was 
grown in pure nitrogen. Repeated use of the seed crys- 
tals caused a build-up of i r idium deposits on their  
surfaces. This accounts for the dark regions near the 
top of each crystal in Fig. 2. 

General ly  crystals grown under  computer control 
with a ni trogen atmosphere in the puller  had less than 
5 defects (dislocations and ir idium inclusions) per cm 2 
and some crystals had a high percentage of wafers free 
of these and all other defects. The ni t rogen atmo- 
sphere did not cause gal l ium suboxide inclusions from 
the decomposition of Ga20~. Also, no significant loss of 
Ga20~ was observed with either atmosphere. Crystals 
could be pulled overnight  (16 hr) at constant power 
with only the expected small  decrease in crystal diam- 
eter as the liquid level was lowered and the additional 
radiant  heat came from the crucible wall. A sizable 
loss of Ga203 would have caused a lowering of the 
mel t ing point and a large decrease in crystal diameter. 

The principal  defects in GGG were due to ir idium 
inclusions and coring. Gal l ium suboxide inclusions 
were rarely observed. The t r iangular  and hexagonal 
shapes of the i r idium inclusions are shown in Fig. 3. 
These inclusions were identified as i r idium by electron 
microprobe analysis. The 1:1 H2SO4:H3PO4 etch was 
used to reveal the dislocation pat tern around the irid- 
ium inclusion in Fig. 3b. This source of dislocation 
has been described (11). Dislocation density and irid- 
ium inclusions could not be related to the position of 
the wafer along the length of the crystal from the data 
available on more than  20 crystals. 

Dislocations were also observed from strain produced 
by rapid crystal diameter  increases during growth and 
in a few crystals by severe temperature  gradients above 
the melt  which were produced by directing an inert  
gas flow near the crystal -mel t  interface. 

Striations present in GGG are i l lustrated in Fig. 4. 
These striations occur normal  to the direction of pull-  
ing and were usual ly  spaced between 10 and 45 #m. 
The spacings corresponded to t ime periods of 9-40 sec 
without  any direct correlation with rotat ion rate. They 
disappeared when the rotat ion was reduced from 70-60 
rpm. The striations are believed to result  from tem- 
pera ture  fluctuations which produce growth rate 
changes. We have observed melt  temperature  fluctua- 
tions caused by high rotation rates dur ing  the growth 
of other high melt ing materials. An at tempt was made 
to relate the striations to a variat ion in Ga203 or Gd203 
concentrations. However, electron microprobe analysis 
across a 200 ~m region of striated GGG in steps of 
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Fig. 2. Two single crystals of Gd3GasO12. Crystal G-36 was 
grown under computer control and crystal G-57 was grown with 
manual control of the power. Scale shows 1 mm divisions. 

2 ~m failed to detect any  changes in gall ium or gado- 
l in ium concentrations. The limit of detection for these 
elements was about 1 weight per cent (w/o) .  The only 
impur i ty  detected was silicon, below 200 ppm and its 
concentrat ion had no relat ion to the striations. 

The striations were not caused by thermal  asym- 
met ry  in the melt  or by departure  of the rotat ion axis 
from the thermal  center of the melt. This type of stri- 
ation is dependent  on the amount  of crystal  grown per 
revolution. In  the case of GGG, the vertical  t ravel  per 
revolut ion was about 1 ~m, whereas the actual stria- 
tions were 10 ~m or larger. 

Strain associated with (211) facets on the growth 
interface has been reported (4) for GGG. This s train 
can impede the motion of magnetic bubbles in films 

Fig. 3. Top photograph shows triangular shaped iridium inclusion. 
Lower photograph shows hexagonal iridium inclusion on etched 
surface of Gd3GasO12. 

grown on GGG substrates. In  other garnets  (12), high 
rotation rates have prevented this coring effect by 
producing a flat growth interface. In  our crystal  puller,  
high rotat ion rates (80 rpm) and slow growth rates 
(3 m m / h r )  prevented coring. These conditions were 
used to grow the low defect (less than  5/cm 2) crystals. 
The 80 rpm rotation rate  did cause striations; however, 
the motion of the magnetic bubbles in  the epitaxial 
film was not influenced by the striations in  the sub- 
strate wafer. 

Table I shows the lattice parameter  data on a flux 
grown GGG single crystal, Czochralski pulled GGG 
crystals grown from melts containing either excess 
Ga203 or excess Gd203, and powder samples sintered 
at 1400 ~ and 1650~ The compositions indicated in  the 

Table I. Influence of composition and temperature on the 
lattice parameter of Gd3GasO12 

La t t i c e  p a r a m e t e r  
C o m p o s i t i o n  ao, A 

12.376 F l u x  g r o w n  GdsGasO~s 

Czochra l sk i  g r o w n  c rys ta l s  of Gd3GasO,s 
4 w / o  excess  Ga2Os 
GdzGa30m 
2 w / o  excess  Gd~O~ 

S a m p l e s  s i n t e r e d  a t  1650"C 
1 w / o  excess  Ga~Oa 
GdsGasOm 
I w / o  excess  Gd2Oa 

S a m p l e s  s i n t e r e d  a t  1400~ 
1 w / o  excess  Ga2Os 
GdaGasOm 
I w / o  excess  Gd~O8 

12.382 
12.382 
12.388 

12.377 
12.380 
12.390 

12.376 
12.375 
12.377 
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Fig. 4. Striations normal to the growth axis of Gd3GasO12 

table  are  the  mel t  composit ions f rom which the  crysta ls  
were  grown and the ini t ia l  composi t ion of the  powder  
samples  which did not show a significant weight  change 
af ter  annealing.  The flux grown crys ta l  was obta ined 
from a mel t  containing PbO and excess Ga203 by  cool- 
ing below 1250~ The flux c rys ta l  and the 1400~ 
s in tered samples  had the smal les t  la t t ice  parameters .  
The larges t  la t t ice  pa rame te r s  were  obta ined f rom the  
1650~ s intered samples  of GGG wi th  excess Gd203 and 
the crys ta l  pul led  f rom a mel t  of 2 w /o  excess Gd203. 
The la t t ice  pa r ame te r  of the  pul led  crysta ls  was more  
s t rongly  influenced by  excess Gd203 than  excess Ga203. 

No significant difference in la t t ice  p a r a m e t e r  was 
observed be tween  the  ini t ia l  and final section of a 
pu l led  crys ta l  tha t  was  grown from a s toichiometr ic  
mel t  in a 24 hr  period. A sizable loss of Ga2Oz by  
evapora t ion  would  have  resul ted  in an increase in la t -  
t ice pa r ame te r  dur ing  growth.  The  wider  r ange  of la t -  
t ice pa ramete r s  obta ined wi th  the s intered composi-  
t ions at 1650~ was not  observed in the  pul led  crysta ls  
and the  1400~ annealed  compositions. This suggests 
tha t  the  range  of solid solubi l i ty  is smal ler  near  the  
mel t ing point  (1750~ and at 1400~ therefore  re t ro-  
grade  solubi l i ty  m a y  occur. Also, an o rder -d i sorder  
effect m a y  influence the la t t ice  pa ramete r  since the  
pycnometr ic  densi t ies  of the  two stoichiometr ic  Czo- 

chralski  pu l led  crys ta ls  tha t  were  measured  (7.100 
and 7.068 g /cm 3) were  lower  than  the  densi ty  cal-  
cula ted  (7.113 g /cm 3) f rom x - d a t a  for a stoichio- 
metr ic  crys ta l  wi th  a la t t ice  constant  of ao = 12.385A. 
Gel le r  (13) has repor ted  other  cases of ra re  ear th  
oxide solubi l i ty  in gal l ium and a luminum garnets.  

Summary 
Single  crysta ls  of GGG wi th  less than  5 defec ts /cm 2 

f rom i r id ium inclusions and dislocations were  obta ined 
wi th  a TV system of computer  control led Czochralski  
crys ta l  growth.  A pure  n i t rogen a tmosphere  in the 
crys ta l  pul ler  was successful in reducing i r id ium in-  
clusions in the  pul led  crystals .  Coring was p reven ted  
by  a high crys ta l  rota t ion r a t e  and a slow pul l  r a te  
dur ing  growth;  s t r ia t ions in the  crys ta l  were  observed 
at  such high rota t ion rates. Dislocations were  avoided 
by good crys ta l  d iameter  control  dur ing  growth.  An  
etching procedure  was developed to revea l  dislocations. 
The lat t ice pa r ame te r  of GGG did not va ry  dur ing the 
26 h r  per iod requi red  for growth.  Excess Ga203 in the  
mel t  caused only a slight decrease in lat t ice pa rame te r  
while excess Gd203 ra ised the  la t t ice  pa rame te r  sig- 
nificantly.  
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ABSTRACT 

The ratio of the intensi ty  of the P = O  absorbance band at ~1325 cm - I  to 
that  of the Si-O band at ~1050 cm - I  has been correlated with the composi- 
tion of vapor-deposited phosphosilieate glasses over the range 0-20 mol per 
cent P205. While the ratio of the l inear  absorbances of these bands depends 
somewhat on deposition tempera ture  as well as on film composition, the ratio 
of the areas of these bands is uniquely  related to film composition over the 
range of deposition temperature  studied. The deposition rates and compositions 
of these films (for a constant flow of reactant  gases) were found to be rela- 
t ively weakly dependent  on deposition temperature.  These results for phos- 

~ hosilicate glass combined with previously published calibration curves for 
orosilicate and arsenosilicate glasses allow the rapid, nondestruct ive deter-  

minat ion of the compositions of all three doped glasses commonly used as 
sources for impur i ty  diffusion into silicon. 

Properties of phosphosilicate glass (PSG) make it 
useful in a variety of applications in semiconductor 
technology. It serves as a source for the diffusion of 
phosphorus into silicon (1), as a general  "getter" of 
sodium and other metal  ions (2,3), and, more spe- 
cifically, as a diffusion mask allowing the selective 
diffusion of zinc into III-V compounds (4-7). 

Since the properties of PSG which make it useful 
in  a given application may depend on the PSG composi- 
tion, it is important  to be able to control and determine 
this composition. Composition control is frequently 
achieved by controlling temperature and reactant gas 
composition during the chemical vapor deposition of 
the PSG film (8). In many applications, the chemical 
composition need not be known as long as the depen- 
dence of the property of interest on the deposition con- 
ditions (reactant flows, temperature, etc.) is known. 
However, it has been shown that films of dissimilar 
composition may be deposited in different deposition 
systems under nominally identical deposition condi- 
tions (9). Thus, results determined for one deposition 
system are not unequivocally transferable to other 
systems. It is usually more convenient, therefore, to 
know the film composition and in quality control ap- 
plications a rapid, nondestructive determination is often 
desirable. Finally, a detailed understanding of the 
processes involving these films requires knowledge of 
the film composition. 

Composition determinations based on the IR spectra 
of vapor-deposited borosilicate (9-11) and arsenosili- 
cate (12) glasses have proven useful. The IR reflectance 
spectra of silicate glasses have been employed as a 
quali tat ive test for the presence of phosphorus oxide 
(13). 

The P = O  absorbance value at 1330 cm -1 has been 
employed to determine the composition of layers of 
PSG formed by passing P205 vapors over thermal ly  
oxidized silicon wafers (25). This method requires an 
accurate knowledge of the PSG thickness and also that 
the integrated absorptivity (absorption per atom of 
phosphorus) be independent  of PSG composition. 

The etch rates of phosphosilicate glasses in selective 
etchants have proved to be a useful means of deter- 
min ing  PSG compositions par t icular ly  in light of the 
fact that l i t t le ins t rumenta t ion  is required (3, 21-24, 
28). However, this method is destructive and is com- 
plicated by the fact that the etch rate of a glass gen- 
eral ly depends on its "history" as well  as on its com- 
position. 
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deposition. 

In the present work, the ratio of the absorbance of 
the P = O  band at 1325 cm -1 to that of the Si-O band 
at 1050 cm -1 was determined for vapor-deposited phos- 
phosilicate glasses as a funct ion of composition over the 
range 0-20 m/o  (mole per cent) P20~ This method is 
nondestructive. The employment  of absorbance ratios 
obviate the need to know the film thickness. Since 
the relationship between absorbance ratio and com- 
position is empirical, the integrated absorptivi ty need 
not be independent  of PSG composition. 

Experimental 
Glasses were deposited by passing Ar-di luted mix- 

tures of Sill4, PH3, and O2 over 10 ohm-cm p-type 
chemically polished <100~  silicon wafers heated to 
300~176 in a previously described vertical  deposition 
system (14). For instance, with flow rates of 3800 
cm 3 min  --1 Ar, 40 cm 3 min - 1 0 s  ,150 cm ~ rain -1 Sill4 
(1% in Ar) ,  and 13 cm 3 min  -1 PH~ (1% in Ar) ,  a 1.0# 
thick film 4.9 m / o  in P205 was deposited in  35 min at 
400~ Although similar films may be deposited by the 
oxidation of Sill4 and POC13, these become damaged 
on heating to the temperatures  usually employed to 
achieve phosphorus diffusion in  silicon and, therefore, 
were not included in this work (15). 

The vibrat ional  spectra of these films were deter- 
mined over the range 4000 to 250 cm - I  employing a 
Perk in -Elmer  Model 457 double-beam recording spec- 
trophotometer with scan rates of 1000 and  500 cm -1 
per min  over the ranges 4000-2000 and 2000-250 cm -1, 
respectively. A silicon wafer  of the same resistivity and 
type as those of t h e  substrate was placed in  the ref- 
erence beam. 

Fi lm thicknesses were determined within  an uncer- 
ta inty  of • from the interface colors employ- 
ing the color chart  of Pl iskin and Conrad (16) after 
de termining  ellipsometrically that  the refractive index 
of these films was 1.45 -m-_ 0.03. Deposition rates were 
determined by recording film color vs. t ime dur ing  the 
deposition. A graphical a r rangement  of Pl iskin and 
Conrad's color chart  facilitates the recording of these 
data and the calculation of the deposition rate (17). 

The compositions of these films were determined by 
microprobe analyses for silicon and phosphorus using 
high-purity,  undoped samples of silicon and gall ium 
phosphide, respectively, for reference. The PSG films 
were general ly about 1~ thick and  the electron beam 
was kept  low enough in energy (~6  keV) to assume 
no penetra t ion to the Si substrate (26, 27). From the 
phosphorus to silicon atomic ratio, the phosphosilicate 
glass composition was calculated assuming that phos- 
phorus is present in these films as P~O5 and silicon as 
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Fig. 1. Calculation of linear absorbance and approximated band 
areas for vapor-deposited phosphosilicate glasses. The spectrum 
shown is that of a glass approximately 15 m/o P205. 

SiO~. The uncer ta in ty  in  the values of tool per cent  
P205 thus determined is estimated to be less than  1 
m / o .  

Results and Discussion 
The phosphosilicate glass composition may be related 

to the ratio of the absorbance of the P-O band at about  
1325 cm -1 to that of the Si-O band at about 1050 cm -1. 
However, these bands are not so well resolved as those 
of the borosilicate (8, 9) and arsenosilicate (12) bi- 
na ry  mixtures. The absorbance of the Si-O band is 
significant at 1325 cm -1. A calibration curve based on 
the ratio of the total absorbance at 1325 cm -1 to that  
at 1050-1100 cm -1 2 would indicate a value of about 
0.045 for this ratio for pure SiO2. Much more important  
is the fact that the uncer ta in ty  in absorbance intro- 
duced in  drawing the base l ine (see Fig. 1), while 
negligible in the calculation of Si-O absorbance, is sig- 
nificant in the P - - O  absorbance calculation for glasses 
low in phosphorus concentration. 

It  has been found more reproducible to calculate the 
l inear  absorbance ratios as follows. The base l ine for 
the Si-O band  is d rawn as shown in Fig. 1. The Si-O 
absorbance in the 1325 cm-*  region is largely corrected 
for by drawing the P = O  base l ine as the straight line 
tangent  to the absorbance curve at points on either 
side of the P-----O absorbance at 1325 cm -1. The absorb- 
ances of the two bands are taken to be the max imum 
differences in  absorbance units  between their  respec- 
t ive base lines and the absorbance curve (A-B and 
A'-B' for the P----O and Si-O bands, respectively, in 
Fig. 1). For  the P----O band this is not necessarily at 
the frequency of max imum total absorbance. The l inear 
absorbance ratio for the glass whose spectrum is shown 
in  Fig. 1 is thus 

R = (A-B)/A'-B') 

This ratio is shown in Fig. 2 as a funct ion of glass 
composition for several deposition temperatures.  The 
curve is d rawn to represent  results for glasses deposited 
at 400r only. There appears to be a small  but  sys- 
tematic dependence of the l inear  absorbance ratio on 
temperature.  Glasses of similar compositions exhibi t  
increasing l inear  absorbance ratios with increases in 
deposition temperature.  A similar (although opposite) 
temperature  dependence was observed for borosilicate 
glasses; but  it was fur ther  established that the ratio of 
band  areas (approximated by the product of the l inear  
absorbance times the half-width) was uniquely  related 
to the glass composition (9). 

A similar approximation for the P = O  band  area is 
complicated by  the fact that  the base l ine for this band 

= T h e  f r e q u e n c y  of  m a x i m u m  a b s o r b a n c e  of  t h e  S i - O  b a n d  v a r i e s  
s o m e w h a t  w i th  composit ion (20).  

0.25 
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Fig. 2. Linear obsorbance ratio vs. mole per cent P205 for phos- 
phosilicote glasses vapor-deposited at temperatures ranging from 
300 ~ to 700~ 

is general ly far from horizontal. However, the half- 
width of this band may be constructed by drawing the 
l ine parallel  to the base l ine through the point half  
way (in absorbance units)  be tween the base line and 
the point on the absorbance curve farthest from the 
base line. The line C-D in Fig. 1 represents this con- 
struction. The projection of C-D on the horizontal axis, 
(C-D)p, is taken to be the half-width of the P = O  
band in cm -1. The ha l f -wid th  of the Si-O band  is 
t aken  to be the width of the band  ( in cm -1) at half the 
ma x i mum absorbance (C'-D' in  Fig. 1). 

Thus the band  area ratio for the glass whose spec- 
t rum is shown in  Fig. 1 is ~ 

(A-B) X (C-D)pcm-* 

(A'-B') X (C'-D')cm -I 

The composition dependence of the band area ratio 
is shown in Fig. 3. Employing this calibration curve, the 
compositions of phosphosilicate glasses 0-20 m/o in 
P205 vapor deposited at temperatures ranging from 
300 ~ to 700~ may be determined from the IR spectra 
of these glasses. The scatter of 1-2 m/o observed in 
these results is too large to be attributed to the un- 
certainty of the microprobe analysis. It is due pri- 
marily to the fact that, for all concentrations studied, 
the P--O band is relatively weak and its area is diffi- 
cult to calculate with less than about 10% uncertainty.  

Employing the band area ratio in l ieu of the l inear  
absorbance ratio may appear to reduce the temperature  
dependence in the result ing calibration curves much 
less dramatical ly  than  in the borosilicate glass case 
(9). [Thus, PSG compositions may be determined from 
the more simply calculated l inear  absorbance ratio 
(Fig. 2) with li t t le loss of precision.] It  mus t  be pointed 
out, however, that the highest P205 compositions in-  
cluded are about 20 m/o. The dependence of the l inear  

s I t  w o u l d  be  m o r e  n e a r l y  c o r r e c t  to c o n s t r u c t  C ' - D '  p a r a l l e l  to  
t h e  b a s e  l ine  as C - D  is  c o n s t r u c t e d .  T h e  S i - O  base  l ine  is so n e a r l y  
ho r i zon t a l ,  h o w e v e r ,  t h a t  t h e  c o r r e c t i o n  i n t r o d u c e d  is  neg l ig ib l e .  
E v e n  m o r e  n e a r l y  c o r r e c t  w o u l d  i t  be  to d r a w  C - D  a n d  C ' - D '  
p a r a l l e l  to t h e i r  r e s p e c t i v e  b a s e  l i ne s  n o t  g e o m e t r i c a l l y  b u t  log-  
a r i t h m i c a l l y .  F i n a l l y ,  f o r  a t r u e  r e p r e s e n t a t i o n  of  t h e  i n t e g r a t e d  
i n t e n s i t y ,  of  t h e s e  b a n d s ,  t h e  s p e c t r a  s h o u l d  be  r e c o r d e d  in  l i n e a r  
a b s o r b a n e e  u n i t s  a n d  t h e  a r e a  r a t i o s  d e t e r m i n e d  w i t h  a p l a n i m e t e r .  
H o w e v e r ,  al l  o f  t h e s e  r e f i n e m e n t s  h a v e  a n  e f fec t  on  t h e  r e l a t i o n s h i p  
b e t w e e n  t h e  a r e a  r a t i o  as  c a l c u l a t e d  a b o v e  a n d  t h e  c h e m i c a l  c o m -  
pos i t i on  w h i c h  i s  i n s i g n i f i c a n t  w h e n  c o m p a r e d  to t h e  u n c e r t a i n t i e s  
i n t r o d u c e d  in  d e t e r m i n i n g  t h e  a b s o r b a n c e  a n d  h a l f - w i d t h  of  t h e  
P=O band. 
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Fig. 3. Band area ratio vs. mole per cent P205 for phosphosilicate 
glasses vapor-deposited at temperature ranging from 300 ~ to 700~ 
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absorption ratio on temperature  was not detected in 
borosilicate glasses tess than about 25 m/o  in B203. 

Extension of the cal ibrat ion curves shown in Fig. 2 
and 3 to glasses of more than  20 m / o  P205 is made 
difficult by the fact that  at about this composition the 
1325 cm -1 band begins to broaden and decrease in in- 
tensi ty with increases in P205 concentrat ion while new 
bands begin to appear at frequencies closer to that of 
the 1050 cm -1 Si-O band. These trends are seen in Fig. 
4 where the spectra of four glasses of different com- 
position are shown. Except for the absence of significant 
absorption at ~3000 cm -1 (18), the spectrum of the 
glass 15 m/o  in P20~ is in  good agreement  with pre- 
viously published results for s imilarly deposited glasses 
(18, 20, 22). 

The dependence of deposition rate and of glass com- 
position on deposition temperature  is shown in Fig. 5 
and 6, respectively, for three different reactant  gas 
compositions. NpH3 is defined to be the PHs flow rate 
divided by the total hydride flow rate. Except for the 
results at 300~ for the hydride mixture  where NpHs ---- 
0.31, neither the deposition rate nor the composition 
of the film appears to be a strong funct ion of deposi- 
tion temperature.  Similar results were found by Kern  
and Helm who concluded that  the deposition rate and 
composition of phosphosilicate films are less dependent  
on deposition conditions than are those of borosilicate 
films (19). 

The rate of deposition from hydride mixtures  dilute 
in  PH3 (NpH3 ~ 0.15) increases monotonical ly wi th  in -  
creases in temperature  while increasingly prominent  
maxima are observed in the temperature  dependence 
of the deposition rate with increases in PH3 concentra-  
tion over the range 0.2 ~ N P H 3  ~ 0.3 (see Fig. 5). (The 
absolute values of the deposition rates for the different 
gas mixtures  shown in Fig. 5 are not directly com- 
parable because different total hydride flow rates were 
employed for each gas mixture.  The apparent  equali ty 
of these values at 500~ is coincidental.) 

The P205 concentrat ion in glasses deposited from a 
given reactant  composition decreases monotonical ly 
with increases in deposition tempera ture  as shown in 
Fig. 6. 
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Fig. 4. Vibrational spectra of vapor-deposited phosphosilicate 
glasses O, 15.3, 27.1, and 56.7 m/o in P205. 
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Fig. 5. Temperature dependence of the rate of deposition of 
phosphosilicate glosses from the indicated hydride mixtures. 

If it is assumed that  these films are the stoichiometric 
products of the reaction of Sill4 and PH3 with excess 
O2, the composition of the film may be calculated from 
that of the hydride mixture  by the relat ion 

Table I. Male per cent P205 observed ~t high deposition 
temperatures and calculated by Eq. [1] 

Mole  p e r  c e n t  P205 

O b s e r v e d  (Fig .  6) 
NpI) s C a l c u l a t e d  (600~176 

0.13 7.0 7 ~ 1 
0.23 11.5 11 --4"-- 1 
0,31 18.4 14 "4- 1 
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Fig. 6. Temperature dependence of the composition of phospho- 
silicate glasses deposited from the indicated hydride mixtures. 

mol per  cent P205 : 100NPH3/(2 --  NpH3) [1] 

A comparison of the  PSG composit ions thus calcula ted 
wi th  those observed at high deposi t ion t empera tu res  is 
made  in Table I. 

While  the  P~.O5 concentra t ion calcula ted assuming 
s to ichiometry  is about  4 m / o  higher  than that  observed 
for glasses deposi ted at  high t empera tu res  f rom a hy-  
d r ide  mix tu re  of NpH3 : 0.31, the ca lcula ted  and ob- 
served composit ions are  in good agreement  for glasses 
deposi ted (at  high tempera tures )  from glass mix tures  
lower  in PH3 concentrat ion.  I t  has been repor ted  that  
glasses up to 5 m/o  in P205 (NPH3 ~ 0.095) are the  
s toichiometr ic  products  of the oxidat ion  of Sill4 and 
PH3 at 400~ whi le  fur ther  increases in NpHs are  not 
accompanied by  propor t iona te  increases in P205 con- 
cent ra t ion  (19). The present  results  suggest  tha t  in-  
creases in deposit ion t empera tu re  cause increases in 
the  values of NPHj, for which the react ion proceeds 
s toichiometr ical ly  to about  0.23 at  600~176 For  
h igher  values of Np~r~ the react ion produc t  is st i l l  less 
than  stoichiometr ic  in P205. 
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The Composition of Oxides Formed on Electroless 
Ni-P Deposits 

S. T. Pai and J. P. Marton 
Welwyn Canada Limited, London, Ontario, Canada 

The init ial  state of electroless Ni-P deposits varies 
with the composition of the chemical solution employed 
and with the deposition conditions (1, 2). The initial  
state of Ni-P deposits prepared from nickel sulfate 
solution and deposited at 25~ is known to be a single 
phase, fine polycrystal l ine material  of Ni and P, in 
which the P atoms are dissolved in the Ni lattice, 
forming a solid solution (3). Upon heating the deposit 
in an oxygen envi ronment  up to 400~ an oxide layer  
will form. Some previous work (4-6) has been done 
on the electrical, optical, and other properties of the 
Ni-P oxide layer. However, little is known about the 
exact composition. Knowledge of the composition is 
important  for a better unders tanding of the optical and 
electrical properties. The present investigation is an 
at tempt to find the na tu re  of the oxides formed on 
Ni-P deposits by reflection electron diffraction. 

In  this work we used two types of Ni-P deposits. One 
type was made at the over-all  composition of 16 atomic 

K ey  words:  oxides,  electroless N i -P  deposits.  

per cent (a/o) of P and the other at 30 a/o. They were 
prepared from acid solution of nickel sulfate and hypo- 
phosphate at pH ----- 5.3 and 3.3, respectively: The sub- 
strates used were activated borosilicate glass. 3:he de- 
tails of deposition process were reported elsewhere (7). 
Heat - t rea tment  of these samples was carried out in vac- 
uum, inert  gases (Ar and He), oxygen, and open air 
environments.  Reflection electron diffraction results 
revealed that all samples heated in vacuum or inert  
gases have either Ni or Ni -4- Ni3P structures only (8), 
whereas samples heated in oxygen or open air showed 
NiO structure with a few addit ional weak rings ap- 
pear ing in  the diffraction pattern.  The results were 
obtained by employing an AEI EM6G electron micro- 
scope and are shown in Fig. 1. The diffraction patterns 
were taken at 100 kV. 

In Figure 2 are microdensi tometer  traces of the dif- 
fraction patterns. Curve (a) is the diffraction pat tern  
obtained from a sample containing about 30 a/o P, 

o 

- - O  

II 

(a )  

O 
N 

- - N  

m 

N 

f 

I N,O I P,O, 
I 

Fig. 1. Reflection electron diffraction patterns of Ni-P oxides 
taken at 100 kV for two phosphorous concentrations. (a) P content, 
30 a/o (b) P content, 16 a/o. 

Fig. 2. Microdensitometer traces of plates in Fig. l(a) and (b). 
The structure corresponds to NiO and to P205. The peaks for P205 
at higher P concentration in (a) are easily discernible. At |ower P 
concentration in (b) the peaks are weaker. 
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and curve (b) is that  from a sample containing about 
16 a/o P. From the figure, we can see that as the P 
content increases, so do the intensities of the addit ional 
rings. Their  positions are marked by vertical arrows. 
The pa t te rn  indicates that the addit ional rings have a 
direct connection with the P content in the deposits. 
Upon close examinat ion of the diffraction patterns, 
the rings were identified to be due to orthorhombic 
P20~ crystallites within a 1% experimental  error using 
lattice constants (9) a ---- 9.23A b = 7.18A, and c = 
4.94A. 

The present finding suggests that  the surface oxides 
of Ni-P deposits contain both NiO and P205 and that 
the P205 crystallites are dispersed in  the NiO matrix,  
forming a crystall ine mixture.  As pointed out before, the 
optical constants and the electrical properties are re- 
lated to the composition of the mater ial  under  study, 
so the present  findings may furnish some useful in- 
formation for investigations of the optical and other 
properties of oxidized Ni-P surfaces. 

Manuscript  submit ted Apri l  12, 1973; revised manu-  
script received May 7, 1973. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June  1974 JOUaNAL. 
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Localized Plastic Deformation of GaP and GaAs 
Generated by Thermocompression Bonding 

W. A. Brantley and D. A. Harrison ~ 

Bel~ Laboratories, Murray Hill, New Jersey 07974 

The rmocompression (TC) bonding is employed in 
the assembly of a var ie ty  of devices fabricated from 
the compound semiconductors GaAs, GaA1As, and GaP, 
such as IMPATT's, lasers, and LED's. In this technique 
the semiconductor chip is heated to temperatures  
around 300~176 and pressure is applied for bonding 
to heat sinks or contact wires. Recent evidence (1) 
indicates that  dislocations may be generated in ~111> 
oriented GaAs at 380~ by TC bonding at loads exceed- 
ing ,~7.5 kg/mm2. 2 Although the detailed exper imental  
investigations have not been performed to date on 
compound semiconductor devices, dislocations may af- 
fect device characteristics and long-term reliabil i ty di- 
rectly or, perhaps more likely, indirectly by serving 
as rapid "pipe" diffusion regions for impurit ies or as 
sites for enhanced dopant  diffusion and precipitat ion 
(2). Accordingly, it is important  in general  to deter- 
mine  the conditions of stress and tempera ture  for 
which dislocations may be generated in compound 
semiconductors during device processing. 

This paper presents the results of low temperature  
stressing experiments  performed on GaP and GaAs 
specimens having typical device dimensions of the 
order of 10 mils. The TC bonding station was employed 
solely as a mechanical  loading apparatus to achieve 
combined stresses and temperatures  which might  be 
encountered during device processing. Subsequently,  
the stressed specimens and unstressed controls were 
immersed in various etchants which have previously 
been demonstrated to reveal dislocations. The results 
for both GaAs and GaP demonstrate that nonuniform 
loading conditions often prevail  dur ing TC bonding 
and that localized plastic deformation, i.e., the intro- 
duction of dislocations, is possible at temperatures  as 
low as 200~ Moreover, the extent  of deformation is 
strongly dependent  on the hardness of the medium in 
contact with the semiconductor. 

A variety of compound semiconductor device ma- 
terials was employed for the stressing experiments:  (i) 

P r e s e n t  a d d r e s s :  R e s e a r c h  D e v i c e s ,  Incorporated, Berkeley  
H e i g h t s ,  N e w  Jersey 0 7 9 2 2 .  

Key words:  compound semiconductors,  mechanical  properties,  
semiconductor device  processing,  dislocations. 

1 k g / m m 2  = 9.8 X 107 d y n / e m  2 = 1 .42  • l O  s p s i .  

GaP p-n  junct ion  mater ial  for green l ight-emitt ing 
diodes (LED's) consisting of n- and p-type l iquid-  
phase epitaxial (LPE) layers, each approximately 1 
rail thick, grown on an n- type liquid encapsulated 
Czochralski (LEC) GaP substrate (3); (ii) a GaP slice 
consisting of only the n- type LPE layer on an n- type 
LEC substrate; (iii) S-doped bulk  GaAs grown by the 
LEC technique (4); and (iv) a GaAs slice with an 
n- type layer about 8 ~,m thick grown by vapor-phase 
epitaxy (VPE) on an n + substrate (5), similar to 
slices presently being fabricated into IMPATT's. Slice 
(iv) was grown in  the <100~  orientation whereas the 
remaining  mater ial  was ~111~  oriented. 

The GaP specimens were in the form of dice approxi- 
mate ly  15 mils square and l0 mils in height, prepared 
by lapping and chemically polishing the start ing slice 
followed by  s lurry cutting. The GaAs specimens were 
in the form of mesas having approximately 8 mils top 
diameter  and 6 mils height, prepared by lapping and 
chemically polishing one side of the start ing slice 
followed by Au ball  masking and sandblast ing for the 
other side. Individual  specimens were placed on a Au- 
plated Cu stud and stressed by the TC bonding station 
at 300 ~ or 400~ using a sapphire ram and loads of 30, 
100, or 3O0g with several specimens per condition. The 
stressing temperatures  were measured with a thermo- 
couple placed in contact with the top of the stud, and 
these temperatures  were in good agreement  (tem- 
perature  difference <20~ with values obtained with 
the aid of tempera ture- indica t ing  markers  painted on 
top of the studs. 

Gershenzon and Mikulyak have reported that bulk 
plastic deformation of GaP does not occur below 900~ 
(6) al though experimental  evidence for dislocation 
generat ion in GaP at 600~ has been obtained (7). 
Therefore, a 5 mil  (hexagonal cross section) loading ram 
was ini t ia l ly utilized in order to increase the applied 
stress on the 15 mil  square dice; the 5 mils correspond 
to the distance between opposite hexagonal faces. 
Etched p ( ~ l  • 10 TM Zn/cm 3, ~1 • 1019 N / c m  3) layers 
of the p / n / n  GaP specimens are i l lustrated in Fig. 1 for 
(a) the unstressed condition and after stressing at 300~ 
by the TC bonding station with (b) 30, and (c) 300g 
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Fig. 1. Representative p/n/n GaP dice which were (a) unstressed 
and stressed at 300~ by (b) 30g, and (c) 300g loads from the TC 
bonding station, using a 5 mil loading ram. All the GaP specimens 
were immersed in the modified R-C (GAP) etchant (8) for 6 min at 
650C. 

loads. All  GaP specimens were immersed in  the modi- 
fied R-C etchant (8) for approximately 6 min  at 65~ 
to reveal emergent  dislocations. 

The clusters of small etch pits in the center of Fig. 
1 (b and c) are due to fresh dislocations generated by 
the mechanical  stressing. This in terpreta t ion follows 
immediately from the increasing dislocation density 
with applied load, the similar appearances for the small  
pits and the larger sharp-bottomed pits corresponding 
to old, grown-in  dislocations, and the existence of 
numerous  small  etch pits in rows lying along one of 
the three ~110> directions corresponding to traces of 
oblique {111) slip planes. (The sides of the dislocation 
etch pits produced by the R-C etch lie along <110> 
directions.) The prominent  etch grooves in Fig. l ( c )  
are not  observed for unstressed specimens and may 
be traces of stacking faults (8) or twinned  regions 
generated by the applied stress. However, diffraction 
contrast experiments would be required for precise 
identification of these defects. The dislocation density 
increases from 1 to 2 • 105 cm -2 for unstressed speci- 
mens  to values exceeding l0 T cm -2 in the regions of 
localized deformation. Thus, localized plastic deforma- 
t ion of GaP can occur at temperatures  as low as 300~ 
In  all cases, the mechanical  deformation behavior  for 

the  n- type LPE layers of the n L P E / n  LEC GaP dice 
was similar to that  for the p- type LPE layers of the 
p / n / n  specimens subjected to the same stressing condi- 
tions. 

The effect of stressing tempera ture  on deformation 
behavior is evident  from comparison of Fig. 1 (c) and 
2(a) .  These two p / n / n  GaP specimens were stressed 
with 5 mil  rams, the lat ter  by a 100g load at 400~ and 
the former by a 300g load at 300~ The extent  of 
localized deformation is conspicuously greater at 400~ 
compared to 300~ even though a smaller load was 
utilized at 400 ~ C. Dislocations also were generated in  the 
15 mil  square GaP dice at  400~ when a 20 mil  ram was 
employed, for loads exceeding ~30g. An  etched p / n / n  
specimen subsequent  to stressing at 400~ with the 
larger ram and a 100g load is i l lustrated in Fig. 2 (b) .  
It is apparent  that nonuni form loading near the speci- 
men per iphery occurred with the 20 mil  ram. Disloca- 
tion generat ion in GaP was even observed at 200~ for 
a 600g load. A different stressing apparatus was u t i -  
lized, having a weighted stainless steel piston larger 
than the die surface confined within  a near ly  tight- 
fitting sleeve (2). However, the similar  appearance of 
the deformed area to Fig. 2 (b) indicated that nonuni -  
form loading occurred, with the local stress consider- 
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Fig. 2. Additional p/n/n GaP specimens which were stressed at 
400~ by a 100g load: (a) 5 rail ram and (b) 20 mil ram. The 
prominent fracture in the lower portion of (a) occurred during the 
course of the chemical etching and the microscopic observation. 

ab ly  exceeding the nomina l  value  of ,~4 k g / m m  2 cor- 
responding to the  600g load. 

Addi t iona l  exper iments  es tabl ished tha t  under  ap-  
propr ia te  condit ions dislocation generat ion in the  GaP 
specimen dice could be p reven ted  for  s tressing in the 
300~176 t empera tu re  range wi th  the  the rmocom-  
pression bonding station. Local ized plast ic  deformat ion  
was not observed in specimens gr ipped  and loaded 
pe r iphera l ly  b y  a specia l ly  designed collet  or in speci- 
mens cen t ra l ly  stressed wi th  a A u  loading tip. The 
absence of dislocation genera t ion  in these  two cases is 
ev iden t ly  due, respect ively,  to the  appl ied  stress being 
well  d is t r ibuted  and to deformat ion  of the softer  Au  
loading t ip in contact  wi th  the  GaP  specimens in com- 
par ison to the  sapphi re  loading ram. 

For  GaAs mesas f rom the ~111>  oriented, bulk-  
grown (n ,~4 • 101T cm -8) ma te r i a l  the  onset of mac-  
roscopic dislocation genera t ion  occurred for loads be -  

tween  30 and 1O0g at 300~ and be low 30g at 400~ 
The loading r am ut i l ized was la rger  than  the top sur -  
face of the GaAs mesas, and the 30g load corresponds 
to a nominal  compressive stress of ~1  k g / m m  2. Com- 
p l emen ta ry  resul ts  were  obta ined  with  the Schell  (9, 
10), modified (11) R-C (12), and A-B  (13) etchants.  
For  mesas  fabr ica ted  from the {100} GaAs and having 
the  V P E l a y e r  ( n ~  1 • 1016 cm -3) for the  top sur-  
face, s imi lar  deformat ion  behavior  was found at 400~ 
the only  t empe ra tu r e  invest igated.  Exper iments  with 
the  weighted  pis ton appara tus  demons t ra ted  tha t  lo- 
calized deformat ion  in GaAs also is possible at 20O~ 
for ,~300g loads on 14 mil  square  dice p repared  by  saw-  
ing (2). No evidence of dislocation genera t ion  was ob- 
served at  room t empera tu re  for  loads up to ~1000g on 
the  8 mi l  mesas, above  which  f rac ture  genera l ly  oc- 
curred.  

No mechanical  deformat ion  da ta  a re  avai lab le  for  
GaP to pe rmi t  comparison wi th  the  presen t  s tressing 
exper iments .  The presen t  invest igat ions have demon- 
s t ra ted  tha t  under  the  p roper  loading  condit ions dis- 
locat ion genera t ion  is possible in GaP at  t empera tu res  
as low as 200~ cons iderably  be low the  values  pre-  
viously reported.  The l ikel ihood of localized deforma-  
t ion is g rea t ly  enhanced by  ut i l izat ion of a s tressing 
med ium (such as the  sapphi re  r am)  ha rde r  than  GaP 
and by  loading over  an area  smal le r  than  the specimen 
which is expected to produce stress concentra t ion ef- 
fects (pa r t i cu la r ly  at corners  of the hexagonal  r am) .  In  
addition, the  grea ter  l a te ra l  ex ten t  of the deformat ion  
bands in Fig. 1 (c) and 2(a ) ,  compared  to the  5 mil  r am 
size, demons t ra tes  tha t  not  only  dislocation generat ion 
but  also some dislocat ion mobi l i ty  is possible for GaP in 
the 300~176 t e m p e r a t u r e  range.  

For  GaAs, l imi ted  informat ion concerning bu lk  de-  
format ion  behavior  is avai lable .  Previous  studies (14- 
16) have indica ted  tha t  the  in i t ia l  genera t ion  of la rge  
numbers  of f resh dislocat ions in n- type,  ~111>  ori-  
ented GaAs requi res  a compress ive  yie ld  stress ex-  
ceeding 20 k g / m m  2 at  4O0~ Ext rapo la t ion  of curves  
for the t empe ra tu r e  dependence  of the  y ie ld  stress 
suggests  tha t  stresses over  an order  of magni tude  
grea te r  (possibly  ~400 k g / m m  2) may  be  requ i red  at  
3O0~ (For  GaP, dislocation genera t ion  and mobi l i ty  
a re  more difficult.) Moreover,  dislocations in GaAs 
ev iden t ly  possess considerable  mobi l i ty  in this tem- 
pe ra tu re  range since dislocation mot ion is possible  at  
300~ for stresses of the  order  of 1 k g / m m  2 (17). 

However ,  nonuni form loading conditions can exist  for 
TC stressing of specimens wi th  dimensions of the order  
of 10 mils; cf., Fig. 2 (b) .  Under  these circumstances,  
high local stresses which  g rea t ly  exceed nominal  com-  
pu ted  values  can arise and induce dislocat ion genera-  
tion at t empera tu res  cons iderably  less than  predic ted  
f rom bulk  deformat ion  behavior .  The ve ry  l imi ted  
amount  of plastic flow at room t e m p e r a t u r e  prev ious ly  
r epor ted  (18) for GaAs deformed by  indentat ion,  
where  an e x t r e m e l y  high stress is expected,  appears  to 
be an ex t r eme  example  of this  behavior .  
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Colorimetric Determination of Boron in Aqueous 
Solutions and in Borosilicate Glass by Solvent Extraction 

A. S. Tenney *.1 

Genera l  Electric Corporate Research and Development, Schenectady, New York 12301 

Boron has been determined in steel (1), in soils (2), 
and in natural waters (3) colorimetrically by extract- 
ing methylene blue fiuoroborate with 1, 2 dichloro- 
ethane. Recently (4) a modification of this method was 
employed  to de te rmine  boron in th in  films of pyro -  
ly t ica l ly  deposi ted borosi l icate  glass. The detai ls  and 
short  discussion of the p rocedure  are  presented  here. 

Sample Preparation 
(i) If necessary, the boron-containing sample is dis- 

solved in a measured amount of H20 and diluted to 
the range 1-4 ~g B/ml. 

(ii) To a 30 ml polyethylene dropping bottle (A. H. 
Thomas, No. 2247-S) 2.0 ml of the solution made in step 
(i), 2.0 ml dilute HF (DHF:50 ml 50% HF/I H20), 
and 3.0 ml 0.001M methylene blue solution (MBS: 
approximately 374 mg/liter) are added. The bottle is 
then shaken and allowed to stand at least 1 hr. 
Standards are stored as aqueous solutions of H3BO~. 

Standard samples are prepared by mixing 2.0 ml stan- 
dard solution, 2.0 ml DHF, and 3.0 ml MBS as in step 
(ii). Blanks consist of 2.0 ml DHF, 2.0 ml H20, and 
3.0 ml MBS. 

(iiO To samples, standard samples, and blanks, 10.0 
ml 1,2 dichloroethane are added. The mixture is shaken 
and a11owed to stand overnight (about 16 hr). 

Absorbance Measurement 
The bot t les  a re  inve r t ed  so tha t  the  organic phase 

m a y  be squeezed into 1 cm cells. Absorbance  is de ter -  
mined  in the  r ange  4000-7000A wi th  a double  beam 
recording spec t rophotometer  (Pe rk in -E lmer  Model 
202) using a b lank  as re ference  and d r a w i n g  a base l ine  
wi th  a b lank  in both beams. 

The spectra  of the boron-conta in ing  samples  appea r  
to have  th ree  absorbance  peaks  re la t ive  to the  base 
l ine:  a minor  one at  about  4900A and majo r  ones at  
6050-6300A and a t  6750A as shown in Fig. 1 ( the exact  
posi t ions of the  la t te r  two peaks  being more  or less 
dependent  on the  boron concent ra t ion) .  Actua l ly ,  the  
two majo r  peaks  resu l t  f rom the fact  tha t  the  b l ank  
exhibi ts  a r e la t ive ly  sharp  band  whi le  the  boron-con-  
ta in ing samples  d i sp lay  b roader  bands  wi th  m a x i m a  
at about  6600A. 

Cal ibra t ion  curves  of absorbance  of these  three  peaks  
vs. boron concentra t ion in mic rograms  per  mi l l i l i te rs  

* Elec t rochemical  Society Act ive  Member .  
1Present address: General Electric Company,  Minia ture  Lamp 

Products Department, Chesterland, Ohio 44026. 
KeY words: boron analysis,  methylene blue, doped oxides.  

(in the or iginal  sample, not  in the  organic phase)  are  
shown in Fig. 2. The s tandard  deviat ion for de te rmina-  
tions on s tandard  samples  was 0.01 absorbance  indi -  
ra t ing  that  boron m a y  be de te rmined  in the  range  0-5 
~g /ml  wi th  an uncer t a in ty  of +0.05 to 0.1 ~g /ml  using 
resul ts  from the two majo r  peaks.  Since 2.0 ml  of solu-  
t ion are  used, the  l imit  of de tec tab i l i ty  is about  ~0.1 
~g boron. 

The ca l ibra t ion  curve  of the minor  peak  absorbance  
at 4900A m a y  be ex tended  to boron concentrat ions  of at  
least  20 ~g/ml.  However ,  it  was found easier  and  more  
precise to di lute  the  boron-conta in ing  samples  to less 
than  5 ~g B / m l  and employ  the  ma jo r  peak  absorb-  
ances. Nevertheless ,  the  minor  peak  m a y  be employed 
to es t imate  the boron presen t  should a sample  con- 
ta in  enough boron tha t  the ma jo r  peak  absorbances  are  
too la rge  to be de termined.  

The absorbance is qui te  sensi t ive to the  HF concen- 
t ra t ion  (1) so at  least  th ree  s t andard  samples  were  al-  
ways  analyzed  wi th  a batch of samples. 
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Fig. 1. Absorbance spectra of samples originally containing in 
the aqueous phase 0, 1.0, 2.0, 3.0, and 4.0/~g of boron/ml (spectra 
A through E, respectively) vs. wavelength. 
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Fig. 2. Absorbance at 4900, 6050-6300, and 6750A. vs. concen- 
tration of boron in ~g/ml of aqueous solution. 

The procedure described here is s impler than  those 
employed previously (1-3), firstly because of the use 
of a double beam recording spectrophotometer which 
automatical ly subtracts the significant absorbance of 
the bl nk, and secondly because no procedure is em- 
ployed to el iminate interfer ing ions such as NO3-, 
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As-V, and Cr-VI (2). Nevertheless, this procedure 
should be general ly useful in  the determinat ion of 
microquanti t ies of boron in aqueous solutions in  the 
absence of these ions. 

To determine boron in glass, only a slight modifica- 
tion of the above procedure is required. The sample is 
dissolved in a measured amount  of DHF and diluted in 
DHF to 1-4 ~g B/ml.  Two mill i l i ters of this di lut ion are 
mixed with 2.0 ml H20 and 3.0 ml  MBS and treated as 
described above. Because of the interference of arsenic 
(2), this procedure may not be used to determine 
boron in arsenic-containing glasses. 

This procedure was combined with an atomic ab- 
sorbance analysis for silicon to determine the composi- 
t ion of thin films of borosilicate glass pyrolyt ical ly 
deposited on silicon wafers (4). 

Manuscript  submit ted Sept. 6, 1972; revised manu-  
script received Jan. 12, 1973. 

Any discussion of this paper will  appear in a Discus- 
sion Section to be published in the June  1974 JOURNAL. 
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Distribution of Sodium in Sputtered SiO  
as Determined by Neutron Activation and 

U.V. Spectrographic Analyses 
Satish Kumar *,z and L. V. Gregor* 

IBM System Products Division, East F~shkiI1, Hopewe~l Junction, New Yorl~ 12533 

Neutron activation techniques have been applied to 
epitaxial silicon (1) to measure the impur i ty  concen- 
t ra t ion in the outer layer  of epitaxial  films. Kern  (2) 
investigated semiconductor surface contaminat ion by 
radioactive tracer techniques. Lunde (3) applied non-  
destructive neut ron  activation analysis on single-crys- 
tal silicon for different impurities. Yon et al. (4) stud- 
ied the sodium distr ibut ion in thermal  SiO~ on silicon 
by radiochemical and MOS analysis. 

Contaminat ion in sputtered SiO2 films can cause an 
increase in MOS surface leakage current  due to sur- 
face inversion. Sodium ion is one of the major  contami-  
nants  that  cause this problem. Neutron activation and 
u.v. spectrographic techniques have been rarely ap- 
plied to sputtered SiO2 films. The purpose of this work 
was to investigate the presence and distr ibution of 
sodium in sputtered SiO2 and to determine the source 
of the sodium. 

Experimental Methods 
Wafer Preparation 

Silicon wafers (2-ohm cm, p-type 2.25 in. diam) were 
thermal ly  oxidized to a SiO2 thickness of 500 -l-_ 30A. 
Oxidation was done in  dry oxygen in an al l -quar tz  
system at 1000 ~ +_ 2~ for 50 min. The wafers were 
annealed  to 1050~ for 15 min  in N2. 

* Electrochemical  Society Act ive  Member.  
Present address: National Cash Register (NCR), Microelectronics 

Division, Miamisburg, Ohio 45342. 
Key words: sodium, sputtering, SlOe, MOS. 

Sputtering Technique 
Sputtered SiO2 was deposited by rf sputtering of a 

commercial fused silica target  at a frequency of 13.56 
MHz. Gal l ium-indium alloy (75:25) was applied to the 
back of the wafers, taking care that  no alloy touched 
the front side. SiO2 deposition was accomplished by 
placing wafers in a parallel  plate sputter ing system so 
that  they were electrically and thermal ly  connected to 
the anode plate by Ga-In. 

A turbomolecular  pump was used to el iminate pump 
oil back-streaming. After 2 ~m of SiO2 was deposited, 
excess Ga-In was removed by Freon, and the remain-  
ing Ga-In was removed by dipping the wafers in hot 
H2SO4 + HNO3 (1:1) for 5 min  at 100~ The wafers 
were then rinsed in deionized water  and dried with N2. 

After 2.0 ~m of sputtered SiO2 was deposited over 
the wafers, they were annealed to decrease the oxide 
charge level created during sputtering. 

A l u m i n u m  dots 0.060 in. diam were deposited by 
use of a metal  mask, at ambient  temperature,  to a 
thickness of 1.0 ___ 0.1 ~m. The wafers were annealed 
again to decrease the surface state density. 

CV Measurement 
MOS capacitance/voltage characteristics were mea- 

sured (2) with a Boontoon 1 MHz capacitance bridge 
after oxide was removed from the back of the wafer. 

Neutron Activation Analysis 
Dissolution technique.--The wafers to be analyzed by 

neu t ron  activation analysis were cut into strips 3/4 • 2 
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in. and packed along with the standard in an evacuated 
quartz capsule for activation. The neut ron  irradiation 
was carried out for 24 hr at a thermal  flux of 3 • 1013 
neutron/cm2/sec.  

After activation, the wafer samples were scrubbed in 
deionized water, dried, and stripped in 48% HF. The 
solution containing the dissolved oxide was then as- 
sayed for radioactive Na 24. The results of this analysis 
are shown in Runs 1 and 2 of Table I. 

The high activity of Si 31 was allowed to decay about 
one day (nine half lives) to avoid interference. 

Nondestructive analysis.--Six wafers with 2 ~m of 
sputtered SiO2 were also analyzed by neut ron  activation 
analysis. They were accompanied by a set of untreated 
wafers to establish a sodium blank for the silicon. 

Samples ~/z • 1 in. were cut from each wafer con- 
ta ining sputtered SIO2. The "flat" of each wafer served 
as reference, and samples were cut parallel  to the flat. 
The control wafer samples were cut to slightly larger 
dimensions to serve as spacers in packaging the sam- 
ples for neutron bombardment .  Zirconium foil was 
used to encapsulate the samples. 

The neut ron  flux for the i rradiat ion was 1 • 1013 
neutron/cm2/sec.  Exposure t ime was approximately 40 
hr. Irradiated samples were init ial ly surveyed for 
impurit ies by gamma ray spectroscopy, which per- 
mitted resolution of the 1.38 meV photopeak of Na 24. 
The integrated counts comprising this photopeak were 
compared for samples and comparator standards. The 
sodium in parts per mil l ion by weight is shown in Run 
3, Table I. 

Analysis of quartz target by neutron activation.--An 
8.3g piece of sputtering target was subjected to analysis 
by using the ins t rumenta l  neut ron  activation analysis 
(INAA) technique. The sample and Br, P, and Na 
standards were irradiated for 24 hr  in a thermal  neu-  
t ron flux of 3 • 1018 neutron/cm2/sec.  

After irradiation, the sample was etched for 30 min 
in  48% HF, rinsed, and mounted for counting on the 
mul t ichannel  pulse height analysis system. 

Gamma spectral analysis showed the presence of 16 
peaks, which could be assigned to Br s~ and Na 24, and 
fl- particles produced bremsst rahlung which was as- 
signed to p32 by half-life measurement.  The results of 
the analysis are shown in Table II. No other elements 
were observed, but some may have been present in the 
range masked by the sodium. 

U.V. Spectrographic and Flame Photometric Analysis 
Gallium-indium alIoy.--A sample of the alloy was 

dissolved in concentrated nitric acid. After  evaporation 

Table I. Analysis of sputtered Si02 films by neutron 
activation technique 

R u n  1 ]Run 2 ]Run 3 
N a  in  N a  i n  N a  in 

W a f e r  w e i g h t  W a f e r  w e i g h t  W a f e r  w e i g h t  A f t e r  
n u m b e r  ( p p m )  n u m b e r  ( p p m )  n u m b e r  (ppm)  e t c h  

1 35 1 2.4 1 15.3 
2 29  2 2.7 2 15.9 
3 42 3 2 .0  3 16.8 
4 48  4 2.8 4 19.4 "~ 
5 12 5 1.9 5 21.4 ) 5.5 p p m  
g 17 6 1.4 6 22.'/ 
7 20 
8 57 

C o n t r o l  0.8 C o n t r o l  0.7 Con t ro l  6.8 b 
N S  con t ro l  a 0.4 Con t ro l  0.7 

a W a f e r s  r e c e i v e d  al l  p r o c e s s i n g  e x c e p t  s p u t t e r i n g .  
W a f e r  b e c a m e  c o n t a m i n a t e d .  

Table II. Amount of sodium and flatband voltage 

R u n  1 R u n  2 R u n  3 

A m o u n t  of N a  
(average p p m )  32 2.2 18.6 

NFB/Cra ~ 1.8 X 10 TM 5.6 • 1011 9.2 X 10 lz 

to dryness, the result ing ni t ra te  was converted to oxide 
over a Meker burner.  The sample was r un  in duplicate 
against a Ga203 standard, by using a 20A d-c arc in an 
oxygen-argon atmosphere (1: 3). 

For flame photometric analysis, a sample was 
weighed in a plastic beaker and dissolved with high- 
pur i ty  nitric acid. The sample was diluted and ana- 
lyzed relat ive to solution standards for alkali  elements, 
by using a flame photometric technique. 

Stainless steel shield.--A sample of stainless steel 
used as the sputter ing shield was dissolved in aqua 
regia and heated to dryness over a Meker burner  to 
convert  the sample into oxide. This oxide was run  
against Fe203 standards. A d-c arc in an oxygen-argon 
atmosphere (1: 3) was used for excitation. 

For flame photometry, the sample was etched, rinsed 
in deionized water, dried, and weighed on a micro- 
balance. The sample was dissolved with aqua regia 
and diluted and then analyzed relative to solution 
standards by using a flame photometric technique for 
sodium and potassium. 

Sulfuric and nitric acid.--A 50-ml amount  of each 
acid was placed in p la t inum dishes and dried over a 
hot plate. Ten mill igrams of graphite were added to 
each residue and compared against graphite standards. 
A d-c arc in a 1:3 oxygen-argon atmosphere was used 
for excitation. 

Discussion 
Neutron activation analysis was used to determine 

the amount  of sodium present in sputtered SiO2 films., 
Neutron activation analysis by the dissolution tech- 
nique was used on the wafers of Runs 1 and 2, and 
neut ron  activation analysis by the nondestruct ive tech- 
nique was used on Run  3. 

The three sputtering runs were made under  the 
same conditions. All the wafers, including controls, had 
gone through precleaning steps to remove any surface 
contamination. Generally, control wafers showed a 
sodium content of less than 1 ppm, except for Run 3 in 
which it was 6.8 ppm because of contamination.  The 
sodium content on b lank wafers is comparable to that 
obtained by Lunde (3) by neutron activation on single- 
crystal silicon slices. Run 1 had the highest amount  of 
sodium in the wafers (32 ppm),  and Run 2 had the 
lowest, probably because the sputtering system had 
been cleaned just  before the run. 

In  Run 1, two wafers went  through all the processing 
steps except for sputtering. The average amount  of 
sodium was only 0.4 ppm, which indicates that sodium 
is picked up only dur ing the sputter ing process. 

The nondestruct ive neut ron  activation technique was 
applied to Run 3. Three wafers of this r u n  with the 
highest sodium content  were selected and etched with 
dilute hydrofluoric acid (HF).  Neutron activation anal- 
ysis then showed that the average amount  of Na in the 
three wafers was 5.5 ppm, as compared with 21 ppm 
originally. This significant reduction in Na can take 
place only if the Na is concentrated near  the surface 
of the sputtered quartz film. 

In  order to find the source of sodium in the sputtered 
quartz films, the materials shown in Table III were 
analyzed by neut ron  activation and u.v. spectrographic 
analyses. The highest amount  of sodium present (8 
ppm) came from the stainless steel shield. This com- 
parat ively high amount  of sodium could be resputtered 
into the SiO2 thin film. The amount  of sodium coming 
from other sources was relat ively small. 

Table III. Amount of sodium in materials 

Amount of A n a l y t i c a l  
M a t e r i a l  Na ( p p m )  t e c h n i q u e  

F u s e d  s i l i ca  s p u t t e r -  
i n g  t a r g e t  (SiO2) 0.36 N e u t r o n  a c t i v a t i o n  

G a - I n  (75:25) <:1 U.V. s p e c t r o g r a p h i c  
S t a i n l e s s  s tee l  sh i e ld  8 U,V.  s p e c t r o g r a p h i c  
SuLfur ic  a c i d  0.01 U.V, s p e c t r o g r a p h i c  
N i t r i c  a c i d  0.1 U.V,  s p e c t r o g r a p h i c  
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Figure  1 shows the correlation between Na in  films 
vs. NFB for 2.0 am thick sputtered SiO2 on oxidized 
monitor  wafers. Table II shows the average amount  of 
Na for each of the three sputtering runs  and the cor- 
responding NFB charge. 

Conclusions 
1. Most of the sodium appears concentrated on the 

top surface of the sputtered SiO2, because the amount  
of sodium decreases to a relat ively small  level upon 

etching. This finding was checked by neu t ron  activation 
analysis. 

2. The materials that commonly come in contact with 
sputtered SiO2 were analyzed by uv spectrographic, 
flame photometry, and neut ron  activation techniques. 
The stainless steel shield contained the largest amount  
of sodium (8 ppm) of all the materials  examined. This 
sodium could be incorporated into films as a result of 
resputtering. 
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ABSTRACT 

The conduction characteristics of the polycrystal l ine l i th ium iodide con- 
taining a luminum oxide were studied. It  was found that  the incorporat ion of 
a l u m i n u m  oxide substant ia l ly  increased the conductivi ty of l i th ium iodide. 
Li th ium iodide containing 33-45 mole per cent (m/o)  a luminum oxide ex- 
hibited conductivities in  the order of 10 -5 ohm -1 cm -1 at 25 ~ ~- 2~ Inasmuch 
as no substant ia l  amount  of a luminum oxide was found soluble in  the l i th ium 
iodide under  the exper imental  conditions, the increase in conduct ivi ty  could 
not be  explained by the classical doping mechanism. The electronic con- 
duct ivi ty of the l i th ium iod ide-a luminum oxide solid was negligible com- 
pared to the ionic conductivity.  Therefore, it is suitable as a solid electrolyte 
in  solid-state bat tery  systems. 

The use of l i th ium iodide as a solid electrolyte ma-  
terial in  the solid-state ba t te ry  systems was reported 
previously (1-4). L i th ium iodide is chemically com- 
pat ible  with such an active anode mater ia l  as l i th ium 
and  has extremely low electronic conductivity. There-  
fore, it is suitable as a solid electrolyte for high voltage 
cells. However, the relat ively low ionic conductivi ty of 
l i th ium iodide (10 -~ ohm -1 cm -1 at 25~ limits the 
rate capabil i ty of the solid electrolyte cells. In  an at-  
tempt to increase the ionic conduct ivi ty  of l i th ium 
iodide Schlaikjer  and Liang (5, 6) studied the con- 
duction characteristics of l i th ium iodide doped with 
various calcium compounds. They found that  the 
freshly quenched l i th ium iodide containing 1 mole per 
cent (m/o)  of calcium iodide showed a conductivi ty of 
10-5 ohm-1 cm-1  at room temperature.  However, the 
conduct ivi ty  would decrease with t ime and reach 10 -6  
ohm - l  cm -1 after about 500 hr. Fur ther  investigations 
on the polycrystal l ine l i th ium iodide revealed that  the 
conduct ivi ty  of the l i th ium iodide based solid electro- 
lyte can be stabilized at 10-5 o h m - I  cm-1 at room 
tempera ture  by  the incorporat ion of a l u m i n u m  oxide. 
The results of these investigations are discussed in this 
report. 

Experimental 
Material pretreatment.--Anhydrous l i th ium iodide 

was prepared from dehydrat ing Foote Mineral  LiI  �9 
3H20 under  vacuum. The dehydrat ion process was 
similar  to that  reported previously (5). The hydrated 
l i th ium iodide was heated at about 120~ in a vacuum 
oven for about 48 hr. After  the dehydration, the solid 
l i th ium iodide could be fused in a hel ium-fi l led Vac- 
uum Atmosphere dry box (less than  15 ppm H20 and 
O2) without  decomposition or discoloration. Analyses 
of the l i th ium iodide showed that  the iodide content  
was as expected and no excess of alkali  was found in 
the sample. 

�9 Electrochemical  Society Active Member. 
K ey  words:  solid electrolyte,  l i th ium iodide, ionic conductivity,  

solid electrolyte cells, solid-state batteries. 

Fisher adsorption grade a luminum oxide and Alcoa 
F-1 activated a luminum oxide were dried in an oven 
at 600 ~ • 50~ for at least 24 hr. They were t ransferred 
to the helium-fi l led dry box and heated at 600 ~ +--_ 50~ 
again for 4 hr. Both types of a l u m i n u m  oxide were 
used in  the preparat ion of the solid electrolytes. 

Solid electrolyte preparation.--Powder mixtures  of 
the anhydrous  l i th ium iodide and the 600~ dried alu-  
m i n u m  oxide in various mole ratios were blended, 
heated at 550~ for about 17 hr, quenched to ambient  
temperature,  and pulverized. All  processes were car- 
ried out in the hel ium-fi l led dry box. The H20 and O~ 
content  in the dry  box was main ta ined  at less than  
15 ppm. 

Conductivity measurement.--The conductivi ty cell 
was made by the procedures described as follows. A 
weighed amount  of l i th ium iodide-a luminum oxide 
powder was pressed into a pellet in a 0.6 in. diameter  
steel die under  a pressure of 100,000 psi. The geometric 
area of the pellet was calculated from the diameter  and 
the thickness of the pellet was measured with a mi-  
crometer while the pellet was still in the die. Li th ium 
electrodes with steel current  collectors were pressed 
on both sides of the pellet under  50,000 psi. The re-  
sistance of the conductivi ty cell was measured by  
means of a General  Radio conductance bridge at 1000 
Hz. It  was also determined from the potential  drop 
be tween the two l i th ium electrodes upon passing a di-  
rect current .  The conductivi ty of the pellet was cal- 
culated from the measured resistance and the physical 
dimensions of the pellet. 

Debye-Scherrer powder pattern.--Debye-Scherrer 
powder pat terns of the anhydrous  l i th ium iodide, the 
600~ dried a luminum oxide, and the l i th ium iodide- 
a luminum oxide electrolyte were obtained at room tem- 
pera ture  using the conventional  techniques with CuKa 
radiation. 

Cell Sabrication and evaluation.mLi/LiI (A120~) /PbI2, 
Pb; Li /Li I  (A1208)/CuI,Cu; and Li /Li I  (A120~)/AgI,Ag 
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solid electrolyte cells were fabricated. The cathodes 
were well  blended mixtures  of the metal  iodide [40 
weight per cent (w/o) ] ,  the parent  metal  powder (30 
w/o ) ,  and the electrolyte (30 w/o) .  The anodes were 
th in  l i th ium metal  disks and the current  collectors were 
s t e e l  disks for the anodes, and lead, copper, or silver 
disks for the cathodes. The metal  iodides and the metal  
powders were dried in  a vacuum oven at about  100~ 
for about 16 hr. The solid electrolyte cells were fab- 
ricated by pressing the cathode, the electrolyte, and 
t h e  anode in  a 0.6 in. diameter  steel die under  a pres-  
sure of 100,000 psi. 

The open-circuit voltages of the solid electrolyte cells 
were measured by means of a Tacussel Aries 10,000 
digital voltmeter (internal impedance > 1012 ohms). 
The voltages under constant current were measured by 
means of a Keithley 610B electrometer and recorded 
by a Varian 14A strip chart recorder. 

Results 
During the 550~ t rea tment  of the l i th ium iodide a n d  

a luminum oxide mixture,  a s lurry was obtained. P re -  
sumably l i thium iodide was melted whereas a luminum 
oxide remained solid. 

The inclusion of a luminum oxide caused a substan-  
tial increase in the conductivi ty of the polycrystal l ine 
l i th ium iodide. Figure  1 shows the conductivi ty of the 
l i th ium iodide-a luminum oxide electrolyte as a func-  
tion of the a luminum oxide content  at 25 ~ +_ 2~ It  
w a s  noted that  the m a x i m u m  conductivity, about 10 -5 
ohm-1  cm-1, occurred at 35-45 m/o  a luminum oxide. 
Furthermore,  the conductivity did not change with 
time. The l i th ium iodide-a luminum oxide powder which 
had been stored in a covered b rown glass bottle in  the 
dry box for 6 months exhibi ted the same pellet con- 
ductivi ty as the freshly prepared powder. 

The apparent  activation energy of the conduction 
process for the l i th ium iodide-a luminum oxide electro- 
lytes in the tempera ture  range of --40~176 was 
found to be 10 kcal /mole  (Fig. 2). This is in good 
agreement  with the value obtained for both single 
crystal (7) and polycrystal l ine (5) l i th ium iodide. 

In  order to determine the suitabil i ty of the l i th ium 
iodide containing a luminum oxide as a solid electro- 
lyte material, the open-circui t  voltages of the L i /  
LiI(AI203)/PbIs ,Pb;  Li/LiI(Al2Oz)/CuI,Cu; and Li /  
LiI(AI203)/AgI,Ag cells were measured at 25 ~ ___ 2~ 
by means of a high in te rna l  impedance (greater than 
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Fig. 2. The effect of temperature on the conductivity of the 
LiI(AI~O3) electrolyte (a) Lil(40 m/o AI208); (b) Li1(33 m/o AI2Oa); 
and (c) Lil(20 m/o Ai20~). 

10 TM ohms) digital voltmeter. The results of these 
measurements agreed extremely well with those cal- 
culated from the Gibbs free energies of formation (8, 9) 
as shown in Table I. Furthermore, not only no change 
in the open-circuit voltage was observed after 2 years 
storage on the Li/Lil (40 m/o AI20~)/PbI~,Pb cells, but 
the discharge characteristics of these cells were also 
found to be similar to those of the freshly fabricated 
cells (Fig. 3). It was noted further that a 100% dis- 
charge efficiency was obtained on the 5 mA-hr/cm 2 
Li/Li(40 m/o A1203)/PbI2,Pb cells under a current of 
75 ~,A/cm 2 or less at room temperature (Fig. 4). 

The x-ray diffraction patterns of the LiI(Al203) 
electrolytes and the anhydrous LiI and A1203 used for 
the preparation of the LiI(Al2Os) electrolytes are 
shown in Table If. Both Lil and Al2Os lines were found 
in the LiI (AlsO3) patterns. 

Discussion 
It is noted that the conductivity of the lithium iodide- 

aluminum oxide electrolyte can reach 10 -5 ohm -1 cm -I 
at room temperature at an aluminum oxide content 
ranging between 35 and 45 rn/o. Furthermore, the con- 
ductivity remains constant even after a long storage 
period. In addition to these findings, the following con- 
clusions can be reached from the exper imental  results. 

1. The electronic conductivi ty of the l i th ium iodide- 
a l u m i n u m  oxide is insignificant compared to its ionic 
conductivity. 

The Li /LiI  (A1203)/PbI~,Pb; Li /Li I  (A1208)/CuI,Cu; 
and Li /LiI(A1203)/AgI,Ag solid electrolyte cells ex- 

Table I. The open-circuit voltages of various solid 
electrolyte cells at 25~ 

Open-circuit voltage (V) 

Cel l  

L i / L i I  (Al2Os)/PbI2,Pb 1.896 
L i / L i I  (A1208) /CuI ,Cu  2.075 
Li/LiI ( A 1 2 0 3 ) / A g I , A g  2.109 

C a l c u l a t e d  Observed 

1 . 9 0 5 ~ 0 , 0 1 0  
2 . 0 8 0 ~ 0 . 0 1 0  
2 . 1 0 5 + 0 . 0 1 0  
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Fig. 3. Discharge curves of the Li/Lil(40 m/o AI203)/PbI~, Pb 
solid electrolyte cells (a) before storage (b) after storage. Geometric 
area of the electrode: 1.8 cm2; capacity: 5 mA-hr/cm 2 (cathode 
limiting); discharge current: 25 ~A/cm2; discharge temperature: 
25 ~ __ 2~ storage: (a) freshly made and (b) stored at room 
temperature for 2 years. 
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Fig. 4. Discharge curves of the Li/Lil(40 m/o AI203)/Pb12, Pb 
solid electrolyte cells under various constant currents. Geometric 
area of the electrode: 1.8 cm2; capacity: 5 mA-hr/cm2; discharge 
current: (a) 50 ~A/cm2, (b) 75 #A/cm 2, (c) 100 ~A/cm 2, and 
(d) 200 ~6Jcm2; discharge temperature: 25 ~ _ 2~ 

hibit  open-circuit  voltages as expected according to 
thermodynamics.  This clearly indicates that  the 
LiI(A1203) electrolytes have low electronic conduc- 
t ivi ty (5). Furthermore,  after a 2 year storage period, 
the Li/LiI(A1203)/PbI2,Pb cells exhibit  not  only the 
same open-circuit  voltage, but  also the same discharge 
characteristics as the freshly made cells. Therefore, 
one concludes that the electronic conductivi ty is indeed 
insignificant and the l i th ium iod ide-a luminum oxide 
solid is sui table as a solid electrolyte material .  

2. The conduction mechanism of the l i th ium iodide- 
a luminum oxide electrolytes is identical with that  of 
l i th ium iodide. The cation vacancies are the principal  
mobile species. 

Table II. X-ray diffraction data on (a) anhydrous Lil; (b) 7-AI203 
(600~ dried); and (c) Lil (40 m/o AI203) electrolyte 

(a) T h i s  e x p e r i m e n t  L i I  A S T M  C a r d  1-0592 

d (A) RI*  d (A) I/Io hk l  

3.43 S 3.47 100 111 
2.96 S 3.00 75 200 
2,11 S 2.12 40 220 
1.80 VS  1.81 40 311 
1.72 W 1.73 10 222 
1.50 W 1.50 6 400 
1.36 M 1.38 15 331 
1.34 M 1.34 15 420 
1.22 W 1.23 8 422 
1.15 W 1.16 8 333, 511 
1.06 VW 1.05 1 440 
1.02 W 1.02 6 531 
1.00 V W  1.00 2 600, 442 
0.95 V W  0.96 2 620 
0.92 V W  0.92 1 533 

* R I  = visual ly  observed  r e l a t i v e  i n t e ns i t i e s .  
V S  = v e r y  s t r ong ;  S = s t r o n g ;  M = m e d i u m ;  W = w e a k ;  V W  

= v e r y  w e a k ,  

(b) T h i s  e x p e r i m e n t * *  ,v-AlsO8 A S T M  C a r d  10-425 

d (A) R I  d (A) I l lo hk l  

4,56 40 111 
2.77 W 2.80 20 220 
2.39 VS  2.39 80 311 
2.28 S 2,28 50 222 
1.98 VS  1.977 100 400 
1.52 M 1.520 30 511 
1.39 VS 1.395 100 440 
1.14 W 1,140 20 444 
1.00 W 1.027 10 731 
0.99 W 0.989 10 800 
0.88 W 0.884 10 840 
0.81 W 0.806 20 844 

** Al l  l i n e s  a r e  diffuse indicat ing  s m a l l  p a r t i c l e  s ize.  

(c) T h i s  e x p e r -  
i m e n t * * *  

L i l A S T M C a r d  1-0692 
,pAl~Os 

A S T M  C a r d  10-425 

d (A) R1 d (A) I/Io hk l  d (A) I/Io hk l  

3.45 V S  3.47 100 111 
3.01 V S  3.00 75 200 
2.40 W 
2.28 W 
2.13 V S  2.12 40 220 
1.97 W 
1.81 M 1.81 40 311 
1.71 W 1.73 10 222 
1.50 S 1,50 6 400 
1.39 M 1.38 15 331 
1.34 S 1.34 15 420 
1.23 M 1.23 8 422 
1.16 M 1.16 8 333, 511 
1.06 W 1.06 1 440 
1.02 M 1.02 6 531 
1.00 W 1.00 2 600 ,442  
0.95 W 0.95 2 620 
0.92 W 0.92 1 533 

2.39 80 311 
2.28 50 222 

1,977 I00  400 

1.395 IO0 440 

*** The diffraction patterns of the LiI (20 m/o AlsOs) and LiI (60 
m/o Al2Os) electrolytes are similar to that of Table II, part (c). 

Inasmuch as the l i thium iodide-a luminum oxide elec- 
trolytes are practically pure ionic conductors, the fact 
that  only ohmic behavior was observed dur ing the d-c 
measurements  on the Li /Li I  (A12Os)/Li conductivi ty 
cells indicates the reversibi l i ty of the l i th ium elec- 
trodes with respect to the LiI (A12Oa) electrolyte. F u r -  
thermore, the activation energy for the conduction 
process in the studied temperature  range was found to 
be identical with that of l i th ium iodide in the ex- 
trinsic region (5, 7). Therefore, we conclude that the 
conduction mechanism of the l i th ium iodide-a luminum 
oxide is identical with that  of l i th ium iodide and that 
the l i th ium ion vacancies are the principal  mobile spe- 
cies (5, 7). 

3. No chemical reaction was observed between the 
l i th ium iodide-a luminum oxide electrolyte and the 
electrodes. The electrolyte is suitable for h igh-energy 
solid-state bat tery  systems using l i th ium anodes. 

The Li/LiI(A12Oa)/PbI2,Pb cells which were stored 
for 2 years exhibited identical open-circui t  voltage and 
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similar discharge characteristics as the freshly made 
cells (Fig. 3). If the a luminum oxide in the electrolyte 
were reduced by the metallic l i thium, both the open- 
circuit voltage and the discharge characteristics would 
have changed significantly due to the formation of Li20 
and A1. Figure 4 shows the discharge curves of the 
Li /Li I  (40 m / o  Al~:)3)/PbI2,Pb cells under  various con- 
stant  currents.  It  is noted that  a 100% discharge effi- 
ciency may be realized at 75 ~A/cm 2 or less indicat ing 
that  the LiI(A1203) solid electrolytes can be used in 
practical solid-state bat tery  systems. 

4. The increase in the ionic conductivi ty by the in-  
corporation of a luminum oxide in l i th ium iodide cannot  
be explained by the classical doping mechanism. 

The x - r ay  diffraction pat terns of the LiI(A12Oz) 
electrolytes showed both the l i th ium iodide and the 
a luminum oxide lines indicating insignificant solu- 
bi l i ty of a luminum oxide in  the l i th ium iodide lattice 
and vice versa. Furthermore,  no new lines were present  
in the diffraction pat tern  to show the formation of a 
solid complex between the two start ing compounds. 

It is conceivable that  Li + vacancies are created by 
the dissolution of A1203 molecules in the l i th ium iodide 
lattice (2 AP + replaces 2 Li + and 3 0 2 -  replace 3 I -  
creating 1 Li + vacancy to balance the charge).  How- 
ever, if this were the mechanism for the increased 
conductivity, one would expect that  a few mole per 
cent of A1203 would be sufficient to reach the equi-  
l ibr ium concentrat ion of the vacancies. Indeed, it was 
observed dur ing the electrolyte formation at 550~ that  
at least a substant ial  amount  of the a luminum oxide 
remained solid even at 2 m/o  indicating a less than 2 
m/o  solubil i ty of a luminum oxide in l i th ium iodide. 
Since i~t was known (5) that 1 m/o  of vacancies would 
result  in an ionic conductivi ty of about 10 -5 ohm -1 
cm -x at  room temperature,  the fact that  about 40 m/ o  

undissolved A120~ is required to a t ta in  the 10-5 ohm -1 
cm -1 conductivi ty suggests that the classical doping 
mechanism is not valid in the present  case. 

The mechanism of the conduction enhancement  will 
be discussed in a subsequent  publication. 
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Some Aspects of Sodium-Sulfur Cell Operation 
Jacques Fally, Claude Lasne, Yvon Lazennec, and Pierre Margotin 

Compagnie Gdn~rale d'Electricit~, Marcoussis, Essonne, France 

ABSTRACT 

An  exper imenta l  sodium-sulfur  cell using a be ta -a lumina  electrolyte is 
described. The cell uses carbon felt as a cathode current  collector with molyb-  
denum wires as terminals  and with a be ta -a lumina  tube. At temperatures  
between 300 ~ and 350~ and at a current  density of 0.2 A /cm 2 lifetime is 
about 200 cycles with a 30-35% depth of discharge and a power density of 0.3 
W / c m  2 at the working potential. Exper iments  at greater  depth of discharge 
are described. 

The great interest  in the sodium-sulfur  storage bat-  
tery using be ta -a lumina  as the electrolyte is due to the 
fact that the characteristics of the anodic and cathodic 
reactants  allow one to expect batteries wi th  an energy 
density higher than 150 W-hr /kg ,  under  satisfactory 
economic conditions (1-5). This fact makes the so- 
d ium-su l fur  bat tery one of the most promising power 
sources for u rban  electric vehicles when  comparison 
is made with other conventional  electrochemical sys- 
tems. 

As for any  electrochemical cell, correct optimization 
of each component (anode, cathode, separator) is of 
great importance in determining over-al l  performance. 

In  the sodium-sulfur  case, the be ta -a lumina  ceramic 
separator represents  a major  per formance-de termining  
component. It will  be discussed in a separate article. 

The present  paper is only concerned with the aspects 
connected with cell operation: exper imental  cell tech- 
nology, cathode study, long- term cycling behavior, in -  

Key words: sodium-sulfur cells, beta-alumina, high-temperature 
cells. 

fluence of electrolyte composition, and certain operat-  
ing conditions on lifetime. 

Technology and Results 
A schematic and a photographic representat ion of 

an exper imental  glass cell are shown in  Fig. 1. The 
glass-ceramic technology was chosen because it pre-  
sented no difficulty of construct ion and permit ted the 
study of fundamenta l  problems related to ba t te ry  op- 
erat ion in the laboratory. 

The two-block be ta -a lumina  electrolyte is a closed- 
end tube of 8 m m  OD and approaching a wal l  thickness 
of 600~. The active surface is about 10 cm 2. The anodic 
compar tment  consists of a glass tube  sealed off under  
vacuum and sealed to the be ta -a lumina  tube. A molyb-  
denum wire (2 m m  diameter)  is used as the terminal .  
The anode compar tment  filling is achieved by  molten 
sodium ni t ra te  bath electrolysis; this procedure avoids 
all the difficulties of handl ing metall ic sodium and pro- 
vides a h igh-pur i ty  reactant.  Ini t ia l  contact between 
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Fig. I. Sodium-sulfur experimental glass cell using beta-alumina 
closed-end tube as electrolyte 

the be ta -a lumina  and the molybdenum cur ren t  col- 
lector is made by a small  molybdenum spring. 

The cathode compar tment  consists of a sealed outer 
glass vessel surrounding the anode reservoir  and elec- 
trolyte, containing graphite felt r ings and a molybde-  
n u m  spiral as the terminal .  The sulfur  thickness is 
5 mm. Because of the larger volume of sodium poly- 
sulfide react ion product  it is necessary to put into the 
cell about 30% less sulfur  than  the theoretical absorp- 
t ion capacity of graphite felt. Before sealing the com- 
par tment ,  a low pressure of iner t  gas is admit ted to 
prevent  boil ing off of sulfur  at the testing temperature.  

The theoretical capacity of such a cell, l imited by the 
sulfur  electrode, is about 6 A-hr.  

Cycling runs  were carried out on these cells under  
the following conditions at 330~ (i) 1 hr  discharge 
at 200 mA/cm~ (power produced 300-350 m W / c m  2 
depending on the cell resistance);  (ii) 3 hr charge at 
67 mA/cm2; and (iii) depth of discharge being 35%. 

The ini t ia l  cell specific resistance, in  the range 1.6- 
2.0 ohm-crn 2 yielded a m a x i m u m  power of 600-700 
m W / c m  ~. In  order to increase the specific power, a few 
runs  were carried out under  the same cycling condi-  
tions as above with th inner  electrolytes (200-300# in 
thickness).  These were unsuccessful, probably because 
of a higher mechanical  fragil i ty when  the tube thick-  
ness decreases. 

Cathode Study 
Because of the very  low conduct ivi ty  of sulfur, it is 

necessary to use an electronically conductive mater ia l  
in  the cathode reactant.  Graphi te  felt is very suitable 
for this application, bu t  its cost is still too high for a 
practical power source. Accordingly, other cathodic 
collectors were tried, in  par t icular  graphite powder 
with a grain  size smaller  than  300~. The opt imum com- 
position for su l fur-graphi te  powder mixtures  is in the 
range  70-80 weight per cent (w/o)  sulfur  and 20-30 
w/o  graphite. F igure  2 shows that  the resistance of 
mixtures  containing more sulfur  are too high and vary  
rapidly wi th  sulfur  content,  while mixtures  containing 
more graphi te  are insufficiently fluid. It  is also appa-  
ren t  that  cathode thickness has an impor tant  influence 
on cell resistance. These data indicate that  construc- 
t ion of high capacity sodium-sul fur  cells with graphite 
powder cathodes is not  practical. For  instance, wi th  the 
same cell geometry, and at a t empera ture  of 330~ the 
par t  of the cell resistance due to the cathode is 4.6 ohm 
-cm 2 of active electrolyte surface for a 20 w/o  sus -  
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Fig. 2. Relation between graphite powder-sulfur cathode resistance 
and sulfur content for various cathode thicknesses 

pension of graphite powder in mol ten sulfur, whi le  a 
felt cathode only represents 0.5 ohm-cm 2 and contains 
5 w/o  graphite. Runs have also been carried out with 
graphite cloth, the absorption capacity of which was 
too low, and with stainless steel felts, which presented 
the same disadvantage. In  addition, with stainless steel 
considerable corrosion problems occurred. 

In  view of these observations, graphite felt was 
finally chosen as the  cathode current  collector. 

With the glass cells described above, the depth of 
discharge was limited to 40%, corresponding to the 
polysulfide composition range  Na2S5 to Na2S3. During 
charge, when the catholyte composition reaches the 
sulfur-pentasulf ide two-phase region of the sodium- 
sulfur phase diagram (6), the cell resistance increases 
considerably and the applied voltage often rose to 
values higher than 3V, above which electrolytic de- 
composition of be ta -a lumina  may occur. This rise is 
probably  forming an  insulat ing layer due to free sulfur 
formation at the cathode-electrolyte interface. How- 
ever, it was found that  if a thin (1 mm) layer  of in -  
sulat ing minera l  felt (Kaowol) was interposed be- 
tween the electrolyte and the graphite felt cathode, 
more than 70% depth discharge can be attained. An 
improvement  in depth of discharge was also noted 
when the glass wall  and molybdenum spiral were re- 
placed by a metal l ic-wal led cathode. 

Time Behavior of Experimental Cells 
Cells exhibited two kinds of phenomenology dur -  

ing cycling. 
Firstly, a progressive increase in  in te rna l  resistance 

occurred, which results in a decrease in power. In  Fig. 
3 a series of current -vol tage  characteristics is plotted 
at various stages of a cell's lifetime. After  a life of 82 
A - h r / c m  2, power at the working point decreased by 
10%. Figure  4 shows the same degradat ion in a differ- 
ent  plot; it can also be seen that  the behavior  was 

1 : O Amp-hr/cm ~ 
2: AFTER 30 Arnp-hrtcrn 2 

J [  3 -" 40 -- 
4 . .  6o 

I ~ s .. 8 2  

o I ~OJ 10,2 ~,3 10.4 [0.5 tO.6 fO.7 10,8 10,9 iI,O 
CURRENT DENSITY A/crn 2 

Fig. 3. Performance of a cell in continuous operation at 200 
mA/cm ~ during discharge and 67 mA/cm ~ during charge 
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Fig. 4. Cell energy density under various conditions of current 
density and discharge depth 

s l ight ly  different  at  150 and at  200 m A / c m  2. The lower  
"semitheoret ica l"  energy  densi ty  in one of the runs  is 
caused by  a low discharge depth  vo lun ta r i ly  l imi ted  
to 20%. (For  the  "semitheoret ica l"  energy  dens i ty  only 
the  weight  of the reactants ,  but  not  of the  container  
and  other  components,  is t aken  into account.) Sec-  
ondly, be tween  1000 and 1500 hr  of cycling, the  elec-  
t ro ly te  r a the r  suddenly  develops electronic conduc-  
t ivity,  which quickly  renders  the cell  useless. 

Influence of Electrolyte Composition 
The appearance  of electronic conduct iv i ty  in the  

e lec t ro ly te  is connected ei ther  wi th  metal l ic  sodium 
precip i ta t ion  in be t a - a lumina  or wi th  crack formation.  
Metal l ic  sodium prec ip i ta t ion  is p robab ly  a resul t  of 
the presence of foreign ions in the e lectrolyte  lattice, 
such as Mg ++, since b e t a - a l u m i n a  behavior  dur ing  
filling of the anodic compar tments  by  mol ten  sodium 
n i t ra te  electrolysis  is s t rongly  influenced by  magnesia  
addi t ions as indica ted  below. 

No difficulties have been encountered  in filling be ta -  
a lumina  tubes wi th  a 0.8 w / o  magnes ia  content  of 
to ta l  be t a - a lumina  using the e lectrolyt ic  process. How-  
ever, no cell  wi th  a magnes ia  content  of 3 or 6 w / o  
could be filled by  electrolysis.  In  such cases, meta l l ic  
sodium appears  in the  e lec t ro ly te  in the form of b lack  
dendri t ic  accumulat ions as seen in Fig. 5. This phe-  
nomenon, which is thought  to be caused by  in te rna l  
discharge of sodium ions, is first in i t ia ted  at  the  so- 
d i u m - b e t a - a l u m i n a  interface,  then  progresses th rough  
the  whole  ceramic producing  a short  circuit.  The im-  
poss ibi l i ty  of filling be t a - a lumina  tubes wi th  a high 
magnesia  content  by  the  e lectrolyt ic  method is p rob -  
ab ly  due to the same phenomenon.  Indeed, filling has 
been shown in the  present  w o r k  to be possible if elec-  
t ro ly tes  containing only 0.8% magnesia  are  used. F rom 
the da ta  in Table  I it  m a y  be seen that  the  l i fe t ime of 
expe r imen ta l  cells g rea t ly  depends on b e t a - a l u m i n a  
composition. Thus, from a prac t ica l  point  of view, the  
l i fe t ime improvement  obtained by  using add i t ive - f ree  
e lec t ro ly tes  compensates  the  smal l  decrease in specific 
power  due to an increase in resist ivi ty.  In  addition, it  
m a y  be concluded that  high impur i ty  levels are  the  

Fig. 5. Metallic sodium precipitation in beta-alumina containing 
3 w/o magnesia during filling of electrolyte tubes by molten sodium 
nitrate electrolysis 

cause of the  poor resul ts  obta ined wi th  commercia l  
be ta -a lumina .  

Other  evidence of the  impor tance  of impur i t ies  is 
shown by the fact  that  potass ium and silicon (etched 
from the  glass by  mol ten  sodium) pene t ra te  into be ta -  
a lumina  dur ing cycling to give levels h igher  than  1%. 
F igure  6 is an e lec t ron microprobe  pho tograph  show-  

Table I. Correlation between chemical composition and lifetime 

Li fe t ime  
Electrolyte composi t ion ( A - h r / c m  2) R e m a r k s  

Commercial E-alumina 17 

8.5 AI~O~, Na~O + 0.8 w / o  MgO 31.5 
8.5 AlcOa, Na~O + 3 w / o  MgO 
8.5 A12Oa, Na~O + 6 w / o  MgO 
8.5 Al=Os, Na20 90 

High impurities level 
(3000 ppm)  

D a m a g e d  d u r i n g  filling 
D a m a g e d  d u r i n g  fil l ing 
L o w  impur i t i e s  level  

(70 ppm)  

Fig. 6. Beta-alumina contamination by potassium from glass 
corrosion as seen by electron microprobe examination 
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Fig. 7. Discharge curves of three cells with different amounts of 
excess sodium (compared with Na2S3 stoichiometry) 

ing the potassium distr ibut ion in the electrolyte. I t  is 
possible that  these impuri t ies  also have effect on life- 
time. 

Effect of Operating Conditions 
As already indicated no significant influence of cur-  

rent  density in the 150-200 m A / c m  2 range on cell 
l ifetime is observed. 

Nevertheless, polari ty reversal  exper iments  on some 
cells (by prolonging discharge beyond Na2S3) seem 
to show another  possible cause of cell degradation. 
Cell life may also be l imited by mechanical  s trains due 
to solid reaction products. Prolonged discharge curves 
of three sodium-sulfur  cells are shown on Fig. 7. These 
cells differ by the sodium amount  available in their 
anodic compar tment  compared with that required for 
Na2S3 stoichiometry. 

Those data indicate that:  (i) inversion of cell po- 
lar i ty  occurs as soon as the catholyte composition 
reaches Na2S3; (ii) a voltage plateau occurs at an 
overpotential  of about --0.6V; (iii) a second voltage 
drop occurs corresponding to sodium depletion in cases 
where it is not  in great excess (cf. curve for 36% ex- 
cess in Fig. 7); and (iv) the electrolyte ruptures  at a 
composition of about Na2S2 if there is a sufficient ex- 
cess of sodium. This rup ture  seems to be induced by 
the presence of solid sodium polysulfides. During nor-  
mal operation this occurs despite control of the total 
faradaic balance, indicat ing the total cathode composi- 
tion. It  is possible that  such solid reaction products 
locally occur at the cathode-electrolyte interface, and 
break the ceramic. Such a point  of view is supported 
by Fig. 8 which is a scanning electron microscope 
photograph of be ta -a lumina  which has received nor -  
mal  cycling. Superficial grains show conchoidal frac- 
tures. Polysulfide solidification dur ing cooling of dis- 
charged cells can probably cause the same effect. 

Conclusion 
The detr imental  influence of magnesia additions on 

cycle life (and probably of a number  of other im-  
purities introduced dur ing electrolyte preparat ion or 
cycling) resulted in the use of only be ta -a lumina  elec- 
trolytes, without  additives, and of rigidly controlled 
pur i ty  (<70 ppm) in  the sodium sulfur  cell. Contami-  
nat ion of be ta -a lumina  by potassium and silicate (or 
silicide) ions from glass seals can, however, only be 

Fig. 8. View of beta-alumina surface after operation in sodium- 
sulfur cell (scanning electron microscope) 

avoided by a new exper imental  cell technology. Con- 
tro! of catholyte composition (i.e., the working range 
on the discharge curve) also seems to be an impor tant  
factor in cell longevity. 

The average lifetime obtained to date is 90 A - h r /  
cm 2, with an upper  l imit  of 150 A - h r / c m  2. It seems 
necessary to us to double this figure before a bat tery in 
the range of few hundred  watts can be constructed. 
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ABSTRACT 

The s t ruc tura l  p roper t ies  of sodium a lumina tes  (be ta -a luminas )  as ionic 
conductors  have  been studied. The A1203-Na20 d iagram for A1203 above  84 
mole  per  cent  be tween  1100 ~ and 1600~ is described.  The fabr icat ion of c losed-  
end tubes (for use as ba t t e ry  e lec t ro ly te)  by  e lect rophoret ic  deposi t ion is 
shown to give a useful  and reproducible  product .  F inal ly ,  the physical  and elec-  
t r ica l  p roper t i e s  of sodium-conduct ing  ceramics p repa red  in  this  w a y  a re  
evaluated.  

As shown in a preceding paper ,  studies of sodium-  
sulfur  ba t ter ies  have indicated the s trong influence of 
the  B-alumina e lec t ro ly te  on cell  operat ion.  I t  has ac-  
cordingly  been necessary to s tudy the s t ruc tura l  p rop-  
ert ies of sodium a luminates  as e lect rolytes  for opt i -  
mizat ion of cell performance.  

Pure  /~-alumina e lec t ro ly te  c losed-end tubes, wi th  
and wi thout  addit ives,  have  been prepared .  The chem-  
ical, physical,  and e lect r ica l  p roper t ies  of these tubes 
have  been de te rmined  in re la t ion  to op t imum cell  
operation.  

Phase Diagram and Structural Properties Study 
Al~Os-Na20 phase diagram.--Recent work  in th is  l ab -  

o ra to ry  has examined  the A1203-Na20 system (1) for 
a lumina  concentrat ions  h igher  than  84 mole pe r  cent 
(m/o ) .  The method used a sodium oxide vapor  loss. 
Phases  were  identif ied by  x - r a y  diffraction. I t  has been 
shown tha t  depending on t e m p e r a t u r e  the  phases p res -  
ent  have /~-alumina s t ructure  (genera l ly  accepted 
N a 2 0 .  llA12Os) (2) and ~"-a lumina  s t ruc ture  (wi th  
the  theoret ical  fo rmula  Na20 �9 5.33A1203) (3-5). Be ta" -  
a lumina  p repared  by  sol id-s ta te  reac t ion  be tween  
a - a l u m i n a  and sodium carbonate  above  1O50~ is a l -  
ways  present  wi th  E-alumina.  Above  14O0~ the  p ro -  
por t ion  of B-alumina in the  mix tu re  increases and at 
1550~ the t ransformat ion  8" -~ P is complete.  

This t ransformat ion  is not  reversible .  I t  would  appear  
tha t  only  the  B-phase is stable.  

As shown in Fig. 1, the  domain of the  E-phase ex-  
tends  up to 140O~ from Na20"  5.33A1203 to Na~O. 
8.5A1203. The  zone represen ts  the  coexis tence domain  
of p and /~". By ex t rapo la t ion  of the obta ined domain  
boundar ies  to  melt ing,  we  get  a per i tec t ic  point,  t he  
composit ion of which is about  Na20-8.SA12Os. I t  is 
r emarkab l e  that  Na20.11A1203 E-alumina is outside 
the  domain~ The resul ts  obta ined confirm those of other  
workers  for  the  t e m p e r a t u r e  range  above 1700~ (6, 7), 
and  ex tend  the  Na~O-AI~Os d i ag ram to lower  t e m -  
peratures .  

Structure.--As p and 8" phases a lways  coexist,  c rys -  
ta l lographic  aspects of the i r  jux tapos i t ion  were  studied. 

Crysta ls  of composi t ion corresponding to the  zone de-  
scr ibed above  were  grown using a l ead  oxide  (PbO)  
evapora t ion  flux method,  (6). Weissenberg  and oscil- 
la t ing crys ta l  pa t t e rns  were  obta ined and compared  
wi th  those corresponding to pure  B-alumina.  F igure  2 

represents  pa t t e rns  obta ined  around c axis  on/3 and on 
P Jr 8". Both photographs  show tha t  al l  E-a lumina r e -  
flections sat isfy the  P63/mmc space group whose p a r a m -  
eters  for a hexagona l  la t t ice  a re  a = 5.50A and c = 
22.52A. 

Fo r  the  f] Jr ~" pa t t e rn  a second reflecting sys tem ap-  
pears, located at  about  the  th i rd  f rom pa i r  p lanes  of 
E-alumina.  The sys temat ic  ext inct ions  and the different  
s y m m e t r y  e lements  iden t i fy  wi thout  ambigu i ty  ~"-a lu-  
mina  (whose space group is R 3 m) in a hexagonal  

Key words: beta-a lumina,  solid electrolyte, sodium sulfur battery. 

mul t ip le  cell description,  y ie ld ing  the pa rame te r s  a" - -  

5.58A and c" = 33.95A where  the  ~" and c '~' direct ions 

are  in perfect  coincidence wi th  the  ~ and c direct ions 
of B-alumina. 

Hence we m a y  assume tha t  hexagonal  E-a lumina 
(s table  phase)  and rhombohedra l  p"-ralumina (meta -  
s table  phase)  coexist  in epi taxy.  

Electrolyte Preparation 
Taking into account the above results,  only hexagonal  

E-alumina was used for e lect rolyte  prepara t ion .  This is 
a two- s t ep  process, viz., synthesis  of B-alumina by  
fusion and fabr icat ion of c losed-end tubes.  

Synthesis of E-alumina by fusion.--Beta-alumina has 
been obtained by  induct ion mel t ing of a m ix tu r e  of 
a - a lumina  and sodium carbonate  in a wa te r -coo led  
copper  crucible.  The ini t ia l  m ix tu re  composi t ions used 
var ied  be tween Na20.5.33A1203 and Na20- l lA12Oa.  
In some cases addi t ions  of magnes ia  and zirconia were  
incorpora ted  in the  mix tures  before  melt ing.  

The fused mass was in each case first crushed, then 
mi l led  in a s ta in iess-s tee l  ba l l  mill .  Metal l ic  impur i -  
t ies in t roduced dur ing  mi l l ing  were  leached out by  h y -  
drochloric  acid, which also e l iminates  the  sodium a lu-  
mina te  sometimes present.  This method gives powders  
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Fig. 1. Existence range of B-alumina. B Jr P" coexist in the 
cross hatched region of the diagram. 
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Fig. 2. Oscillating crystal patterns around r axis of hexagonal 
lattice (/~- and/~ -~ #"-aluminas). 
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pended in an  organic solvent and electrically charged 
by adsorption of positive charges from dissociation of a 
dissolved organic acid. Using this method, homogeneous 
s of wall  thickness between 200 and 2000 #m may  
be obtained. In  general, tubes used in exper imental  
cells had a wall  thickness of about 600 ~m. 

Sinter ing was carried out at about 1850~ in air wi th  
a propane-oxygen furnace. Be ta -a lumina  crucibles are 
used to prevent  sodium loss from the tubes, which 
becomes important  at 1500~ Their  sodium oxide con- 
tent  automatical ly determines the final content  of the 
tubes. We have established that the firing tempera ture  
may  be lowered to 1700~ by using a 1 w/o  zirconia 
addition. Magnesia, however has no effect on sintering. 

Analysis and Characterization of Electrolytes 
Analysis  and physical characterization were per-  

formed to obtain reproducible electrolytes and to ob- 
ta in  correlations between their  properties and their  
electrochemical behavior. 

Chemical analysis.--The sodium content  of the fl-alu- 
mina  was determined by atomic absorption after dis- 
solution of ~-a lumina  in l i th ium borate. The error of 
this method is --~ •  The sodium content  of the ma-  
jor i ty  of electrolytes was about 6.2 __ 0.2 w/o.  

The impur i ty  content  of the tubes and the powder 
were measured by spark-source mass spectrometry. 
Table 1 shows that the /~-a lumina powders obtained are 
of high pur i ty  and that  the manufac tur ing  process does 
not substant ial ly contaminate  the electrolytes. 

Ion and electron microprobe examinat ions were  used 
for impur i ty  dis t r ibut ion determinations.  This method 
showed that zirconium is localized at grain boundaries,  
while magnes ium is found in the ~-a lumina lattice. 

Figure 4 is a scanning electron microscope photo- 
graph of a f rac tured/~-a lumina  tube showing cleavage. 

Physical characterization.--Crystalline structures 
were determined by x - r ay  diffraction. The density of 
the tubes measured by the hydrostatic method in  te t ra-  
bromoethane was between 3.15 and 3.20 cm3/g. 

Micrographic examinat ions were carried out on pol- 
ished samples etched with pure boil ing orthophosphoric 
acid. They showed the dis tr ibut ion of porosity near  

with a low level of metall ic impuri t ies  as shown in 
Table I. Their  specific surface area is about 2 m2/g. 

Fabrication of closed-end tubes.--Tubes were formed 
by electrophoretic deposition of /~-alumina on a meta l -  
lic rod. (Figure  3 is a schematic view of the electro- 
phoretic deposition apparatus.)  The powder was sus- 

Table I. Spark mass spectrometry analysis of F-alumina samples 

E l e m e n t s  M g  Si  K Cr F e  C u  G a  

P o w d e r  10 8 13 5 15 2 3 

Tube b e f o r e  
w o r k i n g  1.5 20  20  - -  16 1 7 

T u b e  a f t e r  
w o r k i n g  I 0  ~ 1 5 0  ~ 7 6 0  5 17 2 ? Fig. 4. Fracture scanning electron microscope examination of a 

fl-alumina tube showing cleavage. 
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Fig. 5. Grain size distribution of powder and of fl-alumina tube 

gra in  boundaries ,  the  possible  presence  of a second 
phase  (perhaps  a - a lumina ) ,  and the gra in  size dis-  
t r ibut ion.  F igure  5 shows tha t  the  average  gra in  size is 
about  15 ~m. Comparison wi th  the  gra in  size d i s t r ibu-  
t ion of the  powder  shows tha t  the  g ra in  g rowth  d u r -  
ing  s inter ing is low. 

The  s in ter ing  process used represents  a compromise  
be tween  the  condit ions for  smal l  g ra in  size and  low 
res idual  porosity.  

Electrical characterization.--A four -p robe  a-c  tech-  
nique at 1000 I-Iz enabled e lec t ro ly te  res is t iv i ty  to be  
measured  d i rec t ly  on tubes�9 Accuracy  of the  method  is 
•  ohm-cm at 350~ and is independent  of the  f re -  
quency (in the range  200-100,000 Hz).  Elect r ica l  con- 
tacts  were  made  wi th  p l a t i num wire  and p l a t inum or 
s i lver  paste. 

Resis t ivi ty  of low soda content  samples  containing 
a - a lumina  reaches  20 ohm-cm.  On the  other  hand, mag-  
nesia addi t ions  decrease  the res is t iv i ty  to 8 ohm-cm.  
Values  of 5 ohm-cm are  obta ined by  use of zirconia 
addit ives.  

These values  are  the  lowest  for # -a lumina  compared  
to the  l i t e ra tu re  (8-10). 

Discussion 
The above charac ter iza t ions  of the  different  e lec t ro-  

ly tes  s tudied lead  to evident  correla t ions  be tween  thei r  
e lectrochemical  behavior  and thei r  propert ies .  In  pa r -  
t icular ,  magnesia  addi t ions which  decrease the  res is t iv-  
i ty  are  undes i rable  wi th  regard  to expe r imen ta l  cell  
l i fe t ime (11). A res is t iv i ty  of 13 ohm-cm at 350~ of 
the  pure  # -a lumina  e lec t ro ly te  seems sufficiently low 
for its use in a h igh-power  ba t te ry .  

A considerable  incorpora t ion  of impur i t ies  in the  
electrolyte ,  especial ly  of potass ium and silicon, took 
place  dur ing cycl ing in our glass cells. This m a y  be e x -  
p la ined  by  the corrosion of the  glass by  mol ten  sodium, 
and can perhaps  account for a subs tant ia l  pa r t  of ba t -  
t e ry  aging. In  addition, sodium analysis  of e lect rolytes  
a f te r  cycling indicates a sodium oxide content  of about  
6.2 w/o.  This corresponds to the  or iginal  composition, 
which  is therefore  not modified by  e lec t rochemical  cy -  
cling. 

L i fe t ime is also a function of tube wa l l  thickness,  
th icker  tubes giving a longer  l i fe t ime (11). 

Conclusions 
A s tudy of the  s t ruc tura l  proper t ies  of #-aluminas,  

and the correla t ions  discussed above, demonst ra tes  tha t  
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Fig. 6. Variation of log resistivity of #-alumina tubes vs. reciprocal 
temperature 

the e lec t ro ly te  deve loped  in this  work  is f l-alumina, 
wi thout  addi t ions and wi th  a low impur i ty  level. 

In  addition, the  manufac tur ing  process produces elec-  
t ro ly te  tubes wi th  reproduc ib le  chemical,  physical ,  and 
electr ical  propert ies .  

The average  l i fe t ime of e xpe r ime n t a l  cells using 
these tubes (600 ~m wal l )  is about  90 A - h r / c m  ~ (cur-  
ren t  densi ty  200 m A / c m  2 dur ing  discharge)  as dis-  
cussed prev ious ly  (11). 

I t  would  appear  tha t  a ve ry  long l i fe t ime may  be 
eb ta ined  with  such electrolytes .  For  this  it  is necessary 
to avoid any contaminat ion  of the e lec t ro ly te  dur ing  
operation.  A thorough knowledge  of the  degrada t ion  
mechanism is also necessary.  This is the  subject  of 
cur ren t  work.  
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Transient Response of the System Ta/TaOJElectrolyte 
I. Ion Current Transients 

D. F. Taylor ,,1 and/vl. J. Dignam* 
Department o~ Chemistry, University of Toronto, Toronto 181, Ontario, Canada 

ABSTRACT 

The dielectric relaxat ion model for ion current  t ransients  is tested against 
both new data obtained under  potentiostatic conditions and data obtained by 
Dewald under  galvanostatic conditions. A single set of system constants re-  
produces both sets of data. As has been already shown for the system 
A1/A12OJelectrolyte, some of the system constants appear to vary  slightly 
with film formation conditions, a possible consequence of minor  s t ructural  or 
compositional changes. The results of a-c impedance measurements  made 
dur ing  steady-state film growth were also reproduced by the same set of sys- 
tem constants for frequencies below 1 kHz. Above 1 kHz, an anomalous in -  
crease in  a-c conductance with increasing frequency was observed. 

The purpose of this paper (Parts I and I1 ~) is to 
test the dielectric relaxat ion model for ion cur ren t  
t ransients  (1-8) against a variety of forms of data for 
the valve metal -oxide  system Ta/Ta2OJelec t ro ly te  
(0.2N H2SO4). In  Par t  I, the model is first presented in 
greater  mechanistic detail than heretofore, incorporat-  
ing the substant ial  modifications which have been made 
(2-8) since its inception (1). Equations re levant  to ion 
current  t ransients  are then derived and compared 
against new and published data. 

Other models which have been proposed to account 
for ion current  (faradaic current)  t ransients  in con- 
nection with the anodic oxidation of the valve metals 
(pr incipal ly Ta, Nb, A1, and Bi) are the high field 
Frenke l  defect model (9, 10) due to Bean et al. and the 
ionic avalanche model (11-13) due to Young. It  was 
Young who first showed that  the form of potentiostatic 
ion current  t ransients  for the t an ta lum system could not 
be accounted for, even quali tatively,  by the high 
field Frenke l  defect model (11). Subsequently,  Dignam 
and Ryan  showed the same was t rue  for the a luminum 
system (14). 

Young proposed the ionic avalanche model specifi- 
cally to account for potentiostatic transients,  which it 
does do quali tatively.  The fit achieved, however, is not 
very good and the fitting parameter  varies with field 
strength. Since the mechanism under ly ing  the equations 
has not been set out in any detail, it is nei ther  possible 
to make an independent  estimate of the fitting pa ram-  
eter nor  even to predict the form of its dependence on 
field strength. Furthermore,  the model has not been 
developed to the point where it can be tested against 
data for any other form of transient .  

Final ly,  Adams, van  Rysselberghe, and Willis [ref. 
(15), sec. 20.5] have proposed a mechanism in  which 
the ra te-control l ing step is inject ion of interst i t ial  
metal  ions at the meta l /oxide  interface, with the n u m -  
ber of sites at which inject ion can take place being con- 
trolled by the concentrat ion of step sites at the in ter -  
face, which in  t u rn  is assumed to depend on the rate of 
oxide formation through, for example, the properties of 
screw dislocations. The model has not  been set forth in 
mathemat ical  terms and hence cannot  be tested against 
the results of kinetic measurements .  

For  the reasons outlined, only the dielectric re laxa-  
t ion model is tested in this paper. 

Theory 
The pr incipal  postulates on which the dielectric re -  

laxat ion model is based are: 

* Electrochemical  Society  Act ive  Member .  
1 P r e s e n t  addres s :  G e n e r a l  E lec t r i c  C o m p a n y ,  Resea rch  a nd  D e v e l -  

o p m e n t  Center, Schenectady,  N e w  York 12301. 
Key words:  anodic oxidat ion of  Ta,  transient  response,  anodic 

f i lms,  t h i n  f i lms,  a n o d i c  ox ides ,  t a n t a l a  f i lms,  a-c i m p e d a n c e  of an-  
odic  tantala f i lms.  
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1. Defect injection at one of the interfaces consti- 
tutes the ra te-control l ing step for ion conduction 
through the oxide film. 

2. Dielectric relaxat ion processes occur wi th in  the 
oxide phase and are responsible for ion current  t r an -  
sients. 

In  order to derive analytic expressions relat ing the 
current  density, field s trength in the oxide film, and 
time, these postulates require considerable amplifica- 
tion. A difficulty arises, however, since wi thin  the 
f ramework provided by postulates 1 and 2, a number  of 
models can be proposed which u l t imate ly  predict the 
same form for the t ransient  response of the system. We 
have chosen to handle this problem by developing a 
very specific model, indicating in the process, however, 
the al ternatives which exist. 

Before a model for the interfacial  process can be 
presented we require  a mechanism for ion t ransport  
wi th in  the oxide film. In  the remainder  of this section, 
a description of mobile ionic defects is presented fol- 
lowing which postulates 1 and 2 are amplified in turn.  

Nature o5 mobile defects.--The dielectric relaxat ion 
model of ion current  t ransients  can be developed from 
almost any model for the mobile defects. Only the 
t ransport  mechanism due to Dignam (16, 2, 4, 8) how- 
ever appears to be consistent with the unusual  t rans-  
port number  values found for the valve metal-oxide 
systems (8). We proceed, therefore, on the basis of this 
mechanism, which is summarized briefly below. [For 
fur ther  details see ref. (8).] 

The model is directly applicable to odd valent  (M20~ 
and M20~) vitreous metal  oxides only, although it 
can be extended to cover some mixed vitreous oxides. 
Using the random network  model of the vitreous state 
due to Zachariasen, a "network" defect pair  can be 
imagined to be formed by the rup ture  of one of the 
meta l -oxygen bonds in an ionic fashion, followed by 
separation of these "ionized dangling bonds" through a 
series of par tner  exchanges. Alternat ively,  one may 
imagine forming such a defect pair by t ransferr ing the 
molecular ionic group TaO2 + from one region of the 
vitreous oxide to another, then allowing the structure 
to relax in  the two per turbed regions. In either case 
the defect pair may be described as one region with a 
stoichiometric excess of one-hal f  an oxygen ion, and 
another  with a stoichiometric excess of one-fifth of a 
t an t a lum ion. The properties of these defects of im-  
portance in  the present  s tudy are that  they bear  a 
charge of - -e  and -i-e, respectively, where  e is the 
charge on the proton, and that  defect migrat ion occurs 
via a cooperative motion of both the metal  atoms and 
the oxygen atoms in the neighborhood of the moving 
defect, such motion const i tut ing i rreversible  displace- 
ment  of the atoms, no single atom, however, being dis- 
placed as far as one interatomic distance. 

1299 
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In  addition to accounting for t ransport  number  data, 
this t ransport  mechanism predicts the correct value 
for the activation energy for ionic conduction in bu lk  
vitreous BzO3 (8). 

Model Sot interracial controL--The postulate that  de-  
fect inject ion at one of the interfaces constitutes the 
rate-control l ing step for ion t ransport  through valve 
metal  oxide films was first proposed by Mott and Ca- 
brera (17). The justification for this postulate in  the 
case of the valve metal-oxide systems follows. 

In  general, a space charge region must  exist near  the 
interface (or interfaces) at which the ionic defects 
enter  the film (15, 8). Space charge effects have been 
investigated for the t an ta lum system by both Young 
(18, 19) and Vermilyea (20-22), the results l imit ing the 
thickness of the characteristic space charge length for 
the system either to the order of 10A or less, or to 
very  much larger than the film thickness, i.e. :~ 105A. 
If the former is the case (which corresponds to bu lk  
control) the concentrat ion of mobile ionic defects must  
be of the order of the lattice ion concentration, which is 
improbable. If the la t ter  is the case, then the rate wil l  
be controlled at one or both of the interfaces. 

There is no very convincing evidence upon which a 
decision between control at one or the other interface 
can be made. Thus lack of dependence of the kinetics 
of film growth on the crystallographic orientat ion of 
the metal  surface (18, 23) does not  preclude rate con- 
trol at the metal-oxide interface, as noted in  ref. (8), 
p. 217. As electrolyte composition does appear to have 
a small effect on the interfacial  kinetics [see ref. (8), 
p. 229] we have chosen to develop the model on the 
basis of control at the oxide/electrolyte interface. It 
is fair to say, however, that  at present  no general ly  
accepted model of the oxide-solution double layer 
exists. The details of the following development  are 
accordingly in  considerable doubt. Fortunately,  the 
forms of the result ing equations, Eq. [5] and [7], are 
preserved on al ter ing m a n y  of the details of the in ter -  
facial processes, including the interface at which the 
rate  is assumed to be controlled. The following should 
therefore be considered only as one example of a 
model for the interfacial  processes which leads to [5] 
and [7]. 

Equi l ib r ium is assumed to be main ta ined  with re-  
spect to reactions of the following type 

+ H~O ~ [1] 

\ M  /su~a*e k M--OH/~u~ace 

with the interracial  electrochemical reaction being 
represented by  

(M--OH)surface--> (M---O-)surrace + H+aq [2] 

[For fur ther  details see ref. (8).] Vermilyea (24) has 
demonstrated that rapid proton exchange takes place 
be tween the surface region of anodically formed Ta205 
and the electrolyte. We assume, therefore, that  [2] and 
its reverse are in equil ibrium, giving 

1 [ nG%a--edEd  ] 
m = (Mp -- m) - -  exp -- [3] 

X(H+) }r 

where Mp is the total number  of surface hydroxyl  
groups and O -  groups per uni t  area at the f i lm/double-  
layer  interface, m the n u m b e r  of excess negative 
charges per uni t  area at this interface arising from pro- 
ton abstraction, X ( H  +) the mole fraction (or Raoult 
law activity) of hydrogen ions at the outer Helmholtz 
plane, AG~ the s tandard free energy change for pro-  
ton abstraction, and edEd the electrical energy term 
for proton abstraction with Ed the field s trength in  the 
double layer of effective thickness d, and e the charge 
on the proton. We have used the convent ion of choosing 

the sign of Ed to be positive for anodic film growth, 
which differs from that used in ref. (8). 

Assuming now that  each site of excess negative 
charge acts as a site for inject ion of an anion ne twork  
defect bear ing a charge - -e  into the oxide film, we have 
for high field strengths (17) 

i = em~o exp [--(Qo - ebEd)/kT] [4] 

where vo, Qo, and b are the kinetic f requency term, ac- 
t ivation energy, and activation distance, respectively, 
for defect injection, and i the ion cur ren t  density or 
faradaic current  density: In  wri t ing [4], it has been 
assumed that  the field assisting defect inject ion is that 
in the double layer, Ed, ra ther  than that  in  the bu lk  
of the film, say. 

For Mp ~ >  m, el iminat ion of m between [3] and [4] 
and setting AG~ --- AHOpa - -  TAS~ yields 

i = io exp [ - - W ( E d ) / k T ]  [5] 
where 

io = evo [exp (AS~ (H + ) 
and 

W(Ed) = (AH%a -~- Qo) - e (d  ~- b)Ed [6] 

If a quadratic field term is included in  Eq. [3] and /o r  
Eq. [4] (5, 8), Eq. [6] takes the form 

W ( E d )  = Qe - u*Ed(1 - -  U*Ed/CQe) [7] 

where the effective activation energy at zero field 
strength, Qe -- AH~ -}- Qo, and the effective activation 
dipole at zero field strength, u* = e(d  -~ b)Ed, while 
C is a dimensionless constant, the value for which is 
determined by the mechanism or mechanisms leading 
to the quadratic field term (5, 8). 

Assuming that  space charge wi th in  the oxide film 
is negligible, a condition which must  apply if ion 
t ransport  is controlled ent i rely at an interface, the 
field s t rength in the film, E, is related to that  in the 
double layer, Ed through the equation 

eoKdEd -}- me = eoE + P [8] 

where ~o is the permi t t iv i ty  of free space, Kd the effec- 
tive dielectric constant of the double- layer  region, and 
P the polarization of the oxide film. Equat ion [8] is 
simply the  cont inui ty  condit ion on the normal  com- 
ponent  of the electric displacement (allowing for sur-  
face charge) applied to the oxide/double- layer  in te r -  
face. 

I t  can be shown [ref. (8) p. 174] tha t  eo/~dEd wil l  
be very much larger than the surface charge density, 
me, for the Ta/Ta2Os/electrolyte system provided that  
AG~ ~ 0.8 eV, whereas it would appear that  AG~ 
has a value of about 1.3 eV [ref. (8), p. 235]. Accord- 
ingly, me will  be neglected in  comparison with eoKdEd. 

P may be wr i t ten  in terms of a fast component, PI, 
which follows the field in the normal  manner ,  i.e., 
P1 : eoX1E, and one or more slow components P~, 
k : 2,3 . . . .  viz. 

P : eoxlE ~- ~- Pk [9] 
k=2,3 . . .  

so that  [8] becomes, on neglecting me 

eoKdEd : eoK1E ~ Z Pk [10] 
k=2,3. . .  

where  K1 = 1 -~ xl and is the dynamic dielectric con- 
stant  of the film. 

Under  steady-state conditions of constant  E and i, 
the polarization components Pk, k = 2 ,3 . . .  will  u l t i -  
mately  take up their equi l ibr ium (or steady-state) 
values, i.e., P~ = eox~E, k = 2,3 . . . ,  in which case [10] 
reduces to 

KdEd = KsEss [11] 

where the subscript ss denotes s teady-state  conditions, 
and Ks ---- 1 + xl + x2 + x3 . . .  is the static dielectric 
constant of the oxide. Equat ion [11], with [5] to [7] 
gives 
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is~ = {o exp [--W~s ( E ) / k T ]  [12] 

Wss (E) = Qe - U*ssE (1 - U*ssE/CQe) 

where U*ss -- u*Ks/Kd and is the effective steady-state  
activation dipole. Young (25, 26) has shown that  the 
inclusion of a quadrat ic  field te rm in Wss(E) can ac- 
count for the kinetics of steady-state film growth on 
Ta and Nb, while Dignam e t a l .  (27, 28) have shown 
the same to be the case for A1. 

Equat ion [12] may  be wr i t ten  

i s s  : .a exp ~sE [13] 

where #s.~ : U*ss (1-2 U*s~E/CQe)/kT and is the dif- 
ferential  s teady-state  field coefficient, while 

a : io exp [-- (Qe - (U*ssE)2/CQe)/kT] 

For a series of measurements  made at a fixed tem- 
perature, since E varies by only a few per cent for 
several decades change in iss, ;~ss and ~ may be treated 
as essentially independent  of E. Similar ly [5] may be 
wr i t ten  

i : e exp #Ed [14] 
where 

~/Kd = ~s~/Ks [15] 

For conditions in which the applied field strength 
i s  changing very rapidly, [10] gives KddEd/dt = 
KldE/d t ,  which with [14] gives 

Lim 
d l n i  

: ~tE [16] 
dE 

dE/dt  large 

where the t ransient  differential field coefficient, ;h, is 
given by 

fl/Kd : fit~K1 : flss/Ks [17] 

The ratio of the steady-state to the t ransient  field co- 
efficient is thus equal to the ratio of the static to the 
dynamic dielectric constant for the film. [For fur ther  
and more detailed discussion relat ing to the field co- 
efficients, see ref. (8).] Vermilyea (29) was the first 
to note that  two field coefficients are required to 
characterize the behavior  of many  of the valve meta l -  
oxide systems. 

Kinetics  of polarization.--To complete the develop- 
ment  of the model we require expressions describing 
the t ime dependence of the "slow" polarization com- 
ponents. The form chosen for these kinetics dictates 
the form of the t rans ient  kinetics predicted. The rate 
of change of a thermal ly  activated polarization process 
is often expressed as (15) 

(dPi ' /dt)  : (1/Tj) (eoxj'E -- P~'), j : 2 ,3 . . .  [18] 

Equat ion [18] predicts ion cur ren t  transients '  for a 
constant field, and field t ransients  for a constant ion 
current,  that  decay with a characteristic time or times 
which are simply related to the ~j and hence indepen-  
dent  of i. Experimental ly,  however, the characteristic 
t ime for decay of the t ransients  is found to be pro- 
port ional  to 1/i (3, 7, 10, 14). To obtain this result, the 
polarization kinetics for sufficiently high ion current,  i, 
must  take the form 

Lira dP~r 
�9 : Bki(eoXkE -- Pk), k : 2 ,3 . . .  [19] 

i large dt 

If ne twork  defects are responsible for ion t ransport  
through vitreous oxide films their  passage through the 
film will  be accompanied by local i rreversible struc- 
ture changes, such changes consti tut ing in  general  
polarization changes. For  large enough ion current,  
this could consti tute the principal  mechanism whereby 
the "slow" polarization components decay to their  
equi l ibr ium (or steady-state)  values, and would  lead 
to Eq. [19] with eBk being a measure of the interact ion 
cross-sectional area for the moving ne twork  defects in 

relat ion to the kth polarization component;  i.e., if the 
passage of a network defect through the film is as- 
sumed to bring about equi l ibr ium polarization for the 
polarization component Pk within  a distance rk of the 
defect, then Bk ---- :~rk2/e. 

The total rate of change of P, including thermal ly  
activated processes, is now obtained on combining [9], 
[18], and [19], viz. 

dP dE 
Bki(eoxkE -- Pk) - q V  = ,ox, T + k=2.3... 

+ ~ (1/Tj) (eoxj'E -- Pj ')  [20] 
j = 2 , 3 . . .  

Note that we are not entit led to set P2 = P2', x2 = x2' 
etc., since P is divided into components P2', P 3 ' . . .  on 
the basis of the activation energies for the polarization 
processes, whereas it is divided into the components 
P2, P 3 . . .  on the basis of s t ructural  features and their  
association with the mechanism of ne twork  defect 
migration. It must  be true, however, that 2Pk ---- zPj' ,  
and Z x k  ----- ~x~'. 

In summary,  the set of kinetic equations for this 
model are given by [10], [14], and [20]. 

E x p e r i m e n t a l  
Potentiostatic ion current  t rans ients . - -The  apparatus 

used for forming the tantala  films and for the measure-  
ment  of the t ransients  has been described (6). In  a 
typical run, anodic oxidation of a Ta electrode was 
carried out galvanostat ical ly in 0.2N aqueous H2804 at 
2.39 X 10 -4 A �9 cm -2 and 22.6~ up to a potential  of 
45.18V vs. Hg/Hg2SO4/H2SO4 (0.2N). Following care- 
ful r insing in distilled water, they were then stored at 
room tempera ture  in air for a period of at least one 
month before being used for potentiostatic ion current  
t ransient  measurements.  This long wait ing period was 
to ensure that the "slow" polarization components had 
decayed substant ia l ly  prior to ini t iat ing the potentio-  
static t ransient  measurements.  The t ransient  measure-  
ment  was effected by re tu rn ing  the electrode to the 
cell and applying potentiostatically a potential  in the 
neighborhood of 41V vs. Hg/Hg2SO4/H2SO4 (0.2N), 
the precise potent ial  being varied somewhat from 
specimen to specimen to test the influence of the field 
s trength used for the exper iment  on the kinetic pa-  
rameters. 

Data points from a typical r un  are shown in Fig. 1. 
They fall on a curve of the same form as those re-  
ported earlier by Young for the Ta/Ta2OJelec t ro ly te  
system (11) and by Dignam and Ryan for the A1/ 
A12OJelectrolyte system (14). 

A - C  impedance measurements  under  conditions o] 
s teady-state  film format ion . - -The  procedure employed 
for these measurements  is essentially that  used by 
Goad and Dignam (30). The apparatus used for the 
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Fig. 1. Typical potentiostatic transient. The data are given by 
the open circles. 
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present studies, however, was a considerable refine- 
ment  on the original in that  the process of data aqui-  
sition was automated and recorded in  digital form for 
subsequent  analysis. This led to a substant ial  im-  
provement  in measurement  accuracy. 

The technique involves superimposing a small, con-  
stant  ampli tude a-c current  onto the constant  d-c for- 
mat ion current.  The d-c electrode potential, and  the 
components of the a-c electrode potential  which are 
respectively in and out of phase with the a-c current  
are then recorded as a funct ion of time. The data s o  
obtained can then be processed to give the paral lel-  
c i rcui t -equivalent  effective a-c conductivity,  ~a-c, and 
effective dielectric constant, Keff (30). 

Oxide films were grown galvanostatically to a final 
cell potential  of approximately 95V with  a small  a-c 
current  superimposed on the d-c current .  The ampli-  
tude of this a-c component  was constant  and equal  in  
magni tude to approximately 1% of the d-c current .  
Before and after each run,  both the d-c and a-c volt-  
ages appearing across a s tandard shunt  resistance were 
measured and recorded. 

Frequencies  in the range  3-7771 Hz were combined 
with current  densities of 233 _ 2 ~A/cm ~ (768-7771 
Hz) and 1.16 • 0.01 m A / c m  2 (3-768 Hz) to provide a 
wide range of (~/iss) values. The variat ions in the 
current  densities arose only from variat ions in elec- 
trode area; the actual cur ren t  flowing dur ing  any  given 
run  was constant  to wi th in  0.02%. 

The d-c cell potential  was measured between anode 
and reference electrode, but  the in -  and out-of-phase 
a-c voltage components were measured at the anode 
with respect to ground, as a much cleaner and more 
stable a-c signal was then obtained. Since both com- 
ponents of the a-c voltage (measured against ground) 
appearing at the reference electrode were  found to be 
independent  of time, no measurable  error  was in t ro-  
duced in this way. 

The a-c voltage components  were measured using a 
phase sensitive detector combined with automatic al-  
te rna te  switching between reference signals which 
were respectively in and out of phase with the a-c 
cell current .  At  the end of each interval ,  the d-c vol t-  
age, and the magnitude,  polarity, and identification 
(in or out of phase) of one a-c voltage component,  
were recorded automatical ly on paper tape. 

Both the d-c electrode potential, Vo, and the two 
a-c components,  Vin and Vout, were  observed to in -  
crease l inear ly  with time, so that  the data could be 
presented in the form of the parallel  equivalent  a-c 
conductivity, ~a~, and effective dielectric constant, Keff 
as was done in  a recent  publicat ion from this labora-  
tory (~0). These are re la ted to the observables through 
the equations (30) 

O'a-c = I~Vin~7o/Eo(Vin ~ -~- "~V'out 2) [21] 
~ e o / ' ~ e f f  = - -  Ij~out~'o/Eo (Tr,n = + ~'o.t =) [22] 

where Trio is the t ime derivat ive of the ampl i tude  of 
the component  of the a-c electrode potential  which is 
in phase with the impressed a-c current  density of 
amplitude, I~, etc., while Vo and Eo are the d-c com- 
ponents  of the electrode potential  and field strength, 
respectively. The d-c cur ren t  density, Io, and field 
strength, Eo, as well  as the.electrode area (and hence 
I~) were calculated from 17o and the d-c cell cur rent  
using the s teady-state  data of Young (25). In reduced 
form, the results therefore take the form ~a-~ and Keff 
a s  functions of Io and angular  frequency, w. I n  Fig. 2 
and 3, ~ra-c/Io and Keff are plotted against log (~/Io), 
the points in  each case fall ing on a smooth curve 
despite the fact that different values for Io have been  
used. This same behavior has been noted previously 
(30) for the system A1/A12OJelectrolyte, and as noted 
there is a na tura l  consequence of the fact that  ionic 
t ransients  for these systems appear to involve the 

charge passed per uni t  area, (i.e., J : I d t )  as the var i -  

able characterizing the decay of the t rans ient  ra ther  
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than  t ime (~a-c/~'o, Kerr, and ~/Io are all d imensional ly  
independent  of t ime) .  The large negative values of Keff 
occurring for small  ~/Io are noteworthy since they re-  
flect the large contr ibut ion of the ion cur ren t  t r an -  
sients to the current  component  which is out of phase 
with the field (30). 

Analysis and Discussion 
Galvanostatic transients.--It is convenient  to begin 

with an  analysis of the galvanostatic t rans ient  mea-  
surements  of Dewald (10) on the system T a / T a ~ O J  
0.1N H2304, as these provide, without  difficulty, values 
for the constants xk and Bk. The experiments  were 
performed by forming tanta la  films under  s teady-sta te  
conditions (Iss ~ 10 -4 A /cm 2, room temperature)  then 
increasing abrupt ly  the current  density by a factor of 
2. The field s t rength was observed to increase rapidly 
initially, go through a maximum,  then decay more 
slowly to the s teady-state  field s t rength correspond- 
in&," to the new impressed current .  Goad and Dignam 
(7) have shown that  the data beyond the m a x i m u m  
can be fitted wi th in  exper imenta l  error by an  equat ion 
of the form 

E -- E~ 
-" M1 exp (mlq)  + M2 exp (m2q) [23] 

E 2  - -  El 

where El and E2 are the steady-state field strengths 
corresponding to the formation and final cur rent  den-  
sities, respectively, and M1, -~2, ml, ~n2 are constants. 
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Goad and Dignam (7) derive an equation of the same 
form as [23] from the equations for the dielectric re-  
laxat ion model and the following approximations 

F~ Bki(eoXkE- Pk) > >  Z ( 1 / ~ j )  ( e o x j ' E  - -  Pj') [24] 
k $ 

I > >  ic [25] 

where I : i-{-ic is the total cur ren t  density, and 
ic : codE~dr ~- d P / d t  is the charging current  density. 
The second approximation is shown to be valid be-  
yond the m a x i m u m  in (E -- E 2 ) / ( E 2  -- E l )  while the 
first is simply assumed to be valid, since i is substan-  
t ial  (,~10 -4 A / c m  2) throughout  the t ransient .  The 
analysis leading to [23] requires only two ion current  
dr iven  polarization terms and has been  published (7). 
Following an identical  procedure, Taylor (31) has ex-  
tended the analysis to include three terms, the result  
being given in  the Appendix.  Including only two 
terms, x2, B~, x3, B3 are related to M~, m~, M2, m,2 
through the following equations: B2 and Bz are the 
roots of the equation 

x 2 + c l x  + c2 : 0 [27]  
where 

ml (1  + M2) -{- m2(1 + M1) 
e l  " "  

I-{- MI + M~. 
and 

while 

mlm2 
C2 " -  

1 -t- MI -i- M2 

where 
XJ : (c3 -{- c 4 B k ) / ( B k  -- Bj)  [27] 

ca : K I  
(mlM1 + m ~ I 2 )  

( I  -l- MI -l- M~) 
and 

c4 = K I ( M 1  q- M2) 

These equations, with Dewald's results and K1 = 27.6 
(15) give (7) 

x2 = 36.0, B2 = 0.657 • 10-4 cm~/coulomb 

xa = 16.4, Ba = 4.34 • 10-4 cm2/coulomb [28] 

These values for B~ and B8 correspond to in teract ion-  
cross-sectional radii  for the ne twork  defects of 1.82 
and 4.69, respectively, values which appear to be of 
the correct magnitude.  One may also calculate Ks = K1 
~- x~ -{- xa = 80.0 and hence the ratio of the steady- 
state to t ransient  field coefficient, ~ss/#St = K s / K 1  = 2.9 
(see [17]) which is in good agreement  with indepen-  
dent  estimates (8). The dielectric re laxat ion model 
provides, therefore, an ent i re ly  satisfactory account 
of galvanostatic transients.  To be acceptable, how- 
ever, the model, with the  same values for the con- 
stants, must  account for other forms of transient.  

Potent ios ta t ic  ion curren t  t r a n s i e n t s . ~ A n  exact 
analysis of the data of Fig. 1 on the basis of the equa-  
tions for the dielectric relaxat ion model and over the 
entire range of the data is beyond our present capa- 
bilities, as the equations are in fact incomplete. One 
would require  a knowledge of the re laxat ion times, 
~j, and of the equations relat ing the set of polarization 
components {Pj'} to the set {Pk}. Dignam and Ryan 
(14) have at tempted such a complete analysis of po- 
tentiostatic t ransients  for the system A1/A1203/electro- 
lyte  by making  a number  of simplifying approxima-  
tions. The result was qual i tat ive agreement  over the 
ent i re  curve. On the basis of this part ial  success, the 
ini t ia l  cur ren t  decay is in terpreted as a decrease in 
charging cur ren t  density, ic associated with the ap- 
proach of the slow polarization components, PS, toward 
their  equi l ibr ium values via thermal  activation, i.e., in 
this region i is very smal l  so that  

IS (1/-cj) (~oxj'E -- Pj')  > >  Y~ Bki(eo~kE -- Pk) [29] 
J k 

(see Eq. [20]). As P increases, however, so does Ed 
(see Eq. [10]) and hence i (see Eq. [14]) so that  

u l t imate ly  the total cur rent  density, I, begins to in-  
crease. Furthermore,  as i increases, a point  is reached 
at which the inequal i ty  [29] is no longer valid. In fact 
for i large enough, based on the results for the gal-  
vanostatic transients,  the inverse of [29], namely  [24], 
must  apply. Under  conditions in which [24] is satisfied, 
the kinetics of the t ransients  are effectively indepen-  
dent  of polarization mechanisms involving thermal  
activation, making the analysis relat ively easy. 

Accordingly, for [24] and [25] valid approximations 
(which will  only be t rue for t imes greater than  some 
value lying beyond the m i n i m u m  in I) and making the 
fur ther  approximation that  E is constant  during the 
potentiostatic transient ,  [20] integrates to give 

P = ~ o ( K s - - 1 ) E ~ Y ,  (Pk ~  e x p  ( - - B k q )  [30] 
k 

2 , 
where q = Idt  and is the charge, passed per un i t  

electrode area, while Pk o, is the value of Pk for q = 0 
= t. El iminat ing P from [30] using [10], and E and Ed 
from the result ing equation using [13] and [14] and 
the approximation (O~/OE)T ~" 0 ~ (O,~/OE)T, gives 

ln ( I / I s s )  = I~ Akexp ( - - B k q )  [31] 
k=2 ,3  

where Ak = (Pk ~ - -  EoxkE)Bk/eoKd and is independent  
of t ime (and q) for E constant. 

Extrapolat ion of the data in  Fig. 1 from the region 
beyond the m i n i m u m  in I to t ime zero (in an  at tempt 
to est imate the ion current  density in the region up to 
the min imum)  and integrating,  gives on the basis of the 
values for the constants obtained in the previous 
section, B3q ~ 1 and hence A3 exp (--B3q) ~ A2 
exp (--B2q) for values of q lying beyond the min i -  
mum. Under  these conditions (which are the only ones 
in  which [31] is a valid approximation)  [31] reduces 
to 

In (I/Iss) = In [ I ( t  = 0)/Iss] exp ( - -B~q)  [32] 

where the time t = 0 is chosen to lie sufficiently be-  
yond the m i n i m u m  in I so that [23] and [24] are valid. 

The solid l ine in  Fig. 1 is calculated from [32] with 
B2 : 6.14 • 103 cmS/coulomb and is typical of the fit 
achieved in a total of five determinations.  The value of 
B2 was chosen in  each case to minimize the variance 
in  I, the mean  of the five determinat ions being given 
by B2 = (6.63 __- 0.3e) • 103 cm2/coulomb in ex-  
cellent agreement  with the value obtained from De- 
wald's  galvanostatic t ransient  data, 6.57 • 103 cm2/ 
coulomb. No variat ion of B2 with the final steady-state 
current,  Iss, was observed. 

Using Young's data (11), obtained for a tantala  film 
formed at 100V (constant potential)  for 3.5 hr then 
annealed by immers ion in boiling water  for 5 min, 
Dignam and Ryan  (14) calculate a value for B2 of 
8.0 • 103 cm2/coulomb. Furthermore,  good agreement  
with the data was achieved. That  this value differs 
somewhat from those reported above is undoubtedly  
due to the fact that  the films in this instance were 
formed in an ent i rely different manne r  than  were those 
giving rise to the values near  6.6 • 10 a cm~/coulomb. 
A similar slight dependence of B2 on film formation 
conditions (but  not on measur ing conditions) has al-  
ready been noted for the system A1/A12Os/electrolyte 
(14, 8). Since the constants B2 and Ba must  be de- 
pendent  on the detailed s t ructure  and composition of 
the oxide film, then if this s t ructure and /or  composi- 
tion varies somewhat with formation cur ren t  density, 
say, then B2 and B3 wil l  vary  with formation current  
density. For both the a luminum and tan ta lum systems, 
B2 decreases slightly with increasing formation cur-. 
rent  density, the rate being about 10% per decade of 
current  density for the a luminum system (14). 

In  a recent paper (12) Young at tempted to fit [32] 
to his potentiostatic data and while he achieved a rea-  
sonably good fit, it was not the excellent fit achieved 
here and previously in this laboratory (14). The rea-  
son for this appears to lie in Young's failure to ap- 
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preciate the approximations inherent  in [32] (i.e., 
conditions [24] and [25] ) which restrict  its application 
to the region of the curve lying well  beyond the min i -  
m u m  in I. 

A-C impedance measurements.--Expressions for 
era.c/Io and Keff as functions of (~/Io) and the system 
constants (fit, fiss, K1 and xk, B~ for k = 2,3) have 
been derived by Goad and Dignam (30) from the 
equations for the dielectric relaxat ion model on the 
assumption that inequal i ty  [24] is valid. This will be 
the case for the measurements  presented herein since 
the smallest value of Io was 2.33 • 10 -4 A/cm 2. The 
analysis has been extended to include an additional 
ion -cur ren t -d r iven  polarization term by Taylor (31), 
the result  being given in the Appendix.  The dashed 
lines in  Fig. 2 and 3 have been calculated from these 
equations using the values for the parameters  obtained 
from Dewald's data and the values for fiss calculated 
from Young's s teady-state  data (25). For  frequencies 
below about  1 kHz, the agreement  between the ex-  
per imenta l  and calculated curves is excellent. At the 
high frequency end, however, while Keff shows no 
significant discrepancy, the calculated value for 
~a.c/Io is too low by a factor of about 50. The solid 
l ine was calculated from essentially the same set of 
constants but  including an addit ional set of polariza- 
t ion parameters  with the following values: x4 = 0.526, 
B4 = 3.33 • 107 cm2/coulomb. The significance of this 
part icular  choice for x4, B4 is covered in Part  II of this 
paper. At this point we simply note that  the inc lu-  
sion of an addit ional set of polarization parameters  
with these values does not reduce the high frequency 
discrepancy in ~aJIo significantly. It appears l ikely 
that some new process is responsible for the rapid rise 
in  ~a-~ with increasing frequency. We are, however, 
unable  to offer by way of explanat ion any mechanism 
which would lead to such a dramatic increase in ~a~ 
with increasing frequency. If the phenomenon occurs as 
well during the galvanostatic and potentiostatic t r an -  
sients, then  from the value  of (Io/~) or of ~ at which 
it appears, we calculate that  it will  make a negligible 
contr ibut ion over the regions of the t ransient  curves 
which we have analyzed. Thus while  the anomalously 
high values for ~ are not accounted for by this model, 
nei ther  are they in conflict with it. 

Other farms of ion current transient.--Young (32) 
has published data on the t an t a lum system obtained 
in the following way. A film was grown galvano- 
statically un t i l  a certain voltage, V', was reached, at 
which t ime the voltage was reduced suddenly to zero. 
The voltage was held at zero for t ime t' (differing 
from exper iment  to experiment)  then the voltage V' 
was re-applied. The so called " instantaneously" ob- 
served ionic current,  obtained by an extrapolat ion 
procedure, was found to be less than  the formation 
current  density and to decrease with increasing t'. 

In  a recent  paper (12) Young claims to have ana-  
lyzed the results of the above measurements  on the 
basis of the dielectric relaxat ion model obtaining 
quali tat ive agreement  only. The analysis, however, 
was based implicit ly on the assumption that inequal i ty  
[24] is valid for the conditions of zero applied poten-  
tial, whereas it is easily shown from the parameters  
reported herein and the form of the observed potent io-  
static t ransients  that  [29] is the correct inequality.  The 
data may be fitted exactly if this correction is made 
and  the T1 and xJ' t reated as disposable parameters  
(since one has in effect an infinite number  of dispos- 
able parameters  and the general  behavior  predicted by 
the model is correct).  Such an exercise is, however, 
without merit.  A test of the model against this or simi- 
lar  data must  await  independent  informat ion on the 
kinetics of polarization via mechanisms involving ther-  
mal  activation. Under  the high field conditions fre-  
quent ly  encountered when  dealing with the valve 
metal  oxide systems, these kinetics may  not even be in 
accord with [18]. Measurements relat ing to charging 
current  made at low field s t rength will  not necessarily 

give useful informat ion about  high field polarization 
kinetics. 

Dell'Oca and Young (33) report  a-c impedance mea-  
surements  on the Ta/Ta2Os/electrolyte system made 
dur ing the course of a potentiostatic t ransient  experi-  
ment  of the same kind reported herein. They claimed 
their results to be opposed to the predictions based 
on the dielectric relaxat ion model for ion current  t r an-  
sients. This claim has already been shown to be in-  
correct by Dignam and Taylor (34). However, it 
appears necessary to state our position once again, 
since the same claim has been repeated in a recent 
review by Dell'Oca, Palfrey, and Young (13). In  this 
review, no ment ion  is made of our rebuttal .  

The a rgument  presented originally by Dell 'Oca and 
Young, and repeated in  the review ment ioned above, 
is based on an improper analysis of the data. They fail 
to consider the contr ibut ion to the out of phase a-c 
current  component arising from ion current  relaxat ion 
phenomena (34). This contr ibut ion can be very large 
(see, e.g., Fig. 3). Most important ,  however, the  model 
that they discredit is in  fact one of their  own making, 
although they claim it to be an extension of the di-  
electric relaxat ion model, expected " . . .  on the logic 
of Dignam's t h e o r y . . . "  [ref. (13), p. 17]. In  effect they 
assume that PS = P~, xJ' = xj, and (1/Tj) oc B~ for all 
j (see [20] and following).  We are unable  to conceive 
of any mechanism, reasonable or otherwise, which 
would lead to such relations. The model presented 
herein certainly does not, as noted already, nor  does 
the original outdated model (1) which leads to equa-  
tions substant ia l ly  of the same form as those for the 
present  model. Furthermore,  the exper imental  results 
are contrary  to these relations, since apparent ly  only 
two BI~ values are required to account for ion current  
transients,  while a large range of �9 values appears to 
be necessary to account for dielectric behavior  in the 
absence of ion current  (15). 

Summary and Conclusions 
The dielectric relaxat ion model has been shown to 

give an accurate and self-consistent account of several 
kinds of ion current  t ransient ,  the parameters  being in 
every case of the expected magni tude  (8). Certain 
kinds of t ransients  cannot  at  present  be used to pro- 
vide a quant i ta t ive  test for the model since informa-  
t ion on the kinetics of polarization at high field 
strengths via mechanisms involving thermal  activa- 
tion is not available. 

We are aware of no data which are in  conflict with 
the dielectric polarization model, though a large n u m -  
ber  of phenomena are not encompassed by it (e.g., the 
high value observed for ~a-c at  high frequencies, see 
Fig. 2). The crucial test of the theory, however, is to 
look for direct evidence of polarization changes which 
are in accord with [19], and test whether  or not the 
kinetics which describe these changes are consistent 
with those deduced indirect ly through the s tudy of ion 
current  transients.  The first part  of this test has already 
been reported (6), the results being consistent with the 
dielectric relaxat ion model. In  Par t  II of this paper, a 
quant i ta t ive  investigation of the ion cur ren t  dr iven 
polarization processes is under taken.  
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APPENDIX 
Galvanostatic transients.--Using the identical pro- 

cedure given in ref. (7), Eq. [9] to [11], [13] to [15], 
[17], and [20], with the inequali t ies [24] and [25], 
lead to the following equations for galvanostatic t r an -  
sients when  a total of three polarization components  
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which are  dr iven  by  the  passage of ion cur ren t  are in-  
cluded. [For  detai ls  see ref. (31).] 

E -- E2 
- -  --  M~e,~  + M~e,,~ + Msem~ [A-1] 
E~ --  E~ 

where  the  constants  M~, m~ are  re la ted  to the system 
parameters ,  x~, B~, th rough  the fol lowing equations.  
The pa ramete r s  B~, B~, B~ a re  the roots of the equat ion 

X 3 -5  C l ' X  2 -5  C2'X -5 C3' = 0 [A-2] 
where  

C 1 ' = 

C 2' = 

T R A N S I E N T  R E S P O N S E  O F  T a / T a e O J E L E C T R O L Y T E  1305 

Equat ions [A-6] and [A-7] reduce to Eq. [10] and 
[11] of ref. (30) on set t ing x~ = 0. 
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I1: Investigation of Faradaic-Current-Driven Polarization Processes 
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ABSTRACT 

Voltage pulse experiments  were carried out on the system Ta/Ta205/O.2N 
H2SO4 to test for the presence of polarization processes which are dr iven 
toward their  equi l ibr ium (or steady-state)  values by the passage of faradaic 
current.  Such processes were observed, their  behavior being m quant i ta t ive  
accord with that predicted by the dielectric re laxat ion model using the system 
constants determined from measuremens of ion cur ren t  t ransients  (see Pa r t  I ) .  
In  addition, an "anomalous" effect was observed which appears to be related 
to the anomalous a-c conductance effect reported in Par t  I, but  is otherwise 
unexplained.  It is believed that these experiments  constitute a crucial test 
of this model, and one that it has passed successfully. 

In  Par t  I of this paper (1), the dielectric relaxat ion 
model for ion current  t ransients  has been outl ined 
and tested successfully against galvanostatic and po- 
tentiostatic t rans ient  data as well as a-c impedance 
data obtained during s teady-state  film formation. 
However, none of these experiments  show directly the 
presence of a polarization process whose rate is pro- 
portional to the ion-cur ren t  density, such processes 
being required by the theory. 

The problem may be stated as follows. From the 
values for the constants determined in Par t  I, the ex-  
t raordinary  polarization current  is predicted to be at 
most a few per cent of the ion current  producing it. 
Even the calculated contr ibut ion to the effective di- 
electric constant  made by the ion-cur ren t -d r iven  po- 
larization processes during ion-cur ren t  t ransients  is 
negligible (2). All at tempts to detect the extraordi-  
na ry  polarization current  in the presence of ion cur-  
rent  are consequently bound to be unsuccessful. It  is 
therefore necessary to observe the effect in the absence 
of ion current.  Equation [20] of Part  I, reproduced be-  
low for convenience, holds the key to this apparent  
paradox. 

dP/dt  = ~oKldE/dt ~ �9 Bki(eoXkE - -  Pk) 
k 

+ z (I/T~) (,oXiE - P ; )  [1] 

When ion current  is flowing, both types of polariza- 
t ion mechanism operate to produce a change in the po- 
larization of the film on making a sudden change in the 
field. For  a sufficiently small ion cur ren t  density, all 
changes in the polarization will  be thermal ly  activated. 
Thus when  a square-wave  voltage pulse of sufficient 
ampli tude to induce a significant flow of ion current  
is applied potentiostatically across a preformed film, 
the polarization of the oxide will  be dr iven upward 
dur ing  the pulse by both the ion-cur ren t  and thermal  
mechanisms. After the pulse, however, the polarization 
mus t  re tu rn  to its original  equi l ibr ium value by the r -  
mal  relaxat ion alone, since the ion current  is then  
negligibly small. 

The t ime integral  of the capacitive discharge current  
is a measure of the total polarization induced dur ing 
the pulse. An  increase in the ion current  which flows 
dur ing the pulse should polarize the oxide layer  to a 
greater  extent, and this in tu rn  should manifest  itself 
as a larger discharge current.  In  this paper, the total  
charge passed dur ing the discharge period, q - ,  is 
measured as a funct ion of the faradaic charge passed 
during the voltage pulse, qf, and the results compared 
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with those predicted from the dielectric relaxat ion 
model. 

Experimental Procedures 
A description of the apparatus and materials  has 

been published (3). In  a typical  run, anodic oxidation 
of the electrode blade was carried out galvanostatically 
at 22.6~ with a cur ren t  density of 2.39 • 10 -4 A-cm -2, 
and film growth was halted at 45.18V (Hg/Hg2SO4 
reference electrode). A number  of pulse measurements  
were made on each fresh electrode by  switching the 
cell potential  sequent ia l ly  from V1 to V2 to V1. 
(V2 -- V1) was held constant  at 25.01V for all the ex- 

periments,  while V1 ranged between 0 and 25.01V. 
These values were chosen so that  significant ion cur-  
rent  would flow only during the charging pulse. 

In our earlier investigation (3), the voltage drop 
across a cur ren t -measur ing  resistor in the potentiostat  
circuit was monitored by an oscilloscope and camera, 
and four pictures with different t ime scales and base- 
l ine positions were required for each selected value 
of V1. In  the present series of experiments,  electronic 
integrat ion of the cur ren t - t ime  curves improved the 
accuracy considerably. The cur ren t -measur ing  resistor 
was fixed at a value of 20 ohms, and the oscilloscope 
and camera recorded net  charge passed as a funct ion 
of time. A suitable constant  bias voltage was applied 
to the second input  terminal  of the oscilloscope just  
after switching to V'2, and was removed immediate ly  
following the r e tu rn  of the cell voltage to V1. This 
signal in effect subtracted out the contr ibut ion to the 
total charge made by the fast polarization processes, 
and allowed the use of a very sensitive scale on the 
oscilloscope. Electronic integrat ion prohibi ted a change 
in measuring resistor midway through the period of 
interest, but  the increase in sensit ivity achieved with 
the biasing voltage more than  compensated for this 
loss. 

The polarizing pulse width was varied between 10.6 
and approximately 26 msec, but  remained constant  for 
the entire set of measurements  carried out on a given 
electrode. Only  one voltage pulse and result ing oscillo- 
scope trace were required for each value of 9"1. For the 
first set of experiments,  a m i n i mum of 1 hr was al-  
lowed between successive pulses and V1 was changed 
by no more than 2V between such successive mea-  
surements.  

In a second series of voltage-pulse experiments,  a 
different approach was used. Rather than wait ing for 
"equi l ibr ium polarization" at each value of V1, the 
pulse switching circuit was triggered at 1-min in ter -  
vals for 10 or 15 min, with only the last charge-t ime 
curve being recorded. In  all other respects, the ex- 
per imental  procedure for the two series was the same. 

Two exper imental  difficulties were encountered with 
these measurements,  which were not e l iminated com- 
pletely. The first was the appearance of a false charge 
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component  at the output  of the integrator,  arising pre-  
sumably from circuit  t ransients  during the rapid volt-  
age changes from V1 to V~ and from V2 to V1. Studying 
the effect in the absence of a cell (i.e., with  only the 
20-ohm measur ing resistance present)  it was found 
that  slowing down the switching speed substant ia l ly  
reduced this effect, but  did not e l iminate  it entirely.  
The residual  effect appeared as small, false, charge 
components, introduced dur ing the two switching in-  
tervals, but  remain ing  constant  at other times. The 
false charge components were found to be dependent  
on load conditions and on V~ -- Vl, but  not  on VI. 

The second exper imental  difficulty appeared as a 
short dura t ion anodic voltage pulse superimposed on 
V2 and introduced on switching from VI to V2. This 
meant  that  significant ion current  flowed even for 
values of V2 which would otherwise have led to negli-  
gible ion current.  The amount  was sma11, however, 
corresponding to the order of 10 nanocoulombs/cm 2, so 
that  it introduced no difficulties in  data analysis. 

R e s u l t s  
Figure  1 shows a typical charge-t ime curve obtained 

directly from an oscilloscope trace. The position of 
the curve lying wi th in  the field pulse has been reduced 
by 7.70 ~coulombs/cm 2 by the application of the bias 
voltage to the oscilloscope terminals,  as described 
earlier. Thus if it were not for the problem of false 
charges discussed earlier, the total  charge passed per 
un i t  electrode area associated with the charging proc- 
ess, q+, would be given by Q+ -{- 7.70 ~coulombs/cm 2. 
Similarly,  that  associated with the complete discharge, 
q - ,  would be given by Q -  - 7.70 #coulomb/cm 2 pro-  
vided that  the discharge is complete wi thin  0.2 sec. 
Again, assuming that  the discharge process is com- 
plete wi th in  0.2 sec, then the total faradaic charge 
passed dur ing the field pulse 

qt = q+ + q -  [2] 

would be given by Qr -- Q+ + Q- .  
For  a series of measurements  performed on a given 

electrode system and for a fixed value of V2 -- V',, the 
effect of the  false charges is simply to displace the 
origin of the graph of Q -  vs. Qf a small  amount  from 
its correct position. Thus provided that  the discharge 
process is complete wi th in  0.2 sec, the graph of Q -  vs. 
Qf for a given series of measurements  will  differ from 
that of q -  vs. qf only by a shift in origin. 

Figure 2 is a superposition of the results of the 
measurements  obtained by the first procedure in which 
the electrode was held at V, for at least 1 hr before 
applying the voltage pulse. The individual  origins have 
been shifted to obtain m a x i m u m  coincidence of the 
data for the different runs. The choice of origin in Fig. 
2 can be considered as essentially arbitrary,  but  cor- 
responds to setting Q -  - 0 at Qf - 0. 
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Fig. 1. Typical charge-time curve for a voltage pulse experiment 
showing in addition the form of the resulting field pulse. 
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Fig. 2. Dependence of the observed charge passed for the dis- 
charge process, Q - ,  on the observed faradaic charge passed during 
the voltage pulse, Qf, on allowing N1 hr between pulses. The 
origin is chosen so that Q -  = 0 when Qf = 0. For all runs, 
E2 - -  EI = ~E = 3.20 X 106 V/cm; for runs designated by A ,  
O ,  and I-I, pulse width, t' = 10.6 msec, E, changing from 0.19 
to 2.30 X 106 V/cm in steps of 0.264 X 106 V/cm; X, � 9  and e ,  
t' = 25.9 msec, E1 = 0.19-2.30 for X, to 1.77 X 106 V/cm 
for �9 and O; for /% t' = 25.9 msec, E1 = 0.72-2.04 X 106 V/cm 
plus 2.56 and 2.82 X 108 V/cm. Bracketed points are considered 
spurious. 

Not all of the data obtained have been included 
in Fig. 2. For values of Qf larger than  about 0.4 
~coulomb/cm 2, the discharge current  decayed over a 
period substant ia l ly  greater than 0.2 sec, making the 
measurement  of the total charge for the discharge 
process effectively impossible due to integrator  drift. 
Data for such runs  fall below the extrapolated curve 
in  Fig. 2 as expected. 

The results for the second set of experiments,  in 
which voltage pulses were applied at the rate of one 
per minu te  for 10 to 15 rain before recording the charge 
are shown in Fig. 3. Again the origins for the indi-  
vidual  runs  have been shifted to produce max imum 
coincidence between the runs, and the origin again 
selected so that  Q -  = 0 for Qf = 0. 

For values of VI corresponding to Qf > 0.4 ;~cou- 
l omb/cm 2, Qf and Q + were found to decrease ini t ia l ly 
with successive pulses, reaching u l t imate ly  steady- 
state values. Analysis of these data led to points fall ing 
below the extrapolated curve of Fig. 3, as was ob- 
served for the first set of measurements,  presumably 
for the same reason. 

Analysis and Discussion 
Qualitatively, the results of Fig. 2 and 3 confirm 

our earlier findings (3) that - Q -  is an increasing 
function of Qf, as expected on the basis of the dielectric 
re laxat ion model  for ion current  transients.  A more 
detailed analysis of the data follows, the symbols and 
equations of Par t  I being used without  redefinition. 

~5o .o . . . . . . . .  

0 I00 200 30~0 I 400 
Of (nc/cm 2 ) 

Fig. 3. Dependence of the observed charge passed for the dis- 
charge process, Q - ,  on the observed faradaic charge passed during 
the voltage pulse, Qf, when the repetitive pulsing technique is 
used. The origin is chosen so that Q -  = 0 when Qf = 0. Pulse 
height and pulse widths as per Fig. 2; � 9  E1 from 3.09 to 1.77 • 
106 V/cm in steps of --0.264 • 106 V/crn; O ,  E1 = 3.09-2.04 
X 106 V/cm plus 1.51 X 106 V/cm; [ ] ,  E1 = 3.09-2.56 X 106 
V/cm; LL E1 = 3.09, 2.82-2.16 X 106 V/cm in steps of --0.132 • 
10 B Vlcm. 
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For  a voltage (or field) pulse of sufficiently short 
durat ion such that the polarization components P~' and 
Pk change very little, the different polarization mech- 
anisms may  be treated as operat ing independently.  
Thus for such a pulse, the equation describing the  t ime 
dependence of the component  Pk, (Eq. [19], Par t  I) 
may be integrated over the durat ion of the pulse to 
give 

qk : eoxk~E[1 -- exp (--Bkqf)]  [3] 

where hE : E2 -- E1 is the height of the field pulse, 
qf is the t ime- in tegra l  over the pulse durat ion of the 
ion current  density, qk is the t ime integral  of the 
charging current  density component, dPk/dt,  over the 
pulse duration, and the boundary  condition Pk (t : 0) 
: EoXkE1 has been used. Since [3] will in general  only 
be a valid approximation for hPk small, i.e., for 
Bkqf ~ 1, we introduce this approximat ion in [3] to 
obtain 

qk : eohExkBkqf [4] 

Using the values of Bk, Xk, k : 2,3 given in Par t  I, 
the condition Bkqf ~ 1, k : 2,3 is satisfied for all the 
voltage pulsing experiments.  

In  the same way, the equation describing the t ime 
dependence of the component PS (Eq. [18], Par t  I) 
may  be integrated over the durat ion of the pulse to 
give 

qj' : eoxj%E[1 -- exp ( - - t ' /T j )]  [5] 

where t' is the durat ion of the pulse, qj' the t ime 
integral  of the charging current  component, dPj' /dt ,  
over the pulse duration, and the boundary  condition 
Pj ' ( t  : 0) : r has been used. Note that  for 
fixed hE and t', qj' is constant;  in par t icular  it is inde-  
pendent  of E, and qr. This wil l  be the case for any 
assumed form for the kinetics of a thermal ly  activated 
polarization process so long as dPj ' /dt  is a function of 
the displacement of the polarization component  from 
its equi l ibr ium value, but  not of the polarization state 
itself. Thus kinetics in accord with dP~'/dt o~ sinh 
[(,oxj'E -- P j ' ) / c f ]  satisfy this condition, whereas 
those in accord with d P f / d t  cc [(~o)cj'E)2 -- (ps)2] do 
not. In  the following development, we assume that  this 
condit ion is satisfied and hence that  qS is a function 
of hE and t' only. 

Using this result  and Eq. [4], the following expres- 
sion for the total charge passed per un i t  area dur ing 
the  charging pulse is obtained 

q+ : qo ~- eohEqf Z XkBk -~- qt [6] 
k 

where qo : ~oKthE + �9 q~' and is a funct ion of 
! 

and t' only. Equations [6] and [2] then give 

- - q -  : qo ~- ~ohEqf(x2B2 ~ x3Ba) [7] 

Since for all the exper iments  hE had the same value, 
namely  3.20 • 10 ~ V/cm, while for any given set of 
measurements,  t' was held constant, Eq. [7] predicts 
that  for each set of measurements,  - - q -  wil l  be a 
l inear  funct ion of qf, with slope eohE(x2B2 -~- x3B3). 
Thus for data obtained from runs  in  which the dis- 
charge process is complete wi thin  0.2 sec, - Q -  should 
be a l inear  function of Qf with slope eoaE(x2B2 + x3B3). 
Furthermore,  there should be no difference between 
the results obtained for the runs  involving repet i t ive 
pulsing and those for the other runs, since the repet i-  
tion period is greater than 0.2 sec. From Fig. 2 and 3, 
this clearly is not  the case. 

Sett ing aside this difficulty for the moment,  the 
slope divided by ~ohE for the four runs  comprising the 
data  of Fig. 3 is given by  

[Slope of Fig. 3]/~o~E 

= (9.30 ___ 0.4) • 105 cm~/coulomb [8] 

On the basis of Eq. [7] and following, however, we 
have 

[Slope (Eq. [7])]/eohE = (x2B2 % xaBa) 

= (2.37 + 7.12) X 105cm2/coulomb 

= 9.49 X 105 cm2/coulomb [9] 

where the values for xk,Bk calculated from Dewald's 
data have been used in [9] (see Par t  I).  The agree- 
men t  between the observed and calculated slope is 
excellent. The solid l ine in Fig. 3 represents the least 
squares regression line, while the drashed line is d rawn 
in accord with [9]. 

A similar analysis of that  port ion of the data in 
Fig. 2 which appears to fall on a straight line gives 

[Slope of l inear  part  of Fig. 2]/~ohE 

= (9.65-- 0.6) X 105 cm2/coulomb [10] 

again in  excellent agreement  wi th  the theoretical 
value. 

An explanat ion for the ini t ia l  curved port ion of 
Fig. 2 which occurred to us originally was that  yet a 
fur ther  polarization component which changes via ion 
current  flow must  be present  which has a "charge 
constant," 1/Bk, of the order of 50 nanocoulombs/cm 2 
(see Fig. 2). Including such a term in the analysis, 
adds to [7] a t e rm of the form of [3], i.e. 

- - q -  : qo -~ ~ohEqf(x2B2 ~ xsB3) 

+ eohEx4 [1 -- exp (--B4qf)] [11] 

The solid line in Fig. 2 is the  result  of a nonl inear  
least squares analysis of the data according to [11], 
with (x2B2 ~- x3B3) : 9.65 • 105 cm2/coulomb (see 
[ i0] )  and B4,X4 chosen to minimize  the var iance in 
- Q - .  This gave x~ : 0.53 and B~ : 3.33 X l0 T cm2/ 
coulomb (l /B4 ---- 30 nanocoulombs/cm~).  Despite the 
good fit achieved in this way, the explanat ion  must  be 
rejected for a number  of reasons. First, the value of 
B4 required for the fit corresponds to an interact ion 
radius for the mobile ionic defect of 130A, which is too 
large to be physically meaningful .  Second, this ex- 
planat ion would not account for the absence of the 
"anomalous effect" when the experiments  are per-  
formed by repeti t ive pulsing. Finally,  on not ing that  
the "charge constant" for this anomalous effect (30 
nanocoulombs/cm~) corresponds very closely to that 
for the anomalous a-c conductance effect noted in  Par t  
I (i.e., the rapid rise of ~a.c/Io, Fig. 2, Par t  I, occurs in 
the region Io/w ,~ 30 nanocoulombs/cm 2) it is reason-  
able to assume that  the same process or processes give 
rise to both anomalous effects. However, the anomalous 
a-c conductance effect cannot be accounted for simply 
by introducing the addit ional parameters  x4,B~, with 
the values given above, as noted in Par t  I. 

As with the anomalous a-c conductance effect, we 
are unable  to account for the anomalous charging 
process other than to suggest that the two are prob- 
ably related. Again, however, and for the same reason, 
the present  effect is not contrary to the  dielectric re-  
laxat ion model, but  s imply not encompassed by it. 

Finally,  we comment briefly on the observations that 
for Qf ~ 0.4 ~coulomb/cm 2, the polarization induced 
by the ion current  dur ing  the voltage pulse can ap-  
paren t ly  decay via thermal ly  activated mechanisms in 
a t ime ~ 0.2 sec, while for Qf ~ 0.4 gcoulomb/cm 2, a 
t ime greater than 0.2 sec is required for the decay. It  
would seem that small  amounts  of ion-cur ren t - induced  
polarization can dissipate via thermal ly  activated 
mechanisms having small  relaxat ion times, but  that 
with progressively increasing ion-cur ren t - induced  po- 
larization, thermal ly  activated relaxat ion mechanisms 
involving progressively larger relaxat ion times are in-  
volved. This i l lustrates the complex relationships 
which apparent ly  exist between the polarization com- 
ponents  divided on the basis of their  relaxat ion times 
under  thermal  activation, and those divided on the 
basis of their  interact ion with the  mobile ionic de- 
fects. In  particular,  the relationship Bj oc 1/~ is clearly 
invalid. (See Par t  I for fur ther  discussion of this 
point.) 
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Criticism of the Dielectric Relaxation Model 
for Ion Current Transients 

As noted in Par t  I, the authors are aware of no data 
which are contrary to the dielectric relaxation model 
for ion current  transients.  Some criticisms of the model 
of a more general  na ture  have, however, been offered 
and we now direct our at tent ion to these. 

In  a recent review (4) DelrOca, Pulfrey, and Young 
outl ine a model due to one of us (M.J.D.) and offer 
criticism of it. As the version of the model they pre-  
sent (5) is out of date, some of the criticism they offer 
is no longer relevant.  The a rgument  which they offer 
as being "Perhaps the main  objection to Dignam's  
theory . . . .  " [p. 17, ref. (4)] is, however, equally 
applicable to the current  version of the model as it is 
to the original. Their  point is that  the va lue  of Ks 
required to account for ion current  t ransients  is un -  
reasonably large in  relat ion to K1. For both the tan ta -  
lum and a luminum systems, one must  set the ratio of 
the static to dynamic dielectric constant, Ks/K1, to 
about 3 to account for the ratio of ~s~/~t. (Note that K1 
is not defined as the dielectric constant  at optical fre- 
quencies but  rather  that  at a f requency ~' such that  
1/w' is small  compared with the times involved for ion 
current  t ransients  to decay.) Their  criticism in this 
regard is based on an extrapolat ion of the value for 
the dielectric constant  from 1 kHz to 0.01 Hz, from 
which they conclude that  Ks is not expected to be 
more than 3.5% larger than  K1 (i.e., K at 1 kHz). 

A lower bound on Ks may be obtained in the follow- 
ing way which involves nei ther  extrapolat ion nor  as- 
sumptions concerning polarization mechanisms, k inet-  
ics, or the s t ructural  changes corresponding to the po- 
larization changes. It involves simply the integrat ion 
of the total charge passed following the application of 
a potential  to a preformed specimen, the potential  
being large, but  not so large as to lead to significant ion 
current.  To i l lustrate the method, the data obtained 
by Dignam and Ryan (6) on the system A1/A12OJ 
(glycol-borate electrolyte) will be used, as data for 
the t an ta lum system are not available in quite such a 
convenient  form. 

The experiments  were performed as follows. Alu-  
m inum electrodes were formed at  a constant current  
density of about 0.2 m A / c m  2 up to an anodic overpo- 
tent ial  of 41.8V. The anode potential  was then  dropped 
to zero and the electrode removed from the cell and 
immersed in minera l  oil at 60~ for 2 hr  (to reduce the 
oxide polarization to zero). Fol lowing washing, they 
were re turned  to the cell and a l inear  ramp voltage 
was applied to the A1 electrode in an anodic direction 
unt i l  about 80% of the formation voltage was reached, 
following which the potential  was held constant. The 
results from one such measurement  are reproduced in 
Fig. 4. 

Following the application of the ramp voltage, the 
"fast polarization processes" will  contribute a constant 
charging cur ren t  component,  eoK1 (dE/dt ) ,  which will 
go to zero once the voltage rise ceases. The total 
charge corresponding to the area element  A1 in Fig. 4 
is therefore the charge associated with the fast po- 
larization processes on charging the electrode system 
from 0 to 33.8V. Since the steady-state  ion current  
calculated for a field corresponding to 33.8V is negli-  
gible compared to the measured current ,  as is ap-  
paren t ly  the leakage current  (the current  is still fal l-  
ing after 400 msec) it is reasonable to assume that 
essentially all of the measured current  is charging cur-  
rent,  in which case 

Ks~K1 ~ (A1 + As + A~)/A1 ,-~ 2 [12] 

where A1, A2, and As refer to area elements in Fig. 4. 
This lower bound value for Ks is already impossibly 
large according to the a rgument  advanced by Dell 'Oca 
et al., but  is ent i re ly  consistent wi th  a value for 
Ks/K1 ~ 3. Although experiments  of this form have 
not been performed on tantalum, estimates of K J K 1  
from the charging currents  observed ini t ia l ly in  po- 
tentiostatic ion current  t ransient  measurement  (see 
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Fig. 4. Charging current transient for the system AI /AI2OJ 
(glycol-borate electrolyte) on reapplication of anodic overpotentia[ 
at the rate of 209.4 V/sec to 33.8V, to an electrode formed at 0.2 
mA/cm 2 to 41.8V. The data are according to Dignam and Ryan 
[Fig. 3, ref. (6)J. 

Fig. 1, Par t  I) give a value for the ratio approximately 
the same as that  for a luminum.  

If most of the thermal ly  activated polarization 
processes obey kinetics, say, of the following form 

dPj' /dt  = (Cj"/Tj) sinh [(~oxSE - PS)/Cj"] [13] 

then they would be active only at high field strengths. 
This in tu rn  would account for the discrepancy be- 
tween the estimate of Ks given by Dell 'Oca et al. and 
that obtained here. 

Reservations concerning certain features of the di- 
electric relaxat ion model have been expressed by one 
of us [M. J. D., ref. (7)]. One concerns the reasonable-  
ness of postulating two " . . .  polarization mechanism (s) 
involving ion-cur ren t  induction" [ref. (7), p. 272]. We 
now feel that  this is not in fact an accurate s tatement  
of the postulate which is required to fit the data. Only 
a single mechanism need be postulated. However, the 
"slow" polarization components must  be assumed to be 
divided into two classes, each class being characterized 
by an electric susceptibility parameter,  xk, and a "re-  
laxat ion charge density," 1/Bk. This division could be 
based on local s tructure variations, variat ions in the 
detailed processes involved in the par tner  exchange 
steps required for ne twork  defect migrat ion (see Par t  
I),  variat ions in  the paths followed by the network 
defects, etc. 

The other reservation expressed in (7) concerns the 
details of the proposed interracial  reactions. In  par-  
ticular, Siejka, Nadai, and Amsel (8), using nuclear  
methods of analysis for oxygen 16 and 18 appear to 
have shown that the contr ibut ion of the oxide-solution 
double- layer  to the overpotential  during film forma- 
tion is zero wi th in  exper imental  error for both t an ta -  
lum and a luminum anodized in an aqueous solution 
of 5 weight per cent ammonium citrate of pH 6. The 
implication of this result  is that the outer Helmholtz 
plane and the "oxide surface" essentially coincide. If 
this is correct, the details of the interracial  model pre-  
sented in Part  I are not. Even if it is not correct, the 
details of the interracial  model are almost certainly 
incorrect, at least in part, as already noted (Part  I) .  In  
any event, rate control by defect inject ion at one of the 
interfaces is not precluded, and this assumption is 
essentially all that is required to develop the model. 

Summary and Conclusions 
In  this investigation, two sets of exper iments  have 

been carried out in an at tempt to obtain confirmation 
for the existence of polarization processes which fol- 
low equations of the form of Eq. [19], Par t  I, i.e. 

dPk/dt  = Bki(eoxkE -- Pk) [14] 
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Equat ion [14] predicts that the presence of ion current  
dur ing  the application of a voltage pulse to an elec- 
trode system will lead to a greater polarization in-  
crease than would  occur in its absence. Such an effect 
has definitely been observed. Furthermore,  one of the 
sets of measurements  (those involving repetit ive 
pulsing) are in quant i ta t ive  agreement  with the be-  
havior predicted on the basis of [14] and the values 
for x2, B2, x3, B3 determined from ion current  t rans ient  
measurements  using the dielectric relaxation model. 
The other set of measurements  also shows the effect 
predicted by [14], the agreement  again being quan-  
titative, but  in addition another  effect is observed 
which can be accounted for nei ther  by [14] nor by  any 
other process known to the authors. It appears likely, 
however, that  the same process gives rise to both the 
anomalous charging effect and the anomalous increase 
in the a-c conductivi ty (Par t  I).  While these effects 
are not encompassed by  the dielectric relaxat ion model 
for ion current  transients,  nei ther  are they in conflict 
with it. 

We believe that these experiments constitute a cru-  
cial test of the model, and one which it has passed suc- 
cessfully. No other model proposed to date approaches 
the success achieved here by  this model, yet much re-  
mains unexplained.  

Acknowledgments 
The authors are grateful to the National  Research 

Council of Canada for support ing this research and for 
a scholarship (D.F.T.). 

Manuscript  submit ted  Oct. 3, 1972; revised m a n u -  
script received May 8, 1973. 

Any discussion of this paper will  appear in a Discus- 
sion Section to be published in  the June  1974 JOURNAL. 

REFERENCES 
1. D. F. Taylor and M. J. Dignam, Par t  I of this paper, 

This Journal, 120, 1299 (1973). 
2. M. J. Dignam and D. F. Taylor, Appl. Phys. Letters, 

15, 198 (1969). 
3. M. J. Dignam and D. F. Taylor, Can. J. Chem., 48, 

1971 (1970). 
4. C. J. Dell'Oca, D. J. Pulfrey, and L. Young, "Anodic 

Oxide Films," in "Physics of Thin  Films," Vol. 6, 
chap. 11, Academic Press, London and  New York 
(1971). 

5. M. J. Dignam, This Journal, 112, 722 (1965). 
6. M. J. Dignam and P. J. Ryan, Can. J. Chem., 46, 549 

(1968). 
7. M. J. Dignam, in "Oxides and Oxide Films," Vol. I, 

chap. 2, J. W. Diggle, Editor, Marcell  Dekker, 
Inc., New York (1972). 

8. J. Siejka, J. P. Nadai, and G. Amsel, This Journal, 
118, 727 (1971). 

Pitting of Titanium 
h Titanium-Foil Experiments 

T. R. Beck* 

Flow Research, Inc., Kent, Washington 98031 

ABSTRACT 

Exper iments  were conducted in which pi t t ing occurred a t  the  edges and 
on the circumference of holes in t i t an ium foil in chloride, bromide, and iodide 
solutions under  potentiostatic conditions. Valence of dissolution was approxi-  
mately  4. The effect of potential, temperature,  concentration, pH, and solution 
flow on current  density and pit t ing potential  was determined. Very complex 
behavior not fitting a single kinetic, mass transport ,  or ohmic l imitat ion was 
observed. A model combining a salt film on the metal  surface with events in  
the electrolyte diffusion layer qual i ta t ively fits the data. 

Pi t t ing attack of t i t an ium alloys was recent ly re-  
viewed (1), and thus the l i terature is not discussed to 
any extent  here. Relat ively li t t le exper imental  work 
has been reported on pi t t ing corrosion of t i tan ium as 
compared to a luminum and iron alloys. The present  
series of papers presents a detailed exper imenta l  s tudy 
of pi t t ing of t i t an ium and a proposed model. 

Much of the pit t ing l i terature describes work at 
open circuit in which cathodic reactions on the same 
specimen provide the corrosion current .  While  valuable  
for relat ing to conditions in  the field, such exper iments  
are of l imited value in formulat ing quant i ta t ive  mech-  
anisms. 

Exper imenta l  conditions in this work were therefore 
idealized in order to make measurements  that were 
directly applicable to the pi t t ing surfaces. Specimens 
were potentiostated so that anodic dissolution currents  
could be directly measured as a funct ion of potential. 
Specimen configurations were such that  the active cor- 
rosion area could be measured and current  densities 
could be determined. Pi t t ing corrosion at the edges of 
a th in  foil is described in this paper. In  the following 
paper the system was fur ther  idealized by using ar t i -  
ficial pits propagated at the ends of th in  rods embed-  
ded in  insulat ing material.  

* Electrochemical Society Active Member .  
K e y  words:  t i tan ium,  corrosion, pitt ing, p i t t ing DotenUal, pi t t ing 

model.  

Experimental 
Pit t ing experiments  were conducted wi th  strips of 

t i t an ium foil in beakers of chloride, bromide, or  iodide 
solutions. The 0.0038 cm thick by approximately 1 cm 
wide • 5 cm long t i tan ium foil anodes were suspended 
in the solutions. The analysis of the commercial ly pure 
foil is given in Table I. Bakers reagent -grade  chem- 
icals and distilled water  were used to make up electro-  
lyte solutions. A p la t inum counterelectrode and a sat-  
ura ted calomel reference electrode were used together 
with a Wenking  potentiostat.  All  potentials are re-  
ferred to the saturated calomel electrode (SCE) in this 
paper. Curren t  measurements  were displayed on an 
x -y  plotter or s t r ip-chart  recorder. Open-circui t  po- 
tentials of the foil specimens were measured wi th  a 
Kei thley electrometer. Fast  potent ial  t ransients  were 
displayed on a Tektronix  oscilloscope and photo- 
graphed with a Polaroid camera. 

Table h Analysis of titanium foil (Titanium Metals Corporation) 

Weight  per  cent 

Fe 0.05 
C 0.014 
N 0.000 
H 0.007 
O N.A. 
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R e s u l t s  

Most of the experiments  were conducted in bromide 
solutions because pit t ing occurs rather  readi ly  and 
could easily be  observed. A high potential  is required 
to init iate and  sustain pit t ing in  chloride solutions and 
the current  densities are ex t remely  high. Pi t t ing is 
somewhat more difficult to main ta in  in  iodide solu- 
tions than  in  bromide and the s imultaneously formed 
iodine obscured visibility. 

Current  vs. time.--Corrosion occurred at the edge of a 
foil specimen when it was potentiostated between the 
s teady-state  pi t t ing potential  of about 0.9V (SCE) and 
a potential  of about 1.4V in neut ra l  bromide solution. 
At  potentials above about 1.4V, oxygen bubbles  ini-  
t ial ly formed on the surface and a pit  nucleated under  
each bubble.  The pits were ini t ia l ly  hemispherical  but  
soon penetrated the foil and the corrosion then oc- 
curred  at  the  circumferences of radial ly  growing holes. 
A cont inuous t ransi t ion from hemispherical  pits to cor- 
rosion on the  edges of the foil in the holes indicates that  
the same basic phenomenon is occurring. Corrosion at 
the foil edges, at the circumferences of the holes, and  
at the outer edges of specimens are considered to be a 
form of pi t t ing in  this paper. Examples  of such pit t ing 
are i l lustrated in  Fig. 1. In  general  the edge corrosion 
surface was more or less p lanar  and  at r ight  angles to 
the foil faces. 

Relations of corrosion current  to t ime under  poten-  
tiostatic conditions are shown in Fig. 2. At  1.2V ap- 
plied potential  the current  increased rapidly, passed 
through a maximum,  and then slowly declined. The 
ini t ia l  rapid increase can be at t r ibuted to growth of 
cusps along the edge from the points of nucleation. The 
decline is due in  part  to uni t ing  of individual  cusps to 
form a smooth front  and to decrease in  area as the pe- 
r imeter  of the specimen decreases. Curren t  density 
can be calculated from 

I 
i = [1] 

where I ---- current ,  t = foil thickness, and ~.l = cor- 
roding length. The corroding length can be measured 
on the edges of the specimen or calculated from the 
number  and the average circumference of the holes. 

At a potential  of 1.9V, which gives holes, the cur-  
rent  increased l inear ly  with t ime unt i l  oscillations set 
in. Ini t ia l  penetrat ion of the hemispherical  pits 
through the foil occurs rapidly before the l inear  in-  
crease. Once a group of holes is initiated, they tend 
to grow in preference to nucleat ion of new pits. Thus 
there is a l imited range  in hole sizes. For the case of 
n holes growing at a constant  cur ren t  densi ty on their  
circumferences it  can be shown that  

[ z F , ~  ]1/2 
= 2=ntM (dI/d~) [2] 

where  p = density, M : molecular  weight  of Ti, and 
= time. The observed l inear increase in total  cur-  

rent  indicates a constant  current  density at the cir-  
cumferences of the holes. A reasonable  agreement  is 
observed for current  densities calculated from Eq. [1] 
and  [2] in  Table II  for 0.6M KBr  solutions. 
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Fig. 2. Current vs. time plots in which corrosion was predomi- 

nantly at the foil edge or on the circumference of holes. 

Valence.--The valence for dissolution of the t i ta-  
n ium foil was determined from weight loss of the spec- 
imens and  an integrat ion of current  over the course 
of the experiments.  Data shown in  Table III  in chlo- 
ride and bromide solutions indicate a valence of about 
4, consistent with results of other workers  (2, 3). Io- 
dide solutions were not used because of the observed 
oxidation to iodine on the foil faces. The experiments  
were not precise for a n u m b e r  of reasons: halide ion 
discharge, metal  particles, and current  oscillations. 

Essentially, no valence 3 t i t an ium was produced as 
there was no trace of the violet Ti 8+ color produced 
in solution. Ti s+ salts can be readily detected from 
uni form dissolution in the active region in strong acid 
solutions well  below the pi t t ing potential. During pi t-  
t ing in acid halide solutions a colorless solution can be 
seen streaming down from the corroding areas. Ob- 
served in  a 35 • microscope, this s tream contains small  
white  particles. In  neut ra l  or basic solutions a floccu- 

Table II. Current density in holes in foil with 0.6M KBr solution 

C u r r e n t  d e n s i t y  ( A / e m  2) 

P o t e n t i a l  Eq.  [ I ]*  Eq.  [2]** 

I n i t i a t e d  at  1.8V 
P r o p a g a t e d  a t  1.2V 1.8 1.4 
P r o p a g a t e d  at  1.8V 4.1 3.1 

* B a s e d  o n  f ina l  c u r r e n t  a n d  ZI. 
** F o r  v a l e n c e ,  z = 4. 

Table III.  Observed valence for corrosion of titanium foil under 
pitting conditions 

R u n  S a l t  Aw (g) z 

1 0.6M K B r  0.038 3.56 
2 0.6M K B r  0.038 4.22 
4 0.6M KCI  0.020 4.21 
8 0.6M K B r  0.280* 4.02 

15 4M K B r  0.025 3.8"/ 

* L a r g e  s h e e t  o f  foi l .  

Fig. I. Examples of pitting corrosion of titanium foil in 0.6M KBr 
solution. Left, 1.2V; right, 1.9V. 
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lent  whi te  p rec ip i ta te  can be seen s t r eaming  down 
f rom the  corroding areas. These observat ions a re  con-  
sistent wi th  format ion  of TiO + + or TiO2 to be ex-  
pected f rom T i ( IV)  unde r  acid and neu t ra l  to basic 
condit ions respect ive ly  (4) at high anodic potentials .  

Current density.--Current dens i ty  in 0.6M KBr  and 
0.6M HBr  va r ied  wi th  appl ied  potent ia l  as shown in 
Fig. 3. The s t eady-s ta te  p i t t ing  poten t ia l  is about 0.9V 
in these solutions. Al l  of the  p i t t ing  potent ia ls  given 
in this  paper  were  de te rmined  by  s tar t ing wi th  speci-  
mens  corroding at  s teady  state and  decreasing poten-  
t ia l  s lowly unt i l  corrosion stopped. There  is cons ider -  
ab le  scat ter  in the da ta  so that  it  is not  c lear  wha t  
re la t ionship  of cur ren t  dens i ty  to potent ia l  gives the 
best fit. Arrows are drawn from the experimental 
points indicating the direction of corrections that 
should be made. An arrow pointing down indicates 
roughness of the corroding surface and therefore a 
lower actual current density. An arrow pointing up 
indicates either that oscillations or a maximum in 
current occurred as illustrated in Fig. 2. Oscillations 
may indicate that not all of the corroding surface is 
active simultaneously. 

Egect of co~entratio~.--The relationship of current 
density to concentration is shown in Fig. 4 for an ap- 
plied potential of 1.4V. Below a concentration of 0.02M 
no pitting occurred. At 0.02M the current was very 
unstable. The best straight line drawn by eye through 
the log-log plot from 0.06 to 4M has a slope of about 
0.27. 

Figure 5 shows steady-state pitting potential as a 
function of concentration for foil in HBr and KBr solu- 
tions. The data are rather scattered but show a de- 
creasing trend in pitting potential with increased con- 
centration. The average slope appears to be about 
--110 mV per decade of concentration on the semilog 
plot and independent of bulk pH in neutral to acid 
solutions. 

Ef]ect of temperature.--The effect of t empe ra tu r e  on 
the p i t t ing  corrosion cur ren t  densi ty  is shown in Fig. 
6 for 0.6M K B r  at potent ia ls  of 1.2 and 1.6V. F rom the 
slopes of the  s t ra ight  l ine segments  of the  log i vs. 1/T 
plots, act ivat ion energies at  1.2 and 1.6V are  12.2 and 
10.0 kcal, respect ively.  Curren t  dens i ty  fel l  off from 
the  s t ra ight  l ine re la t ionship  at 15~ and pi t t ing cor-  
rosion ceased a l toge ther  below about  15~ 

S t eady - s t a t e  p i t t ing  po ten t ia l  in 0.6M bromide  solu-  
tions as a funct ion of t e m p e r a t u r e  is given in Fig. 7. 
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Fig. 3. Pitting corrosion current density as a function of poten- 
tial. 
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Fig. 4. Relationship of pitting corrosion current density to con- 
centration of KBr at  a potential of + 1.4V. 
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Fig. 7. Effect of temperature on steady-state pitting potential in 
KBr and HBr solutions. 

At room tempera tu re  and above, the pit t ing potential 
appears to be constant at about 0.9V. Below room tem-  
pera ture  the pit t ing potential  rises sharply. This rise 
in the pit t ing potential  is consistent with pit t ing cor- 
rosion not observed in bromide solution below 15~ in 
Fig. 6. Exper iments  conducted in a beaker  inside a 
closed stainless steel pressure vessel gave a constant 
s teady-sta te  pit t ing potential  of about 0.9V up to t em-  
peratures  above 150~ 

Steady-s ta te  pi t t ing potential  in 0.6M iodide solu- 
tions, g iven in Fig. 8, increased with t empera tu re  and 
it appeared to be slightly higher  in KI  as compared to 
HI solutions. Pi t t ing was very  difficult to initiate above 
room temperature ,  e.g., it would not init iate at a po- 
tent ial  of greater  than 10V at 50~ The points above 
room tempera ture  were  obtained by initiating at room 
tempera tu re  at a high potential  (2-5V), increasing the 
temperature ,  and then decreasing the potential  slowly 
unt i l  pi t t ing stopped. Pi t t ing in iodide was accom- 
panied by iodine formation on the faces of the foil. 

An interest ing phenomenon sometimes observed 
above room tempera tu re  is the occurrence of "red 
headed worms."  Instead of forming a flocculent pre-  
cipitate of t i tanium oxide in solution as is obtained 
below room tempera tu re  in iodide solution or in chlo-  
r ide and bromide solutions, the oxide sometimes forms 
a more compact worml ike  body that  is ex t ruded from 
the pits. The oxide is reddish brown near  the pit from 
tetraiodide or s imultaneously formed iodine but the 
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Fig. 8. Effect of temperature on steady-state pitting potential in 
0.6M KI and HI solutions. 

color is removed from the "body" by the solution. The 
result  is a whi te-bodied  "red headed worm"  which 
appears to be gnawing into the edge of the foil. 

Heating iodide solutions to near boiling gives readily 
init iated pit t ing and a lower  s teady-s ta te  pit t ing po- 
tential  of 0.45V. Flocculent  precipi tated t i tanium oxide 
is also formed. As the t empera tu re  is lowered the oxide 
again clings to the surface and below 50~ pit t ing be-  
comes difficult to sustain. The s teady-sta te  pit t ing po- 
tential  appears constant between 50 ~ and 100~ in io-  
dide solution. 

The effect of t empera ture  on the s teady-state  pit t ing 
potential  in bromide and iodide solutions is sum- 
marized in Fig. 9. Data of Posey and Bohlmann (5) 
for 1M sodium chloride solution over  a wide range of 
tempera ture  are also shown. Data obtained in 0.6M 
chloride solution in this work  f rom room tempera ture  
to 100~ are in agreement  wi th  that  of Posey and Bohl-  
mann. The threshold current  density to sustain pit t ing 
in chloride solution is greater  than 20 A / c m  2 at room 
temperature .  

Transient behavior.--Potential sweep measurements  
were  made to test if a diffusion-limited process is in-  
volved in pitting. A diffusion-limited process init ial ly 
at steady state should have no increase in current  
density with a rapid potential  increase. This was found 
to be true for high sweep speeds (31,200 m V /m in )  for 
potentials below about 1.5V as shown in Fig. 10. Above 
this potential  the current  increased even with  high 
sweep speed, indicating initiation of a new process. 

Oscillations at a f requency of 1-4 Hz occurred on the 
downsweep above 1.4V. Below 1.4V the  current  de- 
creased approximate ly  l inear ly  with potential,  char-  
acteristic of a process controlled by an ohmic re-  
sistance. The ext rapola ted  zero-cur ren t  intercept  po- 
tential  decreased wi th  higher  sweep speed. 

When a specimen of t i tanium undergoing pit t ing 
corrosion is suddenly open circuited its potential  
rapidly decays over  the first 10 -2 sec, goes through a 
min imum between 10 -2 and 10 -1 sec, and then in- 
creases to the normal  passive potential  of about zero 
volt. The open-circui t  potentials were  measured  with  
the e lec t rometer  and oscilloscope. The  min imum po- 
tential  could be a t t r ibuted to that  of the corroding 
surface or a mixed  potential  established thereafter .  
Minimum potentials for specimens ini t ial ly corroding 
at 1.2V in 0.6M chloride, bromide, and iodide solutions 
are shown in Fig. 11. The min imum potent ial  appears 
to be re la t ive ly  insensitive to the potential  applied 
during pitting. In the case of chloride the  min imum 
potent ia l  is close to the calculated (6) reversible  po- 
tent ial  for 

Ti § 4 X -  --> TiX4 + 4e 

:=> 

o Cl- 

, - /  

m {- 
0 I J I I I 

0 100 200 
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Fig. 9. Effect of temperature on steady-state pitting potential of 
C.P. titanium in 0.6-1M halide solutions [chloride from Posey and 
Bohlmann (5)]. 
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Fig. i0. Potential sweep experiments in 0.6M KBr (parameter in 
millivolts per minute). 

but  it is higher for bromide and iodide. Within  the ex- 
per imenta l  error the m i n i m u m  in bromide solutions 
was constant  with concentrat ion from 0.1 to 6M and 
with tempera ture  from 0 ~ to 100~ 

The intercepts from Fig. 10 and the m i n i m u m  po- 
tent ia l  from Fig. 11 are plotted vs. t ime to reach that 
potential  in Fig. 12. It appears that  repassivation of a 
pi t t ing t i t an ium surface is very rapid below the pi t -  
t ing potential. 

E~ect of solution ]Zow.--A hydrodynamic flow experi-  
ment  was designed to verify if a diffusion-limited 
process is present. The exper iment  is i l lustrated in  
Fig. 13. A pit was ini t iated in the t i t an ium foil dia-  
phragm by piercing it wi th  the sharpened t i t an ium 
probe that  was connected electrically through a cur-  
r en t - l imi t ing  resistor to the cell cathode. Once in i -  
tiated, pi t t ing was controlled potentiostatically. The 
saturated calomel reference electrode was connected 
through a salt bridge having a porous Vicor end that  
has a high flow resistance without  an excessive elec- 
trical resistance. Solution could be made  to flow 
through the orifice-shaped pit by raising the level of a 
reservoir  of solution connected by rubber  tubing.  Solu- 
t ion was collected in a graduated cyl inder  for deter-  
min ing  the flow rate. Thus pit t ing cur ren t  could be 
determined as a funct ion of flow rate past  the corrod- 
ing surface under  potentiostatic conditions. 

Results in  bromide and iodide solutions are shown in 
Fig. 14. The ratio of the current  with solution flow to 
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the current  at no flow is plotted against the flow rate. 
The current  increased with flow rate in iodide and de- 
creased with flow in bromide. The effect of flow was 
greater with the more dilute bromide solution. Pi t t ing 
corrosion was completely stopped by flow in  chlo- 
ride solutions. Only a qual i ta t ive t rea tment  has been 
made on the effect of flow because quant i ta t ive  t reat -  
ment  is difficult with the technique used. 

Great  care was required to init iate pits in  chloride 
solution. The potential  was slowly increased to 10V 
prior to piercing the foil. When a potential  of 10V was 
suddenly  applied to a fresh foil in chloride solution, 
pits ini t iated at the per iphery at the edge of the Teflon 
gasket. 

Discussion 
The exper imental  data make  it evident  that  some 

ra ther  complex events occur dur ing  pi t t ing of t i ta-  
nium. The reaction is not under  simple kinetic, mass-  
transport,  or ohmic control. There is apparent ly  a dif- 
fusion-l imited current  density on the upsweep in Fig. 
10 bu t  the current  densi ty either increases or de- 
creases with fluid velocity in Fig. 14 depending on the 
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Fig. 14. Results of flow experiments for bromide and iodide solu- 
tions. 

hal ide  ion. The corrosion cur ren t  dens i ty  has a small  
dependence  on ha l ide  ion concentra t ion in Fig. 4, but  
increases apprec iab ly  wi th  t e m p e r a t u r e  in Fig. 6. On 
the other  hand, the  cur ren t  densi ty  appears  to be 
ohmical ly  cont ro l led  on the downsweep in Fig. 10. 

P i t t ing  potent ia l  for t i t an ium in solutions of the 
t h ree  ha l ide  ions exhibi ts  some pecul ia r  increases and 
decreases in Fig. 9. The ze ro -cur ren t  potent ia l  in te r -  
cept decreases wi th  increas ing nega t ive  sweep speed 
in Fig. 12 to a value  tha t  is to a first approx imat ion  
independent  of ini t ia l  appl ied  potential ,  ha l ide  concen- 
trat ion,  or t empera ture .  

How can these  appa ren t ly  d iverse  exper imen ta l  ob-  
servat ions  be ra t ional ized? A model  wi l l  be put  forth 
in qua l i t a t ive  form wi thout  proof  here.  Different  as-  
pects  of it  wi l l  be ma thema t i ca l l y  modeled  and quan t i -  
t a t i ve ly  tes ted  in subsequent  papers .  

ModeL--The essence of the  model  is p resented  in 
Fig. 15. I t  is assumed tha t  a t i t an ium te t raha l ide  (or 
oxyhal ide)  film is fo rmed at  the  me ta l  surface. On the  
solut ion side is a diffusion layer  in which the  hal ide  
dissolves and is t r anspor ted  away.  Simul taneously ,  
hydro lys i s  of the  covalent  t e t raha l ide  occurs to give 
TiO + + or TiO2 (depending on the bu lk  pH) and H + 
and ha l ide  ions. Curren t  dens i ty  at  s teady state is 
control led  by  diffusion of e i ther  wa te r  to the  sal t  film 
surface to dissolve i t  at  a l imi t ing r a t e  or of ha l ide  
ion to form the  te t rahal ide .  The former  is the  charge 
acceptor  concept  considered by  Wagne r  (7) in elec-  
t ropolishing.  The l a t t e r  would  requ i re  tha t  the  dis-  
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Fig. 15. Model for reactions in pit 

solved t e t r aha l ide  is comple te ly  covalent ,  giving essen- 
t ia l ly  no hal ide ions by  dissociation. 

The sal t  film grows to a thickness  requ i red  to de-  
velop a potent ia l  drop  across it  corresponding to the 
potent ia l  appl ied  and the cur ren t  density. The metal  
to sal t  in terface is assumed to be approx ima te ly  the 
min imum open-c i rcui t  potent ia l  which is near  the  cal -  
culated revers ib le  potent ia l  for the  react ion 

Ti + 4 X -  -~ TiX4 + 4e 

as indicated in Fig. 11. 
The ohmic drop in solution appears  to be only a 

smal l  pa r t  of the to ta l  difference be tween  the applied 
potent ia l  and the  me ta l - t o - s a l t  in ter face  potent ia l  in 
modera te ly  concent ra ted  solutions. Ohmic resistance 
of the solut ion can be approx imated  b y  

t In (~r2/t) 
R (soln) = ohm-cm 2 [3] 

for hemicyl indr ica l  condit ion in e lec t ro ly te  wi th  con- 
duct ivi ty,  K, be tween  the  posi t ion of the  reference 
electrode, r2, and an equiva lent  half  cy l inder  wi th  half  
c i rcumference  equal  to the foil thickness,  t. Calculated 
solution iR drop is 0.22 and 0.57V, respect ively,  for 
0.6M HBr  (~ = 0.18 o h m - l - c m  -1) and 0.6M KBr  (~ ---- 
0.07 o h m - l - c m  - I )  for a cur ren t  densi ty  of 5 A / c m  2. 
Total  potent ia l  drops for these two solutions at  5 A / c m  2 
from Fig. 3 a re  1.4 --  ( --0.6)  ----- 2.0V and 1.9 --  (--0.6)  
---- 2.5V, respect ively.  The differences be tween  the total  
and solution potent ia l  drops can be a t t r ibu ted  to the 
resis tance of the  salt  film. 

A rap id  decrease in potent ia l  f rom a s teady-s ta te  
condit ion (Fig. 10) the re fore  gives a decreasing cu r -  
rent  density. The act ive p i t t ing  surface apparen t ly  pas -  
s ivates r ap id ly  because the  m i n i m u m  open-c i rcui t  po-  
t en t ia l  lasts for only  a few tenths  of a second before  a 
r ise to the  normal  s t eady-s ta te  open-c i rcui t  potent ia l  
for passive t i tanium.  The faster  the  potenia l  sweep in 
the  negat ive  direction,  t he  less passivat ion occurs and 
thus the  more  negat ive  the  in tercept  as shown in Fig. 
12. 

The small  dependence  of p i t t ing  cur ren t  densi ty  on 
concentra t ion (Fig. 4) is consistent wi th  diffusion of 
wa te r  th rough  the  e lect rolyte  being the  l imi t ing rate.  
Regenera t ion  of ha l ide  ion wi th in  the  diffusion layer  
could also make  the  l imit ing diffusion r a t e  of ha l ide  ion 
to the  salt  surface r e l a t ive ly  independent  of bu lk  ha -  
l ide concentrat ion.  

I t  appears  f rom the exper iments  tha t  a min imum 
cur ren t  densi ty  of about  1 A/cm~ is requi red  to sustain 
p i t t ing  at  the  edge of the foil in b romide  solution. The 
threshold  concentra t ion for p i t t ing  observed in Fig. 4 
could be a t t r ibu ted  to too high a solution resistance by  
Eq. [3] to ma in ta in  the  requ i red  min imum cur ren t  
density.  

Hydrolys is  wi th in  the diffusion layer  requi res  a l im-  
i ted range  of the  hydro lys i s  r a t e  constant.  I f  the  hydro l -  
ysis is too slow it wi l l  occur outside of the diffusion 
l aye r  resul t ing  in no ha l ide  ion, oxyhal ide,  or oxide 
bu i ld -up  in it. A la rge  ra te  constant  would  give oxide  
close to the  salt  film surface which  could cause b lock-  
age of dissolution. 

Some aspects of p i t t ing  behavior  in iodide  solution 
could be a t t r ibu ted  to oxide blockage.  Increased cur -  
rent  densi ty  wi th  e lec t ro ly te  flow in iodide solution 
shown in Fig. 14 could be  a t t r ibu ted  to decrease  in 
diffusion l aye r  th ickness  and faster  r emova l  of the 
blocking oxide. The lower  p i t t ing  potent ia l  in HI  as 
compared  to K I  in Fig. 8 could be  a t t r ibu ted  to a shift  
to soluble  TiO ++ in more  acid solution. Decrease  in 
p i t t ing  potent ia l  be low room t e m p e r a t u r e  in iodide 
solut ion could be  a t t r ibu ted  to s lower hydro lys i s  and 
less blockage.  The lower  pi t t ing potent ia l  above 50~ 
in iodide is consistent  wi th  increased ra te  of nucleat ion 
and g rowth  of TiO2 par t ic les  in solut ion as observed 
in TiO2 pigment  technology (8). 

P i t t ing  behavior  in b romide  and chlor ide  solutions 
is consistent  wi th  a s lower hydro lys i s  r a t e  expected 
for the  respect ive  t e t raha l ides  based  on l a rge r  t i t a -  
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n ium-ha logen  bond energies (6). Decreased cur ren t  
dens i ty  wi th  flow for b romide  solutions as observed 
in Fig. 14 could be a t t r ibu ted  to decrease  in concent ra -  
t ion of hydrolys is  products  which may  be necessary 
to main ta in  the  salt  film and prevent  passivation.  The 
re la t ive  decrease in cur ren t  wi th  flow is g rea te r  in 
the  more  di lu te  solution which would have  the smal ler  
bu i ld -up  of hydro lys i s  products  at a lower  current  
density. Comple te  cessation of p i t t ing  with  flow in 
chlor ide  solution could be a t t r ibu ted  to cooling as 
wel l  as decreasing concentra t ion in the diffusion layer .  
Heat  flux at a p i t t ing  surface in chlor ide  is high enough 
to cause boiling, i.e., a 9V drop at the surface and 20 
A / c m  2 gives 180 W / c m  2 which  is considerably  grea te r  
than  the heat  flux requi red  for boil ing (9). P i t t ing  in 
chlor ide solution is accompanied by  an intense local 
agi ta t ion at  the  surface which  m a y  be  a t t r ibu ted  to 
local  boiling. 

Pitting potentiaL--Presence of a salt  l aye r  and ve ry  
rap id  pass ivat ion be low the pi t t ing potent ia l  suggests a 
new mechanism for the s t eady-s t a t e  pi t t ing potential .  
I t  is the  potent ia l  at which the sal t  film thickness  is 
such that  a pass ivat ing species can be t r anspor ted  
th rough  it and cover  the surface fas ter  than  the  sa l t -  
forming react ion occurs. Two pass ivat ing  compounds 
could be considered for t i tanium;  oxide or  hydr ide .  
Oxide  is considered to be the more  l ike ly  based on ob-  
servat ions to be presented  in subsequent  papers.  

This mechanism for p i t t ing  potent ia l  is re la ted  to 
one proposed by  Vet ter  (10) except  that  he based the  
rep lacement  of sal t  by  oxide  on the rmodynamics  
ra ther  than  mass  t ranspor t .  Quant i t a t ive  t r ea tmen t  of 
the  present  model  wil l  be presented  in a subsequent  
paper .  

Conclusions 
The fol lowing conclusions a re  based on exper iments  

conducted with  edge pi t t ing of t i t an ium foil in chlo-  
ride, bromide,  and iodide solutions. 

1. The valence for  dissolution appears  to be approx i -  
ma te ly  4. 

2. At  constant  potential ,  cur ren t  densi ty  in the  cor-  
roding area  appears  to be  app rox ima te ly  constant  as 
edge pi t t ing  propagates  in bromide  solutions. 

3. Curren t  densi ty  in the corroding area  increases 
wi th  potent ia l  above the  s t eady- s t a t e  p i t t ing  potent ial  
in bromide  solutions. 

4. Curren t  dens i ty  at  constant  potent ia l  var ies  only 
as about  the  1/4 power  of bu lk  concentra t ion of b ro-  
mide above a threshold  level. 

5. Curren t  dens i ty  at constant  potent ia l  increases 
wi th  t empe ra tu r e  above a th resho ld  level  in bromide  
solution. 

6. Steady-s~ate  p i t t ing  potent ia l  decreases loga r i th -  
mica l ly  wi th  bromide  concentrat ion,  independent  of 
pH. 

7. S t e a d y - s t a t e  pi t t ing potent ia l  bears  a complex  
re la t ion to t empera tu re :  it decreases in chlor ide  solu- 
t ion f rom about  10V at room t empera tu r e  to about  1V 

at 200~ it decreases f rom about  1.7V at 0~ to 0.9V 
at room t e m p e r a t u r e  and remains  constant  to above 
100~ in bromide,  and increases from about  1V at 
0~ to over  10V at 50~ in iodide then  drops to 0.45V 
from 50~ to at least  100~ 

8. With  rap id  potent ia l  t ransients  be tween  1.0 and 
1.5V in bromide  solut ion the  current  dens i ty  appeared  
to be constant  on the upsweep as for a diffusion-con-  
t ro l led  reac t ion  but  decreased l inear ly  on the  down-  
sweep as wi th  an ohmic contro l led  reaction.  

9. Repass ivat ion  is ve ry  rapid  be low the pi t t ing  po-  
tential,  e.g., about  10 -1 sec. 

10. Hydrodynamic  flow past  corroding surfaces 
caused increased cur ren t  in iodide, decreased cur ren t  
in bromide,  and s topped pi t t ing  in chloride.  

11. A model  for the react ions in a pi t  consisting of a 
sal t  film plus e lec t ro ly te  diffusion l aye r  qua l i ta t ive ly  
fits the  da ta  presented.  
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Pitting of Titanium 
i l .  O n e - D i m e n s i o n a l  Pi t  E x p e r i m e n t s  

T .  R. B e c k *  

Flow Research, Inc., Kent, Washington 98031 

ABSTRACT 

Experiments  were conducted with pit t ing corrosion of the ends of t i t an ium 
rods insulated on the sides with epoxy resin. The rods were potentiostated in 
the anode-fac ing-up position in chloride, bromide, and iodide solutions. After  
a small  depth of corrosion a un i form current  density was obtained charac- 
teristic of one-dimensional  mass t ranspor t  and conduction. Current  density 
is mass- t ranspor t  l imited in the electrolyte and it appears that  a salt film forms 
on the metal  surface to absorb most of the potential  applied. 

In  prior studies on pit t ing of t i t an ium (1) it was 
observed that pits grown on foil were ini t ia l ly  ap- 
proximately hemispherical as observed for other met-  
als (2-4). After the pits penetrated the foil, corrosion 
cont inued at the circumference of the holes with no 
apparent  change in  mechanism. The new corroding 
areas were near ly  cylindrical  and at right angles to 
the foil faces. A fur ther  simplification from a cyl indr i -  
cal to a p lanar  surface would allow a one-dimensional  
analysis of the mass- t ranspor t  phenomena.  

In  the present  work, p lanar  corrosion was obtained 
on the ends of small  diameter rods or rectangular  
prisms of t i t an ium which were cast in epoxy resin like 
the lead in a pencil. This technique of insulated cyl in-  
der has been reported by Edwards (5) with larger 
diameter specimens of copper in studies of electro- 
polishing. A related technique was used by Picket ing 
and Franken tha l  (6) in which they did single-pi t  ex-  
per iments  through a hole drilled in  a Lucite plate 
bonded to a steel surface. 

E x p e r i m e n t a l  
General.~Commercially pure, A-75, t i tan ium from 

Ti tan ium Metals Corporation was used for the experi-  
ments. Cross sections of three different size specimens 
were 0.163 cm diameter, 0.1 X 0.1, and 0.16 • 0.32 cm 
with lengths of 3-6 cm. The specimens were cast in 
epoxy resin with an outside diameter of 0.6 cm. The 
working end of each t i t an ium "pencil" was ground flat 
with silicon carbide paper on a belt sander before each 
experiment.  The ini t ial  surface was not critical as the 
corrosion reaction shortly established its own con- 
figuration of the surface. 

All  experiments  were conducted with the t i t an ium 
in  the anode-facing-up position. Most of the exper.i- 
ments  were done in an inverted cut-off polyethylene 
bottle with the t i t an ium pencil  mounted  in a rubber  
stopper similar to the a r rangement  in  Ref. (5). Elec- 
t rolyte  filled the cell to a level about 1 cm above the 
end of the pencil. Events in  the "pit" formed at the 
working end of the pencil were observed through a 
B&L binocular  zoom microscope at 7 to 35X. The cell 
was potentiostated using a Wenking  Model 66TSI with 
p la t inum counterelectrode and saturated calomel elec- 
trode (SCE) reference. All  potentials cited in this paper 
are in respect to the SCE. Most of the potential  drop in 
the cell was wi thin  the pit, so the location of the counter 
and reference electrodes was not important  electrically 
and they could be located at the side of the cell out 
of the way of the microscope. All experiments  were 
conducted at room temperature  (,~21~ unless other-  
wise specified. All  chemicals used were Bakers reagent  
grade without  fur ther  purification. Solutions were 
made with commercial ly supplied distilled water. 

Cell current  and electrode potential  were displayed 
on a Hewle t t -Packard  strip chart  recorder and X-Y 
plotter. Fast  t ransients  were displayed on a Tektronix  
oscilloscope and photographed with a Polaroid camera. 

* Electrochemical Society A c t i v e  M e m b e r .  
K e y  words: titanium, corrosion, pitting, pitting potential, p i t t i n g  

model.  

Potential vs. pit dep th .~A cell  i l lustrated in  Fig. 1 
was designed to measure the potential  drop in the pit 
electrolyte. The cell was made of Plexiglas pieces ce- 
mented  together. The t i t an ium pencil  was fitted in the 
bottom of the cell with a threaded Teflon sleeve. An 
annula r  p la t inum disk counterelectrode was axial to 
the t i tan ium pencil. The t i t an ium pencil  was potentio- 
stated in respect to a calomel reference electrode 
mounted  in the cell. 

A scale drawing of the Luggin capil lary in  the ar t i -  
ficial pit showing the impor tant  dimensions is given in 
Fig. 2. The cross-sectional area of the tip was 2.4% of 
the area of the pit. Measurements of potential  vs. posi- 
tion were made over a range of pit depths from 0.07 to 
0.12 cm. At a distance above the pit the capillary flared 
out to a shaft diameter  of 0.1 cm that  fitted into a 
Plexiglas bushing mounted  on split t i t an ium leaf 
springs. A sliding fit sealed with stopcock grease was 
used in order to avoid breaking the capil lary tip when  
it hit  the electrode at the bottom of the pit. 

The Plexiglas bushing mounted  on split leaf springs 
of t i tan ium mainta ined  axial a l ignment  of the Luggin 
capillary. The bushing and capillary were forced down 
against the spring by a micrometer  head mounted on 
top of the cell. A Teflon tube filled with electrolyte 
connected the Luggin capi l lary-bushing assembly to a 
second calomel electrode in  a reservoir outside of the 
cell. The signal from this calomel electrode was fed 
into Keithley Model 610B electrometer. 

A Helipot connected as a voltage divider across a 
mercury  cell provided an electrical analog signal of 
the Luggin capillary position. The Helipot was at-  
tached to the cell through a leaf spring which allowed 
axial movement  bu t  prevented rotation, and the shaft 
was connected to the micrometer.  The signals from the 
Helipot and from the electrometer connected to the 
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Fig. 1. Cell for measuring potential drop in pit electrolyte 
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Fig. 2. Scale drawing of Luggin capillary in artificial pit. Dimen- 
dons in centimeters. 

SCE from the  Luggin  cap i l l a ry  were  d isp layed on the  
X - Y  plotter .  The  Hel ipot  signal, which  was l inear  
wi th  Luggin  cap i l l a ry  position, was ca l ibra ted  wi th  the 
micrometer .  Dur ing  the  exper imen t s  per iodic  checks 
of Luggin cap i l l a ry  posi t ion and pit  dep th  (seen 
th rough  the  epoxy  resin)  were  made  wi th  a ca the tom-  
eter. 

Open-circuit potential transients.--The pa t t e rn  of 
decay of potent ia l  of a work ing  e lect rode wi th  t ime 
af ter  open circui t ing is diagnostic in de te rmin ing  the  
type  of potent ia l  drop, e.g., e lec t ro ly te  ohmic drops  
should d isappear  immed ia t e ly  whi le  act ivat ion over -  
vol tage  should decay wi th  log t ime  (7).  

A t i t an ium penci l  was potent ios ta ted  in a po lye thy l -  
ene cell. The circuit  was opened by  a Stevens Arnold ,  
Inc. mil l isecond re lay  on the  countere lec t rode  side. The 
signal  f rom a separa te  calomel  e lect rode in the  cell  
was fed into a Tek t ron ix  Model  510 oscilloscope for 
sho r t - t ime  t rans ients  and through the e lec t rometer  to 
the s t r ip  char t  to record  longer  per iod  transients .  

For  each appl ied  potent ia l  to the specimen a series 
of open-c i rcu i t  t rans ients  was photographed  on the 
oscilloscope screen at  sweep speeds a decade apa r t  
f rom 10 ~sec/cm to 100 msec/cm.  The  s t r ip  cha r t  was 
used to obta in  da ta  out of 10 sec or more. This p ro -  
cedure gave some over lap  for each scale when  the  
da ta  were  rep lo t ted  on a semilog graph.  

Identification of gas from p / t s . - -A  smal l  amount  of 
gas was observed  to emana te  cont inual ly  f rom the pits. 
A n  expe r imen t  was devised  to de te rmine  if t he  gas 
w a s  hydrogen  or  oxygen.  The gas was col lected in a 
section of 1 ml  bure t t e  wi th  a f lared end filled wi th  
w a t e r  and  inver t ed  over  an art if icial  pit.  Af te r  a few 
tenths  of a mi l l i l i t e r  of gas were  collected, e i ther  h y -  
drogen or  oxygen  were  introduced.  The gas mix tu re  
w a s  sparked  wi th  p l a t inum electrodes at  the  top of the  
bure t t e  and change in vo lume was  determined.  

Photographs.--Photographs of the  cor roded  surfaces 
were  t aken  wi th  an Ul t rascan  Model SM-2 scanning 
e lect ron microscope (SEM).  A l l  of the  surfaces were  
p repa red  b y  corroding at  constant  potent ial .  The to ta l  
charge  passed was 1000-2400 cou lombs /cm 2 at  2.0-6.0V, 
750 at  1.5V, 490 at  0.98V, and 120 at  0.94V. 

Results 
Current-potential curves.--A typ ica l  series of cur -  

r en t -po ten t i a l  curves is shown in Fig. 3 for  p i t t ing  of 
t h e  0.1 • 0.1 cm t i t an ium penci l  in  1M KBr .  These  
curves  obta ined wi th  a sweep r a t e  of about  --20 
V/min ,  were  t aken  at  var ious  t imes dur ing propaga t ion  
of a pi t  at  a potent ia l  of 6.0V. Amoun t  of charge  passed 
up  to the  t ime  of the  measu remen t  is the  pa ramete r .  
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Fig. 3. Transient current density-potential curves for 10 - 2  cm 2 
titanium electrode in 1M KBr. Parameter is amount of charge 
passed. 

Three regions are  observed:  a hump be tween  the 
p i t t ing  potent ia l  and 1.4V, a p la teau  be tween  about  
2.0V and 3.5-4.5V, and a second p la teau  about  4.0-5.0V, 
at least  out to 17V. These wi l l  be re fe r red  to as the  
hump, the  lower  plateau,  and the upper  plateau,  r e -  
spect ively.  At  s lower sweep speeds the  m a x i m u m  of 
the  hump occurs at  a potent ia l  of about  0.g8v and  the  
s t eady-s t a t e  p i t t ing  potent ia l  is 0.9V. Wi th  e lapsed t ime 
or charge passed the  cur ren t  dens i ty  in al l  t h r ee  r e -  
gions decreases and the ha l f -wave  potent ia l  be tween  
the lower  and upper  p la teaus  increases.  The min imum 
be tween  the  hump and the lower  p la t eau  tends  to r e -  
main  constant  at  1.4V. A posi t ive sweep ra te  gives 
s imi lar  shape curves except  tha t  a second hump in 
cur ren t  dens i ty  occurs on the  lower  p la t eau  at  1.8V. 

Cur ren t -po ten t i a l  curves for more  nea r ly  s t eady-  
s ta te  condit ions for 0.16 • 0.32 cm t i t an ium pencils  in 
4.4M HBr are  shown in Fig. 4. These curves  were  con- 
s t ruc ted  f rom the  cons tan t -po ten t i a l  exper imen t s  f rom 
which the SEM photographs  were  taken.  In t e rpo la -  
tions were  made for t h r ee  charge  densities. The cur -  
ren t  dens i ty  decreased in these runs  in a r ange  of 0 to 
--1.7 power  of the  cumula t ive  charge  dens i ty  depend-  
ing on poten t ia l  and charge  density.  The  l a rge  nega-  
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Fig. 4. Steady-state current density-potential curves for 0.05 cm s 
titanium electrode in 4.4M HBr. Parameter is amount of charge 
passed. 
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t ive slope was related to the change from the upper to 
the lower plateau. 

Above room tempera ture  (50~176 strong oscil- 
lat ions occurred between 0.9 and 1.5V in 4.4M HBr 
solution. The frequency was about 10 cycles/min. 

The character of the corroding surface was different 
in the three regions. At the hump and up to a potential 
somewhere between 1.5 and 2.0V the pit was covered 
with what  looked l ike a layer  of compact gray mud. 
The metal  surface after cleaning ul trasonical ly or by 
cathodic hydrogen evolution was very porous as can be 
seen for 0.94, 0.98, and 1.5V in  the SEM photograph at 
1000X in Fig. 5a, 5b, 5c. 

On the lower plateau an orange- to-whi te  precipi- 
tate was formed and extruded from the pit. The outer 
surface was chunky and white and the chunks slowly 
dissolved in the HBr solution. Deeper in the pit the 
mater ia l  was orange and appeared to be somewhat 
gelatinous. Most of the mater ial  was easily removed 
with a jet  of water  after the exper iments  except for a 
thin film that adhered to the surface. After washing 
this film with acetone and drying it usual ly  cracked 
and pealed off. The under ly ing  meta l  surface appeared 
bright and crystallographically etched under  the 35X 
binocular  microscope. The SEM photograph in Fig. 5f 
shows the faceting and what  looks like terraces. The 
t ransi t ion to the terraced condition at 2.0 and 2.5V 
is shown in  Fig. 5d and 5e. 

On the upper  plateau, a viscous orange solution 
covered the bottom of the pit and the shiny metal  sur-  
face could be seen through it. With t ime the solution 
became t ranslucent  and the metal  surface could no 
longer be seen. In  washing out the pit mater ia l  as 
above a salt film adhering to the metal  was also ob- 
served. The under ly ing  metal  was polished as can be 
seen in the SEM photograph in Fig. 5g and 5h. In  spite 
of being polished, it can be seen that  there remained 
some differential metal  removal  between different 
grain  faces. Some round bumps also covered the sur-  
face. F ranken tha l  and Pickering (8) also observed 
porous crystallographic and polished surfaces dur ing 
the pi t t ing of iron. 

Good leveling of the t i t an ium surface, as opposed to 
the above microtexture, occurred in  bromide solution 
at all  potentials as the pits deepened. Initially,  when  
a potential  above 2.5V is applied to a sanded pencil 
end the corrosion starts at the circumference of the 
t i tanium. The gelatinous corrosion product then spreads 
inward ly  un t i l  the whole surface is active. Corrosion 
i s  ini t ia l ly greater at the circumference of the t i t an ium 
as would be expected for p r imary  current  distribution. 
As the  pit  deepens, the surface becomes very level an d  
at r ight  angles to the epoxy resin walls. The surfaces 
were usual ly  rougher  in  chloride and iodide solutions. 

St i rr ing the precipitate in the pits with a glass mi-  
crostirr ing rod always caused the current  to increase in 
all three regions. Sometime the small  gas bubbles  
(0.001-0.01 cm diameter)  agglomerated into a larger 
bubble  that  filleekthe pit and forced out the precipitate. 
Current  decreased dur ing  the growth of these bubbles 
and increased on their  release. In  switching from the 
upper  plateau to 1.5V such a conglomerate bubble  al- 
ways formed. As it pushed up the precipitate a layered 
s t ructure  could be observed. Typical ly there was a 
compact layer  about 10 -8 cm thick that  was next  to 
the metal  surface with a columnar  layer  about  10 -2 
cm thick above it. 

In  the prior paper (1) it was found that  flow of 
electrolyte past the corroding surface in  chloride solu- 
t ion stopped pitting. This was at t r ibuted to decreasing 
the diffusion layer thickness and removing hydrolysis 
products essential to the pit t ing process as Well as de- 
creasing tempera ture  which appears to be at boil ing 
in  chloride solutions. Increasing the diffusion layer 
thickness in chloride solution should therefore promote 
pitting. An  exper iment  was conducted with a t i t an ium 
pencil  in the anode-fac ing-up position in 6M HC1 to 
test this idea. As corrosion propagated and depth in-  
creased, the potential  to sustain pit t ing increased as 
shown in Table I, and the threshold current  density, 
shown in  Fig. 6, decreased as expected. The depth was 

calculated from the charge passed for valence (IV) t i-  
t an ium produced and checked with measured depth at 
the end of the experiment.  Apparent  electrolyte con- 
ductivity in the pit, calculated from the threshold cur-  
rent  density, potential, and pit depth in Table I is 
seen to decrease exponent ial ly  with depth. 

Generation oi gas.--Volumetric measurements  with 
the gas buret te  dur ing pit t ing of t i tan ium pencils in 
chloride solutions are given in Table II. Chloride solu- 
tions were used because the higher current  density 
therein gave sufficient gas generation rate for measure-  
ment, whereas the gas generat ion rate was very low 
in bromide solutions. Only three possible gases, hydro-  
gen, oxygen, or chlorine, could be generated in the pit 
under  these conditions and the experiments  were de- 
signed to determine which one. 

Column 1 of Table II gives data for the gas collected 
from pitt ing in 1M HC1. The gas was sparked after 
collection, giving a decrease in volume indicating a 
combinat ion of part  of the gases. Hydrogen was then 
added from a p la t inum wire cathode in the same solu- 
tion. No change in volume occurred on sparking, in-  
dicating that  there was no residual oxygen (or chlo- 
r ine)  in the gas after the first sparking. The gas bu-  
rette was then t ransferred without spilling to a cell 
with 1N H2SO4 electrolyte and oxygen was collected 
from a p la t inum wire anode. After  sparking, the vol- 
ume decreased as noted in  column la. These results 
show that the gas from the pit was predominant ly  
hydrogen but  some oxygen (or chlorine) was also 
present. 

Column 2 gives data for gas collected from an alka-  
l ine chloride solution in order to e l iminate  the  possi- 
bi l i ty of chlorine being present. The solution was 
boiled in a flask to remove dissolved air and then cooled 
and poured into the cell with a m i n i m u m  of agitation 
to minimize fur ther  air dissolution. A decrease in 
volume of the collected gas occurred on sparking show- 
ing that again a mix ture  of combustible gases were 
present. The buret te  was then transferred without  
spilling to a preboiled and cooled 0.3M NaOH solution 
in which oxygen was collected from a p la t inum wire 
anode. The gas was sparked during collection of oxy- 

Table I. Threshold potential, current density, and apparent 
electrolyte conductivity as function of pit depth in 6M HCI 

D e p t h  i ~b K* 
( c m )  ( A / c m ~ )  ( V )  ( o h m  - I  cm-D 

0 ~ 2 0  9 - -  
0 .1  I 0  6 0 . 1 5  
0 . 1 8  7 .5  7 0 . 1 8  
0 . 2 5  5 .0  10  0 .12  
0 . 4 5  3 .0  16  0 . 0 8  
0 . 6 5  1 .6  2 6  0 . 0 4  
0 . 8 0  1 .0  30  0 . 0 2 6  

OK ~ 
i t  

( r  + 0 .6 )  ' 

Table II. Volumetric measurements with gas burette 

Gas v o l u m e  ( c m  8) 

1"  l a  2 3 

Gas from pit (or cathode) 0.I00 -- 0.210 0.165 
Loss on sparking 0.020 -- 0.050 0.010 
Remaining 0.060 -- 0.160 0.155 
H2 added 0.027 -- -- 
Total  0 . 1 0 7  - -  - -  
A f t e r  s p a r k i n g  0 . 1 0 7  - -  - -  - -  
O s  a d d e d  0 . 0 3 1  0 . 0 2 5  ~ 
Total  0.138 0.105 -- -- 
A f t e r  s p a r k i n g  0 . 0 8 0  0 . 0 4 7  - -  
R e m a i n i n g  a t  H 2 - O ~  e q u i v -  

a l e n c e  point  for s i m u l -  
t a n e o u s  O~ addit ion and 
s p a r k  -- -- 0 . 0 9 5  0 . 0 7 0  

" Notes: 1. Pitting in 1M HCI; H2 generated in 1M HCI; Os gen- 
erated in 1N HsSO4. 

2. Pitting in 1M NaCI + 0.1M NaOH, preboiled; O2 generated in 
0.3M NaOH, preboiled. 

3. H~ and Os generated in 0.3M NaOH, preboiled. 
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a. 0.94V c. ! .SV 

b. 0.98V d. 2.0V 

Fig. 5a-d. SEM photographs of titanium surfaces corroded at various constant potentials 

gen and the  vo lume decreased l inear ly  wi th  t ime then  
increased l inear ly  at the  same rate. An  amperometr ic  
equivalence point was thereby  obtained at a residual  
vo lume of 0.095 cm 3. The residual gas is assumed to be 
ni t rogen from air that  redissolved in the solutions. 

Column 3, Table II, shows the results of an exper i -  
ment  in which hydrogen was collected from a plat inum 
wire  cathode in preboiled 0.3M NaOH solution. Spark-  
ing again caused a slight decrease i n  volume.  Addit ion 
of oxygen from a p la t inum wi re  electrode in the same. 
solution with  simultaneous sparking gave a l inear de- 
crease in vo lume followed by a l inear increase wi th  an 
equivalence point at a residual volume as above. In 
this case, there  can be no doubt that  the residual  gas 
was ni trogen f rom dissolved air. A calculation of mass 
t ransfer  rates of gases from bubbles to solutions (9) 
confirms that  the exper imenta l  observations are rea-  
sonable. A more sophisticated gas analysis method  
might  have  been used but it would  have been subject  
to the same problems of mass t ransfer  in solution. 

It appears that  hydrogen is the dominant  gas, and 
probably the only gas issuing f rom these pits. A rough 
est imate of the  amount  from the above exper iments  
and counts of bubbles gave an est imated coulombic 
equivalent  be tween 0.01 and 0.07 that  of the anodic 
current  in chloride and in bromide solutions. In gen-  
eral, there  appeared to be a greater  gas evolut ion ra te  
at lower potentials and higher  tempera ture .  

Potential traverse in pit .--A typical  potent ia l  t r a -  
verse  for the Luggin  capi l lary is shown in Fig. 7. 

Calibrations for potent ial  and posit ion are  shown. The 
potential  var ied  smoothly unti l  the tip of the capil-  
lary  hit the bot tom of the pit  as noted by the discon- 
t inui ty  fol lowed by a smaller  slope. The length of this 
region of smaller  slope is assumed to be the displace- 
ment  of the Luggin capil lary into the  Plexiglas  bush- 
ing (Fig. 1) because the summat ion of these displace- 
ments  f rom each run  agreed with  measurements  made 
with  the cathetometer .  The potent ial  on the outward  
t raverse  was sl ightly lower for a given tip position 
presumably  due to disturbing the precipi tate  wi th  the 
capillary. The pit  current  usually also increased during 
the outward  t raverse  indicating a slight decrease in 
resistance. 

E leven  usable t raverses  were  obtained for the lower  
and upper  plateau be tween 2.0 and 8.5V applied. F ive  
other  runs were  re jected because they  were  taken be- 
low 2.0V, had an inadequate  sensitivity, or the curve  
was erratic.  Slopes were  de te rmined  for each usable 
curve  and the electrolyte  conduct ivi ty  was calculated 
as a function of position by Ohm's  law 

i 
K _ -- - -  [1] 

d#/di 

using the cur ren t  density i at the t ime of measure-  
ment. Values of K were  averaged as a function of posi- 
tion f rom the pit bot tom and plotted in Fig. 8 wi th  
their  s tandard deviations. Values for capi l la ry-open-  
ing positions outside of the pit mouth  were  rejected 
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from the averages. It  is seen that  conductivi ty de- 
creases considerably wi thin  the pit and appears to 
become l inear  with distance from the bottom for small  
distances. The s t ra ight- l ine  portion extrapolates to 
zero conduct ivi ty  at a position equal  to the distance 

of the capil lary opening above the tip (Fig. 2) and has 
the equation 

K : 2.6/ [2] 

No significant correlation was found between calcu- 

20 I I I I I I I I I I 

Ine~h 

g~ 

I 
0 0,5 1.0 

Depth (cm) 

Fig. 6. Effect of depth of artificial pit on threshold current 
density in 6M HCh 

I 

P I T  B O T T O M  

Fig. 5e-h. SEM photographs of titanium surfaces corroded at various constant potentials 

I I I I I I ~ I I , I i 

Fig. 7. Potential traverse in pit (pit depth ~ 0.094 cm at this 
measurement). Tic marks are 0.005 in. apart according to micram- 
ete r. 
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lated conductivities and current  density or pit depth 
wi th in  the ranges used. 

Open-circuit potential transients.--Potential t r an -  
sient data replotted from oscilloscope photographs and 
strip chart  records are shown in Fig. 9. For applied po- 
tentials at 2.0 through 5.0V a l inear  relationship was 
obtained between open-circuit  potential  and logari thm 
of time from 10 - s  to 10 -2 sec. At 7.0V applied the 
l inear  region extended only about two decades of time. 
Below 2.0V there did not appear to be any l inear  re-  
gion. 

A m i n i m u m  occurred at about 10 -1 sec from open cir-  
cuit for all applied potentials. Values of this min imum 
are shown in Fig. 10 for pits in 4.4M HBr and 5M HI. 
These were determined by visual ly observing the 

POTENTIAL 
(v) 

7 7 

i 
I I I I 

10 -6 10 -5  10 -4  10 -3 10 -2  10 1 1 10 

TIME FROM OC.  (SEC) 

Fig. 9. Open-circuit potential transients for titanium pits in 4.4M 
HBr. Numbers an curves are initial applied potential (volts). 
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O.C, PATEN 11AL 
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" ~  o o 

2 4 6 8 1 12 1 
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Fig. 10. Minimum open-circuit potentials for titanium pits in HBr 
and HI. 

oscillosope screen for repeated open-circui t  transients.  
The m i n i m u m  could be interpreted as ei ther the poten-  
t ial  of the corroding surface or a mixed potential  es- 
tablished at open circuit. 

Discussion 
Potential distribution.--The first task is to account 

for the potential  distr ibution in and around a pit. The 
ohmic potential  drop outside of the pit approximated 
by hemispherical  conduction from an infinite dis- 
tance to the pit mouth  

ir 
~4'oo = [3] 

K 

is on the order of tens of millivolts for the current  
densities, pit radii, r, and conductivity, ~, for the con- 
centrat ion (4.4M HBr) used in the experiments.  Mea- 
surements  with the probe cell (Fig. 1) were in agree- 
ment  with the low values predicted by this calculation. 
The metal  surface is at a potential  negat ive to the hy-  
drogen electrode as demonstrated by hydrogen gas 
issuing from the pits in agreement  with the min imum 
open-circuit  potentials of --0.3 to --0.7V in  HBr 
(Fig. 10). Therefore, near ly  all of the difference be- 
tween the applied potent ial  and this negat ive potential  
must  be accounted for wi thin  the boundaries  of the pit. 

An  approximation for the ohmic potential  drop in-  
side the electrolyte of the pit is made by integrat ing 
Eq. [1], using the l inear  conductivi ty relationship of 
Eq. [2] 

L 
~ o i  = In (UZo) [4] 

2.6 

For a pit depth, l = 0.1 cm and a lower bound distance 
of molecular  dimensions, /o ---- 10 -~ cm, ~r : 5.3i. 
This is, of course, a gross extrapolat ion down to mo-  
lecular dimensions bu t  it will  serve as a first approxi-  
mation. Values of Eq. [4] are shown in Table III, to- 
gether with applied potentials and cur ren t  densities 
from the potent ia l - t raverse  experiments.  I t  is seen 

Table Ill. Calculation of potential drops in pit 

Unaccounted 

Cp i r A~oo Ar Ar - Ar 
(V) (A/cm=) (V) (V) (V) (V) 

1 0 . 0 0 5  - -  0 .28  ~ 0 .03 1.25 
1.5 0 .06  - -  0 .28  - -  0 .32 1.46 
2 0.11 - - 0 . 4 0  0.01 0 .58  1.81 
3 0 .12  - -  0 .48  0.01 0 .64  2 .47  
4 0 .11  -- 0 . 6 2  0 .01  0 .58  4 . 0 3  
5 0 . 1 8  -- 0 . 5 0  0 .02  0 . 9 5  4 .53  
8.5 0 .25  --  0 ,65  0 ,03  1.33 7.79 
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that  the largest component  of potential  by difference 
h~u = ~ -- ~oc -- z~oo -- A~oi, is unaccounted. 

The unaccounted potential  could either be due to 
error in  the conductivity extrapolat ion or to potential  
drop in a thin salt film. A high surface activation over-  
potential  can be excluded because hydrogen gas is 
produced. 

Potential decay.--The potential  decay experiments  
are diagnostic in that a l inear  relationship of potential  
with log t ime is characteristic of discharge of the elec- 
trical double layer by a reaction following Tafel 
kinetics (7, 10) or to discharge of capacitance across a 
film by high-field conduction (11). The former gives a 
constant Tafel slope independent  of the init ial  poten- 
tial, whereas the lat ter  gives a variable slope which is 
a funct ion of the film thickness. 

A plot of the decay slopes as a function of applied 
potential  from 2 to 5V is shown in Fig. 11. The data 
appear to be l inear  and the least squares line has a 
slope of --0.20 and an intercept of --0.55V. The poten- 
t ia l -decay data are therefore consistent with high-field 
conduction through a salt film, the intercept being the 
potential  for zero salt film thickness. 

Presence of a salt film is in  accord with the obser- 
vations of F rank  (12) and Vetter and Strehblow (13) 
for pi t t ing of iron. 

Paradox.--An apparent  paradox exists in that  the 
steady-state polarization data (Fig. 3 and 4) indicate a 
diffusion-limited process whereas the potential  decay 
experiments  indicate high-field conduction controlling. 
I t  wil l  be assumed that  both operate s imultaneously 
and that  they are series processes, e.g., a salt film that  
main ta ins  a thickness to use up, by high-field conduc- 
tion, the potent ial  applied and the rate  of dissolution 
of this film is controlled by  diffusion of water  to the 
electrolyte-salt  interface. 

Model.--A qual i ta t ive model to describe the events 
in a pit has already been presented (1). A salt film is 
assumed to form on the metal  surface. The simplest 
composition, TiX4, is chosen although it could also be 
TiOX2 or some other oxy-hal ide salt of Ti ( IV) .  The 
halide ion is t ransported by high-field conduction 
through the salt to metal  surface. The X -  ion occurs 
at  a high concentrat ion in the electrolyte next  to the 
salt film because it is regenerated wi thin  the diffusion 
layer  by  hydrolysis of TiX4. The salt is transported 
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Fig. ! I .  Slope of potential-decay curves 

away from the metal -sa l t  interface by bulk  flow. (The 
al ternat ive of high-field conduction of Ti 4+ outward 
does not change the arguments  presented here.) 

At the salt-electrolyte interface the TiX4 dissolves 
covalently in the water which has diffused to the in-  
terface. Within  the diffusion layer, hydrolysis of TiX4 to 
TiO2 and/or  TiO + + occurs, generat ing halide and hy-  
drogen ions which make the solution acidic regardless 
of the pH of the bulk  solution outside of the pit. If the 
hydrolysis goes to completion wi th in  the pit, the over- 
all pit reactions are 

Ti q- 2H20-> TiO~ -k 4H + -b 4e 
o r  

Ti q- H20 "-> TiC) + + q- 2H + Jr 4e 

and only TiO2, TiO + +, and  H + are t ransported out. 
Water  is then the only species t ransported into the pit 
from the envi ronment  at steady state. 

Areas of agreement  of the exper imental  data and the 
model can now be discussed, start ing with the diffusion 
layer. 

The orange viscous mater ial  deep in the pits in bro- 
mide solutions is consistent with the color of TiBr4 
or TiOBr2 which would be an expected intermediate  
in the hydrolysis. White precipitate, at the outer part  
of the pits, and dense colorless l iquid streaming out of 
the pits, are consistent with TiO2 and TiO + + ion, re-  
spectively, expected from valence IV t i tanium. 

Decrease in conductivi ty with distance into a pit 
may be at t r ibuted to an increase in viscosity due to 
high concentrat ion of TiO2 and TiO + +. Valence IV 
t i t an ium has a known tendency to polymerize (14). 
The l inear form of the decrease in conductivi ty with 
distance is yet to be understood quanti tat ively,  how- 
ever. Decrease in conductivity could not be at t r ibuted 
to concentrat ion of conducting species in the model be-  
cause both H + and X -  are generated in the diffusion 
layer  and therefore should be at high concentration. 

According to the model, the only species entering a 
pit at steady state is water. If this is the diffusion- 
l imited species the current  density would decrease 
with depth or thicker viscous layer. That  the current  
density decreased in a variable way from 0 to --1.7 
power of depth indicates a complex na ture  of the vis- 
cous layer. Increase in current  density with st irr ing of 
the viscous layer is in accord with a diffusion-limited 
species in it. 

The rapidly increasing current  density with tem-  
peratures above 50~ for the lower plateau in  iodide 
solution (1) can only be speculated upon at this time. 
It  is known from TiO2 pigment  technology that nucle-  
ation and growth of TiO2 particles from chloride or 
sulfate solutions occur above a tempera ture  of 50~176 
(15) and are arrested below this temperature.  Growth 
of TiO2 particles in a pit could decrease the concen- 
t rat ion of TiO + + and thus avoid the viscous polymeric 
gel. 

The requi rement  for a salt film has already been dis- 
cussed but the points will  be summarized here. The 
fact that  hydrogen gas issues from the pits is the 
strongest a rgument  that the metal  surface is at a nega-  
t ive potential.  Hydrogen generat ion can be at t r ibuted 
to diffusion of hydrogen ions through the salt film. 
Electric migrat ion tends to carry them out. The ob- 
servation of increased hydrogen gas rate when  the po- 
tent ia l  was decreased is consistent with a greater dif- 
fusion flux of hydrogen ions through a th inner  salt film. 

Faceting and terraces observed on the metal  surface 
at the lower plateau and the residual differences be-  
tween grains indicates that  the metal  is reacting at 
close (tens of millivolts) to the reversible potential.  
The reversible potential  for the reaction 

Ti -I- 4 B r -  -> TiBr4 -t- 4e 

is --0.76V (SCE) according to thermodynamic  data in 
Lat imer  (16). The m i n i m u m  in the open-circui t  poten-  
tial (Fig. 10) and the extrapolated intercept of the 
slopes of the potential  decay curves (Fig. 11) are in 
approximate agreement  with a mixed potential  from 
this reaction and hydrogen ion reduction. 
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Fig. 12. Mechanism for initiating porous metal surface 

Most of the  potent ia l  drop  in a pi t  cannot  be ac-  
counted for in any other  way  than  by  resis tance of a 
sal t  film. The potent ia l  decay  (Fig. 9) and the con- 
stant  double  der iva t ive  of open-c i rcui t  potent ia l  to 
log t ime and appl ied  potent ia l  (Fig. 11) are  in accord 
wi th  a salt  film concept. 

Al though the model  qua l i t a t ive ly  is in accord wi th  
the  exper imen ta l  observations,  severa l  questions re -  
main.  The composit ion of the  salt  film is not known;  
whe the r  it  is TiX4, TiOX2, or other. The explanat ion  
of two p la teaus  in cur ren t  dens i ty  is unknown.  The 
rat io  of cur ren t  densi t ies  of the upper  to the lower  
p la teau  in eight  exper iments  was 1.53 wi th  s tandard  
devia t ion  of +__0.04. More work  would have  to be done 
to resolve which  te rm in the  diffusion equat ion 
changes by  this  amount.  

Pitting potential.--The same va lue  of p i t t ing  poten-  
t ia l  was obta ined  for the  t i t an ium pencils  as w a s  
ear l ie r  de te rmined  for p i t t ing  on t i t an ium foil  (1), 
using the same technique  of decreasing the potent ia l  of 
a p ropaga t ing  pi t  unt i l  the  cur ren t  decayed to zero. 
P i t t ing  potent ia l  in an art if icial  p i t  at the  end of a 
t i t an ium pencil  cannot  be a t t r ibu ted  to an equi l ib-  
r ium be tween  a salt  l ayer  and  a p re -ex i s t ing  oxide at  
the  bounda ry  of a pit  (17) as there  is no p re -ex i s t ing  
oxide  l aye r  present  a f te r  corrosion has progressed for 
a per iod of time. 

The porous surface, Fig. 5a, 5b, and  5c, bear ing  no 
re la t ion to the meta l  grains at  potent ia ls  be tween  the 
p i t t ing  potent ia l  and 1.5 to 2.0V needs explanat ion.  
Dissolution of a meta l  under  mass - t r anspor t  l imi t ing 
condit ions should produce  electropol ishing (18) as was 
observed on the upper  plateau.  In  order  to have  pre f -  
e rent ia l  dissolut ion in holes or pores, the peaks  must  be 
passivated.  A w a y  to accomplish th is  would  be to have 
diffusion of a pass iva t ing  agent  th rough  the  salt  l ayer  
to reach the  peaks  at  a sufficient r a t e  for pass ivat ion  
but  to reach the bot tom of the  pores  at  an  insufficient 
ra te  as i l lus t ra ted  in Fig. 12. This is r e la ted  to t he  con- 
cept  of smoothing agents  in e lec t ropla t ing  (19) where  
the  agents  diffuse to peaks  at  a sufficient ra te  to block 
deposi t ion but  do not  reach  and block deposi t ion in the  
val leys.  

Two possible pass ivat ing agents a re  TiO2 and Till2 
layers.  A number  of considerat ions point  to the oxide 
as being more  l ikely.  Mansfeld  (20), for example,  
found that  addi t ion  of wa te r  to m e t h a n o l - i N  HC1 (an-  
hydrous)  caused the p i t t ing  potent ia l  to change ap-  
p r o x i m a t e l y  as 

~p --  --0.4 + 0.15X V (SCE) 

where  X is weight  pe r  cent of water .  Methanol-HC1 
would  have  hydrogen  ions tha t  could react  and form 
hydr ide  at  --0.4V (SCE).  T i tan ium does not pass ivate  
in this anhydrous  solution (20, 21). Oxide  is the  only 
new pass ivat ing species expected wi th  the  addi t ion of 
water .  A quant i ta t ive  t r ea tmen t  wi l l  be made  in a 
l a t e r  paper .  

Conclusions 
The fol lowing conclusions are  based on exper iments  

conducted wi th  one-d imens ional  pits  at  the  ends of 
insula ted t i t an ium pencils  in the  anode- fac ing-up  
posit ion in chloride, bromide,  and iodide solutions. 

1. Curren t  densi ty  is un i fo rmly  d is t r ibu ted  and is 
mass - t r anspor t  l imi ted  in a viscous solut ion in the  pits. 

2. S t eady- s t a t e  p i t t ing  potent ia l  for the t i t an ium 
pencil  in bromide solution is about  0.9V (SCE) as for 
ear l ier  exper iments  wi th  edge pi t t ing of t i t an ium foil. 

3. Detai led micros t ruc ture  of the corroding meta l  
surface is re la ted  to the potent ia l  appl ied  and var ies  
from a sponge s t ruc ture  th rough  a t e r raced  c rys ta l lo -  
graphic  etch to e lec t ropol ished surface be tween  the 
pi t t ing potent ia l  and about 6V applied.  

4. The corroding meta l  surface is at a potent ia l  nega-  
t ive to hydrogen  evolution. Hydrogen  evolved is 
equiva lent  to about  1-10% of the anodic current .  

5. Only  a smal l  par t  of the  difference be tween  the 
appl ied  potent ia l  and  tha t  of the  meta l  surface can be  
a t t r ibu ted  to po ten t ia l  drop  in the  e lectrolyte ,  a l though 
the  e lec t ro ly te  conduct iv i ty  decreases  t oward  the meta l  
surface. 

6. I t  appears  tha t  a sal t  film on the  meta l  surface ab-  
sorbs the potent ia l  appl ied  by  high-f ield conduction. 

7. Results  observed wi th  the  t i t an ium pencils  are 
qua l i t a t ive ly  and semiquant i t a t ive ly  in agreement  wi th  
the dual  layer  sa l t - f i lm-di f fus ion- layer  model  p rev i -  
ously presented.  
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Electrochemical Deposition of Sodium Tungsten Bronzes 
Jean-Paul Randin* 
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ABSTRACT 

The e lect rochemical  deposi t ion of sodium tungs ten  bronzes (NaxWO3) 
f rom Na2V~O4/V~rO3 mel ts  has been s tudied be tween  700 ~ and 900~ The 
re la t ion  be tween  the  x - v a l u e  in NaxWO3 and the  concentra t ion of WO~ in the  
mel t  is l inear  be tween  2 and 10 mo le / l i t e r  WO~. Ext rapo la t ion  of the  l inear  
sect ion gives x = 1.0 at  zero concentra t ion  of WO~. The cur ren t  efficiency 
of the  bronze deposi t ion depends  on both  the  appl ied  cu r ren t  and  the  mel t  
t empera ture .  This dependence  is a t t r ibu ted  to the  occurrence of s imul taneous  
chemical  dissolution of the  bronze. A t rans i t ion  t e m p e r a t u r e  has been found 
be low which NaxWO3 is deposited, and above which W (or W + NaxWO3) is 
obtained.  The na tu re  of the  deposi t  is a funct ion of the  mel t  composit ion 
and tempera ture .  The slope of the (i),=const. vs. T -1 plot  shows no b reak  at, 
or near,  the  t rans i t ion  tempera ture ,  indica t ing  tha t  the  r a t e -de t e rmin ing  
step for the deposi t ion of NaxWO3 is the  same as tha t  for the  deposi t ion of W. 
The tungsten format ion  occurs most l ike ly  by  decomposi t ion of the  prev ious ly  
deposi ted bronze. The  content  of p l a t inum in a p la t inum-con ta in ing  bronze 
i s  favored by  a high tempera ture .  The amount  of p l a t inum codeposi ted in the 
bronze is smal l  compared  to the amount  of p la t inum dissolved f rom the anode. 
A re la t ive ly  high concentra t ion  of p l a t inum in the  mel t  inhibi ts  the  bronze 
deposition. A nonelect rochemical  react ion is be l ieved to be  responsible  for the 
codeposition of platinum. 

The sodium tungs ten  bronzes are  nonstoichiometr ic  
compounds  of the  genera l  fo rmula  NaxWO3, where  
0 < x --~ 1. They a re  chemica l ly  iner t  and have  semi-  
metal l ic  propert ies ,  in par t icular ,  metal l ic  lus ter  and  
good e lect r ica l  conduct ivi ty.  Their  proper t ies  have 
been rev iewed  recen t ly  (1-3).  

Two methods  have been ex tens ive ly  used for the  
p repa ra t ion  of these bronzes. The  first method involves 
a so l id-s ta te  react ion be tween  a m ix tu r e  of fine pow-  
ders  of sodium tungstate,  tungsten tr ioxide,  and me-  
tal l ic  tungsten,  the  l a t t e r  act ing as a reducing agent,  at  
a t e m p e r a t u r e  be tween  500 ~ and 1000~ in a nonoxidiz-  
ing a tmosphere .  This react ion m a y  be  wr i t t en  as 

3xNa2WO~ + (6 - -  4x) WO3 + x W ~  6NaxWO3 [1]  

The bronzes p roduced  by  this  technique are  in the  
form of fine powders  (4, 5). 

The second method  involves the  electrolysis  of a 
mol ten  mix tu re  of sodium tungsta te  and tungsten t r i -  
oxide; i t  is essent ial  when large  single crys ta ls  are  
required .  Crys ta l  g rowth  occurs at  the  cathode and 
oxygen  evolut ion t akes  place  at  the  anode, according to 
the  ove r -a l l  reac t ion  

XNa2WO._}_ ( 1 x) x T -- T WOa ~ NaxWOa + -~-Oz t2] 

The g rowth  of tungsten bronzes by  fused salt  e lec-  
t rolys is  has been used by  a n u m b e r  of invest igators  
[see, for example  (6-11)] ,  bu t  v i r tua l ly  no detai ls  
about  the  ac tual  growth  method were  r epor t ed  unt i l  
ve ry  recently.  Banks, Fle ischmann,  and MeRes (12) 
per formed  polarographic  exper iments  which revea led  a 
po lymer ic  charac te r  of the  WO8 species reduced at the  
cathode for a mel t  concentra t ion be tween 10 and 60 m / o  
(mole  per  cent)  WO3 and a t e m p e r a t u r e  of 750~ This 
work  confirmed an ear l ie r  Raman  spectroscopic in-  
vest igat ion in which  the format ion  of polyions  in a 
Na~WO4/WO3 mel t  at 710~ was suggested (13). 
MeRes et al. (14) s tudied the  vo l t ammet r i c  behavior  
of po ly tungs ta te  melts .  Potent ios ta t ic  invest igat ion of 
react ion kinet ics  at the  growing and dissolving sodium 
tungsten bronze e lect rode a l lowed Fred le in  and Dam-  
janovic  (15) to propose two p robab le  mechanisms of 
the  process. Final ly ,  Shanks  (6) repor ted  on the pa -  
r ame te r s  for  the  growth  of NaxWO3 crystals  wi th  p r e -  
d ic table  composi t ions and es tabl i shed  the  phases  ob-  

* Electrochemical Society Active Member. 
Key words: electrodeposition, tungsten bronzes, crystal growth, 

platinum eodeposition. 

ta ined as a funct ion of mel t  composi t ion and t e m p e r a -  
ture.  

Sodium tungs ten  bronzes conta ining p l a t inum i have  
recent ly  been cla imed to exhibi t  a high e lec t rocata ly t ic  
ac t iv i ty  for the  oxygen reduct ion  react ion (16-18) and 
have a t t rac ted  a t tent ion  as possible e lec t rocata lys ts  in 
fuel cells and energy s torage devices. 

The present  work  deals  wi th  the  effect of the  mel t  
composit ion and t empe ra tu r e  on the bronze composi-  
t ion and the na tu re  of t he  phases obtained.  The effect 
of cur ren t  densi ty  and t e m p e r a t u r e  on the current  effi- 
c iency has also been studied, as wel l  as the  incorpora-  
t ion of p l a t i num into the  bronze crystal .  The  effect of 
p la t inum on the  cur ren t  efficiency and  the process of 
p l a t i num codeposit ion a re  discussed. 

Experimental 
The deposit ions were  car r ied  out in a recrys ta l l ized  

a lumina  crucible  (Coors AD 99) p laced in a top - fed  
furnace  purged  wi th  purif ied helium. The he l ium was 
purif ied by  passing i t  th rough  a t rain,  wiheh included 
a BTS ca ta lys t  (BASF,  Ludwigsha fen -am-Rhe in ,  Ge r -  
many)  main ta ined  at  180~ to r emove  oxygen  and CO, 
and Linde  Type  3A and 13X molecular  sieves to r e -  
move other  impuri t ies .  

Molten mix tures  were  p repa red  by  fusing reagen t -  
g rade  Na2WO4 (A and C, Amer ican  Chemical)  and 
H2WO4 (Baker  Ana lyzed  Reagent ) .  Both reagents  
were  previous ly  dr ied  at 200~ A typ ica l  charge  was 
about  600g of the  mix tu re  Na~WO4 + WO~. A new c ru -  
cible was used for each new mel t  composit ion.  

WO~ concentrat ions were  ca lcula ted  as mole  per  cent  
or mole  pe r  l i ter  of the  mel t  (mola r i ty )  and were  
based on the  weights  of the  reagents  and  corrected for 
the consumed quanti t ies,  according to react ion [2], if 
necessary. The molar i t ies  of the  melts  were  ca lcu la ted  
using dens i ty  da ta  r epor t ed  by  Morr is  and Robinson 
(19). 

The t e m p e r a t u r e  was  moni tored  wi th  a Chromel -  
A lumel  thermocouple  p laced  on the side of the c ru-  
cible. This va lue  was correc ted  by  means  of a ca l ib ra -  
t ion curve re la t ing  the  t empe ra tu r e  in the  mel t  to tha t  
on the  side of the  crucible  and de te rmined  at  the  end 
of a set of exper iments  in order  to p reven t  con tamina-  
tion of the  mel t  by  the thermocouple  sheath. The mel t  
t empera ture ,  held  constant  by  means  of a p ropor t iona l  

1 Called " p l a t i n u m  doped b ronzes"  by  some au thors  (17, 18). As 
the  t e r m  " d o p e d "  m a y  not be s t r ic t ly  applicable in the  normal  
semiconductor  sense, "p l a t i num-c on t a in ing  bronze"  bet ter  descr ibed 
the  u n k n o w n  dis t r ibut ion of the  p la t inum impur i t ies .  
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Table I. Growth of sodium tungsten bronzes on gold electrodes 

M e l t  c o m p o s i t i o n  A v e r a g e  C o m p o s i t i o n  C r y s t a l  P t  c o n -  
C r y s t a l  No.  ( m / o  WOa) ( m o l e / l i t e r )  T e m P  (~ c u r r e n t  ( m A )  x in  Na=WOa f a c e s  f o r m e d  t e n t  ( p p m )  Y i e l d  (%)  

87 10 1.38 735 8.87 0.89* 100 2 68 
89 10 1,38 735 15.1 0.89* 10~ 1 79 
69 15 2.14 786 21.8 0.87 100 - -  81 
20 20 2.95 786 9.23 0.81 100 3 88 
93 25 3.80 735 ~65 0.81 100 1 92 
94 25 3.80 786 14.I 0.81 IO0 1 85 
95 25 3,80 750 11.9 0,81 lO0 1 91 
97 25 3.80 750 15,1 0.81 100 1 92 
12 39 8.40 792 8.67 0.67 100 2 76 
77 40 8.59 786 9.15 0.63 100 2 69 
78 40 6.59 786 16.9 0.63 100 - -  80 
81 38 6.20 786 14.3 0.65 I00  0.5 69 
4.4 SO 8.97 786 12.4 0.58 110 - -  94 
45 SO 8.97 786 8.02 0.58 I I 0  2 74 
42 60 11.42 807 10.4 0.34" T e t r a g o n a l  -- 63 

* D e t e r m i n e d  b y  chemical analysis. 

control system (Thermolyne,  Sybron Corporation),  did 
not fluctuate more than  3 ~ C. 

The bronzes were grown at the end of a gold wire. 
The anode consisted of a gold wire or sheet (99.99% 
pur i ty) .  In  some experiments  the gold wire used as 
the anode was placed wi th in  a porcelain crucible 
whose bottom had a 1 mm slit to provide ionic con- 
duction between the compartments.  The porcelain tube 
inside the cell acted as a chimney for the evolved oxy- 
gen and, therefore, prevented oxygen from going to the 
catholyte. However, no noticeable difference in the 
current  efficiency was found with or without this de- 
vice. A p la t inum sheet (99.99% purity,  1.5 • 12 • 0.01 
cm) was used as the anode in electrolyses in  which 
p la t inum incorporation was sought. The concentrat ion 
of p la t inum in  the melt  was therefore main ta ined  by 
anodic dissolution of the metal.  

A bronze crystal grown in the same melt  as the 
working bath was used as the reference electrode (15) 
in the activation energy measurements .  A constant  
current  d-c power supply (Hewlet t-Packard,  Model 
6177B), an electronic coulometer (Koslow Scientific 
Company, Model 541), and a potentiostat  (Wenking, 
Model 68TS3) were used. 

X-ray  diffraction angles and relat ive intensities of 
diffracted beams were determined on powdered sam- 
ples (Philips Diffractometer, Ni-filtered CuK~ radia-  
t ion).  The sodium concentrat ion of cubic bronzes w a s  
determined from the x - r ay  measurements  of the la t -  
tice parameter  using Brown and Banks (7) relat ion 
between lattice parameter  and sodium content. High 
(x > 0.85) and low (x < 0.5) x -va lues  were deter-  
mined by wet chemical analysis.2 

Spark-source mass spectrographic analysis 3 was used 
to determine the  concentrat ions of trace elements, in -  
cluding p la t inum and gold. Concentrations of p la t inum 
higher than  about 50 ppm were determined by optical 
emission spectroscopy. 3 Standard  p la t inum samples 
were prepared for calibration of both the above 
methods. 

Results 

Growth of No=W08 
Crystal characterization.--Crystal characterization 

and yield for different conditions of growth are sum- 
marized in Table I. Cubic phase mater ia l  was obtained 
for all melt  compositions with less than  50 m/o  WO3. 
The sodium tungsten  bronzes grown in a melt  contain-  
ing 40 m/o  WO3 or less were of a cubic habit  ({100} 
faces), while  those grown in a 50 m/o  WO3 melt  were 
dodecahedral ({110} faces). The bronzes grown in  a 
60 m/o  WO3 melt  were tetragonal.  These results are 
in agreement  with the recent studies by Fredle in  and 
Damjanovic (15) and Shanks (6). 

The temperature  of deposition has no significant 
effect on the crystal habi t  of the bronze except in  a 50 
m/o  WO3 melt  from which needle-shape crystals are 

P e r f o r m e d  b y  T e c h n i t r o l  L i m i t e d ,  M o n t r e a l ,  P r o v i n c e  of  Q u e b e c ,  
C a n a d a .  

s P e r f o r m e d  b y  t h e  N a t i o n a l  R e s e a r c h  Counci l .  C h e m i s t r y  D i v i -  
s ion,  Ottawa, Ontario, Canada. 

deposited above 850~ The side faces of the needles 
are the {100} planes and the end faces the {110} 
planes. 

The x-values vs. melt eomposition.--The relat ion be- 
tween the x-values  of the  bronzes and the melt  com- 
position is given in Fig. 1. The results of the present 
study fit well  with those previously reported (6, 8, 11, 
15, 20). In  Fig. 1, the melt  composition is given in mole 
of WO3 per liter, ra ther  than  in mole per cent WO8 
as in previous studies (6, 15), since the molar i ty  of the 
melt  is a more significant quant i ta t ive  measure  of the 
proport ionali ty of the amount  of reactant  than  the 
mole fraction. 

The relat ion between the x -va lue  in NazWO3 and the 
concentrat ion of WO3 in  the melt  is l inear  between 2 
and 10 mole/ l i ter  WO~. Extrapolat ion of the l inear  sec- 
t ion gives x = 1.0 at zero concentrat ion of WO3. The 
deviation from l ineari ty at low concentrations of WO3 
is believed to be due to an activity effect of WO3. A 
possible reason for the deviation from l inear i ty  at high 
WOz concentrations may be the change in the crystal 
s t ructure  of the bronzes (from cubic to te tragonal) .  
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Fig. 1. Bronze composition, i.e., x in NaxWO3, vs. melt composi- 

tion. �9 Present work, Jk Shanks (6). O Fredlein and Damjanovic 
(15), X Hauck, Wold, and Banks (11), A Vest, Griffel, and Smith 
(8), [ ]  Magneli and Blomberg (20). 
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Platinum contamination.---Since the bronze crystals 
were prepared for subsequent  electrocatalysis studies, 
p la t inum contaminat ion was an important  matter.  In 
the preparat ion of pure bronzes, i.e., without  purposely 
added plat inum, the aim was to keep the p la t inum 
contaminat ion at a m i n i m u m  level. It  was thought tha t  
the first crystal grown in a freshly prepared melt  
would act as a scavenger in which most of the im-  
puri t ies would accumulate. The subsequent ly  grown 
crystals were expected to have a much lower impur i ty  
concentration. Surprisingly,  the p la t inum concentra-  
t ion found in crystal No. 77, deposited out of a freshly 
prepared melt, and that  found in crystal  No. 81 (Table 
I) ,  deposited out of the same melt  but  after four 
bronze crystals had already been grown, are almost 
wi thin  the exper imental  error  of the spark-source 
mass spectrograph (___50% at a few ppm level) .  In  
crystals No. 93-97, all  deposited from the same freshly 
prepared melt, the p la t inum content  did not vary  from 
the first crystal  to the sixth. 

The p la t inum content  of the reagents, also deter-  
mined mass spectrographically, was found to be 2 ppm 
in Na2WO4 (A and C, American Chemical),  and <0.2 
ppm in  H2WO4 (Baker Analyzed Reagent) .  Any  other 
source of the p la t inum contaminat ion of the melt  is 
unl ike ly  since gold used as the anode is a 99.99% 
pur i ty  mater ia l  and does not dissolve significantly dur-  
ing the electrolysis. 

Pre-electrolyses with large gold electrodes were car-  
ried out in  an at tempt  to decrease the residual  plat i -  
num concentrat ion in the melt. These exper iments  
were performed at high temperatures  and high cur ren t  
densities since these exper imental  conditions wil l  be 
shown later  to favor p la t inum incorporation from an 
in tent ional ly  contaminated melt. Pre-electrolysis  was 
first carried out in Na2WO4 at 930~ with a cathodic 
current  densi ty of 100 mA-cm -2 for 72 hr. Tungsten  t r i -  
oxide was then added and a second pre-electrolysis was 
performed. The crystals deposited in such a pre-elec-  
trolyzed melt  exhibited a p la t inum concentrat ion simi- 
lar  to that  found in crystals deposited in a melt  that  
had not  previously been pre-electrolyzed. 

Gold contamination.--Contamination of the bronze 
crystals by gold is also re levant  to this study since gold 
was used as an anode in the deposition of pure crys- 
tals. Gold is more noble in the melt  than  p la t inum but  
nevertheless dissolves slowly dur ing prolonged use as 
the anode. The typical  gold concentrat ion determined 
by spark-source mass spectrography is between 30 and 
80 ppm. Crystals deposited from a mel t  pre-electro-  
lyzed for a long t ime with gold electrodes contain up 
to 700 ppm gold. In  the crystals deposited wi th  a plat i-  
n u m  anode the gold content  is at the ppm level. 

Other impurit ies present  in the bronze samples at 
the ppm level are: A1, Si, Ti, S, Me, C1, Ca, P, Fe, Co, 
Ni, Cr, Y, V, Mg, and K. 

E~ect of current and temperature on efficiency.--The 
yields (coulombic efficiency) were determined by 
weighing and analyzing the bronze formed after the 
passage of an accurately measured amount  of elec- 
tr icity and were found to depend on both current  den-  
sity and melt  tempera ture  (Table I).  High current  
densities and low temperatures  tend  to favor high 
yields. In  the depositions summarized in Table I, the 
applied current  was increased dur ing growth in order 
to take into account the increase in surface area. At 
the beginning  of the  deposition the gold wire  area was 
about 0.2 cm 2 and cubic crystals as large as 1 cm in 
l inear  dimensions were easily grown. Typical currents  
used were from 3 to 30 mA. 

In  another  set of measurements  reported in Fig. 2 
and 3 the current  was held constant  dur ing the entire 
deposition. Since the surface area of the crystal  in -  
creases with deposition t ime by about one order of 
magnitude,  the following results are useful only from 
the point of view of crystal growth; no mechanistic 
conclusion can be drawn from them. 

The yield of bronze as a function of applied current  
at different temperatures  in a 50 m / o  WO3 melt  are re -  
ported in  Fig. 2. The first series of depositions was car-  
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Fig. 2. Effect of current on the yield of deposition of NaxW03 in 
a 50 m/o W03 melt. Total charge consumed 13.4 meq. First series 
of depositions in a fresh melt at ~O~ (O), followed by deposi- 
tions at 746~ (X), 792~ (O ) ,  840 ~ (Z~), and 884~ (A).  
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Fig. 3. Effect of current on the yield of deposition of NaxW03 
in a 20 m/o W03 melt. Total charge consumed 7.5 meq. First 
series of depositions in a fresh melt at 786~ (X), followed by 
depositions at 735~ ( � 9  and 786~ (e ) .  

ried out at 840~ in a freshly prepared melt. The tem- 
perature  of the melt  was then decreased to 746~ and  
the second series of depositions was performed at this 
tempera ture  at different constant  currents. The next  
experiments  were carried out at regular ly  increasing 
temperatures.  The coulombic efficiency depends on 
both the melt  tempera ture  and the applied constant  
current .  In  addition, the deposition yield in  a freshly 
prepared melt  also depends on the first mel t  t empera-  
ture. The efficiency of depositions carried out at 840~ 
in  a freshly prepared melt  containing 50 m/ o  WOs 
were only in the 20% range, whereas 80% efficiency 
was reached in the same but  used (at lower tempera-  
tures) melt, 1at the same temperature.  

In  a 20 m/ o  WO3 melt, the deposition efficiency de- 
pends on both the applied current  and the melt  t em-  
pera ture  (Fig. 3) in  a m a n n e r  similar  to that  described 
for a 50 m/ o  WO3 melt. 

Effect of temperature on composition of deposit.-- 
The deposition efficiency decreases wi th  increasing 
tempera ture  from the mel t ing point to some higher 
tempera ture  where the amount  of bronze deposited 
suddenly  decreases to zero and tungsten  metal  is re-  
covered instead. The t ransi t ion tempera ture  between 
the deposition of Na~WOs and metall ic tungs ten  (or 
a mixture  of W and NaxWO3) depends on the melt  
composition as showr~ in Fig. 4. Two phase domains 
can be distinguished: one at high temperatures  where  
tungsten  is the major  const i tuent  of the deposit, and 
the other at low temperatures  where  sodium tungs ten  
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Fig. 4. Composition of the cathodic deposit as a function of the 
melt temperature and composition. X Na~WO3 deposit, C) W (or 
mixture W + NazWOs) deposit. 

bronze is deposited.  The t rans i t ion  t e m p e r a t u r e  is wel l  
defined, i.e., it  ranges  over  only about  10~ The resul ts  
in Fig. 4 confirm those recen t ly  given in a more  
qua l i ta t ive  way  by  Shanks  (6). 

With in  the  bronze deposi t ion domain the x - v a l u e  
does not  depend signif icantly on the deposi t ion t em-  
pera ture .  

Heat o] act ivat ion.--The bronze deposi t ion react ion 
proceeds ve ry  fast and, consequently,  the  exchange 
cur ren t  density,  io, is difficult to measure  since the  
Tafel  region is inaccessible. For  this  reason, the  dep-  
osition cur ren t  at  a constant  over -po ten t i a l  has been 
t aken  as a measure  of the  deposi t ion rate.  These e x -  
per iments  were  pe r fo rmed  on a bronze c rys ta l  grown 
in the same mel t  for  15 h r  at  10 mA. No significant 
growth  of the  bronze e lec t rode  occurred dur ing these 
exper iments .  The m a x i m u m  t empera tu re  at  which  the 
measurements  can be pe r fo rmed  is l imi ted  by  the dis-  
solut ion r a t e  of the  bronze re ference  electrode.  In  Table  
IV, it is shown tha t  in a 20 m/o  WO3 mel t  a 65% 
weight  loss is measured  af ter  20 rain at 863~ This 
dura t ion  is roughly  the  s tabi l izat ion per iod of the fu r -  
nace to reach  a constant  t empe ra tu r e  when  changed 
f rom one t e m p e r a t u r e  to another.  The resul ts  repor ted  
in Fig. 5 for 20, 40, and 50 m / o  WO3 melts  show no 
change of the  slope 0 log (i)~=const. O/(1/T)  at, or 
near,  the  t rans i t ion  tempera ture .  The act ivat ion energy  
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Fig. 5. Current at a constant potential vs. temperature relation- 
ship in a 20 m/o WO3 melt at ~1 ----- - -8.4 mV (Z~), ~1 - -  --14.4 mV 
( 0 ) ,  ~1 = --31.2 mV ( Q ) ,  in a 40 m/o WO3 melt at ~1 = --20.0 
mV (I-]), and in a 50 m/o W03 melt at ~1 = --10.0 mV (X). 

varies  be tween  32 and 35 kca l /mo le  be tween 700 ~ and 
900~ 

Growth of NozW03 Containing Platinum 
Table  II  summarizes  the  p l a t inum concentrat ion,  

x -va lue ,  c rys ta l  faces formed, and yields  obta ined for 
different  condit ions of growth.  The p la t inum content  
of Na~WO3 increases wi th  increasing mel t  t e m p e r a -  
ture, a l though there  are  some exceptions (crysta ls  No. 
55 and 104). High cur ren t  densi t ies  also favor  high 
p la t inum concentrat ions  in the bronze. 

The amount  of p la t inum dissolved was de te rmined  
f rom the weight  loss of the  anode dur ing the  deposit ion 
and compared  to the amount  of p l a t inum incorpora ted  
in Na~WO3 dur ing  the same exper iment .  The rat io of 
deposi ted p l a t inum to dissolved p la t inum is ve ry  low, 
i.e., about  0.02 (Table  I I I ) .  I t  follows tha t  the  amount  
of p la t inum in the  mel t  increases  wi th  the  number  of 
crysta ls  prepared .  Af te r  about  10 deposit ions,  the  mel t  
contains about  1.5g of p la t inum [0.2 w / o  (weight  per  
cent)  ]. The  observat ion  and analysis  of the solidified 
mel t  af ter  such a series of deposit ions show the  pres-  
ence of metal l ic  p la t inum segregated  at  the  bot tom of 
the  crucible.  

The coulombic efficiency of the  deposi t ion decreases 
wi th  increasing t e m p e r a t u r e  (Table  I I ) ,  as would  be 

Table II. Growth of platinum containing sodium tungsten bronzes (gold cathode, platinum anode) 

M e l t  
composition A v e r a g e  C o m p o s i t i o n  C r y s t a l  P t  con -  

C r ys t a l  No. ( m / o  w a s )  T e m p  (~ c u r r e n t  (mA) x in  NazWOs faces  f o r m e d  t e n t  (ppm) Yie ld  (%) 

81 47 786 20.9 0.58 110 100 86 
52 47 786 20.9 - -  110 120 82 
54 46 786 19.6 0,61 I I 0  200 75 
55 46 830 21.3 - -  110 165 74 
56 45 830 23.3 -- 110 500 55 
57 45 878 59.6 0.63 110 1200 50 
59 42 878 61.2 - -  110 - -  33 
60 42 878 69.0 0.68 110 1450 13 
98 18 750 18.5 0.84 100 80 87 
99 18 786 13.9 0.84 100 210 85 

101 23 812 13.5 0.81 100 200 68 
104 30 840 23.3 0.77 100 120 70 
106 40 875 24.5 0.68 I00 250 43 
107 42 875 16,4 0.67 I 0 0  270 46 
108 41 745 23.6 0.69 100 74 85 

8" 36 800 8.6 0.68 100 255 25 

�9 I n  a P t  crucible with two gold elec t rodes .  
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Table III. Comparisnn of dissolved and deposited platinum during 
growth of NaxW03 containing platinum 

P l a t i n u m  
C r y s t a l  c o n t e n t  in  D i s s o l v e d  D e p o s i t e d  R a t i o  

No. b r o n z e  ( p p m )  P t  ( rag)  P t  ( m g )  Ptdep./Ptdts. 

51 100 31.3 0.63 0.020 
52 120 54.6 0.72 0.013 
54 200 79.0 3.0 0.038 
55 165 66.8 0.86 0.013 
56 500 131.3 4.35 0.033 
59 - -  210.5 ------10 --~0.050 
60 1450 496.7 1~.5 0.025 

expected from the results obtained without  p la t inum 
incorporation. In  the presence of plat inum, however, 
there is an addit ional  effect presumably  associated 
with the plat inum. Under  similar  exper imental  con- 
ditions the yield decreases sharply from one sample to 
the next  (crystals No. 57-60 in Table II) .  It  is believed 
that  the increasing amount  of p la t inum in the melt  
inhibits  the deposition of the bronze. 

The presence of p la t inum in the range  from 1 to 1450 
ppm has no significant effect on either the x-va lue  in 
NaxWO3 (Tables I and II) or the crystal habit  of the 
bronzes. 

Discussion 
Efficiency of deposition.--The current  efficiency of 

the bronze deposition depends both on the applied cur-  
ren t  and the melt  temperature.  The shape of the yield 
vs. cur ren t  curves can be explained by the occurrence 
of a side reaction, the most l ikely being the occurrence 
of s imultaneous chemical dissolution of the bronze. 
Because of the high yield in the low temperature  range 
and the continuous increase in efficiency with in -  
creased current ,  the bronze deposition react ion is the 
predominant  one. The secondary process, i.e., the re- 
action that  lowers the yield, increases with both tem- 
perature  and t ime of contact of the crystal with the 
melt  (lower applied current) .  

The open-circui t  dissolution of a bronze crystal in 
the melt  in which it has been grown occurs at a rate 
which depends on the tempera ture  (Table IV).  In  the 
range of temperatures  between 750 ~ and 790~ a 10% 
weight loss is recorded after 19 hr (Table IV).  Under  
similar  exper imental  conditions the deposition effi- 
ciency is about 90 or 80% for a 50 or 20 m/o  WO3 
melt, respectively (Fig. 2-3). The agreement  between 
the efficiency decrease and the weight loss is reason- 
able. Thus s imultaneous chemical dissolution explains 
satisfactorily the dependence of the deposition effi- 
ciency on tempera ture  and current .  

It  is difficult to explain why a bronze deposited at 
high tempera ture  in a freshly prepared melt  is de- 
posited with a much lower yield than a bronze at the 
same temperature  in a melt  previously used at a lower 
tempera ture  (Fig. 2). One possibility is that the te t ra-  
mer  of WO3, which has been shown to be the reducible 
species (12, 13), forms at the lower temperature.  

EITect of temperature on composition of deposit.--At 
temperatures  lower than the t ransi t ion tempera ture  
defined in Fig. 4, the dissolution reaction is most l ikely 
the reverse of the deposition reaction. At temperatures  
higher than the t ransi t ion tempera ture  the reaction 
product is metall ic tungs ten  (or a mix tu re  of W and 
NaxWO3). Van Liempt  (21) has proposed that  the 
tungs ten  originates from the decomposition of sodium 
tungs ten  bronze according to the react ion 

Table IV. Open-circuit dissolution of bronzes 

M e l t  
composit ion T e m p  D i s s o l u t i o n  I n i t i a l  b r o n z e  W e i g h t  
( m / o  WOs)  (~ t i m e  (hr)  w e i g h t  (g) loss (%) 

20 766 19.00 2.669 10.7 
20 816 7.00 4.455 11.1 
20 863 0.33 4.367 64.8 
50 786 19.00 4.346 10.2 
50 927 6.37 3.903 32.1 
50 927 16.00 ---~2.5 100 

6NaxWO3 ~=~ xW + 3xNa2WO~ -{- (6 - -  4 x )  WO3 [3]  

The first product of electrolysis is the sodium tung-  
sten bronze, irrespective of the melt  temperature.  When 
the temperature  is higher than  the t ransi t ion tempera-  
ture the bronze decomposition, (reaction [3]) gives rise 
to a metallic tungsten deposit. 

The activation energy measurements  reported in Fig. 
5 support  the above reaction for the tungs ten  deposi- 
tion. The slope of the (i)~=const. vs. T -1 plot shows no 
break at, or near, the t ransi t ion temperature,  indicat-  
ing that  the rate determining step for the deposition of 
Na~WO3 is the same as that for the deposition of W. 
Therefore, the deposition of NaxWO3 is a prerequisi te  
for the W deposition. 

The reversibi l i ty of reaction [3] was tested by pu t -  
t ing a bronze crystal, grown at a temperature  lower 
than the t ransi t ion tempera ture  in the melt  at a tem- 
perature higher than that of the transition. The bronze 
crystal  dissolved completely after a short t ime (Table 
IV) leaving a gray powder at the bottom of the alu-  
mina  crucible. The analysis of the remaining powder 
after washing the frozen melt  shows that it contained 
metallic tungsten  (along with NazWO3). The gray pow- 
der left at the bottom of the crucible after dissolution 
of the bronze at high tempera ture  becomes gold 
colored on decreasing the melt  temperature.  

Codeposition of platinum.--The following observa- 
tions tend to indicate a nonelectrochemical  process for 
the p la t inum codeposition bu t  do not  consti tute final 
evidence: (i) p la t inum is always present  in a pure 
bronze at the ppm level, even in a careful ly pre-elec-  
trolyzed melt; (ii) the amount  of p la t inum incorpo- 
rated in the bronze is small  compared to the amount  
of p la t inum dissolved (or eroded) from the anode and 
does not depend significantly on the tempera ture  
(Table III) .  

McHardy (18) has recent ly  proposed an electro- 
phoretic mechanism on the basis that  most of the 
p la t inum occurs in the a lumina  inclusion particles. He 
suggests tha t  a colloidal a lumina  particle eroded by 
the melt  from the crucible acquires a negative charge 
by the equi l ibr ium 

AhO8 § WO4 -2 ~ A1204 -2 -t- WO3 [4] 

and, hence, attracts cations to its surface. Collisions 
among colloid particles will br ing about coagulation 
and, eventually,  the particles wil l  be large enough to 
settle out. Particles that  settle out onto the growing 
crystal will  be discharged, and the p la t inum ions wil l  
be reduced to the metal. If this hypothesis is correct, 
the final concentrat ion of p la t inum in  the crystal wil l  
depend on the concentrat ion both of p la t inum ions and 
of colloid particles in the melt. 

Following this argument,  a crystal deposited in a 
melt  which has never  been in contact with a lumina  
should not contain any significant amount  of plat inum. 
On the contrary, crystal  No. 8 (Table II) grown in a 
freshly prepared melt  contained in a p la t inum crucible 
using two gold wires as cathode and anode exhibits  
255 ppm Pt. Moreover, the amount  of a lumina  removed 
from the crucible by etching would be expected to in-  
crease with the aging of the crucible. Hence, if a lumina  
takes part  in the p la t inum incorporation, as suggested 
by McHardy, a bronze deposited in an a lumina  crucible 
used for a long t ime should be richer in p la t inum than  
a sample prepared in a new a lumina  crucible, provided 
that  the p la t inum concentrat ion in the melt  is the same 
in both experiments.  Contrary  to this expectation, 
crystals No. 98 and  108 (Table II) deposited at roughly 
the same tempera ture  and in the same melt  contained 
in an a lumina  crucible incorporate the same amount  
of plat inum. It is therefore unl ikely  that  the colloidal 
reaction advanced by McHardy is the only operative 
process for the p la t inum codeposition. 

The electrophoresis explanat ion may be a valid one 
when both the a lumina and the p la t inum contents are 
high. When  one of these concentrations is low, or 
zero, another  mechanism is obviously involved. At 
high p la t inum concentrat ions a purely  electrolytic 
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deposi t ion process cannot  be ru led  out. However,  the  
measurements  r epor t ed  in the  present  s tudy (Table 
I I I )  suggest  another  explanat ion.  The  amount  of p la t i -  
num deposi ted is low compared  to the  amount  d is -  
solved or  eroded (Table  I I I ) .  A t  room tempera ture ,  
the p la t inum contained in the  mel t  has been shown to 
be presen t  as a meta l l ic  deposit.  One m a y  assume tha t  
p la t inum (and not  p la t inum ion) is also present  in 
the  mel t  at its h igh opera t ing  t empera tu re .  Metal l ic  
p l a t inum m a y  come f rom the  reduct ion  of the  ionic 
p la t inum (ar is ing f rom oxida t ion  of the  anode) at  the  
cathode. The reduct ion  m a y  occur at  a high cur ren t  
dens i ty  which  tends  to deposi t  a powder  tha t  does not  
adhere  to the  cathode but  drops down th rough  the  
mel t  as colloidal  part icles .  Ano the r  poss ibi l i ty  is the 
mechanical  erosion of the  anode dur ing  the  oxygen  
evolut ion reaction. 

If  col loidal  p l a t inum par t ic les  are  presen t  in the  
melt ,  the i r  codeposit ion m a y  occur through:  (i) elec-  
t rophore t ic  t ranspor t  ar is ing f rom the  high potent ia l  
g rad ien t  in the  diffusion layer ,  (ii) t r anspor ta t ion  of 
the  par t ic le  as a complex  ion to the  cathode layer ,  and 
(iii) mechanica l  t rapping .  

Codeposi t ion of gold was also shown to ar ise  dur ing  
the  g rowth  of bronze, especia l ly  when  a gold anode 
was used A mechanism similar  to tha t  occurr ing for 
the  p la t inum incorpora t ion  is l ike ly  to be opera t ive  in 
the  case of the  gold codeposition. 

In  a p la t inum-con ta in ing  melt ,  the  cur ren t  efficiency 
decreases sha rp ly  wi th  the amount  of p la t inum dis-  
solved f rom the  anode. One possible explana t ion  for 
the  decrease in the  y ie ld  in the  presence  of p l a t inum 
is the  occurrence  of reduct ion of p la t inum ions at  the  
ca thode giving rise to colloidal  p la t inum along with  
the  p l a t inum incorpora t ion  in the  bronze. This would  
not, however ,  account for the  ent i re  cur ren t  consumed 
in the  s ide- reac t ion  (87% of the  to ta l  cur ren t  for c rys-  
ta l  No. 60). Ano the r  l ike ly  exp lana t ion  is the fo rma-  
tion of a po lymer  be tween  p la t inum and tungsten 
oxide, which would  undergo  p re fe ren t ia l  charge  t r ans -  
fer. If  this  po lymer ic  species does not  deposit,  l i t t le  or  
no bronze is formed,  but  the  species can p re sumab ly  
undergo fu r the r  charge  t ransfer ,  and ve ry  much more  
charge would  then  be requ i red  to reduce  it to metal .  A 
s imilar  exp lana t ion  has been proposed by  Fred le in  and 
Damjanovic  (15) to account for the  comple te  inh ib i -  
t ion of bronze format ion  by  the  addi t ion of 0.1% of a 
rhen ium oxide to the Na2WO4/WO3 melt .  
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ABSTRACT 

Fi lm formation by products in oxidative electrosyntheses, with consequent 
cessation of current ,  can sometimes be al leviated by mechanical  reactivation 
of the anode. A composite anode that  consists of a graphite r ibbon in  contact 
with a rapidly  rotat ing perforated graphite d rum is described. This provides 
both high flow rate and cont inuous reactivation. 

Anodic organic electrosyntheses often require  quite 
long periods of electrolyses. Possible causes are low 
current  efficiency, deactivation of the anode by prod- 
ucts or by-products,  or inefficient design or operation 
of the cell. The ut i l i ty  of graphite cloth electrodes in 
coulometry and in preparat ive-scale electrolyses has 
recent ly  been pointed out (1). Bobbitt  et al. (2-4) have 
made extensive use of graphite cloth or graphite felt 
anodes in their  studies of the preparat ive-scale  oxi- 
dat ive coupling of cer ta in  heterocyclic phenols. As in 
vol tammetr ic  studies (5-7), the a t tempted anodic elec- 
trolysis of aqueous alkal ine solutions of these com- 
pounds sometimes results in a rapid fall in current  due 
to deact ivat ion of the anode. On the microscale as- 
sociated with vol tammetry,  this effect can often be 
prevented or minimized by in te rmi t ten t  electrolysis 
(8) or by  cont inuous react ivat ion of the electrode by 
a rotat ing drum (6, 7). Attempts  were therefore made 
to extend the d rum method to the preparat ive scale. 

The essentials of the apparatus are shown in Fig. 1, 
(a) and  (b).  Ribbon A (see Fig. 1), which is of graph-  
ite cloth, 1 is 2.5 cm wide and approximately 10 cm 
long. One end carries polyethylene stretcher B (see 
Fig. 1), which is cut from the spine of a t ransparen t  
report  cover. 2 This stretcher is sprung over one end 
of the r ibbon and heat-sealed to it. The tension thread, 
C, of ny lon  radio dial cord, is attached to the  middle 
of the stretcher, passes up the glass guide tube, D, and 
is gripped in  a b inding  post at the end of the brass 
strip spring, E. After  passing around the graphite 
drum, F, the r ibbon terminates  at the post, G. This is 
a 12 m m  diameter  hardwood rod which has received 
several coats of waterproof varnish  after having been 
grooved longitudinally.  The free end of the r ibbon is 
gripped by the glass rod, H, which lies in the groove 
and is secured by two collars of rubber  tubing, a s  
shown enlarged in  Fig. 1 (c). Electrical connection to 
t h e  r ibbon is made by  a length of 26 gauge p la t inum 
wire, one end of which runs  along the bottom of the 
groove beneath  the ribbon. 

A sewing machine motor  provided with a controller 
drives the plastic-coated steel shaft, I, at an essentially 
constant  speed. This shaft carries the drum, F, but  is 
insulated from it. Four  rows of twelve 1.5 m m  diam- 
eter holes, are dril led in the per iphery of the drum, 
as shown in the horizontal  cross section in Fig. 1 (d).  
These holes terminate  in  the 10 mm diameter  central  
hole that  is dri l led from the underside of the drum. 
Rotation of the drum causes the cell solution to be 
d rawn into this centra l  hole, thrown out through the 
radial  holes, and  thus forced through the interstices of 
the ribbon. 

The electrolyses with this drum-act iva ted  graphite 
r ibbon  electrode (DAGRE) were carr ied out wi th  250 
ml  portions of solution. For runs  with I~Fe(CN)6 ,  
the p la t inum foil counterelectrode was isolated in  a 
tube, J, the lower end of which carried a fr i t ted-glass 
septum. In  other runs, the counterelectrode was s imply 
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immersed in  the cell solution. Power was supplied by 
a Beckman Electroscan 30 that  was operated in the 
potentiostat  mode. An asbestos-thread type junction, 
K, located close to the r ibbon as shown in Fig. 1 and 
leading to a saturated calomel electrode (SCE), en-  
abled the potential  of the r ibbon to be controlled. 

Pre l iminary  experiments  with K4Fe(CN)6 in 0.01M 
HC104 showed that  the current,  which increased with 
d rum speed, was both large and not very sensitive to 
drum speed when  this reached approximately 1400 
rpm. All  of the subsequent  runs  were made at this 
rate of rotation. Figure  2 compares the rate of oxida- 
tion of K~Fe(CN)6 under  these conditions with the 
considerably lower rate observed in a similar run  in 
which the drum was stat ionary but  the solution was 
vigorously agitated by a magnetic stirrer. 

The high rotat ion rate results in slight abrasion of 
d rum and ribbon, so that the solution may become gray 
dur ing  the run. However, the useful runn ing  life of a 
r ibbon  is in excess of 50 hr. This small  bu t  definite 
wear provides a degree of surface renewal,  and hence 
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Fig. 1. Drum-activated graphite ribbon electrode. (a) Side view; 
(b) plan view; (c) detail of ribbon post; (d) horizonta| cross sec- 
tion of drum. 
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Fig. 2. Current-tlme relationships of 0.5 mM K4Fe(CH)6 in O.01M 

HCI04 at O.06V vs. SCE. Curve A, rotating drum; curve B, drum 
stationary but solution vigorously stirred. 

of electrode react ivat ion.  The cu r r en t - t ime  curves, 
shown in Fig. 3 and obta ined  wi th  the  s t rongly  deac-  
t iva t ing  sys tem ty ramine  in a lka l ine  solution (7), 
i l lus t ra te  this effect. These curves were  obtained under  
de l ibe ra te ly  res t r ic ted  condit ions where  only the  r u b -  
bing por t ions  of the  r ibbon  and d rum were  exposed to 
the  solution. The outer  surface of the r ibbon was hea t -  
sealed to a po lye thylene  sheet  and the  top and bot tom 
of the  d rum were  varnished.  

A series of p repa ra t ive  oxidat ive  couplings of 0.Sg 
port ions of corypal l ine  (1 ,2 ,3 ,4- te t rahydro-7-hydroxy-  
6 -methoxy- i soquino l ine)  in 0.1M borax  gave resul ts  
s imilar  to those repor ted  by  K i r k b r i g h t  et al. (5), who 
used a p l a t inum gauze anode. Al though the  anode -de -  
act ivat ing proper t ies  of corypa l l ine  are  quite mild,  
those of isocorypal l ine  (1 ,2 ,3 ,4- te t rahydro-6-hydroxy-  
7-methoxy- i soquinol ine)  a re  pronounced (7). In  fact, 
when the  oxidat ion  of an aqueous a lka l ine  solution of 
isocorypal l ine  was a t t empted  at a p la t inum gauze 
anode, the  cur ren t  fel l  r ap id ly  to zero and no products  
could be detected (2). Electrolysis  at  a DAGRE poten-  
t ia l  of +0.35V of 0.5g of isocorypal l ine  in 0.1M borax  
gave a 6% (actual)  y ie ld  of the  p u r e  oxygen- l inked  
coupling product  [compound 18, see Ref. (2)] .  The 
cur ren t  fell  f rom app rox ima te ly  20 to 5 mA dur ing the 
5 h r  run,  af ter  which  app rox ima te ly  30% of the  s t a r t -  

5 3 0 0 IF__~-~F~ A 

I I I 0 5 10 15 TIME, rain 
Fig. 3. Current-time relationships of 5.0 mM tyramine in O.IM 

NaHC03 at 0.35V vs. SCE. Curve A, ribbon under tension; curve B, 
ribbon slack; curve C, residual current only. 

ing mate r i a l  was recovered.  A DAGRE wi th  a 7 cm 
d iamete r  d rum is now being constructed,  so tha t  la rger  
quant i t ies  can be subjec ted  to electrolysis.  

P r e l im ina ry  exper iments  wi th  solutions of 
K4Fe(CN)6 and of corypal l ine  have shown that  the 
quite large  electrolysis  currents  can be fur ther  aug-  
mented  by  mount ing  the cell  in the  ba th  of an 80- 
kHz ul t rasonic  generator .  In  view of a report ,  tha t  the  
anodic oxida t ion  of cer ta in  inorganic  ions such as 
i r on ( I I )  is more rap id  at a f requency  of 25 kHz than  
at h igher  or lower  frequencies (9), the  genera tor  is 
now being rebui l t  in var iab le  f requency form. 
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ABSTRACT 

A s lurry  electrode system consisting of a suspension of metal  or a supported 
metal  powder in  an electrolyte in  contact with a gold foil electrode was 
studied as a hydrogen electrode for the reduction of crotonic acid in a sup- 
port ing electrolyte of sodium p- toluene sulfonate. Current -vol tage  curves and 
current  efficiency were studied. Effects of suspension concentration, crotonic 
acid concentration, butyric  acid concentration, pH, and tempera ture  were 
studied for p la t inum black and pa l l ad ium-on  carbon slurries. The results are 
consistent with the view that  the potent ia l -de termining  reaction is the dis- 
charge of hydrogen atoms adsorbed on the catalyst. Olefin competes for ad- 
sorbed hydrogen and this modifies the observed potential. Very low anodic 
l imit ing currents  were observed in the presence of olefin, suggesting that  
it is strongly adsorbed on the anodic hydrogen electrode. The following elec- 
trokinetic expressions were established for cathodic currents:  (i) for 5% Pd 
on C 

log ~ : log k ~- 0.42 log CH+ -- 0.013 log CR 

-- 0.49 log CRHs -t- 0.23 log Wcat  w 0.22 EF/RT 
and (ii) for P t  black 

log i ---- log k -l- 0.52 log CH+ -~ 0.077 log CR -t" 0.028 log C R H 2  

~- 0.45 log Wcat -- 0.30 EF/RT 

where i is the current ,  k is a constant, CH+ is hydrogen ion concentration, CR 
is crotonic acid concentration, CRH2 is butyric acid concentration, Wcat is cata- 
lyst concentration, E is the electrode potential, F is Faraday 's  constant, R is 
universal  gas constant, and T is the absolute temperature .  

A s lurry  electrode system consists of a suspension 
of a metal  or a supported metal  powder catalyst in  an 
electrolyte in contact with an inert  collector electrode. 
It has a larger surface area on which the electrode re-  
action can take place than  plain plate- type electrodes 
or porous electrodes made of the same material.  

Muller  and Schwabe (1, 2) first measured the poten-  
tial of suspended metall ic powders in an electrolyte. 
Later  Sokorskii  and Druz (3, 4) showed that  it was 
possible to t ransfer  the potential  of a powdered metal  
catalyst suspended in an electrolyte onto a s tat ionary 
electrode. Boutry, Bloch, and Balaceau (5) showed that  
a catalyst  powder, suspended in  an electrolyte in the 
presence of a conduct ing collector electrode, had all 
the properties and uses of a classical compact electrode. 

Gerischer and Held (6, 7) showed that it was pos- 
sible to draw considerably higher currents  from a sus- 
pension of catalyst when  hydrogen was oxidized or 
oxygen reduced. They followed the t ransport  of cur-  
rent  by individual  catalyst  particles by means of an 
oscillograph. Schwabe and Satsko (8) found that  the 
current  d rawn by a suspension of platinized carbon 
was independent  of catalyst  concentration, whereas the 
currents  obtained with Raney nickel  and p la t inum 
black were appreciably greater and proport ional  to the 
catalyst concentration. 

Fasman, Sokorskii,  and Shurov (9) studied polariza- 
t ion curves of moving powder electrodes by circulat-  
ing the catalyst suspension through a polarized nickel 
screen. They determined the quant i ta t ive relations 
between catalyst potential  and the collector electrode 
potential  using the concepts of equivalent  circuits. 
Lazorenko and Ushakov (10) derived relationships be-  
tween the current  drawn and the applied potent ial  
for s lurry  electrodes and showed that  they behaved as 
normal  compact electrodes with increased exchange 
current.  Eyr ing  (11) studied the effect of different 
catalysts, catalyst concentrations, and the  effect of 
agitation on the polarization curves for the oxidation 
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of hydrogen on s lurry  electrodes. He at tempted the 
reduction of benzaldehyde and ethylene on slurry elec- 
trodes. Beck (12) studied the hydrogenat ion of sub- 
stances with a tr iple bond on s lurry  electrodes. 

The aim of the present  work was to study the be- 
havior of the s lurry electrode for the electrochemical 
reduct ion of crotonic acid and to analyze the data ob- 
ta ined from it by the conventional  steady-state meth-  
ods known for compact electrodes. An  over-al l  em-  
pirical equat ion was obtained for the cur ren t  in terms 
of concentrations, pH, and tempera ture  and potential  
for p la t inum black and 5% pal ladium on carbon cata- 
lyst powders using steady-state methods. The reaction 
mix ture  was analyzed to determine the products of 
the reaction and to obtain the coulombic efficiency. 

Crotonic acid was chosen because it has an olefinic 
double bond which can easily be reduced. Also it is 
soluble in water  and so presents no problems in pre-  
par ing aqueous solutions of crotonic acid using sodium 
p- toluene sulfonate as support ing electrolyte. 

Experimental 
The electrolytic cell, shown in Fig. 1, consisted of a 

300 ml  glass round bottom flask, called the measur ing 
or working electrode compartment ,  A, into which the 
catalyst and the electrolyte were charged. The measur-  
ing or the working electrode, C, was a smooth 24 carat 
gold strip, 8.9 by 1.3 cm, with a thickness of 0.025 cm. 
It was formed into a circle 2.5 cm in diameter  such that  
the ends of the strip were 0.5 cm apart. The glass 
stirrer, E, was concentric with the circular measur ing 
electrode. The stirrer rod, D, and the glass bearing, F, 
were ground to a precision fit. The counter or the op- 
posing electrode, I, was a perforated br ight  p la t inum 
strip, 1.3 cm square and 0.013 cm thick, placed in the 
counterelectrode compartment,  G, and separated from 
the measur ing electrode compar tment  by a sintered 
glass disk, H. Gas could be bubbled from the bottom 
of the cell through a sintered glass sparger, B. The 
reference electrode was a Hg/HgO electrode. The 
capil lary tip of the reference electrode, J, was kept at a 
distance of about 0.5 cm from the measur ing electrode. 
The cell was kept at a constant  temperature,  wi thin  
•176 in  a water  bath. 
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Sodium p- to luene sulfonate and crotonic acid were 
purified by recrystall ization before use. Three h u n -  
dred mill i l i ters of the electrolyte solution were pre-  
pared by dissolving 40g sodium p- to luene sulfonate, 
the required amounts  of crotonic acid, butyr ic  acid, 
and previously standardized sulfuric acid in  deionized 
water. Sulfuric acid was used to control the pH of the 
solution. The cell was filled with the electrolyte and the 
required amount  of the catalyst powder. The elec- 
trodes and the  st irrer  were put in place. The st i rrer  
speed was always kept at a constant  1400 rpm, since 
earlier experiments  had shown that  higher speeds had 
no effect on the current  d rawn by the cell (13). The 
system was purged with ni trogen gas for 20 rain to get 
rid of oxygen in  the system. Then hydrogen gas was 
bubbled  through the sparger at a flow rate of 2.5 m l /  
sec. It  took about 15-20 min  for the open-circuit  po- 
tent ial  to reach a steady value. 

A Wenking Potentiostat  61TRS was used to mea-  
sure and control  the potential  be tween the reference 
and measur ing electrodes and to measure the current  
flowing between the counter  and measur ing electrodes. 
The cur ren t  flowing in the cell a t ta ined a constant  
value in about  5 min  for each potential  setting. 

The pH effect was studied by varying  the pH of 
the electrolyte from 1.42 to 2.32; the crotonic acid effect 
was studied by varying  crotonic acid concentrat ion 
from 66.7 g/ l i ter  (0.7748M) to 6.667 g/ l i ter  (0.0775M); 
the  butyr ic  acid effect was studied by vary ing  its con-  
centrat ion from 9.58 g / l i te r  (0.1087M) to 23.95 g / l i te r  
(0.2718M) ; the catalyst  concentrat ion effect was 
studied by varying  its concentrat ion from 5.0 to 0.313 

OH : -  

ks 
Hads ~ I~H2 -~- S [step 2] 

k-2  

k3 
S "{- R ~:2 Rads [step 3] 

k - 3  

k~ 
Rads -~- Hads ~:2 RHads [step 4] 

k-4  

ks 
RHads -}- Hads ~ RH2ads [step 5] 

k-~  

RH2ads ~:~ RH2 § S [step 6] 
k - e  

where R stands for CHsCH = CHCOOH, RH stands 
for CH3CH -- CH2COOH, RH2 stands for CH~CH~CI-I~ 
COOH, and S stands for surface of the catalyst. 

Al though the exact mode of action in the s lurry  
electrode is not  fully understood, it is probable  tha t  
the hydrogen ions, dissolved hydrogen gas, and cro- 
tonic acid in  the electrolyte solution are adsorbed on 
the catalyst surface. As the s lurry  is agitated, the cata- 
lyst  particles come in  contact with the collector elec- 
trode. At cathodic polarization, the collector electrode 
is more negat ive than  the particles and when the par-  
ticles touch the electrode, electrons are t ransferred 
from the electrode to the particles, which reduce the 
adsorbed hydrogen ions to hydrogen atoms. They can 
either desorb to form hydrogen gas or react with the 
adsorbed crotonic acid to form butyr ic  acid. The cata-  
lyst particle moves away from the collector electrode. 
The butyric  acid formed then desorbs from the catalyst 
surface into the solution. As room is made, more re-  
actants are adsorbed on the particle and the cycle is 
repeated. 

In  p re l iminary  work (13) it  was established that  
butyric  acid is formed both for cathodic and anodic 
polarization of the working electrode. It  would seem 
unl ikely  that a direct electrochemical reduct ion of the 
double bond would occur under  cathodic polarization. 
This possible a l ternat ive  to step 1 has therefore been 
omitted. Moreover, addition of crotonic acid to a hy-  
drogen saturated solution enhances the cathodic cur-  
rent  but  inhibi ts  the anodic current ,  suggesting that 
adsorption of crotonic acid and the competit ive reac- 
t ion with adsorbed hydrogen dominate the  direct elec- 
t ron transfer  to the double bond. 

If it is assumed that  steps 4, 5, and 6 go in the for- 
ward  direction only, making use of the steady-state 
approximation for the surface concentrat ions of the 
adsorbed species, one finds 

k4 
0RH --" - -  0R 

k5 

k 3 C R ( 1  - -  OH - -  0RH - -  0RH2) 
OR= 

k--3 ~- k3CR ~- k40H 

~ I C H +  (1 - -  OR - -  0RH ~ 0RH2)e - ~ F / R T  -~- ~--2PH21/2(1 - -  OR - -  0RH - -  0RH2) 

klCH+e--~nF/RT ~ k - l e ( 1 - ~ ) n F / R T  ~- k2 -~- k-2PH21/2 -~ k48R -~- k50 

g/l i ter ;  and  the temperature  effect was studied by 
varying tempera ture  from 20 ~ to 40~ 

An Aerograph Hy-F i  Model A-600C gas chromato- 
graph with an isothermal tempera ture  controller  and 
a hydrogen flame ionization detector was used to 
identify and determine the butyric acid formed. 

Theory 
Mechanism.--The probable course of the electro- 

chemical reduction of crotonic acid is proposed as fol-  
lowing the adsorption mechanism 

kl 
S -l- H + -l- e ~=~ H [step I] 

k - I  

[1] 

[2] 

[3] 

where CH+ = concentrat ion of hydrogen ion; PHa = 
part ial  pressure of hydrogen gas; CR = concentrat ion 
of crotonic acid; 0m : fractional coverage of the surface 
of the catalyst by species, m; and ~ -- symmet ry  
factor. 

The current  passing through the cell is proport ional  
to the rate of step 1 

i --- k - -10He (1-$)nu  - -  k l C H +  (1 - -  0T)e--~IF/RT [4]  

where 
0T --- 8H -~- OR "~- 0RH ~- 0RH2 

At high cathodic overvoltage (~ --> -- ~ ) ,  Eq. [4] 
reduces to 

i = - - k l C H +  (1 - -  0T)e  -B~F/RT [5]  
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The fraction of bare surface, (1 -- ST), is very small  
(near ly  zero) at higher overvoltages. It  should not 
vary much relative to the other fractional coverages 
and can be assumed to be constant. Under  these con- 
ditions 

0 l n i  #F  
_ [6] 

On R T  

At high anodic overvoltages, the second term in Eq. 
[4] tends to zero. Using Eq. [3] and [4], one finds 

i = k2-1 [7] 

Equat ion [7] indicates that  the current  should reach a 
l imit ing value for high anodic overvoltages. 

Over-al l  empirical equat ion. - -The over-al l  cathodic 
reduct ion of crotonic acid can be represented by the 
following reaction 

CH3CH=CHCOOH + 2H + + 2e ~ CH3CH2CH2COOH 

Using the concept of electrochemical reaction orders, 
the observed cathodic current  can be expressed as 

ic -- KcCRalCH + blCaH2dlexp ( - - # F E / R T )  [8] 

Similar ly for anodic polarization 

ia = KaCRa"CH+ b"CRH2 d2 exp ((1 -- # ) F E / R T )  [9] 

At high cathodic overvoltages, the anodic part ial  
current  density may be negmcted and tr~e reaction 
orders can be obtained from the cathodic cur ren t -  
voltage curves. 

8 1 o g [ i  I ] = a l  [10] 

0 log CR I cH +,CRH2,E 

0log Ifl I = b l  [11]  
0 log C H  + l CR'CRH2, E 

a log l~l 
= dl [12] 

0 log CRH2 CH +,CmS 

T h e  reaction orders for the anodic region can be ob- 
tained s imilar ly  from the  anodic part ial  cur ren t  den-  
sity. 

E~ect  of  temperature  and activation e n e r g y . ~ T h e  
effect of tempera ture  on the current  density is very 
similar to its effect on the rate of a heterogeneous 
chemical reaction. Hence the energy of act ivation can 
be studied by studying the effect of tempera ture  on the 
cur ren t  at constant  potential. 

The charge- t ransfer  reaction associated wi th  th e  
cathodic cur ren t  takes place in  the direction 

H + + e--> Hads [13] 

The cathodic current  density corresponding to this re-  
action is 

~c = nFre [14] 

where n = number  of electrons taking par t  and rc = 
reaction rate for the cathodic process in  the charge- 
t ransfer  reaction. 

According to Eq. [5], at constant  potential, the rate 
constant  k~ mus t  be proport ional  to the Bol tzmann 
factor, exp ( - - E c / R T ) ,  which expresses the apparent  
c a t h o d i c  activation energy. Therefore 

ic -- kcCH+ (1 -- 0T) exp ( - - E c / R T )  [15] 

where  kc : constant  and Ec = apparent  cathodic ac- 
t ivat ion energy. Similarly,  the anodic cur ren t  density 
is given by 

~a - "  ~r exp ( - -Ea /RT)  [16] 

where ka : constant and Ea : apparent  anodie act iva- 
t ion energy. Therefore from Eq. [15] and [16] at con- 
s tant  potential  and concentrat ions 

8 log  ic I _ Ec 

I a ( l / T )  E,pH 2.303R [17] 

a log ia 1 -- Ea 
a(1 /T)  , ~ , pH- - - -  2.303R [18] 

The apparent  activation energies Er and Ea depend on 
the electrode potential  E. These relationships have 
been derived by Vetter (14) and Delahay (15) for 
large excess of support ing electrolyte as 

Ec : E~ + #FE [19] 

Ea = E~ - -  (1 - -  f l )FE  [20] 

Results 
The current  vs. potential  plots for Pt  black and Pd 

on C catalysts for varying pH, crotonic acid, butyric  
acid, and catalyst concentrations and temperature  re-  
vealed a straight l ine relat ionship at high cathodic 
overvoltages, whereas they reached a rather  low l imit -  
ing current  of about 3.5 mA for Pt  black catalyst and 
0.25-0.45 mA for Pd on C catalyst for low anodic over-  
voltages. Figures 2, 3, and 4 are typical  current  vs. 
potential  graphs for Pt black s lurry electrodes for 
varying pH, crotonic acid, and butyric acid concentra-  
tions, respectively. Figures 5 and 6 are typical current  
vs. potential  graphs for Pd on C s lurry  electrodes for 
varying catalyst concentrat ions and temperature,  re-  
spectively. All  the data, except the ones at varying 
temperature,  were taken at 20~ The reaction orders 
with respect to pH, crotonic acid, and butyric acid were 
obtained using a l inear  least square fit of Eq. [8] and 
are tabula ted in Table I for Pt  black and for Pd on C 
catalysts. The activation energies calculated are shown 
in Table II. The coulombic efficiency based on butyric 
acid was calculated as 84.8 and 78.8% for two sepa- 
rate runs  for Pd on C catalyst systems using gas 
chromatograph techniques for determining butyric 
acid. 

Discussion 
It  was shown in pre l iminary  experiments  that  the 

b lank  current,  i.e., the current  when no catalyst is 
present, was less than  5% of the current  obtained when 
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the catalyst was  present. Hence this blank current was  
neglected and the observed current was  taken as due 
to the slurry electrode alone. It was  also shown that 
the pH effect was  the same at two different crotonic 
acid concentration levels  and it was  hence  assumed 
that each effect was  independent  of  the other, 
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E~ect of pH. - -The  reaction order wi th  respect to pH 
for both 5% Pd on C and Pt black catalysts was  found 
to be around 0.5. This seems qual i tat ively  correct, in 
that the higher the hydrogen ion concentration the 
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Table I. Kinetic parameters for crotonic acid reduction 

Catalyst: 5% P d  on  C 

Effect 

Cathodic 

Reaction Tafel  slope 
o r d e r  ~ F / 2 . 3  R T  

H y d r o g e n  ion  0.389 0.00383 0.222 
( l s t  se t )  

H y d r o g e n  i o n  0.443 0.00331 0.192 
(2nd  se t )  

C r o t o n i c  a c i d  -- 0.013 0.00306 0.178 
B u t y r i c  a c i d  -- 0.490 0.00370 0.215 

C a t a l y s t :  P t - B l a c k  
H y d r o g e n  ion  0.522 0.00577 0.335 
C r o t o n i c  a c i d  0.077 0.00524 0.305 
Butyric  acid 0.028 0.00542 0.316 

Table II. Temperature effects 

d log  io 
Energy of Tafel slope 

Catalyst activation d (I/T) ~F/2.S RT 

5% P d  on  C --3.65 k c a l / m o l e  - -800 0.0026 
P t  b l a c k  -- 3.82 k c a l / m o l e  - 850 0.0045 

larger wi l l  be the rate of the charge-transfer  step and 
hence the current,  independent  of the catalyst  used. 

Equat ion [5] can be rewri t ten  in terms of the poten-  
tial, E, by subst i tut ing in it n = E -- E o 

i "-- --kCH+ (I -- 8T)e--BFE/RT [21] 
where 

k : kle -~FEO/RT -- constant  [22] 

Equat ion [21] predicts a reaction order of un i ty  with 
respect to hydrogen ion concentration, whereas the ob- 
served order is around 0.5. A similar si tuation in the 
oxidation of hydrocarbons was explained by Bockris 
et aL (16, 17), who proposed that  there is a penetra t ion 
of hydrogen atoms into the p la t inum lattice of the 
electrode and that  a charged double layer exists within 
that  electrode due to dipoles generated. The observed 
potent ial  difference is the potent ial  difference be-  
tween the bu lk  of the solution and the interior of the 
electrode and does not take into account the potential  
drop through the double layer  due to the dioples 
wi th in  the electrode. Hence, to make use of Eq. [21], 
the potential  difference, E, has to be replaced by the 
observed potential  difference, Es, plus the potential  of 
zero charge, Epzc 

E = E s  4 -  E p z c  [ 2 3 ]  

Exper imental  observations by Bockris et aL (16, 17) 
have shown that  PZC changes with pH on a clean Pt  
foil by RT/F per uni t  pH uni t  as expressed by the 
following equation 

EI~ZC = E~ 4- (RT/F)  in  all+ [24] 

where EOpzc -- constant  and aH + = activity of hydro-  
gen ion. 

This equation was obtained exper imenta l ly  for a 
highly purified Pt  electrode and has no theoretical 
basis. Hence it is reasonable to mul t ip ly  the pH effect 
by a factor = to take into consideration that  the system 
being considered in this study had a different elec- 
trode and different electrolyte from that  studied by 
Bockris et aL 

Therefore we write 

Epzc ---- E~ 4- (aRT~F) In an+ [25] 

and Eq. [21] can be wr i t ten  as 

i - -  - - k a H + ( 1 - a # 3 )  ( 1  - -  ST)  exp ( - -~F(Es  4- E~ 
[26] 

Therefore 
0 l n i  

= 1 --  =~ [27] 
0 In aH+ ES 

The fractional order (0 In i/O In aH+)ES observed 
was 0.42 for Pd on C catalyst and 0.52 for Pt  black 

catalyst (Table I) .  Since the exper imenta l  value of ;~ 
was found to be 0.2 for Pd on C and 0.3 for Pt  black, 
the value of a is calculated to be 2.9 for Pd on C and 
1.6 for Pt  black. The value of a different from uni ty  is 
to be expected, since the present  system is quite differ- 
ent from the one for which Eq. [24] was obtained. 

El~ect oi crotonic acid concentration.--The reaction 
order with respect to crotonic acid concentrat ion was 
found to be --0.05 for Pd on C and  0.07 for Pt  black, 
and hence can be assumed to be zero for both the 
catalysts. A similar observation has been made in  the 
electrochemical reduct ion of maleic acid (19). This 
zero order with respect to crotonic acid may be ex- 
plained by reference to Eq. [21]. If it is assumed that  
the catalyst surface is saturated with adsorbed cro- 
tonic acid so that the fraction of crotonic acid adsorbed 
on the catalyst eR is constant for varying concentra-  
tions of crotonic acid, one finds for the apparent  order 

0 In i I = 0 [28] 
8 In CR [ ~,~H 

E~ect of butyric acid concentration.--The observed 
effect of butyr ic  acid concentrat ion was different for 
the two catalysts studied. The reaction order is --0.48 
for Pd on C and near ly  zero for Pt  black. 

This would seem to imply that  the adsorption of bu -  
tyric acid is markedly  weaker  on Pd on C than  on Pt  
black. However, more detailed data on the competit ive 
adsorption of crotonic acid and butyric  acid and their 
effects on the ra te - l imi t ing  step would be necessary 
for fuller  unders tanding  of the apparent  orders for 
crotonic and butyric  acids. In  the absence of data, 
speculation on this point seems highly inconclusive. 

Anodic egects.--The anodic reaction orders with re- 
spect to pH, crotonic acid concentration, and butyric 
acid concentrat ion were found to be negligible or zero, 
wi thin  limits of reproducibili ty.  

The anodic l imit ing current  that was observed in 
all cases is probably due to mass- t ransfer  limitations. 
The reaction steps for the anodic current  can be wri t -  
ten as follows 

H2--> 2Hads [step 1] 

Hads--> H + 4- e [step 2] 

CHsCH----CHCOOH 4- 2Hads "> CHsCH2CH2COOH 
[step 3] 

Mass-transfer  l imitat ion occurs when the hydrogen 
t ransfer  from the solution to the catalyst surface be-  
comes l imited in the step prior to the charge- t ransfer  
reaction. Therefore increasing the potential  does not 
increase the rate of step 2 and a l imit ing current  is 
observed. A low limiting current  would be observed 
if the crotonic acid were adsorbed t ightly on most of 
the catalyst  sites, leaving only a few sites available 
for hydrogen adsorption. 

This was checked by obtaining the anodic cur ren t -  
potential  curves with a Pd on C catalyst, bu t  no cro- 
tonic acid, as shown in Fig. 7. A l imit ing current  of 16 
mA was reached as compared to 0.5 mA when crotonic 
acid was present. To check the effect of butyric acid, 
the anodic cur ren t -poten t ia l  curve was obtained for a 
solution containing 9.5 g/ l i ter  butyr ic  acid and Pd on 
C catalyst as shown in  Fig. 7. This had a l imit ing cur-  
rent  of 16.5 mA. The two curves, with and without  
butyr ic  acid, were very similar except that the curve 
for the one without  butyr ic  acid rose at first more 
slowly with increasing potential  than  the curve with 
butyric  acid. At higher potentials they were  very alike. 
There was also a potential  shift observed at open 
circuit. Since the pH of the solution with butyric  acid 
(pH = 2.8) was much lower than the pH of the solu- 
t ion without  it, the anodic cur ren t -poten t ia l  curve was 
obtained for a solution without  butyr ic  acid containing 
Pd on C catalyst at pH = 2.8 made by adding sulfuric 
acid. As shown in Fig. 7, this curve can be superim- 
posed exactly on the curve taken when butyric  acid 
was present at the same pH. Hence the shift was due to 
pH effect and not to butyr ic  acid per se. 
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Fig. 7. Anodic current vs. potential, with and without butyric acid 
and no crotonic acid, and 5 g/liter 5% Pd on C catalyst. 

The above experiments  confirmed that  addit ion of 
butyric  acid did not inhibi t  the current  when crotonic 
acid was absent. The current  was inhibi ted when cro- 
tonic acid was present. Hence crotonic acid must  be 
strongly adsorbed on the catalyst sites. 

Effect of catalyst concentration.--The current  was 
proport ional  to a fractional power of the catalyst con- 
centrat ion at constant  potential  for both Pd on C and Pt 
black catalysts at high overvoltages. I t  was presumed 
ini t ia l ly  that since the charge is t ransferred during 
the collisions of the catalyst  particles with the collector 
electrode, increasing the number  of catalyst particles 
should increase the current  proport ionately at constant 
overvoltage and not constant  potential. This was ob- 
served for oxidation of hydrogen on Pd  on C and Pt  
black (11, 13). But it was not t rue for the present sys- 
tem studied, where the current  was found to be inde-  
pendent  of catalyst concentrat ion for both the cata-  
lysts at constant  overvoltage. This can be seen in Fig. 
8 which is the graph of current -overvol tage  for Pd on 
C catalyst. The catalyst concentrat ion appeared to af- 
fect only the open-circui t  potential. 

Since the catalyst particles are around 0.5~ in  diam- 
eter, they are at an average distance of 20 diameters 
or more apart  in the solution for the range of concen- 
trat ions used. Hence the assumption that  the particles 
interfered with one another is hard to mainta in .  

Calculations to check the diffusion rate of hydrogen 
through the pores formed by a cluster of the catalyst  
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Fig. 8. Cathodic current vs. overvoltage for varying .5% Pd on C 
catalyst concentrations at constant crotonic acid concentration of 
66.7 g/liter. 

particles revealed there was no l imitat ion to the  dif- 
fusion. 

The decrease of the open-circui t  potential  with in-  
creased catalyst  concentrat ion could not be explained 
by the hypothesis that  the pH of the solution increased 
due to adsorption of hydrogen ions from the solution 
on the catalyst  particles since the pH of the  solution 
with varying  amounts  of the catalysts was found to be 
constant  at 2.45 in  separate measurements .  

A possible explanat ion is that  since the clusters of 
the particles are loosely held together by a film of 
electrolyte, the electrical resistance is not the same 
throughout  the cluster. When the cluster comes in 
contact with the collector electrode, only the hydrogen 
ions near  the surface pick up the discharged electrons, 
whereas the ones fur ther  away cannot because of rela-  
t ively higher resistance. As the catalyst concentrat ion 
increases, the size of the clusters may increase, but  
only the same number  of particles near  the surface 
can discharge, and hence increased catalyst  concen-  
t rat ion has no effect on the total current.  

In  the absence of a ful ly  satisfactory explanation,  
the cathodic cur ren t  was expressed empirical ly as 

i c - -  k w f e  - ~ F E / R T  [29] 

The values of i and ~ are 0.23 and 0.24, respectively, 
for Pd on C and 0.45 and 0.31 for Pt  black. 

E~ect o] temperature.--The cathodic activation en-  
ergy values (Table II) represent  activation energy  not 
for the over-al l  reduction of crotonic acid, but  only 
for the charge- t ransfer  step. They are in agreement  
with those between --3 and --7 kcal /mole  observed by 
Conway and MacKinnon (20) for the  hydrogen ion 
reduction on metals. These low values of the activation 
energies are expected of atomic reactions like the hy-  
drogen ion reduct ion where there is no breaking of 
chemical bonds. 

The Tafel slope was found not  to be a function of 
tempera ture  in the range studied, but  was constant  
(Table II) .  Conway et aL (20, 21) have noted that  
the Tafel slope given by ~F/RT is rare ly  found experi-  
menta l ly  to be of that  form, but  is far less tempera-  
ture dependent  than is implied by that  relat ion and is 
usual ly  independent  of temperature.  

For the anodic polarization, no tempera ture  effect 
was noticed, possibly because it was smothered by 
mass- t ransfer  l imitat ions evident  from the low l imit-  
ing anodic current .  

Current efficiency.--Since the hydrogen formed could 
either desorb to form hydrogen gas or react with cro- 
tonic acid to give butyric  acid, the reaction efficiency 
of around 80% meant  that  80% of the hydrogen re-  
acted with crotonic acid to give butyr ic  acid, and that 
only 20% was desorbed to form hydrogen gas. Hence 
Pd on C catalyst was rather  selective for the hydro-  
genation path and the cur ren t  could be used as a mea-  
sure of the reaction rate. This would be equal ly  t rue  
of P t  black catalyst. 

Manuscript  submit ted Sept. 29, 1972; revised manu-  
script received May 10, 1973. 

Any  discussion of this paper will appear in a Discus- 
sion Section to be published in the June  1974 JOURNAL. 
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The Transient Response of a Disk Electrode 
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ABSTRACT 

A mathemat ica l  model  is proposed to t rea t  the  t rans ient  response of a 
disk  e lect rode to a change in the appl ied  current .  The analysis  reduces  to a 
wel l -def ined bounda ry  va lue  problem,  which yields  solutions in t e rms  of 
newly  defined eigenfunctions.  The resul ts  a l low the  de te rmina t ion  of t ime 
constants  character is t ic  of decay due to an e lect rode react ion and due to a 
red i s t r ibu t ion  of charge  wi th in  the  double l ayer  dur ing the  t rans ient  process. 

The t rans ient  behavior  of e lect rochemical  cells has 
been of in teres t  since the  deve lopment  of the  com- 
muta to r  method for the  assessment  of e lectrode over -  
potent ia ls  (1). The subsequent  invent ion of the  more  
accurate  in t e r rup te r  technique (2) and its perfect ion 
in the  last  couple of decades (3, 4) have provided  a 
re l iab le  tool  for  the  measuremen t  of the  uncompen-  
sated ohmic drop  in the  solution. The presence of a 
nonuni form cur ren t  d is t r ibut ion  at  the  e lectrode sur -  
face [such as in the case of a disk  electrode be low the 
l imi t ing cur ren t  (5-7)] ,  however ,  appears  to compl i -  
cate  the in te rpre ta t ion  of i n t e r rup te r  data, as this  
subject  has a l r eady  received ample  thought  and ex-  
pe r imen ta t ion  (4, 8-12). 

Newman  (8) has shown tha t  the  step change in 
potent ia l  at  in te r rup t ion  corresponds to the  p r i m a r y  
cur ren t  d is t r ibut ion  (5) and discussed the t ime con- 
s tants  for decay  of the  doub le - l aye r  capac i ty  due to a 
faradaic  react ion and red is t r ibu t ion  of charge  wi th in  
the  double  layer .  A more  comple te  mathemat ica l  s tudy 
wil l  be presented  here  in order  to de te rmine  the t r an -  
sient response of a disk  e lect rode to step changes in 
the  cell  current .  

The p rob lem was or ig inal ly  conceived for an idea l ly  
polar izable  e lect rode wi th  the  purpose  of ca lcula t ing 
the  t rans ients  one would  observe dur ing  the  charging 
and decay of the  doub le - l aye r  capacity.  However ,  the 
effect of a fa radaic  react ion can be incorpora ted  into 
the  formula t ion  wi thout  any  added  difficulty in the 
analysis.  The more  genera l  case wi l l  the re fore  be 
analyzed  wi th  due notice of the  ma themat i ca l  subt le -  
t ies r e l evan t  to an idea l ly  polar izable  electrode. [Ac-  
cording to Grahame  (18), an idea l ly  po lar izab le  elec- 
t rode  is one for which no s teady  cur ren t  flows at  any  
potent ia l  in the  range  of potent ia ls  of interest .]  

The fol lowing assumptions  are  made  in the  t r e a t -  
ment  of the  p rob lem:  

(i) The disk e lect rode is embedded  in an infinite, 
insula t ing plane, and the countere lec t rode is p laced at  
infinity. 

** E l e c t r o c h e m i c a l  S o c i e t y  S t u d e n t  N e m b e r .  
* Electrochemical Society A c t i v e  M e m b e r .  

Key words: interrupter, double-layer capacity, time constant, 
ideally polarizable electrode. 

(ii) The diffusion layer  is neglected.  This is a fa i r ly  
good assumption when  the ra te  of s t i r r ing is high (high 
rota t ion speeds) ,  and the cur ren t  densi ty  at the e lec-  
t rode  surface is cons iderably  below the  l imit ing cur-  
ren t  (13). 

(iii) Linear  kinetic  re la t ionships  govern  the  elec-  
t rode reaction. This s i tuat ion is encountered  for high 
reac t ion  ra te  constants  and sufficiently smal l  cur ren t  
densit ies such that  [i[ ~ io, where  io is the  exchange 
cur ren t  dens i ty  (6).  

(iv) The doub le - l aye r  capaci ty  is regarded  to be 
independent  of the  potential .  This is a reasonable  ap-  
p rox imat ion  for smal l  changes in the electrode po-  
tential ,  especial ly  for cathodic polar izat ions wi th  r e -  
spect to the  e lec t rocapi l la ry  max imum.  

The last  three  assumptions  a re  s ta ted for the sake 
of s impl ic i ty  so that  the  phenomena  which  di rec t ly  
influence the  t rans ient  behavior  of an  electrode can 
be s ingled out for invest igat ion wi th  a min imum 
number  of complicat ing factors. The effect of s t eady-  
state mass t ransfer  on the cur ren t  d is t r ibut ion  below 
the l imit ing current  has been discussed e lsewhere  for 
var ious  geometr ies  wi th  the considerat ion of nonl inear  
e lect rode kinet ics  (6, 7, 14, 15). Newman  has  t r ea ted  
the  mass  t rans fe r  p rob lem in r ap id  doub l e - l aye r  
charging at  an ideal ly  polar izable  e lect rode (16). 
Some a t tent ion  has been di rec ted  to the p roper  t r e a t -  
ment  of the  capaci t ive effect of the diffuse double  
l ayer  in t rans ient  problems in the presence of concen- 
t ra t ion and sizable po ten t ia l  variat ions,  and the 
reader  is d i rec ted  to the per t inen t  l i t e ra ture  (19-21). 
More discussion is also in order  in a l a te r  section 
concerning the va l id i ty  of the  above assumptions  in 
prac t ica l  appl icat ion.  

Mathematical Model 
The potent ia l  in the  solut ion satisfies Laplace ' s  

equat ion 
~7~ �9 --  0 [1] 

The bounda ry  condit ions a r e  

0r 
= 0 a t  z = 0, r ~> ro  [ 2 ]  

Oz 
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-~ 0 as r2 + z 2 -~ cr [3] 

and the potential is well behaved on the axis of the 
disk. Furthermore, the normal component of the cur- 
rent density at the electrode surface is given by (13) 

{Z - -  C (gTIs .-}- ( a a  .-}- ot c) io F (9r 
0-q- n s = - (9-; 

a t z = 0 ,  r - - r o  [4] 
where  

~s : V -- r [5] 

is the  surface overpotent ia l  associated wi th  the  f a r a -  
daic reaction,  V is the  e lect rode potential ,  r is the 
potent ia l  in the  solution ad jacent  to the  electrode,  
is the conduct ivi ty  of the solution, C is the double-  
l aye r  capacity,  and  ( ~  + a~) io F/RT is the kinetic  
coefficient for the faradaic  reaction. 

We would l ike  to have  our model  s imulate  the  
t rans ient  response of a disk  e lect rode for  the charging 
or decay  of the doub le - l aye r  capaci ty  immedia t e ly  
af ter  the cur ren t  is tu rned  on or off, respect ively.  The 
potent ia l  in solution for the charging per iod can then  
be represen ted  as the  difference of a s t eady-s ta te  and 
a t rans ient  contr ibut ion  

cI, : r s - -  r [6] 

such that  each par t  satisfies Laplace ' s  equat ion by  
itself. The e lect rode potent ia l  V can s imi la r ly  be ex-  
pressed as the  difference of a s t eady-s ta te  and a 
t rans ient  part .  The s t eady-s ta te  pa r t  of the  potent ia l  
includes the  contr ibut ion of the to ta l  cell  current ,  
whi le  the  t rans ient  pa r t  contains no net  current .  Once 
the  cur ren t  is tu rned  off, therefore,  the  s t eady-s ta te  
par t  vanishes, and  the decay per iod is represen ted  by  
only the t rans ient  par t :  �9 : ct. 

Steady-State Part of the Potential 
The solut ion of Laplace ' s  equat ion for the potent ia l  

d is t r ibut ion  in a disk e lect rode sys tem is wel l  known 
for var ious  s t eady-s ta te  boundary  condit ions at  the  
e lec t rode  surface (5, 6, 9). A solution for the s t eady-  
s ta te  par t  of the  potent ia l  wi l l  be presented  here  to 
meet  the  purposes  of this  analysis.  

In  ro ta t ional  el l ipt ic coordinates  (5) ,1 and }, the 
solution for the  s t eady-s ta te  par t  of the potent ia l  sat is-  
fy ing the  condit ions [2] and  [3] can be expressed as 
(6) 

r 
-- "-- Bn ss P2n (~l) M2n (~) [7] 
r p n=0 

where  P2n (~l) is the  Legendre  po lynomia l  of o rder  
2n, M2n (}) is a Legendre  funct ion wi th  known prop-  
er t ies  (7), and %p is the  uniform potent ia l  in the 
solution jus t  outside the  double l ayer  corresponding 
to the p r i m a r y  cur ren t  d is t r ibut ion  (5).  This quan-  
ti ty, in fact, is the ohmic drop which  is no rma l ly  
measured  by  in t e r rup te r  methods  (8) and  is ident ical  
to I/4~ro in this  work.  The choice of @o p as the  scal ing 
factor  in Eq. [7] is ma themat i ca l ly  convenient  since 
this  normal izes  the  numer ica l  value  of Bo ss to un i ty  
regard less  of the  e lect rode conditions. Subst i tu t ion  
into the bounda ry  condi t ion [4] yields  

1 ,~,~ss 
= J (V ss -- r ss) [8] 

~] (9} ~=o 

where  J is the  d imensionless  exchange cur ren t  den-  
si ty given by  

/oroF 
J = (~ + ,,D [9] 

RTK 

Combining Eq. [7: and  [8] and  employing  the or thog-  
onal i ty  p rope r ty  of the  Legendre  polynomials  (6) 
gives 

and 

nmax 

n = l  

where  

nmax 
V ss 4 
- -  = 1 + + 2 ao.n Bn  ss 
~o p ~ n = l  

[10] 

/'Y/'2 m (0) l 
a m , n  - -  2 a o , m  ao ,n  - -  6m,n  (4m + 1) J J B . s s  

4 
"-- ~ a o , m  (m --  1, 2 . . . . .  nmax) [ I I ]  

arn,n : I] P 2 m  (~) P2n (~) d~ [12] 

I P2m (0) 
ao,m = TI P2m (Ti) dTl = -- 

2(2m-- 1) (m-t-l) 
[13] 

< 0 i f m ~ n  
8m,n --  [14] 

l i f m : n  

The series in Eq. [I0] and [ I l l  a re  t runca ted  at  nmax 
for the  purposes  of numer ica l  calculation.  The ac-  
curacy  of calculat ion hence depends on the number  
of te rms t aken  into consideration.  The coefficients 
B ,  sS for the  first 10 te rms in the  series are  l is ted in 
Table I for var ious  J values.  The quant i ty  Vss/~oP, 
which can di rec t ly  be ca lcula ted  f rom Eq. [10] once 
Bn ss a re  obtained f rom Eq. [ I l l ,  is identif ied as the  
dimensionless effective d-c resistance (17) 4ro~Ref~ 
for the disk system with the reference electrode at 
infinity. 

For an ideally polarizable electrode it is possible 
to express the coefficients Bn ss explicitly. Since for 
large charging times the ideally polarizable electrode 
surface attains a uniform current distribution, we can 
replace the condition [8] with 

1 (9~ss I 
- -  [15] 

"q (9} ~=o ~roK 
which yields  

Bn ss = - -  4ao,n ( 4 n  -I- 1 ) / ~ M ' 2 n  (0) 

(4n + 1) [P2n (0)]a 
: [ 1 6 ]  

( 2 n - -  1) ( n +  1) 

An Eigenvalue Problem 
The t rans ien t  pa r t  of the potent ia l  can be  expressed 

by  a series expans ion  of the  form 

...... : Cie-t/ri Ui (r,  z) [171 
~ o  p i = 1  

where  Ui is a character is t ic  dimensionless  potent ia l  
defined here  to be independent  of time, and ~i is a 
t ime constant  for decay corresponding to the potent ia l  
Ui. The analysis  can be pursued  convenient ly  in t e rms  
of two addi t ional  dimensionless  quanti t ies,  viz. the  

Table i. D-C resistance VSSl~o p and coefficients in the series 
for the steady-state potential 

t t  J = O  J = o , 1  J = l  J = l O  

0 1.00000 1,00000 1~0000 LO0000 
1 0.3]250 0.30731 0.26863 0.13306 
2 --0.05273 --0.05446 --0.06568 --0.07356 
3 0.01984 0.02040 0.02491 0.04037 
4 --0.00993 --0.01019 --0.01232 --0.02324 
5 0.00580 0.00594 0.00713 0.01423 
6 --0.00373 --0.00382 --0.00455 --0.00926 
7 0.00256 0.00262 0.00312 0.00636 
8 --0.00185 --0.00189 --0.00224 --0.00456 
9 0.00139 0.00142 0.00168 0.00339 

10 --0.00107 --0.00110 --0.00130 --0.00260 

VBS/~op ~ 13.81194 2.34368 1.16459 
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dimensionless eigenvalue 
roC 

Ai = - J [18] 
Kci 

and the dimensionless time 
~t 

0 " -  [19] 
roC  

Equat ion [17] then t ransforms to the fo rm 

r ~ Cie-SĈ i +J) Ui (n, ~) 
12 

~o p i = l  

The t rans ien t  pa r t  of the  e lect rode potent ia l  can ana -  
logously be expressed  as 

, t  
= Coe -~ + Cie-6C^i +J) ~i [21] 

�9 o p i = 1  

where  vi is a constant  which  wil l  hencefor th  be  t aken  
to be unity,  thus provid ing  a normal iza t ion  for the 
eigenfunct ions Ui. 

The funct ions Ul sat isfy  Laplace ' s  equat ion 

V 2 Ui : 0 [22] 
and the condit ions 

8Ul } 
- . = 0  a t ~ = O  

Ut = 0 as ~-* oo [23] 

Ul wel l  behaved  at  ~- -  1 

The solution can therefore  be given by  

[24] Ui = ~ Bn,i P2n('q) M2n(~) 
-= I  

The zeroeth  t e rm is exc luded  from the summat ion  
since Ui includes no contr ibut ion  to the  net  current .  
The bounda ry  condit ion [4] now reduces  to 

OUi 
-- Apl(1 - -  Ui,o) [25] 

0~ ~=o 

Combining  Eq. [24] and [25] and invoking the or-  
thogonal i ty  p rope r ty  of the Legendre  polynomia ls  
y ie ld  

~/11 ax 

ao,n Bn.i = - -  
n=l 2 

[26] 

nmsx 

am,n -~- - -  B n i  --ao,m 
n=l Ai 4m -{- 1 ' 

( m - -  1,2 . . . . .  nmax) [27] 

The above set of equat ions can be solved s imul tane-  
ously for Ai and B,,i. Some resul ts  are  given in Table  
II, and the first th ree  eigenfunctions are  p lo t ted  in 
Fig. 1. 

Each t e rm  in Eq. [17], and the  corresponding t e rm 
in Eq. [21], describes a potent ia l  d is t r ibut ion  and a 

Table II. The first five eigenvalues and the related coefficients 
Bn,i of the eigenfunctions 

A] A~ Aa At As 

4.12130 7.34208 10.5171 13.6773 16.8308 
n i = l  i = 2  i = 3  i = 4  i = 5  

1 4,56973 3.77405 3,44403 3.25860 3.13835 
2 3,58511 --3.70789 --4.65165 --4.79056 --4.75592 
3 0.61738 --7,51662 --0.26793 2.76530 4.12700 
4 0.10883 --2.89555 9.61986 5.38647 1.50528 
6 --0.03142 --0.67828 6.80910 -- 8.19370 --8.96687 
6 0,02274 --0.02899 2.44679 -- 10.7732 3.13094 
7 --0.01687 --0.03991 0.44960 --5.76314 12.7102 
8 0.01161 0.02427 0.11317 -- 1.72889 10.1185 
9 --0.00879 --0.01882 --0.02225 --0.42934 4.33793 

10 0.00684 0.01470 0.02444 --0.02855 1.34839 

20 l 

16 

[ 1 I I 

8 

[20] 

Ui . ,o4  

0 

- 4  

- 8  

- 1 2  
0 0 . 2  0 . 4  0 . 6  0 . 8  

r/~ 
1.0 

Fig. 1. The first three eigenfunctions for the transient solution 

state of charge in the electric double layer which can 
decay with a single time constant and involves no net 
current flow to the counterelectrode at infinity. The 
state of charge is proportional to V -- @o or to 1 -- U~,o 
for a particular eigenfunction. If this state of charge 
is nonuniform, it will have associated with it a flow 
of current through the solution in a direction which 
tends to make even the charge distribution across the 
electrode. At the same time, the double-layer charge 
may be decaying through the faradaic reaction (if 
J ~ O ) .  

If each eigenfunction is to represent a single time 
constant, the amount of current flowing through the 
solution (related to aui/a~ at ~ = 0) must be propor- 
tional, over the surface of the electrode, to the rate 
of change of the double-layer charge. Equation [25] 
represents this state of affairs. Only for certain char- 
acteristic decay constants Ai is it possible to find con- 
sonant current and charge distributions which decay 
with a single time constant, and these eigenvalues are 
not known in advance. The lowest eigenvalue, either 
Ao = 0 or AI = 4.12130, is the most important because 
its effect can most readily be observed experimentally 
after the other eigenfunctions have decayed to negli- 
gible values. 

It is a further consequence of boundary condition 
[25] (current in solution is proportional to surface 
charge for each eigenfunction) that the eigenfunctions 
U~ satisfy the unusual orthogonality relationship 

or ul,o (1 - Uj,o) ~d~ 

f 1 ~ M'2n(O) : ~ n= 1 4~ -'[- 1 B2n'i if i = j 

o if i--~j 
[28] 
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This has much  the same meaning;  the  potent ia l  a t  
the surface for one eigenfunct ion is in a sense or thog-  
anal  to the  cur ren t  dens i ty  for another  eigenfunction.  

One can s tudy  the eigenfunctions in Fig. 1 to v isua l -  
ize how the  cur ren t  flows through the solution. The 
potent ia l  is nonuni form for a given eigenfunct ion be-  
cause the  s ta te  of charge  is nonuniform. The cur ren t  
dens i ty  in the  solut ion is p ropor t iona l  to 1 --  Ui.o and 
flows f rom a region of high charge to a region of low 
charge. The h igher  o rder  eigenfunctions have  more  
min ima  and  m a x i m a  in the curves. The cur ren t  need, 
therefore,  flow a shor ter  distance in o rder  to even up 
the charge,  and  the  t ime  constants  are  cor respond-  
ingly  shorter .  

Transient Potential Distribution 
In  order  to be able to calculate  the values  of Cl and 

the reby  comple te  the  analysis,  we need to specify 
su i tab le  ini t ia l  condit ions for the  problem.  Let  us 
assume that  the  cur ren t  is swi tched on as a s tep at  
0 = 0 +  and kep t  constant  unt i l  0 _-- 0cn, a t  which 
ins tant  it  is tu rned  off. The t ime scale for the decay 
per iod can be defined as 

0' = 0 - -  0oh [29] 
Therefore,  for  the  charging per iod  

V = ~ o = r  p at  o = 0 + ,  ~ = 0  [30] 

and for the decay per iod  

V : V ( ~ 1 6 2 1 7 6  ~ at  0 ' = 0 + ,  6 = 0  [31] 
r O = r O (Och) - -  (I~oP J 

Appl ica t ion  of the in i t ia l  condit ion [30] for  the  cha rg -  
ing per iod  to Eq. [6] gives 

@~ 

- -  i = CIUi.o [32] 
CI~oP i =  1 

Multiplication by (i --  Uj,o)~ and integration with 
respect to ~ yields 

y~ Oo ss 

@o p 
Cj -- 

y~ Uj.o (1 -- Uj,o) ~d~ 

M'Sn (O) 
Bn ss Bnj  

4 n +  1 n----1 
= [33]  

M'2n (0) 
B2nj 

,=1 4 n + l  

Appl ica t ion  of the cor responding  ini t ia l  condi t ion for  
the  e lec t rode  potent ia l  gives 

V ss ~ 4 
Co --  - -  1 - -  Cl = [34] 

~ 0  p i =  1 J ~  

For  the decay per iod  where  r : c t  (the negat ive  
of the  t rans ient  pa r t  for charg ing) ,  the  same results ,  
summar ized  by  Eq. [32]-[34],  also app ly  as long as 
Och is la rge  enough so tha t  the  s teady  s tate  has  been  
reached r ight  before  in terrupt ion.  I f  this  is not  the 
case, the  equations for decay become 

oo 

~ 2; �9 "-" Ci [1 --  e -er e -O'(At+J) Ui [35] 
~ o  p i = l  

for the  potent ia l  in the  solution, and 

V 
: Co ( I  --  e-0o~ J) e -~ 

~ o  p 

+ X Ci [1 - -  e -0eh(Ai+J)] e -0'(At+J) [36] 
i = 1  

for the  e lec t rode  potent ial .  The coefficients Ci a re  the  
same as for the  charging period,  g iven by  Eq. [33] 
and [34]. 

For  an idea l ly  polar izable  e lectrode (J  = 0) the 
same re la t ionships  hold to express  the potent ia l  in 
the solution, both  for charging  and for  decay. The 
e lect rode potential ,  however,  increases indefini te ly  
once the  cur ren t  is tu rned  on and decays  to a nonzero 
va lue  af ter  the  in te r rup t ion  of current .  This is be -  
cause of the fact that  the net  doub l e - l a ye r  charge has 
no means  for decay in the  absence of an electrode 
react ion;  it  can only red i s t r ibu te  by  flow of cur ren t  
th rough  the solut ion in order  to a t ta in  a final uni form 
state. Hence, for the  charging per iod we  have 

v 4 
- -  - -  0 + D -- Ci e - A ' s  [371 
~O p ~ i = 1  

The constant  t e rm can be obta ined  by  in tegra t ing  
condit ion [4] over  the e lect rode surface for the  to ta l  
per iod of charging to obtain the  net  charge added to 
the  double  l ayer  

"a't d t rd r  

y/o y : e h  
= 2~ iz dtrdr --  Itch [38] 

Subs t i tu t ion  of Eq. [6] and [37] into the  lef t  side 
and in tegra t ion  lead to the  resul t  

D --  2 ~ Bn ss ao,n "- 1.08076 : 32/3~z2 [39] 
n = 0  

Finally, the electrode potential for the decay period is 

v 4 
= ~ Och + Cie-^,o '  (1 --  e -A~~ [40] 

�9 o p ~ i = 1  

The analysis at this point can readi ly be extended 
to account for arb i t rary changes in the cell current 
by a straightforward application of the superposition 
in tegra l  I f  the t ime dependent cell current is given 
by I (e), the electrode potential can be expressed as 

I: 4ro .V  = I(o) + CoJe -o~ I(o)eOJdo 

+ Ci(Ai + J)e -~ l(o)eO(A,+J>do [41] 
i=l 

in the presence of an electrode reaction,  and 

4ro~V -- I(o) + -~ I(O)do 

o~  

+ ~ c,a~e-^,o~' I(o)e^,Odo [421 
t-----1 

for an ideally polarizable electrode. One application 
of these equations would be for an a-c situation, 
where the frequency dispersion of the measured im- 
pedance is of interest .  A more  r igorous and accurate  
calculat ion has been pe r fo rmed  by  Newman  (17) for 
this  par t i cu la r  case. The presen t  equat ions were  used 
to compute  the  f requency dispers ion in capaci ty  m e a -  
surements  at a disk e lect rode and compared  to New-  
man 's  resul ts  (17). The agreement  is good for smal l  
frequencies,  but  a large  number  of te rms is requ i red  
in the  series to a t ta in  any  reasonable  accuracy at  h igh 
frequencies.  The same numer ica l  p rob lem is en-  
countered  in calculat ing the  sho r t - t ime  response of 
the  potent ia l  to a step change in the  cu r ren t  since 
the  series do not  converge  ve ry  fast. A n  asymptot ic  
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solution, appl icable  to small charging and decay 
periods, may  therefore  be  desirable.  

Results and Discussion 
Figure  2 depicts  a typical  potent ia l  t race for double-  

l ayer  charging and decay in the  presence of a fa rada ic  
reaction,  and Fig. 3 shows potent ia l  decay curves  af ter  
the in te r rup t ion  of cur ren t  for var ious  values  of the 
kinet ic  p a r a m e t e r  J. For  both representat ions ,  the 
cur ren t  is i n t e r rup ted  af ter  the double l aye r  is 
charged to s t eady-s ta te  conditions. For  la rge  decay 
periods, the  slope of each curve  approaches  the corre-  
sponding J value  on a semilogar i thmic  scale as can be 
in fe r red  f rom Eq. [36]. Curves  s imi lar  to Fig. 2 could 
be const ructed for different  J values  by  mak ing  use 
of the  informat ion  contained in Fig. 3 and by  r e m e m -  
ber ing  tha t  the  ohmic drop is given b y  the  p r ima ry  
d is t r ibut ion  r p and that  the  charging and decay 
por t ions  of each curve are  symmetr ic .  
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0.6 

vSS 
0.4 

0.2 

0 

L OHM I C 
DROP 

l I t 
0 2 4 6 

' l '  ' 
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8 I0 
Ir t  
roC 

I 
12 14 

Fig. 2. Double-layer charging and decay in the presence of a 
faradaic reaction. 
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The fact tha t  the ins tantaneous  poten t ia l  step im-  
media te ly  preceding both the charging and decay por -  
tions of Fig. 2 corresponds to the p r i m a r y  cur ren t  
d is t r ibut ion  (8) is impl ic i t  in the presen t  analysis  
by  v i r tue  of the pa r t i cu la r  ini t ia l  condit ions (Eq. [30] 
and [31] employed.  Nanis  and  Kesse lman  (9) have  
expressed the con t ra ry  view in this  regard.  We would  
l ike to stress that  the  same cr i ter ion would  hold for 
the ohmic drop even if the diffusion layer  were  taken  
into consideration.  An  exper imen ta l  verif icat ion along 
these l ines has been provided  by  Mil le r  and Del la-  
vance (12). 

The t rans ient  response of an idea l ly  polar izable  
e lect rode to step changes in the  cur ren t  is depic ted  in 
Fig. 4. The step port ions again correspond to the  
p r ima ry  dis t r ibut ion.  The differences in comparison 
to Fig. 2 are  obvious. The po ten t ia l - t ime  re la t ionship  
becomes l inear  for sufficiently large  charging per iods  
as the  surface cur ren t  dens i ty  a t ta ins  a un i form dis-  
t r ibut ion.  Af ter  the  in te r rup t ion  of current ,  the  e lec-  
t rode  potent ia l  decays to a nonzero value,  given b y  
4ech/~. Decay curves for var ious  charging per iods  are  
sketched in Fig. 5 to show the  effect of short  charging 
t imes on the potent ia l  decay. The same effect is also 
discernable  when  J is g rea te r  than  zero, but  the  
dependence  on the charging per iod was not  of p r ime  
in teres t  in construct ing Fig. 3 and was suppressed by  
a l lowing a s teady s ta te  to develop before  cur ren t  
in ter rupt ion.  

A n  impor tan t  resul t  of the  present  analysis  is the  
assessment of an accurate  t ime constant  for the decay 
of the doub le - l aye r  capaci ty  in the  absence of concen- 
t ra t ion  gradients  at  the  e lect rode surface. F r o m  Eq. 
[18], we obtain 

1 %C 
�9 t = - -  [ 4 3 ]  

A I + J  

When an e lect rochemical  react ion is possible, the  
dominan t  t ime constant  at  long t imes  is 

roe  
- -  , �9 [44] 

~J 

as  identif ied by  Newman  (8). When an e lec t rochem-  
ical  react ion is not  possible ( the idea l ly  polar izable  
e lec t rode) ,  th is  t ime constant  becomes infinite, and 
the potent ia l  decays to  a nonzero constant .  The dom-  
inant  t ime constant  then  is 

roC 1 roe 
= = - -  [ 45 ]  

A,K 4.12 

also sugges ted  in the  same context  (8) bu t  wi thout  
the  de te rmina t ion  of the numer ica l  factor.  The pres-  
ent  analysis  amplifies the  roles and in te r re la t ionship  
of these two quant i t ies  and the processes they  de-  
scribe. 

0.6 

0.5 
O O.I 0 2  O.3 0 . 4  0 .5  

Kt  
roC 

Fig. 3. Decay of the electrode potential for various values of the 
kinetic parameter J. A steady condition was attained before inter- 
ruption of the currant. 
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Fig. 4. Double-layer charging and decay in the absence of a 
faradaic reaction. 
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Fig. 5. Decay of the electrode potential for various charging 
periods in the absence of a reaction. The slope here is related at 
long times to the first eigenvalue At. 

A direct exper imenta l  test of these t ime constants 
may  be performed wi th  the ut i l i ty  of an original  re f -  
erence electrode system designed by Mil ler  and Bel la-  
vance (12). This consists of two probes positioned 
coaxial ly wi th  the disk in the solution, so that  the 
potential  drop between two distinct locations in the 
solution could be measured.  If l inear  electrode kinetics 
and finite exchange cur ren t  densities are ensured, and 
concentrat ion gradients near  the surface of the disk 
are avoided, the t ime constant so measured  should 
correspond to Eq. [43] for i -- 1. 

Validity and Significance of Theoretical Results 
in Practical Application 

The reference electrode was assumed to be posi- 
t ioned at infinity re la t ive  to the working electrode in 
obtaining all our results. In practical  situations, the 
reference electrode has to be placed at a finite dis- 
tance f rom the disk, and if this is not  accounted for 
in the evaluat ion of exper imenta l  data, serious errors 
may result  (11). The necessary correct ion is ra ther  
simple to accomplish; since one can assume without  
significant error  that  the pr imary  distr ibut ion (5) 
prevails  in the bulk of the solution, the reading on 
the reference electrode can be extrapolated to infinite 
distance f rom the disk (12). 

A possible application of the present  results might  
be in the study of the double- layer  s t ructure at solid 
surfaces. Difficulties are encountered in the measure-  
ment  of differential  capacities at solid electrodes due 
to the f requency dispersion effect (17), except  when  
it is feasible to construct  and employ spherical  elec-  
trodes (22, 23). Such difficulties may  be overcome by 
a t tempt ing to measure  re laxat ion t imes in in te r rupter  
exper iments ;  in the absence of mass transfer,  these 
re laxat ion t imes are re la ted to the differential  
capaci ty of the disk electrode as shown in previous 
sections. 

In  practice, one first invest igates the s t ructure  of 
the double layer  in the presence of support ing elec-  

t rolyte  alone. If  currents  due to gas evolut ion and 
reduct ion of impuri t ies  are avoided, the working 
eIectrode is an ideal ly polarizable electrode. In this 
way, one finds out about the relat ionship be tween  the 
electrode potential  and the surface charge density 
(18). One may then add a small  amount  of reactant  
and assume that  the same charge-potent ia l  depen-  
dence prevails. Invest igat ions along these lines ap-  
pear  to be successful in depicting qual i ta t ive ly  the in-  
fluence of the double- layer  s t ructure  on faradaic 
reactions, as rev iewed by Parsons (24). 

Let  us consider an ideally polarizable disk system 
where  ro ----- 0.635 cm, C = 30 #f /cm 2, K = 0.036 
o h m - l - c m  -1, and the ohmic drop is 11 ohms. The 
current  is in ter rupted after  charging the electrode 
for 1 msec at I = 5 mA. The characterist ic t ime con- 
stant for decay can be calculated f rom Eq. [45] as 
T ---- 128 ~sec. We can fur ther  compute 

�9 o p : ~ 5  mV 

a V - V ( e : 0 §  - - V ( 0 :  ~ )  

: 0.08076 4o p : 4.44 mV 

If the reference electrode is placed along the axis of 
the disk, we have 

440 (r = 0) -- 40 (r -- 0, e : 0 §  

- - 4 o  ( r - -  0, e =  co) 

: 4 o ( r : 0 ,  e : 0 + )  : 4 o  Ss ( r : 0 ) - - 4 o "  

"-- 40P B a  SS - -  1 : 4 o  p - -  - -  I 

-- 15mV 

a ( V  - -  4 o )  = a V  - -  a,I,o ( r  = O) -- -- 10.6 mV 

Itch 
V - - 4 o  ( o =  c o )  : V  ( o :  o o )  - - - - - -  132mV 

~ro2C 

It is interest ing to note that  A~o (r = 0) is larger  
than AV and can be detected wi th  re la t ive  ease with 
a double-probe reference electrode (12). The nega-  
t ive value  of A(V --  r indicates that  this quant i ty  
(which we would  have  called the  electrode overpo-  
tent ial  if a faradaic react ion were  present)  actual ly 
increases at the center  of the disk as the charge re-  
distributes itself in the double layer  to effect a final 
uni form and nonzero charge distribution. The change 
in V -- r during the t ransient  process is also mod-  
erately small  compared to its absolute value, so that  
the double- layer  capacity C can be assumed to be 
independent  of the potential  in this range wi thout  
much error. 

In reali ty,  it is impossible to have a perfect  ideally 
polarizable electrode. One can approximate  it by 
mainta in ing its potent ial  by an externa l  source (18). 
The t ransient  response of a disk electrode under  po- 
tentiostat ic control has been t reated e lsewhere  (25). 
If  the current  is interrupted,  the potential  of a real  
electrode wil l  decay more or less slowly to its open- 
circuit  potential  due to the reduct ion of impuri t ies  
present  in the solution (18). Thus if an electrode re-  
action is possible ei ther  owing to the presence of im- 
purit ies or a reactant  in the solution, the  characterist ic 
t imes for decay are 

roC 
�9 e : [ 4 6 ]  

~J 

for the electrode potential,  and 

1 roC 
Ts -- - -  [47] 

4.12 + J 

for the potential  in the solution. Even  if Tafel  kinetics 



VoI. 120, No. 10 T R A N S I E N T  RESPONSE OF D I S K  ELECTRODE 1345 

might govern the electrode reaction soon after in-  
terruption,  l inear  kinetics will  take over at large 
times as the overpotential  decays, and the above time 
constants will become prevalent.  Thus, if J is small, 
let us say 0.005, then the electrode potential  will  de- 
cay with a t ime constant  ~e = 106 mse c whereas the 
potential  in the solution will decay much more rapidly, 
with the t ime constant  ~s -- 0.13 msec. 

If however, J is of order un i ty  or larger, this ef- 
fect is ra ther  appreciable and has to be accounted for. 
One possibility is to measure ~s and ~e s imultaneously 
by a disk electrode-double probe reference electrode 
setup appropriately hooked up  to a dua l -beam oscillo- 
scope. By subtract ing the reciprocals of the two time 
constants, we obtain 

1 1 4.12~ 
[48] 

"~s ~e roC 

which is independent  of the exchange current  density. 
If the electrode reaction is mass- t ransfer  controlled, 

the characteristic times depend on addit ional pa ram-  
eters such as the diffusion coefficient of active species 
and the diffusion-layer thickness. For the si tuation 
where one is concerned about the reduction of im-  
purit ies at the disk after the in ter rupt ion  of current,  
a reasonable estimate of the faradaic current  can be 
obtained from 

C =  - -  Co 
if : n F D -  [49] 

8 

where 8 is the Nernst  diffusion layer  thickness. As- 
suming a highly reversible reaction controlled by 
diffusion and the capacitive effect of the double layer, 
the capacitive current  is 

0no 
ic = C [50] 

Ot 

where nc is the concentrat ion overpotential  (13), given 
by 

RT c= 
~1r = -- in  -- [51] 

n F  Co 

Since the  net  cur rent  is zero 

i ---- if -~- ic "- O [52] 

When we combine these four equations and integrate, 
we obtain a characteristic t ime constant  for this case 

CRT8 
ZD " -  - -  [ 5 3 ]  

n2F2Dc| 

TD thus depends inversely on the concentrat ion of 
impurities,  which has to be kept  as small  as possible. 
Consider the reduct ion of a bivalent  ion (n -- 2) 
with D : 10 -5 cm2/sec, 5 : 10 -3 cm, and c= : 10 -9 
mole /cm 3. Then, ~D : 0.2 msec. 

In case the capacitive effect can be ignored, and a 
pure ly  mass- t ransfer-control led  electrode process is 
considered, the appropriate t ime constant  is propor-  
t ional to 62/D, or more exactly 

3.26 Sc 1/s 
"gD = [54] 

-A-D 

where ~2 is the angular  f requency of rotat ion of the 
disk and /~D is a constant  characteristic of the diffu- 
sion process. Determinat ion  of this constant  requires  
a detailed analysis  of the t rans ient  mass t ransfer  
problem at a disk electrode. With the simplifying as- 
sumption of a radial ly  independent  concentrat ion 
distribution, Se lman (26) obtained AD : 7.216 for a 
step change of concentration. Using this value for AD, 
Sc : 1000, and ~ : 250 radians/sec,  we obtain T D : 
18 msec. The characteristic decay time for a current  
step is always larger than  that  for a concentration 

step for the same system, according to the review by 
Selman (26). Nanis and Klein (27) report  experi-  
menta l  relaxat ion times (defined as the t ime required 
for the overpotential  to decay to 99 per cent of its 
ini t ial  value) of 50-0.5 sec for rotat ional  Reynolds 
numbers  between 130 and 8500, respectively, in 0.005M 
ferrocyanide-ferr icyanide redox system in  2M KOH 
solution. 

The above discussion suggests that  the effects of the 
double layer  and mass t ransfer  can be controlled ac- 
cording to the needs of the exper imenter  by  proper 
design of the electrochemical system and the experi-  
menta l  method. It is possible to reduce mass t ransfer  
effects by choosing a system where the relaxat ion 
times due to mass t ransfer  are of a much larger scale 
than  the relaxat ion times associated with the diffuse 
double layer. The magni tude  of the effect is also im-  
portant  as well  as its duration. Note that  while the 
t ime constant in Eq. [54] becomes smaller  as Q in-  
creases, the ampli tude of the corresponding concen- 
t ra t ion disturbance would decrease. In  other words, 
the other extreme where the concentrat ion effects 
would become negligible is the wel l -s t i r red solution 
case, one of our assumptions in  t reat ing the theoretical 
problem. 

Conclusions 
The t ransient  behavior of a disk electrode for a 

step change in the applied cur ren t  has been worked 
out theoretically in the absence of mass t ransfer  ef- 
fects. The analysis leads to a boundary  value problem, 
which yields analyt ic  solutions in terms of a new set 
of eigenfunctions Ui. These equations can be extended 
to account for arbi t rary  variat ions in the applied cur-  
rent  by employing the superposition integral.  

The results demonstrate  (i) the effects of a fara-  
daic reaction, (ii) the nonuni fo rm pr imary  current  
distr ibution on the double- layer  charging and decay 
at a disk electrode, and (iii) the interact ion of these 
phenomena to determine the resul tant  electrode be- 
havior. The over-al l  t r ea tment  of the problem allows 
the determinat ion of accurate t ime constants for each 
of these effects. 
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LIST OF SYMBOLS 

ao,ra see Eq. [12] 
am,n see Eq. [11] 
Bn ss coefficients in sereis for @ss 
Bn.i coefficients in series for Ui 
Co concentrat ion at the electrode surface (mole/  

cm 3) 
c= concentrat ion in the bu lk  (mole/cm z) 
C double- layer  capacity ( f /cm 2) 
Ci coefficients in series for Ct and V t 
D 1.08076 (Eq. [39]) 
D diffusion coefficient (cm2/sec) 
F Faraday 's  constant (coulomb/equiv.)  
i ,  component  of current  densi ty normal  to the 

plane of disk (A/cm 2) 
io exhange current  density (A/cm 2) 
I total  cur ren t  (A) 
J dimensionless exchange cur ren t  densi ty 
/V~2n Legendre function discussed in Ref. (6) 
n number  of electrons t ransferred per mole of 

reaction 
P2n Legendre polynomial  of order 2n 
r radial position from axis of disk (cm) 
ro radius of disk electrode (cm) 
R universal  gas constant ( joule /mole-deg)  
Reff effective d-c resistance (ohm) 
t t ime (sec) 
tch total period of charging (sec) 
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T 
Ui 
Ul,o 
V 
Vss 
Vt 
g 

~m,n 

K 
Ai 
AD 

~o 
~ss 

r  

r  p 

0 
0'  
Och 
Vi 

absolute temperature (~ 
eigenfunctions in series for ct 
value of Ui at the electrode surface 
electrode potential (V) 
steady-state part  of the electrode potential (V) 
transient part  of the electrode potential (V) 
distance from plane of disk (cm) 
parameters in the kinetic coefficient 
Nernst diffusion layer thickness (cm) 
Kronecker delta 
rotational elliptic coordinate 
surface overpotential (V) 
conductivity of the solution ( o h m - l - c m  -1) 
dimensionless eigenvalue 
eigenvalue characteristic of diffusion 
potential in the solution (V) 
value of r at the electrode surface (V) 
steady-state part  of potential in the solution 
(V) 
transient part of potential in the solution (V) 
potential in the solution adjacent to the disk 
corresponding to the pr imary current distribu- 
tion (V) 
rotational elliptic coordinate 
time constants for decay (sec) 
dimensionless time for the charging period 
dimensionless t ime for the decay period 
dimensionless total period of charging 
constants in the series for V t (normalized to 
unity} 
angular frequency of rotation (radians/sec) 
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Electrochemical Reduction of Molybdenum(VI) Compounds 
in Molten Lithium Chloride-Potassium Chloride Eutectic 
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ABSTRACT 

Molybdenum(VI) oxide reacts with molten LiC1-KCI eutectie at 450 ~ 
to form MOO2C12, which probably is present as an anion MoO2Cl4 =, and py-  
romolybdate, Mo207 =. Both of these species are electrochemically reduced to 
MOO2, which can be reoxidized to MoO2CI2 by current reversal. A second re-  
duction step, observed whether MoO3 or Mo2072- is added to the melt, can be 
attributed to the reduction of MoO4 =, formed as a secondary reaction product 
in the first step. The reduction of molybdate proceeds in two steps, the first at 
--0.85V and the second at --1.75V vs. the IM P t ( I I ) / P t  reference electrode. 
The first step shows an abnormally short transition time, at tr ibutable to a slow 
equilibrium. The second step corresponds to a diffusion-controlled reduction 
with n = 0.5, yielding a product of the empirical formula LisMo2Os. 

The l i terature contains very litt le fundamental in- 
formation on the behavior of molybdenum compounds 
in molten systems. Stavenhagen and Engels (1) de- 
scribed a sodium molybdenum bronze in the form of 
a dark bluish-grayish powder formed by electrolytic 
reduction of fused sodium molybdate. Cannery (2) 
reported the preparation of lithium, sodium, and potas- 
sium molybdenum bronzes using the same method. 
However, the next year  Burgers and van Liempt (3) 
showed that the bronzes mentioned by Cannery were 

* E lec t rochemica l  Society Act ive  Member .  
K e y  words :  m o l y b d e n u m ,  m o l y b d e n u m ( V I )  oxide,  m o l y b d e n u m  

oxych lo r ide ,  l i t h i u m  pyromolybdate, l ithium molybdate, molten 
salts, electrochemistry. 

mixtures consisting of molybdenum(IV) oxide and 
molybdenum blue. According to Magneli, only molyb- 
denum oxides were obtained by Hagg in similar ex- 
periments (4, 5). Wold, Kunmann, Arnot, and Ferret t i  
(6) prepared pure MoO2 crystals by electrolytic re-  
duction of MoO3-Na2MoO4 mixtures at 675~ In addi- 
tion, both sodium molybdenum bronze and potassium 
molybdenum bronze crystals were grown from molyb-  
denum(IV) oxide-alkal i  molybdate melts under care- 
fully controlled conditions. Senderoff and Brenner (7, 
8) have investigated the reduction of molybdate dis- 
solved in molten alkali halides. They found that the 
bulk of the reaction product was dispersed throughout 
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the melt  as a black, water  insoluble powder containing 
about 77% molydenum, corresponding to MoO2 (75% 
Mo). 

The present  investigation was under taken  in order 
to study the reduction of molybdenum(VI)  compounds 
and to characterize any reduction products observed. 
It  was also considered possible that  some aspects of 
molybdenum chemistry and interactions between 
molybdenum(VI)  compounds and chloride melt  could 
be deduced. 

Experimental  
Apparatus.--The ins t rumenta t ion  and equipment  

used in  this study have been previously described (9- 
11). 

Elec t rodes . - -Pla t inum microelectrodes for vo l tam-  
metry  were prepared from 26B and S gauge p la t inum 
wire as described earlier (10). Indicator electrodes for 
chronopotentiometric measurements  were made by 
sealing 26 gauge p la t inum wire into Pyrex glass and 
then  spot welding a piece of 0.5 cm 2 p la t inum foil to 
the end of the wire extending from the p la t inum glass 
seal. The cathodes used for the preparat ion of the 
electrode deposits were  constructed from 52-mesh 
p la t inum gauze. The counterelectrode was a u 
diameter  graphite rod. All potentials are referred to 
the 1M P t ( I I ) / P t  reference electrode. Details on the 
generat ion and use of this reference electrode in  
LiCl-KCl have been described previously (11, 12). 

Chemicals.--All chemicals used in this study were 
reagent  grade. Those chemicals containing water  of 
hydrat ion were vacuum dried at l l0~  before being 
added to the melt. 

The LiC1-KCI eutectic was obtained from Anderson 
Physics Laboratories, Inc., Urbana,  Illinois. The method 
of purification has been described (11). All  experi-  
ments  in the melt  were carried out at 450~ unless 
otherwise noted. 

Solid chemicals were added to the  melt  by means of 
a small glass spoon. A blanket  of argon was kept over 
the melt  at all times to exclude oxygen and water  
vapor. The purification t ra in  used in  pur i fying the 
argon has been described (13). 

Techniques for preparation and analysis of electrode 
deposits.--Before their insert ion in the melt  solution, 
the gauze electrodes were cleaned in boiling, concen- 
trated HNO3, r insed with distilled water, and dried at 
130~ for 20 hr. After  the mater ial  had been deposited 
on the electrode, the electrode was allowed to cool, 
washed with deionized water, and dried at 120~ The 
deposits were then dissolved in  5 ml  of concentrated 
ni tr ic  acid by heat ing on a hot plate. The molybdenum 
content  of the deposit was determined by addition of 
an excess of Pb 2+ which was back- t i t ra ted  with EDTA 
using xylenol  orange as the indicator. The total molyb-  
denum was also obtained by amperometric  t i t ra t ion 
with lead, a procedure developed by Aylward  (14). 
The amount  of reduced molybdenum in the sample was 
determined by the method developed by Bourret  (15). 
Li th ium was quant i ta t ive ly  determined by flame 
photometry. Chloride was determined by the Volhard 
method. 

Results and Discussion 
MoO3-LiCI-KCI system.~Preliminary steady-state  

vol tammetr ic  exper iments  (Fig. 1) showed that MoO3 
exhibi ts  two reduction waves in LiC1-KC1 at 450 ~ The 
half -wave potentials are approximately --0.3 and 
--1.75V. The vol tammetr ic  curves were not highly re-  
producible because of the formation of an insoluble 
product which rapidly increases the surface area of 
the electrode. Upon prolonged electrolysis at the l imit-  
ing plateau, a brown-viole t  film formed on the elec- 
trode, and the current  increased with time. Chrono- 
potentiometric experiments  with proper choice of con- 
centra t ion and current  densi ty c i rcumvented the dif-  
ficulty due to film formation. Two transitions, at 
--0.35 and --1.75V, respectively, were observed, in  
agreement  with the vol tammetr ic  observations. The 
Sand equation was checked for the first reduction step 

"•10 o 

2 i / f l  i i I I I I I I I 
0,2 0,6 1,0 1.~ 1.B 2.2 

-E  (v) 

Fig. 1. Current-voltage curve for the reduction of MOO3. Electrode 
area ~- 2.2"10 -3  cm2; MoO3 = 3.63"i0 -3  M. 

acetone ~ de~ 
L~e 

jMg(CIO&) z 

Cu {&00~ 

~ : : ~  ~ Ar 

N 2 

Fig. 2. Apparatus used to study acld-base reaction of MoO3 and 
chloride melt. 

using four to six current  densities at three different 
MoOs concentrations (Table I) .  Constancy of the quan-  
t i ty I~I/e/C indicated diffusion-controlled reaction. 
However, it was observed during the measurements  
that a volatile product was slowly evaporat ing from 
the melt. Therefore, owing to the uncer ta in  concen- 
t ra t ion it was not possible to calculate a valid diffu- 
sion coefficient from the data. 

To establish the na ture  of the volatile product, the 
apparatus shown in  Fig. 2 was used. Previously dried 
M003 was added to the melt, air was excluded, and 
the volatile product was displaced by inert  gas into a 
weighed trap cooled with acetone and dry ice. The 
product was yellow in color, very  volatile, and soluble 
in water. Analysis for Mo and C1- by the methods de- 
scribed above showed that the sample weight could 
be completely accounted for in terms of the compound 
M002C12. To determine the  product formed from the 

Table I. Chronopotentiometric data for the first 
reduction step of MoO3 

CMoo s I 1"/'1/3 (A- see  1/2 
(M) (mA)  (A-sec l /D  c m  3 r e a l  -1) 

3 .63 .10 - s  1.540 0 .784 ' 10  -~ 210 
1.050 0.715"10 4 197 
0.650 0 .671 '10  -8 185 
0.680 0.664 '  10 4 183 
0.596 0 .660 '  10 4 183 
0.630 0.680" 10 -3 187 

A v g  0.679" 10 -3 A v g  187 
9 . 8 4 - 1 0 4  2.500 1.802" 10 "~ 183 

2.000 1.780"10 4 181 
1.670 1.734"10 4 176 
1.430 1 .770 '  10 4 181 

A v g  1.770"10 -3 A v g  181 
2 .3"10 -= 10.000 4 .250"10 -~ 165 

6.670 4 .200 '  10 -8 183 
5.550 4 .350 ' 10  "8 189 
4.540 4 .140 '  10 -3 160 

A v g  4 .230 ,10  -8 A v g  184 
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reaction of the oxide ion, the melt  was extracted from 
the product with ethanol and acetone to yield 
Li2MO2OT, which accounted completely for the sample 
weight. Accordingly the reaction between MoO8 and 
the melt  can be wr i t ten  

3MOO3 -I- 2CI- ~ MOO2C12 + MO207 = 

A phase diagram study of MoO3 and Li2MoO4 was 
carried out to verify further the existence of Li2M02OT. 
Phase transition temperatures were determined for 
eight samples ranging in composition from 42 to 55 
m/o (mole per cent) MOO3. The experiments were 
done by the visual polythermal method in which the 
temperature of the first crystals was measured by a 
Pt-Rh thermocouple. From Table II it is evident that 
a local maximum exists for the molar ratio MoOJ 
Li2MoO4 = 1, implying the formation of a solid com- 
pound Li2M02OT. An x-ray powder pattern of the 1:1 
sample is described in Table III. No lines for MoO3 or 
Li2MoO4 were found in the diffraction pattern, thus 
precluding the possibility that the material is a mix- 
ture of MoO3 and Li2MoO4. 

To determine whether the acid-base reaction occurs 
completely before the electrolysis experiments, the 
data of Table I were examined for a chemical reaction 
preceding charge t ransfer  by plotting Io~I/2/C vs. Io and 
Io/C. The plots showed no discernible downward slope, 
bu t  only a scatter that  could be a t t r ibuted to uncer -  
tainties in concentrat ion owing to volat i l i ty of the oxy- 
chloride, and perhaps to var iat ion in  electrode area 
with the formation of solid deposit. 

Plots of E vs. log (~1/2 _ tl/2) were l inear  as shown 
in  Fig. 3. This funct ion would be expected to yield 
l inear  plots either for a totally irreversible charge 
t ransfer  process or for a reversible process with the 
formation of a solid product  of constant  activity. Cur-  
ren t  reversal chronopotent iometry showed an anodic 
t rans i t ion  upon reversal of the current  at the inflection 
point (Fig. 4) : ratios of the coulombs of charge in the 
forward to backward electrolysis varied between 0.985 
and 1.025, indicat ing the quant i ta t ive  formation of a 
solid product that  can be reoxidized. If the slope of 
the log plot is equated to 2.3 RT/~n~F, we calculate 

Table II. Melting points of MoO3-Li2MoO4 system 

Mole per Mole per Melting 
cent MoO. cent LisMoO4 point, ~ 

42 58 550 
45 55 520 
48 52 495 
49 61 526 
50 50 534 
51 49 515 
63 47 535 
55 45 555 

Table III. X-ray powder diffraction pattern of Li2Mo207 

d (A) I/Io 

6.4241 I0 
5.3679 I0 
4.1385 30 
3.7824 I0 
3.6820 I0 
3.5199 80 
2 .9809  50 
2 .9780 60  
2.BS23 10 
2.8331 10 
2.7136 50 
2.5074 10 
2.3659  10 
2 .1917 100 
2.1396 50 
2.0064 6O 
1,9012 80  
1.8398 5 
1.8294 5 
1.8030 5 
1.7697 5 
1,7323 5 
1,6937 70 
1.8161 10 
1.6900 20 
1.6522 90 
1.5043 40 

0.4C 

0.3~ 

>~ 0.32 

0.2~ 

o 
0,48 

0.4/. 

o o 

, /  

O. 2,'. J 

I I [ I I I I [ 
0 2 0.6 1.0 1.4 

- LOG ( ~b J/2- t 1/21 

Fig. 3. Potential-time curve for the first reduction step of MOO3. 
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I 
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Fig. 4. Typical reverse current chronopotentiogram for the first 
reduction step of MOO3. If = Ir = 2.0 mA/cm 2. 

ana = 0.56 ra ther  than 2 for a reversible process. 
Neglecting the back-reaction, the value of kf,h at 
--0.208V, the start ing potential, is calculated to be 
3.18 • 10 -3 cm-sec-1. 

Analysis of the reduction products 05 MoO3.--Sam- 
ples of the first reduction product, prepared coulo- 
metr ical ly  from 0.35M MoO3 solution using a p la t inum 
gauze cathode, in the form of a homogeneous, b rown-  
violet solid, were boiled in  distilled water  to remove 
chlorides and soluble molybdates and dried at 130 ~ 
Analysis revealed only MOO2, and the x - r ay  powder 
pat tern  agreed in d-spacings and approximate re la-  
tive densities with the ASTM files for MOO2. 

Attempts  were also made to prepare the second re-  
duction product, by holding the potential  of the work-  
ing electrode at --1.75V. A product showing x - r ay  lines 
of MOO2, plus several  weak lines, and containing Li 
but  not K was formed, corresponding to a mix ture  of 
the first and second reduct ion products. The composi- 
tion could not be completely accounted for in terms of 
MoO2 and Li20 or Mo205 and Li~:). It  is possible that  
the second reduction product is part ial ly soluble in the 
melt. 

MoO2Cl2-LiCI-KCl-system.--The solubil i ty of 
MOO2C12 in the melt  was determined at three tempera-  
tures, 400 ~ 450 ~ and 500 ~ by saturat ing an argon gas 
s t ream with the vapor and bubbl ing  the dilute stream 
(heated to 120 ~ to avoid crystall ization from the vapor) 
through the melt  for at least 2 hr, and analyzing the 
melt  for molybdenum. The solubil i ty was found to be 
2.60 _ 0.12, 2.75 • 0.14, and 2.78 _ 0.09 X 10 -5 moles 
MoO2C12/cm 8 at the three temperatures.  The relat ively 
high solubil i ty and low vapor pressure over the melt  
indicates a strong interact ion between MOO2C12, prob- 
ably to form an anion MoO~C14 = with the chloride ion 
of the melt. 

Chronopotent iometry indicated a single wave, oc- 
curr ing at a potential  of --0.35V, in agreement  with 
the postulated interact ion between MoOs and melt. 
From the value of Io~1/2/C = 560 _ 10 A-sec 1/2 cm 
mo1-1, n = 2, the diffraction coefficient was calculated 
to be 1.08 • 10 -5 cm2/sec. 
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Table IV. Chranopotentiometrlc data for the first reduction 
step of Li2Mo207 

C=%%= ~"7 E 
Io.rl/~ lo~.zl=iC - u 

(millimolar) Io (mA) (mA-sec112/cm ~) (A-secl/2 cmSmole -~) cl i 
E 
o 

3.48 1.60 1.92 552 
2.00 1.82 524 ~--~ 
2.44 1.81 520 "-~ 
3.00 1.'17 509 

A v g  526 ~.6 
10.80 6.00 4.97 460 

7.00 4.85 449 
7.50 4.7"/ 442 
8.00 4,55 421 

Avg  443 
2 1 . 2 3  6.00 8.15 383 0.2 

8.00 7.84 369 
9.00 7//4 364 

10.00 7.80 368 
Avg  371 

95.40 28.00 33.05 348 
30.00 31.20 327 
34.00 31.28 331 
36.00 30,96 324 

Avg  332 

/ 
/ 

/ /  

7/._ n 

I I I 
100 200 300 

CONC. (re, mole/tit.) 

Fig. 5. Variation of Io~ V2 with Li2Mo04 concentration for the 
first reduction step. 

Constant  current  electrolysis carried out at potentials 
never  more negative than  --0.35V, of a solution of 
MOO2C12 prepared by bubbl ing  the  vapor through the 
melt  for 2 hr  produced a brown-vio le t  deposit. Com- 
parison of the micromoles of molybdenum with the 
microfaradays of current  consumed indicated a con- 
sumption of two electrons per molybdenum atom. The 
x - ray  powder pa t te rn  agreed with that  of the first 
reduct ion product of MoOa and wi th  the ASTM pat-  
t e rn  of MOO2. The electrode reaction at --0.35V can 
thus be described as 

MoO2CI~ -b 2e -  ~=~ MoO2 Jr 2C1- 
o r  

MOO2C14 = + 2e-  ~ MoO2 + 4C1- 

Li2MO2OT-LiCI-KCI sys tem. - -The  chronopotentio-  
metric behavior  of Li2Mo~O? was found to be quite 
similar to that  of MOO3. Two waves were observed, one 
at --0.44V and the other at approximately  --1.75V. 
The t rans i t ion  t ime data for the first reduct ion process 
(Table IV) were somewhat  scattered, showing a t rend 
to decrease with concentrat ion and with increasing 
current  density. When both MoO3 (3.55 mM) and 
Li2Mo207 (2.15 raM) were present, two waves were 
once again observed, one at --0.37V and the  other at 
--1.75V. It is concluded that  the first wave of MoO3 is 
actual ly the sum of the  first waves of MoO2C12 and 
Mo207 =. 

The first reduction product of Li2Mo207 was charac- 
terized as before, and identified as MOO2. Accordingly, 
the first reduct ion process can be wr i t ten  

Mo207 = "t- 4e -  -> 2MOO2 -t- 3 0  = 

with a following acid-base reaction, no doubt 

3Mo207 = -t- 3 O = -> 6MOO4 = 

The complexity of this process presumably  accounts 
for the lack of diffusion control in  the over-al l  process. 

MoO4 =-L~C~-KCt  sys tem.- -Chronopotent iograms 
were recorded over a concentrat ion range of 8.03 • 
10-3M to 0.2725M Li2MoO4. At current  densities be-  
low 2 m A / c m  2, two waves were discerned, one at 
--0.85V and the other at --1.75V. The first wave in-  
creased with concentrat ion unt i l  the concentrat ion 
reached 1.12 • 10-2M, and leveled off at higher con- 
centrat ions (Fig. 5). The slope of the plot at low con- 
centrat ions yielded Io~1/2/C = 9.87 _ 0.6 A-sec 1/2 cm 
rea l - l ,  corresponding to nD 1/2 : 1.45 • 10 -4 cmo 
sec-~/% Such an abnormal ly  low transi t ion time con- 
s tant  suggests an  equi l ibr ium such as 

MoO4 = -~ 2C1- ~ M003C12 = + O = 

in  which M003C12 = exists as a minor i ty  component  
responsible for the first reduct ion step. If such an 
equi l ibr ium exists, it must  be relat ively slow, because 
Io~ 1/2 was not  found to decrease wi th  increasing cur-  

rent  density as would be expected for a pr ior  chemical 
step with appreciable interconversion dur ing  the t ime 
of electrolysis. 

With a molybdate  concentrat ion of 5.35 • 10-2M 
and with a cur ren t  density of 16 m A / c m  2 only the 
second t ransi t ion was observed. The Sand equation 
was tested for four to five cur ren t  densities at five 
different molybdate  concentrat ions (Table V).  The 
average value of Io~t/2/C calculated from these data 
is 174 -~ 6 A-sec 1/2 cm mo1-1, corresponding to D = 
1.64 • 10 -5 cm-sec -1 at 450 ~ taking n = 0.5 from the 
analyt ical  data given below. 

Attempts  to prepare the first reduct ion product by 
constant  current  electrolysis were unsuccessful. Using 
0.85M Li~MoO4, even with cur ren t  densities lower than 
100 ~A/cm 2, the electrode potential  rapidly rose be- 
yond that  corresponding to the first reduction step. 
Using current  densities of 100 #A, 5 mA, and 10 m A /  
cm 2, deposits were prepared by electrolyzing at --1.18 
to --1.2V, at --1.5V, and at --1.75V, respectively. Ex- 
aminat ion of the cathodes showed onIy one type of 
solid product, an adherent  dark b rown-b lack  solid with 
a metallic luster. The samples were washed with dis- 
t i l led water, dried at 130 ~ and analyzed for Li and 
Mo wi th  the results given in  Table VI. The deposit 
was found to contain an average of 54.0% Mo and 
9.85% Li but  no K or C1. The ratio Li/Mo is 2.52. No 
appreciable t rend of composition wi th  current  density 
was observed. If it is assumed that  the deposit con- 
tains only Li, Mo, and O, the empirical formula Li2.48 
MoO3.96 is obtained indicat ing an average oxidation 
state of 5.5 for molybdenum.  

Addit ional  preparat ions produced at --1.75V were 
analyzed for oxidation state, with the results listed in 
Table VII. The sum of Li20, Mo205, and MoO8 is very 
close to 100%, confirming the absence of K and C1, and 
indicat ing once more that  the product is Li2.sMoO4 or 
LisMo208. To ascertain whether  the product is a single 
compound or a mixture,  an x - ray  powder pa t te rn  was 
obtained for the products prepared at --1.2, --1.5, and 
--1.75V. The d spacing along with relat ive intensities 
are given in Table VIII. No lines for LiC1 or Li2MoO4 
were found in  the diffraction pattern.  The diffraction 
data do not correspond with any known  molybdenum 
compound listed in  the ASTM files or wi th  other de- 
posits obtained by reduction of Mo(VI) compounds. 

Table V. Chronopotentiometric data for the second reduction 
step of lithium molybdate 

Mo]ybdate cone. IoT 1/2 Range of Io 
(millimolar) (rnA-secl/e/c m~ ) (mA/cm2) 

8.03 1.29 -~-- 0,08 2,5-4.0 
20.80 3.46 • 0.06 6,0-10.0 
53.50 9.72 -- 0.09 24.0-20.0 

110.02 20.04 • 0.18 24.0-44.0 
178.05 31.00 "~" 0.90 26.0-34.0 
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Table Vh Typical analysis of Li2Mo04 deposit prepared at constant current 

Sample  A B C D E F 

Curren t  density,  mAlcm~ 5 5 5 I0 I0 I0 
Sample weight ,  m g  73.5 129.9 112.5 150.6 148.2 134.5 
Li, m g  found 7.17 12,7 ii.0 15.2 14.7 13.2 
Per cent  weight  Li 9,7 9.8 9.8 I0.I  9.g 9.9 
Mo, m g  found 39.6 70.6 61.1 81.2 60.23 72.2 
Per cent weight  Mo 53.9 54.4 54.1 63.8 54.0 53.6 
Per cent we ight  0 = to 100% 36.3 35.8 36.1 36.1 36.1 36.5 
Li found, #moles 1035 1830 1585 2200 2120 1910 
Mo found, pxnoles 412 736 636 846 835 753 
O calculated, /~moles 1670 2920 2520 3380 3320 3065 
Empirical fo rmula  Lis.5~MoOs.e Li2.4tMoOs.m Li2. ,~IVloOs.~ Li~.~r Lis.~IVIoOs.~ Li2.sAYloOt.o7 

Table VII. Determination of the empirical formula of Li2MoO4 deposit prepared at constant potential 

Sample  A B C D 

Milliliters 0.05N Na2S2Os 6.29 7.42 8.54 9.40 
Mill igrams NaIOs calculated 25.9 29.8 35.2 38.7 
Milligram total Mo calculated 50.7 60.7 67.7 76.2 
Average  valence  of Mo 5.50 5.51 5.49 5.52 
Micromoles LJ 1320 1600 1730 2010 
Milligrams LisO 19.8 23.8 25.9 30.1 
Total  Mo, m g  50.7 60.7 67.5 78.2 
Micromoles Mo 528 632 702 815 
Mill igrams Mo (V) 25.0 29.8 34.2 37.8 
Mill igrams Mo~O~ 35.6 42.2 48.5 53.6 
Mill igrams Mo (VI) 25.7 31.0 33.3 40.4 
Mill igrams MoOa 38.4 40.2 50.0 60.6 
Total  m g  found 93.8 112.3 124.3 144,4 
Sample weight ,  m g  92.6 113.5 123.1 143.3 
Per cent  w e i g h t  found 101.9 99.2 101.0 100.5 
Empirical  formula  Li2.eoMoOi.0o Li2.u~MoOt.~ Li2. tsMoOs.*e Lis.47MoOa.w 

To s tudy  the s tab i l i ty  of the  product ,  one sample  
was hea ted  at  300 ~ under  vacuum. No change in d i f -  
f rac t ion pa t t e rn  was observed.  The deposi t  was fu r the r  
boi led in dis t i l led wa te r  3 hr  and dr ied  at 200 ~ The 
boiled product  exhib i ted  a different  x - r a y  pa t t e rn  as 
shown in Table IX. The ana ly t ica l  da ta  indica ted  L i /  
Mo to be 4.43/2 and the sum of the  weight  pe rcen t -  
ages of Li20 -{- MoOs to be 97.66, indica t ing  the  pres -  
ence of wa te r  in the  sample  or pa r t i a l  oxidat ion of 
Mo205. 

The  e lec t rode  react ion of mo lybda te  can be  wr i t t en  

2MOO4 = + e -  -> Mo208 -5 

The mechanism of this  reac t ion  is unclear .  There  is 
no evidence for  d imer iza t ion  of mo lybda te  p r io r  to 
reduction,  and  the  diffusion coefficient is consistent  

Table VIII. X-ray powder diffraction pattern of Li5Mo20s 

d (A) I /Io 

4.9130 60 
2A661 60 
2.3650 20 
2.0?40 100 
1.9125 20 
1.4919 40 
1.4443 40 
1.3882 4O 

Table IX. X-ray powder diffraction pattern of boiled deposit 

(A) I/Io 

3.6302 60 
3.2783 30 
2.9568 I0 
2,6727 I00 
2.5510 1O 
2~046 3O 
2.0279 30 
1.8845 i0 
1,8345 I0 
1.7172 20 
1.6752 20 

with  our expecta t ion  for a monomer.  The s implest  
mechanism would  be the  format ion  of the  anion 
M0043-,  wi th  the  incorpora t ion  of equimolar  amounts  
of M0042- wi th  l i th ium ions to form the  crys ta l l ine  
compound Li5M0208. 
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The Electrochemical Response of a Disk Electrode 
to Angular Velocity Steps 

Stanley Bruckenstein *,l, Maria I. Bellavance, and Barry Miller* 
Bell  Laboratories, Murray Hill, N e w  Jersey  07974 

ABSTRACT 

An experimental study has verified the prediction that the establishment 
of a boundary layer at the surface of an impulsively started disk is complete 
in less than three tenths of a rotation. A similar result was found for a ro- 
tating disk electrode whose speed was stepped between two values. The cur- 
rent transient produced by a step change of the rotation speed of a disk elec- 
trode held in the convective-diffusion limiting current region of some elec- 
troactive species has been derived. Studies of the reduction of Ag +, Fe 3+, 
and Hg2 2+ are in good agreement with theory and show that the relaxation 
process is limited by the convective-diffusion of the electroactive species 
rather than the hydrodynamic relaxation phenomenon. 

Heretofore, nonsteady-sta te  studies using the rotat-  
ing disk electrode have been carried out at constant  
angular  velocity by per turbing the potential  and mea-  
suring the t ime-dependent  current  response, or vice 
versa. Recently, angular  velocity programming of 
rotat ing (ring) disk electrodes has become feasible 
(1, 2) and is being used to advantage in electrochemi- 
cal studies (2, 3). However, it became apparent  that  
electrochemical t ransients  could be produced by rapidly 
scanning or applying a step change to the angular  
velocity of a disk electrode. 

In  most disk electrode angular  velocity studies, ex- 
perimentaI  problems such as adsorption of impurit ies 
from solution, growth of dendrites dur ing  metal  depo- 
sition, or surface roughening by electrode dissolution 
c a n  be minimized if rapid angular  velocity program- 
ming is used. However, in  such situations, appreciable 
deviation from steady-state  flow conditions is unac-  
ceptable since the ul t imate data t rea tment  assumes a 
hydrodynamic steady-state.  Hence, a quant i ta t ive t reat -  
ment  of the electrochemical t rans ient  result ing from 
an angular  velocity per turba t ion  would be of con- 
siderable util i ty.  

In  this paper, we consider one of the many  possible 
situations, namely,  the t ime-dependent  cur ren t  re-  
sponse obtained under  potentiostatic conditions on ap- 
plication of an angular  velocity step. To avoid electro- 
chemical kinetic complications, the potential  chosen in 
all  the examples was sufficient to produce complete 
concentrat ion polarization of the diffusing species. It  
will  be shown that  little change in current  occurs dur -  
ing the  t ime required for the new hydrodynamic 
"steady-state" to be attained, and  the  cur ren t - t ime  
t ransient  results pr imar i ly  from the relaxat ion of the 
(convective-)  diffusion layer  thickness. 

Theoretical 
Benton (4) investigated the t ime-dependence of 

fluid flow near  an impulsively started disk (~ ---- 0 at 
t ---- 0, ~ ---- ~2 at t > 0) using a series expansion tech- 
nique. He found that  the t ime dependence of the  nor -  
mal  fluid velocity, w, could be represented, to a good 
approximation, by 

w (~], r  = --4 (v~2) 1/2~3/2 [hi (0) 

-{- h2 (~l),I~ 2 -~- h3(n)r 4 -I- . . . ]  [1] 

where values of the functions hi(,1), h2(0), and h3(n) 
were given in  tabular  form, and 

r = ~2t [2] 

n : Z/2(vt)  1/'2 [3] 
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Permanent  address: Department  of  C h e m i s t r y ,  S ta te  U n i v e r s i t y  

of  New York  a t  Buffa lo .  Buffa lo ,  Ne w York  14214. 
Key words:  rotating electrode,  hydrodynamic  relaxation, bound- 

ary layer,  convect ive-diffusion,  potentiostatic control. 

is the kinematic viscosity of the solution and z the 
normal  distance coordinate, where z - :  0 on the elec- 
trode. 

A complete description of the electrochemical re-  
sponse of an impulsively started disk electrode would 
require that Eq. [1] be applicable for 0 --~ r --~ r162 
However, as Benton has pointed out, the third term 
in the series has outlived its usefulness by �9 ---- 2 
radians and Eq. [1] is a rel iable description only in 
the range 0 ~ �9 ~ 2. This result  was satisfactory for 
Benton's  purposes, since the asymptotic steady-state is 
approached. Since no other work on this problem ap- 
pears to have been done, and lacking an analyt ical  de- 
scription of the behavior of w(,],~) for 2 .-~ 4, < ~ ,  
the combined electrochemical /hydrodynamic problem 
was examined in the range 0 --~ v ~ 2. The details are 
given in the Appendix, and it was found that only a 
negligible fraction of the total electrochemical re-  
sponse took place by r : 2. Thus it appeared justifi- 
able to simplify the problem by assuming that the 
hydrodynamic relaxat ion was instantaneous compared 
to the electrochemical response. We have performed 
experiments,  described below, that  confirm this as- 
sumption. 

No studies, describing the nonsteady-s ta te  fluid flow 
when the angular  velocity of a disk is stepped from one 
value to another, wl to ~2, appear to have been made. 
However, our experiments  indicate that the relaxation 
times of the electrochemical t rans ient  in  this case were 
quite similar to those for the impulsively started disk. 
Thus, it seemed reasonable to assume again that  the 
hydrodynamic relaxat ion would be instantaneous on 
the time ~cale of the electrochemical transient. Again, 
experiments reported below support this assumption, 

Potentiostatic condition.--Consider the electrochem- 
ically reversible reaction 

Ox + ne ~ Red 

where Ox exists at a bu lk  concentrat ion C b, and the 
electrode potential  of the disk is held constant. At  a 
certain instant  in time, the velocity of a disk electrode 
is changed instantaneously.  We distinguish between 
the impulsively started stat ionary disk problem and the 
s i tuat ion in which the velocity step is applied to a ro-  
tat ing disk only in the way in which we describe the 
concentrat ion profile at t : 0. For obvious reasons, 
the first problem is referred to as a Cottrel l-Levich ex- 
per iment  and the second as a Levich-Levich experi-  
ment. In  either experiment,  the instantaneous dif- 
fusion layer thickness existing at t --- 0, as determined 
by the Cottrell equation in one case, and by the Levich 
equat ion in  the other, begins to change on applying the 
angular  velocity step in a way governed by the non-  
steady-state fluid flow and the convective-diffusion 
equation. Ult imately the diffusion layer thickness 
reaches a value governed by  the new angular  velocity. 

1351 
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The t ime-dependen t  convect ive-diffusion equat ion 
for the ro ta t ing disk electrode m a y  be wr i t t en  

8C a2C aC 
= D ~ -  w (z , t )  - -  [4] 

at az  2 az 

Apply ing  the Method of Moments  as was done p r e -  
v iously  (5), Eq. [4] may  be in tegra ted  wi th  respect  to 
z f rom 0 to oo, the reby  obtaining a gross mass  balance  

s0 I z aC d z = - - D  aC - -  w ( z , t )  a C . d z  [5] 
at Oz z=0 az 

Assuming  tha t  a s imple t ime-dependen t  Nerns t  d i f -  
fusion layer  provides  an adequate  descr ipt ion of the 
problem, the  upper  l imi t  of the in tegra ls  in Eq. [5] 
may be replaced by 8. Also, under potentiostatic con- 
ditions for the reversible electrochemical case, the 
concentration distribution of the electroactive species 
may be approximated by 

{ Cs -~- (Cb--CS)z/~ O~_.z~__~ 
C ( z , t )  = [6] 

c b 8<z< oo 

Hence 

t 
- ( C  b -  C~)z~ 

a c  5~ ~  
at = [71 

0 8<z<oo 

and 
C b -- C s 

aC - -  0--- - -z~5 
az = ~ is ]  

0 ~ < z < ~  

Thus, Eq. [3] becomes 

b D F ~ w ( z , t )  

-~=-~+ Jo -----g-- dz  [91 

Fina l ly  

~ w , ( z )  at t = 0 
[10] 

w ( z , t )  : [ w z ( z )  t--> 

and 
8( t )  --> 8L as t-> oo [II] 

By assuming that  w ( z , t )  = w 2 ( z )  at t > 0 for the  
reasons discussed ear l ie r  and r emember ing  tha t  
w ( z )  = 0.51 (~3/v)1/2 z s (6), we  can then subst i tute  
Eq. [12] 

(~s ) , , 2  
w ( z , t )  = w e ( z )  = --0.51 . - - ~ - - ,  z 2 = K z e  [12] 

into Eq. [9] and  in tegra te  to obta in  

~ = Q s  odo 

(1 - O) 
where  

A = 1.3125 

( D ) I / s  
Q = o . 8 o 5 8  - '7-  

[13] 

[14] 

[15] 

[16] Y = 8/8L = ( i ) t = |  

(D)I/8( v ) '/' 
[17] 6L : 1.6116 , ~ - .  ~,,~ 

L = ( i ) t= |  [18] 

The lower  l imi t  of the  in tegra l  in Eq. [13] is the  
rat io  of the  s t eady-s ta te  cur ren t  reached af ter  the  
angular  veloci ty  step to the cur ren t  exist ing jus t  pr ior  
to the  veloci ty  step. The upper  l imi t  corresponds to the  
rat io  of the final s teady current  to the ins tantaneous  
current .  5L is the  s t eady-s ta te  convect ive-diffusion 
l aye r  th ickness  a t ta ined  at  angu la r  veloci ty  ~2. 

Since Eq. [13] can be in tegra ted  in closed form, we 
obtain 

r = F ( Y ) - -  F ( L )  [19] 
where  

F(o) = � 8 9  ( 1 - - 0 )  3 

( 2o + 1 
X/3 ) }  [203 x / 3 t a n - 1  

Equat ion [19] predic ts  that,  for a given redox  couple, 
a plot of Y (or y - l )  vs.  r for da ta  obtained in ex-  
per iments  wi th  the same L-va lues  wi l l  y ie ld  a single 
curve. Also, f rom Eq. [19], we see tha t  for  da ta  ob-  
t a ined  in exper iments  involving different  L-values ,  
e.g., L1 and L2, the plots of y - 1  vs.  �9 will  have  the  same 
shape and be displaced f rom each other  on the  4 -ax i s  
by  F ( L 1 )  --  F(L2) .  

In tercompar isons  be tween  different  redox  couples 
a re  best  made  by  plot t ing y - 1  vs.  Q.r  The new var i -  
able, Q-4, is independent  of al l  species and solution 
parameters ,  as can be  seen from Eq. [13], [19], and 
[20]. Hence, da ta  obta ined for any  species at the  same 
L - v a l u e  should fal l  on the  same curve when  y - 1  is 
plot ted vs  Q . r  

Experimental 
C h e m i c a l s . - - T h e  mater ia l s  and  genera l  techniques 

used have been descr ibed e lsewhere  (2, 7). A 2.17 mM 
Fea+-I .0M H2SO4 solut ion was used in the Cot t re l l -  
Levich exper imen t s  and in one of the Lev ich-Levich  
exper iments .  The other  Lev ich-Levich  exper iments  
used a 2.0 mM Ag+- I .0M HC104 solut ion and a 4.0 mM 
Hg22+-l.0M HC104 solution. Solut ions were  purged  
wi th  ni t rogen to remove  oxygen and b lanke ted  wi th  
n i t rogen dur ing  al l  exper iments .  

E l e c t r o d e s . - - A  p la t inum disk electrode,  r = 0.239 
cm, was used for the reduct ion of Fe s+ and Ag  +. A n  
ama lgama ted  gold disk electrode, r = 0.238 cm, was 
used for the  reduct ion of Hgz 2+, 

S p e e d  e o n t r o l . - - A  descr ipt ion of t he  motor  speed 
appara tus  and associated electronics has been given 
ear l ie r  (7). 

I m p u l s i v e l y  s t a r t e d  d i s k  e x p e r i m e n t - - T h r e e  func-  
t ion genera tors  were  requ i red  to pe r fo rm this  exper i -  
ment.  The first funct ion genera tor  (Wave tek  Model 
114) changed the  motor  speed, and the  second (Gen-  
eral  Radio Model 1340) was t r iggered  by  the  first to 
produce  a square  wave  pulse  of va r i ab le  durat ion.  At  
the  end of the  square wave  pulse, an oscilloscope 
(Tekt ron ix  Model  564 storage oscilloscope) was t r ig -  
gered s imul taneous ly  wi th  the  th i rd  function genera tor  
(Tacussel  GSTP2) ,  which p rov ided  the  control  signal  
to the  potent ios ta t  for the potent ia l  jump.  The t ime 
be tween  the  motor  speed step and the potent ia l  step 
was var ied  be tween  2 ~sec and 2 sec in the  exper iments  
r epor ted  below. Effectively, 2 ~sec was t r ea t ed  as zero 
t ime delay. 

C o t t r e l l - L e v i c h  e x p e r i m e n t . - - I n  these  exper iments ,  
a potent ia l  step was appl ied  to a s ta t ionary  d isk  elec-  
trode. The ini t ia l  potent ia l  was chosen so that  no 
faradaic  process was occurring, whi le  the final poten-  
t ia l  was selected to l ie on the  l imi t ing (convect ive-)  
diffusion cur ren t  region for the  reduct ion of Fe 3+. 
Af t e r  a p rede te rmined  time, the  angu la r  veloci ty  was 
s tepped to the  des i red  value.  The Wa ve t e k  function 
genera tor  provided  the control  signal for the  angular  
veloci ty  step, and the Tacussel function genera tor  p ro-  
v ided  the potent ia l  step control  s ignal  to the  d isk  elec-  
t rode  potent iosta t  (8). Cur r en t - t ime  curves were  re -  
corded oscilloscopically. Tr igger ing was accomplished 
by appropr ia te  use of the  two function generators .  

L e v i c h - L e v i c h  e x p e r i m e n t . - - T h e  disk electrode po-  
ten t ia l  was set to give the convect ive-diffusion l imi t -  
ing cur ren t  for the  reduct ion  being s tudied and the  
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angular  velocity set at the desired ini t ial  value. Using 
the Wavetek funct ion generator as the control signal 
for the angular  velocity step and oscilloscope trigger, 
the rotat ion speed was stepped to the desired final 
value and the cur ren t - t ime  curve recorded. 

Results and Discussion 
Time of hydrodynamic relaxation.--Impulsively 

started disk.mBenton (4) concluded that  boundary  
layer  displacement thickness for an  impulsively started 
disk would be close to the s teady-sta te  value two 
radians after the angular  velocity step. In principle, 
the potential  step method is capable of est imating the 
evolution time for the flow and thus testing Benton's  
conclusion. Consider the following experiment.  At 
t ime t ----- 0, the disk is stepped from ~ ---- 0 to some 
cons tant  value. The electrode potential  is held so that  
the current  at the disk electrode is zero. At t ---- T, the 
electrode potential  is jumped  to a value in the con- 
vective-diffusion l imi t ing region, and the current  t r an -  
sient recorded. If T ---- 0, both the rotat ion speed and 
potential  change at the same time. If �9 > >  0, the po- 
tent ia l  step occurs after the new boundary  layer has 
become established. Hence, by varying  T, it should be 
possible to detect, by comparison of i-t curves, 
whether  the hydrodynamic steady state has been 
reached by  a part icular  value of x. An  exper iment  of 
this sort is shown in  Fig. 1. 

Curve A of Fig. 1 represents the motor speed as 
de termined from the motor  tachometer  voltage. The 
subscripts refer  to the �9 values in seconds for the ex-  
per iments  that  were performed. Curve B is the cur ren t  
t ransient  produced in  a potential  step a t  a stat ionary 
p la t inum disk electrode in a 2.17 mM Fe~+-IM H2SO4 
solution, and has all  the characteristics of a si tuation 
very near ly  approximat ing semi-infini te  l inear  diffu- 
sion. Curve C is the superposition of current  t ransients  
for T ---- 0 and T -- 2 sec. In this, and in other experi- 
ments  in  which the i - t  curves were magnified as they 
are for curves B' and C', all  values of �9 ~-- 0 produced 
current  t ransients  that  superimposed on curves C and 
C'. 

OH.a 
(B,C) 

(~?d l [ I0 msec 
8oo[  F - -  

t - - - -~  

Fig. 1. Effect of time delay between a rotation speed step and a 
potential step on an i-t curve. 2.17 mM Fe+3-1M H2SO4 solution. 
Speed step. 0"--)800 rpm (curve A: delay time indicated for sub- 
script ~ in seconds). Curve B: potential step at stationary disk 
electrode, 0.60 to 0.00V. Curves C and C': potential step at rotating 
disk electrode, 0.60 to 0.00V, T ~ 0 sec. A delay time of two 
seconds produces curves that exactly superimpose on curves C and 
C', 

It  is clear that the evolution t ime for the flow is 
less than the rise t ime of the motor speed, 0.027 sec. 
At the speed used, 800 rpm, this corresponds to 2.3 
radians  of rotation. The response characteristic of the 
motor system precludes making measurements  at 
shorter times. 

Despite the fai lure of this exper iment  to produce 
evidence for a hydrodynamic relaxation, it is possible 
to conclude that Benton's  predicted value of two 
radians is not too large. In  addition, the results in Fig. 
1 indicate that  a problem exists with the simplified 
boundary  condit ion given by Eq. [12], where it was 
assumed that w -~ ~2 at t > 0. Because the motor speed 
rise t ime is greater than the evolution t ime of the 
flow, the early stages of the i-t response will  not 
agree with theory. 

a-Stepped rotating disk.--Experiments analogous to 
those in the previous section were performed by step- 
ping the rotat ion speed of the disk electrode from 100 
to 400 rpm in the same solution used for Fig. 1. No 
evidence for a hydrodynamic relaxat ion was found for 

--~ 0 for times as short as 0.065 sec, i.e., 2.7 radians. 
Benton did not treat  this case, but  as assumed in the 
theoretical section, the evolution time for the flow is 
not longer than for an impulsively started disk. 

The rise t ime for the motor speed was 0.020 sec, i.e., 
1.3 radians. Thus it was possible to compare i - t  curves 
for vary ing  ~ values at t imes corresponding to an 
angular  rotat ion larger than  1.3 radi'ans, and it was 
found that  all  z-values yielded identical  i-t  curves. 
However, data in  the region 0.8 to 2.7 radians (0.020 to 
0.065 sec) a re  without  significance in this exper iment  
because no difference can be detected between the 
i - t  curves for a s tat ionary electrode and one rotat ing at 
400 rpm in this t ime interval.  Hence, the relaxat ion of 
the boundary  layer could not produce any detectable 
electrochemical effect. 

Generally,  in  these sorts of experiments,  the re- 
sponse of the motor  speed, in terms of angular  rotation, 
varied over a considerable range. The actual  value 
depended on the init ial  and final rotat ion speed, and  
such data are given below where  they are relevant.  

Cottrell-Levich experiment.--Figure 2 shows a typi-  
cal result  obtained for the reduction of a 2.17 mM 
Fe~+-I.0M H2SO4 solution. Curve A represents the 
oscilloscopically recorded i-t curve for the reduction 
of Fe ~ + while  curve B shows the t ime dependence of 
the motor speed. As can be seen, the change in  motor 
speed occurs in  a t ime that  appears short compared to 
the cur ren t - t ime  relaxation. Values of y - 1  (Eq. [16]) 
and r were calculated from curve  A, assuming that  

zL 
z 
uJ 
oc 
oc 
(.~ 

- 1 2 0  

- 8 0  

- 4 0  B 

2 5 0 0  

2000 

E 
1500 o_ L_ 

IO00 

5 0 0  

0 t I I I I I I ) I 

T I M E ,  0 .2  s e c / d i v  

Fig. 2. Oscilloscope traces of a CottrelI-Levich experiment. Trace 
A: disk current, microamperes. Trace B: disk speed, rotations per 
minute. Horizontal sensitivity 0.2 sec/division, with vertical arrow 
on trace B indicating triggering time for both sweep and for disk 
potential step from +0.60 to 0.00V vs. SCE. Speed step 0-800 rpm. 
Minimum in trace A is iCottrel]; plateau at upper right is iLevich. 
Solution 2.17 mM Fe 3+ in 1M H2SO4, Pt disk. 
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the m i n i m u m  in the cur ren t - t ime  curve corresponded 
to the ins tant  the electrode speed changed. 

Figure 3 presents the results of four such experi-  
ments  corresponding to L-values  between 1.546 and 
2.870. The dashed line has been drawn through the 
exper imental  values obtained for L = 2.870. The ini-  
tial flat region that  exists cannot  result  either from the 
hydrodynamic re laxat ion process or the motor re-  
sponse time, since both processes are completed in 
much less than this time. We ascribe this delay to the 
change over from semi-infinite l inear  diffusion to 
convective-diffusion. At the t ime of the angular  veloc- 
i ty step, the current  at the disk is proportional to 
t -1/s (8 is proport ional  to tl/2). During the 2 radians  
required to establish the boundary  layer and for some 
t ime thereafter,  i tends to decrease because of the 
existing diffusion process and to increase as a result  of 
convective processes, thus producing a flat region unt i l  
the convective-diffusion process predominates. These 
processes produce the equivalent  of a time lag in the 
start  of the exper iment  af ter  the motor has reached the 
new rotation speed. 

The solid lines in Fig. 3 represent  the theoretical 
curves calculated from Eq. [19] for the experimental  
L-values.  The points on these curves are the experi-  
menta l  Y - L v a l u e s ,  shifted by the number  of radians 
specified in the legend to Fig. 3. Excellent agreement  
exists between the c-shif ted exper imenta l  points .and 
the theoretical curves. 

Levich-Lev ich  experiments . - -Reduct ion of FeS +. - 
Curve A of Fig. 4 represents the current  t ransient  
produced in a 2.17 mM Fe~+-I.0M H2SO4 solution on 
changing the rotation speed of a rotat ing p la t inum 
disk electrode from 144 to 1211 rpm. Curve B repre-  
sents the t ime dependence of the  motor speed. In these 
and in some of the other experiments  that are de- 
scribed below, the angular  rotation equivalent  to the 
motor speed t ransient  varied from 2 to 7 radians, and 
was not insignificant as compared to the current  t r an-  
sient. Thus, an uncer ta in ty  arose in the t ime to be 
taken as the start of the  cur ren t - t ime  curve. We have 
arbi t rar i ly  used the intersection of the two l inear  
segments of the motor speed-t ime curve to define the 
start  of the experiment.  

<[ -130 ~ A  

:L -90 

-50 (9 

-10 

[ I I I I I L I I 
TIME, 50 msec/div 

Fig. 4. Oscilloscope traces of a Levich-Levich experiment. Trace 
A: disk current, microamperes. Trace B: disk speed, revolutions per 
minute. Horizontal sensitivity 50 msec/division with vertical arrow 
indicating triggering time for programmed speed step from 144 to 
1211 rpm. Disk potential 0.0V vs. SCE throughout. Solution and 
electrode of Fig. 2. 
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The results of five experiments  for L-values  be-  
tween 1.512 and 3.848 are shown in Fig. 5. The dashed 
l ine is d rawn through the cur ren t - t ime  data obtained 
in jumping  from 100 to 1600 rpm. In this data set, as 
in some of the others, a t ime delay occurs before the 
current  begins to change. This delay is considerably 
less than that  found in  the Cottrel l-Levich experi-  
ments. 

All data sets can be made to coincide with the  theo- 
retical curves calculated from Eq. [19] (solid lines) by 
c-shif ts  in the range of --1.2 to --3.8 radians. Since 
the uncer ta in ty  in the t ime to be taken as the start  of 
the experiment  must  be an appreciable fraction of the 
rotat ion required for the motor to reach speed (~M in 
legend of Fig. 5), no significance can be at t r ibuted to 
the differences between these radian shifts and their  
absolute magnitudes.  Hence, the agreement  between 
theory and experiment  is satisfactory. 

O.S 

y-1 0.6 
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Fig. 3. Comparison of theoretical and experimental CottrelI-Lev- 
ice curves for ferric reduction. Solid curves are calculated (see text). 
Experimental points are y - 1  = i(t)/iLevich VS. c~t, radians, where 
t ---- 0 is the point at which the tachometer reaches rated output 
in Fig. 2 data (same solution and electrode). Values of L, icottren, 
oJ2, and A~ shifts in the horizontal direction (see text) are as follows: 

O 

Z~ 

/Cottrell ~ A~ 
L* (/~A) (rad/sec) (rod) 

1.546 58.2 41.89 --5.3 
1.676 40.8 20.94 - -  5.6 
2.200 60.0 83.78 --6.4 
2.870 46.0 83.78 --6.3 
2.870 46.0 83.78 0.0 

* Calculated from i t= |  

1.0 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

0.8 

y_l 0.6 ' ~ / / ~  p ' / D /  

0.4 / ..D" 

0.2 

0 1 I I I I I I t I I I I I I I I I 
4 8 12 16 20 24 28 32 36 

~ t ,  RADIANS 

Fig. 5. Compression of theoretical and experimental Levich-Levich 
curves for ferric reduction. Solid curves are calculated (see text). 
Experimental points are y - z  - -  i(t)/iLevich VS. ~t, radions, where 
t ~ 0 is the point at which tachometer reaches rated output in 
Fig. 4 data. Solution and electrode of Fig. 2. Values of L, final 
speed ~9, A<I, shifts, and CI, M are as follows: 

~2 Ar CM 
L* (rad/sec) (rad) (rad) 

�9 L512 94.25 --1.2 1.8 
O i .678 94.25 --2.4 2.0 
�9 2.155 114.04 - -  3.0 3.4 
A 2.820 126.81 --3.6 4.4 
�9 3.848 167.55 - -  3.8 6.9 
[ ]  3.848 167.55 0.0 6.9 

* Calculated from i t= |  
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Reduction of Ag+. - -F igure  6 gives the results ob- 
ta ined for the reduction of a 2.0 mM Ag+-I .0M HC104 
solution at a rotat ing p la t inum disk. L-values  between 
1.514 to 3.966 were used. The radian shifts required to 
match the exper imental  y - L r  data to the theoretical 
curves are given in the legend to Fig. 6 and do not 
differ significantly from zero. With in  the exper imental  
error  in  determining the start of the experiment,  al l  
curves have been shifted the same amount  and the 
shifts hardly  differ from zero. 

Intercomparison of current-time transients for diS- 
Serent couples.--As was pointed out at the end of the 
theoretical section, a plot of Y-~ vs. Q.r should be 
independent  of redox couple, provided the same L- 
value is used. Figure 7 shows the results of such a plot 
using some of the data previously described. Also, a 
set of data for the reduction of 4.0 mM Hg2 ~+ in a 
1.0M HC104 solution at an amalgamated gold disk elec- 
trode is included. The slight differences in  the L- 
values, 2.118 (Hg22+), 2.148 (Ag+),  and 2.151 (Fea+), 
may be ignored. 

The dashed curve in Fig. 7 passes through the data 
for Fe ~+ reduction before any radian shift has been 
used. The three sets of Y - L t  data required different 
radian shifts in order to have the exper imental  points 
fall on the theoretical Y-~ vs. Q.r plot (solid curve, 
Fig. 7). All these shifts are wi th in  the exper imental  
error  and comparable to the radian shifts in  the  pre-  
ceding experiments.  

Conclusion 
The relaxat ion t ime for the hydrodynamic boundary  

layer  is short compared to the diffusion layer relax'a- 
r ian t ime at a rotat ing disk electrode. At a constant  
potential, the current  t ransient  produced by  a step 
change in rotation speed is a function of only the ini-  
tial and final rotat ion speeds and the Schmidt number .  
The Levich equation should accurately predict the 
t ime-dependent  l imit ing convective-diffusion current  
at a rotat ing disk electrode if the square root of the 
angular  velocity is modulated sinusoidally (7), pro-  
vided the frequency of modulat ion (a few Hertz) 
and the ampli tude of modulat ion do not exceed the 
limits implied by these re laxat ion studies. 

Manuscript  received April  19, 1973. 

Any  discussion of this paper will  appear in a Discus- 
sion Section to be published in the June  1974 JOURNAL. 
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y - t  0.6 

0.4 

0.2 

O0 4 8 12 16 20 24 28 32 36 

cot, RADIANS 

Fig. 6. Comparison of theoretical and experimental Levich-Levich 
curves for silver reduction. Data treatment and calculations fallow 
those of Fig. 5. Solution 2 mM Ag + in 1M HCIO4, Pt disk. 

0 

A 

Ar CM 
L* (rad/sec) (rad) (rad) 

1.514 94.75 --0.6 1.9 
1.726 94.75 0.0 2.3 
2.148 ! ! 3.42 - -  0.5 2.7 
2.967 212.70 -50.6 10.0 
3.966 166.35 0.0 5.4 

* Calculated from it==/it=o. 

| . 0  . . . . . . . . . . . . . . . . . .  1 . . . .  

0.8 t d / ~ / ~  

y- I  0.6 

OA 

0.2 

0 . 4  
I ] I I I I I I I 1 I I I I I 

0.8 1.2 1.6 2.0 2.4 2.8 3.2 3.6 

Q(~, RADIANS 

Fig. 7. Comparison of normalized theoretical and experimental 
Levich-Levich curves for Fe 3+, Hg2 2+, and Ag + reductions. Solid 
curves are computer calculated (see text). Experimental points are 
plotted as y - 1  vs. Q . r  for normalization (see text) and have been 
shifted horizontally by Q'Ar  Values of L, final speed w2, (D/z,) 1/3, 
and Q ' ~ r  are as follows: 

Species L* (rad/sec) (D/v) 1/3 (rod) 

�9 Hg22§ 2.118 114.26 0.102 --0.18 
�9 Ag + 2.148 113.42 0.121 --0.04 
�9 Fe 3+ 2.151 114.03 0.079 --0.18 
O Fe3 + 2.151 114.03 0.079 0.0 

* Calculated from i t=J i t=o.  

The respective solutions and disk surfaces were: 4 mM Hg2 ?-+ in 
1M HCIO4 (amalgamated gold), 2 mM Ag + in IM HCIO4 (Pt), 
and 2.17 mM Fe 3+ in 1M H2SO4 (Pt). 

APPENDIX 

As was pointed out in the text, the potentiostatic 
problem in the region r < 2 can be treated using Ben- 
ton's results (4). His tabulated values of h l (~) ,  h2(~l), 
and h3(~) of Eq. [1] were fitted by a th i rd  order 
Newton-Gregory interpolat ion formula (9) in the 
range 0 --~ ~ --~ 0.3. The results are of the form of Eq. 
[A- l ]  

hi(~) -- Aa(~)  -5 Ai2(~]) 2 -5 Ai3(~l) 3 [A-1] 

where the values of Ail, Ai=, and A~ are given for 
i = 1, 2, and 3 in Table I. 

Subst i tut ing Eq. [A- l ]  into Eq. [1] yields 

w 01, r : --4(v~2)1/2 r ] -5 /~2T[2 -5 /~3TI3} [A-2] 

where  
& -- Alj -5 A2jr 2 -5 A3.|r 3 [A-3] 

The potentiostatic problem is described, as before, 
by Eq. [4] through [11], but  Eq. [12] is now replaced 
by Eq. [A-2]. It is necessary that  Eq. [9] be expressed 
in terms of the variables Q, Y, r and  n by substi tution 
of Eq. [2], [3], [15], and [16], respectively, into it. 
This yields 

dY 0.95563 2r ~Qy/r 
d-~ -- ~ b W28LQY |*" o w (~, r d'n [A-4] 

If Eq. [A-2] is substi tuted in Eq. [A-4], and the in-  
tegrat ion performed, the result  is 

dY 0.95563 4 [/~1 
a%- - Y / L T QY* 

P2 2y2r P3 + 3" Q + ~. Q~y3 ] [A-5] 

Table I. Newton-Gregory coefficients of hi(t1) 

A l l  A i 2  A ~ s  

1 1.73 • I0 -~ 3.75 x 10 -I --4.43 • I0-~ 
2 --1.48 X 10 -4 2.835 • 10 -2 --1.77 • i0 -~ 
3 --1.37 x 10 -5 2.875 x 10 "~ --1.18 x 10 -8 
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0 , 2 5  
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Fig. 8. Theoretical plot of y - 1  vs. r in the Benton region. Calcu- 
lated for Fe 8+ in 1.0M H2SO4 from Eq. [A-5].  D : 4.52 X 10 -6  
cm2/sec, v - -  9.18 Y 10 -3  cm2/sec. O :  L = 2.0. O: L 
4.0. 

The var iables  in Eq. [A-5]  a re  not  separable ,  and 
DESUB (10) was used to obtain a numer ica l  solution. 

Two plots of y - 1  vs. r in the range  0 ~ r ~ 1.5 for  
L-va lues  of 2.0 and 4.0 are  shown in Fig. 8. The value  
of D/u corresponded to that  for Fe  8+ in 1.0M H2804. 
As can be seen, l i t t le  change in y - 1  occurs dur ing the 
t ime  that  it  takes  for the  new hydrodynamic  s teady 
s tate  to be established, af ter  the  step change in angular  
velocity.  The rap id  decrease of Y for �9 > 1 appears  to 
be re la ted  to difficulties ar is ing f rom the  use of Eq. [1] 
to represent  the  t ime dependence  of the axia l  fluid 
flow veloci ty  at  longer times. Benton (4) es t imated 
tha t  Eq. [1] would  have  out l ived its usefulness before  
2.0 radians.  Hence, considering the t ime scale of our 
exper iments ,  the  assumpt ion that  b, : ~2 at  t ~ 0 is a 
reasonable  one. This assumption is also suppor ted  by  
the  results  obta ined in the  expe r imen t  shown in Fig. 1. 

LIST OF SYMBOLS 
C ~ bu lk  concentra t ion 

C $ 

D 
(i) 
L 
r 
t 
Y 
W 

Z 

~L 

v 
T 

A~ 

Wl 
w2 

surface concentra t ion  
diffusion coefficient, cm2/sec 
disk cur ren t  at t ime t 
defined in Eq. [16] 
defined in Eq. [15] 
t ime af ter  ro ta t ion speed step, sec 
defined in Eq. [16] 
t ime dependent  normal  fluid veloci ty  (see Eq. 
[1]) 
normal  distance from disk  
t ime  dependent  diffusion layer ,  cm 
s teady-s ta te  Levich diffusion l aye r  thickness,  cm 
s imi la r i ty  var iable ,  defined in Eq. [3] 
k inemat ic  viscosity, cm2/sec 
t ime  be tween  angular  veloci ty  step and potent ia l  
step, sec 
angle of ro ta t ion af te r  ro ta t ion  speed step, r a -  
dians (see Eq. [2]) 
motor  speed rise time, r ad ian  
rad ian  shift  appl ied  to r to fit y - 1  vs. r da ta  
to Eq. [19] 
angular  velocity,  r ad / sec  
ini t ia l  angular  veloci ty  
final angu la r  veloci ty  
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The Transient Response of a Disk 
with Controlled Potential 

Electrode 

Kemal Ni~ancio~lu* and John Newman** 
Inorganic Materials Research Division, Lawrence Berkeley Laboratory and 

Department of Chemical Engineering, University of Caliiornia, Berkeley, Cali]ornia 94720 

ABSTRACT 

A mathemat i ca l  t r ea tmen t  is given for the  t rans ient  behavior  of a disk  
electrode when the potent ia l  is varied.  The character is t ic  t ime constant  for 
decay  of the  doub le - l aye r  capac i ty  is assessed. 

The authors  have recen t ly  t rea ted  the  t rans ien t  r e -  
sponse of a disk  electrode to a step change in the  a p -  
pl ied current  (1).  The presen t  paper  repor ts  a m a t h e -  
mat ica l  analysis  developed for the same model  but  
wi th  the  electrode potent ia l  put  under  control  ins tead 
of the current .  The resul ts  could be r e l evan t  to some 
e lec t roanaly t ica l  appl icat ions  of the  disk electrode, 
e.g., i n t e r rup te r  methods  under  potent iosta t ic  control  
are  a l r eady  in common use (2). 

* E l e c t r o c h e m i c a l  S o c i e t y  S t u d e n t  M e m b e r .  
** E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  words:  current  distribution, t ime  constant,  d o u b l e - l a y e r  

capacity. 

The prob lem was fo rmula ted  wi th  cer ta in  assump-  
tions in the ear l ie r  paper  (1) and  wi l l  not be r epea ted  
here.  The only difference in the  present  formula t ion  
lies in the fact tha t  the  e lect rode poten t ia l  is set at  
zero t ime as a step to a given value  V and is ma in -  
ta ined at  tha t  value  thereaf ter .  Our  purpose  here  is 
therefore  to s imulate  the  t rans ien t  decay of the  cell 
cur ren t  f rom an ini t ia l  value  Io corresponding to the  
p r i m a r y  d is t r ibut ion  (3,4) to a final s t eady-s t a t e  
value  I| 

Analysis 
The potent ia l  in the  solut ion can be expressed in 

te rms of a s t eady-s t a t e  and  a t rans ien t  contr ibut ion 
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= r _ Ct [1] 

Detai led  analyses  for the s t eady-s ta te  p roblem have 
been given e lsewhere  (1, 5). Ear l ie r  t r ea tmen t  of the  
idea l ly  polar izable  e lect rode (1), however,  does not  
app ly  for the present  s i tuat ion;  css vanishes in the 
absence of an electrode react ion since no ne t  cur ren t  
is associated wi th  the  work ing  e lect rode at  s teady 
s tate  when  the  potent ia l  is fixed. 

In  terms of ro ta t ional  el l ipt ic coordinates  (3) ~ and 
~, the  t rans ien t  pa r t  of the potent ia l  can be expressed  
a s  

---- ~le-OO'l + J)Ti(~I,E) [2] 
Y 

t=0  

where Tl is a dimensionless  potent ia l  independent  of 
time, ~t is an e igenvalue  character is t ic  of the potent ia l  
Ts and 0 and J are the  dimensionless  t ime and ex-  
change-cu r ren t  densi ty  (1), respect ively.  Since ct  
satisfies Laplace '9 equation, the  functions Ti also 
sat isfy 

V 2 T i  = 0 
The bounda ry  conditions associated wi th  Ti a re  

aTt 
= 0 at  ~ = 0 (on the  insulat ing po r -  

0~l tion of the  disk) [4] 
T l = 0  as ~-> r ( far  f rom the disk) ~" 
Ti wel l  behaved  at  ~1 : 1 (on the  axis of J the  disk)  

and 

8T~ 

0~ 
q- Li~l Ti : 0 at ~ = 0 (on the disk electrode)  

[5] 

which is obta ined by  a direct  subst i tut ion of Eq. [2] 
into the bounda ry  condit ion on the disk e lec t rode  (1). 

Equat ions [3] and [5] const i tute  an e igenvalue  
problem, which can be solved in a s t ra igh t fo rward  
fashion (1). The solut ion to Eq. [3] sat isfying the 
condit ions [4] is 

Ti " -  E ~ i , n P 2 n ( l l ) M 2 n ( ~ )  [ 6 ]  

n - 0  

where  P2n(n) is the  Legendre  po lynomia l  of order  2n 
and M2n(D is a Legendre  function wi th  known  p rop -  
er t ies  (5). Subst i tu t ion  into Eq. [5] for each i and 
invers ion of the resul t ing  set of l inear  equations wi th  
the normal iza t ion  condition, ~l,o = 1, y ie ld  the  n u m e r -  
ical values  of the  e igenvalues  ~i and the  coefficients 
~l,n (see Table  I ) .  The first four  eigenfunctions are  
p lot ted  wi th  respect  to the rad ia l  posi t ion on the sur -  
face of the  disk in Fig. 1. 

The  funct ional  behavior  of Ti,o has much the same 
significance as the corresponding eigenfunctions Ui,o 
of the galvanosta t ic  p rob lem (11 in depict ing the non-  
un i form state of charge and the pa t t e rn  of local cur -  
ren t  flow on the surface of the  disk dur ing  the t r ans i -  
ent  process. One m a y  note, in fact, that  Ti,o in Fig. 1 

Table I. The first six eigenvalues and the related coefficients 
~mi of the eigenfunctions 

1.15777 4.31680 7.46018 10.6023 13.7441 16.8858 
n i----0 t = 1  i = 2  i = 3  i = 4  t = 5  

0 1.0 1.0 1.0 1.0 1.0 1.0 
1 0.39451 --3.30704 --3.20144 --3.08673 --3.00260 --2.94030 
2 --0.01974 --3.09447 2.69232 3.87544 4.20749 4.29990 
3 0.01259 --0.52802 6.45944 0.65745 --2.15584 --3.53764 
4 --0.00657 --0.10223 2.64,610 --8.32547 --5.09803 --1.69133 
5 0.00393 0.02410 0.63787 -- 6.16121 7.06426 8.21141 
6 --0.00256 --0.01843 0.03554 --2.27051 9.75697 --2.49615 
7 0.00178 0.01289 0.03502 --0.43176 5.33233 --11.5222 
8 --0.00129 --0.00946 --0.02056 --0.10618 1.62964 --9.36731 
9 0.00097 0.00718 0.01005 0.01863 0.40730 --4.07287 

10 --0.00075 --0.00559 --0.01255 --0.02158 0.02998 --1.27763 

TL,o 

-Iv 
0 0.2 0.4 0.6 0.8 I. 0 

7,~ 
Fig. 1. Behavior of the first four eigenfunctions on the surface 

of the disk electrode. 

are  qui te  s imilar  to the corresponding curves for Ui,o 
given in Ref. (1) for i > 0. The e igenvalues  Li also 
become more  s imi lar  in numer ica l  va lue  to Ai of the  
galvanosta t ic  series wi th  increasing i. 

An  impor tan t  depar tu re  f rom the  galvanosta t ic  
case is c lear ly  that  ct  does include a net  cur rent  in the  
present  si tuation.  This addi t ional  contr ibut ion is con- 
tained, for example ,  in the  first e igenfunct ion To, 
which unl ike  Uo is nonzero, the  fact  tha t  To,o ex -  
hibits  no e x t r e ma  nor any zeroes suggests that  i t  pe r -  
sists the longest  dur ing  the decay process and is t he re -  
fore associated wi th  the larges t  t ime constant.  

The eigenfunctions Ti,o sat isfy the or thogonal i ty  
re la t ionship  

s 
7]Ti,oTj,o d11 " -  1 M ' 2 n ( 0 )  ~2n, i  i f  i - -  j 

- - ~ i  4 n + l  
n=O 

[7] 
From the ini t ia l  condit ion 

r  at  0 = 0 + ,  ~ = 0  [8] 

the coefficients Gi can  now be calcula ted f rom the 

B2.,i 

equat ion 
2ki 

Gi -- 

~(~.i + J) 
,=0 4 n + l  

The cur ren t  is given b y  

5010~ ] dT] I -- --2~ro~ " ~  e=0 

- - Io  T o - -  ~=o 

[9] 

[lo] 

where ro is the radius of the disk electrode and ~ is 
the solution conductivity. The ratio I| is a known 
quantity once the value of J is specified and can be 
obtained directly from the steady-state analysis. Some 
calculated values are given in Ref. (I) (reciprocal of 
VsS/r Figure 2 shows current vs. time traces for 
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IO quired in the  summat ion  in bo th  Eq. [2] and  [6]. The 
same prob lem is encountered  for large  J values  (5). 
A separa te  t r ea tmen t  of the  edge region for short  
t imes or large  J va lues  overcomes these difficulties. 
The authors  have formula ted  this problem,  and the 
resul ts  should be publ i shed  short ly.  

0.5 

g 
! 
o 

i 
i-,4 

0.2 

O. I 0 0 . 2  0.4 0.6 0.8 1.0 
J< t / r0  C 

Fig. 2. Current traces at various J values for decay (or charging) 
of the double-layer capacity. The slope of each curve at large 
times is related to ~.z -I- J. 

various  J values.  Each curve is charac ter ized  by  a t ime  
constant  for decay given by  

1 roC 
"- [11 ]  

1.16 ~ J 

where  C is the  doub le - l aye r  capacity.  
The analysis  can be general ized by  superposi t ion 

to incorpora te  an a r b i t r a r y  t ime dependence  of the  
appl ied  potent ia l  V (0). The cur ren t  is then given b y  

= V(O) + Gi(~.i + J)e -~ 
4ro~ 

i = 0  

s • e~ [12] 

The present  resul ts  should app ly  for la rge  and  
modera t e ly  smal l  t imes  wi thout  much difficulty in the  
numer ica l  calculations.  Fo r  ve ry  short  t imes, however,  
numer ica l  difficulties are  inevi table  because the  cu r -  
ren t  d is t r ibut ion  is equal  to the  p r i m a r y  d i s t r ibu-  
t ion eve rywhere  on the disk except  in a small  region 
nea r  the  edge. A la rge  number  of t e rms  are  thus  r e -  

Conclusions 
The t rans ient  response of a disk  e lec t rode  to s tep 

changes in the  app l ied  potent ia l  has  been  fo rmula ted  
to y ie ld  a wel l -def ined e igenvalue  problem, which 
can r ead i ly  be solved to give solutions in t e rms  of a 
series of character is t ic  potent ia l  functions.  Each func-  
t ion is re la ted  to a cer ta in  mode  of decay of the  
doub le - l aye r  capaci ty  and is associated wi th  a char -  
acter is t ic  t ime constant ,  the  first being the  dominan t  
one in de te rmin ing  the  sys tem behavior  at  large  
times. These t ime constants  can accura te ly  be ca lcu-  
la ted f rom the e igenvalues  of the  bounda ry -va lue  
problem. The resul ts  can be general ized for a r b i t r a r y  
changes in the  appl ied  potent ia l  wi th  t ime by  a 
s t r a igh t fo rward  appl icat ion of the  superposi t ion 
integral .  

A c k n o w l e d g m e n t  
This w o r k  was suppor ted  by  the  Uni ted  Sta tes  

Atomic  Energy  Commission. 

Manuscr ip t  received Nov. 6, 1972. 

A n y  discussion of this  paper  wi l l  appear  in a Discus-  
sion Sect ion to be publ ished in the  June  1974 JOURNAL. 
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I| to ta l  cur ren t  at  t --  oo, A 
J dimensionless  exchange -cu r ren t  densi ty  = 

ioroF(aa W ac)/RTK [see Ref. (1)]  
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ro ta t ional  el l ipt ic coordinate  
~c conduct ivi ty  of the  solution, o h m - l - c m  -1 
l i  e igenvalue 

potent ia l  in the  solution, V 
ess s t eady-s ta te  par t  of ~, V 
(I ~t t rans ient  pa r t  of r V 

ro ta t ional  el l ipt ic coordinate  
character is t ic  t ime  constant  for decay, sec 

e roC/~t, dimensionless  t ime  
Ti eigenfunctions in series for  c t  
Tl.o va lue  of Ti at  the  e lec t rode  surface 
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Technical Note @,,,  

A Spectroelectrochemical Study of Mixed-Valence 
Ll.-Pyrazine-decaamminediruthenium(ll,lll) Complex 

V. S. Srinivasan 1 and F. C. Anson* 

Arthur Amos Noyes Laboratory of Chemical Physics, California Institute of Technology, Pasadena, California 91109 

Much of the  recent  interest  (1-4) in the redox  be-  
hav ior  of the  complex  [Ru( I I )  N ~ N  R u ( I I I ) ]  5+, 
first descr ibed by  Creutz and Taube  (5), focuses on 
the absorpt ion  band in the near  in f ra red  tha t  is dis-  
p layed  by  the mixed-va lence  complex but  not by  its 
one e lect ron oxidat ion  or reduct ion products.  In  this 
note we descr ibe  a t h in - l aye r  e lec t rochemical  cell  wi th  
which the v is ib le  and near  in f ra red  spec t rum of the 
mixed -va l ence  complex  could be moni to red  whi le  i t  
was being e lec t rochemical ly  genera ted  by  oxidat ion of 
the  corresponding d i r u t h e n i u m ( I I )  complex  in an 
aqueous solut ion (DaO). The spect ra  ob ta ined  matched  
those repor ted  for  the  same complex  p repa red  by  
chemical  oxidations.  

The cel l  employed  resembles  some previous ly  de-  
scr ibed t h in - l aye r  cells for spect roelec t rochemical  
s tudies (6-10).  Its design shares  wi th  cer ta in  of the  
ear l ier  cells (7) the  des i rab le  fea tures  of low ohmic 
potent ia l  drops  and r eady  appl icab i l i ty  at wave lengths  
f rom the  u l t rav io le t  to the  near  inf rared .  

Experimental 
The design of the  opt ica l ly  t r anspa ren t  t h i n - l a y e r  

e lect rode cell  a ssembly  is shown in Fig. 1 and 2. A 
th in  l aye r  of the  solut ion is t r a p p e d  be tween  a con- 
duct ing t r anspa ren t  e lect rode (a thin deposi t  of 
p l a t i num on quar tz )  and  a quar tz  window.  The  
window is pa r t  of the inners ide  of an annular  cell, 
wi th  a Teflon r ing to contain the  test solution. The 
Teflon r ing  and the quar tz  window were  precision 
made.  The Teflon r ing  was made  a few hundred  
microns  longer  than  the  inner  tube  which  conta ined  
the window. A p l a t i num gauze was w r a p p e d  a round  
the cyl indr ica l  window to serve  as the aux i l i a ry  elec-  
trode. A salt  br idge connected to a reference  e lect rode 
(nonisolated)  made  contact  w i th  the  solut ion th rough  

* Electrochemical Society Act ive  Member. 
z Present address: Department of Chemistry, Bowling Green S t a t e  

University,  Bowling Green, Ohio 4 3 4 0 2 .  
K e y  words: spectroelectrochemistry, ruthenium, complex,  py-  

razine. 
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Window Ring Electrode 

Fig. 1. Exploded view of the optical thin-layer cell assembly 

a smal l  hole in the top  of the Teflon ring. The size of 
the  cel l  a l lowed it  to be in t roduced into the sample  
compar tmen t  of the  spectrophotometer .  

The whole  cell  assembly,  including the  demount -  
able, t r ansparen t  electrode, the  t ubu l a r  window, and 
the Teflon r ing were  he ld  together  by  a set of m a -  
chined a luminum cell  holders.  A pa i r  of neoprene  O- 
r ings held in the  groove of the  Teflon r ing  p reven ted  

A 
f 

J 

C 

D 

G 

f E  

! 

Fig. 2. Cross section of the assembled thin-layer cell. A, Pt wire 
connecting to Pt gauze auxiliary electrode; Bo connector; C, 
aluminum holders; D, transparent platinum film electrode; E, 
threaded stock with wing nut; F, Teflon body; G, quartz window; 
and H, salt bridge. 
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direct contact between the hard Teflon and glass sur- 
faces. The neoprene rings could be squeezed gently 
by exerting pressure on the aluminum holders so that 
the thickness of the thin layer could be varied. The 
average thickness of the thin layer was ca. 300#, as 
determined from the absorbance of the diruthe-  
nium(II)  complex. A matching quartz plate with a 
platinum deposit was used in the reference compart-  
ment of the spectrophotometer. 

The conducting electrode was a thin deposit of 
platinum vacuum deposited on spectrosil quartz, with 
a large circle of deposit in the center and two channels 
for electrical connections to silver paint around the 
rim. The areas of the channels were very small com- 
pared to the area of the circle that t rapped the thin 
layer of liquid. Platinum deposition was done after 
cleaning the surface of the quartz with a glow dis- 
charge achieved by exposing the surface to a nitrogen 
atmosphere (100 Tort)  and initiating a radio fre-  
quency discharge. For deposition of the platinum a 
metallic mask was used to produce the desired geom- 
etry and the platinum was evaporated from a tung- 
sten filament in a metal deposition apparatus. 

A Cary XIV-R Spectrophotometer was used with 
the sample compartment lid modified to permit elec- 
trical connections to be made to the cell. 

The chemicals used were of reagent grade. ~,-Pyra- 
zine-decaamminediruthenium (If) p-toluenesulfonate 
was synthesized according to Ref. (I). The purity 
was checked spectrouhotomelrically. The tosylate 
anions were removed by ion exchange to produce the 
trifiuoroacetate salt in D~O. The solutions used for 
the experimental measurements were 0.6 mM in tbe 
complex and 0.2M in trifluoroacetic acid. Oxygen was 
removed from the solutions before they were intro- 
duced into the cell by bubbling with prepurified argon. 

Results and Discussion 
Cyclic voltammograms for solutions of Ru N ~  N 

Ru 4+ in the th in- layer  cell showed two clear oxida- 
tion and corresponding reduction peaks, but the peak 
potentials at low sweep rates, e.g., several mil l ivolts/  
second, were shiRed by about 50 mV from the values 
obtained previously in conventional cells, i.e., Ep(an- 
odic) = 140 and 535 mV; Ep(cathodic) = 76 and 465 
mV vs. SCE (4). These shifts were in the direction to 
be expected from the small ohmic potential drops 
l ikely to be present in the thin-layer  cell, and the 
potentials used for the controlled potential electro- 
chemical oxidations were adjusted accordingly. 

With the electrode potential at 0V vs. SCE in a 
solution of Ru N ~ N Ru4 + there is no current flow, 
and the visible and near infrared spectra given in 
curves A of Fig. 3 were obtained. The value of ~max 
(557 nm) agrees with value of Creutz and Taube (1) 
as does the absence of the band at 1570 nm. 

When the electrode potential is changed to 400 mV 
vs. SCE, anodic current flows and the spectra obtained 
after ca. 5 rain of electrolysis are shown in curves B 
of Fig. 3. Both the shift in ~max and the decrease in 
absorption intensity of the visible peak correspond to 
those reported by Creutz and Taube (1), and the band 
that  develops at 1570 nm agrees with their reports. 
The spectra could be shifted back and forth between 
the two cases by al ternately reducing and oxidizing 
the solution at  0 or 400 mV, respectively. Thus the 
same mixed valence species, Ru N ~  N Ru 5+, results 
from both the chemical and electrochemical oxidation 
of Ru N ~ N Ru 4 +. 

In a second experiment the absorbance at 1570 nm 
was monitored continuously when the electrode po- 
tential  was stepped from 0 to 640 mV vs. SCE. At 
this potential the oxidation product at the electrode 
is Ru N ~ N  Ru 6+ which does not absorb at 1570 nm. 
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450 550 6 0 1400 1500 1600 1700 
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Fig. 3. Visible and near infrared spectra of Ru N ~ N  Ru4+, 
curves A, and Ru N ~ N Ilu~% curves B, generated in the thin- 
layer cell. 
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However, the electrode reaction product diffuses 
back into the thin solution laye~ where it can react 
with the unoxidized RuN~NRu 4+ that has not 
had time to reach the electrode surface. The product 
of this reaction is the Ru N ~  N Ru 5+ ion which 
does absorb at 1570 nm. AS expected, the measured 
absorbance at 1570 nm increases during the first 2-3 
rain of electrolysis, reaches a maximum, and then de- 
creases to zero after ca. I0 rain. At this point the 
spectrum of the solution matched that reported for 
RuN~N Ru 6+ (1). 
These results illustrate the utility of the cell for 

spectral observation of electrode reaction products in 
the visible and near infrared and demonstrate the 
identity of the chemical and electrochemical oxida- 
tion products of RuN~NRu 4+. 
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Con  un cadon 

Induction Periods in Anodization of Aluminum 
S. Ikonopisov* and k. Andreeva 

Department of Physical Chemistry, Higher Institute of Chemiccl Technology, Sofia 56 (Dcrvenitza), Bulgaria 

Two different kinetics are general ly  observed in  
galvanostatic anodization of valve metals. The first, in  
electrolytes with li t t le tendency to dissolve the oxide, 
is characterized by a l inear  increase of the potential  
drop, Uf, across the film with the charge passed, Q. In  
the second, where the film is ra ther  soluble in the 
anodizing solution, the slope dUf/dQ decreases con- 
t inuously  wi th  time, thus with Q. A third type of 
kinetics, viz., a retarded anodization, has recent ly been 
observed with Bi (1), Mo (2), W (3), and Sb (4). Under  
appropriate conditions the process begins with an  in -  
duction period (IP) dur ing which Uf remains  close to 
its ini t ial  value, followed by a more or less l inear  po- 
tent ial  rise up to high voltages 1 (several tens or h u n -  
dreds volts).  I t  is the purpose of this communicat ion to 
point  out that  an IP can be developed in the anodic 
film formation on a luminum also. 

Specimens (99.99% A1) with an exposed surface 
area of 1O cm 2 were annealed for 4 hr at 550~ elec- 
tropolished, and br ightened as previously described 
(5). The cell was a four neck glass flask, with glass 
stoppers support ing the anode, a glass st irrer  furnished 
with a hydraul ic  gate, a thermometer,  and a back flow 
condenser assembled with the counter  and reference 
electrodes. The electrolyte was a 2.5% aqueous solution 
of I-I3BO3 adjusted with NI-I4OH to the required pH. 
The anodization was carried out under  automatic 
galvanostatic and thermostatic regulat ion and stir-  
r ing of the electrolyte. 

In  galvanostatic anodization of a luminum IP 's  
proved to appear only wi thin  nar row limits of ap- 
propriate anodizing conditions. This can explain why 
this phenomenon has not been observed so far, a l-  
though the anodic oxidation of A1 has been subject to 
extensive kinetic investigations. The appearance and 
prolongation of the IP requires an almost neu t ra l  
anodizing electrolyte and is favored by high tem-  
peratures and lower current  densities. In  a borate 
solution with pH = 6 which is known to cause a 
"normal" anodization with 100% efficiency at t em-  
peratures  below 40~ (6), a well-expressed IP ap-  
pears at a sufficiently high tempera ture  and low cur-  
rent  densi ty  (e.g., 90~ and 0.3 mA/cm2),  as shown in 
Fig. 1. The increase of the current  density causes a 
sharp decrease or disappearance of IP (Fig. 1). All  
described features of the IP with A1 seem similar  to 
those with the above-ment ioned metals and quite dif- 
ferent  from those with zirconium (7), where  the IP is 
caused by the surface roughness and is absent  with 
chemically polished Zr. 

In  solutions of simple I~B08 (without addit ion of 
NH4OH, pH = 3.5) IP's were not observed. The at-  
tempts to reveal a retarded anodization by increasing 
pH at decreased temperatures  also failed. The known 
(8) accelerated dissolution of the film, increased elec- 
tronic conduction, and decreased die]ectric constant  
were only found at low current  density under  these 
conditions. 

* Electrochemical Society A c t i v e  Member .  
Key words: anodic films, aluminum, induction period. 
i The appearance of an induction period in the low-voltage passi- 

v a t i o n  ha s  b e e n  w e l l  k n o w n  f o r  a l o n g  t ime .  
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Fig. I .  Galvanostatic anodization curves for three current densities 

In  conclusion, an  IP with A1 can be observed under  
strictly defined conditions only. Yet the existence of 
IP's in the anodic oxidation, not only of the afore- 
ment ioned metals but  also of such a typical  t rue film 
former as A1, suggests that a retarded film formation 
is a much more general  phenomenon in the anodization 
at high voltages than  it was supposed. 

Manuscript  received May 2, 1973. 

A ny  discussion of this paper wil l  appear in a Discus- 
sion Section to be published in the June  1974 JOURNAL. 
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Sulfidation Properties of a Nickel-20 w/o 
Chromium Alloy at 700~ and Low Sulfur Pressures 

J. A. Chitty 1 and W.  W.  Smeltzer* 

Department of Metallurgy and Materials Science, McMaster University, Hamilton, Ontario, Canada 

ABSTRACT 

The sulfidation kinetics and the morphological development of the reaction 
product for a Ni-20 weight per cent Cr alloy have been determined at 700~ 
and sulfur  pressures below 5 • 10 -10 atm. The kinetics were observed to be 
parabolic; the parabolic sulfidation rate constant  was found to vary  as a 
semilogarithmic function of the sulfur pressure. The reaction product con- 
sisted of an external  scale identified main ly  as Cr3S4 with dissolved nickel up 
to 5 atomic per cent, and a chromium sulfide subscale with morphological 
breakdown of the a l loy/externa l  scale interface. Approximate  determinat ions  
for the diffusion rates of chromium in the scale and sulfur  in  the alloy were 
made. Tentat ive  mechanisms are proposed to explain the diffusion-controlled 
reaction and the stabilization of the ex te rna l  scale by dissolved nickel. 

An  increased interest  in sulfur  corrosion has devel-  
oped in  recent  years due to the na tu ra l  occurrence of 
sulfur  and its compounds in fuels and the difficulty 
of pur i fying these fuels. The behavior  of Ni-Cr  alloys 
of various compositions in  sulfidizing gaseous envi ron-  
ments  has been fundamenta l ly  invest igated by several  
workers (1-7). Romeo et al. (5) studied the diffusional 
growth of the duplex scale containing chromium and 
nickel sulfides on a Ni-20 w/o (weight per cent) Cr 
alloy at 700~ in H~-HsS atmospheres with sulfur  
part ial  pressures ranging from 8 • 10 - lo to 2 • 10 .2  
atrn. The present  s tudy is a cont inuat ion of this work 
using the same alloy composition and temperature,  
bu t  under  conditions of extremely low sulfur  pa ten-  
tials (Ps~ ~ 5 • 10 -10 a tm) .  It  is known  that  under  
these conditions chromium sulfide is the only reac- 
t ion product, both ex terna l ly  and in te rna l ly  (7). Our 
purpose, accordingly, was to precisely establish the 
morphology of the scale and to ascertain the depend-  
ence of the na tu re  of the  chromium sulfide and the 
reaction kinetics on sulfur  pressure. 

Experimental 
A Ni-20 w/o  Cr alloy exists as a solid solution over 

a broad temperature  range (8). The impur i ty  contents  
of the alloy used in  the investigation are recorded in 
Table I. Format ion of a l iquid phase in the Ni -Cr -S  
system is possible at temperatures  above 600~ when  
the sulfur  pressure is less than  10 -8 atm (9). P re l imin -  
ary experiments  at 700~ with Ps2 ~ 5 X 10 - l ~  a tm 
showed, nevertheless, that  the reaction is of the gas- 
solid type. Thermodynamic  considerations show that  
only chromium sulfide formation is possible at these 
sulfur  pressures and this influence is exper imenta l ly  
supported by  the work of Lifshin et al. (7). 

The sulfur  pressures used were obtained by  con-  
t rol l ing the H2/I-I2S rat io of the atmosphere obtained 

* Electrochemical Society A c t i v e  M e m b e r .  
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Ltd., Hamilton. Ontario, Canada. 
Key words: NI-Cr ahoy,  sulfidation kinetics,  chromium sulfide 

scale. 

by passing hydrogen through mol ten  sulfur  according 
to the method described by  Rosenqvist  and Dunicz 
(10) and by Brigham et al. (11). The H2/H2S ratio 
varies with tempera ture  of the mol ten sulfur  which is 
controlled in  tu rn  by a cons tan t - tempera ture  oil bath. 
This apparatus which yields atmospheres at sulfur  
potentials as low as 2 • 10 -12 a tm is shown in Fig. 1. 
Measurement  of the H2/H2S ratio was determined 
from the sulfur  analyses using the iodide t i t ra t ion 
method (12). 

Alloy plates, 1.5 X 0.5 • 0.1 cm, metal lographical ly 
polished to 1~ diamond abrasive as previously de- 
scribed were used as test specimens (5). 

The assembly for the sulfidation experiments  is 
shown schematically in Fig. 1. For measurement  of 
the reaction kinetics the specimen was suspended in 
the reaction chamber  from a McBain balance. The 
balance spring was manufac tured  from a Ni -span-C 
wire and the weight gain of a specimen was measured 
by following the spring elongation with a cathetom- 
eter (13). The assembly was evacuated to 10 -2 Torr  
while the furnace was brought  to temperature,  and it  
was flushed with he l ium prior to passing the reaction 
gas. A specimen was then  lowered into the reaction 
zone and the weight  gains followed for suitable periods 
of time. At the end of each run, the specimen was 
winched into the upper  portion of the column where 
the temperature  drop was sufficient for quenching it. 

Table h Analysis of the nominal Hi-20 w/o Cr alloy. 
Actual Cr content: 19.9 w/o 

A n a l y s i s  
Element (ppm) 

S i  S00 
M n  I 0  
Co 50 
Fe 50 
AI  I00 
C 22 
S 6 

1362 



VoL 120, No. I0 S U L F I D A T I O N  P R O P E R T I E S  OF N i - C r  ALLOY 1363 

Exhaust 

24 

22 

21 

2O 
. . _ _ _ . .  H 2 +  H 2 S  

~ H  2 

Fig. i. Schematic of kinetic as- 
sembly: 1, rotameter; 2, stirrer; 3, 
heating element; 4, constant tem- 
perature oil bath; 5, sulfur bath; 
6, temperature control; 7, ther- 
mometer; 8, porcelain packing; 9, 
furnace 500~ 10, thermocouple; 
11, gas sampler; 12, vacuum 
pump; 13, manometer; 14, mullite 
tube; 15, alignment spike; 16, 
specimen; 17, furnace 700~ 18, 
target; 19, cathetometer; 20, 
spring chamber; 21, marker; 22, 
winch and forks for positioning 
specimen; 23, gas bypass; 24, 
ballast and absorption flask. 

q 
Specimens at various stages of scale growth were ob- 
tained by replacing the spring chamber with a column 
containing four winches and quartz rods for lowering 
and raising specimens from the reaction zone held at 
700~ 

Cross sections of the sulfidized specimens were ex- 
amined metaUographically. The scales were protected 
for polishing by nickel plating of the specimens be- 
fore their mounting in epoxy resin. Scale thicknesses 
and subscale penetration were measured with an opti- 
cal microscope and the volume fraction occupied by 
the subscale was measured by point counting. Fea-  
tures of the scales were also examined with a scan- 
n ing electron microscope. X- r ay  analysis by the pow- 
der technique was used to identify the sulfide con- 
stituents. Nickel-fi l tered copper radiat ion at low 
intensi ty  was found to give the best resolution of the 
lines on the x - r ay  film. An electron microprobe was 
used to collect informat ion about phase compositions 
and the diffusion profiles of the elements in the alloy 
and  across the scale. Nickel, chromium, and  sulfur  
counts were analyzed with respect to standards (the 
metals, NiS, CrTSs) mounted  with the  specimens and 
the results were corrected for atomic number  and 
mass absorption. 

Results 
Kinetics and scale rnorphology.~The results of the 

kinetic measurements  at sulfur  potentials in the  range 
5.5 • 10-12-2.3 • 10 -10 atm are shown in  Fig. 2. 
After  an induct ion period of 1-2 hr parabolic kinetics 
were observed. The values of the parabolic rate con- 
stants, Kp, determined from the slopes of the reac- 
t ion curves are given in  Table II. 

The reaction product when  observed microscopically 
appeared as a single-layer scale combined with a sub- 
scale. Morphological breakdown of the alloy interface 
was also observed which appeared to increase with 
increasing sulfur potential and time. A photomicro- 
graph of a typical cross section is shown in Fig. 3. 
In all cases the depth of subscale penetration ap- 

peared as approximately double the external scale 
thickness. Both increased parabolically with time as 

Table II. Parabolic rate constants as a function of gas composition 
and the sulfur pressure 

Sulfur Parabolic 
pressure, rate constant, 

PH~s/PH s Ps  8 kp ( g~. cm~ . sec -D  

4.45 X I0 -4 5.5 • I0 -Is 2.7 X I0 -I~ 
7.56 X i0 -a 1.6 X I0 -n 1.43 X 10 -1~ 
1.52 • 10 '-s 6.5 x 10 - n  2.'76 X 10 -lo 
2.85 • 10 "J 2.3 X 10 -m 3.' /5 X 10 -z~ 

shown in  Fig. 4. Subscale penetra t ion was ini t ia l ly  
i r regular  but  became regular  with increasing time. 
The subscale particle size was finer with increasing 
penetration.  A grain boundary  etch showed that  the 
sulfide particles occurred at in ter -  and t ransgranula r  
sites in the alloy and that morphological breakdown 
of the alloy/scale interface was par t icular ly  severe 
at alloy grain boundaries.  

Light colored stringers were observed in several of 
the external  scales obtained after long sulfidation 
times. Two cases are shown in Fig. 5. The stringers, 
which became coarser wi th  increasing sulfur  poten- 
tial, were observed to occur at grain boundaries  wi thin  
the sulfide scale. They extended from the peaks of the 
alloy at the broken down interface. Most of the 
stringers penetrated through the external  scale al-  
though a few ended wi th in  the layer or hooked back 
on themselves. There was no evidence of stringers in 
the scale formed at the lowest sulfur pressure (5.5 • 
10 -12 atm) for the longest exposure periods. The scales 
formed in all other atmospheres did exhibit  stringers, 
their  occurrence being observed after 8 and 6 hr for 
specimens exposed in  the atmospheres corresponding 
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Fig. 2. Parabolic plats for sulfidation of the Hi-20 w/o Cr alloy 
in H2-H2S atmospheres at different sulfur pressures. The curve 
designated Seybolt is from ref. (4). 
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Fig. 3. Micrograph of a Ni-20 w/o Cr alloy sulfidized at a sulfur 
pressure of 2.3 X 10 - l ~  atm for 2 hr. Magnification X 1800. 
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Fig. 4. Parabolic plots for the external scale growth and subscale 
penetration into the Ni-20 w/o Cr alloy at a sulfur pressure of 
6.5 X I0 - i l  atm. 

to Ps2 ---- 1.6 X 10 - n  and 2.3 X 10 -1~ atm, respec- 
tively. 

Phase identification.--Three techniques were em- 
ployed to identify the phases present  in an external  
scale. Due to the inherent  difficulty in  ident ifying the 
various forms of chromium sulfide the results from 
each technique alone are insufficient but  when  com- 
bined certain conclusions can be made. 

Electron microprobe scans were made from the al-  
loy interior  across the subscale and through the ex-  
te rna l  scale. Point  counts at various distances were 
also obtained. The electron beam spot is about 2~ 
which is the same order of magni tude  as a scale thick- 

Fig. 5. Micrographs of Ni-20 w/o Cr alloy specimens sulfidized 
at different sulfur pressures. Magnification X 1650. (a, top) Ex- 
posure for 15.5 hr at Ps2 ~ 1.6 X 10 - l i  atm, (b, bottom) expo- 
sure for 8 hr at Ps~ ~ 2.3 X 10 - l ~  atm. 

ness and larger than the sulfide particle size in  the 
subscale. As a consequence the probe results can only 
be considered as a quali tat ive representat ion of the 
concentrat ion profiles, especially at the a l loy/externa l  
scale interface where  there is morphological break-  
down. Typical composition distance profiles are shown 
for specimens exposed at the lowest and  intermediate  
sulfur  potential  atmospheres in Fig. 6 and 7. It  ap- 
pears that much of the chromium in the subscale region 
was consumed in chromium sulfide formation and that  
the alloy was ext remely  nickel-r ich at its interface. 

The phase compositions identified in the external  
scale by the electron microprobe are summarized in 
Table III. The powder x - r ay  analyses are also in-  
cluded. There are problems in analyzing for chromium 
sulfides using ASTM x- ray  cards since the six phases 
existing in the range CrS to Cr2S3 yield similar pa t -  
terns (14). The x - r ay  technique identified the scale as 
main ly  Cr3S4 wi th  l ines that could be assigned to 
Cr2S3. The probe technique also identified composi- 
tions near  (CrNi)zS4 but  other compositions nearer  to 
(CrNi)sS8 and (CrNi)2S~ were also observed. 
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Fig. 7. Composition profiles of Cr, Ni, and S in a Hi-20 win Cr 
alloy specimen exposed for 8 hr in an H2-H2S atmosphere at a sulfur 
pressure Ps2 = 6.5 X 10 -11 atm. 

An a t t empt  was made  to pos i t ive ly  ident i fy  the 
s t r ingers  using a x - r a y  microdetec tor  mounted  on the 
scanning e lect ron microscope. F igure  8 shows SEM 
micrographs  of s t r ingers  t ravers ing  the  scale by 
th ree  gra in  boundar ies  and composi t ional  maps  of the 
scale at  regions of these str ingers.  This mapping  dem-  
onstra tes  tha t  the s t r ingers  in comparison to the scale 
a re  n icke l - r i ch  and deple ted  of sulfur.  Actua l  counts 
obta ined at points  in a s t r inger  and the scale a re  re -  
corded in Table  IV. These counts also show tha t  the  
s t r ingers  a re  enr iched in n ickel  and  dep le ted  of sulfur  
wi th  respect  to the  ad jacen t  scale. Al though  the  elec-  
t ron  beam possibly pene t ra tes  th rough  stringers,  since 
its in tens i ty  could not  be reduced below 15 keV for 
effective counting of nickel,  the  me t a l / su l fu r  rat ios  
based  on the point  counts va ry  f rom 1.01 wi th in  the  
s t r inger  to 0.65 in the scale far  f rom the  .stringer. The 
sulfide compositions, accordingIy,  correspond closely to 
the  phases (N iCr )S  and (CrNi)2S3 at  these respect ive  
regions. 

Discussion 
The parabol ic  kinet ics  observed demons t ra te  that  

the  react ion processes a re  diffusion controlled.  Marke r  
measurements  have  prev ious ly  shown tha t  me ta l  is 

Table III. Phase analysis of the external scale by x-ray 
and electron microprobe techniques 

E l e c t r o n  microprobe analysis 
Sulfur  of external  scale 

potential  X- ray  
(atm) Inside Outside analyses 

5.5 • 10 -12 Cro.~lNio.o~So.5~ Cro.sgNio.ozSo.58 CrsS4 
Cr~S6 CrsS4 C2Ss 

1.6 x 10 -~ Cro.42Niom2So.se Cro.agNio,02So.sg Cr3S4(Cr2S3) 
CrsS4 Cr~Ss 

6.5 • 10 -ll Cro.~2Nio.olSo.s7 Cro.4oNo.olSo.~9 CrsS4(Cr~S3) 
CrsS~ Cr2Sa 

2.3 x 10 -lo Cro.~Nio.o2So.~ CrsS~(Cr2Sa) 
Cr2S3 

* Bracketed c o m p o u n d  re fers  to  the  sca le  c o n s t i t u e n t  in  m i n o r  
proport ions .  

Table IV. Point counts and phase analyses of the external scale 
by x-ray microdetector mounted on a scanning electron microscope 

Compo- 
Position N i (Ka l )  Cr (Ka l )  S ( K a l )  sition 

Scale far  f r o m  s t r i n g e r  1,225 15,229 25,400 (CrNi)l.95Ss 
Scale c lose  to str inger  3,701 13,111 21,228 (CrNi) s.19S4 
Ins ide  str inger 6,469 9,944 16,213 (CrNi) 1.olS 

the diffusing species in the chromium sulfide scale (5). 
A requ i rement  to be met  for concurrent  subscale for -  
mat ion  accompanied  wi th  morphologica l  b reakdown 
of the  al loy interface is tha t  the  chromium diffusivity 
in the scale be severa l  orders  of magni tude  la rger  than  
its diffusivity in the alloy. Thus, diffusion of chromium 
in these phases and sulfur  in the  al loy p lay  fundamen-  
ta l  roles in the  format ion  of chromium sulfide on and 
in the  alloy. 

The ex te rna l  scale was identif ied as consisting 
main ly  of (CrNi)3S4 al though both lower and higher  
sulfide phases were  present.  An analysis  of the non-  
s to ichiometry  and the rmodynamics  of the  var ious  
b ina ry  forms of the  chromium sulfides at  700~ has 
been made by  Young et al. (15). Al l  the  sulfides ap-  
p rox imate  to the  NiAs s t ructure  which  may  be de-  
scr ibed as hexagona l ly  c lose-packed  wi th  the  cations 
in the oc tahedra l  in ters t i t ia l  posit ions of the sulfide 
anion structure.  Fu l l  occupation of these octahedra l  
sites is found only in the  case of CrS. The sulfides 
h igher  than  CrvSs have a cation sublat t ice  consist ing 
of a l t e rna te ly  filled and pa r t i a l ly  filled layers  and, it  
has been proposed (16), that  the  par t i a l ly  filled layers  
are occupied by  Cr +2 ions whi le  the  comple te ly  filled 
layers  a re  occupied by  Cr +3 ions. Cr3S4 has the  larges t  
nons to ichiometry  ranging over  the  meta l -excess  and 
meta l -def ic iency sides of the  s toichiometr ic  fo rmula  
(1.286 < x < 1.377 at  700~ when  Cr3S4 is expressed  
as CrSx and the intr insic  defect densi ty  is 5 = 3.3 • 
10 -2 at  Ps2 ~- 3.2 • 10 -11 a tm) .  

According to this  descr ipt ion of chromium sulfide, 
format ion  of the  scale is expected to be control led by  
meta l  diffusion v ia  vacancies in the  Cr +2 sublat t ices.  
The re la t ionship  be tween  the parabol ic  r a t e  constant  
and sulfur  p ressure  is semi logar i thmic  as shown in 
Fig. 9. The significance of this re la t ionship  can be as-  
sessed f rom equat ions  der ived  by  Wagner  (17) to de-  
scribe the  diffusion of meta l  from a b ina ry  a l loy 
th rough  its scale consisting of a t e rna ry  solid solution 
undergoing parabol ic  g rowth  in t e rms  of the  meta l  
diffusivities, the  composition, and the ac t iv i ty  g ra -  
dients. His f i r s t -order  different ia l  equat ion expressing 
these pa rame te r s  in te rms of the  parabol ic  ra t ional  
ra te  constant  for g rowth  of a N i - C r - S  solid solution 
layer  exhibi t ing  ideal  or Henr ian  solution behavior  
would  be (18) 
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Fig. 8. SEM micrographs of the external scale in the region of stringers showing the stringers at grain boundaries and the Hi, S, and Cr 
composition mops. Magnification • 3500. 

DNi(1 -- e) ( d In asi($)~e d~de J- ZNIzs_____ dlnaS)dy 

( dlnacrcs, d, Zcr dlnas) 
+ Dcr~ b, dy + Zs d-----~ =/W [1] 

where  Dcr and DNi are  the me ta l  self-diffusion co- 
efficients, 1 - -  , and e a re  the  local concentrat ions  of 
n ickel  and chromium cat ions in equivalents ,  Z and 
a r ep resen t  an  appropr ia te  va lency and activity,  y 
is the  f rac t ional  dis tance x/xs where  x ,  is the  to ta l  
scale thickness,  and kr is the  parabol ic  ra te  constant  
in eq . /cm sec. This equat ion can be appl ied  to the  
present  resul ts  b y  assuming that  the  chromium sul-  
fide scale is a phase exhib i t ing  continuous ac t iv i ty  
gradients  for the diffusing species and tha t  the  above-  
expressed  meta l  self-diffusivi t ies  act as appropr ia t e  
average  self-diffusion coefficients for  total  scale 
growth.  

Cer ta in  assumptions  can be made  about  severa l  
of the pa rame te r s  in Eq. [1] f rom the  scale composi-  
tions. Firs t ,  the composit ions and hence the  ac t iv i ty  
grad ien ts  for the  n ickel  and chromium sulfide con- 
s t i tuents  of a scale exhibi t  ve ry  l i t t le  var ia t ion  wi th  
respect  to the  much l a rge r  sul fur  ac t iv i ty  gradient .  
Second, the  n ickel  concentrat ion in the  scale is ve ry  
smal l  [ < 5  a /o  (a tom pe r  cen t ) ]  so tha t  the va lue  of 
, can be app rox ima ted  to unity.  Equat ion  [1] m a y  then  

be wr i t t en  as 
zcr d In as 

IZsl d~ 
which corresponds  to the  express ion for  the  p a r a -  
bolic ra t iona l  ra te  constant  descr ibing g rowth  of a 
b ina ry  sulfide l aye r  on a pu re  me ta l  (19). 

Equat ion  [2] is p laced  in  the form 

dkr e Zcr 
-- -- Dcr [3] 

d-in Psz - 2 (zs( 

since the s lope of the plot  for  the  parabol ic  r a t e  con- 
s tant  vs. In Ps~ is p ropor t iona l  to the  chromium di f -  
fusion coefficient. This slope (Fig. 9) gives a va lue  
of 1.5 • 1 0 - n  cm2/sec for the diffusivi ty of ch romium 
in the  chromium sulfide scale. 

The above analys is  is bu t  a first approx ima t ion  to 
a complex  react ion.  I t  enables  one, nevertheless ,  to 
obta in  an evalua t ion  for an average  chromium self-  
diffusivi ty  in the scale for compar ison  to tha t  for the  
alloy. Since the  phase changes be tween  chromium 
sulfides a re  first order  (15), the  composi t ion profiles 
at the phase boundar ies  are  discontinuous.  Unfor tu -  
na te ly  the  resolving power  of the  e lec t ron probe was 
insufficient to define these composi t ional  changes. The 
constant  va lue  obta ined  for the  chromium diffusivi ty 
over  the su l fur  pressure  range  examined  demon-  
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Fig. 9. Semilogarithmic plot of the Imrabolic sulfidatian constants 
vs. the sulfur pressure in the H2-H2S atmospheres. 

strates that  this metal  gradient  and consequently the 
cation vacancy gradient  across the scale was not 
strongly dependent  on sulfur  activity. This finding is 
consistent with the observations that (CrNi)3S4 was 
the fastest growing phase since pure Cr3S4 possesses 
an  intrinsic disorder (8 ---- 3.3 • 10 -~) equal to one-  
th i rd  of its total possible nonstoichiometric disorder. 

The diffusivity of chromium in a Ni-19.9 w/o  Cr 
alloy has been investigated by Monma and co-workers  
(20) and at 700~ a value of 1.5 • 10 -15 cm~/sec has 
been obtained. This is four orders of magni tude  
smaller than the value estimated for chromium dif- 
fusivity of the scale. These diffusion results can be 
used to examine the theoretical instabi l i ty  criteria for 
a p l ana r  interface of a b inary  alloy dur ing its sulfida- 
tion advanced by Wagner  (21). He established that  
the necessary but  insufficient condition for instabi l i ty  
i s  given by  

X c r  ( D c r / V )  alloy 
< 1 [4]  

1 - -  Z c r  ( D c r / V )  ~ulfide 

where Xcr is the chromium mole fraction in the bu lk  
alloy, and the terms in parentheses refer to the dif- 
fusivities and molar volumes of the alloy and chro- 
mium sulfide phases. The value of the above ratio 
from the results of this investigation is ~,10 -5 which 
demonstrates  as was found that morphological devel-  
opment  of the external  scale led to a very i r regular  
alloy interface. 

Since subscale penetra t ion also obeyed parabolic 
kinetics, the diffusivity of sul fur  in the alloy can be 
estimated from a relationship deduced by  Wagner  
(22) between the volume fraction of the in ternal  pre-  
cipitates and the diffusivities. If the depth of subscale 
penetra t ion and the distr ibution of the chromium sul- 
fide particles are determined by outward diffusion of 
chromium and inward diffusion of sulfur, the volume 
fraction of chromium sulfide ~ is given to a l imit ing 
approximation by 

,. x c . ( � 8 8  
-- "E X s  o .lloy 

Here, ~ and Ds are the metallic interdiffusion co- 
efficient and the sulfur diffusivity in  the alloy, re-  
spectively, and Xs o is the sulfur  solubil i ty in the alloy 
taken to be equal to that  for pure nickel. The volume 
fraction was approximately  30% and the solubil i ty 
of sulfur is the order of 30 ppm (11). This t reat -  
ment  yields Ds ~ 10 - n  cm2/sec which can be com- 
pared to the value of chromium diffusivity quoted 
previously ,-10 -15 cm2/sec. Thus sulfur diffusion in 
the alloy is several orders of magni tude  faster than  
the counter  diffusion of chromium which meets the 
condition for in terna l  precipitation of chromium sul-  
fide. Since the subscale has a vague dendrit ic ap-  
pearance with the formation of large i r regular  par -  
ticles at the alloy grain  boundaries,  these boundaries  
acted as preferred sites for nucleat ion and growth of 
chromium sulfide. 

A study of the scale compositions shows that the 
stoichiometry of the te rnary  chromium sulfides ob-  
ta ined exist at lower sulfur  pressures than  expected 
from the b inary  equi l ibr ium study (15). The com- 
positions nearest  to the outer edge of the scales as ob- 
tained by the microprobe were used for this com- 
parison since these values are most closely related to 
those for equi l ibr ium with the determined sulfur 
pressures in the H2-H2S atmospheres. It  appears that  
the presence of nickel in the scales in quanti t ies up 
to 5 a/o has the effect of stabilizing the chromium sul- 
fides by lowering their  dissociation pressures. It  is 
known that  the presence of chromium in nickel sul-  
fide has this effect (5). In  order to i l lustrate this be-  
havior, the Ni-Cr-S  isothermal phase diagram for 
700~ due to Kirka ldy  and co-workers (9) has been 
converted into a tenta t ive  phase diagram of sulfur 
pressure vs. metal  composition. The result  is given in 
Fig. 10. In this diagram, the te rmina l  phase composi- 
tions are known to a good degree of cer ta inty  from 
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the phase  d iagram s tudy but  the  sulfur  pressures  for  
s tabi l i ty  of the phases are  only of qual i ta t ive  signifi-  
cance since they  are  approximat ions  from the  com- 
posit ions of the  ch romium sulfide found in the  scales 
at  the di f ferent  sulfur  pressures  under  kinet ic  g rowth  
conditions. I t  would appear  therefore  tha t  n ickel  sol-  
ub i l i ty  in  a chromium sulfide phase, or v ice-versa ,  de-  
creased the sulfur  pressures  at which the  var ious  t e r -  
na ry  sulfide phases are  s table  re la t ive  to those pres -  
sures for the pure  b ina ry  compounds.  

This representa t ion  of phase  equi l ibr ia  at  7O0~ sug- 
gests severa l  composi t ional  factors r e l evan t  to the 
morphological  deve lopment  of the react ion product .  
I t  has been found that  the scales consisted essent ia l ly  
of ch romium sulfide except  at  severa l  gra in  bound-  
aries where  an addi t ional  phase as s t r ingers  ex tended  
f rom the  t ips of the  i r r egu la r  a l loy interface.  Repre -  
senta t ive  composi t ional  paths  are  shown in Fig. 10 
which are  in qual i ta t ive  accordance wi th  the e lect ron 
microprobe  resul ts  for composit ions at  these regions 
of the scale and  subscale.  Pa th  (a) corresponds to 
composit ions in  the  ma jo r  regions of a scale. This 
pa th  is shown to cut  the  (a l loy ~- CrSx) phase  field 
at increasing sulfur  pressure  in order  to account for 
the in terna l  format ion  of ch romium sulfide par t ic les  
as a subscale. A large  sulfur  ac t iv i ty  grad ien t  subse-  
quent ly  occurs across the chromium sulfide phase 
fields of the ex te rna l  scale. Format ion  of the  (N iCr )S  
str ingers,  however,  impl ies  that  this  composi t ional  
pa th  at the  regions of these s t r ingers  would be dis-  
placed toward  the nickel  side of the  diagram.  If  the  
al loy tips could be deple ted  of chromium to app rox i -  
ma te ly  1 a/o, a composi t ional  pa th  for these  regions 
would  possibly  pass th rough  the ( l iquid + CrSx), 
(Ni3S2 + CrSx), (NiS + CrSx), and (NiS +Cr2S3) 
phase fields. This behavior  which is shown by  the 
composi t ional  pa th  (b) would account for s t r ingers  
which, at  the react ion tempera ture ,  would  exist  as 
l iquid in contact  wi th  the  solid al loy and they  would  
extend d i rec t ly  f rom the  a l loy tips. This l a t te r  con- 
s idera t ion  appeared  to be the  case. The str ingers,  how-  
ever, did not measurab ly  increase the sulfidation r a t e  
because they  exis ted  as solid at the h igher  sulfur  ac-  
t ivi t ies  wi th in  the  ma jo r  por t ion of the ex te rna l  scale. 
A more  deta i led account cannot  be given for these 
phenomena  due to the l imi ta t ions  of the  techniques 
for chemical  analyses  of the  phases of small  spat ia l  
extent .  I t  has been possible to demonstra te ,  no twi th -  
standing,  that  this  behavior  of the  s t r ingers  is differ-  
ent  than  in a sulfidation example  at  the h igher  t em-  
pe ra tu re  of 850~ where  it was found tha t  the  forma-  
tion of comple te ly  l iquid  nickel  sulfide s t r ingers  was 
associated wi th  enhanced sulfidation and rap id  degra -  
dat ion of a Ni -Cr  a l loy (6).  

The resul ts  f rom this invest igat ion m a y  be  com- 
pared  to those prev ious ly  obtained upon exposing a 
Ni-20 w/o  Cr al loy to H2-H2S a tmospheres  suppor t ing  
higher  sulfur  pressures  at  700~ (5).  A t  pressures  
grea te r  than  8 X 10 - s  a rm a superficial  l aye r  of 
nickel  sulfide was formed on the chromium sulfide 
layer.  Both of these layers  g rew by parabol ic  kinet ics  
wi thout  subscale format ion  and deve lopment  of an 
i r regu la r  a l loy  interface.  Consequent ly  these l a t t e r  
fea tures  can be avoided in the  sulfidation of a Ni-20 
w/o  Cr al loy when there  is an outermost  l ayer  of 
nickel  sulfide to act as a s ink for nickel  and subse-  
quent  r ap id  inward  d isp lacement  of the  a l loy-sca le  
interface.  

Summary 
Sulfidation of a Ni-2O w/o  Cr a l loy at  700~ in 

H2-H2S a tmospheres  suppor t ing  sulfur  pressures  for  

format ion  of chromium sulfide proceeded by  parabol ic  
kinetics. Chromium sulfide appea red  as an ex te rna l  
scale and subscale accompanied by  morphologica l  de -  
ve lopment  of an i r r egu la r  a l loy interface.  The p a r a -  
bolic ra te  constant  var ied  semi logar i thmica l ly  wi th  
sulfur  pressure  and the react ion processes were  gov-  
erned by  the diffusion rates  of chromium in both the 
ex te rna l  scale and al loy and sulfur  in the  alloy. The  
average  self-diffusivi ty  of chromium in the scale, 
1.5 • 10 -11 cm2/sec, was of the same magn i tude  as 
the sulfur  diffusivi ty in the alloy, ,~10 -11 cm2/sec, but  
four  orders  of magn i tude  la rger  than  the chromium 
diffusivi ty in the alloy. These re la t ive  values  for the  
diffusivities satisfied theore t ica l  considerat ions for 
format ion  of a scale and subscale wi th  s imul taneous  
deve lopment  of an i r r egu la r  a l loy interface.  An  ex-  
p lanat ion  was also given for the  format ion  of (N iCr )S  
s t r ingers  at gra in  boundar ies  in the  chromium sulfide 
scale by  reference to the t he rmodynamic  stabi l i t ies  
of the var ious  t e r n a r y  meta l  sulfide phases. 
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ABSTRACT 

The presence of mobile  sodium ions in SiO~ films, t he rma l ly  g rown on sil i-  
con, can lead to t ime-dependen t  conduction and subsequent  dielectr ic  b r e a k -  
down. When  this occurs, it  wi l l  be shown tha t  anomalously  high ( ten orders  
of magni tude)  electronic currents  can result ,  p r e sumab ly  because of a modifi-  
cat ion of the shape of the  in jec t ing  barr ier ,  due to the  high electr ic field 
c rea ted  by  the  presence of the  uncompensated  posi t ive charge.  The t ime  (t)  
r equ i red  to b reak  down the SiO2 film under  an appl ied  field (E) was found to 
approx ima te  the  empi r ica l ly  known Peek ' s  law relat ionship,  i.e., E cc t-1/4. 
Moreover,  it  wil l  be demons t ra ted  that  field enhancement  in the  oxide due to 
space charge  effects provides  the fundamenta l  b reakdown mechanism. Capaci-  
t ance-vo l tage  measurements  of the  silicon f la tband vol tage were  used to 
de te rmine  the  in t e rna l ly  c rea ted  field, and t he r e by  to demons t ra te  tha t  b r eak -  
down occurred when  the  to ta l  field reached the b reakdown s t rength  of the  film. 
I t  wi l l  be  seen tha t  the l imi t ing t ime before breakdown,  wi th  sodium-con-  
t amina ted  samples, corre la tes  wi th  the kinetics of ionic motion, e.g., i t  
exhibi ts  the  same act ivat ion energy  and varies  roughly  as the square of the 
oxide thickness. The other  s ta t is t ical  var ia t ions  in b reakdown  t imes can be 
quan t i t a t ive ly  a t t r ibu ted  to defects  present  in the s tar t ing oxide films. 

Despi te  the  high re l i ab i l i ty  of so l id-s ta te  semicon-  
ductor  devices, increas ing re l i ab i l i ty  requirements ,  
pa r t i cu la r ly  for l a rge  MOSFET m e m o r y  arrays,  make  
a thorough unders tand ing  of any  t ime -dependen t  de -  
te r iora t ion  mechanism necessary.  Since the gate  oxide  
region of an FET is no rma l ly  subjec ted  to electr ic  
fields approaching  one- four th  of the  intr insic  b r e a k -  
down s t rength  of SiO2 (i.e., ~ 9 m V / c m ) ,  i t  is sub-  
ject  to dielectr ic  breakdown.  I t  has been known for 
some t ime tha t  mobi le  ions (1) can be responsible  
for threshold  vol tage shifts over  a per iod  of t ime;  
nevertheless ,  l i t t le  work  has focused on the influence 
of mobile  ions on the dielectr ic  in tegr i ty  of t h e r m a l l y  
grown SiO~ films. Recently,  Ra ider  (2) found tha t  
mobile  ions can be responsible  for t ime-dependen t  
dielectr ic  breakdown.  

Severa l  recent  papers  (3-9) have  been concerned 
wi th  the  dielectr ic  b r e a k d o w n  of SiO2 layers  on t h e r -  
ma l ly  grown Si. Wide  var iabi l i t ies  in b reakdown  
s t rength  across a Si wafer  were  usua l ly  observed and 
a t t r ibu ted  to oxide defects. Various  mate r ia l s  and  
processing pa rame te r s  were  tes ted  to de te rmine  the i r  
influence on defects. Fo r  example ,  sodium con tamina-  
t ion was in t roduced dur ing  oxide g rowth  in one s tudy 
(7), but  it  d id  not  increase the defect  densi ty  a l though 
it  d id  lower  the  m a x i m u m  b reakdown  strength.  Un-  
for tunate ly ,  however ,  ve ry  l i t t le  a t ten t ion  has been 
di rec ted  in the  ear l ie r  work  to the  t ime dependence  
of b r eakdown  in r e l a t ive ly  defec t - f ree  SiO2 films, 
such as would  be p resen t  in high qual i ty  MOSFET 
devices. Wor th ing  (5) r epor t ed  a t ime-dependen t  
b reakdown  mechanism in MOS s t ructures  for  silicon 
b iased  nega t ive ly  and an intrinsic,  t ime- independen t  
mechanism for silicon positive.  The b r eakdown  t ime 
for  Si ( - - )  fol lowed an  empir ica l  Peek ' s  l aw re l a t ion -  
ship, i.e., E oc t-zz4, whe re  t is the  t ime to b r eakdown  
at  field E; this  t ime  dependence  is the  same as tha t  
observed ea r l i e r  by  Ra ider  (2) in sodium con tami -  
na ted  SiO2 films. Other  work  (4, 6-8) has fai led to 
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find this Peek ' s  law behavior  in high qual i ty  oxides. 
A second t ime-dependen t  b reakdown  mechanism,  (i.e., 
one tha t  could not be descr ibed wi th  Peek ' s  law) was 
first observed expe r imen ta l ly  by  Raider  (2). I t  was 
la te r  descr ibed by  DiStefano (9) in te rms of a b a r r i e r -  
height  lower ing which  leads to b reakdown as a resul t  
of Na ion bui ldup at the  Si/SiO2 interface.  This ba r -  
r ie r  lower ing is s imi lar  to work- func t ion  lower ing 
which occurs wi th  Cs on Si [see Ref. (9)]  and leads 
to b r eakdown  t r iggered  by  excessively high cur ren t  
in SiO2. 

This paper  focuses more  ex tens ive ly  on the  effect 
of sodium ions on the t ime dependence  of SiO~ b r e a k -  
down as wel l  as the  b r eakdown  mechanism.  P r i m a r y  
considerat ion is given to the  high in te rna l  fields (10) 
that  can be associated wi th  uncompensa ted  charge 
in the SiO~. I t  is shown that  Wor th ing ' s  resul ts  can 
be expla ined  by  the mot ion of ions in the  oxide. 

Experimental Procedure 
Meta l -ox ide-semiconduc tor  capaci tors  were  fabr i -  

cated on 2 ohm-cm, p -  and n- type,  ~ l O 0 > - o r i e n t e d  
silicon wafers.  The wafers  were  u l t rasonica l ly  c leaned 
using NH4OH-H202, HC1-H202 (11), and  H F  solu- 
tions, while  the  quar tz  g lassware  was etched wi th  
HNO3-HF. Oxides  were  grown from 200 to 2000A 
th ick  at 1000~ in d ry  oxygen;  the oxide  thicknesses 
were  measured  e l l ipsometr ical ly .  

Contaminat ion  was in t roduced by  evapora t ing  a 
smal l  amount  of NaC1 onto the  f reshly  oxidized sur -  
face. To complete  the  capacitors,  300OA th ick  a lumi -  
num dots (32 mi l  diam) were  evapora ted  th rough  
meta l  masks  in a clean evapora t ion  system, and the 
wafers  were  then annea led  for 30 rain at  4O0~ in 
d ry  ni trogen.  Samples  p repa red  in this fashion had  
mobi le  charge densit ies  f rom 1011 to 10ZS/cm 2, as 
measured  by  the cha rge - t ime  (Q- t )  technique  (12). 
Al though  films having such high mobile  Na contami-  
nat ion levels  a re  not acceptable  for technological  ap-  
plications,  local ly  high sodium concentrat ions  may  be 
presen t  even though the  average  level  is low. Control  
wafers  typ ica l ly  had  mobi le  ion concentra t ions  less 
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t han  5 X 101~ as determined by the capacitance- 
voltage flatband shift method (1). 

Measurements were made of both the t ime to break-  
down and the time dependence of the capacitance- 
voltage fiatband vottage for stressed samples. In  the 
first measurement ,  a constant  voltage was applied to 
an  MOS capacitor dot wi th  the a l u m i n u m  dot biased 
positively. Breakdown was identified by an almost 
ins tantaneous jump in  the current  density to well 
over 10 mA/cm 2. Often current  spikes occurred which 
were general ly  correlated with the appearance of 
small black specks or holes in the capacitor (seen 
wi th  500X magnification) in the a luminum electrode 
and were a t t r ibuted to self-healing breakdown events 
(2). The times at which each breakdown event  oc- 
curred were recorded. Usual ly the MOS capacitor 
would finally short out; this t ime was also recorded. 
Capacitance-voltage measurements  for monitor ing 
ionic drift  have been described previously (1, 12), 
are straightforward, and are not discussed fur ther  
here. 

Results and Discussion 
Conduction.~When a high field (4-8 MV/cm) is 

applied to a contaminated MOS capacitor wi th  the 
metal  electrode biased positively, the current  is ob- 
served ini t ia l ly  to increase with time. If the con- 
taminat ion  level or the applied field is high enough, 
breakdown occurs after a given period of t ime  has 
elapsed. When the applied field is low enough so that  
breakdown does not occur, the current  reaches a 
max imum and then decays with t ime as shown in 
Fig. 1. Curren t  densities up to 150 m A / c m  2 have been 
observed in 1000A thick films. The cur ren t  observed 
here is much too large to be explained by ionic mo-  
tion and is a t t r ibuted to enhanced electron injection 
into the oxide as a result  of the high in terna l  field 
created by the ions. The time at which the current  
max imum occurs as well as the max imum current  
density are shown as functions of applied field in 
Fig. 2. 

The t ime dependence of this current  through an 
SiO2 film contaminated with sodium ions (viz., Fig. 
I) can be explained by the variat ion of the tunne l ing  
distance with the position of the sodium sheet (13) 
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Fig. I .  Current through a Na+-contaminated, 2000A Si02 film 
as a function of time. 
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(Fig. 3). In  the absence of ionic effects, room tem- 
perature conduction through SiO2 has been shown 
(8, 14) to take place via a Fowler-Nordheim tunne l ing  
mechanism in  which conduction electrons from the 
inject ing electrode (silicon in  the case of Fig. 1) t un -  
nel through a t r iangular -shaped potential  barr ier  
into the oxide conduction band. The slope of the oxide 
conduction band  forming the barr ier  is given by  the 
in te rna l  electric field. The tunne l ing  distance (dT) 
is determined by  the barr ier  height (~) and the ap-  
plied field (E) when  no charge is present  in the film. 
The effect of the electrically uncompensated sheet 
of positive charge in  the oxide is to reduce the t un -  
nel ing distance by increasing E in ternal  near  the Si. 
As seen in Fig. 3, the F-N barr ier  thickness becomes 
progressively smaller  as the charge sheet penetrates 
the oxide unt i l  it is almost to the Si/SiO2 interface 
(25A away, estimated using the system parameters  
for the case considered here) .  Once the charge is lo- 
cated less than the tunne l ing  distance away from the 
silicon, fur ther  charge motion actual ly increases the 
tunne l ing  distance. When all of the charge is at the 
Si/SiO~ interface, the tunne l ing  distance is the same 
as if the charge were at  the metal/SiO2 interface. Cal- 
culations (10) (neglecting s t ra in  energy) do show 
that the equi l ibr ium position for sodium ions (1013/ 
cm 2) under  even low bias (1 MV/cm) is less than  5A 
from the silicon. Accordingly, the shape of the cur-  
r en t - t ime  plot (Fig. 1) can be now understood: the 
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small peak (at --  30 sec) is caused by ion motion; 
the large max ima  at 1000 sec is developed as the tun-  
nel distance min ima  is reached; and, the slow current  
decay at longer times take place as the charge sheet 
reaches the SiOg./Si interface. The rapid current  in -  
crease followed by a slow decrease mus t  then reflect 
rapid motion of charge through the bu lk  of the film 
followed by slower motion near  the interface. 

It  should be noted that  al though high (0.1 A / c m  2) 
current  densities have been observed in  these con- 
taminated capacitors, the current  levels expected with 
a space-charge l imited mechanism are much higher 
(,~ 105 A/cm~ assuming an electron mobil i ty of 1 cm2/ 
V-sec),  and electrode-l imited conduction is still seen 
here. Samples that  were immersed in l iquid ni trogen 
at the peak of the current  t ime curve (Fig. 1) con- 
t inued to show the very  high conduction level. The 
current  was reduced by only a factor of five which 
would correspond to an activation energy less than  
0.02 eV. From this unreasonably  low energy it can 
be concluded that  the conduction mechanism at the 
highest cur ren t  levels remains  Fowler-Nordheim tun-  
nel ing which is only weakly  tempera ture  dependent  
(8, 14). Thermal  runaway  leading to breakdown was 
not observed al though runaway  would be l ikely for 
current  densities above 1 A/cm 2. 

Dielectric b r e a k d o w n . - - W h e n  the field is high and 
breakdown does occur, the t ime to b reakdown is de- 
termined by the field applied, the contaminat ion level, 
the oxide thickness, and the measur ing temperature.  
Figures 4 and 5 give typical breakdown field vs. 
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breakdown t ime characteristics; the data reasonably 
describe the equation EBD ---: Eo -}- at -1/4. This Peek's  
law dependence for SiO2 films on Si was empirically 
observed first by Worthing (5) and was a t t r ibuted 
to conduction and thermal  instabi l i ty  ra ther  than mo- 
bile ions at that  time. It  should be noted that each 
point in Fig. 4 or 5 represents  the longest t ime ob- 
served when a reasonably large sampling, 10-20, of 
identical ly prepared and stressed capacitors are al-  
lowed to break down. Often breakdown would occur 
earlier if a defect were present  in  the oxide; accord- 
ingly, thin metal  electrodes were used so that  these 
randomly  occurring, early breakdown events would 
recover by the we l l -known self-heal ing breakdown 
process (3). The rate  of these breakdown events 
would increase with t ime unt i l  final shorting oc- 
curred, with total destruction of the capacitor. The 
times for final shorting (in Fig. 4 and 5) are the maxi -  
m u m  ones that will  elapse before breakdown, and are 
believed to be representat ive of uniform, defect-free 
SiO2 films. An  actual  FET device would suffer a fai l-  
ure in less time. The early breakdowns are scattered, 
of course, but  they do general ly follow the same be-  
havior as the l imit ing times shown in Fig. 4. A cor- 
relat ion of the l imit ing or longest t ime to breakdown 
was made to the t ime for the current  maxima  (viz., 
Fig. 1). Actual  breakdowns were seen both before the 
peak (i.e., when  the cur ren t  was increasing with 
t ime) was reached and after the peak. However, the 
l imit ing breakdown t ime was seldom greater than  the 
t ime for the current  maximum.  It should be empha-  
sized that the f ie ld-enhancement  type of breakdown 
occurred before all the sodium drif ted to the Si/SiO2 
interface. 

The effect of oxide thickness on the t ime- to -b reak -  
down relationship is shown in  Fig. 4 while  the effect 
of measur ing temperature  is given in Fig. 5. In each 
case we find a common intercept, that is a field below 
which breakdown does not occur regardless of the 
tempera ture  or oxide thickness. The t ime to break-  
down varies almost as the square of the oxide thick- 
ness while Fig. 6 indicates that it is also thermal ly  
activated in the tempera ture  range studied. 

These results can be explained in terms of the in-  
ternal  field created by the presence of the charged 
ions. The electric field in the oxide at the SiO2-Si 
interface (Esi) at any  t ime is given by  
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~VFB ( t )  
ESt( t )  = Eappl -]- - -  [1] 

dox 

where Eappl is the applied field, AVFB(t) is the Si 
flatband voltage shift at t ime t, and dox is the oxide 
thickness. The term AVFB (t) is seen to be (1) 

1 ~X=dox 
AVF B(t)  --- ~ q ( x ,  t)  x d x  [2] 

where ~ is the oxide dielectric constant  and q(x)  is 
the charge density at the position x in  the oxide. The 
point x : o corresponds to the oxide surface, and 
x : dox corresponds to the silicon-SiO2 interface. If 
only positive charge is present in the oxide, the 
max imum in terna l  field is that at the Si/SiO2 in te r -  
face and is given by Esi in Eq. [1]. 

An applied field can shift the mobile charge even 
at room temperature.  As the sodium ions drift under  
the applied field toward the silicon, the fiatband 
voltage becomes larger, resul t ing in an increase in 
the oxide field near the silicon. When Esi exceeds the 
max imum breakdown strength of the oxide (Emax), 
breakdown occurs [see Ref. (7) for the dependence 
of Emax on oxide thickness and Si doping]. The maxi -  
m u m  field enhancement  occurs when  all of the sodium 
is near  the silicon in which case Eq. [2] reduces to 

Qdox 
AVFB --" ~ [3] 

e 

where Q is the total  amount  of sodium/cm 2 present. 
Breakdown will not occur at all with this model when 
the max imum breakdown strength (Emax) satisfies 

Q 
Emax ~> Eappl + ~ [4] 

As an example when  Q is 1013 N a + / c m  2, Q/e becomes 
4.6 MV/cm; for a 1000A SiO2 film Emax is 9 MV/cmL 
Thus breakdown should not occur for applied fields 
less than  9 -- 4.6 : 4.4 MV/cm. 

Based on the above findings, the essential condition 
needed to cause breakdown in these systems can be 
wri t ten  as 

AVFB (tBD) 
Emax = Eappi -~- ~'~] 

dox 
where Emax is a funct ion of oxide thickness and Si 
doping. This relat ionship was verified, wi thin  experi -  
menta l  error, for a wide range of controlled sodium 
levels from 1012/cm 2 to 10~5/cm 2, over the tempera-  
ture interval  from --25" to ~-75~ and SiO2 thick-  
nesses from 200 to 2000A. For example, by using a 
contaminat ion concentrat ion of 2 • 10 TM N a + / c m  and 
a 1000A thick SiO2 film stressed with a nominal  60V 
potential, it was seen that the dependencies of the 
flatband voltage shift and of the t ime to breakdown 
activation energies for Na + drift and oxide break-  
down are essentially the same. See Fig. 6. In  light 
of the sample- to-sample  var iabi l i ty  of most break-  
down results which wil l  be discussed shortly, this 
agreement  to wi th in  2 kcal /mole  must  be considered 
quite good. 

Although the experimental  data fit the empirical  
Peek's  law relationship well, the fundamenta l  re la-  
t ionship governing the above behavior is given actu- 
al ly by Eq. [5]. The flatband voltage shift is a com- 
plicated funct ion of the init ial  sodium concentration, 
temperature,  and the field. Furthermore,  the rate of 
fiatband voltage shift is subject to considerable 
changes over a period of t ime and is still not com- 
pletely understood. In  view of this complexity it is 
not  possible to obtain a simple E~,pl vs. ~ equation. 
The simplest expression arises when  log AVFB/~/t is 
proportional to the field as seen in one segment  of 
Fig. 8 and is more ful ly explained in the section on 

Sodium drift. With this proportionality,  it can be 
shown that  the l imit ing t ime to breakdown, tBD max iS 
given by 

tBDmax= [ Emax--EaPpl  ] 2 

where K and k come from the intercept and  slope, 
respectively, of the log hVFD/~/-t VS. E plot. Although 
Eq. [6] is too restrictive and complex to be very use- 
ful, it is more fundamenta l  than Peek's law. 

A considerable amount  of var iabi l i ty  in the results 
was observed. As ment ioned earlier, breakdown 
events do occur at t imes considerably shorter than the 
l imit ing times presented here and these short t ime 
failures are the most impor tant  ones for actual devices. 
Only the process of self-healing, whereby the elec- 
trode above weak spots is vaporized, allows us to 
determine the l imit ing time. If the electrode metal iza-  
t ion is too thick or if an oxide defect is large, shorting 
occurs dur ing a breakdown and gives a t ime which is 
shorter than  the l imit ing time. This phenomenon made 
it difficult to obtain data that had little scatter. Because 
of it, minor, but  expected, deviations from an exact 
Peek's law behavior  could not be seen. 

Al though the occurrence of b reakdown after  the 
current  has reached a m a x i m u m  is rare, i.e., in about 
1% of the capacitors tested, it is significant in  formu-  
la t ing the details of the breakdown model. Electronic 
breakdown in SiO2 has been postulated previously 
(8) to occur via collision ionization: injected electrons 
gain sufficient energy from the electric field to ionize 
centers in the oxide. With Fowler-Nordheim injected 
electrons, the first possible ionizing collision occurs 
at a distance of about ~ -b dw where ~ is the  mean  
free path and dw is the tunne l ing  distance. (Note: the 
electrons do not gain energy dur ing tunnel ing.)  For 
breakdown to occur the high field region must  extend 
that far into the oxide; thus the eentroid of the mobile 
ions must  be at least ~ ~- dT away from the silicon. 
To first order, the tunne l ing  distance is given by the 
barr ier  height, ~b, divided by the field E and is min i -  
mized when the centroid of the mobile charge is lo- 
cated at dT and thereby results in the current  maxima. 
Thus it is argued that ionization and breakdown from 
Fowler-Nordheim injected electrons would occur be-  
fore the current  peak was reached. Electrons injected 
over the top of the barr ier  (Schottky emission), on 
the other hand, do not have this restriction. If the 
mean  free ~ath of these electrons is less than  the 
tunne l ing  distance, then breakdown can take place 
after the current  peak has occurred. Our data indeed 
show that the conditions required for breakdown to 
be substant ia l ly  later  than the current  peak also re-  
sults in a Fowler-Nordheim tunne l ing  dis,tance (given 
by the barr ier  height divided by the field) that is 
35-50A and hence longer than the reported mean  free 
path of 34A (15). 

When the a luminum was biased negat ively no time 
dependent  conduction or breakdown was observed. 
The sodium contaminat ion was introduced just  before 
metalization. Negative bias would keep the Na in 
place where  it would not enhance the applied field. 
If the contaminat ion was uni formly  distr ibuted 
through the oxide, a t ime dependence would be ex- 
pected. 

Sodium dr/ f t . - -The breakdown time dependence 
can be explained from the kinetics of the flatband 
voltage shift. Mobile ion drift  in SiO2 films has been 
extensively examined (1, 16-20); however, a com- 
plete characterization of the drift  process has never  
been presented, par t icular ly  at room tempera ture  and 
for high auplied fields. Figure 7 presents a typical  plot 
of the capacitance-voltage flatband shift as a funct ion 
of t ime and auplied field at room temrera ture .  When 
the flatband voltage shift is small  compared to the 
total possible flatband shift, the voltage shift varies 
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Fig. 7. Capacitance-voltage flatband shift as a function of time 
and applied voltage. 

as the  square  root  of t ime. Snow et al.  (1) a t t r ibu ted  
thei r  kinetic  resul ts  to a f ie ld- f ree  bounda ry  l aye r  
whi le  Hols te in  (16-17) showed tha t  the dr i f t  could 
be t te r  be exp la ined  in t e rms  of sodium emission f rom 
in ter fac ia l  traps.  If  the t rapp ing  band is less than  few 
kT  wide, then  a l inear  AVFB VS. A/'{ plot  would  be 
expected for  short  times. Other  w o r k  has suppor ted  
the model  of sodium release  from t raps  (18-19). F ig -  
ure 8 gives the  slope of the hVFB VS. ~/'{" curves as a 
funct ion of appl ied  field. Eldr idge  and K e r r  (20) have  
expla ined  the field dependence  of the f la tband shift  
due to Na + ions dr i f t ing  th rough  phosphosi l icate  
glass-SiO~ films in te rms of the  lower ing  of the ba r r i e r  
of a potent ia l  well.  They found 

AVFB ( t )  0r ~/ t -exp { ( - - r  + q E W / 2 ) / k T }  [7] 

where  ~ is the depth  of the potent ia l  wel l  and W is 
i ts  width.  The field dependence  seen in SiO2 films 
wi thout  PSG does show log AVFB/X/{ CC E over  a seg-  
ment  of the  da ta  but  not  over  the  ent i re  field range.  

25% 
I100 ~, SiO 2 

, o -  No+/cm ;" /-I- / 
6 x j0'4^ / o 

/ .o.~ / /.+ / / 
, /  o / x  ' ' -x" 
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Fig. 8. Capacitance-voltage flatbond shift as a function of field 
for different Na + contamination levels showing apparent changes 
in Na + drift mechanism. 

As Fig. 8 shows, two line segments  do a reasonable  
job of approx imat ing  the data. Thus these dr i f t  da ta  
might  be in te rp re ted  in t e rms  of sodium emission at 
the e lectrode from two (or more)  different  t rap  levels. 
I t  should be noted tha t  plots of AVFa/N/t VS. E (i.e., 
replacing E by  X/E-in Eq. [7] for the  case where  the 
ba r r i e r  lower ing  is p ropor t iona l  to ~/E-) also show 
two l ine segments.  Wi th  two t rapp ing  levels one 
would expect  a h igher  slope of the  plot  log (AVFB/X/{) 
VS. E at h igher  fields. When  the total  sodium concen- 
t ra t ion  is small ,  (<5  • 1012/cm2) this expected 
change in slope is seen (Fig. 8). 

However  at  the  high fields requ i red  for b reakdown 
to occur in l ight ly  contaminated  films, the kinet ics  of 
Na drif t  become nea r ly  ident ical  for dr i f t  in e i ther  
direct ion (2) suggesting that  it  may  wel l  be at  least  
pa r t i a l l y  control led  by  the bu lk  ra the r  than  the  in te r -  
faces. When sufficient amounts  of Na are  re leased 
f rom interface traps,  one might  expect  motion to be 
diffusion l imited.  This hypothesis  is fur ther  suppor ted  
by  the observat ion that  the  b reakdown  t ime increases 
nea r ly  as the  square of the  oxide thickness.  

The h ighly  contamina ted  samples  ( >  10*3/cm 2) on 
the  other  hand, show slope changes (Fig. 8) in the 
opposi te  direct ion and cannot  read i ly  be expla ined  by  
a dual  t r ap  level  model. The case of high doning is 
pa r t i cu la r ly  in teres t ing since the in te rna l  field due 
to the  ions can be  signif icantly grea te r  than  the ap-  
pl ied field. In  addi t ion  for these high contaminat ion  
levels  it  has been observed that  the b reakdown  t imes 
va ry  nea r ly  as the square of the  oxide thickness  (see 
Fig. 4) suggesting a hu lk - l im i t e d  diffusion. A sub-  
s tant ia l  concentra t ion of ions in the oxide could even 
reverse  the  di rect ion of the  field and p robab ly  cause 
ion dr i f t  to cease. Here  the  r a t e - l imi t i ng  step for 
sodium ion motion is p robab ly  not emission from 
t raps  but  r a the r  the necessi ty  for main ta in ing  a posi-  
t ive  electr ic field. Only a minor  sodium concentra t ion 
de~)endence of the dr i f t  would be expected above 
10*3/cm 2 since tha t  concentra t ion could be sufficient 
to reverse  the  direct ion of the  field. When  the amount  
of diffusing sodium is l imi ted  by  the apDlied field, the 
in te rna l  field is smal l  and the concentra t ion gradient  
could become the dr iv ing  force for motion;  thus i t  
is l ike ly  tha t  kinet ics  of sodium motion should be 
s imilar  to those for bu lk - l im i t e d  diffusion. Break-  
down da ta  fu r the r  support  the  model  of f ie ld- l imi ted  
dr i f t  and wil l  be considered later .  In  l ight  of the pres-  
ent  da ta  for high sodium concentrat ions  it seems pos-  
sible then  to account for the  two slopes of the log 
AVFB/~/{VS. E plot  (7 X 10 is and  6 )< 1014 N a + / c m  2 
curves  of Fig. 8):  one segment  (at  low appl ied  field) 
being e lect rode emiss ion- l imi ted  and the other  (at  
high fields) being f ield-l imited.  I t  is apparent ,  how-  
ever, that  the  p rob lem of sodium dr i f t  in SiO2 films 
is more  comvl ica ted  than  prev ious ly  rea l ized and tha t  
considerably  more  w o r k  needs to be done to u n d e r -  
s tand the ion motion. 

For  each point  on the  t i m e - t o - b r e a k d o w n  plo t  (Fig.  
4-5) the  f la tband vol tage shift  can be de te rmined  f rom 
the f la tband vol tage  vs. t ime  curve or a plot  s imi lar  
to Fig. 7 for  the  wafer  under  considera t ion at  the  
t e m p e r a t u r e  of interest .  When  the f ia tband shift  t e rm  
is added to the  appl ied  vol tage to de te rmine  the in-  
t e rna l  field, Esi, a t  the  in terface  as in Fig. 9, it  is found 
tha t  in the region where  b r eakdown  occurs r ap id ly  
(i.e., <1000 sec), the  in te rna l  field at b r eakdown  is 
equal  to the  m a x i m u m  dielectr ic  s t reng th  of th ick  
SiO2. Fo r  longer  t imes (>>1000  sec) before  b r e a k -  
down, the  in te rna l  field is even higher.  These phe-  
nomena can be  qua l i ta t ive ly  accounted for hy  rea l iz -  
ing that  the  high field region near  the Si/SiO2 in te r -  
face u l t ima te ly  becomes ve ry  na r row as the  Na + ions 
reach  the SiO2/Si interface.  In  an ear l ie r  paper  (7), 
one of the present  authors  had  a l r eady  es tabl ished 



1374 J. EIeetrochem. Soc.: S O L I D - S T A T E  SCIENCE AND T E C H N O L O G Y  October 1973 

t (see) 
I0,000 I000 I00 I0 

x.~'f I 7 ~1013 Na+/cm 2 I I00 ~ Si02 
14 -- 2:5=C 

EMA 
(zoo~,\  

12- Si02 ) \ AVFj 
- ~ ESI=EAPPL4 dox 

\ 

I0 - ~ ~  o o..__O 
E MAX, ~ 

~" (>800~ Si02) 
> 8 -  
i,i 

6 

~ o ~  
2 

0 I I I I 
O. I 0,2 0.3 0.4 0.5 

1J/4 (sec) 

Fig. 9. Internal and applied fields in SiO2 at breakdown as func- 
tions of time. The lower curve gives measured breakdown time as a 
function of applled field; the upper curve gives the oxide field at 
the silicon as calculated using C-V data. The maximum dielectric 
strength of thick ( >  800,i0 and thinner (200~,) Si02 ore included 
for reference. 

that  the max imum dielectric s t rength increases very  
rapidly with decreasing oxide thickness for films 

~400A thick. Thus the in terna l  field required to cause 
breakdown increases as the t ime to breakdown i n -  
c r e a s e s  because the oxide thickness of the high field 
region decreases. In  Fig. 9 the m a x i m u m  dielectric 
strengths of 200A thick and >800A thick SiO~ films 
are included for reference. Apparent ly  after 10,000 
sec of mobile ion drift, the effective thickness of the 
high field region is about  200A. 

Variabi l i ty  was seen in the rate of Na + drift. Mea- 
surements  made on different days gave results that  
differed by  a factor of two or three. Although this 
behavior remains  unexplained,  it is surmised that  if 
the diffusion of Na + is l imited by emission from the 
interface ( that  is, controlled by the release of sodium 
from traps at the electrode interface) ra ther  than  bulk  
diffusion limited, changes in humidity,  thermal  his- 
tory, and previous stressing might  result  in  large var -  
iations in the data. 

The effect of total sodium concentrat ion on break-  
down characteristics was recorded dur ing  this work. 
Figure 10 shows the concentrat ion dependence of the 
intercept  and  the slope of a Peek's  law plot. The dotted 
l ine in Fig. 10(a) represents the expected theoretical 
intercept  as computed from Eq. [5] where  AVFB/dox 
is replaced by Q/~ (Q is the total sodium density) and 
the thick oxide l imit  of gm~x (9.2 MV/cm) was used. 
For large sodium concentrations, the intercept was 
higher than  expected. This observation supports the 
conclusion that  the in terna l  field in the oxide can be 
very  high without  causing breakdown if this high- 
field region is narrow. A field of 500 MV/em results 
from 10 TM N a + / c m  ~ inside the oxide; nevertheless,  it 
is indeed possible to move this amount  of charge 
through the film without  causing breakdown. Ap-  
parent ly  the sodium can be concentrated into a n a t -  
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Fig. I0. Sodium ion concentration dependence of Peek's low plot. 
(a) intercept, (b) slope. 

row region even though coulombic repulsion and 
stress effect do not  favor a high concentration. If the 
high-field region is to be nar row dur ing biasing, it 
must  be argued that  the t ransi t  t ime through the SiO2 
should be short compared to the t ime of release from 
traps at the electrode. Otherwise the distance from 
the silicon to the center of charge and hence the 
width of the high-field region becomes substant ial  and 
results in breakdown. 

The high intercept  in Fig. 10 also supports the field- 
l imit ing model for sodium ion motion. Above 1013 
ions/cm ~, the number  of sodium ions that  can move 
through the oxide (and hence the magni tude  of the 
field enhancement)  without  reversing the direction 
of the in terna l  field is controlled more by the applied 
field than  by the surface ion concentration.  Calcula- 
tions with a simple model assuming uniform and sheet 
ion inject ion into the oxide and a un i form ion velocity 
show that the ma x i mum charge injection into the 
film should contr ibute three to four times the applied 
field; hence, a m i n i mum intercept of about 2 MV/cm 
would be expected. A more precise t rea tment  would 
require knowledge of the exact ion profiles as a func-  
tion of time. Data are too l imited to even at tempt  
such calculations; nevertheless,  this e lementary  con- 
sideration provides a qual i tat ive explanat ion of the 
seemingly high intercepts of Peek's  law plots. 

A phosphosilicate glass layer  (400A, 7% P205) was 
added to one oxide film (1000A total thickness) prior 
to sodium evaporation (1014/cm ~) and the breakdown 
t ime-voltage relationship was determined from room 
temperature  to 300~ The improvement  with the 
PSG was quite dramatic. Breakdowns that occurred 
in a few seconds at room tempera ture  in the samples 
without PSG took several hours or did not occur at 
all even at 300~ The intercept  of the Peek's  plot was 
about 2 MV/cm for the control sample at room tem-  
perature  and 5 MV/cm for the PSG sample at 300~ 
at room tempera ture  the PSG sample had an intercept 
of over 7 MV/cm. The temperature  dependence of 
the breakdown time at a fixed field was found to be 
considerab]y less than that of sodium drift seen earlier 
(20). The improvement  in breakdown times seen 

with a PSG layer  is believed to be more accentuated 
than  is the re tardat ion of the flatband shift. I n  the 
extreme case of 6mission-l imited ion motion (where, 
for all  practical purposes, the sodium is either t rapped 
at the metal  interface or is at the Si-SiO2 interface),  
no breakdown should occur. As shown earlier, break-  
down only occurs when  a substant ial  amount  of 
charge is at least 30A away from the Si-SiO2 in te r -  
face. When the sodium is at the interface, breakdown 
must  occur via a mechanism other than simple field 
enhancement .  The discrepancies between control-  and 
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PSG-sample  intercepts as well  as the different t em-  
pera ture  dependencies of sodium drift and breakdown 
time in PSG samples are evidence that  the ion motion 
through a PSG layer  is a bet ter  approximat ion to a 
completely emission-l imited process than  is ion 
motion in a pure SiO= film. 

E~ect o~ deSects.--Statistical measurements  of the 
times to the first b reakdown at constant  voltage of 
an ar ray  of capacitors in a heavily contaminated sam- 
ple are shown in Fig. 11 where the fraction of MOS 
capacitors is plotted as a funct ion of breakdown time 
[Fig. 11 (a) ] .  A very  considerable spread in the times 
was observed. When the breakdown fraction of the 
same data is plotted as a function of t -1/4 [Fig. 
l l ( b ) ] ,  a well-defined peak is seen wi th  a tai l  at 
larger values of t -1/4. By using the Peek's law plot 
to t ransform the ordinate from increments  of t-1/4 to 
increments  of voltage and by de termining  the abso- 
lute in te rna l  field at breakdown for one sample, it 
was possible to calculate the voltage distr ibution of 
breakdown [Fig. l l ( c ) ] .  Details of the t ransforma-  
t ion are given in the Appendix. This calculated dis- 
t r ibut ion was near ly  identical to a breakdown dis- 
t r ibut ion on a control wafer [Fig. l l ( d ) ] .  No signifi- 
cant  difference could be discerned be tween voltage 
distr ibutions either as calculated from the t ime dis- 
t r ibut ion  of breakdown or as measured with a voltage 
ramp on a control wafer [note the differences be-  
tween Fig. l l ( c )  and l l ( d )  re fec t  normal  variat ions 
in distr ibutions as a consequence of using discrete 
intervals  and do not reflect any substant ial  difference 
between the two]. The large variat ions in t ime to 
breakdown are indeed surprising in l ight of the 
t ightly clustered voltage distribution. It  is for tunate  
that  the t ime and the voltage distr ibutions are equiv-  
alent;  nevertheless,  it is obvious that the t ime dis- 
tribtrtion is much more sensit ive to sample variat ions 
than is the voltage distribution. 

Summary 
Mobile Na ions are seen to be responsible for one 

type of t ime dependent  dielectric breakdown in MOS 
structures. Breakdown occurs because of the high 
in te rna l  field associated with the presence of ions in 
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Fig. 11. Fractional occurrence of breakdown as (a) a function of 
time, (b) a function of (time) - U 4 ,  (c) as a function of voltage, 
VBD, (calculated from the time dependence), and (d) as a function 
of voltage, VBD,  On a control wafer. 

the oxide film. As mobile Na ions drift  through the 
oxide, the electric field s t rength at the Si-SiO~ inter-  
face increases. When the field becomes as large as the 
breakdown strength of the oxide, b reakdown occurs. 
The capacitance-voltage flatband shift is a direct mea-  
sure of the field enhancement  at the Si-SiO2 interface. 

The t ime lapse before breakdown in a Na-con tam-  
inated MOS was found to depend on the applied field, 
the contaminat ion level, the oxide thickness, and the 
temperature.  The breakdown t ime-appl ied field rela-  
t ionship was found to approximate the empirical 
Peek's  law (E ~ t ~1/4) al though its more funda-  
menta l  theoretical form is much more complex than 
Peek's law. The contaminat ion level, the oxide thick- 
ness, and the tempera ture  dependence of the break-  
down time correlated with the rate of flatband shift. 
Higher contaminat ion reduced the t ime to breakdown. 
The breakdown time varied almost as the square of 
the oxide thickness and was exponent ia l ly  activated 
by temperature  (14 kcal /mole  from --25 ~ to +75~ 
2 • 1013 Na+/cm2).  

As sodium ions moved through the oxide film of an 
MOS capacitor, the electronic conduction varied with 
time. Electronic current  density increases up to 150 
mA / c m 2 were observed. If the sample did not break 
down, the current  would reach a m a x i m u m  and then 
decay slowly. An analysis (13) showed that  the 
Fowler-Nordheim tunne l ing  distance decreased and 
then increased as ions moved from the metal  to the 
silicon. The mi n i mum tunne l ing  distance (max imum 
in current)  occurred when  the ions were about 25A 
from the silicon. 

The kinetics of sodium drift were measured in the 
process of ver i fying that  the sum of the applied 
voltage plus the flatband voltages shift must  equal the 
breakdown voltage for breakdown to occur. The rate 
of flatband voltage shift (dh~rFB/d~/~l t = 0) was 
found to vary  exponent ia l ly  with the applied field 
over the range of the data. Such a field dependence 
was reported earlier (20) for sodium emission and 
mot ion from traps in  phosphosilicate glass-SiO2 struc-  
tures. To account for all  of the data, however, it  was 
necessary to consider at least two exponent ial  field 
dependencies. In  some cases the results could be ac- 
counted for by consideration of two distinct t rapping 
levels for the sodium. The heavi ly  contaminated case 
could not be explained in  te rms of mul t iple  t rap 
levels. Evidence was seen in this case for a field- 
l imit ing inject ion where inject ion is l imited by the 
necessity of having  the field remain  in  the same direc- 
t ion throughout  the sample. 

Statistical measurements  of the t ime to breakdown 
of contaminated capacitors were made. The previ-  
ously established relat ionship be tween breakdown 
t ime and voltage was used to convert  the t ime-based 
dis tr ibut ion to a voltage-based one. This voltage- 
based dis tr ibut ion was then  compared to a statistical 
dis t r ibut ion of the breakdown voltages of uncon-  
taminated capacitors. Quanti tat ively,  the dis t r ibu-  
tions were essentially the same showing that  the 
capacitors that broke down early were those capac- 
itors that  had low breakdown strengths to begin with. 

The results obtained in  this work are very  similar  
to those of Worthing (5): with A I ( - - )  no t ime de- 
pendence of b reakdown was seen, and wi th  A I ( + )  a 
Peek's  law type of behavior  was recorded. In  view of 
these facts, it  may be possible to a t t r ibute  his results 
to the presence of mobile ions. Ion concentrat ions of 
1018/cm~ (at least locally) could account for Worth-  
ing's results. 

A second breakdown process, which was suggested 
(9) to be the resul t  of bar r ie r  lowering due to sodium 
contaminat ion at the Si/SiO2 interface, requires t imes 
considerably longer than the t ransi t  t ime of the 
sodium through the SIO2. At such long times all of 
the sodium should be near  the Si/SiO2 interface and 
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should not cause f ie ld-enhancement  b reakdown  since 
the  enhanced field region is too na r row to sustain an 
avalanche.  
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A P P E N D I X  

Relationship of Breakdown Time to Ramp Breakdown Field 
Transforming a d is t r ibut ion  of b reakdown  t imes to 

a dis t r ibut ion of b reakdown  fields requires  in forma-  
tion about  (a) the t ime vs. field dependence  of b r e a k -  
down and (b) the  na tu re  of the oxide defects. In  the  
case of f ie ld-enhancement  breakdown,  Peek ' s  law pro-  
vides an adequate  empir ica l  descr ipt ion of b reakdown  
t ime as a function of field. Two l imi t ing cases of oxide 
defects can be considered:  Case 1 in which the  oxide 
is local ly  thin (i.e., oxide pinholes,  or  a rough sil icon 
surface)  and case 2 in which the defect  is e lectr ical  
in nature.  The in terna l  field, Eint, in each case is 
g rea te r  than the appl ied  field, Eappl, and is given by  

Elnt -- kEappl Case 1 
[ A - l ]  

Eint = Eappl -~- Eenhance Case 2 

where  k is the rat io  of the  nominal  oxide thickness  to 
the min imum oxide thickness at  the  defect, and 
Eenhance is the magni tude  of the field enhancement  
due to the electr ical  defect. The pa rame te r s  k and 
Eenhance give the  magni tude  of the physical  or e lec-  
t r ical  defect. Associated wi th  the h igher  in te rna l  field 
is a shor ter  t ime to breakdown.  Since Peek ' s  law 
empir ica l ly  holds, then 

Eint - -  Eappl : (dE~dr -1/4) (t -1/4 -- tm -1/4) [A-2] 

where  dE/dr -1/4 is the  Peek ' s  law slope, tm is the 
l imit ing b reakdown  t ime at a field Eappl, and t is the 
b reakdown  t ime of a capaci tor  wi th  a defect. 

Breakdown under  a r a m p  voltage occurs when  the 
in terna l  field equals  the  m a x i m u m  b reakdown  field, 
Emax. Thus 

EBD - -  Em~ - Case 1 
k I at  b r eakdown  [A-3] 

EBD = Emax --  Eenhance Case 2 

Once a Peek ' s  law plot  is de termined,  each b r e a k -  
down t ime of a d is t r ibut ion  of t imes can be inser ted 
into Eq. [A-2] to obta in  the  corresponding field 
enhancement .  Equat ion  [ A - l ]  gives the pa rame te r s  

descr ibing the defect  magni tude.  Equat ion [A-3] is 
then used to compute  the  r amp  b r e a k d o w n  field asso- 
ciated wi th  each defect  size. Thus a series of b r e a k -  
down t imes ti (obta ined at  a field Eappl) can be t r ans -  
formed to a series of b reakdown fields, (EBD)i, b y  

Emax " Eappl 
(EBD)i ~- Case 1 

Eappl -~ (de~dr ~1/4) (ti -1/4 --  tm -1/4) 
[A-4] 

(EBD)i --- Emax --  (dE/dt ~1/4) ( t i  - 1 1 4  - -  tm -1/4) Case 2 

An  i l lus t ra t ion  of this  t ransformat ion  is seen in Fig. 
11. Pa r t  (a) gives the  d is t r ibut ion  of ti's, pa r t  (b) the 
t i-I/4 's ,  and par t  (c) the f ie ld-based distr ibut ions.  
The assumption of an electr ical  defect  (case 2) is 
given in Fig. 11; nevertheless ,  the  assumpt ion of a 
geometr ica l  defect  (case 1) gives s imi lar  results.  Of 
course, the genera l  case would  include both e lect r ica l  
and geometr ica l  defects. 

Manuscr ip t  submi t ted  Jan.  15, 1973; revised manu-  
script  received May 23, 1973. 

A n y  discussion of this paper  wil l  appea r  in a Discus-  
sion Section to be publ ished in the  June  1974 JOURNAL. 
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Accelerated Dielectric Breakdown 
of Silicon Dioxide Films 
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ABSTRACT 

The t ime dependent ,  die lectr ic  b r eakdown  of t he rma l ly  g rown SiO2 films 
in meta l -S iO2-Si  s t ructures  was s tudied as a function of oxide  thickness and 
g rowth  conditions, stressing t empe ra tu r e  and electr ic field, and e lect rode 
mater ia l .  Wi th  no field applied,  t he rmal  anneal ing  of A1-SiOa-Si capaci tors  
m a r k e d l y  increased the measurab le  defect  density. In  the  range  200~176 
the  t ime  requ i red  to form 20 defec ts /cm s is propor t ional  to doxl'7e -AH/RT where  
d~x is the  oxide  thickness  and aH is 14 kca l /mole .  The degrada t ion  wi thout  
bias was much less, compara t ive ly ,  when Mo, Pt, and  po lyc rys ta l l ine -S i  e lec-  
t rodes  were  used, as wel l  as when  a phosphosi l icate  glass film was fo rmed  on 
the SiO2 surface. Under  e lec t ro thermal  stressing, the b r e a k d o w n  t ime de-  
creased almost  exponen t ia l ly  wi th  appl ied  field and, in films over  200A thick, 
was t he rma l ly  ac t iva ted  wi th  an energy  1.4 • 0.2 eV. The oxide thickness  
dependence  of the  w e a r - o u t  under  bias var ied  according to the  appl ied  field 
and ranged from the  2.1 power  of the thickness  at 2 M V / c m  ~o the 5.5 power  
at 7 MV/cm. A model  is descr ibed according to  which the  genera t ion  of the 
in terface  states, leading to a decrease of the  inject ing ba r r i e r  height  and 
attendant large  increases in current ,  is p robab ly  respons ib le  for the subsequent  
dielectr ic  b reakdown.  

In o rder  to p rac t i ca l ly  assess the  long t e rm re l i ab i l -  
i ty  of the  ga te  insula tor  in MOSFET devices, it  is neces-  
sary  to de te rmine  fa i lure  rates  under  accelera ted  stress 
condit ions (e.g., using t empera tu res  and electr ic  fields 
h igher  than  would  be encountered  dur ing  norma l  de-  
vice operat ion)  and then  to ex t r apo la t e  these rates  to 
the  usual  opera t ing  conditions. As a resul t  of ex ten -  
sive test ing in many  laboratories ,  it  is quite c lear  tha t  
the dielectr ic  b reakdown  of the th in  ( typ ica l ly  1000- 
1500A) t he rma l ly  g rown SiO2 film on silicon, used 
for the  gate  dielectric,  const i tutes  a ma jo r  FET fai l -  
ure  mode. A l r e a d y  severa l  authors  t l - 6 )  have  ob-  
served tha t  the dielectr ic  b r e a k d o w n  s t rength  of SiO~ 
films can be signif icantly dependent  on the dura t ion  
of the appl ied  field, whi le  others  (7-8) have  repor ted  
tha t  the  oxide can be  degraded  by  the so-cal led "post -  
meta l iza t ion  anneal"  in the  400~176 range, in the  
absence of an appl ied  field. 

Since some ions have been observed (9, 10) to be 
mobi le  in me ta l  oxide semiconductor  s tructures,  much 
of the  ea r ly  work  (3-5) deal ing wi th  t ime dependent  
b reakdown  has focused on the influence of such ions. 
Two models  of mobile  ion induced degrada t ion  have 
been proposed:  field intensif icat ion due  to cha rged  
ions (4, 11) and  ba r r i e r  height  lower ing  (5, 12). In 
the  field intensification model,  charged ions wi th in  the  
oxide film enhance the in te rna l  electr ic  field as de -  
scr ibed by  Gauss 's  law. As ions move through  the 
oxide i t  is possible for the  in terna l  field to equal  the  
dielectr ic  s t rength  of the  film and the reby  cause b r e a k -  
down. Wor th ing  (2) first r epor ted  a Peek ' s  l aw de-  
pendence  of the b reakdown  time, t, of MOS capaci tors  
wi th  the sil icon biased negat ively,  i.e., t -1/4 cc E 
where  E is the appl ied  field; he found no t ime -de pe nd -  
ent  b r e a k d o w n  when  the meta l  e lectrode was biased 
negat ively.  More recen t ly  (3-4) s imi lar  b reakdown  
character is t ics  were  a t t r ibu ted  to field intensification 
associated wi th  sodium. In  the  absence of any  com- 
pl icat ing mechanism such as ion t rapping,  the  field 
intensification mechanism (4) was found to be  ve ry  
rap id  ( ~  1 h r )  and requ i red  a ve ry  high contamina t ion  
level  ( ~  10 *3 ions/cm2);  as  such this  mechanism is 
p robab ly  not  responsible  for long t e rm device fai lures.  
The ba r r i e r  he ight  lower ing  model  (5, 12) proposes 

* Electrochemical Society Active M e m b e r .  
Key words: dielectric breakdown,  reliability, silicon dioxide, elec- 

trical conduction, interface s t a t e .  

tha t  b r eakdown  occurs as a resul t  of the  lower ing  of 
the  ba r r i e r  be tween  the sil icon and SiO2 conduct ion 
bands. The ba r r i e r  lower ing occurs because  of the  
dipole  set up when contaminant  ions are  near  the  
Si-SiO2 interface.  Both e lect r ica l  (13) and photoemis-  
sion (12) measurements  have exhib i ted  this lower ing  
af ter  tens or  hundreds  of hour ' s  stressing. Many  
questions remain  unanswered  about  this  model  and i t  
is not possible to defini tely assess the  impor tance  of 
this fa i lure  mode. 

In  addi t ion to mobile  ions, many  different  e lec t ro-  
chemical  processes have been  repor ted  that  could in-  
fluence breakdown.  High t empera tu re  anneal ing  in a 
N2 ambien t  was prev ious ly  shown (7-8) to resul t  in a 
degrada t ion  of b reakdown  s t rength  as s ta t i s t ica l ly  
measured  on a r rays  of MOS capacitors.  Chou and 
Eldr idge  (7) found tha t  the edge of a capaci tor  elec- 
t rode  a t tacked  the under ly ing  SiO2 and Si. Crys ta l -  
l izat ion of SiO2 films has been observed both at  room 
t e m p e r a t u r e  (14-16) as wel l  as af ter  h igh  t empera -  
ture  processing in the  presence of impur i t ies  such as 
sodium (15-18). Crysta l l iza t ion might  be expected to 
produce microcracks,  in ter rac ia l  charge, and electr ic 
field inhomogenei t ies  and the reby  p romote  breakdown;  
Meek and Braun  repor t  a corre la t ion be tween  c rys ta l -  
l izat ion and b reakdown  (19). React ion of the  e lectrode 
meta l  wi th  the  SiO2 has been repor ted  a t  e leva ted  
t empera tu res  for A1 (20-22), P t  (21), Si  (23), and 
Cr (24-25) electrodes.  Such react ion leads to ion in-  
ject ion and poss ibly  f i lament format ion  and therefore  
might  account for dielectr ic  fai lure.  Fur the rmore ,  in-  
terface state and  oxide  charge genera t ion  and t rapping  
have been seen (6, 26-29) as a function of b i a s - t e m -  
pe ra tu re  (B-T)  stressing. This type  of charge  genera -  
t ion should lead  to field enhancement  and  ba r r i e r  l ow-  
er ing jus t  as mobi le  ions. Final ly ,  Jo rgensen  (30) has 
s tudied the  so l id-s ta te  e lectrolysis  of SiO2 in MOS 
samples, and asserts  tha t  Si +4 in the  oxide can be 
reduced to e lementa l  silicon. The sil icon formation,  
e i ther  un i fo rmly  or in dendri tes ,  should make  the 
dielectr ic  film th inne r  and  more  suscept ible  to b r e a k -  
down. 

This s tudy was in i t ia ted  to gain a more  complete  
unders tanding  of the mechanism responsible  for long 
te rm w e a r - o u t  (by  dielectr ic  b reakdown)  of SiO2 
films such as those employed  in MOSFET devices. I t  
was also unde r t aken  in par t  to obtain a sufficient da ta  
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base in o rder  to make  re l iab i l i ty  predict ions  for MOS 
s t ructures  f rom da ta  obta ined under  accelera ted  tes t -  
ing conditions. Elect r ica l  measurements  were  made up 
to the t ime of b r e a k d o w n  to he lp  de te rmine  which, 
if  any, of the  previous ly  observed e lect rochemical  proc- 
esses a re  responsible  for the  degradat ion.  

Experimental Procedure 
Sa~r~ple preparation.--Silicon wafers ,  as received 

f rom Semimeta ls  and Monsanto were  c leaned sequen-  
t ia l ly  in solutions of NI~OH-H202,  HC1-H202 (31), 
HF, and  thorough ly  r insed in deionized H~O, jus t  
pr ior  to the  oxidat ion  step. Each processing step was 
closely control led  and t rans is tor  grade  reagents  were  
used to opt imize the qual i ty  of the films. The res is -  
t iv i ty  and the dopant  of the  sil icon were  varied,  a l -  
though 2 ohm-cm,  p - t y p e  <100>-o r i en t ed  mate r i a l  
wafers  were  used in most of this work.  The so-cal led 
"s tandard  SiOz" films were  grown at  1000~ in d ry  
oxygen.  Some oxide films were  grown at 1000~ in 
an ambien t  of 3 volume per  cent HC1, 97 volume per  
cent O2 in o rder  to fur ther  upgrade  the  SiO2 quali ty.  
Mobile  charge  was found to be less t han  10W/cm ~ by  
the t r i angu la r -vo l t age - sweep  (TVS) technique (23). 
Phosphosi l ica te  glass (PSG)  l ayers  were  added  to a 
few films by  deposi t ing P205 onto SiO~, fol lowed by  a 
d r ive - in  at  975~ 

One hundred  electrode contacts  (10-50 rail  d iam) 
were  added  to each wafer  by  deposi t ing meta l  th rough  
masks, using an electron beam hea ted  source. The 
resul t ing  capaci tors  were  then annea led  in n i t rogen 
to remove  radia t ion  damage,  susta ined dur ing  me ta l -  
ization. A l u m i n u m  was the  most wide ly  used electrode 
meta l  a l though A1-4% Cu (32), Mo, Pt, and po ly -  
c rys ta l l ine -S i  electrodes were  also employed.  The 
po lyc rys ta l l ine -S i  electrodes were  doped wi th  a depo-  
sit ion and d r ive - in  of P20~ at  975~ to ensure  a low 
resis tance contact. 

Electrical measurements.--Breakdown charac te r iza-  
t ion studies fel l  into two categories:  the  de te rmina t ion  
of s ta t is t ical  d is t r ibut ion  of b r e a k d o w n  vol tages  of 
large numbers  of ident ica l ly  p repa red  capacitors;  and 
the  t ime to b reak  down a capaci tor  under  fixed stress  
conditions. S ta t i s t ica l  d is t r ibut ions  are  de te rmined  by  
app ly ing  a s lowly vary ing  r a m p  vol tage  to an a r r a y  
of capaci tors  and measur ing  the  vol tages  at which  
each capaci tor  b reaks  down (7, 8, 33). A h is togram 
giving the number  of fa i lures  as a funct ion of appl ied  
vol tage  can then be constructed.  

In  o rder  to evalua te  the  effects of the  w e l l - k n o w n  
pos tmeta l iza t ion  anneal ing  process, wafers  were  an-  
nea led  for var ious  t imes in d r y  N2 at t empera tu res  in 
the  200~176 range,  and the resu l tan t  b reakdown  
vol tage dis t r ibut ions  were  then  measured  at  room t em-  
pera ture .  The  combined effects of field and t e m p e r a -  
tu re  on b r eakdown  were  de te rmined  b y  stressing 
capaci tors  in a high t e m p e r a t u r e  b ias ing cell  filled 
wi th  d r y  Nz. In  these exper iments ,  the  cur ren t  flowing 
through the capaci tor  was moni tored  unt i l  b r eakdown  
occurred, and the b r eakdown  t ime was recorded.  In  
test ing large  numbers  of ident ica l ly  p r epa red  capaci -  
tors, the  t ime to b r e a k d o w n  under  stressing was  found 
to va ry  f rom s a m p l e - t o - s a m p l e  in a s ta t is t ical  manner .  
In  the  presen t  paper,  on ly  the  longest  or l imi t ing t ime 
to b reakdown  resul ts  a re  discussed since they  are  be -  
l ieved to be r ep resen ta t ive  of the  effects of field and 
t e m p e r a t u r e  on the b r e a k d o w n  t ime of un i fo rm defect -  
free SiO~ films, and as such were  easier  to analyze.  A 
deta i led  s tudy  of the  influence of oxide  defects  on 
b reakdown  is u n d e r w a y  also, and the resul ts  wi l l  be  
publ ished  elsewhere.  

Addi t iona l  measurements  were  used to supplement  
b r e a k d o w n  data.  Capaci tance  voltage,  C(V) ,  curves  
giving the  sil icon f la tband vol tage were  used to moni -  
tor  the  fixed charge  at  the SiO2-Si in terface  and also 
oxide polar izat ion (9), whi le  the  Gray  and Brown 
method (34) (i.e., comparison of C-V curves  at 77 ~ 

and 300~ gave a measure  of the  fast  surface state 
density.  Room t empera tu r e  cu r r en t -vo l t age  charac te r -  
istics (35) were  observed in order  to de te rmine  the 
height  of the in ject ing ba r r i e r  dur ing  testing. 

Results and Discussion 
Oxide degradation in the absence of electric f ields.-  

Breakdown vol tage  dis t r ibut ions  of capaci tor  a r r ays  
can be a l te red  by  the anneal ing  process (7, 8). As an 
example  of this  effect, Fig. 1 gives the d is t r ibut ion  or  
b reakdown  fields of ident ica l ly  p repa red  A1-SiO2-Si 
capaci tors  before  and af te r  a 350 h r  anneal  a t  250~ 
Extended  anneal ing  c lear ly  shifts  the  b r eakdown  dis-  
t r ibu t ion  to lower  fields. The ra te  of this  degrada t ion  
depends on the anneal ing  t e m p e r a t u r e  and e lect rode 
metal ,  and could be m a r k e d l y  reduced by  the presence 
of a phosphosi l icate  glass layer .  In  order  to manage -  
ab ly  handle  the  la rge  volumes of s ta t is t ical  data, a 
single defect  dens i ty  was computed  f rom each s ta t is t i -  
cal b r eakdown  distr ibut ion.  More precisely,  the  f rac-  
t ion of capaci tors  which b reak  down at  electr ic  fields 

0.8 Emax (where  Emax is the  m a x i m u m  dielectr ic  
s t rength  and is a function of oxide thickness and Si 
doping)  has been shown (7, 8) to be propor t iona l  to 
the  capaci tor  area, and  the  defect  dens i ty  can be ca l -  
cula ted  f rom the p ropor t iona l i ty  constant.  By using 
this approach,  changes in the  oxide defect  dens i ty  (p) 
could be quan t i t a t ive ly  fol lowed as a funct ion of an-  
neal ing t ime and tempera ture .  In  assessing anneal ing  
effects in a s tudy  involving the use of a wide  range  of 
ma te r i a l  and processing parameters ,  i t  is also con- 
venient  to de te rmine  the condit ions needed  to produce 
a given but  a r b i t r a r y  increase in p. Thus, Fig. 2 i l -  
lus t ra tes  both the  SiO2 thickness  and t empe ra tu r e  
dependences  of the  t ime necessary for p to increase  by  
20 defec ts /cm ~ (T). The da ta  indicate  tha t  two the r -  
ma l ly  ac t iva ted  processes a re  present :  one degradat ion  
mechanism has an act ivat ion energy  of 55 kca l /mo le  
and predominates  above 350~ whi le  the  other  has an 
energy  of 14 kca l /mo le  f rom 200~176 Excess ively  
long test ing t imes  p roh ib i t ed  measurement s  be low 
200~ such low t empera tu r e  measurements  would  be 
helpful  because of the  danger  inheren t  in ex t rapo la t -  
ing da ta  to lower  tempera tures .  Chou and Eldr idge  
(7) found tha t  the  capaci tor  degrada t ion  af ter  500~ 

anneal ing  resul ted  f rom e lec t rode  a t t ack  at the edge of 
the  capacitor.  P r e suma b ly  this edge a t t ack  is r espon-  
sible for the  high t e m p e r a t u r e  fa i lures  seen here;  
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Fig. 1. Shift in breakdown distributions after high-temperature 
annealing without bias. 
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Fig. 2. Temperature dependence of annealing-induced degradation 
for 200, 600, and 1000/, films. 

nevertheless the basic mechanism remains obscure. 
These results are replotted in Fig. 3 in order to drama- 
tize the strong thickness dependence of the lower tem- 
perature degradation process where 

cc [oxide thickness] 1.v [1] 

The defect generation rate depends on the electrode 
material and can be retarded markedly by the pres- 
ence of a thin, dilute phosphosilicate glass layer of the 
type used to block Na + drift effects on the FET thresh- 
old (36). Table I summarizes the time for the defect 
density to increase by 20/cm 2 for a variety of electrode 
metals and PSG. It was seen that an addition of 4% Cu 
to the aluminum did not influence the deteriorization 
process while a substantial PSG layer gave very sig- 
nificant improvements. The copper was added to make 
the electrodes more resistant to electromigration (32). 
Platinum, molybdenum, and polycrystalline Si elec- 
trodes also increased the lifetime. Poly-Si gave the 
most substantial improvement, while molybdenum was 
only a factor of about two better than aluminum. It 
was noted in several instances that polycrystalline Si 
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Fig. 3. Oxide thickness dependence of annealing-induced deg- 
radation. 

Table I. Effect of electrode metal and oxide thickness on long-term 
degradation under no bias conditions 

T i m e  f o r  d e f e c t  
density to i n c r e a s e  

M e t a l  doz (A) T (~ b y  2 0 / c m  = (hr)  

A1 200 300 50 
AI  600 300 150 
AI  1000 300 800 
AI  1000 500 0.4 
A I - C u  200 300 50 
A I - C u  1000 500 0.3 
A1 250 P S G  (4.3% 300 > 1 0 0 0  

P~Os) 
AI  1000 ( w i t h  400A 300 > 2 0 0 0  

P S G ,  7% P~Os) 500 1 
P t  200 300 > 1 0 0 0  

1000 300 > 1500 
M o  200 300 80 (vac i ab l e )  
Mo  1000 300 >1000 
Si  (po ly)  1000 500 > 2 0 0  

electrodes had abnorma l ly  high ini t ia l  defect  levels 
despi te  the i r  long te rm resis tance to wear -out .  P r e -  
sumably  this was a consequence of the high t empera -  
tu re  processing needed  to dope the po ly -S i  in o rder  
to obta in  low elect rode resistance.  Af te r  deposi t ion of 
the  poly-Si ,  the  electrodes are  exposed to t empera -  
tures  as high as 1000~ Hence it is not  surpr is ing  tha t  
these capaci tors  have high ini t ia l  defect  levels but  a re  
res is tan t  to fur ther  degrada t ion  at  500~ 

Ox/de degrada t ion  in the  presence o~ electric f ie lds . - -  
Under  sufficiently high electr ic fields and t empera -  
tures,  b r eakdown  wil l  obviously  occur. Jus t  as the  
b reakdown vol tage of capaci tors  can v a r y  f rom sample  
to sample  when  a s lowly increasing,  or r amp  voltage, 
is applied,  the  t ime to b r eakdown  for capaci tors  held 
for  long t imes at  e levated  t empera tu re s  under  a fixed 
field can exhibi t  a wide d is t r ibut ion  of values.  Never -  
theless, upon test ing an a r r a y  of ident ica l ly  p repared  
specimens under  a given set of stressing conditions, 
a wel l -de l inea ted ,  m a x i m u m  b reakdown  t ime  could 
be obta ined in the  same w a y  as a m a x i m u m  b r e a k -  
down s t rength  is found using the r a m p  b reakdown  
technique.  A typica l  s ta t is t ical  d is t r ibut ion  of b r e a k -  
down times, under  a constant  field, is presented  in 
Fig. 4, and the m a x i m u m  b reakdown  t ime is t aken  
as the  t ime requ i red  to cause 100% fai lures  of al l  de -  

vices. When  thin  (e.g., ~ 1000A) electrodes are  used 
so tha t  defected oxide  regions a r e  e l imina ted  b y  the  
w e l l - k n o w n  nonshor t ing (or se l f -hea l ing)  b r eakdown  
mechanism (37), the t ime at  which final short ing oc- 
cur red  agreed ve ry  closely wi th  the s ta t i s t ica l ly  de te r -  
mined  tmax value. Many  samples  must  be tes ted to ac-  
cu ra te ly  es tabl ish  tmax; in this  study,  five to twen ty  
capaci tors  were  measured  for  each set of expe r imen-  
t a l  conditions.  As can  be seen in Fig. 4, the  t ime re -  
qu i red  for 80-90% fai lures  a re  factors of two  to three  
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lower  than  tmax. Thus the er ror  associated with  mea -  
sur ing tmax from five to ten capaci tors  is only  a factor  
of two to three  which is small  compared  to the  wide 
range  of fa i lure  t imes observed under  va ry ing  condi-  
tions. Max imum t imes to b reakdown  of severa l  hun-  
dred  hours have  been observed under  modera te  fields; 
a l l  evidence points  to the  existence of a m a x i m u m  
b reakdown  t ime even when  qui te  modest  fields a re  
applied,  a l though these t imes are  prohib i t ive ly  large  
to measure .  

Values  of the m a x i m u m  t ime to b reakdown  were  
used ex tens ive ly  since they  should be  represen ta t ive  
of w e a r - o u t  t imes for  uniform SiO2 films free of sig- 
nificant s t ruc tura l  a n d / o r  impur i t y  defects. I t  mus t  
be emphasized at  this  point, however,  tha t  the  ear l ie r  
fa i lures  are  much more  germane  for making  MOSFET 
device re l i ab i l i ty  project ions  than  are  the  tma~ ones. 
In  other  words,  the oxide l i fe t ime resul ts  discussed 
here  are  represen ta t ive  of essent ia l ly  ideal  MOS s t ruc-  
tures. P r e s u m a b l y  the  same w e a r - o u t  mechanisms wil l  
be operat ive,  Ln va ry ing  degrees, in SiO~ films of lesser 
perfection.  

Proceeding  wi th  this approach,  it  was then found 
tha t  tmax is a s trong funct ion of the  appl ied  field, as 
seen in Fig. 5 and 6 for  1000 and 200A films of SiO2, 
respect ively.  The t ime for  the  defect  densi ty  to in-  
crease by  20 defec ts /cm ~ (~) as de te rmined  f rom Fig. 
2 and 3 for degrada t ion  wi th  no bias are  given for re f -  
erence. I t  is seen tha t  the  tmax t imes  va ry  over  seven 
orders  of magni tude  and ex t rapo la te  s l ight ly  above  the 

t ime value  at zero bias. Since  T represents  the  t ime for 
a pa r t i a l  wea r -ou t  only, such a value  should be  less than  
tmax at  zero appl ied  field. The po la r i ty  dependence  of 
tmax is also evident  in Fig. 5 and 6 where  the  b r eak -  
down t imes are  cons iderably  shor ter  for the  A I ( + )  
bias than  for  A I ( - - ) .  Fu r the rmore ,  the in tercepts  of 
the  A1 ( + )  and the A1 ( - - )  curves should coincide at  
zero field. In  addit ion,  h igher  t empera tu res  shorten the 
life of capacitors.  A t  high appl ied  fields, the  b r e a k -  
down t imes decrease  rough ly  exponent ia l ly  wi th  in-  
creasing field but  this  dependence  is less at  smal le r  E. 
These observat ions  suggest  tha t  both  f ie ld-dependent  
a n d  f ie ld- independent  w e a r - o u t  mechanisms  are  oper -  
ative. 

Oxide film thickness  is a ve ry  impor tan t  parameter ,  
a s  a l ready  seen by  compar ing Fig. 5 and 6, and  i l -  
lus t ra ted  more  fu l ly  in Fig. 7 for A1/SiO~ (100-1000A)/ 
Si s t ructures .  At  constant  field, i t  can be seen tha t  t m u  
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cc (dox) B. The thickness  dependence  power  (/~) in-  
creases l inear ly  wi th  increasing E, going f rom 2.1 at 2 
M V / c m  to 5.5 at 7 MV/cm, as shown in Fig. 8. F rom 
the  l inear  re la t ionship  of Fig. 8, one can wr i t e  
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tmax cc dox(O.8+0-65E) [2] 

where E is given in megavolts per centimeter.  
The temperature  dependence of tmax is shown in Fig. 

9, over the range  100~176 The l imit ing t ime is 
thermal ly  activated with a reasonably well-defined 
energy of 1.4 • 0.2 eV, as calculated from the slopes 
of the log tmax Vs. T -1 plots. The same energy was ob- 
served for both biasing polarities with 200A films al-  
though fai lure times were considerably longer in the 
A I ( - - )  case. Silicon dioxide films up to 1000A thick 
also exhibit  a 1.4 _ 0.2 eV activation energy with 
A I ( + )  (Fig. 10). For  100A SiO~ films, however, the 
activation energy is 1.1 _ 0.2 eV at 6 MV/cm at 
-~ 250~ and appears to fall to 0.9 • 0.3 eV at 2 MV/ 
cm near  3000C. 

Many other parameters  influence the breakdown 
t ime of MOS capacitors. For  example, Fig. 11 shows 
that samples stressed in a moist N2 ambient  (17 Torr  
H20) broke down in much less time than those biased 
in  dry N~. Presumably  MOSFET devices that  have 
been heavily glassed dur ing  packaging would not be 
as moisture sensitive. In  addition, an effective post- 
metal izat ion anneal ing  t rea tment  (e.g., 5 rain in  N2 at 
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Fig. 9. Temperature dependence of limiting breakdown time in 
200/t, SiO2 films for AI(-]-) stress. 

500~ in ni t rogen is also necessary to insure  maxi-  
m u m  reliability. This may  be accounted for by the 
fact that anneal ing  reduces the oxide conduction (35), 
el iminates surface states at the Si-SiO2 interface, and 
improves over-al l  statistical breakdown distr ibutions 
(8). It  should be emphasized that tmax is area inde-  
pendent  since capacitors from 10 to 50 mil  diam gave 
identical  tmax values (see Fig. 11). This area inde-  
pendence suggests that  this t ime is characteristic of 
defect free SiO~ films because any deterioration process 
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involving the presence of randomly  occurring oxide 
defects would presumably  scale with the electrode 
area. 

Significant effects a t t r ibutable  to the electrode mate-  
rial are seen in Fig. 12, where a l u m i n u m  electrodes 
gave longer life than p la t inum or molybdenum ones. 
Most important  technologically are the findings that  
tmax can be substant ia l ly  improved with a phospho- 
silicate glass addition or by  growing the SiO~ in  97% 
02-3% HCI. 

Degradation mechanism and discussion.--In order to 
bet ter  unders tand  the degradation mechanisms, some 
studies were made in which the currents  through the 
oxide films were cont inuously monitored unt i l  break-  
down occurred. See Fig. 13, where the current  densities 
are plotted against t ime for both polari ty cases. The 
ini t ia l ly low currents  increase by  several orders of 
magni tude  in a relat ively short t ime under  these severe 
stressing conditions and cur ren t  noises increase unt i l  
b reakdown occurs. The same sort of current  enhance-  
ment  occurred with both polarities al though a longer 
t ime was required to see the A1 ( - - )  enhancement .  The 
current  density, as averaged over the entire electrode 
area, immediate ly  prior to breakdown was usual ly  less 
than  10 -2 A/cm2; this value is less than  would be ex- 
pected were the final breakdown process to take place 
via a un i form thermal  runaway  mechanism. The same 
kind of conduction enhancement  occurs under  smaller  
fields bu t  the cur ren t  is more l ikely to remain  constant  
for even hundreds  of hours before the onset of current  
enhancement  noise preceding breakdown. In  addition, 
the current  changes are typically more steplike in ap- 
pearance of J vs. t plots, ra ther  than  the gradual  
changes indicated in Fig. 13. 

Once cur ren t  enhancement  had taken  place due to 
prolonged stressing, the enhancement  persists even at 
room tempera ture  provided the capacitor is quenched 
under  bias, at a rate fast enough to avoid breakdown 
dur ing  cooling. Such enhanced room-tempera ture  con- 
duct ion can be obtained for both bias polarities, after  
which the capacitors wil l  last m a n y  hours without  
breakdown under  the same bias at room temperature.  
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The enhanced current ]eve] depends more or less on 
the rate of cooling as well as the current level prior to 
quenching and may vary by several orders of mag- 
nitude. Under comparable conditions, the enhancement 
is usual ly  greater  for the capacitors with larger elec- 
trodes al though it is not proport ional  to either the area 
or the per imeter  of the electrode. The enhanced con- 
duction cannot be removed by reheat ing the capacitor 
up to 300~ under  a field of reversed polarity, but  can 
be readi ly e l iminated by  moist ambients.  While hydro-  
gen, oxygen, and  forming gas did not affect the en-  
hanced conduction process, monochromatic i l lumina-  
t ion from a xenon source was found to be capable of 
reducing the conduction at low enhancement  levels 
only. 

The effect of moisture and light exposure on the en-  
hancement  is demonstrated in  Fig. 14, where  the cur-  
rent  in  an A1-SiO2-Si capaci.tor (0.35 cm 2 in  area) had 
been enhanced to a level of 10 -8 A at 6.5 MV-cm -1, 
A1 ( + )  at room temperature.  After  a 2-rain exposure 
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to we t  n i t rogen (containing 17 Tor r  wa te r  vapor )  the  
cur ren t  d ropped  five orders  of magni tude  to 1O -10 A. 
At  this  level  the  cur ren t  was fur ther  reduced to 10 -11 
A by  monochromat ic  rad ia t ion  wi th  wave leng ths  
shor ter  than  5800A. I t  should be nc~ted at  this point  
that,  whi le  a longer  exposure  to moisure  can a lways  
comple te ly  remove  the  r o o m - t e m p e r a t u r e  enhancement ,  
monochromat ic  i r rad ia t ion  is ineffective at  high con- 
duct ion levels  (10 -8 A in this  pa r t i cu la r  example)  even 
in the  uv region ( - -  2000A). Fur the rmore ,  the mois ture  
effect can also be null if ied if a modera te  field of re -  
versed  po la r i ty  is appl ied  to the  capaci tor  dur ing  the  
exposure.  Final ly ,  and most  impor tan t ly ,  the  r emova l  
of cur ren t  enhancement  is not  pe rmanen t  in the  sense 
that  when  the capaci tor  is restressed,  the  cur ren t  en-  
hancement  and subsequent  b r eakdown  wil l  occur in a 
much shor te r  dura t ion  than  tha t  observed in  the  first 
t rea tment .  

Typical ,  r o o m - t e m p e r a t u r e  I -V  character is t ics  of 
capacitors,  in which  enhancement  had occurred,  a re  
shown in Fig. 15. The  normal  conduct ion in SiO~ was 
prev ious ly  shown (35, 38) to be v ia  F o w l e r - N o r d h e i m  
tunnel ing  th rough  a 3.2 eV barr ier .  A s imilar  analysis  
of the  sample  curve in Fig. 15 showed a high-f ie ld  
conduct ion ident ical  (wi th in  exper imen ta l  e r ror )  to 
the  control  conduction. At  low fields, however ,  a ve ry  
low ba r r i e r  he ight  (0.3 eV) was  obtained.  A la rge  
po la r i ty  (i.e., e lectrode)  dependence  and only a minor  
t empera tu re  dependence  of this  low-f ie ld  conduct ion 
was  observed  and  was  s imi lar  to tha t  found in cont ro l  
oxides  and shows tha t  the  conduct ion mechanism was 
Fowle r -Nordhe im.  Such a low ba r r i e r  height  would  re -  
sul t  in e x t r e m e l y  h igh  cur ren t  densi t ies  ( > >  1 A /  
cm 2) and could be  expected  to u l t ima te ly  resul t  in 
t he rma l  r u n a w a y  and breakdown.  The apparen t  cur -  
ren t  dens i ty  as shown in Fig. 15, whi le  considerably  
enhanced f rom the  normal  conduction, is s t i l l  not  of 
the  e rde r  of tha t  expected  if the  enhancement  were  
uniform. Thus  i t  can be infer red  f rom these da ta  tha t  
the  conduct ion is localized. The rat io  of the measured  
cur ren t  to tha t  expected  wi th  the  lowered  ba r r i e r  could 
be used to es t imate  the  area  of the conduct ing channel.  
In  this  manner ,  the  conduct ion was  found to occur 
th rough  ex t r eme ly  smal l  channels  having a d iamete r  
on the  order  of 2O-1000A. At  ve ry  low ba r r i e r  heights,  
Schot tky  conduct ion could be expected  to p redomina te  
over  F o w l e r - N o r d h e i m  conduction;  never theless  this  
a l t e rna te  mechanism does not r ad ica l ly  a l te r  e i ther  the  
ca lcula ted  local cur ren t  dens i ty  or the  size of the  con- 
duct ing channel .  

The fact  tha t  b r eakdown  can be a r res ted  dur ing  the 
B-T  t r ea tmen t  by  r ap id  cooling is another  indicat ion 
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Fig. 15. Barrier height lowering as o result of stressing a IO00A 
film at 6 mV/cm, A I ( + )  at 300~ for 1 hr. X, after stressing; O, 
after stressing and subsequent exposure to moisture. 

tha t  the  mode of dielectr ic  fa i lure  in the  degraded  SIC)= 
films now occurs not  by  electronic, but  by  the rmal  
breakdown.  Such content ion is also suppor ted  by  the 
observat ion  tha t  specimens wi th  enhanced conduct ion 
can last  many  hours  under  the  same bias at  room t em-  
pera ture ,  since the  cr i t ical  field for t he rma l  b r eakdown  
increases  wi th  decreas ing t e m p e r a t u r e  (39). 

Capaci tance-vol tage  f la tband measurements  were  
made  on selected capaci tors  dur ing  the in te rva l  pr ior  
to breakdown.  When  the  a luminum electrode was 
biased posi t ively under  high B-T  stressing (5 MV/cm 
at 3O0~ for 2 hr)  vol tage shifts corresponding to 1O zl 
posi t ive cha rges /cm 2 were  monitored.  Since this  f iat-  
band  vol tage  shift  could be a t t r ibu ted  to mobi le  charge,  
the  direct ion of the  bias was reversed  to d r ive  any mo-  
bile species away  from the Si-SiO2 interface.  The 
reverse  bias d id  not  reduce the  f ia tband vol tage;  in -  
stead, the  f la tband often became even more  negat ive  
imply ing  the presence of addi t ional  posit ive charge.  An-  
neal ing the s t ressed capaci tors  for  5 rain at  5O0~ in 
N2 was effective in reducing the f la tband vol tage  to its 
or iginal  value.  The fact  tha t  this  charge  is r emoved  by  
anneal ing but  not by  reverse  bias suggests that  it  is 
not  due to mobi le  ions but  r a the r  is a resul t  of s t ress-  
ing. 

The method of Gray  and Brown (34) was used to 
measure  fast s ta te  densit ies af ter  A I ( + )  stressing in 
order  to e l iminate  the possible ambigu i ty  in the  in-  
t e rp re ta t ion  of f la tband vol tage  shifts. F igure  16 shows 
the  increase in ~ast s ta te  density,  Nss, as a funct ion 
of biasing time. This densi ty  was ca lcula ted  f rom room 
t empera tu r e  and l iquid ni t rogen C-V measurements  by  

Co~ 
Nss = [VFa ( room temp)  -- VFS (liq. N~ t e m p ) ]  

q 
[3] 

where  Cox is the oxide  capaci tance  and VFB is the fiat-  
band  voltage. Over  1011 s t a tes /cm ~ were  genera ted  by  
posi t ive B-T  stressing. Deal  et aL (28) found  the same 
behavior  wi th  negat ive  bias  stressing. I t  should be em-  
phasized that  capaci tance measurements  reflect the  
average charge  levels  and  are  not  useful  in measur ing  
localized bui ldup of charge  pa r t i cu l a r ly  of the degree 
in fe r red  f rom the  electr ical  conduct ion measurements  
in Fig. 15. 

Measurements  wi th  a luminum negat ive  r epea ted ly  
showed the genera t ion  of posi t ive charge in the oxide 
as previous ly  repor ted  (26-29). This nega t ive-b ias  type  
of instabil i ty,  a l though wide ly  observed,  is genera l ly  
not  given as much a t ten t ion  as the  mobile  ion ins tab i l -  
ity. Different  models  have  been proposed to account 
for  th is  ins tabi l i ty .  Hofs te in  (26) considered t r app ing  
of holes by  donor states near  the  Si valence band;  Deal  
et al. (28) have  proposed  silicon ion inject ion;  and  
Miura  and M a t u k u r a  (29) examined  the  genera t ion  
of pos i t ive ly  charged  oxygen vacancies at  the  Si-SiO2 
interface.  Despite the  unce r t a in ty  as to the  species 
responsible  for the  ins tabi l i ty ,  a l l  observat ions  poin t  
to an e lect rochemical  genera t ion  or t r anspor t  of a spe-  
cies intr insic  to the  MOS system. 

I t  thus appears  tha t  the de te r iora t ion  of SiO2 films 
dur ing  the acce le ra ted  test ing is a consequence of lo-  
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calized ba r r i e r  lowering which has developed chemi-  
ca l ly  or e lec t rochemical ly  at  an unspecified number  of 
spots under  the  e lect rode in the otherwise  defec t - f ree  
films. The localized ba r r i e r  lowering can be a t t r ibu ted  
to the  p i i e -up  of pos i t ive ly  charged centers  of ye t  un-  
known species, which have been genera ted  or mobi l -  
ized and t ranspor ted  to the e lec t ronical ly  in ject ing 
e lect rode dur ing  the biasing t rea tment .  I t  can be also 
ascr ibed to the  dendr i t ic  growths  dur ing  the so l id-s ta te  
electrolysis  of the SiO2 film (30), whose pointed tips 
a re  undoub ted ly  the  sites of intense field, which in 
tu rn  can genera te  pos i t ive ly  charged  centers  in thei r  
v ic in i ty  b y  high-f ie ld  ionizat ion (35). 

The exper imen ta l  da ta  accumula ted  so far  do not  a l -  
low us to different ia te  be tween  the two a l t e rna te  
degrada t ion  mechanisms.  E i ther  mechanism can be 
invoked to exp la in  qua l i ta t ive ly  the observed field, 
t empera ture ,  and thickness dependencies  of the  ac-  
ce le ra ted  b reakdown;  and, e i ther  mechanism can re-  
sult  in the  format ion  of charge centers  and interface 
states which have been observed af ter  the  BoT t r ea t -  
men t  by  C(V)  techniques,  and thus  account for the 
ambien t  sens i t iv i ty  and nonpermanen t  removal  of en-  
hanced conduction. I t  is evident  that  much work  has 
to be done before  one can discuss the  degrada t ion  
mechanism in quant i t a t ive  terms. 

Summary 
Time-dependen t  b reakdown  of t he rma l ly  grown 

SiCk2 films represen ta t ive  of those employed  in the  gate  
region of MOSFET's  was inves t iga ted  under  accel-  
e ra ted  conditions using MOS capaci tors  wi th  var ious  
oxide thicknesses,  e lect rode metals,  and growth  con- 
ditions. Extended  hea t ing  in the absence of an  electr ic  
field resul ted  in an increase in the  defect  dens i ty  in 
A1-SiO2-Si capacitors.  In  the  t empera tu re  range  f rom 
200 ~ to 350~ the t ime requi red  to form 20 defects /  
cm 2 (T) was found to be thickness dependent ,  and  can 
be ascr ibed empi r ica l ly  by  the  re la t ionship  

oc dox 1.7 e -AH/kT  

where  dox is the oxide thickness and ~H = 0.6 eV. The 
format ion  of defects  in the absence of bias was  also 
found to be s lower wi th  Mo, Pt, and po lyc rys ta l l ine -S i  
electrodes and r e t a rded  by  a PSG film on the oxide. 
The degrada t ion  wi thout  bias thus seems to or iginate  
f rom the reac t ion  between the oxide and the e lect rode 
metal .  

Under  h i g h - t e m p e r a t u r e  biasing conditions, the  l im-  
i t ing t ime for b reakdown exhib i ted  a nea r ly  expo-  
nent ia l  decrease wi th  increasing appl ied  field. Its oxide 
thickness dependence  was empi r ica l ly  an increasing 
funct ion of the  field 

tmax cC dox(0.8+0.65E) e--~H/kT 

where  AH is 1.4 eV for 200 to 1000A films. These re -  
sults demons t ra te  that  r e l i ab i l i ty  wi l l  become more  of 
a p roblem in th inner  oxides. 

The mechanism for the  degrada t ion  under  bias ap -  
pears  to be of e lectrochemical  origin. The resul ts  of 
var ious  I (V)  and C(V) measurements  suggest  tha t  
the emergence of charge  centers  near  the inject ing 
e lec t rode  causes localized ba r r i e r  lower ing and fo rma-  
t ion of h ighly  conduct ive channels  which eventua l ly  
lead  to the rmal  ins tabi l i ty  and dielectr ic  breakdown.  

The fact tha t  a single the rmal  act ivat ion energy is 
observed be tween  100 ~ and 400~ is evidence tha t  a 
single w e a r - o u t  mechanism is opera t ive  and that  the 
da ta  poss ibly  could be ex t rapo la ted  even fu r the r  to 
room tempera ture .  With  such an extrapolat ion,  the  ac-  
ce lera t ion factor  be tween  300~ and room t empera tu re  
becomes 1011 . Since defec t - re la ted  b reakdowns  are  most 

impor tan t  to device re l iabi l i ty ,  s ta t is t ical  measu re -  
ments  under  accelera ted  condit ions are  requi red  to 
obta in  a comple te  r o o m - t e m p e r a t u r e  character izat ion.  
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The Anodic Oxidation of GaAs in Aqueous H O2 Solution 

R. A. Logan, B. Schwartz,* and W. J. Sundburg 
Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

The characteristics of GaAs anodization at constant  applied voltage, V, 
in a concentrated (30%) H202 electrolyte are examined in  detail. Uniform 
oxides, with a refract ive index of 1.8 and oxide thickness, t, proportional to 
V, are grown over the pH range 1-6. The pH can be adjusted by the  addit ion 
of NI-I4OH or I-~PO4 to the electrolyte but  the presence of other common acids 
at concentrat ions of a few parts  per mil l ion can t ransform the anodization 
process into an etching procedure. In 10 min  anodizations at pH = 2, 18 A / V  
of oxide are grown and 12 A/V of GaAs are consumed on chemically polished 
surfaces (for V ~ 225V). The resistance of the electrolyte causes significant 
voltage drops in  the electrolyte at all pH values and limits the ini t ial  cur-  
rent  flow. Most of the oxide is grown dur ing the ini t ial  anodization (typically 
in the first minute)  where the current  is decreasing rapidly with t ime and the 
voltage drop across the oxide is increasing. The oxide is insoluble in the HNO8 
but  is soluble in most other acids and bases. Limited MOS measurements  yield 
a dielectric constant  of 5.4 and a breakdown field of 3 • 106 V/cm. The use 
of the oxide as a mask for chemical etching was demonstrated by forming 
passive optical waveguides in GaA1As-GaAs-GaA1As epitaxial  layers. 

The growth of a nat ive oxide on a semiconductor 
surface is an essential factor in the uti l ization of the 
semiconductor in m a n y  device applications. Native 
oxides have been grown on GaAs by galvanic tech- 
niques (1) and on GaP by both galvanic and anodic 
techniques (2) using concentrated (30%) H202 as the 
electrolyte. Galvanical ly  grown oxides have been 
shown to be useful  in passivating the surface of elec- 
t roluminescent  GaP p -n  junct ions  (3) and GaAs- 
•aA1As heterojunct ion lasers (4). I t  has also been 
noted that  the oxides are useful as masks for the 
selective etching of local areas of these semiconductors 
(5) since the oxides are soluble in most acids and bases 
(permit t ing windows to be cut through the oxidized 
surface) and yet insoluble in common semiconductor 
etchants involving halogens dissolved in alcohols (e.g., 
bromine-methano l ) .  

The properties of the GaAs anodization process, at 
constant  voltage, are examined in detail  in  the pres- 
ent  studies. The oxide thickness is shown to depend 
upon the anodization voltage, the t ime of anodization, 
and upon the impur i ty  content  and the pH of the con- 
centrated H202 electrolyte bath. The lat ter  can be ad- 
justed by the addition of either NI~OH or HsPO4 to 
the electrolyte. However the ad jus tment  of the pH 
with HC1 or HNO3 causes the anodization procedure to 
t ransform into an etching process, and intermediate  
results were obtained using H2SO4. 

In  addition, a description is given of some other 
factors which characterize the anodization of GaAs at 
constant  bias: the voltage drop in the electrolyte as a 
function of pH of the  bath;  the role of surface imper-  
fections (occlusions, surface preparation,  etc.);  the 
t ime dependence of the layer thickness and anodization 
current  at fixed bias; the anodization voltage range 
over which uniform oxides can be grown; and the 
amount  of GaAs consumed dur ing  anodization. 

Limited measurements  on MOS structures indicate 
an  oxide dielectric constant  of 5.4, and a breakdown 
field of 3 • 10e V/cm with low prebreakdown cur-  
rents  (~10 -5  A /cm 2) at  room temperature.  

The application of oxide masking with photoresist 
techniques to selectively etch local areas of GaAs is 
described. While the definition achieved in surface 
oxide protected regions with s tandard photoresist tech- 
niques shows dimensional  fluctuations of • the 
subsequent  chemical etching to develop mesas can 
reduce these fluctuations by more than  an  order of 

* Electrochemical Society Active M e m b e r .  
Key words: gallium arsenide, anodization, native oxide. 

magnitude.  To il lustrate the device applications that  
can be achieved using these techniques, a description 
is given of the etching of mesas, 0.5 cm long, ~5~ wide, 
and 10-30~ deep, in GaA1As-GaAs-GaA1As epitaxial  
layers to form passive optical waveguides. 

Experimental Procedure 
The anodic oxidation of GaAs at room tempera ture  

in concentrated H202 was studied using a cell previ-  
ously described for similar studies of the anodization 
of GaP (2); the electrolyte was contained in a quartz 
beaker with a p la t inum cathode. The GaAs sample was 
immersed in the bath to a depth such that the plat i-  
n u m  clamp holding the sample did not contact the 
bath. Since accumulat ion of gas bubbles on the test 
sample would cause nonuni form anodization, the bath  
was vigorously stirred and a quartz baffle was in-  
serted between the sample and the cathode where most 
of the bubbles originated. The anodization was per-  
formed at constant  voItage and the current  flow was 
monitored dur ing  the process. 

The pH of the bath was measured before and after 
use and was found to be stable in time. The pH of con- 
centrated (30%) H202 (J. T. Baker Chemical Com- 
pany, electronic grade) is typically 3.6, and was de- 
creased or increased by the addition of small  quan-  
tities of H3PO.~ or NH4OH, respectively. In  addition, 
some baths were prepared with the addit ion of both 
of these additives. The effect of common acid contami-  
nants  (HC1, HNO3, .and H2SO4) on the anodization 
process was investigated by adding to the bath a drop 
of the test acid diluted in 30 cm ~ of deionized water  
with sufficient NH4OH added to produce a solution 
with a pH ~7. In  this way, about 2 ppm of the test 
acid could be added to the ba th  without  changing the 
pH of the bath. 

The anodization studies were general ly performed on 
undoped, (100)-oriented GaAs with a net donor con- 
centrat ion of ~1017 cm -3 and with l imited studies per-  
formed on similarly oriented p- type  samples contain-  
ing a net Zn acceptor concentrat ion of ,-,1018 cm -~. 
The samples were chemically mechanical ly polished 
(6) with 0.075% bromine- in -methano l  solution using 
a PAN-W polishing cloth. One set of exper iments  was 
performed to evaluate the oxide growth on (100)- 
oriented GaAs polished with Tizox-6500 abrasive 
(Tizon Chemical Corporation, Flemington,  New Jersey 
08822). The abrasively polished samples were both un -  
doped n- type  GaAs and p- type  GaAs with a net ac- 
ceptor concentrat ion of ~3  • 1018 cm -3. The MOS 
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s t ructures  were  made  on n- type,  ND --  NA ~10 xv cm -a,  
(111)-or ien ted  GaAs  e tched in ch lor ine-methanol .  

Fo l lowing  procedures  deve loped  in s imi lar  studies 
wi th  GaP (2), the  samples  were  rou t ine ly  dr ied  in  
a i r  a f te r  anodizat ion by  heat ing for 1 h r  a t  95~ fol-  
lowed by  heat ing for 2 h r  at  250~ 

The thickness  and index of re f rac t ion  of the  oxide  
were  measured  with  an e l l ipsometer  using procedures  
descr ibed for s imi lar  s tudies of the  oxida t ion  of GaP 
(2). The layer  thickness was also measured  wi th  a 
Talys tep  (Tay lor -Hobson  Company)  by  measur ing  the 
s tep he ight  formed where  the  oxide was local ly  dis-  
solved in HC1. 

The ini t ia l  a t t empt  to de te rmine  the amount  of GaAs 
consumed dur ing  anodizat ion was made  by  waxing  a 
por t ion  of the  pol i shed  sample  surface wi th  Apiezon 
wax, anodizing the  exposed  surface, dissolving the 3 
oxide  in HC1 ,and measur ing  the  step height  developed 
in the  surface af ter  removing  the wax. Because of 
undercu t t ing  of wax  in the  anodizat ion process, i t  was 
found necessary  to use  the fol lowing procedure :  (i) 
anodize the  ent i re  surface of the  test  sample;  (ii) apply  
the  w a x  mask;  (iii) dissolve the  exposed  oxide in HC1; 
(iv) anodize the  exposed surface; and (v)  remove  the 
wax  in organic solvents and  then  dissolve the  oxide in 
HC1. In this  way,  a wel l -def ined step due to the  GaAs 
consumed in the  second anodizat ion was developed;  
the s tep height  formed in this  w a y  was measured  us-  
ing a Talystep.  

The e lec t r ica l  p roper t ies  of the  oxide  were  de te r -  
mined by  mak ing  s imple MOS structures.  Af te r  a l loy-  
ing a Sn ohmic contact  to one end of the n - t y p e  sam-  
ple, the sample  was anodized whi le  contac ted  in the  
region of the  a l loyed Sn and then dried. Metal  field 
plates  were  obta ined by  evapora t ion  of Pb  th rough  a 
mask  with  0.030 in. d iameter  openings. Since a thin Pb  loo 
film c rep t  over  the  surface dur ing  the evaporat ion,  
this  excess Pb  was r emoved  by  dipping the samples  in 
HNO~ (in which the oxide  is insoluble)  and r ins ing  the 
samples  in wa te r  pr ior  to measurement .  S imi la r  p ro -  
cedures  us ing A u  evapora t ion  were  unsuccessful.  The  
cur ren t  vol tage  character is t ics  of the  A u  ba r r i e r s  ap-  
peared  to be  regu la r  Schot tky  bar r ie r s  ( ra the r  than  ~- 
the  high impedance  MOS s t ruc tures ) ,  suggest ing tha t  < J 
a t  the  high t empera tu re s  requ i red  for  A u  evaporat ion,  - u_ 

this  meta l  pene t ra t ed  the  oxide. 

Results and Discussion 
< 

Anodization p r o c e s s . ~ F o r  a g iven t ime of anodiza-  
Z 

t ion the  oxide  thickness,  t, va r i ed  wi th  the  anodizat ion 
voltage, V, and the pH of the H202 electrolyte .  The 
cur ren t  of  anodization,  I, decreased wi th  t ime at  con-  o_ 
s tant  V. Typica l  da ta  a re  shown in Fig. 1 where  the  
logar i thm of I is p lo t ted  against  t ime  for samples  2 cm 2 
in area, using a ba th  wi th  a pH = 2.0 and for severa l  
values  of V. Af te r  the  r ap id  ini t ia l  decrease  in current ,  
I decreases l inear ly  wi th  time. 

Wi th  a p la t inum anode  of 2 cm 2 a rea  (equal  to tha t  
of the test  sample)  the  ba th  res is tance was observed 
to be  2.0 k-ohms,  independen t  of current .  The vol tage  
d rop  across the  oxide is thus  less than  the  appl ied  bias 
dur ing  the  ini t ia l  g rowth  a t  large  I and approaches  V 
as I decreases. The growth  of the  oxide  thickness  wi th  
t ime at 100V and pH ---- 2.05 is shown in Fig. 2. The 
rap id  ini t ia l  oxide growth  is fol lowed by  a s lower  in-  
crease wi th  time. I t  is apparen t  tha t  af ter  r ap id  ini t ia l  
g rowth  the res is tance of the  oxide  l imits  the  cur ren t  
flow, r e t a rd ing  the layer  growth.  The res is t iv i ty  of the 
a s -g rown  oxide on GaAs  is appa ren t ly  much  h igher  
than  tha t  in GaP where  only the  exponent ia l  de-  
crease of I wi th  V was observed in the  first 10 rain 
of anodizat ion (2). 

Al l  thickness  measurements  r epor ted  here  were  pe r -  
fo rmed on samples  which were  dr ied by  heat ing in a i r  
for  1 hr  at 95~ fol lowed by  heat ing for  2 hr  a t  250~ 
This procedure  was developed in s imi lar  studies in 
GaP (2) where  it was designed to remove  w a t e r  f rom 
the oxide  l ayers  w h e r e  measurements  indica ted  tha t  
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Fig. 1. A semilogarithmlc plot of the variation of anodization 
current with time for a series of anodization voltages. The pH of 
the bath is 2.00 ~- 0.05 and the area of the GaAs sample is ~ 2  
cm 2 with faces in the < 1 0 0 >  directions. 
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Fig. 2. A plot of the percentage of final oxide thickness obtained 
vs. time of anodization in a bath with pH ---- 2.05 and with anodiza- 
tion voltage of 100V. The anodization time was standardized at 
10 rain in this work and the final thickness of the oxide was 1860~ 
in this case. 

the d ry ing  procedure  reduced  the  l aye r  th ickness  
,--20%. The l aye r  thickness,  t, and the index of re f rac -  
tion, n, of the  a s -g rown  layer  on GaAs were  often in-  
d is t inguishable  f rom those of dr ied  layers  bu t  occa- 
s ional ly  were both 10% grea te r  in t and lower  in n. 
Due to the  reproducib le  resul ts  obta ined using the  dr ied 
oxide layers  the  dry ing  procedure  was rou t ine ly  fol-  
lowed  in obta in ing the resul ts  descr ibed here.  

The dependence  of oxide thickness,  t, upon the 
anodizat ion voltage, V, is shown in Fig. 3 for  chemi-  
cal ly  (Br -me thano l )  and  abras ive ly  (Tizox) pol ished 
(100)-or iented GaAs samples, using an H202 ba th  wi th  
a pH = 2.0 ___ 0.05. The oxide thicknesses are  l inear  in 
V, wi th  18 A / V  on the  chemical ly  pol ished surface 
and 20 A / V  on the abras ive ly  polished surface. The 
excel len t  reproduc ib i l i ty  of ~he oxide g rowth  is shown 
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Fig. 3. The oxide thickness plotted against anodizotien voltage 
(for 10 rain anodizotion) for (100)-oriented samples with doping 
levels indicated and using a bath with a pH - -  2.00 ~- 0.05. The 
linear dependence of thickness upon bias is 20.6 ~,/V on the 
abrasively polished samples and 18.6 .&/V on the chemically 
pelist~ed samples. In the latter case, C~As was consumed durin9 the 
anodizatian at a rate of 12.5 A/V. 

for  the  two sets of da ta  on p -  and n - t y p e  abras ive ly  
pol ished GaAs.  The re f rac t ive  index,  n, of the  oxide 
was 1.8 in a l l  cases. The oxide g rowth  r a t e  is sensi t ive 
to surface perfect ion and the oxidat ion  is, in fact, a 
useful  tool (7) to examine  surfaces for scratches, com- 
posi t ional  or doping inhomogenei ty,  occlusions, etc. 

The dependence  of t upon V remained  l inear  to 150V. 
The oxide layers  p roduced  at  175 and  200V were  uni -  
form in color and the  e l l ipsometer  measurements  of t 
and n we re  1030A, 2.2 and 500A, 2.7, respect ively.  To 
confirm this decrease  in t and increase  in n the  oxide 
was local ly  removed  by  waxing  and etching in HC1, 
and f rom the s tep-he igh t  measurement  wi th  the Ta ly -  
step the  l inear  re la t ionsh ip  be tween  t and V was  found 
to hold for V ----- 225V. Thus the e l l ipsomet ry  measu re -  
men t  technique  fai ls  in oxides formed at  the  h igher  
anodizat ion vol tages where  some nonuniformit ies  ap -  
p a r e n t l y  occur in the oxide. Wi th  V > 225V, the oxide 
was g ray  and g ranu la r  in appea rance  and the  por t ions  
of the or ig inal  GaAs surface f rom which  the  oxide was 
dissolved were  discolored. Using the procedures  of oxi -  
dization, masking,  and dissolving the oxide as descr ibed 
above, and then  reanodiz ing  and dissolving the ex -  
posed oxide  in HC1, the  measuremen t  of the step de-  
veloped in the surface of the  sample  indica ted  the  
amount  of GaAs consumed in the  anodization.  Fo r  
chemica l ly  pol ished GaAs, the  GaAs consumed in an-  
odizat ion was l inear  in V, wi th  the  va lue  12 A / V  (com- 
pa red  to the  oxide thickness  of 18 A / V ) .  

Whi le  basic solutions of H~O2 a re  etchants,  un i form 
oxidat ion  occurs over  a wide range  of pH values  in 
acidic solutions of H202. The pH of concentra ted  (30%) 
H202 is t yp ica l ly  3.6 and was decreased (or increased)  
by  the addi t ion of ve ry  smal l  amounts  of phosphoric  
acid  (or  ammonium hydrox ide ) .  The  resul ts  of anodi -  
zation at  100V for 10 min  are  shown in Fig. 4 where  
t is p lo t ted  against  the  pH of the  bath.  

The pH dependence  of t shows two genera l  features:  
an increase in t towards  each  end of the  pH range  and 

2 4 0 0  

2200 

2 0 0 0  

~ ~aoo 
g 

1 6 0 0  
s 

t 4 0 0  

t 2 0 0  

1 0 0 0  ! I I I 1 I 
2 5 4 5 6 

pH 

Fig. 4. The oxide thickness obtained in 10 rain anodizations at 
100V as a function of the pH of the electrolyte (H~O2). At higher 
pH values (,-,6.5) the oxide became nonuniform in thickness. 

a decrease in t, near  pH ---- 3.6, where  t he  concentra-  
t ion of addit ives in the ba th  is minimal .  The decrease 
in I dur ing  anodizat ion exhib i ted  the  normal  depend-  
ence of Fig. 1 except  near  pH ---- 3.6 where  I decreased 
l inear ly  to a value  of only  ~50% of the  iniUal I. The 
ini t ia l  and final anodizat ion currents  at 100V as a func-  
t ion of pH are  shown in Fig. 5. The dependence  of the  
ini t ia l  cu r ren t  flow upon pH is due to the  var ia t ion  of 
the  ba th  conduct iv i ty  wi th  pH as shown by  the plot  in 
Fig. 5 of the  cur ren t  flow th rough  the  ba th  at  100V, 
wi th  the test sample  rep laced  by  a p la t inum anode of 
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Fig. 5. A semilogarithmic plot of the initial and final current of 
anodization at 100V for 10 min as a function of the pH of the 
electrolyte (H202) for (100)-oriented samples of GaAs, ,-,2 cm 2 in 
area. Also shown is the current flow as a function of pH obtained 
with a platinum anode of 2 cm 2 area replacing the test sample. 
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equal area (~2  cm2). The bath conductivity, measured 
with two p la t inum electrodes, was l inear in I. The ini-  
tial and final voltages across the oxide for anodization 
at 100V are plotted in Fig. 6 as a function of the bath 
pH. It is evident  that  near  pH : 3.6, the pH range  of 
reduced oxide growth is much narrower  than that of 
the broad conduct ivi ty m i n i m u m  centered about the 
same pH value. 

The importance of the amount  of additives in the 
bath ra ther  than the value of the adjusted pH of the 
electrolyte is shown by the anodization results ob- 
tained with both NH4OH and H3PO4 added to the bath. 
For example, if the pH of the bath is increased to ~6  
by the addit ion of NH4OH, and afterwards is decreased 
t o  2, then the dependence of t, the init ial  and final 
currents, and the bath conductivi ty are all insensit ive 
to fur ther  increases of pH by the addit ion of NH4OH 
(with no discontinuities near pH = 3.6). In  this case, 
the bath resistance is only ~750 ohms and the ini t ial  
and final voltages across the oxide are ,~60 and ,~100V, 
respectively. 

However, as described above for anodization at V > 
150V (pH = 2), the ell ipsometry measurements  on 
these layers indicate low values of t (~1000A) and 
high values of n (~2.8).  The determinat ion of t using 
t h e  Talystep technique showed that t = 1900 _ 100A 
for 2 < pH < 5.5. Ell ipsometry measurements,  on 
oxides formed by anodization in  this compensated 
bath with V < 60V, gave values of t and n in  agree- 

ment  with th~se obtained at pH = 2 with only H3PO4 
added to the bath (Fig. 3). For V > 60, the ell ipsom- 
etry measurements  again failed to give the correct t 
(and presumably  n value also) of oxides formed in 
the doubly compensated bath. Hence while the con- 
ductivi ty of the bath can be increased, and the de- 
pendence of t upon pH can be reduced by adding both 
H3PO4 'and NH4OH, the properties of the oxide films 
with V > 60V (t > 1000A) cannot be determined by 
ell ipsometry measurements.  

Electrical properties.--MOS structures were formed 
by evaporation of Pb through a mask containing 0.030 
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Fig. 6. The initial and final voltage across the oxide layer on the 
anodized sample as a function of the pH of the electrolyte (H,202) 
for anodization at IOOV for a period of 10 min. 

in. diameter holes onto anodized n-type,  hrD -- NA 
~1017 cm -~, samples of GaAs. These ( l l l ) - o r i e n t e d  
samples had been polished by immersion into chlorine-  
methanol  etchant. An ohmic contact was then formed 
by alloying Sn in  a hydrogen atmosphere at ,--500~ in 
a brief heating cycle. Samples were then anodized at 
30, 50, 70, and 100V, respectively, (pH = 2.0) and 
dried. After the Pb  evaporation the surfaces were 
cleaned of a thin film of Pb  between the 0.030 in. d iam- 
eter islands by dipping the samples into concentrated 
HNO3 (in which the oxide is insoluble) and then r ins-  
ing them in  water. At room temperature,  the pre-  
breakdown currents  were in the 10 -L10-gA range, 
independent  of bias and the reverse bias breakdown 
field was 3 _+_ 0.5 X 106 V/cm in all units. From the 
l imit ing value of the capacitance in  forward bias and 
using the known oxide thicknesses, the dielectric con- 
stant was evaluated on two metal  barriers per sample. 
From the eight measurements,  the average dielectric 
constant and mean  deviation were found to be 5.4 _-+- 
0.2. 

ElYects of contaminants on anodization.--Uniform 
oxides have been grown (with V selected as 100V), 
using electrolytes of concentrated H202 with or wi th-  
out the addition of either HaPO4 or NH4OH to adjust  
t h e  pH in the range from 1 to 6. The effect of con- 
taminants  on this process was revealed in  one in-  
stance when the pH of pure H202 (pH = 3.52) was in-  
creased slightly to pH : 3.65 by the addition of a drop 
of NH4OH diluted in distilled water  in a wel l - r insed 
beaker which had previously contained HNO~. While 
uni form anodization had previously been achieved over 
a wide pH range, this bath produced an  etching of the 
sample instead of anodization. It was therefore decided 
that it would be of interest  to those applying the 
anodization process to make some assessment of the 
effects of contaminants.  The common acids HC1, HNOs, 
and H2804 were selected as contaminants.  By dilution 
of one drop of these acids in 30 cm ~ of water  and then 
by adding enough NH4OH so as to form a contaminant  
solution with a pH ~7, it was estimated that  one drop 
of this dopant solution added 2 ppm of the selected 
contaminant  acid to the electrolyte bath without  
changing the bath pH. Using baths with a pH of ,~3.5, 
2 ppm of HC1 or HNO~ caused etching instead of 
anodization while fairly un i form anodization occurred 
with the bath containing H2SO4. Using baths with a 
pH ~2  (adjusted with HsPO4), the addit ion of 2 ppm 
of the contaminant  acid did not dis turb the anodization 
process. Adjus tment  of the bath pH to 2 wi th  H2SO4 
instead of HsPO4 also produced fair ly uniform an-  
odization. The behavior  of the contaminants  is ra ther  
complex since the oxide is insoluble in  HNO8 (which 
severely affects the anodization),  soluble in HsPO4, 
NH4OH, and H2SO4 (which assist the oxide growth 
in H202 solutions),  and soluble in  HC1 which also 
severely affects the anodization. 

Oxide masking in device fabrication.--Native oxides 
form ideal etching masks on m a n y  of the I I I -V com- 
pound semiconductors (5) since they are insoluble in 
common etchants (halogen-alcohol solutions) ; and be-  
cause of their  growth on the semiconductor surface, 
there is no separation of the mask from the surface 
dur ing  the etching. Native oxide masking is obviously 
useful in any device application where mesas have to 
be formed on a processed semiconductor wafer. To 
demonstrate the properties of this procedure a de- 
scription is given of the etching procedures used to 
form mesa stripes, 0.5 cm long, ,~5-30~ wide, and 3-40# 
high, on GaAs and on GaA1As-GaAs-GaA1As epitaxial  
layers grown on GaAs. The abil i ty to develop mesas 
on the lat ter  s tructures has obvious uses in fabricat-  
ing GaAs, GaA1As heterojunct ion lasers (8), and opti- 
cal waveguides. 

To etch mesas on the surface of samples, the surface 
is first oxidized and dried and  then treated wi th  p h o t o -  
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resist A Z I ! I  and exposed through a mask containing 
opaque stripes of the desired dimensions (9). The re- 
gions protected by the opaque portions of the mask 
remain  oxidized after the photoresist t rea tment  with 
the unprotected oxide dissolved in the caustic photo- 
resist developer solution. With a b romine-methanol  
polished (100) GaAs sample and a mask containing 
30/, wide stripes, 1 cm in length, the surface oxide 
stripes remaining  after the  photoresist process are 
shown in Fig. 7 (a).  It  is noted that  the edge d imen-  
sional fluctuations are ~ +_0.5~. After  etching for 1.5 hr 
in a s tagnant  solution of 0.1% bromine in  methanol  the 
top view of the mesa (.after dissolving the oxide in 
HC1) is shown in Fig. 7 (b) and the cross-section view, 
obtained by cleaving in a (110) plane, is shown in 
Fig. 7 (c). The etching to a depth of 3~ has reduced the 
edge dimension fluctuations by at least an order of 
magnitude.  The flat sides of the etched mesas are (111) 
planes. To permit  observation of the cross section of the 
mesa, the direction of the oxide stripes is made nor-  
mal  to a (110) cleavage plane. With the stripes in the 
[llO] direction in the (1O0) surface of the GaAs sam- 
ple, the flat mesa sides are (111) planes. 

Application of the same procedures to GaA1As- 
GaAs-GaA1As epitaxial layers grown upon a GaAs 

Fig. 7. (a) A 30/~ wide stripe of oxide on a GoAs surface defined 
with photoresist techniques. (b) The same region after developing a 
mesa by etching in Br-methanol (and dissolving the oxide in HCI). 
(c) Cross-section view of (b). 

(100) substrate produced the structures shown in 
cross section in Fig. 8. These mesas extend about 0.5 
cm in length and are passive optical waveguides for 
infrared radiat ion which is confined in the GaAs middle 
layer  due to the decreased index of refraction in the 
adjacent A1 rich layers (XA1 ,~10%) and air interface 
on the sides. It is noted that the etched sides in Fig. 
8(a) are smooth curves but  are (111) planes in Fig. 
8(b) .  While both waveguides lie in <110> directions 
in the (100) plane they are mutua l ly  perpendicular .  

4 _  

Thus the cleavage planes are (011) in Fig. 8(a) and 
(011) in Fig. 8(b) .  The straight sides of the mesas in 
Fig. 8(b) are (111) and (111) planes which etch more 
slowly (10) than the corresponding {111} planes in 
Fig. 8 (a) where the mesa sides are curved. The bright 
l ine at the top of the surface of the crystal in Fig. 8(b) 
is the oxide and shows that  the depth of etching can be 
monitored by noting that  it is about double that  of the 
oxide overhang which is visible under  microscopic in-  
spection of the top of the structure. 

Summary 
These studies describe m a n y  of the factors which 

influence the anodic growth of a nat ive oxide on GaAs 
in an aqueous H~O2 electrolyte at constant  anodization 
voltage and may be summarized as follows: 

1. Uniform oxide layers, with a refractive index 
equal to 1.8 and with layer thickness proport ional  to 
the anodization voltage, may be grown over extended 
ranges of anodization voltages and pH of the electro- 
lyte. The pH of the electrolyte may be increased (or 
decreased) by the addit ion of NI-I4OH (or HzPO4). 
The oxide layer  thickness is sensitive to surface im-  
perfections as evidenced by an oxide growth of 20 A/V  
on an abrasively polished surface and 18 A/V  on a 
chemically polished surface (with a bath pH ---- 2 and 
V --  225V). In  the lat ter  case the growth of the oxide 
consumed 12A of GaAs per volt of anodization voltage. 

2. Since the oxide is of high resistivity the anodiza- 
tion current  (and the voltage drop in the electrolyte) 
decrease as the oxide is grown at constant  bias. The 
voltage drop across the oxide becomes essentially equal 
to the applied bias after about 1 min  of anodization. 

3. The resistance of the electrolyte causes significant 
voltage drops in  the electrolyte at all pH values and  
limits the ini t ial  current  flow dur ing anodization. 

4. Most of the oxide is grown dur ing the init ial  an-  
odization (typically in the first minute)  when  the 
current  is decreasing rapidly with time (and the volt-  
age drop across the oxide is increasing).  For example 
at pH ---- 2 and 10OV applied, 70% of the oxide is grown 
during the first minute of anodization of a I0 rain 
cycle. 

5. As-grown oxides were  often indist inguishable 
from those which were air dried at temperatures  of 
95~176 The reproducibi l i ty  of the layer  properties 
is improved by drying, but  the effects are less severe 
than  in similar oxides on GaP where  t decreased by 
20% using the same drying procedure. 

6. For  1 < pH < 6, the pH dependence of t (at fixed 
V) shows a small  increase in t towards each end of 
the pH range and a decrease in t near  pH ---- 3.6. The 
reduced oxide growth near  pH ---- 3.6 correlates with 
the absence of additives (NH4OH or I-i3PO4) in the 
bath rather  than  with the broad conductivi ty m i n imum 
of the electrolyte centered about the same pH value. 

6. At pH ---- 2 and  V > 150V, the oxide properties 
cannot be characterized by ell ipsometry measurements,  
but  Talystep measurements  of t showed the l inear 
relationship between t and V extended to V --~ 225V. 

7. Contaminants  such as HC1 and HNO3 at concen- 
trat ions of a few parts per mil l ion in the bath  can cause 
the anodization process to t ransform into an etching 
process. 

8. The oxide is insoluble in HNO3 but  is soluble in 
most other acids and bases. 
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Fig. 8. The cross-section view of mesas formed in GaAIAs-GaAs-GaAIAs epitaxial layers grown on a GaAs substrate using the technique 
of masking by growth of a native oxide, defining area by photoresist techniques, and etching in Br-methanol. The mesas lie in the ~ 1 1 0 ~  
directions in the (100) plane and are viewed on cleavage planes: (a) in the [011-] direction and (b) in the (011) direction. The straight sides 

- - w  

of the mesas in (b) are (111) and (111) planes which etch more slowly (10) than the corresponding { I i l }  planes in (a) where the mesa 
sides are curved. 

9. L imi ted  measurements  on MOS s t ructures  suggest  
the oxide should be useful  in such applications.  

10. The use of the oxide as a mask  for chemical  e tch-  
ing was demons t ra ted  by  descr ibing the format ion  of 
passive opt ical  waveguides  by  the etching of mesas, 0.5 
cm long, 5/~ wide, and  10-30/~ deep in GaA1As-GaAs-  
GaA1As ep i tax ia l  layers .  

11. Anodizat ion,  fol lowed by  dissolving the oxide, is 
a useful  e tching p rocedure  to remove a small ,  p r e -  
de te rmined  thickness  of the crystal .  The amount  of 
GaAs consumed in anodizat ion is l inear  in V. This p ro -  
cedure  should be useful  in diffusion studies and as a 
genera l  c leaning procedure  for c leaning crys ta l  su r -  
faces whi le  ma in ta in ing  geometr ical  control.  

12. These anodizat ion procedures  should ex tend  d i -  
rec t ly  to o ther  I I I - V  compound semiconductors;  for 
example,  an anodic oxide has been grown on InSb. In 
addition, an oxide has  been  g rown on silicon by  this  
technique.  

Whi le  m a n y  of the  proper t ies  and appl icat ions  of 
the  anodizat ion process have  been described,  i t  is ap -  
pa ren t  tha t  there  is li• unders tand ing  of the  kinet ics  
of the  process. Anodiza t ion  at  constant  bias can p ro -  
duce  un i form oxides  wi th  p rede t e rmined  proper t ies  
but  the  kinet ics  a re  obscured since most  of the  oxide is 
g rown in the  ini t ia l  anodizat ion where  there  are r ap id  
changes in the  anodizat ion cur ren t  and the vol tage 
across the oxide. Impur i t i es  p lay  an impor tan t  role in 
the  kinet ics  since the  ra te  of oxide  growth  depends  
upon the concentrat ions  of H~PO4 and NH4OH in the 
e lec t ro ly te  r a the r  than  only  on the pH of the bath.  
Moreover,  some addit ives,  such as HNOa and HC1, can 
t r ans fo rm the anodizat ion process into an etching p ro -  
cedure.  

Measurements  a re  now being a t t empted  to d i rec t ly  
measure  the oxide composit ion;  only  then  can f i rm 
models  be proposed to expla in  the  observed results.  
I t  is p resen t ly  assumed tha t  the  oxida t ion  proceeds  
via  the  hyd ra t ed  forms of ga l l ium oxide and arsenious 

oxide (i.e., Ga203.mH20 and As20~.nH20) ~vhich are 
both genera ted  on the GaAs surface. However ,  if the 
condit ions in the  solut ion are  such as to cause the  re -  
moval  of e i ther  of these  products  (e.g. the pH effect on 
the  dissolving of arsenious oxide to form arsenious 
acid or the influence of n i t ra tes  or chlorides on the ra te  
of oxide format ion)  then  the  kinet ics  can be dras t ica l ly  
al tered.  
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ABSTRACT 

Oxygen-18 concentra t ion profiles in thin oxide films have  been measured  
by  combining a sectioning technique  for locat ing the  isotope wi th  a nuc lear  
method  for  de tec t ing  it. The sys tem studied was the  anodic oxidat ion of t an ta -  
lum, and the oxide was sectioned by  slow dissolution in concent ra ted  H F  
almost  sa tu ra ted  wi th  NH4F; the  1sO present  was detected by  bombard ing  
the  oxide wi th  3.042 MeV protons and counting neutrons  emi t ted  in 1sO (p,n) 18F 
reaction.  On anodizing first in 180 e lec t ro ly te  and then  in ~80 electrolyte ,  the  
180 incorpora ted  last  was found outs ide the leo layer  incorpora ted  first. There  
was, however,  a smal l  mix ing  of the populat ions  at the  boundary  be tween  
them, and the degree  of mix ing  was found to be propor t iona l  to the  square 
root  of the  thickness  added in the  180 electrolyte .  The  resul ts  could be ana-  
lyzed ve ry  wel l  in t e rms  of forced diffusion (under  the influence of the  electr ic 
f ie ld  dur ing  anodizat ion)  from a constant  source ( the e lec t ro ly te)  into a 
semi- inf ini te  med ium (the oxide) ,  thus confirming that  oxygen  indeed  mi -  
gra tes  dur ing  the anodic oxidat ion  of tan ta lum.  

The sectioning technique descr ibed in previous  
papers  (1, 2) has been  combined wi th  a least  squares  
fit analysis  (3) and  used to s tudy  t r anspor t  processes 
in the  anodic oxidat ion  of t an t a lum (4). Radioiso-  
topes of the  noble  gases were  found to approx ima te  
qui te  closely to the  iner t  immobi le  ma rke r s  r equ i r ed  
for t r anspor t  number  exper iments ,  and  it was then 
possible to show tha t  the oxide th ickens  l a rge ly  by  
oxygen migrat ion.  The next  step, therefore,  was to 
find out how the ind iv idua l  oxygen  a toms moved 
through  the oxide film, and this requ i red  a t racer  for 
the  oxygen  itself .  Resul ts  obta ined  in such exper i -  
ments  are  descr ibed below. 

The configurat ion of a t racer  expe r imen t  depends  
on the  methods  used to incorporate ,  detect,  and locate 
the  t racer  species. Thus the noble gas atoms used in 
the  previous  s tudy (4) were  incorpora ted  by  ion im-  
plantat ion,  detected by  means  of the i r  radioact iv i ty ,  
and located using the  sect ioning technique.  No long-  
l ived radioisotopes of oxygen exist,  and so one of 
the  r a re  s table isotopes, 1~O or 1so, must  be used 
instead.  These can be  de tec ted  e i ther  by  means  of 
nuc lear  react ions (5, 6) or by  mass  spec t romet ry  (7), 
but  the  detect ion efficiency of these methods  is much  
less than  tha t  for radioact iv i ty .  Accordingly,  much 
more  t racer  is required,  and since implan ta t ions  at  
high fiuence a l te r  the  proper t ies  of the  anodic oxide 
(2), this  was an undes i rab le  method  for the  incorpo-  
ra t ion  of the  oxygen isotopes. The only a l t e rna t ive  
was to anodize in w a t e r  enr iched wi th  the  appropr i a t e  
isotope. 

In  the i r  p ioneer ing  s tudy  on the  migra t ion  of oxygen  
dur ing  anodic oxidation,  Amsel  and Samuel  (6) in-  
corpora ted  180 t racer  by  anodizing in H2180, de tec ted  
it by  count ing a par t ic les  emi t ted  f rom the  nuclear  
react ion 180 (p, a)15N, and located it b y  tak ing  ad-  
vantage  of the  e x t r e m e l y  na r row  1165 keV proton  
resonance  in this reaction.  Such nuc lear  methods  of 
locat ion denend on measur ing  the  energy lost by  
charged par t ic les  in t r ave r s ing  the solid, and the reso-  
lu t ion is l imi ted  by the  energy  s t raggl ing tha t  occurs. 
This s t raggl ing  is qui te  sufficient to mask  the effect of 
smal l  var ia t ions  in t he  concentra t ion  profile, so 
tha t  gross changes a lone can be observed (8). Using 
specimens p repa red  in these laborator ies ,  Evans  and 
Pems le r  (7) have  detected and located 1so t racers  by  
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microanalysis,  oxygen migration. 

means  of ion microprobe  mass  spect rometry ,  in which  
the oxide is g radua l ly  sput te red  away  wi th  2 keV 
argon ions. By feeding the sput te red  a toms to a mass  
spectrometer ,  the 180 isotope could be detected and 
located as a function of the  spu t te r ing  t ime. The 
resolut ion is, of course, l imi ted  by  the un i fo rmi ty  of 
the sput te r ing  and appears  to be l i t t l e  be t t e r  than  
tha t  for the nuclear  method.  

In  the  present  exper iments ,  t so  was incorpora ted  by  
anodizing in H21sO electrolyte ,  de tec ted by  counting 
neutrons  from the 180(p, n) lSF reaction,  and located 
by  means  of the  sectioning technique descr ibed in p re -  
vious papers  (1, 2). The use of separa te  techniques  
for  detect ion and locat ion improved  the resolut ion by  
about  an order  of magni tude.  

The Principle of the Tracer Experiments 
As in the previous  paper  (4), an ideal  oxidat ion  

sys tem wil l  be  assumed; one in which  the  oxide is 
homogeneous,  of un i form thickness,  and grown on a 
p lane  meta l  surface. The exper iments  were  pe r -  
formed by  anodizing to an in i t ia l  thickness,  hi, in 
o rd ina ry  H2160 electrolyte ,  and then  to a final th ick-  
ness, hf, in ident ica l  e lec t ro ly te  made  up  wi th  H21sO. 
Under  these circumstances,  th ree  basic possibil i t ies 
for the 180 profile exist,  as i l lus t ra ted  in Fig. 1. 

I. If  the oxide thickens  en t i re ly  by  meta l  migrat ion,  
the l so  a toms wil l  be incorpora ted  on top of the 160 
atoms, and popula t ions  wi]l  not  mix.  Since the  160 
l aye r  is of ex t r eme ly  un i fo rm thickness  (1), the 180 
concentra t ion wil l  fal l  a b r u p t l y  to the na tu ra l  abun-  
dance at  the  bounda ry  be tween  the layers.  

If  the  oxide thickens en t i re ly  by  oxygen  migrat ion,  
the re  are two ex t reme  possibili t ies.  

II. The oxygen atoms could move in succession as 
space becomes avai lable ,  thus p reserv ing  the i r  o rder  
in queues. Due to the s ta t is t ical  na ture  of the motion, 
some queues wi]l  move fas ter  than  others, and  so some 
of the  leading  180 a toms wil l  over take  some of the  
t ra i l ing  160 atoms. The popula t ion  mix ing  tha t  resul ts  
serves to dis t inguish this poss ib i l i ty  f rom the previous  
one. 

III. The other extreme is to suppose that once the 
oxygen atoms are incorporated in the oxide, they 
move right scross until they are stoDped at the metal/ 
oxide interface. Under these conditions, the oxygen 
order will be reversed, since the IsO atoms incorpo- 
rated ]ast will be found underneath the 160 layer 
formed first. 
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Fig. 1. The three basic zsO 
concentration profiles in anodic 
tantalum oxide when the oxide is 
formed initially to a thickness, 
hi, in H2180, and then to bf in 
H21sO. The lower curves show the 
corresponding neutron count pro- 
files when the films are analyzed 
by the 180(p, n)lSF method de- 
scribed in the text. 
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These three profiles are the simplest and most easily 
interpretable,  but  m a n y  others are possible. Thus, 
profiles intermediate  to II and III  will  occur if the 
atoms move several interatomic distances at a time, 
instead of one as assumed in II, or all as in III. When  
both metal  and oxygen move, with a new oxide being 
formed at the interfaces, the lso dis tr ibut ion will  be 
a combinat ion of I with II or III, or some in te rmedi -  
ate thereof. If a new oxide is formed within  the exist- 
ing oxide, the ~sO profile wil l  depend on the location 
of this new oxide as well. Certain types of profile 
could, therefore, be ra ther  difficult to interpret.  

Fortunately,  most of these possibilities can be el im- 
inated by the evidence al ready available. Transpor t  
n u m b e r  measurements  (4) show that  both t an ta lum 
and oxygen migrate, and that the new oxide is formed 
at the metal /oxide  and oxide/electrolyte interfaces 
only. The possible profiles, therefore, are those in 
which I is combined with II or III, or with some in ter -  
mediate between II and III. 

Measurement of the ~sO Concentration Profiles 
Incorporation of the zsO.--Tantalum foils, 35 • 10 

)<0.37 mm ~, were cut from 0.015 in. sheet supplied by 
the Fansteel  Metallurgical Corporation. The middle 
28 mm on each side was divided into seven areas, each 
4 • I0 ram, by means  of scratches r u n n i n g  across the 
foil. A 0.5 mm (0.020 in.) diameter  t an ta lum wire 
was spot welded on one corner, and the foils were 
then chemically polished as described previously (1). 
After  a 2 rain dip in the NH4F-HF str ipping solution 
to remove any film left by  the polishing (9), the foils 
were anodized to the desired ini t ia l  thickness using 
0.01M KI in ordinary  water  as the electrolyte. This 
part icular  electrolyte was chosen to avoid dilution of 
the enriched oxygen electrolytes; the anion contains 
no oxygen, and the salt does not crystallize with water  
of hydration. 

Two H21sO samp]es were obtained from YEDA, 
Israe], and KI, dried at 150~ for 2 hr, was dissolved 
in them to make up approximately 0.01M solutions; 
26.10 mg were dissolved in 15 ml  of 11.43% HelsO 
(0.0105M), and 2.60 mg in 2 ml  of 97.56% H~tsO 

(0.0087M). The t an ta lum foils were then reanodized 
to the final thickness in one or other of these electro- 
lytes, using specially designed Lucite cells. A plat i -  
num wire served as cathode, and because the anodiz- 
ing circuit (10) required a reference electrode, a silver 
wire was added for the purpose. The intended Ag/AgI  
electrode, however, did not have the necessary im- 
pedance, and so the other end of the silver wire was 
electrically connected to the usual  glass electrode by 
dipping both in a beaker  of ordinary  0.01M KI. 

Anodization behavior  with this a r rangement  was 
normal,  as determined from angst roms/vol t  and sec- 
onds/vol t  measurements.  The use of 0.01M KI in place 
of 0.1M H2SO4 did not  noticeably affect the thickness 
cal ibrat ion (1) for the t an ta lum oxide. No tempera-  
ture control was provided for the anodizing cell, with 
the result  that  the heat l iberated dur ing anodization 
raised the tempera ture  of the small  quant i ty  of elec- 
trolyte present;  indeed, the tempera ture  rose suffi- 
ciently to produce considerable condensation on the 
walls of the cell above the electrolyte. At 10 m A / c m  2, 
the heat ing was so pronounced that the final thickness 
was very much greater  than that  intended, and so 
much hydrogen was discharged at the cathode that  
the specimen was anodized in a froth. 

Detection of the zsO.--Several charged particle 
nuclear  reactions can be used for the detection of 1sO. 
If the reaction product  is itself a charged particle, as 
in the case of the 1sO (p, a)I~N reaction used by Amsel 
and Samuel  (6), the detector must  be placed inside 
the vacuum system of the accelerator. Such apparatus 
was not  avai lable at the t ime these exper iments  were 
performed, and so reaction products that would pass 
through the acce]erator wall  were needed. These 
could only be neut rons  or ~ rays, and neut rons  from 
the 1sO(p, n) lSF reaction were in fact used. The other 
product of this reaction, radioactive ~SF, has been 
employed by Thompson (11) to measure the 1sO con- 
tent of na tura l  anodic oxide on tanta lum.  

The ~sO(p, n)lSF reaction has a proton threshold 
energy of 2.574 MeV (12), above which there are a 
series of resonances (13). To optimize the conditions 
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Fig. 2. The 3.037 MeY resonance in the ]SO(p, n)18F reaction 
measured with an anodic Ta21SO5 sample 490.~, thick in proton 
bombardment ii; 3 MeV protons lose approximately 2 keV in travers- 
ing this thickness of oxide. The scale along the abscissa is a work- 
ing scale, which has been calibrated only approximately; it appears 
to be about 5 keV low. The random standard error in each energy 
measurement is known to be about 1 keV, and the standard error in 
each count is 2.1 times ~ /  (observed count). Error ellipses have 
been drawn at two standard errors from the points actually measured 
to show the 95% confidence limits. The maximum energy lost in an 
oxide film during the course of these experiments is indicated by 
(~D18.X. 

for neutron counting, it was necessary to consider 
three factors. 

First, neutrons can be produced by p, n reactions 
on nuclei  other  than 1so. In this respect, i t  was for tu-  
nate that  the lO, n threshold for leO is 17.4 MeV, and 
that  lSlTa, wi th  its high Z, has a large coulomb bar-  
rier. Tests wi th  chemical ly  polished tan ta lum showed 
that  the background count decreased by an order  of 
magni tude  for every  MeV reduct ion in the proton 
energy below 5.5 MeV; this observation is in agree-  
ment  wi th  published data for the 181Ta(p,n)lSlW 

cross section (14). To keep the background down, 
therefore,  the proton energy had to be as small  as 
possible. 

The second requ i rement  was to maximize  the neu-  
t ron yield f rom the lsO, and this meant  using a reso- 
nance in the l sO(p ,n ) lSF  reaction. According to the 
l i tera ture  (13), the lowest resonance occurs .a t  2.649 
___ 0.005 MeV; when tested here, this gave acceptable 
neutron counting rates. It was not used for the actual 
experiments,  however ,  because it could not meet  the 
third requi rement ;  that  the p, n cross section be con- 
stant at all points in the oxide film. 

The m a x i m u m  thickness of the 1sO profiles studied 
here was about 2700A. From energy loss data (15), it 
can be calculated that  3 MeV protons lose approxi -  
mate ly  13 keV in t ravers ing this thickness of tan ta lum 
pentoxide, so that  a proton incident on one side wi th  
an energy  6.5 keV above resonance would emerge 
from the other wi th  an energy 6.5 keV below reso- 
nance. The third requ i rement  meant,  therefore,  that  
the p, n cross section had to be approximate ly  con- 
stant for 6.5 keV on ei ther side of the resonance peak. 
Since the full  width  at half  m ax im um  for the 2.649 
MeV resonance was only 8 keV, this resonance was 
obviously much too narrow. 

The next  resonance in the lSO(p,n) lSF reaction 
occurs at 3.037 MeV, with  an FWHM reported as 33 
• 3 keV (13); the la t ter  was confirmed here, as 
demonstrated in Fig. 2. This resonance is the broadest 
avai lable below 3.5 MeV (13), and therefore  had to 
be used in the present experiments.  The incident 
proton energy was fixed at 3.042 MeV, 5 keV above 
resonance, to keep the average cross section for any 
oxide film up to 2700A in thickness as constant as 
possible; the residual var ia t ion was est imated to lie 
within a range of 4%. 

Location of the l sO.--The anodized foils were  
thinned by means of the sectioning technique (1) in 
such a way as to leave a series of steps in the oxide 
surface, as indicated schematical ly in Fig. 3. The area 
of each step, 4 • 10 mm, was defined by the scratch 
marks on the tan ta lum surface, and the oxide thickness 
at each step adjusted to a preselected value by con- 
trol l ing the t ime spent in the NH4F-HF stripping 
solution. Once the desired thickness had been reached, 
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180 concentration profile by 
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tion. The film was anodized ini- 
tially to h~ in H2100, and then to 
hf in H2180; one step was left at 
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about hi. The scratch marks on 
the tantalum surface defined the 
area of each step. 
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the step was covered with Apiezon N grease to pre-  
vent  fur ther  attack as th inn ing  continued elsewhere; 
the grease was subsequent ly  dissolved in t r ichlor-  
ethylene. Comparison of the intended thicknesses with 
those actual ly measured by the spectrophotometric 
technique showed that  the difference was rarely more 
than 10A and f requent ly  less than 5A. The uni formi ty  
of the th inn ing  and the errors in the thickness mea-  
surements  have been discussed elsewhere (1, 3, 4). 

Two types of oxide samples were prepared for the 
present study. Those intended to investigate the gross 
features of the 180 concentrat ion profile were anodized 
first to 880A in 160 electrolyte, and then to more than  
3000A in 180 electrolyte; steps of 150A or more were 
then placed in the oxide surface to cover the whole 
range of thicknesses from 3000 to about 700A. 
These samples showed that  the 180 profile was of the 
form II  in Fig. 1, and so the second type of sample was 
designed to measure the mixing at the 160/lso bound-  
ary. They therefore required much smaller  steps of 
10-20A, centered about the init ial  thickness, normal ly  
880A, of 160 oxide. This thickness was chosen as 
s tandard because it is close to the bottom of the range 
that can be continuously measured with spectropho- 
tometer  (1). 

The composite 160/lso oxides were thus th inned 
down, as i l lustrated in Fig. 3, to leave seven different 
thicknesses on each side of the t an t a lum foil, for a 
total of fourteen different thicknesses in all. By bom- 
barding  each thickness with the same dose of 3.042 
MeV protons, the relat ive amount  of 180 beneath  a 
given depth in the composite oxide could be deter-  
mined. The results, in the form of neut ron  counts vs. 
oxide thickness remaining,  described the integrated 
concentrat ion profile, from which the 180 profile itself 
could be obtained by differentiation. 

Proton bombardments . - -Four t an ta lum foils pre-  
pared as above were mounted  longi tudina l ly  in an 
a luminum target holder. The lat ter  was electrically 
insulated, so that the proton charge deposited in the 
t an ta lum foils could be passed to a current  integrator  
as a measure of the proton dose. Coll imating plates 
were placed about a cent imeter  away on each side of 
the foils, and twenty-e igh t  3 m m  diameter  holes 
bored in each plate at positions opposite the individual  
steps on each foil (Fig. 3). The whole assembly was 
then inserted into the target  chamber  of a High Volt- 
age Engineer ing EM Van der Graaff accelerator. 

To make a measurement ,  the proton beam was first 
focused to a spot 2 m m  in diameter  on a quartz view- 
ing screen placed in front  of the target  assembly. By 
means of a rack and pinion, the target  assembly could 
be moved so that any  one of the twenty-e igh t  posi- 
tions could be selected for bombardment ;  the quartz 
was then removed, and the protons passed through 
the coll imating holes to strike the oxide surface. Neu-  
trons emitted in the 180(p,n)  lSF reaction peak 
strongly in the forward direction, and were detected 
by means of a conventional  long counter  placed as 
close as possible behind the target  chamber. The 
amount  of mater ia l  be tween the oxide film and the 
long counter  was minimized to reduce neut ron  scat- 
tering; neutrons  knocked out of the 1sO nuclei  passed 
first through the under ly ing  t an ta lum foil 0.015 in. 
thick, and then through the 1/16 in. a l uminum end 
plate of the Van de Graaff vacuum system. The scat- 
ter ing was in any  case small; on one occasion a 1/2 in. 
steel plate was inadver ten t ly  left under  the end plate, 
and reduced the neu t ron  counting rate  by  about 10%. 

Measurements  on a series of foils were made as 
follows. A standard sample, containing 490A of 97.56% 
1sO oxide, was bombarded first to establish the posi- 
t ion of the resonance with respect to the energy scale 
of the accelerator; this sample was about  2 keV 
"thick" to 3.042 MeV protons. The energy region 

about 3.037 MeV was scanned in 10 keV steps, and, 
once the peak had been located, the proton energy 
was fixed 5 keV above, as i l lustrated in Fig. 2. The 
oxide steps on the prepared targets were tl~en bom- 
barded successively, going down one side of the tar-  
get holder, rotat ing it through 180 ~ , and back up the 
other side. The target  assembly was then removed 
and replaced by its twin, carrying a new load of tar -  
gets which were measured in the same way. Finally,  
when all positions on all prepared targets had been 
bombarded, the s tandard sample was again inserted 
in the proton beam to make sure that  conditions had 
not changed in the course of the exueriments ;  no 
significant discrepancies were in fact observed. 

The proton dose was 150 ~coulombs at a beam cur-  
rent  of about 1 ~A; this corresponds to an implan ta -  
t ion fluence of about 3 • 1016 1H+/cm~ over the area 
implanted.  A single close of this magni tude  had no 
discernible effect on the appearance of the foils, but  
the repeated doses applied to the s tandard changed 
the interference colors in such a way as to indicate a 
thickening. This thickening has been at t r ibuted to 
the deposition of carbon from traces of pump oil in 
the vacuum system (2), and  had no effect on the neu-  
tron counting rate. 

The total neu t ron  count varied from a background 
of about 100 to a ma x i mum of 90,000, and was sub-  
ject to the following errors: (i) the usual  statistical 
error, equal to the square root of the n u m b e r  of 
counts; (ii) inaccuracies in the measurement  of the 
proton dose, due par t ly  to contaminat ion of the pro- 
ton beam by other ions or by neut ra l  hydrogen atoms, 
and par t ly  to fluctuations in secondary electron emis- 
sion by the target  oxides; (iii) fluctuations in the effi- 
ciency of the neut ron  counter;  (iv) fluctuations in 
the average proton energy and /or  the energy spread, 
leading to fluctuations in neu t ron  yield; and (v) var -  
iation of the beam position wi thin  the collimator 
holes, leading to variat ions in the n u m b e r  of neutrons  
generated in the foils, and also in the collimator it- 
self. The collimator mater ia l  was therefore of some 
importance, and original ly gold was chosen on the 
ground that  it is the only metal  of high atomic n u m -  
ber  which does not support  a surface oxide at room 
temperature.  Experience showed, however, that the 
gold collimator gave a ra ther  high background, and 
so it was renlaced with one made of tantalum. The 
lat ter  was chemically polished, and then treated with 
the HF-NH~F reacent  to remove as much surface ox- 
ide as possible (9). This t an t a lum collimator gave a 
much lower neut ron  background, and proved satis- 
factory. 

Duplicate measurements  on several different sam- 
ples showed that  the average error was 2.1 times the 
statistical error [see (i) above] and so the former 
was taken as the s tandard error for the purposes of 
least squares fit analysis. There was, however, con- 
siderable var iat ion between individual  samples, due 
presumably  to the effects of ( i i ) - ( v ) .  

Originally, it had been intended to bombard  one 
side of the foils only. When the holder was modified 
to allow bombardment  of both sides, t he  two or ienta-  
tions presented different geometries to the neut ron  
counter. By bombarding  the seven steps of a part icu-  
lar oxide film in both orientations, a conversion fac- 
tor of 0.825 _ 0.006 (s tandard error) could be calcu- 
lated. Since the oxide film was th inned a l ternate ly  on 
each side of the foil, two seven-point  samples could 
in principle be obtained; by applying the conversion 
factor, these could be combined in a single fourteen-  
point sample, which proved more suitable for ana ly -  
sis. On reversing the foil in the target  holder, a sec- 
ond four teen-point  sample was obtained for compari-  
son with the first; wi th in  exper imental  error, two 
such samples agreed. 
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Results 
The exper imental  results were obtained as a series 

of neu t ron  counts vs. oxide thickness remaining,  their 
general  form being i l lustrated in Fig. 4 and 5. These 
plots correspond to the integrated 180 dis tr ibut ion in 
the oxide, and reference to Fig. 1 will show that  they 
are most closely related to condit ion II or a combina-  
t ion of I and II. In  order to e l iminate  the possibility 
of condition I alone, it is necessary to show that  the 
mixing  of the 160 and 180 populations in Fig. 5 is 
real, and not just  an artifact due to uneven  str ipping 
of the oxide layers. The uni formi ty  of the oxide str ip-  
ping process has been studied in detail (1), and the 
magni tude  of the irregulari t ies is definitely not great 
enough (4) to account for the effects observed. Mi- 
grat ion of the oxygen is therefore confirmed, and it 
most probably occurs via mechanism II;  that  is, the 
oxygen atoms all migrate  in succession as space be-  
comes available, so that  their order is largely con- 
served. The system can then be regarded as a form 
of bu lk  diffusion, and has been analyzed mathemat i -  
cally in the Appendix. 

The analysis predicts that the 1sO concentrat ion 
profile should be an error  funct ion complement (erfc), 
and hence that  the neu t ron  count profile actual ly ob- 
served should be an integrated error funct ion com- 
plement  (ierfc). As indicated in Fig. 6, these func-  
tions involve five parameters,  whose individual  sig- 
nificance is as follows: 

C(1),  expressed in neut ron  counts /angst rom of ox- 
ide/150 #coulombs of proton charge, is a proport ionali ty 
constant relat ing neut ron  counts to 1sO enrichment.  

C(2),  measured in  angstroms from the metal /oxide  
interface, defines the midpoint,  or mode of the error 
function complement  wi th in  the oxide film. 

C(3),  also in angstroms, is the s tandard deviation 
associated with the error funct ion complement, and 
measures its dispersion about the mode. 

C(4),  in the same uni ts  as C(1) ,  relates neut ron  
counts to the na tu ra l  180 background. 

C(5),  in neut ron  counts/150 ~coulombs of proton 
charge, are those due to impuri t ies  in the oxide and 
the under ly ing  tanta lum.  
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Fig. 4. Neutron counting profile obtained with the trial specimen 
in the first set of proton bombardments. Initial anodization to 870.& 
in H~).BO, final anodization to 3622.~ in H2tsO, both at 1 mA/cm 2 
in 0.01M KI. The error ellipses define the 95% confidence limits 
around the measured points, and the straight line has been fitted 
through the five points from 1254 and 2893.~. The small square in 
the lower right hand corner defines the area covered by Fig. 5. 
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Fig. 5. Ten times magnification of the 160/180 boundary region in 
Fig. 4, illustrating the fit of an integrated error function comple- 
ment (ierfc) to the data points in the vicinity of hi. 
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Fig. 6. The relationship between the error function complement 

y - -  (C (1 ) /~ /2 ) . e r fc [ - - (X - -C (2 ) ) / ~ /2"C(3 ) ]  + C(4) 

and its integral 

Y = (C(1) "C(3)/~/2) . i e r fc [ - - (X - -C(2 ) ) /~ /2"C(3 )  ] + 

C(4) 'X + C(5) 

The relationships between these parameters  are 
defined by a series of equations ( [A-1] - [A-19] )  in 
the Appendix, and these were tested exper imenta l ly  
in three sets of proton bombardments .  The first set, 
i, was used to establish the best conditions for the 
experiments,  which were then reproduced in sets ii 
and iii. The reproduction was not, however, com- 
pletely accurate; the bombardment  energy in set ii 
appeared to be slightly different, while the neut ron  
counts in set iii were all 10% low due to the presence 
of the �89 in. steel plate. 

The relationships tested were as follows: 

(i) The neu t ron  counts obtained from an oxide film 
formed entirely in ordinary water  should be propor- 
t ional to the oxide thickness remaining  (Eq. [A-16]).  

A sample of this kind was bombarded twice dur-  
ing set i, and once dur ing set iii when, to save time, 
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R u n  

Table I. Least squares fit of the straight line Y b ( I )  = 

C(4) " X ( I )  + C(5) to the neutron counts vs. oxide 
thickness data for anodic tantalum oxide 

formed entirely in ordinary aqueous 
electrolyte (natural 1sO abundance 

0.204%). Same sample used in 
both runs. 

N u m b e r  
P a r a m e t e r  P a r a m e t e r  of da ta  F i t t i n g  

C (4) C(5) po in t s  f i t ted  p r o b a b i l i t y  
( c o u n t s / A )  (counts)  N p(X 2) .v-~ 

i 0.061 "4- 0.006 64 ----- 10 28 0.064 

i i i  0 .047 • 0.013 66 -- 24 9 0,008 

Table II. Least squares fit of the straight line Y e ( I )  = 
C ( I ) ' ( X ( I )  - -  C(2)) to the neutron counts vs. oxide 

thickness data for an oxide film formed first in 
ordinary water (lsO abundance 0.204%) to hi 

and then in water enriched with lsO to an 
abundance of 97.56%. Neutron counts 
due to the enrichment (97.36%) were 
fitted only at oxide thicknesses greater 

than hi -b 3.C(3);  see Appendix for 
details. 

N u m b e r  
P r o t o n  P a r a m e t e r  P a r a m e t e r  of da ta  F i t t i n g  

b o m b a r d -  C(1) C(2) po in t s  f i t ted  p r o b a b i l i t y  
mer i t  ( coun t s /A)  (A) N p ( X ~) ~-2 

only nine of the fourteen positions were bombarded;  
the results are given in Table I. In  view of the un -  
certainty in the calculation of the fitting probabili t ies 
(see Appendix) ,  no good evidence against a l inear  
relationship has been obtained, and so this has been 
assumed. In  subsequent  tests, these values of C(4) 
and C(5) have been used to correct the observed data 
for background, those for set ii being assumed identi-  
cal to those for set i. 

(ii) For an oxide formed first in ordinary water, 
and then in H2180, the neut ron  counts due to the en-  
r ichment  should, for oxide thicknesses much greater 
than the init ial  160 thickness, be l inearly dependent  
on the oxide thickness remaining (Eq. [A-18]).  

(iii) Furthermore,  this l inear  relationship should 
extrapolate to zero counts when the remaining  oxide 
thickness equals the init ial  thickness of 160 oxide (Eq. 
[A-14] and [A-18]).  

A trial  specimen was prepared for the first set of 
proton bombardments  by anodizing a t an ta lum foil to 
870 ___ 2A in ordinary aqueous electrolyte, and then 
to 3622 ___ 6A in 97.56% H2180. One side was stripped 
in approximately 400A steps to leave seven thick- 
nesses between 3622 and 1254A, while the other was 
stripped to leave a series of thicknesses about 870A. 
The observed neut ron  counting profiles for the two 
sides are i l lustrated in Fig. 4 and 5. 

After correction for background, a straight l ine 
was fitted to the seven points on the first side, and 
the fitting probabil i ty  found to be well  below 0.001. 
The fit was therefore decidedly not acceptable, and 
reference to Fig. 4 shows why;  the two points at 
the largest oxide thickness fall below an extension of 
the straight line drawn through the other five. The 
same sample was re-analyzed twice more in set if, 
when this decrease in the neut ron  counts at the 
largest oxide thicknesses was not observed; all seven 
points could now be fitted to a straight l ine (fitting 
probabilit ies 0.041 and 0.064). The phenomenon was 
therefore peculiar to set i, and was almost certainly 
due to an erroneous setting for the incident proton 
energy. If this is too low, protons near ing the end 
of their track in a thick 180 oxide will  have an energy 
substant ia l ly  below resonance, and so the neut ron  
yield from these protons will  be reduced. 

Within  experimental  error, therefore, the results 
were consistent with a l inear  relationship between 
neutron counts and oxide thickness, and it but  re-  
mained to obtain estimates for C(1) and C(2) .  Due 
to the variat ion in the average (p, n) cross section 
with oxide thickness, it was decided to fit a straight 
line reueatedly to the exper imental  data, dropving 
the point with largest oxide thickness between each 
fit, and to take C(1) and C(2) from that fit which 
gave the greatest fitting probabili ty.  "Best" estimates 
for C(1) and C(2) thus obtained are listed in Table 
II, from which it can be seen that  C(2) is, wi thin  
twice the combined individual  s tandard errors, ident i-  
cal to the  ini t ial  180 oxide thickness, hi. Similar  bu t  

F i r s t  spec imen  w i t h  hi  = 870 • 2A 
i 33.53 "+- 0.16 873 "4- 5 5 0.835 
ii  33,03 -+- 0.34 865 ~ 11 5 0.288 
i i  a 33.11 ~ 0.23 668 ~ 8 5 0.622 

A v e r a g e  33,2 ___ 0.2 

Second  spec imen  w i t h  hi  = 904 • 2A 
iiJ. 30.16 "4- 0.34 923 ~ 10 10 0.078 

a Conf igu ra t i on  in  s p e c i m e n  h o l d e r  r eve r sed .  

less accurate results were obtained using the 180 en-  
r ichment  of 11.23%. 

Predictions (ii) and (iii) are thus verified. 

(iv) For oxide thicknesses approximately equal to 
the original 160 thickness, the neut ron  counting pro- 
file should have the form of an integrated error func-  
tion complement (Eq. [A-17]).  

(v) This ierfc function should have its mode at hi 
(Eq. [A-14] and [A-17]).  

For the purpose of fitting Eq. [A-17], C(1) was 
taken from Table II as 33.2 -~ 0.2 (s tandard error) 
for sets i and if, and 30.2 ___ 0.3 for set iii; C(2) was 
taken as hi with s tandard error ~/  [ (e(hi))  ~ -t- 
( 0 . 0 0 1 4 4  h i ) 2 ] ,  where e(hi) is the random measure-  
ment  error in hi (1), while (0.00144 hi) is the s tandard 
error due to the uncer ta in ty  in the refractive index 
(1,4). Reference to Table III  wil l  show that all bu t  
two of the twenty  separate data samples had fitting 
probabilit ies greater than 0.025, and that  the two ex- 
ceptions were duplicated by acceptable fits. With in  
exper imental  error, therefore, the ierfc function, with 
C(2) = hi, does adequately fit the exper imental  data, 
and so predictions (iv) and (v) have been confirmed 
experimentally.  

(vi) The standard deviation of the ierfc function 
should be proportional to the square root of the thick- 
ness added in the H2180 electrolyte, provided that 
the lat ter  is not too small  (Eq. [A-19] and discussion 
in the Appendix) .  

In  testing for the re la t ion be tween C(3) and (hf -- 
hi), three of the eighteen acceptable fits in Table III  
were el iminated from consideration. The sample anod- 
ized by 26A in the lso electrolyte was el iminated be- 
cause (hf -- hi) ~ 5.C(3); and both samples from the 
specimen anodized between 256 and 1041A were el im- 
inated because the thickness measurements  were atypi-  
cal, for reasons described in the next  section. A least 
squares fit of Eq. [A-19] to the remaining  fifteen sam- 
p!es gave the constant  of proportionali ty,  3, as 1.725 
+__ 0.026A'/2 (s tandard error) ,  wi th  p(x2)14 as 0.845. 
The lat ter  is more than adequate, and so prediction 
(vi) is established. 

(vii) The standard deviat ion of the ierfc funct ion 
should be independent  of hi provided hi is not too 
small  (Eq. [A-19] and discussion in Appendix) .  

This follows from the fit of Eq. [A-19] to the data 
in Table  III, section B. 

The oxide thicknesses for the first sample in section 
B had to be measured in first order. As noted else- 
where (1), first order min ima  are rather  broad and 
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Table III. Leest squares (it of the integrated error function 
complement Ye(I) = (C(1)'C(3)/~/2)'ierfc [ - - ( X ( I ) - - C ( 2 } ) /  
N/2 'C (3 ) ]  to the neutron counting profile with C(2) -I- 2-C(31 

X(I) ~ C(2) - -  2 'C(3) ,  The variation of C(1) and C(2) was 
restricted as described in the Appendix. When two results are 

quoted for the same specimen, the second was obtained by 
reversing the orientation in the target holder. Unless 
otherwise stated, the anodizing conditions were 1 mA/cm '~ 

in 0.01N KI at about room temperature. 

Number 

F i n a l  I n i t i a l  T h i c k n e s s  of da ta  F i t t i n g  
1sO + la O ~BO a d d e d  in  ~O S t a n d a r d  po in t s  p roba -  
t h i c k n e s s  t h i c k n e s s  e l ec t ro ly te  d e v i a t i o n  f i t ted b i l i t y  

hf (A) hi (A) (ht -- hi)  a (A) C(3) (A) N p(X2)~'-a 

A. D e p e n d e n c e  on t h i c k n e s s  added  in  tsO e lec t ro ly te  
907 881 26 1 4 4 - 6  10 0.089 
949 881 6 6 4 - 4  1 4 4 - 6  9 0.197 
989 881 1 0 8 4 - 4  2 3 4 - 9  8 0.126 

1093 881 2 1 2 4 - 4  3 1 4 - 6  9 0.114 
1345 882 4 6 3 4 - 4  4 0 4 - 3  11 0.849 
1795 879 9 1 6 4 - 4  5 3 4 - 3  I I  0.866 
2227 880 1 3 4 7 4 - 5  6 5 4 - 4  11 0.793 
2732 877 18554-5 7 6 4 - 6  11 0.242 
3506 908 2597__.64 8 5 4 - 8  11 0.083 
3753 892 2863___64 8 5 4 - 6  12 0.337 
3757 883 28634-64  8 8 4 - 4  12 0.858 

8 7 4 - 9  12 0,003 
5734 904 4 8 3 0 4 - 9  1 2 1 4 - 6  12 0.250 

1 2 2 4 - 1 2  12 O.0OO 

B. D e p e n d e n c e  on  i n i t i a l  t h i c k n e s s  f o r m e d  in  1nO e l ec t ro ly t e  
10~1 256 765 89___5 c 11 0.197 

4 5 4 - 6  1O 0.531 
1795 879 9164 -4  5 3 4 - 3  t l  0.866 
2706 1762 9 4 4 4 - 5  5 0 4 - 8  11 0.097 
3680 2645 1034-----74 5 5 4 - 7  11 0.408 

C. D e p e n d e n c e  on c u r r e n t  d e n s i t y  
10 m A / c m ~  (wi th  heating) 

4161 881 3281 4- 6b 109 4- 6 10 0.232 
1 m A / c m ~  

3506 908 2597 __ 64 85 4- 8 11 0.083 
0.1 m A / c m  2 

3633 872 2761 4- 7 88 4- 6 11 0.558 

a Errors quoted only for those samples used  to  ca lcu la te  the  
b r o a d e n i n g  p a r a m e t e r ,  lL 

b F i g u r e s  no t  a d d i t i v e  because  i n d i v i d u a l  v a l u e s  h a v e  been 
r o u n d e d  to the  nea res t  angs t rom.  

r F i r s t  f igure  o b t a i n e d  f r o m  t h i c k n e s s  m e a s u r e m e n t s  in  f i rs t  or-  
der,  the second using t h i c k n e s s  m e a s u r e m e n t s  c o n v e r t e d  f r o m  sec- 
ond  order; see t ex t  for details. 

difficult to measure accurately; furthermore,  the range 
of thicknesses that can be measured in the satisfactory 
300-400 m~ region is l imited to 197-330N. As an added 
check, therefore, the oxide steps were incorporated 
from the star t ing thickness of 1041A, so that their 
magni tude could be measured in second order. The 
stepped oxide was then th inned down in such a way 
as to place the middle step as close as possible to 256A. 
If the oxide thins uniformly,  the step heights mea-  
sured in second order can be combined with the mea-  
sured first order thickness for the middle step to cal- 
culate the final thickness for all the other steps. The 
estimates for C(3) obtained from the two sets of 
measurements  do not differ significantly from each 
other, or f rom tho'se in  the rest of section B, Table IIL 

All  six relationships involving the 1sO tracer have 
thus been confirmed experimental ly.  Three addit ional 
factors were considered. 

(viii) Current  density. 
From Eq. [A-4] and [A-5], the s tandard deviation 

of the ierfc funct ion would appear to vary  as the re-  
ciprocal of the cur ren t  density, i. However, it also 
varies directly as the diffusion constant, D, and if D 
is l inear ly  proport ional  to i, the ratio D/i  will  be con- 
stant. In  that case, the s tandard deviation, C(3) ,  
would be independent  of the current  density dur ing 
the anodization process. 

The data in Table III, section C, were used for the 
fit of Eq. [A-19], and the adequacy of the fit shows 
that  C(3) does not vary  significantly with current  
density. 

(ix) Isotopic ratios in  oxide and electrolyte. 

If there is no isotope effect during the incorporation 
of oxygen, the isotopic ratio in the oxide should be 
the same as that in the electrolyte. 

From Eq. [A-14] and [A-15], C(1) and C(4) are 
proport ional  to the 1sO enr ichment  and the na tura l  
1sO abundance,  respectively. A comparison of neutron 
counting rates vs. 1sO enr ichment  of the electrolyte 
is given in Table IV. Least squares fits of straight 
lines passing through the origin gave a slope of 0.34 
for sets i and ii, and 0.32 for set iii, but  p(x2)2 was 
far less than 0.025 in both cases. The best that  can be 
said, therefore, is that the isotopic ratios are approxi-  
mately proportional. 

(x) Kirkendal l  Effect. 
The differing masses of 160 and lsO might lead to 

a difference in migrat ion rate, and hence to a type 
of Kirkendal l  effect (16). This would be manifest  as 
a neut ron  count profile significantly different from an 
ierfc function, for which there is no evidence. 

Discussion 
Nature o~ the oxygen migration.--The exper imental  

results show quite clearly that the oxygen atoms move, 
and that they all move. Since the analysis is based 
on a statistical system in which a large number  of 
atoms all make a series of small jumps, it follows 
that the mean distance traveled by each oxygen atom 
during each charge transfer  event  must  be small  com- 
pared to the total distance migrated. Just  how small 
can be estimated, very crudely, from the following 
analysis. 

Suppose that  the mean  distance between adjacent 
oxygen sites is a, and that the "high field approxima- 
tion" (17) applies. It  follows that  the oxygen jumps 
will cluster about the axis of the field and in the for- 
ward direction; that  is, towards the meta l /oxide  in-  
terface. The average distance jumped in the direction 
of the field will  then be close to a; for simplicity, it 
will  be assumed constant and equal to a. If the oxide 
thickens by an amount  (hf -- hi), the leading 1sO 
atoms travel  a distance to.(hf -- hi), in an average 
of n jumps so that  

n.a  = to" (/If -- hi) 

A second equation including these quanti t ies can 
be obtained by considering the standard deviations. 
That of the left hand side is a.x/n,  as discussed for 
the derivation of Eq. [19] in Ref. (4); that of the 
right hand side is in fact C(3),  because it can be 
shown (18) that Eq. [A-11] describes the broaden-  
ing of an infinitesimally thin layer of 1sO. Subst i tu t -  
ing for C(3) by means of Eq. [A-19] 

a .x /n  = /~'x/(hf -- hi) 
Solving for a 

a = ~2/to = 3.9A 

Nearest neighbor oxygen distances in the crystal-  
l ine forms of t an ta lum oxide range from 2.02 (19) to 
3.19A (20) with an average that  appears to be about 
2.7A; the observed figure is therefore somewhat 
greater. Considering the crudity of the analysis, how- 
ever, the agreement  is quite reasonable. On this 
basis, then, it would appear that oxygen migrates by 
jumping  from one site to the next. 

Table IV. Comparison of neutron counting rates per angstrom of 
anodic oxide with the 180 enrichment of the electrolyte, as quoted 

by the supplier (YEDA) 

1sO 
e n r i c h m e n t  R u n s  i and  i i  R u n  i i i  

e(%) C(1) or  C(4) C(1) or C(4)  

0.204 0.061 "~ 0.006 0.047 • 0.013 
11.23 4,15 ~-- 0.08 3.69 -4- 0.04 
97.36 33.2 +---0,2 30.2 "4- 0.3 
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The rea l  s i tuat ion is, however ,  much more  complex.  
Results  repor ted  e lsewhere  (4) show tha t  implan ted  
noble gases behave  in a ve ry  s imi lar  fashion to oxy-  
gen; tha t  is, the  noble gas a toms move, and  i t  m a y  
reasonab ly  be infer red  that  they  al l  move. When  the 
preceding analysis  was appl ied  to them, however ,  the 
resul ts  were  absurd,  and  i t  was then concluded tha t  
the i r  movement  was a form of Brownian  mot ion (4). 
If  so, the  migra t ion  of the  oxygen m a y  wel l  proceed 
by  two processes:  the  forced d i rec t ional  migra t ion  
discussed so far, and a more  or less r andom diffusion 
due to a B rown ian - type  motion. 

This second process wi l l  have  l i t t le  or no effect on 
the  1sO profile mode, but  i t  wi l l  cont r ibute  to the  
s tandard  deviat ion.  An  es t imate  for this contr ibut ion 
may  be obta ined  by  assuming tha t  the  b roadening  
parameter ,  p, associated wi th  the mot ion  of the  noble 
gases var ies  wi th  mass. Ex t rapo la t ion  of the  da ta  in 
Table  I I I  of Ref. (4) to oxygen of average  mass 17 
gives /~ as 1.37A~'% which  m a y  be compared  wi th  the  
observed value  of 1.725 __+ 0.026AV~. If  the  forced mi -  
gra t ion  and Brownian  mot ion  are  comple te ly  indepen-  
dent  processes, the  square  of the  observed  ~ wil l  be 
equal  to the  sum of the squares of its components; /~ for  
the  forced migra t ion  alone wil l  then  be 1.OSAV~, so tha t  
a would  be 1.46A. This calculat ion is, however,  p rob -  
ab ly  not  justified, since the  Brownian  process is a lmost  
cer ta in ly  a consequence of the forced migrat ion,  an(] 
therefore  not  independent  of it. 

The na ture  of the oxygen migra t ion  is thus r a the r  
obscure, but  the  present  resul ts  are  not  inconsis tent  
wi th  the hypothesis  put  fo rward  in the  previous  paper  
(4), that  charge  is t r ans fe r red  dur ing  the  anodic ox-  
idat ion of t an t a lum via  the  s imul taneous  movement  
of a group of atoms, both t an ta lum and oxygen. Such 
a process would requi re  some mix ing  of the  260 and ~so 
populations,  bu t  would  genera l ly  conserve  thei r  order,  
as is observed. 

Conclusions 
1. Concentra t ion profiles for oxygen isotopes in 

anodic t an ta lum oxide can be measured  wi th  exce l -  
lent  precision by  combining the sect ioning technique 
for locat ing the isotope wi th  a nuc lear  method  for 
detect ing it. 

2. This scheme requi res  that  the  detect ion efficiency 
shall  be independent  of the  oxide thickness.  O x y -  
gen-18 was de tec ted  by  means  of neu t rons  produced  
in the 1sO(p, n) lSF react ion;  b o m b a r d m e n t  wi th  3.042 
MeV protons  ensured tha t  the detect ion efficiency 
was sensibly  constant.  

3. On anodizing first in zsO e lec t ro ly te  and then 
in ~so, it  was found that  the oxygen order  was largely,  
but  not completely ,  conserved.  

4. The mix ing  of the leO and ~so populat ions  across 
the bounda ry  be tween  them could be analyzed ve ry  
wel l  in te rms of forced diffusion f rom a constant  
source into a semi-inf ini te  medium, thus  confirming 
that  oxygen migra tes  under  the influence of the  elec-  
tr ic field. 

5. The j u m p  dis tance associated wi th  the oxygen  
migra t ion  was found to be of the order  of 4A, which  
is l i t t le  more  than  the  expected  neares t  ne ighbor  ox-  
ygen distance. 
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APPENDIX 

Theory o~ the migration.raThe oxide film m a y  be 
rega rded  as a semi-inf ini te  medium,  bounded by  a 
p lane  corresponding to  the  ox ide /e lec t ro ly te  in terface  
but  o therwise  ex tending  to infinity. This concept is 
val id  in discussing the zso migra t ion  provided  tha t  
the  m e t a l / o x i d e  interface  is sufficiently far  f rom the 
z80/*so bounda ry  that  it  does not  influence the  mix -  
ing of the  populat ions;  this would  appea r  t rue  for the 
exper iments  r epor ted  here. Argument s  p resen ted  else-  
whe re  (4) suggest  tha t  the rmal  diffusion is negl igible  
at room tempera ture ,  and hence tha t  the oxygen 
moves solely under  the  influence of the  e lect r ic  field 
present  dur ing  anodizat ion;  that  is, i t  is a forced mi -  
grat ion,  wi th  the  e lec t ro ly te  act ing as a constant  
source of ~so. The diffusion sys tem is one, therefore,  
of forced diffusion f rom a constant  source into a semi-  
infinite medium. 

The kinet ics  of forced diffusion have been discussed 
in de ta i l  by  Bol taks  (18), who t rea t s  the  p rob lem as 
free diffusion coupled wi th  a super imposed  dr i f t  ve -  
loci ty  due to the appl ied  field. Fo r  forced diffusion 
f rom a constant  source into a semi- inf ini te  medium,  
he cites the fol lowing equat ion 

Co 

--  V 2 ~ / ( 2 D t )  ) 

+ e x P ( D Z ) .  ( l _ e r f  ( x + v t  ))] 
where  C is the concentra t ion of the  diffusing species 
at t ime t and dis tance x into the  medium,  Co is the  
s t eady-s t a t e  concentra t ion of the  diffusing species 
at the  bounda ry  p lane  x --  o, v is the average  ve-  
loci ty of the diffusing par t ic les  in the  di rect ion of 
the  appl ied  field, and D is the diffusion constant  of 
the free component  that  ar ises  in consequence of the  
concentra t ion g rad ien t  set up by  the  forced migrat ion.  

The second t e rm  of Eq. [A-1]  is effectively a pe r -  
tu rba t ion  due to the  presence of the  bounda ry  plane;  
as t increases, it  tends  to zero. Computa t ions  were  
made  to find out  how rap id ly  it approached  zero, 
using appropr ia t e  values  of v and D ca lcula ted  f rom 
the exper iments .  I t  tu rned  out tha t  the second te rm 
was cons iderab ly  less than  1% of the  first for a l l  
values  of x once vt was g rea te r  than 5-X/(2Dt) ;  that  
is, once the mean dis tance t r ave led  by  the  leading 
part icles,  vt, was more  than  five t imes the i r  s tandard  
deviat ion,  V ( 2 D t ) ,  about  tha t  mean.  This condit ion 
was met  in the  presen t  exper iments ,  and so Bol taks  
equat ion reduces to 

Co C(x,t)  y [ 1 - - e r f  ( x - - v t  [A-2] 
---- ~/~2~(2-Dt ) / -  

Appl ica t ion  of Eq. [A-2]  to the migra t ion  of oxy -  
gen in anodic oxides  requi res  some changes in format,  
and these are  i l lus t ra ted  schemat ica l ly  in Fig. 7. Sup-  
pose the  reanodiza t ion  in H2~sO be pe r fo rmed  for a 
time, t, at  constant  cur rent  density,  i, and tha t  the  
oxide thickens f rom an ini t ia l  thickness,  hi, to a final 
thickness,  hr. I f  the  cur ren t  efficiency is 1(}0% (17), 
the charge passed wil l  be r e l a t ed  to the  oxide 
formed by  F a r a d a y ' s  law; tha t  is 

i t  : ( p F / Q ) - ( h f  - -  hi) [A-3]  

where  p is the oxide  density,  F the  F a r a d a y  constant,  
and Q the equiva len t  weight  of Ta20~. The factor 
f ( 2 D t )  in the  er ror  funct ion of Eq. [A-2]  can then 
be replaced  by  f lx/(hf  --  hi) w h e r e  fl is given b y  

p -- ~/(2DpF/iQ) [A-4]  

Examina t ion  of Fig. 7 wi l l  show that  by  changing  
the reference  p lane  f rom the ox ide /e lec t ro ly te  in t e r -  
face to the  me ta l / ox ide  interface,  and revers ing  the  
sense of the axes, the  quan t i ty  (x  --  vt)  in Eq. [A-2] 
can be rep laced  by  - - ( h  --  hi), where  h is a va r iab le  
measu red  re la t ive  to h --  o at  the m e t a l / o x i d e  in te r -  
face. 

Equat ion  [A-2]  then becomes 

Co C(h, h f - -h l )  : - ~ - - [ 1 - - e r f (  --(h--hl) 

[A-S] 
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Fig. 7. Diagram illustrating the relation between the quantities 
used in the theory of forced diffusion and those used in the anodic 
oxidation. 

Subst i tu t ing 
: f l ~ / ( h f  - -  h i )  [ A - 6 ]  

Eq. [A-5] becomes 

C(h, hf -- hi) ---- (Co/2) .e r fc( - -  (h -- hi) /~/2.~)  
[A-7] 

Equat ion [A-7] describes the 180 profile to be 
expected if the oxygen migrates by forced diffusion. 
The neut ron  counts actually observed, however, will  
be proportional to the integral  of this equation; thus 
if the oxide is th inned  from he to a certain thickness 
h', the neut ron  counts, K, will  be given by 

~ o h �9 

K(h ' )  : P" (Co/2) .e r fc( - -  (h -- h i ) /~/2 .a)  .dh 
~ O  

[A-8] 

where P is a constant  of proportionali ty,  determined 
by the cross section for the 1sO(p, n)~SF reaction and 
the efficiency of the neut ron  counter. The integrat ion 
is taken from the metal /oxide  interface at h ---- o to 
the existing oxide surface at h' (Fig. 7). If the 1so 
concentrat ion in the metal  is assumed zero, the lower 
l imit may be changed to - - ~  without  affecting the 
value o2 K(h ' ) .  Replacing - - ( h  -- hi) /~/2.= by y, and 
making the appropriate substitutions, Eq. [A-8] be- 
comes 

f: 
( h ' - -  h l ) / X / 2 . ~  

K(h ' )  : P" (Co/2) 

�9 e r fc (y ) .  ( - -~ /2 .~ ) . dy  [A-9] 

Reversing the limits of the integrat ion 

K(h ' )  = (~P Co/~/2)" -.(h'-h~)/x/2.e e r f e ( y ) . d y  

= (eP Co/X/2) . ierfc(--  (h' -- hi)/X/2.e) [A-10] 

Equation [A-10] describes the expected variat ions 
in neutron counts as a function of distance, h', from 
the metal /oxide  interface. For reasons given in the 
discussion of Eq. [A- l ] ,  nei ther  Eq. [A-7] nor [A-10] 
is strictly correct when (hf -- hi) is small, for then 
the per turbing effect of the oxide/electrolyte bound-  
ary cannot be ignored. There must  also be a per turb-  
ing effect due to the meta l /oxide  boundary  when hi 
is very small, and although no calculations have been 
made, it seems reasonable to suppose that the two 
per turbat ions would be similar. Equations [A-7] and 
[A-10] should therefore be valid provided both (hr -- 
hi) and hi are greater than  about 5~--,/hf -- hi). 
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Least squares fitting procedure.--These erfc and 
ierfc functions are the first and second integrals of 
a normal  distribution. Using the nomencla ture  of 
previous papers (3, 4) the parent  normal  dis t r ibut ion 
may be wr i t ten  

Y (I) -- C (1) / (~/  (2n) .C (3) ) . exp [ - - ( - ( X ( I )  

- - C ( 2 ) ) / ~ / 2 . C ( 3 ) )  2] [A-11] 

where the parameter  C(1) is a normalizing constant, 
C(2) the modal value, and C(3) the s tandard  devia- 
tion. Integrat ion of this equation gives 

Y ( I )  = ( C ( 1 ) / 2 ) . e r f c [ - - ( X ( I )  

- -  C(2))/~/2.C(3)] q- C(4) [A-12] 

where C(4) is a constant of integration. On integrat- 
ing again 

Y(1) -- (C(1).C(3)/~/2).ierfc[-- (X(1) 

-- C(2))/~/2.C(3)] q- C(4).X(1) -~ C(5) [A-13] 

where C(5) is another constant of integration. The 
relationship between Eq. [A-I l l  and [A-12] has been 
illustrated in Fig. 5 of Ref. (3), while that between 
Eq. [A-12] and [A-13] is illustrated in Fig. 6 of the 
present paper. 

Equation [A-13] is the function that must be fitted 
through the experimental points I _ 1, 2 . . . . . . .  N. 
The first term on the right hand side corresponds to 
Eq. [A-10], so that 

C(1) - P 'Co 
C(2) -= hi 
C(3) -- ~ [A-14] 
X ( I )  =- h' 

C(4) accounts for the 1sO present in na tura l  abun-  
dance, Cn, in the 180 layer, so that  

C(4) -- P 'Cn  [A-15] 

while C(5) accounts for neutrons  produced from the 
under ly ing  t an ta lum and any impuri t ies  that  may be 
present. 

Equat ion [A-13] contains five adjustable pa ram-  
eters, which is too many  to be characterized success- 
fully with a max imum of only fourteen points per 
sample. Fortunately,  two of them, C(4) and C(5) ,  
can readily be eliminated. If a t an ta lum specimen is 
anodized solely in ordinary water, the neut ron  count-  
ing profile due to the na tura l  1sO will be 

Yb(I) : C ( 4 ) . X ( I )  + C(5) [A-16] 

The least squares fit of a straight l ine through the 
experimental  points from such a sample will then 
provide estimates for C(4) and C(5),  so that by sub- 
tracting Eq. [A-16] from Eq. [A-13] 

Ye(I )  : Y ( I )  -- Yb(I) 

-- (C(1) .C(3) /~ /2)  . ie r fc( - -  ( X ( I )  

- -  C(2) ) /~ /2 .C(3 )  ) [A-17] 

where the Ye(I) are the neu t ron  counts due to the 
180 enrichment.  

When X(1)  < <  C(2),  ierfc [ - - ( X ( I )  -- C(2))  
~ /2 .C(3) ]  tends to zero, and so Ye(I)  also tends to 
zero. When X ( I )  > >  C(2),  however, ierfc [ - - ( X ( I )  
- -  C ( 2 ) ) / ~ / 2 . C ( 3 ) ]  tends to 2 . ( X ( I )  -- C ( 2 ) ) /  
~/2 .C(3) ,  so that Eq. [A-17] becomes 

Ye(I )  = C(1)" ( X ( I )  -- C(2))  [A-18] 

which is a straight line. For least squares fitting pur -  
poses, Eq. [A-18] was indist inguishable from [A-17] 
once X ( I )  > C(2) + 3.C(3) .  If Eq. [A-18] is fitted 
to the appropriate data, est imates for C(1) and C(2) 
can be obtained; the lat ter  is expected, from Eq. 
[A-14], to equal the init ial  180 oxide thickness, hi. 

In making the least squares fit of a function with 
several parameters,  it f requent ly  happens that in-  
formation on some of the parameters  is already avail-  
able, as in the case of C(2) above. Such information 
is wasted if the least squares fit is used to obtain 
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addi t ional  es t imates  for these parameters ;  i.e., if the  
pa ramete r s  are a l lowed to va ry  freely.  By fixing the 
pa rame te r s  at  known values,  or by  a l lowing them to 
va ry  wi th in  l imits  d ic ta ted by  known s t andard  errors,  
such informat ion can be incorpora ted  in the  least  
squares fi t t ing program.  The more  the var ia t ion  of 
the  pa ramete r s  is restr icted,  the less accommodat ing 
does the  procedure  become, and the grea te r  the diffi- 
cul ty  in obtaining a sat isfactory fit. The most  s t r in -  
gent goodness-of-f i t  test, therefore,  is obta ined by  
res t r ic t ing  the var ia t ion  as much  as possible. 

This pr inciple  has been appl ied  in the  least  squares  
fit of Eq. [A-17].  I t  was assumed tha t  C(2)  should be 
equal  to hi, and this assumption was then incorpo-  
ra ted  in the fitting p rocedure  by  res t r ic t ing  the va r i a -  
t ion of C(2)  about  hi to the  s tandard  error  in hi. 
Values of C(1)  together  wi th  the i r  er rors  were  ob-  
ta ined f rom least  squares fits of Eq. [A-18],  and these 
were  incorpora ted  in s imilar  fashion. Equat ion [A-17] 
was fitted to da ta  wi th  C(2) + 2-C(3) > X(I )  > 
C(2) --  2-C(3) ,  whi le  Eq. [A-18] was fitted only to 
da ta  wi th  X(I )  > C(2) + 3 .C(3 ) ;  the  informat ion  
used to obta in  C(1) was not  therefore  used again  
in fitt ing Eq. [A-17].  

Operat ional ly ,  the least  squares fi t t ing was pe r -  
fo rmed as descr ibed in Ref. (4), w i th  the  error ,  
EX(I ) ,  in X(I )  t aken  propor t iona l  to 0.067 t imes the 
difference be tween  the "kick" wave lengths  (1), and  
the error,  EY(I )  in Y( I )  as 2.1 t imes the  s ta t is t ical  
counting error.  As noted earl ier ,  the  mul t ip l ica t ion  
factor  in EY(I )  tends to va ry  from sample  to sample, 
and since the  fitting probabi l i t ies  are  ex t r eme ly  
sensit ive to the  magni tudes  of the exper imen ta l  error ,  
thei r  correct  values  a re  in some doubt. Fur the rmore ,  
the use of res t r ic ted  pa rame te r s  raises a p rob lem in 
connection with  the  number  of degrees of freedom, 
which is of impor tance  for ca]culat ing the  ~2 p rob-  
ab i l i ty  (3). Since there  is no obvious answer  to this, 
the most unfavorab le  case was assumed; that  is, the 
number  of degrees of f reedom in the  fit of Eq. [A-17] 
was reduced to a m i n i m u m  by  t r ea t ing  C(1)  and 
C(2) ,  for this purpose  only, as va ry ing  freely.  The 
actual  magni tude  of the  ind iv idua l  ~2 probabi l i t ies  is 
fo r tuna te ly  not of grea t  significance; wha t  does m a t -  
ter  is whe ther  they  are, in general ,  g rea te r  or less 
than the  chosen acceptance level  of 0.025 (3). And  
for that  purpose,  the  present  computa t ions  were  good 
enough. 

By combining Eq. [A-6] and [A-14] 

C(3) : / ~ / ( h f  --  hi) [A-19] 

so tha t  C(3) is expected to be propor t iona l  to the  
square root  of the oxide thickness  formed in the  1so 
electrolyte .  
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The Choice and Evaluation of Phosphors for 
Application to Lamps with Improved Color Rendition 

J. J. Opstelten, D. Radielovi~, and W. L. Wanmaker* 
N. V. Philips" Gloeilampenfabrieken, Eindhoven, The Netherlands 

ABSTRACT 

The opt imum color render ing  index was calcula ted both for low- and h igh-  
pre.ssure mercu ry  vapor  lamps  by  adding spect ra l  l ines or emission bands of 
various wavelengths  to the r e l evan t  mercury  spectrum. The op t imum w a v e -  
lengths  were  calculated.  In  fluorescent l amps  they  depend both on the  t ype  of 
l amp  and on the  luminous efficacy. In  h igh-pressure  m e r c u r y - v a p o r  lamps  i t  
is desirable  to add both a blue and a red emission to the  me rc u ry  spectrum. 
F rom these  specifications a cer ta in  choice of phosphors  to be used can be made.  
The mer i ts  of these phosphors  are  eva lua ted  and some suggestions are  given 
concerning the  design of l amps  wi th  an  improved  color rendit ion.  

The choice of the  phosphors  to be  used in fluorescent 
lamps  wi th  improved  color rendi t ion  can be made  
by  construct ing lamps  wi th  var ious  phosphor  b lends  
and eva lua t ing  the color render ing  indices. This is a 
ra ther  complicated and t ime-consuming  method,  how-  
ever. Accordingly,  when fluorescent lamps  wi th  im-  

* Elect rochemical  Society Act ive  Me~nber. 
K e y  words: color rendition, fluorescent lamps, phosphors. 

proved color rendi t ion  were  in t roduced in an ea r ly  
stage, calculat ions were  car r ied  out wi th  " theoret ical"  
lamps  (1, 2). For  instance Kru i thof  and Ouwel t jes  (1) 
s tudied the  color rendi t ion  (using both the  spectra l  
band method and the behavior  of test  samples  as a 
cr i ter ion)  of mix tures  of calcium halophosphate ,  mag-  
nes ium arsenate,  and wi l lemi te  phosphors.  When using 
these phosphor  blends they  found from the i r  calcula-  
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tions that it is useful for the emission of the violet and 
blue mercury  emission lines (404.7, 407.8, and 435.8 
nm) to be part ial ly absorbed. In another paper, Ou- 
weltjes (2) describes the way in which the spectral 
power distr ibution of lamps can be computed and their  
color rendi t ion with respect to test color samples 
evaluated by starting with various mixtures  of three 
phosphors. 

Several  papers have been published in recent years 
in  which the optimization of the spectral power dis- 
t r ibut ion of lamps is reported, in order to achieve im-  
proved color rendition. For instance, Koedam et al. 
(3), Thornton (4), and Koedam et al. (5) calculated 
the opt imum combinations of three spectral lines or 
emission bands  for light sources of different correlated 
color temperatures.  For fluorescent lamps, Walter (6) 
calculated the opt imum for two emission bands to 
which the low-pressure mercury-vapor  spectrum was 
added. Koedam et al. (5) calculated the General  Color 
Rendering Index (Re) for fluorescent lamps, using the 
emission bands of existing phosphors. 

In  the present optimization study the spectrum of 
the mercury discharge was taken as a starting point, 
both for low- and high-pressure mercury-vapor  lamps. 
Opt imum combinations of the mercury  spectrum and 
spectral lines or emission bands were calculated. These 
calculations permit  conclusions to be drawn about the 
required emission characteristics of the phosphors to 
be used. This leads to a choice of certain phosphors, 
the merits of which can be evaluated by using the same 
computer program as used for the optimization study. 

Experimental 

Optimization of the Color Rendition of Fluorescent Lamps 
The work on fluorescent lamps was restricted to the 

three cur ren t  types, viz., Warm White, Cool White, and 
Daylight. The optimization was carried out by adding 
two or three spectral lines or emission bands to the 
visible spectrum of the 40W low-pressure mercury-  
vapor discharge as it is found in a fluorescent lamp. 
The relat ive spectral power distr ibution in the visible 
part  of this spectrum is given in Table I. It  corresponds 
to chromaticity co-ordinates:  x; y = 0.221; 0.208. The 
exciting power (Pc) of the mercury  discharge appears 
to be: Pe(253.Tnm) = 45 X P(435.8 nm) (7).  Pe determines 
the number  of ul t raviolet  photons available for the 
excitation of the phosphor. 

The General  Color Rendering Index  (Ra) was calcu- 
lated in accordance with the C.I.E. Publ icat ion 13 (8). 
For  this purpose the visible wavelength region was 
divided in 5 n m  intervals,  the centers of these intervals  
ly ing at 382.5, 3 8 7 . 5 , . . .  742.5 rim. 

Optimization by adding two spectral l ines.--Two 
spectral lines of varying wavelengths were added to 
the visible mercury  spectrum of the fluorescent lamp. 
The wavelengths of the lines were varied in steps of 5 
nm. As the chromaticity co-ordinates of the total spec- 
t rum are given, it follows from colorimetric principles 
that  the intensities of the two lines wi th  respect to 
that  of the mercury  spectrum are fixed by their chro- 
matici ty co-ordinates. The luminous efficacy of the re-  
sult ing spectrum can be calculated by considering the 
lumen  contr ibut ion of the added lines. 

Optimization by adding three spectral lines or emis- 
sion bands .~The  relative in tensi ty  of three spectral 

Table h Relative spectral power distribution of the low-pressure 
mercury-vapor discharge in the visible part of the spectrum 

Wavelength Power P 
(nra) (rel. units) 

404.7 382 
407.8 27 
435.8 I000 
546. I 483 
S78,1 153 

lines or emission bands added to the mercury  spectrum 
of the fluorescent lamp are not defined ent i re ly  by the 
prescribed chromaticity co-ordinates of the lamp under  
consideration. 

In a 40W fluorescent lamp about 200 lumens stem 
from the mercury spectrum. Since commercial fluo- 
rescent lamps with an improved color rendit ion rates 
at about 50 lm/W, we have assumed in most calcula- 
tions that the lumen contr ibut ion of the added light 
(either spectral lines or emission bands) is nine times 
that of the mercury spectrum. This leads to 2000 lm 
(50 lm/W) for a 40W fluorescent lamp. It can also be 
calculated which fraction (we called this the quan tum-  
conversion fraction: Q) of the ul t raviolet  photons 
available is converted into visible light. When applying 
a phosphor in a lamp a reasonable value of Q is 0.80, 
since this value corresponds to an absorption of the 
exciting radiation of 90% and a quan tum efficiency (254 
nm excitation) of 90%. If in a calculation a Q value 
lower than 0.80 is found, it means that a theoretical 
lamp can be made with a higher efficacy than 50 lm/W. 

In  the case of emission bands being added to the 
mercury spectrum, the form of the bands was taken as 
Gaussian when the number  of emitted photons was 
plotted vs. photon energy, following the method used 
by Walter (6). 

Optimization of the Color Rendition of the Color-Corrected 
High-Pressure Mercury-Vapor Lamp 

In  the optimization of the color-corrected high-pres-  
sure mercury-vapor  lamp we started from the visible 
spectrum of a 400W lamp. The opt imum color render-  
ing index was calculated by adding one or two spectral 
lines or emission bands with varying  wavelengths to 
this spectrum. 

The exciting ultraviolet  radiat ion of a high-pressure 
mercury-vapor  lamp consists of both l ine and con- 
t i nuum radiat ion which extend to 400 nm. This implies 
that phosphors with a broad excitation spectrum will  
be most suitable. 

In  the calculations it was assumed that  all u l t ra -  
violet photons available (emitted between 200 and 310 
nm) are used for conversion into visible light, i.e., 
Q -- 1. In  contrast to the fluorescent lamps the chro- 
matici ty co-ordinates of the color-corrected high-pres-  
sure mercury-vapor  lamp have not been standardized. 
Therefore the spectral lines or emission bands were 
added at constant Q value. 

Results and Discussion 

Fluorescent Lamps 
The results of the optimization study by adding two 

and three spectral lines are given in Tables II and III, 
respectively. In  these tables the opt imum wavelengths  
of the spectral lines are given, together with the Gen-  
eral  Color Render ing Index (Ra), the R9 . . . .  R14 values, 
and the value of Q. The first solution of Table II gives 
the opt imum Ra value, yielding however a very low 
R9 value. As in  practice the color render ing of satu- 
rated red object colors (Rg) is important ,  and in  fact is 
often one of the most impor tant  criteria in color rendi -  
tion. A second solution is also given in Table II. This is 
a kind of compromise solution yielding a higher R9 and 
a somewhat lower Ra value. 

It  follows from Table II that  in the case of the addi- 
tion of two spectral lines to the low-pressure mercury-  
vapor spectrum an opt imum color rendit ion can only 
be reached wi th  an incomplete uti l ization of the u l t ra -  
violet photons available (i.e., Q has a low value) .  This 
leads to a low l u m e n / w a t t  value. 

Table III, however, shows that  both a higher effi- 
cacy and a much better  color rendi t ion can be achieved 
by adding three spectral lines instead of two. Since in 
our calculations the mercury  spectrum of the fluores- 
cent lamp has been included, a better  color rendi t ion 
is achieved than  in the case of only three spectral l ines 
(3, 4). Comparing the opt imum wavelengths of Table 
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Table II. Results of the optimization study of a fluorescent lamp, with the addition of two spectral 
lines to the mercury spectrum 

October 1973 

T y p e  of  l a m p  
~,z ;',= Color Rendering Indices 

(nm) (nm) R~ R9 Rio R1z R~ RI~ RI, Q* ~ ( l m / W )  

W a r m  W h i t e  527.5 602.5 70 -- 184 80 39 60 86 89 0.31 36 
537.5 612.5 67 30 49 52 34 64 44 0.32 36 

Cool W h i t e  522.5 602.8 73 - 135 80 29 48 87 90 0.17 23 
527.5 612.5 64 77 69 16 45 66 60 0.18 23 

DayHght 512.5 602.5 75 - 9 8  88 26 30 92 93 0.11 15 
517.5 612.5 67 92 84 7 36 78 80 0.10 15 

~  
number  of photons emitted 

n u m b e r  of  u l t r a v i o l e t  p h o t o n s  a v a i l a b l e  

Table  [[[. gesu[ts of the optimizutiun study of a f luorescent  lump, with the uddition of three 
spectru[ lines to the mercury spectrum. Calculated with ~I = 50  [ m / W .  

Xb ~= ~r Color  R e n d e r i n g  I n d i c e s  
T y p e  of  l a m p  ( n m )  ( n m )  (nm)  Ra R~ Rio R n  R12 R ~  R14 Q* 

W a r m  W h i t e  497.5 557.5 617.5 92 90 91 78 70 90 86 0.50 
Cool W h i t e  482.5 557.5 617.5 84 89 66 l 0  85 85 87 0.51 
D a y l i g h t  472.5 542.8 612.5 81 89 59 67 59 74 61 0.52 

number  of photons emitted e Q =  
n u m b e r  of  u l t r a v i o l e t  p h o t o n s  a v a i l a b l e  

I I I  wi th  those of a pure  three- l ine  spectrum it  appears 
that  the addit ion of the mercury  spectrum shifts the 
added blue l ine to longer  wavelengths,  viz., a shift of 
10-30 nm being observed. This is due to the presence 
of the blue mercury  lines. 

It  can be seen f rom Table  III  that  the value of Q is 
low, viz., about 0.50. Therefore  calculations were  car-  
r ied out with a lumen contr ibut ion of the added light 
(as a percentage of the total  l ight output)  above 90% 
(as used in Table III) .  The resul t  is that  in the case of 
a W a r m  White  fluorescent lamp an efficacy of 75 l m / W  
can be reached with  R ,  : 90, but  the color render ing 
of the ye l low-green  saturated color is somewhat  de-  
creased (Rll  ,-. 40). 

The color rendit ion of a fluorescent lamp can be 
fur ther  improved by adding spectral  emission bands 

instead of spectral  lines to the mercury  spectrum. It  
can be seen f rom Table IV that  in the case of three 
emission bands with  the same bandwidth  the color 
rendi t ion of both Dayl ight  and Cool White fluorescent 
lamps increases by broadening the emission bands. 
With  Warm White  fluorescent lamps, however ,  such a 
broadening of the emission bands leads to a decrease 
of the color rendition. This is due to the fact that  with 
the use of broad-emission bands the requi red  blue-  
green emission band is located at a longer wavelength.  
As a resul t  a gap in the spectrum of the theoret ical  
lamp exists between this added b lue-green  band and 
the blue mercury  line leading to a decrease of the color 
rendition. When absorbing a part  of the blue mercury  
emission lines, however,  this gap is nar rowed and as a 
consequence the color rendit ion improves (see Table 

Table IV. Results of the optimization study of a fluorescent lamp, with the addition of three 
emission bands (with varying bundwidths) to the mercury spectrum. Calculated with'q = 50 Im/W 

T y p e  of  l a m p  
B a n d w i d t h  
(50%) ( n m )  

No.  B l u e  G r e e n  R e d  

D a y l i g h t  Cool  W h i t e  
W a v e l e n g t h  W a v e l e n g t h  

at p e a k  (rim) a t  p e a k  ( n m )  
B l u e  G r e e n  R e d  Ra RI~** Q* B l u e  G r e e n  B e d  Ra RI~ Q* 

1 10 10 10 476.0 544.5 612.0 
2 30 30 30 475.0 543.5 613.5 
3 70 70 70 472.0 540.0 618.0 
4 100 1O0 100 472.0 530.5 626.5 
5 100 30 30 483.5 559.5 617.5 
6 30 100 30 462.5 525.0 618.5 
7 30 30 1O0 468.5 524.5 605.5 
8 100 100 l0 472.0 551.0 618.5 
9 100 l 0  100 486.5 540,5 614.0 

10 10 100 100 457.5 510.0 623,0 

T y p e  of  l a m p  W a r m  White  
B a n d w i d t h  W a v e l e n g t h  
(50%) ( n m )  a t  p e a k  ( n m )  

82 78 0.54 485.0 554.0 616.5 87 83 0.53 
89 86 0.55 486.5 554.0 616.5 91 89 0.54 
96 94 0.60 487.0 549.0 623.5 96 95 0.60 
96 95 0.67 494.0 539.0 626.5 96 95 0.67 
96 94 0.56 500.5 566.5 620.0 96 94 0.53 
95 94 0.56 474.0 542.5 621.5 98 94 0,54 
95 93 0.63 476.5 531.5 614.0 95 93 0.64 
95 93 0.56 484.0 554.5 620.0 92 91 0.52 
96 95 0.65 502.0 545.0 621.5 96 95 0.66 
96 94 0.65 475.0 527.5 629.0 96 95 0.68 

No.  B l u e  G r e e n  R e d  B l u e  G r e e n  R e d  Ra RI~ Q* 

W a r m  W h i t e ;  s u p p r e s s i o n  of  
b l u e  m e r c u r y  l i ne s  30% 

W a v e l e n g t h  
a t  p e a k  ( n m )  

B l u e  G r e e n  R e d  Ra R1,  Q* 

1 10 10 10 499.0 561.5 61~5 96 92 0.52 
2 30 30 30 501.5 562.5 620.5 96 94 0.54 
3 70 70 70 515.0 557.0 622.5 92 90 0.61 
4 100 100 100 517.5 538.0 636.5 90 89 0.75 
5 lOO 30 30 529.5 571.5 623.5 90 89 0.53 
6 30 100 30 492.5 558.0 623.5 93 91 0.55 
7 30 30 109 497.5 542.5 621.0 94  92 0.70 
8 100 100 10 510.5 559.0 621.5 88 86 0.51 
0 100 10 100 528.5 531.5 629.0 90 87 0.71 

10 10 100 100 493.5 546.0 637.0 95 93 0,76 

490,5 560.5 619.5 93 89 0,53 
492.5 561.5 621.5 96 94 0.55 
499.5 565.0 629.5 96 95 0.65 
515.0 537.5 624.0 95 93 0.70 
510.0 562.5 619.5 93 90 0.53 
484.5 558.0 623.5 95 94 0.56 
488,5 540.5 622.0 96 95 0.72 
494,5 563.0 621.5 91 90 0.53 
515.0 530.5 627.0 96 94 0.72 
481.5 538.5 634,0 97 95 0.75 

* Q =  n u m b e r  of photons emitted 

n u m b e r  of  u l t r a v i o l e t  p h o t o n s  a v a i l a b l e  
o, RI~ m e a n s  the average  of RI -- RI~. 
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IV). When adding emission bands of varying band-  
widths, the fol lowing picture can be deduced f rom 
Table IV. When using a broad-emission band and two 
nar rower  ones (see Table IV, No. 5, 6, and 7) near ly  
the same color rendit ion can be obtained as in the case 
wi th  three broad-emission bands. If the broad-emis-  
sion band is a blue or a green one, the calculated Q 
value is lower  than in the case of a broad, red-emission 
band, due to the re la t ively  low luminous efficacy of the 
lat ter  band. For  the same reason the combination of 
a broad, blue-  and a broad, green-emission band with  
a ve ry  narrow, red-emission band is most favorable  for 
obtaining both good color rendit ion and a high effi- 
cacy (see No. 8, 9, and 10 from Table IV). 

Since the Q values calculated for an efficacy of 50 
l m / W  are lower than 80%, lamps wi th  higher  efficacies 
might  be made. 

Summariz ing  the results of Table IV the combination 
of a good color rendit ion and a high efficacy in a fluo- 
rescent lamp can be reached with  a na r row-band  red-  
emit t ing phosphor combined with  blue-  and green-  
emit t ing phosphors wi th  both or ei ther having a broad-  
emission band (see cases 5 and 6 in Table IV).  The 
location of the bands depends on the type of fluorescent 
lamps, the required peak wavelengths  shift ing to 
longer wavelengths  as the color t empera ture  decreases. 
The location of the bands not only depends on their  
own widths but  also on the widths of the neighboring 
bands. Final ly  it may be remarked  that  it follows 
f rom our calculations that  the location of a band be-  
comes more crit ical  as the width  of the band de- 
creases. 

A more  detailed discussion of the results obtained by 
this optimization study wil l  be given elsewhere (9). 

Cho_ice and evaluation of the phosphors requ ired . -  
The requirements  of the phosphors to be used in fluo- 
rescent lamps can be deduced f rom the data of Table 
IV. 

When we make a choice among the existing phos- 
phors, we should also keep in mind that  Table IV ap- 
plies to single Gaussian bands. In pract ice in many  
cases the spectral  power  distr ibution of phosphors cov- 
ers ei ther  several  separate bands (No. 7-9 f rom Table 
V) or par t ly  over lapping bands (No. 10 f rom Table V). 
About  30 phosphors were  evaluated.  The phosphors 

giving the best results are tabula ted  in Table V. Only 
numbers  2, 9, and 10 are conventional  lamp phosphors, 
the others being recent ly discovered new phosphors, 
such as Tb-act iva ted  CaNaBO3 (10), showing a poor 
performance in lamps. SrWO4-Tb,Na (11) is also a new 
phosphor, which should give a good maintenance in 
lamps. (Ba,Mg)A12Si2Os-Eu 2+ is a b lue-emi t t ing  phos- 
phor wi th  a high quan tum efficiency (12). 

The meri ts  of various phosphor blends were  evalu-  
ated by means of the same computer  programmes as 
used in the optimization study. 

Red phosphor.--The required emission peak is located 
at 618-624 nm. Therefore  the Y(P ,V)O4-Eu 3+ (phos- 
phor No. 9 from Table V) is wel l  suited. 

Green phosphor.--Using a na r row-band  phosphor the 
m a x i m u m  wavelength  is located at about 560-570 nm 
(see No. 5 from Table IV) and in the case of a broad-  
band phosphor at 525-560 nm depending on the type 
of the fluorescent lamps involved.  Up until  now we 
have not found any suitable na r row-band  green-  
emit t ing phosphor at the requi red  wavelength.  The Tb-  
act ivated phosphors (No. 7 and 8 from Table V) have 
their  emission peaks at too short a wavelength.  As far  
as the b road-band-emi t t ing  phosphors are concerned, 
no good choice is available. The emission peak of the 
Tb-phosphors  matches the requi rements  but  the i r  
emission bands are too narrow. 

Blue phosphor.--Using a na r row-band  phosphor the 
m ax im um  required wave leng th  lies at 460-490 nm and 
with a broad-band phosphor at 480-530 nm. No nar -  
row-band  b lue-emi t t ing  phosphors of the right wave-  
length peak are available. BaZrSi809-Eu 2+ fulfills the 
location of the emission band, but it has a broad-emis-  
sion band. (Ba,Sr)Si2Os-Eu 2+ (No. 6 f rom Table V), 
however,  fulfills the requirements  of a broad-band 
green-emi t t ing  phosphor ( required wavelength  505 
r i m ) .  

From the foregoing it might  be concluded that  there  
is some need for a na r row-band  b lue-emi t t ing  phos- 
phor (~m~x ~ 460-490 nm) ,  a na r row-band  green-  
emit t ing phosphor (k~ax ~ 560-570 nm) ,  and a broad-  
band-emi t t ing  one (b ,  ax ~ 525-560 nm) .  

Evaluation of various phosphor blends.--Cool White 
fluorescent lamps (Table VI) . - -Accord ing  to the cal-  

Table V. List of phosphors giving the best results in the optimization study of fluorescent lamps 
with improved color rendition 

E m i s s i o n  C.I .E.  Color Co-ordinates 250-270 n m  
Bandwidth Q u a n t .  Ref lec t ion ,  Reference  

No. Phosphor kmax ( n m )  (50%) ( n m )  z y effic.,  % % n u m b e r  

1 (Ba , Mg)  AhS i2Os -Eu  ~§ 444 96 0.153 0.136 73 7 12 
2 Sr~P2OT-Sn 455 128 0.148 0.150 82 12 13 
3 B a Z r S i 8 0 ~ - E u  2+ 475 74 0.132 0.201 68 15 14 
4 S r - c h l o r s i l i c a t e - E u  ~§ 485 70 0.129 0.297 80 15 15 
5 M g  (Ga,AI)  ~O4-Mn 505 30 0.067 0.644 68 12 16 
6 (Ba ,S r )S i20~-Eu  2* 505 100 0.221 0.406 80 14 17 
7 C a N a B O s - T b  545 12 0.362 0.591 80 lS  10 
8 S r W O 4 - T b , N a  545 12 0.307 0.608 76 13 11 
9 Y (P,V) O4-Eu s§ 619 2 0.679 0.321 70 6 18 

I0 (Sr,Mg) 3 (POD 2-Sn 625 136 0.541 0.423 83 5 19 

Table VI. Evaluation of various phosphor blends for application in Cool White fluorescent lamps 
with improved color rendition 

Composit ion 
of phosphor C a l c u l a t e d  e f f i c i ency ,  50 I m / W  

b l e n d  Color  R e n d e r i n g  I n d i c e s  Co lo r  R e n d e r i n g  I n d i c e s  
numbers  a Ra P~ /11o R n  R ~  R ~  R11 Q* R~ R9 R10 R n  R ~  R18 R14 Q* 

3, 7, 9 92 83 71 73 80 94 71 0.48 92 94 84 79 94 89 99 0.73 
4,7,9 91 95 83 92 87 89 82 0.49 86 80 90 95 88 80 87 0.75 
3,6,10 96 84 89 98 90 94 98 0.70 __b . . . . . . .  

C a l c u l a t e d  e f f i c i ency ,  75 l m / W  

number  of photons emi t ted  
* Q =  

n u m b e r  of  u l t r a v i o l e t  p h o t o n s  a v a i l a b l e  
a The numbers  refer to the list of phosphors g i v e n  i n  T a b l e  V. 
b _  means:  lamp c a n n o t  be  made,  s ince a Q v a l u e  a b o v e  u n i t y  is required. 
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culations the combinat ion of phosphors 3, 7, and 9 gives 
quite  a satisfactory result. The same applies to the 
combinat ion of phosphors 4, 7, and 9. Both combina-  
tions are broad-band blue-, na r row-band  green-,  and 
nar row-band  red-emi t t ing  phosphors. Al though the 
emission of the (Sr,Mg)~(PO4)2-Sn (No. 10) not only 
consists of a red band but also contains an emission 
peak at about 550 nm, the combination of phosphors 3, 
6, and 10 (giving a very  high Ra) i l lustrates the afore-  
mentioned results that a combination of a high R~ and 
a high luminous efficacy can only be reached when  
using a na r row-band  red-emi t t ing  phosphor. 

Daylight fluorescent lamps (Table VII) .--Here 
again the evaluat ion corresponds to the foregoing cal- 
culations. Since SrWO4-Tb,Na contains more blue ra-  
diation than phosphor No. 7 (CaNaBO3-Tb), the com- 
bination of phosphors 1, 8, and 9 is more favorable than 
1, 7, and 9. Combination of phosphors 2, 6, and 10, 
containing three broad emission band phosphors, is also 
quite a good one, but  as discussed earlier, with the 
broad red emission band the luminous efficacy is too 
low (see Q-va lue  = 0.95 at a calculated efficacy of 75 
l m / W ) .  Combination of phosphors 3, 7, and 9, con- 
sisting of a broad blue emission band and both a nar-  
row green emission band and a red one is also suitable. 

Warm White fluorescent lamps (Table VIII) . - - In  
this case also the expectat ions are fulfilled, e.g., com- 
bination of phosphors 3, 7, and 9 is a good one. When 
using phosphor No. 10 as a broad-band red emitter,  the 
combination of a high luminous efficacy and an excel-  
lent  color rendit ion could only be reached by the par-  
t ial  absorption of the blue radiat ion of the mercury  
lines. 

In order to substantiate the afore-ment ioned theo-  
retical  calculations some test lamps were  made. The 
propert ies of the lamps were  consistent with the cal- 
culations: e.g., it was calculated for a Warm White 
fluorescent lamp that  a Color Render ing Index of 94 
should be reached by using a mix ture  of a broad red-  
emit t ing phosphor (~.max "~ 625 nm) and a narrow 
green-emi t t ing  o n e  ( ~ m a x  ~ '  505 rim). Making fluores- 
cent lamps (color t empera ture  3000~ with a mix ture  
of 86 w / o  (weight  per cent) of (Sr, Mg)3(POD2-Sn  
(phosphor No. 10 of Table V) and 14 w / o  of Mg(Ga, 

A1)204-Mn (phosphor No. 5 of Table V) wi th  a Color 
Rendering Index of 92 and an efficacy of 52 l m / W  could 
be reached. 

Color-Corrected High-Pressure Mercury-Vapor Lamps 
Adding spectral lines to the mercury spectrum.--In 

general, it is desirable for the color point of the high- 
pressure mercu ry -vapor  lamp to be located close to the 
Black Body Locus. It follows from Fig. 1 that  this can 
be realized by adding to the spectrum of a 400W HPMV 
lamp a red spectral  emission line with a wave length  
between 595 and 625 rim. A longer wavelength  is both 
unnecessary and undesirable, since it lowers the lumen 
output of the lamp too much. The color point of the 
high-pressure  mercu ry -vapor  lamp is also located close 
to the Black Body Locus when a blue spectral  line 
wi th  a wave length  between 460 and 470 nm has been 
added to the mercury  spectrum (see Fig. 1). This will  
lead, however,  to a high color temperature,  which is 
unacceptable in practice due to the poor color render -  
ing of red objects. F igure  2 shows that  the color rendi-  
tion of a HPMV lamp can be improved by adding to 
the mercury  spectrum ei ther  a red spectral line (~max 
--, 620 nm) or a blue spectral line (~,max ~ 480 nm) .  
Figure  3 shows the color rendit ion of HPMV lamps in 
which both a blue spectral  line (with varying wave-  
length) and a red spectral line (~,~x ~ 622.5 nm) are 
added to the mercury  spectrum. The conclusion can be 
drawn that  about 30% of the red spectral  l ine has to 
be replaced by a blue or b lu ish-green o n e  ( ~ m a x  ' ~  485 
to ~ 520 rim), in accordance with  the results of Thorn-  
ton (23). Since the color point of the lamp should lie 
near  the Black Body Locus, a blue emission of about 
480-495 nm is to be prefer red  as is i l lustrated in Fig. 4. 

Evaluation o~ phosphors.--In evaluat ing phosphors 
for color-corrected high-pressure  mercury -vapor  
lamps one should not only consider the spectral  re-  
quirements  of the phosphor (as discussed above) but 
also its suitabil i ty for use in these lamps. The special 
requi rements  for a phosphor to be used in this type 
of lamp are: (i) high brightness at e levated tempera-  
ture (see Fig. 5 for the brightness at e levated tem- 
pera ture  of some b lue-emi t t ing  phosphors);  (ii) an 
efficient excitat ion at both 254 nm and 365 nm radia-  

Table VII. Evaluation of various phosphor blends for application in Daylight fluorescent lamps 
with improved color rendition 

Composit ion 
of  phosphor 

blend 
numbers  a 

C a l c u l a t e d  e f l l e ieney ,  50 l m / W  
Color l~endering Indices 

C a l c u l a t e d  e f f i c iency ,  75 l m / W  
Color R e n d e r i n g  I n d i c e s  

Re  R9 RIo Rl l  RI~ R~ R14 Q* Ra R9 RIo RII  R12 RlS RI~ Q"  

1,7,9 75 37 33 55 52 75 67 0.53 78 44 40 57 59 78 70 0.79 
1,8,9 64 78 48 73 65 91 78 0.54 86 83 53 76 71 91 81 0.81 
3,7,9 91 B9 88 76 94 88 93 0.54 86 74 78 78 85 83 98 0.81 
2 6,10 96 88 89 98 88 95 94 0.66 96 94 89 97 90 95 97 0.95 

number  of photons emit ted  
I Q =  

number  of  ultraviolet photons available 
a The numbers  refer tO the llst of  phosphors g iven in Table V. 

Table VIII. Evaluation of various phosphor blends for application in Warm White fluorescent lamps 
with improved color rendition 

Composit ion Calculated efficiency, 50 l m / W  
of phosphor 

blend Color Rendering I n d i c e s  
numbers  �9 Re R~ Rio R~I R ~  R1s 

Calculated efficiency, 75 I m / W  
Color Rendering Indices 

R I ~  Q* R .  R8 R10 R11 R~2 Rls RI~ 

Suppres-  
sion of  

t h e  b l u e  
m e r c u r y  

Q* l ines  (%)  

3,7 9 91 89 88 76 94 88 93 0.54 90 64 66 76 69 95 75 0.70 0 
3,7,10 90 63 64 75 66 96 74 0.48 83 54 48 68 45 94 69 0.69 O 
3,7,10 93 72 80 83 84 89 79 0.52 90 66 67 78 71 94 75 0.71 30 
3,7,10 91 78 89 88 90 85 81 0.58 92 74 80 84 85 89 78 0.73 50 

number  of  photons emit ted  
e Q =  

number  of ultraviolet  photons available 
The numbers  refer  to the l ist  of  phosphors g iven in Table V. 
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Fig. 1. Effect of addition of 
one spectral line on the chro- 
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Fig. 2. Effect of addition of one spectral line on the color rendition of a 400W HPMV lamp 

tion; and (iii) good stabili ty against the intense u l t ra -  
violet radiation. 

It was shown in Fig. 2 that  the most pronounced im-  
provement  in color rendi t ion  can be achieved by add- 
ing a red spectral line to the mercury  spectrum. In  
accordance herewith it has been common practice for 

several years to coat the outer bulb  of the HPMV lamp 
with a red-emit t ing  phosphor, such as Y(P,V)O4-Eu 
(17, 18). Since Fig. 3 showed that  a fur ther  (although 

rather  small) improvement  can be achieved by adding 
also a blue emission, the merits  of mixtures  of 
Y (P,V) O4-Eu with some blue-emi t t ing  phosphors 
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Fig. 3. Effect of addition of (1 
- -  a) per cent of a red spectral 
line (~ N 622.5 nm) and a per 
cent of blue spectral lines of va- 
rious wavelengths on the color 
rendition of a 400W HPMV lamp. 
All calculations: Q - -  0.75. 
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Fig. 4. Chromaticity co-ordinates of a 400W HPMV lamp to which a red (~, , -~ 622.5 nm) spectral line of (I - -  ~) per cent and blue spec- 
tral lines of a per cent of various wavelengths are added. All calculations: Q ~ 0.75. 

have  also been evaluated.  Phosphors  were  chosen hav-  
ing a high brightness at e levated temperatures ,  as 
shown in Fig. 5. 

The Y(P ,V)O4-Dy phosphor of Fig. 6 was made with 
the addition of boric acid (in the same way  as the 
corresponding Eu-ac t iva ted  phosphor) .  This prepara-  
t ion method gives a h igher  intensi ty of the 484 nm 
emission l ine wi th  254 nm excitation, viz., intensi ty 
rat io of the  484 and 573 nm emission l ine in our phos-  

phor 0.65-0.70, whereas  a ratio of about 0.40 was re-  
ported by Faria  and Pa lumbo (24). 

The meri ts  of europ ium-ac t iva ted  s t ront ium chlor-  
apatite (22) were  also evaluated,  since Thornton (23) 
reported that a bet ter  color render ing  of the human 
complexion and an Ra value of 67 can be reached with  
this phosphor (Zmax N 450 nm) .  The results of the cal- 
culations are  given in Fig. 6 and Table IX. I t  follows 
f rom these data that  the best results, as far  as color 
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Fig. 5. Variation of fluorescent intensity with temperature for 

various blue-emitting phosphors. 

Half- 
width 

x/y Curve Phosphor ;Lmax (nm) (nm) 

0.129/0.297 1 Sr-chlorsilicate-Eu 2+ 485 70 
0.148/0.150 2 Sr2P2OT-Sn 2+ 455 128 
0.153/0.136 3 (Ba,Mg) Al'~Si2Os-Eu 2+ 444 96 
0.154/0.023 4 Sqo(PO4) 6CI2-Eu 2+ 449 34 
0.Zi7/0.382 5 (Sr, Mg)3(PO4)~.-Cu + 490 80 

near ly  the same. The former phosphor has the ad- 
vantage of being excited more efficiently (giving a 
higher quan tum conversion fraction) by the long 
wavelength ul t raviolet  radiat ion (365 nm)  of the 
HPMV lamp. When using a blend with a phosphor 
strongly absorbing the 365 nm radiat ion of the HPMV 
lamp, however, the absorption of this radiat ion by the 
second phosphor is of minor  importance. 

The importance of a high quan tum conversion frac- 
t ion (Q) is i l lustrated in Table IX, showing that in 
mixtures  of Y(P,V)O4-Eu and s t ront ium chlorsilicate- 
Eu an increase of the Q-value  from 0.7 to 1.0 not only 
results in an increase of the luminous efficacy by about 
6%, but  also in an improved color rendition. 

When comparing the qual i ty of a 125 and a 400W 
lamp, it should be remembered that the mercury  
spectra of these lamps are not the same, due to differ- 
ences in lamp constructions (are length, pressure, etc.). 
For instance, with a given phosphor blend the best 
color rendi t ion can be achieved with a 125W HPMV 
lamp (see Table IX).  

Summarizing the data concerning the color rendit ion 
of HPMV lamps, it may be concluded that the par-  
tial subst i tut ion (about 30%) of a b lue-green  emit t ing 
phosphor for a red-emit t ing  one will  yield very useful 
results. 
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Fig. 6. Effect of addition of 
( I00 - -  a) per cent of the red- 
emitting phosphor Y(P,V) O;- 
Eu 3+ and of ~ per cent of vari- 
ous blue-emitting phosphors on 
the color rendition of a 400W 
HPMV lamp. Curve A, Sr-cMor- 
silicate-Eu2+; curve B, Y(P,V)O4- 
Dy; curve C, Srlo(PO4)sCI2-Eu 2§ 

rendi t ion is concerned, are reached wi th  mixtures  of 
europium-act iva ted  Y(P,V)O4 and s t ront ium chlor-  
silicate-Eu. We have found a lower color rendi t ion 
than Thornton,  however. This difference can be 
ascribed to the use of a different reference source. 
Thornton  used the D65 Daylight  reference, whereas 
in  our study reference sources were used, as recom- 
mended in the C.I.E. Publ icat ion 13, wi th  a color tem-  
perature  corresponding to that  of the lamp to be 
evaluated. 

The poor performance as regards color rendi t ion of 
Y(P,V)O4-Dy is due to the strong emission at 573 nm. 
It can be seen from Table IX that the merits of s t ron-  
t ium chlorsi l icate-Eu and (Sr,Mg) z (PO4) 2-Cu (21) are 

Manuscript  submit ted Dec. 21, 1972; revised m a n u -  
script received April  9, 1973. This was Paper  75 pre-  
sented at the Houston, Texas, Meeting of the Society, 
May 7-11, 1972. 

Any discussion of this paper will  appear in z Discus- 
sion Section to be published in  the June  1974 JOURNAL. 
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Replication of Relief-Phase Holograms for Prerecorded Video 
R. A. Bartolini, N. Feldstein, *'1 R. J. Ryan 

RCA Corporation, David Sarno~ Research Center, Princeton, New Jersey 08540 

ABSTRACT 

This paper describes the replication process used for the HoloTape| sys- 
tem. HoloTape is a clear plastic tape that has rel ief-phase holograms em- 
bossed on its surface, each hologram corresponding to a frame of a color- 
encoded motion picture. The replication process is based on the electroforming 
of a metal  master  and on the embossing of a t ransparent  thermoplastic film. 

Prerecorded video systems have created intense in-  
terest in the electronics indust ry  wi thin  the last few 
years with the announcement  of a var ie ty  of tape and 
disk systems for use in the home (1-3). These include 
the magnetic  tape and photographic film systems, sev- 
eral disk systems based on mechanical  and optical 
pickup, and the HoloTape 2 system. I-IoloTape is a clear 
plastic tape that has relief-phase holograms embossed 
on its surface, each hologram corresponding to a frame 
of color-encoded motion picture. 

There are many  ways to encode picture information 
so that  it can be stored as a relief pattern.  Eidophor pro-  
jections (4) utilize a scanning electron beam to deform 
a special liquid. Similar  systems have been developed 
that employ thermoplastic mater ia l  instead of liquids 
(5). The advent  of holography, coupled with the de- 
velopment  of lasers, has led to a new method for en-  
coding picture informat ion which offers the following 
advantages: 

(i) Scratch and dirt  resistance. Highly redundan t  
holograms (6) can be scratched, obscured by dirt  
and otherwise mut i la ted  without serious image de- 
gradation. 

(ii) Image immobilization. Fraunhofer  holograms 
(7) produce s tat ionary images even though the holo- 

grams are continuously moving through the readout 
beam. Fl icker-free images can be produced at any 
tape speed with no need for servo control between 
tape speed and television scan rate, in te rmi t ten t  tape 
transport,  or moving shutters. 

(iii) Low cost replication. Relief-phase holograms 
can be replicated onto a metal  master  using electroless 
and electrolytic processes and embossed into a low cost 
thermoplastic tape. The processes involved in  replica- 
t ion are the basis for this paper. 

Relief-Phase Holograms 
Replication of holograms has attracted at tent ion 

since the laser was first successfully used in the mak-  
�9 Electrochemical  Society  Act ive  Member,  
1Present  address: Surface Technology,  Inc.~ Princeton,  New J e r -  

s ey  00540. 
K ey  words:  rel ief  patterns,  photoresists  e lectroforming,  emboss-  

ing. 
Trademark  RCA Corporation. 

ing of holograms (8). To date, most at tempts at replica- 
t ion have been with ampli tude holograms (9-13). This 
paper describes an inexpensive and reliable method of 
relief-phase hologram replication. 

Holography is an imaging process in which one rec- 
ords not an image of the object, but ra ther  the wave 
pat tern  of the light that emanates from the object. The 
record (hologram) is thus in the form of an in ter-  
ference pat tern  which exists when  the diffraction pat- 
tern of the object is made to interfere with a coherent 
reference beam. 

If this interference pat tern  is stored in photographic 
film by changes in density of the film, an ampli tude 
hologram is produced. To replicate this type of holo- 
gram, contact pr in t ing techniques are necessary. The 
film required for this type of replication is expensive 
due to the need for high-resolut ion capabil i ty (1000- 
2000 cycles/ram).  A high degree of precision is also 
needed to minimize diffraction effects. A vacuum chuck 
hold-down is usually necessary in this case (14). 

When the interference pat tern  is stored in the re- 
cording medium by changes in the surface structure, 
a rel ief-phase hologram results. The informat ion in a 
rel ief-phase hologram is stored in the ampli tude and 
periodicity of the surface corrugation. This type of 
hologram modulates the phase of the playback beam on 
transmission because of the variat ions in the optical 
path introduced by the relief pattern. 

A common mater ia l  for recording relief-phase holo- 
grams is photoresist. Both positive and negat ive photo- 
resists can record relief-phase holograms. The positive 
photoresist has the advantage that only the exposed 
portions are removed, so that most of the mater ial  re-  
mains on the substrate, main ta in ing  good bonding be- 
tween the two. Negative photoresists remain  after de- 
velopment  only where they are exposed sufficiently to 
be hardened all the way to the substrate. The hologram 
therefore consists of very fine lines of photoresists 
that  tend to detach from the substrate.  

Shipley AZ-1350, 3 a commercial  positive photoresist, 
was found to be an acceptable recording medium for 
the HoloTape system. The HoloTape processing se- 

a S h i p l e y  Company,  Incorporated, Newton,  M a s s a c h u s e t t s  02612,  
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fig. 1. HoloTape processing sequence 

quence is shown schematically in Fig. 1 and typical  
processing equipment  in Fig. 2. 

For the HoloTape system, AZ-1350 photoresist is 
coated onto a polyester tape such as Cronar 4 to provide 
a dry-fi lm thickness in the order of 1 ~m. Contact roller 
coating off a grooved steel wheel in a clean room (class 
100 hood within  a class 10,000 room) has been found to 

produce a photoresist layer of adequate cleanliness 
and uniformity.  The photoresist is applied directly to 
the polyester base as the AZ-1350 type photoresist in-  
terreacts with most res in-subbing  layers to reduce its 
effective sensitivity. An  antireflection layer absorbing 
greater than 95% of the t ransmit ted  light is coated onto 
the back side of the tape to prevent  fringes in the re-  

4 Trademark ,  E. I. du Pont de Nemours  and Company,  Incorpo- 
rated. 

cording due to back reflections from the tape/a i r  in -  
terface. 

Discussion of Process 
Hologram recording.--For the recording of color 

holograms, monochrome transparencies spatial ly en-  
coded (by means of an electron beam recorder) with 
the color informat ion serve as the object. The holo- 
graphic recording system includes a He-Cd laser, 
photoresist tape and object film transports, the usual  
beam expanders, pinholes, mirrors, and beam splitters, 
and a special optical pinhole array which enables 
highly redundan t  holograms to be recorded (6, 7). The 
recording system functions automatically,  recording a 
sequence of holograms on photoresist tape, each holo- 
gram corresponding to a frame of the color-encoded 
motion picture. After  exposure, the photoresist-coated 
tape is passed through a developing machine  in  which 
the areas exposed to more intense light are etched 
away, leaving the surface corrugations which form the 
relief-phase holograms. 

Exposure characteristics of a positive photoresist for 
holography are much different than  those normal ly  
encountered in photolithographic applications. In  holo- 
graphic exposure, the photoresist layer is exposed in  an 
analog fashion due to the interference of the reference 
and object beams. In  the simplest case, two plane waves 
of equal intensi ty create a s ine-wave exposure pat tern 
in the photoresist with ampli tude proportional to the 
first order Bessel function, J1. Maximum grating ef- 
ficiency can be achieved with exposures of approxi-  
mately  10 m J / c m  2 corresponding to a very  low reaction 
level of the photoresist sensitizer. (Full  reaction of the 
sensitizer in a 1.2 ~m layer requires an exposure of 
approximately 300 mJ/cm2.) 

The mechanism for positive photoresist development  
involves dissolving away the exposed areas of the 
photoresist while leaving the unexposed areas essen- 
t ial ly intact. This is essentially a b inary  process which 
is ideal for applications such as the fabrication of in-  

Fig. 2. Laboratory equipment used to manufacture experimental HolaTape. a, Coating; b, encoding; c, recording; d, developing; e, pla~ 
ing; and f, replicating. 
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tegrated circuits. However, for holographic recording, 
an analog process is desired. Moreover, to avoid non-  
l inear  distortion, it is desirable to have a depth vs. ex- 
posure characteristic which is approximately l inear  
over a wide exposure range. When using AZ-1350 
developer, as is normal ly  used with AZ-1350 photo- 
resist, the photoresist appears to act nonl inear ly ;  the 
hologram diffraction efficiency for a given in te rmodu-  
lat ion distortion is l imited to a greater  degree by this 
mater ial  nonl inear i ty  than  by the intr insic nonl inear i ty  
of th in-phase  holograms. It has been found that  the 
use of the more alkal ine AZ-303 developer with the 
AZ-1350 photoresist relieves the photoresist non-  
l inearity,  thereby allowing higher image readout ef- 
ficiencies and a net increase in mater ial  sensit ivity (15). 

Maximum average usable hologram efficiency is re-  
stricted, by in termodula t ion  effects from the intr insic 
nonlineari ty,  to approximately 5% which is equivalent  
to a peak- to-peak  corrugation depth of approximately 
0.1 gin. Photomicrographs of simple and Fraunhofer  
hologram relief pat terns  recorded in AZ-1350 photo- 
resist and developed in  AZ-303 developer are shown 
in  Fig. 3. The line spacing (periodicity) of the contour 
s tructure is approximately 1 #m (1000 cycles/mm).  The 
sinusoidal grat ing pat tern  produced by the interference 
of two simple p lane  waves is shown in Fig. 3 (a).  Figure  
3(b)  is the interference pa t te rn  of a complex object 
(such as a film t ransparency)  and a plane reference 
wave. These SEM photographs were taken at an angle 
of 80 ~ from the perpendicular  and at a 7500X mag-  
nification. Fai thful  replicat ion of this fine pa t te rn  in the 
subsequent  plat ing and embossing steps requires proper 
choice and control of all materials  and processes. 

Processing of metal embossing masters.--Replication 
is accomplished by a two-step process: (i) electro- 
forming a metallic stamper master  and (ii) embossing 
this stamper into a t ransparent  flexible thermoplastic to 
produce replicas. The electroforming process involves 
electroless nickel plat ing of a th in  conductive layer 
and  electrolytic nickel  plat ing to a metal  thickness of 
2.5 mils. The over-aU process is similar to that used in 
the production of audio record stampers. Equipment  
and control conditions are unique,  however, due to the 
high resolution of the holographic information and the 
tape format. The use of an all nickel process has the 
advantage of producing a hard, corrosion-resistant  
master  requir ing no addit ional surface treatments.  

Figure 4 shows the highlights of the electroforming 
sequence. In this sequence, two new developments fa- 
cilitated a good reproducible process; (i) an improved 
sensitizer composition (16, 17) which ensures uniform 
sensitization of hydrophobic surfaces such as photo- 
resists and (ii) a room temperature,  electroless, nickel 
plat ing formulat ion (18) which provides continuous 
and conductive surfaces, ready for subsequent  elec- 
trolytic buildup. 

Electroless plating.--The electroless nickel layer 
forms the surface of the final master  and determines 
the qual i ty and faithfulness of the hologram replica- 
tion. Properties required of the nickel deposit include 
fine grain  size, good hardness and corrosion resistance, 
uni form coverage, and no adverse effects of processing 
solutions on the photoresist surface. Other chemically 
deposited metals such as Cu or Ag are softer and more 
corrosive and are general ly  deposited from high 
alkal ine baths. The electroless plat ing sequence in -  
volves four main  steps as shown in Fig. 4. All  steps 
are followed by double 1 min  rinses in deionized water. 
Pla t ing is normal ly  carried out under  yellow light con- 
ditions to insure uni formi ty  of the photoresist surface. 
Variable exposure of the positive photoresist layer  
could al ter  the layer  characteristics dur ing subsequent  
processing. 

Surface preparat ion is impor tant  to insure removal  
of any part iculate mat ter  or films from the surface of 
the photoresist recording tape due to prior processes. 
Genera l ly  a 1-2 rain r inse cycle with mild agitation in 
a neut ra l  detergent  solution is sufficient. It has been 
found, however, tha t  residual  films can be carried over 
from the photoresist development  cycle which appear 
as microroughness in the electroformed surface. These 
are effectively removed by prer insing in a mild alka-  
l ine  solution for 15-30 sec prior to detergent  cleaning. 
An alkaline solution is chosen which does not affect 
fur ther  development  of the photoresist layer. 

The sensitization step is most impor tant  in deter-  
min ing  coverage and uni formi ty  of the subsequent  

Fig, 3. Photomicrographs of relief patterns in photoresist (1000 
cycles/mm carrier frequency), a, Simple interference pattern; b, 
Fraunhofer hologram. 

I HOLOGRAM MASTER RECORDING J 
(P HOTORESIST TAPE) 

1 
ELECTROLESS NICKEL CYCLE 

- SURFACE PREPARATION 
- SENSITIZATION 
- ACTIVATION 
- ELECTROLESS NICKEL DEPOSITION 

I 

Fig. 4. Plating sequence in the electroforming of HoloTape metal 
embossing masters. 
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nickel  deposition. Sh ip ley  AZ-1350 photores is t  is in-  
he ren t ly  hydrophobic  and nonwet t ing  in most  com-  
merc ia l  sensit izing solutions or in colloidal  ca ta ly t ic  
solutions. Sensi t izing solutions (16, 17) in which t in 
(II)  and aged t in  (IV) a re  incorpora ted  produce  com- 
plete  wet t ing  of t ape  surfaces and the format ion  of an 
absorbed  layer  of t in  ( I I )  on the  surface dur ing  a 1 
rain immersion.  A typ ica l  composi t ion of sensit izer  is 
g iven in Table I. The  aged tin (IV) component  has 
been p r o p e r l y  condi t ioned pr io r  to its incorpora t ion  
into the  solution. 

Act iva t ion  is accompl ished in an acidic pa l l ad ium 
chloride solut ion such as l is ted in Table I by  immers ion  
for 1 min. This s tep requi res  only  the  normal  ma in -  
tenance associated wi th  electroless  ac t iva t ing  solutions. 
Dur ing  the immersion,  pa l l ad ium nuclei  are  formed 
on the  surface of the  tape  by  reduct ion  wi th  absorbed  
t in (II)  ions and provide  cata lyt ic  sites for in i t ia t ion of 
the electroless n ickel  deposit ion.  

The electroless n ickel  cycle must  provide  a th in  con- 
duct ive l aye r  of fine gra in  n ickel  un i fo rmly  over  the 
ent i re  tape  surface wi th  sufficient adhesion to wi th  
s tand  the subsequent  e lec t ropla t ing  cycle. A room tem-  
p e r a t u r e  ba th  descr ibed prev ious ly  (18) and based on 
the  n icke lpyrophospha te  ammonia  sys tem with  d ime th -  
y lamine  borane (DMAB) as a reducing agent  was found 
to provide  the necessary  propert ies .  Bath  composit ion is 
shown in Table  I. Al though  the ba th  is a lka l ine  in na -  
ture, no adverse  effects a re  observed on the AZ-1350 
photoresis t  surface. The adherence  of the  n ickel  l aye r  
is dependent  on the stress levels  in the deposi t  and  
layer  thickness.  Control  of the stress level  is cr i t ical  
due  to possible l i f t ing f rom the f lexible tape surface 
dur ing  subsequent  processing. Since to ta l  stress of the 
deposit  is a funct ion of the  deposi t ion ra te  and  l aye r  
thickness,  ra tes  must  be ma in ta ined  to provide  a su i t -  
able low stress level  and reproduc ib le  thickness  of 
nickel.  Rates are  cont ro l led  by  main ta in ing  the  d i -  
me thy lamine  borane  reducing  agent  content  to produce 
a n ickel  th ickness  of app rox ima te ly  150A in 7 rain. 
Sheet  res is t iv i ty  at  this  thickness  is on the  order  of 
250 ohms/J3 and is adequa te  for the subsequent  e lec-  
t rop la t ing  step. 

Curves  showing deposi t ion ra te  as a funct ion of 
DMAB concentra t ion a re  shown in Fig. 5. The da ta  
were  de te rmined  f rom Cronar  tape  samples  p la ted  in 
f reshly  p repa red  ba ths  under  equiva lent  p la t ing con- 
ditions. The amount  of n ickel  deposi ted for a g iven 
t ime and tape area  was analyzed b y  color imetr ic  
methods.  S t anda rd  curves  were  also plot ted  re la t ing  
nickel  deposi t ion to l ight  t ransmission.  This provides  
an easy method  of analysis  for  th in  nickel  deposi ts  on 
t r anspa ren t  substrates.  For  ba tch  type  work,  ra tes  a re  
control led  by  addi t ion of DMAB dai ly  based  on 
analysis.  Continuous type  pla t ing would  requi re  r e -  
p len ishment  on a more  f requent  or cont inuous basis. 
Good ba th  l ife is achieved by  control l ing c a r r y - o v e r  of 
chemicals  f rom the act ivat ion step wi th  thorough r ins -  
ing in deionized wa te r  and by  main ta in ing  levels of 
DMAB, Ni, NH4OH, and pH th rough  analysis.  A p -  
pa ra tus  for electroless  n ickel  p la t ing  of HoloTape  mas-  

@NN 
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Fig. 5. Electroless nickel deposition as a function of plating time 
and reducing agent concentration. 

ters has been developed as a batch immersion type 
which provides tape masters up to 50 ft in length 
(equivalent to 100 sec of video playback) and as con- 
tinuous in-line steps for longer time programs. 

Electrolytic nickel plating.--The elect roforming step 
consists of a continuous, two-s tage  nickel  su l famate  
ba th  s imi lar  to those used in record  s t amper  processing. 
Bath makeup  da ta  is given in Table II. Rol led de-  
polar ized nickel  anodes in Dynel  bags a re  used in bo th  
baths.  A wet t ing  agent  such as Duponal  W A  5 is gen-  
e ra l ly  used in the  p rep la te  ba th  and control led  to p ro -  
duce a solut ion surface tension of 37___2 dynes /cm.  The 
ba ths  a re  cont inuously  f i l tered wi th  10~ filters. Ion ex -  
change car t r idges  are  used wi th  both ba ths  and a car -  
bon car t r idge  inc luded  wi th  the  h igh-speed  bafh off an 
inlet  manifold.  

Typical ly,  nickel  deposi ts  f rom these baths  show a 
tensi le  stress of 5000-10,000 psi, a tensi le  s t rength  of 
80,000-90,000 psi, and an e longat ion of 15-20%. P la t ing  
ra tes  a re  ample  for prac t ica l  product ion  schedules. 

L a bo ra to ry  cont inuous p la t ing  appara tus  is shown in 
Fig. 6. In  the first stage, the  electroless p la ted  tape is 
fed onto meta l  cathode contact  wheels  pa r t i a l ly  im-  
mersed  in the  bath.  A p p r o x i m a t e l y  0.05 rail  of nickel  is 
deposi ted on both  sides of the  tape  at  a cur ren t  den-  
s i ty of 2.5 A / d m  2. The second stage is designed as a 
series of loops to increase  the deposi t ion area  in the  
ba th  and to provide  sui table  t h r o u g h - p u t  rates.  Ca th -  
ode contact  is made  out  of solut ion to the  back  of the  
tape via meta l  contact  wheels.  The wheels  a re  designed 
ei ther  as direct  d r ive  or wi th  a slip pressure  pla te  to 
compensate  for tape  expans ion  at  the  e levated  t em-  
pera ture .  The bo t tom wheels  immersed  in the ba th  are  
plastic.  The tape  is shielded in the solut ion by  baffle 
plates  to direct  the p la t ing  to the  f ront  of the  tape. 
Current  dens i ty  is control led  at  app rox ima te ly  4 A /  
dm 2. The tape is e lec t roformed to a un i form thickness  

6 E. L du Pont  de Nemours  and Company,  Incorporated.  

Table I. Chemical makeup of electrMess solution Table II. Electrolytic nickel sulfamate bath makeup 

Prepla te  bath Sensitizing solution Electroless nickel 

SnCl~ 1.3 • 10-ZM Nickel stock solution A: 
SnCl~* 7.5 X 10-SM NiSO4 �9 6H20 50 g/l 
HCI 4.7 X 10-ZM Na~P.~Ov �9 10HsO 100 g/l 

NH,OH (58%) 22 cmS/l 

Act iva t ing  solution Bath makeup: 

PdClg 2.5 X 10-SM Solution A 1 par t  
HC1 1.0 X 10-sM Deionized HsO 11 parts 

(CI~) sNHBH~ 0.16 g / l  
NH4OH TO adjust  pH 

to 10.1 

�9 Preconditioned prior to use. 

Ni ( f rom nickel  sulfamate)  75-80 El1 
NiC12 7-12 g/1 
I-IsB 03 37-42 g/1 
loll 3.5 
Operating temp. I00~ ~ 
Current density I-3 A/dinS 

High-speed ba th  

Ni (from nickel  sul /amate)  75-80 g/1 
NiC]. 18-20 g/1 
HsBOs 37-42 g/1 
pH 3.5 
Operating temp. 110 ~ 
Curren t  density 4-7 A/dinS 
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Fig 6. Experimental HoloTape electroplating apparatus 

of 2.5 mils  in a cont inuous manne r  and ree led  up  at  the  
exit  end of the p la t ing  l ine at  a t h r o u g h - p u t  ra te  of 2.5 
in . /min.  Product ion  type  equipment  of 34 loops has 
been const ructed and opera ted  at  speeds of 15 in . /min.  

The e lec t roformed n ickel  mas te r  is comple ted  by  
separa t ing  the n ickel  tape  f rom the photoresis t  tape. 
To provide  good edges on the master ,  the  th in  n ickel  
l ayer  on the back of the photoresis t  t ape  is spray  etched 
pr ior  to separat ion.  Tapes are  genera l ly  separa ted  in a 
hot c leaner  solut ion to avoid mechanical  distort ion.  The 
nickel  mas te r  is then  cleaned, dried, and wound, in te r -  
leaved wi th  a plast ic  t ape  to p reven t  abras ion of the  
ho logram surface. 

In order  to de te rmine  per formance  of the e lec t ro-  
forming process in rep l ica t ing  the ho logram surface, a 
series of s ine -wave  gra t ing  pa t te rns  of var ious  ef-  
ficiencies were  recorded in the  photoresis t  and proc-  
essed. Diffraction efficiency was measured  on the photo-  
resist  tapes and the  comple ted  nickel  master .  Surface 
studies were  also run  using scanning e lec t ron  micros-  
copy. No significant difference in efficiency or surface 
s t ructure  was found. These studies also show tha t  no 
deter iora t ion  of the  posi t ive photoresis t  surface occurs 
wi th  use of the a lka l ine  electroless  Ni ba th  at a pH of 
10.2 

Embossing of holographic masters.--Replication of 
the  recorded holographic  in format ion  is completed b y  
the rma l  mechanica l  embossing of a c lear  thermoplas t ic  
film. The process is shown schemat ica l ly  in Fig. 7. Dur -  
ing the embossing cycle, a 1-2 mil  th ick  thermoplas t ic  
film is p laced  in contact  wi th  a hea ted  nickel  holo- 

graphic  mas te r  and  passed be tween  pressure  rollers,  
thus  impress ing  re l ief  pa t t e rns  ident ical  to the  phase 
holograms into the  sof tened ph/stic surface. Af te r  pass -  
ing th rough  the press ing station, the tapes are  cooled, 
and the  embossed plast ic  film is separa ted  from the 
nickel  master .  The process provides  a s imple  i nex -  
pensive  method  for the repl ica t ion  of holographic  films. 
Impor t an t  ma te r i a l  and  process considera t ions  are  p re -  
sented below. 

The impor tan t  ma te r i a l  r equ i rements  include:  high 
opt ical  quali ty,  cont ro l lable  thermosof tening  behavior ,  
and good s tabi l i ty  for p l ayback  and storage. This con-  
fines the  choice of ma te r i a l s  to the  clear  the rmoplas t i c  
films, such as, vinyls,  polyesters ,  acetates,  po lyca r -  
bonates,  and polyolefins. 

The opt ical  qua l i ty  of a thermoplas t ic  film is de -  
penden t  upon the  method  of po lymer  prepara t ion ,  com- 
pounding,  and  the film fabr ica t ion  process. Ideal ly ,  the  
po lymer  should have a na r row molecu la r  weight  dis-  
t r ibu t ion  and be free of reac tan ts  or react ion b y - p r o d -  
ucts. Addi t ives  requ i red  for compounding should be 
comple te ly  miscible  wi th  the  po lymer  and not  produce  
any  significant scat ter ing wi th  coherent  l ight  t r ansmis -  
sion (less than  1%). 

Calendering,  extrusion,  and cast ing are  the pr inc ipa l  
methods  of plast ic  film fabricat ion.  Of these, cast ing 
methods  have been shown to produce the  highest  qua l -  
i ty  films. The film fabr icat ion process has a m a r k e d  
effect on optical  qual i ty  and de te rmines  the  surface 
flatness and paral le l ism.  In general ,  these types  of de-  
fects far  outshadow those due to bu lk  film nonuni -  
formities.  A b r u p t  changes in the  surface wi l l  resu l t  in 
var ia t ion  in color or shading of the reproduced  image 
on playback.  Wedge  effects produce image displace-  
ment.  

Embossing is a thermomechanica l  process in which  
the surface of a plast ic  film is molded by  compress ion 
in contact  wi th  a pa t t e rned  master .  In  o rder  to r ep ro -  
duce fa i thfu l ly  the  pa t t e rned  informat ion  in the  plast ic  
film, the  t empe ra tu r e  of the  film surface must  be above 
the  glass t rans i t ion  point  for the  mater ia l .  Vinyl  ma-  
terials,  for example,  fal l  in a range  of 60~176 In  
practice,  sufficient heat  is r equ i red  to raise the  t em-  
pe ra tu re  above this point  and to a sufficient depth  tha t  
is g rea te r  than the  m a x i m u m  depth  of the  pa t t e rned  
information.  This implies  tha t  wi th  holograms,  the  

( 
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Fig. 7. The embossing process 
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Fig. 9. Resolution of embossed hologram in vinyl film. a, High 
resolution silver-halide object film; b, vinyl hologram replica. 

plastic surface must be heated to a depth beyond the 
maximum grating amplitude in order to achieve exact 
replication. 

The mechanical aspects of the embossing process are 
equally important to the thermal cycle in producing 
distortion-free replicated films. Tape guiding, roller 
alignment, and tape windup must be adjusted to pre- 
vent edge distortion in the film in order to provide a 
flat film during holographic readout. The compression 
roller is coated with a uniform smooth resilient elas- 
tomer to equalize pressure at the nip between the 
plastic film and nickel master surface. Experimental 

apparatus for replication speeds up to 10 in./sec is 
shown in Fig. 8. Vinyl tapes have been replicated with 
this equipment which exhibit no change in signal-to- 
noise ratio or efficiency of embossed holograms between 
the initial replica and the 5000th copy. Comparison of 
Fraunhofer hologram test patterns, recorded in photo- 
resist, with film embossed from equivalent electro- 
formed nickel masters show no significant loss in ef- 
ficiency, resolution, or signal-to-noise ratio. A compari- 
son between an image from an original hologram and 
an embossed film replica hologram is shown in Fig. 9. 
Other equipment has been designed for high speed 
embossing using RF heating of the nickel master and 
demonstrations have been given at replication speeds 
up to 60 in./sec. 
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Optically Erasable Cathodochromic Coloration 
in Sodalites Containing Sulfate 

Takeshi Takeda and Akinori Watanabe  

Matsushita Research Institute Tokyo, Incorporated, Ikuta, Kawasaki, Japan 

ABSTRACT 

Optically erasable cathodochromic coloration was studied in sodalite of 
which halogen ions were part ial ly substituted by sulfate radicals. The mate-  
rials were prepared by a solid-state sintering method in air. The achievable 
contrast ratio, decay time, optical erasability, and color changed considerably 
depending on the substitution amount of sulfate radicals. The composition 
Na~LleSi60~4.1.2NaC1-0.4Na2SO4 showed the best compromise among these 
properties. In this composition the maximum contrast ratio 7.7 was achieved 
at 20 kV without a significant residual coloration. The peak wavelength of 
induced absorption spectrum was 553 nm and the thermal decay time was 
about 30 min. 

Photochromic and cathodochromie properties of 
sodalite have been widely investigated for the purpose 
of storage-display applications (1-15). Especially, dark 
trace tubes using cathodechromic sodalite as a screen 
material  are under current development (13-15), since 
they give improved features over the early KC1 tubes 
(16). 

Sodalite has the chemical formula Na6A16SieO~. 
2NaX, where X -- halogen. Photochromic and cath- 
odochromic sodalites are colored by ultraviolet  and 
electron-beam irradiation, respectively. The induced 
coloration is bleached upon exposure to visible light 
or by heating the material. 

Photochromic sodalites have usually been doped 
with sulfur (2, 4, 13) or iron (6), since these ions 
were found to aid photochromic coloration. As-grown 
materials are not photochromic and must be sensi- 
tized by a heat- t reatment  in a hydrogen or an inert 
atmosphere. Photochromic sodalites are also cath- 
odochromic. 

To induce only the cathodochromism, S- or Fe-  
doping is not necessary and these ions have been 
reported (11, 13, 15) to degrade the cathodochromic 
performance in some cases. Several variations of 
synthesis and sensitization processes have been re-  
ported. Williams et al. (4) reported high-temperature 
hydrothermal  synthesis after which the products were 
sensitized by heat- t reatment  in a reduction atmo- 
sphere. This process has been used by several work-  
ers (5-8). Recently, Schipper et al. (9) reported a 
modified solid-state sintering method and a low- 
temperature hydrothermal method. The products by 
these methods were found to show optimum cathodo- 
chromic properties when they were treated in an 
oxidizing atmosphere ra ther  than in a reducing one. 

The induced coloration, which is the result of F 
center absorption, can usually be classified into two 
categories. One is the "optical-erase mode" colora- 
tion that can be erased by light, and the other is the 
"thermal-erase mode" coloration that  can only be 
perfectly erased by heating to about 200~ At low 
levels of electron-beam irradiation, the former mode 
of coloration is much more efficient, but at high 
levels of irradiation saturation tends to occur, 
whereas, in the lat ter  mode, coloration continues to 
increase with irradiation. The relat ive sensitivity of 
these two coloration modes is a strong function of 
both the composition of sodalite and of the method 
of preparation. In bromo-sodalite, Faughnan et al. 
(15) succeeded in improving the sensitivity of 
thermal-erase mode coloration to such an extent that 
the device applications for this mode of coloration 

Key words: color center, absorption spectrum, display, storage. 

look very promising. Several attempts to reduce the 
thermal-erase mode coloration also have been per-  
formed, since, when the materials are used in the 
optically reversible dark trace tubes, this mode occa- 
sionally gives rise to a residual coloration. Iodo-soda- 
lite was reported to be the most suitable composition 
for this purpose (6). Some success also has been 
obtained by firing the products with extra sodium 
halide (9, I1) or by annealing them in fused sodium 
halide (6). 

The present paper is also concerned with the at-  
tempt to reduce the sensitivity of thermal-erase mode 
coloration, and the results for sodalites in which 
halogen ions are part ial ly replaced by sulfate radicals 
will be described. 

Crystal Structure and Mater ia l  Preparation 
The crystal structure of sodalite is buil t  up from 

aluminosilicate cages formed of (A104) and (SiO4) 
tetrahedra linked together by their oxygen atoms. 
The cages are stacked together to form a crystal 
with over-al l  cubic symmetry (17). In the center 
of the cage, there exists a halogen ion surrounded 
by four Na + ions as shown in Fig. 1. Many variations 
can be synthesized by changing the contents of the 
cage; for example, instead of sodium halide in soda- 
lite, the mineral noselite contains Na~SO4, and the 
pigment ul tramarine contains Na2Sx. 

The sodalites studied in the present work contain 
sulfate radicals which part ial ly replace the halogen 

Fig. 1. Cage structure of sodalite [see Ref. (15)]. Large circles 
on the center of the cage represent halogen ions. The smaller circles 
represent Na ions. The AI, Si, and O ions forming the aluminosilicate 
cage are not shown for the sake of clarity. 

1414 



Vol. 120, No. 10 CATHODOCHROMIC COLORATION IN S O D A LI TES  1415 

ions. Chloro- and bromoosodalites are especially 
dealt with and the formula can be written as 
Na6AleSisO~.2(1 -- x)NaX.xNa~SO4, where 0 ~ x 
---~1. 

The materials were prepared by the solid-state 
sintering method. The reagent grade chemicals 
Na2COs, Al2Os, SiOs, NaCI, and Na2SO4 were mixed 
in a mole ratio of 3:3:6:2(1 -- x) :x, and the 
mixture was ba11-milled for 10-20 hr. This was fol- 
lowed by a 3-hr prefiring at 800~176 in a covered 
platinum crucible. The partially sintered material 
was broken up with a mortar in an agate bowl and 
then milled for 3-5 hr. This material was fired again. 
The milling-firing cycles were repeated several times 
before the final firing at 1000~ for 1 hr in air. Firing 
temperatures, firing period, and milling-firing cycles 
are interrelated in their effects on the coloration and 
bleaching properties of final products, and the opti- 
mum conditions must be found experimentally. The 
products were identified by x-ray powder diffraction. 
The diffraction spectra sometimes showed a small 
trace of another phase apart from sodalite, especially 
in the bromo-sodalite containing sulfate. 

Experimental Methods 
Contrast ratio measurements were performed in 

two ways: reflectance and transmission measure- 
ments. 

For reflectance measurements, powder specimens 
with a particle size of 10-20 /~m were deposited on an 
aluminum foil in a thickness of 40-50 ~m by use of 
an applicator blade, and were colored in a demount- 
able cathode-ray tube. As many as eight different 
samples were mounted at one time and measured 
under the same conditions. A reference light beam 
irradiated the surface of the sodalite screen. The 
brightness was low enough so that its effect on the 
decay of coloration could be ignored. The ratio of 
reflection intensities before and after electron beam 
irradiation then were calculated. Thus, the coloration 
is expressed by the constant ratio Crer. = R0/R, where 
Ro and R are init ial  and final diffuse reflectances. In  
th~s way, a wide var ie ty  of prepared samples were sur-  
veyed and this was followed by measurements  on a 
few excellent samples in the t ransmission mode. 

Contrast  ratio measurements  in the t ransmission 
mode were performed in an actual cathode-ray tube 
with the sodalite screen instead of the usual  phosphor 
screen. The screen density was 3 mg/cm 2 and the 
particle size was 1-3 ~m. A transparent ,  conductive 
SnO2 film was provided for the inner  surface of the 
faceplate and funne l  part  of the glass bulb. The usual  
a luminum backing and graphite coating were omitted 
to facilitate back-screen i l luminat ion by both the 
measur ing light and the erasing light (18). Thus, the 
contrast ratio, Ctran. = ~0/T-, was obtained where Io 
and I are the intensities of transmitted light before 
and after electron beam irradiation. 

A narrow band pass filter with the central wave- 
length equal to the peak wavelength of the induced 
absorption spectrum was used in all measurements. 

Cathodochromic Properties 
Halogen sites in sodalite can be replaced by SO4 z- 

radicals, partially or fully. That is, the solid solution 
of sodalite and noselite can be synthesized in a form 
Na6AI6Si60~-2 (1 -- x) NaX-xNasSO4 (X ----- halogen) 
in any value of x between 0 and 1. Although a small 
trace of second phase apart from sodalite is occasion- 
ally detected by an x-ray diffractometer and although 
the evaporation of NaX and Na2SO4 in the course of 
firing might not be negligible, the synthesized speci- 
men is denoted by its starting formula in the fo110w- 
ing. 

The cubic lattice parameter, a0, increases mono- 
tonically with x and the peak wavelength ~. of the 
induced absorption spectrum moves towards longer 
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Fig. 2. The dependence of the peak wavelength of the absorption 
spectrum on the cubic lattice parameter in the composition 
Na6AIsSi6024"2(I - -  x)NaX-xNa2SO4. Circles and triangles corre- 
spond to X = CI and X = Br, respectively. 

wavelengths.  Figure 2 shows a plot of peak wave-  
length against lattice parameter.  It is desirable that  

is matched to the peak wavelength,  555 nm, of the 
sensit ivity curve for the huma n  eye. Thus, the com- 
position with x -- 0.4 in the solid solution of sodalite 
and noselite or the pure bromo-sodali te  is most suit-  
able. The induced absorption spectrum is shown for 
Na6Al~SisO24-1.2NaCI.0.4Na2SO4(x ---- 0.4) in Fig. 3. 
The line width becomes broader  with x and is 180-200 
nm in this composition. This width is about 2 times 
broader than  that  of pure chloro-sodalite. 

The contrast ratio Cref. vs. x is plotted in Fig. 4. 
The accelerating voltage was 15 kV, beam diameter  
was about 8 mm, and charge density was 100 ~cou- 
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Fig. 4. Relationship between contrast ratio, Cref,, and x in 
Na6AI6Si6024"2(1 - -  x)NaX.xNa2SO4. Circles and triangles corre- 
spond to X ~ CI and X = Br, respectively. Accelerating voltage is 
15 kV and charge density is 100 #coulombs/cm 2. 

lombs/cm ~. The current  densi ty was 5 ~A/cm 2. As is 
seen from this figure, Crer. increases wi th  x, reaches 
a maximum,  and decreases again wi th  fur ther  in -  
crease of x. In  the chloro-sodalite and noselite sys-  
tem, the max imum contrast  ratio 4.7 is obtained at 
z = 0.4. At z = 0, i.e., pure chloro-sodalite, C r e f .  is 
only about 2.0. However, when the lat ter  was treated 
in  a hydrogen atmosphere at 800~ for 30 min, Cref. 
increased to about  3.5. The treated mater ial  also 
showed the weak photochromism as reported by  
iYledved (1). In  the products with x higher than  0.3, 
this t rea tment  did not cause an increase of Cref., bu t  
sometimes caused a decrease of Cref. and an increase 
of residual coloration (residual coloration is described 
later) .  

In  the bromo-sodali te  and noselite system, the 
max imum contrast  ratio is obtained in  the composi- 
tion with x ~ 0.2. This value of x is smaller  than  
that  in the chloro-sodalite and noselite system. One 
plausible reason for this difference is that  the evap-  
oration of NaBr occurs more actively, and thus the 
deviation of final Br/SO4 ratio from the ini t ial  one 
is more significant in the Br-SO4 system than in the 
C1-SO4 system. The max imum Cref. is 4.5 and com- 
parable  with 4.7 in the CI-SO4 system. 

Bleaching properties also change depending on 
composition. In  Fig. 5 some thermal  decay curves at 
room tempera ture  are shown. The decay rate be-  
comes larger wi th  x. At the composition with x = 
0.4, a contrast  ratio fell to half  of its ini t ial  value in 
30 rain. At a typical  room envi ronment  (200 lux) ,  it 
takes about 2 rain to reach the same situation. 

In  general, a charge density exceeding a certain 
threshold value gives rise to a residual  coloration 
after optical bleaching is attempted. Figure 6 shows 
the relat ion between the contrast ratio Cres. of resid- 
ual  coloration and the subst i tut ion amount  x. Here, 
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Fig. 5. Thermal decay of induced coloration in Na6AIsSi60~4" 
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Fig. 6. Relationship between contrast ratio, Cres., of residual 
coloration and x in Na6AI6Si6024"2(1 - -  x)NaX'xNa2SO4. Circles 
and triangles correspond to X ---- CI and X ---- Br, respectively. In- 
duced coloration was bleached by a tungsten lamp for 1 rain. 

the coloration induced at 15 kV and 100 #coulombs/ 
cm 2 was erased by light from a 300W tungs ten  lamp 
positioned at a distance of 40 cm from the sample 
for 1 rain. As shown in this figure, Cres. decreases 
with the increase of x. For instance, in  the C1-SO4 
system, when x = 0, Cres. = 1.62, and when z -- 0.4, 
Cres. ~ 1.09. When x exceeds 0.4, Cres. becomes near ly  
constant. The color (absorption spectrum) of residual 
coloration also varies with composition. At x = 0, it 
is the same as for that of the ini t ia l ly  developed 
coloration, that is, magenta.  With increasing x, the 
residual coloration gradual ly  becomes yellowish 
brown, whereas the electron beam ini t ial ly develops 
a purple  color. The persistence of this yellowish 
brown coloration is still a function of the bleaching 
light. That  is, the residual coloration in this case 
involves both the optical- and thermal-erase  mode 
components. The residual coloration in the composi- 
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tion wi th  x = 0.4 is completely bleached in  several 
hours by the light in a room environment ,  whereas 
in the dark it is main ta ined  over 1 day or so. On the 
other hand, the magenta  residual coloration at x ---- 0 
is hardly  affected by light and it is main ta ined  over 
1 week even in a room environment .  The thermal -  
erase mode coloration dominates the residual colora- 
tion in this case. 

In  the Br-SO4 system, Cres. becomes near ly  con- 
stant for x higher than  0.3. However, the lowest eros .  
is only 1.22 (optical density 0.09) and higher than  
the 1.09 (optical density 0.04) obtained in the C1-SO4 
system. This undesirable  result  in the Br-SO4 system 
might again have a relat ion with the active evapora-  
tion of NaBr dur ing firing. Our a t tempt  to synthesize 
the solid solution of iodo-sodalite and noselite was 
unsuccessful, since the evaporat ion loss of NaI was 
quite serious. The sintered products exhibited low 
Cref. and high eros. al though the effect of SO42- was 
still observed. It  is a future  subject to find out the 
best firing condition for the Br-SO4 or I-SO4 system. 

T h e  Cref. and Cres. v s .  charge density are shown 
in Fig. 7 for x = 0.2 and 0.4 in the CI-SO4 system. 
An increase in sensit ivity by a factor of 2-3 can be 
achieved in the ini t ia l ly  induced coloration by going 
from x = 0.2 to x = 0.4. On the other hand, the 
sensit ivity of residual coloration for x ~ 0.4 is about 
one order of magni tude  lower than that for x = 0.2. 
The threshold charge density for the occurrence of 
residual coloration is below I #coulombs/cm ~ for x = 
0.2 and about 5 ~coulomb~/cm 2 for x = 0.4 in the 
present  condition. When the charge density exceeds 
several hundred  #coulombs/cm 2, the residual colora- 
tion at x = 0.4 also becomes purple ra ther  than  
yel]owish brown, and the dependence on bleaching 
light becomes weak. 

In  the present  sample series, the composition 
Na6A16Si6024.1.2NaC1.0.4Na2SO4 shows the best com- 
promise between Cref. and eros. .  This compromise in 
the above composition is also somewhat bet ter  than  
that  in iodo-sodalite which has been reported to be 
most suitable for optically reversible applications 
(6). The thermal  decay t ime of optically reversible 
coloration is about one order of magni tude  longer 
than that  in iodo-sodalite. 

The contrast  ratio, Ctran. ,  measured in the t rans-  
mission mode (18) showed a higher value than  that  
in the reflection mode, as pointed out by Faughnan  
et al. (15). The result  for the composition 
Na6A16Si60~4.1.2NaC1.0.4Na2SO4 is shown in Fig. 8. 
As expected, higher accelerating voltages produce 
higher contrast  ratios. To obtain Ctran.  "-- 2, 8 charge 
density of 0.5 #coulombs/cm ~ at 20 kV is required. 

From this result, the n u m b e r  of F centers created 
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Fig. 7. Relationship between exposure and Cref. and Cres. in 
NasA|6Si60~-2(1 - -  x)NaCI-xHa~S04. 

per incident  electron can be roughly estimated by use 
of the Smakula  equation (19). This can be wr i t ten  

Nf : 0.87 X 1017 kmax W1/z [1] 
(n~ + 2)3 

where N = n u m b e r  of F centers per cm s, f --  oscil- 
lator strength, n = refractive index of the material,  
kmax = absorption coefficient, in  cm -1, at the peak 
of the absorption band, and W1/2 = full  width, in eV, 
of the absorption band  at half  intensity.  To produce 
an optical density, D, in  a penet ra t ion  depth, t, it is 
necessary that 

Nt = 6.5 X 1015D [2] 

centers per cm2 switch. The reasonable values ~ -- 
0.5, n = 1.5, and W1/2 = 0.8 eV are adopted. From 
Eq. [2], Ctran.  - "  2 (D -- 0.8) yields Nt ~ 2 X 1015 
cm -2. The charge density 0.5 /~coulombs/cm ~ corre- 
sponds to 3.1 X 1012 incident  electrons per cm ~. This 
means that  one incident  electron with a voltage of 
20 kV creates -- 650 F centers. Since it takes at least 
three bandgaps of energy [-~ 18 eV (11)] to create 
one electron-hole pair (20), the efficiency is about 
45%. The efficiency falls wi th  increasing charge den-  
sity, and it becomes 8% at 10 #coulombs/cm 2. 

In  the composition NasA16SisO24.1.2NaCl'0.4Na2SO4, 
20% of the halogen sites are empty and this corre- 
sponds to a possible vacancy density of 4.4 X 1017 
cm-2  within  a penetra t ion depth [4 ~m at 20 kV 
(21)]. Maximum contrast ratio 7.7 at 20 kV (D = 
0.86) yields 5.6 • 1015 F centers cm -2. This amount  
is two orders of magni tude  smaller  than  that  of 
existing vacancies. 

Considerat ion of the Role of Sul fa te  
The optically reversible cathodochromic switching 

wil l  be the result  of a charge- t ransfer  process (8). 
A number  of e!ectron-hole pairs are created by  the 
incident  electrons. The released electrons are then 
captured in "already existing" halogen ion vacancies 
to form F centers giving rise to the coloration. The 
holes also should be captured by some centers to 
make the coloration stable. These hole- t rapping cen- 
ters are not yet known wi th  certainty. Sodium ion 
vacancies, or impur i ty  0 2- ions on the halogen sites, 
have been proposed to be such centers. The trapped 
electrons and /or  holes are released again by erasing 
light and they recombine to result  in the ini t ial  u n -  
colored state. 

The optically irreversible coloration, that  is, the 
thermal-erase  mode coloration, has been assumed to 
have an int imate  relat ion with the ionic displacement 
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(15) or mot ion (11) as the  resul t  of rad ia t ion  damage.  
Bolwi jn  et  al. (11) emphasized the mot ion of O 2-  
ions incorpora ted  occasional ly on the halogen sites. 
As a result ,  halogen vacancies are  "newly"  created 
and this was fol lowed by  the  change of na tu re  of 
ho le - t r app ing  centers.  The  holes t r apped  by  these 
modified centers  are  conjectured to have a negl igible  
p robab i l i ty  of recombining  wi th  e lectrons unt i l  these 
centers  a re  conver ted  to the  ini t ia l  ones by  hea t ing  
the mater ia l .  

Cathodochromic  sodali tes  thus far  repor ted  contain 
a halogen deficit of 10-30% (9, 15). This c rea t ion  of 
halogen vacancies is usua l ly  accompanied by  the cre-  
at ion of sodium vacancies and /o r  the  incorpora t ion  of 
oxygen ions on halogen sites, both  of which  might  
make  the occurrence of t he rma l - e r a se  mode colora-  
t ion easy. 

The role of SO4 ~-  radicals  can be threefold.  Firs t ,  
t hey  could create  ha logen vacancies wi thout  being 
accompanied by  sodium ion vacancies a n d / o r  con- 
tamina t ion  by  oxygen.  This wil l  improve  the sens i t iv-  
i ty  of op t ica l -e rase  mode colorat ion and reduce the  
sensi t iv i ty  of the the rmal  mode. Secondly,  the exis t -  
ence of r e la t ive ly  large  and immobi le  SO42- r~dicals  
in the la t t ice  wil l  block the mot ion of o ther  ions (22). 
This also suppresses the  occurrence of t he rma l - e r a se  
mode coloration. Thirdly ,  SO42- radicals  might  act 
as ho le - t r app ing  centers  by  themselves.  The react ion 
wil l  be wr i t t en  as SO42- ~ hole -> SO41~. This possi-  
b i l i ty  wil l  be confirmed by  the  fact tha t  the  presence 
of SO41- in sodali te  was detected by  e lec t ron spin 
resonance measurements  (23). By these roles of 
sulfate,  the  opt ica l ly  revers ib le  colorat ion can be 
stabil ized. In  contras t  to S -doped  sodalites, SO4-doped 
sodali tes  were  found not to be photochromic at  254 
nm, and the energy  levels  of SO42- were  assigned to 
be wi th in  1 eV from the valance  band (10). 

The occurrence of t he rma l - e r a se  mode colorat ion 
in sodali tes containing sulfate  wil l  be main ly  ascr ibed 
to the dissociat ion of sul fa te  radicals  by  the  e lect ron 
bombardment .  The possible existence of O 2-  ions 
m a y  sti l l  p l ay  an impor tan t  role. A method for  a 
fu r the r  reduct ion of the t he rma l - e ra se  mode colora-  
t ion is now under  study.  The resul t  wi l l  be  r epor ted  
elsewhere.  
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Properties of Epitaxial Gallium Arsenide 
from Trimethylgallium and Arsine 
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ABSTRACT 

Elect r ica l  and optical  p roper t ies  of ep i tax ia l  GaAs layers  g rown from 
t r ime thy lga l l ium and arsine were  s tudied by  Hal l  and photoluminescence 
measurements .  The conduct ion type  of the  layers  grown on GaAs subst ra tes  
was changed f rom p-  to n - t y p e  wi th  increase  of [ A s ] / [ G a ] ,  the  mole  ra t io  of 
ars ine to t r ime thy lga l l ium introduced,  wi thout  in tent ional  doping. An  emission 
(P2) at  1.488 eV due to shal low aceeptors  was observed on most of the  samples. 

Correla t ions  be tween  the car r ie r  concentra t ion  and the in tens i ty  of the  P2 
emission wi th  [ A s ] / [ G a ]  suggest  tha t  the  ma in  acceptor  impur i t ies  in the  
ep i tax ia l  l ayer  are amphoter ic  ones on As sites, such as carbon and silicon 
contained in the t r ime thy lga l l i um source. Results  of the  mass -spec t rographic  
analysis  of the  layers  are  consistent  wi th  the  above suggestion. 

Many  GaAs ep i tax ia l  g rowth  techniques have been 
proposed and performed.  Among them, the use of t r i -  
me thy lga l l ium and arsine, as demons t ra ted  by  Mana-  
sevit  et al. (1, 2), has m a n y  a t t rac t ive  points,  such 
as (i) s impl ic i ty  in appara tus  because of a single 
t empera tu re  zone, (ii) independen t  regu la t ion  of 
gaseous components  of ga l l ium and arsenic, (iii) no 
gaseous e tchants  and less autodoping,  (iv) low 
growth  t empera tu re s  ( ~  600~ and (v) easiness of 
he te roep i tax ia l  g rowth  on insulat ing substrates.  

Some repor ts  (1-6) have been made  on the deposi-  
t ion procedures  and on the surface morpho logy  of 
the ep i tax ia l  layers  g rown on var ious  substrates.  
F e w  reports ,  however,  have been presented  on the  
proper t ies  of the l ayer  grown on the GaAs sub-  
strate,  a l though e lect r ica l  proper t ies  of the he te ro-  
ep i tax ia l  layers  on A1208 have been repor ted  (7). 

This paper  presents  some elect r ica l  and optical  
proper t ies  of the ep i tax ia l  layers  grown on GaAs 
subst ra tes  f rom t r ime thy lga l l ium and ars ine in con- 
nection wi th  deposi t ion conditions. 

Experimental 
Apparatus.--The appara tus  used here  is s imi lar  to 

tha t  used b y  Manasevi t  et al. (2), as shown in Fig. 
1. I t  consists of a ver t ica l  quar tz  reactor ,  a SiC- 
coated graph i te  pedes ta l  which  can  be  induct ive ly  
heated,  a quar tz  bubb le r  containing t r ime thy lga l -  
l ium (TMG),  appropr i a t e  flow meters  for moni to r -  
ing car r ie r  gases, TMG, and arsine, and pe r t inen t  
s ta inless-s teel  p ip ing and joints.  

Al l  "deposi t ion t empera tu res"  r epor ted  here  are  
the  readings  of a thermocouple  inser ted  into the  
pedestal .  No prepara t ions  were  made  to prevent  the  
r f  field f rom affecting the readings  of the  t he rmo-  
couple except  for the  inser t ion of a l a rge  inductance  
in the emf measuremen t  circuit.  The readings  agreed 
wel l  wi th  those of an in f ra red  radia t ion  t h e r m o m e t e r  
th rough  the quar tz  reactor .  

Substrates.--Although m a n y  kinds of mate r ia l s  have 
been used as the subs t ra te  (1, 2, 5), {100} GaAs 
wafers  were  used in this exper imen t  to exclude in-  
fluences of defects that  f r equen t ly  originate at  the  
in terface  be tween  the subs t ra te  and the epi tax ia l  
l aye r  in he te roepi taxy .  GaAs wafers  were  mechan-  
ica l ly  pol ished and then etched in a 3H2SO4-H202- 
H20 solution. No fur ther  t rea tments ,  such as gas 
etching, were  made  on the  subs t ra te  prepara t ion .  

Key  words: chemical vapor deposition, organic gal l ium source, 
GaAs substrate, impurity. 

Trimethylgallium (TMG).--The TMG was ob-  
ta ined f rom severa l  commercia l  sources and was 
used wi thout  fur ther  purification. 1 The nominal  p u r -  
ity, according to the  makers ,  is be t t e r  than  99.5%. 
The bubble r  containing this ma te r i a l  is kep t  at 0~ 
dur ing  deposition. 

Arsine.--AsH3 di lu ted  to 1% wi th  argon was used. 2 
The AsH3 flow ra te  was  ad jus ted  by  a pressure  r egu -  
la tor  and a needle  valve.  

Deposition procedures.--Gallium and arsenic con- 
tents  in the react ion a tmosphere  were  ad jus ted  by  
regula t ing  the flow ra te  of the  gases, i.e., hydrogen  
through the TMG bubb le r  and 1% AsHs. F low ra tes  
of TMG and AsH3 were  in the ranges f rom 1.1 X 10 -5 
to 1.1 • 10 -4 mo le /min  and f rom 2.2 • 10 -4  to 8.8 
• 10 -4 mole /min ,  respect ively.  A n  addi t ional  hydro -  
gen gas flow was in t roduced to keep the to ta l  gas flow 
ra te  constant  (2500 cmS/min) .  

The deposi t ion t empera tu re s  were  var ied  f rom 550 ~ 
to 850~ The AsH3 flow s ta r ted  when  the pedesta l  
t empera tu re  reached 500~ pr ior  to in t roduct ion of 
TMG into the reactor,  in order  to p reven t  subs t ra te  
decomposition.  Af te r  the deposi t ion is completed,  the 
AsHs flow is also cont inued unt i l  the  t e m p e r a t u r e  has 
dropped  to 500~ 

1 Three  TMG sources, A, B and  C, used in this  e x p e r i m e n t  w e r e  
purchased  f rom Alfa- Inorganics ,  Incorpora ted ,  U.S.A., K & K Labo-  
ratories ,  Incorporated,  U.S.A., and  KoJundo K a g a k u  K e n k y u j o  
Japan ,  respect ively .  

= The  di luted AsH3 tanks  (Electronic Grade)  w e r e  purchased  f rom 
Nihonsanso, Incorporated, Japan .  
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Fig. 1. Deposition apparatus 
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Evaluation procedures.--Conventional d-c  Hal l  I 0  m 
measurements  were  car r ied  out on a b r idge - shaped  
sample  etched in the ep i tax ia l  l aye r  grown on the  Cr-  
doped semi- insu la t ing  substrate .  Contacts  of ind ium 
for the  e lec t r ica l  measu remen t  were  a l loyed at  about  
350~ in a hydrogen  atmosphere .  The magnet ic  field 
used in the  Hal l  measurement  was 6000 Gauss. The 
Hal l  measurements  and the C-V measurements ,  wi th  ' E  
a pa l l ad ium Schot tky  ba r r i e r  used, gave s imilar  ca r -  
r ie r  concentrations,  and the  l a t t e r  showed fiat p ro -  v 

J0 files, independen t  of the  f i lm th ickness  (2.0 ~ 20~). Z 
Photoluminescence of the ep i tax ia l  l ayers  was mea -  O 

sured at  90~ by  the  same method  as r epor ted  by  ~- 
Iwasaki and Sugibuchi (8). <I: ~E 

Results and Discussion z 
E~ect  o~ deposi t ion pa r ame te r s  and starting mate- W (.9 

rials.--Growth ra te  of the  GaAs ep i tax ia l  layers  was Z 
found to be propor t iona l  to the TMG concentra t ion O i~s 
and nea r ly  independent  of the deposi t ion t e m p e r a -  <0 
ture  in the  range  f rom 600 ~ to about  800~ as r epor ted  CE 
by Manasevit and Simpson (2). The carrier concen- W 
t ra t ion  was not  affected b y  the g rowth  ra te  in the  
range f rom 0.07 to 0.27 # m / m i n  at  a fixed t empera -  
ture  when  a constant  mole  rat io  of AsH3 to TMG was <~ 
used. Increase  of the  deposi t ion t empe ra tu r e  brought  s 
a s l ight  increase in the  electron concentrat ion.  

Elect r ica l  proper t ies  of the undoped  layers  were  1~5 
found to effect ively depend  on the  TMG source used 
and on the mole  rat io  of AsH3 to TMG int roduced into 
the  reactor.  The AsHs sources used here  had  l i t t le  
effect on electr ical  and opt ical  p roper t ies  of the  l ay -  
ers. 

The  e lect ron concentrat ions  obta ined  f rom three  di f -  
fe rent  TMG sources (Sources A, B, and C) used were  
( 2 . ~ 5 )  X 101e cm-3,  ( 1 ~ 5 )  X 1016 cm-8,  and 
(1 ~ 4 )  X 101~ cm -8, respect ively,  under  the  same 
growth  condit ions (deposi t ion t empera tu re  = 600~ _ Ls 
g rowth  ra te  ---- 0.2 #m/min,  flow ra tes  of TMG and ~ 2  t,2 
AsI-I~ = 5.7 X 10 -5  m o l e / m i n  and 7.2 X 10 -4  m o l e /  ~ P' 
rain, respec t ive ly) .  ~ ' I  ~o3~v 

Both n -  and p - t y p e  ep i tax ia l  l aye rs  were  grown on 
the GaAs subst ra tes  b y  changing the mole  ra t io  of p~ 

) -  
AsH3 to TMG. F igure  2 shows the var ia t ion  of the  ~ ,.488eV 
car r ie r  concentra t ion plot ted  against  the  mole  rat io  
o A.toT ,A O n r o u  n o  r e  
actor. The  var ia t ion  implies  some contr ibut ions  of va -  ~ 4 
cancies to the  car r ie r  concentra t ions  of the layers.  De-  
ta i led  discussions on the  var ia t ion  wil l  be made  in 2 
the  nex t  section. ~ o 

8 5 O 0  
Optical properties.--Figure 3 shows a typica l  pho-  

to luminescence spec t rum of the  ep i tax ia l  layer .  Three  
peaks,  at  1.503 (PI) ,  1.488 (Ps) ,  and 1.2 (P4) eV, were  
commonly  observed in a l l  cases. The weak  peak  (P~) 
at  1.38 eV, which m a y  be due to copper  (9, 10), was 
sometimes observed.  The copper a toms m a y  come f rom 
res iduals  on the subs t ra te  surface or m a y  be diffused 
f rom the  subs t ra te  into the  epi tax iaI  layer .  The  P1 
emission at  1.503 eV is the  near  bandgap  emission, and v. 
the P4 emission at  1.2 eV m a y  be the se l f -ac t iva ted  
luminescence by gallium vacancy-donor complexes o 
(11). ;--- 

"~ 0 .1  
The P2 emission at  1.488 eV should be  noted. This ~" 

emission has not been observed so intensively in un- ~- 
doped ep i tax ia l  layers  p repa red  by  the  Ga-AsCI3 sys-  

z 
tem or  by  the l iquid regrowth.  A close corre la t ion 
be tween  the Ps emission and the car r ie r  concent ra-  z 
t ion in the  ep i tax ia l  l ayers  can be seen in Fig. 4 for  
p -  and n - t y p e  layers,  where  I1 and I2 are  the  peak  in-  
tensi t ies  of P~ and Ps, and I~/I~ is t aken  as a measure  
for s impl ic i ty  ins tead of each in tegra ted  in tens i ty  of 
the  P2 emission. A main  difference in the expe r imen ta l  
condit ions be tween  the  p -  and n - t y p e  series is on 
the  mole ra t io  of AsH3 to TMG, [ A s ] / [ G a ] ,  in t ro-  
duced. Both series imply  tha t  Ia/I~ increases wi th  in-  
crease of the  acceptor  concent ra t ion  in the  ep i tax ia l  

' ' ' ' ' " ' 1  ' ' ' ' ' "  

o /{/ 
i 

f 
P - T Y P E  

N - T Y P E  

I I l I | 1 1 1  

I0 
I I I I I I I I I  

I 0 0  

MOLE RATIO {As] /{Ga] 
Fig. 2. Carrier concentration vs. introduced gas ratio of AsH3 to 

TMG ([As]/[Ga]).  
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/ / 

/ X I O 0  

9 0 0 0  9 5 0 0  I 0 0 0 0  

W A V E  L E N G T H  X (~,) 

Fig. 3. Typical photoluminescence spectrum of an epitaxial GaAs 
layer grown by the TMG-AsH3 system at 90~ 

/ 

J 

P - T Y P E  
N - T Y P E  

OO,oo ,'o8 . . . . . .  i'o,, 

C A R R I E R  C O N C E N T R A T I O N  (c r 'E  3) 

Fig. d. Photoluminescence peak intensity ratio (12/11) of P2 and 
PI at 90~ vs. carrier concentration. 

layers .  I t  may  be concluded tha t  the  P2 emission is 
due  to shal low acceptors  w i th  an  energy  leve l  of 
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about  20 meV above the  top of the  va lency  band  and 
re la ted  to the main  acceptors  in the  ep i tax ia l  layers .  

Some of the  group II  and  IV elements ,  such as zinc, 
magnesium,  cadmium (12-14), germanium,  silicon, 
and carbon (10, 12, 13, 15), are  known  to have  a s imi-  
la r  acceptor  level.  I t  seems tha t  Fig. 2 shows a reac-  
t ion be tween  the impur i t ies  and the  arsenic or ga l l ium 
vacancies on the crys ta l  surface dur ing  the  deposit ion.  
Considerat ions  of the vacancies wi l l  g ive  a suggestion 
on the origin of the P2 emission. If  we  can  represent  
the  deposi t ion process as fol lows 

3 
G a ( C H z ) s ( g )  + - E H = ( g )  ~ G a ( 1 )  -5 3CI-~(g) [1] 

1 -- x As2(g) -5 As4(g) -5 H2(g) AsHa (g) ~=~ 2 "4" 

[2] 
depos i t ion  

G a ( 1 )  - 5  V G a  - -  - -  Ga(s )  [3] 
d'ecomposition 

l--x x 
a n d ~ A s ~ ( g )  - 5 . A s 4 ( g )  -5 VAs 

2 4 

deposi t ion 
- As (s) [4] 

decomposi t ion 

then, by  the  l aw of mass action, we have  

[Vow] a(T) " ( P C H 4  ~ 3  P A s H a  [ 5 ]  

[ V A s ~ ' ] "  : - ~ H 2  / " PTMG 

where  x indicates  the  f ract ion of As4 to the  to ta l  a r -  
senic molecules;  (s) ,  (1), and (g) indicate  the ma te -  
r ia l  states (c rys ta l l ine  solid, l iquid, and gas states, 
r e spec t ive ly ) ;  V and [17] indicate a vacancy and its 
concentra t ion;  Pt indicates  the  pa r t i a l  pressure  of m a -  
te r ia l  i; a indicates  the propor t iona l  constant  of the 
reactions;  and T is the  absolute  tempera ture .  Here  i t  

l - - x  x 
was assumed tha t  - -  and -- molecules  of As2 and 

2 4 
As4 a t tack  and occupy an As site. I t  is reasonable  to 
assume tha t  PAsH3/PTMG in the  equi l ib r ium is p ropor -  
t ional  to [ A s ] / [ G a ] ,  the  in t roduced gas ratio, and tha t  
the  concentrat ions  of the  Ga and As vacancies  va ry  
according to Eq. [5]. The high [ A s ] / [ G a ]  value  in 
the  deposi t ion a tmosphere  wi l l  suppress  the  fo rmat ion  
of the  As vacancy  and wi l l  enhance the  format ion  of 
the  Ga vacancy  in the  layer ,  so tha t  the  impur i t ies  
subst i tu te  in Ga sites wi l l  increase.  The grouu II  e le-  
ments  on Ga sites act as acceptors,  whereas  the  group 
IV e lements  a re  amphoter ic  and are  acceptors  on As 
sites and donors on Ga sites. The layers  g rown under  
the different  values  of [ A s ] / [ G a ]  wi l l  show different  
fea tures  in the  photoluminescence spec t rum and in 
the  conduction type  depending  on the  origin of the  
acceptors.  

F igure  5 shows the  expe r imen ta l  resul ts  ob ta ined  
according to the above suggestion, where  the  va r i a -  
t ions of I2/I1 are  seen as a function of [ A s ] / [ G a ] .  The 
points  near  the  upper  l ine are  on p - t y p e  samples, ex-  
cept for the  lowest  point  of an n - t y p e  one, fo rmed in 
successive runs  of a reac t ion  series whe re  source A 
TMG was used. Those near  the lower  one are  on n -  
type  samples  formed in another  series where  source 
B TMG was used. In  both  series, I2/I1 increases  wi th  
decrease of [ A s ] / [ G a ] ,  wi th  increase of the As v a -  
cancy concentrat ion,  and wi th  decrease of the  Ga va -  
cancy concentrat ion.  These l ines suggest  tha t  the  P2 
emission is r e la ted  to the  group IV e lements  and not  
~o t h e  group II elements .  

F u r t h e r  discussions can be made  f rom the s t and-  
point  of the  chemical  equ i l ib r ium and the l aw of mass 
action, when  the group IV e lements  are the  origin of 
the  P2 emission. React ions be tween  one of the  group 

_0 

5 

SOURC �9 

�9 p-TyPE,[As]r ~. ~. 
I) N - TYPE, [A , ]  �9 6.Tx 104tool/ . . . .  [Go]; . . . . .  d ~ 

I ~ J J I I I ~ I I I I I I I I IlU ~ 
I0 

MOLE RATIO [AS] /[Ga] 

Fig. 5. Photoluminescence peak intensity ratio (12111) of P~z and 
P1 of p- and n-type samples grown from source A and B at 90~ vs. 
introduced gas ratio of AsH3 to TMG ([As]/[Ga]).  

IV elements,  Mi, and  the vacancies, VGa and VAs, can 
be wr i t t en  as fol lows 

VGa -5 Ml(g)  ~=~ Mt(Ga  si te)  [6] 
and  

VAs + Mi(g)  ~----Mi(As si te)  [7] 

If  the donor and acceptor  concentrat ions,  ND and NA, 
in the ep i tax ia l  l aye r  a re  ma in ly  due to the  group IV 
elements,  then  we have 

N D  --NA ~--- ~ {[Mt(Ga s i te ) ]  -- [Mi(As s i te ) ]}  
i 

~ i  { - - 2  "~ "CH43 1 PTMG ~-- PMi a'i(T) " pH__/= 

,} - . " ~ ( T )  �9 -P~2 ~ 2 " ~  [ 8 ]  
PAsH8 

where  i, PMi, and Mi denote  one of the group IV ele-  
ments,  its pa r t i a l  pressure,  and concentra t ion  in GaAs, 
respect ively;  a ' i (T)  and a" i (T)  are  the  propor t iona l  
constants.  I t  can be expected  f rom Eq. [8] tha t  ND 
-- NA may  be var ied  by  changing the mix ing  rat io  of 
the  source mater ia ls .  F igu re  2 shows this s i tuat ion 
clearly.  I f  the  group II  elements,  ins tead of the  group 
IV elements,  were  the  main  acceptor  i m p u r i t y  source, 
N D  - -  NA should increase  wi th  increase  of [ A s ] / [ G a ] ,  
con t ra ry  to the  exper iments .  

The peak  in tens i ty  of the P2 emission also var ies  
wi th  the deposi t ion tempera ture ,  T, as shown in Fig. 
6. Increase  of I2/I1 with  increase of the  deposi t ion t em-  
pe ra tu re  may  be expla ined  tha t  m a n y  more  As 

o 2  

o.i 

~005 

{1: 
>- 

~ 0 0 2  
z 

" I ' ' ' o '  I . . . .  I . . . .  I ' ' ' ' 1 ' ' ' ' 
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0 

( A s ]  = 6 . 7  x 10 - 4  m o l / r n i n .  

[ G o ]  = 6 2 x  I(~ s m o l / m m  
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1 0 3 / T  (~  

Fig. 6. Photoluminescence peak intensity ratio (12/11) of P2 and 
P1 of n-type samples at 90~ vs. deposition temperature (T). 
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vacancies than Ga vacancies are formed at these tem- 
peratures (16, 17). 

Further evidence on the origin of the P2 emission 
or of the main acceptor impurities in the epitaxial 
layer may be seen in Table I, in which the impurity 
contents in the layer examined by the mass-spectro- 
graphic analysis are tabulated. In the table, the upper 
data are Rai-Choudhury's (4), and the lower are 
the data obtained in the present experiment. Both 
show that the major impurities are carbon and silicon 
and that the minor ones are magnesium and zinc 
(oxygen and chlorine are also seen at high contents, 
but they seem to be not so electrically active in GaAs). 
These data support the model wherein the group IV 
elements are the main impurities and mainly contrib- 
ute to the P2 emission in the epitaxial layers. 

When the growth rate was varied from 0.07 to 0.27 
#m/min,  there was l i t t le change in 12/11 and the car- 
r ier  concentrations of the epitaxial  layers provided a 
constant  value of [As] / [Ga] .  This may be explained in 
t h e  following way. If the group IV elements, i.e., car- 
bon and silicon, come from the TMG source, Eq. [8] 
can be rewr i t ten  

pcH4 6 
N D - - N A ~  ~ PM! a ' i ( T )  �9 

pi~23/"-'-- ~ I PTMG 

- -  a " i ( T )  " PH2 s/s" PTM___~G ~ [9] 
PAsH3 J 

a n d  
PM! 

Nv -- NA oc ~ ( =  c o n s t a n t )  [10]  
i PTMG 

when PAsH3/PTMG " - -  constant or [As]/[Ga] -- con- 
stant at a fixed deposition temperature. A similar re- 
sult might be deduced from Eq. [9] if these carbon 
and silicon atoms come from the AsH3 source and 
the TMG container. The amounts of impurities from 
the AsH3 source or the TMG container are, however, 
negligible since no appreciable changes are observed 
in the carrier concentration and in the photolumines- 
cence spectrum when different AsH3 sources or differ- 
ent TMG containers, such as quartz, glass, and stain- 
less-steel ones, are used. The fact that  the carrier  
concentrat ions of the epitaxial  layers were changed 
when different TMG sources were used and that  t h e  
main metall ic impurit ies in the TMG sources used 
here were silicon (25 ~ 40 ppm),  ra ther  than mag-  
nesium (1 ppm) and zinc (not detectable),  is another  
confirmation of the model wherein the main  acceptor 
impurit ies are silicon and carbon that come from t h e  
TMG sources. One of possible sources of carbon 
may be organic compounds contained in the TMG 
sources. [The carbon contaminat ion by  the decomposi- 
tion of the methyl  radicals of TMG is thought to be 
small  in  the l ight of the chemical equi l ibr ium (4).] It  
has been reported that  carbon contaminat ion of the 
order of 1018 cm-Z is observed in  the high pur i ty  GaAs 
by the Ga-AsC18 system (18). The carbon atoms seem 
not  to be the main  contr ibutors  to the acceptor densi-  
ties or to the P2 emission, although the behavior  of car- 
bon in GaAs is still uncertain.  

An emission at 1.40 eV associated with silicon has 
b e e n  reported (8) in  the epitaxial  layers by the Ga- 
AsCla system. This emission was, however, not ob- 
served in t h e  p r e s e n t  experiments.  Relat ively low 
concentrat ions of silicon may be the reason for no 
appearance of the emission because it could be ob- 
served at higher concentrat ions ( >  10 lz cm-3)  (19). 
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Fig. 7. Hall constant (R) and resistivity (p) of a typical epitaxial 
layer vs. temperature (T ) .  

Electr ical  p r o p e r t i e s . ~ E p i t a x i a l  layers wi th  n < 

10 TM cm -3 and # > 5000 c m S / V  �9 sec at room t e m p e r ~  

ture  are desired ~or GaAs devices such as G u n n  effect 
devices, FET's, Schottky barr ier  devices, and so on. 
The Hall  constants and resistivities of some samples 
(2.0 .~ 20.0 ~,m in  thickness) with n and ~ near  t h e  

above values were measured at temperatures  from 
4.2 ~ to 300~ 

Figure 7 is a typical example of the Hall  measure-  
ments, where the Hall constant, R, and resistivity, p, 
are shown as a function of the temperature,  T. The 
impur i ty  conduction (20, 21) can be seen as like t h e  
other samples examined, that is, the Hall  constant 
has a max imum value at a low temperature.  The im-  
pact ionization of electrons from the "donor band" to 
the conduction band at an external  field, 12 V/cm, 
were observed as drastic changes of R and p at 4.2~ 
This field is quite similar to that  (10 V/cm) observed 
in the epitaxial  GaAs layer by the Ga-AsC18 system 
(22). 

Effective carrier concentrat ions ( g )  and mobil!ties 
( ~ )  of this sample at 300 ~ and 77~ are tabulated in  
Table II, together with some other similar  ones, where 

1 (nc  -~- bnd)  2 /z d 
= -- = b -- -- [11] 

qR nc -~- bSnd ' .u c 

and 
R nc#c s ~t_ nd/ZdS 

- - [ 1 2 ]  
p nc~c -~- n4P, d 

where q is the electronic charge; nc, rid, and ~c, ~d are 
t h e  electron concentrat ions and the mobil!ties of the 
conduction band and the donor band, respectively; 
and the scattering factors of the carriers are taken to 
be un i ty  for simplicity. 

Table h Impurity concentrations in GaAs grown by the TMG-AsH3 system in parts per million 

C N O Si S Fe Cu Zn Mg C1 

Rai-Choudhury  (4) 238.4 1.76 220.4 4.46 1.47 1.60 2.24 0.89 
Present experiment 25 ~ S 1 ~ 5 0.1 ~ 3 <0.3 <0.1 0.2 ~ 0.3 0.1 ~ 0 . 6  1 ~-26 
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Table II. Effective carrier concentration (~'), mobility ~),  estimated values of impurity concentration 
(NA and ND), compensation ratio (K = NAIND) ,  and donor level (Ec - -  El)) of typical epitaxial layers 
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3OO'K 7 7 ~  E s t i m a t e d  v a l u e s  
Thick- 

S a m p l e  h e s s  ~ (cmZ/ ~ (cm2/ Ec -- ED 
NO. t (~m) n (cm -s) V �9 sec) n" (em -8) V �9 see) K ( =  NA/ND) Nn (cm-,)  N a (cm-~) (raeV) 

1-22 2.4 3.6 x 10 TM 6,900 2.5 x 10 TM 12,500 0.49 7.1 X 1O le 3.5 x 10 TM 2.2 
1-29 18.0 1.1 X 101~ 6,000 8.5 X 10 ~ 15,400 0.70 3.6 X 10 ;e 2.5 X 1016 2.0 
2-5  8.0 7.0 x 10 ~ 6,100 4.9 X 10 ~ 12,400 0.79 3.3 x 10 z" 2.6 x I0  ~ 2.4 

11-4 7.8 13 X 10 le 5,500 7.8 X i0 ~ 11,700 0.59 3.2 X I0 le 1.9 X i0 Iv 5.5 

The g rowth  condit ions of these samples  are  as fol-  
lows: (i) deposi t ion t empe ra tu r e  = 650 ~ ,~ 670~ (ii) 
[ A s ] / [ G a ]  = 9 --, 11; (iii) samples  1-22, 1-29, and  
2-5 were  grown f rom the source A TMG; and (iv) 
sample  11-4 was grown f rom the  source B TMG. 
The re la t ive ly  low mobi l i t ies  a t  77~ suggest  tha t  
a l l  samples  are  compensa ted  wi th  acceptor  impuri t ies .  
Donor and acceptor  concentra t ions  (ND and NA) and 
~c were  es t imated  by  the Brooks -Her r ing ' s  fo rmula  
(23) whe re  #c was ca lcula ted  by  the fol lowing equa-  
t ions 

2 
= - -  [13] 

l + b ~  

- -  1) -- 2 v  R4.----~K k ~ [141 
R4.2~ . . 

at the  t e m p e r a t u r e  when  R is max imum.  The donor 
levels  (Ec --  ED) were  also es t imated using these ND 
and NA and the  fol lowing re la t ion  (24) 

nc(nc+NA) Nc ( Ec--ED } 
-- exp [15] 

ND -- NA -- nc g k'T 

In  Eq. [15], Nc is the  effective dens i ty  of states of 
the  conduct ion band  and g is the  degeneracy  of the 
donor level,  where  g = 2. Table  I I  shows these  es t i -  
ma ted  values  together  wi th  the  compensat ion ra t io  
(K ---- NA/ND). The es t imated  values  of the  donor level  
a re  quite s imi lar  to tha t  observed in GaAs  p repa red  
by  other  ep i tax ia l  methods  (18). Somewhat  g rea te r  
values  of the  donor level  than  tha t  r epor ted  before  
m a y  be in par t  due to the expe r imen ta l  er rors  of 
about  20% in total .  Large  values of the  compensat ion 
rat io  expla in  the  r e l a t ive ly  low elect ron mobil i t ies  at 
77~ and agree  wel l  wi th  the  resul ts  of the photo-  
luminescence measurements ,  in which  the  1.488 eV 
emission due to the  shal low acceptors  is observed 
wi th  a r e l a t ive ly  high in tensi ty ;  t hey  also agree  
wi th  the mass -spec t rograph ic  analysis.  

Conclusions 
Epi tax ia l  GaAs has been grown on GaAs subst ra tes  

by  the  pyrolys is  of TMG and ASH3. Both n -  and p -  
type  layers  were  obta ined by  changing the mole  rat io  
of TMG to AsHz in t roduced into the  reactor  wi thout  
in tent ional  doping. Ep i tax ia l  l ayers  wi th  a r e l a t ive ly  
good qual i ty  (n ~ 1016 cm -s ,  ~ ,~ 6000 cm2/V.sec at  
room t empe ra tu r e )  were  grown by  use of a sui table  
TMG source and a sui table  flow ra te  of TMG and 
AsHs. Hal l  measurements  indicate  that  these  layers  
show the impur i t y  conduction at  low tempera tures ,  
and are  heav i ly  compensa ted  wi th  acceptor  impuri t ies .  
Donor levels  are  es t imated to be 2.0 ,-, 5.5 meV by  the 
Hal l  measurements .  

Photo luminescence  measu remen t s  suggest  tha t  the  
ma in  acceptor  impur i t ies  in the  ep i t ax ia l  l ayer  cor re-  
spond to an emission wi th  a peak  at  1.488 eV beside 

the  near  bandgap  emission at  1.503 eV. The or igin of 
the acceptor  impur i t ies  is thought  to be carbon,  silicon, 
or both  f rom the TMG source. 
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Reproducible High-Efficiency GaP Green-Emitting 
Diodes Grown by Overcompensation 

O. G. Lorimor, W. H. Hackett, Jr., and R. Z. Bachrach 
Bell Laboratories, Murray Hill, New Jersey 07974 

A B S T R A C T  

High-e f fc iency  GaP green l igh t - emi t t ing  p - n  junct ions  have  been  re -  
p roduc ib ly  grown employing  an overcompensat ion  technique in a ver t ica l  
d ipping  LPE system. In this  technique b~th the  n -  and p - t y p e  layers  are 
g rown in a single LPE crys ta l  g rowth  run,  e l iminat ing  potent ia l  in ter face  
p rob lems  at  t he  junct ion.  Fo r  junc t ion  ma te r i a l  grown at  an  ini t ia l  t e m p e r a -  
ture  of 900~ the EL quan tum effciencies of encapsula ted  mesa diodes ranged  
f rom 0.08 to 0.14% and averaged  0.10% at 5 mA (,~5-10 A/cm2) .  Minor i ty  
ca r r i e r  diffusion lengths (L~Lh) and re la t ive  ca thode- luminescence  efficiency 
(CL) were  measured  in a scanning e lec t ron microscope. At  exci ta t ion levels  
equiva len t  to cur ren t  densi t ies  of ,~1-10 A/cm2 in a p - n  junction,  both  Le and 
Z,h range  f rom 3 to 5~ wi th  m a x i m u m  measured  values  of Lh = 7.2# and 
Le --  5.6/~ for ma te r i a l  grown from 900~ At  the  same exci ta t ion  level  the  
CL efficiency of the  p - l aye r s  was typ ica l ly  found to be app rox ima te ly  2-3 t imes 
tha t  of the  n- layers .  Typica l  values  for Le, Lh, CL, and the EL effciencies 
were  found to be l a rge r  by  --,50% for ma te r i a l  grown f rom 900~ compared  to 
s imi la r ly  g rown ma te r i a l  f rom 1000~ The ma jo r  assets of the  overcom- 
pensat ion  technique are the  high degree  of reproduc ib i l i ty  in obtaining high 
effciencies and tha t  only a single g rowth  process is necessary  to fo rm the  
p~  junction.  

GaP p - n  junc t ion  ma te r i a l  used in the  fabr ica t ion  of 
both  red  and green LED's  is cus tomar i ly  grown in two 
separa te  LPE grown runs  (1). Wi th  this  double  LPE 
procedure ,  the  surface of the  first g rown l aye r  m a y  
become oxidized, contaminated ,  and possibly damaged  
dur ing  the handl ing  and p repa ra t ion  of the crys ta l  
p r io r  to the  growth  of t he  second layer .  Such defects  
could degrade  diode per fo rmance  by  increas ing the 
deep - s t a t e  space charge  recombinat ion,  resu l t ing  in 
nonreproducib le  e lec t ro luminescent  efficiencies. 

There  is some direct  evidence of nonreproducib le  
junc t ion  character is t ics  in GaP e lec t ro luminescent  
diodes made  f rom ma te r i a l  grown by  the usual  t ech-  
niques. Fo r  example ,  recent  measurements  of the  
charge  s torage t ime of GaP green  LED's  have  been 
made  b y  a b r u p t l y  switching a fo rward  b iased  diode 
into reverse  bias  (2). These measurements  indicate  
that,  for ma te r i a l  wi th  s imi lar  e lec t ro luminescent  de -  
cay  times, the  s torage t ime  can be a sensi t ive measure  
of in jec t ion  effciency.  Specifically,  in cases w h e r e  the  
s torage t ime is shortest  at  1-10 A/cm2, the  space charge 
cur ren t  is larges t  resu l t ing  in low inject ion efficiencies 
and low e lec t ro luminescent  effciencies.  Var ia t ions  in 
the  space charge  cu r r en t  were  found in diodes f rom the 
same slice as we l l  as f rom different  slices. Conse-  
quently,  i t  appeared  tha t  addi t ional  measures  a r e  re -  
qu i red  to provide  reproducible ,  "h igh-qua l i ty"  space 
charge  regions necessary  for  consis tent ly  h i g h - e f f -  
c iency GaP green  LED's.  

In  an a t t empt  to achieve r ep roduc ib ly  smal l  space 
charge  currents,  a d i f ferent  junc t ion  fabr ica t ion  tech-  
nique was inves t iga ted  in  which both LPE layers  a re  
g rown in a single c rys ta l  g rowth  run.  Since the  seed 
need not  be removed  f rom the growth  sys tem be tween  
LPE laye r  growths,  in ter face  con tamina t ion  or damage  
should be e l iminated.  A n  overcompensa t ion  technique 
s imi lar  to tha t  descr ibed  b y  Shih et aL (3) was in-  
corpora ted  into our g rowth  system. Af t e r  g rowth  of 
the  n - l aye r ,  sufficient Zn is added  to overcompensate  
the  melt ,  and  the p - l a y e r  is subsequent ly  grown.  This 
technique  reduces  the  t ime  and effort r equ i r ed  for  
LPE  g rowth  by  about  a factor  of two. 

Experimental 
The LPE layers  we re  grown in an  open-f low d ipping  

sys tem s imi lar  to tha t  descr ibed  by  Dawson and  

Key words: crystal growth, minority carrier diffusion l e n g t h s ,  
m a t e r i a l  c h a r a c t e r i z a t i o n ,  s c a n n i n g  electron microscope. 

Whelan  (4) for GaAs and p re sen t ly  used for  the  
growth  of GaP. Two modified versions of this  sys tem 
were  used to grow the overcompensa ted  mater ia l .  The 
first was a smal l - sca le  sys tem capable  of g rowing  on 
one seed up to �89 • �89 in. in size. F igure  1 shows a 
schematic  of this system. The seed holder  is hol low so 
that  Zn can be d ropped  th rough  the seed holder  tube  
into the  mel t  f rom the  Zn drop  tube  dur ing  a run. The 
GaP source piece is used to comple te  the  sa tura t ion  
of the  mel t  wi th  P so tha t  no undissolved GaP remains  
on the mel t  to serve  as compet ing growth  centers  (4). 
In  this  sys tem the c ruc ib le  and seed holders  a re  f abr i -  

L 
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Fig. 1. Vertical dipping system as used for the small, single slice 
overcompensation technique. 
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cated from quartz. A 15g melt  is used. The gas ambient  
is H2 flowing at ~ 100 cm3/min. 

The second system for the growth of the overcom- 
pensated mater ia l  is near ly  identical to the first except 
for a larger crucible and  modified seed holder, as 
shown in Fig. 2. Growth is s imultaneous on two full 
wafers up to 0.9-in. diameter.  The seeds are mounted  
back- to-back on the seed holder plate. Again the Zn 
used to overcompensate the melt  is dropped into the 
melt  through the seed holder tube. Both the seed 
holders and crucible are fabricated from quartz. A 
60g mel t  is used. 

In  the second system a st i rr ing mechanism is used 
to produce an ~ 30 ~ oscillatory motion of the seeds 
about  the vertical  axis of the seed holder ,at a rate of 
four cycles per minute.  The purpose of the st irrer is 
to promote the uni form dopant  dis t r ibut ion in the melt  
and provide more uni form growth of the LPE layers. 
In  previously grown double LPE mater ial  it had been 
found that  the st irr ing increased the uniformity  of the 
EL efficiency within  a slice. 

The overcompensation system is prepared for crys-  
ta l  growth by placing a Ga melt, slightly undersa tu-  
rated with GaP, containing ~ 5 X 10 -4 m/o  (mole per 
cent) Te in the crucible. A new mel t  is used for each 
growth run. An  n - type  LEC crystal(s)  is placed on 
the seed holder, as is shown in Fig. 1 and 2. The Zn 
( ~  0.15 m/o) ,  which is used for overcompensating the 
mel t  to dope the p-layer,  is placed in the Zn drop 
tube. The simultaneous N-doping is accomplished by 
the addition of ~ 10 -3 atm NH3 to the H2 gas stream. 
This ammonia  part ial  pressure results in  a N-concen-  
t ra t ion in the LPE layer  of ~ 8 • 2 • 10 +x8 cm -3 at 
both 900 ~ and 1000~ as determined by optical absorp- 
t ion measurements  (5). After  the melt  is equil ibrated 
at the ini t ial  growth temperature,  sa turat ion is com- 
pleted by dipping the GaP source piece into the melt. 
Pr ior  to dipping the seed, it is removed from the melt  
and rotated out of the way. 

The n - l aye r  is grown by cooling the melt  10 ~ or 
20~ from 9000C in 1 hr. Immediate ly  after comple- 
t ion of the n - layer  growth, with the seed left in the 
melt  and the furnace held at constant  temperature,  the 
Zn is dropped into the melt  through the hollow seed 
holder tube. After  wai t ing 30 min  for the Zn to 
thoroughly dissolve and distr ibute uni formly  in  the 
melt, the p- layer  is grown by fur ther  cooling over 
intervals  ranging from 10 ~ to 30~ in t imes varying  
from 1 to 2 hr. Growth is t e rmina ted  by removing the 
seed from the melt. This growth schedule results in 
both n -  and  p- layers  which range  in  thickness from 
,~10 to ~30~. When the larger cooling intervals  are 
used, both layers are commonly  20 to 30~ thick. One 
should note that  wi th  this technique, only the p- layer  
is overcompensated. 

For comparison purposes some double LPE crystals 
a r e  a l s o  discussed where each LPE layer  has been 
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Fig. 2. Modified crucible and seed holder to grow simultaneously 
on two full-wafer seeds using the overcompensation technique. 

grown in a separate crystal growth run. This has been 
the s tandard process prior to the overcompensation 
technique. Table I compares some of the growth param-  
eters of the double LPE mater ial  with the overcom- 
pensated material.  Note tha t  the differences in mate-  
rial  growth are: (a) the s tandard n - layer  is grown 
from 1000~ whereas the n - layer  in  the overcom- 
pensated mater ia l  is grown from 900~ (b) in  addit ion 
to Zn and N, the overcompensated p- layer  also contains 
Te, and (c) the crystal was removed from the growth 
system between layer growths in  the double LPE 
mater ia l  but  was not  removed in  the overcompensated 
material.  Other growth parameters,  for example, am-  
bients, cooling rates, and crucible materials,  are the 
same for both the overcompensated and double LPE 
material.  The growth rates and temperatures  given in 
Table I are those predominant ly  used. A few crystal  
growth runs  were made where both layers were grown 
from 1000~ to study the effects of growth temperature.  
In  cases where growth was from 1000~ the dopant 
additions were adjusted to keep the net  donor or ac- 
ceptor concentrat ion in  each layer the same as when 
growth was from 900~ 

Most of the qua n t um efficiencies were measured on 
mesa diodes. In  the remaining  cases, uncontacted diced 
diodes or contacted diced diodes were used. The mesa 
structures were formed by masking wi th  0.015 in. 
diameter  gold balls and sandblasting. After  wire  bond-  
ing for electrical connections, the diodes were mounted  
on an a lumina chip on a TO-18 header. This s tructure 
was domed wi th  Mamset  epoxy. The diced diodes (6) 
were 0.015 • 0.015 in. s lurry cut dice. Pr ior  to dicing 
both faces of the slice were polished, after  which a 
SiO2 layer  was deposited onto the LPE layer side. 
Evaporated and alloyed contacts were formed through 
a metal  mask on the substrate face and through holes 
etched in  the SiO2 layer  on the LPE layer face. The 
dice were mounted  p-side down directly on a TO-18 
header. The uncontacted dice were mounted on modi-  
fied TO-18 headers employing a spr ing-loaded wire as 
a pressure contact. 

The efficiencies were measured in a close-coupled 
cavity designed by Ralston (7). Mesa diodes were mea-  
sured at 5 and 50 mA which correspond to current  
densities of ~5  and ~50 A / c m  2, respectively. The ef- 
ficiencies of the diced diodes were measured at twice 
the current  as that  used for the mesas to obtain data 
at equivalent  current  densities. Unencapsulated con- 
tacted diced diode data are mul t ip l ied  by  a factor of 
two for typical  increases in  optical coupling achieved 
by encapsulat ion (8), which results in  efficiencies 
wi th in  ___20-30% of mesa diode efficiencies. The effi- 
ciencies of the uncontacted dice were  measured only 
at 10 mA. These efficiencies were mult ipl ied by an em- 
pirically determined factor of 1.6 for typical increases 
in optical coupling achieved by encapsulation, which 
also results in efficiencies wi th in  • of mesa 
diode efficiencies. 

The cathodoluminescence (CL) and diffusion length 
measurements  were performed in  a Cambridge 

Table I. Comparison of growth parameters of double LPE 
and overcompensated techniques 

O v e r -  
c o m p e n s a t e d  D o u b l e  L P E  

S t r u c t u r e  p / n / L E C  p / n / L E C  
n - L a y e r  

D o p a n t s  T e , N  T e , N ,  or  S , N  
TYpica l  Nd-N= 1-2 x 10 IT 1-2  • 10 z~ 
In i t i a l  g r o w t h  t e m -  

p e r a t u r e ,  ~ 800  1000 
L P E  g r o w t h  r u n  F i r s t  F i r s t  

p - L a y e r  
D o p a n t s  Z n , T e , N  Z n , N  
T y p i c a l  N , - N d  8 -8  • I0  xv 5 -8  • I0  I~ 
I n i t i a l  g r o w t h  t e m -  

p e r a t u r e ,  ~ 880-890  900  
E q u i l i b r a t i o n  t i m e  1/2 hr  !/2 hr  
L P E  g r o w t h  r u n  S a m e  r u n  as  S e c o n d  

n - l a y e r  
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"Stereosea~" scanning e lec t ron  microscope (9).  The 
measurements  are  genera l ly  made  by  scanning a 
focused e lec t ron  beam across a pol ished surface pe r -  
pendicu la r  to the junc t ion  on a 15 • 15 mi l  die. A 
photomul t ip l ie r  detect ion system is used to measure  
the  cathodoluminescence emi t ted  b y  the  sample  due to 
the  e lect ron beam excitat ion.  The diffusion lengths are  
de te rmined  by  measur ing  the  induced junc t ion  cur ren t  
as a funct ion of scan dis tance across the  junct ion  (9). 
The e lec t ron  beam exci ta t ion  levels  a re  equ iva len t  to 
diffusion cur ren t  densi t ies  of ,~ 1-10 A / c m  2 th rough  a 
p - n  junction.  The low cur ren t  EL efficiencies were  
measured  at  cu r r en t  densi t ies  of ,., 5-10 A/cm% 

Results 
Overcompensation.--A typ ica l  doping profile (10), 

tNd --  Na] as a funct ion of depth,  of the  overcompen-  
sa ted  ma te r i a l  is shown in Fig. 3. Doping levels  close 
to these  a r e  currer~fly fel t  to be  op t imum for  h igh-  
efficiency green LED's  (11), and a re  essent ia l ly  iden-  
t ical  to those measured  on crys ta ls  grown in the  double  
LPE manner .  The decrease  in Na --  Nd of the  p - l a y e r  
t oward  the  surface is a t t r ibu ted  to Zn loss dur ing  the 
c rys ta l  g rowth  run, since it fa r  exceeds the  decrease  
expected  f rom the t empe ra tu r e  dependence  of the  Zn 
d is t r ibut ion  coefficient (12, 13). This loss is also seen 
in the  profiles f rom the double  LPE mater ia l .  

F igures  4 and  5 show the efficiencies measured  a t  
low (,~ 5 A/cm2) and high ( - -  50 A/cm~) cur ren t  
densit ies,  respect ive ly ,  for test  diodes fabr ica ted  f rom 
nine successive c rys ta l  growth  runs" which were  spe-  
cifically made  to  obta in  high efficiency mater ia l .  These 
efficiencies a re  comparab le  to those of be t te r  diodes 
fabr ica ted  f rom ma te r i a l  g rown in the s tandard  m a n -  
ner. In  addit ion,  the  reproduc ib i l i ty  in achieving the  
efficiencies is ve ry  high. Essent ia l ly  eve ry  g rowth  
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Fig. 3. Typical doping profile of the overcompensated material 
used for the fabrication of high-efficiency green LED's. 
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Fig. 4. Quantum efficiencies of encapsulated mesa diodes at 5 
mA (~5  A/cm ~) far nine successive overcompensation crystal 
growth runs. 
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Fig. 5. Quantum efficiencies of encapsulated mesa diodes at 50 
mA (,~ 50 A/cm 2) for nine successive overcompensation crystal 
growth runs. 

which was made  wi th  the  overcompensat ion  p rocedure  
y~elded efficiencies as h igh  as those shown in Fig. 4 
and 5. This r eproduc ib i l i ty  is to be compared  wi th  tha t  
obta ined  wi th  the  s tandard  double LPE procedure  
where  the  efficiencies va r i ed  f rom ~0.04 to over  0.2% 
at 50 A/cm% A p p r o x i m a t e l y  ha l f  the s t andard  growths  
resul ted  in efficiencies less than  0.1% at 50 A / c m  2. The 
average  efficiency of the  overcompensa ted  crysta ls  was  
0.10% wi th  the  ind iv idua l  slices va ry ing  f rom 0.08- 
0.14%, at  5 A / c m  2 and nea r ly  a facr of two h igher  at  
50 A/cm".  Thus, the impor t an t  ma te r i a l  improvemen t  
real ized th rough  overcompensat ion  is r eproduc ib i l i ty  
in achieving high efficiencies. Al though  equa l ly  high 
efficiencies were  achieved wi th  the  s t andard  process, 
the  reproduc ib i l i ty  was so poor  that  the  average  ef-  
ficiency was app rox ima te ly  ha l f  tha t  achieved wi th  
overcompensat ion.  

To check w he the r  the  improved  rep roduc ib i l i t y  of 
the  overcompensated  diodes is due to a un i fo rm reduc-  
t ion of the  space charge  current ,  the  cur ren t  th rough  
the diodes at a fo rward  bias of 1.4V was measured.  A t  
this vol tage  the  cu r ren t  is typ ica l ly  domina ted  by  deep-  
s ta te  space charge  cu r ren t  (6).  The c u r r e n t  th rough  
the  overcompensa ted  and both good and poor s tandard  
diodes was typ ica l ly  < 7 • 10 -5 A/cm% Large r  cu r -  

ren ts  were  not  observed in the  overcompensa ted  d i -  
odes, whi le  occasional ly  a la rger  cur ren t  was  m e a -  
sured  in a s tandard  diode which cor re la ted  wi th  a low 
EL efficiency (2).  Thus, the  overcompensa t ion  tech-  
n ique did not resul t  in an obvious reduct ion  of space 
charge  current  as was ant ic ipated,  but  did  e l iminate  
anomalous ly  high values.  Thus i t  appears  tha t  there  
were  often o ther  p rob lems  wi th  the  s t andard  tech-  
nique, such as va ry ing  mino r i t y  ca r r i e r  l i fet imes.  

Dur ing  the  ha l f -hou r  equi l ib ra t ion  per iod and 
p-growth ,  one might  expect  tha t  Zn diffuses into the  
n - l a y e r  and  displaces the  p - n  junc t ion  f rom the  me ta l -  
lurgical  junct ion  which might  have  a high concent ra-  
t ion of defects. However ,  this  effect does not  appea r  
to be  impor tant .  Zn diffusion d a t a  indicates  tha t  the  
junct ion  movement  would  be small ,  < 1~ (14), for the  

t imes and t empera tu res  used in LPE growth.  The s tan-  
dard  p rocedure  also included a s imi lar  ha l f -hour  equi l i -  
bra t ion  per iod  which should resul t  in essent ia l ly  equal  
Zn diffusions for both  g rowth  procedures.  These con-  
clusions are  cor robora ted  in the  SEM, where  the re  is  
no evidence of an in ter face  of nonrad ia t ive  r ecombina -  
t ion centers  in the  p - l a y e r  near  the  junc t ion  using 
high magnif icat ion CL scans. A significant concent ra-  
t ion of such recombinat ion  centers  at  a meta l lu rg ica l  
in ter face  displaced f rom the p - n  junc t ion  would  have  
resul ted  in a localized decrease  in CL. 

To invest igate  whe the r  the  overcompensa ted  p - l aye r s  
were  degraded  by  the presence of Te, measurement s  
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of the  minor i ty  ca r r i e r  diffusion lengths, L~, were  made  
and compared  to those for s tandard  p - l aye r s  which  are  
not overcompensated.  These diffusion lengths are  com- 
pared  in Table  II. In  both techniques 3~ <~ Le <( 5~ wi th  

no not iceable  difference be tween  the two techniques.  
Thus it is concluded that for these doping levels,  over- 
compensation does not degrade ~he p-layers.  

Effects o] growth temperature.--Extensive growth of 
GaP green LED material  has been performed from 
two temperatures, 1000 ~ and 900~ Table III presents 
a summary of the average efficiency of the material  
grown from these temperatures by both the double 
LPE and overcompensation techniques. The average 
efficiency of the 900~ overcompensated growths was 
0.104% measured on encapsulated mesa diodes at 5 
A / c m  ~. It is felt that this technique and temperature 
wi l l  g ive  reproducible 5 A / c m  2 efficiencies of ,-~0.10%. 
Al l  other combinations of growth techniques and tem- 
peratures used to date and listed in Table III result 
in average  efficiencies lower  by  ~ 50%. We feel tha t  

the  h igher  average  efficiency of the  overcompensa ted  
mate r i a l  g rown f rom 900~ is p r i m a r i l y  due to the 
lower  growth  t empera tu re  which in tu rn  resu l t s  in 
h igher  reproducib i l i ty .  

Table IV presents  a summary  of the  minor i ty  car r ie r  
diffusion lengths, r e la t ive  CL intensities,  and EL effi- 
ciencies for a few specific samples  grown from these 
t empera tu re s  both by  the double  LPE and overcom- 
pensat ion techniques. The minor i ty  ca r r i e r  diffusion 
lengths  presented  in this table  a re  genera l ly  as long 
if not  longer  than  those previous ly  repor ted  for LPE 
grown Zn-doped  and Te-doped  GaP (9, 15). When 
growth  is from 900~ the r ange  genera l ly  found is 
3~ ~ Lh ~ 5~ wi th  a m a x i m u m  of 7.2~ in the  n- layers ,  

and in the  p - l aye r s  also 3~ < Le ~ 5~ with  a m a x i m u m  

of 5.6~. When growth  is f rom 1000~ in quartz,  the  dif-  
fusion lengths  are  reduced,  1.5~ ~ Lh,e ~ 2.5p wi th  a 

m a x i m u m  of 3.7~ in both  the n -  and p- layers .  I n  ad-  
dition, both  the  n-  and p - l aye r s  g rown from 900~ have  
app rox ima te ly  a 50% grea ter  CL in tens i ty  than  s imi lar  
layers  grown from 1000~ When  both layers  are grown 
from the  same tempera ture ,  the  CL efficiency of the  

Table II. Minority electron diffusion lengths in the p-layers of both 
double LPE and overcompensated diodes as measured with an SEM 

p - L a y e r  

Na-Nd 
Crys ta l*  G r o w t h  t e c h n i q u e  (cm-~) Le (/S,) 

O v e r c o m p e n s a t e d  8.8 x 10 z~ 3.5 
2 O v e r c o m p e n s a t e d  6.2 • 10 ~ 3.7-4.5 
9 O v e r c o m p e n s a t e d  7.0 X 1017 4.8-5.6 
A D o u b l e  L P E  4.3 X 101": 3.5 
B D o u b l e  L P E  5.3 • i0 z~ 2.5-3.2 
C D o u b l e  L P E  ~ 6  X I0  z~ 4.5 

* The  n u m b e r e d  s amp le s  c o r r e s p o n d  to  the  c ry s t a l  n u m b e r s  in 
Fig .  4 a n d  5. 

Table III. Average efficiencies of diodes grown by double LPE and 
overcompensated techniques 

G r o w t h  t e m p e r a t u r e ,  ~  A v e r a g e  eff ic iency 
G r o w t h  

procedure  p -Layer  n - L a y e r  ~ 5  A / c m  z ~ 5 0  A/cm~ 

O v e r c o m p e n s a t e d  900 900 0.104 0.180 
O v e r c o m p e n s a t e d  1000 1000 

0.051 
D o u b l e  L P E  900 1000 0.048 0.094 
D o u b l e  LPE(~) 1000 1000 0.042 0.092 

(~) The  N concentrat ion of  these  c rys ta l s  is  l ow  by  less t h a n  a 
f ac to r  of two.  S ince  the  eff iciency s h o u l d  v a r y  w i t h  t he  N concen-  
t r a t ion ,  these  eff ic iencies  are in  effect  c o m p a r a b l e  to those  f r o m  the  
material  g r o w t h  by  o v e r c o m p e n s a t i o n  e n t i r e l y  f r o m  1000~ 
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p- layer  is general ly two to three times that of the 
n- layer .  Consequently, since all other growth condi- 
tions were unchanged, we conclude that  the increase 
in minor i ty  carrier diffusion lengths and CL for 900~ 
growth in quartz compared to 1000~ is ent irely due 
to the tempera ture  difference. However, one should 
note tba.~ the longest diffusion length measured in lay-  
ers grown at 1000 ~ (3.7~) is comparable to that  mea-  
sured in many  similar layers grown from 900~ Also, 
as can be seen from Table IV, there are considerable 
differences in  diffusion lengths for supposedly similar 
layers grown at the same temperature.  It  is felt that  
unknown  interactions dur ing LPE growth, which are 
more severe when  growth is from 1000~ ra ther  than 
900~ are both l imit ing the diffusion lengths to the 
present values and causing these variations. An experi-  
menta l  program is in  progress to define these variat ions 
and interactions in an effort to increase the electro- 
luminescent  efficiencies in  GaP green-emit t ing  diodes. 

Conclusions 
An overcompensat ion technique has been success- 

fully used for the growth of GaP LPE layers used in 
the fabrication of green LED's. In  this technique both 
LPE layers are grown in a single crystal  growth r un  
which avoids potential  oxidation, contaminat ion and /or  
damage at the p -n  junct ion interface. An  addit ional  
advantage of this technique is that only one LPE 
growth is necessary to form the p -n  junction.  With an 
init ial  growth tempera ture  of 90.0~ mater ia l  with 
average efficiencies of 0.10% at 5 A /cm 2 for encap- 
sulated mesa diodes with adequately thick layers 
( >  20~) was grown rout inely  and rep.roducibly. Be- 

cause of the high degree of reproducibi l i ty  in the effi- 
ciencies and the use of a single LPE growth step, this 
technique is an  attractive approach for fabricat ion of 
GaP green-emi t t ing  junctions.  

The EL efficiencies, relat ive CL, and minor i ty  carrier 
diffusion lengths have been measured and compared 
for the overcompensated mater ial  grown in quartz 
from both 900 ~ and 1000~ and double LPE 900~ 
p-layers  on 1000~ n-layers .  The average EL efficien- 
cies for the 900~ overcompensated mater ial  were 
larger by at least 50% than  the efficiencies for the 
mater ial  grown ent i re ly  from 1000~ These results 
correlate wi th  the fact that  the CL and the dif- 
fusion lengths in  both n -  and p- layers  grown from 

900~ were larger by ~ 50% than that  in  a correspond- 
ing layer  grown from 1000~ The CL of the p- layers  
was found to be typical ly two to three times that of 
the n- layers  when  both were grown from the same 
temperature.  In  mater ial  grown from 900~ the 
minor i ty  carrier diffusion lengths Le and Lh were both 
typical ly found to range between 3 and 5~ with values 
as large as Lh -- 7.2~ and Le -~-- 5.6~. It  appears clear 
that low-tempera ture  crystal growth results in im-  
portant  improvements  in mater ia l  quality. 
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ABSTRACT 

For selective boron doping of silicon, a SiO2 diffusion mask is used. In  
m a n y  cases, it is advantageous to retain the same SiO2 mask on the silicon 
slice after diffusion and remove the boron diffusion source glass. To accomplish 
re tent ion of the SiO2 mask whi le  dissolving boron diffusion source glass, a 
selective etch is required that  favors dissolution of boron-doped glass. Etching 
solutions that  fulfill this need have been found. 

When selectively doping silicon with boron, a boro- 
silicate glass is deposited on a SiO2 diffusion masked 
substrate (see Fig. 1). This boron diffusion source 
glass is subsequent ly  removed, and in m a n y  instances 

Key words: borosilicates, diborate, diffusion sources, etching boro- 
silicates. 

the Si02 diffusion mask must  be left in place. In  c a s e s  

such as this, an etching solution must  be found that  
favors the dissolution of borosilicate glass over Si02. 

It  is known  that  "P" etch [15 parts  HF  (49%), l0 
parts HNO3 (70%), and 300 parts HeO] dissolves var i -  
ous types of glass and mixed oxide layers more rap-  
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tions were unchanged, we conclude that  the increase 
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growth in quartz compared to 1000~ is ent irely due 
to the tempera ture  difference. However, one should 
note tba.~ the longest diffusion length measured in lay-  
ers grown at 1000 ~ (3.7~) is comparable to that  mea-  
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from both 900 ~ and 1000~ and double LPE 900~ 
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was found to be typical ly two to three times that of 
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temperature.  In  mater ial  grown from 900~ the 
minor i ty  carrier diffusion lengths Le and Lh were both 
typical ly found to range between 3 and 5~ with values 
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For selective boron doping of silicon, a SiO2 diffusion mask is used. In  
m a n y  cases, it is advantageous to retain the same SiO2 mask on the silicon 
slice after diffusion and remove the boron diffusion source glass. To accomplish 
re tent ion of the SiO2 mask whi le  dissolving boron diffusion source glass, a 
selective etch is required that  favors dissolution of boron-doped glass. Etching 
solutions that  fulfill this need have been found. 

When selectively doping silicon with boron, a boro- 
silicate glass is deposited on a SiO2 diffusion masked 
substrate (see Fig. 1). This boron diffusion source 
glass is subsequent ly  removed, and in m a n y  instances 
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the Si02 diffusion mask must  be left in place. In  c a s e s  

such as this, an etching solution must  be found that  
favors the dissolution of borosilicate glass over Si02. 

It  is known  that  "P" etch [15 parts  HF  (49%), l0 
parts HNO3 (70%), and 300 parts HeO] dissolves var i -  
ous types of glass and mixed oxide layers more rap-  
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DIBORANE GLASS 

 ooo , 

Si02 ~ B O R O N  GLASS 

SILICON ~ BORON DIFFUSION 
AREA 

Fig. I.  Doping of silicon with boron diffusion source gloss 

idly than it dissolves silicon dioxide (1-4). Since "P" 
etch contains HNO3, it was decided to investigate 
etching solutions with a relat ively high concentrat ion 
of oxidizing agents. These etching solutions were 
evaluated on borosilicate glass formed by low- tem-  
perature gaseous diborane with h igh- tempera ture  an-  
neal  of deposited film. Etch rate of each glass was cor- 
related with boron concentration. The etching char-  
acteristics of solutions formulated during this study 
are compared to well  known  s tandard solutions such 
as buffered HF and "P" etch. 

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

Silicon slices 3.2-cm in diameter were prepared ac- 
cording to Table I. The diborane glass depositions 
were done in  a bell jar  vert ical  reactor. A resistance- 
heated platform 8 in. in diameter  provided the heat. 

Table I. Gloss deposition conditions 

Gas flow rates and composit ion 

B2He,* m / o  m / o  B~Oa, 
e m B / m i n  B~-I~ I R  

L o w  B* 40 1.96 4.5 
M e d i u m  B* 100 4.'/6 6.5 
High B* 200 9.09 9.0 

W e i g h t  p e r  c e n t  b o r o n  

M i c r o p r o b e  B a t o m s /  
% B IR crest 

L o w  B 1.6 1.6 6 x 10 TM 

M e d i u m  B 2.6 2.4 5 • 1019 
H i g h  B 3.7 3.3 1.3 • I0  ~0 

* M e t e r e d  g a s  f l o w  o f  1% S i l l ,  a n d  0.1% B2Ho m o l a r  p e r  c e n t  
B~H~ = [(B~H~)/(B2H6 + S i H D ]  x 100. 

t C o n c e n t r a t i o n  o f  B in  s i l i con  af te r  l l 0 0 ~  d i f f u s i o n  f o r  !/2 h r  in  
N~ a t m o s p h e r e .  

Table II. Composition of etching solutions, HF(49%)  H N 0 3 ( 7 0 % )  

1. Buf f e r ed  H F  l 1 3 g  NH4F 
170 m l  HsO 

28 m l  H F  
2. " P "  e tch  15 m l  H F  

I0  m l  HNOa 
300 m l  H~O 

3. H N O s - H F  " R "  e tch  100 m l  HNOa 
100 m l  H20 

1 m l  H F  
4. HNOs -HF  " S "  e t ch  100 m l  HNO~ 

100 m l  H20 
4.4 m l  H F  

Sill4 was diluted to 1% in  N2 and B2Hs was diluted 
0.1% in N2. Nitrogen was the buffer gas with a total  
flow rate of 3000 cm3/min; Sill4 flowed at 200 cm3/min 
and O2 at 50 cm3/min. The diborane-doped SiO2 
deposition was allowed to proceed unt i l  5700A of glass 
had formed. This thick glass deposit allowed more 
data points for the etching study. However, in device 
processing, 1500-3500A is the typical thickness for 
diffusion source diborane deposited glass. After  boro- 
silicate or SiO2 deposition, the slices used for the 
etching study were photoresisted with AZ-111. For 
each etching experiment,  a small  area of photoresist 
was developed and the glass undernea th  etched. With 
this method, the etching behavior  of all solutions 
could be evaluated on mater ial  prepared in an iden-  
tical manner .  Also, this photoresist technique was 
chosen because cutt ing or breaking a silicon slice 
covered with an oxide layer  causes stress which 
changes the etch rate (5). With diborane-deposited 
glass, the boron concentrat ion could be controlled by 
gas concentrations in the reaction chamber (6). 

Oxide thicknesses 1500.4, or less were measured on 
a Gaer tner  Model Ll19 ellipsometer. F i lm thicknesses 
greater than 1500A were measured on a Perk in  Elmer 
402 uv-vis ible  spectrophotometer with a specular re-  
flectance accessory using the interference fringe tech- 
nique in the 200-800~ range (7). 

The molecular  per cent B203 in the SiO~ film of the 
diborane-deposi ted borosilicate glass was determined 
by measur ing the infrared absorption of 5000-10,000A 
films on a Perk in  Elmer  457 grat ing spectrophotometer 
using procedures previously described (4, 7-9). IR 
measurements  were made immediate ly  after deposi- 
tion. These results were confirmed with measurements  
of boron concentrat ion made on a Material  Analysis 
Company 400 microprobe analysis  ins t rument  (agree- 
ment  wi thin  ,-,10%). 

The four etching solutions and their  compositions 
are listed in Table II. All solutions were allowed to 
stand for one day in stoppered bottles after prepara-  
t ion and before use since freshly prepared solutions 
did not give reproducible results, All  etching solutions 
were main ta ined  at 25~ in a Colora Model NB tem- 
perature  bath, and agitation of the solution was used 
dur ing etching. Oxide thickness measurements  were 
made before and after 1-min etching intervals.  Five 
data points were taken and the slope of the best 
straight l ine through the data points is a measure-  
men t  of the etch rate (in angstroms per minute) .  

When the HNO3-HF-H20 solutions system is in cer- 
tain concentrat ion ranges (high concentrated hydro-  
fluoric and nitric) silicon etching can be quite signifi- 
cant (10). Thus, silicon etching was measured in "R," 
"S," and "P" etch by convert ing weight loss to thick- 
ness loss. Silicon slices with four different boron con- 
centrat ions were evaluated (see Table I I I ) .  Silicon 
etching was also detected by sheet resistance mea-  
surements.  Increased sheet resistance indicates silicon 
etching. 

Resu l ts  a n d  D iscuss ion  
Annealed diborane deposited glass etches faster than  

SiO2 (steam oxidized at 1050~ with all etching solu- 
tions except buffered HF (see Table IV).  From Fig. 2 
it can be noted that  etch rate is l inear ly  concentrat ion 
dependent  upon HF. High concentrat ions of HNO8 in  

Table II I .  Etching boron-doped silicon 

Boron 
c o n e ,  

B-atoms/ 
em 8 

Resist ivity,  
o h m - e m  

"P" etch: "R" etch: "S" etch: 
15 ml  HF, 1 ml  HF, 4.4 ml  HF 

10 ml  HNOB, 100 ml  HNOB, 100 ml  HNOB, 
Orien- 300 m! H,O, 100 m l  H,O, 100 ml  H~O, 
tatlon /~/min /~/min ~ / m i n  

5 x 101. 4-15 100 0 0 0 
5 x 10 zs 0.03-0.04 100 0 0 0.2 
1 x 10 zo 0.01-0.02 111 0 0 0.4 
5 x 10 so 0.0006-0.0009 100 0 0.08 0.5 
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Table IV. Diborane formed borosilicate 

L o w  B,  M e d i u m  B, H i g h  B,  Steam 
A / r a i n  A / m i n  A / m i n  o x i d i z e d  

Buffered  H F  450 325 2"/5 900 
" P "  e t c h  250 300 425 128 

(1.9) * (2.3) (3.3) 
"R"  etch 140 200 300 50 

(2,8) (4.0) (6.0) 
"S"  e t c h  400 600 "/50 135 

(3.0) (4.4) (5.6) 

* Favorable  e tch  rate d i f f e r e n t i a l :  
bo ro s i l i c a t e  g l a s s  e t c h  r a t e  

e tch  rate d i f f e r e n t i a l  = 
SiO~ e t c h  r a t e  

etching solutions grea t ly  favor  the boron glass dissolu-  
t ion as compared  to undoped SiO2 wi th  a favorable  
etch ra te  rat io  (see Table IV) .  

When choosing an etching solution, silicon etching 
must  be considered.  As boron concentra t ion increases 
in silicon, the boron-doped  silicon becomes less res is t -  
ant  to etching in h igher  concentrat ions  of H F  (see 
Table  I I I ) .  Below a cri t ical  concentra t ion of HF in 
the  etches in Fig. 2, silicon does not dissolve. In  the  
H F  concentra t ion range  in "R" etch (100 ml  HNO3, 
100 ml  H20, 1 ml HF) ,  silicon does not  etch at  al l  
unt i l  we reach the ve ry  h igh ly  boron (VHB) doped 
silicon of 5 • 1020 a toms /cm 3. This silicon ( isola t ion-  
type  diffusion) etches at  0.08 ~/min.  When  one con- 
siders that  an i so la t ion- type  diffusion is 2-4~ deep, 
this amount  of silicon etching can be to lera ted.  

When  choosing an etching solution for a specific 
application,  etch rate,  re la t ive  silicon etch rate,  and 
favorable  different ial  oxide etch ra te  must  be taken  
into account. Of al l  the  etches inves t iga ted  here, "R" 
etch (see Table IV and Fig. 2) seems to be the most 
useful  since it offers a favorable  etch ra te  ra t io  (see 
Table IV) .  

C o n c l u s i o n s  

From this study, etching solutions have been found 
tha t  dissolve diffusion source diborane formed glass 
(350~ deposi t ion and l l00~ anneal )  f rom 2.8 to 6.0 
t imes  faster  than  105O~ steam oxide grown SiO2 
diffusion masking.  Wi th  an etch r a t e  different ial  such 
as this, the  d iborane diffusion source glass can be 
dissolved whi le  a l lowing the SiO2 to r ema in  in place. 
This can e l iminate  the  photoresis t  protec t ion  of SiO2 
diffusion source masking  dur ing  etching. 

6 ,~ 
IOOrnl HNO 3 

'~ . '7  I ~ '  * '~/ ~ /  / ~  . ~ (104-X)rnl H20 
�9 ~ 4 , / / ~  ~+/ 

, 

~ / / o  ~ 7 _ o,-~ss.~.~. . ' ' ~  

O0 t 4.4 I0 15 20 
"R* ETCH "~= ETCH M~ HF 

Fig. 2. Etch rotes of borasilicate gloss ( ] .7% B) and silicon as a 
function of HF concentration containing: 100 ml HN03, x ml HF, 
(104 - -  x) ml H20, where when HF = x = I ml = "R" etch; 
x = 4.4 ml = "S" etch. 
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ABSTRACT 

Copper  ion conduct iv i ty  has been  found in the  sys tem N - a l k y l  (or hyd ro )o  
hexame thy l ene t e t r amine  ha l ide-copper (1)  ha l ide  in the  solid state. At  20~ 
in the  system l ~ - m e t h y l - h e x a m e t h y l e n e t e t r a m i n e  b romide-copper (1 )  bromide,  
the  highest  conduct ivi ty  of 0.017 (ohm-cm)  - i  was found at  87.5 mole  per  cent 
CuBr, which was essent ia l ly  ionic. The conduct ivi t ies  are  discussed also for a 
number  of s imi lar  double  salts. 

In  recen t  years,  in order  to find high ionic con- 
duc t iv i ty  solids, Ag3SI (1, 2), RbAg415 (3, 4), KAg414CN 
(5), Ag19115P207 (6), double  salts  composed of s i lver  
iodide and some organic compounds (7-9),  and 
g-A1203 (10) have been examined  and severa l  p romis-  
ing resul ts  have been achieved. The charge ca r r i e r  in 
these compounds is the  s i lver  or a lka l i  ion, and no 
other  ion conductors  which  exhib i t  h igh ionic conduc-  
t iv i ty  at  ambien t  t empe ra tu r e  have been repor ted.  
F r o m  a v iew point  of the  appl ica t ion  of solid e lec t ro-  
lytes, the  s i lver -conta in ing  compounds are  considered 
to be expensive,  therefore  i t  is of in teres t  to look for 
o ther  ionic conductors  of low price, for example ,  cop- 
per  ion conductors.  The present  paper  repor ts  the  cop- 
per  ion conduct iv i ty  of the sys tem coppe r ( I )  hal ides  
and N - a l k y l  (or  h y d r o ) - h e x a m e t h y l e n e t e t r a m i n e  
halides. 

Experimental 
Coppe r ( I )  iodide, which  was purified by  r ec rys ta l -  

l izing in hydroiodic  acid, was washed r epea ted ly  wi th  
acetic acid before  being dr ied  in vacuo on P20~. 
Copper  (I)  b romide  and copper  (I)  chlor ide  were  pur i -  
fied by  the same method  using hydrobromic  acid and 
hydrochlor ic  acid, respect ively.  N - m e t h y l - h e x a -  
me thy lene te t r amine  iodide (C6H12N4CH~I) w~s p re -  
pared  by  the method descr ibed in the  l i t e ra tu re  (11), 
the  mel t ing  point  of which was 189~ which  agreed 
wel l  wi th  the r epor ted  va lue  (190~ and the iodine 
content  in it  coincided wi th  .the ca lcula ted  va lue  
(C6H12N4CH3I, found: I, 44.7%, calcd.: I, 45.0%). By 
the same method,  the  other  six k inds  of N - a l k y l  (or 
h y d r o ) - h e x a m e t h y l e n e t e t r a m i n e  ha l ide  were  p re -  
pared,  namely.  N - h y d r o - h e x a m e t h y ] e n e t e t r a m i n e  io- 
dide (C6H12N4HI, found: I, 47.6%, ca]cd.: I. 47.4%). N-  
e t h y l - h e x a m e t h y l e n e t e t r a m i n e  iodide (C~HI~.N~C2H~I, 
found: I, 42.8%, calcd.: I, 42.9%), N - h y d r o - h e x a -  
me thy lene t e t r amine  b romide  (CsH~2N4HBr, fouud:  Br, 
36.0%, calcd.: Br, 36.2%), N - m e t h y l - h e x a m e t h y l e n e -  
t e t r amine  bromide  (CsHI_gN4CH3 Br, found: Br, 33.2%, 
calcd.: Br, 34.0%), N - e t h y l - h e x a m e t h y l e n e t e t r a m i n e  
bromide  (C6HI~N4C2HsBr, found: Br, 31.7%, ealcd.: Br, 
32.1%), and N - h y d r o - h e x a m e t h y l e n e t e t r a m i n e  chlo-  
r ide  (C6H12N4HC1, found: C1, 20.7%, calcd.: C1, 
20.1%). The appropr ia t e  quant i t ies  of coppe r ( I )  
hal ide  and N - a l k y l  (or h y d r o ) - h e x a m e t h y l e n e t e t r a -  
mine  ha l ide  were  mixed  wi th  a smal l  amount  of 
e thyl  alcohol and dr ied  comule te ly  at about  80~ 
before  being pressed by  a hand  press to form a 
pel le t  under  4000 k g / c m  2, and then  hea ted  in a sealed 
evacuated  P y r e x  vessel  for 10 h r  at  100~ for the 
systems C6HI2N4HI-CuI, C6H12N4C2HsI-CuI, and 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
Key words:  copper i on  c o n d u c t o r ,  c o p p e r ( I )  ha l ide ,  electronic  

conductivity,  N -a l ky l -h e xam e th y l e n e te t r am in e  halide. 

C6HI2N4C2HsBr-CuBr, at  120~176 for the  systems 
C6HI2N4HBr-CuBr and C6HI2N4HCI-CuCI, and at 
150~176 for the systems C6HI2N4CH3I-CuI and 
C6HI2N4CHzBr-CuBr. These react ion t empera tu re s  
were  chosen be low the decomposi t ion t empera tu res  
of the  reac t ion  products ,  which  were  de t e rmined  by  
the rmograv imet r i c  analysis.  

The total  e lect r ica l  conduct iv i ty  was measured  wi th  
a 1000 Hz conductance bridge,  as the f requency de-  
pendence of the conduct iv i ty  was not  observed for 
al l  the  samples  invest igated.  In  order  to reduce the  
contact  resistance,  a mix tu re  of powdered  copper (325 
mesh)  and the sample  (2:1 weight  ra t io)  was used 
for electrodes. The sample  of about  lg  was s tacked 
be tween  two electrodes,  and pressed into a pel le t  of 13 
m m  diameter .  The conduct iv i ty  measurements  were  
car r ied  out in ni t rogen gas. 

Electronic conductivi.ty was measured  by  Wagner ' s  
polar izat ion method (12). To cell  (I)  wi th  a copper 
anode and a graphi te  cathode, d.c. was appl ied  at a 
vol tage  less than the  decomposi t ion vol tage  

C u / s a m p l e / g r a p h i t e  [I] 

The sample  was formed in the  shape of pellet ,  about  
2 m m  thick and 13 m m  in diameter ,  by  pressing at  
a pressure  of about  4000 k g / c m  2. A constant  cur ren t  
suppl ier  was used and the  resul t ing  vol tage was mea -  
sured wi th  a recorder  preconnected  wi th  a high im-  
pedance  electrometer .  

X - r a y  diffraction pa t te rns  of the powdered  samples  
were  obta ined wi th  a d i f f rac tometer  using CuK~ r a d i -  
ation. The scanning speed was l~  

Results and Discussion 
Total electrical conductivity.--The sample  composi-  

t ion of the N - a l k y l  (or h y d r o ) - h e x a m e t h y l e n e t e t r a -  
mine ha l i de - coppe r ( I )  ha l ide  system was be tween  
66.7 and 97.5 m/o  (mole per  cent)  coppe r ( I )  halide.  
The sample  pel le t  wi th  copper  electrodes was an-  
nea led  for severa l  hours  at  100~176 in n i t rogen 
gas flow before  being s lowly cooled to room t e m p e r a -  
tu re  in the  oven to measure  the conduct ivi ty.  The 
conduct ivi t ies  of seven kinds  of the N - a l k y l  
(or h y d r o ) - h e x a m e t h y l e n e t e t r a m i n e  h a l i d e - c o p p e r ( I )  
ha l ide  system are  shown in Table I. Fo r  comparison,  
the conductivi.ties of CuI, CuBr, and CuC1, which  
were  measured  by  the same method, a re  also shown 
in the table.  In  the systems C6H12N4HI-CuI and 
C6Ht2N~C2HsI-CuI, no high conduct iv i ty  solid ma te r i a l  
is obta ined at  room tempera ture .  The  conductivi t ies  of 
these mater ia l s  a re  comparable  to or less than  tha t  of 
CuI. On the other  hand, the  high conduct iv i ty  ma-  
ter ia ls  are found in the  systems C~H~.gN4CHaI-CuI, 
C6H1 2 N 4 H B r - C u B r ,  C 6 H 1 2 N 4 C H 3 B r - C u B r ,  
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Table I. Total electrical conductivity at the N-a~kyl (or hydra)-hexamethylenetetramine halide-copper(I) 
ha|ide system at 20~ 

T o t a l  e lectr ica l  c o n d u c t i v i t y  ( o h m - e m ) - *  

C u X  
( X  = I , B r , C 1 )  

m / o  [ H ] H I - C u I  �9 [ H  ] C H s I - C u I  [ H ]  C 2 H ~ I - C u I  [ H ] H B r - C u B r  [ H ] C H s B r - C u B r  [ H ]  C ~ H ~ B r - C u B r  [ H ] H C I - C u C 1  

I 0 0  - - 7  X 10-~ ~ 7  • 10 -7 ~ 7  X 10-~ ~ 1 0  -~ ~ 1 0  -7 ~ 1 0  -7 ~ 2  X 10-~ 
95  4 .6  X 10  -~ 4 .2  X 10  -~ 2 .3  x 10-5  3 .0  X 10  -5 
9 0  6 .7  x 10-~ 9 .0  x 10 - s  2 .7  x 10-~ 1 .9  X lO-S  
8 7 . 5  8 .4  X 10-~ 6 .0  x 10-5  1 .7  X 10 -~ 3 .2  X 10-~ 4 .3  X 10-5  
85  5 X 10-~ 1.1 x 10  - s  5 • 10-~ 4 .6  X 10-5  3 .0  x 10  -~ 3 .2  x 10-5  
8 0  2 .8  x 10 -~ 8 .2  x 10 -~ 4 .0  X 10-5  5 .2  X 10-5  7 .0  X 10-~ 
66.7 5.0 X 10 -e 1 .0  x 10  -e 10  -7 

[ H I  = CdI~N,. 

CeHI2N4C2H5Br-CuBr, and CeH12N4HCl-CuC1. In  the  
plot  of conduct iv i ty  vs. mole per  cent copper  (I) halide, 
the  total  conduct ivi t ies  pass through a m a x i m u m  at 
85 m/o  CuI for the  CeH12N4CH3I-CuI system, at 
87.5 m/o  CuBr for the systems CeH12N4HBr-CuBr, 
C6H12N4CH3Br-CuBr, and  C6H12N~C2HsBr-CuBr, and 
at  87.5 m/o  CuC1 for the C6H12N4HC1-CuC1 system as 
shown in Fig. 1. The highest  conduct iv i ty  was found 
in the  system C6HI2N4CH3Br-CuBr to be 0.017 (ohm-  
c m ) - *  at  20~ at  the  composit ion of 7CuBr. 
CeH~2N~CHsBr, the  va lue  of which is five orders  of 
magni tude  la rger  than  tha t  of CuBr. These resul ts  
suggest  that  the  in te rmedia te  compounds wi th  high 
electr ical  conduct ivi ty  exist  in these systems. The 
conduct ivi t ies  of these h igh  conduct iv i ty  mate r ia l s  r e -  
mained constant  for about  half  a yea r  or more  at 
room tempera ture ,  which indica ted  tha t  decomposi-  
t ion did not occur dur ing  s torage under  ambien t  
conditions. 

The t empe ra tu r e  dependence  of the conduct iv i ty  
was de te rmined  for 17CuI.3CeH~2N4CHsI, 7CuBr. 
CsH~N~HBr, 7CuBr. CsH,~N4CH3Br, and 7CuC1. 
C~H~N~HC1. The  resul ts  in the  severa l  t empe ra tu r e  
cycles are  shown in Fig. 2. The conduct iv i ty  vs. the  
rec iprocal  of the  absolute  t empera tu re  curves indicate  
that  the phase t rans i t ion  and the decomposi t ion do not  

7~ -2 w 

> .  

0 
0 

U 

I I 
i00 90 80 

Mole per cent CuX 

Fig. !. Composition dependence of the total electrical conduc- 
tivities of the systems C6H12N4RX-CuX (X = I, Br, CI; R = H, 
CH3, C2H5) at 20~ C), C6H12NdCH31-Cul; e ,  C6H12NdHBr- 
CuBr; A,  C6H12NdCHdBr-CuBr; r-l, CeHt2NdC2HbBr-CuBr; A ,  
CoH12N4HCI-CuCI. 

occur up to the t empera tu res  invest igated.  The decom- 
posit ion t empera tu res  of the samples  measured  by  
the rmograv imet r i c  analysis  were  159~ for 17CuI. 
3C6H12N4CHsI, 106~ for 7CuBr-C6HnN4HBr, 167~ 
for 7CuBr.C6H12N4CH3Br, and  124~ for 7CuC1. 
C6H12N4HC1. Above these decomposi t ion tempera tures ,  
the conduct ivi t ies  decreased wi th  time. F rom the 
curves shown in Fig. 2, the act ivat ion energies  can be 
ca lcula ted  as 6.1 kca l /mo le  for 17CuI.3C6H12N~CH3I, 
4.1 kca l /mo!e  for 7CuBr-C~H12N4HBr, 4.1 kca l /mo le  
for 7 CuBr.C~HI2N4CH3Br, and 6.2 kca l /mo le  for 
7CuC1.C6H,2N4HC1. The values  of the act ivat ion 
energy correspond to that  for the high ionic conduc-  
t iv i ty  solids known so far  (2-4 kca l /mo le )  (6) and 
suggest  that  these new compounds have the  s t ruc tura l  
defects s imilar  to those of s i lver  ion conductors  (1, 
13-15). 

Electronic  c o n d u c t i v i t y . - - A c c o r d i n g  to Wagner ' s  
theoret ica l  analysis  (16), the cur ren t  densi ty  J in cell 
(I) is given by  

J : I / A  : ( R T / L F )  [~e{1 --  exp ( - -  E F / R T ) }  

4- ~h{exp ( E F / R T )  - -  1}] [1] 

where  I is the current ,  A the cross-sect ional  area, L 
the  thickness  of the sample, E the appl ied  voltage,  
and F the F a r a d a y  constant,  ee and eh are  the  e x c e s s  
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Fig. 2. Temperature dependence of the total electrical conduc- 
tivities of 17CuI'3C6H12N~CH31 (O) ,  7CuBr'C6H12N4HBr (O) ,  
7CuBr'C6H12N4CHdBr (A),  and 7CuCI "C6H12H4HCI (A).  
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electron and hole conductivities of the sample which 
is in equilibrium with metallic copper, and the other 
symbols have their usual meanings. Typical I vs. E 
curves for 37CuBr.3C6H12N4CHsBr at various tem- 
peratures are shown in Fig. 3. These curves show a 
quasi-exponential increase of I. Since the excess elec- 
tron conduction is negligible, Eq. [1] may be writ ten 
as 

log I : log (~h ART/LF) + EF/2 .30  RT [2] 

i f  EF/RT > >  1. The plots of log I vs. E shown in Fig. 
3 give vir tual ly  straight lines whose slopes are close 
to the value of F/2.30 RT. The values of qh were then 
calculated from Eq. [2]. Figure 4 shows the values of 
ah for the  C6H12N4CHsI-CuI, C6H12N4HBr-CuBr, 
C6H12N4CHsBr-CuBr, and C6H12N~HC1-CuC1 systems 
as a function of the composition of copper(I)  halide 
at 100~ For comparison, the electronic conductivities 
of CuBr and CuC1 were measured at 100~ to be about 
3 • 10-9 (ohm-cm)-~ and 8 • 10 -12 (ohm-cm) -1, 
respectively, which were obtained by extrapolating 
the data at 160~176 because the reproducible cur- 
rent-voltage curve was difficult to obtain at low tem- 
perature. The electronic conductivity of CuI at 100~ 
obtained by extrapolating the data at 130~176 is 
about 3 • 10 -6 ( o h m - c m ) - I  (17). The electronic con- 
ductivity in each system decreases with decreasing 
copper (I) halide content; this conductivity of the high- 
est conductivity solid is less than 10 - n  (ohm-cm)-1  at 
100~ Thus, it is concluded that  the conduction in the 
new compounds prepared in the N-alkyl  (or hydro) -  
hexamethylenetetramine hal ide-copper(I)  halide sys- 
tems is essentially ionic. The temperature dependence 
of the electronic conductivities of I?CuI.3C6Hi~N4CHsI 
and ?CuBr.C6HI~N4CHaBr is shown in Fig. 5. At room 
temperature, these conductivities were too small to 
measure by this method. Thus, the transport number 
of ions in these compounds are considered to be nearly 
unity. 

X-ray di~raction analysis.--Analysis was carried 
out at room temperature for the samples containing 
various compositions of copper(I)  halide in the N- 
alkyl  (or hydro)-hexamethylenete t ramine halide- 
copper(I)  halide system. The results obtained are 
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alu of 17CuI.3C6H12N4CHsI(C)) and 7CuBr.C6H12N4CH3Br (Z~). 

summarized in Table II. For  the samples in the 
CeH12N4HI-CuI and C6HmN4C2HsI-CuI systems, only 
the peaks due to the starting materials were observed, 
which indicated that no intermediate compounds were 
obtained in both systems. In the C6H12N4CHsI-CuI 
system, the sample containing 15 m/o  CuI gave a 
single-phase pattern, which was named phase 1. In 
the composition range of 33.3-60 m/o CuI the patterns 
of three phases corresponding to CuI, C6H12N4CHaI, 
and an intermediate compound, which was named 
phase 2, were observed. According to the results of 
the electrical conductivity measurements, phase 1 has 
the high ionic conductivity and phase 2 is a poor 
conductor at room temperature.  

The x - ray  results for the C6H12N4HBr-CuBr system 
showed that only an intermediate compound, phase 
3, existed at the composition near 87.5 m/o  CuBr. I t  
has high ionic conductivity at room temperature. In 
the system C6H12N4CHaBr-CuBr, three intermediate 
compounds at the composition of 87.5 m/o  CuBr, phase 
4, 50 m/o CuBr, phase 5, and 33.3 m/o CuBr, phase 6, 
were found. Phase 4 has high ionic conductivity and 



1434 J. Electrochem. Soc.: S O L I D - S T A T E  S C I E N C E  A N D  T E C H N O L O G Y  October 1973 

Table II. Results of x-ray investigation 

Mole per  cent 
CuX Phase observed at  

System (X = I,Br,CI) room t empera tu re  

C~H12N4HI-CuI 90 CeHI2N4HI, CuI 
80 CGHI2N4HI, CuI 

C~I'I12N4CI'kI-CuI 90 CuI, phase 1 
85 Phase 1 
66.7 Phase 2, CuI, C~I12N4CHsI 
50 Phase 2, CuI, CeHI.~N4CI-IsI 
33.3 Phase 2, CeH12N4CI~ 

C6I-IL~N4C2HsI- CuI 90 CuI, C6H12N4C2HsI 
85 CuI, CeHI~N4C~IsI 

C~-I~N~HBr-CuBr 90 CuBr, phase 3 
87.5 Phase 3 
66.7 Phase 3, CuBr, C~I-II.~N,HBr 
S0 Phase 3, CuBr, CeH~2N4HBr 
33.3 CuBr, CeHI~N4HBr 

CeI-I~N,CI-IsBr-CuBr 90 CuBr, phase 4 
87.5 Phase 4 
80 Phase 4, phase 5 
66.7 Phase S 
50 Phase 6 
33.3 Phase 6, CeH~2N4CHsBr 

CeH~N~C~HaBr~ 90 CuBr, phase 7 
87.5 CuBr, phase 7 
80 CuBr, phase 7 

C~I-I~N~HCI-CuCl 7.5 CuCl, phase 8 
12.5 CuCl, phase 8 
15 Phase 8 
17.5 Phase 8 

phases 5 and 6 are  poor conductors  at  room t empera -  
ture. The x - r a y  pa t t e rn  of phase  4 showed a s t rong 
resemblance  to that  of phase  3. 

Al l  samples  in t he  sys tem C6HI~N4C2HsBr-CuBr 
were  p repa red  at  100~ Their  diffraction pa t te rns  
showed a lmost  the same peaks  as those of CuBr and 
small  peaks  which were  different  f rom those of the 
s tar t ing mater ia ls .  Elect r ica l  conduct iv i ty  measu re -  
ment  suggested tha t  an in te rmedia te  compound m a y  
exis t  at  the composit ion near  87.5 m/o  CuBr, and, 
therefore,  the smal l  peaks  may  be due to a new com- 
pound, phase  7. In  the  system C6HI2N4HC1-CuC1, an 
in te rmedia te  compound,  phase 8, was  found at  the  
composit ion near  15 m / o  CuC1. 

Conclusion 
High copper ion conduct iv i ty  solids are found in 

the  systems C6H12N4CI~I-CuI, C6H12N4HBr-CuBr, 

C6HI2N4CH3Br-CuBr, C6HI2N4C2HsBr-CuBr, and 
C6HI2N4HCI-CuC1. The highest  conduct ivi t ies  in each 
system are found at the composit ion 17CuI �9 
3CGH12N4CH3I, 7CuBr'CsHI2N4HBr, 7CuBr'C6H12N4CH~ 
Br, 7CuBr'C6H12N4C2HsBr, and  7CuC1.C6H12N4HC1. 
The conduct ion in these mate r i a l s  is essent ia l ly  ionic. 

Manuscr ip t  submi t t ed  Jan.  29, 1973; revised m a n u -  
script  received May 8, 1973. 

A n y  discussion of this  paper  wi l l  appear  in a Discus-  
sion Section to be publ i shed  in the  June  1974 JOURNAL. 
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Technica l Notes 

A Technique for Anodizing IC Aluminum Layers 
K. V. Heber 

Laboratoire d'E~ectronique et de Traitement de t'Information, Centre d'Etudes Nucleaires de Grenoble, 
Grenoble-Gate, Cedex, France 

In  e lectrolysis  exper iments ,  the  proper t ies  of the  
e lect r ica l  contact  wi th  the  sample  are  of p r ime  im-  
portance.  The  ma in  difficulty arises f rom the fact  tha t  
this  contact  must  be e lec t r ica l ly  isola ted f rom and 
chemical ly  pro tec ted  against  the  l iquid to p reven t  its 
corrosion as wel l  as the  format ion  of a cu r ren t  pa th  
which bypasses  the  sample. For  simplici ty,  contact  is 
genera l ly  made  to the  backside of the sample. In  the  
anodic oxidat ion  of in tegra ted  c i rcui t  (IC) in te rcon-  
nect ion A1 layers,  however ,  contact  to the f ronts ide  of 
the  samples, i.e'., to  the  A1 layer  i tself  ins tead of to the  
suppor t ing  wafer,  is to be preferred.  We have  found a 
technique to produce sui table  e lectrodes having the 

Key words: anodization contacts, noncorroding contacts. 

requ i red  qual i t ies  wi thou t  t ak ing  up much of the  sam-  
ple ' s  area. 

Electrode Description 
The idea of the  e lec t rode  is to protec~ the contacr 

wi re  by  a suction pad. F igure  1 gives a schematic  view. 
The mechanical  p rob lem of how to make  a suction pad  
of smal l  diameter ,  housing a contact  wire,  and fitting 
t ight  into the  ho lder  has been  solved by  the  use of 
po lymer iz ing  silicone rubber ,  which  was molded in the 
holder  a round  the  wire.  The suction pad 's  surface is 
s imply  the  surface of the  meniscus which forms on the 
surface of any l iquid contained wi th in  walls,  in this 
case of the fluid rubber .  The pad  wil l  be set f ree  af ter  
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/-/aLde~ RTV Coniact ~ i~  

Fig. !. Schematic cross section of sample and contact electrode 
after anodization. 

harden ing  of the rubber  in  order to give the arrange~ 
ment  of Fig. 1. 

In  the present  execution, electrodes have been fab-  
ricated with suction pads of 5 and 3 mm diameter. 
Contact is made by a gold wire, 0.5 m m  diameter. 
Holder mater ia l  is PVC (polyvinyl-chlor ide) ;  silicone 
rubber  quali ty is RTV 501 (Rhone Poulenc) .  Anodiza-  
tions are done in  10% H2SO4. Three such electrodes are 
set up for one 1�89 in. diameter IC wafer. With this 
system, the sample has only to be pressed against the 
electrode. The end of the wire, lying flat on the surface 
of the  suction pad, wil l  establish a good electrical con- 
tact to the sample, and the pad wil l  adhere to the 
sample surface and form a tight barr ier  against  pene-  
t ra t ion of the liquid. 

Results 
As an i l lustrat ion of the effectiveness of the suction 

pad, Fig. 2 represents the picture of a dot left by the 
suction pad dur ing the anodization of an a luminum 
layer  evaporated on top of an  oxidized silicon IC 
wafer. The dot, reflecting, appears in white, whereas 
the formed A1203 is t ransparent  and thus shows the 
black color of the silicon underneath.  Note the neat  
metal  surface which has not been attacked at all, prov-  
ing the efficiency of the suction pad as a penetra t ion 
barrier.  

Figure 2 also represents a Talystep reading the 
border profile. The step results from the thickness 
differences between the A1 and the A120~ layers. Step 
width is 20 ~m, indicat ing the good mechanical  resolu-  
t ion of the system. It is interest ing to note that  the 
gray bordering zone, which appears on the picture of 
the dot, does not appear in the profile reading. It 
might represent  a region of more or less complete 
t ransformation of A1 into A1208 without  difference in 
thickness of the metal  layer. This t ransi t ion zone has 
been indicated in the schematic picture of Fig. 1. A n-  
other interest ing detail  i l lustrated in  Fig. 2 is the print,  
on the r igh t -hand  side, left by  the contact wire as it 
dug into the a luminum, scratching away any superficial 
oxide layer. This pr in t  makes evident  the good me-  
chanical qual i ty  of the contact. 

The resistivity of the electrode depends much on the 
PVC used and on the qual i ty of fabrication. The men-  

Fig. 2. (top) Picture of anodized IC wafer with part of a contact 
dot. Magnification 28X. Black tone, AI203; gray tone, transition 
zone; white tone, Ah (bottom) Talystep profile reading along line 
in picture, across dot border. 

t ioned silicone rubber  has specified resistivities of 1014 
ohm-cm. 

Protection by a suction pad is thus a good means to 
prevent  corrosion of a contact. The system described 
gave good electrical and mechanical  performances and 
offers full protection of the contact. It  is versatile, can 
be easily fabricated, and has a purely  mechanical  ac- 
tion, without need of a thermal  or chemical t rea tment  
of the sample. This feature opens another  protection 
application: a suction pad might  replace protection by 
resist layers, waxes, or other masking substances which 
are pol lut ing in themselves or by their  cleaning solu- 
tions, methods which are often used, e.g., in  step etch- 
ing or other moni tor ing procedures of IC technology. 
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Electrical Characteristics of MOS Structures on 
< 111> and <100 > Oriented N-Type Silicon as 
Influenced by Use of Hydrogen Chloride during 

Thermal Oxidation 

G. Baccarani and M. Severi 
Istituto di Elettronica, Facolt~ di Ingegneria, Universit~ di Bologna, Bologna, Italy 

and  G. Soncini  

C.N.R.mLaboratorio LAMEL, Bologna, Italy 

It  is wel l  known tha t  the  e lect r ica l  proper t ies  of the  
SiO2-Si interface are  s t rongly  affected by  the semi-  
conductor  c rys ta l lographic  or ienta t ion (1-4).  In  pa r -  
t icular,  the high and low-f requency  C-V character is t ics  
of MOS capacitors,  obta ined  by t he rma l  oxidat ion of 
<111>  or iented n - t y p e  Si slices, show, wi th  respect  
to s imul taneous ly  processed <100> or iented  slices of 
the  same res is t ivi ty:  (i) a h igher  value of the f latband 
voltage, VFB; (ii) a h igher  rat io  of the  h igh- f requency  
capaci tance  value  measured  in s trong inversion, Cmi,, 
to the  va lue  measured  in s t rong accumulat ion,  Cox (4) ; 
and (iii) s t ronger  deviat ions from ideal  MOS charac-  
teristics.  In  par t i cu la r  the  low-f requency  C-V curve 
for  the  <111>  or ienta t ion  exhib i t s  a p l a t eau  in the 
invers ion region,  and the min imum in this region is 
expanded  along the vol tage  axis (4). 

Observat ion  (i) could be expla ined  by  assuming that  
<111>  or iented MOS s t ructures  are  character ized,  
wi th  respect  to <100>  or iented ones, by  a la rger  
amount  of oxide  charge,  Qox, 1 and by a smal ler  ac-  
cep to r - type  or  a l a rge r  donor - type  in te r face-s ta te  
charge. 

Observa t ion  (ii) could be  accounted for b y  a more  
efficient doping red is t r ibu t ion  process dur ing the rmal  
oxidat ion  due, possibly, to the  h igher  oxide growth  
ra te  for the  <111> or iented slices (5) and by  the pres-  
ence of d o n o r - t y p e  defect  centers  wi th in  the  <111> 
or iented  Si, which  would  resul t  in an apparen t  increase 
in doping concent ra t ion  (4).  

F ina l ly  observat ion (iii) could be due to a h igher  
in te r face-s ta te  densi ty  (6), to the  presence of defect  
centers  wi th in  the  Si, giving localized energy  levels  in 
the  lower  half  of the  semiconductor  bandgap  (4), or 
to l a rge r  surface  potent ia l  fluctuations, which  would  
expla in  the  broadening  of the  low- f requency  min i -  
mum. These fluctuations, however,  cannot  account for 
the  p la teau  in the low- f requency  curve  (4). 

The purpose  of this  note is to discuss the above  h y -  
potheses  on the basis of new expe r imen ta l  resul ts  ob-  
ta ined  by  adding smal l  amounts  of h igh -pu r i t y  gase-  
ous HC1 to the  oxygen gas s t ream dur ing  the rmal  oxi-  
da t ion  of Si. The  addi t ion of HC1 to the  oxidizing 
a tmosphere  is known to affect the SiO2-Si in terface  
by  s t rongly  reducing the  appa ren t  in te r face-s ta te  den-  
s i ty  (7, 8) 2 and by  increas ing the  genera t ion  l i fe t ime 
(9). Fur the rmore ,  i t  wil l  be shown tha t  the (HC1) 
oxida t ion  step, fol lowed b y  a s t anda rd  l o w - t e m p e r a -  
ture  anneal ing  t r ea tmen t  a f te r  A1 evaporat ion,  al lows 
us  to obtain,  in a v e r y  convenient  way,  nea r ly  ideal  

K e y  w o r d s :  (HCI)  S i02 ,  M O S  s t r u c t u r e s ,  c r y s t a l l o g r a p h i c  o r i e n -  
ta t ion .  

i W e  d e f i n e  Qo= as  t h e  c h a r g e  p e r  u n i t  area  ( l o c a t e d  e i t h e r  w i t h i n  
t h e  o x i d e  or  at  t h e  i n t e r f a c e )  w h i c h  d o e s  n o t  d e p e n d  u p o n  b i a s  
at  r o o m  t e m p e r a t u r e .  

2 B y  " a p p a r e n t  i n t e r f a c e - s t a t e  d e n s i t y "  w e  m e a n  t h e  d e n s i t y  o b -  
t a i n e d  o n  t h e  bas i s  o f  t h e  a n a l y s i s  s u g g e s t e d  b y  B e r g l u n d  (10) ,  
w h i c h  h a s  b e e n  s h o w n  (11) to  b e  a f f e c t e d  b y  e r r o r s  w h e n  e f f e c t s  
s u c h  as  d e e p  d e f e c t  c e n t e r s  in  t h e  s e m i c o n d u c t o r  s p a c e  c h a r g e  
r e g i o n  or  s u r f a c e  p o t e n t i a l  f l u c t u a t i o n s  i n f l u e n c e  t h e  l o w - f r e q u e n c y  
C - V  c h a r a c t e r i s t i c .  

MOS C-V characteristics for both <111> and <i00> 
oriented structures, which differ only in the value of 
the flatband voltage. These experimental results may 
possibly help to a better understanding of the physical 
nature of the interface states, and their correlation 
with processing parameters. 

Sample  Prepara t ion  and Exper imenta l  Results 
To ensure meaningfu l  comparisons,  1 ohm-cm, 

n - type  <111> and <100> or iented Si slices were  si-  
mul taneous ly  processed to form MOS capacitors.  Ther -  
mal  oxidat ion  was pe r fo rmed  in a d ry  oxygen gas 
s t ream to which smal l  amounts  of h i g h - p u r i t y  gaseous 
HC1 could be added.  In  our  exper iments  an HC1 content  
of 0.3% was used, since the  best  e lectr ical  p rop-  
er t ies  of the  Si-SiO2 interface were  obta ined under  
these condit ions (8). Oxidat ion  t ime (2 hr  18 min) and 
t empe ra tu r e  ( l l00~ were  kept  constant.  Af te r  the r -  
mal  oxidation,  A1 dots were  evapora ted  on the front  
oxide through a meta l  mask. Back contacts  were  ob- 
ta ined  by  the usual  back  oxide etching and subsequent  
A1 evapora t ion  on the bare  Si surface. 

Typical  high and low-f requency  C-V character is t ics  
for <100> and <111>  or iented MOS capaci tors  subject  
to four  different  processing procedures  are  shown in 
Fig. 1 and 2, and thei r  most re levan t  pa rame te r s  are  
l is ted in Table I. F igure  1 refers  to capaci tors  whose 
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Fig. 1. Experimental high and low-frequency MOS C-V charac- 
teristics for < 1 0 0 >  and < 1 1 1 >  oriented standard MOS capaci- 
tors. The low-frequency curves are those which exhibit a minimum 
under negative bias voltage. Curves a, oxide grown in dry oxygen at 
1100~ curves b, oxide grown in dry oxygen at 1100~ sample 
annealed at 525~ after AI evaporation. 
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Fig. 2. Experimental high and low-frequency MOS (C-V) charac- 
teristics for < I 0 0 >  and < 1 1 1 >  oriented MOS capacitors with 
oxide grown in the presence of HCL The low-frequency curves are 
those which exhibit a minimum under negative bias voltage. Curve 
a', oxide grown in dry oxygen mixed with 0.3% HCI by volume; 
curves b', oxide grown in O~-HCI mixture, sample annealed at 
525~ after AI evaporation. 

oxide was grown in a dry oxygen gas stream. Figure 2 
refers to capacitors whose oxide was grown in a dry 
oxygen stream to which 0.3% by volume of gaseous 
HC1 was added, all the other processing steps being the 
same as in Fig. 1. Cases a and a' (see Fig. 1 and 2) refer 
to capacitors without  any low-tempera ture  hea t - t rea t -  
ment,  while cases b and b'  refer to capacitors that  were 
processed together with those of cases a and a' but  
were fur ther  subjected to a 525~ annea l ing  for 10 min  
in a dry N2 ambient  after A1 evaporation. 

The high-f requency C-V characteristics were mea-  
sured at 1 MHz with a Boonton 71 AR capacitance 
meter, while the low-frequency C-V curves were ob- 
ta ined by the voltage r amp  technique (12). In  the low- 
frequency measurements,  care was taken to ensure 
quas i -equi l ibr ium conditions by using very low ramp 
speeds (13). For samples with oxide grown in the 
presence of HC1 a ramp speed of less than  20 mV/sec 
was usual ly necessary, due to the high generat ion life- 
times. During the measurements  the samples were kept 
in  the dark, at room temperature,  in a dry N2 ambient.  

The apparent  interface-state density, Nss, (Table I 
gives only the mid-gap value) was obtained by com- 
par ing the theoretical with the exper imental  low-fre-  
quency characteristics (10); the semiconductor doping 
concentration, Nsp, used in these calculations was de- 
termined from the ratio Cmin/Cox. This procedure is 
known to minimize errors due to doping redis t r ibu-  
t ion (14). 

Generat ion lifetime T was measured by  s imul tane-  
ously displaying the capacitance and current  t ransients  
due to the application of a voltage step at the metallic 
gate (15). This method does not require  any knowledge 
of doping concentration, and it avoids the uncer ta in ty  
of the graphical differentiation of the capacitance vs. 
t ime curve which is necessary to obtain the Zerbst plot 
(16). Finally,  oxide thickness was measured by .a 
Talystep. 

The C-V characteristics of the MOS structures ob- 
ta ined by  thermal  oxidation in  a dry 02 ambient  (Fig. 
1, case a) show the typical features outl ined in the 
opening paragraphs of this paper. In  par t icular  the 
<111> oriented capacitor exhibits, with respect to the 
<100> oriented one, a larger f latband voltage, VFB, 
and a larger relat ive value of the h igh-f requency ca- 
pacitance minimum,  Cmi,- In  addition the low-fre-  
quency <111> characteristic shows a ptateau in  the 
inversion region, and the m i n i m u m  is much broader  
than in the corresponding <100> characteristic. After  
the low-tempera ture  anneal ing t rea tment  (Fig. 1, case 
b) the low-frequency <111> characteristic still ex- 
hibits stronger deviations with respect to the ideal one, 
even though the broadening is reduced in comparison 
wi th  case a. No changes in flatband voltage, VFB, or 
h igh-f requency capacitance minimum,  C m i n ,  a r e  ob- 
served. 

When HC1 is added to the oxidizing atmosphere 
(Fig. 2) the <111> low-frequency C-V curve for case 
a' is much less distorted than for case a of Fig. 1. The 
equivalent  surface charge, Qeq -- Cox VFB, is practically 
unaffected, while for the <iii> oriented s tructure the 
doping concentration, Nsp (determined from Groin~Cox), 
decreases considerably. Finally,  after the anneal ing 
t rea tment  (Fig. 2, case b') the shapes of the experi-  
menta l  characteristics become practically the same for 
the <100> and <111> oriented structures, and very 
similar to the theoretical ones. However VFB and Qeq 
remain  essentially unchanged,  as is clear from Table  I. 

A large increase in generat ion lifetime is observed 
for samples with oxide grown in the presence of HC1, 
while the 525~ (A1) sintering does not  seem to affect 
this parameter  (see Table I) .  

Discussion 
The exper imental  results obtained by the four proc- 

essing procedures described above will be used to 
evaluate  the consistency of the hypotheses proposed in 
the opening paragraphs of this paper to account for 
the different properties of MOS capacitors prepared on 
<100> and <111> oriented Si by oxidation in dry 
oxygen. 

With reference to the two possible explanat ions 
concerning observation (i), we note that the shapes of 
the C-V characteristics become practically ideal for 
both orientations in case b'. Correspondingly the ap- 
parent  interface-state density, Nss, becomes _~0.7 X 
101~ cm -2 eV -1 at midgap (see Table I).  Since the real 
surface states are surely less than  the apparent  ones, 
we may conclude that  in case b', Qeq is pr imar i ly  due 
to the oxide charge, Qox, ra ther  than  the interface-state 

Table I. Device parameters of MOS capacitors 

T h i c k -  Cm In N ,  s 
O r i e n -  n e s s  V F B  Qeq/q ~[sp N (10 lo e m  -~ v 

S a m p l e  p r e p a r a t i o n  t a t i o n  (A) (V) (10 TM c m  -~) Cox (10 m cm-~) (1015 cm-~) e V - D  (~sec)  

a, dry 02, llO0~ <iII> 2000 1.9 20.0 0.64 8.2 5.5 80.0 0.5 
<I00> 1900 0.5 5.6 0.59 5.0 5.5 20.0 0.5 

b, d r y  Oz; Ns a n n e a l i n g  a f t e r  < 1 1 1 >  2000 1.9 20.0 0.64 8.2 5.5 15.0 0.5 
m e t a l i z a t i o n ,  525~ < 1 0 0 >  1900 0.5 5.6 0.59 5.0 5.5 4.0 0.5 

a ' ,  d r y  Os + 0.3% HCI ,  1100~ < 1 1 1 >  2360 2.2 20.0 0.64 5.8 5.5 5.0 50-100 
< I 0 0 >  2200 0.6 6.7 0.63 5.0 5.5 3.0 50-160 

b ' ,  d r y  Os + 0 .3% H a l ,  l l 0 0 ~  < 1 1 1 >  2300 2.1 19.0 0.63 5.5 5.5 0.7 50-100 
N2 a n n e a l i n g  a f t e r  m e t a l i z a -  < 1 0 0 >  2200 0.6 5.7 0.62 5.0 5.5 0.7 50-100 
t i o n ,  S25~ 

T h e  f l a t b a n d  v o l t a g e ,  V~B, is c o r r e c t e d  fo r  m e t a l - s e m i c o n d u c t o r  w o r k  f u n c t i o n  d i f f e r e n c e .  Nsp r e p r e s e n t s  t he  d o p i n g  c o n c e n t r a t i o n  d e t e r -  
m i n e d  f r o m  Cm~n/C~x. N r e p r e s e n t s  t h e  d o p i n g  c o n c e n t r a t i o n  d e t e r m i n e d  f r o m  r e s i s t i v i t y  m e a s u r e m e n t s .  T h e  i n t e r f a c e - s t a t e  d e n s i t y  N s ,  i s  
r e p o r t e d  a t  m i d g a p .  D u e  t o  t h e  s c a t t e r  of  da t a ,  t h e  r a n g e  of  g e n e r a t i o n  l i f e t i m e  (r )  v a l u e s  is  g i v e n  fo r  c a se s  a '  a n d  b ' .  
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charge, Qss. In  the  other  cases the  constancy of Q ~  
suggests, as  a reasonable  hypothesis,  tha t  Qox is a lways  
la rger  than  Qs~; o therwise  an  even tua l  change  of Qss 
should be exac t ly  ba lanced  by  an equal  (and opposite)  
change of Qox. This seems to suppor t  the assumption 
tha t  the  difference in f la tband vol tage  observed be-  
tween  the  two or ientat ions is due  to a different  amount  
of oxide charge and not  to a difference in in te r face-  
s ta te  charge.  

Regard ing  observat ion  (ii) we m a y  exclude the 
poss ibi l i ty  that  doping red is t r ibu t ion  p lays  an essential  
role  in  increas ing the  va lue  of  Nsp (de te rmined  f rom 
Cmin/Cox) for  the  <111>  or ienta t ion  in cases a and b. 
In  fact, the  addi t ion  of HC1 enhances the  oxida t ion  
ra te  and should consequent ly  enhance the  r ed i s t r ibu-  
tion; but  Table  I, case b', shows tha t  Nsp assumes in 
these condit ions t he  expected  value,  not  only  for the  
<100>  or ienta t ion  but  also for t he  ~111>  orientat ion.  
I t  is wor thwhi le  to observe tha t  the  presence of the 
p la teau  in the  invers ion region of the  <111>  low- f r e -  
quency C-V curve  (cases a and b)  occurs together  wi th  
the h igher  values  of Nsp, and tha t  when  the p la teau  
is s t rong ly  reduced  (case a ' )  or  to t a l ly  d isappears  
(case b ' ) ,  Nsp decreases  toward  its expected value.  
This suggests a common origin for the  two effects, and 
seems to suppor t  the  model  proposed  b y  Castagne and 
Vapai l le  (4) which is based on a defect  wi th in  the  
~111>  or iented Si. This defect  should behave  l ike a 
donor - type  center  to account for the  appa ren t  increase 
in doping concentrat ion,  and  its energy  level  should be 
localized in the  lower  half  of the semiconductor  band-  
gap to jus t i fy  the  posi t ion of the  p la teau  in the  low-  
f requency  curve. Our  expe r imen ta l  resul ts  show that  
this defect  is defini tely re la ted  to the  oxidat ion  step 
since its concentra t ion  can be s t rongly  reduced  b y  per -  
fo rming  the oxidat ion  of <111>  or iented Si  in the  
presence of HCI. 

The fact  tha t  the  semiconductor  genera t ion  l i fe t ime 
is p rac t ica l ly  the  same for the  ~100>  and <111>  s tan-  
dard  MOS s t ructures  (Table  I, cases a and b) dem-  
onstrates  tha t  the  proposed defect  in ~111>  or iented 
Si does not act as an efficient genera t ion- recombina t ion  
center.  This is consistent  wi th  the  energy  level  of these 
defects  in case a [~--0.2 eV below the intr insic  Fe rmi  
level, in agreement  wi th  Ref. (4)] .  The l o w - t e m p e r a -  
tu re  annea l ing  t r ea tmen t  (case b)  seems to shif t  this 
level  closer to the  semiconductor  midgap,  wi thout  
sensibly  a l te r ing  the genera t ion  l ifet ime. This resul t  
could poss ibly  be in te rp re ted  by  assuming for these 
centers  a v e r y  smal l  capture  cross section. 

With  r ega rd  to observat ion  (iii), i t  is wel l  known 
from MOS conductance measurements  that  ( 1 1 1 ~  or i -  
en ted  SiO2-Si interfaces a re  charac te r ized  by  a h igher  
densi ty  of rea l  interface states than  <:100~ or iented 
ones (6). However  we emphasize  tha t  the  s t ronger  
deviat ions f rom ideal  MOS character is t ics  of the  
~ 1 1 1 ~  low- f requency  C-V curve cannot  be  caused 
only by  a h igher  in te r face -s ta te  density.  In  discussing 
observat ion ~/i) the presence of defect  centers  wi th in  
the  ~ 1 1 1 ~  or iented  Si has emerged  as the  most  p rob -  

able  hypothesis  to account  for the  appa ren t  increase 
in doping concentrat ion,  and it is wel l  known that  such 
defects are  responsible  for  devia t ions  in the  theoret ica l  
high and low- f requency  C-V curves  (17, 4). 

Final ly ,  we cannot  specify the role of the  surface 
potent ia l  s ta t is t ical  f luctuations in a l te r ing  the MOS 
C-V characterist ics,  since f rom our exper iments  i t  is 
not  possible to separa te  the  effect of the  real  interface 
s tates  from that  of the  fluctuations. 

Summary 
The influence of sample  or ienta t ion on the  e lect r ica l  

proper t ies  of the  s tandard  SiO2-Si in terface  has been 
cr i t ica l ly  discussed on the  basis of new exper imen ta l  
resul ts  obta ined by  pe r fo rming  the oxidat ion of n - t y p e  
Si slices in the  presence of HC1. I t  has fu r the r  been 
shown that  the (HC1) oxidat ion,  fol lowed by  a 525~ 
anneal ing  t rea tment ,  gives ~ 1 0 0 ~  and ~ 1 1 1 ~  MOS 
s t ructures  wi th  high genera t ion  l i fet imes prac t ica l ly  
no interface  states, and nea r ly  ideal  high and low-  
f requency C-V character is t ics .  

Manuscr ip t  submi t t ed  Oct. 4, 1972; rev ised  m a n u -  
scr ipt  rece ived  March  20, 1973. 

A n y  discussion of this  paper  wi l l  appea r  in a Discus-  
sion Sect ion to be publ ished in the June  1974 JOURNAL. 
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Low Temperature Chemical Vapor Deposition of 
Boron Doped Silicon Films 

Lou H. Hall* and K. M. Koliwad 
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Chemical  deposi t ion of po lycrys ta l l ine  silicon is f ind- 
ing increas ing appl ica t ion  in the  fabr ica t ion  of i n -  

* Electrochemical Society Active Member. 
Key  words:  silane, diborane,  catalysis, thin films, act ivat ion 

energy.  

t eg ra ted  circuits, such as s i l icon-gate  MOS devices (1), 
die lectr ic  isolat ions (2), and  two-phase  CCD's (3).  
Po lycrys ta l l ine  sil icon is also used in pho tomask  fabr i -  
cation. Doping of sil icon films can occur dur ing an 
in situ codeposi t ion or dur ing  a subsequent  high t em-  
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perature source-drain diffusion. Many workers have 
reported on doped and undoped polycrystalline films 
(4-8).  

Evers teyn and Put  (8) have reported the effect of 
the addition of arsine, phosphine, and diborane in 
growing doped silicon films in the tempera ture  region 
of 600~176 We report  here the use of diborane to 
grow boron doped silicon films in the region of 300 ~ 
550~ The effect of deposition tempera ture  and gas 
stream dopant  concentrat ion on the  growth rate and 
apparent  act ivation energies are discussed. 

The catalytic effect of diborane on the decomposition 
of silane was studied by  measur ing the deposition rate 
of silicon as a funct ion of substrate tempera ture  and 
gas s t ream dopant  concentration.  The silane concentra-  
t ion was kept  constant  at 0.44% (20 cc /min)  of the total 
flow, 4.5 l i ters /min.  Nitrogen was used as a carrier and 
di luent  gas. Diborane, 1.0% in u l t rahigh pur i ty  argon, 
was used as the dopant  source. Silicon wafers wi th  ap- 
proximately  5000A thermal  oxide were used as sub-  
strates. The gas stream boron/s i l icon atom ratio was 
varied from 8 • 10 -8 to 24 X 10 -8. Semiconductor 
grade silane from Matheson was used without  addi-  
t ional purification. 

The reactor used was a horizontal  2 in. I.D. quartz 
tube heated by rf loading into a 5�89 in. X 13A in. X % 
in. carbide-coated graphite  susceptor. The tempera ture  
was measured by use of an infrared radiat ion pyro-  
mometer.  Emissivity and  absorption corrections were 
made for the substrates and quartz tube. The tempera-  
ture  range studied was from 300~176 with the un- 
certainty •176 or less. 

The thicknesses of boron doped silicon films were ob- 
tained by partial masking of the film and removin. 
the unmasked portion with an HF, HNOs, and acetic 
acid solution. The thicknesses were mechanically mea- 
sured by use of the Talystep I; accuracy is ___2% for 
films in a 1,000-20,000A thickness range. The majority 
of the films had thicknesses of approximately 5,000- 
10,000A. Thickness va r ia t i on  across a slice was less 
than 10%, w h i l e  va r ia t i on  in  deposi t ion rate over  sev- 
era l  deposi t ions was •  o r  less. 

A t  tempera tures  be low  500~ the g r o w t h  ra te  of 
undoped silicon films becomes negligibly small. Yasuda 
et al. (9) have reported an  act ivat ion energy of 1.1 eV 
for the reaction above 500~ The addit ion of diborane 
significantly lowers the film growth temperature.  
Figure 1 shows the deposition rate as a funct ion of gas 
stream dopant  concentrat ion at deposition tempera-  
tures T = 300 ~ , 375 ~ , and 550~ At the higher 
boron/silicon ratio in the gas stream the film growth is 
less sensitive to additional dopant increase. 
The decomposition rate of silane as measured by 

the film growth rate exhibits two distinct regions of 
temperature dependence. The Arrhenius plot of deposi- 
tion rate is shown in Fig 2. In the deposition tempera- 
ture range 350~176 the apparent activation en- 
ergy is 0.18 eV; while, at temperatures below 350~ 
the film growth is governed by a higher apparent ac- 
tivation energy, 0.54 eV. Eversteyn and Put (8) have 
reported an activation energy of 0.30 eV for the boron 
doped silicon deposition below 620~ While we show 
two distinct activation energy regions, it is interesting 
to note that the value of 0.30 eV is closed to the aver- 
age of our observed values. Taking the high tempera- 
ture work of Eversteyn and Put (8) into account, the 
growth of boron doped silicon films exhibits three 
regions of tempera ture  dependence: 0.87 eV at T = 
620~176 0.18 eV at T = 350~176 and 0.54 eV at 
T ---- 300~176 The activation energies obtained from 
this study were at a boron/s i l icon gas stream ratio 
of 6 X 10 -3. 

In  addit ion to a tempera ture  dependence on growth 
rate, there is also a dopant  concentrat ion dependence. 
This dependence manifests  itself in a decrease in ap-  
parent  activation energy with increasing diborane con- 
centration. 

The growth of boron doped silicon films can be con- 
sidered to be a sum of two growth rates; an  un-  
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catalyzed ra te  and a diborane catalyzed rate. The 
diborane catalysis of silane may be very similar to the 
use of diborane and hydrogen to produce other higher 
boranes by complex, reversible reactions at tempera-  
tures in  the region of 100~-250~ (10). It  is believed 
that  borine, BI-Is, is an intermediate  in  these borane 
syntheses. The effect of hydrogen as compared to inert  
gas ambients  on the decomposition of si lane has been 
previously reported by Yasuda (9) and Richman (11). 

Below 850~ the activation energy ot the diborane 
catalyzed decomposition of silane is 0.54 eV (12.5 kcal /  
mole).  Between 350 ~ and 550~ the activation en-  
ergy is low, <0.20 eV (4.5 kcal /mole) .  While the rate 
control l ing mechanism is not established, the low- 
temperature  catalysis mechanism may be the formation 
of borine or similar boron active species. 

Whatever  the catalysis mechanism, diborane can be 
used to lower the growth temperature  of silicon films 
several hundred  degrees below the tempera ture  needed 
to grow undoped silicon films. 

In  conclusion, we observed that  both the diborane 
concentrat ion and substrate tempera ture  affect the 
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growth  of boron doped silicon films in a t empera tu re  
region 300~176 Two dist inct  act ivat ion regions 
were  observed:  350~176 and be low 350~ apparen t  
ac t ivat ion energies  were  0.18 eV and 0.54 for the  two 
regions. 
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Solid Electrolyte Properties and Crystal Forms 
of Lead Fluoride 
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ABSTRACT 

Electrolyte properties of ~-PbF2 and  ~-PbF2 were studied using single 
crystals, pressed pellets, and th in  films. Ionic conduct ivi ty  and heat of move-  
men t  of mobile species were  determined for both forms of lead fluoride. In 
addition, the electronic conductivi ty and transport  number  for the cubic 
;~-PbF2 were determined.  Converison of a-PbF2 to fl-PbF2 was studied by 
differential thermal  analysis, with an observed transi t ion temperature  in the 
range 334~176 Part ial  reconversion of fl-PbF2 back to a-PbF2 was effected 
by pressing the mater ia l  at pressures above 30,000 psi. A voltage of 1.7 mV 
(a-PbF2 positive) generated between pellets of a-PbF2 and fl-PbF2 separated 
by a salt bridge implied that the ;~-PbF2 is the more stable form at room 
tempera ture  and atmospheric pressure. 

Some of the solid electrolyte properties of lead fluo- 
ride have been known since the early work of Tubandt  
(1) who reported a value of 1.0 for the t ransport  n u m -  
ber for the fluoride ion. However, it was not clear 
which of the two crystal  forms of lead fluoride was 
being measured in these early studies. One form of lead 
fluoride is a-PbF2, with orthorhombic symmet ry  and a 
density of 8.445 (2). This is the predominant  form in 
commercial  lead fluoride powder. The other form is 
~-PbF2, with cubic symmetry  and a density of 7.750 
(2). The orthorhombic form can be converted to the 

cubic form by heating to about 315~ (2). After cool- 
ing, the mater ia l  remains in the cubic form. This si tu-  
at ion bears some resemblance to the silver iodide and 
l i th ium sulfate systems, where  a low-conductivity,  
low-temperature ,  stable form converts  a~ a specific 
temperature  to a higher conductivi ty cubic form (3). 
However, in  these cases the mater ia l  reverts  to the 
low-conduct ivi ty  form on cooling, while the lead fluo- 
ride remains in the cubic form. One might  expect to 
find that  the orthorhombic, h igh-densi ty  lead fluoride 
would have lower conduct ivi ty than the lower density 
cubic form. 

There is some uncer ta in ty  about the na ture  of the 
t ransi t ion be tween the two forms of lead fluoride, and 
about which form is the more stable at room tempera-  
ture. Values for the t ransi t ion tempera ture  between 
the two phases vary  from 200 ~ to 400~ (2). It  might  
be assumed that  the orthorhombic form is more stable 
at room temperature  and that  the cubic form is more 
stable at higher temperatures,  and much of the l i tera-  
ture follows this assumption. However, there is evi- 
dence to the contrary.  Sauka (2) found that  rapid 
precipitat ion of PbF2 from solutions of Pb(NO3)2 and 
N I ~ F  gave mostly the orthorhombic form, while very 
slow precipitat ion gave predominant ly  the cubic form, 
thus implying that  the cubic form is the more stable 
at room temperature.  

* Electrochemical  Society Act ive  Member .  
]Key words:  differential  t h e rma l  analysis, lead fluoride, ionic con- 

ductivi ty,  solid e lectrolyte ,  thin film. 

The alkal ine earth fluorides, which have the same 
crystal  s t ructure as cubic lead fluoride, have been 
studied in great detail (4-6). Similarly,  the other lead 
halides, which have the same structure  as or thorhom- 
bic lead fluoride, have also been extensively invest i-  
gated (7-9). Lead fluoride however, wi th  crystal  modi-  
fications common to both of these groups, has received 
li t t le at tent ion since Tubandt ' s  work. We report here 
the results of a more extensive study of the electrolyte 
properties of both forms of lead fluoride. 

Experimental 
Lead fluoride synthesis.--Orthorhombic a-PbF2 

(ROC/RIC 99.9% pure) was used without  fur ther  
purification. Powder  x - r ay  results confirmed its ortho- 
rhombic na ture  and showed no lines due to impurities. 
Cubic ;~-PbF2 was made from the a-form by heat ing to 
over 400~ under  a ni t rogen atmosphere. Only a short 
t ime period was necessary to ensure that  all of the 
sample had converted. The ~-PbF2 may be quenched by 
removing it quickly from the oven, or it may be al-  
lowed to cool slowly. No conversion to the a-form was 
noted either way. DTA studies of the a to ~ conver-  
sion showed an  endothermic phase change at about 
342~C. Neither x - r a y  nor  DTA could detect a phase 
change on cooling. The ~-PbF2 was slightly gray 
whereas the a-form was white. This might  have been 
due to some small decomposition, although no lead 
was detected in the powder pattern.  

Thin films.mThin films of PbF2 were prepared by 
vacuum evaporation from resistance sources. Ini t ia l  
at tempts to evaporate PbF2 from tungsten  or molyb-  
denum boats gave durable,  clear films, but  were brown 
in color, indicating possible decomposition of the PbF2. 
Evaporat ion from alumina-coated molybdenum boats 
gave much clearer, al though much more brit t le films. 
The PbF2 was evaporated onto glass microscope slides 
approximately 6 in. above the source. Evaporat ion was 
monitored wi th  a Sloan Omni - I I  and 5-MHz quartz 
crystal  oscillator. The films were deposited at about 
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5000 A/min ,  with thicknesses rang ing  from 6000 to 
84,000A. Pb  and Au films for electrodes were vacuum 
evaporated from Ta and W boats, respectively. 

Two types of cells were constructed; one type con- 
sisted of successive layers of electrode material,  elec- 
trolyte, and electrode mater ia l  (Fig. la ) ,  while the 
other type had th in  fingers of electrode mater ial  cov- 
ered by a layer of electrolyte (Fig. lb ) .  In  the first 
type of cell, the current  moved vert ical ly between the 
electrodes through the th in  layer  of electrolyte. The 
electrodes were either both lead, or one lead and one 
gold. In  the  second type of cell, the current  traveled 
horizontal ly between the electrodes. In  these cells, the 
electrodes were lead. 

Thin  films of PbF~ for x - ray  s tudy were made con- 
cur ren t ly  wi th  many  of the conductivi ty cells by using 
a second substrate holder. On these slides, half  of the 
slide was protected for the ini t ial  deposit of lead. Then 
PbF2 was deposited over the entire slide. In  this way 
the crystal form and orientat ion of PbF2 films over 
glass and lead substrates were observed. 

Blocking electrode cells.--A Harrison 6203-B power 
supply was used to vary  the voltage across Wagner -  
type polarization cells (13-16), and the cur ren t  mea-  
sured by reading the voltage drop across a series re-  
sistor with a Hewlett  Packard 412A VTVM. 

X-ray  all,faction patterns.--A Philips Electronics 
x - r ay  diffraction uni t  No. 12045, with No. 52572 scinti l-  
lat ion counter,  was used with CuKa x- rays  (1.54178A) 
at 40 kV for powder and thin-f i lm studies. The powder 
was ground with a Crescent Dental  "Wig-L-Bug" 
Model 5A amalgamator  using a stainless steel vial. 
Powder  x - r ay  spectra of samples less than 100 mg 
could be taken by spr inkl ing the powder on a glass 
slide that  had a uni form smooth film of silicone grease 
smeared on it. X - r ay  spectra of thin-f i lm cells, which 
were deposited on glass microscope slides, were r e -  
corded directly af ter  the slides were cut to fit the 
holder. 

Pellet preparation.--Pellets were pressed with a 
Pe rk in -E lmer  evacuable die, 13 mm diameter. Graphite  
electrodes were painted on with colloid graphite sus- 
pension (d.a.g. 154) and dried at 100~ for 12 hr. Gold 
and lead electrodes were either pressed on or applied 
by vacuum deposition. In  the t ransport  number  experi-  
ments, a layer of mixed Pb  and PbF2 was pressed at 
the interface to lower polarization. 

a) 

b) 

~ electrode electrolyte / 

-~ ~/' 

Fig. 1. Thin-film cell configurations: (a) vertically layered cell, 
(b) linear cell. 

Conductivity measurements.--A GRC 1650-A im- 
pedance bridge l inked to a Wavetek VCG III  frequency 
source was used to measure a-c resistances, and 
parallel  and series capacitances. The d-c resistances 
were measured with a Kei thley 602 electrometer. The 
thin films or pressed pellets were heated from 25 ~ to 
150~ in  an Associated Testing Laboratories envi ron-  
menta l  chamber and to 250~ in a Blue M oven. 

For a-c measurements  the bridge voltages used were  
well below the electrolyte decomposition potential. At  
each temperature,  there was a strong frequency de-  
pendence. A cell can be represented by the following 
equivalent  circuit: 

Cs 

where R is the actual  resistance and Cs and Cp are 
series and paral lel  capacitances. 

The impedance of a capacitor is Xc ---- 1/~c where 
= 2~f. The measured cell resistance (Rm) when  Cs is 

large satisfies 1/Rm = ~Cp + 1/R. For pressed pellets 
from 25 ~ to 200~ plots of 1/Rm vs. 5 gave straight 
lines whose zero frequency intercepts were 1/R. Above 
200~ straight lines were obtained from Rm : k~ -1/2 
+ R. This semi-empir ical  equation allows for concen- 
t ra t ion polarization. The square root of the frequency 
dependence comes from the random walk aspect of the 
current  being l imited by the diffusion of the current  
carrying species to the electrode (10). 

Transport number of B-PbF2.--The Hittorf method 
of weighing the electrodes after the passage of a cur-  
rent  was used. A Keithley 261 picoampere source was 
used to provide a constant  cur ren t  of 3 ~A. The current  
was integrated with a Bisse t t -Berman E-cell  coulom- 
eter. The voltage drop across the cell was about  one 
volt. The cell was main ta ined  at 150~ in  air. At that  
temperature,  Pb  electrodes developed an oxide coating. 
To avoid this, cathodes were made of vacuum-de-  
posited gold on PbF2, and they alone, not the anodes 
were weighed. Middle sections of PbF~ were also 
weighed to ensure no weight change. 

Di~erential thermal analysis.--DTA measurements  
were made on the a- to B-phase t ransi t ion of PbF2. A 
Fisher Model 260P Differential  Thermalyzer  with 
plat inel  thermocouples was used. The samples were 
placed in  quartz crucibles, and the tempera ture  differ- 
ence noted vs. the a-A1208 standard. Exper imental  
temperatures  were cal ibrated wi th  the AgI phase 
t ransi t ion at 147~ 

Single-crystal synthesis.--A single crystal was 
grown by Stockbarger 's  technique as described by 
Jones (11). Graphite  electrodes were applied by pa in t -  
ing on d.a.g. 154, and thin-f i lm electrodes of lead by 
vacuum deposition. High in terna l  resistance made a-c 
measurements  possible only at high temperatures.  
However, d-c measurements  with lead electrodes gave 
Arrhenius  plots as low as room temperature.  

Results and Discussion 
Relative stability.--As we stated earlier, the stabili ty 

relat ion between the a-  and B-form of PbF2 is still un -  
certain. Differential thermal  analysis was carried out 
to observe the t ransi t ion tempera ture  and how it 
var ied wi th  heat ing and cooling rates. For  a rapidly 
occurring phase change, DTA pat terns up or down do 
not vary appreciably with the heating or cooling rate. 
But, if the energy barr ier  for interconversion is suffi- 
ciently high, this is not true, and the t ransi t ion tem- 
pera ture  can be passed with little observed conversion 
to the now more stable form. The t rue t ransi t ion tem- 
pera ture  may have to be far exceeded before the rate 
of interconversion becomes rapid. In  this case, the rate 
of interconversion will  be highly tempera ture  de- 
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pendent,  and the observed "transi t ion temperatures"  
will depend on how fast the mater ia l  is heated and how 
long it is at a given temperature.  It appears that this is 
the case wi th  lead fluoride, for which t ransi t ion tem-  
peratures have been reported from 208 ~ to 400~ Our 
studies showed no DTA peaks on cooling cycles. As 
fur ther  evidence, it was found that  even over a small  
range of heat ing rates of 5~176 there was a 
noticeable change in  the observed t ransi t ion tempera-  
ture, as shown in Fig. 2. As a check, a series of DTA's 
of AgI at different heat ing rates gave no var iat ion from 
the single 147~ t rans i t ion  temperature.  This evidence 
strongly implies that  the observed phase change of 
a- lead fluoride to B-lead fluoride in  the tempera ture  
range  of 335~176 was from a metas table  to a stable 
state and was rate controlled. 

Sauka's  precipitat ion work is evidence that  the cubic 
B-PbF2 is more stable even at room temperature.  As 
fur ther  evidence, a cell of the type: Pb/~-PbF2/] 
KF ( a q ) / / a - P b F 2 / P b  was constructed by slipping filter 
paper  saturated with KF  solution between two pellets. 
After  several hours, an equi l ibr ium cell potential  of 
-t-1.7 mV was reached. With the following half-cell  
reactions 

Left half-celh Pb -t- 2 F -  --> B-PbF2 -t- 2e -  

Right half-cell:  a-PbF2 + 2e -  -* Pb  + 2 F -  

Cell reaction: a-PbF2 -~ B-PbF~ 

the positive 1.7 mV observed indicates that  the fl-PbF2 
form is the more stable at room temperature,  wi th  a 
free energy difference between the two forms of 78 
cal/mole.  

a-PbF2 has a higher densi ty (8.75) than ~-PbFz 
(7.68). By pressing pellets of B-PbF~ at different pres-  
sures, the B-phase was converted to the a-phase (Fig. 
3). This indicated that  a-PbF~ was the stable form at 
room tempera ture  at  high pressure. All  pressed pellets 
of ~-PbF2 used in this work showed some reconversion. 
Pellets of a-PbF2 could be converted to pure ~-PbF2 
by heating, bu t  there was a marked  increase in size 
which caused them to be brittle, and they often c rum-  
bled. 

Conductivity of polycrystalline PbF2.--The d-c re -  
sistances, and  the f requency- independent  resistances 
obtained from the a-c measurements,  were the sum of 
the bulk  resistance and the electrode contact resistance. 
When the resistances of cells of various thicknesses 
were plotted vs. ~hickness, the slope times the con- 
tact area was equal to the contact independent  re-  
sistivity. 

The intercept  values (contact resistance) were not 
reproducible indicat ing that  the contact resistance 
var ied appreciably from sample to sample. One series 
of pellets was prepared by  cleaning the surfaces by 
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Fig. 3. Conversion of B-PbF2 to a-PbF2 as a function of pressure 
at room temperature. 

glow-discharge followed by  vacuum deposition of gold 
electrodes. In  this case the zero thickness intercept  
was well  defined and equal to 1700 ohms at 200~ as an 
example. Resistivity values for the lead fluoride were 
the same as those found for the other pellets. 

Arrhenius  plots of the conductivities are shown in 
Fig. 4 and 5. Log # was used instead of the more exact 
log ~T because the tempera ture  change was not large 
enough to cause appreciable deviat ion from lineari ty.  
All  of the Arrhenius  plots gave only one slope over the 
tempera ture  range 25~176 If the effect were due 
to defects present  in a fixed concentration, this slope 
would be related to AHm, the heat of movement .  On the 
other hand, if the concentrat ion of defects were vary-  
ing with T, the slope would contain contr ibutions from 
AHm and AHf, the heat of formation. It  is probable that  
the first si tuation pertains, i.e., the PbF2 was not suffi- 
c ient ly pure to exhibit  intr insic conductivi ty at t em-  
peratures below 250~ The AH values are given in 
Table I and are in  l ine with AHm values for other 
crystals (Table II) .  Both forms of PbF2 exhibited the 
same heat of movement .  Also, AHm for polycrystal l ine 
PbFs followed the halogen t rend toward higher energy 
for lower atomic numbers  and fell be tween the re- 
ported values for CdF2 and CaF2 which are thought  to 
be fluoride ion vacancy conductors. 
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Fig. 4. Ionic conductivity of Au/fl-PbF2/Au pressed pellet cell vs. 
temperature measured by a-c technique. 
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Fig. 5. Ionic conductivity of <~-PbF2 pressed pellet cells vs. tem- 
perature. Curve 1, Au/a-PbF2/Au a-c technique; curve 2, Pb/a- 
PbF~Pb d-c technique. 

There was some variat ion in hHm measured for var i -  
ous cells, hHm appeared to depend more on the type of 
cell than  on the crystal  modification of PbF2 used in 
the cell. All  values were about 0.5 eV, but  the pressed 
pellet and thin-f i lm cells of both ~- and ~-PbF2 wi th  
lead electrodes gave slightly higher values for hH. 
Single-crystal  PbF2 exhibi ted the  highest observed 
activation energies which may indicate that  the lower 
values for polycrystal l ine samples reflected some grain 
boundary  conduction. A-C measurements  with the 
lead electrode cells gave the same results as d-c mea-  
surements.  

The conductivi ty depended on the phase of the lead 
fluoride and its history. Aging was noted for all cells, 
thin films being the most notable. In  general, the 
~-PbF2 was about an order of magni tude  more con- 
ductive than the a-form. 

Single-crystal conduct ivi ty .~Resis tance measure-  
ments  were made on a fl-PbF2 crystal  using both a-c 
and d-c techniques. For the a-c measurements ,  d.a.g. 

Table I. Conductivity and activation energy for lead fluoride samples 

Conduc -  Conduc -  
t i v i t y ,  25~ t i v i t y ,  150~ 

--AHm, eV (ohm-cm)  -1 (ohm-cm)-~  

P r e s s e d  p e l l e t s  
Cla-PbF2/C 0.51 - -  3.9 x l0  -6 
C/~-PbF~/C 0.50 -- 3.2 X 10 -~ 
Au/~-PbF2/Au 0.48 -- 5.3 x 10 -6 
AuI~-PbF~/Au 0.48 -- 6.3 X I0 -5 
A u / ~ - P b F ~ / A u  0.47 - -  6.6 x 10 -5 

(pressed gold) 
P b / ~ - P b F 2 / P b  0.56 - -  3.1 • 10 ~ 

S i n g l e  crystal  
CI/~-PbF2/C 0.60 -- 4.1 x I0-~ 
Pbl~-PbF2/Pb 0.65 2.0 x 10 -s 6.0 • 10 -5 

T h i n  f i lms  
P b / ~ - P b F ~ / P b  0.54 5.7 x 10 -~ - -  

a v e r a g e  of 
fresh films 

P b / ~ - P b F s / P b  0.55 9.6 • 10 -~ 4.5 X 10-~ 
a g e d  f i l m  

Table II. Heats of activation 

Material  AHr., eV AHt, eV Spec ies  Ref.  

CaFa 0.55 - -  V~ 4 
CdFJ  0.45 2.19 V~, 5 
PbBra  0.25 1.71 V ~  9 
PbCI= 0.30 1.65 Vcl 8 
PbF~ 0.5 - -  V~" This  w o r k  

electrodes were used, and for d-c measurements  vac- 
uum-evapora ted  lead was used. 

Room tempera ture  conduct ivi ty  could not  be rel i -  
ably determined by the a-c technique as the conduc- 
t ivi ty  was too low at room temperature.  However the 
d-c technique wi th  an  electrometer worked satisfac- 
torily, and the conduct ivi ty  measured was 2.0 • 10 -a  
(ohm-era) -1 .  At  150~ the conduct ivi ty  measured by 
the a-c method was 4.1 X 10 -5 (ohm-cm) -1 and by the 
d-c method was 6.0 • 10 -5 ( o h m - c m ) - l .  As the d-c 
study was r u n  after the  a-c study, the difference could 
be a t t r ibuted to aging effects, which were observed to 
occur even dur ing  a single r un  when the crystal was 
left for several  hours at elevated temperatures.  These 
conductivi ty values agree reasonably well  with the 
values for pressed pellets of ~-PbF~. 

Arrhenius  plots of ~ vs. 1/T gave ~H as 0.60 eV by 
the a-c technique and  0.65 eV by the d-c technique. 
These values are somewhat larger than  those obtained 
from the pressed pellets, bu t  reasonable, since a grain 
boundary  conduction mechanism wi th  a somewhat  
lower ~Hm ma y  be contr ibut ing to polycrystal l ine 
conductivity. 

Conductivity oy thin f i lms.--Conductivi ty  measure-  
ments  on th in-f i lm cells were made using both a-c and 
d-c techniques. The PbF2 studied in  this case was 
found by x - ray  analysis to be (within the accuracy 
of the x - r a y  equipment)  exclusively the cubic form. 
Also, the x - r ay  data indicated that  there was con- 
siderable preference of or ientat ion of PbF~ films in the 
(100) plane, when  deposited over either glass or lead. 

A-C resistance measurements  were made on several 
vertical  type cells (Fig. la ) .  h l terpre ta t ion of these 
measurements  was made difficult because of a large 
frequency dependence of the resistances. In  these cells 
the electrolyte thickness was very  small, thus the re-  
sistance due to the electrolyte may not be large com- 
pared to the resistances due to the electrode interfaces, 
and these contact resistances can tend to mask the 
electrolyte resistance. Ignoring the contact resistance, 
and calculating the conduct ivi ty  from a-c resistance 
values at 1000 Hz, gave conductivi ty values at 25~ 
from 0.9 X 10 -6 to 5.8 • 10 -6 ( o h m - c m ) - l ,  for var i -  
ous cells. By plott ing resistance vs. electrolyte thick- 
ness one should be able to subtract  out the contact re-  
sistance, as was done with the pressed pellets, and find 
the true conductivity. However, difficulties were en-  
countered in gett ing consistency from one cell to an -  
other, and  thus this method of finding the conductivity 
was not  effective. 

In  order to avoid the above-ment ioned problems, 
cells of the l inear  type (Fig. lb)  were constructed. In  
these cells the current  path through the electrolyte was 
much longer, the effective electrode area much smaller, 
and thus, the resistance much higher than in the ver t i -  
cal cells. The problem of in terpre t ing  f requency de- 
pendence of a-c  resistance was avoided by using d-c 
resistance instead, measured with an electrometer. 
Because of the l inear  geometry, it was also possible to 
plot resistance vs. conduction path distance through 
the electrolyte for each cell, and subtract  out any con- 
tact effects. Figure 6 shows the resistance vs. conduc- 
t ion path distance for a typical  l inear  cell. The con- 
tact resistance is seen to be very  small  in relat ion to 
the electrolyte resistance, and the slope of the l ine gave 
a conductivi ty value of 5.4 • 10 - s  ( o h m - c m ) - i  at 
room temperature.  Other cells gave conductivi ty values 
from 5.5 to 6.6 X 10 - s  ( o h m - c m ) - I  at room tempera-  
ture. These are the values ini t ia l ly  after the cells were 
made. Upon standing the cells aged, and the conduc- 
t ivi ty dropped. This aging was accelerated by heating, 
wi th  the conductivi ty dropping to 1 X 10 -6 (ohm- 
c m ) - t  or less (see Table I) .  

An Arrhenius  plot of log �9 vs. 1/T for a typical  cell 
is shown in Fig. 7. The cell was heated, cooled, and 
then reheated. Upon ini t ial  heating, log ~ vs. 1/T was 
l inear  with a slope corresponding to a AH of 0.53 eV. 
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Fig. 7. Ionic conductivity of thin-film /~-PbF~ vs. temperature, 
measured by d-c technique. 

At about 100~ however it appeared that  the aging 
process in the film accelerated, and the resistance in-  
creased rapidly, changing the apparent  slope of the 
graph. Upon cooling it  was observed that there was 
some crazing of the PbF2 film. However the cell was 
still operable, with a room temperature  conduct ivi ty  
of about  1 • 10 -8. Data for a second heat ing cycle are 
also shown in Fig. 7. For  this second heat ing cycle the 
slope yielded a aH of 0.55 eV, essentially the same as 
for the init ial  section of the first heat ing cycle. The AH 
values for all the l inear  cells ranged from 0.53 to 0.57 
eV. These values are in good agreement  with the re-  
sults from the pressed pellets, but  somewhat lower 
than those from the single crystal. However, the con- 
duct ivi ty  values were not at all  in agreement  wi th  
either the single crystal or pressed pellet measure-  
ments, ra ther  they tended to be an order of magni tude  
larger (see Table I) .  One possible explanat ion is that  
the calculations for the thin films were erroneous be-  
cause of the unusua l  geometry of the cell. However, a 
similar cell reported in a previous paper (12), using 
RbAg4Is, gave results ent i rely consistent with those 
from pressed pellets. Another  possibility is that  the 
films contained large amounts  of impurities,  possibly 
from decomposition dur ing  evaporation, or even from 
the evaporat ion source, so that  the mater ia l  was effec- 

t ively doped, whereas the pressed pellets were as pure  
as the original PbF2 powder. 

E l e c t r o n i c  c o n d u c t i v i t y . - - E l e c t r o n i c  conduction in 
solid electrolytes which are pr imar i ly  ionic conductors 
can be studied by direct cur ren t  polarization (13-16). 
Excessive electronic conduction, either by electrons or 
electron holes, would hinder  the use of PbF2 in  a gal-  
vanic cell. Cells of the type Pb /~ -PbF2 /Au  were fab- 
ricated and polarized with the gold electrode positive. 
The lead and gold electrodes were vacuum deposited 
on the ~-PbF2 pressed pellets. 

Electronic current  which flows after steady state is 
reached is the sum of the currents  due to electrons and 
holes 

i : ie + ih : R T / L F  [a% (1 -- exp ( - - E F / R T ) )  

+ a% (exp ( E F / R T )  --  1)] 

where L : cell constant  ( thickness/area) ,  E : ap- 
plied potential, and a~ and a~ : specific conductivities 
for electrons and holes in PbF2 in contact with Pb. 

For a polarization cell of the type M/MX/Blocking  
electrode, a plateau current  will  be observed with in -  
creasing potential  for conduction by electrons, bu t  an 
exponent ia l ly  increasing cur ren t  shows conduct ion by 
electron holes. 

The graph of current  vs.  potential  for /~-PbF2 was 
exponential  (Fig. 8), and the plot of L F / R T  log i vs.  
potential  was l inear  (Fig. 9). If we assume only elec- 
t ron hole current,  the equation for the current  re-  
duces to 

i : R T / L F  ~% [exp ( E F / R T )  - -  1] 
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The slope of Fig. 9 should be F/2.3 RT, or 11.9 (V)-1 .  
Data from two cells gave slopes of 3.36 and 3.41 (V) - 1  
The slopes were, therefore, about three t imes smaller  
than theoretical. Wagner  and Wagner  also noted slopes 
about four t imes smaller  than  expected for PbC12 and 
PbBr2 (17). 

A value for the apparent  hole conductivi ty can be 
calculated from the intercept  of Fig. 9. Table III  com- 
pares the calculated a~ for p-PbF2 wi th  o~her lead 
halides. 

Schoonman reported PbO formation at the cathode 
interface (16). Tetragonal  lead oxide is an oxygen ion 
vacancy conductor, and the following analogous re-  
action could be postulated for PbF2 

� 89 -~ 2PbF2-> PbF4 ~- PbO 

The cell voltage calculated from free energies of 
formation is --1.59V. In  Fig. 0, the observed voltage 
at which the current  dramatical ly increased was very 
near  this potential. Therefore, if this were the case, 
all faradaic processes were not blocked, and the ob- 
served current  still contained an ionic contribution. 
Therefore, the current  due to electron holes then 
would be even lower than that  observed. F rom this 
we see that electronic conduct ivi ty can represent  
at most only 10-4% of the total conductivi ty at 150~ 

Transport number.--The t ransport  numbers  for Pb 2 + 
and F -  in $-PbF2 were  measured using the cell 

Pb /~ -PbF~ / /~ -PbF2 / /~ -PbF2 /Au  

The cell consisted of three pellets held together under  
pressure. The gold electrode was then  cathodically 
polarized at 150~ The blocking electrode study showed 
that  only a minu te  fraction of the total  conductivity 
could possibly be electronic. Therefore, the weight 
change could be a t t r ibuted to the migrat ion of fluoride 
ions away from the cathode and lead ions into the 
cathode section. 

The observed weight  change at the cathode was used 
to calculate the fluoride ion t ransport  number .  The 
weight change per  coulomb of charge is ~-1.075 mg /  
coulomb for lead and --0.197 mg/coulomb for fluoride. 
A total of 4.90 coulombs was passed through the cell at 
about one volt. There was a weight loss of --0.51 mg 
in the cathode section (the middle  ~-PbF2 section 
showed no weight change within  exper imenta l  error) .  
The fluoride ion t ranspor t  number  was then calculated 

- - t -  (0.197 mg/coulomb)  
-t- (1 -- t - )  (1.075 mg/coloumb) 

= --0.51 rag/4.90 coulomb 
t -  = 0.93 • 0.02 

Table Ill. Electron hole conductivities in lead halides 

T e m p e r -  
C o m p o u n d  aOh (ohm -~ em-D a tu re  ~ C Ref. 

PbCI~ 1.2 x 10 -4 300 17 
PbBr~* 9 x 10 s e x p [ - - 2 . 3 4 ( F / R T )  ] 150 18 

1.179 • 10 -~ 
P b B r s t  1.6 e x p  [ - -  0.8 (F/RT) ] 150 18 

5.0 x 10 -~o 
PbBr~$ 1.2 exp[  - - 0 . 74 (F /RT)  ] 150 18 

1.8 x 10 -o 
~-PbF~ 1.14 exp [  - 0.86 ( F / R T )  ] 150 Th i s  w o r k  

( c e l l N o .  1) 5.6 x 10 - a  
~-PbF~ 1,04 exp [  -- 0.93 ( F / R T )  ] 150 This w o r k  

(cell  No. 2) 9.2 x 10 -~2 

* From thermodynamic  da ta .  
* B l o c k i n g  electrode exper iment .  

C o n d u c t i v i t y  e x p e r i m e n t  on  PbBr~ in  Br2 atmosphere,  

Therefore, the lead ion t ransport  number  was 0.07 
• 0.02. This showed the conduct ion mechanism to be 
predominant ly  fluoride ion. Tuband t  measured t -  for 
PbF2 (crystal form unspecified) at 200~ and found it 
to be 1.0 (1). 

Summary 
The evidence presented supports the conclusion that 

the E-form of PbF2 is the more stable form at a tmo- 
spheric pressure and all temperatures  from room tem- 
perature  to melting. The high density a- form is the 
stable form at high pressure. 

Cubic PbF2, like many  other cubic-s t ructured com- 
pounds, is more conductive than the orthorhombic. 
However, a s imilar  heat of moven~ent of about 0.5 eV 
for both forms indicates that  they conduct by the same 
mechanism. Transport  number  measurements  show 
that  the mechanism is predominant ly  fluoride ion and 
analogy to other compounds suggests that  the fluoride 
ion vacancy is the mobile species. Fur thermore  other 
cubic fluorides form Frenkel  defects while  ortho- 
rhombic lead halides exhibit  Schottky defects. This, 
too supports the hypothesis that lead fluoride conducts 
by fluoride ion vacancy since this alone is common to 
the two defect mechanisms. 

A doping study with al iovalent  cations will  be neces- 
sary to prove the fluoride ion vacancy conduction 
mechanism. Also, high pur i ty  PbF2 samples might  
yield informat ion on the energy needed to form the 
defects needed for conduction. 
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Controlled Porosity and Pore Size 
Substrates for Nickel-Cadmium Cells 
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ABSTRACT 

A novel process for the preparat ion of improved cadmium electrode plaques 
with precisely controlled pore size and porosity is described. The require-  
ments  for these plaques include far better  uniformity,  reproducibili ty,  and 
life than  is cur ren t ly  avai lable with convent ional  materials.  The key fea- 
tures of the work were preparat ion of plaques via a powder metal lurgical  
technique which consisted of isostatically compacting a blend of a nickel 
powder wi th  a fugit ive pore-former  and subsequent ly  sintering the  "green" 
compact. Cadmium electrodes were prepared from these materials  and cycle 
tested in negat ive- l imited cells using an accelerated, torturous test regime. 
Results were obtained which showed the new structures yielded electrodes 
that were superior ~o the conventional  structures in mechanical  properties and 
performance. BET surface areas, SEM photomicrographs, and mechanical  
strengths using a three-point  bend test were used to help in the thorough char-  
acterization of the electrodes and the components prepared. 

There is current ly  a need for very long-lived, highly 
rel iable secondary batteries. Nickel-cadmium bat-  
teries of the sealed type are un ique ly  suited for such 
applications main ly  because of their long lives if suit-  
ably constructed and if employed under  the proper set 
of operating conditions, e.g., part ial  discharges, low 
temperatures,  and low rates of charge and discharge. 
Under  tor turous conditions the ut i l i ty  of nickel-cad-  
mium batteries becomes severely l imited because cells 
can fail due to any number  of factors, a very common 
o n e  being cell fai lure due to excessive gassing on 
overcharge. This can be a result  of aging effects on 
both electrodes and especially degradation of the cad- 
mium electrode. 

Such failures can be blamed on lack of uni formi ty  
and reproducibi l i ty  of the bat tery  components. This is 
resonable, for if components are not uniform and re- 
producible, it is not possible to effectively account for 
them in the  design of the system. 

Past efforts to produce uniform materials  have been 
concerned with bu lk  or macroscopic uniformity,  that 
is, special a t tent ion was given to produce, for example, 
plaques and electrodes of thickness, loading, porosity, 
etc. wi thin  t ighter  l imits (1). In  spite of this, elec- 
trodes that  were apparent ly  un i form on a bu lk  basis 
have shown widely differing aging characteristics in-  
dicating that perhaps not all key variables have been 
considered. 

Rather than  concentrat ing on macroscopic un i form-  
ity, in the work discussed herein  the uni formi ty  on the 
microscopic scale was controlled, and its role on the 
life and aging cl~aracteristics were evaluated by test- 
ing highly porous plaques of very closely controlled 
porosity, pore size, and pore-size distr ibution.  

To this end, powder metal lurgical  techniques were 
chosen to prepare uni form plaques because these are 
t h e  most versatile and direct processes for the fabri-  
cation of porous materials  suitable for practical elec- 
trode components. A pore-former  type process was 
selected as the most promising. With the use of a pore- 
former, one can precisely control both induced and 
interst i t ial  porosity to make a s t ructure  to meet a 
specific application. Interst i t ial  porosity is the na tura l ly  
occurring void volume between neighboring particles 
in a more or less close-packed aggregate. Induced 
porosity, on the other hand, is formed by the addition 
of a fugit ive pore-former  to the unconsolidated pow- 
der. An  interconnected void volume is subsequent ly  
formed by the removal  of the added powder (2). 

" Electrochemical Society Act ive  M e m b e r .  
Key words: electrode substrates, nickel p l a q u e s ,  n i c k e l - c a d m i u m  

cel ls .  

To prepare an induced-pore electrode plaque, a 
nickel powder was first screened to yield an average 
particle diameter of the desired size. Then a powdered 
pore-former of the proper particle size to form pores of 
the necessary diameter  was blended with the nickel 
powder. The blended powder mixture  was then  com- 
pacted to cold-sinter  the nickel particles. The pore- 
former was removed from the compact leaving a struc-  
ture  that was subsequently sintered at the desired times 
and temperatures.  

Pressure was applied to the powder blend isostati- 
cally in a flexible mold in a pressurized fluid. Because 
a powder does not behave in an ideal hydrodynamic 
manne r  under  pressure, a consequence of interparUcle 
and die wall  friction, die pressing usual ly results in 
variat ions in microstructure throughout  the compact. 
Uniform microstructures can best be achieved by  iso- 
static pressing. 

The isostatic compaction process used in this work 
was the so-called wet -bag process. Parts  were com- 
pacted, via pressurized l iquid against  rubber  dia-  
phragms from two directions. A detailed description 
of the process is given in the Exper imenta l  section. 

Experimental 
The exper imental  work involved pore-former prep-  

aration, nickel powder preparation,  b lending of the two 
powders, compaction of the powder blend, removal  of 
the pore-former,  s intering of the "green" plaque, and 
electrode fabrication, and testing. The following is a 
brief outl ine of these procedures. 

Plaque preparation.--Figure 1 il lustrates the process 
flow of the various operations required in the fabrica-  
t ion of the plaques. Each operation is described in  some 
detail in the paragraphs that  follow. 

Pore-lormer.--(NH4)2COs was used as a pore-former.  
I t  was prepared by grinding Fisher purified grade 
powder in a porcelain bail  m i l l  The powder was sieved 
and when a sufficient fraction of --37~ powder was 
obtained, it was sieved again in a 3-in. micro mesh 
sieve stack (44~, 30~, 20~, 10u). The various fractions 
were then stored unt i l  needed. All  operations on the 
pore-formers (grinding, sieving, etc) were performed 
in a dry room (R.H. 3-5%).  

Nickel powder.--Inco Type 287 powder was used in the 
work except where  otherwise stated. I t  was treated by 
heating in a vacuum oven for 1 hr at 210~ and then 
cooled in a dry room. The powder was sieved and the 
--37~ fraction was stored in the dry room and the re- 
main ing  fractions discarded. 
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Fig. 1. Process flow chart, plaque fabrication 

Powder blending.--To prepare a blend for an 80% 
porous structure, for example, the nickel and 
(NI-I4)2CO3 were weighed out to obtain Ni: (NI-I4)2CO~ 
ratio of 1.5: 1, the ratio required to yield an 80% plaque. 
The normal  working weight was 200g. This was used 
to aid in handl ing and to avoid changes in composition 
due to storage. The powders were then mixed and 
brushed through a sieve. The blend was placed in a 
Pat te rson-Kel ley  twin-she l l  dry b lender  and allowed 
to mix for 30 min. After  mixing, the mater ial  was 
again brushed through a sieve and then stored in the 
dry  room. All  the above operations were carried out 
in  a dry room. The blend for a 60% porous structure 
was prepared in  a similar  m a n n e r  except that  the 
Ni: (NHD2CO8 ratio was 9: 1, the value required to pre-  
pare a plaque of 60% porosity. 

Powder compaction.--The blend was then loaded into 
the cavity of a flexible mold (Fig. 2) which already 
contained an  annealed 20-mesh, 7-mil  wire, woven 
screen, by brushing through an appropriate size sieve. 
For the --37~ size pore-former,  a 45~ sieve was used. 
The essential feature of this mold was the two flexible 
ends which permit ted compaction, via the rubber  
parts, from both sides of the specimen. This mold al-  
lowed the preparat ion of a par t  3 in. in diameter. All  
excess mater ia l  was struck off, and the mold closed and 
inserted into an Autoclave Engineers  4-in. isostatic 

press and compacted at a pressure of 7000 psi for 1 
min. 

Pore-former  removaL--Af ter  compaction, the "green" 
sintered specimen was removed from the mold and the 
(NH4)~CO3 pore-former  was removed by placing the 
sample in a vacuum oven and decomposing under  vac- 
uum at 210~ for 20 min. 

Green plaque sintering.--The "green" plaques were 
then  removed from the decomposition oven and im-  
mediately placed into a vacuum oven where they 
were sintered in a TM Vacuum Products oven at a 
pressure of less than  50~ at 870~ for 10 min. Hel ium 
was used as a back fill and cooling media. 

Plaque characterization.--Mechanical testing.--Me- 
chanical strengths were measured for representat ive 
specimens on an Ins t ron  Tensile Tester by a three-  
point bend method. 

Photomicrographs.--Scanning electron photomicro- 
graphs of selected specimens were taken and measure-  
ments  made on them to determine induced pore size 
and ratio of induced to interst i t ial  porosity. Examina-  
t ion of photomicrographs was also used as a criteria 
for microscopic uniformity,  along with such items as 
Cd(OH)2 crystal  size and distr ibution,  in  v i rg in  and 
cycled electrodes. 

BET surface area.--Surface areas of selected sintered 
plaques were determined wi th  a Numinco-Orr  Surface 
Area Pore-Volume Analyzer,  Model 2100, using kryp-  
ton as the adsorbate. Surface areas were util ized for 
comparison with other properties. 

Cadmium electrode processing.--The structures  pre-  
pared as described above were impregnated by a ther-  
mal  process (3) in  a m a n n e r  that  minimized plaque 
damage. All  electrodes in this study were loaded to 
2.452 ~ 0.053g CdO/cm ~ of plaque (0.0706 _ 0.0048 
A/cm 2 Cd(OH)2 loading).  It  was felt that  a constant  
loading per cubic inch of free space would yield elec- 
trodes far too low in energy density. 

The electrodes were then  placed in 30% KOH (pre- 
pared from mercury  cell grade 45% KOH) and 
charged against nickel dummies to a m i n i m u m  of 50% 
overcharge (based on the calculated theoretical ca- 
pacity) dur ing a 16-hr charge cycle. They were then 
discharged to 0.0V vs. a nickel oxide reference elec- 
trode at a cur ren t  of 200 mA, washed free of KOH 
in hot deionized water, and air dried at 70~ for 1 hr. 

Electrochemical testing.--Cadn~um electrodes thusly 
prepared were cycled in  2.35 • 1.62 in. sizes in spe- 
cially constructed prismatic hardware  in a n ickel-cad-  
mium sandwich configuration, using nickel electrodes 
ef sufficient capacity to assure negat ive- l imi ted per-  
formance under  all test conditions. These cells were 
cycled on fully automatic equipment  to 100% depth 
(0.00V) using the regime shown in Table I. 

All  the charge and discharge data were recorded on 
a L&N Speedomax Type G mult~point recorder and a 
statistically significant sample size was tested for each 
type of electrode prepared. 

The use of negat ive- l imi ted cells assured that  these 
electrodes will  receive more ~orturous t rea tment  than  
they would receive in a practical cell. In  this way, per-  
formance differences and aging characteristics between 
different type electrodes would show themselves with 
the expendi ture  of a m i n i m u m  amount  of test effort. 

Fig. 2. Exploded view of flexible mold used to isostatically com- 
pact powders. 

Table I. Charge and discharge data 

Discharge 
Cycle  No. C h a r g e  ra te  ra te ,  A 

1-3 150 m A  fo r  16 h r  0.24 
4 150 m A  fo r  16 h r  1.20 
5 150 m A  for  16 h r  2.40 
6 150 m A  for  16 h r  4.80 

7 -end  1.20 A fo r  1 h r  1.20 



Vol. 120, No. 11 P O R O S I T Y  AND PORE SIZE FOR N i - Cd  CELLS 1449 

Results 
Mechanical strengths of isostaticaIly compacted 

plaques.--The mechanical  strength3 of cadmium elec- 
trode substrates are impor tant  properties to consider 
when  one is prepar ing electrodes tha t  are expected to 
be long lived. Furthermore,  mechanical  s trengths are 
useful  tools for general  characterization of electrodes 
and plaques. 

F lexura l  yield strengths were evaluated with an In -  
stron three-point  bend test jig; the results are shown 
as the square of the powder content, (1 -- P) ,  where  
P is the fraction porosity in Fig. 3. 

The values of the flexural yield strengths varied be-  
tween 900 and about 8000 psi between porosities of 
80 and 60%. The relat ionship between mechanical  
s t rength and porosity was, (1 -- p)2 _.~ 2 • 10-5S 
where S is the flexural yield s t rength in  uni ts  of psi. 

Especially noteworthy was the exceptionally high 
values of mechanical  s trength of the 60% plaques, in 
the 8000 psi range. Conventional,  gravi ty-s in tered 
plaques sintered under  the same conditions had me-  
chanical strengths of 643 psi for a 79.2% porous plaque. 

BET surface areas of substrates.--Surface areas of 
special specimens were determined using a modified 
BET method with krypton as the adsorbate. The surface 
areas were in  the range of 0.11 to 0.17 m2/g of powder 
content  in the plaque. The contr ibut ion of the screen 
weight to the total plaque weight was subtracted for 
the sake of this discussion. The specimens whose surface 
area was measured did have support screens however. 
The specific surface areas in terms of powder weights 
are shown as a function of total  porosity including 
screen in  Fig. 4. The specific surface area is seen to 
be a l inear  funct ion of porosity in  this range for 
the two different pore sizes. The reduct ion in surface 
area with decreasing porosity is a reflection of the 
packing of the nickel  powder. With the low porosity 
materials, a part icle has more neighbors to bond with 
dur ing pressing and to form necks with dur ing  sinter-  
ing. There is, therefore, a marked decrease in powder 
surface area with decreasing porosity. 

The surface areas of the compacted plaques also 
show some dependence on induced pore size. This 
effect is ra ther  small  however. One may easily visu-  
alize changes in the number  of interpart icle bonds and, 
therefore, surface area when  the size and quan t i ty  of 
pore-former  particles are varied. The use of larger 
pore-former  particles with the same quant i ty  of metal  
powder results in a plaque with a thicker pore wall. 
As a result, each particle will  have a different number  
of neighbors to form necks with dur ing sintering, de- 
pending on the size of the pore-former.  The surface 
area will, therefore, exhibit  small  differences. 

Figure 4 shows the two lines intersecting. On the 
basis of the above discussion, one would not expect 
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Fig. 3. Mechanical strength as a function of powder content 
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this to happen. In reality, different ratios of pore- 
former to nickel powder were required to prepare 
plaques of differing porosity irrespective of the pore 
size. 

Results of cycle testing.--Accelerated testing of the 
cadmium electrodes prepared was performed in spe- 
cially constructed negat ive- l imited cells at high charge 
and discharge rates. This was an extremely punishing 
regime for cadmium electrodes. It  was employed in an 
effort to minimize the amount  of exper imental  t ime in 
evaluat ing the differences between various electrodes. 
The results are therefore not necessarily typical of 
cadmium electrodes in conventional  posi t ive-l imited 
systems in which they are never  discharged to 100% 
depth. The results are therefore best used only for 
comparative study of this type. Eighty per cent porosity 
plaques at the 90, 50, 25, and 15~ inducted pore-size 
levels were tested. Also, performance of state-of-  
the-ar t  electrodes (gravi ty-s intered plaques) were 
evaluated for the purpose of comparison. In  addition, 
a blended powder, Inco Type 287 with Sherr i t t -Gordon 
1~ powder, was evaluated. 

A summary  of the test results of the accelerated 
cycle data obtained is given in Table II. The degrada- 
tion of capacity rates was determined via a l inear  re-  
gression analysis of the test data, using the seventh to 
the last cycle. A straight l ine was found ~o fit the data 
well. Since the differences in the test data were 
small, a numerical  summary  made it easier to compare 
the isostatically compacted electrodes and conventional  
electrodes prepared from gravi ty-s in tered plaques from 
the point of view of efficiency and degradation ra~es. 
As far as degradation rates were concerned, there 
were no statistically significant differences, with one 
exception, between all the electrodes tested. The 
electrodes prepared from the 60% 25~ plaques inex-  
plicably had higher degradation rates than all the 
other electrodes. Therefore, it seemed that the degra- 
dat ion rate under  the test conditions employed were in -  
dependent  of the plaque properties and were not used 
as a cri terion for cell life. Some real differences were 
observed in electrode efficiencies. The 80% structures 
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Table II. Summary of cycle test data 

L e a s t  s q u a r e s  fit to Y = A + B X  
Y = eff ic iency,  X --- c y c l e  n u m b e r  

S m o o t h e d  
efficiency 

E l e c t r o d e s  %Plnd* At Bt at cycle 50 

State-of-the art 0 37.33 -0.100 -- 0.058 32.3 _ 2.4 
(thermal) 

From 60% 15/z p l a q u e s  40 22.22 - 0 . 0 6 9 4  ----. 0 .054 18.7 ~ 2.3 
F r o m  60% 25/z p l a q u e s  40 33.20 - -0 .182  "4- 0.052 24.1 -+ 2.2 
F r o m  60% 501z p l a q u e s  40 21.98 - -0 .064  ----- 0 .086 18.8 -4- 3.6 
F r o m  60% 90/~ p l a q u e s  40 23.22 - -0 .085  ~ 0.082 19.0 -4- 3.5 
F r o m  80% 15~ p l a q u e s  91 40.28 - -0 .120  - -  0.076 34.3 -~ 3.2 
F r o m  80% 25/~ p l a q u e s  91 41.51 -- 0 .0873 ---+ 0.092 37.1 __- 3.9 
F r o m  80% 25~  p l a q u e s  91 41.64 - -0 .140  ~ 0.079 34.6 ~- 3.3 

( b l e n d e d  p o w d e r s }  
F r o m  80% 50~ p l a q u e s  91 32 .54  + 0 .048 ~ 0 .048 34.9 ___ 2.0 
F r o m  80% 90~ p l a q u e s  91 38.00 - -0 .086  ~ 0.031 33.7 ----- 1.3 

* Per cent porosity i n d u c e d ,  ca lcu la ted ,  
t Electrode efficiency at the zero cycle, if it is possible to extrapo- 

late through the first seven cycles, -- average 95% confidence limit. 
$ Rate of degradation of the electrode efficiency per cycle __. 95% 

conf idence  limit. 

with pore sizes 25~ or less had efficiencies higher than  
convent ional  electrodes. 

The electrodes prepared from the higher induced 
porosities, 91% vs. 40%, had considerably higher effi- 
ciences at the end of 50 torturous cycles. We could not 
account for this difference on the basis of increased 
loading per uni t  volume of the free space of the 60% 
electrodes. (Recall that  all electrodes had the same 
loading per uni t  total volume.) On the basis of their 
loadings alone, we expected 60 and 80% porous elec- 
trodes to have essentially the same efficiencies. The low 
efficiencies of the 60% electrodes were perhaps related 
to their low induced porosity. Fur ther  work will  be 
required if this phenomenon  is to be clarified. 

Scanning electron microscopy o] isostatically com- 
pacted plaques and cadmium eIectrodes.--The SEM 
was used as a tool for judging the extent  of micro- 
scopic uniformity.  

Figure 5 shows representat ive SEM photomicro- 
graphs, 60 and 80% 25~, of isostatically compacted 
structures and are qual i ta t ively quite reveal ing as far 
as microscopic uni formi ty  is concerned. The micro- 
graphs at approximately 70X magnification show the 
na ture  of the induced porosity, ra ther  large pores 
uni formly  distr ibuted throughout  the plaque. The 80% 
porosity mater ia l  apparent ly  is a little bit more un i -  
form in this respect. The actual size of the induced 
pores was less than  the size of the pore-former  par-  
ticles. The reduction in size was probably  due for the 
most part  to shrinkage dur ing  sintering. 

Small  interst i t ial  pores well  under  10~ are evident  
which no doubt contr ibute  substant ia l ly  to the total 
porosity and performance of the electrode. No very 
extensive agglomerates of mater ia l  are visible, that is, 
all the porosity is seemingly interconnected. 

These observations are contrasted with the details 
also shown in Fig. 5 for a s ta te-of- the-ar t  gravi ty 
sintered plaque prepared under  identical conditions of 
s intering t ime and temperature.  Very large i rregular  
pores not uni formly  distr ibuted are evident. Also 
present in the gravi ty-s in tered s tructure are islands 
of large agglomerates of nickel metal. 

Rout inely at the end of the accelerated test program, 
SEM photomicrographs of selected specimens of the 
cycled cadmium electrodes were taken in an effort to 
find morphological changes that  may have occurred 
during the cycle testing. Typical examples are shown 
in Fig. 6 for electrodes made from 60% 25~ and  80% 
1 5 ~  plaques. The Cd(OH)2 crystal size variat ion with 
the plaque s t ructure  is impor tant  because the crystal 

Fig. 5. Scanning electron micrographs of isostatlcally compacted plaques and a gravity-sintered material. (Left), 60% porosity, 25~ pore- 
former; (center), 80% porosity, 25~ pore-former; (right), state-of-the-art gravity-sintered plaque. 

Fig. 6. SEM photomicrographs of cadmium electrodes. (Left), cycled electrode prepared from 60%, 25~ pore-former, isotatically compacted 
plaque; (center), cycled electrode prepared from 80%, 15~ pore-former, isostatically compacted; (right), formed but not cycled electrode 
prepared from 60% 50~ pore-former, isostatically compacted plaque. 
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size is perhaps  a key  p rope r ty  governing  the pe r -  
formance  degradation of cadmium electrodes dur ing 
cycling. 

Of in teres t  in the  micrographs  is t he  appearance  of 
the  nickel  substrate.  A typica l  example  of a formed but  
not  cycled e lec t rode  is also given in Fig. 6. Note that  
the plaque subs t ruc ture  is comple te ly  covered wi th  
Cd (OH)2 crystals .  Wi th  cycling, morphological  changes 
occurred in which cadmium active mass migra ted  f rom 
the nickel surfaces onto other  cadmium hydrox ide  
particles. Also prominen t  in the micrographs  is the  
evidence of corrosion of the  nickel  substrate.  This was 
due e i ther  to the  e lec t rode  processing or to the cycling. 

The Cd(OH)2  crys ta l  sizes, d, were  de te rmined  in 
this  w a y  for al l  the  e lectrodes p repa red  in this  p ro -  
g ram and are  given in Table  I I I  a long wi th  the 
smoothed 50th cycle  efficiency. 

The Cd (OH)2 crys ta l  size was dependen t  on ~he sub-  
s t ra te  porosity,  the 60% porous subs t ra tes  have crys ta l  
sizes in the  0-2~ range  and the 80% porous subs t ra tes  
have  crys ta l  sizes of about  7-10~. This difference in 
c rys ta l  sizes is ev ident  in Fig. 6. However ,  the  c rys ta l  
size was perhaps  confounded with  the  depth  of discharge 
and perhaps  porosity,  of the  two different  groups of 
electrodes.  In tu i t ive ly  one would genera l ly  expect  
higher  discharge efficiencies for  electrodes wi th  the 
smal ler  c rys ta l  sizes, ye t  the  opposite was observed.  

No definite re la t ionship  be tween  crys ta l  size and 
e lec t rode  efficiency was observed. A t rend of decreas-  
ing crys ta l  size wi th  increas ing induced pore  size was 
evident  however .  

As an addi t ional  point  of interest ,  the  formed but  
uncyc led  electrodes had  average  crys ta l  sizes of 3.0~, 
so tha t  upon cycling, c rys ta l  sizes of the e lectrodes 
wi th  the 60% porous subs t ra tes  decreased whi le  those 
wi th  the  80% porous subs t ra tes  increased.  

I t  thus appears  tha t  the  Cd(OH)2 crys ta l  size in 
these electrodes at the  loading levels s tudied is de -  
pendent  on both  the  p laque  pore size and porosity.  

Conclusions 
Cadmium electrode subst ra tes  wi th  prec ise ly  con-  

t ro l led  micros t ruc tures  were  p repared  having 60% and 
80% porosities,  each at 15, 25, 50, and 90# induced pore-  
size levels. Cadmium electrodes were  p repa red  f rom 
these mate r ia l s  and tes ted using an accelera ted  regime. 
The  resul ts  r evea l  tha t  cadmium electrodes p repa red  
f rom 60% porosi ty  25/~ induced pore-s ize  p laques  had 
efficiencies only 5-10 percentage  points  lower  than  
s t a t e - o f - t h e - a r t  e lectrodes judging  f rom the  resul ts  
of an accelera ted test  regime.  These plaques  had  

Table III. Cd(OH)2 crystal size after cycling 

Smoothed 
50th cycle 

Electrode type efficiency d (#) 

60070 15//, 18.7 2.3 
60% 25p, 24.1 1.4 
60% 50/L 18.8 1.0 
60% 90/L 19.0 0-1.0 
80% 15p, 34.3 9.8 
80% 25//, 37.1 6.8 
80% SOp, 34.9 7,3 
80% 90~ 33.7 4.7 

vas t ly  super ior  mechanica l  propert ies ,  about  8000 psi 
as compared  to 645 psi for the  convent ional  g rav i ty -  
s intered mate r ia l  in use today.  This added s t rength  
was observed to e l iminate  cracking and phys ica l  deg-  
rada t ion  of the  electrodes dur ing  processing and cy-  
cling. The electr ical  per formance  of these electrodes 
was poorer  than s t a t e - o f - t h e - a r t  electrodes. 

Cadmium electrodes p repa red  from 80% porous 25~ 
induced pore-s ize  plaques, under  the  tor turous  test  
regime employed,  proved to be the best  e lectrodes 
made  dur ing the course of this p rogram from the point  
of view of highest  efficiency. They were  super ior  to 
s t a t e - o f - t h e - a r t  e lect rodes  in this  respect,  in addi t ion 
to having somewhat  super ior  mechanical  s t rengths  
and be t te r  uniformity .  

I t  was also observed that  the p laque pore  size and 
porosi ty  were  cont r ibut ing  factors to Cd(OH)2 crys ta l  
size. No re la t ion  be tween  crys ta l  size and efficiency 
was found however.  

The induced poros i ty  was observed to be a factor in 
e lect rode performance.  Higher  induced poros i ty  ap-  
pa ren t ly  y ie lded  be t te r  electrodes.  This p rope r ty  was 
confounded wi th  loading, however .  The best  per -  
formance at both the 60% and 80% porosit ies was eb -  
served wi th  the 25~ induced pore  sizes. 

Morphological  changes of Cd(OH)2,  de te rmined  
f rom SEM photomicrographs ,  were  identified af ter  the 
cycl ing procedure.  With  the  60% structures,  the  crys-  
tals  appa ren t ly  decreased in size wi th  cycling, while  
wi th  the  80% porosi ty  s t ructures  the  crysta ls  increased 
in size. 

Some smal l  degree of corrosion of the plaques  was 
evident  from photomicrographs .  The corrosion was due 
e i ther  to processing or cycling. 

BET surface areas  were  measured  and var ied  be-  
tween  O.ll and 0.17 m2/g depending on p laque  pore  size 
and porosity.  

Three-po in t  bend tests were  pe r fo rmed  on selected 
specimens and var ied  be tween about  900 and 8000 psi 
be tween  porosit ies of 80% and 60%. As a point  of 
comparison,  a 79% sintered ma te r i a l  had  a bend 
s t rength  of 643 psi. 
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ABSTRACT 

Steady-state potentiostatic polarization, galvanostatic stripping, and current  
efficiency measurements  were carried out on mild steel (Type 1020) anodes 
in  O2-stirred solutions of Na2SO4 to which increasing amounts  of NaC1 were 
added. A salt layer  is formed at steel anodes in Na2SO4 solutions. A pre-  
cipitate is deposited from this salt layer onto the anode surface and is con- 
verted to a protective anodic film at sufficiently anodic potentials. In  the 
presence of C1- ions, the salt layer becomes more soluble and the protective- 
ness of the anodic film is lessened. With increasing C1- ion concentration, a 
family of curves with increasing current  in  the passive region is obtained. If 
the anodic film is formed by the direct oxidation of the anode surface (as in 
NaNOJNaC1 mixtures) ,  a different family of curves is obtained. For the case 
where a noncomplexing, film-dissolving anion, such as C104-, is present  
(Na2SO4/NaC104 or NaNOJNaC104),  a th i rd  family of curves is found. This 
behavior is related to the interact ion between the  type of film-dissolving 
anion present  in solution, and the type of anodic film formed on the electrode 
surface. 

The number  of electrolytes composed of water  solu- 
t ions of a single salt suitable for the electrochemical 
machining (ECM) of steel is l imited to only a few sys- 
tems including NaC1, NaC103, NaC104, and  NaNO3. 
If one considers mixtures  of salts, the number  of suit-  
able electrolytes is greatly increased. 

Since the ECM process takes place at potentials cor- 
responding to the transpassive region of the  anodic 
polarization curve obtained on steel in  the given elec- 
trolyte (1-3), it is necessary to determine the kind of 
anodic films formed on steel in this electrolyte and 
how anions present  in the solution interact  with these 
films (4). Such ECM parameters  as control of d imen-  
sions and geometry, tapering, out-of-roundness,  and 
surface roughness depend on the presence of a poten-  
t ia l-dependent ,  protective, anodic film (4-6). 

This report describes some experiments  which were 
carried out on steel anodes in electrolytes composed of 
solutions of Na2SO4 and NaC1 and designed to shed 
light on the na ture  of the interact ion of the anions 
present in solution with the anodic film on the steel 
surface as a funct ion of potent ial  and electrolyte com- 
position. 

Experimental 
As described earlier (1,4),  anodes were prepared 

from mild steel (Type 1020) wires and mounted  in 
triplicate in a two-compar tmented  Teflon cell. To a 
1M solution of Na2SO4, the required amount  of 0.1M 
NaC1 was added to give the desired mixed electrolyte 
composition (see Table I) .  Steady-state,  anodic po- 
larization measurements  and galvanostatic f i lm-str ip-  
ping data were obtained in  O2 stirred (~300 cm3/min) 
solutions according to procedures presented previously 
(1, 4). Current  efficiency determinat ions were carried 
out in  the closed-cell system of the laboratory ECM 
test rig by using methods detailed in the l i terature (7). 
The anodes in  this case were  mi ld  steel tubes. 

Results 
The results of the steady-state polarization studies 

obtained on mild steel anodes in  O2 stirred solutions of 
1M Na2SO4 and 1M Na2SO4 containing from 3 X 10 -8 
to 1M NaC1 are presented in  Fig. l a  as the average data 
of three complete runs  on three different anodes. It  
requires the presence of only a relat ively small  amount  

* Electrochemical Society A c t i v e  Member .  
Key words: transpassive corrosion, mixed electrolytes, electro- 

chemical m a c h i n i n g .  

of C1- ions to cause considerable changes in the po- 
larization curve obtained on steel anodes in  1M Na2SO4 
solutions. As the C1- ion content  of the electrolyte in-  
creases, the passivation cur ren t  increases rapidly so 
that in the 1M Na2SO4 + 1M NaC1 solution, the be-  
havior is the same as in SO4~-free NaC1 solution. Re- 
sults similar to these were reported by Condit (8) for 
the anodic polarization of Fe-Ni  alloys in  1N H2SO4 
solutions containing C1- ions. 

Shown in Fig. l b  is the total  charge, Q, associated 
with the anodic film formed on the steel surface as a 
funct ion of potential. In  the presence of small  amounts  
of C1- ions, Q is much larger for steel in  Na2SO4 mixed 
electrolytes than  in C l - - f r e e  Na2SO4 solution. A con- 
siderable portion of the large values determined for 
the charge in Fig. lb  may be due to a large increase in 
the anode area caused by  the severe pi t t ing which 
takes place in  the low C1- content  Na2SO4 solutions as 
noted in Fig. 2a. In  such cases, the roughness factor 
used in the calculation of Q is larger than 10 which is 
the value used in de termining the data in Fig. lb. It is 
interest ing to note that  a large increase in Q occurs 
at a potent ial  (1.2V vs. SCE) where O2 evolution be-  
gins. 

The film on steel in C l - - f r e e  Na2SO4 solution is pre-  
cipitated on the anode surface from a salt layer be- 
cause the active-passive t ransi t ion of the polarization 
curve is shifted with s t i rr ing as noted in rota t ing-  
disk studies (9). At a threshold anodic potential, this 
fluffy, nonprotect ive precipitate is converted to a more 
compact, protective, oxide film. 

This t ransi t ion from the fluffy precipitate to the com- 
pact film can be observed on the series of traces in 
Fig. 3 obtained from the str ipping pulses applied to 
the steel anode which had been held in  the Na2SO4 
solution containing 3 • 10-3M NaC1 at a given po- 
tential. For  the electrode potentiostated at 0V (vs. 

Table I. Threshold potential for formation of compact film on steel 
in Na2S04 solution containing CI- ions 

Threshold 
Solution composition p o t e n t i a l  (V} 

IM Na~SOt ,.-,0.1 
IM Na2SO4 + 3 x 10-3M N a C l  ~ 0 . 7  
IM Na2SO4 + 6 x 10"3M NaCI  ~ I . 0  
1M Na2SO4 + 1 • 10-~II NaCI  + 1.4 
1M Na2SO4 + 1M NaCI  
4.5M NaCI 
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Fig. 1. a, Steady-state polariza- 
tion curves obtained on mild steel 
anodes in 02 stirred solutions of 
1M Na2S04 ( 0 ), 1M Na2S04 d- 
3 x 10-3M NaCI (A) ,  TM 
Na2SO4 -t- 6 x 10-3M NaCI 
(V) ,  1M Na2S04 -I- 1 x 10-2M 
NaCI (I-1), and 1M Na2S04 -F 
1M NaCI (e ) .  b, A plot of the 
total charge, Q, associated with 
the anodic film present on mild 
steel anodes as a function of po- 
tential in same solutions studied 
in Fig. la. A roughness factor of 
10 was assumed in calculating Q. 

Fig. 2. Photomicrographs of the ends of mild steel tubes machined in the ECM test rig at 240 A/in. 2 in (A) 1M Na2S02 ~ 5 x 10-3M 
NaCI, (B) 1M Na2S04 ~ 1M NaCI, and (C) 4.5M NaCI. 

SCE),  Fig. 3a, only one a r res t  appears  on the  t race  
which grows in length  wi th  increas ing potent ia l  (see 
Fig. 3b at 0.6V). Above  0.6V, a second ar res t  appears  
on the t race  as in Fig. 3c (e lect rode held  at  1V) at  
h igher  overvol tage  values.  This lower  ar res t  grows at 
the expense of the  uppe r  a r res t  in Fig. 3d (at  1.2V) 
and Fig. 3e (at  1.6V) unt i l  only the  lower  a r res t  r e -  
mains  (Fig. 3f at 2.0V). We bel ieve  that  the upper  
a r res t  corresponds to the  fluffy, nonprotec t ing  prec ip i -  
ta te  which is more  easi ly  reduced,  and hence, appears  
at  a low overvol tage;  whereas,  the  lower  a r res t  cor-  
responds  to the  compact,  protect ive,  oxide  l aye r  which, 
being more  difficult to reduce,  appears  at the  h igher  
overvoltage.  

Above a threshold  poten t ia l  (,~0flV) in the  case of 
Fig. 3, the fluffy prec ip i ta te  is conver ted  to a p ro -  
tect ive  oxide layer  which grows wi th  increas ing po-  
ten t ia l  at  the  expense  of the fluffy prec ip i ta te  as shown 
in the plo~s of Q associated wi th  the fluffy prec ip i ta te  
(open symbols)  and tha t  wi th  the  compact  l ayer  
(closed symbols)  in Fig. 4. As noted in Fig. 4 and in 

Table I, the threshold  poten t ia l  is shif ted to more  
noble values wi th  increasing C l - - i o n  content  unt i l  the  
appearance  of the compact  film is no longer  detected 
at  potent ia ls  be low 2V (vs. SCE).  

The  resul ts  of cur ren t  efficiency measurements  at  
mi ld  steel anodes in Na~SO4/NaC1 mixed  electrolytes  
a re  recorded in Table II. For  C l - - f r e e  1M NazSO4 solu- 
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Fig. 3. Recorded traces of gal- 
vanostatic cathodic stripping 
pulses applied to mild steel an- 
odes in 1M NagS04 -J- 3 x 
lO-ZM NaCI solution which had 
been potentiostated at (A) OV 
(vs. SCE), (B) 0.6V, (C) 1.0V, (V) 
1.ZV, (E) 1.6V, and (F) Z,OV; 
x-axis is (A) 50 msec/cm, (B and 
C) 100 msec/cm, (D-F) 200 msec/ 
cm; y-axis is 0.35 V/cm; appar- 
ent i is 0.4 A/in.2 Transition 
times for fluffy precipitate (~1) 
and for compact oxide (~2) are 
shown. For the sake of clarity, 
the tangents from which ~ was 
determined (20) are not shown. 
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Fig. 4. Plots of the charge Q associated with the fluffy, nonpra- 
tecting precipitate deposited on the anode surface (open symbols) 
and with the compact, protective, aaodic film (closed symbols) as a 
function of potential in 1M Na2S04 (a) and 1M Na2S04 Jr- 3 x 
10-3M NaCI (b) solutions. 

tion, the  compact  p ro tec t ive  film is qu ick ly  fo rmed  on 
the meta l  surface, and because nea r ly  al l  of the  cu r -  
ren t  is consumed in O2 evolution,  this film mus t  possess 
a high degree  of electronic conduct ivi ty.  Vi r tua l ly  no 
a t t ack  of the  anode is observed on steel  in 1M Na2SO4. 
When  C1- ions are  p resen t  in smal l  amounts,  t hey  can 

Table !|. Current-efficiency data on mild steel anodes 

Current Current  
efficiency efficiency 
for metal for 02 

Current removal  evolution 
Electrolyte composition (A/In. = ) (%) (%) 

1M Na~SO4 300 5.5 90 
IM Na=SO4 + 5 • 10"4M NaC1 240 40.0 54 
IM Na~O~ + IM NaC1 240 95.0 0 
4.5M NaCI 240 96.0 0 

cause local b r e a k d o w n  of the  pro tec t ive  film producing 
the  severe  p i t t ing  observed in Fig. 2a. Still ,  more  than  
half  the  cur ren t  goes into O2 evolut ion  (Table  I I )  and 
many  sites a re  covered by  the pro tec t ive  film ( t r i -  
angles in Fig. lb )  on steel  anodes in 1M Na~SO4 solu-  
tions containing about  10-aM NaC1. When  the  C1- 
content  reaches 1M, the pro tec t ive  film is absent  and  
v i r tua l ly  al l  cu r ren t  is consumed in the  un i form r e -  
mova l  of meta l  th rough  the  porous, fluffy prec ip i ta te  
as noted in Fig. 2b. The meta l  r emova l  in this  case is 
s imi lar  to tha t  found in S O 4 : - f r e e  NaC1 solut ion (see 
Fig. 2c and  Table  I I ) .  

Discussion 
These da ta  along wi th  o ther  s imi lar  invest igat ions  

(4, 10, 11) indicate  tha t  the  in terac t ion  of anions wi th  
the  anodic film present  p roduce  definite pa t te rns  in 
the  shape of the  anodic polar iza t ion  curve. Conse- 
quent ly,  the  analysis  of these pa t te rns  in the  po la r iza -  
t ion curves  along wi th  cur ren t  efficiency studies can 
provide  hints  as to  the  na ture  of the  anodic  films p res -  
ent  at  the anode surface in a g iven electrolyte .  

In  Fig. 5, three  ideal ized pa t te rns  of anodic be -  
havior  are  sketched f rom polar iza t ion  da ta  obtained on 
steel  anodes in var ious  mixed  e lec t ro ly tes  as a func-  
t ion of the e lec t ro ly te  composit ion.  F igure  5a de -  
scribes the  case where  the  pass ivat ing  cur ren t  is 
shif ted to the  r ight  towards  increasing cur ren t  density.  
Fo r  the  case where  the  ac t ive-pass ive  t rans i t ion  is 
shif ted upwards  towards  more  noble  potentials ,  the  
pa t t e rn  in Fig. 5b is applicable.  Final ly ,  the  th i rd  case 
is represen ted  by  the  pa t t e rn  in Fig. 5c where  the  

I 

Jil i 
a (b 

LOG APPARENT CURRENT DENSITY 

Fig. 5. Sketches of families of idealized polarization curves ob- 
tained on mild steel anodes in mixed solutions of a film-forming and 
a film-dissolving anion numbered in the direction of solutions with 
increasing concentration of the film-dissolving anion. 
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t ranspass ive  region is lowered  towards  less noble po -  
tentials.  

The  C1- ion is known to form h ighly  soluble com- 
plexes  wi th  i ron and to be  a h igh ly  efficient agent  for 
the  dissolution of anodic films on iron (12-16). In  this  
case, concentra ted  salt  layers  a re  formed at  the  i ron 
surface but  a pro tec t ive  film is not  p roduced  at any  
potential .  Both SO4 = ions and C104- ions form con- 
cen t ra ted  salt  layers  at  i ron anodes f rom which porous, 
nonprotec t ive  prec ip i ta tes  a re  deposi ted  on the i ron 
surface  as noted by  the  s t i r r ing dependency  of the ac-  
t ive-pass ive  t rans i t ion  in such solutions (9). Above a 
threshold  potential ,  these precipi ta tes  a r e  conver ted  to 
pro tec t ive  anodic films. A compact,  pro tec t ive  film is 
fo rmed by  the direct  oxidat ion  of the  meta l  surface 
on i ron  anodes in solutions of NO~- or C108- ions since 
the  shape of the  polar iza t ion  curve  is independent  
of st irr ing.  These pro tec t ive  films possess a high degree 
of electronic conduct iv i ty  (7). 

In  a solution of Na2SO4, the  pro tec t ive  f i l l  forms 
f rom the sal t  l aye r  at  r e l a t ive ly  low potent ia ls  on 
steel anodes (Fig. 4a),  but  when  C1- ions a re  added,  
the  salt  l aye r  is made  more  soluble, the  prec ip i ta te  is 
deposi ted at  h igher  potentials ,  and the protec t ive  film 
appears  at  more  noble potent ia ls  as noted by  the  da ta  
of Table I. Since the  presence of C1- ions lowers  the  
pro tec t ive  qual i t ies  of the anodic film on steel  in 
SO4=/C1 - mixed  electrolytes ,  the cu r r en t  in the  pas -  
sive region increases wi th  increas ing C1- content,  and  
the fami ly  of polar izat ion curves  at  var ious  C1- ion 
concentrat ions  fol low the  pa t t e rn  of Fig. 5a. 

If  the pro tec t ive  anodic film is fo rmed by  the  oxi-  
dat ion of the  e lec t rode  surface (such as steel  in NaNO3 
solut ion) ,  the  addi t ion  of C1- ions to the  NaNOs solu- 
t ion lowers  the  oxidiz ing power  of the  e lec t ro ly te  by  
provid ing  compet i t ion wi th  NO~- ions for adsorpt ion  
sites on the e lec t rode  surface. Consequently,  a more  
anodic potent ia l  must  be  reached before  the  p ro -  
tect ive  film can be formed on the  steel  surface. Once 
this film is formed, however,  the  steel  surface is 
s t rongly  pro tec ted  so the  cur ren t  in the  passive r e -  
gion does not  increase. Instead, the  ac t ive-pass ive  
t rans i t ion  is shif ted to more  noble potent ia ls  (11), 
and the fami ly  of polar izat ion curves  for increas ing 
C1- content  of the  N O s - / C 1 -  m i x e d  e lec t ro ly te  p ro -  
duces the  pa t t e rn  shown in Fig. 5b. 

In  the  t ranspass ive  region, i t  appears  f rom the  da ta  
in Fig. l b  and  2a tha t  the  C1- ion does not remove the 
passive film uniformly.  The film is dissolved at  weak  
points  (such as inclusion or dislocation sites) in the  
film producing  localized a t t ack  wi thout  comple te  re -  
mova l  of the  film. Severe  p i t t ing  and uneven meta l  
r emova l  takes  place. This behav ior  was also observed  
(11) for the  NO3-/C1 - case. 

Ano the r  good agent  for  the  dissolution of passive 
films on i ron is the  C10~- ion (17). Since C104- ions 
do not fo rm complexes  wi th  iron, and since they  are  
not  as s t rongly  adsorbed  on the  e lec t rode  surface as 
C1- ions are, the  presence of C104- ions in a solut ion 
of NaNO8 has l i t t le  effect on the  format ion  of the  
passive film on a steel  anode. However ,  C104- ions 
remove  the  passive film in the t ranspass ive  region un i -  
fo rmly  and comple te ly  by  a suggested ion-exchange  
mechanism (4) af ter  a threshold  concentra t ion of ad-  
sorbed CtO4- ions on the  surface of the  film is reached.  
As  the  C104- ion concentra t ion added  to a solut ion of 
NaNOs is increased,  the  threshold  concentra t ion  of 
adsorbed  C104- ions for film dissolution is a t ta ined  at  
less noble  potent ials ,  thus  shif t ing the  t rans i t ion  f rom 
the passive to the  t ranspass ive  region on steel  anodes in 
N O 3 - / C 1 0 4 -  mixed  e lect rolytes  to  less anodic po ten-  
t ia ls  (4). As a result ,  a f ami ly  of polar izat ion curves  
for  var ious  C104- concentrat ions  fol lows the  pa t t e rn  
p ic tured  in Fig. 5c. A s imi lar  f ami ly  of curves was r e -  
por ted  by  Leckie  and Uhlig (18) on 18-8 s ta inless-  
steel anodes in Na~SO4/NaC1 mixed  electrolytes .  

When  C104- ions are  added to a Na2SO4 solution, the  
t ranspass ive  region  of the  curve is also lowered  

towards  less noble  potent ia l s  on steel  anodes  in the  
S O 4 - / C 1 0 4 - m i x e d  e lect rolytes  (10) according to the 
pa t t e rn  of Fig. 5c. However ,  since pe rch lora te  salts  a re  
genera l ly  more  soluble  t han  sulfates  (19), the  sal t  
l aye r  becomes more  soluble in the  presence of C104- 
ions and the protec t ive  film is formed on the  steel  
surface at s l ight ly  more  anodic potent ia ls  in the mixed  
e lec t ro ly te  than  in the  C104- - f ree  Na2SO4 solution. 
In  the  case of NaC103 solutions, where  the  protect ive  
anodic film is fo rmed by  the oxida t ion  of the  steel  
surface, the addi t ion of NaC104 has v i r t ua l ly  no effect 
on the  active and passive regions of the polar izat ion 
curves  (10). Fo r  the  anodic polar iza t ion  of steel  in 
C103- /C104-  mixed  electrolytes ,  the  t ranspass ive  re -  
gion is shif ted to less noble values,  as in  Fig. 5c, wi th  
the  addi t ion  of C104- ions to the  NaC108 solut ion (10). 

In  general ,  because C1- ions are  s t rongly  adsorbed 
and complex wi th  iron, thei r  presence in  mixed  elec-  
t ro ly te  systems affect the  format ion  and  pro tec t ive-  
ness of the anodic film. Therefore,  the C1- content  of 
the  e lec t ro ly te  g rea t ly  affects the  posi t ion of t he  act ive 
and pass ive  regions of the  polar iza t ion  curves  in the  
low concentra t ion range.  Since C1- ions dissolve anodic 
films unevenly  in the t r anspass ive  region by  local a t -  
tack, the i r  presence causes v i r t ua l ly  no effect on the 
posit ion of the  t ranspass ive  region. These systems are  
exemplif ied by  Fig. 5a and 5b. The ECM process takes  
place in the t ranspass ive  region. So the  uneven,  local-  
ized dissolution of the  anodic film causes severe  p i t t ing  
and nonuni form meta l  r emova l  in both the low cur -  
ren t  dens i ty  (lcd) and the high cur ren t  dens i ty  (hcd) 
region of the machined  surface (11) (see also Fig. 2a).  

On the other  hand, C104- ions are  w e a k l y  adsorbed 
and do not complex  wi th  iron. Consequently,  they  have  
l i t t le  or no effect on the  act ive or  pass ive  regions of 
polar izat ion curves  obta ined on steel anodes  in the  
NaC104 mixed  e lect rolytes  studied. In  the  t ranspass ive  
region, C104- ions remove  the film un i fo rmly  by  an 
ion-exchange  mechanism, and the i r  presence grea t ly  
affects the shape and posi t ion of the t ranspass ive  re -  
gion of the polar iza t ion  curve. This  behavior  resul ts  
in the  pa t t e rn  of Fig. 5c. Since the pass ive  film is 
un i fo rmly  th inned by  the presence of C104- ions, the  
surface of the  e lec t rochemical ly  machined  steel  in such 
mixed  e lect rolytes  is e lectropol ished in the hcd region 
(4, 10), a l though in some cases, some p i t t ing  is found 
in the  led region (10). 

F igu re  6 summarizes  the  resul ts  found for the  po-  
la r iza t ion  of mi ld  steel  anodes in b ina ry  mixed  elec-  
t ro ly tes  containing both a f i lm-forming  and a fi lm- 
dissolving anion as a funct ion of the  composit ion of 

NaCI NaCI04 Na2SO~ NaNO~ NaCIO 3 

NaCI03 

NAN03 

Na2SO~ 

NaCI04 

NaC] 

Fig. 

Fig. 

Fig. 

Fig. 

5b* Fig. 5c 

5b Fig. 5c 

5a Fig. 5c 

5a* B 

Fig. 6. Summary of passivation behavior of mild steel anodes in 
various mixed electrolytes. A, Only salt layers are formed which are 
not protective; B, precipitate deposited from salt layer and converted 
to protective anodic film; C, protective film formed by direct oxida- 
tion of anode surface. Asterisk (*) denotes that these systems were 
not studied, but the results are predicted from the results of the 
systems studied. 
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the  electrolyte .  Those systems such as NaNOJNaC10~ 
which do not contain a f i lm-dissolving anion are of no 
interes t  to this invest igat ion.  Also included in Fig. 6 
along the diagonal  is the  type  of film formed in the 
single e lec t ro ly te  indicated.  

F rom data  obtained on the ECM of h igh  s t rength  
al loys (21), it  was concluded tha t  no universa l  e lec-  
t ro ly te  exists for the machin ing  of al l  metals.  Conse- 
quently,  one must  ta i lor  the  e lec t ro ly te  to the  me ta l  
to be machined.  The use of mixed  e lect rolytes  as 
shown here  g rea t ly  increases the  number  of elec-  
t rolytes  ava i lab le  for ECM applicat ion;  and by  proper  
choice of the  components  of the solut ion and the i r  r e l a -  
t ive  concentrations,  the  ta i lor ing  of the  e lec t ro ly te  be-  
comes more  feasible.  Such da ta  as tha t  obta ined f rom 
polarization,  film str ipping,  and current-eff iciency 
studies a re  inva luable  as aids in de te rmin ing  the 
p rope r  choice of electrolyte .  

Manuscr ip t  submi t ted  March 12, 1973; rev ised  manu-  
script  received May 29, 1973. 

Any  discussion of this  paper  wil l  appear  in a Discus-  
sion Section to be publ i shed  in the June  1974 JOURNAL. 
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The Behavior of Resistive Layers in the 
Localized Corrosion of Stainless Steel 

H. S. Isaacs *.1 

Brookhaven National Labora tory ,  Upton, New York 11973 

ABSTRACT 

The dissolution of austenit ic  stainless steels in art if icial  crevices has  been 
s tudied  as a function of potent ia l  and  chlor ide  ion act ivi ty.  Impedance  m e a -  
surements  have  shown the  presence of a res is t ive  layer  on the steel  
which l imi ted  the  ra te  of the  e lectrode reac t ion  in the  localized corrosion of 
s tainless steels. The potent ia l  across the layer ,  equal  to  the product  of the  d i -  
rect  cu r ren t  and layer  resistance, va r i ed  l inea r ly  wi th  the  e lec t rode  potent ia l  
indicat ing ohmic ionic conduct ion across the layer .  The g rowth  of the layer  
was l imi ted  by  its solubi l i ty  and the diffusion of meta l  cat ions in the  aque-  
ous phase in the  cavi ty.  The layer  had  the proper t ies  of a me ta l  chlor ide  wi th  
a given solubi l i ty  product .  Increased chlor ide  ac t iv i ty  decreased the  sa tura t ion  
concentra t ion of the  meta l  cation, its concentra t ion gradient ,  and  gave de-  
creased dissolut ion ra tes  or currents .  

Austeni t ic  stainless steels a re  h ighly  suscept ible  to 
var ious  forms of localized corrosion including crevice 
corrosion (1-3),  p i t t ing  (1, 3-15), and stress corrosion 
cracking (16, 17). The dissolution kinet ics  wi th in  the 
localized cells would be expected  to differ  f rom tha t  of 
a surface in direct  contact  wi th  the  bu lk  solution as 
the  concentra t ion of species wi th in  the  localized area  
of corrosion are  h igh ly  concent ra ted  in dissolved ca t -  
ions, hydrogen  ions, and chlor ides  (5-9).  The differ-  
ences in kinet ics  have been considered to involve 
the  format ion  of surface layers  or films on the  anode 
(10-13), chlor ide  salts  (7), and  hydrogen  bubbles  (5). 
The present  invest igat ion is a l imited s tudy of dissolu-  
t ion and in terfacia l  character is t ics  of austenit ic  s ta in-  
less steels wi th in  art if icial  crevices  or  occluded cells 

* Electrochemical  Society Act ive  Member.  
1 Presen t  address :  Metals and  Ceramics  Division,  Oak  Ridge Na-  

t ional Labora tory ,  Oak  Ridge ,  Tennessee,  37830. 
Key  words :  diffusion controlled dissolution,  impedance  m e a s u r e -  

ments ,  chloride act ivi ty ,  s imula ted  crevices.  

(18), whe re  the  solution wi th in  the  crevices  was re -  
s t r ic ted f rom mixing  wi th  the bu lk  solution. 

Experimental 
With  al l  forms of localized corrosion the anode is in 

contact  wi th  a volume of solut ion res t r ic ted  f rom mix -  
ing with,  and m a r k e d l y  different  in composit ion from, 
the  bu lk  solution. Two anode  systems s imula ted  these 
conditions. The first sys tem (3) was modeled  on a 
covered pit  (19, 20) as shown in Fig. 1, s imi lar  to tha t  
used by  Suzuki  and Ki tamura .  A hemispher ica l  hole 
3.2 m m  in d iamete r  was dr i l l ed  into a p la te  of Type  304 
stainless steel  to which an  e lec t r ica l  lead  was spot 
welded. The surface of the  steel, except  for the  hemi -  
sphere,  was coated wi th  a th in  l aye r  of silicone r u b b e r  
to act as a bond, and an ape r tu re  in a c lear  plast ic  was 
placed cen t ra l ly  over  the hemisphere  as in Fig. 1. This 
ape r tu re  was 1.0 m m  in d iamete r  and  about  0.3 m m  
deep. The sa tu ra ted  calomel  reference  e lect rode (SCE) 
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Fig. !. Schematic of hemispherical cavity 

probe with a diameter  of about 0.2 m m  passed through 
~he aper ture  and was positioned jus t  above the surface 
of the hemisphere. The hemispherical  cavity had the 
advantage that  the reference electrode was close to the 
steel surface and would reduce any  ohmic potent ial  
drops due to solution resistance or precipi tat ion of 
salts wi th in  the cavity (7). 

The second anode system which consisted of a wire 
imbedded into an  axial hole drilled in  a 25 m m  di- 
ameter  polytetrafluoroethylene cylinder also has been 
used to simulate pits (4-7). The wires, 0.75 • 0.03 mm 
in diameter, were of Types 308 and 321 stainless steels. 
The face of the cyl inder and the cross section of the 
wire were dry  abraded down to 600-grade emery. The 
cyl inder  was then inserted into a glass tube with 
the abraded surface forming the bottom of a container, 
and the wire protruding from the bottom of the cyl- 
inder  acted as the electrical lead. 

The impedance apparatus  employed a constant  mag-  
ni tude square wave cur ren t  excitation and was similar 
to that  described previously (21). The current  wave 
was superimposed on the direct cur ren t  from a po- 
tentiostat, which controlled the d-c potential  of the 
specimen. The time constant  of the potentiostat was 
sufficiently large to prevent  compensation for the  po- 
tent ia l  response to the cur ren t  wave. The potential  
responses were less than  10 mV and were displayed on 
an oscilloscope after amplification and could also be 
compared or balanced with the response of a variable 
analog circuit of capacitor and resistor in parallel.  Any  
series resistance could also be measured. 

The nomina l  compositions of the steels are shown in 
Table I. The solutions used were made from analyt ical  
grade reagents and distilled water. All  experiments  
were conducted at room temperature.  

Results 
The polarization behavior  of the hemispherical  cavity 

was found to be more dependent  on t ime than  poten- 
tial once pi t t ing had initiated. A polarization curve 
obtained in  1.0N NaC1 is shown in Fig. 2. The poten-  
tial was held ini t ia l ly at --0.2V (SCE), increased in 
steps of 0.1 to 1.0V and back for two cycles, and held 
at each decivolt for 2 rain in this experiment.  The ini-  
tial currents  were small  (<10 ~A/cm~) unt i l  the po- 
tent ial  was increased to 0.2V, where pit t ing initiated. 
The current  variat ions to 0.SV were similar  to that 
expected for a stainless steel surface exposed directly 
to the bu lk  solution (15). However, above 0.5V the 
cur ren t  decreased, an effect not  observed with freely 
exposed surfaces. The current  continued to decrease for 
all subsequent  measurements  for the first cycle and 
was significantly lower on the second cycle at positive 
potentials. Observat ion of the hemisphere after polar-  
ization showed it was etched but  with no deep pits, 

Table I. Nominal composition of stainless steels 

Weight  per  c e n t  

Type Cr Ni Tl 

[ I I I ~ f f f (  I i t l ) q  r I i 1 ~rl( 
1 . 0 - -  

0 .8  

~ 0.6 

0.4 

~z 0"2~ 
ILl 

S 
o,. 0 . 0  

- 0 . 2  

10-3 tO - 2  i 0  - I  

CURRENT DENSITY  (A / c rn  2) 

Fig. 2. Polarization behavior of hemispherical anode in 1.0N NaCI 
holding at each decivoJt for 2 mln. Arrows indicate the direction of 
potential change. First cycle O e; second cycle A A. 

indicat ing the entire surface had been active in  con- 
trast  to the localized pit t ing on freely exposed sur-  
faces. The breakdown of the remaining passive sur-  
face was probably accelerated by the changes in com- 
position wi thin  the cavity. Compositional changes 
could be seen after pit t ing init iated as the solution 
wi th in  the cavity changed to a light green and then to 
a very dark green. 

The cur ren t - t ime  behavior for a hemispherical cavity 
at a constant potential  is shown in  Fig. 3. The cur-  
rent  ini t ia l ly increased to a m a x i m u m  and then de- 
creased with time, after the solution became dark 
green. Comparison of the shape of this curve with that  
in Fig. 2 on considering the potential  axis in terms of 
the t ime of each measurement  suggests that the current  
behavior was more dependent  on t ime than on the po- 
tential. The over-al l  shapes of both the polarization 
and cur rent - t ime curves in replicate experiments  were 
always the same but  their  magni tudes  and the position 
of the maximums varied. For example, when  the cur-  
ren t - t ime  behavior was recorded, the t ime taken to 
reach the max imum was from 3 to 8 rain at 0.3V, while 
at higher potentials the range of times to reach the 
ma x i mum decreased. These variations are probably a 
result  of the statistical variat ions in the number  and 
growth of pits (14). The greater the number  of pits or 
the current  from them, the more rapid would be the 
compositional changes of the solution wi th in  the cavity 
and the shorter the t ime taken to reach the current  
maximum. 

Changes in color of the solution were obviously due 
to change in concentrat ion of the dissolving cations, 
but  as chloride ion concentrations would also increase 
(9), the influence of chloride concentrat ion in the bulk  
solution was studied. The polarization measurements  
are shown in  Fig. 4 with 1.0N NaC1, 4.0N LiC1, and 
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304 18-20 8-10 - -  Fig. 3. Variation of the current with time for a hemispherical 
308 1 7 - 1 9  10-13 
321 17-19 9-12 0.4 m a x  cavity held at  EscE : 0.SV. 
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Fig, 4. Polarization behavior of hemispherical anodes in IN  NaCI, 
4N LiCI, and 10N LiCI on increasing the potential and holding at 
each dacivalt for i rain. 

10.0N LiCI solutions. As expected, the pitting potential 
decreased with increased chloride concentration (15) 
but the current lhen decreased more rapidly with po- 
tential, indicating higher chloride concentrations were 
more effective in inhibited dissolution. Measurements 
with dilute chloride solutions below one normal were 
unsuccessful probably as a result of this trend. For ex- 
ample, when 0.75N NaCI solution was used the current 
increased rapidly after pitting initiated but the higher 
currents lead to boiling of the liquid at the aperture 
and steam bubbles periodically broke the electrical 
circuit. The rapidity with which the bubble contracted 
and disappeared after the circuit was broken was in- 
consistent with the bubble being hydrogen as had been 
suggested (5). 

The behavior of the hemispherical steel solution 
could, from the polarization measurements, be divided 
into three regions, viz. (A) the passive surface prior 
to pitting, (B) the surface when pitting initiates and 
the current increases (with time, Fig. 3; or potential, 
Fig. 2), and (C) the surface when the current de- 
creases after the maximum is reached. 

The impedance characteristics of the interface ob- 
tained using square wave current excitation, could also 
be defined in these three regions, A, B, and C. The 
shapes of the voltage responses to the current wave are 
shown in Fig. 5 for these regions with a repeat cycle 
of 10 msec. The shape in Fig. 5A was characteristic of 
the passive surface and was closely approximated by 
a capacitor and resistor in parallel. The values at 
--0.2V were close to 30 ~FlcmS and 550 ohm-cm s, and 
on increasing the potential the capacitance decreased 
and the resistance increased. This equivalent circuit 
was observed until pitting initiated and the current 
increased rapidly with time. The increased current 
at pitting sites is analogous to a leakage path across 
the interface or from an equivalent low resistance in 
parallel with the analog components of the passive 
surface. This low resistance would be expected to de- 
crease as the current increases (2~.). The voltage re- 
sponse, Fig. 5B, observed after pit initiation only ap- 
proximated this equivalent circuit, in that the mag- 
nitude of the response decreased as the current in- 
creased, but its shape was more complex and indicative 
of an equivalent circuit of more than one capacitor in 
series, each with a parallel resistor. 
The shapes of the voRage responses in Fig. 5A and 

5B are representative of those observed for a wide 
range of metals (21, 22) and show a time dependence 
for the period of each half-cycle. Any equivalent cir- 
cuits of these responses must involve capacitors to give 

VOLTAGE RESPONSE ANALOGUE 

Fig. 5. Voltage responses and approximate electrical analogs of a 
hemispherical anode interface to a square wave current of constant 
magnitude. Cycle time: 10 msec. Voltage changes in A: approxi- 
mately 6 inV. 

the potential  changes wi th  time. In  contrast, a series 
resistance would only give an  instantaneous potential  
change when the a l te rnat ing  current  switches from 
one-hal f  cycle to the next  and then  remain  constant. 
The presence of a small  series resistance of 0.8 ohm- 
cm 2 also accounts for the separation of the half-waves 
in responses A and B and was probably the result  of 
solution resistance. 

The response in  Fig. 5C, observed after the current  
ma x i mum was reached (in Fig. 2, 3, and 4) differs 
markedly  from those of A and B, and from responses 
observed with a wide range of metal  electrodes. This 
response is closely approximated by a series resistance. 
The depar ture  from pure  resistive behavior was due to 
some init ial  curva ture  indicat ing a t ime constant  of 
less than  10 -4 sec, bu t  this detail  was not studied. The 
magni tude  of this response, or that  of its analog 
series resistance, varied with t ime and potential  and 
these changes were unambiguous.  

The potential  dependence of the measured series re-  
sistance, shown in Fig. 6, was measured with the same 
cavity and just  prior to the currents  given in Fig. 2. 
Above 0.5V (SCE) the resistance increased rapidly as 
the current  decreased and the hysteresis of the re-  
sistance on the second cycle was the inverse of that  
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Fig. 6. Variations of the measured series resistance with potential 
during polarization measurements shown in Fig. 2. 
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Fig. 7. Variations in current and the square of reciprocal current 

( Q )  with timo for a wire type anode at Esc~, = 0.SV in 1.0N 
NaCI. 
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of the  current ,  suggest ing the  series res is tance and  the 
d i rec t  polar izat ion cur ren t  were  in ter re la ted .  Re-  
sistance measurements  were  also made  wi th  the  hemi -  
gpherical  cavi ty  in o ther  chlor ide  solutions and showed 
the same inverse  re la t ion to  the  current .  

The  exper imen t s  conducted on the w i r e - t ype  elec-  
t rode  were  s imi lar  to those of Novakovski  and  Soro-  
k ina  (7). In  general ,  the  potent ia l  was held  constant  
and the cu r r en t - t ime  curve  was recorded.  A n  example  
of the  cur ren t  var ia t ions  wi th  t ime is shown in Fig. 7 
~or a Type ~08 ~t~inless ste~l wire in 1,0N NaCI at 0.SV. 
The cu r ren t  decrea~e~ wi th  t ime and the square  of the  
rec iprocal  cur ren t  was  propor t iona l  to the  t ime as 
p lo t ted  in Fig. 7. A series of measurement s  were  con-  
ducted at different  potent ia ls  in different  chlor ide  solu- 
t ions and the  resul t ing slopes (di-2/dt) and the in te r -  
cepts  as the  ord ina te  (So -2)  are  given in Table  II. In  
some cases breaks  in the  curves  were  observed and  a re  
noted in Table  II. 

In  runs  1 to 4 wi th  the  mixed  solut ion of 1.5N MgC12 
and 0,1N H2SO4, the  influence of the potent ia l  was not 
marked  in the  range  0,35-0.85V (SCE) nor  we re  the  
breaks  (or  pa ra l l e l  shifts)  of the curves  af ter  about  10 
to 30 rain. These resul ts  d isagree  wi th  those  of the  p re -  
vious inves t igators  (7) who indica ted  a much  grea te r  
potent ia l  dependence,  wi th  a stainless steel  containing 
t i tanium,  However ,  in Table  II, for runs  3 and 4 or 
6 and 7, the  presence of  t i t an ium or  changes in chro-  
mium and nickel  concentra t ions  did not  influence the  
resu l t s  significantly,  

An example  of the  effect of changing the potent ia l  
on cur ren t  dur ing  a run  is given in Fig. 8. Except  for 
the  pe r tu rba t ions  fol lowing the potent ia l  change, these 
changes had  no significant influence on the basic shape 
of the curve indicating that the major factors con- 
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Fig. 8. Variations in current with potential changes for a wire-type 
anode in a mixed solution of ].SN MgCI2 plus O. IN H2S04 after 
being held at Esc~. = 0.7V for 105 rain. 

trolling the current were independent of the poten- 
tial. The perturbations were complex and lasted for 
up to 5 min and consisted of a rapid change followed 
by further damped oscillations, but the current then 
approached its value prior to the change, The pertur- 
bations are enlarged in the insets in Fig. 8 and were 
found to be depend~nt  on the  potent ia l  chauge and its 
direction.  

Uti l izing the wi re  electrodes i t  was observed  tha t  
the  magni tude  of the  cur ren t  decreased m a r k e d l y  
wi th  increased chlor ide  concentrat ions  above 4N. Once 
again  this  was an indicat ion tha t  the  chlor ide  ion ino 
h ib i ted  the  anodic cur ren t  or dissolution of the  steel. 
The slopes of the  plots of the  square  of the  reciprocal  
cur ren t  are  given in Table  II  for different  l i th ium 
chlor ide  concentra t ions  in runs  9 to 14. Above  4N LiC1 
the posi t ion of the  in te rcept  at  zero t ime also in-  
creased m a r k e d l y  wi th  increased chlor ide  ion concen-  
t rat ion.  This indica ted  tha t  the cur ren ts  observed were  
low soon af ter  the exper iments  were  ini t iated.  In  the  
case of the  I0N solution m a r k e d  pe r tu rba t ions  were  
observed at the  ini t ia t ion of the  tests o ther  than  those 
associated wi th  the  b reakdown  of passivi ty,  and  more  
akin  in shape to those shown in Fig. 8. 

The inhibi t ion of the  dissolution of the  steel  in the 
cavit ies was m a r k e d  in the  case of chlor ide  ions, but  a 
smal ler  dependence  on the  cat ion was also found. At  
4N chloride concentra t ion  the  l i th ium chloride and 
hydrochlor ic  acid solutions gave smal le r  cur rents  (or 
g rea te r  slopes, runs  8, 11, and  15 in Table  II)  t han  
those in sodium chlor ide  solutions. 

Table II. Slopes, intercepts, and calculated additional diffusion paths obtained from the 
linear variations of the square of the reciprocal current with time for wire-type anodes 

dt-S 

P o t e n t i a l ,  /o-s, dt $ 

Run Steel Solution V A-S cm4 A -9 cm~ sec-1 A, cra Remarks 

1 308 1.5N MgCls  + 0 .1N l-lsSO4 0.35 1,87 0.011 0.064 
6.97 0.011 0.125 

2 308 0.55 2.03 0.013 0.057 
6.03 0.013 0.099 

3 308 0,70 1.00 0.013 0.040 
6.03 0.013 0.099 

4 321 0.80 6.24 0.013 0.100 
8 308 0.85 3.64 0.01~ 0.025 
8 308 1N N a C I  0.8 0.73 0.010 0.045 
'/ 321 IN NaCI 0.8 0.31 0.010 0.029 
8 308 4N NaC1 0.8 1.77 0.013 0.053 
9 308 I N  L i C I  0.5 0.83 0.011 0.043 

10 308 2 .5N L i C I  0.5 1.14 0,014 0.040 
11 308 4 .0N L i C I  0.8 0.94 0.017 0,030 
12 308 5 .0N L I C I  0.5 4.26 0.041 0.026 

1.37 0.026 0.023 
13 308 7 .5N L i C I  0.5 11.9 0,068 0.026 
14 308 10N L i C I  0,5 412 0.420 0.025 
18 308 4N H C I  0.8 4.48 0.016 0.069 

S h i f t  b e t w e e n  12-25 r a i n  

S h i f t  b e t w e e n  7-20 m i n  

S h i f t  b e t w e e n  10-30 rn in  

Decreased slope after 10 min 
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Discussion 
The dissolution behavior  of stainless steel in a cavity 

may be divided into three stages. During the first stage 
the steel surface is passive. The second stage involves 
the breakdown of passivity followed by rapid dissolu- 
tion. The ini t ia t ion of breakdown has been investigated 
in  detail in pi t t ing exper iments  (6, 14, 15), but  there is 
little knowledge of the subsequent  undermin ing  of 
passivity as the composition of the solution changes 
wi thin  the cavity. The third stage which occurs when 
the surface is no longer passive will  be considered 
here. The currents  or dissolution rate of the steel are 
extremely high, but  the surface dur ing the third stage 
is not in the same "active" state as defined by poten-  
tials below the Flade potential. 

The  surface properties in the thi rd  stage are mark-  
edly different from those normal ly  encountered. This 
is shown by the potential  response of the interface to 
a square current  wave that  is approximated by a 
series resistance. A closer analogy would involve the 
presence of a capacitor in parallel  with the resistor. 
The approximate value of the capacitance may be cal= 
culated from the t ime constant of the init ial  response 
of the potential  as the time constant  is the product of 
the capacitance and  resistance. The observed t ime con- 
s tant  was about 10 -4 sec and taking the resistance as 
100 ohm-cm ~ gives a capacitance of about 1 ~F/cm 2. 
This value is too low to be accounted for in  terms of a 
metal-solut ion electrochemical double layer which 
usual ly  has a value greater  than  about 20 ~F/cm 2 (23) 
and indicates that  no double layer  plays a part  in the 
major  interfacial  characteristics. In view of this it is 
unl ike ly  that classical concentrat ion polarization is 
involved as the impedance characteristics would be 
significantly different (22). Hydrogen bubbles (5) also 
would not account for the observed changes in shape 
of the potential  response from one similar to that  in 
Fig. 5B to that in Fig. 5C. If hydrogen increased the 
solution resistance, the effect would be one of a pure 
series resistance which would only influence the re- 
sponse when  the current  stepped from one half-cycle 
to the next. If hydrogen bubbles  decreased the effec- 
tive surface area the t ime constants (or curvature)  of 
the interface would not be changed but  the current  
density and hence the magni tude  of the response would 
be increased and would not account for the shape ob- 
served in Fig. 5C. 

The characteristics of the interracial  region are prob-  
ably the result  of a compact layer (10, 11) approxi-  
mately  100A thick (asuming a dielectric constant  of 8) 
having a resistivity of about 10 s ohm-cm. These values 
are calculable from the voltage response. In  compari-  
son, the thickness of passive layers on iron (24) and 
steels (25) can be up to 50A, while for anodic oxide 
films on the "valve" metals  ~he films may  be approxi-  
mately this value and considerably thicker (26, 27). In  
the case of the valve metals, however, the resistivity of 
the major  par t  of the oxide is considerably greater than 
10 lo ohm-cm (27), and orders of magni tude  greater 
than  ~hat of the resistive layer. 

The potential  (V) across the layer is given by the 
product  of the polarization current  (i) and the series 
resistance (R) at each electrode potential  (EscE) and 
time at which they were measured. The relat ion be-  
tween these potentials  as shown in Fig. 9 is linear. The 
slope of the l ine closely approximating unity,  indi-  
cates that  Ohm's law is obeyed within  exper imental  
error. The ohmic behavior  also leads to the conclusion 
that  conduction occurs via a "low field" mechanism, or 
that  current  through the film is directly proport ional  
to the field wi th in  the layer. If a "high field" conduc- 
t ion process was operative, the current  could be ex-  
pected to increase logari thmically (or possibly some 
other function) with the field in the oxide. For this 
reason and as a result  of other probable complications 

~ I.I ' I ' I ' I ' F ~ I ' ,?--  
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Fig. 9. Variations of potential across the surface layer with elec- 
trode potential. The potential a:ross the layer was obtained from 
the product of the polarization current (Fig. 2) and series resistance 
(Fig. 3). 

(28), the relat ion shown in Fig. 9 would not be ob- 
tained. 

The results in  Fig. 9 also show that  when  the elec- 
trode potential  is changed the potential  change occurs 
wi th in  the resistive layer. The current  flowing is a 
funct ion of the layer 's  resistance and the potential  
across the film which is given by 

V : ESCE 4- 0.125 [i] 

This relat ion has also been obtained wi th  solutions 
containing higher chloride concentrations, e.g., 4.0N 
NaC1 and 10.0N LiC1. The electrochemical reactions 
taking place at both the steel- layer and  layer-solut ion 
interfaces were, therefore, not changed by the higher 
chloride concentrations. There is, nevertheless, a 
marked dependence of the current  on chloride concen- 
t rat ion and this dependence must  result  from other 
factors taking place in  the highly concentrated solu- 
tion. 

Independent  of the mode of ionic conduction wi thin  
the layer  it can be considered that  the effective rate of 
arr ival  of metal  ions at the solut ion- layer  interface is 
equivalent  to the current .  The ar r iv ing ions may then 
either increase the thickness of the layer  or enter  the 
solution and diffuse away from the interface. One sim- 
plification will be considered; the rate of diffusion pre-  
dominates and the contr ibut ion to the growth of the 
layer is negligibly small. 

The diffusion processes are more easily considered 
in the wire- type  cavity as opposed to the hemispherical  
cavities where the concentrat ion gradients wil l  depend 
on distance from the interface and could be compli-  
cated by  convection processes wi th in  the cavity. 

When the steel wire  had dissolved to a depth equal 
to l, the rate of diffusion or the diffusion current  will  
be given from Fick's  first law as 

nFD ( Cs -- C) A 
i = [2] 

where n is the average valency of the diffusion ions, F 
the Faraday, D the diffusion coefficient of the ions, Cs 
the concentrat ion at saturat ion in  the solution at the 
solut ion-layer  interface, C the concentrat ion in the  
solution which, in the tests conducted, may be con- 
sidered to be zero, and A is the cross-sectional area of 
the wire. The value of h may be considered as an addi-  
t ional diffusion path. 

The depth to which the wire has dissolved, l, is a 
function of the total charge passed and is given by 

= - -  idt [3] 
AnF5 
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where M is the average molecular  weight of the steel 
of densi ty 8 and t is the time. Subst i tu t ion of Eq. [3] for 
l in Eq. [2] and in tegrat ing between i ---- io when  t ---- 0 
and i ---- i when  t ---- t gives 

1 1 2M 
- -  - t [4 ]  

i 2 io 2 A 2 D S n 2 F  2 ( C s  -- C) 

When t = 0, l -- 0 and  the value of io can be obtained 
from Eq. [2], giving 

1 
- -  = [5] 

io n F D ( C s  - -  C)A 

According to Eq. [4] the reciprocal of the square of 
the cur ren t  should be proportional to time. This is ob- 
served to be the case as shown in  Fig. 7. Assuming the 
steel to have 19% chromium and 9% nickel and  taking 
M = 55.4 g/mole, n ---- 2.2, 5 = 8 g /cm 3, D = 0.5 • 10 -5 
cm2/sec (29), and A = 1 cm 2 the derivat ive of Eq. [4] 
g i v e s  

d i  - 2  6 .15  X 10 - 5  
- -  - [6] 

dt Cs -- C 

The slope of the plot in  Fig. 7 is 0.010A -2 cm 4 sec - I  
(Table II) and on subst i tut ion in  Eq. [6] wi th  the bulk  
concentrat ion (C) as zero gives a value of approxi-  
mately  6 .10-s  moles/cm s or a 6 molar  concentration. 
This calculated saturat ion concentrat ion is close to that  
expected for the metal  chlorides involved and indicates 
that a model based on simple diffusion and solubil i ty of 
a chloride layer  is in reasonable agreement  with the 
exper imental  results for bu lk  concentrat ions from 1 to 
about 4N chloride ion. Increased chloride and different 
chloride salts influenced the slopes in Table II, which, 
in turn,  would change the calculated saturat ion concen- 
tration. The slopes are a funct ion of the activity of 
chlorides in  the bu lk  solution. For example, the mean  
activity coefficients of l i th ium chloride and hydrochloric 
acid are approximate ly  equal at a given concentration, 
while  ~hat of sodium chloride is significantly lower 
(30). Comparing the slopes for runs  11, 15, and 8 in 
Table II  indicated the same dependence:  l i th ium and 
the acid gave approximately the same slope, while that  
with sodium chloride was significantly lower. These 
results are in terpretable  in  terms of a solubil i ty model 
(Eq. [3] ). The chloride layer  formed on the anode sur-  
face can be considered as a compound with a given 
solubili ty product  and any increase in chloride con-  
centra t ion or activity would lead to a decreased metal  
ion saturat ion concentrat ion and an  increased slope. 

The var iat ion of slope with l i th ium chloride con- 
centra t ion ( runs  9-14) is complex. In  concentrated 
solutions the mean  activity coefficient of the salt in-  
creases with increased concentrat ion rather  than  de- 
creases as is well  known  for dilute solutions (30). 
These changes led to an  increased slope which was 
marked  above bu lk  concentrat ions of 4N. The rate 
of increase in  slope was also more rapid than  the 
square of the concentrat ion but  approximated the 
square of the activity calculated from the square of 
the product of the concentrat ion and mean activity 
coefficients (30) of l i th ium chloride. At and  below 4N 
concentrat ions the effect of bu lk  activity was small  
probably  as a result  of the significantly higher ac- 
tivities wi th in  the cavity. 

The intercepts on the ordinate (io-2) of the i -2 vs .  t 
plots as shown in  Table  II depended on the solution 
and increased with increased concentrat ion as has been 
observed previously (7). In  the derivat ion of Eq. [4] 
and [5] the presence of this in tercept  has been a t t r ib-  
uted to an effective addi t ional  diffusion path A. This 
value may  be obtained on dividing Eq. [5] by the de-  
r ivat ive of Eq. [4] which gives 

nFA5 / di-~ 
= 2 ~  io ~ [7] 

dt 

The values of h have been determined and are also 
given in Table I ! a n d  vary  from 0.025 to 0.10 cm. The 
shift in the curves observed in  the sulfate-containing 
solutions giving values of h of approximately 0.1 cm 
suggest that this is due to an increased diffusion path 
possibly as a resul t  of a precipitate forming at the 
mouth  of the pit. The lower values may either result  
from a "lid" al though no "lid" could be seen after the 
experiments  in I0N LiC1. The magni tude  of ~ can also 
be accounted for in  terms of a diffusion layer (31) in 
the increased densi ty of solution (9) existing from the 
cavity. The high density solution could reduce the 
effects of convection currents  that  normal ly  control the 
magni tude  of the diffusion layer and give rise to an 
unusua l ly  large value. 

The above discussion shows that  the current  is con- 
trolled by (i) the resistance of the resistive layer and 
the potential  across it, and ( i i )  the diffusion of metal  
ions from the cavity. There is, however, no anomaly 
as the arr ival  of metal  ions at the layer-solut ion in ter -  
face at constant  potential  must  be almost equal  to the 
flux of metal  ions diffusing from it. If the rate of ar-  
r ival  was greater  than  the diffusion flux the thickness 
of the resistive layer  must  increase as the excess would 
not enter  the saturated solution. This, in  turn, would 
increase the resistance of the layer and reduce the 
current  unt i l  both fluxes are again equal. The system 
is thus self-regulat ing as concluded by other authors 
(7). 

The potential  would also not be expected to influence 
the currents  because of the self-regulat ion of the sys- 
tem and this was found exper imenta l ly  in runs  1 to 5 in 
Table II. If the potential  was stepped during a run  it 
would be expected that the per turbat ions  in the cur-  
rent  would be observed for a short period following 
the potential  change. If the potential  was increased 
the current  across the layer  would increase above that 
of the diffusion flux. The thickness of the layer would 
then increase unt i l  its resistance at the new potential  
reduced the current  to a value equal to the diffusion 
flux. Similarly, when  the potential  is decreased the 
current  would ini t ia l ly drop, the layer  would dissolve 
and the current  would then rise to the value once again 
equivalent  to the diffusion flux. Figure 8 shows the ex- 
per imental  results. Following the potential  change, the 
cur ren t  does again approach a value equal  to that  
prior to the change. However, the per turbat ions  in the 
observed cur ren t  (shown in  insets in Fig. 8) are more 
complex than  the above model would indicate. These 
per turbat ions  are probably the result  of the rapid 
changes in the cur ren t  and the movement  of the ions 
which led to changes in  composition and complex 
chemistry of the solution wi th in  the cavity. These 
t ransient  changes, in  turn,  could influence the solu- 
bi l i ty of the resistive layer, its thickness, and  the flow 
of current.  

Summary 
1. High currents  or corrosion rates are observed over 

a wide range of potential  in localized corrosion. 
2. A resistive layer forms on the surface of stainless 

steel anodes in  concentrated chloride solutions con- 
ta in ing high concentrat ions of metal  ions present  in 
restricted cavities. 

3. The resist ivity of the layer  is approximately l0 s 
ohm-cm and field-assisted migrat ion across the layer is 
ohmic. 

4. The thickness of the layer is a funct ion of the 
electrode potential  and the rate of diffusion of metal  
ions from the layer-solut ion interface. 

5. The solubili ty of the metal  ions and the current  
depends markedly  on the chloride concentrat ion and 
the complex chemistry wi th in  the cavity. 
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Initial Stages of Electromonocrystallization of Nickel 
on Copper-Film Substrates 

Shohei Nakahara and Rolf Weil* 
Department of Metallurgy, Stevens Institute of Technology, Hobokenj New Jersey 07030 

ABSTRACT 

The first stage of eleetromonocrystallization, the growth of single-crystal 
electrodeposits, in a number of instances is the developmen~ of three-dimen- 
sional, epitaxial crystallRes (TEC). The absence or presence of TEC as well 
as their morphology is determined by the codeposited foreign species, either 
intentionally added or apparently resulting from a high pH in the solution ad- 
jacent to the cathode. When a complete deposit layer has formed, strains re- 
sult from the difference between the lattice dimensions of the deposit and sub- 
strate as well as from the coalescence of TEC. Surface undulations are also 
related to the joining of TEC. Dislocations of the misfit type develop at certain 
deposit thicknesses; their spacing and straightness again are related to the 
presence of foreign substances. The coalescence of TEC and possibly of atom 
layers too thin to be visible also results in dislocation and twin formation. 

Many recent fundamental studies of electrocrystal- 
lization have involved single-crystal substrates and 
deposits in order to avoid the complications of grain 
boundaries and the variation of the growth processes 
with orientation. In order to differentiate between the 
electrolytic growth processes within one single crystal 
and those in polycrystalline deposits, the term "elec- 
tromonocrystallization" is introduced here. Many in- 
vestigations of electromonocrystallization have been 
primarily concerned with describing the transition of 
an ion from the electrolyte to the metal structure. 
Other studies on a much larger than atomic scale have 
employed optical observations (1-6) or special x-ray- 
diffraction techniques (7-8). There have been only a 
few studies of electromonocrystallization processes 
which used electron microscopy. Of course, there have 
been many observations of electrodeposits using both 

* Electrochemical Society Active Member. 
Key words: electrocrystanization, thin films, nickel. 

transmission and scanning electron microscopy, but 
they have yielded very little information of how the 
structures developed. Unfortunately, it has not been 
possible to perform the in-situ experiments (9) which 
have been so valuable in studying the growth proc- 
esses of vapor deposits. The electron microscopic ex- 
aminations by Lawless (10-11) of the initial stages of 
electromonocrystallization of deposits while still at- 
tached to thin-film substrates have elucidated the 
growth mechanisms. However, Lawless did not sys- 
tematically investigate the effects of the plating vari- 
ables and foreign substances in the electrolyte which 
are known to alter the crystallization processes. This 
study is therefore primarily concerned with the effects 
of the pH, metal-ion concentration and buffering of 
the plating bath as well as the deliberate additions of 
three organic substances (coumarin, saccharin, and 
phenosafranine) on electromonocrystallization using 
essentially the same types of samples as Lawless. 
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Experimental Procedure 
The substrates were produced by vapor depositing 

about 50 n m  of copper  onto c leaved and pol ished {001} 
faces of po tass ium-chlor ide  crystals .  Dur ing  the  evapo-  
ra t ion in a vacuum of about  10-5 Torr,  the KCI crysta ls  
were  in contact  wi th  a heater,  which main ta ined  thei r  
surface t empe ra tu r e  at  350~ Af t e r  evaporat ion,  the  
samples  were  he ld  at  400~ for severa l  hours  to anneal  
them. When  the  coated KC1 crysta ls  had  cooled, they  
were  removed  f rom the  vacuum chamber ,  c leaved into 
pieces 0.5 cm by  2 cm and  s tored in a desiccator.  

Jus t  before  plat ing,  the  KCI was dissolved by  float-  
ing the  sample  on the surface of dis t i l led water .  The 
copper  films, which  cont inued to float af ter  the sal t  had  
dissolved, were  r insed severa l  t imes  by  t rans fe r r ing  
them on a wet  glass sl ide onto the surfaces of severa l  
water - f i l led  dishes. The  final dish conta ined a 10% 
H2SO4 aqueous solut ion to  remove  any oxide  film. 
With  one end touching a piece of copper  foil  for  e lec-  
t r ica l  contact, the  film was floated in a dish containing 
the  p la t ing solution. A n ickel  anode  lay  on the bot tom 
and had  a p l a t inum wi r e  a t t ached  to i t  for e lect r ica l  
contact.  

The composit ions of the  p la t ing  solutions a r e  l isted 
in Table  I. Coumar in  was chosen as an addi t ion  agent  
because i t  reduces macrostress  in po lycrys ta l l ine  de-  
posits  ( I2) .  Sacchar in  resul ts  in compress ive  macro-  
stress (12). Phenosaf ran ine  was selected as an add i -  
t ive  because of the la rge  size of i ts molecule, which 
was known to be inc luded whol ly  in  electrodeposi ts  
and  because  i t  increases tensi le  macros t resses  (13). 
The s t ructures  of phenosaf ran ine  and coumar in  a re  
schemat ica l ly  represen ted  in Fig. 1. The cur ren t  densi ty  
was  5 m A / c m  2 and the pH was e i ther  1.5, 3, or  6 as  
also shown in Table  I. The pla t ing thicknesses were  
1-200 rim. The  t empera tu re  at  the surface of the  p la t ing 
ba th  was ma in ta ined  at  30~ The cur ren t  was prese t  
using a cons tan t -cur ren t  source. The p la t ing  solutions 
were  p r e p a r e d  wi th  t r ip le -d i s t i l l ed  w a t e r  ( two dis t i l -  
lat ions in the  presence of oxidizing agents  to remove  
organic impur i t ies)  and  reagent  g rade  chemicals.  The 
e lect rolyte  was purif ied b y  t r ea tmen t  wi th  ac t iva ted  
charcoal  and by  l ow-cu r r en t -dens i t y  e lectrolysis  for a t  
least  48 hr. The pH was ad jus t ed  e i ther  wi th  sulfur ic  
acid or  n icke l  carbonate .  

Af t e r  p la t ing  and rinsing, the  samples  were  cut  into 
pieces about  0.3 cm 2, p laced  on 200-mesh e lec t ron-  
microscope sample  grids and dried.  In  general ,  b i -  
c rys ta l  films, i.e., nickel  deposi ts  st i l l  a t t ached  to the  
copper  substrates,  were  examined.  Unpla ted  samples  of 
each lot of the  copper - subs t ra t e  ma te r i a l  were  also 
examined.  In  some instances the  copper  was dissolved 
in an aqueous solution composed of 50 g / l i t e r  H2SO4 
and 500 g / l i t e r  CrO3 so tha t  only  the th in  n ickel  de-  
posit  could be studied. A few samples  which  were  too 
th ick  for  t ransmiss ion electron microscopy were  
th inned  by  e lect ropol ishing (14a). Some surface r ep -  
licas (14b) were  also examined.  In  some instances, the  
n ickel  films on the  copper  subs t ra tes  were  shadowed 
(14b) to enhance the contras t  due  to surface features.  
Stereo e lec t ron microscopy of both repl icas  and the 
th in  samples  themselves  was also employed.  In  o rder  
to see the  locat ion of codeposi ted  molecules,  phase -  
cont ras t  e lec t ron microscopy (15) was used. A few 

Table I. Composition and pH values of plating baths 

pH 
B a t h  C o m p o s i t i o n  ( m o l e s / l i t e r )  v a l u e s  

A 0.43 NiSO~ 1.5, 3 
B 0.43 NiSO4, 0.5 HsBO8 1.5, 3, 6 
C 1.3 NiSO4, 0.5 I-~BO3 1.5 
D 1.3 NiSO~, 0.5 H~BOs, 0.14 n i c k e l  a c e t a t e  3 
E 0.43 NiSO~ 0.5 HaBOs, 10-s c o u m a r i n  1.5, 3 
F 1.3 NiSO4, 0.5 HsBOs,  10-3 e o u r n a r i n  1.5 
G 0.43 NiSO4, 0.5 I-IsBOs, 2 x 10-~ s a c c h a r i n  1.5 
H 0.43 NiSO4, 0.S HaBOs, 3 x 10 ~ p h e n o s a f r a n i n e  1.5, 3 
I 0.43 NiSO4, 0.5 HsBOs,  2 • 10-~ s a c c h a r i n ,  3 • 10 -8 3 

phenosafranine 

H~ N+ 

H 

Ct- 

NH 2 

PHENOSAFRANINE 

H H 

H ,H 

H 0 

H 

i 4 

COUMARIN O. 1 nm 

Fig. 1. Schematic representation of coumarin and phenosafranine 
molecules drawn approximately to scale. 

nickel  films sti l l  a t tached to the  copper subs t ra tes  were  
also annealed  for 20 min  at  200 ~ and 400~ 

Results 
The {001}-oriented copper  subs t ra te  films contained 

about  108 twin  faul ts  p e r  square  cent imeter  ex tending  
in both ~110>  direct ions.  In  addit ion,  there  were  
some vacancy clusters  and  a number  of dislocations 
most ly  wi th  mixed  Burgers  vectors. As a resu l t  of 
contact  wi th  the  sulfuric  acid solutions, about  10 s etch 
pits  per  square  cent imeter  developed as  manifes ted  by  
stereo e lec t ron  microscopy.  Copper  films when  ex-  
amined pr ior  to the  sulfuric  acid t r ea tmen t  exhib i ted  
r ec t angu la r ly  shaped ox ide  part icles .  

The genera l  resul ts  of the  e lect ron microscopic 
studies of the  ear ly  stages of e lec t romonocrys ta l l iza t ion  
of nickel  on copper- f i lm subs t ra tes  were  tha t  under  a 
number  of p la t ing  conditions, isolated, t h r e e - d i m e n -  
sional, ep i tax ia l  crystal l i tes ,  he reaf te r  cal led TEC, de -  
veloped. In  al l  samples, when  a continuous deposit  
covered the substrate ,  e last ic  s t ra ins  and surface 
undula t ions  were  observed.  Subsequent ly ,  misfit and 
other  dislocations and in some instances twins de -  
veloped. The specific resul ts  for  the  severa l  ba ths  and 
pH values  are  l is ted in Table II  and descr ibed below. 

At  pH 1.5 in deposi ts  f rom the  ba th  containing only 
nickel  sulfa te  in the  lower  concentra t ion  (ba th  A) 
only  a few, r e l a t ive ly  large, r e c t angu la r l y  shaped  TEC 
were  observed.  The average length  of the edges, which 
were  s t ra ight ,  was 130 nm. In addi t ion to the  TEC, 
some t r i angu la r ly  shaped crys ta l l i tes  were  observed 
and identified as n ickel  hydrox ide  f rom the i r  e lect ron 
diffraction pat terns .  The addi t ion  of boric acid (ba th  B) 
resul ted  in a sl ight  decrease in the  size of the TEC in 
the  p lane  pa ra l l e l  to t he  subs t ra te  as wel l  as in the  
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Table II. Results 

Bath pH TEC structure 

Misfit dislocation structure 
Estimated 
minimum 

deposit 
thickness 
of forma- Spacing 
tion (nm) Type (nm} 

A 1.5 Large, s.s.* (trian- 20 Straight 18 
gular hydroxide) 

B 1.5 Large, s.s. 8 Straight 15 
C 1.5 Large, s.s. (Fig. 2) 3 Straight 50 
E 1.5 None 3 Straight 50 
F 1.5 none n.d.$ Straight 50 
G 1.5 Small, i.s.t (Fig. 3) 8 Irregular 30 

(triangular hy- 
droxide) 

H 1.5 Small, s.s. {Fig. 4) 6 Irregular 10 
A 3 Large, i.s. (Fig. 5) 10 Irregular 10 
B S None 5 Straight 10 
D 3 None 5 Straight 50 
E 3 Small, i.s. n.d. Irregular n.d. 
H 3 Small, i.s. 15 Irregular 30 
I 3 Small, i.s. 5 Irregular 15 
B 6 None 5 Straight 70 

* Straight sided. 
t" Irregularly sided. 
t Not determined. 

p e r p e n d i c u l a r  d i rec t ion .  I n c r e a s i n g  t he  n i c k e l - i o n  c o n -  
cen t~a t ion  a n d  m a i n t a i n i n g  t h a t  of  bor ic  ac id  ( b a t h  C) 
r e s u l t e d  in  a f u r t h e r  d e c r e a s e  in  t he  T E C  s ize  in t h e  
p l a n e  p a r a l l e l  to t h e  s u b s t r a t e ,  b u t  an  i n c r e a s e  in  
he ig h t ,  i.e., in  t h e  p e r p e n d i c u l a r  d i rec t ion .  F i g u r e  2 
s h o w s  T E C  as  g r o w n  in  t h e  h i g h e r  n i c k e l - i o n - c o n c e n -  
t r a t i o n  e l e c t r o l y t e  ( b a t h  C) .  T h e  s ides  of  T E C  t e n d  to 
be  p a r a l l e l  to < 1 1 0 >  d i r ec t ions .  B y  m e a n s  of r e p l i c a s  
it  w a s  e s t a b l i s h e d  t h a t  t h e s e  T E C  h a d  a p y r a m i d a l  
s h a p e .  

T h e  a d d i t i o n  of c o u m a r i n  to t he  b a t h s  of  b o t h  n i c ke l  
c o n c e n t r a t i o n s  a lso  c o n t a i n i n g  bor ic  acid ( b a t h s  E a n d  
F)  at  p H  1.5 r e s u l t e d  in  depos i t s  in  w h i c h  TEC w e r e  
no t  o b s e r v e d .  S a c c h a r i n  a d d i t i o n s  ( b a t h  G) ,  on  t he  
o t h e r  h a n d ,  c a u s e d  a l a r g e  i n c r e a s e  in  t h e  n u m b e r  of  
TEC a c c o m p a n i e d  b y  a c o n s i d e r a b l e  d e c r e a s e  in  t h e i r  
d i m e n s i o n s  in  t h e  p l a n e  p a r a l l e l  to t h e  s u b s t r a t e  s u r -  
f a ce  as s e e n  in  Fig.  3. T h e  h e i g h t  of  t he  T E C  a p p e a r s  
to be  a b o u t  t h e  s a m e  as  t h a t  of  t h e  ones  in  Fig.  2 as 
j u d g e d  f r o m  t h e i r  t r a n s p a r e n c y  to e l ec t rons .  A n o t h e r  
n o t e w o r t h y  f e a t u r e  of  t h e  TEC,  w h i c h  d e v e l o p e d  in  
t h e  b a t h  c o n t a i n i n g  s a c c h a r i n ,  is t h a t  t h e  s ides  a r e  no 
l o n g e r  s t r a i g h t .  S o m e  t r i a n g u l a r  n i cke l  h y d r o x i d e  
c r y s t a l l i t e s  w e r e  also o b s e r v e d  in  s a m p l e s  p r o d u c e d  in  
th i s  ba th .  T h e s e  c r y s t a l l i t e s  deve loped ,  h o w e v e r ,  a f t e r  
t h e  n i c k e l  d e p o s i t  b e c a m e  c o n t i n u o u s .  T h e  a d d i t i o n  of 

Fig. 3. Small, irregularly shaped TEC. Plated in bath G at pH 1.5 

p h e n o s a f r a n i n e  to t h e  e l e c t r o l y t e  ( b a t h  H )  a lso  r e -  
s u l t e d  in  a g r e a t  i n c r e a s e  in  t h e  n u m b e r  of  TEC.  H o w -  
ever ,  as s e e n  in Fig. 4 t he  s ides  of  t h e  T E C  a re  s t r a i g h t .  
If  t h e  s a m p l e  s h o w n  in  Fig.  4 is e x a m i n e d  u n d e r  
p h a s e - c o n t r a s t  cond i t ions ,  a n u m b e r  of  s m a l l  w h i t e  
do t s  a re  seen.  T h e  d o t s  h a v e  b e e n  i n t e r p r e t e d  (15) as  
b e i n g  t h e  s i t e s  of  i n c o r p o r a t e d  m o l e c u l e s .  A m a j o r i t y  
of  t h e  s i tes  a p p e a r e d  to be  a t  t h e  e d g e s  of t h e  TEC.  
T h e  r e s t  of t h e  s i t e s  w e r e  f o u n d  w i t h i n  t h e  TEC.  

A t  p H  3, in  t h e  b a t h  w i t h  o n l y  n i c k e l  s u l f a t e  in  t h e  
l o w e r  c o n c e n t r a t i o n  ( b a t h  A )  t h e  f o r m a t i o n  of i r -  
r e g u l a r l y  s h a p e d  T E C  m e a s u r i n g  a b o u t  80 n m  p a r a l l e l  
to t h e  s u b s t r a t e - s u r f a c e  p l a n e  w a s  o b s e r v e d .  T h e  T E C  
are shown in Fig. 5. In some samples plated for a 
slightly longer time, the size of the TEC increased up 
to 300 nm. These larger crystallites were no longer 
transparent to electrons. In addition to the TEC, the 
triangular nickel-hydroxide crystallites were observed 
again. No TEC were visible in deposits produced at pH 
3 in the bath to which boric acid had been added 
(bath B). In one experiment, the current density was 
inadvertently raised to 15 mA/cm 2, i.e., three times 
that used in all the other experiments. The deposits so 
produced showed irregularly shaped TEC. No TEC 
were seen in deposits produced in the bath (D) to 

Fig. 2. Relatively large TEC with straight sides plated in bath C 
at pH 1.5. Fig. 4. Small, straight-sided TEC. Plated in bath H at pH 1.5 
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Fig. 5. Irregularly shaped TEC. Plated in hath A at pH 3 

which a stronger buffering agent, nickel acetate, had 
been added. 

At pH 3, the addition of coumarin  to the low-nickel-  
concentrat ion bath which also contained boric acid 
(bath E) resulted in the growth of small  (about 35 
rim) i r regular ly  shaped TEC. It may be recalled that  
there were no observed TEC in bath E at pH 1.5. The 
addit ion of phenosafranine (bath H) resulted in struc- 
tares essentially the same as those produced at the 
lower pH. I r regular ly  shaped TEC were observed in 
samples plated in a bath containing both phenosafran-  
ine and saccharin (bath I) .  

At pH 6, no visible TEC resulted from deposition in 
the bath with the lower nickel concentrat ion and boric 
acid (bath B).  

The structures which developed after the nickel 
deposit became continuous were  similar in all sam- 
ples. This s tructure is shown in Fig. 6. The thicknesses 
at which the deposits became continuous depended, 
of course, on the previous structure. When there were 
no TEC, the deposits became continuous essentially 
immediately.  When there were TEC, the average thick- 
ness was estimated f rom the plat ing times to have 
been about 2-5 nm. The contrast  in  Fig. 6 is due to 

Moir~ patterns, thickness variations, and strains. There 
were point - to-point  thickness variat ions as determined 
by the use of replicas of the surfaces as well as by a 
contrast  enhancement  when the samples themselves 
were shadowed. In the electron diffraction pat terns of 
the samples shown in Fig. 6, there was no recognizable 
separation of the spots due to copper and nickel also 
indicating that  lattice-misfit  strains were present. 

There were some differences between the structure 
of samples which had exhibited straight and i r regu-  
lar ly shaped TEC, respectively. The sample shown in 
Fig. 6 at an earlier stage of growth had exhibited regu- 
larly shaped TEC. Here the Moir~ pat tern  consists of 
ra ther  straight lines which are indicated by the arrow. 
These lines lie essentially parallel  to <100~ directions 
in this case. Figure 7 represents a sample which 
showed i r regular ly  shaped TEC at the earlier growth 
stage. Here the lines are not straight. The electron 
diffraction pat terns of samples such as are shown in 
Fig. 7 consisted of small  arcs of circles instead of spots. 
indicating a tendency toward polycrystall inity.  When 
the TEC stage was not visible, the s tructure of a con- 
t inuous nickel film was similar to that of Fig. 6. The 
lines were again rather  straight, however not as pro- 
nounced. 

The relaxat ion of some of the elastic strains was 
indicated by the separation of the electron diffraction 
spots of copper and nickel as well  as by a decrease in 
their size and was accompanied by the appearance of 
misfit dislocations. The Burgers vectors of these dis- 
locations, which are indicated by an arrow in Fig. 8 
were found to be of the 1/2 ~110~  type and to have an 
edge character. The fact that their images were not 
seen in nickel films separated from their  substrates 
proved that  the dislocations were located at the in ter -  
face between the copper and nickel and therefore of 
the misfit variety. Rough estimates of the average 
deposit thicknesses at which misfit dislocations were 
first observed are listed in Table II. 

The degree to which the misfit dislocations were 
straight also could be related to the TEC structure. In 
the samples in which TEC were not visible at the 
earlier stage of growth, well-defined, straight misfit 
dislocations such as seen in Fig. 8 were observed. Also 
when the TEC were large in the plane parallel  to the 
substrate surface and had straight sides, such as in the 
baths without additives at pH 1.5, the dislocations 
were straight and well defined. In areas where in  dis- 
locations had not formed, the lines that characterized 
the earl ier  stage of growth were still visible. Figure 9 

Fig. 6. Structure after nickel deposit was continuous. At earlier Fig. 7. Structure after nickel deposit was continuous. At earlier 
stage, TEC had straight sides, stage, TEC had irregularly shaped sides. 
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Fig. 8. Straight misfit dislocations. At earlier stage, sample 
showed no TEC. 

Fig. 10. Irregularly shaped dislocation structure. At earlier stage, 
TEC had irregularly shaped sides. 

Fig. 9. Straight misfit dislocation at D and structure from con- 
tinuous-deposit stage at J. At earlier stage, TEC were straight 
sided. 

shows straight misfit dislocations, the orthogonal net-  
work of lines, one of which passes under  "D." The 
structure which developed prior to the misfit-disloca- 
t ion formation, which was shown in Fig. 6, is also still 
visible in Fig. 9 in regions such as the one marked 
"J." Samples plated under  conditions which resulted 
in very small TEC or i r regular ly  shaped, large ones 
exhibited dislocations which were not straight as 
shown in  Fig. 10. After  the copper substrates had been 
dissolved, the nickel deposits still contained a high 
dislocation density. These dislocations did not lie in 
the nickel-copper interface and were therefore not of 
the misfit variety, i.e., caused by the difference in lat-  
tice dimensions between deposit and substrate. The 
electron diffraction pat terns of samples which did not 
exhibit  straight dislocations, consisted of rings or arcs 
which are indicative of some degree of polycrystal l in-  
ity. 

The average spacings of the misfit dislocations are 
listed in Table II. At pH 1.5, coumarin resulted in a 
wide spacing. Saccharin caused a smaller increase, 
while phenosafranine reduced the spacing. At pH 3, 

the stronger buffer, nickel acetate resul ted in a large 
average distance between misfit dislocations. The 
greatest spacing occurred in samples plated at pH 6. In  
some samples, especially those with irregular,  ra ther  
than straight misfit dislocations, it was difficult to de- 
termine the spacing accurately. This difficulty arose 
because the misfit dislocation could not be readily dis- 
t inguished from those which resul ted from other 
causes. 

One sample which was plated in the bath containing 
phenosafranine at pH 3 to a thickness of approximately 
500 nm on examinat ion  in  a high-voltage (800 kV) 
electron microscope while still attached to the copper 
substrate  exhibited essentially the same dislocation 
structure as one only 100 nm thick. The fact tha t  the 
dislocation contrast did not change with a five-fold 
thickness increase suggests that  the elastic relaxat ion 
due to their formation is l imited to the immediate 
neighborhood of the interface. This short range of the 
misfit strains was fur ther  confirmed when the sub- 
strate was th inned by part ial  dissolution and the mis-  
fit dislocations remained. The samples plated in  the 
bath with phenosafranine had a much higher twin 
density than the copper substrates. 

The fine dislocation structure in a sample plated in 
the bath containing phenosafranine at pH 1.5 did not 
change upon anneal ing for 20 min  at 300~ in vacuum. 
However, the number  of twins decreased. The electron 
diffraction pat tern  confirmed the decrease in the twin 
density. Spots or arcs due to oxide which were present 
in the diffraction pat tern  before annealing,  also dis- 
appeared. Annea l ing  at 400~ for 20 min  resulted in 
alloying between the deposit and substrate and the 
disappearance of misfit dislocations. 

Discussion 
The TEC stage of electromonocrystall ization has 

been previously reported in deposits of p la t inum on 
gold (16), gold on silver (17) and on iron (18), and 
copper on nickel (10) and on copper (19). The de- 
velopment  of TEC in evaporated films has been fre-  
quent ly  observed (9). It had not been seen in nickel 
electrodeposits. In two studies nickel was plated on a 
thin copper substrate at pH 4 (10) and at pH 2.6 (20) 
in a Watts bath and the bicrystals examined by t rans-  
mission electron microscopy; no TEC were observed. 
In this study, no TEC were seen either in the addit ive-  
free bath with boric acid (bath B) at pH 3. Evidently,  
whether  TEC are formed depends not only on the type 
of metal  plated and the substrate but  also on the pla t -  
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ing conditions and whether  there are foreign sub- 
stances present  in the bath. 

In  order to explain the effects of addition agents, the 
pH and buffering of the bath, and the meta l - ion  con- 
centrations, which were the variables of this study, it 
is necessary to consider how and why TEC form. 
Gradmann  (21) postulated that a deposit should grow 
as monolayers  if its surface energy is lower than that 
of the substrate. Actually,  the surface energy of nickel 
is greater than that of copper (22). Therefore, it would 
be expected that the deposition of nickel on copper 
should occur by TEC formation. Of course, the re la-  
tive values of the surface energies can be altered by 
absorbed foreign substances, other plat ing variables, 
and the crystallographic orientation. 

It has been general ly postulated that  electromono- 
crystall ization occurs by the first arr iving atom of the 
deposit at taching itself to a k ink  site in the substrate. 
Subsequent  atoms would join to fill the row. The 
mechanism of spiral growth from emerging screw dis- 
locations has been invoked so that  there would be no 
need for the nucleat ion of new rows or layers. How- 
ever, under  nonideal  conditions, the dislocations in the 
substrate have not been observed to affect the struc- 
ture of the deposits unless there were foreign sub- 
stances associated with them (1, 2, 7, 8). The motion of 
layers in copper deposits from a perchlorate bath on 
{100} planes of the same metals was also interpreted 
(2) on the basis of the potential  data as indicating 
that  the atoms did not go to k ink sites. It thus appears 
probable that there is two-dimensional  nucleation (23) 
associated with foreign substances. In many  instances it 
is l ikely that defects in the substrate also play a role 
in  the nucleation. Sard and Weil (19) observed twins 
under  most of the visible TEC in copper plated in acid- 
sulfate baths. However, in some samples of the present  
study, nucleat ion could not have occurred on defects 
in  the substrate. For example, in Fig. 4, there are 1011 
TEC per square centimeter,  whereas the number  of 
defects in the substrate was of the order of l0 s cm 2. 
In  the sample shown in Fig. 4, the phenosafranine 
molecules, the sites of which were found to occur 
wi thin  TEC, could have nucleated the growth. The 
nucleat ion by foreign substances has been postulated 
by Eichhorn, Schlitter, and Fischer (24), and it seems 
reasonable that  it could occur if the molecule had the 
r ight  shape and orientat ion with respect to the under -  
lying crystal lattice. The three-dimensional  epitaxial  
growth could occur by bunching (1). Here foreign 
substances would impede the spreading of layers. The 
observed sites of phenosafranine at the edges of TEC 
are suggested to be those of molecules which resulted 
in bunching.  

On the basis of the growth mechanisms suggested 
above, it would appear that  there was very  little or no 
impediment  to lateral  layer spreading when no TEC 
were observed. When there were only a few large TEC, 
which had a small he ight - to-width  ratio (i.e., the di- 
mension perpendicular  and paral lel  to the substrate, 
respectively),  the impediment  to lateral  growth was 
also small. Possibly, these TEC were nucleated at de- 
fects in the substrate. As expected, impediment  to 
lateral  growth was lowest in  the addit ive-free baths as 
in deposits produced therein, ei ther no TEC or the 
larger, but  flatter ones were observed. 

The effect of boric acid at pH 1.5 on the init ial  elec- 
trocrystall ization phenomena  appears to have been the 
prevent ion of the formation of the tr iangular ,  nickel-  
hydroxide crystallites. These hydroxide crystals were 
also observed in thin nickel deposits on copper by Ives, 
Edington, and Rothwell  (20) and were said to require 
a high pH in the cathode films. The data of KnSdler  
and Neugeboren (25) however indicate that at pH 1.5, 
the value used in this study, and 5 mA/cm 2, the acidity 
of the solution adjacent  to the cathode should be the 
same as that in the bulk. At higher current  densities, 
there is an increase in the pH of the cathode film over 

that of the bulk; the increase being much greater if 
boric acid is absent. However, the solutions studied 
by KnSdler and Neugeboren (25) contained 1 mol / l i te r  
nickel ions, while the hydroxide crystallites developed 
in the 0.43 molar  solutions (bath A).  Equivalent  hy-  
drogen evolutions would be expected in a low nickel-  
ion-concentrat ion solution at a low current  density and 
in a more concentrated electrolyte at a high plating 
rate. Thus the conditions of this study would be equiv-  
alent  to those under  which KnSdler  and Neugeboren 
found the larger increase in pH in the absence of boric 
acid. Thus, it is possible to explain why the absence of 
boric acid caused the formation of the hydroxide crys- 
tallites even at relat ively low current  densities. The 
reason why no TEC or hydroxide crystallites were ob- 
served in deposits plated at the high pH may be that 
the type of hydroxide, which forms, depends on pH 
(20). Apparent ly  the type which forms at pH 6 did 
not impede lateral  growth so as to cause TEC to de- 
velop. The effect of the pH, the presence or absence 
of boric acid, and the nickel- ion concentrat ions on the 
formation of TEC and their sizes would be expected to 
depend on the hydroxide species which form, how they 
are adsorbed, and the amount  which is present as 
crystallites. 

The effect of coumarin  on the development  of TEC 
also can be explained on the basis of la tera l -growth 
impediment.  Rogers and Taylor (26) reported that sev- 
eral reaction products are present in n ickel-pla t ing 
baths containing coumarin. The amount  of each prod- 
uct depends, among other factors, strongly on pH. At 
pH 4 (26, 27), melilotic acid was said to be the princi-  
pal reaction product for coumarin concentrations in the 
order of 10 -3 molar, i.e., the amount  used in baths E 
and F. At pH 1.5,  o-hydroxyphenylpropanol  and 
o-propyl  phenol (28) are the principal  products. These 
compounds are not as strongly adsorbed as melilotic 
acid. Thus at the pH 3 of this study, the formation of 
TEC was probably due to me]ilotic acid. At pH 1.5, 
with less adsorption of foreign material,  lateral  growth 
would not be impeded and no TEC would form. 

The irregular  shape of the TEC, which formed in the 
baths containing saccharin, at pH 3 in the presence of 
coumarin  and at pH 3 in the addit ive-free without 
boric acid, was probably caused by the size and mode 
of adsorption and incorporation of foreign substances 
either from the bath additives or hydroxides. At this 
point, it is only possible to postulate a mechanism. The 
fact that the sites of codeposited products from cou- 
mar in  were not observed by phase-contrast  microscopy 
suggests that the small dimension of the molecules was 
essentially perpendicular  to the electron beam, which, 
in turn, was perpendicular  to the substrate surface. As 
the phenosafranine-molecule  sites were visible by 
phase-contrast  microscopy, it  is suggested that  this 
additive was adsorbed with the large dimensions per-  
pendicular  to the beam. The sketches of the coumarin  
and phenosafranine molecules in Fig. 1 are drawn ap- 
proximately to scale. It has been found (28) that only 
sulfide ions from saccharin molecules are codeposited. 
Therefore the s t ructure  of saccharin is not shown in 
Fig. 1. The basic substances which resulted in the TEC 
formation in bath A at pH 3 could also have been small  
in size. Thus it may be postulated that if the size and 
orientat ion of the codeposited molecules are such that 
they could have stopped a whole row of atoms from 
growing parallel  to the substrate surface as apparent ly  
in the case of phenosafranine,  straight-edged TEC 
would develop. On the other hand, if the impediment  
is such that part of a row was stopped from growing 
and the rest could continue, i r regular ly  shaped TEC 
would result. This type of growth impediment  would 
be expected from small  molecules or large ones which 
are oriented with their  small  dimensions facing the 
advancing row. Fur ther  studies of the way that mole- 
cules are adsorbed and interefere with growth are 
needed before the reasons for the shapes of the TEC 
can be confirmed. 
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The effect of the substrate on the development  of 
TEC was not  a var iable  in this study. It  is known (16) 
that  the shape of TEC changes with orientat ion of the 
substrate. Even slight deviations from the {100} ori- 
entat ion appear to have affected TEC formation. In  
another  study (29) deposition of nickel from bath B at 
pH 3 resulted in visible TEC when cube- tex tured  cop- 
per was the substrate, whereas on the more closely 
[100]-oriented vapor-deposited copper films grown on 
KC1, there were none. It is also possible that the differ- 
ence in the defect densities and surface morphologies 
of the two types of copper substrates affected the de- 
velopment  of TEC. 

The strain contrast  in Fig. 6 which was general ly 
observed after a complete layer  of the deposit had been 
laid down was undoubtedly  due pr imar i ly  to the differ- 
ence in  the lattice parameters  of copper and nickel. 
Strains must  have been present already in the TEC 
stage, but other contrast effects probably masked them. 
The fact that  the separation of the diffraction spots 
was not the equi l ibr ium distance was evidence of 
strain. As the thicknesses of the deposit and substrate 
was comparable, it is l ikely that  both were in a state 
of stress of opposite signs. 

The coalescence of TEC and even the meet ing of 
layers too thin to be visible because of lack of thick- 
ness contrast was another probable source of strain. 
It  is very l ikely that  there were misorientations be- 
tween the jo ining TEC and even the layers too thin tc 
be seen. The misorientations probably lead to strains 
as well as the introduction of defects which are dis- 
cussed below. The requ i rement  to minimize the sur-  
face energy would probably  lead to coalescence be- 
fore the regions between the s t ructural  components 
have been completely filled in and thus increase the 
strains. The coalescence of i r regular ly  shaped TEC also 
must  have resulted in their  rotation, again probably 
because of surface-energy requirements  or to lower 
the strains. The arcs of circles in the electron diffrac- 
t ion pat terns of the samples which exhibited i r regu-  
lar ly shaped TEC in the earlier stage of growth are 
indicative of rotat ion of the crystall i tes on joining. 
Rotation of TEC has been observed (9) during vapor-  
deposition experiments  carried out in an electron mi-  
croscope. The lines visible in Fig. 6 and 7 are prob-  
ably NIoir~ pat terns and part ial ly due to s t ra in con- 
trast;  the strain resul t ing from the coalescence of the 
s t ructural  components, i.e., TEC and atom layers too 
thin to be seen by electron microscopy. The structure 
shown in Fig. 6 bears a strong resemblance to that 
observed by Matthews and Crawford (30) in vapor-  
deposited nickel-copper bicrystals and said to be a 
Moir~ pattern.  The thickness variat ions which also 
contr ibuted to the contrast  par t icular ly  if the TEC 
stage preceded the formation of a complete deposit 
layer, were also very  l ikely due to coalescence. The 
fact that the l ines in Fig. 6 and 7 were more pro- 
nounced when there was a TEC stage and the evi-  
dence from the replicas and shadowed bicrystals sup- 
ports this conclusion. It can be readily seen why the 
region of coalescence of TEC would be thinner .  Tanabe  
and Kowasaki (18) found it to be so also. 

The coalescence of TEC as well  as the meeting of 
layers one or more atoms high and slightly misori-  
ented with respect to one another  can lead to the 
formation of dislocations. If there are misorientat ions 
in  the plane parallel  as well  as in that  perpendicular  
to the substrate, the dislocations would have mixed 
Burgers vectors. The formation of dislocations due to 
the joining of slightly misoriented s t ructural  com- 
ponents is a we l l -known phenomenon.  The formation 
of dislocations due to coalescence of TEC in vapor de- 
posits has been seen (9). The joining of layers to form 
dislocations has also been observed in copper deposits 
(7). The dislocations which did not disappear when 
the substrate was dissolved probably formed from the 
jo ining of s t ructural  components. These dislocations 
had mixed Burgers vectors, in general. In  addit ion to 

dislocations, the coalescence of TEC can also lead to 
twin formation. Matthews and All ison (31) have de-  
scribed a mechanism by which the smaller TEC rotates 
into a twin orientat ion if it is easier than at ta ining 
parallel  al ignment.  The very large number  of twins 
observed in deposits plated in the baths for which 
phenosafranine was the additive may have been due to 
the small  size of the TEC which allowed them to ro- 
tate into a twin  orientation. In  order to form a twin-  
ning plane, it is obviously necessary that the TEC have 
straight sides bounded by {111} planes. The TEC pro- 
duced in the phenosafranine bath probably  conformed 
to this requirement .  The necessity to al ign in  a twin  
orientat ion ra ther  than paral lel  may  have been due to 
the large phenosafranine molecules at the edges of the 
TEC in the way suggested by Hinton, Schwartz, and 
Cohen (32). The possibility that  mechanical  twins are 
formed to relax high stresses should also not be dis- 
counted. 

The development of dislocations to relieve the misfit 
strains between the crystal lattices of the deposit and 
substrate has been widely observed in  vapor deposits. 
Misfit dislocations have also been previously observed 
in electrodeposited bicrystals (11, 33). 

The deposit thicknesses at which misfit dislocations 
developed appear to have varied considerably with the 
plat ing conditions and bath compositions. This var i -  
ation is probably  real in spite of the inherent  un -  
certainties involved in  de termining  the values. The 
uncertaint ies  arose because the experiments  were not 
specifically designed to determine the critical deposit 
thicknesses. In  general, the plat ing times were varied 
in a geometric progression. Thus, the deposit in which 
the misfit dislocations were observed was twice as 
thick as the one in which these defects were not pres- 
ent. Also the values listed in  Table II were calculated 
from the plat ing times which at best yield an average 
thickness. The local thickness variat ions have already 
been discussed. The plat ing efficiency also was not 
known accurately. However, it appears that  the thick- 
ness values in Table II are larger than the value of 1.46 
nm which Matthews and Crawford (30) determined by 
a more accurate method in nickel vapor deposits on 
copper. The value, which Matthews and Crawford (30) 
found, is also close to the theoretical thickness which 
they calculated for the nickel-copper system. The rea-  
son for the greater critical thickness in Table II may 
be that codeposited foreign substances such as additive 
molecules or hydroxides interfered wi th  the glide, 
which Matthews and Allison (31) said was necessary 
for misfit-dislocation formation. 

The interference of codeposited foreign substances 
on dislocation glide may also have been responsible for 
the variat ion in the spacings listed in Table  II. The 
misfit-dislocation spacing for nickel  deposits on copper 
was calculated by Matthews and Crawford (30) to be 
about 8 nm. All values in Table II exceed this theo- 
retical spacing. When the spacings of the misfit dis- 
locations are greater than  the theoretical value, the 
strains have obviously not been completely relieved. 
The misfit dislocations which were not straight prob- 
ably experienced local p inn ing  by codeposited, foreign 
substances. 

The results of the anneal ing exper iments  are in-  
cluded for informat ion only. There are not enough 
data to draw any  significant conclusions. 

Conclusions 
1. The influence of addition agents, the pH, and 

buffering of the bath and the nickel- ion concentrat ion 
on the formation and shape of TEC can be explained 
by the interference of codeposited, foreign substances 
on the lateral  spreading of the deposit. 

2. When a complete deposit layer  has been formed, 
strains and  surface undula t ions  develop, which can be 
related to the presence and shape of TEC in the 
earlier growth stage. 
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3. The coalescence of TEC resul ts  in the  format ion  
of dislocations and p robab ly  in some instances, twins.  

4. Misfit dislocations form in the depos i t - subs t ra te  
interface.  Thei r  spacing, configuration, and the deposit  
thickness  at which they  a re  first observed appa ren t ly  
depend  on the  presence of codeposi ted foreign sub-  
stances. 
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Sensitizer Aging Effects on Metalization and Imaging in the 
Photoselective Metal Deposition (PSMD) Process 

J. F. D'Amico* and M. A. DeAngeto 
Western Electric Company, Engineering Research Center, Princeton, New Jersey 08540 

ABSTRACT 

The  PSMD imaging  system employs  aqueous SnC12 sensi t izer  solut ions to 
genera te  electroless meta l  photopa t te rns  on dielectr ic  substrates.  We have 
measured  how aging in severa l  typica l  sensit izer  solutions affects the i r  ab i l i ty  
to genera te  electroless copper photopat te rns  on po ly imide  H film (DuPont  
Kapton@). Specimens, consecut ively sensit ized as the solution aged, have  been 
charac te r ized  wi th  respect  to  (i) t in deposi t ion (by  x - r a y  fluorescence),  (ii) 
cata ly t ic  ac t iv i ty  for meta l iza t ion  (by  opt ical  densi ty  de te rmina t ion  of the  
deposi ted  electroless  copper) ,  and (iii) imageabi l i ty  (by image contras t  mea -  
surements  of the developed copper pa t t e rns ) .  The system Jmageabi l i ty  is found 
h igh ly  dependent  on the  sensit izer  solution age, while  the  capab i l i ty  for 
b l anke t  meta l iza t ion  was r e l a t ive ly  unaffected. 

Photoselect ive  meta l  deposi t ion (PSMD),  a process 
for meta l  pa t t e rn ing  dielectr ic  subs t ra tes  by  uv l ight  
exposure  and electroless (chemical)  plat ing,  has been 
the subject  of severa l  recent  papers  (1-4).  These have 

* Electrochemical Society A c t i v e  Member .  
Key words: sensitizer, sensitizer aging, e lec t ro less  p l a t i ng ,  e lec-  

t ro less  patterning, photoimaging. 

r epor ted  a genera l  out l ine  of this sys tem and its ap-  
pl icat ions (1, 2), an analysis  of the sensi t izat ion mecha-  
nism by MSssbauer spectroscopy (3), and a descr ipt ion 
of the  opt ical  response in a typica l  imaging system 
(4). In  this paper ,  we shall  e labora te  on sti l l  another  
aspect, tha t  of sensit izer  aging in normal  room am-  
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blent, and shall describe how this phenomenon affects 
both metalization and imaging in a typical PSMD 
system. 

The process of electroless metal izat ion is, of course, 
a subject of broader  technological interest  than that 
of electroless metal  imaging, and as such has been 
studied extensively for many  years (5). Among very 
recent papers on this topic, those by Cohen and West 
(6), Feldstein and Weiner  (7, 8), and Feldstein, Weiner,  
and Schnable (9) are of par t icular  relevance to the 
subject covered in this paper. 

Photoselective metal  deposition combines electroless 
plating with a step involving uv light exposure through 
a mask to develop an image. The electroless meta l -  
ization process requires that  surfaces to be covered 
be made "catalytic," so that  the plat ing reaction may 
be initiated. The most common catalyst is palladium, 
which can be convenient ly  microdeposited by the se- 
quence: 1 (i) sensitization [ immersion in SnC12; de-  
posits Sn( I I )  species] and (ii) activation ( immersion 
in PdC12; deposits Pd) .  2 For imaging, a uv light ex-  
posure after step (i) el iminates Sn ( I I )  by photo- 
oxidation, thus pre-empt ing  Pd deposition and thereby 
making  the exposed regions "noncatalytic." Thus 
PSMD imaging is positive working, since it generates a 
replica of the photomask. 

Photoreactive deposits in the PSMD process are 
formed on substrates which are briefly immersed in an 
aqueous sensitized solution containing a Sn ( I I )  salt. 
The work reported here deals exclusively with sensi- 
tizers of a specific chemical composition, namely,  dilute 
stannous chloride dihydrate  (SnC12.2H20) acidified 
with HC1. In  terms of chemical ingredients,  this is 
our least complex solution and accordingly is a good 
start ing point for sensitizer research. 

In  aqueous SnC12-HC1 solutions, the Sn( I I )  is pres-  
ent  in a var ie ty  of forms (10-12), i.e., a soluble aquo 
complex as well  as soluble complexes of chlorides, 
oxychlorides, hydroxides, and hydroxy-chlorides.  In  
addition, insoluble oxides (these may or may not be 
readily visible) are also present. On standing in the 
laboratory, the soluble species undergo a continuous 
hydrolysis and polymerizat ion to become irreversibly 
converted into the insoluble oxides. The insoluble ox- 
ides combine to form a colloid or sol which has been 
observed to play an impor tant  role in the sensitization 
process (1-4, 6, 7). In this paper we give a general  de- 
scription of colloid formation in  typical  sensitizer solu- 
tions. We also relate the observed solution and colloid 
properties to their  effects on the sensitization and 
metalization of the substrate.  

An impor tant  factor affecting sensitization is the 
extent  of "wett ing" of the substrate by the solution 
(7, 9, 13). In  "wetting," the liquid containing soluble 

t in  complexes forms a film on the substrate. During 
the subsequent  water  rinse, the pH in  this film is 
rapidly raised to the point  where the soluble complexes 
are hydrolyzed to the insoluble oxide which then de- 
posits on the substrate and contributes to the sensi- 
tization. 

In  a t tempt ing to unders tand  sensitizer film formation, 
it is clear that we must  look not only at the deposit on 
the substrate but  also at the condition of the solution 
at the t ime of sensitization. The ul t imate  objective of 
a detailed study of the mechanism and kinetics of sen- 
sitization is to provide a basis for tai loring formula-  
t ions and process procedures to optimize the imaging 
characteristics on a wide var ie ty  of useful  substrates. 

1 A o n e - s t e p  t i n - p a l l a d i u m  s o l u t i o n  is a lso w i d e l y  used to gen -  
e ra te  e lec t ro less  deposi ts .  Th i s  s e n s i t i z a t o r / a c t i v a t o r ,  h o w e v e r ,  can-  
no t  be u sed  fo r  P S M D  i m a g e  gene ra t ion .  

T h e r e  is  some  d i s a g r e e m e n t  i n  t h e  l i t e r a t u r e  as  to  the  s t a t e  of  
the d e p o s i t e d  Pd. I n  ref .  (3), the  r e su l t s  of M 6 s s b a u e r  ana ly s i s  fo r  
SnCI~/HC1 sens i t i zed  K a p t o n  are  i n t e r p r e t e d  in  t e r m s  of a S n ( n ) -  
Pd{I I )  redox .  In  ref .  (8}, r a d i o  t r ace r  r e su l t s  fo r  SnC12/HC1 sens i -  
t i za t ion  of  Tef lon a re  e x p l a i n e d  in  t e r m s  of a s u b s t r a t e ~  
ion ic  P d  complex ,  

Experimental 
Solutions of vary ing  ini t ial  t in  concentrat ions were 

prepared and allowed to stand in the laboratory am-  
bient. At selected times, coupons of polyimide film 
were sensitized in these solutions. The coupons were 
then divided into three parts, each measured as fol- 
lows: 

Par t  I: X - r a y  fluorescence analysis to determine the 
total weight of t in  deposited. 

Par t  II: Metalization of the specimen with electro- 
less copper to correlate the extent  of metal izat ion with 
the t in deposited on the substrate. The extent  of meta l -  
ization was determined by measur ing the optical den-  
sity of the copper layer  deposited after a fixed t ime in 
the electroless bath. A greater value of optical density 
indicates a substrate more highly catalytic to the met-  
alization. This technique is detailed in ref. (4). 

Par t  III: Exposure to ul t raviolet  radiation, then re-  
peat the metal izat ion as in Par t  II. This step evaluates 
the imaging sensit ivi ty of the specimen. 

Preparation of solutions.--The sensitizer solutions 
were prepared by dissolving ~ 0.15, 0.30, and 3.0g of 
SnC12.2H20 in 300 ml  of deionized water, then immedi-  
ately adding 3 ml  conc HC1 to all solutions. The order 
of addit ion of ingredients  and the t ime before acidifi- 
cation of the solution affects the rate of colloid forma- 
tion and must  be standardized if reproducible results 
are to be obtained. 4 The solutions described have nomi-  
nal  ini t ial  t in  concentrat ions 5 of 0.0022, 0.0044, and 
0.044M and are designated as solutions C, B, and A, 
respectively. Nominal  pH value in these solutions was 
1.0. (The measured pH's varied from 0.95 to 1.05 due to 
s tannous chloride hydrolysis, the more concentrated 
solutions becoming the slightly more acidic.) Also pre-  
pared was a solution containing 4.7g of SnC14.5H20 and 
3 ml conc HC1 in 300 ml  of deionized water. This solu- 
tion, 0.0044M in Sn( IV) ,  is the stannic counterpar t  of 
solution B. 

Ambient  conditions for solution aging.--Standard 
ambient.--Solution aging was carried out in the lab-  
oratory ambient  under  normal  fluorescent lighting. 
Sensitizer solution volumes of 300 ml  were  placed in 
500 ml polypropylene beakers and left undis turbed  on 
the laboratory bench. When not in  use, the beakers 
were covered (but not sealed t ightly) with waxed 
cardboard tops to prevent  part iculate contamination.  
Aging in bubbled nitrogen or air.--Exceptions to the 
above procedures were made in  order to discover how 
solution aging was affected by the el iminat ion or the 
enhancement  of oxygen in the solutions. A 200 ml  vol- 
ume of solution A was placed in  a stoppered 500 ml  
Er lenmeyer  flask through which N2 was gent ly  bub-  
bled. Nitrogen escape was through a side a rm plugged 
to a very small  opening to prevent  back diffusion of air. 
A duplicate setup bubbl ing  air at the same rate was 
also r un  along with a control solution (unst i r red A in 
beaker) .  Observations to detect colloid formation and 
the presence of Sn ( I I )  (by indicator paper) were made 
at selected times in  the aging cycle. 

Preparation and metalization of substrates.--Stand- 
ard process.--Test specimens were 3 • 2 �89  coupons 
of 2 mil  polyimide H-film (DuPont  Kapton| which 
were prepared by the following process: 

a. Etch 5 min  in room tempera ture  10N NaOH, then 
rinse 5 min  in  a gent ly  flowing cascade washer with 
22~176 deionized water. (Water  resist ivity exceeded 
2 megohm-cm).  

b. Sensitize by a 3-rain immersion in the unst i r red 
sensitizer solution, 300 ml  in a 500 ml  polypropylene 
beaker. Rinse for 1 rain as in  a. 

8 The  i n i t i a l  so l ids  r e a d i l y  d i s so lve  b u t  t he  so lu t ions  f o r m e d  con-  
t a l n  a c l o u d y  w h i t e  s u s p e n s i o n  w h i c h  c lears  on a d d i t i o n  of  t he  acid.  

4 A d d i t i o n  of  the  SnC12.2H20 to the  ac id  f o l l o w e d  by  w a t e r  d i l u -  
t i on  s l i g h t l y  i n h i b i t s  t he  co l lo id  f o r m a t i o n  w h i l e  a de lay  of  15 ra in  
in  ac id i f i ca t ion  of t he  so lu t i on  s l i g h t l y  e n h a n c e s  the  co l lo id  f o r m a -  
t ion.  These  conc lus ions  are  based  on v i s u a l  o b s e r v a t i o n s  of  t he  r a t e  
of  haze  f o r m a t i o n  of  the  so lu t i ons  on  s t and ing .  

5 S o m e  of  the  i n i t i a l  sal t  m a y  be in  the  s t ann i c  s ta te  due to a i r  
o x i d a t i o n  of the  r eagen t .  The reagent  i s  a lso hygroscopic.  
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c. Dry in N2 jet  and remove a 3/4 X 2�89 section 
for t in  analysis. 

d. Immerse remain ing  section for 30 sec in activator 
solution, 0.5g reagent  PdC12 and 5 ml  conc HC1 diluted 
to one liter. Then rinse for 2 rain as in a. 

e. Dry in  N2 jet, then divide specimen. Expose one 
part  to uv radiation, the other remaining  unexposed. 

f. Metalize both parts by a 1.5-min immersion in  a 
300-ml bath of Enthone 400 electroless copper at room 
ambient  tempera ture  (23 ~ _ I~ The Enthone bath  
was prepared fresh each day with di lut ion as recom- 
mended by the supplier. 

Al ternat ive  process using an acid t in r /nse . - -For  
several specimens, a modified procedure employing an 
acid t in  r inse in place of the water  rinse, step b above, 
was used. Specimens were immersed for 30 sec into a 
beaker containing 300 ml  of 0.1M HC1, then given a 
30-sec rinse in  the cascade washer. The normal  process 
sequence was then cont inued at step c. 

Detection of stannous species in solut ion.--Detect ion 
of s tannous in  the sensitizer solutions was made using 
an indicator paper prepared by depositing ammonium 
phosphomolybdate on filter paper (14). The prepared 
paper has a bright  yellow color which is reduced by 
stannous to a deep "molybdenum" blue. The intensi ty  
of the blue color gives a semiquant i ta t ive indication of 
the concentrat ion of starmous t in  present  in the solu- 
tion. 

Stannous  detection was made at specified times, a 
f e w  drops of solution being wi thdrawn and deposited 
onto the filter paper. The stated limits of detection for 
this test are 1.5 rag/liter,  which corresponds to a s tan-  
nous concentrat ion about 0.3% of the init ial  value in 
our most dilute solution. Experimental ly,  we were able 
to verify detection down to 10 mg/ l i t e r  of Sn ( I I ) .  We 
assume this higher value is due to the presence of dis- 
solved oxygen in  our init ial  solutions, since no at tempt  
was made to purge ~his species. [The equi l ibr ium solu- 
bil i ty (15) of oxygen in  0.1M HC1 at 25~ 1 atm is 
about 0.00025M. This quant i ty  of oxygen should react 
28 mg/ l i t e r  of s tannous species.] 

Determinat ion o~ total t in deposi t . - -Tin  deposits on 
the substrates were determined by x - r ay  fluorescence 
using a Genera l  Electric XRD-6VS vacuum spectrom- 
eter. Cal ibrat ion was made using t in oxide/polyimide 
standards de termined by atomic absorption analysis of 
t in  after removal  from the substrates. The precision of 
this method for total t in  analysis is estimated to be 
about 5%, the absolute accuracy of the cal ibrat ion 25%. 

Specimen prepara t ion  for x - r ay  fluorescence mea-  
surements  of the t in  deposit required removing the 
sensitizer deposit from the "back" side of the specimen. 
This was accomplished by a local etch with 10N NaOH. 

Exposure  oS sensit ized spec/mens.--The polyimide 
specimens  were sensitized in  solution A (10 g/ l i ter  
init ial  SnCI~.2H~O) at various times dur ing  the solu- 
t ion aging, then  exposed to 250 n m  radiation.  Exposure 
w a s  made by  passing the output  f rom a 900W high-  
pressure xenon are through a Bausch & Lomb high in-  
tensi ty monochromator,  the specimen being placed at 
the monochromator  exit  slit. The monochromator  
grat ing dispersion was 3.2 n m / m m ,  and thus the wave-  
length  spread in the 1.5 mm slit image was 4.8 nm. The 
light in tensi ty  incident  on the sensitizer was 0.77 _ 
0.02 m W / c m  ~, as determined by an  Eppley thermopile  
placed at the same position as the exposed specimen. 

After exposure, specimens were metalized with 
copper to develop a positive slit image, i.e., the slit out- 
line was non- or partially metalized, while elsewhere 
blanket metalization occurred. The procedure for the 
metalization was as described in the section on Prep- 
aration and metalization of substrates. The exposure 
technique and related apparatus were discussed in an 
earlier paper (4). 

Following metalization, optical densities, D, of the 
copper deposits in both exposed and unexposed regions 
were measured at 670 nm using a Cary 14 speetropho- 
tometer. This ins t rument  was used in the double beam 
mode with a b lank  polyimide substrate in the reference 
beam. The results for D thus refer only to the copper 
deposit. 

Results 
Tin deposit vs. solution age.- - In  Fig. 1, t in  deposits 

produced by solutions A-C in the s tandard ambient  are 
plotted as a funct ion of solution age at the t ime of the 
sensitization. 

Repeat measurements  on adjacent  portions of the 
same specimen showed a reproducibi l i ty  of 0.04 gg/cm 2, 
average deviation. The observed scatter is due to proc- 
essing variations from specimen-to-specimen.  

The curves in Fig. 1 are indexed to correlate the 
deposition wi th  visual  observations of the solutions. 
The index key and observations are presented in Table 
I. 

Tin deposition from stannic solut ion.- - In  Fig. 2 we 
have plotted t in  deposition results in  the  s tandard 
ambient  for the 0.0044M Sn( IV)  solution. The deposi- 
tion curve for solution B, replotted from Fig. 1, is also 
shown for comparison. At the earliest times, deposits 
from the stannic solution are comparable to those ob- 
tained only after the s tannous solution is well  aged. 
Precipi tat ion and  sett l ing are seen to occur at earlier 
times in the stannic solution. The results in Fig. 2 are 
consistent with a sensitization model in which the rate 
of colloid formation (and the subsequent  t in  deposi- 
t ion) are controlled by the Sn (II) oxidation to Sn( IV) ,  
as was suggested earlier by Cohen, D'Amico, and West 
(3). This l imitat ion is not present  in  the stannic solu- 
tion and thus the t in deposition rate, ra ther  than bui ld  
slowly, begins at its highest value. 

Detection of stannous in solution: mean  solution ac- 
t i v i t y . - -The  observed times when  negative tests for 
s tannous first occurred are indicated in  Fig. 1 by the 
stars. At the t imes indicated, the solutions are esti- 
mated to contain less than 1.5 mg/ l i t e r  (or 8.6 ~M) of 
Sn ( I I ) ,  a value based on the detection l imit  stated in  
ref. (14). 

The approximate lifetimes of the solutions are given 
in Table II. The mean  rate of conversion of the ini t ial  
s tannous into the stannic form is also given in  this 
table. 

In  addition to testing the solutions for the presence 
of stannous, substrates were also continuously sensi- 
tized in  the solutions to observe whether  or not they 
cont inued to catalyze metalization. When stannous de- 
tection was positive, un i form metal izat ion also oc- 
curred. When the stannous test became negative, met -  
alization became margina l  (i.e., spotty) or nonexistent.  

Solution aging in bubbled nitrogen and air.---Solution 
A, aged in  bubbled N2 for up to 600 hr, showed no signs 

�9 2TY  �9 
�9 I 5 H 

0 I 1.0 10 0 I00 I 000  

AGE (HOURS) 

Fig. I. Tin deposition vs. sensitizer solution age. �9 Solution A, + 
solution B, and /k solution C containing initial SnCI2-2H20 weights 
of ]0, i,  and 0.5 g/liter, respectively. Visual observations made dur- 
ing aging ore also indicated. (Key, see Table I.) 
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Table I. Visual observation of solution aging 

S o l u t i o n  
age  (hr) A (10 g/ l)  B (1 g/ l)  C (0.5 g/ l )  

Table I!. Duration of Sn(ll) detection in the sensitizer solutions 

0 
6.5 

22,5 

30 

46.5 

54 

71 

78 

102 

144 

167 

181 

205 

229 

316 

340 

362 

620 

Solution 

Ini t ia l  Range  of Mean ra te  of 
conc of solution SnC12.2HsO 

SnC12-2HeO act ive  life* convers ion 
(g/ l i ter)  (hr) (g / l i t e r /h r )  

Clear, no TY Clear, no TY Clear. no TY 
Clear. no TY Clear, no TY Clear, no TY 
Slight yellow (I), Slight yellow (I), Slight yellow (I), A I0 

very  slight TY slight TY (2), definite TY B 1 
Slight  yellow, Sl ight  yellow, Sl ight  yellow, C 0.5 

s l ight  TY definite TY (2) definite TY 
Sl ight  yel low (2), Yellow, definite Sl ight  yellow, 

definite  TY TY definite TY 
Yellow, definite Yellow, definite Fad ing  yellow, 

TY TY s t rong  TY 
Deep yellow, Deep yellow, V e r y  s l ight  yellow, 

definite  TY definite TY strong TY 
Very  deep yellow, Deep yellow, Very sl ight  yellow, 

s t r o n g  TY definite TY s t rong  TY 
Very  deep yellow, Yellow, s t rong TY Colorless, v e r y  

s t r o n g  TY s t rong TY 
Very deep yellow, Colorless, very Colorless, haze in 

strong TY strong TY solution (3) 
Very deep yellow, Colorless (3), haze Colorless (4), haze 

very strong TY in solution in solution Solution Age (hr) 
precipitation 

Very deep yellow, Colorless, increased Colorless, clear 
very strong TY haze solution (5), pre- A 

cipitate settled 
Very  deep yel low 

haze (3) 
B 

Deep  yellow, 
s t rong  haze 

Pale yellow, v e r y  
dense haze 

Pale  yellow, ve ry  
d e n s e  haze 

Pale  yellow, -- -- 
s t rong haze (4), 
prec ip i ta te  
se t t l ing 

Pale  yellow, -- -- 
s t r o n g  haze, 
precipi ta te  
s e t t l ed  

Colorless haze (4), 
s tar t  of precipi -  
tat ion 

Colorless haze 
precipi ta t ion 

Colorless, clear 
so lu t ion  (5) pre-  
cipi tate set t led 

Observation key, Fig. I and Table I: 
(I) First observable yellowing. 
(2) TY Tyndall effect prominent. 
(3) H Solution haze prominent. 
(4) PR Onset of colloid precipitation. 
(5) Precip i ta t ion  completed;  solution clear and colorless. 

F i r s t  nega t ive  tes t  for  Sn( I I )  by  indicator  paper.  

of colloid formation, i.e., no Tyndal l  effect, hazing, pre-  
cipitation or yellowing. Furthermore,  phosphymolyb-  
date tests for Sn( I I )  showed no noticeable depletion of 
Sn ( I I ) ,  as evidenced by the depth of the blue color on 
the indicator paper. 

The solutior~ aged in bubbled air, on the other hand, 
showed an enhanced rate of colloid formation and 
Sn (II) depletion. Solution yellowing and a Tyndal l  ef- 
fect were observed wi th in  an hour, and the indicator 
paper test for Sn( I I )  became negative at 40 hr. For 
control solution A, this point in the aging cycle was 
reached at times greater  than 533 hr. 

Electroless copper deposits vs. solution age.~Resul ts  
of the 1.5-min metalization are shown in Fig. 3 where  
we have plotted optical density D of the copper film 
vs. the solution age at the t ime of sensitization. Maxi-  
m u m  error limits based on repeated determinat ions 
under  "identical" conditions are also shown in  the fig- 
ure. (These values are calculated to be _ 0.03.) 

533-700 0.014-0.019 
69-79 0.013-0.015 
42-54 0.009-0.012 

* Las t  posi t ive detect ion on left, first nega t ive  detect ion on right.  

Table Ill. Tin deposition and copper optical density D 
for acid vs, water tin rinses 

Tin deposi t  Copper optical 
(/Lg/cm ~) dens i ty  D 

Water  Acid Water  Acid 
rinsed rinsed rinsed rinsed 

0.25 1.35 0.34 
3.0 - -  - -  0 : '~  0.41 

20 1.61 1.19 
100 - -  - -  O ~  0.60 

0.25 0.32 0.02 - -  
22 0 .ca  0.61 - -  

Tin and copper deposition for acid rinsed sensitizer. 
- -Spec imens  sensitized using the acid t in  r inse showed 
t in and copper depositions as presented in  Table III. 
For  fresh solution B, 94% of the normal  t in  deposit is 
removed by ~he acid rinse whi le  in fresh solution A, 
75% is removed. As aging occurs, the acid soluble con- 
t r ibut ion to the sensitization decreases in  both solu- 
tions. 

The copper deposition results for solution A show a 
decrease in the metalization, indicating a decrease in 
the surface concentration of palladium, presumably 
from a decrease in surface concentration of Sn(II) 
resulting from the acid rinse. This removal is clearly 
not complete, since the metal deposition has not been 
reduced to zero. 

Imaging sensitivity vs. solution age.--Specimens sen- 
sitized in  solution A at various ages were exposed to 
250 nm radiat ion then metalized with copper. Measure- 
ments  of the 670 nm optical density D vs. solution age, 
with exposure t ime at constant  l ight in tens i ty  as a 
parameter  are presented in Fig. 4. Similar  measure-  
ments  for the unexposed regions are also shown in  this 
figure. Increased exposures, we observe, are required 
to main ta in  image contrast as the sensitizer solutions 
age. 

Discussion 
Tin deposit vs. solution age .~In  Fig. 1 we observe 

that  the tin weights increase with solution age but  at 
long times this t rend is reversed. If sufficient t ime is 
allowed, the t in  deposits approach zero. In  reviewing 
Fig. 1 and Table I, we observe that  the general  increase 
in deposit weight follows the colloid development  in 

g" 
E .e. 
E 

_ +  o.oo,4, s o ( . _ . . ~ , )  H 

I t i 
o I Lo IOD IOO I0OO 

AGE (HOURS) 

Fig. 2. Tin deposition vs. sensitizer solution age for 0.0044M SnCI2 
and SnCI4 solutions, both at pH ~ 1 .  

D 
0 . 8 ~  

0 e o  0 
0.6 A,B ~ X 0 jr  ~ ' ~  

i v v ~ l / x - -  \ \  x 

0 2 |  INITIAL CONCENTRATION OF ~ 
r s~ ,R SERS,T~SR .x  ,a~ I I 

F s.o , ~ / ,  i I 
I ,  , ~.. o~,~,,, ~ i 1 s 
0.I 1.0 I0.O IOO IOOO 

AS#: (HOURS) 

Fig. 3. Optical density D of deposited copper vs. sensitizer solution 
age. Flectroless plating time fixed at 1.5 rain. 
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O.S 

_UNEXPO6ED 

0.2 0.5 M I N ~  ~ . . ~ . ~ . . . . . . , , ~ ~  

"-'xO l'5 MIN | ~ ; I 

o., I.O ,o.o IOO Iooo 
AGE (HOURS) 

Fi 9. 4. Obtoinoble imoge controst vs. oge of sensitizer solution A. 
Exposure t ime to 250 nm rodiotion os o porometer. Light intensity 
constant at 0.77 mW/cm 2. 

solution. However ,  when the colloid par t ic les  become 
qui te  large, as evidenced by  the presence of a s trong 
haze and then  a se t t l ing precipi ta te ,  the  amount  of 
deposi t  begins to fa l l  and  the  solut ion clears. The c lear  
solut ion no longer  sensit izes the substrate,  a l though it 
can stil l  produce a non-negl ig ib le  deposit.  This deposi t  
is p re sumed  to conta in  on ly  S n ( I V )  species, a conclu-  
sion suppor ted  by  the  MSssbauer  resul ts  in ref. (3). 

We envision the sensi t izat ion to occur by  a combina-  
t ion of two processes:  (i)  fo rmat ion  on the subs t ra te  
of an  adsorbed  l iquid film conta ining soluble aquo, 
chloro, and hydroxy-ch lo ro  t in complexes (dur ing  
subsequent  rinsing, these complexes  are  immed ia t e ly  
hydro lyzed  to form insoluble  oxides and hydroxides ,  
some of which adhere  to the subs t ra te)  and (ii) fo rma-  
tion of the  colloid in solution, wi th  adsorpt ion  of col-  
loid par t ic les  onto the  subs t ra te  dur ing  immers ion in 
the  solution. 

In  general ,  we  expect  both  processes to be opera t ive  
in the  bu i ldup  of the  sensit izer  l ayer  a l though the r e l a -  
t ive  contr ibut ion  of each may  not  be read i ly  identif i-  
able. We could reason, however ,  tha t  (i) should be 
favored when  colloid format ion  is minimal ,  e.g., very  
fresh solut ions ( the colloid needs t ime to form) ,  or 
h igh ly  acidic solut ions (where  hydro lys i s  is sup-  
pressed) .  When  extensive colloid format ion  has oc- 
curred,  (ii) should p l ay  an apprec iab le  role. 

Our  division of sensi t izat ion into two processes was 
made  to ident i fy  the  par t ic ipa t ing  mechanisms and is 
not  mean t  to imp ly  tha t  (i) and (ii) are  necessar i ly  
independent  of each other. In  fact, i t  is l ike ly  tha t  the  
deposi t  v ia  (ii) has a s t rong influence on the solut ion 
wet t ing  of the  subs t ra te  and thus affects the  amount  
of adsorbed  l iquid which  par t ic ipa tes  in process ( i) .  
This in terac t ion  makes  i t  difficult, wi th  our  presen t  
knowledge,  to give a c lear -cu t  in te rpre ta t ion  of exper i -  
men ta l  results.  

At  this  point  one migh t  l eg i t imate ly  quest ion 
whe the r  process (ii) does, in fact, con t r ibu te  an ap-  
prec iable  t in deposit  to the  sensit izer  l aye r  format ion  
under  any circumstances.  One could, as an a l ternat ive ,  
v iew process  (ii) not  as a l aye r  bui ld ing  step, bu t  as 
one which regula tes  the l iquid layer  thickness  by  con- 
t rol  of the  wett ing.  This  regu la t ion  could p re sumab ly  
be accomplished by  a deposi t  insignificant compared  
to tha t  made  la te r  when  the l iquid l aye r  undergoes  
hydrolysis .  The va l id i ty  of this v iew is tested in the  
acid r inse exper imen t s  descr ibed  above. In  Table  I I I  
we observe an appreciable  t in fract ion deposi ted af te r  
acid r inse (except  for f resh B solut ion) .  Thus we have  
demons t ra ted  tha t  the  colloid process (ii) does in fact 
cont r ibu te  apprec iab ly  to the  sensi t izer  l aye r  fo rma-  
tion. 

At  v e r y  long t imes  the  colloid fo rmat ion  culminates  
in the prec ip i ta t ion  and set t l ing of the  insoluble oxide. 
In  solutions B and C this p rec ip i ta te  is appa ren t ly  al l  
s tannic since no s tannous species was de tec table  at  
the  t ime  of precipi ta t ion.  In  solut ion A, prec ip i ta t ion  

occurs p r io r  to the  complete  deplet ion of the  s tannous 
species, so tha t  f rom this da ta  alone i t  is not evident  
wha t  the chemical  s ta te  of the  prec ip i ta te  m a y  be. 
Precip i ta tes  f rom A, in fact, are  pale  yellow, whi le  
those f rom B and C are  white.  This implies  the pres-  
ence of s tannous in the  A precipi ta te .  

Relation between the tin oxidation and the colloid 
]ormation.--It is c lear  f rom the resul ts  presented  tha t  
the  t in  oxida t ion  in solut ion p lays  a dominan t  role  in 
the colloid formation.  The s lowly increasing t in  depo-  
sit ions wi th  solut ion age can be expla ined  as due to 
the gradua l  bu i ldup  of colloid (p resumab ly  a form of 
SnO2) as the  oxida t ion  process proceeds.  This bui ldup 
and the other  signs of aging, solut ion ye l lowing  and 
the deplet ion of Sn ( I I ) ,  s topped comple te ly  when  oxy -  
gen was removed  from the sys tem by  N2 bubbl ing.  
The aging process, on the  other  hand, was m a r k e d l y  
acce lera ted  when  ai r  bubbl ing  was used. 

As suggested ea r l i e r  (3), the  colloid m a y  be pr in -  
c ipal ly  a stannic oxide or hydrox ide  form, produced by  
genera t ion  of s tannic species in excess of the i r  equi -  
l ibr ium concentra t ion by the air  oxidation.  The solu- 
b i l i ty  products  for  t in  oxides, r epor ted  as Sn (OH)~ and 
Sn(OH)4  by  La t imer  and Hi ldeb rand  (16), a re  5 • 
10 -26 and 1 • 10 -Ss M/l i ter ,  respect ively.  For  solutions 
of pH = 1, the equ i l ib r ium concentrat ions  of uncom- 
p lexed s tannous and stannic species are  calcula ted to 
be 5M and 10-4M, respect ively.  Thus the solubi l i ty  of 
s tannous oxide in our solutions is apprec iable  whi le  
that  of the stannic oxide  would  be quite small,  its 
exact  va lue  depending  on the  equi l ib r ium concent ra -  
tions of the complexes,  most ly  chlorides, which  are  
formed. 

If  the  colloid is en t i re ly  stannic, then  sensit izer de-  
posits due only to process (ii) should be incapable  of 
metal iz ing the subs t ra te  6 and ~he requi red  s tannous 
species must  be provided  by  process (i) .  This aspect of 
the  model  can be tes ted by  compar ing  the  meta l iza t ion  
resul ts  for the  wa te r  and acid t in  rinses. Wi th  the acid 
rinse, the  soluble t in  complexes  in the l iquid film 
would  be  washed off the  subs t ra te  r a the r  than  de-  
posited, leaving only the colloid deposit  f rom process 
(ii). In Table  III, a 43% reduct ion in the  copper ab-  

sorbance is noted for  the 3-hr  acid r insed specimen, as 
compared  to its w a t e r - r i n se d  counterpar t .  A 14% re -  
duction is noted for the 100-hr solution. 

The meta l iza t ion  differences noted in Table  I I I  can-  
not be immedia t e ly  t rans la ted  into a f rac t ional  de-  
ple t ion in s tannous species on the substrate,  since the 
re la t ion be tween  D and [ S n ( I I ) ]  is not  ye t  known. 
However ,  we feel safe to assume that  even  when acid 
rinsed,  the  colloid deposi t  st i l l  contains  a non-neg-  
l igible  component  of S n ( I I )  since i t  continues to de -  
posit electroless copper.  This Sn (II)  component  is ve ry  
l ike ly  the resul t  of en t ra inment  dur ing  the colloid 
formation,  or  poss ibly  adsorpt ion  at  the  colloid p a r -  
t icle surface. This en t r a inmen t / adso rp t ion  appa ren t ly  
increases as the colloid sys tem becomes more  devel -  
oped, since the older  of the  solutions produced  lesser 
changes in D af ter  the  acid rinse. 

Detection of stannous in solution: lifetime of solution 
activity.--The abi l i ty  of the sensi t izer  to promote  me t -  
a l izat ion was found to coincide wi th  a posi t ive test  for 
s tannous in solution; the  fa i lu re  of meta l i za t ion  l ike-  
wise coincided wi th  a negat ive  test  result .  These re -  
sults are  consistent wi th  our  basic assumption (1-4) 
that  the imaging  reac t ion  is, in fact, a S n ( I I )  to S n ( I V )  
photo-oxidat ion.  

In  Table II  we es t imated  the  mean  ra te  of conver -  
sion of the  ini t ia l  s tannous chlor ide d ihydra te ,  based 
on the dura t ion  of s tannous detect ion in solution. 
These values should be considerd as order  es t imates  
since the react ion end point  was semiquant i ta t ive .  In  
Table  II  we note tha t  the mean  SnC12-2H20 conversion 

6 The authors  have  sensitized polyimide substrates using solutions 
made  wi th  SnC14.5H20 in place of SnC1.2.2H~O. While appreciable 
tin deposits were  found (Fig. 2, this paper)  no metal izat ion was  
produced.  
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rates are not too different in each of the solutions, but  
it would not be correct to conclude from this data that 
the oxidation reaction is necessarily zero order in 
[Sn ( I I ) ] ,  i.e., independent  of the concentrat ion of re-  
actant. 

The auto-oxidat ion of s tannous t in  solutions has re-  
ceived considerable at tent ion in the l i terature (17-22). 
The reported results deal main ly  with the kinetics of 
stannous chloride and oxygen in HC1 solutions, with 
vigorous st irr ing or shaking of the solutions to insure 
that the measurements  were not l imited by the diffu- 
sion rates in the solution. There is poor agreement  in 
the published work. In  ref. (17) and (19), the reaction 
rate was found first order in stannous chloride concen- 
t ra t ion for di lute solutions, but  independent  of the 
s tannous chloride concentrat ion (i.e., zero order) at 
higher concentrations.  In  ref. (20) and (22), the reac- 
tion was found half order in the analytical  concentra-  
t ion of s tannous chloride and, in ref (20), first order 
with respect to the dissolved oxygen. The reaction rate 
was also found to be strongly dependent  on the HC1 
content  of the solutions (17, 18, 22) al though again 
the published results are not in quant i ta t ive  agreement.  

We have already presented results which prove that 
agitat ion produces an appreciable acceleration of aging 
in  our solutions. In  the published work, Filson and 
Walton (18) describe experiments  which demonstrate 
that  the solution aging can be appreciably altered by 
the extent  of agitation with an air jet  in solution. 

Thus  it is apparent  that diffusion effects p lay  an 
important  role in determining the reaction rates, at 
least in poorly stirred solutions. One might  assume that 
the rate l imitat ion must  be due to oxygen diffusion 
from the ambient  into solution. The diffusivity of gases 
in  dilute electrolytes, however, is characteristically 
quite large (23), which implies the replenishment  of 
the dissolved, reacted oxygen should be rapid enough 
to ma in ta in  the equi l ibr ium solubil i ty of oxygen in the 
solution. This conclusion was also reached by Filson 
and Walton (18). The final resolution of this problem 
awaits an actual measurement  of the oxygen and stan-  
nous concentrat ion profile in the solutions. 

Electroless copper deposits vs. solution age.--In Fig. 
3 we observe that  solutions A and B produce near ly  
identical copper films over a wide range of solution 
ages, al though the B solution becomes spent earlier, as 
we have already discussed. Solution C by contrast  pro-  
duces an ini t ia l ly  th inner  deposit which becomes com- 
parable to the others after about 5 hr. (The error bars 
in the figure indicate to what  extent  we can differen- 
t iate the behavior  of the various solutions.) 

In  Fig. 1 a significant difference in the t in  deposit 
from solution A compared to that  from B was observed, 
yet  the copper deposits were essential ly identical. For 
solution C, copper deposits in the first several hours 
were slightly less than  the others; the t in  deposit from 
C was s imultaneously reduced. 

The copper weight deposited should depend on the 
amount  and distr ibution of the pa l lad ium metal, which 
in t u rn  is presumed to depend on the amount  and dis- 
t r ibut ion of s tannous in  the sensitizer layer. The s tan-  
nous in  the sensitizer has not yet been quant i ta t ively  
determined. It  is present  in very  minu te  amounts  and 
in  air is spontaneously converted to the stannic state, 
both factors leading to difficulty in the determinat ion.  

In  quali tat ive terms, we expect that  the s tannous to 
total t in ratio in solution decreases with age. A similar 
(but  probably not identical) decrease should also occur 
in  the sensitizer layer. In solution the mean  colloid 
particle size appears to increase with age, so the ob- 
served increase in t in  deposit might  well  be due to 
coverage of the substrate by larger particles, with or 
without a change in  the fraction of the surface covered. 

In  viewing Fig. 1 it seems reasonable to conclude 
that the sensitizer deposits from solutions A, B, and C 
must  be differently formed, at least for t imes less than  
10 hr. Yet A and B produce near ly  identical copper 

deposits over their  entire active lifetimes while C pro- 
duces an  equal deposit after about 6 hr. Thus, the met-  
alization process as carried out here is not highly de- 
pendent  on the sensitizer structure.  These results are 
consistent with a model for the metalization in which 
the deposits are ini t ia l ly enhanced by increased sensi- 
tizer (and thus pal ladium) but  after some m i n i m u m  
deposit of palladium, no fur ther  enhancement  of the 
metalization occurs. Applying this model here, we con- 
clude (Fig. 3) that the Pd deposits generated from 
solutions A and B exceed this "min imum" from the 
earliest measured times, but  that  those from C do not 
a t ta in  the "min imum" unt i l  the solution ages for about 
6 hr. 

Imaging sensitivity vs. solution age.--As indicated in  
Fig. 4, image contrast is reduced as the A solution ages 
and thus greater  incident  light energy is required to 
produce images. We have already noted that  the solu- 
tions, up to a point, deposit steadily increasing amounts  
of t in  so that the loss in  imaging sensit ivi ty could be 
the resul t  of having to react a greater  amount  of sen-  
sitizer to produce the nonmetal ized portions of the 
images. This explanation, however, has some serious 
problems: 

1. The cont inuous oxidation of s tannous in solution 
should produce a decrease in s tannous on the sensi- 
tizer and thus improve the sensitivity by making it 
easier to inhibi t  the metalization. Recall that  the un -  
exposed substrate retains its metal izing capabil i ty 
(Fig. 3) for near ly  the entire solution active lifetime. 

2. We reported earlier (4) that  the sensitizer de- 
posits are quite uv t ransparent  (D ~0.05 at 250 nm) so 
that only a small  per cent of the incident  light is ab- 
sorbed, the major  par t  of the light energy being ab-  
sorbed or t ransmit ted  through the substra~e. Thus, any 
increase in the sensitizer deposit should merely absorb 
more of the incident  light, with the result  that ~he im- 
age contrast  would remain  unaltered.  To explain the 
image contrast reduction we could, as an alternative,  
assume that  the form of the deposit changes with age, 
producing a film of reduced optical density and /or  re-  
duced quan tum efficiency for the oxidation reaction. 
Exper imental  verification of such an explanat ion for 
sensitizers on the polyimide substrate is not possible at 
present, since this substrate is not uv transparent .  

Conclusions 
1. Tin sensitization depends on solution variables 

such as the init ial  s tannous t in concentration, pH, and 
the solution age. The oxidation of t in  in  solution gen- 
erates a colloid system, pr incipal ly  stannic oxide or 
hydroxide species, whose state and presence play a 
dominant  role in the sensitization process. 

2. The substrate metal izat ion was found relat ively 
insensit ive to the weight of sensitizer deposit or its 
s tannous content. This, however, was not the case for 
imaging sensitivity, which was markedly  reduced as 
heavier, more stannic deposits were produced by solu- 
t ion aging. The use of the solutions must  evidently be 
terminated prior to the t ime when metalizat ion stops, 
in order to avoid the need for excessive light expo- 
sures. 

3. Sensitizer solutions stored/used in a nonoxidizing 
ambient or nitrogen bubbled could be used for much 
longer periods and should main ta in  relat ively constant  
imaging characteristics. The usefulness of this ap-  
proach in terms of cost factors will  depend on the 
specific application. 

4. The general  hypothesis that  s tannous-based PSMD 
imaging is a photoinduced oxidation was fur ther  sup- 
ported by our observations that the metalizat ion capa- 
bil i ty on the substrate is coincident with the positive 
detection of s tannous species in  solution, and  the con-  
verse. 
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A Study of Transient Processes Preceding 
the Electrodeposition of Cr on Pt 
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ABSTRACT 
Galvanosta t ie  polar iza t ion  da ta  wi th  s imultaneous microscopic observa-  

tions of a P t  ca thode surface were  obta ined in convent ional  chromium p la t -  
ing baths. The resul ts  show that  the deposi t ion of ch romium on b r igh t  ac-  
t i va t ed  p l a t i num is p receded  by  heavy  evolut ion of hydrogen  and a pro longed  
shift  of potent ia l  dur ing which the format ion  of a chromic oxide film m a y  be 
observed at  the  cathode surface at  h igher  cur ren t  densit ies.  The final shift  of 
potent ia l  jus t  pr ior  to the es tabl i shment  of meta l  deposi t ion was found to be 
associated with  a dis t inct  decl ine of gas evolut ion regardless  of the  presence 
or  absence of the chromic oxide film which, when formed, was observed to 
d i s in tegra te  before  s t eady-s ta te  condit ions of Cr deposi t ion were  reached.  
These observat ions  are  compared  wi th  those made  ear l ie r  wi th  Fe  electrodes 
and the resul ts  are  discussed in the  l ight  of possible processes involved in 
br inging about  the shift  of the  potent ia l  to the  value  of Cr deposit ion.  

An  ear l ie r  inves t igat ion (1) of the deposi t ion of Cr 
on Fe electrodes has shown that,  under  reproducib le  
galvanosta t ic  expe r imen ta l  conditions, cer ta in  t r an -  
sient phenomena  occur at  the cathode surface pr ior  to 
the  commencement  of the  chromium pla t ing processes. 
These resul ts  were  discussed in deta i l  in the  previous  
work  but  a re  here  simplif ied by dividing the whole  
t rans i t ion  per iod into two t rans ient  regions, I and II. 

Trans ient  region I was found wi th  Fe  electrodes to 
be charac ter ized  by  heavy  gas evolut ion and by  a 
g radua l  shift  of the  potent ia l  f rom the ini t ia l  hydrogen  
evolut ion to a level  at  which fo rmat ion  of a chromic 
oxide film could be observed under  the microscope. 
Trans ient  region II  coincided wi th  the  d is in tegra t ion  of 
the  chromic oxide film wi th  an accelera ted  shift  of 
potent ia l  to the  va lue  of chromium deposition, and 
wi th  a change in the pa t t e rn  of gas evolution.  

Trans ient  region I was a t t r ibu ted  to e lec t rode  reac -  
t ions tha t  can proceed wi thout  br inging  about  the  

* Electrochemical  Society Act ive  Member.  
Key words:  hydrogen evolution,  microscopic  observations,  cath-  

odic films. 

deposi t ion of chromium. Trans ient  region II, on the  
other  hand, was a t t r ibu ted  to processes that  are asso- 
ciated with  the  es tabl i shment  of the  reduct ion of hexa-  
va lent  chromium to metal .  These processes, i t  was con- 
c luded on the basis of microscopic observations,  involve  
changes in the  consistency of the l iquid l aye r  adjoin ing 
the cathode surface resul t ing  in the  format ion  of a 
t r ansparen t  viscous film. 

The t e rm "viscous film" was chosen a rb i t r a r i l y  to 
different ia te  be tween  the solid chromic oxide film that  
forms dur ing  potent ia l  region I and the l iquid film tha t  
comes into exis tence dur ing potent ia l  region II. 

Vag ramyan  and Solov 'eva (2) call  the  l iquid film a 
"phase film," a t e rm perhaps  more  appropr ia t e  since 
the viscous condit ions in the  l iquid layer  have never  
been determined.  However ,  this t e rm is also not com- 
p le te ly  sat isfactory even though it  is mean t  to indicate  
phase  t ransformat ions  in the Cr (OH)~-CrO3 system as 
a possible cause of the  film formation.  The processes 
involved are  appa ren t ly  more  complex since they  are  
potent ia l  dependent ,  they  do not occur in the absence 
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of SO4 =, and, as is shown in the present  paper, they 
affect the evolution of gaseous hydrogen. 

Solov'eva, Petrova, Klimasenko, and Vagramyan (3) 
investigated the composition of the liquid film present  
at the cathode surface during chromium plating. They 
found that  the concentrat ion of Cr 3 + and of SO4 = ions 
in the film is higher than in the bulk  of the electro- 
lyte, while that of Cr6+ is lower. 

Weiner and Schiele (4) have shown that the chromic 
oxide film that forms in  potential  region I contains only 
Cr203 wi th  some traces of the cathode metal.  

Okada and Yamamoto (5) assumed that  the increase 
in thickness of the chromic oxide film is the cause of 
the increase of hydrogen overpotential  on Pt  in region 
II. Their  explanat ion was at variance with our infer-  
ences made on the basis of the investigation with Fe 
electrodes (1). Since the above authors did not observe 
potential  region I dur ing polarization of steel and we 
did not s tudy the formation of chromic oxide on Pt, 
some corroborating work with Pt  cathodes was in 
order. 

The exper imenta l  results of the present  investigation 
show that  the whole t ransi t ion period with Pt  elec- 
trodes can also be divided, as in the case of Fe, into 
two distinctly different regions of polarization. The 
first region, corresponding to region I on Fe electrodes, 
is characterized by a continuous heavy gas evolution 
and by  a gradual  and very protracted shift of potential  
toward more negative values with time. This region 
may or may  not  te rminate  with the formation of a visi- 
ble chromic oxide film, which depends on the current  
density. The second region of polarization, correspond- 
ing to II on Fe, is associated with distinct inhibi t ion 
of visible gas evolution, with disintegration of the 
chromc oxide film whenever  such film is observed to 
form at region I, and wi th  the establ ishment  of the 
Cr deposition process. This second region is concomi- 
tant  with some transformations wi th in  the liquid layer 
adjoining the cathode surface. The t ransformations 
may lead to the formation of an adsorbed cathode film. 
The chromic oxide film that forms in region I disinte-  
grates prior to the commencement  of chromium dep- 
osition and this evidence contradicts the hypothesis of 
Okada and Yamamoto (5) about its role in the increase 
of hydrogen overvoltage values dur ing region II. 

Experimental 
The exper imental  technique employed in this study 

was similar to the one used in the investigation of 
chromium deposition on iron (I)  except that  smaller 
Pt  cathodes were employed. 

High-pur i ty  (99.9%) p la t inum wire 2 mm in diame- 
ter, was mounted, cross sectioned, and metal lographi-  
cally polished, producing a geometric section area of 
0.03145 cm 2. To obtain reproducible potentials of ini-  
tial hydrogen evolution it was necessary to activate 
the polished surface by dipping it into hot (80~176 
chromic acid (750 g/ l i ter  of CrO3) for 1 min, to 
double-r inse  with distilled water, and to dry, as recom- 
mended by Breiter  (6). Dry electrodes were then 
placed into the plat ing cell and were allowed to soak 
for 1 m in  in the plat ing bath to acquire the solution 
temperature  which in all instances was 50~ The 
potent ia l - t ime curves were obtained by runn ing  the 
potentiometric recorder at a predetermined speed 
while the electrode was immersed in the bath  with 
the current  off. After  l - ra in  period the current  was 
then switched on. The ini t ial  t rans ient  from the po- 
tent ial  of rest to the inflection was a straight l ine at 
all current  densities investigated. The inflection co- 
incided with the beginning of visible hydrogen evolu- 
tion. 

All  electrolyses were performed in conventional  
plat ing solutions containing 250 g/ l i ter  of CrO3 and 
2.5 g/ l i ter  of H2SO4 using galvanostatic current  control. 
Simultaneous microscopic observations were recorded 
photomicrographically and were subsequent ly  cor- 
related with the polarization data. 

Results and Discussion 
Preliminary investigations.--To control the repro-  

ducibil i ty of init ial  Pt  surface conditions a brief activa- 
tion t rea tment  (6) was necessary. In  the absence of 
such a t rea tment  nei ther  the potential  of rest nor the 
potential  of init ial  hydrogen evolution was reproduc- 
ible. 

Table I shows electrode potentials at various sur-  
face conditions. With specimens not subjected to the 
activation t rea tment  (experiments  1 and 2) both, the 
rest potential  and the init ial  evolution of hydrogen, 
varied considerably. After  activation t rea tment  these 
potentials were rigorously reproducible (experiments  
3 and 4). Under  these conditions the potential  of ini t ial  
hydrogen evolution corresponded closely to the calcu- 
lated potential  of hydrogen evolution on Pt, as is shown 
later on. 

The init ial  evolution of hydrogen and the rest po- 
tent ials  were considerably different when  a previously 
activated and polarized electrode were reused without  
again reactivating it (experiments  5, 6, 7, and 8, Table 
I).  The rest potentials were then more active and so 
was the potential  of ini t ial  hydrogen evolution pre-  
sumably  due to the adsorption at the cathode surface 
of the products of electrolysis and of impuri t ies  from 
the plat ing bath. Reactivation would restore the re-  
producible potentials. 

The requirements  of Pt  act ivation for electrochemi- 
cal measurements  were studied by a number  of work-  
ers (7-9). The theories of activation were reviewed by 
James (10). His study indicates that the removal  of 
adsorbed impuri t ies  is by far the most impor tant  result  
of a brief activation t reatment .  An oxygen layer that 
forms on the surface dur ing chromic acid t rea tment  
(6) apparent ly  protects the electrode unt i l  cathodic 
current  is applied. When the electrolysis is started, the 
oxygen layer is first removed but  the active surface 
soon becomes inactive, probably due to the adsorption 
of the products of the electrochemical or of secondary 
chemical reactions. 

When electrolysis was continued uninter rupted,  the 
conditions at the surface continued to change with 
time. Such changes were indicated by the shift of the 
potential  to more negative values, a phenomenon re-  
flecting higher activation energy requirements  for the 
over-al l  current  carrying processes. 

Although some workers (11, 12) expressed an opin- 
ion that  hydrogen evolution is the only reaction taking 
place at higher current  densities, at more negative 
potentials prior to the deposition of chromium, other 
work suggests (13-15) that part ial  reduction of chro- 
mic acid (Cr 6+ --> Cr s+ ) is also in progress but  to a 
much smaller  degree, leading to the formation of chro- 
mic oxide films (4). These films are assumed to be 
porous (16) or semiconductive (17), thus al lowing the 

Table I. Potential of Pt electrode in conventional Cr plating bath 
at various surface treatments 

Volts vs. SCE 
Rest  Initial  

Exp.  p a t e n -  H~ eva-  
No. Surface treatment  t i a i  l u t ion*  

1 P o l i s h i n g ,  rinse (no activation) +0.67 --0.25 
2 P o l i s h i n g ,  r i n se  (no ac t i va t i on )  + 0.98 -- 0.20 
3 P o l i s h i n g ,  rinse, activation** +0.95  --0.36 
4 P o l i s h i n g ,  rinse, activation + 0.95 -- 0.36 
5 P o l i s h i n g ,  rinse, activation, e lec t ro lys i s ,  t 

rinse + 0.69 -- 0.55 
6 P o l i s h i n g ,  r inse ,  a c t i v a t i o n ,  electrolysis ,  

rinse, dry + 0.60 -- 0.57 
7 P o l i s h i n g ,  rinse, activation, electrolysis ,  

soak,$ 10 m i n  +0.26  --0.55 
8 P o l i s h i n g ,  r inse ,  a c t i va t i on ,  electrolysis ,  

soak 30 m i n  +0.27  --0.65 

* Constant current 0.440 A/cm~ at  50~ 
** 1 m i n  d ip  in hot  (80~176 chromic  acid (750 g / l i t e r  CrO#) 

and double rinse [ref. (6)].  
t E l ec t ro lys i s  a t  0.440 A / c m  ~ a t  50~ 5 rain.  

$ L e f t  i n  the  b a t h  with  current off before  s w i t c h i n g  I t  on  aga in .  
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discharge of hydrogen ion to proceed. Since the struc-  
ture and the rate of formation of such films does de- 
pend on the current  density and the method of the 
surface preparat ion (14) so will the inhibi t ion of hy-  
drogen evolution. 

To examine the reproducibil i ty of polarization under  
the exper imental  conditions adopted, a series of po- 
tent ia l - t ime curves was obtained with activated elec- 
trodes, after first subjecting them to a number  of polar-  
izing cycles in the convent ional  plat ing bath at the 
same C.D. of 0.440 A/cm 2 and a tempera ture  of 50~ 
Each polarization was carried out f rom the potential  of 
rest to the potential  of chromium deposition which in 
some instances (e.g., curve 3) would be delayed for 
up to 2 hr. Usual ly  in such situations there was still 
a significant shift of potential  toward more negative 
value after about 30 min  of polarization. If after 30 min  
the shift of potent ial  was not significant the electroly- 
sis would be terminated  after 45 rain for exper imental  
expediency because it was found, in separate extended 
runs, that  under  such conditions no fur ther  shift of 
potent ial  occurred and no chromium deposition re-  
sulted after several hours of electrolysis. When chro- 
mium did deposit at reasonable short periods of time, 
it was stripped with hydrochloric acid and the elec- 
trode was then  thoroughly rinsed and reactivated bu t  
not repolished, before the next  sequence. The curves 
obtained in this manne r  are shown in Fig. la. 

Curve 1 represents surface conditions after about 
ten  polarizing sequences. Under  these conditions the 
electrode could not  be polarized to the potential  of 
chromium deposition at  the C.D. of 0.440 A/cm 2 at any  
reasonable period of time. After  about 30 min  the shift 
of potent ia l  would level off at approximately --0.TV 
and addit ional  polarization would have no fur ther  
marked effect. The curve was then considered experi -  
menta l ly  reproducible. 

Curve 2 is s imilar  to curve 1 and was obtained with 
a smaller number  of polarizing cycles (eight cycles). 
This curve runs  at slightly more negative potentials 
and like curve 1 would begin to level off after about 
30 rain of electrolysis. 

Curve  3 terminated with the deposition of Cr after 
approximately  2 hr  of electrolysis. It  was obtained 
after six to seven polarizing sequences and could not 
be exactly reproduced. 

Curve 4 represents polished and activated surface 
without  previous polarization history. All other surface 
conditions (curves 1-3 and 5-7) would revert  to curve 
4 after repolishing and  reactivation. 

Curves 5, 6, and 7 were obtained with an in termedi -  
ate number  of polarizing cycles (two to five cycles) 
and could not be reproduced in  duplicate experiments.  
Their  shape could not be correlated with the n u m b e r  
of previous polarizations nor with their  duration.  Thus, 
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Fig. la. Potential time curves at 0.440 A/cm 2 and at different 
polarization histories of the electrodes. 

for instance, curve 5 was obtained after five polariza- 
tions, curve 6 after two, and curve 7 after three cycles. 

The phenomenon of the var iat ion of the shift of po- 
tent ial  with the polarization history is of a certain 
fundamenta l  interest. One can speculate that each 
polarization affects p la t inum electrode in depth just  
undernea th  the surface since repolishing restores the 
original conditions. The ini t ial  evolution of hydrogen, 
however, appears not to be affected by previous polar-  
ization history and can always be reproduced by re-  
activation of the surface. Ful l  explanat ion of this phe- 
nomenon would require a separate detailed study 
which could not be considered wi thin  the scope of this 
work. 

For the purpose of the present  investigation surface 
conditions resul t ing from polishing and activation but  
without  previous polarization history were found most 
appropriate. They were associated with curve 4 shown 
in Fig. la  and provided reproducible transit ions wi thin  
the potential  ranges I and II. In  addition such surface 
conditions appeared to be similar to those used by 
Reinkowski and Knor r  (11) and were, therefore, em- 
ployed in the present work. 

P o t e n t i a l  vs. t i m e  c u r v e s  at  v a r i o u s  c u r r e n t  dens i t ies .  
- - The  pre l iminary  exper imental  work summarized in 
Table I and Fig. l a  shows that activation t rea tment  
was essential to obtain the reproducible inflection that  
coincided with the ini t ial  evolution of hydrogen. 

The transients  from the potential  of rest  to the ini t ia l  
evolution of hydrogen were investigated by Okada, 
Nakamura,  and Ishida (18), who studied potential-  
charge curves in this region by oscillographic tech- 
nique. 

They found that four inflection points are observed 
in the conventional  plat ing bath when a C.D. of 0.200 
A/cm 2 is used. The first two points were a t t r ibuted to 
the reduct ion of oxides present  on the surface. The 
third inflection was assumed to be associated with the 
formation of a chromic-chromate film, while the fourth 
corresponded to the ini t ial  evolution of hydrogen at 
--0.412V vs. SCE at 20~ At lower current  densities 
(0.05 and 0.005 A/cm 2) current  carrying reactions were 
detected and they were considered to be the result  of 
the part ial  reduct ion of chromic acid (Cr ~+ ---> Cr3+). 
In  pure chromic acid (absence of SO4=), in which 
hydrogen evolution proceeds with practically 100% 
current  efficiency (17), potent ia l -charge curves were 
the same at all cur ren t  densities as those obtained in 
the plating bath (presence of SO4 =) at 0.200 A/cm 2. 

This observat ion shows that  the part ial  reduct ion of 
chromic acid contr ibutes l i t t le to the over-a l l  cur rent  
carrying processes at 0.200 A / c m  2 and that  these proc- 
esses can be considered as being main ly  due to the dis- 
charge of hydrogen ion. 

In  the present  investigation, which was performed 
with the same equipment  as the earlier work (1), 
potent ia l - t ime curves were recorded using a potentio-  
metric recorder wth a one-half  second response t ime 
over a 9-in. grid. Under  these conditions it  was not 
possible to resolve the three in termediate  inflection 
points, and the trace was a straight vert ical  l ine unt i l  
the evolution of hydrogen began at measurable  rates. 
This point corresponded to the inflection 4 on the 
charging curves recorded by  Okada, Nakamura,  and 
Ishida (18). This point is accepted as a start  of the 
potent ia l - t ime transients  in the present  work. 

Reproducible potent ia l - t ime curves at four current  
densities of 0.220, 0.440, 0.660, and 1.320 A/cm ~ are 
shown in Fig. lb. The ini t ia l  evolution of hydrogen at 
the C.D. of 0.220 A / c m  2 was observed to take place at 
--0.300V vs. SCE (at 50~ At higher current  densities 
this potential  was progressively more negative as in -  
dicated by the star t ing point on all four curves. 

To check the potential  of hydrogen evolut ion on 
bright  smooth p la t inum at 0.220 A/cm 2 calculation of 
the overpotential  was made using the following Tafel 
equation (19) 
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where = ( t ransfer  coefficient) = 2 and io (exchange 
current  d e n s i t y )  - -  10 -3 A/cm 2 (20). At 0.220 A / c m  2, 
11 was found to be --0.075V at 50~ Using the reversi-  
ble potential  of -F0.0134V vs. NHE, calculated for a 
solution containing 250 g/ l i ter  of CrO3 (pH = --0.212), 
the potential  of hydrogen evolution was found to be 
--0.303V vs. SCE. Applying the temperature  correction 
to the overvoltage value in the manne r  recommended 
by Lat imer  (21), that is 2.5 mV increase for each I~ 
decrease of temperature,  the overvoltage at 20~ would 
be about --0.150V and the potential  of hydrogen evolu- 
t ion about --0.38V vs. SCE which is fair ly close to the 
value observed by Okada, Nakamura,  and Ishida 
(--0.4IV),  par t icular ly  if one considers that no surface 
roughness corrections were made. 

Schuldiner  (22) found exper imenta l ly  that the cur-  
rent-overvol tage relationship for hydrogen evolution 
on bright p la t inum in 0.1N H2SO4 solution fits the 
equation n ---- a -- b log i where a ---- --0.26, b ---- 0.12, 
and i is the t rue current  density corrected by the 
roughness factor 2.16 (determined exper imenta l ly) .  
The equation is applicable to the relat ively low cur-  
rent  density range 0.015-0.050 A/cm 2 (nominal  C.D. 
approximately 0.03-0.100 A/cm2). If the nominal  C.D. 
is extrapolated to 0.220 A/cm 2, the overvoltage ~ = 
--0.14V vs. 25~ After correcting to 50~ the potential  
of hydrogen evolution becomes --0.305V vs. SCE which 
is in good agreement  with the first calculation and with 
our exper imental  observations (--0.300V vs. SCE). 

Since the above equation applies only to lower cur-  
rent  densities and the surface roughness of p la t inum 
used in the present work was not determined, more 
accurate calculations cannot be made. However, even 
these approximate values show that the potential  of 
ini t ia l  hydrogen evolution was wi th in  the range gen-  
eral ly  observed by other investigators, thus, at an ac- 
ceptable level of reproducibil i ty.  

Continued polarization at 0.220 A/cm ~ resulted in 
a shift of potential  to --0.57V vs. SCE at which hydro-  
gen evolution proceeded for over 50 min  without  depo- 
sition of Cr. 

The difficulty of polarizing p la t inum to the potential  
of chromium deposition at the same range of C.D. and 
potentials (at equivalent  temperatures)  was also ob- 
served by Reinkowski and Knorr  (11). They had to 
increase the current  to 0.300 A/cm 2 to bring about the 
shift of potential  to the level of chromium deposition. 

Chromium deposition is easily brought  about at the 
0.220 A/cm 2 current  density on Fe cathodes as was 
shown in  earl ier  work (1). The reason is higher hy-  
drogen overvoltage characteristics of Fe associated 
with shorter t ransients  in potential  region I. 

To effect the deposition of Cr on Pt  under  the repro- 
ducible surface conditions, three cur ren t  densities 
(0.440, 0.660, and 1.320 A/cm 2) were used in the pres-  
ent work. At each current  density two t ransient  re-  
gions could easily be detected. Transient  region I char- 
acterized by heavy evolution of hydrogen extended 
over protracted periods of t ime even at the highest cur-  
rent  density investigated. This region as is shown in 
Fig. la  was significantly affected by previous polariza- 
t ion history of the p la t inum electrode. Although the 
cause and effect of this phenomenon was not estab- 
lished, it is reasonable to assume that surface changes 
that occur dur ing  each polarization affect the inhibi -  
tion of hydrogen ion discharge which is the main  cur-  
rent  carrying reaction in this region. Whether  diffusion 
of the discharged hydrogen into the bulk  of the metal  
is involved it is not known. Weiner  (23) has shown 
that current-vol tage  curves on p la t inum are shifted to 
more negative values if the metal  is saturated with 
hydrogen. Hoare and Schuldiner  (24) found, however, 
that the permeation of Pt  with hydrogen is detectable 
only in the presence of catalytic poisons. This observa- 
tion was confirmed by Gileadi, Ful lenwider ,  and Bock- 
ris (25). Thus in order to accept the concept of hydro-  
gen diffusion into p la t inum and associated changes of 
overpotential  with t ime one would have to assume in 
the present  work that chromic acid or some products 
of its decomposition act as catalytic poison, an assump- 
tion that, thus far, has not been verified exper imen-  
tally. 

The second t rans ient  II  observed wi th  curves 2, 3, 
and 4, (Fig. lb)  was characterized by an accelerated 
shift of potential  to the level of chromium deposition 
in a manner  similar as in the case of Fe cathodes (1). 
This shift of potential  was not affected by the previous 
polarization history of the electrode and by  the dura-  
t ion of t rans ient  region I. When region I was very 
short (curves 6 and 7, Fig. la)  it would merge in 
transi t ion with region II thus obli terat ing the distinct 
step observed with curves 3, 4, 5 (Fig. la)  and curves 
2, 3, 4 (Fig. l b ) .  A short region I is indicative of 
processes that suppress the low overvoltage character-  
istics of Pt. It is perhaps noteworthy to emphasize that 
regardless of the progress of polarization dur ing  region 
I t ransient  region II would always start at about 
--1.02V and te rminate  at the same potential  of --1.12V 
vs. SCE at which the deposition of Cr would begin at 
the C.D. of 0.440 A/cm 2. 

This final shift of potential  in region II was at-  
t r ibuted by Okada and Yamamoto (5) to the increase 
of hydrogen overpotential  as a result  of the thickening 
of the chromic oxide film that  forms in region I. Mi- 
croscopic observations correlated with curves 2 and 3 
(Fig. lb)  show, in the next  section, that the t rans ient  
region II is associated with the decline of the evolut ion 
of gaseous hydrogen regardless of whether  the chromic 
oxide forms on the surface or not. 

Transient  region II does not occur in  the absence of 
SO4 = (1, 5), thus indicat ing the involvement  of such 
an  anion in the electrochemical processes that  con- 
t r ibute  to the inhibi t ion of visible hydrogen evolution. 

Correlation o] microscopic observations wi th  poten- 
t ial-t ime curves.--Microscopic observations made dur -  
ing exper iment  1, Fig. lb  (C.D. 0.220 A/cm 2) are i l-  
lustrated by a series of photomicrographs in Fig. 2. 
The individual  photomicrographs show (a) the ap-  
pearance of the surface immersed in the plat ing bath 
before commencement  of the electrolysis, (b) very  few 
hydrogen bubbles  observed in  the first 10 sec, (c) con- 
t inued low gassing at the 20th second, (d) similar  low 
gassing after 1 min  of electrolysis, (e) increase of 
gassing coinciding with the shift of potential  to --0.57V, 
and (f) the same intensi ty of hydrogen gas evolution 
after addit ional  53 mi n  of electrolysis. 

The above microscopic observations correlate well  
with the changes of the potent ial  with time. The init ial  
range of potential  (--0.300 to --0.302V) coincided with 
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Fig. 2. Photomicrographs of the 
cathode surface palarized with a 
constant C.D. of 0.220 A/cm 2. 
Original magnification X100. Dark 
field illumination. Exposures 1/125 
sec. a, Immersion before electro|y- 
sis, time 0. Rest potential vs. SCE 
-t- 0.950V. b, 10 sec; c.p. 
--0.300V. c, 20 sec; c.p. --0.305V. 
d, i rain; c.p. --0.320V. e, 2 rain; 
c.p. ~0.470V. f, 54 rain 45 sec; 
c.p. --0.570V. 

low level of gassing. This probably means that the con- 
centrat ion of dissolved molecular  hydrogen in the dif- 
fusion l iquid layer was still below saturat ion (26). 

The sharp increase of gas evolution coincided with 
the shift of the potential  to --0.57V as is evident  from 
comparison of curve 1 with Fig. 2e. Apparent ly  upon 
saturat ion of the diffusion layer, the process of gas 
bubble  formation reached steady-state  conditions and 
cont inued unal tered  for over 53 rain. 

To br ing about the deposition of chromium the cur-  
rent  density was increased to 0.440 A/cm ~ (Fig. lb, 
curve 2). At this value, the potential  of about --0.6V 
was reached ra ther  rapidly, but  from then on up to 
about --1.00V the potential  shifted gradual ly  over a 
period of about 26 rain and this shift was accompanied 
by changes in the gassing pa t te rn  as is i l lustrated in 
Fig. 3A. The individual  photomicrographs show (a) Pt  
surface immersed in the solution before electrolysis, 
(b) hydrogen evolution approximately  1 sec after the 
current  was tu rned  on, (c) hydrogen evolution in the 
fourth minu te  of the electrolysis, (d) hydrogen evolu-  

t ion in the 18th minute,  (e) gassing pat tern  at --1.01V 
just  before the final shift of the potential  to the chro- 
mium deposition level, and (f) the beginning of the 
decrease of gassing coinciding wi th  the potent ial  shift 
from -- 1.0I to -- 1.08V. 

The beginning of the decline of gassing observed in 
photomicrograph (f) was recorded before the steady- 
state potential  of chromium deposition was reached. 

A plausible explanat ion of this phenomenon  would 
be to assume that  some chromium is deposited on 
p la t inum at potentials less negative than  the steady- 
state value (--1.12V vs. SCE at 0.440 A/cm 2) and, 
that  because of higher hydrogen overpotential  on Cr, 
the discharge of hydrogen ion ceases when  a th in  
layer of chromium is established. The undisputable  
evidence is, however, that  hydrogen evolution on 
chromium begins vigorously as soon as SO4--- is re-  
moved from the bath as was shown in the previous 
work (1). This observation demonstrates, thus, that  the 
decline of gassing is not due to higher overvoltages as- 
sociated with chromium and that  the key factor is the 
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Fig. 3A. Photomicrographs of the 
cathode surface polarized with a 
constant C.D. of 0.440 A/cm% 
Original magnification X100. Dark 
field illumination. Exposures a-c 
1/125 sec, d-f 1/250 sec. a, im- 
mersion before electrolysis, time 0. 
Rest potential +0.950V vs. SCE. b, 
I sec; c.p. --0.360V. c, 4 rain; c.p. 
--0.650V. d, 18 rain; c.p. 
--0.820V. e, 29 rain 10 sec; c.p. 
--1.010V. f, 29 rain 45 sec; c.p. 
- -  1.080V. 

presence of SO4--. The SO4 = ion itself does not in- 
hibit the evolution of hydrogen and for this reason 
solutions of sulfuric acid are used extensively in in- 
vestigations of hydrogen overvoltages on various met- 
als (19). The presence of SO4 = in the plating bath 
must, therefore, induce some potential dependent con- 
ditions that are not associated with permanent changes 
of the surface characteristics. These conditions inhibit 
reversibly the visible evolution of hydrogen. 

The decline of visible evolution of hydrogen observed 
in (f) became quite distinct 10 sec later on and is il- 
lustrated in photomicrograph (g) in Fig. 3B which is 
a continuation of Fig. 3A. The photomicrographs in 
Fig. 3B show (g) the decline in the number of gas 
bubbles and the increase of their size as the potential 
approaches the value of --1.09V, (h) continuation of 
the same phenomenon 10 sec later on, (i) further de- 
crease of gassing as the deposition of chromium begins 
at --1.12V, (j) visual evidence of chromium deposition 
15 sec later on, (k) complete cessation of gassing 
(white streaks are reflections of light from gas bub- 

bles in movement), and (I) a burst of gassing along 
an initial crack formed in the deposit after 2 rain 45 
sec of plating. 

The above experimental evidence demonstrates that 
the establishment of the chromium deposition processes 
is concomitant with the inhibition of gaseous hydrogen 
evolution. The decline of gas evolution precedes the 
deposition of chromium and the cause of the decline is 
open to speculation. 

The diffusion of molecular hydrogen into the bulk of 
platinum is a possible cause but it seems unlikely that 
such a process would begin suddenly after the previous 
prolonged gassing during the shift of the potential from 
--0.6 to --1.0V. The phenomenon, which is potential 
dependent, is more likely to be caused by the com- 
mencement of certain electrochemical reactions that 
either contribute to the blocking of the bubble gen- 
erating processes or change the conditions in the liq- 
uid layer adjoining the cathode surface. The discharge 
of hydrogen ion over the entire cathode during chro- 
mium deposition is not considered impeded because it 
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Fig. 3B. Continuation of Fig. 3,4. 
Exposure 1/250 sec. g, 29 rain 55 
sec; c.p. --1.090V, h, 30 rain 5 
sec; c.p. - - i .100V. i, 30 rain 15 
sec; c.p. --1.120V i, 30 rain 30 
sec; c.p. --1.120V. k, 32 rain; c.p. 
--1.120V. I, 33 min; c.p. --1.120V. 

was shown by many  invest igators  (27-29) that  Cr 
plat ing is only 15-20% efficient owing to the evolution 
of hydrogen. 

A detailed study of cumula t ive  current  efficiencies 
by Griffin (29) has shown that  in a convent ional  p la t -  
ing bath at 45~ and at a C.D. of 200 m A / c m  2 the 
current  efficiency distr ibution for the  processes 2H + --> 
H2, Cr ~+ ~ Cr 3, and Cr 6+ ~ Cr o is about 60, 30, and 
10%, respectively.  In s imilar  studies by Solov 'eva and 
Pe t rova  (28) at 4O~ and at a nominal  C.D. of 250 
mA/crn2 the current  distr ibution for the above reac-  
tions was found 65, 15, and 20%, respectively.  In the 
absence of SO4 =, v i r tua l ly  all the current  was con- 
sumed for the l iberat ion of hydrogen at about 100% 
cur ren t  efficiency. When SO4 = was added gradual ly  
up to the concentrat ion level  of the convent ianal  p la t -  
ing bath, the  reactions Cr 6+ ---> Cr ~+ and Cr 6+ ---> Cr 0 
gradual ly  increased in terms of the  current  consump- 
tion whi le  2H + --> H2 dropped steeply to the level  
quoted above. 

It must  be pointed out that  in the above invest iga-  
tions large cathode areas were  used for prolonged 
periods of electrolysis, thus providing average data. 

Jones and Saiddington (30) have shown that  pract i -  
cal ly all visible hydrogen evolut ion occurs at cracks 
which do not form cont inuously but in a periodic 
manner  in a small  res t r ic ted area of about 1 m m  diam- 
eter. The crack format ion is preceded by a period of 
quiescence. The period of quiescence, it is shown in the 
present work, precedes the format ion of the first crack 
and begins at potentials associated with  the end of the 
region I and with  the beginning of the region II. 

Photomicrograph (k) in Fig. 3B shows that  the 
deposition of chromium is associated with  the complete  
absence of gas evolut ion at the site under  observation. 
The quest ion arises, therefore,  as to wha t  processes are 
in progress when  there  is no visible gas evolution. 

If we  assume tha t  hydrogen ion discharge and chro- 
mium deposition occur s imultaneously at this site some 
of the reduced hydrogen will  probably be incorporated 
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into the growing deposit, perhaps as hydride, thus, 
giving rise to high stresses which are eventual ly  re-  
lieved by cracking. Some of it may be adsorbed in the 
deposit or in the cathode film, in  the molecular  form, 
un t i l  the formation of cracks begins when  it is released 
as gas bubbles.  

Al terna t ive ly  one would have to assume that either 
no hydrogen ion discharge is tak ing  place or that part  
or all of the discharged hydrogen is used up for the 
reduction of chromic acid to metal  and to t r iva lent  
chromium. In  the absence of more direct evidence all 
explanations on the cessation of gas evolution must  
necessarily remain  speculative, al though the first al-  
te rnat ive  is here considered more probable than the 
others. 

The formation of a crack is a macro event  that  dis- 
rupts locally the progress of the electrochemical proc- 
esses. The molecular hydrogen is released along the 
exposed ridges (see Fig. 3B), unt i l  the crack is bridged 
over (30). The evolut ion of hydrogen atong the crack 
lines induces higher pH values and, hence, more favor-  

able conditions for the precipitation of hydrated chro- 
mic oxide which is t rapped inside the cracks as they 
are bridged over (31). The existence of the chromic 
oxide inside the cracks was demonstrated by Cohen 
(32) who stripped electrolytically the deposited chro- 
mium and analyzed the remaining  ne twork  of isolated 
inclusions. 

Higher current  densities are expected to produce 
higher pH conditions at the cathode surface and, thus, 
a more favorable envi ronment  for the formation of the 
chromic oxide film. This contention has been borne out 
exper imental ly  at a current  density of 0.660 A/cm 2 as 
is evident  from the photographic record in Fig. 4 that 
corresponds to curve 3, Fig. lb. The individual  photo- 
micrographs in Fig. 4 show (a) the appearance of the 
surface immersed in the bath before electrolysis, (b) 
gassing in the 30th second at --0.61V, (c) hydrogen 
evolution in the 15th minute  at --1.00V, (d) heavy 
gassing associated with the formation of a chromic 
oxide film at --1.01V, (e) the presence of a visible 
solid chromic oxide film at --1.035V, (f) t rans ient  gas- 

Fig. 4. Photomicrographs of the 
cathodes surface polarized with a 
constant C.D. of 0.660 A/cm ~. 
Original magnifications XIO0. 
Dark field illumination. Exposures 
!/125 sec. a, Immersion before 
electrolysis, time O. Rest potential 
-I-0.950V vs. SCE. b, 30 sec; c.p. 
--0.610V. c, 14 min 55 sec; c.p. 
--1.00V. d, 15 rain 55 sec; c.p. 
--] .010V. e, 16 min 20 sec; c.p. 
--1.035V. f, 16 min 50 sec; c.p. 
- - I .065V. g, 17 rain 25 sec; c.p. 
- - I .150V. h, 18 min 30 sec; c.p. 
--1.150V. 
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sing af te r  the  b r e a k - u p  of the chromic oxide film du r -  
ing potent ia l  shift  f rom --1.035 to --1.065V, (g) com- 
ple te  absence of surface gassing dur ing  chromium p la t -  
ing at --1.150V, and (h)  format ion  of a first c rack  and 
the accompanying  gas evolution.  

Photomicrographs  (b) to (d) show an increase of 
gassing wi th  the increase of potent ia l  in region I. This 
gassing appears  more  intense than  the one observed in 
Fig. 3A, a phenomenon not unexpec ted  in view of the 
h igher  cur rent  dens i ty  employed.  The peak  of gas 
evolut ion is seen in photomicrograph  (d) .  F rom this  
level  onward,  the gassing cont inued to decl ine as the  
potent ia l  shif ted to more  negat ive  values  ( region I I ) .  
This decrease  of gassing pe rmi t t ed  one to observe qui te  
c lear ly  the  presence of a solid chromic oxide film in 
(e) .  The chromic oxide film might  have  fo rmed  ear l ie r  
bu t  its presence cannot  be de tec ted  in (d)  because 
of the  intense gas evolution.  With  the  shift  of the  po-  
ten t ia l  f rom --1.035 to --1.065V the chromic oxide film 
dis in tegra ted  r ap id ly  and its absence is se l f -ev ident  
in (f) .  Residual  gassing eventua l ly  ceased comple te ly  
by  the t ime  chromium deposi t ion potent ia l  of --1.15V 
was reached when  photomicrograph  (g) was taken.  
The first c rack  [Fig. 4 (h ) ]  fo rmed af ter  about  lY2 
rain of chromium pla t ing  at  s t eady-s t a t e  conditions.  

The fo rmat ion  of a vis ible  chromic oxide film was 
observed only at h igher  cur rent  densities.  Hence the 
effect of h igher  pH and perhaps  h igher  Cr ~+ concen-  
t r a t ion , in  the  diffusion l aye r  on such a process is indi -  
cated. Susumu Igawa (33) who inves t iga ted  the com- 
posi t ion of such films wi th  var ious  techniques came to 
a conclusion tha t  a genera l  fo rmula  of the  chromic 
oxide film is (CrO3) (Cr203) �9 10H20 represen t ing  a 
hyd ra t ed  chromic oxide wi th  adsorbed  chromic anhy-  
dride.  

I t  should be noted tha t  the  fo rmat ion  of the  chromic 
oxide film had no apparen t  effect on the  progress  of 
gassing decline dur ing region II, on chromium deposi -  
t ion at  s t eady-s t a t e  conditions, and  on the ini t ia t ion 
of c rack  formation.  This a t tes ts  to the  inc identa l  na tu re  
of such a film and to its i r re levance  in the  t rans ient  
processes tha t  lead to the  es tabl i shment  of chromium 
pla t ing  processes. 

The d is in tegra t ion  of the  chromic oxide  film occurred 
before commencement  of chromium deposi t ion as is 
ev ident  in Fig. 4. The hypothesis  of Okada  and Yama-  
moto (5) about  th ickening of the film dur ing  t rans i t ion  
in region II  is thus contradicted.  

The fo rmat ion  and b r e a k - u p  of the chromic oxide 
film was also observed v isua l ly  at  the  highest  cu r ren t  
dens i ty  examined  (1.320 A/cm~).  Turbu len t  condit ions 
of e lectrolysis  did not  permit ,  however ,  successful pho-  
tomic rography  and de ta i led  analysis  of the visual  ob-  
servat ions  could not be made.  

Summary 
The experimental results show that the transient 

processes in region I associated wi th  the  evolut ion of 
hydrogen  pr ior  to the  deposi t ion of chromium on 
p la t inum are  ex tens ive ly  p ro t rac ted  in comparison 
wi th  those on an F e  substrate .  The observat ion  can 
be  exp la ined  p laus ib ly  b y  low overvol tage  cha rac t e r -  
istics of Pt. The ac tua l  shift  of potent ia l  wi th  t ime 
dur ing  region I depends  on the progress  of processes 
tha t  inhibi t  the  evolut ion of hydrogen,  which  is the  
main  cur ren t  ca r ry ing  reaction.  These processes a re  
affected by  the condit ions of the  cathode surface and 
are  acce lera ted  at  h igher  cur ren t  densities.  

The chromic oxide film tha t  forms on P t  in region I 
d is integrates  before  the deposi t ion of chromium begins 
jus t  as i t  does on Fe. This evidence confirms the ear l ie r  
findings made  wi th  Fe  cathodes and contradic ts  the  
hypothes is  of Okada  and Yamamoto  (5) about  the  in-  
crease of hydrogen  overvol tage  wi th  the  th ickening of 
the  chromic oxide film dur ing  potent ia l  shift  in region 
II. 

The t rans ien t  processes associated wi th  the  shif t  of 
the  potent ia l  in region II  do not appear  to be sig- 

nif icantly affected by  the condit ions of the cathode 
surface nor by  the  overvol tage  character is t ics  of the  
meta l  substrate.  

The shift  of potent ia l  in region II  is unambiguous ly  
associated wi th  a r ap id  decl ine of gas evolut ion pr ior  
to the  commencement  of chromium deposit ion.  The 
decl ine of gas evolut ion and the s imul taneous  increase 
of the  polar iza t ion  are  not  affected by  the  pr ior  for -  
mat ion  of a solid chromic oxide film; they  are  assumed 
to be caused by  some not ye t  de te rmined  t r ans fo rma-  
t ions in the  l iquid l aye r  ad jo in ing  the cathode surface 
tha t  appa ren t ly  involve the  fo rmat ion  of a l iquid 
cathode film. 

Microscopic observat ions  show that  the ini t ia l  deposi-  
t ion of chromium is accompanied by  a comple te  cessa-  
t ion of the  visible gas evolut ion in the  area  under  
examinat ion.  No conclusions can be made  on the basis 
of this observat ion  whe the r  the  discharge of the h y -  
drogen ion ceases at this stage of electrolysis.  Other  
evidence indicates  tha t  hydrogen  enters  the  deposit  
and the subs t ra te  from which it can be expe l led  on 
hea t ing  (34). The cur ren t  efficiency studies (28, 29) 
made wi th  large  cathodes dur ing  pro longed per iods  of 
e lectrolysis  give average  da ta  tha t  do not  necessar i ly  
app ly  to the smal l  areas  examined  in the  present  work.  
These average da ta  show that  up to 65% of the to ta l  
cur rent  is consumed for hydrogen  gas evolution.  Such 
a high ra te  s t rongly  suggests that  the discharge of h y -  
drogen ion is in progress  th roughout  the e lectrolysis  
and tha t  only  the  local gas evolut ion process is tem~- 
pora r i ly  affected. F ina l  conclusions cannot be reached,  
however ,  unt i l  de ta i led  de te rmina t ions  of cur ren t  effi- 
ciencies in the  smal l  surface areas  affected are  made.  

Manuscr ip t  submi t ted  Oct. 30, 1972; revised m a n u -  
script  received June  19, 1973. This was P a p e r  197 p re -  
sented at  the  Miami Beach, Flor ida,  Meet ing of the 
Society, Oct. 8-13, 1972. 

Any  discussion of this  paper  wi l l  appear  in a Discus-  
sion Section to be publ ished in the  June  1974 JOURNAL. 
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A Study of Contamination on Electroplated 
Gold, Copper, Platinum, and Palladium 

D. L. Maim and M. J. Vasile 
Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

Electroplated gold, copper, palladium, and p la t inum have been examined 
for surface and bulk  impurit ies using spark source mass spectrometry and ion 
scattering spectrometry. Electroplated metals were found to have more con- 
taminat ion  on their surfaces than cast metals after the same cleaning pro- 
cedures. Methods such as r insing in distilled, deionized water  or ultrasonic 
cleaning in  t r ichloroethylene did li t t le to remove surface impurit ies from elec- 
troplates. A mild etch followed by a distilled, deionized water  rinse was found 
to be the most effective method for cleaning the surfaces, with the exception 
of the p la t inum electroplate. Bulk  impuri t ies  indicative of plat ing bath con- 
tamina t ion  were  found in many  instances. 

The use of electroplated metals  as connector and 
contact surfaces wi th in  the electronics and communi -  
cations industr ies is extensive. Lit t le informat ion is 
avai lable concerning the na ture  or extent  of the im-  
purit ies on the surfaces of electroplates and the effec- 
tiveness of cleaning procedures used to remove them. 
A variety of techniques has been applied to the deter-  
minat ion of the bu lk  impurit ies codeposited with hard 
gold electroplates (1-4) and their  effects on vacuum 
arcs (5). Dur ing  the course of the mass-spectrometric 
study on electroplated gold (5), it became apparent  
that  electroplated surfaces were considerably more 
contaminated than  other surfaces of corresponding cast 
specimens, even though in one case (soft electroplated 
gold) the bu lk  pur i ty  level was comparable to that of 
cast gold. This s tudy was under taken  to extend the 
spark source mass spectrometric determinat ions  to the 
detection of surface impuri t ies  on electroplated copper, 
plat inum, and  palladium. Each of these materials  was 
also examined for bu lk  impurities. 

The spark source mass spectrometer can be used to 
examine the surface impurit ies present  on a given 
sample (6) with a high degree of sensitivity. However, 
its sampling depth resolution is only about 6000A (5). 
To obtain a more detailed picture, ion scattering spec- 
t rometry  (7) was also used in this s tudy to investigate 
the changes in impur i ty  concentrat ions with depth in 
some of the systems. 

Experimental 
A commercial ly available 1 RF spark source mass 

spectrometer with photoplate detection was used. The 
electroplates were deposited on 0.125 cm diameter 
OFHC copper reds. The rods were tapered with 
rounded ends to minimize shielding of the ions from 
the first accelerating plate of the mass spectrometer. 
The arc conditions were chosen such that  each spec- 
t r um was obtained without  over exposing any of the 

Key  words :  electroplat ing,  sur face  contaminat ion ,  ion sca t te r ing  
spectrometry, spa rk  source mass  spectrometry. 

x MS-7, m a n u f a c t u r e d  by  AEI  Ltd., Manchester ,  United Kingdom. 

lines on the photoplate. Total ion exposure measured 
with the beam monitor  was of the order of 10 - n  
coulombs. 

The sampling procedure used for surface analysis 
was to record spectra from at least ten points on the 
electrodes. The electrodes were manipula ted  so that a 
fresh area on each of the members  was subjected to the 
arc. Bulk analyses were performed by presparking a 
given area (5) and following this with five successive 
arcing events on the presparked region. The ari thmetic 
means and s tandard deviations of the ion intensit ies 
were computed for all  the ions recorded in the surface 
and bulk  .analyses. No corrections were applied for 
l ine width, ionization efficiency, or relat ive volat i l i ty 
of the ions observed; however, the response of the 
photoplate was corrected for the masses of the singly 
charged ions and the kinetic energies of the doubly 
charged ions. The results are expressed as ion per cent 
by first computing the total  exposure for all ions and 
then taking the percentage of the total  for each ionic 
species in the spectrum (5). 

Ion scattering studies were performed on a com- 
mercial ly available ion scattering spectrometer.~ Singly 
charged hel ium ions, accelerated to 1.5 kV were used 
as a p r imary  beam. The ion beam profile was measured 
and found to be 0.7 ram, full width at half  ma x imum 
intensi ty  and 1.4 mm, full width at 10% m a x i m u m  in-  
tensity. The corresponding current  densities are 23 
~A/cm 2 and 6.5 ~A/cm 2, respectively. Ion scattering 
analyses were confined to gold- and p la t inum-pla ted  
specimens on p lanar  substrates. 

E]ectroplating of the substrate was done in  a m a n n e r  
that  maximized the plat ing efficiency of each of the 
systems. The electroplates were deposited to a thick- 
ness of approximately  0.0025 cm. A thin deposit of soft 
gold was plated on the copper rods prior to plat ing 
from acidic baths. Clean glass cells and p la t inum 
anodes were used in each plat ing operation. The plated 
samples were rinsed with dist i l led water  after plating, 

ISS Model 520, 3M Company, St. Paul,  Minnesota.  
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dried, and kept in glass containers pr ior  to analysis. No 
special precautions were taken to purify or modify the 
plat ing baths, since one of the objects of this study was 
to determine the impuri t ies  that remain  on the electro- 
plated surfaces under  normal  circumstances. The com- 
positions of the plat ing baths are given in  Table I. 
(The exact compositions of some of these baths are 
propr ie tary to their  manufacturers ,  so only infor-  
mat ion  re levant  to this s tudy is given.) 

To determine if cleaning methods have any  effect 
on the type and amount  of surface impurities, three 
different t rea tment  were  used: (~) ul trasonic cleaning 
in  trichloroethylene, (ii) 10 rain r insing in deionized, 
distilled water, and (iii) etching in  an appropriate acid 
for about 15 sac, followed by a rinse in  distilled de- 
ionized water. 

Etchants used for each system are given in Table I. 
The samples were dried by infrared heating in a 
laminar  flow hood and mounted in the mass spectrom- 
eter ion source for analysis. High-pur i ty  control speci- 
mens of the same metal  in cast form were treated and 
analyzed under  identical  conditions. 

Results and Discussion 

Surface analyses by spark source mass spectrometry 
sample only a small fraction of the total surface area. 
Surface contaminat ion  is f requent ly  nonuni formly  
distr ibuted; hence, a part icular  impur i ty  may show a 
weak response at one location and a very much more 
intense response at another. As a consequence, the 
s tandard deviation of the ion percentage of a surface 
impur i ty  is usually large. The ratio of the s tandard de- 
viat ion to the ion percentage for m a n y  surface im- 
purit ies ranges between about 0.75 and 1.5, while for 
bulk  impurities, this ratio rare ly  exceeds 0.3. Bulk 
impurit ies usual ly  exhibit  no change in  response be- 
tween surface and bulk  sampling. 

Tables II through VI contain the results of the mass 
spectrometric analyses of electroplates and cast speci- 
mens. The water  wash and bulk  analyses for cast 
specimens are not listed, since the water -wash  results 
do not differ significantly from those of solvent clean- 
ing, and the bulk  analyses showed no impurities. 

The surface analyses of electroplated and cast 
(OFHC) copper are given in Table II. Cleaning the 
surface by water  r insing or ultrasonic solvent t reat -  
men t  had very  little effect in  removing surface im-  
purities. Etching the surface removed all the surface 
impuri t ies  except carbon and oxygen, which result  
from adsorbed hydrocarbons and oxygen or water. It  
is of interest  to note that  the carbon concentrat ion 
dropped by a factor of two with the etch treatment ,  

Table I. Electroplate bath descriptions and etchants for cleaning 

Copper 
Copper cyanide,  potass ium cyanide,  potassium carbona te ,  po ta s -  

s i u m  s o d i u m  ta r t r a t e .  
p H  12.2-12.8. 
Temperature  55~ 
D i l u t e  n i t r i c  acid, room t e m p e r a t u r e ,  

P a l l a d i u m  
Palladium diamino dinitrite,  a m m o n i u m  su l fa te ,  a m m o n i u m  h y -  

d rox ide .  
pH 7.5-8,S. 
T e m p e r a t u r e  27~176 
A q u a  regia ,  room temperature.  

P l a t i n u m  
P l a t i n u m  a m m o n i u m  chloride, hydrochloric  acid. 
p H  0.5-1.8. 
Temperature  49~176 
Aqua regia, room temperature.  

H a r d  gold 
Potass ium gold cyanide,  p o t a s s i u m  c i t ra te ,  cobalt citrate. 
p H  3.3-3.9. 
T e m p e r a t u r e ,  ambient.  
A q u a  reg ia ,  r o o m  temperature.  

Sof t  gold 
Potassium gold cyanide,  a m m o n i u m  citrate. 
p H  5.0-8,8. 
T e m p e r a t u r e  60"-65"C. 
Aqua regia, room temperature.  

Table II. Copper 

( R e l a t i v e  ion  pe r  cen t  b y  SSMS) 

E l ec t rop l a t e  Cas t  (OFHC) 

W a t e r  S o l v e n t  E t c h  B u l k  S o l v e n t  E t c h  

Cu  75.5 73.3 87.1 100 79.0 98.2 
C1 2.2 3.3 . . . .  
S 2.6 2.5 . . . .  
K 0.7 ~ . . . .  
S i  0.7 0.4 . . . .  
A1 0.4 0.2 . . . .  
Mg - -  0.2 . . . .  
Na  - -  0.4 . . . .  
0 5.4 6.4 7.3 ~ 7.8 0.7 
N 0.8 0.6 - -  - -  1.0 - -  
C 12.0 12.7 5,6 - -  11.7 1.2 

while the oxygen concentrat ion remained unchanged 
within  the precision of the measurements.  Some of the 
surface impuri t ies  such as A1, Mg, C1, and S cannot  be 
correlated wi th  the nominal  composition of the plat ing 
bath (see Table I) .  The distilled, deionized water  
t rea tment  cannot  be responsible for these impurit ies 
since it is also the last step in the etch treatment ,  and 
in that  case they were absent.  Pla t ing bath contami-  
nation, airborne contamination,  and sample handl ing 
are the most obvious sources of these contaminants.  
The bulk  pur i ty  of copper electroplates was found 
to be quite high, with no measured impur i ty  levels in 
the mass spectrum at as much as 0.1 ion per cent, 
which corresponds to an estimated pur i ty  of 1 part  in 
104 in  the plate. The specimen of OFHC copper showed 
impurit ies due to adsorbed atmospheric gases and 
organics after solvent cleaning. Etching this sample re-  
duced the concentrat ions of carbon and oxygen by an 
order of magnitude,  and the surface analysis for the 
etched OFHC sample is probably indicative of the con- 
taminat ion  level that  can be expected from the ad- 
sorption of residual  gases in the mass spectrometer. 

Pa l lad ium electroplate (Table III)  showed somewhat 
cleaner surfaces than  copper, with only chlorine and 
copper as surface impuri t ies  which do not correlate 
with the bath composition. The water  washing was 
somewhat  more efficient at removing surface im-  
purit ies f rom Pd than solvent cleaning. A mild etching 
of the surface removed all but  atmospheric gases. The 
presence of ni t rogen and oxygen in the bu lk  of the 
electroplate at  effectively the same levels as the surface 
is a strong indication that  some of the diamino di-  
ni t r i te  complex is being codeposited with palladium. 
If these were surface impurities, a considerable de- 
crease in their  in tensi ty  would be expected upon pre-  
sparking. There was a small  response for carbon in the 
bu lk  which is an order of magni tude  less intense than 
on the surface. This could arise from the vaporization 
of surface adsorbed species at  the per iphery of the 
arc, but  this effect would not account for the constant  
response for oxygen and ni t rogen in surface and bulk  
sampling. The ratio of the s tandard deviations for the 
oxygen and ni t rogen responses to the average re-  
sponses for each of these elements was small  (0.13- 
0.23), which is a fur ther  indication that  they are 
bulk  impurities.  The analysis of cast pal ladium showed 
a considerably cleaner surface than its electroplated 
counterparts,  with the most significant reduction occur- 
r ing in  the response for carbon. 

Table III. Palladium 

( R e l a t i v e  ion per cen t  b y  SSMS)  

Electroplate 

W a t e r  S o l v e n t  E t ch  

Cas t  

B u l k  S o l v e n t  E t c h  

P b  85.7 86.0 87.7 95.8 97.2 97.2 
CU - -  1.1 . . . .  
Cl - -  0.8 . . . .  
S 1.4 4.1 - -  0.9 
0 2.9 s.o ~ ~ o.s o.e 
N =.8 =.~ 1.8 =.= 0.3 - 
c 7.= 8.9 9.1 o.~ 1.~ z.8 
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Pla t inum electroplate (Table IV) exhibited a wide 
var ie ty  of surface impurities, none of which could be 
removed by the cleaning t rea tments  used. The 15 sec 
etch did not yield any  improvement  over the solvent 
wash and only a small  improvement  over the water 
washing. Extending the durat ion of the etching to 
30 and 60 8ec again resulted in no significant improve-  
ment.  Etching the specimen in aqua regia could have 
contaminated the surface with copper from the attack 
of the unpla ted  end of the rod, and some chlorine 
might  also well  have remained on the surface. 

At least four of the surface contaminants  remain ing  
after the etch t reatments  (viz., Fe, O, N, and C) per-  
sisted as bulk  impuri t ies  in each of the tests. Sporadic 
low level responses were found for sulfur  and  a lumi-  
num in the bulk  probing, and it is l ikely that the pres- 
ence of the former is due to peripheral  surface con-  
tr ibutions.  There are apparent ly  two sources of 
contaminat ion of the p la t inum electroplate: the plat ing 
bath  and the etching procedure itself. The lat ter  pos- 
sibil i ty produces a paradox, since the same procedure 
on a bu lk  p la t inum specimen yielded an extremely 
clean surface. 

Table V contains the data obtained for surface anal-  
yses of cobal t -hardened gold, which is known to be 
heavily contaminated in  the bu lk  with a polymeric 
mater ial  containing carbon, hydrogen, and  nitrogen. 
This polymer is believed to be nonuni formly  dispersed 
(8) below the surface of ~he electroplate, so etching or 
presparking should not reduce the response for car-  
bon and nitrogen. Solvent  cleaning produced the best 
results for the hard gold electroplates, but  the contri-  
but ion from bulk  impuri t ies  is so extensive that  com- 
parisons of the cleaning procedures cannot  be made. 

Surface contaminat ion  of soft gold electroplates was 
also examined, since in  this case it is known that  the 
bu lk  impur i ty  level is very low (3). Table VI shows 

Table IV. Platinum 

(P.elative i o n  p e r  cent by SSMS) 

that  both solvent cleaned and etched soft gold surfaces 
are heavily contaminated with organic mater ia l  and /or  
atmospheric gases. Comparison of the soft gold elec- 
troplate surface contaminat ion  with that  of copper 
electroplates which has high bulk  pur i ty  shows that  
the gold surface is more heavily contaminated.  Simi-  
larly, the surface of the cast gold specimen was more 
contaminated than  the surfaces of cast copper, plat i-  
num, or palladium. A high degree of very  tenaciously 
held organic contaminat ion on gold surfaces is in ac- 
cord with the results of Schrader (9) and Bernet t  and 
Zisman (10). These authors found that  a gold surface 
could be wet (zero contact angle) only if extreme 
precautions were taken to e l iminate  the possibility 
of organic contamination.  

Ion scattering studies on hard gold electroplate in-  
dicated that the carbon-conta in ing  impurit ies are not 
uni formly  dispersed either over the surface or in the 
bulk  of the electroplate. The results of 4He scattering 
from the surface of a cobal t -hardened gold are shown 
in Fig. 1. The diffuse scattering between relative en-  
ergies of 0.3 and 0.5, which can be adequately ex- 
plained by sequential  double scattering from carbon 
and hydrogen atoms (11), dropped rapidly as about 
20 monolayers were removed with a corresponding in-  
crease in the count rate for ions scattered from gold. 
The number  of monolayers  removed was computed 
using an average sput ter ing rate of 30 monolayers per 
hour (12) and is only an approximation. The results 
shown in Fig. 1 also indicate that  in  this part icular  in -  
stance, the organic surface impur i ty  is not related to 
the codeposited bulk polymer, since it was removed 
ra ther  easily by ion bombardment .  In  contrast to the 
removal  of surface hydrocarbons, Fig. 2 shows that  the 
ion scattering response for cobalt and potassium in-  
creased with depth of sampling. The mass spectro- 
metric work also showed that potassium was a bulk  
impur i ty  in most types of hard gold electroplates. 

A sample of n ickel -hardened gold electroplate gave 
opposite results, in  that  at one location the diffuse 

E l e c t r o p l a t e  

W a t e r  S o l v e n t  E t ch  B u l k  

C a s t  

S o l v e n t  E t c h  

6 0 . 5  7 9 . 0  7 3 . 4  8 0 . 4  8 0 . 3  9 8 . 1  
C u  2 . 3  2 . 3  4 . 0  - -  - -  - -  
F e  2 . 2  2 . 6  1 . 8  5 . 8  - -  - -  
C 1  1 . 3  1 . 7  1 . 3  - -  0 . 8  - -  
S i  1 . 4  0 . 8  2 . 0  - -  0 . 4  - -  
S 5 . 2  2 . 5  1 . 7  0 . 5  0 . 9  - -  

- -  - -  - -  1 , 9  2 . 0  - -  
O 9 . 3  3 . 6  4 . 7  5 , 6  3 , 9  0 . 6  
N 4 . 7  1 . 9  2 . 4  2 . 2  1 . 2  - -  
C 15.9 5.9 8.7 3.5 10.6 1.3 

Table V. Gold 

( R e l a t i v e  i o n  p e r  c e n t  b y  SSMS) 

H a r d  e l ec t rop l a t e  Cas t  

W a t e r  S o l v e n t  E t c h  B u l k  S o l v e n t  E t c h  

25 

20 

++15 

== 
o ~0 
u 

5 

0 
0 

MIRROR GOLD 
SURFACE LEVEL/IO00 

HC/IO 
Au/tO00 

o o o 

10 2:0 30 40 50 60 70 
NUMBER OF MONOLAYERS REMOVED 

80 

Fig. 1 .4He  ion scattering from hydrocarbons and gold on a cobalt- 
hardened gold electroplate as a function of the number of mona- 
layers removed. 

A u  29.7 
Co 4.2 
K 7.1 
C1 1.2 
S 2.9 
O 1.9 
N 11.1 
C 41.8 

61.5 35.0 48.4 68.5 88.4 50 
3.6 4.0 6.1 2.5 - -  
4.1 12.0 5.9 0.6 - -  
- -  - -  - -  3 . 8  - -  
- -  4.4 - -  0.3 40 
2.3 2.2 1.7 5.0 1.8 
7.6 13.8 14.0 2.3 - -  

21.0 28.6 23.5 16.9 8.2 
o~ 30 

Table VI. Gold ~- z 

(P.elative i o n  p e r  c e n t  b y  SSMS) ~ ZO 

Sof t  e l e c t rop l a t e  

S o l v e n t  E t c h  B u l k  

A u  6 0 . 6  6 9 . 5  1 0 0  
K 3 . 2  - -  - -  
O 1 2 . 2  5 . 2  - -  
N 3 . 6  2 . 6  - -  
C 3 0 . 7  2 2 . 6  - -  

10 
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�9 - HC/ IO 

o I 
10 

I 
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~' I "  I ~ i i �9 i i 
2o +o +o 50 60 70 BO 90 

NUMBER OF MONOLAYERS REMOVED 

Fi 9. 2. 4He ion scatterlng from the cobalt-hardened potassium, 
and surface hydrocarbons (cobalt-hardened gold electroplate). 
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scat ter ing due to organic impur i t ies  intensified and 
then r ema ined  constant  wi th  sampl ing depth. At  a dif-  
ferent  locat ion on the  same sample, no hydrocarbon  
response could be obta ined af ter  pene t ra t ion  to a depth  
of about  400 monolayers .  

A sample  of e lec t ropla ted  p la t inum was also ex-  
amined by  ion scattering,  since the mass  spec t rometer  
consis tent ly  showed iron and the  l ight  e lements  carbon,  
nitrogen,  and oxygen as bu lk  impuri t ies .  The presence 
of the  l ight  e lements  was confirmed to at  least  120 
monolayers ,  as can be seen in Fig. 3. The signal  f rom 
ions scat tered by  p l a t inum s teadi ly  decreased,  while  
that  due to scat ter ing f rom oxygen increased.  The dif-  
fuse sca t ter ing  a t t r i bu ted  to the  carbon-conta in ing  
species also increased with  sampl ing  depth.  I ron  in the  
bu lk  or  on the  surface of this sample  could not  be  de-  
tec ted  by  ion scattering.  

P00- - ~. 
- ~ *- -Pt /10 

'18C- ~ .  '~ - OXYGEN 

160- * ~ ~, - HC 

14( 

cn ~ 12( a �9 

~0c 

o 80 

6C 

0 L , I ~ I , I , I i I i I i 

20 40 60 80 100 120 140 

NUMBER OF MONOLAYERS REMOVED 
Fig. 3. 4He ion scattering signals from platinum electroplate as a 

function of the number of monolayers removed. 

The resul ts  p resented  in th is  s tudy are  indicat ive  of 
the types  of impur i t ies  tha t  are  present  on the  surface 
and in the  bu lk  of e lectroplates .  The p la t ing  was car -  
r ied out under  l abo ra to ry  conditions, but  the  pr ior  uses 
of the p la t ing baths  are not  documented.  One consist-  
ent  resul t  that  appears  in each of the  systems s tudied 
is the  h igher  level  of surface contamina t ion  of e lec t ro-  
plates  re la t ive  to cast specimens. This m a y  be due to a 
h igher  surface free energy  of the e lec t ropla te  coupled 
wi th  an immedia te  supply  of adsorbants .  The incorpor-  
a t ion of bu lk  impur i t ies  is also appa ren t ly  not  l imited 
to hard  gold plates.  

I t  is unfor tuna te  tha t  quan t i t a t ive  da ta  on surface 
coverage cannot  be obta ined  f rom ei ther  of the  t ech-  
niques employed  in his s tudy  wi thout  extensive cal i -  
brat ion.  I t  is appropr i a t e  to menion, however ,  that  
ions of e lements  wi th  low ionizat ion potent ia ls  wi l l  
appear  in the  mass spect ra  at  re la t ive  concentrat ions  
ve ry  much h igher  than  the i r  atomic rat ios  in the  
m a t r i x  would  predict .  
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Anodic Current Efficiency and Dimensional 
Control in Electrochemical Machining 

Der-Tau Chin* and Augustine J. Wallace, Jr. 
Electrochemistry Department, Research Laboratories, General Motors  Corporation, Warren, Michigan 48090 

ABSTRACT 

A n  exper imen ta l  s tudy has been made  to examine  the  re la t ionship  be tween  
dissolut ion cur ren t  efficiency and dimensional  control  dur ing  the  e lec t rochemi-  
cal machin ing  (ECM) of steel  in NaC1, NaC10~, and NaNO3 electrolytes .  The 
cur ren t  efficiency for i ron dissolution was measured  in a flow cell under  con- 
t ro l l ed  anodic cu r r en t  densi t ies  ranging  f rom 1 to 100 A / c m  s. The l abora to ry  
resul ts  were  then  compared  to those obta ined under  ac tual  ECM conditions.  
I t  is shown tha t  the  cur ren t  efficiency vs. cur ren t  dens i ty  curve  is a useful  tool 
to de te rmine  op t imal  ECM opera t ing  condit ions for achieving the best  pos-  
s ible  c o m b i n a t i o n  of d imensional  control  and surface finish. 

The high qual i ty  of e lec t rochemical  machin ing  
(ECM) dimensional  control  obta ined wi th  NaC1Oa and 

* Electrochemical Society Active Member. 
Key words: electrochemical machining, transpassive dissolution, 

throwing power. 

with  NaNOa has genera l ly  been a t t r ibu ted  to the ab i l -  
i ty  of these e lect rolytes  to form a passive film on the 
anode. According to a polar izat ion hypothesis  (1), 
meta l  is r emoved  most  heav i ly  from the high cu r ren t  



1488 J. Elec trochem.  S o c :  E L E C T R O C H E M I C A L  SCIENCE AND T E C H N O L O G Y  N o v e m b e r  1973 

density region of the anode where the distance to the 
cathode is small and where the dissolution takes place 
at a potential  corresponding to the transpassive state 
on the anodic polarization curve. On more remote areas 
of the anode, away from the cutt ing area, the distance 
to the cathode is larger, and the anodic process takes 
place at a potential  corresponding to the passive state 
on the polarization curve. Consequently,  in the lat ter  
areas, there forms a passive film which prevents  fur -  
ther passage of the current  resul t ing in little or no 
metal  removal  at these places. This hypothesis appears 
to give a logical basis for the fact that ECM dimen-  
sional control can be more easily achieved in  a pas- 
sivating electrolyte than  in a nonpassivat ing electro- 
lyte. 

Recently, Landolt  (2) pointed out the importance of 
current  efficiency in  ECM dimensional  control. His re-  
sults indicate that  good dimensional  control can be 
achieved with an ECM electrolyte if the current  effi- 
ciency for metal  removal  is an increasing function of 
anodic current  density. This concept can be i l lustrated 
more clearly if we consider two points on the anode 
surface: one point is in the high current  density (hcd) 
region, and the other point is away from the hcd re-  
gion, i.e., in the low current  density (lcd) region. The 
current  density on the anode is assumed to be the 
highest in  the hcd region directly facing the cathode, 
and then to decrease asymptotical ly to zero with in-  
creasing distance from the hcd region. If we denote 
iH  and iL as the hcd and lcd anodic current  densities, 
respectively; dH and dL as the distances from the cath- 
ode; ~H and eL as the sums of the anodic and the 
cathodic overpotentials;  and ~H and ~L as the current  
efficiencies for metal  removal  at the hcd and the led 
points, then 

rate  of metal  removal  ~ iH ~I-I k (E -- ~bH) ~lH 

at the hcd point ] nF  nF  dH 
[1] 

( rate of metal  removal  ) = iL~IL k ( E - - r  

at the  lcd point  n F  n F  dL 
[2] 

Here E is the applied cell voltage; k, the conductivi ty 
of the electrolyte; F, the Faraday  constant;  and n, the 
n u m b e r  of electrons t ransferred for the metal  dissolu- 
tion reaction. The metal  removal  ratio can be obtained 
by dividing Eq. [1] by  Eq. [2]. It  has been shown 
that dur ing  ECM, the cell voltage is much larger than 
the sum of the overpotentials on the electrodes (2, 3). 
Thus as a first approximation, we may assume E -- 
~H --~ E -- ~L. This leads to 

(metal  removal  ratio) 

[ rate of metal  removal  ] 

at the hcd point  dL ~H 
= [3]  

rate of metal  removal  ] - -  ~H ~L 
/ 

at the lcd point  J 

The higher the metal  removal  ratio, the bet ter  is the 
ECM dimensional  control. Therefore, Eq. [3] implies 
that good dimensional  control can be obtained by (i) 
operating at the smallest possible electrode gap, dH, 
and (ii) choosing an electrolyte and  a current  density 
for the hcd region which give high current  efficiency 
ratios (~H/~L) over the entire anode surface. 

The fact that  the smaller the electrode gap the 
better  the ECM dimensional  control has been known 
for some t ime (4). The purpose of the present  s tudy 
was to quant i ta t ively  verify Eq. [3] with regard to 
the current  efficiency dependence on the metal  re-  
moval  ratio. 

The current  efficiencies of the dissolution of a mild 
steel in NaC1, NaC1Os, and NaNOs electrolytes were 
measured in  a flow cell under  controlled anodic cur-  
rent  densities ranging from 1 to 100 A/cm 2. The results 

were then used to predict the ECM performance of the 
electrolytes, and the predictions were compared with 
results obtained in a practical ECM test apparatus. 
This paper summarizes the details of these studies. 

Experimental 
Current efficiency measuremen t . - -The  flow cell used 

for the current  efficiency measurements  is shown sche- 
matical ly in Fig. 1. It consisted of two acrylic semi- 
cylindrical  cell blocks, each 5.25 cm in diameter  and 
13.34 cm long. The first block contained a replaceable 
anode and a reference capil lary at its center;  the sec- 
ond block contained a copper cathode and a shallow 
groove which was 0.635 cm wide by 5.7 cm long. Dur-  
ing the run, the two cell blocks were held t ightly to- 
gether with two toggle clamps to form a rectangular  
channel  for electrolyte flow whose depth could be 
varied by inser t ing stainless steel spacers of various 
thicknesses between the blocks. In  this way, the anode 
and the cathode were facing each other across an elec- 
trolyte gap of controlled geometry. A 0.318 cm diame- 
ter mild steel rod 1 inserted through a hole of the same 
diameter  in block 1 was used as the anode. The 
cylindrical  surface of the rod was insulated by the 
block; only the rod end with a surface area of 0.0792 
cm 2 was exposed to the electrolyte. The cathode was 
square in shape and had a larger surface area of 0.4 
cm~ exposed ~o the electrolyte. A 2-li ter  acrylic t ank  
equipped with a cooling coil was used as a solution 
reservoir. The electrolyte was circulated between the 
reservoir and the flow cell with a variable  speed mi-  
cropump, h rotameter  was used to measure the rate 
of electrolyte flow. 

For each run, the end of the mild steel rod was 
polished with gr inding paper, r insed in water, and 
dried with hot air. The electrode was weighed and 
installed in the flow cell. A constant  current  supplied 
by a Magna 4700 potentiostat  was then applied to the 
cell. An  Eagle Signal Flexopulse was used to control 
the dissolution t ime which varied from 120 sec at low 

t C o m p o s i t i o n  of the  mi ld  s teel  rod :  Fe, 98.5%; C, 0.08%; S, 
0 ~ 6 % ;  P,  0.021%; Mn,  1.06%; Si, 0.004%. 

ANODE 

NCE 
ARY 

CATHODE 
Fig. 1. Flow cell in which the direction of electrolyte flow is per- 

pendicular to the plane of the figure. 
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current  densities to 5 sec at 100 A/cm% After dissolu- 
tion, the rod was rinsed, dried, and weighed again 
to determine the amount  of meta l  removal.  The cur-  
rent  efficiency was then calculated on the basis of Fe 
going into the electrolyte as Fe + + ions. The electro- 
lytes used were 4M NaC1, 4M NaC103, and 4M NaNO~. 
An electrode spacing of 0.04-0.08 cm at the beginning  
of the run  was used for the tests. The tempera ture  of 
the electrolytes was main ta ined  at 21 ~ _ I~ for all 
the runs. 

ECM tests .--Two ECM tests were used to demon-  
strate the qual i ty of dimensional  control obtained with 
4M solutions of NaC1, NaC103, and NaNO8 at a t em-  
perature of 21~176 

The first test was made in  the same flow cell used 
for the current  efficiency measurement  with positions 
of the anode and  the cathode reversed. The cathode 
was now a 0.159 cm diameter  copper rod mounted  in  
block 1, and the anode was a piece of mild steel having 
a much larger surface area mounted  in block 2 (see 
Fig. 1). The ECM was carried out at a cathodic current  
density of 25 A/cm ~ with an init ial  electrode spacing of 
0.02 cm. The rate of electrolyte flow was kept at a 
Reynolds number  of 8000. 

The second ECM test was made in an impinging je t -  
flow cell similar to that  described in earlier studies (1, 
5). The cathode was a circular copper tube, 0.440 cm 
ID and 0.627 cm OD with  its outer cylindrical  surface 
insulated by a v inyl  coating. The anode was a flat 1008 
steel panel, 7.5 cm wide • 2.5 cm long • 0.0625 cm 
thick, held horizontal ly above the tip of the cathode 
tube with an init ial  spacing of 0.05 cm. The electro- 
lyte was introduced through the cathode tube to pro- 
duce a vertical  jet  which impinged on the anode panel 
at a rate of 1.5 l i ter/rain.  In  this way, the steel panel  
was electrochemically machined at current  densities 

of 25 and 100 A/cm 2 based upon the annu la r  cathode 
area. For each electrolyte, the runn ing  time was ad-  
justed between 1 and 12 min  in order to obtain 100 mg 
of metal  removal. After ECM, the surface of the anode 
was examined with a topographic microscope (6) to 
determine the cutt ing profile. 

Results and Discussion 
Figure 2 gives the results of the current  efficiency 

measurements  in  NaC1 for two different electrolyte 
flow rates. The accompanying photomicrographs in  the 
figure show the mild steel surface after dissolution at 
the various current  densities. The indicated Reynolds 
numbers  (Re) are calculated based on the equivalent  
diameter of the flow channel.  Since the laminar  flow 
region terminates  at a Reynolds number  of approxi-  
mately  2000, these flow rates should both be turbulent .  
It is seen that  the mild steel dissolves in  NaC1 with 
100% current  efficiency, independent  of current  den-  
sity, un t i l  a critical current  density is reached, where-  
upon the current  efficiency decreases with increasing 
current  density and then levels off at a constant  value 
of 80%. The surface after dissolution is rough in  the 
low current  density region; however, some polishing 
seems to take place when  the efficiency begins to drop 
to the lower level. Finally,  at the lower constant effi- 
ciency of 80%, the surface appears to be highly pol- 
ished. At this point, the surface is marked  wi th  flow 
streaks caused by recession of the tip of the mild steel 
rod into the channel  wall  during the dissolution proc- 
ess. These flow streaks imply a flow dependence for 
the surface finish obtained at high current  densities. 
The effect of reducing the flow rate is to decrease the 
critical current  density where the efficiency begins to 
drop, and thus to extend the current  density region 
where polishing of the surface can be achieved. 

Fig. 2. Results of current efficiency measurements in NaCl electrolyte 
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The resul ts  of  cu r ren t  efficiency measurement s  ob-  
ta ined in NaC103 and NaNO8 elect rolytes  a re  given 
in Fig. 3 for two different  flow rates. I t  is seen tha t  
both  curves  are an increasing function of anodic cur -  
rent  density.  In  the low cur ren t  dens i ty  region (cur-  
rent  densi t ies  less than  2 A / c m  2 for chlora te  and less 
than  3 A/cm~ for n i t r a te ) ,  the  cur ren t  efficiency is 
zero, and  the  cur ren t  is p re sumab ly  consumed in the  
genera t ion  of oxygen  on the anode  (7). Metal  dissolu-  
t ion does not t ake  place  unt i l  the  cur ren t  dens i ty  
reaches a threshold  value,  whereupon the dissolution 
efficiency increases wi th  increas ing cur ren t  density.  
The curve  for  NaC108 s tar ts  to level  off at  app rox i -  
ma te ly  10 A / c m  2, beyond which the current  efficiency 
becomes higher  than  100%. The surface, a f te r  dissolu-  
t ion in NaC10~, is rough for efficiencies less than  100% 
and polished for efficiencies of 100% or higher.  Again,  
in the  pol ished region, flow s t reaks  are  observed on the 
surface indicat ing the dependence  of e lectropol ishing 
on local flow ra tes  over  the  anode. The curve for  
NaNO~ s tar t s  to level  off at  a higher  cur ren t  dens i ty  
of 25 A/cm~; i t  never  reaches 100% current  efficiency 
wi th in  the cur ren t  densi ty  region invest igated.  The 
surface obtained f rom NaNO8 is rough throughout  the 
ent ire  range  of 3-100 A/cm~. Changes in the  ra te  of 
e lec t ro ly te  flow have  appa ren t ly  no effect on the  cur -  
rent  efficiency for cur ren t  densi t ies  be low the choking 
l imit .  Choking is causd by  excessive gas evolut ion in 
the  e lect rode gap resul t ing  in the gap being filled wi th  
gas bubbles.  At  this point, the  cur ren t  efficiency drops 
sharp ly  and finally, a t  a sufficiently high cur ren t  den -  
sity, electr ic  spark ing  occurs across the  gap resul t ing  
in excessive damage  to both anode and cathode. The 

mechanism of choking and sparking has been studied 
elsewhere (8, 9) and will not be discussed further here. 
The polishing phenomena observed in this study can 

be explained by Hoar's theory (10) that brightening 
of the  surface is due to the presence of an ionical ly  
conduct ive film on the anode. The flow s t reaks  on the  
pol ished surface suggest  that ,  dur ing  the ECM of steel, 
this film is a salt  l ayer  resul t ing  f rom the prec ip i ta t ion  
of anodic products  on the  anode surface (11). The 
salt  layer  format ion  requi res  supersa tura t ion  of the  
anodic products  in the  immedia te  ne ighborhood of the 
anode; it  is obvious that  the h igher  the e lec t ro ly te  flow 
rate, the  fas ter  the products  are  flushed a w a y  and the 
lower  is the poss ibi l i ty  tha t  the  products  wi l l  prec ip i -  
ta te  out on the anode surface. This notion agrees  wi th  
the  resul ts  shown in Fig. 2, namely,  that  the  cri t ical  
cur ren t  dens i ty  for e lectropol ishing in NaC1 increases 
wi th  increasing flow rate.  Since no oxygen was de-  
tected dur ing the ECM of steel  in NaC1 (7), the  drop 
in the  current  efficiency in the polishing region is p rob-  
ab ly  caused by  consumption of par t  of the cur ren t  in 
the  oxidat ion  of a ferrous  compound to a fer r ic  com- 
pound at the me t a l / s a l t  l ayer  interface.  Br ightening  
of the mi ld  steel  surface in NaC103 can only be 
achieved in the  cu r ren t  densi ty  region where  the  cur-  
ren t  efficiency is 100% or higher.  The surface, af ter  
the  dissolution, is a lways  rough in the  low cur ren t  
dens i ty  region where  there  is oxygen evolut ion on the  
anode. The oxygen bubbles  provide  vigorous agi ta t ion 
in the  immedia t e  neighborhood of the anode; the  
anodic products,  therefore,  do not have  a chance to 
form a salt  l ayer  on the anode surface. This expla ins  
w h y  no polishing could be obtained in NaNOs e lec t ro-  

Fig. 3. Results of current efficiency measurements in NaClOa and NaNO8 electrolytes 
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lyte, because oxygen was always generated on the 
anode within  the current  density range investigated. It 
is not  known  at the present  t ime why the current  effi- 
ciency in NaC1Os continues to increase with current  
density after reaching the 100% level. Fur ther  study 
is necessary to resolve this part icular  issue. 

Current efficiency and ECM dimensional control.-- 
Since the current  efficiency curve for NaC1 is ra ther  
flat, it, would be expected that the current  efficiency 
ratio, ~IL/~H in Eq. [3] be approximately  equal to un i ty  
at every point  on the anode surface, and that  the di- 
mensional  control be determined solely by the dis- 
tance ratios, dL/dH. For NaC1Os and NaNOs, the S- 
shaped curves in Fig. 3 suggest that  the current  effi- 
ciency ratios are a dominant  factor in obtaining suc- 
cessful dimensional  control. They fur ther  suggest that 
an opt imum current  density can be chosen for the hcd 
region such that a high current  efficiency ratio can be 
obtained throughout  the lcd region on the anode sur-  
face. This opt imum current  densi ty is about 10 A/cm~ 
for NaC10~ and 25 A / c m  2 for NaNOs. If ECM is oper-  
ated at current  densities below the opt imum value, 
the metal  removal  rate is too slow although the cur-  
rent  efficiency ratio in Eq. [3] is large enough to pro- 
vide good dimensional  control. On the other hand, if 
ECM is operated above the opt imum cur ren t  density, 
then  the leveling off of the current  efficiency curve 
l eads  to a decrease in the efficiency ratio, and poor 

dimensional  control is obtained. This suggests a two- 
stage operation for the average ECM process: the first 
stage is to cut the metal  at the opt imum current  den-  
sity in order to achieve the best possible dimensional  
control; and the second stage is to finish the surface at 
very high current  densities with only a few seconds of 
r unn i ng  time. 

In  order to compare the qualities of dimensional  con- 
trol among the three electrolytes, we arbi t rar i ly  chose 
a current  density of 25 A / c m  ~ for the hcd region. Fig-  
ure  4 shows the relationship between the ratio of the 
rate of the metal  removal  in the lcd region to that  in  
the hcd region, iL I1L/ iH1]H , and the current  densi ty ratio, 
iL/iH. These curves are calculated from the cur ren t  
efficiency curves (Re = 8000) given in Fig. 2 and 3, 
assuming iH ---- 25 A/cm 2. Since the current  density in 
the lcd region decreases with increasing surface dis- 
tance from the hcd area, the ratio, iL/iH, should be 
equal to 1 at the edge of the hcd region, decreasing 
asymptotically to zero with increasing surface dis- 
tance. The curve for NaC1 is seen to fall  on the di- 
agonal line, indicat ing that  metal  removal  is taking 
place even at locations remote from the hcd area. The 
curves for NaC1Os and NaNOs are below the diagonal 
line, indicating that  the actual metal  removal  rate in 
the lcd region is less than would be expected from the 
current  density ratios. Since metal  removal  stops tak-  
ing place at iL/iH = 0.2 for ni t ra te  and at 0.1 for chlo- 
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Fig. 4. Comparison of ECM dimensional control obtained at 25 
A/cm 2 for HaCI, NaCIO3 and NaNO3 electrolytes. The photomicro- 
graphs show the size of cutting areas after 4 mg metal removal in 
the first ECM test. The diameters of the cuts are: A, 0.236 cm; 
B, 0.223 cm; and C, 0.209 cm. 
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rate, it is expected that  the qual i ty of the dimensional  
control obtained from these electrolytes follows the 
order NaNO3 > NaC10~ > NaCl. 

That  this prediction agrees well  with the ECM re-  
sults is shown by the photomicrographs given in the 
same figure. These photomicrographs show the size 
of the cutt ing area after 4 mg of metal  removal  in each 
electrolyte at a cathodic current  density of 25 A/cm ~, 
obtained in the first ECM test. The diameters of the cut- 
t ing areas are 0.236 cm for NaCl, 0.223 cm for NaC10~, 
and 0.209 cm for NaNO3 as compared to the cathode 
diameter  of 0.159 cm. Since the smaller  the cutt ing 
hole, the bet ter  is the dimensional  control, these re-  
sults clearly verify the current  efficiency dependence 
given in Eq. [3]. Also, the cutt ing edge for NaC1 is not 
as sharp as the edges obtained with NaClO8 and 

NaNO3; this is in  agreement  wi th  the measurement  in 
N'aC1 metal  removal  of 100% efficiency even at very  
low current  densities. 

The results obtained from the second ECM test are 
given in Fig. 5 for two different cathodic current  den-  
sities. The black horizontal l ine in each photomicro- 
graph represents the surface profile after 100 mg metal  
removal. It is seen that at 100 A/cm ~, the best d imen-  
sional control is still achieved by NaNO3 (Fig. 5D): 
the cutt ing edge is sharp with no metal  removal  
in the area facing the center  of the cathode tube (0.440 
cm ID X 0.627 cm OD);  the depth of penetrat ion and 
the diameter  of the cutt ing area are 0.042 and 0.787 cm, 
respectively, as compared to 0.036 and 0.863 cm for 
NaC103 (Fig. 5C). Again, the worst result  is obtained 
with N.aC1; Fig. 5A shows that not only is the edge 

Fig. 5. Results of the second ECM test. The black horizontal line in each topographic photomicrograph illustrates the surface profile 
after 100 mg metal removal in each electrolyte. The numbers in the following parentheses denote diameter of the cutting area, depth of 
penetration in the area facing the tubular wall of the cathode, and depth of metal removal in the area facing the center of the cathode 
tube, respectively: A, (0.774, 0.037, and 0.019 cm); B, (0.762, 0.038, and 0.019 cm); C, (0.863, 0.036, and 0.018 cm); D, (0.787, 
0.042, and 0 cm). 
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of the cut t ing area  not  sharp, but  that  there  is meta l  
r emova l  t ak ing  place  over  the  ent i re  anode surface ex -  
posed to the  electrolyte .  At  25 A / c m  2, the depth  and 
the d iamete r  of the cut  in NaC1 are  0.037 and 0.774 cm, 
respect ively,  whereas  the corresponding values  in 
NaC103 (Fig. 5B) at the  same cur ren t  densi ty  are  0.038 
and 0.762 cm. Figures  5B and 5C demons t ra te  that  the 
qual i ty  of d imensional  control  in a pass ivat ing elec-  
t ro ly te  becomes worse  wi th  increas ing cur ren t  dens i ty  
if the ECM is opera ted  above the  op t imum cur ren t  
densi ty  (a cut 0.038 cm deep X 0.762 cm d iamete r  in 
Fig. 5B as against  a cut 0.036 cm deep • 0.863 cm 
d iameter  in Fig. 5C). A p p a r e n t l y  this  is due to the  fact  
that,  in the  neighborhood of 100 A / c m  s, the  cur ren t  
efficiency curve is f lat ter  (Fig. 3), and the current  effi- 
c iency rat io  in the  lcd region is cor respondingly  
smal le r  than  is the  case at 25 A / c m  2. 

Conclusions 
The re la t ion be tween  the dissolution current  effi- 

c iency and dimensional  control  has been demons t ra ted  
expe r imen ta l l y  for the  ECM of steel  in NaC1, NaC10~, 
and NaNO3 electrolytes .  The resul ts  indicate  that  the  
cur ren t  efficiency measurement  under  contro l led  
anodic cur ren t  densi t ies  and e lec t ro ly te  flow ra tes  is 
a s imple and useful  method  to de te rmine  the op t imum 
opera t ing  condit ions for achieving the best  possible 
d imensional  control  and surface finish. 

Manuscr ip t  submi t ted  Apr i l  16, 1973; revised manu-  
script  received June  8, 1973. 

A n y  discussion of this paper  wil l  appear  in a Discus-  
sion Section to be publ i shed  in the June  1974 JOURNAL. 
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Electrosynthesis of Dialkyltin Derivatives 
Harris E. Ulery 

Organic Chemicals Department, E. I. Du Pont De Nemours and Company, Incorporated, 
Wilmington~ Delaware 19899 

ABSTRACT 

Reduct ion of a lky l  hal ides  at  a Sn cathode in T E A X / M e C N  resul ts  in mixed  
degrees  of a lky la t ion  of this metal .  P r i m a r y  products  include RSn, RsSn, 
a n d / o r  reac t ive  polyt ins  containing these  units. F ina l  products  depend  on 
env i ronment  and tend to be compl ica ted  mixtures .  A direct  synthesis  wi th  
good yields  of d ibu ty l t in  oxide and dioctyl t in  oxide resul ts  f rom aera t ing  
the  catholyte .  A mix tu re  of a lky l t in  hal ides  is formed in an  undiv ided  cell  
by  the in terac t ion  of anode and cathode products;  o ther  p roduc ts  include 
the  t e t r a e thy l ammon ium alkylhalos tannates .  Fac tors  governing the course of 
cathodic a lky la t ion  a re  discussed. 

P rev ious ly  (1) we repor ted  tha t  the  reduct ion  of 
organic bromides  at  a t in  cathode resul ts  in an  efficient 
a lky la t ion  of this  metal .  Typical ly ,  the  degree  of a lky -  
la t ion and the  complex i ty  of p roduc t  mix tu res  va ry  
wi th  the na ture  of the  a lky l  source and the condit ions 
of electrolysis.  In  E t 4 N + B r - / M e C N ,  me thy l  b romide  
has been shown to give Me4Sn and other organotins 
with essentially quantitative use of metal and with 
high electrical efficiency (I). Looking to cheaper alkyl 
sources we have found that alkyl chlorides are also 
readily reduced to mixtures of organotins. 

Of particular interest would be a direct alkylation 
route to materials of commercial importance. Butyl 
derivatives of tin represent the largest group of in- 
dustrially used organotins (2). They are employed 
chiefly as stabilizers for polyvinyl chloride, and the 
U.S. market for these materials is expected to exceed 
$15 million by 1975. Some dioctyltin derivatives have 
received official sanction in the U.S. and in Europe as 
stabilizers of PVC used for food packaging. In this re- 
port we disclose a promising electrosynthetic approach 
to this class of compounds. 

Key words: electroreduction, sacrificial electrode, tin cathode, 
cathodic alkylation mechanism, dialkyltin, dialkyltin halides, di- 
alkyltin oxides, dibutyltin, dibutyltin oxide, dioctyltin oxide, tetra- 
ethylammonium alkylhalostannates. 

Experimental 
Equipment.--The appara tus  used in this  w o r k  has 

been descr ibed prev ious ly  (1). Modifications consisted 
of a set t l ing t ank  in the  ca tho ly te  c i rcula t ion  s t ream 
which  was p rov ided  wi th  an a i r  in le t  tube. To p reven t  
loss of a lky l  halide, the  a i r  s t ream was exhaus ted  
th rough  a high efficiency condenser  which  was  cooled 
wi th  d ry- ice  acetone. 

To a l low react ion of ano ly te  and ca tholy te  products ,  
a mix ing  va lve  was employed  be tween  the independ-  
en t ly  c i rcula ted streams,  or the  separa t ing  membrane  
was removed.  

Chemicals.--Reagents were  Eas tman Whi t e  Labe l  
g rade  or  the  equivalent .  The commercia l  g rade  aceto-  
ni t r i le  contained ca. 0.5% wate r  as de te rmined  spec t ro-  
scopically. T e t r a a l k y l a m m o n i u m  hal ides  were  used as  
received and are  r e fe r red  to by  the i r  ac ronyms (e.g., 
TEAB, TEAC) .  

T e t r a a l k y l a m m o n i u m  a lky lha los tanna te s . - -Fre -  
quently,  insoluble  by -p roduc t  salts  were  formed which  
were  identif ied as 2:1 complexes  be tween  TEAX and 
an a lky l  t in halide.  The  p repara t ion  of m a n y  of these  
t e t r a a l k y l a m m o n i u m  a lky lha los tanna tes  has been r e -  
ported by Seyferth (3). Elemental analyses for new 
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Table I. Elemental analyses for some complexes between a tetraalkylammonium halide and 
various tin halides 

% C  % H  % N  % S n  % Halogen 

Compound* Fd Calc Fd Calc F d  Calc  F d  Calc  F d  Calc 

STEACISnCI, 32.9 32.4 6.9 6.8 4.7 4.7 20.3 20.5 36.2 35.9 
2 T E A B / S n C h  28.7 28.2 6.0 5.9 3.9 4.1 16.6 17.4 44.8 44.4 
2 T P r A B / S n C h  36.1 36.8 7.1 7.2 3.4 3.5 15.0 15.2 37.4 37.2 
2 T B A B / S n C I ~  43.4 42.5 7.9 8.0 3.0 3.1 12.5 13.1 33.2 33.6 
2 T E A B / S n B r ,  22.5 22.4 4.6 4.7 3.3 3,3 13.7 13.8 54.9 55.8 
2 T E A C / B u S n C I s  40.4 39.8 8.2 8.2 4.7 4.6 18.1 19.7 28.6 27.7 
2 T M A C / B u ~ n C I ~  -- -- -- -- 23.0 22.3 26.8 27.2 
2 T E A B / M e ~ S n B r ~  28.7 2~'.6 6.4 6,4 4 .0  3.~ 16.6 16.3 44.2 43.9 
2TBAB/Bu~SnCI~ 60.4 60.7 9.7 9.6 3.2 3.0 11.9 12.5 24.8 24.3 
1 T E A C / S n C I ~  27.2 27.0 5.7 5.6 3.7 3.9 33.2 33.5 28.9 29.8 

* T h e  a l k y l  groups a r e :  methyl  (M),  e t h y l  (E),  n - p r o p y l  (P r ) ,  n - b u t y l  (B),  n - p e n t y l  (Pe ) ,  n - h e x y l  ( H x ) ,  n - h e p t y l  (Hp) .  

complexes p repa red  dur ing  these invest igat ions  are 
given in Table  I. These w e r e  obta ined  b y  ref iuxing 2:1 
mola r  mix tu res  of the t e t r a a l k y l a m m o n i u m  hal ide  and 
the  t in ha l ide  in MeCN. Since m a n y  of these salts do 
not  have wel l -def ined  mel t ing  points, i t  was convenient  
to charac te r ize  t hem by  different ia l  t he rma l  analysis  
(DTA) and grav imet r ic  the rmal  analys is  (GTA) .  The 
the rmal  character is t ics  of these complexes are  given 
in Table II. In  the  second block of Table II, t he rma l  
data are  given for  the  pa ren t  t e t r a a l k y l a m m o n i u m  
salts. 

Results 
Electrolysis of n-BuCl (divided eel l ) .~The reduct ion  

of n-BuC1 in TEAC/MeCN approx imates  a 2F process.  
Under  var ious  condit ions of tempera ture ,  ca tholyte  
composition, and cur ren t  density, the  average  e lect r ica l  
requiremen~ was  2.28 e - / S n  a tom consumed (Table  
I I I ) .  

The ca tholy te  becomes ye l low to brown as e lec t ro ly-  
sis proceeds, and a solid product  forms. The fol lowing 
observat ions indicate  this  is most  p robab ly  a composi-  
t ion approaching  ~hat of po lyd ibu ty l t in  (5, 6a):  (i)  
In i t i a l ly  formed, the composit ion is a fi l terable,  floc- 
culent, b rown solid. ( / / )When  the solvent  is removed  
from f reshly  isolated mater ia l ,  it  undergoes  a react ion 
in air, occasional ly  igni t ing ~he fi l ter paper .  (iii) Mate-  
r i a l  col lected under  N~ was ana lyzed  and found to 
contain  ca. 49% Sn vs. 51% expected for (CsHzsSn)~. 
(iv) Fresh  ma te r i a l  suspended in MeCN and aeara ted  
was converted,  appa ren t ly  quant i ta t ive ly ,  to d ibu ty l t in  

Table II. Transition temperatures (~ of several 
tetraalkylammonium compounds 

C o m p o u n d *  D T A  G T A  M P  

1st 2nd 3rd  
2 T M A C / S n C h  259 355 385 
2 T E A C / S n C l ~  315 330 
2 T E A B / S n C h  300 330 
2 E t a N H B r / S n C I ~  113 260 285 113 
2 T P r A B / S n C 1 4  115 157 256 250-275 256 
2 T B A B / S n C 1 4  59 122 226 250 226 
2 T E A B / S n B r ,  77 305 
1TEAC/SnC12  98 300 
2 T E A C / B u S n C l a  166 187 231 200 187 
2 T M A C / B u ~ S n C I ~  125 240 
2 T E A C / B u ~ n C I s  59 95 184 200 
2 T B A B / B u 2 S n C I ~  190 267 150 195-200 
T M A C  122 177 258 300 d > 2 3 0  
T E A C  95 110 283 250 > 3 0 0  
EtaNI-IBr 205 238 250 248 
T E A C I O ,  93 345 335 > 3 0 0  
TEA2SO4 107 185 325 300 182-7 
T M A B  345 340 
T E A B  164 255 265 > 3 0 0  
T P r A B  97 250 245 295d 
T B A B  88 108 217 150-200 237 
T M A I  368 330 
T E A I  161 290 270 > 3 0 0  
T P r A I  134 266 255 > 3 0 0  
T B A I  110 137 224 150-200 144 
T P e A I  117 203 234 200 137 
T H x A I  62 93 275 215 103 
T H p A 1  75 111 292 195 121 

* T h e  alkyl  groups a r e :  m e t h y l  (M),  e t h y l  (E),  n - p r o p y l  ( P r ) ,  
n-butyl  (B), n-pentyl  (Pe), n-hexyl  ( H x ) ,  n - h e p t y l  (Hp) .  

Table III. Electroreduction of n-butyl chloride in divided cell ca~ 

O b s e r v a t i o n s  

C o n d i t i o n s  % to ta l  Sn  loss  r e c o v e r e d  as 
Elect .  

C.D. (c) T e m p .  Sn  loss  u s e  (Bu2Sn)~ 
( A / c m  2) (~ (g) ( e - / S n )  a n d / o r  Bu~SnO BusSnC1 B u , S n  

0 . I0  36 43.1 2.18 79r eb) (b) 
0.05 35 23.6 1.95 - - ?  (b) {b) 
0.05 30 20.3 2.18 80(g) 1 4 
0.041 35 21.6 2.16 66 r 5 24 
0.035 15 10.4 2.02 24<e) (b) (b) 
0.025 33 12.8 2.44 29 (~) ()) (b) 
0,025 35 13.9 2.45 33 ~,'~; (b~ ~b~, 
0.025 32 13.5 2.39 (30) (~,e) (b) (b) 
0.025 35 11.6 2.50 (20-40) (~,h,~) (b) (b) 
0.017 25 3,3 2.55 (45) ('l,e,~,~) (~') (~) 

(a) Circulating catholyte w i t h  i n i t i a l  c o m p o s i t i o n  = 10% T E A C ,  
30% n-BuC1,  60% M e C N .  

r I d e n t i f i e d  in  c a t h o l y t e  b y  G.C.  
(r C o n s t a n t  c u r r e n t ;  v o l t a g e  v a r i e d  o v e r  6-35V. 
(d) E s t i m a t e d  f r o m  c r u d e  p roduc t .  
(e) C a t h o l y t e  c o n t a i n e d  o n l y  16% n-BuC1.  
(f) C a t h o l y t e  n o t  a e r a t e d .  
(~) C a t h o l y t e  a e r a t e d  d u r i n g  e l ec t ro lys i s .  
(~) C a t h o l y t e  a e r a t e d  a f t e r  e l ec t ro lys i s .  
(t) C a t h o l y t e  p u r g e d  w i t h  a r g o n  p r i o r  to e lec t ro lys i s .  

oxide (6b). (v) The or iginal  wet  solid da rkens  af ter  
severa l  hours, forming a gum which  reacts  only s l ight ly  
wi th  air, but  in the  presence of chlor ine dissolves to 
give a mix tu re  of bu ty l t in  halides. 

Below 0.1 A / c m  2 the fo rmat ion  of me ta l  fines was 
negligible,  the  remain ing  cathode loss being r ep re -  
sented by  soluble Sn products.  Mater ia l  balances were  
not genera l ly  a t t empted  due to the compl ica ted  na ture  
of the  product  composition. Gas ch romatography  (G.C.) 
analyses  inva r i ab ly  indica ted  ma jo r  amounts  of Bu4Sn 
and lesser amounts  of  Bu~SnC1. In  some cases Bu2SnC12 
was detected.  Produc t  ca tholy tes  g radua l ly  produced 
Sn containing solids, which on the basis of thei r  IR 
spectra  were  mix~tures of the  bu ty l t in  ch lo r ide /TEAC 
complexes.  The amber  tones of the  ca~hotytes a re  in-  
d icat ive  of mix tu res  of soluble branched  chain po ly -  
t ins (6a).  

If  oxygen is not ca re fu l ly  excluded,  Bu2SnO is in-  
va r i ab ly  observed as a side product .  When  air  is bub-  
b led  into the  c i rcula t ing  catholyte,  the  b rown (Bu2Sn)x 
is conver ted  to the solid oxide (whi~te). The oxidat ion 
proceeds via a rap id ly  fo rmed  ye l low intermedia te ,  
possibly a peroxide;  this in tu rn  is more  s lowly con- 
ve r ted  to Bu2SnO. The oxygen  does not apprec iab ly  
lower  the  e lect r ica l  efficiency. In  semicont inuous oper-  
a~ion the oxide tended to clog the cell. The oxidat ion 
ra te  was somewhat  s lower than  the ra te  at  which 
solids had  to be removed.  Al te rna t ive ly ,  the heavy  
flocculent mass of (Bu2Sn)x was read i ly  removed  from 
the c i rcula t ing s~ream by  bleeding the bo t tom of the  
ca tholy te  reservoir .  The concentra te  could be  ae ra ted  
ad libitum, and the  solut ion quant i t ies  to be f i l tered 
were  much reduced.  

Higher  a lky l  chlor ides  also enter  into a sacrificial 
react ion with  Sn. In  one example ,  a 30/10/60 weight  
pe r  cent (w/o)  solut ion of n -oc ty l  c h l o r i d e / T E A C /  
MeCN was reduced  at  0.025 A / c m  2. Pos taera t ion  gave 
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28% of the consumed Sn (10.Tg) as d ioctyl t in  oxide, 
which was identif ied by  comparison of its IR spect rum 
wi th  tha t  of a known standard.  The e lect r ica l  r equ i re -  
men t  was 2.42 e- /Sn .  

Using a 10/10/20/60 w/o  solut ion of n -oc tadecy l  
ch lor ide /TEAC/PhCN1/MeCN,  a s imi lar  run  at 0.028 
A / c m  2 resul ted  in a Sn loss of 15.6g. The sacrificial r e -  
act ion requ i red  only 1.76 e - / S n .  The  d a r k  a lky l  po ly t in  
semisolid could not  be isolated dur ing  the run. A t -  
tempts  to ae ra te  i t  subsequent ly  showed it to be far  
less reac t ive  than (Bu2Sn)~ or (Oc2Sn)~. The aera t ion  
p roduc t  was  inhomogeneous and was  not  identified. 

Electrolysis of n-BuCl (undivided cell).~Using a 
range  of e lec t ro ly te  compositions, the e lectrolysis  of 
n-BuC1 was conducted at 0.1 A / c m  2, but  wi thout  a 
separator .  The electr ical  consumpt ion var ied  over  2.0- 
3.4 e - / S n  (Table  IV) .  Only  a smal l  amount  of da rk  
polymer ic  ma te r i a l  somewhat  resembl ing  (Bu2Sn)z 
was formed dur ing  a run. I t  conta ined  ca. 45% Sn and 
some chlorine.  Most of the  t in  loss appeared  as a com- 
p lex  m i x t u r e  of the bu ty l t in  chlor ides  and the i r  com- 
plexes  wi th  TEAC. The final e lec t ro ly te  contained ex-  
cess chlorine. 

Aera t ion  of the e lec t ro ly te  dur ing  a run p reven ted  
the  format ion  of the da rk  polymer .  The whi te  solids 
produced  were  a mix tu re  of Bu2SnO (less than  10% of 
Sn loss) and  (Et4N)2SnC16 (up to 20%) which was 
identif ied by  comparison wi th  ma te r i a l  p repa red  in-  
dependent ly .  Lesser  amounts  of the bu ty l t in  ch lor ide /  
TEAC complexes formed more  slowly. Bu3SnC1 was 
the  ma jo r  vola t i le  t in produce  identif ied by  G.C. A e r a -  
t ion also reduced  the  average  e lec t r ica l  consumpt ion  
to less than  2 e - / S n  (Table  IV) .  

S imi la r  resul ts  were  obtained in a d iv ided  cel l  when 
anoly te  was bled into the catholyte .  On the basis of 
two  runs  at  0.025 A / c m  2, up  to 68% of the t in con- 
ver ted  appeared  as BusSnC1 (48%) and (Et4N)2SnC16 
-5 Bu2SnO (9-19%).  

I B e n z o n i t r i l e  was necessary to solubilize the alkyl chloride. 

Table IV. Electroreduction of n-BuCI (undivided cell) 

Observations 
Electrolyte Conditions 
composition (~) Sn El. con- 

C.D. Temp.Cv) loss(t)  s u m e d  
% BuCI % TEAC A e r a t i o n  (Alcm~)  (~ (g) (e-/Sn) 

30 5 No 0,1 45 12.9 3.42 
30 1 No 0.1 60 32.8 2.01 
30 1 No O.1 20 25.6 2.58 
10 10 No 0.1 36 14.6 2.28 
30 5 Yes(~) O.1 -- 23.5 2.82 
30 5 Y e s  0.05 10.9 3.03 
10 10 Yes  O.l ~ 51.7 1.29 
10 15 Yes  9.1 39 20.0 1.66 
10 20 Y e s  O.1 36 17.6 1.75 
I0  25 Yes  O.l 36 22.4 1.49 

(a) E l e c t r o l y t e  a lso  c o n t a i n e d  1% M e O H .  
(~) Average values. 
(s) 60-90% of the tin loss appeared as butyltin chlorides and com- 

plexes w i t h  T E A C .  
(~) Less than 10% BusSnO was formed. 

Electrolysis of EtCl (undivided cell).--A 30/1/69 w / o  
mix tu re  of EtC1/TEAC/MeCN electrolyzed at  0.1 A /  
cm 2 y ie lded  a dark,  pyrophor ic  p rec ip i t a te  containing 
15% C1 and 60% Sn [ (Et2Sn)z  requi res  67% Sn].  The 
electr ical  consumption was 2.37 e - / S n .  

Electrolysis of MeBr (undivided cell).--In the ab-  
sence of a separator ,  M e B r / T E A B / M e C N  elect rolytes  
r ap id ly  developed a br igh t  orange color indica t ive  of 
polybromide.  Even tua l ly  a ye l low solid begins to p re -  
cipitate.  This was identif ied as t e t r a e t h y l a m m o n i u m  di -  
me thy l t e t rabromos tanna te ,  a 2:1 complex be tween 
TEAB and Me2SnBr2, by  compar ison wi th  independ-  
ent ly  p repa red  mate r i a l  (Tables  I and I I ) .  Of the  con-  
sumed Sn, 10-40% appeared  in this  form. The pr inc ipa l  
volat i le  product  was Me3SnBr wi th  lesser  amounts  of 
Me4Sn and Me2SnBr2, al l  of which  were  identif ied by  
G.C. The  product  e lec t ro ly tes  were  qui te  unstable  at  
room tempera tu re  and cont inued to produce addi t ional  
solid complexes  on standing.  

The observed e lect r ica l  r equ i rements  for this  sys tem 
are summar ized  in Table V. These are  inflated by  a 
gas forming react ion due to hydroxy l ic  inhibi tor .  

Discussion of Results 
Divided cell.--For a va r i e ty  of a l k y l  sources, the 

cathodic a lky la t ion  of Sn  conforms to ~he genera l  
equat ion  

n RX -5 M~ -5 he -  -> RnMz -5 n X -  [1] 

With  n-BuC1, the  observed d ia lky la t ion  products  and 
electr ical  efficiencies (Table I I I )  indicate  a ma jo r  re -  
act ion which requi res  that  n ---- 2x; ~he va lue  of x de-  
pends on whe the r  d ibu ty l t in  leaves the electrode as a 
monomer ic  species (x ---- 1) on a h igher  consol idated 
form (x  > 1) re ta in ing  some S n - S n  bonds. Results  
wi th  o ther  a lky l  chlorides indica'te tha t  d ia lky la t ion  is 
genera l ly  favored.  

Other  degrees of a lky la t ion  are  also indicated.  
Near ly  all  a lkyl  hal ides  studies (1, 12) have y ie lded  
products  wi th  significant amounts  of l~Sn .  The a lky l  
chlor ides  typ ica l ly  r equ i r ed  more  than  2 e - / S n  bu t  
less ,than 4 e - / S n .  Since known (1) nonsacrif icial  r e -  
act ions (R-X  dimer iza t ion  and reduct ion of H + and 
Et4N +) were  un impor tan t  below 0.05 A / c m  2, e lectr ical  
requ i rements  exceeding 2 e - / S n  m a y  be a t t r ibu ted  to 
h igher  a lky la t ion  processes (n > 2x) or side reacbtions 
involving ear l ie r  formed reducibles  (e.g., RsSnCI).  
The possibi l i ty  of monoa lky la t ion  is indica ted  when  the 
e lect r ica l  consumption fal ls  below 2 e - / S n .  This  was  
observed for  both  bu ty l  (Table  I I I )  and  octadecyl  
chloride.  

Low cur ren t  densi t ies  cor re la te  wi th  a h igher  degree 
of a lkyla t ion.  This is seen in Table  I I I  as a decrease  in 
the  d ia lky la t ion  product  and an increase in the  elec-  
t r i ca l  r equ i r emen t  for Sn consumption.  Our  fa i lure  to 
obtain a h igher  degree  of alkyla,t ion wi th  cer ta in  a lky l  
bromides  (1) m a y  be due to the  r e l a t ive ly  h igh  C.D. 
employed  (0.1 A/cm2) .  

The p r i m a r y  source of Bu~SnC1 is p robab ly  the  fol -  
lowing known (8) reac t ion  

Table V. Electrolysis of MeBr (undivided cell) 

E l e c t r o l y t e  (~) 
CondRions 

C.D, T e m p . (  b> 
% M e B r  % T E A B  % I n h i b i t o r  ( A / c m  2) (*C) 

S n  loss 
(g) 

O b s e r v a t i o n s  

El. c o n s u m e d  
( e - / S n )  

% e lec t  
yield(o) 

30 8 1 W 0.1 39 12.1 5,46 "13 
30 4 1 W 0.1 40 13.6 4.86 83 
30 2 1 W 0.1 41 15.3 4.32 93 
30 1 1 W 0.1 49 15.5 4.26 94 
25 10 3 M 0.1 3"/ 7.5 8.80 45 
25 3 3 M 0. i  43 9.9 6.58 61 
25 3 3 M / G  0.1 39 14.1 4.68 85 
25 3 3 G 0.1 35 15.9 4.15 96 
25 3 3 P 0.1 38 13.7 4.82 83 
25 3 3 P 0.1 39 12.1 5.46 73 

(a) W -- W a t e r ,  M = M e t h a n o l ,  G = G l y c e r o l ,  P = P o l y e t h y l e n e  glycol-300.  
(b~ A v e r a g e  v a l u e s .  
(o) A s s u m i n g  4 e - / S n .  
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[Bu2Sn] + BuCl-~ Bu3SnCl [2] 

Our polymeric form of dibutyltin reacts only slowly 
and incompletely with BuCI (8). At the same time, re- 
action [2] may contr ibute  to the dramatic decrease in 
dialkyl t in  products with decreasing C.D. Low electrol- 
ysis rates imply higher concentrations of reactant  and 
lower concentrat ion of p r imary  products at the elec- 
trode surface. If the pr imary  product is monomeric 
Bu2Sn, its polymerizat ion will  be disfavored relat ive 
to reaction [2]. Similarly, aerat ion dur ing electrolysis 
would scavenge Bu2Sn, thereby minimizing reaction 
[2]. 

Undivided cell. Eliminat ing the cell divider allows 
the anodically produced halogen to react with both 
the cathode and the cathode products. The electrical 
consumption dur ing the electrolysis of n-BuC1 is no 
greater in the undivided cell than  found in the divided 
cell. This indicates cathodic reduct ion of the poly- 
chloride is minimal.  Some reduction may occur since 
polychloride effectively inhibits  the formation of metal  
fines at 0.1 A /cm 2. Sloughing of the cathode is a con- 
sequence of the reduction of Et4N + (1). In  the presence 
of the polyhalide, the potential  of this cation would 
never  be reached. Had this been recognized earlier, the 
inhibitors used with MeBr (Table V) could have been 
omitted. 

In all cases, the polyhalide was not consumed as fast 
as it was produced. This attests to the more selective 
behavior of polyhalide oxidizing agents (7) and may 
be a result  of steric h inderance in the polytins. 

With both EtC1 and n-BuC1 the formation of solid 
a lkyl t in  polymers was not completely suppressed by 
the presence of polychloride. By contrast, no solid 
polymer was ever observed dur ing reduct ion of MeBr. 
If polymer is formed by  a subsequent  reaction of a 
p r imary  species (e.g., R2Sn), then polymerization is 
competit ive with scavenging by polyhalide (e.g., Eq. 
[3]) 

l ~ S n  + X3-  --> l%SnX2 + X -  [3] 

The fai lure to observe a polymer  wi th  MeBr may 
simply reflect a high rate of Sn -Sn  cleavage by poly- 
halide when the alkyl  group is quite small. While 
Me2SnBr2 (as its complex with TEAB) is the major  
product in  an undiv ided  cell, the high electrical con- 
sumptions (Table V) leave it unclear  whether  this re-  
sults from Eq. [3] or halogenolysis of higher degree 
alkylat ion products. 

Al terna t ive ly  some alkyl  polyt in may form as a 
p r imary  cathode product (Eq. [1], x > 1). This pos- 
sibility is consistent with the range of electrical ef- 
ficiencies based on Sn loss. 

In combinat ion but  not separately, chlorine and oxy- 
gen appear to have changed the half-cel l  chemistry of 
the cathode. As a consequence of aeration, the current  
requi rement  for the electrolysis of n-BuC1 at 0.1 A /  
cm 2 was reduced to average less than 2 e - / S n .  Either 
chemical dissolution of t in  occurs or there is competi-  
t ion from a 1F process. The appearance of (Et4N)2SnCI8 
in  this case may be evidence that  a viable monoalkyla-  
t ion species, [BuSn] (5) was formed (Eq. [4]-[7])  

[BuSn] + 3/2 Cl~- --> BuSnCI~ -5 3/2 C1- [4] 

2BuSnCls ~ Bu2SnCl2 -5 SnCl4 [5] 

BuSnCI~ -5 Bu2SnCl2 ~:~ BthSnCl -5 SnCl4 [6] 

2Et4NCI -5 SnC]4 -> (Et4N)2 SnCl6$ [7] 

Removal of the hexachlorostannate  operates to increase 
the degree of alkylat ion of t in  remaining  in  solution. 
The bu i ld -up  of t r ibu ty l t in  chloride in solution is dic- 
tated by this as well  as the  fact that  a lkyl t in  halides 
become progressively slower in their reactions wi th  
TEAC as the degree of a lkyla t ion increases. 

A chemical source of free radicals might  also in-  
crease the Sn loss/F (9). Brominat ion of R4Sn has 
been described by an ionic mechanism (10). Under  

the influence of light, however, a radical  chain process 
is established (10b), in  which R. is an intermediate.  
Perhaps oxygen and chlorine interact  to generate  radi-  
cals independent  of electron t ransfer  at the cathode. 2 

Mechanistic considerations.--While we tend  to refer 
to Eq. [1] as an "n-electron" reaction, t he  reduction 
undoubtedly  involves a succession of one-electron 
transfers which result  in the stepwise a lkylat ion of 
the metal.  We envision the a lkylat ion as proceeding 
with meta l -carbon  bond formation being essentially 
synchronous with carbon-halogen bond rupture  (4). 
Since the env i ronment  differs for each succeeding step, 
the rate of t ransfer  and mechanistic details will vary  
in some discrete way. 

Electronic considerations anr a discontinuity 
in the alkylat ion sequence after the second group is 
attached. At each step intermetal l ic  bonding is neces- 
sari ly reduced. Paul ing (11) estimates the metallic 
valence of t in  to be 2.64. A similar calculation gives a 
corresponding value of 2.76 for lead. In  each case the 
introduct ion of two alkyl groups would reduce the 
valence to less than  unity.  Consequently, no fur ther  
alkylat ion should be possible without  freeing orbitals 
used for metallic bonding. Electron pair ing order may 
also be a factor since the valence shells of t in  and 
lead contain two s and two p electrons. 

Variation in  geometric details may not be critical 
dur ing the first two alkylat ion steps. Photomicrographs 
(1) of t in  cathodes sacrificed to MeBr give strong evi- 
dence that metal  removal  in  this case is an  orderly 
progression along lattice planes. Ini t ia t ion of a lkyla-  
t ion at an edge position is favored by the higher po- 
tent ial  which develops here (15). Also, an edge pro-  
vides greater exposure of the metal  atom for a second 
alkylat ion step. From this point on, however, steric 
factors should be relat ively more important  in deter-  
mining  product  distributions. 

With modest thermal  act ivation a weakly a~tached 
di- or t r ia lkyl  metal  moiety may  be free to diffuse s 
over the crystal l ine surface. Depending on the location 
of the metal  atom, this mobil i ty  may be necessary to 
reduce steric interference to fur ther  alkylation. This 
s i tuat ion is depicted schematically in Fig. 1. 

If a lkylat ion is fast compared to surface diffusion 
(e.g., at high C.D.) reaction would shift to adjacent  
metal  atoms. The larger this organometal  aggregate, 
the larger will  be its thermal  energy compared to the 
residual metall ic bonding;  hence, the more l ikely its 
dissociation from the surface. Adjacent  metal  atoms 
become the most l ikely centers for fur ther  reaction: 
their  free valence number  has increased as a conse- 
quence of the reduced metall ic bonding to an alkylated 
neighbor. With tin, this is consonant  with the forma- 
t ion of stable polyt in products. 

Several factors could facilitate surface mobil i ty  and 
thereby promote the sacrificial reaction: 

1. Weak intermetal l ic  bonding. The lower melt ing 
point  of t in (232~ compared to lead (327~ re- 
flects less in te rna l  bonding in this metal. We expect 
greater mobi l i ty  with tin. Conversely, metals wi th  
strong in terna l  bonding would be expected to passi- 
vate after fur ther  a lkylat ion becomes sterically impos- 
sible. Some confirmation of this derives from the ob- 
servation that  it is the "soft" or relat ively low melt ing 
metals which are most receptive to cathodic a lkyla-  
t ion (12) and alkyl  radical scavenging (9). 

2. Small  a lkyl  group size. Diffusion rates decrease 
wi th  increasing size of the diffusing group. Electron 
micrographs of t in  (1) and lead cathodes used with 
MeBr are unique in that they reveal an exceptionally 
clean removal  of metal  along latt t ice planes. This sug- 
gests that metal  removal  was sufficiently rapid to 
ma in ta in  a fresh edge with a selectively higher po- 
tential.  With  higher  alkyls, the reaction locus appears 
to "wander"  so that  lattice planes are no longer pre-  

~Severa l  c h l o r i n e  o x i d e s  c a p a b l e  of  r a d i c a l  d i s s o c i a t i o n  are  
k n o w n  (16) ,  w h i c h  are  p o t e n t i a l  a n o d e  produc ts .  

s V ia  d e s o r p t i o n - r e s o r p t i o n  equ i l ibr ia .  
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Figure 1 

Figure 2 

served  (Fig.  3). This would  be expec ted  if a lky la t ion  
centers  on an edge r e m a i n  in place  long enough to 
force a lky la t ion  to move to nonedge positions. The 
me thy l  group is p robab ly  smal l  enough to a l low the 
rapid  fo rmat ion  of three  ca rbon -me ta l  bonds before  
reorganiza t ion  of the  surface is requi red  for fu r the r  
a lky la t ion  (Fig. 2). 

Wi th  min ima l  bonding to other  me ta l  a toms as a re -  
s traint ,  the  RsM-group  might  reor ient  rapidly ,  pe r -  
mi t t ing  t e t r aa lky la t i on  at  a h igher  C.D. Al te rna t ive ly ,  
facile t r i a lky la t ion  would  enhance t e rmina t ion  of po ly -  
t in chains formed on the surface, thus  favor ing lower  
MW products.  A l k y l  group size m a y  be pa r t i cu la r ly  
impor tan t  for  Pb  in v iew of its h igher  metal l ic  bond-  
ing: MeBr (1,4) can be quan t i t a t ive ly  reduced at  Pb  
according to Eq. [1] (n ~- 4, x --  1). Whi le  t e t r a e thy l a -  
t ion of Pb  is also observed,  a t r i e thy la t ion  process 
(Eq. [1]; n ---- 6, x - -  2) has been identif ied (13) as a 
pr inc ipa l  side reaction.  Dia lky la t ion  (n ---- 2x) may  
occur dur ing  the reduct ions of i - P r B r  and PhBr  (4), 
bu t  the  r e l a t ive ly  uns table  d ia lky l  lead was not  iso- 
lated.  

3. St rong C-M bonds. Enhanced bonding of the 
meta l  to the  organic group as for example  th rough  a 
~-bond, would  weaken  in te rmeta l l ic  bonds, i.e. 

Fig. 3. Surface detail of tin cathode after electrolysis of n-BuCh 
The cathode was: 30% n-BuCI, 10% TEAC, 60% MeCN (no 
aeration). 

I I 
--M--M--C:C ( ) 

I I @ i i o 
--M e M--C--C-- ~-~ --M~ M--C--C-- 

I [ I I I I I I 
The efficient formation of tetraallyltin, tetraallyllead 
and tetraphenyltin (1) in spite of the size of the or- 
ganic group may be evidence of the influence of car- 
bon-metal bond strength in favoring surface diffusion, 

4. Low cur ren t  densities. Surface diffusion can be 
impor tan t  only  at  cur ren t  densit ies low enough to 
resul t  in par t ia l  a lky la t ion  of the  e lectrode surface. 
Higher  cur ren t  densi t ies  e l iminate  the surface concen- 
t ra t ion  grad ien t  essent ia l  for diffusion and imply  tha t  
nonpass ivat ing  products  are  formed. 

5. Low elec t ro ly te  adsorption.  Cation adsorpt ion  leads 
to high effective cur ren t  densities,  and  hence, high 
a lkyla t ion  ra tes  by  decreasing the  active area  of the  
e lect rode (14). Higher  y ie lds  of Me4Sn and Me4Pb 
were  obta ined wi th  TEAB than  with  TBAB. Whi le  
severa l  factors m a y  be involved,  adsorpt ion  of the  
l a t t e r  e lec t ro ly te  appears  to be the greater .  This would 
favor  a lower  degree of a lkyla t ion .  
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Conclusions.--There now appears  to be a significant 
difference in the  sacrificial behavior  of Sn and Pb 
cathodes t oward  a lky l  hal ides  in TEAX/MeCN media.  
The reluctance of Pb  to reac t  wi th  h igher  a lky l  hal ides  
is pronounced.  Reaction with  a lkyl  chlorides in pa r -  
t icular  is genera l ly  d is favored  by  the  high reduct ion 
potent ia ls  of the  C-C1 bond on Pb. In contrast ,  the  
scope of the cathodic sacrifice of Sn encompasses  not 
only the a lky l  chlorides, but  is far  less res t r ic ted  by  
a lky l  group size. It is suggested that  this contras t ing 
behavior  resul ts  l a rge ly  from differences in the chemi-  
cal s tabi l i t ies  of pa r t i a l ly  a lky la t ed  meta l  a toms at the 
cathode surface. This in tu rn  m a y  be re la ted  to the  
concatenat ion behavior  of the metal .  

Whi le  the Sn cathode is more  r ead i ly  sacrificed, the 
reduct ion is immense ly  compl ica ted  by  the var ie ty  of 
s table lower  a lky la t ion  products.  Nonetheless,  as i l lus-  
t ra ted  by  the format ion  of R2SnO, useful  products  
in good yie lds  are  possible by  a sui table  choice of con- 
ditions. 
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An ESR and Electrochemical Study of the Tetrasulfurtetranitride 
Anion Radical 

J. D. Williford, R. E. VanReet, M. P. Eastman, and K. B. Prater* 
Department of Chemistry, University of Texas at El Paso, El Paso, Texas 79968 

ABSTRACT 

The t e t r a su l fu r t e t r an i t r ide  anion rad ica l  has been  produced by  constant  
potent ia l  e lectrolyt ic  reduct ion and its ESR spec t rum conclusively identified. 
The decay of the  anion radica l  was fol lowed by  ESR and e lec t rochemical  
methods and found to obey a f i r s t -order  ra te  law. I t  is suggested tha t  the  
anion radica l  decays by  in t ramolecu la r  bond rupture .  

Te t ra su l fu r t e t r an i t r ide  (S4NO is a molecule  about  
which  there  has been discussion concerning its s t ruc-  
ture  (1-3) and bonding (4, 5). In  o rder  to answer  some 
of the questions ra ised in the above studies, severa l  a t -  
tempts  have been made to genera te  the  anion radica l  
of $4N4 ($4N4~-) and  to in te rp re t  its e lect ron spin 
resonance (ESR) spectrum. 

Chapman and Massey (6) reac ted  $4N4 wi th  potas-  
sium in d ime thoxye thane  at  room tempera ture .  They 
first observed a c l a re t - r ed  solution which appeared  to 
be diamagnet ic .  Later ,  the  solut ion tu rned  green and 
y ie lded  a spec t rum consist ing of nine na r row lines wi th  
aN : 3.22G. The spec t rum is character is t ic  of a rad ica l  

* Electrochemical Society Active M e m b e r .  
K e y  words: tetrasulfurtetranitride, a n i o n  r ad ica l ,  E S R ,  cyc l i c  

voltammetry. 

with  four equiva lent  n i t rogen atoms, suggest ing de-  
localizat ion of the  unpa i red  electron. Fu r the r  react ion 
wi th  potass ium caused an increase  in the  intensi ty,  
fol lowed by  a decrease almost  to zero, fol lowed by  a 
second increase in intensity.  The second s t rong spec- 
t rum was said to be ident ical  to the first. The authors  
suggested that  these observat ions might  be expla ined  
by  the format ion  of 84N4 -2, 84N4 -3, etc., some of which 
would  be diamagnet ic .  

Meinzer,  Prat t ,  and Myers  (7) obta ined  a spect rum 
consist ing of nine r e l a t ive ly  broad  l ines wi th  aN ~-- 
1.185G by  the constant  cur ren t  e lectrolyt ic  reduct ion 
of S~N4 in t e t r ahydro fu ran  (THF)  at  --25~ They 
observed that  this radical  decomposed rap id ly  at  
h igher  t empera tu res  and was difficult to detect  above 
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0~ They also observed the same radical from the 
reduction of $4N4 with potassium at about --25~ Fur -  
ther reduction with potassium yielded other spectra. 
They argued, based on a consideration of the g-value  
for the radical, the hyperfine splitting, and the line 
broadening effect produced by neut ra l  $4N4, that  the 
n ine  line spectrum which they had obtained at low 
tempera ture  was the spectrum of $4N4~, and that  
$4N4~ had a s tructure similar to that  of 84N4. How- 
ever, no detailed electrochemical studies were carried 
out to confirm that  the observed radical was produced 
by one electron reduction of $4N4. 

In  this paper we present  the results of ESR and elec- 
trochemical studies of the kinetics of the disappear-  
ance of $4N4~ and a confirmation of the assignment  
by Meinzer, Pratt ,  and Myers of the low temperature  
spectrum to S4N4-:-. 

Experimental 
The $4N4 was prepared by the method of Jol ly (8). 

All experiments  were carried out in acetonitri le 
(MeCN) which had been slurried over Call2, t r iply 
distilled from P40~0, and bubbled with dry nitrogen. 
The supporting electrolyte was te t rae thy lammonium 
perchlorate (TEAP).  A Wenking 66TS 10 potentiostat  
and a Hewlett  Packard 7004 A X-Y recorder were used 
in all experiments.  

The cyclic vol tammetry  study utilized a Beckman 
p la t inum but ton  working electrode and a Ag/0.01M 
Ag + reference half cell. The low tempera ture  cyclic 
vo l tammetry  was carried out in a methanol  constant  
temperature  bath which was cooled with cold  dry 
nitrogen passing through immersed copper coils. This 
cooling was bucked by a heating element  in the 
methanol  which was feedback controlled using a ther-  
mistor as a detector. The bath was continuously st irred 
and was found to hold the temperature  constant  to 
•176 Temperatures  were measured with a copper- 
constantan thermocouple and a Keithley Model 160 
Digital Multimeter.  

The in situ constant potential  electrolytic reduction 
of $4N4 for the ESR studies was carried out in a 3 mm 
soft glass tube with a p la t inum wire sealed in  the 
bottom. This wire was run  up the outside of the tube 
and served either as the working electrode or as a 
contact for a mercury  pool working electrode. The 
auxi l iary electrode was a p la t inum coil at the top of 
the tube about 10 cm from the working electrode and 
well out of the ESR cavity. The reference electrode 
was a silver wire placed between the  working and 
auxi l iary electrodes. 

The ESR measurements  were made on a Var ian V- 
4500-10 spectrometer employing a V-3900 12 in. mag- 
net and 100 kHz field modulation. Tempera ture  was 
controlled by means of a Var ian V-4557 variable 
tempera ture  controller. Measurements  of the relat ive 
radical concentrat ion as a function of t ime were made 
in  the following manner .  First, the magnetic field was 
set at that  point at which the max imum in the first 
derivative of the center line occurred. Second, the 
electrolysis was te rminated  by disconnecting the work-  
ing electrode and the decay of the ESR signal was 
measured as a function of time. Because of the broad 
lines (about 0.6G), small  drifts in  the magnetic  field 
introduced a negligible error. In  the work reported 
here, no change in the first derivat ive l ine width or 
line shape was noted with radical concentrat ion;  thus, 
the radical  concentrat ion can be considered to be pro- 
port ional  to the in tens i ty  of the ESR signal. 

Results and Discussion 
Cyclic vol tammograms of $4N4 at room tempera ture  

and at --25~ are shown in Fig. 1. At --25~ the 
peak currents  and peak separation are consistent with 
a one-electron reduct ion as found coulometrically by 
Brown (9), although some charge t ransfer  i r reversi-  
bil i ty is indicated. An addit ional  reduct ion process is 

0 -0.1 - 0  2 - 0 . 3  - 0 , 4  - 0 . 5  - 0  6 - 0  7 - 0 . 8  

E ~VOLTS~ 

Fig. 1. Cyclic voltammograms of 1 mM $4N4 in acetonitrile/0.1M 
TEAP at a scan rate of 11.4 V/min. Potentials are vs. Ag/0.01M 
Ag +. a, 25~ b, --25~ 

observed at more negative potentials in the form of 
an ill-defined and totally irreversible wave. This proc- 
ess may be the production of the $4N4 dianion which 
Gleiter (4) has predicted to have a s tructure different 
from that  of $4N4. At room temperature,  the radical 
anion is quite unstable  and gives rise to several prod- 
ucts which are oxidizable at more positive potentials. 
There was no indication of any  decomposition product  
being reducible at potentials more positive than  the 
$4N4 reduction process. 

In situ constant potential  electrolytic reduction of 
$4N4 at the peak potential  for the one-electron process 
gave rise to a strong n ine- l ine  ESR spectrum at --25~ 
as shown in Fig. 2. Computer  s imulat ion of this spec- 
t rum using nine overlapping Lorentzian lines of equal 
width yields a best fit for aN : 1.17 • 0.2G. This value 
agrees, wi thin  exper imental  error, with the value of 
L185G reported by Meinzer, Pratt ,  and Myers (7) for 
the low tempera ture  radical in THF. [The greater pre- 
cision of the measurement  in THF (7) results from 
their use of a digital technique in recording and ana-  
lyzing the spectrum.] 

The decay of this radical was followed as described 
above. The decay curves, such as the one shown in 
Fig. 3, were found to obey a first-order rate law over 
the temperature  range --25 ~ to -{-3~ and over the 
concentrat ion range of $4N4 from 3 to 5 raM. Similar  
results were obtained from saturated solutions which 
were about 7 mM. The ESR signals obtained from lmM 
solutions were too weak for kinetic measurements.  The 
rate constants obtained by this method are presented 
in Fig. 4 in the form of an Arrhenius  activation energy 
plot. This t rea tment  yields a value of 11.2 • 0.9 kcal /  
mole for the activation energy of the first-order decay 
reaction of the radical. 

While the fact that this radical was detected after 
the constant  potential  electrolytic reduction of $4N4 at 

2G 

Fig. 2. ESR spectrum of $4N4~- generated by in situ constant po- 
tential reduction of $4N4 in MeCN at --2.0~ 
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Fig. 3. ESR signal amplitude decay curve for S4N4-:- at - -30~ 

.60 

.50 

.40 

30 

20 

k 
(sec=') 

.IO 

.08 

.oe 

.o 5 

0 4  

�9 0 5 

.0 2 

.OI 
3 2  5.4 5 6  3 8  4 .0  4 .2  4 .4  

I / T  x ~o, (DEG:') 

Fig. 4. Semilog plot of the observed first-order rate constants vs. 
1 /T .  �9 Electrochemical, 0.99 x 10-3M $4N4, 0.1M TEAP; (~) ESR, 
5 x 10-3M $4N4, 0.1M TEAP; [ ]  ESR, 3 x i 0 - 3 M  $4N4, 0.1M TEAP; 
A ESR, 5 x IO-~M $4N4, 0.2M TEAP. 

the peak potential  for the one-electron process would 
strongly suggest that this radical is SdNd-:-, it is not 
impossible that the n ine- l ine  spectrum could be due 
to some decomposition product of SdNd~. To el iminate 
this possibility, the kinetics of the disappearance of 
SdNd~ (that  is, the product of the one-electron reduc- 
tion of SdNd), were measured electrochemically by 
monitor ing the ratio of the anodic to cathodic peak 
currents  obtained from cyclic vo l tammetry  as a func-  
t ion of voltage scan rate and uti l izing the first-order 
EC working curve of Nicholson and Shain (10). The 
results of such a study on 0.99 • 10-3M SdN4 solutions 
are shown in Fig. 5. It  is clear that the measured rate 
constants are functions of scan rate at a given tem- 
perature.  It  is felt that  this scan rate  dependence is 
due largely to charge transfer  irreversibil i ty.  Thus, the 
measured rate constants were extrapolated l inearly to 
zero scan rate. The extrapolated rate constants are 
presented in Fig. 4. The value of the activation energy 
obtained from the extrapolated electrochemical data 
is 11.1 ~ 0.5 kcal/mole.  
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Fig. 5. Electrochemical first-order rate constants plotted vs. 
voltage scan rate. a, 15~ b, 10~ c, 5~ d, O~ e, - -5~  
f, - -  i0~ 

The activation energy for the decay of the radical 
with the n ine - l ine  spectrum as measured by ESR and 
the activation energy for the decay of SdNd-~ as mea-  
sured electrochemically are identical wi th in  experi-  
menta l  error. The values of the rate constants obtained 
in the two experiments  are not identical, however, 
within the apparent  exper imental  error of each set of 
results. It is seen that  the rate constants obtained from 
the ESR exper iment  are larger and more scattered 
than those obtained from the electrochemical experi-  
ment.  One could use this discrepancy to argue that the 
two decaying species were not the same. However, the 
agreement  of the activation energies and  all the other 
circumstant ial  evidence suggests that the radical  with 
the n ine- l ine  spectrum is SdNd-~ and that  some other 
explanat ion for the discrepancy in  the rate  constants 
must  be sought. 

Two possible sources of this disagreement have been 
considered. It  is possible that the l inear  extrapolat ion 
of the electrochemical data to zero scan rate in order 
to el iminate the effects of charge t ransfer  i r reversibi l -  
i ty yielded erroneous values for the rate constants. Ad- 
mittedly,  the choice of a l inear  extrapolat ion of the 
data was arbi t rary;  but  assuming no anomalous behav-  
ior between 3.8 V / mi n  and zero, any other type of 
regression would have yielded similar results. As soon 
as our rotat ing r ing-disk  electrode (RRDE) apparatus 
is modified to permit  work at low temperatures,  a 
RRDE study of SdN4 will  be under taken.  Charge t rans-  
fer i r reversibi l i ty  will  not be a factor in this study. 

The second source of error results from the fact 
that, since the ESR exper iment  was carried out in a 
tube of small  cross-sectional area, in a fairly high re-  
sistance medium and with the auxi l iary  electrode some 
10 cm from the working electrode, significant Joule 
heating of the solution in the cavity is probable. To 
test this hypothesis, a thermocouple was taped to the 
outside of the tube  and the tube was then insulated. 
An electrolysis under  conditions similar to those of the 
ESR experiment  was then  carried out. After about 2 
min  of electrolysis, a tempera ture  rise of approxi-  
mate ly  0.5~ was detected on the outside of the glass 
tube. Considering the poor thermal  conductivi ty of 
glass, it seems reasonable to suppose that  the tempera-  
ture of the solution wi thin  the tube may have risen by 
as much as 3~176 Such a tempera ture  difference 
would be sufficient to cause the deviations which were 
observed. Joule heating would also explain the scatter 
in the ESR data as the electrolysis t ime before the 
kinetic measurement  was made varied. 

It is felt by the authors that, in view of the above 
arguments,  one can safely conclude that  the n ine - l ine  
spectrum presented here as well as that presented by 
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Meinzer,  Pra t t ,  and Myers  (7) is the ESR spec t rum 
of $4N4-:-. We can now consider some of the  proper t ies  
of $4N4 .-- as indica ted  by  this study.  

I t  has prev ious ly  been shown that  o rb i ta l ly  degen-  
erate  hydroca rbon- f r ee  radicals  exhibi t  anomalous ly  
broad  ESR lines (11-14). For  example ,  the  benzene 
anion radical ,  which has a degenera te  ground state, 
exhibi ts  a l ine wid th  of about  0.3G (12), whi le  the 
nondegenera te  an th racene  anion radical  exhibi ts  a l ine 
wid th  of 0.025G (15). Studies  of bonding in $4N4 show 
that  an added  e lect ron would  be placed in a degenera te  
orb i ta l  (4, 5). Meinzer,  Pra t t ,  and  Myers  repor t  the  
line wid th  of $4N4~ to be 0.461G in THF (7) whi le  
a va lue  of 0.6G was observed in MeCN in this  study.  
These l ine wid th  values  suggest  tha t  $4N4-:- should 
be rega rded  as an o rb i t a l ly  degenera te  anion radical .  

An analysis  of the  line widths  in MeCN showed l i t t le  
t empera tu re  and no field dependence.  S imi la r  obser -  
vat ions  were  made  in THF (7). In  addit ion,  the  spect ra  
obtained f rom MeCN solutions showed no evidence of 
a s ta t is t ical  var ia t ion  in line widths  l ike tha t  observed 
in s i tuat ions where  e lec t ron t ransfe r  a n d / o r  Heisen-  
berg  spin exchange are  significant (16). The above 
indicates  tha t  exchange react ions a n d / o r  slow ro ta t ion  
(17) cont r ibute  only s l ight ly  if at  a l l  to the over -a l l  
l ine width,  and tha t  the  difference in line widths  for 
S4N4~ in THF and in MeCN represents  the effect of 
solvent  on the re laxa t ion  t imes for this o rb i t a l ly  de -  
genera te  radical .  Clearly,  de ta i led  studies of T1 and T2 
for the S~N4~ sys tem would  provide  in teres t ing  infor -  
mat ion  which  could be compared  wi th  tha t  p rev ious ly  
obtained for hydrocarbon  radicals  (11-14). 

The facts tha t  $4N4~ disappears  by~a process which 
is first order  in S~N4-:- and  zero o~,der in $4N4 and 
tha t  the  ac t iva t ion  energy  for th i s /p rocess  is on the  
order  of a v ibra t iona l  t rans i t ion  suggest  tha t  $4N4-: 
decays by  an in t ramolecu la r  bond rupture .  This fu r -  
ther  suggests that  $4N4 f ragments  such as S2N~ and 
others which  are  known a re  l ike ly  products  of the  
decay of $4N4~. These possibil i t ies wil l  be consid-  
e red  in the  RRDE study.  

Final ly ,  m a n y  colors have been observed in reduced  
solutions of $4N4. In  none of our exper iments  in scru-  
pulously  d ry  and deoxygena ted  solutions could we 
detect  a change in the  a l r eady  ye l low solut ion upon 
product ion of $4N4~. We conclude, therefore,  tha t  
S 4 N ~  is p robab ly  also yel low.  In  our  ea r ly  expe r i -  
ments,  in which  oxygen  was not  comple te ly  r emoved  
from the solutions, a fa i r ly  intense red  color was ob-  
served upon reduction.  This red  substance was la te r  
found to resul t  f rom a react ion be tween  hydrox ide  ion, 
p roduced  f rom the reduct ion  of oxygen,  and neu t ra l  
$4N4. Ident ica l  u v - V I S  spect ra  were  obta ined  when  
the red  substance was produced e lec t ro ly t ica l ly  and 
by  direct  react ion be tween  S~N4 and NaOH in MeCN. 
At t empt s  to isolate the  red  substance failed. The final 
product  which was isolated f rom ei ther  exper imen t  
was found to conta in  Na2SO4. S imi la r  resul ts  have 

been obta ined  for the  react ion be tween  S4N4 and hy -  
droxide  in aqueous media  (16). 

Summary 
The ass ignment  by  Meinzer,  Prat t ,  and Myers  of the 

low- tempera tu re ,  n ine- l ine  ESR spect rum to $4N4-: 
has been subs tan t ia ted  by  the de te rmina t ion  of the 
ra te  of decay of the  ESR spect rum and by  the e lect ro-  
chemical  measuremen t  of the  ra te  of decay  of $4N4~. 
The anion radica l  was found to decay by  a f i r s t -order  
process suggest ing an in t ramolecu la r  bond rupture .  
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ABSTRACT 

Dia lky ld i th iophospha te  and d imethy ld i th ioa r s ina te  anions ( L - )  have  been 
found to in te rac t  wi th  the DME in acetone via  the  processes 6 L -  + 2Hg ~ 
2HgII(L)3 - + 4e and 2HgU(L)s  - + Hg ~ ~- 3HgII(L)2 -{- 2e. The me rc u ry  
complexes  resul t ing  f rom these steps have  also been inves t iga ted  po la ro-  
graphical ly ,  a l though many  could not  be isolated, and the  over -a l l  mechanism 
has  been  compared  to those exhib i ted  by  o ther  1,1-dithiolate anions. No re-  
duct ion s teps were  observed for  any  of the  di thiola tes  studied.  

Recent electrochemical studies on l,l-dithiolate an- 
ions in nonaqueous solvents have shown that they can 
oxidize mercury at a DME to yield mercury dithio- 
chelate complexes (1, 2). Interestingly, the closely re- 
lated dialkyldithiocarbamates, (1), and O-alkylxan- 
thates, (If), were found to react via completely differ- 
ent intermediates, although at sufficiently positive po- 
tentials both produced mercury(II) complexes of the 
formulation HgIIL 2 (where L = dialkyldithiocarbam- 
ate or alkylxanthate). 

R, fl- fl- RO~ ,S- R As/S- 

{I) (II) (III) (IV) 
(R represents  an a lky l  group)  

In v iew of the  cons iderab ly  different  po larographic  
behavior  caused b y  s imply  changing an  - - N I ~  group 
(a t tached to - - C S 2 - )  for  an - -OR group, i t  was 
thought  that  compara t ive  studies on the d is t inc t ly  d i f -  
ferent  O,O ' -d ia lkyld i th iophosphate ,  ( I I I ) ,  and d ime th -  
y ldi th ioars inate ,  ( IV),  anions would  be of interest .  
Moreover,  if these potent ia l  l igands do in teract  wi th  the  
DME, then  ident i f icat ion of the  rest t t t ing products  
should provide  an insight  into the chemis t ry  of the i r  
m e rcu ry  complexes.  

A p a r t  f rom interact ion with  the  mercu ry  electrode,  
a number  of a l t e rna t ive  e lect rochemical  oxida t ion  and 
reduct ion processes can be envisaged for  a l l  of these 
entities. They could undergo a two-e lec t ron  oxida t ion  
to y ie ld  the corresponding disulfides (e.g., t h iu ram 
disulfides f rom d i th iocarbamates  and d ixanthogens  
f rom xan tha tes ) ,  and in fact  the  format ion  of d ixan -  
thogens has been ex tens ive ly  s tudied at  a number  of 
e lect rodes  because of thei r  appl ica t ion  to flotation 
technology (3-5).  Isola ted th ionyl  groups can also be 
reduced,  and in this  r egard  compara t ive  studies have 
been made be tween  thiones  and ketones  (6).  Possible  
reduct ion pa thways  are  therefore  also of interest .  

The  behavior  of uncoord ina ted  1,1-dithiolate anions 
also has  d i rec t  appl ica t ion  to the  e lec t rochemis t ry  of 
t rans i t ion  meta l  complexes  incorpora t ing  these ligands. 
Indeed,  knowledge  of the  l igand behavior  has a l r eady  
fac i l i ta ted  the  in t e rp re t a t ion  of compl ica ted  electrode 
processes undergone  by  some v a n a d i u m ( I V )  d i th io-  
chelates  at  the  DME (1,7). Thus the e lec t rochemis t ry  
of 1,1-dithiolates is of in teres t  to a number  of fields, 
and it is envisaged tha t  the  w o r k  presented  here  wi l l  
prove  of va lue  to o ther  e lect rochemical  invest igat ions  
involving t rans i t ion  meta l  di thiochelates.  

* E l e c t r o c h e m i c a l  Society Active Member. 
Key words: polarography, dialkyldlthiophospbatc,  dimethyldithio- 

arsinate, mercury complexes.  

Abbreviations 
The following abbreviations have been used in the 

te~ct: dadtp, O,O'-dialkyldithiophosphate; dpdtp, O,O' 
-diisopropylditbiophosphate; dtcac, dimethyldithioar- 
sinate (or dithiocacodylate); Et, ethyl; dedtp, O,O'-di- 
ethyldithiophosphate. 

Experimental 
Preparations.--Ammonium O,O'-dialkyldithiophos- 

phates.--The stoichiometr ic  amount  of P4S10 was added  
to the  appropr ia t e  alcohol in benzene to produce a 
solut ion of the  cor responding  d ia lky ld i th iophosphor ic  
acid. A m m o n i a  was then bubb led  th rough  the solution 
unti l  the  ammonium d ia lky ld i th iophospha te  prec ip i -  
ta ted.  

Bis(dialkyldithiophosphato)mercury(lI) complexes.-- 
The s toichiometr ic  amount  of the requi red  ammonium 
d ia lky ld i th iophospha te  was m i x e d  wi th  Hg (NOj)  2 in 
water .  The resul t ing  whi te  solid was wel l  washed wi th  
wa te r  and finally recrys ta l l ized  f rom ethanol.  This 
compound has  been repor ted  prev ious ly  (8). 

Sodium dimethyldithioarsinate.--This compound was 
p repa red  by  the method  of Casey et al. (9) 

Attempts to prepare bis(dimethyldithioarsinato)mer- 
cury(II).--When the s toichiometr ic  amount  of sodium 
d imethy ld i th ioars ina te  was mixed  wi th  Hg(NOz)2, a 
ye l low solid deposited.  This product  immedia te ly  
t u rned  brown in the  a tmosphere  and fur ther  a t tempts  
to isolate a pu re  sample  under  argon failed. 

Materials.~Sodium dia lky ld i th iophospha tes  were  
used as received f rom Cyanamid,  Wayne,  New Jersey.  
Their  solubi l i ty  in acetone was not as grea t  as the 
ammonium salts and so they  were  only used for spe-  
cific exper imen t s  as indica ted  in the  text .  "Pronalys"  
acetone was employed  for al l  polarographic  measu re -  
ments  and was used as received f rom May and  Baker.  

Instrumentation.--Conventional d-c  po la rograms  were  
recorded in acetone wi th  a Met rohm Polarecord  (E261) 
using 0.1M t e t r a e thy l a mmon ium perch lora te  as sup-  
por t ing  electrolyte .  A three-e lec t rode ,  iR compensated  
system using a Met rohm iR compensator  (E446) was  
employed  for al l  convent ional  d-c  measurements .  The 
reference  electrode was a Met rohm A g / A g C I  EA425 
e lec t rode  (0.1M LiC1, acetone) .  The a u x i l i a r y  (or 
th i rd)  e lect rode was e i ther  a tungs ten  or p la t inum 
wire  electrode, or a Ag/AgC1 electrode ident ical  to the 
reference.  Control led  d rop- t ime  and cur ren t  sampled  
po la rograms  were  recorded  wi th  a Pr ince ton  Appl ied  
Research Corpora t ion  (PAR) Elect rochemical  System, 
Model  170. A Met rohm Po la rograph ie  S tand  (E354) 
was ut i l ized to obta in  short,  cont ro l led  drop  t imes  
be tween  0.16 and 0.82 see. The PAR Model  172 Drop 
Timer  was used wi th  a drop t ime  close to  2 sec to 
record  cur ren t  sampled  po la rograms  
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Table I. Dependence of half-wave potentials (El/2) and wave heights (id) on 
Concentration for ammonium O,O'-diethyldithiophosphate 

Concen- EII2 (wave  2) (E~/4 --  E31D ) E~I2 (wave  1) (E1/4 - Ea lD  E~I2 (wave  4) 
t r a t ion ,  M (V v s .  Ag/AgC1)  (V) id (/zA) (V v s .  Ag/AgC1)  (V) id (~A) (V) iL (]zA) 

10 -2 + O. 185 0.076 13.6 -- 0.164 0.072 33.0 -- 0.360 1.8 
8 x 10 ̀ 4 + 0.171 0.072 6.8 - - 0 . 1 5 3  0.062 17.3 - - 0 .368  0.8 

10 .4 + 0.140 0.072 1.34 --  0.142 0.056 3.35 --  0 .335 0.2 
0 X 10 ~ + 0 . 1 3 5  0.069 0,62 - -0 .121  0.056 1.74 - -0 .335  0.08 

The Metrohm Polarecord (E261) was used in con- 
junct ion with  the Metrohm AC Modulator  (E393) and 
the Met rohm iR Compensator  (E446) to provide a 
three-e lec t rode  a-c polarograph as described else- 
where  (10). With this instrumentat ion,  the total al- 
ternat ing current  was recorded using an applied al-  
te rna t ing  potent ial  of 10 mV rms at a f requency of 
50 Hz. Cyclic and l inear  sweep vo l t ammet ry  were  
achieved with  the PAR Electrochemical  System using 
a J - t u b e  mercury  electrode as the working electrode. 

All  test solutions were  thoroughly  degassed with 
acetone-satura ted argon and a continuous s t ream of 
argon was passed over  solutions whi le  measurements  
were  being taken. Solutions were  thermosta ted to 
20.0 ~ • 0.1~ in a wa te r - j acke ted  cell. 

Results and Discussion 
Polarographic behavior of ammonium O,O'-dialkyl- 

dithiophosphates.--O,O'-dialkyldithiophosphate anions 
show three  character is t ic  oxidat ion waves  (see Fig. 1). 
No reduct ion waves other  than those a t t r ibutable  to 
the sodium or ammonium cations were  observed up 
to the solvent l imit  of --2.2V vs. Ag/AgC1. Oxidat ion 
waves  1 and 2 were  invest igated over  the concentrat ion 
range 5 X 10 -4 to 10-2M; however ,  w a v e  3 occurred 
close to the posi t ive potent ial  l imit  (,~ q- 0.8V vs. A g /  
AgC1) and therefore  was not characterized. Typical  
results  of studies at different concentrat ions are  given 
in Table I. 

The heights of waves  1 and 2 were  both l inear ly  pro-  
port ional  to k/h--(where h is the height  of the mercury  
column head) and to concentrat ion over  the range 5 
X 10 -4 to 10-2M. With increasing concentrat ion the 
ha l f -wave  potent ial  of wave  1 became more  negat ive 
and that  of wave  2 more  positive. A-C  polarograms of 
waves  1 and 2 showed that  they  were  asymmetr ic  
(see Fig. 2), but  the cur ren t  per  unit concentrat ion 
was large in both cases and characterist ic of fast elec- 
t rode processes. Cyclic vo l t ammet ry  at a J - t u b e  mer -  
cury  electrode also confirmed the presence of two 
rapid and separate charge t ransfer  steps. 

In addition to the two main waves, a small  wave  was 
found at sl ightly more negat ive potentials than wave  
1 (see Fig. 1 and 2). This wave  (wave 4) was par t icu-  
lar ly evident  in a-c polarograms and may arise from 
an adsorpt ion/desorpt ion process, since it occurs close 
to the e lect rocapi l lary  m a x i m u m  (see Fig. 3). The 
marked  decrease in drop t ime of the DME in the po- 
tent ial  range of waves  1 and 2 indicates tha t  the com- 
pound(s)  and /o r  product (s )  of the anodic reaction is 
s trongly adsorbed. Thus al though both waves 1 and 2 
arise f rom rapid charge t ransfer  processes, their  be-  
havior  is l ikely to be complicated by adsorption phen-  
omena. 

The ratio of the l imit ing current  of wave  1 to that  
of wave  2 was approximate ly  1:2.2 __. 0.1 as measured 

,e 1 

A wave 2 

fH~V,,] t, / ~%,..,.,~~ 
.,J" 

-0.5 -0-3 -0-1 +01 +0-3 
Volt vs AgtAgCI 

Fig. 2. The a-c polarogrum of iO -2M ammonium diethyldithio- 
phosphate. 

wave Z ~ ' ~ .  zero current 

\ 

wave 

wave 3 \ 

I I 
-1.05 -0-45 +015 +0-75 

Volt vs Ag/AgCI 

Fig. I .  The d-c polarogram of iO -~M ammonium diethyldithio- 
phosphate. 

3O 

25 

! 
20 

C~ 

1.5- 

I I I I I I I 
4-1-0 +05 0 - 0 5  - I 0  -I.5 - 2 0  

Volt vs Ag/AgCI 

Fig. 3. The electrocapillary curves (DME at h ~ 74 cm) of (a) 
0.1M Et4NCI04 ( Q ) ,  and (b) solution (a) plus 10 -3M ammonium 
diethyldithiophosphate (O) .  
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f rom control led d rop- t ime  polarograms,  and  the  to ta l  
he ight  of waves  1 plus 2 was close to the  height  of the 
wave  f rom the one-e lec t ron reduct ion  of the  sodium 
ion ( f rom controlled,  d rop - t ime  po la rograms  of sodium 
d ia lky ld i th iophospha tes ) .  

S imi lar  polarographic  behavior  was  obtained f rom 
potass ium O - a l k y l x a n t h a t e s  in acetone (2).  Fo r  these 
l igands the  fol lowing processes were  found consistent  
wi th  the observed polarographic  behavior  a t  the  DME 

2Hg ~ + 6 R O C S 2 - ~  2Hgn(ROCS2)8 - + 4e [1] 

2Hgn(ROC~z)8 - + Hg ~ ~ 3 H g n ( R O C S 2 ) ~  + 2e [2] 

where  process [1] gave rise to wave  1 and process  [2] 
to wave  2. Since the to ta l  height  of waves  1 and 2 for 
d i th iophosphates  is close to tha t  from the cor respond-  
ing xan tha t e  waves,  i t  is l ike ly  tha t  both l igand sys-  
tems ini t ia te  the  same processes at  the  DME. If  the  
d i th iophosphates  undergo  the above  mechanism, and 
both e lec t rode  processes a re  reversible ,  then the po-  
ten t ia l  at the  DME for wave  1 (E ~1)) should be given 
by  

RT [ [ H g ( d a d t p ) 8 - ] 0  ] [ d a d t p _ ] 0 3  E (I) : CI + -~-In [3]  

and for wave  2 by  

"~RT L[ [Hg(dadtp)2]~ ] 
E(2~ = C ~ +  In [ ~  [4]  

where  C1 and C2 a re  constants,  and  the subscr ipt  zero 
denotes concentrat ions at  the  surface of the DME. The 
equations for  the  two waves  m a y  be  wr i t t en  

RT [ , ] 
E (1) - -  CI' -t- ~ In  [51 

(id - -  i) 3 

E (2) = C2' + ~ in [6] 
(in - i) 2 

and the  h a l f - w a v e  potent ia ls  of these  waves  should 
change wi th  ir (or concentra t ion  of d a d t p - )  according 
to 

RT 
E(1),/~ = C1" --  ~ in  [ d a d t p - ]  [7] 

F 

RT 
EC~h/2 = Cs" + --~-ln [ d a d t p - ]  [8] 

A plot  of potent ia l  vs. log - for wave  1 
(i~ i)3 

from a 10-2M solut ion of NH4dedtp is shown in Fig. 4. 
The re la t ionship  was l inear  except  for the negat ive  
potent ia l  ex t r eme  of the wave  and the slope was  33 
mV (cf. thore t ica l ly  p red ic ted  va lue  of 29 mV) .  These 
sl ight  devia t ions  f rom theory  p robab ly  resul t  f rom 
adsorpt ion phenomena  or incomple te  revers ib i l i ty .  F ig -  

u re  5 shows plots of potent ia l  agains t  log (id -- i) 2 

for wave  2. Slopes were  again s l ight ly  h igher  than  p re -  
d ic ted  and devia t ions  f rom l inear i ty  were  obtained 
f rom the negat ive  potent ia l  side of the  wave.  The  slope 
and deviat ion f rom l inear i ty  increased wi th  increasing 
concentrat ion,  indica t ing  that  adsorpt ion  is the  most 
l ike ly  explana t ion  for these  depar tures  from theory.  

The (E1/4--E3/4) values  given in Table I m a y  also be 
used as cr i ter ia  for the proposed mechanism. F rom Eq. 
[5] and [6] i t  follows that  (Eu4--E3/4) should be 56 mV 
for wave  1 and 69 mV for wave  2. The values agree 
wi th  those theore t ica l ly  pred ic ted  at low concent ra-  
tions, but  as the  concentra t ion is increased they  become 
progress ively  higher.  

The ha l f -wave  potent ia ls  of the  waves  v a r y  with  
concentra t ion in the  direct ions pred ic ted  by  Eq. [7] 
and [8]; however  the magni tudes  of the changes a re  
not  exac t ly  those expected f rom theory.  The ra t io  of 

1"0 o k 

o 
'~ 0 

0 
d 

-1.0 

-2.01 

-30 
-0.10 

~o 

< 
I I Q 

-0-15 -020 
Volt vs Ag/AgCl 

[ ' ]  Fig. 4. A plot of potential vs. log - for wave 1, (from 
(id - -  i)3 

a i 0 - 2 M  solution of ammonium diethyldithiophosphate). 
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 -151o 
O 

--J �9 

�9 \ 

0-10 0-15 0.20 0.25 
Volt vs Ag/AgCI 

Fig. 5. A plot of potential vs. log for wave 2, [from 

a i O - ~ M  solution of ammonium diethyldithiophosphate ( @ )  and a 
10 -3M solution ( e ) ] .  

the  two wave  heights  is in close agreement  wi th  the  
1:2 value  requi red  b y  the react ion mechanism.  

In  summary,  the  proposed mechanism provides  at  
least  an adequa te  qua l i ta t ive  descr ipt ion of t he  system 
and depar tu res  f rom theore t ica l ly  p red ic ted  behavior  
a re  most l ike ly  associated wi th  adsorpt ion  phenomena.  
To test  the  va l id i ty  of the  mechanism further ,  studies 
were  unde r t aken  on m e r c u r y ( I I )  d ia lky ld i th iophos-  
phates.  

Polarographic behavior o~ mercury (II) dialkyldithio- 
phosphates.--The pola rogram of b i s (d ip ropy ld i th io -  
p h o s p h a t o ) m e r c u r y ( I I )  was s imi lar  to tha t  of the free 
l igand except  tha t  waves  1 and 2 were  now cathodic, 
as expected f rom the  proposed mechanism (see Fig. 
6A).  However,  i t  was noted tha t  wave  2 f rom the mer -  
cury  compounds was somewhat  more  d rawn  out than  
the corresponding oxidat ion  wave  f rom the l igand 
anions, and the two cathodic waves  were  not  as wel l  
separa ted  as the  anodic waves  f rom the ammonium 
salt. F igu re  6B i l lus t ra tes  the  complex i ty  of wave  2 
fur ther ,  since i t  is even more  d r a w n  out  when  both 
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wave 1 

wave~ 

current rove 1 

zero current 

+(}6 +OZ. +02 0 - 0 2  - 0 4  - 0 6  

Volt vs Ag/AgCI 

Fig. 6. (A) A current-sampled d-c polarogram of Hgn(dpdtp)2 
(,~ 10-8M). (B) A current-sampled polarogram of HgH(dpdtp)2 
plus one mole equivalent of dpdtp anions. 

Hg(dpdtp)2 and d p d t p -  are present  in solution. This 
indicates part ial  irreversibili ty,  greater adsorption of 
mercury  species, or that  other addit ional  complexities 
are associated with the 2Hg(dad tp ) s -  -F Hg ~ 
3Hg(dadtp)2 + 2e process. Dakternieks and Graddon 
(8) have shown that  Hg(dadtp)2 complexes associate 
slightly to dimers in  solution and it may be this phe-  
nomenon  that  causes the slight difference in behavior. 
The mechanism also requires the existence of 
H g ( d a d t p ) s -  species. Unfor tuna te ly  attempts to iso- 
late such entities as t e t rae thy lammonium salts resulted 
in failure. Similar  results to that  i l lustrated in Fig. 6 
were obtained by adding two and three mole equiv-  
alents of d p d t p -  anions to a Hg(NO3)2 solution. In -  
terestingly, the current  height after adding one mole 
equivalent  of d p d t p -  anions was close to that  after 
the addition of equimolar  amounts. Furthermore,  no 
cathodic cur ren t  due to the reduct ion of solvated Hg 2+ 
ions was seen. This suggests that  Hg(dadtp)  + species 
are viable entit ies in  addit ion to Hg(dadtp)2 and 
Hg (dadtp) 3-. Prior  to this work only the Hg (dadtp) 
species has been reported (8). 

Polarographic behavior of sodium dimethyldithio- 
arsinate.--Polarograms from this l igand were qual i ta-  
t ively similar  to those of the dithiophosphates except 
that  oxidation waves 1 and 2 were much closer, making  
individual  characterization of the waves difficult (see 
Fig. 7). Again no l igand reduction waves were found. 
At 10-~M wave 1 had a hal f -wave potential  of 
--0.378V, and wave 2 occurred at g~/2 = --0.208V. The 
l imit ing current  of wave 1 was estimated as 34 #A and 
wave 2 as 17 #A. At higher concentrations wave 2 ex- 
hibited a severe maximum. The waves were too close 
to assess the individual  dependencies of their  l imit ing 
currents  on the mercury  column height; however the 
total l imit ing current  of both waves was proport ional  
to ~/h and to concentration. The total l imit ing current  
was also close to that  obtained from the one-electron 
reduct ion of the sodium ion introduced into solution as 
the counter ion for the ligand. 

.... ~ ~...~,. zero current 

\ \  
\ 
\\wove 1 

\ 

3 

wave 2 ~ I ~ ~  

I I I 
-0-4 -0-2 0 

Volt vs. Ag/AgCI 

Fig. 7. The d-c polarogram of 10-8M sodium dimethyldithioar- 
finate. 

Polarographic behavior of mercury(II) dimethyldi- 
thioarsinate species.--Attempts to isolate a pure sam- 
pie of bis (dimethyldi thioarsinato)  mercury  (II) re-  
sulted in failure (see Exper imenta l  section); however 
the polarographic behavior of mercu ry ( I I )  complexes 
with this l igand was investigated by preparing the 
complexes in the polarographic cell under  argon, using 
stoichiometric amounts  of mercuric ni t ra te  and the 
l igand anion. Although polarograms w e r e  not as defini- 
tive as those of the mercu ry ( I I )  dithiophosphate 
species (because of the close proximity  of the two 
waves and the na ture  of the exper iment) ,  they strongly 
suggest that the dimethyldi thioarsinate  l igand inter-  
acts with the DME in a similar manne r  to the dithio- 
phosphate ligands. Both waves 1 and 2 were cathodic 
after the addit ion of two mole equivalents  of free 
ligand, and wave 2 became anodic after three mole 
equivalents  had been added. A cloudy solution was ob- 
served when one mole equiva lent  of l igand had been 
added, probably due to the low solubili ty of ionic 
[Hg(C2H6AsS2)] �9 (C104-) in acetone. The solution 
cleared when  a fur ther  mole equivalent  of l igand was 
present owing to the greater  solubil i ty of the neu-  
tral  bis complex; no precipitation of [Et4N] 
[Hg(C2H6AsS2)z]- occurred. As for the corresponding 
dithiophosphato complexes, the Hg (dtcac) +, 
Hg(dtcac)~, and Hg(dtcac)~-  species all appear to be 
viable entit ies and very strong evidence for the exis- 
tence of hitherto unrepor ted mercury (II) complexes of 
this l igand has therefore been obtained. 

Discussion 
Whereas alkylxanthate ,  dialkyldithiophosphate, and 

dimethyldi thioarsinate  anions interact  with the DME 
via the processes outlined in  Eq. [1] and [2], the be- 
havior of dia lkyldi thiocarbamate anions (1) is funda-  
menta l ly  different and may be described by Eq. [9] 
and [10] 

2Hg ~ + 2R2NCSz- ~.~ 2Hg I (S2CNR2) -~- 2e [9] 

rapid 
2Hgz(S~CNR2) ~ Hgn(S2CNR2)2 + Hg ~ [10] 

This difference in mechanism must  be related to the 
stabil i ty of the various t r i s (1 ,1-d i th io)mercury( I I )  
complex anions, and possibly also to that  of the mer -  
cury( I )  species. Kemula  et al. (11) have determined 
the following stabili ty constants for diethyldi thiocar-  
bamatomercury( I I )  complexes from potentiometric 
studies in  water  

Hg 2+ + -S~CNEt2 ~ Hg(S2CNEt2) + 
K s = 2 . 1 •  10~ 
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Hg (S2CNEt2) + + -S~CNEt~ ~ Hg (S2CNEt2) 2 

Ks = 5.7 X 10 I~ 

Hg (S~CNEtz)~ + -S2CNEt~ ~ Hg (S~CNEtDs- 

Ks : 1.7 X 101 

Thus the  format ion  of the  anionic t r is  d i th iocarbamate  
complexes  is s t rongly  d iscr iminated  agains t  in favor  
of the  bis and Hg(S2CNEt2) + species (even wi th  a 
la rge  excess of l igand) .  The same conclusion was 
reached  f rom polarographic  studies in acetone (1). 

The above observat ions  are  consistent  wi th  studies 
on t rans i t ion  meta l  complexes  wi th  these ligands. For  
example ,  NiL2 complexes  read i ly  form base adducts  
when L is an a lky lxan tha t e  (12) or d ia lky ld i th iophos-  
pha te  (13, 14), but  not  when L is a d i a lky ld i th ioca r -  
bamate  (12). 

R, ..s 
s_ 

(a) (b) (c) 

I t  is be l ieved tha t  canonical  form (c) contr ibutes  
g rea t ly  to the s t ruc ture  of d ia lky ld i th ioca rbamate  
complexes,  whereas  the  corresponding form for the  
other  l igands is of much less significance. Since form 
(c) resul ts  in a l a rge r  charge  t rans fe r  f rom l igand to 
metal ,  the  capac i ty  for fu r the r  coordinat ion ~co the  
meta l  is lowered.  

The grea te r  l igand to meta l  charge donat ion for di -  
th iocarbamates  is also reflected by  the re la t ive  Ell2 
values  f rom the  HgL2 reduct ion waves.  For  d ie thy ld i -  
t h ioca rbamate  the  reduct ion (see Eq. [9] and [1O]) oc- 
cur red  at  --0.505V (10-SM).  Comparab le  ha l f -wave  
potent ia ls  for  the me rcu ry  complexes  wi th  the  other  
l igands may  be ca lcula ted  f rom the El~2 values  of 
waves  1 and 2, since the  processes given in Eq. [1] 
and  [2] a re  over -a l l  t he rmodynamica l ly  equiva lent  to 
the  process H g k  + 2e ~ Hg + 2 L - .  H a l f - w a v e  po ten-  
t ia ls  ca lcula ted  for this react ion at concentrat ions of 
10-~M were  --0.212V (L ---- e thy lxan tha t e ) ,  --0.048V 
(L ---- d ie thy ld i th iophospha te ) ,  and --0.274V (L ---- d i -  
me thy ld i th ioa r s ina te ) .  The s tab i l i ty  of the  m e r c u r y ( I I )  
complexes  is obviously greates t  for the  d i th iocarba-  
mate  complex.  The actual  de te rmina t ion  of s tab i l i ty  
constants  was proh ib i ted  by  the  ex t r eme ly  complex 
nonrevers ib le  na ture  of the  m e r c u r y ( I I )  n i t r a te  re -  
duct ion and no da ta  is ava i lab le  on the  E ~ va lue  for the  
Hg 2+[Hg(o) couple in acetone. 

The polarographic  behav ior  of 1,1 di thio acids is 
m a r k e d l y  different  to tha t  of the free 1,1 di thio l igands 
and obviously involves the  hydrogen  ion. Exper iments  
on xan tha te  anions showed tha t  the  height  of wave  1 
d iminished upon the addi t ion  of hydrogen  ions whereas  
tha t  of wave  2 increased.  The equi l ib r ium L -  -t- H + 

LH appa ren t ly  mus t  be cons idered  in the  presence 
of protons.  P r e sumab ly  the  format ion  of t r i s  species 
is inhibi ted for the  di thio acids and the height  of wave  
1 p robab ly  reflects the  equi l ib r ium concentra t ion  of 
free l igand anions. The  h a l f - w a v e  poten t ia l  of wave  2 
became more  posi t ive as the  hydrogen  ion concent ra-  
t ion was increased,  indicat ing a change in the e lec t rode  
process and the need to incorpora te  te rms involving 
protons in any descr ipt ion of the mechanism. Jor is  et al. 
(15) observed a s imi lar  shift  t oward  more  posi t ive 
potent ia ls  w i th  increasing hydrogen  ion concentra t ion  
for the  oxidat ion  wave  f rom d i th ioca rbamate  anions. 
They showed that  the  behavior  was consis tent  wi th  
tha t  predic ted  f rom the  equi l ib r ium exis t ing be tween  
pro tona ted  and unpro tona ted  forms of the  di thiolate .  

It is in teres t ing  to note  tha t  Bond et al. (16) ob-  
served an oxidat ion wave  at  Ex/2 = +0.226V for O- 
e thyl th ioacetothioaceta te ,  (V) 

E O /c= S 
HC 
 C--S 

H3C/ H 
(v) 

and a reduction wave at E1/2 ---- --0.41V for the bis- 
(O-ethylthioacetothioacetato)mercury(II) complex. In 
light of our observations it is likely that the behavior 
of the mercury(If) complex reflects the behavior of 
the free ligand anion, the sodium salt of which has not 
been isolated in a pure state. The difference in the elec- 
trode processes undergone by the mercury complex 
and the protonated ligand may be attributed in part 
to the presence of the hydrogen atom. 

The lack of any reduction waves up to the solvent 
limit of --2.2V vs. Ag/AgCI is surprising considering 
the possible pathways mentioned at the beginning of 
this paper. This observation is of considerable signifi- 
cance in studies on transition metal dithiochelates 
since there is often difficulty in deciding upon the 
nature of any reduction waves obtained. The results 
of this work indicate that any reduction waves seen 
in metal complexes incorporating ligands (1)-(V) 
cannot be attributed to dissociated ligand. Furthermore, 
reduction pathways of the type observed for thioke- 
tones (6) must occur at extremely negative potentials, 
be markedly inhibited in aprotic solvents such as ace- 
tone, or be inapplicable to 1,1 dithiolates. 
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The Current Distribution Within Tubular Electrodes 

under Laminar Flow 
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ABSTRACT 

A computat ional  method has been developed for calculating the current  
density distr ibution wi thin  tubular  electrodes under  laminar  flow. Calculations 
have been carried out for operating conditions which are in termediate  be- 
tween the secondary current  dis t r ibut ion and the l imit ing current  distribution. 
The potential  distr ibution wi thin  the tube was determined from Laplace's 
equat ion while the reactant  concentrat ion along the electrode surface was 
found from the convective diffusion equation. The two equations were strongly 
coupled so that they needed to be solved simultaneously.  Although central  
emphasis has been placed on details of the computat ional  method, several 
salient features of behavior  are discussed. The results i l lustrate how the cur-  
ren t  distr ibution wi thin  tubular  electrodes depends on counterelectrode place- 
ment  as well as the geometric, charge transfer,  mass transfer,  and ohmic 
parameters  of the system. 

Determining  the cur ren t  and potential  distr ibutions 
wi thin  electrolysis cells is impor tant  both for the anal-  
ysis of exper imenta l  data obtained at individual  elec- 
trodes, and for the design and scale-up of useful over-  
all  cell configurations. Accordingly, a var ie ty  of cal- 
culat ional  methods have been developed. The purpose 
of these calculations has been to elucidate how the 
current  and potential  distr ibutions depend on the 
characteristic na ture  of a cell including, for instance, 
its electrolyte conductivity, cell and electrode geom- 
etry, charge t ransfer  characteristics, fluid flow pat-  
terns, solution concentrations, and electrode resist- 
ances. Owing to the large number  of variables, the na-  
ture of the problem is very complex indeed. However, 
several situations of l imited val idi ty can be analyzed 
with comparat ive ease. For  example, when  the elec- 
trode reaction proceeds at low rates, the potential  dis- 
t r ibut ion may  be determined on the basis of the Laplace 
equation. When the potent ial  distr ibution depends 
solely on the cell geometry, the distr ibutions are re-  
ferred to as "pr imary" current  and potential  dis- 
tributions.  If the electrode reaction is sluggish, the po- 
tent ial  distr ibution depends not only on cell geometry, 
but  also on the solution conductivi ty and the electrode 
react ion overpotential;  such results are called "sec- 
ondary" distributions. On the other hand, at very high 
reaction rates, the rate of mass t ransfer  to the elec- 
trode surface becomes the central  phenomenon of in-  
terest. In  the l imit ing si tuation where only mass 
t ransfer  restrictions are impor tant  (i.e., at the l imit ing 
current)  then the current  dis t r ibut ion along an  in -  
dividual  electrode may be obtained from the laws of 
convective diffusion. 

Electrochemical cells, however, are  often operated 
under  conditions which do not conform to either of 
the l imit ing situations described above. In  order to 
gain an  unders tanding  of behavior  in  these more com- 
plex situations, it is necessary to take account s imul-  
taneously of the several phenomena which influence 
the current  dis t r ibut ion (1). Owing to the complexity 
of the problem, only a few examples are available. 
These include t reatments  of na tu ra l  convection in a 
cell with vertical  electrodes (2), l aminar  forced con- 
vection in a two-dimensional  slot (3, 4), and rotat ing 
disk electrodes (5). In  the invest igat ion reported be-  
low, an analysis has been conducted on a class of t ubu-  
lar  electrodes operated under  l aminar  flow. 

* Electrochemical  Society  A c t i v e  M e m b e r .  
** Electrochemical  Society  Student  Associate.  
K e y  words:  current distribution, tubular e lectrode,  mathemat ica l  

model .  

Theoretical  Formulation 
The system under investigation is shown in Fig. i. 

The tubular electrode of length I is positioned between 
two long pipe sections made of insulator material. 
Electrolytic solution flows through the assembly in fully 
developed laminar flow and thereby supplies reactive 
solute species to the electrode surface where elec- 
trochemical reaction occurs. As indicated in Fig. 1, two 
coordinate systems find use: one is based on the pipe 
axis (x,r) and the other is based along the electrode 
surface, beginning at the upstream edge (z,y). The 
counterelectrode may take one of two positions with 
respect to the tubular electrode: upstream (x ---- 0) as 
in Fig 1B, or downstream (x = It q- I -{- /2) as in Fig. 
1A. Other than its posRion far upstream or far down- 
stream, the detailed nature of the counterelectrode is 
not of interest in the present study. 

Fig. 1. Schematic diagram of the tubular electrode system. Lam- 
inar flow is from left to right. (A) The counterelectrode is on the 
right; (B) the counterelectrode is on the left. 

1507 
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The e lec t rochemical  phenomena  which  occur in the  
model  tubu la r  e lectrode system can be complex.  Sev-  
eral  s imple  aspects have been selected for s tudy in 
accord wi th  the fol lowing assumptions:  (i) Elec t ro l -  
ysis proceeds under  s t eady-s ta te  condit ions wi th  ful ly  
developed l amina r  flow in the  t ubu la r  electrode.  (ii) 
The reac t ive  solut ion species are  present  in di lute  con- 
centrat ions;  owing to the  presence of suppor t ing elec-  
t rolyte,  the  react ive  species do not migra te  in the  elec-  
tr ic field. (iii) Concentra t ion differences in the  elec-  
t rolyte,  caused by  reaction, are confined to a th in  shell  
near  the tube per iphery ;  the dimensionless  P~clet 
number ,  2Ro~vz>/Di is large.  

Because concentrat ion differences are  confined near  
the  e lectrode surface, two dis t inct  regions m a y  be 
identif ied wi th in  the  e lec t ro ly te  flowing th rough  the  
electrode:  (a) the diffusion layer  region, near  the  
e lect rode surface, wi th in  which the  concentra t ion of 
react ive  solute varies,  and  (b) the  bu lk  region, which  
fills the r ema inde r  of the  volume wi th in  the tubu la r  
electrode.  Separa te  equations wil l  be developed for 
the  two regions which  share  a common boundary  at  the  
outer  edge of the diffusion layer .  

Dimensional equations.--The potent ia l  appl ied  be-  
tween  the tubu la r  e lec t rode  and the  nonpolar ized  
counterelectrode,  CA, is consumed by var ious  i r r e -  
vers ib le  phenomena  occurr ing wi th in  the  cell. These 
include ohmic losses in the  e lec t ro ly t ic  phase, surface 
overpotent ia l  owing to charge- t ransfer ,  and concent ra-  
t ion overpoten t ia l  wi th in  the th in  mass  t rans fe r  re -  
gion 

$A = ~ b~ "~- Tls "~- ~]c [1] 

The concentra t ion overpotent ial ,  me, depends on the 
solute concentra t ion  at  the  electrode surface and thus 
varies  wi th  axia l  posit ion along the  electrode 

RgT cs 
~c = In [2] 

n F  c| 

Likewise,  the  surface overpoten t ia l  depends  on posi-  
t ion since it is influenced both by  the local solute con- 
cent ra t ion  and by  the local react ion rate.  The ra te  ex-  
pression chosen for s tudy  is 

C| / 

Addi t iona l  equat ions a re  needed in o rder  to de te rmine  
the concentra t ion d is t r ibut ion  wi th in  the diffusion 
layer  and the potent ia l  d is t r ibut ion  in the  bu lk  region. 
As ment ioned previously,  these two regions share  a 
common boundary  along the outer  edge of the th in  
diffusion layer .  I t  is convenient  to denote  the  po ten-  
t ia l  along this boundary  by  r 

$o = SA -- $~ = ~s + ~ [4] 

Diffusion Layer Region 
In  accord wi th  the assumption that  the P~elet  n u m -  

ber  is large,  the s t eady-s ta te  equat ion of l amina r  con- 
vect ive  diffusion in the  tube is 

OCi [ 02Ci 10ei ] 
Vx - -  Di + -- [5] 

Ox ~ - ~  r Or 

Since the  diffusion l aye r  is ve ry  thin, t he  veloci ty  dis-  
t r ibut ion  is app rox ima te ly  l inear  wi th  dis tance from 
the  wall ;  in addit ion,  the second t e rm in the bracke ts  
of Eq. [5] becomes negl igible  wi th  respect  to the  first 
term. By changing the coordinates  of Eq. [5] to the  
(z,y) system, and by  inser t ing  the  approximat ions  
s ta ted above, one obtains  

( 2 V m a x ) ~  / Y 0Ci = D i ? 2 C i 0 z  Oy ~ [6] 

where in  the  veloci ty  d is t r ibut ion  in the  diffusion layer  
is approx imated  by  the  re la t ion  Vz : (2Vmax/Ro)Y. 
Equat ion [6] corresponds to the L~v~que solution 
which is a good approx imat ion  prov ided  tha t  (zDi/  
2<v~>Ro e) << 0.01. At  the  l imi t ing cur ren t  condit ion,  
the  bounda ry  condit ions on Eq. [6] would  be 

c l = 0  at y : 0 ,  z > 0  

c i : c |  at  y :  ~o, z > 0  

c i : c |  at  z ~ 0  [7] 

By using the combinat ion of var iables  approach,  the 
solut ion for this l imi t ing case of behavior  is (6) 

ci 1 ~ "  
c . -  r ( 4 / 3 )  e-~Sd~ [8] 

where  
( 2Vraax ) 1/a 

- -  ~ y [9] 
9RoDiz 

The l imi t ing cur ren t  d is t r ibut ion  is the re fo re  found 
to be 

31~----nFDi Oc, [ _ nFDic| ( 2Vmax ) '/3 [10] 

si OY u=0 sir  (4/3)  9RoDiz - 

For  cur ren ts  be low the l imit ing current ,  the  surface 
concentra t ion of solute is not zero and the  boundary  
conditions of Eq. [7] do not  apply.  However ,  one m a y  
never theless  obta in  a re la t ion  be tween  the surface 
concentra t ion d is t r ibut ion  and the cu r ren t  d is t r ibut ion  
by  app ly ing  Duhamel ' s  theorem (7) to Eq. [10] 

nFDi ( 2Vmax ) l / a f j d c s ( z  ') dz' 
J -  sir(4/3-----~ 9RoDi dz----;-- ( z -  Z') 1/3 [11] 

Equat ion [11] wi l l  be  used in the  subsequent  analysis.  

Bulk Region 
The potent ia l  d is t r ibut ion  in the  bu lk  region m a y  be 

taken  into account in two ways,  the second of which  is 
app rox ima te  but  never theless  useful in in i t ia t ing c a n  
culations. The genera l  solution corresponds  to the  solu- 
t ion of the  Laplace  equat ion in c i rcu la r  cy l indr ica l  
coordinates  

v + --  0 [12] 
r Or Ox 2 

With  reference  to Fig. 1A, the  bounda ry  condit ions are 

0r 
- - - - 0  x=O,  O~--r~--Ro 
Ox 

$--r x - h + t + t 2 ,  0~--r~--Ro 

05 
- - - - 0  O ~-- x < l~, r = Ro 
Or 

05 j 
_ h - - ~ x - - - - h +  l, r = R o  

Or K 

- = 0  l ~ + l < x ~ 1 2 + l + l l ,  r = R o  [13] 
ar 

These bounda ry  condit ions indicate  tha t  the  cur ren t  
d is t r ibut ion  along the electrode surface must  be  known 
before  the  potent ia l  d is t r ibut ion  in the  bu lk  region  
can be determined.  In  order  to obta in  a p r e l im ina ry  
es t imat ion of the  cur ren t  dis tr ibut ion,  an approx imate  
method  is used as descr ibed in the next  paragraph .  
The app rox ima te  method is accura te  when  the  tubu la r  
e lec t rode  is ve ry  long in compar ison  with  its diameter .  

Outside the diffusion layer ,  the  concentrat ions are  
uniform. Thus one may, by  dif ferent ia t ing Ohm's  law, 
obta in  an equat ion  for the  conservat ion of charge  

V " i = -- KV2$ [14] 
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For  long th in  tubes, the  potent ia l  in the  solution is 0r 
nea r ly  un i form across the  cross section. A n  app rox i -  ~ = 0 
mar ion to the potent ia l  field, commonly  invoked  in the  0p 
analysis  of porous electrodes (8), is tha t  the poten t ia l  0r 
is one-dimensional .  The local reac t ion  thus appears  
as a pseudohomogeneous  source t e rm in the  charge  0p 
balance  equat ion 0r 

d2~b 2 ~ : 0 
- -  _ - -  ~ [15] a~ 
dx~ Ro~ 

Since reac t ion  proceeds only  on the  e lec t rode  surface, 
one has  

j:-O 0 - - X < / 2  

j - -  0 12 -k l < x -- 12 -t- ~ + 11 [16] wi th  

By combining Eq. [3] and [15] one obtains r = CA* 

-- -- e 'R"r -- e R'T [17] dX 
dx n Ro~ c| 

wi th  the bounda ry  condi t ions ~ 0 

~b "-- CA~ X =  12"~- l-~- ll 1 

de 
= 0, X "- /2 [18] 

dx 

Equation [17], with its boundary conditions, can be 
used as an approximation to Eq. [12]. In some situa- 
tions, the approximation is a very good one; in other 
situations, it is merely necessary in order to proceed 
with an iterative solution of the more generally valid 
Eq. [12]. 

The equations l is ted above are  sufficient in number  
to de te rmine  the behavior  of tubu la r  electrodes over  a 
wide range  of appl ied  potentials .  Before  conduct ing 
the  calculations,  it  is convenient  to t ransform the 
equat ions into dimensionless  form and the reby  reduce  
the  number  of independent  parameters .  

Dimensionless model equations.--The fol lowing di-  
mensionless  ra t ios  wi l l  find use 

r = 

X Z ~" 

x=? z= T, 

,~  11 12 

1 l 

n F  n F  

RgT ~b, 4 ' A * - - ' R g T  r 

nF 2nFl 2 
r 1 6 2  J * : ~ J  

RgT RgTRoK 

n F  n F  es 
~ls* : "qs, ~ c *  : - - ~ l c ,  C : - -  

RgT RgT c| 

The equat ions which define the  model  a re  therefore  

r = "~s* + nc* [19] 

~c* = In C [20] 

j* : ~C~[e at,* --  e-~",*] [21] 

-w2Nr  dC(Z') dZ' 
= 3 .,o dZ' (Z -- Z') I/~ [22] 

and 
pl 0 ( O p  OpOr ~02r 

[23] 

with boundary conditions 

0'I'* 
~--0 X=0, O - - ~ p ~ l  
OX 

~*--r X:72+ 1 +71, 0---~p~ 1 

0--~ X < ~2, p:l 

7o 2 
j* 72---~X--~72-[- 1, p =  1 

2 

72+ l<X_~Ts+ 1 +71, p--i 

[24] 
A n  approx ima te  potent ia l  d is t r ibut ion  can be found 
f rom 

d ~ *  
= ~ [ C ~ - a e ~ *  - C~+~e-B ~*] [25] 

dXZ 

at  X--72+ I+7, 

at X --  "y2 

for 0-----X<xzand'~z+l<X~z+l+~ 

for 72 --~ X ----- 72 + 1 
[26] 

Two impor tan t  dimensionless  pa rame te r s  appear  in 
the foregoing equations of the model  

3n2F212Dtc| ( 2Vmax ) 1/3 
N : siRgTRoKr(4/3) 9DiRol [27] 

2nFl2 
= /o [ 2 8 ]  

RgTRo,c 

I t  seems wor thwhi le  to comment  briefly on how these 
impor tan t  pa rame te r s  are  qua l i ta t ive ly  re la ted  to the  
re la t ive  impor tance  of r ~]s, and ~c, which  sum to the 
appl ied  potent ia l  in accord wi th  Eq. [1]. The p a r a m -  
eter  N contains the  ra t io  Dic| and can the reby  be 
thought  of as the  ra t io  of the impor tance  of concen-  
t ra t ion overpotent ia l  to ohmic (IR) potent ia l  losses in 
the e lec t ro ly te  phase. N m a y  also be considered to be a 
dimensionless  l imi t ing cur ren t  densi ty  averaged  over 
the  e lect rode surface since it contains jtim as given b y  
Eq. [10]. A large  va lue  of N therefore  implies  tha t  the  
mass t ransfer  process proceeds wi th  re la t ive  ease in 
compar ison wi th  passage of cur rent  th rough  the elec-  
t ro lyt ic  solution. Consequently,  l a rge  values  of N m a y  
be expected to cause the  concentra t ion overpoten t ia l  to 
be smal l  w i th  respect  to the  app l ied  potential .  For  
smal l  va lues  of N, the  mass  t ransfe r  process tends  to 
be ra te  l imit ing so tha t  one approaches  the  l imit ing 
cur ren t  behavior .  That  is, wi th  smal l  va lues  of N, the  
quan t i ty  TIc tends to be the  dominant  t e rm  on the 
r ight  side of Eq. [1]. The pa rame te r  ~ contains the 
rat io  io/~ and the reby  indicates  app rox ima te ly  the ra t io  
of ohmic (IR) potent ia l  losses to cha rge - t r ans fe r  over-  
potent ia l  by  surface reaction.  A la rge  value  of ~ cor re -  
sponds to a s i tuat ion where  the  current  d is t r ibut ion 
tends to be h igh ly  nonuni form owing to the  low solu- 
t ion conduct iv i ty  and "revers ib le"  e lectrode reaction. 
On the other  hand, a smal l  va lue  of ~ suggests that  the 
cur ren t  d is t r ibut ion  wil l  tend  to be uniform. The ap-  
p l ied  potent ia l  wi l l  then tend  to be consumed more  by 
the surface overpoten t ia l  t han  by  the (geome t ry -de -  
pendent )  ohmic resistance.  

Two addi t ional  quant i t ies  find use 

f T~ + 1 fO 1 Pa = ~ j*dX = j*dZ [29] 

j .  
J = [30] 

P, 

The quantity Pa is the dimensionless average current 
density flowing to the tubular electrode and is obtained 
by integrating the current distribution over the entire 
electrode. The quantity J is the dimensionless current 
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dis t r ibut ion which has been normalized by the total 
cur ren t  density. That is, 

I~+i JdX ---- 1 [31] 

Method of Solution 
The equations which describe the theoretical model 

consist of three algebraic relations (Eq. [19]-[21]),  
one integral  equation [22], and a differential equation 
(either Eq. [23] or [25]). The five equations must  be 
solved s imultaneously in order to determine the five 
unknown  quantit ies:  concentrat ion overpotential,  sur-  
face overpotential,  cur rent  distribution, surface con- 
centrat ion distribution, and potential  distribution. The 
procedure for solving the equations is complex be- 
cause the equations are strongly coupled. An  i terat ive 
procedure was developed whereby two groups of equa-  
tions were solved alternately,  with successive correc- 
tion, unt i l  convergence was achieved. The calculations, 
outl ined below, were carried out on an IBM 360 digital 
computer. 

In  the bu lk  region of electrolyte, the solution of Eq. 
[23] provides the potential  distr ibution along the tube 
wall. The solution of Eq. [23] was obtained with use of 
Green's  funct ion (9, 10) 

�9 o* = CA* § ~=~cos (~.nX) 

~,s + 1 
--7o/o(~'o~.n)|,~ ~* COS ()~nX)dX 

[32] 
( 2 n -  1) ~-I i (~ok, )  

The Appendix contains details of this step. From Eq. 
[32] it may be recognized that  the potential  dis t r ibu-  
t ion along the surface, r may be calculated pro-  
vided that  the  current  distr ibution along the surfac~ 
j* (X),  is known. 

Within the mass t ransfer  layer, the remaining  equa-  
tions [19]-[22] are solved s imultaneously in order to 
obtain the reaction rate and the surface concentrat ion 
distributions. The integral  in  Eq. [22] is evaluated by 
the method of Acrivos and Chambr@ (11). In  order to 
obtain the solution, the potential  distr ibution along 
the electrode surface must  be known. However, in the 
preceding paragraph it was already ment ioned that  the 
potential  distr ibution could be determined only if the 
current  dis t r ibut ion was known. 

During the i terative procedure outl ined below, the 
first t r ial  dis t r ibut ion was found to be crucial in de- 
t e rmin ing  the number  of i terations and, in many  cases, 
in determining the successful convergence of subse- 
quent  trials. In  order to obtain reasonable ini t ial  tr ial  
values, the one-dimensional  model for the potential  
field in the tube was employed. The solution of this 
approximate situation has been reported in other 
studies on porous and  resistive electrodes (12, 13). The 
following iterative procedure has been found success- 
ful: 

1. Obtain a tr ial  potential  distr ibution (one-d imen-  
sional) with uni form solute concentrat ion (C ---- 1.0) by 
solving Eq. [25] with its boundary  conditions. 

2. With the trial  potential  distr ibution in hand, 
proceed to solve Eq. [19] through [22] s imultaneously 
to obtain a trial  dis t r ibut ion of cur ren t  and surface 
concentration. 

3. Integrate  the tr ial  current  dis t r ibut ion twice, in 
accord with Eq. [15], to provide a new guess for the 
potential  dis t r ibut ion along the electrode surface. 

4. Repeat steps 2 and 3 above unt i l  two successive 
distr ibutions agree wi thin  a specified convergence cri- 
terion. A trial  solution is now available which obeys 
the one-dimensional  potential  dis t r ibut ion approxi-  
mation. 

5. Substi tute the current  dis t r ibut ion obtained from 
step 4 into Eq. [32] and obtain a t r ial  dis t r ibut ion of 
the potential  along the tube wall. 

6. Proceed to solve Eq. [19] through [22] s imul tane-  
ously to obtain a trial  dis t r ibut ion of current  and con- 
centration. 

7. With the tr ial  current  dis t r ibut ion in  hand, em- 
ploy Eq. [32] to generate a new tr ial  potential  distri-  
bution. 

8. Repeat steps 6 and 7 above unt i l  convergence is 
achieved. The solution so obtained obeys the two- 
dimensional  potential  equation. 

In  most cases it was found necessary to average new 
and previous distr ibutions in order to achieve con- 
vergence. 

The over-al l  procedure outl ined above involves a 
number  of detailed calculations which deserve fur ther  
comment. Step 1 was carried out by l inearizing the 
nonl inear  terms about a t r ial  solution and then placing 
them in finite difference form. The result ing tr idiagonal 
mat r ix  was inver ted easily, and the procedure re-  
peated unt i l  convergence upon the nonl inear  equation 
was achieved. Steps 2 and 6, which involve the simul-  
taneous solution of Eq. [19] through [22], were accom- 
plished by first subst i tut ing Eq. [19] and [20] into [21] 
with the result  

j* = ~[C~-~e~o* -- Cv+~e-~r [33] 

Now subtract  Eq. [22] from [33] to el iminate j*, and 
denote the difference by the function f (C) .  With  a trial  
potential  dis t r ibut ion in hand, it is recognized that  the 
s imultaneous solution of [22] and [33] is now equiva-  
lent  to finding the concentrat ion distr ibution such that 
~(C) : -  0 at every point along the electrode surface. 
In  order to find the solution, one begins at the up-  
stream edge where C ---- 1. The surface concentrat ion 
at the first incremental  step downstream is then found 
by t r ia l  and error following Newton's  method of con- 
vergence 

Ci+~ -- Ci -l- - -  [34] 
dI 

dC 

where Ci represents a guess of the correct surface 
concentration and Ci+1 represents an improved guess. 
The derivative df/dC is evaluated analytically, that is, 
by differentiating the function I(C) and determining 
the value of the derivative. The integral expression 
which Eq. [22] contributes to the function f(C) is 
evaluated by a numerical method (11). By this pro- 
cedure, one proceeds downstream step by step, taking 
the first guess of Ci to be that of the preceding inter- 
val, and then solving [22] and [33] at each incremental 
step. The potential and concentration distributions ob- 
tained in this manner are then substituted into Eq. 
[33] in order to compute the trial current distribution. 
One may then continue with either step 3 or 7 in the 
over-all iteration sequence outlined previously. 

Results and Discussion 
Calculations based on the preceding theoretical 

model have been conducted in  order to test the c a n  
culat ional  method and to i l luminate  several charac- 
teristic features of tubular  electrode behavior. All 
calculations have been conducted for cathodic dep- 
osition with use of a symmetric t ransfer  coefficient 
(~ ---- ~ ---- 0.5). The dimensionless parameters  em- 
ployed in the following analysis should permit  ap- 
plication of the results to a wide var ie ty  of actual 
systems. 

First  consider behavior  when  the reaction rate is 
sufficiently low that  mass t ransfer  l imitat ions are 
absent. It may  be realized that  the current  distr ibution 
depends on both 70 ( rad ius / length  ratio) and ~ (ohmic/  
charge- t ransfer  overpotential  ratio).  The most reactive 
portion of the tubular  electrode wil l  tend to be that 
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port ion most accessible to the counterelectrode. Figure 
2 i l lustrates the current  distr ibution in a long tube of 
twenty-five radii  in  length (~'o ---- 0.04). The counter-  
electrode is positioned on the r ight  side of the cell. 
From Fig. 2 the  current  distr ibution is seen to depend 
on the parameter  ~ which denotes the ratio of potential  
loss in the electrolyte to surface overpotential.  For 
very small  values of ~, the cur ren t  dis t r ibut ion is very 
uni form since the cell potential  is consumed by sur-  
face overpotential  which does not depend on distance 
from the counterelectrode. For large values of ~, the 
resistance of the electrolytic solution is important  so 
that the electrode regions nearest  the counterelectrode 
are highly reactive. When the tubu la r  electrode is very 
long with respect to its diameter, as in  Fig. 2, the po- 
tent ial  dis t r ibut ion in the solution tends to be one 
dimensional  so that results are similar to those avail-  
able in  the l i terature on porous electrodes (14). 

Cont inuing discussion in  the complete absence of 
mass transfer,  Fig. 3 shows how the tubular  electrode 
rad ius / length  ratio influences the cur ren t  distr ibution 
for one part icular  value of ~. For very long narrow 
tubes (small 1'o) the reaction rate is highest near  the 
counterelectrode; the current  does not penetrate  into 
the tube owing to the high solution resistance. As the 
radius of the tube is increased relat ive to its length, 
however, the port ion of the tube  furthest  f rom the 
counterelectrode becomes increasingly reactive. Re- 
gions in the middle of the tube become the least reactive. 
For large values of ~o, the current  dis t r ibut ion would 
become symmetric about the middle of the tube, in 
which case the counterelectrode position is immaterial .  
From these considerations it is recognized that the 
parameter  ~'o determines to what  extent  the tube re-  
stricts cur ren t  from flowing to the edge far from the 
counterelectrode, while  the  parameter  ~ influences the 
uni formi ty  of the react ion distribution. Results for 

= ~o would correspond to the "pr imary" current  dis- 
t r ibut ion in which case the cur ren t  density at each 
edge of the electrode would tend toward infinity. The 
foregoing results have been obtained in the complete 
absence of mass t ransfer  l imitat ions and are thereby 
independent  of the direction or na tu re  of electrolyte 
flow in the tube. 

In  contrast to the previous paragraph, consider 
now the behavior encountered at the l imit ing current.  
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Fig. 2. Dependence of the secondary current distribution on the 
parameter 6 The counterelectrode is on the right. 
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Fig. 3. Dependence of the secondary current distribution on the 
parameter "Yo. The cuunterelectrode is on the right. 

As indicated in  both parts of Fig. 1, electrolyte flows 
through the cell from left to right. Therefore the l imit-  
ing current  distribution, shown in Fig. 4, is highest at 
the le f t -hand (upstream) edge of the electrode and de- 
creases with distance downstream owing to depletion 
of reactive species near  the electrode surface. The 
l imit ing current  dis t r ibut ion is given by Eq. [10] 
which in dimensionless notat ion is 

2 (i~ I/8 
=T N E/ [35] 

Equation [35] indicates that  the l imit ing current  is in-  
finitely large at the ups t ream edge of the electrode 
(Z = 0) since the mass t ransfer  diffusion layer is of 
zero thickness. The l imit ing current  distr ibution is in-  
dependent  of the parameters  "yo and ~ and, in addition, 
is independent  of whether  the counterelectrode is 

3t 
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Z 
o 
b- 
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r r  

o 
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Fig. 4. The limiting current distribution. Electrolyte flow is from 

left to right. 
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placed upstream or downstream from ~he tubu la r  
electrode. Comparison of Fig. 4 with either of Fig. 2 
and 3 indicates clearly that  the l imit ing current  dis- 
t r ibut ion can be exceedingly different from the sec- 
ondary current  distribution, especially when  the coun-  
terelectrode is placed downstream. By integrat ing Eq. 
[35] in accord with the definition of ~a, Eq. [29], one 
finds at the l imit ing cur ren t  

Palm - -  N [ 3 6 ]  

Now let us t u rn  to several examples of more com- 
plex behavior  a~ intermediate  currents. In  view of 
the targe number  of system parameters,  it would be 
cumbersome to report  detailed parameter  studies for 
every possible case. Only  a few features, which seem 
to be of special interest, have been chosen for discus- 
sion at this time. 

Consider first the behavior  of long tubes where the 
counterelectrode is downstream with respect to the 
fluid flow, as in Fig. 1A. For one set of condit ions 
(CA* ---- --3, 7o ---- 0.04), Fig. 5 shows how the param-  
eter N influences the current  distribution. When the 
average l imit ing cur ren t  density is very high (large 
N), mass t ransfer  processes are inconsequential ;  the 
reaction rate along the tube is therefore highest near  
the counterelectrode (downstream region) owing to 
the high solution resistance and small  tube radius. 
When the average l imit ing current  density is very low 
(small N), then mass t ransfer  processes predominate 
and the upstream region of the electrode is most re-  
active. At in termediate  current  levels, both ends of the 
electrode are more reactive than  the center:  the up-  
stream region because it is accessible to reactive spe- 
cies, and the downstream region because it is accessi- 
ble to ~he counterelectrode. 

The concentrat ion of reactive species adjacent  to the 
electrode surface varies with distance along the elec- 
trode. Figure 6 i l lustrates how N influences the surface 
concentrat ion distr ibution in  a long tube (70 ---- 0.04) 
with a reversible reaction (~----25). The counterelec- 
trode is downstream. When N has large values, con- 
centrat ion overpotential  effects are relat ively minor;  
depletion occurs pr imar i ly  in  downstream regions 
where the electrode is most reactive. As the average 
l imit ing current  density (N) is decreased, lower sur-  
face concentrations are encountered. The surface con- 
centrat ion decreases more rapidly in upstream re-  
gions, where the diffusion layer is thin.  At the l imit ing 
current,  ~he concentrat ion is uniform along the entire 

CE I I i t 
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Fig. 5. Dependence of the current distribution on parameter N. 
Flow is from left to right; the counterelectrode is on the right. 
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Fig. 6. Concentration distribution along electrode surface near 
the limiting current condition. Flow is from left to right; counter- 
electrode is on the right. 

electrode surface and, in  accord wi th  Eq. [20], has 
the value 

C --" e r  [ 3 7 ]  

The concentrat ion dis tr ibut ion along the electrode sur-  
face also depends upon ~. For  long tubes (7o ----- 0.04) 
near  the l imit ing current  (N ---- 0.5), the results of Fig. 
7 are typical. Flow of electrolyte is from left to right, 
and the counterelectrode is downstream on the right. 
For low values of ~, the charge- t ransfer  resistance pre-  
dominates behavior so that the react ion distr ibution is 
uniform and the extent  of concentrat ion depletion is 
minor  since the product  (~N) is small. As ~ is increased, 
charge- t ransfer  becomes subordinate to mass t ransfer  
resistances; the surface concentrat ion then decreases 
strongly over ups t ream portions of the electrode where 
react ivi ty is highest. For still larger valuea of 4, the 
ohmic resistance of the electrolyte begins to influence 
behavior by render ing the upstream regions (far from 
the counterelectrode) less reactive owing to the re- 
sistance of electrolyte within the tube; therefore the 
concentrat ion overpotential  decreases. 

In  the concluding example, consider the behavior of 
a long tube where the counterelectrode is placed up-  
stream with respect to ~he fluid flow, as indicated in 
Fig. lB. The dependence of the current  distr ibution on 
the level of the current  is provided in  Fig. 8. As in 
the discussion of Fig. 4, the l imit ing cur ren t  dis t r ibu-  
t ion is encountered when  N is small, and the secondary 
dis t r ibut ion is encountered when  N is large. Based on 
the preceding discussion, it is recognized that the 
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Fig. 7. Dependence of the surface concentration distribution on 
parameter ~. Flow is from left to right; the counterelectrode is on 
the right. 
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Fig. 8. Dependence of the current distribution on parameter N. 

Flow is from left to right; the counterelectrode is on the left. 

secondary  cur ren t  d is t r ibut ion  wil l  be un i form to an 
ex ten t  which  depends  on the  pa rame te r  }. For  a s i tu-  
a t ion somewhat  near  the l imi t ing current ,  Fig. 9 i l lus-  
t ra tes  how the  reac tan t  concentra t ion  var ies  wi th  dis-  
tance a long the e lec t rode  surface for  var ious  values  of 
~. For  smal l  va lues  of }, the  cha rge - t r ans fe r  overpoten-  
t ia l  is of ma jo r  impor tance  and the concentra t ion de-  
ple t ion is of minor  extent .  A t  in te rmedia te  values  of }, 
concentra t ion  overpoten t ia l  becomes predominan~ and 
the  surface concentra t ion  takes  on ve ry  low values.  
A t  st i l l  h igher  values  of }, the  ohmic res is tance  of the 
e lec t ro ly te  renders  downs t r eam por t ions  essent ia l ly  
iner t  wi th  the  consequence tha t  the  diffusion layer  be -  
comes rep len ished  wi th  reac tan t  species which diffuse 
in f rom the  bu lk  region.  A m i n i m u m  in the  surface 
concentra t ion d is t r ibu t ion  is t he reby  observed.  

Conclus ions  
The computa t iona l  me thod  deve loped  in this  s tudy  

provides  a nonin tu i t ive  method for predic t ing  e lec t ro-  
chemical  behavior  over  a wide range  of cur ren t  den-  
sities. The calculat ions  provide  a unified t r ea tmen t  of 
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Fig. 9. Dependence of surface concentration distribution on 
parameter ~. Flow is from left to right; counterelectrode is on the 
left. 

the  dependence  of two-d imens iona l  t ubu la r  e lectrode 
behavior  on charge- t ransfer ,  mass t ransport ,  ohmic 
and geometr ic  pa rame te r s  of the  sys tem as wel l  as 
countere lec t rode positions. The method of calculat ion 
is genera l  in na ture  and m a y  be appl ied  to o ther  geom- 
etr ies  and other  convect ive flow situations. The Green 's  
function and the Lighth i l l  t r ans format ion  methods  
provide  powerfu l  routes  for solving the potent ia l  dis-  
t r ibut ion  and the l amina r  convect ive t ranspor t  aspects 
of the problem.  The crucial  assumptions  are  tha t  the  
fluid moves  in s teady l amina r  flow (Re < 2100), the 
react ing species do not  mig ra t e  (small  t ransference  
number ) ,  and  the diffusion layer  is thin wi th  respect  to 
the tube  radius  (zDi/2<vz>R2o < 0.01). The L~v~que 
approximat ion ,  invoked in this  s tudy to gain Eq. [6], 
could be improved  upon b y  including h igher  order  
te rms (15). Other  assumptions  are  also made  along 
the route, but  these m a y  be eas i ly  modified to suit 
special  circumstances,  for example ,  the  choice of reac-  
t ion ra te  expression.  In  order  to ex tend  the  method 
to account for t u rbu len t  convect ion or the homoge-  
neous chemical  react ions which accompany e lec t ro-  
chemical  reaction, the  Lighth i l l  t ransformat ion  method  
would  have to be d iscarded in favor  of an a l t e rna t ive  
method.  

The t r ea tmen t  given above has emphas ized  detai ls  
of the computa t iona l  method and has discussed a few 
genera l  fea tures  of the  results;  addi t ional  calculat ions 
would  be profi table.  Fo r  example  the  behavior  of 
f low-through porous electrodes,  a l though exceedingly  
complex  f rom a phys ica l  point  of view, has been 
ma themat i ca l ly  modeled  by  one-dimensional  equations 
of charge-  and species- t ranspor t .  The presen t  s tudy 
provides  a method for assessing condit ions under  which 
these crucia l  assumptions  are  valid.  

In  a series of publ ica t ions  Blaedel  et aL (16), in-  
ves t iga ted  the  u t i l i ty  of f low-through tubu la r  p la t i -  
num electrodes for use in e lec t roanaly t ica l  studies. The 
pr inc ipa l  advantages  of the method  were  that  it per -  
mi t ted  s t eady- s t a t e  measurements  and the reby  avoided 
fas t - response  electronic c i rcui t ry ,  and tha t  it  en joyed 
a high sens i t iv i ty  owing to the  high ra te  of mass 
t ransfer .  However  the h igh ly  nonuni form potent ia l  
field wi th in  the  tubu la r  e lec t rode  was found to cause 
devia t ions  f rom behavior  pred ic ted  for the  l imi t ing 
cur ren t  condition. A t t empt s  to modi fy  the  measu re -  
ment  c i rcui t  to account for  the  uncompensated  re -  
sistance were  unsuccessful.  As a resul t  it  had been 
concluded that  the  method  was  res t r ic ted  to low cur-  
rent  densit ies for which  ohmic resis tance effects were  
negligible.  The presen t  theore t ica l  formula t ion  p ro -  
vides a sound basis for t ak ing  into account the  uncom- 
pensated resis tance phenomena  which  l imi ted  the 
analysis  of Blaedel ' s  expe r imen ta l  data  at  high cur ren t  
densities. 
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A P P E N D I X  
It  is convenient  to change the var iab le  in Eq. [23] 

and the bounda ry  condit ions [24] by  in t roducing 
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,I, : r --  CA* [ A - l ]  

Thus one obtains the equat ion 

1 O ( = O  ~I" ) ~- ~,o 2 02xl" : 0  [A-2] 
Op Pop  OX 2 

with the  bounda ry  condit ions 

:0 X : 0 ,  0-----~--~i 
0X 

�9 I , = 0  X'-72-J- 1-}-71, 0---~p~---1 

n �9 ~xI" : 0 0 ~ X <  72, p : 1 

where in  

K(p) : 7J.np(1 -t- Z~ -}- "~2) [K1(7o~.~o) Io (7o~.I~ ~ 

+ Ko(~o~p)II(~o~n~) ] [A-12] 

and Io, Ko, I~, and K~ are modified Bessel functions. We 
are now ready to revoke Green's theorem 

yv (G~72,I, --  "I'~72G) dV 

: ~ (Gn �9 V,I" --  ,I,n �9 V G ) d S  [A-13] 

in order  to gain the p re l imina ry  resul t  

co 

�9 I,(~,X) : ~ 2cos  (~.nX)Io(7o~.np)[Io(7o~.n)Kl(%~.n) -~- II(%~-n)go(7o)m)] 

.=~ K(p)l~(7okn) 

fTy2 + 1 / - -  702 - y - )  cos (~.~)j*d~ 

[A-14] 

1 
n �9 V~-" : --  - -7o2j  * ~2 ---~ X ~'~2 -{- 1, p = l  

2 
n .  V,I" : 0 ~,2-~ I < X  p :  1 

-----72 -}- I + 71, 

[A-3] 
Equation [A-2] will now be integrated with use of the 
Green function, G(n,f;p,X) which is to be found 
such tha t  i t  satisfies the  re la t ion  

n + "~2 : ~ 6 (n -- p) 6 (f -- X) 
n 0,1 8~ 2 2xn 

[A-4] 
wi th  the  side condit ions 

0G C 
( n , 0 ; p , X )  : -  0 Ci 

O~ Cs 
G(,I,'~2 ~- 1 -k ~I;p,X) : 0 
n �9 VG(1,~;p,X) = 0 [A-5] c~ 

Di Consider  first the homogeneous por t ion  of Eq. [A-4] F 

,I + 702 : 0 [A-6] io 
n On O~ 2 

may postulate a solution of the homogeneous equa- ~, 
@ 

One 
tion by separation of variables 

G : x ( ~ ) R ( ~ )  [A-7]  J 

Subs t i tu t ing  Eq. [A-7] into Eq. [A-6] generates  an l 
o rd ina ry  different ia l  equat ion for de te rmin ing  the ll 
e igenfunctions 

Xn(D : ~J2--cos (~nD [A-8] 12 
where  

( 2 n -  1)~ n 
~ n :  2 (1-}- ~2 -}- 71) ' n : 1 , 2 , 3  . . . .  

N 
The quan t i ty  5 (f - -  X) m a y  now be expanded  in te rms 
of the  eigenfunct ions xn. Wi th  use of the  or thogonal i ty  
p rope r ty  of the eigenfunctions,  one the reby  gains r 

Ro 

~ ( ~  - -  X )  = " X n ( X )  X n ( ~ )  [A-9] si  

Now we are  p repa red  to pos tu la te  a solution of the  
inhomogeneous equat ion having the form 

G(~,~;~,X) _-- ~ Xn(;)Rn(~) [A-10] Y 
~ 1  

Z 
from which one obtains  

In accord with  Eq. [ A - l ] ,  the  potent ia l  in the  e lec t ro-  

[A-15] 
lyre just outside the diffusion layer is 

�9 o* --  ~* (1,X) ---- r ~- ,I,(1,X) 
o r  

oo 

~o* = r + ~ cos (~nX) 
n = l  

f ~ + l  J* cos ()~X)dX -- 7olo ('7okn) ,~ w 

Vnlax 
<Vx> 
X 
X 

[A-16] 

(2n - i) ~ I~ (vox~) 

SYMBOLS 
Cs/C~, surface concentration, dimensionless 
concentration of species i, g-mole/cm 3 
reactant concentration at electrode surface, 
g-mole/cm a 
reactant concentration in bulk region, g-mole/ 
cm 3 
diffusion coefficient of species i, cmS/sec 
Faraday's constant, 96,500 coulombs/g-equiv- 
alent 
exchange current density of electrode reaction, 
A/cm 2 
local reaction rate, A/cm 2 
2nFI2j/RgTRoK, local reactio.n rate, dimension- 
less 
j*/fla, normalized local reaction rate, dimen- 
sionless 
length of tubular electrode, cm 
distance from counterelectrode to edge of 
tubular electrode, cm 
distance from rear edge of tubular electrode to 
rear plane of equipotential, cm 
number of electrons taking part in electrode 
reaction 

3n2F212DiC| ( 2Vmax )I/3, average lim - 
siR~TRo~r (4/3) 9DiRol 

iting current density, dimensionless 
spatial variable in radial direction, cm 
radius of tubular electrode, cm 
gas constant, 8.31 joules/g-mole deg 
stoichiometric coefficient of the reacting spe- 
cies 
fluid velocity along tube axis, cm/sec 
mass average fluid velocity, cm/sec 
spatial variable in axial direction, cm 
x/l, spatial variable in axial direction, dimen- 
sionless 
spatial variable normal to electrode surface, 
cm 
spatial variable along electrode surface paral- 
lel to direction of fluid flow, cm 

Rn (n) = 

f - - x n ( X )  [/o(7oknp)Kl(7o~n) J r l l ( % ~ n )  Ko(7oknp)] 
2~K(p)ll(7okn) 

--xn(X) [lo(Voknn)K1(Vo~n) -{-II(7o~n)Ko(7o~n~)] 

2~K(p)II(7o~n) 

Io &o~nn), '1 < p 

[A-11] 
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z/l, spat ia l  va r i ab le  along electrode surface, 
dimensionless  
pa r ame te r  in react ion ra te  express ion 
pa rame te r  in react ion ra te  express ion 
average  cur ren t  density,  Eq. [29], d imension-  
less 
p a r a m e t e r  in react ion ra te  express ion 
Ro/l, geometr ic  aspect ratio, dimensionless  
ll/l, geometr ic  ratio, dimensionless  
12/l, geometr ic  ratio, dimensionless  
gamma funct ion 
concent ra t ion  overpotent ia l ,  V 
(nF/RKT)~c, concentra t ion overpotent ial ,  d i -  

mensionless  
cha rge - t r ans fe r  overpotent ia l ,  V 
(nF/RKT)~ls, cha rge - t r ans fe r  overpotent ial ,  d i -  
mensionless  
e lect rolyte  conductivi ty,  (ohm-cm)  -1 
e igenvalues  of the  Green  function solution, 
Eq. [32] 

2nFl~ 
- - - i o ,  react ion veloci ty  parameter ,  d i -  
R~TRo~ 

mensionless  
potent ia l  in e lec t ro ly te  phase,  V 
(nF/RgT) r potent ia l  in e lec t ro ly te  phase, di -  

mensionless  
po ten t ia l  app l i ed  across cell, V 
(nF/R~T)~A, app l ied  potential ,  dimensionless  
ohmic potent ia l  loss in electrolyte ,  V 
potent ia l  at  outer  edge of diffusion layer ,  V 
(nF/RgT)~o, potent ia l  at outer  edge of diffu- 
sion layer ,  dimensionless  
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The Hydrogen-Loss Concept of Battery Failure: 
The PbO  Electrode 

S. M. Caulder,* J. S. Murday, and A. C. Simon* 
Naval Research Laboratory, Washington, D.C. 20375 

A prob lem common to al l  secondary  bat ter ies  is the  
g radua l  loss of capaci ty  dur ing  cycling. The cause of 
this  degrada t ion  in pe r fo rmance  has been a t t r ibu ted  
to loss of act ive ma te r i a l  (PbO2), r ea r r angemen t  of 
the  micros t ruc ture  of the  active ma te r i a l  into a less 
porous configuration, loss of contact  be tween  indi -  
v idual  par t ic les  of t he  act ive mater ia l ,  Or of the  con-  
tact  be tween  act ive m a t e r i a l  and the  cu r ren t - conduc t -  
ing grid. Recent  p r e l im ina ry  pulsed  nuclear  magnet ic  
resonance (NMR) invest igat ions  revea led  a new factor, 
the  presence of a hydrogen  species in the  e lec t rochemi-  
cal ly  p repa red  PbO2 structure,  which  appears  to be 
re la ted  to  the  loss of capaci ty  of the  l ead -ac id  ba t -  
teries,  and m a y  be present  in o ther  ba t t e ry  systems as 
wel l  (1). 

Severa l  observat ions  made  recen t ly  at  this l abora -  
to ry  on lead  dioxide  electrodes a re  as follows. (i) 
X - r a y  analyses  have shown the  loss in capaci ty  wi th  
charge-d i scharge  cycl ing was not  accompanied by  a 
cor responding increase  in lead sulfate  on the charged 
posi t ive  plate,  as would  be the  case if act ive par t ic les  
were  becoming insula ted  f rom the  matr ix .  (ii) A dif- 

" Electrochemical Society Active M e m b e r .  
Key words: lead dioxide, lead dioxide electrode, pulsed nuclear 

magnetic resonance, hydrogen species, capacity loss. 

ference in chemical  and  the rma l  r eac t iv i ty  was ob-  
served be tween  chemical ly  p r epa red  lead dioxide  sam-  
ples and those p repa red  b y  electrochemical  means. (iii) 
Different ial  t he rmal  analysis  (DTA) showed dist inct  
differences in the  the rmal  degrada t ion  mechanisms (2) 
of these two materials ,  a l though x - r a y  analysis  fai led 
to show any s t ruc tura l  differences. DTA also indicated 
that,  a f te r  long per iods  of cycling, the  lead  dioxide in 
the  cycled plates  gave a t he rma l  decomposit ion pa th  
resembl ing  tha t  of the chemical ly  p repa red  PbO2, 
r a the r  than  that  of the  e lect rochemical  form. (iv) Dif-  
fe rent ia l  scanning ca lor imetry ,  es tabl i shed  tha t  the  
e lec t rochemical ly  p repared  form of lead  dioxide gave 
an exothermic  peak  at  180~ (v) High t e m p e r a t u r e  
mass spectroscopy at  10 -6 m m  showed this peak  to be 
associated wi th  wa te r  evolution.  No exothermic  peak  
or  wa te r  evolut ion  was observed at  180~ wi th  chemi-  
cal ly  p repared  PbO2. However ,  mass spectroscopy did 
show some adsorbed wa te r  to be evolved f rom both 
the  chemical  and e lect rochemical  lead dioxide when 
the samples  were  subjec ted  to a 10 - s  m m  vacuum and 
hea ted  to 1O0~ Previous  invest igat ions (3, 4) have  
also shown tha t  upon hea t ing  PbO2 gives off w a t e r  of 
an unde te rmined  origin. 
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These invest igat ions d id  not show, however ,  whe ther  
the  H20 was present  as a wa te r  molecule, as O H -  and 
H + ions, or as oxygen  and hydrogen  const i tuents  in 
some unknown structure .  To fu r the r  i l lumina te  th is  
point,  a pulsed NMR (5, 6) s tudy  of the  hydrogen  nu-  
clear  re laxa t ion  t imes was made  of the two compounds.  
I t  is evident  f rom the  re la t ive  magni tudes  of the  hy -  
drogen signals (Fig. 1) that  the  e lec t rochemical  form 
has more  hydrogen.  The nonexponent ia l  charac te r  of 
its re laxa t ion  t ime indicates  that  the e lec t rochemical ly  
p repared  samples  of lead dioxide  has hydrogen  present  
in at least  two different  configurations. The chemical ly  
p r epa red  samples  showed uni form hydrogen  behavior  
as evidenced by  a single exponent ia l  r e l axa t ion  time. 

If  one decomposes the re laxa t ion  da ta  for the elec-  
t rochemical  PbO2 into an exponent ia l  ( long- t ime  be-  
havior )  and a gaussian ( shor t - t ime  behavior )  the 
long- t ime  behavior  (upper  solid l ine in Fig. 1) is s imi-  
la r  to tha t  found in the chemical  sample. The chemical  
na ture  of the  slow re lax ing  hydrogen  is not  ye t  clear. 
The r e l axa t ion  t ime of the fast component  does not  
change apprec iab ly  wi th  t empe ra tu r e  in the  range 
3.0 < 103/T ~ < 10; this  behavior  coupled wi th  the 
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Fig. 1. Typical hydrogen signal of chemical and electrochemical 
Pb02. Solid lines indicate slow relaxation component of the hy- 
drogen signal. The fast relaxation component of the electrochemical 
Pb02 is shown by the noncoanected circles. 

gaussian decay implies  that  hydrogen  nuclei  motion is 
so slow (Tj < 5 • 104 jumps / sec )  tha t  no mot ional  
nar rowing  of the NMR line occurs in this t empe ra tu r e  
range  (the r ig id  la t t ice  condi t ion of NMR).  F r o m  the  
magni tude  of the  re laxa t ion  t ime one can calculate  a 
hyd roge n -hyd roge n  separa t ion  of s l ight ly  grea ter  than 
2A. This means  the  hydrogen  species corresponding to 
the  fast  re laxa t ion  component  a re  not  present  in the  
form of wa te r  molecules which  have a separa t ion  of 
1.6A. Thus, it  has now been es tabl ished that  another  
species o ther  than wa te r  is associated wi th  the e lec t ro-  
chemical ly  p repared  PbO2. 

The other  in teres t ing par t  of this invest igat ion is 
tha t  as the  number  of charge-d i scharge  cycles in-  
creases the concent ra t ion  of fast  r e l ax ing  hydrogen  
species decreases.  This observat ion seems to indicate  
tha t  the  react ive  e lec t rochemical  form of lead  dioxide 
changes upon ex tended  cycling, perhaps  rever t ing  to 
the re la t ive ly  iner t  chemical  form. 

The resul ts  of the  NMR inves t iga t ion  suggest  tha t  
the loss of hydrogen  f rom the l ead  dioxide  s t ructure  is 
connected wi th  loss of r eac t iv i ty  and, consequently,  
capacity.  The mechanism involved is not  ye t  clear.  I t  
seems that  the lead  dioxide  in i ts less reac t ive  (chemi-  
ca l ly  p repared)  form cannot be reduced  to lead  sulfate.  
This suggests that  the hydrogen  species present  in the 
e lec t rochemical  form are  in some manne r  necessary  for 
this reduction.  I t  is possible tha t  these  hydrogen  
species m a y  e i ther  ca ta lyze  the  reduct ion or form a 
necessary  chemical  step in the  reduct ion  of lead  di-  
oxide. These and other  possibi l i t ies  wi l l  be inves t i -  
gated.  
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Nondestructive Monitoring by MSssbauer Spectroscopy of the Rate 
of Corrosion of Coated Metal at the Metal-Polymer Interface 

Henry Leidheiser, Jr.,* G. W. Simmons, and Elsie Kellerman 
Center for Sur/ace and Coatings Research, Lehigh University, Bethlehem, Pennsylvania 18015 

Food containers,  meta l s  exposed to the a tmosphere ,  
and s t ruc tura l  meta ls  exposed to corrosive env i ron-  

* Electrochemical Society Active Member. 
Key words: MSssbauer spectroscopy, corrosion, cobalt, coatings, 

polybutadiene. 

ments  are  often pro tec ted  by  polymer ic  coatings,  s im-  
ple or complex  in formulat ion.  The ra te  of corrosion 
at the  m e t a l - p o l y m e r  in terface  in the  ear l ies t  stages 
is difficult to determine,  pa r t i cu l a r ly  when  the coating 
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is opaque. The purpose of this communicat ion is to 
describe, by means of an example, a method based on 
MSssbauer spectroscopy whereby the extent  of corro- 
sion in  such systems can be followed. The example 
method is directly applicable to cobalt substrates and 
depends for its operation on having Co-57 at the in ter -  
face, measur ing the resonance absorption of the 14.4 
keV gamma ray produced in  one stage of the t ransi t ion 
of Co-57 to the ground state of Fe-57, and determining 
from the resul t ing  spectra the extent  of conversion of 
e lemental  metal  to a metal  compound. Extension of the 
method to substrates containing t in and ant imony is 
readily accomplished. I t  remains to be shown that  the 
method can characterize the qual i ty  of protection of- 
fered by coatings to steel substrates. 
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Fig. 1. M~ssbauer spectrum obtained from a 50~, thick electro- 
deposit of cobalt containing Co-57. 
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Fig. 2. M~ssbauer spectrum of the Ce-57 electrodeposit subjected 
to cathodic treatment in sodium hydroxide. Spectrum was taken 
in situ during cathodic treatment. 
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Fig. 4. M~ssbauer spectrum of coated sample after exposure to 
3% NaCI solution for 84 hr. Note that center peaks characteristic 
of cobalt oxide ha~e increased in intensity relative to those in 
Fig. 3. 
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Fig. 5. M~ssbauer spectrum of an uncoated sample exposed to 3% 
NaCI for i hr. Spectrum before exposure to NaCI was similar to 
that shown in Fig. 1. 

Cobalt doped wi th  Co-57 was electrodeposited on 
cobalt from a saturated ammonium oxalate solution. 
The mass deposited was equivalent  to a uniform coat- 
ing 50A in thickness. The MSssbauer emission spec- 
t rum of such a sample using an enriched stainless- 
steel absorber is given in Fig. 1. The s ix- l ine spectrum 
(clearly shown in  Fig. 2) is characteristic of elemental  
metal  while the central  peak (clearly shown in Fig. 5) 
is characteristic of ionic cobalt. Computer  analysis of 
the spectrum of Fig. 1 leads to the result  that  61% of 
the electrodeposit consists of e lemental  cobalt and 39% 
of the deposit consists of cobalt oxide. The oxide pre-  
sumably forms after removal  from the plat ing bath 
since in situ determinat ion of the M6ssbauer spectrum 
dur ing cathodic t rea tment  yields the s ix- l ine spectrum 
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Fig. 3. M6ssbauer spectrum after coating sample with polybuta- 
diene to a thickness of 0.001 cm and curing in air at 200~ for 30 
min. Ionic cobalt at the metal-polymer interface has increased in 
amount over that for uncoated sample. 

Table I* 

S a m p l e  description 

C o m p o s i t i o n  of  50A thick 
coba l t  a t  the  i n t e r f ace  

Pe r  cen t  e le-  Per  cent  
m e n t a l  coba l t  ion ic  coba l t  

S t a r t i n g  s a m p l e  w i t h  50A t h i c k  e lec-  
t r o d e p o s i t  61 39 

S a m p l e  coa ted  w i t h  p o l y b u t a d i e n e  
to a t h i c k n e s s  of 0.001 cm 61 39 

S a m p l e  cu red  a t  200~ fo r  30 m i n  52 48 
Coa ted  s a m p l e  exposed  to  3% NaC1 

fo r  84 h r  43 57 
Uncoated r e fe rence  s a m p l e  exposed  26 63 + 11 los t  

to 3% NaC1 fo r  60 ra in  to  so lu t i on  

* The  n u m b e r s  in  the  t ab l e  are c o m p u t e r  d e t e r m i n a t i o n s  of the  
r e l a t i v e  a reas  of the  s p e c t r u m  due  to  e l e m e n t a l  m e t a l  and  of  the  
s p e c t r u m  due  to t he  c o m p o u n d .  To a f i rs t  a p p r o x i m a t i o n  the  n u m -  
bers  r e p r e s e n t  the  r e l a t i v e  a m o u n t s  of the  two  species  s ince i t  is  
r ea sonab le  to expec t  t h a t  the  r eco i l - f r ee  f r a c t i o n  in  b o t h  the  m e t a l  
and  t he  c o m p o u n d  w i l l  be  a p p r o x i m a t e l y  t he  same.  
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shown in Fig. 2 characteristic of elemental  metal. It  is 
estimated that  the a i r - formed oxide is approximately  
20A thick. 

The sample was coated to a thickness of 0.O01 cm 
with a propr ie tary polybutadiene.  The emission spec- 
t rum did not  differ significantly from that of the u n -  
coated sample. The coating was cured at 200°C in air for 
30 min  and the spectrum shown in Fig. 3 was obtained. 
The coated sample was then  exposed to air-saturated,  
3% sodium chloride for 48 and 84 hr. The spectrum of 
the sample exposed for 84 hr is given in  Fig. 4 where 
it  will  be noted that  the center peak characteristic 
of cobalt oxide has increased in relat ive intensity.  

A companion uncoated sample, yielding an  init ial  
spectrum similar to that  of Fig. 1, was exposed to the 
sodium chloride solution for 60 rain. Approximate ly  
26% of the electrodeposit remained as e lemental  cobalt 

after this time, as determined from the spectrum in 
Fig. 5 and the gain in radioactivi ty of the solution. 

In  the coated sample there was no loss of cobalt to 
the solution as indicated by the negligible radioactivity 
of the solution and the absence of any  measurable 
change in the radioactivi ty of the solid. The uncoated 
sample lost approximately 11% in activity during the 
60 min  exposure to NaC1. A summary  of the data ob- 
tained in this demonstrat ion experiment  is given in 
Table I. 
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Etching of High Alumina Ceramics to Promote Copper Adhesion 

J. G. Ameen, D. G. McBride, and G. C. Phillips 

IBM Corporation, System Products Division, Endicott, New York 13760 

The electronic packaging indus t ry  is constant ly t ry -  
ing to miniatur ize  all levels of circuit packaging to im-  
prove performance and to reduce the size of their  
machines. The first level  of packaging, beneath  the chip, 
is the module. For the size of this level of packaging to 
be decreased, circuit density must  be increased so that  
more chips can be placed on the module. Increased cir- 
cuit density requires reduced circui t- l ine widths. 

For  various reasons, such as dimensional  stability, 
rigidity, and  heat transfer,  ceramic is used as a mod-  
ule material.  Because thick film screening is l imited to 
0.005 in. wide lines, it is desirable to use copper meta l -  
ization, photolithographic, and etching techniques to 
achieve the required f ine- l ine circuitry. However, the 
adhesion of copper to ceramic is inheren t ly  low and 
becomes worse wi th  the rmal  cycling (the resul t  of 
mismatched coefficients of thermal  expansion).  

Elmore and Hershberger  (1) have reported that  
fused 1 NaOH etches ceramic with resul tant  improved 
adhesion of copper to ceramic. 

This pre t rea tment  study was ini t ia ted to investigate 
other methods (2) of ceramic etching to increase sur-  
face roughness. The assumption was that  of the two 
possible bonding mechanisms (chemical and mechani -  
cal), mechanical  keying played the predominant  role. 
Therefore, the hypothesis was that  increased surface 
roughness would yield improved adhesion of copper to 
ceramic. 

Experimental 
Analytical Techniques 

The analyt ical  techniques (3) used for evaluat ion of 
the selected pre t rea tments  were as follows. 

Metallography.--The metal lograph was used to ob- 
serve opaque cross sections for in te rna l  s t ructure an-  
alysis, depth of at tack of the various pretreatments ,  and 
the na ture  of the copper/ceramic interface. The edge 
retent ion of cross-section samples was main ta ined  by 
using a hard nickel  plate over an electroless copper 
plate, and polishing was done in  a unidirect ional  mo-  

K e y  words:  Cu plating, ceramic,  adhesion, character iza t ion,  e tch-  
ing. 

I There  is an arbitrary distinction b e t w e e n  the terms " fused  
N a O H "  and "molten NaOH,"  The  fused  process re fe r s  to the tech-  
n ique  of soaking a piece of  ceramic  in aqueous NaOH solution to 
coat it w i th  a layer  of NaOH, followed by a subsequent  h ig h - t em-  
perature bake.  The mol ten  NaOH process  refers  to treating ceramic  
substrates in hot  (400°-500°C) l iquid (nonaqueous)  NaOH. 

tion. The surface profile was highlighted by using 
oblique and polarized l ighting techniques. The degree 
of polishing has an effect on the observable microstruc-  
ture. Relat ively coarse polishing reveals the a lumina  
grain, whereas fine polishing eliminates the appearance 
of the a lumina  grain  boundaries  and exposes the glass 
and porosity phases. 

SEM (scanning electron microscope).--For the ce- 
ramic surface morphology to be observed after pro- 
treatments,  it was necessary to vapor deposit between 
200 and 350A of gold on the surface for electrical con- 
t inuity.  Invest igat ion of the range of magnification re-  
vealed that  2400 × magnification was best for compar-  
isons. 

Surface finish by Proficorder.--Samples of all sub- 
strates characterized were submit ted for surface-finish 
measurements  by the  Proficorder. Measurements in -  
cluded a plot of the peaks and valleys in addit ion to 
a cumulat ive  plot of center - l ine  averages (CLA) in 
microinches. 

Surface area.--Surface area determinat ions  were 
made by an outside vendor  using the BET method, a 
krypton-gas  absorption technique. The amount  of ab-  
sorption is proport ional  to surface area. 

Flexural strength.~Because there was some concern 
that  the pre t rea tments  used to prepare  the ceramic 
surfaces would be det r imenta l  to the flexural s trength 
(5) of the substrates, a three-point  load flexural 
s t rength test  was performed on selected pretreated 
samples. 

Dot-bend t e s t .~This  adhesion test involves soldering 
a 185 rail diameter  brass stud over a 150 rail etched 
Cu dot on the ceramic substrate. Care is t aken  to center  
the stud over the dot, forming a canti lever  beam. The 
brass stud is then pulled at a 90 ° angle to the stud. 

All  of the preceding measurements  are reproducible 
wi th in  exper imental  limits. See the text  for specific 
details. 

Pretreatments 
The following is a summary  of the various pre t rea t -  

ments  considered; commercial ly available ceramic sub-  
strates (96% alumina)  were placed into the solutions 
at various conditions of concentration,  time, and tem-  
perature:  
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Treatment Concentration Temperature Time  (rain) 

HNOa 70.6% Boi l ing  30 
H F  48% 120~ S0 
H=SO, 95.7% S50~ 30 
I'IaPO~ 86% Boi l ing  30 
NaOH (aqueous)  25M 37S~ 30 
HF:HNOs  2:1 Room temp.  30 
NaOH Mol ten  42S~ 15 
HBF4 48-S0% Room temp. 30 
H F  (ul t rasonic)  48% 120~ 15 
TaFs 100% IO0~ 15 
Vapor blast -- ~ 5 
NH~.I-][F (30% NI~Fs,  50% 120~ 10 

I'I2S0,, 20% HJO) 
b y  weight 

No p r e t r e a t m e n t  -- -- -- 

Metalization 
Following pretreatment, the ceramic substrates were 

sensitized and activated using standard SnCI2 and 
PdC12, respectively. The SnCls and PdCIs concentra- 
tions and the length of time of soak in these were 
held constant to hold sensitizer and activator effects 
constant (6). The ceramic was then plated in a pro- 
prietary IBM electroless Cu plating bath and sub- 
sequently in a standard electrolytic pyrophosphate Cu 
bath. After the ceramic underwent standard photo- 
lithographic techniques, the desired patterns were 
etched. 

Results and Discussion 
Of the surface treatments investigated, many had no 

observable effect on dot-bend values; these were drop- 
ped from further study. The ones showing some effect 
were submitted for further testing. 

Figure 1 shows a cross section of a substrate with 
no pretreatment. Fluoride type etchants (21-1F : HNO3, 
HBF4, and HF with ultrasonic vibration) revealed a 
significant depth of attack but to various degrees. Fig- 
ure 2 shows the resu1~s of the ultrasonic HF treatment 
which had the greatest depth of attack. The gray area 
(below the top) represents the depth of attack. With 
this treatment, the glassy phases between the grains 
were removed; the alumina grains pulled away from 
the surface during polishing. On the other hand, the 
NaOH (molten) vigorously attacked the surface of the 
ceramic (Fig. 3), but no depth of attack was observed. 
The etching appears to be a surface effect only. Figures 
4 and 5 show substrates etched with HF (concentrated) 
and NaOH (molten), respectively, after copper plat-  
ing. It is significant to note that although there is a 

Fig. 3. NaOH (molten), etched (168X) 

Fig. 4. HF etched, Cu plated (154X) 

Fig. 1. Cross section of substrate with no pretreatment (48X) 

Fig. 2. HF ultrasonic etched (154X) 

Fig. 5. NaOH (molten) etched, Cu plated (168X) 

greater depth with the HF treatment the Cu plating 
did not penetrate to that depth. In fact, in both cases, 
the copper is plated only onto the surface. None of the 
other pretreatments showed any observable effect. 

(SEM) Scanning Electron Microscope 
Scanning electron microphotographs of the treated 

surfaces revealed definite differences between the pre-  
treatments that were found to attack the ceramic. 

Figure 6 is an SEM of a substrate with no pret reat -  
ment. After etching with HF (Fig. 7) (or any of the 
other fluoride systems), the alumina grains are more 
distinct because of the removal of the glassy phase. 
Figure 8 shows the effects of the NaOH (aqueous) 
pretreatment. The glassy phases were etched away 
first, followed by the preferential  etch of the alumina 
grains along crystallographic directions producing a 
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Fig. 6. SEM of substrate with no pretreatment (i 152X) Fig. 9. SEM NaOH (molten), etched (1152X) 

Fig. 7. SEM HF ultrasonic, etched (1152X) Fig. 10. SEM, activated alumina, with no pretreatment (I 152X) 

Fig. 8. SEM NaOH (aqueous), etched (1152X) Fig. 11. SEM, activated alumina, HuOH (molten), etched (1152X) 

well-defined grain  structure.  NaOH (molten)  had the 
most aggressive attack (Fig. 9). The glassy phases are 
etched rapidly first and then the individual  grains are 
etched at a constant rate. 

Commercially available activated a lumina  (fine 
grain) was s imilar ly etched in  NaOH (molten) .  Since 
all the magnifications are the same, the smaller  par-  
ticle size for these substrates as compared to all previ-  
ous substrates investigated are obvious. Figures 10 and 
1t show the ceramic with no pre t rea tment  and after 
etching in NaOH (molten) ,  respectively. This surface 
also demonstrated the considerable micror~ughness 
characteristic of this process. The remaining  t reatments  
showed no difference in their  SEM's from the as- 
received surface. 

Dot-Bend Surface Finish 
The proof of the hypothesis that  mechanical  in ter-  

locking played the key role in the adhesion promotion 
mechanism and that increased surface roughness would 
yield increased copper-to-ceramic adhesion was sub- 
stantiated with the  dot -bend and degree-of-roughness 
data. Figure 12 shows the plot of surface roughness 
(CLA) vs. dot-bend values. Substrates with no pre-  
t rea tment  yielded a dot b e n d x  of 3.2 lb (4 - :  0.29 lb) 
and a roughness of approximate ly  21 #in. (CLA). Sub-  
strates treated in boiling HNO3 had a dot bend-x--of 2.6 
lb (4 = 0.23 lb) with a surface roughness of approx- 
imately 16 ~in. (CLA). The ni tr ic  acid slightly 
smoothed the surface, reducing adhesion. HF (u l t ra -  
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sonic) e tching resul ted  in a dot  bend x = 4.2 lb (r = 
0.54 lb) wi th  a surface roughness  of 25 ~in. (CLA) .  
NaOH (molten)  etching p romoted  the greates t  copper -  
to -ce ramic  adhesion wi th  a dot  bend x ---- 5.0 lb  (a ---- 
0.45 lb)  and a surface roughness  of a p p r o x i m a t e l y  44 
#in. (CLA) .  The x 's  a re  at a 95% confidence l e v e l  

The o ther  t r ea tments  gave dot  bends  and CLA's  
comparab le  to the n o - p r e t r e a t m e n t  subs t ra tes  and  wil l  
not  be ment ioned  fur ther .  The o ther  fluoride t r ea t -  
ments  behaved  s imi la r ly  to H F  (ul t rasonic)  bu t  the  
effects were  not  qui te  as pronounced.  

Surface Area 
With  the  BET method  of k ryp ton  absorption,  surface 

a rea  de te rmina t ions  were  pe r fo rmed  by  Micromeri t ics  
In s t rumen t  Corporation,  Norcross, Georgia,  on sub-  
s t ra tes  t r ea t ed  wi th  the  var ious  e tchants  found to a t -  
tack  ceramic (Table  I ) .  Subs t ra tes  having no p re -  
t r e a tmen t  y ie lded  a smal l  surface area.  A mi ld  NI-I4F. 
H F  p re t r ea tmen t  app rox ima te ly  t r ip led  the  surface 
area; concent ra ted  H F  fur the r  increased the surface 
area  to app rox ima te ly  30 times; and  H F  (ul t rasonic)  
dras t ica l ly  increased the  surface a rea  by  two orders  
of magni tude.  NaOH (mol ten)  increased the  surface 
area  to th ree  t imes tha t  of the  n o - p r e t r e a t m e n t  case, 
but  was  m a n y  t imes  less than  tha t  obta ined wih  HF. 
This in format ion  confirmed the depth  of a t tacks  ob-  
served by  the  meta l lograph.  The H F  etch p roduced  a 
large  depth  of at tack,  p roducing  a large  surface area, 
whi le  the  NaOH (mol ten)  roughened  up the  surface 
bu t  w i th  no apprec iab le  depth  of at tack.  

Flexural Strength 
F l e x u r a l  s t rength  measurement s  (4) were  made  on 

subs t ra tes  t r ea ted  wi th  the  e tchants  found to a t t ack  
ceramic (Table  I ) .  The NaOH (mol ten)  process does 
not  decrease f lexural  s t rength  a l though there  is a 
reduct ion  in those subs t ra tes  etched in NH4F.HF.  This 
reduct ion is p robab ly  a resul t  of the  increased depth  
of a t t ack  character is t ic  of fluoride ceramic etchants.  

Adhesion Optimization 
Because the  best  coppe r - to -ce ramic  adhesion was 

obta ined  wi th  NaOH (mol ten) ,  expe r imen t s  were  run  

1521 

to opt imize the adhesion, as measured  b y  dot  bend, 
wi th  respect  to t ime and t empera tu re  in the  mol ten  
NaOH. F igure  13 demons t ra tes  the  character is t ic  effect 
on adhesion as a function of t ime of soak at  a specific 
tempera ture .  (The do t -bend  values  are  s ta t is t ical  av -  
erages  wi th  a 10-15% var ia t ion. )  F igure  14 displays  
the  effect of the  t empera tu re  of the  mol ten  NaOH on 
adhesion. These two studies show that  the  best  adhe-  
sion was found to be at 420~ for  10 min  of soak. The 
cyclic var iance  of the  do t -bend  values  wi th  t ime and 
t empe ra tu r e  is be l ieved to be due to the s t ruc ture  of 
the ceramic.  In  the  first few seconds the glassy phases 
and surface debr is  are  removed  promot ing  adhesion; 
fu r the r  etching at tacks  the a lumina  grains, resul t ing 
in a fur ther  increase in adhesion. St i l l  fu r the r  e tching 
weakens  t he  ceramic surface, resul t ing in the  remova l  
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Fig. 14. Temperature vs. dot bend at constant time (10 rain) 

Table I. Surface area and flexurol strength vs..pretreatment 

F l e x u r a l  
Pretrea tment  m 2 / ~ n  x I0  ~ s t r e n g t h  (psi) 

A s - r e c e i v e d  9.5 21,000 
NI- I ,F .HF 24.7 19,500 
N a O H  (fused)  34.9 21,000 
N a O H  (mol t en )  32.2 21,000 
H F  341.4 
H F  (u l t rasonic )  895.0 Fig. 15. SEM, 10 sec, NaOH (molten), etched (1152X) 
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of individual grains and, hence, a decrease in adhe- 
sion. Even further etching causes new grains to be 
exposed with a resultant improved adhesion. (See 
Fig. 15-18) 

Summary 
Twelve pretreatments on ceramic substrates were 

evaluated with a view toward increasing surface 
roughness and thereby increasing copper-to-ceramic 
adhesion. 

NaOH (molten) yielded a microroughened surface 
with greatly improved copper-to-ceramic adhesion and 
no reduction in flexural strength. 

November  1973 

Fig. 16. SEM, 30 sec, NaOH (molten), etched (1152X) 

Fig. 17. SEM, 60 sec, blaOH (molten) etched (1152X) 

Fig. 18. SEM, 3 rain, NaOH (molten), etched (1152X) 

NaOH (aqueous) slightly roughened the ceramic 
with only slightly improved adhesion over substrates 
with no pretreatment.  Individual grains were prefer-  
entially etched along crystallographic directions. 

HNO3 smoothed the ceramic with a slight reduction 
in adhesion. 

Various concentrations of HF roughened the ceramic 
surface. HF (concentrated) and HF (ultrasonic) 
roughened the surface moderately, but attacked to a 
considerable depth, thus reducing flexural strength 
with a moderate improvement in copper-to-ceramic 
adhesion. 

Manuscript submitted Dec. 7, 1972; revised manu- 
script rceived June 11, 1973. This was Paper 226 pre-  
sented at the Miami Beach, Florida, Meeting of the So- 
ciety, Oct. 8-13, 1972. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1974 JO~mNAL. 
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ABSTRACT 

The influence of metal orientation and the prior oxide film on the oxidation 
rate of nickel single crystals has been investigated a~ 600~ in 5 X 10 -3 Torr 
oxygen using a manometric technique and the specimens examined before and 
after oxidation by electron diffraction, x-ray emission analysis, and electron 
microscopy. For nickel electropolished in sulfuric acid, the order of decreas- 
ing oxidation rate is found to be (100), (111), and (112). This anisotropy to- 
gether with changes in oxidation rate with surface pre t rea tment  can be 
explained by  modification in the s tructure of the prior oxide; when  a single 
orientat ion prior oxide persists the oxidation rate is low; when  the oxide con- 
tains twin  orientations or becomes polycrystalline, the oxidation rate is in-  
creased. The results may be interpreted in terms of a variat ion in the number  
of easy diffusion paths in  the  oxide; the higher the density of these paths the 
greater  is the oxidation rate. 

Recent investigations in  this laboratory on the oxi- 
dation of polycrystal l ine nickel have emphasized the 
influence of surface preparat ion on the oxidation rate 
(1-4). Cold-worked nickel was considered to oxidize 
faster than annealed nickel because the oxide formed 
on cold-worked metal  was finer grained and, therefore, 
contained more grain boundaries  to act as easy paths 
for nickel  diffusion (3, 4). Various pre t rea tments  of 
annealed surfaces, e.g., electropolishing, etching, or hy-  
drogen reduct ion also resulted in markedly  different 
oxidation kinetics (2). The observed different rates of 
oxidation were explained in terms of a varying  densi ty 
of easy diffusion paths: hydrogen-reduced nickel oxi- 
dized most rapidly because the oxide produced con- 
tained the highest density of leakage paths, whereas 
electropolished or etched nickel oxidized more slowly 
because on some metal  grains a s ingle-crystal  type of 
overgrowth, low in leakage paths, was produced. The 
role of leakage paths in governing oxidation anisotropy 
has been considered in the past by many  groups, in-  
cluding Lawless and Gwathmey,  Cathcart, Smeltzer 
and co-workers (5-12). 

P re l iminary  experiments  on a single-crystal  spheri-  
cal segment i l lustrated the var iat ion of oxide thickness 
with nickel orientat ion;  by visual observation the order 
of decreasing oxidation rate on electropolished nickel  
of the major  crystallographic planes was determined 
as (100), (110), (111), and (112). This study deals 
with the chemical and s t ructural  analysis of the sur-  
face oxide before and after oxidation and examines 
the influence of the prior oxide film in determining 
subsequent  oxidation behavior  of these low index 
faces. 

Experimental 
Specimen preparation.--Nickel single-crystal  disks 

(0.05-0.15 cm thick) with (100), (111), or (112) sur-  
faces were spark machined from 1.2 cm diameter  cy- 
l indrical  rods supplied by Materials Research Corpo- 

* Electrochemical Society Active Member.  
Key  words: nickel  oxidation, kinetics,  oxidation anisotropy. 

ration. 1 After  an extensive chemical polish (1) to el im- 
inate contaminat ion and damage from cutt ing (,~100 
~m Ni removed),  specimens were mechanical ly pol- 
ished through 0.1 ~m diamond, electropolished in a 4:3 
(by volume) sulfuric acid solution and then annealed 
in vacuum at 700~ for 2�89 hr. Prior to oxidation speci- 
mens were either electropolished in sulfuric acid or 
electropolished and then etched in 0.SN nitr ic acid for 
30 see. Eleetropolishing removed ~8  ~m Ni and etch- 
ing ~200A Ni. 

Procedure.--The prepared specimens were oxidized 
in a manometr ic  apparatus (1). A "furnace-raised" 
star t ing procedure (2) was normal ly  used in which 
the electropolished or etched disk was heated to the 
oxidation temperature  of 600~ in 5 • 10 -3 Torr oxy- 
gen. The specimen reached 600~ in about 3 min. Some 
runs  were te rminated  once the specimen had reached 
600~ but  most were continued for oxidation times up 
to 1 hr. In  some experiments  the oxide film remaining  
after a decarburizing anneal  at 700~ (1) was reduced 
in hydrogen at 600~ the specimen cooled, and oxygen 
admit ted at room temperature.  A furnace-raised oxi- 
dation at 600~ was then performed. 

Surface and oxide examination.--Surfaces before 
and after oxidation were analyzed by an electron- 
excited x - r ay  emission technique (13) and were struc- 
tura l ly  characterized by reflection electron diffraction 
and electron microscopic examinat ion of two-stage 
Formvar  p la t inum-carbon  replicas. Oxide films were 
stripped from the metal  by immersing in 30% hydro-  
chloric acid and examined by  t ransmission electron 
microscopy. 

Results 
Oxidation curves.--Figure 1 il lustrates the differing 

rates of oxidation of the (100), (111), and (112) elec- 
tropolished surfaces at 600~ and 5 X 10 -3 Torr  oxy- 

1Total  impuri t ies  <0.005% by weight  as de te rmined  by spark 
source mass spectrometry; typical analysis has been given previ -  
ously (I) .  

q 
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Fig. I. Oxidation curves at 600~ in 5 X |0 - 3  Torr oxygen for 
nickel crystals electropolished in sulfuric acid. 
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Fig. 2. Oxidation curves at 600~ in 5 X 10 -3  Torr oxygen for 
(111) and (!12) nickel after electropolishing in sulfuric acid (EP), 
after electropolishing and then etching in nitric acid (EP + etch), 
or after hydrogen reduction at 600 ~ followed by oxygen exposure 
at room temperature (HR + 0).  

gen. Also included is the curve for polycrystal l ine 
nickel which oxidizes more slowly than (100) but  
more quickly than (111) and (112) surfaces. The oxi- 
dation curves for both polycrystal l ine and (100) nickel 
show an increase in rate after about 30 rain of oxida- 
tion. 

Figure 2 shows a comparison between the rates of 
oxidation of the (112) and (111) nickel disks at 600~ 
after different surface pretreatments.  As was the case 
for electropolished specimens (EP),  (112) nickel sub-  
sequently etched in nitric acid (EP + etch) oxidizes 
more slowly than etched (111) nickel. A much more 
rapid rate is found at 600~ if oxygen is first admit ted 
at room tempera ture  to a hydrogen-reduced surface 
(HR + O) and then the specimen heated to 600~ in  

5 X 10 -3 Torr oxygen. After  this t rea tment  the (112) 
surface oxidizes more rapidly than  the corresponding 
(111) surface. 

In  calculating oxide thickness a surface roughness 
factor of un i ty  has been assumed. This, together with 
a bulk  density of nickel oxide of 6.75 leads to a calcu- 
lated thickness of 69.2A for an oxygen uptake of 1 ~g 
cm-2.  

Surface analysis.--Table I shows the determinat ion 
by x - r ay  emission of the C, O, and N content  of prior 
oxide films on prepared nickel surfaces. The C content  
of the films after electropolishing or etching was re la-  
t ively large (2-3 monolayers)  and of the same order 
as oxygen. Nitrogen was found after the nitric acid 
etch; S was not detected following the sulfuric acid 
electropolish. Also included in  the table are analyses 
of thin oxides formed dur ing the hea t -up  period to 
600~ of furnace-raised oxidations in 5 • 10 -3 Torr 
oxygen: N and C are removed from the film dur ing 
this period. 

Structure.--Reflection electron diffraction pat terns 
typical of nickel s ingle-crystal  surfaces before and 
after oxidation are presented in Fig. 3 and 4. Epitaxial  
relationships between the oxide and metal  for both 
the prior oxides and those grown for different times at 
600~ are given in Table II. 

Figure 3a, c, and f show pat terns from (112), (111), 
and (100) electropolished nickel. Strong elongated re-  
flections from the nickel substrate  and more diffuse 
streaks and spots from the oxide are observed. The 
pa t te rn  from the (112) surface is in terpreted as (111) 
oxide growing on the (111) atomic steps which con- 
st i tute the (112) macrosurface. The (111) oxide on 
(112) metal  is oriented in a direction ant iparal le l  with 
respect to the (111) steps. On (111) nickel the parallel  
orientation oxide was also sometimes observed. On 
(100) nickel the oxide formed from electropolishing 
has a preferred fiber axis, again wi th  (111) oxide 
parallel. 

After  oxidation at 600~ structural  differences in 
the oxide are apparent.  On (112) nickel a highly epi- 
taxed mosaic oxide is produced (Fig. 3b). On (111) 
nickel a mosaic containing both paral lel  and ant iparal -  
lel oriented oxide is formed (Fig. 3e). Two sets of 
these twin- re la ted  orientations are present  on (100) 
nickel after 5 min  oxidation (Fig. 3g); after 1 hr, the 
outer oxide is polycrystal l ine (Fig. 3h). (Twin-re la ted  
oxide orientat ions will  subsequent ly  be referred to 
simply as twins or twinned  oxide.) 

The diffraction pat terns from (112) and (111) sur-  
faces after etching or hydrogen reduction both before 
and after oxidation at 600~ are given in Fig. 4. After  
etching, reflections from (111) nickel appear broader 
than from the (112) surface (Fig. 4a and c) ; the oxide 
reflections appear sharper and elongated for the (111) 
as compared to the (112) surface. In  both cases only 
the ant iparal le l  orientat ion of oxide is present. On 
heat ing the etched (111) surface to 600~ the nickel 

Table I. Analysis of prior oxide and thin oxide films 

S u r f a c e  p r e p a r a t i o n  
N i  

o r i e n t a t i o n  

C o n c e n t r a t i o n ,  # g  c m  ~ 

Pr ior  to  o x i d a t i o n  
O "  C b N c 

A f t e r  o x i d a t i o n  t o  6 0 0 ~  

0 a C b N ~ 

H ~ S O t  e l e c t r o p o l i s h  ( E P )  

H N O 8  e t c h  a f t er  H2SOt e l e c -  
t rop o l i sh  ( E P  + e tch)  

O x i d i z e d  25~  a f ter  H2 r e d u c -  
t ion  at  6 0 0 ~  ( H R  + O )  

(112) 0.06 "+" 0.02 d 0.07 ----- 0.02 - -  
(111) 0.09 -'- 0.01 0.08 "+" 0.03 - -  
( 1 0 0 )  0 . 0 7  0 , 0 7  - -  

P o l y c r y s t a l l i n e  0 , 0 7  0 . 0 7  - -  

(III) 0.10 +--- 0.03 0.07 • 0.03 0.02 ~--- 0.01 
(119) 0.13 0.00 - -  
(111) 0.11 ---~0,03 - -  

0 . 3 2  0 . 0 0  - -  

0.25 0.02 0.00 
1.30 O.O0 - -  
0 . 4 9  O.00 

a 1 m o n o l a y e r  -= 0 . 0 4 3  # g e m  -= ( l # g  c m  -~ -= 6 9 . 2 A  N i O ) .  
b 1 m o n o l a y e r  -= 0 . 0 3 2  # g e m  -2. 

1 m o n o ] a y e r  -~ 0 . 0 3 8 / ~ g  c m - ~ .  
d V a r i a t i o n  d e t e r m i n e d  f r o m  dup l i ca te  e x p e r i m e n t s .  
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Fig. 3. Reflection diffraction patterns from (112), (111), and (100) nickel after electropolishlng in sulfuric acid (a, c, and f) and after 
oxidation at 600~ in 5 )< 10 -3 Torr oxygen (b, d, e, g, and h). Oxide thicknesses and oxidation times are indicated; see Fig. 1 and Table 
II for kinetics and oxide structure. Electron beam parallel to [ 0 i l ]  azimuth. 

Table II. Oxide Structure 

Prior  oxide Af ter  oxidation at 600~ 
Planes Directions Oxidation Planes Directions 

Surface preparat ion (hk I )Ni / / (hk l )NiO [hkliNi/ /{hkl]NiO t ime, hr  (hkl)Ni/ / (hkl)NiO ~hkl )Ni / / [hk l ]NiO 

HsSO~ electropolish (EP) 

HNO~ etch af ter  H~SO4 elec- 
tropolish (EP + etch) 

Oxidized 25~ af ter  H= reduc-  
tion at  600~ (HR + O) 

(112) �9 [ ~ 1 ]  [ 0 ~ ]  1 (112) * [ ~ 1 3  [01~] 
(111) (111) [0~1] [01~J 1 (111) (111) [0-11] [0~] 

[0~1] [0~1]** [0"11] [0~1] 
(100) (111) Fiber 0.1 (100) (111) [0~1] [01~J 

[011] [0111 

[0111 [0~1] 
1 (100) Polycrys- 

talline 
(112) * [0~1] [01~] 1 (112) * [0~1] [01~1 

[0~1] [0~1] 
(111) (111) [OI'~l ] [ 01"-1] 1 (111) (111) [0~11 [ 01"1'] 

[o~1] tO~l] 
(112) * [0"11 ] [01~] 0f (112) �9 [0"~1 ] [ 0 ~ ]  

[oY1] [ou 
0.05 (112) Polycrys- 

talline 
(111) (111) [0~1] [01~] 0f (111) (111) [0"11] [01]) 

[0~1] [0~1] [0~1] [0~1] 
~ l l ]  [01~] 

0.17 (111) Polycrys-  
talline 

* (III) antiparallel oxide on (III) steps of (112) macrosurface. 
f Fo rmed  dur ing  hea t -up  per iod to 600~ 

** Somet imes  observed,  
$ [0~1] oxide also paral lel  to [01~] oxide. 
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Fig. 4. Reflection diffraction 
patterns from (112) and (111) 
nickel: (a and c) after electro- 
polishing and then etching in 
nitric acid (EP ~ etch); (f and 
i) after hydrogen reduction at 
600~ followed by oxygen ex- 
posure at room temperature (HR 
-I- 0) ;  (b, d, e, g, h, j, and k) 
after oxidation at 600~ in 5 X 
10 - 3  Torr oxygen. Oxide thick- 
nesses and oxidation times are 
indicated; see Fig. 2 and Table 
II for kinetics and oxide struc- 
ture. Electron beam parallel to 
[ ~  I ]  azimuth. 

spots sharpen (arrows indicate per t inent  reflections in 
Fig. 4c and d), and the oxide spots broaden. After  an 
hour of oxidation at 600~ a twinned oxide is formed 
both (112) and (111) surfaces (Fig. 4b and e) with 
the ant iparal le l  twin predominant  in the former case. 
In  both instances a l i t t le polycrystal l ine oxide is pres-  
ent. A twinned  oxide is produced at room temperature  
on (111) nickel previously subjected to a carbon b u r n -  
out anneal  (1) and hydrogen reduction at 600~ (Fig. 
4i). 2 In  contrast  the oxide on the corresponding (112) 
surface (Fig. 4f) exists in the ant iparal le l  orientat ion 
only. On heating to 600~ in oxygen two addit ional 
twins are observed, one parallel  wi th  respect to the 
substrate and the other paral lel  to the original ant i -  
paral lel  oxide (Fig. 4g). On oxidizing the (111) speci- 
men  an oxide comprising two sets of twins is observed 
(Fig. 4j). On fur ther  oxidation a polycrystal l ine ox- 
ide is formed on both (112) and (111) nickel  (Fig. 
4h and k) .  

Replicas of (111) and (112) nickel surfaces prior to 
oxidation are shown in  Fig. 5a and b. Smooth feature-  
less surfaces such as that  shown in Fig. 5a for (111) 
nickel are observed after electropolishing. Some 
roughening is produced on etching (112) (Fig. 5b);  
etched (111) after heat ing in  oxygen to 600~ is shown 
in Fig. 5c where large etch pits, some 200A deep, are 
observed. A smoother surface is produced after the 
hydrogen reduct ion t rea tment ;  Fig. 5d shows a (111) 
surface subsequent ly  exposed to oxygen at room tem-  
perature and then oxidized to 600~ 

2 T w i n n e d  me ta I  is  s o m e t i m e s  obse rved .  On  a n n e a l i n g  a t  900~ 
a f t e r  h y d r o g e n  reduct ion  at 600~ the s i n g l y  o r i e n t e d  (111) m e t a l  
surface i s  r e s to red ;  on  e x p o s u r e  to  o x y g e n  a t  r oom t e m p e r a t u r e ,  a 
t w i n n e d  ox ide  is s t i l l  p roduced .  Thus ,  t w i n n e d  ox ide  r e su l t s  a f t e r  
H R  + O t r e a t m e n t  w h e t h e r  the  m e t a l  i s  t w i n n e d  or  u n t w i n n e d .  

Surface replicas of oxides produced at 600~ are 
shown in Fig. 6. On slowly oxidizing (112) nickel, the 
~100A thick single-crystal  oxide formed after 1 hr has 
main ta ined  a fair ly smooth surface (Fig. 6a). A 
rougher oxide is produced on etched ( I l l )  nickel (Fig. 
6c). Thicker oxides on electropolished (I00) and hy-  
drogen-reduced ( I l l )  nickel (Fig. 6b and d, respec- 
t ively) show a greater degree of roughening with in-  
creased oxide thickness. 

Discussion 
Although all the surface preparat ions produce init ial  

oxide films on all nickel single crystals which are 
highly oriented, the subsequent  oxidation behavior  ap- 
pears  to depend on both minor  differences in  the ini t ial  
oxide film and on the orientat ion of the under ly ing  
metal. With some orientations and pre t rea tments  an 
ini t ia l  s ingle-crystal  type of film is preserved for long 
periods of time, while with others the oxide becomes 
twinned  or polycrystalline. The resul t ing oxidation rate 
is a funct ion of the number  and type of crystall i te 
boundaries  which act as easy diffusion paths in  the 
oxidation process. As pointed out below, the oxide 
crystall i te size and dis t r ibut ion appears to be inde-  
pendent  of small  differences in chemical composition 
of the init ial  oxide film. 

Surface analysis.--X-ray emission analyses of the 
oxide films (Table I) showed that  roughly equal 
quant i t ies  (2-3 monolayers)  of oxygen and carbon are 
present  in films on different single crystals after elec- 
tropolishing or etching. The room temperature  film on 
hydrogen-reduced nickel contains a similar amount  of 
oxygen but  much less C. The probable source of this 
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Fig. 5. Electron micrographs of replicas of (111) and (!12) nickel 
surfaces, a, (111) after electropolishing; b, (112) after electropol- 
ishing and etching (340,~ Hi removed during etch); c, (111) after 
electropolishing and etching (125• Hi removed during etch) and 
heating to 600~ in 5 X  10 -~  Torr oxygen; d, (111) after room tem- 
perature oxidation of a hydrogen-reduced surface followed by heat- 
ing to 600~ in 5 X  10 -~  Torr oxygen. All X 30,000. 

lat ter  C is CO in the vacuum system which "cracks" 
on the nickel surface on cooling from 600~ to room 
temperature.  The large C content  after electropolishing 
or etching is more difficult to account for. The source 
could be residual impur i ty  in  the nickel which concen- 
trates at the surface dur ing polishing or, more likely, 
results from the absorption of atmospheric CO2 or 
organic contaminants  either dur ing polishing or on 
subsequent  air exposure. As seen in Table I, on heat ing 
to 600~ the oxide thickens and C and N are removed 
from the film. (Nitrogen is observed after a ni tr ic  
acid etch.) Different single crystals with similar sur-  
face C levels are found to oxidize at quite different 
rates [cf. electropolished (100) and (112) in  Fig. 1], 
and it is considered that  the  C content  of the film is 
not a major  factor in determining the observed oxida- 
tion anisotropy. Physical ra ther  than  chemical differ- 
ences account for the variat ion in  oxidation rate. 

Oxidation rate anisotropy of electropolished nickel.-- 
Electropolished (112) nickel oxidizes at the slowest 
rate (Fig. 1) because the single orientat ion prior oxide 
is main ta ined  during oxidation at 600~ (Fig. 3a and 
b).  We observed on oxidizing an electropolished spher- 
ical segment that orientat ions in the region of (112), 
e.g., (113), (115), also oxidize at the low rate. Perhaps 
the growth stress in the oxide can be better  accom- 
modated when  growing on such stepped surfaces and 
the original, unique  epitaxy of oxide is retained. 

As seen in Fig. 1, electropolished (111) nickel oxi- 
dizes faster than  (112). While (111) oxide is formed 
on both (112) and (111) faces of nickel, in the lat ter  
case it is twinned.  Two types of twin  boundaries may 
be defined: a twin  boundary  that coincides with the 
(111) twinn ing  plane is called a coherent twin  bound-  
ary (14), whereas twin  boundaries that do not coincide 
with the twinn ing  plane are termed noncoherent  twin  
boundaries  (15). Coherent  twin  boundaries  in the pres-  
ent case lie parallel  to the film surface. Boundaries 
normal  to the film surface would be noncoherent  and 

Fig. 6. Electron micrographs of replicas of surfaces of nickel ox- 
ides formed at 600~ in 5 X  10 - 3  Torr oxygen, a, on electropolished 
(112), 104,~ thick oxide; b, on electropolished (100), 900,~; c, an 
electropolished and etched (111), 448,~; d, on (1 !1) after hydrogen 
reduction at 600~ followed by oxygen exposure at room tempera- 
ture, 640,~. All X30,O00. 

as proposed by Cathcart  et al. (8) could constitute 
paths of easy diffusion. The interfacial  free energy of 
noncoherent  twin boundaries approaches that of a high 
angle grain boundary  (15) and so these boundaries 
have good potential  as easy diffusion paths. The pres- 
ence of these paths in the oxide on (111) nickel could 
account for the faster oxidation rate of this face com- 
pared with that of (112) nickel. 

Electropolished (100) oxidizes much faster still. The 
prior oxide has a fiber texture  (Fig. 3f), and on oxi- 
dation at 600~ the two sets of oxide twins (Fig. 3g) 
could provide a greater density of incoherent  bound-  
aries and hence more rapid nickel t ransport  leading to 
a greater oxidation rate. The increase in oxidation rate 
after about 30 min  for bo th  (100) and polycrystal l ine 
nickel suggests recrystall ization of the oxide, probably 
to relieve stress due to epitaxial  strain, result ing in 
the production of mismatch boundaries which provide 
a greater outward nickel flux. The outer oxide as seen 
in Fig. 3g and h, eventual ly  becomes polycrystalline. 
Polycrystal l ine oxide crystalli tes were observed in the 
early stages of oxidation of (i00) nickel at 600~ in  
a recent study by Homma et al. (16). 

Dark field electron microscopy gave some indication 
of oxide crystall i te size. It  showed the 104A thick oxide 
growing on electropolished (i12) nickel to have a large 
particle size, ~2000A. in diameter  (Fig. 7). This large 
block mosaic shows angular  misorientat ion with a 
max imum of about 5 ~ as evidenced by the increase in 
half width of reflections with increasing order (Fig. 
3b). Elongation of reflections toward the shadow edge 
is due to refraction by the flat surface facets of the 
mosaic blocks. Kikuchi  lines were also observed from 
this oxide. The 179A thick oxide on electropolished 
(111) is shown to contain t r iangular -shaped  crystal-  
lites (bright  field inset of Fig. 8). Between these grains, 
as revealed by dark field in Fig. 8, is a much finer 
grained mosaic; some crystall i tes are as small  as 100A. 
in diameter. The l ine broadening in reflection diffrac- 
tion (Fig. 3e) is due to this small  mean  particle size 
and small  angular  misorientation.  As seen in  Fig. 3e 
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Fig. 7. Dark field electron micrograph [from (200) reflection] of 
104• oxide formed at 600~ in 5 X 10 - 3  Torr oxygen on electro- 
polished (i 12) nickel. X 16,000. 

Fig. 9. Dark field micrograph [from (220) reflection] and se- 
lected area diffraction pattern from 212,~. oxide formed at 600~ 
in 5 X  10 - 8  Torr oxygen on electropolished (100) nickel. X30,000. 

Fig. 8. Dark field micrograph [from (220) reflection] and se- 
lected area diffraction pattern from 179~, oxide formed at 600~ 
in 5 X  10-3 Torr oxygen on electropolished (111) nickel. Top inset: 
bright field micrograph showing triangular crystallites. X30,000. 

no significant increase in spot broadening is apparent  
with higher orders of reflection. The low angle bound-  
aries between crystalli tes comprising the epitaxed 
mosaics are considered to be ineffective as easy diffu- 
sion paths and the oxide on the slower oxidizing (112) 
is growing at a rate essentially governed by diffusion 
of nickel through the oxide lattice (2). 

Oxide grains, ~1000A in diameter, are evident  in  
dark field examinat ion  of the 212A thick oxide stripped 
from (100) nickel (Fig. 9). The oxide grains are less 
well  oriented and the oxide as seen by  reflection dif- 
fraction shows some polycrystal l ini ty (Fig. 3g). The 
high angle boundaries  between crystallites of different 
orientations are considered to be very effective leakage 
paths for nickel transport.  Hence, the oxidation rate of 
electropolished (100) is much faster than  either (111) 
and (112). 

Effect of oxide structure on the oxidation of (111) 
and (112) nickel.--Oxidation anisotropy of electropol- 
ished nickel arises from the effect of the under ly ing  
orientat ion on both the init ial  and final oxide struc-  
tures. Differences in prior oxide s tructure and thus 
changes in oxidation rate of a given orientat ion were 
achieved by varying  the surface preparation.  

Previous work on nickel has shown that the part icu-  
lar order of oxidation of s ingle-crystal  faces depends 
very much on the surface t reatment .  Herchl et aL (12) 
found that vacuum-annea led  (100) oxidized faster 
than (110) or (111). The hydrogen-annea led  specimens 
of Cathcart et aL (8) oxidized at decreasing rates in 
the order (110), (100), (111) at 500 ~ and 600~ the 
oxide on the fastest oxidizing plane was found to be 
polycrystalline. In  "hot-bare"  oxidation (1) at 600~ 
of a hydrogen-reduced,  single-crystal ,  spherical seg- 
ment,  (112) nickel oxidized at the fastest rate, quite 
the opposite of what  is found after electropolishing. 
The change in oxidation rate occurs because the hot-  
bare procedure produces oxide with the highest density 
of easy diffusion paths (2), probably  because the oxide 
is formed from an  extremely large n u m b e r  of nuclei. 

The increased oxidation rate of etched over electro- 
polished (111) nickel (Fig. 2) is too large to be ex- 
plained by a greater  surface roughness. A twinned  ox- 
ide is produced in both cases (Fig. 4e and 3e) but  the 
ratio of each twin  may be different. Cathcart  et al. (8) 
have observed by an x - r ay  method different propor-  
tions of each oxide twin  after different surface t reat -  
ments, and find that  the oxidation rate is greater the 
more equal is the amount  of each twin. In  the present  
case one twin  orientat ion may be more predominant  
in oxides growing on electropolished (111) nickel giv-  
ing the possibility of fewer incoherent  twin boundary  
leakage paths than  on etched (111) nickel where a 
more equal ratio could provide a larger number  of 
incoherent  boundaries  and thus a greater  oxidation 
rate. [A low density of leakage paths is also consistent 
with the observation that  electropolished (111) nickel 
oxidizes only a l i t t le faster than  the corresponding 
(112) surface (Fig. 1).] In  support  of this view, one 
oxide orientat ion did appear predominant  in the 179A 
thick oxide formed on electropolished nickel. Bright 
field electron microscopy revealed t r iangular -shaped  
crystalli tes [Fig. 8 (top inser t ) ] ,  most of which were 
oriented in the same direction. No evidence for twin-  
related orientations was apparent  in micrographs of 
the oxide formed at 600~ on etched (111). 

The ant iparal le l  oxide twin  predominates  on the 
etched (112) sample after oxidation (Fig. 4b), and 
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the  number  of incoherent  boundar ies  may  be even less 
than  those present  in oxide on e lect ropol ished (111) 
(Fig. 3e).  The  smal l  difference be tween  the  oxida t ion  
rates  of e tched and e lec t ropol ished (112) (Fig. 2) sug-  
gests that  the  pa ra l l e l  or iented oxide toge ther  wi th  
the  random or iented  oxide  observed  in the  etched case 
(Fig. 4b) are  p robab ly  superficial  and thus do not  af-  
fect the ra te -con t ro l l ing  process. The var ia t ion  in rates  
could be wi th in  expe r imen ta l  reproducibi l i ty ,  or  reflect 
the  difference in ini t ia l  surface roughness.  [Cf. e.g., 
Fig. 5a wi th  Fig. 5b.] 

In  the  present  study,  the  fastest  ra tes  observed a re  
on (112) and (111) n ickel  af ter  an ini t ia l  room t em-  
pera tu re  oxidat ion  of a hyd rogen - r educed  surface (HR 
-p O, Fig. 2). The room t empera tu r e  oxide on (112) is 
of a single or ien ta t ion  whi le  that  on (111) is twinned  
(Fig. 4f and i) .  Dur ing  oxidat ion  at  800~ the oxide 
on (112) soon becomes twinned  (Fig. 4g) and, as for 
the (111), becomes po lycrys ta l l ine  on fur ther  heat ing 
(Fig. 4h and k) .  Presumably ,  dur ing  oxide g rowth  
stress re l ief  resul ts  in  the  product ion of a r r ays  of l eak-  
age pa ths  and a mismatched  oxide af te r  a short  t ime 
(Fig. 4g and j ) .  The number  of crys ta l l i te  boundar ies  
in the  po lycrys ta l l ine  oxide  is high and so, conse-  
quent ly,  is the  oxidat ion rate.  Ho t -ba re  oxidat ion  (1), 
i.e., whe re  oxygen  is admi t ted  at  600~ to an oxide-  
free surface, would  be fas ter  stil l  since the  propens i ty  
is for po lycrys ta l l ine  oxide  to form at a ve ry  ear ly  
stage (2). Thus, the  dens i ty  of high angle  leakage  path  
boundar ies  is ve ry  high in i t ia l ly  and the oxidat ion ra te  
would  approach  a max imum.  

Summary 
Consistent  wi th  the  views of Cathcar t  and  others, 

oxida t ion  ra te  an iso t ropy may  be expla ined  by  differ-  
ences in popula t ion  of leakage  paths  in the  oxide. 
S t ruc tu ra l ly  different  pr ior  oxides are  produced by 
var ious  surface p re t rea tments :  where  a s ing le -or ien ta -  
t ion pr ior  oxide is produced and main ta ined  dur ing  
growth,  the oxidat ion  ra te  is ve ry  low; if a s ingly 
or iented oxide becomes twinned,  compris ing one or 
two sets of t w i n - r e l a t e d  or ientat ions,  the  oxida t ion  
ra te  is increased;  if, in the ex t reme  case, the oxide 
becomes polycrys ta l l ine ,  then the oxida t ion  ra te  is 
ve ry  high. Thus, corre la t ion  is observed be tween  the 

dens i ty  and type  of easy diffusion pa th  in the oxide 
and the oxidat ion rate.  
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The Anodization of Si in an RF Plasma 

D. L. Pulfrey, F. G. M. Hathorn, and L. Young* 
Electrical Engineering Department, University oS British Columbia, Vancouver 8, British Columbia, Canada 

ABSTRACT 

The anodizat ion of Si in a 1 MHz oxygen p lasma  is described.  I n - ~ t u  film 
thickness  measurements  were  made  using a single angle  "s" l ight  reflectance 
technique and this  data,  coupled wi th  informat ion  on t h e  var ia t ion  of sample  
vol tage  wi th  thickness,  was used to de te rmine  the dependence  of ionic cur ren t  
on oxide  field strength.  The da ta  for a given oxide thickness could be descr ibed 
by  an equat ion of the  form given by  the theory  of ionic conduct ion by  a t he r -  
ma l ly  act ivated,  f ie ld-assis ted process. However ,  the  ionic current  and, in pa r -  
t icular ,  the  oxide  field s t rength  were  dependent  on ox ide  thickness.  MOS C-V 
measurements  on oxides of different  thickness  indica ted  a change in f la tband 
vol%age tha t  could be a t t r ibu ted  to a progress ive  bu i ld -up  of posi t ive charge 
wi th in  the oxide. This space charge  could be reduced  by  a low t e m p e r a t u r e  an-  
nea l ing  t rea tment .  The oxides were  found to be s l ight ly  absorbing optically,  to 
have a re la t ive  pe rmi t t i v i t y  in the  range  3.5-3.9, and  to possess good insu la -  
t ion proper t ies  as long as the  oxide thickness  did  not  exceed about  2500A. 

The  fo rmat ion  of a th in  film of SiO2 on Si is a key  
step in mode rn  in tegra ted  circuit  technology and, a l -  
though t h e  oxida t ion  of Si b y  t he rma l  means  is we l l -  

* Elec t rochemica l  Socie ty  Act ive  Member .  
K e y  w o r d s :  anodiza t ion ,  sil icon, r f  p lasma.  

es tabl ished the re  would  appear  to be a need for a low 
t e m p e r a t u r e  oxidat ion process that  is compat ib le  wi th  
o ther  steps in the device-process ing  sequence. P lasma  
anodizat ion would  seem to sat isfy  these requ i rements  
and the technique appl ied  to silicon has a l ready  re -  
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ceived some at tent ion (1-4). Several  methods of pro- 
ducing the oxygen plasma have been tried: (i) A high 
frequency (2450 MHz) discharge (1, 2); this method 
with sample temperatures  around 400~ enabled rea-  
sonable qual i ty  oxide films to be grown at high rates 
(6000A in 2 hr) .  (ii) A d-c arc hot-cathode plasma (4) ; 
high qual i ty  SiO2 films have been produced by this 
method at fast rates (900A in 10 min)  using a sample 
temperature  of 225~ (iii) A d-c cold cathode dis- 
charge (3) ; in this case no data on oxide properties was 
given. The average oxide growth rate  was very slow 
(1000A in 4-5 hr) at the temperatures  used (32~176 
and depended on the sample position in the discharge, 
with the positive column being the most productive 
region. 

For the d-c cold cathode plasma (3) no detailed ox- 
ide growth mechanism was proposed although, follow- 
ing the work of O 'Hanlon and Pennebaker  (5), it was 
suggested that  the growth process relied in some way 
on the presence of negative oxygen ions in the plasma. 
Recent work on this topic (6, 7) suggests that  in d-c 
cold cathode discharges the plasma negative ions do not 
play an important  part  in film growth by plasma anodi-  
zation. This conclusion is shared by Ligenza and K u h n  
(4) in  discussing the growth mechanism involved in 
film formation in a d-c arc hot cathode plasma. In  
this instance a low field diffusion process of negative 
ions, formed by electron a t tachment  to positive or 
neut ra l  oxygen mildly implanted in the oxide, is postu- 
lated. However, in the work using high frequency 
plasmas (1, 2) it has been suggested that the oxide 
growth mechanism involves a diffusion of negative 
oxygen ions which enter  into the oxide from the 
plasma. The oxide growth rate dD/dt  could be ex- 
pressed as 

dD/d t  = K / D  [1] 

where K is a parabolic rate constant. This relationship 
differs from that  presented in all other published work 
on plasma anodization in which a quant i ta t ive  measure 
of growth rate dependence on oxide and plasma prop- 
erties has been considered. These lat ter  works (8-11) 
have all per ta ined to the anodization of Ta or Nb and 
have utilized rf  (6.7 MHz) or cold cathode d-c plasmas. 
In  both cases a thermal ly  activated, high field-assisted, 
ionic conduction process, similar to that existing in the 
solut ion-anodizat ion of many  elements (12), has been 
suggested, i.e. 

dD/dt  = Ko exp pE/kT  [2] 

where /Co is a t empera ture -dependent  constant, ~s is a 
term relat ing to the charge on the mobile ion and the 
distance this ion moves between potential  wells in the 
oxide, E is the field in the oxide, k is Boltzmann's  con- 
stant, and T is the sample temperature.  

Whether  the difference in the growth mechanisms 
represented by Eq. [1] and [2] is due to the na ture  of 
the plasmas used, or to the differences in mater ia ls  
anodized, cannot be ascertained as no quant i ta t ive  data 
on the growth mechanism for the anodization of Si in 
d-c or rf plasmas is available. It  was the aim of this 
work to provide such information.  The plasma source 
chosen was an external ly  coupled rf (1 MHz) voltage 
and this was preferred to a cold cathode discharge 
because an electrodeless system is desirable to min i -  
mize sample contaminat ion and because oxide growth 
rates would appear to be higher in rf plasmas [e.g., for 
Ta at 350"K, dD/dt  is of the order of 3 A / m i n  in a d-c 
plasma (11), whereas a value of about 150 A / m i n  in a 
rf plasma (9) has been quoted].  

discharge tube was supported by stainless steel end 
caps which were rigidly mounted  to an optical bench. 
Seals were effected by Viton O rings. The system was 
sorption pumped through one end cap, to which a 1-cm 
diameter  AI rod was attached to serve as the cathode 
for the anodization circuit. The other end cap allowed 
gas and sample holder entry. The sample holder was of 
fused quartz and is shown in Fig. 1. Gas (compressed 
air) or l iquid (water)  could be circulated through the 
sample holder and thermal  contact between the sample 
and holder was achieved by the action of the tungsten  
wires, W, on the quartz sleeve, Q, which served to 
press the sample, S, onto the a luminum foil disks, A. 
The sample tempera ture  could be estimated by the 
Chromel-Alumel  thermocouple, T. A 6-mm diameter  
circular area on the face of the sample was defined by 
the mica washer, M. The mica mask was necessary to 
prevent  film breakdown (13) which otherwise rapidly 
occurred at the edges of the film adjacent to the quartz 
shield, Q. The sample was situated about 30 cm away 
from the cathode. The exciting coil enclosed a region 
about 10 cm away from the sample and at the discharge 
pressure and power levels used the sample was just  
engulfed in the outer region of the visible plasma. 

Typically oxygen pressure dur ing anodization was 30 
mTorr  and this was mainta ined by manua l  adjus tment  
of a leak valve in the gas supply line. The system 
was cont inuously pumped during anodization. Prior  to 
anodization the system was evacuated to the l imit of 
the sorption pump (about 4 mTorr)  and then back 
filled to about 1 Torr  with oxygen. 

Silicon, p- type (10 TM atoms/cm~), of (111) or ienta-  
t ion was used, and the substrates were about 1.5-mm 
thick and were cut into roughly circular pieces of about 
1.5-cm diameter. The Si substrates were received with 
one face polished and the only fur ther  t rea tment  given 
to the surface to be anodized was a 30-sec rinse in dis- 
tilled water and 48% HF (ratio by volume 1: 1), fol- 
lowed by drying in a stream of N2 gas. A1 was de- 
posited by vacuum evaporation onto a circular (about 
0.8-cm diameter)  region on the back face of each sub-  
strate and alloyed in, at 580~ for 5 min  in an a tmo- 
sphere of H2, to form an ohmic contact. 

The optical properties of the thin anodic films were 
determined from in-situ measurements  of the intensi ty  
of l inearly polarized light after reflection by the sam- 
ple (14). A schematic of the optical a r rangement  is 
shown in Fig. 2. The light source was a 0.5 mW He-Ne 

Experimental Procedure 
The discharge was maintained in a 5 cm diameter, 

lm long quartz tube by a Philips (PH102-02-10-20 
Model) 12 kW, 0.5-1.0 MHz generator. The rf power 
was coupled to the discharge by a two-turn coil and 
under normal operating conditions (oxygen pressure 
30 mTorr) the generator output power was 3 kW. The 

TO FLANG SEAL 

TO EPOXY SEAL 

Fig. 1. Schematic cross-sectional view of the quartz sample holder. 
See text for description. 
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(6328A) laser and l inear ly  polarized light (E vector 
perpendicular  to the plane of incidence) was obtained 
by rotat ing the polarizer ("Polaroid" sheet) unt i l  a 
max imum output  was obtained on the detectors. "S" 
light was employed in this invest igat ion ra ther  than  
"p"-l ight  in order to obtain a larger sample reflectance 
at the angle of incidence (35~ ~ ) used. The angle of 
incidence was adjusted so that the laser beam entered 
and left the quartz windows of the cell at as close as 
possible to normal  incidence. Bandpass filters (100A) 
were placed in front of each detector to allow measure-  
ments  to be made with the laboratory well- l ighted and 
the sample immersed in the oxygen plasma. At the out-  
set of the work RCA 7102 photomult ipl iers  were used 
as detectors and a measure of the intensi ty  of the re-  
flected light as a fraction of the in tens i ty  of the refer-  
ence beam was achieved by feeding the photomult ipl ier  
output  signals through separate decade potential  divid- 
ers and adjust ing the values of the said dividers to 
obtain a nul l  signal on an oscilloscope used with a 
differential input  channel. At a later stage, the system 
was automated to provide a continuous record of the 
sample reflectance. Photodiode detectors were used in 
this case and the output  signals were fed into a reflec- 
tance analog computer  that  has been described in 
detail elsewhere (15). 

Electrical contact between the sample and the con- 
stant  current  source that  was used as the anodizing 
power supply was provided via the thermocouple leads. 
Constant  anodizing currents  in the range 0.5-4.0 mA 
were used: the lower l imit being set by the slow 
growth rate and the upper  l imit being determined 
by the onset of instabili t ies in the anodization circuit. 
Ionic cur ren t  densities were obtained by taking the 
ionic current  density producing a growth rate dD/dt  
for an oxide AzO~ as given by 

p2yF dD 
Jion -" 

M " d t  

where F is 9.65 • 104 coulombs, M the gram molecular  
weight, and p the density. For SiO2, p was taken  as 2.2 
g /cm s (16). 

To obtain a measure of the oxide field strength, the 
sample voltages with respect to a fine Pt  wire probe 
and also with respect to the cathode (grounded) were 
recorded on a strip chart  recorder. The unshielded tip 
of the Pt  probe was ini t ia l ly situated about 3 cm away 
from the sample surface, i.e., directly under  the excit-  
ing coil. Such a position of the probe seemed advan-  
tageous, as regards heating it to keep it clean dur ing 

Table I. Comparison of oxide refractive index and thickness values 
as calculated by the reflectance technique and by ellipsometry 

Oxide thickness ,  A 
F r o m  F r o m  F r o m  F r o m  

Sample  reflee- ellip- reflectance ellipsometry 
No. tance somet ry  nl kl n~ kl  

Ref rac t ive  

2 2965 3005 1.354 0.013 1.356 0.026 
4 4000 4035 1.387 0.034 1.385 0,007 

anodization (17), but  u l t imately  the probe was wi th-  
d rawn from the plasma because of system and sample 
contaminat ion from vaporized or sputtered probe ma-  
terial. The voltage data reported here, therefore, all  
refer to potentials measured with respect to the cath- 
ode. To obtain reproducible data it was found neces- 
sary to clean the cathode after about 20 hr of exposure 
to the plasma. Calculations of both the integral  field 
s trength (V/D) and the differential field s trength 
(dV/dD) in the oxide were made. 

Results and Discussion 
Refractive index o~ the oxide . - -The refractive index 

(N1 : nl -- ikl)  of the oxide was calculated from a 
comparison of the observed and theoretical var ia-  
tions of sample reflectance with oxide thickness (14). 
The method is sensitive to the presence of optical ab-  
sorption in the films and some absorption was detected 
in the plasma-anodized films of SIO2. The values of nl  
for the various samples covered the range 1.35-1.42, 
while values of kl fell wi thin  the bounds of 0.014-0.034. 
Specific values for two samples are shown in Table I, 
along with results calculated from two-zone ell ipsome- 
ter readings taken on the completed oxides. The refrac- 
tive index was evaluated from the ellipsometer data 
by computing the value of N1 that  would give an oxide 
thickness close to that indicated from the reflectance 
data. The thickness agreement  between the two meth-  
ods, as shown in Table I, seems very reasonable in view 
of the fact that the ell ipsometer laser beam was smaller  
(by an areal factor of 2) than the laser beam used in 
the reflectance measurements,  and some nonuni formi ty  
in oxide thickness is to be expected on account of 
per turbat ion of the plasma by the sample holder. Be- 
cause of this no at tempt  was made to obtain an exact 
match in oxide thickness, even though this may have 
resulted in bet ter  agreement  between the values of 
kl as calculated by the two methods. In  any event, 
the ellipsometer computations confirm that the oxides 
were somewhat absorbing and that  the real part  of the 
refractive index is similar to that  previously reported 
(16) for the growth of thin film SiO2 by various meth-  

ods. No at tempt  was made to investigate the cause of 
the absorption in the films. 

Oxide growth rate and current efficiency.--The cur-  
rent  efficiency, o, of the oxide growth process was very 
low and for the range of anodizing currents  and tem- 
perature  used, see Fig. 3, never  exceeded 0.5%. A low 
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Fig. 3. Variation of current efficiency with oxide thickness 
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current  efficiency seems to be a feature of plasma anodi-  
zation (18) and presumably arises because of the 
avai labi l i ty  of a copious supply of high energy elec- 
trons in the plasma which can readily enter  the oxide. 
Thus even with materials  such as Ta2Os and Nb20~, 
which can be grown anodically in aqueous solution at 
current  efficiencies of 100%, current  efficiencies of 
around 1% are realized in plasma anodization (11). 
The anodization of Si in solution (19, 20) however, pro- 
ceeds at a current  efficiency of about 1% and thus the 
low value reported here for plasma anodization is less 
unexpected. The behavior  shown in Fig. 3 is typical of 
most samples anodized and the salient features are: 
(i) a decrease in ~ with film thickness, D, for anodiz- 
ing currents  of 2.0 and 4.0 mA, (ii) an independence 
(or sometimes an increase) of ~ with D for anodizing 
currents  of 0.5 and 1.0 mA. The fall of ~ wi th  D may 
indicate a deteriorat ion in oxide insulat ing properties 
as growth proceeds. Alternat ively,  following Fritzsche's 
(20) idea of the growth mechanism being an impact 

ionization process in which Si ions are created at sites 
of collision between lattice atoms and high energy 
electrons, it would be expected that  more ionizing 
collisions per electron would occur as D increases, i.e., 
the electronic cur ren t  would increase, and this would 
lead to a reduct ion in ~ if the oxide contained t rapping 
sites for the Si ions (see section below on MOS mea-  
surements) .  Observation (//) would then suggest a 
field dependence of the t rapping mechanism. 

Although current  efficiencies were low, a value of 
0.5% for Ia ~--- 4.0 mA (sample area = 0.3 cm 2) cor- 
responds to an oxide growth rate of 30 A/min .  Such 
growth rates are common in the thermal  oxidation of 
Si in dry oxygen (16). 

Oxide fie~d s trength (21) . - -The  field, E, in the oxide 
was estimated in two ways, namely:  the integral  
method in which E at a thickness D was taken a s  

Vox/D where Vox represents the voltage drop across 
the film; and the differential method in  which E at  a 
thickness D was given by AVox/AD, where AVox is the 
change in voltage drop across the film in increasing 
the thickness by AD about the median value D. In the 
differential method, for a change in oxide thickness AD, 
the measured change in voltage (between sample and 
cathode) AV is likely to be a good approximation to 
AVox, providing the conditions in the plasma do not 
change during the time required to grow AD of oxide. 
The measured voltage (between sample and cathode) 
V will only approximate to Vox if the voltage drop in 
the rest of the anodizing circuit is small and, further- 
more, measurements of integral field, for a given anod- 
izing current, taken at different oxide thicknesses will 
only be comparable if the plasma conditions do not 
change in the interim period. To get meaningful kinet- 
ics data (see below) this period will be much larger 
than that required to form AD as mentioned in the dif- 
ferential measurement. However in this investigation 
it was found that more reproducible data could be ob- 
tained using the integral method. Large errors in AVo~/ 
AD are perhaps to be expected when both the voltage 
change and  thickness change are small  (AD was typi-  
cally 100A), and fur thermore  a measure of AV, (and 
AD) would seem to be re levant  only when V (and D) 
was varying l inearly with time. Whereas dD/d t  was 
usual ly constant dur ing  a formation dV/d t  was not. 
Even  disregarding the voltage t rans ient  on switching 
anodizing currents  the value of d V / d t  invar iab ly  
changed over any appreciable period of growth, i.e., 
the field in the oxide was a funct ion of D. Figure 4 
compares integral  and differential field measurements  
for a sample anodized at 240~ In  the integral  field 
calculations, an a t tempt  was made to allow for the 
voltage drop across the nonoxide components of the 
anodizing circuit by extrapolat ing the V vs . 'D  curves 
to zero thickness and then taking E as given by (V -- 
Vo) /D  where Vo is the voltage intercept  at the D ---- 0 
axis, see Fig. 5. From Fig. 4 it can be seen that  for low 
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Fig. 5. Variation of estimated voltage drop across the oxide with 
oxide thickness. 

(0.5, 1.0 mA) anodizing currents  the integral  field is 
sl ightly lower than the differential field; this is also the 
case for high (2.0, 4.0 mA) anodizing currents  up to 
about D ---- 1500A, after which the differential field val -  
ues rapidly increase. This lat ter  behavior  can be antici-  
pated from Fig. 5 and its explanat ion may be related 
to the f ield-enhanced t rapping mechanism suggested 
earlier. Figure 4 indicates the reduced scatter in the 
integral  field measurements  and this was even more 
apparent  at lower temperatures  where the voltage 
transients  on switching anodizing currents  were longer, 
leading to large uncer ta int ies  in the AV/~D calcula- 
tions. For this reason the integral  field method was 
used to estimate E. 

Dependence of ionic current  on oxide field strength. 
- -Because  of the thickness dependence of both E and 
Jion the relationship between Jion and E can be mean-  
ingful ly derived only by using data at a part icular  
value of thickness. Accordingly, for each anodization, 
plots of Jion vs. D and E vs. D (see lower plot of Fig. 
4) were made and, for each anodizing current ,  Jion and 
E values were read off at thicknesses of 500, 1000, 1500, 
and 2000A. The results are shown in Fig. 6, from which 
it appears that  log Jion is l inear ly  related to E, with a 
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slope that  is a funct ion of film thickness. For  a given 
thickness then, a field-assisted, thermal ly  activated, 
high field ionic conduction mechanism, characterized 
by the following equat ion 

(#E -- W) 
Jion = Jo exp [ 3 ]  

kT 

describes the data; Jo and ~ are constants and W is 
the zero field activation energy. However, Eq. [3] 
would have to be modified by the inclusion of thickness 
dependent  terms for Jion and E, if the equation is to 
describe the oxide growth mechanism at all  thick-  
nesses. It  is perhaps noteworthy that  the "Tafel plots" 
of Fig. 6 can, for a given temperature,  be made to 
coincide by plott ing E vs. (1 + D/Do).log Jio, where 
Do is a constant. The results of this operation per-  
formed on the two samples referred to in  Fig. 6 are 
shown in Fig. 7, where Do has been taken as 2000A 
for sample Z41 and 750A for sample J3, thus suggesting 
that Do is tempera ture  dependent.  The implied equa-  
t ion for the ionic current  relationship with field is thus 

( W )exp{(Do(T) ) #E } 
Jlon = Jo exp kT Do(T) + D 

[4] 

A part icular  growth process that  can be described by 
Eq. [4] is not obviously apparent.  

An a l ternat ive  approach to explaining the variat ion 
of the log Jion vs. E data with thickness would be to 
disregard the var ia t ion of Jion with D and consider 
only the thickness dependence of E. This seems reason- 
able in view of the relat ive magni tudes  of the two 
effects (see e.g. Fig. 3 and 4) and also because of the 
variat ion in  the thickness dependence of Jion from 
sample to sample. While in all samples anodized at 0.5, 
1.0, 2.0, and 4.0 mA, Jfon at the two higher values of 
Ia decreased with D, a number  of samples anodized 
solely at 2.0 mA showed a constant  value of Jion. Possi- 
b ly  the high current  (4.0 mA) formations produced 
inferior oxide due to increased disturbances in the 
plasma. Thus, whereas the variat ion of Jion with D may 
not be an intr insic feature of the growth process, the 
variat ion of E with D would appear to be so as the 
samples anodized solely at 2.0 mA showed an increase 
of E with D similar to that recorded during anodiza- 
tions using the four previously ment ioned anodizing 
currents.  

An increase in E with D could be caused by the pro- 
gressive bui ld  up of positive space charge in the oxide 
such that the measured field in the oxide could be 
expressed as 
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Fig. 7. Variation of (1 + D/Do) log Jion with oxide field strength 
where Do = 2000.~ for sample Z41 and 750.& for sample J3. 

E : Ejio n + A (D)  [5] 

where EJio n is the field in the charge-free oxide re-  
quired to drive an ionic current  Jio, through the oxide 
and A (D) is the component of field in the oxide due 
to the space charge. Using Eq. [5] in Eq. [3] it is pos- 
sible to see in principle how the data of ~Fig. 6 could 
indeed be compatible with a high field ionic conduction 
mechanism. The simplest form of A (D) would be that 
of a uniform distribution, p, of positive charge in which 
case 

pD 
A (D) = ~ [6] 

2 cox 

where Cox is the permit t iv i ty  of the oxide. However in 
practice, the distr ibution given by Eq. [6] would not 
allow the data of Fig. 6 to be completely described by 
a simple equation such as Eq. [3], as the slope of the 
log Jio, vs. E plots varies with thickness. Apparent ly  
the space charge term must  also show a dependence on 
,)'ion or Ia, say B (D, I) ,  wi th  the effect being smaller at 
low total or ionic currents.  A model involving the field- 
enhanced t rapping of positive charge (holes or ions) 
could presumably produce the required general  form 
of B. Evidence that the oxides did indeed contain a net 
positive charge density is furnished by the MOS C-V 
measurements  described below. 

MOS measurements.--MOS capacitors were fabri-  
cated from samples of various oxide thickness by evap- 
oration of A1 gate electrodes (diameter 76 X 10 -3 cm) 
through a beryl l ium-copper  mask. All the samples 
were anodized (separately) at Ia : 2.0 mA and T ---- 
240~ C-V measurements  at 1 MHz were made using 
a Boonton capacitance meter;  also C-V and G-V mea-  
surements  were made at 500 kHz using a Boonton 75-C 
bridge. 

An interest ing point  of the C-V measurements  would 
seem to be the variat ion of flatband voltage VFB with 
D; see Fig. 8. The increase in VFB with D could be 
a t t r ibuted to a progressive build up of positive charge 
wi thin  the oxide, and this apparent ly  continues unt i l  
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Fig. 8. Variation of flatband voltage with oxide thickness for AI/ 
plasma-grown Si02 capacitors. O ---- unannealed samples; A --- 
samples annealed with AI gate electrode; �9 ~ samples annealed 
without AI gate electrode. 

around 2200A whereafter  VFB falls, slowly at first to 
about 2700A and then very rapidly. The decrease in 
VFB presumably  indicates a discharge or neutral izat ion 
of the space charge. Support ing evidence for this sug- 
gestion may be inferred from the G-V relationships; 
namely,  the sample of oxide thickness 2840A (see Fig. 
8) did not exhibit  a peak in G, as shown by the sam- 
ples of D equal to 1100, 1810, and 2695A and consistent 
with the presence of surface states at the sil icon/oxide 
interface, but  ra ther  displayed a conductance that  in-  
creased rapidly with negative bias leading to oxide 
breakdown.  The th innes t  oxide tested, 590A, also 
showed this behavior. P resumably  in the case of these 
latter two samples the oxide conductivi ty is high and 
dominates the measured G. In  the case of the thicker 
sample, where positive charge has been postulated to 
be present  in the oxide, the increased conductivi ty of 
the oxide could be expected to result  in neutra l izat ion 
of the trapped charge. Oxides thicker than about 2500A 
exhibited small  (3 • 10-Sm diameter)  "blistered" re-  
gions and these are probably related to the suggested 
conductivi ty increase. 

A positive space charge in the oxide can be thought 
of as either trapped holes or trapped Si ions. The 
distinction would appear to be that  holes would be 
formed by ionizing radiat ion (or electrons) from the 
plasma, whereas the trapped Si ions could be a pro- 
portion of those released from the semiconductor in the 
normal  course of supplying ions for the high field ionic 
conduction process. In  either event, neutral izat ion of 
this space charge would be expected on anneal ing the 
samples, i.e., thermal ly  inject ing electrons into the 
oxide, and this is confirmed by the data shown in Fig. 
8; curve 1 is the variat ion of VFB with D for the un -  
annealed samples and curves 2 and 3 show the effect 
of anneal ing for 1 hr in dry ni t rogen at 350~ curve 
3 related to C-V measurements  taken on capacitors 
where the A1 gate electrode was evaporated prior to 
annealing,  while curve 2 is for the case of pos t -anneal  
A1 gate evaporation. 

Fritzsche (20) has proposed that  Si ions are involved 
in the anodic growth process and are created by ioniz- 
ing collisions be tween lattice atoms and electrons ac- 
celerated to high velocities by the high field wi th in  
the oxide. The oxide field strengths in the plasma 
anodization process reported here are an order of mag-  
ni tude less than  those recorded in solution anodization 
by Fritzsche (20), and Young and Zobel (19), so pre-  
sumably ion formation would be much reduced in the 
plasma case. However, the fact that  the current  effi- 
ciencies for oxide growth appear to be similar for 
plasma and solution anodization suggests that growth-  
support ing Si ions are not produced in this manner .  
Furthermore,  taking the ionization energy for SiO2 to 
be 11 eV (20), at oxide field strengths of 2 • 106 V/  
cm an electron would need a mean  free path of 550A 
to gain sufficient energy to cause ionization. Such a 
path length seems improbable.  

For the classical high field ionic conduction mech-  
anism to be responsible for ion movement  wi th in  the 
oxide the mobile Si ions, assuming these to be the sole 
ionic charge carriers dur ing  plasma anodization as is 
reputedly the case in solution anodization (22), would 
originate at the semiconductor/oxide interface. The 
region of densest t rapped charge would thus perhaps 
be expected to be close to this interface, forming a 
charge region similar to that  designated Qss in l i tera-  
ture  (23) on MOS structures with conventional,  ther -  
mal ly  grown, oxide. In  this case, wri t ing the oxide 
capacitance per uni t  area as Cox, we have 

Q,, Q~ 
VFB -- - -  D 

Cox Cox 

and thus VF~ would be expected to increase with oxide 
thickness even if Qss was constant. By drawing a 
straight l ine through the data points up to D ---- 2000A 
on curve 1 of Fig. 8, a value of Qss/eox of 2 • l0 s V/cm 
is obtained. The oxide permit t iv i ty  can be estimated 
from measurements  of the MOS capacitance in strong 
accumulation, see Fig. 9, and a value of 3.5eo yields a 
Qss of 4 • 1012 charges/cm 2. Such a magni tude  of 
charge is not unreasonable  but, even though the space 
charge field is of the order of those measured dur ing 
anodization, it is independent  of oxide thickness and 
thus does not  have the form required by Eq. [5]. A 
progressive bui ld up of space charge throughout  the 
oxide thus seems a more likely explanat ion of the flat- 
band and oxide field dependencies on oxide thickness. 
The space charge could be due to t rapped holes but  if 
so these are not l ikely to be produced by Fritzsche's 
mechanism because the required mean  free path of 
electrons in the  oxide is comparable ~vith the film 
thickness. Inject ion of holes from the substrate is also 
unlikely,  Alternat ively,  positive space charge could be 
due to silicon (enter ing from the substrate) or to va-  
cant oxygen sites. Whatever  the mechanism it appears 
that  t rapping is field dependent  and leads to a de- 
crease in  slope of the "Tafel plots" with increasing 
oxide thickness. 
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Physical Properties of Thick Sputter-Deposited Glass Films 
D. M. Mattox and G. J. Kominiak 

Sandia Laboratories, Division 5332, Albuquerque, New Mexico 87115 

ABSTRACT 

The  coefficient of the rmal  expansion (CTE) of 5~ th ick  r f  spu t t e r -depos i t ed  
Corning 1720 glass films was measured  using a cant i lever  beam technique.  The 
films were  r f -b ias  sput te red  in an argon (Ar  films) and an argon-5% oxygen 
(Ar/O2 films) gas mixture .  The A r  films deposi ted wi th  a low subs t ra te  bias  
(+30,  0, and --50V) exh ib i t ed  an er ra t ic  CTE on ini t ia l  heat ing but  were  wel l  
behaved  af ter  a 600~ a i r  anneal .  High bias (--100, --200V) Ar  films and 
Ar/O2 films showed no er ra t ic  behavior  on in i t ia l  heat ing.  Chemical  analysis  
indica ted  no significant change in the minor  const i tuents  of the  sput te red  glass, 
bu t  neu t ron  act ivat ion analysis  showed a progress ive ly  g rea te r  oxygen deple -  
t ion wi th  increasing negat ive  bias for both the  A r  and Ar/O2 films. Etch ra tes  
were  shown to increase  wi th  increas ing negat ive  bias. I t  is suggested that  the  
s t ruc tura l  changes that  occur in some glass films at t empera tu re s  fa r  below 
the s t ra in  point  of the  bu lk  glass (670~ are  due to a combinat ion  of intr insic  
stress and a high concentra t ion  of defects.  Surface  coverage by  the spu t t e r -  
deposi ted  glass films is discussed. 

The use of sput te red  films of any  type  has severa l  
potent ia l  p rob lem areas:  (i) The films m a y  contain  
high concentrat ions  of defects and  be h ighly  stressed. 
This m a y  be reflected in unusual  physical  behavior  
such as the room t e m p e r a t u r e  s t ruc tura l  changes noted 
in h igh - r a t e  spu t t e r -depos i t ed  copper  (1). (ii) For  
complex  mate r ia l s  such as glasses, alloys, and com-  
pounds, the re  m a y  be composi t ional  changes dur ing  
deposi t ion (2) which  can affect the  proper t ies  of the  
mater ia l .  For  SiO2, oxygen deple t ion  is a commonly  
observed composi t ional  change (3). (iii) Somet imes  
there  are  unusual  s t ruc tura l  and crys ta l l ine  modifica-  
tions found in spu t t e r -depos i t ed  films which m a y  give 
proper t ies  differing f rom those of the  bu lk  ma te r i a l  (4). 
I t  is the  except ion ra the r  than  the rule  when  deposi ted 
films have  bu lk  proper t ies .  

Genera l ly ,  the  physical  p roper t ies  of th in  spu t t e r -  
deposi ted glass films are  not of grea t  concern; how-  
ever, as the film thickness  increases, the  proper t ies  
m a y  become impor tan t  in specific applications.  In  this  
invest igat ion,  the  coefficient of t he rma l  expans ion  

Key words:  sputtered glass films, bias, s train point, surface cov-  
erage,  composi t ion,  coefficient of  thermal  expansion.  

(CTE) of 5~ th ick  rf  spu t t e r -depos i t ed  glass films was 
inves t iga ted  as a function of subs t ra te  bias dur ing 
deposi t ion and as a funct ion of sput te r ing  gas com- 
position. I t  was found that  af ter  annealing,  the  spu t te r -  
deposi ted films had  a CTE close to tha t  of the  bu lk  
glass. Before annealing,  films deposi ted under  some 
condit ions showed an er ra t ic  behavior  of the  CTE. 

The ab i l i ty  of t he  deposi ted films to cover  surface 
topography  was also studied. Genera l ly ,  i t  has been 
found tha t  films deposi ted by  some type  of negat ive  
subs t ra te  bias deposi t ion technique  show a be t te r  ab i l -  
i ty  to cover  surface discont inui t ies  than  do films de-  
posi ted  wi th  no bias (5).  

Experimental 
An ax ia l ly  symmet r ic  sput te r ing  system wi th  a 

p l ana r  diode design was used to rf  spu t te r  deposi t  the 
glass films (6). The subst ra tes  were  c lamped to an 
e lec t r ica l ly  isolated, wa te r - coo led  holder  which  was 
an in tegra l  pa r t  of the  top pla te  of the  vacuum system. 
This " spu t t e r -up"  design was used to min imize  the  
p rob lem of dust  and debris  fa l l ing on the subs t ra te  
and causing pinholes.  The 0.6 cm th ick  Corning 1720 
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glass (an alumino-silicate glass) plate used as a sput- 
tering target was laid on a water-cooled copper block. 
A problem was encountered in nonuniform heating of 
the glass plate during sputtering, causing cracking. 
The edges of the cracks then showed increased sput- 
tering rates. Copper was also found to migrate along 
nonseparated cracks, giving contamination in the de- 
posited film. This problem was alleviated by the in- 
sertion of a 0.3 cm thick fused quartz plate between 
the 1720 glass sputtering target and the copper cooling 
block. 

The rf sputtering supply was a commercial MRC 
Model 3007 unit capacitively coupled to the target and 
substrate holder by conventional "L" tuning networks. 
Power input and rf peak voltage were held constant 
during deposition and the reflected power was min- 
imized. Substrate biases were obtained either by tuning 
the substrate with respect to ground (7) to obtain 
low positive (-{-30V), zero, and low negative (--50V) 
biases, or by utilizing the rf splitting network on the 
power supply to obtain higher negative biases (--100 
and --200V). 

A shutter which could be rotated in a plane parallel 
to the electrodes and moved vertically was used in 
the system. This shutter allowed sputter cleaning of 
the substrates and presputtering of the target without 
cross contamination. It also allowed slow target warm- 
up and a stable sputtering condition to be established 
before beginning sputter deposition on the substrates. 

A target-substrate distance of 7 cm was used 
throughout the investigation. A 50 oersted axial mag- 
netic field was used for all depositions except for the 
high negative bias conditions where the magnetic 
field prevented the establishing of a stable discharge. 

Commercial pure argon (Ar) gas and an argon-5% 
oxygen (Ar/O2) gas mixture was used for sputtering. 
Flow rates were controlled using a variable leak while 
the gas pressure was monitored using a Schultz-Phelps 
high pressure ionization gauge. Vacuum system 
throughput was controlled by throttling the gate valve. 
The gas inlet was in the top of the chamber, and gas 
was removed through the baseplate. 

For measurement of physical properties, glass films 
deposited in pure argon (Ar films) were deposited 
on 1 • 7 cm tungsten beams 0.1 mm thick. When 
using Ar/O2, plasma oxidation of the tungsten was 
excessive and the glass films (Ar/O2 films) were de- 
posited on 0.2 mm thick alumina beams. Films for 
chemical analysis were deposited on carbon, high re- 
sistivity low oxygen silicon slices, and low gas content 
platinum. The substrates were clamped to the water- 
cooled substrate block using no contacting material. 

In order to cover steps and defects, film thicknesses 
of 5-10~ were desired. With the sputtering conditions 
used, the deposition rate was about 1 ~/hr (4 #g/cm2/ 
rain). The sputtering rate in Ar varied from 5 ~g/cm2/ 
rain at 2 kV target potential and ~30V bias to 3 #g/ 
cm2/min at --200V bias. Rates in Ar/O2 showed the 
same variation with bias and about a 20% decrease in 
deposition rate at a given bias as compared to argon 
sputtering. This decrease of sputtering rate with the 
addition of oxygen is appreciably less than that re- 
ported in the literature for sputtering SiOs films (8). 

The substrates were solvent cleaned before being 
mounted in the vacuum system. The vacuum system 
was pumped to 5 • 10 -6 Torr, after which the gas 
inlet was opened and gas flow regulated to give 1~ 
indicated pressure in the chamber. The gate valve of 
the vacuum system was then throttled to give a final 
pressure of 10~ in the chamber. The pressure was mon- 
itored throughout the deposition. 

The substrates were sputter cleaned at 1 kV rf for 
about 30 rain with the shutter covering the sputtering 
target. The shutter was then moved to cover the sub- 
strafes and the target was presputtered. The presput- 
tering of the target was done by slowly increasing 
the input power so as to allow gradual heating of the 
target to prevent shattering from thermal shock. The 

target vo]tage was raised to 2 kV peak-to-peak rf  
which required a power level of about IO00W to the 
15 cm diameter target. 

After steady state was established, the shutter was 
opened and the deposition was made for a predeter- 
mined time to give the desired film thickness. After the 
deposition was complete, the system was allowed to 
cool under vacuum before the films were removed. In 
order to form pinhole-free films, it was found neces- 
sary to deposit the film using two to three depositions. 
Between depositions the substrates were removed and 
the surface rubbed with acetone on a lint-free cloth. 
This procedure apparently moved or removed particu- 
late contamination to the extent necessary to prevent 
pinholes from propagating through the several glass 
layers. The layers were lightly sputter cleaned be- 
tween depositions. 

After deposition the coated beam was mounted in 
a muffle furnace having an optical window in such a 
way that the deflection on heating was perpendicular 
to the gravitational field to eliminate gravitational de- 
flection. The cantilevered beam was then heated in 
I00~ increments and the deflection of the free end 
was measured using an optical cathetometer. 

The radius of curvature p of the beam was then 
determined using the equation 

1 28 

p L s 

where 8 ---- the deflection of the end of the beam and L 
---- the beam length. 

The coefficient of thermal expansion (CTE) was 
calculated using the equation (9, 10) 

1 
-- 6(at ~ as)AT(l + m)~/h 

p 

{3(l-J-m)2-Jr-  ( l ~ m n )  (~T~2-}-~-~n) } 

where p ---- radius of curvature, as = expansion coeffi- 
cient of film, as ----- expansion coefficient of substrate, 
AT -- temperature increment, m ---- thickness of sub- 
strate/thickness of film, and h ---- total thickness. Bulk 
rnodulus values were used for the glass film. 

Results 
Figure 1 shows the normalized beam deflection of an 

Ar -{-30 film (argon gas, -{-30V bias) as a function of 
temperature. On initial heating, the deflection is seen 
to vary erratically and actually change sign. Other Ar 
low bias films showed the same behavior on initial 
heating, though not as radically as did the Ar -{-30 
films. The Ar/O2 films did not show this erratic be- 
havior with the exception of the Ar/O2 --50 films, in 
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Fig. 1. Deflection of beam end showing typical behavior of an as- 
deposited film and an annealed film (extreme examples). 
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Fig. 2. Coefficient of thermal expansion of 5~ thick glass films 
after annealing as o function of rf bias on the substrate during 
deposition. Values accurate to __ 10%. 

which it occurred to a slight extent. Ini t ial  deflection 
of the beam at room tempera ture  showed that  the 
Ar 44430 as-deposited films had a high compressive 
stress. 

After  anneal ing  to 600~ in air for less than  1 hr, all 
beams showed the type of deflection shown by the 
straight l ine in Fig. 1. Figure 2 shows the CTE of Ar  
films prepared with various biases after anneal ing 
compared wi th  the l i terature  values of bu lk  tungsten  
and bulk  Corning 1720 glass in  the 0~176 tempera-  
ture range. The values compare very well. The CTE 
of the Ar/O2 films was very  close to that  of the an-  
nealed Ar  films. The ini t ia l  erratic behavior  of the Ar 
films was the source of some concern since stress dur -  
ing init ial  heat ing might  cause failure in  service. 

The deposited glass films were analyzed by emission 
spectroscopy for the minor  consti tuents which nor-  
mal ly  control the CTE. There was no appreciable 
change in  the minor  consti tuents of the sput ter -de-  
posited Ar glass films compared with those of the bu lk  
glass. Neut ron  activation analysis of the si l icon-oxygen 
ratio was made on the glass films using bulk  1720 glass 
as a standard. Table I shows that  the oxygen depletion 
is greatest in the high negative bias Ar  and Ar/O2 
films. Low bias Ar/O2 films and the Ar 44430 films show 
the least oxygen depletion. Some oxygen was recov- 
ered on anneal ing the high bias Ar films in air at 
600~ but  l i t t le oxygen change was noted in the Ar/O2 
films on annealing.  The oxygen depletion was also evi-  
dent in the color; near  stoichiometric films were clear 
and  near ly  colorless while the oxygen-deficient films 
had a brown coloration. 

The IR t ransmission of thin films (5000A) deposited 
on high purity,  low oxygen silicon was studied. The 
+30V films show a broad absorption peak in the range 
1100-900 cm -z. The --200V films show a definite Si-O 
stretching band at about 1100 cm -1. In  the Ar  4-30V 
film a definite shift of 25 cm -1 toward shorter wave-  

Table I. Oxygen content of glass films as a function of deposition 
conditions and subsequent anneal. Values obtained by neutron 

activation analysis using bulk glass as a standard 

A s  deposited 
Gas Bias 

After 6 0 0 " C  
i n  air 

% (----.5) ~ (-----S) 
depletion d e p l e t i o n  

A r  + 3 0  3 4 
A r  0 13  13 
A r  - - 5 0  17  15 
A r  - 1 0 0  16 6 
A r  --  2 0 0  2 0  8 
A r / O 2  + 3 0  0 0 
A r / O 2  0 6 7 
A r / O 2  --  5 0  13 12 
A r / O 2  --  2 0 0  18  15 

lengths was found on annealing,  suggesting a bond 
length change due to stress relief (11, 12) or change 
in composition. The low bias Ar  films also showed 
appreciable moisture pickup at room temperature,  as 
evidenced by the absorption peak at 3333 cm -1 in the 
as-deposited films. The high bias Ar  and Ar/O2 films 
showed no such water  pickup. 

Thick films (~100~) were deposited for etch rate 
studies. A region was masked using acid stopoff and 
the films were etched in "P-etch" (13) z for a period 
of t ime sufficient to give about a 25~ step in  the glass. 
After etching, the acid stopoff was removed and the 
step height was measured using a Talysurf  profilom- 
eter. Figure 3 shows the etch rates for Ar  and Ax/O2 
as-deposited films. The etch rates increased with nega-  
t ive bias and even in the best films, exceed the rate of 
bulk  1720 by a factor of 2. The high bias films showed 
bubbl ing  on etching while the low bias films showed no 
bubbling.  After  anneal ing to 600~ in air, the films be-  
came fragile, the etch rates approached that of the 
bulk, and no bubbl ing  was observed on etching. Fusion 
analysis shows several weight  per cent (w/o)  argon 
in the --200V Ar and Ar/O2 films before anneal ing and 
zero (0.01 w/o  detection l imit)  to several tenths of a 
weight per cent in the zero bias films. 

The abil i ty of the sputter-deposited glass films to 
cover surface discontinuities was found to be very de- 
pendent  on the type of discontinuity.  As shown in 
Fig. 4, a 5~ glass film covered a 5/~ step very  well  but  
did not bridge over a void in the surface. Very thick 
films can fill a void to some extent, as shown in Fig. 
5, but  the geometrical shadowing of void walls tend to 
leave a "pipe" of unfilled void. If the void geometry is 
such that  the bottom and walls are out of the line of 
sight from the target, such as shown in Fig. 6, incom- 
plete sealing of the void can result. This is also the 
case if the depth of the defect is large compared to 
the width. 

It  was found that  a high negative rf bias on the sub- 
strates during deposition caused appreciable changes 
in the film morphology when the films were deposited 
on a surface having severe topological features. Fig-  
ure 7 shows a fracture cross section of thick glass films 
deposited on a gra iny carbon surface wi th  a W30 and 
--200V bias. The low bias films show a columnar  
s tructure similar to that  observed in thick metal  films 
(4). The bias-deposited films show no such structure. 
The columnar  structure is a t t r ibuted to geometrical 
shadowing effects as the film is deposited over the 
rough surface. Ion bombardment  of the bias-deposited 
film during deposition causes resput ter ing which tends 
to erode peaks and fill valleys, thus prevent ing the de- 
velopment  of the columnar  s tructure (4). 

1 P - e t c h  = 15 p a r t s  h y d r o f l u o r i c  a c i d ,  10  parts nitric acid, and 
3 0 0  p a r t s  w a t e r .  
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Fig. 3. Chemical etch rate of as-deposited films as a function of 
bias during deposition (P-etch is 15 parts HF, 10 parts HNO3, and 
300 parts H20). 
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Fig. 4. A 5/~ thick tungsten step on a porous surface coated with 
5F, of g|ass. Note that the gloss |oyers did not bridge over the pore 
in the substrate [scanning electron microscope (SEM)]. 

Fig. 5, Very thick glass film deposited over large defect between 
glass bonded plates. Note the "pipe" of unfilled void caused by 
geometrlcal shadowing (SEM fracture cross section). 

Discussion and Conclusions 
These da ta  indicate  tha t  the  spu t t e r -depos i t ed  1720 

glass films m a y  show s t ruc tura l  changes, as evidenced 
by  the CTE behavior ,  at  t empera tu res  as low as 300~ 

Fig. 6. Small pore in which the bottom is uncoated because of the 
inability of the depositing glass to reach the bottom either by 
migration or resputtering ( - -50V bias) (SEM fracture cross section). 

which is far  below the s t ra in  point  of the  bu lk  glass 
(670~ The effect is pa r t i cu l a r ly  pronounced in films 
spu t te red  in pu re  argon wi th  a low bias on the  sub-  
s t ra te  dur ing  deposition. The effect is less pronounced 
wi th  high subst ra te  biases, p robab ly  due to heat ing 
dur ing  deposition. The effect is also less pronounced 
when  the films are  sput te r  deposi ted using an Ar-5% 
O2 gas mix tu re  for the  sput te r ing  gas. Af te r  annealing,  
all  films showed a w e l l - b e h a v e d  CTE and have values  
close to tha t  of the  bu lk  glass. 

A l l  films deposi ted using pure  argon as the spu t t e r -  
ing gas showed oxygen  deplet ion.  The oxygen  de-  
p le t ion increases wi th  nega t ive  bias for both  Ar  and 
Ar/O2 films. The oxygen  deple t ion  did not  seem to 
dras t ica l ly  affect the  CTE of annea led  films. 

Opt ical  analysis  da t a  a re  not  definit ive because of 
the  lack  of sha rp ly  defined adsorpt ion  peaks.  These 
da ta  indicate  some shift  in the  Si -O absorpt ion  peak  in 
the  low bias A r  films wi th  annea l ing  due ei ther  to 
stress re l ief  or composi t ional  change. 

The etch ra te  da ta  seem to be inconsis tent  wi th  the 
o ther  da ta  if  compared  to s imi lar  da ta  for SiO2 films 
(13). In  deposi ted SiO2 films, oxygen deple t ion  leads to 
decreased etch ra te  whi le  stress and rad ia t ion  damage 
give an increased e tch rate.  In  this s tudy the  increased 
etch ra te  wi th  the subs t ra te  bias  m a y  be due to ap-  
prec iable  argon incorpora ted  in the  deposi ted films at  
the  high negat ive  biases (14, 15) as wel l  as the  ion 
b o m b a r d m e n t  damage  in t roduced dur ing  the deposit ion.  

I t  seems tha t  the  most s table  s toichiometr ic  films 
are  produced by  sput te r ing  in Ar/O2 wi th  a zero or 
s l ight ly  posit ive (+30V)  bias. F i lms  having s table  
CTE's can be deposi ted by  app ly ing  a negat ive  rf  
subs t ra te  bias dur ing  deposition, though this leads to 
an oxygen deficiency. The b o m b a r d m e n t  dur ing  dep-  
osition p robab ly  causes heating,  which anneals  the  
film. A s imi lar  effect could p robab ly  be obta ined  by  
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Fig. 7. Fracture cross section of glass films deposited on grainy carbon surfaces with and without a negative suhstrate bias during deposi- 
tion. Note the isotropic morphology of the deposit made with a negative substrate bias (SEM). 

heat ing the films to 300~176 dur ing  deposit ion.  The 
ion b o m b a r d m e n t  dur ing  deposi t ion could have the 
undes i rab le  effect of incorpora t ing  apprec iab le  amounts  
of iner t  gas into the film which could  be re leased  d u r -  
ing subsequent  heating.  

The origin of the in i t ia l  er ra t ic  CTE behavior  of 
some films does not appear  to be d i rec t ly  re la ted  to 
oxygen deficiency since the  most e r ra t ic  films ( ~ 3 0  
Ar)  show l i t t le  oxygen deficiency. I t  is suggested that  
a combinat ion of high intr insic  film stress and a high 
concentra t ion of point  defects is the or igin of the in i t ia l  
behavior  of the CTE. This is consistent  wi th  the find- 
ings for neu t ron  and x - r a y  i r r ad ia t ed  glasses where  
low t empera tu re  anneal ing  of such defects is noted in 
the i r  opt ical  behavior  (16). 

Though the  bias deposi t ion of the  glass films did sig- 
nif icant ly change the  s t ructure  of the films and im-  
prove  the defec t -cover ing  abil i ty,  it  was st i l l  unable  
to cause complete  coat ing of some defects. 
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Microstructural Analysis of Evaporated and 
Pyrolytic Silicon Thin Films 

R./vt Anderson 
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ABSTRACT 

Transmission electron microscopy, scanning electron microscopy, and x - r a y  
analysis are used to study the structure of evaporated and pyrolytic silicon 
films (less than  1~ thick) deposited at or heat - t rea ted in the temperature  
range of 500~176 It is established that  the th in  silicon film subjects of 
this invest igat ion can have three different morphologies: pseudoamorphous, 
equiaxed grains, or dendritic. These are a t t r ibuted to be functions of deposi- 
t ion tempera ture  for pyrolytic films and hea t - t rea tment  temperature  for evap- 
orated films. The nucleation phenomena of pyrolytic silicon th in  films as a 
function of t ime spent in N2 prior to silicon deposition is investigated. Also the 
analysis of possible silicon film impuri t ies  is performed. 

The use of polycrystal l ine silicon thin films has lately 
become of interest  in the fabrication of monolithic in-  
tegrated circuits (1, 2). Several processes can be used 
to deposit silicon. These include sputtering, evapora- 
tion, and chemical vapor deposition. The microstruc-  
tural  analysis of the result ing silicon films has been 
limited to films deposited on SigN4 or SiO2 at tempera-  
tures over 800~ and /or  films from 10 to 50/, thick 
(3-5). DeLuca (6) examined pyrolytic th in  silicon 
films deposited on fused silica with deposition tem- 
peratures in the range of 700~176 He employed 
x - ray  diffraction techniques, reflection electron dif- 
fraction, and replication electron microscopy to deter-  
mine the crystallinity,  preferred orientations, and sur-  
face roughness of the films. 

In  this paper the in terna l  s t ructure of thin evap- 
orated and pyrolytic polycrystal l ine silicon films, as 
revealed by transmission electron microscopy, is of 
prime interest. Specifically, knowledge of the in ternal  
s tructure of the polycrystal l ine silicon as a function of 
the hea t - t rea tment  for evaporated silicon films and 
the effect of deposition temperature  for pyrolytic sili- 
con films is studied. The effect of substrate and sub-  
strate cleanliness on the s tructure of pyrolytic silicon 
thin films, including the sensit ivi ty of the silicon nu -  
cleation process as a funct ion of t ime at temperature  
in the reactor, is also considered. Transmission elec- 
t ron microscopic results are correlated with scanning 
electron microscopy of the silicon film surfaces and 
x - ray  analysis of the bulk. St ructural  data are cor- 
related with sheet resistances of the films. The exten-  
sion of the temperatures  of interest  down to 500~ is 
prompted for reasons of compatibil i ty with the process- 
ing of shal low-junct ion  semiconductor devices and the 
smooth polycrystal l ine silicon films we find produced 
at low temperatures.  

Key words:  semiconductor silicon, e lectron microscopy,  FET 
(field effect  transistor),  thin films. 

Experimental 
Evaporated s/l/con film sample preparation.--The 

silicon film evaporations were performed in a Temescal 
CV-10 four-pocket 180 ~ E-gun  system at a pressure 
of 1 • 10 -8 Torr. The rotary hear th substrate tem- 
perature was main ta ined  at 300~ The deposition 
source was 0.001 ohm-cm boron-doped silicon and the 
substrates consisted of 3700A of steam grown SiO2 on 
<100> p- type silicon wafers. The deposition rate was 
3000 A/ra in  and the films thickness was 9000A. The 
films were heat- t reated in  flowing ni t rogen in an open 
tube  furnace. Four -poin t  probe sheet resistances were 
measured and are included in Table I. 

Pyrolytic silicon film sample preparation.--An Ap- 
plied Materials Nitrox system modified for high pur i ty  
FET (field effect transistor) applications was used for 
all pyrolytic polycrystal l ine silicon depositions. The 
samples to be studied for effect-of-deposition tem-  
pera ture  were deposited on Si3N4 (300A) on a <100> 
1 ohm-cm n- type  silicon wafer. The carrier gas was 
N2 at a flow rate of 72 l i t e r s /min  and a Sill41 flow of 
5L5 cm3/min. Samples were prepared at deposition tem- 
pera ture  increments  of 25~ from 500~176 Deposi- 
tion parameters  and some re levant  electrical measure-  
ments  from selected samples are tabula ted in  Table II. 
To investigate the influence of the substrate  on the 
growth of the films, samples were deposited at 725~ 
an N2 flow of 60 l i ters /min,  and a SiI-I4 flow of 30 cmS/ 
min. The substrates were: (i) thermal  SiO2 (500A), 
(ii) pyrolytic SiaN4 (300A) on pyrolytic SiO2 (300A), 
and (iii) pyrolytic A1203 (900A) on pyrolytic SiO2 
(300A). All wafers were <100> 1 ohm-cm n- type  sili- 
con. The wafers were fractured in half. Both halves 
were then chemically cleaned using s tandard pro- 
cedures, and then one half was given an addit ional  
160~ 5-min H2804 cleaning step. 

z Matheson Corporation, 100% SiI-I~, semiconductor grade. 

Table I. Evaporated silicon film data 

Heat- treatment  Sheet  N.R.F. Low angle 
Sample  t empera ture ,  ~ resistance Twin stress Laue  crystal-  

No. (60 rain in N2) (ohm-era) probabil i ty (psi) lite size Orientation 

1 As-deposited 1.13 x 104 -- -- Noncrystalline -- 
2 450 1.13 x 104 -- -- Noncrystalline -- 
3 050 1.13 x 104 0.0153 -- Insensitive region* [110]** 
4 650 1.13 x 104 0.0173 Insensitive region [110] 
5 850 5.9 0.0038 42~00 Random Insensitive region 
6 850 6.17 0.0060 39,000 Insensitive region Random 
7 1040 2.38 0.0048 4,000 Insensitive region Random 
8 1040 3.45 0.0133 18,000 Insensitive region Random 

*X-ray insensitive region 1500-8000A. 
** Only (220) reflecUon observed. 

1540 
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Table II. Selected pyrolytic silicon thin film parameters 

B r e a k d o w n  
v o l t a g e  

Dep. Resis-  across  1750A 
temp,  Dep. rate, Thick-  t ivity,  depos i ted  

"C A / r a i n  hess,/L o h m - c m  SiO2, V 

500 33 0.12 - -*  - -*  
600 210 2.0 3.6 • 106 ~ 1 4 0  
700 760 2.3 3.5 x 10 ~ ~>140 
800 820 2.1 1.4 x 10 ~ 46.7 
900 600 1.7 1.2 x 106 3.2 a n d  53.6** 

* Not  measured .  
$* VBD for  900~ samples  exh ib i t ed  t w o  gauss ian peaks.  

Nucleat ion  exper iments  were  made  on samples  de-  
posi ted at 710~ the N2 flow was 60 l i t e r s / ra in  and 
Sill4 flow equaled 55 cm3/min. The subst ra tes  were  
SisN4 (300A) on pyro ly t ic  SiO2 (300A). 

Specimen Preparation 
The samples  were  first examined  by  x - r a y  diffrac- 

tomet ry  and low-ang le  Laue  techniques and then f rac-  
tu red  into smal l  r ec tangu la r  pieces to fit in the  
JEOLCO JEM-200 elect ron microscope specimen 
holder.  The e lec t ron microscope specimens were  in-  
ve r t ed  on a glass microscope slide and masked  wi th  
wax, leaving  the silicon exposed at the  center  of the  
back of the  specimen. The silicon subs t ra te  was etched 
th rough  the  wax  mask  wi th  a mix tu re  of HF-HNO3-  
CH3COOH (1: 2: 3) down to the  insula tor  film. Al l  sub-  
sequent  remova l  of insula tor  films and polycrys ta l l ine  
silicon thinning was pe r fo rmed  in a Commonweal th  ion 
mi l l ing  machine.  F ina l  Si film thicknesses var ied  from 
1000-7000A. 

Results 
Evaporated polycrystalline silicon films.--The m o r p h -  

ology of the as -depos i ted  evapora ted  po lycrys ta l l ine  
silicon is pseudoamorphous ,  i.e., a ve ry  smal l  nondis-  
cernible  micros t ruc ture  wi th  just  enough order  to p ro-  
duce broad diffuse r ings centered  on majo r  reflections 
in the e lec t ron diffraction pat terns.  The p o l y c r y s t a l l i n e  
silicon is unchanged af te r  hea t - t r ea t ing  at  450~ for 
60 min in N2. 

Af te r  the  650~ 60-min hea t - t r ea tmen t ,  silicon den-  
dr i te  s t ructures  were  observed,  indicat ing tha t  the  
nucleat ion of c rys ta l l ine  silicon occurs at  a t empera -  
tu re  --~650~ Severa l  dendr i tes  a re  seen in Fig. 1 
nuclea ted  in the  pseudoamorphous  silicon film. The 
dendr i te  at  A in Fig. 1 is seen in the  dark- f ie ld  electron 
micrograph.  F igure  2 was taken  wi th  the (111) spot 
as the opera t ing  reflection. The selected area  e lect ron 
diffraction pa t t e rn  is shown as an inser t  in Fig. 2. 
Selected a rea  electron diffract ion pa t te rns  of the  indi -  
v idua l  dendr i tes  were  al l  s imilar  to the  Fig. 2 inser t  
which is indexed  as the  sil icon [011] zone. When  the 
direct ions in the  selected a rea  diffract ion pa t te rns  a re  
ro ta ted  to coincide wi th  the  direct ions in the  corre-  
sponding micrographs,  i t  is noted that  the  [011] is 
pa ra l l e l  to long, centra l  a rms of the  dendr i tes  indica t -  
ing tha t  the  g rowth  direct ion of the  dendr i t e  is in the 
c lose-packed  [01~] as expected.  Fur ther ,  the fine rad ia l  
s t ruc tures  on the dendr i t e  centra l  a rms are  normal  to 
the  [111] direct ions in  the  micrographs .  The angle  tha t  
new dendr i t ic  a rms make  wi th  the  centra l  a rm is 107 ~ , 
which  is close to the  angle  (109.5 ~ that  separa tes  the  
t races  of the  ~11)  and the (111) p lanes  in a cubic 
[011] s tereographic  project ion.  The pa ra l l e l  l ines and 
gray  spots on the amorphous  film are  a r t i fac tua l  t h i ck -  
ness var ia t ions  produced dur ing  ion-mi l l ing  of the 
specimen. 

X - r a y  d i f f rac tometry  of the 650~ hea t - t r e a t ed  
sample  produced  only a weak  silicon (220) peak, a f te r  
the silicon s ing le -c rys ta l  subs t ra te  reflections were  
ro ta ted  off the  Ewald  sphere  (7). This confirms the 
h ighly  or iented ear ly  stages of the  film's crystal l izat ion.  

Fig. 1. Dendritic silicon nucleating in amorphous evaporated sili- 
con film. Parallel lines and gray spots on amorphous film are ion- 
milling specimen preparation artifacts. 

Fig. 2. Dark-field photograph of the dendrite at A in Fig. !. In- 
sert is selected area electron diffraction pattern from dendrite. The 
(11-1) reflection at 12 o'clock was the operating reflection for the 
dark-field photograph. 
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The microstructures of the films heat- t reated at 
850~ for 60 rain indicated that these films went  
through a dendrit ic nucleat ion process as dendri te  
remnants  are observed in the microstructure of the 
film. Figure 3 depicts several silicon dendri te  remnants  
separated by equiaxed polycrystal l ine silicon grains. 
The density of dendri te  remnants  is lower than the 
density of dendrites observed in the 650~ film. The 
polycrystal l ine silicon grain s t ructure  is obscured by 
a combination of a thin amorphous film on the surface 
and by occasional crystal l ine inclusions wi thin  the 
film. The thin amorphous film can be successfully 
removed by ion-mil l ing  and reflections from the crys- 
tal l ine inclusions observed, as shown in the electron 
diffraction pa t te rn  insert  in Fig. 3. There are too few 
unique reflections to make a positive identification of 
the crystal l ine inclusions; however, the indexed reflec- 
tions we noted correspond to the strong reflections re- 
ported for Si2ON, SiO2 ( t r idymite) ,  and /or  the low 
tempera ture  modification of Si3N4. The normal  mean  
grain size of the equiaxed grains in the 850~ 60-rain 
film samples is 6400A with a s tandard deviation of 
1300A. Now that  the polycrystal l ine silicon film has 
fully crystallized we see a dramatic decrease in sheet 
resistance as tabulated in Table I. 

After the 1040~ 60-min hea t - t rea tment  the poly- 
crystal l ine silicon film had a microstructure consisting 
solely of equiaxed silicon grains (Fig. 4). No dendri te  
remnants  were observed. The film had a lower n u m -  
ber of defects but  grain boundaries were still unclear. 
The normal  mean  grain  size for this film is 2050A with 
a s tandard deviation of 230A. Confirmation of the de- 
creased grain size compared with the 850~ 60-min 
sample is seen in the diffraction pat tern  inserts in Fig. 
3 and 4, taken with the same selector aperture, where  
the polycrystal l ine silicon rings are observed to be 
more near ly  continuous for the higher temperature.  
The same nonpolycrystal l ine silicon reflections men-  
tioned above were occasionally observed in the diffrac- 
t ion pat tern  of this sample. 

Fig. 3. Microstructure and diffraction pattern of evaporated film 
after 850~ heat-treatment; dendrite remnants are seen at D. 

Fig. 4. Microstructure and diffraction pattern of evaporated film 
heat-treated at 1040~ 

X - r a y  diffractometry of the 850 ~ and 1040~ heat-  
treated samples produced a sufficient number  of dif- 
fraction peaks for a Nelson-Riley function plot, which 
in t u rn  yielded stress data for the films (7). The 
higher order peaks in the back-reflection region were 
too weak, due to sample thinness, to yield a stacking 
fault  calculation or two-exposure stress analysis. 
Table I shows that all films have a high fault ing 
density, which is listed as twin  probability. This prob- 
abil i ty decreases with increasing hea t - t rea tment  tem- 
perature which correlates with the lower number  of 
defects observed in the 1040~ samples. Of significance 
is the observation from Table I that  the stress deter-  
mined from the Nelson-Riley function plots is re-  
duced with increasing hea t - t rea tment  temperature,  
halving from 850 ~ to 1040~ 

Pyrolytic polycrystalline silicon films.--Pyrolytic sil- 
icon films deposited at temperatures  up to 650~ have 
pseudoamorphous structures. Typical diffraction pat-  
terns show broad diffuse rings. The first r ing corre- 
sponds to the silicon (111) diffraction radius and the 
second ring spans the radii of the (220) and (311) 
silicon rings. SEM micrographs of the films show 
smooth featureless surfaces for deposition temperatures  
to 650~ 

The sample deposited at 675~ exhibited a small  
equiaxed polycrystal l ine-si l icon grain structure, indi-  
cating that the t ransi t ion between a pseudoamorphous 
silicon film and a crystall ine silicon film occurs be- 
tween the 650 ~ and the 675~ deposition temperatures.  
This t ransi t ion point is confirmed by x-ray,  low-angle  
Laue photographs and the change in appearance of the 
surface as seen by the SEM. The samples retained an  
equiaxed grain structure from 675 ~ through 875~ 
depositions, exhibi t ing only grain growth. All  of the 
samples observed in this lot in the deposition tempera-  
ture  range from 675 ~ to 875~ had a vertical  duplex 
grain s t ructure  consisting of small  discontinuous 200- 
300A grains at the f i lm-substrate interface, and con- 
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t inuous large grains~ th rough  the ba lance  of the  film's 
thickness.  This morphology  is seen in Fig. 5 t aken  
th rough  an ent i re  1~ th ick film; the  la rge  grains ( ~ 1  
cm in the  photo)  have  small  (~1  ram) grains  super -  
imposed on them. A sample  was p repa red  by  ion-  
mi l l ing  the po lycrys ta l l ine  silicon f rom the surface 
side down to the  subs t ra te  interface,  as seen in Fig. 6. 
Some areas  a re  etched comple te ly  th rough  the large  
grains  (at  E) revea l ing  the smal l  s lower etching 
grains at the  in terface  clear ly.  F igure  7 is a montage  
of a diffraction pa t t e rn  from the smal l  silicon grains  
contras ted  wi th  a diffract ion pa t t e rn  f rom large  silicon 
grains. As seen in Fig. 7, the  sma l l -g ra in  silicon dif -  
f ract ion pa t t e rn  contains ex t ra  sil icon r ings which 
ar ise  f rom silicon reflections which  are  no rma l ly  dis-  
a l lowed due to crys ta l  s t ruc ture  factor  reasons. 

To gain a be t te r  unders tand ing  of the format ion  of 
the small  gra in  silicon layer  at  the oxide interface,  we  
p repared  a set of samples  wi th  increasing thicknesses 
of polycrys ta l l ine  silicon; 130, 270, 400, 800, and 1600A 
thick films were  examined.  The 130A thick film was 
discontinuous and the r ema inde r  of the  films were  con- 
t inuous wi th  the  gra in  sizes r epor t ed  in Table  III.  I n -  
terest ingly,  the small  gra in  l ayer  did not  nucleate  
under  the  thin samples. Selected area  diffraction pa t -  
terns  of the th innest  (130A thick)  sample  exhib i ted  
the no rma l  complement  of silicon reflections, which 
e l iminated  one reason for the  forb idden reflections as 
being due to the  r e l axa t ion  of the  d iamond cubic 
s t ructure  factor  rules  as a resul t  of ex t r eme  sample  
thinness.  

A TEM sample  p repared  using the center  of the 
thick, po lycrys ta l l ine  silicon specimen instead of the  
interface (Fig. 8) shows a normal  po lycrys ta l l ine  si l i -  
con micros t ruc ture  consisting of uni form equiaxed  
gra ins  which  contain numerous  twin lamella.  The mi -  
cros t ructure  in Fig. 8 is also seen throughout  the  
th ickness  of the  th in  nuclea t ion  layer  specimens and 

Fig. 6. Silicon film from Fig. 5 after ion-milling down to ~500.~ 
from film substrate interface. Discontinuous anomalous silicon 
grains are clearly visible. 

Gra in  size d a t a  is t a b u l a t e d  in  Table III .  

Fig. 5. Microstructure of pyrolytic silicon film deposited at 700~ 
Superposition of large grains in bulk of film and small anomalous 
grains at the substrate interface. 

Fig. 7. A montage of selected area electron diffraction patterns 
from normal polycrystalline silicon grains, left, and anomalous 
grains, right. 

is typica l  of v i r t ua l ly  al l  of the  polycrys ta l l ine  evap-  
ora ted  and pyro ly t ic  silicon samples  observed  in this  
s tudy.  

X- r ay ,  l ow-ang le  Laue  photographs  of the I~ th ick 
700 ~ and 800~ deposi ted samples  show a r andomly  
or iented  po lycrys ta l l ine  silicon film wi th  a c rys ta l l i t e  
size in the  1500-8000A x - r a y  insensi t ive region. 

The l~ th ick  films have a ve ry  low stress (3000 psi) 
and a modera t e ly  h igh  la t t ice  pa r ame te r  shift  due to 
solid solution effects. 

SEM photos of the  700 ~ and 800~ samples  (Fig. 9) 
show a typica l  po lycrys ta l l ine  surface:  the  bumps  are  
about  1000A high. 
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Table III. Grain size data for pyrolytic silicon thin films 

Dep. 
temp, ~ 

I.  Effect  of  deposit ion t e m p e r a t u r e  samples  

Gra in  boundary  
S tandard  a rea  per  unit 

Normal  m e a n  deviat ion,  volume,*** 
gra in  size, A A m m 2 / m m  3 

<675 
700 
800 
900 

1470 50 4.1 I0 s 
1870 90 3.3 • 10 s 
- - ' "  "" 5.2 • 105 

�9 F i lms  are amorphous.  
�9 * F i lm has dendritic structure 

~500A equ iaxed  grains.  
�9 ** CalcuLated us ing  appropr ia te  

consis t ing of 1.5/z dendr i tes  and 

g ra in  shape factors.  

Sub- 
strata, 

2. Effect of  substrate and substrate cleanliness 

N o r m a l  
Dep. m e a n  S tandard  

temp,  H~SO4 gra in  size, devia t ion,  
~ s tep? A A 

SiO2 725 No 2419 100 
SigN, 725 No 2590 130 
AltOs 725 NO 2680 1OO 
SiO2 725 Yes 2410 140 
Siz-N~ 725 Yes 2340 120 
AlsO8 725 Yes 2590 120 

Dep. 
ternp, 

~ 

3. Thin  nucleat ion layer  expe r imen t  

FiLm Normal  m e a n  S tandard  
Dep. th ick-  gra in  size, deviat ion,  

t ime,  sec ness, A A A 

715 I0 130 210 I0 
715 20 270 990 I0 
715 30 400 380 20 
715 60 800 560 40 
715 120 1600 800 70 

Fig. 8. Micrastructure of normal polycrystalline pyrolytic silicon 
grains, 800~ sample. 

" F i lm not  continuous.  

Polycrys ta l l ine  sil icon samples  deposi ted a t  and  
above  900~ exhibi t  a dendr i t ic  s t ructure.  A typica l  
morpho logy  is seen in Fig. 10. The dendr i tes  "D" bear  
the  same crys ta l lographic  re la t ionships  to the  sub-  
s t ra te  and in t e rna l ly  as the dendr i tes  observed  in 
evapora ted  films. The spaces be tween  the dendr i t e  
arms a r e  filled wi th  small ,  equ iaxed  polycrys ta l l ine  
silicon gra ins  app rox ima te ly  500A in size. X - r a y  dif -  
f r ac tomet ry  confirms the  {110} sheet  texture .  

SEM photographs  (Fig. 11) of the  900~ deposi ted 
sample  show tha t  dendr i te  a rms  s t ick up f rom the 
surface to heights  of up to 2~. We measured  the  den-  
s i ty of dendr i tes  t a l le r  than  i~ as one per  10~ 2 and 
the dens i ty  of smal ler  sharp  dendr i tes  at about  ten 
t imes the  dens i ty  of the  la rger  ones. The sharpes t  point  
observed on a ta l l  dendr i t e  had a t ip radius  of 500A; 
most of the ta l l  dendr i tes  have t ip radi i  of 2000-3000A. 
A subsequent  oxidat ion  and H F  s t r ip  of the film r e -  
moved the la rge  dendr i t ic  spikes. 

As seen in the  gra in  size da ta  in Table  III,  the re  is 
ve ry  l i t t le  difference be tween  the films deposi ted on 
SiO2, Si3N4, and A1203. In  al l  cases the  films were  
morphologica l ly  s imi lar  and  the thin l ayer  of anom-  
alous sil icon gra ins  was noted at  the  subs t ra te  in te r -  
faces. The films were  also insensi t ive  to the  different  
c leaning procedures  pe r fo rmed  on the subs t ra tes  pr ior  
to deposit ion.  

Selected wafe r  samples  f rom the ef fec t -of-deposi t ion 
t e m p e r a t u r e  lot were  divided in half :  one ha l f  for  
mic ros t ruc tu ra l  analysis  and the other  half  for a t he r -  
mal  SiO2 deposi t ion 1750A thick. Breakdown vol tage 
measurements  were  made  of the  SiO2 and are  t a b u -  
la ted  in Table  II. B reakdown  vol tage is seen to cor-  
re la te  wi th  the  surface morphology  of the 'film; the  
double  peak  on the 900~ samples  p robab ly  is due to 
r andom samples  e i ther  containing or not  containing 
dendri t ic  spikes. 

Fig. 9. Scanning e~ectron micrograph of surface of 800~ poly- 
crystalline silicon surface. 

Analysis o] silicon film impurities.--Reference has 
been made  in the  tex t  to the observat ion of impuri t ies ,  
viz., amorphous  surface films, c rys ta l l ine  inclusions in 
the films, defects  wi th in  the  silicon grains,  and anom-  
alous smal l  silicon gra ins  at the  subs t ra te  in ter face  of 
cer ta in  pyro ly t ic  sil icon films. The poss ibi l i ty  exists  
tha t  some of the  resul ts  ob ta ined  m a y  be  due  to i m -  
pur i t ies  in the  films. The sil icon films tha t  a r e  the  
subject  of this  invest igat ion were  fabr ica ted  in care-  
fu l ly  contro l led  l abo ra to ry  appara tus  used for FET 
applicat ions,  and only the  highest  qua l i ty  ma te r i a l s  
ob ta inab le  were  used. Elec t r ica l  res i s t iv i ty  and  Hal l  
effect measurements  could not  detect  any  t race  of 
impur i t i es  in the films. X - r a y  d i f f rac tomet ry  and low-  
angle  Laue  analys is  revea led  no gross c rys ta l l ine  im-  
puri t ies.  
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Fig. 10. Transmission electron micrograph of mixed sillcon 
dendrites and equiaxed silicon grains between dendrites on 900~ 
pyrolytic sample. 

Fig. 11. Scanning electron micrograph of surface of dendritic 
900~ sample. 

Selected a rea  e lec t ron diffract ion techniques were  
able  to obta in  nonsil icon reflections f rom the occa-  
sional  c rys ta l l ine  inclusions observed in the  films and, 
a s  discussed above, t en ta t ive ly  identif ied the  inc lu-  
sions as s i l i con-oxy-n i t r ide  compounds.  No silicon 
carb ide  reflections were  observed.  

X - r a y  microprobe  analys is  of the  films was pe r -  
formed. Using the microprobe ' s  energy  dispers ive  
ana lyzer  (var iab le  f r ac t i on -o f - a -pe r  cent  sens i t iv i ty  
for e lements  wi th  atomic numbers  of e leven and 
above) ,  no impur i t i es  were  detected.  Three  specimens 
represen t ing  amorphous,  polycrys ta l l ine ,  and dendr i t ic  
morphologies,  f rom both  the  evapora ted  and spu t te red  
lots of specimens, were  chosen on the basis of m a x i -  
mum TEM observable  i m p u r i t y  content.  The six 
specimens were  examined  by  the mieroprobe ' s  w a v e -  

length  d ispers ive  ana lyze r  for  carbon, oxygen,  and 
ni t rogen content  wi th  ca l ibra t ion  against  graphite ,  
SIO2, and BN standards.  The microprobe ' s  e lect ron 
beam accelerat ing potent ia l  was var ied  to obta in  a 
rough  dis t r ibut ion  of the  above e lements  wi th  depth.  
The microprobe ' s  sensi t iv i ty  for n i t rogen may  be as 
poor as 1% due to a high background  signal  ar is ing 
from scat ter ing f rom mul t ip le  orders  of silicon. The 
microprobe  detected a thin oxide film on the surface 
of al l  of the  samples,  but  no n i t rogen or  carbon im-  
pur i ty  was observed.  

Next,  the  ESCA technique  was used to examine  the 
surfaces of v i rg in  pieces of the  samples  examined  by  
the x - r a y  mic roprobe  wave leng th  d ispers ive  analyzer .  
Essential ly,  the  technique consists of bombard ing  the  
sample  wi th  monoenerget ic  x - r a y s  and measur ing  the 
kinet ic  energy dis t r ibut ion  of the  e jec ted  electrons. 
Since the  e jec ted  photoelectrons  have  kinet ic  energies  
of app rox ima te ly  1 keY or less, the mean  free paths  
of these  e lect rons  are  shor t  and the to ta l  sampl ing  
dep th  is wi th in  the  first 100A. Each e lement  has a 
character is t ic  photoelec t ron spec t rum which  allows 
for the  analysis  of e lements  above he l ium in the  
per iodic  chart .  A majo r  fea tu re  of informat ion  pro-  
v ided  by  the  ESCA technique is t ha t  a shift  in kinetic  
energy  of the  photoelect ron for an indiv idual  e lement  
is r e l a t ed  to i ts chemical  bonding in a molecule.  The 
surface spect ra  f rom all  of the  samples  were  essen- 
t ia l ly  identical .  Silicon, oxygen,  carbon, and  SiO2 were  
detected.  Compar ison of the  peak  height  and  area  of 
the sil icon and SiO2 peaks,  wi th  appropr i a t e  s tandards,  
es tabl ished tha t  the  surface SiO2 films are  20-50A 
thick. The significance of the  observed carbon peak  is 
quest ionable  in that  a smal l  carbon peak  is a r t i fac tu-  
a l ly  produced in the  oi l-diffusion pumped  ESCA ap-  
paratus.  

Another  set of four  v i rg in  samples  was examined  in 
a Cameca secondary  ion mass analyzer .  The samples  
examined  were  the  wors t -case  pyro ly t ic  dendri t ic ,  
polycrysta l l ine ,  and  amorphous  samples  and a po ly -  
c rys ta l l ine  evapora ted  sample. An  ion spect ra  was ob-  
ta ined  as the ana lyzer  sput te red  into the  silicon film. 
The mass numbers  detected corresponded to  var ious  
orders  of silicon, oxygen,  silicon oxides, carbon, and 
argon. Ionized argon was used used as the  p r i m a r y  ion 
species. The ana lyzer  cannot  detect  n i t rogen in the  
presence of doubly  ionized 28Si, due to in ter ference  
f rom the silicon half  mass. Otherwise  the sens i t iv i ty  
of t h e  ion ana lyzer  is 1-10 ppm.  Next,  an analysis  in 
dep th  for silicon, oxygen,  and carbon was made.  The 
argon ion beam of the ana lyzer  is swept  in a square 
ras te r  on the  sample  eroding th rough  the  film and 
insula tor  and into the  substrate.  The mass spec t rome-  
te r  is set to detect  a par t i cu la r  mass number ,  30Si+ 
for example ,  and the detector  cur ren t  is p lo t ted  vs. 
t ime as  the  argon beam moves into the  sample. The 
subs t ra te  silicon and its oxygen  and carbon content  
a re  assumed to be s tandards  and the rat io  of detector  
cur ren ts  for silicon, oxygen,  and  carbon in the  film is 
compared  wi th  the  silicon, oxygen,  and carbon in the 
subs t ra te  silicon. Table  IV lists the ra t ios  of de tec tor  
cur rents  for the  species indicated.  When  the exper i -  
men ta l  e r ror  for this  procedure  is considered, ra t ios  of 

Table IV. Ion mass analyzer data 

S p e c t r o m e t e r  de tec to r  c u r r e n t  r a t io  
S a m p l e  I f  I I m/Isubs t r a t e  

Mass:  80Si 1~O ~C 
P y r o l y t i c  

A m o r p h o u s  1.0 1.3 1.6 
P o l y c r y s t a l l i n e  1.0 2.1 6.1 
D e n d r i t i c  1.0 1.5 6.0 ~ 2.0* 

E v a p o r a t e d  
P o l y c r y s t a l l i n e  1.0 2.3 ~ 1.4" 1.7 

* These  c u r r e n t  r a t io s  s t a r t ed  a t  the  h i g h  v a l u e  a t  the  su r face  of 
the  f i lm a n d  decayed  e x p o n e n t i a l l y  to t he  l o w e r  v a l u e  a t  the  sub-  
s t r a t e  in te r face ,  
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two or  less may  be  discounted for p lanar  samples.  In -  
creasing surface topography  induces surface effects 
which increases the yie ld  of sample  ions, decreasing 
the significance of h igher  detector  cur ren t  ratios. In  
addit ion,  for the dendr i t ic  case, the angle  of impinge-  
ment  of the  p r i m a r y  beam is such tha t  enhanced sput -  
ter ing y ie ld  may  be obtained.  In  the l ight  of these 
a rguments  it  is concluded that  there  is ve ry  l i t t le  rea l  
difference in the carbon and oxygen  contents of the 
films compared  to thei r  substrates,  wi th  the except ion 
of the effects of the surface na t ive  oxide film. 

Discussion 
Evaporated polycrystalline silicon f i lm.--When the 

silicon c rys ta l l i t e  nuclea tes  in the  thin amorphous  
silicon film at  650~ the associated volume cont rac-  
t ion and or ienta t ion  change sets up stresses in the 
amorphous  silicon. This stress, when  combined wi th  
the  res idual  stress present  in the  amorphous  film, ap-  
pa ren t ly  provides  the  dr iv ing  force for dendr i t ic  
growth.  

At  850~ the nucleat ion is in i t ia ted  as a dendri t ic  
process in compet i t ion wi th  the nucleat ion of equiaxed  
grains  resul t ing  in a r e la t ive ly  low densi ty  of dendr i tes  
in a ma t r i x  of equiaxed  polycrys ta l l ine  silicon grains.  
At  1040~ the nuclea t ion  of low-mobi l i ty  equiaxed 
polycrys ta l l ine  silicon grains  is dominant ,  and the 
large  number  of crys ta l l i tes  nuclea ted  l imits  the in i -  
t ia l  gra in  size when the nuclei  coalesce. Fur ther ,  the 
s i l i con-oxy-n i t r ide  compounds m a y  have a grea te r  
role  in l imi t ing the  sil icon gra in  size as they  undergo  
nucleat ion and growth.  

Pyrolytic polycrystalline silicon film.--The observa-  
t ion of the  sma l l -g ra ined  layer  of po lycrys ta l l ine  si l i -  
con at  the  subs t ra te  interface of the  ini t ia l  effects-of-  
deposi t ion t empe ra tu r e  samples, wi th  the a t t endan t  
anomalous  diffract ion pa t t e rn  and the absence of the 
sma l l -g ra in  layer  in the  nucleat ion study,  may  be ex-  
p la ined  as follows. The silicon wafers  in the  pyro ly t ic  
reac tor  are  si t t ing at  an e levated  t e m p e r a t u r e  in a 
n i t rogen a tmosphere  pr ior  to the  silicon deposition, 
causing the  surface monolayer  to be composed almost  
en t i re ly  of adsorbed ni t rogen atoms. The nucleat ion 
samples  had the i r  sil icon deposit ions s ta r ted  immedi -  
a te ly  af ter  t hey  came to t empera tu re ;  whereas  the 
e f fec t -o f - tempera ture  samples  sat at t empera tu re  for  
roughly  20-40 min pr ior  to sil icon deposition. We, 
therefore,  speculate  that  the ini t ia l  sma l l -g ra in  silicon 
layer  is nuclea ted  on an a l te red  surface, most l ike ly  
a gaseous ni t rogen sa tu ra ted  surface which produces  
anomalous  small  silicon grains. There  wil l  be large  
amounts  of in te rs t i t i a l  n i t rogen in the la t t ice  leading 
to dis tor t ion of the lattice.  When the silicon film bui lds  
up to a thickness  that  reduces the  effect of n i t rogen at  
the  interface,  through long diffusion distances, then the 
silicon renuclea tes  a normal  sil icon la t t ice  wi th  large 
grains. The presence of in ters t i t ia l  impur i t ies  d i s tor t -  
ing cubic lat t ices and giving forbidden reflections in 
e lect ron diffract ion pa t te rns  is we l l  known  (8). A d d i -  
t ional  evidence for this  exp lana t ion  of  the  smal l  g ra in  
l ayer  is the  high, l a t t i c e -pa rame te r  shift  due to solid 
solution effects, noted by  x - r a y  diffractometry,  and 
the absence of any  differences in the gra in  size of th ick 
films as functions of subs t ra te  cleanliness.  

Impurity e~ects.--The role tha t  impur i t ies  p l ay  in 
the  nuclea t ion  of the  th ree  morphologies  is l imited.  
Wi thout  a doubt,  the  effect of prolonged hea t ing  in 
n i t rogen pr ior  to the  deposi t ion of po lycrys ta l l ine  
pyro ly t ic  silicon is impor tan t  in that  i t  induces the  
fo rmat ion  of a sma l l -g ra in  sil icon layer  at the  in te r -  
face. Having  es tabl ished the necessi ty of s tar t ing the  
sil icon deposi t ion immedia t e ly  on reaching t e m p e r a -  
ture  in ni trogen,  we  have  never  again observed the  
smal l  gra in  sil icon l aye r  on comparable  subsequent  

samples.  More significantly,  no var ia t ion  in the  t em-  
pera tu re  of t r ans format ion  f rom amorphous  to po ly -  
c rys ta l l ine  silicon morphologies  was detected in sam-  
ples wi th  or wi thout  the smal l  g ra ined  layer  of silicon. 

The author  feels tha t  the  20-50A th ick  SiO~ layer  
on al l  samples  is inescapable  and is of no consequence 
to the nucleat ion of the three  morphologies.  Likewise,  
the  unproven  poss ibi l i ty  of carbon contaminat ion  in 
pyroly t ic  samples  deposi ted at  t empera tu res  in excess 
of 900~ would  p re sumab ly  come from the g raph i te  
susceptor  under  the specimens and is only  seen af ter  
the  dendr i tes  are  nucleated.  This is evidenced by  the 
decay  of the  quest ionable  ion ana lyzer  carbon rat io  
from high values  at the surface to low values  at  the 
nucleat ion interface.  

This leaves the  occasional  TEM observed silicon~ 
oxy-n i t r ide  compounds.  They are  cer ta in ly  rea l  and 
except  for thei r  possible role of inhibi t ing gra in  growth  
they  would appear  to have no effect on the  nucleat ion 
of the three  morphologies.  Suppor t  for this  s ta tement  
comes from subsequent  work  wi th  silicon films where in  
the t ransformat ion  t empera tu res  be tween  morphologies  
was constant  despi te  a near  total  absence of si l icon- 
oxy-n i t r ide  compounds.  

Conclusion 
We have es tabl ished that  the  th in  po lycrys ta l l ine  

silicon film subject  of this invest igat ion can have  th ree  
different  morphologies:  pseudoamorphous,  equiaxed 
grains,  or  dendri t ic ,  as funct ions of deposi t ion t e m p e r a -  
ture  for pyro ly t ic  films and h e a t - t r e a t m e n t  t empera -  
ture  for evapora ted  films. We note tha t  the  pseudo-  
amorphous  films are  smooth and un i fo rm and should 
per fo rm best  in semiconductor  applications.  We fur -  
ther  note that  po lycrys ta l l ine  silicon has a s l ight ly  
rougher  surface and has a morphology  which  is ap-  
pa ren t ly  sensi t ive to the  t ime spent  at  t empera tu re  
in n i t rogen pr ior  to sil icon deposi t ion for pyro ly t ic  
silicon. The dendri t ic  po lycrys ta l l ine  silicon has the 
least  sa t is factory  surface morpho logy  due to the  
presence of large  dendri t ic  spikes. 
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ABSTRACT 

The thermal ly  activated release of the dielectric polarization, obtained by 
the ionic thermoconduct ivi ty  method, of ZnF2 doped with l i th ium is examined 
in  terms of an interst i t ial  model. Single crystals of l i th ium-doped ZnF~ are 
studied in  the range of tempera ture  l rom that  of l iquid ni t rogen to 275~ 
Crystals cleaved such that  the electrostatic potent ial  can be applied in  the 
[001], [100], and [110] directions are used. Of the three crystahographic ori-  
entat ions studied, only when  the polarizing electrostatic potential  is applied 
in  the [001] direction is a strong discharge current  observed. Peaks, several 
orders of magni tude  smaller  than those found in [001] oriented crystals, are 
found when  the potential  is applied in the other two directions. The dipolar 
imperfections in  ZnF2 doped with l i th ium give a discharge current  peak at 
T m =  236.5 ~ • 5.0~ for all  three  crystal  orientations following polarization 
at 285 ~ _ 2.5~ for 3 min. The activation energy for the dipolar re laxat ion for 
the [001] orientat ion is 0.320 • 0.002 eV and the observed relaxat ion times are 
given by 

�9 (T) = 1.70 • 1O -13 exp (0.32/kT) 

The number  of dipoles is found to be 1.40 • 1018 cm -3. Agreement  between 
the n u m b e r  of dipolar defects exper imenta l ly  determined and the number  
calculated from doping level information is good. It is proposed that  the di-  
electric re laxat ion of ZnF2 doped with l i th ium is due to the (Lil" -- Lizn') 
dipole and that rotat ion of the dip.ole is accomplished by interst i t ial  l i th ium 
ion movements  parallel  to the c-axzs of the crystal. 

The dielectric relaxat ion of ZnF~ doped with l i th ium 
was examined in a previous paper (1) in terms of 
possible vacancy movements.  The presence of the rela-  
t ively small  and mobile l i th ium ion suggests re -exami-  
nat ion of the relaxat ion process in terms of possible 
interst i t ial  movements.  I t  is the in ten t  of this  paper to 
propose an interst i t ial  model for the relaxat ion process 
in order to provide the basis for comparison of the two 
mechanisms and to at tempt to resolve which is re-  
sponsible for the dielectric relaxat ion of ZnF2: LiF. 

Zinc fluoride has the tetragonal  rutile, TiO2, type 
crystal s t ructure  (2, 3). Each zinc ion is surrounded 
by six fluorine ions approximately at the corners of a 
regular  octahedron, and each fluorine ion is surrounded 
by three zinc ions approximately at the corners of an 
equilateral  triangle. 

Electric dipoles may be formed in ZnF~ when  it is 
doped with li thium, as i l lustrated in Fig. 1. One mono-  

K e y  words: dielectric relaxation, dielectric loss, zinc f luor ide ,  
crystal defectS. 

Fig. I .  Tetragonal crystal structure of ZnF2 in which one Zn + + 
has been replaced by a substitutional Li + and an interstitial Li + 
resulting in a (Lix" - -  Lizn') dipole. The zinc ions are represented 
by the smaller circles; the fluorine ions, by the larger circles; and 
the lithium ions, by the circles marked with an x. 

valent  l i th ium ion is proposed to replace the divalent  
zinc ion in the normal  cation lattice position. To main-  
tain charge neut ra l i ty  in the crystal, for the case under  
consideration, a second monovalent  l i th ium ion is con- 
sidered to accompany the subst i tut ional  Li + and is 
expected to occupy an interst i t ial  position between the 
fluorine ions in the immediate  neighborhood of the 
subst i tut ional  Li +. The interst i t ial  Li + and the substi-  
tu t ional  Li + can form a (Lii" -- Lizn') dipole. 1 The 
subst i tut ional  Li + is expected to be relat ively im-  
mobile and remain  in the normal  lattice position in  
the presence of an external  field. Rotation of the di- 
pole due to application of the external  field is accom- 
plished by movement  of the re la t ively mobile in ter -  
stitial Li + cation from one interst i t ial  position to an-  
other. The most probable interst i t ial  sites are taken 
to be the same as those reported for the rut i le  crystal 
(5). 

The orientat ion of the (Liz" -- Lizn') dipoles is r an -  
dom and variable in the absence of fields since the in-  
tersti t ial  cation can occupy a number  of equivalent  
sites a round the subst i tut ional  Li +. Applicat ion of an 
electric field results in movement  of the interst i t ial  
cations with dielectric re laxat ion occurring when  the 
field is removed due to the redis t r ibut ion of the in-  
terst i t ial  cations among the possible lattice sites. The 
activation energy in the low temperature  range  is ex- 
pected to be the motion energy for the interstitials.  

The dielectric relaxat ion of ZnF2 single crystals 
doped with l i th ium has been studied in the present  
work using the ionic thermoconduct ivi ty  method of 
Bucci et al. (6-9). Since the dielectric relaxat ion of 
doped materials  is expected to be dependent  on move- 
men t  of defects in the crystal, as proposed above, the 
occurrence of strong, thermal ly  activated current  dis- 
charges observed in  the ionic thermoconduct ivi ty  
method are expected to be dependent  on the crystal lo-  

1 T h e  d ipo l e s  d e s c r i b e d  h e r e  a r e  w r i t t e n  i n  t e r m s  of  K r 6 g e r ' s  
n o t a t i o n  (4) in  w h i c h  t h e  m a j o r  s y m b o l  is  t h e  ion  o r  v a c a n c y  in 
t h e  l a t t i ce  p o s i t i o n  n o r m a l l y  o c c u p i e d  b y  t h e  s u b s c r i p t e d  s y m b o l .  
A s u b s c r i p t e d  I i n d i c a t e s  t h a t  t h e  ion  is  in  an  i n t e r s t i t i a l  pos i t ion .  
T h e  s u p e r s c r i p t e d  s y m b o l  i n d i c a t e s  t h e  e f f e c t i v e  c h a r g e  on  t h e  i o n  
o r  v a c a n c y  w i t h . ,  x a n d ,  ' i n d i c a t i n g  p o s i t i v e ,  n e u t r a l ,  a n d  n e g a t i v e ,  
respectively.  
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graphic orientat ion of the single crystals. ZnF2:LiF 
single crystals cleaved such that polarization and dis- 
charge may be studied in  three different crystallo- 
graphic orientations have been used in  order to de- 
termine the orientat ion dependence of the discharge 
current .  

As outl ined by  Bucci and Fieschi (6), the ionic ther-  
moconductivi ty method for the study of dielectric re- 
laxat ion consists of the following three basic steps: 
(i) The sample is polarized in a static field Fp, for a 
time t, at a tempera ture  Tp. (ii) The sample is cooled 
to a temperature  To ~ Tp, where any ionic motion 
is completely hindered, and the external  field is taken 
off. (ii i)  The sample is subsequent ly  warmed at  a 
constant  rate b ---- dT/d t ,  and the discharge current  is 
registered as a funct ion of temperature.  

The dipoles, initially, are randomly  oriented in the 
absence of an external  electric field. The dipoles wil l  
be distr ibuted in  a random way among the possible 
orientations, so that  the total polarization wil l  be zero. 
The application of the field Fp causes the dipoles to 
become polarized, i.e., assume a preferred orientation. 
The preferred orientation of the dipoles is preserved 
by reducing the temperature  to a value low enough 
to hinder  the relaxation, i.e., rerandomization,  of the 
dipoles. The lowering of the tempera ture  insures a 
long relaxat ion t ime for the rerandomizat ion process. 
When the sample is warmed at a constant  ra te  b, the 
relaxat ion t ime is gradual ly  shortened, the dipoles 
lose their preferred orientat ion and a depolarization, 
or discharge, current  i ( T )  is observed. The discharge 
current  is characterized by an init ial  exponent ia l  rise 
as the temperature  increases, peaking, and  a fall ing 
off to zero. 

When the discharge current  is due to the re laxat ion 
of dipoles, the peak of the current  corresponds to the 
par t icular  type of dipolar imperfection in the sample 
and can be used to obtain informat ion on the re laxa-  
tion t ime and number  of dipoles in the sample (6). 
If several types of dipolar imperfections are present  
in the sample, several peaks are to be expected, each 
peak corresponding to a part icular  type of dipolar im-  
perfection in the sample. 

When only  one kind of dipolar defect is assumed to 
be present  in the material,  the following parameters  
can be obtained from the ionic thermoconduct ivi ty  
data (6-9) : 

(i) The activation energy for the dipole orientation, 
E, can be obtained from the init ial  slope (the low 
tempera ture  side) of the curve obtained by plott ing 
In i ( T )  vs.  1 / T  and from the equation 

ln  i ( T ) - :  --  E / k T  + In ( Po/~o) [1] 

where Po is the induced polarization per uni t  volume 
and To is the relaxat ion t ime at 0~ 

(ii)  When E is known, �9 can be obtained from 

kTm 2 --  bET(TIn) = bE~o e x p ( E / k T m )  [2] 

where Tm is the tempera ture  corresponding to the 
peak, i(Tm), in  the ionic thermoconduct ivi ty  curve 
and b is the  warming  rate, dT/d t .  

(i i i)  The number  of dipolar defects, Nd, is obtained 
from 

Nd " - -  PokTp/ap2FpA [3J 

where Tp is the polarizing temperature,  a is a geo- 
metr ical  factor depending on the possible dipolar ori- 
entation, p is the electrical moment  of the dipole, Fp 
is the polarizing electrical field, and A is the sample 
area. 

Experimental Procedure 
Single crystals of ZnF2 doped with lithium, in the 

amount  of 2.9 • 10 is atoms of Li per cm~, were grown 
in the crystal growth facilities of the Center  for Ma- 
terials Research at Stanford University.  The' concen- 
t ra t ion of the l i th ium was originally determined in 
the melt  based on the assumption that  the content  of 

the solid would be the same. No evidence of segrega- 
tion was apparent  in the single-crystal  boule. In -  
ference of the l i th ium content  from atomic absorption 
measurements  on the l i th ium-doped ZnF~ crystals in-  
dicated the assumption to be valid. The crystals were 
cleaved into r ight  rectangular  parallelepiped samples 
on the order of 4 • 4 • 1 m m  in size. The crystallo- 
graphic orientat ion of the cleaved crystals was such 
that the electrostatic potential  could be applied in  the 
[001], [100], and [110] directions of the ZnF2:LiF 
crystal. Conductive silver lacquer was used to provide 
electrical contacts on the crystals. 

Polarizat ion of the samples was done at 285.0 ~ +_ 
2.5~ under  vacuum followed by a l iquid ni trogen 
quench. Heated h igh-pur i ty  nitrogen, at a flow rate of 
3.5 l i ters /min,  was used to wa rm the samples at a 
warming  rate of approximately 0.1~ The tem- 
perature  was measured by means of a copper-con- 
s tantan thermocouple attached to the sample holder 
in  contact wi th  one of the electrodes. Curren t  mea-  
surements  were made using a Cary 401 v ibra t ing-reed  
electrometer with a current  sensit ivity of 10 -17 A. The 
current  and temperature  were recorded s imultaneously 
on s t r ip-chart  recorders from liquid ni t rogen temper-  
ature to approximately 275~ in most tests with an 
occasional sample being heated to about 30O~ Re- 
producibil i ty of ionic thermoconduct ivi ty  measure-  
ments  made on different samples was on the order of 
magni tude  of 7.5%. Measurements on the same sample 
gave a reproducibil i ty on the order of 2.5%. These 
errors arose main ly  from a t ranslat ion of the scale 
of the cur ren t  and therefore are not expected to affect 
the values of E and To. 

Prior  to placement  in the sample holder for the 
ionic thermoconduct ivi ty  studies, the crystals were 
heated in a h igh-pur i ty  hel ium gas atmosphere at 
about 475~ for one-half  hour and then quenched to 
room temperature  with h igh-pur i ty  hel ium gas. The 
purpose of the hea t - t rea tment  was to dissolve clusters 
of dipoles thereby increasing the in tensi ty  of the di -  
electric re laxat ion (8). In  samples that  had not been 
given the above t rea tment  prior to testing, only rela-  
t ively weak discharge currents  were observed. 

Results and Discussion 
Only when the polarizing electrostatic potential  is 

applied in the [001] direction, of the three crystallo- 
graphic orientations studied, is a strong discharge cur-  
rent  observed. Figure  2 i l lustrates a typical  ionic ther-  
moconduct ivi ty discharge of the [001] direction ori- 
ented crystals dur ing  heat ing from liquid ni trogen 
tempera ture  to near  room temperature.  Also shown 
in Fig. 2 are the weaker  discharges observed for the 
[100] and [110] oriented crystals. The curves of the 
figure have been smoothed and do not  exhibit  the 
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Fig. 2. Typical ionic thermoconductivity discharge currents in 
ZnF2:LiF far the three crystallographic orientations of this work. 
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discontinuit ies result ing from the t rans la t ion  of the 
current  range  actual ly experienced in  the tests. As 
seen in Fig. 2, peaks, several orders of magni tude  
smaller  than  those found in [001] oriented crystals, 
are found when the potential  is applied in the [100] 
and [110] directions. 

The dipolar imperfections in ZnF2 give a discharge 
current,  i(Tm), at Tm ---- 236.5 ~ -- 5.0~ for all  three 
crystal orientat ions following polarization at Tp ---- 
285.0 ~ ---- 2.5~ for 3.00 __ 0.25 rain. 2 The activation 
energy for the dipolar relaxat ion obtained from the 
slope of the [001] orientation, as shown in Fig. 3, is 
E = 0.320 ~_ 0.002 eV 3 and the observed relaxat ion 
times are given by 

�9 (T) ----- L70 X 10-13 exp(0.32/kT) [4] 
By put t ing  p _-- 1.5 X 10 -17 esu, a ---- 2/3, and Tp ---- 
285~ the n u m b e r  of dipoles is found to be 1.40 X 
10 TM cm -a  from Eq. [3]. 

As indicated above, the tempera ture  Tm correspond- 
ing to the m a x i m u m  current  in  all cases, regardless 
of crystal orientation, is similar, 236.5 ~ __ 5.0~ Since 
all samples were given the same t rea tment  prior to 
and dur ing the study, the apparent  reason for the 
strong discharge current  peaks only for [001] oriented 
crystals is that  the rotat ion of the dipoles due to move-  
ment  of the defects is easier in this orientat ion than 
in  the other two directions. 

In  the previously proposed vacancy model for the 
dielectric re laxat ion of ZnF2 doped with l i th ium (1), 
(VF' -- Lizn') dipoles were discussed. When only one 
monovalent  l i th ium ion replaced the divalent  zinc ion, 
an anion vacancy was proposed to main ta in  charge 
neutral i ty.  Rotation of the dipole dur ing relaxat ion 
was considered to be due to fluorine ions moving be- 
tween adjacent  lattice sites as made possible by the 
existence of the relat ively mobile vacancies created 
by the addit ion of the re la t ively immobile l i th ium 
ions to the crystal. The vacancy has six possible 
equivalent  positions around the l i th ium ion and the 
orientat ion of the dipole can change by an anion mov- 
ing to the vacant  site. Possible movements  of the ad- 

F o r  a l l  n u m e r i c a l  v a l u e s  r e p o r t e d  in  t h i s  p a p e r  in  t he  f o r m  
A • B,  B is  t h e  standard deviat ion.  

S T h e  v a l u e  of  t h e  a c t i v a t i o n  e n e r g y  p r e v i o u s l y  p u b l i s h e d  (1), 
0.641 eV,  was  incorrect ly  reported  and f o u n d  to be  in  e r r o r  b y  a 
factor of  2. 
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Fig. 3. The Iogzo i as a function of IO00/T tar the low-tempera- 
ture side of the current discharge for lithium-doped ZnF2 in the 
[001] orientation. The activation energy is determined from this 
plot. 

jacent  fluorine ions into the vacant  site are given in 
Fig. 4. From Fig. 4, it is apparent  that  movement  of 
the fluorine ions and vacancies, with the result ing 
rotat ion of the dipoles, should be as easily accom- 
plished when polarization and relaxat ion are studied 
in the [100] direction as when  studied in the [001] 
direction. Figure 4 and inspection of scale size solid 
models of the (VF" -- Lizn') dipole in ZnF2 suggest 
that ion and vacancy movement,  when  polarization 
and depolarization are studied in the [110] direction, 
may be slightly more difficult due to the coordination 
of the fluorine ions in the crystal structure. Nowick and 
Heller (5), however, indicate that  the relaxat ion be-  
havior for the [100] and [110] directions should be 
similar. 

Dielectric relaxat ion of ZnF2 result ing from rota-  
t ion of dipoles due to the presence of vacancies was 
observed in some early tests of the crystals. Prior to 
placement  in the sample holder for the ionic thermo-  
conductivi ty studies, the crystals were heated in  a 
h igh-pur i ty  hel ium gas atmosphere at about 475~ for 
one-half  hour, then  quenched to room tempera ture  
with h igh-pur i ty  hel ium gas, as noted above. In  the 
early stages of the investigation, the quench was at-  
tempted in air. The a i r -quench however resulted in 
oxidation of the crystals, as evidenced by discolora- 
t ion of the originally colorless crystals. Crystals thus 
exposed to an air cooling gave discharge currents  as 
shown in Fig. 5 for a [110] oriented crystal. Two dis- 
charge current  peaks were observed for air-cooled 
ZnF2:LiF crystals. The init ial  peak, Tin1, corresponds 
to the peak shown in Fig. 2 for the helium-cooled 
crystal. The peak at Tml in Fig. 5 and the peak in Fig. 
2 for the [110] orientat ion both are found at 236.5~ 
The higher temperature  peak, Tin2, of Fig. 5 was ob- 
served in  both l i th ium-doped ZnF2 and undoped ZnF2 
crystals which were heat- t reated together and equally 
exposed to the atmosphere dur ing the air-quench.  The 
cur ren t  peaked at 265~ in each case when  the sec- 
ond discharge was observed. No second discharge was 
observed when the doped or undoped crystals were 
quenched in the h igh-pur i ty  hel ium gas. The second 
current  discharge was therefore a t t r ibuted to (VF" -- 
OF') dipoles formed during the oxidation of the air-  
cooled crystals. The anion vacancy of the (VF" -- OF') 
dipole would be expected to be more mobile than the 
subst i tut ional  oxygen with rotat ion of the dipole dur -  
ing re laxat ion occurring via a vacancy movement  
mechanism. The activation energy for dipole or ienta-  
tion for the second discharge was found to be 0.46 

[O01] 

t 

[100] 

Fig. 4. Crystal structure of ZnF2 in which one ZnF~ has been re- 
placed by one LiF resulting in a (VF" - -  Lizn') dipole. The crystal- 
lographic directions possible for changes in the vacancy position, as 
represented by replacement of the vacant lattice site by a neighbor- 
ing fluorine ion, are indicated. 
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Fig. 5. Typical ionic thermoconductivity discharge current in 
lithium-doped ZnF2 after air-cooling from the annealing tempera- 
ture. 

eV which  is s imi lar  to the  0.42 eV value  Rossing and 
Coble (10) found for the  dipole in CaF2. The crys ta l  
s t ruc ture  of l i t h ium-doped  ZnF2 containing both (Lix' 
- -  Lizn') and (VF" --  OF') dipoles  is i l lus t ra ted  in Fig. 
6. 

The magni tude  of the  second discharge peak  was  
similar,  i.e., the same order  of magni tude ,  for each of 
the  three  or ienta t ions  s tudied imply ing  that  the  move-  
ment  of vacancies in each of the  three  direct ions oc- 
cu r red  with  equal  ease. Refer r ing  back  to the cur ren t  
discharge peaks  observed at  236.5~ in Fig. 2 and 5, 
should this  r e laxa t ion  resul t  f rom a vacancy  move-  
ment  mechanism involving the  (VF" --  Lizn') dipole, 
the  magn i tude  of the  cu r ren t  d ischarge peak  for each 
of the  three  or ientat ions  should be similar.  

The h igher  t empe ra tu r e  discharge,  Tin2, of Fig. 5 
is noted to exhibi t  a change in the  sign of the cur ren t  
discharge.  The change in sign of the  cur ren t  was ob-  
served for  a l l  the  oxidized ZnF2 crystals ,  doped  and 
undoped.  A change  in the  sign of the cur ren t  m a y  be 
achieved b y  inver t ing  the crys ta l  wi th  respect  to the 
electrodes be tween  the polar iz ing and  depolar iz ing 
stages of the test. However ,  no such invers ion was 
pe r fo rmed  to obta in  these results .  Unti l  fu r the r  s tudy 
of the occurrence of the change in the  sign of the  cur -  
ren t  d ischarge can be  under taken ,  the  phenomenon 
remains  unexpla ined .  

The  number  of d ipolar  defects  de te rmined  using 
Eq. [3] provides  addi t iona l  verification tha t  an in t e r -  
s t i t ia l  mechanism is responsible  for the  cur ren t  dis-  
charge  peak  at 236.5~ Bucci et al, (8), in test ing 

0 

Fig. 6. Crystal structure of ZnF2 containing both (Lii" - -  Lizn') 
and (VF" - -  OF') dipoles. The larger circle, marked with an o, 
represents the oxygen. 

samples  wi th  different  concentrat ions  of impur i ty  
atoms, found tha t  as the  concentra t ion of impur i ty  
a toms in the  mel t  increased,  a r e la t ive ly  smal le r  f rac -  
t ion of them ente red  into the crystal .  Fo r  the  re la t ive ly  
low concentra t ion of l i th ium added  to the  ZnF2, the  
number  of dipoles should be d i rec t ly  propor t ional ,  
and  qui te  similar ,  to the  number  of added  impur i ty  
atoms should the  (VF" --  Lizn') dipole  be responsible  
for the  r e l axa t ion  since one F -  vacancy  is proposed  
to be c rea ted  for every  Li  + subs t i tu ted  for a Zn + + 
Format ion  of the  (Lii" --  Lizn') dipole  requi res  two 
Li + ions for  each Zn + + replaced.  The expe r imen ta l ly  
de te rmined  number  of d ipolar  defects  for the in te r -  
s t i t ia l  model  would  thus  be  on the  order  of half  the  
number  of Li  + ions or ig ina l ly  added  to t he  ZnF2. The 
number  of d ipolar  defects ca lcula ted  using Eq. [3] is 
s l ight ly  less than  one-ha l f  the number  of l i th ium ions 
added  in the  doping process, thereby,  suppor t ing  the  
in ters t i t ia l  model.  

In  a s tudy of the  diffusion of l i th ium in ruti le,  John-  
son has found the movement  of the  in te rs t i t i a l  l i th ium 
ion to be ex t r eme ly  anisotropic  (11). Diffusion was  
found to be severa l  orders  of magni tude  fas ter  pa ra l l e l  
to the c-axis,  i.e., in the  [001] direction,  t han  diffusion 
perpendicu la r  to the  c-axis .  S imi la r  resul ts  would  be 
expected  for the movement  of l i th ium in ZnF2 wi th  the  
same crys ta l  s t ruc ture  and s imi la r ly  sized inters t ices  as 
TiO2. S imi la r  resul ts  were  indeed found; the  [001] d i -  
rect ion in the  ZnF2 crys ta ls  was the  only  direct ion 
s tudied which gave apprec iab le  dielectr ic  r e l axa t ion  
currents ,  thus, s t rongly  suggest ing tha t  the  currents  
were  the  resul t  of movement  of the in te rs t i t i a l  l i th ium 
ions. 

Al though  the dielectr ic  r e l axa t ion  of ZnF2:L iF  as 
associated wi th  in ters t i t ia l  ion movement  has been 
compared  to the  diffusion of l i th ium in ruti le,  the  com- 
par i son  must  be l imited.  The polar izat ion of the di-  
electr ic  and  subsequent  r e laxa t ion  is due to the  or ien-  
ta t ion of the  dipoles un i fo rmly  d is t r ibu ted  in the vol-  
ume of the  crystal .  The components  mak ing  up the di-  
pole are  assumed to be near  ne ighbors  and  to  r ema in  
associated dur ing  the polar iza t ion  and re laxa t ion  proc-  
esses, as indica ted  by  the  low act iva t ion  energies  ob-  
served for dielectr ic  r e l axa t ion  involving in te rs t i t i a l  
ions. The movement  of defects considered here  is l im-  
i ted to smal le r  distances than  would  be  the  case for 
dissociation of the  dipoles and diffusion of the  defects. 

Manuscr ip t  submit{ed J u l y  19, 1972; rev ised  m a n u -  
script  received June  4, 1973. This was P a p e r  94 p r e -  
sented  at  the  Miami Beach, Flor ida ,  Meet ing of the  
Society, Oct. 8-13, 1972. 

A n y  discussion of this  pape r  wi l l  appea r  in a Discus-  
sion Section to be publ i shed  in the June  1974 JOURNAL. 
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Surface Oxide on Etched Aluminum 

Alan W. Smith 
The Boeing Company, Seattle, Washington 98124 

ABSTRACT 

The formation and properties of the surface oxide formed on a l u m i n u m  
etched in a sulfuric acid-sodium dichromate solution have been investigated 
using electrical impedance, electron microscopy, and contact angle measure-  
ments. The frequency dependence of the impedance measurements  is shown to 
follow the theory of Gevers and DuPr~ for amorphous dielectrics. By anodiz- 
ing in  neut ra l  solutions, known oxide layers are added. From this and l i terature 
d a t a ,  the dielectric constant  at any frequency, the roughness factor, and the 
thickness of the oxide layer can be estunated. F rom the roughness factor, a 
porous cell s t ructure is derived which is confirmed by electron micrographs. 
From the effects of drying the oxide, the presence of a hydrous layer  which 
h a s  a high dielectric loss and poor wet tabi l i ty  is indicated. Upon heating to 
high temperatures,  the loss decreases and the surface becomes more wettable. 
It  is shown that  this hydrous layer occurs, except when  the surface is polarized 
anodicaUy dur ing eching. When the surface is polarized anodically, the anodic 
cell s t ructure  is prominent  and little or no hydrous layer  forms. The addit ion 
of copper ion to the etch causes a surface layer  to form as under  anodic 
polarization. 

The surface of etched a l u m i n u m  displays a var iabi l -  
i ty wi th  respect to adhesive bonding and a high sen- 
si t ivi ty to slight changes in  etching conditions. In  order 
to help explain the causes of this sensitivity, the for- 
mat ion and properties of the surface oxide were 
examined.  Electrical impedance measurements  as a 
funct ion of f requency give one of the few ways of 
characterizing such th in  layers. This was the principal  
technique used, but  electron microscopy was also used 
to confirm certain conclusions and contact angle mea-  
surements  were used to amplify  the characterization 
of the surface. 

Experimental 
Unless otherwise noted, the samples examined con- 

sisted of 99.99% a luminum etched in a 300 g/ l i ter  sul-  
furic acid, 30 g/ l i ter  sodium dichromate solution at 
65~ 

The electrical impedance was measured with a 
Hewle t t -Packard  vector impedance meter, Model 
2800A. High accuracy was obtained by moni tor ing the 
output  with a recording potent iometer  and cal ibrat ing 
the meter  at each f requency with precision capacitors 
and resistors. The low applied voltage of this ins t ru-  
ment,  3 mV for most measurements ,  helped avoid 
errors due to electrode reactions. 

Three different electrolytic cells were used. The one 
wi th  the best geometry consisted of two 0.32 cm diam- 
eter a luminum wires covered wi th  varnish except at 
the ends. The wires were bent  so that  the two ends 
near ly  touched forming a parallel  plate cell. In  another  
cell two fiat a l u m i n u m  samples were separated by  an 
O-r ing  filed wi th  solution. The area of each sample 
exposed to the solution was 0.40 cm ~ and the samples 
were 0.2 cm apart. In  both cases, the impedance is 
twice tha t  of a single oxide layer. A one a luminum 
plate cell used the same O-r ing which was connected 
to a reservoir  containing a large p la t inum electrode. 
This cell was used for anodization. Concentrated solu- 
tions of potassium sulfate and potassium dichromate 
(adjusted to pH = 6) were used with little difference 
in  results. 

The results for the three cells showed only minor  
differences. Corrections for series resistance of the 
solution were substant ial  for the two O-r ing  cells but  
negligible for the wire  cell except at the highest fre-  
quencies. This correction was made  by subtract ing 
from the measured impedance the infinite frequency 
extrapolated equivalent  series resistance. The imped-  
ance values in  the p la t inum electrode cell increase 

Key words: aluminum, impedance, etching, wettability, oxide. 

for a time, amount ing  to a small  anodization of the 
a luminum.  

Measurements of impedance were also made by 
evaporat ing a layer  of a luminum on top of the oxide 
layer as previously discussed (1). 

The topology of the surface was examined by use of 
replicas. The replicas were obtained by  pressing an 
acetone-softened, acetate-based film on the surface 
and peeling it off when hardened. The replica was 
shadowed with ge rmanium at 45 ~ , covered with carbon 
and then the acetate film was dissolved away. The 
ca rbon-germanium films were then examined in a 
JEM-6A electron microscope. 

To make comparative measurements  of wettabil i ty,  
contact angles of l iquid drops have been used. Because 
of the var iabi l i ty  of results from sample to sample (or 
even across some samples),  simple techniques were 
used. A Gaer tner  goniometer was used to measure the 
contact angles of water  and of 1-Bromonapthalene.  
Liquid drops were touched to the surface and measured 
immediately.  On mechanical ly  polished surfaces the 
results found for 1-Bromonapthalene were similar to 
those reported in  the l i terature  (2). 

Contaminat ion is an impor tant  consideration. It  has 
been stated that  clean metal  oxides should give a zero 
contact angle with water  (2, 3). However, it was pos- 
sible here to obtain high contact angles as well  as low, 
depending only on the etching conditions, immediate ly  
after evaporat ion of the rinse water. These angles did 
not change after hours in  a clean desiccator or oven 
at 60~ 

Results and Discussion 
Frequency dependence oJ electrical impedance.--The 

inverse specific capacitance, A/C, is given by 

A 4~ 
- -  = ~ d [ 1 ]  
C s'r 

where A is the apparent  surface area, C is the mea-  
sured capacitance, ~' is the dielectric constant, r is the 
roughness factor (ratio of t rue to apparent  surface 
area),  and d is the thickness of the dielectric. 

Although both ~' and r do vary, the t e rm 4~/d is of 
the order of one and, when r is not too different from 
one, A/C is thus of the order of the layer  thickness. 

For  th in  surface oxide layers on a luminum,  the log 
of the inverse specific capacitance is l inear  in the log 
of the measur ing frequency. This is shown in Fig. 1. 
The various t rea tments  shown in  Fig. 1 wil l  not be 
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plate cell, "bad treatment" is contaminated standard etch. Hy- 
drated is exposed to steam for 1 rain. 

pursued  fur ther .  They are  included here  to show the 
genera l i ty  of this l inear  re la t ion.  

The f requency  dependence of the  capaci tance of 
th icker  anodic films has been a t t r ibu ted  e i ther  to a 
res is t iv i ty  va ry ing  across the  l aye r  or to r e l axa t ion  
processes wi th  a var iab le  ac t iva t ion  energy  (4). The 
l a t t e r  explana t ion  is p re fe r red  here  because of the 
good fit w i th  a theory  which  is less a r b i t r a r y  in nature .  

Gevers  and DuPr~ have developed expressions for 
the e lect r ica l  impedance  of amorphous  die lectr ics  as -  
suming re laxa t ion  processes wi th  a b road  d is t r ibut ion  
of ac t ivat ion energies  (5). The oxide  produced on 
a luminum at low t empera tu re s  has  been he ld  to be 
t ru ly  amorphous  (6). Gevers  and DuPr~ give the  r e -  
la t ionship  be tween the dielectr ic  constant,  , ', and  the  
angu la r  frequency,  ~, as 

a log e' 2 
----- -- ~ tan 8 [2] 

8 log ~ 

where  5 is the  loss angle.  In  the  t r ea tmen t  for th icker  
anodic layers,  Eq. [2] was developed by  set t ing e", the  
imag ina ry  pa r t  of the  dielectr ic  constant ,  to be inde-  
pendent  of f requency  (4). The re la t ionship  shown in 
Fig. 1 is obta ined by  set t ing the loss tangent  independ= 
ent  of frequency.  Since the  capaci tance is p ropor t iona l  
to the dielectr ic  constant ,  Eq. [2] m a y  be t rans formed  
to 

a log A l e  2 
= -- t a n  8 [3] 

O log v 

where  v is the  frequency.  This is prec ise ly  w h a t  is 
seen in Fig. 1. F igure  2 is a plot  of the slopes f rom Fig. 
1 vs. the loss tangent.  The solid line is d r awn  from Eq. 
[3] and is a good fit to the  data. The loss tangent  is, in 
fact, f a i r ly  independent  of f requency  for our da ta  
whereas  ," is not. 

F igu re  3 shows da t a  t aken  wi th  the  two wi re  cell  
wi th  care t aken  to get  the  highest  accuracy.  I t  seems 
that,  a l though the loss tangent  is fa i r ly  constant  wi th  
frequency,  there  is a peak.  The shift  in peak  wi th  t e r n -  
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Fig. 2. Loss tangent vs. slopes of lines in Fig. ! 
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pera tu re  is s imi lar  to previous  observat ions  on th icker  
layers,  and  is wha t  would  be  expec ted  f rom a r e l a x a -  
t ion process (1). 

F igu re  4 shows the inverse  capaci tance f rom the 
same set of measurements .  The modest  var ia t ion  in loss 
tangent  is h a r d l y  reflected in the inverse  capaci tance-  
f requency dependence.  Gevers  and  DuPr~ obta ined the 
re la t ion  

a log e' 
- -  --  a t an  8 [4] 

aT 

and also obtain a value  of a f rom 0.04 to 0.06, nea r ly  
independent  of the  f requency  and of the  type  of di -  
electric. The da ta  shown in Fig. 4 gives a - -  0.05. 

I t  should be  noted tha t  the  agreement  of these re -  
sults wi th  the  re la t ions of Gevers  and DuPr~ indicates 
tha t  a var ia t ion  in res is t iv i ty  across the  layer  is not 
necessary.  Such a var ia t ion  is not  precluded,  however .  
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E~ect of barrier layer addition.--From the large 
var iat ion in  dielectric constant  with frequency noted 
above, it may  be concluded that the thickness of the 
oxide layer cannot be learned from impedance mea-  
surements.  However, more informat ion may be ob- 
tained by adding fur ther  oxide thickness by  anodiza- 
tion. 

I t  has been shown that  the oxide layer  on the surface 
can be thickened to a l imited amount  by anodizing in 
near ly  neut ra l  solutions of sodium sulfate or sodium 
dichromate (7, 8). This thickening has been shown to 
be due to growth in barr ier  layer without  the forma- 
tion of porous layer seen in  acidic solutions (7). If the 
increase in  inverse capacitance with increase in voltage 
of anodization on a flat surface is known, then anodi-  
zation on a rough surface can be used to obtain 
the roughness factor (9). Results in the l i terature on 
anodizing a luminum in near  neut ra l  electrolytes in -  
dicate that  the oxide layer has a dielectric constant  of 
about 9.0 and that  the oxide layer  thickness increases 
by about 12.7 A /V  of anodization potential  (10-12). 

For  thick barr ier  layers the loss tangent  is less than  
0.01 (1, 4). It  is interest ing to observe the change in 
loss tangent  as the th in  etch-produced oxide is thick- 
ened. Figure 5 shows such results for two samples 
which differed in ini t ial  loss tangent.  The inverse of 
the loss tangent  is l inear  in anodization voltage and 
goes to zero in both cases at about --3V. The samples 
were anodized vs. a platinized p la t inum electrode 
which has been seen in some tests to approximate a 
hydrogen electrode when acting as a cathode. The 
above inverse relat ion has been seen in  data on thicker 
anodic oxides (13). 

If one assumes that  centers of dielectric loss are 
formed dur ing  etching and that anodization causes 
li t t le increase in their  number ,  then the loss tangent  
which is averaged over the thickness will  be inversely 
proportional to thickness. This implies that samples 
with zero applied voltage already have about 3V across 
the barr ier  layer. This agrees well with the work of 
Videm who found a value of --3.15V for the point of 
zero oxide thickness (14). 

Since the loss tangent  decreases steadily with anodi-  
zation, we might  expect the slope of log A/C vs. log 
to decrease steadily. In  Fig. 6 we have divided A/C by 
V + 3 where V is the anodizing voltage. This normal -  
izes the inverse capacitance with respect to thickness. 
Not only does the slope decrease with anodizing volt-  
age but  the lines converge at about l0 T Hz. It can be 
assumed that the re laxat ion processes cease to be im-  
portant  at some high frequency. Here the inverse 
capacitance would become frequency independent.  Not 
knowing the inverse capacitance curve at all fre- 
quencies unt i l  it becomes flat, one could not calculate 
the dielectric constant at lower frequencies. However, 
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Fig. 5. Inverse loss tangent vs. anodizing voltage. O ,  10% 
Na2Cr2OT (pH-6); I-1, 5% K2SO4. 
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Fig. 6. Log inverse specific capacitance divided by anodizing 
voltage plus three volts vs. log frequency. The lines (going from 
bottom to top) refer to onodization voltages of: O, 0.8, 1.8, 2.8, 4.8, 
6.9, and 9.2V respectively. 

if the shape of the curves of all samples is the same 
except for relat ive slope they must  flatten out to reach 
a value equal to that  given by the extrapolated l ine at 
107 Hz. We may assume this value to be the value of 9 
obtained for low loss anodic oxides. Equat ion [2] may 
be solved, for example at 1 kHz, to give 

8 
log,o (e'lkHz/9) --= - -  t an  ~ [5] 

Knowing  the dielectric constant  and using hd ---- 12.7 
A / V  one may obtain a roughness factor. This has been 
done for the data shown in Fig. 6 and a roughness fac- 
tor of 0.74 obtained. Although these surfaces are rather  
flat, a roughness of less than one is impossible. How- 
ever, the results are real, the low value of r coming 
from the fact that  this etch produces a porous oxide 
like a porous anodic t rea tment  would. Anodizing in a 
neut ra l  electrolyte merely increases the thickness of 
the oxide at the base of the pores. If the  oxide be-  
tween the pores is considerably thicker, the area ob- 
ta ined from the anodization experiment  will be simply 
that of the pores. When the oxide was removed by a 
one minute  dip in cold 10% HNO3 + 10% HF (by 
volume) only a th in  barr ier  layer oxide remained. 
After anodizing this surface and making the same cal- 
culations, a roughness factor of 1.1 was obtained. Elec- 
t ron micrographs showing the presence of a porous 
cell structure will  be given later. 

The thickness that is obtained by impedance mea-  
surements  can only refer to the thickness of the oxide 
at the pore bottoms. The fact that  the samples with 
zero applied volage to a p l a t inum electrode have about 
3V across the oxide layer  gives a thickness of about 
38A. Freshly etched samples have somewhat th inner  
layers. 

Effect of drying.--The thickness of the oxide ob- 
tained by impedance measurements  varied from sam- 
ple to sample and more so if the samples were allowed 
to dry  before impedance measurements.  Figure  7 shows 
inverse capacitance of samples before and after drying. 
Not only  is there  an  increase in  inverse capacitance on 
drying but  also an increase in loss tangent  except at 
low frequencies. The curva ture  of the line for the un -  
dried sample at low frequencies indicates some leakage 
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Fig. 7. Inverse specific capacitance vs. frequency. O ,  sample 
not dried; A, sample dried overnight. 

across the barr ier  layer. The imperfections causing this 
disappear after  drying, giving the near ly  straight line 
as is usual ly  observed. 

The increase in specific capacitance on drying  is not 
held to be due to oxidation of the surface at this t em-  
perature. Rather it is held to be due to changes in an 
outer layer  render ing it less permeable  to the solution. 
A highly permeable  oxide layer  would not be noticed 
by impedance measurements .  

A fur ther  means of probing the total  thickness of the 
oxide is to evaporate a l u m i n u m  on the surface and to 
measure the impedance of this capacitor. Ini t ia l  at-  
tempts gave low resistive impedances. Concluding that  
a luminum was evaporat ing into pores or cracks, an 
evaporat ion angle of 45 ~ was chosen. Low loss samples 
were obtained in most cases. Eight values of A/C 
scattered between 340 and  1300 A were obtained. 

Thus the total thickness of these oxides are more 
than an order of magni tude  thicker than  the barr ier  
layer observed in  electrolytic solutions and they are 
quite var iable  in  thickness. This will  be discussed more 
later. 

When samples dried in  air  were heated, the loss 
tangent  decreased. This is shown in  Fig. 8. This de- 
crease is believed to be due to the loss of moisture 
which is the source of much, if not all, the dielectric 
loss. Figure  9 shows how the inverse capacitance 
changes with drying at elevated temperatures.  In  con- 
currence with the results for anodic layers, there is a 
convergence at about l0 T Hz for the lower t empera -  
tures. These results are in terpreted to indicate that 
the oxide dried out but  did not grow in thickness up to 
262~C, bu t  that  a th ickening did occur at 325~ 

Another  measurement  that  was made  dur ing  the 
drying studies was the contact angle of liquids on the 
surface. Figure 10 shows the effect of drying to higher 
temperatures.  The same t rea tment  which caused the 
loss tangent  to decrease also causes the wet tabi l i ty  to 
increase, giving lower contact angles for water. Great  
care was taken in these samples to avoid contamina-  
tion. 

El~ect of potential during etch.---One of the most 
l ikely sources of var iabi l i ty  in  an  etch is the potent ial  
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Fig. 8. Dielectric loss angle vs. drying temperature (22 hr at 
temperature). 
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Fig. 9. Log inverse specific capacitance vs. frequency, samples 
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Fig. 10. Contact angles for water on samples etched in "used" 
solution vs. drying time (22 hr at temperature). 

of the surface. When the potential is not controlled, 
the surface will reach a potential where the cathodic 
and anodic reactions have equal rates. On any specific 
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area, due to small  chemical differences in  the solution 
or in  the metal, either the anodic or cathodic reac- 
tions may  predominate.  In  an anodic area, the solution 
becomes more acidic and positive ions are d rawn away 
from the surface. In  a cathodic area, the opposite is 
true. For these reasons, it should be interest ing to etch 
the surface under  controlled potential.  

Figure 11 shows the increase in  inverse capacitance 
on drying as a funct ion of the potent ia l  applied during 
etching. I t  seems clear that  the layer  noticeable after 
dry ing  occurs when  the surface becomes cathodic, 
ra ther  than  anodic. On a surface with more cathodic 
than  anodic reaction, the a l u m i n u m  ions formed tend 
to be held near  the surface and because of the in-  
creased pH caused by the cathodic reaction, have more 
tendency to precipitate as a hydroxide or hydrous 
oxide. Note that  this outer hydrous layer  is still being 
formed when  the net  reaction is nei ther  cathodic or 
anodic. The inverse capacitance of one anodic sample, 
measured using the evaporated electrode technique 
was 210A, which was smaller  t han  any nonanodic sam- 
ple. 

Contact angle measurements  show the same trend. 
Figure 12 shows that  the contact angle is low when the 
surface is anodic and high when it is cathodic. This was 
confirmed by a strong adhesion of electron microscope 
replica films to the anodic sample but  not to the neut ra l  
or cathodic sample. 

The above discussions can be clarified by  actual  
examinat ion of the surface by electron microscopy. 
Figures 13-15 show the appearance of the surface 
etched under  different applied potentials. The porous 

Fig. 13. Electron micrograph of surface etched with no applied 
potential. 

4 m 

A 

B 3 

2 

1 

0 

0 I I I I 
-I.0 -0.5 0 0.5 1.0 1.5 

APPLIED POTENTIAL vs SCE (Volts) 

Fig. 11. Change in inverse specific capacitance (at 3.16 kHz) of 
samples dried in oven at 60 ~ vs. potential applied to sample during 
etching. 
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Fig. 12. Contact angles for water on samples dried in oven at 
60~ vs. potential applied during etching. 

Fig. 14. Electron micrograph of surface etched with -{- 1.9V vs. 

SCE applied. 

cell s tructure postulated in  the first section of this 
paper  is clearly evident  wi th  an auodic polarization 
dur ing  etching. When there is no applied potential, the 
cell s tructure is absent. I t  is presumed to be hidden by 
the hydrous layer. There is some structure present  
which appears similar to that  characterized as a pseudo 
subgrain  structure (15). This s tructure is absent  in  the 
anodic polarization which is actual ly a mild electro- 
polish, the anodie surface being noticeably shinier than 
the others. 

The cathodic surface shows some pores or pits which 
differ from the anodic cell structure. It  is possible that  
these are due to the release of hydrogen from the sur-  
face. Although the normal  cathodic reaction is the re-  
duction of dichromate ion, hydrogen bubbl ing  is seen 
on cathodic surfaces and when  the oxide layer  is thick. 

EI~ect of copper.--An effect that  has been shown 
earlier but  not discussed, is the effect of impur i ty  ions. 
I t  has long been known  by  practical etchers that  a 
solution is apt to give unrel iable  surfaces un t i l  it has 
been used for a while. Copper ion was chosen for the 
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Fig. 15. Electron micrograph of surface etched with - - I .OV vs. 
SCE applied. 
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Fig 16. Sample potential vs. time in FPL etch with addition of 
!.6 x 10-2M cupric sulfate. 

present study since it is an easily reducible ion which 
might be expected io catalyze the cathodic reaction. 
Copper ions increase the etch rate by a factor of 2 for 
1.6 X 10-SM copper sulfate. The anodic reaction, 
metal dissolution, is limited by the rate of the cathodic 
reaction. Figure 16 shows that the surface potential 
becomes more positive when copper is added to the 
solution. 

Figure 17 shows how the inverse capacitance changes 
as a function of copper ion concentration. Both the 
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Fig. 17. Inverse specific capacitance (at 3.16 kHz) of samples 
dried in oven at 60~ vs. concentration of cupric ions in etchant. 

average value of the inverse capacitance and the 
spread in  the values decreases as the copper ion con- 
centrat ion is increased. 

The increase in  inverse capacitance shown by  drying 
is more marked if the sample is heated in water  vapor 
which tends to seal the oxide. Figure 18 shows the 
results of a s tudy of rinse t ime using this sealing tech- 
nique. There was no effect of r insing wi th in  these 
limits. However, the high, var iable  values of the in -  
verse capacitance obtained with a pure  etchant are in 
sharp contrast  to the low, near ly  constant  values ob- 
tained with a copper containing etchant. 

In  other regards, the addit ion of copper ions gives 
the same effects as anodic polarization. Figure  19 is an 
electron micrograph of a surface etched in  a copper 
containing solution. The porous cell s t ructure is quite 
obvious. 

Figure 20 shows the effect of copper ion concentra- 
tion on the contact angle. This is again similar to an 
anodic potential. 

It is believed that copper ion actually deposits out 
on the surface providing local copper cathodes while 
the rest of the surface becomes anodic. At copper 
concentrations above that used here, a definite copper 
hue is given to parts of the surface by the etchant 
treatment. The surface examined in Fig. 19 looked uni= 
form under the electron microscope but only a tiny 
fraction of the surface was examined. A11oys' surfaces 
have been examined which showed areas with and 
areas without  the porous cell structure. 

Manuscript  submit ted Dec. 11, 1972; revised m a n u -  
script received Apri l  16, 1973. 

Any  discussion of this paper will  appear in a Discus- 
sion Section to be published in  the June  1974 JOURNAL. 
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Fig. 18. Inverse specific capacitance (at 3.16 kHz) of samples 
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Fig. 19. Electron micrograph of surface etched in solution con- 
taining $ x 10 -2M cupric sulfate. 
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Growth of GaP Layers from Thin Aliquot Melts: 
Liquid Phase Epitaxy as a Commercial Process 
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ABSTRACT 

The highest  e lec t ro luminescent  device per formance  in most  I I I - V  semi-  
conductor  mate r ia l s  was ob ta ined  on th in  layers  g rown by  l iquid  phase 
ep i t axy  (LPE) .  LPE has not  been developed,  however,  as a commercia l  process. 
F rom a compar ison of the  factors  affecting layer  qual i ty  and process economy, 
it is concluded tha t  a commercia l  LPE process Iavors  the  use of thin mel ts  
(possibly discarded af ter  deposi t ion) ,  should provide  subs t ra te  protec t ion  
pr ior  to deposition, and should be able to t e rmina te  LPE growth.  ,%. sys tem has 
been designed in which a la rge  volume of a sa tu ra ted  mel t  is sectioned into 
many  small  bu t  equal  th in  mel ts  (al iquot)  for each substrate.  The key  to 
forming al iquots  is wet t ing  the  subs t ra te  by  the la rge  volume of the  mel t  in 
an appara tus  constructed of nonwet ted  materials .  The appl ica t ion  of the  
above concepts to a mult is l ice  opera t ion  is described.  Ga l l i um phosphide  LPE 
layers  were  grown in a single slice al iquot  sys tem f rom mel ts  of 0.5-12 m m  in 
thickness  at  cooling rates  of 0.6~176 Const i tu t ional  supercool ing had  no 
effect on the  surface  qua l i ty  of the g rown layers.  The layers  were  degraded,  
however ,  if the subs t ra tes  were  t he rma l ly  etched pr io r  to deposit ion.  High 
deposi t ion efficiency and excel len t  th ickness  control  we re  obta ined  for  layers  
g rown f rom thin melts.  The deposi t ion efficiency for l ayers  g rown f rom th ick  
mel ts  is l imi ted  by  diffusion control led  mass  t r anspor t  in the  melt .  The  dif -  
fusion coefficient of P in Ga has been eva lua ted  at  ~100O~ and no spontane-  
ous nuclea t ion  was  observed in mel ts  supercooled by  less t h a n  app rox ima te ly  
15~ 

The first commerc ia l  appl icat ion of l iquid phase 
ep i t axy  (LPE)  in the  semiconductor  indus t ry  was the  
manufac tu re  of ge rman ium al loy junct ion t ransis tors  
(1). Since this  process requ i red  the  LPE growth  on 
each ind iv idua l  device, it  could not compete economi-  
cal ly  wi th  gas phase ep i t axy  or  diffusion used in batch 
processing over  the ent i re  semiconductor  wafer .  The 
in teres t  in LPE was rev ived  wi th  the  successful u t i l iza-  
t ion of this  process for I I I -V  semiconductors .  Some 
high per fo rmance  devices could be achieved only 
th rough  the appl ica t ion  of this method.  Two ou t s tand-  
ing examples  are  GaP LED's  (2, 3) and he te ros t ruc-  
ture  GaAs, GaA1As lasers  (4). Other  device appl ica-  
tions are  discussed in a recent  r ev iew art ic le  (5). 

The quest  for improved  device performance,  in-  
creased yield, and the requ i rements  for ba tch  process-  
ing have  p laced  increased demands  on the  LPE tech-  
nology. Higher  qua l i ty  ma te r i a l  is demanded  at lower  
cost. The purpose  of this  paper  is to show, using GaP 
LED ma te r i a l  as an  example ,  t ha t  bo th  requ i rements  
c a n  be met  s imultaneously.  

Requirements for GaP LED Mater ia l  
To produce  p - n  junct ions  in G a P  wi th  high e lec t ro-  

luminescent  efficiency, two consecutive LPE layers  
must  be grown, each app rox ima te ly  25# thick. L a y e r  
growth  is accomplished by  the  deple t ion  of a sa tu ra ted  
G a  melt ;  the  dopants  a re  in t roduced  into the  mel t  
pr ior  to deposit ion.  

H igh-qua l i t y  devices impose the fol lowing ma te r i a l  
requi rements :  (i) un i form d is t r ibu t ion  of dopants  in 
the  p lane  of the  junc t ion  wi th  only a l imi ted  var ia t ion  
in the  doping level  pe rpend icu la r  to the  junct ion;  (ii) 
precise thickness  control  and  junct ion  p lana r i ty  over  
l a rge -a r ea  subst ra tes  (usua l ly  over  an inch in d i am-  
e ter)  ; and (iii) smooth surface morphology  to meet  the 
requ i rements  of subsequent  device processing. 

Economic considerat ions  of a commercia l  LPE tech-  
nology, on the other  hand, ask for (i) small  quant i t ies  
of s ta r t ing  mater ia ls ,  (ii) short  th roughput  time, i.e., 
large  product ion  capacity,  and (iii) reproduc ib i l i ty  to 
achieve high product ion yields.  

Key words: crystal growth, light emitting d i o d e s ,  g a l l i u m  phos- 
phide. 

Doping Uniformity 
The uni form dis t r ibut ion  of dopants  in the  p lane  of 

the  junct ion  requi res  tha t  the dopants  are  evenly  dis-  
t r ibu ted  in the melt .  The d is t r ibut ion  of dopants  pe r -  
pendicu lar  to the junct ion  plane is affected by  the 
change in d is t r ibut ion  coefficients wi th  decreas ing tern-  
pe ra tu re  dur ing LPE growth  (6), and by  the  loss of 
vola t i le  dopants.  The t empera tu re  dependence  of the  
d is t r ibut ion  coefficients of two commonly  used dopants,  
Zn (p - type )  (7) and  Te (n - type )  (8) have been de-  
termined.  The solid solubi l i ty  of Zn decreases,  whi le  
tha t  of Te increases as LPE growth  proceeds.  Com- 
b in ing  this informat ion  wi th  the  G a - G a P  l iquidus  da ta  
(9), the  var ia t ion  of the  ne t  ca r r ie r  concentra t ion is 
obta ined  in the  g rowth  direction,  as shown in Fig. 1. 
Fol lowing  a r e l a t ive ly  smal l  change over  the  first two 
th i rds  of deposition, the  Zn concentra t ion drops 
sharply,  whi le  the  concentra t ion of Te rises ab rup t ly  
at  the  end of deposit ion.  This affects the  concentra t ion 
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Fig. 1. Variation of the net carrier concentration perpendicular to 
the plane of the p-n junction in GaP layers grown from Zn- or Te- 
doped melts assuming 100% deposition efficiency. 

1558 



Vol. 120, No. 11 G R O W T H  OF G a P  LAYERS 1559 

of dopants at the p -n  junct ion and /or  at the surface 
where ohmic contacts are applied. Large changes in 
doping level can have a deleterious effect on both the 
efficiency of the junct ions  and on the properties of the 
ohmic contacts. This condition therefore must  be 
avoided by te rmina t ing  the LPE deposition after the 
depletion of approximately 50-75% of the melt  or it 
must  be corrected by  removing par t  of the LPE layers 
after deposition. To avoid extra processing steps and 
the inherent  risk of introducing damage and contami-  
nat ion dur ing the mater ia l  removal  steps, it is desir- 
able to design the LPE apparatus to te rminate  the 
growth. 

Thickness Control and Planarity: Quality of LPE Layers 
Although the Ga-GaP  l iquidus curve is well  known, 

the fraction of the supersaturated GaP which deposits 
on the substrate dur ing LPE is usual ly  unpredictable.  
The uncer ta in ty  in the deposition efficiency, ~, can be 
a t t r ibuted  to the slow t ranspor t  of phosphorous atoms 
to the substrate and the loss of phosphorous atoms 
from the melt  due to spontaneous nucleat ion and 
growth from the melt  resul t ing from consti tut ional  
supercooling. (Deposition efficiency, ~, is defined as the 
ratio of GaP deposited onto the substrate  to the amount  
computed from the Ga-GaP liquidus curve.) To con- 
sider the t ransport  of phosphorous atoms to the sub- 
strate, it is assumed that  the cross-sectional area of 
the melt  is equal to that  of the area of the substrate 
exposed to the melt. It  is also assumed that  no con- 
vection occurs in the melt  during LPE growth. 

Two types of t ranspor t  phenomena may in  general  
be considered (10) for deposition: the t ransfer  of heat 
away from the melt, and the diffusion of phosphorous 
atoms from the melt  to the substrate. The relative 
t ransport  rates can be assessed by comparing the val-  
ues of thermal  diffusivity of Ga (~ ,~ 10 -1 cm2/sec) 
and diffusion coefficient of P in Ga (D ,-~ 10 -5 cm2/ 
sec). The value of thermal  diffusivity is higher by 
approximately four orders of magnitude,  and hence 
mass t ransport  and not  heat flow limits the rate of 
LPE deposition under  most LPE growth conditions. As 
a first approximation, we assume that  the melt  is iso- 
thermal  and that the tempera ture  is abrupt ly  lowered 
from the ini t ia l  to the final value. Rode has given an  
analyt ical  t rea tment  of the P concentrat ion gradient  
for arbi t rary  cooling rates and a tempera ture-depen-  
dent  P diffusion coefficient in the absence of convec- 
t ion (11). The concentrat ion gradient  in the melt  for 
abrupt  cooling can be described by the following equa-  
t ion (12) 

C 4 ~ 1 

1) 
n----0 

exp [--D (2n + 1 )2~ t / w  2] 

(2n + 1)~c 
sin [i] 

W 

where C is the concentrat ion of phosphorous atoms at 
distance x from the  substrate toward the melt  in ex- 
cess of the equi l ibr ium value. The ini t ial  concentra-  
tion of excess phosphorus in  the isothermal melt  of 
thickness w is Co, and the LPE deposition proceeds 
over t ime t. Some numerica l  values for this problem 
are given in  Ref. (12) and are reproduced in Fig. 2. 
The substrate is at x / w  = 0 and parallel  to the ordi- 
nate. The numbers  on the plotted curves are the values 
of D t / w  2. Taking D = 2.6 X 10 -5 cm 2sec  -1 for P in 
mol ten Ga, a value which fits best our exper imental  
data (see section on Deposition Efficiency), the dis- 
t r ibut ion of phosphorous atoms in the melt  after 30 
min  of deposition is given by curves 1.5, 0.3, 0.1, and 
0.03 for melt  thicknesses of 1.8, 3.9, 6.8, and 12.5 mm, 
respectively. While over 90% of the 1.8-ram melt  is 
depleted, only approximately  20% of the phosphorus 
is depleted from the 12.5-mm thick melt. Increasing 
the deposition time to 3 hr (Dt /w  2 = 0.18) still results 
only in approximately 50% deposition efficiency. 

,o[ 
, o.oo~/o;o, ,/o.o~o.o~o.,-^.. 
L I / 

0.8 0.2 

~ 0 6 0.3 

,~ 0.4 
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0 0.2 0.4 0.6 0.8 1,0 

X/W 

Fig. 2. Computed values of phosphorous concentration in the melt 
during LPE deposition assuming an instantaneous temperature drop 
in the near isothermal melt and the absence of spontaneous nuclea- 
tion in the melt. The numbers on the curves are the values of Dt/w 2. 

Although the above calculations give optimistic val-  
ues for some practical LPE conditions (the available 
phosphorous atoms are reduced by spurious nucleation 
in the supersaturated melt  and cooling is accomplished 
over a finite time, reducing the effective value of Co 
in Eq. [1]), they clearly point  out the importance of 
using thin melts to obtain high deposition efficiency. 

Tiller and Kang (13) and  later Minden (14) math-  
ematically treated the effect of cooling rate and melt  
thickness on the m i n i m u m  temperature  gradient  per-  
pendicular  to the substrate required to avoid consti tu- 
t ional supercooling. Table I shows the m i n i m u m  tem- 
perature gradients calculated for typical GaP LPE 
conditions from Eq. [26c] of Minden's  paper (14). It 
is assumed that a 20~ thick LPE layer is to be grown 
in 30 min. Cooling rates and tempera ture  ranges for 
deposition (AT) are adjusted accordingly. In  terms of 
the required tempera ture  drop across the melt, the 
0.5-ram melt  is the most favorable. In  fact, for layer 
thicknesses exceeding 4 mm, the required temperature  
drop across the melt  is greater than  the total  cooling 
interval,  indicat ing that  supercooling cannot be avoided 
in LPE runs  using thick melts  and fast cooling. Since 
the degree of supercooling and hence the onset of spon- 
taneous nucleat ion in the melt  can be expected to 
change with the exper imental  conditions, a high de- 
gree of thickness control can be expected only for 
layers grown from thin  melts if the melt  is to be 
substant ia l ly  depleted. 

Economic Considerations 
Economic considerations also favor th in  melts. One 

of the major  expenses in a convent ional  LPE process 

Table I. Minimum temperature gradient (dT/dx) required across 
the melt of thickness w at the end of deposition to avoid 

constitutionM supercooling. Computed from Eq. [26c], Ref. (10) 

Tota l  c o o l i n g  t i m e  = 30 r a in  
L P E  l a y e r  t h i c k n e s s  = 2 0 #  

I n i t i a l  t e m p e r a t u r e ,  T~ = 1040~ 
T e m p e r a t u r e  r a n g e ,  AT = T -- T f  

(Tt = t e m p e r a t u r e  o f  s u b s t r a t e  at  t h e  e n d  o f  d e p o s i t i o n )  

D e p l e t i o n  C o o l i n g  dT/dx, 
w, m m  AT, ~ of m e l t ,  % r a t e ,  ~  ~  

0.5 108 67 3.6 6.0 
1 40 33 1.3 4.5 
2 18 17 0,6 4,1 
4 8 8 0.3 2.9 

12 3 3 0 . I  1.1 
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is the large amount  of start ing materials.  This expense 
can be recovered by the extensive reuse of the melt, 
placing s t r ingent  requirements,  however, on the ap- 
paratus and ul t raclean operating conditions. The re-  
duction of the melt  thickness, on the other hand, 
greatly reduces the cost of the start ing material ,  and 
hence both layer qual i ty  and process economy favor 
the use of th in  melts. 

LPE Apparatus 
The use of thin melts  to grow I I I -V semiconductor 

layers has been suggested before. Donahue and Min- 
den (15) proposed, for example, a l imited volume boat, 
as shown in Fig. 3. Since the spacing between the 
substrate holder and the crucible wall  was not wetted 
by Ga dur ing the rotation of the boat, the mi n i mum 
melt  thickness obtainable was ,~3 ram. We have 
achieved much smaller melt  thicknesses by using sur-  
faces wetted by Ga. Since the formation of very small  
volumes of melt  is not practical, a large volume of 
saturated melt  is divided into small  but  equal frac- 
tions (aliquot) using two sliders. The th in  mel t  can 
be discarded after the LPE growth. 

The parts of the apparatus are shown in Fig. 4. A 
melt  reservoir is held in the frame with cover plates to 
seal the top of the frame. Two sliders are positioned 
into the frame, moving undernea th  the reservoir and 
cover plate from left to right. Slider 2 contains the 
substrate and  the dump well  used in  the removal  of 
the aliquot f rom the substrate when the growth is ter-  
minated.  Slider 1 has an opening slightly larger than 
the substrate and is used to form the aliquot. Both 
sliders are aligned under  the reservoir  and s imul tane-  
ously t ranslated from left to r ight  to form the  aliquot. 

Table II. Effect of the gaseous ambient on the contact angle 
(degrees) of gallium on various surfaces at two temperatures 

(750~ ~ C) 

Surface Hydrogen  

Ambien t  
NRrogen 

(containing 
5 ppm 02) 

GaP 110/60 100/60 
Graphite 130/120 98/50 
Quar tz-smooth 125/100 90/90 
Quartz-rough 110/100 98/60 

Formation of Aliquot and Termination of LPE Growth 
In  order to form a thin aliquot, the liquid must  be 

in contact wi th  a surface which is wetted by the liquid. 
On the other hand, the removal  of the melt  must  be 
accomplished with a surface which is not wetted, to 
avoid the formation of a film between two wetted 
surfaces. The wet t ing of GaP and various s t ructural  
materials by mol ten  gal l ium were determined from 
l inear  cross sections of Ga droplets (16). The contact 
angles are listed in Table II  for two temperatures,  
750 ~ and 1000~ The gaseous ambient  in .the furnace 
was changed from reducing (hydrogen) to slightly 
oxidizing (ni trogen -{- 5 ppm 02). The GaP surfaces 
were wetted (e < 90 ~ at the higher temperatures  in 
both ambients. None of the s~ructural materials  was 
wetted in the reducing ambient ;  however, the contact 
angles decreased in  the oxidizing ambient,  especially 
for graphite. This change in  wett ing is probably caused 
by the formation of Ga203 on the liquid which is then 
deposited over the adjacent surfaces. It  can be ex- 
pected, therefore, that a reducing ambient  facilitates 
the te rminat ion  of the deposition. 

The essential features of aliquot formation are shown 
in Fig. 5. First  the substrate is l ined up with the satu-  
rated melt  in the reservoir, (a).  Note that  the GaP is 
wetted by the liquid gallium, while the other parts of 
the apparatus are not. 

The aliquot is formed by the s imultaneous movement  
of the two sliders past the reservoir, (b) .  Since the 
liquid wets the entire GaP surface, melts  of 0.5 m m  
can be formed reproducibly. After  the deposition of the 
LPE layer, the growth is te rminated  by  wiping the 
melt  into the dump well, as shown in Fig. 5(c).  Since 
the graphite  is not  wetted by the mel t  ( in reducing 
ambients) ,  complete wiping can be obtained with a 
clearance of less than 75/~ between the grown LPE 
layer  and the bot tom of slider 1. 

Multislice LPE Operation 
The essential features of the  system described so 

far are: (i) the formation of aliquots for each sub-  

Fig. 3. Transverse cross section of o limited volume boat proposed 
by Donohue and Miaden (15). 

, ~  LID 

-~ ,~....f--MELT 

)-~--$UBSTRATE 

SUBSTRATE WELL'~ /SLIDER 2 

i ~ f ~  DUMP WELL 

F •f-FRAME 

J 
Fig. 4. Parts of the double slider LPE apparatus 

Fig. 5. The substrate is exposed to the saturated melt (a). A 
small but equal fraction (aliquot) is confined over the substrate 
during LPE growth (b). The melt is wiped off to terminate LPE 
growth by the relative movement of the sliders (c). 
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strate using the wet t ing  of GaP by mol ten Ga, (ii) LPE 
deposition from thin, confined melts  (aliquots),  and 
(iii) the abil i ty to te rminate  LPE growth. There are 
many  ways to incorporate the above principles into a 
production system. Aliquots can be formed sequential ly 
or simultaneously.  LPE deposition can be carried out 
in a single tempera ture  zone which is cycled or in a 
lower tempera ture  zone of the same furnace in  which 
the saturated melt  is formed. In principle, a var ie ty  of 
forces (mechanical,  gravitational,  pneumatic,  or cen- 
tr ifugal)  can be applied to remove the aliquot melts 
upon the te rmina t ion  of growth. 

Figure  6 demonstrates .the operat ional  steps for a 
multisl ice LPE deposition. Each slider pair  contains 
one substrate and one dump well. After  the saturated 
melt  is formed (a), the slider pairs are moved along 
to sequent ia l ly  form the desired n u m b e r  of aliquots 
(b) and (c). After  LPE deposition is accomplished, 
the sliders on the top are moved to wipe off the ali-  
quots, thereby te rmina t ing  the growth (d).  LPE dep-  
osition can be carried out s imul taneously  in a single 
zone furnace or sequent ia l ly  in a mult izone furnace. 

The experiments  described in  the following sections 
were carried out with only one pair  of sliders using 
quartz or graphite apparatus. A convent ional  diffusion 
furnace wi th  a 24-in. flat zone was modified to provide 
constant  cooling rates. This was accomplished by in-  
sert ing a Eurotherm variable  emf r amp  generator  in 
series with the pr imary  thermocouple. Only one ali-  
quot was formed from a saturated mel t  at 1030~ In  a 
typical run, the furnace tempera ture  was lowered by 
10~176 the LPE growth was terminated,  and the 
substrate was removed from the furnace. After inser t -  
ing a new substrate, the furnace again was equil ibrated 
at 1030~ and the growth sequence repeated. The lay-  
ers were grown on the P{ l l l } - f ace  of chemically pol-  
ished GaP substrates grown by the liquid encapsula-  
tion Czochralski method (17). The cross-sectional areas 
of the substrates and aliquot melts were approximately 
6 cm 2. 

Deposit ion Eff ic iency 
The control of layer  thickness requires t ight control 

over the precipitat ion of GaP from the melt. Two fac- 
tors will  influence the effective deposition efficiency: 
(i) the  degree of supersaturat ion in  the melt,  and 
(if) precipitat ion at places other than  the substrate. 
Under  normal  growth conditions, spontaneous nuclea-  
t ion is expected to reduce the concentrat ion of phos- 

MELT 

DUMP WELL: (GO + GoP + DOPANTS)~. ~ L I D  

"~ S'.DER ,~ SL,DER~.~ (SOBSTRATE |,.%~ ............... ~t 

(a } HEAT FURNACE ; FORM SATURATED MELT 

(b) OlV,OE MELT TO FORM ALIQUOTS 

(C) COOL SUBSTRATES AND ALIOUOTS; GROW 
LPE LAYERS 

LPE LAYER h .. 

(d) WIPE ALIQUOT INTO DUMP WELL; 
TERMINATE LPE GROWTH 

Fig. 6. Multislice LPE deposition in a double slider aliquot LPE 
apparatus. (a) A large volume of the saturated melt is prepared at 
the initial growth temperature. (b) Small fractions of the melt 
(aliquots) are formed over each substrate. (c) LPE layers are de- 
posited by cooling to a lower temperature. (d) LPE growth is ter- 
minated by wiping off the a|iquots. 
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Fig. 7. The effective deposition efficiency as a function of melt 
thickness and cooling rate. 

phorous atoms in the melt, and hence the effect of 
cooling rate on layer thickness wil l  be smaller than 
anticipated. 

To evaluate  the effect of melt  thickness, w, on the 
effective deposition efficiency, ~, a series of layers were 
grown, varying  the thickness of slider 1 to obtain the 
desired values of w. Figure 7 schematically depicts 
the geometry of the melt  and substrate used in the 
exper iments  as well  as the determined values of ~ as 
a funct ion of w. Each data point  represents  a separate 
run. The ini t ial  t empera ture  was 1030~ and  the tem- 
pera ture  increments  for growth were selected (see 
Table III)  t o  produce layer thicknesses in the range 
compatible w i t h  effective wipeoff. The data  in  Fig. 7 
show that close to 100% effective deposition efficiency 
is obtained for w ---- 1 ram. The efficiency falls off 
roughly as w -1 for increasing values of w. For a 
given temperature  interval  of growth, the thickness of 
the grown LPE layer  is proport ional  to the melt  thick- 
ness, w, for w --  1 ram. The decrease in efficiency with 
melt  thickness for w > 1 m m  results in the following 
paradox. Since ~ falls off as w -1 for thicker melts, the 
thickness of the grown layer  is approximate ly  indepen-  
dent  of the mel t  thickness. As a consequence, the 
growth of thick LPE layers requires growth over wide 
temperature  ranges or mater ia l  t ranspor t  from a source 
piece to the substrate in a thermal  gradient. The values 
in Fig. 7 agree reasonably with the results of other 
LPE systems, such as t ipping (w ,-, 5 ram) (18) or 
dipping (w ~ 15 ram) (19). 

Diffusion l imited deposition efficiency for abrupt ly  
cooled melts  can be expressed from Eq. [1] as follows 

f f  c a= [21 
~ :  I - -  =0 Co 

The var iat ion of ~ as a funct ion of the dimensionless 
parameter  Dt /w 2 is given in Fig. 8. The exper imenta l  
data in Fig. 7 are transposed into Fig. 8 by  selecting 
a value of D -- 2.6 • 10-5 cm 2 sec -1 and defining t as 
the cooling interval ,  hT, divided by the cooling rate. 
The value of D was selected to obtain best fit for the 

Table III. Cooling increments used for LPE growth 

M e l t  t h i c k n e s s ,  C o o l i n g  i n c r e m e n t ,  
to ( r a m )  AT (~ 

0.5 75 
1.0 75 
4 18 
9 12 

12 12 
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Fig. $. Deposition efficiency as o function of the dimensionless 
parameter Dt/w 2. The solid cu~e is calculated from Eq. [2] as- 
suming D = 2.6 X 10 -5  cm 2 sec -1  and the data points ore trans- 
ferred from Fig. 7 as discussed in the text. The numbers adjacent 
to the data points denote the melt thickness in millimeters and the 
cooling increment in degrees centigrade, respectively. 

calculated universa l  curve. Exact  calculations of Ref. 
(11) for each data point  indicate a t ime value of D ---- 
5.7 • 10 -5 cm 2 sec -1. The numbers  next  to the data 
point  indicate the respective melt  thickness, w, and 
cooling increments,  aT. For cooling intervals  of T -~ 
12~ good agreement  can be obtained between the 
exper imental  and calculated values by  the proper 
selection of the diffusion constant, D, even for large 
values of w. The agreement  is also quite good for large 
tempera ture  increments  (aT ---- 75~ and slow cooling. 
The deviat ion from the theoretical curve for the large 
aT and fast cooling is a t t r ibuted to spontaneous nu-  
cleation in the melt. Supercooling in this exper iment  
exceeds 15~ 

Quality and Surface Morphology of Grown Layers 
Under  our exper imental  conditions, melt  thickness 

and cooling rate had little effect on the uni formi ty  of 
the thickness of the grown layers. However, the larg-  
est taper and the only nonplanar  junc t ion  was observed 
with the extreme conditions of thick melt  (w ---- 9 mm) 
and high cooling rate (6~ For all  other cases, 
the variat ion in layer  thickness was less than  +--10%, 
reaching values as low as +-3% across the 2.5-cm sub-  
strate diameter.  Consti tut ional  supercooling, present  
in  the thick melts, had been shown to have little effect 
on the surface morphology (20), contrary to previous 
observations (21). However, two factors were found 
to influence the surface qual i ty of the grown layer: 
(i) the condit ion of the substrate surface prior to dep- 
osition, and (ii) format ion of a second phase in  
heavily doped melts. Thermal  decomposition of the 
substrate exposed to a large volume of the apparatus 
results in rough substrate surfaces (22). This leads to 
per turbed in te rna l  boundaries ( junctions)  and Ga oc- 
clusions, as shown in Fig. 9. Occlusions of this type 
point  to the importance of the protection of the sub-  
strate prior to LPE growth, as provided by the cover 
plate in Fig. 4. Al though rough surfaces can be sub- 
s tant ial ly  corrected by  melt ing a part  of the substrate 
in  a slightly undersa tura ted  melt, the over-al l  surface 
p lanar i ty  cannot be ful ly restored. In fact, nonuni form 
mel tback itself can lead to an i r regular  growth in ter -  
face with subsequent  Ga en t rapment  (23). It  has been 
reported that the formation of a second phase leads to 
similar surface degradation in layers heavily doped 
by oxygen (24) or ni t rogen (25). We have observed 
similar effects in te l lur ium-doped layers with net 
carrier  concentrat ions in excess of 5 • 10 TM cm-~, pre-  
sumably  due to the formation of gal l ium telluride. 

Fig. 9. Gallium occlusions in a 70~ thick LPE layer on a vapor 
etched substrate. Topview of a 70~ thick LPE grown on a vapor 
etched substrate showing gallium occlusions Ca) and the cross-sec- 
tional view of an occlusion from which the gallium is removed (b). 
The depression at the substrate-LPE layer interface denoted 1 on 
(b) resulted from the vapor etching. The interface denoted 2 was 
introduced by an abrupt increase in the cooling rate and it ampli- 
fies the depression in the substrate leading to the gallium occlu- 
sion. 

Summary 
It is shown that  a commercial  LPE system for GaP 

LED material  where the dopants are added to the melt  
can be optimized by using thin melts and by the ter-  
minat ion  of the LPE growth. An LPE system is pro- 
posed which forms thin melts by sectioning off small  
but  equal parts of a saturated solution (aliquot) tak-  
ing advantage of the fact that GaP is wetted by molten 
Ga. The performance of a prototype system has been 
evaluated, and conceptual modifications for mass pro- 
duction techniques are enumerated.  Close to 100% dep- 
osition efficiency and hence excellent control over 
layer thickness and uni formi ty  is obtained with aliquot 
melts of less than  1 mm. The deposition efficiencies 
obtained with larger melt  thicknesses are in good 
agreement  with calculated values assuming diffusion 
l imited mater ia l  t ransport  and a low value of the 
diffusion constant, D : 2.6 • 10 -5 cm 2 sec -1. Exact 
calculations (11) yield D : 5.7 • 10 -5 cm 2 sec -1 for 
P in Ga. The deviation from the calculated values for 
large temperature  increment  and high cooling rate is 
a t t r ibuted to spontaneous nucleat ion in the melt  when  
supercooling exceeds ,-~15~ The thickness of the 
grown layer is roughly independent  of the thickness 
of the melt  for melt  thicknesses in excess of 1 mm. 
The uti l i ty of the grown layer is affected by the qual i ty 
of the substrate and the amount  of dopants in the melt  
and not by the degree of const i tut ional  supercooling. 
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Thin Silicon Film on Insulating Substrate 

Greg L. Kuhn and C. John Rhee 

Motorola Incorporated, Semiconductor Research and Development Laboratories, 
Semiconductor Products Division, Phoenix, Arizona 85008 

ABSTRACT 

Exper imen ta l  resul ts  on a new technique  for making  a th in  sil icon epi -  
t ax ia l  l aye r  on an insulat ing subs t ra te  a re  presented.  The technique uti l izes the 
an iso t ropy  of the etch ra te  of silicon in the  aqueous potass ium hydrox ide - i so -  
p ropy l  alcohol system. The silicon film can be e i ther  n-  or p - t y p e  wi th  a 
thickness  in the  low micron range  (under  3 ~m).  The thickness  var ia t ion  can 
be contro l led  to  --+0.5 ~m across a 2 in. d iamete r  wafer.  

The grea t  in teres t  in s i l i con-on- insu la tor  can be 
read i ly  unders tood  if one considers its potent ia l  ap-  
pl icat ion in device technology,  especial ly in JFET's ,  
fast  MOST l o g i c / m e m o r y  circuits, and in rad ia t ion  
res is tant  devices. 

Work  is being done in the  field of s i l i con-on- insu la -  
tor  by  ut i l iz ing s i l i con-on-sapph i re  (1),  s i l icon-on-  
spinel  (2), and  s i l i con-on-polycrys t~ l l ine  silicon (3). 
Mechanical  polishing and e lect rochemical  and  e lec t ro-  
ly t ic  th inn ing  (4-6)' a re  the  most  commonly  used 
techniques in fabr ica t ing  s i l i con-on-polycrys ta l l ine  
silicon. 

This paper  descr ibes  another  possible technique for 
mak ing  a th in  sil icon ep i tax ia l  l aye r  on an  insula t ing  
ma te r i a l  b y  ut i l iz ing a se l f - regu la t ing  silicon etching 
s tep to prec ise ly  control  the  l aye r  thickness.  This l ayer  
c a n  be n -  or p - t y p e  wi th  a thickness  in the  low micron 
range (under  3 ~m) and wi th  un i fo rmi ty  of control  of 
--+0.5 ~m across a 2 in. d i amete r  wafer .  

There  is one basic chemical  e tching process, cal led 
the  KOH etch stop, which  makes  this  SOIS (si l icon- 
on- insuIa t ing-subs t ra te )  technique  fundamen ta l ly  dif-  
ferent  f rom dielectr ic  isolat ion techniques.  The etch 
stop consists of a h igh ly  bo ron-doped  silicon layer .  
F igure  1 shows the etch ra te  of <100>  or iented silicon 

K e y  words: silicon-on-insulated-substrate (SOIS), anisotropic 
etch, polycrystalline sil icon, P* e t ch  s top.  

as a function of boron doping concentrat ion.  An etch 
ra te  differential  of as high as 50:1 is observed. 

Experimental 
Steps 1 th rough  7 of Fig. 2 depict  the  basic processes 

of the  SOIS technique.  One begins wi th  a planar ized,  
pol ished N or  P -  silicon substrate .  Boron is diffused 
into the  subs t ra te  to obta in  the  etch stop buffer l ayer  
(step 1). Deposi t ing a boron doped ep i t ax ia l  l aye r  is 
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Fig. i. ( 1 0 0 >  Si etch rate per minute v s .  boron concentration 
in KOH-HaO-isoprapyl a|cohol system at 80~ 
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Fig. 2. Fabrication steps for thin single crystal silicon on Si02 

an al ternate  method of obtaining this P+ film. A thin 
single crystal l ine film of desired thickness and resis- 
tivity, in which the active devices wil l  be fabricated, 
is epitaxial ly deposited on the P+ layer  (step 2). At 
the end of the epi cycle an insulator  is deposited. The 
insulator  can be SiO2, Si3N4, or others, or any  combina-  
t ion thereof (step 3). Polycrystal l ine silicon is then 
deposited directly on the insulator  and is capped with 
another  layer  of insulator  (step 4). The wafer is then 
mechanical ly backlapped to wi th in  7.5 • 10 -3 cm (3 
mils) of the P+ buffer layer. An  addit ional  5 • 10 -3 
cm (2 mils) are removed by isotropic etching (step 5). 

The remaining  substrate  is removed using the aniso- 
tropic KOH etch solution (step 6). The P+ buffer layer 
acts as an etch stop when  it is exposed to the solution. 
This allows one to remove the remain ing  port ion of the 
substrate which may be left across the wafer due to 
any  error introduced by  the mechanical  backlapping. 
The large etch rate differential allows one to obtain a 
uniform silicon layer at this point. The P+ etch stop 
is now removed using an isotropic silicon etch and the 
SOIS mater ial  fabricat ion is complete (step 7). 

Results and Discussion 
In  this section the mater ia l  fabrication steps are 

discussed in  detail  and the exper imenta l  results are 
presented. The init ial  substrate in our exper iment  was 
a 2 in. diameter  <100> silicon wafer  that was 5-6 
ohm-cm n-type.  An  n- type  wafer was chosen to enable  

one to easily test when the P+ etch stop was reached. 
The testing was done using a s tandard hot-point  probe 
and visual  inspection. Dur ing  the boron diffusion into 
the start ing substrate prior to epi deposition the high- 
est possible P+ concentrat ion is needed to obtain the 
m a x i m u m  etch rate differential. However, deposition 
of a high qual i ty  epi layer on the heavily doped sub-  
strate is a difficult task. Both epi deposition on a dif-  
fused P+ layer and on a doped P+ epi layer are under  
investigation. For our exper iment  the P + diffused layer 
had a surface concentrat ion of 2.5 • 10 ~~ atoms/cm 3 
with a junct ion depth of 2 #m, and the ini t ial  n - type  epi 
thickness was 5 ~m. Then  1 ~m of SiO~ was deposited 
directly on the epi. The thickness and type of this 
insulator  are dictated by the subsequent  devices and 
circuits to be fabricated on the finished wafer. 

In  order to minimize the boron out-diffusion into the 
epi and original n - type  substrate  dur ing  the poly-  
crystal l ine silicon deposition cycle, the poly should be 
deposited at the lowest possible tempera ture  with a 
m a x i m u m  deposition rate. The buried layer diffusion 
profile for our work is shown in Fig. 3(a) .  The P+ 
diffusion curve, before epi and polycrystal l ine cycles, 
was calculated as the complementary  error funct ion 
with boundary  conditions of surface concentrat ion and 
diffusion depth. The P+ diffusion curve after epi and 
polycrystal l ine silicon cycles was calculated as a Gaus-  
sian redis tr ibut ion also using surface concentrat ion and 
diffusion depth as boundary  conditions. The boron 
redis t r ibut ion was predominant ly  a funct ion of the 
polycrystal l ine silicon deposition cycle. For  our ex- 
per iment  we deposited 3.5 • 10 -2 cm (14 mils) of 
polycrystal l ine at 1000~ using a SiI-I4 (silane) source. 
The calculated and exper imental  redis t r ibut ion data 
match well  as can be seen by comparing Fig. 3 (a) and 
3(b) .  

A wafer warpage problem was encountered for poly~ 
crystal l ine silicon deposition at temperatures  --1000~ 
This problem was somewhat al leviated by using a 
thicker start ing substrate, which was 5 • 10 -2 cm 
(20 mils) for our experiment.  At present, several 
sources, deposition temperatures,  and rates are being 
investigated to solve the problems of warpage and 
out-diffusion dur ing the polycrystal l ine silicon de- 
position cycle. 

After  polycrystal l ine deposition, the original <100> 
substrate is removed to wi th in  25 #m of the P+ etch 
stop by s tandard backlapping and back etching. The 
remaining  25 ~m of s tar t ing substrate are removed at 
the rate of 0.9 ~m/min  in  the aqueous KOH-isopropyl  
alcohol anisotropic etch. The surface appearance be- 
comes shiny as the P+ layer  becomes exposed be-  
cause of the surface leveling with respect to the boron 
diffusion profile. 

The control in thickness uni formi ty  by the use of 
the etch stop can be i l lustrated by the use of an ex-  
ample. Assume that  there is a 25 #m (1 m i d  taper  
across a 2 in. diameter  wafer. Fu r the r  assume that the 
P+ etch stop is just  becoming exposed in certain por-  
tions while there are other areas that  still have 25 #m 
substrate mater ia l  remain ing  (see Fig. 4). By the  t ime 
this 25 ~m thick portion etches out (about 25 min)  the 
portion where  the P+ etch stop was first exposed is 
only etched by 0.5 #m. Thus it can be seen that  the 
25 ~m taper has been reduced to a 0.5 ~m taper across a 
2 in. diameter  wafer. However, it should be ment ioned 
that  there is a change in etch-rate  differential due to 
boron redistr ibution,  and thus the un i formi ty  control  
degrades accordingly. Figure 5 shows a typical wafer 
with P+ etch stop exposed across an ent i re  wafer. 

The wafer now has a P+ layer, epi and  insulator  on 
support ing polycrystal l ine silicon as shown in Fig. 6. 
What remains  before achieving a finished substrate is 
the removal  of the P+ etch stop. This is accomplished 
using an isotropic silicon etch. Among several silicon 
etches tha t  were investigated the HNO~: CHaCOOH: HF 
silicon etch, as reported by  Sumitomo (9), was 
found to be most reliable. He reported an etch rate 
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Fig. 3. P + etch stop doping profile. (a) Theoretical, (b) experimental 

Fig. 6. Thin silicon film on SiO~ with P+ etch stop (P+ buffer- 
layer thickness varied from 1.6 to 2.2 /Lm across 2 in. diameter 
wafer). 

Fig. 4. A wafer with underetched portion (n-type) 

Fig. 5. A wafer with P+ etch stop exposed on entire surface 

differential of approximately 70:1 between 5.8 • 10 -3 
and 3 • 10 -2 ohm-cm p-  or n - type  material .  This etch 
rate differential provides an adequate etch stop at the 
interface between the P+ buffer layer  and n - type  epi. 

Fig. 7. Thin silicon film on SiO2 with P+ etch stop removed 

Figure 7 shows a cross-sectional view of a finished 
wafer. 

Conclusion 
In conclusion, it has been shown that a thin single 

crystal silicon film with an epi uniformity of +--0.5 ~m 
across a 2 in. diameter wafer can be produced on an 
insulating substrate. This is attained by the use of 
two etch stops. The first etch stop is the P+ buffer 
layer and the second etch stop is the relatively high 
resistivity epi layer. Further refinement in the poly- 
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crystal l ine silicon deposition cycle, and l imitat ion of 
the extent  of boron out-diffusion, wil l  de termine the 
feasibility of this technology as applied to batch proc- 
essing. 
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Etch Rate Characterization of Boron-Implanted 
Thermally Grown SiO  

F. N. Schwettmann,* R. J. Dexter, and D. F. Cole* 
Texas Ins truments  Inc., Dallas, Texas  75222 

ABSTRACT 

The effect of boron implanta t ion  on the etch rate of thermal ly  grown SiO2 
has been studied for a wide range of energies, doses, and anneal  conditions. For 
unannea led  oxides, a significant increase in etch rate  is observed with in -  
creasing dose. The depth of max imum damage as determined by the peak in 
the etch rate  profile occurs at approximately 60% of the ion range as pre-  
dicted by LSS theory. When anneal ing is carried out in nitrogen, high tem-  
peratures  (~1200~ are required to remove all measurable  damage created 
by high dose implants.  When an oxygen or steam ambient  is used, considerably 
lower temperatures  achieve the same result. Although the ion profile as deter= 
mined  from the etch rates can be approximated by LSS theory, skewing of 
the profile towards the surface indicates that higher moments  are required in 
the dis tr ibut ion calculation. 

In  the fabricat ion of silicon semiconductor devices 
using ion implantat ion,  thermal ly  grown SiO2 is fre-  
quent ly  used as a mask to define the area which is to 
be implanted.  The na ture  of the damage and the ion 
dis tr ibut ion in  the oxide mask before and after annea l -  
ing can affect both the subsequent  processing steps and 
the final device characteristics. A recent study by Dal- 
ton and Pickar  (1) provides a measure of the damage 
caused by the implanta t ion  process. They found a sig- 
nificant increase in  the oxide etch rate when  a boron 
dose of 1 • 1015 ions/cm 2 is implanted through a 2000A 
thick layer at 150 keV. It  was also indicated that  an-  
neal  temperatures  as high as 1050~ are required to 
remove any measurable  damage. At the high energy 
used in their  study, most of the energy dissipation of 
the implanted ions will  be due to electronic interac-  
tions. This will  result  in considerably less damage than 
wil l  occur in  the case of a masking oxide where  nu -  
clear interactions become significant as the ions come 
to rest  wi th in  the  oxide. 

At the present  t ime there is little information con- 
cerning the ion distr ibution in the oxide. Volod'ko 
et al. (2) have reported that  the range for boron im-  
planted in thermal ly  grown SiO2 is in good agreement  
with LSS theory (3). On the other hand, they report  
a range straggling that is greater than theory predicts. 
Their  exper imental  technique involved the measure-  
ment  of the surface resistivity of the annealed under -  
lying silicon after implant ing  through various thick- 
ness oxide films. This technique, as indicated by the 
authors, suffers from two deficiencies. One is the use 

* Electrochemical Society A c t i v e  Member .  
K e y  words: ion implantation, silicon dioxide, boron, etch rates ,  

annealing. 

of an  average value of mobili ty,  thereby neglecting its 
var iat ion with concentration. Also, the SiO2-Si in ter -  
face is assumed to have no influence on the distr ibution 
of the impur i ty  atoms in the oxide. 

The purpose of this paper is to determine by an etch 
rate characterization study the following: (i) the 
damage dis tr ibut ion in the oxide caused by the implan-  
tation; (ii) the effect of anneal  temperature,  time, and 
ambient  on this damage; and (iii) the ion distr ibution 
in the oxide so that the m i n i m u m  oxide thickness for 
masking can be determined. 

Experimental 
Czochralski grown silicon slices of (111) orientat ion 

with a resistivity of 5-10 ohm-cm were  oxidized at 
l l00~ in steam to an oxide thickness of about 1 ~m. 
The implanta t ion  was carried out with B 11 ions ob- 
tained from an rf source using BFs as the source gas. 
The ion beam was accelerated, focused, mass analyzed, 
and electrostatically scanned over the target  surface. 
The dose was varied from 1 • 10 TM to 1 • 10 TM ions/cm ~ 
at energies of 30 to 150 keV. The dose rate was ap- 
proximately 0.1 ~A/cm 2. After  implantat ion,  the slices 
were cleaned in  an rf glow discharge at room tempera-  
ture  with an  oxygen ambient  followed by a 20 min  
soak in a solution of 7 parts sulfuric acid and 3 parts 
hydrogen peroxide (30-35%) at 60~176 The slices 
were then r insed for 20 min  in deionized water  and 
spun dry. 

Etch rate profiles were obtained on both annealed 
and unannea led  slices. Annea l ing  was carried out at 
900~176 in a fused quartz tube and unless other-  
wise indicated, in a ni t rogen atmosphere. Other am- 
bients considered were oxygen and steam. Two differ- 



Vol. 120, No. 11 ETCH RATE C H A R A C T E R I Z A T I O N  1567 

ant  etch solutions were used in order to separate the 
damage and the boron profiles. It  has been shown (4) 
that  when  P-e tch  1 is used as etchant,  the etch rate for 
boron doped SiO2 is greater  than  for an undoped oxide. 
The opposite is t rue for a buffered HF solution, i.e., the 
etch rate for boron-doped SiO2 is slower than for the 
undoped oxide. For this s tudy a buffered HF, referred 
to hereafter  as C-etch, of the following Composition 
was used: 40 parts HF (49%), 325 parts NH4F (40%), 
and 10 parts H20. Etching was carried out at 25~ for 
15-180 sec depending on the implanted dose and anneal  
conditions. 

Two different techniques were used to determine the 
oxide thickness for the etch rate calculation. For well-  
annealed slices, ell ipsometry was used. Since the re-  
fractive index of boron-doped oxides has been shown 
to be the same as for undoped thermal  oxides (5), in-  
terpretat ion of the measurement  is straightforward. 
For slices which were implanted at high doses and not 
annealed, an increase in the refractive index has been 
reported (6). For these samples a different technique 
was used to determine the oxide thickness. Prior to the 
implanta t ion  the slice was coated with photoresist and 
a pat tern formed. The oxide defined by the photoresist 
was then implanted, the resist removed, and the slice 
cleaned as described earlier. The step difference be-  
tween the implanted and un implan ted  region formed 
dur ing  etching was measured by a Taylor-Hobson 
Talystep. 2 

Results and Discussion 
Etch sensitivity.--The sensitivity of P-e tch  and C- 

etch to the boron concentrat ion and extent  of damage 
w a s  determined by measur ing the etch rates for a 
wide range  of boron doses. A summary  of these results 
for implants  made at 82 keV is shown in Table I. Con- 
sidering the P-etch data first, a relat ively high dose of 
1 X 10 TM ions/cm 2 annealed at 12OO~ for 30 rain in N2 
gives, wi th in  exper imental  error, an etch rate com- 
parable to un implan ted  oxide. Since both the damage 
and boron should cause an increase in  the etch rate, 
it is apparent  that  the etch is not sensitive enough to 
detect boron at this concentrat ion level [theoretical 
peak value based on LSS theory (3) ----- 7 X 102~ 
Therefore, any  enhancement  in the etch rate for lower 
doses and anneal  conditions can be at t r ibuted to re-  
sidual damage in the oxide. This result  also shows that  
no residual  damage can be detected using P-etch for a 
sample annealed  at 1200~ 

The sensit ivity of P-e tch  to damage is shown by the 
low dose results in Table I. For a dose of 1 X 10 TM 

ions/cm 2, an unannea led  oxide has an etch rate that  
is only slightly greater than  that  of un implan ted  SIO2. 
When the dose is increased to 1 X 1013 ions/cm 2, the 
damage becomes more  apparent  as the relat ive etch 
rate increases to 1.06. At  a dose of 1 X 1014 ions/cm 2, 
this increases to 1.49 and at 1 X 10 ~5 ions/cm 2 to 3.82. 
These results are the average values for the top 40O0A 
of oxide, hence larger values are to be expected at the 
peak damage depth. A similar  resul t  is also shown for 
C-etch at a dose of 1 X 1015 ions/cm 2. In  this case, the 
relat ive etch rate is less, 1.89 compared to 3.82 for 
P-etch.  

1 15  p a r t s  I-IF (49%), 10 pa r t s  NHO3 (?0%),  end  300 p a r t s  H~O. 
Rank Precision Industries, Limited, Leicester, England. 

Table I. Sensitivity of etch rate to boron concentration and damage 

A n n e a l  conditions 
Dose Temp.  T i m e  R e l a t i v e  

(ions/crn ~) (~ (min)  E t ch  e tch  r a t e  

1 x 10 ze 1200 60 P 1.02 
1 x 10 ~ None  P 1.03 
1 x 101 ~ N o n e  P 1.06 
1 x 101' None  P 1.49 
1 x I0 ~ None  P 3.82 
1 x 1015 None C 1.89 
1 X l O  ~s 1 2 0 0  3 0  C 0 . 9 9  
1 X iO ~ 1200 30 C 0.99 
1 X 10 TM 1~00 30 C 0.79 

The last three rows in Table I i l lustrate  the effect of 
dose on the relative etch rate for wel l -annea led  sam- 
ples using C-etch. At low doses the etch rate is iden-  
tical to un implan ted  oxide, while at 1 X 10 TM ions/cm 2 
a reduced rate is observed. At  this dose level, the boron 
concentrat ion is sufficiently high that  the expected de- 
crease in etch rate is easily detected. 

The calculated relative etch rates are based on com- 
parison with an un implan ted  sample etched at the same 
time. The average etch rate for un implanted  oxide is 
2.4 A/sec using P-etch and 16.8 A/sec with C-etch. The 
observed m a x i m u m  variat ion in  the absolute etch rate 
was +_ 10% while the var iat ion in the relative etch 
rate was usual ly  bet ter  than  +_ 2%. 

Unannealed profiles.--Typical etch rate profiles ob- 
tained with P-e tch  for unannea led  implants  of 82 keV 
B 11 at 1 X 1014 and 1 X 1015 ions /cm 2 are shown in 
Fig. 1. At the lower dose, the ma x i mum etch rate is 
twice that of the un implan ted  oxide, while at 1 X 1015 
ions/cm 2 the peak rate is about 5.5 times greater. These 
peak values are observed at a depth of 1900 __ 100A. A 
similar result  was observed wi th  C-etch, except that  
the peak value in the etch rate was lower. It should be 
noted that for the higher dose, the etch ra te  shows a 
higher value for the ini t ial  surface layer. This was 
found in almost all the high dose samples investigated. 
The depth of the peak value is approximately 60% of 
the ion range as predicted by LSS theory (3). This 
value is typical of the damage/ ion  depth ratios ob- 
served when various ions are implanted in  silicon (8). 

Effect of anneal variables.--The effect of anneal  t em-  
pera ture  on the average relat ive etch rate using P-etch 
is shown in Fig. 2. As expected, higher anneal  tempera-  
tures are required to remove the damage formed by 
heavier doses. However, a significant fraction of the 
damage is annealed  out at all of the temperatures  in-  
dicated. For example, at 1 X 1015 ions/cm 2, the average 
relat ive etch rate of the unannea led  oxide is 3.82. At 
900~ after 60 min, the relat ive etch rate is down to 
1.25. Increasing the anneal  temperature  to 1000~ re-  
sults in a small decrease in the relat ive etch rate to 
1.15. A similar ly small  decrease is observed at ll00~ 

If the curves shown in  Fig. 2 are extrapolated to a 
relat ive etch rate of 1.0, the dose at which all the mea-  
surable damage is removed can be determined. A plot 
of this dose vs. anneal  temperature  is shown in Fig. 3. 
For a given dose and anneal  temperature,  this figure 
indicates whether  residual  damage will  be present  in  
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Fig. 1. Effect of dose on the etch rate profile for unannealed ox- 
ide. 
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Fig. 3. Implanted dose-anneal temperature correlation defining 
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the  oxide. The  a rea  to the  r igh t  of the curve  is the  
"damage  free" region whi le  to the  lef t  res idua l  damage  
wil l  be observed.  

The effect of anneal  t ime and ambien t  a re  shown in 
Table  II. A t  1 • 1014 ions /cm 2, increas ing the  anneal  
t ime  f rom 30 to 120 rain at  900~ resul t s  in a small  
decrease  in the re la t ive  etch rate,  1.12-1.06. Annea l ing  
in  an oxygen  ambien t  also resul ts  in a smal l  decrease 
in the  etch rate.  The most  d ramat ic  change is observed 
for anneal ing  in steam. As indica ted  in Table II, the  
damage  resul t ing  f rom a dose of 1 • 1016 ions/cm~, 
can be comple te ly  removed  by  anneal ing  at  900~ in 
steam. In  a n i t rogen ambient ,  a comparab le  resul t  r e -  
quires  a t empera tu re  of 1200~ This is not  surpr is ing  
since i t  has been shown (9) tha t  s team is more  ef-  
fect ive than  a d ry  a tmosphere  in dens i fy ing  oxides 
deposi ted at  low tempera tu res  (300~176 

The etch ra te  technique is a re la t ive  measure  of a 
number  of oxide  proper t ies  such as densi ty,  s to ichiom- 

Table II. Effect of anneal time and ambient on the relative etch 
rate using "C'-etch 

Dose Temp. Time Relative 
(ionslcm s} ( ~ } (rain} Ambient etch rate 

1 X I0 II 900 30 Ns 1.12 
1 x I0 ~i 900 60 N, I.I0 
1 • 10 I' 900 120 Ns 1.06 
5 x 10 I' I000 30 N= 1.26 
5 x 1O It I000 30 a s  1.15 
5 x I0  j~ 900 60 N~ 1.22 
5 x 1024 900 60 S t e a m  0.98 
1 X 10 ~ 900 60 NJ 1.26 
1 x I0  ~ 900 60 S t e a m  1.02 
1 x 1 0  ~s 9 0 0  6 0  N s  1 . 3 5  
I x l0  ts 9 0 0  30 S t e a m  1.03 

etry, and bond strain. The initial rapid decrease in etch 
rate at all anneal temperatures and ambients is be- 
lieved to be due to densification as vacancy clusters 
anneal out. In the second stage where the etch rate de- 
creases slowly with time and temperature, recombina- 
tion of oxygen with immoble silicon atoms having un- 
saturated bonds is suggested. The migrating oxygen 
can be either that present initially in the oxide and 
displaced during implantation or from trace quantities 
in the nitrogen ambient. Since oxygen diffuses slowly 
in the oxide (I0), particularly at 900~ the recombina- 
tion process restoring the stoichiometry of the oxide 
will be slow as observed. In the case of steam, both 
the solubility and diffusivity are considerably larger 
(10), giving rise to the more rapid annealing. 

Annealed profiles.--The var ia t ion  of re la t ive  etch 
r a t e  wi th  dep th  for  a dose of 1 X 10 TM ions /cm s an-  
nea led  at 1200~ is shown in Fig. 4. As expected f rom 
the resul ts  shown in Table I, the  re la t ive  etch ra te  de -  
creases wi th  the increase in boron concentrat ion.  The 
two lower  energy  curves,  55 and 82 keV, are  nea r ly  
symmet r i ca l  about  the  minimum, whi le  at  the  h igher  
energy  the cu rve  is skewed towards  the  surface. A plot  
of the  min imum etch ra te  depth  as a funct ion of energy 
is shown in Fig. 5. The solid curve is the  pro jec ted  
range  values  t aken  f rom Johnson  and  Gibbons  (7) and  
correc ted  for the difference in densi ty  of quar tz  (2.66 
g / c m  8) used in the i r  calculat ions and tha t  of t he rma l ly  
grown SiO2 (2.26 g / cm 3) used here. This correct ion 
gives a pro jec ted  range  tha t  is about  18% grea te r  
(2.66/2.26 --  1.18) than  the t abu la t ed  values  (7). The 
etch r a t e  m i n i m u m  is seen to be  in good agreement  
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range. 

with the calculated projected range values. These 
values also agree well  with the results of Volod'ko 
et aL (2). 

A direct measure of the range straggling cannot be 
obtained from Fig. 4 since a relat ion between the etch 
rate and boron concentrat ion is not available. In  order 
to generate an approximate cal ibrat ion curve, the etch 
rate profiles for a wide range of implant  energies and 
doses was obtained. I t  was assumed that  the m i n i m u m  
value in  the profile corresponded to the peak boron 
concentrat ion calculated using the range straggling 
values given by Johnson and Gibbons (7). The results 
are shown in Fig. 6. The m i n i m u m  concentrat ion which 
can be detected by the C-etch is approximately 1019/ 
cm 8. Using this data and the etch rate profiles in  Fig. 4, 
the concentrat ion profiles shown in Fig. 7 were gen- 
erated. The solid curves shown were calculated using 
the exper imental  range value in  Fig. 5 and the range 
straggling of Johnson and Gibbons (7). For  the two 
lower energies, the exper imental  results agree quite 
well with the calculated values except at the low con- 
centrat ions where the error in the cal ibrat ion curve is 
greatest. In  each case, agreement  is better  at depths 
beyond the peak concentrations. The region closer to 
the surface shows a greater departure from Gaussian, 
par t icular ly  at the higher energies. The range  strag- 
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Fig. 6. Calibration curve relating the etch rate to the calculate~ 
boron concentration. 
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Fig. 7. Comparison of the calculated and experimentally derived 
boron concentration profiles. The curves were calculated using the 
indicated projected range and projected range straggling values. 

gling agreement  is in contrast  to the results of Volod'ko 
et al. (2) who found that the range straggling was 
2 to 3 times the LSS value. 

In  making a comparison be tween the exper imenta l  
and theoretical predictions, several  factors need to be 
kept in mind. First, since an assumption concerning the 
shape of the ion dis t r ibut ion was made in  generat ing 
the calibration curve, some degree of circular reason- 
ing is involved in generat ing the ion profiles. The final 
result  then, is more of a check for consistency than an 
absolute determination.  Second, the etch rate profiles 
were determined after the samples had been annealed 
at 1200~ Possible broadening of the dis tr ibut ion could 
have occurred as a result  of thermal  diffusion. Pre-  
l iminary  measurements  obtained by ion microanalysis 
(12), however, indicate that  the 1200~ anneal  for 30 
min  does not cause any  measurable  change in the 
boron profile. These data also show that the range 
straggling used in generat ing the cal ibrat ion curve 
(Fig. 6) are reasonably close to the measured values 
on the deeper side of the distribution. 

An  important  observation in the data of Fig. 7 and 
also in the ini t ial  ion microanalysis  results is that  the 
boron profiles are not symmetr ica l  about the range 
value but  are skewed towards the surface. If the 
amount  of enhanced diffusion towards the more 
heavily damaged surface layer dur ing  implanta t ion is 
assumed to be small, then higher moments  need to be 
considered in calculating the ion distribution. Gibbons 
(13) has shown that  for boron implanted in  silicon, a 
profile that  is skewed towards the surface is expected 
when  higher order terms are included. At higher 
energies the effect should be even more pronounced. 
Similar  results are expected for boron implanted in 
SiO2 (13). The need for higher order moments  makes 
comparison with tabula ted values where only the first 
two moments  are considered, invalid. However, for 
most practical applications, a reasonable approxima- 
tion can be obtained by  using the range values shown 
in Fig. 5 and the range straggling given by Johnson and 
Gibbons (13). 

Minimum oxide thickness for masking.--The data 
shown in Fig. 7 were used to determine the min i -  
m u m  oxide thickness required to prevent  boron from 
penetra t ing into the under ly ing  silicon. The m i n i m u m  
thickness was chosen as the depth at which the concen- 
t ra t ion of boron was 1014/cm 2. The results for the dose 
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range  I X 1014 to 1 • I0 t6 ions /cm ~ a re  shown in Fig. 8. 
In  order  to confirm tha t  the  boron did not pene t ra te  

through the oxide at the  values  given in Fig. 8, a num-  
ber  of samples  were  implan ted  wi th  1 • 1016 ions /cm 2 
at  the energy corresponding to the  m i n i m u m  thickness  
and s tandard  MOS C-V measurements  (14) made  to 
de te rmine  the average  surface concentrat ion.  Half  of 
each slice was un implan ted  as a s t andard  for compar i -  
son. Fo r  the  six energies  invest igated,  the  surface con- 
cen t ra t ion  on the implan ted  side was found to be iden-  
t ical  wi th in  exper imen ta l  error,  to the  un implan ted  
side. 

Conclusions 
Determina t ion  of the  etch ra tes  of bo ron- implan ted  

SiO2 using P -e t ch  and  a buffered HF solut ion provides  
a s imple technique for  eva lua t ing  both the  damage and 
boron distr ibutions.  The m a x i m u m  etch ra te  in the 
damage  profile is located at a depth  that  is app rox i -  
ma te ly  60% of the ion range  as predic ted  by  LSS 
theory  (3).  High annea l  t empera tu re s  are  requ i red  to 
remove  al l  measurab le  damage  when anneal ing  is 
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Fig. 8. Minimum oxide thickness required to mask a boron implant 

carr ied  out in ni trogen.  Considerably  lower  t e m p e r a -  
tures can be used when  anneal ing  in a s team ambient .  
Whi le  the  boron dis t r ibut ion  can be approx ima ted  by  
a Gaussian, the skewing of the measured  profiles in-  
dicates tha t  h igher  moments  a re  requ i red  in the de te r -  
mina t ion  of the  dis tr ibut ion.  
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Liquid-Phase Epitaxy Growth of Gallium Phosphide 
by a Centrifugal Tipping Technique 
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ABSTRACT 

A new growth  technique for GaP  single c rys ta l  ma te r i a l  based on the 
l iqu id -phase  ep i tax ia l  g rowth  method  is presented.  This technique  rel ies  on 
cent r i fugal  force to br ing  the sa tu ra ted  growth  solut ion in contact  wi th  the  
substrate.  The appara tus ,  r e fe r red  to as the "cent r i fugal  t ipper ,"  is descr ibed 
and its pr inciples  of opera t ion  are  expla ined.  Epi tax ia l  layers,  both n -  and  
p- type ,  up to 100 #m thick, have been grown over a t e m p e r a t u r e  range  of 
950~176 These layers  exh ib i t  good surface qua l i ty  and var ia t ions  in 
thickness  of less than  _1  ~m. A p - t y p e  ma te r i a l  wi th  photoluminescence 
efficiency of 1.5% was produced.  This new technique has demons t ra t ed  mu l t i -  
slice capab i l i ty  for  the  g rowth  of  GaP  l igh t -emi t t ing  diode mater ia l .  

L iqu id -phase  ep i tax ia l  (LPE)  g rowth  has been, to 
the  presen t  time, the  most  successful method for p ro -  
ducing high qua l i ty  GaP l igh t -emi t t ing  diode ma te r i a l  
(1). This  r epor t  describes a g rowth  technique based 
on LPE growth  which produces luminescent  ep i tax ia l  
ma te r i a l  w i th  good surface and thickness  uniformity .  
The appara tus  used in this  g rowth  technique is re fe r red  
to as the  "cent r i fugal  t ipper"  since i t  re l ies  on cen-  
t r i fugal  force to "t ip" the  growth  solution over  the 
substrate .  

The cent r i fugal  t ipper  and its fundamenta l  p r in -  
ciples a re  described,  and the proper t ies  of the  ep i tax ia l  
layers  grown b y  this  method  are  presented.  

Apparatus 
Description of the apparatus.--For the  purpose  of 

discussion, the  cen t r i fuga l  t ipper  (Fig. 1) can be 
d iv ided  into th ree  ma jo r  subsystems:  the  crucible  as-  
sembly,  the d r ive  assembly,  and the hea t ing  unit.  

The crucible  assembly,  which is made  of u l t r apu re  
g raph i te  is depicted in Fig. 2 and consists of four  ma jo r  
par ts :  the  outer  crucible  which contains  the  growth  
solution, the  inner  core which  holds the  substrate,  the  
middle  core which protects  the substrate ,  and the nut  
which  holds the  inner  and middle  crucibles  fas tened 
together.  The  crucible  used on the cent r i fugal  t ipper  
was designed to accommodate  eight  25 m m  diamete r  
substrates.  

The dr ive  assembly  consists of a m o t o r - d r i v e n  shaft  
which passes th rough  the crucible  and is guided above 
and below by  two sets of bearings.  Two sets of chevron 
seals are p laced  nex t  to the  bear ings  t oward  the  c ru-  
cible in o rder  to seal the  t ipping  chamber  f rom the 
outside a tmosphere .  These seals also p reven t  the  b e a r -  
ing lubr icant  f rom being pumped  out  dur ing  evacua-  
t ion of the  chamber .  The  dr ive  shaft  serves  another  
ve ry  impor t an t  funct ion besides ro ta t ing  the  crucible  
assembly.  I t  is used to remove the hea t  f rom the  c ru-  
c ible  dur ing  cooling by  a flow of wa te r  in the  shaft  
(this w a t e r  cooling also protects  the  bear ing  and seals 
f rom overhea t ing) .  

The hea t ing  uni t  consists of an rf  genera to r  and coil. 
The coil  was designed in such a w a y  tha t  the  spacing 
be tween  its loops can be varied.  The loops can  thus be 
kep t  close together  where  more  heat  is needed and 
fa r the r  apa r t  where  less hea t  is needed. 

Principles of operation of the centrifugal tipper.-- 
The pr inciple  of opera t ion  of the  cent r i fugal  t ipper  is 
to spread  the sa tu ra ted  GaP in Ga solut ion over  the  
subs t ra te  by  cent r i fugal  force. When  the  crucible  is 
spun the  solut ion is forced ou twards  by  the cent r i fugal  
force and flows through  the  canals  which  connect the 

Key words: crystal growth, liquid-phase epitaxy growth, gallium 
phosphide, centrifugal tipping. 

solut ion cav i ty  to the growth  cells. When  the cavi ty  is 
filled wi th  the solution, the t empe ra tu r e  of the  crucible  
is lowered  thus promot ing  the  g rowth  of an ep i tax ia l  
l ayer  on the substrate.  At  the  end of the  growth  
process, the rota t ion of the  crucible  is s topped and the 
solution re turns  to the  solut ion cav i ty  via  the  connect-  
ing canals. 

E~ect ol the centrifugal force on the liquid solution. 
- - I n  choosing a sui table  ro ta t ion  ra te  to fill the  growth  
cav i ty  wi th  the l iquid  solution, a cy l indr ica l  crucible  
wi thout  in te rna l  s t ruc tura l  res t r ic t ions  ro ta t ing  on a 
ver t ica l  axis was assumed. The free surface of the 
l iquid under  the  cent r i fugal  force is then paraboloidal ,  
and  the re la t ionship  be tween the height  of the  p a r a -  
boloid f rom the ve r tex  (h) ,  the  radius  of the  cy l inder  
( r ) ,  and  the  ro ta t ion  ra te  (N) is given b y  
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Fig. 1. Apparatus for centrifugal tipping. The cross-sectional view 

of the centrifugal tipper is shown. 
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Fig. 2. Crucible assembly. The cross-sectional view of the crucible 
assembly is shown. 

h = r2~/29 
o r  

h : 2~2N2r2/g [1] 

where ~ is the angular  velocity and g is the gravi ta-  
t ional  constant.  For  a growth cavi ty  situated 25 m m  
from the rotat ion axis and about 50 m m  from the 
bottom of the crucible, a rotat ion rate of 500 rpm or 
more is needed to completely fill the cavity. 

E~ect of the buoyancy ]orces on the substrate.-- 
There is a radial  pressure gradient  inside the growth 
cavity due to the centr ifugal  force field since the pres-  
sure is proportional to the square of the radius. When 
a substrate is immersed in the solution under  a cen-  
tr ifugal  force field, it experiences two buoyancy forces: 
the first one is in a vertical  direction and is due to the 
earth 's  gravi tat ional  field; the second is in a radial di-  
rection and is due to the centrifugal  field. At 500 rpm 
the magni tude  of the centrifugal force (~10g) is much 
larger than  that of the gravi tat ional  force and the 
lat ter  can be neglected. The force acting on the solid is 
therefore 

f - -  oJ2 ( r22  - -  r l  2) ( d s  - -  d~)A/2 [2] 

Where rl is the radial  distance from the axis of rota-  
t ion to the inner  surface of the solid, r2 the radial  dis- 
tance from the same axis to the outer surface of the 
solid, ds the density of the solid, dl the  density of the 
liquid, and A the cross-section area of the solid in a 
tangent ia l  plane. If the  density of the l iquid is greater 
than  that of the solid, the lat ter  will  be pushed toward 
the axis of rotat ion and vice versa. In  the case of a 
GaP substrate in  a GaP-Ga  solution, the densi ty of the 
solid GaP is 4.13 g/cm 3 (2), and the density of the 
solution is about 5.91 g /cm 3 (since the concentrat ion is 
so low that  we are assuming its density to be equal to 
the density of pure Ga).  As a consequence, the GaP 
substrate wil l  be pushed toward the axis of rotat ion 
when  the growth cavity is filled with the growth 
solution. 

Eyyects of adverse temperature gradients in the liq- 
uid.--B4nard (3) exper imenta l ly  demonstrated that  a 
layer  of l iquid will  display a cell pa t t e rn  through 
thermal  convections. Rayleigh (4) gave a theoretical 
interpretat ion of the B~nard cell formation. He showed 
that the formation of cells under  a tempera ture  gradi-  
ent depends on the numer ica l  value of a nond imen-  
sional parameter,  R. This parameter  is now referred 
to as the Rayleigh n u m b e r  and is given by 

R = g.a.~.d4/k.v [3] 

where g is the gravi ta t ional  constant, d the thickness 
of the l iquid layer, F the temperature  gradient  across 

the l iquid layer, and a, k, and v the coefficient of vol-  
ume expansion, thermometr ic  conductivity, and kine-  
matic viscosity, respectively. Rayleigh showed that  cell 
formation wil l  occur when  the parameter  R exceeds a 
certain critical value Re. 

Chandrasekhar  (5) has calculated Rc values for d~f- 
ferent  boundary  conditions. In  the case of a layer of 
l iquid lying between two rigid surfaces, Rs : 1708. 
The centrifugal  t ipping apparatus was therefore de- 
signed in such a way as to keep the Rayleigh number  
below 1708. If this precaution were not taken, B~nard 
cells would arise in the growth solution which would 
lead to uneven  epitaxial  surfaces. 

Two types of tempera ture  gradients can occur in  the 
centrifugal  t ipper: those which lie in  a direction paral -  
lel to the substrate, and those which lie in  a direction 
perpendicular  to the substrate. These two types of 
gradients will  give rise to two types of B~nard cells. 
The first type of temperature  gradient  can and  should 
be el iminated by proper spacing of the coils. The second 
type of gradient, however, is desirable to prevent  con- 
st i tut ional  supercooling. The growth cavity must  there-  
fore be designed around this temperature  gradient. 
According to Eq. [3], R varies as d 4 and  therefore R 
can be drastically reduced by decreasing the thickness 
of the solution layer  (or growth cavity thickness) .  

From Eq. [3] the growth cavity thickness was esti- 
mated, again assuming the solution was pure Ga; the 
data for l iquid Ga were taken  from the "Liquid Metals 
Handbook. ''1 For a tempera ture  drop across the layer  
of 5~ and a centr i fugal  field of 10g (corresponding to 
about 500 rpm) it was found that  the cavity thickness 
should be less t han  3 mm. 

Operation.--In the growth of an epitaxial  layer, the 
first step is to place the Ga-GaP  and dopants (25g Ga, 
0.06 mole fraction of GaP, 0.0005 mole fraction of pure 
Zn, 0.0035 mole fraction of Ga203 for p-type,  and a 
0.00015 mole fraction of Te for n- type)  in  the outer 
crucible and the substrate wi th  (111) or ientat ion in 
the growth cell of the inner  crucible. The middle cru-  
cible is then placed over the inner  one, t ightened in 
position with a nut, and placed inside the outer cru-  
cible. The crucible assembly is then placed on the 
shaft and enclosed in  an argon atmosphere. The whole 
uni t  is heated with the rf  generator  to the growth 
tempera ture  (about 1050~ at the rate of 50~ 
The temperature  is monitored by  a fixed thermocouple 
placed near  the top of the crucible. When the growth 
tempera ture  is reached, the crucible assembly is at-  
lowed to equil ibrate  and  is then spun at a rate suffi- 
ciently high (500-1000 rpm) to force the solution into 
the growth cell. The temperature  is then lowered at a 
100~ cooling rate to 950~ by reducing the rf 
power unt i l  the end of the growth operation is reached 
at which point the rotat ion of the crucible assembly is 
stopped. The temperature  at the end of the growth 
operation has been determined exper imenta l ly  in such 
a way as to allow for the growth of an  epitaxial  layer 
of about 100 ~m thickness. This thickness can be re-  
duced by nar rowing  the tempera ture  range over which 
epitaxial  growth occurs. After  cooling to room tem- 
perature, the crucible assembly is dismounted and the 
substrate removed. 

Results 
The object of these experiments  was to demonstrate  

the growth of LPE layers of uni form thickness, high 
surface quality, and luminescence uni formi ty  using the 
centr i fugal  tipper. 

The surface roughness of the epitaxial  layers was 
measured on a Ta ly-Sur f  machine and was found to be 
low. A typical value for the center  line average is 
about 1 ~m. The surface irregulari t ies were found to 
consist of steps (Fig. 3a and b) which occurred only 
in one direction on a given substrate. This direction 
was found to be unre la ted  to the position of the sub-  

1 "Liquid  Metals Handbook ,"  second edition, published by Atomic  
Energy  Commission. June  1952. 
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Fig. 3. Surface morphology of the grown p-layer. The surface 
of the grown p-layer has directional steps which are not related to 
the substrate position in the crucible, and is thought to be related 
to the crystal orientation. 

s t ra te  in the  crucible  and therefore  is thought  to be 
re la ted  to the  subs t ra te  orientat ion.  

The cent r i fugal  t ipper  has y ie lded  ep i tax ia l  layers  of 
ex t r eme ly  good thickness  uni formity .  No t ape r  was 
apparen t  upon examina t ion  under  the  microscope 
(200X) of severa l  25 m m  long c leaved layers.  

P r e l im ina ry  resul ts  indicate  tha t  ma te r i a l  wi th  a 
photoluminescence efficiency of about  1.5% can be 
grown. Photoluminescence  scanning of the layers  in-  
dicates tha t  the efficiency is un i fo rm across the sam-  
ples (Fig. 4, the r ipples  in the  photograph  are  due to 
in ter ference  effects inheren t  to the  scanner) .  The car -  
r ie r  concentra t ion for the  n - t y p e  ma te r i a l  was  found 
to be a round  10 TM cm -3 near  the  outer  surface of the 
l aye r  and  to decrease to 5 • 1017 cm -a  at  a depth  of 
100 ~m. 

Conc lus ion  
The cent r i fugal  t i ppe r  technique descr ibed in t h i s  

paper  demons t ra ted  i ts  potent ia l  as a product ion  

Fig. 4. Photoluminescence scan of the surface of a grown p-layer. 
Light area corresponds to 1.45% photoluminescence efficiency. 

method  for the fabr ica t ion  of GaP LED mater ia l .  I ts 
use could also be ex tended  to the  fabr ica t ion  of o ther  
devices requi r ing  the  g rowth  of ep i tax ia l  layers.  
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Lattice-Matched Heterojunctions 
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ABSTRACT 

Liquid phase epi taxy has been employed for the growth of I n P - I n G a A s P  
lat t ice-matched heterojunctions.  The epitaxial  layers were grown at 650 ~ 
625~ on (100), ( l l l ) A ,  and ( l l l ) B  oriented InP substrates from In- r ich  
liquid solutions. The layers were characterized by x - ray  diffraction, photo- 
luminescence, and electron microprobe measurements  for the determinat ion of 
lattice constant, bandgap energy, and composition. Quaternary  layers lattice 
matched to InP  substrates were grown having bandgap energies between 
1.12-1.41 eV. Mirror-smooth layers have been rout inely grown over 100% 
of the substrate with absolutely no solution droplets remaining  on the surface 
following growth. We exper imental ly  determined a number  of l iquidus iso- 
therms in the In- r ich  region of the qua te rnary  system. In  the concentrat ion 
range and tempera ture  investigated the distr ibution coefficient of G, Kca ~-- 
25 while that  of As varies between 9.7 and 13.4 for XSca of 0.055 and 0, re-  
spectively. 

Semiconductor heterojunct ions are necessary for the 
efficient operation of a number  of electronic devices, 
i.e., heterojunct ion lasers, light emit t ing diodes, photo- 
emitters, heterojunct ion transistors, etc. The solid solu- 
t ion properties of I I I -V te rnary  alloys injected new 
interest  in the fabrication of these devices. With the 
exception of Ga-A1-V te rnary  alloys, however, all other 
I I I -V te rnary  systems are faced with severe latt ice- 
mismatch problems which are det r imenta l  to the 
growth as well  as the electrical and optical properties 
of these alloys. The one- to-one dependence of bandgap 
on lattice constant can be relaxed by the addition of a 
fourth component  to the solid, introducing an extra 
degree of freedom and permit t ing the independent  var i -  
ation of lattice constant  and bandgap. The first system 
to demonstrate  the la t t ice-matching properties of 
qua te rnary  alloys was GaAIAsP-GaAsP (1) in which 
the subst i tut ion of A1 for Ga results in a bandgap in-  
crease while the constant  ratio of As /P  across the 
heterojunct ion main ta ins  lattice matching.  This system 
was used for the fabricat ion of heterostructure lasers 
that  were operated pulsed at room temperature.  Lat -  
t ice-matched heterojunct ions operat ing at lower ener-  
gies than  GaAs can be fabricated using the latt ice- 
matching properties of InP-InGaAsP which makes 
possible the growth of low defect density heterojunc-  
tions between 0.7 and 1.35 eV. The ease of fabrication 
of heterojunctions in  this system exceeds that of the 
A1GaAs-GaAs for a n u m b e r  of reasons: (i) low growth 
temperatures  (~650~ (ii) heterostructure  lasers 
operating in the inf rared can be fabricated by  the 
growth of only two layers, (iii) ease of electrical con- 
tact to InP  compared to A1GaAs, and (iv) absence 
of the formation of tenacious oxides such as A120~ 
requir ing special boat design. Figure  1 shows the var ia-  
tion of the bandgap as a funct ion of lattice constant. 
The area bounded by the  four ternaries  represents the 
qua te rnary  region with bandgap variat ions between 
0.35 and 2.23 eV. In  this system nei ther  the subst i tu-  
t ion of Ga for In  nor  As for P, or vice versa, results 
in  lattice matching, therefore, to obtain lattice match-  
ing, a s imultaneous variat ion of G a / I n  and As /P  is 
necessary. In  this system two readily available sub-  
strates can be used in  obtaining lat t ice-matched hetero- 
junctions.  The GaAs-GaInAsP system can cover the 
energy range of 1.425-2.23 eV, while the I n P - I n G a A s P  
covers the range of 0.7-1.35 eV. The former will  result  
in heterojunctions covering an almost identical range 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  w o r d s :  L P E ,  I I I ~  s e m i c o n d u c t o r s ,  q u a t e r n a r y ,  l a t t i c e - m a t c h -  

ing ,  heterojunctions. 

to that  covered by  the GaAs-GaA1As heterojunctions;  
therefore its ut i l i ty  could be considered ra ther  limited. 
The latter, however, is the only system for which 
lattice matching can be obtained for energies lower 
than 1.35 eV. Lat t ice-matched heterojunct ions such as 
InGaAs- InGaP  can, in principle, be fabricated in a 
manne r  similar to that used in the preparat ion of GaAs- 
InGaP (2,3). No informat ion has been reported as yet 
on the preparat ion or properties of such heterojunc-  
tions. 

M a t e r i a l s  Growth  and C h a r a c t e r i z a t i o n  
The impor tant  proper ty  of I I I -V qua te rnary  alloys 

is that lattice matching can be achieved over a wide 
energy range. Considering the large number  of quater-  
naries, la t t ice-matched heterojunctions can be prepared 
(at least theoretically) over the energy range of 0.3- 
2.45 eV. In the absence of any available thermodynamic 
data on any qua te rnary  system, our investigations con- 
sisted of t r i a l -and-e r ro r  procedures for determining 
the growth properties of such systems. Thus, we have 
investigated the InGaAsP (4), GaA1AsSb (4), and 
InGaAsSb (5) systems, along with the GaA1AsP sys- 
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Fig. 1. Bondgap v s .  lattice constant for the [nGoAsP quaternary 
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tern r epor ted  b y  Burnham et  aL (6),  r epresen t ing  a 
series of systems cover ing p rac t i ca l ly  the  whole energy  
range  of I I I -V  semiconductors.  We  present  here  some 
exper imen ta l  data  on the growth  proper t ies  of the 
InGaAsP  system. The ep i tax ia l  l ayers  were  grown by  
l iquid phase ep i t axy  on InP substrates.  Al though  l ay -  
ers  have been grown on both (100) and ( l l l ) A  sub-  
strates,  the  resul ts  r epo r t ed  here  are  from layers  ex -  
c lus ively  grown on ( l l l ) B  substrates.  A hor izonta l  
g rowth  sys tem was  employed,  wi th  a g raph i te  boat  
s imi lar  in design to tha t  r epor ted  by  Rosztoczy et aL 
(7), in a pa l l ad ium purified hydrogen  environment .  
Epi tax ia l  l ayers  have been grown at  t empera tu re s  as 
high as 750~ and as low as 580~ These are  considered 
pract ica l  l imits  due to the  decomposi t ion of the InP 
subs t ra te  at  750~ and the low solubi l i ty  of P at  580~ 
The layers  for this  s tudy were  grown in the  in te rva l  
of 650~176 A va r i e ty  of cooling ra tes  have  been 
t r i ed  va ry ing  be tween  0.I and 2~ The surfaces 
of the  g rown layers  were  mi r ror - smooth ,  wi th  no 
apparen t  dependance  of the  cooling ra te  on the as-  
grown surface. F igure  2 is a photograph  of the  as-  
g rown surface of a qua t e rna ry  layer  la t t ice  matched  
to InP;  l ayers  of this  qua l i ty  can be rou t ine ly  grown 
over 100% of the  subs t ra te  wi th  no l iquid drople ts  re -  
main ing  on the subs t ra te  fol lowing remova l  of the 
melt .  This is cer ta in ly  a ve ry  impor t an t  fea ture  since 
a por t ion of the  solut ion remain ing  in contact  wi th  
the  subs t ra te  dur ing  cooldown to room t empera tu re  
wi l l  resu l t  in local g rowth  of ma te r i a l  of different  
composi t ion than  tha t  of the  rest  of the  ep i tax ia l  layer .  
An  in te r fe rence  pho tomicrograph  is shown in Fig. 3 
indicat ing the absence of gross g rowth  features.  The 
thickness var ia t ions  of the ep i tax ia l  l ayer  grown on 
3~ in. d iamete r  subs t ra tes  are less than  10% across the  
d iamete r  of the  layers.  F igure  4 shows a (110) cleave 
of the  ep i t ax ia l  l ayers  hav ing  a bandgap  of 1.17 eV 
and is la t t ice  matched  to InP. F igu re  1 shows the 
qua t e rna ry  region of the  InGaAsP  sys tem bounded by  
the four t e r n a r y  systems.  The var ia t ion  of the bandgap  
vs. la t t ice constant  for a series of  qua t e rna ry  layers  is 
shown in Fig. 5. In  this  figure the  ep i tax ia l  layers  were  
grown on a ( l l l ) B  InP subst ra te  in the  650~176 
range  under  a cooling ra te  of 0.5~ The mel ts  
were  p repa red  wi th  In, Ga, As ( InAs was the As source, 
the As was a lways  be low the  solubi l i ty  l imi t )  and 
were  sa tu ra ted  wi th  P f rom an  InP  substrate .  The 
la t t ice  constant  was de te rmined  by  x - r a y  diffract ion 
of the C u - K a  radiat ion,  and the bandgap  was de te r -  
mined by  photoluminescence measurements  at 77~ 
using a 0.SW argon ion laser  wi th  a d ry - i ce -coo led  
S-1 photomul t ip l ie r  as the detector.  The concentra t ion 
in the solid was de te rmined  by  microprobe  measu re -  
ments.  Table  I shows in detai l  solid and l iquid concen- 
trat ions,  la t t ice  constant ,  and bandgap.  In  this  figure 
we can see tha t  the  increase  in Ga in the  l iquid solu-  

2, 
Fig. 3. Interferometer photomicrograph of the wafer shown on Fig. 

Fig. 2. Typical as grown surface of liquid phase epitaxial Fig. 4. Interferometer photomicrograph of the 010) cleavage 
InGaAsP layer lattice matched to InP (scale in inches), plane of the wafer shown on Fig 2. 
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Table I). 

t ion is accompanied by a decrease in the lattice con- 
stant and an increase in  bandgap energy. A number  of 
series of runs  as those shown on this figure were made 
in  increasing As concentrations. In  each series the 
first layer  grown was with zero Ga to establish the 
InAsP boundary.  In  Fig. 5 we also show the InP  point. 
The layer  grown from solution No. 2 in Table I had a 
lattice constant  of 5.864A and a bandgap of 1.33 eV. 
I n P ,  on the other hand, has a lattice constant  of 5.868A 
and a bandgap of 1.41 eV. Although no at tempt was 
made to perfectly lattice match any layer to InP  sub-  
strates dur ing  this series of runs, the lattice mismatch 
between epitaxial  layer and substrate is 0.068% with  
a heterojunct ion barr ier  of 0.080 eV. In  a similar m a n -  
ner, lattice matching has been achieved for layers 
having bandgap variat ion between 1.12 and 1.41 eV. 
No at tempt  has been made as yet  to lattice match 
qua te rnary  layers of lower bandgaps to InP, although 
no serious problems are anticipated. 

Phase D i a g r a m  Invest igat ions  
The technique used in  de termining solubil i ty pa ram-  

eters consists of preparing a liquid solution of I n -Ga-As  
(InAs was used as the As source). The As concentra-  
tion in  the solution was always below the solubili ty 
l imit de termined by the X1Ga to Xlin ratio in the solu- 
tion. Solubil i ty curves were determined at 600 ~ 650 ~ 
and 700~ by equi l ibrat ing the solution at the satura-  
tion temperature  prior to contact with a single crystal-  
line, chemically polished InP  substrate. Fol lowing con- 
tact, the solution and InP  substrate were kept at t em-  
pera ture  for 2 hr  which was exper imenta l ly  determined 
to be of sufficient t ime for complete saturation. Sub-  
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Fig. 6. Solubility of P as a function of As in liquid quarternary 
solutions for Xl(;a/X]]n = 4.2 x 10 - a  at 600 ~ 650 ~ and 700~ 
Curves are drawn through our experimental points. 

sequently the melt  was separated from the I nP  sub-  
strate, and the substrate weight  loss established the 
solubil i ty l imit  of P. Figure 6 showed the solubili ty 
curves at 600 ~ 650 ~ and 700~ for a solution with a 
ratio XIGa to XlIn of 0.42 • 10 -2. The solid lines are 
drawn through the points and intersect the ordinate 
and abscissa at points coinciding with the extrapolated 
data of Antypas  (8), Wu and  Pearson (9) for the 
InGaAs system, and McVittie (10) for the InGaP  sys- 
tem. A second series of solubil i ty exper iments  was to 
investigate the dependence of P solubil i ty on Ga, at 
constant As concentration. The results at 600 ~ and 
700~ are shown in Fig. 7. A comparison between 
Fig. 6 and 7 indicate that  the solubil i ty of P is de- 
creased appreciably by the addition of Ga, while  the 
presence of As has a less pronounced effect. This is 
very similar  to the solubil i ty of P in  t e rnary  solutions 
of InGaP and InAsP. 

Since all  the epi taxial  layers grown were in  the I n P -  
rich corner of the qua te rnary  region, the distr ibution 
of the solute Ga and As is certainly of p r imary  interest. 
Figure 8 shows the dis t r ibut ion of Ga in layers grown 
in the tempera ture  range of 050~176 from solution 
listed in Table I. In  the region of XSGa of zero to 0.055 
the dis tr ibut ion coefficient KGa remains  practically con- 
stant at 25. The distr ibution of As as a funct ion of Ga in 
the solid solution, however, varies between 13.4 for 
zero Ga to 9.7 for 0.225% of Ga in the l iquid solution. 
This var iat ion is shown in Fig. 9, and it is obvious that  
such dependance wil l  make the growth of a qua te rnary  

Table I. Growth and characterization parameters for |nG~AsP layer's prepared by L~s at 650~176 

Melt  compos i t ion  S o l i d  c o m p o s i t i o n  
R u n  in  g rams*  in  a t o m i c  pe r  cen t  L a t t i c e  B a n d g a p ,  
No. I n  I n A s  Ga X~Ga Xs~e constant ,  A eV  (77~ 

1 2,086 0.020 0 0 7.59 5.886 1.29 
2 2,086 0.020 0.0010 2.27 6.18 5,864 1.33 
3 2,086 0.020 0,0020 4.27 5.57 5.850 1.36 
4 2.086 0.020 0,0029 5.36 5.48 5.834 1,44 
5 2.086 0.020 0.0037 6.3t 5.4 t  5.824 1.48 

* Solut ion w a s  saturated in P f r o m  an  I n P  source  a t  650~ 
E s t i m a t e d  f r o m  Fig .  8 a n d  9. 



Vol. 120, No. 11 

-2 
1 . 4 x  I0 ' ' ' ' ' 

1.2 �9 

1.0 

0.8 

~. 0 .6  
E 

cl. 

0-4 i 

LATTICE-MATCHED HETEROJUNCTIONS 

' 16. 0 x I0  "2 

.E 
700Oc 

650~ 

I I l t I 1 -2 
0.1 0.2 0.3 0.4 0.5 O. 6x 10 

Ga Atom Fracbon 

Fig. 7. Solubility of P as a function of Ga in quaternary liquid 
solutions for constant X1As : 0.0145 a t  650 ~ and 700~  Curves 
are drawn through our experimental points. 

0.12 , ~ , 

0. I0 

:~ 0.08 

O. 06 

~. 0.04 

O. 02 

0 I I t 
0.1 0.2 0.3 x 10-2 

Ga Atom Fraclion in Liquid Solution 

Fig. 8. Distribution of Ga in quaternaw solid solutlons grown 
from liquid solution with X].~s = 5.65 x 10 -3.  Curve drawn through 
our experimental data. 

InGaAsP of a given lattice and bandgap dependent on 
trial-and-error procedure to determine the distribu- 
tion coefficients of Ga and As. 

S u m m a r y  
Heterojunctions are useful for devices requiring 

either electrical confinement or a change in optical 
properties from one layer to another. Both requirements 
must be satisfied for efficient operation of electro-opti- 
cal devices. In such devices dislocations at the junction 
between two nonlattice-matched materials may intro- 
duce nonradiative recombination centers which de- 
grade device performance. We have reported here the 
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preparation of lattice matched heterojunctions in the 
InGaAsP-InP system. Lattice matching has been 
achieved in the bandgap energy range of 1.12-1.41 eV, 
although this range can be extended between 0.8-1.41 
eV. The photoemission properties of the quaternary 
layers were investigated resulting in the highest 1.06 
micron quantum efficiency known. James et al. (11) 
have reported on the photoemission properties of a 
number of quaternary alloys. Investigation on the 
heterojunction properties of lattice-matched InGaAsP- 
InP structures based on photodiode measurements re- 
ported by Antypas et al. (4) indicates that low defect 
density heterojunctions can be fabricated in this sys- 
tem. 
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Minority Carrier Generation Studies in MOS 
Capacitors on N-Type Silicon 

D. R. Young and C. M. Osburn* 

IBM Thomas J. Watson Research Center, York town  Heights, New York  10598 

ABSTRACT 

The pulsed capacitance technique was utilized to determine minority 
carrier generation rates in MOS capacitors. The addition of HCI, C12, CC14, or 
C2HCI3 to oxygen during thermal oxidation was effective in gettering trap- 
ping centers in the silicon and resulted in lifetimes greater than 150 ~sec. 
Higher halide concentrations and high oxidation temperatures improve the 
gettering process. The capacitance-time plot showed that the generation rate 
in long-lifetime structures was proportional to the volume of carrier-de- 
pleted silicon and that the generation of carriers on the surface was very 
small ,  e.g., S ~ 10 -2 cm/sec.  

Minor i ty  car r ie r  cu r ren t  in the  deple t ion  regions of 
semiconductor  devices leads to var ious  undes i rable  
device character is t ics  such as high leakage  currents  in 
p -n  junctions,  excessive da rk  currents  in photodetec-  
tors, and reduct ion of switching threshold  in charge-  
coupled FET devices. 

The theoret ica l  or ideal  genera t ion  ra te  of minor i ty  
car r ie rs  in silicon is ve ry  small  at room tempera ture .  
Hence, the  much la rger  ra tes  typ ica l ly  observed in 
most samples s tudied to date have  been a t t r ibu ted  to 
anomalous  effects, the  p redominan t  process being ca r -  
r ie r  genera t ion  at  impur i t y  sites located in the  dep le -  
t ion region (1,2). I t  can be shown that  those sites (ac-  
ceptor  or donor)  wi th  levels  close to the center  of the 
gap are  the most prolific in e lec t ron-hole  generat ion;  
consequently,  the t empera tu re  dependence  of the gen-  
era t ion ra te  indicates  a the rmal  act ivat ion energy be-  
tween  0.5 and 0.6 eV (3) or about  half  the  bandgap  of 
silicon. 

In practice,  i t  is found that  large sample - to - sample  
var ia t ions  exis t  in the  minor i ty  ca r r i e r  genera t ion  rate.  
The work  repor ted  here  is pa r t  of a long- range  p ro -  
g ram to gain added insights concerning the mechan-  
isms responsible  for minor i ty  ca r r i e r  generat ion and 
to develop ma te r i a l  technologies that  wil l  resu l t  in a 
significant reduct ion in the minor i ty  car r ie r  genera t ion  
ra te  as wel l  as a decrease in its var iabi l i ty .  The pulsed 
capaci tance technique was chosen for measur ing  the 
minor i ty  car r ie r  densi ty  and has been descr ibed ear l ie r  
by  Zerbst  (4). 

The get ter ing  of meta l l ic  impur i t ies  f rom silicon is 
one technique previous ly  used for reducing both mi -  
nor i ty  ca r r i e r  genera t ion  ra tes  and diode leakage  cu r -  
ren t  (1, 5-12). Copper,  iron, manganese,  and gold have 
been shown (1, 2) to in t roduce r ecombina t ion-genera -  
t ion centers  in the forb idden energy gap of silicon and 
the reby  reduce the l i fe t ime of excess minor i ty  carriers .  
Actua l  ge t te r ing  has been accomplished by  KCN (1); 
P205 (1, 7, 9, 10, 12); B205 (1, 12); V205 (12); Ni (7);  
boron diffusion; and  phosphorous diffusion (1,5) .  
Fur the rmore ,  reduced  minor i ty  car r ie r  generat ion has 
been obta ined  by  C12 anneal ing  (5), prec leaning oxi-  
dat ion tubes wi th  HC1 (13), and  oxida t ion  in C12 (9, 
11) or HC1 (8, 9, 11). 

In  addi t ion  to improving  the minor i ty  car r ie r  l i fe-  
t ime, t r ea tmen t s  have recen t ly  been shown to reduce 
mobile  charge densit ies  in SiO2 (14-18), improve  its 
b reakdown s t rength  (15, 16, 19), and  enhance dielectr ic  
in tegr i ty  under  accelera ted  b i a s - t empera tu re  stress 
(20). Because of thei r  s impl ic i ty  of appl ica t ion  and 
consequent  technological  advantages,  HC1, CI2, CC14, 
and C2HC13 oxida t ion  processes were  selected for this 
study.  

* Electrochemical  Society Active Member.  
Key  words: minori ty  carrier generat ion,  impur i ty  gettering,  meta l  

oxide semiconductor  (MOS), halogen oxidation. 

Experimental Procedure 
Metal-oxide-semiconductor capacitors were fabri-  

cated on 2 ohm-cm, p- and n-type <100>-oriented 
silicon wafers. Most measurements were made on 
n-type wafers to avoid surface inversion due to the 
positive space charge in the SiO2. The wafers were 
ultrasonically cleaned using NH4OH-H202, HCI-H202, 
and HF solutions. Oxides from 200 to 1000A thick were 
grown in dry oxygen at 1000~ using additions of 
1-6% HC1 (99.995% pure) or C12 (99.99%) to the 
oxygen  ambient ;  addi t ions  up to 3% CC14, 6% C2HCI3, 
or 9% HBr were  also tested. By using reasonable  p re -  
cautions to insure  pure  SiO2 films, mobile  Na + ion con- 
centra t ions  in the SiO2 were  kept  ve ry  low [~5  • 1010/ 
cm 2, as de te rmined  using the f la tband vol tage shift  
technique (21) ]. One hundred  a luminum elec t rode  dots 
(10-50 mil  d iamete r )  were  e lec t ron-gun evapora ted  
th rough  meta l  masks  onto each wafer  in a clean evap -  
ora t ion system; the  samples were  then given a 5 min 
anneal  at  500~ in d ry  ni t rogen to remove radia t ion  
damage.  

Results 
Processing.--The influence of processing on minor i ty  

car r ie r  generat ion was best  de te rmined  from stat is t ical  
measurements  of invers ion t imes of a large number  of 
MOS capacitors,  where  the  invers ion t ime  is defined as 
the t ime r equ i r ed  for the capaci tance to go from deep 
deplet ion to equi l ib r ium inversion.  In  the absence of 
large surface generat ion Schroder  and Gu]dberg (22) 
showed that  these invers ion t imes are d i rec t ly  p ropor -  
t ional  to the  l ifet ime. Invers ion t imes  f rom less than 1 
msec to over  1000 sec were  observed,  giving a wide 
range  of measurab le  characterist ics.  

Dramat ic  improvements  in invers ion t imes  are  ob-  
ta ined with  HC1 or C12 oxidat ions and are i l lus t ra ted  
in Fig. 1, where  s ta t is t ical  d is t r ibut ions  of inversion 
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Fig. 2. Effect of sequential oxidation, after oxide stripping, on 
inversion time showing permanence of HCI gartering. (a) Initial 
control oxide; (b) after oxide strip and HCI oxidation; and (c) after 
strip of HCI oxide and regrown in control furnace. 

times of ha l ide-grown oxide capacitors are compared 
to normal ly  grown ones. The halide oxidation not only 
improves the average t ime but  also reduces the sta- 
tistical variation. Increases up to two or three orders 
of magni tude in the inversion t ime were seen with the 
HC1 treatment .  Figure 2 shows the permanence of the 
HC1 oxidation after additional processing; (a) is a 
histograph of the inversion times for a s tandard-  or 
control -grown oxide structure; (b) indicates the char-  
acteristics when  the control oxide is removed and then 
regrown in 3% HC1-97% 02; and, (c) indicates the 
characteristics after the HC1 oxide is stripped and re-  
grown in the control furnace with no HC1 present. 
A comparison of (a) and (b) shows the effectiveness 
of HC1 while (b) and (c) are almost identical, indi-  
cating that  once the impuri t ies  have been gettered 
from the silicon, they are not reintroduced by a later 
oxidation under  very clean conditions. Merely growing 
an oxide by stripping and reoxidizing does not improve 
the lifetime and shows that  the get tering effect is inde-  
pendent  of a layer of silicon surface being oxidized 
away dur ing preoxidation. 

Both the oxidation temperature  and the concentra-  
t ion were varied for the different halide additions in 
order to optimize the process. As seen in Table I, rais-  
ing the tempera ture  from 850~176 for HC1 oxides 
results in  longer inversion times. Likewise, higher HC1 
concentrat ions (from 1 to 6%) yield improved prop- 
erties. In  practice, a lower HC1 concentrat ion is de- 
sirable in order to ma in ta in  close control over the oxi- 
dation rate and to prevent  droplet formation and sili- 
con pi t t ing (8). Increasing the HC1/O2 gas velocity 
dur ing oxidation from 0.37 to 3.3 cm/sec did not im-  
prove the inversion time. Apparen t ly  the get tering 
process is dependent  only on the HC1 concentrat ion 
and not on the flow rate. Measurements  (23) of the 
silicon doping profile showing no enhanced phosphorus 
pile up at the surface confirmed that  the longer inver-  
sion times were a result  of the get tering and not  be-  
cause of addit ional dopant  segregation. Both CCh and 
C2HCI were also seen to improve lifetime whereas 
HBr gave shorter storage times (Table I) .  

Table I. Effect of halide addition and oxidation conditions on 
overage time for pulsed capacitance to reach equilibrium 

inversion (sec) 

O x i d a t i o n  
temper- Halide concentration 

H a l i d e  a t u r e  ( ~  0 %  u  1 %  3 %  6% 9% 

H C I  1 0 0 0  8 . 7 5  - -  6 8  7 7 . 2  7 9 . 7  - -  
H C I  8 5 0  - -  - -  - -  1 6 . 4  - -  - -  
H C I  1 1 5 0  - -  - -  2 0 5 . 1  - -  - -  
H C 1  1 1 5 0  8."0" - -  ~ 97 .2  - -  8 4 . 9  

C12 1 0 0 0  6 .8  - -  2 4 6  6 .6  1 .8  - -  

C C h  1 0 0 0  7.2 4.1 50  4 6 . 1  - -  

C ~ H C I s  1 0 0 0  4 .6  ~ 6 1 . 2  1 1 8 . 6  9 9 . 4  
H B r  1 0 0 0  3 . 3 0  - -  0 . 7 2  1 , 0 4  1 , 3 6  0 . 8 5  

Addit ional  processing variat ions were tested in  order 
to evaluate more ful ly means for improving lifetimes. 
Some results are shown in Fig. 3. Figure 3c shows that 
a 30 rain 1000~ HC1/N2 anneal  following oxide growth 
is de t r imenta l  to the qual i ty  of the capacitors since the 
inversion times after the anneal  are considerably 
shorter than  those for the cont ro l -grown oxide. A n  
HC1/N2 anneal  at 1000~ before growth results in  a 
very nonuni form attack or pi t t ing on the surface of 
the Si wafer, and is therefore quite unacceptable. Sur -  
pr is ingly enough, the growth of 250A HC1 oxide after 
growth of a 250A control oxide was found to be simi- 
lar to oxides grown entirely in HCI (Fig. 3d). Ap- 
parently, the 250A thick SiO2 film is not sufficient to 
block the gettering action. 

Attempts to optimize the chlorine oxidation condi- 
tions were not as successful as those with HCI. Wafer 
corrosion and nonuniform oxides often occurred when 
C12/O2 was used. Growth of a thin oxide before adding 
C12 was helpful but not entirely effective in eliminating 
this etching. At 1000~ the Cl2 concentration had to be 
kept below 2-3%; at higher temperatures even these 
concentrations gave poor results. Increasing the chlo- 
rine concentration from 1 to 6% during 1000~ oxida- 
tion resulted in an increased number of oxide shorts 
and shorter inversion times. This same effect was seen 
at the high concentrations of CC14 and C2HCl~ (Table 
I). 

The postmetallization anneal (5 rain at 500~ in N2) 
given after the electron-gun evaporation of aluminum 
to reduce surface states and radiation damage was 
found to increase the inversion time. In some capaci- 
tors the inversion time increased by more than a factor 
of 100, and the average improvement was a factor of 
three. Apparently the surface-state generation com- 
ponent of the total generation can be dominant, at 
least in unannealed samples. 

Electrode area.--In the course of the measurements 
a wide range (over six orders of magnitude) of in- 
version times was seen. In order to understand better 
the wide variation of results, inversion times were 
measured as a function of capacitor electrode area. 
Quite surprisingly, the fraction of capacitors having 
short inversion times was less for 32 rail diameter elec- 
trodes than for either 10 or 50 rail diameter ones. This 
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is in contrast  to the behavior  seen in  dielectric break-  
down in SiO2 films on Si, for example, where the frac- 
tion of low electric field breakdown events is directly 
proport ional  to the electrode area (19,24,25). Ap- 
parent ly  the capacitor area dependence of minor i ty  
carrier generat ion is more complex than that of di- 
electric breakdown. Several  different processes having 
different area dependencies that shorten inversion 
times can be considered: 

(i) Generat ion centers. Since even the smallest ca- 
pacitor covers m a n y  centers, the effect of these centers 
should be independent  of electrode size. 

(ii) Per imeter  generation. If minor i ty  carriers were 
generated at the edge or surface of a capacitor dot, 
then the inversion t ime would be expected to vary  
directly a s  the electrode diameter. 

(iii) Localized defects. If random defects are present, 
the generat ion rate would be proport ional  to the n u m -  
ber of defects that a capacitor dot covered. In  the case 
of defects under  the electrode, this number  varies as 
the capacitor area; for edge defects, this n u m b e r  varies 
as the diameter. In  the case of a single defect, the in -  
version time should be proport ional  to the electrode 
diameter  squared since the charge required for full  
inversion should vary with the area. Nevertheless, no 
one of these three mechanisms explains the phenomena 
we have observed. 

Generation process.--A l inear  Zerbst (4) plot (Fig. 
4) of a bet ter  sample signifies a generat ion rate pro- 
portional to the depletion volume. The intercept with 
C=/C ---- 1 gave a surface generat ion velocity 1.06 X 
10 -2 cm/sec which was lower than the value of 1 cm/  
sec reported by Schroder (10) in phosphorous-gettered 
silicon. Minori ty carrier lifetime, using the technique 
of Heiman (26), was 168 ~sec. This might  be compared 
with a l ifetime of 0.2 ~sec quoted by Zerbst and 7.6 
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;,see, as reported by Heiman. Robinson and  Heiman 
(8), also using an HC1 treated oxide, obtained a l ife- 
t ime of 100 ~sec. Dumin  and Henry  (9) and later 
Schroder (10) reported lifetimes of near ly  1000 #sec 
in silicon gettered with POCla. 

The tempera ture  dependence of the generat ion rate 
has also been studied and the effect of the HC1 treat-  
men t  is readi ly apparent  (c.I., Fig. 5). It is observed 
that the old process resulted in an activation energy 
of 0.57 eV for the temperature  range covered by the 
measurement  (18~176 whereas the HC1 sample had 
an  activation energy of 0.69 eV up to 55~ and 0.9 eV 
for higher temperatures.  This is similar to the diode 
leakage studies discussed by Grove (3) and can be ex-  
plained as follows. Impur i ty  site generat ion (da/dt) 
is given by 

d.~ -~iUthNtNl 

- - ~  )impurities : 2cosh  ( E | - E t  ) [1] 
kT 

where ~i is the cross section, Uth is the thermal  velocity, 
Nt is the impur i ty  concentration, /Vi is the intr insic 
carrier concentration, and Ei -- Et is the position of the 
impur i ty  level with respect to the intr insic level. The 
temperature  dependence is that  of Ni with an activation 
energy approximately equal to one half the gap width 
if Ei _~ ft .  The generat ion rate due to diffusion is 
given by 

: ~ Ni2 [2] 
T ~ NL 

where D and L are the diffusion constant and diffusion 
length, respectively, for the minority carriers and N 
is the doping concentration. The temperature depen- 
dence of this goes as Ni 2 which has an activation en- 
ergy of the full gap or 1.1 eV. 

As a result, it can be seen that impurity generation 
is important at lower temperatures, and that diffusion 
becomes important at higher temperatures as seen by 
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the data of Fig. 5. As the impur i ty  concentrat ion de- 
creases, the onset of diffusion can be seen at lower 
temperatures.  

Summary 
The measurement  of the capacitance bui ldup in an 

MOS capacitor following application of a depletion 
voltage was found to be a straightforward method to 
determine the surface generation rate. This technique 
avoids the problems associated with the measurement  
of low level leakage currents  in  diodes to obtain the 
generat ion rate. 

The use of HC1, C12, CCL~, or C2HC13 gas additions 
to oxygen during thermal  oxidation of silicon was 
found to result  in a very significant (up to two to three 
orders of magni tude)  decrease in the generation rate; 
HBr slightly increased generation. Increasing HC1 con- 
centrat ion from 0 to 6% and increasing oxidation tem- 
perature from 850 ~ to 1150~ were seen to give im-  
proved properties. Exper iments  have confirmed that  
once HC1 oxidation has occurred, subsequent oxide 
str ipping and s tandard processing can also result  in 
superior capacitors. The thermal  activation energy for 
generat ion in s tandard capacitors was 0.57 eV or about 
half the silicon bandgap, while HC1 oxidized ones had 
a 0.90 eV activation. Apparent ly  the chlorine oxidation 
was effective in removing impurit ies such as Cu and 
Au that  have states near the center of the silicon 
bandgap. The HC1 gettering process was not diminished 
by the presence of a 250A residual oxide on the silicon; 
however, the use of HC1/N2 mixtures  either before 
or after oxide growth resulted in either silicon pit t ing 
or a large number  of shorted capacitors. The use of 
chlorine gettering was restricted because of substrate 
attack. 

The variat ion of the inversion t ime with capacitor 
area suggests that  several processes are important  in 
addition to carrier generation at impur i ty  centers. Evi- 
dence was also seen for localized defects and per imeter  
generation. Addit ional  work is p lanned to describe 
these mechanisms. 

Detailed analysis of the generation process in good 
capacitors shows that the generation rate is propor- 
t ional to the depletion volume. A very small surface 
generation, S ---- 1.06 X 10 -2 cm/sec, is observed along 
with a long lifetime of 168 ~sec. 
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ABSTRACT 

In  order  to s tudy  electr ical  conduct ion at  e leva ted  t e mpe ra tu r e s  in h igh  
puri ty ,  amorphous  silicon d ioxide  films, emf and conductance measurements  
have been made on so l id-s ta te  e lect rochemical  cells incorpora t ing  films grown 
by the rmal  oxidat ion of phosphorus-  or boron-doped  silicon subst ra tes  in a 
doub le -wa l l  fused sil ica furnace.  No mobile  ions were  detected by  capaci tance-  
vol tage  measurements  on MOS s t ructures  stressed at 150~ Values of the 
ionic t ranspor t  number ,  the ra t io  of ionic cu r ren t  to total  current ,  were  ob-  
ta ined  as a funct ion of tempera ture ,  oxygen pa r t i a l  pressure,  and subs t ra te  
doping by  compar ing the open circuit  vol tages measured  for the  cells wi th  
theoret ica l  values  ca lcula ted  from the free energy  of formation.  On the basis 
of the exper imen ta l  resul ts  and  a theore t ica l  model,  i t  is proposed tha t  the  
species p r imar i ly  responsible  for ionc conduct ion at e l eva ted  t empera tu re s  is 
a na t ive  defect, specifically, a doubly  charged oxygen interst i t ia l .  

Elect r ica l  conduct ion in amorphous  silicon dioxide 
films has been inves t iga ted  at e levated  t empera tu res  
by  var ious  workers .  Ei ther  p redominan t ly  electronic or 
ionic conduct ion has been repor ted  in most  cases 
s tudied (1 ,2) ;  however,  mixed  conduct ion was re -  
por ted  by  Jorgensen  (3). The only wel l -es tab l i shed  
mechanism for conduct ion in SiO2 films is the  dr i f t  of 
mobile  a lka l i  ions as demons t ra ted  by MOS measure -  
ments  and chemical  analysis  (4, 5). In  the  absence of 
a lka l i  ions, e i ther  electronic or ionic conduct ion occurs, 
depending upon the mechanism for c rea t ing  electronic 
or na t ive  ionic defects. 

Jorgensen  (3) s tudied e lect r ica l  conductance in SiO2 
films by  observing the  effects of an electr ic field on the 
growth  of such films. He found tha t  the  growth  could 
be s topped by  app ly ing  a sufficiently high electr ical  
potential, Estop. The  emf measured  on a cell, Pt,  S i /  
SiO2/Pt~ is re la ted  to Estop by  the  expression 

~i - -  E/Estop [1] 

t't is the average  ionic t ransference  number ,  defined as 
the  ra t io  of the  ionic conductance to the  to ta l  con-  
ductance. Jo rgensen  used this express ion to obta in  
values  of ~i f rom the  measured  values  of E and Estop. 
By this method,  he de te rmined  tha t  at  1000~176 
SiO~ was a mixed  conductor  wi th  ~ ---- 0.4, and tha t  
the  ionic conduct ion was due  to a doubly  charged  spe-  
cies. 

S imi la r  resul ts  have  been obta ined by  a different 
technique in our work.  Transpor t  number  values  were  
de te rmined  b y  open-c i rcu i t  emf measurements  on 
so l id-s ta te  e lectrolyt ic  cells incorpora t ing  SiO2 films 
on Si substrates.  The dependence  of the emf and cur -  
r en t -vo l t age  character is t ics  of these cells on t empera -  
ture, oxygen  pressure,  and  subs t ra te  doping was in-  
te rpre ted  in te rms of a theore t ica l  defect  model  in 
order  to invest igate  the conductance mechanism and 
the iden t i ty  of the  conduct ing species. 

Experimental Procedure 
Three  types  of e lec t rochemical  cells, as shown sche-  

mat ica l ly  in Fig. 1, were  fabr ica ted  to s tudy  conduct ion 
in amorphous  SiO2 films: Type I (symmetr ica l ,  for  

�9 Electrochemical Society Active Member .  
1P re sen t  address :  TRW Systems,  One Space Pa rk ,  Bedondo 

Beach,  Cal i fornia  90278. 
K e y  words :  e m f  measurements, ionic conduction, insu la t ing  films. 

cur ren t -vo l t age  measurements ) ,  Pt, Si /SiO2/Si ,Pt ;  
Type  II  (asymmetr ica l ,  for emf measurements ) ,  P t ,S i /  
SIO2/(Ge, S i ) ,P t ;  and Type I I I  (asymmetr ica l ,  for emf 

measurements ) ,  Og/S i /S i02 /0~ .  
P t  P t  

Type  I and II  cells had  a fixed oxygen  and Si ac-  
t iv i ty  at  a given tempera ture .  For  Type I, the  O2 ac- 
t iv i ty  is es tabl ished by  the free energy of format ion  
of SiO2, while  for Type  II  the Si ac t iv i ty  is es tabl ished 

TYPE I. SYMMETRICAL CELL 
(LOW 0 2 PARTIAL PRESSURES) 

Si I t 1 
TYPE II. ACTIVITY CELL FOR EMF AT LOW 

OXYGEN PARTIAL PRESSURE 

PO2 II 

TYPE III. 

S| 
I ~ l l  PO2 1 

0 2 CELL FOR EMF AT VARIABLE 
OXYGEN PARTIAL PRESSURE 

Fig. 1. Schematic diagrams of electrochemical cells used for in- 
vestigating conduction in amorphous Si02 films. 
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by the concentrat ion of the Si at the (Ge,Si)/SiO2 
electrode. The oxygen activity at the Pt, O2/SiO2 elec- 
trode of the Type III  cells is varied by changing the 
oxygen part ial  pressure, Po2. An electrochemical sta- 
bilized zirconia pump is used to establish Po2 while the 
pressure is monitored with the aid of a stabilized zir- 
conia electrochemical pressure gauge. Details of the 
pump and gauge will  be given later. 

Oxide films 30OOA thick were formed on 1.5 in. Si 
wafers by thermal  oxidation at 1453~ using dry 
99.999% oxygen in a clean double-wal l  furnace. The 
Si wafers, which were syton polished and chemically 
cleaned prior to oxidation, were doped with B or P at 
concentrat ions ranging from 1013 to 10 TM atoms/cm 3. 

Type I cells were formed by pressing two oxidized 
Si wafers together at ll0O~ while Type II cells were 
formed by pressing one oxidized Si wafer and a Ge-Si  
alloy wafer together at 90O~ The wafers were pressed 
at 1000 psi between pyrolytic graphite plates in  a dry 
ni t rogen ambient.  

The Si-Ge alloys for Type II cells were formed by 
mixing the desired proportions of Si and Ge in a car- 
bon crucible and heat ing to approximately U00~ in 
argon, then permi t t ing  the melt  to cool slowly. The 
Si and Ge in the alloy were v i r tual ly  undoped, with 
impur i ty  concentrat ions of the order of 10 TM atoms/cm 8 
and 1018 a toms/cm 3, respectively. The concentrat ion 
of silicon in the alloy was determined by electron mi-  
croprobe analysis. These concentrat ions were used to 
determine activities according to Hiskes and Til ler  (6). 
This may be compared to the work of Thurmond  and 
Struthers  (7) where an ideal solution is assumed at 
low concentrations. (See Table I) .  

The oxide films were investigated for mobile alkali  
ions by using the techniques described by Deal et al. 
(4). A l u m i n u m  dots were deposited on the Si wafers 
through a metal  mask, the contacts were annealed at 
450~ for five minutes  and C-V measurements  made 
on an impedance comparator, employing a sweep 
voltage from a function generator. The data were 
plotted automatical ly on an x -y  recorder. 

Electrical contacts were made to the cells by sput ter-  
ing --1000A of p la t inum on each side of the thermal ly  
pressed wafer. The wafer was then diced into 1.0 X 0.5 
cm segments for electrical measurements.  P l a t inum 
leads were attached using a pressure contact. 

The h igh- tempera ture  electrical measurements  were 
all made in a double-wal l  fused quartz furnace. The 
conductance and emf measurements  were made on the 
Type I and II cells under  dry N2 ambient,  while Type 
III  cells were measured under  various O2 part ial  pres-  
sures. The emf was measured on a high impedance 
Cary voltmeter,  as the open circuit potent ial  across 
the cell. The emf was measured as a function of tem- 
perature and 02 par t ia l  pressure. For the temperature  
dependence measurements,  data were taken both with 
temperatures  decreasing and increasing in increments  
of  50~ 

I n  t he  case o f  T y p e  I and  T y p e  I I  cel ls, a f i xed  02 
part ial  pressure is established at each half  cell by the 
tempera ture  and the free energy of formation of SIO2, 
hence 30 rain was allowed for stabilization at each 
temperature.  (This will  be discussed later.) 

The O2 par t ia l  pressure for the Type III  cells was 
controlled and  measured over the range of 10-3-10 -20 

Table I. Ge-Si alloy concentrations 

After  solidification 
A t o m  fraction Si act ivi ty  

Before  al loying Si (electron (Hiskes and  
atom fract ion Si  microprobe)  Ti l l e r )  (=) 

0.200 0.204 0.306 
0.OlO 0.0088 0.00968 
0.O01 0.0012 0.0012 

(=) l~ef. (6). 

atm by using a pump and detector fabricated from 
stabilized zirconia (8). The pump was a ZrO2 tube open 
at both ends with Pt  electrodes formed inside and on 
the outside of the tube by using Pt  paste and Pt foil. 
This tube was inserted in l ine with the gas flow as in-  
dicated in Fig. 2. Potentials  of up to 3V, giving cur-  
rents  up to 13 mA, were applied across the Pt/ZrO2/Pt 
pump cell. The 02 part ial  pressures obtained were de- 
te rmined from the open circuit voltage Ea measured 
across the detector cell 

4F 
In Pos = Ea + In [Pos]ref [2] 

RT 

The detector cell was a ZrO2 tube closed on one end, 
with Pt  electrodes formed on both the inside and out- 
side of the tube. The closed end of the pump  was in-  
serted and sealed into the vacuum- t igh t ,  sampling 
furnace in close proximity  with the cells to be mea-  
sured. The open end of the tube was exposed to the 
room ambient.  For the detector, the reference Po2 was 
that of the room ambient,  with the tempera ture  of 
the detector cell being that  of the sample. For effi- 
ciency in  the O2 pump, the pump was main ta ined  at 
a constant  temperature,  6O0~ with a separate furnace. 

Results 
Figure 3 shows current  density as a funct ion of volt-  

age for typical Type I cells, containing SiO2 grown on 
P-doped Si. Approximate ly  ohmic behavior is shown 
up to 3V; at higher voltages the current  density is pro- 
portional to V n, with n _~ 2, which is characteristic of 
carrier injection. 

Figure 4 shows values of log aT as a function of 
( l /T )  for SiO~ grown on B- and P-doped Si as mea-  

Pt 
LEAD AND Pt-13% 

Rh THERMO-COUPLE/SAMPLE 

/ " / FURNACE 

,____o N2'N 

z~o 20~GEN D~ECTOR FURNACE TUBE ~ v IN21 

Fig. 2. EMF and conductance measurement apparatus 

10 -3 

10 -4 
U 

10_5 

U 
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10 .7 
0.1 

D 
TO 1013 ATOMS/CM 3 
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A Si-Ox-Si 150~ 

t I 
1.0 10.0 
VOLTAGE (V) 

Fig. 3. Current density vs. voltage for Type I cells 
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Fig. 4. Log cT vs. reciprocal temperature for Type I cells 

sured in  Type I cells. The conductivi ty ~ is defined as 
= I L / A V ,  where  A is the area and L is the th ick-  

ness of the oxide. Typical values of A were 0.5 and 1.0 
cm s and typical  values of L were 3OO0-6000A. The mea-  
surements  were made at voltages in the range where 
the behavior is near ly  ohmic. Data reported by Bran-  
der et al. (1) on cells with A1 electrodes are shown 
for comparison wi th  our Type III  cells with Pt /SiOs 
electrodes. Brander ' s  oxides were on B-doped sub-  
strates wi th  3 X 1015 a toms/cm 8. 

The results of emf measurements  at 600~ on cells 
containing SiO2 films grown on P-doped Si with var i -  
able Os activities are shown in Fig. 5. It  is assumed 
throughout  this paper that  the concentrat ion of dopant  
in  the SiO~, both P and  B, is proport ional  to the do- 
pant  concentrat ion in  the Si on which the oxide film is 
grown. The points at low Po~ were obtained for Type 
II cells with (Ge-Si)  alloys of various compositions. 
The points at higher Pos were measured on Type III  
cells. 

Figure  6 shows emf as a funct ion of T for Type II 
cells containing SiO2 films grown on P-  and B-doped 
Si. The method of der iving theoretical values of the 
emf will  be described in  the Discussion section. 

D i s c u s s i o n  
In  this section, the emf data for Type II  and III  

cells are used to obtain values for the ionic t ransfer-  
ence number  (h), the ratio of the ionic conductance 
to the total conductance. These values are then used, 
together with the data for total conductance obtained 
for Type I cells, to provide evidence concerning the 

1.50 

Si P-DOPED 4.5 xl014" ATOMS/CM 3 600~ 

1.25--  tl _ ,  ~== ; 

1.00--  t. -~- ~ 
d o . 7 5 -  

t i 
0.50 - -  W = 0.145 

0.25 - -  / 

I I I I I I 
14 12 10 8 6 4 2 0 

-LOG Po2 

Fig. 5. EMF vs. leg O2 partial pressure for a Type III cell wlth 
P-doped substrates. 
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Fig. 6. EMF of Type II cells vs. temperature 

A 
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ident i ty  of the species pr imar i ly  responsible for the 
ionic conductance. 

For a cell with a gradient  in the chemical poten- 
tial of oxygen or a corresponding but  opposite gradi-  
ent in the chemical potential  of Si between the elec- 
trodes on the r ight  and the left sides of the cell, the 
emf is given by 

1 r II 
E : - ~  z (ti/n)d#o2 [3] 

RT SI  :I 
: F ( h / n )  d In Po2 [4] 

= (t i /n)  d In ast [5] 
F i 

Here ti is the local value of the ionic t ransference 
number  and n is the number  of equivalents  t rans-  
ported for a reaction involving one g-mole of 02; 
n = 4 corresponds to t ransport  by ions or ionic defects 
with conventional  charges. Lower values of n corre- 
spond to abnormal  charges (9). From Fig. 1, we see 
that  Eq. [4] is applied to Type III  cells and Eq. [5] to 
Type II cells. 

Using Eq. [4] and [5], if we neglect the possible 
var iat ion of t i /n with Po~ or asi, we can take this quan-  
t i ty out of the integral, replacing it by its average 
value, leaving only the integral  of In Po2 or In asi. For 
Type II cells of SiI/SiO2Sin-Ge with asi I = 1, we have 
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RT , d In asi -- R T  d In Po2 = - - A G  ~ [6] 

where AG ~ is the s tandard Gibbs Free Energy of the 
reaction 

Si(s)  + O2(g) ~ SiO2(s) [7] 

Combining Eq. [6] with Eq. [4] and [5] gives the 
expression 

E : tiAG~ [ 8 ]  

Theoretical values for the emf of a cell involving a 
completely ionic conductor with doubly charged ions 
have been obtained by using Eq. [8] and assuming 
t = 1, n = 4, and the l i terature values of AG ~ for the 
formation of crystal l ine SiO2. 

The theoretical emf values are plotted against tem- 
perature in Fig. 6. 

It is seen in Fig. 6 that  the exper imental  emf values 
for the higher P concentrat ion at the highest tempera-  
tures are in  good agreement with the theoretical 
values. This indicates that the conducting ionic species 
is doubly charged. 

Based on an assumption that the ions are doubly 
charged, ~i for a Type II cell is given by the ratio 
Eobs/Ethe. 

Evaluat ion of this ratio for the data in Fig. 6 shows 
that  the oxides grown on B-doped substrates exhibi t  
predominate ly  electronic conduction, while those grown 
on P-doped substrates are mixed conductors, with the 
ionic component  increasing with increasing tempera-  
ture  and increasing P concentrat ion in  the substrate. 

If the variable ti/n is kept under  the integral  in Eq. 
4 F E / R T  can be differentiated with respect to Po2 at 
side II to give the value of ti/n at Po2II. The slope of a 
plot of F E / R T  vs. In Po2 gives t i /n over a given pres-  
sure range as shown in Fig. 5, where ti/n varies from 
0.145 at low Po2 to 0.062 at medium Po2 and 0.155 at 
high Po2- The values of ti for the respective Po2 ranges, 
assuming n • 4, may be compared with the T., value of 
0.4 measured by Jorgensen (3). 

In  an at tempt  to identify the species pr imar i ly  re-  
sponsible for ionic conductivi ty in oxides grown on 
P-doped substrates, the ionic conductance was calcu- 
lated from 

~'t = ti~t [9] 

where ~t is the total measured conductance and ti, the 
value obtained in Fig. 5. The activation energy for 
ionic conduction was then determined from the slope 
of a plot of ~iT vs. T -1, as shown in Fig. 7. It can be 
compared with self-diffusion data by using the Nernst-  
Einstein relation. Since no measurable self-diffusion 
of Si in SiO2 has been observed, the only data available 
for comparison are those for oxygen in SiO2 (11). The 
activation energy of 1.2 eV derived from the high tem- 
perature region (673~176 in Fig. 7 is close to the 
value of 1.3 eV derived from the oxygen self-diffusion 
data. 

This agreement  is consistent with the identification 
of oxygen as the major  conducting ionic species in 
P-doped SiO2. However, the activation energy data do 
not indicate whether  the conducting species is an oxy- 
gen vacancy or interstitial.  This may be investigated 
by comparing the observed dependence of the ionic 
transference ratio t i /n on Po2 and doping concentrat ion 
with the dependence of the electronic and ionic de- 
fects on these parameters  as predicted by a theoretical 
defect model. 

Defect chemistry theory predicts that  doping SiO~ 
with foreign donors would cause an increase in  0'% and 
a decrease in h', while it would cause a decrease in 
V"o and an increase in  e'. Doping with foreign accept- 
ors would have the opposite effect. 

The defect notat ion is that  of Kroger  and Vink (12) 
where the species h', e', V"o, and O"i refer to ionized 
holes, electrons, vacancies, and oxygen interstitials.  The 

s PHOSPHORUS-DOPED Si 

| 4.5 x 1014 ATOMS/CM 3 

[]  5.0 x 1013 ATOMS/CM 3 

10 -4 

? 
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"i" 

'T 
3= 
g 

10 -5 

io 4 

10 -7 _ 

10 -8 
12 
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Fig. 7. Log ~ I T  vs. reciprocal temperature 
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superscript refers to the effective charge, with a dot 
positive and dash negative, while the subscript refers 
to the site; thus V-"o is an  oxygen vacancy with a net 
effective charge of -{-2. 

It is observed (Fig. 6) that  ti/• is larger for SiO2 
grown on P-doped substrates than for SiO2 grown on 
B-doped substrates. 

Since it is assumed that P is a donor and B an ac- 
ceptor in SiO2, then  the observed dependence of t i /n 
on doping is consistent with 0'% not V"o, as the major  
conducting species. 

If it is assumed that  there is a mixture  of abnormal  
and normal  charges, the transference ratio (from Fig. 
5) when plotted as a funct ion of Po2 gives the results 
as shown in  Fig. 8. The t rend of a decrease in  t i /n with  
increase in Poe follows the theory, while the magni tude  
of ti/n favors a mixed charge model. The increase in 
t i /n at high Po2 is not explained by the theoretical de- 
fect chemistry model. 

In  summary,  from this work we see an agreement  of 
the measured emf wi th  the theoretical emf if we as- 
sume normal  charges. A correlation of the activation 
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energy of the conducting species with the activation 
energy of self-diffusion of O9. in  SiO2 is also shown. 
The agreement  in the behavior of the ti/n value as a 
funct ion of Po2 and of the P and B concentrat ions with 
that  predicted for O"i and h" suggests the species to be 
a doubly charged oxygen interstit ial.  A more conclu- 
sive identification would require additional exper imen-  
tation, including numerica l  calculation of the dopant 
and defect concentrations.  The possibility of alkali  ions 
as the conducting species was eliminated, in  that the 
MOS C-V curves showed less than  0.1V shift on 1OOOA 
test oxides stressed typical ly at 150~ but  sometimes 
even as high as 300~ 

Manuscript  submit ted Ju ly  17, 1972; revised ma nu-  
script received June  6, 1973. 

Any  discussion of this paper will appear in a Discus- 
sion Section to be published in the June  1974 JOUR~CAL. 
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Growth of Polycrystalline Silicon Films: 
Grain Size 

A. Emmanuel and H. M.-Pollock 
Department o~ Physics, University ol Lancaster, Lancaster, England 

ABSTRACT 

Transmission electron microscopy has been used to s tudy the s tructure of 

~ olycrystall ine films grown on siiicon ni t r ide and silicon dioxide substrates 
y chemical vapor deposition from silane gas. The effects of substrate tem- 

perature,  type of carrier  gas (ni t rogen or hydrogen) ,  and gas flow ra te  were 
examined. For substrate temperatures  of 720~ (993~ and above, the films 
were  polycrystalline, and under  certain conditions a un i form grain  size of ca. 
30 nm was obtained. At the highest temperatures  (ca. 1040~176 the 
films were discontinuous and showed also a type of secondary structure. Re- 
sults obtained by field emission microscopy have been used to show how in-  
cident flux and surface diffusion coefficient may  affect grain  size in  poly-  
crystal l ine films: it  is l ikely that  the observed noncrysta l l ine/polycrys ta l l ine  
t ransi t ion is affected by recrystallization, decrease in  density of preferred sites 
for nucleation, and change in  critical nucleus size. 

Polycrystal l ine silicon films have recent ly become 
impor tant  in silicon device technology (1). The effect 
of the presence of grain boundaries  is to enhance the 
diffusion coeff• of dopants, to reduce the active 
carrier concentration, and to lower the hole mobility. 
This paper describes research whose objects were as 
follows: to grow polycrystal l ine silicon films with a 
small, un i form grain size on silicon dioxide and silicon 
ni tr ide substrates by chemical vapor deposition from 
silane gas; to use t ransmission electron microscopy to 
study the effect of substrate temperature,  s i lane-to-  
carrier gas molar  ratio, and type of carrier  gas, on the 
structure of the deposit; and to relate the measure-  
ments  of surface diffusion coefficients described else- 
where (2) to the observed grain sizes of the films. 
Preparat ion of the films was carried out at Fer rant i  
Electronics Ltd., Wythenshawe, Manchester, in col- 
laborat ion with Mr. R. Nut ta l l  and Mr. J. R. Sowerby. 

Polycrystal l ine silicon may be grown by  chemical 
vapor deposition on the silicon dioxide or silicon n i -  
tride surface, using thermal  decomposition of silane 
(3) in the approximate tempera ture  range 920~176 
As described below, we find that  at temperatures  be-  
low the lower l imit  the deposited silicon becomes non-  
crystall ine; the upper  limit, which depends on the 
part icular  carrier  gas used, is marked by the onset of 

Key words: chemical vapor deposition, sur face  diffusion,  nuc le -  
a t ion,  coalescence, amorphous-polycrystall ine transition. 

homogeneous decomposition (for gas pressures wi thin  
the viscous range) .  

Experimental 
It was considered impor tant  that  the films to be 

examined should be grown under  conditions similar to 
those prevai l ing dur ing  normal  device fabrication. 

Deposition apparatus.--A horizontal  quartz tube 
with RF generator  for substrate heating was used, the 
susceptor material  being silicon carbide-coated graph-  
ite on a ti l ted quartz jig. The carrier gases used were 
ni trogen and hydrogen and their  flow rates were re-  
spectively 26 and 30 l i t e r s /min  (8.7-10.6 cm/sec) .  
Silane, in the form of 3% silane in either hydrogen or 
nitrogen, was introduced at flow rates ranging from 
5 to 210 cm3/min. Facilities were included for the 
deposition of silicon nitr ide through the reaction be- 
tween ammonia  and silane at l190~ (4). 

Preparation of samples.-- (111) -oriented O.01 ohm-cm 
n- type  silicon substrates were  cleaned according to a 
schedule involving degreasing with toluene, a sulfuric 
acid-hydrogen peroxide dip, a deionized water  wash, 
a hydrofluoric acid dip, a deionized water  wash, and a 
hydrogen chloride gas etch. A 0.5 ~m thickness of sili- 
con dioxide was then grown by conventional  thermal  
oxidation; 0.1 ~m of silicon nitr ide was deposited with 
a substrate tempera ture  of 1og0*K, except in  the ex-  
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Fig. 1. Growth rote of polycrystalline silicon as a function of tem- 
perature, with acknowledgments to J. R. 5owerby and R. Huttall 
[quoted in ref. (5)]. Carrier: nitrogen; X ,  "low" deposition rate 
(molar ratio 4.2 x 10-5);  O ,  "high" deposition rate (molar ratio 
2.1 x 10-4);  l ,  "steeply rising" region; 2,'leveling-off" region; 3, 
"falling" region. 

per iments  for which the silicon was to be grown di- 
rectly onto silicon dioxide. The substrates thus pre-  
treated were then introduced into the experimental  
chamber  and the polycrystal l ine silicon layer was then 
deposited to a thickness of between 85 and 100 n m  onto 
the substrate at the required temperature,  at one of 
two different rates corresponding to molar ratios of 
silane to carrier gas of 2.1 • 10 -4 and 4.2 • 10-5 (which 
will be referred to as "high" and "low" deposition rates, 
al though the absolute rate does, of course, depend 
strongly on the substrate temperature,  as shown in 
Fig. 1). The approximate layer thicknesses were esti- 
mated by means of the color of the interference fringes 
seen by reflected light, cal ibrated by "Talystep" mea-  
surements  at intervals. A fur ther  0.1 #m of silicon 
ni tr ide was then  deposited through the reaction be-  
tween silane and ammonia,  after which the slices were 
removed from the reaction chamber and introduced 
into another deposition system where a final 1.0 ~m of 
silicon dioxide was deposited by oxidation of silane at 
a substrate temperature  of 720~ After removal  from 
the deposition apparatus, the sample was glued face 
downward  to a glass slide by means of a heat-resis tant  
wax. The silicon substrate was then removed by an 

Fig. 2. Electron diffraction patterns: polycrystalline silicon (e.g., 
from film shown in Fig. 5, left) and noncrystalline silicon (e.g., from 
film shown in Fig. 3, right). 

etch in a solution containing 11 parts nitric acid, 5 parts 
acetic acid, and 2 parts  hydrofluoric acid (C.P. 4 etch),  
and the slide then dipped into hot toluene to dissolve 
the wax. The composite film then floated off and was 
fur ther  washed in toluene. A 40% hydrofluoric acid 
bath was then used to dissolve the silicon dioxide and 
ni tr ide layers, leaving small  pieces of polycrystal l ine 
silicon film which were washed and allowed to dry on 
electron microscope specimen grids. 

Resu l ts  
The effects of the film deposition parameters  on the 

film grain size are summarized in Table I. Growth 
rates are approximate only, being estimated from the 
deposition t ime and the film thickness as judged from 
interference colors as described above. The following 
points were noted: 

1. The films are always polycrystall ine,  as indicated 
by selected-area diffraction pat terns (Fig. 2), except 
when  deposited at temperatures  as low as 923~ in 
which case they were found to be noncrystal l ine,  i.e., 
with a grain size of less than 1 nm (see Fig. 2 and 3). 

Table I. Effects of film deposition parameters on film grain size 

Re on" and Average logloJ Calculate~ 
m o l a r  r a t i o  g r a i n  T y p e  G r o w t h  r a t e /  ( J  in  a t o m s  log10 Dmaz log~o 

S u b s t r a t e  T e m p ,  "K  of  s i l ane  s i z e / n m  ( g r a i n  s ize)  ( n m . s e c - ~  m ~s sec -D (D in  m s sec -D \ D m~, 

S i s N , t t  898, 923 1, l o w  < 1  N o n c r y s t a l l i n e  ca. 0.1 ca .  18.7 -- 19.1 ca.  38 
S i sN4t t  898, 923 1, h i g h  < 1  N o n c r y s t a l l i n e  ca.  0.1 ca ,  18.7 ~ 19.1 ca. 38 
S isNt  993 1, h i g h  30 S m a l l  0.42 19.32 -- 18.5 37.8 
SisN4 1013 1, h i g h  30 S m a l l  0.75 19.57 -- 18.2 37.8 
St~N~ 993 1, l o w  30 SmaLl 0.20 19.00 -- 18.5 37.5 
SisN~ 1043 2, h i g h  30** M o s t l y  s m a l l  0.96 19.68 --17.8 37.5 

+ ca. I00 
SiOa 1043 2, h i g h  50 L a r g e r  0.96 19.68 ~ 17.8t 37.5t  

SisN~ 1013 1, l o w  30 S m a l l  0.32 19.20 -- 18.2 37.4 
SisN~ 1043 2, l o w  30** M o s t l y  s m a l l  0.40 19.30 - -17 .8  37.1 

+ ca. I00 
SisN4 1103 3, h i g h  30** M o s t l y  s m a l l  0.87 19.63 --17.1 36.7 

+ ca. 100 
SiOa 1103 3, h i g h  50 L a r g e r  0.87 19.63 -- 17.1t  36.7~ 

SisN~ 1043 ( H y d r o g e n  30 SmaLl 0.17 18.85 -- 17.8 36.6 
c a r r i e r )  

S i O j  1043 ( H y d r o g e n  220 V e r y  l a r g e  0.17 18.85 - -  17.8t 36.6t  
c a r r i e r )  

SisN~ 1103 3, l o w  30** M o s t l y  s m a l l  0.34 19.23 --17.1 36.3 
+ ca.  100 

SiaN, 1043 ( H y d r o g e n  50 L a r g e r  0,033 18.21 -- 17,8 36.0 
c a r r i e r )  

* R e g i o n  (see  t e x t  a n d  F i g .  1) : 1, s t e e p l y  r i s i n g ;  2, l e v e l i n g  off;  3, f a l l i ng .  
** D i s c o n t i n u o u s  f i lm,  w i t h  s o m e  " s e c o n d a r y  s t r u c t u r e . "  

t A s s u m i n g  D h a s  a s i m i l a r  v a l u e  fo r  Si  on  SiO2 as  f o r  S i  on  SiaN4. 
?~ Dr. B. E. Watts and Dr. D. G. Barlow (6) have informed us that they observe the noncrystalline structure (for silicon growth under 

similar conditions at 650~ on silicon dioxide suhstrates also. 
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Fig. 3. Noncrystalline silicon film grown under conditions similar 
to those described for Fig. 5, but with the silicon nitride substrate 
at 898 ~ K. 

Fig. 4. Polycrystalline silicon film (thickness ca. 100 nm) origi- 
nally deposited onto silicon nitride at 993~ (low molar ratio of 
silane, nitrogen carrier). The grain size is uniform and small (ca. 
30 nm). 

2. Curves for growth rates of silicon films as a func-  
tion of substrate tempera ture  may be divided into dif- 
ferent regions of si lane decomposition including a 
"steeply rising" region within  which the rate increases 
rapidly with temperature,  and "leveling-off" and "fall-  
ing" regions wi thin  which the growth rate either in-  
creases slowly or decreases as the substrate tempera-  
ture  is raised (see, for example, Fig. 1). Provided that  
the deposition took place wi thin  the "steeply rising" 
region, and provided that  the substrate was silicon 
nitr ide at 990~ or above, a typical  small  size of grain 
(up to 30 n m  diameter)  was obtained, the deposition 
being reasonably uni form over the full  extent  of the 
substrate. This type of film appears similar in  struc- 
ture  to those grown by Cowher and Sedgwick (7) from 
SiH4-H~ and SiBr4-H2 mixtures.  To the eye, the film 
presented a un i form reflecting surface (except that  
when  a hydrogen carr ier  gas was used, the deposit was 
less uniform, the film causing certain areas of the sub-  
strate to show up in relief, such a cleaning residues or 
surface irregulari t ies) .  Figure 4 shows a typical  deposit 
of the uniform smal l -gra ined type. A phosphine-doped 
deposit [0.1% phosphine in  hydrogen at  a flow rate 
of 50 cc /min  introduced into the react ing gas flow, the 
silicon ni tr ide substrate temperature  being 1043~ the 
carrier ni t rogen (26 l i t e r s /min) ,  and the molar  ratio 
2.1 • l0 -4] also showed this typical small grain size. 

3. At the two highest substrate temperatures  used 
(1043 ~ or l103~ the film was discontinuous (see 
Fig. 5 and 6). The micrographs suggest that  in  addit ion 
to the normal  polycrystal l ine s t ructure  there is also 
an addit ional  or "secondary" structure, although a 
dark-field image (Fig. 6) shows that most of the grains 
have the same size as before. To the naked eye these 
films presented a slight powdery appearance. 

4. Some large grains were seen in  films deposited 
onto silicon dioxide substrates or grown at a very low 
rate (0.033 nm/sec) .  These films presented a marked 
powdery appearance to the eye. 

Discussion 
The most s tr iking feature of the structure of the 

polycrystal l ine silicon films is the abrupt  change from 
the noncrysta l l ine  type of film to a s tructure with a 
grain size of ca. 30 n m  as the substrate tempera ture  is 
raised. It is possible that  rapid crystallization would be 
aided by heat released dur ing a t rue  amorphous-crys-  
tal l ine t rans i t ion  such as that observed by Matthews 

Fig. 5. Discontinuous film, with some "secondary structure" (thick- 
ness ca. 100 nm, high molar ratio, nitrogen carrier, silicon nitride 
substrate at 1103 ~ K). 

and Mader (8) in their  studies of certain two-meta l  
systems. Although Brodsky et al. (9) state that amor-  
phous silicon films, once deposited, crystallize on an-  
neal ing at temperatures  wi thin  the range 720~176 
Chopra (10) sets an upper  l imit  of ca. 420~ for the 
amorphous-crystal l ine t ransi t ion in silicon, consider- 
ably lower than  the substrate temperatures  used in 
this study. De Luca (11) has discussed the relat ion be-  
tween deposition parameters  and observed preferred 
orientations of silicon grown on fused silica substrates. 
In  any  case other deposition parameters  besides tem- 
perature would be expected to affect the grain  size in 
the film. Sloope and Tiller (12), in a discussion of their 
observations of an "amorphous"-crystal l ine t ransi t ion 
for germanium films grown on calcium fluoride sub- 
strates, assume that  the film becomes crystal l ine when  
the t ime for one atomic layer  to form exceeds the mean  
time between jumps made by an adatom. In  this dis- 
cussion we at tempt to see how the deposition param-  
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Fig. 6. Dark-field image of the film shown in Fig. 5 

eters could affect the film structure, according to 
theories of nucleat ion kinetics and thin film growth as 
described by Stowell et al. (13-16) and to what  extent  
the surface diffusion measurements  described in ref. 
(2) are re levant  to the observed grain sizes. 

Since substrate temperature  affects both the film 
deposition rate and the surface diffusion coefficient of 
silicon, it seemed appropriate to list the observed grain 
sizes in order of decreasing J/D, where J is the flux of 
silicon a toms/square  meter /second condensed (calcu- 
lated from the film thickness and deposition time, and 
provisionally assuming complete condensation of sili- 
con atoms) and D is an  upper  l imit  for the surface 
diffusion coefficient of silicon on silicon nitride [esti- 
mated from the results of experiments described in ref. 
(2)]. Complete condensation has not been proved to 
apply, but it may be noted that Joyce et al. (3) justify 
the same assumption for their experiments with silicon 
substrates in which the substrate temperatures were 
higher than in the present study. In general, grain size 
could be expected to increase with decreasing J and 
increasing D, and Table I tends to confirm this ex- 
pectation. 

In analyses of the growth of silicon films on silicon 
substrates (5, 17, 18), the value of Ed has been un- 
known a pr/or/, although Joyce et al. (3) and Hender- 
son and Helm (17) deduced values of this quantity 
from their analyses. It can be more useful, however, to 
know absolute values of the diffusion coefficient D as 
well as its activation energy, since the pre-exponential 
Do in the expression D = Do exp ( - -Ed /kT )  can vary  
over m a n y  orders of magni tude  (19). 

In  this analysis, the quoted upper  limits of D for 
diffusion of silicon on silicon nitr ide were calculated as 
follows: from the micrographs showing diffusion of 
silicon on tungsten  emitters of known tip radius, the 
characteristic distance, x, for migrat ion in  the field 
emission microscopy exper iments  described in ref. (2) 
was estimated to be 300 nm. Since both the tempera-  
tures at which diffusion was measured, and the tem-  
peratures at which the flat films were grown, were 
lower than the m i n i m u m  temperature  for detectable 
evaporat ion of silicon (2), we assume that  the diffusion 
equation 

D = x2/(4t)  = Do e x p ( - - E d / k T )  

is valid: if we substi tute the above value of x in this 
equation, using the observed values of t and Ed for 
silicon on tungsten,  we obtain a pre-exponential ,  Do, 
equal to 5.10 -4 m 2 sec -1. This is larger than  the ex-  
pected value of 3 • 10-6 as calculated from the e x -  

pression va 2, where v is a typical  atomic v ibra t ion fre-  
quency and a is the expected j ump  distance on the 
surface. The discrepancy may be due to a positive en-  
tropy factor, as observed in  other work (19). The 
higher of the two values is preferred in  this estimate 
of an upper limit for D. For each temperature,  the 
diffusion coefficient for silicon on tungs ten  was that  ob- 
tained from the expression D : x f / ( 4 t ) ,  using the 
values of t shown in  Fig. 3 of ref. (2). The upper  l imit  
for D for silicon on silicon ni t r ide was then taken  as 
one tenth of this value, since the diffusion times were 
always at least ten times as long at a given tempera-  
ture wi th in  the re levant  tempera ture  range. 

We first see whether  the observed numbers  of grains 
per uni t  area Ng are explicable on the assumption that 
N~ is equal to Ns, the saturat ion nucleus density dur ing 
initial  nucleat ion of the film, i.e., that  each grain grows 
from one nucleus unt i l  the substrate is covered, after 
which the grain size is main ta ined  throughout  subse- 
quent  film growth. Gra in  growth through subsequent  
recrystall ization is neglected on this assumption. It is 
shown in Appendix A that  this assumption can pos- 
sibly be justified for the noncrystal l ine films (with nu -  
cleation at normal  sites on the silicon ni tr ide lattice), 
but  that even if we include the possibility of nucleat ion 
at surface defects or other preferred sites, the observed 
noncrysta l l ine/polycrysta l l ine  t ransi t ion cannot  be ex- 
plained. 

It  is therefore necessary to include the possibility 
of grain growth through coalescence and recrystal l iza- 
tion. It  is shown in  Appendix  B that  crystal l ization or 
recrystall ization can be expected over the whole range 
of conditions, as judged by a cri terion involving J/D, 
and described by Stowell (16). We propose that  the 
films deposited onto silicon ni tr ide substrates grow as 
follows: at the largest  values of J /D, nuclei  form very 
close together ( < 1 nm)  on the silicon ni tr ide sub-  
strate, at preferred sites with i -- 0 and at normal  
sites with i ---- 1. (Ei is the binding energy of a critical 
nucleus containing i atoms, one less than  the number  
of atoms in the smallest stable cluster.) The "preferred 
sites" formula (Table III) predicts that  a lower den-  
sity of nuclei  is required at saturat ion under  these 
conditions than does the "normal  sites" formula (Table 
II) ,  so that  nucleat ion at preferred sites is probably 
predominant.  After  the substrate is covered, subse- 
quent  nucleat ion of silicon on silicon takes the same 
form so that a noncrysta l l ine  structure is obtained 
throughout  the film. If J / D  is lowered, there will  be 
a tendency for the ini t ia l  noncrysta l l ine  layer to crys- 
tallize as the gap between J /D and a critical value, 
(J/D)s,  widens (see Appendix B). Under  these condi- 
tions, crystalli tes of silicon may appear upon which 
subsequent  layers may nucleate, finding a much lower 
density of preferred sites (Ndo) than was offered by 
the noncrystal l ine silicon ni t r ide substrate. This de- 
crease in Ndo for the "preferred sites" nucleat ion will  
lead 1 to a decrease in Ns (Table III) ,  again producing a 
larger crystall i te size. If, moreover, the "preferred 
sites" nucleat ion rate is sufficiently reduced, it may, at 
the lower values of J/D, become swamped by "normal  
sites" nucleat ion with i : 1 (for which the calculated 
values 1 of Ns are not far from those predicted by the 
preferred sites formula even with sites separated by as 
little as 1 nm) .  This increase in the number  of atoms 
in the critical nucleus will help to improve the crystal-  
l in i ty  of subsequent  layers. If, on the other hand, nu -  
cleation at preferred sites such as grain boundaries  
continues to predominate,  recrystal l ization wil l  not give 
a grain size larger than 30 n m  owing to the reduction 
in the critical value (J/D)s.  As discussed earlier, a 
Mader- type of amorphous crystal l ine t ransi t ion might  
be expected, at lower temperatures.  Quite apart  from 
this, it is possible that  the abrupt  onset of polycrystal-  
l ini ty  observed here arises from the three co-operative 

1 A n  inc rease  i n  the  v a l u e  of D a p p r o p r i a t e  to d i f fu s ion  of  s i l i con  
on s i l i con  i n s t e a d  of on s i l i con  n i t r i d e  does no t  i n v a l i d a t e  t h i s  
s t a t emen t .  
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effects, namely,  recrystallization, decrease in density 
of preferred sites, and change in critical nucleus size. 
The calculations show that  as the temperature  in -  
creases, the increase in surface diffusion coefficient out-  
weighs the increase in flux produced by the higher 
silane decomposition rate. 

There is not enough evidence to say whether  the 
larger grain sizes seen in films deposited at the lowest 
fluxes and  on silicon dioxide substrates are produced 
by changes in J, D, or Ndo, or by  other factors such 
as change in carr ier  gas. It  is interest ing to note that 
Cowher and Sedgwick (7), describing the structure of 
silicon grown on silicon dioxide, find that  the particle 
size increases to up to 300 nm as the boron doping is 
increased to 10 ~5 m -3. The secondary s tructure seen in 
films deposited at the highest temperatures  and in the 
"leveling-off" or "falling" regions of silane decomposi- 
tion could be associated with silicon produced by 
homogeneous decomposition of silane in  the gas phase, 
some distance from the substrate surface. The explana-  
t ion of grain size given here is, of course, subject  to 
the uncer ta int ies  under ly ing  the theory of nucleat ion 
and growth. These include the assumptions that  com- 
plete condensation of the ar r iv ing silicon atoms ap- 
plies and that  recrystall ization occurs only before the 
film becomes continuous. If condensation is not com- 
plete, the values of J used in Table I will be affected 
as well  as the nucleat ion process. Lewis (20) has sug- 
gested that  a t ransi t ion from complete to incomplete 
condensation, which would sharply reduce nucleat ion 
rate and density, may contr ibute  toward the onset of 
polycrystall inity,  al though in  this case an abrupt  de- 
crease in  film growth rate as a funct ion of substrate 
tempera ture  would be expected, contrary  to observa- 
t ion (5). In  addition, as described in ref. (2) it is prob- 
able that  the values of diffusion coefficient employed 
do not correspond to true surface diffusion of silicon 
atoms on a silicon ni t r ide surface. However, in view 
of the similar deposition conditions used for the prep-  
arat ion of samples for the electron microscope and field 
emission studies, we are justified in using the numer i -  
cal values to show how flux and diffusion coefficient 
may affect grain size in polycrystal l ine films. 

Conclusions 
1. Conditions have been established for the growth 

of polycrystal l ine silicon films with a small, uni form 
grain size on silicon ni tr ide substrates. 

2. Measurements  of surface diffusion coefficients 
made by field emission microscopy can be used in sup- 
port of a mechanism put  forward to explain the ob- 
served t ransi t ion from a noncrystal l ine to a polycrys- 
tal l ine structure.  
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APPENDIX A 

Assumption of One Grain per Nucleus (No : Ns) 
Nucleation at normal lattice s/tes.--We first see 

whether  nucleat ion at normal  lattice sites on the silicon 
nitr ide substrate can explain the observed gra in  sizes, 
using the expression 

Ns : C(i)  (J /D)  2i1(2i+5) exp[2/(2i  -{- 5)"Ei/kT[ 

w i t h i ~  1, C(1) = 10 v.2,C(2) = 101.2,C(3) = 10 -2.6 , 
as derived by  Routledge and Stowell (13) for all but  
extreme cases of incomplete condensation (21), modi-  
fied by  Stowell and Hutchinson (14), and converted 
to SI uni ts  with a silicon nitr ide surface site density 

of 10 TM. Here Ei is the binding energy of a critical 
nucleus containing i atoms (one less than the number  
of atoms in the smallest stable cluster),  and N~ is the 
saturat ion nucleus density. We make the same assump- 
tions as the authors of these papers. Table II shows the 
calculated mi n i mum values of log,0Ns: for the poly- 
crystal l ine films, the calculated mi n i mum values of 
grain density exceed the observed values by a factor of 
at least 400 and, even allowing for the fact that the 
above expression is inaccurate  for coverages of greater 
than 10%, the assumption of Ng = Ns must  be re- 
jected. For the noncrystal l ine films only we have a 
straightforward explanation;  it is, however, more likely 
that here i : 0 and that even in this case nucleat ion 
is not occurring at normal  lattice sites, since at sub-  
strate temperatures  so low that  even a cluster consist- 
ing of 0+1  = 1 atom must  be stable, the same type of 
noncrystal l ine structure is obtained. 

Nucleation at preferred si tes.--The predicted values 
of N~ and nucleat ion rate for nucleat ion at normal  sub-  
strate sites with i : 1 are so large that nucleat ion 
solely at surface defects or other preferred sites on the 
silicon nitr ide substrate can be neglected, unless we 
postulate i : 0. The appropriate expressions for "pre- 
ferred sites" nucleat ion are then 

Ns/Ndo = 0.1B for B ~ 10 
o r  

Ns/Ndo = 1 for B ~ 10 
with 

B = ai( i  -{- 5/2) N d - = ~  

exp [ E ' + A E ' ]  [ D - ~ o 2 ] i  } k T  
1 1 ( { + 5 / 2 )  

where a0 : ~, : 1, ~2 : 1.25, No is the density of all 
substrate sites (normal  and preferred),  Ndo is the 
density of preferred sites, AEi is the addit ional  b inding 
energy of an /-sized cluster to a preferred site, and 
the other parameters  have the same meaning as before. 
These expressions have been derived by Stowell and 
Hutchinson with certain assumptions (14) for the con- 
dit ion of complete condensation. Table III  lists values 
of logloNs calculated for various possible values of Ndo, 
and for i = 1 and 2 as well as 0 for the sake of com- 
pleteness. It shows that for the exper imental  conditions 
used, the value of B is very high (>40) and that  satu-  
rat ion therefore occurs, with the calculated value of 
Ns equal  to the assumed density of preferred sites Ndo, 
for all except very  large values of Ndo. If we take a 
distance of 30 n m  between preferred sites, formation 
of the polycrystal l ine films of grain size ca. 30 nm is 
explained on the original assumption that  N~ becomes 
equal to Ns; but  if the nuclei are always this far apart, 
then under  the conditions for which a noncrysta l l ine  
s tructure was observed, we would have Ng > Ns, i.e., 
more than  one grain per nucleus. If we assume a 
smaller  distance (e.g., ca. 1 nm)  between preferred 
sites, a noncrystal l ine s tructure will be predicted 
throughout  the range of exper imenta l  conditions; in 
any case we probably cannot neglect nucleat ion at nor-  
mal  sites which has already predicted a distance of 
this magni tude  between nuclei  at sa turat ion (Table 

Table II. Minimum values of Iog,oNs assuming nucleation at 
normal lattice sites (Ns in m -s) 

The calculation employs values of T, J, and D corresponding 
to conditions for the preparation of films with the 

different observed grain sizes. 

Observed Noncrystalline 30 50 220 
grain s i z e  "-* ( ~ 1  nm) nm nm nm 

17.7 17.6 
i = 1 log Ns ---- 18.2 to to 17.8 

18.1 18.0 { 17.4§ 
i = 2 18 .3  + 1 .2  E2 , t o  - -  

18 .2  + 1.1 E~J 
i=3 ,84+ (17.2  08 8; 

18.3 + 1 . 0 E 3 J - -  
log Ng 

(log of observed ca. 18 16.1 14.7 13.4 
grain density) 
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Table III. Minimum values of IogloNs assuming nucleation at preferred sites (Ns in m-g), and calculated according to various postulated 
values of preferred sites density Ndo 

Assumed distance 
b e t w e e n  preferred 

sites ~ 1 nm 3 nm I0 nm 30 nm 

log Ndo 18.1 17.1 16.1 15.1 
i -~ 0 log  B 0.6 1.3 1.8 2.4 

log  Nm 17.7 = log  Ndo = log  Ndo = log  NdO 
0.2 + 1.3 AEI 0.8 + 1.3 AEI 1.6 + 1.3 AEI 2.3 + 1.3 AEI 

i ~ 1 log  B to* to* to* to* 
0.7 + 1,4 ~ g l  1.3 + 1.4 AE1 2.1 + 1.4 AEI 2.6 + 1.4 AEI 

log Ns ~ 17.3 ~ 16.9 = log  Ndo ---- log  NdO 
2.3 + 1.1 (E~ + AE2) 

i =- 2 log  B to* 
3.1 + 1.2 (E2 + AE~) 

log Ns = log NdO 
Nearest value of ca. 18 15.1 
log N# (log of (noncrystalline) 
observed grain 

density) 

" The ranges l isted here  correspond to the variation in T, J, and D for the  different exper imenta l  cond i t ions .  

II) .  We must  then seek some other explanat ion of poly-  
crystall ine film growth when observed. 

APPENDIX B 

Assumption of ~ I or ~ I Grain per Nucleus; 
Effects of Recrystallizatian and Coalescence 

In  order to explain the sharp t ransi t ion from a non-  
crystal l ine to a polycrystal l ine structure, it is therefore 
necessary to include the possibility of grain growth 
through coalescence and recrystallization. Lewis (22) 
has given a general  account of the relative importance 
of nucleat ion densi ty and coalescence. It  is interest ing 
to compare the values of J /D for the condensing silicon 
atoms with the critical value, (J /D)s,  for which re- 
crystallization is impossible before the growing film 
becomes continuous: ( J /D)s  may be estimated on the 
assumption that  surface diffusion dominates over vol- 
ume diffusion during any coalescence, from Stowell 's 
formula (16) 

(J/D) s : 6.106 ~ ~1/3 Nsd3/2/(kT) 

where v is the surface energy of silicon and ~ is the 
atomic volume. If J/D ~ (J/D)s, the init ial  nucleation 
density and orientat ion s tructure wil l  be frozen into 
the film: if J /D ~ (J/D)s, recrystall ization may or may 
not be possible. It  is impor tant  to note that this for- 
mula applies to the coalescence of crystal l ine islands 
only. Using a value of 1 Jm-2  for % we have the val -  
ues of (J/D)s shown in  Table IV. Thus we see that  if 
the still discontinuous film were being formed from 
monocrystal l ine nuclei  30 nm apart, recrystall ization 
would not be possible but  tha t  for the higher values 
of Ns predicted by nucleat ion theory, we would ex- 
pect at least some recrystall ization dur ing the growth 
stage. 

We have ment ioned also the possibility that the 
init ial  nuclei are widely separated (e.g., by ca. 30 nm) ,  
but  that  under  conditions of high J /D the adatoms 

Table IV. Critical values of log(J/D) s above which recrystallJzation 
should be impossible 

Nucle i  1 n m  apart at 
saturation 40.0 

N u c l e i  10 n m  a p a r t  a t  
saturation 37.0 

Nucle i  30 n m  a p a r t  a t  
s a t u r a t i o n  35.5 

M i n i m u m  v a l u e s  of ca. 38 fo r  nonc rys -  36.0 to 37,8 fo r  po ly -  
log(J /D)  e m p l o y e d  t a l l i ne  films crystall ine f i lms  

joining them do not  assume crystal l ine packing, so 
that  Ng ~ Ns. Although Table IV indicates that  a film 
forming from nuclei 30 nm apart  should not  recrystal-  
lize under  the exper imental  conditions used, this con- 
clusion does not apply to noncrystal l ine nuclei. Thus 
crystallization or recrystall ization can be expected over 
the whole range of conditions: there is, however, no 
need to assume an ini t ial  nucleat ion at widely sepa- 
rated preferred sites if we adopt the growth mechanism 
described in the discussion. 
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Correlation of Dielectric Dispersions with Electronic 
and Ionic Conduction Mechanisms in Glass 
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ABSTRACT 

Three  i ron ox ide-conta in ing  glasses of different  ne twork  formers,  namely,  
a phosphate,  a borate,  and a silicate, were  compared  to an a lka l i - l ime-s i l i ca te  
glass. Tests by the Tubandt  method es tabl ished the main  conduct ion mecha-  
nism, whe the r  electrons or  ions, in each glass. The conduct iv i ty  da ta  and  loss 
factor  and dielectr ic  constant  da ta  f rom frequencies of 10-2-10 5 Hz were  mea -  
sured as a function of tempera ture .  As dielectr ic  t heo ry  predicts ,  dispersions 
of the  dielectr ic  constant  w i th  associated r e l axa t ion  peaks  in the  loss factor  
were  observed in the  four  glasses. A n  analysis  of these proper t ies  revea led  
tha t  the  same mechanism was responsible  for the a-c  and the d-c  conduct iv i ty  
in each glass. The shape of the  dielectr ic  constant  curves  be low the dispers ion 
frequencies  var ied  wi th  the  conduction mechanism. In te rp re ta t ion  of these 
da ta  showed only  the  si l icate glass to have mixed  ionic-e lect ronic  conduc-  
t ivi ty.  

The  ear l ies t  papers  wr i t t en  on the  e lect r ica l  con-  
duc t iv i ty  of e lec t ronica l ly  conduct ing glasses were  
concerned wi th  proving  that  the  conduct ion mechan-  
ism was electronic (1-3).  Mazur in  et al. (4) employed  
the Tubandt  method  to show electronic conduct iv i ty  in 
i ron-conta in ing  sil icate glasses. Severa l  e lectr ical  p rop -  
er t ies  were  re la ted  in both vanad ium and tungs ten  
phosphate  glasses by  Ioffe et al. (5). Elect r ica l  res is-  
t iv i ty  and thermoelec t r ic  power  on i ron phosphate  
glasses were  r epor t ed  by  Hansen (6).  Later ,  Hansen  
and Sp lann  (7) publ ished the  dielectr ic  proper t ies  of 
these same glasses wi th  55% FeOx-45% P~O5 and v a r y -  
ing Fe~ +/Fetotal ratios. F rom the  re laxa t ion  peaks  in the  
loss factor, the  act ivat ion energy of the  a-c  conduct ion 
mechanism was found to be equal  to tha t  of the  d-c  
conduct ion mechanism. The "hopping" mechanism (8) 
was proposed for these re la ted  mechanisms.  I t  was 
also observed tha t  a measurab le  s tat ic  dielectr ic  con- 
stant,  independent  of t e m p e r a t u r e  and frequency,  was 
ob ta ined  wel l  below the  dispersion frequencies.  To the 
author ' s  knowledge,  this  phenomenon had  not  been 
repor ted  prev ious ly  for glasses. This was indicat ive of 
electronic conduct iv i ty  only. The dispers ion of the 
dielectr ic  constant  da ta  gave suppor t  to the va l id i ty  of 
the  r e l axa t ion  peaks.  

Kinser  (9) r epor ted  on this same glass system, re -  
la t ing dielectr ic  re laxa t ions  to c rys ta l  format ions  in 
the glass. He was able to do this as he observed r e l a xa -  
t ion peaks  only  in samples  wi th  finely dispersed crys-  
tals  (10). This w o r k  has  been ex tended  recen t ly  (11). 

The dielectr ic  behavior  of vanad ium phosphate  
glasses was publ ished by  Mansingh et aL (12) f rom 
frequencies  of 102-109 Hz and f rom tempera tu res  of 
80~176 Isard  (13) has shown, using publ ished data, 
the  s imi la r i ty  in the  dispersion of conduct iv i ty  of 
electronic and ionic dielectr ics  wi th  r andom structures.  

Because of the r andom s t ruc tures  of glass, theory  
(14) predic ts  tha t  al l  glasses wil l  have a dispersion in 
the a-c  conduct iv i ty  f rom which  r e l axa t ion  spec t ra  
a re  obtained.  In  m a n y  glasses, the  peak  in the  r e l a xa -  
t ion is masked  by  the contr ibut ion of d -c  conduct iv i ty  
to the measu red  a -c  losses. Careful  measurements  over  
a su i tab ly  wide  f requency  a n d / o r  t empera tu re  range  
a re  requ i red  to locate them (15). 

I t  is the  purpose  of this  paper  to show tha t  low f re-  
quency dielectr ic  re laxa t ions  a re  found in severa l  
glasses of d iverse  compositions.  The re laxa t ion  peaks  
are  associated wi th  the  dispersions in the dielectr ic  
constant.  The behavior  of th ree  e lec t ronica l ly  con- 
duct ing glasses, a phosphate,  a borate,  and  a silicate, 

Key words: dielectrics, glass, conductivity, dispersion, relaxation. 

is compared  to tha t  of a common a lka l i - l ime-s i l i ca te  
glass. Each of the  e lec t ronica l ly  conduct ing glasses 
contains  i ron oxide, which  is bel ieved to be responsible  
for this conduct ivi ty.  Tests by  the  Tubandt  method  sub-  
s tant ia te  the  conduct ion mechanisms.  F r o m  the ac t iva-  
t ion energy  data, it  is shown that  the  same conduct ion 
mechanism is responsible  for a -c  and  d -e  conduct iv i ty  
in each glass. 

Experimental Procedure 
The glasses were  mel ted  in 400-800g batches in 

fused silica crucibles  at  1300 ~ 1250 ~ and 1400~ for 
the phosphate  (glass A) ,  the bora te  (glass B) ,  and the 
si l icate (glass C) i ron conta ining glasses. They  were  
poured  on steel  or g raphi te  molds  and annealed.  The 
a lka l i - l ime-s i l i ca te  glass, Corning Code 0080 (glass D) ,  
was obta ined f rom a product ion melt .  The composit ions 
of the  glasses a r e  given in Table  I. 

X - r a y  diffract ion pa t t e rns  and t ransmiss ion micro-  
graphs  showed no evidence of c rys ta l l ine  phases down 
to 30A in glasses ,%, B, and  D. Wide ly  sca t tered  c rys -  
tals, about  a micron  in diameter ,  were  observed  in 
glass C. 

Tests by  the Tuband t  method  (16) were  pe r fo rmed  
on each of these glasses. This precise method  for de te r -  
mining the conduct ion mechanism is based on weight  
t ransfer  dur ing  electrification. No weight  is t r ans fe r red  
if the  conduct ion mechanism is electronic. The weight  
t ransfer  can be ca lcula ted  if no more  than  two species 
are  involved in ionic or ionic-electronic  conduct ion 
(17). Gold electrodes were  evapora ted  on one face of 
each of two disks of each composit ion.  The disks 
were  1�89 in. in d iamete r  and pol ished to a thickness  
of 2.00 ram. For  some of the  tests, a th i rd  d isk  was 

Table h Glass compositions in mole per cent 

FeOz P~D~ 
Phosphate 55 45 

glass A 
FeOz Ce2Os B~0s 

Borate* 4.3 25.5 70 
glass B 

F e O ,  PbO ZrO,  
Silicate 9.7 29.1 2.9 

glass C 
Na20 g 2 0  CaO 

Alkal i - l ime-s i l ica te  15.3 0.3 5.5 
glass D 

SiOj 
58.4 

MgO SiO~ 
5.3 72.9 

* Ref. (21). In varying compositions in this system, the iron ox-  
ide is be l ieved to be the ma in  cont r ibutor  to electronic conduct iv i ty  
because (6) in decreasing the Ce20~ and increasing FeO=, the re-  
s i s t iv i ty  decreases; and (ii) in increasing the Ce2Os and keeping 
the FeO~ constant, the res i s t iv i ty  is unchanged .  

1592 
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inserted between the electroded ones. The disks and 
combinations of disks were carefully weighed before 
and after testing to _0.0005g. The disks were stacked 
between gold-plated stainless-steel electrodes, raised 
in temperature in a measurement furnace and the 
voltage applied. A known current was passed for a 
known period of time. Weight changes were calculated, 
assuming ionic conductivity by Na +, by the equation 

k I A t  
M = [1] 

N 

where M : weight change, g'; k -- 6.281 X 10 TM, 

charges/A sec; I : current ,  A; A = atomic weight of 
conducting ion; t = dura t ion  of electrification, sec; and 
N = Avogardo's number ,  6 X 1028 molecules/mole.  

Measurements of electrical properties, d-c and a-c, 
were made on similar samples. Three- te rmina l  gold 
electrodes were evaporated on glasses A, B, and C. 
Hanovia Liquid Gold Bright  electrodes were fired on 
glass D in  the same configuration. The exper imental  
procedures and theory were described previously (7). 
Briefly, the d-c conductivi ty 7de was obtained (18) 
wi th  a potential  of 20V wi th  a Beckman electrometer. 
Two bridges were used to measure the a-c properties: 
a low-frequency bridge from 10 -2 to 103 Hz, designed 
by Weingar ten  (19) [and used by Heroux (20)] and 
General  Radio Type 1615A from 102 to 10 s Hz. 

The total conductivi ty "~w was calculated from the 
following equations 

I t 
%'T --" ~ X A m h ~  [2a] 

where R = resistance (d-c or a-c) ,  ohms; t : th ick-  
ness of specimen, cm; and A : eft. area of electrodes, 
cm 2 and 

tan ~T X K' X Jr 
3'T "-- 

1.8 X 1013 

K"T X:f  
-- mho /cm [2b] 

1.8 X 1012 

where K'  : relat ive dielectric constant  : C X 
t/0.0885A; C ---- capacitance, pF; S = frequency, Hz; 
and K"T = 106S f a c t o r .  

The total conductivi ty is the sum of a-c and d-c 
contributions.  To obtain the relaxat ion peaks, the d-c 
contr ibut ions were subtracted, as 

'Yae "--" "YT -- "/de [ 3 ]  

From this, the loss factorac was calculated 

7ar X 1.8 X 10 TM 
K"ac = [4] 

/ 

Results and Discussion 
Data from tests by the Tubandt  method are tabu-  

lated in  Table II. The temperature,  current ,  voltage, 

-5  

-6  

-7 

-8 

o -10 
I[ 

c~ 
>~ -12 

(9 -t3 

O-14 

-'15 

-16 

Glass C 

LGlass D 
~ . . . ~ C a  - SiO 2 

" o  

1.8 2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4 

TEMPERATURE* 

Fig. 1. D-C conductivity vs. temperature for glasses A, B, C, and 
D. 

and t ime of electrification are listed for each glass. The 
measured weights of each disk and combinat ions of 
them are listed before and after testing. A calculated 
weight transfer, based on ionic conductivi ty by sodium 
ions, is shown. For glasses A, B, and C there is no sig- 
nificant weight change. This indicates that  most or al l  
of the cur ren t  was carried by electrons. Lit t le adjus t -  
ment  of the voltage was required to ma in ta in  a con- 
s tant  current  over a prolonged period of time. This 
lack of bu i ld -up  of space-charge polarization fur ther  
indicates electronic conductivity. 

For glass D, the alkali- l ime-si l icate,  the results 
were different. The Tubandt  test was performed three 
times, each with essentially the same results. To pre-  
vent  fusion to the contacting electrodes, weighed gold 
foil was placed between the electroded surface and 
the contacting electrode. The results of the last test are 
listed. The anode disk lost the amount  of weight that  
was calculated. The middle disk did not change in 
weight. The cathode disk weighed more than  the anode 
disk lost and continued to gain weight, as the addi- 
t ional  active Na + in the cathode disk picked up water  
from the atmosphere. Because this glass is an ionic 
conductor, bu i ld -up  of the space-charge polarization 
increased the resistance greatly. A constant  current  
could not be main ta ined  for 8 hr. The weight t ransfer  
calculat ion was dependent  on four current  levels, as 
the voltage and tempera ture  were raised during the 
test. 

From these tests it is shown that  glasses A, B, and C 
are electronically conducting and that glass D is ioni- 
cally conducting. With this difference established, the 
electrical behavior  of the glasses will be compared. 

Figure 1 shows the log of the d-c conductivi ty vs. 
103/~ for each glass. In  the tempera ture  range shown, 

Table II. Tubandt test results 

Test  
Glass  t e m p ,  No.  of  C u r r e n t ,  Vol tage ,  T ime ,  
No. ~ d i sks  A V sec Befo re  

M e a s u r e d  w e i g h t ,  g 

D i s k  A f t e r  

C a l c u l a t e d  
w e i g h t  

t r ans f e r ,  g* 

2.9470 
A 256 2 0.4 x 10.4 125-65 1.87 x 10 s 2.9954 

5.9419 
2.0548 

B 517 2 0.4 x 10.4 217-250 1.01 x 106 3,4585 
5.5131 

( 5.5848 
J 5 . 6 6 0 1  

C 404 3 0.2 x 10 ~ 35-40 2.59 x 10 -~ ] 5 . 5 9 7 4  
1,11.1461 

0.9 • 10 .4 1.88 x 10 ~ 4.6442 
0.65 x 10.4 3.60 x 108 
0.4 x 10-s 3,60 x 108 4.6663 

D 473o513 3 0.3 x 10.4 70-250 3.60 x 10 a 4.6669 
13.9857 

c*" 2.9464 
a 2.9950 

c + a 5.9417 
e 2.0546 
a 3.4581 

c + a  5.5130 
c Fused 

M T o g e t h e r  
a 5.5984 

c + M  11.1471 
c 4.6624 t 

M 4.6663 
a 4.6617 

c + M +  a 13.9887 

0.018 

0.0097 

0.012 

0.0051 

* C a l c u l a t e d  w e i g h t  transfer  i s  ba sed  on  ion i c  c o n d u c t i v i t y  b y  s o d i u m  ions.  
*e c = ca thode  sample ,  a = anode  sample ,  and  M = s a m p l e  b e t w e e n  cathode  and anode  samples .  
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Table III. Activation energy 

dc (eV) ac (eV) 

Phosphate (glass A )  0.54 0 . 5 7  
B o r a t e  ( g l a s s  B )  0 . 7 2  0 . ? 0  
S i l i c a t e  ( g l a s s  C)  0,61 0.64 
Alkali-lime-silicate 0.84 0.89 

( g l a s s  D )  

the data establish straight lines. As the conductivity is 
represented by 

"Ydc = "Yoe - E / k T  [5] 

where E is the activation energy and % is a constant, 
the act ivat ion energies  were  obta ined from the slopes 
of the  lines. These are  l is ted in Table  III. 

F igures  2-5 show the dispers ion in the  dielectr ic  con- 
stant  K' and the re laxa t ion  peaks  in the loss factor  
/~"ac VS.  log ] for each glass. Da ta  for typ ica l  curves  
are  given at  two tempera tures .  

F igure  2 is for glass A, the phospha te  glass. These 
da ta  were  prev ious ly  published,  as glass 1 (7).  The 
loss factor  peaks  at  the  same f requency  that  the  mid -  
point  of the  dispers ion of the dielectr ic  constant  curve 
occurs. The fol lowing re la t ionship  is observed 

K"a~ < �89 (K's - -  K'~)  [61 

which indicates  a d is t r ibut ion  of r e laxa t ion  times. This 
is common for glasses because of the i r  random s t ruc-  
ture.  Both the  dispers ion of the d ie lec t r ic  constant  and 
the r e l axa t ion  peaks  shift  to h igher  f requencies  wi th  
increas ing t empera tu re .  

The dispersion of the  dielectr ic  constant ,  which  is 
una l te red  data,  confirms the peak  in the  re laxa t ion  
data. In  this  glass, un l ike  most  glasses, the dielectr ic  
constant  levels  off below the dispers ion frequencies  
and is independent  of tempera ture ,  wi th in  exper i -  
men ta l  error .  This stat ic dielectr ic  constant  is also in-  
dicat ive of electronic conductivi ty.  Heroux  (20), in a 
s tudy  of l i th ium borosi l icate glasses, showed tha t  the 
in ter rac ia l  polar iza t ion  of ionic conduct iv i ty  caused a 
rap id  increase in the dielectr ic  constant  a t  f requencies 
be low the dispersion. 

F igure  3 gives s imi lar  da ta  for glass B. Because this  
is a lower  conduct iv i ty  glass, the static dielectr ic  con- 
s tant  was observed over a wider  t empera tu re  and f re-  
quency range.  For  example ,  the dielectr ic  constant  is 
constant  at  1 Hz, be low the dispers ion frequencies,  
over  a span of 100~ 

F igure  4 gives comparab le  da ta  for  glass C. Again,  
a r e l axa t ion  peak  is seen at  the f requency  of the mid -  
point  of ~he dispers ion of the dielectr ic  constant.  How-  
ever, no stat ic dielectr ic  constant  is observed for this 
glass. This is in te rp re ted  as the  effect of a mixed  ionic- 
electronic conduct ivi ty .  As gold electrodes were  used 
for  this  test, it  is assumed tha t  this  ionic conduct iv i ty  is 
associated wi th  t r amp  a lka l i  in the  glass. This s l ight  
ionic conduct iv i ty  is poss ibly  noted in the  resul ts  of the  
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Tubandt  test. Whi le  the weight  changes were  insig-  
nificant, three  disks were  requi red  for the  test  and two 
of them fused together.  The behavior  of the  dielectr ic  
constant  gives posit ive suppor t  to the  in te rpre ta t ion  
of ionic as wel l  as electronic conduct iv i ty  in this  glass. 
S imi la r  behavior  of the dielectr ic  constant  curves were  
prev ious ly  r epor t ed  for the i ron phosphate  glasses, 
using si lver  electrodes (7). 

Curves for the ionical ly  conduct ing glass D are 
shown in Fig. 5. They show a close resemblance  to the  
e lec t ronica l ly  conduct ing glasses. Again,  the  peaks  of 
the r e l axa t ion  curves occur at  the  frequencies of the  
midpoin ts  of the dielectr ic  constant  dispersions. How-  
ever, the dielectr ic  constant  rises r ap id ly  below the re-  
l axa t ion  frequencies as a resul t  of a bu i ld -up  of the  
space-charge  polarizat ion.  This is typica l  for  ionical ly  
conduct ing glasses (20). 
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Fig. 2. Glass A, loss factor and dielectric constant vs.  frequency Fig. 5. Glass D, loss factor and dielectric constant vs.  frequency 
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From the loss factor data on glasses A, B, C, and D, 
the activation energies of the a-c conduction mecha- 
nisms are obtained. A plot of the log of the frequency 
at which this m a x i m u m  loss factor occurs vs. 1000/~ 
is shown in  Fig. 6 for each glass. As the relaxat ion t ime 
r ---- ~oe ~/kr, where �9 = 2~f, E is the activation energy, 
and to is a constant, the activation energies are ob- 
tained from the slopes of the curves. These are tabu-  
lated in Table III. The activation energies for each 
glass for the d-c and a-c conductivities agree well. 
This indicates that  the same mechanism of conduction 
is responsible for d-c and a-c conductivity. 

Conclusions 
1. Based on the results of the Tubandt  tests, the 

main conduction mechanism is electronic in glasses A, 
B, and C and ionic in  glass D. 

2. The loss factorac, for each glass, peaks in the fre- 
quency range in which the midpoint  of the dispersion 
of the unal tered dielectric constant  occurs. 

3. From the slopes of the dielectric constant curves 
below the relaxat ion frequencies and the results of 
the Tubandt  tests, it is deduced that  the conduction 
mechanism is only electronic for glasses A and B, 
mixed ionic-electronic for glass C, and only ionic for 
glass D. 

4. The agreement  in the activation energy data in-  
dicates that  the main  conduction mechanism is the 
same for a-c and d-c conduction in each glass. 

~ , j l  GLASS D 
Na-Ca-SiO 

I 8 2D 2.2 2~1, 26  2.8 3.0 3.2 
TEMPERATURE- I000/~ K 

Fig. 6. Frequency of loss factor maximum v s .  temperature for 
glasses A, B, C, and D. 

Acknowledgments 
The author wishes to t hank  Drs. Hansen, G. B. 

Hares, A. M. Filbert,  and P. C. Schultz for supplying 
the glass samples, Mr. G. B. Carrier  for the crystal 
analyses, Mr. W. H. Barney  for his helpful discussions 
of this paper, and Mrs. M~ B. Bent ley for her experi-  
menta l  assistance. 

Manuscript  submit ted March 20, 1972; revised m a n u -  
script received June  6, 1973. 

Any discussion of this paper will  appear in a Discus- 
sion Section to be published in the June  1974 JOURNAL. 

REFERENCES 
1. M. Munakata,  Solid State Electron., 1, 159 (1960). 
2. J. D. Mackenzie, Modern Aspects of Vitreous State, 

3, 126 (1964). 
3. A. E. Owen, Glass Ind., 48, 637 (1967). 
4. O. V. Mazurin, G. A. Pavlova, E. Ia Lev, and E. K. 

Leko, Soviet Phys., Tech. Phys., 2, 2511 (1957). 
5. V. A. Ioffe, I. B. Patr ina,  and I. S. Poberovskaya, 

Soviet Phys., Solid State, 2, 609 (1960). 
6. K. W. Hansen, This Journal, 112, 994 (1965). 
7. K. W. Hansen and M. T. Splann, ibid., 113, 895 

(1966). 
8. I. G. Aust in  and N. F. Mott, Advance Phys., 18, 41 

(1969). 
9. D. L. Kinser, This Journal, 117, 546 (1970). 

10. M. S. Mizzoni and D. L. Kinser, ibid., 117, 1586 
(1970). 

11. A. W. Dozier, L. K. Wilson, E. J. Friebele, and D. L. 
Kinser, J. Am. Ceram. Soc., 55, 373 (1972). 

12. A. Mansingh, J. M. Reyes, and M. Sayer, J. Non- 
Crystalline Solids, 7, 12 (1972). 

13. J. O. Iszard, ibid., 4, 357 (1970). 
14. H. E. Taylor, J. Soc. Glass Technol., 41, 353T (1957). 
15. A. E. Owen, Prog. Ceram. Sci., 3, 171 (1963). 
16. C. Tubandt  and S. Eggert, Z. Anorg. Chem., 110, 196 

(1920). 
17. K. Hughes and J. O. Isard, Phys. and Chem. Glasses, 

9, 40 (1968). 
18. A.S.T.M. Standard C657-70T and Standard D-150. 
19. L R. Weingarten,  National  Research Council P u b -  

lication 396, A n n u a l  Report  of Conf. on Elec. In -  
sulation, National  Academy of Science, USA, 
1955. 

20. L. Heroux, J. Appl. Phys., 29, 1639 (1958). 
21. A. M. Fi lber t  and G. B. Hares, Private communica-  

tion, 1972. 

Kinetics of Thermal Growth of HCI-O  Oxides on Silicon 

K. Hirabayashi and J. Iwamura 
Toshiba Research and Development Center, Tokyo Shibau~a ElectrEc Company, Ltd., Kawasaki, 210, Japan 

ABSTRACT 

Growth kinetics at l l00~ are investigated as a function of HC1/O2 mole 
ratio below 10% for (111), (100), (311), and (110) oriented wafers. It is con- 
cluded that the considerable increase of the oxidation ra te  in  the presence of 
HC1 is caused by  three reasons: The first is enhanced diffusion of O~ and H20 
molecules in the HC1 oxide. The second is enhanced reactions at the Si-SiO~ 
interface, resul t ing from a catalytic action of HC1. The third is the contri-  
but ion of H20 to the oxidation, which is formed by the reaction, 2HC1 ~ ~/2 02 

H20 -t- C12. The diffusivity of 02 and H20 molecules in the HC1 oxide was 
measured by a technique which is based on dry  or wet  oxidation after an 
init ial  HC1 growth. Infrared spectroscopy of the  output gas from the furnace 
and the observation of the Si-SiO2 interface through a microscope and sec- 
ondary electron microscope revealed the na ture  of the enhanced reactions, 
which are closely related to HC1 gaseous etching of Si. 

Recently it has been reported that clean SiO2 films 
for MOS devices can be obtained by the addition of 
HCI to dry O2 dur ing the high temperature  oxidation 
of silicon (1-6). The use of HC1 reduces the number  
of Na + ions and surface states at the Si-SiO2 interface. 

Key words: silicon dioxide, oxidation, HC1-O2. 

No significant change between s tandard and HC1 oxide 
is observed in  oxide charge, dielectric strength, di-  
electric constant, and index of refraction, but  the oxi- 
dation rate and the diffusivity of Na + ions in the oxide 
are considerably increased in  the presence of HC1. It  
has been suggested that  a Si-O-C1 complex is formed 
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dur ing  the high tempera ture  oxidation in  the presence 
of HC1 and that  the actual position of chlorine is sub-  
st i tut ional  for oxygen, result ing in a nonbr idging bond 
(4). 

The increase of the oxidation rate cannot  be ex-  
plained only by the presence of H20 molecules, formed 
by the reaction, 2HC1 + � 8 9  ~ H20 + CI~. It is 
reasonable to suspect that the structure difference be- 
tween s tandard and HCl oxide may explain the en -  
hanced oxidation rate. In  this paper we investigate the 
oxidation kinetics at l l00~ as a funct ion of HC1/O2 
mole ratio below 10% for (111), (100), (311), and 
(110) oriented wafers. By the use of a kinetic model, 
the effect of diffusion of oxidizing species is separated 
from that of chemical reactions at the Si-SiO2 in ter -  
face. The diffusivity of 02 and H20 molecules in the 
HC1 oxide is measured by a technique which is based 
on dry or wet oxidation after an ini t ial  HC1 growth. 

First  in  the analysis, we neglect the presence of H20. 
Assuming that the equi l ibr ium concentrat ion of O3 
molecules in  the oxide and  the n u m b e r  of O3 molecules 
incorporated into a uni t  volume of oxide are not 
changed in  the presence of HC1, it is concluded that 
the enhancement  of the oxidation rate is induced not 
only by enhanced diffusion of 02 molecules in  the 
oxide but also by enhanced reactions at the Si-SiO2 
interface, resul t ing from a catalytic action of HC1. 
Second, the effect of H20 is t aken  into account, and 
then the theory explains the exper iment  fairly well. 

In  order to clarify the na ture  of the reactions, in-  
frared spectroscopy is applied to the output  gas from 
the furnace. The s t ructure  of the Si-SiO2 interface is 
observed through a microscope and secondary elec- 
t ron microscope. The roughening of Si-SiO2 interface 
in  the case of large HC1/O2 mole ratio and large oxide 
thickness is discussed in relat ion to the HC1 gaseous 
etching of silicon. 

Kinetic Model 
Consider a growing film of thickness X (Fig. 1). In  

the figure, F1 is the flux of a oxidizing species across 
the oxide and fl is the HC1 flux. The oxidizing species 
are 02 and H20, formed by the reaction, 2HC1 + Vz 02 

I-I20 -~ C12. At equil ibrium, the reaction for a 1:10 
mix ture  of HC1 and 02 results in the O3 part ial  pres- 
sure of 0.89 a tm and the H20 part ial  pressure of 0.016 
atm at the total pressure of 1 atm and l l00~ (7). 
For such a small  content  of H20 we may apply the 
concept of perturbation,  and first we neglect the pres-  
ence of H30. 

The flux across the oxide is derived from Fick's  first 
law 

Co - -  Ci 
FI : D [i] 

X 

70 -- 7t 
f, = 8 [2] 

X 

where Co and 70 are the concentrat ion of O2 and HCl, 
respectively, at the outer surface of the oxide. Ci and 
7i are the concentrat ion at the oxide-silicon interface. 
D and 6 are the diffusivity of O2 and HC1, respectively. 

Co 

Yo 

F, F2 

f l  

SiO 2 

0 X 

Ci 

f2 

Si 

As we see later  the diffusivity, D, increases with the 
HCI/O2 mole ratio, and at the Si-SiO2 interface the 
reaction, Si W 02 --> SiO2, is apparent ly  accelerated by 
the presence of HC1. The HC1 molecule behaves like a 
catalyst. Then, for small concentrat ion of HC1, the 
reaction constant, k, can be wr i t ten  in  the first order 
approximation 

k : ko + k' 7i [3] 

where k0 is the reaction constant  for the dry oxygen. 
The flux at the SiO2-Si interface is given by  

F2 : k Ci [4] 

f2 : ~ 7i [5] 

where K is the reaction constant for HC1. The reaction 
re levant  to HC1 will  be discussed later  in relat ion to the 
HCI gaseous etching of Si. In  a quasi-s ta t ionary state 
we obtain 

F, = F2 [6] 

f l  = f~ [7] 

The growth rate of the oxide film is then 

dX k 
.... = -- Ci [8] 
dt N 

where N is the number of oxygen molecules incorpo- 
rated into a unit volume of oxide. From Eq. [1]-[8] 
we get 

dX DCo/N 
= [9] 

dt D Dk'7o/ko 2 
x +  

ko ,,X16 + 1 + k"yo/ko 

If we assume that both Co and 7o are independent  of X, 
the integrat ion of Eq. [9] with the ini t ial  condition, 
X_-- 0 a t t  = 0 ,1eads to  

DCo 2D 2Dk'70 8 
2 t m X 2 +  X 

N ko ko 3 K 

~X/~ + 1 + k'7o/ko 
log [10] 

1 + k'To/ko 

This assumption is justified if the gas-phase mass- 
t ransfer  coefficients of 02 and HC1 are large enough 
compared with the corresponding reaction coefficients 
(8). It  is also assumed in Eq. [9] that  D and 8 are in -  
dependent  of X. 

If X is small  enough to be 

K k'7o 
-- X << 1 -I- -- [ii] 

k0 

the growth law can be cast into the following linear- 
parabolic relationship 

Bt : X 2 + A X  [12] 
where 

B -- 2DCo/N [13] 

A : 2D/(ko + k'7o) [14] 

This re la t ion is readi ly obtained if the reaction con- 
s tant  is changed to be 

k = ko + k'7o [15] 

instead of Eq. [3]. 
Second, if we take into account the presence of H20, 

the same approximation as used in  Eq. [A-10] of Ap-  
pendix I leads to 

A1B1 + A2B2 
(B, + B~) t : X ~ + X [16] 

B, + B2 
that  is 

Bt : X 2 + AX 

Fig. 1. Schematic representation of the growing film B = B1 + B2 [17] 
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AIB1 + A2B~ 
A _ [18] 

B1 + Bs 

where B1, B=, A1, and As are defined as in Eq. [A -5 ] -  
[A-8] of Appendix I. The reaction constants, kl and k2, 
in Eq. [A-7] and [A-8] increase with the concentrat ion 
of HCl in the same way as Eq. [15] in the present  case. 

In the following section, we show the change of A 
and B for the (111), (100), (311), and (110) or ienta-  
tions when  the HC1/O2 mole ratio is varied from 0 to 
10%. 

Change  of A and B 
N-type 10 ohm-cm Si slices were used. All  slices 

were cleaned immediate ly  prior to oxidation. Slices 
were oxidized at l l00~ in  various mixtures  of HC1 
and dry O2. Oxide thicknesses were determined using 
mul t ip le -beam interferometric techniques. Accuracy of 
the measurement  was _25A. For the case of HC1/O2 
mole ratios of 0 and 10%, the graphs of the oxide 
thickness vs. the oxidation t ime are shown in Fig. 2 
and 3, respectively. It should be noted that for the dry 
oxygen, the growth rate of the (111) orientation is 
larger than that of the (100) orientation, whereas for 
the 1:10 mixture  of HC1 and O2, they are in the reverse 
order. The inversion occurs between 2 and 3% of HC1 
mole ratios. 

The oxide thickness as a function of oxidation t ime 
was fitted to Eq. [12] by the least square method in 
order to determine A and  B. The values of A and B are 

Table 1. Change of A and B 

H C 1 / O ~ m o l e  B ( 1 0 - 4 ~ / m i n )  
r a t i o ( % )  A ( 1 0 - s ~ )  (111) (100) (311) ( l lO)  

0 B 4.2 3.9 3.9 3.8 
0 A 8.6 7.4 6.2 4.5 

0.3 B 5.3 5.2 5.1 5.7 
0.3 A 7.8 8.2 5.9 6.5 

2 B 6.1 5.9 6.0 6.5 
2 A 5.5 5,5 3.0 2,2 

3 B 6.8 6.4 5.6 7.2 
3 A 6.1 4.1 - - 1 . 4  1.8 

5 B 6.3 6.7 6.5 6.5 
5 A 2.9 3.2 1.1 --1.9 

7 B 7.2 6.9 6.6 7.3 
7 A 4.S 2,2 --0.~ --0.11 

10 B 7.2 7.4 7.1 7.1 
10 A 5.2 3.6 1.3 --3.0 

summed up in Table I. In  Fig. 4 and 5, B and B / A  are 
plotted vs. HCI/O2 mole ratio. The apparent  orientat ion 
dependence of B may be explained by the inaccuracy 
in the determinat ion of the oxide thickness. It  may be 
concluded from Fig. 4, and Eq. [17], [18], [A-5] - [A-8]  
that  the orientation dependence of the growth rate is 
owing to the orientat ion dependence of the effective 
reaction constant. The negative values of A, found in 
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Table I, cannot  be expected from Eq. [18]. The growth 
as a funct ion of t ime was found hardly  to obey the 
l inear-parabol ic  relat ionship for HC1/O2 mole ratios 
beyond 10%. The approximations used to derive Eq. 
[12] are considered to be applicable only to smaller 
mole ratios. The occurrence of negative values of A 
could be avoided if the exper imenta l  data were fitted 
to Eq. [10] instead of Eq. [12]. For fur ther  invest iga-  
tion, higher degree of accuracy in the determinat ion of 
oxide thickness is required especially for oxides th in -  
ner  than 0.1~, to which the values of A are sensitive. 

The increase of B with the HC1/O2 mole ratio may 
be at t r ibuted to the increase of the diffusivity of O2 
and H20 in the HC1 oxide if we assume that  for both 
O2 and H20, the equi l ibr ium concentrat ion in  the oxide 
and the n u m b e r  of molecules incorporated into a uni t  
volume of the oxide are equal to those of the s tandard 
oxide (see Eq. [17], [A-5], and [A-6]) .  

Diffusion of 02 and H2O in the HCI Oxide 
In  this section we determine the diffusivity of O2 and 

H20 in the HC1 oxide grown at l l00~ in the 1:10 
mixture  of HC1 and O2, using a technique which is 
based on the dry or wet  oxidation after the ini t ial  HC1 
growth. Wafers of the (100) orientat ion were used. 

Theoretical relationship between the oxide thick- 
ness, X, and the oxidation time, t, in the dry or wet 
oxygen is expressed as 

Bt : (X -- Xo) (X ~- Xo W A') [19] 
where  

A ' = A + 2  " 1 X o  [ 2 0 ]  

(see Appendix II) .  A and B are determined indepen-  
dent ly  by the oxidation of bare  silicon wafers. Xo is 
the thickness of the init ial  HC1 oxide. D and Do are the 
diffusivity of the oxidizing molecules in the growing 
oxide and the HC1 oxide, respectively. 

Di~usion of 02 in the HCl oxide.--Values of X and t 
are shown in Table II. X0 is 0.21~. According to Table I, 
A and B are determined as A : 7.4 • 10-2~ and B : 
3.9 • 10 -4 ~ / m i n .  The values of D/D0 obtained from 
Eq. [19] and [20] are also shown in Table II. Thus the 
diffusivity of O2 in the HC1 oxide is approximately 1.6 
t imes larger than  that  in the dry oxide. 

Di~usion of 1t20 in the HCI oxide.--As the wet oxy- 
gen, where the bubbler  tempera ture  is 90~ is used 
here instead of pure steam, the analysis is ra ther  com- 
plicated. I n  this case, the oxidation in a mix ture  of 
H20 and 02 should be considered as in Appendixes I 
and II. Bare silicon wafers were oxidized in the wet 
oxygen, and then the oxide thickness as a funct ion of 
time was fitted to Eq. [A-10], leading to B* : 0.47 • 
10 -2 ~2/min. If we take into account that for pure  
steam, B : 0.917 • 10 -2 ~2/min (9) and for dry oxy-  
gen, B : 3.9 • 10 -4 ~2/min, the value of B* sh~ws that  
the wet oxygen is a 1:1 mix ture  of O2 and H20. 

The oxide thickness, X, as a function of the oxidation 
time, t, after the ini t ial  oxidation of Xo : 0.21~, is 
shown in Table III. Using the values, A1 : 0.074~, 

Table II. HCI oxidation followed by dry oxidation 

A2 = 0.157~ (9), B, = 0.5 • 3.9 • 10 -4 ~2/min, B2 = 
0.5 • 0.917 • 10 -2 #2/rain, D1/D01 -- 0.64 (assuming 
that the diffusivity of O2 in  the wet oxide is the same 
as in the dry oxide), and Eq. [A-21]-[A-23],  we can 
determine the values of D2/D02, which are shown in 
Table III. The results are not strongly dependent  on 
the value of D1/Dol. Thus the diffusivity of H20 in the 
HC1 oxide is approximately 2.6 times larger than that 
in the wet oxide. 

Next we compare the diffusivity of H20 in  the wet 
oxide with tha t  in  the dry oxide. Instead of the ini t ia l  
HC1 oxide used in the above experiment,  the dry  oxide 
of X0 : 0.18~ was used. The oxide thickness, X, as a 
function of the oxidation time, t, in the wet oxygen is 
shown in Table IV. Using Eq. [A-21]-[A-23] and as- 
suming that  the diffusivity of O2 in the wet oxide is 
the same as in the dry oxide, we can determine the 
values of D2/Do2, which are shown in Table IV. The 
results are not strongly dependent  on the value of 
D1/Dol. The gradual  increase of D2/Do2 with the oxida- 
t ion t ime suggests that  the H20 molecules are gradual ly  
incorporated into the ne twork  of the dry oxide in some 
form and the s tructure of the dry oxide is getting near  
to that of the wet  oxide. 

The diffusivity of H20 in the dry oxide is approxi-  
mately  1.5 times larger than  that in the wet  oxide, and 
thus the diffusivity of H20 in the HC1 oxide is ap- 
proximately  1.7 times larger than  that  in the dry oxide. 

Contribution of H~O in the HCl oxidation.--The ratio 
of B for the HC1/O2 mole ratio of 10% and  for the dry  
oxygen is 7.4/3.9 = 1.9, which is larger than  the ratio 
of the corresponding diffusivity of O2 ( :  1.6). The 
difference may  be a t t r ibuted  to the presence of H20. 
In  the reaction, 2HC1 + ~/2 02 ~=~ H20 + C12, at equi-  
l ibrium, the O2 part ial  pressure is 0.69 a tm and the 
H20 part ial  pressure is 0.016 arm at the total  pressure 
of 1 atm and ll00~ Then, from Eq. [17], [A-5], and 
[A-6], we obtain by taking into account the increase in 
the diffusivity 

B1 = 0.89 • 1.6 X 3.9 • 10 -4 ~2/min 

B2 = 0.01fi • 2.6 • 0.917 • 10 -2 #2/min 

B1 -~- B2 --~ 9.3 • 10 -4 a2/min 

which is too large compared with the actual value, 
B : 7.4 • l0 -4 a2/min. Here we assumed that  the dif- 
fusivity of H20 in the steam oxide is the same as that  
in the wet oxide. 

It  may be doubted whether  the H20 par t ia l  pressure 
is lower than  the equi l ibr ium value, 0.016 atm. The 
ini t ial  O2 pressure is 0.91 atm, which is little different 
from the equi l ibr ium value, 0.89 atm. Let us denote 
the H20 part ial  pressure as PH20 and use a tentat ive 
value, 0.9 atm, for the O2 part ial  pressure. In  order to 
explain the actual value of B, we should choose as 
PH2O = 0.0075 atm, which is approximately  half  of the 
equi l ibr ium value. 

As the final example, we show in Table V the re- 
sults of the HCI oxidation after the ini t ial  dry  oxida- 
t ion of X0 : 0.21a. The calculated thickness in Table V 
was obtained by assuming the 02 par t ia l  pressure of 

Table IV. Dry oxidation followed by wet oxidation 

t (rain) X (p,) D/Do $ (m/n) X (~) D2/Do2 

60 0.27 0.61 
120 0.32 0.59 
180 0.35 0.68 

20 0.355 0.57 
40 0.46 0.66 
60 0.545 0.72 

Table III. HCI oxidation followed by wet oxidation Table V. Dry oxidation followed by HCI oxidation 

Calculated 
t (mln) X (~) th ickness  (~) 

50 0.255 0.259 
90 0.295 0.294 

t (rain) X (;z) D~IDo2 

20 0.40 0.35 
40 0.51 0.41 
60 0.60 0.42 
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0.9 atm, the  H~O par t i a l  pressure  of 0.0075 atm, and 
A1 = A~ = 0.036~ in Eq. [A-22] and [A-23] (see Table  
I ) ,  and using Eq. [A-21].  The resul ts  a re  not  s t rongly  
dependent  on the values  of A1 and As. 

Chemical Reactions at the Si-SiO~ Interface 
From Eq. [17] and [18], we obta in  

B (B1 + B2)9 
- -  [ 2 1 ]  

A AIBI + A2B2 

If  the HC1/O2 mole  rat io  is sufficiently small ,  B~ be- 
comes negl ig ib ly  small. Then we get 

B B l  Co 
-- = - -  (~ + k'7o) [221 
A AI N 

where  Co, N, ko, k' are  for 02 (see Eq. [13] and [14]).  
As C0 is considered to be constant  in the  above range  
of the  HCI/O2 mole  ra t io  and 7o is app rox ima te ly  p ro -  
por t iona l  to the  HC1/02 mole  ratio,  i t  is concluded tha t  
B/A  is a l inear  funct ion of the  HC1/O2 mole  ratio.  
Actua l ly ,  i t  is the  case for the HC1/O2 mole  ra t io  be -  
low 5%, as we see in Fig. 5. The values  of k' a re  de -  
pendent  on the or ienta t ion  

k'(lll) _ k'(100) < k'(311) < k'(ll0) [23] 

Thermodynamic analyses of an equilibrium Si-H-CI 
sys tem for the C1/H ra t io  of 1 at  l l00~ were  made  in  
the same approx imat ion  as used in the  w o r k  of Lever  
(10). The resul t  of the  analyses  indicates  tha t  I-I~, 
HC1, SiHCI~, SIC12, SIC14, and SiH2C12 need be con-  
sidered.  By  the addi t ion of O~, SiHCls, SIC12, SIC14, and 
SiH2C12 are  changed into SiO2 and HC1. Sil icon dioxide 
is h a r d l y  a t tacked  by  HC1 as is shown later .  If  the ra te  
of the  two-s tep  react ions ment ioned  above is l a rge r  
than the r a t e  of  the  direct  ox ida t ion  

Si + O~ ~ SiO~ 

the hydrogen chloride may be considered as a catalyst. 
The reactions in the absence of 02 are no other 

than those of the HC1 gaseous etching of silicon. Then, 
we expect some parallelism between k' and the gaseous 
etch rate which is considered to be proportional to 
of Eq. [5]. The gaseous etch rate at II00~ for the 
HCI/H2 mole ratio of 5% is 0.5 ~/min for ( I i i ) ,  0.8 
#/rain for (I00), and 0.9 ~/min for the (110) orien- 
tation (11), and thus 

x( l l l )  < K(100) < ~(iI0) 

In relation [23], k'(111) is nearly equal to k'(100). 
However ,  if  we notice tha t  for the  d ry  oxygen,  the 
growth  ra te  of the (111) or ienta t ion is l a rger  than  tha t  
of the (100) or ientat ion,  whereas  for the  HC1/O2 mole  
ra t io  l a rge r  than  2%, they  are  in the  reverse  order,  we 
may conclude that k ' ( l l l )  < k'(100) and ko(lll) > 
k0(100). Then, the  pa ra l l e l i sm be tween  k'  and  ~ is 
complete.  I t  should be noted tha t  the  or ien ta t ion  de-  
pendence of k0 is different  f rom tha t  of k' 

ko(100) < k o ( l l l )  < ko(311) < k0 ( l l 0 )  

k ' ( l l l )  < k '(100) < k '(311) < k ' ( l l 0 )  

In  the presence of H20, Si2OC16 is produced in add i -  
t ion to SiO2 (12). In  order  to ve r i fy  the  above  react ions  
at  the  Si-SiO2 interface,  we exposed silicon wafers  
covered wi th  the  HC1 oxide of 0.4~ thickness,  to the  
HC1 gas at  l l00~ The output  gas f rom the  furnace 
was in t roduced  into a cell  wi th  K B r  windows.  The in-  
f r a red  absorpt ion  spect ra  of the output  gas was m e a -  
sured by  a Beckman ' s  inf rared  spec t rometer  IR 10, in 
double  beam operat ion.  As shown in Fig. 6, H20, HC1, 
Si2OC16, SiH2C12, SiHCla, and SIC14 were  detected.  For  
the  HC1/O9 mole  rat io  of 720, the same gaseous species 
were  detected,  bu t  not  for  the  HC1/O2 mole  ra t ios  
below 180. 

The observat ion  of the  wafers  th rough  a micro-  
scope revea led  t r i ang le - shaped  etch pits for  (111), 
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Fig. 6. Infrared absorption spectra of the output gas from the 
furnace. See the text. 

square - shaped  pi ts  for  ( i00) ,  and l ine-shaped  pi ts  for 
the  (110) orientat ion.  The shape of the etch pi ts  is r ea -  
sonable since the etch ra te  is larges t  in the  <110>  di-  
rections. In te r fe rence  color was observed a t  the  pits, 
which  indicates  tha t  only Si is e tched off at  the pits  
and not  Si02. 

Roughening of the Si-Si02 Interface 
Especia l ly  in the  case of large  HC1/O2 mole  rat io  and 

la rge  oxide thickness,  the color of ox ide-covered  sil i-  
con wafers  becomes dir ty.  The observat ion  th rough  a 
scanning e lec t ron microscope indicates  that  this  is be-  
cause of the roughening of the Si-SiO~ interface.  F ig-  
ure 7 is the SEM photograph  of a (110) silicon wafer  
covered wi th  the  HC1 oxide of 0.25~ thickness  grown in 
a 7:100 mix tu re  of HC1 and 02. The upper  pa r t  in the 
figure is coated wi th  an A1 film of 300A thickness.  As 
the  A1 film prevents  the pene t ra t ion  of electrons, the 
pa t t e rn  in the  Al -coa ted  par t  is of the A1 film i tself  
and thus of the oxide. I t  is evident  f rom the  figure 
tha t  many  holes are  at the  Si-SiO2 interface and the 
oxide film is curved along the  wal l  of the  hole. I t  
should be noted, though not  ev ident  from Fig. 7, tha t  
there  a re  no pinholes  in the  oxide over  the  sil icon holes 
at the  interface.  This is also shown by  the measurement  
of the  dielectr ic  s t rength  (1). F igu re  8 is the SEM 
photograph  of the  same wafer  af ter  t he  oxide  film is 
removed.  L ine - shaped  etch pi ts  a re  observed in the  fig- 
ure. F igure  9 shows how large  values  of HC1/O2 mole 
ra t io  and oxide  thickness  induce the  roughening  of 
the  Si-SiO2 interface  for the  (111), (100), (311), 
and (110) orientat ions.  

F r o m  Eq. [1], [2], [4]- [7] ,  and [15], we obta in  for 
the  concentrat ions  of 02 and HC1 at  the Si-SiO2 in te r -  
face 

Co 
C i  = ~ [24] 

k 
I + - - X  

D 
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Fig. 7. SEM photograph of a (110) silicon wafer covered with the 
HCI oxide of 0.25~ thickness grown in a 7:100 mixture of HCI and 
O~. The upper part in the figure is coated with an AI film of 300~, 
thickness. 

a n d  

~0 
~i - -  [25] 

K 
I+--X 

5 

Then, if the re la t ion  

K/8 < k / D  = (ko + k'To) /D  [26] 

holds, 7~/Cl becomes much la rger  than  7o/Co for large 
values  of X. Thus, for la rge  thickness  of the  oxide, the  
deficiency of the  oxygen m a y  possibly occur in the 
oxidat ion  of the in te rmedia te  products,  SiHCI3, etc., 
leading to the e tching of the interface.  This exp lana -  
t ion is just if ied only when  the re la t ion [26] is verified. 
Ano the r  exp lana t ion  is tha t  the  oxidat ion  of the in-  
t e rmedia te  products  are  not  a lways  complete  and the 
etching of the  interface occurs s lowly wi th  increasing 
the oxidat ion t ime. 

Conclusion 
The considerable  increase of the oxidat ion  ra te  in 

the  presence of HC1 is caused by  three  reasons. The 
first is the enhanced diffusion of 02 and H20 molecules  
in the  HC1 oxide. This is consistent  wi th  the Kr ieg le r ' s  
suggestion that  the  HC1 oxide includes la rger  amount  
of nonbr idging bounds than  the d ry  oxide, which in-  
duces the enhanced diffusion of Na + ions. 

The second is the enhanced reac t ion  at  the Si-SiO2 
interface,  resul t ing  f rom the ca ta ly t ic  act ion of HC1. 
The in te rmedia te  products  of the react ion are  the same 
as those for the HC1 gaseous etching of silicon. The 
th i rd  is the contr ibut ion  of H20 molecules, formed by  
the reaction,  2HC1 + z/z 02 ~ H~O --F CI~. The effect 
of the H20 molecule  is thought  to be minor  for the 
HC1/O2 mole  rat io  below 5%. 

The roughening of the Si-SiO2 interface  is not  de-  
s i rable  for device fabrications.  I t  i s p robab le  that  the  
roughening leads to the  g radua l  increase of the  surface 
state densi ty  observed in the  case of (100) or ientat ion 
for the  HC1/O2 mole  ra t io  above  8% (1). The roughen-  
ing is severer  for the (100) or ienta t ion  than  for the  
(111) orientat ion.  
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Fig. 8. SEM photograph of the same wafer as in Fig. 7 after the 
oxide film is removed. 
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APPENDIX I. 

Oxidation in Two Kinds of Oxidizing Species 
Let  us define r e l evan t  pa rame te r s  as in Table A-I .  

Fo r  the sake of s impl ic i ty  we assume tha t  the  con-  
cent ra t ion  of oxidizing molecules  at the  outer  surface 
of the  oxide is equa l  to the equi l ib r ium concentra t ion 
in the oxide, which is p ropor t iona l  to the  pa r t i a l  pres-  
sure of the oxidizing species. The flux of O~ reaching 
the Si-SiO2 in ter face  across the  oxide of thickness,  X,  
is g iven by  

Coi - Ciz 
DI -- kICil [ A - l ]  

X 
and the flux of H20 is 

(7o2 - C ~  
D 2  - -  k~Ct~ [A-2] 

X 

Table A-I. Relevant parameters in the oxidation in two kinds of 
oxidizing species 

Concen- 
Concen- tration 

Reac-  N u m b e r  of  t r a t i o n  a t  t he  
Oxl -  t i o n  o x i d i z i n g  a t  the  o u t e r  sur -  

d i z i n g  con-  m o l e c u l e s /  Si-SiO2 face of  
species  s t a n t  u n i t  v o l u m e  in t e r f ace  the  ox ide  

Di f -  
f u s i v -  

i ty  

02 kl NI C L z C~ Dt 
H20 k2 N~ Ci ~ Co~ D2 
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The growth  ra te  of the oxide  film is then 

k2 d X  _ k__ L c~ + ~ c~ [A-~] 
dt  N1 

F r o m  Eq. [ A - 1 ] - [ A - 3 ]  we obta in  

dX BI B2 
-~ [A-4] 

dt 2X -5 AI 2X -5 A2 
where  

BI = 2D1Col/lql [A-5] 

B2 : 2D2Co2/N2 [A-6] 

AI = 2D1/ki [A-7] 

A2 : 2D21k~ [A-8] 

In t eg ra t ing  Eq. [A-4] wi th  the  ini t ia l  condition, X = 0 
at  t ---- 0, w e  get 

A1BI + A2B2 
(Bl + B2)t : X 2 -5 X 

B1 -5 B~ 

B1B2 (A1 -- A2) ~ 

2(B1 -t- B2) ~ 

[ 2(B1-SB2)X-SB1A2-SB2A1 ] 
log BIAs -5 BsA1 [A-9] 

When the condition, A1 --~ As, is satisfied, the  last  t e rm  
can be neglected,  and the l inea r -pa rabo l i c  re la t ionship  
is obta ined 

B*t = X 2 + A*t 
where  

B* : B1 + B2 

A1B1 -5 A2B2 
,4* = 

B1 -5 B2 

The condition, AI ~-~ As, seems to be satisfied at  IIO0~ 
For  instance, the  observed values  are  

A1 : 0.086~ and A2 --  0.083~ (9) 

for the (111) orientat ion,  and A1 = 0.074~ and As = 
0.157~ (9) for the (100) orientat ion.  

G R O W T H  O F  HC1-O2 O X I D E S  ON S I L I C O N  1601 

where  Do is the  diffusivi ty of the oxidizing species in 
the ini t ia l  oxide, Co the concentra t ion of the oxidizing 
molecmes  at  the outer  surface  of the ini t ia l  oxide, and  
C~ is the  concent ra t ion  a t  the  interface of the  ini t ia l  
oxide and the growing oxide. The  flux, F1 across the  
growing oxide  is 

Ci - Ci 
FI = D [A-14] 

X --  Xo 

where  Ci is the concentra t ion at the Si -Si02  interface.  
In  a quas i - s t a t ionary  state we have 

F0 = F1 : F2 : kCi [A-15] 

where  k is the reac t ion  constant .  The growth  r a t e  of 
the oxide film is then  

dX k 
= -- Cl [A-16] 

dt  N 

where  N is the  number  of oxidizing molecules  incorpo-  
ra ted  into a unit  volume of the  growing oxide. Solv-  
ing Eq. [A-13] - [A-16]  wi th  the  ini t ia l  condition, 
X = X 0 a t  t ----0, we obta in  

Bt : (X -- Xo) (X Jr Xo + A') [A-17] 
where  

B : 2DCo/N [A-18] 

(D___I)Xo [A-19] A ' = A  -5 2 Do 
and 

2D 
[A-10] A = [A-20] 

k 
[A-11] 

As A and B are  de te rmined  independen t ly  by  the oxi-  
da t ion  of bare  silicon wafers,  we can  es t imate  the 

[A-12] value of D/Do from Eq. [A-17] and [A-19].  
When  the oxidizing species are O2 and H20, the  same 

A P P E N D I X  II  

Diffusion in Double Layered Oxide 
Consider  the oxidat ion  in the sys tem schemat ica l ly  

represented  in Fig. A-1. The system is realized,  for 
instance, when silicon wafers  are  oxidized in the d ry  
or wet  oxygen af ter  the ini t ia l  HC1 oxidation.  

The flux, Fo, of the oxidizing species across the  
ini t ia l  oxide  is 

Co -- Ci 
Fo = Do [A-13] 

Xo 

C o 

Fo 
D, 

Do 

INITIAL 
OXIDE 

FI 

GROWING 
OXIDE 

,Ci 

F2 

O 

SI 

0 X o X 

Fig. A- i .  Schematic representation of the oxidation of silicon 
covered with a film of thickness Xo. 

approx imat ion  as Eq. [A-10] leads to 

(B1 + B2)t  - -  (X --  Xo) ( X -5 Xo 

+ A'IBIBI-5 B~ -5 A'2B2 ) 

where  
D1 - - 1 ) X o  

A'I  = A1 W 2 D01 

( D~ _ l ) X o  A'2 = A2 + 2 Do2 

[A-21] 

[A-22] 

[A-23] 

D1 and Do1 are  the  diffusivi ty  of 02 in t h e  growing 
oxide  and the ini t ia l  oxide, respect ively.  S imi lar ly ,  
D2 and Dos are  for H20. 

Manuscr ip t  submi t ted  Apr i l  13, 1973; revised m a n u -  
script  received June  25, 1973 

A n y  discussion of this  pape r  wil l  appea r  in a Discus-  
sion Sect ion to be publ i shed  in the  June  1974 JOURNAL. 
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Technical Notes 

Preparation of 
Ohmic Contacts to n-Ge by Diffusion 

from As-Doped SiO  
James W. Holm-Kennedy and Tony P. C. Ku 

Electrica~ Sciences and Engineering Department, 
U~ivers~ty of California at Los Angeles, Los AngeLes, Califorr~ia 90024 

This note describes a ra ther  simple and convenient  
procedure for fabricat ing ohmic contacts to lightly 
doped n- type  Ge. The contacts are found to be ohmic 
at low electric fields over the range of tempera ture  
investigated (77~176 They are noninject ing up to 
high fields at 77 ~ and 195~ At 300~ they begin to 
inject  at fields above approximately 25 V/cm, pre-  
sumably  because the n -Ge  used is near ly  intr insic at 
this temperature.  

Previously reported techniques for fabricating ohmic 
contacts to n -Ge  have included the use of indium 
amalgam (1) and alloying (2). It is not clear that the 
I n  amalgam contacts wil l  remain  noninject ing at mod- 
erate electric fields. These contacts are often on a sur-  
face previously damaged by sand blast ing or lapping 
in  order to achieve ohmicity. Damaged surfaces serve 
to kil l  l ifetime and  f requent ly  will  suppress inject ion 
at low applied voltages by simply causing rapid minor -  
i ty  carrier recombinat ion at the contact. Surface-dam-  
aged contacts, however, often inject  at higher applied 
voltages. Further ,  it is difficult to define contacts to 
precise dimensions with In  amalgam because the 
amalgam is l iquid at room temperature.  Contacts of 
Sb alloyed to n - G e  were investigated but  these were 
found to be l ightly injecting. Alloying with Sb-doped 
Au  (0.1% Sb) has been reported to give a low-field 
ohmic contact to n - G e  (2). 

We report  here an a l ternat ive  technique which em- 
ploys an As-doped SiO2 diffusion source to create an 
n + region. We chose to use As as the impur i ty  because 
it supplies a shallow donor state (3) and has a rela-  
t ively high saturat ion solubili ty at moderate tempera-  
tures (4). Sb or P might  be expected to serve equal ly 
well. However, al loying of Sb dots and diffusion of Sb 
from an Sb-doped SiO2 source did not provide high- 
electric-field ohmic contacts in the present  case. This 
is presumably  because Sb has a much lower saturat ion 
solubil i ty in  Ge than  As (4). P was not tested but  is 
expected to give results comparable to those obtained 
with As. 

Doping wi th  As can be achieved by heating a Ge 
wafer that has been sealed together wi th  elemental  As 
in  an evacuated closed quartz tube. This closed-tube 
diffusion technique is awkward,  however, because As 
oxidizes rapidly in  air and has a vapor pressure con- 
s iderably above 1 atm at the diffusion temperatures  of 
interest.  To prevent  explosions, it is necessary to keep 
the weight of the As charge below max imum value 
determined by the volume of the quartz tube. These 
properties, coupled wi th  the hazards of handl ing ele- 
menta l  As, make  its use undesirable.  We have circum- 

Key words: semiconductor contacts, doped oxide, planar diffu- 
~on. 

vented the problem by using doped SiO2 as an impur i ty  
source, a s tandard method used in Si technology (5). 

The following contacting procedure was used. A 22 
ohm-cm (donor concentrat ion .~ 1014/cc) n -Ge  wafer 
was lapped with No. 600 grit  A1~O8, ul trasonical ly 
cleaned with Rustlick 660J detergent  (Rustlick, I n -  
corporated, Boston, Massachusetts), and thoroughly 
r insed with deionized water  (DI).  The lapped surface 
was etched unt i l  shiny in  CP4A (3:3:5: :  cone glacial 
acetic acid: cone HF: cone HNOs, by  volume),  dipped 
in methanol,  r insed in DI and dried with a dry ni t rogen 
jet. Arsenosilica film (Emulsitone, Livingston, New 
Jersey) was applied to the  surface of the wafer  by 
sp inning at 3000 rpm for 15 sec. After  the film was cured 
at 200~ in  air  for 15 rain or longer, the wafer was 
ready for shallow diffusion. The diffusion was per-  
formed in an open quartz tube at 650~ for 7 rain in 
flowing forming gas (10% Hz 90% N2). (Diffusion 
temperatures  to 850~ and times up to 30 min  also 
produced good ohmic contacts.) The wafer was then 
slowly removed from the furnace to avoid the  in t ro-  
duction of s t ra in caused by thermal  quenching. The 
arsenosilica film was etched away using HF acid leav-  
ing the wafer with an exposed n § surface having an 
estimated surface concentrat ion (6) greater than 

102~ 3 in an n + layer of less than  0.1 #m estimated 
thickness. 

Metallization was accomplished by electroless Ni 
plating. A photoresist technique was then used to 
selectively mask the Ni. KMER photoresist (Eastman 
Kodak Company, Rochester, New York) was spun onto 
the n + side of the Ni-pla ted wafer at 1000 rpm for 
10 sec. The wafer was dried in air at room temperature  
for an hour or longer and then cured in air at 100 ~ 
200~ for 15 rain. The contact areas were then  defined 
using s tandard p lanar  techniques by exposing the 
KMER to ul t raviolet  l ight for 10 sec and developing 
the KMER in isopropyl alcohol. This was followed by a 
post bake in air at 120~ for 15 min  to dry the remain-  
ing KMER. The unprotected Ni was removed with a 
Ni etch (1:1:1: :  cone HNO3: cone HCh acetone, by 
volume) .  The exposed port ion of the n + layer  was re-  
moved by  a quick dip in CP4A (mesa technique) .  
Finally,  the hardened photoresist was removed with 
J100 solution (IRCL, Richardson, Texas) leaving well-  
defined ohmic contacts under  the Ni contacting pads. 

Contacts made to l ightly doped n-Go (22 ohm-cm) 
following the above procedure were of low resistance, 
<~ 5 • 10 .4  ohm-cm ~ at 300~ and < 5 X 10 .5  ohm-cm~ 
at 77~ (the lower l imit  which we could convenien t ly  
determine for our sample geometry using a Tektronix  
curve tracer. 

The contacts proved to be non- in jec t ing  at 77 ~ , 195 ~ 
and  300~ They main ta ined  their ohmic integri ty  at 
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77 ~ and 195~ to electr ic  fields in excess of 1500 V/cm,  
the  upper  l imi t  of the  high vol tage  system used. The 
contacts  did, however ,  inject  minor i ty  carr iers  (holes) 
a t  300~ for fields in excess of about  25 V/cm,  p robab ly  
because the  Ge was so l ight ly  doped tha t  at  room tem-  
pe ra tu re  a significant number  of t he rma l ly  genera ted  
holes were  present .  The  contact ing technique is ex -  
pected to provide  contacts  which do not inject  holes 
at  30O~ even at  high electr ic  fields if the  n -Ge  is 
made  sufficiently extr insic.  

Since the difficulty of obta in ing  ohmic contacts  
genera l ly  decreases wi th  increasing extr ins ic  car r ie r  
concentra t ion and  increas ing opera t ing  tempera ture ,  
on the basis of our resul ts  for l ight ly  doped samples  
w e  bel ieve  tha t  the  procedure  descr ibed above is a 
simple,  effective method for fabr ica t ing  ohmic con- 
tacts  to n - t y p e  Ge. The method should also provide  
a convenient  p l ana r  diffusion technique for re l iab le  
n - t y p e  diffusion in Ge. 
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Thermal Oxidation of Silicon after Ion Implantation 
C. R. Fritzscke* and W. Rothemund 
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In  semiconductor  device technology ion implan ta t ion  
is appl ied  to genera te  n -  and p - t y p e  regions or special  
donor  and  acceptor  profiles. I t  appears  l ike ly  tha t  ion 
implan ta t ion  can also be used to influence technological  
processes, as for instance, t he rmal  oxidat ion.  This 
opens the  poss ibi l i ty  of select ive oxidat ion  and of the  
product ion of s t ress - f ree  protec t ive  films. Norma l ly  
select ive oxidat ion  is achieved using silicon ni t r ide  
layers  for mask ing  dur ing  t he rma l  oxidat ion,  whi le  
s t ress- f ree  films have  been made  wi th  oxini t r ides  (1). 
Since the  n i t r ide  as wel l  as the oxide  can be  formed 
by  implan ta t ion  of n i t rogen or oxygen ions, respec-  
t ively,  into silicon (2,3), we expec ted  that  these  ions 
would  influence the  oxide growth.  This paper  repor ts  
on the  g rowth  of oxides af te r  implan ta t ion  of ni trogen,  
which  was  found to influence the oxidat ion  strongly.  
Some informat ion  wil l  also be given concerning the 
effect of imp lan ted  oxygen  and carbon. 

Exper imentol  
Ions were  imp lan t ed  into pol ished (111) surfaces of 

20 ohm-cm p - t y p e  silicon. The beam cur ren t  depended  
upon the ion species and did not  exceed 16 #A, which 
according to our  beam sweep corresponds to a m a x -  
imum cur ren t  dens i ty  of 5 ~A/cm 2. The c rys ta l  axes  
were  t i l ted  by  7 ~ to the  beam axis. The d is t r ibu t ion  of 
ions is assumed to be close to the  profiles ca lcula ted  
from LSS theory  (4) at  least  at lower  fluences and 
in the neighborhood of the  concentration peak. The 
implanted species were Ns +, O +, and C +. From the 
mass spectra obtained with N2 or COs in the ion source 
we conclude that about 5% CO + was contained in the 
beam used for Ns + implantations. We are sure that 
our results with N2 + are not due to CO + since the 
effects of C and O were investigated separately and 
found to be small. 

During implantation, half of the sample was covered 
with an impermeable 0.1 mm steel sheet so that com- 
parison of implanted and unimplanted material with 
otherwise identical processing was possible. The con- 
ditions of oxidation are given in the figures and tables. 
Three types of thickness measurements were made: 
Interferometric measurements of the surface step be- 

* Electrochemical Society Active Member. 
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tween  the oxide layers  g rown on the  implan ted  and 
the  un implan ted  pa r t  of the  wafer ,  in te r fe rence  mea -  
surements  of the  oxide thicknesses  af ter  s tep etching 
wi th  HF, and e l l ipsometr ic  measurements .  

Results 
If  4 X 1015 N2 + ions per  era2 are  implan ted  wi th  30 

kV, the  ox ida t ion  proceeds as shown in Fig. 1 and 2. 
Consider  first the  resul ts  of oxidat ions  at  1140~ in d ry  
oxygen  shown in Fig. 1. The un implan ted  silicon shows 
the w e l l - k n o w n  square  root re la t ion  be tween  oxide 
thickness  and t ime. However ,  only  a ve ry  thin film wi th  
high re f rac t ive  index is found on the  implan ted  surface 
for up to 26 min of oxidat ion.  Longer  oxidat ion  resul ts  
in a subs tant ia l  g rowth  of films wi th  a re f rac t ive  index 
close to tha t  of common the rma l ly  grown SiO2, for 
which  1.46 is a typ ica l  value.  Wi th  lower  t empera tu re s  
of oxidation,  h igher  th ickness  differences can be 
achieved.  F igu re  2 shows the resul ts  of oxidat ions  at  
1010~ in d r y  oxygen.  At  this  low t empera tu r e  ex-  
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Fig. l .  Time dependence of oxide growth. Dry oxygen, 1140~ 

N2+-implontotion 30 kV, 4 x 1015 ions/era 2. Ellipsometric measure- 
ments. (a) Thickness unimplanted, (b) tMckness implanted, (c) re- 
fractive index implanted. 
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Fig. 2. Time dependence of oxide growth. Dry oxygen, 1010~ 
N2+-implantation 30 kV, 4 x 1015 ions/cm 2. (a) Thickness unim- 
planted, ellipsometric measurements; (b) thickness implanted, upper 
limit of interferametric measurements; (c) surface step interfero- 
metric. 

t remely thin films result  on the implanted side, and 
we are not able to in terpre t  the ellipsometric measure-  
ments  in this case. If we assume a well-defined inter-  
face below a homogeneous surface layer on normal  
silicon, the measurements  indicate ini t ial  layer thick- 
nesses between 50 and 70 nm decreasing with oxidation 
times longer than 36 min. Apparent ly,  these values are 
due to an implanted layer but  not to a thermal ly  grown 
layer. However, the suppositions for this evaluat ion are 
not  adequately fulfilled. Therefore, we have plotted in 
Fig. 2 the surface step between the oxides on the im- 
planted and the un implan ted  side, which gives a lower 
l imit  for the difference in the thicknesses of the grown 
layers. The sign of the step is taken positive if the un -  
implanted surface is higher than the implanted surface. 
The negative value immediately after implanta t ion is 
believed to be real, because we know from many  other 
experiments  that for silicon targets and energies higher 
than  20 keV lattice expansion is more pronounced than 
sputtering. Between 16 and  36 min  of oxidation the 
surface step is only slightly smaller  than the oxide 
thickness on the un implanted  side. Visually the im-  
planted surface appears metallic for oxidation times 
up to 114 rain. Practically no oxide growth was ob- 
served on this side. 

Figure  3 shows the dependence of the oxide thickness 
ratio implanted to un implan ted  upon the fluence of N2 + 
ions. On the un implan ted  side the oxide thickness is 
74.1 nm. The implantat ions  have a distinct effect at 
4 • 1014 N2 + ions/cm 2, but  even at the lower fluences 
we always found thickness ratios smaller than 1. The 
impeding influence of implanted ni t rogen was also ob- 
served after wet oxidation. This can be seen from 
Table I, sample 13c. Because of the larger thicknesses, 
higher ion energies and higher doses are necessary. 

Table I also shows the effect of carbon and oxygen. 
Since in both cases the effect is weak, it is noteworthy 
that  fluctuations of thickness wi th in  one single layer  
are mostly smaller  than 1.0 nm and the accuracy of the 
ellipsometric measurement  itself is still higher�9 Carbon 
implanta t ion  impedes the oxidation. Al though some- 
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Fig. 3. Dependence of oxide growth upon fluence of 30 keV N2 +- 
ions. Dry oxidation 18 rain at 1140~ 

what  higher thickness differences have been achieved 
with th inner  layers, sample 1 was chosen for the table, 
because Nmax and the thickness on the un implanted  
side allow comparison with sample 3 and 42. The effect 
of oxygen depends even qual i ta t ively upon dose and 
oxidation conditions. When the peak concentrat ion was 
high, we observed an enhancement  of oxide growth 
at 1140~ in dry oxygen (samples 2c and 42 in Table I) .  
In  other experiments,  we implanted  twice, first with 
45 kV, 1.5 • 10 TM ions/cm 2, and second with 30 kV, 
1.0 X 1016 ions/cm 2, so that in spite of the high total 
fluence the ma x i mum concentrat ion was moderate. 
There, we observed an impeded oxide growth at 1010~ 
in dry oxygen (samples 22 and 24). The infrared ab-  
sorption of sample 22 was recorded immediate ly  after 
implanta t ion  and the exper iment  was repeated with 
sample 23. If absorbing Si-O oscillators are formed 
by the implantations,  their number  is l imited by the 
total fluence, which is 2.5 • 10 TM cm -2. The number  of 
oxygen atoms per cm 2 of a thermal ly  grown layer with 
the same thickness as indicated in Table I for sample 
22 un implan ted  is 3.3 • 1017. Thus, only very small  
bands can be expected after implantat ion.  The result  
is shown in Fig. 4. Absorption bands sufficiently high 
above the background occur in both samples at 968 
cm -1 and 888 to 895 cm -1. A possible in terpre ta t ion is 
given at the end of the next  section. 

Discussion 
The effect of ni trogen implanta t ion on oxide growth is 

pronounced even at fair ly low concentrations. Let us 
assume that wi th in  the first impacts all the N2 + ions 
are split into two parts of equal  mass with half the 
ini t ial  energy each. Then, from LSS theory [see Ref. 
(4) ] a projected range Rp = 41.0 nm, a s tandard devi-  
ation Al~p = 18.1 nm, and a peak concentrat ion Nmax 
= 1.8 • 1021 ni t rogen atoms per cm 3 result  for 30 kV 
implantat ions  of 4 • 1015 N2 + ions per cm 2. To form a 
cont inuous layer  of Si3N4 a concentrat ion of 4.8 • 10 ~2 

Table I. Dependence of oxide thickness on experimental conditions 

F l uence  Thickness  [ r im] 
N r .  I o n  k V  [ ions  - c m  -21 O x i d a t i o n  u n i m p l ,  i m p l .  Rp In to]  Nmax [ c m  -a] 

13c N2 + 80 3.0 • 10 TM 1140~ w e t  295.7 164.4 111.6 6.0 • I0  ~ 
3 Ns + 80 1.3 • 10 TM 1140~ d r y  88.4 6.6 111.6 2.6 • 10 ~ 
1 C + 35 4.6 • 10 TM I 140~  d r y  89.0 84.6 115.0 4.4 • 10 ~ 

42 O+ 45 3.0 • 10 TM 1140~ d r y  73.5 81.2 108.8 3.2 • 10 m 
2c O+ 45 3.0 X 10 TM 1140~ d r y  69.7 73.9 108.8 3.2 • 10 ~ 

47 O+ 45 8.0 • 1015 1140~ d r y  79.5 80.5 108.8 8.5 • 10 ~~ 
2b O+ 45 1.0 • 1014 1140~ d r y  69.7 69.4 108.8 1.1 • 10 ~" 

22 O+ 45 + 30 1.5 + l.O • I0  le IOIO~ d r y  76.0 62.0 - -  2 .4  • I0  ~ 
24  O+ 45 + 30 1�9 + 1.0 • 1016 I 0 1 0 ~  d r y  59.0 54.5 - -  2 .4  • i 0  ~ 
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Fig. 4. Infrared spectra. Curves (a) and (b) samples 22 and 23 
before oxidation. Curve (c) sample 22 after oxidation. Solid lines: 
implanted, dashed lines: not implanted. 

is necessary. Although the calculated Nmax of our im-  
plantat ions is more than  an order of magni tude  lower, 
the oxide growth is strongly impeded as shown in the 
figures. For the in terpre ta t ion of our results it is im- 
portant,  whether  the distr ibution of the implanted 
ni t rogen remains  constant inside the silicon dur ing oxi- 
dation. If it remains, the concentrat ion at the oxide sili- 
con interface can be calculated from the oxide thick- 
ness, because the implanta t ion profile is known from 
theory and the thickness of the silicon layer consumed 
by the oxidation is determined by the condition that the 
oxide contains as many  silicon atoms as were contained 
in the silicon layer. We have performed this calculation 
from the data of Fig. 3, and found that at low fluences 
the interface concentrat ion increases with increasing 
fluence and suddenly approaches the constant value of 
3.2 X 102~ ni t rogen atoms per cm z for fluences above 
2 • 1015 Ns + per cm 2. From investigations of the solid 
solubility of nitrogen in silicon (5) and in silicon 
dioxide (1) it seems likely that during the oxidation 
the implanted nitrogen precipitates as SigN4, but the 
growing surface film is truly an oxinitride polymer and 
not a mixture of SiO~ and Si3N4. Qualitatively the 
refractive index indicated in Fig. 1 is consistent with 
this assumption, since after Tombs et al. (6) it varies 
continuously in oxinitrides and increases up to 2.2 with 
increasing nitrogen content. However, the high values 
obtained by short oxidations are inconsistent with the 
calculated interface concentrations. Perhaps, the pre- 
cipitation does not take place inside the silicon. Since, 
according to the assumed Gaussian profile, 84% of the 
implanted atoms are located within the small distance 
of Rp -[- ARp = 59 nm from the surface, and are em- 
bedded in  a latt ice damaged heavily by the  implan ta -  
tion, most of the ni t rogen may be pushed out during 
recrystallization, which is known to take place wi thin  
some minutes  at about 600~ or less depending upon 
ion species and fluence (7). At the same time, the 
surface begins to cover with oxide which, after Tombs 
et al. (6), can form a continuous series of solid solu- 
tions with silicon nitride. A film, which impedes the 
oxidation substantial ly,  should have a high ni t rogen 
content  and a thickness of at least a few interatomic 
distances. The Si-N distance in Si3N4 is 1.4 to 1.75 • 
10 -8 cm. Assume that  after recrystall ization most of 
the implanted ni t rogen is contained in a 5 • 10 - s  cm 
surface layer. Then, the fluence necessary to form 
SisN4 is 1.2 • 1015 N2 + ions per cm 2, and this is just  
the value at which the curve of Fig. 3 falls most 
rapidly. We have no direct evidence that  the ni t rogen 
is pushed to the surface dur ing  heating, but  the strong 

influence of low doses on the oxide growth becomes 
more plausible by this assumption. The time depend- 
ence of thickness and surface step in Fig. 1 and 2 is 
not only determined by the growth rate but  includes 
contraction or expansion of the implanted as well as 
the growing layer. These effects have not  yet  been 
studied in  sufficient detail. 

The enhancement  of oxide growth by  implanta t ion 
of high doses of oxygen is not surprising, since not all 
the oxygen needed for oxidation has to diffuse through 
the oxide in this case, and production of SiO2 by im-  
plantat ion and annea l ing  in inert  gas is known  to be 
possible (2, 3). More difficult to unders tand  is the 
observation that  a relat ively slight change of the oxida- 
t ion conditions results in an impeded oxide growth on 
the implanted area. In  this connection, it is interest ing 
that the absorption spectrum shown in Fig. 4 does not 
exhibit  the band at about 1030 cm -1, which was ob- 
served in our work on SiO2 produced by ion implan ta -  
t ion (3). The small  band  at 968 is very close to that  
reported by Ritter (8) at 980 cm -1 for SiO. Ritter also 
reports an Si203 band  at 870 cm -1, but  in contrast  
to our band  at 684 to 895 cm -1, it was accompanied by a 
stronger band at 1050 cm -1. The possible frequencies 
of the Si-O bond cover almost the full range between 
800 and 1100 cm -1 and depend upon the sequence of 
silicon and oxygen atoms as well as the type of l inkage 
between these groups (8-10). The a r rangement  will 
not be well-defined immediate ly  after implantat ion,  
par t icular ly  as long as the fluence does not suffice to 
surround every silicon atom by four oxygen atoms. 
Therefore, we assume that under  the conditions of 
implanta t ion  used in this work the oxygen atoms do not  
assemble to form the well known SiO4 tetrahedrons of 
SiO2, but  remain  distr ibuted in the damaged silicon and 
form a mix ture  of lower oxides. Normally oxygen dis- 
solved in silicon is indicated by a band at 1090 cm -1, 
and it is l ikely that the implanted  mater ia l  can be 
converted to this solution when  the sample is heated 
for oxidation. Should the lower oxides be volatile, and 
should they evaporate in noticeable amounts  before 
conversion, this could indeed have a negative influence 
on the growth rate of SiO2 layers. 
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q 
ABSTRACT 

Compositions exhibit ing high ionic conductivity in the solid state at am- 
bient  temperature  were determined in the system Ag2X-AgI-HgI2 (X ---- S, 
Se, or Te) to be Ag2.oHgo.25So.5IL5 (N- l ) ,  Ag1.ssHgo.4oTeo.6511.35 (N-2), 
Agl.soHgo.4~Seo.~oI1.30 (N-3), or Ag2.oHgo.sSel.olt.o (N-4).  The electrical con- 
ductivities of these compounds were measured by means of the 1000 Hz a-c 
bridge and the values obtained at 25~ were 1.47 • 10 -1, 9.40 • 10 -2, 1.00 • 
10 -1, and 4.30 X 10 -2 ( o h m - c m ) - I  for N-I,  N-2, N-3, and N-4, respectively. 
The activation energies for conduction were calculated from the conductivity 
curves to be 2.95, 3.24, 3.34, and 3.58 kcal /mole for the above four compounds. 
In  order to in terpret  the high ionic conductivities and the low activation en-  
ergies for conduction of these compounds, the crystal s tructure was analyzed 
in detail by means of powder x- ray  diffraction, and it was found that N- I  
had the same structure as that  of a~ The cations in N-1 were statisti- 
cally dis t r ibuted over for ty- two sites of 6(b) ,  12(d), and 24(h) of the space 
group Im3m and the anions were randomly distributed at the corner and the 
center of the cell. N-2, N-3, and N-4 had somewhat different structures from 
that of N-1. The cations in N-2, N-3, and N-4 were statistically distr ibuted 
over thir ty  sites of 6(b)  and 24(h),  and the anions were distr ibuted in  the 
same manner  as N-1. The proposed crystal structures of the four solids were 
verified by comparing the calculated values of the relative intensities of the 
x - r ay  diffraction lines with the experimental  values. The distr ibution factors 
were defined and were discussed together with the activation energies for 
conduction. 

Studies on solid electrolyte devices have been made 
from various viewpoints. One of the most typical ex- 
amples is solid electrolyte galvanic cells (1-3), and the 
other devices such as memory elements with variable 
resistance (4,5) and solid electrolyte coulometers 
(6, 7) have also been studied. 
Solid electrolytes used in these fields are required to 

have high ionic conductivity at room temperature. As 
the solids satisfying such a requirement, ~-Ag3SI and 
RbAg415 have been recommended for example (8-10). 

~-Ag3SI has a silver ion conductivity of 1.0 • 10-2 
(ohm-crn) -i at 25~ and its activation energy for con- 
duction is very small (4.0 kcal/mole) (8). This mate- 
rial has a so-called average structure, in which three 
silver ions are distributed statistically over twelve 
sites in the {100} plane of the cube (11). RbAg415 has 
a silver ion conductivity of 2.1 • i0 -z (ohm-cm)-1 at 
25~ and its activation energy for conduction is 1.7 
kcal/mole (10). This electrolyte has an average struc- 
ture like that of ~-Ag3SI: sixteen silver ions are sta- 
tistically distributed over seventy-two sites in its unit 
cell (12, 13). 

It is most significant in the above-mentioned fields 
to find various solid electrolytes which exhibit high 
ionic conductivities at ambient temperature and to 
consider a relation between crystal structures and 
electrical conductivities and activation energies for 
conduction. 

* Electrochemical Society Active Member. 
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ductor. 

In  recent years, several materials  possessing high 
ionic conductivities were found in the systems Ag2X- 
AgI-HgI2 (X ---- S, Se,Te) in the authors '  laboratory 
(14-17). It is the purpose of this paper to determine 
their compositions, to analyze their crystal structures, 
and to make clear the relations between the crystal 
structures and the electrical conductivities. 

Experimental 
Preparation of the samples.--The star t ing materials 

were obtained as follows: Ag2S was precipitated by 
passing hydrogen sulfide gas through a solution of sil- 
ver nitrate;  Ag2Se was prepared by means of heating 
the mixture  of silver powder (99.9%) and selenium 
powder (99.99%) in vacuo at 400~ for 36 hr; Ag2Te 
was prepared by means of heating the mixture  of sil- 
ver powder (99.9%) and  te l lur ium powder (99.99%) 
at 420~ for 24 hr in an evacuated sealed glass tube; 
AgI was precipitated by the addition of KI (aq )  into 
AgNO3(aq);  HgI2 was the powder of the guaranteed 
grade reagent. 

In the Ag2S-AgI-HgI2 system, Ag2S, AgI, and HgI2 
were precisely weighed, fully mixed, vacuum-sealed 
in a Pyrex glass tube, and heated in an electric furnace. 
Various conditions were examined beforehand and the 
reaction temperature  and time were fixed at 400~ and 
20 hr. As the reaction products had a tendency to be 
decomposed by moisture and light, they were kept in a 
dark desiccator. 

The systems Ag2Te-AgI-HgI2, Ag2Se-AgI-HgI~, and 
Ag2Se-HgI2 were treated l ike the above system; the 
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reaction temperatures  and times chosen were 300~ 
for 40 hr, 300~ for 20 hr, and 200~ for 48 hr, re- 10 
spectively. 

Conductivity measurement.--The electrode was made 7 
of a mix ture  of the silver powder and the sample in E 
order to reduce the contact resistance at the electrode- ~9 
electrolyte interface (18). The composition was se- ~ 
lected to obtain a high performance. A silver plate was ' E  
used as an electronic collector of silver electrode. Sam- c- 
ples were pressed by 4 tons/cm 2 pressure to form O 
pellets 13 mm diameter  and about 2 mm thick. A set 
of the pellet, the mixed electrode, and the collector was ~'~_~ 0 -! 
compressed by a stainless-steel frame with spring. This > ,  
set was put in  an electric furnace, the  temperature  of "~=, 
which was regulated wi th in  __0.5~ by a thermistor-  t) 
type automatic controller between 20 ~ and 100~ :3 "U 

The electrical conductivities were measured by the r 
use of an a-c bridge using an oscilloscope as a zero- O 
indicator. The frequency was fixed to 1000 Hz. (.9 

Measurement oJ transport number.--Transport n u m -  
bers of ionic conductivi ty solids are measured by the 
methods proposed by Tubandt  (19), Wagner  (20), and 
Mitoff (21). In this paper, the Mitoff emf method was 
employed in which the theoretical emf was calculated 
from the free enthalpy change of the reaction Ag (s) + 
*/2 I2(g) -- AgI(s)  (22). As shown in the previous 
work (23), the mercury  ion conduction was not found. 

X-ray difIraction.--A copper anode tube was op- 
erated at 15 mA and 35 kV. The goniometer scan speed 
was selected to l ~  or */4~ Powdered silicon 
was used as an inner  s tandard mater ial  to correct dif- 
fraction angles. The observed diffraction intensit ies 
discussed later  are the mean values of the diffraction 
lines obtained from a large number  of samples. 

Density measurement.--Density was measured to 
calculate the number  of molecules contained in a uni t  
cell. Toluene was used as a solvent since the samples 
had a tendency to be decomposed by a common alco- 
holic solvent such as n-butanol .  The measurements  
were made using 5.00 cm ~ picnometer  at 25~ 

Results and Discussion 
Ag2S-AgI-HgI'2 System 

Total conductivity.--It was found in this system that  
a mixture  of 33.3 m/o  (mole per cent) Ag2S, 44.4 m/o  
AgI, and 22.3 m/o  HgI2 showed a comparat ively high 
conductivi ty (15, 24). The isoconductivity curves were 
drawn in the three component diagram, and it was 
recognized that a hill was formed near the composi- 
tion of 30 m/o  Ag2S, 55 m/o  AgI, and 15 m/o  HgI2. It 
was suggested that there was a new compound with a 
composition of about (Ag2S)o.3o(AgI)o.ss(HgI2)0.15 in  
the Ag2S-AgI-HgI2 system. 

X-ray di~raction and determination of composition.-- 
X-ray  diffraction pat terns of the high conductivi ty 
sample showed simple lines corresponding to a body- 
centered cubic lattice. The composition range with 
the single phase of body-centered cubic s tructure was 
as follows; (number  of sulfur a t o m ) / ( n u m b e r  of iodine 
atom) = 0.33-0.42 and (number  of mercury  a t o m ) /  
(number  of silver atom) ---- 0.12-0.19. In these ranges, 
the ratio of the number  of the component  atoms was 
determined on the basis of the total number  of anions 
in a uni t  cell being integral  as described in the lat ter  
section. This ratio was A g : H g : S : I  _-- 8: 1:2:6. The mole 
composition of AgsS: AgI: HgI~ was calculated from the 
atomic ratio to be 28.6:57.1:14.3. This compound is 1 
designated N-1. 2 

3 
4 Ionic conductivity.~The A_rrhenius plot of the total s 

conductivi ty of N-1 is shown in Fig. 1. The value at 6 
7 25~ is 1.47 X 10 -1 ( o h m - c m ) - l ;  this is higher than 8 

that of fi-Ag3SI by one order of magni tude and is com- 
parable to that  of RbAg4Is. The conductivi ty curve has 
a good linearity, and the activation energy for con- 
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Fig. 1. Conductivity curves of the four compounds. N - l :  

Ag2.0Hgo.25So.511.5. N-2: Agl.s5Hgo.40Teo.e51t.35. N-3: Agl.so- 
Hgo.45Seo.7011.~o. N-4:  Ag2.0Hgo.5Sel.011.0. 

duction is calculated from the slope to be 2.95 kcal /  
mole which is smaller than that  of fi-Ag3SI. The open- 
circuit voltage of the galvanic cell Aglsample (N- l )  II2 
was 680 mV at 25~ which was nearly equal to the 
theoretical value of 687 mV for AglAgIII2. It  might  be 
said from this that the contr ibut ion of electron to the 
total conductivi ty was very poor. 

Unit celL--It was found from x - ray  diffraction that 
the sample N-1 had a body-centered cubic lattice and 
that the lattice constant  was 4.969A. The in terp lanar  
spacings of N-1 were calculated by the use of the lat-  
tice constant. They are given together with the ob- 
served intensities in Table I. The observed densi ty of 
N-1 was 6.5 and the x - ray  density was 6.70. 

The number  of molecules in the uni t  cell was evalu-  
ated using the lattice constant and the density. With 
respect to N-l ,  one un i t  of Ag2Hg0.25S0.sI1.5 was con- 
tained in a uni t  cell. It should be noticed that  the sum 
of the numbers  of the anion is 2.00 and that of the 
cation is 2.25. It is a we l l -known fact that some com- 
pounds, such as silver chalcogenides, are nonstoichio- 
metric and have electronic conductivity.  The compound 
N-1 is, however, not nonstoichiometric and has high 
ionic conductivity. These facts might  not be easily ac- 
cepted by strict crystallographic theory but  would be 
understood through the following information. 

Rahlfs examined the distr ibution of x - r ay  intensi ty 
for a-Ag2S and concluded that silver ions construct an 
average structure like a-AgI (25). This was confirmed 
by Boettcher et al. (26). According to them, ~-AgsS 

Table I. Indices, calculated interplanar spacings, and the observed 
intensities of x-ray diffraction of Ag2.0Hgo.25So.51z.5 

No. hk l  deal (A) Iobs* 

110 3.813 S 
200 2.485 S 
211 2.026 VS 
220 1.756 MS 
310 1.571 W 
222 1,434 VV~ 
321 1.327 MS 
400  1.242 VW 

* S, s t rong;  VS, v e r y  s trong;  MS, m e d i u m  strong; W, weak ;  VW, 
v e r y  weak ,  
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has a uni t  cell which contains two molecules; two 
anions occupy the sites of body-centered cubic lattice 
and four silver ions are statistically distr ibuted over 
forty-two sites. On the other hand, Reuter and Hardel 
studied the s tructure of a-Ag3SI and reported as fol- 
lows (11): one sulfur and one iodine are statistically 
distr ibuted at the corner and the center of the ele- 
menta l  cell, whereas three silver ions are also ran -  
domly arranged over for ty- two sites. Their conclusion 
was that the s tructure of a-Ag3SI was a disordered 
mix-phase of a-AgI and a-Ag2S. 

These average structures are general ly characterized 
by the fact that the ions in a crystal can occupy many  
more lattice sites than  their numbers  and that they 
are statistically distr ibuted over those sites. From this 
viewpoint, it might  be proposed that  the n u m b e r  of 
cations in a uni t  cell is not necessarily an integer. 

As mentioned above, the sample N-1 has high ionic 
conductivi ty and low activation energy for conduction 
and the crystal system is body-centered cubic. It  was 
suggested from these exper imenta l  results that the 
crystal  s tructure of the sample N-1 was an average 
one. 

Location of i o ~ . - - T h e  space group Im3m was chosen 
among ten groups which were in a cubic system in the 
t ranslat ion group I. Location of ions was assumed to 
be analogous to ~-AgI; cations in the sample N-1 are 
statistically dis t r ibuted over the sets of 6(b) ,  12(d), 
and 24(h) of the space group, as shown in Fig. 6, 
whereas sulfur  and iodine ions are also randomly dis- 
t r ibuted at the corner and the center  of the cube. 

The intensities of the diffraction lines were calcu- 
lated by the usual  formula 

1 + cos 2 2o 
I = A " �9 P �9 F~ [1] 

sin 2 0 �9 cos 0 

where the fractional term contains Lorentz, polariza- 
tion, and geometrical factors, P is the mult ipl ici ty 
term, and A is art absorption te rm which has been 
assumed to be proportional to 0 (27). The structure 
factor term F includes arbi t rary  isotropic tempera ture  
factors. The temperature  factor was neglected for 
a-AgI by Strock (28) and for ~-Ag~S by Rahlfs (25), 
but it was computed for a-AgI using the Debye factor 
B ---- 8.0 by Hoshino (29). Recently, the structure of 
MAg415 was analyzed by Bradley et al. (9); according 
to them, Debye factors for the anion and the cation 
were chosen to be 2.5 and 5.0, respectively. Referring 
to these data, the average Debye factor B was chosen 
to be 3.0 for the anions and  5.0 for the cations in the  
present  calculation. 

The calculated and the observed intensities are given 
for each diffraction line of N-1 in  Fig. 2, which shows 
good agreement. The degree of agreement  between the 
calculated and the observed intensities is quant i ta t ively  
judged from the discrepancy factor 

Zllfo I --iF�9 
R = [2] 

ZIFol 
where Fo and Fc are the observed and the calculated 
s t ructure  factors, respectively. 

The factor obtained is listed in Table II. It might  
be said on the basis of the small  value that the agree- 
ment  is good and that  the previous assumption with 
respect to the average s tructure is reasonable. 

In the third column of the table, the distr ibution 
factor of cations is defined as a ratio of the real n u m -  
ber of cations in a uni t  cell to the number  of the avai l -  
able cation sites in the same cell (for example, in the 
sample N-1 the former is 2.25 and the lat ter  is 42, so 
the ratio is equal  to 2.25/42 _-- 0.054). It might  be said 
that the number  of vacant  sites of cations increases 
with the decrease of the dis tr ibut ion factor of cations 
and that  the disturbance effect of divalent  anions on 
the migrat ion of cations increases with the increase 
of the number  of divalent  anions in a uni t  cell. 

! 
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Fig. 2. Comparison of the calculated and the observed relative 

diffraction intensities of Ag2.0Hgo.25So.511.5. 

These tendencies correspond to the magni tude  of the 
activation energy for conduction. For example, the ac- 
t ivat ion energy for silver ion in  AgBr (140~176 is 
16 kcal /mole which is larger than  that  of N-1 (30). 
The dis tr ibut ion factor of silver ion in AgBr is 1.0 
which is also markedly  larger than  that  of N-1. AgBr 
has a face-centered cubic lattice with rock-salt  type. 
It has been interpreted that the activation energy for 
conduction in such a solid is equal  to the sum of the 
energy for the production of the Frenkel  defect and 
the energy for their migration. In  contrast  to AgBr, 
the compound N-1 has many  structural  defects. It can 
therefore be presumed from these data that  N-1 has a 
negligibly small  energy for the production of cation 
vacancies and that the activation energy for conduction 
consists of the energy for cation migrat ion predomi- 
nantly.  

Ag2Te-AgI-Hgl2 System 
Total conductivity.--The electrical conductivities 

were measured with 5-10 m/o  intervals  and the iso- 
conductivi ty curves were drawn in the three compo- 
nent  diagram in a manne r  similar to the Ag2S-AgI- 
HgI2 system. I t  was observed that  the curves made 
a hill near  the composition of 40 m/o  Ag2Te, 35 m/o  
AgI, and 25 m/o  HgI2. 

X-ray  dil~raction.--X-ray diffraction of the samples 
in the vicini ty of (Ag2Te) 0.40 (AgI) 0.35 (HgI2) 0.25 showed 
a simple phase pat tern  which consisted of the lines 
corresponding to a body-centered cubic lattice. As in 
the case of the  Ag2S-AgI-HgI2 system, the composi- 
tion range with the body-centered cubic lattice in  the 

Table II. Discrepancy factors and distribution factors of cation in 
several compounds 

D i s t r i b u t i o n  
D i s c r e p a n c y  f ac to r  of  

C o m p o u n d  f a c t o r  ca t ions  

N-1 0.0706 0.054 
N-2 0.0522 0.075 
N-8 0.0692 0.075 
N-4 0.0681 0.083 
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reaction products was examined and the ratio of the 
number  of the component  atoms in the above-stated 
sample was determined strictly and the mole composi- 
t ion of Ag2Te: AgI: HgI2 was evaluated from the atomic 
ratio to be 40.6:34.4:25.0. This compound is named 
N-2. 

Ionic conductivity.--The total conductivi ty curve of 
N-2 is shown in  Fig. 1. The value is 9.40 • 10 -2 (ohm- 
cm) -1 at 25~ The conductivi ty curve has a good 
l inear i ty  and the activation energy for conduction is 
calculated from the slope to be 3.24 kcal/mole.  The 
open-circui t  voltage of the galvanic cell with N-2 as 
the electrolyte was 675 mV which suggested that  N-2 
had an ionic t ransport  number  of about unity.  

Unit ceiL--The compound N-2 had a body-centered 
cubic s tructure and the lattice constant  was 5.081A. 
Table III  shows the in te rp lanar  spacings of N-2 to- 
gether with the observed intensities. The observed and 
the x - ray  densities were 6.6 and 6.76, respectively. The 
number  of molecules in the uni t  cell was calculated by 
the use of the lattice constant  and the densi ty to be 
one uni t  of Agl.ssHgo.40Te0.65IL35. As in  the compound 
N- l ,  the sum of the number  of anions was 2.00 and that 
of the cations was 2.25. 

Location of ions . - -The space group Im3m was se- 
lected from the t ranslat ion group I. A pr imar i ly  as- 
sumed structure which was identical with that  of 
a-AgI  failed in agreement  between the calculated and 
the observed intensities. It  is therefore supposed that  
cations in  the compound N-2 are statistically distr ib-  
uted in the sets of 6(b)  and 24(h) of the space group 
as shown in Fig. 6 and that anions are distr ibuted at 
the corner and the center of the cubic lattice. The 
calculated results are shown together wi th  the ob- 
served intensit ies in Fig. 3, where good consistency is 
recognized between them. The discrepancy factor ob- 
tained by means of Eq. [2] is shown in Table II. The 
small  value indicates that  the above-ment ioned as- 
sumption relat ing to the average s tructure is appropri-  
ate. The distr ibution factor of the cation is also given 
in Table II. It is larger than  that of N-1 and corre- 
sponds to the relat ion in the activation energy. 

Ag2Se-AgI-Hgl2 System 
Ionic conductivity.--The mole composition of Ag2Se: 

AgI: HgI2 in  the highest conductivity compound 
was determined by the method used in the cases 
of N-1 and N-2. This single-phase compound, 
(Ag2Se) 0.452 (AgI) 0.258 (HgI2) 0.290 is designated N-3. 

The total conductivi ty curve of N-3 is shown in  Fig. 
1 indicating a good l ineari ty.  The conductivi ty is 1.00 
• 10 -1 ( o h m - c m ) - 1  at 25~ and the activation energy 
is calculated to be 3.34 kcal/mole.  The emf of the cell 
Ag[sample (N-3)[I2 was 677 mV at 25~ which indi-  
cated that the ionic t ransport  number  was near ly  
equal to unity.  

Unit celL--The lattice constant  of N-3 was 4.995A. 
The calculated in terp lanar  spacings are given in Table 
IV together with the observed intensities. The observed 
and the x - r ay  densities were 6.5 and 6.72, respectively. 
It  was found by calculation of the number  of mole-  

Table III. Indices, calculated interplanar spacings, and the 
observed intensities of x-ray diffraction of Agl.85Hgo.4oTeo.9511.35 
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Fig. 3. Comparison of the calculated and the observed relative 

diffraction intensities of Agl.85Hgo.40Teo.05 1 35 

cules that one unit of Agl.8oHgo.45Seo.7oIi.3o was in- 
cluded in a unit cell. 

Location of ions.--When the cations in N-3 are as- 
sumed to be statistically distributed as in a-Agl, the 
discrepancy factor is large which contradicts the above 
assumption. 

In order to minimize the discrepancy factor, a second 
assumption was made as follows; cations and anions in 
N-3 were also randomly  distr ibuted in the same sites 
as N-2. The observed and the calculated intensit ies of 
the diffraction lines are shown in Fig. 4; they are con- 
sistent with each other. The discrepancy factor of 
0.0692 given in Table II suggests that the proposed 
average s tructure is reasonable. The distr ibution factor 
of N-3 is shown in Table II; the factor of the cation 
is equal to that of N-2. 

Ag2Se-Hgl2 System 
Ionic conductivity.--It was found by means of 

conductivi ty measurements  and x - r ay  diffraction 
that another compound in the Ag2Se-AgI-HgI2 sys- 
tem was obtained. The single-phase compound was 
(Ag2Se)0.Tsv(HgI2)0.333 which was named N-4. The 
total conductivi ty curve of N-4 is shown in Fig. 1. The 
activation energy for conduction is 3.58 kcal /mole and 
the emf of the cell Aglsample (N-4)[I2 was 675 mV 
at 25~ comparable to the theoretical value of 687 
mV for Ag[Agl[I2. 

Table IV. Indices, calculated interplanar spacings, and the observed 
intensities of x-ray diffraction of Agl.80Hgo.45Seo.Toll.80 

No. h k l  deal (A)  Iobs* NO. h k l  dca] (A) Iob,* 

1 110 3.693 V S  
2 200 2.540 S 
3 211 2.076 S 
4 220 1.797 M S  
5 310 1.607 W 
6 222 1.467 W 
7 321 1.358 W 
8 400 1.270 V W  

1 110 3.633 S 
2 2O0 2.498 VS  
3 211 2.040 S 
4 220 1.766 MS 
5 310 1.580 W 
6 222 1.442 W 
7 321 1.334 W 
8 400 1.249 V W  

* S, s t r o n g ;  VS ,  very  strong; MS,  m e d i u m  s t r o n g ;  W,  w e a k ;  V W ,  * S, s t r o n g ;  VS,  very  strong; MS,  m e d i u m  s t r o n g ;  W,  w e a k ;  V W ,  
very  w eak .  very  w e a k .  
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Fig. 4. Comparison of the calculated and the observed relative 

diffraction intensities of Agl.8oHgo.4oSeo.7011.~o. 

Unit ceiL--The compound N-4 had a body-centered 
cubic structure whose lattice constant  was 5.000A. 
Table V shows the in te rp lanar  spacings of N-4 to- 
gether with the observed intensities. The observed 
and x - r ay  densities were 6.8 and 7.07, respectively. I t  
was found that one un i t  of Ag~.0Hgo.sSel.oIl.o was con- 
tained in  a un i t  cell. 

Location of ions.--It was supposed that  the cations 
of N-4 were statistically distr ibuted over the sets of 
6(b) and 24(h) of the space group Im3m and the 
anions were distr ibuted at the corner and the center of 
the cube. The calculated intensit ies are shown together 
with the observed intensities in Table II. The small  
value of 0.0681 suggests that the supposed average 
s tructure is reasonable. The observed and calculated 
intensities of the diffraction intensit ies are shown in 
Fig. 5. The dis tr ibut ion factor of N-4 is given in  Table 
II; it is the largest of four compounds. 

Conclusion 
The compounds described in this paper have high 

ionic conductivities at  room tempera ture  and have 
the average structures belonging to the space group 
Im3m. A typical  compound which belongs to the space 
group Im3m and has the average s tructure is the high 
temperature  phase of silver iodide, that  is ,~-AgI. From 
various data  the above-ment ioned compounds have 

Table V. Indices, calculated interplanar spacings, and the 
observed intensities of x-ray diffraction of 

Ag2.oHgo.sSel.oll.o 

No. hkl  deal (A)  lobs" 

1 I I0  3,536 S 
2 200 2.500 VS 
3 211 2.041 S 
4 220 1.768 MS 
5 310 1.581 W 
6 222 1.443 W 
7 321 1.338 W 
8 400 1.250 VW 

* S, strong; VS, ve ry  strong; MS, m e d i u m  strong; W, weak ;  VW, 
v e r y  weak.  
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Fig. 5. Comparison of the calculated and the observed relative 

diffraction intensities of Ag~.oHgo.sSez.olz.o. 

been seen to have modified structures of a-AgI.  That  
is to say, these compounds have structures in which a 
par t  of the si lver sites of ~-AgI is subst i tuted by 
mercuric ion and a part  of the iodine sites of a-AgI  is 
subst i tuted by chalcogen ions. 

The ionic radi i  and  the electrical charges of the com- 
ponent  elements have to be considered in these substi-  
tutions. Mercuric ion has near ly  an equal size to the 
silver ion and both selenium and te l lur ium ions have 
approximately the same sizes as that of iodine, but  
the radius of the sulfur  ion is considerably smaller  
than  that  of the iodine ion. N-2, N-3, and N-4 have, 
however, th i r ty  sites with (b) and (h) of Im3m for 
cation distr ibution and only N-1 has a s tructure ident i-  
cal with that of ~-AgI which contains for ty- two cation 
sites with (b), (d), and (h).  

When the lattice constant  of the body-centered cube 
shown in Fig. 6 is ao, the distances of (b),  (d), and (h) 
from anion sites are 1/2a, 2~/5-/8a, and 3~/278ao, re-  
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Fig. 6. Distribution of cations in space group Im3m. Large dotted 
circles and small circles are anion sites and cation sites, respec- 
tively Q ,  6(b); O ,  12(d); and @, 24(h). 
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Table VI. Interionic distances 

Compound Anion-Anion Anion-Cation 

Ag2.oHgo.~So,sIi.5 4.31 2.48-2,78 
Agl. s~Igo. 4oTeo. esI~. ~ 4.40 2.54-2.69 
Agl. saI-Igo. ~Seo. 7oili 30 4.32 2.50-2, 65 
Ag~.oHgo.sSe~.oIl.o 4.33 2.50-2.65 
a - A g I  4.37 2.52-2.86 
a-AgeS 4.23 2.44-2.74 
~-AE~Se 4.33 2.50-2.79 
a-AgaTe 4.38 2,52-2.82 
$-Ag~SI 4.24 2.51 (Ag-S~ 

3.11 (Ag-I) 
RbAg415 4.56 2.83-2.88 (Ag-I) 

3,63 (Rb-I) 

spectively.  The (d) site is far thes t  from the anion site 
and its appearance  wil l  be influenced by  the size and 
the charge  effect of the anion. 

Table  VI shows the inter ionic distances of these 
compounds together  wi th  those of o ther  compounds 
possessing average structures.  The distances of the  
an ion-anion  in these compounds correspond to the  sum 
of Paul ing ' s  ionic radii ,  while  those of the anion-  
cat ion are  la rger  than the sum of thei r  ionic radii.  The 
la t te r  indicates the pa r t i a l  covalency of the compounds. 
On the other  hand, a s imple corre la t ion is found be-  
tween the act ivat ion energy for conduction and the 
d is t r ibut ion  factors of the  cat ions and the number  of 
d iva lent  anions. F rom these facts, the compounds 
invest igated in this paper  a re  verified to have a modi-  
fied crys ta l  s t ruc ture  of ~-AgI, which gives an impor-  
tant  index to the s tudy on solid electrolyte.  

Manuscr ip t  submi t t ed  Apr i l  25, 1973; revised m a n u -  
script  received J u l y  2, 1973. 

A n y  discussion of this paper  wi l l  appear  in a Discus-  
sion Section to be publ i shed  in the June  1974 JOURNAL. 
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Lithium Anode Cells Operating at Room Temperature in 
Inorganic Electrolytic Solutions 
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ABSTRACT 

Lithium anode electrochemical cells have been operated at room tempera- 
ture using electrolytic solutions of lithium salts in inorganic solvents such as 
phosphorus oxychloride, thionyl chloride, and sulfuryl chloride. Lithium metal 
can be electrodeposited from these solutions accompanied, in the case of 
chlorine-containing electrolytes, by the simultaneous electrogeneration of 
chlorine at the positive electrode. The resulting lithium/chlorine electrochemi- 
cal cells have open-circuit potentials of 4.0-4.3V, depending on the presence 
of excess Lewis acid in the electrolyte. The solvents are compatible with both 
lithium metal and with strong oxidants including chlorine (C12), cupric 
fluoride (CuF2), polycarbon monofluoride (CF),, and tungsten trioxide (WO3) 
which can be used as cathode materials. The solvents themselves, while diffi- 
cult to oxidize, can be electrochemically reduced at various catalytic surfaces 
(such as carbon black and metals) and act as cathode depolarizers. This cata- 
lytic solvent reduction process leads to cells with exceptionally stable voltages 
and energy densities in excess of 500 W-hr/kg. 

We describe in this study a family of inorganic sol- 
vents with which room tempera ture  l i th ium anode 
cells are made. The solvents, l iquid oxyhalides of 
phosphorus and sulfur, are thermodynamical ly  stable 
relat ive to their const i tuent  elements, differing in this 
respect from organic solvents. Some of our solvents 
resemble fused salts in their stabil i ty to chlorine and 
other strong oxidants, the use of which (as depolar-  
izers) becomes possible. Because of this stability 
toward oxidation, the solvents do not i r reversibly de- 
compose when the cells are charged at substantial  
overpotentials. Although l i th ium metal  is stable in 
these electrolytic solutions, the solvents can be elec- 
trochemically reduced at catalytic surfaces and act as 
cathode depolarizers. 

Experimental 
Materials.--Phosphorus oxychloride (POC13) was 

purchased from Baker and Adamson. Commercial  
phosphorus oxychloride is purified by st irr ing over 
l i th ium metal  in a dry ni t rogen or argon atmosphere 
for 24 hr followed by distil lation of purified phos- 
phorus oxychloride from this mixture.  The distillate 
contains <i ppm moisture. Sulfuryl  chloride (SO2C12) 
and thionyl  chloride (SOC12) were purchased from 
Research Organic/ Inorganic  Chemical Corporation 
and purified by the same procedure. Li thium hexa-  
fiuorophosphate (LiPF6), l i th ium tetrafluoroborate 
(LiBF4), f luorographite-A [(CF)n] ,  and fluorograph- 
ite-B [(C4F),]  were purchased from Ozark-Mahon-  
ing Company; and a luminum chloride (A1C13), from 
Rocky Mounta in  Research, Inc. Other anhydrous ma-  
terials used in these studies were purchased from their 
manufacturers  and used without fur ther  purification. 
Southwestern Graphite  Company Grade 1651 Micro- 
crystall ine Graphite and Ashland Chemicals Company 
XC-6310-4 Carbon Black were used as conductive 
additives to cathode materials not having sufficient 
electronic conductivi ty of their own. Shawinigan 100% 
Compressed Acetylene Black was used in catalytic 
cathodes containing carbon alone. Teflon 7C molding 
powder and Teflon 42 emulsion used as cathode binders 
were obtained from du Pont. 

Electrolytic solutions.--The electrolytic solutions 
were prepared either in situ by adding l i th ium halide 
to stoichiometric quanti t ies of A1C13, SbC15, TIC14, 
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ZrC14, SO3, AIBr3, BC13, and BF3 to make LiAIC14, 
LiSbCls, Li2TiC16, Li2ZrC16, LiSO3C1, LiA1Br4, LiBC14, 
and LiBF4, respectively, or by  dissolving anhydrous 
salts such as LiPF6 or LiAsF6 in the purified solvents. 
All operations were conducted inside a fberglass  glove 
box flushed with argon. 

Ceil construction.--Cathodes were constructed by 
pressing a blend of active mater ial  ( typically 80-90%) 
with a conducting additive (usually carbon or graph- 
ite) and binder  (Teflon or polyethylene) onto an ex- 
panded copper or nickel screen in a heated square die 
3.75 cm on each side at 2000 psig for 3 rain. These 
cathodes were then heat sealed in a nonwoven poly- 
propylene envelope and dried in a vacuum oven be- 
fore being transferred to the argon glove box for as- 
sembly into a cell. The anodes were prepared in the 
argon glove box by pressing expanded nickel screen 
onto l i th ium foil, purchased from Foote Mineral  Com- 
pany. The anodes were folded to envelop the cathode 
on both sides. Later, carbon cathodes were prepared in 
a 4 • 8 cm configuration, enveloped with glass mat  
separator and l i thium foil and folded in half. The 
electrodes were placed in polyethylene or Teflon rec- 
tangular  jars of various sizes to contain from 8 to 25 
ml of electrolyte. Open-circui t  voltages and discharge 
characteristics were obtained with the cells in the 
argon glove box since they were not sealed but  only 
covered with a t ight fitting cap. 

Results 
Anodes: stability of lithium to phosphorus and sulfur 

oxyhalides.--Lithium metal  appears visibly stable to 
attack by phosphorus oxychloride at 25~ POC13 forms 
a brown layer on the surface of the metal  upon boiling 
for several hours. Li th ium is more stable to attack by 
thionyl  chloride and sulfuryl  chloride. The metal  does 
not form an observable coating upon boiling for two 
weeks in either of these solvents. 

Passage of current  through phosphorus oxychloride 
solutions of LiBC14, LiA1C14, or Li2ZrC16 results in 
simultaneous electrodeposition of metallic l i th ium and 
electrogeneration of chlorine at carbon, nickel, or plat i-  
num electrodes. The result ing Li/C12 electrochemical 
cells have open-circui t  potentials from 4.0 to 4.3V at 
25~ being higher when  an aprotic Lewis acid (BCI~, 
A1C13, or ZrC14) is present in excess. Prior  to this ob- 
servation Li/C12 cells required the use of fused salt 
electrolytes. 
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Table I. Physical properties of inorganic covalent oxyhalides 

December 1973 

P r o p e r t y  POCla  SOCI~ SO2C12 

M o l e c u l a r  w e i g h t  
M e l t i n g  point ,  ~ 
B o i l i n g  po in t ,  ~ 
D e n s i t y  a t  25~ g / c m  s 
S u r f a c e  t e n s i o n  a t  25~ d y n e s / c m  
V i s c o s i t y  a t  25~ c e n t i p o i s e  
D i e l e c t r i c  c o n s t a n t  
C o n d u c t i v i t y ,  ohm-1  crn-~ 
C r y o s c o p i c  cons tant ,  d e g / m o l e  so lute  
E b u l l i o s c o p i c  cons tant ,  d e g / m o l e  so lute  

153.4 119 135 
+ 1.25 a -- I04 ,5  d + 54.1 e 

+ I05 .8  a + 77 d + 6 9 . 4  e 
1.645 a 1.629 d 1,657 ~ 

3,1.6 ~ 30.8  ~ 28 ,4  e 
1.065 ~ 0.603 d 0.674 '~ 

13.7 (25~ a 9.05 (22~ ~ 9.15 (22~ e 
2 x 10 -s (10~ b 3 x 10 -9 (20~ b 2 x 10 -s (20~ b 
7.68a,~ 
5.47 a 

= R e f e r e n c e  (1).  
b R e f e r e n c e  (2) .  
c T h e  c r y o s c o p i e  c o n s t a n t  is i n c o r r e c t l y  r e p o r t e d  as  76.8 d e g / m o l e  so lu t e  by  Ref .  (3) a n d  (4 ) .  T h e  v a l u e  s h o w n  in  t h e  tab le  h a s  b e e n  v e r i -  

f ied  in  ou r  l a b o r t a r y .  
R e f e r e n c e  (5) .  

�9 R e f e r e n c e  (6) .  

Lithium is also electrodeposited upon passage of 
current  through solutions of l i th ium salts in any of 
the other phosphorus and sulfur oxyhalides. The char-  
acter of the deposits, although not dendritic, is soft 
and spongy. 

Physical properties of the solvents.--The inorganic 
oxychlorides considered in this study are colorless l iq- 
uids, some physical properties of which are listed in 
Table I. Phosphorus oxychloride, thionyl  chloride, and 
sulfuryl  chloride are miscible in all proportions. Phos- 
phorus oxychloride is the stronger Lewis base and is a 
bet ter  solvent for many  electrolytes. The mel t ing point 
of this solvent (1.25~ is higher than  desired for 
many  bat tery applications. A 1:1 mixture  of phos- 
phorus oxychloride and thionyl  chloride, however, re- 
mains liquid to --40~ 

Electrolytes: solubilities and conductivities of solu- 
tions of lithium salts in phosphorus and sulfur oxy- 
halides.--Adequate solubilities of l i th ium salts in  the 
covalent oxyhalides are reached only in salts with 
large anions. The solubili ty of LiC1 in POC13 is only 
0.005 g/ l i ter  (1). We find that the conductivi ty of the 
saturated LiC1 solution is 2.4 X 10-~ ohm - t  cm -1 at 
25~ Lewis acids are usual ly soluble in covalent oxy- 
halides. Seidell (7) and G u t m a n n  (2) list about  30 
Lewis acids which dissolve at high ( > I M )  concen- 
trations. In spite of these solubilities, the acid solutions 
are poor ionic conductors in sharp contrast with protic 
acids. We find that the conductivities of the Lewis acid 
solutions are in the 10 -5 to 10 -4 ohm -1 c m - '  range. 
(For example, the conductivity at 25~ of a 0.3M solu- 
t ion of ZrC14 in POC13 is 2.41 X 10 -5 ohm -1 cm -~ and 
that  of a 2M A1C13 solution in SOC12 is 1.74 • 10 -4 
ohm -1 cm-~) .  While LiC1, a base in the solvent sys- 
tems under  consideration, is relat ively insoluble in the 
pure solvents, it does dissolve in the acid solutions 
(Eq. [1] and [2]) 

POCh + AlCh ~ POCIa: AICI~ ~ POCI~ + q- AICI~- 
[I] 

POCl2 + q- LiCI <-~-Li + -5 POCh [2] 

and the resulting neutral solutions are conductive. The 
concentration and conductivities of some of these solu- 
tions are shown in Table II. LiBCI4 and LiAICI4 yield 
the most conductive solutions in POC13. LiBF4, al- 
though more soluble in POCI3 than either LiBCI4 or 
LiAICI4, seems to be less dissociated. The most con- 
ductive inorganic oxyhalide systems are obtained with 
LiAICI4 solutions in SOC12 where the conductivity 
reaches 2.04 X 10 -2 ohm -I cm -I at 1.73M. The con- 
ductivities of LiAIC14 solutions in SOC12 are shown as 
a function of electrolyte concentrat ion in Fig. 1. 

Some of the electrolytes which dissolve in POC13 are 
practically insoluble in SOC12. LiBF4 and LiPF8 are not 
satisfactory electrolytes in 8OC12. BC13 solutions in 
SOC12 do not dissolve LiC1, showing that the equil ibria 
analogous to Eq. [1] and/or  [2] are displaced to the 
left. A 1.2M solution of LiBC14 can be prepared in 1:1 

Table II. Conductivities of solutions of lithium salts 
in phosphorus and sulfur oxyhalides at 25~ 

C o n d u c t i v i t y  
C o n c e n t r a t i o n  x 103, 

S o l v e n t  E l e c t r o l y t e  (M) ohm-1 cm- I  

POC13 L i P F 6  0.4 3.7 
P O C h  LiAsFB 0.7 5.8 
POC'h  LiA1C14 0.9 7.8 
P O C h  LiSbC18 1.0 2.2 
POCls  Li..,TiC16 1,0 5.7 
P O C h  Li,.,SnCI6 1,0 6.1 
POCL~ L iSOaCl  1.0 2.8 
P O C h  L iAIBr~  1.0 6.3 
P O C h  L i B C h  1.2 8.7 
POCh LiBF4 1.5 1.1 
SOC12 L iA1Ch  1.0 14.6 
SOCI~ L iA1Ch  2.0 20,4 
SOC12 LiSbC16 1.0 12.5 
SO2C12 L i A 1 C h  1.0 7.4 
P O C h : S O C l z  (1:1) L i B C h  1.2 6.0 

volume mixture  of POC13 and SOC12, and the conduc- 
t ivi ty of the solution is only slightly below that of 
LiBC14 in POC13 itself. 

Cathodes and depolarizers.--A group of halogen/  
platinum, halogen/graphite,  38 nonmetal l ic  solids. Six- 
teen metallic systems, and carbon were investigated. 
The nonmetallic solids included sulfur, selenium, metal 
oxides, metal sulfides, metal halides, and carbon fluo- 
rides. The insulators in the group were studied in mix- 
tures with a conductive additive, usually carbon. The 
metals included mercury, titanium, platinum, palla- 
dium, nickel, cobalt, iron, 304 stainless steel, molyb- 
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Fig. 1. Conductivity of equimolar LiCI -I- AlCl3 solutions in SOCI2 
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denum, tungsten, lead, niobium, tanta lum,  manganese,  
silver,  and gold. Graph i t e  and carbon b lack  cathodes 
were also invest igated.  

Chlorine dissolves in phosphorus oxychlor ide  to 
form a 10% solut ion (by weight)  at 25~ and a tmos-  
pheric  pressure.  Bromine  is miscible wi th  phosphorus 
oxychlor ide  (at  25~ in all  proport ions.  The solubi l i ty  
of iodine was not de te rmined  but  was found to exceed 
10% (by weight ) .  

Rela t ive ly  few of the nonmetal l ic  solids screened 
were  s table to and insoluble in phosphorus oxychlor ide  
for the 60 day  per iod of our tests, which were  con- 
ducted at ambien t  tempera ture .  Rapid  react ion with  
the solvent  fol lowed by par t i a l  or complete  dissolution 
was observed in SbF3, BiF~, CrO3, V203, V20~, and 
MnO2. Pb304, PbO2, Ni203, NiO2, CuO, and CoF3 r e -  
acted s lowly and dissolved. NiF2 and PbC12 reacted 
with  the solvent. Chlorani l  and fluoranil  dissolved. 
Nb205, AgI, CuC1, MOO3, Bi203, HgO, NiC12, CuC12, 
CuF2, and Ag2S showed evidence of possible react ion 
or sl ight  solubili ty.  There  was no conclusive evidence 
for ins tabi l i ty  or solubi l i ty  of CuS, NiS, Ag20, AgBr,  
po lycarbon monofluoride (CF) , ,  or po ly te t raca rbon  
monofluoride (C4F), .  HgS, HgC12, Hg2C12, S, and WO3 
were  s table to a t t ack  and insoluble in phosphorus 
oxychloride.  

Cell characteristics.--Li/Cl2 cells.--The charac te r -  
istics of the Li/C12 system were  inves t iga ted  in a series 
of cells of va ry ing  configurations, having pla t inum,  
nickel, or carbon electrodes.  Some of these ut i l ized 
chlor ine  dissolved in the  e lect rolyt ic  solutions, whi le  
others opera ted  l ike fuel  cells using ex te rna l ly  sup-  
pl ied chlorine. 

The Li/POC13:LiBC14/C12 cell appears  to be revers i -  
ble, as indicated by  the electrodeposi t ion of li ' thium 
and the e lec t rogenera t ion  of chlor ine  on p la t inum 
electrodes at potent ia ls  exceeding only s l ight ly  the 
open-c i rcu i t  potential .  The observed emf of the cell  
and the emf es t imated f rom thermodynamic  data  are 
similar.  In  a typical  exper iment ,  a cell  wi th  p la t inum 
electrodes (1 cm 2 each, separa ted  by  0.64 cm),  fi l led 
with 1.SM LiBC14 (having an in te rna l  resistance of 
84 ohms) was r epea ted ly  charged and discharged.  A 
10 m A / c m  2 charging ra te  requ i red  a 5.35V ex te rna l  
potent ia l .  Upon te rmina t ion  of the  charging process the  
open-c i rcui t  potent ia l  of the uns t i r red  cell  was 4.30V, 
dropping  to 4.186V in 5 min and remain ing  steady. The 
drop in potent ia l  could be associated wi th  chlorine 
concentrat ion differences, the chlor ine  forming a 
supersa tura ted  solution on the cathode immedia te ly  
fol lowing charging.  The 4.186V potent ia l  could be re -  
p roduced  in LiA1Cl~-saturated POCla solution upon 
rep lacement  of the e lec t rogenera ted  solution in the  
cathode compar tment  by  a ch lo r ine - sa tu ra t ed  solution. 

Discharge of the Li/C12 cells th rough  va ry ing  ex te r -  
nal  resistances shows a l inear  re la t ionship  be tween  the 
cell  polar izat ion and the current  density.  This polar iza-  
t ion is due p redominan t ly  to e lec t ro ly te  (and separa -  
tor)  resistance.  S imi la r  resul ts  were  obta ined wi th  a 
l i th ium foil and chlor ine  gas suppl ied  th rough  a cy l in -  
drical  porous graphi te  cathode. L i th ium/ch lo r ine  cells 
were  also made  wi th  the other  e lectrolyt ic  solutions 
l is ted in Table II. 
L i / B ~  cells.--Cells s imi lar  to the Li/C12 cells were  
made  wi th  bromides  and bromine.  Thus by  charging a 
LiA1Br4 solution in POC13, a Li/LiA1Br4:POCI3/Br2 
cell  was made.  At  25~ the open-c i rcu i t  po ten t ia l  of the  
cell, which  appears  to be revers ible ,  is 3.7BV. 
Cells with metallic cathodes.--The open-c i rcui t  po-  
tent ia ls  of Li/POC18:LiA1C14/Me cells wi th  sa tu ra ted  
LiA1C14 solutions at 25~ range f rom 2.05 to 2.92V. The 
values  are: Pb, 2.05V; Ta, 2.30V; Ti, 2.50V; W, 2.50V; 
Nb, 2.60V; Pd, 2.70V; Ag, 2.70V; Fe, 2.70V; M_n, 2.70V; 
Mo, 2.75V; Co, 2.75V; 304 stainless steel, 2.80V; Ni, 
2.80V; Pt, 2.90V; Hg, 2.90V; and Au, 2.92V. Current  
densit ies at  50% polar izat ion based on geometr ic  areas  
range  f rom 0.053 m A / c m  2 (Ti) to 0.357 mA/cm~ (Au) .  

The cur ren t  densi ty  for Hg is 0.175 m A / c m  2 at 50% 
polarizat ion.  

Lithium cells with solid nonmetaffic cathodes.--The 
open-c i rcui t  potent ia ls  of the Li /CuF2 cells in phos-  
phorus oxychlor ide  ranged from 3.7 to 4.0V, depending 
on the electrolyte .  The potent ia l  was 4.0V with  LiPF6, 
3.78V with  LiBF4, 3.63V wi th  LiBC14, and 3.66V wi th  
LiA1C14. The discharge curves  of these four cells are  
shown in Fig. 2. Curren t  densi t ies  at  50% polar izat ion 
reach 19 m A / c m  2. Cathode ut i l izat ion efficiencies are  
modera te  to high and depend on the e lec t ro ly te  used. 
The efficiency in the Li/POCI~:LiBC14/CuF2 cell 
reaches 61%. Two voltage p la teaus  are  observed in the 
discharge curve. A Li/POC13:LiBC14/(CF)n cell dis-  
charged  at 1 m A / c m  2 exhibi ts  a single, flat vol tage  
p la teau  at  1.2V. The open-c i rcu i t  potent ia l  of this cell 
is 2.86V. The ut i l iza t ion  efficiency of the (CF)~ cathode 
is 57%. 

The open-c i rcu i t  potent ia l  of the  Li/POC13:LiBC14/ 
WO3 cell is 2.58V. The cathode ut i l izat ion efficiency 
at 1 m A / c m  2 is 120% if reduct ion  to WO2 is assumed, 
an obviously wrong assumption.  The current  densi ty  at 
50% polar izat ion is 12 m A / c m  2. The discharge  cha r -  
acterist ics of this  cel l  at  1 m A / c m  2 are character ized 
by  a single vol tage p la teau  at 2.3V. 

The open-c i rcu i t  potent ia l  of the  Li/POC13: LiBC14/S 
cell  is 3.3V with  a su l fu r -ca rbon  cathode, and 3.1V 
wi th  a su l fu r - s i lve r  cathode. The cathode ut i l izat ion 
efficiency is low (14%).  Discharge character is t ics  of 
these cells are  charac ter ized  by  vol tage  p la teaus  at  
2.3V for the carbon and 1.4V for the s i lver  addit ive.  

The open-c i rcui t  potent ia ls  of L i / (C4F)~  cells in 
POC13 range f rom 3.11 to 3.70V and depend on the 
e lec t ro ly te  used. Their  ca thode ut i l iza t ion efficiency, 
assuming reduct ion of the  cathode to carbon, subs tan-  
t ia l ly  exceeds 100%, reaching 470% at 1 m A / c m  2 in 
LiBC14 in the exper iment  shown in Fig. 3. Typical  cur -  
rent  densi t ies  at 50% polar iza t ion  are 4 m A / c m  2. The 
po ly te t raca rbon  monofluoride cathodes become inac-  
t ive when  discharged against  l i thium. They cannot  be 
used over  again wi th  fresh l i th ium and electrolyt ic  
solution. Expended  cathodes "swell"  to about  twice 
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L i B F 4  ~ - ~  

I " I l I I I 
5 I0 15 20 25 30 
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Fig. 2. Discharge curves of Li/CuF2 cells with fluoride- and chlor- 
ide-based saturated electrolytes. Solutions in POCI3 at 25~ 

m o 
o 

I I 
0 20 40 

TiME (hrs) 
6O 80 

Fig. 3. Discharge curve of a Li/POCI3:LiBCI4/(C4F)n cell at 1 
rnA/cm 2 (28 mA) rate. 
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their original thickness. Atomic absorption spectro- 
scopic analysis shows that they pick up phosphorus and 
lithium. In  ~ I M  LiBC14:POC13 solutions no boron 
from the electrolyte is detected in the spent cathodes. 

L i / (C4F) ,  cells made with a 1:1 POCls:SOC12 sol- 
vent  and an acidic electrolyte consisting of 1M BCI~ 
and 0.8M LiC1 (0.SM LiBC14 plus 0.2M BCI3) have 
open-circuit  potentials from 3.90 to 4.05V. Current  
densities at 50% polarization (2V) range between 3-4 
mA/cm 2. The cells exhibit  flat voltage plateaus at 2.8- 
3.1V for 70-90% of their life when discharged at 1 
mA/cm ~ (28 mA).  A discharge curve typical to these 
cells is shown in Fig. 4. Energy densities of the cells 
range from 194-225 W-hr /kg ,  the weight including all 
cell components other than  the case. Coulombic ca- 
pacities of the cells exceed those expected from reduc- 
tion of (C4F),  to carbon by factors from 2.75 to 3.34. 

Li/SOC12: LiA1C1j (C4F) a cells, with 1-2M LiA1CI4 
solutions in thionyl  chloride by itself exhibit  flat dis- 
charge characteristics, high energy densities, and 
moderate power densities. The open-circui t  potential  
of a Li/SOC12: LiA1C14/(C4F), cell with 1M LiA1C14 is 
3.62V. The cell potential  at a 1 m A / c m  2 discharge rate 
is 3.30V. The potential  remains  constant  through the 
discharge of the cell and drops abrupt ly  when  the cell 
is exhausted. Ninety-s ix  per cent (96%) of the cell's 
energy capacity can be obtained at a 1 mA/cm~ rate 
above 3.0V. The discharge curve of this cell is shown 
in Fig. 5. 

Subst i tut ion of high surface area graphite  or carbon 
black for (C4F),  in the thionyl  chloride cells produces 
similar, and in some cases better, results. Voltage- 
current  characteristics for 50% discharged (C4F),  and 
acetylene black cathodes are shown in Fig. 6. The 
acetylene black cathode is capable of handl ing over five 
times the current  density of (C4F),  in this instance. 
Discharge curves of Li /SOCb:I .8NI LiA1C14/C cells 
with folded 4 • 8 cm cathodes surrounded on both 
sides with l i th ium foil in 8 ml  cases are shown in Fig. 
7 at 1 mA/cm~ (64 mA) and in Fig. 8 at 10 mA/cm~ 
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Fig. 4. Discharge curve of a Li/POCI3:SOCI2(1 :I):LiBCI4/(C4F). 
cell at 1 mA/cm ~ (28 mA) rate. 
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Fig. 5. Discharge curve of 242 W-hr/kg I.i/SOCI2:LiAICI4/(C4F). 
cell at 1 mA/cm 2 (28 mA) rate. 

(640 mA).  These par t icular  cells exhibit  energy den-  
sities of 578 and 408 W-hr /kg ,  respectively. These en-  
ergy densities, like all reported here, include the mass 
of all cell components except the case. 

Discussion 
Stability of lithium in phosphorus oxychloride and 

in thionyl chloride.--It is evident  from the Results 
section that the rate of reaction of l i th ium with the 
inorganic oxyhalides considered is very slow. Since 
l i th ium is sufficiently electropositive to be able to re-  
duce any  of the solvents, we conclude that upon con- 
tact  with the oxyhalides a passivating layer is formed 

(C 4 F ) n  

ACETYLENE 
B L A C K  

I r I I 
0 5 0  100  1 5 0  

CURRENT DENSITY ( m A / c m  2 ) 

Fig. 6. Polarization characteristics of (C4F). and C cathodes vs. 
Li in 1.8M LiAICI4 thionyl chloride solution. 

2 
o > 

,~ 2'0 3'o 4'o 
TIME {hr) 

Fig. 7. Discharge curve of 578 W-hr/kg Li/SOCI2:I.iAICI4/C cell 
at 1 mA/cm~ (64 mA) rate with folded cathode. 
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Fig. 8. Discharge curve of 408 W-hr/kg Li/SOCI2:LiAICI4/C cell 
at 10 mA/cm 2 (640 mA) rate with folded cathode. 
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on the surface of the metal. The na ture  and the sta- 
bil i ty of this passivating layer vary with the solvent 
and with the electrolyte. While l i th ium appears to be 
stable at room temperature  for at least two weeks in 
any  of the oxyhalides discussed, POCI~ reacts with the 
metal  at its boiling point to form a thick brown coating. 
Thionyl  chloride is superior in its stabili ty to reduction 
by li thium. Two weeks of boiling with this solvent has 
no visible effect on li thium, the metal  re ta ining its 
metallic appearance. The addition of thionyl chloride 
to the phosphorus oxyhalides also improves the sta- 
bili ty of the latter. 

Lewis acids, such as BCl~ or A1CI~, exhibit  a corro- 
sive effect on l i thium in  boiling POC13 or SOC12. This 
suggests that  the passivating coating is basic, possi- 
bly the l i th ium salt of a reduced oxyacid. Indeed both 
thionyl  chloride and phosphorus oxychloride can be 
active as cathode depolarizers, being reduced in elec- 
trolytic processes. 

Solvent stability.--The most significant difference 
between the present and the previously reported am- 
bient  temperature  l i th ium cells in which organic sol- 
vents were used is in the stabili ty of the solvents. The 
solvents described in the results are the rmodynami-  
cally stable. All  organic solvents used in l i th ium bat -  
teries are metastable in the thermodynamic sense. Be- 
cause of this, when the systems are per turbed by 
application of a substant ial  overpotential  or by in-  
tense local heat ing the change is irreversible in organic 
electrolyte solutions, but  is reversible in the inorganic 
solutions. In  phosphorus oxychloride, for example, 
charging overpotentials result  in the formation of 
t r ivalent  phosphorus compounds and dissolved chlo- 
rine. These recombine to regenerate the solvent. 

Solubilities and conductivities.--The dielectric con- 
stants of the inorganic solvents under  consideration 
are too low to be adequate to overcome the electro- 
static lattice energies of salts consisting of small  ions. 
However, if the solvents are sufficiently strong co- 
ordinat ing agents (electron pair donors),  large sol- 
vated l i th ium ions can be formed. If the anions are 
also large the electrostatic at traction is sufficiently re- 
duced for the l i thium salts to dissolve, in spite of the 
low dielectric constants. In  all of the present ly  con- 
sidered systems the solubilities and conductivities de- 
pend on the sizes of the anions and on the donor 
strengths of the solvents. 

The l inear increase in the conductivi ty of LiA1C14 
in SOC12 with electrolyte concentrat ion (Fig. 1) shows 
that even in this solvent, having a dielectric constant  
of 9.05 (at 22~ the ions are substant ia l ly  dissociated. 
The addition of Lewis acids by themselves to the oxy-  
halide solvents leads only to conductivities of 10 -4-  
10 -5 ohm -1 cm -~, two orders of magni tude  below the 
10-z-10 -3 ohm -1 cm -1 conductivities of the l i th ium 
salt solutions. We explain this difference in dissociation 
by the ionic size, the acid cations POC12 + or SOC1 + 
being smaller than the solvated l i th ium ions 
[Li(POC13)~] + and [Li(SOC12),] +. As a result, the 
acid solutions consist p redominant ly  of associated ion 
pairs (Eq. [3]). Neutral izat ion of the acids by l i th ium 
salts leads to conductive solutions of dissociated ions 
(Eq. [4]) 

POCI3 .6 AlCl~-> POCla: AlCla ~:~ POCI2 + .6 AIC]4- 
[3] 

LiC1 .6 POCI3:AICIa + (n -- I) POCls 

[Li(POCI3)n] + -6 AIC14- [4] 

The number of solvent molecules solvating the lithium 
cations is less than  six and  probably less than  five as 
evidenced by the a t t a inment  of 2M LiA1CI4 solutions 
in SOC12 and by the a t ta inment  of 1.8M LiBC14 solu- 
tions in POCh (the ratio of solvent molecules to 
l i th ium cations is about 6:1 in the first and about 5:1 
in the second). This value of n is consistent with the 
measurements  of the stabil i ty constants for hydrated  

l i thium ions in propylene carbonate (8), which show 
that the number  of solvating molecules is three or 
more. 

Thionyl  chloride has a lower viscosity than the 
other oxyhalides (0.6 cp at 25~ and is also substan-  
t ially less viscous than  water. The low viscosity and 
the dissociation of ion pairs account for the fact that 
the conductivi ty of 1.73M LiA1C14 solutions reaches 
2.04 • 10 -2 ohm-* cm -1. 

Cathode and cell characteristics.--Li/Cl~ ce l l s . -  
Phosphorus oxychloride is stable to oxidation and is 
compatible with chlorine, bromine, and iodine. The ob- 
served open-circuit  potentials of cells with differing 
electrolytes and varying  Lewis acid concentrations 
range from 4.0 to 4.3V at 25~ These values are in  
reasonable agreement  with the available thermochemi-  
cal data. The free energy of formation (,-%G~ of LiC1 
at 25~ is --91.79 kcal /mole  (9). The free energy of 
dissolution of chlorine in POCI~ has not been re- 
ported; however, for carbon tetrachloride the value is 
.61.09 kcal /mole (10). Assuming a similar value for 
POCI~ the calculated emf for a neut ra l  solution, for the 
simple reversible reaction shown by Eq. [5], is 4.00V 

Li (s) + 1/2C12 (POCI3) ~ LiC1 (s) [5] 

When an excess of a Lewis acid, such as A1Cla is pres- 
ent in the solution (and when the solution is saturated 
in the LiA1C14 electrolyte),  the cell reaction is that 
shown by Eq. [6] 

Li(s) + ~/2C12(POC13) + AICIs(POCI~)~LiAlCl4(s) 
[6] 

Since the free energy of solvation of AICIs and the free 
energy of formation of LiAICI4 are not available, we 
cannot calculate the emi However, since the free en- 
ergy of formation of NaAiCl4(s) from NaCl(s) and 
AICIs(s) is --6.86 kcal/mole (II), an increase in the 
emf of our acidic cells by 0.30V to a maximum of 4.30V 
is not surprising. 

The rates of electrode reactions at both the Li 
anode and the C12(Pt) or CI~(C) cathodes are fast 
(>20 mA/cm2),  as expected for simple electron t rans-  
fer reactions. Polarization of these cells is due to re-  
sistance of the electrolytic solution. At 50% polariza- 
tion the cells deliver ~40 mW/cm% 

Lithium cells with metallic cathodes.--The origin of 
the emf of our Li/POCls:LiA1Cl4/metal  cells (with 
the cathode metal  being any of the 16 listed in the Re- 
sults section) can be either in electrochemical alloying 
or in catalytic reduction of the solvent at the cathode 
surfaces. However, the measured potentials of 2.05- 
2.92V are much above the potentials that  have been 
determined for electrochemical alloying or in cata- 
lytic reduction of the solvent at the cathode surfaces. 
Lewis and Keyes determined the potential  for the 
amalgamation reaction of l i th ium in propylamine in 
1913 and found it to be 0.9457V (12), in agreement  
with the 1968 value of 0.947V of Cogley and Butler  
(13) who used a different solvent. Since the 2.90V of 
the Li/POCls:LiA1C14/Hg cell cannot be explained by 
formation of an amalgam, we conclude that  the re- 
duction of the solvent takes place at the cathode metal  
surface. This reduction leads to the formation of the 
observed LiC1 precipitate and to the formation of 
soluble t r iva lent  phosphorus compounds. 

Li/CuFz celIs.--Assuming that  the reported free en-  
ergies of formation for CuF2 and CuF (--119.28 and 
--41.04 kcal/mole, respectively) (14) are correct, CuF2 
should be reduced directly to metall ic copper, and only 
one voltage plateau should be observed in the discharge 
curve of the cell. The reversible emf for the reaction 
shown in Eq. [7] is calculated to be 3.46V as the free 
energy of formation of LiF at  25~ is --139.5 kcal /  
mole (9) 

Li(s) + I~CuF2(s) ~:ZLiF(s) + Cu(s) [7] 
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However, the measured open-circui t  potentials are 
higher, ranging  from 3.63 to 4.00V depending on the 
electrolyte. The higher than  theoretical open-circuit  
potentials suggest that  reaction [7] is not the only cell 
reaction. A reaction which explains the observed cell 
potentials is the electrolytic reduction of solvent, cata- 
lyzed by the fresh porous copper surface formed upon 
reduction of the CuF2. 

The discharge curve of the Li/POCls:LiBC14/CuF2 
cell as well  as the discharge curves of cells with the 
other electrolytes do not show a stable voltage plateau. 
The lack of such a plateau can be explained by the 
presence of at least two processes, solvent reduction 
and the reduction of cupric fluoride. 

Li/S cells.--The open-circuit  potentials of Li/POC13: 
LiBCl4/S cells are well  above the 2.6V emf for reaction 
[8] (15) 

Li + VzS ~ 1/2 Li2S [8] 

Since our cathodes contained carbon or silver, reduc- 
tion of the solvent at the metal surfaces could be a 
cause for the higher potentials. A reaction in which 
lithium chloride and thiopyrophosphoryl chloride are 
produced according to Eq. [9] 

2Li -{- S + 2POC18 ~ 2LiCI ~- P202SC14 [9] 

may also explain the high emf. (Reaction [9] seems 
plausible in view of the known reaction of hydrogen 
sulfide with phosphorus oxychloride to form hydrogen 
chloride and thiopyrophosphoryl chloride (3).) We note 
that cells with selenium and metal oxide cathodes also 
have higher than expected open-circuit potentials 
probably for related reasons. Indeed, the formation of 
lithium chloride is observed in all of these cells. 

Li/(C~F)n and Li/C cells.--The LiPOCI3:LiBC14/ 
(C4F), cells as well as the Li/POCI3:LiBCh/W03 cells 
exhibit greater coulombic capacities upon discharge 
than can be explained by reactions [I0] and [II] 

1 
- -  (C4F), + e -  -* 4C + F -  [I0] 
n 

WO3 § 2POCI8 ~- 2e- --> WO2 ~- P2OsC14 ~- 2C1- [11] 

These cells also exhibit flat voltage plateaus at 2.2V in 
POCls when discharged at I mA/cm 2. In some cells 
more than 5 faradays are passed per gram atom fluo- 
rine present in the (C4F),. The only component pres- 
ent in our cells which can account for the added cath- 
ode capacity is the solvent itself. The reduction of the 
solvent is indicated by our experiments to be by at 
least a two-electron process. It is possible that the par- 
ticular open graphite-like structure of (C4F), might 
act as a surface upon which the POCI~ or CIsPO:BCIs 
adduct can he electrochemically reduced. A similar 
process occurred with SOCI2 and SO2C12. (C4F)n has a 
planar structure like graphite, but the distance be- 
tween the planes of hexagonally arranged carbon 
atoms is 5.4A (compared with 3.35A in graphite) and 
the carbon planes are in identical positions one above 
each other (instead of offset as in graphite) (16, 17). 
Decomposition of (C4F), results in the formation of 
amorphous carbon; analysis of partially discharged 
(C4F), cathodes by x-ray crystallography revealed 
no structure, the cathodes behaving essentially like 
amorphous carbon. Substitution of carbon black for 
(C4F), in lithium anode cells operating in LiAICI4 
solutions of POCI3, SOCI2, and SO2C12 confirmed our 
hypothesis for catalytic reduction of the solvents. The 
open-circuit voltages were similar to those observed 
with (C4F),~ and the discharge charcteristics improved, 
especially at the high rates, because of the increased 
electronic conductivity and surface area of the carbon 
electrodes. Solvent reduction explains the observed 
open-circuit potentials, as well as the exceptional volt- 
age stability seen in the discharge curves (Fig. 3-5, 
7, 8). Obviously the common mechanism that accounts 
for the increasing in te rna l  resistance or decreasing po- 

tent ial  of conventional  cells, the inbound movement  of 
the reactive cathode layer, is inoperative in  a cell in 
which the solvent is the depolarizer and the cathode 
is fixed. 

The open-circui t  potential  of cells containing SOC12 
(neutra l  solution) is 3.6-3.7V whether  (C4F),  or C 
catalytic cathodes are used. This potential  increases to 
3.9-4.0V in SOC12 solutions containing excess Lewis 
acid (A1CI~ or BC13). The observed reaction products 
in discharged cells include l i th ium chloride, sulfite, and 
sulfur. These products as well  as the observed emf of 
the cells suggest that  the cell reaction is that  shown in 
Eq. [12] for neut ra l  solution 

8Li + 3SOCI~ ~ 6LiCI + Li2SOs + 2S [12] 

The calculated emf for the reaction of Eq. [12] is 3.61V. 
The reactions in acid solution are similar except that 
LiAICl4 or LiBCh rather than LiCI is formed. 

Conclusion 
Inorganic phosphorus and  sulfur  oxyhalides which 

are liquid at room tempera ture  are useful solvents and 
depolarizers in l i th ium cells. Conductivities of l i thium 
salts in these solutions reach 2.04 >< 10 -2 ohm - I  cm - t .  
A broad range of cathodes is compatible with the sol- 
vents, including s trongly oxidizing ones such as C12 (C) 
and sulfur. However, the best cathode electrodes are 
conductive materials, such as polytetracarbon mono-  
fluoride and carbon, which aparent ly  aid the reduction 
of the solvent. With these electrodes, the solvent be- 
comes the depolarizer. Unlike conventional  solid cath- 
odes the distance between the reactive zones of the 
electrodes remains  constant  upon discharge and the 
cells exhibit  exceptional voltage stability. Since the  
electrolytic solution is also the depolarizer, the weight 
of the cathode does not burden  the cell and energy 
densities of 570 W - h r / k g  to 90% of the init ial  voltage 
are realized in simple cells. Furthermore,  the problem 
of l imitat ion of the shelf life by t ranspor t  of the cath-  
ode depolarizer is altogether eliminated. 
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Lithium Inorganic Electrolyte Cells 
Utilizing Solvent Reduction 
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Power Sources Technical Area, United States Army  Electronics Technology and Devices Laboratory (ECOM ), 
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ABSTRACT 

This paper describes a study of room temperature lithium cells employing 
solutions of LiBCI4 in POCI3 and LiAIC14 in SOC12 as electrolytes and poly- 
tetrafluoroethylene (Teflon)-bonded carbon black electrodes as cathodes. A 
novel feature of these cells is that during discharge the solvents, i.e., POCI~ 
and SOC12, are electrochemically reduced and behave as soluble cathodes. 
Sealed prototype cells were fabricated using a polyethylene-polyester laminated 
bag container. Based on total cell weight, a prototype cell yielded an experi- 
mental energy density of 244 W-hr/Ib for a 57-hr discharge rate (20 mA con- 
stant current; 1 mA/cm~ current density). The performance of these cells 
is also compared with the performance of prototype lithium-organic electro- 
lyte-graphite monofluoride and lithium-inorganic electrolyte-tetracarbon 
monofluoride cells. 

Recently, solutions of l i th ium-inorganic  salts (e.g., 
LiBCI~, LiA1C14, etc.) in phosphorous oxychloride 
(POC13) and thionyl chloride (SOC12) have been re-  
ported (1) as electrolytes for room tempera ture  l i th-  
ium-chlor ine  cells. Attempts  also have been made to 
use cathodes other than chlorine gas, e.g., graphite 
fluorides (CF and C4F), metal  halides, metal  oxides, 
etc. (2, 3). Among the various cathode materials  
studied (2, 3), cells with tetracarbon monofluoride 
(C4F) cathodes yielded the highest energy densities. 
It was also reported that  during discharge C4F also 
catalyzes (3) the reduct ion of the solvents, i.e., POC13 
and SOC12, so that coulombic efficiencies far in excess 
of theoretical were obtained. In  the present  studies, it 
is demonstrated that both POCI3 and SOC12 can be 
electrochemically reduced at an adequate rate on un-  
catalyzed carbon black electrodes and behave as sol- 
uble cathodes. Results are presented for prototype 
room temperature  l i th ium-inorganic  electrolyte cells 
using polytetrafluoroethylene (Tef lon)-bonded carbon 
black electrodes as cathodes. Some new data on the 
performance of room temperature  l i th ium-inorganic  
electrolyte-C4F and l i th ium-organic  electrolyte-CF 
cells at current  densities of 1-10 m A / c m  ~ are also pre-  
sented by  way of comparison with the newer  systems. 

Experimental Procedure 
Chemica~s.--The chemicals used in the experiments  

were purified as described. Reagent grade phosphorous 
oxychloride (Fisher Scientific Company) and analyt i -  
cal grade thionyl  chloride (Matheson, Coleman and 
Bell Company) were refluxed over l i th ium metal  for 
a period of 24 hr  and then distilled. Propylene  carbon-  
ate (Eastman Kodak Company, TB : 121~176 at  17 
mm pressure) was dried with 5A molecular  sieves and 
submit ted to vacuum fract ionation at 7 mm Hg. The 
first fraction of 300 mliters  was discarded. Reagent 
grade methyl  acetate (Fisher Scientific Company) was 
used as received. 
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anodes, l i th ium cells, phosphorous oxychloride,  thionyl chloride, 
solvent reduction. 

Reagent grade l i th ium chloride (Fisher Scientific 
Company) was fur ther  purified by heating at 100 ~ 
120~C for a period of 16-20 hr under  a fowing  atmos- 
phere of hydrogen chloride (HC1) gas in a closed 
Vycor vessel. The temperature  was then increased to 
50 ~ above the melt ing point of l i th ium chloride (610~ 
and the bubbl ing of hydrogen chloride gas continued 
for another  4-5 hr. This was followed by bubbl ing  
chlorine gas for another  2-3 hr. The lat ter  t rea tment  
with chlorine gas helped to remove the black organic 
impurities usually found after treatment with HCI gas. 
The excess of hydrogen chloride gas and chlorine gas 
was removed by bubbling argon gas and the tempera- 
ture was gradually lowered to room temperature. The 
anhydrous lithium chloride, so obtained, was stored in 
Pyrex tubes in an inert atmosphere of argon gas. An- 
hydrous lithium tetrachloroalumina'ce (LiAICI4) was 
prepared by mixing weighed amounts [50:50 m/o 
(mole per cent)] of reagent grade lithium chloride 
with iron and water-free Fluka aluminum chloride 
(Columbia Organic Chemical Company) and then 
treated with hydrogen chloride gas and chlorine gas 
according to the prescribed procedure for the purifica- 
tion of lithium chloride. 

Reagent grade lithium perchlorate (K&K Labora- 
tories, Inc.) was vacuum dried and lithium hexafluoro- 
arsenate (U. S. Steel Corporation) was used as re- 
ceived. 

Preparation of electrolytes.--A 1M solution of l i th-  
ium tetrachloroborate (LiBC14) in phosphorous oxy- 
chloride (POCI3) was prepared by adding 21.196g of 
purified l i th ium chloride into distilled 200-300 ml  of 
phosphorous oxychloride. Boron trichloride gas (Re- 
search Organic Inorganic Chemical Corporation) was 
then bubbled into the solution unt i l  the weight  of the 
dissolved boron trichloride gas reached 117.17g. Li th-  
ium chloride is sparingly soluble in phosphorous oxy- 
chloride but  as the requisite amount  of boron trichloride 
gas is added, all of the l i th ium chloride dissolves and 
results in a clear solution. The volume of the result ing 
solution was increased to 500 ml  by adding dis- 
tilled POC13 to yield a 1M solution. It  was found that 
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the  addi t ion of boron t r ichlor ide  can be accomplished 
more  eas i ly  by  first l iquefying the  boron t r ich lor ide  
gas wi th  an ace tone-d ry  ice mix tu re  so tha t  i t  dr ips  
into the phosphorous oxychloride.  

A 1.5M solution of l i th ium te t rach loroa lumina te  in 
th ionyl  chloride, 0.75M solution of l i th ium hexaf luoro-  
arsenate  in methy l  acetate,  and 1M solut ion of l i th ium 
perch lora te  in p ropy lene  carbonate  were  s imply  p re -  
pa red  by  addi t ion of requis i te  amounts  of solutes into 
the  solvents  inside a Dry-Tra in ,  D r y - L a b  (Vacuum 
Atmospheres  Corpora t ion)  in pure  d r ied  argon a tmos-  
phere.  

Preparation of electrodes.~Carbon black cathodes.- 
These electrodes were  p repared  by  making  a paste  of 
81 w/o  (weight  pe r  cent)  carbon b lack  (XC-6310-4, 
Ash land  Chemical  Company)  and 19 w / o  Teflon b inder  
(TFE-f luorocarbon resin dispers ion No. 30, du Pont )  in 
a smal l  amount  of wa te r  (5 ml i t e r s /g  of carbon b lack -  
Teflon b inder  mix tu re ) .  A 0.29-0.45g of the paste was 
then spread  on two sides of a n ickel  gr id  (Exmet  3/0, 
1.25 X 1.25 in.) which had  a prev ious ly  spot welded 
nickel  wi re  lead. The electrode was sandwiched be-  
tween  two Wha tman  No. 42 filter papers  and  pressed 
be tween  two stainless steel  p la tes  at  a pressure  of 
8000 psi using a hydrau l ic  press. The electrode was 
then removed  and vacuum dr ied  at  1100-120~ for a 
per iod  of 24 hr. 

Graphite ]fuoride cathodes.~Graphite fluorides were  
obtained f rom Ozark-Mahoning  Company.  The C4F 
cathodes were  p repa red  by  mak ing  a pas te  of 72.53 w / o  
C4F, 16.77 w/o  carbon black, and 10.89 w / o  Teflon 
b inder  in a smal l  amount  of wa te r  (2.5 ml i t e r s / g  of 
cathode mix tu re ) .  A 0.47-0.77g sample  of the pas te  was 
spread on two sides of the nickel  gr id  and pressed and 
dr ied  as descr ibed above. The CF cathodes were  p re -  
pared  e i ther  by  d ry  or wet  processes. In  the d ry  proc-  
ess method,  a 1-1.47g sample  of the cathode mix tu re  
(80 w / o  CF, 15 w / o  graphite ,  and 5 w /o  Teflon pow-  
der)  was put  on two sides of copper  foam meta l  (1.25 
• 1.25 in.; 0.1 in. th ick) ,  having a previous ly  spot 
welded  copper  wi re  lead, in a die and pressed between 
two stainless steel  plates  using a hydrau l ic  press  at  a 
pressure  of 10,000 psi. The CF cathodes in the wet  
process were  p repa red  according to the  procedure  de-  
scr ibed by  Watanabe  and F u k u d a  (4). The electrodes 
so prepared,  were  d r i ed  at  120~ under  vacuum for a 
per iod  of 24 hr. 

Lithium anodes.~The l i th ium anodes were  p repared  
f rom commercia l  l i th ium r ibbon (0.015 in. thick;  Foote 
Minera l  Company)  s tored in decahydronaphtha lene .  A 
1.25 X 1.25 in. sample  of this  r ibbon was pressed at  
460 psi onto a nickel  screen (Exmet  3/0; 1.25 • 1.25 
in.),  having  a prev ious ly  spot we lded  nickel  wire  lead, 
be tween  two stainless steel  plates  greased wi th  pe t ro-  
leum j e l l y  (Snow White, USP, F isher  Scientific Com- 
pany) .  The finished anodes were  thorough ly  washed 
with  carbon te t rachlor ide  before use. 

Preparation o] ceLls .~The cells were  p repa red  by  
sandwiching the cathode be tween two Viskon non-  
woven rayon separa tors  and placing a l i th ium anode 
on the outside of each separator .  The e lect rode as-  
sembly  was then placed inside a po lye thy lene-po lyes te r  
l amina ted  bag (2.5 • 2.8 in.) conta in ing 2-3 ml i ters  of 
the electrolyte .  The bag was then hea t  sealed so that  
app rox ima te ly  2-3 in. of the e lect rode leads p ro t ruded  
out. Al l  these steps were  comple ted  inside a Dry -  
Train,  D r y - L a b  (Vacuum Atmospheres  Corpora t ion) .  

Instrumentation.--The cells were  discharged at  con- 
stant  cur rents  up to 100 m A  using a precision cur ren t  
source (North  Hills  Electronics,  Inc., Model CS-11).  
For  h igher  constant  currents,  a Kepco Power  Supp ly  
(Model CK8-SM) was used in the cur ren t  mode. For  

this  purpose,  the Kepco Power  Supp ly  was modified by  
placing a var iable  resis tor  in series to obta in  the  de-  
s i red currents.  The vo l tage- t ime  curves were  recorded 

on a Moseley St r ip  Char t  Recorder  (Model 7100B). The 
currents  were  read  on a Weston Mi l l i ammete r  (Model 
901) placed in series wi th  the cell. 

Results and Discussion 
Lithium-inorganic electrolyte cells.~The following 

l i th ium-inorganic  e lect rolyte  cells were  inves t iga ted  

Li  I LiBC14-POC13 (1 molar )  I Carbon b lack  [I] 

Li [ LiA1C14-SOC12 (1.5 molar )  [ Carbon b lack  [II] 

Li  [ LiAICI4-SOCI2 (1.5 molar )  I C4F [III]  

Typical  discharge curves for these cells at different  
cur ren t  densit ies are  presented  in Fig. I-4. The cur ren t  
densi t ies  are  based on the geometr ic  area  of the  ca th-  
ode ( including both sides) which  in most  cases was 
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Fig. 1. Discharge curves for the cell: Li/LiBCI4-POCI~ (1M)/  
carbon black; ~ C.D. 1 mA/cm 2 (20 mA discharge current); 
. . . .  C.D. 2 mA/cm 2 (40 mA discharge current); 
C.D. 3 mA/cm 2 (61 mA discharge current). 
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Fig. 2. Discharge curves for the cell: Li/LIACI4-SOCI2 (1.5M)/ 
carbon black; ~ C.D. ! mA/crn2 (20 mA discharge current); 
. . . .  C.D. 2 rnA/cm 2 (36 mA discharge current); 
C.D. 5 mA/crn2 (100 mA discharge current). 
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Fig. 3. Discharge curves for the cell: LI/LIAICI4-SOCI2 (1.5M)/ 
carbon black; ~ C.D. 10 mA/cm 2 (195 mA discharge cur- 
rent); C.D. 15 mA/cm 2 (300 mA discharge current); 
. . . . . . .  C.D. 20 mA/cm 2 (430 mA discharge current). 
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Fig. 4. Discharge curves for the cell: ti/LiAICI4-SOCl2 (1.SM)/ 
C4F; - -  C.D. I mA/cm 2 (20 mA discharge current); . . . .  
C.D. 2 mA/cm 2 (39 mA discharge current); . . . . . . .  C.D. 5 
mA/cm 2 (118 mA discharge current). 

20 cm 2. The open-circui t  voltages for cells I, II, and III 
were 3.1, 3.65, and 3.65V, respectively, and showed a 
variat ion of less than __ 0.05V in a number  of experi-  
ments. Upon discharge, cell I showed a large ini t ial  
drop in voltage and exhibited a slightly sloping dis- 
charge plateau. In  contrast  to cell I, cells II and III  
showed only a small  ini t ial  drop in voltage and ex- 
hibited exceptionally flat discharge plateaus. Toward 
the end of cell life, cell voltages for cells I, II, and 11I 
declined sharply to zero volt. The discharge curves for 
cells I - I I I  were recorded at successively increasing cur-  
rent  densities unt i l  either the cell voltage plateau fell 
below 2V or the 1-hr rate was reached. For cell I, the 
cell voltage plateau fell below 2V at current  densities 
greater than  3 m A / c m  2 and thus no discharge curves 
are reported for higher current  densities. For cells II 
and III, the 1-hr rate was reached at current  densities 
of 20 and 10 m A / c m  2, respectively. 

The electrochemical reduction of solvents, in solu- 
tions of t r i e thy lammonium chloride in phosphorous 
oxychloride and thionyl  chloride, at p la t inum elec- 
trodes was first reported by Spandau, Beyer, and 
Preugschat  (5). The cathodic product in the case of 
POC13 was found to have the stoichiometric formula 
PO and is believed to be polymeric. The cathodic prod- 
ucts in case of SOC12 were found to be temperature  
dependent  and, at temperatures  above 0~ predomi-  
nan t ly  consisted of SO2, C12, and $2C12. 

The vol tammetr ic  reduction of the solvents in solu- 
tions of LiBC14 in POC13 and LiA1C14 in SOC12 at plat i-  
num, pyrolytic graphite and porous carbon elec- 
trodes was confirmed (6) in this laboratory using the 
techniques of cyclic and rotat ing r ing-disk vol tam- 
metry. Assuming the cathodic reaction products to be 

the same as postulated by Spandau et al. (5), the net 
cell reaction in cell I may be given by the following 
equation 

3Li + POCI~ ~ PO -t- 3LiC1 [1] 

Since SO2 is known (7) to undergo fur ther  reduction 
in anhydrous nonaqueous solvents to dithionate 
( $ 2 0 4 - - )  and C12 to chloride (C1-) (6) ions, the net 
cell reaction in cell II may be given by the following 
equation 

8Li + 4SOC12 ~ Li2S204 + 6LiC1 -t- $2C12 [2] 

Assuming the net  cell reactions given by Eq. [1] and 
[2] to be correct for cells I and II, respectively, the ap- 
proximate free energy changes for reactions [1] and 
[2] are calculated from the open-circuit  voltages to be, 
respectively, --214 kcal /mole of POC13 and --168 kcal /  
mole of SOC12. From these free energy of reactions, it 
would be expected that l i th ium metal  would react 
spontaneously with both phosphorous oxychloride and 
thionyl  chloride. However, in practice, l i th ium metal  is 
extremely stable in  solutions of LiBC14 in POC13 and 
LiA1C14 in SOC12. Li th ium-inorganic  electrolyte cells 
with these solutions have been stored for over two 
weeks without any  appreciable loss of performance. 
The stabili ty of l i th ium metal  in POC13 and sac12 solu- 
tions may be due to the formation of a passivating 
layer of the reaction products which protects it from 
any  fur ther  chemical reaction. 

The end of cell life in cells I and II is caused by the 
passivation of the carbon black cathodes by the ac- 
cumulat ion of reaction products. Thus, at tempts to re-  
generate the cells at the end of cell life by addit ion of 
more electrolyte were not successful. The energy den-  
sities and power densities for cells I and II were deter-  
mined by discharging the cells to zero volt and the 
data are summarized in Table I. The amount  of the 
solvent reduced at the carbon black cathodes was also 
determined from the total discharge t ime by use of 
Faraday 's  law and assuming the cell reactions given 
by Eq. [1] and [2] to be correct. From a knowledge of 
the initial  amount  of the solvent, the per cent solvent 
uti l ization was also calculated at various current  den-  
sities. These data are also summarized in Table I. 

In  cell III, if C4F is considered the active cathodic 
material,  the electrode reactions would be given by the 
following equations 

Anode: L i ~  Li + + e [3] 

Cathode: C 4 F W e ~ 4 C + F -  [4] 

Net cell reaction: Li + C4F ~ 4C + LiF [5] 

Table I. Summary of performance data for lithium-inorganic electrolyte cells 

D i s c h a r g e  C u r r e n t  W e i g h t  of  W e i g h t  of  W e i g h t  of  P e r  c e n t  Tota l  cell  E n e r g y  P o w e r  
c u r r e n t  d e n s i t y  c a r b o n  or  e l e c t r o l y t e  s o l v e n t t  s o l v e n t  w e i g h t  d e n s i t y $  d e n s i t y $  

Cel l  ( m A )  ( m A / c m  2) * C ~  -~ (g) (g) (g) u t i l i z a t i o n s  (g) ( W - h r / l b )  ( W / l b )  

I 20 1"* 0.296 3.482 3.161 35.71 8.45 95 3.2 
40 2** 0.283 3.732 3.388 34.87 6.55 93 6.2 
61 3** 0.265 3.063 2.780 37.86 6.12 87 10.2 

I I  20 1"* 0.365 4.540 3.832 66.02 7.53,1 230 4.1 
20 1 0.223 3.280 2.769 78.55 6.138 244 5.0 
36 2** 0.274 5.200 4.389 54.72 8.285 199 6.6 
40 2 0.258 3.199 2.700 58.52 6.152 170 9.5 

I00  5** 0.244 6.000 4.221 46.27 7.986 156 22.9 
iO0 5 0.213 3.800 3.208 51.89 6.662 160 21.3 
195 10"* 0.325 4.350 3.672 39.13 7.362 124 37.6 
215 11 0.232 3.350 2.828 38.81 6.269 97 42.2 
300 15"* 0.288 5.000 4.221 29.18 8.041 85 45.9 
300 15 0.321 3.173 2.678 27.34 6.249 69 62.7 
430 2 0 " "  0.328 4.660 3.934 22.25 7.788 58 72.5 
400 20 0.221 2.730 2.304 23.11 5.604 47 78.3 

III  20 1"* 0.411 3.124 2.637 55.59 6.369 150 4.5 
39 2** 0.349 3.272 2.762 35.42 8.226 104 9.3 

118 6 0.414 2.870 2.422 32.43 6.149 71 23.7 
100 6"* 0.561 5.610 4.736 17.43 9.015 58 15.6 
186 lO 0.342 2.701 2.280 11.46 5.818 23 36.5 
200 10 0.537 4.957 4.184 9.55 8.365 28 31.1 

* C u r r e n t  d e n s i t i e s  are  b a s e d  o n  t h e  g e o m e t r i c  area ,  i n c l u d i n g  b o t h  s ides ,  o f  t h e  c a t h o d e .  
t D e n s i t i e s  o f  e l e c t r o l y t e s :  1M L i B C h - P O C I ~  = ~1 .73  g / c m ~ ;  1 .5M LiA1C14oSOC12 ~ =1 ,69  g / c m  a. 
$ P e r  c e n t  s o l v e n t  u t i l i z a t i on ,  e n e r g y  d e n s i t y ,  a n d  p o w e r  d e n s i t y  d e t e r m i n e d  b y  d i s c h a r g i n g  ce i l s  to  z e r o  vo l t .  

** T h e  d i s c h a r g e  c u r v e s  f o r  t h e s e  c u r r e n t  d e n s i t i e s  are  p l o t t e d  i n  F i g .  1-4. Ce l l  I :  L i ] L i B C h - P O C h  ( 1 M ) ] C a r b o n  b l a c k ;  cell  I I :  L i [L iA1Ch-  
SOCl2 (1.5M) ]Carbon  b l a c k ;  cel l  I I I :  L i lL iA1Ch-SOCI~  (1.5M) [e lF .  
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Table II. Performance of various carbons as cathodic materials in Li] LiAICI4-SOCI2 (1.5M) ] carbon cells 

B u l k  W e i g h t  C u r r e n t  W e i g h t  o f  W e i g h t  P e r  c e n t  T o t a l  cell  E n e r g y  P o w e r  
d e n s i t y  of  c a r b o n  d e n s i t y *  e l e c t r o l y t e  of  s o l v e n t s  s o l v e n t  w e i g h t  d e n s i t y $  d e n s i t y $  

C a r b o n  s o u r c e  ( g / c m  3) (g) ( m A / c m  2) (g) (g) u t i l i z a t i ons  (g) ( W - h r / l b )  (W/ lb )  

C a r b o n  b l a c k  0.06 0.365 1 4.54 3.832 66.0 7.531 230 4.1 
( A s h l a n d  C h e m i c a l  Co.) 0.06 0.274 2 5.20 4.389 54.7 8.285 199 6.6 

S h a w i n i g a n  B l a c k  0.068 0.327 1 5.21 4.395 67.9 8.160 258 4.3 
{ S h a w i n i g a n  C h e m i c a l s  L td . )  0.068 0.353 2 4,94 4.168 55.3 7.941 t97  8.9 

D a r c o  C a r b o n  G-60  0.286 0.897 1 5.29 4.464 65.1 9.120 188 2.9 
(At las  C h e m i c a l  Ind . )  0.286 1.066 2 4.99 4.207 35.0 8.922 99 8.0 

C h a r c o a l  A c t i v a t e d ,  N .F .  0.290 0.694 1 5.14 4.338 49.9 6.831 136 3.2 
(S. B. P e n i c k  & Co.) 0.290 0.685 2 5.25 4.433 32.0 8.922 81 5.2 

* C u r r e n t  d e n s i t i e s  a r e  b a s e d  on  t h e  g e o m e t r i c  a rea ,  i n c l u d i n g  b o t h  s ides ,  of  t h e  ca thode .  
t D e n s i t y  of  e l e c t r o l y t e :  1.5M LiA1C14-SOCI.~ = ~1 .69  g /cm~.  
$ P e r  c e n t  s o l v e n t  u t i l i z a t i o n ,  e n e r g y  d e n s i t y ,  a n d  p o w e r  d e n s i t y  d e t e r m i n e d  b y  d i s c h a r g i n g  ce l l s  to z e r o  vol t .  

Considering the net  cell reaction for cell III to be 
given by Eq. [5], the amount  of C4F reduced was de- 
termined from the total discharge t ime by use of Fara-  
day's law. Knowing the ini t ial  amount  of C4F used, 
the per cent cathodic efficiencies at current  densities of 
1, 2, and 5 mA/cm 2 were calculated to be of the order 
of 402, 316, and 214%, respectively. Such high cathodic 
efficiencies indicate that  even at C4F cathodes, the main  
cathodic reaction is probably the reduction of the sol- 
vent. Taking the net cell reaction to be given by Eq. 
[2], the per cent solvent uti l ization at C4F cathodes at 
various current  densities was determined as described 
above. The energy densities and power densities for 
cell I II  were also determined. These data are also 
summarized in Table I. 

From the data presented in Table I, it is seen that  
l i th ium-inorganic  electrolyte cells employing 8OC12 as 
the solvent yield higher energy densities as well  as 
power densities as compared to the cells employing 
POCls as the solvent. For cells based on SOC12, higher 
per cent solvent uti l ization as well as energy densities 
and power densities are obtained by using carbon black 
instead of C4F as the cathodic material.  Further ,  for 
cell II, 90% or more of the total cell capacities are 
delivered at cell voltages of 3V or higher at lower 
current  drains (1-10 mA/cm2).  

Since the l i th ium-inorganic  electrolyte cells discussed 
above are based solely on the reduct ion of the inor-  
ganic oxychloride solvent, i.e., POC13 and SOC12, these 
cells do not require the use of any  addit ional active 
cathode material.  The reduct ion of the inorganic oxy- 
chloride solvent can presumably  be achieved at other 
inert  cathode materials.  However, the highly developed 
surfaces of the cathodes used in this study are required 
for practical performances. The results reported in 
Table I were obtained by using carbon black (Ashland 
Chemical Company) as the cathodic material.  How- 
ever, several other types of carbon obtained from dif- 
ferent sources were also used as cathodic materials  in 
the Li/LiA1C14-SOC12 (1.SM)/C type cells. The pre-  
parat ive techniques for these cathodes were the same 
as those already described for carbon black cathodes. 
Due to the higher bu lk  density of some of these carbon 
powders, the weight of the carbon in  the cathodes was 
2-3 times higher than the weight of carbon black in 
cathodes of approximately identical size and thickness. 
The comparative performance of the various carbons 
was studied at discharge current  densities of 1 and 2 
m A / c m  2. The data are summarized in  Table II. 

I t  is clear from the data presented in Table H that  
the highest per cent solvent uti l ization as well  as 
energy densities and power densities are obtained with 
carbon black cathodes (Ashland Chemical Company 
and Shawinigan Chemicals Ltd.).  The reasons for the 
superior behavior  of carbon black as the cathodic 
mater ial  as compared to other types of carbon are not 
yet  understood in  detail but  probably involve such 
physical properties as porosity, wettabil i ty,  and solvent 
absorption. 

In  the s tudy of l i th ium-inorganic  electrolyte cells 
discussed above, no at tempt was made to optimize the 
weights of carbon black in the cathodes or the amount  

of electrolyte in the cells. The data presented in Table 
I, therefore, only demonstrate  the feasibility of l i th-  
ium-inorganic  electrolyte cells as a viable power 
source and show the relative energy densities, power 
densities, and current  carrying capabilities that  can be 
achieved from these systems. It is believed that even 
higher per cent solvent uti l ization as well as energy 
densities and power densities can be achieved by a 
careful optimization of the weights of carbon black 
vis-a-vis  the weights of the electrolyte in each of the 
cells studied. 

Lithium-organic electrolyte cells.--The following 
typical  l i th ium-organic  cells were investigated to pro- 
vide a direct comparison of their  performance with the 
l i th ium-inorganic  electrolyte cells under  identical  ex- 
per imenta l  conditions 

Li I LiC104 -- Propylene carbonate (1 molar)  I CF [IV] 

Li I LiAsF6 -- Methyl acetate (0.75 molar)  I CF [V] 

The electrode reactions in cells IV and V may  be rep-  
resented as 

Anode: Li-~ Li + + e [6] 

Cathode: C F + e - ~ C + F -  [7] 

Net cell reaction: Li + CF-~ C + LiF [8] 

Typical discharge curves for cells IV and V at various 
current  densities are presented in Fig. 5 and 6, respec- 
tively. Both cells showed an open-circui t  potential  of 
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Fig. 5. Discharge curves for the cell: Li/LiClO4-propylene carbon- 
ate (1M)/CF; . C.D. 1 mA/cm 2 (20 mA discharge current); 
. . . .  C.D. 2 mA/cm 2 (50 mA discharge current). 
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Fig. 6. Discharge curves for the cell: Li/LiAsF6-methyl acetate 
(0.75M)/CF; - -  C.D. 1 mA/crn 2 (20 mA discharge current); 
. . . .  C.D. 2 mA/cm 2 (40 mA discharge current); 
C.D. 5 mA/cm 2 (100 mA discharge current). 
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Table III. Summary of performance data for lithium-organic electrolyte cells 

D i s c h a r g e  C u r r e n t  C a t h o d i c  E n e r g y  P o w e r  
c u r r e n t  d e n s i t y f  W e i g h t  of  e f f ic iency$  T o t a l  cell  d e n s i t y $  d e n s i t y t  

Ce l l  ( m A )  ( m A / c m  ~-) CF  (gD (%)  w e i g h t  (g) ( W - h r / l b )  ( W / i b )  

I V  20 1" 0.804 124.5 7.647 80 1.9 
50 2" 1.117 135.5 7.855 45 3.8 

V 20 I* 1.142 86.1 7.351 119 2.6 
40 2"  1.110 101.1 7.432 118 4.8 
60 3 1.177 1 0 ~ 4  7.672 118 6.7 

100 5" 1.10O 90.5 7.186 98 11.4 
176 10 0.915 111.3 7.612 79 15.8 
293  15 1.037 94.8 7.444 - -  - -  

t C u r r e n t  d e n s i t i e s  are  b a s e d  on  t h e  g e o m e t r i c  areas ,  i n c l u d i n g  b o t h  s ides ,  o f  t he  c a t h o d e .  
$ C a t h o d i c  e f f i c iency ,  e n e r g y  d e n s i t y ,  a n d  p o w e r  d e n s i t y  d e t e r m i n e d  b y  d i s c h a r g i n g  cel ls  to ze ro  vol t .  
* T h e  d i s c h a r g e  c u r v e s  for  t h e s e  c u r r e n t  d e n s i t i e s  a r e  p lo t t e d  in  Fig .  5-6. Cel l  IV :  L i ~ L i C I O 4 - P r o p y l e n e  c a r b o n a t e  (1M)[CF;  cell  V: 

L i l L i A s F 6 - M e t h y l  a c e t a t e  (0 .75M)[CF.  

3.45V and exhibited somewhat flat discharge plateaus. 
At current  densities higher than 1 m A / c m  2, discharge 
plateaus for cell IV fell well  below 2V whereas cell V 
could be discharged at cell voltages of 2V or higher, 
up to current  densities of 10 m A / c m  2. The cathodic 
efficiencies, energy densities, and power densities for 
cells IV and V were calculated from the experimental  
data by discharging the cells to zero volt. The results 
are summarized in Table III. The cathodic efficiencies 
in cell V were close to 100% but  were of the order of 
124-135% in cell IV. The higher cathodic efficiencies in 
cell IV have been at t r ibuted (8) to a slight reduction 
(9) of propylene carbonate following the reduction of 
graphite fluoride. However, unl ike the l i th ium- inor -  
ganic electrolyte cells I-III,  the electrochemical reduc- 
tion of the solvent, Le., propylene carbonate, in cell IV 
occurs (9) at a voltage of less than  1V and thus does 
not  contr ibute significantly to the over-al l  energy den-  
sities. 

From a comparison of the energy density and power 
density data presented in Tables I and III, it is seen 
that the l i th ium-inorganic  electrolyte cells based on 
SOCI2 yield higher energy densities as well as power 
densities and current  carrying capabilities than those 
obtained from l i th ium-organic  electrolyte cells. 

Summary and Conclusions 
The l i th ium-inorganic  electrolyte cells were invest i-  

gated and shown to possess higher energy densities 
and power densities as well  as bet ter  current  carrying 
capabilities as compared to the l i th ium-organic  electro- 
lyte cells studied. The l i th ium-inorganic  electrolyte 
cells consist of a l i th ium anode, solutions of LiBC14 
in POC13 or LiA1C14 in SOC12 as electrolytes, and poly- 
tetrafluoroethylene (Tef lon)-bonded carbon black cath- 
odes. I t  was also shown that the l i th ium-inorganic  
electrolyte cells are solely based on the electrochemi- 
cal reduct ion of the solvents, i.e., POC13 or SOCI~ and 

thus do not require the use of any active cathode ma~e- 
rials. The l i th ium-inorganic  electrolyte cell, Li/LiA1C14- 
SOC12 (1.5M)/carbon black was found to be superior 
in performance to other l i th ium cells studied and 
yielded an exper imental  energy density of the order 
of 244 W - h r / l b  for a 57-hr discharge rate (20 mA con- 
stant  current;  1 m A / c m  2 current  densi ty) .  

Acknowledgment 
The authors wish to thank  Miss Rose V. Rinaldi of 

this Laboratory for her many  helpful suggestions. 

Manuscript  submit ted March 28, 1973, revised manu-  
script received June  15, 1973. This was Paper  59 pre-  
sented at the Boston, Massachusetts, Meeting of the 
Society, Oct. 7-11, 1973. 

Any  discussion of this paper wilI appear in a Discus- 
sion Section to be published in the June  1974 JOURNAL. 

REFERENCES 
1. J. J. Auborn,  A. Heller, and K. W. French, Proc. 

25th Power Sources Syrup., 25, 6 (1972). 
2. J. J. Auborn,  K. French, and A. Heller, Quar ter ly  

Report ECOM-0060-1, Contract No. DAAB07-72- 
0060 (ECOM), GTE Laboratories, Inc., Apri l  1972. 

3. J. J. Auborn,  K. French, A. Heller, S. Lieberman, 
and V. Shah, Quarter ly  Report ECOM-0060-2, 
Contract No. DAAB07-72-C-0060 (ECOM), GTE 
Laboratories, Inc., Ju ly  1972. 

4. N. Watanabe and M. Fukuda,  U.S. Pat. 3,536,532, 
(Oct. 27, 1970). 

5. H. Spandau, A. Beyer, and F. Preugschat, Z. Anorg. 
Altgem. Chem., 306, 13 (1960). 

6. W. K. Behl and J. A. Christopulos, To be published. 
7. R. P. Mart in  and D. T. Sawyer, Inorg. Chem., 11, 

2644 (1972). 
8. H. F. Hunger  and G. Heymach, This Journal, 120, 

1161 (1973). 
9. A. N. Dey and B. P. Sullivan, This Journal, 117, 222 

(1970). 



Chemical and Electrochemical Behavior of 
Lithium Electrodes in Dimethyl Sulfite, Electrolytic Solutions 
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Energy and Kinetics Department, School of Engineering and Applied Science, 

University o~ California, Los Angeles, California 90024 

ABSTRACT 

Li thium has been shown to be chemically stable in dry  LiC104-dimethyl 
sulfite solutions. If water  is present above 20 ppm, the l i th ium reacts with 
the solution to form hydrogen gas and Li2SO~. Li th ium electrodes are shown to 
exhibit  two levels of electrochemical activity in  LiC104-dimethyl sulfite solu- 
tions. The lower exchange current  densities are a t t r ibuted to film formation 
on the l i th ium due to trace water  concentrations. For water  concentrat ions 
below 500 ppm, the film can be removed by a 20 sec, 20 m A / c m  2 anodic pulse. 
The exchange current  density, io, on a film free surface is 15 m A / c m  2 for a 
1.12M LiC104 solution. The transfer  coefficient, ~, is 0.49. 

Li thium metal  is an at tract ive choice as a bat tery 
negative because of its low equivalent  weight and its 
chemical behavior as a strong reducing agent. Begin-  
ning in the 1960's, studies were under taken  to find 
solvent-electrolyte systems in which l i thium was stable 
and behaved electrochemically in a reversible manner  
(1,2).  

Studies in 1M LiClO4-propylene carbonate (PC) by 
Burrows and Jasinski  (3) indicate that the Li /Li  + 
electrode behaves as a suitable reference electrode. 
Cogley and Butler  (4) have shown l i thium amalgam 
electrodes to be reversible in l i th ium chloride-dimethyl  
sulfoxide (DMSO) solutions. Butler  et al. (5) have 
shown that in LiCIO4-PC solutions the exchange cur-  
rent  density for the Li /Li  + electrode decreases with 
increasing water  content. They also observed that for 
constant water content the exchange current  density 
decreased with time following a current  pulse. These 
experiments  did not allow a distinction between the 
effects of recrystall ization of the cold-worked surface 
or film formation on the surface. Early studies of the 
effects of water in nonaqueous electrolytic solutions (6) 
dealt main ly  with cathodic deposition of lithium. 

Burrows and Kirk land  (7) showed that  strong com- 
plexing between Li + and water  present  in quanti t ies 
below 500 ppm decreased the activity coefficient of the 
water. They also detected a film on the l i thium surface 
which was postulated to be LiOH. Dey (8), working in 
LiC104-PC solutions, also observed a film on the l i th-  
ium surface which could be removed by anodic polar-  
ization. Dey reports the film composition may be Li2CO3 
and that the l i th ium ion has a t ransference number  of 
one in the film. Scarr (9), also working in  LiC104-PC 
solutions, has shown that, depending on pretreatment ,  
l i th ium electrodes exhibit  two levels of electrochemical 
activity. The observed behavior  was believed due to a 
film which can be removed at high current  densities 
and whose formation is sensitive to water  concentra-  
tion. Jackson and Blomgren (10) have also considered 
the effects of possible film formation on l i thium elec- 
trode behavior. 

Meibuhr  (11, 12) examined the kinetics of the solid 
l i thium electrode in LiC104-PC as a function of tem- 
perature. For the range of current  densities, tempera-  
ture, and LiC104 concentrations studied, the anodic and 
cathodic polarization data were symmetrical.  No men-  
tion of film formation or dual activity was made. 

The possible existence of a protecting film on the 
l i thium surface suggests two types of stability. The 
film can protect the l i th ium from chemical reaction 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
1 P r e s e n t  addres s :  G l o b e - U n i o n ,  Inc.,  M i l w a u k e e ,  Wiscons in  53201. 
K e y  w o r d s :  ba t t e r i es ,  l i t h i u m ,  d i m e t h y l  sulf i te ,  n o n a q u e o u s  elec-  

t ro ly t i c  so lut ions .  
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with the solvent dur ing inactive times. However, elec- 
trochemical stabil i ty or lack of corrosion reactions 
dur ing cathodic or anodic operation of a l i th ium elec- 
trode must  be considered separately. The existence of 
this electrochemical stabili ty might  be demonstrated 
by (i) reversible or Nerns t - type  response to changes 
in l i th ium ion concentration, (ii) extended anodi ~. and 
cathodic polarization tests in which no decomposition 
products can be detected, and (iii) cyclic tests which 
yield high coulombie efficiency for anodic dissolution 
and cathodic deposition. 

It has been demonstrated (13-16) that dimethyl  sul-  
rite (DMSU) is a potential ly useful, nonaqueous bat-  
tery solvent. In the present  study, two aspects of the 
behavior of l i thium in electrolytic solutions in dimethyl  
sulfite have been investigated. The chemical stabili ty 
of l i th ium in DMSU-LiC104 and DMSU-LiCF3SO solu- 
tions containing controlled amounts  of water  below 
3000 ppm has been measured including analysis of re-  
action products. The electrochemical stabili ty has been 
measured with special emphasis on the effects of trace 
amounts  of water, the exchange current  density, and 
characterization of film formation on l i th ium electrodes. 

Experimental Equipment and Procedure 
All experiments  were performed in a VAC dry box 

equipped with oxygen, nitrogen, and water  removal  
t rains in an argon recirculat ing atmosphere. The tem- 
pera ture  of the dry box was main ta ined  at 28 ~ _ l~ 
with an auxi l iary heater  and controller. The chemical 
s tabil i ty tests were r un  on six systems: (i) DMSU- 
lithium, (ii) DMSU-lRhium-LiC104, (iii) DMSU-l i th-  
ium-LiCF3SO3, (iv) DMSU-lithium-LiCF3SO~-H20, 
(v) DMSU-li thium-LiC104-H20, and (vi) DMSU-l i th-  
ium-H20.  The first three systems had water  contents 
of about 50 ppm as determined by Kar l  Fischer t i t ra-  
tion (13, 17-19). Known amounts  of water  were added 
to the solutions and t i t rat ion procedures standardized. 
The last three systems contained less than 3000 ppm 
water. Two types of cells and procedures were used to 
determine chemical stability. The first was a glass ves- 
sel from which liquid samples could be wi thdrawn per-  
iodically by insert ing a syringe through a rubber  port. 
The solution did not contact the rubber  directly. No 
degradation of the rubber  was observed. Water  content  
of the samples was measured and  recorded as a func-  
tion of time. The second cell was also a glass vessel 
arranged so that gas evolution from the system could 
be monitored quant i ta t ive ly  with time. The gas was 
collected by displacement of vacuum pump oil in an 
inverted burette. The gas samples were analyzed using 
a mass spectrometer. The white precipitate which 
formed was analyzed as summarized in  the Results 
section. The cells contained approximately 100 ml  



Vol. 120, No. 12 L I T H I U M  ELECTRODES IN D I M E T H Y L  S U L F I T E  1625 

of solution to which 2g of freshly cut l i th ium rod, diced 
to Ys-in. cubes, were added. 

The electrochemical polarization tests were made 
using a l i th ium wire  as the reference electrode. Data of 
Burrows and Jasinski  (3) and Meibuhr  (11) indicated 
that  l i th ium behaves as a suitable reference electrode 
in  LiC104-PC solutions. It was also found to work well  
in  DMSU solutions as shown in  the Results section. 

Li th ium electrodes were prepared by insert ing a 
freshly cut l i th ium disk into a heavy wall  glass tube 
of about 1 cm ID. The tube containing the l i th ium disk 
w a s  placed on a clean, polished, fiat nickel plate. While 
the tube was firmly held against the plate, a rod was 
inserted from the top of the tube and pressed against 
the l i th ium disk. The pressure caused the l i th ium to 
flow to meet  the wal l  of the tube providing a l iquid 
tight seal and a flat l i th ium surface of well-defined 
surface area. The electrode was stored in a vacuum 
container  inside the dry box unt i l  the experiments  
were run.  

Some experiments  were run  by dipping the electrode 
holder directly into the electrolytic solution. However, 
nonuni form cur ren t  distr ibution and difficulties in cor- 
recting for resistance losses in the solution arise for 
this geometry (20). In  order to realize uniform current  
density and a negligible resistance loss, a special cell 
was buil t  to hold the electrode as shown in Fig. 1. 
This cell is similar to one described by Kahan  et al. 
(21). The reference electrode was in side compartment  
D. The liquid junct ion  contact between the main  com- 
par tment  and the reference electrode compartment  was 
in the plane of the test electrode along ledge F. I n  
order to el iminate concentrat ion polarization, pulse 
currents  were applied. The pulses were long compared 
to double layer  charging times and short compared to 
the t ime  needed for significant concentrat ion changes 
to occur at the test electrode face. 

Li th ium is known to attack glass at elevated tempera-  
tures. However, for the durat ion of these experiments  
at room temperature,  no attack of the glass was noted. 

Continuous polarization experiments  were performed 
in a cell filled with 100 ml of solution containing 
previously measured concentrations of water  and elec- 
trolyte. The solution was stirred with a coated, magnetic 
s t i rr ing bar. No significant tempera ture  variations (less 
than  +_ l~ were observed when  a thermometer  was 
placed next  to the cell. A Luggin capil lary tube  con- 
taining a l i th ium reference electrode was placed at the 
edge of the disk in the plane of the disk. The working 
electrode was pulsed with an anodic current  of 20 
m A / c m  2 for 10 sec to remove any film. The counter-  
electrode was a 0.5 X 0.065 in. l i th ium r ibbon cylinder 
(Foote Mineral  Company) at the bottom of the cell. 

D 

~ E  

F 

Fig. I .  Cell design for uniform current distribution and JR-free 
polarization measurements. A = electrode contact wire, B = elec- 
trode holder, C = electrode specimen, D = reference electrode, 
E = positioning tube, F = precision ground ledge, G - -  same 
diameter as specimen. 

Current  was increased anodically or cathodically and 
then decreased back to zero. Less than 30 sec were 
needed to establish steady state for each reading. Ohmic 
potential  corrections were made as described elsewhere 
(2O). 

Micropolarization current  pulse experiments were 
performed using the complete cell assembly shown in 
Fig. 1 dipped into a container holding about 100 mliters 
of solution. Galvanostatic pulses of 1-10 msec with a 
rise t ime of 5 ~sec were applied. The potent ial  between 
the reference and working electrode was observed on 
an oscilloscope. Clear separation between double layer 
charging and the beginning of concentrat ion overpo- 
tential  was obtained. No mass t ransfer  effects were 
observed unt i l  t imes greater than  20 msec at 2 m A / c m  2. 
Prior  to the test pulses, an anodic pulse of 20 mA/cm ~' 
was general ly applied for 20 sec to remove any film 
unless behavior in the presence of a film was being 
examined. 

Fur ther  details of the exper imenta l  equ ipment  and 
materials  are available elsewhere (22). 

Results 
The chemical stabili ty of l i th ium in a 1.2M LiC104 

solution in DMSU containing 1000 ppm water  is charac- 
terized by the gas evolution rate following l i thium 
addit ion to the solutions. The ini t ial ly shiny l i th ium 
surface began to tu rn  dull  2-8 hr after l i th ium was 
added, depending on init ial  water  content, and a white 
precipitate began to form. After  five days, the rate of 
gas evolution was too slow to detect. Freshly cut l i th-  
ium was added to the solution at the end of 200 hr. No 
fur ther  reaction could be detected. The LiCIO4 solu- 
tions were colorless. Similar  experiments  with LiCFs- 
SOs produced solutions which were light yellow. A 
mass spectrometer analysis of the gas showed it to 
contain 60% hydrogen, trace quanti t ies of ethane or a 
molecule which behaves similarly to e thane in a mass 
spectrometer, and the rest  argon. The rate of gas evolu-  
tion depends on st irr ing rate, suggesting a liquid phase 
diffusion step is rate limiting. 

The quant i ty  of gas collected as a funct ion of the 
water ini t ial ly present  in  the solution is shown in 
Table I. The near ly  constant  ratio of 22.4 liters of gas 
per mole of water  indicates that one mole of water  
was producing one mole of hydrogen in  the reaction 
which was being observed. 

In  separate experiments,  the water  content  was 
measured as a function of t ime as shown in Fig. 2. 
After five days the water content  was below the de- 
tection l imit  of 10-20 ppm. 

A series of tests were run  to determine the compo- 
sition of the white precipitate. The results are sum- 
marized in Table II. In  each case the test was specific 
for Li2SO3. It  may be that  the l i th ium sulfide was 
hydrated, the tests were not specific enough to deter-  
mine  water  associated with the salt. 

Solutions 1, 2, and 3 which ini t ia l ly  contained less 
than  50 ppm water  showed no observable reaction with 
the l i th ium except for a very  light precipitate. One 
solution has been under  observation for two years. No 
observable change has taken place; the l i th ium appears 
dull  bu t  metallic. For  similar long- te rm tests with 

Table I. Volume of gas collected for different H20 and LiCI04 
concentrations 

Ratio of  
volume 

H20 Volume of gas  
concert-  of  gas  co l l ec ted  

Concen- Weigh t  of t ra t ion of collected Moles of to moles  
t ra t ion  of solution solution, at  28~ H.-O in of H~O, 
L i C 1 0 .  M tested,  g p p m  li ters solution l i t e r s /mole  

2.9 71.44 2900 0.242 0.0115 21.0 
2.4 40.5 3900 0.180 0.0088 20.4 
1.2 35.0 1000 0.044 0.00195 22.6 
0.0 60.0 1000 0.072 0.0330 21.8 
2.92 70.7 2950 0.280 0.0116 24,1 
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Fig. 2. HsO content in 127g of a IM LiCIO4 solution contacted 
with approximately 2g of lithium chips as a function of time. T 
28~ solution volume = 100 ml. 

LiCF3SO3 as the electrolyte, the solution turned a 
ye l low-brown  after a few weeks. 

In a separate test, LiOH was added to pure d imethyl  
sulfite and stirred. Over  a three week observation per-  
iod, no gas evolut ion was observed, and Li2SO3 was 
subsequent ly identified in the precipitate.  

Results of pulse, micropolarizat ion tests for anodic 
current  pulses at various concentrations are  shown in 
Fig. 3; similar  results for cathodic pulses are shown 
in Fig. 4. Results for the steady polarization of the 
plane electrode in a s t i rred solution are not shown. 
The large correction factor (20) made  these results 
less accurate. However ,  to wi th in  the accuracy of those 
measurements ,  the resul ts  are in agreement  wi th  the 
more  accurate results shown in Fig. 3 and 4. 

Figures 3 and 4 are clearly wi thin  the l inear polar-  
iza t ion-current  region 

F 
i = io ~-~ TI [1] 

The slopes of the curves in Fig. 3 and 4 as wel l  as the 
plane disk electrode results were  used to de termine  io 
as a function of concentration. The results are shown 
in Fig. 5 on a log-log plot. The importance in making 
a correct ion for nonuni form current  distr ibution (20) 
is shown by comparison of the two t r iangular  shaped 
points. The fact that the results for the electrode stored 
for ten days (the square point) falls within the er ror  
limits of the data taken with  freshly prepared samples 

1 0  I I I t I 

/ 
8 o =  0.1M / / o  / 

D= O.2M o / 
L= O,5M t /  / /  
O= 1.12M / / 

e / / / / 
Z / / 

{ 4 D / /  -~ /0//2/ 
2 �9 

o ~ - ' ~  : ~ ' -  I I I 
200 400 600 800 1000 

I (JC,) 

Fig. 3. Pulse, onodic, linear polarization for various concentra- 
tions of LiCIO4-(CH30)2SO. Area = 0.486 cm 2, H20 content 
20 ppm, T : 28~ 
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Fig. 4. Cathodic pulse polarization for various concentrations of 
LiCIO4-(CH3)2SO, area = 0.486 cm 2, H.~O content ~ 20 ppm, T = 
28~ 

indicates that  effects of surface strain could not be 
detected. 

If the reaction is a simple, one-elect ron transfer  
with the charge t ransfer  step rate  controlling, it can 
be shown (22, 23) that  the t ransfer  current  density 
is re la ted to concentrat ion as follows 

io : ka(1-~)kcC~C a 

where  ka and kc are the kinetic ra te  constants for the 
anodic and cathodic rates, respectively,  c is the concen- 

Table II. Comparison of tests of precipitates with Li2SOa.H20 

Li2SO~.H20 Precipi tates  of Precipitates of Sol. 5 
Solution 4 Solution 5 Solution 6 1000 ppm H,20 3000 ppm H20 

Color White White White White White White 
Solubility in organic solvents Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble 
Solubility in HsO Very soluble Very soluble Very soluble Very soluble Very soluble Very soluble 
PH of aqueous liquid weights 8.6 8.4 8.8 8.6 8.7 9.0 
Tempera tu re  of H~O dehydra t ion  140~ 145~ 140~ 145~ 140~ 145~ 
Tem pera t u r e  at which salt decom- 

poses ~450~ ~455~ 460~ 450~ 450~ 455~ 
Per  cent of l i thium in precipitate* 14.8 (2 sam- 14.9 (6 sam-  14.8 (8 sam-  14.7 (5 sam-  14.9 (3 sam- 14.9 (6 sam- 

ples tested) pies tested) ples tested) ples tested) ples tested) pies tested) 
Presence of C1- <10~M <10-5M ~10-5M ~10-5M ~10-~M ~10-~M 
Solubility in AgC10~ solutions Slightly solu- Slightly solu- Slightly solu- Slightly solu- Slightly solu- Slightly solu- 

ble ble ble ble ble ble 
Solubility in Ba(CIO4)s solutions ** ** ** ** ** ** 

* Contacted wi th  MeOH for 24 hr  then v a c u u m  dried at  160~ for 24 hr. 
** Forms a large, whi te  precipi tate which  dissolves in dilute HC1 wi th  SOs gas evolved. 
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Fig. 5. Plot of io for various experimental conditions, T = 28~ 
(~) ~ Uniform current distribution (JR-free) onodic; �9 : uniform 
current distribution (JR-free) cathodic; ]% ~ disk electrode (iR- 
f ree) ;  ~7 _-- disk electrode (JR-free plus correction for nonuniform 
current distribution); [ ]  ~_ electrode stored for 10 days before test- 
ing (uniform current distribution); �9 ~ H20 content of 500 ppm. 

t rat ion of the l i th ium ion, and ~ is the transfer coeffi- 
cient. From the least squares slope of the upper  curve 
in Fig. 5, the t ransfer  coefficient is found to be 0.49. 

All  of the electrochemical polarization data discussed 
above was taken in solutions with below 50 ppm water  
and using a 20 mA anodic, prepolarization pulse. In 
solutions with higher water  content, comparing data 
taken with and without a prepolarization pulse, the 
apparent  exchange current  density increases when the 
prepolarization is omitted as shown in Fig. 6. In  Fig. 7 
is shown the variat ion of the overpotential  with t ime 
for constant current  pulses following a prepolarization 
pulse. Above 500 ppm water  content  a prepolarization 
pulse will no longer yield the higher exchange current  
density current-vol tage behavior. A log-log plot of 
the apparent  exchange current  as a function of LiC104 
concentrat ion for a wet solution (500 ppm water)  is 
shown as the lower curve in Fig. 5. 
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Fig. 6. Effect of film on the observed linear polarization tests on 
lithium in 0.1M LiCIO4/(CHaO)2SO, area ---- 0.468 cm 2, H20 con- 
tent ~- 100 ppm, T _-- 28~ 
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Fig, 7. Observed overpotentiol variation with time for o constant 
current pulse. I = 50/~A, area ---- 0.468 cm 2, C ~ 0.2M, H20 
200 ppm, T ---- 28 ~ C. 

Discussion 
The results of the chemical stabili ty tests suggest 

that LiC104-DMSU solutions are stable with l i thium or 
at least that reaction rates are not observable, except 
for a thin film formation or dul l ing of the surface, for 
up to two years provided the water  content  is below 
about 20 ppm. It appears that dry LiCF~SO3-DMSU 
solutions react slowly with li thium. Results of other 
workers (24-27) also suggest that such a conclusion 
is at least reasonable. 

The chemical behavior of the aliphatic sulfides and 
the effects of water, various electrolytes, and alkali  
metals have been studied by numerous  workers (28, 
39). Cottrell and Mann (31) found that  when  perchlor- 
ates were present  CI- ,  CO, and NaCI-I3SO3 were slowly 
formed. In  our experiments,  no C1- was detected in the 
precipitate and H2 was evolved, not CO, indicating that 
the perchlorate was not involved in the reaction which 
we observed. Cottrell and Mann also observed differ- 
ent reaction products depending on water  concentra-  
tion. In  the present study, the reaction product com- 
position was independent  of the water  present, and 
the same product was observed in the absence of per-  
chlorate ions implying that the perchlorate was not 
involved. Possibly the differences between this work 
and that of Cottrell  and Mann are due to inherent  
greater  stabili ty of the sulfur  bonds in dimethyl  sulfite 
toward reaction with l i th ium compared to the com- 
pounds studied by Cottrell and Mann. Such variations 
in sulfur bond stabili ty have been observed previously 
in this laboratory (40). 

O'Connor and Lyness (36) observed that  sodium and 
potassium appear to at tack DMSO directly forming 
salts of methanesulfenate  and methylsulf inyl  carbanion 
along with methane and dimethyl  sulfide. This type of 
attack does not appear to occur between l i thium and 
dimethyl  sulfite. The formation of hydrogen and sub- 
sequent decrease in  water  concentrat ion indicates that 
it is the water  which reacts directly with l i th ium to 
form hydrogen. Since no significant quant i t ies  of O H -  
ions were found in the precipitate, it is reasonable to 
assume LiOH or Li20 are at best intermediate  species. 
It has been shown (29, 30) that the addition of dimethyl  
sulfite to aqueous KOH solutions results in the forma- 
t ion of K2SO3 (the reaction is complete).  Our test 
of adding LiOH to dimethyl  sulfite solutions yielded 
Li2SO3. From these results it is concluded that  l i th ium 
first reacts with water, and an intermediate,  possibly 
LiOH or Li20, reacts with dimethyl  sulfite to form 
Li2SO3. This implies that in dry dimethyl  sulfite solu- 
tions l i th ium is chemically stable, and such systems 
can be considered for secondary bat tery applications. 

Fi lm formation on l i thium electrodes in LiC104-PC 
solutions has been considered by Dey (8), Scarr (9), 
Burrows and Ki rk land  (7), and Cogley and Butler  
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(4). Or ig ina l ly  the composit ion of the film was con- 
s idered to be LiOH (11). However ,  Dey (8) has sug- 
gested tha t  in LiC104-PC solutions the  film composi-  
t ion is more  l ikely  Li2CO3. The resul ts  of the present  
s tudy  indicate that  a film formed in LiC104-DMSU 
solutions is p robab ly  Li2SO3. 

Scarr  (9) observed two levels  of l i th ium ac t iv i ty  in 
LiC104-PC solutions which  were  expla ined  by  the 
presence or absence of a surface film on the l i thium. 
An anodic pulse of 3-5 m A / c m  2 or g rea te r  appears  to 
remove the film. The l i th ium has a h igher  exchange  
cur ren t  densi ty  wi th  the film removed.  Once removed,  
the film re- forms.  These resul ts  in PC compare  wel l  
wi th  our  observat ions for DMSU. The ra te  of film 
format ion  is impl ied  in Fig. 7. The value  of the ex-  
change coefficient, a, of 0.55 in PC compares  favorab ly  
wi th  our observat ions of 0.49 in DMSU solutions. Scar r  
repor ts  the  h igher  value  of the exchange cur ren t  den-  
sity, io, to be 1.22 m A / c m  2 in a 0.5M LiC104-PC solu-  
tion. Our  s tudy in DMSU gives an io of 9.7 m A / c m  2 at  
0.SM LiC104 (see Fig. 5). Scar r  chose to locate his re f -  
erence electrode near  the edge and in the same plane 
as the work ing  electrode. As shown by  Tiedemann et al. 
(20), the  observed overpoten t ia l  for such a geomet ry  
can be four  t imes  as high as is character is t ic  of the  
average  cur ren t  density.  I f  one a t t empts  to correct  
Scarr ' s  resul ts  for the nonuni form cur ren t  density,  
reference  e lect rode placement ,  and  concentrat ion po-  
la r iza t ion  (22), a value  of io equal  to about  7 mA/cme 
at  a LiC104 concentra t ion of 0.5M is obtained.  

But ler  et al. (5) pe r fo rmed  exper iments  in LiC104- 
PC solutions on f reshly  cut  l i th ium surfaces and ob-  
ta ined an io of 8 m A / c m  2 in a 0.257M solution. This 
value compares  wel l  wi th  the resul ts  in DMSU (see 
Fig. 5). But le r  et al. were concerned about  possible 
recrys ta l l iza t ion  effects fol lowing slicing of the l i thium. 
In our study,  effects of recrys ta l l iza t ion  could not be 
detected;  note the square  point  in Fig. 5. Compar ing  
resu]ts of these exper iments  implies  that  recrys ta l l i za -  
t ion of f resh l i th ium slices occurs in a ma t t e r  of sec- 
onds as is the case for lead  and tin (41). 
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ABSTRACT 

The critical potential is measured below which cracks in 18-8 exposed to 
MgC12, 130~ no longer propagate. Some inhibi t ing ions, effective for crack 
initiation, are also evaluated with respect to crack growth. A surface oxide 
film is found to slowly form on stainless steels exposed to MgC12 solution; its 
role both in crack init iat ion and in crack growth is evaluated. 

The importance of using precracked specimens to 
evaluate the stress corrosion cracking (SCC) behavior 
of t i tanium alloys in NaC1 solutions at room tempera-  
ture was first pointed out by Brown (1). He showed 
that cracks did not initiate in smooth stressed speci- 
mens, whereas cracks continued to propagate in speci- 
mens par t ia l ly  precracked by fatigue. The effect is 
usual ly  ascribed to the stable passive film on t i tan ium 
alloys which under  normal  exposure conditions in 
aerated neut ra l  chloride solutions is not broken down, 
whereas, with cont inuing plastic flow, fresh metal  is 
exposed. Furthermore,  wi thin  a crevice, both low oxy- 
gen concentrat ion caused by cont inuing uniform corro- 
sion of metal, and acid anodic corrosion products in-  
duce breakdown of the passive film or prevent  its re-  
formation, and hence the crack process continues. 
It is of interest  to learn whether  similar conditions 
affect ini t iat ion and propagation of stress corrosion 
cracks in the stainless steels which also show pro- 
nounced passive behavior. 

Results have shown that  cracks in austenitic (2, 
3) and ferritic stainless steels (4) init iate only above 
a well-defined critical potential. Per t inen t  questions 
are: does a critical potential  also exist below which 
a crack stops propagating? Is such a potential  the 
same as for crack init iat ion? Do inhibitors, effective 
for prevent ing ini t iat ion of SCC, also inhibit  crack 
growth? 

Experimental 
Materials used for test specimens consisted of com- 

mercial  Type 304 stainless steel of the following com- 
position: 18.8% Cr, 9.2% Ni, 1.5% Mn, 0.06% C, 0.05% 
N, or Type 310 stainless steel of the composition: 
24.8% Cr, 19.5% Ni, 1.7% Mn, 0.03% C, 0.05% N. The 
sheets originally 1/16-in. thick were cold rolled to 
40-42 mil  (0.102-0.107 cm) thick strip, and sheared to 
specimens measuring 1 3/4 X 3/16 in. (4.5 X 0.5 cm).  
After  pickling in 15 v/o  (volume per cent) HNO3, 5 v /o  
HF at 90~ for 5 rain, these were then tested as cold 
rolled or as heated in argon to 1050~ for 30 min  
and water  quenched. They were stressed beyond the 
elastic l imit  to the shape of a C having a final span 
of 1 7/16 in. (3.7 cm), and held by porcelain insulators 
at constant  flow stress by spring loading. Fai lure  
times were recorded by an electric clock. Electrical 
connection was made by means of a stainless s~eel 
wire of the same composition as the specimen, spot- 
welded to one end, and enclosed by closely fitting 
Teflon tubing. 

The usual  test solution was MgCI~ solution boiling 
at 130~ or LiC1 solution boiling at 145~ The 
electrolyte was contained in a Pyrex  flask connected 
by means of a ground glass joint  to a water-cooled 
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corrosion cracking, stress-sorption cracking, critical potentials for 
stress corrosion cracking. 

condenser. Three side arms, separated from the main  
flask by glass frit  separators, were filled with the same 
or more dilute electrolyte solution; two accommodated 
auxi l iary electrodes and one a saturated calomel ref- 
erence electrode, the lat ter  being located near  the 
surface of max imum stress in the test specimen. The 
detailed design of the apparatus was depicted in a 
previous publication (3). In  general, fai lure times of 
stressed specimens were noted for a var ie ty  of fixed 
potential  differences between the specimen and the 
saturated calomel electrode, the potential  dur ing the 
test being controlled by a potentiostat. The potential, 
determined within  __ 3 mV, at or below which failure 
by SCC did not initia%e for at least 100 hr  was de- 
fined as the critical potential. It is reported on the 
s tandard hydrogen scale, neglecting small l iquid junc-  
tion and thermal  gradient  potentials. The applied 
potential  required to stop crack growth was assessed 
by precracking a specimen for a fraction of an hour 
slightly above the critical potential, then polarizing 
the specimen up to 100 hr  at various potentials below 
the critical value, followed by polarizing again to a 
potential  slightly above the critical value unt i l  total 
failure occurred. 

Results 
Critical potential for crack initiation and crack prop- 

agation.--The critical potentials for crack ini t iat ion in 
smooth quenched 18-8 stainless steel exposed to MgC12 
boiling at 130 ~ and at 154~ are shown in Fig. 1. The 
value, --0.128 _0.003V (SHE), is the same for the two 
concentrat ions of MgCI~ within  exper imental  var ia-  
tions of the test. 

No cracks were found to ini t iate  in stressed speci- 
mens polarized in MgC12 at 130~ for as long as 100 
hr at or below the critical potential;  for comparison 
the normal  failure t ime of specimens not polarized is 
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Fig. 1. Effect of applied potential on time to fai lure of 18-8 stain- 
less steel, water  quenched from 1050~  in MgCI2  at  130 ~ and 
154~ 
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1.4 _+ 0.2 hr (3 specimens).  Of importance is the ob- 
servation that  precracked specimens also polarized 5 
mV below the critical potential  do not fail wi th in  the 
max imum time of test equal  to 100 hr. The specimens 
were precracked to a depth of 0.005-0.010 in. (0.013- 
0.025 cm) (as determined microscopically) by immer-  
sion for 0.2 or 0.3 hr in MgC12 at 130~ at a potential  
o f  --0.118V, which is 10 mV above (noble to) ~he 
critical potential  (Fig. 2). This result  means that even 
though visible shallow cracks have initiated, they will  
not propagate at applied potentials below the critical 
potential  for crack initiation. Hence the critical poten-  
tial for crack propagation is approximately  the same as 
that  for crack initiation. 

It  was observed that when smooth stressed speci- 
mens are prepolarized for several hours at 5 mV below 
the critical potential, the subsequent  time to failure at 
a potential  10 mV above the critical value results in 
failure times that  are longer than  for specimens not 
prepolarized. The longer the t ime of prepolarization 
below the critical potential,  the longer is the subse- 
quent  t ime to failure above the critical potential.  The 
longer failure t ime following prepolarization is ap-  
parent ly  the result  of a prolonged induct ion time for 
crack ini t ia t ion caused by slow bui ld-up  of a surface 
oxide (or basic chloride) film on exposure of stainless 
steels to the MgC12 solution. This explanat ion was 
supported by  experiments  in which specimens were 
pickled in  the 15 v /o  HNO3, 5 v /o  HF mixture  at 90~ 
for 1 rain after polarizing below the critical potential  
(without removing the specimen from the test ap-  
paratus) and noting the same short fai lure times as are 
observed for specimens not prepolarized. 

The surface oxide film, which on long exposure times 
becomes thick enough to exhibit  interference colors, 
also temporar i ly  delays crack growth of precracked 
specimens, although not to the same extent  as it de- 
lays crack initiation. The deeper the crack, the longer 
is the delay t ime caused by accumulat ion of oxide. 
But again, pickling the precracked specimens after 
polarization below the critical potential  el iminated the 
observed delay in crack growth. Leckie (5) found 
similar ly that  prolonged cathodic polarization of a 
precracked Ti alloy in 3% NaC1 increased subsequent  
fai lure t ime because of an accumulated surface oxide. 
The effects on 18-8 stainless steel are summarized in  
Table I. 

Induction time Sot crack initiation.--Although an 
artificially produced thick surface film, as described, can 
appreciably slow down t ime for crack ini t iat ion or for 
resumption of crack growth, any thin oxide film 
formed on 18-8 or 25-20 stainless steel for a short t ime 
under  normal  exposure conditions at the corrosion 
potential  has less effect. One of the properties of a 
growing surface oxide film result ing from normal  ex- 
posure of stainless steels to MgC12 solution, as Lee and 

Table I. Effect of applied potential on crack propagation in 18-8 
stainless steel, MgCI2 130~ * 

Subsequent 
Initial polariz, polariz. Failure time 

at --0.118V at --0.133V after polariz. Total failure 
(above crit. (below crit. again at time at 
pot.), hr pot.), hr --0.118V, hr --0.118V, hr  

0 20 9.9 9.9 
0 20 6.5 6.5 
O 100 32.4 32.4 
0 100 37.4  37.4 
0.2 20 0.2 0.4 
0.2 20 1.0 1.2 
0.3 20 4.0 4.3 
0.3 20 3.5 3.8 

F o l l o w i n g  spemmens were p i c k l e d  b r i e f l y  a f t e r  p o l a r i z a t i o n  
at --0.133V ( b e l o w  cr i t i ca l  potential) 

o 20 0.5 0.5 
O 20 0.5 0.5 
0 100 0.5 0.5 
0 100 0.5 0.5 
0 100 0.7 0.7 
0.2 100 0.2 0.4 
0.2 100 0.3 0.5 
0 .3  100 0.2 0.5 
0.3 100 0.2 0.5 

* Critical potential for crack initiation = --0.128V (SHE). 

Uhlig showed (3), is to slowly shift the corrosion po- 
tent ial  in the noble direction. At such time as the cor- 
rosion potential  becomes equal to or noble to the 
critical potential, a crack is able to initiate. The time 
for the slow drift plus the addit ional  t ime for crack 
ini t iat ion after critical and corrosion potentials coin- 
cide is the normal  induct ion time. 

For 18-8 stainless steel in MgC12 at 130~ the ini-  
tial corrosion potential  and the critical potential  are 
not far apart  so that  the induct ion t ime for cracks to 
ini t iate  is short and in the order of 5 to 10 rain. But for 
the same alloy exposed to LiC1 at 145~ the corrosion 
potential  and the critical potential  are far ther  apart  
and the induct ion time is longer. In  absence of a thick 
surface oxide, but  at a favorable potential, a crack 
initiates rapidly, as was shown by immediate ly  po- 
larizing pickled test specimens upon immersion in LiC1 
solution to a value either 5 or 45 mV above the critical 
potential  and noting visible ini t iat ion of cracks wi thin  
less than 2 min. The same situation applies to Type 310 
stainless steel in MgC12 at 154~ which has an ob- 
served induct ion time for crack ini t iat ion of about 1 hr. 
The data are summarized in Table II. 

E~ect of inhibiting ions.--An inhibi t ing effect of n i -  
trate ions on SCC of austenitic stainless steels in chlor- 
ide solutions was reported by Phill ips and Singley (6) 
and by several others (7-9). Uhlig and Cook (2) re-  
ported inhibi t ing effects of NO3-, acetate, I - ,  and 
benzoate ions added to boiling MgC12 solution at 130~ 
In  accord with the lat ter  results it was found in  pres-  
ent measurements  that 4% NaI added to MgC12 boiling 
at 130~ extends failure time of 18-8 to >200 hr. 
For the same concentrat ion of MgC12 (approximately 
36.5%) boiling at 130~ but  mainta ined at a lower 
temperature  of 100~ only 1.9% NaI was needed to 
extend failure t ime to >200 hr. The effect of I -  and 
o~her inhibi t ing ions is one of raising the critical po- 
tent ial  for SCC to more noble values. In  the case of 
I - ,  the corrosion potential  is s imultaneously shifted in  
the active direction so that  when  the corrosion poten-  

Table I[. Induction time for initiation of cracks 

T i m e  of  f irst  
c r a c k s  to  a p p e a r .  

P o l a r i z e d  
Crit .  a b o v e  

A l l o y  pot .  cr i t i ca l  
( w a t e r  ( S H E ) ,  N o t  p o t e n t i a l ,  

quenched) T e s t  s o l u t i o n  V p o l a r i z e d  ra in  

Fig. 2. Precracked 18-8 stainless steel specimen, water quenched z8-8 Mgc12, 130~ --o.128 5-10 rain <2 
18-8 LiC1, 145~ --0.153 3 hr <2 

from 1050~ 18 min at - -0.118V (SHE). X300.  25-2o MgCI~, lS4~ -o.103 1 hr <5 
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Table III. Effect of Nal additions to MgCI2 130~ on failure 
times of precracked 18-8 stainless steel 

Average  f a i l u r e  
Na I  added ,  w / o  t i m e  (hr) 

0.19 7.6 (2 specimens} 
3.8 32.0 {2 spec imens)  
7.5 44.0 ~1 specimen)  

tial becomes active to the critical potential  no cracks 
are observed to initiate. In  the context of the present  
paper, it IS also impor tant  to know the effect of in -  
hibi t ing anions on propagation of cracks already in i -  
tiated. Cracks about 0.005 in. (0.013 cm) deep were 
init iated in stressed 18-8 specimens by first immersing 
them (unpolarized) for 20 min  in MgC12 boiling at 
130~ then t ransferr ing the specimens without re- 
moval from the test apparatus to a similar MgC12 solu- 
tion at 130~ containing the NaI addition. It was 
found that up to 7.5% NaI very much slowed down but  
did not prevent  fai lure of precracked specimens, 
whereas 4% NaI had effectively prevented crack ini-  
tiation. Data are summarized in Table III. 

Because of the lower t ransference n u m b e r  of I -  
(slightly lower diffusion rate) 1 compared to CI- ,  it 
follows that within the narrow confines of a growing 
crack, the diffusing CI-  ions always precede I -  ions 
to the crack tip which the inhibi t ing ions must  reach 
in order to be effective. Although this si tuation has no 
influence on crack initiation, it makes I -  less effective 
as an inhibitor  of crack growth. The question is: What  
would the si tuation be for a more rapidly moving in-  
hibit ing ion such as O H -  having a higher transference 
number  than  CI -?  Such an exper iment  is not readily 
accomplished in MgC12 solution because of the l imited 
solubili ty of Mg (OH)2. In  LiC1 solution, however, the 
higher solubil i ty of LiOH is more favorable. Normal 
failure t ime of 18-8 specimens in LiC1 (saturated at 
room temperature)  boiling at 145~ is 9.5 __ 2.3 hr 
(4 specimens) and 0.4% LiOH inhibits  crack initiation. 
It  was found that an addition of 0.8% LiOH to this 
solution was required to limit propagation of cracks 
0.005-0.010 in. deep in precracked specimens assuring 
absence of fai lure for a period of at least 200 hr. Hence 
the faster moving O H -  ion is an effective inhibi tor  of 
crack propagation, but  with more being needed for this 
purpose than to inhibi t  crack initiation. 

The action of O H -  in Li.CI solution, as for inhibi t ing 
anions in MgCI2 solution, is to shift the critical poten- 
tial in the noble direction. For example, 0.4% LiOH 
added to the above LiCI solution raises the critical 
potential  of 18-8 by 15 mV from --0.153V (SHE) to 
--0.138V. 

Discussion 
The same approximate measured critical potential  

above which, but  not below, cracks rapidly init iate in 
smooth specimens and propagate in precracked speci- 
mens indicates that the stress intensi ty  factor is not a 
sensitive parameter  governing the ini t iat ion of failure 
of 18-8 stainless steels by stress corrosion cracking. 
The results imply that either smooth or superficially 
precracked test specimens lead to the same results, and 
that notches or irregulari t ies in the metal  surface are 
not important .  Since smooth and precracked specimens 
behave s imi lar ly  it is also evident  that  fracture or 
breakdown of a passive film on stainless steels, unl ike  
the situation for Ti alloys, is not an essential step in 
either crack ini t iat ion or crack propagation. Instead, 
the oxide film that slowly builds up in MgC12 solution, 
and which is obviously not the original passive film, 2 
serves to delay both crack ini t iat ion and the continued 
growth of cracks that have already init iated only after 
it has at ta ined appreciable thickness. The fact that  the 
responsible oxide film forms visibly either below or 

1 t l -  for  0.05M ZnI2 a t  25~ = 0.618; teL- for  0.05M ZnC12 a t  25~ 
= 0.635 (10). 

A n o d i c  polarization curves  of  T y p e  304 s t a in le s s  s tee l  in  IVLgCI~ 
at 130~ show no passive region (2). 

above the critical potential  for SCC can be taken as 
evidence that the critical potential  is not that value 
necessary to inhibi t  corrosive attack, as in  the usual  
cathodic protection of metals against corrosion. This 
fact is difficult to harmonize with any  theory of SCC 
dependent  on metal  dissolution at the metal surface or 
at the base of a notch or crack. Similar ly  an ini t ial  
corrosion potential  that  is active to the critical poten-  
tial is inconsistent with the electrochemical model, in-  
terpret ing the critical potential, in accord with the 
theory of cathodic protection, as the open-circuit  anode 
potent ial  of a corrosion cell. Instead, the critical po- 
tential, as has been discussed before (2-4), is bet ter  
interpreted as the value above which damaging anions 
(e.g., C1-) adsorb on appropriate defect sites causing 
disruption of metal  bonds, and below which such 
anions desorb (stress-sorption cracking).  On this 
model the action of inhibi t ing anions is to displace the 
damaging anions at the metal  surface, making it neces- 
sary to polarize the specimen to a more noble value in 
order for damaging anions to reach the critical con- 
centrat ion necessary for crack ini t iat ion and growth. 

The present  results as reported for precracked speci- 
mens  are valid only for cracks that  are not deep. The 
l imited throwing power of current  in deep cracks or 
the limited surface diffusion of anions along deep crack 
surfaces alters the situation. Furthermore,  differential 
aeration and analogous cells may appreciably change 
the composition and pH of electrolyte wi thin  a deep 
crack, thereby modifying the envi ronmenta l  factors 
acting to cause crack growth. These changes are less 
pronounced in shallow cracks of the order that  are 
present ly  studied. 

The effect of cold working a metal  is to produce more 
defect sites on which damaging anions can adsorb, 
thereby making it easier for adsorption to occur, fol- 
lowed by a lowering of the critical potential  to a more 
active value. This explains the more active critical 
potential  for cold-worked 18-8 stainless steel (35% 
reduction of thickness) equal to --0.145V (SHE) as 
reported by Uhlig and Cook (2), compared to the value 
present ly reported for the water -quenched alloy equal 
to --0.128V. Similarly,  the critical potential  for cold- 
rolled Type 310 stainless steel (35% reduction of thick- 
ness) (--0.123V) in MgC12 at 130~ is 10 mV more 
active than  the vaIue for the water -quenched  alloy 
(--0.113V). This same trend of critical potential  with 
cold work is also found for various n ickel -bear ing 
ferritic stainless steels, except for the 5% Ni, 18% 
Cr-Fe  stainless steel which, because of its two-phase 
structure, is a special case (4). 

The present in terpreta t ion of the induct ion t ime for 
crack ini t iat ion as being due to the t ime for the cor- 
rosion potential  to reach the critical potential  accom- 
panying bu i ld -up  of an oxide film and subsequent  
penetra t ion of the oxide film, suggests a supplementary  
in terpre ta t ion  of the earlier results of Uhlig and Sara  
(11). They drew the conclusion that any  oxide or so- 
called passive film on Type 310 (25-20) stainless steel 
in MgC12 solution at 154~ has no effect on failure 
times. This was based on tests of stressed cold-rolled 
specimens pickled at various times after previous im-  
mersion in MgC12 (0.5, 0.75, 1.25, and 1.5 hr) and then 
reimmersed in the same MgC12 solution. Their  data 
showed that  the failure times after pickling decreased 
l inearly with t ime of previous immers ion in the MgCI~ 
solution, but  that  total fai lure t imes ( including pre-  
immersion times) for all specimens remained at 4.5 hr. 
The l inear decrease is caused by metal lurgical  changes 
resul t ing from shor t - t ime hea~-treatment  at 154~ 
as was fur ther  shown by tests on in tent ional ly  heat-  
treated specimens (in air) .  If we now take into account 
that the critical potential  is unaffected by pre immer-  
sion (Table I),  and, as subsequent  measurements  have 
shown, that the induct ion t ime for crack ini t iat ion (as 
observed microscopically) remains  at about 1 hr for 
any of the pickled specimens whether  pre immersed or 
not, the decrease in failure t ime with preimmersion 
time is then a measure of the rate of crack growth. In  
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other  words,  the  da ta  of Uhlig and Sava show tha t  
heat ing of Type  310 stainless steel  at 154~ for tilt in 
hours  decreases  the c rack  propaga t ion  time, tprop, in 
accord wi th  the equat ion 

t i l t  - -  - -0 .96 tp rop  -~" 3.4 

Since the to ta l  t ime to fa i lure  equals  tilt ~ tinduction 
-~- tprop and tak ing  tinduction : 1 hr, then subst i tu t ing 
the equivalent  of tprop f rom the above equat ion 
[3.4 --  tHt]/0.96, it  is clear  that  wi th in  4% exper i -  
menta l  variat ion,  to ta l  fa i lure  t ime for any  of the 
in te rmedia te  p ickled specimens p re immersed  up to 1 
hr  is 4.55 hr. This value  is close to wha t  was observed.  

I t  can be concluded, therefore,  tha t  a surface oxide 
film s lowly forms on 25-20 stainless steel  in MgC12 
solution at  154~ as it  does on 18-8 stainless steel, and 
that  its effect on the  induct ion t ime is consistent  wi th  
that  descr ibed ear l ie r  in this paper .  

The shif t  of corrosion potent ia l  of 18-8, and perhaps  
other  stainless steels as well, wi th  growth  of an oxide 
film accompanies  a g radua l ly  decreasing uniform cor-  
rosion ra te  in MgC12 solution (12). Lee and Uhlig (3) 
showed by  weight  loss measurements  of a 19% Cr, 
21% Ni stainless steel  exposed 190 hr  to MgC12 solu-  
t ion at 130~ and analysis  of the solution for meta l  
ions, that  the  surface  oxide film is r ich in i ron ( least  
soluble hydrox ide)  and is deficient in nickel.  

The increased ra te  of crack propagat ion  in s tressed 
25-20 stainless steel specimens fol lowing the i r  hea t -  
t r ea tment  a t  154~ for  0.5-1.25 hr  is p r e sumab ly  
brought  about  by  the favorable  diffusion of impur i t ies  
(e.g., N atoms) to dislocations and s imilar  imper fec-  
t ion sites tak ing  pa r t  in the crack growth  mechanism. 
Without  sufficient a l loyed n i t rogen or s imilar  specific 
impuri t ies ,  the  al loy is known to resist  fa i lure  by  SCC 
(13-16). An  analogous effect of h e a t - t r e a t m e n t  on 
crack  propaga t ion  rates  would  be expected at  130~ 

Conclusions 
1. The cri t ical  potent ia l  for crack propaga t ion  is 

approx ima te ly  the  same as tha t  for crack ini t ia t ion in 
18-8 stainless steel. Hence the stress in tens i ty  factor, 
re la t ing to an i r regular ,  notched or p rec racked  s ta in-  
less steel surface, is not a sensi t ive factor  in its stress 
corrosion cracking behavior .  

2. The induct ion t ime for crack ini t ia t ion consists in 
par t  of the t ime requi red  for the  corrosion potent ia l  to 
achieve the more  noble  value  of the cri t ical  potent ial .  

For  stainless steels exposed to MgC12 solution, the  dr i f t  
of potent ia l  accompanies  slow bu i ld -up  of a surface 
oxide  film. A supp lemen ta ry  de lay  resul ts  f rom the 
t ime needed to pene t ra te  the  surface oxide. 

3. Iodide ions in concentrat ions effective for inh ib i t -  
ing crack  init iation,  slow down bu t  do not  stop crack 
g rowth  in 18-8 stainless steels in MgC12 solution. Hy-  
d roxy l  ions, having a h igher  t ransference  number  than 
CI - ,  when added  to LiC1 solution more  effectively 
inhibi t  c rack  growth  as wel l  as crack init iat ion.  
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Thermal and Mechanical Effects on the 
Corrosion Behavior of Ti-6AI-4V Alloy 

D. L. Dull* and L. Raymond 
Metallurgy Department, The Aerospace Corporation, Los Angeles, Calilorn~a 90045 

ABSTRACT 

Anodic and cathodic polarization behavior of Ti-6AI-4V alloy were deter- 
mined by potentiostatic and galvanostatic techniques in deaera~ed I, 5, and 10N 
sulfuric acid solutions. In  the ac t ive  region, meta l lu rg ica l  processing, which  
included cold rol l ing and the rmal  t rea tment ,  had  no effect on the  corrosion 
behavior.  I t  is suggested that  a t i t an ium hyd r ide  film exists  on the  t i t an ium 
al loy surface. In the passive region, plastic deformation,  due to cold roll ing,  
did increase the  passive cur ren t  density;  whereas  c rys ta l lographic  textur ing,  
d id  not  have an effect. The in t roduct ion of an a ' -phase  due to t he rma l  t r e a t -  
ment  produced an addi t ional  peak  in the  passive region. 

Ti tan ium al loys have found wide usage in commer -  
cial appl icat ions  because of thei r  high specific s t rengths  

= Electrochemical Society Active Member. 
Key words: material processing, titanium alloy, metal working, 

polarization, 

and excel lent  corrosion resis tance in aqueous solutions 
containing chlor ide  ions. Most research  studies have 
been d i rec ted  at  anodic and cathodic behavior  of t i -  
t an ium al loyed wi th  noble e lements  (1-4).  Of the  com- 
merc ia l ly  used t i t an ium alloys, r e l a t ive ly  l i t t le  da ta  
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are available discussing cathodic and anodic behavior. 
Levy (5) has studied the anodic behavior of Ti-6A1- 
6V-2Sn alloy (heat- t reated to three s t rength levels),  
Ti-75A (annealed) ,  and Ti-13V-11Cr-3A1 alloy (an-  
nealed) in H2SO4 at various temperatures.  Later  re-  
search by Levy and Sklover (6) extended the study of 
anodic behavior  to HC1 solutions and included Ti-8A1- 
1Mo-IV alloy (single and duplex annealed)  and Ti- 
6A1-4V alloy (annealed) .  Peters and Myers (7), again 
on the anodic behavior, have studied Ti-75A (an-  
nealed),  Ti-6A1-2.5Sn (annealed) ,  Ti-6A1-4V alloy 
(annealed) ,  Ti -SAI-IMo-IV alloy (duplex annealed) ,  
and Ti-13V-11Cr-3A1 alloy (solution treated and aged) 
in H2SO4 solutions. It  can be concluded that these ti- 
t an ium alloys do exhibit  a typical act ive-to-passive 
t ransi t ion in H2SO4 and HC1 solutions in the concen- 
t ra t ion ranges studied. Increases in test temperature  
increased both the critical current  density for passivity 
and the passive current  density. 

Tomashov and Ivanov (8) studied the effects of cold 
roll ing and anneal ing on the corrosion of t i t an ium in 
H2SO4 and HC1 solutions. They identified effects of 
crystallographic texture and plastic deformation due to 
cold rolling. Their results showed that the effects of 
increasing the amount  of cold roll ing is to decrease the 
corrosion rate. This is contrary to corrosion studies of 
nont i t an ium-base  materials where, generally, plastic 
deformation has an opposite effect or no effect; repre-  
sentat ive examples are summarized by France (9). 

Hea t - t rea tment  of t i tan ium alloys affects the micro- 
s t ructure  and is expected to affect the anodic behavior. 
Levy (5) shows that  the aging tempera ture  of a solu- 
t ion- t reated Ti-6A1-6V-2Sn alloy will  change the crit i-  
cal current  density for passivation. He postulates that 
this is due to the different a-phase-to-E-phase ratio 
result ing from the aging heat- t reatment .  

This study wil l  determine the effects of cold rolling 
and  thermal  t rea tment  on both the anodic and cathodic 
behavior of a Ti-6A1-4V alloy in 1, 5, and 10N H2804 
solutions. Thermal  t reatments  include annealed, and 
solut ion-treated and aged (STA) conditions. Cold roll-  
ing is used to bring about crystallographic tex tur ing  
and an increased dislocation density. 

Experimental Procedure 
Characterization o:f material processing.--The start-  

ing mater ia l  was 0.380-cm thick Ti-6A1-4V alloy sheet 
in the mill  annealed (MA) condit ion (760~ air 
cooled). Sheet stock mater ial  was processed by cold 
cross roll ing to about 0.190-cm. The cold rolling was 
done in 20 passes, with ini t ial  reduction of 0.05 cm and 
the final reduction of 0.003 cm. An  addit ional anneal ing 
t rea tment  (700~ for 2 hr) was given to one section 
and another  section was STA conditioned (940~ wa-  
ter quench, 540~ for 4 hr, air cooled). A portion of 
the STA section was further  cold cross rolled to 
0.127-cm thickness. A list of the  five processing se- 
quences and the average Knoop hardness numbers  are 
presented in Table I. The applied load of the Knoop 
Hardness Tester was parallel  to the sheet normal.  Met- 
allographic examinat ion of the processed mater ial  
(Fig. 1) shows the annealed mater ia l  contains a pr i -  

Table I. List of material processes 

K n o o P  
h a r d n e s s  M e t a l l u r g i c a l  

P r o c e s s i n g  S y m b o l  n u m b e r  p h a s e s  p r e s e n t  

M i l l  a n n e a l e d  s M A  285 
Mi l l  a n n e a l e d  �9 a n d  50% M A X  338 

cold  c ross  ro l l ed  
M i l l  a n n e a l e d ,  a 50% cold  M A X A  328 P r i m a r y  a a n d  

cros s  ro l l ed ,  a n d  a n -  
n e a l e d  b 

S o l u t i o n  t r e a t e d  a n d  a g e d  o S T A  335 "~ 
S o l u t i o n  t r e a t e d  a n d  a g e d  S T A X  351 ~ P r i m a r y  a a n d  a" 

a n d  30% c o l d  cross  
r o l l e d  

" 760~ air  coo led .  
b 7 0 0 o c  for  2 hr .  

940~ w a t e r  q u e n c h ,  540~ fo r  4 hr ,  a i r  coo l ed .  

mary  a-phase with an in te rgranular  E-phase. The STA 
material  contains pr imary  a-phase in an a ' -matr ix .  

The sheet textures for the MA, MAX, and STA con- 
ditions that  are represented by the (0002) basal quar -  
ter pole figures were determined with a General  Elec- 
tric Model 4908C autointegrat ing pole figure goniometer 
and are shown in Fig. 2. The details of the experi-  
menta l  procedure were reported in a previous work 
(10). 

For  the MA condition, the basal poles are pr imar i ly  
contained in the t ransverse direction with a small  con- 
centrat ion in  the  roll ing direction (RD). In  the case of 
the MAX, the basal poles formed an annu la r  concen- 
t rat ion about the sheet normal  with an absence of 
basal poles in the periphery. The roll ing operat ion has 
caused the basal poles to rotate from the transverse 
and rolling directions to near  a l ignment  with the sheet 
normal.  This allows one to compare the corrosion char-  
acteristics between the basal planes and the prismatic 
planes; i.e., type I prism (10]-0) and type II prism 
(1120). In  this study, an at tempt was not made to re-  
solve the more prominent  prismatic plane. For the 
STA condition, a strong concentrat ion of basal poles 
were found in the roll ing and t ransverse  directions. In  
addition, there was a strong concentrat ion of basal 
poles at an angle of 40 ~ from both the sheet normal  
and the t ransverse  directions. 

Electrochemical polarization.--Specimens (1.27-cm 
OD) were machined from the processed sheet, and 
each was mounted to a 1.27-cm-OD a luminum rod with 
silver epoxy paint. The specimen was then  sealed with 
shr inkable  Teflon tubing  that encased the two mate-  
rials and exposed only the t i tanium fiat sheet surface 
to the solution. The electrochemical test cell basic de- 
sign was from Greene (11). The following modifica- 
tions were included: (i) a flat surface specimen holder 
was added, (ii) a saturated calomel electrode with a 
Luggin capillary probe replaced the salt bridge, and 
(iii) an enclosed p la t inum sheet electrode was used to 
el iminate oxygen in  the test somtion due to the oxygen 
evolution reaction. 

An Anotrol  potentiostat  (Model 4700 M) was used 
for anodic polarization, and a Sorensen d-c power sup- 
ply was used for cathodic polarization using gatvano- 
static techniques. A Keithley electrometer (Model 
610B) was used to measure the potential  vs. SCE. 
The H2SO4 solutions were prepared from reagent  
grade concentrated H2SO4 diluted with demineral ized-  
distilled water (>106 ohm-cm) .  The solution was de- 
aerated with 99.99% pur i ty  N2 for at least 24 hr  before 
a specimen was inserted into the test cell. Activation 
of the Ti-0A1-4V alloy specimen was performed by 
immersing in a 1:1:3 HF, HNOa, lactic acid solution 
and r insing with distilled water  before insert ing into 
the test cell. 

Cathodic polarization was begun after a m i n i m u m  
incubat ion period of 24 hr for the 5 and 10N solutions 
and 48 hr for the 1N solution. During this incubat ion 
period, the corrosion potential  increased in the noble 
direction. Reproducibil i ty of cathodic data was not 
obtained unless these mi n i mum immersion times were 
used. A steady-state potential  was obtained wi th in  a 
3-rain interval  with each incremental  cur rent  increase. 
Anodic polarization was performed after cathodic po- 
larization by increasing the potential  in 20 mV incre-  
ments  and taking a reading after 3 min. In  the passive 
region, larger incrementa l  mil l ivolt  readings were 
taken. 

Results 
Cathodic polarization.--Cathodic polarization curves 

of the MA and STA materials  in 1, 5, and 10N H2SO4 so- 
lutions are presented in Fig. 3 and 4. The cathodic po- 
larization curves of the other processes can be readi ly 
superimposed on these curves (i.e., MAX and MAXA 
on MA, and STAX on STA).  Tafel regions were 1-2 
decades in 1N H2SO4 solution. Corrosion currents  were 
determined by extrapolat ing the Tafel slope to the 
measured corrosion potential. To obtain the corrosion 
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Fig. !. Results from metallographic examination of Ti-6AI-4V alloy. (a) MA material: primary a-phase with an intergranular fl-phase. (b) 
STA material: primary ~ in an a' matrix. 

RD MILL RD SOLUTION TREATED 

RD CROSS ROLLED 
" ~ T  RT 

75 - 100% OF FULL 
INTENSITY 

50 - 75% OF FULL 
INTENSITY 

25 - 50% OF FULL 
INTENSITY 

I - - 1  o -  ~ OF F U L L  
INTENSITY 

Fig. 2. The (0002) basal pole figures of Ti-6AI-4V alloy processed 
by various methods. 

current  density for t he  5 and 10N solutions, the Tale1 
slope de te rmined  for the 1N solution was drawn tan-  
gent to the polarizat ion curves of the  5 and 10N solu-  
tions and extrapotated to the corrosion potential .  A 
summary  of the cathodic polarization data is presented 
in Table II. F rom these results, there  appears to be no 
effect on the  electrode kinetics of the hydrogen evolu-  
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Fig. 3. Results from cathodic polarization of MA Ti-6AI-4V alloy 
in H2S04. 

tion react ion due to ei ther  cold roll ing or the rmal  
t reatment .  

Anodic poIarization.--Anodic polarizat ion curves  of 
MA, MAX, and STA mater ia l  in 1, 5, and 10N H2SO4 
solutions are presented in Fig. 5-7. The M A X A  and 
S T A X  curves were  similar  in shape to the MA and 
STA anodic curves, respectively.  Each mater ia l  is 
shown to exhibi t  active to passive behavior.  The an-  
nealed materials  show a single act ive to passive be-  
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Fig. 5. Results from anodic polarization of MA TI-6AI-4V alloy 
in H2SO4 

havior, whereas the heat- t reated mater ial  exhibits an 
addit ional  peak in the passive region. The effect of cold 
roll ing can be shown by comparison of Fig. 5 and 6. In  
the 1 and 5N H2SO4 solutions, the passive current  
density for the MAX is shown to increase with in-  
creases in noble potential, whereas it remains  constant 
for the MA condition. A summary  of anodic polariza- 
t ion data is presented in Table III. There appears to be 
no effect on the p r imary  passivation characteristics due 
to either cold roll ing or thermal  t reatment .  

D i s c u s s i o n  
Anodic and cathodic polarizat ion.--The results from 

anodic polarization of the MA material  are in good 
agreement  with Peters and Myers (7) with the excep- 
t ion that  in the 10N solution the passive film exhibits  a 
form of breakdown. 

Although data about cathodic polarization of com- 
mercial t i t an ium alloy in H2804 is not readily avai l -  
able in the l i terature,  a good comparison can be made 
with the work  of Thomas and Nobe (12) on pure t i-  
tanium. The observed Tafel slopes in our study ranged 
from 153-168 mV and agrees quite well with the re-  
ported value of 150 mV for pure t i tanium. The corro- 
sion current  density of the Ti-6A1-4V alloy, which con- 
tains two phases, are found to be slightly higher than  
those reported for pure  t i tanium. The corrosion poten-  
tials of Ti-6A1-4V alloy measured in H2SO4 agree with 
Peters and Myers (7). 

E~ect o~ mechanical  cold rolling and thermal  t reat -  
men t  on cathodic polarizat ion.--The processing meth-  
ods used showed no significant effect on the corrosion 
potential,  corrosion rate, or Tafel slope for the hydro-  
gen evolution reaction (HER). Electrode kinetic studies 
have found that a film exists on the mater ia l  surface in 
the active region. Thomas and Nobe (12) have studied 
the kinetics of the HER on t i tan ium in the pH range of 
0.25-2.25. To explain their exper imental  results, they 
assumed that a thin incipient film formed on the ma-  
terial  surface. I t  was then  possible to propose a mech-  
anism for the HER based on the Temkin  adsorption 

Table II. Summary of cathodic polarization data 

Process 
symbol 

T a f e l  
s l o p e  

C o r r o s i o n  p o t e n t i a l  C o r r o s i o n  c u r r e n t  ( m V /  
( m V  v s .  S C E )  d e n s i t y  ( # A / c m 2 )  d e c a d e )  

1N 5N 10N IN 5N 10N IN 

M A  - - 6 5 5  --  630  - - 6 0 0  18  8 9  3 0 0  153  
M A X  - - 6 4 0  - - 6 1 5  - - 6 0 0  16  125  2 7 0  158  
MAXA --665 --620 --630 19 102 300 168 
STA --650 --630 --620 25 35 330 155 
S T A X  --660 --655 --615 23 36 200 153 
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Fig. 6. Results from anodic polarization of MAX Ti-6AI-4g alloy 
in HeSO4. 
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Fig. 7. Results from anodic polarization of STA Ti-6AI-4V alloy 
in H2SO4. 

isotherm. Owen et al. (13) used a scanning electron 
microscope to observe surface morphology in  their 
studies of t i tan ium hydride formation on Ti-6A1-4V 
alloy in 5N HC1 solution at the active corrosion poten-  
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Table III. Summary of anodic polarization data 

P r i m a r y  p a s s i -  
v a t i o n  p o t e n t i a l  C r i t i c a l  c u r r e n t  

Process ( m V  v s .  S C E )  d e n s i t y  ( / L A / c m  2) 
s y m b o l  I N  5 N  1 0 N  I N  5 N  1 0 N  

M A  --  5 2 0  - -  4 8 0  - 4 6 0  2 4  9 8  163  
M A X  --  5 2 0  - 4 8 0  - -  4 4 0  27  62 2 9 6  
M A X A  --  520  - -  4 8 0  - -  4 6 0  2 4  88  2 1 5  
S T A  --  5 2 0  - -  500 - -  460 36 80 2 1 8  
S T A X  - -  5 4 0  - -  5 0 0  - -  4 6 0  3 4  94  175  

P e a k  i n  p a s s i v e  region 
S T A  - 140  - 80  2 0 0  25  4 7  I 0 0  
S T A X  --  180  - -  100  2 0  18 64  105  

tial and under  cathodic polarization conditions. They 
showed that  when the passive film is not stable, e.g., in 
5N HC1 solution, a t i tan ium hydride film will readily 
form. In a study of the electrochemical corrosion of 
t i tanium, Tomashov et al. (14) showed that the anodic 
polarization behavior of t i tan ium is affected by prior 
cathodic polarization in a sulfuric acid solution. They 
demonstrated that after a forward-reverse  anodic po- 
larization run, the active corrosion potential  became 
more active by approximately 0.1V. This effect was 
at t r ibuted to a t i tan ium hydride film on the surface, 
which was produced by a prior cathodic polarization, 
that undergoes dissolution during the forward anodic 
polarization run. 

In another s tudy of anodic dissolution of t i t an ium in 
sulfuric acid, Armstrong et al. (15) observed that after 
some t ime at a constant cathodic overpotential,  the 
rate of hydrogen evolut ion increased and the metal  dis- 
solution decreased. This observed lowering of the hy-  
drogen overpotential  was at t r ibuted to the formation of 
a t i tan ium hydride on the surface. 

In  a passivity study, Sukhot in  and Tungusova (16) 
compared the anodic polarization of t i t an ium and ti- 
t an ium hydride and found them to be similar in their 
t ransi t ion from the active to passive state in a sulfuric 
acid solution. It was postulated that the passivation of 
t i t an ium is due to the appearance of a passivating ox- 
ide on an already covered hydride surface. They fur-  
ther calculated the standard potential  for the reaction, 
Ti + 2H + + 2e ~-- Till2, to be 0.21Vvs. SCE based on 
the free energy of formation being --20.9 kcal /mole to 
thermodynamical ly  support the presence of t i tan ium 
hydride layer on the t i t an ium surface. The free energy 
of formation of Till2 has also been reported to be 
--25.13 kcal /mole by another  source (17). 

It is thus suggested from the li terature,  that  in the 
active region where the t i tanium has been exposed to 
either concentrated acid solutions or cathodic polariza- 
tion that the film which forms on the t i tanium surface 
is most l ikely a t i tan ium hydride. This formation of a 
t i tan ium hydride film on the Ti-6A1-4V alloy surface 
can explain why thermal  t reatment  and cold roll ing 
have no observable effects on the corrosion behavior. 
Further ,  it explains why an incubat ion period was re- 
quired before the cathodic polarization data became re- 
producible. If a t i tan ium hydride was not present, defi- 
nite effects on corrosion behavior would be expected 
since the HER is markedly  influenced by metal lurgical  
variables (18). The various processing methods of the 
Ti-6A1-4V alloy in this study have considerably 
changed the metal lurgical  variables. These changes in-  
clude: (i) crystallographic orientation, (ii) increased 
dislocation density due to plastic deformation, and 
(iii) metallurgical  phases present ( in te rgranular  # in a 
pr imary  ~-matr ix or pr imary  ~ in an ~ ' -matr ix) .  
However, since these effects did not change the corro- 
sion behavior, either the various processing methods 
have no effect or the presence of a t i tan ium hydride 
film on the surface in the active region conceals any 
influence of the various processing methods. The lat ter  
explanat ion is believed more reasonable. This t i tan ium 
hydride film formation would also explain the dif- 
ferences between the results of our study and those of 
Tomashov and Ivanov (8) where they used weight loss 
techniques. 

El~ect of cold rolling and thermal  t rea tment  on 
anodic polarization.--Cold roll ing and thermal  t reat-  
ment  have been shown to have little effect on the 
act ive-to-passive transition. The effect of the metal -  
lurgical variables is apparent ly  diminished by the 
presence of the t i t an ium hydride film during the t r an-  
sition. It may be that the passive oxide film is forming 
directly on the t i tan ium hydride film as suggested by 
Sukhot in  and Tungusova (16). 

Cold roll ing and thermal  t rea tment  show significant 
effects in the passive region. The effects of cold roll-  
ing, in particular, rotation of the basal plane about the 
roll ing direction and increased dislocation density, are 
shown in Fig. 8. The MA anodic polarization curve 
represents a material  whose basal poles lie pr imar i ly  in 
the t ransverse direction with a small  concentrat ion in 
the rolling direction (see Fig. 2). The dislocation den-  
sity in MA material  is considered minimal.  The MAX 
curve represents a cold-rolled mater ial  in which the 
basal poles are rotated to form an annula r  concentra-  
t ion about the sheet normal  with an absence of basal 
poles in the periphery. In  addition, the dislocation 
density has been increased. The effect of cold roll ing 
increased the passive current  density at a given poten-  
tial. To determine which of the cold roll ing effects was 
more influential, the mater ial  was given the addit ional 
anneal ing t rea tment  that produced a recrystallized 
structure without a loss of the crystallographic texture  
obtained from cold rolling. This caused the material  to 
behave as the MA material.  The MAXA represents this 
material.  It can be deduced that crystallographic tex-  
tur ing is not as significant an influence as the disloca- 
t ion density. Foroulis and Uhlig (19) during their  study 
of the effect of cold work on iron and steel corrosion 
concluded that crystallographic orientat ion should 
have a more significant effect on corrosion behavior 
than dislocation density. However, our observations 
are being made on material  that  is in the passive re-  
gion. It appears that the effect of the increased disloca- 
t ion density is to increase the available active dissolu- 
tion sites in the passive film. The crystallographic ori- 
enta t ion does not play a dominant  role because the 
corrosion of t i tan ium in the passive region is l imited 
by diffusion of the t i tan ium ion through the passive 
film. When the mater ia l  is given an anneal ing t reat-  
ment, the dislocation density is decreased. This reduces 
the active dissolution sites and results in a decrease of 
the passive current  density. This same behavior was 
also observed in the 5N H2SO4 solution; however, it 
was not observed in the 10N solution because the pas- 
sive film exhibited a form of breakdown. 

The effect of thermal  t rea tment  in the passive region 
is shown in Fig. 7. The introduct ion of the a ' -phase 
appears to produce an addit ional peak in the passive 
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Fig. 8. Effects of cold rolling on Ti-6AI-4V alloy in 1N H2S04; 
see text. 
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region. This addit ional peak has not been reported in 
the t i t an ium alloy l i terature because most of the ti- 
t an ium alloys studied have been in the annealed con- 
dition. Levy (5) studied the effect of s trength level on 
a Ti-6A1-6V-2Sn alloy and did not observe an ad- 
ditional peak although his microstructure is simi- 
lar to ours for his highest s t rength material.  The dis- 
crepancy is apparent ly  due to the activation procedure 
and cathodic polarization testing conducted in our 
study prior to the anodic polarization. Cold roll ing had 
no significant effect on the shape of the anodic polar-  
ization behavior of the STA material.  

Conclusion 
The metal lurgical  variables have shown no effect on 

the corrosion behavior of Ti-6A1-4V alloy in the active 
region. Neither of the effects of cold rolling, increased 
dislocation density and rotation of the basal pole from 
the t ransverse direction to a direction paral lel  to the 
sheet normal,  influenced the corrosion current  densi ty 
or corrosion potential.  The thermal  t rea tment  that  
changed the microstructure  of the annealed condition 
from ;~-phase in a pr imary  s -ma t r ix  to p r imary  
a-phase in an d -mat r ix ,  i.e., the STA condition, also 
showed no effects. It is thus suggested that a t i tanium 
hydride film exists on the t i tan ium alloy surface. 

The metal lurgical  variables do have an effect on the 
passive region. Cold rolling increased the passive cur-  
rent  density of Ti-6A1-4V alloy consisting of E-phase 
in a pr imary  a-matr ix.  This increase is a t t r ibuted to an 
increase in the dislocation density and not to crystal-  
lographic texturing. Increased dislocation density is 
believed to increase the active dissolution sites in the 
passive film. Since the t i t an ium ion transport  through 
the passive film is rate determining,  effects of crystal-  
lographic orientat ion are not observed. The thermal ly  
treated material,  which consisted of pr imary  ~ in an 
d-mat r ix ,  exhibited an addit ional peak in the passive 
region. This peak is a t t r ibuted to the introduction of 
the ='-phase. The cold roll ing showed no significant 
effect on thermal ly  treated material.  

Manuscript  submit ted Feb. 12, 1973; revised manu-  
script received Ju ly  18, 1973. This was Paper  76 pre-  
sented at the Miami Beach, Florida, Meeting of the 
Society, Oct. 8-13, 1972. 

Any discussion of this paper will  appear in a Discus- 
sion Section to be published in the June  1974 JOURNAL. 
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The Transient Behavior of Passivated Iron under Cathodic 
Potential Pulsing 
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ABSTRACT 

Electrochemical ly  reduced iron was first anodized in a basic solution at 
potentials in the passive region. The s teady-state  passivated iron then was 
subjected to a single cathodm potential  pulse and then was cathodical ly re-  
duced. In the initial stage of prosing, the log of response current  was l inearly 
related with t ime at various preanodizing potentials. This relat ionship held 
at each temperature ,  but  the slope depended on the solution tempera ture  and 
the preanodizing potential. The shape of the cathodic reduction curve  and 
the amount  of charge needed for reduction were  approximate ly  the same 
whether  or not the cathodic potential  pulse was applied before cathodic reduc-  
tion. Exper imenta l  results support  the premise that  cathodic potential  pulsing 
does not influence the so-called bulk  oxide but  only the surface of passi- 
va ted  iron. In particular,  the  adsorbed oxygen on passive iron is influenced 
by the pulsing. The response current  is explained by the cathodic reduct ion 
of adsorbed oxygen. Various kinetic parameters  for the reduct ion react ion of 
adsorbed oxygen under  cathodic pulsing were est imated from the exper imenta l  
results, and it was found that  appreciable coverage on passive iron by ad- 
sorbed oxygen appeared only at potentials far more  noble than those in the 
Flade region. 

It has been reported (1-5) that  the electrode po- 
tential  of passivated iron is control led simply by the 
thickness of the surface oxide. However ,  it is quest ion-  
able (6) whe ther  a surface oxide such as "y-Fe203, 
which has to be assumed to be a good electronic con- 
ductor, can control the electrode potential. There is no 
agreement  as to where  the potential  drop appears. 

Recent ly it was reported that the potential  of passi- 
vated iron is not a l inear function of the film thick-  
ness (7) but is controlled by a small  amount  of elec-  
tric charge accumulat ing in or on the surface film (8). 
Work from this laboratory (9-11) has emphasized that  
interface conditions be tween metal  and solution are 
ve ry  important  for producing or mainta ining passiv- 
ity and that  the solid part  of this interface cannot  be 
t reated simply as the bulk oxide-covered  or clean sur-  
face meta l  (12, 13), 

Experimental 
Materials.--Zone-refined iron was supplied by Bat-  

telle Memorial  Inst i tute  and had the following im- 
purities: carbon, 10 ppm; oxygen, 23-28 ppm; nitrogen, 
2 ppm; hydrogen, 0.1 ppm. The samples were  4 -mm 
diameter  rods which were  inserted into a cylindrical  
Teflon plug, leaving one flat edge exposed. The plug 
was mounted in a glass support  wi th  a brass center  rod 
screwed through the Teflon plug and into the iron rod 
to provide good electr ical  contact. Af te r  abrading wi th  
4/0 emery  paper, the specimens were  electropolished 
in a mix ture  of glacial acetic acid and 70% per-  
chloric acid at a current  density of 0.45 A / c m  2 (14). 
The electropolishing was per formed before each anod- 
ization, and the  roughness factor was assumed to be 
approximate ly  1.0. All  solutions used were  0.01M [0.5 
w / o  (weight per cent) ] in Na2B407 and pH of 9.20. Ac-  
cording to Dulat  (15), the specific conduct ivi ty  of solu- 
tion of borax in water  at 20~ is: 1.72 • 10 -3 m h o / c m  
for 0.5 w / o  borax;  3.17 • 10 -3 m h o / c m  for 1 w / o  
borax; 5.79 • 10 -3 m h o / c m  for 2 w / o  borax. Solu-  
tions were  prepared f rom analyt ical  reagent  grade 
borax and water  redist i l led from an alkal ine pe rman-  
ganate solution. The solution was deaerated with  ni-  
t rogen which had been passed through a column of 

* Electrochemical  Society S tudent  Associate. 
t Electrochemical  Society Act ive  Member .  
z Present  address :  Depa r tmen t  of Appl ied Chemis t ry ,  Y a m a g u c h i  

Univers i ty ,  Ube, Yamaguch i -Ken ,  Japan .  
Key words: pulsing, passivated iron, cathodic reduction. 

act ive copper heated a t  200~ and the final solution 
was pre-e lec t ro lyzed for 48 hr  at a cur ren t  density 
of 80 ~A/cm 2. 

Cell.---The electrolytic cell was constructed of Pyrex  
and consisted of three compartments .  The test cell was 
connected to the counterelectrode cell through a fine 
fri t  and to the reference electrode cell ~hrough a solu- 
t ion- lubr icated glass stopcock. All  three parti t ions con- 
tained the same solution. Potentials  were  measured 
with respect to the revers ible  hydrogen electrode 
(RHE).  Both the counterelectrode and the reference 
electrode were  of plat inum. The three compar tments  
were  wate r - j acke ted  and tempera tu re  was mainta ined 
to •176 

Electrical apparatus and procedure.--The passivation 
of iron was carr ied out potentiostat ical ly at various 
anodizing potentials controlled by a Wenking  fast-r ise  
potentiostat.  Potentials  were  measured  on a Model 
610B Kei th ley  electrometer.  Current  was recorded as 
the ohmic drop across a s tandard resistance of 100 
ohms on a Tekt ronix  535A oscilloscope equipped with 
a Type  B calibrated preamplifier.  The electrode was 
anodized for 20 min  unless otherwise noted and then a 
single cathodic potent ial  pulse of 5 msec was applied. 
The pulse generator  was a Tekt ron ix  160-series in-  
s t rument  and was t r iggered by an init iat ing pulse de- 
r ived f rom the oscilloscope. Af ter  a single cathodic 
potential  pulse was applied and the response current  
recorded photographical ly  on the oscilloscope, the elec- 
tr ical  circuit  was quickly changed to a constant cur-  
rent  circuit  in order to reduce the passive film. Cath-  
odic reduction was carried out at a current  density 
of 20.9 ~A/cm 2. The change in potent ial  was fol lowed 
by an X - Y  recorder  (Moseley Company, Model 2DR2) 
equipped with  a Model 610B Kei th ley  e lec t rometer  
wi th  gain of uni ty  and an input  impedance of 10 la 
ohms. In order to obtain the Q-values,  the area of cur-  
rent  vs. t ime curve was determined by a graphical  
integrat ion using a planimeter.  

Results 
Current-time curves.--The cathodic potent ial  pulse 

was applied to the s teady-sta te  passive electrode which 
had been preanodized at various potentials f rom 20 
to 1690 mV (RHE).  Typical  response currents  are 
plotted against t ime in Fig. 1 at pulse ampli tudes of 50, 

1638 
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Fig. 2. Response current density of cathodic 200 mV pulse during 
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100, 200, and 300 mY. Response cur ren t s  depended  on 
preanodiz ing  potent ia ls  and pulse ampl i tude.  The drop 
of cur ren t  wi th  t ime was smal le r  in the  less noble po-  
tent ia ls  than  in the more  noble  potentials .  Cur ren t  
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dens i ty  was signif icantly affected by  the potent ia l  
pulse ampli tude,  increasing wi th  increasing pulse am-  
pli tude,  especial ly  at the less noble potentials .  

F igure  2 shows the c u r r e n t - t ime  re la t ionship  for 
various preanodiz ing potent ials  at  a constant  pulse  
ampl i tude  of 200 mV. As preanodiz ing  potent ia ls  were  
increased,  cur rent  densi t ies  decreased except  at 1690 
and 225 mV. This can be also seen in Fig. 3. 

Current-potential curves.--In Fig. 3, cur ren t  densi-  
ties at  a pulse dura t ion  of 5.0 msec are  p lot ted  vs. pre-  
anodizing potentials .  Except  for the potent ia l  region 
more  negat ive  than  300 mV and more posi t ive than 
1600 mV, response current  genera l ly  decreased as pre-  
anodizing potential ,  at  each pulse ampli tude,  was in-  
creased. The potent ia l  regions more negat ive  than  300 
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Fig. 3. Response current density at pulse duration of 5.0 msec 

vs. preonodizing potential. 
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mV and more  posi t ive than  1600 mV are  discussed in a 
l a te r  section in grea te r  detail .  103 

Amount of charge passed under cathodic pulsing.~ 
In Fig. 4, the amount  of charge  passed dur ing  cathodic (xL 
pulsing is p lo t ted  against  t ime at the  constant  p re -  
anodizing potent ia l  of 1240 mV. The amount  of charge  "~ 
was calcula ted f rom the original  cu r r en t - t ime  curves. 
Even at  a pulse  ampl i tude  of 800 mV, the amount  of 
charge passed dur ing  5.0 msec was only 1.55 #cou- >~0 2 
l ombs / cm 9-. This value  is smal l  compared  wi th  tha t  
measured  f rom the cur ren t  af ter  the  potent ia l  was  
changed ab rup t ly  to the anodic side (about  1 mcou-  -o 
lomb/cm2).  This is in agreement  wi th  the  da ta  re -  
por ted  by  Sato (7) and Car t ledge (8). 

Logarithmic current-time curves.--The logar i thmic  
response currents  of var ious  pulses at var ious  p re -  
anodizing potent ia ls  are  shown in Fig. 5-8. In  the in i -  I 0  - 
t ia l  s tage of pulsing, the  log of cur ren t  is l inear ly  
re la ted  wi th  t ime. This re la t ionship  held  at  each t em-  
perature ,  but  the slope depended on the solution tern~ 
pe ra tu re  and  the  preanodiz ing  potential .  

Cathodic reduction.--After the specimen was sub-  0 
jec ted  to a cathodic potent ia l  pulse, the  e lec t rode  was 
ca thodica l ly  reduced. A typica l  chronopotent iogram 
is shown in the  upper  par t  of Fig. 9. The first a r res t  
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Fig. S. Logarithmic dependence of response current on time during 
preanodizing at 440 mV in a 22~ solution. 
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ing preanodizing at 1000 mV in a 50~ solution. 

occurs at  about  +250 mV, the second at  about  --180 
mV, and the th i rd  at  about  --200 mV. QA and QB are  
the amount  of charge for the complete  reduct ion  and 
for the  first wave, respect ively.  In  Fig. 9, QA and QB 
are  p lo t ted  vs. preanodiz ing  potent ia l  for cases wi th  
and wi thout  cathodic potent ia l  puls ing before  cathodic 
reduction.  The plot  of the amount  of charge  vs. the 
anodizing potent ia l  has been repor ted  before  (16). The 
amount  of charge was app rox ima te ly  the same in both 
cases wi th  and wi thout  potent ia l  pulsing before re -  
duction. As shown in Fig. 10, the  amounts  of charge, 
QA and Qm are  independent  both  of the length  of p re -  
anodizing t ime and of potent ia l  pulsing, a f te r  20 min 
anodization. Cathodic reduct ion of pass ivated  iron is 
therefore  independent  of a p rev ious ly  appl ied  cathodic 
pulse. 

Discussion 
In an a lkal ine  solution, wa te r  molecules  in the 

Helmhol tz  double  l ayer  at  a passive i ron surface tend  
to be or iented wi th  the oxygen a tom toward  the 
passive film (17, 18). The w a t e r  zone contr ibutes  to 
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the anodic inhibition of iron or to the growth of a 
passive film. According to Bloom and Goldenberg (19) 
or Nagayama and Cohen (16), the outermost -~-Fe~O3 
layer of the passive film may have a defect structure 
which involves cation vacancies or adsorbed oxygens. 

As shown in Fig. 9 and 10, the amount of charge 
required for the reduction of the passive film was ap- 
proximately the same whether or not a cathodic po- 
tential pulse had been applied before reduction. This 
means that the constitution of the passive film was 
not influenced by the potential pulse applied previ- 
ously. Therefore, cathodic pulsing does not appear to 
control the so-called bulk oxide but only the surface 
on passivated iron. Further, with the fast-rise poten- 
tiostat, the electrical double layer capacity should be 
charged within microsecond order, whereas the cur- 
rent density was followed by an oscilloscope in milli- 
second order. Thus, the current density due to double 

layer charging or discharging could be considered to 
be zero. 

This behavior appears to be explainable only by the 
cathodic reduct ion of adsorbed oxygen during the 
cathodic pulsing, since the t ransient  current  due to 
discharging the electric double layer can be neglected 
in a potentiostatic exper iment  using a high response 
potentiostat. The following reaction can be considered 
to occur under  cathodic puls ing 

Me=Oy -- O + H20 + 2e -~ Me=Or + 2 OH- [a] 

where Me=O r is the passive film and --O is the ad- 
sorbed oxygen on passive film. In other words, the re- 
sponse current of the potential pulse is due to the re- 
duction of adsorbed oxygen and is represented by the 
following equation 

i = nFCoko e x p  [11 
RT 

where Co is the surface concentrat ion of adsorbed 
oxygen, and the other symbols have their usual  sig- 
nificance. V is the electrode potential  which was mea-  
sured with respect to the reversible hydrogen electrode 
(RHE). The reverse reaction was neglected because of 
the large ampli tude of the cathodic pulse. 

If the response current  is due only to the reduction 
of adsurbed oxygen, the rate  of decrease of adsorbed 
oxygen can be expressed by Eq. [2] 

dCo i [2] 
dt nF 

From Eq. [i] and [2] 

Co = Co* exp (--kot  e -="Fv/Rr) [3] 

where Co* is the ini t ial  concentrat ion of adsorbed 
oxygen. The time is calculated from the instant  of ap- 
plying the pulse. By subst i tut ing Eq. [3] into Eq. [lJ 

i = nFkoCo* exp - - k o t  e - ~ " F v / ~ r  [4] 
RT 

Equat ion [4] is the expression for the response cur-  
rent  under  cathodic potential  pulsing. 

T r a n s i e n t  b e h a v i o r  a t  r o o m  t e m p e r a t u r e . - - F i g u r e s  5 
and 6 show the logarithmic current  vs.  t ime plot. The 
logari thm of current  is l inear ly  related with t ime in 
the init ial  stage of pulsing. This relationship can be 
explained by Eq. [4]; that  is, by differentiating the 
logari thm of Eq. [4] with t ime 

= exp [5] 
\-"-7" ~' 2.303 RT 

The initial  slopes in Fig. 5 and 6 correspond to the 
r igh t -hand  side of Eq. [5]. The equation states that  the 
plot of log i vs.  t ime yields a straight line. The devia- 
t ion from the line observed under  the condition of long 
time as shown in Fig. 5 and 6 must  be due to the con- 
t r ibut ion of the reduction of bu lk  oxide. Note that 
ko can be estimated from these exper imenta l  results 
and is discussed later. 

Figure 3 shows the response current  density at the 
pulse durat ion of 5.0 msec vs. preanodizing potential. 
Except for the potential  region more negative than  300 
mV and more positive than 1600 mV, response currents  
general ly decreased as preanodizing potential  was in-  
creased. The concentrat ion of adsorbed oxygen in re-  
action [a] must  be a funct ion of the preanodizing po- 
tential, because the chemical force between the pas- 
sive film and the adsorbed oxygen depends on the 
electrode potential. The shift of the preanodizing po- 
tential  in  the positive direction means an increase of 
the adsorbed oxygen concentration, and causes the ini-  
tial potential  of reaction [a] to become more noble. 
Here, the concentrat ion of adsorbed oxygen can be con- 
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trolled only by the electrode potential  since the pH of 
the solution was always constant. In  Fig. 3, various 
potential  pulses were applied to the electrode pre-  
anodized at a constant  potential.  In  other words, the 
concentrat ion of adsorbed oxygen was always constant 
before applying various pulses. The increase of the 
response current  density with decreasing preanodiz-  
ing potentials in the region between about 1600 mV 
and about 300 mV can be explained by the cathodic 
polarization of reaction [a]. 

When there is onset of oxygen evolution in the noble 
preanodizing potential, however, there will  be the re-  
duction of the molecules dissolved dur ing preanodiza-  
tion 

02 4- 4H + 4- 4e-* 2H20 [b] 

This may be the reason why the current  density in 
Fig. 3 increased at potentials more noble than  about 
1600 inV. On the other hand, the decrease of current  
density at potentials less noble than about 300 mV, as 
shown in Fig. 3, may be due to the dissolution of bare 
iron. If the electrode potential  passes through the Flade 
region by the applied potential pulse, the passivated 
iron would become active, and there should be dis- 
solution of iron. The response current  (which is nega-  
tive) of the cathodic potential  pulse will  be reduced by 
the current  for this reaction since it is anodic. 

The amount  of charge passed under  cathodic pulsing 
shown in Fig. 4 corresponds to the decreased amount  
of adsorbed oxygen according to reaction [a]. For the 
200 mV pulse amplitude, the amount  of charge is about 
1.6 #coulombs/cm~ at 5.0 msec at the preanodizing po- 
tential  of 1240 mV. This corresponds to 9.9 X 10 TM ad- 
sorbed oxygen atoms/cm~, while for the 50 mV pulse 
amplitude, 2.2 • 1012 adsorbed oxygen atoms/cm 2 are 
obtained. 

In Fig. 11, the logari thm of the current  density at 
zero time in Fig. 5 and 6 is plotted vs. the electrode 
potential  which was obtained by subtract ing the pulse 
ampli tude from the preanodizing potential�9 At each 
preanodizing potential, the logarithmic current  den-  
sity is l inear ly  related with the electrode potential  
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Fig. 11. Response current at the time of zero vs. electrode poten- 
tial for specimen preanodized at various potentials. 

Table I. Concentration of adsorbed oxygen on passivated 
iron before applying cathodic potential pulse at 

various preanodizing potentials 

P r e a n o d i z i n g  Co* 
p o t e n t i a l  ( m Y )  io" ( m A / c m  s) (10 -~n m o l / c m  '~) 

1460 540 10.6 
1360 180 3.52 
1130 55 1.07 
1000 29 0.56 

898 14 0.27 
770 S.5 0.17 
670 4.8 0.09 
560 2.8 0.05 
440 1.4 0.03 

(RHE), and the slope is always 2.27 • 10 -8 (mV-1) .  
If the logarithmic current  of Eq. [4] is differentiated 

by V at zero time, Eq. [6] is obtained 

( O log i ) ~nF 
�9 - - - ~  t=0 -- 2.303RT [6] 

The slope in Fig. 11 corresponds to the lef t -hand side 
of Eq. [6]. In the equation, a is an unknow n  parameter,  
and n is 2 according to reaction [a]. From the experi-  
menta l  results, a was estimated to be 0.1. The in ter-  
cept of the line at electrode potential  zero yields the 
logari thm of current  density at zero time. From Eq. 
[4], the current  density on this condition can be repre-  
sented by Eq. [7] 

i ' t=0  : nFkoCo* [7] 
V = 0  

The value of i* for each preanodizing potential  is 
tabulated in Table I. If the value of ko is known, the 
concentrat ion of adsorbed oxygen at the preanodizing 
potential  can be estimated from Fig. 11 and Eq. [7]. 

ko was calculated by the following method�9 If the 
logarithm of the le f t -hand side of Eq. [5] is plotted 
against the electrode potential, the intercept at the 
potential  of zero should give (ko/2.303). Such a plot 
is shown in Fig. 12 and the intercept  is 1.15 X 102 
(1/sec). From this value, ko was estimated to be 2.65 
X 10 2 ( 1 / s e c ) .  

The concentrat ion of adsorbed oxygen on passivated 
iron at various preanodizing potentials was calculated 
by using ko, and the results are shown in Table I. 

Figure 13 shows the surface coverage 0 of adsorbed 
oxygen which was obtained by  assuming that  the cov- 
erage at 1360 mV is 1.0. Appreciable coverage ap- 
pears at about  300 mV, and increases abrupt ly  at about  
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tial in various solutions. All specimens were preanodized at 1000 inV. 
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shown vs. t ime at the temperatures  40 ~ and 50~ The 
logarithm of the current  density at zero t ime is plotted 
against the electrode potential  in Fig. 14 according to 
the same procedure as that in Fig. 11. The intercept 
at the electrode potential  of zero is i*t=o of Eq. [7], 

V=0 
and depends on the solution temperature.  If the value 
of ko is known, Co* can be evaluated, ko was estimated 
by the same method as that employed above, and the 
result  is shown in Fig. 15. Using these values and i*t=o 

V=0 
in Fig. 14, Co* was calculated according to Eq [7]. 
Co* was not influenced significantly by the change in 
the solution temperature,  and was about 0.6 X 10 - l~  
mole /cm 2 at the preanodizing potential  of 1000 mV. 
However, a dependence of ko on temperature  was ob- 
served, and the logarithmic ko is plotted against 1/T 
in Fig. 15. From this Arrhenius  plot, the activation 
energy of reaction [a] was found to be 8.24 kcal/mole. 
Although there are no data in the l i terature for com- 
parison, it should be noted that 8 kcal /mole is close to 
the activation energy often quoted (21) for an elec- 
trochemical reaction on metal. 
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900 mV. It  may be concluded that  the adsorption of 
oxygen atom on passive film appeared only at poten-  
tials more noble than  the Flade region, and that oxy-  
gen evolved effectively at more noble potentials than 
1360 mV. In  another  exper iment  (20), a passive film 
was produced and the cathodic potential  pulse was ap- 
plied in a solution containing chelating agents. Re- 
duction of the adsorbed oxygen by the cathodic pulse 
was depressed, presumably because adsorbed oxygen 
was replaced by the chelating agent. 

Temperature dependence of the transient behavior . -  
In  Fig. 7 and 8, the logarithmic current  density is 
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The Nucleation with SnCI -PdCI  Solutions of Glass 
Before Electroless Plating 

C. H. de Minjer* and P. F. J. v.d. Boom 
Philips Research Laboratories, Eindhoven, Netherlands 

ABSTRACT 

It has been general ly accepted that  metall ic pal ladium nuclei are formed 
by the nucleat ion procedure of nonconducting substrates with s tannous 
chloride and pal ladium chloride solutions. However, results of exper iments  
on glass using radioactive tracers and ell ipsometry have shown that  no meta l -  
lic pal ladium is present after the nucleat ion procedure. The results indicate 
that  presumably a t in -pa l lad ium comp!ex, containing one pal ladium atom per 
two t in atoms is formed and that this initiates the nickel-phosphorus dep- 
osition from a suitable electroless plat ing solution. 

Before a nonconductive substrate can be plated by 
an electroless process, it is necessary to nucleate the 
substrate. A widely used procedure for this nucleat ion 
involves "sensitization" and "activation" in a s tannous 
chloride and a pal ladium chloride solution, respect- 
tively. The explanat ion widely accepted for this pro- 
cedure [see for example Ref. (1) to (5)] is that  the 
stannous ions reduce the pal ladium ions to finely 
divided metallic pal ladium nuclei on the surface of the 
substrate according to the equation 

Sn 2+ +Pd 2+ -* Sn 4+ +Pd [i] 

The palladium nuclei should then initiate the auto- 
catalytic plat ing process. 

Recently some doubt  has been raised against  this 
simple explanation. Goldie (6) concludes in a l i terature 
survey of the nucleation and activation process that 
the detailed mechanism is somewhat obscure. Chow 
and co-workers (7)1 ment ion that Eq. [1] presumably 
leads to the formation of a Pd- layer  on the substrate. 
However, i rradiat ion of the sensitized and activated 
substrate with uv light inhibits the deposition of 
nickel or cobalt. The authors believe that this can be 
explained by a change in the crystall ine s t ructure  of 
the Pd nuclei, but  they also state tha~ more informa-  
tion concerning the detailed chemistry is desirable. 
Tsukahara e t a l .  (8)1 conclude that  the nuclei  formed 
by the sensitization and activation probably consist of 
negat ively charged SnIfPdII colloidal particles which 
by an int ramolecular  redox reaction may slowly de- 
compose into pal ladium metal  and Sn Iv. 

On the other hand, Cohen and co-workers (9, 10) 
found, using MSssbauer spectroscopy, that on a sensi- 
tized Kapton substrate more Sn 2+ ions and less Sn 4+ 
ions are present than on a sensitized + activated sub-  
strate. They consider this as support for the reac- 
t ion given by Eq [1]. A disadvantage of their tech- 
nique is that the measurements  were carried out in 
vacuum and therefore the sample had to be dried. 
This may have led ~o changes in the composition of 
the films. 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
Key words: electroless deposition, nucleation, sensitization. 

A recent survey of the nucleat ion process is given 
by Feldstein ( l l ) . i  

An argument  against the likelihood of the reaction 
given by Eq. [l] is that in a solution containing SnCl2 
and PdCl2 no pal ladium precipitates. It is known (12- 
15) that  in this case complexes are formed. Khat tak  
and Magee (14) suggest the following formula 

Cl~Sn / "CI I ~SnCl~ 

with palladium in the univalent and tin 
bivalent state. Tsukahara (8) gives the 
[pdnsnHmClz]"-  with m = 2 or 6. 

A commercial solut ions which is claimed to be a 
combination of sensitizer and activator, contains a 
pal ladium complex as well. This solution shows no 
Tyndal l  effect. ~ 

During an investigation to achieve opt imum condi- 
tions of the nucleat ion procedure we also studied the 
mechanism of this procedure, using radioactive t racer  
techniques and ellipsometry. 

We obtained a very  homogeneous nucleat ion by in-  
troducing an immersion of the substrate in a silver 
n i t ra te  solution between the stannous chloride and the 
pal ladium chloride steps. In  accordance with reaction 
[1] we expected the following reactions to occur 

Sn 2+ + 2Ag + ~ Sn 4+ • 2Ag [2] 
and 

2Ag + Pd 2+ --* 2Ag + + Pd [3] 

Due to the complication of the silver ni t ra te  step 
our investigations into the mechanism of the nucleat ion 
procedure were performed with and without  this step. 

1 P u b l i s h e d  b e t w e e n  first  a n d  r e v i s e d  ed i t i on  of th i s  paper .  
2 S h i p l e y  ca t a lys t  6F. 
3 A f t e r  r e v i s i o n  of  th is  m a n u s c r i p t  two  p a p e r s  d e a l i n g  w i t h  P d C h -  

S n C h  so lu t i ons  were  pub l i shed .  Cohen  and  Wes t  (21), u s i n g  M6ss-  
b a u e r  t echn ique ,  f o u n d  t h a t  in  c o n c e n t r a t e d  acid so lu t ions  f i rs t  a 
c o m p l e x  is f o r m e d  and  t h a t  th i s  g r a d u a l l y  decomposes  w h e r e b y  
S n P d  a l loys  cou ld  be de tec ted ,  R a n t e l l  a n d  H o l t z m a n  (22} f o u n d  
an i n d i c a t i o n  t ha t  the  a c t i v e  c o m p o n e n t  of  c a t a ly s t  F6 is a c o m p l e x  
ch lo r ide  of Sn  Ex and  PdE~ and  t h a t  no co l io ida l  p a r t i c l e s  c o u l d  b e  
de tec t ed  l a r g e r  t h a n  5-10 nm.  

in the 
formula 
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Experimental  Procedures and Results 
Substrate.--Sheets of soda lime glass were used, 

50 x 50 X 1 mm for examinat ion with the electron 
microscope, 30 X 30 X 1 mm for the radioactive tracer 
techniques, and 100 X 25 • 1 mm for ellipsometry. 

The sheets were carefully cleaned, first with tr i -  
chloroethylene, followed by an immersion in a CrO3- 
H~SO4 solution for several hours and an immersion in 
a 65 w/o  (weight per cent) HNO3 solution for at least 
15 min. In  this way the sodium ions are removed from 
the glass surface layer. F ina l ly  the glass sheets were 
rubbed with a s lurry of CaCO3 and MgO in water and 
dipped in a 16 w/o HNO8 solution for 1 min. 

Nucleation procedure.--As ment ioned above two 
procedures were followed, one with and one without  
a AgNO3 step. 

With a AgN03 step.--The glass sheets were succes- 
sively dipped in the solutions given in Table I. Freshly  
prepared SnC12 solutions were used. Between each 
step the samples were rinsed in runn ing  deionized 
water  for 1 min. 

During immersion in the silver ni t rate  solution the 
substrate darkens somewhat. This darkening  disappears 
on immersion of the substrate in the pal ladium chloride 
solution. 

Without a AgN03 step.--The same as the above, ex- 
cept that step b (Table I) was omitted. 

Nickel plating.--Only electroless nickel  plat ing was 
used in this investigation. The plat ing solution con- 
ta ined per liter: 30g NiC12.6H20, 10g NaH2PO2-H20, 
30g aminoacetic acid, pH 3.8 (measured at room tem-  
perature) ,  temperature  95~ and durat ion variable. 

All chemicals used were of A.R. quality. 

Checking of the homogeneity of the nucleation.--A 
homogeneous nucleat ion was very impor tant  for the 
interpreta t ion of the results obtained from radioactive 
tracer and ellipsometric measurements.  Therefore the 
homogeneity was checked by making a t ransmission 
micrograph of an approximately 80A thick layer  of 
nickel-phosphorus.  This layer was deposited on a 
nucleated glass sheet and after evaporating a thin 
carbon film on it, the carbon + nickel layer was de- 
tached from the glass using hydrogen fluoride. The 
carbon layer  acted as a support for the nickel-phos-  
phorus film for examina t ion  with the electron micro- 
scope. 

Figures I and 2 give the results, Fig. 1 of a layer 
obtained when a AgNO3 solution was included in the 
nucleation process, Fig. 2 of a layer obtained without 
the AgNO3 step. Figure 1 shows a regular pattern of 
small particles with sizes of 100-150A. The pattern in 
Fig. 2 shows particles of the same size, but it is less 

Table I. $o[ufions and conditions of nucleation procedure with 
a AgNO3 step included 

S o l u t i o n  compo-  Temper -  
Step  s i t ion  pe r  l i t e r  a tu re  D u r a t i o n  

a SnCI~.2HM9 I00 m g  R o o m  1 m i n  
HCI sp. gr. 1.19 0.1 m l  

b AgNO~ l g  R o o m  1 ra in  
e PdCl~ 100 m g  ~ 4 ~  1 m i n  

HC1 sp. gr. 1.19 3.5 m l  
d Water ,  de ion ized  95~ A t  least 

15 sec 

Fig. 1. Transmission electron mlcrograph of a NiP layer, about 
80A thick, nucleated with a AgNO3 step included. 

Fig. 2. Transmission electron micrograph of a NiP layer, about 
BOA thick, nucleated without o AgNO3 step. 

dense; the number  of particles is only about one half 
of that in Fig. 1. We were of the opinion that  the 
nucleat ion was homogeneous enough to just i fy a quan-  
t i tat ive analysis. 

Also, before and after each step of the nucleat ion 
procedure, replicas of the surface were made and ex- 
amined in the electron microscope. They all showed the 
same appearance thus indicating that the nucleat ion 
process was homogeneous. No agglomerated clumps 
were found. Transmission micrographs of thin silicon 
oxide layers dipped in the SnC12 solution showed no 
clumps either. This is in contrast to the results of 
Sard (3). The high SnC12 concentration, used by Sard, 
may be responsible for this difference in results. 

Analysis with radioactive tracers--The amounts  of 
tin, silver, palladium, and chlorine left on the substrata 
after each step followed by rinsing, were determined 
by using radioactive isotopes of these elements. Some 
properties of the isotopes used are shown in Table II. 

Table II. Isotopes used for analysis with radioactive tracers 

E l e m e n t  I ~ t o p e  Ha l f  l i fe  D e l i v e r e d  as 
A c t i v e  conc. 

m g / m l  m C i / m l  

Peak  
measu red ,  

keV 

Tin 
Si lver  
Pal ladium 
C h l o r i n e  

Sn  U3 
Agnom 
pdl.. 
CI~ 

115 days  S n * C h  in  6M HC1 
253 days  Ag*NO8 in  0.1M HNOa 

13.5 h r  Pd*Clz in  0.042M HC1 
3.1 • 10 ~ years  HCI* in  0.38M HC1 

0.072 Sn* 1.0 393 (In TM) 
0.64 Ag* 1.0 658 
0.0605 Pd* 10 -z 88 

10o12 CI* 44 • 10 -3 - -  
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The activities of Sn 113, Ag T M ,  and Pd 109, all ~- 
emitters, were  measured by means of a NaI(T1) wel l -  
type scintillation detector  and a s ingle-channel  spec- 
t rometer .  The radiat ion of C13s, a ~-emitter,  was mea-  
sured with  a Philips Liquid Scinti l lation ~nalyser ,  
using both the l iquid scintil lation and tl~e Cerenkov 
method. The efficiency of the l iquid scintillation 
method is about a factor of 20 higher  than that  of the 
Cerenkov method but the lat ter  is less sensitive to 
"quenching."  With each of the isotopes a solution was 
prepared, such that the same total  concentrations of 
all components as g iven in Table I were  mainta ined 
as far as possible. The final solution had to have  a 
specific act ivi ty  high enough to allow determinat ion 
of the amount  of the e lement  on the glass substrate 
wi th  a reasonable accuracy. This means that only 
small  amounts  of the radioact ive Sn and Ag isotope 
solutions had ~o be added to the corresponding non- 
active solutions, whereas  re la t ive ly  high amounts  of 
the radioact ive Pd and C1 solutions were  necessary. 
The accuracy of the method for Sn, Ag, and Pd is 10% 
(2s) or better, for C1 30% (2s). 

Radioactive tin was added in the stannic form. 4 Pre -  
requisites for using this as radioact ive t racer  in our 
case are that  the small  amount  of stannic ions added 
has no effect on the nucleation procedure and that  
there  is a fast exchange between the isotopes of Sn 2+ 
and Sn 4+ ions. The first effect is negligible, because 
a small amount  of stannic ions is always formed in a 
SnC12 solution by oxidation with  air. We checked that  
an amount  of Sn 4+ ions up to a ratio of Sn4+:Sn2+ of 
at least 1:100 has no noticeable effect on the nucleat ion 
process, whereas  the ratio of active Sn 4+ to nonact ive 
Sn 2+ in the solution was approximate ly  1:25 • 103. 

According to Ha'~ssinsky's Handbook (16) Sn 2+ and 
Sn 4+ in a 9M HC1 solution exchange their  isotopes 
wi thin  several  minutes. Though our solution contains 
only about 0.001M HC1, the ex t remely  low concentra-  
t ion of Sn 4+ ions causes a fast exchange. We checked 
this by varying the *Sn 4+ concentrat ion and the t ime 
elapsed between adding the radioact ive solution and 
immersion of a glass sheet. Within 15 to 20 min a con- 
stant amount  of tin was found on the glass independent  
of the *Sn 4+ concentration, assuming a complete ex-  
change. 

Only the total amount  of tin left on the glass could 
be measured. 

The quant i ty  of tin was determined by measuring the 
393 keV peak of the daughter  In T M  (half  life 1.66 hr) .  
The measurements  were  made the day after  performing 
the exper iments  because an equi l ibr ium had to be 
reached. 

The radioactive si lver was del ivered  as a AgNO3 
solution containing 0.1 mol HNO3. Normal ly  we use a 
solution of only AgNO3. The ratio of act ive Ag* to 
nonact ive Ag in the final solution was approximate ly  
1: 10~, therefore  the concentrat ion of HNO3 in the final 
solution was only 10-4M. This did not noticeably af- 
fect the nucleation procedure. 

The radioact ive pal ladium was obtained by i r radia-  
tion of 10.1 mg PdCI2 in a reactor  in a flux of 3 • 1011 
nsec -1 cm -2 for 110 min. The act ivated product was 
dissolved in 3.5 mli ters  1.2M HC1 and this solution was 
di luted to t00 mliters.  The exper iments  were  carr ied 
out wi thin  a few hours after irradiat ion because of the 
short half  l ife of Pd 109. The results were  corrected for 
its decay. The C13s formed during i rradiat ion of PdC12 
has a half  life of 37 min, much shorter  than that  of 
Pd I09 and should not have affected our results. 

The radioactive chlorine was del ivered as a solution 
of HC1 as wi th  a small  amount  of inact ive  HC1. The 
analysis of chlorine was less accurate than that  of the 
other  elements,  due to the low specific act ivi ty of C13s 

4 The  H a d i o c h e m i c a l  Cen t r e  A m e r s h a m  in  E n g l a n d  was  u n a b l e  to 
d e l i v e r  Sn  in  the  s t a n n o u s  f o r m  a nd  we d id  no t  succeed in f inding 
a s i m p l e  m e t h o d  to reduce  t he  *Sn4~ to *Sn2t w i t h o u t  c o n t a m i n a t -  
i n g  the  so lu t ion .  In  a pape r  p u b l i s h e d  a f t e r  r e v i s i o n  of th i s  m a n u -  
sc r ip t  F e l d s t e i n  and Weiner  (23) g ive  r e su l t s  of a s t u d y  u s i n g  
*Sn 2. as we l l  as *Sn 4+. 

as a consequence of its long half  l ife and to the l imited 
amount  of HCI* that  could be added to the SnC12 and 
PdC12 solutions to main ta in  the concentrat ions at their  
usual values. F rom ear l ier  exper iments  we knew that  
a high concentrat ion of HC1 in the SnC12 solution re-  
sults in a poor nucleation. Af te r  we found that  only 
traces of chlorine were  left  on the glass after the 
t rea tment  in the SnCI2 solution, in both solutions the 
concentrat ion of active chlorine was made as high as 
possible. The ratio of act ive CI* to nonact ive  C1 in the 
SnC12 solution was about 1:1 and in the PdC12 solution 
about 1: 0.23. 

After  a solution with  one of the active e lements  had 
been prepared, a new glass sheet was used for each 
following step included. As an example,  to determine 
the amount  of tin left  on the surface, a glass sheet was 
immersed in the SnC12 solution containing active Sn*, 
rinsed, and kept in water  until  the act ivi ty could be 
measured. Another  glass sheet was also immersed in 
the same solution, rinsed, immersed  in the AgNO3 
solution, rinsed, and kept in wa te r  unti l  measuring, and 
so on. 

Duplicate exper iments  were  performed using the 
same solution and for most e lements  all  the analyses 
were  repeated with freshly made solutions. 

Instead of rinsing with  running deionized water  three 
beakers  with fresh deionized water  for each glass sheet 
were used. The test specimen was immersed in each 
beaker  for 20 sec. This rinsing was sufficient, because in 
the third beaker  no act ivi ty  was found and rinsing six 
times instead of three t imes did not change the amount  
left on the surface. 

The results are collected in Table III. 
The amount  of tin is s tr ikingly constant during the 

whole procedure. Also the same amount  of tin is pres-  
ent on the surface with  and without  an in termediate  
AgNO3 step. The average  of all the  values, obtained 
with the AgNO3 step included, is 0.109 ~g Sn per cm 2. 
Assuming a homogeneous film, this corresponds to 1 
atom Sn on approximate ly  18A 2 or i a tom per 4.2A in  
a square arrangement ,  which is close to a monomolecu-  
lar layer  of a t in compound, s Only traces of Cl are 
left on the surface after immersion in the SnCI2 solu- 
tion. Sharp (1) assumes that  a hydrated stannous 
complex is adsorbed on the surface. We suggest a 
chemical  reaction be tween the stannous ions and the 
OH-groups  present on the glass surface. 

For simplicity we shall first consider the case of 
silica glass, characterized by a random ne twork  of 
inter l inked SiO4-tetrahedra. If this silica glass is 
brought  into contact wi th  an aqueous solution, each Si 
atom at the surface may  be bonded to one, two, or even 
three OH-groups by chemisorption. Figure  3 gives an 
example.  

Several  reactions wi th  stannous ions can be assumed. 
Examples  are 

OH 
i 

H S n  
l i 

O O 

S i  -~- S n  2+  Jr- H 2 0 - - >  S i  ~- 2 H  + [4] 
/l~ ~1~ 

H H S n  
l I / \ 

% s i / O  o \  / o 
-p S n  2+ -> S i  -b 2 H  + [5] 

/\ / \ 
H H S n  
l ~ i _ N O 
0 O 0 
I I I i 

S i  S i  -}- S n  2+ ---> S i  / S i  + 2 H  + [6] 

/1\o/I \  
F e l d s t e i n  and Weiner  (23), u s i n g  aged  c o m b i n e d  SnCI2 and SnCll  

so lu t ions  on a h y d r o p h o b i c  subs t r a t e  (Teflon),  f o u n d  v a l u e s  a p p r o x i -  
m a t e l y  a fac tor  20 to 30 higher.  
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Table II1. Amounts of Sn, Ag, Pd, and CI left on a glass substrate after the subsequent steps of the 
nucleation process 

1647 

A m o u n t s  i n  # g / c m  ~ 

S n C I =  + A g N O ~  + P d C I 2  + W a r m  N i  b a t h  + CI  ~ C1 b 

rinsing rinsing rinsing water rinsing Sn Ag Pd L S C  c L S C  ~ Cerenkov 

+ . . . .  0.106 -- -- ~0.001 

0.125 ~0.004 

+ + -- -- -- 0.126 0.152 -- 0.003 

0.126 0.109 0.002 

+ + + -- -- 0.104 0.135 0.068 -- 

0 . 1 2 1  O. 140  0 . 0 5 0  
0 . 1 6 3  
0 . 1 6 5  

+ + + + -- 0 . 0 9 7  0 . 0 6 8  0 . 0 5 7  - -  
0 . 0 9 4  0 . 0 9 0  0 . 0 4 1  

+ + + + + 0 . 1 1 2  0 . 0 7 1  0 . 0 4 4  - -  
0.I00 0.082 0.041 

0 . 1 0 1  0 . 0 7 2  
0 . 0 9 6  0 . 0 7 6  

+ -- + -- -- N . D .  d -- 0 . 0 4 1  -- 

0 . 0 4 1  
+ -- + + -- N.D. -- 0.040 -- 

0 . 0 4 0  
+ - + + + 0 . 0 9 4  ~ 0 . 0 4 0  - -  

0 . 1 1 2  0 . 0 4 0  

N 

0.46 1 .40  
0 . 2 0  0 . 5 4  

0 . 0 6  0 . 0 6  
0 . 0 5  0 . 0 3  

0 . 0 4  O. 13 
0 . 0 7  0 . 1 8  
0 . 0 7  0 . 0 4  
0 . 0 6  0 .01  

e W i t h  a c t i v a t e d  CI*  i n  S n C I ~  so lu t ion .  
b W i t h  a c t i v a t e d  C l *  i n  P d C l ~  s o l u t i o n .  

L i q u i d  s c i n t i l l a t i o n  m e t h o d .  
N o t  d e t e r m i n e d .  

The Sn atoms on the surface will  be surrounded by 
H20 molecules. In silica glass the distance be tween 2 
Si atoms in the S i -O-Si  bridges is 3.02A (17). How-  
ever,  the distance be tween Si atoms of neighboring 
Si-O4 units not l inked by oxygen atoms will  be some- 
what  larger. According to Eq. [4]-[6] one Sn atom wil l  
be bonded to one or two Si atoms. Therefore  the dis- 
tance be tween the Sn atoms on silica glass may  be 
expected to vary  be tween  3 and 6A. 

The ne twork  of soda l ime glass, in which about 15% 
of the oxygen ions are nonbridging, af ter  ext ract ing 
the meta l  ions f rom the surface, wil l  be somewhat  
looser than that  of silica glass. Thus the average  dis- 
tance be tween the Si atoms wil l  definitely be somewhat  
greater  than 3A. Therefore,  as a consequence of the  
calculated average distance of 4.2A between the Sn 
atoms, the occupation of the Sn atoms might  be close 
to one Sn atom per Si atom on the glass surface. 

The amount  of si lver left  on the surface after immer -  
sion in the AgNO3 solution is ca. 0.16 #g/cm 2. This 
corresponds to 1.6 atom Ag per atom Sn. 

During a subsequent immersion in the PdC12 solu- 
tion no s i lver  is removed.  This contradicts  reaction [3] 
according to which si lver should be replaced by pal-  
ladium. 

Af ter  a dip in warm water  the amount  of si lver is 
decreased to about half  of its value and this reduced 
amount  is mainta ined after  nickel  plating. We repeated 
these exper iments  wi th  and wi thout  the step in w a r m  
wate r  and also var ied the durat ion of this step. Table 
IV gives the results. In all  cases the amount  of si lver 
left  af ter  nickel plat ing is considerably lower than that  
af ter  immers ion in the PdC12 solution. However ,  wi th-  
out a dip in w a r m  wate r  the amount  of si lver left  is 
h igher  than with  this dip. A dip of 15 sec or 3 min in 
warm wate r  makes  hard ly  any difference. We know 
from earl ier  exper iments  that  in our procedure  a dip in 
w a r m  water  is essential for a homogeneous nucleation. 
Here  again 15 sec or 3 min  in water  at 95~ gave the 
same results. 

f f  f f  f 
0 0 0 0 0 0 0 0 
. I /  \ I \. / \ i Si~o/S~, si_ s~ _s~ 

/ /  o/1\ 
ON, / 0  O~ 

5i 

Fig. 3. Surface layer of silica glass in water 

silica glass 
surface 

Table IV. Effect of rinsing in warm water before Ni-plating on the 
amount of Ag left on the substrate 

S t e p s  a f t e r  i m m e r s i o n  
i n  S n C b ,  A g N O 3 ,  and  

P d C I =  s o l u t i o n s  
N i  b a t h  + 

W a r m  w a t e r  r i n s i n g  ; lg  A g  p e r  c m  2 

_ --  0 . 1 6 3  
0 . 1 6 5  

_ + 0 . 0 9 0  
0 . 0 9 2  

10 s e c  + 0 . 0 7 2  
0 . 0 7 6  

3 r a i n  + 0 . 0 6 9  
0 . 0 6 9  

The amount  of pal ladium left  on the surface after  
immersion in the PdCI2 solution is 0.04-0.05 ~g/cm 2, 
independent  of whether  a preceding step in a AgNO3 
solution is included or not. 

No change of the amount  of pal ladium occurs during 
dipping in warm water  or during nickel plating. 

The amount  of chlorine left  af ter  the SnC12 step is 
negligible, as stated above. Af te r  immers ion in the 
PdC12 solution, a re la t ive ly  high amount  of C1 is left 
on the surface, especially if a preceding step in a AgNO3 
solution is included. This amount  is not reproducible.  
We repeated the exper iments  several  times. The ex-  
t reme values found were  0.2 and 1.4 #g /cm 2, corres-  
ponding to 6 and 40 C1 atoms per Sn atom, respectively.  
Al though the chlorine analysis is less accurate than the 
analyses of the other elements,  the spread in the 
chlorine values is much greater  than can be a t t r ibuted 
to the accuracy. 

The large amount  of C1 left  on the surface makes it 
unl ikely that  Eq. [1] or [2] + [3] is representat ive  for 
the mechanism of the nucleat ion process. The formation 
of a complex compound is more probable. 

We found in the case of an in termediate  AgNO3 step 

Sn : P d  : Ag : C1 = 1 : (0.4-0.5) : 1.6 : (6-40) 

and wi thout  a AgNO3 step 

S n :  P d :  C I - - 1 : 0 . 4 :  (1-5.5) 

The ratio Sn : P d  is (2 to 2.5): 1. This is approx-  
imately  the same as in the complex given by Kha t tak  
(14) and in the complex wi th  m -- 2 ment ioned by 
Tsukahari  (8). 

Af te r  the dip in w a r m  wa te r  the amount  of chlorine 
on the surface is decreased to approximate ly  1 C1 atom 
per Sn atom, whe ther  or not a preceding AgNOz step 
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is included. We assume that  the C1 removed is replaced 
by OH groups. This hydrolysis might  also occur at 
temperatures  lower than 96~ but  at a slower rate and 
might  be an explanat ion for the poor reproducibil i ty 
of the amount  of C1 found after the immersion in the 
PdC12 solution. 

Whether  the chlorine left after the dip in  warm 
water  stays on the surface dur ing  nickel pla t ing has 
not  been determined. 

Ell ipsometry.--To obtain more evidence that no 
metallic pal ladium or silver is formed dur ing the nu -  
cleation process, some experiments  were performed 
using an ellipsometer. 

El l ipsometry measures the change in the state of 
polarization of polarized light upon reflection from a 
surface. I t  yields two parameters,  designated A and ~, 
from which the optical constants, viz., refractive index 
and ext inct ion coefficient of a fi lm-free substrate, can 
be calculated. Format ion of a layer on the substrate 
general ly  leads to changes in the ellipsometric param-  
eters, and these changes give informat ion concerning 
the thickness and the optical constants of this layer. 
The method is capable of detecting even small  fractions 
of a monomolecular  layer in many  cases (18). 

A layer which is optically nonabsorbing (low ex- 
t inction coefficient) will  give main ly  a change in h and 
have only a negligible effect on ~. Optically absorbing 
layers (high extinction coefficient), however, will  show 
a significant change both in h and in e z. The method 
therefore is well suited to an investigation of whether  
the films formed dur ing  the nucleation procedure are 
metallic or nonmetall ic.  As has been shown recently 
by Smith (19) a metall ic film in submonolayer  quan-  
tities still has metal-opt ical  properties. 

From the measurements  with radioactive isotopes we 
know that ca. 0.16 ~g/cm 2 silver and ca. 0.05 ~g/cm 2 
pal ladium are left on the surface. Assuming a homo- 
geneous distr ibution these amounts  correspond roughly 
with a monolayer  of silver and 0.3 of a monolayer  of 
palladium, or with ca. a 3A thick layer of silver and a 
1A thick layer of palladium. We expect these values to 
be high enough to decide by ellipsometric measure-  
ments  whether  these elements are in the metallic or in 
the nonmetal l ic  state. 

The ellipsometer used was buil t  in  this laboratory. 
The sensit ivity was • 0.005 degree. A block diagram of 
the a r rangement  is shown in Fig. 4. 

A He-Ne laser beam with a wavelength of 6328A was 
used. The light of this beam is l inear ly  polarized. The 
u ~. plate before the polarizer serves to obtain circu- 
lar ly  polarized light, otherwise the intensi ty after the 
polarizer is dependent  on the position of the polarizer. 
The value of h for a glass sheet immersed in water  is 
somewhat temperature  dependent.  A changed by ap- 
proximately  -t-0.1 degree for an increase in temperature  
of I~ ~ showed no noticeable change. 

Therefore the experiments  were carried out at a 
constant tempera ture  in a cell surrounded by a water  

gklss ~bsb'ate 
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~1=6328~ " "" / 1 I ] 
~r 

J mulfiplier 

Fig. 4. Block diagram of the ellipsometric arrangement 
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Fig. 5. Cell used for ellipsometric measurements 

jacket except at the cell windows (see Fig. 5). Through 
this jacket water  from a thermostat  could be circu- 
lated to keep the tempera ture  in the cell constant  wi th-  
in 0.1~ The tempera ture  of the thermostat  was chosen 
to be close to room temperature.  All  the solutions and 
r insing water  were kept in the thermostat  before use, 
except those to be used at temperatures  differing from 
room temperature,  viz., the PdC12 solution (ca. 4~ 
hot water  (95~ and the Ni solution (95~ 

Both the test specimen and the  cell had to be rigidly 
mounted.  

After cleaning the glass sheet, it was placed in the 
cell, which had previously been filled with deionized 
water  and the ellipsometer was adjusted. For each test 
series the stabilities of the cell and the test specimen 
were checked by pouring hot and cold water  into the 
cell; after the temperature  was constant  again, the read-  
ings of the ellipsometer had to be the same. Then the 
nucleat ion procedure was started by emptying the cell, 
pouring the SnC12 solution into it, removing the SnC12 
solution after 1 min, and r insing both glass sheet and 
cell by pouring deionized water  into the cell for 1 min, 
after which ~ and ~ were read. Then  the AgNO3 solu- 
tion was poured into the cell, and so on. If a solution 
at a low or a high temperature  was used, the cell was 
rinsed unt i l  the temperature  in it was again close to 
that  of the thermostat  before readings were made. 

Several  series were performed. Table V gives a sum- 
mary  of the results. All the values of 84 and 5~ are 
deviations from the init ial  values before immersion 
in the SnC12 solution, hence not per step. 

As can be seen from Table IV, ~ has changed some- 
what  after each step, always in the same direction. 
The change in ~ is much smaller. For comparison a 
few calculated values of 5a and 6~ both for homogene- 
ous films with high and low extinct ion coefficients are 
given in Table VI. 

The values of the refractive indices (n) and ext inc-  
tion coefficients (K) are more or less arbi t rar i ly  chosen. 
The thickness has been varied to a ma x i mum of 5A 
for the s trongly absorbing (metallic) and to a maxi -  
m u m  of 25A for the slightly absorbing films (nonmeta l -  
lic). These values are more or less representat ive for 
monolayers  of a metal  and a meta l - ion  complex, re-  
spectively. 

The small  exper imental  values of 5A and 5~ (Table 
V) can only be interpreted in terms of nonmetal l ic  
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Table V. Changes in ellipsometric parameters • and r during the nucleation procedure on a glass 
substrate 
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N u c l e a t i o n  s t e p s  N u m b e r  5A i n  degrees 
S n C l e  + A g N O 3  + P d C I 2  + W a r m  of  e x -  
r i n s i n g  r i n s i n g  r i n s i n g  w a t e r  p e r i m e n t s  M i n .  M a x  A v g  M i n .  

5 ~  i n  d e g r e e s  

Max Avg 

+ - - - 5 - 0.15 0.00 - 0.08 0.000 + 0.005 + 0.000 
+ + - - 3 - 0.38 - 0.30 - 0.35 0.000 + 0.025 + 0.015 
+ + + - 3 - 0 . 5 2  - 0 . 5 0  - 0 . 5 1  + 0 . 0 1 5  + 0 . 0 3 0  + 0 . 0 2 5  
+ + + + 3 - 0 . 5 7  - 0 . 4 8  - 0 . 5 2  + 0 . 0 2 5  + 0 . 0 4 5  + 0 . 0 3 5  
+ - + - 2 - 0 .32  - 0 .22  - 0 . 2 7  0 . 0 0 0  + 0 . 0 1 5  + 0 . 0 0 5  
+ - + + 2 - 0 . 3 4  - 0 . 2 9  - 0 . 3 2  + 0 . 0 1 5  + 0.015 + 0,015 

Table VI. Calculated values for bA and be with nwater : 1.3330, 
nglass = !.5200 and ~ = 6328~.. Angle of incidence = 45.0 ~ 

Thickness 
i n  A n K 5A 6@ 

Strongly absorbing layers (metallic) 

1 1 . 4 0 0 0  1 .40 -- 3 .34  + 0 .30  
3 - 8 .85  + 0 . 9 4  
S - -  13.11 + l.tll 
1 1 .4000  2 .10  -- 5 .27  + 0 .56  
3 - -  12.71  + 1.78 
5 -- 17 .40  + 3 .02  
1 1 . 4 0 0 0  2 . 8 0  -- 7 .54  + 0 .82  
3 -- 16 .59  + 2 .66  
5 - - 2 1 . 1 0  + 4 . 4 8  
1 1.4000 3.50 -- 10.22 + I . I I  
3 - - 2 0 . 4 2  + 3 . 6 6  
5 -- 2 4 . 2 2  + 6 .08  

Slightly absorbing l a y e r s  ( n o n m e t a l l i c ]  

5 1 . 4 7 0 0  0 . 0 3 0  -- O. 13 + 0 .01  
15 -- 0 .39  + 0 .02  
25  - 0 .64  + 0 .03  

5 1 .4700  0 . 0 4 5  - 0 .15  + 0 .01  
15 - 0 . 4 4  + 0 .02  
25  -- 0 .72  + 0 . 0 4  

5 1 .4900  0 . 0 3 0  -- 0 .09  + 0 .01  
15 -- 0 . 2 8  + 0 .02  
25  -- 0 ,46  + 0 .04  

5 1 . 4 9 0 0  0 . 0 4 5  -- 0 .11  + 0 .01  
15 -- 0 . 3 3  + 0 . 0 3  
25  -- 0 .54  + 0 .05  

films. The thickness of the films (for thin films 5.~ 
changes l inear ly  with the thickness) increases with 
each following step, except after the warm water  
t reatment .  

@ changes rapidly immediately after filling the cell 
with the electroless Ni solution. 

A sodium hypophosphite solution, ei ther warm or 
cold, added to the cell after the nucleat ion procedure 
had been completed, caused no significant change in • 
or in ~. This indicates that  if a Sn -Pd  complex is pres- 
ent on the surface, this is not reduced by hypophosphite 
to metallic palladium. 

Our conclusion that  no metallic Ag or Pd is formed 
during nucleation is fur ther  supported by recent ellip- 
sometric measurements  of Kelly (20), who followed 
the reduction of PdC12 on TiO2 by i l lumination.  He 
found changes in A and @, which indicated a metallic 
film. This could be proved for thicker films by reflec- 
t ion h igh-energy electron diffraction. The sensitivity 
of the ellipsometric measurements  was high enough to 
detect 0.1 of a metallic Pd monolayer. 

Experiments with mixed solutions of SnCl2 and 
PdCt2.--We also did some qual i tat ive experiments  by 
mixing various volumes of the solutions of SnC12 and 
PdC12, given in Table I. Yellow colored solutions were 
obtained. No pal ladium was formed. Heating gave in 
most cases a flocculent, nonmetal l ic  precipitate. 

If to the  mixed solutions a sodium hypophosphite 
solution is added, no metallic pal ladium is formed. 
Upon heating a precipitate arises, which contains metal -  
lic pal ladium only if the ratio Sn 2+ : Bd 2+ in the 
mixed solution is low. This is in agreement  with our 
finding that  a nucleated substrate in  a NaH2PO2 solu- 
tion shows no light absorbing film in  the ellipsometer. 

By mixing solutions of SnC12 and PdC12 at higher 
pH's and with a small excess of chloride, dark colored 
solutions may occur. In  such solutions a black precipi-  

tate is formed by oxidation with air. This precipitate 
is nonmetal l ic  and consists of a pal ladium hydroxide 
or perhaps a basic pal ladium salt. If air is excluded 
the solutions are stable. This result  might be in agree- 
ment  with the opinion of Kha t tak  (14) that  a complex 
with univa lent  pal ladium is formed. 

Discussion and Conclusions 
The foregoing results can be summarized as follows. 

After immersion in a SnC12 solution a very reproducible 
amount  of t in  is left on the surface as a chlorine-free 
compound. This amount,  corresponding closely to a 
monolayer, is main ta ined  during all the subsequent 
steps, including the nickel plating. We suggest that the 
t in is chemically bonded to the Si-O groups of the 
pretreated glass surface. 

The amount  of pal ladium left after the immersion in 
a PdC12 solution, both with and without  an intermediate  
dip in a AgNO3 solution, is also reproducible and the 
same amount  is also main ta ined  during the subsequent  
steps. The ratio of S n : P d  is approximately 2: 1. After 
the PdC12 step a large amount  of chlorine is found. 
This makes it unl ikely  that pal ladium metal  is formed. 
The amount  of C1 is not very reproducible, it varies 
from 6 to 40 C1 atoms per Sn atom when a AgNO~ step 
is included and from 1 to 6 without  a AgNO3 step. A 
dip in warm water  removes much of the C1, but  an 
amount  is left corresponding approximately to 1 C1 
atom per Sn atom. We expect that  the C1 atoms re- 
moved are replaced by OH groups, consistent with the 
fact that  the ellipsometric parameters  change very 
little. 

The amount  of silver left after a dip in  a AgNO5 
solution does not change dur ing the following dip in 
a PdC12 solution. Thus, no exchange of Ag and Pd takes 
place. This gives evidence that  the silver is not present 
in the metallic state either. The silver ions will  be 
taken up by the Sn containing film in another  way than 
the pal ladium ions, because the amount  of pal ladium 
left on the surface is not affected by a previous dip in 
a AgNO3 solution. An adsorption of the silver ions and 
a complex forming of the Pd ions is a very speculative 
assumption and has to be verified by fur ther  experi-  
ments. 

Nearly half of the silver is removed by a dip in  warm 
water. This indicates that the silver ions occupy two 
different sites on the surface presumably  on Sn and 
on Si positions. 

Ellipsometric measurements  show clearly that  no 
strongly light absorbing film is formed. This makes it 
very l ikely that  the silver and  pal ladium present  on 
the surface are not in the metallic state. 

Finally,  a fur ther  support for the fact that  no metal -  
lic pal ladium is formed, is that pal ladium either as 
bu lk  metal  or as sputtered film is only a poor catalyst 
for electroless nickel deposition. I t  shows a long in i t ia-  
tion period, much longer than a surface nucleated with 
a SnC12-PdC12 solution. The behavior  of pal ladium 
metal  as catalyst depends very much on its pre t rea t -  
ment, in m a n y  cases no nickel deposits at all. 

The main  conclusion from our results is therefore 
that dur ing the SnC12-PdC12 nucleat ion process on 
glass, either with or without  an intermediate  AgNO3 
step, no metallic film could be detected. The formation 
of a S n - P d  complex is more likely. The structure and 
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composition of such a complex cannot be deduced from 
our results. We only know that  the Sn: Pd ratio is about 
2:1 and that  an excess of C1 is present  before heating in 
water. Whether  the Pd occurs in a univa lent  or a 
bivalent  state is not known. 

No suggestion can be made about the mechanism of 
ini t iat ion of the nickel deposition of the nucleated 
glass surface. We could not detect a metallic film after 
a t rea tment  with a hypophosphite solution. Possibly 
the Sn-Pd  complex reduces the nickel-ions. Fur ther  
study is necessary to solve this problem. 
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Dimethylamine Borane as the Reducing 
Agent in Electroless Plating Systems 

Mark Lelental 
Research Laboratories, Eastman Kodak Company, Rochester, New York 14650 

ABSTRACT 

The interaction of d imethylamine borane (DMAB) with evaporated metal  
nuclei  that  exhibit  catalytic and noncatalytic behavior towards nickel elec- 
troless plating baths has been studied. The adsorption of DMAB, followed by 
its catalytic decomposition, was found to be the initial  step of nickel electro- 
less plating. Elemental  boron, deposited on the surface of the catalyst, was 
identified as a product of the lal ter  reaction. The process of nickel deposition 
was shown to require a larger metal  aggregate for catalysis than  that  neces- 
sary for the DMAB decomposition reaction. A mechanism for this reaction 
is proposed and possible sources of inefficiencies in the electroless-plating 
pa thway are discussed. 

Amine boranes are useful reducing agents for many  
types of electroless plat ing solutions. An  advantage 
such systems have over solutions that  use sodium hy-  
pophosphite as a reducing agent is the production of 
a relat ively pure metal  deposit and the abil i ty to be 
catalyzed by a wide range of materials  (1, 2). A 
properly formulated solution is thermodynamica l ly  
unstable  bu t  kinet ical ly  stable, its decomposition be-  
ing accelerated by the presence of a catalyst that leads 
to the deposition of metal. The mechanism of electro- 
less deposition usual ly  presupposes adsorption of the 
reducing agent onto the catalytic surface, followed by 
autocatalytic metal  deposition. Metallic pal ladium is 
the catalyst most commonly used for the ini t iat ion of 
electroless plating. For some practical applications of 
this process, the min imum number  of atoms (or crit i-  
cal size) of a given mater ial  able to form catalytically 
active centers is t aken  as a measure of its catalytic ac- 

Key words: amine, boranes, electroless, plating, palladium. 

tivity. Hamil ton and Logel (3) have studied such 
catalyst-size effects in electroless plat ing deposition. 
This paper presents the details of a s tudy of the in -  
teraction of an amine borane type of reducing agent 
with the surface of a catalyst. 

The interactions of d imethylamine  borane (DMAB) 
solutions with vacuum-deposi ted Pd, Ni, and Bi films 
were studied by analyt ical  techniques that  monitored 
boron content  on the metal  surface. In  the case of Pd, 
for which there is a considerable interact ion with 
DMAB, the kinetics of this surface reaction were also 
studied as a funct ion of DMAB concentration,  tempera-  
ture, and Pd coverage. On the basis of these studies, a 
mechanism of the catalytic decomposition of DMAB 
on pal ladium is proposed. A similar  investigation of 
the interaction of hypophosphite and nickel ions on 
evaporated metal  films has been carried out using 
radiotracer  techniques and wil l  be the subject  of a 
later report  (4). 
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Experimental 
The pal ladium catalyst was prepared as a thin meta l -  

lic film deposited on double-coated tape (3M Company, 
No. 665) by the vacuum-deposi t ion technique of Hamil-  
ton and Logel (5). The Pd coverage was varied over 
the range 1.6-0.05 mg/ f t  2. These values span the range 
of sizes and coverages above and below the critical size. 
This method of preparing the catalyst film allows the 
coverage of Pd film to be related to the size of the 
metal  nuclei. Therefore, critical coverage represents a 
film of Pd nuclei  of a critical size for catalysis in the 
appropriate electroless plat ing solution. 

The electroless plat ing was carried out at  room tem- 
perature  and solution employed in these studies had 
the following composition: 

NiC12.6H20 (Baker and Adam-  
son, reagent grade) 0.1M 

Gluconic acid (Eastman Organic 
Chemicals, technical grade) 0.65M 

NH40H to pH = 9.0 
DMAB (Callery Chemical Co.) 1% 

A spectrophotometric method based on the forma-  
tion of a boron-curcumin  complex was used for the 
determinat ion of boron (6). The complex is very stable 
and its high extinction coefficient makes it highly suit-  
able for boron analysis. However, protonated curcumin 
in the acidic solution forms a strongly interfer ing com- 
plex, which must  be destroyed before any measure-  
ment  can be made. This was accomplished as proposed 
by Grinstead (7) by neutral izat ion of the solution with 
ammonium acetate. For our studies, the determinat ion 
of boron was carried out by modification of the pro- 
cedures of Hughes and Metcalfe (8), and of Grinstead 
(7): 

1. Introduce a dry sample containing 0.05-3.5 ~g of 
boron into 125-ml polyethylene bottle. 

2. Add 3 ml of curcumin (Eastman Organic Chemi-  
cals) reagent  (0.125g of curcumin in 100 ml of glacial 
acetic acid). 

3. Add 3 ml of acid reagent (equal volumes of 96% 
sulfuric acid and glacial acetic acid). 

4. Mix and let stand for 2 hr. 
5. Neutralize using 15.0 ml of ammonium acetate-  

acetic acid reagent  (250g of ammonium acetate plus 300 
ml  of glacial acetic acid in  sufficient water  to make 1 
l i ter) .  

6. Measure the absorbance at 555 nm in 1-cm cells 
against a boron-free blank. 
For levels below 2 ~g of boron, replacement  of all 
glassware by polyethylene equipment  was necessary to 
obtain reproducible results and low blanks. 

The calibration curve was determined by placing 25, 
50, and 100 microliters of solutions (containing 80 #g/ 
ml  and 10 ~g/ml of boron as boric acid) on 0.5 in. 2 of 
the double-coated tape mounted on a microscope slide. 
After  drying, the tape was removed from the slide and 
placed in a polyethylene vial. The relationship between 
absorbance and boron content  was determined (Fig. 1). 
For the studies of the interact ion between catalyst and 
DMAB, the samples (metal  nuclei- tape-glass  slide) 
were immersed in aqueous DMAB solutions for the 
given period of t ime and then washed with water  to 
remove excess DMAB. Then either 0.5 in. 2 or 0.25 in. 2 
of the dried tape was analyzed by the same procedure 
a s  used for the standards. Four independent  samples 
were analyzed for each boron determination.  All  de- 
terminat ions  of absorbance were carried out using a 
Beckman DK-2A ratio recording spectrophotometer. 
The absorbance was calculated as follows 

1.8 - -  

A = A M  - -  A ~  

where AM is the absorbance for a sample containing 
metal  nuclei  on tape (expressed as absorbance/0.5 in.• 
of tape) and AB is the b lank  absorbance for tape alone 
(expressed as absorbance/0.5 in. 2 of tape).  The amount  
of boron was read from the calibration curve. 
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Fig. 1. Calibration curve for colorimetric determination of boron 

Results and Discussion 
Catalytic Nuclei (Pd) 

Pd-DMAB interaction as a function of palladium 
coverage.--The films were immersed for 10 min  in a 
1% aqueous DMAB solution. The amount  of "adsorbed" 
DMAB, as measured by the boron content, is shown 
in Fig. 2. 

The results indicate that there is a much greater 
amount  of boron on the pal ladium surface than would 
be expected assuming monolayer  adsorption of the 
DMAB. For example, for Pd coverage of 0.5 mg/ f t  2, 
the specific adsorption ( r  : number  of moles of ad- 
so rba te /number  of moles of adsorbent)  is 9.83. This 
indicates that the mechanism of the interact ion of 
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Fig. 2. Amount of boron deposit as a function of palladium coy- 

erage. 
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DMAB with the catalytic surface is different from 
that previously found for the hypophosphite system in 
which a monolayer  adsorption was found (4). The 
results also show that  even in the case of Pd coverages 
that are subcritical for nickel deposition, there is ap- 
preciable Pd-DMAB interaction. For example, a Pd 
coverage of 0.05 mg/ f t  2 gives r = 48.3. The failure of 
the surface reaction between DMAB and Pd to termi-  
nate at subcritical Pd coverages indicates that  another  
effect is responsible for the lack of nickel deposition 
in this region. A similar conclusion resulted from 
studies of adsorption of hypophosphite ions, where 
again no discontinui ty of adsorption on Pd was ob- 
served below critical size. 

Kinetics of the surface reaction between DMAB and 
Pd . - -The  results described above indicated that  Pd-  
DMAB interact ion is not a simple monolayer  adsorp- 
tion. To fur ther  elucidate this interact ion it was studied 
as a function of time, concentrat ion of DMAB, and 
temperature.  Figure  3 i l lustrates the relationship be-  
tween time and the amount  of boron-conta ining species 
resul t ing from the surface reaction. Excess DMAB was 
used to keep the DMAB concentrat ion essentially con- 
stant  throughout  the run. 

The results indicate that the boron-conta ining prod- 
uct of this surface reaction is itself a catalyst for fur-  
ther reaction. This reaction is thus autocatalytic. The 
decrease of the rate of metal  deposition with t ime is 
often observed in the electroless plat ing process for 
which autocatalytic behavior is well-established. This 
effect might  be due to the accumulat ion in the solution 
of products of the reactions involved in electroless 
plat ing or to changes in the morphology of a metal  
deposit. The decrease of the rate of boron deposition 
with time might be due to the similar factors. Another  
possibility that must  be taken into account is diffu- 
sion of pal ladium through the boron layer. Applica- 
tion of methods of surface examination,  such as ESCA 
or Auger  spectroscopy, could definitely establish the 
validity of this hypothesis. Such studies are in progress 
in these Laboratories. Studies of the rate of Pd-DMAB 
surface reaction as a function of DMAB concentrat ion 
were carried out at two Pd coverages, one supercritical 
(0.5 mg Pd/ft2),  and the other subcritical (0.04 mg P d /  
ft~). Figure 4 i l lustrates the results of these studies. 

A l inear relationship exists between the amount  of 
boron deposited as a result  of surface reaction and 
DNIAB concentrat ion for the Pd coverages in both 
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Fig. 4. Effect of DMAB concentration on boron deposition 

cases. The observation that  even in the advanced stage 
of the process the rate varies significantly for the two 
Pd  coverages indicates that  in spite of the assumed 
coverage of the Pd nuclei by the  boron-conta in ing re-  
action product, the na ture  of the original Pd deposit 
still influences the course of the reaction. 

The effect of tempera ture  on the rate of boron 
deposition is shown in Fig. 5. 

The increased rate of the surface reaction wi th  in-  
creasing temperature  is fur ther  evidence that the 
DMAB-Pd interact ion is not a simple adsorption proc- 
ess. The activation energy of the over-al l  process in 
the tempera ture  range 21~176 was estimated from 
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the log k vs. 1 /T relat ionship to be 12.2 kcal/mole. This 
applies to the reaction in the early (10 min)  stage. 

Products of the catalytic decomposition of DMAB on 
suryace of palladium f i lms . - -Analys is  by at tenuated 
total reflectance (ATR) infrared spectroscopy of a Pd 
surface that had been treated with aqueous DMAB 
solution failed to detect the presence of any B-H-  
containing species on the Pd surface (~B-H ---- 
1800-2400 cm-~) .  Laser Raman spectroscopy also 
failed to detect the presence of any B-H-conta in ing  
material  on the Pd surface. The boron deposit was 
also investigated by x - ray  diffraction methods. 

A sample consisting of Ag foil on which Pd had been 
deposited by vacuum deposition was immersed into 
DMAB solution, washed, dried, and subsequent ly  
studied by the Debye-Scherrer  method and diffrac- 
tometry. Several  successive scans were made under  
the conditions 45 kV, 24 mA, 3 ~ tube Soller slit, 0.3 ~ 
defining slit, 6 ~ take-off angle, and a 3.5 X 10-6-in. - 
thick beta filter in order to obtain the highest possible 
x - r ay  flux. The result ing diffraction patterns showed 
several low maxima between 3.5 and 7.5A, which is the 
region of greatest diffracted intensi ty for both rhombo-  
hedral and te t rahedral  boron. On the basis of these re- 
sults, the presence of at least one crystallographic form 
of elemental  boron on the pal ladium surface appears 
ra ther  likely. 

Nickel deposited from Ni-amine borane electroless 
plat ing bath always contains boron. It is possible that 
the boron in both cases (DMAB alone and electroless 
Ni) comes from the same mechanism of decomposition 
of amine borane. 

Mechanism of the catalytic decomposition of DMAB 
on pal ladium.-- In  addit ion to elemental  boron, the 
decomposition products of DMAB on metallic pal-  
ladium are hydrogen, boric acid, and d imethylamine  
(9). On the basis of these products, the following mech- 
anism is proposed 

H 
I 

(CHa)2N--BH3 -5 Pd~ {[ (CHz)2HN--BH3]Pd} [1] 

H 
I 

(CI~)2N-- .BHs~ P d - ' -  (BHa) -5 (CH3)2NH [2] 

Pd 

P d ' '  " B - 5 3 / 2 H ~  

Pd �9 �9 �9 BI-I~ "-$~0 [3] 

" ~  Pd -5 HsBO~ -5 3H~ 

The cleavage of the B-N bond and formation of an 
adsorbed complex involving the boririe radical [i.e., 
Pd . - .  (BH3)] could be facilitated by the init ial  ad- 
sorption of DMAB on the Pd surface. Borine is a 
powerful Lewis acid and would be hydrolyzed rapidly 
to produce boric acid and H2. A competitive reaction 
is the reduction to elemental  boron with the evolution 
of hydrogen. The suggestion of an adsorbed borine in-  
termediate  is consistent with electrochemical and 
chemical data for similar systems. Elder and Hickling 
(10) proposed the formation of a Pt  �9 �9 �9 BH3 complex 
during the oxidation of aqueous NaBI-I4 at a p la t inum 
electrode. Jones (11) has suggested that the reduction 
of organic carbonyl  functions by t r imethylamine  bo- 

+ 

rane proceeds by the formation of a R2C-O-BH3 spe- 
cies. Brown and co-workers (12) have proposed that 
diborane reduction of ketones most l ikely proceeds by 
an  ini t ial  complexation of the BHa moiety with car- 
bonyl  oxygen followed by the intermolecular  hydride 
shift. Kelly and Marchelli  (13) postulated that the 
general  acid-catalyzed hydrolysis of BH3 adducts of a 
series of alkyl, aryl, and heterocyclic amines proceeded 
by a ra te -de te rmin ing  electrophilic replacement  of BHa 

from the ni trogen by the proton of the acid, followed 
by the rapid hydrolysis of the borane fragment.  Forma-  
tion of elemental  boron by catalytic decomposition of 
BHa appears l ikely in view of the mechanism proposed 
by Machalov and co-workers (14) for the decomposi- 
tion of NaBH~ in NiC19 solution. The BH3 formed as an 
intermediate can decompose, Eq. [4], or hydrolyze, Eq. 
[5] 

kl 
BH~ > B § 3/2H~ [4] 

k2 
BH3 -5 3H20 > H3BO3 ~- 3H2 [5] 

The ratio of the two rate constants depends on the con- 
ditions under  which the process is carried out, specifi- 
cally, the composition of the electroless plat ing bath, 
pH, and temperature.  Variations of these parameters  
lead to different boron contents in the deposited nickel. 

Boron deposition on Pd surface and catalytic ac- 
t iv i ty  of Pd nucle i . - -Pd metallic films were prepared 
by stepped vacuum evaporation using the method de- 
veloped by Hamil ton and Logel (5). The samples were 
divided into six sections varying only in Pd coverage. 
In the following experiments the Pd coverages varied 
in a geometrical progression so that  each step differed 
from the preceding by a factor of �89 

The number  of developable steps is related to the 
activity of a part icular  electroless plating solution. 
Such stepped deposits also allow the evaluat ion of a 
critical Pd coverage necessary for catalytic nickel 
deposition. Pd samples prepared by stepped evapora- 
tion were immersed in 1% aqueous DMAB solution 
for 10 min during which t ime 15-25 monolayers of 
boron were deposited on them, and were subsequent ly  
placed in the nickel-gluconic acid-DMAB electroless 
plat ing bath. The same number  of active steps were 
observed for samples treated by the above procedure 
as in the case of identical samples that  were immersed 
without pre t rea tment  into an aqueous solution of 
DMAB. This indicates that  the deposition of e lemen-  
tal boron, which is a product of DMAB decomposition 
on palladium, does not alter the catalytic activity of 
pal ladium towards nickel deposition. 

Nancatalytic Nuclei 
Nickel and bismuth metal  nuclei prepared by vac- 

uum deposition do not catalyze metal  deposition from 
nickel-DMAB solutions. The interact ion of DMAB 
with Ni and Bi metal  nuclei was studied using the 
same technique as described for Pd. Table I contains 
results of these experiments.  The level of sensitivity 
of the curcumin spectrophotometric boron determina-  
tion does not allow us to conclude that DMAB is not 
adsorbed on the surface of Ni and Bi metal  nuclei. But 
the analytical  results indicate that if any adsorption of 
DMAB does take place it is not followed by catalytic 
decomposition of the adsorbed species. The fact that Ni 
and Bi metal  nuclei do not catalyze the decomposition 
of DMAB (during our t ime scale) might be the main  
reason why these nuclei are not catalytically active to- 
wards nickel deposition. It  is ra ther  surprising that 
nickel nuclei  prepared by vacuum deposition do not 
catalyze the ini t iat ion of nickel electroless plating, but  
chemically deposited nickel is catalytically active for 
the cont inuat ion of this process. However, it is often 
observed that the activity of catalysts varies depending 

Table I. DMAB-Ni, Bi interaction 

Depos i t ed  
boron,  mole  of B 

Meta l  Coverage ,  m g / f t  ~ F 
n u c l e i  m g / f t ~  (10 min )  m o l e  of  m e t a l  

l~li 1.9 0.0006 b e l o w  0.06 
B i  2.0 0.0003 be low 0.22 
P d  1.6 0.5356 3.10 
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upon the method of their  preparation. The fact that 
nickel films prepared by vacuum deposition are not 
able to initiate the nickel electroless plat ing process 
might be caused by the presence of an  oxide film. 
Nevertheless, other possibilities, such as impurit ies in 
chemically deposited nickel, as well as the presence of 
s t ructural  defects, also have to be taken into account. 

Conclusions 
These studies of the interact ion of DMAB with pal-  

ladium nuclei  indicate that  decomposition of DMAB 
takes place giving e lementary boron in addition to the 
products previously reported: boric acid, hydrogen, 
and d imethylamine  (9). The deposition of elemental  
boron on pal ladium in this reaction neither inhibits  
the reaction nor  does it lead to a change of the criti- 
cal Pd coverage necessary for subsequent  nickel depo- 
sition. Since the DMAB decomposition occurs even in 
the cases of Pd coverages that were subcritical for 
nickel deposition, one must  consider two different 
kinds of critical coverages: (i) critical coverage 
towards catalytic oxidation of reducing agent; and (ii) 
critical coverage towards the over-al l  nickel deposi- 
t ion process. 

Hamil ton and Logel (3) have found that two-atom 
Pd nuclei catalyze the decomposition of aqueous 
DMAB solution with the deposition of boron but  larger 
Pd particles (4-20 atoms) are required for nickel 
deposition. 

This leads to the conclusion that nickel deposition is 
dependent  on processes complementary to the adsorp- 
tion and decomposition of the reducing agent on the 
catalyst surface. Such processes may involve a cata- 
lyzed l igand dissociation reaction of the Ni +2 complex 
or electron transfer  from the catalyst surface to some 
activated Ni +2 species. The actual e lectron-t ransfer  
reaction could involve P d - H - ,  Pd-H2, or a Pd elec- 
trode mechanism. Proposed mechanisms of nickel 
deposition are based on these processes (15-21). It is 
also possible that adsorption of a complexing agent on 
the surface of the catalyst competes with adsorption 
of reducing agent. That might explain why the value 
of critical Pd coverage towards nickel deposition is 
highly dependent  on the kind of complexing agent used 
in the formulat ion of the nickel physical developer. 
The fact that  Ni and Bi metal  nuclei are not able to 
catalyze the decomposition of DMAB might be the rea-  
son that they do not catalyze nickel deposition. 

On the basis that cleavage of the N-B bond of the 
adsorbed amine borane occurs in the first stage of the 
process, we conclude that the energy of this bond and 
the abil i ty of a catalyst to facilitate its cleavage are 
the critical parameters  of the process. 
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Fabrication of Semitransparent Masks 
N. Feldstein *.1 and J. A. Weiner 

RCA Corporation, David SarnofI Research Center, Princeton, New Jersey 08540 

ABSTRACT 

A chemical plat ing technique has been devised for the preparat ion of semi- 
t ransparent  photomasks. The deposited thin film meets the optical requi rement  
of being opaque in the ultraviolet  range and t ransparent  enough in the visible 
range for see-through applications. Suitable etchants are available to provide 
good edge definition of photoli thographically delineated semit ransparent  
films without deteriorating common resist compositions. Analyt ical  charac- 
terization of the deposited films revealed that they are pr imar i ly  composed 
of cuprous oxide. The major  advantage of the present approach is the low cost. 
Masks made by the present system are more durable  (harder)  than emuls ion-  
type masks, but less durable  than  iron oxide semit ransparent  masks. 

In  the manufac tur ing  of electronic parts, photomasks 
are widely used in defining images on photosensitive 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
1 P r e s e n t  a d d r e s s :  S u r f a c e  T e c h n o l o g y ,  I n c o r p o r a t e d ,  P r i n c e t o n ,  

N e w  J e r s e y  08540. 
K e y  words:  semitransparent  m a s k ,  c h e m i c a l  p l a t i ng ,  c u p r o u s  

oxide.  

materials. In  the manufac tur ing  of semiconductor de- 
vices, two main  types of photomasks are used: (a) 
photographic emulsion on glass (silver in gelatin),  and 
(b) chromium film on glass. 

In  both cases, the opaque regions absorb the incident  
light, allowing only selective areas of the photosensi- 
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t i re  mater ial  to interact  with the light. Both masks 
have certain advantages and certain limitations, all 
s temming from the basic characteristics of such mate-  
rials. 

The following are some of the l imitations encoun-  
tered with the silver emulsion masks: (i) These masks 
are soft and hence are easily scratched. (ii) Dimen-  
sional changes take place due to moisture absorption 
by the gelatin. (iii) Due to the fogginess of the gelat in 
material, there is a significant optical density gradient  
at the edges. This gradient  is due to the tapering of 
silver concentration. ( iv)  A limitat ion is encountered 
due to the excessive thickness of the emulsion mask 
(4~ thickness) for fine-line definition. 

Although chromium masks overcome some of the 
above limitations, they too possess certain limitations: 
(i) Due to an aging phenomenon,  the etch time varies 
even though the samples may have been prepared in 
the same batch. (ii) Due to the high reflectivity, mul -  
tiple reflections can occur, result ing in a poor edge 
definition. (iii) Lack of resilience with growth spikes 
from epitaxial  silicon layers. 

Due to their opaqueness at the sodium D line (589 
nm) ,  registration of opaque masks with existing pat-  
terns is a difficult task, especially whenever  positive 
photoresists are used. In meeting this difficulty, it has 
been recognized that the avai labi l i ty of semitrans-  
parent  masks would overcome this registration prob- 
lem. A typical semitransparent  mask should have the 
following characteristics: (a) The film should have vir-  
tual ly  zero transmission in the region below 450 nm. 
This region corresponds to the spectral range in which 
most commercial  resists are sensitive (Fig. 1). (b) For 
the purpose of al ignment,  the film should be at least 
30% t ransmit t ing  in the 589 nm region. (c) The de- 
posited film should be readily etchable in solvents 
which are compatible with commercial photoresists. 
(d) The deposited film should be abrasion resistant to 
ensure fai thful  t ransfer  of the image on a repeated 
basis. 

In  recent publications, several materials  and deposi- 
tion techniques have been described for fabrication of 
semitransparent  masks. Sinclair, et al. (1) have studied 
the spectral behavior and etch characteristics of var i -  
ous oxide films deposited by d-c reactive sputtering. 
They demonstrated that films of iron oxide, vanad ium 
oxide, nickel oxide, iron oxide-vanadium oxide, and 
iron oxide-nickel  oxide met the optical requirements.  
The iron oxide-vanadium oxide was best in view of its 
good etch properties in both acids and alkalis. More- 
over, several oxides, including copper oxide, were 
found to be inferior because of their spectral absorp- 
tion properties, and thus were el iminated as potential  
candidates. The copper oxide films were formed by 
the sputter ing of copper in 100% O2. 

MacChesney et al. (2) characterized iron oxide films 
prepared by chemical vapor deposition using iron 
pentacarbonyl.  Much of their investigation was fo- 
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Fig. 1. Spectral sensitivities of commonly used resists 

cused on the deposition parameters  and the etchabili ty 
of the iron oxide films. Peters et al. (3) have devised a 
sputtering technique for iron oxide deposition; in 
CO-CO,, mixtures  result ing films could be properly 
delineated in 61V[ HC1 solution. In  the published work 
(3), data related to the scratch resistance values for 
the iron oxide films were found to be superior over 
those obtained using evaporated chromium films. More 
recently, a fur ther  comparison (4) of the merits of iron 
oxide vs. chromium film is available. More recently 
Janus (5) has presented a critical review of iron ox- 
ide masks in comparison to other systems. Taylor et al. 
(6) have studied the potential  use of polycrystall ine 
hexaferri te films for semitransparent  masks. Although 
the films met the optical requirements  to obtain p in-  
hole-free films, a thickness greater than 2000A was re- 
quired. Loprest et a~. (7) have also described the over- 
all characteristics of the GAF Microline high resolution 
plates. These plates consist of a thin coating of a posi- 
t ive-working resist with a diazo dye as the sensitizer. 
By contrast to all other mask systems, the image de- 
velopment  for this system is carried out using ammonia 
vapor at atmospheric pressure. The thickness of the 
l ight-sensi t ive layer is about 3.3~ and a l ine resolution 
of 2000 l ines /mm was reported. Using a wide variety of 
photographic dyes, a method for the fabrication of see- 
through masks was described (8). Ables (9) has de- 
vised a process in which Lippman emulsions are ex- 
posed to light and, after conventional  development,  the 
black image is intensified according to the reaction 

Ag ~ -~ HgBr2--> (AgBr) (HgBr) 
The product of the reaction is a white or bleached im-  
age which is then  redeveloped in a saturated sodium 
sulfite solution. The result ing s i lver-mercury-sulf i te  
image is sepia in color. In  a slight variation, Drouge 
(10) redevelops the (AgBr) (HgBr) image in conven- 
t ional developers or ammonia  solution followed by a 
t rea tment  in a dilute potassium dichromate-sulfuric  
acid solution. The result ing images are orange. Blome 
and Fok (11) have devised a selective process by which 
evaporated silicon oxide was deposited, providing hard 
and semitransparent  silicon monoxide films. Diem (12) 
has also described a process for silicon semit ransparent  
masks. Kiba (13) has described a process suitable for 
t ransparent  masks. In  his process copper is deposited 
by vapor plating and is subsequent ly  oxidized at ele- 
vated temperatures.  In  a subsequent  modification (14), 
a pat terned film of a luminum is deposited prior to the 
copper deposition. With heat - t rea tment ,  oxidation and 
diffusion of the copper take place selectively. Unwanted  
a luminum and copper are subsequent ly  etched. A com- 
mercial product (15) prepared by sputter ing deposition 
was examined by x - r ay  diffraction and was shown to 
be pr imari ly  cuprous oxide. 

In  this paper, a chemical plat ing process for fabrica-  
t ion of semitransparent  masks is described. The de- 
posited films are based on a copper-containing com- 
pound which is readily deposited from aqueous solu- 
tions on heterogeneous interfaces, and provides the 
proper optical characteristics required for see-through 
mask application. 

Experimental Procedures 
In  the current  work, the glass substrates were pre-  

treated in a fashion similar to the pre t rea tment  of 
dielectrics prior to chemical (electroless) plating (16). 
Following an adequate cleaning procedure, the sub- 
strates were immersed in a sensitizer solution (SnC12/ 
HCI) followed by an immersion in an activator solution 
(PdC12/HC1). Typical compositions used for the sen- 
sitizer and activator were as follows: sensitizer solu- 
tion, SnC12"2H20 10 g/ l i ter  and HC1 (conc) 30 ml / l i t e r ;  
activator solution, PdC12 1 g/ l i ter  and HC1 (conc) 1 
ml/ l i ter .  

Due to a reaction (17) taking place between the ad- 
sorbed t in ( I I )  and pa l l ad ium(I I ) ,  adsorbed pal ladium 
nuclei are present on the surface after the activation 
step. It is the presence of such nuclei that provides 
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Table I. Electroless copper plating bath 

CuSO4 0.06M 
Sodium salt of ethylenediamine- 

tetraacetlc acid (Na4-EDTA) 0.1M 
N a O H  1.0M 
NaHeP02 1.5M 
T e m p e r a t u r e ,  ~ 65 
I m m e r s i o n  t i m e ,  m i n  1 

the catalytic sites required for the ini t iat ion of the 
autocatalytic plat ing process (16-18). 

The "electroless copper" bath given in Table I is of 
typical  composition which was used in the current  
process. In  addition to sodium hypophosphite, other 
reducing agents were also found effective in producing 
the semit ransparent  films. Specifically, hydrazine 
sulfate [(NH2) 2SO4H2] and sodium hydrosulfite 
(Na2S204) provided films similar to those obtained 
when using hypophosphite. Following the plat ing cycle, 
a thin, adherent  yellow film was present  on the surface. 
The durabi l i ty  of the films was evaluated using a 
Tukon Microhardness Tester. In each case, the end 
point was defined as the required load to produce a 
break in the film. 

Resul ts  and  Discussion 
Figure  2 shows the spectral characteristics of the 

current  films in the visible and uv ranges. In a typical 
deposition cycle, the film thickness was found to be 
approximately 600A. As seen, the deposited film shows 
a high degree of transmission in the visible range, with 
a substant ial  transmission decrease in the spectral re-  
gion below 450 rim. As mentioned earlier, it is this op- 
tical property which is essential for see-through photo- 
masks. The low transmission level in the spectral range 
below 450 n m  provides good light absorption for the 
actinic light used to expose typical commercial resists. 

In  an at tempt  to characterize the deposited film, an 
x - ray  diffraction technique was employed. Results 
show a diffuse pat tern  which closely resembles pub-  
lished diffraction pat terns of cuprous oxide (Cu20).  
Furthermore,  the visual appearance of the deposits 
(Cu20) is in agreement  with reported observations. As 
reported previously (19, 20), cuprous oxide may range 
from yellow to red in color depending on the particle 
size. Wet chemical analysis of the deposited films 
showed a copper content  of 82% by weight; the theo- 
retical value of copper present  in cuprous oxide is 89%. 
Using an at tenuated total reflection method, the in-  
frared spectra was found to be similar to a previously 
reported spectra (21) of cuprous oxide. 

Figure  3 shows the variations in deposit weight as 
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plating time was varied. As seen, the deposition phe- 
nomenon shows a leveling effect with deposition time, 
suggesting that the process is not a t rue autocatalytic 
plat ing process. In general, it was observed that pro- 
longed deposition cycles ( >  2 min)  resulted in inferior 
uniformity.  To account for the mechanism of deposi- 
tion, Table II is provided. Although reactions [1] and 
[2] are similar to those proposed in electroless nickel 
plat ing (21, 23), the reduction of divalent  copper is 
carried out to the monovalent  ion. Due to the extreme 
insolubil i ty of cuprous oxide in alkal ine media, a 
heterogeneous precipitat ion takes place. The deposited 
cuprous oxide, however, does not provide sufficient 
catalytic activity for the cont inuat ion of the plat ing 
process, hence, cessation takes place with time. The 
disproport ionation of copper(I)  (reaction [4]) is gen- 
erally prevented by the presence of strong complexing 
agents for copper (I).  

In  order to evaluate the efficiency of the copper re-  
duction, a typical solution was thermal ly  decomposed 
by boiling for about 30 min. The depletion in hypo- 
phosphite concentrat ion was determined by an iodine/  
thiosulfate ti tration, and the precipitated Cu20 was 
dissolved in ammonium hydroxide and ana'.yzed for 
copper content. The molar  ratio of the consumed hypo- 
phosphite to copper(I)  formed was then calculated. 
Results based on several repeated runs showed a 
Cu+/H2PO2 - ratio of 1.95 • 0.15. The value of 2.00 
would be anticipated (see Table  II) if only Cu +2 is 
reduced and no other specie(s) was reacting with the 
adsorbed hydride. Based on these results, it is believed 
that reaction [4] of Table II does not take place to any 
appreciable extent. 

For the purpose of pat tern  delineation, it was found 
that alkali  metal  hydroxide solutions have vi r tual ly  no 
effect, and this is consistent with the low solubil i ty of 
cuprous oxide in such media. However, good edge defi- 
ni t ion has resulted with di lute  hydrochloric acid, di- 
lute ammonium hydroxide, or ammonium persulfate. 
In  dilute solutions (5-10% by volume) of concentrated 
ammonium hydroxide (58% NH4OH) an etch t ime of 
about 1 min  was established. Figure 4 shows a typical 
test pat tern  of the current  see-through mask as well as 
a developed resist pat tern  prepared from the see- 
through mask. 

As ment ioned previously, it is desirable to achieve 
films which are highly scratch resistant. Having this 
property, faithful replication can be carried out over 
many  printings.  The films deposited by the current  
method were found to be soft when  compared to iron 

Table II. Basic reactions in the Cu20 deposition 

[1] P d  + Hs]POz- + O H - ~  [ P d - H ] -  + PO2- + H20 
[2] PO2- + OH-  --) HPO~-s 
[3] 2Cu +~ + 2 [ P d - H ] -  ~ 2Cu* + H~ + 2Pd  
[4] 2Cu+ ~ Cu + Cu+2 
[5] 2Cu  § + 2 OH-  -~ C u 2 0 ( p p t )  + H~O 
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Fig. 4. Unit pattern of Qualitron test mask 

oxide masks. Two approaches  were  unde r t aken  to im-  
prove  this l imitat ion.  In  the  first method, it was found 
tha t  a bak ing  for about  30 min  at about 20O~ pro-  
v ided increased durab i l i ty  for the film. In fact, it was 
found tha t  this  modification resul ted  in scra tch  r e -  
s is tant  values  be t te r  than  those obtained for conven-  
t ional  s i lve r -ha l ide  emuls ion masks, however ,  not as 
good as the i ron oxide. Al terna t ive ly ,  it was found that  
special  commercia l  p ro tec t ive  films (22) may  be de-  
posi ted  on the  copper oxide  films. Typica l  ma te r i a l s  
used successfully were  Scotch-Clad  St r ip  Coating No. 
2253, product  of 3M Company,  and Maskguard ,  product  
of Atomel  Corporation,  Mill  Valley,  California.  These 
films do not  affect the optical  character is t ics  of the  
masks  and they  provide  a "buffer zone" for abrasion.  
These films are  convenient ly  deposi ted and removed,  if 
necessary.  

Conclusions 
A process for the  fabr ica t ion  of semi t ransparen t  

photomasks  has been developed.  The developed proc-  
ess uti l izes chemical  p la t ing techniques for deposi t ing 
thin cuprous oxide films. These films provide  the nec-  
essary optical  requ i rements  and they  can be read i ly  
de l inea ted  wi th  common etchants.  Using di lute  am-  
monium hydrox ide  as a typica l  etchant ,  good edge 
definition was obtained.  The hea t - t r ea t ed  copper oxide 
film was found to be of g rea te r  du rab i l i ty  when  com- 
pared  to emuls ion masks,  but  of lower  du rab i l i t y  in 
comparison to i ron oxide  masks. 

In  compar ing  the cur ren t  process wi th  those repor ted  
on the  same subject,  i t  is apparen t  tha t  the present  
technique  is especial ly  useful in the ease of p r e p a r a -  
t ion of both  smal l -  and large-s ize  masks.  Moreover,  
the  present  process does not  r equ i re  e labora te  capi ta l  
equipment .  Hence, it is bel ieved tha t  the present  ap-  
proach m a y  provide  photomasks  at r educed  costs. 
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Activities of Organic Compounds in Aqueous Electrolyte Solutions 
D. M. Mohilner,* L. M. Bowman, 1 S. J. Freeland, and H. Nakadomari 

Colorado State University, Department oS Chemistry, Fort  Col~ns, Colorado 80521 

ABSTRACT 

A gas chromatographic method is described which permits the direct mea- 
surement of the activities of neutral organic compounds in aqueous electrolyte 
solutions. This method has a relative precision of about 0.5%; it is convenient 
and fairly rapid, and the apparatus required is relatively inexpensive. The sig- 
nificance of such activity measurements to electrosorption studies of organic 
compounds on electrodes is discussed. The method is equally applicable to 
organic compounds which are either liquid or solid in the pure state at the 
temperature of the electrosorption studies. It may also be used to determine 
the complete activity-composition phase diagrams of two component mix- 
tures of the organic compound and water. 

Determinat ion of the isotherms for electrosorption of 
neutra l  organic compounds at electrodes from aqueous 
electrolyte solutions is always based in principle on the 
following fundamenta l  equation derived from the ther-  
modynamic theory of electrocapillari ty (1) 

r o w  = - -  (1/RT) (O'v/a In ao)T.p.E.Os [1] 

In  Eq. [1], row is the relat ive surface excess of the or- 
ganic compound (with water  as the reference compo- 
nent ) ,  R is the gas constant, T is the absolute tempera-  
ture, ~ is the interfacial  tension of the electrode, ao is 
the activity of the organic compound in the bulk  elec- 
trolyte solution, and the subscripts T, p, E, and as indi-  
cate that the differentiation is carried out at constant  
temperature,  pressure, electrode potential, and activi- 
ties of all other solutes. In practice, however, al though 
it is the thermodynamical ly  correct relationship, Eq. 
[1] has almost never  been used (2) because the activi- 
ties of organic compounds in aqueous electrolyte solu- 
tions have not been general ly available (3), and the 
measurement  of these activities appeared too difficult. 
Instead, the following approximate equation has served 
as the basis of almost all published studies of electro- 
sorption of organic compounds 

row : - - ( 1 / R T )  (0~'/0 In Co)T.p.~.cs [2] 

Equat ion [2] differs from Eq. [1] in two impor tant  
ways. First, the differentiation is carried out at constant 
concentration, Cs, of the electrolyte. This means that  
the tacit assumption has been made that  the activity 
of the electrolyte in the solution is unaffected by the 
presence of the organic compound. Recent work in this 
laboratory (4) has shown that this assumption is defi- 
ni tely false. Second, it is assumed that the differentia- 
tion may safely be carried out with respect to the 
concentration, co, instead of the activity, ao, of the or- 
ganic compound in the bulk solution. For a fixed ac- 
t ivity of the electrolyte, this assumption would be 
valid if the activity coefficient of the organic compound 
were constant  over the range  of concentrations studied, 
i.e., if the organic compound obeyed Henry 's  law over 
the ent i re  concentrat ion range. It will  be shown below 
that  this assumption is not general ly  valid. For com- 
parison of adsorption data for the same organic com- 
pound from solutions of different electrolytes or from 
solutions of the same electrolyte at different electrolyte 
activities, the assumption that  the concentrat ion of the 
organic compound may be safely substi tuted for the 
activity is always very seriously wrong as was first 
shown by F r u m k i n  (5) as early as 1919. Recently Bauer 
(6) has discussed this problem and has indicated a 
method of introducing activity corrections as the ratio 
of the solubili ty of the organic compound in the elec- 
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t rolyte solution to the solubil i ty in pure  water. Such a 
correction, however, is valid only if the organic com- 
pound obeys Henry 's  law in both the electrolyte and in 
pure water up to saturation, which is not general ly  
true. Therefore it is apparent  that from the standpoint  
of electrosorption studies there is a need for a con- 
venient  and precise method for determining the ac- 
tivities of organic compounds in aqueous electrolyte 
solutions. 

This paper describes such a method. I t  is based on 
the use of a gas chromatograph equipped with a gas- 
sampling valve and a flame ionization detector. The ap-  
paratus required is relat ively inexpensive. 

Related prior work uti l izing gas chromatography to 
measure the equi l ibr ium vapor pressure of pure or- 
ganic liquids at different temperatures  for de termina-  
tion of heats of vaporization via the Clausius-Clapey-  
ron equation was published by Mackle and co-workers 
(7-8), who gave a design for a gas-sampling valve. 
Wichterle and co-workers (9-10) described a gas 
chromatographic method for measur ing equi l ibr ium 
part ial  vapor pressures for two-component  nonelec-  
t rolyte  solutions such as hexane-toluene,  and they 
also gave a design for a gas-sampling valve. Related 
measurements  using a gas-t ight syringe instead of a 
gas-sampling valve were reported by Klopstock and 
Rogozinski (11). Pollak and Cave (12) described a gas 
chromatographic method using a gas-sampling valve 
for measur ing the activity coefficients of methanol  and 
of ethanol in benzene. Maffiolo and Vidal (13) de- 
scribed a gas chromatographic method for measur ing 
t h e  equi l ibr ium part ial  vapor pressures for two- and 
three-component  nonelectrolyte mixtures  such as ace- 
tone-hexane and ani l ine-benzene-hexane.  None of this 
prior work was concerned with the measurement  of 
the activities of organic compounds in aqueous solu- 
tions or in the presence of electrolytes, and in all cases 
a thermal  conductivi ty detector was used, although 
Pol lak and Cave (12) did refer to the enhanced sensi- 
t ivi ty which would be expected with a flame ionization 
detector. The method described in the present  paper 
is specifically designed to yield activities of organic 
compounds in three-component ,  aqueous electrolyte 
solutions, and it takes special advantage of the fact 
that a flame ionization detector does not respond to 
water. 

Theoretical 
The principle of the method is the measurement  of 

the equi l ibr ium partial  vapor pressure, Po, of the or- 
ganic compound in the solution. The activity may then 
be calculated as the ratio of Po to the vapor pressure, 
Po*, of the pure  liquid organic compound at the same 
temperature  as the solution. This means the standard 
state chosen is the pure liquid compound (14). The 
advantage of this choice of the s tandard state over that  
of a hypothetical solution obeying Henry 's  law is that  
it facilitates comparison of electrosorption data ob- 

1 6 5 8  
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tained from different electrolytes or from solutions 
with different activities of the same electrolyte (15). 
Vapor pressure may safely be used in the calculation 
in place of fugacities because at the low values of the 
pressures encountered the vapors behave nearly 
ideally, and, moreover, any slight deviation of the 
vapors from ideality tend to cancel in taking the ratio 
(14). Thus the activity of the organic compound in 
a given electrolyte solution will be taken as 

ao : Po/Po* [3] 

In  fact, the quanti t ies actually measured are not Po 
and p~* but  ra ther  the integrals of gas chromatograms 
produced by equal -volume gas samples of the vapor in 
equi l ibr ium with solution or the pure liquid organic 
compound. These integrals, Io, and Io*, respectively, 
are each directly proportional (with the same propor- 
t ionali ty constant) to the corresponding vapor pres- 
sures. Thus the activity of the organic compound in the 
electrolyte solution will  be given by  

ao = Zo/Zo* [4] 

Experimental 
General description of the apparatus.--A block di-  

agram of the apparatus is shown in Fig. 1. Samples 
either of the solution or of the pure liquid organic com- 
pound are placed in glass tubes A and B. The bottom 
of each tube is a fine porosity glass frit which serves 
the dual purpose of holding the liquid sample in the 
tube and of dispersing the nitrogen gas which is passed 
through the liquids into very fine bubbles. Each of 
the tubes is provided with a jacket through which 
water  from a thermostat  is pumped. Prepurified ni t ro-  
gen gas from a tank is bubbled at a rate of 3-6 cm3/min 
through the two tubes which are connected in tandem 
by glass tube C using stainless steel Swagelok unions 
with Teflon ferrules. The purpose of tube A is s imply 
to presaturate  the ni trogen with water  and /or  organic 
vapor. The gas bubbl ing through tube B then becomes 
saturated with water vapor and/or  organic vapor at the 
equi l ibr ium partial  pressures corresponding to the 
thermostat  temperature  (25~ in the experiments 
described below). This means that each uni t  volume of 
gas passing out of tube B contains a quant i ty  of water  
and/or  a quant i ty  of the organic compound which is 
directly proportional to the corresponding equi l ibr ium 
partial  vapor pressure. The thermostated portions of 
tubes A and B are 1/2 in. OD and are about 3 ft long. 
The tubes are filled only about 1/3 full to prevent  the 
carrying over of spray. Tube B is connected to the gas- 
sampling valve by glass tube D. Tube D is wrapped 
over its entire length with a spiral of Chromel wire 
which is heated by passing an electric current  from a 
variable  transformer.  It  is very impor tant  that  tube D 
be heated. Otherwise condensation could occur on its 
walls which would inval idate  the measurements.  

The gas chromatograph used is a Hewlet t -Packard  
Model 700 equipped with a flame ionization detector. 

THERMOSTAT S i WATER 
SOLUTION 

B 

CHROMA- TOGRAPH 
ANO 

FLAME 
ELECTRO- IONIZATION 

-- N s in. 

FRIT~ 
Fig. I. Block diagram of the apparatus. S denotes stainless steel 

Swogelok union with Teflon ferrules. 

The main reason a flame ionization detector was chosen 
is that it does not respond to water  (or N2). This in-  
sures that there is no interference from the water  
peak which for aqueous solutions is much larger than 
the organic peak. The enhanced sensit ivity of a flame 
ionization over a thermal  conductivity detector is a 
secondary reason for the choice. For the experiments  
described below which involved the determinat ion of 
the activities of aliphatic alcohols, the chromatographic 
column was a 6 ft length of 1/8 in. OD stainless steel 
tubing packed with Porapak-Q, 2 80-100 mesh. For 
other type compounds, column packings can be 
chosen as appropriate (16). For the experiments  de- 
scribed in this paper the column oven was controlled 
at 220~ while the detector and injector port were 
controlled at 300 ~ and 190~ respectively. 

The gas-sampling valve used was a Hewlett  Packard 
Model 19021A heated dual-loop gas sampling valve 
whose tempera ture  was main ta ined  at 145~ by a 
Hewlet t -Packard Model 19045A temperature  control-  
ler. It is necessary to use a heated gas-sampling valve; 
otherwise errors due to adsorption or condensation in 
the sample loops will inval idate the measurements.  The 
1/16 in. OD stainless steel tube connecting the gas- 
sampling valve to the injection port of the chroma- 
tograph was also heated by wrapping it with a heating 
tape controlled by a variable transformer.  

The Model 19021A gas-sampling valve contains two 
sample loops (5 cm 3 in the experiments  described 
here).  Depending on the position of the control knob, 
one loop is connected to the hel ium carrier  gas stream, 
and its contents are swept into the injection port and 
thence into the column. The other loop is connected to 
tube D (Fig. 1) and is thus being filled with va~or from 
the solution (or pure compound) in tube B. When the 
control knob is turned, the sample loop which was 
being filled is connected to the carrier gas stream, and 
its contents are swept into the column. At the same 
time the first loop is connected back to tube D, and it 
is refilled with a new sample of vapor, a The dual sam- 
ple loops thus permit  repetit ions of measurements  to 
be made at a max imum rate. In the experiments  de- 
scribed in this paper the measurements  could be made 
about every 4 min. 

The entire organic sample eluted from the chroma- 
tographic column is burned  in the hydrogen-a i r  flame 
of the detector, and the result ing t iny electric current  
produced in the detector is t ransduced by the elec- 
t rometer  (Hewlet t -Packard Model 5771A) into an ana-  
log voltage signal which is directly proportional to the 
instantaneous amount  of organic sample being burned.  
Hence the time integral of this analog voltage is di- 
rectly proportional to the total amount  of the organic 
compound in the gas sample and therefore also to the 
partial  pressure of the organic compound in the vapor 
phase in tube B which is in equi l ibr ium with the 
liquid phase in the tube at the thermostat  temperature  
(25cc). 4 The analog voltage signal from the electrom- 
eter is fed into an integrator circuit (Fig. 1), and the 
output  of the integrator is read out on a digital volt-  
meter  (Fluke Model 8300A). 

Integrator and control circuit.--Figure 2 shows a 
typical chromatogram for an aliphatic alcohol (2- 
butanol)  on the Porapak-Q column. The chromatogram 
is asymmetric  and exhibits a considerable degree of 
"tailing." In tegrat ion of a peak with such tail ing is 
troublesome because the integrator  tends to drift  
slowly for a long period. This leads to irreproducibil-  
i ty in the results because one cannot be sure when to 

s M a n u f a c t u r e d  by  W a t e r s  Associa tes ,  Inc.,  F r a m i n g h a m ,  Massa-  
chuse t t s .  

The  sample  loop w h i c h  is b e i n g  f i l led w i t h  v a p o r  f r o m  tube  D 
e x h a u s t s  to the  a t m o s p h e r e .  T h u s  the  to ta l  pre s sure  in the  s a m p l e  
l o o p  and  h e n c e  on  the  l iqu id  in  tube  B is the  a m b i e n t  b a r o m e t r i c  
p ressure .  Howeve r ,  the  resu l t s  of  the  a c t i v i t y  m e a s u r e m e n t s  are 
i n d e p e n d e n t  of f l u x u a t i o n s  in the  b a r o m e t r i c  pres su re  because  of  
the  n e g l i g i b l y  s m a l l  in f luence  w h i c h  the  total  pres su re  on the  l i q u i d  
exe r t s  on the  v a p o r  p r e s s u r e  (14L 

4 It  is  i m p o r t a n t  to rea l ize  t h a t  th is  p r o p o r t i o n a l i t y  is exac t  in  
sp i te  of the  fac t  t h a t  t ube  C and  the  g a s - s a m p l i n g  v a l v e  are a t  
d i f f e r en t  t e m p e r a t u r e s  f rom tube  n .  In  fact,  the  t e m p e r a t u r e  of 
t ube  C is i m m a t e r i a l .  The  on ly  r e q u i r e m e n t  is  t ha t  the  t e m p e r a t u r e  
of  the  g a s - s a m p l i n g  v a l v e  be kep t  cons tant .  
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Fig. 2. Typical gas chromotogrom of oliphotic alcohol on Poro- 

pok-Q. 

stop the integrat ion.  I t  was found tha t  a sa t is factory  
solut ion to this p rob lem was to stop the  in tegrat ion 
when  the analog vol tage from the e lec t rometer  had 
d ropped  to some preselected f ract ion of the  peak  
voltage. For  this purpose  the circuit  shown in block 
d iag ram in Fig. 3 and in detai l  in Fig. 4 was designed. 
This circui t  au tomat ica l ly  turns  on the in tegra tor  when  
the chromatogram begins and then au tomat ica l ly  stops 
the  in tegra t ion  and causes the  in tegra tor  to hold its 
vol tage  when the analog vol tage output  of the elec-  
t romete r  has d ropped  to the  preselected fract ion of 
the peak  va lue  (0.5% in the exper iments  descr ibed be -  

tNRUT 
AMPLIFIER 

RELAY 1 
~ ~ INTEGRATOR 

~ OUT 

Fig. 3. Block diagram of integrator control circuit 

low).  The actual  va lue  of this f ract ion is de te rmined  
b y  the  va lue  of res is tor  R1 in Fig. 3 and 4. 

The pr inciple  of opera t ion  of this circui t  can be 
unders tood wi th  reference to Fig. 3. The analog vol tage  
signal  from the e lec t rometer  (G.C. IN) is fed into an 
input  amplif ier  which  serves p r imar i l y  for impedance  
matching.  The output  of this amplif ier  is then fed into 
a differentiator .  When the der iva t ive  goes from zero 
on the base line to posi t ive when the chromatogram 
begins, the in tegra tor  control  flip-flop is switched to 
the  "1" state. This causes me rc u ry  wet ted  r e l ay  1 to 
close the reby  connect ing the in tegra tor  input  to the  
output  of the input  amplifier.  S imul taneous ly  the  posi-  
t ive going der iva t ive  causes the  peak  r eade r  control  
which opera tes  mercu ry  wet ted  re lay  2 (Fig. 4) to con- 
nect  the peak reader  amplifier,  which then star ts  
fol lowing the chromatogram.  When  the peak  of the 
chromatogram occurs the  der iva t ive  passes through 
zero. This causes the  peak  reader  to hold the va lue  
of the  peak  voltage.  The output  of the  peak  reader  is 
fed through resis tor  R1 into one input  of a compara-  
tar ,  i.e., the  preset  f ract ion of the peak  vol tage  is fed 
into this input  of the comparator .  S imul taneously ,  the  
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input  amplifier which is following the chromatogram 
feeds into the other input  of the comparator. When the 
voltage at this second input  of the comparator drops to 
the value of the preset fraction of the peak voltage, 
the comparator changes state which in tu rn  causes the 
integrator  control flip-flop to switch to the "O" state. 
This action opens relay 1, and the integrator  holds the 
integral  of the chromatogram which is then read by 
the digital voltmeter. This circuit can be bui l t  for a 
very small  fraction of the cost of a commercial gas 
chromatographic integrator.  We have found it to be 
quite reliable, and it is convenient  to use. 

Operating Procedure.--In order to make precise 
measurements  of the activity of an organic compound 
in a series of solutions, the following procedure has 
been found to be most effective. Two identical sets of 
tubes (Fig. 1) A, B, C, D, and A', B', C', and D' are 
used. The first pair of tubes, A and B, is filled with the 
pure compound. The first solution in the series is put  in 
tubes A' and B'. Separate ni trogen tanks provide the 
flow of prepurified ni t rogen into each of the two pairs 
of tubes. Tube D for the pure compound is connected 
to the gas-sampling valve. Successive samples of vapor 
from the pure compound are passed through the gas 
chromatograph, and the sensitivity of the flame 
ionization detector is adjusted unt i l  a sui tably large 
integral  is obtained (typically, 6.0-7.0V). The sensi- 
t ivity of the flame ionization detector may be varied 
most easily by changing the output  pressure at the air 
tank, keeping the output  pressure at the hydrogen 
tank constant. 5 When the detector sensit ivi ty has been 
set, a series of at least five samples of vapor from the 
pure organic compound are sent through each sample 
loop and the average value of the integral  Io* for each 
loop is determined. Typical relat ive standard devia- 
tions of about 0.5% are obtained. Tube D is then dis- 
connected and tube D' from the pair of tubes contain-  
ing the solution is connected to the gas-sampling valve. 
Several  samples of vapor are sent through each sam- 
ple loop and the average value of the integral  Io is ob- 
tained, s Then, in  order to insure that the sensit ivity of 
the detector has not drifted, tube  D' is disconnected 
and tube D is reconnected to the gas-sampling valve, 
and several samples of vapor from the pure organic 
compound are again chromatographed. If the value of 
Io* now obtained lies within the confidence limits of the 
previous determinat ion it may be assumed that the 
detector sensit ivi ty was the same when the solution 
was chromatographed as it was when  the value of 
Io* was first determined. If the detector has drifted, 
it must  be reset so that the original value of Io* is 
obtained, and then the vapor from the solution is again 
chromatographed. This procedure is followed for each 
solution sample. It insures that the solution chroma-  
tograms are integrated at the same detector sensit ivi ty 
as the pure compound and thus that  the activities de- 
termined are valid. 7 

Results and Discussion 
The qual i ty  of activity data which can be obtained 

with this apparatus using the procedure described 
above is i l lustrated by Fig. 5. This is a plot of the ac- 
t ivity of 2-butanol  at 25~ vs. its mole fraction in  
aqueous solutions of sodium sulfate in which the mean  

s I t  i s  v e r y  i m p o r t a n t  f o r  t h i s  p u r p o s e  to  use  t w o - s t a g e  r e d u c t i o n  
v a l v e s  such as t he  M a t h e s o n  Mode l  8. S i n g l e - s t a g e  r e d u c t i o n  v a l v e s  
do no t  p e r m i t  a suf f ic ien t ly  s e n s i t i v e  p re s su re  a d j u s t m e n t .  

o The  two  s a m p l e  loops  h a v e  the  s ame  n o m i n a l  v o l u m e ,  b u t  t h e i r  
a c t u a l  v o l u m e s  m a y  t y p i c a l l y  d i f fer  f rom each o the r  by  s eve ra l  per  
cent. I t  is t h e r e f o r e  i m p o r t a n t  w h e n  c a l c u l a t i n g  the  a c t i v i t y  to  
d i v i d e  the  Io v a l u e  by the  Io* v a l u e  for  the  same  s a m p l e  loop.  

7 A n  a l t e r n a t i v e  p r o c e d u r e  w o u l d  be to use  n i t r o g e n  w h i c h  con-  
t a i n s  a s u i t a b l e  c o n c e n t r a t i o n  of a n o t h e r  gas w h i c h  ca~a se rve  as  
a a  i n t e r n a l  s t anda rd .  Bes ides  the  o b v i o u s  r e q u i r e m e n t  t h a t  t he  in -  
t e r n a l  s t a n d a r d  be de t ec t ab l e  by f lame ion iza t ion ,  i t  w o u l d  h a v e  to  
p os se s s  t h e  f o l l o w i n g  th ree  p r o p e r t i e s :  (i) I t  w o u l d  need  a r e t e n t i o n  
t i m e  w h i c h  w a s  su f f i c ien t ly  l o n g e r  t h a n  t h a t  o f  t he  c o m p o u n d  w h i c h  
was  b e i n g  s t u d i e d  t h a t  t he re  w o u l d  be t i m e  to  t ake  the  i n t e g r a l  of  
t h a t  c o m p o u n d ,  rese t  the  i n t eg ra to r ,  and  t hen  t ake  the  i n t e g r a l  of  
t h e  c h r o m a t o g r a m  of t he  i n t e r n a l  s t a n d a r d .  (ii) I t  w o u l d  h a v e  to be  
e s sen t i a l l y  t o t a l l y  i n s o l u b l e  in  water .  (i~i) I t  w o u l d  h a v e  to be  es- 
s e n t i a l l y  t o t a l l y  i n s o l u b l e  i n  t he  p u r e  o rgan i c  c o m p o u n d  whose  ac- 
t i v i t y  is  b e i n g  measu red .  P r o p e r t i e s  (ii) a n d  (ifi) seem v e r y  di f f i cu l t  
t o  o b t a i n  w i t h  a s ing le  s u b s t a n c e .  
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Fig. 5. Activity of 2-butonol in aqueous solutions of Na2$04 in 
which the meon ionic octivity, a___ = 0.07087. 

ionic activity, a+_, is held constant s at a value of 0.07087. 
The relat ive probable error in the activity was cal- 
culated not to exceed 0.5% for each of the seven con- 
centrat ions (0.5, 0.6, 0.7, 0.84, 1.0, 1.2, and 1.4M) of the 
2-butanol  at which the activity was measured. The 
points for the three lowest concentrat ions fit quite ac- 
curately on a straight l ine passing through the origin. 
This means that  for concentrat ions of 2-butanol  up 
to 0.7M Henry 's  law is obeyed, and the activity coef- 
ficient of 2-butanol  is constant. However, for concen- 
trat ions of 2-butanol  greater  than  0.7M the true ac- 
t ivi ty deviates negatively from the Henry 's  law line, 
and these deviations become quite serious in the high 
concentrat ion region. For example, in the range of 
concentrat ions between 1.2 and 1.4M, it can be shown 
that the value of the relat ive surface excess row cal- 
culated by Eq. [1] from the t rue activities is near ly  
twice as high as the row values which would be cal- 
culated assuming Henry 's  law was still valid in this 
range. This result  i l lustrates the fact that the assump- 
tion of a constant activity coefficient for the organic 
compound can produce very serious errors in the in -  
terpretat ion of electrosorption data. 

It is strongly recommended that in future  studies of 
the electrosorption of organic compounds on electrodes 
from aqueous electrolyte solutions two pre l iminary  ex-  
per imenta l  steps not previously employed should 
always be taken. First, a pre l iminary  study should be 
made to determine what  concentrat ion of the electro- 
lyte is required for each concentrat ion of the organic 
compound to yield a constant mean ionic activity (4) 
in the series of solutions to be used in the electrosorpo 
tion studies. 9 After the recipe for preparat ion of the 
series of solutions has been thus established, the ac- 
t ivity of the organic compound in each of the solutions 
should be determined by the method described above. 
Of course, it  will  not be necessary to make  an  actual 
measurement  of the activity for every solution in the 
electrosorption study. It is only necessary to establish 
the activi ty-composit ion curve (such as Fig. 5) for the 
system. In  most cases six to eight actual measure-  
ments  will probably be sufficient to establish this curve. 

It should be pointed out that a slight modification in 
the method described above will permit  its extension 
to organic compounds which are solids in the pure 

s Th i s  is  the  v a l u e  of the  m e a n  ionic  a c t i v i t y  of a 0.1M (0.10045M) 
s o l u t i o n  o f  s o d i u m  su l f a t e  in  p u r e  w a t e r  (17). In  o r d e r  to  m a i n t a i n  
a• cons t an t  in  the  p resence  of  t he  o rgan i c  c o m p o u n d  t he  concen t r a -  
t i on  of the  NaeSO4 m u s t  be a d j u s t e d  for  each so lu t i on  (4}. Fo r  ex-  
ample ,  w h e n  t he  c o n c e n t r a t i o n  of 2 - b u t a n o l  is 1.0M, the  concen t r a -  
t i on  of  t he  Na~SO~ r e q u i r e d  to m a k e  a• = 0.07087 is 0.0498M. 

9 The  on ly  t ime  th i s  s tep  is u n n e c e s s a r y  is w h e n  the  so lu t ions  are  
to be s a t u r a t e d  w i t h  a so l id  sal t ,  in  w h i c h  case the  m e a n  i o n i c  
a c t i v i t y  is  a u t o m a t i c a l l y  c o n s t a n t .  
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state at the temperature  of the electrosorption experi-  
ments. The only change needed is to fill tubes A and 
B (cf. section on Operating Procedure) with a saturated 
solution of the solid organic compound in pure water. 
In  the saturated solution, the fugacity of the organic 
compound in the solution, and therefore also of the 
compound in the vapor phase in equi l ibr ium with the 
solution, will  be equal to the fugacity of the pure solid 
compound. Therefore, the ratio of the integral  of the 
chromatogram of the vapor sample from the electro- 
lyte solution, Io, to the integral, Io*, of the chroma- 
togram of the vapor sample from the saturated solu- 
t ion of the compound in pure water  will yield the ac- 
t ivi ty  of the organic compound in the electrolyte solu- 
tion. In  this case, however, the s tandard state will be 
the pure solid organic compound at the tempera ture  
of the electrosorption studies. 

This same method can also be applied to the prob-  
lem of de termining  the complete activity-composit ion 
phase diagram for two component mixtures  of an or- 
ganic compound and water. This application of the 
method is i l lustrated in Fig. 6. Here we have measured 
the activity of 2-butanol  in two component mixtures  
with water  over the mole fraction range of zero to 
un i ty  for both components. This system exhibits phase 
separation into a water- r ich and an alcohol-rich phase 
when the concentrat ion of the 2-butanol  reaches a 
value of 1.8M. The activity of the 2-butanol  in each of 
the two saturated solutions should be the same. The 
measurements  verified this fact. In addition it can be 
seen from Fig. 6 that the activity of the alcohol ap- 
proaches the Raoult 's  law l ine as the mole fraction ap- 
proaches unity,  as it should. The very large deviations 
of the alcohol activity from the Henry 's  law line as 
the concentrat ion of 2-butanol  approaches that of 
saturat ion shows clearly that activity corrections based 
on solubili ty measurements  assuming Henry 's  law is 
valid up to saturat ion will be seriously in error. The 
activity-composit ion curve for the water  in this sys- 
tem could easily be obtained from the data in Fig. 6 
by integrat ion of the Gibbs-Duhem equation (14). 

Conclusions 
A gas chromatographic method for the measurement  

of the activities of neutra l  organic compounds in 
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Fig. 6. Activity of 2-butanol in two component mixtures with water 

aqueous electrolyte solutions has been developed, and 
the importance of application of this method to electro- 
sorption studies has been indicated. The measurements  
with the apparatus described are convenient  and quite 
precise, and the apparatus is relat ively inexpensive. 
The method may be applied to organic compounds 
which are either l iquid or solid in the pure state at the 
temperature  of the electrosorption experiments.  In  ad- 
dition, the same apparatus can be used to determine 
the complete activity-composit ion phase diagram of 
two-component  mixtures  of the organic compound and 
water. 
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Electromotive Force Measurements on Cells Involving 
Beta-Alumina Solid Electrolyte 

Nabendu S. Choudhury *'1 

National Aeronautics and Space Administration, Lewis Research Center, Cleveland, Ohio 44135 

ABSTRACT 

Open-circuit emf measurements have been made to demonstrate that a 
two-phase, polycrystal]ine mixture of B-alumina and a-alumina could be used 
as a solid electrolyte in galvanic cells with reversible electrodes fixing 
oxygen or aluminum chemical potentials. These masurements indicate that 
such a two-phase solid electrolyte may be used to monitor oxygen chemical 
polentials as low as that corresponding to AI, AI~O3 coexistence (Po~ ~ 10 -47 
atm at 1000~ The activity of Na20 in B-alumina in coexistence with 
a-alumina was also determined by emf measurements. 

Normally available polycrystal l ine be ta -a lumina  
(nominal  composition Na20.11A12Os) has been shown 
(1-4) to be real ly  a two-phase mixture  of be ta -a lumina  
(approximate  composition Na20.9Al~Os) and alpha- 
a lumina  (A1203 with negligible or no doped sodium ox- 
ide). The three component,  two-phase system has three 
degrees of freedom (F ---- C -- P + 2; where F is the 
number  of degrees of freedom, C the number  of com- 
ponents, and P the n u m b e r  of phases) and at a par t icu-  
lar tempera ture  and pressure (which is nomina l ly  
fixed at 1 arm),  this is reduced to only one. Thus the 
thermodynamic  state of the system at a part icular  
temperature  and pressure is completely defined if the 
chemical potential  of any one of the components, viz. 
Na, O, or A1, is fixed. 

The above considerations do not include electronic 
defects. However, if electronic defects are also consid- 
ered, the local e lectroneutral i ty  condition (together 
with the various chemical equil ibria between electrons, 
ions, and neut ra l  species) must  also be taken  into 
account in effect providing an addit ional constraint.  
Moreover, be ta -a lumina  is known to be a good Na + ion 
conductor with negligible or no electronic conduction 
(5, 6) and a lpha-a lumina  is an  excellent insulator. 
Therefore, the measured open-circui t  emf's, in an elec- 
trochemical cell with be ta -a lumina  solid electrolyte, 
do not depart  significantly from the thermodynamic 
emf's (6). These results were also confirmed by recent  
experiments  conducted in this laboratory (7). 

In all previous investigations (6-8), involving open- 
circuit emf measurements  with be ta -a lumina  solid 
electrolyte, the Na chemical potential  has been con- 
trolled at both electrodes. The purpose of the present  
investigation is to determine if meaningfu l  open-circui t  
emf's may be measured with electrodes fixing O or A1 
chemical potentials. If the phase rule applies as de- 
scribed above, fixing O or A1 chemical potential  is 
equivalent  to fixing the Na chemical potential.  

Experimental Technique 
The be ta -a lumina  solid electrolyte disks were pre-  

pared in this laboratory from be ta -a lumina  powder 
(<325  mesh) supplied by A l u m i n u m  Corporation of 
America. The powder was pressed into 3~ in. diameter, 
~/s in. thick disks at 55,000 psi and sintered wi th  ~- 
a lumina  powder in dry air at 1690~ for 1 hr. The re-  
sult ing mater ia l  had 60-65% theoretical density a n d  
w a s  kindly supplied by Dr. W. L. Fielder  of this l ab-  
oratory. 

The cell for measur ing emf's consisted of solid re-  
versible electrodes and a be ta -a lumina  solid electro- 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
* P r e s e n t  a d d r e s s :  M e t a l l u r g y  a n d  C e r a m i c s  R e s e a r c h  Laboratory, 

Aerospace Research Laboratories, Wright-Patterson A F B ,  O h i o  
45433. 

Key words:  ~-alumina,  solid e lectrolyte ,  o p e n - c i r c u i t  e m f ,  free  
energy,  Po s g a u g e .  

lyte disk. The electrodes were held in contact with the 
be ta -a lumina  disk by spring pressure applied through 
a -a lumina  tubes, which constituted the cell assembly. 
The design was similar  to that  described by Skelton 
and Pat terson (9). P la t inum lead wires were con- 
nected to the electrodes. The tip of a P t -Pt ,  13% Rh 
thermocouple, insulated by a -a lumina  tubes, was posi- 
t ioned close to the cell. The cell assembly enclosed in 
a closed-end a -a lumina  furnace tube formed a gas- 
tight system. Insulated feed-throughs were used to 
provide electrical connections external  to the system. 
The heating system consisted of a wire  (Kanthal)  
wound tube furnace with a controller to main ta in  the 
cell temperature  to wi th in  _+I~ The a -a lumina  fur-  
nace tube was shielded by a grounded stainless steel 
tube to minimize electrical noise. All  electrical con- 
nections external  to the furnace were made with 
shielded cables, with the shields appropriately 
grounded. 

The cell emf's were monitored with an electrometer 
( input  impedance 1014 ohms) or a digital  vol tmeter  
( input  impedance 109 ohms). The tempera ture  was 
monitored with a potent iometer  in conjunct ion with a 
nul l  detector. An electronic cold junct ion  compensator 
was used to provide compensation for the cold junc-  
tion temperature  of the thermocouple. 

At the beginning of each run, the system was evacu- 
ated to 10 -2 Torr, flushed with hel ium and evacuated 
again. This procedure was repeated several times. The 
hel ium was purified by passing it through copper t u rn -  
ings held at 400~ and a l iquid ni t rogen cold trap be-  
fore enter ing the system. Subsequent  to the flushing 
and evacuation procedure the system was filled with 
hel ium and a slow and steady flow of hel ium was ma in -  
tained through the system. The furnace was then 
brought to the measur ing temperatures.  The emf's were 
recorded after wait ing for at least Yz hr at each tem- 
perature. The a t ta inment  of equi l ibrat ion was indicated 
by reproducibil i ty of the recorded emf's on cycling the 
cell temperature  wi th in  the range of measurements.  

Results and Discussion 
Electrodes l~xing oxygen chemical potential.---Stable 

and reproducible open-circui t  emf's were obtained 
from the following cells with electrodes fixing oxygen 
partial  pressures 

Fe,FeO/B-alumina/Ni ,NiO [I] 
and 

Ni,NiO/fl- a lumina /Cu,  Cu20 [II] 

Figure 1 i l lustrates the data obtained from 689 ~ to 
990~ for cell [I]. Kiukkola  and Wagner 's  (10) data 
for the cell Fe, FeO/CaO,ZrO2/Ni, NiO are indicated in 
Fig. 1 as the solid line. The data for cell [II] are shown 
in Fig. 2 along with Lasker and Rapp's (11) estimated 
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Fig. 1. Open-circuit emf against temperature for the cell Fe, 
FeO/B-alumina/Ni, NiO. 
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Fig. 2. Open-circuit emf against temperature for the cell Ni, 
NiO/B-alumina/Cu, CuzO. 

thermodynamic emf for the cell. I~ is apparent  that 
the open-circuit  emf's observed with be ta -a lumina  are 
in good agreement  with the previously measured (with 
oxygen ion conducting solid electrolyte) and calculated 
thermodynamic  emf's. It should be noted that the rate 
of equi l ibrat ion at lower temperatures  was pro- 
gressively sluggish. For example, at 650~ cell [II] at-  
tained equi l ibr ium only after wait ing for 12 hr. In a 
few of the runs  with Cu,Cu20 electrodes, a consider- 
able amount  of Cu penetrat ion was visually observed 
in the be ta -a lumina  disks. 

Determinat ion of the Na20 act ivi ty  in b e t a - a l u m i n a . -  
Consider the reaction 

Na20 -5 xA12Os ---- Na20 �9 xA12Os [1] 

where Na~O �9 xA1203 is the composition of ~-a lumina  
in coexistence with a-a lumina.  Because both B-alumina 
and a -a lumina  coexist in the s tandard state in the solid 
electrolyte, the s tandard free energy change for the 
above reaction is given by RT In aNa2O, where aNa20 is 
the activity of Na20 in B-alumina in coexistence with 
a-alumina.  This may be determined with a cell of the 
type M,MX2,NaX/B-alumina/M' ,  M'O provided M, MX2 
and NaX coexist in the s tandard state. The open-circuit  
emf for the above cell is given by  

R T  aNa(R) 
E -- - -  in ~ [2] 

F aNa(L) 

The Na activities in  the left-  and r igh t -hand  sides of 
the cell are given by 

1 
R T  i n  aNa(L) = AG~ -- - -  [3] 2 AG~ 

1 
R T  In aNa(R) = - -  RT In aNa2O 

2 
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Fig. 3. Open-circuit emf against temperature far the cell Co, 
CoF2, NaF/~-alumina/NaF, NiF2, Ni. 

1 1 
-}- - -  ~G~ -- - -  2~G~ [4] 

2 2 

Combining Eq. [2], [3], and [4] 

RT In aNa2O = - -2EF + 2AG~ 

- -  AG~ -~- ~G~ - -  ~ G ~  [5 ]  

Ni,NiFe,NaF/B-alumina/Cu, Cu20 [Il l]  

was the cell investigated in the present  study. That  
Ni,NiF2, and NaF coexist in the s tandard state at least 
up io 760~ was confirmed by measur ing the open- 
circuit  emf of the cell 

Co, CoF2,NaF/~- alumina/Ni,NiF2,NaF [IV] 

The observed emf's of cell [IV] between 490 ~ and 
764~ were in good agreement (Fig. 3) with those 
measured by Skelton and Patterson (9) with the cell 
Co,CoFJCaF2/Ni, NiF2. The solid line in Fig. 3 repre- 
sents the least-square best fit of Skelton and Patterson's 
(9) data. It should be noted that NaF and NiF2 form 
a eutectic at a round 790~ (12), and this l imits the 
use of Ni,NiF2, NaF electrode to below this tempera-  
ture. 

Reproducible emf's were obtained for the cell 
Ni,NiF~,NaF/B-alumina/Cu, Cu20 between 576 ~ and 
725~ The emf data for the above cell [III] is given 
in Table I and also i l lustrated in Fig. 4. 

The least-square best fit of the data between 576 ~ 
and 725~ is given by  

E( I I I )  mV = (646.5 -- 0.190T) +_ 1 [6] 

where T is in ~ Above 725~ the emf's were low and 
irreproducible;  presumably  because of excessive evap- 
oration of NaF affecting the Cu,Cu20 electrode. 

The s tandard free energies of formation of NiF2 and 
NaF may be obtained from publications of Skelton 
and Pat terson (9) and Steinmetz and Roth (13). The 
~V~ and ,.%G~ values may  be obtained from 
JA N A F  tables (14). Using these values, the activity of 
Na20 in B-alumina may be calculated from Eq. [4] 
and [5]. For example, at 1000~ RT In aNa2O = --77.0 
kcal/mole,  at 900~ R T  In aNa20 ---- --77.8 kcal/mole,  
and at 800~ R T  In aNa20 = --78.7 kcal /mole;  the cor- 
responding aNa20 values at 1000 ~ 900 ~ and 800~ are 
10 -16.s3, 10 -zs.sg, and 10 -21.5~ respectively. 

In  a review article on B-alumina electrolytes, K u m -  
mer  (15) reported the thermodynamic data on B-alu- 

Table I. Emf of cell [111] 

Ni,NiFz,NaF/fl-alumina/Cu,Cu20 

Temp er -  
a ture  (~ Eraf (mV) 

576 484 
606 480 
631 475 
633 474 
657 469 
659 470 
679 465 
705 460 
706 461 
725 456 
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4 9 0 -  CELL I I I  
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Fig. 4. Open-circuit emf against temperature for the cell Ni, NiF2 
NaF/B-alumina/Cu, Cu20. 

mina obtained from emf measurements.  The cell is 
schematically represented by Po2,A12OJB-alumina 
(single phase)/NaA102,Po2. In  this work B-alumina 
was assumed to be a l ine compound in the analysis of 
the emf data. From the observed emf's between 1000 ~ 
and 1600~ the s tandard free energy change per mole 
of B-alumina for the reaction 

2NaA102 4- 10A1203 : Na20 �9 llA120~ 

was calculated as --9.0 kcal at 1000~ and ~0  at 
140r Na20 �9 llAI~O~ was the assumed stoichiometric 
formula for ;~-alumina; however, the observed emf's 
as well  as the s tandard free energy change per mole 
of B-alumina is independent  of the stoichiometry. 

Beta-a lumina  is represented as Na20 �9 xA1203 in-  
stead of Na20 �9 11A1203 in the following analysis. From 
the data reported by K u m m e r  (15), the interpolated 
value of the s tandard free energy change per mole of 
B-alumina, at 1000~ for the reaction 

2NaA102 4- (x -- 1)A1203 : Na20 �9 xA1203 [7] 

is given by --6.14 kcal. The tabulated (14) free en-  
ergies of formation of Na20, A1203, and NaA102 may 
be combined to give the standard free energy change 
of --44.34 kcal, at 1000~ for the reaction 

N a 2 0  4- A 1 2 0 3  ---- 2NaAIO2 [8] 

Combining reactions [7] and [8] the s tandard free en-  
ergy change at 1000~ for the reaction 

Na20 4- xAI2Oa : Na20 �9 xAl203 [1] 

is given by --50.48 kcal. 
However, as ment ioned earlier the present  work in-  

dicates a s tandard free energy change of --77.0 kcal, 
at 1000~ for reaction [1]. 

An at tempt was made to resolve the apparent  in-  
consistency by taking into account that B-alumina does 
in  fact have a range  of stoichiometry, from 1 to 4, 
ra ther  than being a line compound. The cell reported in 
the review article (15) may then be represented as 
Po2,Al~OJB(1),B(2)/NaA102,Po2, where B(1) is fl- 
a lumina  (NasO �9 xA1203) in equi l ibr ium wi th  Al~.O3 
and ;~(2) is B-alumina (Na.20 �9 yA1sCh) in equil ib-  
r ium with NaA102. Thus the s tandard free energy 
change of --6.14 kcal at 1000~ corresponds to R T  In 
aNa2o(L)/aNa20(R) where aNaso(L) is the Na20 activ- 
ity fixed by B-alumina (Na20 �9 xA1203) and A1203 co- 
existence and aNa2o(R) is the NaeO activity fixed by 
fl-alumina (Na20 �9 yA12Oa) and NaA102 coexistence. 
The value of RT In aNaso(L), at 1000~ is given by 
--77.0 kcal /mole according to the present  invest iga-  
tion. Therefore, combinat ion of the previously re-  
ported results (15) with those of the present  invest iga-  
t ion yields RT In aNa2o(R) = --70.86 kcal /mole  at 
100O~ 

The thermodynamic stabilities of B(1) and B(2) 
toward decomposition into NaA102 and A1203 are 
examined below. Reactions [1] and [8] may be com- 
bined to yield 

Na20 �9 xA1203 = 2NaA1Os 4- (x -- 1)A1203 [9] 

Using the values of --77.0 kcal for reaction [1] and 
--44.34 kcal for reaction [8], the s tandard free energy 
change for reaction [9] is given by 32.66 kcal; which 
means that B(1) (Na~O �9 xA12Os) is stable toward 
above ment ioned decomposition at 1000~ 

Consider the reaction 

Na20 �9 yA120~ q- (Y -- 1)Na~O = 2yNaA102 [10] 

The s tandard free energy change for the above reac- 
t ion is given by (y -- 1 )RT  In aN~so(R) where 
asa2o(R) is the activity of Na20 in a coexistent mix-  
ture of ~-alumina (Na20 �9 yA1203) and NaA102. Re- 
actions [8] and [10] may be combined to yield 

Na20 �9 yA1203 = 2NaAlO2 4- (y -- 1)A1203 [11] 

The s tandard free energy change for reaction [11] is 
given by 

-%GoIz = (y -- 1) (RTlnasa2o(R)  -- AG%) 

---- (y -- 1) (--70.86 4- 44.34) 

= --26.52(y -- 1)kcal at 1000~ 

[12] 

Thus 8(2) (Na20 �9 yA120~) is unstable toward de- 
composition into NaA102 and A1203. 

The apparent  paradox of B(1) being stable and B(2) 
unstable  toward decomposition may be resolved if an 
intermediate  stable phase between ~-a lumina  and 
NaA102 in the Na20-A1203 system exists. Such a phase 
(viz. /~"-alumina) is known to exist in the Na20-A1203 
system (2, 4). Thus the coexistence of NaA102 and 
B-alumina, as employed in the cell reported in the 
review article (15), must  correspond to a thermody-  
namical ly  metastable situation. 

Electrodes fixing a~uminum chemical potent iaL--Me- 
tallic a luminum was used as anodes fixing a luminum 
chemical potential  in the following cells 

A1/B-alumina/A1Fa,NiF2,Ni IV] 
and 

A1/B-alumina/N aF,NiF~,Ni [VI] 

Emf measurements  with compacted a luminum powder 
electrodes were not successful. However, reasonably 
stable emf's were obtained with A1 electrodes in the 
form of a foil (1/16 in. thick).  These cells had rela-  
t ively short lives. It was fur ther  observed that  the 
cell life could be prolonged when operated under  
vacuum instead of flowing helium. It is believed that  
rapid oxidation of a luminum at elevated temperatures  
is the cause of poor cell lives. However, under  vacuum 
the cells lasted for 8 to 12 hr, dur ing which the open- 
circuit emf data could be recorded. 

The open-circui t  emf of cell [V] is given by 
1 

Ev = -- RT  In aAz where aAl is the activity of a lu-  
3F 

m i n u m  at the cathode. Therefore, the emf Ev is also 
given by 

EV - -  - -  AGOA1F3 - -  ~ AG~ [13] 
3F 2 

Skelton and Pat terson (9) have measured the open- 
circuit emf of the cell A1,A1FJCaF2/Ni,  NiFs, which is 
also given by Eq. [13]. The data for cell IV] are 
plotted in Fig. 5, which also shows the least-square 
best fit l ine of Skelton and Pat terson's  (9) data. The 
agreemen~ seems to be satisfactory at temperatures  
above 540 ~ C. At temperatures  below 540~ the observed 
open-circuit  emf's of ceil IV] fall significantly below 
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Fig. 5. Open-circuit emf against temperature for the cell AI//~- 
alumina/AIF3, HiF~, Hi. 

those observed by Skelton and Pat terson (9). This may 
be due to sluggish electrode equi l ibrat ion and /or  de- 
par ture  from the proposed a-alumina,  /~-alumina equi-  
l ibr ium in the electrolyte. 

Open-circui t  emf data for cell [VI] are given in 
Table II and plotted in Fig. 6. The least-square best 
fit of the data from 563 ~ to 656~ is given by 

E(VI)mV = (1414 -- 0.023T) +__ 3 [14] 

The departure of the observed emf at 540~ from the 
l inear  relationship is similar to that  observed with 
cell [V] and may be accounted for in the same way. 

Equations [6] and [14] may be combined to obtain 
the open-circuit  emf be tween A1, A1203, and Cu, Cu-zO 
electrodes. Attempts  were not successful to directly 
measure the open-circui t  emf of such a cell below the 
melt ing point of a luminum (660~ This is presumably  
because of the inabi l i ty  of the Cu, Cu20 electrode to 
achieve equil ibrat ion in a relat ively short t ime (8-12 
hr) at these temperatures.  Though not pursued in the 
present investigation, such measurements  may be fea- 
sible at higher temperatures  with different cell geom- 
etries. For example, the B-alumina solid electrolyte 
may be in the  form of a fiat bottomed cup with mol ten 
a luminum inside and the Cu,Cu20 electrode contacting 
the outer flat surface of the electrolyte. 

The free energy of formation of A1203 was calculated 
from Eq. [6] and [14] and the AGOcu2o (14) values. 
This is given by Eq. [15] below for the limited temper-  
ature range of 5 6 0 ~ 1 7 6  

• ---- (--404.8 + 0.081 T) _+ 0.6 kcal /mole  [15] 

Figure 7 compares the AG:oAI2O3 values, according to 
Eq. [15] with those given in JANAF tables (14). The 
agreement  seems to be quite satisfactory in view of the 
scatter in the data of cell [VII and the different 
methods of estimation. 

The reaction between sodium and aIumina.--Consider 
the reaction 

6Na + A12Oz = 3Na20 + 2Al [16] 

Table II. Emf of cell [VI]  

Al/~S-alumina/NaF,NiF2,Ni 

Temper-  
ature (~ E m f  (mY) 

540 1383 
563 1393 
588 1397 
598 1394 
612 1396 
616 1394 
632 1392 
636 1391 
645 1390 
646 1396 
656 1394 
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Fig. 6. Open-circuit emf against temperature for the cell AI/8- 
alumina/NaF, NiF2, Ni. 
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Fig. 7. Free energy of formation of Ai203 against temperature 
plot comparing the values estimated in the present investigation 
with those tabulated in JANAF tables. 

The standard free energy change for the above reaction 
is given by 

(3AGONa2O -- AGOA1203) 

It has been discussed above that  the s tandard free 
energy change of the reaction 

Na20 + xA1203 = Na20.xA1203 [1] 

is given by RT In aNa2O, where  aNa2o is the activity of 
Na20 in B-alumina in coexistence with a-a lumina .  

Combining Eq. [1] and [16] the s tandard free energy 
change for the reaction 

6Na + (31 + 1)A12Os = 3 (Na20.xA1-203 + 2A1 [17] 

is given by 

AGo = 3AGONa2O -- A(~~ a + 3RT In aNa20 [18] 

Using the data from JANAF tables (14) for AG~ 

and AG~ and RT in aNa20 value of --77.0 kcal /mole 
(see above),  the estimated AG ~ for reaction [17] at 
1000~ is --106.8 kcal. The value of AG ~ at 573~ is 
--129.3 kcal. The negative value of the AG ~ indicates 

that  polycrystal l ine two-phase B-alumina (i.e., a mix-  
ture of a -a lumina  and B-alumina) in  equi l ibr ium with 
Na is able to l iberate free a l u m i n u m  at the interface. 
This may have some implications concerning the devel-  
opment  of electronic conduct ivi ty  and blackening of 
B-alumina in prolonged contact with l iquid sodium at 
573~ observed Miles and W y n n  Jones (16). 

Be ta -a lumina  and B"-alumina solid electrolytes are 
being actively considered for development  of com- 
mercial  Na-S rechargeable ba t te ry  systems (15). These 
materials  must  be resistant  to metallic sodium attack 
for such applications. Therefore, the thermodynamics  
of the reaction with Na need to be considered. The par- 
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t icular  case of A120.~ reacting with Na to form alu-  
m i n u m  and the next  Na20-rich compound (viz. ~-alu-  
mina)  in the Na20-A1203 system may be generalized 
to examine the criterion for the stabil i ty of any phase 
Na20"aA1203 to attack by metall ic sodium to fo.rm the 
next  soda-rich phase Na20"bA120.~ and a luminum. The 
over-al l  reaction may be represented by 

6(a -- b )Na  + (1 + 3b) (Na20-aA1203) 

= (1 + 3a) (Na20-bA1203) + 2(a + b)A1 [19] 

The standard free energy change for the above reaction 
is given by 

AG~ = (a -- b) [3 (AG~ + RT In ann20) 

- -  (&G~ + RT In aA1203) ] 

[20] 

where aNa2O and aA12o3 are the activities of Na20 and 
A120~ in Na20"aA1203 and Na20-bA1203 coexistence. 
AG~ may also be represented by 

AG~ = (a -- b) -- ~-AG~ 

+ ( 3 + I ) RT ln aNa2O + 3AGONa~_O -- AG%12o3 ] [21] 

where &G~ is the s tandard free energy change 
for the reaction 

Na20 + bA1203 : Na20"bA12Oa [22] 

For Na20.aAI20~ to be resistant  to at tack by meta l -  
lic sodium AGo19 must  be positive. -~G%9 may be evalu-  
ated for any pair of coexistent intermediate  phases 
with the help of Eq. [20J or Eq. [21] and [22]; but  the 
re levant  thermodynamic  data are not completely avail-  
able for the Na20-A1203 system. However, let us ex- 
amine  the case when b = 1, i.e., Na20"bA120~ = 
2NaA102. At  1000~ AG~ for the reaction 

Na20 + A1203 = 2NaA102 [8] 

is given by --44.34 kcal. Using the tabulated values 
(14) for AG~ and AGoAI2O3 together with AG~ 
A12o3 at 10O0~ in Eq. [21], nGOl9 may be wri t ten  as 

AG~ --- (a -- 1) (4RT In aNa2O + 168.46) kcal [23] 

The phase diagram (2,4) for the  Na20-A1203 system 
indicates that  the a lumina- r ich  phase next  to NaA102 
is most l ikely B"-alumina. Thus for ~"-alumina to be 
stable in  contact with metall ic sodium at 1000~ RT 
In aNa2O should be ~ --42.025 kcal/mole,  according to 
Eq. [23]; where aNa2o is the activity of Na20 in a 
coexistent mixture  of NaA102 and #"-alumina.  The 
critical va lue  of aNa2o may also be evaluated at other 
temperatures  of interest  and then  compared with the 
actual  value, if available. 

Possible use of two-phase polycrystalline B-alumina 
in solid electrolyte Po2 gauges.--The fact that  E-alumina 
behaves as a solid electrolyte at the ext remely  low 
oxygen part ial  pressure of A], A1203 coexistence (Po2 

10 -47 atm at 1000~ suggests tha t  it may be used 
to monitor  very  low oxygen chemical potentials. The 

commonly known oxygen ion conducting solid elec- 
trolyte Po2 gauges are limited by the onset of electronic 
conduction to oxygen part ial  pressures of around l0 -a? 
atm at 1000~ (17). Although the upper Po2 limit in 
this investigation corresponded to Cu, Cu20 equil ibrium, 
it is probable that  E-alumina may be used as a solid 
electrolyte at higher oxygen part ial  pressures without 
significant hole conduction. The low tempera ture  l imit  
for sufficiently fast equil ibrat ion in ;~-alumina for 
use as an oxygen moni tor  seems to be a round 550~ 
This temperature  is lower than  the operating tempera-  
tures of known oxygen ion conducting solid electro- 
lytes in which the l imit ing factor is poor ionic con- 
ductivity. E-alumina being a much better  conductor, 
by some three orders of magnitude,  suggests the pos- 
sibility of reducing the operating temperature  below 
550~ with bet ter  mater ial  and cell design. Thus Po2 
gauges constructed with ~-a lumina  solid electrolyte 
may offer the advantages of lower operating tempera-  
ture and wider response (especially at extremely low 
Po2) and may find applications in semiconductor and 
metal lurgical  industries. 
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ABSTRACT 

The electrical properties of solid-state electrochemical cells using th in-  
film l an thanum fluoride electrolyte have been investigated as a funct ion of 
the ambient  atmosphere. The conductivity of the cells has been found to 
increase with the concentrat ion of the reducible gases 02, CO2, SO2, NO2, and 
NO. Sensi t ivi ty to a given gas is observed when the cell's te rminal  voltage ex- 
ceeds a "characteristic potential" which correlates with the electron affinity 
of the gas. With suitable choice of anode mater ial  a galvanic cell is formed 
which may be used as a "self-energized" 02 electrode or as a low current  
bat tery or 02 fuel cell. 

Lan thanum fluoride has an unusua l ly  high anionic 
conductivity and polarizabil i ty at room temperature  
(1-3). Its Debye temperature  is only ~360~ (4) al-  
though it melts at 1766~ Thus the room temperature  
Schottky defect density is high. The lowest act ivation 
energy for F -  diffusion is ~0.4 eV in both single crys- 
tals (1) and thin films (5). Single crystais have a 
d-c electrical resistivity of 107 ohm-cm and a static 
dielectric constant  of 106 at room temperature  (2). 
Thin  evaporated films of LaF~ have higher resistivities 
(~10 TM ohm-cm) and lower dielectric constants (~103) 
(5). But th in  films are still good anion conducting 
electrolytes at ambient  temperatures.  The fact that 
thin-f i lm LaFz is a good F -  anion conductor with low 
electronic conductivi ty made it reasonable to invest i -  
gate it a s  a n  electrolyte for other anions. 

Cell Description 
The films were deposited by evaporation of 99.999% 

pure mater ia l s  in an ion pumped ul trahigh vacuum 
system at pressures below 10 -7 Torr. They were 
evaporated from W or Ta boats and deposited on 
glazed a lumina  substrates at substrate temperatures  
of 200~ A layered configuration was used. Cr 
metal  was first deposited to promote adhesion. The 
anode metal  was deposited next, followed by an elec- 
t rolyte  layer 0.2-1.2 ~m thick and then by the cath- 
ode metal. To promote access of gas to the cathode- 
electrolyte interface, an open gridlike structure was 
used. (Figure 1 i l lustrates cell s tructure schemati-  
cally.) 

LaF~ electrolyte was used for most investigations, 
but  CeFs, NdF3, and PrF3 gave similar  results. Au a n d  
Ag cathodes and Bi, A1, La, Pr, and Au anodes have 
been used. All  layers were deposited dur ing  one evacu-  

Key words:  solid e lectrolyte ,  lanthanum fluoride, gas electrode.  

ation of the vacuum system by use of a mask changing 
arrangement .  Twenty  such cells were deposited on a 
5 by 5 cm substrate. Each individual  cell was about 
5 mm square with an anode area of 0.14 cm 2 and a 
cathode area of 0.04 cm 2. 

Other configurations, including coplanar, have been 
used with quali tat ively the same results as are re-  
ported here. Linear dimensions have been made as 
small  as 0.25 mm. 

Electrical Measurements 
The cells were removed from the vacuum deposition 

system and placed in a hermetically sealed brass 
chamber. Tank  gases were passed through CaSO4 
dryers, flow meters, appropriate valves, and into the 
chamber which was kept at a slight positive pressure 
(<2.5 cm of water) .  

Chamber response was determined for N2 to Os t ran-  
sitions by using a Westinghouse Model 211 Pu lmonary  
Funct ion  Monitor. Transi t ion t ime to 90% of a mix-  
ture change was about 4 sec. Oxygen content  in the 
chamber could be reduced to less than  3 ppm. The 
compositions of gas mixtures  were determined from 
the ratio of flow rates of the gases enter ing the cham- 
ber. 

The electrical circuit used for all measurements  is 
shown in Fig. 2. The power supply furnished either 
regulated d.c. or a voltage ramp of variable  rise rate. 
Terminal  potentials were monitored with a Keithley 
603 electrometer mil l ivol tmeter  having an input  resist- 
ance of 1014 ohms. Currents  were measured by a 
Keithley 417 high-speed picoammeter or (when a wel l -  
known  shunt  resistance was desired) by  a Cary 31 
v ibra t ing-reed  electrometer in  paral lel  with an ap- 
propriate shunt  resistor. System accuracy was +_ 10% 
or better  as determined by measur ing known  resistors 
in the 108-10 TM ohm range. Current changes of • I01~A 

CATHODE GRiD I ~ CO2 

, cHo, , ' : : ; 2  EXH~176 F '  

l ~ SUBSTRATE 

Fig. 1. Schematic of cell construction 

DRYER 

NO SO2 
Fig. 2. Schematic of electrical and gas circuits 
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were easily resolved. By our convent ion "positive 
current"  signifies anion t ransport  from cathode to 
anode within  the electrolyte. 

Polarization and Initial Response 
In  1 atm of ni trogen gas, typical cells exhibit  d-c 

dielectric constants between 360 and 1100 and  steady- 
state resistivities between 10 TM and 10 ~ ohm-cm. The 
tempera ture  coefficient of resistivity ( ~ R / R / ~ T )  is 
typically 0.1/~ below 100~ (5). Above 100~ conduc- 
tivity increases strongly with temperature.  When 
shunted by a small  external  resistance and biased to a 
fixed te rminal  potential, the init ial  current  surge de- 
cays to a stable background cur ren t  over a period of 
about 1 hr. 

Upon exposure to a reducible gas the resistivity of 
a virgin cell decreases by two orders of magni tude or 
more. Then, during a "break- in"  period in the reduc- 
ible gas, the init ial  sensit ivity decays in an exponen-  
t ial- l ike fashion, reaching a constant rate ( lO0•  
t ime ~0.1-0.5/hr)  after about 2 hr. ~igure 3 i l lustrates 
this init ial  period for a Cu (anode)/LaF~ (electrolyte/  
Au(cathode)  cell which has been polarized with 0.3V 
for some time before the ini t ial  oxygen application at 
t----0. 

Changes in the electrode-electrolyte interfaces un -  
doubtedly contr ibute to the init ial  decrease in sensi- 
tivity. However, another  significant factor is the 
neutral izat ion of a net  positive charge ( F -  deficiency) 
wi thin  the virgin cells. Fine gold probes deposited 
wi th in  the electrolyte layer  at varying distances from 
the electrodes allowed the determinat ion of in terna l  
potential  profiles and, hence, the relat ive charge dis- 
tr ibutions.  Upon the application of oxygen, the net  
in ternal  charge became negative and the profile was 
indicative of injection and transport  of negative car- 
riers. When the O2 atmosphere was removed after 
the break - in  period, the net in terna l  charge approached 
neutral i ty,  but  never  again became positive. 

Exposure of a b roken- in  cell to a different reducible  
gas requires an addit ional "break- in"  t reatment .  In  
this case, the sensit ivity changes much less t h a n  dur -  
ing the ini t ial  b reak- in  period. Polarization by the 
reduced species or bui ldup of reaction products seems 
the most probable cause of this behavior. Background 
current  is somewhat reduced during break in, again 
probably due to polarization, or reaction product bu i ld-  
up at the electrodes. 

The current  increase of a typical  b roken- in  eel1 
upon exposure to oxygen is characterized by two parts: 
an initial  "fast" part where  25% of max imum ampli -  
tude is reached wi th in  4 sec, followed by a "slow" 
part  dur ing which current  rises to 90% of ma x i mum 
in about 4 min. Upon removal of oxygen the current  
decrease has a similar "fast" part followed by a re tu rn  
to 90% of the baseline, in 5-10 rain. 

Equilibrium Response to Oxygen 
When cells with copper or b ismuth  anodes are po- 

larized and broken in  as previously described, cell 

IO 

~) I.O 

Ol 
o 4 8 IZ 16 20 24 28 32 36 40 44 48 42 46 

TIME (rnmutes) 

Fig. 3. Break-in behavior of a virgin C,,/LaF3/Au cell polarized to 
300 inV. 

current  becomes a relat ively stable function of ter-  
minal  potential  and of the concentrat ion of oxygen in 
the ambient  atmosphere. 

Figure 4 shows current  vs. te rminal  potential  for a 
B i / L a F J A u  cell in 1 atm of ni t rogen and in 1 arm 
of oxygen. Each data point was recorded after al low- 
ing several hours for polarization. All data for n i t ro-  
gen were ~aken first, followed by all oxygen data. As 
terminal  potential  is increased a part icular  potential, 
V~, is noted below which the cells are rather  insensi-  
tive to oxygen, but above which sensit ivity increases 
strongly wi~h V. 

No classical half-wave potential  is observed. There-  
fore, we conclude that  diffusion is not a mobil i ty 
l imit ing factor in these cells. 

In  the absence of a hal f -wave potential, Ve has been 
used as a characteristic potential. Since ~he cells have 
finite electrode potentials, Vc has been defined as the 
difference between the te rmina l  potential  giving zero 
current  in oxygen and the terminal  potential  where 
the oxygen current  begins its rapid increase (see Fig. 
4). Defined in this way, V~ is largely independent  of 
anode material.  Static data from cells with Cu and Bi 
anodes yield V~ = 230 • 30 mV as characteristic for 
oxygen. 

At a constant te rminal  potential  above Vc cell cur-  
rent  varies as the sum of l inear  and logarithmic terms 
in oxygen concentration. The var ia t ion is quite l inear  
at concentrat ions above 20% of O2 in mixtures  of O2 
and N2. Below 20% the logarithmic term causes sig- 
nificant curvature.  

Figure 5 shows current  sensit ivi ty (I -- Io)/Io vs. 
per cen~ oxygen for cells having Bi, Cu, and Au 
anodes. Current  (I) was monitored as the oxygen con- 
centrat ion was varied. /o is the background current  
in the absence of oxygen. 

~ ~/ /  Oz 

0.~ 

~ o- ~ 

J ~o. / "  

-o.i 

TERMINAL POTENTIAl- (rnV) 

Fig. 4. Typical static current-potential relationship for a Bi/LaF3/ 
Au call in i otm of 02 and I arm of N2. 
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Fig. 5. Current sensitivity to oxygen of cells with Bi, Cu, and Au 
anodes at terminal potentials of 0.0, 0.4, and 0.4V, respectively. 
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Fig. 6. Dynamic current-potential loops obtained by sweeping 
terminal voltage at 100 mV/min. Loops in 1 otm of nitrogen are 
compared with loops in: (a, top left) 1 atm of SO2, (b, middle left) 
I atm of CO2, (c, bottom left) 84 Torr of 02 and 114 Torr of CO2, 
(d, above right) 0.8 Tort of SO2, and (e, below right) 0.7 Torr of 
NO. In each case the diluent gas is N~. The anode material is gold 
in (a) and copper in (b-e). 

Cells wi th  Bi anodes are the most sensitive and 
have the greatest low concentrat ion nonlineari ty.  Cells 
with blocking gold anodes respond more l inearly.  Prob-  
ably, the logarithmic term arises from interfacial  phe- 
nomena  at the anode. 

Cells made early in the program had higher back- 
ground currents  than cells produced recently. In  the 
early cells, current  variat ion was near ly  l inear  with 
oxygen concentrat ion (6). Evidently,  the oxygen con- 
ductivi ty of these cells was shunted by a comparable 
oxygen independent  conductivity. Thus, sensit ivi ty to 
low oxygen concentrat ions was preferent ial ly  reduced. 

Potential Sweep D a t a - - O t h e r  Reducible Gases 
By sweeping the terminal  potential  at a constant  

ra te  of 100 mV/min,  data showing cell sensit ivi ty to 
several addit ional reducible gases were obtained. The 
dynamic current -potent ia l  traces form loops due to 
the high polarizabil i ty of LaF3. Even in this nonequi -  
l ibr ium situation, greater currents  are observed (for 
a given potential  magni tude)  when  anion flow is 
toward a reactive anode. However, "dynamic" sensi- 
t ivity is also observed with a blocking anode mater ial  

(e.g., gold). Figures 6 (a and b) i l lustrates the cur -  
rent -potent ia l  data in 1 atm of SO2 and CO2. Figure 
6 (a, d, and e) shows similar data for lower part ial  
pressures of 02, CO2, SO2, and NO. 

For the dynamic curves we have taken Vc ---- 1/2 
[V+ - - V - ]  where V+ and V -  are the forward and 
reverse bias te rmina l  potentials at which the first sig- 
nificant sensit ivity was observed. This procedure, 
which was necessitated by small  gas-to-gas and 
cell- to-cell  differences in curve characteristics, led to 
fairly large uncer ta int ies  in Vc. Still, the characteristic 
potentials were found to be indicative of the gas 
species (Table I) .  

Table I. Characteristic potentials and electron affinities of 
various gases 

G a s  Vc (mV) EA (eV) Refe rence  

N O  < 5 0  0 . 0 2 4  + 0 .010  (7 )  
- -  0 . 005  

0 2  2 3 0  ~ 30  0 . 4 4 0  -~ 0 . 0 0 8  (8 )  
CO~  5 0 0  • 50  1.2 ---+ 0 .3  (10 )  
SO~ 400 ~ 100  0 . 5 - 1 , 0  (9 )  
N O =  < 100  >2.04  ( 12 ) 
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In  the case of ni t rogen oxides, the dynamic cur ren t -  
potential  curves show no region of insensit ivi ty (Fig. 
6e). Also, we were unable  to locate a region of static 
bias where the cells were insensitive to NO or NO2. 
Therefore, Vc is near  zero. Table I shows upper  limits 
set by the resolution achievable in the experiment.  

A u / L a F J A u  cells were used to determine the ap- 
proximate current -concentra t ion  curves for SO2, CO~, 
NO, and NO2. For each gas the cells were polarized to 
a static potential  above Vc and broken in unt i l  the 
t ime-ra te  of sensit ivi ty decrease was small. All  data 
were then taken within  a few minutes.  

Due to the blocking na ture  of the gold anodes, sensi- 
tivities were small. However, relative sensitivities 
could be obtained with less regard for electrode reac- 
tions. 

Figure 7 shows current  variat ion with the concen- 
t rat ion of CO~, SO2, and NO. N2 was the di luent  gas in 
these cases. In  the case of NO~, current  increased 
exponent ia l ly  with concentration. Figure 8 shows data 
when  a refr igerant  gas of similar density (Genetron 
12) was used as the diluent. Similar  behavior was 
noted when the di luent  was N2, but  noise was in-  
creased. This exponential  sensit ivity may be due to 
dissociation of NO~ on the cathode (or on the speci- 
men chamber  walls) yielding NO. 

In  many  cases, the solid-state cells have a shelf life 
of several months and main ta in  useful calibration for 
several days of use. However, the factors affecting life- 
time are very complicated (e.g., use lifetime depends 
on the rate of change of the oxygen current  as well  as 
on its magni tude)  and are still under  investigation. 

Cells with like, gold, electrodes degraded by use or 
storage are easily "rejuvenated" by heating to 300~ 
in high vacuum for several hours. 

Galvanic Cells 
Cel ls  w i t h  reac t i ve  anodes d e v e l o p  o p e n - c i r c u i t  po -  

ten t ia l s  which presumably arise from the oxidation of 
the anode by F -  and the reduced species. These po- 
tentials range from 200 mV for Cu to about 1.5V foz 
La. 

Finite currents  may be drawn from such a cell. Fig-  
ure 9 plots current  against the te rmina l  potentials ob- 
tained at three oxygen concentrat ions by shunt ing  a 
B i / L a F J A u  cell with varying load resistors. As the 
load increases, current  becomes increasingly sensitive 
to oxygen pressure, yielding a "self-energized" oxygen 
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Fig. 7. Current sensitivity of Au/LaF3/Au cells to CO2 at 1.1V 
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centration increasing; closed data points, concentration decreasing. 
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0.5 

electrode. Maximum oxygen sensit ivi ty is obtained at 
zero terminal  volts when the cell is short circuited 
and near ly  the ent i re  emf generated by the anode 
reaction is impressed at the cathode-electrolyte in ter -  
face. 

Although current  is l imited by cell resistivity, power 
densities of 1-10 Whr /kg  have been estimated from 
discharge curves. This may indicate some ut i l i ty  for 
such cells as low discharge batteries. 

Mechanisms 
The observed behavior  is consistent wi th  a model 

constituted by (i) reduction of a gas at the ca hode- 
electrolyte interface, (ii) nondiffusion l imited t rans-  
port through the electrolyte, and (iii) oxidation of 
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the gas at the anode. That is, the cell constitutes a 
solid-state analog to the liquid reducible gas electrode. 

Reduction.--Our potential  probe measurements  have 
shown strongly polarized layers less than 0.2 ~m thick 
at the cell electrodes. Nearly the entire terminal  po- 
tent ial  appears across these polarization layers, giving 
ample electric field for reduction of a gas. In  agree- 
ment  with this, we observe little difference between 
the polarization and sensit ivity of cells which have 
electrolyte thicknesses between 0.5 and 2.0 ~m. 

In  Fig. 10 we have plotted l i terature values for 
electron affinity against Vc for the various gases. The 
electron affinities quoted for NO (7), O2 (8), and SO2 
(9) are for the addit ion of a single electron to the 
ent i re  molecule. The "electron affinity" of CO2 is the 
same as that  of O (10), probably due to dissociation on 
metallic surfaces (10, 11) (CO2 --> CO -F O). 

The monotonic increase of characteristic potential  
(Vr with the electron affinity of the incident gas (Fig. 
10) indicates that  the rate l imit ing reactions are 

NO + e -  --> N O -  

S02 + e -  ~ S 0 2 -  

02  + e - ~  0 2 -  

O ~ - e - ~ O -  (forCO~) 

The electron affinity of NO2 is uncertain,  but  it is 
greater than 2 eV (12) which is inconsistent with our 
Ve of <100 mV. This supports our previous specula- 
t ion that NO2 dissociates to yield NO which has a very 
low electron affinity. 

Two gases, CO and N20, which do not form stable 
molecular anions did not alter cell conductivity.  

Transport--The apparent  mobil i ty of other ionic 
species in a solid fluorine ion electrolyte is surprising. 
We offer two possible models of the mechanism. The 
first depends on the high grain boundary  area of the 
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polycrystall ine films (crystalli te dimensions are 20- 
200A). Large ions might  carry significant current  
through defects at such boundaries.  

The second possibility is mobil i ty  of other than 
fluorine ions through Schottky defects in the LaF3 
lattice. Fluor ine in LaF3 exists in three magnet ical ly 
nonequivalent  sites. Covalent bonding predominates 
in two of the sites. In  the third site, the fluorines make 
up a layered array with approximately 60% ionic 
bonding and about  40% n-bonding  (13). The high 
polarizabili ty and conductivi ty of LaFa at room tem- 
perature is pr imari ly  due to motion through the lat ter  
sites. 

From x- ray  Debye-Waller  factors, Zalkin et al. (14) 
find that the mean square displacement of the ionically 
bound fluorines is 1.7A% Therefore ions of widely vary-  
ing size might  substi tute into F -  defects. Although 
large ions such as NO- ,  SO2-, or O2- might not "fit" 
these defects, O -  with a radius of 1.76A should substi-  
tute for the 1.33A F -  (15) without significantly s t ra in-  
ing the lattice. 1 The proportions of n-bonding  will  be 
larger for O -  than for F - ,  but  ionic bonding should 
still predominate and lead to high O -  mobility. As 
previously noted, O -  is the probable  product of the 
"reduction" of CO2 (10, 11). We speculate below on 
the evolut ion of O -  in the cases of other gases. 

In  the case of oxygen, the creation of O2- is con- 
sistent with the observed characteristic potential. This 
0 2 -  is probably created in an excited state which has 
a lifetime of 10 -13 sec (17). In  a solid a stabilizing 
collision within this t ime is probable. However, stabil-  
ization in the large fields at the polarized interface 
might  also be accomplished through a reaction such as 

O2- (excited) --> O + O -  
Similar  processes of varying efficiency might cause 

evolution of O -  in the cases of SO2 and NO. Thus there 
are plausible sources of a species which should be 
mobile in the LaF3 lattice. Experiments  with films of 
varying grain size or designed to monitor  the species 
arr iving at the anode-electrolyte interface would do 
much to clarify the picture. 

Anode.--A chemically reactive anode mater ia l  is 
necessary to obtain appreciable steady-state sensit ivity 
to oxygen. In  light of the previous discussion we be-  
lieve that  the reduced species combine chemically with 
the anode material,  thus diminishing further  polariza- 
t ion of the interface and allowing cont inuing charge 
transfer.  

Summary  
Thin-f i lm meta l / r a re  ear th  f luoride/metal  cells were 

found to constitute solid-state electrodes for reducible 
gases at ambient  temperatures.  Cell conductivity in-  
creases with gas concentrat ion when  the cell is biased 
above a characteristic potent ial  which corresponds 
with the electron affinity of the gas. 

The observed behavior fits a model where reduction 
and oxidation of the gas species occurs at the cathode 
and anode interface, respectively. Charge is t rans-  
ported through the electrolyte. Several different models 
for the mechanism are still considered possible. 

We bel ieve that  the small  size, sturdiness, and pro- 
jected low cost of fabrication of these cells makes 
them potent ial ly useful mult igas selective electrodes 
for a var ie ty  of applications. 

Acknowledgments  
We are grateful to Mr. E. M. Gen t ry  for his work in  

cell fabrication, to Mr. L. C. Bar t lam for electrical 
measurement ,  and to Drs. D. A. Lowitz and D. T. 
Sawyer for many  helpful  consultations. 

One of  the  r e v i e w e r s  of  t h i s  p a p e r  has  p o i n t e d  o u t  t h a t  O= has  
a l m o s t  e x a c t l y  the  same  r a d i u s  of F-.  I n d e e d  O= s h o u l d  h a v e  good 
m o b i l i t y  in  LaFs. H o w e v e r ,  the  a t t a c h m e n t  of  t he  second  e l ec t ron  
w o u l d  r e q u i r e  the  a d d i t i o n  of  an e n e r g y  of 5.8 eV [ the  one elec-  
t r on  a f f in i ty  of O is +1.45 eV; the  two  e lec t ron  af f in i ty  is --7.3 eV 
(16) ] w h i c h  cou ld  on ly  be  s u p p l i e d  by  a v e r y  h i g h  sur face  po la r -  
i za t ion  energy .  We c a n n o t  r u l e  ou t  the  ex i s t ence  of O = in  the  la t t ice ,  
b u t  the  f o r m a t i o n  o f  O -  is  a l o w e r  e n e r g y  a n d  m o r e  s t r a i g h t f o r w a r d  
p r o c e s s .  
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Transport Properties of LaF  Thin Films 
A. C. Lilly, Jr., B. C. LaRoy, C. O. Tiller, and Bruce Whiting 1 

Philip Morris Research Center, Richmond, Virginia 23261 

ABSTRACT 

Pulsed current-voltage measurements have been carried out on thin films 
of LaF3 varying in thickness from 1000 to 10,000A. The I-V data fit a rela- 
tionship of the form I : Io sinh aV normally associated with ionic conduc- 
tion. If it is assumed that the internal field is equal to the externally applied 
field, the derived ionic jump distance is of the order of 20A. However, potential 
probe measurements show a strong concentration of positive space charge near 
the  cathode. When  the effect of the  space charge on the in te rna l  e lectr ic  field is 
accounted for, a smal ler  va lue  is obta ined for the ionic j ump  distance, which  
is more  in agreement  wi th  the  c rys ta l  s t ruc ture  of LaFs.  

Lanthanum fluoride is a ma te r i a l  tha t  exhibi ts  some- 
wha t  unusua l  e lect r ica l  t r anspor t  propert ies .  Prev ious  
workers  (1-3) have concluded that  the  electr ic cur ren t  
in LaFs single crys ta ls  is car r ied  almost  exc lus ive ly  
by F -  ions wi th  negl igible  electronic conduction. As 
shown by  Sher  et aS. (1) LaFs crys ta ls  are  good ionic 
conductors  at  room tempera tu re  p robab ly  because of 
the i r  low act ivat ion energy for format ion  of Schot tky  
defects. Because of  the i r  good anionic conduct ion 
propert ies ,  we have used th in  films of LaFz in chemical  
sensing devices. Since thin films in genera l  have differ-  
ent proper t ies  than the bu lk  mater ia ls ,  we have ex-  
amined the t r anspor t  proper t ies  of ions in th in  films 
of  LaF~ rang ing  in th ickness  f rom 1000 to 10,000A. 

Experimental Procedures 
Since LaF~ single crysta ls  exhib i t  a la rge  amount  of 

polar iza t ion  (2), it  is impor tan t  to measure  currents  a 
short  t ime af ter  a vol tage  has been appl ied  to the films 
if t r anspor t  proper t ies  free of in terfacia l  effects a re  to 
be studied. In  this work  we have taken  the high f re-  
quency model  for the  e lectrodes and the LaF3 film as a 
para l le l  resistance and capaci tance network.  To mea -  
sure the components  of the  network,  we compared  
the cur ren t  through a var iab le  r -c  pa ra l l e l  ne twork  
connected to one channel  of an oscilloscope. The re -  
sistance and capaci tance of the  ne twork  was then 
matched  to tha t  of the  sample. This matching  was 
de te rmined  by  the  coincidency of the cu r ren t - t ime  

i Present address: Department of Physics ,  Carnegie-Mel lon Uni -  
versity, Pittsburgh, Pennsy lvan ia  15200, 

Key words: transport properties, lanthanum fluoride, solid elec- 
trolyte. 

curves on a Tek t ron ix  502 oscilloscope af ter  a 200- 
500 ~sec vol tage  pulse  was  applied.  S t eady- s t a t e  cu r -  
ren t  values  were  measured  wi th  a Ke i th l ey  417 pico-  
ammeter .  

The th in  films were  evapora ted  in an  ion -pumped  
u l t rah igh  vacuum system using 99.999% pure  m a t e -  
rials. They were  th in-f i lm sandwich s t ructures  con- 
slating of an a lumina  subs t ra te  wi th  LaFs be tween  
metal l ic  electrodes (AI-A1 or A u - A u ) .  The evapora ted  
films of LaF3 are  po lycrys ta l l ine  wi th  crys ta l l i te  sizes 
ranging f rom 20 to 200A. The densi ty  of the  films was 
not measured.  Also the  exact  s to ichiometry  of the  film 
is not known. Batsanova  (4) repor ts  the  pr inc ipa l  com-  
ponent  of the  gas phase  over  boi l ing LaFs  at  2600~ 
to be LaFs. However ,  mass spec t rometer  measurements  
also show ionic species La  +, L a F  +, and LaF2 + formed 
from dissociation of gaseous LaF3. Undoub tab ly  some 
fluorine is lost in the  evapora t ion  process as evidenced 
by the net  posi t ive change inside the  films; however ,  
al l  films are made  under  the  same condit ions and the  
electr ical  p roper t ies  are reproducible .  

A series of special  samples  was processed in order  to 
establ ish a potent ia l  profile in the  LaF8 films. These 
samples  had  the normal  A u  top (cathode)  and bot tom 
(anode)  electrodes,  but  also had  a th i rd  Au  probe  in-  
ser ted  in the  LaF3 layer  at var ious  distances from the  
cathode. This probe was inser ted by  s topping the LaF8 
deposit  dur ing  deposition, deposi t ing the  probe, and  
then complet ing  the LaFa deposition. 

In al l  potent ia l  probe exper iments  a constant  po-  
ten t ia l  difference of 300 mV was appl ied  be tween  the 
cathode and anode. The cathode was  he ld  at  --3OO mV 
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and the anode main ta ined  at essentially ground po- 
tential. The potential  difference between one of the 
electrodes and the probe was measured with a Cary 
31V vibrat ing reed electrometer. 

Exper imenta l  Results 
If the thin film of LaF3 is an ionic conductor then 

the current-vol tage (I-V) characteristics should follow 
a relationship of the form (5) 

I = A sinh (aq E/kT )  [1] 

where E is the electric field, a is one-half  the ionic 
jump distance, q is the ionic charge, T is the absolute 
Cemperature, and A is a constant. A careful examina-  
tion of the pulsed I -V  data on several different sam- 
ples disclosed that Eq. [I] gives the best fit to the data. 
For instance, in Fig. 1 and 2 are shown plots of the 
exper imental  points and the best fit I :-  A sinh (aq 
E / kT )  curve obtained by fitting a and A. The fit is 
quite good over the entire range of the data. The cal-  
culated ionic jump distances from the data shown in 
Fig. 1 and 2, and in other cases, range from 15 to 25A. 
However, it must  be realized that  this assumes that 
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Fig. 1. Pulsed I-V characteristic for LaF3 film of thickness 3825A. 
The voltage pulse was of 400 ~.sec duration. The data has been 
fitted to an equation of the form I _-- 8.75 x 10 - 6  sinh (0.083V) 
and an ionic jump distance of 8.25~. 
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fitted to an equation of the form I _-- 3.2 x !0 - 5  sinh (0.184V) 
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the in terna l  field is the same as the applied field. In  
reali ty there are space-charge effects leading to an en-  
hancement  of the field near the cathode. 

Even though scatter in the data was evident  from 
sample to sample, the general  t rends of the potential  
profile measurements  were clearly indicated and are 
shown in Fig. 3. The data in Fig. 3 show a potential  
profile as it occurs after a 30 min  polarization in an 
N2 or 02 atmosphere. The samples were in the gas 
shown prior to charging and such profiles were ob- 
ta ined as a function of time. As charging t ime in-  
creased, the in terna l  potentials became more positive 
with the major  change having taken place after 30 rain. 
Clearly the potential  profiles are indicative of a large 
change in potential  relative to ground at a distance 
of 1000A from the cathode. The potential  profile in O2 
shows a bu i ld-up  of negative charge near  the anode 
which is thought to be due to the reduction of 02 mole- 
cules at the cathode and the subsequent  movement  of 
these oxygen anions into the LaF~ film (6). Taking the 
modification of the in ternal  field by charge accumula-  
tion into account when applying Eq. [t],  the .der ived  
jump distance is approximately 4-5A, or smaller, 
which is more in agreement  with the 2-3A expected 
from the tr igonal crystal s t ructure of LaFs. 

The exper imental  I -V  results are independent  of the 
electrodes used, in this case gold and a luminum.  Solo- 
mon et al. (3) found the same electrode independence. 
In  Fig. 4 a plot is shown of steady-state resistance vs. 
applied voltage in a 2400A LaF8 film. Note that the 
curve is of an ohmic character up to 1.6V, and is very 
nonl inear  at higher voltage. In  Fig. 5 the nonohmic 

8 0  

4 0 -  

0 -  

- 4 0  - 

A - 8 0  - 

E -120 - 

._o -160  - r 

~_ - 2 0 0  - 

- 2 4 0  

- 2 8 0  - 

- 3 2 0  

l l l l l l l l l l I l l  

0 POLARIZATION IN N 2 

,.. ~ POLARIZATION IN 0 2 
Q tlJ 

8 

I I I I I I I I I I I I 

I 2 3 4 5 6 7 8 9 I0 II 12 13 
Z (~,x io3) 
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Fig. 5. Log I vs. applied voltage for a 2400/~, thick LaF3 film. 
Data is fitted to an equation of the form I = 3.72 x 10 -zo exp 
(I.28V) which gives an apparent jump distance of 180.~. 

portion of the I -V curve for the same sample is shown 
to fit Eq. [2] 

I : 3.72 • 10 -t0 e 1.~sv [2] 

which is another  form of Eq. [1] with V, the potential  
difference between the electrodes, expressed explicitly. 
If we interpret  the parameters  as before, then a jump 
distance of 180A can be derived. This value appears 
unrealist ic and simply means that  with the longer 
polarization t ime involved, the space charge layer has 
fur ther  enhanced the in terna l  electric field near  ~he 
cathode. In  Table  I a compilation is given of the 
pulse and steady-state electrical parameters,  as a 
function of thickness of the LaF3 film. The capacitance 
values for the pulse measurements  are fairly constant  
with changing sample thickness indicating that  the 
apparent  dielectric constant is independent  of in ter -  
electrode distance. This indicates that the high po- 
larization effect in LaF3 is pr imar i ly  an electrode 
effect. This is consistent with the  potential  probe data. 
The steady-state resistivity, is greater than the pulse 
resistivity by 102, and indicates the large effect of the 
interracial polarization on the steady-state charge 
transport.  

Discussion of Results 
Single crystals of LaF3 have previously been re-  

ported to have unusual  electrical properties. For in-  
stance a small activation energy (0.069 eV) for 
Schottky defect formation has been measured and the 
defects are believed to be formed neutra l  (molecular 
holes). The interact ion of LaF3 in  the crystal with a 
molecular  hole to produce LaF2 + and F -  with a dis- 
sociation energy of approximately 0.40 eV (1) is 
thought to be the mechanism of carrier generation. 
Conductivi ty measurements  by Sher et  al. (1) and 
NMR experiments  by Lee (7), Lund in  et  al. (8), and 
Goldman and Sher (9) all suggest that the electrical 
conductivity is due to ionic motion ( F - )  with little 
electronic contribution.  Solomon et  al. (2) observed a 
large persistent polarization in  LaF3. They suggest 

the existence of a permanent  double layer at the sur-  
face of the LaF3 crystals, and potential  probe measure-  
ments  confirm this. 

The results of th in  films have m a n y  of the same 
features as the single crystal results. The measurements  
in this work certainly indicate a space-charge region 
near the electrodes plays a large role in  the t ransport  
properties. The potential  probe measurements  given 
in Fig. 3 are similar to those obtained by Solomon et  al. 
(2) on single crystals. Also, recent conductivi ty work 
on thin films of LaF3 by Til ler  et  al. (10) agrees in the 
value of the conduction energy (0.43 eV) with conduc- 
t ivi ty (1-3) and NMR data (6-8) on single crystals of 
LaF3. 

The pulse resist ivity of the LaF3 th in  films is of the 
order of 109 ohm-cm, or two orders of magni tude 
greater than  the resistivity of the single crystal. How- 
ever, the polycrystal l ine na ture  of the th in  film and 
possible changes in  stoichiometry could account for 
this difference. Lancaster  (11) has observed that on 
heat ing CeF3 films to 400~ in an ul t rahigh vacuum 
system, fluorine gas was detected above the film. The 
I - V  characteristics fit very well the I ~ sine ~V rela-  
t ionship that  is indicative of ionic conduction over en-  
ergy barriers controlled by the electric field. How- 
ever, because of the strong positive space-charge region 
near  the cathode, the in terna l  electric field is different 
from ~he applied electric field. When this difference 
is accounted for, the ionic jump distances derived are 
more cansistent with the values that  would be ex- 
pected in the LaF3 structure. 

The capacitance of the LaF3 films is largely inde-  
pendent  of the thickness, the I - V  curves seem to be in-  
dependent  of the electrode material,  and  the potential  
probe measurements  show a concentrat ion of space 
charge near  the surface. All  of this evidence points to 
some form of persistent surface polarization in  LaF3 
thin films. The same evidence exists for LaF3 single 
crystals. The evaporation process probably leads to 
some degree of stoichiometry change if Lancaster 's  
loss (11) of F2 in CeF3 can be assumed to happen in 
LaF3 also. This plus the polycrystal l ine nature  of the 
th in  films must  account for the two order of magni tude 
lower resistivity in  the films. 

Frenke l  (12) has pointed out that a pe rmanen t  
double layer might  exist in ionic crystals containing 
Schottky defects if there is a difference in activation 
energy for formation of vacancies between cations and 
anions. Frenkel 's  model predicts a charged layer of 
the ions that have the smaller activation energy. The 
evidence indicates that  this phenomenon is active in 
both single crystals and thin films of LaF3. 

Conclusions 
LaF3 thin films exhibit  the I cc sinh ~V behavior 

characteristic of ionic conductors. The dominant  charge 
carrier is thought  to be an F -  ion hopping in vacancies 
created by the formation of Schottky defects. Because 
of the evaporation process there is probably  a net 
loss of fluorine leaving a strong net positive space 
charge in the deposited LaF~ with charge neut ra l i ty  
main ta ined  by excess charge on the metal  electrodes. 
An applied field enhances the positive space-charge 
layer in the vicini ty of the cathode. The t ransport  data 

Table I. Electrical characteristics of LaF3 thin films as a function of thickness 

Thickness Resistance 
Sample (A) (ohms) 

Pu l se  t i m e  (400 /zsec) S t e a d y - s t a t e  
Capac i t ance  R e s i s t i v i t y  Res i s t ance  R e s i s t i v i t y  

(/zF) (ohm-cm)  (ohms) (ohm-cm)  

22-L 5800 2.2 x 106 
23-L 3825 1.5 x 106 
24-1, 2400 1.5 x 106 
26-L 1200 4.7 x 10 e 
27-L 1015 1.5 X 10 e 
28-L 740 2.2 x 10" 

0.04 2.3 • 109 1.5 • 10 o 1.5 • 10 ~ 
0.02 2.3 x 109 1 • 10 TM 1.6 • 10 TM 

0.02 3.7 • 10 o 1 X 10 zo 2.5 • 10 TM 

0.01 2.3 • 109 1.5 • 10 o 7.5 • 1012 
0.03 8.9 • 109 4 x 10 s 2.4 • 10 L~ 
0.03 1.8 X 10 x~ 7.7 x 10T 0.6 x 10 TM 

A p p L i e d  v o l t a g e :  1V. 
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are  consistent  wi th  the exis tence of pers is tent  sur-  
face polar izat ion in th in  films. This pe rmanen t  po-  
lar iza t ion has also been observed in single c rys ta l  ex-  
per iments  by  other  workers .  
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The Electro-Oxidation of Acetylene on Heterogeneous 
Au-Pt Alloys 

J. W. Johnson,* C. K. Wu, and W. J. James* 
Departments of Chemical Engineering and Chemistry and The Graduate Center for Materials Research, 

University of M~ssouri-Rolla, Rolla, Missouri 

ABSTRACT 

The anodic oxidat ion of acetylene was s tudied  in aqueous solutions (pH = 
0.3-12.6) at  80~ on heterogeneous A u - P t  a l loy electrodes.  The resul ts  were  
in te rp re ted  in terms of para l le l  react ions occurr ing separa te ly  on the A u- r i c h  
and P t - r i ch  phases. The polar izat ion behavior  on the separa te  phases was ve ry  
s imi lar  to tha t  of the corresponding pure  metals .  

The e lec t ro-ox ida t ion  of ace ty lene  has previous ly  
been s tudied on pla t in ized Pt  and  Au  (1, 2). On p la t i -  
nized Pt, CO2 was produced wi th  high coulombic effi- 
ciency. A suggested react ion mechanism was 

C~H~ -- C2H2(ads) [1] 

H20 ---- OH(ads) + H + + e [2a] 
or 

OH- ----- OH(ads) + e [2b] 

r.d.s. 
C2H2(acls) +OH(ads) )...->CO2, H+,e [3] 

On Au, the CO2 coulombic efficiency varied from 
3-80%, depending on pH and acetylene partial pressure. 
Discontinuities in the Tafel curves were interpreted in 
terms of a "transition region," on either side of which 
different reaction sequences were operative. The 
mechanism below the transition region (b.t.r.) was 
proposed to be the same as that for Pt except for a 
change in the rate determining step (r.d.s.) and the 
appearance of a resinous by-product 

C2H2 ---- C2Hz(ads) [4] 

r.d.s. 
H~O > OH(ads )  + H + + e [Sa] 

o r  

r.d.s. 
O H -  ) OH (ads) + e [Sb] 

C~H2(ads) + OH(ads )  --> . . .  -> CO2, H +, e, resin [6] 

�9 Electrochemical  Society Active Member.  
Key  words:  acetylene,  oxidation, Au-P t  alloys. 

Above the t rans i t ion  region (a.t .r .) ,  the sequence p ro -  
posed was 

CsH~ -- C2H2 (ads)  [7] 

r.&s. 
C2H~(ads) + H20 > C~H~OH(ads) + H + + e [8a] 

o r  

r.d.s. 
C~Hz(ads) + OH- ) C2HsOH(ads) + e [8b] 

C~H2OH (ads) --~ ...-> CO~, H +, e, resin [9] 

The differences in these reaction sequences have 
been attributed to differing properties of the metals 
for hydrocarbon adsorption ,water discharge, and oxide 
formation. The pure metals differ greatly in these 
respects. On Pt it is believed that the unsaturated hy- 
drocarbons absorb by the breaking of one C-C bond 
and the forming of covalent bonds between ~he organic 
radical and metal atoms The unpaired electrons of the 
radical and d-band vacancies of Pt apparently partici- 
pate in this bonding. Pt has ca. 0.55 such vacancies, 
thus 4 adjacent atoms (si~es) are required for acety- 
lene adsorption (3). The equilibrium constant (Kp) 
for this case (Eq. [1]) has been es t imated to be 104-106 
a im-* .  The anodic discharge of wate r  also appears  
to occur read i ly  on Pt  which leads to apprec iable  cov- 
erages of oxygen-conta in ing  species. In  fact, the cov-  
erage of these  la t te r  species becomes so extensive tha t  
they  prevent  ace ty lene  adsorpt ion  and stop its ox ida-  
t ion at potent ia ls  wel l  below those requ i red  for oxygen 
evolution. 

Au  has no d - b a n d  vacancies avai lab le  for covalent  
bonding. However ,  it  does possess a un ique ly  small  
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energy for d-s promotion so that d-vacancies can be 
created rather  easily to allow adsorption (4). Thus, 
2 adjacent sites are needed to accommodate bonding 
with acetylene, but spacial and other mechanistic re- 
quirements  may increase the number  to 4 or more. 
Values of n : 5, Kp : 104 and n : 8, K~ : 2.5 were 
successful in correlating the kinetic data for acidic 
and basic electrolytes, respectively. No passivation 
region at the higher potentials was found on Au com- 
parable to Pt. 

A recent study of the anodic oxidation of ethylene 
on heterogeneous Au-P t  alloys (5) indicated quali-  
tat ively that the total current  could be at t r ibuted to 
separate (parallel)  reactions occurring on the Au-r ich  
(a2) and Pt - r ich  (~1) phases. 1 

Therefore 
f : I a  I -~- I ~  2 [ 1 9 ]  

and in terms of current  densities 2 

i : f l l i ~  1 -~- ~82ia2 [11] 

Poor reproducibil i ty of the exper imental  cur ren t -po-  
tential  data prevented quant i ta t ive  comparison. As 
very good reproducibil i ty of data had been obtained 
earlier with acetylene oxidation on the pure metals, this 
study using the alloy electrodes was carried out hoping 
that  a more meaningful  test of the parallel  reaction 
postulation could be made. 

Experimental 
The electrolytic cell, apparatus, reference electrodes, 

etc. have been described previously (1, 2, 5, 7). The 
studies were made potentiostatically and at 80~ ex- 
cept as noted. The gas flow ra~e (acetylene or acety- 
lene-ni t rogen mixtures)  was kept constant  to provide 
uniform stirring. The anion normal i ty  of the electro- 
lyte was held constant at un i ty  to insure good con- 
ductance. 

Reagents.--Sulfuric acid, potassium sulfate, potas- 
s ium carbonate, and potassium hydroxide, "Fisher 
Certified" reagents; acetylene, Matheson purified 
(>99.6% pur i ty ) ;  nitrogen, Matheson prepurified 
>99.997% puri ty)  ; and conductivity water. 

Anodes.--The anodes were prepared from the same 
Au-P t  alloy foils and wires as described previously 

1 A s i m i l a r  b e h a v i o r  has  a lso  b e e n  r e p o r t e d  by  B r e i t e r  [Ref .  (6)]  
for  P t - A u  a l l oys  f o r  o x y g e n - l a y e r  f o r m a t i o n  a n d  r e d u c t i o n .  

2 ~61, ~.~ = f r a c t i o n s  of  a l  a n d  a~ p h a s e s  in  t h e  a l loys ,  r e s p e c t i v e l y .  
Rat ios  of  ~l/f12 a r e  s h o w n  i n  T a b l e  I. 

(5). They were rectangular  with geometric areas of 
15.1 cm 2. Before each experiment  they were cleaned 
by a brief immersion in boiling 1N KOH to dissolve 
any polymer film ~hat may have formed dur ing the 
previous run. They were subsequent ly  activated by a 
cathodic polarization as also described previously. 
Repetitive runs showed the activity of the anodes to 
remain  constant (within exper imental  error) during 
the course of the study. 

Results 
Rest potentials.--The open-circuit  (rest) potentials 

in the presence of acetylene are shown in Table I. 
There is no consistent t rend in  the values, although 
for several pH's, they are intermediate  to the values 
for Au and Pt. There was no noticeable effect of 
acetylene partial  pressure. 

Polarization behavior.--The current -potent ia l  rela-  
tions are shown in Fig. 1-4. Individual  points on the 
curves are steady-state values and could be reproduced 
within 5-10%. The curves for 80Au-20Pt and 20Au-80Pt 
are quite similar to those for pure Au and Pt, respec- 
tively. The other two alloys, 60Au-40Pt and 40Au-60Pt, 
have some regions of behavior similar to the pure 
metals and others with an intermediate  behavior. Dis- 
tinct discontinuities in the curves are observed as com- 
pared with a t ransi t ion region (inflection point) for 
pure Au and the 80Au-20Pt alloy. The Tafel slopes and 
pH effects 3 are also tabulated in Table I. 

With all the alloy anodes, the acidic anolytes became 
limpid amber in color and a brown resinous film 
formed on the anode surface after several hours of 
polarization. Basic anolytes became colored similarly, 
but no film was formed on the anode surface, ap- 
parent ly  due to its solubili ty in these media. 

Temperature e~ect . - -The effect of tempera ture  on 
the current  at constant  potential  was determined 
for all the alloys in 1N H2SO4 and 1N KOH. Arrhenius  
plots are shown in Fig. 6 for the 60Au-40Pt anode and 
are ~ypical of the others. The corresponding activation 
energies are summarized in Table II. In  general, the 
latter are consistent with the observed Tafel slopes. 

Pressure e~ect.--Studies with reduced acetylene par-  
tial pressures were also made in  1N H2SO4 and 1N 
KOH. The reduced pressures were obtained by mixing 
acetylene and ni t rogen wi th  a calibrated gas pro- 

8 T h e  e f fec t  of  p H  on c u r r e n t  fo r  t he  6 0 A u - 4 0 P t  a l l o y  is  s h o w n  in  
Fig .  5 a n d  is  t y p i c a l  of  t h e  r e l a t i o n s h i p s  fo r  t h e  o t h e r  a l loys .  

Table I. Rest potentials, Tafel slopes, and pH effects for anodic oxidation of acetylene on Au-Pt electrodes at 80~ 

E l e c t r o l y t e  E l e c t r o d e  
p H  P a r a m e t e r  A u  a 8 0 A u - 2 0 P t  b 6 0 A u - 4 0 P t b  4 0 A u - 6 0 P t  b 2 0 A u - 8 0 P t b  P t  c 

/32/~1 r 9 8 / 2  75 /25  3 3 / 6 7  18 /82  - -  
0.3 R P  ~.28 0.19 0,10 0.13 0,13 0.26 

TS 140 140 I00 70 70 70 
2.1 R P  0.28 e 0.13 0 .03  0 .08 0 .10 0 .19 ~ 

TS 140 e 140 100 80 70 70 t 
3.8 R P  - -  0 .03 - -  0 .08 0 .03 0 .09 - -  

T$ -- 140 100 80 70 -- 
9.8 R P  0 . 0 3 g  - -  0.02 - -  0 .29 - -  0 .19 - -  0 .30 - -  0.36 h 

TS 140s 120 90 100 70 V0 h 
140s 140 140 

11.2 R P  - -  0.201 - -  0 .19 - -  0,37 - -  0 .35 - -  0 .38 - -  0.45J 
TS 140 i, k 100 k 70 k 70 k V0 70 | 

140i,m 140 m 160 m 100 m 
12,6 R P  - 0.34 - 0.43 - 0.42 - 0.42 - 0.44 - 0,58 

T S  140 k 120 k 70 k 70 70 70 
140 m 140m 120 m 

A c i d i c  P E  ca, 0 ca. 0 ca. 0.1 ca. 0.2 ca.  1 ca, 1 
B a s i c  P E  ca. i k ca. 0.8 k ca. I k ca,  1 ca.  1 ca. 1 

ca.  1 m co. 0.8 m ca. 0.7 m 

R P ,  r e s t  p o t e n t i a l ,  V ( S H E ) ;  TS ,  T a f e l  S lope ,  m V / d e c a d e ;  P E ,  p H  e f f ec t  (0 log  i / a p H ) .  
�9 F r o m  J o h n s o n ,  R e e d ,  a n d  J a m e s  (2) .  
b A t o m i c  r a t io .  
e F r o m  J o h n s o n ,  W r o b l o w a ,  a n d  B o c k r i s  (1).  
d R a t i o  of  A u - r i c h  (a2) to  P t - r i c h  (ul)  p h a s e  d e t e r m i n e d  by  x - r a y  a n a l y s i s .  
e p H  = 1.45. 
t p H  = 1.2. 
�9 p H  = 8.6.  
h p H  = 8.7. 
t p H  = 11.6. 
J p H  = 11.9, 
k B e l o w  t r a n s i t i o n  r e g i o n .  
m A b o v e  t r a n s i t i o n  reg ion .  



1678 J. Electrochem. Sac.: ELECTROCHE MI CA L SCIENCE AND TECHNOLOGY December 1973 

1.0 

0.8 
0.8 

0.6 
0.6 

>" o.2 ~ 0.2 

o 0 

log i, amp/cm z 

Pig. 1. Polarizatien curves for the anodic oxidation of acetylene an 
8OAu-20Pt alloy at 80~ (PA ---- ] atm). O ,  pH ---- 0.3; Z~, 2.1; 
~7, 3.8; O,  9.8; A ,  11.2; V ,  12.6. 
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Fig. 2. Polarization curves far the onodic oxidation of acetylene 
an 60Au-40Pt alloy at 80~ (PA ---- ] atm). (Symbols same as Fig. I . )  

portioner. Figure  7 shows the results for the 60Au-40Pt 
alloy which are typical of the others. The pressure 
effects for all the alloys have been summarized in  
Table II. 

Reaction products.--Faradaic efficiency studies for 
CO2 production were carried out and the results are 
shown in Table III. The resinous films ment ioned above 
appeared similar to those reported previously for Au 
(2). They were not soluble in ether, carbon te tra-  
chloride, hexane, or benzene, but  dissolved appreciably 
in warm 1N KOH. The anolytes were also extracted 

, , j J  

I 
- 6  -5  -4  -3 

log i, amp/cm 2 

Fig. 3. Polarization curves for the anodic oxidation of acetylene 
on 40Au-60Pt alloy at 80~ (PA = i atm). (Symbols same as Fig. 1.) 

O o O  I I I 

0.8 

0.6 

0,4 

-~ 0 . 2  >- 

, 

-5  - 4  -3 
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Fig. 4. Polarization curves for the anodic oxidation of acetylene on 
20Au-80Pt alloy at 80~ (PA ~- I otto). (Symbols same as Fig. 1.) 

with the above solvents, bu t  only ether showed any 
evidence of extract ion by flame-ionization gas chro- 
matographic analyses. Quali tat ive tests of the ano- 
lytes were negative for aldehyde and ketone groups. 
Infrared reflectance spectra of the films on the 
anodes indicated the presence of C--C and C ~ C  bonds, 
but  not O- -H as reported previously for Au (2). 
IR analyses of extracts from the amber-colored basic 
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anolytes gave positive results for all three  groups, 
C--C, C=C,  and O--H.  It  thus appears that the OH 
group may have been introduced by the dissolution 
in  basic media and that  the film produced during po- 
larization most l ikely has a polyacetylene- type s t ruc-  
ture. 

Discussion 
An examinat ion  of the exper imental  results 4 indicates 

that the A u - P t  alloys can be classified into three cate- 
gories: (i) the high Au content  alloy (80Au-20Pt) 
which behaves similarly to Au; (ii) the in termediate  
compositions (60Au-40Pt and 40Au-60Pt) which have 
distinct behaviors; and (iii) the high Pt  content alloy 
(20Au-80Pt) which behaves s imilar ly  to Pt. As ~he 
Au-r ich  and Pt- r ich  phases are predominant  at the 
opposite ends of the concentrat ion range, this allows 
one ~o infer that  the a2 and ~l phases have kinetic 
characteristics similar to the pure metals, Au and Pt. 
Thus the reaction sequence for the a2 phase below the 
t ransi t ion region should (i) involve species in addit ion 
to acetylene or its derivatives since Oi/OP ~ 0; (ii) 
exhibit  no pH dependence in  acidic solutions and a uni t  
dependence in basic solutions; and (~ii) have a r.d.s. 
associated with the first electron transfer  since the 
Tafel slope is 2(2.3 RT/F) .5  Equations [4]-[6] satisfy 
these criteria and lead to the ra~e expression (2) 

( i a 2 )  b.t.r. = n l ? ( k 5 a a H 2 0  -t- k 5 b a O H - - )  ( 1  - -  8A) 

exp (aFV/RT)  [12] 

Above the t ransi t ion region on the ~2-phase, the reac- 
t ion sequence should (i) involve acetylene or species 
derived lherefrom since Oi/OP ~ 0; (ii) have a pH de- 
pendence approaching uni ty  in basic solutions; and 
(iii) again have a r.d.s, associated with the first elec- 
t ron transfer  since the Tafel slope is 2(2.3 RT/F) .  5 
Equations [7]-[9] satisfy these criteria and lead ~o the 
rate expression (2) 

No m e c h a n i s t i c  s ign i f icance  wa s  a t t a c h e d  to t h e  r e s t  po ten t i a l s .  
I n  gene ra l  t h e y  are 0.2-0.4V more  pos i t i ve  t h a n  t he  c o r r e s p o n d i n g  
r e v e r s i b l e  v a l u e s  for  comple t e  o x i d a t i o n  to  CO2. The lack  of specif ic  
k n o w l e d g e  of  b y - p r o d u c t s  does no t  a l l ow  an exac t  ca l cu l a t i on  of  
t h e  r e v e r s i b l e  va lues .  Th i s  t o g e t h e r  w i t h  the  absence  of an  ace ty lene  
p a r t i a l  p re s su re  effect  a nd  t he  a p p a r e n t  low e x c h a n g e  c u r r e n t  
dens i t i e s  l e d  to  t h e  res t  p o t e n t i a l s  no t  b e i n g  g i v e n  f u r t h e r  cons ide r -  
a t ion.  W i t h  such  c o n d i t i o n s  t h e y  are  o f ten  " m i x e d "  v a l u e s  or pos- 
s ib ly  only remotely related to the reaction under consideration. 
The observations of this study are similar to several others involv- 
ing hydrocarbons. Piersma (8) has summarized several interpreta- 
tions of these potentials. 

s A s s u m i n g  L a n g m u i r - t y p e  a d s o r p t i o n  a nd  l o w  cove rages  of r e -  
a c t i o n  i n t e r m e d i a t e s .  
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Fig. 5. Comparison of experimental and calculated effect of pH 
on current density for the anodic oxidation of acetylene on 60Au- 
40Pt alloy at 80~ (PA = 1 arm, V = 0.40V). O ,  experimental 
data points; ~ . ,  Eq. [11], [13], and [14] using constants 
evaluated for Pt and the 80Au-20Pt alloy. 

(i~2) a.t.r. : nF  (ksaaH20 + k8baOH-- ) 8A exp (,~FV/RT) 
[13] 

Similarly, the reaction sequence for the al-phase should 
(i) involve species in addition to acetylene or deriva- 
tives since ~i/ap < 0; (ii) exhibit a pH effec~ of ca. 
unity; and (iii) have a r.d.s, involving a chemical re- 
action following the first charge transfer since ~he 
Tafel slope is 2.3 RT/F. 5 Equations [1]-[3] satisfy these 
criteria and give the rate expression 

io~l : n F k 3  ( K2aaH20/aH + + K 2 b a O H - -  ) 0A ( 1  - -  0A) 

exp ( F V / R T )  
= nFk~K2aH+-IOA(1 -- CA) exp ( F V / R T )  [14] 

Table II. Apparent activation energies and pressure effects for the anodic oxidation of acetylene on Au-Pt electrodes 

T e m p e r a t u r e  effect  P r e s s u r e  effect* 
P o t e n t i a l  E 'a  P o t e n t i a l  ai/0PA* * 

E l e c t r o d e  S o l u t i o n  IV(SHE)  ] (kcal) IV (SHE) ] A / c m  ~ a rm  

A u  a 1N H2SO4 0.73 19.9 0.88 n e g  
0.83 18.8 0.73 pos  --> neg*** 

1N N a O H  --0.03 k 19.3 0.02 k pos  --) neg*** 
0.02 k 18.7 0.07k pos  --) neg**"  
0.32 m 13.2 0,17 m p o s  
0.37 m 12.6 0.22 m DOS 

80Au-20P t  I N  H2SO4 0.75 18.8 0.70 pos  --) n e g  
0.80 18.3 0.75 pos  -> n e g  

I N  K O H  0.01 k 20.3 0.01 k p o s  
0,06k 19.9 0.06 k p o s  
0.31 m 12.0 0.26 m p o s  
0.36 m 11.4 0.29 m pOS 

60Au-40Pt  1N H~SO4 0.75 22.5 0.70 n e g  
0.80 21.4 0.75 n e g  

I N  K O H  --  0.03 ~ 19,3 - 0.05 k pos  - )  n e g  
0.02 k 18.3 0.01 k pos  --) n e g  
0.21 m 12.3 ~ 
0.26 m 11.2 0.26 m p 0 s  

4 0 A u - e 0 P t  I N  I-I2SO, 0.76 22.8 0.70 n e g  
0.86 20.4 0.75 n e g  

1N K O H  0.06 23.3 - 0.04 n e g  
0.11 22.0 0.01 n e g  

20Au-80P t  1N H~SO~ 0.74 20.6 0.70 n e g  
0.84 18.4 0.80 n e g  

1N K O H  -- 0.02 22.8 -- 0,04 n e g  
0.08 20.6 0.01 n e g  

P t  e 1N HsSO6 0.74 22.4 0.72 n e g  
0.79 21.2 0,70 n e g  

I N  N a O H  --0.055 26.7 --0.055 n e g  
-- 0.005 25.4 -- 0.005 n e g  

* A t  B0*C, 10 -2 ~--- PA ~--- 1 a tm.  
** S lope  of i -- PA p lo t s  ( s t eady-s t a t e  C.D.'s) a t  cons t an t  po t en t i a l .  

* '*  S i g n  o f  s l o p e  (0 i /aPA)  c h a n g e s  f r o m  p lus  to m i n u s  w i t h  i n c r e a s i n g  pressure .  
,-m See T a b l e  I. 
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-3  
I I ! I Table III. Coulombic efficiency of CO2 production for the anodic 

oxidation of acetylene on Au-Pt electrodes at 80~ 

Electrode 

IN H2SO4 1N KOH 
Current COe Current CO~ 
density effi- density effl- 
(A/crne cieney (A/cm 2 ciency 
x 10 ~) (%) x 103) (%) 

t ~ ~  Au L 0.80 59 1,67" 80 
~ [  80Au-20Pt 0.67 67 0.33 81 

4 6OAu-40Pt 0.67 69 0.33 78 
$ 

40Au-60Pt 0.67 73 0.20 82 NEE 1 % ~  I X  % ~  II 20Au-80Pt 0.33 75 0.20 80 
20Au-80Pt 0.33 77 0.20 82 

, lOO 
O 

- 5  
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-6  I . ,  I I 1 4 , 1  

2.9 3 .0  3.1 3 .2  

T'lx ,o 3, oK "l 
Fig. 6. Effect of temperature on the anodic oxidation of a:etylene 

on 60Au-40Pt alloy (PA = 1 atm). 1N H2SO4: O ,  0.75V; @, 0.80V, 
1N KOH: LL --0.03V; & ,  0.02V; V ,  0.21V; V ,  0.26V. 
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Fig. 7. Comparison of experimental and calculated effect of par- 
tial pressure on current density for the onodic oxidation of acetylene 
on 60Au-40Pt alloy at 80~ Experimental data: Q ,  0.70V, IN 
H2SO4; @, 0.75V, 1N H2S04; A,  0.01V, 1N KOH; A ,  0.26V, 
IN  KOH. Equation [11] using C.D. values for Pt and the 80Au-20Pt 
alloy: , IN  H2SO4; - - - - - - ,  1N KOH. 

The 80Au-20Pt alloy was found to consist almost en-  
t i rely of the a2-phase (see Table I).  Thus the C.D.'s 
for this electrode are the same as those indicated in Eq. 
[12] and [13] and can be used directly in Eq. [11]. The 
composition of the al phase corresponding to the above 
o~ composition is ca. 95% Pt (9). No alloy was avail-  
able whose composition corresponded to this value, so 
the C.D.'s for smooth Pt  have been subst i tuted for 

" For IN NaOH. 
a,r See  Table I. 

those of the  al phase of Eq. [14] for use in Eq. [11]. 
There is some justification for this subst i tut ion in tha t  
the polarization characteristics of Pt  and the Pt - r ich  
alloy are similar and, of the electrodes available, the 
Pt  composition of pure Pt  is more near ly  the same as 
that  of the  at phase than  any of the others. Equations 
[12]-[14] can now appropriately be combined with 
Eq. [11] to represent  the polarization behavior of 
heterogeneous A u- P t  alloy electrodes for acetylene 
oxidation. In  part icular  Eq. [12] and [14] subst i tuted 
into Eq. [11] will  represent current  densities on Au, 
Au-r ich  (b.t.r.), Pt-r ich,  and Pt  anodes. Equations 
[13] and [14] subst i tuted into Eq. [11] wil l  represent  
C.D.'s on Au-r ich  (a.t.r.) anodes. It is important  to 
keep in  mind  that  the al-phase will passivate (as also 
will l~t) when the potential  becomes sufficiently posi- 
tive, thus el iminat ing its contr ibut ion to the C.D. This 
is apparent ly  responsible for the discontinuity region 
(d.r.) seen most markedly  in basic solutions for the 
60Au-40Pt alloys, e At potentials below the d.r., both 
the at and a~ phases are contr ibut ing to the current.  
Relatively speaking, the larger portion is contr ibuted 
by the ~1 phase. As the potential  is increased, the ~1 
phase passivates, and fur ther  potential  increases are 
necessary before the a2 phase will  contr ibute  appre-  
ciable currents.  The Tafel slope for either of the above 
cases reduces to the form 

OV/O log i = (2.3 R T / F ) i l ( f l l i a l  -J- a~2ia2) [15] 

A comparison of the slopes calculated from Eq. [15] 
with the exper imental  values is shown in Table IV. 
Figure 8 shows the polarization curves for the two- 
phase alloys in 1N H2SO4 and 1N KOH as calculated 
using Eq. [11] and the exper imental  i - V  data for the 
80Au-20Pt alloy and smooth Pt. The curves correspond 
very closely to the exper imental  points as shown in the 
figure. The effects of electrolyte pH and acetylene par-  
tial pressure calculated in the same manner  are shown 
in Fig. 5 and 7, respectively, for the 60Au-40Pt alloy. 
The exper imental  values are also shown for compari-  
son. The agreement  is fair and typical of that for the 
other alloys. 

The result ing equation for the apparent  activation 
energies for the  two-phase alloy electrodes using the 
combined equations (Eq. [11]-[14]) is 

E'a = i l l (Eat  --  FV) ( ia l / i )  Jr fl2(Ea2 -- aFV) (ia2/i) 

[16] 

The effect of potential  on the activation energy is 

oE'a/OV = - - F  (#1i~1 + ~[32i~2)/i [17] 

Values for Eq. [17] are also shown in Table IV along 

e These discontinuities should be distinguished from the inflec- 
tions (transition regions) which occur with the a~ phase and Au. 
This latter behavior has been attributed to potent ia l -dependent  
acetylene adsorption (2). 
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Table IV. Comparison of calculated* and experimental kinetic parameters for the anodic oxidation of acetylene on Au-Pt electrodes 
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E l e c t r o d e  a~-ax c a m p  Tafel  s lope  --OE'a/OV 
A u  P t  $2 Bt Calc  a E x p t  Calcb E x p t  
(%) (%)  (%)  (%)  ( m Y )  ( m Y )  ( k e a l / V )  ( k c a l / V )  R e m a r k s  e 

I00 0 140 12 a.e. ,  b.e. ,  b . t . r . ,  
a . t . r .  

80 20 98 2 133-139 140 12 11 a.e .  
133-139 100-120 12 9 b.e. ,  b . t . r .  
140 140 12 12 b.c . ,  a . t . r  

60 40 75 26 94-126 120 13-17 22 a.e.  
96-122 70-100 13-17 20 b.e. ,  b . t . r .  

140 120-160 12 22 b.e. ,  a . t . r  
40 g0  33 67 75-98 70-80 17-21 28 a .e .  

76-93 70-90 17-21 26 b .e . ,  b . t . r .  
140 100 ~ b.e. ,  a . t . r .  

20 80 18 82 73-86 70 19-22 2"2 a.e. ,  b .e .  
0 I00  70 24 a.e.  

70 26 h .e .  

�9 C a l c u l a t e d  for the  e x p e r i m e n t a l l y  d e t e r m i n e d  l i m i t s  o f  0.3 ---~ iax/ / ,== ~-- 3 o v e r  t h e  c o r r e s p o n d i n g  l i n e a r  T a f e l  r e g i o n s  fo r  smooth  Pt 
and t h e  8 0 A u - 2 0 P t  al loy.  

�9 F r o m  Eq.  [15]. 
b F r o m  Eq.  [17].  
r S y m b o l s  for remarks:  a.e., acidic e l e c t r o l y t e ;  b.e. ,  basic  e lectrolyte;  b. t . r . ,  b e l o w  t r a n s i t i o n  r e g ion ;  a . t . r . ,  a b o v e  t r a n s i t i o n  r e g i o n .  

with the corresponding exper imenta l  values  for com- 
parison.  
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Fig. 8. Comparison of experimental and calculated polarization 
curves for the onodic oxidation of acetylene on heterogeneous Au-Pt 
alloys at 80~ (PA = 1 otto). Experimental data symbols: O ,  O, 
Z~, A,  V ,  � 9  Eq. [11], using C.D. values for Pt and the 80Au- 
2OPt alloy: 

It  thus appears  f rom an examina t ion  of Fig. 5 and 7 
and Table IV that  the behav ior  of the  heterogeneous  
A u - P t  a l loy anodes for the anodic oxidat ion of ace ty-  
lene can be sa t is factor i ly  expla ined  in terms of pa ra l -  
lel  e lec t rochemical  react ions  occurr ing separa te ly  on 
the Au- r i ch  and P t - r i ch  phases. I t  is also indica ted  tha t  
one phase can pass iva te  while  the  other  remains  active. 
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ABSTRACT 

The corrosion rate  of iron rotating disks is studied by calculat ing the 
current  and potent ial  distr ibution on the surface of the disk. The results show 
that  for rotat ion speeds high enough to create turbulent  flow on the outer  por- 
tion the rate of corrosion may be nonuniform. The surface toward the center  of 
the disk can corrode with  a max imum rate, whale the edge of the disk remains  
almost unattacked. The effect of different parameters  on the corrosion be-  
havior  of the rotat ing disk is studied. 

LaQue (1) has conducted some corrosion exper i -  
ments  with copper and iron disks rotat ing in seawater.  
The copper disks corroded most rapidly at the per iph-  
ery and remained almost unat tacked at the  center. 
But it is remarkable  that  the greatest  at tack on the 
iron disks occurred toward the center  on the more 
slowly moving surfaces. LaQue's  iron disks were  
3, 4, and 5 in. in d iameter  and were  rotated at 
120 radian/sec  (about 1146 rpm) in seawater  at 15~ 
The m a x i m u m  corrosion rate  might  correspond to a 
local current  density of 0.19 m A / c m  2. Under  ideal 
hydrodynamic  conditions, the flow would be expected 
to become turbulen t  at a radial  position of about 5 
cm or 2 in. at this rotat ion speed. 

This par t icular  corrosion system is a t t ract ive for 
analysis because the hydrodynamic  flow (2, 3) is well  
known near  a rotat ing disk, and one can calculate 
the current  and potential  distr ibution for this geom- 
etry. Levich (4) has found the l imit ing rate  of mass 
transfer,  and Newman  (5) has given the current  dis- 
t r ibution below the l imit ing current.  

In practice, usual ly the anodic and cathodic reac-  
tions occur on different parts of the same surface (or 
on two different surfaces which are in contact) and 
cause localized corrosion. The rotat ing disk seems to 
be an ideal case for s tudying localized corrosion be-  
cause it is the simplest model  that  can be used to 
study this complicated situation (6). 

It  should be noted that  veloci ty does not have a 
direct effect on the ra te  of corrosion; its only role is 
that  it usual ly (but not always) increases the rate  
of t ransfer  of corrosive species to the metal, and con- 
sequent ly  it may  increase the corrosion rate. In the 
case of a rotat ing disk in the laminar  region, the l imi t -  
ing rate  of mass t ransfer  to the disk is not a function 
of l inear velocity. Consequently,  the disk should be 
corroded un i formly  in spite of the fact  that  there  is 
a veloci ty gradient  on its surface. 

The results for the copper disks can be explained 
by the fact that  the surfaces towards the  per iphery  
of the disk move  with a higher  veloci ty  (being in the 
turbulent  region) and that  the  amount  of oxygen 
that  reaches them is higher.  Consequently,  the cor-  
rosion rate would  be higher  too. For  the iron disks, 
the results can be explained when it is noted that  
iron is an act ive-passive meta l  and when a high oxy-  
gen concentrat ion tends to produce a protect ive  oxide 
coating on such metals. The surfaces towards the pe-  
r iphery  of the disk are passivated because of the 
greater  amount  of oxygen that  reaches them. 

As stated in the Conclusions, the nonuniform rate  
of corrosion is not always achieved. For  example,  a 
ve ry  small  or a ve ry  large disk could give a un i form 
corrosion rate. By the same token, the corrosive 
medium is also an impor tant  factor in determining 
the corrosion pattern. 

* Electrochemical  Society  Act ive  Member.  
Key words: passivation, localized corrosion, potential and current  

distribution. 

In the case of an iron rotat ing disk, the outer re-  
gion of the disk, which is exposed to a higher oxygen 
concentration, acts as a cathode to the central  por-  
tion. The reaction taking place on these cathodic 
areas would be the reduct ion of oxygen  

02 4- 4H + 4- 4 e -  -~ 2HsO 

and the anodic reaction (taking place on the inner 
region of the disk) would be the dissolution of iron 

Fe ~ Fe  + + 4- 2 e -  

These local anodes and cathodes form a corrosion 
cell and a current  wil l  pass th rough the solution. As 
there  is no ex te rna l  current  to the rotat ing disk, the 
total  net current  on the disk should be zero, i.e. 

/ne t  : I f e  4- I02 : 0 [1] 

Development of the Model 
The current  and potent ial  distr ibution on the sur-  

face of a rotat ing disk are (5) 

r : ~ ~ BnPs=(~) [2] 
F n=0 

i(~l) : e| RT ~ BnP2n0l) M'2n(0) [3] 
ron F n=0 

where  r is the ohmic potential,  R is the gas constant, 
T is absolute temperature ,  F is Faraday 's  number,  Bn 
is a constant, P2n(Tl) is the Legendre  polynomial  of 
order 2n, i0])  is the current  density, ~| is the con- 
duct ivi ty  of the solution, ~ is the rotat ional  elliptic 
coordinate, and M'sn(0) is a known constant [see Ref. 
(5)]. 

In the case of corrosion of the rota t ing disk, the 
current  density, i (~) ,  in Eq. [2] would be the net 
current  density which is the sum of anodic and 
cathodic current  densities at each point on the disk, 
i.e. 

i (~) = iFe(n) 4- /o2(~) [4] 

If the relat ions be tween  the iron and oxygen cur-  
rent  densities and the potent ial  are  known, one is 
in a position to solve Eq. [1]-[4] to de termine  the 
current  and potent ial  distr ibution on the disk, and 
consequent ly find the corrosion behavior  of the disk. 
The  polarization curve  of iron, which gives the re la -  
tion be tween iron current  densi ty and potential,  is 
a function of several  parameters  such as the ferrous 
ion concentration, the chloride ion concentration, and 
the pH of the solution. To s implify the problem, 
these composition effects have  been neglected here. 
In most practical cases, the corrosive m e d i u m  is neu-  
tral. Pourbaix  (7) has given a set of iron polarizat ion 
curves for the whole  range of pH. F rom these results, 
the passivation current  has the va lue  1.5 m A / c m  ~ at 
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a pH of 7. Thus, 
tion to describe 
t ion 

/Fe =-- 1.5 • 10 -3 

we can construct the following equa-  
the kinetics of iron in a neutra l  solu- 

exp[--5 X 103 (V 

- -  r + 0.2) 2] + i0 -7 [5] 

for V -- r > --0.25 where V -- r is the potential  
of the electrode relat ive to a hydrogen electrode close 
to its surface. (It should be noted that  the concen- 
t ra t ion overpotential  of iron has been neglected.) This 
equation shows a max imum current  density centered 
at an electrode potential  of --0.2V. At more cathodic 
potentials, the current  density increases with elec- 
trode potent ial  as is customary for anodic dissolution. 
At more anodic potentials, the electrode begins to 
passivate, and the current  density decreases toward a 
value of 10 -7 A/cm 2 in  the passive region. 

In  the case of oxygen, one should consider both 
the concentrat ion and surface overpotentials because 
both are important.  The l imit ing rate of mass t rans-  
fer to a rotat ing disk in laminar  flow was calculated 
by Levich (4) and is given by the following equation 

NUlam --" ClRel/21oc Sc  1/3 [6] 

where NUlam is the local Nusselt number ,  Relor is the 
local Reynolds number ,  Sc is the Schmidt number ,  
and C1 is a funct ion of the Schmidt number  (8) ap- 
proaching 0.6205 for large Schmidt numbers.  

For the tu rbu len t  region there are some experi-  
menta l  correlations in the l i terature.  Ellison (9, 10) 
has given the following expression for the rate of 
mass t ransfer  to a rotat ing disk in the tu rbu len t  re- 
gion for Reynolds numbers  between 8.9 X 105 and 
1.16 X 107 and for Schmidt numbers  between 35 and 
1350 

N--~t-- 1.17 X 10-~Re ~ Sc ~ [7] 

where Nui  is the average Nusselt  number  and Re is 
the over -a l l  Reynolds number .  Equat ion [7] can be 
used to find the local rate of mass t ransfer  to the disk 
in the tu rbu len t  region. By definition 

s N-liar2 = 2~rNidr [8] 

where N~ is the average rate  of mass t ransfer  to the 
disk. Differentiation of this equation with respect to 
r and subst i tut ion of Reloc, NUt, and Nut (from their  
definitions) yield 

d 

dRel/21o c 
- -  (Nut Re~/~1or = 2Nut [9] 

From Ellison's correlation one can then get 

Nut  = 1.6332 X 10 -2  Re~ Sc ~ [10] 

where Nut is the local Nusselt number  in  the tu r -  
bu len t  region. 

Equations [6] and [10] yield the following expres- 
sions for the l imit ing cur ren t  density on the surface 
of the rotat ing disk 

--d- 
ir, m = nFDc| C1 ~ /  - -  Sc 1/3 for l aminar  region [11] 

y 

ii~ = nFDc| C~ v - ' - - : ' -  Se o.~9 

for tu rbu len t  region [12] 

where ~ is the rotat ion speed (radians/sec) ,  ~ is the 
kinematic  viscosity, and C2 = 1.6332 X 10 -2. 

The kinetics of the oxygen reaction wil l  be de- 
scribed by the following equation 

io2 io(co) [ [ [ e x p  | aaF _ ] ~ ~C F 
= 

[13] 

where ~s is the surface overpotential, aa and ac are 
the transfer coefficients, and io(Co) is the exchange 
current  density. For the reduction of oxygen, the first 
term in Eq. [13] can be neglected (this is a good 
approximation for the potentials far removed from 
the equi l ibr ium potential  of oxygen).  The concen- 
t rat ion overpotential  can be wri t ten  as 

RT 
no : -- ~ In co [14] 

n F  c| 

and the total potential is 

V - - n s + n c + r  U [15] 

where U is the equi l ibr ium potential  of oxygen re la-  
tive to a normal  hydrogen electrode (about 1.229V). 

The exchange current  density depends on the con- 
centrat ion of reactants and products on the surface 
of the electrode. If the concentrat ion variat ions of 
O H -  and H20 are neglected, one can write the fol- 
lowing equation for the oxygen exchange current  
density 

io(Co) io(c|176 l+a#n = [16] 
C| 

where io(C~) is the oxygen exchange current density 
evaluated at the bulk concentration, c~. And the ratio 
of oxygen concentration on the surface to that in the 
bulk solution can be expressed as 

Co iO2 
-- = 1 -- - -  [17] 

C| illm 

Subst i tut ion of Eq. [14], [15], [16], and [17] into 
Eq. [13] yields 

io2 = --io(C| ( 1 - -  i~ ) exp 

RT 
where/o(Ca) can be found from the polarization curve 
of oxygen reduction on iron. The kinetics of oxygen 
reduction on iron depends on the oxygen concentra-  
tion and the pI-I of the solution, but unfor tunate ly  
there are not adequate data in the l i terature to show 
the effects of these parameters.  Delahay (11) has 
given a polarization curve for oxygen reduction on 
iron at p i t  = 7. From this result  the following vaIue 
is found for io(c| 

5 io(c~) exp \ ~ U/ 

: 7.4 X 10 -4 A / c m  2 for c| 
mole 

= 10-7 
cm 3 

To show the effect of oxygen concentrat ion on the 
corrosion rate, the following value is assumed for 
io(C| at c~ ---- 5 X 10 -7 mole /cm 3 

io ( C| exp ( acF U )  
RT 

mole 
-- 16.0 X 10 -4 A/cm ~ for c| = 5 • 10 -7 

cm s 

Equations [5] and [18] give the desired relations 
that can be used in parallel with Eq. [1]-[4] to find 
the current and potential distribution on the disk. It 
should be noted that there are six equations with six 
unknowns, namely iFe, iO2, i 01), r Bn, and V. These 
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simultaneous equations are highly nonl inear  and 
should be solved by numerica l  methods. The follow- 
ing i terative procedure is used to solve the equations. 
(i) A net  current  distr ibution is assumed for the disk. 
(ii) Equation [3] is used to find the coefficients, B,. 
(i/i) The ohmic potential, r is calculated from Eq. 
[2]. (iv) A value is assumed for the potential, V, of 
the disk. (v) Iron and oxygen cur ren t  densities are 
calculated from Eq. [5] and [18], respectively. (vi) 
The current  densities found in step (v) should satisfy 
Eq. [1]; if they do not, another value is assumed for 
V, and the step (v) is repeated. (vii) The sum of 
iron and oxygen cur ren t  densities should be equal 
to the net  current  assumed in step (i) at each point  
on the disk; if it is not, using a mul t id imensional  
Newton-Raphson method, another value is found for 
the net current,  and the calculations enumera ted  in 
steps (ii) through (vi) are repeated unt i l  no signifi- 
cant changes occurred in the net current .  

L i m i t a t i o n  of  the  M o d e l  
The iron current  density is a function of Fe + + con- 

centration, chloride ion concentration, and pH of the 
solution, as well  as potential.  In  general  one can 
wri te  

iFe  "-- i F e ( V  - -  ~'o, CFe+ +, CCI--, pH) 

In  the case of corrosion of the rotat ing disk, the 
outer port ion of the disk acts as the aerated cathode 
where oxygen is being reduced to water  and /or  hy-  
drogen peroxide with an increase of pH, while the 
central  portion of the disk, which is active, is the less 
well  aerated anode where  the metal  undergoes cor- 
rosion and hydrolysis with decrease of pH. Thus, the 
pH does not  remain  uniform on the surface of the 
disk. 

The concentrat ion of iron ions and chloride ions 
are likewise not uniform on the surface of the disk. 
Fe + + is higher at the center and decreases towards 
the periphery. Migration may increase the concen- 
t rat ion of the chloride ion on the central  portion of 
the disk. 

I t  should be noted that  the variat ions of CFe+ +, CCI-, 
and pH are not large, and they are neglected in this 
work. They may, however, be crucial to the stabil i ty 
of a si tuation where part  of the disk is active and 
part  is passive. 

Results and Discussion 
The corrosion rate of the rotat ing disk depends 

principal ly on oxygen concentration, rotation speed, 
conductivity of the solution, radius of the disk, and 
a factor that  takes into account the relat ion between 
the rates of oxygen and iron reactions on the surface 
of the disk. For the last variable, one can use the ratio 
of oxygen and iron current  densities at a potential  
corresponding to the max imum of the iron polariza- 
t ion curve and for a high rate of oxygen transfer  to 
the disk (~ ~ oo). That  is 

A- r I [19]  
~Fe max {Fe 

would be the last variable. This quant i ty  is indicated 
in the graphical representat ion of the results. 

Figure 1 shows the iron current  density (which is 
proportional to the rate of corrosion), oxygen cur-  
rent  density, and the ohmic potential  on the surface 
of the rotat ing disk. The iron current  density curve 
shows that the corrosion rate  is high at the center, 
increases slowly with radial  position, passes through 
a weak maximum, and then drops rapidly to a very 
low value at the periphery. This is in agreement  with 
the exper imental  results (1). The curve for the oxy-  
gen current  density has a flat part which is related 
to the laminar  region of the disk, and a sharp in -  
crease of the current,  that shows the t ransi t ion from 
laminar  to tu rbu len t  region. The ohmic potential  is 

16 z l I I i 
ca. = 10-7 mole/cm 3 
P. = 800  rod/sec 
ro = 20 cm 
K = 0.1 mho/cm 
A =0 .5  
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Fig. 1. Iron and  oxygen current  densit ies and  ohmic potent ia l  
d istr ibut ion on the surface of an iron rotat ing disk. 

high and positive at the center and decreases to nega- 
tive values at the periphery. The net current  would 
also be positive at the center and negative at the 
edge of the disk. This shows that  in the central  por- 
tion of the disk, anodic current  has the larger con- 
t r ibut ion to the net current  and that the cathodic 
reaction dominates on the outer portion. 

The effect of rotation speed on the corrosion rate 
of the rotat ing disk is shown in Fig. 2 and 3. As it 
was mentioned earlier, the only effect of velocity is 
to increase the rate of t ransfer  of oxygen to the disk 
(in the tu rbu len t  region).  Thus, increasing the ro- 
tat ion speed has much the same effect on the cor- 
rosion as increasing the oxygen concentration. One 
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Fig. 2. The effect of rotation speed on the corrosion rate of an iron 
rotating disk. 
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Fig. 3. The effect of rotation speed on the corrosion rate of an 
iron rotating disk. 

should, of course, note that changing the oxygen con- 
centrat ion will  change io(c=). As the rotat ion speed 
is increased, the point  of max imum corrosion on the 
disk moves toward the periphery, and the total cor- 
rosion of the disk increases. But if the rotation speed 
is increased to higher values, provided there is no 
l imitat ion as far as the electrode kinetics of oxygen 
is concerned (A > 1), there will  be a sudden change 
in the shape of the corrosion distribution, and the 
whole disk is passivated. 

Figure 4 shows the corrosion behavior of the ro- 
tat ing disk when the conductivity of the bulk  solu- 
tion is a parameter.  As the conductivity increases, the 
corrosion rate becomes more uniform. For the solu- 
tions with low conductivity, the nonuni fo rmi ty  in  the 
corrosion rate increases, and the central  region of the 
disk will have the m a x i m u m  rate of corrosion, while 
passivation occurs at the edge. As the conductivity 
decreases, a larger area of the disk is passivated, and 
for very  low conductivities, the whole disk would be 
in the passive region. It can be understood from Fig. 
4 that  for large values of conductivities, total passiv- 
ity can also be achieved provided that rotation speed 
is high enough. Also, there will be no l imitat ion for 
the electrode kinetics of oxygen. 

The effect of the size of the rotat ing disk on the 
corrosion rate is given in Fig. 5. It shows that  in-  
creasing the radius of the disk has a tendency to in -  
crease the nonuni formi ty  of the corrosion rate, and 
for very large disks, the whole disk is passivated. 
For small  disks, the whole area of the disk would be 
in the laminar  region, and, consequently, the corro- 
sion rate would be uniform, as is shown in Fig. 5. It  
should be noted that the size of the disk is an im-  
portant  factor in the corrosion rate, because it is not 
only a variable as far as the ohmic potential  is con- 
cerned but  also a factor that determines the l imit ing 
rate of oxygen transfer to the disk. 

Conclusions 
The development  described in the preceding sec- 

tions shows that the main  reason for the peculiar cor- 
rosion behavior of an iron rotat ing disk is the passiva- 
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Fig. 4. The effect of conductivity of the solution on the corrosion 
rate of an iron rotating disk. 
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Fig. 5. The effect of the size of the disk on the corrosion rate of 
an iron rotating disk. 

tion that  occurs at the edge of the disk. Besides that, 
in  order to have such a nonuni form corrosion rate on 
the surface of the rotating disk, the outer region of 
the disk has to be in the tu rbu len t  region. That  is, if 
the size of the disk is small  and /or  the rotat ion speed 
is low so that the whole disk is in laminar  region, one 
would get a uni form corrosion rate. The results also 
show that by changing the different parameters  of 
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the system, one can get total passivity. It should be 
noted that in a system where the rate of t ransfer  of 
corrosive species to the metal  is high, the relat ion 
between the anodic and cathodic reaction rates is very 
important,  because it is usually the electrode kinetics 
that limits the corrosion rate. 

Because of the peculiar shape of the iron polariza- 
t ion curve, for a given condition of the system, it is 
possible to get three different schemes for the cor- 
rosion behavior of the rotat ing disk from the model 
developed above. Thus one would wonder  which one 
of these solutions is physically meaningful .  It  should 
be noted that  in the corrosion experiments  of active- 
passive metals such as iron, one usual ly  expects to 
obtain a hysteresis. That  is, the corrosion rate of the 
metal  at a given condition depends on the way the 
system approaches that  specific condition. Thus, in 
the case of an iron rotat ing disk, one would also ex- 
pect to get a hysteresis by increasing and decreasing 
the rotation speed, and the actual corrosion scheme 
of the disk would be one of the three solutions ob- 
tained from the calculations depending upon the way 
we approach a given condition. 
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LIST OF SYMBOLS 
Bn coefficients in series for potential  
Co concentrat ion at electrode surface, mole/cm 3 
c~ bulk concentration, mole/cm 3 
D diffusion coefficient of oxygen, cm2/sec 
F Faraday 's  constant, coulomb/equivalent  
i net  cur rent  density at electrode surface, A/cm 2 
i F e  iron current  density, A/cm 2 
ilim l imit ing current  density, A/cm 2 
to2 oxygen current  density, A/cm 2 
~o exchange current  density, A / c m  2 

I total net  cur rent  on the disk, A 
[Fe total iron current  on the disk, A 
I02 total oxygen current  on the disk, A 
M2n a Legendre funct ion 
n number  of electrons produced when one oxygen 

molecule reacts (--4)  
Ni flux of species i, mole/cm2-sec 
Nu Nir/D (ca -- Co), local Nusselt number  
Nu NFo/D (ca -- Co), average Nusselt number  
Pn Legendre polynomial  of order n 
r radial coordinate, cm 
ro radius of disk, cm 
R universal  gas constant 
Re = ro 2 ll/v, over-al l  Reynolds number  
Reloc = r 2 [l/v, local Reynolds number  
Sc v/D, Schmidt number  
T absolute temperature,  ~ K 
U equi l ibr ium potential  of oxygen, V (~1.229 

NHE) 
V potential  of metal  disk electrode, V 
aa ,  a c  t ransfer  coefficients 
~1 elliptic coordinate 
~1c concentrat ion overpotential,  V 
*Is surface overpotential,  V 
K~ conductivity of bulk  solution, ohm -1 cm -1 
r external  potential  extrapolated to electrode sur-  

face, V 
l~ rotation speed, radians/sec 
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Technka]l Notes 
. 

Studies of I.iAICI4 Solutions in Aprotic Solvents 
M. Eisenberg,* K. Wong, and K-C Tsai* 

Electrochimica Corporation, Mountain View, California 94040 

Solutions of the  Lewis acid, A1C13, coordinated with 
l i th ium chloride in nonaqueous aprotic solvents have 
been widely used in the l i th ium bat tery  development  
work in recent years (1). The purpose of this study 
was to obtain basic informat ion on the electrochemical 
stabili ty of the LiC1-A1C13 solutions in aprotic solvents 
such as propylene carbonate, nitrome~hane, and their  
mixtures  and to elucidate the mechanism of various 
redox processes per ta in ing  to such electrolytes. 

* Electrochemical Society Active M e m b e r .  
Key words: nonaqueous electrolytes, l ithium chloroaluminate, 

cyclic voltametry,  propylene carbonate, 

Cyclic vol tametry  was employed for the present 
study. This technique, involving a procedure of l inear  
potential  sweeps, is well established in electroanalysis 
for determinat ion of reaction mechanisms in the oxi- 
dation and reduction of soluble species (2-6). 

Experimental Procedure 
Mate~als and electrolyte preparation.--Lithium 

chloride (LiC1) was vacuum dried at 150~ for 48 hr 
and the a luminum chloride (A1C13) was purified by 
subl imat ion just  prior to its use. The solvents used 
were doubly distilled under  par t ia l  vacuum (approx. 
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Table I. Compositions of the electrolytes employed in the 
cyclic voltametric studies 

Solutes,  moles / l i t er  Solven ts ,  % 
Electro-  Propylene Nitro-  
lyte  No. LiCl  A I C h  c a r b o n a t e  m e t h a n e  

1 0.8 0.8 100 - -  
2 0.8 0.8 - -  100 
3 0.8 0.8 5 0  50 
4 0.4 0.8 100 - -  
S 0.4 0.8 0 I00 
S 0.4 0.8 50 50 
V -- 0.8 50 50 

50 m m  HE) and t reated with a molecular sieve. All  
solutions were prepared in ground glass flasks inside a 
dry argon glove box. Kar l  Fischer t i trations for water 
impurit ies gave a range of 20-50 ppm. 

Seven solutions of varying concentrations of solutes 
and solvents were investigated. The compositions of 
these solutions are given in Table I. 

Electrochemical cell and instrumentat ion.--The elec- 
trochemical studies were carried out in a typical 
three-electrode glass cell. A bright p la t inum rod with 
an exposed apparent  surface area of 1 cm 2 was used as 
the working electrode. A concentric cylindrical  plati-  
num gauze (1 in. ID) with an exposed area much 
greater than  ~he area of the working electrode was 
used as the counterelectrode. The reference electrode 
was Ag-AgCl(s)  ( immersed in  the same nonaqueous 
electrolyte as under  study) placed in a separate com- 
par tment  with a Luggin capil lary located about 3 mm 
away from the working p la t inum electrode. It  was 
used to measure the potential  between working and 
reference electrodes at both open-circui t  voltage and 
under  load conditions. 

A Heath polarography Module EUA-19-2 with mod- 
erate sweep rates (0.05-2.00 V/rain)  was employed for 
all studies. The cyclic polarograms were recorded on 
a Houston Ins t ruments  HR-96T X-Y Recorder. The 
rest potential  (at open-circui t  voltage) was measured 
with a Keithley 621 Electrometer. 

Two sets of experiments  were conducted for the 
studies: (i) effects of solution compostiions on cyclic 
polarogram a~ a fixed slow scan rate of 2.0 V/min;  (ii) 
effect of scan rate (0.2-2.0 V/min)  on peak potentials. 

Results and Discussion 
All of the electrolytes tested yielded similar  cyclic 

polarograms with the exception of electrolyte No. 7 
containing no l i thium chloride. The polarograms for 
the first six electrolytes were all similar to the two 
given in Fig. 1 for electrolyte No. 1 and No. 4. Figure 
2 shows the polarogram for electrolyte No. 7. 

In Fig. 1, the cyclic polarograms indicate an ir-  
reversible process for the oxidation and reduction re-  
action since there are no anodic current  peaks corre- 
sponding to the observed cathodic current  peaks Epc(1) 
and Epc(2). 

Judging from the studies of Cauquis and Serve (2) 
and from the present results, it is very unl ikely  that  
the neutra l  organic solvents participate in the redox 
processes wi th in  the potential  range studied. There-  
fore, we might assume the following. 

(i) The anodic potential  limit, Epa (+1.6-1.7V) at 
the p la t inum electrode was caused by either the oxi- 
dation of C1- or of A1C14-. The presence of A1C14- is 
due to the chemical equi l ibr ium in this solvent system 
(1). 

LiC1 + A1C13 ~ Li + + A1C14- [1] 

({i) The cathodic potential  l imit Epc(3~ (--3.0 to 
--3.4V) was caused by the reduction of either Li + or 
A1 ~ § + or the complex ion of a luminum,  i.e., (A1C12 �9 
2X) + (1), where X ---- molecule of solvent. 

The two-step reduction processes, namely  Epc~) at 
+ I . I V  and Epc(2) at --0.45V in Fig. 1 appear to involve 
an oxidized species which was produced previously at 
peak, Epa. This was confirmed in separate experiments  
in which the range of potential  scanning was limited 
to only +_l.5V. As shown in Fig. 3 ( i l lustrated for solu- 
tion No. 4) in this potential  range the oxidation peak 
Epa does not appear and nei ther  do the cathodic (re- 
duction) peaks Epc(1) and Epc(2). 

(iii) Changes in solvents and their mixtures  did not 
alter the curve shape of the cyclic polarogram. In other 
words, only the dissolved salts, LiC1-A1C13, partici-  
pated in the observed redox processes. 

(iv) In Fig. 2, the polarogram for electrolyte No. 7 
with A1C13 as the only solute, indicates only a single 
peak, Epc (--0.45V), in the cathodic polarization fol- 
lowing the oxidation process at Epa (+1.70V).  The 
redox mechanism would presumably  be 

Chlorine formation: 

A1C13 ~ ~'2C12 + A1C12 + + e -  at Epa [2] 

Chlorine reduction: t 

�89 ~ C1- -- e -  at Epc [3] 

C1- + A1C12 + = A1C13 

The broad peak a~ Epc could be explained by mass 
t ransfer  effects due to the diffusion of dissolved C12 
away from the working p la t inum electrode. This was 
also the phenomenon observed in Fig. 1 for the second 

SYMBOL 

ANODIC POTENTIAL, V 

(VS. Ag-AgCl(s)) 

Epa' 

Epc(1) t 
Epc(2) 

Epe(3) 

j COMPOSITION 

10.8 m/L LICI ) 100% P.C. 
!0.8 m/L AICI 3) 

0.~ m]L LiCl ) 10D% P.C. 
0.8 m/L AICI 3) 

:URRENT (mA) 

(ANODIC) 
'-+ 2.0 

E pa 

+ 2 . 0 ~  0 

Epc(1) 

Oxidation peak potentials 

Reduction peak potentials 

-+l.O E pa 

%0 -~.o __~/~-s o 

E ~L 

--1.0 ! ~  

+2.0 

- ~ 0  CATHODIC 
j~ POTENTIAL 

(CATHODIC) 

Epc(3) 

Fig. 1. Cyclic polarograms for 
electrolytes No. I and 4 at plati- 
num electrode. A = 1 cm2; scan 
rate = 2 V/min. 
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C u r r e n t  ( n ~ )  

Fig. 2. Cyclic polarogram for ANODIC 
the electrolyte No. 7 (no LICI) at 
Pt electrode. A = 1 cm2; scan 
rate = 2 V/rain. 

+2.0 
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+ 1 . 0  
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- 1 . 0  

- 2 . 0  

C A T H O D I C  

- 1 . 0  - 2 . 0  -3.0 - 4 . 0  Cell Potential, V 

I , . ,  I . ~J......._ I (vs. Ag-AgC I (s) ) 

ANODIC 

C e l l  P o t e n t i a l ,  I/ . 2 , 0  
I 

(vs.  Ag-AgCI ( s ) )  �9 

C u r r e n t  (n~) 

- + 2 . 0  

-+l  ,o  

+ 1 . 0  - 1 .0  
' 

- I  .0  

- 2 . 0  

CATHODIC 

- 2 .0  
I 

-3 .0  
I 

Fig. 3. Control cyclic polarogram tar solution No. 4 at Pt electrode 
in the potential range -F1.5 to --1.5V. A = 1 cm2; scan rate = 
2 V/min. 

reduction peak at Epe(~) at lower scan rates. Figure 2 
also points out that cathodic reduction of a luminum 
ions or its complex ions does not occur even up to po- 
tentials of --4V. By comparing results of Fig. 1 and 2, 
we conclude for solutions containing both LiC1 and 
A1C13 that the anodic oxidation a% Ep~ (Fig. 1) is most 
l ike ly  due to A1C14-, not CI- ,  and that the cathodic 
reduction of Epr162 a reversible reaction, is due to Li +, 
not A1 + + + or (A1C12 �9 2 X)+ .  

+ 0 . 9 0  

E 
P, c 1 

E 
p, c? 

(v)  Scan rate studies on electrolyte No. 3 (0.8 
moles / l i ter  LiC1-A1Cla in 50% propylene carbonate and 
50% nitromethane) shown in Fig. 4 revealed that the 
peak potentials corresponded to two-step reduction 
processes ( involv ing the species generated at the same 
electrode at the previous anodic sweep in which 
A1CI4- ~ (AlCl2 +) + Cl2 + 2 e - ) .  

The two reduction steps are postulated as 

(atEpc(1)) A1C12 + + e -  ~-- (A1C12.) [4] 

(at Epc(2)) (A1C12.) + C12 + e -  ~ A1C14- [5] 

The peak potentials corresponding to each of these two 
reduction steps were studied as a function of scan rate 
as shown in Fig. 4. 

The apparent number of charge transfers corre- 
sponding to Epc(D and Epc(2) w e r e  calculated by the 
equation for a totally irreversible process (3) 

RT 1 , l n [  vl  ]1/2 
-- [6] [Epc(1)]2 -- [Epc(1)]l : F =nl v2 

where nl is the number of charge transfers, ~ is the 
transfer coefficient, and v~, v2 are scan rates. It was 
found that both reducing processes correspond to one 
charge transfer only. 

Scan rate studies also indicated a possible ECE (elec-  
trochemical-chemical-e lectrochemical)  mechanism (4- 
6). The kinetics of this mechanism are 

-0. l0 

= Peak potential corresponding to first reduction 
process (Rxn i) 

= Peak potential corresponding to second reduction 
~ocess (Pxn 2) 

Fig. 4. Reduction peak poten- 
tials vs. scan rates for electrolyte 
No. 3. 
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h e -  kf h e -  
0 ~ R, ~ - R ' ~  R2 [7]  

kb  
i.e. 

e -  I~f e -  
AICI2 + ~- (AICI2") + C12~- (AlCl4") ~AlCh- [8] 

Kb 

since, at lower scan rates, the peak corrsponding to the 
second reduction, Eq. [5], was significantly broadened. 
This indicates strongly that %he diffusion of chlorine 
molecules away from the platinum working electrode 
significantly affects this process as would be expected 
for the chemical step in Eq. [8]. 

Conclusions 
From the results of these studies, we propose the fol- 

lowing as the most l ikely mechanisms for the redox 
processes involving aprotic solvent  electrolytes con- 
ta ining both A1C13 and LiC1. 

Oxidation: one step reaction 

AIC14-~.~ A1C12 + + C12-~- 2e-  a% Epa 

Reduction: ~wo step reactions 

A1C12 + + e -  ~ A1C12. at Epc(1) [4 ]  
and 

AlCls" + C12 + e- ~ AICI4- at Epc(2) [5] 

ECE mechanism: 

e -  ks e- 
AlCl2 + ~- A1C12. + C12 ~ AlCl4. ~ A1C14- [8] 

kb 
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Optical Evidence Concerning the Discharge of MnO2 
in Acid and Alkaline Electrolytes 

Chin-Ho Lee, *'z Boris Cahan,*  and Ernest Yeager*  

Chemis t ry  Department, Case Western Reserve University, Cleveland, Ohio 44106 

Optical t ransmission measurements  have been made 
in situ on 7-MNO2 dur ing discharge in acid and alkal ine 
solutions. The "y-MnO2 was electrodeposited on a con- 
ducting t in oxide coated quartz flat. The optical data 
are compatible wi th  disproport ionation in acid media 

-t-e 
[MnIV ) MnIII;  2MnIII ~ MnIV -t- MnII] and the 

+ e  
stepwise reduction in basic media [MnIV ~ MnIII  
+ e  

) MnII] .  
Yoshizawa and Vosburg (1) propose that  the dis- 

charge of MnO2 proceeds through a disproportionation 
reaction in acid media, i.e. 

+ e  
MnIV > MnIII  

2MnIII -> MnIV + MnII  
For alkal ine solutions, Kozawa and Yeager (2) have 
proposed the stepwise discharge mechanism; i.e. 

+ e  + e  
MnIV ) MnlI I  > MnII  

According to these mechanisms, MnIV should be pres-  
ent in the oxide unt i l  v i r tua l ly  complete discharge in  
acid media. In  alkal ine media MnIV should no longer 
be present  after ~50% discharge provided the first 
reduct ion step proceeds more readily than the second 
at  the potentials of this electrode under  polarization. 
Optical t ransmission measurements  provide a means 
f o r  verifying these predictions. The results of such 
studies are reported herein. 

�9 Electrochemical  Society Active Member. 
�9 Present  address: Gould Laboratories, Cleveland, Ohio 44108. 
Key words:  manganese  dioxide,  bat teries,  electrode behavior,  opti-  

cal absorption. 

Experimental 
Electrolytic ~-MnO2 has been electrodeposited on a 

quartz plate which is optically fiat and coated 2 with a 
conductive layer of SnO2 wi th  a resistance of ~40 
ohm/D.  Electronic contact was made to the SnO2 
t ransparent  region by means of an insulated gold con- 
tact (Fig. 1). This a r rangement  minimized the non-  
uniformity of the current  distr ibution arising from 
IR drop in the SnO2 film. The n iobium and gold layers 
in the opaque region of the electrode mount  were laid 
down by sput ter ing and vapor deposition, respectively, 
and subsequent ly  coated with a thin layer of polysty- 
rene as an insulator. The thin n iobium layer was re-  
quired to obtain good adhesion of the gold. The MnO2 
was electrodeposited on the t ransparen t  SnO2 region 
from O.5M MnSO4 + 0.5M H2SO4 solution a~ 90~ for 
2 min  at an apparent  current  density of 1 mA/cm 2, 
yielding a layer of ~0.1~ and of very  uni form ap- 

The SnO2 coated optical fiats were prepared by Liberty Mirror, 
a subsidiary of Libby-Owen Ford Glass Company, Brackenridge, 
Pennsylvania. 

Fig. 1. Transparent electrode arrangement on quartz optical flat. 
A, transparent region: SnO2/electrolytic ~,-MnO2, 2 cm 2 area; 
B, opaque region (insulated from electrolyte): SnOJNb/Au/poly- 
styrene; C, electrical contact area: SnO2/Nb/Au. 
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pearance.  Gamma-MnC~ should be formed under  these 
condit ions (3).  a 

The opt ical  t ransmission measurements  were  carr ied  ~" 
out in a quar tz  e lectrochemical  cell. The d ischarge  was 
under  galvanosta t ic  control  wi th  a gold countere lec-  
t rode and a reference  electrode consist ing of a small  
bead  of ~-HPd,  posi t ioned close (1 mm)  to the  MnO~ +" 
electrode jus t  outside of the  optical  beam- The elec- 
t ro ly tes  used for  t he  discharge were  0.1M H2SO4 ~ 
0.9M Na~SO4 and 1M NaOH, p r e p a r e d  from reagent  
grade chemicals  wi thout  fu r the r  purification. The solu-  
t ions were  sa tu ra ted  wi th  he l ium (purif ied wi th  heated --" 
copper  turnings  and molecu la r  sieves) and an a tmo-  o 
sphere of he l ium main ta ined  wi thin  the  cell  to e l imi-  " E 
nate  O~ from the solution. ~ 

The in situ optical  t ransmiss ion measurements  were  
made  using the  tungs ten  source and monochromator  of 
a Beckman Model DU spec t rophotometer  (single 
beam) in which  the sample  compar tmen t  was replaced  .> | o ~" 
wi th  an assembly  accommodat ing  the e lec t ro-opt ica l  ~ 
cell. The output  of a 1P28 photomul t ip l ie r  used as a | 
detector  was d isp layed on an x - y  plot ter .  Some add i -  ~" 
t ional  not in situ, absorpt ion  measurements  were  also 
car r ied  out  wi th  MnOz electrodes using the Cary  Model 
15 spectrophotometer .  

The potent ia ls  of the MnO2 electrodes were  measured  
re la t ive  to the reference  a - H P d  elect rode wi th  a 
Kei th ley  e lec t rometer ,  Model  610B. The opt ica l -e lec-  
t rochemical  measurements  we re  m a d e  b y  fo l low-  
ing the change of the  absorbance  wi th  charge;  i.e., 
(1/I)dI/dQ -- dln(I/Io)/dQ = --(2.30)dA/dQ. The first 
da ta  points  for  a f reshly  p repared  MnO~ elect rode were  ~. 
obta ined by  discharging at constant  cur ren t  (25 # A /  " 
cm~) for 10 sec and recording  the optical  in tens i ty  
change, fol lowed by  revers ing  the  cur ren t  and record -  
ing the  change in in tens i ty  dur ing  10 sec of charging at  
the  same current .  F r o m  these, da ta  dA/dA with  dQ 
corresponding to both charging and discharging were  
de te rmined;  both  values  of dA/dQ were  a lways  the aJ 
same with in  a few per  cent. The e lec t rode  was then  
discharged for a fixed t ime (4 to 8 min)  at a constant  
cur ren t  of 25 ~A/cm~ and then a l lowed to r ema in  unde r  -~ 
open-c i rcu i t  condit ions unt i l  the vol tage  stabil ized.  This ~ ~, o 

requ i red  typ ica l ly  a few minutes  in acid solut ion and ~ 
up to 20 min in a lkal ine  solution. The 10 sec d ischarg-  
ing and charging p rocedure  was then  repea ted  to 
obtain dA/dQ. This p rocedure  of continuous discharge 
fol lowed by  evaluat ion  of dA/dQ af ter  vol tage s tab i -  
l izat ion was  repea ted  unt i l  the opt ical  and potent ia l  
measurements  indica ted  complete  discharge.  The de-  | 

�9 -> d pendence of the absorbance  on the s ta te  of charge was ~ 
subsequent ly  calcula ted b y  in tegra t ing  the dA/dQ data.  ~: 

This procedure  minimizes  problems  of optical  in-  
s tab i l i ty  which  might  be encountered in continuous < 
recording of the  optical  in tensi ty  wi th  discharge.  F u r -  
thermore ,  progress ive  changes in the  e lect rode o ther  
than  jus t  the  e lec t rochemical  reduct ion (e.g., surface 
roughening  and e lect rode nonhomogenei ty)  can ser i -  
ously in ter fere  wi th  the  use of the  d i rec t ly  recorded 
optical  in tens i ty  vs. t ime or total  charge  da ta  to cal -  
cu la te  dA/dQ. The de r iva t ive  method used in the 
presen t  work  should be much less subject  to this  type  
of error.  The values  of dA/dQ eva lua ted  by  this p ro -  
cedure  correspond to those of the  electrode af te r  r e -  
equ ihbra t ion  and not whi le  on discharge.  Thus the  
in tegra l  curves  calcula ted from the der iva t ive  da ta  
dA/dQ correspond essent ia l ly  to equi l ibr ium condi-  
t ions at  each s tate  of discharge.  

Results 
In Fig. 2 and 3 are  p lot ted  the open-  and closed-  

circui t  potentials ,  the  open-c i rcu i t  dA/dQ, and the in-  
t egra ted  re la t ive  absorbance  curves, the la t te r  cal -  
culated f rom the dA/dQ data. The open-c i rcu i t  po ten-  
t ia ls  correspond to equ i l ib r ium values  at  des ignated 
states of discharge.  The c losed-ci rcui t  values a re  those 
at  the  end of 4 or 8 min intervals ,  jus t  before the  in-  
t e r rup t ion  of the  current .  In acid media,  the potent ia l  
and opt ical  absorpt ion  da ta  ra ther  c lear ly  indicate  the 
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at ,~25~ Discharge current density ---- 25/~A/cm 2. 

discharge to be effect ively complete  at  ~70 mcoulombs /  
cm 2 as compared  wi th  120 mcou lombs /cm 2 involved in 
the  e lect rodeposi t ion of the ~-MnO2. This difference 
occurs pr inc ipa l ly  because of the physical  loss of ma-  
ter ia l  f rom the e lec t rode  surface dur ing  d ischarge  and 
to some lesser ex tent  because of coulombic inefficiency 
dur ing  the ini t ia l  electrodeposi t ion.  In  a lka l ine  solu-  
tion, the  potent ia l  and absorbance  da ta  do not as c lear ly  
indicate the  point  of complete  discharge but  it  st i l l  is 
~70 mcoulombs /cm 2. 

The potent ia l  curves  shown in Fig. 2 and 3 exhibi t  
the  same charge dependence  as repor ted  by Yoshizawa 
and Vosburg (1) and Kozawa and Yeager  (2). The 
re la t ive ly  constant  open-c i rcu i t  potent ia l  found for  the  
acid e lec t ro ly te  has been in te rp re ted  by  these  authors  
as evidence for a d ispropor t ionat ion  react ion involving 
two phases:  an MnIV rich phase  and MnII  r ich phase, 
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each of relative constant activity with respect to these 
ions. The more complex potent ial-charge curves for 
a lkal ine  solution have been shown by Kozawa and 
Yeager (2) to be compatible with the stepwise dis- 
charge, the first portion of which involves a single 
solid phase with changing activities of MnIV and 
MnIII  and the second two phases involving MnIII  and 
MnII of relat ively constant  activities with respect to 
these ions. 

The absorbance vs. charge data in Fig. 2 and 3 were 
measured at k = 400 nm. This wavelength was 
chosen because it corresponds to a max imum value in 
the visible for dA/dQ.  Only relative absorbance values 
were obtained from the integrat ion of dA/dQ vs. Q and  
the final values of A in the discharge state were arbi-  
t rar i ly  taken as zero. The electrodes used in both the 
acid and alkaline solutions had approximately the 
same init ial  thickness and initial  apparent  optical ad- 
sorbance. At the completion of discharge in the alka-  
line solution, the apparent  absorbance of the electrode 
was still significantly greater than that of the t rans-  
parent  substrate, because of the presence of MnII 
oxide. In  the acid solution all of the MnII entered the 
solution and the apparent  absorbance of the electrode 
was essentially that  of the electrode substrate. The de- 
crease in absorbance is more rapid for the alkal ine 
electrolyte and becomes essentially constant  at ap- 
proximately  one-half  of the complete discharge, in 
contrast  to the acid electrolyte where the absorbance 
decreases l inear ly  with discharge unt i l  discharge is 
complete. 

The interpreta t ion of the optical-electrochemical data 
is cont ingent  on the absorption characteristics of MnO2 
and MnIV relative to the lower oxides and MnIII  a n d  
MnII. The absorption spectrum of the electrolytically 
formed ~-MnO2 was determined not in situ with the 
Cary spectrophotometer and is shown in Fig. 4 together 
with the corresponding spectrum for ~-MnOe formed 
on the same SnO2/quartz substrate by thermal  decom- 
position of concentrated Mn(NO3)2. Spectral data for 
MnO2 is lacking in the literature. Geschwind et al. (4), 
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however, have examined the spectra of MnIV in an 
a-A1203 matr ix  (insert  in Fig. 4). The Mn-O-Mn and 
Mn-Mn interactions in the pure oxides would be ex-  
pected to modify very substant ial ly the spectra com- 
pared to that for a dilute MnIV system. Nonetheless, 
there is some evidence of the absorption peak at ~480 
nm in the MnIV-a-Al~O3 also in the spectrum for 
~-MnO2. The specific absorptivity (~ = A/thickness)  
of the 7-MnO2 is much higher than that of the ~-MnO2 
at ~. < 500 nm, and the absorption edge is displaced to 
higher wavelengths.  

The absorption of the MnO2 is much higher than that  
of the lower oxide. From Fig. 4, the molar  absorptivi ty 
aM based on the concentrat ion in moles/ l i ter  of MnIV 
in the 7-MnO2 is aM = A / b c  ~ 103 l i ter-cm -~ mole -1 
where c is the concentrat ion in moles/ l i ter  and b the 
thickness in centimeters. The concentrat ion of MnIV in 
the a-A1203 matr ix  in the work of Geschwind et al. (4) 
was only known to fall in the range 10-3-10 -1 weight 
per cent (w/o) .  From their spectra, this would corre- 
spond to aM = 3 • 101 tO 3 • I0 "~ l i ter-cm - I  mole - t  
at 400 nm. These values are to be compared with 
aM = 20-100 for MnII l  in various solid matrices at 
~. = 476-625 nm (5) and aM = 10-2-i0 - i  l i ter-cm - I  
mole -~ for octahedrally coordinated MnlI  and 1-10 
l i ter-cm - I  mole - I  for te t rahedral ly  coordinated Mnl l  
at comparable wavelengths (5). Thus, the decrease in 
absorbance of the -~-MnO2 electrodes appears to be 
vi r tual ly  ent i rely a consequence of the decrease in the 
concentrat ion of MnIV in the electrode. 

After discharge in acid solution, some pink color 
characteristic of Mn2 + was evident  in the solution. The 
Mn 2+ in the solution, however, does not contr ibute 
appreciably to the observed changes in adsorbance 
because of the low molar  absorptivity of Mn ~+ com- 
pared to the MnIV of the electrode phase. Loss of 
Mn 2+ into the bulk of the solution, does result  in the 
lack of rechargeabil i ty in acid solution. 

The molar absorptivity, aM, and hence dA/dQ,  is not  
expected to be constant  as the MnlV concentrat ion in 
a part icular  oxide phase is reduced because of dif- 
ferences in the various Mn-O-Mn and Mn-Mn in ter -  
actions involving MnIV and lower valency states. This 
explains the lack of consistency for dA/dQ in  Fig. 3 
for the alkal ine solution where only one phase is be-  
l ieved to be present unt i l  the discharge is approxi-  
mately  one-hal f  complete (2, 3). In  acid media, two 
separate phases of invar ian t  composition are proposed 
to be present over almost ali of the discharge (1) and 
hence dA/dQ is essentially constant. 

On the basis of this interpretat ion,  the optical data 
for the acid electrolyte indicates the presence of MnIV 
unt i l  the discharge is v i r tual ly  complete. In  alkaline 
electrolyte, the MnIV is no longer evident  after one- 
half discharge. These observations agree wi th  predic- 
tions based on the disproportionation and stepwise 
reduction mechanisms in acid and alkaline solutions, 
respectively. They, however, should not be considered 
as confirming these mechanisms, but  ra ther  just  as 
verification of thermodynamic expectation under  open- 
circuit conditions at various states of discharge. In  
acid solution, the composition of the MnIV containing 
a solid phase must  be constant on the base of the con- 
stancy of dA/dQ.  Therefore, any appreciable amount  
of MnIIl ,  if formed, would be expected to be in  a 
separate solid phase. At pH < 3, however, pure 
Mn203 is not stable thermodynamica l ly  in contact 
with MnO2 (6). Consequently,  it would be very un -  
l ikely to find any significant amount  of MnIII  in the 
electrode in contact with acid solution. The reduction, 
as examined under  essentially equi l ibr ium conditions, 
should then proceed from MnIV to MnII with negligible 
bu i ld -up  of MnIII.  At pH > 3, Mn203 is thermodynami-  
cally stable in equi l ibr ium with MnCh as well as 
Mn(OH)2. Thus, under  open-circui t  conditions, MnIII  
would be expected to exist in  the electrode at  various 
stages of discharge. The large variat ion in dA/dQ dur-  
ing the first half of the discharge argues tha t  the MnIV 
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and MnIII  are probably in the same solid phase in con- 
tact with the alkal ine solution. 
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Deposition of Silver on Platinum in Lithium 
Chloride-Potassium Chloride Eutectic 

Wishvender K. Behl* 
Power  Sources Technical Area, U. S. A r m y  Electronics Technology and Devices Laboratory (ECOM ), 

Fort  Monmouth ,  New Jersey  07703 

Recently, Hills and co-workers (1) reported a study 
of monolayer  formation as well as metal  deposition 
processes for Ni(I I )  and Ag(I)  on p la t inum electrodes 
in l i th ium chloride-potassium chloride eutectic at 
400~ using the chronopotentiometric,  cyclic vol tam- 
metric, and potential  step techniques. Cyclic vol tam- 
mograms for the reduction of Ni(I I )  a~ fast scan rates 
(--~8 V/sec) showed a prepeak corresponding to the 
monolayer  formation at potentials --0.5V positive to 
the main  cathodic peak. Similarly, on the reverse scans 
at these scan rates, the main  anodic peak due to the 
dissolution of the deposited nickel metal  was followed 
by a small  anodic peak due to the removal  of the 
monolayer. At slow scan rates (<8  V/sec),  only one 
cathodic peak and one anodic peak were observed due 
to the deposition and dissolution of nickel metal, re-  
spectively. The deposition of silver, on the other hand, 
was complicated by the presence of a prepeak at po- 
tentials --0.1V positive to the main  cathodic peak at 
all scan rates resul t ing in drawn out voltammograms. 
Further ,  on the reverse scans, only one anodic peak 
due to the dissolution of the deposited silver metal  was 
observed at all scan rates. 

The deposition of silver at p la t inum electrodes in 
l i th ium chloride-potassium chloride eutectic at 450~ 
was also studied in this laboratory employing the tech- 
nique of cyclic vol tammetry.  Except for the tempera-  
ture  of 450~ [400~ in case of Hills et al. (1)], these 
studies were carried out at about similar  Ag(I )  con- 
centrates as well as voltage scan rates. At slow scan 
rates (<2  V/sec),  unl ike  Hills et al. (1), only one 
cathodic and one anodic peak were observed due to the 
deposition and dissolution of silver metal, respec- 
tively. At fast scan rates (>2  V/sec),  a prepeak at po- 
tentials ,~0.SV positive to the main  cathodic peak was 
observed due to the monolayer  formation. The deposi- 
tion of silver in our studies was found to be similar 
to the deposition of nickel as reported by Hills and 
co-workers (1). This note summarizes our results and 
also examines in detail the applicabili ty of theory of 
l inear  sweep vol tammetry  (2, 3) to the reduction of 
Ag(I )  in l i th ium chloride-potassium chloride eutectic 
at 450~ 

Experimental 
The cell assembly, the exper imental  details for the 

preparat ion and purification of the l i th ium chloride- 

* Electrochemical  Society Act ive  Member .  
Key  words: cyclic voltammetry,  electrodePosition, l ithium chlo- 

ride-potassium chloride eutectic, monolayer,  silver. 

potassium chloride eutectic, and the ins t rumenta t ion  
have been described earlier (4). The eutectic solvent 
was compartmented by use of Pyrex tubes (10 mm 
diameter)  with fri t ted-glass bottoms. A three-electrode 
system was used for all measurements.  The P t / P t ( I I )  
system was used as the reference electrode and a 
graphite rod as the counterelectrode. The indicator 
electrode consisted of a 0.5 mm diameter  p la t inum wire 
sealed into a 6 mm diameter  Pyrex or soda-lead glass 
(Corning 0120) tubing so that a 5 mm length of the 
wire protruded from the seal. The exact length of the 
exposed wire was measured by optical micrometry.  
The P t ( I I )  concentrat ion (0.02M) in the reference 
compartment  and Ag(I )  concentrat ion in  the indicator 
compartment  were generated by anodic dissolution of 
high pur i ty  p la t inum foil and silver rod, respectively, 
at a current  density of 2-3 mA / c m 2. The exact metal  
ion concentrat ion was determined at the end of the ex- 
per iment  by weighing the eutectic in each compart-  
ment  and was expressed in moles/li ter.  The density 
value (5) of 1.648 g /ml  at 450~ for the l i th ium chlo- 
r ide-potassium chloride eutec~ic was used. 

Results and Discussion 
Cyclic vol tammograms for Ag(I )  concentrations of 

7.44, 11.90, 14.88, and 18.60 mM were recorded at scan 
rates of 0.033-100 V/sec. Typical vol tammograms for 
11.90 mM solutions of Ag(I )  a~ scan rates of 0.05 and 
20 V/sec are shown in Fig. 1. The scans were started 
in the cathodic direction at the working electrode po- 
tent ial  of --0.2V vs. P t / P t ( I I )  reference, and the 
direction of polarization reversed at the working elec- 
trode potential  of --1.2V vs. P t / P t  (II) reference. At the 
end of each scan, the potential  of the working elec- 
trode was held at --0.2V vs. P t / P t ( I I )  reference for a 
few minutes  and the solution stirred before taking the 
next  voltammogram. 

At scan rates of 0.033-2.0 V/sec, only one cathodic 
and one anodic peak were observed due to the deposi- 
tion and dissolution of silver metal, respectively. 
Hills and co-workers (1) reported a prepeak at poten- 
tials --0.1V positive to the main  cathodic peak at simi- 
lar scan rates and Ag(I )  concentrations. In  our ex- 
periments,  no such prepeak was observed at scan rates 
less than 2V/sec. However, a small  prepeak at poten-  
tials ~0.5V positive to the main  reduction peak was 
observed at higher scan rates (>2  V/sec).  The deposi- 
t ion of silver is thus similar to the deposition of nickel 
reported by Hills and co-workers (1), and the prepeak 
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Fig. 1. Cyclic voltammograms for the reduction of 11.9 mM solu- 
tions of silver chloride at scan rates of 0.05 and 20 V/sec. 

at  fast  scan ra tes  m a y  be rega rded  as due to the  mono-  
l aye r  formation.  Thus, analogous to the  behavior  of 
nickel  (1), by  revers ing  the direct ion of po la r i -  
zat ion af te r  the  ma in  reduct ion  peak, the  main  anodic 
peak  due to the dissolution of deposi ted s i lver  meta l  
is  fol lowed by  a smal l  peak  due to the removal  of the  
monolayer .  No such anodic peak  for the r emova l  of the  
monolayer  was observed by  Hil ls  et al. (1) in the 
case  of s i lver  at  al l  scan rates.  

The  peak  cur ren ts  for the  revers ib le  deposi t ion of 
an  insoluble  substance at  450~ are  given by the equa-  
t ion (2, 6) 

--  236n3/~ACVl/~D 1/~ [1] 

where  ip is the peak  cur ren t  (amperes ) ,  n is the  num-  
ber  of electrons in the  charge t ransfer  step, A is the  
area  of the e lect rode (cm~), C is the concentrat ion 
(moles / l i t e r ) ,  9" is the  vol tage scan ra te  (V/sec) ,  and 
D is the  diffusion coefficient (cm2/sec) .  

Assuming that  the ac t iv i ty  of the  deposi ted s i lver  
meta l  remains  constant  and equal  to unity, the  peak  
potent ia l  (Ep) (2, 6) and ha l f -peak  potent ia l  (Epl/2) 
(7) a r e  re la ted  to A g ( I )  concentra t ion and to each 
other  by  the fol lowing equations 

R T  0.854 R T  
Ep ---- E o -I- ~ In fC -- [2] 

n F  

R T  0.0815 R T  
Epl/2 "- E ~ -J- - - ~  In IC n F  [3]  

0.7725 RT 
A E  - -  Ep -- E p l / 2  : [ 4 ]  

n F  

where  E ~ is the s t andard  electrode potent ial ,  f is the 
ac t iv i ty  coefficient of s i lver  chlor ide in solution, and 
R, T, and  F have thei r  usual  the rmodynamic  signifi- 
cance. Thus, the  peak  and ha l f -peak  potent ia ls  (Ep 
and Epl/2) are  dependent  on A g ( I )  concentra t ion and 
shift  to more  anodic values  as the concenCration is in-  
creased. The difference be tween  the peak  and ha l f -peak  
potent ia ls  (AE), on the other  hand, is independent  of 
the concentrat ion.  For  a revers ib le  process, E~, Epl/2, 
and  hE are al l  independen~ of the  vol tage  scan rate.  

The reduct ion of A g ( I )  leads to the deposi t ion of 
solid s i lver  meta l  and  is thus s imilar  to the  deposit ion 
of an insoluble  substance. The peak  currents  would, 
therefore,  be given by  Eq. [1]. The peak  currents  were  
de te rmined  by  ex t rapo la t ing  the  res idual  pa r t  of the  
vo l t ammograms  to the peak  potent ia l  and  measur ing  
the height  be tween  this base l ine and the peak  of the  
vol tammograms.  As pred ic ted  by  Eq. [1], ~he plots of 
peak  currents  (ip) vs. the  square  root of vol tage scan 
ra te  (V l/2) resu l ted  in s t ra ight  lines passing th rough  
the origin (Fig. 2). This l inear  re la t ion was observed 
up ~0 a scan ra te  of 0.5 V/sec. At  h igher  scan rates,  
the  peak  cur ren ts  t ended  to be lower  than those pre-  
dicted by  Eq. [1]. Al though Hills  et al. (1) also ob-  
served s t ra ight  l ine ip VS. Y 1/2 plots for the  reduct ion 
of A g ( I ) ,  thei r  plots did not pass th rough  the origin. 

The anodic dissolution of s i lver  me ta l  is un l ike ly  
(1, 8) to be diffusion control led and ~hus the  anodic 
cur ren t  increases unt i l  al l  the deposi ted meta l  is 
str ipped.  The anodic peak  is, therefore,  ve ry  sharp  and 
the anodic peak  height  is much grea te r  than  ~he ca th-  
odic peak  height.  However ,  f rom an in tegra t ion  of the 
cur ren t  under  the  main  cathodic and anodic peaks, it 
was found that  the coulombs of charge deposi ted du r -  
ing the cathodic process were  comple te ly  recovered 
dur ing  the anodic process. 

The peak  and ha l f -peak  potent ia ls  of A g ( I )  reduc-  
tion vo l t ammograms  were  measured  at  al l  concentra-  
tions and scan rates  and ~he da ta  for one concentra t ion 
are  summar ized  in Table I. 

The difference, AE, be tween  the peak  and  h a l f - p e a k  
potent ia ls  was found to be of the order  of 45-50 mV 
up to a scan ra te  of 0.5 V/sec as compared  to the theo-  
re t ica l  value of 48 mV predic ted  by  Eq. [4] for the re-  
vers ible  deposit ion of an insoluble substance at the 
e lect rode surface involving a one-e lec t ron  change at 
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Fig. 2. Peak current vs. V 1I~ plots for the reduction of 7.44 (O),  
11.9 ( e ) ,  14.88 (A) ,  and 18.6 (A )  mM solutions of silver chloride. 
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Table I. Peak and half-peak potential data for the reduction of 
Ag (I) in lithium chloride-potassium chloride eutectic at 450~ 

Table II. Peak current constants and diffusion coefficients of Ag(I) 
in lithium chloride-potassium chloride eutectic at 450~ a 

Concen- C o n c e n t r a -  103 • 
tration S c a n  r a t e  Ep  Epl /2  (Ep - Epl/2) t i o n  x 10 s i p /V  112 

( m M / U t e r )  ( V / s e c )  (V)  (V)  (V)  ( m o l e s /  ( A V  -1/2 
l i t e r )  s e c  1/2) 

1 1 , 9 0  0 . 0 3  -- 0 , 9 7 5  -- 0 . 9 2 5  -- 0 , 0 5 0  
0 . 0 5  - 0 . 9 7 5  --0.930 - - 0 , 0 4 5  7 . 4 4  0 .73  
0 . 1 0  - - 0 . 9 7 5  - - 0 . 9 2 5  - - 0 . 0 5 0  11 .90  1 .09 
0 . 1 4  - - 0 . 9 7 5  - - 0 . 9 2 5  -- 0 , 0 5 0  14 .88  1.41 
0.20 - - 0 . 9 7 5  - - 0 . 9 2 5  - - 0 . 0 5 0  18 .60  1 .74 
0 . 2 5  - - 0 . 9 7 0  - - 0 . 9 2 0  - - 0 , 0 5 0  
0 .50  - - 0 . 9 8 0  - - 0 . 9 3 0  - - 0 . 0 5 0  
1.O - - 0 . 9 8 0  - - 0 . 9 2 5  - - 0 , 0 5 5  
2 . 0  -- 0 . 9 8 5  -- 0 , 9 2 0  -- 0 . 0 6 5  
5 ,0  -- 1 . 0 0 0  -- 0 . 9 2 0  -- 0 . 0 8 0  

10 - - 1 . 0 2 0  - - 0 . 9 1 0  - - 0 . 1 1 0  �9 Area of the electrode: 0 , 0 8 2  e m  2. 
2 0  -- 1 .030  -- 0 . 8 8 5  -- 0 . 1 4 5  

P e a k  c u r r e n t  c o n s t a n t  Diffusion 
Kp = tv/Vll~ A C  c o e f f i c i e n t  
(1(~ A sec l / e  V-t~ 2 • 10~ 

c m / m o l e )  ( c r n 2 / s e c )  

1 .20  2 . 5 7  
1 .12  2 . 2 4  
1.16 2 . 4 0  
1 .14  2 . 3 4  

A v e r a g e  = 1 .16  A v e r a g e  = 2 . 3 9  
A v g .  d e v .  = -----0.025 A v g .  d e v .  = - - 0 . 1 0  
S t d .  d e v .  = •  S t d .  d e v .  = •  

450~ Further ,  up to a scan rate of 0.5 V/sec, Ep, 
Epl/2, and AE were all found to be independent  of the 
voRage scan rate. The peak and half-peak potentials 
shifted to more positive values with increase in Ag(I )  
concentrat ion and a plot of Epl/2 vs. log C (Fig. 3) re-  
sulted in a straight line with theoretical slope as pre-  
dicted by Eq. [3]. The plot of Epl/2 vs. log C shown in 
Fig. 3 was extrapolated to 1M concentrat ion of Ag(I )  
and the Epl/2 va lue  so obtained was substi tuted in  Eq. 
[3] to obtain the E o value for ~he Ag ( I ) -Ag  (O) couple 
vs. the 0.02M pla t inum reference. It was assumed that  
the activity coefficient of silver chloride remains  con- 
stant  over the concentrat ion range studied and the ac- 
t ivi ty coefficient term in Eq. [3] is included as a con- 
s tant  in the E o value. The E ~ value so obtained was 
then converted to 1.0M pla t inum reference using the 
Nernst equation. The s tandard electrode potential, E o, 
for the A g ( I ) - A g ( O )  couple was found to be --0.771V 
vs. 1.0M pla t inum reference and is in fairly good 
agreement  with the value of --0.743V obtained by 
Lai t inen and Liu (9) from the equi l ibr ium emf mea-  
surements.  

From the results presented above, it can be con- 
cluded that the reduction of Ag(I)  in molten l i thium 
chloride-potassium chloride eutectic occurs reversibly 
up to a voltage scan rate of 0.5 V/sec. At higher scan 
rates, the vol tammograms tend to be more drawn out 
so that  the difference between the peak and half-peak 
potentials is larger than that  predicted by Eq. [4]. 
Also, the peak currents  tend to be lower than  those 
predicted by Eq. [1]. At lower scan rates, Eq. [1] can 
be used to calculate the diffusion coefficient of Ag (I) in 
this solvent. For this purpose, the ip/V 1/2 values were 
obtained from the l inear  /p vs. V ~/2 plots and substi-  

I I I I 

- 2 . 0  

- I . 8  

r,~ 

-2 .2  

- I . 6  I I I I I 
- 0 . 8 6  - 0 . 9 0  - 0 . 9 4  - 0 . 9 8  

E versus Pt /Pt( l l )  Reference,  VOLTS 
PI/2 

Fig. 3. Epl/2 VS. log C plot for the reduction of Ag(I) at a scan 
rate of 0.05 V/sec 

tuted in Eq. [1] to calculate the peak current  constants 
(Kp ~- ip/VI/2AC) as well as diffusion coefficients (D) 
at various Ag(I )  concentrat ions in the eutectic. These 
results are summarized in Table II. The constancy of 
the Kp values presented in Table II clearly demon-  
strates the l inear dependence of peak currents  on the 
Ag(I )  concentrat ion as predicted by Eq. [1]. The 
average peak current  constant  and diffusion coefficient 
were found to be 1.16 (103A sec 1/2 V -1/2 cm/mole)  and 
2.39 • 10 -5 (cm2/sec), respectively. The value of the 
diffusion coefficient obtained in our study is in good 
agreement  with the previously reported values of 
2.5 • 10 -5 (cm2/sec) at 400~C (1), 2.6 • 10 -5 (cm2/ 
sec) (10), and 3.2 • 10 -5 (cm2/sec) (11, 12) at 450~ 

Summary and Conclusions 
The deposition of silver on pla t inum in l i thium 

chloride-potassium chloride eutectic was studied at 
450~ employing the ~echnique of cyclic voltammetry.  
It was shown that at low scan rates (0.033-0.5 V/sec),  
the reduction of Ag (I) occurs reversibly and obeys the 
equations for the reversible deposition of an insoluble 
substance. The diffusion coefficien~ of Ag (I) in l i thium 
chloride-potassium chloride eutectic was determined 
from the exper imental  data and found to be 2.39 • 
10 -5 cm2/sec. At higher scan ra~es (>2  V/sec),  a pre-  
peak due to the monolayer  forma'tion was observed at 
potentials about 0.5V positive to the ma in  reduction 
peak. On reversing the direction of polarizations after 
the main  cathodic peak at scan rates of >2 V/sec, the 
sharp anodic peak due to the dissolution of the de- 
posited silver metal  was followed by a relat ively 
smaller peak due to the removal  of the monolayer.  At 
scan rates below 2 V/sec, no peaks were observed for 
the formation or removal  of the monolayer. 

Manuscript  submit ted May 4, 1973; revised m a n u -  
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Electrogenerative Bromination 
Alan D. Miller and Stanley H. Langer* 

Department of Chemical Engineering, University of Wisconsin, Madison, Wisconsin 53706 

As part  of a program to identify and develop tech- 
niques for operating feasible electrogenerative proc- 
esses (1-3), we describe here electrogenerative bro- 
minat ion in which bromine and an olefin are reacted 
with the aid of suitable electrodes and electrolyte to 
give dibromoethane and bromohydrin.  (We define 
"electrogenerative processes" as those in which two or 
more materials  react at electrodes so that favorable 
thermodynamic  factors drive the reaction to give a 
useful  chemical product with the generat ion of by-  
product electricity.) Bromine is reduced at the cathode 
to bromide ions which are t ransported through the 
electrolyte to the anode where they combine with ole- 
fin, while electrons are conducted through an external  
circuit  to the cathode. Bromine vapor in a ni t rogen gas 
stream and the olefin are introduced to cathode and 
anode chambers, respectively. The chambers are 
bounded by gas-permeable,  l iquid- impermeable  elec- 
trodes separated by a free electrolyte phase. In con- 
trast  to earlier work on other electrogenerative sys- 
tems (1-3), a diaphragm was needed to separate catho- 
lyte and anolyte. This l imited the t ransport  of free 
bromine, probably as Br3- and Brs -  (4-6), which 
would give some direct chemical halogenation of olefin 
at the anode. Both electrodes operate at positive po- 
tentials  relative to the s tandard hydrogen electrode. 
The rate of brominat ion  and the potential  of the cell 
are controlled by the electrical resistance of the ex- 
ternal  circuit. 

Electrode reactions, based on product analyses, with 
bromide electrolyte appear to be 

Cathode 
Br2 -b 2e -  --# 2Br -  [1] 

Anode 

R C H = C H R '  -{- 2Br -  --> RCH--CHR'  -{- 2e-  [2] 
L I 

Br Br 
o r  

R C H = C H R '  -t- 2 B r -  ~ H20 

--> RCH--CHR'  -{- HBr -{- 2e-  [3] 
I I 

Br OH 

No significant amount  of glycol is formed in the elec- 
trolyte. Electrogenerative brominat ion  requires no ex- 
ternal  power source. 

Furthermore,  we have also used chlorine gas instead 
of bromine vapor at the cathode where reaction is 

C12 -{- 2e -  ~ 2C1- [4] 
accompanied by  

C12(aqueous) "~- 2 B r -  ~ Br2(aqueous)  -~- 2 C 1 -  [5] 
and 

Br2r "4- 2e -  ~ 2 B r -  [6] 

Chlorine gas sometimes can be used advantageously at 
the cathode because of ease of handl ing  and conve- 
nience. 

Experimental 
A free electrolyte cell similar to that of Landi  et al. 

(7) was used for all  runs.  It  typical ly can be repre-  
sented as 

Olefin I B r -  (aq.) ] Membrane  ] B r -  (aq.) I Br~ 
Anode Cathode 

* Electrochemical Society Active Member.  
Key words: platinum electrodes, polarization, dibromoethane, 

bromohydrin. 

where the total free electrolyte chamber  thickness 
varied from 0.25-0.5 in. The cell was constructed so 
that only the anode, Kel-F,  and Teflon came in contact 
with the olefin. The free electrolyte chamber  could be 
subdivided with diaphragms into two or three com- 
partments.  Ke l -F  inserts were used in the electrolyte 
chamber to thicken it and were sometimes fitted with 
inlet  and outlet ports to permit  electrolyte flow dur ing 
operation. 

The electrodes used were gas-permeable,  l iquid- 
impermeable commercial American Cyanamid Type 
LAA-1 (7). They have a p la t inum black loading of 
9 mg/cm 2 on a 50 mesh t an ta lum screen and are wet 
proofed with Teflon. In later  experiments,  carbon-  
tetrafluoroethylene film electrodes (8), American Cy- 
anamid LSE, were used on the halogen side of the cell. 
These electrodes were 95% graphitic carbon, 0.02 in. in 
thickness, had 45% porosity, and were supported on an 
open tan ta lum screen. All electrodes had an exposed 
area of 5.1 cm 2. 

The electrolyte used in this study was general ly 2 or 
occasionally 3M aqueous potassium bromide. A cell 
with electrolyte chamber  V4 in. thick and 2M KBr had 
an in terna l  resistance of about 0.7 ohm in our cell 
configuration without  a separator. 

Diaphragms when used were either an AMFion 
Product  anion with ion exchanger A60 (American 
Machine and Foundry  Company) or an American Cy- 
anamid TA-1 etched polytetrafluoroethylene flock. The 
former added considerably to cell resistance. For in-  
stance, a ~ in. cell with 2M KBr electrolyte and mem-  
brane  had a cell resistance of about 4 ohms. The 
(American Cyanamid)  TA-1 membrane  consisted of 
95% polytetrafluoroethylene, 5% carbon. It is 0.63 mm 
in thickness and has an 80% porosity when wet with 
most pores having a diameter of 10 ~m or less. A 1/4 in. 
free electrolyte cell with 2M KBr electrolyte and a 
single TA-1 membrane  gave an in ternal  resistance of 
about 1.3 ohm. The A60 AMF ion exchange membrane  
was used as a separator, together with 3M KBr  elec- 
trolyte, when electrode potentials were measured to 
minimize interference of molecular bromine or com- 
plexed bromide at the anode. This scheme is not de- 
sirable for ordinary  cell polarization work because of 
the high in terna l  resistance of the cell. 

Cells were operated with continuous flow of reactive 
gases through anode and cathode compartments.  Prod-  
uct analysis was by gas chromatography. Off gas from 
the anode compartment  dur ing operation at steady 
state was injected and the coulometric yield of 1,2 
dibromoalkane was calculated from the chromatogram. 
The bromohydr in  formed remained in the cell electro- 
lyte because of its solubili ty in this aqueous phase. To 
close the mater ial  balance, a sample of electrolyte was 
converted to t r imethylsi lyl  ethers and hexamethyld i -  
siloxane (from water)  with hexamethyldis i lazane (9, 
10). Conversion was effected by the refluxing of a 0.3 
cm 3 sample of electrolyte with 5 cm 3 (50% excess) of 
hexamethyldis i lazane for 13 hr. The reaction mix ture  
was protected from the atmosphere with a drying tube  
attached to the reflux condenser. Ammonium salt that 
formed sublimed into the condenser. Acid is formed in 
the cell electrolyte dur ing operation. When knowns for 
comparison were converted, a catalytic amount  of acid, 
a few cubic centimeters  of HC1 vapor, was added to the 
reaction mixture.  

The converted mix ture  was analyzed by  means of 
gas chromatography (on silicone d.c. 550; chromosorb, 
W) to determine the yield of bromohydrin.  Because 
electrolyte sometimes contained complexed bromine, it 
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w a s  allowed to stand overnight  to release this bromine 
before analysis was attempted. Closures of the mater ial  
balance of 90% or general ly bet ter  were obtained. This 
balance is important  because it permits comparison of 
total product formed with coulombs generated by the 
electrogenerative cell. This permits identification of 
chemical reaction and of t ransport  of molecular bro- 
mine  from cathode to anode, probably complexed with 
bromide ion (4-6). Under  conditions where bromine 
could be t ransported as a comp;-ex with bromide ion 
(in the absence of a diaphragm),  product analyses in-  
dicated that  such t ranspor t  resulted in formation of 
dibromoethane. 

Potentials  of individual  electrodes were measured on 
an operating e thy lene-bromine  cell with LAA-1 elec- 
trodes by referr ing the anode to a mercurous bromide 
(11, 12) electrode with a Luggin capillary. Other ex- 
per imental  details are given in our earlier description 
of electrogenerative chlorinat ion (3). 

Results and Discussion 
Bromine-e thylene  cells were operated with both an 

LAA-1 p la t inum electrode and an LSE carbon elec- 
trode at the cathode. The anode was always a p la t inum 
black electrode. When electrode potential  measure-  
ments  were made on an operating ceil, the open-cir-  
cuit potential  for the cell was ca. 0.6V. This potential  
is reproducible with new cells but  apparent ly  is af- 
fected by the formation of Bra-  ions and is not at-  
tained again after some operation of the cell. The bro-  
mine  electrode was operated with n i t rogen-sa tura ted  
bromine  (vapor pressure about 200 mm at 24~ The 
potential  of the bromine-bromide  electrode under  our 
operating conditions was 1.04V, in good agreement  
(within 0.002V) after conversion to s tandard-s ta te  
conditions with the s tandard potential  of 1.065V. The 
olefin electrode had a potential  of 0.45-47V relative to 
the s tandard hydrogen electrode based on a mercury-  
mercurous bromide s tandard potential  of 0.139V 
(11, 12). 

The polarization curve for an e thy lene-bromine  cell 
with 2M KBr free electrolyte (5/16 in. thick) and a 
TA-1 membrane  separator is shown in Fig. 1. This cell 
used an LSE carbon electrode as the cathode. An LSE 
carbon electrode was also operated as a bromide elec- 
trode with varying current ,  referenced to a mercurous 
bromide electrode, in a concentrat ion cell a r rangement  

8 0 0  - 

6 0 0  

E , m V  

4 0 0  

20C 

0 
0 

, I , I I 
2 4 

I , me I cm 2 

I , I 
6 8 

Fig. 1. Current density-cell voltage, E, curves (IR corrected), 
LAA- I  (platinum black) anodes, LSE (carbon) cathodes, TA-1 
diaphram; 2M KBr aqueous electrolyte. O,  C2H4/KBr(2M)/ /KBr 
(2M)/CI2;  A ,  C2H4/KBr(2M)/ /KBr (2M)/Br2; $ ,  C3H6/KBr(2M) / /  
KBr (2M)/CI2.  

with an LAA-1 p la t inum counterelectrode and 2M 
KBr electrolyte. The carbon-bromine  electrode showed 
polarization of less than 0.01V at currents  up to 15 
mA / c m 2. Considering this study, as well  as results 
from the cell with LAA-1 electrodes, it is apparent  
that practically all polarization occurs at the anode or 
ethylene electrode. 

Because of the ease of handl ing chlorine at room 
tempera ture  and the fact that it is commercial ly sig- 
nificantly less expensive than bromine, we tested cells 
that  incorporated a chlorine cathode, a 2M potassium 
bromide electrolyte, a separator, and an e thylene 
anode. These cells general ly  were operated either with 
flow or for a short enough period so that chloride ion 
was not discharged. The polarization curve for such a 
static cell run  for a period of t ime of less than  1 hr is 
included in Fig. 1. The change in cell operating po- 
tential  essentially is due to a shift in potential  at the 
cathode. Under  our conditions the cathode operated at 
a potential  range of 1.09-1.1IV relat ive to a s tandard 
hydrogen electrode. This potential  rises with t ime 
toward the chlorine-chloride electrode potential, of 
course. 

With the use of flowing electrolyte cells, it was pos- 
sible to study, over a l imited range, the effect of poten-  
tial on reaction at the  anode. In the potential  region of 
0.8-1.05V at the anode, and current  densities of 0.2-10 
m A / c m  2, dibromoethane was found to represent  20 __. 
2% of the electrogenerated current.  Both two-com- 
par tment  and three-compar tment  cells were used in 
flow experiments  which involved sweeping the center  
or cathode compar tment  with electrolyte so that  the 
2M KBr electrolyte was changed every 15 rain. The 
remainder  of the generated current  resulted in the 
formation of ethylene bromohydrin.  This was ascer- 
tained by collection of the electrolyte from a static 
cell r un  for a period of t ime less than 1 hr. Under  
these conditions, only bromohydr in  was found in the 
electrolyte (i.e., no chlorohydrin or glycol was de- 
tected), suggesting that  the reaction proceeds through 
a BrCH2CH2Adsorbed species. 

With a mixed chloride-bromide electrolyte, di- 
bromo-, bromo-chloro-,  and some small amount  of 
dichloro-compounds (after periods of operation greater 
than 2 hr) were observed in the off gas. The relative 
amounts  of chloro-compounds could be controlled to 
some degree by variat ion of the ratio of chloride to 
bromide in the electrolyte. Under  these conditions, as 
might be expected from the ethylene electrode operat-  
ing potential, bromo-compounds tend to predominate.  
For instance, in  a crude exper iment  with 1M KBr-  
IM KC1 electrolyte, dihaloalkanes were separated in  
the ratio dibromoethane-2,  chlorobromoethane-1,  at 
a potential  of 0.3V and 2 m A / c m  2. 

Polarization data for a propylene-chlor ine cell with 
2M potassium bromide electrolyte and a TA-1 mem-  
brane  are also represented in Fig. 1. This cell was 
somewhat more difficult to study because of the rela-  
t ively low vapor pressure of dibromopropane. In  order 
to insure  vaporization of this compound, the propylene 
flow rate through the anode compar tment  was in-  
creased to the point where  only 2% conversion took 
place. At 0.9IV vs. S.H.E. and  10 mA / c m 2, 21% of the 
calculated amount  of dibromopropane was recovered 
based on generated current.  Within  the accuracy of 
our material  balance, the remaining  corrected propyl-  
ene apparent ly  formed propylene bromohydrin.  Some 
propylene glycol, of the order of 5%, was detected but  
this appears to stem from chemical hydrolysis of pro- 
pylene bromohydrins  dur ing conversion to t r imethyl -  
silyl ethers; we found this glycol at the same concen- 
t rat ion when analyzing a known commercial sample of 
propylene bromohydrin.  

We are cont inuing work in this area with the objec- 
t ive of controll ing the reaction product at the anode. 
Nevertheless, the high yield and facile formation of 
bromohydr in  (of the order of 80%) is of interest  since 
these materials are prospective intermediates  for for- 
mat ion of olefin oxides (13). The selective formation of 
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alkyl bromides relat ive to chlorides suggests potential  
uti l ization of electrode reactions similar to those re- 
ported here as a means of selectively recovering bro-  
mide ion from mixed salts. 
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The Thermal Decomposition of Potassium 
Oxalate in Fused Nitrates 

A. G. Keenan and Carlos G. Fernandez 
Depar tment  of Chemistry, University of Miami, Coral Gables, Florida 33124 

Electrochemical studies of oxide ion and of various 
oxide electrodes in fused salts have been of consider-  
able interest  for some time. Numerous methods for 
adding oxide ion to ni t ra te  melts have appeared in the 
l i terature (1-3). Swofford and McCormick (4, 5) rec- 
ommend potassium oxalate because of the pur i ty  and 
ease of weighing the chemical. In sodium potassium 
ni trate  eutectic above 280 ~ they give, for the decom- 
position, the equation 

C2042- -* CO2 + CO + 02. [i] 

Other workers (6-8), however, have given quite a dif- 
ferent equation for the reaction, namely 

C2042- + NO3- -~ CO3 ~- + COs + NO2- [2] 

Carbonate ion is a product instead of oxide, and a sec- 
ond electroactive species, nitrite, is produced in addi- 
tion. 

A careful examinat ion of the above references shows 
that in  no case was an unequivocal  quant i ta t ive con- 
firmation of the respective stoichiometries carried out 
despite s tatements implying the contrary. 

In the course of cont inuing our previous electro- 
chemical studies in n i t ra te  melts (9-11), we have now 
shown that  reaction [2] is the correct one in potassium 
ni t ra te  at 350~ This stoichiometry is main ta ined  for 
reaction times varying from 1 to 12 hr. 

Experimental 
All chemicals used were reagent  grade and were 

oven-dr ied at l l0~ at least 24 hr before being used. 
KNO~ was vacuum-dr ied  at 130 ~ for 24 hr and then 
kept in oven at 110 ~ un t i l  needed. 

Carbonate determination.--To a test tube  containing 
5g KNOz, which had been kept molten for 12 hr at 
350 ~ a weighed pellet of K2C204 was added and al-  
lowed to react for various times. The melt  was then 
frozen, dissolved in boiled distilled water, and t i trated 
with s tandard HC1, using phenolphthale in  and methyl  
red as indicators. 

The typical weak-base t i t rat ion curve obtained with 
two distinct end points leaves no doubt that carbonate 

Key words: oxide  electrode,  fused nitrates, oxalate decomposit ion,  
oxide, carbonate. 

was the base present. The volume of t i t rant  required 
for neutral izat ion to the first end point was identical 
wi thin  exper imental  error to the volume from the first 
to the second end points. This shows that the only base 
was carbonate. In a series of four replicate exper iments  
the mole ratio of carbonate obtained to oxalate added 
was 1:1 within 0.2%. 

Nitrite determination.--A stock solution of K2'C204 
in mol ten KNO3 was prepared. After  different reaction 
times, a sample was withdrawn,  frozen, weighed, and 
dissolved in 50 ml of distilled water. This solution was 
then analyzed for nitrite, using the method of Wetters 
and Uglum (12). This consists of the determinat ion of 
the absorbance of a solution of ni tr i te  and ni t ra te  at 
355 nm. At this wavelength nitrate does not interfere 
with the nitr i te  absorbance. The molar absorptivity of 
ni tr i te  is 23.3. A Cary Model 17 spectrometer was used. 

Again, in  a series of five replicate experiments,  it 
was found that  1 mole of ni tr i te  was produced per mole 
of oxalate added. The error of the analysis was shown 
to be about 3% using known mixtures  of ni tr i te  and 
nitrate. 

Carbon dioxide determination.--KN03 melts con- 
ta ining known amounts  of oxalate were allowed to 
decompose in an evacuated apparatus and the gas 
produced was expanded into a 10 cm IR cell. Quali ta-  
tive analysis with a Beckman IR 10 spectrometer 
showed a strong CO2 peak but  no trace of CO. For a 
more sensitive test, samples of the gas were also run  
on a Consolidated Electrodynamics Corporation Type 
21-103C mass spectrometer. 

No trace of CO was found within  the sensit ivi ty of 
the spectrometer which is about 0.1%. 

Carbon dioxide was determined quant i ta t ive ly  by 
expanding the product gas into a volumetric apparatus 
and measur ing the temperature  and pressure. Using 
s tandard gas laws, the 1:1 stoichiometry was checked 
within  the exper imental  accuracy of about 8%. 
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Any  discussion of this paper will  appear in a Discus- 
sion Section to be published in the June  1974 JOURNAL. 
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Corrosion Kinetics of Iron in Acid Sulfate Solutions. 
Effects of Impurities in the Metal 

S. Barnartt (pp. 812-817, Vol. 119, No. 7) 

W. J. Lorenz and A. A. E1 MiligT: 1 In  the paper under  
discussion, Barnar t t ' s  investigations using nonsteady-  
s~ate galvanostatic pulse measurements  in the case of 
the anodic dissolution of pure zone refined iron and 
iron containing impuri t ies  are important ,  because they 
deal with the problem of superpolarization. It is well 
known that pure iron, with a low density of crystal 
imperfections, dissolves in oxygen-free acid solutions 
containing no surface active substances in accordance 
with the noncatalyzed (Bockris-) mechanism as de- 
scribed in the li terature. 2,3 The appearance of anodic 
superpolariza~ion in such a case of consecutive reaction 
mechanism was explained by (i) the diffusion of pro- 
tons into the bu lk  of the solutions, which protons are 
formed in the first step of the noncatalyzed mechanism, 
which has a relat ively high exchange current  density; 4 
(ii) the t ime-dependent  formation of an intermediate  
in the case of a consecutive charge t rans fe r -mechan-  
ism; 3,5-9 and (iii) crystall ization steps, e.g., formation of 
negative nuclei, kinks, or adatoms and the surface dif- 
fusion of adatoms. 10,11 

However, our investigations 12 using rotat ing-disk 
electrodes showed tha~ the first explanat ion cannot be 
taken into consideration. Heusler arr ived also to the 
same conclusion. 13 Also, the second possibility is not 
valid in the case of pure iron dissolution. We have 
found tha~ the appearance of a s teady-state  anodic 

1 Inst i tut  fiir Physikal ische Chemie und E l e k t r o c h e m i e  d e r  Uni-  
versit~it Kar ls ruhe ,  Ge rmany .  

~F. Hilbert ,  Y. Miyoshi, G. Eichkorn,  and W. J. Lorenz, This  
Journal,  118, 1919 (1971). 

8H. Rosswag, G. Eichkorn, and W. J. Lorenz,  Submit ted  to Z. 
Phys ik .  Chem.  NF. 

J. O'M. Bockris and H. Kita,  This Journal,  108, 676 (1961). 
5 I. H. Plonski, ib/d., 116, 944 (1969) ; ibid., 116, 1688 (1969). 
hi. H. Plonski, ibid., 117, 1048 (1970). 
I I. H. Plonski, Rev .  Roumaine  Phys. ,  16, 449 (1971); ibid.,  16, 

467 11971); ibid., 16, 875 (1971); ibid., 16, 979 (1971); ibid., 16, 989 
(1971). 

s H. C. Albaya  and W. J. Lorenz, Z. Phys ik .  Chem.  NF.,  82, 277 
(1972). 

g J R. Vilche, H. C. Albaya,  F. Hilbert,  and  W. J. Lorenz,  ibid., 
85, 277 (1972). 

lo j .  O'M. B o c k r i s  a n d  G. A. Razumney,  " F u n d a m e n t a l  A s p e c t s  
of  E1ectrocrystallization," p. 39, P lenum Press, New York (1967). 

n i l .  R. Thirsk and J. A. Harrison,  " A  Guide to the Study of  
E l e c t r o d e  Kinetics ,"  p. 115, Academic  Press, London and New York 
(1972). 

~2 W. J. Lorenz, Unpubl ished results.  
K. E. Heusler,  "Elek t rochemische  Aufl~sung und A b s c h e i d u n g  

y o n  M e t a l l e n  d e r  E i s e n g r u p p e , "  Habil i tat ionsschrif t  TH, Stut tgar t  
(1966). 

Tafel slope of b+ ---- -t- 40 mV implies that  i0.l > >  i02. 
Following the theory of the consecutive charge- t rans-  
fer mechanism, anodic superpolarization cannot occur 
below a certain critical overpotential  value. 3,5-9 This 
would contradict exper imental  results. Therefore the 
last explanat ion is the most probable one. 

We th ink  i~ is necessary to make some remarks re-  
garding Barnar t t ' s  results as well  as his conclusions in 
the paper being discussed. 

(i) The considerable increase of the corrosion poten-  
tial and the corrosion current  density dur ing the first 
20 hr was not confirmed by our investigations in  the sys- 
tems of pure iron (various types)/H2SO4 or HCIO4. 
The steady-state corrosion cur ren t  density agrees, how- 
ever, with the reported data for pure iron. Therefore, 
it is possible tha~ the pre t rea tment  of the electrode in 
Barnar t t ' s  investigation produces some surface cover- 
ages with oxygen and /or  anions. 

(ii) Barnar t t  states that ~he superpolarization value 
-~m is always greater  than  that  corresponding to the 
open-circui t  value heoc. We have studied systematically 
the anodic superpolarization and open-circuit  phenom- 
ena on iron in relat ion to pulse durat ion and pulse 
height. From this it has been found that Barnar t t ' s  
s ta tement  is right for his applied pulse durat ions and 
current  densities. However, Fig. 1 shows that  the in-  
verse relationship occurs for shorter pulse durations. 
These values were measured in  the system pure ore- 
met - i ron  (total impurit ies --~ 300 ppm)/0.5M H2SO4 at 
298~ using a mul t ichannel  pulse galvanostat  (MEGA- 
PHYSIK, Rastatt, Germany)  with a rise t ime of 10 -7 
sec. The charging of the double layer was completed 
and the max imum superpolarization value was reached 
in a t ime which is always smaller  than  the first point 
in each • curve of Fig. 1. The ohmic drop was always 
separately el iminated in these measurements .  

(iii) The time necessary for reaching the ma x imum 
superpolarization value decreases with increasing pulse 
height. Whereas in the case of the open-circuit  mea-  
surements,  the t ime necessary to reach the mi n imum 
potential  is longer and practically independent  of the 
pulse height and pulse duration, i.e., 50 ___ 20 msec. An 
example is given in Fig. 2. The difference between this 
m i n i m u m  potential  and the  steady-state corrosion po- 
tent ial  increases with increasing pulse height and pulse 
duration. The slow a t ta inment  of the corrosion poten-  
tial will be main ly  due to surface diffusion processes 
of adatoms and diffusion of Fe 2+ ions into the bulk  of 
the electrolyte. 

(iv) Barnar t t ' s  anodic Tafel slopes of b + ---- -~ 65 . . .  
69 mV obtained from open-circui t  measurements  are 
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Fig. 1. Potential values of superpoIarizotion maximum, A,M, a,d 
open-circuit minimum, Aeoc, as a function of galvanostatic pulse 
height and pulse duration. System: Fe/0.SM H2SO4; T = 298~ 

Fig. 2. Potential time dependence for galvanostafic pulse measure- 
ments with a pulse height of i+ = 1 mA/cm -2  and various pulse 
durations. System: Fe/0.SM H2S04; T = 298~ 1, Steady-state 
corrosion potential ~corr; 2, determination of A,~[, t = 37 msec, 
ordinate is 20 mV/cm -1 ,  abscissa is w msec/cm-1; 3, t = 30 msec, 
ordinate is 20 mV/cm - I ,  abscissa is 20 msec/cm-1; 4, t = 120 
msec, ordinate and abscissa as in 3; 5, t = 1020 msec, ordinate and 
abscissa as in 3; 6, t = 10,020 msec, ordinate and abscissa as in 3. 

typical  of nonsteady-s ta te  values, which agrees with 
earlier results based on A,m values. 2 This is due to 
relat ively small  variat ions between A,m and A~o~ in the 
range of applied current  densi ty and pulse duration. If 
the pulse height and the pulse dura t ion are relat ively 
high, Fig. 1 shows that  ~hese variat ions would increase. 
In  this case 

b +, steady-state ~ b +, Aeoc ~ b +, A(m 

However, in  the case of sho~ter pulse durat ions the 
following sequence results 

b +, steady-state ~ b +, AEm ~ b +, Acoc 

Therefore one must be careful in interpretations of 
results only based on galvanostatic, open-circuit mea- 
surements. 

(v) The open-circuit  technique and the in terpre ta-  
tion of 'A~oc implies that the reference state is of certain 
surface activity which corresponds to the charging 
conditions. Consequently for different charging condi- 
tions the reference point varies. Usual ly the surface 
activity of a metal  electrode at the corrosion potential  
in the steady state is taken as the reference point. 
Under  this condition the nonsteady-s ta te  -~em values are 
related to a near ly  constant reference point. 

(vi) The roughness of the electrode surface is an-  
other factor which influences the reference state and 
the in terpre ta t ion of the Aeoc values. Capacity measure-  
ment  wi~h rapidly galvanostatic pulses in the micro- 
second range can be used as an indication of the rough-  
ness of the electrode surface before and after anodic 
polarization at a certain potential. This has been car- 
ried out at the steady-state corrosion potential  and 
after anodic polarization in the mi n i mum potential  
value of the open-circuit  measurement,  whereby the 
pulse height and its dura t ion were varied. The results 
show an increase of about 10-15%, e.g., from 35 up to 
40 #F/cm -2. In other words, the electrode surface in 
the two mentioned states is not lhe  same, but  the dif- 
ferences are not very high. On the other hand, during 
anodic polarization the electrode capacity increases due 
to its dependence on the electrode potential.  14,15 

The conclusions from these remarks are that  definite 
interpretat ions of Aeoc measurements  are difficult as 
long as quant i ta t ive explanat ion of the observed super-  
polarization phenomena based on crystal l ization proc- 
esses does not exist. 

S. Barnar t t :  Studies of anodic pulses at  relat ively 
high current  densities, such as the data in Fig. 1 of 
Lorenz and E1 Miligy's discussion above, are very 
helpful. Fur ther  studies at high current  densities are 
necessary before a mechanistic in terpreta t ion of super-  
polarization, of the ma x i mum potential  change Aem, 
and of apparent  s teady-state  potentials can be estab- 
lished. 

In  the paper  under  discussion a constant  Aeoc, inde-  
pendent  of pulse length, was obtained up to A,oc ---- 60 
mV. I observed also that at higher potentials A,oc de- 
creased with increasing pulse time, in  agreement  with 
Fig. 1 above of Lorenz and E1 Miligy. An  impor tant  
feature of such high current  density pulses is that the 
corrosion potential  ,* drifts markedly  with succeeding 
pulses, so that an anodic Tafel l ine corresponding to 
a fixed surface activity is unat ta inable .  

Good agreement  between A,oc and Aern, as shown by 
Lorenz and E1 Miligy in the above discussion at _~ 
--~ 45 mV, was found in my work only in the case of 
Ferrovac E iron, Fig. 2 of the paper under  discussion. 
High-pur i ty  iron showed much poorer agreement  at all 
times. It  should be emphasized that  A~m cannot  be a 
t rue  measure of charge- t ransfer  polarization, for Aem 
data do not give consistent Tafel slopes when  analyzed 
by the three-point  method, a method which may be 
used as a s t r ingent  test for charge- t ransfer  controlled 
corrosion. 

I agree with Lorenz and  E1 Miligy that  the electrode 
pre t reatment  used possibly produced oxygen and /or  
anions t ightly bound  to the iron surface. The gradual  
increase in corrosion current  density is probably caused 
pr imar i ly  by removal  of such surface films, and only 
secondarily by dissolution of the metal  to produce a 
faceted surface of greater area. This view was sup- 
ported by experiments  in which the iron was corroded 
to a faceted surface and the specimen was removed; 
the original  acid pre t rea tment  was then repeated and 
the specimen replaced in  the cell: the second corrosion 
period yielded essentially the same slow rise in i* as 
was found in the first corrosion period. 

14 W. J. Lorenz and H. Fischer, Electrochim. Acta, 11, 1597 (1966). 
~ W .  J. Lorenz,  K.  Sarropolllos, a~d H. Fischer,  ibid., 14, 179 

( 1 9 6 9 ) ,  
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Electrochemical Reactions with Consecutive 
Charge-Transfer Steps: Steady-State and 

Time-Dependent Behavior under Charge-Transfer 
and Diffusion Control 

K. J. Bachmann (pp. 1021-1027, Vol. 119, No. 8) 

V. V. Losev:  16 If  an electrode process wi th  consec- 
ut ive charge- t ransfer  steps is accompanied by fo rma-  
tion of appreciable concentrations of low-va lency  in-  
termediates,  then the diffusion rate  of these in te rmedi -  
ates cannot be neglected in comparison with  the rate 
of the i r  fur ther  e lectrochemical  reactions, and the 
elucidation of the mechanism and derivat ion of kinetic 
parameters  on the basis of s teady-s ta te  current  density 
potential  curves  becomes a complicated problem. This 
conclusion has been clearly demonstrated in the  paper 
under  discussion. Bachmann has shown in his paper 
that  at comparable  values of the l imit ing current  of 
in termedia te  diffusion and of the smaller  exchange 
current  even at in termedia te  concentrations, which are 
2-3 orders of magnRude lower than the concentrations 
of initial substance and final product, the effect of 
in termediate  diffusion should give rise to a noticeable 
distortion of the slopes of Tafel  lines. In spite of ~his 
difficulty there  exists, in our opinion, even under  such 
conditions, some possibili ty of using s teady-sta te  cur-  
dent density potential  curves for the elucidation of the 
mechanism and der ivat ion of kinetic parameters  of 
stepwise electrode processes. 

First  of all  it should be noted that  in the presence of 
appreciable in termediate  concentrations a steady state 
can be real ized under different conditions. Bachmann,  
in the paper  under  discussion, has der ived the equa-  
tion of the s teady-sta te  current  density potential  curve 
under  the usual conditions; upon polarization, the con- 
centra~ions of all  react ing species at the electrode sur-  
face (including intermediates)  differ f rom their  equi-  
l ibr ium values exist ing prior  to the flow of an externa l  
current,  whereas  in the bulk of the solution the init ial  
equi l ibr ium concentrations are maintained.  This con- 
dition can be easily realized, par t icular ly  in the case 
of electrodes wi th  a small ra~io of electrode surface, S, 
to the cell volume, V (disk electrode, dropping mer -  
cury electrode) ,  when  the change of intermediate  con- 
centrat ion in the bulk of the solution during the po-  
larization measurements  (e.g., their  accumulat ion un-  
der anodic polarization at i01 > i02) is negligible. 

But one can assume also a different s teady-state  con- 
dition, namely, that  at any polarization, the bulk con- 
centrat ion of intermediates  pract ical ly coincides wi th  
their  concentrat ion at the interface (as shown below 
this assumption can be easily realized under  certain 
exper imenta l  conditions).  Under  such s teady-state  con- 
ditions, even  at an appreciable in termediate  concen- 
tration, the rate of their  diffusion from the electrode 
(for the case ment ioned above) should be negligible as 
compared with the rate of their  fur ther  electrochemical  
oxidat ion on the  electrode. Then the s teady-sta te  con- 
dition ment ioned in Bachmann's  paper 

i~ - -  i v + l  [1 ]  

will  be satisfied and the results of polarization measure-  
ments can be described by ~he usual equation of the 
s teady-state  polarization curve for a stepwise process 
der ived by Vetter. Of course, upon changing to a new 
polarization value during the measurement  of a current  
density potential  curve, when the  new in termedia te  
concentrat ion at the interface is rapidly reached, and 
while their  bulk concentrat ion still corresponds to the 
previous value  of polarization, a considerable gradient  
of in termediate  concentrations arises be tween the in-  
terface ~nd the bulk of the solution. But as the in ter-  
mediates are accumulated in the bulk of the solution, 
this gradient  will  gradual ly  decrease, and therefore  the 
diffusion rate of in termediates  f rom the electrode will  

~6 Karpov  Inst i tute  of  Phys ica l  Chemistry ,  M os cow,  USS]R. 

decrease as wel l  unti l  the above-ment ioned  steady 
state is pract ical ly reached and Che condition of Eq. [1] 
is satisfied. By choosing appropriate  exper imenta l  con- 
ditions (a large ratio S/V)  one can reach the steady 
state during a reasonable t ime interval .  17-19 

Finally, the steady state can also set in when the 
in termedia te  concentrat ion in ~he bulk  of the solution 
pract ical ly remains always equal  to zero. 17 I t  is neces- 
sary to use such a s teady-s ta te  condition~ e.g., ir~ the 
important  case where  the in termediates  are unstable 
and enter  into a chemical  reaction. 

If the s teady-sta te  current  densi ty potential  curve  is 
obtained under conditions where  an appreciable gra-  
dienl  of in termediate  concentra t ion exists, and their  
diffusion rate from the electrode is comparable  with 
the rate of their  fur ther  oxidat ion on the electrode (in 
the case of anodic polarization and i01 > /02), then the 
results of polarization measurements  can be corrected 
as follows: f rom the over -a l l  current  there  can be 
singled out the fract ion corresponding to ~he format ion 
of such in termedia te  particles which do not enter  into 
subsequent electrochemical  reactions but  diffuse into 
the bulk of the solution. The remaining  current  is dis- 
t r ibuted in equal parts between all e lectrochemical  
steps which makes i~ possible to apply Eq. [1] to this 
remaining current,  sl An  equat ion  of the cur ren t  density 
potential  curve  including such a correction and ex-  
pressed in terms of the exper imenta l  measurable  value 
of effective valency, hi, 2~ enables us to use the results 
of polarization measurements  for the elucidation of the 
mechanism and der ivat ion of kinetic parameters  of 
stepwise electrode processes. 21 This equat ion is applic- 
able in the case of diffusion ~ransport of intermediates  
be tween the interface and the bulk of the solution, as 
considered in the paper under  discussion, as well  as in 
the more general  case when the intermediates  are un-  
stable and enter  also into chemical  reactions, e.g., are 
par t ly  oxidized to the stable final product by solution 
components. 21 

K. 3. Bachmann:  In Vetter 's  papers 2s,29 concerning 
the s teady-state  current  density overvol tage character-  
istics for the case of electrochemical  reactions involv-  
ing two consecutive charge- t ransfer  steps, the assump- 
tion was made that  at equil ibrium, the concen%ration of 
the in termediate  reaction product is small compared to 
the concentrat ions of both the most reduced and the 
most oxidized substance enter ing into the electrode 
reaction. When a current  is passed through such an 
electrode, the concentrat ion of the in termedia te  sub- 
stance is assumed to remain  small  so that  its diffusion 
flux f rom the interface into the bulk of the  solution or 

IT A. I. Molodov ,  G. N, M a r k o s y a n ,  a n d  V. V. L o s e r ,  Electrochim.  
Acta,  17, 701 (1972). 

is A. I. Molodov ,  V. I. B a r m a s h e n k o ,  a n d  V. V. Lose r ,  Elektro-  
khimia,  7, 18 (1971). 

19 The  described s teady-s ta te  condit ion has b e e n  briefly m e n t i o n e d  
in  a f o o t n o t e  to  ou r  p a p e r  20 to w h i c h  B a c h m a n n  re fe r s  in  the  paper  
under discussion. Apparently because of some misunderstanding, 
Bachmann attributes to us the statement that "the continuity con- 
dition i, = ip+1 is always satisfied even at high concentrations of 
the intermediate products." Meanwhile, as it follows explicitly from 
the said footnote to the paper, 20 as well as from our subsequent 
papers,~7,zs,~,~ we stated that the condition of Eq. [I] is satisfied 
not always but only when, due to the gradual intermediate accumu- 
lation (e.g., during anodic polarization at a constant potential), 
their bulk concentration becomes practically equal to their concen- 
tration at the electrode surface and hence their diffusion rate from 
the electrode becomes negligible. 

s0V. V. L o s e v  a n d  V. V. G o r o d e t s k y ,  Elek trokhimia ,  3, 1061 
(1967). 

21 A. I. M o l o d o v  and  V. V. Lose r ,  ibid., 7, 912 (1971). 
V. V. Lose r ,  in  " M o d e m  Aspec t s  of E l e c t r o c h e m i s t r y , "  B. E. 

C o n w a y  and  J. O'M. Bockr i s ,  Ed i to r s ,  Vol. 7, p. 319, P l e n u m  Press ,  
New York  (1972). 

23 The  e f fec t ive  v a l e n c y  nj  (or the  v a l u e  ~ = 1/nl used  b y  W a g -  
ne r  in  h is  a n a l y s i s  of a s t epwi se  e lectrode  process,  a c c o m p a n i e d  b y  
f o r m a t i o n  of app rec i ab l e  c o n c e n t r a t i o n  o f  i n t e r m e d i a t e s  ~4) can be 
found ,  fo r  example ,  b y  r a d i o t r a c e r  measurements lS ,  ~ - ~  or  b y  m e a n s  
of the r o t a t i n g  r i n g - d i s k  electrode.  

~4 C. Wagne r ,  Electrochim.  Acta,  14, 971 (1969). 
25 A. I. Molodov ,  G.  N. M a r k o s y a n ,  and  V. V. L o s e r ,  Elek tro-  

khimia,  5, 919 (1969). 
A. I. Molodov ,  ibid.,  6, 365 (1970). 

s7 V. V. Lose r ,  EZectrochim. Acta,  15, 1095 (1970). 
~ K .  J.  Vet te r ,  Z. Natur]orseh.,  7a, 329 (1952); ibid. ,  8a, 832 

(1953). 
29K. J .  Vet te r ,  " E l e k t r o c h e m i s c h e  K i n e t i k , "  S p r i n g e r - V e r l a g ,  

New York  (1961). 
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vice versa may be neglected with respect to the rate  
at which the intermediate  substance is produced and 
consumed in the two consecutive charge- t ransfer  re-  
action steps. Under  s teady-state  conditions, the con- 
t inui ty  condition 

is established, where il and  i2 are the C.D.'s carried by 
the two consecutive charge- t ransfer  reactions. If there 
exists no other sources or sinks for the intermediate  
reaction products but  consecutive charge- t ransfer  re- 
actions at the electrode interface, then  this steady- 
state cont inui ty  condit ion is applicable to electrochemi- 
cal reactions involving an arbi t rary  number  of n con- 
secutive charge- t ransfer  steps, i.e. 

i,, = i , ,+x [2] 

where v ---- 1, 2 . . . .  , n -- 1. This case has been con- 
sidered by Hurd. 30 

Referring to the  work of Vetter, 28,29 Losev and 
Gorodetskif  20 have pointed out that the condition of 
small  in termediate  concentrat ion is unnecessary. As I 
expressed in  the paper under  discussion my reserva-  
tions concerning this point of view, I was indeed under  
the impression that Losev and Gorodetskii meant  their 
comment  to be true for the general  case considered by 
Vetter. Loser 's  discussion of my paper and his recent 
publications 17.1s,21,s2 are most welcome. They give the 
special conditions, which Losev et al. assume to be ade- 
quate for using Eq. [2] above as a reliable basis for 
analyzing the current density overvoltage character- 
istics even at relatively high intermediate concentra- 
tions. These condRions are: 

(i) The ratio of the electrode surface to the electro- 
lyte volume is so large that during an electrolysis at 
constant potential rapid accumulation of the prod= 
ucts of the electrochemical reaction in the bulk of the 
solution decreases any transient concentration gradi- 
ents for the  in termediate  reaction products at the elec- 
trode surface wi thin  a reasonably short period of t ime 
to zero. 

(ii) The intermediate  concentrat ions in  the bu lk  of 
the solution "remain always equal to zero," which may 
be the case when  the intermediate  products are un -  
stable and enter into chemical reactions. 

Knowing now the specific steady-state conditions 
considered by Losev, I still doubt that  Eq. [2] above 
i.e., the formalism derived elsewhere 20,2s'z0 provides a 
reliable basis for analyzing the current  density over- 
voltage characteristics unless the intermediate  con- 
centrat ions are small  compared to the concentrat ions 
of the most reduced substance (S1) and mos~ oxidized 
substances (S,+ l) enter ing into the consecutive 
charge- t ransfer  mechanism 

S , , ~ S , , + t + z v e - ,  v = 1 , 2  . . . . .  n [3] 

If condition (i) is satisfied, then the change in bulk  
concentrat ion of all in termediate  products must  be 
generated in an anodic reaction from S1 and in a 
cathodic reaction from Sn+ z. Furthermore,  not only the 
intermediate  products are accumulated, but  the con- 
centrat ion of $1 decreases and the concentrat ion of 
Sn+l increases in an anodic reaction (vice versa in the 
cathodic case) so that the equi l ibr ium electrode poten- 
t ial  rapidly approaches the external ly  imposed value, 
in  which case the total  C.D. approaches zero, i.e., there 
is no true steady state under  Losev's exper imental  
condition. 2s A "quasi steady state" could be postulated 
if $1 and Sn+l are available in much larger concen- 
t rat ion than the intermediate  products. In my opinion, 
the best and only way of characterizing the rel iabil i ty 
of such an analysis of the current  density overvoltage 
characteristics is to provide an error analysis for the 
deduced kinetic parameters.  

Condition (ii) considered by Losev is not in conflict 
with what  I have said in the paper under  discussion, 
since I never  objected to uti l izing Vetter 's analysis if 

m R. M. Hurd,  This Journal ,  109, 3;17 (1962). 

the relative concentrat ions of the intermediate  prod- 
ucts are sufficiently small. I would like to point, how- 
ever, to the fact that a finite equi l ibr ium concentrat ion 
of the intermediate  products at the interface is required 
to establish an equi l ibr ium potential  characteristic of 
reaction [3] and to define ~he exchange C.D.'s of the 
various reaction steps. Since chemical reactions involv-  
ing the in termediate  products lead to branching in the 
equivalent  mass flow at the interface, I do not believe 
that the interact ion of consecutive charge- t ransfer  re-  
actions with chemical reactions is covered by the simple 
analysis given elsewhere. ~~ In  the  general case, 
where the electrochemical reaction is controlled by 
charge-transfer,  diffusion, and chemical reactions, the 
steady-state cont inui ty  condit ion Eq. [2] has to be re-  
placed by 

i v : i v+l '~ iDv+l ' -~ iRv+l  V : 0 , 1 , 2  . . . . .  n [4] 

io = i n + l  = 0 

where iDv+l and i R v + l  denote the equivalent  C.D.'s 
with which the substance S.+1 is consumed or pro-  
duced at the interface via chemical reactions or by 
exchange with the bulk  via diffusion. Note that no 
charge is carried across the interface by iDv+ 1 and iRv+ I. 
I have treated in the paper under  discussion the case 
of n consecutive charge-transfer  reactions, when 

i R v + l  = 0 

and 
inv+l --" --FDv+t (OCv+tlax) [5] 

If lay+ l ~ 0, then not only the diffusion of Sv+l but  also 
the diffusion of the reaction products has to be taken 
into account. The relation between the concentrat ion of 
S~+1 and the rate of the chemical reaction depends on 
the specific nature  of the reaction. In general, the cur-  
rent  densRies carried by the various charge- t ransfer  
reaction steps will not be equal in  this case, i.e. 

iv ~ iv+ 1 [6] 

excep~ for the very special condition 

iDv+l : - -  iav+l 

I agree with Loser that, in the absence of chemical 
reactions, the interpretation of the steady-state c.d. 
overvoltage curve is considerably simplified if the dif- 
fusion currents  of all intermediates  are known from an 
independent  set of experiments.  

The Kinetics of the p-Toluquinhydrone Electrode 

F. Kornfeil (pp. 1674-1679, Vol. 119, No. 12) 

J. C. Reeve: al The following comments may be of 
interest  not only to those considering Dr. Kornfeil 's  
valuable results in the paper under  discussion con- 
cerning consecutive charge-transfer reactions, but  to 
those interested in such reactions in general. 

The term "pseudo-Tafel region" was introduced by 
Hurd 30 to describe what  seemed, from a point  by point 
calculation, to be a l inear  region of the Tafel diagram 
between two l imit ing anodic s i tuat ions (where the 
steps are separately "rate-determining,"  ra ther  than 
s imultaneously "ra te-determining"  as in the t ransi t ion 
region).  This was unfortunate,  since there is in fact 
no such special region, 32 and any apparent  pseudo-Tafel  
behavior in such cases simply arises from experimenta] 
or graphical lack of precision. Vetter, in his classic 
works cited by Dr. Kornfeil  in the paper under  discus- 
sion, made no claim for such a region. In  the  paper 
being discussed an addit ional complication is intro-  
duced in that its Eq. [8] is said to have "pseudo-Tafel 
form." In  fact, this not only has normal  Tafel form 
(as usual  ignoring small possible changes in a2 with 

al Chemis t ry  Depa r tmen t  A, Technical  Univers i ty  of Denmark ,  
Lyngby ,  Denmark .  

a2 j .  C. Reeve,  Coi l  Czech. Chem.  Comm. (in English), 30, 757 
(1971). 
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vice versa may be neglected with respect to the rate  
at which the intermediate  substance is produced and 
consumed in the two consecutive charge- t ransfer  re-  
action steps. Under  s teady-state  conditions, the con- 
t inui ty  condition 

is established, where il and  i2 are the C.D.'s carried by 
the two consecutive charge- t ransfer  reactions. If there 
exists no other sources or sinks for the intermediate  
reaction products but  consecutive charge- t ransfer  re- 
actions at the electrode interface, then  this steady- 
state cont inui ty  condit ion is applicable to electrochemi- 
cal reactions involving an arbi t rary  number  of n con- 
secutive charge- t ransfer  steps, i.e. 

i,, = i , ,+x [2] 

where v ---- 1, 2 . . . .  , n -- 1. This case has been con- 
sidered by Hurd. 30 

Referring to the  work of Vetter, 28,29 Losev and 
Gorodetskif  20 have pointed out that the condition of 
small  in termediate  concentrat ion is unnecessary. As I 
expressed in  the paper under  discussion my reserva-  
tions concerning this point of view, I was indeed under  
the impression that Losev and Gorodetskii meant  their 
comment  to be true for the general  case considered by 
Vetter. Loser 's  discussion of my paper and his recent 
publications 17.1s,21,s2 are most welcome. They give the 
special conditions, which Losev et al. assume to be ade- 
quate for using Eq. [2] above as a reliable basis for 
analyzing the current density overvoltage character- 
istics even at relatively high intermediate concentra- 
tions. These condRions are: 

(i) The ratio of the electrode surface to the electro- 
lyte volume is so large that during an electrolysis at 
constant potential rapid accumulation of the prod= 
ucts of the electrochemical reaction in the bulk of the 
solution decreases any transient concentration gradi- 
ents for the  in termediate  reaction products at the elec- 
trode surface wi thin  a reasonably short period of t ime 
to zero. 

(ii) The intermediate  concentrat ions in  the bu lk  of 
the solution "remain always equal to zero," which may 
be the case when  the intermediate  products are un -  
stable and enter into chemical reactions. 

Knowing now the specific steady-state conditions 
considered by Losev, I still doubt that  Eq. [2] above 
i.e., the formalism derived elsewhere 20,2s'z0 provides a 
reliable basis for analyzing the current  density over- 
voltage characteristics unless the intermediate  con- 
centrat ions are small  compared to the concentrat ions 
of the most reduced substance (S1) and mos~ oxidized 
substances (S,+ l) enter ing into the consecutive 
charge- t ransfer  mechanism 

S , , ~ S , , + t + z v e - ,  v = 1 , 2  . . . . .  n [3] 

If condition (i) is satisfied, then the change in bulk  
concentrat ion of all in termediate  products must  be 
generated in an anodic reaction from S1 and in a 
cathodic reaction from Sn+ z. Furthermore,  not only the 
intermediate  products are accumulated, but  the con- 
centrat ion of $1 decreases and the concentrat ion of 
Sn+l increases in an anodic reaction (vice versa in the 
cathodic case) so that the equi l ibr ium electrode poten- 
t ial  rapidly approaches the external ly  imposed value, 
in  which case the total  C.D. approaches zero, i.e., there 
is no true steady state under  Losev's exper imental  
condition. 2s A "quasi steady state" could be postulated 
if $1 and Sn+l are available in much larger concen- 
t rat ion than the intermediate  products. In my opinion, 
the best and only way of characterizing the rel iabil i ty 
of such an analysis of the current  density overvoltage 
characteristics is to provide an error analysis for the 
deduced kinetic parameters.  

Condition (ii) considered by Losev is not in conflict 
with what  I have said in the paper under  discussion, 
since I never  objected to uti l izing Vetter 's analysis if 

m R. M. Hurd,  This Journal ,  109, 3;17 (1962). 

the relative concentrat ions of the intermediate  prod- 
ucts are sufficiently small. I would like to point, how- 
ever, to the fact that a finite equi l ibr ium concentrat ion 
of the intermediate  products at the interface is required 
to establish an equi l ibr ium potential  characteristic of 
reaction [3] and to define ~he exchange C.D.'s of the 
various reaction steps. Since chemical reactions involv-  
ing the in termediate  products lead to branching in the 
equivalent  mass flow at the interface, I do not believe 
that the interact ion of consecutive charge- t ransfer  re-  
actions with chemical reactions is covered by the simple 
analysis given elsewhere. ~~ In  the  general case, 
where the electrochemical reaction is controlled by 
charge-transfer,  diffusion, and chemical reactions, the 
steady-state cont inui ty  condit ion Eq. [2] has to be re-  
placed by 

i v : i v+l '~ iDv+l ' -~ iRv+l  V : 0 , 1 , 2  . . . . .  n [4] 

io = i n + l  = 0 

where iDv+l and i R v + l  denote the equivalent  C.D.'s 
with which the substance S.+1 is consumed or pro-  
duced at the interface via chemical reactions or by 
exchange with the bulk  via diffusion. Note that no 
charge is carried across the interface by iDv+ 1 and iRv+ I. 
I have treated in the paper under  discussion the case 
of n consecutive charge-transfer  reactions, when 

i R v + l  = 0 

and 
inv+l --" --FDv+t (OCv+tlax) [5] 

If lay+ l ~ 0, then not only the diffusion of Sv+l but  also 
the diffusion of the reaction products has to be taken 
into account. The relation between the concentrat ion of 
S~+1 and the rate of the chemical reaction depends on 
the specific nature  of the reaction. In general, the cur-  
rent  densRies carried by the various charge- t ransfer  
reaction steps will not be equal in  this case, i.e. 

iv ~ iv+ 1 [6] 

excep~ for the very special condition 

iDv+l : - -  iav+l 

I agree with Loser that, in the absence of chemical 
reactions, the interpretation of the steady-state c.d. 
overvoltage curve is considerably simplified if the dif- 
fusion currents  of all intermediates  are known from an 
independent  set of experiments.  

The Kinetics of the p-Toluquinhydrone Electrode 

F. Kornfeil (pp. 1674-1679, Vol. 119, No. 12) 

J. C. Reeve: al The following comments may be of 
interest  not only to those considering Dr. Kornfeil 's  
valuable results in the paper under  discussion con- 
cerning consecutive charge-transfer reactions, but  to 
those interested in such reactions in general. 

The term "pseudo-Tafel region" was introduced by 
Hurd 30 to describe what  seemed, from a point  by point 
calculation, to be a l inear  region of the Tafel diagram 
between two l imit ing anodic s i tuat ions (where the 
steps are separately "rate-determining,"  ra ther  than 
s imultaneously "ra te-determining"  as in the t ransi t ion 
region).  This was unfortunate,  since there is in fact 
no such special region, 32 and any apparent  pseudo-Tafel  
behavior in such cases simply arises from experimenta] 
or graphical lack of precision. Vetter, in his classic 
works cited by Dr. Kornfeil  in the paper under  discus- 
sion, made no claim for such a region. In  the  paper 
being discussed an addit ional complication is intro-  
duced in that its Eq. [8] is said to have "pseudo-Tafel 
form." In  fact, this not only has normal  Tafel form 
(as usual  ignoring small possible changes in a2 with 
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potential)  but  represents the normal  anodic behavior 
complementary  to the cathodic behavior indicated (the 
step Sm ~ So is " ra te-determining"  throughout) .  This 
behavior  is marked as the "pseudo-Tafel  region" in 
Fig. 4 of the paper under  discussion but  the short line 
shown at higher anodic overpotentials (where there has 
been a change of " ra te-de termining  step") is very 
misleadingly called "the t rue Tafel line." Hurd ~o also 
called this region "the true Tafel-region," but  only as 
opposed to the t ransi t ion region, where there was sup- 
posed (incorrectly) to be an unexpected Tafelian be- 
havior. 

It is clear that  terms such as "pseudo-Tafel behavior" 
and especially the te rm "pseudo-Tafel  region" should 
be used with greater caution than hitherto. 

Regarding the a t ta inment  of the steady state (-~ : 
0.5), it is said that  (diffusion polarizations are to be 
supposed el iminated) "the stat ionary concentrat ion of 
Sm can differ only slightly from its thermodynamic 
equi l ibr ium concentrat ion" for the given potential. In 
this s ta tement  it is not made clear between which solu- 
tion species and S= equi l ibr ium is considered. In  the 
here so-called pseudo-Tafel  region, Sm will  be in 
equi l ibr ium with Sr. However, in the here so-called 
Tafel region, Sm can be in  equi l ibr ium with So at lower 
overpotentials and actual ly fall  with increasing poten-  
tial, but  be near ly  zero or again increasing at higher 
overpotentia]s (as in the present examples) depending 
on how closely a l  approximates to a2 .33 

It  is possibly noteworthy that results, such as those 
used in Fig. 8 and 9 of the paper under  discussion, can 
be used to determine io and both the sum and the dif-  
ference of the reciprocal component current  Tafel laws 
at ~] ,~ 0 without  making fur ther  suppositions. ~ 5  

F. Kornfe i l :  I am grateful  to the author  of the above 
discussion for his interest  and comments. I hope that  
the following arguments  will help to remove at least 
the major  part  of any misunders tandings  that  may 
still exist. 

First, and most importantly,  it should be noted that, 
as a consequence of the exper imental  techniques used 
in  the potential  measurements ,  the t ransfer  overpoten- 
tial is the only component of the overpotential  appear-  
ing in the exper imenta l ly  determined values of the 
electrode potential. Since .y ~ 0.5, this means that all 
polarization curves presented are identical with the 
curves one would obtain from measurements  in the 
steady state, if the diffusion coefficients of all reacting 
species and the rate constants of all chemical reactions 
involved in the reaction sequence were infinite. There-  
fore, the ~wo charge- t ransfer  steps clearly must  pro- 
ceed at equal  rates over the ent i re  range of over- 
potentials, irrespective of the sometimes very large 
difference between the individual  exchange current  
densities io,1 and i0.2. 

Second, Dr. Reeve in the above discussion, is mis-  
taken in  his view that  the phenomenon of the pseudo- 
Tafel lines is due to a lack of experimental  or graphical 
precision. Inspection of Eq. [6] and [6a] of my paper 
under  discussion reveals that, assuming 7 : 0.5, at 
sufficiently large values of ~], Eq. [6] simplifies ~o 

i = 2 .I exp ) 

with the intercept  2i0.1 in perfect analogy to the extrap-  
olation of the Tafel l ine in a one-electron process. 
However, at intermediate  values of ~1 and the condition 
/0.1 :>~ /o.s the denominalor  of Eq. [6a] in the paper 
under  discussion becomes uni ty  and the numera tor  
approximates exp(2F~l/RT) resulting, as pointed out by 
Vetter, 29 in another l inear  relationship between log i 
and ~, namely  

m I. H.  P l o n s k i ,  This Journal, 116, 944 (1969). 
J. C. Reeve and G. Bech-Nielsen Corr. Sci., 13, 351 (19"/3). 

m K.  B.  O l d h a m  a n d  F .  M a n a f e l d ,  ibh i . ,  I n  press. 

1 n u a2 F ~ )  
i = i0.2 exp RT 

the pseudo-Tafel  region, with the "wrong" intercept 
2i0.2 (identical with the cathodic intercept) ,  thereby 
raising the possibility of confusing an electrode reaction 
consisting of two consecutive charge- t ransfer  steps with 
a single-step t ransfer  of two electrons. What  actually 
constitu'tes "sufficiently large" and "intermediate" val-  
ues of the overpotential  in this context depends on the 
kinetic parameters  and their  interrelat ions and has 
been clarified in Hurd's  excellent analysis of this prob- 
lem.Je 

If one remains faithful to the convention of referr ing 
to the l inear  portions as Tafel lines, then Hurd 's  ter-  
minology calling the straight l ine at the highest over- 
potentials the "true" Tafel line and the l inear  part of 
the polarization curve occurring at lower overpoten- 
tials the "pseudo"-Tafel l ine seems a most appropriate 
and logical choice. In  view of the arguments  presented 
above, it is, therefore, difficult to understand,  both 
from the scientific and etymological points of view, 
why Dr. Reeve should find the term pseudo-Tafel  re- 
gion misleading. In  fact, I fail to see any  valid reason 
why electrochemists should, or the Ancient  Greeks 
would, object to its continued use. 

In  regard to the last part  of Dr. Reeve's discussion, 
the s ta tement  as to the small  difference between the 
equi l ibr ium and the steady-state concentrations of the 
intermediate  should, in retrospect, have been presented 
in a more quant i ta t ive  fashion. At any rate, a clear 
distinction should be made here between the steady- 
state concentrat ion and the equi l ibr ium concentration, 
a thermodynamic quant i ty  governed by the equil ibria 
existing among the quinone, meriquinone,  semiquinone, 
and hydroquinone molecules. The assertion of the small 
concentrat ion difference is based on considerations, via 
Faraday 's  laws, of the very small  quant i ty  of charge 
required for the observed rapid a t ta inment  of the 
steady-state condition. 

The Kinetics of Chlorine Evolution and Reduction on 
Titanium-Supported Metal Oxides Especially 

RuO2 and IrO2 
A. T. Kuhn and C. J. Mortimer (pp. 231-236, Vol. 120, No. 2) 

G. Faita  and G. Fiori: 36 K u h n  and Mort imer ascribe, 
in the paper under  discussion, the differences existing 
between their data and those of our work ~7 mainly  to 
experimental  procedures. 

The first objection concerns the method used for 
obtaining the necessary ohmic drop correction. 

K u h n  and Mortimer in their  paper describe ~he 
method used by us 8~ as "short-circuit ing the working 
electrode to the counterelectrode." This procedure 
would be obviously incorrect and as a mat ter  of fact 
was not applied. The actual exper imental  a r rangement  
is sketched in Fig. 1. 

The t rans is tor-dr iven mercury  switch is placed across 
the cell terminals :  but  the cell is electrically isolated 

a~ I n s t i t u t e  of  Electrochemistry  and Metal lurgy,  The  Univers i ty  of  
Milan ,  20133 Mi l an ,  I t a ly .  

~7 G. F a i t a  a n d  G.  F i o r i ,  J. Appl. E[ectrochem., 2, 31 (1972). 
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Fig. !. Block diagram of the experimental apparatus used for 
ohmic drop correction. G, galvanostat; B, buffer resister; D, diode; 
C, cell; S, mercury switch. 
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by a fast low-leakage  silicon diode (e.g., SGS EC-401 
or BAY 73 with a 1 nA reverse current  and a 8 pF 
capacitance).  In view of this exper imenta l  a r rangement  
the above mentioned criticism seems to be ra ther  im- 
material .  

The second objection concerns the fact that  in our 
work ~7 the cell was purged with a slow ni t rogen flow 
passing over  the NaC1 solutions. Kuhn  and Mort imer  
in the paper  under discussion suggest that  'the solution 
was not saturated with chlorine and consequently con- 
centrat ion polarizat ion at the electrode surface may 
arise. 

As a mat ter  of fact, the potential  values which is 
recorded just  after switching off the current  is given 
by the fol lowing equat ion 

E : E r e v  -t- "ql -I- ~12 

where Erev is given by E ~ -t- R T / F  �9 In (aci2) sol/acL-; 
~h is the concentrat ion polarization ( R T / 2 F  �9 In (acl2) 
surface/(ac12) sol; and ~12 is the act ivat ion polarization. 

Now, (aCl2) surface increases as the anodic current  
density increases and its upper  limit is represented by 
the chlorine saturat ion solubili ty in the brine. This 
limit is probably reached, with the rotating disk equip-  
ment  used by us, 37 in the 10 m A / c m  2 range, above 
which the chlorine activity at the electrode surface 
remains constant together  with the concentrat ion po- 
larization. 

The consequence is that  the total overpotent ia l  is 
given by ~he sum ~l(constant)  + ~2; hence our data 
at high current  densities should be decreased by a 
constant value whose magni tude depends on the ratio 
(acl2) surface/(ac12) sol. (This will  be a few mil l ivol ts  
in the operat ing conditions used in our w o r k Y )  

The correct  data (which were  reported in Fig. 1 in 
our paper 37) are independent  of the chlorine concen- 
trat ion in the solution. In addition, it is important  to 
stress that  ~he Tafel  b coefficient does not  change for 
current  densities above 10 m A / c m  2 and remains 32 
m V / d e c a d e  of current  in 4M NaC1 at 20~ and pH _-- 
2, up to 2 A / c m  2. 

As far  as the data below 10 m A / c m  u are concerned, 
they are almost unaffected by the concentrat ion po- 
larization effects just opposed to what  has been sug- 
gested. 

That  the situation is as above described is fu ther-  
more  substantiated by Fig. 10 of the paper under  dis- 
cussion which shows that  the anodic polarization curves 
for two different chlorine pressures (1 and 0.05 a tin) 
are v i r tua l ly  identical above about 1 m A / c m  2. 

Having stated this the most obvious conclusion is that  
the electrodes described in the paper under discus- 
sion of Kuhn  and Mort imer  behave in a different way 
with  respect  ~o those described in our paper ~7 simpiy 
because they are different and not because of exper i -  
menta l  procedures. 

In fact the following points should have been taken 
into account: 

(i) The coating tested in the paper being discussed is 
a solid solution of TiO2, RuO2, IrO2 as has been dem-  
onstrated spectroscopically. 

(ii) The coating tested in the paper  under  discussion 
has a (Ru-I r )  to Ti molar  ratio of 0.1. An  electrode 
with such a content  of precious meta l  described in 
Kuhn 's  and Mort imer 's  paper  (Fig. 7, curves e and f) 
is character ized by an overpotent ia l  of 0.6V at 1 A / c m  z 
which seems to be ~oo high for economic industr ial  
operations. On the other hand, the  coating prepared 
according to our work  37 (U. S. Patent  3,616,445, Appl. 
690,407) exhibits  an overpotent ia l  of only 125 mV; this 
value is confirmed by exper imenta l  measurements  on 
actual chlor-alkal i  cells equipped with  DSA (this is the 
commercial  name for the anodes obtained by using 
the coating described in the above-ment ioned  U.S. 
patent) .  

An interest ing feature  of the RuO.,-TiO2 electrodes 
obtained by Kuhn  and Mort imer  in their  paper is rep-  

iesented in Fig. 2; the necessary data have been ob- 
tained from Fig. 7 of the paper under discussion and 
represent  the l imiting cathodic current  densities 
(~] ---- --0.6V). The relat ionship be tween current  and 

R u / T i  molar  ratio is described by a straight  line; a 
possible explanat ion of this l inear  dependence is that  
the chlorine discharge takes place only on Ru sites or 
RuO2 islands (TiO2 has a very  low electrocatalyt ic 
effect). 

If this mechanism holds, the high anodic overpoten-  
tials for the coatings wi th  the lower Ru percentages 
can be readily explained;  the observed apparent  cur-  
rent  density corresponds to quite larger  actual current  
densities on the electrocatalyt ic  centers. 

S .  T r a s a t t i : 3 s  We have  been working on RuO2 film 
electrodes in this laboratory since early 1968 wi th  par-  
t icular  regard to the intrinsic propert ies of such films 
to try to gain some insight into the rat ionale behind 
their  undoubtedly peculiar  behavior.  Although, we 
have so far just  published a p re l iminary  note, 39 a num-  
ber of papers is in preparation,  and all of the aspects 
touched by the authors of the paper under  discussion 
will  be examined in detail  there. We feel, however,  
that some discussion should be made here to clarify 
some points in the paper under  discussion where  the 
authors refer  to results f rom this laboratory.  

Roughness  f a c t o r . - - A l t h o u g h  optical inspection gives 
evidence for compactness and microscopical homo-  
geneity, recent BET measurements  40 in this laboratory 
give for the specific area of the films a value  of about 
14 m2-g -z. Since 2~ thick films were  used (1.4 mg 
RuO2 cm-2) ,  the roughness factor is as a result  of the 
order of 200. This is in fairly good agreement  wi th  the 
value  of 240 reported by Kuhn  and Mort imer  in the 
paper  being discussed. Al though this roughness factor 
~hould influence the charge associated with surface 
transformations,  it is doubtful  whe ther  it could affect 
the value of reaction rates at potentials removed from 
the equi l ibr ium value, due to the fact that  sites avai l-  
able ~0 rare  gas in BET measurements  are probably 
difficult to reach by particles in solution by diffusion. 
However,  assuming for the roughness factor the pos- 
sible value of 200, we wil l  show that  this cannot ac- 
count for the charge measured by us 39 to change the 
potential  of auO2 from oxygen evolution to about 
0.4V. 4L Since 1 cm 2 of a 2# th ick  RuO2 film contains 

3s L a b o r a t o r y  of E l e c t r o c h e m i s t r y ,  The  U n i v e r s i t y  of Mi lan ,  20133 
Mi lan ,  I ta ly .  

~u S. T ra sa t t i  a n d  G. Buzzanca ,  J. ElectroanaL Chem., 29, App .  1 
(1971). 

4oS. Pizzini ,  G. Buzzanca ,  C. Mar l ,  L. Rossi ,  a n d  S. Torchio ,  
Mat. Res. Bull., 7, 499 ~1972). 

41 Cha rges  in  Tab le  I in  our  paper~e are  f r o m  i n t e g r a t i o n  of i /E 
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6.3 X l0 TM Ru atoms, the charge associated with  a 
one-elect ron exchange react ion over  all the film thick-  
ness would  be about 1 coulomb/cm -2. With reference to 
the (100) face of auO2, the number  of surface Ru 
atoms is 0.5 X l0 Is per cm2. 4z With a roughness factor 
as above, the charge associated to a one-e lec t ron ex-  
change surface reaction would be 80 X 200 ---- 16 mcou-  
lombs /cm-2 .  4~ Since the exper imenta l  charge 39 is about 
70 mcoulombs /cm -s, there  are still 54 mcoulombs /  
cm -~ which cannot be accounted for by surface modifi- 
cations. Thus, only about 5.4% of the Ru atoms in the 
bulk appear  to exchange electrons dur ing changes in 
p~en t i aL  However ,  the problem is more complicated 
than it would  appear  at first sight. In fact, it should be 
reasonable to assume constancy in the roughness factor 
with change in film thickness. However ,  we measured 39 
a charge of 17 mcoulombs /cm -2 for a �89 thick RuO2 
film. In this case, all the  charge could be accounted for 
by surface reactions, if the above roughness factor is 
adopted. Undoubtedly,  t he  two results are contrast ing 
and could be understood only if: (i) the BET surface 
area is not the electrochemical  surface area; (ii) atoms 
in the surface are  also reduced and oxidized in small  
fractions; and (iii) the  roughness factor decreases wi~h 
decreasing thickness of the film. Which of these models 
holds in pract ice cannot be established at the moment.  
We would l ike to emphasize here that  chemical  anal-  
ysis 49 has given for the nonstoichiometry of RuO2 the 
same order of magni tude  and the same direction of 
change as those suggested in Table I of our paper. 39 

Electrical properties of  RuOe 1ilms.--I~ is not com- 
pletely clear which model  is proposed by Kuhn and 
Mort imer  in the paper  under  discussion as regards 
the nature  of conduction in RuO2 films. The authors 
seem prone to consider RuO2 films as n - type  semi-  
conductors due to the  low value of conductivity.  This 
is, in principle, not real ly  a correct argument  since Bi 
is known ~o exhibit  low conduct ivi ty  while it is a me-  
tallic conductor. Further ,  reference to the dependence 
of conduct ivi ty  on the firing tempera ture  to support  
the above v iew does not appear  to be relevant .  In fact, 
measurements  carr ied out by Pizzini 's group 40 in this 
laboratory on Ru(>2 films on silica show conductivi ty 
increases wi th  increasing firing temperature .  Opposite 
behavior  would be expected if the semiconducting 
nature  were  related to the composition of the film, as 
Kuhn  and Mort imer  seem prone to think in the paper 
under  discussion. In other  words, a lower  firing t em-  
pera ture  would result  in a higher  nonstoichiometry 
which in turn  would be responsible for a higher  con- 
duct ivi ty  due to an increasing number  of electrons. 
Results show tha t  this is not the case. The positive t em-  
pera ture  coefficient of conduct ivi ty  40 for temperatures  
higher  than about 700~ is to be related to evolution of 
the  s t ructure  towards the crystal l ine state ra ther  than 
to semiconducting properties. Since the crystal  has a 
higher  conductivity, an increasing number  of small 
crystals in the film as the t empera tu re  is increased 
accounts for the increase in conductivity.  On the con- 
t rary,  for T below 700~ the tempera ture  coefficient of 
conduct ivi ty  is pract ical ly zero which suggests ra ther  
a metal l ic  behavior.  On the other hand, if the number  
of electrons is reasonably high, a mater ia l  could behave 
electrochemical ly  as a meta l  even though it were  
r igorously a semiconductor.  In fact, if the rate  of the 
electron movemen t  is h igher  than  the rate  of any step 
in the electrochemical  reaction, the result ing whole 
process is not l imited by the semiconducting nature. 
This may  be the case of RuO2 films. Our results wi th  
the Fe2+/Fe  3+ redox couple show that  the act ivation 
energy is about 5 kca l -mol  - i  for all types of films, 
which coincides with the value found for all metals  in-  
vestigated. 44 From this point of view, RuO2 films can 
be defined wi th  cer ta inty as metal l ic  in nature. T i -Ru  

~ J .  T. Sommerfe ld  and G. Parravano, J. Phys .  Chem. ,  69, 102 
(1965). 

S. Trasattt,  Electrochim. Metal, ,  Z, 12 (1967). 
D. Galizzioli  and S. Trasat t i ,  J. Electroanal. Chem. ,  In  press. 

mixed oxides are  more  l ikely to be effectively n- type  
ionic semiconductors where  Ru atoms should act as 
donors at least for Ru  content  below 20%. 

Kinet ics  of Cl2 evolution on RuO2.- -Kuhn and Morti-  
mer  in the paper  being discussed observe that  the i r  
results are in disagreement  wi th  those obtained by 
Faita  and F i o r i Y  These authors give a detai led defense 
above in this Discussion Section. However ,  wi th  re fe r -  
ence to results obtained by us, the explanat ion given 
by Kuhn and Mort imer  in their  paper, in terms of 
different atmospheres above the solution during mea-  
surements, appears to us to be quite  reasonable. In 
fact, we have carr ied out measurements  in solutions 
saturated with C12 and N2, al ternat ively.  The curve in 
N2-saturated solutions is similar  to that  of Fai ta  and 
Fiori  with a Tafel  slope of about 35 mV dec -1, whereas  
the curve in C12-saturated solutions exhibits  a lower 
overvol tage at low current  density (a few mil l ivol ts  at 
1 m A / c m - 2 ) .  The exchange current  measured f rom 
linear i/~ plots has been found to be about 5 m A / c m  -2 
in very  good agreement  wi th  the value of Kuhn and 
Mort imer  in the paper under  discussion. However,  in 
C12-saturated solutions the i /E  curve  loses in definition 
and no definite Tafel  line can be identified. In the paper  
being discussed the authors worked with stat ionary 
electrodes, whereas  Faita  and Fiori  worked with  ro- 
ta t ing-disk  electrodes. We are not of the opinion, as it 
appears in the paper under  discussion, that  the use of 
ei ther  type of electrode is i rrelevant .  In fact, in 
N2-saturated solutions we obtained a quite definite 
Tafel  l ine for current  density up to 10 m A / c m  -2 work-  
ing with  s~ationary electrodes. At higher  currents, the 
overvol tage started to increase more rapidly in spite 
of vigorous stirring, whereas  Fai ta  and Fiori  wi th  the 
rota t ing-disk electrode were  able to obtain a definite 
Tafel  line at currents  higher  than 1 A / c m - %  

A. T. Kuhn and C. J. Mort imer :  The comments  from 
Drs. Trasatti, Faita, and Fiori  are, perhaps, best 
considered and replied to jointly, and their  points fall  
into four categories: (i) problems relat ing to the re-  
moval  of ohmic drops; (ii) the effect of C12 concentra-  
tion on the anodic i -V  data; (iii) the catalytic act ivi ty 
of the anodes; and ( iv)  the  nature  of thei r  electr ical  
conductivity.  

(i) Considering now the informat ion (not originally 
proffered) that  their  circuit  included a diode, and 
taking into account the other data now published, we 
are ent i re ly  satisfied as to the val id i ty  of the ohmic 
drop corrections of Faita  et al. 

(ii) Regarding the effect of dissolved C12 concentra-  
tion on the i - V  data, we  still have reservat ions regard-  
ing the explanat ion given by Faita  et al. above in their  
discussion, since differences be tween  N2 and Cl2 purged 
runs would be expected to disappear at high C.D.'s (as 
they do for N2 and H2 purged h.e.r, measurements)  
when plotted as E vs. log i (Fig. 10 in the paper under  
discussion). Indeed, the use of m/log i plots as seen in 
Faita  et al.'s paper leaves quite  open the question of 
what  value of Erev their  ~] was based on. In an N2 
purged cell it may be suspected that  the C12 concentra-  
tion increased (certainly in the diffusion layer)  as the 
amount  of e lectrogenerated C12 increased f rom zero to 
the high C.D.'s used. In this context, Fai ta  et at. will  
doubtless be considering the comments  of Trasat t i  
above. Taking Trasatt i 's  reservat ions as to our state- 
ment  that  the use of ro ta t ing-disk  electrode made no 
difference to the shape of the cur ren t -vo l tage  plots, i~ 
should be borne in mind that  our s ta tement  applied 
only under  the conditions we repor ted  in the paper 
being discussed (e.g., C12 saturated) .  

(iii) We agree with  Fai ta  et aL. that  our electrodes 
with 10% precious metal  appear  to show less act ivi ty 
than their  samples, but  the comments  of Trasat t i  re-  
garding differences in N2 and C12 purged data should 
here be borne in mind. If, this factor having been 
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6.3 X l0 TM Ru atoms, the charge associated with  a 
one-elect ron exchange react ion over  all the film thick-  
ness would  be about 1 coulomb/cm -2. With reference to 
the (100) face of auO2, the number  of surface Ru 
atoms is 0.5 X l0 Is per cm2. 4z With a roughness factor 
as above, the charge associated to a one-e lec t ron ex-  
change surface reaction would be 80 X 200 ---- 16 mcou-  
lombs /cm-2 .  4~ Since the exper imenta l  charge 39 is about 
70 mcoulombs /cm -s, there  are still 54 mcoulombs /  
cm -~ which cannot be accounted for by surface modifi- 
cations. Thus, only about 5.4% of the Ru atoms in the 
bulk appear  to exchange electrons dur ing changes in 
p~en t i aL  However ,  the problem is more complicated 
than it would  appear  at first sight. In fact, it should be 
reasonable to assume constancy in the roughness factor 
with change in film thickness. However ,  we measured 39 
a charge of 17 mcoulombs /cm -2 for a �89 thick RuO2 
film. In this case, all the  charge could be accounted for 
by surface reactions, if the above roughness factor is 
adopted. Undoubtedly,  t he  two results are contrast ing 
and could be understood only if: (i) the BET surface 
area is not the electrochemical  surface area; (ii) atoms 
in the surface are  also reduced and oxidized in small  
fractions; and (iii) the  roughness factor decreases wi~h 
decreasing thickness of the film. Which of these models 
holds in pract ice cannot be established at the moment.  
We would l ike to emphasize here that  chemical  anal-  
ysis 49 has given for the nonstoichiometry of RuO2 the 
same order of magni tude  and the same direction of 
change as those suggested in Table I of our paper. 39 

Electrical properties of  RuOe 1ilms.--I~ is not com- 
pletely clear which model  is proposed by Kuhn and 
Mort imer  in the paper  under  discussion as regards 
the nature  of conduction in RuO2 films. The authors 
seem prone to consider RuO2 films as n - type  semi-  
conductors due to the  low value of conductivity.  This 
is, in principle, not real ly  a correct argument  since Bi 
is known ~o exhibit  low conduct ivi ty  while it is a me-  
tallic conductor. Further ,  reference to the dependence 
of conduct ivi ty  on the firing tempera ture  to support  
the above v iew does not appear  to be relevant .  In fact, 
measurements  carr ied out by Pizzini 's group 40 in this 
laboratory on Ru(>2 films on silica show conductivi ty 
increases wi th  increasing firing temperature .  Opposite 
behavior  would be expected if the semiconducting 
nature  were  related to the composition of the film, as 
Kuhn  and Mort imer  seem prone to think in the paper 
under  discussion. In other  words, a lower  firing t em-  
pera ture  would result  in a higher  nonstoichiometry 
which in turn  would be responsible for a higher  con- 
duct ivi ty  due to an increasing number  of electrons. 
Results show tha t  this is not the case. The positive t em-  
pera ture  coefficient of conduct ivi ty  40 for temperatures  
higher  than about 700~ is to be related to evolution of 
the  s t ructure  towards the crystal l ine state ra ther  than 
to semiconducting properties. Since the crystal  has a 
higher  conductivity, an increasing number  of small 
crystals in the film as the t empera tu re  is increased 
accounts for the increase in conductivity.  On the con- 
t rary,  for T below 700~ the tempera ture  coefficient of 
conduct ivi ty  is pract ical ly zero which suggests ra ther  
a metal l ic  behavior.  On the other hand, if the number  
of electrons is reasonably high, a mater ia l  could behave 
electrochemical ly  as a meta l  even though it were  
r igorously a semiconductor.  In fact, if the rate  of the 
electron movemen t  is h igher  than  the rate  of any step 
in the electrochemical  reaction, the result ing whole 
process is not l imited by the semiconducting nature. 
This may  be the case of RuO2 films. Our results wi th  
the Fe2+/Fe  3+ redox couple show that  the act ivation 
energy is about 5 kca l -mol  - i  for all types of films, 
which coincides with the value found for all metals  in-  
vestigated. 44 From this point of view, RuO2 films can 
be defined wi th  cer ta inty as metal l ic  in nature. T i -Ru  
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mixed oxides are  more  l ikely to be effectively n- type  
ionic semiconductors where  Ru atoms should act as 
donors at least for Ru  content  below 20%. 

Kinet ics  of Cl2 evolution on RuO2.- -Kuhn and Morti-  
mer  in the paper  being discussed observe that  the i r  
results are in disagreement  wi th  those obtained by 
Faita  and F i o r i Y  These authors give a detai led defense 
above in this Discussion Section. However ,  wi th  re fe r -  
ence to results obtained by us, the explanat ion given 
by Kuhn and Mort imer  in their  paper, in terms of 
different atmospheres above the solution during mea-  
surements, appears to us to be quite  reasonable. In 
fact, we have carr ied out measurements  in solutions 
saturated with C12 and N2, al ternat ively.  The curve in 
N2-saturated solutions is similar  to that  of Fai ta  and 
Fiori  with a Tafel  slope of about 35 mV dec -1, whereas  
the curve in C12-saturated solutions exhibits  a lower 
overvol tage at low current  density (a few mil l ivol ts  at 
1 m A / c m - 2 ) .  The exchange current  measured f rom 
linear i/~ plots has been found to be about 5 m A / c m  -2 
in very  good agreement  wi th  the value of Kuhn and 
Mort imer  in the paper under  discussion. However,  in 
C12-saturated solutions the i /E  curve  loses in definition 
and no definite Tafel  line can be identified. In the paper  
being discussed the authors worked with stat ionary 
electrodes, whereas  Faita  and Fiori  worked with  ro- 
ta t ing-disk  electrodes. We are not of the opinion, as it 
appears in the paper under  discussion, that  the use of 
ei ther  type of electrode is i rrelevant .  In fact, in 
N2-saturated solutions we obtained a quite definite 
Tafel  l ine for current  density up to 10 m A / c m  -2 work-  
ing with  s~ationary electrodes. At higher  currents, the 
overvol tage started to increase more rapidly in spite 
of vigorous stirring, whereas  Fai ta  and Fiori  wi th  the 
rota t ing-disk electrode were  able to obtain a definite 
Tafel  line at currents  higher  than 1 A / c m - %  

A. T. Kuhn and C. J. Mort imer :  The comments  from 
Drs. Trasatti, Faita, and Fiori  are, perhaps, best 
considered and replied to jointly, and their  points fall  
into four categories: (i) problems relat ing to the re-  
moval  of ohmic drops; (ii) the effect of C12 concentra-  
tion on the anodic i -V  data; (iii) the catalytic act ivi ty 
of the anodes; and ( iv)  the  nature  of thei r  electr ical  
conductivity.  

(i) Considering now the informat ion (not originally 
proffered) that  their  circuit  included a diode, and 
taking into account the other data now published, we 
are ent i re ly  satisfied as to the val id i ty  of the ohmic 
drop corrections of Faita  et al. 

(ii) Regarding the effect of dissolved C12 concentra-  
tion on the i - V  data, we  still have reservat ions regard-  
ing the explanat ion given by Faita  et al. above in their  
discussion, since differences be tween  N2 and Cl2 purged 
runs would be expected to disappear at high C.D.'s (as 
they do for N2 and H2 purged h.e.r, measurements)  
when plotted as E vs. log i (Fig. 10 in the paper under  
discussion). Indeed, the use of m/log i plots as seen in 
Faita  et al.'s paper leaves quite  open the question of 
what  value of Erev their  ~] was based on. In an N2 
purged cell it may be suspected that  the C12 concentra-  
tion increased (certainly in the diffusion layer)  as the 
amount  of e lectrogenerated C12 increased f rom zero to 
the high C.D.'s used. In this context, Fai ta  et at. will  
doubtless be considering the comments  of Trasat t i  
above. Taking Trasatt i 's  reservat ions as to our state- 
ment  that  the use of ro ta t ing-disk  electrode made no 
difference to the shape of the cur ren t -vo l tage  plots, i~ 
should be borne in mind that  our s ta tement  applied 
only under  the conditions we repor ted  in the paper 
being discussed (e.g., C12 saturated) .  

(iii) We agree with  Fai ta  et aL. that  our electrodes 
with 10% precious metal  appear  to show less act ivi ty 
than their  samples, but  the comments  of Trasat t i  re-  
garding differences in N2 and C12 purged data should 
here be borne in mind. If, this factor having been 
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eliminated, the difference persisted, it might  indicate 
some meri t  in having a mixed precious metal  system, 
or otherwise it could be a reflection simply on their 
and our preparat ive techniques. Fur ther  consideration 
of the activities of electrodes containing differing ratios 
of Ru :T i  have brought  us to the same conclusion in  the 
anodic sense, as Faita et al. have demonstrated on the 
cathodic side. We would not, however, refer to the 
cathodic l imit ing current  as a diffusion limited one. 

( iv)  With regard to the type of conductivi ty shown 
by the  oxide films, a-c impedance measurements  on 
these films 45 in  CI~ saturated brines at Erev failed to 
show the behavior  characteristic of a semiconductor, 
and reminding  Trasatt i  that  our suggestion of ",]" 
type conductivi ty was clearly labeled as tentative, we 
would now agree with him. 

The Thermal Power of the Solid Electrolyte Ag4MI5 
and of Molten Mixtures of the Same Composition 

K. E. Johnson, S. J. Sime, and J. Dudley 
(pp. 703-707, %ol. 120, No. 6) 

S. Chandra.~e In  the  paper under  discussion the 
authors have reported some very interest ing studies on 
solid and mol ten  Ag+MI5 (M ---- K, Rb). Their values 
of the thermal  power, 8, is lower than our values re-  
ported earlier 47 by a factor of three. Our measurements  
were made using massive silver electrodes which may 
not be reversible with the system as pointed out by 
the above authors in the paper under  discussion. It is 
now well  realized that  obtaining a reversible elec- 
trode for such systems is very tricky. A value lower 
than  our value is also expected on the basis of a recent 
theory given by Rice and Roth. 48 However, it has been 
our experience that the conductivi ty of Ag4KI5 de- 
pends upon the quenching rate, and a rapid quenching 
rate usual ly  gives a higher conductivi ty sample. This 
is probably due to a higher degree of cationic disorder 
which sets in the lattice for rapid quenching rates. In 
obtaining their compounds, the above authors of the 
paper being discussed solidify the molten mixture  by 
cooling it below the eutectic temperature  without going 
through a rapid quenching sequence. Even though the 
thermopower reported by the above authors corre- 
sponds with the theory 4s better  than  our values, 4~ it 
may be fortuitous. In  my opinion a more confirmed 
value of thermopower would be obtained by using our 
system for pellets or single crystals but  using better  
reversible electrodes. Two such electrodes may be: (i) 
silver electrode amalgamated with mercury and (ii) a 
pellet of powdered silver plus compound Ag4KIs. 

K. E. Johnson, S. J. Sime, and J. Dudley: Chandra  
et al. made measurements  only of the  thermopower 
of solid Ag4MIs. Alhough silver electrodes could be re-  
versible to these compounds in the solid state, we doubt 
if brass ones would be; the formation of a silver layer 
on the brass by a solid-state reaction 

Ag + + Zn/Cu-* Ag + �89 

would be necessary to have a chance of creating a re-  
versible system and other ions would be generated. A 
silver amalgam electrode may lead to bet ter  contact 
between electrode and compound but  we would be 
re luctant  to introduce mercury  into the system for 
fear of mercury  ion contaminat ion of the compound 
when microcurrents  flow. A pellet of powdered Ag W 
Ag4MI5 for an electrode does not seem to help either 
as one would still need to make a connection to it. 

Since the values of thermal  power obtained by us in 
the paper under  discussion showed no sharp rise on 
going from liquid where  contact is easy, to solid, we 

r C. J .  M o r t i m e r ,  To  be published. 
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conclude thai  Chandra et al. had poor electrode/com- 
pound contact and measured some tempera ture-sens i -  
tive function of this. Rapid quenching would tend to 
preserve the level of disorder appropriate to high tem- 
peratures so we might  expect their values for the solids 
to correspond more to ours for l iquids which are even 
lower. As stated in the  paper being discussed, the non-  
l ineari ty of the results of Chandra et al. also makes 
them suspect. Thermal  power values of 300-700 ~V 
K -1 seem to be common for silver salts in  the liquid 
state. 

Hydrogen Overpotential on Zinc Containing Small 
Impurities in Concentrated Alkaline Solutions 

T. S. Lee (pp. 707-709, Vol. 120, No. 6) 

F. Mansfeld: 49 The conclusion of the paper under  
discussion that "one can visualize that  almost all the 
impurities, including mercury in the zinc, will  make 
zinc more readily corroded in the alkaline medium" 
is in contradiction to many  published results. Earl ier  
studies of Vondracek and Jzak-Krisko 5~ showed that  
alloying of zinc with A1, Pb, and Hg decreased corro- 
sion rates (rH2) in 0.5N H2SO4, while Cd, As, Sn, Sb, 
Fe, and Cu increased rH2. Krug and Borchers 51 found 
that alloying with Fe (up to 310 ppm) increased rH2, 
bu~ alloying with Pb  up to 1% reduced this increase. 
Mansfeld and Gi lman 52 prepared Zn - P b  and Zn-A1 
alloys [up to 1 weight per cent (w/o)  Pb or All  and 
showed that TH2 values in 6N KOH were lower for these 
alloys than for pure zinc (99.999%). I found in addi- 
t ion that  very pure zinc (99.999%) corroded faster in  
6N KOH than zinc of lesser pur i ty  (99.95% and 99.9%) 
and a t t r ibuted this to lead impurities, since similar rH2 
values were found for 99.5% Zn and a Zn-0.8 w/o Pb 
alloys prepared from high pur i ty  materials.  53 

T. S. Lee's conclusion in  the paper under  discussion 
is, therefore, not  substant ia ted by exper imental  facts. 
In  addition, it is well  known that  corrosion rates are 
determined by the interact ion of oxidation and re- 
duction reactions. An  increase of the rate of the hydro-  
gen evolution due to alloying might  still not lead to 
an increase of corrosion rates because a still larger 
decrease of the rate of the metal  oxidat ion reaction 
has resulted from alloying. For the case of zinc in KOH, 
the exper imental  evidence suggests, however, that  
alloying elements affect main ly  the rate of the hydro-  
gen evolution reaction. 51,53 More recent detailed in -  
vestigations by Borchers and Krug 54 have shown that  
Cd and Pb accumulate  on the surface of Zn dur ing  the 
ini t ial  corrosion period and then inhibi t  corrosion due 
to their higher hydrogen overpotential.  Similar ly  from 
my results 53 it can be seen that lhe corrosion rate of 
pure Zn (99.999%) was constant  over 160 hr  after an 
init ial  decrease for 40 hr, while less pure zinc showed 
a longer period of decreasing corrosion rates. These 
results 53,s4 also suggest that the beneficial effect of 
alloying elements can be ent i rely missed in short t ime 
experiments  as it was apparent ly  in  the paper under  
discussion. 

T. S. Lee: First  of all, the main  purpose of the paper 
under  discussion was to present  hydrogen overpotential  
data in concentrated KOH solution with uniformly 
prepared samples in clean environment .  Mansfeld's 
comment above seems to have missed this point com- 
pletely. 

Second, the remarks the author made in the paper 
under  discussion and quoted by Mansfeld were only 
intended to refer to the few impuri t ies  ment ioned in 
the paper, i.e., Cd, Fe, Ca, Mn, and Hg; this was not 

49 Science Center, Rockwel l  International, T h o u s a n d  O a k s ,  Ca l i -  
f o r n i a  91360. 

eo R. Vondracek and I .  I .  J z a k - K r i s k o ,  Rec .  Tray.  Chim. ,  44, 376 
(1925). 

51 H.  K r u g  a n d  H.  B o t c h e r s ,  Electroch~m. Acta,  13, 2203 (1968). 
F.  M a n s f e l d  a n d  S. G i l m a n ,  This Journal,  117, 1328 (1970). 

~ F .  M a n s f e l d ,  Corrosion ScL, 11, 557 q1971). 
e, H.  Borchers and H. K r u g ,  MeSall, 24, 952 (1970). 
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a general  statement.  It  was also implied in the state- 
ment  that  impurit ies were present  in the concentra-  
tion range of 200-500 ppm and were uniformly dis- 
t r ibuted wi th in  the samples. It  is general  knowledge 
in electrochemistry that if sample A has a higher 
hydrogen overpotential  than  sample B, then sample A 
shows less corrosion than sample B in the same en-  
vironment .  The remarks in the paper under  discussion 
were made following this kind of reasoning after com- 
par ing the hydrogen overpotential  data. Mansfeld's 
comment  above might  be the result  of misreading the 
paper. 

Finally,  the corrosion rate measurement  by immers-  
ing a piece of the sample in  the solution and let t ing 
the corrosion products accumulate on the surface of 
the sample with t ime is quite different from the hy-  
drogen overpotent ial  measurement.  In the lat ter  case, 
the surface of the sample at the beginning and the end 
of the exper iment  is, or is nearly, the same, while in 
the corrosion rate experiment,  as ment ioned by Mans-  
feld in his discussion, the surface of the sample at the 
beginning and the end of the exper iment  is quite dif- 

ferent due to the corrosion reaction. The interpreta t ion 
of data obtained from the same surface wi thin  a few 
hours is more easily or meaningful ly  obtained than  
from a different surface after 160 hr  reaction. Besides, 
after certain lengths of time, the very minute  amount  
of impurit ies in the solution may be readsorbed on the 
electrode surface which will  effect the measurement .  

As to the accuracy of correlat ing hydrogen overpo- 
tential  data with those of corrosion rate measurements,  
there is a very nice correlation in our laboratory be- 
tween my hydrogen overpotential  measurements  and 
J. C. Cessna's 5s corrosion rate measurements.  In general, 
zinc containing Pb or Hg (in amounts  greater  than 
those discussed in the paper) has a higher hydrogen 
overpotential  in  concentrated KOH solution than pure 
zinc. In the corrosion rate measurement ,  it shows a 
lower corrosion rate which is completely agreeable 
with the published results. However, the result  of the 
Zn-A1 alloy in the work of Mansfeld et al. is quite dif- 
ferent from the work obtained in this laboratory. Since 
it belongs in  another  subject  of discussion, it  will  not 
be discussed here. 

J. C. Cessna, Private communication. 

Erratum 
In  the paper "Electrogenerated Chemiluminescence. 

XI. Electrochemistry and Electrogenerated Chemi- 
luminescence in Scinti l lator Dye Melts" by Csaba P. 
Keszthelyi and Allen J. Bard which appeared on pp. 

241-246 in the February  1973 JOURNAL, Voh 120, No. 
2, the cathodic l imit on the r ighthand side of Fig. 4 
should read --1.60 not --1.90. 
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ABSTRACT 

A1203 films, 200 nm thick, were chemically vapor deposited on (100) silicon 
substrates by hydrolysis of A1C13 at 900~ in a H2-rich atmosphere of H2 and 
CO2. Heat - t rea tment  in H2 atmosphere produces no change in the charge state 
of the oxide. Hea t - t rea tment  in O2, N2, or Ar  atmospheres produces only a 
redis tr ibut ion of the negative charge grown in dur ing deposition. Heat - t rea t -  
ment  in  H2 subsequent  to that in 02, N2, or Ar restores the original charge dis- 
t r ibution.  The fiatband voltage characterizing these shifts approached a con- 
stant  value with t ime (10V). The tempera ture  dependence of the rate  of 
approach to saturat ion is consistent with first-order kinetics and an activation 
energy of 1.42 eV. These results and the effects of anneal ing  on optically ac- 
tive charge t rapping centers are interpreted in terms of a simple phenomeno-  
logical model. It is suggested that the charge t rapping centers are due to a 
hydrogen-re la ted species formed during film deposition. 

A recent  paper  described an invest igat ion of elec- 
tronic charge t rapping in  chemically vapor-deposited 
thin films of A1203 on silicon (1). That  investigation 
was carried out on evaporated metal-A1203 insulator-  
silicon MIS structures. The ~echniques used to study 
t rapping phenomena were photoinject ion-photodepop- 
ulat ion measurements  (2) and high-f requency capaci- 
tance-vol tage (C-V) measurements  (3). The results of 
these measurements  were interpreted in terms of two 
distr ibutions of t rapped negative charges within the 
insulator.  

Electrons photoemitted into the insulator  and trapped 
within  ~he insulator  accounted for most of the insulator  
charge, t This negative charge was distr ibuted rather  
uni formly throughout  the insulator. It was also deter-  
mined to be a bounded dis tr ibut ion as a function of 
energy wi th in  the forbidden gap of the insulator, be- 
ginning approximately 2 eV below the conduction band 
edge. Some of this photoinjected t rapped charge could 
thus be released by photons of energy 2.5 eV and re-  
moved from the insulator. In  addition, a smal ler  nega-  
tive charge distr ibution was incorporated into the 
AleOs films during deposition. This charge was con- 
centrated near  the metal  electrode. 

The present paper presents and discusses a program 
of postdeposition hea t - t rea tments  carried out on chemi- 
cally vapor-deposited th in  films of A1203 and their  
effect on the electronic t rapping behavior of such films. 

Key  words :  MIS s t ructure ,  th in  dielectric films, p h o t o c o n d u c t i o n  
in  insulators,  C-V measuremen t s ,  chemical  vapor  deposition. 

T h e  c h a r g i n g  of insulator  f i lms by photoemiss ion of charge  c a r -  
r i ers  a n d  s u b s e q u e n t  c a p t u r e  i n t o  l o c a l i z e d  defect  states is r e f e r r e d  
to  as  p h o t o i n j e c t i o n .  It  was  prev ious ly  demons t ra t ed  tha t  nega-  
t ive c h a r g i n g  o f  a lumina  films could be ach ieved  by p h o t o i n j e c t i o n  
o f  e l e c t r o n s  f r o m  b o t h  t h e  s i l i con  a n d  m e t a l  e l e c t r o d e s  [see Ref.  
(1)]. 

These measurements  were under t aken  to obtain some 
insight as to the na ture  and origin of the t rapping cen-  
ters responsible for capture of photoinjected electrons 
(4). Results have been interpreted in terms of a phe-  
nomenological model of hydrogen-re la ted defects. 

Experimental Procedure 
Sample preparation.--All MIS specimens used in this 

investigation were prepared as previously described 
(1), wi th  the insulator  consisting of 200 nm of A1203. 
This thickness was selected on the basis of practical 
technological significance and on the basis of having 
thick enough film to obtain large measurable  currents  
during photodepopula~ion measurements.  A1.203 was 
deposited by hydrolysis of A1C13 at 900~ in a hydro- 
gen-r ich mix ture  of H2 and CO2 (5). The volume frac- 
l ion of gases enter ing the reaction zone were 0.02 CO2, 
0.005 A1C13, and the remainder  H2. Transmission elec- 
t ron diffraction on these films indicated a structure 
similar to bu lk  ~ A1203 (6), with a grain size of 10-30 
r i m .  

Measurement techniques.--The principal  measure-  
ment  techniques used were photoinject ion-photode- 
populat ion (2) and high frequency C-V measurements  
(3). The equipment  and procedures used have been 
described in detail in the previous publication in this 
series (1). A brief technical description of the first 
technique is given in the Appendix to the presen~ 
paper. The photoinject ion-photodepopulat ion and C-V 
measurements  were made in separate exper imenta l  
facilities. 

In  general, flatband voltages, VFB, as determined by 
C-V measurements  (7, 8), are used to determine the 

1707 
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productx-Q,  where x--is the first moment  (the centroid) 
of the charge dis tr ibut ion within the insulator  and Q 
is the total  charge wi th in  this dis t r ibut ion 

1 L L 

In these expressions p (x) is the charge density within 
the insulator  a~ some distance x from the metal  elec- 
trode interface (L ---- insulator  thickness, see Table I) .  
As discussed in the section on Results and Discussion 
these measurements  were performed at any desired 
stage of the fabrication and anneal ing processes on the 
insulator  films. Also, these measurements  have been 
made b~th before and after photoinjection of electronic 
carriers into the insulator (1). t In  this case, the as- 
sociated differences in  VFB were in terpre ted in terms 
of electrons captured in t rapping states dur ing  t rans-  
port across the insulator  film. 

The insulator  charge was also investigated by elec- 
trometric measurements  of trapped charge released by 
optical photons below the photoinjection threshold. 2 
The measurement  of pr imary  interest  was total  re-  
leased charge vs. applied voltage (Q-V),  measured 
with fixed optical wavelength  [480 nm in the present  
case, this being slightly below the silicon-A1203 photo- 
injection threshold (9)].  As discussed previously (1), 
these experiments  were analyzed in terms of optically 
accessible t rapped charge (i.e., that  fraction of the 
total insulator  charge which can be optically excited 
into the A12Os conduction band  by 480 n m  light) and 
"fixed" insulator  charge (i.e., that fraction of the in-  
sulator charge which cannot be photoexcited to con- 
ducting states by 480 nm light).  In  these experiments,  
the centroid x and the total charge Q within  the insula-  
tor charge distr ibution p(x) can be separated (2). 

The Q-V measurements,  as the C-V measurements,  
can be performed at any  desired stage of the oxide 
deposi t ion-heat - t rea tment  cycle. Also, C-V measure-  
ments  were made before and after photodepopulation 
to determine the in te rna l  consistency of the basic ex-  
per imental  in terpreta t ion just  described. 

Heat - t rea tments .~Al l  heat - t rea tments  were carried 
out in  a diffusion furnace and /or  a closed reactor (the 
same uni t  used for film deposition) at temperatures  at 
or below the  deposition temperature.  Transmission 
electron microscopy and diffraction data obtained on 

Opt ica l  exc i ta t ion  of  trapped charge carriers into mobi le  states  
and removal  of  the  r e l eased  cha rge  f r o m  the  insulator is  r e f e r r e d  to 
as p h o t o d e p o p u l a t i o n .  

Table I. Definitions of terms 

MOS capac i to r  cha rac t e r i s t i c s  
A ---- area of  the meta l  e lectrode (0.1 ----- 0.02 cm~) 
L ---- th ickness  of  the d ie lec t r i c  (2.0 • 0.1 x 10 "~ era) 
C ---- capac i t ance  per  uni t  area  
�9 = d ie l ec t r i c  permit t iv i ty  of  Ah~:)s = 8.42 • 10 - 2  F / c m  
e e l ec t ron ic  cha rge  (coulomb)  
IV ---- cha rge  dens i ty  in the i n s u l a t o r  ( cm~)  

CV m e a s u r e m e n t s  
VF~I ---- f l a tband  v o l t a g e  of  as -depos i ted  s a m p l e  (V) 
VFBa ---- f l a tband  v o l t a g e  a f t e r  photolnject ion  in as -depos i ted  sam-  

ple  (V) 
V F ~  ---- f l a tband  v o l t a g e  a f t e r  photodepopulat ion  in as -depos i ted  

s a m p l e  (V) 
V 'Fs l  = s a t u r a t i o n  f l a tband  v o l t a g e  v a l u e  r eached  d u r i n g  heat -  

t rea tment  in n i trogen (V) 
V'FB2 ~. fiatband vol tage  after photo inject ion  i n  h e a t - t r e a t e d  s am-  

p les  (V) 
V'z~m ~= f l a tband  v o l t a g e  a f t e r  p h o t o d e p o p u l a t i o n  in  heat - treated  

samples  (V) 
Q-V m e a s u r e m e n t s  (see F ig .  3a, 3b)  

q ---- t o t a l  r e l ea sab le  cha rge  = q§ -- q -  (coulomb)  
x z  ~ distance  of  the centroid of  the r e l ea sed  cha rge  f r o m  the 

q+ 
m e t a l - i n s u l a t o r  i n t e r f a c e  ---- - -  (cm) 

q+ -- q_ 
V§ Vo 

Qf l  ---- pa r t  of the f ixed charges  h a v i n g  c e n t r o l d  .~i = A C ~  
V§ -- V-  

Qf2 ~ r e m a i n i n g  p a r t  of the  f ixed cha rges  (coulomb)  
xs  ~- distance  of  the centroid  of  Qf~ f r o m  the  m e t a l - i n s u l a t o r  

i n t e r f a c e  (cm) 

Corresponding quant i t ies  in heat - treated  spec imens  are des ignated  
by  p r i m e d  v a r i a b l e  (e.g. ,  q ' ,  x ' ,  etc.) 

samples subjected to the most severe hea t - t rea tments  
showed no measurable  change in crystal  s tructure or 
morphology from as-deposited samples. Thus, all  speci- 
mens measured in  the present program were s t ructur-  
ally the same as polycrystal l ine bulk  z-alumina.  

The following anneal ing sequences on Si/A1208 spec- 
imens were studied: (i) a series of hea t - t rea tments  
was carried out in  ni trogen atmosphere (3 lpm flow 
rate) as a funct ion of temperature  (450~176 and 
t ime (0.25-48 hr) ; (if) a series of anneal ing t reatments  
was carried out at 900~ for 2 hr in N2, Ar, 02, arid H2 
atmospheres; and (iii) a series of anneal ing t reatments  
was carried out at 900~ for 2 hr in various mixtures  
of H2 and N2, in order to determine the effect of var ia-  
tions of the part ial  pressure of H2 (PH2). High fre- 
quency C-V measurements  were performed on speci- 
mens after each step in the sequences just  described. 
On selected specimens, C-V measurements  were also 
performed after photoinjection and after subsequent  
photodepopulation at 480 nm. Photodepopulat ion Q-V 
measurements  were also performed at selected steps 
in the several anneal ing  sequences. 

Each of the measured data points to be described in 
the next  section represents an average of at least six 
samples. Variations from sample to sample are shown 
by error bars or ranges wherever  such variat ions were 
measurable.  In  the cases where these are not shown, 
the variations were wi th in  the exper imental  accuracy 
(bet ter  than  _ 10%) of the par t icular  measurement .  

Results and Discussion 
In  this section, the results of various experiments  are 

presented and described. These results are analyzed in 
terms of a phenomenological  model of hydrogen-re la ted 
electron t rapping defects in  A1203 in the section on 
Model for Electron Trapping in A1~O3. The notat ion 
and terminology used to describe the exper imental  re- 
sults and the analysis are listed in  Table I. These nota-  
tions are consistent with Ref. (1) and (7). Fur ther  
simplification is made by using the centroid and  the 
total charge to characterize the  spatial dis t r ibut ion of 
the charges in the insulator  (i.e., x and Q as described 
in Eq. [1]). These are preferred to the integral  ex- 
pressions in Eq. [1], since this is the extent  to which 
charge distr ibutions can be specified using the present  
techniques. 

As-deposited samples.--The photoinject ion-photode- 
populat ion and C-V measurements  on as-deposited 
samples were described in the first paper  in  this series 
(1). A summ~ry of the results of these measurements  
is given in  Table II, since the measurements  on heat-  
treated samples (described below) are to be compared 
with the results on as-deposited samples. It  was shown 
in (1) that the th in  films of chemically vapor-deposited 
A1203 on silicon have "grown-in"  negative charges (de- 
noted by Nr2) localized near  the metal  electrode in ter-  
face. The centroid was found to be 0.14L measured 
from the metal-A1203 interface (4). These charges give 
rise to the ini t ia l  f latband voltage, VFB1, observed on 
the as-deposited samples. During photoinjection, addi-  
t ional charges NT are t rapped in  the insulator, with 
centroid Xl = 0.7L. This increases the flatband shift to 
VFB2. During photodepopulation, electronic charge of 
number  density nT is removed from the insulator, leav-  
ing behind a "fixed" negative charge Nfl. Thus, only 
a part ial  recovery in  the f latband voltage occurs (VFB3 

V F B I ) .  

Heat-treated samples.--The heat - t rea tments  were 
carried out on A120~ deposited on silicon, with time, 
temperature,  and atmosphere as parameters,  as de- 
scribed in the section on Exper imenta l  Procedure. 

Figure 1 shows the results of flatband voltage mea-  
surements  as a funct ion of t ime and temperature  of 
heat- t reatment .  These hea t - t rea tments  were carried 
out in an N2 atmosphere. The curves are computer-  
plotted least squares best fit to the exper imental  data 
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Table II. Summary of results on as-deposited samples 

F l a t b a n d  v o l t a g e  s h i f t s  (see T a b l e  I)  

V r a t  = 2.0 _ 1.0V VFB2 = 3 8 . 5  - -  2.0V VrBs = 2 9 . 0  "~- 2.0V 

E q u i v a l e n t  c h a r g e  d e n s i t i e s  (see  Tab l e  D 
T h e  n u m b e r s  q u o t e d  a r e  v o l u m e - a v e r a g e  e q u i v a l e n t  c h a r g e  densE- 
t ies .  r e l a t e d  to n e t  c h a r g e  or  v o l t a g e  d a t a  f r o m  C - V  o r  Q - V  e x -  
p e r i m e n t s  b y  t h e  d e f i n i n g  r e l a t i o n s  

Q 
eLN = -- = CV 

A 

1. F i x e d  c h a r g e s  in  a s - d e p o s i t e d  s a m p l e s  
C 

x2Nf2 = - -  (VFs l ) :  Nf2 = 2.1 x 10 ~7 c m  -s, x2 = 0.14L 
e 

2. T r a p p e d  c h a r g e s  i n t r o d u c e d  b y  p h o t o i n J e c t i o n  
C 

~NT = -- (VFB.~ - -  V F B I ) :  NT = 6 .4  x I 0  I~ c m  -~, x'-i = 0 . 7 0 L  

xlNtx = - -  (VFBs -- Vrm): N~I = ( 4 . 9 ~ 0 . 2 )  x 101T era-% xx = 
c 

0.70L 
3. T r a p p e d  c h a r g e s  r e m o v e d  b y  pho todepopuLa t i on  

C 
XInT = -- (VFB2 -- VFBa): nT ----- (1.5 ----- 0,2) X I0 t7 cm -$, X l  = 

e 
0.70L 

F r o m  Q - V  m e a s u r e m e n t s :  

q q+ -- q _  

eLA eLA 

Qtl C(V§ -- V_) 
Nfl 

eLA eL 

x l  V+ -- Vo q .  

L V§ -- V-  q+ -- q -  

and the parameters  are given in  the figure caption. 
The following observations can be made from the re- 
sults: (a) the flatband voltage as a funct ion of time 
reaches a saturat ion value, V'FBt; (b) V'FBt is approxi-  
mately independent  of temperature;  and (c) the rate 
at which V'FB 1 is reached is determined by 
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Fig. 1. VFB VS. time for thermal heat-treatments at different 
annealing temperatures T. The solid curves represent least squares 
best fits of the data to the two-parameter exponential function 
indicated in the drawing. The root mean square deviation for the 
several curves range from 0.192 (800~ to 0.419 (650~ The 
average value of V'FBt = VFB1 -~- AV 'FBt  for the severat curves 
is 12.5V. A 48-hr anneal at 600~ resulted in V'FB = 12.3V, con- 
sistent with the data shown. A 48-hr anneal at 450~ produced no 
significant flatband shift [see Ref. (4)].  

Table III. Results of heat-treatments in various atmospheres 
(900~ 2 hr) 

F l a t b a n d  v o l t a g e  VFB 
A t m o s p h e r e  of  h e a t - t r e a t m e n t  a f t e r  h e a t - t r e a t m e n t , *  V 

N~ 12.4 -4- 2.0 
A 10.0 --~- 2.0 
0 2  12 .7  _ 2 .0  
H2 2.9 ~ 1.0 
N2 f o l l o w e d  by  H2 2.9 • 1.O 

* F l a t b a n d  v o l t a g e  i n  a s - d e p o s i t e d  c o n d i t i o n  w a s  2.0 ~ 1.0V. 

- ~ V ' F B  • AT~'FBI ( 1  - -  e x p  - - t / T )  [ 2 ]  

w h e r e  
A V ' F B  = V ' F B  ( t )  -- V F B I  

A V ' F B 1  ~ V ' F B 1  - -  V F B 1  

and where the reaction t ime T is a decreasing funct ion 
of temperature.  

In  order to determine the effect of ambient  a tmo- 
sphere on V'Fm, hea t - t rea tments  were carried out at 
900cC for 2 hr in various atmospheres as previously 
described. The results are listed in Table III. There is 
essentially no change in VFB produced by hydrogen 
annealing treatments. However, in all other atmo- 
spheres, the shift in VFB after heat-treatment is the 
same. Therefore, the effect observed in  these heat-  
t reatments  appears to be caused by a change in some 
hydrogen-re la ted species rather  than  some oxidation- 
reduction process. Further ,  as indicated in Table III, 
samples which had been heat- t reated in N2 and subse- 
quent ly  heat- t reated in H2 at 900~ exhibited flatband 
shifts essentially the same as those observed in  as- 
deposited specimens. Thus, the effect of hea t - t rea tment  
in ni trogen is reversible by subsequent  hea t - t rea tment  
in hydrogen. 

Assuming that a change in some hydrogen-re la ted 
species was responsible for the observed shift in the 
flatband voltage, a dependence on H2 part ial  pressure 
in the anneal ing ambient  was anticipated. A limited 
number  of hea t - t rea tments  were carried out in various 
mixtures  of H2 and N 2  at 900~ for 2 hr, and the results 
of these experiments  are shown in Fig. 2. These data 
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Fig. 2. V'FB vs. PH2, for a 2-hr annealing treatment at 900~ 
The indicated errors represent extreme values for the several speci- 
mens measured. 
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Table IV. Results of C-V measurements on heat-treated samples 

C o n d i t i o n  o f  s a m p l e  ( S e e  T a b l e  I) F l a t b a n d  v o l t a g e ,  V 

A f t e r  h e a t - t r e a t m e n t ,  V'uFt  12.0 • 2 .0  
A f t e r  p h o t o i n j e c t i o n ,  V'FB= 40.3 ~--- 3.0 
A f t e r  p h o t o d e p o p u l a t i o n ,  V ' r ~  33.7 • 2 .0  

are V'FB1 VS. ~H2, the part ial  pressure of H2 dur ing the 
anneal ing  t reatment .  I t  can be seen that  V'FBt increases 
monotonical ly as PH2 is reduced. 

In  all of these measurements  the observed flatband 
shifts are proport ional  to xQ, as defined in Eq. [1]. 
Thus, an  increasing VFB may be caused by an increase 
in ne~ negative charge Q dur ing annealing,  a shift in 
centroid of the ini t ial ly existing charges in  the as- 
deposited samples toward the S i /A603  interface (i.e., 
an increase in x) ,  or both. As described later, the re-  
sults of C-V measurements  after photoinjection on 
heat- t reated samples showed that  no charge had been 
added to the insulator  dur ing the heat - t rea tment .  
Therefore, the centroid of the as-deposited negative 
charges must  have shifted toward the Si/A120~ in ter -  
face. 

Photoelectvical measuremen t s .~On  some samples 
which had been heat - t rea ted to saturat ion (i.e., to 
a t ta inment  of V'FB1), the photoinjection and photode- 
population measurements  were carried out, as described 
in Ref. (1) and  in the section on Exper imental  Pro-  
cedure. Table IV lists the results of C-V  measurements  
after heat- t reatment ,  after photoinjection, and after 
subsequent  photodepopulation. It can be seen from 
these results that  the flatband voltage after photoin-  
ject ion o n  heat-~reated samples, V'FB2, is essentially 
the same as VFB2, the flatband voltage after photoin-  
jection on as-deposited samples (see Table II) .  Also, 
the recovery resul t ing from photodepopulation, AV'FB 
= V'FB2 -- V'FB3, is apparent ly  less than  the corre- 
sponding AVFB on as-deposited samples. 

Figure 3 shows the results of Q-V measurement  on 
as-deposited and on heat- t reated samples. From this 
data, the parameters  n't, N'fl, N'T, X'l, etc., were calcu- 
lated and the results are summarized in Table V. These 
results indicated: (i) the centroid of both fixed and 
optically released charges in hea~-treated samples is 
essentially the same as the centroid of photoinjected 
charges in as-deposited samples, (ii) the density of the 
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Fig. 3a. Photodepopulation Q-V data (solid circles) from as-de- 
posited MIS specimen. The important quantities q•  V •  and Vo 
are indicated by dash lines on the diagram (see Tables I and II). 
The solid lines represent the idealized response expected from the 
distributions nT and Nfi  [see Tables I and II, Fig. 4(B-D), and Ref. 
(1)]. Deviations from this idealized curve are associated with the 
interfacial grown-in negative charge distribution Nf2 [see Tables 
I and II and Ref. ( I ) ] .  
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Fig. 3b. Photodepopulation Q-V data (solid circles) from MIS spe- 
cimen heat-treated in nitrogen. The annealing time was sufficient 
to produce a saturated flotband shift V'FBt (see Fig. 1). The im- 
portant quantities q'•  V ' •  and V'o are indicated by dash lines 
on the diagram (see Tables I and V). The solid lines represent the 
idealized response expected from the distributions n'T and N'r : 
N'fl  -t- N'f2 [see Tables I and V and Fig. 4(E-H)]. The absence of 
significant deviation from the idealized response indicates that no 
interfacial distribution exists (i.e., no charges corresponding to Qf.~ 
or N ~  in as-deposited samples). 

optically released charge is less in heat- t reated sam- 
ples than  in as-deposited samples, and (iii) there are 
no charges in the heat - t rea ted  samples which corre- 
spond to the grown- in  charges Nf2 located near  the 
metal-A1203 interface in the as-deposited samples (see 
Table II) .  It should be noted that the locations of the 
centroids were quite reproducible from sample to sam- 
ple and, therefore, they may be related to the deposi- 
tion process. 

Model for Electron Trapping in A[203 
The observed shift in the flatband voltage was ap- 

parent ly  caused by a change in some hydrogen-re la ted 
species in the A1203 films (see Table III) .  Incorpora- 
tion of hydrogen in these films is consistent with depo- 
sition conditions, since hydrolysis of A1C13 is accom- 
plished in nominal ly  98% by volume hydrogen atmo- 
sphere. The over-al l  deposition reaction, suggested by 
Tung and Caffrey (5), is 

2A1C13 + 3H2 + 3CO2 : A12Oa + 6HC1 + 3CO [3] 

It  can be shown that the thermodynamics  of this reac- 
t ion are favorable for formation of the stable phase 
a-A1203 (10). However, the deposit is a metastable 
phase, ~-A1203. In  bu lk  materials,  ~-A1203 is produced 
as one of the metastable  products resul t ing from de- 
hydrat ion of A10-OH (11). These metastable phases 

Table V. Results of Q-V measurements on heat-treated samples 
(see Fig. 3b) 

N u m b e r s  q u o t e d  are  v o l u m e - a v e r a g e  e q u i v a l e n t  c h a r g e  d e n s i t i e s ,  
d e f i n e d  i n  T a b l e  I I .  

D e n s i t y  of  o p t i c a l l y  r e l e a s a b l e  c h a r g e s ,  n 'T  
D e n s i t y  of f ixed  c h a r g e s ,  N ' f  
D e n s i t y  o f  to ta l  c h a r g e s ,  N ' ~  + n'T 
C e n t r o i d  of  n 'T  a n d  N ' f ,  x 'z  

q" q'+ - -  q ' _  

n ' T  -~ - -  
e l . , A  e L A  

x ' z  V '+  - -  V'o 

L V '+  - -  V ' -  

(1.0 ~ 0.1) • 10 iv cm "-s 
(5.7 • 0.2) x 10 z7 c m  -s 
6.7 x 10 i7 c m  -~ 

(0.75 "4- 0.10) L 

Q ' r l  C ( V ' .  --  V ' - )  
N ' f  = 

e L A  eL  

q'+ 

q,+ -- q,_ 

As  i n d i c a t e d  in  F ig .  3b, Q'f2 is  z e r o  in  h e a t - t r e a t e d  s p e c i m e n s  (see  
T a b l e  I I .  T h u s ,  t he  i n t e r f a c i a l  c h a r g e  d i s t r i b u t i o n  o b s e r v e d  in  a s -  
d e p o s i t e d  f i lms  (Nf2) is  n o t  o b s e r v e d  i n  h e a t - t r e a t e d  f i lms .  
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are repor ted  to be nearly,  bu~ not  completely,  anhy-  
drous. They re ta in  some of the  c rys ta l  s t ruc tura l  char -  
acterist ics of the  pa ren t  phase (12). Thus, it  is r ea -  
sonable to expect  some form of hyd rogen - r e l a t ed  "de-  
fect" species in these A1203 films. 

The proposed model  is summar ized  in Fig. 4 which 
shows a one-d imens iona l  schematic  represen ta t ion  of 
the  spa t ia l  d is t r ibut ion  of charge in AI~O~. I t  also 
demonst ra tes  the  var ia t ion  of these d is t r ibut ions  wi th  
specimen hea t - t rea tmen~ a n d / o r  photoinject ion and 
photodepopulat ion.  Note  tha t  the  d is t r ibut ions  are  r ep -  
resented  by  xQ, i.e., by  to ta l  charge  located at  the dis-  
tribu~ion centroids.  I t  is proposed that  both  negat ive  
charges near  the  me ta l  electrode in ter face  (Nf2, see 
Table  II)  and hyd rogen - r e l a t ed  defect  centers  exis t  in 
the  as -depos i ted  films, Fig. 4A, B, and E. The hydrogen  
species are  p resumed  to be  neu t ra l  (when unoccupied)  
t rapp ing  centers. Dur ing  hea t - t r ea tmen t  some of ~he 
neut ra l  centers  t h e r m a l l y  decompose, consuming the 
in i t ia l ly  exis t ing nega t ive  charge f rom the  N~ dis t r i -  
bution, Fig. 4F. One possible mode in which  this  p roc-  
ess can occur is tha t  the  decomposi t ion of the  defect  
center  re leases  an H + ion. This H + ion then  diffuses 
toward  the outer  surface, combines wi th  a negat ive  
charge, and escapes as pa r t  of a neu t ra l  H2 molecule.  
The ex ten t  of this  process would  thus  depend  on the 
hydrogen  content  of  the  a m b i e n t  I t  should be empha-  
sized tha t  it  is not  necessary to pos tu la te  a deta i led  
process such as descr ibed above for analysis  of any 
resul t  except  the  dependence  of the  f latband vol tage 
on par t i a l  pressure  of hydrogen.  The over -a l l  process 
may  be descr ibed by  a react ion 

(Neut ra l  defect)  + (Negat ive  charge  f rom Nf2) 

= (Negat ive ly  charged defect)  [4] 

I t  is fur ther  suggested that  the  neu t ra l  hydrogen  de-  
fect centers  can also be conver ted  to nega t ive ly  charged 
defects by  t rapp ing  e lect rons  dur ing  the photoinject ion 
process (Fig. 4C). The concentra t ion  of these centers  is 
given by  NT(X) (wi th  centroid  Xl). A t  any  given stage 
of the anneal ing cycle:  

Nd (x) = concentra t ion of decomposed centers  at  x 

Nu (x)  = concentra t ion  of  undecomposed centers  a t  x 

where,  
N r ( x )  = Nd(X) + Nu(x)  [5] 

If is is assumed that  the  to ta l  number  of cen~ers that  
wi l l  decompose at  any  posit ion x, at  saturat ion,  is p ro -  
por t iona l  to the to ta l  concentra t ion of these  centers  at  
x, i.e. 

Nd(X) = ANT(X), A -"- constant  

then 

Nu(x)  = NT(X) (1 --  A)  [6] 

Therefore,  Nu(x) ,  Nd(x) ,  and NT(X) wi l l  al l  have the 
same centroid  xl, Fig. 4F. Al though  there  is no pr ior  
just if ication for this last assumption,  it  is reasonable  
since the  decomposi t ion events  should be t he rma l ly  ac-  
t iva ted  in a r andom manner .  I t  is also consistent  wi~h 
the observed resul ts  of Q-V measurements  on a s - d e -  
posi ted as wel l  as he a t - t r e a t e d  samples, since the  cen-  
t ro id  of the charges NT and N'T and N'f~ is the  same 
(see Tables II  and V and Fig. 4B and G) .  

The m a x i m u m  number  of neu t ra l  g rown- in  centers  
tha t  can decompose is l imi ted  by  Nf2 according to Eq. 
[4]. Thus, a f te r  hea t - t r ea tmen t ,  the  sa tu ra t ion  f la t -  
band  voltage, V'Fm, is g iven b y  
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VFB1 _--% B :  mv, ~-_ eL 2 
V'FB1 = ~ N d m a x  - -  ~ "  , f 2 ~  -- X2 �9 

[7] 
where Ndmax -- N'f2 the m a x i m u m  concentrat ion of de- 

composed centers and V F B 1  = - -  BNa is the as-de- 
L 

posited fiatband shift. Note that, as in  Ref. (1), the 
work-funct ion  term and the surface-state term in  the 
expression of the fiatband voltage (7) are neglected 
since their  contr ibut ion was shown to be wi th in  ~he 
range of reproducibil i ty of the  C-V measurements .  Us- 
ing the values of VFB, ---- 2.0V, ~ ,  = 01L, and 72 ---- 
0.14L for the as-deposited samples, the predicted value 
of V'FB* is 10V. This value agrees with the observed 
value of V'FB1 ---- (12 +__ 2)V (see Tables II and IV). 

Time dependence of the flatband voltage during heat- 
treatment.--  If Nd ---- concentrat ion of centers decom- 
posed at t ime t then ( N d m a x  - -  N d )  equals the concen- 
t ra t ion of centers that remain  to be decomposed, and 
i f  first-order kinetics are assumed 

d(Ndmax -- Nd) 
oc (Ndmax -- Nd) [8] 

dt 
and therefore 

N d ~ , .  - -  N d  
= exp ( - t / ~ )  [9] 

Ndmax 

where z is a characterist ic decay t ime for the decom- 
posit ion reaction, Eq. [4]. The concentrat ion of  defect 
centers may be converted to flatband voltage, and the 
result  is given by Eq. [2] and is fit to the data in Fig. 1. 

A plot of 1/T vs. 1000/T, T ---- absolute temperature,  
is shown in  Fig. 5. From the slope of this plot, an ac- 
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Fig. 5. i / z  vs. IO00/T, where 1/'~ : statistically fit parameter 
from isothermal annealing data (Fig. 1) and T = annealing tem- 
perature. The error estimates on individual data points (solid circles) 
are obtained from the statistical fit of Fig. 1. The solid line is a 
statistically weighted least square fit of the data to the two-param- 
eter exponential function indicated on the drawing. R is the gas 
constant. The quoted error on the resultant activation energy rep- 
resents the rms error of the weighted fit. 

t ivat ion energy E was determined from the decomposi- 
t ion reaction [4], E ----- 33 _+ 1 (kcal /mole) .  According to 
the suggested mechansim of the decomposition process 
this energy can be related to either the decomposi- 
t ion of the center or the diffusion of the hydrogen ion. 
Diffusion data on hydrogen-re la ted  species in a lumina 
are not available and, therefore, it is not possible at the 
present t ime to isolate the rate l imit ing process. We 
suggest that the kinetics of the postulated decomposi- 
t ion reaction, Eq. [4], are l imited by diffusion of hydro-  
gen. 

Photo~njection-photodepopulation in heat-treated 
samples.--The basic thesis, depicted in Fig. 4E and F, 
is that  hea t - t rea tment  results in  a reaction between 
some of the centers NT and the charges denoted as Qf2. 
These decomposed centers are negatively charged and 
cannot trap electrons dur ing photoinjection. Thus, the 
max imum number  of centers that can trap electrons 
in samples heat- t reated to saturat ion is N'T -- NT -- Nf2 
(Fig. 4F). 

If it is fur ther  assumed that  the  distr ibution in  en-  
ergy of available t rapping states (1) is diminished uni -  
formly dur ing  decomposition (i.e., the density of sites 
is diminished without  al tering the distr ibutions in space 
and energy)  it follows thai  

~tT ~ T  
= [10] 

N'T NT 

Using the values of NT, Nfl, Nf2, and nT obtained for 
as-deposited samples (Table If), the predicted value 
of n'w ---- 1.0 X 1017 cm -s. This value is in excellent 
agreement with the observed value of n'T ---- 1.0 X 1017 
cm -3. Similar calculations can be performed to predict 
the value of various measured parameters from both 
C-V and Q-V experiments, based on the proposed 
model of %rapping defects and on the equivalent 
trapping state densities obtained for as-deposited films. 
Such predicted values are compared with the measured 
values of the important parameters in Table VI. It is 
clearly demonstrated that the proposed model is en- 
tirely consistent with the experimental results of this 
research. 

Flatband shi~ts from heat-treatments in H2/N2 gas 
mixtures.--A brief series of hea t - t rea tments  in H~/N2 
atmospheres was described in  the section on Results 
and Discussion. The data show a monotonic increase 
in  the saturat ion flatband shift with decreasing hydro-  
gen partial  pressure. This would be expected if the de- 
composition of these centers requires hydrogen to be 
removed from the film. At tempts  have been made to 
develop an analyt ical  expression for the funct ional  de- 
pendence of the flatband voltage on PH2 based on the 
thermodynamics  of the reaction represented by Eq. [4] 
and are presented elsewhere (4). The reversibil i ty of 
the charge redis t r ibut ion resul t ing from subsequent  
hydrogen hea t - t rea tments  implies that no significant 
s t ructural  relaxat ion occurs upon decomposition. In 
view of the small  "atom" fraction that these hydro-  
gens constitute %his seems reasonable. In  this respect it 
should be noted that  the very  small  grain size of 
these films (~20 nm)  implies a rather  large number  
of grain boundary  related sites. Thus, the sites which 
decompose because the hydrogen can get away from 
them may be related to grain boundaries.  

Table VI. Comparison of observed and predicted values of various 
parameters based on the proposed phenomenologicul model 

Observed  va lue  P red ic t ed  va lue  

n '  1.0 X 101~ cm -~ 1.0 • 1017 em -a 
N't 5.7 x 1017 cm -~ 5.4 x 101~ em -~ 
Charges corresponding to 

Nt2 0 0 
V'FBI 12.0V 10.0V 
V'FBs 36.5V 40.3V 
A V ' P B  ( =  V 'FB2 - -  V'Fsa) 6.3V 6,5V 
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Summary and Conclusions 
The present experiments  indicate that postdeposition 

anneal ing t reatments  in Ar, O2, and N2 atmospheres re-  
sult only in a redis tr ibut ion of the negative charge 
grown into chemically vapor-deposited films of A1.,O3 
on silicon. The flatband voltage shift after hea t - t rea t -  
ment, which is a measure of this redistribution, reaches 
a saturat ion value of approximately 10V. This satu- 
rat ion value is independent  of anneal ing temperature  
in the range of 600~176 No flatband shift (and 
hence no charge redistr ibut ion)  is observed after an-  
neal ing in H2 a~mospheres. Also, the effect of heat- 
t rea tment  in Ar, N2, and 02 is reversible by subsequent  
hea t - t rea tment  in hydrogen. The tempera ture  depen-  
dence of the rate of approach to saturat ion is con- 
sistent with a first-order kinetic process with an acti- 
vat ion energy of approximately 33.0 kcal/mole.  

The total insulator  charge after ultraviolet  photo- 
injection of electrons into the A1203 films was the same 
in heat- t reated specimens (for all anneal ing atmo- 
spheres) as in as-deposited specimens. The average 
number  density of total negative charges was approxi-  
mately  6 >< 1017 cm -3. The fraction of insulator  charge 
which could be photodepopulated by 2.5 eV photons 
was approximately 25% in as-deposited films and 17% 
in films annealed in Ar, N2, or 02. In both as-del~osited 
and annealed specimens, photoinjected electronic 
charge was distr ibuted rather  uni formly throughout  
the insulator  film, with a distr ibution centroid located 
approximately 0.7L from the metal  electrode (L ---- in -  
sulator thickness).  Fixed charges which incorporated 
into the as-deposited specimens near  the  metal-A1203 
interface (average density 2 >< 10 z7 cm -3) were not 
observed in specimens annealed in Ar, N2, or O2. 

The experiments  were interpreted in terms of a phe- 
nomenological model of hydrogen-rela ted t rapping 
centers in A120~. During the anneal ing t reatments  these 
centers decompose. This decomposition consumes the 
negative interracial charges grown into the A120~ MIS 
specimens dur ing ini t ial  deposition. Thus, the number  
of centers decomposing during subsequent  heat - t rea t -  
ment  is l imited by the number  of g rown- in  charges. 
The hydrogen-re la ted defect, which is electrically neu-  
tral  in the as-deposited sample, can also be negatively 
charged by t rapping conduction electrons, and these 
centers are responsible for electron capture during 
photoinjection. 
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APPENDIX 
The investigation of charge trapping behavior de- 

scribed in this work involvect pho~omjection-photode- 
popula'tion measurements.  The technique of photoin-  
jection-photodepopulation,  and the eqmpment  used in 
these measurements,  are described in  detail in pre- 
vious papers (1, 2, 4). An  outl ine of the principles in-  
volvea in these measurements  is presented here. 

Figure  6 (a) shows a schematic energy band diagram 
of a meta l / insula tor /s i l icon system. It also shows a dis- 
crete trap level in the forbidden energy gap of the in-  
sulator. Figure 6(b) represents the first step of the 
measurement  cycle, Le., photoinjection. During photo- 
injection, electrons are excited out of the valence band 
of silicon (or, al ternatively,  from the metal)  into states 
in the conduction band  of the insulator  by means of 
photons of energy hvt. In simplest approximation this 
requires that hul > IEc ins -- Ev si]. 11: an external  field 
is applied across the insulator,  a large photocurrent  
can be observed in ~he external  circuit. Whim this 
photocurrent is flowing through the insulator, some of 
the charges are captured into localized states with en-  
ergies lying in the forbidden energy gap of the in-  
sulator. The fraction of available t rapping states filled 
dur ing the  photoinjection step will  be a function of the 
detailed balance between the capture of electrons in 
the traps and the re-emission of the t rapped electrons 
due to simultaneous photoexcitation. 

Photodepopulation is carried ou~ subsequent  to 
photoinjection. During photodepopulation, electrons 
are excited out of the traps into the conduction band 
of the insulator by photons of energy by2. This requires 
that hv2 > JEt i n s -  ETI (however, to avoid photoin- 
jection, h~2 < JEr ins -- Ec si]). By applying the proper 
bias voltage, these charges can be collected in the ex- 
ternal  circuit. These charges are measured by high pre-  
cision electrometry. The photodepopulation step is 
represented by Fig. 6(c).  

The photodepopulat ion measurements  can be used to 
determine the energy and spatial distr ibution of t rap-  
ping states in the insulator  by judicious choice of mea-  
surement  variables (2). Most of the work described in 
this paper deals with lhe  parameters  representing the 
spatial distribution. These parameters  are obtained 

Ec 

Ev ~ 

Si 

VACUUM ~.E VI~L 
EclNS 

. . . .  -E T 

~ E  M 

METAL 

INSULATOR 

(a) 

_ ~ _ ~  ~"~./"h 2,' 2 

PHOTOINJECTION PHOTODEPOPULATION 

(b) (c) 

h~Jl> EclNS-EvSi I > EclNS-EcSI 1> h2S~>IEc'NS-ET j 

i i | 

Fig. 6. Schematic representation 
of photoinjection and photode- 
population processes in MIS struc- 
tures: (a) hypothetical energy band 
diagram, (b) photoinjection proc- 
ess, and (c) photodepopulation 
process. 
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from de te rmina t ion  of the  total  charge  t ranspor ted  
through the ex te rna l  (e lec t rometer )  c ircui t  dur ing 
photodepopula t ion  wi th  fixed opt ical  wave length  and 
fixed appl ied  vol tage (Q-V measurement ) .  The wave -  
length used th roughout  this  series of measurements  
was 480 nm, s l ight ly  longer  than  ~he wave length  
threshold  for photoinject ion of e lect rons  from silicon 
into A1203 at the appl ied  voltages used (9). The r e -  
leased charge was measured  for a t ime  sufficient to 
reach a s t eady-s ta te  condition, i.e., unt i l  ~he photo-  
depopula t ion  cur ren t  s tabi l ized at  da rk  cur ren t  value. 
The photodepopula t ion  measurements  were  car r ied  out  
on the  same sample  at  var ious  vol tages whi le  keeping 
the  wave length  of the depopula t ion  l ight  source the  
same and popula t ing  the t raps  each t ime  by  photoinjec-  
t ion with  uv l ight  as previous ly  described.  The re leased 
charge,  Q, in each case, was plol ted  as a function of 
appl ied  voltage, V. The spat ia l  d i s t r ibu t ion  pa rame te r s  
were  obtained from the analysis  of these  Q-V mea-  
surements  (4).  
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New High Sensitive Electron Resist Materials 
G. Pool, I U. D. Striihle, and G. Kielhorn 

AEG-TeleJunken, Research Institute Ulm, Germany 

ABSTRACT 

New negative-working electron resist materials have been synthesized, 
their sensitivities and technological properties were investigated and com- 
pared with the data of materials known from the literature. 

Severa l  e lec t ron-opt ica l  methods  for the product ion 
of exposure  masks  and the exposure  of wafers  have  
become known in semiconductor  technology recently,  
in addi t ion to the  cus tomary  l igh t -opt ica l  procedures.  

Basically,  common photoresists  may  be used for ex-  
posure by  electron beam, too. Their  e lec t ron resis t  
sensitivities,  defined as the  amount  of charge  per  e lec-  
t ron  resist  surface necessary for op t imum exposure,  
are, however ,  insufficient for  obta in ing acceptable  ex -  
posure times. A~ a m a x i m u m  sensi t iv i ty  of 10 -5 cou-  
l ombs /cm ~, for instance, a value  of ten repor ted  in the 
l i t e ra tu re  (see Table  I I ) ,  exposure  t imes  for var ious  
e lect ron beam diameters  resul t  as l is ted in Table  I, 
wi th  beam cur ren t  densi t ies  be tween 1 and 1O00 A / c m  e 
being possible today.  If  s t ruc tu re -wr i t i ng  is pe r formed  
the exposure  t imes quoted m a y  be  reduced  by  selec- 
t ion of advantageous  e lect ron beam paths, but  they  
are  st i l l  too high for commercia l  application.  Therefore,  
the necessi ty arises for the  synthesis  of new mate r i a l s  
which, whi le  fulfi l l ing the technical  requirements ,  
possess an increased  sensi t iv i ty  for e lectron beam ex-  
posure.  

* Present  address: IBM Laboratories, 703 B~bl ingen,  G e r m a n y .  
Key words:  cross-l inking, cross-Unkable polymers ,  polymers ,  

imaging ,  i m a g i n g  on polymers ,  e lectron beam exposure.  
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The newly  developed mate r ia l s  descr ibed here are  
copolymers  of me thac ry la t e  and acry la te  esters, con- 
ta ining po lymer izab le  double bonds. 

These copolymers  accord wi th  the  fol lowing sche- 
mat ic  s t ruc ture  polymer chain / 

~ de chain 

They are obtained by modification of suitable co- 
polymers containing either isocyanate or hydroxy 
functions, with reactive vinyl monomers like 2-hy- 
droxyethylmethaerylate, 2-isocyanatoethylmethaery- 
late, or isopropenylisocyanate. 

The following materials were synthesized and in- 
vestigated: ~ 113 R' 
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Table I. Wafer exposure times for an electron resist sensitivity 
of 10 -5 coulombs/cm 2 

( T h e  l i s t e d  e x p o s u r e  t i m e s  are  v a l i d  f o r  an  e x p o s u r e  of t h e  e n t i r e  
a r e a  o f  t h e  w a f e r  w i t h  a f o c u s e d  e l e c t r o n  b e a m  w i t h  s c a n - t y p e  d e -  
f l ec t ion  a n d  a n  e l e c t r o n  b e a m  a c c e l e r a t i o n  v o l t a g e  of a p p r o x i m a t e l y  
10 kV,  w i t h o u t  c o n s i d e r a t i o n  o f  t h e  a t t a i n a b l e  d a t a  f lux of  t h e  d a t a  
transmission and the speed of beam deflection through the deflec- 

tion system) 

E x p o s u r e  t i m e  p e r  u n i t  
a r e a  at an  e l e c t r o n  

b e a m  d e n s i t y  of  
E l e c t r o n  b e a m  1 A / c m  2 1000 A / c m ~  
d i a m e t e r  ( ~ )  ( sec /cm2)  ( s e c / c m  2) 

0 .01 l 0  T 10 t 
0.1 105 10 ~ 
1 10 ~ 1 

At electron beam exposure of films of these mate-  
rials the exposed areas become insoluble; the unex-  
posed areas retain their  solubili ty and can be removed. 

Experimental 
Preparation and exposure of the f i lms.--Thin films 

0.1 ~m thick of the photoresists KAR-3, KTFR, KOR 
(Kodak),  AZ 1350, and the copolymers M1, MG1, C1, 
and C2 are produced by centr i fuging the filtered solu- 
tions onto Cr-plated glass substrates. As th inners  or 
solvents, respectively, the original th inners  were used 
for the photoresists, and acetic acid ethyl  ester for the 
copolymers M1, MG1, C1, and C2. The films were dried 
in  air for 10 min, then heated at 60~ for another 10 
min. The development  of the films exposed by the elec- 
t ron beam was performed with the original  developers 
for commercial  photoresists and with tr ichloroethylene 
for the copolymers M1, MG1, C1, and C2. 

Several  1 X 1 m m  2 sections on a substrate were ex-  
posed in  a scanning electron microscope (Cambridge 
Stereoscan). The line spacing amounted to 2 ~m and the 
l ine width to about 0.5-0.7 #m at a 500-line scan. 

The electron beam acceleration voltage of 20 kV and 
the exposure t ime of 20 sec per section was kept con- 
stant throughout  the experiments.  In  order to obtain 
a s tep-funct ion of the exposure the electron beam cur-  
rent  was controlled from section to section wi th in  the 
range from 10 -11 to 10-SA. The sample current  was 
conducted off through a chromium layer  below the 
substrate, its amperage was measured for the calcu- 
lation of the electron resist sensitiviiy. After exposure 
and development  of the substrates the l ine structure 
was microscopically evaluated. F rom the da~a of the 
individual  sections showing opt imum exposure the sen- 
sit ivity of the electron resist films was then calculated. 

Results of the Measurements and Discussion 
The values of electron resist sensitivities that were 

measured are listed in Table II  and compared wi th  
l i terature values. It is seen from the table that  sensitiv- 
ity figures reported in the l i terature  check with our 
measurements  wi thin  the order of magnitude.  These 
sensit ivity values may be taken for a cal ibrat ion of the 
measuring apparatus. The highest electron resist sen- 
sit ivity of the materials measured was found in the 
newly developed copolymers M1, MG1, and C2 (nega- 
tive working) with 4 • 10 -7, 2 • 10 -7, and I • 1O -~ 
coulombs/cm 2. They possess, at the  same time, good 
technological properties. For  the (negative working) 
copolymer C1, a poor sensit ivi ty was measured with 
2 • 10-6 coulombs/cm 2. The cross-l inking of these 
materials  is init iated by a free radical symbolized by 
R- which is generated during the electron beam ex- 
posure. It  is known  that through the interaction of 
high energy radiat ion with organic polymers free radi-  
cals may be formed (6). A free radical is a chemically 
reactive species having an unpai red  valence electron, 
and can react with the double bond of a polymer chain 
as shown in Eq. [1] 

The product  of this step is another  free macro radical 
which in t u rn  can react with a third molecule accord- 
ing to Eq. [2] , J m - / m T ~ ' , J ~  

[2] 

Again, the product is a free macro radical which con- 
t inues to react in the same manner ,  thus producing a 
polymer network. We th ink that  the high sensitivity 
of the novel materials can be explained by this chain 
mechanism of cross-l inking.  

Synthesis of the Polymers 
Copolymer M1.---To 10g of dichloromethane, 5g meth-  

acrylic acid-methyl  ester (freshly distilled), 5g iso- 
propenylisocyanate,  and 10g benzene are added. The 
dichloromethane is then distilled off in  order to re-  
move water  traces. Now 20 mg a,a-azoisobutyronitri le 
is added and polymerized in ni t rogen atmosphere for 
24 hr at 50~ Precipitat ion with petroleum ether and 
repeated re-precipi tat ion from CHCls/petroleum ether 

Table II. Electron beam sensitivity of macromolecular organic materials 

T y p e  M a t e r i a l  

F i l m  
t h i c k -  A c c e l e r a t i o n  

n e s s ,  /~m v o l t a g e ,  k V  

E l e c t r o n  res i s t  s e n s i t i v i t y  
M e a s u r e d  L i t e r a t u r e  

v a l u e s ,  10 -s v a l u e s ,  10 -s L i t e r a t u r e  
c o u l o m h s / c m  2 c o u l o m b s / c m  z r e f e r e n c e  s R e m a r k s  

P o s i t i v e  re s i s t s  C e l l u l o s e  a c e t a t e  0.5 10 ~ 50,000 3 
P o l y  ( ) m e t h y l s t y r e n e  0.5 10 ~ 10,000 3 
P o l y m e t h y l m e t h a e r  y l a t e  0.5 10 ~ 5,000 4, 3 
P o l y i s o b u t y l e n e  0.5 10 ~ 5,000 3 
K A R - 3  0.3 20 > 5 0 , 0 0 0  - -  
A Z - 1 3 5 0  0.36 30 ~ 8,000 2 

A Z - 1 3 5 0  - -  10 -- 3,000 2 
A Z - 1 3 5 0  0 .06-0 .12  20 1,000-3,000 -- 

N e g a t i v e  r e s i s t s  P o l y s t y r e n e  0.5 10 - -  10,000 4 
P o l y v i n y l c h l o r i d e  0.5 I0  - -  3 ,000 4 
K T F R  0 .15-0 .25  14 - -  300 1, 2 

K T F R  0 .08-0 .12  20 800-2 ,400  - -  - -  
K O R  0.15-0 .25  14 - -  100-300 1 

K O R  0.08-0.12 20 200-600  - -  
E p o x y d i z e d  p o l y i s o p y r e n e  0.3-1 .0  15 - -  S 5 
E p o x y d i z e d  p o l y b u t a d i e n e  0.3-1 .0  15 ~ 2 5 
C o p o l y m e r  M I  0.08-0 .12  20 40-120  - -  x 
C o p o l y m e r  G M 1  0.08-0 .12  20 20 -60  - -  x 
C o p o l y m e r  C1 0 .08-0 .12  20 200 -600  - -  x 
C o p o l y m e r  C2 0 .08-0 .12  20  10-30  - -  x 

P o o r  c h e m i c a l  r e s i s t a n c e  
N o t  r e s i s t a n t  in  H~F2 
G o o d  c h e m i c a l  r e s i s t a n c e  

S e n s i t i v i t y  too l o w  
G o o d  r e s o l u t i o n ,  n o t  r e s i s t a n t  

i n  a l k a l i e s  

G o o d  c h e m i c a l  r e s i s t a n c e  
G o o d  r e s o l u t i o n ,  good  c h e m -  

i c a l  r e s i s t a n c e  

F o r m a t i o n  of  b u b b l e s ,  u n e v e n  
s u r f a c e  s t r u c t u r e  

G o o d  c h e m i c a l  r e s i s t a n c e  

G o o d  c h e m i c a l  r e s i s t a n c e  
G o o d  c h e m i c a l  r e s i s t a n c e  
S w e l l i n g  d u r i n g  d e v e l o p m e n t  
G o o d  c h e m i c a l  r e s i s t a n c e  

�9 x i s  n e w l y  d e v e l o p e d  m a t e r i a l s .  
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yields  2.6g of copolymer  M. Then 2.6g copolymer  M is 
dissolved in 30 ml d ry  d ime thy l fo rmamide  (DMF) and 
modified by  react ion wi th  8.5g 2 -hydroxy  e thy lme th -  
ac ry la te  at 50~ for 16 hr. Af te r  precipi tat ion,  dissolv-  
ing in CHC13, dry ing  wi th  Na2SO4, prec ip i ta t ing  wi th  
pe t ro leum ether, and repea ted  re-prec ip i ta t ion ,  the co- 
po lymer  M1 thus obta ined is dr ied  in vacuum. 

Copolymer MGI.--To 10g of dichloromethane,  2.5g 
methacry l ic  acid me thy l  ester  ( f reshly  dis t i l led) ,  2.5g 
methacry l ic  acid g lyc idyl  ester  ( f reshly  dis t i l led) ,  5.0g 
i sopropenyl  isocyanate,  and 10g benzene are  added. The 
d ich loromethane  is dis t i l led off in order  to remove 
wa te r  traces. Af te r  its removal  from the mixture ,  20 
mg a ,~-azoisobutyroni t r i le  are added  and copolymer-  
ized in ni t rogen at  50~176 for 24 hr. Af te r  p rec ip i ta -  
t ion in pe t ro leum ether, r epea ted  re -p rec ip i t a t ion  f rom 
ch lo ro fo rm/pe t ro l eum e ther  and drying,  5.2g of copoly-  
mer  MG are obtained.  

The copolymer  MG is modified by  react ion wi th  16g 
of 2 - h y d r o x y e t h y l m e t h a c r y l a t e  in d ry  DMF at 50~176 
for 16 hr. Af te r  cooling off it  is p rec ip i ta ted  wi th  water ,  
dissolved in chloroform, dr ied  wi th  Na2SO4, and p re -  
c ip i ta ted  wi th  pe t ro leum ether. The copolymer  MG1 
is obta ined  af ter  r e -p rec ip i t a t ion  f rom ch loroform/  
pe t ro leum e ther  and dry ing  in vacuum. 

Copolymer Ci.- -4 .4g copolymer  C [composit ion 25 
m/o  (mole per  cent)  bu taned io lmonoacry la te  and 75 
m / o  methacry l ic  acid methy l  es ter] ,  0.3g d ibu t y l - t i n -  
diacetate,  0.1g hydroquinone,  and 1.7g isopropenyl iso-  
cyanate  are  dissolved in 20 ml d ry  DMF and hea ted  
in n i t rogen a tmosphere  at  6O~ for 14 hr. Prec ip i ta t ion  
is now per fo rmed  wi th  H20, the gluey sediment  is 
dissolved in CHCI~, d r ied  wi th  Na~SO4, prec ip i ta ted  
in pe t ro leum ether. The copolymer  C1 is obta ined af ter  
repea ted  re -p rec ip i t a t ion  from CHC1Jpe t ro leum e ther  
and dry ing  in vacuum. 

CopoZymer C2.--4.4g copolymer  C (composit ion 25 
m/o  bu taned io lmonoacry la te  and 75 m / o  methacry l ic  
acid methy l  es ter ) ,  O.3g d ibu ty l - t in -d iace ta te ,  0.1g hy-  
droquinone,  and 3.2g 2 - i socyana toe thy lmethacry la te  
are  dissolved in 20 ml d ry  DMF and hea ted  in n i t rogen 
a tmosphere  at  6O~ for 14 hr. Then it is p rec ip i ta ted  
with  H20, dissolved in CHC13, dr ied wi th  Na2SO~, and 
prec ip i ta ted  in pe t ro leum ether.  The copolymer  C2 is 
obta ined af te r  repea ted  re -p rec ip i t a t ion  from CHC1J 
pe t ro leum e ther  and d ry ing  in vacuum. 
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The Preparation and Properties of a Polysiloxane 
Electron Resist 

E. D. Roberts 
Mullard Research Laboratories, Redhill, Surrey, England 

ABSTRACT 

The preparation of polymethylcyclosiloxane (PMCS) is described. PMCS 
may be used as a resist in which siliceous film patterns may be formed by 
i r rad ia t ion  wi th  an e lect ron beam. These siliceous pa t te rns  are r ead i ly  de-  
veloped and m a y  be used d i rec t ly  in semiconductor  technology as diffusion 
ba r r i e r s  or as e tch- res i s tan t  layers,  and af ter  sui table  h e a t - t r e a t m e n t  they  m a y  
be used also as passivat ing layers.  Transis tors  have  been made  using PMCS 
film pat te rns  defined by  electron beams as diffusion bar r ie r s  and as pass ivat ing 
layers.  The sensi t ivi ty  of PMCS to i r rad ia t ion  may  be increased by  control led  
condensat ion to give a higher  molecular  weight  polymer ,  or by  in t roducing 
v inyl  groups to rep lace  some of the methy l  groups in the  polymer.  The 
chemical  changes which occur in PMCS upon i r rad ia t ion  b y  electrons have 
been inves t iga ted  and it is shown that  at doses no rma l ly  used in making  film 
pa t te rns  of use in semiconductor  technology, c ross- l inking  occurs ma in ly  
through the hyd roxy l  groups present  in the polymer.  Subsequent  t r ea tmen t  
( the rmal  or rad ia t ion)  can e l iminate  organic residues to produce  a film which 
is ident ical  to the rma l ly  g rown silica. 

In  recent  years, e lectron beam techniques have  been 
s tudied ex tens ive ly  wi th  a view to making  so l id -s ta te  
electronic devices having geometr ica l  features  wi th  
dimensions less than  about  2 ~m. At  these dimensions,  
normal  photol i thographic  techniques for defining pa t -  
terns  become unre l iab le  and yields  of work ing  devices 
r ap id ly  diminish wi th  the dimensions. It is be l ieved 

Key words: siliceous films, electron irradiation, diffusion barriers, 
passivating layers. 

tha t  e lect ron beam techniques wi l l  enable  improved  
yields  of devices wi th  fea tures  down to 1 ~m or less 
to be obtained.  

Much work  on electron beam technology has used 
otherwise  convent ional  techniques,  the e lect ron beam 
mere ly  replac ing  the u l t rav io le t  l amp and mask nor -  
ma l ly  used to obtain the des i red  film pat terns.  Con- 
vent ional  photoresis ts  have been  used (1-3) fol lowed 
by  chemical  e tching steps to produce  pa t t e rns  in sil ica 
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films, for example, though special resists appropriate 
part icular ly to electron beam technology have also been 
developed (3-8). Genera l ly  these electron resists are 
not photosensitive and do not require to be used in 
special l ighting conditions. 

In  our application of electron beams to semiconduc- 
tor technology, it was felt that in order to obtain the 
full advantage of the potent ial ly high resolution which 
the method offers, steps involving chemical etching 
should be avoided so that film pat terns produced by the 
electron beam should not be degraded by the under -  
cutt ing which always accompanies chemical etching. 
The beam would be used to produce directly film pat-  
terns of any  material  required. Silica films are used 
extensively in silicon planar  technology as diffusion 
barriers and as insulat ing and passivating layers, and 
the abil i ty to define silica film pat terns directly by an 
electron beam should be a useful process. 

Earl ier  publications (5, 9) described our work on the 
preparat ion of siliceous films from various silicon com- 
pounds by electron beams, and it was concluded that  
the most satisfactory materials for this purpose were 
a range of solid siloxane polymers. These polymers 
are normal ly  soluble, but become cross-l inked and 
therefore insoluble when  irradiated by electrons. Solu- 
tions of the polymers were applied to a substrate 
(usually silicon) which was spun rapidly to produce a 
film of polymer on the substrate. The spun films were 
irradiated by an electron beam, usual ly  scanned to 
trace out the required pat tern at a rate which pro-  
duced sufficient cross-l inking to render  the polymer 
insoluble. Upon rinsing the film in a solvent, only the 
uni r rad ia ted  polymer dissolved, leaving a pat tern  of 
cross-l inked siliceous film upon the substrate. Subse- 
quent  t rea tment  enables the film to be converted to 
silica, which may be used as a diffusion barr ier  (5), a 
passivating layer, or an etch-resis tant  mask. 

This paper describes the preparat ion and use in elec- 
t ron beam technology of one of these electron res is ts- -  
polymethylcyclosiloxane ( P M C S ) - - a n d  discusses the 
chemical reactions which occur during irradiation. 
Typically, films of this substance shr ink in thickness by 
up to 8-9% during an exposure of 150 gC/cm 2 by 10-15 
keV electrons. At exposures greater than about 140 
~C/cm 2, no further  loss in  film thickness occurs during 
the solvent development  process. Subsequent  heat-  
t reatment,  including densification, results in fur ther  
shrinkage, the silica film u l t imate ly  produced being 
about 60-65% of the thickness of the PMCS film 
originally applied to the substrate. Lateral  shrinkage 
dur ing these processes is negligible. PMCS required at 
least 140 ~C/cm 2 to form a fully exposed image, 
and this exposure is rather  high. Methods of making 
more sensitive resists of similar type are therefore 
also considered. 

Preparation of Polymethylcyclosiloxane 
It  was shown by Wagner  et al. (10) that some or- 

ganotrichlorosilanes could be hydrolyzed to give solu- 
ble solid polymers if suitable precautions were taken 
to minimize the t ime of contact between the hy-  
drolysate and the hydrochloric acid produced by the 
reaction. We have found that  the procedure may  be 
applied also to methyltrichlorosilane,  though the risk 
of producing insoluble three-dimensional ly  cross- 
l inked polymer is greater with this than with other 
organotrichlorosilanes, and some product is always lost 
by this side reaction. 

Polymethylcyclosi loxane was prepared by hydro-  
lyzing methyltr ichlorosi lane in a medium of diethyl  
ether and ice using a procedure similar to that  de- 
scribed by Wagner  et al. (10). Any  insoluble gel which 
formed dur ing the preparat ion was rejected. The re-  
sult ing solution of methyls i loxane polymer in ether 
was evaporated to dryness, yielding a solid residue. 
The solid product can condense spontaneously through 
the hydroxyl  groups present  in it to an insoluble cross- 
l inked form. It was, therefore, stored and used as a 

25% w / w  (weight in weight) solution in  methyl  isobu- 
tyl ketone, which remains stable for at least 9 months. 

The polymer was found to contain no elements ex- 
cept silicon, carbon, hydrogen, and oxygen and no 
functional  groups except hydroxyl.  I t  is probable that  
each silicon atom has a methyl  subst i tuent  group, for 
it is unl ikely  that dur ing hydrolysis the s i l icon-methyl  
bond would be broken. The average molecular  weights 
of the polymers (determined cryoscopically in acetic 
acid or in 1,4-dioxan) usually lie wi thin  the range 500- 
700, though it has been shown that fractions having 
molecular weights between 280 and 1200 are present. It  
seems likely that  the polymer is a mixture  of chains of 
cyclic methylsi loxanes (probably mainly  cyclotetrasil-  
oxanes) containing some silanol groups. It contains 
40% by weight of silicon. 

Irradiation of PMCS by Electrons 
The apparatus in which PMCS films were exposed 

to electrons to produce pat terns of siliceous film have 
been described elsewhere (5,9). Figure 1 shows the 
variat ion with exposure of the thickness of exposed 
and deve!oped siliceous film on a silicon substrate. 
The thicknesses have been normalized to that  of the 
unexposed PMCS film applied initially. The exposures 
were made in a machine (9) in  which a focused beam 
of electrons of energy 15 kV and nominal ly  0.25 #m 
in diameter was scanned with overlapping lines in 
a TV-type raster  to expose uniformly a 100 ~m 
square area of the resist. The current  was measured 
with a sensitive ammeter  in series with the substrate 
to correspond with our practical application of this 
technique. No corrections for the effects of secondary 
electrons have been made. The exposure was calculated 
from the measured current,  exposed area, and total 
exposure time and was varied by changing the scanning 
speed. The film thicknesses were measured with a 
Talystep 1 instrument ,  the interference colors observed 
in the films corresponding closely with those expected 
at the measured thicknesses. 

Figure 1 shows that the film shrinks in thickness by 
about 8% when adequately exposed (140 #C/cm2). This 
shrinkage occurs dur ing irradiat ion and no mater ial  
appears to be leached out dur ing development.  A 
film ini t ia l ly 4800A thick was 4400A thick after i r radia-  
tion, and remained 4400A thick after development  in 
acetone. 

Chemical Changes during Electron Irradiation 
The changes occurring in PMCS films dur ing elec- 

t ron irradiat ion and during subsequent  hea t - t rea tments  
have been studied by infrared spectroscopy. For this 
purpose, PMCS films on silicon substrates which had 
been polished on both sides were irradiated by an 
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Fig. 1. Variation in thickness of irradiated developed PMCS pat- 
terns with exposure. 
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electron beam 1 em in diameter (5), the exposed cir-  
cular  pat tern being developed in acetone. The maxi -  
mum electron energy available in this machine (5) is 
10 keV. The exposure characteristics at this energy 
appear to be identical with those at 15 keV shown 
in  Fig. 1, so the large area films for infrared spec- 
troscopy were irradiated with 10 keV electrons. The 
exposure was determined by a purpose-bui l t  charge 
integrat ing ins t rument ,  which may be preset to deliver 
the desired exposure to the specimen. Although the 
current  densi ty in the large area flood beam (5) is less 
by a factor about 106 than that in the finely focused 
scanned beam described earl ier  (9), we have been un -  
able to detect any difference in its effect on the resist 
when  the average exposure is the same in each. 

The infrared absorption spectrum of a film of PMCS 
is given in Fig. 2, together with assignments for the 
absorption bands (11). The band between 1000 and 
1100 cm -1 is of most interest. The max imum ab- 
sorption occurs at 1090 cm -1, corresponding with the 
presence of tetrasi loxane rings. The changes which 
occur upon irradiat ion and subsequent  hea t - t rea tment  
of PMCS films may be seen in Fig. 3-5. 

Figure 3 shows the effect of increasing exposure to 
the electron beam. The exposures used lie near  the 
ends of the working range which is considered to be 
satisfactory for defining pat terns of fine geometry in 
the resist (85-300 i,C/cm2). 

The most noticeable change is the almost complete 
e l iminat ion of the absorptions at 3200-3300 cm -1 and 
at 900 cm -~, which are due to the Si-OH group in 
PMCS. The peaks due to the Si-NIe groups are also 
reduced and the shape of the broad band centered 
around 1090 cm -1 in PMCS is altered, the max i mum 
absorption having shifted to about 1020 cm - t .  During 
irradiat ion at these exposures, PMCS becomes insolu- 
ble in solvents and infusible  which means that cross- 
l inks are produced between molecules, and this proc- 
ess is accompanied by a reduction in thickness of the 
film by about 10%. The spectra suggest that  cross- 
l inking occurs extensively through hydroxyl  groups, 
and to a lesser extent  at these exposures through 
methyl  groups, the over-al l  reactions probably being: 

I I I I 
- - S i - - O H  -5 HO--Si~- ->  - - S i - - O - - S i - -  -5 H20 [1] 
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Fig. 2. Infrared absorption spectrum of PMCS film on silicon 
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Although the absorption peaks which correspond to 
the siloxane and alkylene bridges produced all appear 
in the region 1000-11,50 cm -t where there is already 
a broad intense band, a small superimposed peak ap- 
pears in Fig. 3 (curve 3) and Fig. 4 (curves 1 and 2) at 
about 1060 cm -I, which could be indicative of the 
formation of alkylene bridges (ii). It is noteworthy 
that this peak disappears again after subsequent  t reat -  
ment  during which the organic residues are reduced 
markedly  [Fig. 4 (curve 3) ]. 

The broad band at 1000-1150 cm - t  shows a double 
absorption in the i rradiated films which is not unl ike  
that  observed in  both long chain and higher cyclic 
siloxane polymers (12). Cross-l inking of PMCS mole- 
cules could be regarded as producing some large rings 
or long highly branched chains wi thin  a cross-linked 
network. 

Figure 4 shows the effects of still higher exposures. 
The samples were prepared by  irradiat ing PMCS films 
on silicon at 250 ~C/cm 2 and developing the exposed 
pa t te rn  in acetone. The developed pat terns were then 
re-exposed as shown in the figure. Direct i rradiat ion 
with the total required exposure would result  in loss of 
resolution of patterns, and if it were desired to give a 
large exposure to pat terns  in practice, it would be 
done in two stages, as was done with these samples. 
Cont inuat ion of the same trends as were observed with 
lower doses occurs, the absorption due to residual or- 
ganic groups being markedly  reduced, especially when 
the exposure has reached 2750 ~C/cm 2. This must  
imply scission of many  of the si l icon-alkyl  bonds 
wi th in  the film, the organic groups being el iminated 
as volatile fragments. The broad peak centered on 
1020 cm -1 is tending to move back towards higher 
wave numbers  at these higher exposures and the whole 
spectrum is approaching that  shown by amorphous 
silica (13). It  appears that  the effect of very high 
exposures is to convert  the siliceous film to a form 
resembling closely the thermal  silica films commonly 
used in semiconductor technology. 

F igure  5 is the spectrum of a film exposed at 250 
~C/cm s which after development,  has been heated in 
wet oxygen (saturated with water  vapor at 95~ at 
050~ for 8 re.in. This t rea tment  seems to el iminate  
all  hydroxyl  groups and vi r tual ly  all organic residues 
and the spectrum is almost identical with that of amor-  
phous silica (13). It has also been found that  PMCS 
films defined by the electron beam and heat- t reated 
in this way have after densification in  n i t rogen at 
1000~ the same refractive index and etch rate in 
hydrofluoric acid as amorphous silica has. The process 
is therefore a convenient  method of convert ing PMCS 
film pat terns  to silica. 
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Fig. 3. Effect of electron irradiation on infrared absorption of 
PMCS. 
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Fig. 4. Effect of second exposure to electrons on infrared spec- 
trum of PMCS. 
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Fig. 5. Effect on infrared spectrum of heating electron beam de- 
fined film of PMCS in oxidizing atmosphere. 

Preparation of PMCS of Higher Sensitivity 
I t  was shown by Wagner (10) that silanol condensa- 

tion in vinylcyclosi loxane polymers occurred in the 
presence of ammonia  to produce higher polymers. 

It  was observed with a few early batches of PMCS 
that freshly prepared material  required an exposure 
around 150 /~C/cm 2 to produce a satisfactory image, 
while after a few weeks' storage an exposure a round 
30-40 ~C/cm 2 only was required. It  was found that  the 
average molecular weights of the polymers had in-  
creased dur ing storage from 500-700 to 700-1100, and 
that the polymer solutions contained ammonia  equiva-  
lent  to about 1 ppm by weight on the polymer. Unt i l  
this was discovered, the ether extract of polymer had 
been washed dur ing the preparat ion only un t i l  the 
washings were neutra l  to phenolphthalein,  In  sub-  
sequent preparations, a procedure using Nessler's 
reagent was introduced. It  is estimated that  after test- 
ing the washings in  this way, the residual ammonia  is 
less than  0.02 ppm on the polymer, and indeed the 
solutions have remained stable for periods up to 9 
months. 

The increase in sensit ivi ty observed suggested that  
more sensitive PMCS might  be made if the ammonia -  
catalyzed silanol condensation could be conducted in  a 
controlled manner .  

Methyltr ichlorosilane was therefore hydrolyzed and 
was washed unt i l  free from hydrogen chloride (10). 
The ether extract  was treated with dilute ammonia  
solution for various lengths of time, after which the 
ammonia  was washed out as described above, and the 
polymer worked up to prepare a working solution 
(25% w / w  in methyl  isobutyl ketone).  The ammonia  
concentrat ion was calculated according to an equation, 
the derivat ion of which is given in  the Appendix. 

The results obtained on polymer treated with 0.2% 
by weight of ammonia  are shown in Fig. 6. The in-  
crease in  molecular  weight of the polymer is accom- 
panied by a decrease in the hydroxyl  content as shown 
in Fig. 7. Clearly the ammonia  t rea tment  has caused 
fur ther  condensation of the polymer molecules through 
their  hydroxyl  groups. The expected increase in sensi- 
t ivi ty  has also occurred in the early stages (up to 
3�89 hr t rea tment)  (Fig. 6). Continued treatment,  how- 
ever, produced an unexpected fall in molecular weight  
accompanied by a decrease in sensit ivity to electrons. 
This must  imply  chain scission, but  the end result  can- 
not be due to simple hydrolytic fission of the chains, 
for this would produce an increase in the hydroxyl  
content  of the polymer, which is contrary to observa-  
t ion (Fig. 7). 

It  is easy to unders tand  that the larger molecules 
present  after condensation would require a smaller 
number  of cross-links to render  them insoluble than 
would the smaller  molecules originally present, resul t -  
ing in the observed increase in sensit ivity to electrons 
of the mater ial  of increased molecular weight. 

The variat ion of residual film thickness with expo- 
sure for condensed PMCS of this type is shown in Fig. 
8 (curve 1), together with curves for the two cyclo- 

40~ 

300 

u 
"1 

L 
= 200 
o 
x bJ 

11oo 

lOOO 

'9OO 
\ 

800 
E x 

Min / x~xposure / 700 

too --'[---____ 
/ . ~  - ~ . . ~  600 

l~__i~_.  ~ .-I" 

# I I ] 

C 1 2 3 4 
Time of contact with ammonia (hr) 

Fig. 6. Effect on properties of PMCS of ammonia-catalyzed con- 
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Fig. 7. Change in hydroxyl content of PMCS during ammonia- 
catalyzed condensation (0.2% NH3 on PMCS). 
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Fig. 8. Variation in thickness of irradiated developed polysiloxane 
patterns with exposure. Curve 1, PMCS after condensation with 0.2% 
ammonia, curve 2, methyl/vinyl siloxane copolymer; curve 3, poly- 
vinyl cyclosiloxane. 

siloxane polymers containing v inyl  groups which are 
described below. 

Other methods of increasing the electron sensitiv- 
i ty . - -We have shown earlier (5) that  a polymer made 
by  hydrolysis of vinyltr ichlorosi lane has much higher 
sensit ivity to electrons than  PMCS does. Indeed the 
sensit ivity appears to depend markedly  upon the na -  
ture  of the organic group present, as is shown by the 
values given in Table I. The great sensit ivity of the 
v inyl  polymer is almost certainly due to a chain reac- 
tion occurring through the v inyl  group and initiated 
by the electron beam. Similar large increases in sensi- 
t ivi ty have been observed in other systems when a 
vinyl  group is introduced (14). 
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Table I. Variation of sensitivity of polycyclosilaxane electron resists 
with nature of organic group attached to silicon atom 

Minimum exposure 
Organic group required to form 

attached to satisfactory image 
silicon (~C/em ~-) 

vinyl 4 
methyl  130 
ethyl  250 
phenyl  800 

Conversely, the low sensit ivi ty of the phenyl  com- 
pound is probably due to steric h indrance  (shielding) 
of the hydroxyl  group by the bu lky  phenyl  group 
coupled with the known resistance of the phenyl  group 
itself to the effects of ionizing radiation. 

We have not investigated polyvinylcyclosiloxane e x -  
t e n s i v e l y ,  but  we have shown that  fine geometrical 
pat terns can be defined in it (detail <1 #m) and that 
it can be used as a diffusion barr ier  (5). It  needs how- 
ever, to be applied ini t ia l ly  as a thicker film than 
PMCS to have the same abil i ty to prevent  diffusion 
of dopants into silicon. This may be the result  of the 
larger amount  of organic residues which could result  
in  the film being rather  more porous than PMCS films. 
This is one of the reasons why we have not favored it, 
believing that  the more closely the s t ructure  of the 
polymer approached that  of silica (i.e., the smaller 
the organic radicals present)  the bet ter  the system 
was l ikely to perform. We have found, however, that  
me thy l -v iny l  copolymers can be made which should 
enable the advantages of both materials to be brought  
together in one compound. Cohydrolysis of a mixture  
of 5 moles methyltr ichlorosi lane with 1 mole of v iny l -  
tr ichlorosilane yields a polymer not very different in 
composition from PMCS but  which enables pat terns to 
be formed wi th in  the exposure range 10-80 #C/cm 2. 
Exposure curves for the two polymers containing v inyl  
groups are given in Fig. 8 (curves 2 and 3). 

Use of PMCS in Semiconductor Technology 
We have used film pat terns defined in the resist 

PMCS by electron beams as a barr ier  against the dif- 
fusion of arsenic, boron, and phosphorus and satisfac- 
tory results have been obtained even in processes in-  
volving high doping levels such as those for emitter  
regions. In  this method, the diffusion barr ier  pat tern  
is formed by applying a film of PMCS to the silicon 
substrate, exposing it to an electron beam to produce 
the required pat tern  [generally using a scanned elec- 
t ron beam (9)] which is developed by r insing the 
silicon slice in acetone for a few seconds. During de- 
velopment  all the unir radia ted PMCS is dissolved 
away leaving a pat tern  of siliceous film corresponding 
to the electron i r radiat ion pattern.  The siliceous pat -  
t e rn  so produced may be used directly as a diffusion 
barrier,  though it is beneficial whenever  possible to 
densify the film before the diffusion process by heating 
in ni t rogen at temperatures  up to 1250~ (5). After  
diffusion, the siliceous diffusion barr ier  is completely 
removed from the substrate by t rea tment  with hydro-  
fluoric acid, and a fresh PMCS film is applied to pro- 
vide a new pat tern  for the next  diffusion stage. Thus 
in this method, none of the silicon substrate is used to 
provide the oxide diffusion masks. 

We have also used PMCS film pat terns  defined in  
the same way by the electron beam as passivating 
layers in making bipolar transistors. For  this purpose, 
it was found beneficial to heat the developed pat terns 
for 10 min  in wet oxygen at 680~ followed by densi-  
fication in dry ni t rogen for 30 min  at 900~ The heat-  
t rea tment  in wet oxygen has been shown to el iminate 
almost completely any  organic residues in  the film 
(Fig. 5). 

n - p - n  Bipolar transistors with diffusion barr iers  and 
passivating layers defined by electron beams in PMCS 
have been made. Figure 9 is a photomicrograph of such 
a transistor before metalization showing the passivat-  

Fig. 9. Electron beam defined passivating layer on n-p-n bipolar 
transistor. 

ing layer  produced by electron irradiat ion of PMCS. 
The outlines of the diffused base and emitter  regions 
may be seen clearly, these areas having also been de- 
fined in PMCS films (which were subsequent ly  re- 
moved) by the beam. 

The preparat ion of transistors using PMCS will  be 
described in more detail in a separate paper  (15). We 
have yet made only transistors with emitters 5 #m 
wide, and these have had gains up to I00, but  some 
have shown rather  high leakage currents,  sometimes 
being as high as 10 ~A. The transistors had no phos- 
phosilicate glass layers over the passivating layer, how- 
ever, as in their method of fabricat ion any phosphosili- 
cate glass which forms during the last diffusion is re-  
moved before applying the passivating layer. This is in 
contrast to some conventional  processing. It is known 
that convent ional ly  made transistors also can show 
high leakage currents  if there is no phosphosilicate 
glass layer over the passivating layer. A method 
whereby phosphosilicate glass pat terns can be formed 
by electron beam techniques over passivating layers 
s imilarly defined has been described recently, together 
with test results on the composite films (14). Tests of 
MOS capacitors having a dielectric of silica with a th in  
layer of phosphosilicate glass upon it, both layers being 
defined by electron beams in PMCS type resists, have 
shown that capacitance-voltage characteristics of the 
capacitors do not change when the capacitors are sub-  
jected to temperature-vol tage stress, though there is a 
large change under  these conditions if the phosphosili- 
cate glass is not present. By analogy with conventional  
processing, it is expected that the application of an 
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electron beam defined phosphosilicate glass layer  (14) 
to a passivating layer prepared from PMCS should 
stabilize the transistors, and the leakage current  should 
then decrease to normal ly  encountered values. This 
has yet to be confirmed experimental ly,  however. 

PMCS film pat terns have also been used as etch- 
resistant films, par t icular ly  for etching silicon with 
hydrofluoric acid/ni t r ic  acid mixture,  and we have used 
them for etching pat terns  in metal  films. The difficulty 
of removing the exposed PMCS film makes it less at-  
tractive for the lat ter  application, however, unless the 
system is such that  hydrofluoric acid may be used 
for removing the PMCS etch resist. 

Summary and Conclusions 
A method of preparing a polymethylcyclosiloxane 

has been described. It  has been shown that upon ir-  
rad ia t ion  by electrons, cross-l inking between molecules 
occurs ini t ial ly through silanol groups, whi 'e  at higher 
exposures, this probably  occurs also through methyl  
groups. At very high exposures or upon subsequent  
heat - t rea tment ,  organic residues are almost completely 
el iminated leaving a film with properties almost iden-  
tical to amorphous silica. 

A method whereby the average molecular  weight of 
the polymer may be increased is described, and this 
leads to polymers having greater sensit ivi ty to the ef- 
fects of electron irradiation. Still fur ther  increases in 
sensit ivi ty may be achieved by introducing vinyl  
groups into the polymer molecules. 

Siliceous films may be produced in any desired pat-  
te rn  by irradiat ing films of the siloxane polymers de- 
scribed with electron beams which are masked or 
scanned to produce the desired pat tern  and then sub- 
ject ing the irradiated films to a suitable development  
process. The siliceous films may be used in semi- 
conductor technology as diffusion barriers, etch re-  
sistant layers, and, after suitable heat - t rea tment ,  as 
passivating layers. 
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APPENDIX 

Calculation of Ammonia Concentration during Catalyzed 
Condensation of Cyclosilanols 

Let W : -  wt  of polymer used, V = volume of ether 
used, Ap _-- per cent by weight of ammonia  on polymer 
in ether layer at equil ibrium, Aw ---- per cent by weight 
of ammonia  in ammonia  solution used, Va = volume of 

ammonia  solution used, Sw ---- solubili ty of water in 
ether, g/100 ml, Se ~ solubili ty of ether in water, g /  
i00 ml, • ~ specific gravity of ether, and D -~ dis- 
t r ibut ion coefficient of ammonia  between water  and 
ether. 

At equi l ibr ium 
Net volume of ether layer ~--- 

V - -  S e V a / 1 0 0 A e  -}- SwV/100 : Ve 
Net volume of water layer -~ 

Va -- SwV/IOO ~ SeVall0O-% = Vw 
Concentrat ion of ammonia  in ether layer ~- 

WAp/lOOVe 
Concentrat ion of ammonia in water  layer ~- 

(AwVa -- WAp)/100Vv, 

�9 �9 (AwVa/WAp- -  1)Ve/Vw = D 
I f  SeVa/1O0,-%e ---- S w V / 1 0 0  
then Ve----V and Vw----Va 

AwV/WAp = D -t- V/Va 
V I V a  ---- SelSwAe 

The terms on the right of the last two equations are 
temperature-dependent ,  and Fig. 10 shows this depen- 
dency. The value of D W VIVa may be obtained by 
measuring the temperature  of the solution and reading 
its value from the graph. V and W are predetermined,  
and Aw or Ap may be obtained by fixing the value of 
one of them. 

In this work, A,  was specified and the value of Aw 
required to give this value was calculated. The am- 
monia concentrat ion was adjusted to this value and Va 
was calculated from the value of VIVa appropriate to 
the temperature  of the solution. 
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A New Family of Positive Electron Beam Resists-- 
Poly(Olefin Sulfones) 

L. F. Thompson and M. J. Bowden 
Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

Poly (olefin sulfones) have been shown to represent a new class of positive 
electron beam resists exhibiting sensitivities in the region of I-3 X 10 -~ 
coulombs cm -2. Processing variables have been evaluated and exposure 
characteristics determined. These materials can be used in two development 
modes, (i) as a conventional solvent-developed system and (ii) as a system 
which self develops during e-beam irradiation by depolymerization followed 
by vaporization. Limitations of this "vapor development" process are discussed. 

Recent t rends in microelectronic fabrication are 
towards reducing the size of large scale integrated cir- 
cuits. Standard photolithographic techniques can be 
used to generate detail on a scale of ~3-5~ in both 
thin film conductor and dielectric materials.  Structures 
with a 1-3# resolution limit can only be fabricated 
with great difficulty using optical techniques. In con- 
trast it has been shown (1) that electron beam lithog- 
raphy is capable of producing high resolution (<1#) 
pat terns with high yields. 

Two pr imary  competing reactions occur when  a 
polymer is i rradiated with a 1-30 kV electron beam, 
cross-linking, and chain scission. A polymer behaves 
as a positive resist if the rate of chain scission is sub- 
s tant ial ly greater  than the rate of cross-linking. Chain 
scission reduces the average molecular  weight and in-  
creases the solubility of the polymer. When cross- 
l inking is the predominant  reaction, the converse is 
t rue  and the polymer is termed a negative resist. A 
second reaction can occur to amplify the scission proc- 
ess, namely  chain depropagation. This results when  
two polymer radicals, formed by chain scission, spon- 
taneously split off monomer  units. The extent  of chain 
depropagation depends on the rate of radical t e rmina-  
t ion and the rate of depropagation. If the polymer 
chain completely depolymerizes, the film will be to- 
tal ly removed thereby el iminat ing a solvent develop- 
ment  step. We have termed this process vapor devel-  
opment. 

The general  use of electron beam fabrication tech- 
niques will  require new classes of polymeric resist 
materials which have been designed for this process 
and optimized with respect to resolution, sensitivity, 
and etch resistance. The use of photoresists in e -beam 
l i thography is not desirable since these systems are 
unnecessari ly complex. Electron resists can be pure 
polymer systems offering significant advantages. Both 
positive and negat ive resists are desirable for a ver-  
satile lithographic system. However, most polymeric 
systems cross- l ink under  i rradiat ion and of the few 
which do degrade (notably polymethyl  methacrylate) ,  
none have sensitivities high enough for economic fab- 
rication of devices. 

Poly(olefin sulfones) consti tute a family of a l ter-  
nat ing copolymers of sulfur  dioxide and an olefin. They 
have been reported to degrade rapidly under  ~- i r ra-  
diation (2), with a G(scission) of 10-12, far higher than 
any  other existing positive resist. We have recent ly  
shown that  they can be readily degraded in an electron 
beam and serve as good positive electron beam re-  
sists (3). These materials can be used in two develop- 
ment  modes--firstly,  as a conventional  solvent-devel-  
oped system and secondly, under  proper conditions, as 
a solvent-free, vapor-developed system. The use of 
polysulfones as positive resists in both modes is de- 
scribed in this paper. The resists have been evaluated 

Key words:  e lectron resist, e lectron beam technology,  e lectron 
photoresist ,  posit ive electron beam resist,  aliphatic polysulfones.  

as chemical etching masks for silicon dioxide and 
tungsten and as a lift-off I mask for gold and a lumi-  
num. 

Experimental 
The preparat ion of the polysulfones has been de- 

scribed elsewhere (3). Table I lists the materials evalu-  
ated in this s tudy and their per t inent  properties and 
constants. The polymers were spin coated (4) onto 
either silicon dioxide or tungsten substrates from the 
solvents given in Table I. Silicon dioxide used in this 
study was thermal ly  grown from steam to a thickness 
of 200-600 nm. The tungsten (6) was deposited on a 
SiO2/Si substrate by a chemical vapor deposition tech- 
nique and was nominal ly  ~100-200 nm thick. 

Resist films of 300-500 nm thickness were found to 
give opt imum results for solvent-developed systems. 
Films of 100-200 nm were opt imum for a vapor-de-  
veloped system. All films were prebaked at l l0~ for 
0.1-1.5 hr. It should be noted that data in Table I were 
obtained in the course of a pre l iminary  evaluat ion of a 
large number  of materials, and hence some values may 
be less than optimum. 

The polymers were subsequent ly  exposed using a 
Cambridge Stereoscan Mark II scanning electron 
microscope (SEM) equipped with a beam blanket .  The 
beam could be external ly  modulated to produce test 
pat terns consisting of evenly spaced bars and spaces. 
The smallest s t ructure that could be obtained using 
this system was ,-~1~ widths on 2~ centers. However, 
for smaller  test patterns, the beam could be used in a 
single sweep mode which permit ted structures of <0.4/~ 
to be written.  After  exposure the sample was spray-  
developed (for solvent mode development)  for ~15 sec 
using the developer given in Table I and postbaked for 
0.5 hr at l l0~ 

Two al ternat ive processing steps may be used after 
the postbake. Firstly, the polymer resist pat tern  may 
be used as an etching mask. In this mode, buffered HF 
was used for etching the SiO2 and a buffered 
IQFe(CN)6/KOH solution was used to etch the W. In 
the second mode the positive resist image may be used 
as an evaporation mask in the lift-off or par t ing- layer  
technique described by Hatzakis (5). 

The following method was adopted to evaluate the 
sensit ivity of the positive resists. The electron beam 
was carefully adjusted to a known  voltage and cur-  
rent. A resist film was prepared as previously de- 
scribed on 200 nm of SiO2. Pads of known area (us-  
ual ly ~1  mm 2) were exposed for varying times at con- 
stant  current.  The exposed sample was developed and 
postbaked as described and then etched with buffered 
HF (2 min  for 200 nm of SIO2). The resist was stripped 
and the etched sample examined with the SEM. The 
critical dose was taken as the lowest dose which still 
allowed complete and clean etching of the SiO2. This 
method was found to give reproducible critical dose 
values with good accuracy. 

1 A description of this technique is given in Ref. (5). 

1 7 2 2  
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Table I. Evaluation parameters of polysulfone electron beam resists 

All materials were prebaked and postbaked at ---~ ll0"C for ---~ 0.5 hr. 

Tc (~ 
Code [M] [SO2] S e n s i t i v i t y *  

Res i s t  n u m b e r  = 27 moV 1-2 S o l v e n t  Deve lope r*  c o u l o m b  cm -2 C o m m e n t s  

P o l y ( p r o p y l e n e  su l fone)  P P r S - M 1  90 DMSO Does  no t  sp in  a f i lm f r o m  
DMSO a t  r o o m  t e m p e r -  
a ture .  P o l y m e r  is i n so lu -  
b le  in  a l l  o the r  so lven t s .  

Poly(butene-I sulfone) PBS-M2 64 MEK 60% MEK 1-2 • I0 -~ Spins excellent films ai- 
40% 2-PrOH though preferably from 

PBS-M20 64 M E K  60% 85% M E K  1-2 • 10 -~ less v o l a t i l e  so lven t s  t h a n  
C y c l o h e x a n o n e  15% 2 - P r O H  MEK. B e h a v e s  as an  ex-  

40% ce l l en t  e t ch  m a s k  w h e n  
p r e b a k e d  a t  ~--100~ Does  
no t  r e a d i l y  depo lymer i ze ,  
i.e., v e r y  l i t t l e  ev idence  
of  v a p o r  d e v e l o p m e n t  be -  
l o w  10 "~ c o u l o m b  cm -~. 
S i m i l a r  i n  t h i s  r e g a r d  to  
PMMA.  

P o l y ( p e n t e n e - I  sul~one) P P S - M I  63 M E K  50% M E K  I-2  x I0  -e S i m i l a r  to  1 ~ S .  
50% 2-PrOH 

Poly(hexene-I sulfone) PHS-M4 60 MEK 35% Xylene 1-2 x I0 -e Xylene preferred spinning 
65% 2 - P r O H  so lven t .  P a r t i a l l y  v a p o r -  

PHS-M14  60 X y l e n e  35% X y l e n e  1-2 x 10 -e d e v e l o p s  a t  these  doses.  
65% 2 - P r O H  Eros ion  of the  res i s t  d u r -  

i n g  e t c h i n g  was  some-  
t i m e s  observed.  

P o l y ( o c t e n e - 1  su l fone)  POS-M1 M E K  60% H e p t a n e  1-2 • 10 -e Poo r  e tch  mask .  P a r t i a l l y  
40% 2 - P r O H  v a p o r - d e v e l o p s .  

Poly(cis butene-2 sulfone) Pe-B-2S-MI 46 Dioxane 60% Dioxane 2-4 x I0 -~ The 2-butenes do not spin 
40% 2-PrOH good  f i lms  f r o m  d ioxane .  

P o l y ( t r a n s  b u t e n e - 2  su l fone)  P t - B - 2 S - M 1  38 D i o x a n e  60% Dioxane  2-4 • 10 -s 
40% 2 - P r O H  

Poly(butene-2 sulfone) PB-2S-MI Dioxane 60% Dioxane 2-4 x I0 -e 
40% 2 - P r O H  

P o l y ( h e x e n e - 2  sulfone)_ P H - 2 S - M I  M E K  50% M E K  1-2 x I0  -e 
50% 2 - P r O H  

Poly  (hep tene-2  su l fone)  

Poly (cyelopentene sulfone) 

P o l y  ( cyc lohexene  su l fone)  

PHp-2S-M1 --39 M E K  20% X y l e n e  1-2 • 10 -~ 
80% 2 - P r O H  

Pcyc loPS-M1  102.5 D i o x a n e  60% D i o x a n e  2-3 • 10 -e 
40% 2 - P r O H  

Pcyc loHS-M1 24 D ioxane  60% D i o x a n e  1-2 x 10 -~ 
40% 2-PrOH 

Pcyc loHS-M1 24 C h l o r o b e n z e n e  60% D i o x a n e  1-2 x 10 -~ 
40% 2 - P r O H  

P o l y ( 2 - m e t h y l  Dentene-1 P M P S - M 3  --34 X y l e n e  15% X y l e n e  1-2 x 10 -~ 
su l fone)  85% 2 - P r O H  

P o l y  ( 2 - m e t h y l  b u t e n e - I  P M B S - M 1  M E K  
su l fone  ) D i o x a n e  

Poor  e tch  m a s k  w h e n  f i lm 
t h i c k n e s s  is  <200  nm.  
Can  be c o m p l e t e l y  v a p o r -  
d e v e l o p e d  at 2-4 • 10 -e 
c o u l o m b  cm -~ fo r  f i lm 
t h i c k n e s s  <150  nm.  

Poor  e tch  mask .  C o m p l e t e l y  
v a p o r - d e v e l o p s  a t  1-2 • 
10 -~ c o u l o m b  e m  -2 for 
f i lm t h i c k n e s s  <150  nm.  

No evidence of depolymeri- 
zation at exposures <10 -5 
coulomb cm -~. Does not 
spin good films from di- 
oxane. Improved by spin- 
ning from dloxane/chloro- 
benzene. Poor etch mask. 

Chlorabenzene preferred 
spinning solvent. Partial- 
ly vapor-develops at these 
doses. Completely vapor- 
develops at 5 fXor 10-e 
coulomb cm -s f i lm 
t h i c k n e s s  <150 nm.  Good 
e tch  mask .  

E x c e l l e n t  e tch  mask .  Can  
be c o m p l e t e l y  v a p o r - d e -  
v e l o p e d  a t  f i lm t h i c k n e s s  
< 1 5 0  n m  w i t h  s e n s i t i v i -  
t i e s  of  5 x 10-~-1 x 10 4 
coulomb c m  -2. 

M a t e r i a l  sp ins  poor  f i lms 
f r o m  b o t h  so lven ts .  

* T h e  p o l y s u l f o n e s  e x h i b i t  v e r y  sha rp  con t r a s t  w h i c h  r e q u i r e s  ca re fu l  a d j u s t m e n t  of t he  d e v e l o p e r  for  each p o l y s u l t o n e  i n  o rder  to  
m a x i m i z e  s e n s i t i v i t y .  The  d e v e l o p e r  so lu t i ons  l i s t ed  r e p r e s e n t  the  a v e r a g e  of s eve ra l  samples ,  

The effect of accelerating voltage on sensit ivity and 
resolution on poly(butene-1  sulfone) (PBS) was eval-  
uated. The sensit ivi ty of PBS was determined at 5, 10, 
20, and 30 kV. The resolution as a function of beam 
potential  was evaluated by exposing a 400 n m  film 
of PBS on 200 nm of SiO2 with a 100 nm diameter  
electron beam operating in the single sweep mode. 
Providing care was exercised not to overexpose the 
resist, this mode gave the highest resolution at tainable 
with a given set of operating conditions. The resist was 
then  processed and the SiO2 etched. 

The width of the etched grooves was determined and 
taken to be the resolution for a part icular  exposure. 
The effect of overexposure was determined with a simi- 
lar  technique at 5 kV, by varying the sweep time be-  
tween 0.4 and 0.02 sec; 0.04 sec being the correct t ime 
to expose the resist to its critical dose. 

Results and Discussion 
Solution development.--The sensit ivi ty of all of the 

polysulfones, using opt imum conditions and developer, 
was found to be ~1-3  • 10 -6 coulomb cm -2. There 
is a direct correlation be tween sensit ivity and the 
magni tude  of G(scission),  the number  of main  chain 

bonds broken per 100 eV absorbed, as seen in Table II. 
This s imilari ty in the sensitivities of the polysulfones 
indicates that they all have similar G(scission) values. 
This is in agreement  with the results of Brown and 
O'Donnel l  (2) who reported similar G (scission) values 
(as determined from molecular  weight measurements  
on v-irradiated samples) for PBS and poly(hexene-1  
sulfone).  It is clear from these data that sensit ivity will  
not be of major  importance in the choice of a polysul-  
fone as an electron beam resist. 

From Table I several of the polymers can be el imi-  
nated because of poor film properties 2 and adhesion. 

2i.e., The  f i lm does no t  se rve  as an i m p e r m e a b l e  e t c h i n g  mask .  

Table II. Sensitivity and G(scisslon) for several positive resists 

S e n s i t i v i t y  
P o l y m e r  G (scission) (cou lombs  em -2) 

P o l y { u  m e t h y l  s ty rene)  0.3 1 x 10-~ (4) 
P o l y ~ m e t h y l  m e t h a c r y l a t e )  1.7 5 • I0 -~ ~4~ 
P o l y ( i s o b u t y l e n e ) *  4.0 5 • 10 -5 (4) 
P o l y ( b u t e n e - 1  su l fone)  11 2 • 10 -6 

* We h a v e  o b t a i n e d  s e n s i t i v i t i e s  of 2-3 • 10 -~ fo r  t h i s  r es i s t  u s i n g  
the  d e v e l o p i n g  s o l u t i o n s  q u o t e d  i n  Ref. (4). 
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This m a y  wel l  be a function of spinning solvent,  the  
choice of which  is l imi ted  by  the ind iv idua l  so lubi l i ty  
character is t ics  of the polymers.  Of the  remain ing  po ly -  
sulfones, PBS, poly  (pentene-1 sulfone) (PPS) ,  poly  (2- 
me thy lpen tene-1  sulfone) (PMPS) ,  and po ly (cyc lo -  
hexene sulfone) (PcyloHS)  have  adequate  proper t ies  
to  be  useful  as posi t ive resists. I t  was found tha t  the  
polysulfones vapor -deve lop  at  ra tes  dependent  on the 
na ture  of the  olefin, as discussed in deta i l  la ter .  When  
this process occurs, organic vapor  and SOs are  re -  
leased into the column of the SEM, resul t ing  in m a r k e d  
contaminat ion  af ter  severa l  exposures.  Hence it is de-  
s i rable  tha t  the  ra te  of vapor  deve lopment  be a min i -  
mum in order  to reduce contamina t ion  of the  e lect ron 
column. When  the solvent  deve lopment  mode is being 
employed,  PBS and P P S  are  the  best  choices for a sol-  
ven t -deve loped  posi t ive resis t  system. 

Detailed evaluation of P B S . - - P B S  was found to 
serve  as a good elect ron beam resist  wi th  a sensi t iv i ty  
of 2 X 10 -8 coulomb cm - s  (at  5 kV) when  used as 
described.  

F igure  1 shows the  pa t t e rns  ob ta ined  b y  etching 
SiOs and W th rough  PBS de l inea ted  wi th  an e lec t ron 
beam as descr ibed above. F igure  2 shows micrographs  
of A1/Au pa t te rns  evapora ted  through a PBS mask.  
The resolut ion is <800 nm wi th  edge acui ty  of _100 
nlTL 

E~ect of voltage and overexposure.--The sens i t iv i ty  
of PBS was found to increase  wi th  decreas ing vol tage  
as shown in Fig. 3. This is in agreement  wi th  previous  
findings for negat ive  resists  (7). For  a 400-500 nm film 
of po lymer  resist, the  most efficient energy  absorpt ion  
and hence the  h ighest  sens i t iv i ty  occurs at  ,~5 kV. For  
nega t ive  resists, t r ansverse  e lect ron scat ter ing (cou- 
pled wi th  backsca t te red  electron) wi l l  increase  the 
l ine width,  wi th  increased exposure,  to approx ima te ly  
twice  the diffusion range  at  any  accelera t ing vol tage  
(7, 8).  F igu re  4 is a plot  of m a x i m u m  line wid th  as a 

December 1973 

Fig. 2. Electron mlcrographs of AI/Au patterns evaporated through 
a PBS mask. Exposure 2xi0 - e  coulomb cm -2  at 5 kV. 

Fig. I. Typical patterns etched through PBS masks in SiO2 and W. 
Exposure 2x10 -6  coulomb cm -2  at 5 kV. (A) and (B) etched in 
200 nm SiO2; (C) etched in 600 nm SiO2; (D), (E), and (F) etched 
in 100 nm W. 

function of accelera t ing  vol tage for epoxidized po ly -  
butadiene  negat ive  resis t  and  PBS posit ive resist.  The 
effect of voltage on resolution is more pronounced with 
a negative resist. The sulfone positive resists vapor- 
develop when overexposed and their scattering density 
decreases, minimizing line broadening. 

Although somewhat material dependent, the best 
resolution has been obtained using a 5-15 kV electron 
beam with both positive and negative resists. 

Vapor development.--The t e rm  vapor  deve lopment  
refers  here  to the process of po lymer  remova l  dur ing  
e x p o s u r e - - a  process which e l iminates  the  need for  
solut ion development .  Al l  the  polysulfones  inves t iga ted  
vapor-developed ,  but  unl ike  solution development ,  the 
dose requi red  was a function of olefin s t ructure,  e.g., 
10 -4 coulomb cm -2 for 150 nm of PBS compared  
wi th  5 X 10 -7 coulomb cm-2  for 150 nm of PMPS. 
Thermodynamic  considerat ions  lead  one to pred ic t  that  
dur ing  i r rad ia t ion  in vacuo with  produc t  gases being 
cont inual ly  removed,  a l l  posi t ive resists  should com- 
p le te ly  vapor -deve lop .  The process is, however,  com- 
pl icated by  severa l  factors, e.g., radica l  t e rmina t ion  
which can m a r k e d l y  decrease vapor -deve loped  sensi-  
t iv i ty  (3). 

When  ~150 nm films are  used, ve ry  high resolut ion 
pa t te rns  (<400 nm)  wi th  good edge acui ty  (__.30 nm) 
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Fig. 5. Electron micrograph showing variations of resolution with 
dose (scan time at constant current) illustrating the effect of over- 
exposure (A) 0.04 sec scan, (B) 0.1 sac scan, (C) 0.2 sec scan, and 
(D) 0.4 sec scan. 
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can be made. Figure  6 shows several pat terns etched in 
200 nm SiO2 through vapor-developed resists. 

The vapor-developed sensi t ivi ty depends markedly  
on several other parameters,  e.g., film thickness and 
temperature,  and will  be described in detail at a later 
date. 

Fig. 6. Electron micrograph of typical patterns etched in SiO2 
through a vapor-developed PBS mask. 

Conclusions 
1. The family of poly(olefin sulfones) all undergo 

chain scission at about the same rate and can all serve 
as positive electron beam resists. 

2. Po ly(bu tene-1  sulfone) was found to exhibit  best 
over-al l  resist properties. 

3. All  the polysulfones studied can be used in two 
development  modes, viz., solvent and vapor. 

4. The opt imum accelerating voltage to use is 5 kV 
for a 400-500 nm resist film. 
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Triboluminescence and Triboelectrification by the 
Motion of Mercury Over Glass Coated with 

Scintillator Dyes 
Csaba P. Keszthelyi* and Allen J. Bard** 

Department of Chemistry, The University o] Texas at Austin, Austin, Texas 78712 

ABSTRACT 

The conversion of mechanical  energy into electrical energy and light 
(triboelectrification and tr iboluminescence) by the movement  of mercury  over 
glass surfaces coated with scintil lator compounds was investigated. The motion 
of mercury over the coated glass involves the bu i ld-up  of potential  differ- 
ences in  excess of 20V; the na ture  of these triboelectric potentials differs sig- 
nif icantly from those observed in the absence of scintil lator coating. Twelve 
scintil lator compounds were investigated with the observed luminescence being 
characteristic of the coating material.  

Interracial  processes can generate  potentials of 
vary ing  magnitude,  and from a fundamenta l  aspect, 
these vol tage-producing interracial processes involve 
energy conversion. Scinti l lator compounds are charac- 
terized by a relat ively efficient conversion of one form 
of energy into another;  that is, in the usual experi-  
menta l  situation, the kinetic energy of high energy 
particles is converted into light energy. The study was 
concerned with the electrification, i.e. the separation of 
electrical charges, which occurs upon rubb ing  together 
dissimilar materials, a process termed "triboelectrifi- 
cation" or sometimes "static electrification." The re-  
lated optical phenomenon is called tr iboluminescence 
(1), the emission of light when certain materials  are 
rubbed or certain crystals are crushed. It has been 
known for a long time that  triboelectrification and 
tr iboluminescence occurs when  mercury  moves over 
a glass surface in the presence of inert  gases. For 
example, Picard (2) in 1675 observed a "whitish glow" 
in a Torricelli  barometer.  He at t r ibuted this to some 
"phosphors" ostensibly present as impurities. The ex-  
planat ion that is in general  agreement  with present  
thinking, namely, that  a static electric charge builds 
up, was first put  forth by Huksbee (2) in 1705. Recent 
workers in this field have observed chemical reactions 
in a triboelectric discharge (3, 4) and have studied the 
spectra of light generated by the relative motion of 
contiguous surfaces of mercury  and glass (5-7).  In  
related experiments,  contact electrification potentials 
as high as 100V have been measured (8). While many  
details of the basic mechanism remain  obscure, the 
process involves charge separation at the mercury-  
glass interface with the subsequent  charge recombina-  
t ion reaction being energetic enough (>20 eV) to pro- 

* E l e c t r o c h e m i c a l  Soc ie ty  S t u d e n t  Member .  
** E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
Key  words:  luminescence ,  static electrification, scintillator com-  

pounds. 

duce excited states of the iner t  gases, mercury  and 
even of the silicon and boron of the glass, and to 
cause decomposition of such molecules as methane. 
We report here that coating the glass surface with a 
scinti l lator compound results in intense luminescence 
that  is color-specific to the coating during movement  
of mercury over the surface and that  this light emis- 
sion is localized at the scintil lator coating and does not 
extend into the interior volume as has been reported 
when only mercury  and glass are involved (6). Other 
significant differences that  can be at t r ibuted to the 
scintillator coating and potential  difference measure-  
ments  are also discussed. 

Experimental 
The structures and fluorescence maxima of the scin- 

t i l lator compounds that we used as coating with posi- 
tive results are shown in Fig. 1. In  our previous work 
involving scintil lator compounds (9) we found that  
the commercially available samples are of a high 
qual i ty and required no fur ther  purification. The FTD, 
ATD, APD, and BTD samples were sent to us by Prof. 
Richard L. Taber, Colorado College, who reported 
them to be extensively purified by column chromatog- 
raphy; these were used as received. The pur i ty  of the 
other compounds that were used as coatings (rubrene,  
phthalocyanine,  ~,~,~,5-tetraphenylporphin) was ascer- 
tained as described previously (9). 

The glass surface to be coated was always cleaned 
first by r insing with reagent CH2C12, hydrochloric acid, 
distilled water, ethanol, and methylene  chloride (spec- 
troscopy grade) several times. The last CH2C12 rinse 
was checked using an Aminco-Bowman speetrophoto- 
fluorometer and a quartz cuvette to make sure that  
no traces of luminescent  impurities, especially those 
from a previous coating, were still evident. The glass 
was almost always coated by contacting it with a 
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Fig. i. Structures of the scintillator compounds that were used as coating. [Principal fluorescence or scintillation emission is indicated 

CH2C12 solution saturated with the compound being 
investigated; using approximately 0.5 ml solution for 
the length of the tube indicated in Fig. 3; the liquid 
was slowly rocked back and forth in the horizontal ly 
held tube that was slowly rotated unt i l  all the 
CH2C12 had evaporated. Vapor deposition was also 
employed as a coating technique. By use of a "heat 
gun," it was possible to make the coating more homo- 
geneous, mel t ing the coating at either specific spots 
or along the entire surface. The observations were 
made either in hermetical ly sealed cells (Fig. 2) or in 
a detachable vacuum- l ine  type a r rangement  using 
"Swagelock" couplings. 

Potent ials  were measured in an a r rangement  re-  
sembling Debeu's (8) by using either an electrometer 
(General  Radio Company, Type 1230-A) or a solid 
state operational  amplifier (Phi lbr ick-Nexus)  in a 
voltage follower a r rangement  yielding an input  re-  
sistance >10 TM ohms. A Moseley 7005-A XY recorder 
was used to obtain the potent ia l - t ime plots shown in 
Fig. 4 and 5. The electrometer could measure voltages 
up to 10V, the Phi lbr ick operation amplifier l imits 
,~20V. 

The rate of the rise and fall of the distilled Hg 
column could be controlled by the a r rangement  shown 
on the top of Fig. 3, whereby the vacuum pump or a 
noble gas source was a l ternate ly  connected to the main  

coated tube. I t  was found impossible to achieve a 
steady rate of rise under  our exper imental  setup, and 
recorded measurements  were confined to the fall ing 
Hg column. The He, Ne, and Ar were a high purity,  
commercial ly available, grade, used as received. The 
imbedded electrodes (cf. Fig. 3) were of p la t inum wire. 

Results and Discussion 
For a pre l iminary  investigation of the t r ibolumines-  

cence, the hermetical ly sealed cell ar rangements  shown 
in  Fig. 2 were employed. These were coated tubes con- 
taining a small  amount  of mercury  sealed under  
vacuum which produced light emission upon moving 
or shaking the mercury.  Such closed cells funct ioned 
essentially without  change over a period of several 
months when  used intermit tent ly .  For a continuous 
test, a glass wheel, scintil lator coated, and containing 
mercury,  was rotated by connection to a motor re-  
volving at 0.5-5 rpm; emission was observed for 48 hr 
in this a r rangement  before the test was terminated.  
In  these cells, even the slightest movement  of the Hg in 
the coated tube produced the characteristic lumines-  
cence. 

We have made quant i ta t ive  measurements  of the t r i -  
boe~ectric potentials generated at the scinti l lator in -  
terface by the movement  of the mercury  using the 
a r rangement  indicated in Fig. 3. In  this apparatus,  
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Fig. 3. Tribeelectric potentials were measured accordingly (total 
length of the 6 mm OD tube was 34 in., separation of the imbedded 
electrodes was 10 in.). 

which resembles an ord inary  mercury- in-g lass  barom- 
eter except that here the glass has been coated with 
scinti l lator compound, the mercury  in the reservoir 
can be made to rise and fall at a given rate in the 
tube  by applying either vacuum or inert  gas pressure 
at the inlet. The potential  between the mercury  and 
the glass can be measured by means of the two 
p la t inum wires sealed into the tube. In a typical ex-  
per iment  the mercury  column, formed by applying a 

vacuum to the inlet, is allowed to fall  by slow addi-  
t ion of inert  gas. Flashes of light are observed at the 
mercury-coated glass interface. The potent ia l - t ime be-  
havior ( termed here a "potentiogram") between the 
p la t inum contacts taken at various ohmic resistance 
settings of the electrometer is shown in Fig. 4. While 
the two electrodes remain  shorted by the descending 
Hg column, the reading on the electrometer (or f rom 
the operational amplifier in  the voltage follower ar-  
rangement)  is, natural ly ,  zero. There is a sudden in-  
crease in potential  as the Hg level moves below the 
top p la t inum lead (with the lead contacting the mer-  
cury positive with respect to the upper  glass lead);  
subsequent  variat ions and the detailed shape of the 
potent iogram are highly reproducible for a given coat- 
ing, but  vary  from coating to coating. This allows 
"f inger-print ing" a coating surface, and also checking 
for any bald spots, striations, etc. The ma x i mum voltage 
generated by the triboelectrification process could not 
be determined in these experiments,  but  we did find it 
to be in  excess of the amplifier l imit ing voltage of 
about 20V when the high impedance solid-state opera- 
t ional  amplifier was subst i tuted in place of the elec- 
t rometer  in Fig. 4. With the electrometer, the  highest 
resistance setting corresponding to the vacuum tube 
impedance of the electrometer itself could not be ap- 
plied for fear of damaging the ins t rument .  Debeu 
(8) measured ma x i mum voltages in excess of 100V 
on contact electrification using nickel as the s tat ionary 
phase, and NaCI or quartz particles as the moving 
phase; our ma x i mum voltages may well  be in  the 
same range. 

The rate at which the mercury  column was falling 
had an effect on the generated voltage; lower voltage 
readings occur at the slower ftow rates probabIy be-  
cause of leakage of the bu i l t -up  charge, lateral  migra-  
t ion processes inside the scinti l lator coating, etc. Tenta-  
tive evidence of such losses is found in the general ly  
declining shape of potentiograms as the Hg column 
moves farther away from the upper p la t inum elec- 
trode, making the effective scintil lator column length 
being monitored by  the electrometer increasingly 
longer. 

The light pulses are quite i r regular  in their  t ime 
distribution, and no correlation could be observed be- 
tween certain positions on the coated tube  and light 
emission either. The typical pulse length was between 
0.2 and 0.5 sec; the rise t ime and decay characteristics 
have not been measured. By comparison to calibrated 
light sources with the aid of the photodiode we used 
in electrogenerated chemiluminescence quan tum ef- 
ficiency measurements  (10) the n u m b e r  of photons 
emitted per cm 2 in these experiments  is estimated to 
be certainly greater than 1015 in a pulse. 

d i s t a n c e  

Fig. 4. Potentiogram of the triboelectrically generated voltages 
with apparatus of Fig. 3; constant recorder sensitivity is indicated 
by the "1 volt" scaler. The resistance settings of the electrometer 
were (a) 1011, (b) 1010, (c) ]0 9 ohms, The rote of foil of the Hg 
column was 3 in./min. 
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Signif icant ly different  resul ts  are  obtained in the 
same cells under  s imi lar  condit ions when the scint i l -  
la tor  coating is removed.  As Fig. 5 shows, now com- 
ple te  d ischarges  occur, involving b reakdown  of the  
gas in the  bu lk  volume. When  a large number  of po-  
ten t iograms are  examined,  it is unmis takab le  that  the 
vol tage bu i ld -up  and discharge pa t t e rn  is qui te  r an -  
dom, in sharp contras t  wi th  the  potent iograms taken in 
the  presence of a scint i l la tor  coating, where  the po-  
ten t iograms are  h ighly  reproducib le  and also "finger- 
pr in t"  minute  detai ls  of the coating surface. In al l  the  
exper iments  when the  type  of glass varied,  we found 
no specific or obvious differences in behavior .  On the 
other  hand, when other  fluorescent (nonscint l l la tor)  
compounds, such as rubrene,  TPP, or  PC were  used 
as coatings, no in tense  orange or red  t r iboluminescence  
resul ted.  

While  a deta i led  mechanism of the  phenomenon can 
obviously  not  be presented  on the basis of the exper i -  
ments  here,  these resul ts  combined wi th  previous  
studies of stat ic electrif ication and sol id-s ta te  lumines-  
cent processes al low some possible schemes to be 
presented.  The process of contact ing mercu ry  wi th  
glass causes the  mercury  to become posi t ively charged 
and the glass nega t ive ly  charged as a resul t  of e lec-  
t rons f rom the mercu ry  moving into unfilled surface 
states of the  glass (6). The separat ion of the  mercu ry  
and glass surfaces ini t ia tes  a discharge,  and based on 
the fact  that  emission f rom He has been observed  
under  these condit ions as wel l  as decomposi t ion 
methane  and other  hydrocarbons,  the  exci ta t ion en-  
e rgy  produced  by this d ischarge is g rea te r  t han  20 
eV (7). Thus, one mechanism for the luminescence of 
the  scint i l la tor  would  involve energy t ransfer  from 
exci ted state species of the mercu ry  or iner t  gas to 
the  scint i l la tor  coating. However ,  the lack of lumines-  

H g  . ~ .  

I 100 nlV 

,~ 1 0  I !  

Fig. 5. Potentiogram of trihoelectricolly generated voltages under 
the same conditions us Fig. 4, except that the scintillator coat was 
completely removed; the resistance setting of the electrometer was 
10 zl ohms. 

cence of cer ta in  fluorescent dyes and the re la t ive  in-  
dependence  of the  emission on the type  or pressure  of 
iner t  gas makes  other  mechanisms wor th  considering. 
The discharge process could lead  to highIy energet ic  
electrons;  the  in teract ion of these "soft E-rays" wi th  
the scint i l la tor  could produce  emission. Yet a th i rd  
mechanism is suggested by exper iments  on charge in-  
ject ion into aromat ic  crystals  (11, 12). In  these ex -  
periments ,  the direct  inject ion of electrons and holes 
into crystals ,  or inject ion via  insulator  crys ta l  elec-  
t rodes and solutions, leads to e lec t ron-hole  combina-  
t ion in the  crys ta l  and l ight  emission. The charge 
separa t ion  across the scint i l la tor  coating could lead to 
this k ind of process in these  exper iments .  
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A Technique for Measuring the Saturation 
of Phosphors at High Current Densities 
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ABSTRACT 

A technique is described which allows for the measurement of the satura- 
tion of luminous intensity of phosphors up to high current densities. The ac- 
tual light intensity profile of the spot is measured and is related to the 
current density profile across the spot, the latter being obtained from mea- 
surements on a nonsaturating phosphor. This technique thus uses a point-by- 
point measurement of relative efficiency vs. beam current density, and there- 
fore no assumptions concerning the beam current profile have to be made, and 
no averaging of beam current over spot diameter is required. Typical data are 
presented from several classes of materials. For the samples reported, 
La202S:Tb showed the least degree of saturation, (Zn, Cd)S:Ag the greatest 
degree, and Zn2SiO4:Mn was intermediate to these two. 

Most phosphors, when excited by an electron beam, 
show a less than l inear  increase in brightness with in-  
creasing beam current  density. This phenomenon is 
known as saturat ion and is indicated schematically in 
Fig. 1 where both intensi ty and efficiency are displayed 
as a funct ion of beam current  density. This effect can 
be par t icular ly  troublesome in multicolored cathode 
ray tubes using high current  densities, e.g., post de- 
flection focusing (PDF) type color television tubes. 

* Electrochemical  Society Act ive  Member .  
]Key words :  luminescence,  phosphors,  saturat ion .  
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Fig. 1. Effect of current density on: a) brightness or b) efficiency 
of a nonlinear phosphor. 

Two disadvantages will accrue if the phosphors chosen 
for this type of tube exhibit  saturat ion in the current  
densi ty range used by the tube: (i) the anticipated 
brightness increase will not be achieved, and (ii) the 
color balance and white field produced by color mix-  
ings wil l  vary  with beam current  density. For  these 
reasons, the intensi ty  vs. beam current  density data is 
an impor tant  factor in choosing the appropriate phos- 
phors for these types of applications. 

Measurement  of the saturat ion of various phosphors 
has  been reported by a number  of authors (1-6), with 
the work of Meyer and Pali l la  (6) being most directly 
concerned with television tube  application. In  these 
previous works, some assumption was made about the 
current  density profile across the electron beam and a 
calculated average current  density was used in the 
saturat ion plots. The technique reported in this article 
determines the actual current  densi ty profile of the 
spot, and so provides a point  by point measurement  of 
intensi ty  vs. beam current  density. 

Apparatus 
Phosphors used in this exper iment  were either ob- 

tained commercially (so designated in the appropriate 
figures) or prepared in the laboratory. Samples were 
settled onto 2.5 • 7.5 cm microscope slides using a 
potassium si l icate-bar ium acetate settl ing method. Af-  
ter lacquering, the slides were aluminized in a vac- 
u u m  evaporator. A l u m i n u m  deposition was regulated 
by a quartz crystal thickness moni tor  such that  all  
samples measured had an a luminum backing of 1000 
_ 50A. Saturat ion measurements  were made in a 
demountable  electron beam gun system shown in Fig. 
2. The electron beam gun was a Raytheon Type QV-359 
operated at 23 kV and with peak beam currents  of 8 
mA. The vacuum system was an oil-free system, using 
a sorption pump for roughing and an ion pump for 
high vacuum pump down. When samples were being 
changed, the electron beam gun could be isolated from 
the sample chamber by means of a gate valve. This 
allowed the gun to always remain  under  high vacuum 
after cathode b reak- in  had been performed, and thus 
extending gun  life indefinitely. 

At the high beam currents  used in  these experi-  
ments, the coils located at the gun neck were not suf- 
ficient to prevent  self-defocusing of the beam by the 
t ime it reached the sample plane. It  was therefore 
necessary to provide auxi l iary  focusing coils closer to 
the sample p lane  and separate deflection coils just  be-  
fore the sample plane. A typical  spot size for these 
measurements  was 0.025 in. diameter  at the 10% maxi-  
mum intens i ty  point. All these coils were operated 
from highly regulated constant  current  supplies. 
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The sample light spot in tens i ty  was measured using 
a photometer  which observed a 0.002 in. diameter  area 
of the spot. During the course of the measurement ,  the 
photometer remained focused on one spot and the elec- 
t ron beam was slowly scanned across it. The beam 
was swept horizontal ly by changing the current  
through the horizontal  deflection coils. This was done 
by using a 1/6 revolut ion per hour  motor to drive a ten 
tu rn  potentiometer.  The voltage across the horizontal  
deflection coil was then used as the signal for the 
x-amplif ier  on an x -y  recorder. The signal from the 
photometer 's  photomult ipl ier  was applied to the y - a m -  
plifier of the recorder. For each set of excitation c o n -  

ditions, a suitable neut ra l  density filter was used so 
that the photomult ipl ier  response was l inear  over the 
light intensit ies encountered. The result ing in tensi ty  
profile of a nonsa tura t ing  phosphor is shown in Fig. 3. 

The system was also provided with a Faraday  cage 
mounted  on a l inear  motion feedthrough for measure-  
ment  of total beam current.  The Faraday  cage could 
be moved to the axis of the system for current  mea-  
surement,  and then wi thdrawn dur ing the saturat ion 
measurements.  

Current  pulses were obtained by biasing the electron 
beam gun into cutoff, and turn ing  it on by  applying 
positive voltage pulses, obtained from a Hg-re.ed relay, 
delay l ine generator, to the grid. By this means the 
current  pulse could be controlled from 0 to 8 mA and 
from 6 nsec to any desired duration. A typical current  
pulse is shown in  Fig. 4. 

Determination of the Current  Density Distr ibution 
Principle.---For a nonsa tura t ing  phosphor, the in ten-  

sity is directly proportional to the current  density. 
Therefore, the intensi ty  profile shown in  Fig. 3 is the 
same as the current  densi ty profile across the light 
spot. Hence, if the area under  the current  density curve 
and the total current  are known, the current  density at 
any  point  in the profile can be calculated. In  this cal- 
culat ion the light intensi ty  profile of the Y2SiOs:Tb is 
approximated by a series of annu la r  steps, the ith step 
being of height hi and radius ri. The steps are taken at 
a uniform spacing of ~r. Since hi is directly propor-  
t ional to the current  density at that point, J~, for a non-  
saturat ing phosphor 

~k~'L/e~sity Y2 Si 0 s . Tb 

O 
Distance from cen~er of spot 

Fig. 3. Current density profi|e for Y2SiOs:Tb 

Fig. 4. Current pulse into the 
Faraday cage. 
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hi = ~ Ji [1] 

where a is a proportionali ty constant. Denoting the 
total current  into the ith annu la r  region as I~, 

It = (2~ri.~r)Jt [2] 

Therefore, using [2] in [1] and solving for Ii 

hi 
Ii = -- (2a~'i~r) 

The total current  into the light spot is I 

I = ~ I i  
i 

or, using [3] in  [4] 

[3] 

[4] 

2~AT 
I = - -  ~ hi r, [5] 

a t 

Therefore, the proport ionali ty constant between light 
spot intensi ty  and current  density for Y2SiOs:Tb, a, is 
given by 

2 ~ r  
a -- ~ hir~ cm2/A [6] 

I i 

The intensi ty  profile was approximated by using 20 
steps. It was found that doubling this number  provided 
no significant increase in accuracy. 

It is therefore only necessary to measure the total 
cur rent  in  the beam and to relate the dimensions of the 
x -y  plot to the actual dimensions of the light spot to 
convert  the intensi ty  profile to a current  density pro- 
file. 

Technique.--The measurement  of the total beam 
current  is easily accomplished by means of the t ravel -  
ing Faraday cage. A 100 msec wide current  pulse as 
recorded on a Tektronix 551 oscilloscope is shown in 
Fig. 4. 

To relate dimensions on the x -y  plot to actual di- 
mensions of the light spot, advantage is taken of the 
optical system of the photometer. The spot photometer 
is constructed such that a lens system focuses the light 
from the sample plane onto the cathode of a photo- 
mult ipl ier  tube. A mirror,  with a precision aperture, 
intercepts the light beam and reflects all but the light 
passing through the aperture to an eye piece. The size 
of the aperture determines the cross-sectional area of 
the sample plane that  is actually observed by the 
photomultiplier.  A camera placed at the eyepiece will 
then photograph the light received from the sample 
plane, less that t ransmit ted through the aperture. If 
the light spot is then positioned such that the photom- 
eter indicates an intensi ty  of 10% of maximum, a pho- 
tograph taken through the eyepiece will show a dark 
area at some distance from the center of the light spot. 
The diameter  of the area will  be determined by the 
diameter  of the aper ture  chosen, thus the actual di- 
mensions of the light spot can be determined. Also, 
since it is known that  the dark area in the photograph 
is at the 10% intensi ty point, the dimensions of the 
light spot can then be correlated to the dimensions of 
the x -y  plot. In  practice, the negat ive of such a photo- 
graph is used and a microdensi tometer  trace is made 
from the negative. Such a trace is shown in Fig. 5 
where a 0.006 in. aper ture  has been used for emphasis. 
A 0.002 in. aperture was used for the actual measure-  
ments. This would be an exact measurement  in  the 
l imit where  the ratio of photometer aperture to spot 
diameter  is zero; with the 0.002 in. aperture, a 0.025 in. 
spot size, and assuming a Gaussian dis tr ibut ion of in -  
tensity, the error  incurred in determining the 10% 
radius in this manne r  is about 2%. 

The slope observed at the edges of the aperture spot 
is caused by the rounding of the mirror  at the aper-  
ture opening. Microdensitometer traces were made 
through several different cross sections of the light spot 
to ensure that  the beam was actually symmetric.  

Fig. 5. Typical microdensitometer trace 

Measurement of Saturation Characteristics 
The procedure involved in measuring the saturat ion 

characteristics of a given phosphor is to mount  a set- 
t led slide of this phosphor, along with a slide of a non-  
saturat ing phosphor, in the demountable  system. For a 
given set of excitation condi t ions- -beam current,  pulse 
width, and repeti t ion r a t e - -a  light intensi ty  profile is 
recorded for the nonsatura t ing phosphor. This is then 
converted to a current  density profile as just  described. 
The beam is then moved to the test slide and the same 
beam conditions are used to obtain a light in tensi ty  
profile for the sample phosphor. Assuming that  the 
same current  density distr ibution pertains to the satu- 
ra t ing phosphor as was determined for the Y2SiOs:Tb 
slide, an intensi ty  (or efficiency) vs. current  density 
plot can be derived. 

The assumption that  the electron beam did not 
change its shape when it was moved from the Y2SiOs: 
Tb reference slide to the test slide was checked 
by substi tut ing a second slide of Y2SiOs:Tb for the 
test sample. The current  density distr ibution for the 
second Y2SiOs: Tb slide was taken to be identical  with 
that of the reference slide, as was done for measure-  
ments  on saturat ing phosphors. If there were no change 
in the current  densi ty profile in moving the spot from 
one slide to the other, the relative efficiency vs. cur-  
rent  density plot for the second Y2SiOs: Tb slide should 
be a straight line with zero slope. The results of sev- 
eral measurements  are shown in Fig. 6. This shows a 
measurement  error of less than ___5% except at the 
lowest current  densities. These measurements  were 
made periodically throughout  the course of the experi-  
ment. Another  check on the equali ty of the two current  
distr ibutions was made by applying very small beam 
currents  to the reference slide and a saturat ing sample. 
The current  density at all points in  the spot was below 
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Fig. 6. Estimate of measurement error using an Y2SiO5:Tb sample 
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the level where  saturat ion is noticeable. It  was found 
that  the two intensi ty  profiles were proportional, 
thereby indicating equali ty of the two current  dis t r ibu-  
tions. Finally,  the use of a grounded a luminum film 
on the back of the samples largely eliminates the im- 
portance of the electronic properties of the various 
materials. 

The superposition of the light intensi ty  profile of 
a saturat ing (Zn,Cd)S:Ag,  and a nonsaturat ing,  
Y2SiOs:Tb, phosphor is shown in Fig. 7. The 
(Zn,Cd) S: Ag was a commercial ly obtained green tele-  
vision phosphor. From this plot it is evident that  the 
(Zn ,Cd)S:Ag is considerably brighter  at the lower 
current  densities, but  at the highest current  densities 
its relative brightness has fallen off considerably. 

For  a nonsa tura t ing  phosphor, Y2SiOs:Tb was 
chosen since it had been reported by Meyer and Pali l la  
to have a luminous efficiency that was independent  of 
current  density. This was verified by measur ing the 
total brightness from a defocused spot and then focus- 
ing the beam, producing current  densities of several 
A/cm '~ in the center. Since no change in brightness 
was observed, it can be inferred that there was no 
change in luminous  efficiency. There were conditions of 
sufficiently high beam current  density where even the 
Y2SiOs:Tb showed saturation. This l imited the useful 
range of current  densities to approximately 3 A / c m  ~ 
max imum current  density. 

The relat ive efficiency at any  current  density was 
obtained by  taking the ratio of the intensi ty  of the 
sample at that  point to the intensi ty  of the Y2SiOs:Tb 
and comparing it to the same ratio at low current  
density. The low current  densi ty ratio was obtained by 
using a raster scan and low beam current.  A po in t -by-  
point  comparison across a low current  density spot 
could also be used to obtain the low current  densi ty 
ratio, and this technique gives the same results a s  
the raster  scan measurement ,  however, the raster scan 
measurement  was much faster and easier to make. 

Results 
Relative efficiency vs. beam current  density data are 

shown for several different phosphors in Fig. 8-10. In  
Fig. 8, the data for La202S: Tb, it is seen that al though 

Yz s,o5 Tb 
v B, 23KV 

$ Ag 

Fig. 7. The light intensity profiles of a saturating (Zn,Cd):Ag, 
and nonsaturating, Yg.SiOs:Tb phosphor. 
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Fig. 8. Relative efficiency vs. current density for La202S:Tb 

1.0  

the two excitation conditions produce the same excita- 
tion time per second, the longer width pulse causes 
greater saturation. Also, this mater ia l  shows the least 
saturat ion of the three samples shown. This is con- 
sistent with the results of Ref. (6) which showed that 
the rare earth doped oxides showed the least degree 
of saturat ion of the phosphors reported. ZnS:Ag  and 
(Zn,Cd)S:Ag showed the greatest loss in relat ive 
efficiencies. Figure 9 shows the results for (Zn,Cd)S: Ag 
out to a current  density of 3.2 A/cm 2. It is apparent  
that  this phosphor loses efficiency very rapidly, even at 
low current  densities, and at high current  densities has 
less than 10% of its max imum efficiency. Therefore, 
even at moderate current  densities a number  of other 
phosphors would be brighter  than (Zn,Cd)S: Ag. 

Figure 10 shows the data for wil lemite which shows 
a degree of saturat ion intermediate  to the rare earth 
activated phosphors and the sulfide phosphors. Also, 
the data show an increased effect for increasing pulse 
width. It should be pointed out that other authors 
(l, 2) have shown that  the loss of relat ive efficiency 
for Zn2SiO4:Mn is very strongly dependent  on man-  
ganese concentration, so the data of Fig. i0 should 
only be applied to the part icular  mater ia l  studied, NBS 
standard phosphor 1021. 

These data all  show a greater saturat ion effect for a 
given current  density than has been reported previ-  
ously (6). We at t r ibute  this difference to the use of an 
average current  density for the previous data. Because 
of the nonl inear  relationship between light intensi ty  
and current  density, the inner  region of the light spot 
contributes far less, per uni t  current  density, to the 
total spot brightness than do the outer regions. Hence, 
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Fig. 9. Relative efficiency vs. current density for (Zn,Cd)S:Ag 
(sample obtained commercially). 
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the  low cur ren t  dens i ty  regions of the  spot con t r ibu te  a 
d i spropor t iona te  f ract ion of the spot light,  and the 
over -a l l  sa tu ra t ion  effect is appa ren t ly  less. The differ-  
ence be tween  the average  cur ren t  dens i ty  method and 
the point  by  point  technique repor ted  here  is about  a 
factor  of two for high cu r ren t  densities.  

Manuscr ip t  submi t t ed  A p r i l  12, 1973; rev ised  m a n u -  
scr ipt  received Ju ly  20, 1973. 

A n y  discussion of this  paper  wi l l  appear  in a Discus-  
sion Sect ion to be publ ished in the  June  1974 JotmNAr.. 
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Effects of Comminution on the Luminescence of Phosphors 

S. Kuboniwa, T. Hoshina, T. Naraharo, and M. Kanamaru 

SONY Corporation Research Center, 174 Fuj~tsukacho, Hodogaya-ku, Yokohama, Japan 

ABSTRACT 

Luminescen~ properties of ball-milled Zno.97Cd0.o3S: Cu, AI and ZnS:Ag,AI 
phosphors have been measured. Particle size reduction, or the increase in the 
surface area, by comminution leads to a large luminescent loss of phosphors 
due to nonradiative recombination of the free carriers at the crystal surface. 
The milling condition adopted in this study does not have an appreciable effect 
on the surface or the bulk properties relevant to luminescence. The average 
width of the dead layer of the phosphors is estimated to be of the order of 0.1~. 
The penetration range of the electron beams into the phosphor layers decreases 
with decreasing particle size. Particle-size effects on the parameters that 
determine luminescence are discussed. 

Comminution of phosphor particles by means of mill- 
ing or crushing leads to luminescent loss. Size reduc- 
tion and lattice defects in the comminution process are 
caused by pressure, impact, or attrition, or by a com- 
bination of these. Size reduction of the phosphor parti- 
cles leads to an increase in the surface area relative to 
the whole volume. The crystal lattice is strongly per= 
turbed at and near the surface, and the dangling bonds 
formed can bind atoms from the ambient. As a result, 
energy levels of high density are formed in the forbid- 
den gap near the surface. They act as nonradiative re- 
combination centers for the free carriers. The size re- 
duction due to comminution, therefore, increases the 
fraction of the less-luminescent parts of the phosphors. 
This is one of the possible causes for luminescent 
degradation and is regarded as a major cause in this 
report. Damaging of phosphor crystals in the cornminu- 
tion process can also produce recombination centers in 
the lattice. The increase in multiple reflection of fluo- 
rescent light at crystal surfaces may cause a loss of 
externally emitted light. 

In this report, particle size effects on cathodo- and 
photoluminescent properties of Zn0.97Cdo.0aS: Cu,AI and 
ZnS:Agjkl phosphors are investigated. These phos- 
phors are used as the green and blue primaries for 
color picture tubes. 

Experimental Procedures 
Zn0.9~Cdo.0~S:Cu,A1 and ZnS:Ag,AI phosphors were 

ball-milled for up to 10 hr. The slurry consisted of 
phosphors (42g), methanol (50 mliters), and water 
(95 mliters) and was milled in a 500-mliter polyethyl- 
ene pot with glass balls of 10 mm diameter at the rota- 
tion rate of 100 rpm. This milling condition is not so 
hard as to cause a large crystallographic change of the 
phosphors. The widths of the x-ray diffraction lines 
and the estimated lattice constants have shown only a 
small change caused by the ball milling. Nevertheless, 
the luminescent intensity is greatly reduced. The crys- 
tallographic investigation of the ball-milled phosphors 
and the study of the comminution mechanism will be 

Key words:  phosphors; l u m i n e s c e n c e ;  ( Z n , C d ) S : C u , A I ;  Z n S : A g , A I ;  
c o m m i n u t i o n ;  ball milling. 

reported in another paper (I). Some of the results are 
given in Table I. 

For cathodolurninescent measurements, phosphors 
were packed in metal trays or sedimented on aluminum 
plates. The samples were placed in a demountable 
cathode-ray excitation apparatus. Luminescence was 
measured from the bombarded side. The current den- 
sity of the electron beam incident on a sample was 
determined from the luminescent area measured by a 
cathetometer and from the beam current detected by 
a picoammeter, which was inserted between an elec- 
tron-gun power supply and a pre-accelerating-voltage 
generator as shown in Fig. I. The luminescence was 
detected by HTV-R376 photomultiplier tube through 
a SPEX-1700-II monochromator. The pressure was 
lower than 2 • 10-6 Tort. 

Toble I. Some properties of the somples used 

(Zn,Cd) S :Cu,AI ZnS:Ag,AI 

Type of the crys- Wurtzite, Zn:Cd 
tam structure = 0.971:0.029 Zinc blende 

C o n c e n t r a t i o n s  (~> 
of 

Cu i.i i0 -~ 
A g  2.3 10 - t  
A I  8.5 10 4 2.7 lO s 

Sil ica as the coat- 
ing mater ia l  0.26 w t  % 0.23 w t  % 

M i l l i n g  t i m e  (hr)  

Spec i f i c  Spec i f ic  
Mean surface Mean surface 

diameters<b)  area<O) d i ame te r s (b )  a r e a  <o) 
(/z/n) (m2/g)  (/~m) (m2/g)  

0 11.6 1.20 7.8 0.45 
0.5 10.1 1.35 7.3 0.53 
2 7.2 1.63 6.6 0.73 
4 5.6 2.00 5.9 0.80 
6 4.9 2.20 5.1 1.06 

10 4.1 2.66 4.4 1.32 

(.) A t o m i c  r a t i o s  to the t o t a l  ca t ions .  
<b) A v e r a g e  v a l u e s  o v e r  t h e  w e i g h t - s i z e  d i s t r i b u t i o n s .  M e a s u r e d  

b y  sedimentation method. 
(a) M e a s u r e d  by BET method.  
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Fig. 1. Schematic diagram for the method of cothodoluminescent 
measurement. 

The beam voltage dependence of the luminescent  
efficiency for steady excitation by the electron beam 
of 0.5 ~A/cm 2 was measured. The beam current  and 
the luminescent  area were adjusted at each measur ing 
voltage to main ta in  a constant  current  density. The 
measurements  were made for the samples sedimented 
on a luminum plates. Comparison of the luminescent  
intensi ty of the sample phosphors was made for thickly 
packed samples at several voltages to el iminate the 
difference in reflectivity of the a luminum plates. 

Decay-t ime measurements  were carried out using the 
stroboscopic method (2). Phosphors sedimented on alu-  
m i n u m  plates were excited by electron beam pulses 
of a 5 -~ec  durat ion at a frequency of 30 Hz. The 
t ime-averaged current  density was 0.2 ~,A/cm 2, which 
was identical  with the pulse height of 1.3 mA/cm~. 
The tr iggering pulse from a pulse generator  was de- 
layed and supplied to a high voltage pulse generator  
which fed the gating pulses (--1.5 to --2 kV) to an 
HTV-R566 (S-20) photomultiplier.  The gat ing-pulse  
width was varied from 0.1 to 10 ~sec for ini t ial  and 
later stages of luminescent  decay. 

Excitat ion spectra were measured at room- and 
l iquid-ni t rogen temperatures.  Exciting monochromatic 
light was obtained using a 150W Xe- lamp and a SPEX 
1700-II monochromator  equipped with a grating blazed 
at 3000A. Phosphor particles were sedimented on a 
quartz plate to form an  e lementary  layer  of thickness 
equivalent  to the surface mean diameter. The coating 
densities are given in the captions of Fig. 7 and 8. The 
quartz plate coated with the phosphors was placed on 
a black-coated holder to prevent  the scattering of the 
emitted light. The samples were held in a vacuum for 
the room temperature  measurements  or directly im-  
mersed in liquid nitrogen. The exciting monochromatic 
l ight was swept from the shorter wavelength  region at 
the rate of 50 A/min.  

Diffuse reflection spectra were measured for thickly 
packed samples using a double monochromator.  The 
absolute reflectivity was determined by comparison 
with that  of MgO and its published data (3). The 
measur ing light was swept from the shorter wavelength 
region at the rate of 250 A/min .  

Experimental Results 
The fluorescent spectra of the green-  and the b lue-  

emit t ing phosphors are shown in Fig. 2. The ball  mi l l -  
ing did not cause any appreciable change in the fluo- 
rescent spectra. 

Figure 3 shows the dependence of the luminescent  
in tensi ty  on mil l ing t ime for excitation by the 10 kV 
electron beam (0.5 ;~A/cm 2) and the above-bandgap 
radiat ion of 335 nm. The degree of the luminescent  
degradation is larger for Zno.97Cdo.038:Cu,A1 than for 

30 20 eV o ; \  
Zn~.~Cd~ S:Cu, A 1 

ZnS:Ag. A t 

2 

i 

400 500 600 

WAVELENGTH (nm) 

Fig. 2. Luminescent spectra of Zno97Cdo.o3S:Cu,A and ZnS: 
Ag,AI. 

8 I 

6 

4 

10  ~ ' ' J I ~ ~ ~ ' '1 

0.5 

z_ 
1.0 

d, 
5 

z 

uJ 05 

CR 

, i i i 

\ 

~ 0 . - ~  G 

I ' 

\,'%.,,. 

335nm 

5 ]0 

MILLING TIME (hr) 

Fig. 3. Milling-time dependences of the luminescent intensities 
of Zno.wCdo.o~S:Cu,A| (G, green) and ZnS:Ag,AI (B, btue) under 
the excitation of the 10 kV electron beam and the 335 nm light. 

ZnS:Ag,A1, and  larger for the uv excitation than  for 
the cathode-ray excitation. 

Figures 4 and 5 show the variations of the beam- 
voltage dependence of the luminescent  efficiency of 
the green and the blue phosphors with mil l ing time. 
The fluorescent efficiencies increase with the applied 
voltage and show a tendency to reach the l imiting val-  
ues. The solid curves are the theoretical ones calculated 
using Eq. [6] and the parameters  in Tables II and III. 
The curves for the bal l -mi l led  phosphors are approxi-  
mately scaled-down versions of that of the nonmil led 
phosphors except in the region of very low voltages. 

Figure 6 shows the luminescent  decay curves for 
the nonmil led and the 10-hr-milled phosphors. The 
decay curves are normalized for the intensi ty  at the 
end of the 5 ~,sec-exciting pulse to be unity. The change 
of the decay curves is not so large as to make a con- 
t r ibut ion to the luminescent  degradation. The fact that 
the shor t - term time decays are slower for 3 kV than 
for 10 kV excitation, in spite of the larger generat ion 
rate of electron hole pairs per un i t  volume for the 
former, is evidence of the large loss of the generated 
free carriers in the near-surface region. The short- 
te rm time decay for 20 kV was also slower than that 



1736 J. Electrochem. Sac.: S O L I D - S T A T E  SCIE N CE  A N D  T E C H N O L O G Y  December 1973 

' ' ' ' I ' ' = ' I 

Zno~7 Cdo= S:Cu, A l 

0 

z 

_J 

0 10 20 

B E A M  V O L T A G E  (KV)  

Fig. 4. Voltage dependences of the cathodoluminescent efficien- 
ties of Zno.o~Cdo.osS:C-,AI boll-milled for 0, 0.5, 2, 4, 6, and 10 hr. 
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Fig. 5. Voltage dependences of the cathodoluminescent efficien- 
cies of ZnS:Cu,AI ball-milled for 0, 0.5, 2, 4, 6, and 10 hr. 

for 10 kV, which was caused by  the decrease in the 
e lec t ron-hole  pair  genera t ion  ra te  per  uni t  vo lume 
(see the nex t  sect ion).  

F igures  7 and 8 show the exci ta t ion spect ra  at  room 
and l iquid ni t rogen tempera tures .  The spectra  are  no r -  
mal ized wi th  respect  to their  maxima.  The spect ra  
show no apprec iable  and no systemat ic  change due to 
the  mi l l ing  in the  region of the wave leng th  shor ter  
than  the bandgap  light.  The decrease in m a x i m a  wi th  
mi l l ing t ime is due to the decrease in the  layer  th ick-  
ness, or  the coating dens i ty  of the phosphor.  The layer  
thickness does not affect the  shape of the exci ta t ion  
spect ra  in the region of the  above-bandgap  radiat ion,  
since the absorpt ion coefficient is of the  order  of l0 s 
cm-1.  

F igure  9 shows the diffuse reflection spectra.  Li t t le  
change in the  reflection by  the ba l l  mi l l ing  is observed 
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Fig. 6. Decay curves for the green (G) and the blue (B) emitting 
phosphors ball-milled for 0 and 10 hr at room temperature. The 
exciting electron beam pulse is of 5/~-sec duration with 30 Hz. The 
time-averaged current density is 0.2 ~A/cm ~. 
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Fig. 7. Excitation spectra for Zno.97Cdo.o3S:Cu,AI at room and 
liquid nitrogen temperatures. The coating densities of the phosphor 
are 4.3, 3.6, 2.4, 1.8, i.5, and i.3 mg/cn~ for 0, 0.5, 2, 4, 6, and 
10-hr-milled samples, respectively. 

in the region of  the  above -bandgap  l ight  and of the 
fluorescent light.  In  the region of the  impur i ty  absorp-  
t ion band for Zn0.97Cd0.~3S:Cu,A1, the reflection in-  
creases wi th  mi l l ing  t ime due to the  par t ic le -s ize  re -  
duction. 

Luminescence of Phosphor Part icle Layers 
In this section w e  shall  follow the  t r ea tmen t  of 

Gerge ly  (4, 5) for phosphor  luminescence and extend 
i t  to the case of phosphor  par t ic le  layers,  in which 
effects of par t ic le  size on luminescence a re  t aken  into 
account. 

Donor-acceptor  pa i r  recombinat ion  causes green and 
b lue  luminescence in ZnS:Cu,A1 and ZnS:Ag ,AI  
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Fig. 8. Excitation spectra for ZnS:Ag,AI at room and liquid nitro- 
gen temperatures. The coating densities of the samples are 2.5, 2.3, 
2.1, !.8, 1.6, end i .3 mg/cm 2. 
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Fig. 9. Diffuse reflection spectra for the nonmilled and 10-hr 
milled green and blue phosphors. 

(6),  respect ively.  The acceptors  wi th  cap tured  holes 
form energy levels high above the top of the valence 
band. The the rmal  ac t iva t ion  of t r apped  holes occurs 
wi th  negl ig ib ly  smal l  p robab i l i ty  at  room tempera tu re  
and below compared  wi th  the recombinat ion  p robab i l -  
i ty  wi th  electrons t r apped  at  the donor sites. Under  
s teady excitat ion,  therefore,  the ra te  for free holes to 
be cap tured  per  uni t  t ime by  ionized acceptors  is ba l -  
anced wi th  tha t  for captured  holes to recombine  wi th  
electrons t r apped  at  donors (see Fig. 10). The t r ap -  
ping ra te  for free holes is given by  p/~p, where  p is 
the  densi ty  of free holes and 1/Xp is the p robab i l i ty  
for a free hole to be t r apped  by  an ionized acceptor.  
Then the  luminescent  intensi ty,  I, can be expressed in 
terms of the  hole dens i ty  p in the  form 

A . ~&. C.B. 

0 

z --RC (t) / LUMINESCENCE 

0 
v-- 

Fig. 10. Band diagram for ZnS phosphors. Arrows indicate elec- 
tron transitions; the waved ones nonradiative. D, A, and RC indicate 
donor, acceptor, and nonradiative recombination centers, respec- 
tively. At equilibrium, the process (1) and (2) are balanced; thermal 
ionization of holes from the acceptor is neglected in the text. 

where  the  average  should be per formed  over  a l l  donor -  
acceptor  pairs,  Er is the energy of the  electronic t r ans i -  
t ion in the pair  of interest ,  and Vc the volume of the 
luminescent  region. 

The different ia l  equat ion governing  the generat ion 
and recombina t ion  kinet ics  of free holes under  s teady  
exci ta t ion is g iven by  

P 
g _ m .{. DAp = 0 [2] 

where g is the generation rate of free holes by the 
excitation per unit time per unit volume, �9 the lifetime 
of free holes, and D the diffusion constant of holes. 
For electron beam excitation, g is assumed to be 

proportional to the energy dissipation rate of the elec- 
tron beam in crystals. A simple model for the energy 
dissipation which is based on the observation by Young 
(7) was fa i r ly  successfully used to expla in  the sec- 
ondary  electron emission of solids by  Lye  and Dekker  
(8). I t  states tha t  a constant  amount  of energy is dis-  
s ipated per  uni t  t ime per  uni t  pa th  length  as an elec-  
t ron  beam penet ra tes  into solids unt i l  the electron 
beam consumes its ent i re  energy in the effective 
pene t ra t ion  depth, R, which is ca l led  the range  of 
e lec t ron penetra t ion.  Gerge ly  also used this model,  
and g is given by  

iV 
O~z-~R 

g-" k R '  
[3] 

--0, x>R 

where x is the distance in the solid from the bom- 
barded surface, and k is the average energy consumed 
per generated low-energy electron-hole pair [about 10 
eV for ZnS being estimated from the handgap depen- 
dence of the radiation ionization energy which was 
measured for various semiconductors (9)], i the cur- 
rent density, and V the accelerating voltage. 

C-ergely has obtained the solution p(x) of Eq. [2] 
using Eq. [3] for a semi-infinite crystal whose surface 
is bombarded uniformly by an electron beam (4). 
Substituting the solution into Eq. [i] gives the cath- 
odoluminescent efficiency n in the form 

~ = K  1 - Q  [4] 

where  

K -- ~- E av, 

S Q - ~  
D~+S 

1 

x/D~ 

C is the external eff• of the luminescent light, 
and S is the nonradiative recombination velocity of 
free holes at the crystal surface. 

Now, le t  us ex tend the above s ing le-crys ta l  t r e a t -  
ment  to the  case of phosphor  par t ic le  layers.  Phosphor  
layers  consist of par t ic les  of different  sizes and i r -  
r egu la r  shapes. I t  is not advantageous  to make  a 
microscopic considerat ion on such par t ic le  layers.  I t  
seems be t te r  to r ega rd  the par t ic le  layers  as a single 
crys ta l  as a whole. Then Eq. [4] m a y  sti l l  be used 
for phosphor  layers .  However ,  the  pa rame te r s  mus t  
necessar i ly  have meanings  or expressions different  
f rom those for a s ingle  crystal .  

K is the  ul t imate 'eff ic iency at  the high vol tage limit.  
Luminescent  loss increases wi th  increasing surface 
area  of phosphor,  because of the  high densi ty  of non-  
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radiative recombinat ion centers for free carriers in 
the surface region of the particles. Therefore, the 
ul t imate efficiency K is reduced by a factor of (1 -- 
SApl), going from the semi-infinite crystal to particle 
layers, where SA is the specific surface area of the 
phosphor, p the specific gravity, and I a proportional 
constant. We consider the case where the particle size 
is not so extremely fine as the factor (1 -- SApl) and 
may be approximated by e x p ( - -  SApI). SAp can be also 
expressed as 6/dm, dm being the average diameter,  if 
the particles are spherical. Accordingly, K may be 
wri t ten  as follows 

K : -- exp (-- S~l) 
k avg  

-k- E e x p ( - -  6l/dm) 
avg  

SAp and 6/dm are usual ly  connected by a shape factor 
due to i r regular  shapes of particles. The constant  l 
takes different values for the above two expressions. 
It  may be regarded as the average width of the "dead 
surface layer" of particles. 

The hole lifetime T in the case of particle layers 
should be considered as the one averaged over the 
whole volume of particles. Part icle size reduction or 
increase in the surface area of the phosphors reduces 
the average lifetime of free holes because of the large 
contr ibut ion of the surface region of short lifetime to 
the average. The surface recombinat ion velocity of 
holes S is not a function of the particle size but  of the 
surface properties. 

The electron range R should be considered also par-  
ticle-size dependent  for the following reason. R is re- 
lated to the accelerating voltage V by the empirical 
formula 

R = bY" [5] 

where b and n are exper imental  parameters  character-  
istic of solids. Young's model states that the electron 
beam energy almost l inearly decreases going into a 
solid and becomes zero at the distance R from the solid 
surface, as shown in Fig. l la .  The average slope is 
--iV/R which is larger for larger V because n > 1. 
When the crystal is cracked into two parts, for exam- 
ple, at the distance R/2, the dis tance-energy l ine is 
deflected at the interface as shown in Fig. l lb .  The 
resul tant  penetrat ion depth R1 is easily calculated as 

1 1 

Although this is a very simplified model, the probabil-  
ity that an electron beam, or part  of it, experiences 
the second or the third surface increases as the particle 
size decreases, because electrons can penetrate  through 
fine particles and also through the edge region of even 
larger particles. This tendency may be enhanced as the 

LU 
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Fig. II. Decreasing behavior of the electron beam energy in a 
perfect solid (a) and in a solid crocked into two parts at R/2 (b). 
x indicates the distance in the solid from the surface. R is the elec- 
tron range. 

particle shape becomes complex. As a result, the aver-  
age electron range decreases with decreasing particle 
size. In  addition, the simple range energy relat ion of 
Eq. [5] may not hold for particle layers. We proceed, 
however, in this simple t rea tment  on the assumption 
that  the relat ion of Eq. [5] still holds for particle 
layers, but b and n are different from those for single 
crystal and are particle-size dependent.  

In the case of excitation by above-bandgap light, 
the generat ion rate of electron hole pairs, g(x), per 
uni t  time per uni t  path length is given by 

g(x) : Nx (1 -- R~)ax e x p ( - -  axx) 

where N~ is the flux of the exciting light, R~ the re-  
flectance, and =~ the absorption coefficient. Gergely has 
obtained an expression of luminescent  intensi ty for 
such cases (5). A little modification of his expression 
[Eq. [14] of Ref. (5)] as we have done for cathodo- 
luminescence leads to the following formula for photo- 
luminescent  intensi ty Ip 

( I p = K p N x ( 1 - - N x )  1 - Q  ~ + ~  

where Kp = kK, and K and Q are formally the same 
as those in Eq. [4]. Kp does not have the meaning of 
the ul t imate efficiency as K has in the case of cathodo- 
luminescence. Considerations are to be confined within 
the region invaded by the exciting light, the depth of 
which is of the order of 0.1~ ( inverse of ~ ) .  The ratio 
of the surface area to the volume in such a region is 
necessarily larger than that  of the entire phosphor. 
Accordingly, Kp for bandgap excitation has a stronger 
dependence on the measured specific surface area SA 
or on the mean diameter do than that of eathodolu- 
minescence, as seen later (Fig. 12 and 13). 

Let us summarize the formulas obtained for con- 
venienee of later discussion: 
for cathodoluminescent efficiency n 

~ I = K ( I - - Q  l - - e - ~ V " )  
~V~ [6] 

and for photoluminescent  intensi ty  Ip under  bandgap 
excitation 

I p = K p N ~ ( 1 - - R D  1 - Q  r 

where 

K : [8] 

~-~pEr>exp(--61/dm)av~. 

Kp : kK [9] 

S 
Q - -  - -  [10] 

D , 8 +  S 

1 
= b/DE Ill] 

a = bp [12] 

The notations used are given at the end of the paper. 

Discussion 
Cathodoluminescence.--The values of the parameters  

K, a, n, and Q in Eq. [6] have been determined by the 
method of least squares, which minimizes the sum of 
the squared differences between the observed and the 
calculated efficiencies. They are given in Tables II and 
III, together with the resul tant  root mean  square de- 
viations. 

The ul t imate efficiency K at the high voltage limit 
should vary  exponent ia l ly  with the specific surface 
area SA or with the inverse of the average diameter 
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Table II. Experimentally determined values of the parameters for 
Z n o . 9 7 C d o . 0 3 S  C u , A  

Milling time (hr) 0 0.5 2 4 6 10 

K (arb. units (a)} 13.2 12.1 10.1 9.56 8.35 7.04 
o~ (kV -n) 0.313 0 ,298  0 .258 0.199 0.204 0.308 

1.37 1.39 1.37 1.32 1.21 1.09 
0.973 0 .901  0.977 1.0 1.0 1.0 

r m s d  (arb. units (e)) 0.15 0.09 0.11 0.11 0.09 0.07 

(o> The same uni t s  as  ~ in  Fig. 4. 

Table Ill. Experimentally determined values of the parameters for 
ZnS:Ag,AI 

Mil l ing  time (hr) 0 0,5 2 4 6 10 

K (arb. units (e}) 15.7 15.4 13.7 12.5 12.0 9.39 
u (kV-") 0.288 0 .280  0 .280 0.267 0.340 0.367 

1.56 1.50 1.49 1.48 1.28 1.38 
1.0 0.912 0 .949 0.973 1.0 1.0 

r m s d  (arb. units(~)) 0,12 0.14 0,14 0.08 0.08 0.05 

(e> The same units as ~ in Fig. 5. 

1/dm, as s e e n  f r o m  Eq. [8], if  t h e  l u m i n e s c e n t  d e g r a d a -  
t i o n  is c a u s e d  o n l y  b y  p a r t i c l e  size. T h e  v a r i a t i o n  of 

t he  f a c t o r  E in  K is no t  c h a n g e d  b y  t h e  
a v g  

m i l l i n g  p e r f o r m e d ,  s ince  i t  l i t t l e  a f fec ts  t h e  l um i nescen~  
s p e c t r a  a n d  t h e  d e c a y  cu rves .  T h e  e x t e r n a l  r a d i a t i o n  
eff ic iency C m a y  b e  c o n s i d e r e d  to v a r y  l i t t l e  b e c a u s e  
of  t h e  b a i l  mi l l ing ,  s i nce  t h e  l u m i n e s c e n c e  is o b s e r v e d  
f r o m  t h e  b o m b a r d e d  s ide  a n d  t he  d i f fuse  r e f l ec t ance  in  
t h e  l u m i n e s c e n t  r e g i o n  is a f fec ted  l i t t l e  b y  t h e  m i l l i n g  
(Fig .  9) .  I n  s u c h  s e l ec t ed  c o n d i t i o n s  of b a l l  m i l l i n g  a 
l i n e a r  r e l a t i o n  is r e a s o n a b l y  e x p e c t e d  w h e n  log  K is 
p l o t t e d  a g a i n s t  SA or  1/din, w h i c h  is d e m o n s t r a t e d  in 
Fig.  12 a n d  13. 

T h e  v a l u e  of l c a n  b e  e s t i m a t e d  f r o m  t h e  s lopes  of 
t he  l ines  log  K-SA a n d  --1~din. Si l i ca  a p p l i e d  to t h e  
p h o s p h o r s  as t h e  c o a t i n g  m a k e s  a l a r g e  c o n t r i b u t i o n  
to t h e  m e a s u r e d  specif ic  s u r f a c e  a r e a  in sp i te  of i ts  
s m a l l  q u a n t i t y  r e l a t i v e  to t h e  p h o s p h o r  ( T a b l e  I ) .  
H o w e v e r ,  t h e  s i l ica  coa t i ng  does  n o t  affect  t h e  slopes,  
s ince  t h e  s u r f a c e  a r e a  of  s i l ica  does  no t  c h a n g e  b e c a u s e  
of  t he  b a l l  m i l l i n g  a c c o r d i n g  to o u r  s u b s i d i a r y  m e a -  
s u r e m e n t .  A r e a s o n a b l e  v a l u e  of l as t h e  d e a d  l a y e r  
w i d t h  is o b t a i n e d  f r o m  t h e  s lope of log  K-SA b u t  no t  
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Fig. 12. Variations with the specific surface area SA of the 
ultimate efficiency K for cathodoluminescent and of the photo- 
luminescent intensity Ip under the 335 nm excitation. 
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Fig. 13. Variations with the inverse of the mean diameter 1/din 
of K for cathodoluminescent and of the photoluminescent intensity 
Ip under the 335 nm excitation. 

f r o m  log K-11dm, s ince  t h e  m e a n  d i a m e t e r  is o n l y  a 
m e a s u r e  of t h e  p a r t i c l e  s ize  w i t h o u t  t h e  i r r e g u l a r i t y  
of t h e  p a r t i c l e  s h a p e s  b e i n g  t a k e n  i n to  accoun t .  T h e  v a l -  
ues  of l o b t a i n e d  a r e  0.10 a n d  0.14~ for  t h e  g r e e n  a n d  
t h e  b l u e  p h o s p h o r s ,  r e s p e c t i v e l y .  I t  s h o u l d  no t  be  i m -  
p l i ed  t h a t  e a c h  p a r t i c l e  is c o v e r e d  b y  a d e a d  l a y e r  of 
t h e  w i d t h  [, s ince  [ h a s  o n l y  ~he m e a n i n g  of  t h e  a v e r a g e  
o v e r  a w h o l e  p a r t i c l e  g roup ,  w h i c h  m a y  i n c l u d e  n o n -  
l u m i n e s c e n t  f ine p a r t i c l e s  o r  p a r t i c l e s  less  l u m i n e s c e n t  
due  to i n h o m o g e n o u s  d i s t r i b u t i o n  of ac t i va to r s .  

T h e  v a r i a t i o n  of t h e  e x p o n e n t  n of t he  r a n g e - e n e r g y  
r e l a t i o n  w i t h  t h e  m e a n  d i a m e t e r  is s h o w n  in  Fig.  14. 
T h e  v a l u e  of n fo r  t h e  n o n m i l l e d  s a m p l e s  a r e  a p p r o x i -  
m a t e l y  in  a g r e e m e n t  w i t h  t h o s e  o b t a i n e d  b y  L u d w i g  
a n d  K i n g s l e y  (10) .  T h e  e x p o n e n t  n d e c r e a s e s  as t h e  
m e a n  d i a m e t e r  decreases ,  e s p e c i a l l y  r a p i d l y  b e l o w  
a b o u t  6~. As  d e s c r i b e d  in  t he  p r e v i o u s  sec t ion ,  s u c h  
t e n d e n c y  of n is c a u s e d  b y  t he  d e c r e a s e  in  t h e  e l e c t r o n  
r a n g e  R w i t h  d e c r e a s i n g  p a r t i c l e  size. F e l d m a n  (11) 
o b t a i n e d  n : 2.4 fo r  t r a n s p a r e n t  t h i n  f i lms of ZnS.  
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Fig. 14. Particle size dependences of n and a (---- b#), dm is 
the mean diameter. The approximate dependences are indicated 
by chained curves. 
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This large value of n compared with that obtained here 
may be considered to have been caused by the fact that  
the material  he used was t ransparent  without interface. 

The value of a which is equal to bE decreases with 
decreasing mean  diameter  and it rapidly increases also 
from near  6~ as shown in Fig. 14. ~ should increase 
with decreasing particle size, as discussed in the previ-  
ous section, since the average hole lifetime decreases. 
The first decrease of a with decreasing mean diameter, 
therefore, indicates that b decreases much faster than 

increases in this region. Such decrease of n and b 
with decreasing particle size is qual i tat ively consistent 
with the discussion in the previous section that the 
electron range R should decrease with decreasing 
particle size. 

The "range" R used in this s tudy may be different 
from the so-called range of electron penetration. The 
electron range R here means the range within which 
free holes and electrons are generated as the electron 
beam goes through into the phosphor. Generat ion and 
annihi la t ion processes of e lementary  excitations such 
as plasmons, phonons, and excitons would affect the 
processes of electron-hole pair generation. Therefore, 
the electron range here is dependent  on the properties 
of crystal structure, impurities, defects, and of the con- 
s t i tuent  atoms of the crystal, as well as particle size. 
In  addition, it should be questioned for more rigorous 
t rea tment  if the simple proport ional i ty between the 
electron-hole pair  generat ion rate and the energy dis- 
sipation rate of the electron beam holds in the wide 
range of the beam energy. Mayer has observed devia-  
tions from monotonic dependence of luminescent  in-  
tensity on landing energy at x - r ay  levels of the con- 
st i tuent atoms for various phosphors (12). Young's 
model for energy dissipation of electrons is also ques- 
t ionable (13). However, it is convenient  and not un -  
reasonable in the simplified and semiquant i ta t ive t reat-  
men t  to see the gross features of the problem. 

Photolum~nescence.--The variat ion of the photolu- 
minescent  intensi ty  under  the excitation of the 335 nm 
light can be explained by Eq. [7]. The reflectance Rx is 
not changed appreciably by ball mil l ing as seen from 
Fig. 9. The parameter  Q for cathodoluminescence takes 
values near  un i ty  almost independent ly  of the mil l ing 
t ime (Tables II and III) .  This fact means that the sur-  
face recombinat ion velocity is much larger than D;~ 
and that  the variat ion of ~ does not much affect Q. 
Therefore, Q for photoluminescence must  also have 
small mi l l ing- t ime dependences and take values near  
unity.  The average lifetime of holes �9 is considered ex- 
t remely short because the bandgap light produces holes 
only in  the surface region of high densities of recom- 
binat ion centers. Accordingly, it is reasonable to con- 
sider that  l/F, or the average diffusion length of holes 
in the surface region, is much smaller than the pene-  
t ra t ion delYth of the excit ing light, or 1/ax --~ 0.1~. 
Thus, the variat ion of the photoluminescent  in tensi ty  is 
ascribed to the var iat ion of Kp. The plot of log Ip vs. 
SA and 1/dm shows l inear  relations as seen in Fig. 12 
and 13, and the slopes are steeper than those of log K 
vs. SA and 1/dm for the cathodoluminescence. This 
steeper slope is, as discussed in the  previous section, 
due to the fact that  the ratio of the surface area to 
the volume in the  region invaded by the exciting light 
is larger than that of the entire phosphor. Kremhel ler  
et al. (14) have also observed a l inear  dependence of 
the logari thm of photoluminescent  intensi ty  on mea-  
sured surface area. They ascribed, however, the lumin-  
escent loss to the creation of t rapping levels due to the 
exposure of in terna l  surface chloride. 

The voltage dependence of the cathodoluminescent  
efficiency has been found the most helpful in under -  
s tanding the luminescent  degradation in this study. The 
other measurements,  decay curves, excitation and dif- 
fuse reflection spectra are complementary.  Let us ex- 
plain some of their  meanings. 

The shor t - te rm t ime decays of the luminescence for 
the bal l -mil led phosphors are little faster than those of 
the nonmil led ones. This may result from the higher 
densities of excited donor-acceptor pairs for milled 
phosphors than those for nonmil led ones. The decrease 
in the effective electron range R results in the increase 
in the average generat ion rate of free carriers per uni t  
path length of the electron beam. 

The average rate of generat ion of electron-hole pair 
per uni t  path length is larger for the smaller beam 
voltage according to Eq. [3], since n ~ 1. The slower 
init ial  decay for 3 kV in spite of the larger generat ion 
rate than for 10 kV is evidence of the large surface 
recombinat ion loss of free carriers. 

The excitation spectra in the region of wavelength 
shorter than the bandgap light do not show appre- 
ciable and systematic variat ion with mil l ing time, in 
contrast to the spectra observed by Gergely et al. (15) ; 
their  spectra for the ground samples show large de- 
creases compared with the unground  samples as the 
excitat ion wavelength becomes shorter. This is because 
the surface recombinat ion loss is enhanced in the re-  
gion of high absorption coefficient. Accordingly, the 
invar iance of our spectra indicates that the particle 
surface is not seriously damaged by the ball  mil l ing 
adopted in this study. 

Conclusions 
1. The luminescent  degradation of the Zn0.97Cd0.03S: 

Cu, A1 and ZnS: Ag,A1 phosphors by our ball mil l ing is 
caused main ly  by the particle size reduction, which in-  
creases the less- luminescent  surface region relative to 
the whole volume of the phosphor. Bulk and surface 
properties re levant  to luminescence are little changed 
by the ball  mil l ing adopted. The conclusion is mainly  
based on the fact that the l inear  dependences of log K 
and log Ip on SA and 1/dm are found. Other experi-  
ments  also support this conclusion. 

2. The average width of the dead layer of the phos- 
phors is estimated to be of the order of O.l~,. 

3. The electron range in phosphor layers, or the 
average range of generat ion of electron-hole pairs, de- 
creases with decreasing particle size. 

4. Supplementary  remarks:  Effects of ball  mil l ing on 
phosphors depend on its condition, namely,  sizes and 
materials of mil l ing pot and balls, quanti t ies of phos- 
phors and balls, dispersion media and mil l ing time. 
Under  some conditions of ball milling, induced lattice 
defects may make a large contr ibut ion to luminescent  
loss. The authors have found that  the l inear  dependence 
of log K on SA is not obtained in such cases. Milling 
stabil i ty of phosphors also depends on the condition 
of synthesizing. 
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LIST OF SYMBOLS 
average lifetime of free holes 

1/Tp probabil i ty for a free hole to be captured by 
an ionized acceptor 

Er radiative transi t ion energy 
k average energy consumed per  generated elec- 

t ron-hole  pair  
C external  radiat ion efficiency of luminescent  

light 
S surface recombinat ion velocity of free holes 
D diffusion constant for free holes 
SA specific surface area of phosphor 
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p specific g rav i ty  of  phosphor  
dm average  d iamete r  of phosphor  par t ic les  
l average  wid th  of dead layer  
V accelera t ing vol tage  of the e lect ron beam 
b , n  pa rame te r s  that  de te rmine  the electron range 

as R = bV n 
Nx exci t ing l ight  flux 
R~ reflectance of the phosphor  layer  
ax absorpt ion coefficient of the exci t ing l ight  
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Indium Phosphide 
I. A Photoluminescence Materials Study 

E. W. Williams, W. Elder, M. G. Astles, I M. Webb, J. B. Mullin, B. Straughan, and P. J. Tufton 
Royal Radar  Establishment, Malvern, Worcestershire, England 

ABSTRACT 

Solution-,  vapor- ,  and me l t -g rown  InP  have been analyzed  with  photo-  
luminescence measurements  over  the t empera tu re  r ange  5~176 Al though  
undoped mate r i a l  is discussed, the  main  emphasis  is on doped InP  grown from 
an indium solution for use as LED mater ia l .  Optical  ac t ivat ion energies  were  
de te rmined  for hydrogenic  donors, 7-10 meV; s imple acceptors,  zinc --50 meV, 
cadmium --58 meV, and mercu ry  --98 meV; the  isoelectronic t rap  bismuth, 
--31 meV; t ransi t ion meta l  acceptors, copper --60-73 meV and manganese  
--270 m e V .  

Ind ium phosphide  l ived in the  shadow of ga l l ium 
arsenide  dur ing  the sixt ies and there  was l i t t le  in teres t  
in it. In  1970 it f inal ly "ar r ived"  on the  semiconductor  
scene when  the th ree  level  mic rowave  osci l lator  was 
invented by  Hi lsum and Rees (1). The place of indium 
phosphide  in semiconductor  h is tory  was s t rengthened  
b y  the observat ion of Blom and Woodal l  (2) that  the  
na r row line width  of the spectra  of indium phosphide  
l ight  emi t t ing  diodes made  them ve ry  efficient pumps 
for mul t iphoton  phosphors  so that  b r igh te r  vis ible  l ight  
output  in a va r i e ty  of colors was possible. 

Light  emi t t ing  diodes were  the main  mot ivat ion for 
the  work  descr ibed in this t r i logy of papers  on ind ium 
phosphide.  The  first paper  is a rev iew of some of the  
photoluminescence measurements  made  on indium 
phosphide  p repared  at this  labora tory .  Photo lumines-  
cence was used to analyze  the mate r ia l  produced by  
solut ion growth  (3),  vapor  g rowth  (4), and by  l iquid 
encapsulat ion mel t  growth  (5). The emphasis  wi l l  be 
on  so lu t ion-grown ma te r i a l  since this was used for the  
p repara t ion  of the l ight  emit t ing diodes. The technique 
of solut ion g rowth  wil l  be discussed in detai l  in the  
second paper .  In the  third,  the subject  wil l  be double  
ep i t axy  l ight  emit t ing diodes wi th  efficiencies of 1.3% 
at room tempera tures .  

Ear l ie r  studies on ind ium phosphide photo lumines-  
cence concentra ted  on the s tudy of undoped mater ia l .  
Two lines near  1.41 and 1.37-1.38 eV at 4.2~ were  
associated wi th  excitons and with  band to acceptor  
recombinat ion  (6-8). The 1.41 eV line consisted of sev-  
era l  components  at  he l ium tempera tu res  and these 
have  now been more  c lear ly  resolved  at  1.8~ to 
show free exciton, excitons bound to ionized and neu-  
t ra l  donors, and excitons bound to neu t ra l  acceptors  

x Present  address: Services Electronics Research Laboratory,  
Baldock Hertfordshire, England. 

Key words: photoluminescence, indium phosphide. 

(9).  Two-ho le  and two-e lec t ron  t rans i t ions  were  also 
observed at this low t empera tu re  (9). 

The present  paper  describes measurements  made in 
the  t empe ra tu r e  range  5~176 and wil l  stress the  
measurements  made on the doped indium phosphide 
used in the l ight  emit t ing diodes. 

Studies  of the  half  wid th  and the peak posit ion of the  
luminescence l ines as a function of doping have proved 
pa r t i cu la r ly  useful  in unders tanding  the mechanisms 
involved in heavi ly  doped InP. The measurements  of 
Roder  et al. (10) on so lu t ion-grown InP  doped wi th  
zinc and t e l lu r ium are  compared  wi th  the  presen t  
work  and the t e l lu r ium results  are  re in terpre ted .  The 
optical  ac t ivat ion energies of the dopants  have been es- 
t imated  and it is shown tha t  for the  group II  elements,  
the  acceptor  act ivat ion energy increases wi th  atomic 
size for the series zinc, cadmium, and mercury.  The 
t ransi t ion meta ls  copper  and manganese  are  also briefly 
mentioned.  

Experimental Technique 
The expe r imen ta l  setup was s imilar  to the  one de-  

scr ibed prev ious ly  (11). A d-c  150W At las  tungsten 
iodide l amp was used for exci ta t ion instead of a mer -  
cury  l amp and a 230 Hz minia ture  Bulova tuning fork  
chopper  replaced  the old mechanical  chopper.  

The samples  were  glued wi th  rubber  solut ion onto 
the sample  holder  of a continuous flow he l ium cryos ta t  
(12) capable  of giving t empera tu re s  from 5~ up-  
wards.  This cryosta t  worked  s imply  by  an immers ion  
hea te r  in the bot tom of a 15 l i te r  hel ium Dewar  boil ing 
off he l ium gas which flowed over  the  sample  and 
cooled it. The fas ter  the  boil off, the  colder  the  sample  
became. 

The spectra  were  al l  corrected for  the pho tomul t i -  
p l ie r  and optical  sys tem response. 
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Fig. !. Photaluminescence at 6~ of undoped melt-grown 
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InP (a) g rown from mercury contaminated feed material and (b) a recent crys- 

Comparison of Growth Techniques for Undoped InP 
Melt-grown materiaL--The InP  crystals were grown 

in  a pressure pul ler  using boric oxide as a l iquid en-  
capsulant  (5). The high tempera ture  of growth 
(1050~ means that more impurit ies and lattice de- 
fects can be incorporated into the mater ial  than when 
lower growth temperatures  are used as in the case of 
epitaxial ly grown material.  As was mentioned in a 
previous publication, when measurements  were made 
at 77~ as many  as six lines were observed in the 
photoluminescence spectrum of the bulk undoped ma-  
ter ial  (13). Two lines at 1.41 and 1.37 eV were always 
observed but  in addition two other lines at 1.32 and 
1.16 eV were often observed, and less frequently,  lines 
at 1.35 and 1.28 eV were seen. 

The near  band edge peak at 1.41 eV contains a large 
n u m b e r  of components (9) all of which were un re -  
solved even when the temperature  was lowered to 
5~ Most of these components are due to recombina-  
t ion associated with excitons bound to acceptors and 
donors. Mass spectrographic analysis (14) indicates 
that silicon is present, so silicon may be par t ly  re-  
sponsible for this line. But the role of other donors, 
sulfur  and perhaps oxygen, for which this analysis is 
insensit ive may perhaps be more important .  

The peak near  1.37 eV was thought to be associated 
with zinc acceptors because of the zinc doping experi-  
ments  with solut ion-grown mater ial  mentioned below, 
and the low tempera ture  studies of zinc doped vapor-  
grown mater ia l  (15) indicate that  zinc acceptors pro- 
duce a l ine at about 1.373 eV. Furthermore,  mass spec- 
trographic analysis (14) also clearly indicates the pres- 
ence of zinc in the undoped pulled material.  

Mercury is the l ikely cause of the 1.32-1.33 eV line. 
It  was first suspected when it was found that  the InP  
star t ing mater ia l  was being treated with mercury.  A 
typical spectrum of the highest pur i ty  crystals grown 
from this mercury- t rea ted  starting mater ia l  is shown 
in Fig. 1 (a).  Notice the strong 1.33 eV line. These crys- 
tals were f requent ly  p-type.  The carrier concentrat ion 
NA--ND of the p- type sample shown in Fig. 1 (a) was 
3 X 10 z8 cm 3. 

N e w  crystals pulled from acid-treated star t ing ma-  
ter ial  with no mercury  present  show very  little emis-  
sion at 1.33 eV as shown in Fig. 1 (b).  The small  peak 
at 1.33 eV may be main ly  caused by the first IX) 
phonon replica of the 1.37 eV zinc acceptor -unknown 
donor pair  l ine as the ratio of its size to the zero 
phonon line at 1.37 eV is similar to the phonon asso- 
ciated with the l ine seen in zinc doped samples. The 
carrier concentrat ion of this second n- type  sample was 
NO-NA = 5.13 X 1015/cm 3. All of the crystals grown 
from acid-treated mater ial  were n-type.  Hence the 
above results imply  that  mercury  produces a deep 
acceptor level which gives an emission l ine at 1.33 eV. 
This implicat ion has been confirmed by (i) mercury  
diffusion into an epitaxial  layer and (ii) mercury dop- 
ing of the bu lk  material.  The mercury  diffusion will  

be discussed below but  the doping experiments  will  be 
described elsewhere since they are not yet completed. 

Lines at 1.35 and 1.28 eV have been observed in the 
77~ spectra of undoped mel t -grown ind ium phos- 
phide and they were part icular ly strong in the less 
pure crystals. The 1.35 eV line is known to be asso- 
ciated with copper (see below), but  the 1.28 eV line is 
of unknown origin. 

A broad emission line at 1.16 eV was f requent ly  ob- 
served and this has been discussed previously (13). It 
was always enhanced by the presence of excess indium 
so it was thought to be associated with phosphorus 
vacancies. 

Vapor-grown undoped InP.--Over fifty samples 
grown by the PC13 technique (4) were run  at 6~ No 
deep level emission associated with the 1.16, 1.28, 1.33, 
or 1.35 eV lines was ever observed. This is probably 
because of the higher puri ty  of vapor-grown mater ial  
which normal ly  has a much higher mobil i ty than the 
bulk  material.  Mobilities as high as 60,000 cm2/V-sec 
at 77~ were measured (4). The line at 1.37 eV was 
much sharper than with the mel t -g rown mater ia l  and 
this enabled three other lines to be seen near  to the 
1.37 eV line. Two of these lines occurring at about 1.38 
and 1.39 eV are shown in Fig. 2. This sample had a net 
carrier concentrat ion of 2.4 • 1012 and a mobil i ty of 
23,000 cm2/V-sec at 77~ The third line occurs close 
to 1.36 eV but  was never  clearly resolved and just  
appeared as a weak shoulder. The LO phonon replica 
of the 1.37 line (Ac + LO) was also observed at 1.33 
eV. The 1.39 eV l ine increased in intensi ty  when the 
samples were heat- t reated at 500~ in hydrogen for 
only 5 min;  it also increased as the epitaxial layer was 
gradual ly  etched off, and was very strong as the epi- 
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Fig. 2. Undoped vapor-grown InP before diffusion and after diffu- 
sion with copper for 5Vz hr at 750~ Photoluminescence spectra 
at 6~ 
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taxial  substrate  interface was approached (16). Fur -  
ther  work  needs to be done before the origin of the 
1.39 eV line can be ascertained and it would be point-  
less to speculate upon its nature at this stage of the 
work. 

The ratio of the intensi ty of the two main lines at 
6~ var ied in a random manner  for consecutively 
vapor -g rown  layers as did the carr ier  concentrat ion 
and mobility. 

At  77~ however,  the highest mobil i ty samples all 
showed a very  strong 1.41 eV line and an ex t remely  
weak 1.37 eV line, as has been ment ioned previously 
by Joyce  and Will iams (4). The var ia t ion of the half  
width of the 1.41 eV line at 77~ as a function of 
ND -- NA which was reported in this paper is com- 
pared with  doped samples grown by solution and by 
melt  g rowth  in Fig 3. This ha l f -wid th  variat ion can be 
used in place of Hall  measurements  as a measure  of 
the carr ier  concentration. This is useful for epitaxial  
layer evaluat ion because the carr ier  concentrat ion can 
be measured regardless of whether  the substrate is 
semi- insulat ing or highly conducting and addit ionally 
it is a nondestruct ive technique. This was par t icular ly  
useful for selecting good microwave device mater ia l  
for undoped layers grown on tin doped substrates. If  
the substrate qual i ty  was poor or had a doping level  
above 7 • 1017/cm3, impuri t ies  could be incorporated 
into the epi taxial  layer  during the growth. Gaseous 
interact ion with  the back of the substrate during 
growth was el iminated as a possible effect because 
layers grown on semi- insulat ing Cr doped substrates 
during the same run were  uncontaminated by the 
substrate. 

Finally, it should be ment ioned that  it was found 
that  the presence of a strong 1.37 eV peak at 77~ 
correlated with  strong compensat ion in the mater ia l  
and poor microwave  device characteristics.  

Solution-grown undoped InP . - -On ly  a few photo-  
luminescence measurements  were  made on undoped 
InP grown from indium solutions using phosphine 
saturat ion and a modified Nelson technique (3) be-  
cause the main emphasis was on doped layers for light 
emit t ing diode studies. A series of six undoped layers 
grown sequent ia l ly  and using the same growth condi- 
tion, s were  all n - type  and had carr ier  concentrat ions 
in the range  3 • 1015 to 2 • 1016/cm3 and mobili t ies 
at 77~ of be tween 12,000 and 19,000 cm2/V-sec. The 
luminescence propert ies  were  very  similar  to the va-  
po r -g rown  layers. The widths of the 1.37 and 1.41 eV 
lines were  almost the same as for the vapor -g rown  
mater ia l  and the ratio of the intensities of the two 
lines var ied in an a rb i t ra ry  fashion f rom run to run. 
The 1.41 eV line was ve ry  sl ightly wider  than for  t h e  
best vapor -g rown  sample indicating a higher  donor 
doping level.  The 1.37 eV line was genera l ly  s t ronger  
and was once again bel ieved to be due to contamina-  

I I I I 
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�9 �9 SOLUTION (Ge) 
0 0 SOLUTION (Sn) 

- -  ! SOLUTION ('re) x ~ 9  
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I 0 o  + + M E L T  (S) [ I o n /  _ 
i 0 [] MELT {Ge) I j ~  

x e / 4 1  

z 

_ _ 

[ I I I 
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Fig. 3. Half width of the near band edge emission at 80~ vs .  

N D  - -  NA for n-type undoped vapor-grown and doped solution 
and m e l t - g o w n  InP. 

tion of zinc. None of the three ex t ra  lines sometimes 
seen in vapor  growth were  observed. 

The first undoped layers were  grown from indium 
solutions saturated with undoped single crystal l ine 
InP under  a purified hydrogen flow and these also 
gave emission at 1.41 and 1.37 eV at hel ium tempera -  
tures but  there  was also a ve ry  strong 1.16 eV line. 
The electrical  propert ies were  much more var iable  and 
varied from 8 X 1015 to 4 X 1017/cm 3. All  the un-  
doped samples were  n - type  and the highest mobil i ty  
was 28,000 cm2/V-sec for a carr ier  concentrat ion of 
8 >< 1015 at 77~ 

Doping Studies 
Group II impur~ties.--The addition of zinc, cadmium, 

and mercury  to indium phosphide renders  it p-type.  
Zinc and cadmium always gave p- type  behavior  but in 
the case of mercury  the doping was much more diffi- 
cult and p- type  behavior  is not always obtained due to 
the lower  solubili ty of mercury  in indium phosphide. 
The luminescence spectra at 50~ of these three 
group II acceptors is shown in Fig. 4. The zinc and 
cadmium samples were  solution grown with doping 
levels  of 1.2 • 1016 and 7.4 • 10 TM holes /cm 3 at 
300~ The mercury  doped sample was n - type  with 
N D -  NA = 3 X 1016/cm 3 at 300~ The mercury  
doping was thought  to be in the region of 2 x 1016/cmS 
from a calculation of NA from Hall  measurements  at 
77 ~ and 300~ The tempera ture  of 50~ was chosen 
for recording the spectra for two reasons. First, con- 
duction band to acceptor recombinat ion dominates at 
this t empera ture  and second, the band to acceptor 
lines are  clearly resolved f rom the near  band edge 
peak at 1.40-1.41 eV. In the case of the  zinc spectrum 
the peak occurs at 1.373 eV and this coincides with the 
peak most commonly observed in undoped solution-, 
vapor-,  and me l t -g rown  crystals. Cadmium on the 
other  hand shows a peak at 1.362 eV and mercury  
shows a line at 1.324 eV. LO phonon coupling is ob- 
served for all three lines and the first phonon replica 
appears to be of equal  re la t ive  s t rength for all three  
acceptors. However ,  in the case of cadmium and zinc, 
the phonon replica is unresolved from another  impur-  
i ty line. This was concluded f rom studies of the cad- 
mium and the  zinc line as a function of doping and as 

"' |' | | I [ | ~ 3/1"37|eV 50OK 

Io) Z 

C - -  

c 

I I I I [ I I 
I ~  128 1.30 1-30 134 136 I ~ '  

rdtEl~V (eVl 

Fig. 4. Comparison of (a) zinc NA - -  ND = 12 M 1016/cm s, 
(h)  c a d m i u m  N A  - -  N D  = 7 . 4  N 1 0 1 6 / c m  s ,  a n d  (c)  m e r c u r y  
NA - -  ND - -  3 X 10 TM doping. Photoluminescence at 50~ (a) 
and (b) are solution grown, (c) is melt grown. 
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Fig. 5. (a, left) Variation of the peak energy of the band to acceptor luminescence line at 77~ with NA - -  ND at 300~ for zinc and cad- 
mium doped InP. (b, right) Half width of the band to acceptor luminescence line at 77~ vs. net hole concentration at 300~ for zinc and 
cadmium doping. 

a function of temperature.  The possibility of this extra 
impur i ty  l ine being mercury  is obvious from Fig. 4 
since the mercury  l ine almost coincides with the pho- 
non replica of the zinc and cadmium. 

The energy of the peak at 80~ of the zinc and 
cadmium lines as a funct ion of doping is shown in 
Fig. 5(a) .  The results of Roder et al. (10) on heavily 
zinc doped solut ion-grown material  are also plotted 
on the figure to show the expected shift of the peak 
as the impur i ty  level broadens into a band as the dop- 
ing increases. The half width of the emission is plotted 
in  Fig. 5 (b) for those samples shown in 5 (a).  

From the constant value of the peak at lower dop- 
ing levels, the activation energy can be calculated by 
subtract ing the peak energy from the bandgap. The 
activation energies are tabulated in Table I. They were 
corrected by � 8 9  to take account of the distr ibution 
of electrons in  the conduction band. They compare 
very closely with those determined from measurements  

I I I I I I 

I 38  

oe. 
hi 

~ 1 .35  

< 

Q_ 
1 .34  

1.42 

1 4 0  

/ B A N D  GAP 

C A D M I U M  ~ E~ 

A - - ~ A  -"P'-'- MERCURY 
DIFFUSED ~ r ~  

\ 
X - - x ~  x ..... 

X .~  
I 3 2  - -  X x . x  

~ .  x 

~ X  ~ MERCURY 
DOPED 

I. 3 0  - -  "~ \ 

I I [ I I I 
O 5 0  IOO 150 2 0 0  2 5 0  3 0 0  

TEMPERATURE (OK) 

Fig. 6. Temperature dependence of the peak of the emission for 
zinc (NA - -  No = 1 X 101e/cm3), cadmium (open circles, 
N A  - -  H D  " - -  1.8 • 1016/cn~; closed circles, HA - -  ND ----- 7.4 X 
1016/cm 8, mercury diffused (NA unknown), and mercury doped (NA 
- -  ND = 3 • --0~6/cm3). The bandgap was obtained from absorp- 
tion data (17). 

made on vapor-grown InP at 2~ on excitons bound 
to zinc and cadmium (15). 

The activation energy was also found from tempera-  
ture  studies of the quenching of the luminescence. The 
activation energy is given by the equation 

I = Io exp (,~E/kT) 

where Io is the in tensi ty  at 0~ and ~E is the activa- 
t ion energy. Table I shows that  the quenching activa- 
tion energy for zinc and mercury  was in reasonably 
close agreement  with that found from the peak energy 
positions. An extensive study of the temperature  
quenching was not carried out because the peak posi- 
tion of the luminescence gave a more accurate deter-  
minat ion  of the activation energy. 

The temperature  variat ion of the position of peak 
energy of the luminescence for all three acceptors is 
shown in Fig. 6 and compared to the bandgap varia-  
tion of Turner  et al. (17). The zinc sample had a doping 
level of 6 • 1016 compared to 7 • 1016 for the one of 
the cadmium samples (Fig. 6, open circles) and 2 • 
10 TM for the second cadmium specimen (Fig. 6, shaded 
circles). The zinc and cadmium samples showed an 
increase in "optical" activation energy as the tempera-  
ture  was reduced from 80 ~ to 6~ of about 7 meV. 
Here "optical" activation energy is the difference be-  
tween the peak energy and the bandgap at a fixed 
temperature.  The increase in "optical" energy was ob- 
served for all samples of zinc and cadmium doped 
samples in the  doping range 1 • 1016 to 4 • 1017/cm 3. 
The shift is accounted for by the change in electron 
recombinat ion mechanism from conduction band to 
acceptor level at 80~ to donor to acceptor recombina-  
t ion at 6~ The 7 meV shift is then reasonable be- 
cause this is close to hydrogenic donor binding energy 
in InP  which is 7 meV (using an effective mass of 
O.078m) (18). The two mechanisms were  not  resolved 
as two separate peaks presumably  because the doping 
level was too high. 

The mercury  doped sample had a doping level of 
about 2 X 1016/cm 3 and followed the bandgap quite 

Table h Activation energy for group II accepters in indium phosphide 

I m p u r i t y  

P h o t o l u m i n -  1.8~ I n t e n s i t y  
eseence  a t  e x c i t o n  da t a  q u e n c h i n g  

50"K - (meV) (Ref. 15) (meV) 

Z i n c  50 + 2 47.3 35 ~ 5 
C a d m i u m  58 ~ 2 56.3 -- 
M e r c u r y  98 ~ 2 - -  90 + 5 

The  b a n d g a p  used  to  ca lcu la te  the  op t i ca l  a c t i v a t i o n  e n e r g y  was  
1.420 eV at  50~ Th i s  is 2 meV g rea t e r  t h a n  the  b a n d g a p  m e a s u r e d  
by  T u r n e r  et  al. (17). Th i s  2 m e V  e r ro r  in  the  T u r n e r  et  al. 
b a n d g a p  was  e s t i m a t e d  f r o m  the  pos i t i on  of the  free exc i ton  at  
1.8~ (9). 
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Fig. 7. Photoluminescence spectrum at 77~ (a) A tin doped solutlon-grown layer (ND - -  NA -- 1 X 1017/cm3). (b) After diffusion 
of mercury into the tin doped layer at 750~ for 24 hr. 

closely in  the range 100~176 In this case there ap- 
peared to be no change in mechanism. 

The mercury  diffused sample shown in  Fig. 7 was 
prepared by mercury  diffusion for 24 hr at 750~ into 
a t in doped epitaxial  layer with a carrier concentra-  
t ion of 1 • 10'~ e lectrons/cm a. A t in  doped layer in 
preference to an undoped layer was used in an at tempt  
to avoid the 1.37 l ine which was always present  in the 
undoped samples. However the 1.37 eV always oc- 
curred at 80~ as is shown in Fig. 7 and  it was very  
difficult to resolve the mercury  l ine from the "zinc" 
line. This zinc contaminat ion occurred even though the 
sample and the  mercury were enclosed in a t an ta lum 
box within  the quartz ampoule dur ing the diffusion. At 
6~ only one line was observed in the mercury  dif-  
fused samples at 1.342 eV and its half  width was just  
slightly larger than the mercury  doped sample shown 
in Fig. 8 at the same temperature.  The mercury  dif- 
fused sample showed large changes in l inewidth  and 
peak position with changes in the exciting light in ten-  
sLty whereas the mercury  doped sample showed none. 
For example, on reducing the magr~tude of the in ten-  
sity by two decades, the peak shifted from 1.342 to 
1.334 eV and the half  width changed from 23 to 35 
meV. This change could possibly be interpreted as due 
to donor-acceptor pair  recombinat ion but  such large 
shifts have never  been observed in a direct gap I I I -V 
compound before. The shift observed for InP  for the 
1.37 eV line in undoped mater ial  is about 1 meV per 
decade of in tensi ty  change (6). It  is therefore more 
likely that  doping inhomogeneity may be causing the 
large peak shift for the diffused sample. 

Group III is�9 impurities.--Boron doping of 
mel t -g rown crystals did not affect the electrical or the 
luminescence properties of the material.  Local mode 
absorption studies of the boron doped crystal showed 
two absorption bands due to B 10 and B 11 and the con- 
centrat ion of boron was estimated to be about 10 ~7 
boron atoms/cma (19). The luminescence spectrum at 
6~ of the same samples as used for the local mode 
studies was identical to the undoped spectrum shown 
in  Fig. l ( a ) .  From this it was concluded that  boron 
did not produce any luminescence lines in the energy 
region 1.42-1.10 eV. 

Pre l iminary  results on an a luminum doped crystal 
indicate that a luminum produces a line close to the 
1.32 eV line and fur ther  studies are in progress (14). 
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Fig. 8. Variation of the peak energy with doping of three lines 
seen in n-type indium phosphide grown from indium solutions and 
from the melt. 

Group IV.--I t  is well  known that silicon is an  am- 
photeric impur i ty  in GaAs and that the highest effi- 
ciency light emit t ing diodes have been made from sili- 
con doped solut ion-grown GaAs (20). Consequently, 
it has been hoped that  one of the group IV elements 
would also be strongly amphoteric in InP  and that this 
characteristic could again be used for making efficient 
l ight emit t ing diodes. The many  variations in the l iquid 
epitaxial  growth technique that  were applied in an at-  
tempt to prepare p- type mater ial  with group IV ele- 
ments  were all unsuccessful (3). All the three elements 
attempted, i.e., silicon, germanium,  and tin, showed 
normal  n - type  behavior  just  like the group VI ele- 
ments. The photoluminescence measurements  on sill- 
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con, germanium,  tin, and lead doping in mel t -g rown 
crystals have been reported previously (13) and will  
only be summarized briefly. 
Silicon.rain the silicon solut ion-growth experiments,  
heavily doped n- type  material  was produced in con- 
trast  to the mel t -grown crystals where  no silicon was 
incorporated. However, the results were difficult to 
reproduce and the doping varied from 10 x6 to 10 TM 

over the same epitaxial  layer. The photoluminescence 
spectra of this inhomogeneous mater ial  is shown in  the 
accompanying paper on materials  growth (3). Al -  
though the 1.37 eV l ine associated with acceptors was 
observed in the l ight ly doped (less than 1 • 1017/cm3) 
samples it varied in a random manne r  and could not 
be correlated with silicon acceptors and could well  
have been due to zinc impurities. 
Germanium.mIn the solut ion-grown ge rmanium doped 
samples, the 1.37 eV line was only observed when the 
doping level was below 1.5 • 1018 and above this up 
to carrier concentrat ions of 3 • 10 TM only the 1.41 eV 
l ine was observed. The small  variat ion of the peak 
energy of these two lines with doping is shown in Fig. 
8 and the half  width of the 1.41 eV line is plotted in 
Fig. 3. A typical spectrum at 80~ of a more l ight ly 
doped sample is shown in Fig. 9. The doping level was 
6 • 1018 carr iers /cm 3. Note the large 1.13 eV peak. A 
large 1.1-1.2 eV peak was observed in all the ger-  
man ium doped samples both solution and melt  grown. 
No correlat ion was observed between the intensi ty of 
the 1.37 and the 1.1 eV lines and the ge rmanium doping 
level. 
T in . - -The  photoluminescence spectra of the t in doped 
solut ion-grown samples were similar to those of ger-  
m a n i u m  in that  the 1.41 and 1.37 eV lines were ob- 
served at 77~ over the same carrier concentrat ion 
range (1 • 10 TM to 3 • 10 TM) that  was studied for 
germanium. The 1.1 to 1.2 eV line was either very 
small  or not observed in the solut ion-grown material  
and this was also typical  of the mel t -g rown t in  doped 
material .  

l I I I 

EO~K 
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No-N,- 6~ Otl~ 

lJ3cV 
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i dCOcv 

136~v 

Fig. 9. Photoluminescence spectrum at 80~ for solution-grown 
germanium doped InP (ND - -  HA = 6 X 1016/cm8). 

The peak energies for the 1.37 and 1.41 eV lines as a 
function of doping are plotted in Fig. 8 for measure-  
ments  made at 80 ~ and 6~ The half width of the 
1.41 eV line at 80~ is plotted in Fig. 3. The change of 
approximately 10 meV in the position of the 1.41 eV 
line between these two temperatures  is equal  to the 
bandgap change. At carrier concentrations above 3 • 
10 TM the near band edge peak shifted to higher ener -  
gies. This shift is a Burstein-Moss type shift and is due 
to the overlap of the donor impur i ty  band  wi th in  the 
conduction band  and the consequent filling up of the 
(000) min ima  in the conduction band. This type of 
shift has also been observed for te l lur ium doped solu- 
t ion-grown InP and the results are summarized by the 
curve in Fig. 8 and they will be discussed below. The 
exact na ture  of the shift for the t in doped samples with 
concentrat ions above 1 X 10 TM was complicated by the 
appearance of an extra luminescence peak above the 
intrinsic bandgap. Figure  10 compares two solution- 
grown samples. Figure 10(a) shows only one peak 
above the intrinsic bandgap EG and the doping level 
of this sample was 7.1 • 1018; in Fig. 10(b) however, 
with a doping level of 8.5 • 10 TM, two peaks are ob- 
served above Eo. Two peaks were also observed in a 
mel t -grown InP crystal which had a doping level of 
between 1 and 2 • 1019 electrons/cm 3. Figure 11 shows 
a plot of the spectrum obtained from the mel t -g rown 
crystal at five temperatures.  The arrow under  each 
curve indicates the bandgap at the tempera ture  of 
measurements.  The three peaks observed in the heavily 
t in  doped spectra in Fig. 10 and 11 have been labeled 
A, B, and C and they have been plotted on Fig. 8. In  
the authors '  opinion the mechanisms responsible for 
the three lines at 80~ are: A, band- to -band  recom- 
binat ion (the t in donor states are merged with the 
conduction band) ;  B, band-to-acceptor  Acl, where the 
concentrat ion of Acl  is less than  1 • 10 is carr iers /cm 3 
so that  no acceptor band is formed; and C, band- to-  
acceptor Ac2 where  the concentrat ion of Ac2 is greater 
than 1 • 10 TM carr iers /cm 3 and increases proport ionally 
to the t in  doping. The variat ions with t in  doping are 
consistent with this model and the curves on Fig. 8 
have been labeled A, B, and C accordingly. The in-  
crease in half width of C for the solut ion-grown sam- 
ples as a function of doping is clearly shown in Fig. 10 
and this was observed for all so lut ion-grown samples. 
From Fig. 5b it can be seen that the acceptor states 
begin to form a band at a carrier concentrat ion of 1 • 
1018 and Fig. 5(a) shows how the peak of the emission 
decreases in energy because most of the electron re-  
combinat ion occurs near  to the top of acceptor bawd 
which is moving deeper into the forbidden gap. This 
decrease in energy is counteracted by the  shift of the 
electron fermi level higher into the conduction band, 
hence there is l i t t le change in energy of line C. Line B, 
however, will  follow line A because the concentrat ion 
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of acceptor Acl  is small  in comparison to the donor 
concentration. The origins of Acl  and Ac2 are un -  
known. Ac2 may be due to t in acceptors but  one can-  
not be certain of this because a similar C l ine was ob- 
served for S and Te doped InP.  

The tempera ture  studies shown in Fig. 11 indicate 
that, assuming the proposed model is correct, band- to -  
acceptor recombinat ion dominates at hel ium tempera-  
tures and that  band - to -band  recombinat ion becomes 
dominant  as the tempera ture  is raised to 300~ This 
behavior was also observed for the solut ion-grown 
samples. This is consistent with exper imental  observa- 
tions for GaAs where  donor-acceptor recombinat ion 
often dominates at low temperatures.  

The fact that  the peak positions and half widths for 
these heavi ly  doped (10 i9 to 10 ~~ samples do not lie 
exactly on the curves in Fig. 8 and Fig. 3 indicates that  
the carrier concentrat ions made by Hall  measurements  
may be in error to some extent. This is hardly  surpris-  
ing since the Hall voltage is very small  for these dop- 
ing levels. 

Of these three lines, A, ]B, and C, only the intensity 
of A which is thought to be associated with band-to- 
band recombination could be correlated with tin dop- 
ing. This was expected because the half width of the 
A line was found to be proportional to the donor con- 
centration (see Fig. 3). Figure 12 shows the intensity 
plot for line A at 6~ as a function of doping for 
solution-grown material. This shows that up to carrier 
concentrations of 5 to 7 X l0 is the intensity increase 
is directly proportional to the increase in the tin donor 
concentration and the accompanying paper (3) shows 
that this donor concentration is proportional to the 
quantity of tin going into the indium melt. This means 
that a large majority of the tin atoms which are elec- 
trically active act as donors and that there are ex- 
tremely few acceptors present. This is confirmed by 
the Hall measurements which are summarized else- 
where (3). This also implies that the acceptor Ac2 
proposed in the above model is not associated with tin. 
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Fig. 12. Intensity of near band edge emission for solution-grown 
InP as a function of the tin donor concentration. The dotted line 
has a slope of 1. 

A falloff at concentrat ions above I0 l~ is to be expected 
because carrier concentrat ion quenching should set in. 
The mechanisms involved in the quenching cannot  be 
discussed unt i l  more data have been assembled to de- 
rive the exact shape of the falloff in intensity.  

Group V isoelectronic impuri t ies . - -Bismuth  doping 
of solut ion-grown InP produces a luminescence line at 
1.392 eV at 6~ whose intensi ty  is proport ional  to the 
bismuth concentration.  The luminescence l ine and its 
associated phonon replicas have been reported else- 
where (21). High concentrat ions of b ismuth  were re-  
quired in order to produce 10-100 ppm of b ismuth in  
the layers. As expected, bismuth did not show any 
electrical activity. 

Group VI  irnpurities.--The group VI impuri t ies  S, 
So, and To, all act as convent ional  donors in  InP  just  
as they do in GaAs. 

The luminescence properties of four solut ion-grown 
layers doped with te l lur ium are summarized in Fig. 3 
and B. The half width  at 80~ of the 1.41 eV line, or 
the A line at heavy doping levels, is plotted in Fig. 3. 
In  each case the te l lu r ium points appear to lie above 
the dotted line. Whether  there is any significance in 
this larger half  width is not known and fur ther  sam- 
ples need to be studied before it is confirmed. In  Fig. 
8 the peak energy is plotted as a function of donor 
doping. For lower doping levels, below 2 • 10 iv 
donors /cm a, the te l lur ium points are close to those of 
the Group IV. At heavier doping levels there is some 
disagreement in that the peak positions of the two 
te l lur ium doped samples, with doping levels of 2.4 • 
l0 is and 5.8 X l0 is electron/c m3 both lie appreciably 
above the A line for the t in  doped samples. The reason 
for this is not understood and more samples need to be 
evaluated to see if this difference is confirmed. It  is 
tempt ing to speculate that  for some reason, perhaps 
because of heavy compensation, the Hall measurements  
always give a low reading for the carrier  concentra-  
tion. This would also explain the "apparent" larger 
half width seen in Fig. 3. 

However, this still does not explain one result;  in the 
heaviest doped sample with 5.8 • l0 is e lectrons/cm 3, 
an extra l ine is observed above line A at 1.55 eV. A 
spectrum of this sample at 80~ is shown in Fig. 13. 
The A line and the C line are observed as with the t in 
sample shown in Fig. 10 but  in addition there is a 
shoulder centering at approximately 1.55 eV. 

The te l lur ium doped solut ion-grown samples of Ro- 
der et al. (10) at 2fl~ are also summarized by the 
curve shown in Fig. 8. For doping levels up to 4 • 
10is they show a constant displacement from the esti- 
mated B l ine but  they then move towards the A line at 
heavier doping levels. This could be explained by a 
gradual  change in the mechanism from band- to -ac-  
ceptor to band- to -band  recombinat ion at very  high 
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Fig. 13. Photoluminescence at 80~ of heavily doped solution- 
grown tellurium doped lap with ND - -  NA = 5.8 X 10XS/cm 3. 

doping levels. This is i,n disagreement  wi th  the in ter -  
pretat ion of Roder et al. since they  proposed that  
band- to-acceptor  recombinat ion dominated for all the 
te l lur ium doped samples because they were  unable  to 
resolve a band- to -band  line at high doping levels. 

Only one sulfur doped sample was evaluated and this 
was melt  grown. The  doping level was 5 • 10 TM elec- 
trons/cm~. Peaks A and C were  observed, but B was 
not resolved. The peak energy is plotted for both 
77 ~ and 6~ in Fig. 8 and the half  width is shown 
in Fig. 3. In both cases the agreement  with the group 
IV elements  is quite good. 

Transition metals.--Copper.--Copper was evaporated 
onto the surface of an undoped vapor -g rown layer  of 
InP and it was diffused for 51/2 hr  at 750~ The 
photoluminescence spectrum at 6~ of this layer both 
before and after  copper diffusion is shown in Fig. 2 and 
the electrical  propert ies are summarized in Table II. 
A new line is seen at 1.348 eV and this line does not oc- 
cur  if the hea t - t r ea tment  takes place without  copper. 
This disagrees slightly with the first results for copper 
diffused samples reported e lsewhere  by the  authors 
when the spectrum at 80~ was shown and the cop- 
per line was at 1,355 eV (13), The first phonon replica 
of the copper l ine is c lear ly  observed at 6~ in Fig. 1. 
The Hall  measurements  for the copper diffused sample 
are given in Table II. They clearly show that  copper is 
an acceptor in indium phosphide. Inhomogeneit ies  in 
the copper doping level  are suspected because of the 
abnormal ly  high mobility. 

Whether  the new copper luminescence level  is due to 
a singly or doubly ionized copper acceptor or to a cop- 
per acceptor-donor  complex is not known. Tempera-  
ture studies indicate that  more than one line may be 
present. F igure  14 shows the tempera ture  dependence 
of the peak energy  of the copper. At  80~ the  lumin-  
escence was quenched and this was in contrast to 
ear l ier  results in which the copper l ine was observed 
at 1.355 eV at 80~ on the first diffused samples. The 
difference be tween the  two copper diffusion results is 
ve ry  confusing and indicates that  more  than one cop- 

Table II. Electrical properties of transition metal doped 
indium phosphide 

T e m p e r -  M o b i l i t y  
a t u r e  (era2/ 

S a m p l e  T y p e  ( ' K )  V - s e c )  N / c m  3 

U n d o p e d  l a y e r  ( u s e d  n 300  3 ,204  7.2 • 10 ~ 
for  c o p p e r  d i f f u s e d  77 22 ,800  2.4 x 1015 
l a y e r  b e l o w )  

C o p p e r  d i f f u s i o n  P 300  707* 5.3 • 10 TM 
P 77 1,435" 7.3 x 101~ 

M a n g a n e s e  d o p e d  32 p 300  867 1.6 x 10 ~e 
m m  

M a n g a n e s e  d o p e d  58 P 300 888  6.9 • 10 TM 
m m  

* I n h o m o g e n e i t i e s  in  c o p p e r  dop ing  level  suspec ted  because  o f  
t h i s  a b n o r m a l l y  h i g h  m o b i l i t y .  
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Fig. 14. Temperature variation of the peak of the emission asso- 
ciated with copper and manganese acceptors in InP compared to 
the bandgap (19) 

per line is involved.  It should be noted that  the copper 
diffusions reported here were  carried out on much bet-  
ter  vapor -g rown layers wi th  a lower background dop- 
ing than those used in the previous study. 

Manganese.--The samples used in the photolumines-  
cence measurements  were  cut from an InP crystal  
g rown from a manganese doped InP melt. They were  
p- type  and their  electr ical  propert ies are summarized 
in Table II. The 58 mm sample was nearer  the bottom 
of the crystal and had a concentrat ion of manganese of 
6.9 >< 1016/cm 3. The photoluminescence intensi ty  was 
very  weak for this sample and it could only be ob- 
served at he l ium temperatures .  The spectrum is shown 
in Fig. 15, For  the more l ight ly doped sample the 

MANGANESE 32 m m SAMPLE 

. . . . .  MANGANESE 58 fnm SAMPLE ( AT 6 ~ K ) 

BO ~ K 

OC 

2 o 

2 0  a K 

K 

I ] I I I 
l O S  I I 115 12 125 

ENERGY {eV)  

Fig. 1S. Photoluminescence spectrum of manganese doped InP. 
Solid line, 32 mm sample, with NA - -  ND ~- 1.6 M 10Z6/cm3; 
d o t t e d  l ine ,  58  m m  s a m p l e ,  w i th  N A  - -  N D  ~ 6 . 9  X 1 0 1 6 / c m  3. 
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luminescence in tensi ty  was higher and it was studied 
a s  a function of temperature.  Unfortunately,  another  
l ine at about 1.18 eV is unresolved from the m a n -  
ganese l ine and this may have lowered the position of 
the manganese line. The spectrum for this sample with 
a doping level of 1.6 • 1016 is shown in Fig. 15 for 
three temperatures:  6 ~ 20 ~ and 80~ The extra  line 
is not associated with manganese since it was not 
present in the more heavily doped sample. The extra 
line appeared to be quenched at higher temperatures  
and only one line was observed at 80~ at approxi-  
mately 1.14 eV. The peak position of the manganese 
l ine varied little with tempera ture  as is shown in Fig. 
i4. 

One at tempt at manganese diffusion into an undoped 
vapor-grown layer of indium phosphide produced a 
line at 1.15 eV at 80~ of about half the width of the 
line observed at 80~ from the lightly doped man-  
ganese sample shown in Fig. 15. The manganese was 
diffused in at 650~ for 17 hr. The smaller  half  width 
indicated that the doping level was lower than 2 • 
1016 but  Hall measurements  were not possible because 
of the nonuni form nature  of the diffusion. 

Conclusion 
Zinc is the most common acceptor impur i ty  in un-  

doped melt- ,  vapor-, and solut ion-grown ind ium phos- 
phide. This was confirmed by a comparison of the peak 
energy at 80~ and the temperature  dependence of 
the zinc l ine in  zinc doped solut ion-grown and un-  
doped material.  The tempera ture  studies of the group 
II acceptors cadmium and zinc show a change in mech- 
anism as a function of tempera ture  from band to ac- 
ceptor recombinat ion at hel ium temperatures  to band 
to band recombinat ion at 50~ and above. Mercury, 
on the other hand, shows no change in mechanism. 
The optical activation energies at 50~ of zinc, cad- 
mium, and mercury are summarized in Table I and 
Fig. 16. The optical activation energy was calculated 
by subtract ing the peak energy from the bandgap at 
5O~ 

The optical activation energies for all the dopants 
studied are shown in Fig. 16. The exciton lines due to 
hydrogenic donors could not be resolved at 6~ which 
was the lowest measurement  tempera ture  used. The 
isoelectronic trap bismuth was reported previously 
(21) and is included for completeness. Copper was 
briefly reported in  an earlier publ icat ion (13) and the 

3 0 0  - -  2 7 0  MANGANESE 

-~ I O O - -  98 MERCURY 

8 0 - -  73 COPPER 

5B CADMIUM 5 0  
tu z 5 0 - -  5 0 - -  
,,, ZINC 

z 3 0 ~  31 BISMUTH - -  th Q ,r 

~ W 

Sn. Ge, U u 
si, Te, ~ u~ (1 

7 w 
U Z ~  

~8 ~ z bJ 
0 

T tn n~ 

-J 

Fig. 16. Summary of optical activation energies of donors, simple 
acceptors, the isoelectronic trap bismuth, and transition metal 
acceptors [simple acceptors, see definition in Ref. (22)]. 

spread in optical activation energy from 60 to 73 meV 
shown in Fig. 16 represents the difference between 
the present  copper diffusion studies and those reported 
previously. The difference is indicative of copper form- 
ing more than one level, and the peculiar temperature  
results which show a large deviation from the bandgap 
temperature  dependence is more typical of a copper 
complex than of a single copper subst i tut ional  ac- 
ceptor behavior. The manganese luminescence line, on 
the other hand, follows the bandgap and indicates that 
manganese is a subst i tut ional  acceptor and is not form- 
ing complexes. The broad luminescence level in the 
region 1.1-1.2 eV is not shown on Fig. 16 because 
there is no strong evidence as to its nature.  There is 
no doubt that it is always strongly enhanced in the 
presence of excess indium and this has led to the pro- 
posal that  it may be associated with phosphorus va-  
cancies. For some unknow n  reason it is enhanced by 
ge rmanium doping but  not with t in doping. 
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Indium Phosphide 
II. Liquid Epitaxial Growth 

M. G. Astles) F. G. H. Smith, and E. W. Williams 

Royal Radar Establishment, Malvern, Worcestershire, England 

ABSTRACT 

An improved technique is described for the growth of InP  by l iquid-phase 
epitaxy. The use of gold-plated reflector tubes in the furnace design has im- 
proved the control of layer quality, and background doping levels have been 
consistently reduced to 3 X 10ZS/cm 3 by replacing polycrystal l ine InP  by 
PH3(g) as a source of phosphorus. The behavior of the dopants S*~, Ge, S,i,, Te, 
Zn, Cd, and Bi in InP  are discussed and the distr ibution coefficients " k '  are 
found to be 

ksa -- 0.0019, kGe -"- 0 .005,  k s i  -"- 4, kwe -"  0.27, 

kzn = 1.14, kcd _~ 0.002, k m - -  0.002 to 0.0002 

The dopants Sn and Zn were found to be the most suitable for n and p doping 
for LED fabrication. The Group IV elements yielded n - type  mater ial  only, 
al though the mobil i ty measurements  indicated possible amphoteric behavior 
for Ge. The Hall mobilities at room temperature  Ior the n - type  samples show 
good agreement  with theory. 

In this paper, we describe improved techniques for 
the growth of InP  by l iquid-phase epitaxy (LPE),  and 
the behavior of the dopants Sn, Ge, Si, Te, Cd, Zn, and 
Bi in  InP. 

We were part icular ly interested in  the behavior  of 
the Group IVB dopants because of the possibility of a 
similar amphoteric doping to that which has been found 
for Ge (1, 2) and Si (3) in GaAs. 

The technique used throughout  is the Nelson horizon- 
tal t ipping method which was chosen for its simplicity 
of operation and ease of control (4). Also, at the nor-  
mal  growth temperatures  for InP  (600 ~ ~ 700~ loss 
of phosphorus from the substrate surface during the 
pregrowth stages is not a serious problem. 

We had previously established that  for flat, uni form 
interfaces between substrate and grown-layer ,  a con- 
trolled amount  of e tch-back before growth was neces- 
sary in addit ion to careful substrate preparation. It is 
also obviously impor tant  to be able to tip off the solu- 
tion cleanly at the end of the growth cycle. The de- 
sired control could not be obtained in  the type of 
furnace then used. This was a s tandard helically wound 
resistance furnace with concentric stainless steel radia-  
tion shields, with asbestolite outer casing and silica 
wool insulation. The visibili ty in such a furnace was 
very poor, which made proper equi l ibrat ion of the 
solution before growth very difficult. The temperature  
profiles were also poor, having tempera ture  plateaus 
much shorter  than the length of the boats used, and 
often changed considerably with use. 

In  order to improve control, the furnace system was 
redesigned using gold-plated reflector tubes. The de- 
sign is i l lustrated in  Fig. 1. The golded tube reflects 

z Present  address:  Services Electronics  Research Laboratory,  
Baldock, Hertfordshire, England. 

Key words: indium phosphide, l iquid  epi taxy.  

95% of the incident IR, while allowing visible light 
in the green region to pass through. This enables the 
solution to be observed easily dur ing the run.  A longer 
tempera ture  plateau is also obtained and this ensures 
that the temperature  is constant  to wi th in  _2~ over 
the length of the boat (8 cm), and this profile can be 
mainta ined by cutt ing helical grooves in the silica 
former to hold the KANTHAL windings in  place. All  
gas lines and fittings were of PTFE or stainless steel. 

Materials 
The growth solutions were prepared using 6 9's in -  

d ium supplied in  ingots under  argon gas by Johnson-  
Matthey Chemicals. The ind ium was etched in 50% 
HNO3 aq before use. Originally, polycrystall ine InP  
was used as a phosphorus source but this was thought 
to be responsible for the large variations in  the back- 
ground doping levels in the epitaxial layers between 
8 X 1015 and 1 • 1017 cm -3 n-type.  So this was re-  
placed by phosphine (PH3) supplied as a 5% V/V 
mixture  in h igh-pur i ty  hydrogen. Phosphine dissociates 
at temperatures  above about 150~ as follows 

4PH3 ~ P4 + 6H2 

P= 

The phosphorus then  reacts with the molten indium 
unt i l  the solution is saturated with phosphorus and 
InP  crystals start to form round the edges of the solu- 
tion. A slight increase in tempera ture  will  then dissolve 
these crystals. Not only did the use of PHa br ing down 
the background doping level to 3 • 1015 to 2 • 101~ 
cm -3, but  it also simplified the growth procedure. The 
presence of phosphorus vapor in  the ambient  dur ing  the 
pregrowth stages also helped to offset any loss of 

Fig. 1. Cross section of furnace, 
showing the position of the sub- 
strate and solution before tip- 
ping. 
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phosphorus from the substrate. With the earlier growth 
system, small  ind ium inclusions could often be seen at 
the interface between substrate and layer when  runs  
were done at 645~ or above. Since using the new 
system, this behavior has not been found. The dopants 
Bi, Sn, and Cd were used as 6 9's shot supplied by 
Cominco. The dopants Ge and Si were used as poly- 
crystal l ine device grade. The dopants Te and Zn were 
used as 1% W/W alloys in  indium metal  (6 9's). 

The InP  substrates were grown by  the I iquid-encap-  
sulat ion Czochralski method at RRE (5), and were used 
either on the (100) or (111) orientations. The sub- 
strates were chemi-mechanical ly  polished with 2% bro- 
mine /me thano l  solution, followed by cleaning in a 
Soxhlet containing Propan-2-ol .  For  Hall measure-  
ments, the layer is grown on Cr-doped semi- insula t ing 
substrates. 

Growth Procedure 
When the materials  have been loaded into the "Spec- 

trosil" silica boat, this is placed in the furnace such 
that  it is within the temperature  plateau region. Hav-  
ing flushed the system with O2-free N2 gas for 15 min  
and Pd-diffused H2 gas for 15 min, the furnace is 
brought  up to the desired growth temperature.  Above 
600~ any residual  ind ium oxide on the solution sur-  
face is removed by reaction with the hydrogen gas. 
After passing the PHs at a rate of about 50 m l / m i n  unt i l  
saturat ion has occurred, the tempera ture  is raised I~ 
at a time, with gentle agitation of the solution, unt i l  
residual InP  crystals on the surface of the solution 
have dissolved. The tempera ture  is then  raised by a 
fur ther  0.5 ~ to I~ to allow for etch-back before 
growth. This etch-back, which was est imated to be 
about 5 ~m must  be enough to remove any surface 
roughness from the substrate, but  not  enough to sig- 
nificantly back-dope the solution. The solution is gently 
tipped over the substrate, and the cool clown com- 
menced. After  cooling at ~ l ~  for typically 20-30 
min, the solution is tipped off, and this can usual ly be 
done without  leaving any of the solution in contact with 
the substrate. When the furnace has cooled to room tem- 
perature, the sample is removed from the boat and any 
ind ium adhering to the slice is removed by  ultrasonic 
t rea tment  in a solution of mercuric chloride in  di-  
methyl  formamide. In  most cases, however, the indium 
tipped off cleanly leaving a reasonably flat mirror  
finish surface. 

Examination of Epitaxial Layers 
Having cleaved the sample and stained with warm 

potassium ferr icyanide/potassium hydroxide solution, 
the grown layer can be discerned under  the micro- 
scope. The interfaces are usual ly  straight and sharp, 
al though with some dopants, par t icular ly  Zn and Cd, 
diffuse junct ions can occur due to diffusion dur ing  
growth. Having measured the layer thickness, Hall  
specimens are fabricated using ind ium dots for n - type  
a n d  Pb/Cd  dots for p - type  material .  Measurements  
were carried out at room and liquid-N2 temperatures  
using the Van der Pauw technique. 

Unfortunately,  it is not yet  possible to make repro- 
ducible impur i ty  profile measurements  by Schottky- 
barr ier  methods as is possible with GaP and GaAs (6). 
However from electron microprobe analysis on Sn-  
doped layers it appears that  there are no significant 
doping gradients through the grown layers. This is not 
surprising as the rates of growth are quite low (0.5 to 
1 pm/min) ,  and the cooling range is quite small  ( _ 2 0  ~ 
to  30~  

For the dopants Sn, Go, Si, and Zn, growth on the 
( I l l ) A ,  ( l l l ) B ,  and (100) faces was compared and 
found to yield very s imilar ly doped mater ial  whatever  
the orientation. An exhaustive study as a function of 
growth temperature  and cooling rate was not carried 
out. A solubili ty l imit was seen for only one of the 
dopants examined. This will be discussed later. 

Background Doping Levels 
It is obviously necessary before commencing a series 

of controlled doping experiments,  to ascertain that the 
background level is fairly low and repeatable. As men-  
tioned above, the change to PH~ as a phosphorus source 
gave a great improvement,  the level being consistently 
in the range 1-2 • 1016 cm -3 (n) for a start ing tem-  
perature  of 650~ using ( l l l ) B  orientat ion and with-  
out baking the ind ium beforehand. 

The possible sources of this residual impur i ty  con- 
centrat ion were  thought to be: (i) impuri t ies  in the 
ind ium start ing material,  (ii) contaminat ion from the 
silica boat, (iii) leaks in the apparatus, e.g., through 
PTFE tubing and seals, (iv) impurit ies introduced with 
the PH3 gas which could not be purified by normal  
means, and (v) impurit ies from the substrate  intro-  
duced dur ing the "etch-back" stage. It was found that 
baking the indium for 1 hr at 670~ after saturat ing 
with PH3 gas at 650~ improved the background dop- 
ing level from 1.8 • 1016cm -3 to 8 • 1015 cm -3 (n) .  
However, similar baking before passing the PH3 had 
no effect on the background level. This suggests that 
the PHs gas is a source of impurities, al though the 
na ture  of these impurit ies is not known. The extent  
of contaminat ion from the boat was difficult to ascer- 
tain. After  a few runs in a silica boat, a discoloration 
could be seen on the walls where the solution had 
been in contact, and after considerable use slight de- 
vitrification was found. But  the rate of attack was very 
slow and was not thought to be a significant source of 
impurit ies at these low temperatures.  Growth in  vi t re-  
ous carbon boats was found to have no significant effect 
on background doping. 

It was hoped to overcome the problem of leaks in 
the apparatus by working at a pressure sl ightly above 
atmospheric. However, since the PTFE tubing  used on 
the gas inlet  was known to be slightly porous to oxygen, 
it was replaced by flexible 1/16 in. stainless steel tub-  
ing and a very slight improvement  in background level 
was obtained. 

The effect of introduct ion of impurit ies into the solu- 
tion dur ing the back-etching of the substrate is cal- 
culated to be negligible for a 5;, e tch-back of the sub- 
strates used. 

A marked tempera ture  dependence of background-  
doping level was found, as i l lustrated in Fig. 2. An  
undoped run  at 660 ~ --, 640~ produced n- type  mater ia l  
with a doping level of 2 • 1016 cm -3, whereas a r un  
in the same furnace using a cooling range of 580 ~ -~ 
500~ produced a doping level of 2 X 1017 cm-~. The 
Hall measurements  implied that  shallow donor impur -  
ities were involved and this was confirmed by photo- 
luminescence studies (7). 

The highest pur i ty  n- type  mater ia l  was obtained 
with growth temperatures  in the range 780~176 The 
carrier concentrat ion was in the range 3 to 5 • 1015/ 
cm 3 and the mobil i ty was 20,000 to 27,000 cm2/V-sec at 
l iquid ni t rogen temperatures.  
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D o p i n g  E x p e r i m e n t s  
T i n - d o p i n g . - - W e  have  done mos t  w o r k  on t i n  dop ing ,  

as i t  emerged  as an  eas i l y  c o n t r o l l a b l e  n - t T p e  dopan t .  
There was also the possibility that  Sn might  behave 
amphoterically in  InP. A wide range of dopings and 
growth temperatures  was studied, and in  all cases, 
only n - type  mater ial  was obtained. Figure  3 (a) shows 
a plot of log (Nd -- Na) against log (atomic per cent 
Sn in solution).  The star t ing growth temperature  was 
650~ The figures have been corrected for background 
doping levels. The gradient  of the l ine in Fig. 3 (a) is 
approximately 1. If the data is plotted l inear ly  as (Nd 
- -  Na) vs. weight per cent t in  in solution, then  the 
gradient  can be used to calculate the dis tr ibut ion co- 
efficient "k" under  these growth conditions: 

[Sn in solid] 
Since k is defined as ksn ---- 

[Sn in liquid phase] 
where the [ ] brackets denote concentrat ion in gram 
atoms of t in  per gram of solid or liquid, then  this can 
be wr i t ten  as 

( N d  - -  N a )  AWsa X i00 
k s n  N X 

W s n  N X pInP 

where Wsn : weight per cent of t in  in the growth 
solution, AWsn = atomic weight of tin, (Nd -- Na) = 
net donor concentrat ion assumed equal to the concen- 
t rat ion of t in  atoms in  the solid (cm-Z),  pInP = density 
of InP  = 4.80 g cm -3 (8), and N : Avogadro's n u m -  
ber. The value of ksn calculated in this way is 0.0019. 

There  is no significant orientat ion effect at these 
temperatures,  the data for ( l l l ) A ,  ( l l l ) B ,  and (100) 
all lying very much on the same straight l ine shown 
in Fig. 3 (a).  

Germanium doping.--Work on Ge doping in  GaAs 
has shown Ge to be capable of amphoteric doping. 
Rosztoczy et al. (1) have prepared p- type Ge-doped 
GaAs while Whelan et aL (2) prepared n - type  mater ial  
by melt  growth. We have grown Ge doped InP  using 
a wide range of doping concentrat ions and as wide a 
range of temperatures  as possible. All  mater ia l  was 
n-type.  The results  are shown in  Fig. 3 (b) .  The gradi-  
ent  of this l ine is ~- 0.71. This contrasts with all the 
other dopants studied, (with the possible exception of 
Si) where the gradient  was ~ 1. Whether  this is due 
to a compensation of Ge donors by Ge acceptor centers 
which increases with increasing Ge concentration, due 
to a complex center or some other mechanism is not  
yet  clear. 

The value of the distr ibution coefficient calculated 
at low germanium concentrat ions was ~ 0.005. 
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Silicon doping.--We have investigated Si-doping in 
InP  under  a wide range of growth conditions. There 
are several practical difficulties involved. The main 
one is the rather  low solubility of silicon in  indium 
in the operating temperature  range, for example, 0.1 
atomic per cent (a/o) at 700~ and only 0.03 a/o at 
610~ Also great care must  be taken to ensure that 
the indium solvent is ent i rely free of any residual 
oxygen before allowing the silicon dopant to come into 
contact with the solution otherwise small  white flakes 
of SlOe form on the surface of the solution and remain  
there throughout  the run.  Rather  erratic results were 
obtained as is shown in Fig. 3 (c) where the carrier 
concentrat ion (Nd -- Na) is plotted against log (atomic 
per cent of silicon in the ind ium solution),  but  the fol- 
lowing points emerged. In  spite of the scatter the distri-  
bution coefficient is obviously quite high but  it was not 
estimated in view of the inhomogenei ty  of some of the 
samples (see below).  Doping concentrat ions in the 
solution above 0.1 a/o yield n - type  mater ia l  with Nd 
-- Na : 2 to 3 • 1019 cm -3 when grown at about 680 ~ 
640~ This could represent  either the solubil i ty l imit  
of Si in InP  or correspond to the solubili ty limit of 
silicon in the ind ium solvent. Local mode absorption 
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studies on some of these heavily sil icon-doped samples 
confirmed that the concentrat ion of silicon donors, Siin, 
was in the region of 1019 but  there was no evidence for 
silicon acceptors Sip, or for nearest  neighbor Siln-Sip 
pairs (9). It should be pointed out however, that Si~ 
is more difficult to detect by local-mode absorption 
than SiIn. 

Ahn  et al. have recently shown that the t ransi t ion 
temperature  from n-  to p- type in sil icon-doped solution 
grown GaAs can be increased by over 100~ by chang- 
ing from ( l l l ) B  substrates to ( l l l ) A  substrates (10). 
This gave rise to the hope that p- type mater ial  might 
be produced in  InP  if the r ight  or ientat ion of sub- 
strate were used. Several  at tempts with ( l l l ) A  and 
(100) substrates at growth temperatures  in  the region 
600~176 were all unsuccessful in that n - type  mate-  
rial was always produced and the results were not  too 
different from those for (111) B substrates. 

On cleaving and staining the layers distinct sub- 
interfaces, SI, r unn ing  paral lel  to the  surface across 
the whole layer were observed as shown in Fig. 4. 
That  these interfaces are due to sudden changes in 
silicon doping was shown by  electron microprobe anal -  
ysis. A scan of Si counts across the layer  is also shown 
in Fig. 4. It  can be seen that  there are two distinct 
zones of concentration, the t ransi t ion point coinciding 
almost exactly with the visible boundary  seen in the 
photomicrograph of the cleave. The microprobe ana ly-  
sis also showed the presence of sil icon-rich precipitates 
in the grown layers. From the results of microprobe 
analysis on one of the homogeneous Si-doped samples, 
we have estimated k to be _~ 4. 

The photoluminescence spectra from the heavily 
doped silicon layers also indicated that  there  were 
inhomogeneities present. Figure 5 shows a comparison 
of a heavily doped silicon layer (full line) with a 
doping level of 1.1 X 1019 and a l ightly doped layer 
(dashed line) with Nd -- Na ---- 2 X 10 is cm -3. The 
l ightly doped layer shows no emission above the band-  
gap Ec at 6~ (1.423 eV). The heavily doped layer 
however shows a broad line well above the bandgap 
and a sharp cutoff of the luminescence in the region of 
the bandgap. Both of these features are also observed 
at ni trogen temperatures  but  in this case it is seen 
from Fig. 5 that  the cutoff has shifted to lower energies 
by an amount  which is the same order as the change in  
bandgap. With the prior knowledge that  the micro- 
probe results on the same heavily doped sample show 
doping fluctuating from 1019 to 1017 , it appears possible 
that  these fluctuations could cause the cutoff. The low 
carrier concentrat ion regions would absorb some of 
the emission and produce the distorted luminescence 
curve that is observed. These inhomogeneities also ex- 
plain why no similar sharp cutoff was observed for 
the heavily doped Sn and Te samples of In_P; the 
spectra for Sn and Te were shown in a previous paper 
(7). 

Tellurium doping.--Tellurium is a familiar  n - type  
dopant in I I I /V  compounds. In  InP, we have been able 
to dope up to 1 • 1019 cm -s  using tel lurium. It is a 
convenient  dopant in that  it substitutes exclusively on 
P-sites, dissolves readily in the ind ium solvent and is 
nonvolat i le  at our growth temperatures.  It  has however 
a fairly high distr ibution coefficient, and we found it 
necessary to use a 1% te l lur ium in ind ium alloy as the 
dopant source in order to weigh the desired amounts  
accurately. The results of Hall  measurements  on  Te- 
doped layers grown on Cr-doped substrates are shown 
in Fig. 6. The results have again been corrected for 
background doping. The gradient  of the plot is again 
approximately 1. The value of "~" is calculated to be 
0.27. 

Cadmiu~n doping.--Cadmium was investigated as a 
possible a l ternat ive to zinc as a p- type  dopant  in InP, 
as the lat ter  has a ra ther  high distr ibution coefficient 
and is hence difficult to control. Although p- type  mate-  
rial  was grown using Cd-doping, the high vapor pres-  

Fig. 4. An electron microprobe scan of a cleaved silicon doped 
layer compared to a photomicrograph of the same layer. The sub- 
interface (SI) which is 4 #m from the surface separates a low doping 
region from a high doping region which is revealed by a large 
increase in the number of silicon counts/sec on the microprobe. 
The layer was 18 ~m thick and on close examination it appears to be 
full of striations. 

sure of Cd at the growth temperatures  (100 m m  Hg 
at 611~ led to rapid loss of Cd from the solution. The 
use of lower growth temperatures  to overcome this 
difficulty led in several cases to n- type  material.  This 
is thought to be due to contaminat ion with shallow 
donor impurit ies f rom the phosphine since we have al-  
ready ment ioned that growth at low temperatures  
yields higher background n- type  doping levels. These 
background levels were thought to be high enough to 
overcompensate the cadmium doping. The plot of log 
(Na -- N~)/log (atomic per cent Cd) is shown in Fig. 
7 (a).  Again the gradient  is approximately  1. From the 
gradient  of the plot of weight per  cent Cd against (Na 
-- Nd), the va lue  of "k" is calculated to be ~- 0.002. 

Zinc-doping.--In order to accurately weigh out the 
required weights of zinc over the range of doping 
studied, a 1% alloy of zinc in 6 9's ind ium was used. 
None of the problems encountered above with cad- 
mium doping were found here. The results are shown 
in Fig. 7(b) .  It  can be seen that  above about 3 X 10 is 
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cm -3, the carr ier  concentrat ion levels off. It is possible 
that  this represents the solubility l imit  of zinc in 
indium phosphide at  these temperatures .  The gradient  
of the plot of weight  per cent z inc / (Na  -- Nd) yields 
a value  of "k" of 1.14. 

Bismuth doping.--Severa] Bi-doped epi taxial  layers  
were  grown to invest igate  the behavior  of iso-elec-  
tronic impuri t ies  in InP. The results of this work  have 
been recent ly repor ted  (11). Since bismuth is e lec-  
t r ical ly neutral  in InP, it is impossible to deduce the 
bismuth concentrat ion f rom electr ical  measurements .  
However,  it was est imated f rom x - r a y  fluorescence 
measurements  that the bismuth was pre~ent in concen- 
trations of between 10-100 ppm when  the atomic per 
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cent of bismuth in the solution was ~ 3%. This in-  
format ion gives limits of "k" be tween  -~- 2 • 10 -3 to 
2 X 10 -4. 

General Properties of the Epitaxial Layer 
Surface features.--One surface feature  which was 

found on all layers grown on (111) oriented substrates 
was the "over lapping scales" or "sea-shore ripples" 
effect i l lustrated in Fig. 8. The ripples are less than 
0.5 ~m in height. 

The ripple density can be reduced by careful  optical  
orientat ion of the substrates to make sure they are 
exact ly  (111). F igure  8 shows a zinc-doped layer  
grown on a substrate which was optically aligned over  
part  of its area. A large flat region was obtained on 
this optically oriented section and all the ripples ap- 
pear to be originat ing from it. The ripples on the 
optical ly oriented section are much more widely 
spaced than those on the section that  was not optically 
oriented. 

The (111) surface qual i ty  was general ly  superior to 
the (100) surfaces and optical ly or iented slices gave 
near  "mir ror"  layer  qual i ty  with very  few features. 
The (100) surface var ied from run to run  and from 
dopant to dopant in a seemingly arbi t rary  fashion. The 
surfaces were  sometimes pit ted with  holes up to 1 ~m in 
depth. Figure 9 shows three of the different types of 
(100) surfaces obtained for ( a ) z i n c ,  (b) tel lurium, 
and (c) silicon doping. 
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Fig. 8. Photomicrograph of o layer grown on a (111) partly opti- 
cally orientated substrate. 

The importance oS etch-back.--It  has been men-  
tioned earlier that  it is vi tal  to ensure  a controlled 
etch-back of the substrate surface before growth com- 
mences. Figures 10(a) and 10(b) show how the amount  
of etch-back affects the appearance of the interface 
between substrate and layer. In  Fig. 10(a) it can be 
seen how irregularit ies at the interface produced by 
insufficient e tch-back cause holes and poor quali ty 
layers. In  Fig. 10 (b),  the etch-back has produced a 
good interface and the layer qual i ty is much superior. 
The thickness of the interface shown in Fig. 10 (b) is 
estimated to be about 0.5 ~m. 

Layer thickness.--As well as controlling the layer 
and surface quality, the thickness must  be carefully 
controlled for most device applications. The technique 
used here is not suitable for the growth of very th in  
layers of less than 2 ~m in which case the Rupprecht  dip 
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system (12) or the sliding pot system are more suit-  
able. However for LED devices where layers between 
3 and 30 ~m are required, our method is quite suitable 
since reasonably flat layers can be grown in  this 
region. 

The growth cycle can be considered as 3 stages: (i) 
e tch-back phase, (ii) growth before nucleat ion in  the 
solution takes place, and (iii) growth after nucleat ion 
in solution has occurred unt i l  t ip off. As menr 
earlier, we intent ional ly  imposed approximately I~ 
of undersa tura t ion  and in addition there was possibly 
unin tent ional  e tch-back due to tempera ture  fluctua- 
tions in the furnace. So, cooling at l~  the etch- 
back phase could last for 1 to 2 min. 

In  most runs  in  the tempera ture  range 630 ~ ~ 660~ 
it was observed that after cooling about 15~ from 
the start ing temperature  small  crystals would start 
to appear round the walls of the boat which would 
then grow unt i l  the end of the run. I t  is quite l ikely 
therefore that the rate of deposition on the substrate 
is greater  in phase (ii) than  in  phase (iii) due to 
"competition" from crystal growth h'~ the solution. 
Thus when  measur ing the growth rate, an average over 
these three phases is being taken, and it is difficult 
to draw any conclusions about the effects of substrate 
orientat ion and dopant  concentrat ion on the growth 
rate because of the scatter of the data. In  Fig. 11, we 
have plotted the measured growth rates (#m/min)  

against median growth t empera tu re (  Tstart  + Tf ln i sh )  
2 

for several dopants on ( l l l ) B  material .  At the tem-  
perature of 640~ where most layers were grown, the 
spread of growth rate is from about 0.45 to 0.75 ~m/min.  
The main  t rend evident is the increase in growth rate 
as a function of increasing temperature  corresponding 
to the increase of solubili ty with increasing tempera-  
ture. 

Fig. 9. Layers grown on (100) orientated substrate. (a) Zinc 
doped, (b) tellurium doped, (c) si|icon doped (Magnification 9 0 X  ~. 
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Fig. 10(a). A cleave of an epitaxial layer with insufficient etch- 
back of the substrate. (Magnification 400~) .  

Fig. 10(b). A cleave of an epitaxial layer with the correct amount 
of etch-back of the substrate. (Magnification 400X).  

For growth on other orientations, it was general ly 
found that growth rates on (100) orientat ion were 
s imilar  to those on ( l l l ) B ,  while ( l l l ) A  growth rates 
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in the few cases we studied were significantly higher. 
Fluctuat ions in growth rate much higher than nor-  

mal  were found for Zn-doped layers which were 
main ly  grown on (100) orientation. This is possibly 
due to diffusion of zinc into the substrate during 
growth. In  fact there was evidence in some runs  that  
zinc was diffusing into the substrate before the growth 
cycle via the vapor phase. 

Mobilities.--The Hall mobilit ies at room tempera-  
ture of n - type  samples are plotted against (Nd -- Na) 
in Fig. 12. The theoretical curve due to Moore (13) for 
ionized impur i ty  scattering is plotted on the figure as- 
suming Ehrenreich 's  value of 4700 cm2/V sec for the 
l imit ing mobil i ty  due to lattice scattering (14). It 
can be seen that the fit is quite good at low doping 
levels but  deteriorates at higher doping levels. The 
divergence from Moore's curve is greater for the 
heavily doped Group IV doped samples (Si,Ge) than 
for the te l lur ium-doped samples, which is possibly an 
indication of compensation occurring with the Group 
IV elements, par t icular ly Ge. Although the scatter of 
the mobilit ies at 77~ was greater, a similar t rend 
was seen at high doping levels i n  that the Group IV 
doped samples have much lower mobili t ies than the 
Te-doped samples with similar values of the carrier 
concentration. 

Conclusions 
The distr ibution coefficients, k, for all the dopants 

studied are summarized in Table I and compared to the 

Fig. 12. The Hall inabilities of 
n-type samples compared to 
theory [Ref. (14)]. 
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Table I. InP distribution coefficients 

Solution Melt 
k [Ref. k [Ref. k [F,~ef. 

D o p a n t  k (16) ] (17) ] (18) ] 

T i n  0.0019 0.0022 0,021 0.03 
G e r m a n i u m  0.005 0.011 0.024 
Silicon Approx: 4 - -  ~ 
T e l l u r i u m  0.27 0.4 ~ 0.05 
Sulfur -- w -- 0.5 
S e l e n i u m  -- -- ~ 0.4 

Zinc 1.14 -- -- 0.008 

Cadmium Approx: 0.002 -- -- 

Bismuth 0.002 to  0.0002 -- ~ 

results  of Rosztoczy et  al. (15). Rosztoczy used s imi lar  
g rowth  t empera tu res  to ours but  his ind ium solutions 
were  sa tu ra ted  wi th  po lycrys ta l l ine  InP feed mate r i a l  
and not wi th  phosphine.  The t in  values  agree  ve ry  
closely but  the ge rman ium and t e l lu r ium resul ts  differ 
by  a factor  of two. These l a t t e r  differences are  p rob -  
ab ly  due to differing degrees  of e lectr ical  compensa-  
t ion in t h e  mater ia l ,  since the  assumpt ion is made  that  
the concentra t ion of donor impur i ty ,  Nd, is app rox i -  
ma te ly  equal  to ( N d - - N a ) .  

As expected,  the  mel t  growth  va lues  (16, 17) of the  
impur i ty  d is t r ibut ion  coefficients which are  shown in 
Table  I differ f rom the solut ion growth  values  because 
of the  large difference in growth  tempera ture .  In  the  
case of zinc there  is an enormous difference and this can 
be exp la ined  as a l a rge  loss of zinc from the  mel t  in the  
mel t  g rowth  process  since the  vapor  pressure  of zinc 
is so high at  the  mel t ing  point  of InP. 

The vapor  pressure  of cadmium is h igher  than  zinc 
and this makes  its use as a p - t y p e  dopant  in solut ion 
grown InP more  difficult. Hence zinc was chosen as the 
most sui table  p - t y p e  dopant  for LED mate r i a l  since 
none of the Group IV e lements  appeared  to form 
p - t y p e  mater ia l .  The  high dis t r ibut ion  coefficient of 
zinc makes  it necessary to di lute  the zinc wi th  ind ium 
before  adding  it to the  ind ium solution. 

Tin and ge rmanium were  both useful  n - t ype  dopants  
and could be added d i rec t ly  to the  mel t  wi thout  d i lu-  
t ion because of thei r  low dis t r ibut ion  coefficients. Tin 
was used in preference  to ge rmanium for LED mate r i a l  
because of the  h igher  photoluminescence efficiency of 
the  layers.  

Final ly ,  the modified Nelson technique using phos-  
phine  and a go ld -p la t ed  reactor  was ve ry  sui table  for 
LED double  ep i t axy  for the fol lowing reasons: 

(i) Good interfaces  can be obta ined  provided  there  
was sufficient e tch-back.  (it) High qual i ty  flat l aye r  
surfaces were  obta ined wi th  (111) opt ica l ly  or ien ted  
substrates .  (iii) Reproducib i l i ty  f rom run  to run  was 

much be t t e r  than  wi th  the  old reac tor  sys tem using 
polycrys ta l l ine  InP.  (iv) The photoluminescence effi- 
c iency of the layers  was good for both  t in and zinc 
doping. (v) 1.3% power  efficiency at  30O~ was 
achieved wi th  severa l  double ep i t axy  diodes. 
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Indium Phosphide 
III. Double Epitaxy Light Emitting Diodes with 1.5% Efficiency at 300~ 

E. W. Williams, P. Porteous, M. G. Astles, 1 and P. J. Dean 

Royal R a d a r  Establishment, Malvern, Worcestershire, England 

ABSTRACT 

Indium phosphide double epitaxy light emitting diodes with a 1.5% quan- 
tum efficiency and 1.3% power  efficiency at  300~ are  repor ted .  The emission 
spec t rum half  wid th  is 50% of the amphote r ica l ly  doped GaAs diode spec t rum 
and this makes  the  diodes four  t imes more  efficient as in f ra red  pumps  for the  
two-pho ton  phosphor  green emi t t ing  diodes. The peak  of the  diode emission 
var ies  from 1.29 to 1.30 eV at 300~ 

Indium phosphide infrared light emitting diodes can 
be made into green lamps by coating them with two 

I Present address: Services Electronics Research L a b o r a t o r y ,  
Baldock Hertfordshire, England. 

Key words: indium phosphide, light emitting diode. 

photon phosphors (I). These green lamps are poten- 
tially more attractive than gallium phosphide nitrogen 
doped diodes because the peak of their emission at 
5500A coincides with the maximum of the eye response 
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Table 1. Properties of double epitaxy diodes (a) 

( T i n - d o p e d  ( I I I )  B s u b s t r a t e s  -- n = 1 x 1OZS/cm a) 

D i o d e  

G r o w t h  
t e m p e r a t u r e  

r a n g e  (~  

Effl-  
T h i c k n e s s  C a r r i e r  c o n -  c i e n c y  
( m i c r o n s )  c e n t r a t i o n / c m S  

T i n  Z i n c  T i n  Z i n c  ( 3 0 0 ~  

A 6  667-626  36 16 6 x 10  TM 3 x 1O zs 1.25 
A 7  667-626  36 16 6 x l 0  TM 3 x 1O TM 1.25 
A 1 8  667-626  36 16 6 x 10 t~ 3 x 10 TM 0.24 
C1 659-614  7 13 6 x 1O z6 4 • 1O TM 0.75 
G3 659-614  7 13 6 x 10 z~ 4 X 1O TM 0.65 
T1 ~b) 673-642 5 11 6 x 1016 4 x 10 TM 1.3 
T2  (b) 673-642 5 11 6 • I0  z6 4 • 1O TM 1.1 
T3  673-642  5 11 6 x 1016 4 x 10 TM 0,3 

(a) All g r o w n  w i t h  e i ther  M e t h o d  II or III. 
(b) n s ide  up.  

curve giving a pure green color. The gall ium phos- 
phide lamps appear yellowy green because their  maxi -  
mum intensi ty  is at 5650A, and they have a broad 
spectral distribution. However, by filtering the emis- 
sion can be narrowed a little and made to look greener. 

The three requirements  for an infrared light emit t ing 
diode that  would be best suited to the two-photon 
phosphor made from lan thanum trifluoride (2) doped 
with Yb and Er are: (i) a narrow emission spectrum, 
(ii) output  peaking at 1.271 eV, and (iii) a high effi- 
ciency. The first is fitted by InP and not by GaAs, 
whereas for the third GaAs leads the way since effi- 
ciencies of 32% have been realized at room tempera-  
ture (3). 

The highest efficiency so far reported for InP  diodes 
is 0.75% at room temperature  (1). These diodes were 
prepared with a vertical dip solution growth system. 
The solution was saturated with solid indium phos- 
phide at 750~ in a reactor flushed with forming gas. 
A cool rate of 0.22~ was used to grow, first, a 
t in-doped layer, then a zinc-doped layer. 

Blom and Woodall (1) tried no other dopants, but  
their choice of t in and zinc was fortuitous since these 
appear to be the best dopants, as has already been ex- 
plained in previous papers. Using t in-  and zinc-doped 
double epitaxy diodes prepared in the manner  de- 
scribed below a 1.5% quan tum efficiency with 1.3% 
power efficiency has been achieved. In  this paper we 
briefly discuss the electrical and optical properties of 
these double epitaxy diodes and compare them with 
gal l ium arsenide silicon-doped diodes. 

Mater ia ls  Preparat ion 

The horizontal l iquid-epi taxial  growth technique for 
single layers was described in previous papers. For 

double- layer  growth, three different methods were 
used. 

Method I. The n - type  Sn-doped layer was grown on 
the Sn-doped substrate, and then in a separate run, a 
zinc-doped p- type  layer was grown on this to form a 
p / n  junction.  

Method II. Having grown the Sn-doped layer, the 
solution is tipped off, and an amount  of 1% z inc / indium 
alloy is dropped into the solution from a quartz spoon, 
sufficient to overcome the n- type  behavior of the Sn in 
the solution. The solution is brought  back to the sa tur-  
ation point with approximately 0.5~ added on to 
allow for a small amount  of etch-back before growth. 
A compensated p- type (Sn + Zn) -doped  layer was 
then grown. 

Method III. The procedure is similar to Method II, 
except that after the growth of the Sn-doped layer, 
the temperature  rundown is stopped (no tip-off of 
solution) and the z inc / indium is added as above. After 
5 rain the rundown is recommenced. 

Cooling rates were always l ~  over a range 
675~176 Table I gives specific examples of the 
growth conditions under  which some of the best double 
layers were grown. It should be noted that the material  
grown by Methods II and III (with compensated p - lay-  
ers) gave consistently higher diode efficiencies. Figure 
1 shows a photograph of a stained, cleaved cross sec- 
tion of two of the layers. Figure 1 (a) shows a double 
layer grown on a (111) t in-doped substrate. The in ter -  
face between the t in  and zinc epitaxial layers is flat 
and the layer thickness was constant across the slice. 
The t in doping level was 6 X 10Z6/cm 3 and the zinc 
doping was 4 X 10ZS/cm 3. The junct ion is about 1 ~m 
wide. The wide junct ion is almost certainly due to the 
indiffusion of zinc into the t in  layer during the growth 
of the zinc layer. In  Fig l ( b )  for the double- layer  
grown on a (100) t in-doped substrate the interface is 
not perfectly flat, and this is because of insufficient 
etch-back prior to the growth of the second layer. The 
stain used to reveal the junct ion for 1 (b) was an iron 
and nitric stain, and this gives a large color difference 
between n-  and p- type  layers. The more n - type  the 
layer is, the darker  is the stain. The p- type  zinc layer  
has a doping level of 4 • 101S/cm3. The t in substrate 
which has a doping level of 1 • 101S/cm 3 shows up 
darker than the t in  epitaxial  layer which has a doping 
level of 6 • 10t~/cm 3. The striations in the substrate 
are thought to be caused by doping fluctuations since 
they appeared most f requent ly  on the heavily doped 
substrate  where solubil i ty problems occur. 

Diode Properties 

The first double epitaxy diodes were made with al-  
loyed contacts, using t in for the n- type  substrate and 
t in-2% zinc alloy for the p- type  layer. These diodes 
were general ly soft and leaky but  nevertheless effi- 

Fig. 1. Photomicrographs of a cleave at two double epitaxy growths on InP. Tin is the dopant for the first layer and zinc for the second. 
In (b) the etch-back after the growth of the first layer was not sufficient so the interface between the layers is not flat. (Magnification 
440 X ). 



VoI. 120, No. 12 INDIUM P H O S P H I D E  1759 

ciencies up to 1.0% were realized on some of the diodes. 
However, diodes made from one slice often varied in 
efficiency by as much as ten times. 

More recently evaporated contact diodes have been 
used with gold-germanium for the n - type  substrate 
and gold-zinc for the p layer. These diodes general ly  
gave much better  I -V characteristics, and the leakage 
current  in the reverse direction was often two or three 
orders of magni tude  less than for the alloyed contact 
diodes. Diodes made from the same slice sometimes 
showed identical efficiencies but  more usual ly  they 
varied by up to a factor of three or four. Two charac- 
teristics are shown in Fig. 2 for diodes T2 and T3 
shown in Table I. The upper  curve (a) is for T3 with 
the p layer uppermost  and t h e  n - type  substrate 
mounted  on the header. The lower curve is for T2 
which was a "flip chip" diode made from the same 
double layer  as T3 with the n - type  substrate upper -  
most and the p layer  next  to the header. The reverse 
breakdown is sl ightly bet ter  for (a) but  the forward 
characteristics for (b) show a much sharper knee. The 
better  forward characteristics are typical of the highest 
efficiency diodes. In  this case T2 has a 1% efficiency at 
300~ compared to 0.3% for T3. The large difference 
in  efficiency is thought to be the result  of the dif- 
ference in absorption in the two cases. Due to the wide 
difference in doping of the two layers, 6 • 1016/cm 3 for 
the t in layer  and 4 X 1018/cm3 for the zinc layer, the 
light emission would be expected to be on the n side 
of the junct ion  and with the much lower doping level 
on the n side the light transmission through the n layer 
will be much higher than through the p region, as h a s  
been shown from recent absorption studies (4). This is 
borne out not only by the efficiency difference but  also 
by the uniform emission of light that is observed under  
an infrared microscope from the "flip-chip" diode. 

Figure 3 shows a typical detailed forward charac- 
teristic for diode T2. Over seven orders of magni tude  
of the current  the slope is constant  and from the diode 
equation 

I _-- Io exp (V/nkT)  

n is calculated to be 2.3. This value of n indicates that  
the major i ty  of the recombinat ion occurs in the space 
charge region of the diode. 
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Fig. 3. A detailed forward characteristic for a "flip-chip" diode 
plotted as log I against V. From the equation I ~- Io exp V/nET, 
the slope of the graph gives n = 2.3. 

Figure 4 i l lustrates the power efficiency, the quan-  
tum efficiency, and the diode integrated emission in-  
tensi ty as a funct ion of current  for the  "flip-chip" 
diode T2. The power efficiency for the best diodes gen-  
erally peaked at about 100 to 150 mA (current  density 
40-60 A/cm2). The highest power efficiency was 1.3% 
at 300~ with a quan tum efficiency of 1.5%. As ex- 
pected the intensi ty was proportional to the current  
and only saturated at very  high currents.  

The room temperature  spectral emission of the two 
types of diodes whose characteristics were shown in 
Fig. 2 are shown in Fig. 5. As expected, because of the 
smaller absorption the diode with the n side up, or the 
"flip-chip" diode, has a nar rower  emission line. The 
nar rower  spectrum is about half the width of a 
GaAs: Si diode spectrum, as is shown in  Fig. 5. 

Fig. 2. I -V characteristics for the double epitaxy diodes (a) p 
side up, (b) "flip-chip" or n side up. 

Conclusion 
The InP diodes described here and the GaAs: Si diodes 

were both required to match the peak of the excitation 
curve of the two-photon LaF3:Yb;Er phosphor which 
is shown by the arrow at 1.271 eV on Fig. 5. This 
clearly indicates that nei ther  diode gives a perfect 
match to the phosphor. The GaAs:Si  spectrum can be 
made to peak at 1.271 eV by increasing the silicon 
doping (3). Unfortunately,  this also increases the half  
width  so that  net  gain is very  sinai1 since it can easily 
be shown that  the infrared to visible conversion effi- 
ciency is inversely proportional to the half  width. The 
smaller half width of the spectrum of the indium phos- 
phide diodes and the fact that the visible light output 
from the phosphor is proportional to the square of the 
infrared diode power that  is absorbed, means that the 
green phosphor coated diodes are four times bet ter  
than gal l ium arsenide coated diodes when  the two 
diodes have the same infrared power efficiencies. 

Consequently the InP  cleaved diodes with a 1.5% 
efficiency described here are almost equivalent  to the 
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best GaAs:Si  cleaved diodes with efficiencies in  the 
range 6% to 10%, and the InP doping levels were not 
optimized. 

Since amphoterical ly doped diodes of InP  could not 
be fabricated (5) the obvious next  step is to t ry  doming 
or coating with high refractive index glass domes so 
that  the efficiencies can be increased. Provided effi- 
ciencies of 10% or greater can be achieved with InP  
then the nar rower  half width of the emission will  
mean  that  InP  would be preferred to GaAs for the two 
photon phosphor diode. 
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Growth and Characterization of Polycrystalline Silicon 
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ABSTRACT 

Polycrystalline silicon is deposited by pyrolysis of silane in an rf heated 
ep i tax ia l  reactor .  The grains  exhib i t  a fibrous mic ros t ruc tu re  hav ing  an  <110>  
p re fe r red  or ienta t ion  in the  growth  direction. Growth  is inhibi ted in the pres -  
ence of excess a rs ine  and accelera ted  in the  presence of diborane.  The re -  
sul ts  a re  expla ined  in te rms of catalysis  and poisoning of surface adsorpt ion  
sites responsible  for reaction. A simple model  for cur rent  conduct ion in po ly -  
c rys ta l l ine  silicon is descr ibed based on gra in  size, gra in  doping, and effective 
ba r r i e r  height  due to the gra in  boundary .  This model  sat isfactor i ly  expla ins  the 
observed t empera tu re  dependence of the res is t iv i ty  of undoped films and also 
the large  values of res is t iv i ty  which are  observed for dopant  concent ra-  
t ions < 1015 cm-3 .  

Polycrys ta l l ine  silicon is finding increasing app l i -  
cat ions in d ie lec t r ica l ly  isolated s t ructures  for high 
speed and radia t ion  hardened  circui t ry ,  silicon gate 
MOS technology, and  field pla te  s t ructures  (1, 2). In  
addit ion,  some potent ia l  appl icat ions  as solar  energy  
collectors in the harness ing of solar  energy  are  being 
proposed (3).  Therefore,  a be t te r  unders tanding  of  
the processing technology, as wel l  as the  e lectr ical  
and optical  proper t ies  of po lycrys ta l l ine  silicon, is 
needed. 

By control l ing the  pa ramete r s  of the deposi t ion 
process, po lycrys ta l l ine  silicon having a wide range 
of proper t ies  can be produced.  The proper t ies  of the 
silicon can be ta i lo red  to make  it behave  as a die lec-  
tric, a resistive, or  a semiconduct ive film. However ,  
no sa t is factory  model  exists  which predicts  the  r e -  
sist ivit ies of these films as the gra in  size or the  doping 
level  is varied.  Phenomenological ly ,  the car r ie r  mo-  
b i l i ty  in polycrys ta l l ine  silicon may  be  represented  
by  four  contr ibut ions;  namely ,  the  lattice,  impuri t ies ,  
dislocations, and the gra in  boundary  effects (4). Op-  
t ical  proper t ies  can also be affected signif icantly by  
gra in  size and doping. 

Cowher  and Sedgwick (5) have recent ly  grown 
polycrys ta l l ine  silicon from pyrolysis  of Sill4 as wel l  
as f rom the SiBr4-Hz system. They have observed a 
s l ight  de ter iora t ion  of surface qual i ty  of the films de-  
posi ted f rom Sill4 wi th  increasing dopant  concent ra -  
t ion at  650~ The mobi l i ty  of car r ie rs  in the i r  films 
is lower than  the s ing le -c rys ta l  bu lk  value  by  a fac- 
tor  of about  2 to 3. The acceptor  concentra t ion in 
the i r  boron-doped  films seems to increase ve ry  
r ap id ly  to the  mid 1018 cm - s  region with  only a 
sl ight  increase  of the B2H6 concentra t ion in the  gas 
phase. Ford  et al. (6) have also repor ted  that  the  ac-  
ceptor  concentrat ion of the boron-doped  layers  was 
a lways  high ( ~  2 X 101~ cm -3) and suggested the 
possibi l i ty  of gra in  boundar ies  act ing as acceptor  cen-  
ters.  Their  films were  grown on an oxidized silicon 
surface at  about  300 A / r a in  at  600~ Recently,  oxi-  
dat ion character is t ics  of po lycrys ta l l ine  silicon were  
s tudied by  Kamins  and MacKenna  (7). The oxidat ion 
ra te  in the  r eac t ion - ra t e - l imi t ing  region is found to 
be be tween those of (100) and (111) s ing le -c rys ta l  
silicon. The or ienta t ion  dependence,  of course, be -  
comes un impor tan t  when high t empera tu re  (,-~ 1200~ 
is used or th icker  oxide  is grown. 

In this s tudy  the effects of dopant  concentrat ion in 
the  gas phase on the film resist ivi ty,  growth  rate,  and 
gra in  size are  examined.  Also a s imple model  for 
cur ren t  conduction is descr ibed which  expla ins  the 
observed t empe ra tu r e  dependence  of the res is t iv i ty  of 
undoped films as wel l  as the  consequences of doping. 

�9 Electrochemical Society Active M e m b e r .  
Key words: grains, grain boundaries, doping, currents, t r a n s p o r t .  

Experimental Procedure 
Subs t ra tes  used were  (111) silicon, oxidized silicon, 

silicon n i t r ide  coated silicon, and  (1~02) sapphire.  One 
of the  reasons for select ing these different  subst ra tes  
was to find out the  impor tance  of the  subs t ra te  or ien ta-  
t ion in es tabl ishing the micros t ruc ture  of the deposit  at  
low growth tempera tures .  Sil icon was deposi ted by  
pyrolys is  of Sill4 in hydrogen  car r ie r  gas, and  the 
layer  doped to the desired level  by  control led inject ion 
of AsH3 or B2H6. The reac tor  used was a hor izonta l  
r f  hea ted  system having a s i l icon-coated graphi te  
susceptor.  The doping resul ts  at  low t empera tu re  
(680~ from Sill4 pyrolys is  were  compared  wi th  
those at  high t empera tu re  (1200~ from H2 reduc-  
tion of SIC14. 

The res is t iv i ty  and thickness of the doped films were  
de te rmined  by  measur ing  the  spreading  resis tance 
along a beveled  surface (8). The undoped film re-  
sist ivit ies were  de te rmined  by  measur ing  the res is t -  
ance for a known geometry.  Using the same geomet ry  
the  t empera tu re  dependence  of the  conduct iv i ty  was 
also measured.  The concentrat ions of the dopants  were  
measured  using a spa rk  source mass spectrometer .  
The micros t ruc ture  and the or ienta t ion  of the  films 
were  de te rmined  using t ransmiss ion electron micros-  
copy and reflection e lec t ron diffraction. 

Results 
The resul ts  are  presented  in three  sections deal ing 

wi th  the  micros t ruc ture  of the films, effects of doping 
on g rowth  rate,  and the electr ical  proper t ies  of the  
films. However ,  it  must  be emphasized that  the  re -  
sul ts  f rom these three  sections are  in te r re la ted  in a 
r a the r  complex  manner .  A n  effort is made  to present  
the  re levan t  da ta  in each section wi thout  undu ly  com- 
pl icat ing the text  through use of descr ipt ive  figure 
captions and c ross - re fe r r ing  whereve r  it  seems neces-  
sary. Discussion of exper imen ta l  data  in al l  three  
sections are, at  best, semiquant i ta t ive .  The energet ics  
and kinet ics  of the  growth  and micros t ruc ture  of 
films, the  na ture  of absorpt ion sites and its depend-  
ence on impur i t ies  (e.g., catalysis  and catalys~ poison-  
ing) ,  and the charge  ca r r i e r  t ransuor t  th rough  var ious  
crys ta l  defects, are  al l  subjects  difficult to t rea t  ana-  
ly t ica l ly .  

Microstructure of the 121ms.--Films were  no rma l ly  
grown at t empera tu res  be tween  650~176 at  a si lane 
par t ia l  pressure  of 5.4 • 10 -3 atm. S imul taneous  
growth  on different  subst ra tes  indicates that  the mi -  
c ros t ruc ture  and  the or ientat ion of the  films are  es- 
sent ia l ly  dic ta ted by  the g rowth  conditions, ra ther  
than the subs t ra te  orientat ion.  F igure  1 shows the re -  
flection e lect ron diffraction pa t te rns  of silicon grown 
at  680~ on different  substrates.  The <110> pre fe r red  
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Fig. 1. Reflection electron diffraction of deposited silicon on 
different surfaces. (a) Si/Si, (b) Si/AI203, (c) Si/SiO.~'Si, (d) 
Si/Si3N4/Si. 

orientation, seen in films grown on (111) silicon is 
also present  in films grown on SiO2 as well as Si3N4- 
coated silicon substrates. The films grown on (1102) 
sapphire, on the other hand, show only random orien- 
tation. Since the layers on (111) silicon did not fol- 
low the substrate  orientation, the init ial  nucleat ion 
as well as the growth of these films are essentially 
independent  of substrate orientat ion (9). These re-  
sults can be explained by considering the ease of 
nucleat ion on {110} and the energetics of growth in 
<110> direction, and are discussed in  more detail 
later. The growth habi t  of the silicon films on sap- 
phire substrates is complicated by the presence of me-  
chanical damage, interracial  strain, and by  unknown  
factors that  results in  the heteroepitaxial  growth of 
silicon on sapphire (10). 

In  layers several micrometers thick, the grain size 
is a funct ion of temperature,  doping level in the film, 
and the substrate surface preparation.  At and below 
about 850~ the grain size of films deposited on oxi- 
dized silicon is comparable to those on bare silicon 
substrates, and has only a slight temperature  depend-  
ence. In  the tempera ture  range of 650~176 the 
grains of the undoped films, grown on both oxidized 
and bare silicon substrates, may be described as fi- 
brous, having an <110> preferred orientat ion and 
grain size of the order of 0.2 gin. The grains also tend 
to grow in preferred directions in the plane of the 
wafer. At about  950~ while the grains in the films 
on oxidized silicon are still comparable to those grown 
at lower temperatures,  the films on bare silicon con- 
sist of very  large grains showing evidence of epitaxy. 
I t  should be ment ioned that  when  submicron thick 
layers are grown, the grains are of the order of 0.02 
~m. In  thicker films ( ~  1 ~,m) the grain size seems to 
have stabilized at about 0.2-0.5 gm. Fur ther  work is 
required to establish the thickness dependence of the 
grain size. The larger grains in thicker films usual ly  
consist of several crystallites. The boundaries  between 
these crystall i tes also probably form effective barr iers  
to current  transport.  Thus, a mere increase in the ob- 
served grain size does not necessarily decrease the 
resistance to current  flow. 

At a given growth temperature,  the grain size is 
affected only at high doping levels (for both boron 
and  arsenic),  and the films show a strong preferred 

or ientat ion in  the growth direction at high growth 
rate. Figure 2 shows the effect of arsenic doping on 
the microstructure.  The films remain  fibrous unt i l  the 
arsenic concentrat ion in the solid exceeds about 1019 
a toms/cm 3. At higher doping levels the fiber-type 
grains change to rods and platelets and the deposition 
rate decreases rapidly. 

The results of boron doping are somewhat different. 
At high boron doping (>10 TM a toms/cm 3) the grains 
tend to lose the fiber-like texture  as shown in Fig. 3 
without  losing the <110> preferred orientation. At 
very high B2H6 part ial  pressures (~10 -5 atm) the 
growth rate increases significantly and the films ex-  
hibit  a strong <110> orientat ion in the growth direc- 
tion. However, the orientat ion of the grains is quite 
random in the plane of the (111) wafer. Note again 
that  the films do not follow the orientat ion of the sub-  
strate. Figure 4 shows a comparison of the reflection 
electron diffraction pat terns of undoped films, heavily 
boron-doped films grown rapidly, and heavily arsenic- 
doped films grown slowly (see also Table I) .  Arsenic 
doping tends to weaken the preferred orientat ion 
which is present in  the undoped films, whereas, boron 
doping enhances the preferred orientation. 

E~ects of doping on growth.--The presence of dopant 
atoms in  the gas phase above a certain level influences 
the nucleat ion and growth behavior of the deposits. 
In  this regard boron and arsenic behave in striking 
contrast. The effects of dopant partial  pressure in the 
gas phase on the growth rate of the polycrystal l ine 
silicon is shown in Fig. 5. As may be expected, at low 
dopant part ial  pressures the growth rate is independ-  
ent of the amount  of dopants present  in the system. 
Presence of AsH3 above a certain part ial  pressure 
causes a significant decrease in the growth rate of 
silicon, whereas, the reverse is the case with B2H6. 
Considering the effects of ASH3: subst i tut ing Sill4 by 
SIC14 and using a higher temperature  (1200~ for 
single crystal growth also produces similar effects as 
shown in  Fig. 6. A significant decrease in the growth 
rate of silicon is observed above about 0.1% ASH3. 
In  order to main ta in  high enough arsenic concentra-  
tions on the silicon surface (as adsorbed species) so 
that  growth inhibi t ion is effective, it is necessary to 
increase the AsH3 partial  pressure with increasing 
temuerature.  Recently Farrow and Fi lby (11) have 
also observed similar effects using a molecular  beam 
growth system. These results may be exp]ained using 
the conceut of catalyst poisoning by Group VB ele- 
ments  which is a common occurrence in systems con- 
ta in ing metal  catalysts (12). Poisoning occurs be-  

Fig. 2. Micrographs showing the effect of AsH3 partial pressure 
on the microstructure of the films grown at 680~ (a) PAsH3 
9.6 • 10 -8  atm, NAs ~ 2.5 • 1019 atoms/cm~; (b) PAsH3 
9.6 X 10 - 6  atm, NAs ~ 1.6 • 102o atoms/cm 3. 
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Fig. 5. Effect of dopant concentration in the gas phase on the 
growth rate of silicon at 680~ PSiH4 = 5.4 X 10 -3  atm. 
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Fig. 3. Micrographs showing the effect of B2H6 partial pressure 
on the microstructure of the films grown at 680~ (a) PB2H6 
0 atm, NB ~ $ X 1013 atams/cm3; (b) PB2H8 -= 1.1 X 10 -8  
atm, NB - -  2.0 X 1019 atoms/cm3; (c) PB2H6 = 1.1 • 10 -5  
arm, NB = 2.0 • 1028 atoms/cm s. 

Fig. 4. Reflection electron diffraction patterns of silicon films 
deposited at 680~ showing preferred orientation. (o) Undaped film, 
growth rate = 0.13 p.m/min; (b) heavily arsenic-doped film, growth 
rate = 0.018/~m/min; (c) heavily boron-doped film, growth rate = 
0.4 ~m/min. 
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Fig. 6. Effect of arsenic to silicon ratio in the gas phase on the 
deposition rate of silicon from SiCI4-H2 system at 1200~ 

cause of a s trong adsorp t ive  bond be tween  cata lys t  
and poison. On the basis of the i r  results,  F a r r o w  and 
F i lby  pos tu la ted  tha t  arsenic a toms become s t rongly 
bound to cer ta in  surface si tes which  are  act ive in in-  
ducing si lane pyrolysis .  In  spite of the fact  tha t  the 
Sill4 pyrolys is  is energe t ica l ly  more  favorab le  (i.e., 
having a large negat ive  free energy change)  com- 
pared  to the He reduct ion of SIC14, the  arsenic poison- 
ing is equa l ly  effective in both cases. This is due to 
the  fact  t ha t  at  low t e m p e r a t u r e  the  Sill4 pyrolys is  
is essent ia l ly  a surface  react ion and the g rowth  ra te  
is l imi ted  by  the  number  of avai lable  adsorpt ion sites. 

The presence of B2H6, on the  o ther  hand, resul ts  in 
increased adsorpt ion  of SiI-I4, and p robab ly  decreases 
the  size and increases  the  number  of s table  nuclei.  
This would,  of course, increase the  g rowth  ra te  wi th  
increasing B2H6 pa r t i a l  p ressure  (see Fig. 5) as long 
as pyrolys is  of Sill4 is not  a l imit ing factor. S imi la r  
increase in the  growth  ra te  of the  borosi l icate  films 
f rom SiH4-O2-B~H8 sys tem were  observed wi th  in-  
crease in the  B2H6 par t i a l  pressure  (13). The increase 
in the  growth  ra te  is more  than  that  which could be 
accounted for by a s imple  l inear  combinat ion of SiO2 
and B~O3 deposi t ion rates.  Another  example  is found 
in the  g rowth  of I I -VI  compounds (14); addi t ion  of 
Group II I  e lements  enhances the growth  whereas  
Group V elements  poison the  growth.  
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Electrical properties oJ the f i lms.--Although boron 
can be trapped in the growing films in excess of its 
solid solubility limit, it is considerably more difficult 
to incorporate excess arsenic (15). Moreover, at dop- 
ing levels above 1019 atoms/cm 3 the resistivity of the 
films and the number of dopant atoms in the silicon 
matrix do not bear a simple relationship, especially 
in polycrystalline silicon. Heavy doping tends to de- 
crease the grain size (see Fig. 2 and 3), which in turn, 
effects the resistivity. Thus in examining the depend- 
ence of the film resistivity on the impur i ty  concen- 
t rat ion it is difficult to hold the grain size constant at 
high doping levels. 

The resistivity of undoped films grown on oxidized 
silicon substrates was comparable to that on bare 
silicon substrates at growth temperatures  up to about 
850~ At 950~ the films on oxidized substrates were 
still of very high resistivity. Table I shows some of 
the doping data for both n-  and p- type  films deposited 
on silicon substrates at 680~ along with the corre- 
sponding denosition rates. Control of the film resistiv- 
i ty was difficult above about 0.2 ohm-cm for both 
boron-  and arsenic-doped layers. These results are ex- 
plained using the bar r ie r  conduction model, a detailed 
discussion of which appears in the next  section. 

Discussion 
Development of a preferred orientation.--The de- 

velopment  of <110> preferred orientat ion in the di- 
rection of the film growth on differently prepared sili- 
con substrates (see Fig. 1) clearly indicates the ab-  
sence of any influence of the substrate orientat ion 
(under  the present experimental  conditions).  Thus 
nucleat ion of {110} islands is kinetical ly favored. This 
is not  unexpected when  the ease of nucleation on 
various planes is considered. Atoms in {110} surfaces 
are arranged in planar  zigzag chains, each atom being 
bonded to two nearest  neighbors in the chain with 
the remaining two bonds extending diagonally out on 
each side. If the first depositing atom makes only one 
bond to the existing surface then three dangling bonds 
are created. Once the first atom is in u]ace, other 
atoms can deposit adjacent to it without  chanCe in the 
number  of unsatisfied bonds, and consequently, wi th-  
out any increase in the energy barrier.  In  the case 
of oxidized silicon wafers heating in hydrogen tends 
to reduce the surface oxides and the devositinr silicon 
atoms will attach themselves to surface silicon atoms 
with m i n i m u m  steric h indrance (16). (110) ulanes, 
once nucleated, might  be difficult to ext inguish by the 
slow growing {111} faces, since four of the six {111} 
are at right an~!es to a growing (110) Plane while the 
other two {111~ are at 35.36 ~ Since the surface en-  
ergy of the (110) plane (1510 ergs/cm 2) is relat ively 
high (17, 18) the crystalli tes tend to grow in the [110] 
direction rather  than in the (110) plane. 

The other possible preferred orientation in the film 
growth direction is the development of <100>. This 
is less l ikely since a depositing atom needs to bond 
to two adjacent  surface atoms. Moreover, the four 

Table I. Doping results of polycrystalline silicon 

D o p a n t  F i l m  F i l m  
DOping partial growth resis-  

cam-  pressure, rate, Fi lm t i v i t y ,  
pound arm /Lm/min  t y p e  o h m - e m  

D o p a n t  concen- 
tration in films 

by mass spectros- 
copy, atoms/cm s 

None 0 0.13 
BsHe 9 • I0 -t 0.13 
BsI-~ I • 10 -7 0.13 
BsH8 I • I0 -~ 0.16 
BsI-Ie 1 • 10 -5 0.18 
B~I-I6 6 • l 0  s 0.40 
A s H t  1 • i 0  -s 0 .13 
AsI-Is 1 • 10-7 0.12 
AsH8 1 • 10 -5 0.033 
AsI-~ 1 • I 0  -~ 0.018 

P 6.5 • I06 5 x I0 zsboron 
P 4.5 
~P 0.12 1,8 • i0 TM boron 
p 0.018 2.0 • 1019 boron 
p 0.0055 2.0 x I0 ~ boron 
p 0,005 9.5 x 1 0 2 ~  
n ~I07 
n 0.22 2.5 x 10 TM arsenic 
n 0.023 1.6 • 10 ~~ a r s e n i c  
n 0.045 8.5 x 1019 a r s e n i c  

Pstn4 = 5.4 • 10 - s a t m .  T = 680~ V = 30 cm/sec. 

bonding {111} faces are at 54-74 ~ from the (100) and 
will extinguish the (100) face easily (18). 

Barrier model ]or conduction in polycrystalline sili- 
con.--The major  electrical characteristics of polycrys- 
tal l ine silicon films can be described in terms of three 
film parameters;  namely, grain size lg, grain doping 
No or N~, and an effective barr ier  height CB due to 
the interface state density at the boundary.  A one- 
dimensional  band diagram similar to that  considered 
by Kamins  (19) is shown in Fig. 7. It is assumed that 
CB > ~n, and therefore there will  be a depletion re- 
gion of positive space charge over the distance 12. It  
is also assumed that current  t ransport  across the de- 
pletion regions is similar to that  of two Schottky bar-  
rier diodes connected as shown in the figure. These 
diodes appear in series with a resistor, which is due 
to the neut ra l  port ion of the grain. 

When an external  voltage is applied to the sample, 
a current  density J will  flow and the voltage will  di-  
vide among the grains. Within each grain there will 
be a component V1 across the neut ra l  region and a 
component V2 across the depletion region. Since 9"2 
<<kT/q, we can write the film resistivity p as 

1 V1 + 2V2 
p - -  

lg J 

( 2kT/q ) / l ,  [1] 
-- pill -4- j---~ 

"-" Pbulk "Jr- Pbarrier 

where Jo is a factor which is exponent ia l ly  depend- 
dent  on Vs and also the bu i l t - in  field, as we shall de- 
scribe further.  

From Eq. [1] we can see that bulk  resistivity values 
can be approached either by growing very large 
grains or by increasing Jo. The lat ter  can be accom- 
plished by reducing Cn or by increasing the bui l t - in  
field to the point where the barr ier  tunne l ing  proba- 
bili ty is significant. For the lat ter  case we can adapt 
Yu's analysis (20) for the contact resistance Re of 
meta l -Si  junctions. The barr ier  resistivity is then 

pbarrier = 2Rc/l~ [2] 

where Rc has dimensions of ohm-square  centimeters 
and is a function of Cs and ND that behaves as 
exp (~bB/~c/ND) for large ND, 

If we consider the case of decreasing ND, with ~s 
and lg fixed, there will  be a value of ND for which 
tunne l ing  is no longer significant (20). This defines 
the lower l imit  of the heavily doped range. For 
smaller ND, barr ier  t ransmission is due ent i rely to 
thermionic emission and the barr ier  resistivity is 
given by 

2klq 
pbarrier = - -  e x p  (qcB/kT) [3] 

[gA * [l,T 

~n ~B 

~' l EC Ef Barrier 

E v q v__~2 

- ~ ' 2  I" t] hi / '2~ J =J~ 

-J -~Jo Tf- 

V] ,~ V j= 
Pit" l 

Fig. 7. One-dimensional band diagram for an n-type grain 
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where A* is the effective value of the Richardson 
constant and fp is the probabil i ty  t h a t  an electron will 
be emitted over the potential  energy max imum as- 
sociated with the barrier.  As the bu i l t - in  field is re-  
duced, fp will decrease due to the increasing proba-  
bi l i ty that  an  electron wil l  be backscattered due to 
a n  electron, opt ical-phonon collision (21). 

For the middle range of doping, Eq. [3] applies 
with :fp ~ I. In this range, /)barrier is independent of 
ND and changes only with ~B and Ig. Equation [3] 
indicates that pbarrier (as a function of T) should show 
an "activation energy" = qCB, if we ignore the slight 
temperature dependence due to the terms preceding 
the exponential term. This fact is used later in the 
experimental check of the model. 

As ND continues to decrease, the depletion layers 
will widen and eventually they will fully deplete the 
grain. For further decreases in ND, the built-in field 
decreases rapidly and can lead to large increases in 
barrier resistivity. The third or "lightly doped" range 
is defined by 

�9 ~a - -  C n  
ND <~ 8 [4] 

q Ig 2 

In  this range ~p can be approximated by (21) 

~p = exp [1/(2 k~/2~NDlg)] [5] 

where ~ ( ~  60A) is the mean- f ree -pa th  for electron, 
opt ical-phonon collisions. In  this range Pbarrier is again 
dependent  on ND, and because of the exponent ia l  de- 
pendence introduced by [5], resistivity will  increase 
rapidly wi th  decreasing ND. 

Applicability of Hall data.--To check the model 
against exper iment  we wish to compare measured 
resistivities against those predicted by the model. It  
might appear that Hall  sample data would also pro- 
vide a check, and while Hall  data has been shown 
to be in quali tat ive agreement  with the barr ier  model 
(19), the data require  some interpretat ion.  In  part icu-  
lar the Hall  coefficient is largely determined by the 
neutra l  portion of the grain  (22) for the case where 
the resistivity is dominated by the barrier.  Combin-  
ing resist ivity and Hall coefficient measurements  in 
the usual  manner  then gives a Hall mobil i ty and a 
Hall concentrat ion that is not directly interpretable  
in terms of the model parameters.  For this reason, 
and also because Hall measurements  are difficult on 
high resistivity samples, we have elected to check 
the model using p vs. concentrat ion and p vs. temper-  
ature data. 

Comparison with experiment.~The solid curves of 
Fig. 8 are theoretical plots of resistivity vs. concentra-  
t ion with lg fixed at 0.2 ~m and CB as the parameter.  As 
noted earlier, resistivity for the experimental  points 
was determined from spreading resistance profiles and 
also by fabricat ing resistors using an a luminum sur-  
face electrode pattern. Concentrat ions were obtained 
from mass spectrometer measurements  of boron and 
arsenic. 

The dotted curve is a plot of measured resistivity 
vs. concentrat ion of n -  and  p- type  polycrystal l ine S i /  
SO2 films as reported by Fripp and Slack (23). Their 
data is in close agreement  with that  of Kamins  (19), 
which was obtained over a smaller doping range. 
These workers obtained concentrat ion values from 
simultaneously grown epitaxial  films on single-crystal  
substrates. The discrepancy between our data and that  
of Ref. (19) and (23) may be due to the different 
methods of determining the concentration. In either 
case the value obtained can only be regarded as an  
estimate to the electrically active grain doping. 

If we ignore this discrepancy for the moment,  the 
data suggests that (PB is not constant, bu t  is dependent  
on impur i ty  concentrat ion and decreases to small  val-  
ues at large doping values. This is in agreement  with 

101~ \ \  V'* .... i .... , .... , .... ~ .... , .... 
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o \ \ \ ~ory~ =O.Z ~,m~ 
108 - \ ~ k  - - - -  Single Crystal 
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Fig. 8. Resistivity vs. concentration with CB as the parameter. The 
vertical bars indicate the three doping ranges of the model. 

Kamin ' s  observation that @B may decrease due t o  a 
"saturat ion" of the interface states as doping increases. 
The relat ively large resistivity values of the heavily 
doped (ND > 101~ cm -3) n - type  films are a t t r ibuted 
to a significant reduction in lg from the typical  0.2 
/,m value. 

We have measured p vs. T for a p- type film (NA = 
2 • 10 TM cm -3) and  in comparing the data with the 
model, we find CB ~ 0.1V, which is in agreement  with 
Fig. 8. Data was also taken for a l ightly doped sample 
(NA = 5 X 1014 cm -3) and is shown in Fig. 9. From 
Fig. 8, the model predicts that  CB = 0.5V which is 
good agreement  with the observed value of 0.55V. 

At low temperatures  CB is observed to have a sec- 
ond, smaller  value, ~B ---- 0.126V. Approximate ly  the 
same value has been reported for amorphous films 
which were annealed at temperatures  in the range 
550~176 and are therefore likely to have many  
properties in common with polycrystal l ine films (24). 
We have no explanat ion for this smaller  value of Cs 
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Fig. 9. Resistivity vs. reciprocal temperature for a lightly doped 
film. 



1766 J. Electrochem. Soc.: S O L I D - S T A T E  S C I E N C E  A N D  T E C H N O L O G Y  December 1973 

except  to ascr ibe i t  to the  t empe ra tu r e  behavior  of 
the  in ter face  states. 

The decreasing of CB wi th  concentra t ion does sug-  
gest that  the  densi ty  of interface states is less than  
that  of a free sil icon surface, for which CB is ve ry  
nea r ly  independent  of concentrat ion.  In  addi t ion the  
s imi la r i ty  of  p vs. concentra t ion da ta  for  p -  and n - t y p e  
po lycrys ta l l ine  films suggests tha t  interface donor and 
acceptor  states have energy  dens i ty  profiles which  
a re  reflected wi th  respect  to the  center  of the band, 
which is also in contras t  to a free silicon surface;  
however ,  this is somewhat  specula t ive  and addi t ional  
work  is requ i red  to e lucidate  the de ta i led  behavior  
of the  in ter face  states. 

Summary 
A t  t empera tu res  of 850~ or below, po lycrys ta l l ine  

silicon films grown on different ly  p repared  sil icon 
subs t ra tes  have  comparable  gra in  size. The micro-  
s t ruc ture  is fibrous wi th  gra ins  growing in p re fe r red  
<~110> as wel l  as some pre fe r red  direct ions in the  
plane of the substrate.  In i t ia l  nucleat ion and growth  
of thin films are  essent ia l ly  independent  of subs t ra te  
orientat ion.  The p re fe r red  or ienta t ion is enhanced in 
heavi ly  boron-doped  films accompanied by  an increase 
in the  deposi t ion rate.  In heavi ly  a r sen ic -doped  layers  
the p re fe r red  or ienta t ion  tends to d isappear  a long 
wi th  a sharp decrease  in the  deposit ion rate.  

A s imple model  has been descr ibed which  can be 
used to es t imate  film res is t iv i ty  as a function of gra in  
size, gra in  doping, ba r r i e r  height, and tempera ture .  
Compar ison of the  model  wi th  exper imen ta l  p vs. 
concentra t ion da ta  indicates  that  the  ba r r i e r  he ight  
increases as doping decreases, wi th  CB reaching a level  
near  mid -gap  for l igh t ly  doped films. Resis t iv i ty  vs. 
t empera tu re  measurements  on l igh t ly  and heav i ly  
doped films confirm this behavior  of CB and provide  a 
se l f -consis tent  check of the  model. 
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ABSTRACT 

The present work  was under taken  in order to de termine  the effect of va r i -  
ous thermal  t rea tments  up to 800~ and of CVD Si3N4 encapsulat ion on the 
electr ical  characterist ics of P tS i - to -S i  contacts containing an over lay of 
W-metal izat ion.  Ohmic PtSi  contacts were  made to four sets of p - type  Si 
samples doped in the  10z~-1020 cm -~ range and three sets of n - type  Si samples 
doped in the 1019-102o cm -3 range. The measured contact resistivities, pc,s, 
contain large spreading resistance contributions, but they establish useful 
upper  l imits to effective impedance  at contact areas having dimensions of the 
order of 20 X 20 ~m. The measured pe,s values range f rom 1.1 • 10 -6 to 
7.1 X 10 -2 ohm-cm 2 for p- type  Si samples and f rom 9.4 • 10 - ;  to 8.4 >< 10 -6 
ohm-cm 2 for n- type  Si samples. No significant degradat ion of contacts was 
observed at 600 ~ or 700~ or upon 680~ SigN4 deposition. At  800~ (V2-hr 
anneal)  an excessive amount  of WSi2 is formed in the contact areas. Its 
effects may  range f rom no change in contact resistance to an electrical  "open." 
A large disagreement  exists be tween the measured contact resistivities and 
those predicted by calculations based on one-dimensional  electron tunnel ing 
through a potential  barr ier  at the meta l -semiconductor  interface. A major  
part  of the discrepancy results f rom extending the theory to ve ry  small  
(<150A) deplet ion widths for alloyed interfaces that  are physically not sharp. 

A three-dimensional  micromodel  that  includes effects of nonuniform current  
flow and mobil i ty  differences between n-  and p - type  Si may be more  appro- 
priate. 

The importance of ohmic contacts to diffused (doped) 
silicon layers  is genera l ly  recognized in integrated cir-  
cuit technology. In recent  years, much interest  has cen-  
tered on P tS i - to -S i  contacts, and there  have  been sev-  
eral  reports  of exper imenta l  (1-5) and theoret ical  
(4, 6, 7) investigations. However ,  the exact si tuation 
does not appear to be clear  yet. Most of the measured 
contact resistance values (1-3, 5) differ significantly 
f rom those predicted by the usual theoret ical  model, 
namely, tunnel ing of electrons through a potential  
barr ier  at the meta l -semiconductor  interface. 

Also, since the original proposal of PtSi  as the ohmic 
contact mater ia l  in beam-lead  technology (8), which 
utilizes T i /P t  (or P d ) / A u  metalization, there  have  
been several  investigations concerning the use of 
s ingle- layer  refractory  metal izat ions such as W (9-11) 
for Si integrated circuits. Tungsten is potent ia l ly  bet ter  
able to withstand h igh- t empera tu re  processing steps 
such as chemical  vapor  deposition (CVD) of dielectrics 
(12) in the large scale integrat ion (LSI)  and mul t i -  
level  metal izat ion technologies. 

The present  s tudy was made  in order  to provide  new 
contact resistance data on ohmic P t S i / S i  contacts me-  
talized wi th  W, and, in particular,  to evaluate  the e lec-  
trical and metal lurgical  stabil i ty of these contacts as a 
funct ion of various thermal  treatments,  including CVD 
Si3N4 encapsulation, in the range 600~176 Some 
earl ier  results on h igh- tempera tu re  metal lurgical  sta- 
bil i ty of P tSi  thin films were  described in Ref. (13). 

Experimental Procedure 
Contact Sabrication.--Bulk-doped n- and p - type  Si 

samples, (100)-oriented and 0.25 mm thick, were  used. 
The dopant was ei ther As or B, and the dopant concen- 
trations, ND.A, were  deduced f rom the supplied re -  
sistivity data, psi, by using published psi vs. ND,A plots 
(14). The Si wafers were  cleaned and then s team-oxi -  
dized at 1050~ to give 3(}0(}A thick SiO2. Contact w in -  
dows, having dimensions of 20 • 20 ~m at 2.5 mm spac- 
ing, were  etched through the oxide on one-hal f  of the 
slice by s tandard photol i thographic techniques. The 

s Electrochemical  Society Act ive Member .  
Key  words:  thin films, meta l - semiconduc tor  contact,  heat - treat -  

ment ,  device  fabrication. 

oxide was completely removed from the other  half. A 
layer  of PtSi, 900A thick, was formed on the exposed 
Si areas by backsputter  cleaning the Si, sputter ing 
450A of Pt, and then sintering in-s i tu  at 700~ for 10 
rain (13). The unreacted Pt  over  SiO2 was removed by 
etching in hot  aqua regia. It  was possible to ascertain 
the effectiveness of PtSi  s intering by microscopic ob-  
servation, supplemented by x - r ay  diffraction, on the 
contro l -hal f  of the slice. The P tS i /S i  samples were  
then metal ized wi th  an approximate ly  3000A thick W 
film by low-vol tage  r f -d iode  sputter ing (15) or by 
e lec t ron-beam evaporat ion (11) at about 300~ sub- 
strate temperature.  Isolation pads were  etched around 
the contact windows, and W was left  unetched over  
the PtSi  in the contro l -hal f  of the slice. Various con- 
tact samples were  annealed in H2 or vacuum at 600~ 
(1 hr) ,  700~ (1 hr) ,  or 800~ (1/2 hr) .  To evaluate  the 
effect of SigN4 encapsulation step on the W / P t S i / S i  
contact, approximate ly  1200A of CVD Si.~N4 (16) was 
deposited at 680~ and then  etched away in a con- 
stant boiling (160~ aqueous solution of H3PO4. Fi -  
nally, contacts were  made to the back side of the Si 
slices by first removing  any residual  oxide with  di lute  
HF and then evaporat ing 5000A of A1 over  the ent ire  
area. 

Four sets of p - type  Si samples and three sets of n-  
type Si samples were  processed in this manner.  Each 
set, with a given doping level, consisted of five to eight 
wafers. 

Measurements . - -Contact  resistance measurements  
were  made with  an Electroglas Auto Probe Model 190 
tester. Figure 1 i l lustrates the measurement  procedure. 
The sample current  was mainta ined a 1 mA. The probe 
was positioned on the contact area so that  the voltage 
drop Vxz from X to the aluminized back Z was mini-  
mum. This was done in order to minimize contributions 
to the measured Vxz from the sheet resistance of the W 
film. Next, the probe was moved to a point Y in the mid-  
dle of the control-half ,  which has an area of --3.5 cm 2, 
approximate ly  106 times that  of the contact area. The 
voltage drop Vyz contains mainly  contributions f rom 
the "probe resistances" as Y and Z as well  as any wire  
resistances in the measurement  circuit. The area is too 

1767 



1768 J. Electrochem. Soc.: S O L I D - S T A T E  SCIENCE AND T E C H N O L O G Y  December 1973 

Sl02 o 
[3000 A) 

TO DVM TO CURRENT 
(/" "~/$OURC x E 

TO O V M - 2 ~ T O  CURRENT 
SOURCE 

TO 
DVM TO CURRENT 

", .'SOURCE Y 

�9 : , ~ : .  . H , ~ -  

l l ~ - -  PISI 

122::2;i  
Fig. | .  Schematic of ohmic contact resistance measurement pro- 

cedure. 

large for any appreciable contr ibut ion from spreading 
or ohmic contact resistance. Vyz was always found to be 
less than  1 mV (for 1 mA current)  and stayed constant  
within 5% for several scans of the probe from X to Y 
to X' to Y' to X" to Y", etc. indicat ing a reproducible 
"probe resistance." 

It is important  here to emphasize the distinction be- 
tween the apparent  contact resistance, Rc.~ (ohms),  
which was directly measured, and the apparent  con- 
tact resistivity, pc,s (ohm-cm~), which was derived 
from it. These quant i t ies  are defined as follows 

Rr = f-~(Vx~ -- V~z) [1] 

p r  = Al~c,s [2] 

where I is the sample current  and A is the area of the 
contact, which in the present case was equal to 4 • 
10 -6 cm 2. The subscript c,s means that  the quant i ty  in-  
cludes both contact and spreading resistance contr ibu-  
tions. Thus, the t rue  contact resistance and the t rue con- 
tact resistivity will  be represented by Rc and pc, respec- 
tively. The ohmic na ture  of contact was verified by 
determining the I-V profile with a Tektronix  Type 576 
curve tracer, as shown in Fig. 2. Here, l ine A represents 
the resistance XZ and l ine B represents the resistance 
YZ so that the difference between their slopes is a mea-  
sure of Rc.s. At  least 20 contacts were measured on each 
wafer and then a logarithmic distr ibution plot was 
made (Fig. 3). As might  be expected, samples with 
smaller Rc,s, which were obtained by subtract ing two 
numbers  (Vyz and Vxz) of comparable magnitude,  
tended to show a greater var ia t ion than  those with 
larger Rc,s. 

For diagnostic studies, the as-prepared or heat-  
treated samples were examined using optical micros- 
copy, scanning electron microscopy, and  x - r ay  dif- 
fraction on the control-half  of the sample. 

Experimental Results 
Table I summarizes the median values of the ap- 

parent  contact resistance, Re,s, as a function of Si dop- 
ing level and thermal  t reatment .  Also listed for com- 
parison (see Discussion section) are the expected 
values for the spreading resistance contributions, Rs, 
which were estimated using the formula (17) 

Rs ~ psi/4r [ 3 ]  

where psi is the resist ivi ty of the Si sample and I" is the 
effective contact radius, assumed in  the present case 
to be equal to 10 #m. Values of Rs obtained using the 
above formula are known to differ from the t rue  
spreading resistances by factors which may range from 
0.8 to 3 (18). These, however, were not determined in 
t h e  present  case. 

It may be seen in Table I and Fig. 4 that anneal ing 
at 600 ~ or 700~ or Si3N4 deposition at 6800C did not 
cause any significant change in the Rr values. This is 
reflected in cosmetically clean appearance of contact 
areas after, e.g., 600~ anneal  (Fig. 5a) or after a typi-  

Fig. 2. Current-voltage profile for W-metalized PtSi/Si contacts 
with AI on the back side of Si. A, I-V trace across a small area 
contact (4 • 10 - 6  cm 2) and B, I-V trace across a large area con- 
tact (~3.5 cm2). (o, upper), PtSi/n-Si ( I .6  • 1019 cm -3 )  and 
(b, lower), PtSi/p-Si (3.3 • 10 TM cm-3 ) .  
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Fig. 3. Distribution plots of measured contact resistance data 
Rc,s on three different slices. Twenty measurements were made on 
each slice. 

cal SigN4 deposition and subsequent  Si3N4 etch (Fig. 
5b). Some roughness in the surface of W in Fig. 5b was 
caused by a slight at tack on W by the H3PO4 etch used 
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for SigN4. In  one SigN4 deposition run, however, there 
was part ial  formation of WSi2 at the edges of the con- 
tact window (Fig. 5c). This was probably due to an in-  
adver tent  and momentary  rise in temperature  during 
Si3N4 deposition. Such part ial  WSi2 formation does not 
cause any significant increase in  the  contact resistance. 

Anneal ing at 8OO~ (1/2 hr)  results in unpredictable  
behavior. The contacts on various slices ranged from 
those with essentially unchanged Re.s to those which 
had become highly resistive and nonohmic or were 
electrically open (Table I).  Such var iabi l i ty  in contact 
resistance correlates with excessive WSi2 formation il- 
lustrated in  Fig. 6. WSi2 possesses a rough texture, and 
the higher diffusivity of Si at the walls  of the contact 
windows results in an apparent  "spill-over" of WSi2 
outside the contact window. Although WSi2 has several 
desirable properties, e.g., metallic conductivi ty and 
oxidation resistance in air at 900~ its formation in 
contact areas is clearly undesirable.  It  can be con- 
eluded from lattice parameter  data (19) on WSi~ 
(tetragonal, 6 atoms/cell,  a = 3.211A, c = 7.868A) 
that its formation involves a 27% decrease in volume 
with respect to the components W and Si. This can 
cause development  of large in ternal  stresses especially 
near  edges of contact windows, and can thereby lead 
to microcracks and electrical "opens." Therefore, it 
appears l ikely that the observed increases in contact 
resistance upon 800~ anneal  pr imari ly  involve poorly 
reproducible mechanical /meta l lurgical  effects and not 
the creation of any addit ional  potent ial  barr ier  be-  
tween WSi2 and PtSi. 

Figure 7 shows the var iat ion of median  contact 
resistivity pc.s as a funct ion of doping level of n -  and 
p- type  Si substrates. Also shown are two sets of pre-  
viously published theoretical curves for p,c which have 
considered tunne l ing  and tunne l ing / thermionic  emis- 
sion (7) processes. 

Discussion 
An examinat ion of Table I shows that  the spreading 

resistance contributions, Rs, are large and comparable 
in  magni tude  to the measured contact resistances, Rc.s. 
Therefore, the t rue contact resistances, Rc, are much 
smaller  than  the measured Rc,s values. However, since 
all  small  area ohmic contacts to Si layers are associated 
wi th  some spreading resistance, R~.s does provide a 
useful estimate of the effective impedance at contact 
areas having dimensions of the order of 20 • 20 ~m. 
Contact resistance data reported by most of the previ-  
ous investigators (1-5) also contain relat ively large 
spreading contributions, but  these were obtained on 
contacts having different sizes and shapes. Since the 
spreading resistance decreases as the first power of the 

Fig. 5. Microstructures of W-metalized PtSi/Si contact areas: 
(a) after 600~ anneal, (b) after 680~ Si3N4 deposition and sub- 
sequent H3P04 etch to remove Si3N4, and (e) after Si3N4 deposition 
with probably an inadvertent temperature rise during deposition. 
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Table I. Ohmic contact resistance of FtSi-to-Si contacts (area : 4 X 10 -a  cm 2) metalized with tungsten 
(data include spreading resistance) 

Silicon type, 
ND,A (cm -s) 

Apparent contact resistance, Re,s (ohms)  

T h e r m a l  t r e a t m e n t  S/sN~ dep.  S p r e a d i n g  
As 600~ 700~ 800~ (680~ r e s i s t a n c e ,  

prepared I h r  i h r  Yz h r  ~ � 8 9  h r )  Rs (ohms)  

n ---- 7 .5  x I 0  ze 0 .24 0 .15 0 .25 0 .35 0 .19 0 ,28 
n ---- 1.6 x 101D 1.17 1.80 2 .50 * 0.85 1,12 
n = 9.5 x I0  TM 2.00 1.55 3.00 : 1.90 1.63 
p = 1.7 X I 0  ~ 0.52 0.11 0 .16 0.32 0.20 
p = 3.3 X I0  ~ 0 .87 0 .75 0.45 1.30 1.70 1.00 
p = 1.8 X 10 m 3.75 3.25 1.60 * 4.00 1.75 
p = 1.2 x 10 ul 17.00 19.00 19.50 " 15.00 15.00 

* Nonohmic  or "open" contacts. 

contact radius (Eq. [3]) whereas the Crue contact re-  
sistance decreases as the square of the radius, compari-  
sons between pc.s values obtained by different invest i -  
gators are not meaningful  unless the measurements  are 
made on contacts of very  near ly  the same size and 
shape. There is, however, enough qual i tat ive agreement  
between the present  results and those of most previous 
investigators (1-3, 5) so that several of the conclusions 

Fig. 6. Microstructure of contact samples annealed at 800~ 
(a, upper) WSi2 formation nnd "spill-over" outside the contact 
areas and (b, lower) surface texture of WSi2 on PtSi on Si. 

(see below) reached on the basis of comparison of 
present ly  obtained data with predictions of the tunne l -  
ing model are applicable to a wide range (with respect 
to sizes and shapes) of alloyed PtSi  contacts in silicon 
integrated circuits (SIC's).  

Since theoretical analysis of the contact resistance 
problem yields only  pc values ( in  ohm-cm2), in  order to 
compare the exper imental  results with theoretical ones 
(Fig. 7) it is necessary to obtain values of Pe,s by 
mul t ip ly ing the measured values of Rc.s by the  contact 
area. It should again be emphasized that the very large 
spreading resistance contr ibut ions make the values of 
pc,s obtained in this way only upper  limits to the values 
of pc. Therefore, it is significant that  the exper imental  
values of Pc.s for n - type  samples are much smaller  than 
the theoretical values, since correcting for the spread- 
ing resistance would make  the discrepancies even 
larger, However, no definite conclusion can be drawn 
from the comparison between the exper imental  pc.s 
values for p- type samples and the theoretical pc values 
of Chang, Fang, and Sze (7) ; since the laCter are lower 
than the former, the discrepancies would be reduced 
by correcting for the spreading resistance. 

In  view of the large disagreement between the ex- 
per imental  data and the contact resistivities predicted 
by the tunne l ing  model (6, 7) especially for n-Si,  it is 
important  to examine the possible reasons for the in-  
applicabil i ty of this model to the P tS i /S i  contacts 
studied in the present  investigation. The tunne l ing  
theory predicts the resistance of a potential  barrier,  at 
the metal-semiconductor  interface, as a funct ion of the 
depletion width. Simple calculations show that the 
depletion width for the PtSi /Si  interface is less than 
150A for doping levels (n-  or p- type)  exceeding the 
mid-10 TM cm -3 range. The fact ~hat the depletion 
widths for Si samples used in  the present  work are so 

[ [ I 1  1 r a r r  I i l a [  I ~a11 !  a T l a !  I I r  
�9 WIPt SIIn-Si 

�9 WIP? Silp-Si ~ \ | 
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Fig. 7. Measured contact resistivity, pc,s, vs. dopant concentration, 
ND,A. Also shown are theoreticoJly calculated curves for n- and 
p-type Si with PtSi/Si barrier heights of 0.85 and 0.25V, respectively. 
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small  is very significant. It  has been previously shown 
(13) that our as-prepared PtSi  films contain surface 
irregulari t ies of the order of a few hundred  angstroms, 
distances which are greater than the estimated deple- 
tion widths. In  addit ion to the roughness at the in te r -  
face, there is a lattice mismatch be tween the diamond 
cubic Si and orthorhombic PtSi, and it is probable that 
the distr ibution coefficients of As and B between PtSi  
and Si are not exact ly equal to unity. These factors, 
which are present  in most  alloyed ohmic contacts, pre-  
clude the possibility of any  ideally sharp metal-si l icon 
interface. Under  such conditions, then, the idealized 
one-dimensional  tunne l ing  model (6-7) loses its val id-  
ity. A three-dimensional  micromodel that  includes the 
effects of nonuni form current  flow and mobil i ty dif- 
ferences between n-  and p- type Si may be more ap- 
propriate  in the case of a l loy- type ohmic contacts to 
semiconductors. 

Summary and Conclusions 
1. PtSi  ohmic contacts were made to four sets of p -  

type Si (NA = 10zs-102~ cm -3) and three sets of n - type  
Si  (ND = 10z9-102~ cm -3) samples. Each set consisted 
of five to eight different wafers, and at least 20 mea-  
surements  were made on each wafer. 

2. Measured contact resistances, Rc.s, for 20 • 20 ~,m 
contacts include large spreading resistance cont r ibu-  
tions. 

3. Annea l ing  at 600 ~ or 700~ (1 hr) or Si3N4 deposi- 
tion at 680~ does not cause any degradation of the 
ohmic contact or any significant metal lurgical  in ter-  
action. 

4. At 800~ (1/2 hr) ,  WSi., forms in the contact 
areas. Its effects may range from no change in  contact 
resistance to an electrical "open." 

5. Wide disagreement exists between the present ly  
measured ohmic contact resistances and theoretical 
values based on a model of one-dimensional  electron 
tunne l ing  through a potential  barrier.  It is questionable 
whether  such an idealized one-dimensional  tunne l ing  
model is applicable to meta l /h igh ly  doped semiconduc- 
tor contacts containing irregular  interfaces. 
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The Etch Rate of Gadolinium Gallium Garnet in Concentrated 
Phosphoric Acid of Varying Composition 

D. C. Miller 
Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

The etch rate of Gd3Ga5Ol~ in concentrated phosphoric acid between 140 ~ 
and 180~ was found to vary directly with the square of the H3PO4 concen- 
t rat ion when  dilution of the H3PO4 with higher acids of the type Hn+2PnO3n+l 
(n = 2,3,4. . . )  occurs as a result  of dehydration. When the HsPO4 concentra-  

tion is reduced by dilution with water, however, the etch rate continues ~o 
increase reaching a max imum value at a dilution of approximately 50 mole 
per cent (m/o)  H20 at 140~ For any given acid composition the etch rate 
varies exponent ial ly  with temperature.  

Phosphoric acid above 250~ has been used to chemi- 
cally polish a n u m b e r  of oxide single crystals (1-4), 
and between 160 ~ and 170~ to reveal defects (5) in 
nonmagnet ic  garnet  substrates (6, 7) and magnetic 
garnet epitaxial  layers (8-10) used in bubble  domain 
devices (11, 12). When heated, phosphoric acid de- 
hydrates result ing in changes in the etching properties 
of the acid. These changes are especially deleterious at 

Key words: garnets, etching, phosphoric acid. 

polishing temperatures  but  can be overcome by stabil-  
izing the water content of the acid by bubbl ing  steam 
through the bath (4). In  the 140~176 range the 
selectivity of the acid is not affected by dehydrat ion 
(5) but  the etch rate is. Hence, precision etching of 

epi taxial  garnet layers for th inn ing  and circuit delinea- 
tion, and the process-related etching of substra~es for 
cleaning and defect analysis, requires that the etching 
properties of the acid be understood and controlled. 
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The changes which occur in the chemistry of phosphoric 
acid upon heating and the effect these changes have on 
the etch rate of Gd3Ga5Oi2 are presented below. 

Chemistry of Concentrated Phosphoric Acid 
Commercial 85% phosphoric acid consists of ortho- 

phosphoric acid (H~POD and HeO. Upon heating, the 
acid loses the excess water  by boiling which com- 
mences at about 170~ and continues unt i l  the tem- 
perature reaches about 250~ Upon fur ther  heating, 
dehydrat ion will continue unt i l  essentially P205 re-  
mains at around 1000~ (13). However, as a result  of 
dehydration, different acids form having the general  
formula Hn+2PnO3n + 1 where n : 2, 3 . �9 each repre-  
senting an increase in the P2OJH20 ratio (14, 15). The 
equivalent  concentrat ion of P205 governs the ratios of 
the different phosphoric acids present  and is related to 
the density, d, of the solution by the following empir i -  
cal relationship (15) 

d ---- 0.0167 (weight per cent P205) + 0,66 [1] 

The per cent of the total P205 present in the solution 
in the form of each of the polyphosphoric acids has 
been determined for mixtures  having P205 concentra-  
tions between 68.8 and 86.3 weight per cent (w/o) 
(16). These results and Eq. [1] have been used to cal- 
culate the mole per cent (m/o)  H3PO4 present in the 
solution as a function of the density and this is shown 
graphically in Fig. 1. The max imum H3PO4 concen- 
trat ion at tained is less than 100% (17, 18) at the stoi- 
chiometric composition (72.44 w/o  P205). This solution 
has a density of 1.87 g /cm a and contains a few per cent 
of equal amounts  of water  and pyrophosphoric acid 
(H4P2OT). 
The decreasing concentration to the left in the figure 

represents dilution with water and to the right dilution 
with acids having higher P2OJH20 ratios. Dehydra- 
tion and the accompanying compositional changes are 
reversible, though re-establishment of the equilibrium 
composition after dehydration may take weeks. The 
equilibrium composition (density) depends upon the 
temperature and partial pressure of water in the ambi- 
ent and is about 1.90 g/cm 3 at 160~ in an open system, 
for example. If kept sealed, the composition character- 
istic of the conditions prevailing before sealing will be 
maintained upon heating or cooling (15, 17). 

Experimental 
Commercial 85% orthophosphoric acid with an ini t ial  

density of about 1.68 g/cm 3 was used for all of the 
etching experiments  reported here. The acid was con- 
tained in p la t inum beakers. However, below about 
200~ Teflon and Pyrex  (which dissolve at the rate of 
approximately 0.05 ~m/min  at 150~ may also be 
used. Specimens were held with Teflon forceps. 

Samples were dipped directly into the acid at the 
etching temperature  for 1-15 min. Following etching, 
the samples were quenched in vacuum pump oil at 
75~ to stop the etching action yet  minimize the 
chances of thermal  cracking. Then the samples were 
cleaned in consecutive hot Alconox solutions, the first 
containing 15 w/o  KOH to aid in  neutral iz ing any acid lso  

6O I 

40 

20  

0 I I I 
1.70 1.80 1.90 2.00 2 .I 0 

DENSITY, g m s / c c  

Fig. 1. Concentration of H3P04 in mole per cent vs .  the density 
of phosphoric acid. 

remaining  on the specimens. The specimens were then 
rinsed in distilled water  and blown dry. 

The etch rates were determined in two ways. For 
short etching times (1-4 min) ,  regions of the substrates 
were masked with SiO2 deposited by electron beam 
evaporation. Then, after phosp:hori:c acid etching, the 
SiO2 was removed with dilute HF and the result ing 
steps measured with the Tal ly-Step machine. For long 
eching times (1-2 hr) when  50 ~m or more was re-  
moved from both sides of the substrate, the over-al l  
thickness change was measured with a micrometer.  
Results obtained using both techniques on the same 
specimen were in close agreement.  The acid bath tem- 
pera ture  was monitored with either a p la[ inum-pla t i -  
num 10% rhodium or a p la t inum encased chromel- 
a lumel  thermocouple immersed in the bath. 

The water  content  or composition of the acid was 
determined by measur ing its density for which volu- 
metric flasks and hygrometers were used before and 
after etching at 25~ the temperature  to which all of 
the densities reported here have been normalized. In  
order to avoid error caused by either the gain or loss 
of moisture by the acid between the t ime of etching 
and measurement,  the density was also determined 
dur ing etching by a weight loss method. The method 
consists of first measur ing the density of the fresh acid 
at 25~ in a volumetric flask or by use of a hygrometer.  
This was normal ly  found to be between 1.625 and 1.685 
g/cm 3. The fresh acid is then weighed in the etching 
beaker at 25~ and again weighed dur ing etching. 
Then, by assuming all weight loss is due to loss of H20 
( ~  1 g/cm 3 at 25~ and that the density of the acid 
is the result  of a simple mixing of H20 and acid, 
the densi ty of the acid dur ing  etching corrected to 
room temperature  is given by  

~ f  
~- d [2] 

W I  
- -  ( W l  - -  W f ) / P H 2 0  

pi 

where w~ is the ini t ial  acid weight, wf is the acid 
weight during etching, pi is the ini t ial  density of the 
acid, and PH20 is the density of water at 25~ This ap- 
proximation was found to be inadequate  for precise 
measurement  of the density and thus a calibration 
curve was determined that  relates the density mea-  
sured using this relationship to the "true" density. The 
t rue density was measured by overfilling volumetric  
flasks with the hot acid, sealing them unt i l  cooled to 
the measurement  temperature,  and then releveling 
them by removing excess acid. The calibration curve is 
shown in Fig. 2. 

The surfaces of the specimens were polished with 
diamond followed by Syton, 1 which leaves the surfaces 
damage free. This is important  because damaged sur-  
faces etch faster than  perfect surfaces and over-al l  

1 P r o d u c t  o f  M o n s a n t o  C h e m i c a l  C o r p o r a t i o n .  
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Fig. 2. Density of phosphoric acid measured using volumetric 
flasks and hygrometers vs. that calculated using the weight loss 
method. 
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falsely high etch rates would have been measured had 
as-sawn or rough polished substrates been used. F u r -  
thermore, the etch rate of garnet  in the 140~176 
tempera ture  range is affected by small changes in com- 
position (5). In  order to minimize the possibility that 
small  differences in stoichiometry and impur i ty  con- 
centrat ion could introduce a source of error in  the 
measurements,  one (111) slice of Gd~Ga50,2 was cut 
into 50 pieces and used in de termining  all of the data 
reported here. 

Results 
The etch rate of GdzGasO12 in the  <111> direction 

as a funct ion of acid density for four different tempera-  
tures is shown in Fig. 3. Every point on the curves is 
the average of at least three determinat ions at the 
specified temperature  and density, and can be relied 
upon to ~ 5%. Note that the etch rate continues to in-  
crease l inear ly  as the acid is di luted with water  unt i l  
about 50% dilution is reached at 140~ ( ~  1.70 g/cm 3) 
whereupon the ra~e decreases. 

This behavior cannot be readily related to the chem- 
istry of the acid. Even though there is some disagree- 
ment  about the max imum I~PO4 concentrat ion a t ta in-  
able (18), it  is unl ikely  that the reported H3PO4 con- 
centrat ions (17) are enough in error to account solely 
for the observed behavior. It is most l ikely that dis- 
sociation of the acid must  occur before etching can 
proceed and the concentrat ion of the dissociated species 
reaches a max imum at some level of dilution (50% at 
140~ for example) .  Unfortunately,  knowledge of the 
dissociation equil ibria  of concentrated phosphoric acid 
i s  l imited to lower temperatures  (18, 19) and more 
dilute solutions (20). Because of the large deviations 
from ideality present, nei ther  Raoult 's nor  Henry 's  law 
can be applied or sensible extrapolations made of exist- 
ing data. 

Using the results of Huht i  and Gartaganis  (17) and 
Eq. [2] the etch rate data for solutions diluted with 
higher acids can be replotted as a funct ion of HsPO4 
concentrat ion and this is shown in Fig. 4 for 150 ~ and 
170~ If indeed the etch rate is a function of 1he ion- 
ized species present, then in view of the small  etch rate  
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Fig. 3. Etch rate of the { i11} surfaces of Gd3GasO12 vs .  the 
density of phosphoric acid. 
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Gd~GasO12 vs. mole per cent H3PO4 in phosphoric acid at 170 ~ 
and 150~ 

indicated at 0% H3PO4, it is probable that the higher 
acids are only slightly dissociated and therefore serve 
to dilute the part ial ly dissociated I~PO4. The square 
law dependence of the etch rate on concentrat ion may 
indicate that the ionized species is formed by a re-  
action, such as 

2HaPO4 <--> H2PO4- + H4PO4 + 
and 

etch rate cc [H4PO4+] _-- K'[H3PO4]Z 

The variation of the etch rate as a function of tem- 
perature for the different densities is shown in Fig. 5. 
The variation is exponential with an activation energy 
of 25.5 kcal/mole for all three compositions. This sug- 
gests that the same component of the acid etches the 
garnet independent of the over-all acid composition. 
The negative deviation from exponential behavior at 
140~ which is largest at 1.980 g/cm 3, probably arises 
from the development of a diffusion boundary layer at 
the crystal surface. The boundary layer thickness, and 
hence the etch rate, is controlled by the viscosity of the 
acid, which increases rapidly with decreasing tempera- 
ture and increasing density. 

It is also important to note that all of these data 
were taken from the same 0.030 in. thick by 0.8 in. 
diameter <iii> slice of Gd3GasOl~ sectioned into 
many pieces. When attempts were made to measure 
etch rates on samples having different orientations that 
were cut from other Gd3GasO12 boules, and (iii) sam- 
ples from these different boules were etched in order 
to correlate the data with that of Fig. 4 and 5, not only 
were the}, found to have considerably different ab- 
solute etch rates but large differences in activation 
energy as well (as high as 42.1 kcal/mole in one case). 
In addition, etch rate variations of an order of magni- 
tude were observed to occur with magnetic garnet 
films of different compositions. Therefore, it must be 
concluded that etch rates are extremely sensitive to 
small variations in stoichiometry and impurity concen- 
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Fig. 5. Ln of the etch rate ,)f the {111} surfaces of Gd3GosO! 2 
vs. inverse teml~mture at different densities. 

t rat ion.  Such var ia t ions  in the  composit ion of GdzGasOls 
can be caused by  Ga2Os evapora t ion  dur ing growth,  
g rowth  a tmosphere  composition, s tar t ing mate r i a l  
puri ty ,  and o ther  var iables  (7). In  view of this sensi-  
t ivity,  it m a y  also be concluded tha t  the  etch ra tes  wi l l  
be ex t r eme ly  anisotropic.  This was observed here  
qua l i t a t ive ly  and is suggested by  other  resul ts  (21). 

The grea t  se lect ivi ty  of the  acid can be very  useful  
in a va r i e ty  of appl icat ions  in addi t ion to defect  studies. 
For  example ,  the  steps produced by  the 8iO2 mask  
were  qui te  sharp, wi th  no undercut t ing.  This can be 
used to good advantage,  since steps, grooves, and other  
configurations wi th  possible circui t  appl icat ions  can be 
easi ly del ineated.  Despi te  the  large  differences ob-  

served  in the  absolute  etch ra tes  of the  var ious  garne ts  
studied, the funct ional  dependence  of the etch rates  on 
the phosphoric  acid composi t ion appea red  to be the 
same as tha t  of GdaGa5Ol~. 

Conclusions 
The etch ra te  of Gd~GasOz2 in concentra ted  phos-  

phoric  acid var ies  d i rec t ly  wi th  the  square  of the  
H3PO4 concentra t ion when the H3PO4 is d i lu ted  wi th  
h igher  acids of the type  Hn+2Pn3n+l (3 = 2, 3, 4 . . . )  
fo rmed as a resul t  of dehydrat ion .  When  the  I-IsPO4 is 
d i lu ted  with  wa te r  the  etch ra te  cont inues to increase, 
reaching a m a x i m u m  at a di lu t ion of 50% HsO at 
140~ The act ivat ion energy for etching is independen~ 
of acid composit ion but  ex t r eme ly  dependent  on the  
s to ichiometry  and impur i t y  concent ra t ion  of  the 
Gd3GasOz2. 
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Silicide Formation in Tungsten and Other Refractory 
Metalizations on PtSi on Silicon 

A. K. Sinha,* Mildred H. Read, and T. E. Smith 
Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

We have evaluated the alloying behavior of W and other refractory metal 
films on PtSi on Si at temperatures ranging from 700 ~ to 900~ Nearly com- 
plete WSi2 formation is observed in the case of W/ P t S i / S i  samples annealed 
above 750~ (1 hr) .  Si appears to be the diffusing species, and PtSi  provides 
an unpassivated interface between W and PtSi/Si .  WSi2 is a metallic con- 
ductor with a resistivity of ~54 ~ohm-cm. Unlike W, WSi2 does not oxidize 
upon heating in air up to 900~ Its formation in the ohmic contact areas is, 
however, undesirable  because of the volume changes accompanying its for- 
mation. In  the case of other refractory metalization systems, M/P tS i /S i  where 
M is Ti, V, Cr, Ni, NiCr, Mo, and Ta, PtSi  also offers l i t t le resistance to 
M-silicide formation at high temperatures  (800~176 

Informat ion on the h igh- tempera ture  metal lurgical  
compatibi l i ty of various thin-f i lm materials systems is 
of considerable importance in the design of certain 
LSI (large scale integration) processing schemes. It 
becomes a critical factor when postmetalization steps 
such as Si3N4 encapsulat ion by CVD (chemical vapor 
deposition) (1) are involved. A refractory metal  met-  
alization such as tungsten  on SiO2 is general ly able 
t o  withstand temperatures  in excess of 900~ How- 
ever, a potential  problem area lies in the ohmic con- 
tact regions of the LSI circuits. Here the rel iabil i ty 
and performance of the device would depend rather  
critically on the metal lurgical  interactions involved. 

In  the present  work, we have studied the al loying 
behavior of thin W-films over the ohmic contact mate-  
rial PtSi (2, 3) at temperatures  ranging from 700 ~ to 
900~ In  addition, the nature  of intermetal l ics  formed 
dur ing h igh- tempera ture  anneal ing  of other thin-f i lm 
metalizations of type S i /P tS i /M (where M is Ti, V, 
Cr, Ni, NiCr, Mo, and Ta) and S i /P tS i /M/W has been 
also determined.  

Experimental 
PtSi  was deposited (3) on n - type  Si having (100) 

orientat ion and doped with As to 7-14 ohm-cm resist iv- 
ity. Some of the Si wafers were steam oxidized at 
1050~ to 5000A thick SiO2 and then an array of cir- 
cular windows 20 mils in diameter  was etched through 
the oxide. PtSi  was produced wi th in  the windows, as 
well as on Si blanks by first backsputter  cleaning the 
Si surface and then sput ter ing 450A of Pt  followed by 
in situ sinter ing at 700~ for 10 min. The unreacted Pt  
outside the windows was etched away with hot aqua 
regia. 

Thin films of W were deposited on the above samples 
in an oil-free vacuum station using a Varian 6 kW e- 
gun  (4). The source mater ial  consisted of MRC Marz- 
grade tungs ten  slugs and the background pressure dur -  
ing evaporation was kept at or below ,~3 • 10-~ Torr. 
The thickness was monitored using a quartz crystal 
rate monitor.  Deposition rates were typically at 300 A /  
min, and the thickness of W deposits varied from 2500 
to 3500A. In addition to e -gun  evaporation, some W- 
films were also deposited by low-voltage rf-diode 
sputtering (5). The deposition of Ti, V, Cr, Ni, and 
NiCr films, 1000-2000A thick, was accomplished with 
filament evaporat ion in a conventional  diffusion- 
pumped be l l - ja r  system. Molybdenum was evaporated 
using an e -gun  in a separate vacuum station from that  
used for W evaporation. The ~-Ta (1000A thick) was 
produced by d-c sputtering. 

* Electrochemical Society Active Member. 
Key words: platinum silicide contacts, thin films, tungsten metal- 

ization. 

Following the metalization, the samples were an-  
nealed at various temperatures  ranging from 700 ~ to 
900~ for 1/2 to 1 hr  periods in a vacuum better  than  
2 • 10 -6 Torr. The metal lurgical  interact ions follow- 
ing the h igh- tempera ture  anneal  were studied using 
optical microscopy, x - r ay  diffraction [with a glancing 
angle wide-film Debye Scherrer  camera (6)],  sheet 
resistance measurements,  and Talystep step-height 
measurements  across the windows. 

Results 
Figures 1 (a) through (d) show the effect of a 900~ 

1-hr vacuum anneal  on the microstructure and topog- 
raphy of various contact windows on oxidized silicon 
wafers. Figures l ( a )  and (b) show PtSi  (900A) in the 
contact windows before and after the 900~ thermal  
treatment.  In  the lat ter  state, the PtSi has assumed a 
rough surface; this process, which is always accom- 
panied by grain growth, was recent ly  shown to involve 
par t ia l  agglomeration of the PtSi  film (3). Figure 1(c) 
shows the microstructure in the as-deposited state of 
a PtSi  contact sample coated with 3000A of W. Upon 
anneal ing this sample at 900~ (1 hr) ,  it may be seen 
from Fig. 1 (d) that the tungs ten  wi thin  the PtSi  con- 
tact windows undergoes a profuse reaction. The reac- 
tion product, which was subsequent ly  identified as 
WSi2, has a very rough texture. Judging from the 
Talystep trace, there appears to be an unusual  increase 
in the volume of the mater ia l  wi th in  the windows as 
a result  of WSi2 formation. In  particular,  there is a 
"pi le-up" of WSi2 at the edge of the windows. It was 
possible to etch away the unreacted W (over SIO2) 
outside the windows using a fer r icyanide-e thylene  di-  
amine etch, leaving sharply del ineated WSi2 over the 
PtSi  dots. No evidence was observed of any appreciable 
lateral  diffusion of ei ther P t  or Si (as WSie); this is 
a t t r ibuted to the relat ively large thickness of the SiO2 
wails. 

With a view to ident ifying the reaction product ob- 
served in Fig. l ( d ) ,  approximately 3500A of W was 
e -gun  evaporated on a 11/4 in. Si b lank  previously 
coated with 1400A of sintered PtSi. After  anneal ing 
this sample at 900~ for 1 hr in vacuum, its x - ray  
diffraction pat tern showed a large number  of strong 
lines which were identified as being due to WSi2. In 
addition, several lines from the under ly ing  PtSi  which 
possessed a preferred (020) or ientat ion paral lel  to the 
substrate  were present. Positive phase identification 
was made by comparing the observed x - r ay  diffraction 
lines and their  intensities along with those calculated 
for WSi2 (MoSi2, C l l b  type) and PtSi  (FeP, B31 
type).  For computing the diffraction pat terns of these 
compounds, the atomic positional parameters  compiled 
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Fig. I .  Microstructure and topography of contact windows an 
an oxidized silicon wafer: (a) as-deposited PtSi, (b) PtSi annealed 
at 900~ i hr, (c) as-deposited W/PtSi, and (d) W/PtSi annealed 
at 9 ~ ~  ~ hr. 

by Pearson (7), and the program wri t ten  by Yvon, 
Jei~schko, and Parthe (8) were used. There is a satis- 
factory agreement  between the observed and calcu- 
lated x - r ay  pat terns for WSi2. Almost complete ( >  
90%) WSi2 formation was also observed in the case 
of W/P tS i /S i  samples annealed  for 1 hr at 850 ~ 800% 
and 750~ but  not at 700~ Heating the PtSi films 
in air at 500~ for 3 hr, or at 800~ in vacuum for 1 
hr, prior to W deposition, did not affect the rate of 
WSi~ formation upon subsequent  annealing.  

Figure 2 shows the microstructure of ~the annealed 
(900~ 1 hr, vacuum) W/P tS i /S i  sample which has 
reacted to form WSi2 as well as a Talystep scan across 
WSi2 to PtSi  which had been shielded during the W 
deposition. The average step height of 3750A is ap- 
proximately the same as the ~hickness of W (approxi-  
mately 3500A) original ly deposited on the PtSi /Si  
blank. This would suggest that  in the W/P tS i /S i  blank, 
the WSi~ formation upon anneal ing  is due to diffusion 
of Si through PtSi. Accordingly, both the WSi2/Pt 
interface and the P tS i /S i  interface sink down into Si. 
The sheet resistance of the annealed WSi2/PtSi /Si  
combinat ion was measured as 0.51 ohm/V1. Assuming 
3500A of W in the unannea led  W/P tS i /S i  sample to 
give rise to 8750A WSi~ and taking into account the 
contr ibut ion of 1400A of annealed PtSi (p = 40 ~ohm- 
cm), we est imate the resistivity of WSi2 film to be 
,~54.5 ~,ohm-cm. The WSi2 film over PtSi has a mat te  
surface, and unl ike W which can be readi ly anodized 
(in, e.g., aqueous citric acid solution) WSi2 does no~ 
form anodic films to any appreciable extent, nor  can 
it  be oxidized upon heat ing in air up to 900~ (15 
min) .  Its adhesion to PtSi, judging from the scotch 
tape peel test, is considered as being good. 

Fig. 2. Microstructure and topography of an annealed (900~ 
1 hr) sample of PtSi on Si partially coated with W (dark area). 

The observation [Fig. l ( d ) ]  that  the growth of 
WSi2 over PtSi  largely occurs outward from Si would 
suggest the possibility of lateral  spread of WSi2 if the 
SiO2 thickness at the contact windows were small  
enough. This was confirmed in  an exper iment  with a 
charge-coupled device s t ructure  where the oxide thick- 
ness was approximately 2000A. Figure 3 (a) shows that 
the formation of WSi2 (at 900~ 1 hr, vacuum anneal)  
from 3000A of W over PtSi  in the contact windows 
results in a considerable "spil l-over" of the WSi2. Fig-  
ure 3(b)  shows the effect of an  identical hea t - t rea t -  

Fig. 3. Effect of a 900~ 1-hr anneal on a CCD test structure 
containing (a) PtSi in the contact windows and metalized with W 
and (b) PtSi in the contact windows but no W overlay. 
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ment  on the PtSi  contact pads without  W metalization 
over them. In  this case, except for a coarsening effect, 
the PtSi contact areas remain  well-defined. 

The lateral  spread as well as the spiky morphology 
of WSi2 over PtSi  may result  in shorts both at the 
level of the W metalizat ion and at levels above it, if 
WSi2 penetrates an overlying dielectric film. With a 
view to prevent  or re tard such WSi2 formation, the 
possibility of a barr ier  metal  between PtSi and W 
was investigated. Inasmuch as the barr ier  metals them- 
selves should possess good adhesion to the PtSi  con- 
tacts, the present investigation was limited to Ti, V, Cr, 
Ni, NiCr, Mo, and ~-Ta (10O0-200OA of each). 

In  the case of S i /P tS i /M type of systems V, Cr, and 
Ta reacted to form their disilicides which have the 
hexagonal CrSi2 type  of crystal structure. Upon an-  
neal ing Ni-film on PtSi on Si, it was found that a 
quas i -b inary  (Ni,Pt) Si alloy had formed. This alloy 
has the same crystal s t ructure as PtSi, but  its lattice 
constants were 3-5% smaller  ~han that of PtSi. Ni- 
chrome behaved similar ly in that Ni was incorporated 
into the quas i -b inary  silicide (Ni,Pt) Si. In  addition, 
a small  quant i ty  of fcc Ni(Cr)  was also detected. The 
diffraction pa t te rn  of annealed S i /P tS i /T i  sample 
could not be associated with any  of the previously 
reported silicides (7) of Ti. In the case of thin-f i lm 
systems of type S i /P tS i /M/W,  anneal ing in the range 
800~176 always resulted in the formation of WSi~ 
in addit ion to the previously mentioned silicides of the 
metal  M. Chromium was found to be somewhat excep- 
t ional in this regard; in  the case of S i / P t S i / C r / W  films, 
only localized formation of WSi2 was observed in the 
optical microscope. The x - r ay  diffraction pat tern con- 
tained reflections from both WSi2 and W, with ap- 
proximately equal intensities. The retarding effect of 
Cr may be due to its abil i ty to form a passivating ox- 
ide layer  on its surface. 

Discussion 
The present results clearly show that PtSi  thin-fi lms 

offer l i t t le resistance to h igh- tempera ture  migrat ion of 
Si across them into W and other refractory metal iza-  
tions. This migrat ion does not appear to be related to 
the phenomenon of agglomeration which was observed 
in PtSi  thin-f i lms at 900~ (3). We have observed 
profuse WSi2 formation in S i /P tS i /W films at tem- 
peratures (750~176 at which no agglomeration of 
PtSi  th in  films takes place. I t  appears, however, al- 
most certain that PtSi  provides an unpassivated (oxide- 
free) interface between W and P tSi /S i  and that PtSi 
also provides rapid diffusion paths for Si atoms thereby 
permit t ing rapid W-Si  interaction. This view is sup- 
ported by results of 4He+ ion Rutherford backscatter-  
ing experiments  which indicate that the surface of PtSi  
stays remarkab ly  free of excess Si or oxygen even after 
anneal ing in air up to 600~ (9). 

The crystallographic data on WSi2 suggest that  strong 
W-Si  bonds may be present in this intermetall ic:  (i) 
In  the WSi2 structure (Cl lb ,  MoSi2 type),  shown in 
Fig. 4, each W atom is surrounded by a shell of 1O 
near-neighbors  all of which are Si atoms. There is, 
thus, a larger number  of W-S~ bonds in WSi2 (10 vs. 
6.7) than that  expected on the basis of simple alloy 
composition considerations. (ii) The volume of WSi2 
uni t  cell (80.6 A a, 6 atoms per  un i t  cell) represents 
a contraction of 27% over the volumes of the com- 
ponent  W (15.8 AS/atom) and Si (20 AS/atom) atoms. 
In  a discussion of MoSi2-type structures, Laves (10) 
pointed out that  if both A-A  and A-B contacts are as- 
sumed to be present, the geometry of C l l b  s tructure 
would require an ideal radius ratio RA/RB of unity.  A 
tendency to meet such geometrical requirements  is gen- 
erally present  in the case of most intermetall ics.  This 
may result  in considerable adjus tments  in the volumes 
of the component atoms. In  particular,  Si has been 
known to undergo large volume contractions of up to 
48%, and an associated decrease in the covalent na ture  
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Fig. 4. Atomic arrangement in the tetragonal unit cell of WSI2 
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of its bonds (11). A contraction of the order of 33% 
in the volume of Si atoms would be needed in .order 
to satisfy the geometrical requirements  of WSi2 struc- 
ture. 

The increase in the metallic character of Si bonds 
which accompanies WSi2 formation (and contraction 
of Si atoms) is perhaps part ly responsible for the rela-  
t ively low electrical resistivity of WSi2, a compound 
rich in a semimetal. The present ly  observed increase 
in the volume of metal izat ion upon WSi2 formation 
correlates with the large volume (40.3A 3) of WSi2 
per W atom which is greater than the atomic volume 
of elemental  W by a factor of 2.5. 

It  is of interest  to comment briefly on the possi- 
ble diffusion processes leading to WSi2 formation in 
W/P tS i /S i  structures. Since PtSi  stays unt ransformed 
during the hea t - t rea tment  of W/P tS i /S i  films, it ef- 
fectively acts as a marker.  Thus, if W were to diffuse 
across PtSi into the Si, the PtSi  layer would move up 
and its x - r ay  reflections would get stronger as WSi2 
formation proceeds. On the other hand, if Si were dif- 
fusing across PtSi, the PtSi  layer would move down 
into the Si. The lat ter  appears to be the  case in the 
present  experiments  in which "PtSi-reflections" defi- 
ni te ly  did not increase in intensi ty  upon W-silicide 
formation. 

There are several possible ways in which Si may 
diffuse through PtSi  into an overlying metal  film. 
Among the simpler modes, we may cite migrat ion of 
Si atoms along the grain boundaries  of PtSi  or, along 
the two sets of chains of Si atoms which are present 
in the crystal s tructure of PtSi  (3). Searcy et al. (12) 
have estimated the thermodynamic  bond energies of 
various t ransi t ion metal-s i l icon (M-Si) bonds. Ac- 
cording to their data, the M-Si  bond energies (in elec- 
t ron vol ts /a tom) for the metals studied in the present  
work increase in the order 

Cr (4.81) --> Ni (4.98) -~ Pt  (5.38) ~ V (5.41) 

--> Ti (5.45) ~ Mo(6.10) ~ Ta (6.75) --> W (6.92) 

It is significant that Cr forms one of the weakest bonds 
with Si whereas most of the other t ransi t ion metals 
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studied form bonds with Si that are stronger than the 
Pt -Si  bond. Interest ingly,  Cr was the only metal among 
the various metals tested that  offered some promise as 
a barr ier  to WSi2 formation in thin-fi lm systems of 
type W/M/PtS i /S i .  The fact that the bond energy for 
the W-Si  bond is much larger than  that  for the P t -S i  
bond raises the possibility of a reactive W/PtS i  in te r -  
face. A recent kinetic s tudy (13) of WSiz formation in  
the system W/P tS i /S i  indicated that the simple dif- 
fusion model [e.g., square root of time dependence ob- 
served earlier in the W-Si  system (14)] is not applic- 
able ~o the present  case. The thermal  activation en-  
ergy is unusua l ly  high at ~4.4 eV/mole. It was sug- 
gested that  the W/P tS i  interface may very well be a 
reactive one especially dur ing the nucleation stage of 
WSi2 formation. Such a complex, bu t  the rmodynami-  
cally possible nucleation process would then involve the 
creation of W-Si  bonds at the expense of Pt -Si  bonds 
at the W/P tS i  interface and the near ly  simultaneous 
restoration of the P t -S i  bonds by the out-diffusing Si 
atoms. The net effect is again the migrat ion of Si atoms 
through PtSi  into the W-film. 

Migration of Si atoms through PtSi  would also ex- 
pla in  why there was li t t le change in the average thick- 
ness of W metalizat.ion over P tS i /S i  b lanks  even after 
WSis formation (Fig. 2). However, when W is present  
over PtSi in the contact windows, lhe constraint  at the 
SiO2 walls may cause considerable buckling of the 
WSi2. The "spil l-over" of WSi2 is probably due to an 
enhanced diffusion of Si at the SiO2/W interface which 
is present along the windows. The spiky morphology 
of WSi2 suggests that  fingers of WSi2/PtSi may pro- 
t rude into Si, thereby providing addit ional channels  for 
easy diffusion of Si. 

Conclusions 
(i) W on PtSi  on Si reacts to form WSis at tempera-  

tures above 750~ (1-hr  anneals) .  Si is the diffusing 
species and PtSi  provides an unpassivated interface 
between W and PtSi/Si .  (ii) WSi~ is a metallic con- 
ductor with a resistivity of approximately 54 #ohm- 
cm. However, excessive WSi2 formation in contact 
windows is undesirable  because WSi2 possesses a rough 
texture  and it  can extend outside the contact windows. 
(iii) Various t ransi t ion metal  silicides are also formed 

upon annealing (at 800~176 other refractory met- 
alization M on PtSi on Si, where M is Ti, V, Cr, Ta, Mo, 
Ni, and NiCr. (iv) Upon high-temperature annealing of 
thin-film systems of type W/M/PtSi/Si, WSi2 is formed 
in all cases except that of Cr where about 50% of W 
stays unt ransformed at 900~ (1-hr  anneal ) .  
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Techn ca]l Notes 

Symmetry of Luminescing (WO.) Groups in CAW04 
R. J. R. S. B. Bhalla* 

Lamp Division, Westinghouse Electric Corporation, Bloomfield, New Jersey 07003 

Calcium tungstate represents an important class of 
self-activated luminescent materials (1)..It has also 
been used as host material for rare earth activated 
lasers (2). Polarized emission of some rare earth acti- 
vated CaWO4 single crystals has been studied by 
photoluminescence and valuable information obtained 
about the symmetry of the activator sites (2). How- 
ever, no information is available about the symmetry 
of the fluorescing (WO4) -2 groups in the self-activated 

* Electrochemical Society Active Member. 
Key words: CaWO~, cathodoluminescence, (WOD-2 groups, polar- 

ized emission. 

CaWO4 or any other tungstate  phosphor. Polarized emis- 
sion from appropriately oriented single crystals can 
be used to determine the symmetry of fluorescing 
(WO4)-2 groups in CaWO4. 
In the present communication, results of a cathodo- 

luminescence study on the single crystals of CaWO4 
are reported. Polarization of the emission is observed 
and interpreted for the first time. Comple'e cathodo- 
luminescence analyses including the emission spec- 
trum, polarization of emission, and the rise and decay 
characteristics, were carried out using an electron 
microprobe analyzer, suitably modified for such studies 
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(3-5).  This  a r r angemen t  a l lows measurements  to be  
made  on ve ry  small  single crys ta ls  (of the  order  of 
0.001 and up to 1 cm).  

Samples  were  p repa red  as pol ished thin. sect ions so 
as to fac i l i ta te  or ienta t ion  de te rmina t ion  under  a 
polar iz ing l ight  microscope. Selected s ingle  c rys ta l  
chips were  crushed and set in Lakes ide  70 by  mel t ing  
the  thermoplas t ic  in an  oven a t  90~ Fina l ly ,  the 
sample  surface was pol ished successively wi th  6, 3, 1, 
and */4~ d iamond pastes  and coated wi th  a thin l aye r  
of ca rbon  (200-400A) b y  vacuum evapora t ion  to p r o -  
v ide  a conduct ing pa th  for the  electrons.  This method  
of p repa ra t ion  y ie lded  gra ins  wi th  m a n y  different  c rys -  
ta l lographic  orientat ions.  

The  ca thodoluminescence  in the  e lec t ron microprobe  
was observed  th rough  the l ight  microscope (magnif i -  
cat ion 280X) which  enabled  observat ions  to be made  
on the e lec t ron beam side of the sample  surface. This 
is an advan tage  over  the  convent ional  ca thodo lumin-  
escence appa ra tus  when  intr insic  an iso t ropy of the 
emission is to be  examined.  In  the convent ional  cathode 
r ay  Cube t ype  of a r rangement ,  the  emi t ted  rad ia t ion  
is examined  on the opposite side of the screen; the re -  
fore, t he  rad ia t ion  has to t rave l  th rough  the crys ta l  
thickness  before  reaching the detector.  Such measu re -  
ments  m a y  s imply  reflect the  basic s y m m e t r y  of the  
crys ta l  r a the r  than  si te s y m m e t r y  of the  luminescence 
centers.  

Cathodoluminescence spect ra  were  obta ined  using an 
in t e r f e rence - type  spec t rometer  descr ibed by  Gree t  and 
Whi te  (6). CaWO4 emi t t ed  a character is t ic  b r igh t -b lue  
luminescence,  and the  emission spec t rum consisted of 
a s ingle broad  and fa i r ly  symmet r i c  band  wi th  a peak  
around 4400A, in  agreement  wi th  the publ ished l i t e ra -  
ture  (7). The  most impor tan t  observat ion,  however ,  
was that  the  emission was found to be polarized.  The 
grains  or ien ted  such tha t  the  c-axis  was  in the  c rys ta l  
plane, showed m a x i m u m  polarizat ion,  whi le  the  grains  
or ien ted  wi th  the  c-axis  pe rpend icu la r  to the crys ta l  
p lane  showed no polar izat ion.  In t e rmed ia te  or ien ta -  
tions showed in te rmedia te  degrees of polarizat ion,  The 
electr ic  vector  of the  emi t t ed  luminescence was in a 
d i rec t ion  along the c-axis .  The degree  of polar izat ion,  

(1' - -  r ' )  
m e a s u r e d  a s  p - -  , w h e r e  I' a n d  I" are  m a x i -  

(I '  + I") 
m u m  and min imum intensi t ies  observed as the  ana -  
lyzer  is ro ta ted  a round  its axis, was  found to be  0.3. 
Spect ra  of emission were  also examined  in the two 
polar izat ion directions;  however ,  no significant change 
in the  posi t ion or the  shape of the  band was found. 
The r ise and decay t races  of the  luminescence were  
also obta ined  b y  puls ing the  e lec t ron beam (4, 5). No 
deta i led  analysis  was car r ied  out but  no differences 
were  found in the  decay  times, measured  th rough  the 
monochromator  at  different  wave lengths  of the  emis-  
sion band  (4200-6400A). For  the crys ta ls  or ien ted  such 
tha t  the  c-axis  was in the surface, the  r ise and decay 
t imes  were  measured  wi th  the  ana lyzer  para l l e l  and 
pe rpend icu la r  to the c-axis;  however,  no significant 
differences were  found. Typica l  decay  t ime at  25 keV 
potent ia l  and  50 ~A/cm s cur ren t  dens i ty  (absorbed 
e lect rons) ,  measured  as the  t ime requ i red  for the  
luminescence  in tens i ty  to decay to 1/e of the m a x i m u m  
intensi ty,  was of the  o rder  of 20 ~sec. I t  m a y  be pointed 
out here  tha t  cathodoluminescence r ise and decay t imes  
can be dependent  upon the  p r i m a r y  beam energy  and 
the  cur ren t  density,  this  dependence  is more  p ro-  
nounced for the  s ingle crys ta ls  in comparison wi th  the  
powders  (4, 8). In  the presen t  study,  no a t t empt  was 
made  to inves t iga te  the p r i m a r y  beam energy  and 
cur ren t  dens i ty  dependence  of the rise and decay cha r -  
acteristics.  

Re la t ive ly  l i t t le  theore t ica l  w o r k  has been  done on 
t h e  prob lem of luminescence in pure  (unac t iva ted)  
crys ta ls  such as CaWO4. Recent ly  Wal t e r  and But le r  
(9) car r ied  out  semiempir ica l  LCAO-MO ( l inear  
combinat ion  of atomic o rb i t a l s -molecu la r  o rb i ta l )  

calculat ions on the (WO4) -2 and isoelectronic (VO4) - s  
complexes,  assuming them to have  t e t r ahed ra l  sym-  
metry ,  and expla ined  the  photoluminescence and ex-  
c i ta t ion spect ra  of CaWO~ and YVO4 powders.  In  this 
communicat ion an a t t empt  is made  to exp la in  the 
polar iza t ion  of emission consider ing the  energy level  
scheme as ca lcula ted  by  Wal t e r  and But le r  (9). The 
select ion rules  were  ca lcula ted  considering the  effect 
of var ious  lower  symmetr ies  on the emi t t ing  level  of 
(WO4) -~ complex.  

According to Wa l t e r  and  But le r  (9) the  emission 
t rans i t ion  is 2e -~ tl. The configuration of  the  ground 
state would be ( t l )  8 and  the first exci ted  state 
would  have the configuration ( t l )  5 (2e).  When  the 
effect of e lect ros ta t ic  repuls ion  of the e lectrons is also 
t aken  into account the  configurat ion ( t l )  e (2e) 
yields mul t ip le t s  1T1, 1T2, 3T1, and  3T2, whereas  the  
configuration ( t l )  6 resul ts  in a singlet  t e rm ~AI. 
S y m m e t r y  considerat ions show tha t  for perfect  Td 
s y m m e t r y  the only electr ic dipole a l lowed t rans i t ion  
to the ground  level  would  be f rom the levels  wi th  T~ 
symmet ry .  The  t ransi t ions  f rom Tt levels  are  forb id-  
den. However ,  any  lower ing  of s y m m e t r y  would spli t  
the t r ip ly  degenera te  T, levels and the t rans i t ion  could 
then become allowed. Wal te r  and  But ler  assign 3T1 as 
the  lowest  ly ing exci ted  s tate  level.  Since the  ground 
s tate  is a singlet, a t rans i t ion  f rom the  t r ip le t  s ta te  is 
a l lowed only to the  ex ten t  tha t  there  is sp in-orb i t  
coupling. The (WO4)-2  t e t rahedron  in the  CaWO4 is 
s l ight ly  dis tor ted and has D2d s y m m e t r y  (10), being 
s l ight ly  contracted along the  z-axis.  The lower ing  of 
the s y m m e t r y  has no effect on the ground  state level,  
A1, but  the exci ted  s tate  level, T1, would  spl i t  up into 
two levels wi th  the symmetr ies  E and A2, respect ively.  
The selection rules  under  D2d s y m m e t r y  are  given in 
Table I. Only  the  t rans i t ion  E - .  A1 is a l lowed in a 
di rect ion pe rpend icu la r  to the  z -ax is  (c -axis  of 
CaWO4). Thus if the  s y m m e t r y  of emit t ing (WO4)-2  
groups is the  same as that  obta ined by  crys ta l lographic  
considerat ions then the crysta ls  or ien ted  such tha t  the 
c-axis  in the surface should show polar izat ion with  
the  electr ic  vector  of the  emi t ted  rad ia t ion  in  a d i rec-  
t ion perpendicu la r  to the  c-axis .  This is, however,  con- 
t r a r y  to the  expe r imen ta l  observa t ion  where  i t  was 
found that  the  ma jo r  electr ic vector  of the  p.artially 
polar ized emission is in a direct ion along the  c-axis .  
This means  that  the  s y m m e t r y  of the  emit t ing (WOe) -2 
groups is not the  same as t ha t  deduced f rom the crys-  
ta l lographic  considerations.  Various  theore t ica l ly  pos-  
s ible symmetr ies  which a t e t r ahedra l  molecule  can 
assume a re  D2d, C~v, S~, D2, C2v, C3, C2, and  Cs. The 
t r ip ly  degenera te  level  T1 would  spli t  into e i ther  two 
or  th ree  levels under  the influence of the  lower  sym-  
metries ,  and the polar izat ion under  the reduced  sym-  
m e t r y  can be ca lcula ted  using group theore t ica l  a rgu-  
ments. These considerat ions  show tha t  polar izat ion can 
be expla ined  sa t is fac tor i ly  if the  p s e u d o - s y m m e t r y  of 
the  molecule  is t aken  as Cs. Comple te  select ion rules  
for  var ious  possible symmetr ies  are  given e lsewhere  
(4, 11). Under  the  field of s y m m e t r y  Cs, ~he level  T1 
would  spli t  up into three  levels. Two of these levels 
would  have  a A "  s y m m e t r y  and the th i rd  A'.  The two 
t ransi t ions  from the  A "  levels, A "  .--> A' ,  are  a l lowed 
in the  z direct ion (c -c rys ta l lograph ic  axis) and  the 
t rans i t ion  A '  ~ A '  is a l lowed in the (x,y) direct ion 
(perpendicu la r  to the c -ax i s ) .  Thus a pa r t i a l  polar iza-  
t ion of the  emi t ted  radia t ion  with  the  ma jo r  electr ic  
vector  a long the c-axis  would  be expected  as observed.  

Table I. Electric-dipole selection rules under the D2d symmetry 
for the emission transition T1 --> A1 (tetrohedral). 

Polarization of emi t ted  radiation 
Transi t ion (x,y) z 

E -~ Az Allowed Forbidden 
A~ -~ Az Forbidden Forbidden 
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Td C s 

A,~ 

A/ 

II(x,~ 

~ m  

~ ! ~ emmm I 

A 1 ~' I A/ 
Fig. I. Selection rules under the reduced symmetry. The Td 

transition TI ~ A1 is forbidden, however, under the reduced sym- 
metry Cs, the level Tz splits into three levels, two with the sym- 
metry A" and one A'. The transitions A" ~ A' are allowed along 
the c-axis, and the transition A' ~ A' is allowed perpendicular to 
the c-axis. 

The energy level  d i ag ram and the polar iza t ion  under  
Cs s y m m e t r y  is shown in Fig. 1. Under  Cs s y m m e t r y  
the  ca lcu la ted  value  of polarization,  p, is 0.33 (assum-  
ing equal  t rans i t ion  p robab i l i ty  from each level ) .  This 
compares  fa i r ly  wel l  wi th  the  observed value  of 0.3. 

I t  m a y  be pointed out here  that  only  electr ic  dipole 
type  t ransi t ions  were  considered to exp la in  the  ob- 
served polarizat ion.  Also, if the first exci ted level  is 
3T1, the t ransi t ions  to the ground state (1A1) a re  a l -  
lowed only to the extent  that  the re  is sp in-orb i t  
coupling. Wal te r  and But le r  (9) place 3T1 as the  low-  
est exci ted state level  immedia t e ly  fol lowed by  a ~T~ 
level. The  selection rules r ema in  unchanged  i r respec-  
t ive  of whe the r  the  lowest  ly ing  exci ted  level  is 3T1 
or 1Tz. 

I t  is not clear  at  present  wha t  causes this reduct ion 
of the  s y m m e t r y  of the  luminescing (WO4) 2 -  groups 
from D2d to Vs. I t  must  be  r emembered  that  the  sym-  
me t ry  of the  bu lk  of the  (WO4) 2-  groups is the same 
as de te rmined  by  the c rys ta l lographic  consideration,  
and i t  is only  the  s y m m e t r y  of luminescing groups 
which deviates  from that  de te rmined  by  the crys ta l  
s t ruc ture  analysis.  The luminescing (WO4) 2 -  groups 
with  Cs s y m m e t r y  c a n  be expected  to be presen t  in 

the  crys ta ls  in only t race  ac t iva tor  quant i t ies  to avoid 
concentra t ion quenching.  

I t  may  be specula ted that  because of the  degenera te  
na tu r e  of the  first exci ted  s ta te  level  TI the  symmet ry  
is spontaneously  lowered  because of the  J ahn -Te l l e r  
effect. However  if such were  the  case then it is not 
c lear  why  this happens  only to the f ract ion of the  
groups which are  responsible  for the luminescence 
emission. Ano the r  poss ibi l i ty  is that  the  equi l ibr ium 
la t t ice  defects produced dur ing  the high t empera tu re  
synthesis  are located in such a w a y  that  they  cause 
the neighbor ing (WO4) 2-  groups to deform to the Cs 
s y m m e t r y  and these deformed groups then act as 
luminescence centers.  
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A Simplification of Kdmper's Striation Etch for Silicon 
K. R. Mayer 

Siemens AG, B GE 1, Munich 46, Germany 

K~imper (1) proposed a method for  r e v e a l i n g  s t r i a -  
t ions in d is locat ion-f ree  sil icon crysta ls  work ing  on a 
wide  res is t iv i ty  range  of 0.001 up to 3000 ohm-cm.  
Previous  methods,  such as Vieweg-Gutbe r l e t ' s  (2) 
s imple  CrO3/HF etch, a re  sui table  for si l icon of r e l a -  
t i ve ly  low res is t iv i ty  (p < 1 ohm-cm)  only. 

K~mper ' s  method essent ia l ly  consists of chemical  pol-  
ishing, two p re t r ea tmen t  procedures  ("passivat ion,"  
"ac t iva t ion") ,  and of the s t r ia t ion  etching i tself  (see 

Key words: etching, silicon, striaUons. 

Table  I I )  under  i l luminat ion  of the  sample.  Reaction 
t ime  is about  15-20 min. Final ly ,  the  coating formed 
dur ing  the e tching is removed  by  KOH. 

KSmper ' s  method  has been cri t icized because it is 
complicated and difficult to be per formed  (3).  As an 
a l ternat ive,  i t  was  observed ~hat s t r ia t ions can be re -  
vea led  in silicon of high res is t iv i ty  (up to 1500 ohm-cm)  
by  a s imple CrO3/HF etch af ter  anneal ing  the sample  
(3, 4) (anneal ing  t empera tu re  T = 1000~176 I t  
must  be taken  into account, however ,  tha t  anneal ing  
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might result  in a change of material  properties thus 
leading to a loss of both sharpness and fine s tructure 
of the chemically etched striations. 

Therefore we tried to simplify K~imper's method. 
Our essential results are as follows (see also Table II) .  
First, in order to obtain spotless surfaces, the wafer 
must  be kept  under  l iquid throughout  ~he entire pro- 
cedure. This is to prevent  the wafer 's surface from 
being exposed to air. In  addit ion the chemical polish- 
ing step has to be stopped by HNO3 (65%), not by 
water. In  this way the formation of an adverse coat- 
ing can be avoided [Archer, (5)]. Under  these condi- 
tions K~imper's pre t rea tment  steps 2 and 3 are not 
necessary. 

Our striation etch consists of HF (48%), NaNO2 
(200-1000 rag/100 ml HF, depending on the sample re- 
sistivity),  and a few drops of a usual  acid wett ing 
agent. The dangerous addition of acetic anhydride  
(which is proposed by  K~mper to lower the surface 
tension) to the HF giving a strongly exothermic re- 
action can thus be avoided. 

When HNOs is used as an oxidant, it must  be ~caken 
into account that  the reaction with silicon starts very 
slowIy. This can lead to an uneven etch attack on the 
surface. Therefore we used NaNO2 instead of HNOs. 
NaNO2 decomposes immediately in the acid solution 
to yield various ni t rogen oxides [e.g., NO2, N~O4, HNO~, 
see (6)] which give a faster reaction with silicon. 

The i l luminat ion of the sample is effectuated by a 
100W lamp. At least for silicon of very high resistivity 
(p > 100 ohm-cm) it is favorable to use the infrared 
part  of radiat ion only by insert ing a suitable filter (~. 
> 650 nm, as usual ly  applied in IR photography).  We 
found that  i l luminat ion  with shorter wavelengths often 
gives more hazy surfaces. The reason for this has not 
been well understood as yet. 

The following procedure is proposed. Use thoroughly 
cleaned Teflon beakers and a part icular  sample holder 
(Fig. 1). The surface of the wafer must  be lapped 
(grain size, 20 ~m or less). 

Polish the clean, lapped wafer chemically in a mix-  
ture  of HNOs (65%), HF (40%), and  acetic acid 
(100%) (8:5:5 parts by volume) for 10 min. Take 5 ml 
of etchant  for each cm 2 of area to be etched. Stop by  
adding the same quant i ty  of HNOs (65%). Immerse 
the sample together with the holder into water and 

I 
s/I/con 

wafer [ 

i 
i 

Fig. I .  Teflon sample holder 

Table h 

Resistivity NaNO2 
(ohm-era) Type (rag/100 ml  HF) 

<50  n 200 
50-200 n 400 

>200 n 1000 
1-1000 p 1000 

Add 2-5 drops of a slightly acid wet t ing  agent  [e.g., "Mirasol"  
(trade n a m e  of TETENAL, Photowerk ,  Hamburg ,  Ge rman y ) ,  pH = 
4-5]. 

thereafter into acetic acid. Make sure that the wafer 
remains  ent i rely covered by the liquid. With chemi-  
cal ly-mechanical ly  polished wafers we often obtained 
bad results. 

Prepare  about 5 ml  str iat ion etchant per cm 2 of area 
to be etched by dissolving the necessary amount  of 
NaNO2 in HF (48%) as given in Table I. 

Switch on i l luminat ion.  The sample together with the 
sample holder is taken out of the acetic acid. Let the 
acetic acid r un  off in such a way that  a th in  acid film 
remains  on the wafer in order to protect the surface 
against contact with air. Immerse the sample together 
with the holder into the striation etch. Shake carefully. 
A completely uniform and colored coating develops. 
Etching is finished after 15-20 min. During the etching 
the solution may become opaque which does not affect 
the surface quality. 

Immerse the sample into water. F ina l ly  dissolve the 
coating in a 10% KOH-solut ion (1-2 min) .  Rinse with 
water. 

With wafers cut perpendicular  to the growth axis it 
may be of some advantage to leave the colored coating 
on the surface in order to improve the visibili ty of the 
str iat ion pat tern and to get satisfactory photographs. 
The coating stays stable for several days. Obviously, 
the visibil i ty of the striation pat tern  on cross-sectioned 
wafers also depends on the curvature  of the striations 
with respect to a plane parallel  to the growth axis 
(Fig. 2). 

The experiments  were main ly  carried out with as 
grown n- type  silicon crystals (phosphorus doped). 
Even with highly boron doped p- type silicon the stria- 
tions do not appear as sharp as in n - type  silicon. This 
is l ikely to be caused by a smaller  periodic variat ion 
of the dopant concentrat ion (the segregation coefficient 
of boron is near ly  un i ty) .  

The described method can be applied to both float- 
ing-zone and crucible-grown silicon. 

Table II gives a comparison of K~imper's original 
method with our simplified striation etching. 

Figure 3 shows str iat ion pat terns  of crystals of high 
resistivity (n-  and  p-type,  respectively) as revealed 
by the simplified striation etching. There is little 
knowledge about the reaction mechanism of the str ia-  
tion etching. Undoubtedly,  the etch rate only depends 
on the oxidation rate because the etchant contains a 
strong excess of HF (6). 

Striation line Striation line 
( c r o s s  s e c t i o n )  ( cross  s e c t i o n )  

I l 
S t r i a t i o n  l i n e  
( l o n g i t u d i n a l  s e c t i o n )  

Striat ion l ine  
( longitudinal  sect ion) 

Fig. 2. Visibility of striations on a cross-sectioned wafer depending 
on the curvature of the striations or, a longitudinal section (sche- 
matic). (a, left) Strong curvature (sharp striation line on the cross 
section) and (b, right) weak curvatul~e (blurred striation line). 
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Fig. 3. Striations revealed by the simplified etch. (a) 1000 ohm-cm, n-doped; (b) 500 ohm-cm, p-doped; (c) 5 ohm-cm, n-doped; 
(a-c) are longitudinal sections; and (d) 30 ohm-cm, n-doped, cross section. 

The oxidation itself can schematically be represented 
by an electron t ransi t ion process from silicon to the 
oxidant  depending on the electron densi ty  in the con- 
duction band of the crystal. Therefore, a local periodic 
var iat ion of the electron density (which is thought  to 
be essentially caused by a variat ion of the dopant con- 
centrat ion)  results in  a periodically varying  etch at-  
tack thus giving the striated pattern.  

As to the necessary i l luminat ion  of the sample dur-  
ing the etching, it seems that  the average electron 
density of high-resist ivi ty silicon (i.e., p > 1 ohm-cm) 
must  be increased in order to obtain a satisfactory 
reaction. This, however, leads to a decrease of the re la-  
tive variat ion of the electron density in comparison 
with the original, not i l luminated sample. With sam- 
ples of lower resistivity the i l luminat ion  is not always 
necessary. 

On the other hand, some---as yet u n k n o w n - - r e c o m -  
binat ion centers may be present, the concentrat ion of 
which varying  in a similar  way as the dopant concen- 
t rat ion does. This would result  in a periodic var iat ion 
of the electron density generated by i l lumination.  It  is 

Table II. 

Steps After  K ~ m p e r  Simplified 

1 Chemical  polishing Chemical  polishing 

Passivat ion (HNOs/acetic acid) 

3 Act ivat ion (KOH) 

4 Striation etching (HF, acetic an-  Striation etching (I-IF, 
hydride,  HNO~, NiSO~) NaNO~, we t t ing  agent)  

6 Final treatment  (KOH) Final t r ea tmen t  (KOH) 

not  clear whether  ~r not this effect plays an impor tant  
role. 

Additionally,  in  the presence of relat ively high con- 
centrat ions of nondoping impuri t ies  (e.g., oxygen or 
carbon),  a completely different reaction mechanism 
may become predominant .  As an example, striations 
caused by fluctuations of a high carbon concentrat ion 
can simply be revealed by the common Sirtl  etch (7). 
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Vapor Phase Epitaxial Growth of GaN on GaAs, GaP, Si, and 
Sapphire Substrates from GaBr  and 

Yasuo Morimoto, Kosuke Uchiho, and Shintaro Ushio 
Research Laboratory, OKI Electric Industry Company, Ltd., 550-5, Higashi-asakawrL, Hachioji, Tokyo 192, Japan 

G a N  is a I I I -V compound with wurzi te- type crystal  
s t ructure  to which serious a t tent ion is now paid be- 
cause of the potent ial i ty  for the application to opto- 
electronic devices. Various methods for the prepara-  
t ion of GaN crystals have been investigated (1). Re- 
cently application of the reaction between GaBr8 and 
NI-I3 has been proposed (2), which involves the reac- 
tion below 

GaBr3 + NI-I8-> GaN -t- 3HBr [1] 

Beside the above reaction, there  should be a reaction 
described as 

HBr -t- NH3 "~ NI-I4Br [2] 

because NH4Br was found to be included in GaN films 
grown on GaAs substrates as ment ioned in  the section 
below. This reaction [1] proceeds at fair ly low temper-  
ature below 600~ probably due to the weak binding 
force between Ga and Br (2), and so the growth of 
GaN is possible at low temperature.  Since only Si and 
SiC were used as substrates in Ref. (2), the growth 
behavior of GaN was investigated in detail using sub- 
strates other than  Si such as GaAs, GaP, and sapphire. 
The substrate surfaces used were (111) for GaAs, 
GaP, and Si, and (0001) for sapphire. The reactor ar-  
rangement  and the typical  tempera ture  distr ibution in 
the reactor are shown in Fig. 1. The source GaBr~ 
which presents as a complex GaBrs.4NHa (2) absorb- 
ing NI-I~ is carried by NH~ to the reaction zone and 

Key words: GaN, heteroepitaxy. 

I- 
NH3 L "  J 

SOURCE SUBSTRATE 
(Ga Br 3 . 4NH 3) (S i. GaP etc) 

2 zoo 

DISTANCE 
Fig. 1. Reactor arrangement for the vapor phase epitoxial growth 

of GaN. The typical temperature distribution in the reactor is also 
represented. 

GaN is formed. The source (GaBrz.4NHs) temperature  
and the flow rate of the  carrier gas (NH3) were kept 
constant  at 240~ and at 1 l i ter/rain,  respectively. In 
this note growth behavior  of GaN on GaAs, GaP, Si, 
and sapphire substrates are investigated in detail as 
a function of the growth temperature.  And the quali ty 
of GaN films prepared is examined by x - r ay  diffraction 
and microphotographic observation. Pre l iminary  mea-  
surements  are also made on electrical properties of 
GaN films and on the changes of it due to the annea l -  
ing. 

Results and Discussions 
Yellow powder of GaN was deposited on the quartz 

reaction tube between 400 ~ and 600~ Below 400~ no 
deposition occurred, and above 600~ black films were 
obtained which is due to the formation of Ga metal. 
From x- ray  diffraction it was found that  these de- 
posits were GaN crystal  with lattice constant of a = 
3.186A and c : 5.178A. 

The general  tendency of the epitaxial growth of 
GaN on a substrate was described by four character-  
istic temperatures,  TI, T2, T3, and T4. No deposition 
occurred below T1 and black films were obtained above 
T4. The films grew but the surface was gray and 
rough between T1 and T4. Yellow and t ransparent  GaN 
films were formed between T2 and T4. The films ob- 
tained in the higher temperature  side (T3 ~ T4) com- 
pletely fell off from the substrates after the growth 
run  or fell off by weak thermal  or mechanical  stimulus. 
The GaN films grown in the lower tempera ture  region 
(T2 ,~ T3) were adherent.  This can be a t t r ibuted to 
the difference of the rmal  dilat ion coefficient between 
GaN and substrates that the temperature  range (T2 
TD is separated into two parts, T2 ~ T3 and T~ ,-- T4. 
Different values of T1, T2, T3, and T4 were obtained 
for different substrates. These values and also the 
scheme of the general  tendency of the growth be-  
havior are given in Table I. The tempera ture  range, 
T2 -~ 7"3, is assigned to be the most sui table growth 
condition. The tempera ture  gradient  at  the substrates 
did  not act as an impor tant  factor in the range, T2 ~ T3, 
since GaN films were formed s imilar ly  in  up-  and 
down- tempera ture  gradient  regions. 

Films of 3 to 6 ~m in  thickness were obtained in the 
growth run  of 6 hr. 

The qual i ty  of GaN films deposited on each sub- 
strate between T2 and T~ are discussed below. 

1. GaAs substrate specification: Te-doped N-type, n 
= 1.5 • 1018 cm-3;  (111) A and B plane. The surface 
of the films deposited was very  rough, on which many  
cracks were observed even  with a naked eye. And the 
films were of very poor adhesion. This may  be due to 
the large mismatch of lattice constants between GaN 
and GaAs (about 25%). Typical x - ray  diffraction pat-  
tern is given in  Fig. 2. The most intense line (0002) 
and weak line (1011) of powder pat tern  of GaN were 
observed, which indicates the GaN on GaAs substrates 
to be polycrystal l ine though the growing plane was 
oriented to (0001). An interest ing fact was that  very 
intense reflections from NH4Br were observed. NH4Br 
may be produced by reaction [2]. The inclusion of 
NH4Br to GaN epitaxial layer  was not observed by 
x - ray  diffraction for other substrates, however, there 
can be a possibility of NH4Br included in semiconductor 
grade of NH4Br into GaN layer grown on GaP, Si or 
semiconductor grade sapphire substrates. 

1783 
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Table I. The growth behavior of GaN and the values of TI, T2, T3, and 7"4 

Temperature TI T= 2"8 T~ 

Form of the No deposit G r a y  deposit wi th  Yellow, t r ansparen t  and Yellow and transparent but Black deposit  
deposit rough surface adherent deposit nonadherent deposit 

Tempera tu re  (~ 

Substrate Tz T~ Ts T~ 

GaAs 400 450 470 600 

GaP 400 450 550 600 

St 400 430 540 600 

Sapphire 380 420 570 650 

2. GaP substrate specification: Undoped N-type, n 
= 101~ cm-3;  (111) A and B plane. Although cracks 
were not observed with a naked eye, the film surface 
was fairly rough by the microphotographic observa- 
tion. X- r ay  diffraction showed the deposit to be single 
crystalline, however very  weak reflection from (1011) 
was observed, indicating the presence of a small 
amount  of polycrystal  and so the nonuni form growth 
of GaN crystals. 

3. Si substrate specification: Sb-doped N-type, n = 
1019 cm -3, p -- 0.01 ohm-cm;  P-doped N-type, n = 10 z5 
cm -s, p ----- I8 ohm-cm; B-doped N-type, n -- 1019 cm -z, 
p ---- 0.01 ohm-cm; B-doped N-type, n _= 101~ cm -3, 
p ---- 30 ohm-cm; (111) plane. The GaN films deposited 
similarly on Si substrates irrespective of the conduc- 
tion type (N- or P- type)  or the carrier concentrat ion 
of the substrates. The microphotograph of the film 
surface is shown in  Fig. 3. Though there are m a n y  
defects, the surface was very smooth compared with 
that of GaN grown on GaAs or GaP substrates. The 
conduction type of the substrates was found to have 
a remarkable  effect on the adhesion property of the 
films to substrates, that  is, the films were not adherent  
on P- type  St, while fa ir ly  adherent  on N-type St. On 
the other hand, the carrier  concentrat ion had little 
effect on the adhesion property of the films. The in-  
tense and weak reflection l ine from (0002) and (0004), 
respectively, were only observed by  x - r ay  diffraction, 
which shows a uni form growth of single crystal l ine 
GaN over the substrates. 

4. Sapphire substrate specification: (0001) plane. 
Sapphire was found to be the best substrate among 
all the substrates ment ioned above, on which GaN 
single crystal films with mir ror - l ike  surface were 
readily formed. Any  defects could not be observed on 
the surface even by the microphotographic observa- 

NH4Br(IOO)B NH4Br(200) B 

I! GaAs NH4Br I t  ]1 
II (111) (110)S / [  II 

t I | GaN J] 

II ! j ,, 

3 40 ~ 50 ~ 

Fig. 2. Typical x-ray diffraction pattern from GoN films deposited 
on GaF, s substrates. The most intense line for powder specimen is 
(I011) which is observed weakly. The line A and B show peaks from 
NH4Br of high and low temperature phase, respectively. The re- 
flections from GaAs are thought to arise from substrates, GaAs 
where GaAs is bare for cracks of GaN films. 

tion, the formation of which could not be avoided on 
the surface of GaN films grown on GaP or Si substrates 
as shown in Fig. 3. A satisfactory adhesion "co sapphire 
was also achieved. 

Pre l iminary  measurements  on the electrical prop- 
erties of GaN were also done which were performed 
main ly  on GaN films grown on sapphire substrates 
because of the good qual i ty of the films. The ohmic 

Fig. 3. The microphotograph of the Gall film surface grown on 
Si substrates. The temperatures shown indicate the growth tempera- 
ture. The defects observed in this figure could not be recognized 
with a naked eye. The magnification of the microscope was X870. 
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contact was achieved with A1 or In  by evaporation. 
The al loying of In  to GaN was unsuccessful below 
550~ Above 550~ the films fell off from the sub-  
strates and seemed to decompose thermal ly  because 
the color of the films changed into black. The atmos- 
phere during this hea t - t r ea tment  was rdtrogen. Thus 
the alloying of In  was not at all successful. The current  
vs. voltage characteristics of as-grown GaN crystals 
was similar "co Fig. 6 in Ref. (2). Ohmic characteristics 
were observed in  the small  cur rent  region. Resistivity 

3 
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Z 

C/) 
m 5x10 2 

IJ. 
0 
uJ 
a .  
t~ 

10:2 4 6 8 10 12 

103/TEMPERATURE (K) 
Fig. 4. Temperature dependence of resistivity of GaN annealed 

at about 500~ in vacuum for 6 hr. This Arrhenius plot gives two 
activation energies of 31 and 13 meV for high and low tempera- 
ture region between 77 ~ and 300~ 

measured at room tempera ture  by  va n  der Pauw's  
method was of the order of 104 to 108 ohm-cm. The 
space charge l imited current  was observed in  the large 
current  region. Resistivity decreased two or three 
orders of magni tude when GaN films were annealed at 
above 400~ for 6 hr  in  vacuum or n i t rogen atmos- 
phere. This can be at t r ibuted to the generat ion of 
ni trogen vacancies formed by the thermal  decomposi- 
t ion of GaN though clear evidence of it is not  obtained. 
The temperature  dependence of the resistivity of an-  
nealed GaN is given in Fig. 4. Since Hall  effect could 
not be detected (high carrier concentrat ion ?) the 
type of conduction was not determined clearly. How- 
ever both as-grown and annealed GaN (both undoped) 
were thought to be N- type  because ohmic character 
appeared for I n - G a N - S i  ( N - t y p e ) - A u  structure, on the 
other hand rectification behavior  appeared for In-  
G a N - S i ( P - t y p e ) - A u  structure  where forward direc- 
tion appeared when  In  electrode was biased negative. 
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Graphical Technique to Determine the Density of Surface 
States at the Si-SiO  Interface of MOS Devices Using 

the Quasistatic C-V Method 
R. Van Overstraeten, G. Declerck, and G. Broux 

Fysika en Elektronica van de Halfgeleiders, Departement Elektrotechniek, 
Katholieke Universiteit Leuven, B~ Heverlee, Belgium 

The low-frequency C-V technique of Berglund (1) 
is a we l l -known technique to s tudy surface states at 
the silicon-silicon dioxide interface. Problems arising at 
the low measurement  frequencies are avoided by using 
the quasistatic C-V method of K u h n  (2) and Castagnd 
(3). The current  response of the MOS capacitor on a 
l inear  voltage ramp is measured with an  operational 
amplifier to plot the C-V curve directly. 

The relat ion between the surface potential  Cs and 
the gate voltage Vg is calculated with the Berglund 
integration 

CLF 
~s(Vs) = S~:: ( I -  -~ox/dVg-}- AB [I] 

In  this formula eLF is the exper imental  low-frequency 
MOS capacitance; Cox is the oxide capacitance, found 
in strong accumulation;  and AB is the integrat ion 
constant of Berglund. From expression [1] it can be 

Key words:  method,  density  of  surface states. 

seen that AB is the surface potential  at VG1. As ex-  
plained by K u h n  (2), AB is obtained by fitting theo- 
retical and exper imental  CLF -- ~s curves in accumula-  
tion and strong inversion and by taking VG1 in  accumu- 
lat ion where  r is well  known. 

The surface-state capacitance Css is derived from the 
exper imental  low-frequency MOS capacitance by 

eLF 
q Nss -- Css -- Csi [2] 

eLF 
1 - - ~  

Cox 

Nss is the densi ty of surface states in cm -s  eV -1 and 
Csi is the semiconductor capacitance which can be cal- 
culated as soon as the ~s -- VG relat ion is determined.  
In  practice the Nss -- Cs curve is calculated using a 
computer. The inputs of the computer program are the 
measured value of the impur i ty  doping, the oxide 
thickness, and the plotted C-V curve. The Berglund 
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integrat ion is per formed according to Eq. [1] and N~s 
vs. cs is calculated according to Eq. [2]. 

Accuracy of the Low-Frequency C-Y  Method 
Before  coming to the new graphical  technique it is 

necessary to discuss the accuracy obtainable wi th  the 
low-f requency  method. 

Influence of measuring s this effect 
has a l ready been discussed in detail  by Kuhn (2) only 
a numerical  example  wil l  be given. The exper imenta l  
data are: ND ----- 1.45 X 1015 cm-3;  e L F  ~ 1.17 X 10-SF 
cm -2 at the min imum of the C-V curve ( ~  _-- --500 
mV);  do~ -- 1345A; and Cox = 2.50 X 10-SF cm -2. Csi 
calculated at ~s ---- --500 mV is 1.62 X 10-SF cm -2. 
Equat ion [2] gives 

qNss ---- Css ---- 22.1 X i0 -9 -- 16.2 X I0 -9 

----- 5.9 X 10-gF cm -2 

or Nss = 3.7 X 101~ cm -2 eV -1. This N~s value can still 
easily be detected whereas  a density of  1.0 • 1010 cm -2 
eV-1 would lead to 

qNss = Css = 17.8 X 10 -9 -- 16.2 X 10 -9 

-- 1.6 X 10-9F cm -2 

From this last example  it may  be seen that  e L F  " 

(1 - -  CLF/Cox) -1 and Csi are of the same order of mag-  
ni tude and that  the difference C~ is one order of mag-  
ni tude smaller.  A small  er ror  on these two terms thus 
gives a la rger  er ror  on Css. 

In general  it may be stated that  the measur ing errors 
of Co~ and CL~ are of the order of a few per cent, 
as is the er ror  of the theoret ical  va lue  of Csi because 
of the uncertaint ies  of the impur i ty  concentrat ion and 
of the integrat ion constant aB (Eq. [1] ). 

For  a surface-s ta te  density of 1.0 X 109 cm -2 eV -1 
the two r ight  hand terms of Eq. [2] are  two  orders of 
magni tude  larger  than Css. Due to the measur ing 
errors, the  differences C~s is total ly inaccurate. 

It  may  thus be concluded that  it is ve ry  difficult to 
de termine  the density Nss wi th  an accuracy bet ter  than 
1.0 X 101~ cm -2 eV -1. The accuracy is best at the 
min imum of the  low-f requency  C-V curve  as the two 
terms in Eq. [2] become smallest  at that  point. This 
conclusion wil l  be used to set up the graphical  tech-  
nique. 

Influence o~ the inaccuracies of ~%B on the Nss -- ~, 
curve.--Figure 1 shows the computer  results for Nss vs. 
cs for several  ~,B values. F rom this figure it  may be  de- 
r ived that:  

\ 
/ 

-~oo -,~oo 

NSSIl010/cm2eyl 

Fig. I. Experimental results of the Berglund-Kuhn technique. The 
doping concentration ND ~ 1.45 X 10 I~ cm-3 and the oxide 
thickness is 1345A. The influence of different -~B values is shown. 
A comparison is made with the Goetzherger method. 

(i) Inaccuracies in the integrat ion constant AB 
strongly affect the Nss curve  in accumulat ion and 
strong inversion. The surface-s ta te  density is almost 
independent  of -%B at a surface potential  cs near  --500 
mV. This potential  lies in the range  where  the low-  
f requency capacitance reaches the min imum value of 
the C-V curve. 

(ii) Figure  1 also presents the Nss values found on 
the same MOS st ructure  by means of the conductance 
technique of Nicol l ian-Goetzberger  (4, 5). The agree-  
ment  be tween these results and tho~e found at --500 
mV by the quasistatic technique is quite good. 

Influence of the oxide charge fluctuations on the Nss 
-- ~s curve.--Figure 2 (5) shows the apparent  surface-  
state density N*ss caused by surface potent ial  fluc- 
tuations (3). The paramete r  to describe the surface 
potential  fluctuations is the standard deviat ion ~q of 
the oxide charge distribution. The results of Fig. 2 are 
obtained by theoret ical  calculations based on exper i -  
menta l  values of the s tandard devia{ion Cs of the sur-  
face potential  fluctuations. As a complete  discussion 
is given in Ref. (5), one only has to r emark  here  that: 
(i) small  deviat ions of the in tegrat ion constant -~B 
clearly affect the N*ss -- cs curve in accumulat ion and 
strong inversion; (ii) at midgap the influence of the 
oxide charge fluctuations is smaller  than 1.0 X 10 TM 

cm -2 eV-1;  and (iii) a peak density can be found at 
~bs -- 2~bF. 

Summary . - -From the  previous discussion it may be 
concluded that  the low-f requency  C-V method  allows 
an accurate de terminat ion  only at a bias correspond-  
ing to the min imum of the C-V curve. Even  at that  
point it is difficult to de termine  Nss wi th in  an accuracy 
bet ter  than 1.0 X 1019 cm -2 eV -1. 

Our graphical  technique is based on the measure-  
ment  of the low-f requency  min imum capacitance. It is 
no l imitat ion that  Nss wi l l  be determined only at one Cs 
value, since it has been shown earl ier  (5) that  Nss is 
near ly  constant in depletion and weak inversion. 

Graphical Technique 
For quali ty control purposes Fogels and Salama (6) 

already suggested a similar method to obtain an ap- 
p rox imate  surface-state  density near  midgap. However  
it is possible to base an easier graphical  technique for 
Eq. [2] by rewr i t ing  the equat ion as 

CLF 

qNss \ ' -~ox >mla 
Co--:- ( 

In this formula  (CLF/Cox)rain is the exper imenta l  low- 
f requency  min imum capacitance ratio, and (CjCox)~in  

. i , i , 1 . % ~t', 

-600 -500 -dOO -Joo -200 -too - ~ oo 2oo 

MOS [0,4 ;2L41-2 after ?-T 

x X :S = ISS=V 

Fig. 2. Apparent surface-states density N*ss caused by surface 
potential fluctuations. The standard deviation ~q of the oxide charge 
fluctuation is 2.5 • 10 -9  coulomb cm -2. 
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Fig. 3. (CjCox)mln is found as 
a function of measured N and 
dox values. The oxide capacitance 
Cox is also presented. 

k )  

1to- lsoo zooo 

is the theoretical low-frequency semiconductor capaci- 
tance, divided by the oxide capacitance. (Csi/Vox)min 
is calculated from the oxide capacitance and the doping 
concentration. A good value for the concentrat ion can 
be found by measur ing the m i n i m u m  of the high-  
frequency C-V curve. 

The graphical technique is presented in Fig. 3 and 4. 
Figure 3 shows (C~Cox)min as a funct ion of the mea-  
sured N and dox values. The oxide capacitance Cox is 
also shown. Figure 4 shows qNss/Cox as a function of 
(CjCox)min for several values of (eLF/Cox)rain (Eq. 
[3]). 

The technique is i l lustrated with the same example 
as given in  Fig. 1. The exper imental  data are: AT D = 
1.45 X 1015 cm-~;  (CLF/Cox)rnia - -  0.47; dox = 1345A; 

~t.O 

1.5 

1.0 

0.5 

o~ 

0.0 I O.S r ~ b ~ - -  tO I i C s i / C o x } m l n -  

Fig. 4. Determination of qNss/Cox as a function of experimental 
(CbF/Cox)mtn and of the (Csi/Cox)min found in Fig. 3. 

and Cox = 2.50 • ]0-SF cm-2  (Cox = ~x/dox with 
Cox = 3.38 • I0 -13 F / cm) .  

From Fig. 3 the theoretical (Csi/Cox)min can be de- 
termined using the measured values of No and dox, 
giving for our numerica l  example (Csl/Cox)mh~ = 0.65. 

Then Fig. 4 directly leads to qNsJCox = 0.24 as 
(Csl/Cox)mtn and (CLv/Cox)min are known. Fina l ly  the 
densi ty Nss of surface states is found as 3.8 • 1010 
cm -2 eV -I ,  in very good agreement  with the results of 
Fig. 1 at Cs = --500 mV. 

Conclusion 
A fast graphical technique is presented to evaluate 

the qual i ty of MOS samples and to obtain an accurate 
value for the surface-state  density at the mi n imum 
of the low-frequency C-V curves. Figures 3 and 4 can 
be extended to thicker oxide layers or to other sub- 
strate dopings when  necessary. As for the normal  low- 
frequency C-V method, the accuracy of this graphical 
technique is l imited by measurement  errors in  the C-V 
characteristic and by errors on the substrate  doping 
and on the oxide thickness. A n  accuracy of 1.0 • 1010 
cm-2  eV-1 can be achieved. 
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D I S C U S S I O N  

S E C T I O N  

This Discussion Section includes discussion of papers appearing 
in the Journal oI The Electrochemical Society, Vol. 119, No. 7, S, 
and 11; July. August, and November 1972; Vol. 120, No. 4 and 6; 
April and June 1978. 

On the Mechanism of Low-Temperature Oxidation 
(23~176 of Polycrystalline Nickel 

M. J. Graham and M. Cohen (pp. 879-882, Vol. 119, No. 7) 

P. J.  Z~mmer:* Regarding the saturat ion of the wall  
of the system with oxygen to minimize the subsequent  
absorption of oxygen dur ing the oxidation of the metal  
in the paper under  discussion, it would seem that this 
has no effect on the final result, because, in step (rio 
of the above-ment ioned paper, the subsequent  reduc-  
t ion of the sample with hydrogen would remove the 
oxygen absorbed, if not by reaction to form H20, then 
by replacement,  leaving the walls in the same state as 
if the oxygen were not  used. 

M. J. G r a h a m  a n d  M. Cohen:  The walls of the metal 
UHV system remain saturated with oxygen following 
the hydrogen reduction procedure [step (iii) in the 
paper under  discussion], because only the specimen 
and the quartz tube are at the reduct ion temperature  
of 600~ The rest of the system is at room tempera-  
ture and oxygen is not removed from these cold walls 
which consti tute the major  in ternal  surface area. Thus, 
the b lank  adsorption correction in a subsequent  oxida- 
t ion exper iment  is minimized when  the walls are pre-  
saturated. 

A Limitation of the Pulsed Capacitance Technique of 
Measuring Impurity Profiles 

A. R. LeBlanc, D. D. Kleppinger, and J. P. Walsh 
(pp. 1068-1071, Vol. 119, No. 8) 

J. Olenski: 2 Messrs. LeBlanc, Kleppinger,  and Walsh 
have given in the paper under  discussion the expres-  
sion for an  apparent  impurRy concentrat ion obtained 
from real capacRance-voltage characteristics of an 
MOS structure 

where B = I~ and us = ~S~s. 
We can assume for small surface potentials ~#s that 
a charge of minor i ty  carriers in a surface charge layer 
is negligible as compared to a charge of major i ty  car- 
riers and ionized impur i ty  atoms. It means in our con- 
siderations that  

~po 
e-S*, > >  eS*, [4] 

Ppo 

Then we can omit all components mult ipl ied by npo 
Ppo 

and Eq. [2] simplifies to 

( I  -- e - B * , ) 3  
N (W) ~ Ppo 

[I -- e-B*,] 2 -- 2e-~', (e-~*, +/3~s -- i) 

(1 - -  e - B * , ) 3  
: ppo [5] 

1 - e-B*, (e-B*, + 2p#s) 

As can be seen from Eq. [5] the apparent  impur i ty  
concentrat ion normalized to the real acceptor concen- 
t rat ion NA given by 

N(W) (I -- e-B*,)3 
. ~ [6] 

NA 1 - -  e-S*,(e-B*, + 2~#s) 

depends on temperature and not on acceptor concen- 
tration. The dependence on concentration is important 
only when condition [4] is not valid. But for ~ypical 
silicon substrates and epitaxial layers the maximum 
depth calculated from surface potential defined by 
that condition is beyond the region where the ap- 
parent concentration increase is observable. Assuming 

npo 
that e-S*, = 100~eS$,, $ = 38.7u -I, and NA -- 

Ppo 
2.1015 cm -3, we obtain the surface potential value 

_C 3 

N (W) = 
[i] 

Co )~ ms 
q's  Co + Cs LD F z 1 -~- LD Co'-------~ 

This can be t ransformed into 

1 - -  e -B* .  + ~ '  (eB*. - -  1) 
Ppo 

N ( W )  - -  ~ [ ( ) 1 - -  e - B $ ,  + npo (eB," _ 1) - -  21 ~ e - ~ $ ,  + ebb, 
Ppo Ppo 

or in  another  form 

) [ F e -B* ,  + eB$. i - -  e -B$' + -- 

P~ 

dB ~s 
-gC, 

N ( W )  = Ppo [3] 
( d B ) 2  d2B 

~ -- 2 B ~  
dus e 

1 Chemistry Department, Villanova University, Villanova, Penn- 
sylvania 19085. 

Institute of Electron Technology, Warsaw, Poland, 

[2] 

N (~bse) -- NA 
#se = 0.245V while = 0.1% as calculated 

NA 
from Eq. [6]. This difference becomes smaller  when 
NA is increased. Thus the curves N ( W )  = f(%s) pre-  
sented in the paper under  discussion for different im-  
pur i ty  concentrat ions can be t ransformed into one 

N ( W )  
plot - -  which does not depend on NA. That  plot 

NA 
is shown in Fig. 1. On the other hand we can, a priori, 
neglect the charge of minor i ty  carriers when  the 

1788 
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Fig. 1. Apparent impurity concentration normalized to real con- 
centration NA vs. normalized surface potential Us =f l~s  calculated 
from Eq. [6].  

st ructure  is pulse biased f rom accumulat ion in the 
inversion direction. The minor i ty  carr ier  concentrat ion 
for deep deplet ion is established by a d-c bias and does 
not va ry  when the pulse is .~hort enough. Then we can 
always use Eq. [6] instead of Eq. [2]. 

Oxidation State of Anodic Tantalum Oxide after 
Heat-Treatment. I. Galvanostatic Method as 

Applied after Heating in Vacuum 
Gerhart P. Klein (pp. 1551-1560, Vol. 119, No. 11) 

E. Giinzel:~ Recently we carr ied out similar ex- 
per iments  to those of Klein  in the paper  under  discus- 
sion with vacuum annealed anodic Ta20~-films. Our 
specimens were  powder  pellets s intered at 2000~ and 
10 -5 Torr. The charge of the pellets was CVA : 1100 
~F-V (VA = anodizing vol tage) ,  and they were  anod- 
ized with  a current  density of 20 m A / p e l l e t  at 60~ 
in various electrolyte  solutions. Hea t - t r ea tmen t  con- 
ditions were  450~ 10 -5 Torr  for 10 min. Reanodiza-  
tion was per formed with  0.5 m A / p e l l e t  in the anod- 
izing solution. Figure  1 shows the loss of oxygen as 
number  of e lec t rons /cm 3 vs.  reanodization voltage. 
With this configuration the curves in the paper under  
discussion can be compared direct ly wi th  our curves. 

Pure  stoichiometric Ta2Os-films are obtained by 
anodization in aqueous solutions of chromic acid. This 
was found by radiotracer  experiments.  4 Af ter  heat -  
t r ea tment  the  distr ibution o[ the defect concentrat ion 
in these films exhibits  near ly  a uniform gradient  in-  
dependent  of the e lec t ro lyte  concentrat ion (0.05 and 
2M, curve A).  One must  conclude that  deviations from 
the shape of curve A are caused by the incorporation 
of foreign ions. In oxide films containing phosphorous 
there  is a m a x i m u m  of deficiency concentrat ion at  
V/VA : 0.4 . . . 0.5 (curves B-D)  which was also 
found by the author  in the paper under  discussion for 

s Siemens AG, Grundlagenentwie '~lung fiir Bauelemente ,  Munich 
80. Germany .  

4 H. W6rl, W. D. M0nz, and E. Gtlnzel, Metall ,  To be published. 
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Fig. I .  Oxygen loss vs. reanodization voltage. Anodizatlon voltage, 
50V. Curve A, 0.05 and 2M chromic acid electrolyte; curve B, 0.002M 
phosphoric acid electrolyte; curve C, 0.1M phosphoric acid electro- 
lyte; curve D, 5.0M phosphoric acid electrolyte; curve E, 5.0M sul- 
furic acid electrolyte; curve F, 0.2M citric acid electrolyte. 

short t imes of heating. This m a x i m u m  becomes sharper  
wi th  increasing electrolyte  concentration. 

During anodization in sulfuric acid solutions there  
will  be an incorporat ion of sulfur which marked ly  de- 
pends on the acid concentrat ion (compare works  of 
Footnotes 5 and 6). In contrast  to dilute solutions 
(0.1M) we found a considerable effect wi th  concen- 
t ra ted solutions (curve E: 5M). This curve suggests 
that  sulfur  is incorporated not only in the outward 
part  of the oxide layer  (like phosphorous) but  in the 
ent i re  oxide. 

Curve F was obtained for an oxide film which was 
formed in 0.2M citric acid, i.e., ~hat even components  
of organic electrolytes can be incorporated into oxide 
films on tan ta lum and that  this foreign mat te r  can in- 
fluence the oxygen distr ibution after  hea t - t rea tment .  

It is demonstra ted by such exper iments  that  the 
m a x i m u m  amount  of oxygen  loss after vacuum heat -  
t reatment ,  and the oxygen diffusion, are increased by 
the presence of certain foreign ions. This resul t  is in 
apparent  contradict ion to fo rmer  invest igat ions 7,s in 
which anodic Ta oxide layers were  hea t - t rea ted  in air. 
It was found that  in this case the oxygen diffusion is 
hindered by incorporated phosphorous. It  can be as- 
sumed, however ,  that  during hea t - t r ea tmen t  in air at 
least the oxygen atoms in the outer  part  of the layer 
diffuse via interst i t ia l  sites whereas  during hea t - t r ea t -  
ment  i n  vacuo  diffusion via vacancies takes place. Both 
kinds of diffusion can be affected by incorporated 
foreign ions in different ways. 

s 3. 3. Randall ,  W. $. Bernard, and R. R. Wilkinson, Electrochim.  
Acta,  10, 183 (1965). 

o G. Amsel,  C. Cherki,  G. Feuillade, and J. P. Nadai,  J. Phys. 
Chem.  Solids, 30, 2117 (1969). 

7 D. M. Smyth ,  T. B. Tripp,  and G. A. Shirn, This Journal,  113, 
100 (1966). 

SR. E. Pawel,  ibid., 114, 1222 (1967). 
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Electrically Active Stacking Faults in Silicon 

K. V. Ravi, C. J. Varker, and C. E. Volk 
(pp. 533-541, Vol. 120, No. 4) 

H. F. Matar~:9 The electronic effects of process- 
induced defects (stacking faults) in silicon are of 
major  ~mportance to the device manufacturer .  The 
authors of the paper under  discussion are to be com- 
mended for their  careful study of fundamenta l  features 
of these defects, using modern  tools. 

They clearly demonstrate the two distinct regions 
around a defect zone, the reverse and forward biased 
regions, and the resul t ing contrast  due to enhanced 
carrier generat ion wi th in  the depleted area. Similar  
SEB pictures on g rown- in  defects under  lateral  fields 
have been published before. *0 

Precipitates like SiO~ and B, which are supposed to 
be present  near  the stacking faults, cannot however 
account for the differences in their  electrical behavior 
as the independence of junct ion reverse current  from 
the number  of faults shows, and as the noncorrelat ion 
of fault  length and reverse leakage and the correlat ion 
of fault  length  and "threshold-voltage" show. These 
properties of the stacking faults can be understood 
when one applies the known  electronic model of defect 
l ine charges. The authors '  opinion in the paper under  
discussion that  impur i ty  decoration will alter and per-  
tu rb  the behavior of dislocations or faults is correct 
but  insulator  inclusions (like SiO2) in particular,  w i l l  
not e l iminate  the strong electronic effects of the non-  
closed lattice (dangling bonds).  With the assumption 
that  one sees here the SEM replica (EBIC mode) of the 
npn -  or pnp-dislocation junctions, one can explain 
that: 

(i) Space charge reversal  occurs at t ransi t ion from 
the self-biasing mode (VR : o r )  to a biased mode. lo 

(ii) Curren t  enhancement  occurs due to a hook ef- 
fect at the npnp-s t ructures .  

(iii) Longer faults have a higher t ransfer  resistance 
and are less lossy for the main  junction,  as their bond 
overlap is incomplete. 

(iv) Dislocation orientat ion is crucial with respect to 
the effect on the external  junct ion field. Strongest ef- 
fects on leakage current  should be expected when the 
electric field vector is paral lel  to the Burgers vector of 
the part ial  dislocation, as in this case the dislocation 
shunts the external  field. 

The above conclusions are in l ine with the degen- 
erate, high conductivi ty of dislocation cores and nu-  
merous scanning e lect ron-beam studies on dislocations 
in silicon and ge rman ium-mono-  and bicrystals, sub-  
jected to lateral surface fields.n 

K. V. Ravi,  C. $. Varker, and C. E. Volk: We would 
like to thank Dr. Matar~ for his comments on our 
paper. 

A good agreement  between theory and  exper iment  
is the fond hope of all  investigators. However, most 
exper iments  have to contend with numerous  uncon-  
trolled or uncontrol lable  parameters  which general ly 
preclude an exact or, often, even an approximate veri-  
fication of an idealized theory. We believe the case of 
crystallographic defects in semiconductors and their 
electrical ramifications is a good example of the si tua-  
tion wherein the theoretically expected behavior of the 
defects have not been verified by experiment.  It is flat- 
ter ing that  Dr. Mata r t  believes that  our work has per-  
haps bridged this gap between theory and experiment.  
However, we believe that this is not the case. 

A detailed atomistic model of s t ructural  defects can- 
not be derived from the e lec t ron-beam induced cur ren t  

I In ternat ional  Rectifier Corporation, Semiconductor  Division, Los 
�9 ~ageles,  California 90245. 

1o H. F. Matar~ and C. W. Laakso,  J. AppL Phys., 40, 476 (1969). 
H. F. Matar~, "Defec t  Electronics in Semiconductors ," pp. 194- 

~10, 261-282, 448-455, John  Wiley & Sons, Inc., New York (1971). 

(EBIC) display alone. A thorough analysis using t rans-  
mission electron microscopy and detailed electrical 
measurements  are also required. 

The correct in terpreta t ion of contrast effects using 
the EBIC mode is of utmost  importance and consider- 
able effort has been expended by us to prevent  mis-  
in terpre ta t ion of these effects. A detailed analysis  of 
the I -V characteristics of a given diode always pre-  
ceeds the EBIC analysis. This permits  a direct correla- 
tion between the EBIC technique and the resul t ing I-V 
characteristics of the diode. 

The zone of contrast sur rounding the decorated 
stacking fault  results directly from minor i ty  carrier 
recombinat ion in a Iow lifetime region surrounding 
the stacking fault. When this zone extends into the 
space charge region, as in the case of electrically active 
stacking faults, the generat ion zone is easily observed 
with the EBIC technique. 

The concentrat ion of minor i ty  carriers in the space 
charge region of p - n  junct ions can be altered between 
a depletion of minor i ty  carriers when the reverse volt-  
age is greater than k T / q  to an excess of minor i ty  car-  
riers when the forward voltage is greater than kT/q .  
Consequently, when the applied voltage V is in the 
range --I00 meV < V < + 100 meV the magni tude  of 
the recombinat ion contrast can be enhanced or sup- 
pressed by al ter ing the voltage across the p -n  junction.  
However, the resul t ing display includes the effects of 
the video amplifier and the coupling circuit between 
the device and the amplifier chain. In our technique, 
a-c coupling is used to prevent  the reverse current  in -  
stabilities associated with high leakage junct ions under  
voltage bias from degrading the qual i ty of the display 
dur ing  the scan. When these factors are considered, the 
observed contrast effects can be understood in more 
conventional  terms. 

With regard to the mechanism(s)  of recombinat ion 
and generat ion of charge carriers at the stacking faul t  
it seems to us that  an analysis based upon the so-called 
"defect line charge" model of dislocations ignores the 
obvious per turbat ions result ing from impur i ty  precipi- 
tat ion at the defects. Indeed if Fig. 5 and 8 of the paper 
under  discussion are compared there is a direct cor- 
relat ion between the fault  length and reverse leakage. 
The fault  length in tu rn  is re~ated to the degree of 
decoration of the fault. As has been shown, boron is 
very likely to be a major  const i tuent  of the precipitates 
at the faults and it has also been determined subse- 
quent ly  that fast diffusing metall ic impurit ies are also 
involved in the precipitates. TM Consequently,  the theo- 
retically expected electronic effects of dangling bonds 
will be overshadowed by the effects of precipitates, 
their s train fields, and by a local increased concentra-  
t ion of impurit ies in solid solution around the faults. 
To make the assumption that "one sees the SEM replica 
of the npn -  or pnp-dislocation junctions" is not valid 
and is not supported by any evidence. Regarding the 
four points raised by Dr. Matar~ the following rebu t -  
tals are deemed to be in order: 

(i) EBIC signals do not exhibi t  a polari ty reversal  
under  biased conditions as suggested in the above dis- 
cussion. The pseudo-contrast  reversal  at low voltages 
results directly from the differentiating effect of ca- 
pacitive coupling. 

(ii) Current  enhancement  coincides with a voltage- 
power law relationship in the I-V characteristics of the 
diode. TM There is no exper imental  evidence for a hook 
transistor effect, but  considerable exper imental  evi- 
dence exists that an impur i ty  atmosphere and /o r  s train 
field surrounds the fault  which can introduce a genera-  
t ion-recombinat ion zone around the fault. 

(iii) The relationship between fault  length and 
threshold voltage can be explained in terms of the 
position of the stacking fault  and the associated pre-  

c. J. Varker and K. V. Ravi, J. AppL Phys, In press. 
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cipitates with respect to the depletion region of the 
p -n  junction.  

(iv) Dislocation orientat ion is perhaps important  if 
one considers a "clean" undecorated dislocation. Since 
the fault  and the bounding dislocation are profusely 
decorated the more impor tant  factor is the s t ra in /  
impur i ty  atmosphere surrounding the fault. It has been 
found that both the strain field as well as the g-r  zone 
surrounding the defect are roughly symmetr ical  with 
respect to the defect. 

The Kinetics of Thin Oxide Film Formation on Iron 
Using Proton-Impact-Excited X-Ray Analysis 

P. B. Needham, Jr., H. W. Leavenworth, Jr., and T. J. DrlscoH 
(pp. 778-783 Vol. 120, No. 6) 

B. Chattopadhyay:  13 The authors in the paper under  
discussion have discussed the oxidation kinetics in 
terms of Uhlig's theory for logarithmic oxidation 14 
which has been criticized 15-~ for neglecting the effect 
of surface-state charge. We 16,17 have modified Uhlig's 
model for p- type oxide formation by using Bardeen's  
concept on the rectifier theory of the meta l / semicon-  
ductor junction.  TM This modified theory has been jus t i -  
fied by est imating successfully certain critical param-  
eters from the oxidation data of metals, ~7 such as 
copper, TM nickel, TM and cobalt. 2~ We would like to apply 
the theory to the present  case of iron. 

Our theory 16,1T applies to the oxide containing a un i -  
form density space charge layer, i.e., the so-called first 
stage of oxidation. ~4 The energy drop due to surface- 
state charge, eVs is estimated to be 2.34 eV, using the 
work funct ion of i ron as 4.7 eV '-'1 and the activation 
energy of oxidation as 3.5a kcal (0.155 eV)/mole .  The 
surface-state charge density, ns, is next  estimated to be 
6 X 10i4/cm2 using the dielectric constant  of ferrous 
oxide 22 as 14. This value of ns, which is higher than 
1013/cm 2, indicates the ineffectiveness of the metal  
property on the double layer TM (of surface-state charge 
and space charge).  The space charge density, on the 
other hand, is calculated as 7.5 X 10~9/cm 3 which is a 
reasonable figure for the density of t rapping centers 
in the oxide.16.17 Results at the highest temperature,  
namely  350~ are used for present calculations. The 
energy increase due to space charge, eVp, is finally 
estimated as 0.146 eV (using the max imum thickness 
in the first stage of oxidation, viz. 50A). The results 
obviously show that  eVs ~ eVp, and thus indicate the 
importance and predominant  contr ibut ion of surface- 
state charge over the space charge to the potential  
across the oxide. Therefore, it would be perhaps more 
justifiable to adopt the modified ~6,~7 ra ther  than  the 
original theory ~4 to explain the direct logarithmic oxi- 
dation kinetics. 

P. B. Needham, Jr., H. W. Leavenworth, Jr., and 
T. J. Driscolh In  the paper under  discussion our ex- 
per imenta l  oxidation results were discussed in terms of 
Uhlig's theory of logarithmic oxidation for two rea-  
sons: (i) Uhlig's theory 14 predicts kinetics involving a 
t ransi t ion to a higher logarithmic rate constant  at some 
oxide thickness and (ii) the oxide thicknesses where 
we found such a t ransi t ion to occur agreed well with 
values predicted using our exper imental  parameters  
(rate constants, t ime constants, and activation energy) 

Depar tmen t  of Meta l lurgy and  Materials,  City of Londov, Poly-  
technic,  London E1 7PF, England.  

14 H. H. Uhlig, Ac ta  Met . ,  4, 541 (1956). 
A. T. Fromhoid,  This  Journal.  115, 892 f1968). 

18 B. Chat topadhyay,  Ph.D. Thesis, London Univers i ty  (1967). 
i~ B. Chat topadhyay,  Thin  Solid Films, 16, 117 (1973). 
is j .  Bardeen, Phys. Rev. ,  71, 717 ~1947). 
I ' H .  H. Uhlig, J. Pickett ,  and J. MacNairn, Acta  Met. ,  7, 111 

(1959). 
B. Cha t topadhyay  and J. C. Measor, J. Mater.  Sei., 4, 458 (1969). 
A. ~t Cardwell ,  Phys .  Rev. ,  92, 554 (1953). 
"Handbook  of Chemist ry  and Physics,"  49th ed., Chemical  Rub- 

ber  Co., Cleveland, Ohio (1968-69). 

with equations based on Uhlig's theory. 23 In  the paper 
being discussed we stated that  this agreement  may 
have been fortuitous since there were unanswered 
questions concerning the effects of initial  surface im- 
purities (part icular ly sulfur) ,  the stoichiometry of the 
oxide films, and the crystallographic orientation of the 
large substrate grains. Considering Fromhold 's  criti- 
cism~S.24 of Uhlig's theory because of Uhlig's use of 
boundary  conditions which result  in nonconservat ion of 
electrical charge during oxide film growth, it is wel-  
come to find a proposed 1~ al ternate mechanism which 
might  provide results similar to Uhlig's (which offer 
the best apparent  in terpreta t ion of much exper imental  
data, including the dependence of oxidation rate on the 
substrate crystal orientation, lattice transformation,  
and Curie temperature)  without  violating the conser- 
vat ion of electrical charge. We feel that the introduc-  
tion of surface states at the metal-oxide interface seems 
reasonable and that such states could be impor tant  in 
describing oxidation data where electronic transfer is 
the ra te- l imi t ing step. However, there are, we feel, two 
problem areas in Chat topadhyay's  development  of the 
surface-state charge model 17 and the equations with 
which he has calculated (or est imated) the values of 
eVs and eVp using our exper imental  results. 

(i) Chattopadhyay has stated *T that the "negative 
space charge will  induce a surface-state charge of op- 
posite sign on the localized electronic states associated 
with the surface lying in the forbidden energy region 
between the conduction and valence bands of the 
semiconducting oxide." This seems to indicate that the 
positive surface charge which Chattopadhyay intro-  
duces must  be equal in magni tude  to the space charge 
in the semiconductor (Fe304) dur ing oxide growth. 
Since the trapped charge in the space charge region 
ini t ial ly increases with increasing oxide thickness, the 
concentrat ion of charged surface states, ns, and the re-  
sult ing potential, Vs, must  also increase (at least ini-  
t ially) with increasing oxide thickness, y. Chattopad- 
hyay, however, has made the surface state potential  
V~ independent  of the oxide film thickness y. The clos- 
est case to a th ickness-dependent  surface charge in the 
l i terature  is Fromhold 's  24 consideration of positive 
charge at the metal-oxide interface (located on the 
metal, and not on the oxide as in Chattopadhyay's  
case) which compensates negative charge t rapped in 
the space charge region. He guarantees over-al l  charge 
neut ra l i ty  by including it as a boundary  condition to 
Poisson's equation, and obtains logarithmic oxidation 
kinetics for the case where the oxide thickness is much 
larger than the ma x i mum electron tunne l ing  distance 
in the oxide. Fromhold finds a much smaller  effect on 
the transfer  of electrons into oxide from charge in the 
interracial  and space charge regions due to, among 
other reasons, the necessity of reducing the positive 
charge at the metal-oxide interface (compared to 
Uhlig's) to guarantee over-al l  charge neutral i ty.  In  
Chattopadhyay's  model, however, it is not clear exactly 
what  kind of charge balance is implied by the bound-  
ary conditions. 

(ii) To obtain logarithmic rate law oxidation kinetics 
of the form y ---- Ko In (1 + t/~),*~ Chattopadhyay has 
used, in addition to the before-ment ioned surface-state 
potential, Vs, a space charge potential  Vp derived using 
Poisson's equat ion in which, we feel, an incorrect ap- 
proximation was used in the final equation describing 
the potential  Vp at the metal-oxide interface due to the 
space charge layer 

Vp -,_ 4~nve [TY + (1/2)Y2]/�9 

Here nve is the space charge density, 7 is an interracial  
layer in the semiconductor equivalent  to the average 
length of the individual  surface dipole (about 3A), y 
is the oxide thickness beyond 7, and ~ is the dielectric 

V. O. Nwoko and H. H. Uhlig, This Journal,  112, 1181 (1965). 
A. T. Fromhold,  Jr. ,  Nature ,  200, 1309 (1963). 
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constant  of the  oxide. He has dropped  the t e rm con- 
ta ining y2 as an approx imat ion  for th in  films. This 
would  seem to us to neglect  the  scale of the  constant  
~, the thickness of the dipole  l aye r  region (i.e., the  
sur face-s ta te  charge region) .  At  oxide  thicknesses 

grea te r  than  y = 6A, this dele ted  t e rm wil l  be la rger  
than the mY term, and with  the  t e rm y2 in the  exponen-  
t ia l  of the growth  ra te  equation, d y / d t  : A exp ( - -  py2 
--  ay ) ,  where  A, p, and a contain var ious  constants, a 
d i rec t - logar i thmic  ra te  law wil l  not  be obtained.  

Errata 

In the  pape r  "The Genera l  P rob lem of Rediffusion in 
Semiconductor  Devices" by  Malcolm Fu l l enwide r  
which appeared  on pp. 1134-1135 in the Augus t  1973 
JOURNAL, Vol. 120, No. 8, the  a rgument  of the  th i rd  
t e rm on the r i gh t -hand  side of Eq. [3] should be: 

(2n + 1)L + x 

2 (Dt)  1]~ 

so that  Eq. [3] reads:  

(2n -t- 1) L - ~ x  
C ( x ,  t )  - -  Co --  Co ( - - 1 ) "  erfc 

n=o 2 (Dr) 1/2 

- - C o  ~ ( - - 1 ) n e r f c  ( 2 n - ~ l )  L ~ - x  [3] 
n=o 2 ( D t  ) 1/2 

The purpose  of this communicat ion  is to present  a 
correc ted  version of Fig. 3 which appeared  in the  paper  
"The Elect rolyt ic  Behavior  of CaF2 Crysta ls  unde r  
Reducing Conditions," by  J. W. Hinze and J. W. Pa t -  
terson which appea red  on pp. 96-99 in the  J a n u a r y  
1973 JOURNAL, Vol. 120, No. 1. The corrected version, 
shown below, differs f rom the or iginal  only in tha t  
emf vs. t empera tu re  l ine "predic ted  f rom Wagner ' s  
analysis"  (1) is shif ted upwards,  s ignif icantly closer to 
the  observed da ta  for the cell CaICaF21Th, ThF4 and to 
the emf vs.  t empera tu re  line "pred ic ted  from the rmo-  
dynamic  data." The er ror  was detected as the resul t  
of a p r iva te  communicat ion  on the ma t t e r  f rom C. 
Wagner  (March 9, 1973). 

The ma in  conclusion tha t  " . . .  the  usefulness of CaFs 
as a solid e lec t ro ly te  extends  down to its s tab i l i ty  l imit  
. . . "  remains  unaffected; however,  the  or iginal  vers ion 
of Fig. 3 consti tutes a mis represen ta t ion  of Wagner ' s  
analysis  because the line so predic ted  should not  have  
been that  far  removed f rom the over ly ing  t he rmody-  
namic emf line. 

The source of this excessive discrepancy was t raced  
to the  inconsis tent  use of ~Gof da ta  for CaF2 by  Hinze 
and Pa t te r son  in thei r  paper .  Whereas  the  t h e r m o d y -  
namic emf l ine was  ca lcula ted  on the  basis of J A N A F  

data  (2) for CaF2 formation,  the other  l ine was calcu-  
la ted f rom equivalent  emf da ta  given by  Hamer  et  al. 
(3). The corrected figure shown in this e r r a tum uses 
the J A N A F  values  for both lines and thus  br ings them 
closer together.  

REFERENCES 
1. C. Wagner,  T h i s  Journa l ,  115, 933 (1968). 
2. " J A N A F  Thermochemical  Data," Dow Corning Co., 

Midland,  Michigan (June  30, 1971). 
3. W. J. Hamer,  M. S. Ma]mberg,  and B. Rubin, Th i s  

Journa l ,  112, 750 (1965). 
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Fig. 3. Open-circuit emf vs. temperature for the cell Ca j CaF2 1Th, 
ThF4. 
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Energy Options' 
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Under the heading of "energy options," as you might  
guess, it is my  in tent ion  this morning to discuss some 
of the technical options available as we seek solutions 
to the "energy crisis." 

The "energy crisis," of course, is a phrase that  came 
into public prominence only dur ing the past year. It  
present ly runs  a mere second among current  items of 
interest  to the daily press, the weekly news magazines, 
and other news media, but, in time, we can expect it 
to be back in  "the number  one spot." And this is ap- 
propriate  because the "energy crisis" is a very real 
one, deserving the ful l  a t tent ion of all  of us. 

Among the technical options, I will  spend a little 
extra t ime this morning on one of part icular  interest  
to electrochemists, the so-called "hydrogen economy," 
al though it is apparent  as one reviews the list of other 
energy options that electrochemical technology of one 
kind or another  is involved in near ly  all  of them. 

However, we should also remember  that  when  one 
speaks of "energy options," there are those who look 
well  beyond just  technology. Indeed, some people even 
t ry  to claim that the energy crisis is not real ly a tech- 
nical problem at all. Depending on how you look at it, 
i t  is a geopolitical problem, involving massive shifts in 
the world's balance of power based on ownership of 
oil reserves. Or it is a strictly domestic political prob- 
lem, dependent  on decisions with regard to na tura l  gas 
prices, depletion allowances, and off-shore dri l l ing 
regulations. Or it is strictly an economic problem, 
meaning that  consumers are finally going to have to 
start  paying a fair price for the incredible energy bar-  
gains they have been getting in the past. Or it is an 
env i ronmenta l  problem, which is real ly  just  a com- 
municat ions problem, educating people to unders tand 
the trade-offs required in  matching their  needs and 
desires for energy with their ecological hopes and 
dreams. Or it is a sociological and psychological prob-  
lem, where the actual habits and wishes of people 
must  be changed in the direction of using less energy; 
meaning,  as a result,  that  their  lives will  be less easy, 
less pleasant, and less productive. 

On the other hand, in spite of all of these a l te rna-  
tives, the energy crisis may just  have to be a techno- 
logical problem. 

I say this because it  has been proved over and  over 
again in the past that  it  is easier to invent  something 
new than  it is to change people's habits; tha t  it  is easier 
to get a new technical idea than  it is to al ter  the 
att i tudes of different countries and cultures toward 
each other; that  it is easier to do research than it is 
to improve the abil i ty of people (even in the same 
family) to communicate  with each other; that  getting 
patents and put t ing  them to use is easier to accomplish 
than  upsett ing the bu i l t - i n  political and economic 
status quo. For all these reasons, in the long run, the 
m o s t  likely, only source of workable answers to the 
energy crisis can realist ically be expected to come from 
new technology. 

1 The Electrochemical Society Lecture delivered at the Chicago, 
Illinois, Meeting of the Society, May 14, 1973. 

Let me qualify what  I mean  when  I say "in the 
long run." Certainly, we are now exploiting many  of 
the benefits of recent and current  research and devel- 
opment to alleviate the energy crisis: nuclear  plants  
of improved effectiveness are going on line; combined- 
cycle steam and gas generat ing stations are on the mar -  
ket and will very  soon be in operation; more sophisti- 
cated and integrated systems-control  methods are be-  
ing introduced to improve the rel iabil i ty of electric 
power. And there are other examples. These things are 
helping alleviate the present problems, although ad-  
mit tedly not rapidly enough or on a large enough 
scale, to provide the major  solutions we must  eventu-  
ally have. That  is what  I mean about "in the long run,"  
because it is an inescapable fact that many  of the tech- 
nological advances that can, hopefully, make additional 
major  contr ibutions to the solution of the energy crisis 
are several years, and in some cases, several decades, 
in the future. 

To put this whole mat ter  in perspective, let us take 
a quick look at where our present energy comes from, 
where it is used, and where some experts believe 
changes in these pat terns will  occur during the next  
15 or so years. 

Figure 1 shows the sources of our energy at the be- 
g inning of this decade. Oil, at 42%, is, of course, the 
area of greatest present  concern, especially with its 
potential  effect on the U.S. balance of payments  and 
the resul tant  possible impact on the balance of power 
between nations. Natural  gas supplies are being rapidly 
depleted. The greatest challenges to the technologists 
are in the areas of coal, where our reserves are ex- 
t remely bountiful,  and in nuclear  energy, where the 
potential  for electric power is so great. Water  (hydro) 
is not considered a major  new source of energy; we 
have pret ty  much already put to use our best oppor- 
tunit ies for hydro-plants  in the United States. 

Who uses all this energy? Figure 2 shows the  per-  
centages. Surprisingly,  the electric ut i l i ty  industry  is 
n o t  the overwhelming user of energy that many  people 
have been led to believe. Rationing of electric energy 

01L 4T/o 

NATURAL GAS 

COAL 2205 

WATER II 

NUCLEAR I I"/o 
Fig. 1. Sources, energy use, 1970 

295C 



296C J. Elec trochem.  Soc.: R EV I EWS  AND NEWS October  1973 

INDUSTRY 

ELECTRIC UTILITY 

TRANSPORTATION 

RESIDENTIAL 

3Y/o COAL 
NATURAL GAS 

2.~0 HYDRO 
OIL 

21 , NUCLEAR 

m 179'o 

~ m m  290;o 

mm 
mm o I T~ 18~olNCREASE IJ 
m m  17% 

Fig. 5. Electric utility energy sources, 1970-1985 

COMMERCIAL m 
Fig. 2. Markets, energy use, 1970 

seems self-defeating in  view of its relat ive advantages, 
cleanliness, and efficiencies. 

Indeed, all the most respected analysts of future  
trends (see Fig. 3) insist that  the electric ut i l i ty  indus-  
t ry will  have to grow substant ia l ly  dur ing the next  
15 years, from about 25% of the total to some 37%. 
This is a t remendous challenge to R&D people in 
the electrical indus t ry  to make sure that  this necessary 
increase in their  services is accomplished with opt imum 
effectiveness. Actually, in terms of per capita consump- 
tion, the changes in  energy use during the next  15 
years will be more in terms of the "type" of energy 
used ra ther  than the "total." 

Now let us look at the electric ut i l i ty  indus t ry  itself 
(Fig. 4). In  1970, near ly  one half of its fuel was coal. 
Oil, surprisingly,  was only  11% (although it has since 
increased because of ecological pressures),  which 
means that  changes in nat ional  and in ternat ional  oil 
policies would have rather  less over-al l  effect on the 
ut i l i ty  indus t ry  than on other segments of our economy 
and society. Or conversely, ra t ioning electricity would 
probably result  in only minor  savings of oil. 

The fu ture  prognostications here are another  great 
challenge to those performing R and D for the electri-  
cal business (Fig. 5). Because of the question marks  
related to the future  of na tu ra l  gas and oil supplies, 
and the  general ly  accepted fact of ra ther  l imited op-  
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portuni t ies  for more hydro-power,  we must  do our u t -  
most to find ways to increase the anticipated use of 
coal. This can be done by finding better  ways to mine 
it, clean it, and, most likely, gasify it. At the same time, 
we might  well  tu rn  our creative at tent ion to the ap- 
parent ly  vast reserves of shale oil. Similarly,  we are 
challenged to make sure the estimated increase in 
nuclear  power meets, and hopeful ly exceeds, the esti- 
mates of the experts who prepared these prognostica- 
tions. 

All  of these challenges, all  of these long- te rm re-  
sponsibilities for finding real solutions to the energy 
crisis, put a substant ial  bu rden  on the technologist. 

Actually, potential  technological solutions to the 
energy crisis fall into ra ther  simple sounding options: 

(i) F ind new kinds of fuel, new basic energy 
sources, not now being used, such as fusion power and 
solar energy. 

(ii) Find  enlarged sources of present fuels; im-  
prove ways to locate and secure oil, gas, and uranium.  

(iii) Improve on present ly avai lable  fuels to produce 
cleaner oil and gas; especially cleaner coal, perhaps by 
gasifying it and scrubbing it in  the process; and  learn 
more effective means of enr iching uranium.  

(iv) Improve energy conversion techniques for 
higher efficiency, less waste, less lef t-over heat, and 
fewer envi ronmenta l  side effects. 

(v) Improve t ransmission and power del ivery sys- 
tems for efficiency, safety, and env i ronmenta l  reasons, 
perhaps even going to the "hydrogen economy" that I 
have mentioned.  

(vi) Improve the efficiency of the "end-use" of our 
available energy; i.e., better  engines, more efficient 
lamps and appliances, bet ter  insula t ion to reduce 
energy requi rements  for both heat  and air  conditioning, 
more effective use of waste heat  now being thrown 
away, and so on. 

Let  me t ry  to describe some of the electric indus t ry  
technology that  is being, and  will  be, conducted in a 
search for solutions in one or more of these six areas. 

Actually, electric power research and development  in  
the United States is in a state of rapid growth and 
considerable ferment.  This s i tuat ion arises because of 
the "energy crisis" we have discussed and from the 
addi t ional  fact that, as I have just  listed, there are such 
vast technological options and  opportuni t ies  for finding 
solutions. 

Let  us look briefly at the present  nat ional  commit-  
men t  to electric power R&D (Fig. 6). Federal  Gov- 
e rnment  funding  now totals about $280 mil l ion per  
year, with 90% of this coming from the Atomic Energy 
Commission (AEC). However, it can be anticipated 
that  an increasing share of the Federal  Government ' s  
R&D support in  this area wil l  come from sources 
other than  the AEC. 

The electrical manufac turers  are the second largest 
factor in  electric power R&D. The ut i l i ty  indus t ry  
itself has t radi t ional ly  had relat ively low direct R&D 
expenditures;  instead they have relied heavi ly  on the 
manufac turers  to do the R&D, who then recover their  
R&D costs through the prices of their  products. 
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Fig. 6. Electric power R&D funding, 1971 

This whole si tuation has the potent ial  for explosive 
change, al though actual change to date has not  been 
radical. 

Here is how we believe the si tuation wil l  develop 
over the next  five years (Fig. 7). The Federal  Govern-  
ment,  whose electric power R&D expendi tures  have 
been rising at 15-20% annual ly ,  wil l  still r emain  the 
dominan t  factor. The electrical manufac turers  will 
remain a strong number  two. 

Based on ini t iat ives present ly under  way, the electric 
utilities are a iming to become a much more significant 
factor in  R&D. Their share of the nat ional  total will  
l ikely increase from something under  10% in 1971 to 
over 20%, as shown here. 

Now, I should hedge this prediction by reminding  
you that  I referred to "uti l i ty indus t ry  initiatives 
present ly  under  way." The prediction could be com- 
pletely changed, however, if some proposed legislation 
is passed and implemented.  For example, Senator 
Jackson has introduced a bi l l  that  would establish 
a $2 bill ion per year  federal program in energy R&D. 
No one is sure who would provide and spend what  
under  this proposal, but  it would surely send the totals 
"right off the chart" (Fig. 8). 

Well, I count myself  among the world's  s taunchest  
advocates of increased R&D in this area, but  I must  
admit  to having some misgivings about how we could 
suddenly find the good people, the facilities, the poten-  
t ial ly workable  ideas, and  the intel l igent  management  
needed to make proper and effective use of such vast 
amounts  of money. In  spite of some claims to the 
contrary,  the job of solving the energy crisis is not 
real ly  directly comparable to put t ing a man  on the 
moon. 

We in the manufacturing part of the electricsl busi- 
ness readily recognize the more immediate, short-range 

Fig. 7. Electric power R and D funding, 1971-1977 

Fig. 8. Electric power R&D funding proposed for 1971-1977 

problems we should be solving: improving generat ion 
efficiency through combinat ion steam and gas cycles 
and by developing turbines  that  wil l  operate at higher 
temperatures;  assuring the life of nuclear  fuel and the 
rel iabil i ty of nuclear  plants;  exploring new methods 
for t ransmit t ing  larger blocks of power over longer 
distances; t ry ing  to find answers to the ever- increasing 
problems of power-p lant  siting (a part icular  concern 
for the electric ut i l i ty indust ry  itself);  cont inuing the 
constant  search for higher rel iabil i ty throughout  the 
entire electric power systems of our country. 

These, and m a n y  other areas I wil l  not  take  t ime to 
mention, are some of the shor t - range challenges for 
the manufacturers  and  to the new cooperative R&D 
efforts of the electric ut i l i ty  industry.  At  the same time, 
we have some very  exciting long- range  options. 

So let me conclude by spending a few minutes  ex-  
amining some of the more "far-out" energy technolo- 
gies that  have been touted as "the" answer that  will  
solve our energy, economic, political, and envi ron-  
menta l  problems in one fell swoop, if only "those 
crazy scientists who could so easily put  a man  on the 
moon would just  buckle down and put  their minds to 
it." 

There are more than a dozen such future  hopes--e.g., 
fusion, MHD, solar power, cryogenic transmission, the 
hydrogen economy, and so on - - tha t  have received 
enough public a t tent ion to convince many  people that  
they are nearer, and easier, and cheaper, and cleaner, 
and safer than the facts, as we now know them, war -  
rant.  

But  it remains  that  some of these are very  real 
hopes for helping solve fu ture  energy crises before the 
end of this mil lenium. 

Let me review several areas in  which we in General  
Electric are deeply involved, f rom an R&D stand-  
point, and give you some candid views about their 
prospects. 

First, in the basic area of energy sources-- that  is, 
fue l - - the  (perhaps) u l t imate  source for this planet  is 
controlled thermonuclear  fusion. 

Hydrogen fusion, of course, is essentially the process 
of getting energy from the same source as the sun, 
from the joining of l ightweight atoms. I t  is the  hydro-  
gen-bomb reaction---controlled. 
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Start ing some 16 years ago, and for near ly  a decade, 
General  Electric was in the unique  position of invest-  
ing several mil l ion dollars of its own money to support  
fully its own research program on Controlled Nuclear 
Fusion. We knew from the beginning that  it was a long 
shot, and it tu rned  out that  our first effort was pre-  
mature.  

We explored all the best ideas that we, or anyone 
else, had at the t ime and finally concluded, a half  dozen 
years  ago, tha t  practical fusion power was just  too far 
in  the fu ture  to just i fy  a continued commercial  in-  
vestment,  at least unt i l  a bet ter  idea came along. 

Now, in the past year  or so, a new idea has come 
along: laser- ignited fusion. So we are involved again 
in  fusion research. Along with EXXON, Northeast 
Utilities, the Empire  State Electric Energy Research 
Corporation, and the New York State Atomic and 
Space Development Agency, we will  be invest ing sub-  
s tant ial  sums of money over the next  3 years, plus the 
talents of some of our top scientists, in the laser- ignited 
fusion program being led at the Universi ty  of Roches- 
ter  in  New York by Professor Moshe Lubin.  

The most optimistic of realistic guesses about fusion 
is that  it wil l  not be ready for a major  role in the 
energy picture  unt i l  at least the t u rn  of the century,  
by which time the evolution of other technologies and 
factors may vastly affect its economic viability. There 
are those who believe that  fusion's ul t imate role will be 
providing, from isolated locations, nuclear  fuel for 
more convent ional  nuclear  generat ing plants. Mean- 
while, it is too big an idea basically to ignore. So, we 
are not ignoring it. But  we believe it should be ap- 
proached as an area of research, not as a large-scale 
development  effort at this point  in time. 

Another  obvious area for fuel research is to make 
better  use of our most abundan t  fossil fuel: coal. At 
Schenectady we are substant ia l ly  enlarging our R&D 
program in  coal gasification. We have unique ideas 
tha t  may make it  possible to use even  the dirtiest  
"caking" coals. Also, based on a t radi t ion of research 
with membranes  of various kinds, we have good ideas 
for taking the pol lutants  out of gasified coal before it 
is burned,  which has obvious advantages over today's 
method in  which one tries to take the SO2 and  other 
crud out of stack gases after combustion. 

Coal gasification is not a long shot like fusion, for 
example. But making the process at tractive enough to 
offset the economic, ecological, and social problems of 
expanding the coal mining  indus t ry  will  take substan-  
t ial  time. However, a commercial  gasification process 
is available r ight  now; and we have recently an-  
nounced a joint  program in  this area wi th  Lurgi, a 
German  engineering firm with long e~perience in  coal 
gasification. 

I will ment ion  four un ique  approaches to energy 
conversion in  which we are cur ren t ly  making  R&D 
investments.  

Our investment  in magnetohydrodynamics  (MHD) 
is being made in  the hope that we can get generat ing 
efficiencies of above 50%. (This, of course, is also the 
a im of our work on combined cycles and  other ap- 
proaches to more conventional  power generation.) 

The basic concept of MHD is that  a very hot ionized 
gas, a plasma at temperatures  in the range  of 3100 ~ 
4900~ replaces the metal  conductor that  moves 
through a magnetic field to create a current  in  a con-  
vent ional  generator.  In past years, we invested heavily 
in  this tempt ing idea and buil t  some large test equip- 
ment.  But  the purely  technical  problems of gas con- 
duct ivi ty  and noncorroding electrode materials  were 
formidable. More recently, people in our. space business 
have made progress in  developing a closed-cycle MHD 
system, as contrasted with the more f requent ly  pro- 
moted open-cycle method, which shows sufficient sci- 
entific promise to just i fy  cont inuing investigations. 

The superconducting generator is another  "long- 
term" prospect on my  list. Our people, and others, have 
already demonstrated that  superconductivi ty offers the 

possibility of decreasing by a factor of near ly  three 
the size of generators for a given rating. 

Another  idea for improved energy conversion effi- 
ciency is the so-called "potassium topping" cycle. We 
recently proposed to the Office of Coal Research a pro- 
gram in which potassium (or cesium) would be used 
instead of boiling water in a coal-fired furnace boiler. 
In the potassium vapor turbine,  the potassium would 
leave the boiler at a tempera ture  of up  to 1500~ drive 
a turbo-generator ,  and then the potassium vapor leav- 
ing the topping- turb ine  would condense on the outside 
of condenser tubes, producing boiling water  inside the 
tubes at 1050~ to run  a conventional  power plant. 
Addit ion of the "potassium topping" cycle offers the 
potential  of total  p lant  efficiencies in the range of 50- 
60%. 

In  the past years, General  Electric has invested very 
heavily in fuel cell research. 

Our invent ion  of the ion-exchange fuel cell led to 
the first actual "practical application" of a fuel cell: 
the Gemini  spacecraft un i t  that provided reliable on- 
board electricity without  exceeding ext remely  s t r in-  
gent weight limits. 

Currently,  we are concentrat ing on fuel cells for 
the space shuttle and for some specialty mar ine  ap- 
plications. Fuel  cells can be reliable, envi ronmenta l ly  
at tract ive power plants, but  we believe that  problems 
of cost of materials  and their availability, of life, and of 
specialized fuel requirements  are such that they must  
be regarded as still in the research phase. 

We are also making substant ial  long-range invest-  
ments  in energy handl ing with regard to storage and 
delivery. 

Three specific items might be mentioned briefly. 

(i) One of our calculated-risk investments  is in new 
types of batteries that may be useful for bulk  energy 
storage as a possible substitute, perhaps underground,  
for the pumped hydro-p lants  that  are f requent  targets 
of the environmental is ts .  Success here might  well  in -  
fluence our decision making  with regard to the trade- 
off between base load and peaking capabil i ty of our 
power generat ion methods and wil l  influence the de- 
velopment  of system interties. 

(ii) We are now in the second phase of an Edison 
Electric Inst i tute  (and Government)  supported R&D 
program on cryogenic cable; i.e., taking advantage of 
the vast ly improved conductivi ty of metals at l iquid 
ni t rogen temperatures.  Our first 40 ft test cable per-  
formed very well; the current  phase is one of scale-up 
and refinement. But  the day is still some years off be-  
fore all of Chicago can be supplied with power through 
a few underground,  supercold cables. 

(i/i) High voltage d-c power equipment  is already a 
reality. The big "future" here, I believe, is that  we 
have barely  begun to tap the potential  for using new 
solid-state technology for power condit ioning on a 
very large scale. 

For example, we can expect to see solid-state devices 
replacing a wide var ie ty  of eleetromechanical  ones in 
applications such as voltage regulators and similar 
equipment  that  must  stand up to many, m a n y  switch- 
ings. Solid-state science can profoundly affect the 
power del ivery indus t ry  just  as surely as it has already 
revolutionized the communicat ions and  information 
handl ing  industries. For example, it can give us new 
options for t ransmi t t ing  large blocks of power through 
d-c interties, which will  result  in  still more stable and 
versati le power systems. 

Well, all  of the long-range  items I have ment ioned 
so far are ones in  which we are performing "at the 
bench" R&D programs, m a n y  of them on a very 
substant ial  scale. Perhaps I should also ment ion  one 
in t r iguing area where we have carried out extensive 
techno-economic studies and have more recent ly be-  
gun exper imental  research. 

This is in the area loosely referred to as the "hydro-  
gen economy." The interest  in hydrogen stems from 
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three major  facts. First, hydrogen can be burned  in a 
completely compatible manner  from an ecological 
viewpoint.  

Now, it is well known that if you bu rn  hydrogen 
directly in air, you reach very high flame temperatures  
that  not only cause basic problems with the materials  
in the combustor, bu t  also produce a dis turbing quan-  
t i ty of oxides of nitrogen. 

However, if you dilute the combustion with steam 
you can reach manageable  temperatures  of 3000~ 
We have already operated gas turb ine  stages 200~ 
above that, so we know that this is possible. At 3000~ 
there is a theoretical Carnot efficiency above 80% and 
a practical efficiency above 50%, an at tract ive prospect, 
and oxides of ni t rogen can be kept well  wi th in  rea-  
sonable bounds. (Of course, another possible a l te rna-  
t ive is to recover the oxygen as well as the hydrogen 
from any process based on the thermal  decomposition 
of water, which I shall discuss in a moment,  and de- 
l ivering them side-by-side.  The recombining combus-  
t ion process then can become completely "clean," or, 
shall we say, as clean as water  can be.) 

Second, hydrogen affords much flexibility in design- 
ing ut i l i ty  systems. We can envision distr ibuted gen- 
erat ion (gas tu rb ine  and even perhaps fuel cell plants  
of about 100 MW) near  the load. 

Third, and most significant, hydrogen can be inex-  
pensive to transmit .  Overhead electric transmission 
costs 6-18 cents per mil l ion BTU per 100 miles; under -  
ground transmission may cost 5-10 times as much. By 
contrast, hydrogen gas may be t ransported by  pipeline 
for less than  2 cents per mil l ion BTU per 100 miles. 

Of course, hydrogen is more expensive than  other 
fuels. However, as the  cost of other fuels rises, and we 
will all be noticing this in our home heating and  gaso- 
l ine bills in the days ahead, hydrogen becomes, on a 
percentage basis, less of a p remium fuel. Right now 
most hydrogen is produced by na tura l  gas reforming; 
before we r u n  out of natura~l gas, we must  consider 
making hydrogen from our abundan t  coal resources. 
Our own scientists recent ly have devised a method to 
achieve this, using the cracking of steam with mol ten 
t in  and the reduction of the t in oxide with coal. 

Even more at tract ive is the  possibility of producing 
hydrogen and oxygen using only heat  and water. Of 
course, to do this directly requires temperatures  above 
5000~ and it would be extremely difficult to separate 
the gases. However, using a series of chemical reac- 
tions, it should be possible to devise processes that  
operate at 1000~ or lower, which might  u l t imately  be 
a t ta inable  from a high tempera ture  nuclear  reactor. 
Our people in  Schenectady have devised a series of 
such processes, and since the first was conceived dur ing  
Hurr icane  Agnes in 1972, we have given the subsequent  
ideas girls' names. "Beulah" is a copper-magnes ium- 
chlorine process. "Catherine" is a very  in t r iguing lady 
I wil l  tell  you about at some later  time. 

We have, of course, also looked at straight electro- 
chemical production of hydrogen. Even  though we have 
devised a highly efficient cell (above 80% efficiency at 
100 A / f t ' )  using ion exchange m e m b r a n e  electrolytes, 
we do not  present ly  see how to make hydrogen electro- 
lytically for less than $3 per mil l ion BTU, and there is 
a speculative chance of making  it thermochemical ly 
for about half  of that  cost. Whether  the  lat ter  is any  
bargain  will  depend t remendously  on the future  avail-  
ability, and thus price, of conventional  fuels. 

We believe hydrogen could be dis tr ibuted and used 
safely al though some public education wil l  be required. 
I can assure you that we are working hard in  this area, 
bu t  at the same time, don' t  hold your  breath. We need 
several more years of research before we can make 
any  meaningfu l  judgment  on the u l t imate  value of this 
technology. 

During our discussion period I wil l  be glad to give 
you our viewpoint  about  a var ie ty  of other energy 

sources, conversion, and dis t r ibut ion schemes in which 
we are not, not now at least, invest ing much if any 
effort. I refer to such things as thermionic converters, 
thermoelectricity, solar energy, outer space solar en-  
ergy collectors with microwave t ransmission to earth, 
geothermal power, and so on. 

Geothermal power, at the most optimistic, I believe, 
could provide only a very small  percentage of our 
total power needs, and that  only in l imited geographi- 
cal areas. In  any case, the ment ion  of geothermal power 
reminds me of a TV network  broadcast I heard a few 
weeks ago in  which the commentator 's  concluding 
comment had an interest ing message for all of us. 

This TV newscast included a couple of minutes  ex- 
plaining the idea of geothermal power. With back- 
ground views of Yellowstone Park  geysers and hot 
springs, the possibility of using heat from the bowels 
of the earth to r un  tu rb ine  generators was outlined. 
Then the announcer  finished, "The enviromental is ts  
don' t  see geothermal power as a threat  yet because 
they don' t  th ink  there 's  much hope it will  work." Well, 
one man 's  hope is another man ' s  threat.  

But  there is something in what  the TV ma n  said. In  
looking at these long- te rm solutions for future  energy 
crises, it is easy for we technologists to be concerned 
only with the fantastic basic technical problems con- 
f ront ing u s - - t r y i n g  to show they will  work! 

But let us not  forget: 

(i) If fusion succeeds, there wil l  be all sorts of 
worries about central izat ion of huge energy sources. 

(ii) MHD temperatures  mean  more oxides of n i t ro-  
gen, and, along with topping cycle possibilities, ele- 
ments  l ike potassium could easily be added to the 
vocabulary of ecologically d i r ty  words. 

(//i) Unless new metals for fuel cells can be found, 
their  broad use could be a big drain on our balance of 
payments.  

(iv) We have already heard about the "Hindenburg 
syndrome" which might  slow down acceptance of the 
"hydrogen-economy." 

(v) Solar energy would require te r r ib ly  wasteful 
use of land, and I hesitate to even ponder the envi ron-  
mental is ts '  response to those microwave beams br ing-  
ing power from outer space. 

(vi) Some of the best new high-densi ty  batteries 
are based on (heaven forbid!) sodium and sulfur. 

(vii) Coal gasification does not necessarily do away 
with ei ther  the hazards of deep mining  or the problems 
of strip mining. 

Now, some of these "negative-scare" items I have 
just  listed are secondary technological problems which 
we must  not overlook. Others are economical and 
political matters. Through them all runs  an under -  
current  of a need I ment ioned earlier, the need to help 
people continue to unders tand  that  the high energy 
society they demand  wil l  itself inevi tably  demand cer- 
ta in  trade-offs. 

But you wil l  recall that I started this morning with 
the basic thesis that, in the long run,  it is easier to 
generate new technology than it is to change the habits, 
mores, prejudices, and desires of people and their  long- 
established institutions. 

So, we technologists will have to take responsibil i ty 
for solving some of those secondary as well  as the basic 
technical barr iers  as these new ideas for solving the 
energy crisis come along. 

All  things considered, I th ink  technology has been 
remarkably  responsive to the needs and wants  of the 
people in the past. I am confident that  creative tech- 
nical people will  keep coming along at an ever- increas-  
ing rate and that they will, indeed, help give us the 
kind of world we wan t  for ourselves and our chi ldren 
in  the future. 
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The ea r ly  deve lopments  of the sciences, pa r t i cu l a r ly  
e lect rochemist ry ,  in England were  in i t ia ted by  self-  
mot iva ted  men with  imagina t ive  minds  and an in-  
herent  sense of direction.  They engaged in se l f -mo-  
t iva ted  expe r imen ta l  work  to fulfill thei r  bold d reams  
and complemented  this by  pract ica l  appl icat ions  of 
the i r  scientific results.  A na tu ra l  d r iv ing  cur ios i ty  was 
a dis t inct ive  character is t ic  of the personal i t ies  of these  
men. In  order  to make  thei r  efforts more fruitful ,  t hey  
requ i red  means  of disseminat ing the i r  accumula ted  
knowledge;  they  found these means  in lectures,  dis-  
cussions, and publications,  such as the ones provided  
by  the Royal  Inst i tut ion.  

The Royal  Ins t i tu t ion of London enjoys a special  
p lace  in the h is tory  of science. I ts  role  in the scien-  
tific communi ty  seems to reflect the  persona l i ty  of 
Count Rumford,  its adventurous  founder.  He was en-  
dowed wi th  a creat ive  mind and a desire  to combine 
scientific discoveries and advances  wi th  the d issemina-  
t ion of this new knowledge  for purposes  of improving  
the  ar ts  and industries.  

H u m p h r y  Davy  and his successor, Michael  Fa raday ,  
were  two outs tanding and dedicated individuals  who 
had the  ab i l i ty  to educate  themselves  to the  highest  
levels  in the  sciences. The Royal  Ins t i tu t ion provided  
both men wi th  the  oppor tun i ty  to fulfill  thei r  d reams;  
each made  ma jo r  contr ibut ions  to the  deve lopment  of 
chemis t ry  and e lect rochemist ry .  

Humphry  Davy  was born in Penzance,  Cornwall ,  on 
December  17, 1778, the eldest  child of a middle -c lass  
family.  He was endowed wi th  a quick, imagina t ive  
mind  and the abi l i ty  to learn  r ap id ly  f rom books. These 
books served not only  as a means  of instruction,  bu t  
also as a source of inspi ra t ion  to him. 

He a t tended  a local  g r a m m a r  school where,  among 
other  subjects,  he was taught  La t in  and Greek.  At  
four teen years  of age he was enrol led in a be t te r  school 
at Truro where  he acquired a knowledge  of the clas-  
sics. Being somewhat  of a romanticist ,  he re ta ined  this 
knowledge  and in the many  lectures which  he gave he 
f requent ly  del ighted  his audiences by  quoting re la ted  
passages f rom the Greek  philosophers.  These i l lumi -  
na ted  his lectures  and made them more  than  br iefs  on 
science and, thus  he lped  to establ ish his repu ta t ion  as 
a fascinat ing lec tu re r  and na tu ra l  phi losopher .  

Af te r  Truro,  Davy  spent  a yea r  app ly ing  his imag-  
inat ive  mind to l i t e ra ry  fields, pa r t i cu l a r ly  poetry.  He 
also engaged in fishing and hunting,  act ivi t ies  for 
which he re ta ined  a love, which accompanied an ap-  
prec ia t ion  for the beau ty  of na ture  throughout  his life. 
His ab i l i ty  for composing poet ry  in l a te r  years  received 
encouragement  f rom Coler idge and Southey,  and  some 
of his poems were  even publ ished in Southey 's  "An-  
nual  Anthology"  of 1799 and 1800. At  this t ime he had  
only a specula t ive  in teres t  in the  sciences. 

When  his fa ther  died, the  fami ly  was left  wi th  an 
estate d iminished by  unwise investments.  This s i tua-  
t ion made  it impera t ive  tha t  he acquire  a t ra in ing  so 
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that he could assist in the support of the family. He 
decided that he would like to follow the medical pro- 
fession. Therefore, on February 10, 1795, he applied for 
an apprenticeship with Dr. J. Borlaise, a surgeon and 
apothecary, and was accepted. He enjoyed his duties as 
an assistant to Dr. Borlaise and planned to meet the 
requirements for practicing medicine by completing 
his apprenticeship and the necessary studies and by 
taking the examinations given by Edinburgh Univer- 
sity. He kept an excellent record of his experiences 
with Borlaise, including personal thoughts relative to 
his work. During his two years of experience with 
Borlaise, he became interested in the chemistry of 
blood and the problems involving the chemistry of 
respiration. He would later make some original con- 
tributions in these areas. 
At this stage of his life he was fortunate to meet 

people who recognized and encouraged his creative 
thinking, assisting him in the process of self-education 
and encouraging his interest in the science of chemis- 
try. He had become a good friend of Gregory Watt, a 
son of the famous inventor, James Watt, who had been 
educated in the sciences at Glasgow and who admired 
Davy's keen mind. Watt introduced him to Davies 
Giddy, a member of the Royal Society, who had a pro- 
found influence on the course of Davy 's  in te l lec tua l  
life. Besides encouraging his creat ive  thinking,  G iddy  
a l lowed Davy  ful l  use of his excel lent  l ibrary ,  a p r iv i -  
lege which was of ines t imable  value  as a mot iva t ing  
factor.  In  l a te r  years ,  he he lped  h im b y  in t roducing 
his w o r k  to his friends,  Dr. Beddoes and Count  R u m -  
ford. G i d d y  changed his name to Gi lber t  in 1808 and 
was known by  this name in the var ious  offices he oc-  
cupied in the Royal  Society. 

By  1797 Davy 's  in teres ts  were  pr inc ipa l ly  in the 
s tudy  and unders tand ing  of the  growing science of 
chemistry.  He was for tuna te  to become in teres ted  in i t  
at  a t ime when  it was no longer  under  the  influence of 
the phlogiston theory.  Work  of men in var ious  coun-  
t r ies  of Europe had changed th ink ing  f rom the qua l i ta -  
t ive phlogiston theory  wi th  its va r i ab le  unknown 
"phlogiston" e lement  to a quant i ta t ive  scientific ap-  
proach based on measurab le  changes in weights  and 
volume. This approach  was stressed pa r t i c u l a r l y  by  
Lavoisier ,  the  fa ther  of modern  chemistry,  whose m e a -  
surements  wi th  a chemical  ba lance  became the  t rue  
a rb i te rs  for  de te rmin ing  chemical  compositions, reac-  
tions, and analyses.  The grea tes t  mot iva t ing  force in 
1797 which exci ted Davy 's  in teres t  in the  s tudy  of 
chemis t ry  was Lavois ier ' s  Trait~ ~l~mentaire de 
Chimie, which gave him a comprehens ive  pic ture  of the  
science of chemis t ry  as i t  was then  understood.  I t  
cont r ibu ted  to his involvement  in a vigorous s tudy of 
chemis t ry  and expe r imen ta l  work.  Lavois ier  had the 
subject  of compounds a r ranged  under  a sys tem of 
nomencla ture  which indica ted  the i r  compositions, and 
to some extent,  thei r  derivat ions.  Whi le  s tudying  La -  
voisier 's  book, Davy  made and collected appara tus  to 
l ea rn  the  facts of chemis t ry  th rough  prac t ica l  exper i -  
ence der ived  f rom expe r imen ta l  work.  There  were  
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some items in the book which he could not logically 
accept and he began gathering the informat ion re- 
quired to disprove them. Ten years later he was able to 
prove the fallacy of Lavoisier 's description of muriat ic  
acid as "oxymuriat ic" acid. He published a paper in 
which he proved that  oxygen was not the essential 
component  of muriat ic  acid, but  that  the acid was es- 
sent ial ly composed of an aqueous solution of a com- 
pound of hydrogen and an element  which he identified 
as chlorine. 

One man  who assisted Davy by helping him develop 
a bet ter  unders tanding  of the rudiments  of science and 
laboratory equipment  was Robert  Dunkin.  Dunk in  was 
an ins t rument  maker  who was as well versed in 
mathematics,  electricity, and magnet ism as anyone of 
his time. He constructed a number  of ins t ruments  and 
demonstrated their operations to Davy, thus teaching 
him some of the rudiments  of laboratory science. 
Davy's highly imaginative, although still undiscipl ined 
mind caused him to express unproven,  speculative 
thoughts as facts in these early stages of his self- 
education and exper imental  work. However, bit ter  
experience taught  him how readily one could stray 
from the t ru th  and his critical faculties eventua l ly  de- 
veloped, enabl ing him to engage in meaningful  re-  
search and to make outs tanding contr ibut ions to the 
growing science of chemistry. 

Davy quickly recognized the importance of publ ish-  
ing one's work. Each paper published was like the rung  
of a l adder - -a  step toward recognition by one's peers. 
A faul ty  rung  not based on proven results would 
cause a hal t  in  progress unt i l  it was replaced by one 
which could wi ths tand the tests of scientific criticism. 

Davy's two-year  apprenticeship to Borlaise had in-  
spired an interest  in the chemistry of physiology, and 
par t icular ly  in the chemistry of respirat ion in a wide 
range of l iving organisms. As a consequence of his 
studies in these areas, he was able to prove that  the 
carbon cycle operated in the sea as well as on land. He 
was fascinated by a book wr i t ten  in 1795 by Dr. Mit- 
chell enti t led "Remarks on the Gaseous Oxyde of Azote 
and Its Effects," and in 1798, became critical of Dr. 
Mitchell 's s ta tement  that ni trous oxide gas was an 
agency for spreading contagious diseases, producing ill 
effects when it was breathed in or came in contact with 
the skin. Davy set up a simple assembly of apparatus 
necessary to produce ni t rous oxide. He then tested the 
effects of the nitrous oxide gas on animals  by having 
them breathe it or by allowing skin contact. He found 
that  the animals experienced no ill effects. He experi-  
mented with it on himself  and found some very  in ter -  
esting results unrela ted to the statements published in 
Dr. Mitchell 's book. 

Since he needed larger quanti t ies of ni trous oxide 
gas to continue his research on its physiological effects, 
he wrote to Dr. Beddoes at Bristol about his experi -  
ments. Dr. Beddoes knew of Davy through their  mu-  
tual  friend, Davies Giddy, and on October 2, 1798, he 
offered Davy the position of chemical assistant at the 
Medical Pneumat ic  Institute.  This institute, founded 
by Dr. Beddoes, was dedicated to the study and ap-  
plication of the therapeutic value of various gases. 
Davy was asked to complete an account of his ini t ial  
work on nitrous oxide and this was published in 1799. 
A year  later he published an intensive study on the 
effects of ni t rous oxide gas on humans  in a separate 
volume enti t led "Researches, Chemical and Philosophi- 
cal, Chiefly Concerning Nitrous Oxide." He reported 
pleasurable effects upon breathing the gas and found 
it was nontoxic. Also, he found that  it had an anal -  
gesic effect in small quantities, rel ieving him of a 
toothache which re turned when the gas was discon- 
tinued. He discovered that it had an anesthetic action 
when taken in large quantities. Thus began the history 
of what  in dental  practice has been referred to as 
" laughing gas." Davy found that  some of the gas was 
absorbed in  the bloodstream, bu t  that  it did not com- 
bine chemically with the blood and could be freely 
e l iminated without  having a toxic effect. F u r t he r  

studies of the physiological effects of other gases, such 
as nitr ic oxide and a mixture  of carbon monoxide and 
hydrogen, near ly  proved fatal to him. In  his work on 
gases he had determined the residual capacity of the 
lung. The publication of his work in 1800 created great 
interest  and was a true rung in his ladder toward pro- 
fessional recognition and fame. 

In  J anua ry  1800, he learned of a great discovery: 
chemically produced electricity. This discovery would 
play an impor tant  part  in his rise to fame since it 
helped to make possible his notable contr ibutions to 
electrochemistry. He recognized the importance of 
Alessandro Volta's announcement  of the electric pile 
which had been described in a communicat ion to the 
Royal Society. Volta's electric pile, composed of dis- 
similar metals separated by an absorbent  spacer satu- 
rated with an aqueous conductive solution, for the first 
time made possible the generat ion of a cont inuous flow 
of electric current.  Before this t ime experiments  with 
electricity were l imited to in te rmi t ten t  discharges of 
short durat ion provided by an electrostatic generator  
and stored in a "Leyden jar." Now, electrical effects 
could be studied with a continuous controllable flow of 
current  which was more readily measurable  with re-  
gard to intensi ty  and quanti ty.  Utilizing the electricity 
from voltaic cells, Davy duplicated the work of Nicol- 
son and Carlyle who had reported the fact that when  
an electric current  was passed through water, hydro-  
gen and oxygen were l iberated at their respective 
poles. Cavendish had demonstrated that the gases l ib-  
erated and combined to form water  when  subjected to 
an electric spark. 

Davy was evident ly  acquainted with the higher ca- 
pacity cell of Cruickshank, who had changed the struc- 
ture  of the voltaic cell by insert ing large plates of zinc 
and copper a l ternat ingly  in a resin-l ined,  grooved 
wooden box. After  assembly of the plates in their re-  
spective grooves, Cruickshank added a conductive 
aqueous solution in the space between them. With 
these larger plates, he obtained a sufficiently strong 
current  to decompose several compounds electrolytic- 
ally in solution, and he electrodeposited several metals. 
Davy believed there was much to be learned about the 
fundamenta ls  of voltaic generat ion of electric currents.  
He duplicated the higher capacity cell of Cruickshank 
and became involved in a study of the controll ing 
chemical factors. When he constructed a voltaic cell 
using zinc and silver electrode elements  separated by  a 
porous spacer containing muriat ic  acid, he obtained 
greater  electrical force than with electrodes separated 
by spacers impregnated with saline solutions. He re-  
ported that  cells having spacers containing nitrous 
acid were also capable of increased electric output. With 
this work he proved that the generat ion of electric cur-  
rent  was dependent  upon the oxidation of its zinc ele- 
ment  and that  the total force generated included the re-  
sult of the chemical activity of the solution in contact 
with the positive electrode. He investigated many  other 
compositions of solutions in contact with dissimilar 
metal  electrodes and related their composition to vol-  
taic cell characteristics. In  his work on various active 
solutions, he made dual-electrolyte  cells with the more 
highly oxidizing electrolyte in contact with the posi- 
tive electrode. Davy found that  carbon derived from 
charcoal could be combined with zinc to form a spaced 
couple which would generate an electric current.  This 
finding was not considered to be of great importance 
because Volta had experimented with graphite elec- 
trodes, but years later in the development  of commer-  
cial electric batteries such as the LeClanch6 cell and 
its progeny, the dry  cell, carbon became the electrode 
mater ia l  for contacting the negative reactant  or de- 
polarizer such as manganese  dioxide. 

In  September 1800, his first paper on galvanism was 
published in Nicolson's Journal .  A second paper fol- 
lowed three weeks later. In  1801 Count  Rumford, who 
was acquainted with Davy's  work on galvanism, in -  
vited him for an interview. This led to a recommenda-  
t ion to the Board of Managers of the Royal Ins t i tu t ion 
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that  Davy be appointed assistant lecturer  in chemistry. 
On February  16, 1801, the Board concurred, adding 
other duties such as assistant editor of the Journa l  of 
the Inst i tut ion.  

Davy cont inued his work on galvanism after his em-  
ployment  at the Royal Insti tution,  and six weeks later  
gave his first lecture on this subject. This lecture, on 
April  25, 1801, was at tended by Count Rumford, Sir 
Joseph Banks, and other distinguished philosophers. I t  
was a br i l l iant  success and was reported in the Philo- 
sophical Magazine. Five months  later he was promoted 
to lecturer in chemistry. 

In  J a n u a r y  1802, his unique  personali ty was ex- 
pressed when he gave his first course in chemistry. His 
highly imaginat ive  mind  aided him in expressing his 
ideas concerning chemistry and relat ing chemistry to 
all  the sciences. His audience was fascinated by  the 
breadth of his vision in relat ing chemistry to minera l -  
ogy, biology, zoology, physiology, and medicine. He 
philosophized on the opportunit ies presented to those 
engaged in  the related disciplines by a bet ter  unde r -  
s tanding of chemistry.  These lectures indicated the 
thorough knowledge of the sciences he had acquired 
from the li terature,  through discussions, and by keen 
observations of his exper imental  work. 

Count Rumford had originally intended th.at the Royal 
Inst i tut ion orient its studies toward industr ia l  prob-  
lems and in order to increase its financial support,  it 
began to do so. The impor tant  English industries, dye- 
ing and tanning,  felt a great need for better  processes, 
and Davy was asked to cease his laboratory work on 
galvanism to study these needs. After  two months of 
s tudy and visits to tanneries,  Davy re turned  to his lab-  
oratory to investigate new and old substances useful  
for t ann ing  and a method of depilat ing skins with al-  
kaline materials.  His observations and comments on 
the processes of t anning  were published in the Journal 
ol the Royal Institution. The over-al l  results of his 
work were published as a tanner ' s  guidebook which 
was used by the indus t ry  for many  years. In  1805 he 
was awarded the Copley medal  by the Royal Society 
for his work on the chemistry of tanning.  

The success of Davy's lectures, largely due to his 
humanist ic  approach to the in terpre ta t ion of the sci- 
ences, had a secondary effect of mater ia l ly  helping the 
Royal Ins t i tu t ion in  a period of financial stress. This 
was appreciated by the Board of Managers and on May 
21, 1802, they conferred upon him the title of Profes-  
sor of Chemistry. On November 17, 1803, he was 
elected Fellow of the Royal Society. The Board of 
Managers also extended his duties by request ing him 
to p lan  and give a course on agricul tural  chemistry to 
the members  of the Agricul ture  Board. These lectures 
were based on the results of m a n y  experiments,  dis- 
cussions with farmers, and extensive study of the 
available l i terature  on the subject of agr icul tural  
chemistry. In  1804 he was elected a Fellow Commoner 
of Jesus College, Cambridge. In 1805 he was asked to 
collect minera ls  in Cornwall,  the lakes in Wales and in 
Ireland, and to study the geology of these regions. He 
made an analyt ical  s tudy of what  he observed and cast 
it  in a comprehensive report. Later, he gave a lecture 
on this subject. Cont inuous study and laboratory work 
accompanied by creative th inking helped establish his 
reputat ion as one of the outs tanding philosophers of 
chemistry. 

Davy was now allowed to resume his exper imental  
work on the studies of galvanism. He showed that  the 
relat ion of electricity to chemical affinity was basic to 
the unders tanding  of electrochemical action. Using the 
electricity f rom voltaic cells, he was able to prove that  
one could change the mater ial  state of substances and  
their residual  chemical properties. In  his first Baker ian  
lecture of November  20, 1806, Davy predicted the value 
of electricity in discovering the t rue elements of mate-  
rials�9 He proved this later by his isolation of metallic 
potassium and sodium from their hydroxide com- 
pounds. 

One of his impor tant  contr ibutions toward the es- 
tabl ishment  of the fundamenta ls  of electrochemistry 
was his generalization on the study of migrat ion of 
materials  in solution caused by the application of an 
electrical current.  He stated that, 

Hydrogen, the alkal ine substances of metals and 
certain metallic oxides are at tracted by negat ively 
electrified metall ic surfaces and repelled by posi- 
t ively electrified metall ic surfaces and contrawise, 
oxygen and acid substances are attracted by posi- 
t ively electrified surfaces; and these at tract ive and 
repulsive forces are sufficiently energetic to de- 
stroy or suspend the usual  operation of chemical 
affinity. It is very na tu ra l  to suppose that these 
excellent and attractive energies are communi-  
cated from one particle to another  particle of the 
same kind so as to establish a conducting chain in 
the liquid and that  the locomotion takes place in 
consequence (3, 6). 

Considering the state of the art at this period, Davy's 
explanat ion of chemical and electrical affinities was an 
instruct ive guide for work in the developing science 
of electrochemistry. His imaginat ive mind  foresaw the 
industr ia l  possibilities of using electricity to decom- 
pose neut ra l  materials and, thus, to produce alkaline 
or acidic compounds on a large scale. His lecture, "On 
Some Chemical Agencies of Electricity," created much 
interest  for it brought  a new concept to the minds of 
chemists. In  1807, he was awarded the medal and prize 
from the French Inst i tute  for the best exper imental  
work of the year  on galvanism. Napoleon had estab- 
lished this medal when  he was First  Consul, and it 
was awarded to Davy despite the fact that England 
and France were at war. 

Davy's work on the electrochemical decomposition of 
fixed alkalies led to his most famous discovery on Oc- 
tober 6, 1807--the isolation of the metals, potassium 
and sodium. He accomplished this by the electrochemi- 
cal decomposition of molten potash which produced 
metallic potassium for the first time. The same tech- 
nique was later  used to produce metallic sodium. He 
ini t ia l ly named the metals "potagen" and "sodagen," 
but  later changed them to "potassium" and "sodium." 
He not only discovered these metals in a pure state, 
but  also determined their physical and chemical prop- 
erties. At a later  t ime he applied the same me~hods to 
produce the a lka l ine-ear th  metals, but  was not success- 
ful. This failure was due to the fact that  hydroxide 
compounds of the a lkal ine-ear th  metals are not elec- 
trolytical ly conductive or fluid enough when heated. 
By using the method reported by Berzelius, namely,  
that  of using a mercury  electrode to form amalgams, 
he was able to produce some of the a lkal ine-ear th  
metals. He also produced a lka l ine-ear th  metals and 
boron by reduct ion of their  oxides with the alkali  
metals. His work verified Lavoisier's belief that oxy- 
gen was a component  of the basic alkal ine compounds, 
and his discoveries supported his own theories con- 
cerning the electrical na ture  of chemical aff ini ty--a 
fundamenta l  concept of electrochemistry. 

He published two important  books, "Elements of 
Chemical Philosophy" in 1812, and "Elements of Agri-  
cul tural  Chemistry," a year  later. His "Elements of 
Chemical Philosophy," noted for its excellent presen-  
tat ion of contemporary chemical science included a 
sketch of the history of chemistry. Davy's wide read-  
ing enabled him to relate the work of the alchemists 
and the chemists of Lavoisier's period to the develop- 
ment  of the science of chemistry. He stressed his 
thoughts on the laws governing chemical combina-  
t ions and proportions by which elements combine. The 
imaginat ive th inking  of Davy can be noted from the 
statements in  the following paragraph, 

�9 . . whether  mat ter  consists of individual  cor- 
puscles or physical points endowed with at t ract ion 
and repulsion, still the same conclusion may be 
formed concerning the powers by which they act 
and the quanti t ies  which they combine and these 
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powers seem capable of being measured by their 
electrical relations and the quanti t ies on which they 
act being expressed by numbers.  The laws of crys- 
tallization of different proportions and the elec- 
trical polarities of bodies seem to be in t imate ly  
related and completely i l lustrative of their  connec- 
t ion and probably will constitute the mature  age 
of chemistry (3, 6). 

Many years later  the prophetic meaning of these sen- 
tences was appreciated. 

He re turned to the laboratory to cont inue his ex- 
per imenta l  work and investigated the properties of a 
compound of ni t rogen and chlorine discovered by Du-  
long in Paris  which had aroused his interest. While 
performing experiments to determine the compound's  
characteristics, a vial exploded and wounded him by 
blast ing small  splinters of glass into his face. He con- 
cluded that the compound was ni t rogen chloride and 
presented a paper on its properties to the Royal So- 
ciety. 

During Davy's last four lectures on chemistry at the 
Royal Insti tution,  there was a young man in the au-  
dience who was enthral led with the lectures and wrote 
a meticulous set of notes. Michael Faraday had been 
invi ted to the lectures by Mr. Dance, a member  of the 
Inst i tu t ion and an admirer  of Faraday 's  keen mind and 
serious dedication to studies of the chemical sciences. 
Faraday sent Davy a plea for a position as a chemical 
assistant at the Royal Ins t i tu t ion and included the 
notes he had made of Davy's lectures. Davy recognized 
the unique  qualities of Faraday 's  mind, but was unable  
to employ him as his chemical assistant at that time. 
He promised to communicate  with him if such an 
opportuni ty  occurred. He did give him a few days 
work as his temporary secretary while his eyes were 
recovering from the effect of the ni t rogen chloride 
explosion. Three months  later Davy discharged his 
laboratory assistant for misconduct and recommended 
to the Board of Managers that  Faraday be engaged as 
his chemical assistant. They concurred on March 1, 
1813. This appointment  proved to be of t remendous  
benefit both to the Royal Inst i tut ion and to Faraday.  
The Royal Inst i tut ion benefited from Faraday's  skill in 
measurements,  his patience, and his uner r ing  intui t ion;  
Faraday benefited from a close association with the 
outs tanding chemical philosopher, Humphry  Davy. 

Davy and Faraday  had certain qualities and interests 
in common. Both had creative minds and were com- 
pulsive readers of scientific l i terature.  They both edu-  
cated themselves to be experts in their subjects. It  
has been wri t ten  that of the many  outstanding contri-  
butions Davy made to the Royal Inst i tut ion and to 
science, his recognition of Faraday 's  abilities was one of 
his greatest. 

Davy asked Faraday  to accompany him as his as- 
sistant on a trip to the Continent  in October, 1813, 
about  six months  after Faraday had become his chemi- 
cal assistant. Lady Davy was to accompany them as 
well. There they would meet prominent  scientists such 
as Ampere, Laplace, Gay-Lussac, Chevreul, Berthollet, 
Guyton de Morveau, Humboldt,  De La Rive, and Volta 
for discussions and exchange of information. They 
would also s tudy the volcanoes of France and Italy. 
They received passports and laissez-faire from France 
even though England and France were still at war. 
They carried portable chemical apparatus in their pr i -  
vate coach which they used in demonstra t ing chemical 
experiments.  

In  November 1813, while in Paris, they met  Clement  
and Desmorne who showed them a new elemental  ma-  
terial considered to be a complex form of chlorine 
which had been discovered only two years before by 
M. Courtois, a salt peter manufacturer .  This subject  
became a mat ter  of investigation and Davy identified 
it as the element, iodine. In Genoa at the home of a 
chemist, the pair observed exper iments  with electric 
fish (torpedoes). In  a paper given some years later, 
Davy reported his investigations showing that this new 

source of electricity was developed by nerves. In Flor-  
ence they were delighted to see the first telescope 
buil t  by Galileo who had used it for discovering the 
satellites of Jupiter.  At the Accademia del Cimento 
they borrowed a large optical lens for producing an 
intense localized area of heat, With this lens they in-  
vestigated the combustion of diamonds. In  March 1814, 
they identified the combustion product as pure carbon 
dioxide and established the fact that diamonds were a 
crystal l ine form of pure carbon. While in Milan they 
had a visit from Alessandro Volta, the man  who had 
discovered the means of generat ing a continuous flow 
of electric current  by chemical reaction. Volta's great 
discovery was an important  step for the significant 
developments in electrochemistry later made by both 
Davy and Faraday. 

Short ly after his re tu rn  from the trip to the Con- 
t inent,  Davy devoted study t ime to the problem that  
had plagued the coal mining  industry:  the recurrent  
explosions in coal mines caused by the ignit ion of coal 
gas and air. Many lives had been lost over the years in 
all countries by miners  caught in these explosions 
which were ignited by their  i l luminat ing  equipment.  
His studies on combustion and heat t ransmission 
through confined areas led to his invent ion in October 
1815, of the mine  safety lamp in which the flame was 
enclosed by copper gauze. This lamp could, therefore, 
be used in atmospheres containing explosive quanti t ies 
of the coal gas without  ignit ing them. It also gave a 
qual i ta t ive indication of the presence of explosive con- 
centrat ions of combustible gas by increases in the in -  
tensi ty of the flame. A flame of decreased intensi ty was 
an indication that the oxygen content in the atmo- 
sphere was less than 18%. While records show that  
others had worked on a mine  safety lamp, it was 
Davy's systematic experiments  on uti l izing the heat 
conductivity of surrounding wire gauze cylinders for 
the prevent ion  of an ignit ion path from the flame of 
the wick to the external  atmosphere that made his 
lamp the first effective and practical mine safety lamp. 

Davy believed that the duty of men of science was to 
contr ibute  their  discoveries to the benefit of mankind.  
He refused to patent  his lamp and dedicated its use to 
the mining  industry.  In  October 1818, he received the 
Rumford gold and silver medals from the Royal So- 
ciety for his development  of the safety lamp. He was 
also presented a service of silver plates by the New- 
castle mining  industry.  In  his will  he requested that  
these be used for the establ ishment  of the annua l  Davy 
medal  for outs tanding discoveries in chemistry. 

In  1818 Davy was named a baronet.  He went  again 
to I taly with a plan to devise a method of unrol l ing 
the papyri  documents discovered at Herculeum. On 
November  30, 1820, he succeeded Sir Joseph Banks as 
President  of the Royal Society, a position he held unt i l  
1827. 

Davy became interested in electrical and related 
magnetic effects. He had been impressed by the an -  
nouncement  of Oersted's discovery of the magnetic 
properties of a conductor carrying a current.  In in-  
vestigating the magnetic effects surrounding an elec- 
t r ical ly heated p la t inum wire, he found these effects to 
be independent  of the wire's temperature.  He reported 
experiments  in which steel needles placed t ransversely 
to conductors became magnetized. In  basic observa- 
tions on the conductivity of different metall ic con- 
ductors, he showed that  the mel t ing point l imited the 
quant i ty  of electricity that could be t ransmit ted  
through the conductor and that its conductivi ty was 
increased if cooled, and the converse occurred when  it 
was heated. 

In  January ,  1824, he invented  a method for galvanic 
protection of the copper sheathing of the hulls of naval  
vessels by electrically connecting a mass of more oxi- 
dizable metals such as iron, tin, or zinc to it. This 
method which had worked in the laboratory, failed 
when  tried in actual seawater. This was not because 
of incorrect reasoning, but  because of the rapid over- 
laying accumulat ion of organic materials  such as weeds 
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and barnacles  which obscured the  galvanic  protec t ive  
action. A century  la te r  this process of galvanic  p ro-  
tect ion was to prove  inva luable  in the protect ion of 
oxidizable  meta l  s t ructures.  

His last  Baker ian  lecture  of October, 1824, on the  
re la t ion  of e lectr ical  and chemical  changes, contained 
his last  publ ished thoughts  on e lec t rochemis t ry  and 
earned him the  Royal  Society Medal.  The minutes  of 
the Board  of Managers  of the Royal  Ins t i tu t ion  of 
F e b r u a r y  4, 1825, include the fol lowing i tem: 

I t  appears  tha t  Sir  H u m p h r y  Davy,  having s ta ted 
tha t  he considered the ta lents  and services of Mr. 
Fa raday ,  ass is tant  in the  labora tory ,  ent i t led  to 
some m a r k  of approbat ion  f rom the managers ,  and 
these sent iments  met  the cordial  concurrence of 
the  board;  Resolved, that  Mr. F a r a d a y  he ap-  
pointed director  of the laboratory .  

Thus, Michael  Faraday ,  the man  whom Davy  had  
served as mentor  and whose career  had  t aken  on sig-  
nificance as Davy 's  l abo ra to ry  assistant,  now, twelve  
years  later ,  became the di rector  of the  labora tory .  That  
F a r a d a y  in the  ensuing years  fulfil led his sponsor 's  
expectat ions  was evidenced by  his m a n y  discoveries.  
He was the  first scientist  to place e lec t rochemis t ry  on a 
quant i ta t ive  basis and  the first to genera te  an electr ic  
current flow in a conductor  by  induct ion f rom a mag-  
netic field. 

Davy  was elected Pres ident  of the  Royal  Society for 
the  seventh t ime in 1826. But in tha t  yea r  he suffered a 
s t roke and res igned f rom the Society. His hea l th  was 
fai l ing r ap id ly  and he decided to leave England and 
set t le  in Rome. In  1828, having to forego scientific 
work  and field sports, he devoted his t ime to wr i t ing  a 
book on fishing, "Salmonia,"  which he i l lus t ra ted  wi th  
his own drawings.  Al though pa r t i a l ly  pa ra lyzed  f rom 
severa l  strokes, he spent  his last month  in I t a ly  wr i t ing  
a series of dialogues which  were  pos thumous ly  pub -  
l ished under  the  t i t les  "Consolations in Travel"  and  
"The Last  Days of a Phi losopher ."  He suffered another  
s t roke  and was soon jo ined in Rome b y  his wife and 
brother ,  John. His recovery  was slow, and he insisted 
on moving to Geneva  where  he died dur ing  the night  
of his arr ival ,  May  29, 1829, at the  age of fifty. 

In  general iz ing on the se l f -mot iva t ion  of Sir  H u m -  
p h r y  Davy,  a character is t ic  which he lped  to produce  
one of the outs tanding scientists  of his era, the fo l low- 
ing m a y  be cited: his love and respect  for books; his 
imagina t ive  mind  which gave expression to new con-  
cepts and t rans la ted  them into rea l i ty ;  the inspi ra t ion  
and encouragement  der ived  f rom people  wi th  whom 
he  shared common interests;  publ ic  interest ;  and, fi- 
nally,  the encouragement  given b y  his peers  to the  
es tab l i shment  of e lec t rochemis t ry  as a science. 
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He was torn in spir i t  be tween  two loves - -c rea t ive  
science and poetic expression.  His friend, Wordsworth ,  
the renowned poet, commented  on Davy 's  in tegra t ion  
of the  s tudy of chemis t ry  wi th  aesthetic  sat isfact ion in 
his "Lyr ica l  Bal lads"  (1802) when  in the  preface he 
wrote :  

Poe t ry  is the  first and last  of a l l  knowledge--- i t  is 
as immor ta l  as the  hear t  of man. If the labours  
of Men of Science should ever  c rea te  any ma te r i a l  
revolution,  direct  or indirect ,  in our condi t ion and 
in the  impressions  which we hab i tua l ly  receive,  
the poet  wil l  sleep then  no more  than at present,  
but  he wi l l  be  r eady  to fol low the steps of the Man 
of Science. The remotes t  discoveries of the  chemist,  
the botanist ,  the minera logis t  wil l  be a p roper  ob- 
ject  of the  poet 's  a r t  upon which  it can be em-  
p loyed  (13). 

Manuscr ip t  submi t ted  Oct. 12, 1972; rev ised  m a n u -  
script  received May 22, 1973. 

Any  discussion of this  paper  wi l l  appear  in a Discus- 
sion Section to be publ ished in the June  1974 JOURNAL. 

REFERENCES 
1. Antoine  L. Lavoisier ,  "Trait~ El~menta i re  de 

Chimie," Impr ime r i e  Imp~riale,  Par i s  (1789). 
2. H u m p h r y  Davy  "Researches Chemical  and Ph i lo -  

sophical  Concerning Nitrous  Oxide," J. Johnson 
& Co., Bristol  (1800). 

3. H u m p h r y  Davy, "Elements  of Chemical  Phi los -  
ophy," J. Johnson & Co., London (1812). 

4. H u m p h r y  Davy,  "Elements  of Agr icu l tu ra l  Chem-  
istry,"  Longman & Co., London (1813). 

5. R. Hunter ,  "Humphry  Davy  on the Safe ty  Lamp  
for Coal Mines wi th  some Researches on F lame"  
(1818). 

6. H u m p h r y  Davy,  Six Discourses Del ivered  Before 
the Royal  Society  (Mur ray)  (1829). 

7. J. A. Paris,  "The Life of Sir  H u m p h r y  Davy,"  
Colburn & Bent ley  (1831). 

8. John Davy, "Memoirs  of the Life of Sir  H u m p h r y  
Davy,"  Longmans  (1836). 

9. H u m p h r y  Davy,  "Collected Works,"  John  Davy,  
Editor,  Mur ray  (1839). 

10. Bence Jones,  "Life and Le t te rs  of Fa raday , "  Long-  
roans (1870). 

11. T. E. Thorpe, " H u m p h r y  Davy,  Poet  and Phi loso-  
pher ,"  Cassell  (1896). 

12. J. P. Kendall ,  " H u m p h r y  Davy,  Pi lo t  of Penzance," 
F a b e r  (1954). 

13. H. Har t ley ,  " H u m p h r y  Davy,"  Nelson, London 
(1966). 

14. J. Z. Ful lmer ,  "Sir  H u m p h r y  Davy 's  Publ i shed  
Works,"  H a r v a r d  Univers i ty  Press,  Cambr idge  
(1969). 

15. Sir  Harold  Har t ley ,  "Studies  in the  His tory  of 
Chemist ry ,"  pp. 92-133, Clarendon Press,  Oxford 
(1971). 

Report of the Electrolytic Industries for the Year 19721 
A. T. Emery* 

Hooker Chemical Corporation, Subsidiary of Occidental Petroleum Corporation, Niagara Falls, New York 14302 

and J. Parker* 
Electrode Corporation, Chardon, Ohio 44024 

Chlorine--Caustic Soda 
I. Product ion. - -U.S.  product ion of chlor ine reached a 

record  level  of 9,800,000 tons in 1972, an increase of 
6.3% over 1971, and 1% over 1970, the  previous  record  
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year.  Canadian  product ion was 922,120 tons, up 7.3% 
from the  preceding yea r  ( I ) .  

Product ion  ra tes  increased signif icant ly in the second 
half  of 1972. U.S. operat ions rose f rom a low of 86.7% 
of capaci ty  in J a n u a r y  to 93.7% in November  and 95% 
by  the  end of the year.  In  Canada,  product ion ra tes  in-  
creased f rom 82.8% of capaci ty  in J a n u a r y  to 97.5% of 
capaci ty  in December.  

Dur ing  1972, there  were  s t a r t -ups  of new or ex-  
panded  chlorine facil i t ies at  four  locations and the  
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shutdown of operat ions  at  two others. Eighteen p lan ts  
conver ted  thei r  cells to coated meta l  anodes. In  Canada 
the re  was one expansion,  one shutdown, and two con- 
versions to meta l  anodes. Total  U.S. capaci ty  in 1972 
was 28,600 tons /day ,  s l ight ly  lower  than  in 1971 due 
p r i m a r i l y  to the  closing of one ma jo r  product ion  plant .  
In  Canada,  capaci ty  increased by  jus t  over  3% to 2,814 
t o n s / d a y  (1-4).  

Suppl ies  of caustic cont inued tight.  Most ma jo r  p ro -  
ducers  were  e l iminat ing  discounts on both caustic and 
chlorine.  Suppl ie rs  announced price increases on chlo-  
r ine  of $6/ ton in May. Caustic prices were  s imi la r ly  in-  
creased by  the ma jo r  producers  in Sep tember  to $81/ 
ton for s t andard  grade  (5-7, 10). A fu r the r  increase  of 
$7/ton in the pr ice  of chlor ine was announced by  majo r  
producers  in November  and December.  Al l  companies  
concerned poin t  out tha t  the chlor ine  price increases 
a re  a imed  at  cut t ing back  discounts and do not  l if t  the  
sel l ing pr ice  over  the  cur ren t  $75 l ist  (13). Wi th  the  
p robab i l i ty  of t ight  supplies  of both  caustic and chlo-  
r ine  continuing, there  seems l i t t le  possibi l i ty  of pr ice 
erosion f rom cur ren t  levels  (6). 

Only  marg ina l  capaci ty  increases in the  ch lo r -a lka l i  
i ndus t ry  a re  expected dur ing  1973. These wi l l  be due 
l a rge ly  to modern iza t ion  of exis t ing facilit ies.  The yea r  
for  substant ia l  capac i ty  increases wi l l  be  1974 when 
severa l  p lants  in the  800-1500 t o n s / d a y  range wil l  come 
on s tream. Al l  of these  p lants  wi l l  use d i aph ragm cells. 
Most companies  are  s teer ing clear  of me rcu ry  cells, at  
least  for the  t ime being (1, 8, 9). The Chlor ine  Ins t i tu te  
es t imates  tha t  b y  the  end of 1974, expansion now an-  
nounced wi l l  boost  U.S. chlor ine  capaci ty  of 28,600 
t o n s / d a y  by  more  than  6500 tons; an increase  of over  
24% (1). In  1972, 72.4% of U.S. chlor ine  product ion was 
f rom d iaphragm cells and 24.2% from mercu ry  cells; 
miscel laneous product ion f rom al l  o ther  sources ac-  
counted for  3.4% (3). 

The tu rna round  in the  chlor ine indus t ry  is being 
he lped  b y  the  booming demand  for  v iny l  chloride.  New 
chlorine p lants  a re  needed to keep pace wi th  this  de-  
mand  to avoid chlor ine  shortages in the  1974-1975 
period. PVC expansions  at  eight  locations amount ing  to 
1.4 bi l l ion l b / y r  addi t ional  product ion have been an-  
nounced. Vinyl  is the  biggest  single consumer  of chlo-  
rine, account ing for 17% of all  U.S. chlor ine  consump-  
t ion (10, 11). 

Chlor inated  solvent  demand,  which  fel l  off dur ing  
1971, is expected to aid chlor ine g rowth  wi th  a 5-6% 
increase  in solvents  ou tpu t  dur ing  the  nex t  five years  
(9). 

Caustic is cont inuing in short  supply  because  of the  
cont inuing h e a v y  demand  of the  paper  and glass indus-  
t r ies  and yea r  end improvemen t  in the  a luminum in-  
dustry.  Wi th  soda ash also in shor t  supply,  caustic 
users wi l l  be unable  to switch unt i l  p roducers  a re  able  
to br ing  in new t rona  capacity.  P P G  postponed a 
scheduled shutdown of i ts Barber ton,  Ohio soda ash 
unit  to aid the  supply  of caustic products  (12). 

Al though  chlor ine  p lan t  opera t ing  rates  are  about  
95% and could cl imb higher  dur ing  1973, chlor ine  p ro-  
ducers  a re  concerned over  the fu tu re  impact  of new 
technology on thei r  markets .  The N.L. Indust r ies  mag-  
nes ium p lan t  at  Rowley, Utah  wil l  p roduce  by -p roduc t  
chlorine.  Du Pont  is bui ld ing a 500 t o n s / d a y  chlor ine  
p l an t  a t  Corpus Christi ,  Texas  to  recover  chlor ine  f rom 
by -p roduc t  hydrogen  chlor ide  via  Kel logg 's  Kelchlor  
process. Mobay  is using Uhde electrolyt ic  cells  to re -  
cover chlor ine  f rom by -p roduc t  mur ia t ic  acid (9). 

The ene rgy  crisis  wi th  the a t t endan t  th rea t  of power  
shortages  and the  p robab i l i ty  of h igher  power  ra tes  
adds to the concern of e lect rolyt ic  chlor ine  producers  

P P G ' s  announced 1,500 tons /day  p lant  at  Lake  
Charles,  Louis iana  has been postponed for about  a yea r  
because power  is not ava i lab le  despi te  a firm contract  
for  na tu ra l  gas (9). 

The Chlorine Ins t i tu te  in its February ,  1973 mee t ing  
took note of the  s t r ingent  env i ronmenta l  and  Occupa-  

tional Safety and Health Act (OSHA) standards and 
their impact on chlorine plant design. One industry 
spokesman estimated that capital costs for a new chlo- 
rine plant could increase 2.5-4.5% to pay for additional 
facilities to comply with regulations governing safety 
and plant effluents (20). 

II--Current Changes in Chlorine Operations (2-4, 14- 
17, 19, 23) 

Total 
expanded 

Company capaci ty  CompleUon 
and location Type o f c e l l  tons /day  date 

Linden Chloride 
Products  
Linden,  N. J.  

Vicksburg Chem-  
ical Co. 
Vicksburg, Miss. 

Pennwalt Corp, 
Portland, Ore. 

Vulcan Materials 
Co. 
Wichita, Kans.  

Stauffer Chemical  
Co. 
St. G a b r i e l  La. 

Mobay Chemical 
Co. 
Baytown,  Texas 

Canadian Occiden- 
tal Pe t ro leum 
Ltd. 
North Vancou- 
ver,  B.C. 

Hooker  Chemical  
Corp. 
Montague,  Mich. 

Pennwal t  Corp. 
Wyandotte ,  Mich. 

Velsicol Chemical  
Corp. 
Memphis,  Tenn.  

BASF Wyandot te  
Geisrnar, La. 

BASF Wyandotte  
Geismar,  La. 

A. Production Started 

Sta r t -up  of exist- 460 
ing Krebs  mer -  
cury  cell plant 

Star t -up of exist- 90 
ing nonelectro-  
lytic potassium 
ni t ra te-chlor ine  
plant  

Diamond d iaphragm 330 
Expansion and con- 

version of exis t ing 
plant to DSA|  

Hooker  d iaphragm 275 
conver ted  to 
DSA|  

Uhde m e r c u r y  cells 520 

Uhde HCI cells 200 

Added  Hooker  HC- 395 
60 cells wi th  
DSA| 

l /2in 1972 
l/2in 1974 

Sep tember  1972 

D e c e m b e r  1972 

1972 

1972 

1972 

1972 

Hooker  S-S con- 220 1972 
version to D S A ~  

Diamond cells con- 260 1972 
ver ted  to D S A ~  

Added 8 Hooker  lS0 1972 
S-4 cells wi th  
DSA| 

Diamond cells con- 410 1972 
ve t t ed  to D S A ~  

Hooker  S-4 cells 400 1972 
conver ted  to 
DSA| 

B. Plant Shutdowns Scheduled 

A M A X  90 
Vicksburg,  Miss. 

Dow Chemical of Mercury  700 
Canada, Ltd. 
Sarnia,  Ontario 

BASF Wyandot te  LThde m e r c u r y  150 
Geismar ,  La. 

Olin Corp. Mercury  300 
Saltville, Va. 

Sobin Chlor- All chlorine pro-  50 
Alkali  Inc. duction d iaphragm 
Niagara  Falls, cells  
N . Y .  

Stauffer  Chemicals 
Co. All chlorine pro- 175 
Niagara  Falls, duction d iaphragm 
N . Y .  cells 

Domtar  Pulp & Vorce cells 
Kra f t  Pape r  Ltd. 
Cornwall,  Ontario 

Canadian Indus-  All chlorine pro-  
tries Ltd. duction m e r c u r y  
Hamilton,  Ontario cells 

Hooker  Chemical  Vorce cells 
Corp. 
Niagara  Falls, 
N . Y .  

Pennwa l t  Corp. Gibbs cells 
Portland, Ore. 

Dow Chemical of Mercury cells 
Canada Ltd. 
Thunder  Bay, 
Ontario 

1973 

December  1973 

March 1, 1972 

February 1, 1972 

December  31,1972 

August  1972 

End of 1974 

1974 

1972 

1973 

D S A ~  is a registered trademark of the Electronor Corporation. 
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I H - - N e w  or Expanded Plants Planned or Under Con- 
struction (2-4, 23) 

Plant  and  Completion 
Location Type  of  cell  Capacity date  

Diamond-Shamrock  Diamond di- 1,200 tons /  1974 
Houston, Texas  a p h r a g m  cells day 

Georgia-Pacific Hooker  H-4 di- 800 tons/  Late  1974 
Plaquemine ,  La. a p h r a g m  cells day  

Hooker Chemical  Hooker  H-4 di- 1,000 tons/  1973-1976 Mod- 
Corp. a p h r a g m  ceils day ernization 
Niagara  Fails, 
N .Y .  

Hooker  Chemical  Hooker  1-][-4 di- 900 tons/  1974 
Corp. a p h r a g m  ceils day  
Taft ,  La. 

P P G  Indust r ies  PPG-DeNora  1,500 tons /  Not  announced 
Lake  Charles, d i aph ragm day 
La. cells 

Canadian Indus-  D iaph ragm ceils 390 tons/  1974 
tries Ltd. day  
Becancour, Que- 
bec 

Du Pont Kellogg process 500 tons/ 1st Quarter 
Corpus Christi, - - n o n e l e c t r o -  day 1974 
Texas  lyric 

Shell Chemical  Hooker  S-4 Expand  to 1973 
Co. conver ted  to 375 tons/  
Houston, Texas  DSA(~ day 

Olin Corp. Mathieson m e r -  Double ca- 1973 
Charleston, Tenn.  cury  cells pacity 

BASF Wyandot te  Diamond di- 1972-1973 
Geismar ,  La. a ph ra gm cells 

Hooker  di- 
a p h r a g m  ceils 
converted to 
DSA@ 

Restar t  m a g n e -  20,000 tons/  
s ium cells y r  

Dow d iaphragm 
ceils 

Dow d iaphragm 
cells 

Dow d iaphragm 
ceils 

Replacement  of 
m e r c u r y  cells 
wi th  Dow di- 
a p h r a g m  cells 

B A S F - - m a g n e -  225 tons/  
slum cells day 

Magnesium 50,000 tons/ 
cells  y r  

American Magne- 
sium Co. 
Snyder, Texas 

Dow Chemical 
Co. 
Freeport, Texas 

Dow Chemical 
Co. 
Midland, Mich. 

Dow Chemical 
Co. 
Pittsburgh, Calif. 

Dow Chemical of 
Canada Ltd. 
Sarnia, Ontario 

N.L. Industries 
Grantsville, Utah 

Dow Chemical 
Co. 
Dallasport Wash- 
ington 

Diamond-Shamrock Addition and 
Deerpark, Texas conversion of 

diamond ceils 
to DSA| 

Hooker Chemical Conversion of 
Corp. existing S-4 
Taft,  La. cells to DSA|  

Conversion of 
exist ing C-60 
cells to DSA@ 

With increased 
load 

1973 

2nd Quarter 
1974 

1st Quar te r  
1973 

Middle 1973 

Mid-1973 

1972 

Not announced  

810tons /  1st Quar te r  
day  1973 

700 tons /  1973 
day 

DSA~) is a regis tered t r a d e m a r k  of  the Electronor Corporation. 

IV. Deve lopments . - -A .  Metal anodes . - -The Nor th  
Amer ican  ch lo r -a lka l i  i ndus t ry  has cont inued its p ro -  
g r am of conver t ing  ch lo r -a lka l i  cells to coated t i -  
t an ium anodes. More than  30 cel lrooms are  now com-  
p le te ly  conver ted  f rom graph i te  and an addi t ional  12 
p lants  have  signed contracts  and  are  in var ious  stages 
of change over. 

These me ta l  anodes  are  producing  more  than  7000 
tons of ch lor ine  each day  and wi th  the  addi t ional  con-  
t rac ted  capacity,  more  than  one - th i rd  of the  to ta l  
Nor th  Amer ican  m a r k e t  wi l l  be producing  chlor ine  
f rom the  t i t an ium-based  anodes. 

The ac tua l  capac i ty  of severa l  p lants  has been ex -  
panded  by  e i ther  runn ing  at  h igher  cur ren t  dens i ty  or  
adding addi t iona l  cells to run  on the same elect r ica l  
circuit.  The  first p lant  to be comple te ly  conver ted  to 
DSA@ has been in opera t ion  for over  3 yr,  whi le  m a n y  
cells have now comple ted  5 y r  opera t ion  using these 
anodes. 

In  a number  of ways  the  t i t an ium based anodes 
have  p layed  the i r  pa r t  in minimizing pollution,  p a r -  
t i cu la r ly  in re la t ion  to the d i a p h r a g m - t y p e  cells. An  
in teres t ing  stat ist ic is the  fact  tha t  dur ing  1972, 1 b i l -  
l ion k W h r  of e lec t r ica l  energy  has been saved by  using 
these  anodes ra the r  than  graphi te .  

The deve lopment  of the  appl ica t ion  of meta l  anodes 
in processes other  than  ch lo r - a lka l i  continues.  Chlor-  
ate, hypochlor i te ,  and meta lwinn ing  cells a re  success- 
fu l ly  opera t ing  wi th  t i t an ium based anodes (23). 

Ol in -Math ieson  who in ea r ly  1972 announced  a new 
t i t an ium anode jo in t ly  developed wi th  ICI 's  Imper ia l  
Metal  Indus t r ies  L imi ted  (34), is cont inuing to conver t  
the i r  Augusta ,  Georgia  me rc u ry  cell  p l an t  to the  new 
meta l  anode  system. 

Chemnor,  P a n a m a  City, Panama,  has received wha t  
i t  considers to be the  second basic U.S. pa ten t  on di-  
mens iona l ly  s table  anodes. I t  has been g ran ted  U.S. 
Pat.  3,711,385 on the use of a p la t inum group meta l  
oxide  in the  coat ings for me ta l  anodes used in elec-  
t ro ly t ic  chlor ine  product ion.  I ts  first key  U.S. Patent ,  
3,632,498, was issued J a n u a r y  4, 1972 (35). 

B. N e w  chlorine process deve lopments . - -Hooker  
Chemical  Corpora t ion  announced tha t  it  wi l l  use a 
150,000A d iaph ragm cell  using meta l  anodes and desig-  
na ted  as the  H-4 in new Hooker  p lants  located at  
Niagara  Falls,  New York  and Taft, Louis iana (25). 
Hooker  also repor ts  tha t  the  cell  has been l icensed to a 
ma jo r  chlor ine  p roducer  (4).  

D i a m o n d - S h a m r o c k  is offering for l icensing, a d ia-  
ph ragm cell  equipped wi th  me ta l  anodes for operat ions  
up to 150,000A (21). 

A number  of U.S. companies  have announced  designs 
of sodium hypochlor i te  cells for  on-s i te  t rea t ing  of 
munic ipa l  sewage;  Pacific Engineer ing 's  Pepch lo r  uni t  
using lead dioxide electrodes;  also Diamond 's  Sani lec 
cell  and Enge lhard ' s  Chloropac cell, both  using noble 
me ta l  or  oxide  coatings on t i tanium.  A unit  is also 
avai lab le  f rom Ionics, Incorpora ted  of Water town,  
Massachuset ts  which  fea tures  a TFE ion exchange  
m e m b r a n e  developed by  du Pont.  The  m e m b r a n e  keeps 
hydrogen  f rom mix ing  wi th  chlor ine dur ing  product ion 
of sodium hypochlor i te  f rom salt. Ionics, Incorpora ted  
which designed the system has ins ta l led  a uni t  in a 
Boston was te  t r ea tmen t  p lan t  (26, 27). 

Asah i  Chemical  Indus t ry  Company of J apan  an-  
nounced a chlor ine cell  based on a special  ion exchange  
membrane  tha t  produces  caustic of me rc u ry  cell  grade 
wi thout  the  danger  of mercu ry  pollution.  Asahi  states 
tha t  the  costs a re  no higher  than  for  caustic produced 
b y  or thodox methods  (28). A $1.7 mi l l ion  4400 metr ic  
t o n / y r  chlor ine-caus t ic  pi lot  uni t  wi l l  be erected at  
Asahi ' s  Nobeoka Works  on K y u s h u  I s land  (29). 

Kel logg  announced that  it  p lans  to ins ta l l  its Ke l -  
chlor  process for conver t ing la rge  quant i t ies  of b y -  
product  or  waste  hydrogen  chlor ide  into chlor ine  at  a 
cost unde r  $20/ton including investment .  The process is 
a va r ia t ion  of the  Deacon process using homogeneous  
ca ta lys is  (oxides of n i t rogen) .  The process wi l l  be in-  
s ta l led in a du  Pont  f luorocarbon p lan t  at  Corpus 
Christi ,  Texas (18, 22). 

Two companies  have methods  for  der iv ing  chlor ine  
d i rec t ly  f rom seawater  using electrolysis  methods.  
Kyushu  Electr ic  Power  Company  of J apan  wi th  K y u -  
shu Univers i ty  developed the method  to keep shellfish 
and o ther  mar ine  l ife off seawate r  cooled coastal  p lan t  
conver ters  and piping ins tead  of using l iquid  chlor ine 
(30).  

Naika i  Engyo Company  of Okayama,  J a p a n  is using 
an Asahi  Glass process for concentra t ing seawater  by  
means  of e lect rodia lys is  using membranes .  Sal t  is r e -  
covered by  crysta l l izat ion.  The  process is said to r e -  
quire  less labor  and far  less space than  solar  basins. 
The p lan t  wi l l  p roduce  150,000 t ons /y r  of sal t  (33). 

DeNora  announced a s imi lar  e lec t ro lyzer  equ ipped  
wi th  meta l  anodes designed by  DeNora. Using sea-  
wa te r  as the r aw  mate r i a l  a final active chlor ine  con- 
cent ra t ion  of 1-2 ga l / l i t e r  can be obtained.  The unit  is 
expected to find appl icat ions  in sewage t r ea tmen t  as 
wel l  as control  of organisms in seawater  cooling sys-  
tems (31). 

The chemical  division of P P G  Indus t r ies  announced 
the deve lopment  of a sys tem for pur i fy ing  d i sphragm 
cell  caustic. The system, which is ava i lab le  for l icens-  
ing, wi l l  upgrade  s tandard  g rade  caustic for  some 
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cri t ical  appl icat ions  by  removing  smal l  but  unaccept -  
ab le  amounts  of sodium chloride, sodium chlorate,  and  
meta l  impuri t ies .  P u r i t y  and c lar i ty  of product  is much 
higher  than  achievable  wi th  P P G ' s  ammonia  ex t rac -  
t ion (DH) process. The system has been in commer -  
cial use by  P P G  for th ree  years  (32). 

C. Mercury  cel ls . raThe closing or conversion of m e r -  
cury  cell p lants  tha t  began wi th  the  publ ic i ty  given 
the hea l th  hazards  associated wi th  mercury  cont inued 
into 1972. However ,  much of the a l a rm tha t  buffeted 
the  indus t ry  two years  ago has subsided.  Produc t ion  
stat ist ics f rom the Chlor ine  Ins t i tu te  indicate  tha t  in 
1972 four more  p lants  in the U.S. and  Canada  e i ther  
shut down or announced conversion to d i aphragm cells. 
Only two mercu ry  cell p lants  s ta r ted  up in 1972 and 
v i r tua l ly  all  fu ture  expansion plans announced for  the  
1973-1975 per iod are  wi th  d i aphragm cells (1-3).  

A number  of companies  have made  ava i lab le  equip-  
men t  and  processes for control l ing mercu ry  emissions. 
Severa l  tha t  were  announced dur ing  1972 are:  

Union Carbide  Molecular  sieve process (Puras iv  Sys-  
tem) for removing  mercu ry  f rom hy-  
drogen  (36) 

Sobin Chemical  A process using sodium borohydra t e  
for  me rcu ry  reduct ion  (37) 

S h o w a D e n k a  A process for recover ing  m e r c u r y  
f rom hydrogen  (38) 

FMC New pa ten ted  mercu ry  recovery  proc-  
ess ava i lab le  for l icensing (39) 

Monsanto Removal  of me rcu ry  f rom hydrogen  
and ai r  s t reams wi th  Br inks  mis t  
e l imina tor  (40) 

U.S. consumpt ion of mercu ry  dur ing  1972 was es t i -  
ma ted  at  52,000 flasks, s l igh t ly  lower  than  1971. Mer -  
cury  used as m a k e - u p  in the product ion of chlor ine  
decl ined by  about  10%. U.S. product ion in 1972 was 
6300 flasks, the  lowest  since 1950. Abou t  20 mines  were  
act ive dur ing  the yea r  compared  to 55 in 1971. At  
year ' s  end the re  were  less than  6 producing  mines (24). 
Producing  states a re  Cal i fornia  81%, Idaho 3%, wi th  
smal l  amounts  f rom Alaska,  Nevada,  and Texas (24). 
The average  New York pr ice of me rcu ry  dur ing  1972 
was $218/flask compared  to $295 in 1971 and $408 in 
1970. The price cont inued its d o w n w a r d  trend,  h i t t ing  
$145/flask in May. Beginning about  midyear ,  prices 
were  s t reng thened  by  news of a cu tback  in Canadian  
product ion and the wi thhold ing  of mercu ry  f rom Nor th  
Amer ica  by  I t a ly  and Spain  and the conservat ive  se l l -  
ing pol icy of the  GSA for i ts surplus  mercury .  By yea r  
end the pr ice  had  recovered to about  $280/flask. Only 
500 flasks were  sold by  the GSA dur ing  1972 (24). 

Impor ts  of me rcu ry  dur ing  1972 amounted  to 30,000 
flasks compared  to 27,000 flasks in 1971. Impor t s  were  
f rom Canada  (43%) Mexico (20%) Alger ia  (12%);  
Peru,  Spain,  and Yugoslavia  combined (19%) (24). 

Other Alkalis and Electrolytic Processes 
Caustic Potash . - -Caus t ic  potash product ion in 1972 

was 176,950 tons, down 10% f rom the 198,192 tons 
produced in 1971. A total  of 13 p lants  r epor ted  caustic 
potash product ion dur ing  1971 (41). 

D i a m o n d - S h a m r o c k  Chemical  Company announced 
complet ion of a d ry  caustic potash p lan t  at  De laware  
City, Delaware .  The company  s ta ted  tha t  this  was the  
first new p lan t  to come on s t ream in over  10 years.  The 
faci l i ty  wi l l  p roduce  d ry  caustic potash in flake and 
c rys ta l  form (42). 

Sobin shut  down its 23,000 t ons /y r  caustic potash 
p lan t  a t  Niagara  Falls ,  New York  in F e b r u a r y  1972. 
However ,  the company wil l  cont inue to manufac tu re  
caustic potash  at Hooker  Chemical ' s  me rcu ry  cell  p lan t  
at Niagara  Fa l l s  under  t e rms  of an agreement  be tween  
Hooker  Chemical  Corpora t ion  and Sobin announced 
last  year.  The Hooker  faci l i ty  has a 36,000 t ons /y r  
capac i ty  (3, 43). 

In  ea r ly  November ,  Sobin Chemical  announced e l im-  
inat ion of discounts on caustic potash  and potass ium 

carbonate  to take  effect J a n u a r y  1, 1973. The cur ren t  
list pr ice for 45% l iquid caustic potash in bu lk  ship-  
ments  is $4.25 per  hundred  weight  and $7.00 per  hun-  
dred weight  for 50% l iquid caustic potash from west  
coast t e rmina ls  (44). 

Soda Ash .mTota l  product ion of soda ash for the  
yea r  was 7.46 mil l ion tons, an increase of 5% over  
1971. Of this total  3.23 mil l ion tons were  na tu ra l  soda 
ash, an increase  of over  12.5% over 1971, and 4.23 
mil l ion tons of synthet ic  soda ash, about  the same 
tonnage as for 1971 (45, 46). Trona Mines of Wyoming  
suppl ied the  ma jo r  por t ion of the  na tu ra l  soda ash 
wi th  the  r ema inde r  coming from d r y  l ake  beds in 
Cal i fornia  (48). The synthet ic  product ion was com- 
pr ised of 1,867,000 tons l ight  ash and 1,960,000 tons 
dense ash (46). 

Demand for soda ash was qui te  s trong this  yea r  and  
is expected to ca r ry  th rough  1973. Produc t ion  was sup-  
pressed somewhat  by  gas shortages  and prob lems  wi th  
sal t  suppl iers  (47). 

Fo r ty - seven  per  cent of the  to ta l  sodium carbonate  
produced  in the  U.S. goes into manufac ture  of glass, 
25% into manufac tu re  of o ther  chemicals,  7% into pulp 
and paper ,  6% into a lka l i  cleaners,  3% into wa te r  
t rea tment ,  6% exported,  and 6% for others. A t ight  
caustic soda m a r k e t  in 1972 helped sodium carbonate  
to main ta in  i ts glass m a r k e t  (47). 

Year end soda ash prices were  quoted at $2.475/100 
lb for l ight  and dense soda ash. Bulk  soda ash in car  
lots at  the works  was quoted at $1.775/100 lb for the  
l ight  and dense soda ash (48). 

A number  of expansions  by  na tu ra l  soda ash p ro -  
ducers  a re  under  way  in the  west.  

Hooker  Chemical  Corporat ion 's  p lan t  at  Sear les  
Lake,  Cal i fornia  is based on evapora t ion  of saline br ine  
and wil l  p roduce  150,000 tons a yea r  of soda ash and 
o ther  re la ted  chemicals.  Complet ion of the  faci l i ty  is 
expected la te  in 1973. 

Stauffer  Chemical  Company completed  its 500,000 
ton expans ion  at  its Green  River,  Wyoming  p lant  to 
b r ing  the company ' s  ove r - a l l  capaci ty  at  this  site to 
1,500,000 tons /y r  (49). 

Ke r r -McGee  Chemical  Corpora t ion  intends to in-  
crease the  capaci ty  of its 150,000 t ons /y r  p lant  at  Trona, 
Cal i fornia  to 1,050,000 tons annual ly .  Complet ion is 
expected in 1974 (50). 

Al l ied  Chemical  is cu r r en t ly  doubl ing its capaci ty  at 
Green  River,  Wyoming  to 1.1 mil l ion tons annual ly .  
The expanded  facil i t ies a re  scheduled for complet ion 
ea r ly  in 1973. Recent ly  Al l ied  announced another  ex-  
pansion phase which when  completed in 1974 wil l  give 
the  Green  River,  Wyoming  p lan t  a capac i ty  of 2.2 mi l -  
l ion tons of soda ash per  yea r  (50). 

FMC is repor ted  to have  made a 500,000 ton expan-  
sion at  its Green  River, Wyoming  p lan t  to b r ing  the  
p lant ' s  capaci ty  to 1,750,000 annual  tons. Another  ex-  
pansion of 750,000 tons at  this faci l i ty  is p lanned  for  
complet ion  by  1975 (51). 

PPG ' s  p lanned  shutdown of i ts 600,000 t ons /y r  syn-  
thet ic  soda ash p lant  at  Barber ton,  Ohio s la ted for t he  
end of 1972 is being de layed  unt i l  the  end of March, 
1973. Operat ions  are  being main ta ined  as long as pos-  
sible to help  p reven t  a cr i t ical  shor tage of soda ash 
whi le  new capaci ty  is coming on s t ream by  wes tern  
producers.  Shu tdown of this p lan t  is forced b y  pol lu-  
t ion p rob lems  (52). 

A modification in the  Solvay  system producing soda 
ash wi th  HC1 ins tead of calcium chlor ide  as a b y -  
product  was unvei led  at  a recent  annual  Amer ican  
Ins t i tu te  of Chemical  Engineers  meeting.  The proposed 
modification subst i tutes  the use of react ive  magnes ia  
in place of l imestone to causter ize ammonium chloride. 
The po l lu t ion- f ree  method for product ion of the syn-  
thet ic  soda ash is not  given much chance of success in 
the  U.S. because of the cur ren t  t rend  toward  na tu ra l  
soda ash. However ,  in indus t r ia l  countr ies  lacking 
na tu ra l  soda ash the process might  find a m a r k e t  (53). 

Sodium C h l o r a t e . - - P r e l i m i n a r y  data  f rom the U.S. 
Depa r tmen t  of Commerce  indicates  that  U.S. p roduc-  



Vo/. 120, No. 11 R E P O R T  O F  E L E C T R O L Y T I C  I N D U S T R I E S  325C 

tion of sodium chlora te  in 1972 was 182,500 tons, a 
decrease  of about  6% from 1971 product ion of 193,752 
tons (54). 

Sodium chlorate  product ion facil i t ies in the U.S. and 
thei r  1972 l is ted capacit ies are  as fol lows (55) : 

Capacity 
Company ( tons/yr)  

Brunswick Chemical  Co. 7,000 
Brunswick, Ga. 

Georgia-Pacific Corp. 3,500 
Bellingham, Wash. 

Hooker  Chemical  Corp. 62,500 
Columbus, Miss. 

Hooker Chemical Corp. 15,500 
Niagara Falls, N. Y. 

Huron Chemicals Co. 4,000 
Butler, Ala. 
Huron Chemicals Co. 7,000 

Riegelwood,  N. C. 
Kerr-McGee  32,500 

Hamilton,  Miss. 
Kerr-McGee  30,000 

Henderson,  Nev. 
Pacific Engineering and Production Co. 6,000 
Henderson, Nev. 

Penn-Olin Corp. 31,000 
Calvert City, Ky. 

Pennwalt Corp. 16,500 
Port land,  Ore. 

PPG Industries,  Inc. 15,000 
Lake  Charles, La. 

Total  230,500 

P a p e r  bleaching accounts for about  70% of the U.S. 
sodium chlora te  consumpt ion fol lowed by  the  p roduc-  
t ion of o ther  chlorates  a t  16% and herbic ides  at  7% 
(55). 

Sodium chlora te  stocks which reached a his tor ical  
high of over  20,000 tons at  the  close of 1971 were  re -  
duced dur ing  1972 to about  7000 tons by  year ' s  end 
(55). 

Hooker  Chemical  wi l l  s tar t  up its $5 mi l l ion  45,(}00 
t o n / y r  sodium chlorate  p lan t  at Taft ,  Louis iana at  the  
end of the  first qua r t e r  in 1973. The p lan t  wi l l  use a 
new cell  design embodying  meta l  anodes wi th  precious 
meta l  coatings suppl ied f rom England by  Mars ton Ex-  
celsior Limited,  an affiliate of Imper i a l  Metal  Asso-  
ciates. This p lan t  was or ig ina l ly  scheduled to come 
on- s t r eam in the  first quar te r  of 1972 but  construct ion 
was held  off because of the  s lowdown in the  southern  
pulp  and pape r  industry,  the p r ime  out le t  for chlora te  
(56, 57). 

K e r r - M c G e e  has jus t  comple ted  incrementa l  expan -  
sions of 10% at both  its Hamil ton,  Mississippi and  
Henderson,  Nevada  product ion sites. Capaci ty  of each 
p lan t  is now 33,000 tons y e a r l y  (59). 

Brunswick  Chemical  Company is considering an ex-  
pansion tha t  could add 1000 t ons /y r  capac i ty  in 1973 
(55). 

During  1972, Electr ic  Reduct ion Company  of Canada,  
which supplies  over  60% of that  country ' s  needs, an-  
nounced expansion at  both  its North  Vancouver  and 
Buckingham,  Quebec plants.  The present  capaci ty  at  
Nor th  Vancouver  is 45,000 tons per  year.  The 20% 
expansion p lanned  for  Buck ingham wil l  increase an-  
nual  capaci ty  of that  si te to about  35,000 tons (58). 

Squamish  Chemicals  Limited,  a subs id iary  of GOW 
Enterpr ises ,  announced tha t  a 12,000 tons /y r  sodium 
chlora te  p lan t  had begun product ion at  Squamish,  
B.C. Most of its output  wil l  be sold to the  MacMillan,  
Bloedel  Mill  at  Harmac,  Bri t ish  Columbia  and the 
Cariboo Pu lp  and P a p e r  Mil l  at  Quesnel,  Bri t ish  Co- 
lumbia  (60). 

A fu r the r  m a r k e t  for sodium chlora te  could develop 
if  p lans  to use solid p rope l lan t  boosters  for the  space 
shut t le  p rog ram material izes .  This program,  scheduled 
for the 1980's may  requ i re  up to 100 mil l ion l b / y r  p ro -  
pel lant .  The p rope l l an t  used wil l  most  l i ke ly  be  a syn-  
thet ic  r ubbe r  mixed  wi th  ammonium perch lora te  (63). 

The list  price for pulp  and paper  grade  sodium 
chlora te  remained  at $134.50/ton for  most of the  year.  
Late  in 1972, as stocks were  diminished,  ma jo r  p ro -  
ducers  announced price increases of $6/ton. This act ion 
e l imina ted  discounts and raised the  list pr ice to $135/ 
ton (61, 62). 

Sed ium. - -Meta l l i c  sodium product ion  in 1972 ~otaled 
159,886 short  tons, an increase of 4.5% from the 153,075 
tons in 1971 (64). Behind this increase in sodium pro-  
duct ion was a s trong domestic  and expor t  demand  for 
lead  an t iknock  compounds. U.S. product ion of lead 
an t iknock  compound was up by  8% in 1972. With  crude 
oil supplies  t ight  and  refiners s t ra ining to squeeze a l l  
the gasoline they  could out of the  barrel ,  refiners were  
using all  the  an t iknock  compounds they  could get  to 
improve  the octane ra t ing of thei r  product .  U.S. ex-  
por ts  also filled the gap caused by  a s t r ike  at Octell, 
Limited,  the Uni ted  Kingdom's  only an t iknock  p ro -  
ducer.  

However ,  wi th  low lead and no lead regula t ions  stil l  
ve ry  much a factor,  decline in sodium product ion is 
expected to reoccur  a round  late  1973 (65). 

Abou t  83% of the sodium goes into t e t r ae thy l  and 
t e t r ame thy l  lead manufacture ,  4% meta l  reduction,  
and 13% miscel laneous (67). 

Lockheed Missiles and Space Company has deve l -  
oped to the  p ro to type  stage, fuel  cells that  use a lkal i  
meta ls  such as sodium and l i thium. The company has 
an undisclosed w a y  to control  the  react ion;  i t  is being 
used not  only  in a s t r a igh t fo rward  "static power  cell" 
but  also a dynamic  cell tha t  d i rec t ly  conver ts  the  elec-  
t rochemical  energy  to ro ta t iona l  shaft  energy wi thout  
the  need for a convent ional  electr ic motor  (66). 

Pr ices  for sodium remained  fa i r ly  constant  dur ing 
the  year.  Regular  fused mate r i a l  in d rums  was quoted 
as 26.5-27.5r and the  12 pound br ick  at  30r (68). 

A l u m i n u m . - - T h e  U.S. a luminum indus t ry  increased 
product ion  of p r i m a r y  meta l  by  4% to about  4,075,000 
short  tons, according to the  Bureau  of Mines, U.S. De-  
p a r t m e n t  of the  Inter ior .  The re la t ive ly  smal l  increase 
in product ion in 1972, despi te  the es t imated  11% gain in 
consumption resul ted  in a nea r ly  balanced supp ly-  
demand  posi t ion at  the close of the year,  compared  wi th  
a severe  oversupp ly  s i tuat ion at the  end of 1971 (69). 

Al though  demand  grew m a r k e d l y  dur ing  1972, prices 
remained  low. Major  producers  ad jus ted  the  price for  
p r i m a r y  meta l  to 25r in May. This was be low cur -  
rent  list prices, but  l r  above  m a r k e t  levels (70). 
Pr ices  on a b road  range  of a luminum products  were  
firming by  years  end. Discounts of 1.5-3r on com- 
mod i ty  sheet  and foil products  were  e l iminated  (71). 

With  inventor ies  reduced,  smel ters  which opera ted  
at  84% of r a t ed  capaci ty  dur ing  1971, g r adua l l y  in-  
creased output  to a 93% opera t ing  level  b y  the  end of 
1972 (72). 

Major  producers  announced res ta r t ing  of pot  l ines to 
meet  the  growing demand.  In ea r ly  1972, Alcoa re -  
s ta r ted  a 20,000 t o n s / y r  capaci ty  l ine at  its Warr ick ,  
Ind iana  smel ter  (73). La t e r  in the year,  Reynolds  re -  
s ta r ted  two 25,000 t ons /y r  l ines at  Troutdale ,  Oregon; 
Ka i se r  s ta r ted  a 40,000 tons /y r  l ine at Ravenwood,  
West  Virginia;  and Alcoa a 30,000 t o n s / y r  l ine at  its 
Rockdale,  Texas smel te r  (74, 75). 

Reynolds  also plans  to have  two addi t ional  pot  lines 
wi th  a capac i ty  of 35,000 tons /y r  in operat ion at  its 
IAsterhi l l  reduct ion  p lan t  in Sheffield, A l a b a m a  (73). 

Olin Corpora t ion  announced in la te  November ,  1972 
that  i t  p lanned  to dispose of its unprof i table  a luminum 
business. This  would  include par t i a l  ownership  along 
wi th  Revere  Copper  and  Brass of a p r i m a r y  a luminum 
reduct ion complex,  as wel l  as a sheet  and pla te  mill, 
four  ext rus ion plants,  and an a rch i tec tu ra l  a luminum 
products  opera t ion  (76). 

The  a luminum m a r k e t  g rowth  is expected to be 
ahead of the economy as a whole  as wel l  as ahead of 
the  rest  of the  base meta ls  list. The average  growth  
ra te  for  the  1969-1980 per iod  is expected to be 4.8% 
compared  to 4.0% for copper,  3.4% for i ron  and steel, 
and  3.8% for the  GNP for the  same period.  Rap id  
growth  for a luminum is expected in industr ies  supp ly-  
ing machinery ,  computers ,  and re la ted  equipment ,  
e lect r ica l  machinery  and equipment ,  meta l  containers,  
and t ranspor t  equipment  (77). 

Alcoa announced a new electrolyt ic  process for a lu-  
minum tha t  wi l l  cut  pol lu t ion  and reduce  power  re-  
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quirements .  I t  plans a 15,000 t o n s / y r  p ro to type  for the 
process which  should be opera t ing  in 1975. The new 
process s ta r t s  w i th  a lumina  which  is t r ea ted  wi th  
chlor ine  to form a luminum chloride.  The chlor ide is 
reduced  e lec t ro ly t ica l ly  provid ing  chlor ine for recycle.  
The approach  e l iminates  emissions of fluorides and 
could cut e lectr ical  power  consumpt ion b y  30% (78, 
79). 

Anothe r  process, cal led the Toth process, announced 
by  the  Appl ied  A l u m i n u m  Research Corpora t ion  
(AARC) of New Orleans,  begins  wi th  a chlor inat ion 
step that  can use many  types  of a lumina  including 
some low grade  minerals .  Impur i t i es  are  separa ted  by  
f rac t ional  condensation.  A l u m i n u m  chlor ide  is then  
reac ted  wi th  manganese  meta l  to produce a luminum 
meta l  and manganese  chlor ide (80). 

The reac t ion  proceeds quickly  and at  modera te  t em-  
pera tures ,  as low as 500~ By-p roduc t  manganese  
chlor ide  f rom this  process  is conver ted  to the  oxide 
and the chlor ine  recycled.  The manganese  oxide is r e -  
duced carbo thermal ly .  Opera t ing  costs of the Toth 
process could be  20-45% less than  for the conven-  
t ional  B a y e r - H a l l  process (80). 

Both Reynolds  Metals  and Kaiser  A l u m i n u m  are  
l icensing a USSR developed technique for ingot  cast-  
ing. The ingots  a re  free of the  undes i rab le  "skin" that  
mus t  be  t r i m m e d  off those produced convent ional ly .  In  
the  Soviet  method,  skin  format ion  is fores ta l led  be-  
cause the  cast ing molds  use an e lec t romagnet ic  field 
tha t  p reven ts  the a luminum from touching the mold  
wal l s  (82). 

Officials of the  Georgia  Depa r tmen t  of Indus t ry  and 
Trade  were  t ry ing  to get  funding to bu i ld  a pi lot  p lan t  
tha t  would  produce  5 t ons /day  a lumina  f rom kaol in  
c lay  via  a ni t r ic  acid ex t rac t ion  process. The a lumina  
content  of kaol in  averages  35-39%. Georgia  has a 5 
bi l l ion ton deposi t  of kaol in  in the midd le  of the  state. 
Costs for ex t rac t ion  would  be roughly  the same as 
f rom bauxi te .  I t  would  have  the  advan tage  of being a 
fu l ly  domestic  r aw  mate r i a l  whereas  much of the  
baux i t e  consumed in the  U.S. is impor ted  (81). 

Alcoa, as a hedge  against  fu ture  shortages  of bauxi te ,  
announced purchase  of a la rge  deposi t  of anorthosite,  a 
rock composed almost  en t i re ly  of fe ldspar  f rom which 
a lumina  can be recovered (83). 

Magnes ium. - -Magnes ium product ion  hi t  a record  
125,000 tons in 1972 due to a subs tant ia l  increase  in the  
four th  quarter .  Fou r th  qua r t e r  output  was app rox i -  
ma te ly  34,500 tons compared  to 29,000 tons for the 
previous  quar te r  and 31,101 tons for  the  final qua r t e r  
of 1971. The total  output  for 1971 was 123,485 tons (84). 

U.S. consumpt ion of p r i m a r y  magnes ium meta l  in 
1972 was 105,000 tons leaving an excess of 20,000 tons 
(85). Based on t en -mon th  figures, the  U.S. was a net  
expor te r ;  15,454 tons expor ted  to 4,108 tons impor ted  
(84). 

In  p lan t  operat ions  and proposals,  Amer ican  Mag-  
nes ium Company  expects  to have  its 20,000 t ons /y r  
p lan t  in Snyder ,  Texas  back into opera t ion  a round  the 
end of 1973 and plans  to even tua l ly  increase  p roduc-  
t ion to design capac i ty  of 30,000 t o n s / y r  (85). 

In  Utah, N.L. Indus t r ies '  magnes ium and chlor ine  
p lan t  at  Rowley, on the  Grea t  Sal t  Lake, s ta r ted  l im-  
i ted product ion  wi th  some t r i a l  sh ipments  of 5,000- 
10,000 pound lots. Their  December  pr ice  list  quoted 
36.5r for solid ingot  (86). 

The  proposed Alcoa p lan t  at Addy,  Washington  wil l  
appa ren t l y  use the Frech  Magna the rm Process to ex-  
t rac t  magnes ium and silicon f rom dolomite  l imestone 
in the  area, Alcoa having  received license for its use 
f rom Pechiney  Ugine Kuhlmann .  Construct ion on the 
$50 mill ion,  40,000 tons /yr ,  faci l i ty  is s la ted to begin in 
Apri l ,  1973 wi th  s t a r t -up  proposed  for March, 1975 
(87, 88). 

E lsewhere  in magnesium, Dow Chemical  Company,  
which  produced  most  of the  125,000 tons ou tput  las t  
year,  upped  its pr ices  b y  1r in January ,  1973. The 
new prices a re  99.8% pig, 38.25r AZ91B die  casting, 

33.75r notched ingot, 39r Dow also increased 
prices of magnes ium oxide by  $10/ton bu lk  (89). 

Bat te l le ' s  Magnes ium Research Center  in Columbus,  
Ohio is inves t igat ing a method  of fluxless mel t ing  and 
cast ing of magnesium.  This involves using SF6 gas as 
an oxidat ion  inhib i tor  in concentrat ions  of 9.1% instead 
of flux. They look for a savings in price of 4r  as wel l  
as a decreased r isk  of a i r  pollut ion,  less by -p roduc t  
sludge, and other  benefits (90). 

In  Detroit ,  en thus iasm was r is ing due to new cast ing 
methods,  the  F rech  process, as wel l  as the fluxless 
mel t ing  technique.  The Frech  process is a hot  cast ing 
method  used in Europe which al lows for increased 
automat ion  as wel l  as g rea te r  product ion speed (91). 
The enthus iasm for magnes ium is due to a desire  for  
less we igh ty  engine e lements  for new automobi les  
which  have  more  components  to meet  safety r equ i r e -  
ments.  Amer ican  Magnes ium is known to be eva lua t ing  
one or more  la rge  (l19,000A) e lect rolyzers  of Russian 
design (85). 

Manganese . - -The re  was no ac tua l  product ion  of 
manganese  ore  containing 35% or  more  manganese  in 
the  United Sta tes  in 1972 according to the Bureau  of 
Mines, U.S. Depa r tmen t  of the  Inter ior .  

Product ion  of mangani fe rous  ore, in Minnesota  and 
New Mexico, was at a r educed  ra te  f rom tha t  of the 
previous  year.  Impor t s  of fe r romanganese  were  at  an 
apprec iab ly  higher  ra te  than  in 1971, wi th  the Republ ic  
of South  Afr ica  and France  the  pr inc ipa l  sources. G e n -  
eral  impor ts  of manganese  ore containing 35% or more  
manganese  were  expected  to be down to 1,800,000 tons 
wi th  Gabon and Brazi l  cont inuing to be the  two la rges t  
suppliers.  

Domestic  consumpt ion of manganese  was again ex-  
pected to decrease f rom tha t  of the  previous  year ;  a 
f igure of 2,050,000 short  tons is indicated.  Consumption 
of fe r romanganese  and s i l icomanganese  appea red  to be 
l i t t le  changed f rom 1971. P rob lems  of pol lut ion control,  
power  avai labi l i ty ,  and imports ,  cont inued to face the 
producers  of manganese  ferro  al loys (92). 

In  March, the  Amer ican  Metal  Marke t  d ropped  its 
price quota t ion  for manganese  ore conta ining 46-48% 
manganese  f rom 59-63r nominal  to 58-61r nominal  pe r  
long ton unit.  The producer ' s  price for s tandard  high 
carbon fe r romanganese  having a m in imum manganese  
content  of 78% cont inued at  $190/long ton, FOB pro -  
ducer  plant .  Amer ican  Meta l  Marke t ' s  quote for  the  
78% al loy was $178-$180/long ton. S t anda rd  e lec t ro-  
lyt ic  manganese  meta l  r emained  pr iced at 33.25r 
FOB producer  p lan t  for sh ipments  of 30,000 lb or more  
(92). 

South  Afr ica ' s  Elec t ro ly t ic  Metals  Corpora t ion  is 
p lanning  to boost e lec t ro ly t ic  manganese  product ion 
f rom 12,000 to 17,500 tons /yr .  The added  tonnage wil l  
be avai lable  by  July,  1973 since only increased cell  and 
aux i l i a ry  capaci ty  is needed (93). 

Del ta  Manganese,  a subs id ia ry  of London based 
Del ta  Metal  Company  Limited,  is in the process of 
bui ld ing an e lectrolyt ic  manganese  meta l  p lan t  at  Nel -  
spruit ,  Eas te rn  Transvaal ,  Republ ic  of South  Africa.  
P lans  cal l  for product ion to s ta r t  by  1974 wi th  ini t ia l  
capac i ty  of 16,000 t o n s / y r  to be achieved wi th in  two 
years  (92). 

The wor ld ' s  first commercia l  pel le t  p lan t  for m a n -  
ganese ore, that  of Indus t r i a  e Comercio de Minerios 
S.A. at  Santana,  A m a p a  Terr i tory ,  Brazi l  produced its 
first pel le ts  in May  (92). 

The Genera l  Services  Admin i s t r a t ion  cont inued to 
offer surplus  meta l lu rg ica l  grade  manganese  ore for 
sale on a negot ia ted  basis wi th  del iver ies  l imited to 
30,000 tons/f iscal  yr. The offers met  wi th  l i t t le  response 
(92). In teres t  was shown in manganese  cata lys ts  for 
the control  of au tomot ive  emissions, wi th  indicat ions 
of cost and technical  advantages  over  p la t inum.  Bell  
Labora tor ies  r epor ted  on its work  with  ra re  ea r th  ox-  
ides of manganese.  In  Japan,  Mitsui  Mining and Smel t -  
ing Company was p repa red  to m a r k e t  a newly  deve l -  
oped manganese  ca ta lys t  a f t e rbu rne r  (92). 
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The Ethyl  Corporation announced a manganese-  
based fuel additive package for use with lead free 
gasoline. According to Ethyl, the additive would bridge 
the gap between leaded and unleaded gasolines and 
will  not poison p la t inum catalysts used in automobile 
exhaust  systems (95). 

The use of manganese  additives to gasoline to im-  
prove their  octane rat ing and to fuel oil to reduce 
pollutants  and smoke from stack gases and exhaust  
from turbines  has been criticized because of the neuro-  
logical effects associated with long- term inhalat ions 
of high concentrations. An indus t ry  spokesman pointed 
out that the increase of manganese in the air from 
fuel was extremely small  and posed no health prob- 
lems. Manganese in the air of all major  cities has been 
under  observation by the Envi ronmenta l  Protection 
Agency and the U.S. Publ ic  Health Service for a n u m -  
ber  of years. Concentrat ion ranges up to 14 ug m a n -  
ganese /m 3 have been noted. However, the average is 
much lower and none of it comes from fuel use. Ap-  
parent ly  there are no neurological effects below 5000 
~g/m3 (94). 

Hughes Tool Company launched a giant  barge for a 
project in the Pacific involving the deep sea mining  of 
manganese  nodules from the ocean floor at depths up 
to 12,000 feet (96). 

Beryl l ium.--Domest ic  consumption of bery l l ium ore 
decreased somewhat in 1972 from that for 1971. Im-  
ports declined again in 1972 to 3900 tons, down 7.2% 
from the preceding year. At mid-year  the government  
stockpiles contained 229 tons of bery l l ium metal  and 
7,387 tons of beryl l ium-copper  master  alloy, both u n -  
changed from 1971. Stockpiles also contained 20,296 
tons of beryl  ore (11% beryl l ium oxide equivalent) ,  
712 tons less than the 1971 figure. U.S. production, 
approximately equal to last year, was almost ent i rely 
from Brush-Wel lman ' s  Utah mine (97). 

Of the total bery l l ium demand, two-thirds  of the 
metal  went  to alloys which are coming into increased 
use in  electrical components. Because of bery l l ium-  
copper's high strength, electrical conductivity,  and fa- 
t igue resistance, the alloy is being sought for electrical 
connectors in  areas which require high rel iabil i ty such 
as business machines, aircraft, communications,  etc. 
(98). 

A be ry l l i um- t i t an ium combinat ion was found to im-  
prove qualities which allows fabrication of turb ine  
blades of bet ter  aerodynamic shape, capable of higher 
speeds with superior resistance to both fatigue and to 
foreign objects str iking the blades (99). 

In  May, Brush-Wel lman  was awarded a $13.5 mill ion 
contract by  the Navy to supply bery l l ium components 
for the Poseidon missile program (100). 

During 1972 the price of the pure metal  remained 
constant  at $30-35/STU though some price reductions 
were posted for selected bery l l ium copper products 
(101). 

Chromium.- -Mining  of chromite ore in the United 
States ceased in 1961; however the United States in 
1972 continued to be one of the world's  largest con- 
sumers according to the Bureau of Mines, U.S. Depart-  
ment  of the Interior.  Domestic consumption of chro- 
mite increased about  5% compared with 1971. The re-  
fractory indus t ry  accounted for most of the increased 
usage (102). 

Total consumption of chromite dur ing 1972 was 
1,138,000 tons, an increase of 4.2% over 1971's 1,092,967 
ton consumption (103). 

Imports  of chromite were lower than  domestic con- 
sumption, bu t  shipments  of chromite from government  
stockpiles, sold in prior years, helped to reduce draw-  
down of the consuming industries stocks. Imports  of 
chromium alloys reached a new yearly record high in  
August  and were expected to reach 140,000-150,000 
tons for the year  (102). 

A total of 12,556 tons of chemical grade chromite 
and 13,620 tons of refractory grade chromite were sold 
under  these programs (102). 

Publ ished prices of chromite in 1972 per long ton 
FOB cars Atlant ic  ports, were as follows: South Afri-  
can (Transvaal)  44% chromium oxide, no ratio $24-27; 
Turkish  48% chromium oxide, 8 to 1 chromium to iron 
ratio $55-56 and Russian, 48% chromium oxide, 4 to 1 
ratio, $45-46.50/metric ton loading point. This com- 
pares with the 1971 published price of $55-56 on the 
same pricing basis (102). 

Some chrome ore was brought  into the U.S from 
Rhodesia after March. Importat ion was legalized by  
the Byrd Amendment  to the Mili tary Authorizat ion 
Act of 1971 which lifted the embargo on Rhodesia 
chrome. Without  Rhodesian chrome domestic produc- 
ers would be largely dependent  on the Soviet Union 
for their requirements.  Russian chrome increased from 
$25/ton to over $70 at one point in 1971, since the eco- 
nomic sanctions against  Rhodesia went  into effect in 
1966. With the lift ing of the embargo, prices have de- 
clined to their present  levels (104, 105, 107). 

Although chromium finds its largest market  in the 
metal lurgical  refractories and chemical industries, the 
use of chrome-plated plastics by the automotive indus-  
t ry is growing at a rapid rate. Techniques are now 
available and in commercial  use for applying chrome 
plate onto a var ie ty  of plastic surfaces. At the present  
t ime about 90% of the plastic current ly  being plated is 
ABS. The big gainers in the t rend to plated plastics 
are plastics and suppliers of processes for t rea tment  
and plating. The main  losers are the zinc producers and 
the zinc die casters (106). 

Chrome producers are also looking to a substant ia l  
new market  for chrome alloys which is expected to 
develop as the automotive indust ry  adopts ant ipol lu-  
t ion devices in new model cars. This could account for 
a total annua l  consumption of 40,000 tons of contained 
chrome on all new model cars after 1974. 

T i t an ium. - -The  general  t i t an ium metal  picture in 
1972 showed improvement  over 1971. Sponge consump- 
t ion and ingot production were 7.5 and 10% higher, 
respectively, consumption of scrap and ingot increased 
27% and 14% respectively, and stocks of sponge were 
reduced 300 tons dur ing the ten month  period (108). 

Metal production 
(short tons) Metal consumption (109) 

% % 
Type 1971 1972 Change 1971 1972 Change 

Sponge 12,145 13,068 7.5 
Ingot 18,387 20,267 10 17,058 19,498 14 
Scrap 6,149 7,801 27 

Estimated indus t ry  capacity is 85 mil l ion lb for ingot 
and 47 mill ion lb for sponge (110). T i tan ium Metals 
Corporation of America (TMCA) and Reactive Metals 
Incorporated (RMI) Companies, having reduced their  
inventories, reopened their sponge producing plants  in 
February  and April  respectively to meet current  or- 
ders. On June  28, GSA announced contracts for these 
companies. Each firm will  deliver 6.5 mil l ion lb of 
sponge over a 2 yr  term. These purchases by GSA will  
br ing the stockpile holding up to 67 mill ion lb (108). 

Negotiations with Oregon Metallurgical Corporation 
for similar sponge deliveries have not been concluded. 
Importa t ion of t i t an ium sponge mostly from Japan  to- 
taled 4,000 short tons, an increase of 45% from 1971. 
Exports of mill products were one mill ion pounds, an 
increase of 25% over 1971 (110). 

The following chart  shows the shifting pat tern  for 
t i t an ium mill  products (111) : 

1961 1971 

Commercia l  aircraft 
Air f rame  4% 15% 
Engine 10% 31% 

Military aircraft 
Air f rame  26% 10% 
Engine 37% 20% 

Missiles and space 15% 7% 
Helicopter  and ordnance  2% 1% 
Indust r ia l  6% 16% 

Three general  applications for t i tan ium have formed 
the basis for the most recent growth in the industr ia l  
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category; the expanding use of t i tan ium as a substrate 
for anodes used in the production of chlorine and re-  
lated products, use of cathode structures in metal  elec- 
t rowinning  processes and the evolution of low-cost 
welded tube  product for containing br ine  or chlorine 
solution dur ing heating or cooling processes and also 
for power plant  surface condensers (111). 

Domestic prices for t i tan ium sponge (99.3% puri ty)  
at $1.32/lb remained unchanged for the second year 
while the same grade Japanese and United Kingdom 
sponge remained at the 1970 level of 1.20 to 1.25 U.S. 
dollars per pound. The price of rut i le  pigment  at year  
end was 26 to 27r 

The t i t an ium pigment  indust ry  found itself in tight 
supply throughout  most of 1972. Domestic consumption 
of t i tan ium dioxide was 780,000 tons, up about 42,000 
tons from 1971. This was met by domestic production 
which was v i r tual ly  the same as last year  at 680,000 
tons with the difference coming from imports. 

Du Pont  is reported going totally to the chloride 
route to produce t i t an ium dioxide. The sulfate process 
p lant  in Baltimore, Maryland was closed and its pro-  
duction switched to Edge Moor, Delaware where  the 
chloride process is used. In  addition, Du Pont  is dou- 
bl ing the capacity at New Johnsonville,  Tennessee to 
228,000 tons. Kerr-McGee, which has a 37,000 ton uni t  
at Hamilton, Mississippi, is expanding the rated capac- 
i ty of that  p lant  in  excess of 46,000 tons after the 
first quar ter  of this year (112). 

Ruti le production was reported for the first t ime in 
the United States since 1967 with the s tar t -up of Ti-  
t an ium Enterprises '  mine  located at Green Cove 
Spring, Clay County, Florida. P lanned  production rate 
for total heavy minera l  concentrate is 140,000 tons 
annual ly .  

Benili te Corporation of America has licensed its 
process for convert ing i lmenite  to rut i le  to Taiwan Al-  
kali  Company; production is expected late in 1973. 

For the first t ime reconsti tuted rut i le  made from 
i lmenite  became a factor in  the market ;  imports were 
main ly  from Austral ia  and Japan. 

Du Pont  concluded an agreement  with Allied Min-  
erals NZ for joint  operations of the heavy sand deposit 
at Eneabba, Western  Australia.  A pilot plant  facility is 
to be operated first to s tudy the full-scale production 
feasibility (108). 

L i th ium.~Produc t ion  and consumption of l i th ium 
compounds dur ing  1972 was at a record high according 
to the Bureau of Mines, U.S. Depar tment  of the In -  
terior. Li th ium carbonate produced from brines  in 
California and Nevada accounted for much of the in-  
crease. 

As a result  of trade sanctions, domestic imports from 
Southern  Rhodesia were nil  for the fourth consecutive 
year. Previously they were over 90% of domestic im-  
ports. Although domestic exports were strong, Russian 
exports continued to penetrate  the foreign market  
( n a ) .  

Foote Mineral  Company mined spodumene at Kings 
Mountain,  North Carolina and recovered l i thium car- 
bonate from brines at Silver Peak, Nevada. Li th ium 
carbonate was recovered from brines at Trona, Cali-  
fornia by American Potash and Chemical Corporation. 
Li th ium Corporation of America mined and mil led 
spodumene at Bessemer City, North Carolina. Great  
Salt Lake Minerals and Chemical Corporation formed 
by Li th ium Corporation of America and Salzdetfurth 
A.G., West Germany,  harvested salts from the Great  
Salt Lake in Utah. 

Processors of l i th ium raw materials  to l i th ium pri-  
mary  products were Foote Mineral  Company, Amer i -  
can Potash and Chemical Corporation, and Li th ium 
Corporation of America. Product ion data are not avail-  
able for publicat ion (113). 

Industr ia l  domestic uses were in ceramics and glass, 
greases, welding and brazing fluxes, a i r -condi t ioning 
equipment,  rubber  and pharmaceuticals.  

Impor tant  developing markets  for l i th ium were the 
large-scale use of l i th ium carbonate by the a luminum 

indus t ry  and the increased use of l i th ium hypochlorite 
for bleaches and as a sanitizing agent for swimming 
pools (113). 

Much of the new research in  l i th ium has been di-  
rected towards the development  of l ight weight, high 
energy batteries. The AEC is working on a l i th ium- 
sulfur  bat tery to power an automobile. The bat tery  
can deliver more than  100 Whr/ lb ,  or five t imes more 
than the power of lead-acid batteries (114). Foote 
Mineral  continues to support an  active development  
program on l i th ium batteries for mi l i tary  uses (115). 
Lockheed announced development  of a light alkali  
metal  bat tery  fueled with water  and either sodium or 
l i thium. According to Lockheed the bat tery will pro-  
duce 10-100 times more electricity than  a lead-acid 
ba t te ry  when  compared on a pound for pound basis 
(116). Other companies reportedly working on p r imary  
l i th ium batteries for consumer use are GTE Labora-  
tories, ESB Incorporated, and P. R. Mallory (114). 

In  another  field of research, the National  Ins t i tu te  of 
Mental  Health reported that  the daily use of l i th ium 
carbonate may be effective in prevent ing broad swings 
in mood in people who suffer from manic-depressive 
state (117). 

The price of 99.9% pure l i th ium metal  at year  end 
was $8.18/lb in 1000 lb lots; l i th ium carbonate was 
52.5r in carload lots (118). 

Copper . - -Dur ing 1972 copper production from U.S. 
mines started relat ively low and fluctuated greatly 
dur ing the year, from 130,000 tons in J anua ry  to a high 
of 147,000 tons in March to a low of 115,000 in July. 
Total mine production of recoverable copper was 1.64 
mil l ion tons, an increase of 9% over last year 's  figures. 
Smelter  output  from domestic ores increased by 12% 
over 1971, to a figure of 1.67 mil l ion tons. Refinery 
production from pr imary  materials  was estimated to 
increase 13%, to a record high of 1.8 mil l ion tons. Pro-  
duction of refined from secondary materials  was 420,- 
000 tons, 5% greater  than in  1971 (119). 

Consumption of copper dur ing  1972 was up 7% over 
the 1971 figures, to 2.22 mil l ion tons. U.S. imports of 
unmanufac tu red  copper totaled 415,618 tons, up 15% 
from 1971. U.S. exports of refined and scrap copper was 
200,000 tons, down 3% from 1971. Fabricator  stocks of 
copper in all forms trended errat ically downward from 
511,000 tons at the start  of the year to 471,000 by  the 
end of October. 

Over-al l  prices in  1972 on the domestic scene de- 
creased 0.6r for electrolytic wirebar  copper to 
51.44r while on the LME wirebar  copper was quoted 
at an average of 48.53r an increase of 0.04r 
(119). Prices were highest in March, 53.75r and 
lowest in November, 47.00r for copper in the do- 
mestic outside merchant  market  (120). 

In  the areas of plant  proposals and announcements ,  
Anaconda Company has started construction of a $22 
mil l ion plant  at Anaconda, Montana  which is expected 
to produce 36,000 tons /y r  of copper. The method of 
production uses ammoniacal  hydrometa l lurgy  to con- 
vert  sulfide ore to copper metal. The process utilizes 
only chemical and electrical techniques el iminat ing the 
roasting and smelt ing steps that cause fumes, dust, and 
sulfur dioxide pollution. In  this process, devised by  
research personnel  at the Anaconda P r imary  Metals 
Division, Tucson, Arizona, copper concentrates are 
leached with ammonia  at low tempera ture  and pres-  
sure. The copper is extracted from this using an or- 
ganic solvent and then an acid electrolyte, and finally, 
the metal  is recovered by electrowinning. The main  
advantages of the process are that  the equipment  and 
plant  costs may be reduced to one- ten th  and one-half,  
respectively, that  of conventional  plants  with the 
added bonus of being pollution free (121). 

Also in copper production in J anua ry  of 1972, Phelps 
Dodge Corporation disclosed that it had discovered a 
mineral  zone in the Northwestern area of the Cape 
Province of the Republic of South Africa. The mineral  
zone is reportedly rich in lead and copper with minor  
zinc and silver values. Results from test dril l ings and 
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assays place the copper content  at 0.8% and lead at 
1.5%. The deposit is estimated to be 130 ft thick and 
3.000 ft long (122). 

In  Pinto  Valley, Arizona, Cities Service Company 
started site preparat ion work on a 40,000 tons /day  mine 
and mil l  complex. Two and one-half  years will  be 
needed to br ing the ore body into production including 
an open pit mine  which is expected to produce 125 
mil l ion l b /y r  of recoverable copper and molybdenum.  
The ore will  be processed at the Inspirat ion Consoli- 
dated Copper Company facilities located nearby (123). 

American Smelt ing and Refining Company has plans 
for a new copper mine  near  Casa Grande, Arizona, and 
a plant  at Tucson for chemically recovering the copper. 
The plant  and mine should be ready for operation by 
1974 (124). 

Phelps Dodge anticipates a mid-1974 star t ing date 
for operations at its Metcalf copper mine  near  Morenci, 
Arizona. The mine is expected to produce 50,000 
tons /y r  of ore (124). 

A new pol lut ion-free process to produce copper, ele- 
menta l  sulfur, and high grade iron from copper con- 
centrates is being studied for commercial feasibility at 
a plant  bui l t  and operated by Cyprus Metallurgical 
Process Corporation near  Tucson, Arizona (125). 

In  a move which angered Chile's President  Salvador 
Allende, a French court issued an in junct ion  blocking 
dis tr ibut ion of Chilean copper in France in October. 
The court action was requested by Kennecott  Copper 
on the grounds that despite the nat ionalizat ion of its 
E1 Teniente  mine it still retains its rights to the copper 
from the mine. Kennecot t  officials said they were pre-  
pared to take action throughout  Europe if the court 
case was lost in France (126). 

Still  occupying a place in the l imelight is the en-  
v i ronmenta l  part  of copper production. St r ingent  l im- 
its on sulfur  dioxide emissions have been declared and 
must  be met  by 1975. Various methods are being tried 
to achieve these limits using scrubbing or concentra t -  
ing techniques, hydrometal lurgical  processes, and 
other methods to keep the gases from pollut ing the 
atmosphere. No mat ter  which method is used, how- 
ever, it appears certain that  to meet  s tandards in t ime 
great amounts  of money will  be needed and this will, 
no doubt, influence the copper market  great ly in years 
to come (127). Capital inves tment  costs to meet pollu-  
t ion controls through 1976 are estimated to range from 
300 to 690 mill ion dollars. Depending upon costs and 
foreign competition, it was estimated that U.S. sup- 
plies may be reduced 3.5-14% and U.S. prices in -  
creased by as much as 8% (128). 

Development  of precious metal  anodes in conven-  
tional solvent extraction electrowinning facilities will  
permit  electrorefined qual i ty copper to be produced 
and could in  itself prove to be a major  factor in deter-  
min ing  an acceptable solution to the pollut ion control 
problem (129). 

Nickel . - -Data  published by  the U.S. Depar tment  of 
the Inter ior  indicate that  the level of activity in the 
domestic nickel indus t ry  in  1972 was changed li t t le 
f rom that  in 1971. Domestic mines produced approxi-  
mate ly  17,000 tons of nickel from lateri te ore, from 
which the processing plant  recovered about 13,000 tons 
of nickel in ferro nickel. By-product  plants recovered 
about 2500 tons of nickel in various forms. P r imary  
nickel consumption was approximately 165,000 tons, up 
18% from 1971 (130). 

A worldwide surplus of nickel supply over demand 
continued for the second full year. However, depressed 
demand, which was par t ia l ly  responsible for the sur-  
plus was alleviated in the U.S. by increased industr ia l  
activity in the last three quarters  of the year (130). 

Congress authorized disposal of all the nickel held 
in  the nat ional  stockpile. Reportedly it will  be sold to 
the Treasury Depar tment  for use by the mint  (130). 

Increasing imports  of ferro nickel for consumption 
in  the U.S. marked a substant ia l  change in the pat tern  
of nickel usage. Imports  of ferro nickel from Japan, 

the Dominican Republic, New Caledonia, and Greece 
were reported (130, 133). 

With nickel inventories near  record highs at the start  
of 1972 major  producers such as In terna t ional  Nickel 
Company and Falconbridge Nickel Mines announced 
cutbacks in production of 30% and 5% respectively 
(131). 

Amax Nickel Refining Company announced that the 
metal  refinery at Port  Nickel, Louisiana purchased 
from Freeport  Minerals, would be expanded and reac- 
tivated. The plant, or iginal ly bui l t  to handle  nickel 
and cobalt concentrates from Moa Bay, Cuba, wil l  
start up in early 1974 with a capacity of 80 mill ion 
lb /y r  of nickel. Ini t ia l  feed will  be 54,000 tons of 
nickel-copper matte  from Bamangwato Concessions 
Limited (Africa) (132). 

By the end of 1972 the nickel business appeared to 
be improving slowly. However, p r imary  metal  pro-  
ducers indicated it might  be a year or more before 
consumption gets fairly close to capacity. There ap- 
pears to be optimism in the outlook for more growth 
in nickel plating, automobiles, housing, and accessories 
for auto catalytic units  and the coming Wankel  engine 
(133). 

A high-yield hydrometal lurgical  process for recov- 
ering nickel from laterite and sulfide ores has been 
developed by Republic Steel. A 92% recovery is 
claimed. The system can handle  grades of ore over a 
wide range, including low-grade sulfide concentrates, 
and it does not emit sulfur oxide gases (134). 

Prices for p r imary  nickel increased by 20r to 
$1.53 on the first of September, 1972. 

Zine.--U.S. mine  production of zinc continued its 
decline through 1972 to 491,000 tons, down 2% from 
1971 (135). The number  of states report ing mine pro- 
duction in 1972 dropped to 17, two less than 1971. Ten 
states showed decreases, seven registered increases, 
and no production changes were reported from Mon- 
tana or Nevada (136). 

Smelter  production from ore declined 150,000 tons. 
The decline resulted from lower mine  production and a 
drop in imports of zinc concentrates. General  imports 
of zinc in concentrates decreased 24% below that of 
1971 to approximately 260,000 tons which is less than 
half the tonnage received in 1970 before the smelter 
closures (137). U.S. zinc metal  production decreased by 
62,000 tons to 774,500 tons. Japan  in  1972 became the 
world's  largest producer of zinc metal  with 883,500 
tons (138). 

Imports of zinc metal  increased to 525,000 tons, a 
64% increase over 1971. Canada accounted for over half  
of the 200,000 ton increase in imports for 1971 (136). 

Author i ty  was given in Apri l  to dispose of 515,200 
tons of zinc from the nat ional  stockpile for domestic 
use. Of this quant i ty  of zinc, 171,375 tons had been dis- 
posed of by November, 1972. 

If this rate of disposal continues, the surplus of zinc 
in the stockpile wil l  be used up in two more years in -  
stead of n ine  as original ly p lanned (136). 

U.S. consumption of zinc in 1972 is indicated below 
(139) : 

Tons 
Bases: Recoverable  % 

zinc content  1971 1972 Change 

Zinc slab 1,254,059 1,428,632 + 14.0 
Ores 119,258 140,400 + 18.0 
Zinc base scrap "l 
Copper base scrap ~ 277,272 300,000 + 8.2 
A1-Mg Lase scrap 

Totals 1,650,589 1,869,032 + 13.2 

Consumption of zinc in the United States rose 13% to 
slightly over 1.87 mil l ion tons for an all t ime high. In -  
creases were recorded for all  but  one of the broad use 
categories for 1972 as compared with 1971; galvanizing 
up 6%, brass and bronze up 38%, zinc-base alloys up 
15%, rolled zinc up 40% and zinc oxide up 21%. The 
decline of 8% for other uses included wet  batteries, 
zinc dust, l ight metal  alloys, and desilverizing lead 
(136). 
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The cost-price squeeze was a major  factor in the 
closures of five mines and two electrolytic smelters. 
The closure of the two smelters accounted for a capac- 
i ty reduction of 252,000 tons and removed Anaconda 
from the zinc business. Two horizontal retort  plants 
are scheduled to close in December, 1973, reportedly 
because it is uneconomical to install  required a i r -pol-  
lut ion control equipment  (137). Indus t ry  wide an es- 
t imated 62 mill ion dollars will  be required for the zinc 
indus t ry  to meet the 1976 pollution control standards. 
This will accelerate the t rend towards the demise of 
high-cost producers (140). However, on the positive 
side a new zinc-copper mine was brought  into produc- 
tion early in October by Kerramer ican Incorporated at 
Bluehill, Maine (136). Asarco is p lanning  to expand 
its 108,000 tons /yr  electrolytic plant  at Corpus Christi 
and in addition is p lanning  a new electrolytic plant  to 
go into operation by 1975 at another  location (141). 

With regard to technological improvements,  the jaro-  
site process in use at Texas Gulf  Incorporated 's  new 
120,000 tons /yr  electrolytic zinc p lant  near  Timmins,  
Ontario is reported to increase over-al l  zinc yield from 
88 to 93%. The 5% boost in production is obtained by 
prevent ing zinc losses as zinc ferrite in the leaching 
operation (142). A process in use at Bunker  Hill 's Kel-  
logg, Idaho electrolytic zinc plant  is purported to re- 
duce the mercury  content of acid obtained from ore 
roasting at the plant  from 100 ppm to less than 1 
ppm (143). 

The price of domestic zinc (prime western) was 
frozen at 18r by the Cost of Living Council, but  the 
price of foreign zinc for sale in the U.S. increased three 
times dur ing the year and in December reached 19.5, 
20.00, and 20.25r depending on the source, country, 
and company (137). A new grade of foreign zinc was 
introduced in December, continuous galvanizing zinc 
(CGG),  and was priced at the 20.25r (144). A n u m -  
ber  of requests to the Cost of Living Council have been 
made to declare zinc an in terna t ional  commodity and 
free from price control but  have been rejected. There 
is some feeling that reconsideration is being contem- 
plated, and some favorable action may be forthcoming. 

Electrical Energy 
U.S. power generation.--The following tables sum- 

marize the production and consumption of electrical 
energy for the twelve-month  period Janua ry  through 
December, 1972. 

Production of Electrical Energy 
(Billion-kWhr) 

1971" 1972" C h a n g e  
(157) (157) 

P r o d u c t i o n  by  e lec t r ic  u t i l i t i e s  
Coal  f i red p l a n t s  714.8 770.6 + 7.8 
Gas  f ired p l a n t s  375.9 375.7 O.0 
Oi l  f i red p l a n t s  218.2 272.5 + 24.9 
Nuc l ea r  p l a n t s  37.9 54.0 + 42.5 

To ta l  f ue l  b u r n i n g  1,347.6 1,472.8 + 9.3 

Hydroelectric 266.3 272.7 + 2.4 
To ta l  1,613.9 1.745.5 + 8.2 

P r i v a t e  i n d u s t r y ,  s e l f - g e n e r a t e d  103.5 106.1 + 2,5 
To ta l  U.S. p o w e r  c o n s u m p t i o n  1,717.5 1,851.6 + 7.8 

* B o t h  1971 and  1972 f igures  are  p r e l i m i n a r y .  

Installed Generating Capacity 
(Million-kW) 

1971 1972 (1571 

Public owned capacity 
S t e a m  42.8 46.6 
H y d r o  36.8 37.3 
Nuclear 0.9 0.9 

To ta l  80.5 84.8 
Investor owned capacity 

Steam 260.0 281.1 
Hydro 19.1 19.3 
N u c l e a r  7.8 14.4 

T o t a l  286.9 314.8 
To ta l  e lec t r ica l  utility 

industry capacity* 367.4 399.6 

* Not including privately owned capaci ty .  

Fuel Consumption--Electric Utility 
(12 months ending Dec. 31, 1972) 

C h a n g e  
1971 1972 (157) (157) 

C o a l - - m i l l i o n s  of tons  327.93 351.0 + 7.0 
G a s ~ b i l l i o n s  of cu f t  3992.98 3978.7 --0.3 
O i l - - m i l l i o n s  of ba r r e l s  396,24 493.9 § 24,6 
Coal  and  coal  e q u i v a l e n t - -  

m i l l i o n s  of  tons  618.16 646.3 + 4.5 

Sales to Ultimate Consumers 
(12 months ending Dec. 31, 1972) 

Total industry (billion kWhr) 

1971 1972 C h a n g e  

R e s i d e n t i a l  479.1 511.4 + 6,8 
C o m m e r c i a l  333.7 361.8 + 8.4 
I n d u s t r i a l  592.7 639.5 + 7.9 
O the r  60,9 64.9 + 6.5 

To ta l  1466.4 1577.7 + 7.5 

Studies by various private and government  organiza- 
tions indicate that the United States is facing an energy 
crisis which is l ikely to remain  critical over the next  
ten to twenty  years. After that  it is felt that new tech- 
nology should start making its presence felt in a big 
way (145, 146). 

Total energy requirements  are expected to increase 
from 74 quadri l l ion BTU's in 1972 to a range of 112 to 
130 quadri l l ion BTU's by 1985. Consumption of pri-  
mary  energy by the electrical ut i l i ty  indus t ry  is ex-  
pected to grow from 19 quadri l l ion BTU's in 1972 to 44 
quadri l l ion BTU's in 1985. This represents an increase 
in share of the total energy from 25% in 1972 to 36% 
in 1985 (147). 

It is anticipated that the bu lk  of electrical power 
produced in the 1970's will  be from fossil plants;  in the 
1980's from light water  nuclear  plants;  and by the end 
of the 1990's from fast breeder nuclear  plants. 

The cost of electricity to large industr ia l  customers 
is expected to double in the next  30 years. The follow- 
ing projection has been made of the average industr ia l  
rate for electrical power in the Detroit Edison system 
(148) : 

Year  Cost  

1940-1970 1.0 to  L 2 r  
1980 1 .4 r  
2000 2 . 0 r  

Nuclear power .mOnly  4% of our present  electrical 
energy requi rements  are provided by nuclear  power, 
up from 2.2% in 1971. The National  Pet ro leum Council 
(NPC) projects 300,000 MW of installed nuclear  capac- 
i ty by 1985. This would supply 48% of the total re-  
qu i rement  for electricity (149). 

During 1972, the Atomic Energy Commission (AEC) 
issued full power operating licenses for 7 nuclear  
power reactors, par t ia l -power  licenses for 2 others and 
construction permits  for an addit ional 8 units.  New 
applications dur ing the year for construction of 6 new 
units, brought  the number  of nuclear  power plant  fa- 
cilities licensed for operation and construction, or un -  
der AEC review for construction to 116 at year end. 
The par t ia l -power  licenses and several vo lun ta ry  re-  
strictions on power-genera t ing  levels were brought  
about by a fuel rod densification problem that  was 
discovered dur ing the spring at the Ginna  Nuclear 
Power P lan t  (150). 

At the end of 1972, the status of nuclear  power 
plants  in the U.S. was as follows (151) : 

29 Operab le  p l a n t s  14,683 Mwe  
55 B e i n g  b u i l t  47,775 Mwe 
76 O r d e r e d  80,000 NIwe 

160 142,458 Mwe  

Of the plants ordered, 43 totaling some 45,500 Mwe (1 
Mwe ---- 1,000 kW) in capacity are not yet under  AEC 
licensing review. 
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The average time now for processing a construction 
permit  application has risen from 12 months (1968) to 
22 months. A combinat ion of technological and en-  
v i ronmenta l  problems has disrupted the nuclear  power 
program. The schedule called for 65 nuclear  generators 
to be placed in operation between 1970 and 1975, but  
23 have been delayed for periods ranging from a few 
months to years. In  general, the program is two to 
three years behind the original t imetable (149, 150). 

The annua l  growth of nuclear  power since 1957, 
when the first commercial plant  (Shippingport,  P e n n -  
sylvania)  went  into operation has been (151): 

Nuclear units I n s t a l l e d  
Year  ordered capacity (Mwe) 

1972 35 37,929 
1971 20 19,921 
1970 14 14,305 
1969 7 7,203 
1968 14 12,872 
1967 30 25,427 
1966 20 16,345 
T h r u  1965 20 ~ 8,456 

Total  160" 142,458 

* E x c l u d e s  7 s m a l l  prototype plants no longer in operation. 

Demand for nuclear f u e l - - T h e  table below com- 
mutes the forecasted growth of nuclear  power to the 
requi rements  for u ran ium:  

Generat ing UsOs 
capacity r e q u i r e m e n t s  

Year GWE short tons 

1972 12 9,200 
1975 69 18,200 
1980 150 37,000 
1986 300 66,600 

The AEC estimates that there are sufficient recover-  
able reserves available to be mined at costs under  
$10/lb in the U.S. to meet domestic U3Os requi rements  
through 1985. However, unless mine exploration and 
development  dril l ings are increased and new ore proc- 
essing mills bui l t  or present  ones expanded, the AEC 
predicts a shortage of u r an ium concentrate by 1980 
(152). 

Facilities for enr ichment  to u ran ium 235 appear, af- 
ter completion of current  improvement  and upgrading 
programs, sufficient to meet needs unt i l  the early 
1980's. To meet enr ichment  needs of the early 1980's 
and beyond, the AEC is encouraging private indus t ry  
to develop plans directed toward the construction and 
operation of new commercial  u r an ium enriching facili- 
ties (151). 

AEC has a pilot p lant  facili ty under  construction at 
Oak Ridge, Tennessee to demonstrate the operation of 
a u ran ium isotope separation cascade using the gas 
centrifuge process. This facility will  be used to bet ter  
define the economics of the centrifuge process as com- 
pared to the gaseous diffusion process for meeting the 
increased separative work requi rements  for enrich-  
ment  of u ran ium in the post-1980 period. The facility 
is expected to be in operation by mid-1976 (151). 

Nuclear authorit ies have calculated that  with the 
expected growth in nuclear  power and using only 
l ight -water  reactors, the low cost u ran ium resources 
will  be used up in less than 30 years. The AEC is work-  
ing towards providing a cure with the fast breeder  
reactor. The l ight-water  reactors are only able to re-  
cover less than 2% of the energy potent ial ly available 
in na tura l  uranium.  The fast breeder, on the other 
hand, is able to recover some 70% of the energy poten- 
t ial ly available in na tura l  u r an ium (153). 

Russia is reported to have started up the world's  first 
commercial-scale nuclear  breeder  reactor this year  
(154). The U.S. is committed to successfully demon-  
strate a commercial size plant  by 1980 (151). 

New developments . - -Superconduct ive  materials are 
now being employed in electrical generators. The key 
feature of the generator  is the windings of n iobium 
t i t an ium wire. When refrigerated to cryogenic temper-  

atures, these windings can carry about 50 times more 
electricity than conventional  generator  windings, pro- 
ducing a magnetic field three to four times greater 
than normal.  Because of such performance, supercon- 
ducting generators are expected to occupy 10-30% the 
volume of convent ional  generators and to lose much 
less energy through dissipation as heat. By the late 
1970's, this type of generator is expected to be com- 
mercial  for ships, aircrafts, and central  power stations 
(155). 

A British firm is s tudying a concept whereby high- 
temperature  gas cooled nuclear  reactors will heat gases 
to high temperature  reducing levels for production of 
iron and furnish electricity for downstream s tee l -mak-  
ing operation (156). 

A new type of bat tery now under  development  at 
the Argonne National  Laboratories shows promise of 
economically storing electrical energy produced during 
night t ime hours for use during peak-load periods. De- 
sign calculations show the l i th ium/su l fu r  ba t te ry  is 
potential ly capable of storing 11,000 kWhr of electric 
energy in a un i t  weighing 5-8 tons. The design goal is a 
bat tery costing only $15/kWhr of storage capacity 
(150). 

Research in thermonuclear  power continues to bui ld 
up but  there has as yet been no demonstrat ion of 
technological feasibility. Commercial  application of 
this source of power is still predicted after the year 
2000. 

Manuscript  received Ju ly  23, 1973. This report  was 
presented at the Industr ia l  Electrolytic Luncheon at 
the Chicago, Illinois, Meeting of the Society, May 
13-18, 1973. 

Any  discussion of this report will  appear in a Discus- 
sion Section to be published in the June  1974 JOURNAL. 
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